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   Preface   

 This book is based on a workshop entitled “The Small HSP World” and had the 
mission to bring together investigators studying small heat shock proteins (sHSPs). 
It was held at Le Bonne Entente in Quebec City (Quebec, Canada) from October 2 
to October 5, 2014. Forty-four scientists from 14 different countries participated in 
the workshop sponsored by the Cell Stress Society International (CSSI). The small 
number of participants stimulated interesting discussions and the resulting informal 
atmosphere was appreciated by everybody. A brief review of this meeting appeared 
in Volume 20.2 of  Cell Stress and Chaperones.  

 There are twenty-fi ve chapters in this book. The chapters are from the best 
researchers working in this fi eld. These include AP Arrigo (Lyon), JLP Benesch 
(Oxford), IJ Benjamin (Wisconsin), J Buchner-M Haslbeck- S Weinkauf (TUM, 
Garching), R Benndorf (Ann Arbor), WC Boelens (Nijmegen), S Carra , Z Chang 
(Beijing), RW Currie (Halifax), H Ecroyd (Wollongong), C Emanuelsson (Lund), X 
Fu (Beijing), C Garrido (Dijon), N Golenhofen (Ulm), NB Gusev (Moscow), LE 
Hightower (Storrs), HH Kampinga (Groningen), JN Lavoie (Québec), TH MacRae 
(Halifax), RA Quinlan (Durham), RM Tanguay (Québec), E Vierling (Amherst), M 
Toth-L Vigh (Szeged), SD Weeks (Leuven), T Wu (Wuhan), X Fu (Beijing) and 
their collaborators and colleagues. Briefl y, the book starts with the structure and 
dynamics of small heat shock proteins, moving to their molecular and cellular func-
tions as chaperones and regulators of cellular processes and fi nishing with their 
involvement in diseases. Although this is quite broad, the structural aspects of sHSP 
complexes are the unifying theme of the book.  

    Québec ,  QC ,  Canada      Robert     M.     Tanguay   
    Storrs ,  CT ,  USA      Lawrence     E.     Hightower       
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    Chapter 1   
 The Multicolored World of the Human 
HSPB Family 

             Harm     H.     Kampinga     ,     Romy     de     Boer    , and     Nico     Beerstra   

    Abstract     Small heat shock proteins (sHSPs) have been studied for 40 years now, 
initially as proteins up-regulated upon heat stress in which they can help cells to 
better withstand or recover from heat damage. In humans, we now know that there 
is a ‘colorful’ family of ten different sHSP members (referred to as HSPB1-HSPB10) 
that together seem to fulfi ll many more, only partially overlapping, functions than 
just protecting cells from heat damage. Here, we summarize how the ten human 
HSPB members are thought to contribute to the protein quality control in cells and 
how they may do so via different mechanisms. Also, we will summarize what is 
known to date about the role of individual HSPB members in neurodegenerative 
diseases and in cardiomyopathies.  

  Keywords     HSPB oligomerization   •   HSPB chaperone activity   •   HSPB cytoskeletal 
protection   •   Acute stress   •   Chronic diseases   •   Neurodegeneration   •   Cardiac 
diseases  

1.1         Introduction 

 Small heat shock proteins (sHSPs) were fi rst discovered as proteins that were up- 
regulated after a heat shock treatment together with several other HSPs, including 
Hsp70s and Hsp40s (Tissières et al.  1974 ) . Whereas not all bacteria have sHsps, 
most eukaryotic genomes do contain multiple sHSP genes ranging from 2 in yeast 
to over 19 in  Arabidopsis thaliana  (Kappé et al.  2003 ,  2010 ; Kriehuber et al.  2010 ; 
Kampinga et al.  2009 ). There has been some dispute about the number of human 
small HSPs (Kampinga et al.  2009 ), but given that the presence of an alpha- crystallin 
domain documents the evolutionary relatedness of the sHSPs (Kappé et al.  2010 ) it 
seems justifi ed to conclude there are only ten, here further referred to as 
HSPB1-HSPB10. 

        H.  H.   Kampinga    (*) •    R.   de   Boer    •    N.   Beerstra    
  Department of Cell Biology ,  University Medical Center Groningen, University of Groningen , 
  Groningen ,  The Netherlands   
 e-mail: h.h.kampinga@umcg.nl  
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 Information on the human HSPB structure and function has mainly been based 
on cell free in vitro data and on cell biological data with the stress-inducible human 
HSPB1 and HSPB5 or HSP members from other organisms. These data have 
revealed that these members can act as ATP-independent molecular chaperones 
(Jakob et al.  1993 ; Kampinga et al.  1994 ; Richter et al.  2010 ) that block the aggregation 
of un- or misfolded proteins, and that they can protect cytoskeletal integrity or assist 
in cytoskeletal recovery upon stress, both functions potentially contributing to 
the increased survival of cells when exposed to stress-conditions that impede pro-
tein homeostasis and/or disrupt the cytoskeleton (Kampinga and Garrido  2012 ). 
Although all human HSPB family share the – above mentioned- α-crystallin domain 
of about 80 amino acid (Kampinga and Garrido  2012 ; Caspers et al.  1995 ), which 
likely represents the domain that is most important for some structural and func-
tional characteristics of these proteins, there is little homology outside this domain, 
suggesting the individual members may also be functionally distinct. 

 In this chapter, we will summarize what is known about the similarities and 
differences between the ten human HSPB members and highlight how different 
members may contribute to the protein quality control in cells via different 
 mechanisms. Also, we will summarize what is known to date about the ability of 
individual HSPB members to suppress toxicity and aggregation in neurodegenera-
tive diseases and how they may play a role in cardiomyopathies. As several of the 
items will be dealt with in high detail elsewhere in this book, here we have tried to 
provide a comparative overview on main features only. This thus implies that we 
had to generalize and simplify at several places, thus evidently sometimes leading 
to omission of important details. More specifi c information and citations to original 
fi ndings can be found in the several excellent reviews we refer to throughout this 
book chapter.  

1.2     Structural Features and Chaperone Activity 
of Purifi ed HSPBs In Vitro 

1.2.1     HSPB Oligomerization 

 Dynamic oligomerization has been suggested as an important feature for the 
functionality of canonical members like HSPB1 and HSPB5. In general, small 
HSPs are very polydispersed, meaning that they can exist as dimers (considered the 
“building block”) and heterologous homo- or hetero-oligomers of up to 50 subunits. 
Oligomerization is a very dynamic process and subunit exchange can be accelerated 
by stresses such as heat or low pH. Within living cells, posttranslational modifi ca-
tions (in particular phosphorylations) are thought to further stimulate oligomeric 
changes and this is believed to enable the sHSP to respond very specifi cally different 
stress stimuli. Several HSPB members contain phosphorylation sites and phosphor-
ylation usually leads to de-oligomerization, whereas de-phosphorylation enhances 

H.H. Kampinga et al.
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oligomerization (Arrigo and Gibert  2012 ; Lanneau et al.  2008 ; Parcellier et al. 
 2005 ; Rogalla et al.  1999 ). The formation of different structures could provide a 
mechanism for regulating the sHSP binding activity and intracellular (re)distribu-
tion (van Montfort et al.  2001 ; Garrido et al.  2012 ; Boncoraglio et al.  2012 ; Acunzo 
et al.  2012 ). 

 However, not all HSPBs may form oligomers inside cells. The C-terminal region 
of most human HSPB members contains a conserved triad motif, IXI/V (Ile-Xaa- 
Ile/Val), in which Xaa is typically a proline residue that participates in the stabiliza-
tion of the high molecular weight oligomers (Garrido et al.  2012 ; de Jong et al. 
 1993 ). HSPB6 and HSPB8 do not contain this conserved IXI/V motif and are 
mainly found in low molecular weight oligomers or complexed as dimers to other 
chaperones (Carra et al.  2012 ). HSPB7 does contain this motif and forms oligomers 
in vitro (Yang et al.  2011 ). Also other data show that purifi ed HSPB7 can oligomer-
ize and even form hetero-oligomers with HSPB8 (Sun et al.  2004 ). When expressed 
in cells, however, both HSPB7 (Vos et al.  2010 ) and HSPB8 (Carra et al.  2008 ) 
mainly seem to exist as dimers, suggesting that in cells other partners may exist that 
prevent these HSPB members from oligomerizing. For HSPB2 and HSPB3, it has 
been found that they form well-defi ned hetero-oligomers in a unique 3 to 1 subunit 
ratio (den Engelsman et al.  2009 ). Finally, no information exists regarding the oligo-
meric structure of HSPB9 and HSPB10 so far.  

1.2.2     HSPB Chaperone-Like Activity 

 Using purifi ed proteins, it has been shown that several canonical HSPB members 
are able to bind to (partially) unfolded proteins. As a result, these clients are 
maintained in a semi-soluble state from which they can be recovered. As all HSPBs 
lack ATPase activity, client release from HSPBs generally requires the help of 
ATP- dependent chaperones (HSP70) or proteases (HSP104) that further process 
the client (Haslbeck  2015 ). Whereas in vitro this supports refolding of the client, in 
cells HSPB1-bound substrates might also undergo ubiquitinylation and (via HSP70 
or by other means) be released to be degraded by the proteasome or via autophagy 
(Carra  2015 ). 

 Extensive comparison on the various HSPB members for their ability to act in 
this chaperone like manner is yet lacking. In Table  1.1 , we have summarized what 
is known for four often-used model substrates and the ability of the HSPB members 
to maintain them soluble upon thermal or chemically-induced unfolding. For nearly 
all substrates, most members do seem to be capable of suppressing aggregation, 
suggesting that HSPBs all have the intrinsic potential to bind un- or misfolded 
clients in a rather promiscuous manner. These data with purifi ed proteins also imply 
that the post-translational modifi cations as many of them undergo in living cells and 
the effect of these on the oligomeric dynamics of some of the HSPB members are 
not a pre-requisite for the chaperone-like activities of HSPBs per se. This all, 

1 The Multicolored World of the Human HSPB Family



6

 however, not necessarily implies that the different HSPBs may not have substrate 
specifi city or at least show differential affi nity for different substrates. Up to now, 
no systematic comparisons have been done where all members were compared at 
equal stoichiometry using the same substrates. Also, it is not clear what the impact 
of (equal) binding to client proteins will be for the subsequent fate of that protein 
and whether or not the HSPB-partners (e.g. ATP dependent chaperones for client 
release) may differ. At least our comparison in cells suggests that such differences 
do exist (see Sect.  1.4 ).

1.3         Human HSPB: Regulation and Expression 
in Cells and Tissues 

 Unlike their name suggests, most members of the HSPB family are not induced by 
heat shock, except for the canonical members HSPB1, HSPB4 and HSPB5; HSPB8 
was found to be only moderately heat-inducible. In fact, the different members are 
expressed constitutively in several cells and tissues, albeit some more ubiquitously 
than others (Table  1.2 ) (Vos et al.  2009 ). In tissue culture cell lines, most HSPBs are 
present in the cytosolic compartment, sometimes associated with cytoskeletal 
 elements. Upon heat stress, reallocation to stress fi bers can be observed of HSPB1 
and HSPB5. The same proteins are also found in SC35 speckles, RNA-containing 
granules in nuclei, where HSPB7 also is also present under normal growth conditions. 

     Table 1.1    Some characteristics of purifi ed HSPBs   

 Name 
 Alt. 
name 

 Number 
of amino 
acid 
residues 

 Oligome-
rization 

 Ability to preventing thermal aggregation of citrate 
synthase, luciferase or alcohol dehydrogenase or of 
DTT-induced aggregation of insulin c  

 Homo  Hetero 
 Citrate 
synthase 

 Luci-
ferase 

 Alcohol 
dehydrogenase  Insulin 

 HSPB1  HSP27  205  Yes  Yes  +  +  +  + 

 HSPB2  MKBP  182  Yes  With B3  +  NA  +  + 

 HSPB3  HSPL27  150  Yes  With B2  ±  NA  +  − 

 HSPB4  CRYAA  173  Yes  Yes  +  +  +  + 

 HSPB5  CRYAB  175  Yes  Yes  +  +  +  + 

 HSPB6  HSP20  160  ?  ? a   NA  NA  +  ± 

 HSPB7  cvHSP  170  ?  ? b   NA  NA  NA  + d  

 HSPB8  HSP22  196  ?  ? b   +  NA  +  + 

 HSPB9  CT51  159  NA  NA  NA  NA  NA  NA 

 HSPB10  ODF1  250  NA  NA  NA  NA  NA  NA 

   a Still debated 
  b In vitro, they can but in cells they may normally not do so 
  c See references (Jakob et al.  1993 ; Ehrnsperger et al.  1997 ; Prabhu et al.  2012 ; Asthana et al.  2012 ; 
Derham and Harding  1999 ; Mymrikov et al.  2011 ; Chowdary et al.  2004 ; Lin et al.  2014 ) 
  d Rat HSPB7  

H.H. Kampinga et al.
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HSPB8 is often found associated with cytosolic, RNA stress granules upon stress 
and for HSPB2 it was suggested that it becomes associated with mitochondria upon 
heat shock (Table  1.2 ). The association of several members with the cytoskeletal 
elements (before or after stress) may be consistent with their role in protecting or 
repairing the cytoskeleton upon stress and as a care-taker function at sarcomeric 
structures in skeletal and heart muscles, in which they are so highly expressed 
(Table  1.1 ; see Sect.  4.2.2 ). Whether or not HSPB2 has a role in mitochondrial 
 stabilization is not known and neither is the role of the association of some HSPB 
members with RNA-containing compartments like the SC35 speckles in the nucleus 
(HSPB1, HSPB5 or HSPB7) or with cytoplasmatic stress granules (HSPB8).

1.4         Human HSPB: Functional Diversity In Vivo 
(Cell Lines, Animal Models) 

 Investigations on comparing the different functions of the various HSP members are 
complicated by the fact that their constitutive expression can vary dramatically 
between different cell types (Table  1.2 ) (Vos et al.  2009 ) and that several members 
can also hetero-oligomerise (Table  1.1 ); this implies that any modulation of one 
HSPB member expression may thus have differential impact depending on the cell 
type used. Yet, below we have tried to provide an overview of phenotypes induced 
by altered expression of single HSPB members as reported in the literature in 

     Table 1.2    HSPB expression in cells and tissues   

 Name 
 Heat shock 
inducible 

 Main tissue 
distribution 

 Intracellular localization 
under normal growth 
conditions 

 Intracellular localization 
after heat stress 

 HSPB1  Yes  Ubiquitous  Cytosol/cytoskeletal 
elements 

 Cytoskeleton/nuclear 
speckles 

 HSPB2  No  Muscle  Cytosolic granules  Mitochondria-associated 
 HSPB3  No  Muscle  Unknown  Unknown 
 HSPB4  Yes  Eye lens  Cytosol/cytoskeletal 

elements 
 Unknown 

 HSPB5  Yes  Ubiquitous  Cytosol/cytoskeletal 
elements 

 Cytoskeleton/nuclear 
speckles 

 HSPB6  No  Muscle, 
brain 

 Cytosol/cytoskeletal 
elements 

 Unknown 

 HSPB7  No  Muscle  Cytosol/nuclear speckles  Cytosol/nuclear speckles 
 HSPB8  Yes b   Muscle, 

brain 
 Cytosol  Cytosol/cytosolic stress 

granules 
 HSPB9  NA  Testis  Cytosol/nucleus  Unknown 
 HSPB10  NA  Testis  Sperm cell tails  Unknown 

  See references (Mymrikov et al.  2011 ; Vos et al.  2009 ; Nakagawa et al.  2001 ; den Engelsman et al. 
 2013 ) for more details and original references 
  a Moderately and maybe restricted to certain cell lines or under certain conditions  

1 The Multicolored World of the Human HSPB Family
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 relation to their role in resistance to acute stress resistance and their roles in disease. 
In fact, only our own lab has systematically compared the effects of overexpression 
of single HSPB members on the resistance towards several forms of stresses within 
one and the same cells line. This, of course, also has several limitations as these 
effects may not translate to other cell types and especially fi ndings of the lack of an 
effect by the modulation of a single HSPB member are largely inconclusive. 
However, we believe such systematic comparison does provide some insight in 
possible differences in client specifi city between the various HSPB members 
and differences in their mechanism of action. In the summarizing Table  1.3 , we 
therefore distinguished the data from our own studies within one cell line from 
those observed in the literature, often done with different cell lines.

1.4.1        Protection of HSPB8 Members Against Acute 
Stress Conditions 

 HSPBs have been implied in cellular resistance against many forms of acute stress. 
Besides heat shock, these stressors include various forms of oxidative stress and 
several anti-cancer agents. The role of HSPBs in the oxidative stress has been linked 
to the ability to modulate the redox status in cells, which may have particular 
relevance for cardiac diseases (Christians et al.  2012 ). More details on this can be 
found elsewhere in this book, but since it is yet unclear how to link this functionality 
of the HSPBs to their chaperone or cytoskeletal related functions, it will not be 
further discussed here. The same applies to resistance to anti-cancer drugs, for 
which in several cases the mechanism of the HSPB-mediated protection is yet 
poorly understood. Here, we will focus on heat shock as the prototype for an acute 
proteotoxic form of stress. 

1.4.1.1     Cytoskeletal Protection 

 The fi rst demonstration that the overexpression of a single HSPB member (HSPB1) 
could protect cells from the lethal effects of a heat shock was made by the group of 
Jacques Landry (Landry et al.  1989 ). Next, this cell line was found to recover more 
rapidly from heat-induced cytoskeletal damage (Lavoie et al.  1993 ), consistent with 
the above mentioned association of HSPB1 with the cytoskeleton upon stress 
(Mounier and Arrigo  2002 ). Other members that have been shown to exert (protective) 
effects on the cytoskeletal stability under acute forms of stress or e.g. during 
differentiation include HSPB2, HSPB3, HPSB4, HSPB5, HSPB6, HSPB9, and 
likely also HSPB7 (Table  1.3 ). Here, HSPB1 seems rather promiscuous, whilst 
some HSPB members may reveal some specifi city with regards to the type of 
cytoskeletal elements they can stabilize (Table  1.3 ) (Boncoraglio et al.  2012 ; Carra 
et al.  2012 ; Mymrikov et al.  2011 ; Mounier and Arrigo  2002 ; Sun and MacRae 
 2005 ; Vos et al.  2008 ; Sugiyama et al.  2000 ; Suzuki et al.  1998 ; Wettstein et al.  2012 ).  

H.H. Kampinga et al.
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1.4.1.2      Cellular Chaperone Activities 

 In parallel to being protected against heat-induced cytoskeletal damage, the HSPB1 
overexpressing lines developed in the Landry group, were found to show a more 
rapid recovery from heat-induced protein aggregation (Kampinga et al.  1994 ). 
Subsequently, HSPB1 overexpression was found to increase the cellular capacity to 
refold the ectopically expressed model protein fi refl y luciferase, an action that was 
dependent on a functional Hsp70 machine (Bryantsev et al.  2007 ). These data actu-
ally formed the basis for and were consistent with the above- mentioned model of 
chaperone activity of sHSPs (Jakob et al.  1993 ; Kampinga et al.  1994 ; Haslbeck 
 2015 ; Cohen and Dillin  2008 ). However, as a note of caution, until today there is no 
full evidence that these effects can be entirely uncoupled from possible indirect 
effects related to the cytoskeletal stabilizing actions of the HSPBs. It can be envi-
sioned that by virtue of cytoskeletal stabilization, the other chaperone machines 
have less substrates to deal with and thus can better handle more or gain access to 
heat- unfolded proteins.   

1.4.2     Protective Effects of HSPB Members in Chronic 
Disease Conditions 

1.4.2.1     Neurodegenerative Diseases 

 Many different neurodegenerative diseases share features of protein aggregates in 
the neurons of patients and several mechanistic links exist between the aging pro-
cess and toxic protein aggregation (Cohen and Dillin  2008 ). Improving protein 
quality control has therefore been a goal of many investigations and here we will 
summarize those that have been aimed at doing so via manipulating the expression 
or activity of HSPB members. Whereas the primary goal of such research usually is 
to identify potential disease modifi ers, we will here also use it to illustrate potential 
differences in substrate preferences and modes of actions of the HSPBs. What these 
data also will illustrate is that not all aggregation-prone proteins that cause disease 
give rise to similar (types of) aggregates and that they may require different han-
dling by the protein quality control system. However, the latter will not be addressed 
in detail. 

   CAG Repeat Diseases 

 CAG repeat diseases (or polyglutamine (polyQ) diseases) are caused by expansions 
of CAG trinucleotide repeats within the coding region of several genes, resulting in 
the production of proteins with an expanded polyglutamine stretch (Bauer and 
Nukina  2009 ). Until now, nine polyQ diseases have been described: spinocerebel-
lar ataxias (SCA) types 1, 2, 6, 7, 17, Machado-Joseph disease (MJD/SCA3), 
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Huntington’s disease (HD), dentatorubral pallidoluysian atrophy (DRPLA), and 
spinal bulbar muscular atrophy X-linked type 1 (SMAX1/SBMA) (Matos et al. 
 2011 ; Takahashi et al.  2010 ). Except for SMAX1/SBMA, all of these diseases are 
autosomal dominantly inherited. The expansion in different disease-related genes 
results in an aggregation-prone expanded polyglutamine (Q) tract and aggregation 
propensity is strongly related to the CAG repeat length. Likewise, the age at which 
these diseases become clinically manifest (age of onset: (AO)) is inversely corre-
lated to the CAG repeat length (Gusella and MacDonald  2000 ). This, together with 
many other lines of evidence including fi ndings that several polyQ knockout mice 
do not develop polyQ diseases (Bauer and Nukina  2009 ; Gatchel and Zoghbi  2005 ; 
Morfi ni et al.  2005 ), implies that the disease is due to a gain of toxic function driven 
or initiated by protein aggregation, although both the types of aggregates that lead 
to toxicity as well as the mechanisms leading to neuronal dysfunction are still 
 heavily disputed. In this chapter, the emphasis will be on HD and SCA3, which have 
the highest prevalence of polyQ diseases worldwide (Fan et al.  2014 ), but given the 
generic mode of action by which CAG-repeat diseases are initiated, the concepts 
shown likely apply to all polyQ diseases. 

 There are many cellular and animal models for CAG repeat diseases. The models 
typically are based on the expression of (a fragment of) the repeat-containing gene 
in cells or animals followed by the (semi) quantitative analysis of aggregation and 
toxicity readouts. Using these models, most emphasis with regards to putative 
chaperone- mediated rescues has been on the ATP-dependent chaperones (Kakkar 
et al.  2014 ). For this chapter, we will summarize what has been done so far with 
HSPB members (Table  1.3 ). Also here, the initial focus was on the classical HSPB1 
and HSPB5 and the results were disappointing as overexpression of neither one of 
them could decrease aggregation in cell models, albeit that HSPB1 seemed to pro-
vide some level of protection against neuronal cell death (Wyttenbach et al.  2002 ; 
Carra et al.  2005 ), suggesting it may either compensate for or protect against some 
of the consequences of the aggregates. Also, in vivo neither one of these two mem-
bers seemed to be effective in reducing aggregation or disease symptoms. Whereas, 
some data in Drosophila polyQ models suggested some suppression of aggregation 
by HSPB5 (Tue et al.  2012 ), other data with another fl y model were negative 
(Robertson et al.  2010 ). Also in a polyQ mouse model, these HSPB  members were 
found to be ineffective (Zourlidou et al.  2007 ). 

 In a comparative study done in our lab, using the same HEK293 cells as for the 
luciferase refolding assay, the ineffectiveness of HSPB1 and HSPB5 to prevent 
polyQ aggregation was confi rmed (Vos et al.  2010 ). Using a series of experiments 
with polyQ proteins with different expansions, we discovered that some other 
 members actually could effectively suppress polyQ aggregation, the order of effec-
tiveness being: HSPB7>HSPB9=HSPB6>HSPB8>HSPB4>HSPB2. Furthermore, 
the effectiveness of HSPB7 and HSPB9 (Vos et al.  2010 ; Zijlstra and Kampinga 
unpublished data) as well as that of HSPB8 (Carra et al.  2010 ) to prevent polyQ 
aggregation was confi rmed in other cell lines and also extended to Drosophila 
in vivo models, where they could ameliorate polyQ mediated degeneration 
(Table  1.3 ). 

1 The Multicolored World of the Human HSPB Family
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 Intriguingly, the anti-aggregation activities of the most effective polyQ suppressing 
HSPB members were associated with either enhanced proteolytic degradation of the 
soluble poly Q protein (HSPB2, HSPB4, HSPB6, HSPB9) (Zijlstra and Kampinga 
unpublished data; Yang et al. in preparation) or with autophagosomal clearance of 
the polyQ aggregates (HSPB7, HSPB8) (Vos et al.  2010 ; Carra et al.  2008 ,  2009 ) .  
For HSPB8, this function was highly dependent on its association with BAG3, a 
HSP70 co-chaperone (Carra et al.  2008 ; see Carra  2015  for detailed information). 
The effect of HSPB7 was clearly distinct from that of HSPB8 and would be consis-
tent with a model whereby HSPB7 prevents polyQ fi brils to grow beyond a size that 
can be handled by the autophagic machinery (Vos et al.  2011 ). However, this needs 
further elucidation. Yet, it is striking to see that all the polyQ suppressing HSPB 
members were ineffective in assisting the cells to refold heat-denatured  luciferase 
(Table  1.3 ), which could be a matter of differential substrate specifi city or differential 
substrate handling, e.g. related to partnerships that these HSPB members may have 
with other protein quality control components. Also this speculation, however, 
needs further testing.  

   Amyotrophic Lateral Sclerosis (ALS) 

 Amyotrophic lateral sclerosis (ALS) is a lethal neurodegenerative disorder and also 
known as a conformational disease in which misfolding and aggregation of proteins 
such as SOD1 and TDP-43 are central features (Johnson et al.  2009 ; Kerman et al. 
 2010 ). Most cases of ALS are sporadic (SALS), but about 10 % of the ALS cases is 
inherited, usually dominantly (familial ALS (FALS)) (Sreedharan and Brown 
 2013 ). Multiple genetic mutations have been associated with FALS, including genes 
encoding for TDP-43, SOD1, SQSTM1, C9ORF72, VCP, OPTN, FUS, PFN1, and 
UBQLN2. For HSPB related protection, so far only data exist on some SOD1 and 
TDP-43 mutants and these will be discussed below (Table  1.3 ) (see also (Carra et al. 
 2013 ) for a more detailed overview). 

   HSPB Effects on SOD1 Mutants 

 Population-based studies show that mutations in the SOD1 gene account for ~12 % 
of familial cases and ~1 % of sporadic cases (Renton et al.  2014 ). More than 160 
mutations in SOD1 are exclusively associated with ALS. Although ALS was  initially 
thought to be due to a (partial) loss of normal SOD1 function, which is the detoxifi -
cation of superoxide (Sreedharan and Brown  2013 ), several lines of evidence, 
including knockout mice that do not show an ALS phenotype (Mulligan and 
Chakrabartty  2013 ; Sreedharan et al.  2008 ), now also demonstrate that it is due to a 
gain of toxic function, associated with the unusual propensity of mutant SOD1 to 
misfold and aggregate (Mulligan and Chakrabartty  2013 ; Talbot  2014 ). 

 Only a limited amount of data is available regarding HSPB mediated protection 
against mutant SOD1 aggregation. In cell free systems, both purifi ed HSPB1 and 
HSPB5 were found to be able to bind to and suppress the aggregation of SOD 
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mutants (Patel et al.  2005 ; Yerbury et al.  2013 ). In cells, however, HSPB1 overex-
pression did result in some protective effects against aggregate related toxicity, but 
it only mildly reduced (An et al.  2009 ) or did not reduce (Patel et al.  2005 ) mutant 
SOD1 aggregation. In line with these cellular data, overexpression of HSPB1 
showed no (Krishnan et al.  2008 ) or only a very mild (Sharp et al.  2008 ) protective 
effect during early stages of disease in SOD-mice. Inversely, HSPB5 knockout mice 
show no enhanced degeneration when crossed with SOD1 mouse models (Yerbury 
et al.  2013 ). The only other member investigated in mutant SOD1 models is HSPB8. 
In cell models, HSPB8 overexpression strongly reduced mutant SOD1 aggregation, 
an effect that was associated with enhanced degradation of the mutant but not 
 wildtype SOD, implying that HSPB8 selectively recognized and degraded the mis-
folded conformation (Crippa et al.  2010 ). Again, functional interaction with BAG3 
was important for the actions of HSPB8 on mutant SOD (Crippa et al.  2010 ) 
(Table  1.3 ). So, far no data of HSPB8 in in vivo SOD-1 models have been reported.  

   HSPB Effects on TDP-43 Mutants 

 TDP-43 is an ubiquitously expressed DNA/RNA binding protein with several roles, 
including gene transcription, RNA splicing, RNA shuttling and translation, and 
microRNA biogenesis (Sreedharan and Brown  2013 ). TDP-43 mutations are linked to 
sporadic and non-SOD1 familial ALS (Johnson et al.  2009 ) and up to 40 autosomal 
dominant missense mutations in the TDP-43 gene exist that are related to FALS. All 
of these mutations, except one, reside in the C-terminal glycine-rich domain, which is 
involved in ribonucleoprotein binding and splicing (Renton et al.  2014 ). 

 So far only two studies have investigated effects of HSPB members on TDP-43 
aggregation. Crippa et al. showed that HSPB8 reduced aggregation of TDP-43 in 
the same cell model in which they also found effects on mutant SOD aggregation 
(Crippa et al.  2010 ). We confi rmed the effectiveness of HSPB8 on reducing mutant 
TDP-43 aggregation in the HEK293 cells that were also used for all our other studies 
on HSPBs; in this study, we also found that HSPB1, HSPB5, HSPB7 were rather 
ineffective, whilst HSPB9 had only had a minor effect (Carra et al.  2013 ) (Table  1.3 ). 

 Together, the data on both mutant ALS and mutant TDP-43 suggest that HSPB8 
is the most potent protector, although this requires substantiation, especially using 
in vivo models. This is clearly distinct from what is seen for polyQ aggregation 
(Table  1.3 ), which suggests that, albeit that both diseases are caused by toxic aggre-
gates, the disease-causing mutants require different handling by the protein quality 
control system. Inversely, these data further underline the functional difference 
between the HSPB members.   

   Parkinson’s Disease (PD) 

 Parkinson’s Disease (PD) is the second most common neurodegenerative disease 
with a wide range of motoric and non-motoric symptoms. PD is mostly hallmarked 
by the presence of Lewy bodies, aggregates consisting of the 14 kDa α-synuclein 
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protein, inside neuronal cells (Wakabayashi et al.  2013 ) .  Although thought to be 
mostly sporadic, both PD-causative dominant mutations and recessive mutations 
have been found to cause PD (Trinh and Farrer  2013 ). The dominant mutants 
include mutations in the SNCA gene that encodes α-synuclein and the Leucine-rich 
repeat kinase 2 (LRRK2). Interestingly, wildtype α-synuclein is an intrinsically 
 disordered protein (Solanki et al.  2014 ) and the SNCA mutations linked to PD either 
lead to abnormally high expression or further destabilisation of the structure of 
α-synuclein, both increasing its risk to initiate aggregation. So, comparable to CAG 
repeat diseases and ALS, also in PD a toxic gain of function mechanisms seems to 
apply in which α-synuclein aggregation seems to be a central feature. 

   HSPB Effects on α-Synuclein 

 Using purifi ed wildtype α-synuclein that, due to its disordered structure, already has 
a high propensity to aggregate, it was found that all HSPB members tested so far 
(HSPB1, HSPB2, HSPB3, HSPB5, HSPB6 and HSPB8) could reduce its aggrega-
tion, with HSPB6 having only weak activity (Prabhu et al.  2012 ; Bruinsma et al. 
 2011 ). Although several cell and in vivo models of PD are readily available, surpris-
ingly little is known about the effect of sHSPs in such models. In a cell model for 
α-synuclein, HSPB1 overexpression reduced aggregation and toxicity, whereas 
HSPB5 overexpression had no signifi cant effect on aggregation and only marginally 
protected against α-synuclein-induced cytotoxicity (Outeiro et al.  2006 ). However, 
whether this indeed suggests that HSPB1 is more potent in case of preventing 
α-synuclein aggregation is unclear and may also be due to differential transgene 
expression. Zourlidou et al. ( 2004 ) also suggested that HSPB1 is protective against 
alpha synuclein mediated cell death, but here no data on aggregation were provided, 
meaning that no conclusion can be made regarding the mode of protection (chaper-
oning α-synuclein versus reducing consequences of its aggregation). The only 
member tested in vivo, using a PD model in drosophila, is HSPB5 (Tue et al.  2012 ). 
Here, HSPB5 was found to suppress eye degeneration induced by α-synuclein, but 
again no information on aggregation of α-synuclein was reported, not allowing 
 distinguishing between direct or indirect effects. So, although little can be stated up 
to date about possible α-synuclein chaperoning effects by the various HSPB mem-
bers (Table  1.3 ) yet several indirect lines of evidence suggest that HSPBs may play 
a role in α-synucleinopathies (reviewed in Cox et al.  1842 ).  

   HSPB Effects on the PARK2 C289G Mutant 

 Dysfunction of degradation pathways is another hallmark in PD. An increasing 
body of evidence suggests that the ubiquitin-proteasome system and (especially) the 
autophagy-lysosome system are indeed impaired in PD. In line, there are a number 
of early-onset recessive parkinsonisms linked to mutations that lead to impaired 
quality control (Trinh and Farrer  2013 ), including several mutations in the E3 ligase 
parkin (also known as PARK2). Whereas the recessive inheritance of these parkin-
sonisms suggests loss of function, one of the PARK2 mutations, the C289G 
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mutation that is located within the RING1 domain of PARK2, leads to PARK2 
destabilization and aggregation (Gu et al.  2003 ). This PARK2 C289C mutant therefore 
may also exert dominant effects by a gained toxic (aggregation-related) function. In 
support of this, some evidence is accumulating that heterozygous carriers of this 
mutation have a higher risk for late onset PD (Khan et al.  2002 ,  2003 ; Hilker et al. 
 2001 ). The aggregates caused by this mutant in cells are amorphic, non- amyloidogenic 
and thus presumably quite distinct from those generated by α-synuclein and 
 certainly polyQ proteins. This led us to test whether prevention of aggregation of 
this PARK2 C289G substrate would require different HSPB members than e.g. pre-
vention of polyQ aggregation (Minoia et al.  2014 ). Except for the overlap of HSPB7, 
which protects against aggregation of both polyQ proteins and PARK2 C289G, this 
was indeed the case (Table  1.3 ) as overexpression of HSPB1, HSPB2, HSPB4 and 
HSPB7 protected against PARK2 C289G aggregation (Minoia et al.  2014 ), whereas 
in the same cell lines and using similar conditions, these were not effective in 
 preventing polyQ aggregation (Carra et al.  2008 ) (Table  1.3 ). On one hand, this 
again could point to some differences in substrate specifi city of the various HSPB 
members. On the other hand, a striking fi nding was that the protective actions of 
these HSPBs were not impaired upon inactivation of the ATP-dependent HSP70 
chaperone machines (Minoia et al.  2014 ). A similar fi nding was also already made 
previously for the HSPB7-mediated protection against polyQ aggregation (Vos 
et al.  2010 ), but was in particular surprising for the canonical HSPB1 as it did 
require a functional HSP70 machine for its effects on facilitating refolding of heat- 
denatured luciferase (Sect.  1.4.1.2 ) (Bryantsev et al.  2007 ). In case of prevention of 
PARK2 C289G aggregation, all effective HSPB members depended on protein 
 degradation pathways. This challenges the canonical model for HSPB-related 
 chaperone actions and suggests that (1) they do act as chaperones also for clients 
like PARK2 C289G and interact with other client release factors or (2) that their 
protection on PARK2 C289G aggregation are mediated by indirect (cytoskeletal 
stabilizing) effects that allow other chaperones to deal with the misfolded PARK2 
C289G. Anyhow, these data further illustrate that there are differences in the func-
tionality of HSPB members and the manner by which they contribute to protein 
homeostasis.   

   Alzheimer’s Disease (AD) 

 Alzheimer’s disease (AD) is the most common form of dementia, affecting more 
than 35 million people worldwide. The pathological mechanisms of AD are very 
broad and complex and many factors are involved. However, the main pathological 
hallmarks of AD are the formation of extracellular amyloid plaques (Aβ) and of 
intracellular neurofi brillary tangles (hyperphosphorylated tau) that somehow, and 
maybe in a combined manner, are thought to ultimately lead to neurodegeneration 
(Ittner and Götz  2011 ; Giacobini and Gold  2013 ). 

 The mechanisms of Aβ toxicity are still unclear, but a hypothetic pathway of Aβ 
neurotoxicity is the induction of physical damage to cell structures by Aβ oligomers 
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(not fi brils or monomers) leading to, membrane permeabilization, mitochondrial 
failure, causing oxidative stress and ultimately leading to synaptic failure (Querfurth 
and LaFerla  2010 ). The classical hypotheses assume that toxicity and degeneration 
is mediated by extracellular Aβ related to the extracellular plaques in post-mortem 
brain. However, there are data that suggest Aβ42 also accumulates intracellularly 
(Walsh et al.  2000 ; LaFerla et al.  2007 ; Zheng et al.  2013 ) and that the extracellular 
and intracellular pools are connected. Upon compromised degradation of Aβ, in 
proteasomes as well as lysosomes, this would next lead to accumulation of intracel-
lular Aβ (Domert et al.  2014 ; Shimura et al.  2004 ). In such a scenario, elevated 
intracellular expression of HSPBs may thus also have therapeutic potential in AD. 

   HSPB Effects on Aβ 

 In cell free systems, HSPB1, HSPB5 and especially HSPB8 could suppress amyloid 
formation by Aβ, whereas a combination of HSPB2 and HSPB3 was ineffective. 
Prevention of aggregation was paralleled by reduced toxicity of the Aβ peptide 
when these were added to cells extracellularly (Wilhelmus et al.  2006a ). However, 
in another study by the same group, co-incubation of HspB8 with Aβ (1–40) did, but 
with the more disease-associated Aβ (1–42) did not affect beta-sheet formation or 
Aβ-mediated cell death of cultured cerebrovascular cells (Wilhelmus et al.  2006b ). 
An earlier study on HSPB5 showed that HSPB5 indeed also reduced aggregation, 
but increased (rather that decreased) toxicity when added together with Aβ to cells, 
suggesting that prevention of fi bril formation by HSPB5 may lead to an increase of 
a more toxic non-fi brillar Aβ oligomer (Stege et al.  1999 ) as was indeed later found 
to be the case (Raman et al.  2005 ). For HSPB1, on the other hand, it has been found 
that substoichiometric amounts could sequester toxic Aβ oligomers and convert 
them into large nontoxic aggregate, thus abolishing the toxicity of Aβ oligomers on 
mouse neuroblastoma cells (Ojha et al.  2011 ). The same authors also showed that 
cultured neurons from HspB1-defi cient mice were more sensitive to oligomer- 
mediated toxicity than those from wild-type mice; it is however, obscure how this 
intracellular depletion relates to the detoxifi cation of toxic extracellular Aβ oligo-
mers, and would suggest that indirect effects of HSPB1 depletion have rendered 
these neurons more sensitive to the extracellular Aβ oligomers. Yet, a study using an 
Aβ x HSPB1 double transgenic mouse model confi rmed the suggestion that 
increased HSPB1 expression not only delayed several AD-related disease features, 
but also signifi cantly reduced amyloid plaques formation in the brain (Tóth et al. 
 2013 ). Yet again, these data provide no information on whether this is due to direct 
HSPB1 mediated chaperoning of Aβ and how this may detoxify Aβ or due to  indirect 
effects of HSPB1 overexpression. 

 So, whilst these data suggest that different HSPB members differently affect the 
formation of Aβ oligomers and fi brils (Table  1.3 ), outcomes in terms of  neurotoxicity 
have so far been confusing and diffi cult to relate to these in vitro chaperoning 
effects. Good cellular models for intracellular Aβ (eventually combined with extra-
cellular Aβ treatments) that could shed more light on putative effects of intracellular 
chaperoning by HSPBs are yet lacking, maybe due to the fact that free Aβ-peptides 
are rapidly degraded (E. A. Reits, personal communication). We are currently  testing 
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Aβ-peptides-GFP fusion constructs to do so, but preliminary data suggest the GFP 
tagging interferes with Aβ-amyloid formation.  

   HSBP Effects on Tau 

 The major component of the neurofi brillary tangles in post-mortem brains of AD 
patients is hyperphosphorylated tau (Iqbal et al.  2010 ). Tau is a microtubule- 
associated protein that under normal circumstances promotes the assembly of 
microtubules and helps to stabilize them, both important for vesicle transport. The 
function of tau is regulated by phosphorylation status and in AD, all six isoforms of 
tau are hyperphosphorylated, which is associated with its aggregation that leads to 
both the loss of its function and even counteracts the assembly of microtubules 
(toxic gain of function). Hyperphosphorylation of tau makes it more resistant to 
proteolysis, which explains its accumulation in AD (Giacobini and Gold  2013 ). 

 Despite the fact that several HSPB members are, like tau, associated with 
 microtubules (Table  1.3 ) and the fi nding that several HSPB members are up-regu-
lated in relation to tau (and Aβ) aggregation (see Carra et al.  2013  for more details) 
surprisingly few studies have actually directly tested whether or not HSPB member 
up- regulation may reduce tau aggregation and pathology. In a study by Shimura 
et al. ( 2004 ) HSPB1 was found to bind preferentially to the pathological hyperphos-
phorylated tau, which was associated with reduced tau expression and tau-mediated 
cell death. Also in other studies, increased HSPB1 and HSPB5 expressions were 
inversely correlated with tau phosphorylation and expression levels (Shimura et al. 
 2004 ; Sahara et al.  2007 ), suggesting (but not demonstrating) that these two HSPB 
members indeed may directly chaperone phosphorylated tau towards degradation. 
Yet, in line with these in vitro studies, the group of Dickey (Abisambra et al.  2010 ,  
 2011 ) showed that delivery of HSPB1 expressing adeno-associated viral particles to 
tau transgenic mice resulted in reduced neuronal tau levels. In parallel, this delayed 
the normally rapid decay in hippocampal long-term potentiation (LTP) intrinsically 
seen in these tau transgenic mice. This effect, like both the cytoskeletal stabilization 
and chaperone effects of HSPB1 (Table  1.3 ), was dependent on the phosphorylation 
dynamics of HSPB1. 

 Although the limited data set for HSPB actions on tau allows no conclusions in 
terms of functional differences between HSPB members, the data do again suggest 
that HSPB1 is not only associated with client refolding, such as after acute heat 
stress was seen for refolding (Table  1.3 ), but can also assist in client degradation 
(phosphorylated tau and mutant PARKIN C289G). What determines fate destina-
tion when chaperoned by HSPB1 remains to be elucidated.    

1.4.2.2      Other Non-neurodegenerative Diseases 

 Various HSPB members have been implied in many other diseases, including cancer 
(where they may be particularly important in metastasis (Zoubeidi and Gleave 
 2012 ), immunology (van Noort et al.  2012 ), cataract (Clark et al.  2012 ), and cardiac 
diseases (Table  1.3 , see also below). Here, we would like to shortly discuss two 
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cardiac diseases, dilated cardiomyopathies and atrial fi brillation, in which HSPB 
members were shown to be protective. 

   Dilated Cardiomyopathies (DCM) 

 The fi rst cardiac disease where HSPBs are implied concerns a group of familial 
dilated cardiomyopathies (DCM) that (are) caused by several rare mutations in 
more than 30 different genes, most of which encode sarcomeric or sarcomeric- 
associated proteins, and that result in structural changes (hypertrophy) and contrac-
tile dysfunction (Hershberger et al.  2010 ). Recently, also mutations in various 
molecular chaperones have been found to lead to dominantly heritable forms of 
DCM, including mutations in HSPB5 (Hershberger et al.  2010 ,  2013 ; Rodríguez 
and Willis  2010 ). 

 Whereas loss of function (haploinsuffi ciency) may be one explanation by which 
the HSPB mutants may cause DCM, at least three different DCM-causing mutations 
(R120G, 450delA and 464delCT) lead to their aggregation when expressed in cells 
(Zhang et al.  2010 ), suggesting that also toxic gain-of-function (via aggregation) 
may play a role. Interestingly, HSPB1 was found to be able to counteract this aggre-
gation, likely by enhancing the proteasomal degradation of these clients (Zhang 
et al.  2010 ). Ongoing work in our laboratory (Hussein et al.  in preparation ) confi rms 
that HSPB1 can rescue the aggregation of these mutants and furthermore show that, 
besides HSPB1, also overexpression of HSPB4 and HSPB5 itself effectively pre-
vents the aggregation of these three HSPB5 mutants. HSPB6 was also active but 
less, whilst the other fi ve HSPB members were ineffective (Table  1.3 ).  

   Atrial Fibrillation (AF) 

 Atrial fi brillation (AF) is the most common clinical arrhythmia associated with 
signifi cant morbidity and mortality. AF is a progressive disease initiated by (revers-
ible) electrophysiological changes followed by irreversible structural damage to the 
contractile apparatus of cardiomyocytes, which in a perpetuating cycle fi nally 
results in myolysis (Hoogstra-Berends et al.  2012 ). Given that HSPBs were sug-
gested as playing an important role in maintenance of cytoskeletal elements under 
conditions of acute stress (Sect.  1.4.1 ; Table  1.3 ), we decided to test whether and 
which HSPB members could potentially protect against AF-related myolysis, using 
pacing of HL-1 atrial myocytes as a model for AF (Brundel et al.  2006a ). Initial 
experiments showed activating the heat shock response attenuated pacing induced 
myolysis and that HSPB1 upregulation was both required and suffi cient for pro-
tection (Brundel et al.  2006a ,  b ). Next, we tested all ten HSPB members for AF 
protection and found that in addition to HSPB1, also overexpression of HSPB6, 
HSPB7 and HSPB8 protected against tachypacing-induced damage, including the 
formation of F-actin stress fi bers (Ke et al.  2011 ). Yet, our data further suggested 
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that their mode of action was different, with HSPB1, HSPB6 and HSPB7 protection 
being due to direct prevention of F-actin formation, whilst HSPB8- protection 
was indirect. 

 So, also in the heart, different HSPB members seem to be required to handle 
different types of proteotoxic challenges and through different mode of actions.    

1.4.3     HSPB Mutation Causing Disease 

 Last but not least, several diseases are directly caused by mutations in HSPBs. This 
has been recently reviewed extensively elsewhere (Boncoraglio et al.  2012 ; Carra 
et al.  2012 ,  2013 ; Mymrikov et al.  2011 ; Kakkar et al.  2014 ). In Table  1.3 , we therefore 
only summarize the main picture that emerges from these so-called chaperonopa-
thies. This reveals that depending on the HSPB member, mutations primarily affect 
(motor)neurons, skeletal or cardiac muscle or lead to cataract. Although likely also 
related to tissue specifi c expression, these data further support the possibility of 
functional diversifi cation of the different HSPB members.   

1.5     Summary and Perspective 

 The overall data and analysis of Table  1.3  clearly suggest that many things about 
functions and modes of actions of HSPBs are not (yet) ‘crystal clear’ and neither 
seem ‘black or white’. Yet, a number of main points, illustrating the multicolored 
faces of the small HSPs, seem to emerge:

    1.    Different HSPB members may have partially overlapping abilities to handle 
different client, but do also show clear distinct differences with respect to 
client-preference.   

   2.    Different HSPB members have different modes of client handling. HSPB1 and 
HSPB5 (and HSPB9) are mostly associated with HSP70 dependent refolding of 
acutely unfolded clients or proteasomal degradation of terminally misfolded 
clients. HSPB8 and HSPB7, albeit in mechanistically distinct manners, are most 
associated with dealing with terminally misfolded clients via interactions with 
the autophagosomal lysosomal pathway. More molecular insight in each of these 
actions is, however, needed.   

   3.    The absence of an effect of a certain HSPB on a certain client in a particular cell 
line has to be interpreted with some caution since not all the required partners 
(including the correct HSPB partners for the formation of the correct hetero- 
oligomeric complexes) may be expressed in each cell line for a certain member 
to be effective. Clearly, more comparative data on the functional activity of all 
HSPB members on different clients and in different cell lines are needed to really 
get an insight in their differential modes of chaperone actions.   
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   4.    Certain actions of the HSPBs, including those of the canonical HSPB1 and 
HSPB5, may not be dependent on the HSP70 machine. So, experiments should 
be directed to other partners of HSPB members that under certain conditions or 
for certain clients might be able to cause HSPB client release.   

   5.    Yet, since all HSPB members can interact with cytoskeletal elements, we still 
also need more data to conclusively demonstrate that their observed action on the 
diverse un- or misfolded clients are really due to direct chaperone-like actions 
(that all of them also seem to have in vitro) or whether they are mediated 
via indirectly facilitating the actions of other protein quality control machines in 
the cell.   

   6.    Even more so, although not extensively discussed here, the world in which HSPB 
members may function may be even more colourful as they are associated with 
many other intracellular responses, including effects on the cellular redox status 
and mitochondrial functioning which, in turn, may have multiple consequences 
for the cellular robustness and impede on cellular ageing.    
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    Chapter 2   
 Immense Cellular Implications Associated 
to Small Stress Proteins Expression: Impacts 
on Human Pathologies 

             André-Patrick     Arrigo     ,     Benjamin     Ducarouge    ,     Fabrice     Lavial    , 
and     Benjamin     Gibert   

    Abstract     In addition to being potent chaperones that protect cells against the 
 accumulation of unfolded proteins under stress conditions, mammalian small heat 
shock proteins (small Hsps) regulate many vital cellular processes in normal and 
pathological cells. Indeed, these Hsps are constitutively expressed in many tissues 
and show dramatic changes in their levels of expression in most human pathologies. 
They are characterized by a large spectrum of activities and are particularly active 
in protein conformational and infl ammatory diseases as well as in cancer pathologies. 
It is now believed that the immense cellular implications of small Hsps results from 
their ability to interact, through particular structural changes, with many different 
client proteins that are subsequently modulated in their activities or half-lifes. Here, 
we have integrated functionally and structurally the recent data in the literature 
concerning the interactions of mammalian small Hsps with specifi c clients. Further 
analysis with geneMANIA software and database confi rmed the incredibly large 
number of functions associated with these Hsps. The consequences for human 
pathologies as well as putative therapeutic strategies are discussed, particularly 
when the expression of small Hsps is harmful (as in some cancer pathologies) or 
when it appears benefi cial for patients.  
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2.1         Many Functions Associated with Small Hsps in Addition 
to Their Protective Role in Stress Condition 

 The last decade has been characterized by an incredible jump in the interest in the 
ten mammalian small Hsps. Indeed, until the turn of the century, these stress proteins 
were considered as exotic chaperones that did not use ATP for their activity. 
These “forgotten chaperones”, as they were called in 2002 (Solari and Garrido 
 2002 ), are now stars among Hsps to judge by the large number of scientifi c and 
medical publications dealing with their particular behaviors and functions that fi ll 
the current literature. This renewed interest is probably linked to their constitutive 
expression in normal and pathological conditions as well as to the large number of 
unrelated functions associated with their over- or under-expression in many different 
cell types. Interest has also been generated by the growing number of pathological 
mutations in their genes that induce degenerative or myopathic diseases and by their 
newly described ability to be secreted. 

2.1.1     Stress Conditions, Chaperone Activity 
and Anti- aggregation Properties 

 Early studies dealing with HspB1 and HspB5 revealed their enhanced expression 
under heat shock conditions as well as their ATP-independent chaperone property 
(Jakob et al.  1993 ; Rogalla et al.  1999 ). It was shown that large oligomeric struc-
tures formed by small Hsps store stress-altered polypeptides in a refolding compe-
tent state that can interfere with their propensity to aggregate (Bellyei et al.  2007 ; 
Carra et al.  2005 ; Ehrnsperger et al.  1997 ,  2000 ; Ganea  2001 ; Haslbeck et al.  2005 ; 
Horwitz et al.  1992 ; Jakob et al.  1993 ; Lee et al.  1997 ; Markossian et al.  2009 ). 
These altered polypeptides can subsequently be refolded by the ATP-dependent 
Hsp70, Hsp90 and co-chaperones “foldase” machines (Buchner  1999 ; Bukau and 
Horwich  1998 ; Freeman and Morimoto  1996 ; Lee and Vierling  2000 ) or degraded 
by the CHIP-ubiquin-26S proteasome machine (McDonough and Patterson  2003 ). 
The dynamic oligomerization/phosphorylation status of small Hsps, and particu-
larly HspB1, is an essential factor of this process (Arrigo et al.  1988 ; Lelj-Garolla 
and Mauk  2005 ,  2006 ; Paul et al.  2010 ; Preville et al.  1998b ; Rogalla et al.  1999 ; 
Simon et al.  2013 ). The cytoskeleton is one of the primary targets protected by 
HspB1 and HspB5 in response to stress (Bellomo and Mirabelli  1992 ; Welch and 
Feramisco  1985 ) as well as in normal growth conditions. This property probably 
relies, at least in the case of HspB1, on the fact that phosphorylated small HspB1 
oligomers modulate F-actin fi ber growth and, indirectly, extracellular matrix orga-
nization (Dalle-Donne et al.  2001 ; Mounier and Arrigo  2002 ; Perng et al.  1999 ). 
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Under stress conditions, HspB1 and HspB5 stabilize microtubules (Hino et al.  2000 ; 
Preville et al.  1996 ; Xi et al.  2006 ). HspB5 is also very active in maintaining inter-
mediate fi laments homeostasis, particularly in muscle cells where it associates with 
desmin (Bennardini et al.  1992 ; Djabali et al.  1999 ). Moreover, HspB1 and HspB5 
share an intriguing anti-oxidant property which appears linked to the chaperoning 
of several anti-oxidant enzymes, particularly G6PDH (glucose 6-phosphate dehy-
drogenase) (Arrigo  2001 ,  2007b ,  2013 ; Arrigo et al.  2005 ; Firdaus et al.  2006a ; 
Mehlen et al.  1996a ; Paul and Arrigo  2000 ; Preville et al.  1998a ,  1999 ; Rogalla 
et al.  1999 ; Yan et al.  2002 ). Consequently, damage such as protein and nucleic acid 
oxidation as well as lipid peroxidation is reduced and the positive effect of these 
Hsps towards mitochondrial ΔΦm increases ATP levels, which favors the activity of 
ATP-dependent chaperones (Mehlen et al.  1996a ; Preville et al.  1999 ). 

 Only HspB1, HspB5 and HspB8 molecular chaperones are induced under stress 
conditions. Interestingly, constitutively expressed small Hsps, such as HspB2, 
HspB3, HspB4, HspB6 and HspB7, also display chaperone activities or at least anti- 
aggregation and pro-degradative functions (Carra et al.  2013 ). The anti-aggregation 
and anti-fi brillation properties of mammalian small Hsps are summarized in 
Table  2.1 . Depending on the substrate, some Hsps perform these tasks better than 
others, suggesting that they do not all have the same chaperone-like activity. For 
example, HspB4 can chaperone HspB5 once in the alpha-crystallin complex 
(Andley  2007 ), while HspB3 (Asthana et al.  2012 ) and HspB2 exhibit signifi cant 
chaperone-like activity towards specifi c target proteins and can attenuate the ordered 
amyloid fi bril formation of α-synuclein (Prabhu et al.  2012 ). The major substrates 
recognized by small Hsps can be mutated polypeptides that cause degenerative or 
myopathic diseases (i.e. desmin, polyQ proteins, SOD, α-synuclein) or proteins that 
are prone to aggregate. It is also important to mention that small Hsp mutants can 
induce the aggregation of their substrates, such as the R120G missense mutation in 
HspB5 which is genetically linked to a desmin-related myopathy consequently of 
the aggregation of desmin (Bova et al.  1999 ; Vicart et al.  1998 ). Similarly, the 
P182L mutant of HspB1 leads to motor neuronopathies as a result of the formation 
of aggregates that sequestrate Neurofi lament middle chain subunit (NF-M) and 
p150 Dynactin (Ackerley et al.  2005 ). Equally, proteins that interact with mutant 
small Hsps can counteract aggregation, as for example the chaperone-like effect of 
Bag3 towards aggregated HspB8 mutant (Hishiya et al.  2011 ). As a result of its 
interaction with Bag3, HspB8 also has the ability to trigger macroautophagy (Carra 
 2009 ; Carra et al.  2008b ). This favors the elimination of aggregated polypeptides 
generated by heat (Nivon et al.  2009 ) or oxidative stress (Keller et al.  2004 ; Kiffi n 
et al.  2006 ). Interestingly, HspB6 also appears to play a role in the Bag-3/HspB8 
complex that triggers macroautophagy (Fuchs et al.  2010 ). Less information is 
available concerning HspB9 and HspB10 in spite of their ability to interact with 
particular polypeptides (see Table  2.2 ).

2 Small Hsps Interactomes and Pathologies



30

    Ta
bl

e 
2.

1  
  Sm

al
l H

sp
s 

ac
tiv

ity
 a

ga
in

st
 a

gg
re

ga
tio

n 
or

 fi 
br

ill
at

io
n 

of
 p

ro
te

in
s   

 C
lie

nt
 

 H
sp

B
 

 R
es

ul
tin

g 
ef

fe
ct

s 
 In

te
ra

ct
in

g 
st

ru
ct

ur
e/

se
qu

en
ce

 

 O
bs

er
va

tio
ns

 m
ad

e 

 R
ef

er
en

ce
s 

 In
 c

el
ls

 
 In

 v
itr

o 
 B

y 
ad

di
ng

 
H

sp
B

 to
 c

el
ls

 

 α-
sy

nu
cl

ei
n 

(w
t, 

m
ut

an
t)

 
 H

sp
B

1 
 In

hi
bi

tio
n 

of
 fi 

br
ill

at
io

n 
 nd

 
 X

 
 X

 
 – 

 N
em

es
 e

t a
l. 

( 2
00

4 )
 

an
d 

O
ut

ei
ro

 e
t a

l. 
( 2

00
6 )

 
 H

sp
B

5 
 In

hi
bi

tio
n 

of
 fi 

br
ill

at
io

n 
 K

no
w

n 
H

sp
B

5 
se

qu
en

ce
 

 X
 

 X
 

 – 
 B

ru
in

sm
a 

et
 a

l. 
( 2

01
1 )

; 
O

ut
ei

ro
 e

t a
l. 

( 2
00

6 )
 

an
d 

G
ho

sh
 e

t a
l. 

( 2
00

8 )
 

 H
sp

B
8 

 In
hi

bi
tio

n 
of

 fi 
br

ill
at

io
n 

 nd
 

 – 
 X

 
 – 

 B
ru

in
sm

a 
et

 a
l. 

( 2
01

1 )
 

 H
sp

B
3/

B
2 

 In
hi

bi
tio

n 
of

 fi 
br

ill
at

io
n 

 nd
 

 – 
 X

 
 – 

 B
ru

in
sm

a 
et

 a
l. 

( 2
01

1 )
 

an
d 

Pr
ab

hu
 e

t a
l. 

( 2
01

2 )
 

 H
sp

B
6 

 In
hi

bi
tio

n 
of

 fi 
br

ill
at

io
n 

 nd
 

 – 
 X

 
 – 

 B
ru

in
sm

a 
et

 a
l. 

( 2
01

1 )
 

 Αβ
-a

m
yl

oi
d 

(w
t, 

m
ut

an
t)

 
 H

sp
B

8 
 In

hi
bi

tio
n 

of
 a

gg
re

ga
tio

n 
 nd

 
 X

 
 X

 
 – 

 W
ilh

el
m

us
 e

t a
l. 

( 2
00

6a
 ) 

 H
sp

B
5 

 In
hi

bi
tio

n 
of

 a
gg

re
ga

tio
n 

 K
no

w
n 

H
sp

B
5 

se
qu

en
ce

 
 X

 
 X

 
 – 

 G
ho

sh
 e

t a
l. 

( 2
00

8 )
 a

nd
 

W
ilh

el
m

us
 e

t a
l. 

( 2
00

6b
 ) 

 H
sp

B
5 

 In
hi

bi
tio

n 
of

 fi 
br

ils
 

el
on

ga
tio

n 
 nd

 
 – 

 X
 

 – 
 Sh

am
m

as
 e

t a
l. 

( 2
01

1 )
 

 H
sp

B
1 

 In
hi

bi
tio

n 
of

 a
gg

re
ga

tio
n 

 nd
 

 X
 

 X
 

 – 
 W

ilh
el

m
us

 e
t a

l. 
( 2

00
6b

 ) 
 H

sp
B

6 
 In

hi
bi

tio
n 

of
 a

gg
re

ga
tio

n 
 nd

 
 X

 
 X

 
 – 

 W
ilh

el
m

us
 e

t a
l. 

( 2
00

6b
 ) 

 Po
ly

Q
 p

ro
te

in
s 

 H
sp

B
1 

 In
hi

bi
tio

n 
of

 a
gg

re
ga

tio
n 

 nd
 

 X
 

 X
 

 – 
 R

ob
er

ts
on

 e
t a

l. 
( 2

01
0 )

 
an

d 
V

os
 e

t a
l. 

( 2
01

0 )
 

 H
sp

B
5 

 In
hi

bi
tio

n 
of

 a
gg

re
ga

tio
n 

 nd
 

 X
 

 X
 

 – 
 R

ob
er

ts
on

 e
t a

l. 
( 2

01
0 )

 
an

d 
V

os
 e

t a
l. 

( 2
01

0 )
 

 H
sp

B
8 

 In
hi

bi
tio

n 
of

 a
gg

re
ga

tio
n 

 nd
 

 X
 

 X
 

 – 
 C

ar
ra

 e
t a

l. 
( 2

00
8a

 ) 
an

d 
V

os
 e

t a
l. 

( 2
01

0 )
 

 H
sp

B
7 

 In
hi

bi
tio

n 
of

 a
gg

re
ga

tio
n 

 nd
 

 X
 

 X
 

 – 
 V

os
 e

t a
l. 

( 2
01

0 )
 

 C
at

al
as

e 
 H

sp
B

5 
 Pr

ot
ec

tio
n 

ag
ai

ns
t 

in
ac

tiv
at

io
n 

 H
sp

B
5/

ca
ta

la
se

 
ra

tio
: 1

:2
 

 – 
 X

 
 – 

 H
oo

k 
an

d 
H

ar
di

ng
 (

 19
96

 ) 

A.-P. Arrigo et al.



31
 SO

D
1 

 H
sp

B
1 

 In
hi

bi
tio

n 
of

 a
gg

re
ga

tio
n 

 In
te

ra
ct

io
n 

w
ith

 
SO

D
1 

ag
gr

eg
at

es
 

 – 
 X

 
 – 

 Y
er

bu
ry

 e
t a

l. 
( 2

01
2 )

 

 H
sp

B
5 

 In
hi

bi
tio

n 
of

 a
gg

re
ga

tio
n 

 In
cr

ea
se

d 
m

ut
an

t S
O

D
1 

so
lu

bi
lit

y 
 X

 
 X

 
 – 

 Sh
in

de
r 

et
 a

l. 
( 2

00
1 )

 
an

d 
Y

er
bu

ry
 e

t a
l. 

( 2
01

2 )
 

 H
sp

B
8 

 In
hi

bi
tio

n 
of

 a
gg

re
ga

tio
n 

 In
cr

ea
se

d 
m

ut
an

t S
O

D
1 

so
lu

bi
lit

y 
 X

 
 – 

 – 
 C

ri
pp

a 
et

 a
l. 

( 2
01

0 )
 

 T
D

P-
43

 
 H

sp
B

8 
 In

hi
bi

tio
n 

of
 a

gg
re

ga
tio

n 
 nd

 
 X

 
 – 

 – 
 C

ri
pp

a 
et

 a
l. 

( 2
01

0 )
 

 Pa
rk

in
 

 H
sp

B
1 

 N
eu

ro
na

l a
gg

re
ga

te
s 

st
ab

ili
za

tio
n 

 nd
 

 X
 

 – 
 – 

 N
em

es
 e

t a
l. 

( 2
00

4 )
 

 Ph
os

ph
or

yl
at

ed
 T

au
 

 H
sp

B
1 

 P-
Ta

u 
de

gr
ad

at
io

n 
 nd

 
 X

 
 – 

 – 
 Sh

im
ur

a 
et

 a
l. 

( 2
00

4 )
 

 D
es

m
in

 
 H

sp
B

5 
 In

hi
bi

tio
n 

of
 a

gg
re

ga
tio

n 
 K

no
w

n 
H

sp
B

5 
se

qu
en

ce
 

 – 
 X

 
 – 

 G
ho

sh
 e

t a
l. 

( 2
00

7b
 ) 

 V
im

en
tin

 
 H

sp
B

1 
 In

hi
bi

tio
n 

of
 a

gg
re

ga
tio

n 
 nd

 
 X

 
 X

 
 – 

 Pe
rn

g 
et

 a
l. 

( 1
99

9 )
 

 H
sp

B
5 

 In
hi

bi
tio

n 
of

 a
gg

re
ga

tio
n 

 K
no

w
n 

H
sp

B
5 

se
qu

en
ce

 
 X

 
 X

 
 – 

 D
ja

ba
li 

et
 a

l. 
( 1

99
7 ,

  1
99

9)
  

an
d 

Pe
rn

g 
et

 a
l. 

( 1
99

9 )
 

 T
ub

ul
in

 
 H

sp
B

5 
 In

hi
bi

tio
n 

of
 a

gg
re

ga
tio

n 
 K

no
w

n 
H

sp
B

5 
se

qu
en

ce
 

 – 
 X

 
 – 

 G
ho

sh
 e

t a
l. 

( 2
00

7a
 ) 

an
d 

O
ht

o-
Fu

jit
a 

et
 a

l. 
( 2

00
7 )

 
 Se

rp
in

 
 H

sp
B

5 
 In

hi
bi

tio
n 

of
 a

gg
re

ga
tio

n 
 nd

 
 – 

 X
 

 – 
 D

ev
lin

 e
t a

l. 
( 2

00
3 )

 
 Pr

Pc
 

 H
sp

B
5 

 In
hi

bi
tio

n 
of

 a
gg

re
ga

tio
n 

 nd
 

 X
 

 X
 

 – 
 Su

n 
et

 a
l. 

( 2
00

5 )
 

 A
po

lip
op

ro
te

in
- C

II
  

 H
sp

B
5 

 In
hi

bi
tio

n 
of

 a
gg

re
ga

tio
n 

 nd
 

 – 
 X

 
 – 

 H
at

te
rs

 e
t a

l. 
( 2

00
1 )

 
 β2

-m
ic

ro
gl

ob
ul

in
 

 H
sp

B
5 

 In
hi

bi
tio

n 
of

 fi 
br

ill
at

io
n 

 K
no

w
n 

H
sp

B
5 

se
qu

en
ce

 
 – 

 X
 

 – 
 G

ho
sh

 e
t a

l. 
( 2

00
8 )

 
 T

ra
ns

th
yr

et
in

 
 H

sp
B

5 
 In

hi
bi

tio
n 

of
 fi 

br
ill

at
io

n 
 K

no
w

n 
H

sp
B

5 
se

qu
en

ce
 

 – 
 X

 
 – 

 G
ho

sh
 e

t a
l. 

( 2
00

8 )
 

 p1
50

 d
yn

ac
tin

 
  H

sp
B

1  
 Fo

rm
at

io
n 

of
 a

gg
re

ga
te

s 
 Se

qu
es

tr
at

io
n 

by
 

H
sp

B
1 

P1
82

L
 m

ut
an

t 
 X

 
 – 

 – 
 A

ck
er

le
y 

et
 a

l. 
( 2

00
5 )

 

 N
F-

M
 

  H
sp

B
1  

 Fo
rm

at
io

n 
of

 a
gg

re
ga

te
s 

 Se
qu

es
tr

at
io

n 
by

 
H

sp
B

1 
P1

82
L

 m
ut

an
t 

 X
 

 – 
 – 

 A
ck

er
le

y 
et

 a
l. 

( 2
00

5 )
 

 D
es

m
in

 
  H

sp
B

5  
 Fo

rm
at

io
n 

of
 a

gg
re

ga
te

s 
 Se

qu
es

tr
at

io
n 

by
 

H
sp

B
5 

R
12

0G
 m

ut
an

t 
 X

 
 – 

 – 
 B

ov
a 

et
 a

l. 
( 1

99
9 )

 

 B
ag

3 
  H

sp
B

5  
 In

hi
bi

ts
 a

gg
re

ga
tio

n 
of

 m
ut

.H
sp

B
5 

 Il
e-

Pr
o-

V
al

 r
eg

io
ns

 
(B

ag
3)

 
 X

 
 X

 
 – 

 H
is

hi
ya

 e
t a

l. 
( 2

01
1 )

 

  L
is

t 
of

 a
bb

re
vi

at
io

ns
: 

 H
sp

B
  (

bo
ld

) 
m

ut
an

t 
H

sp
B

, 
 nd

  n
ot

 d
et

er
m

in
ed

, 
 SO

D
1  

C
op

pe
r-

Z
in

c 
su

pe
ro

xi
de

 d
is

m
ut

as
e,

  T
D

P
-4

3  
m

aj
or

 d
is

ea
se

 p
ro

te
in

 i
n 

ub
iq

ui
tin

-
po

si
tiv

e,
 ta

u-
, a

nd
 a

lp
ha

-s
yn

uc
le

in
- n

eg
at

iv
e 

fr
on

to
te

m
po

ra
l d

em
en

tia
,  P

rP
c  

bo
vi

ne
 p

ri
on

 p
ro

te
in

,  N
F

-M
  N

eu
ro

fi l
am

en
t m

id
dl

e 
ch

ai
n 

su
bu

ni
t; 

a 
pr

ot
ei

n 
ki

na
se

 
of

 th
e 

M
L

K
 f

am
ily

  

2 Small Hsps Interactomes and Pathologies



32

         Ta
bl

e 
2.

2  
  So

m
e 

of
 th

e 
po

ly
pe

pt
id

es
 in

te
ra

ct
in

g 
w

ith
 m

am
m

al
ia

n 
sm

al
l H

sp
s   

 C
lie

nt
 

 H
sp

B
 

 C
on

se
qu

en
ce

s 
 In

te
ra

ct
in

g 
st

ru
ct

ur
e/

se
qu

en
ce

 

 O
bs

er
va

tio
ns

 m
ad

e 

 R
ef

er
en

ce
s 

 In
 c

el
ls

 
 In

 v
itr

o 
 by

 a
dd

in
g 

H
sp

B
 to

 c
el

ls
 

  C
yt

os
ke

le
to

n,
 c

el
l a

dh
es

io
n,

 ti
ss

ue
 in

te
gr

ity
, e

pi
th

el
ia

l t
o 

m
es

en
ch

ym
al

 tr
an

si
tio

n 
(M

E
T

)  
 F-

ac
tin

 
 H

sp
B

1 
 Pr

ot
ec

ts
 F

-a
ct

in
 in

te
gr

ity
 

 Sm
al

l P
-o

lig
om

er
s 

(H
sp

B
1)

 
 X

 
 – 

 – 
 K

e 
et

 a
l. 

( 2
01

1 )
 a

nd
 

M
ou

ni
er

 a
nd

 A
rr

ig
o 

( 2
00

2 )
 

 H
sp

B
5 

 Pr
ot

ec
tio

n 
of

 F
-a

ct
in

 in
te

gr
ity

 
 P-

H
sp

B
5 

 X
 

 – 
 – 

 Si
ng

h 
et

 a
l. 

( 2
00

7 )
 a

nd
 

W
an

g 
an

d 
Sp

ec
to

r 
( 1

99
6 )

 
 α-

cr
ys

ta
lli

n 
 Pr

ot
ec

tio
n 

of
 F

-a
ct

in
 in

te
gr

ity
 

 α-
cr

ys
ta

lli
n/

ac
tin

 
 X

 
 – 

 – 
 D

el
 V

ec
ch

io
 e

t a
l. 

( 1
98

4 )
 

an
d 

W
an

g 
an

d 
Sp

ec
to

r 
( 1

99
6 )

 
 H

sp
B

6 
 In

hi
bi

tio
n 

of
 s

tr
es

s 
fi b

er
s 

fo
rm

at
io

n 
 nd

 
 X

 
 X

 
 – 

 K
e 

et
 a

l. 
( 2

01
1 )

 

 H
sp

B
7 

 In
hi

bi
tio

n 
of

 s
tr

es
s 

fi b
er

s 
fo

rm
at

io
n 

 nd
 

 X
 

 X
 

 – 
 K

e 
et

 a
l. 

( 2
01

1 )
 

 H
sp

B
8 

 In
hi

bi
tio

n 
R

ho
 

G
T

Pa
se

/s
tr

es
s 

fi b
er

s 
 nd

 
 X

 
 X

 
 – 

 K
e 

et
 a

l. 
( 2

01
1 )

 

 H
sp

B
1 

 T
ra

ns
lo

ca
tio

n 
to

 F
-a

ct
in

 
by

 p
ro

te
as

om
e 

in
hi

bi
tio

n 
 nd

 
 X

 
 – 

 – 
 V

er
sc

hu
ur

e 
et

 a
l. 

( 2
00

2 )
 

 H
sp

B
2 

 T
ra

ns
lo

ca
tio

n 
to

 F
-a

ct
in

 
by

 p
ro

te
as

om
e 

in
hi

bi
tio

n 
 nd

 
 X

 
 – 

 – 
 V

er
sc

hu
ur

e 
et

 a
l. 

( 2
00

2 )
 

 H
sp

B
3 

 T
ra

ns
lo

ca
tio

n 
to

 F
-a

ct
in

 
by

 p
ro

te
as

om
e 

in
hi

bi
tio

n 
 nd

 
 X

 
 – 

 – 
 V

er
sc

hu
ur

e 
et

 a
l. 

( 2
00

2 )
 

 H
sp

B
5 

 T
ra

ns
lo

ca
tio

n 
to

 F
-a

ct
in

 
by

 p
ro

te
as

om
e 

in
hi

bi
tio

n 
 nd

 
 X

 
 – 

 – 
 V

er
sc

hu
ur

e 
et

 a
l. 

( 2
00

2 )
 

 A
ct

in
 

 H
sp

B
5 

 C
ha

pe
ro

ni
ng

 a
nd

 
po

ly
m

er
iz

at
io

n 
of

 a
ct

in
 

 K
no

w
n 

H
sp

B
5 

se
qu

en
ce

 
 – 

 X
 

 – 
 G

ho
sh

 e
t a

l. 
( 2

00
7b

 ) 

 T
ub

ul
in

 
 H

sp
B

1 
 C

ha
pe

ro
ni

ng
 o

f 
α/

β t
ub

ul
in

, 
pr

ot
ec

ts
 m

ic
ro

tu
bu

le
s 

 nd
 

 X
 

 – 
 – 

 H
in

o 
et

 a
l. 

( 2
00

0 )
 a

nd
 

Pr
ev

ill
e 

et
 a

l. 
( 1

99
6 )

 

A.-P. Arrigo et al.



33

(c
on

tin
ue

d)

 H
sp

B
5 

 M
ic

ro
tu

bu
le

 a
ss

em
bl

y;
 

in
hi

bi
ts

 tu
bu

lin
 a

gg
re

ga
tio

n 
 K

no
w

n 
H

sp
B

5 
se

qu
en

ce
 

 – 
 X

 
 – 

 G
ho

sh
 e

t a
l. 

( 2
00

7a
 ) 

an
d 

O
ht

o-
Fu

jit
a 

et
 a

l. 
( 2

00
7 )

 
 M

A
Ps

 
 H

sp
B

5 
 In

hi
bi

tio
n 

of
 m

ic
ro

tu
bu

le
s 

ag
gr

eg
at

io
n 

 nd
 

 X
 

 – 
 – 

 X
i e

t a
l. 

( 2
00

6 )
 

 V
im

en
tin

 I
F 

 H
sp

B
5 

 Fa
vo

rs
 a

nd
 p

ro
te

ct
s 

V
IF

 
in

te
ra

ct
io

n 
 nd

 
 X

 
 X

 
 – 

 Pe
rn

g 
et

 a
l. 

( 1
99

9 )
 

 V
im

en
tin

 I
F 

 H
sp

B
1 

 Fa
vo

rs
 a

nd
 p

ro
te

ct
s 

V
IF

 
in

te
ra

ct
io

n 
 nd

 
 X

 
 X

 
 – 

 Pe
rn

g 
et

 a
l. 

( 1
99

9 )
 

 V
im

en
tin

 
 H

sp
B

1 
 C

ha
pe

ro
ni

ng
 o

f 
vi

m
en

tin
 

 nd
 

 X
 

 X
 

 – 
 Pe

rn
g 

et
 a

l. 
( 1

99
9 )

 
 H

sp
B

5 
 C

ha
pe

ro
ni

ng
 o

f 
vi

m
en

tin
, 

pr
ot

ec
ts

 I
F 

 K
no

w
n 

H
sp

B
5 

se
qu

en
ce

 
 X

 
 X

 
 – 

 D
ja

ba
li 

et
 a

l. 
( 1

99
7 ,

  1
99

9)
  

an
d 

Pe
rn

g 
et

 a
l. 

( 1
99

9 )
 

 Pe
ri

ph
er

in
 

 H
sp

B
5 

 C
ha

pe
ro

ni
ng

 o
f 

pe
ri

ph
er

in
, 

pr
ot

ec
ts

 I
F 

 K
no

w
n 

H
sp

B
5 

se
qu

en
ce

 
 X

 
 X

 
 – 

 D
ja

ba
li 

et
 a

l. 
( 1

99
7 ,

  1
99

9 )
 

 D
es

m
in

 
 H

sp
B

5 
 C

ha
pe

ro
ni

ng
 o

f 
de

sm
in

 
 K

no
w

n 
H

sp
B

5 
se

qu
en

ce
 

 – 
 X

 
 – 

 G
ho

sh
 e

t a
l. 

( 2
00

7b
 ) 

 G
FA

P 
IF

 
 H

sp
B

1 
 Fa

vo
rs

 G
FA

P 
fi l

am
en

ts
 

in
te

ra
ct

io
n 

 nd
 

 X
 

 X
 

 – 
 Pe

rn
g 

et
 a

l. 
( 1

99
9 )

 

 G
FA

P 
IF

 
 H

sp
B

5 
 Fa

vo
rs

 G
FA

P 
fi l

am
en

ts
 

in
te

ra
ct

io
n 

 nd
 

 X
 

 X
 

 – 
 Pe

rn
g 

et
 a

l. 
( 1

99
9 )

 

 G
FA

P 
 H

sp
B

5 
 St

ab
ili

za
tio

n/
de

gr
ad

at
io

n 
G

FA
P 

 nd
 

 X
 

 – 
 – 

 Pe
rn

g 
et

 a
l. 

( 1
99

9 )
 a

nd
 

Ta
ng

 e
t a

l. 
( 2

01
0 )

 
 K

er
at

in
 

 H
sp

B
1 

 C
ha

pe
ro

ni
ng

 o
f 

ke
ra

tin
, k

er
at

in
 

ne
tw

or
ks

 d
is

as
se

m
bl

y 
 nd

 
 X

 
 – 

 – 
 D

uv
er

ge
r 

et
 a

l. 
( 2

00
4 )

 a
nd

 
Pe

rn
g 

et
 a

l. 
( 1

99
9 )

 
 T

iti
n 

 H
sp

B
5 

 Pr
ot

ec
tio

n 
of

 in
te

gr
ity

 
 i-

ba
nd

 (
tit

in
) 

 X
 

 – 
 – 

 B
ul

la
rd

 e
t a

l. 
( 2

00
4 )

 
 N

eu
ro

fi l
am

en
ts

 
 H

sp
B

1 
 Pr

ot
ec

tio
n 

of
 in

te
gr

ity
 

 nd
 

 X
 

 – 
 – 

 B
jo

rk
da

hl
 e

t a
l. 

( 2
00

8 )
 

 H
sp

B
5 

 Pr
ot

ec
tio

n 
of

 in
te

gr
ity

 
 nd

 
 X

 
 – 

 – 
 B

jo
rk

da
hl

 e
t a

l. 
( 2

00
8 )

 
 β-

ca
te

ni
n 

 H
sp

B
1 

 C
el

l a
dh

es
io

n 
 nd

 
 X

 
 – 

 – 
 Fa

ne
lli

 e
t a

l. 
( 2

00
8 )

 
 H

sp
B

5 
 C

el
l a

dh
es

io
n 

 K
no

w
n 

H
sp

B
5 

se
qu

en
ce

 
 – 

 X
 

 – 
 G

ho
sh

 e
t a

l. 
( 2

00
7c

 ) 

2 Small Hsps Interactomes and Pathologies



34

 E
-c

ad
he

ri
n 

 H
sp

B
5 

 C
el

l a
dh

es
io

n 
 nd

 
 X

 
 – 

 – 
 H

ua
ng

 e
t a

l. 
( 2

01
2 )

 
 C

ad
he

ri
n-

16
 

 H
sp

B
5 

 C
ad

he
ri

n-
16

-c
yt

os
ke

le
to

n 
co

nn
ec

tio
n 

 nd
 

 X
 

 – 
 – 

 T
he

di
ec

k 
et

 a
l. 

( 2
00

8 )
 

 Sn
ai

l 
 H

sp
B

1 
 Pr

om
ot

es
 M

E
T

 
 nd

 
 X

 
 – 

 – 
 W

et
ts

te
in

 e
t a

l. 
( 2

01
3 )

 
 D

ST
N

 
 H

sp
B

8 
 D

es
tr

in
, a

ct
in

 d
ep

ol
ym

er
iz

at
io

n 
 nd

 
 X

 
 – 

 – 
 H

av
ug

im
an

a 
et

 a
l. 

( 2
01

2 )
 

 Fi
le

ns
in

 
 H

sp
B

5 
 C

ha
pe

ro
ni

ng
 o

f 
fi l

en
si

n 
 nd

 
 X

 
 – 

 – 
 M

uc
ho

w
sk

i e
t a

l. 
( 1

99
9 )

 
 Ph

ak
in

in
 

 H
sp

B
5 

 C
ha

pe
ro

ni
ng

 o
f 

ph
ak

in
in

 
 nd

 
 X

 
 – 

 – 
 (M

uc
ho

w
sk

i e
t a

l. 
 19

99
 ) 

 G
R

IF
IN

 
 H

sp
B

5 
 ? 

 nd
 

 X
 

 – 
 – 

 (B
ar

to
n 

et
 a

l. 
 20

09
 ) 

 H
D

A
C

6 
 H

sp
B

1 
 St

ab
ili

za
tio

n 
of

 H
D

A
C

6 
ha

lf
-l

if
e 

 H
sp

B
1 

50
0-

70
0 

kD
a 

ol
ig

om
er

s 
 X

 
  –  

  –  
 G

ib
er

t e
t a

l. 
( 2

01
2a

 ) 

 St
im

ul
at

es
 m

ic
ro

tu
bu

le
s 

de
ac

et
yl

at
io

n 
 p6

6S
hc

 
 H

sp
B

1 
 F-

ac
tin

 d
is

ru
pt

io
n 

 p6
6S

hc
 S

er
36

 
ph

os
ph

or
yl

at
io

n,
 

ab
ro

ga
te

s 
H

sp
B

1 
pr

ot
ec

tiv
e 

fu
nc

tio
n 

 X
 

  –  
  –  

 A
ra

ny
 e

t a
l. 

( 2
01

2 )
 

 14
-3

-3
ga

m
m

a 
 H

sp
B

6 
 D

is
pl

ac
es

 1
4-

3-
3 

bi
nd

in
g 

pa
rt

ne
rs

 
 P-

H
sp

B
6 

  –  
 X

 
  –  

 C
he

rn
ik

 e
t a

l. 
( 2

00
7 )

 a
nd

 
Se

it-
N

eb
i a

nd
 G

us
ev

 
( 2

01
0 )

 
 T

C
T

E
L

1 
 H

sp
B

9 
 Te

st
is

 s
pe

ci
fi c

 
 nd

 
 X

 
 – 

 – 
 de

 W
it 

et
 a

l. 
( 2

00
4 )

 
 Sp

er
m

 d
en

se
 

fi b
er

 
 H

sp
B

10
 

 L
in

ka
ge

 o
f 

sp
er

m
 h

ea
d 

to
 ta

il 
 nd

 
 X

 
 – 

 – 
 G

as
tm

an
n 

et
 a

l. 
( 1

99
3 )

 a
nd

 
Y

an
g 

et
 a

l. 
( 2

01
2 )

 

Ta
bl

e 
2.

2 
(c

on
tin

ue
d)

C
lie

nt
H

sp
B

C
on

se
qu

en
ce

s
In

te
ra

ct
in

g 
st

ru
ct

ur
e/

se
qu

en
ce

O
bs

er
va

tio
ns

 m
ad

e

R
ef

er
en

ce
s

In
 c

el
ls

In
 v

itr
o

by
 a

dd
in

g 
H

sp
B

 to
 c

el
ls

A.-P. Arrigo et al.



35

  T
ra

ns
du

ct
io

n 
pa

th
w

ay
s,

 c
el

l a
ct

iv
at

io
n  

  M
em

br
an

e 
si

gn
al

in
g 

pr
ot

ei
ns

  
 C

D
10

 
 H

sp
B

1 
 ? 

 nd
 

 X
 

  –  
  –  

 D
al

l’
E

ra
 e

t a
l. 

( 2
00

7 )
 

 β2
-m

ic
ro

gl
ob

ul
in

 
 H

sp
B

5 
 In

hi
bi

tio
n 

of
 fi 

br
ill

at
io

n 
kn

ow
n 

 H
sp

B
5 

se
qu

en
ce

 –
 F

, 
D

 b
et

a 
st

ra
nd

s 
of

 
β2

-m
ic

ro
gl

ob
ul

in
 

 X
 

  –  
  –  

 G
ho

sh
 e

t a
l. 

( 2
00

8 )
 

 T
L

R
4 

lig
an

d 
 H

sp
B

8 
 T

L
R

4 
de

pe
nd

en
t d

en
dr

iti
c 

ce
lls

 a
ct

iv
at

io
n 

 nd
 

  –  
  –  

 X
 

 R
oe

lo
fs

 e
t a

l. 
( 2

00
6 )

 

 H
sp

B
4 

 T
L

R
4 

de
pe

nd
en

t d
en

dr
iti

c 
ce

lls
 a

ct
iv

at
io

n 
 nd

 
  –  

  –  
 X

 
 R

oe
lo

fs
 e

t a
l. 

( 2
00

6 )
 

 T
L

R
3 

 H
sp

B
1 

 A
ng

io
ge

ne
si

s 
ac

tiv
at

io
n 

 nd
 

  –  
  –  

 X
 

 T
hu

ri
ng

er
 e

t a
l. 

( 2
01

3 )
 

 T
L

R
2 

 H
sp

B
5 

 M
ac

ro
ph

ag
e 

ac
tiv

at
io

n 
 nd

 
  –  

  –  
 X

 
 va

n 
N

oo
rt

 e
t a

l. 
( 2

01
3 )

 
 T

L
R

1 
 H

sp
B

5 
 M

ac
ro

ph
ag

e 
ac

tiv
at

io
n 

 nd
 

  –  
  –  

 X
 

 va
n 

N
oo

rt
 e

t a
l. 

( 2
01

3 )
 

 C
D

14
 

 H
sp

B
5 

 M
ac

ro
ph

ag
e 

ac
tiv

at
io

n 
 nd

 
  –  

  –  
 X

 
 va

n 
N

oo
rt

 e
t a

l. 
( 2

01
3 )

 
 Pl

as
m

in
og

en
 

 H
sp

B
1 

 M
od

ul
at

es
 p

la
sm

in
og

en
 

bi
nd

in
g 

to
 E

C
s 

 nd
 

  –  
  –  

 X
 

 D
ud

an
i e

t a
l. 

( 2
00

7 )
 

 A
ng

io
st

at
in

 
 H

sp
B

1 
 M

od
ul

at
es

 a
ng

io
st

at
in

 
bi

nd
in

g 
to

 E
C

s 
 nd

 
  –  

  –  
 X

 
 D

ud
an

i e
t a

l. 
( 2

00
7 )

 

  G
ro

w
th

 fa
ct

or
s,

 r
ec

ep
to

rs
, t

ra
ns

du
ct

io
n 

pa
th

w
ay

 fa
ct

or
s  

 N
G

F-
be

ta
 

 H
sp

B
5 

 C
ha

pe
ro

ni
ng

 o
f 

N
G

F-
be

ta
 

 K
no

w
n 

H
sp

B
5 

se
qu

en
ce

 
  –  

 X
 

  –  
 G

ho
sh

 e
t a

l. 
( 2

00
7c

 ) 

 FG
F-

2 
 H

sp
B

5 
 C

ha
pe

ro
ni

ng
 o

f 
FG

F-
2 

 K
no

w
n 

H
sp

B
5 

se
qu

en
ce

 
  –  

 X
 

  –  
 G

ho
sh

 e
t a

l. 
( 2

00
7c

 ) 

 V
E

G
F 

 H
sp

B
5 

 C
ha

pe
ro

ni
ng

 o
f V

E
G

F 
 K

no
w

n 
H

sp
B

5 
se

qu
en

ce
 

  –  
 X

 
  –  

 G
ho

sh
 e

t a
l. 

( 2
00

7c
 ) 

an
d 

K
er

r 
an

d 
B

yz
ov

a 
( 2

01
0 )

 
 H

sp
B

5 
 In

tr
ac

ri
ne

 V
E

G
F 

si
gn

al
in

g 
 nd

 
 X

 
  –  

  –  
 R

ua
n 

et
 a

l. 
( 2

01
1 )

 
 H

sp
B

1 
 A

ng
io

ge
ne

si
s 

ac
tiv

at
io

n 
 nd

 
 X

 
  –  

 X
 

 C
ho

i e
t a

l. 
( 2

01
4 )

 

(c
on

tin
ue

d)

2 Small Hsps Interactomes and Pathologies



36

 In
su

lin
 

 H
sp

B
5 

 In
su

lin
 s

ta
bi

liz
at

io
n 

 K
no

w
n 

H
sp

B
5 

se
qu

en
ce

 
 – 

 X
 

 – 
 G

ho
sh

 e
t a

l. 
( 2

00
7c

 ) 

 A
R

 
 H

sp
B

1 
 A

R
 s

ta
bi

liz
at

io
n 

 nd
 

 X
 

 – 
 – 

 Z
ou

be
id

i e
t a

l. 
( 2

00
7 )

 
 H

er
2 

 H
sp

B
1 

 H
er

2 
st

ab
ili

za
tio

n 
 nd

 
 X

 
 – 

 – 
 K

an
g 

et
 a

l. 
( 2

00
8 )

 
 E

R
β 

 H
sp

B
1 

 E
st

ro
ge

n 
si

gn
al

in
g 

 P-
H

sp
B

1 
 X

 
 – 

 – 
 A

l-
M

ad
ho

un
 e

t a
l. 

( 2
00

7 )
 

 14
-3

-3
ze

ta
 

 H
sp

B
6 

 M
od

ul
at

es
 1

4-
3-

3 
in

te
ra

ct
om

e 
af

fi n
ity

 
 P-

H
sp

B
6 

 – 
 X

 
 – 

 Sl
uc

ha
nk

o 
et

 a
l. 

( 2
01

1 )
 

 14
-3

-3
ga

m
m

a 
 H

sp
B

6 
 D

is
pl

ac
es

 1
4-

3-
3 

bi
nd

in
g 

pa
rt

ne
rs

 
 P-

H
sp

B
6 

 – 
 X

 
 – 

 C
he

rn
ik

 e
t a

l. 
( 2

00
7 )

 
an

d 
Se

it-
N

eb
i 

an
d 

G
us

ev
 (

 20
10

 ) 
 B

et
a-

ar
re

st
in

2 
 H

SP
B

1 
 E

ss
en

tia
l f

or
 T

R
A

IL
-t

ri
gg

er
ed

 
Sr

c-
A

kt
/E

R
K

 s
ur

vi
va

l s
ig

na
lin

g 
 P-

H
sp

B
1 

(s
er

78
/8

2)
 

 X
 

 – 
 – 

 Q
i e

t a
l. 

( 2
01

4 )
 

 Sr
c 

 H
sp

B
1 

 E
ss

en
tia

l f
or

 T
R

A
IL

-t
ri

gg
er

ed
 

Sr
c-

A
kt

/E
R

K
 s

ur
vi

va
l s

ig
na

lin
g 

 P-
H

sp
B

1 
(s

er
78

/8
2)

 
 X

 
 – 

 – 
 Q

i e
t a

l. 
( 2

01
4 )

 

 D
A

X
X

 
 H

sp
B

1 
 B

lo
ck

s 
D

A
X

X
-m

ed
ia

te
d 

ap
op

to
si

s 
 nd

 
 X

 
 – 

 – 
 C

ha
re

tte
 a

nd
 L

an
dr

y 
( 2

00
0 )

 

 T
R

A
F6

 
 H

sp
B

1 
 T

R
A

F6
 u

bi
qu

iti
na

tio
n,

 
IK

K
β a

ct
iv

at
io

n 
 P-

H
sp

B
1 

(s
er

78
/8

2)
 

 X
 

 – 
 – 

 W
u 

et
 a

l. 
( 2

00
9 )

 

  P
ro

te
in

 k
in

as
es

, p
ho

sp
ha

ta
se

s  
 PI

3K
 

 H
sp

B
6 

 In
hi

bi
ts

 P
I3

K
 a

ct
iv

ity
 

an
d 

A
kt

 p
at

hw
ay

 
 nd

 
 X

 
 – 

 – 
 M

at
su

sh
im

a-
N

is
hi

w
ak

i 
et

 a
l. 

( 2
01

3 )
 

 PT
E

N
 

 H
sp

B
1 

 St
ab

ili
za

tio
n 

of
 P

T
E

N
 le

ve
ls

 
 nd

 
 X

 
 – 

 – 
 C

ay
ad

o-
G

ut
ie

rr
ez

 e
t a

l. 
( 2

01
2 )

 
 A

kt
, P

38
, M

K
2 

 H
sp

B
1 

 A
kt

 a
ct

iv
at

io
n,

 s
ca

ff
ol

d 
M

K
2 

to
 A

kt
 

 aa
11

7-
12

8 
(A

kt
) 

 X
 

 – 
 – 

 R
an

e 
et

 a
l. 

( 2
00

1 )
 

an
d 

W
u 

et
 a

l. 
( 2

00
7 )

 

Ta
bl

e 
2.

2 
(c

on
tin

ue
d)

C
lie

nt
H

sp
B

C
on

se
qu

en
ce

s
In

te
ra

ct
in

g 
st

ru
ct

ur
e/

se
qu

en
ce

O
bs

er
va

tio
ns

 m
ad

e

R
ef

er
en

ce
s

In
 c

el
ls

In
 v

itr
o

by
 a

dd
in

g 
H

sp
B

 to
 c

el
ls

A.-P. Arrigo et al.



37

 PK
C

Δ 
 H

sp
B

1 
 In

hi
bi

ts
 H

sp
B

1 
ac

tiv
ity

 
 PK

C
Δ 

V
5 

re
gi

on
 

(7
 a

.a
.)

 
 X

 
 – 

 – 
 K

im
 e

t a
l. 

( 2
00

7 )
 

an
d 

L
ee

 a
nd

 L
ee

 (
 20

10
 ) 

 R
ho

A
, P

K
C

α 
 H

sp
B

1 
 M

us
cl

e 
co

nt
ra

ct
io

n 
 P-

H
sp

B
1 

 X
 

 – 
 – 

 Pa
til

 e
t a

l. 
( 2

00
4 )

 
 Ph

k 
 H

sp
B

1 
 ? 

 Sm
al

l H
sp

B
1 

ol
ig

om
er

s 
 X

 
 – 

 – 
 C

he
bo

ta
re

va
 e

t a
l. 

( 2
01

0 )
 

 p9
0R

sk
 

 H
sp

B
1 

 H
sp

B
1 

ph
os

ph
or

yl
at

io
n 

 nd
 

 X
 

 X
 

 – 
 Z

ou
be

id
i e

t a
l. 

( 2
01

0 )
 

 PR
K

D
1 

 H
sp

B
1 

 H
sp

B
1 

ph
os

ph
or

yl
at

io
n 

 H
sp

B
1 

P-
se

ri
ne

 8
2 

 X
 

 – 
 – 

 D
op

pl
er

 e
t a

l. 
( 2

00
5 )

 
 PP

M
1A

 
 H

sp
B

1 
 ? 

 nd
 

 X
 

 – 
 – 

 W
an

g 
et

 a
l. 

( 2
01

1 )
 

 C
al

po
ni

n,
 P

K
C

 
 H

sp
B

1 
 C

on
tr

ac
tio

n 
of

 s
m

oo
th

 m
us

cl
es

 
 nd

 
 X

 
 – 

 – 
 Pa

til
 e

t a
l. 

( 2
00

4 )
 

 IK
K

β 
 H

sp
B

5 
 St

im
ul

at
es

 I
K

K
β k

in
as

e 
ac

tiv
ity

 
 nd

 
 X

 
 – 

 – 
 A

dh
ik

ar
i e

t a
l. 

( 2
01

1 )
 

 IK
K

α 
 H

sp
B

1 
 Su

pp
re

ss
es

 N
F-

κB
 

ac
tiv

at
io

n 
(S

A
P)

 
 P-

H
sp

B
1 

 X
 

 – 
 – 

 K
am

m
an

ad
im

in
ti 

an
d 

C
ha

de
e 

( 2
00

6 )
 

 IK
K

β 
 H

sp
B

1 
 Su

pp
re

ss
es

 N
F-

κB
 

ac
tiv

at
io

n 
(S

A
P)

 
 P-

H
sp

B
1 

 X
 

 – 
 – 

 K
am

m
an

ad
im

in
ti 

an
d 

C
ha

de
e 

( 2
00

6 )
 

 D
M

PK
 

 H
sp

B
2 

 A
ct

iv
at

es
 D

M
PK

 
 O

lig
om

er
s 

of
 H

sp
B

2 
 – 

 X
 

 – 
 Pr

ab
hu

 e
t a

l. 
( 2

01
2 )

 
 A

SK
1 

 H
sp

B
1 

 In
hi

bi
te

d 
by

 H
sp

B
1-

D
A

X
X

 
in

te
ra

ct
io

n 
 nd

 
 X

 
 – 

 – 
 C

ha
re

tte
 a

nd
 L

an
dr

y 
( 2

00
0 )

 

  A
po

pt
ot

ic
, a

ut
op

ha
gi

c 
an

d 
re

do
x 

fa
ct

or
s,

 a
gi

ng
  

 C
as

pa
se

-3
 

 H
sp

B
1 

 Pr
o-

ca
sp

as
e-

3 
st

ab
ili

za
tio

n 
 15

0-
20

0 
kD

a 
H

sp
B

1 
ol

ig
om

er
s 

 X
 

 – 
 – 

 G
ib

er
t e

t a
l. 

( 2
01

2a
 ) 

an
d 

Pa
nd

ey
 e

t a
l. 

( 2
00

0 )
 

 H
sp

B
5 

 N
eg

at
iv

e 
re

gu
la

tio
n 

of
 a

ct
iv

ity
 

 nd
 

 X
 

 – 
 – 

 H
u 

et
 a

l. 
( 2

01
2 )

 
 H

sp
B

4 
 N

eg
at

iv
e 

re
gu

la
tio

n 
of

 a
ct

iv
ity

 
 nd

 
 X

 
 – 

 – 
 H

u 
et

 a
l. 

( 2
01

2 )
 

 C
yt

oc
hr

om
e 

c 
 H

sp
B

1 
 In

hi
bi

ts
 c

yt
oc

hr
om

e 
c 

ap
op

to
tic

 
ac

tiv
ity

 
 a.

a.
 5

1-
88

 o
f 

H
sp

B
1 

 X
 

 – 
 – 

 B
ru

ey
 e

t a
l. 

( 2
00

0a
 ) 

 B
cl

-x
s 

 H
sp

B
5 

 In
hi

bi
ts

 tr
an

sl
oc

at
io

n 
m

ito
ch

on
dr

ia
 

 nd
 

 X
 

 X
 

 – 
 M

ao
 e

t a
l. 

( 2
00

4 )
 

 H
sp

B
4 

 In
hi

bi
ts

 tr
an

sl
oc

at
io

n 
m

ito
ch

on
dr

ia
 

 nd
 

 X
 

 X
 

 – 
 M

ao
 e

t a
l. 

( 2
00

4 )
 (c
on

tin
ue

d)

2 Small Hsps Interactomes and Pathologies



38

 B
ax

 
 H

sp
B

5 
 In

hi
bi

ts
 tr

an
sl

oc
at

io
n 

m
ito

ch
on

dr
ia

 
 nd

 
 X

 
 X

 
 – 

 H
u 

et
 a

l. 
( 2

01
2 )

 
an

d 
M

ao
 e

t a
l. 

( 2
00

4 )
 

 H
sp

B
4 

 In
hi

bi
ts

 tr
an

sl
oc

at
io

n 
m

ito
ch

on
dr

ia
 

 nd
 

 X
 

 X
 

 – 
 H

u 
et

 a
l. 

( 2
01

2 )
 

an
d 

M
ao

 e
t a

l. 
( 2

00
4 )

 
 p5

3 
 H

sp
B

5 
 In

hi
bi

ts
 tr

an
sl

oc
at

io
n 

m
ito

ch
on

dr
ia

 
 nd

 
 X

 
 – 

 – 
 L

iu
 e

t a
l. 

( 2
00

7 )
 

 H
sp

B
5 

 In
hi

bi
ts

 p
53

 m
ed

ia
te

d 
ap

op
to

si
s 

 D
N

A
-b

in
di

ng
 d

om
ai

n 
of

 p
53

 
 X

 
 – 

 – 
 W

at
an

ab
e 

et
 a

l. 
( 2

00
9 )

 

 G
ra

nz
ym

eA
 

 H
sp

B
1 

 G
ra

nz
ym

eA
 s

tim
ul

at
io

n 
 M

on
o/

di
m

er
s 

of
 H

sp
B

1 
 X

 
 – 

 – 
 B

er
es

fo
rd

 e
t a

l. 
( 1

99
8 )

 

 D
A

X
X

 
 H

sp
B

1 
 In

hi
bi

ts
 F

as
 a

po
pt

os
is

 
 Sm

al
l 

H
sp

B
1o

lig
om

er
s 

 X
 

 – 
 – 

 C
ha

re
tte

 a
nd

 L
an

dr
y 

( 2
00

0 )
 

 PE
A

-1
5 

 H
sp

B
1 

 In
hi

bi
ts

 F
as

 a
po

pt
os

is
 

 nd
 

 X
 

 – 
 – 

 H
ay

as
hi

 e
t a

l. 
( 2

01
2 )

 
 C

IA
PI

N
1 

 H
sp

B
8 

 ? 
 nd

 
 X

 
 – 

 – 
 H

av
ug

im
an

a 
et

 a
l. 

( 2
01

2 )
 

 X
IA

P 
 H

sp
B

5 
 O

ve
rr

id
es

 X
IA

P 
ac

tiv
ity

 
 nd

 
 X

 
 – 

 – 
 L

ee
 e

t a
l. 

( 2
01

2 )
 

 H
D

A
C

1 
 H

sp
B

5 
 E

nh
an

ce
s 

ap
op

to
si

s 
of

 R
PE

 c
el

ls
 

 nd
 

 X
 

 – 
 – 

 N
oh

 e
t a

l. 
( 2

00
8 )

 

 14
-3

-3
ga

m
m

a 
 H

sp
B

6 
 D

is
pl

ac
es

 1
4-

3-
3 

bi
nd

in
g 

pa
rt

ne
rs

 
 P-

H
sp

B
6 

 – 
 X

 
 – 

 C
he

rn
ik

 e
t a

l. 
( 2

00
7 )

 
an

d 
Se

it-
N

eb
i 

an
d 

G
us

ev
 (

 20
10

 ) 
 14

-3
-3

ze
ta

 
 H

sp
B

6 
 M

od
ul

at
es

 1
4-

3-
3 

in
te

ra
ct

om
e 

af
fi n

ity
 

 P-
H

sp
B

6 
 – 

 X
 

 – 
 Sl

uc
ha

nk
o 

et
 a

l. 
( 2

01
1 )

 

 P6
6S

hc
 

 H
sp

B
1 

 F-
ac

tin
 d

is
ru

pt
io

n,
 a

po
pt

os
is

 
 nd

 
 X

 
 – 

 – 
 A

ra
ny

 e
t a

l. 
( 2

01
2 )

 
 G

6P
D

H
 

 H
sp

B
1 

 St
im

ul
at

io
n 

of
 a

ct
iv

ity
 

 Sm
al

l H
sp

B
1 

P-
ol

ig
om

er
s 

 X
 

 – 
 – 

 A
rr

ig
o 

( 2
01

3 )
, C

os
en

tin
o 

et
 a

l. 
( 2

01
1 )

 a
nd

 P
re

vi
lle

 
et

 a
l. 

( 1
99

9 )
 

Ta
bl

e 
2.

2 
(c

on
tin

ue
d)

C
lie

nt
H

sp
B

C
on

se
qu

en
ce

s
In

te
ra

ct
in

g 
st

ru
ct

ur
e/

se
qu

en
ce

O
bs

er
va

tio
ns

 m
ad

e

R
ef

er
en

ce
s

In
 c

el
ls

In
 v

itr
o

by
 a

dd
in

g 
H

sp
B

 to
 c

el
ls

A.-P. Arrigo et al.



39

 B
ag

3 
 H

sp
B

8 
 C

o-
ch

ap
er

on
e 

 β4
, β

8 
hy

dr
op

ho
bi

c 
gr

oo
ve

s 
(H

sp
B

8)
 

 – 
 X

 
 – 

 C
ar

ra
 e

t a
l. 

( 2
00

8b
 ) 

an
d 

Fu
ch

s 
et

 a
l. 

( 2
01

0 )
 

 IP
V

 (
Il

e-
Pr

o-
V

al
) 

m
ot

if
s 

(B
ag

3)
 

 H
sp

B
6 

 C
o-

ch
ap

er
on

e 
 β4

, β
8 

hy
dr

op
ho

bi
c 

gr
oo

ve
s 

(H
sp

B
6)

 
 – 

 X
 

 – 
 Fu

ch
s 

et
 a

l. 
( 2

01
0 )

 

 IP
V

 (
Il

e-
Pr

o-
V

al
) 

m
ot

if
s 

(B
ag

3)
 

  T
ra

ns
cr

ip
tio

n/
tr

an
sl

at
io

n,
 g

en
e 

ex
pr

es
si

on
  

  Tr
an

sc
ri

pt
io

n 
fa

ct
or

s  
 ST

A
T-

2 
 H

sp
B

1 
 ST

A
T-

2 
st

ab
ili

za
tio

n 
 20

0–
60

0 
kD

a 
ol

ig
om

er
s 

of
 H

sp
B

1 
 X

 
 – 

 – 
 G

ib
er

t e
t a

l. 
( 2

01
2a

 ) 

 ST
A

T-
3 

 H
sp

B
1 

 ST
A

T-
3 

st
ab

ili
za

tio
n 

 nd
 

 X
 

 – 
 – 

 R
oc

ch
i e

t a
l. 

( 2
00

5 )
 

 P-
St

at
-3

 
 H

sp
B

1 
 P-

ST
A

T-
3 

st
ab

ili
za

tio
n 

 nd
 

 X
 

 – 
 – 

 G
ib

er
t e

t a
l. 

( 2
01

2a
 ) 

 H
SF

-1
 

 H
sp

B
1 

 H
SF

 s
um

oy
la

tio
n 

 L
ar

ge
 

H
sp

B
1o

lig
om

er
s 

 X
 

 – 
 – 

 B
ru

ne
t S

im
io

ni
 e

t a
l. 

( 2
00

9 )
 

 G
A

TA
-1

 
 H

sp
B

1 
 G

A
TA

-1
 d

eg
ra

da
tio

n 
 P-

H
sp

B
1 

 X
 

 – 
 – 

 de
 T

ho
ne

l e
t a

l. 
( 2

01
0 )

 
 Sn

ai
l 

 H
sp

B
1 

 Sn
ai

l s
ta

bi
liz

at
io

n 
 nd

 
 X

 
 – 

 – 
 W

et
ts

te
in

 e
t a

l. 
( 2

01
3 )

 
 p5

3 
 H

sp
B

1 
 ? 

 nd
 

 X
 

 – 
 – 

 Su
n 

et
 a

l. 
( 2

00
7 )

 
  A

ct
iv

at
or

s 
of

 tr
an

sc
ri

pt
io

n 
fa

ct
or

s  
 IK

K
α 

 H
sp

B
1 

 Su
pp

re
ss

io
n 

of
 N

F-
κB

 
ac

tiv
at

io
n 

(S
A

P)
 

 P-
H

sp
B

1 
 X

 
 – 

 – 
 K

am
m

an
ad

im
in

ti 
an

d 
C

ha
de

e 
( 2

00
6 )

 
 IK

K
β 

 H
sp

B
1 

 Su
pp

re
ss

io
n 

of
 N

F-
κB

 
ac

tiv
at

io
n 

(S
A

P)
 

 P-
H

sp
B

1 
 X

 
 – 

 – 
 K

am
m

an
ad

im
in

ti 
an

d 
C

ha
de

e 
( 2

00
6 )

 
 IK

K
β 

 H
sp

B
5 

 A
ct

iv
at

io
n 

of
 N

F-
κB

, 
ce

ll 
ad

he
si

on
 

 nd
 

 X
 

 – 
 – 

 A
dh

ik
ar

i e
t a

l. 
( 2

01
1 )

 a
nd

 
D

ie
te

ri
ch

 e
t a

l. 
( 2

01
3 )

 

(c
on

tin
ue

d)

2 Small Hsps Interactomes and Pathologies



40

  Sp
li

ce
os

om
e 

as
se

m
bl

y,
 p

re
-m

R
N

A
 p

ro
ce

ss
in

g  
 SA

M
68

 
 H

sp
B

8 
 In

hi
bi

ts
 S

A
M

68
 a

ct
iv

ity
 

 a.
a.

 6
2-

13
3 

of
 H

sp
B

8 
 X

 
 X

 
 – 

 B
ad

ri
 e

t a
l. 

( 2
00

6 )
 

 D
dx

20
 

 H
sp

B
8 

 R
ib

on
uc

le
op

ro
te

in
 p

ro
ce

ss
in

g 
 nd

 
 X

 
 – 

 – 
 Su

n 
et

 a
l. 

( 2
01

0 )
 

 E
FT

U
D

2 
 H

sp
B

1 
 Sp

lic
eo

so
m

e 
m

od
ul

at
io

n 
 nd

 
 X

 
 – 

 – 
 H

eg
el

e 
et

 a
l. 

( 2
01

2 )
 

 SC
35

 
 H

sp
B

7 
 L

oc
al

iz
ed

 to
 S

C
35

 s
pl

ic
in

g 
sp

ec
kl

es
 

 nd
 

 X
 

 – 
 – 

 V
os

 e
t a

l. 
( 2

00
9 )

 

 H
sp

B
5 

 H
sp

B
5-

H
D

A
C

1 
lo

ca
liz

ed
 

to
 S

C
35

 
 nd

 
 X

 
 – 

 – 
 N

oh
 e

t a
l. 

( 2
00

8 )
 

  Tr
an

sl
at

io
n 

in
it

ia
ti

on
 fa

ct
or

s  
 eI

F4
G

 
 H

sp
B

1 
 In

hi
bi

tio
n 

tr
an

sl
at

io
n 

du
ri

ng
 H

S 
 nd

 
 X

 
 – 

 – 
 C

ue
st

a 
et

 a
l. 

( 2
00

0 )
 

 eI
F4

E
 

 H
sp

B
1 

 T
um

or
 c

el
l s

ur
vi

va
l 

 nd
 

 X
 

 – 
 – 

 A
nd

ri
eu

 e
t a

l. 
( 2

01
0 )

 
  m

R
N

A
 h

al
f-

li
fe

  
 A

U
F1

 
 H

sp
B

1 
 A

U
F1

 d
eg

ra
da

tio
n 

 P-
H

sp
B

1 
 X

 
 – 

 – 
 K

na
pi

ns
ka

 e
t a

l. 
( 2

01
1 )

 
an

d 
Si

ns
im

er
 e

t a
l. 

( 2
00

8 )
 

  R
ib

os
om

es
  

 p9
0R

sk
 

 H
sp

B
1 

 H
sp

B
1 

ph
os

ph
or

yl
at

io
n 

 nd
 

 X
 

 – 
 – 

 Z
ou

be
id

i e
t a

l. 
( 2

01
0 )

 
  R

eg
ul

at
or

s 
of

 p
ro

te
in

 d
eg

ra
da

tio
n 

– 
ub

iq
ui

tin
at

io
n 

by
 s

H
sp

s-
E

3  
 Sm

ad
/S

m
ur

f2
 

 H
sp

B
1 

 H
sp

B
1 

ub
iq

ui
tin

at
io

n/
de

gr
ad

at
io

n 
 nd

 
 X

 
 – 

 – 
 Su

n 
et

 a
l. 

( 2
01

1  

 T
IF

1g
am

m
a 

 H
sp

B
5 

 D
is

ru
pt

io
n 

of
 S

m
ad

4 
ub

iq
ui

tin
at

io
n 

 nd
 

 X
 

 – 
 – 

 B
el

la
ye

 e
t a

l. 
( 2

01
4 )

 

 p2
7k

ip
1 

 H
sp

B
1 

 Fa
vo

rs
 p

27
ki

p1
 u

bi
qu

iti
na

tio
n/

de
gr

ad
at

io
n 

 nd
 

 X
 

 – 
 – 

 Pa
rc

el
lie

r 
et

 a
l. 

( 2
00

6 )
 

Ta
bl

e 
2.

2 
(c

on
tin

ue
d)

C
lie

nt
H

sp
B

C
on

se
qu

en
ce

s
In

te
ra

ct
in

g 
st

ru
ct

ur
e/

se
qu

en
ce

O
bs

er
va

tio
ns

 m
ad

e

R
ef

er
en

ce
s

In
 c

el
ls

In
 v

itr
o

by
 a

dd
in

g 
H

sp
B

 to
 c

el
ls

A.-P. Arrigo et al.



41

 U
bi

qu
iti

n 
 H

sp
B

1 
 Pr

ot
ei

n 
de

gr
ad

at
io

n 
 nd

 
 X

 
 – 

 – 
 Pa

rc
el

lie
r 

et
 a

l. 
( 2

00
3 )

 
 H

D
M

2 
 H

sp
B

1 
 H

D
M

2 
st

ab
ili

za
tio

n 
 nd

 
 X

 
 – 

 – 
 O

’C
al

la
gh

an
-S

un
ol

 
et

 a
l. 

( 2
00

7 )
 

 Fb
x4

 
 H

sp
B

5 
 C

yc
lin

 D
1 

ub
iq

ui
tin

at
io

n/
de

gr
ad

at
io

n 
 nd

 
 X

 
 X

 
 – 

 L
in

 e
t a

l. 
( 2

00
6 )

 

 T
R

A
F6

 
 H

sp
B

1 
 T

R
A

F6
 u

bi
qu

iti
na

tio
n 

 P-
H

sp
B

1 
 X

 
 – 

 – 
 W

u 
et

 a
l. 

( 2
00

9 )
 

 C
8/

α7
 p

ro
te

as
om

e 
su

bu
ni

ts
 

 H
sp

B
5 

 Pr
ot

ea
so

m
e 

as
se

m
bl

y/
de

gr
ad

at
io

n 
of

 H
sp

B
5 

bo
un

d 
pr

ot
ei

ns
 

 nd
 

 X
 

 – 
 – 

 B
oe

le
ns

 e
t a

l. 
( 2

00
1 )

 

  P
ro

te
in

 s
um

oy
la

tio
n  

 U
bc

9 
(U

B
E

2I
) 

 H
sp

B
1 

 M
od

ul
at

io
n 

of
 H

SF
-1

 
ac

tiv
ity

 b
y 

su
m

oy
la

tio
n 

 nd
 

 X
 

 – 
 – 

 A
hn

er
 e

t a
l. 

( 2
01

2 )
 a

nd
 

B
ru

ne
t S

im
io

ni
 e

t a
l. 

( 2
00

9 )
 

 F5
08

de
l C

FT
R

 
 H

sp
B

1 
 St

im
ul

at
es

 th
e 

de
gr

ad
at

io
n 

of
 U

bc
9-

H
sp

B
1 

su
m

oy
la

te
d 

F5
08

de
l C

FT
R

 

 nd
 

 X
 

 – 
 – 

 A
hn

er
 e

t a
l. 

( 2
01

2 )
 

  P
ro

te
in

 d
ea

ce
ty

la
tio

n  
 K

D
A

C
8 

 H
sp

B
1 

 A
ce

ty
la

tio
n 

of
 H

sp
B

1 
 nd

 
 X

 
 – 

 – 
 C

he
n 

et
 a

l. 
( 2

01
3 )

 
 K

D
A

C
8 

 H
sp

B
6 

 A
ce

ty
la

tio
n 

of
 H

sp
B

6 
 nd

 
 X

 
 – 

 – 
 C

he
n 

et
 a

l. 
( 2

01
3 )

 
 H

D
A

C
6 

 H
sp

B
1 

 M
ic

ro
tu

bu
le

s 
de

ac
et

yl
at

io
n 

 H
sp

B
1 

50
0–

70
0 

kD
a 

ol
ig

om
er

s 
 X

 
 – 

 – 
 G

ib
er

t e
t a

l. 
( 2

01
2a

 ) 

 H
D

A
C

1 
 H

sp
B

5 
 St

im
ul

at
es

 a
po

pt
os

is
 

of
 R

PE
 c

el
ls

 
 nd

 
 X

 
 – 

 – 
 N

oh
 e

t a
l. 

( 2
00

8 )
 

  P
ro

te
in

s 
of

 th
e 

co
m

pl
em

en
t, 

ac
ut

e 
ph

as
e 

pr
ot

ei
ns

 a
nd

 c
oa

gu
la

tio
n 

fa
ct

or
s  

 C
oa

gu
la

tio
n 

fa
ct

or
s 

V
, X

; C
om

pl
em

en
t C

1q
A

, 1
qB

, 1
qC

, C
1s

, C
1r

, C
5,

 C
3,

 C
2,

 C
6,

 C
7,

 C
8,

 C
9;

 P
ho

sp
ha

tid
yl

in
os

ito
l-

gl
yc

an
-s

pe
ci

fi c
 p

ho
sp

ho
lip

as
e 

D
; 

vi
ta

m
in

 K
-d

ep
en

de
nt

 p
ro

te
in

 S
 c

ar
til

ag
e 

ac
id

ic
 p

ro
te

in
 1

; m
an

no
sy

l-
ol

ig
os

ac
ch

ar
id

e 
1,

2-
al

ph
a-

m
an

no
si

da
se

 1
A

; s
er

pi
n 

A
10

 p
ro

te
in

 Z
-d

ep
en

de
nt

 p
ro

te
as

e 
in

hi
bi

to
r;

 I
ns

ul
in

-l
ik

e 
gr

ow
th

 f
ac

to
r-

bi
nd

in
g 

pr
ot

ei
n;

 p
he

ny
lc

ys
te

in
e 

ox
id

as
e 

1;
 c

ar
bo

xy
pe

pt
id

as
e 

B
2 

an
d 

N
 s

ub
un

it 
2;

 th
ro

m
bo

sp
or

in
; fi

 c
ol

in
-3

; p
la

te
le

t 
fa

ct
or

 4
; g

lu
ta

th
io

ne
 p

er
ox

id
as

e 
 H

sp
B

5 
 M

od
ul

at
io

n 
of

 in
fl a

m
m

at
io

n 
 nd

 
 – 

 – 
 X

 
 R

ot
hb

ar
d 

et
 a

l. 
(2

01
2)

 

(c
on

tin
ue

d)

2 Small Hsps Interactomes and Pathologies



42

  P
la

sm
a 

pr
ot

ei
ns

  
 Fa

ct
or

 X
II

I 
 H

sp
B

1 
 Pl

at
el

et
 F

X
II

I 
re

gu
la

tio
n 

 P-
H

sp
B

1 
 X

 
 – 

 – 
 Z

hu
 e

t a
l. 

( 1
99

4 )
 

 a.
a.

 4
84

–5
03

 
of

 F
ac

to
r 

X
II

I 
  P

ro
te

in
 tr

an
sp

or
t  

 X
PO

R
T

 
 H

sp
B

1 
 T

ra
ns

po
rt

 o
f 

T
R

P 
an

d 
R

h1
 

 nd
 

 X
 

 – 
 – 

 R
os

en
ba

um
 e

t a
l. 

( 2
01

1 )
 

 SM
N

 
 H

sp
B

5 
 SM

N
 n

uc
le

ar
 im

po
rt

 
an

d 
as

se
m

bl
y 

 P-
H

sp
B

5 
 X

 
 – 

 – 
 de

n 
E

ng
el

sm
an

 e
t a

l. 
( 2

00
5 )

 

  C
el

l c
yc

le
, t

um
or

 s
up

pr
es

so
rs

  
 C

yc
lin

 D
1 

 H
sp

B
5 

 U
bi

qu
iti

na
tio

n 
by

 H
sp

B
5-

 F
B

X
4 

 nd
 

 X
 

 X
 

 – 
 L

in
 e

t a
l. 

( 2
00

6 )
 

 M
yc

 
 H

sp
B

1 
 ? 

 nd
 

 X
 

 – 
 – 

 A
gr

aw
al

 e
t a

l. 
( 2

01
0 )

 
an

d 
K

oc
h 

et
 a

l. 
( 2

00
7 )

 
 p5

3 
 H

sp
B

1 
 ? 

 nd
 

 X
 

 – 
 – 

 Su
n 

et
 a

l. 
( 2

00
7 )

 
 H

sp
B

5 
 In

hi
bi

tio
n 

tr
an

sl
oc

at
io

n 
m

ito
ch

on
dr

ia
 

 nd
 

 X
 

 – 
 – 

 L
iu

 e
t a

l. 
( 2

00
7 )

 

 H
sp

B
5 

 In
hi

bi
tio

n 
of

 p
53

 
m

ed
ia

te
d 

ap
op

to
si

s 
 D

N
A

-b
in

di
ng

 
do

m
ai

n 
of

 p
53

 
 X

 
 – 

 – 
 W

at
an

ab
e 

et
 a

l. 
( 2

00
9 )

 

  B
as

e 
ex

ci
si

on
 r

ep
ai

r 
en

zy
m

es
  

 U
D

G
 

 H
sp

B
1 

 ? 
 nd

 
 X

 
 X

 
 – 

 M
en

de
z 

et
 a

l. 
( 2

00
0 )

 
 H

A
P1

 
 H

sp
B

1 
 ? 

 nd
 

 X
 

 X
 

 – 
 M

en
de

z 
et

 a
l. 

( 2
00

0 )
 

  Se
ne

sc
en

ce
  

 H
D

M
2 

 H
sp

B
1 

 In
hi

bi
tio

n 
of

 p
53

 in
du

ce
d 

se
ne

sc
en

ce
  v

ia
  H

D
M

2 
st

ab
ili

za
tio

n 

 nd
 

 X
 

 – 
 – 

 O
’C

al
la

gh
an

-S
un

ol
 

et
 a

l. 
( 2

00
7 )

 

Ta
bl

e 
2.

2 
(c

on
tin

ue
d)

C
lie

nt
H

sp
B

C
on

se
qu

en
ce

s
In

te
ra

ct
in

g 
st

ru
ct

ur
e/

se
qu

en
ce

O
bs

er
va

tio
ns

 m
ad

e

R
ef

er
en

ce
s

In
 c

el
ls

In
 v

itr
o

by
 a

dd
in

g 
H

sp
B

 to
 c

el
ls

A.-P. Arrigo et al.



43

  N
uc

le
as

es
  

 R
pp

20
 (

PO
P7

) 
 H

sp
B

1 
 E

nh
an

ce
s 

R
N

as
e 

P 
ac

tiv
ity

 
 nd

 
 X

 
 – 

 – 
 Ji

an
g 

an
d 

A
ltm

an
 (

 20
01

 ) 
  G

ol
gi

 p
ro

te
in

s  
 G

M
13

0 
 H

sp
B

5 
 G

ol
gi

 v
es

ic
le

s 
 nd

 
 X

 
 – 

 – 
 G

an
ga

lu
m

 a
nd

 B
ha

t (
 20

09
 ) 

  L
en

s 
pr

ot
ei

ns
  

 H
sp

B
4 

 H
sp

B
5 

 C
ha

pe
ro

ni
ng

 
 H

et
er

o-
ol

ig
om

er
ic

 
co

m
pl

ex
 

 X
 

 X
 

 – 
 G

ro
en

en
 e

t a
l. 

( 1
99

4 )
 a

nd
 

Sk
ou

ri
-P

an
et

 e
t a

l. 
( 2

01
2 )

 
 H

sp
B

5 
 H

sp
B

4 
 C

ha
pe

ro
ni

ng
 

 H
et

er
o-

ol
ig

om
er

ic
 

co
m

pl
ex

 
 – 

 X
 

 – 
 Sk

ou
ri

-P
an

et
 e

t a
l. 

( 2
01

2 )
 

 H
sp

B
1 

 C
ha

pe
ro

ni
ng

 
 H

et
er

o-
ol

ig
om

er
ic

 
co

m
pl

ex
 

 – 
 X

 
 – 

 Sk
ou

ri
-P

an
et

 e
t a

l. 
( 2

01
2 )

 

 be
ta

B
2-

cr
ys

ta
lli

n 
 H

sp
B

5 
 C

ha
pe

ro
ni

ng
 

 H
et

er
o-

ol
ig

om
er

ic
 

co
m

pl
ex

 
 X

 
 – 

 – 
 Fu

 a
nd

 L
ia

ng
 (

 20
02

 ) 

 ga
m

m
aC

-
cr

ys
ta

lli
n 

 H
sp

B
5 

 C
ha

pe
ro

ni
ng

 
 H

et
er

o-
ol

ig
om

er
ic

 
co

m
pl

ex
 

 X
 

 – 
 – 

 Fu
 a

nd
 L

ia
ng

 (
 20

02
 ) 

 M
IP

26
/A

Q
P0

 
 H

sp
B

4 
 M

od
ul

at
io

n 
of

 r
ef

ra
ct

iv
e 

in
de

x 
 nd

 
 X

 
 – 

 – 
 L

iu
 a

nd
 L

ia
ng

 (
 20

08
 ) 

  sH
sp

s 
co

-c
ha

pe
ro

ne
s,

 n
eg

at
iv

e 
re

gu
la

to
rs

  
 p6

6S
hc

 
 H

sp
B

1 
 N

eg
at

iv
e 

re
gu

la
to

r 
of

 H
sp

B
1 

 R
eq

ui
re

s 
p6

6S
hc

 S
er

36
 

ph
os

ph
or

yl
at

io
n 

 X
 

 – 
 – 

 A
ra

ny
 e

t a
l. 

( 2
01

2 )
 

 PA
SS

1 
 H

sp
B

1 
 N

eg
at

iv
e 

re
gu

la
to

r 
of

 H
sp

B
1 

 a.
a.

 1
08

–2
08

 
of

 P
A

SS
1 

 X
 

 X
 

 – 
 L

iu
 e

t a
l. 

( 2
00

0 )
 

 H
ic

-5
 (

A
R

A
55

) 
 H

sp
B

1 
 N

eg
at

iv
e 

re
gu

la
to

r 
of

 H
sp

B
1 

 C
-t

er
m

in
al

 d
om

ai
n 

of
 H

sp
B

1 
 X

 
 – 

 – 
 Ji

a 
et

 a
l. 

( 2
00

1 )
 

 hi
c-

5 
L

IM
 d

om
ai

ns
 

(c
on

tin
ue

d)

2 Small Hsps Interactomes and Pathologies



44

 B
ag

3 
 H

sp
B

8 
 C

o-
ch

ap
er

on
e 

 β4
, β

8 
hy

dr
op

ho
bi

c 
gr

oo
ve

s 
(H

sp
B

8)
 

 – 
 X

 
 – 

 C
ar

ra
 e

t a
l. 

( 2
00

8b
 ) 

an
d 

Fu
ch

s 
et

 a
l. 

( 2
01

0 )
 

 IP
V

 (
Il

e-
Pr

o-
V

al
) 

m
ot

if
s 

(B
ag

3)
 

 H
sp

B
6 

 C
o-

ch
ap

er
on

e 
 β4

, β
8 

hy
dr

op
ho

bi
c 

gr
oo

ve
s 

(H
sp

B
6)

 
IP

V
 (

Il
e-

Pr
o-

V
al

) 
m

ot
if

s 
(B

ag
3)

 

 – 
 X

 
 – 

 Fu
ch

s 
et

 a
l. 

( 2
01

0 )
 

  V
ir

al
 p

ro
te

in
s  

 N
S5

A
 (

H
ep

at
iti

s 
C

) 
 H

sp
B

1 
 ? 

 a.
a.

 1
-1

22
 o

f 
H

sp
B

1 
 X

 
 – 

 – 
 C

ho
i e

t a
l. 

( 2
00

4 )
 

 a.
a.

 1
-1

81
 o

f 
N

S5
A

 
 E

B
N

A
5 

(E
B

V
) 

 H
sp

B
1 

 ? 
 ? 

 X
 

 – 
 – 

 Fo
rs

m
an

 e
t a

l. 
( 2

00
8 )

 
  So

m
e 

si
gn

al
in

g 
pa

th
w

ay
s 

m
od

ul
at

ed
 b

y 
sm

al
l H

sp
s 

bu
t t

he
 ta

rg
et

ed
 p

ro
te

in
s 

ar
e 

un
kn

ow
n  

 ? 
 H

sp
B

1 
 (d

e)
ph

os
ph

or
yl

at
io

n 
ca

sc
ad

e 
co

nt
ro

lli
ng

 
th

e 
ac

tiv
ity

 o
f 

th
e 

sp
lic

in
g 

re
gu

la
to

r 
SR

p3
8 

 M
ar

in
-V

in
ad

er
 e

t a
l. 

( 2
00

6 )
 

 ? 
 H

sp
B

1 
 Pr

o-
in

fl a
m

m
at

or
y 

ce
ll 

si
gn

al
lin

g 
an

d 
ge

ne
 e

xp
re

ss
io

n,
 

m
ay

 a
ct

 u
ps

tr
ea

m
 

of
 T

A
K

1 

 A
lf

or
d 

et
 a

l. 
( 2

00
7 )

 

Ta
bl

e 
2.

2 
(c

on
tin

ue
d)

C
lie

nt
H

sp
B

C
on

se
qu

en
ce

s
In

te
ra

ct
in

g 
st

ru
ct

ur
e/

se
qu

en
ce

O
bs

er
va

tio
ns

 m
ad

e

R
ef

er
en

ce
s

In
 c

el
ls

In
 v

itr
o

by
 a

dd
in

g 
H

sp
B

 to
 c

el
ls

A.-P. Arrigo et al.



45

 ? 
 H

sp
B

4 
 M

od
ul

at
io

n 
of

 
PK

C
al

ph
a,

 R
A

F/
M

E
K

/E
R

K
 a

nd
 

A
K

T
 s

ig
na

lin
g 

pa
th

w
ay

s 
pr

ev
en

tin
g 

U
V

A
- i

nd
uc

ed
 

ap
op

to
si

s 

 L
iu

 e
t a

l. 
( 2

00
4 )

 

 ? 
 H

sp
B

5 
 M

od
ul

at
io

n 
of

 
PK

C
al

ph
a,

 R
A

F/
M

E
K

/E
R

K
 a

nd
 A

K
T

 
si

gn
al

in
g 

pa
th

w
ay

s 
pr

ev
en

tin
g 

U
V

A
- i

nd
uc

ed
 

ap
op

to
si

s 

 L
iu

 e
t a

l. 
( 2

00
4 )

 

 ? 
 H

sp
B

5 
 In

hi
bi

tio
n 

of
 R

A
S 

ac
tiv

at
io

n 
in

du
ci

ng
 

p5
3 

de
pe

nd
en

t 
ap

op
to

si
s 

 L
i e

t a
l. 

( 2
00

5 )
 

 ? 
 H

sp
B

8 
 TA

K
1-

de
pe

nd
en

t 
de

at
h 

pa
th

w
ay

s 
 Sm

ith
 e

t a
l. 

( 2
01

2 )
 

  T
he

 p
ol

yp
ep

tid
es

 l
is

te
d 

he
re

 h
av

e 
be

en
 d

em
on

st
ra

te
d 

to
 i

nt
er

ac
t 

in
 v

iv
o 

an
d/

or
 i

n 
vi

tr
o 

w
ith

 t
he

 d
if

fe
re

nt
 s

m
al

l 
H

sp
s.

 T
he

 i
nt

er
ac

tio
ns

 d
et

ec
te

d 
us

in
g 

ye
as

t 
2-

hy
br

id
 a

pp
ro

ac
he

s 
th

at
 w

er
e 

no
t c

on
fi r

m
ed

 b
y 

im
m

un
op

re
ci

pi
ta

tio
n 

or
 p

ul
l-

do
w

n 
ex

pe
ri

m
en

ts
 w

er
e 

no
t c

on
si

de
re

d.
 L

is
t o

f a
bb

re
vi

at
io

ns
: n

d:
 n

ot
 d

et
er

m
in

ed
; 

P-
: p

ho
sp

ho
ry

la
te

d;
 a

.a
.: 

am
in

o 
ac

id
s;

 2
00

–4
00

 k
D

a:
 o

lig
om

er
s 

w
ith

 n
at

iv
e 

si
ze

 o
f 

20
0–

40
0 

kD
a.

 H
sp

B
1:

 a
ls

o 
kn

ow
n 

as
 H

sp
27

, H
sp

28
 a

nd
 H

sp
25

 in
 m

ur
in

e;
 

H
sp

B
2:

 a
ls

o 
kn

ow
n 

as
 M

K
B

P;
 H

sp
B

4:
 a

lp
ha

A
-c

ry
st

al
lin

; 
H

sp
B

5:
 a

lp
ha

B
-c

ry
st

al
lin

e;
 α

-c
ry

st
al

lin
: 

H
sp

B
4:

H
sp

B
5 

co
m

pl
ex

 (
3:

1)
; 

H
sp

B
6:

 a
ls

o 
kn

ow
n 

as
 

H
sp

20
; H

sp
B

7:
 a

ls
o 

kn
ow

n 
as

 c
vH

sp
; H

sp
B

8:
 a

ls
o 

kn
ow

n 
as

 H
sp

22
; V

IF
: V

im
en

tin
 in

te
rm

ed
ia

te
 fi 

la
m

en
ts

; G
FA

P:
 G

lia
l fi

 b
ri

lla
ry

 a
ci

di
c 

pr
ot

ei
n;

 F
50

8d
el

 C
FT

: 
de

le
tio

n 
F5

08
 o

f 
C

FT
 r

es
po

ns
ib

le
 f

or
 m

os
t 

cy
st

ic
 fi

 b
ro

si
s 

pa
th

ol
og

ie
s;

 C
D

10
: 

10
0 

kD
a 

tr
an

sm
em

br
an

e 
m

et
al

lo
-e

nd
op

ep
tid

as
e;

 V
E

G
F:

 v
as

cu
la

r 
en

do
th

el
ia

l 
gr

ow
th

 f
ac

to
r;

 F
G

F-
2:

 F
ib

ro
bl

as
t 

gr
ow

th
 f

ac
to

r 
2;

 N
G

F-
be

ta
: 

N
er

ve
 g

ro
w

th
 f

ac
to

r 
be

ta
; 

H
er

2:
 H

um
an

 E
pi

de
rm

al
 G

ro
w

th
 F

ac
to

r 
R

ec
ep

to
r-

2;
 A

R
: 

an
dr

og
en

 
re

ce
pt

or
; E

R
β:

 e
st

ro
ge

n 
re

ce
pt

or
 β;

 H
ic

-5
 (

A
R

A
55

):
 a

nd
ro

ge
n 

re
ce

pt
or

 a
ss

oc
ia

te
d 

pr
ot

ei
n 

55
, a

 f
oc

al
 a

dh
es

io
n 

pr
ot

ei
n 

an
d 

st
er

oi
d 

re
ce

pt
or

 c
o-

ac
tiv

at
or

; T
R

P:
 

tr
an

si
en

t 
re

ce
pt

or
 p

ot
en

tia
l 

ch
an

ne
ls

; 
X

PO
R

T
: 

ex
it 

pr
ot

ei
n 

of
 T

R
P 

an
d 

R
h1

; 
R

h1
: 

rh
od

op
si

n;
 H

D
A

C
6:

 h
is

to
ne

 d
ea

ce
ty

la
se

 6
; 

K
D

A
C

8:
 l

ys
in

e 
de

ac
et

yl
as

e 
8;

 
T

R
A

F6
: t

um
or

 n
ec

ro
si

s 
fa

ct
or

 re
ce

pt
or

-a
ss

oc
ia

te
d 

fa
ct

or
 6

; D
A

X
X

: d
ea

th
 d

om
ai

n-
as

so
ci

at
ed

 p
ro

te
in

 6
; p

90
rs

k:
 p

90
 ri

bo
so

m
al

 S
6 

ki
na

se
; I

F:
 in

te
rm

ed
ia

te
 fi 

la
m

en
ts

; 
(c

on
tin

ue
d)

2 Small Hsps Interactomes and Pathologies



46

Fa
ct

or
 X

II
I:

 tr
an

sg
lu

ta
m

in
as

e,
 p

la
te

le
t F

ac
to

r X
II

I;
 P

hK
: r

ab
bi

t s
ke

le
ta

l m
us

cl
e 

ph
os

ph
or

yl
as

e 
ki

na
se

; M
K

2:
 M

A
PK

-a
ct

iv
at

ed
 p

ro
te

in
 k

in
as

e-
2;

 P
38

: P
38

 M
A

P 
K

in
as

e;
 P

K
C

Δ:
 p

ro
te

in
 k

in
as

e 
C

Δ;
 A

kt
: a

ls
o 

kn
ow

n 
as

 p
ro

te
in

 k
in

as
e 

B
 (

PK
B

);
 T

A
K

1:
 T

G
F-

β a
ct

iv
at

ed
 k

in
as

e 
1;

 p
27

ki
p1

: c
yc

lin
-d

ep
en

de
nt

 k
in

as
e 

in
hi

bi
to

r 
p2

7k
ip

1;
 D

M
PK

: m
yo

to
ni

c 
dy

st
ro

ph
y 

pr
ot

ei
n 

ki
na

se
; P

T
E

N
: p

ho
sp

ha
ta

se
 a

nd
 T

E
N

si
n 

ho
m

ol
og

; P
E

A
-1

5:
 a

st
ro

cy
tic

 p
ho

sp
ho

pr
ot

ei
n 

PE
A

-1
5;

 H
D

M
2:

 h
um

an
 

do
ub

le
 m

in
ut

e 
2;

 B
ax

: 
B

cl
-2

-a
ss

oc
ia

te
d 

X
 p

ro
te

in
; 

B
ag

3:
 B

cl
-2

 a
ss

oc
ia

te
d 

at
ha

no
ge

ne
 3

; 
C

IA
PI

N
1:

 A
na

m
or

si
n,

 a
 c

yt
ok

in
e-

in
du

ce
d 

in
hi

bi
to

r 
of

 a
po

pt
os

is
; 

A
SK

1:
 A

po
pt

os
is

 s
ig

na
lin

g 
ki

na
se

 1
; U

bc
6:

 u
bi

qu
iti

n 
co

nj
ug

at
in

g 
en

zy
m

e 
E

2 
6;

 U
bc

9:
 S

U
M

O
 c

on
ju

ga
tin

g 
en

zy
m

e 
E

2 
9;

 G
FA

P:
 g

lia
l fi

 b
ri

lla
ry

 a
ci

di
c 

pr
ot

ei
n;

 
G

A
TA

-1
: 

gl
ob

in
 t

ra
ns

cr
ip

tio
n 

fa
ct

or
 1

; 
H

SF
-1

: 
he

at
 s

ho
ck

 f
ac

to
r 

1;
 N

F-
κB

: 
nu

cl
ea

r 
fa

ct
or

 k
ap

pa
B

; 
IK

K
α 

an
d 

 I
K

K
β:

 Ι 
ka

pp
a 

Β 
ki

na
se

 a
lp

ha
 a

nd
 b

et
a;

 S
A

P:
 

so
lu

bl
e 

am
eb

ic
 p

ro
te

in
s 

th
at

 s
up

pr
es

s 
N

F-
κB

 a
ct

iv
at

io
n 

th
ro

ug
h 

th
e 

bi
nd

in
g 

of
 H

sp
B

1 
to

 I
K

K
α 

an
d 

 I
K

K
β;

 S
TA

T-
2 

an
d 

-3
: s

ig
na

l t
ra

ns
du

ce
r 

an
d 

ac
tiv

at
or

 o
f 

tr
an

sc
ri

pt
io

n 
2 

an
d 

3;
 F

bx
4:

 F
bo

x 
on

ly
 p

ro
te

in
 4

; e
IF

4E
, e

uk
ar

yo
tic

 tr
an

sl
at

io
n 

in
iti

at
io

n 
fa

ct
or

 4
E

; e
IF

4G
: e

uk
ar

yo
tic

 tr
an

sl
at

io
n 

in
iti

at
io

n 
fa

ct
or

 4
G

; S
m

ad
-

Sm
ur

f2
: 

Sm
ad

 u
bi

qu
iti

na
tio

n 
re

gu
la

to
ry

 f
ac

to
r 

2,
 E

3 
ub

iq
ui

tin
 p

ro
te

in
 l

ig
as

e 
2;

 T
IF

1g
am

m
a:

 u
bi

qu
iti

ou
s 

nu
cl

ea
r 

pr
ot

ei
n 

T
ra

ns
cr

ip
tio

na
l 

In
te

rm
ed

ia
ry

 F
ac

to
r 

1g
am

m
a;

 S
na

il:
 z

in
c 

fi n
ge

r p
ro

te
in

 th
at

 b
in

ds
 a

nd
 in

hi
bi

ts
 E

-c
ad

he
ri

n 
pr

om
ot

er
 to

 in
du

ce
 E

M
T

 (E
pi

th
el

ia
l-

to
-M

es
en

ch
ym

al
 T

ra
ns

iti
on

);
 S

C
35

: s
er

in
e/

ar
gi

ni
ne

-
ri

ch
 s

pl
ic

in
g 

fa
ct

or
 2

; 
PA

SS
1:

 p
ro

te
in

 a
ss

oc
ia

te
d 

w
ith

 s
m

al
l 

st
re

ss
 p

ro
te

in
s 

1;
 D

dx
20

: 
D

E
A

D
 b

ox
 p

ro
te

in
 D

dx
20

 (
ge

m
in

3,
 D

P1
03

);
 D

ST
N

: 
D

es
tr

in
 o

r 
ac

tin
 

de
po

ly
m

er
iz

in
g 

fa
ct

or
 o

r A
D

F;
 G

6P
D

H
: g

lu
co

se
 6

-p
ho

sp
ha

te
 d

eh
yd

ro
ge

na
se

; p
66

Sh
c:

 6
6 

kD
a 

is
of

or
m

 o
f S

hc
A

 (S
rc

 h
om

ol
og

y 
2 

do
m

ai
n 

co
nt

ai
ni

ng
 tr

an
sf

or
m

-
in

g 
pr

ot
ei

n 
2)

; S
A

M
68

: c
-S

rc
 k

in
as

e 
du

ri
ng

 m
ito

si
s.

 M
A

Ps
: M

ic
ro

tu
bu

le
-a

ss
oc

ia
te

d 
pr

ot
ei

ns
; G

R
IF

IN
: g

al
ec

tin
-r

el
at

ed
 in

te
rfi

 b
er

 p
ro

te
in

; S
M

N
: s

ur
vi

va
l m

ot
or

 
ne

ur
on

 p
ro

te
in

; 
SO

D
1:

 C
u/

Z
n-

su
pe

ro
xi

de
 d

is
m

ut
as

e;
 U

D
G

: 
ur

ac
il 

D
N

A
 g

ly
co

sy
la

se
; 

H
A

P1
: 

hu
m

an
 A

P 
en

do
nu

cl
ea

se
; T

C
T

E
L

1:
 a

 l
ig

ht
 c

ha
in

 c
om

po
ne

nt
 o

f 
cy

to
pl

as
m

ic
 a

nd
 fl

 a
ge

lla
r 

dy
ne

in
; 

E
FT

U
D

2:
 U

5-
11

6K
D

, S
nu

11
4,

 S
nr

p1
16

, e
lo

ng
at

io
n 

fa
ct

or
 T

u 
G

T
P-

bi
nd

in
g 

do
m

ai
n-

co
nt

ai
ni

ng
 p

ro
te

in
 2

; 
PR

K
D

1:
 S

er
in

e/
th

re
on

in
e-

pr
ot

ei
n 

ki
na

se
 D

1;
 P

PM
1A

: 
pr

ot
ei

n 
ph

os
ph

at
as

e 
1A

 (
fo

rm
er

ly
 2

C
),

 m
ag

ne
si

um
-d

ep
en

de
nt

, 
al

ph
a 

is
of

or
m

; 
E

C
s:

 e
nd

ot
he

lia
l 

ce
lls

; 
M

IP
26

/A
Q

P0
: 

m
aj

or
 le

ns
 fi 

be
r 

m
em

br
an

e 
pr

ot
ei

n;
 R

PE
: r

et
in

al
 p

ig
m

en
t e

pi
th

el
ia

l c
el

ls
  

Ta
bl

e 
2.

2 
(c

on
tin

ue
d)

A.-P. Arrigo et al.



47

2.1.2         Enormous Cellular Implications Associated 
with Constitutively Expressed Small Hsps 

 Mammalian small Hsps are expressed in the absence of apparent stress in specifi c tis-
sues of developing and adult organisms as well as in pathological conditions (Arrigo 
 2012b ; Bhat and Nagineni  1989 ; Gernold et al.  1993 ; Huang et al.  2007 ; Klemenz 
et al.  1993 ; Mymrikov et al.  2011 ; Quraishe et al.  2008 ; Srinivasan et al.  1992 ; 
Tanguay et al.  1993 ). For example, HspB1 and HspB6 are highly abundant in mus-
cles. However, the overall tissue distribution of these two proteins is different since 
HspB6 is specifi c to muscles (Seit-Nebi and Gusev  2010 ) while HspB1 is expressed 
in almost all tissues. Similarly, HspB5, which forms with HspB4 the lens alpha-crys-
tallin complex is also expressed in the heart, skeletal muscle fi bers, brain and kidney 
while HspB4 is also present in pancreas. In contrast, HspB9 and HspB10 are restricted 
to testis expression (de Wit et al.  2004 ; Yang et al.  2012 ). Other important points con-
cern the expression of these proteins in pathological conditions as well as the drastic 
effects (neuropathies, myopathies, cardiomyopathies, cataracts) induced by some of 
their mutations (i.e. mutations in HspB1, HspB3, HspB4, HspB5, HspB6 and HspB8) 
(Benndorf et al.  2014 ; Kwok et al.  2011 ; Mymrikov et al.  2011 ; Vicart et al.  1998 ). So, 
what is the function of these Hsps in specifi c tissues? (see Sect.  2.1.2.1 ). 

2.1.2.1      Small Hsps Client Concept 

 The recent literature is quite abundant in descriptions of new functions associated 
with constitutively expressed small Hsps. Moreover, each small Hsp appears to have 
its own panel of activities (Fig.  2.1 ). An intriguing point is the unrelated nature of 
those activities distributed in almost all essential cellular pathways or activities, from 
cytoskeleton homeostasis to signal transduction pathways, gene expression and cell 
death (see Fig.  2.1 ). To understand why so many activities are associated with small 
Hsps, we must fi rst explain their particular structural organization. Indeed, these pro-
teins share, as a result of their crystallin homology, complex oligomeric structures 
that allow for the formation of dynamic homo and hetero- oligomeric structures (from 
50 to >700 kDa, depending on the small Hsps) (Arrigo  2007a ;  2011 , Arrigo et al. 
 1988 ; Basha et al.  2011 ; Garrido  2002 ; Simon et al.  2013 ). Moreover, phosphoryla-
tion plays a key role in the case of HspB1, HspB5 and HspB4. These Hsps bear sev-
eral serine sites phosphorylated by specifi c kinases, including stress and MAP 
kinases. Another key parameter is the cellular environment that modulates, in a 
dynamic and reversible way, the oligomeric organization and phosphorylation of 
some of these proteins, such as HspB1 (Arrigo et al.  1988 ; Arrigo  2000 ,  2007b ,  2011 ; 
Arrigo and Gibert  2012 ; Bruey et al.  2000b ; Mehlen and Arrigo  1994 ; Mehlen et al. 
 1997a ; Paul et al.  2010 ). This suggests an intracellular sensor activity associated 
with small Hsps that can record changes in cellular environment. For example, 
HspB1 reorganizes differently its phosphorylation and oligomerization status in cells 
exposed to different apoptotic inducers (Paul et al.  2010 ). What could this mean? 
Since HspB1 is an anti-apoptotic protein its structural changes could instruct the cell 
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to choose the best strategy to counteract the effects of a particular apoptotic inducer. 
How can this be done? Do small Hsps have multiple enzymatic activities because of 
their complex oligomeric organization, and are they thus pleotropic polypeptides, or 
are they acting via chaperone-like activities towards other polypeptides? Recently 
published reports revealed that the novel activities of small Hsps often correlate with 
their ability to interact with different polypeptides. Hence, could the apparent pleo-
tropic effects of small Hsps be indirect and, as previously described for Hsp90 

  Fig. 2.1    Large spectrum of cellular activities associated with mammalian small Hsps. The func-
tional activities of the different members of the small Hsps family are presented in a cartoon where 
each Hsp is characterized by a specifi c color       
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(Georgakis and Younes  2005 ; Neckers et al.  1999 ), result from the modulation of the 
activity and/or half-life of many clients? (list of Hsp90 clients:   http://www.picard.ch/
downloads    ). To clarify this point, we analyzed three polypeptides pro-caspase-3, 
HDAC6 and STAT-2 interacting with HspB1 in HeLa cells and discovered that their 
half-life was greatly enhanced by interacting with HspB1 (Gibert et al.  2012a ), which 
confi rmed that, in the same cell, HspB1 can recognize different protein clients. The 
updated list of the major proteins interacting with mammalian small Hsps and the 
cellular consequences mediated by these interactions is presented in Table  2.2 , see 
also (Arrigo  2013 ; Arrigo and Gibert  2012 ,  2013 ; Ciocca et al  2013 ). Clients are 
listed according to their activity in major cellular functions, such as transduction 
pathways, apoptosis, protein degradation, translation, transcription, cytoskeletal 
organization and homeostasis or cell adhesion. When available, information is 
given about the structural organization of small Hsps or their corresponding clients 
involved in the interactions. The little information already available confi rms the 
important role played by the oligomerization and phosphorylation patterns of small 
Hsps. Several consequences can result from small Hsps/clients interactions, such as 
modulation of half-life, enzymatic activity, structural organization or modifi cation of 
the client. For example, some clients interact with HspB1 to increase their half-life 
and thus avoid their rapid proteolytic degradation (Her2 oncogene, pro-caspase 3, 
HDM2, the histone deacetylase HDAC6, Androgen Receptor AR and the transcrip-
tion factors STAT-2 and STAT-3) while the opposite effect occurs for the rapidly 
degraded PTEN polypeptide when it is bound to HspB1. The transcription factor 
HSF1 is sumoylated as a result of its interaction with HspB1 coupled to the Ubc-9 
like sumoylating enzyme UBE21. Moreover, some cellular effects mediated by small 
Hsps are well known but the targeted proteins are still not defi ned. One striking exam-
ple is the modulation of the TAK-1 infl ammation pathway by HspB8 (see Table  2.2 ).  

 Two major questions arise from these observations: (i) what are the cellular 
consequences induced by the interaction of small Hsps to so many protein targets 
and (ii) how do small Hsps recognize client protein targets?

    (i)    Concerning the fi rst question one can easily conclude by analyzing Table  2.2  that 
small Hsps modulate the maturation and activity of a wide range of client pro-
teins including regulators of the life and death of the cell and signal transducer 
polypeptides, such as kinases and transcription factors. Therefore, by regulating 
a large repertoire of cellular functions small Hsps have a huge importance on 
normal biology, disease and evolutionary processes. Hence, as does Hsp90 
(McClellan et al.  2007 ; Moulick et al.  2011 ; Taipale et al.  2010 ), these Hsps 
appear as global regulators of cell systems through their chaperone/client interac-
tome systems. However, it is diffi cult to obtain a realistic view of the global cel-
lular consequences generated by small Hsps interactomes. To meet this challenge 
we have performed protein interaction networks analysis using the geneMANIA 
software and database (Warde-Farley et al.  2010 ) (  http://www.genemania.org/    ). 
This web interface shows the relationships between gene products and predicts 
their functional association in biological processes, pathways or diseases. Such 
data can help elucidate cellular pathways, create functional links between gene 
products and diseases, and can enable  investigators to extract signifi cantly more 
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information about the cellular impact generated by the expression of small Hsps 
than by relying solely on primary literature (Table  2.2 ). However, care must be 
taken when using these data since some interactions are only predicted. An exam-
ple presented in Fig.  2.2  illustrates the proteins interacting with HspB1, HspB5, 
HspB6 and HspB8. Only 100 proteins interacting with the four Hsps are ana-
lyzed, so some clients mentioned in Table  2.2  are not listed while new ones are 
mentioned. Nevertheless, this analysis further confi rms that small Hsps interact 
with a wide spectrum of polypeptides and consequently modulate many different 
cellular pathways, as for example those dealing with protein kinases, gene 
expression, cell adhesion and migration, cell death, catabolic processes, responses 
to stimulation,  confi rming their broad implications in cell biology.    

  Fig. 2.2    Human HspB1, HspB5, HspB6 and HspB8 protein interactomes and predictomes as 
proposed by GeneMANIA software and database including BioGRID and PathwayCommons. 
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Fig. 2.2 (continued) Analyzed Hsps are indicated in  black  while interacting proteins are in  grey . 
Physical interactions ( red lines ) and predicted ( orange lines ) ones were analyzed. The software 
was set to analyze up to hundred gene products and at most hundred related attributes. Automatically 
selected weighting method. Predicted interactions could be for instance, two proteins known to 
interact in another organism, such as S. cerevisiae. Abbreviations:  CRYAB  HspB5,  CRYAA  HspB4, 
 HSPA8  heat shock 70 kDa protein 8,  HSPH1  heat shock 105 kDa/110 kDa protein 1,  DNAJB1  
DnaJ (Hsp40) homolog, subfamily B, member 1,  CRYGC  crystallin, gamma C,  CRYBB2  crystallin, 
beta B2,  CRYZ  crystallin, zeta (quinone reductase),  F13A1  coagulation factor XIII, A1 polypep-
tide,  BAG3  BCL2- associated athanogene 3,  CS  citrate synthase,  POP7  processing of precursor 7, 
ribonuclease P/MRP subunit (S. cerevisiae),  STAT-3  signal transducer and activator of transcrip-
tion 3 (acute-phase response factor),  SPARCL1  SPARC-like 1 (hevin),  RAD51  RAD51 homolog 
(S. cerevisiae),  SPARC  secreted protein, acidic, cysteine-rich (osteonectin),  USP38  ubiquitin spe-
cifi c peptidase 38,  BCL2L1  BCL2-like 1,  MAPKAPK5  mitogen-activated protein kinase-activated 
protein kinase 5,  CRYBA1  crystallin, beta A1,  TAGLN3  transgelin 3,  CASP3  caspase 3, apoptosis-
related cysteine peptidase,  BMPR2  bone morphogenetic protein receptor, type II (serine/threonine 
kinase),  CYCS  cytochrome c, somatic,  MAPKAPK2  mitogen-activated protein kinase-activated 
protein kinase 2,  TGFB1I1  transforming growth factor beta 1 induced transcript 1,  YWHAG  tyro-
sine 3- monooxygenase/tryptophan 5-monooxygenase activation protein, gamma polypeptide, 
 PSMA3  proteasome subunit, alpha type, 3,  MAPKAPK3  mitogen-activated protein kinase-acti-
vated protein kinase 3,  POLR2D  polymerase (RNA) II (DNA directed) polypeptide D,  TAGLN2  
transgelin 2,  PLCG2  phospholipase C, gamma 2 (phosphatidylinositol-specifi c),  PYROXD1  pyri-
dine nucleotide- disulphide oxidoreductase domain 1,  TGM1  transglutaminase 1 (K polypeptide 
epidermal type I, protein-glutamine-gamma-glutamyltransferase),  USP1  ubiquitin specifi c pepti-
dase 1,  EIF4G1  eukaryotic translation initiation factor 4 gamma, 1,  HNRNPD  heterogeneous 
nuclear ribonucleoprotein D (AU-rich element RNA binding protein 1, 37 kDa),  PRKCE  protein 
kinase C, epsilon,  HSPG2  heparan sulfate proteoglycan 2,  PRKAA1  protein kinase, AMP-activated, 
alpha 1 catalytic subunit,  DMWD  dystrophia myotonica, WD repeat containing,  PRKD1  protein 
kinase D1,  ILK  integrin-linked kinase;  MAGED1  melanoma antigen family D, 1,  SAP18  Sin3A-
associated protein, 18 kDa,  GIT1  G protein-coupled receptor kinase interacting ArfGAP 1,  MAPK3  
mitogen-activated protein kinase 3,  MAGEA6  melanoma antigen family A, 6,  BRF2  BRF2, subunit 
of RNA polymerase III transcription initiation factor, BRF1-like,  CCNK  cyclin K,  IGSF21  immu-
noglobin superfamily, member 21,  MME  membrane metallo-endopeptidase,  PSMD4  proteasome 
26S subunit, non-ATPase, 4,  PSMD6  proteasome 26S subunit, non-ATPase, 6,  TTN  titin,  CIAO1  
cytosolic iron-sulfur protein assembly 1,  DAXX  death-domain associated protein,  EPB41  erythro-
cyte membrane protein band 4.1 (elliptocytosis 1, RH-linked),  PPA1  pyrophosphatase (inorganic) 
1,  ACTC1  actin, alpha, cardiac muscle 1.  AKT1  v-akt murine thymoma viral oncogene homolog 1, 
 KCNMA1  potassium large conductance calcium-activated channel, subfamily M, alpha member 1, 
 LNX1  ligand of numb-protein X,  MED31  mediator complex subunit 31,  C7orf64  chromosome 7 
open reading frame 64,  NFKBIA  nuclear factor of kappa light polypeptide gene enhancer in B-cells 
inhibitor, alpha,  SLC2A4  solute carrier family 2 (facilitated glucose transporter) member 4,  TP53  
tumor protein p53,  TSC22D1  TSC22 domain family, member 1,  ALDH18A1  aldehyde dehydroge-
nase 18 family, member A1,  AMOT  angiomotin,  APP  amyloid beta (A4) precursor protein,  BAG1  
BCL2-associated athanogene,  BBC3  BCL2 binding component 3,  BCL2L11  BCL2-like 11 (apop-
tosis facilitator),  BRCA2  breast cancer 2, early onset,  COL15A1  collagen, type XV, alpha 1, 
 COL3A1  collagen, type III, alpha 1,  CSNK1D  casein kinase 1, delta,  CSNK1E  casein kinase 1,epsi-
lon,  CSNK2A1  casein kinase 2, alpha 1 polypeptide,  CST3  cystatin C,  F13B  coagulation factor 
XIII, B polypeptide,  FIGN  fi dgetin,  HDAC1  histone deacetylase 1,  LALBA  alpha-lactalbumin, 
 LRIF1  ligand dependent nuclear receptor interacting factor 1,  MDH2  malate dehydrogenase 2, 
NAD (mitochondrial),  MIP  major intrinsic protein of lens fi ber,  MND1  meiotic nuclear divisions 1 
homolog (S. cerevisiae),  PIAS3  protein inhibitor of activated STAT-3,  PRKCA  protein kinase C, 
alpha RAD51AP1: RAD51 associated protein 1,  RPP25  ribonuclease P/MRP 25 kDa subunit, 
 SLX4  SLX4 structure-specifi c endonuclease subunit homolog (S. cerevisiae),  SRRM2  serine/argi-
nine repetitive matrix 2,  VEGFA  vascular endothelial growth factor A       
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   (ii)    As for the second question, we believe that small Hsps act as does Hsp90 to 
recognize clients by taking advantage of a variety of conformational states to 
interact with co-chaperones and clients (Hessling et al.  2009 ; Mickler et al. 
 2009 ). Compared to other mammalian small Hsps, HspB1 has the most 
dynamic phospho-oligomeric organization, a property that could explain its 
ability to recognize a large number of protein clients probably through the 
rapid  generation of interacting platforms (Arrigo and Gibert  2012 ,  2013 ; 
Ciocca et al.  2013 ; Gibert et al.  2011 ,  2012a ; Paul et al.  2010 ). Consequently, 
HspB1 dynamic interactome may allow cells to respond quickly and mount 
the most effective response to a particular condition. However, an unan-
swered question is how small Hsps generate specifi c interacting platforms to 
act on client repertoire. At least in the case of HspB1, the phenomenon may 
depend on the complex patterns of MAPKAPK2,3-dependent phosphoryla-
tion of three serines sites located in the N-terminal domain of HspB1 (Arrigo 
and Gibert  2012 ,  2013 ; Paul et al.  2010 ; Rouse et al.  1994 ; Simon et al.  2013 ; 
Stokoe et al.  1992 ). Our recent observations favor this hypothesis since in 
growing HeLa cells pro-caspase- 3 interacts mainly with the serine 15 phos-
phorylated small oligomers of HspB1 while HDAC6 is recovered at the level 
of the large serine 82 phosphorylated oligomers. In contrast, STAT-2 binds to 
the medium and large sized HspB1 oligomers (Arrigo and Gibert  2013 ; 
Gibert et al.  2012a ). Thus, in growing HeLa cells, the specifi c phospho-oligo-
meric organization of HspB1 consists of signaling structures that recognize 
and bind at least three different polypeptides and subsequently modulate 
their half-life. This observation confi rms the hypothesis that the dynamic 
structural plasticity of small Hsps structure can lead to at least 300 different 
stoichiometries that favor the recognition of many particular target proteins 
(Stengel et al.  2010 ).     

 An increased complexity arises by taking into account another fundamental 
property of small Hsps. Once they are expressed in the same cells, they have the 
ability to interact with each other and form multiple combinatorial oligomeric struc-
tures (Table  2.3 , see also Arrigo  2013 ; Bukach et al.  2009 ;  den Engelsman et al. 
 2009  #3479; Saha and Das  2004 ; Simon et al.  2007 ; Zantema et al.  1992 ). Since 
interaction between two small Hsps mutually affects the structure and chaperone 
activity of both partners (Aquilina et al.  2013 ; Bukach et al.  2009 ; den Engelsman 
et al.  2009 ; Gibert et al.  2013 ; Mymrikov et al.  2012 ; Simon et al.  2013 ; Skouri-
Panet et al.  2012 ), it cannot be excluded that the chimeric oligomers can recognize 
novel client proteins and/or are unable to bind those interacting with parental small 
Hsps. Moreover, not all sHsps interact equally effi ciently with each other in vitro 
(Mymrikov et al.  2012 ). In that respect, the molecular ratio between small Hsp part-
ners is often different (e.g. 3:1 in the case of HspB4:HspB5 and HspB2:HspB3 
complexes). In vivo, the phenomenon is probably even more complex since modifi -
cations, such as phosphorylation, which depend on the type of cell considered and 
its physiology are of prime importance (Paul et al.  2010 ; Simon et al.  2013 ). For 
example, in cells expressing an equimolar ratio of HspB1 and HspB5, only 90 % of 
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HspB1 forms chimeric molecules with HspB5. This enhances the phosphorylation 
of the remaining 10 % of non interacting HspB1 which can now recognize a new 
client, G6PDH, and can stimulate its detoxicant enzymatic activity (Table  2.4 ) 
(Arrigo  2013 ). Unfortunately, no clear data are yet available concerning the protein 
targets recognized by chimeric small Hsps (Table  2.4 ), as for example in the case of 
HspB2:HspB3 complex involved in the development of muscle cells. Similarly, it is 
not known whether Bag3, which interacts with HspB8 and HspB6, can bind to 
HspB8:HspB6 complex to modulate autophagy. Another important consequence of 
the above mentioned property of small Hsps is the dominant effect of a mutated 
small Hsp that can dramatically spread between other interacting members of the 
family (Diaz-Latoud et al.  2005 ; Fontaine et al.  2006 ; Simon et al.  2013 ). These 
pathological interactions can also lead to the accumulation of cytoplasmic protein 
aggregates linked to diseases.

2.2           Examples Illustrating the Broad Spectrum of Positive or 
Negative Roles of Small Hsps in Human Pathologies 

 Nowadays, the medical literature is fi lled with reports explaining that the level of 
expression of small Hsps is highly modulated, as they are often upregulated in path-
ological conditions such as protein conformational disorders (neurodegenerative 
diseases, myopathies, cataracts), infl ammatory diseases and cancers. Many func-
tions were attributed to HspB1 and HspB5 and, probably due to their more recent 
discovery, less frequently to the other small Hsps. As mentioned above, these 

    Table 2.4    HspB chimeric hetero-oligomeric complexes: biological consequences and targeted 
polypeptides   

 Client 
 HspB 
complex 

 Resulting 
effects 

 Interacting 
structure/sequence 

 Observations 
made 

 References  In cells  In vitro 

 ?  HspB2/
HspB3 

 Muscle 
development 

 ?  X  –  den Engelsman 
et al. ( 2009 ) and 
Sugiyama et al. 
( 2000 ) 

 Bag3  HspB8/
HspB6 

 Chaperone 
Bag3 
activity 

 β4, β8 hydrophobic 
grooves (HspB8/B6) 

 X  X  Carra et al. 
( 2008b ) and 
Fuchs et al. 
( 2010 ) 

 IPV (Ile-Pro-Val) 
motifs (Bag3) 

 G6PDH  HspB1/
HspB5 

 Stimulation 
of activity 

 Interaction with 
hyperphosphorylated 

 X  –  Arrigo ( 2013 ) 

 HspB1, no 
interaction with 
HspB5 

  Listed here are the clients that interact with small Hsps consequently of the formation of hetero- 
oligomeric Hsps complexes  
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proteins probably act by interacting with pathology specifi c clients. Based on earlier 
observations, we proposed that the upregulation of these proteins had a negative 
effect (for the patient) in cancer pathologies while it was positive in the case of 
degenerative diseases (Arrigo and Simon  2010 ; Arrigo  2005 ; Arrigo et al.  2007 ). 
The most recent studies have complicated this hypothesis since, as described below 
(Sect.  2.2.3 ), one small Hsp can be benefi cial in one type of cancer and harmful in 
another. In fact, from a patient point of view, the major effects mediated by these 
interactions will depend on the friendly or hostile nature of the interacting clients. 
Thus, more work is needed to increase our knowledge of the pathology-dependent 
clients that interact with small Hsps, and future therapeutic interventions will have 
to be carefully planned to avoid dramatic off-target effects for patients. 

2.2.1     Degenerative Diseases 

2.2.1.1     Protective Role of Small Hsps 

 Elevated levels of Hsps, such as HspB1, HspB5 and high molecular weight Hsps, 
are observed in cells with altered protein folding homeostasis as a result of the 
expression of proteins prone to aggregate or fi brillate (see Table  2.1 ). Hence, high 
levels of these Hsps are observed in cortical Lewy bodies, Alzheimer’s disease 
plaques containing β-amyloid peptide, granules of neurones expressing polyQ 
mutants of Huntingtin polypeptide, Rosenthal fi bers of Alexander disease, 
Creutzfeldt-Jakob altered neurons, neurofi brillary tangles, α-synuclein deposit 
associated with Parkinson’s disease, SOD1 aggregates in amyotrophic lateral scle-
rosis, myopathy-associated inclusion body such as muscle cells expressing mutated 
desmin as well as in neurones from cerebral ischemia or heart cells altered by myo-
cardial infarction or atrial fi brillation (Bruinsma et al.  2011 ; Brundel et al.  2008 ; 
Goldfarb et al.  2004 ; Muchowski  2002 ; Muchowski and Wacker  2005 ; Renkawek 
et al.  1994 ; Wyttenbach  2004 ; Yerbury et al.  2012 ). In these cells, HspB1 and HspB5 
trigger a benefi cial protection by reducing the formation of pathological protein 
aggregates (Eaton et al.  2000 ; Efthymiou et al.  2004 ; Latchman  2005 ; Lewis et al. 
 1999 ). Protective activity has recently been reported for other small Hsps, such as 
HspB2, HspB3, HspB6, HspB7, HspB8 (Bruinsma et al.  2011 ; Brundel et al.  2008 ; 
Carra et al.  2005 ,  2008a ; Ke et al.  2011 ; Vos et al.  2010 ). However, these Hsps are 
effective in their own way in counteracting protein aggregation or fi brillation. For 
example HspB7, which, unlike HspB1, does not improve the refolding of heat- 
denatured polypeptides, is nevertheless the most effi cient small Hsp in suppressing 
polyQ aggregation and polyQ-induced cellular toxicity (Vos et al.  2010 ). Taken 
together these observations lead to the conclusion that small Hsps are benefi cial 
proteins that interfere with pathological processes leading to neurodegenerative, 
myopathic, cardiomyopathic, cataract and retinal diseases (Andley  2007 ; Firdaus 
et al.  2006a ; Lee et al.  2006 ; Outeiro et al.  2006 ; Perrin et al.  2007 ; Wilhelmus et al. 
 2006a ,  b ; Wyttenbach et al.  2002 ). This conclusion was further supported by 
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mutations which inhibit the chaperone activity of HspB1, HspB3, HspB4, HspB5, 
HspB6 and HspB8 and provoke pathological diseases, such as amyotrophic lateral 
sclerosis (ALS), axonal Charcot-Marie-Tooth disease, inherited peripheral and 
motor neuropathies, myofi brillar myopathies, cardiomyopathies and cataracts 
(Ackerley et al.  2005 ; Benndorf et al.  2014 ; Bova et al.  1999 ; Datskevich et al. 
 2012 ; Dierick et al.  2007 ; Elicker and Hutson  2007 ; Evgrafov et al.  2004 ; Kijima 
et al.  2005 ; Vicart et al.  1998 ). However, depending on the clients that are recog-
nized by these Hsps, the consequences of their mutations will vary, with HspB1, 
HspB3, and HspB8 causing motor neuropathies, while HspB5 induces particular 
myopathies called αB-crystallinopathies (Benndorf et al.  2014 ).  

2.2.1.2     Oxidative Stress Generated by Aggregated Polypeptides 

 In addition to their anti-aggregation and fi brillation properties the fact that at least 
HspB1 and HspB5 can act as anti-oxidant molecules (Arrigo  1998 ,  2013 ; Arrigo 
et al.  2005 ; Chen et al.  2006 ; Firdaus et al.  2006a ,  b ; Mehlen et al.  1996a ; Wyttenbach 
et al.  2002 ) is of prime importance as it can counteracts some of the harmful effects 
induced by aggregated polypeptides. Indeed, a disregulated intracellular redox lead-
ing to permanent oxidative conditions is a common feature observed in many degen-
erative diseases and in cells bearing aggregated polypeptides (Bharath et al.  2002 ; 
Browne et al.  1999 ; Choi et al.  2005 ; Firdaus et al.  2006b ; Fox et al.  2007 ; Halliwell 
 2001 ; Jenner and Olanow  1996 ; Tabner et al.  2001 ; Turnbull et al.  2003 ). This phe-
nomenon is a consequence of Huntingtin, β-amyloid and α-synuclein being metal 
homeostasis modulating or direct iron/copper binding polypeptides (Hilditch- 
Maguire et al.  2000 ; Huang et al.  2004 ). Hydroxyl radical over-production through 
the metal-mediated alteration of the hydroxyl radical generating Fenton reaction is 
thus a common feature of cells containing these aggregated polypeptides (Halliwell 
and Gutteridge  1984 ; Sayre et al.  2000  #1935; Shoham and Youdim  2000 ). Hydroxyl 
radicals stimulate protein aggregation and interfere with proteasome function 
(Firdaus et al.  2006a ,  b ; Janue et al.  2007 ; Liu et al.  2006 ; Wyttenbach et al.  2002 ). 
These observations lead to the conclusion that some small Hsps, as HspB5 
(Bjorkdahl et al.  2008 ; Ousman et al.  2007 ), could be considered as therapeutic 
agents to treat degenerative diseases.   

2.2.2     Infl ammation 

 HspB1 is essential for both IL-1 and TNF-induced pro-infl ammatory signaling 
pathways leading to the expression of pro-infl ammatory genes, such as cyclooxy-
genase- 2, IL-6, and IL-8 (Alford et al.  2007 ). Increased cyclooxygenase-2 and IL-6 
expression appears to occur through the stabilisation of their respective mRNAs as 
a result of the enhanced activation of the kinase downstream of p38 MAPK, MK2 
by HspB1. The client(s) targeted by HspB1 to perform this task are still unknown, 
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but may reside at the level or more upstream of the pivotal kinase TAK1. This study 
also shows that in this context many signaling events depend on HspB1, such as 
downstream signalling by p38 MAPK, JNK and their activators (MKK-3, -4, -6, -7) 
and IKKβ. In that respect, it is worth noting that HspB1 can interact with the activat-
ing kinases IKKα and IKKβ of the transcription factor NF-κB (Dodd et al.  2009 ). 
Another role has been proposed for HspB1 through its association with the AUF1- 
and signal transduction-regulated complex, ASTRC, that regulates mRNA degrada-
tion machinery. This could lead to a mechanism that combines proinfl ammatory 
cytokine induction with monocyte adhesion and motility (Sinsimer et al.  2008 ). 
HspB5 also plays several roles in infl ammation. The fi rst one describes HspB5 as a 
new regulator of leukocyte recruitment, through its ability to enhance NF-κB pro- 
infl ammatory signaling pathways and the expression of endothelial adhesion mol-
ecule during endothelial activation (Dieterich et al.  2013 ). No putative client has yet 
been described to support this activity. The second activity concerns a role for 
HspB5 as an extracellular protein (see Sect.  2.2.4 ) and deals with its ability, when 
added to the plasma of patients suffering of multiple sclerosis, rheumatoid arthritis, 
and amyloidosis as well of mice with experimental allergic encephalomyelitis, to 
interact with some relative apparent selectivity with at least 70 different pro- 
infl ammatory mediators (acute phase proteins, members of the complement cas-
cade, and coagulation factors) (Rothbard et al.  2012 ) (see Table  2.2 ). Of great 
interest, the presence of exogenous HspB5 decreased infl ammation as a result of a 
reduced concentration of these mediators. Using a similar approach, another study 
points to the activation of an immune-regulatory macrophage response and inhibi-
tion of lung infl ammation using HspB5-loaded microparticles (van Noort et al. 
 2013 ). These observations, as well as that of Kurnellas et al. ( 2012 ), confi rm that 
exogenous HspB5 could be used as an anti-infl ammation therapeutic agent. HspB1 
and HspB5 also have benefi cial protective roles against infl ammation since their 
anti-oxidant properties may favor their interference with tumor necrosis factor 
(TNFα) signaling pathways, as observed in the case of asthma (Alford et al.  2007 ; 
Kammanadiminti and Chadee  2006 ; Mehlen et al.  1995 ; Merendino et al.  2002 ). 
Taken together, these observations suggest crucial, but different, roles for HspB1 
and HspB5 in infl ammatory processes.  

2.2.3      Cancers 

 Multiple molecular alterations are key characteristics of most cancer cells. However, 
an overall view of the major proteins involved in oncogenic signaling pathways is 
currently beyond reach. In that respect, small Hsps are among the proteins whose 
expression is altered in cancer cells. It is now well recognized that they have key 
roles in cancer biology as a result of their interaction with specifi c clients that mod-
ulate tumor development through their activity at the level of apoptosis, mitotic 
signaling pathways, angiogenesis, cell escape and survival, senescence, epithelial-
to-mesenchymal transition (EMT) and metastasis (Arrigo and Gibert  2014 ). 
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In recent years, the major small Hsps reported to play important roles in cancer 
 pathologies were HspB1 and HspB5 (Arrigo  2007a ; Arrigo and Simon  2010 ; Arrigo 
and Gibert  2014 ; Arrigo et al.  2007 ; Calderwood et al.  2006 ; Ciocca and Calderwood 
 2005 ). Recent observations now include HspB4, HspB6 and HspB8 as well as the 
intriguing dual pro- and anti-tumorigenic properties of some small Hsps. 

2.2.3.1     Pro-tumorigenic Effects of Small Hsps 

 Elevated levels of expression of HspB1 and HspB5 were the fi rst indicators of the 
putative role of small Hsps in some cancer cells. It was fi rst discovered that a high 
level of expression of these proteins protects against apoptotic death (Mehlen et al. 
 1996b ) and is pro-tumorigenic (Garrido et al.  1998 ). Recent studies have analyzed 
their mode of action favoring tumor development. 

   Protection Against Cell Death, Apoptosis 

 Protection against apoptotic cell death by HspB1 was discovered in 1996 (Mehlen 
et al.  1996b ,  1997b ; Samali and Cotter  1996 ). This property suggested that the high 
level of expression of HspB1 observed in many cancer cells could promote carcino-
genesis, tumor maintenance and dissemination, an assumption demonstrated two 
years later (Garrido et al.  1998 ). HspB1 anti-apoptotic property is a consequence of 
its interaction with many client proteins in the initiation and execution phases of 
apoptosis (Arrigo  2012a ; Arrigo and Gibert  2014 ; Ciocca et al.  2013 ). In fact, based 
on the signal transduction-dependent dynamic reorganization of its phosphorylation 
and oligomerization status (Paul et al.  2010 ; Rogalla et al.  1999 ), HspB1 can inter-
act with the more appropriate clients to counteract apoptotic processes. This leads to 
the hypothesis that HspB1 has multiple strategies to counteract inducer-specifi c 
intrinsic and extrinsic apoptosis (Arrigo  2011 ; Paul et al.  2010 ). For example, by 
acting towards F-actin and t-Bid translocation, HspB1 reduces cytochrome c (Paul 
et al.  2002 ) and Smac-diablo (Chauhan et al.  2003 ) release from mitochondria. In 
addition, it also decreases apoptosome and caspase-9 activation by a direct interac-
tion with cytosolic cytochrome c (Bruey et al.  2000a ; Garrido et al.  1999 ). A surpris-
ing effect occurs at the level of procaspase-3 whose activation is negatively regulated 
by phosphorylated small oligomers of HspB1 (Arrigo and Gibert  2013 ; Gibert et al. 
 2012a ; Pandey et al.  2000 ). In the meantime, HspB1 increases procaspase- 3 half-
life by down-regulating its degradation by the ubiquitin-proteasome machinery 
(Gibert et al.  2012a ). Among the death receptor pathways that are under the control 
of HspB1 are Fas, TNFα and TRAIL (Mehlen et al.  1995 ,  1996b ; Zhuang et al. 
 2009 ). In the Fas signal transduction mechanism, phosphorylated dimers of HspB1 
abolished the link between activated Fas receptor and apoptotic signaling kinase1 
(Ask1) by interacting with DAXX (Charette et al.  2000 ). The protection against 
TNFα mediated transduction death signal is less well documented. Nevertheless, 
HspB1 may protect cells directly through the classical apoptotic machinery and/or 
its ability to interfere with the oxidative stress generated by this infl ammatory 
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cytokine (Mehlen et al.  1995 ,  1996a ). In contrast (see below section “ Stimulation of 
cell survival  pathways, senescence ”), the inhibitory effect of HspB1 against TRAIL 
induced death does not appear to occur at the level of the apoptotic machinery but 
rather through the stimulation a cell survival mechanism (Qi et al.  2014 ). 

 HspB5 and HspB4 have also been reported as anti-apoptotic proteins (Andley 
et al.  2000 ; Kamradt et al.  2005 ) and several reports mention their action towards 
tumorigenicity (Arrigo  2007a ; Chen et al.  2012 ; Kase et al.  2009 ; Mahon et al. 
 1987 ; Rigas et al.  2009 ). Their anti-apoptotic modes of action differ from that of 
HspB1, however. Indeed, in addition to their action towards caspase-3, these Hsps 
negatively regulate members of the Bcl-2 family, Bcl-X L , Bcl-XS and Bax, as well 
as cytoplasmic p53 by interfering with their redistribution into mitochondria in 
apoptotic conditions (Hu et al.  2012 ; Liu et al.  2007 ; Mao et al.  2004 ). HspB5 was 
also shown to modulate p53 level (Watanabe et al.  2009 ). Moreover, both HspB4 
and HspB5 can prevent apoptosis through interactions with clients involved in regu-
lating signaling Raf/MEK/ERK and PKCαlpha pathways (Liu et al.  2004 ). 
Moreover, HspB5 modulates the activity of XIAP, an endogenous inhibitor of cas-
pases (Lee et al.  2012 ), and inhibits RAS activation responsive to the calcium- 
activated Raf/MEK/ERK signaling pathway mediated p53-dependent apoptosis (Li 
et al.  2005 ). HspB5 expression can also be correlated with pERK1/2 expression 
(van de Schootbrugge et al.  2013b ). However, it is important to note that these par-
ticular properties are usually tissue specifi c; for example, in pancreatic cancer cells 
HspB4 has a surprising opposite effect and acts as a negative regulator of carcino-
genesis (Deng et al.  2010 ) (see below section “ Anti-tumorigenic Effects ”). HspB5 
also protects retinal pigment epithelial cells through its association with HDAC1 on 
SC35 speckles (Noh et al.  2008 ), which suggests that HspB5 knockout could be 
benefi cial to vitreoretinopathy therapy. 

 It is also interesting to note that 14-3-3 polypeptide is a client of phosphorylated 
HspB6. Hence, this Hsp can compete with the large number of regulator proteins 
interacting with 14-3-3 and indirectly modulate many cellular processes, such as those 
involved in actin cytoskeleton reorganization or Bad mediated apoptosis (Chernik 
et al.  2007 ; Seit-Nebi and Gusev  2010 ; Sluchanko et al.  2011 ; Zha et al.  1997 ).  

    Stimulation of Cell Survival Pathways, Senescence 

 HspB1 still appears as being the major small Hsp involved in the stimulation of cell 
survival pathways through its interaction with specifi c clients. Among those path-
ways, the Akt signaling cascade is a major one which includes key factors such as Akt, 
PI3K, PTEN, mitogen-activated protein kinase kinase-3,6, BAD and Forkhead tran-
scription factors. In cancer cells, high expression levels of HspB1 result in its interac-
tion with Akt and PTEN. HspB1 action towards Akt kinase activity and the stimulation 
of the degradation of the phosphatase PTEN stimulate the PI3K/Akt signaling path-
way and thus enhance the survival of these pathological cells (Cayado- Gutierrez et al. 
 2012 ; Rane et al.  2003 ; Wu et al.  2007 ). An interesting survival pathway also modu-
lated by HspB1 is the PEA-15 molecular switch linking cell proliferation to Fas-
induced apoptosis. In that regard, the interaction of HspB1 with PEA-15 inhibits 
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Fas-induced apoptosis and promotes cell survival and proliferation (Hayashi et al. 
 2012 ). Another example concerns the Src-Akt/ERK pro-survival signaling transduc-
tion triggered by TRAIL death receptor. Analysis of the molecular mechanism 
revealed that phosphorylated HspB1 activates the pathway by interacting with Src and 
by scaffolding protein beta-arrestin2 (Qi et al.  2014 ). The signaling complex made of 
phospho-HspB1/beta-arrestin2/Src appears therefore to be responsible for activating 
the TRAIL-triggered Src-Akt/ERK pro-survival pathway. HspB1 also appears to act 
in signaling pathways promoting survival of gliomas, but the molecular mechanism is 
not yet known (Golembieski et al.  2008 ; McClung et al.  2012 ). 

 In addition to improving cell survival, HspB1 has a p53 dependent negative 
action towards the oncogene-induced senescence (OIS) pathway which normally 
blocks cancer progression (O’Callaghan-Sunol et al.  2007 ). Indeed, HspB1 deple-
tion usually induces a senescent-like phenotype in cancer cells. Among the morpho-
logical changes that were observed one can note a drastic reduction in the mitotic 
index through induction of p21waf expression (O’Callaghan-Sunol et al.  2007 ) and 
a particular cellular multi-nucleation which appears to be the result of the degrada-
tion of HDAC6 (Gibert et al.  2012a ), an HspB1 client acting as a powerful contribu-
tor to oncogenic pathways activation (Lee et al.  2008 ). HDAC6 is proteolytically 
stabilized by HspB1 serine 82 phosphorylated oligomers (Arrigo and Gibert  2013 ; 
Gibert et al.  2012a ). Among the other clients and/or pathways effective in support-
ing the negative effect of HspB1 towards senescence are the p53 stabilizator HDM2, 
an ubiquitin ligase (E3) that targets p53 for degradation (O’Callaghan-Sunol et al. 
 2007 ; Yang et al.  2005 ) and the PI3K/AKT induced OIS (Ghosh et al.  2013 ).  

   Cell Escape, Epithelial-to-Mesenchymal Transition (EMT), Metastasis 

 In addition to counteracting cell death and promoting cell survival pathways, HspB1 
and HspB5 have been shown to bear tumorigenic (Garrido et al.  1998 ,  2006 ) and 
pro-metastatic (Bausero et al.  2006 ; Lemieux et al.  1997 ; Nagaraja et al.  2012b ) 
properties. In that regard, several clients interacting with these proteins have been 
identifi ed (Arrigo and Gibert  2014 ) that are particularly active at the level of the 
cytoskeleton and extracellular matrix (Arrigo and Gibert  2013 ; Gibert et al.  2012a ; 
Lavoie et al.  1993 ; Mounier and Arrigo  2002 ; Perng et al.  1999 ; Wettstein et al. 
 2012 ; Xi et al.  2006 ). For example, in cancer cells, HspB1 is necessary for F-actin 
mediated cytokinesis and interferes with the accumulation of giant polynucleated 
cells (Gibert et al.  2012a ). Another important client interacting with both HspB1 
and HspB5 is β-catenin (Fanelli et al.  2008 ; Ghosh et al.  2007c ) and the resulting 
effect is a modulation of cadherin-catenin cell adhesion proteins (Fanelli et al. 
 2008 ). At least in the case of HspB1, the interaction plays a crucial role in promot-
ing tumor growth. Among the other clients of HspB1, one can cite several metallo-
proteinases (Bausero et al.  2006 ; Xu et al.  2006 ) as well as SPARC (secreted protein, 
acidic and rich in cysteine), a polypeptide that plays an important role in cell adhe-
sion and migration (Golembieski et al.  2008 ; McClung et al.  2012 ; Schultz et al. 
 2012 ). In several cancer pathologies, HspB5 also promotes cell migration and 
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invasion. For example, HspB5 induces the EGF- and anchorage-independent growth 
of human breast basal-like tumors through the constitutive activation of the MAPK 
kinase/ERK (MEK/ERK) pathway and transforms immortalized human mammary 
epithelial cells in invasive mammary carcinomas that have the same aspect as basal- 
like breast tumors (Gruvberger-Saal and Parsons  2006 ; Moyano et al.  2006 ). At 
least in the kidney, HspB5 can participate in maintaining tissue integrity by interact-
ing with Ksp-cadherin-16 and promoting its connection to the cytoskeleton 
(Thedieck et al.  2008 ). 

 HspB1 is still the major small Hsp that stimulates metastasis (Bausero et al.  2004 , 
 2006 ; Gibert et al.  2012b ; Nagaraja et al.  2012a ,  b ). Epithelial-to-mesenchymal tran-
sition (EMT) is the major parameter controlling metastasis that appears under the 
control of HspB1 (Shiota et al.  2013 ; Wei et al.  2011 ). Indeed, HspB1 modulates the 
expression of pro-metastatic genes (Nagaraja et al.  2012b ), such as those dependent 
on STAT3/Twist signaling by enhancing the binding of the transcription factor 
STAT3 to the promoter of the Twist gene (Shiota et al.  2013 ). This transcriptional 
event generates two hallmarks of EMT: N-cadherin up-regulation and E-cadherin 
downregulation. It is therefore possible that the interaction of HspB1 with phos-
phorylated and activated STAT3 could be one of the key events regulating this phe-
nomenon (Gibert et al.  2012a ). HspB1 also binds to and stabilizes the transcription 
factor Snail, and consequently induces EMT features (Wettstein et al.  2013 ). The 
phenomenon probably occurs via a Snail-induced transcriptional blockage of 
E-cadherin gene expression (Batlle et al.  2000 ). E-cadherin downregulation is nec-
essary to trigger epithelial-to-mesenchymal transition and acquisition of metastatic 
potential at late stages of epithelial tumour progression. Concerning HspB5, a recent 
study mentions that its expression is associated with distant metastases  formation in 
head and neck squamous cell carcinoma, a link that might relate to the chaperone 
function of HspB5 in mediating folding and secretion of VEGF and stimulating cell 
migration (van de Schootbrugge et al.  2013a ). Thus, among the different small Hsps, 
at least HspB1 and HspB5 are considered as potent stimulators of tumor progres-
sion. However, we should be cautious before coming to a general conclusion on this 
topic, since, as indicated below (Sect.  2.2.3.2 ), in some tumors these Hsps have been 
recently shown to have an anti-tumor activity that counteracts tumor development.  

    Angiogenesis 

 Do small Hsps participate in the process triggering the excessive formation of 
blood vessels that irrigate cancer cells? Until recently, no answer could be given to 
this question since no data supported such a pro-angiogenic hypothesis. However, 
recent game-changing reports have clearly demonstrated that small Hsps indeed 
play a role in this process. First, it was shown that, in addition to their intracellular 
distribution, small Hsps can also be localized in plasma membrane and can be 
exported in the extracellular milieu (Chowdary et al.  2006 ; Rayner et al.  2008 ; 
Tsvetkova et al.  2002 ), a phenomenon that correlates with tumor growth and 
metastasis formation (Bausero et al.  2004 ). In addition to a possible 
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immunological role for small Hsps, a fi rst observation was that recombinant 
HspB1 added to the growth medium has a pro-angiogenic effect mediated by Toll-
like receptor 3 (TLR3) at the surface of human microvascular endothelial cells 
(HMECs). The interaction stimulates NF-κB dependent vascular endothelial 
growth factor (VEGF) gene transcription and promotes secretion of VEGF-
activating VEGF receptor type 2 and angiogenesis (Thuringer et al.  2013 ). Indeed, 
the production by endothelial cells of intracellular autocrine (intracrine) VEGF is 
critical for vasculature homeostasis. A more recent study showed that HspB1 is 
directly released from endothelial cells (ECs) and confi rmed that it modulates 
angiogenesis via direct interaction with VEGF. However, these authors also 
showed that HspB1 can be cleaved by MMP9 (Matrix MetalloProteinase 9) and 
recovered as anti-angiogenic fragments which interfere with VEGF-induced ECs 
activation and tumor progression (Choi et al.  2014 ). Thus, it appears that the effect 
mediated by extracellular HspB1 in cancer pathologies may depend on the effi -
ciency of its cleavage by MMP9. However, the fi rst study used recombinant HspB1 
added to culture medium, so that the cleavage activity of endogenous MMP9 could 
have been overwhelmed by an excess of HspB1 and thus a pro-angiogenic effect 
was observed. Thus, in vivo, HspB1 released from cells appears as an anti-angio-
genic polypeptide. This is also supported by the fact that MMP inhibitors have 
failed in clinical trials, probably through their effi cient knock out of HspB1 
fragmentation. 

 Another small Hsp involved in angiogenesis is HspB5 since it is crucial for endo-
thelial cell survival and is up regulated during vessel morphogenesis. For example, 
tumor vessels in HspB5 (−/−) mice showed signs of caspase-3 activation and apop-
tosis and tumors grown in such mice were signifi cantly less vascularized than 
 wild- type tumors and displayed increased areas of apoptosis/necrosis (Dimberg 
et al.  2008 ). Recently, it was shown that HspB5 is a VEGF chaperone that protects 
this growth factor against proteolytic degradation (Kerr and Byzova  2010 ; Ruan 
et al.  2011 ). HspB5 appears therefore strongly involved in the pathway maintaining 
intracrine VEGF signaling that sustains aberrant tumor angiogenesis (Dimberg 
et al.  2008 ; Ruan et al.  2011 ).  

   Gene Expression 

 The control by HspB1 of several crucial transcription factors (among them Snail, 
STAT3, NF-κB and HSF1) can have dramatic consequences particularly towards 
apoptosis inhibition and EMT promotion. HSF1 (heat shock factor 1), the transcrip-
tion factor responsible for Hsps expression, has also been shown to play a crucial 
role in tumorogenesis (Mendillo et al.  2012 ). HSF1 is SUMO-2/3 modifi ed by 
HspB1-Ubc9 complex (Brunet Simioni et al.  2009 ). This modifi cation does not 
affect HSF1 DNA-binding ability but blocks its transactivation function suggesting 
that it could act, together with NuRD factors, as a transcriptional inhibitor that 
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represses genes that oppose metastasis. Other hypotheses suggest that it could 
 modulate energy metabolism or permit the development of polyploidy in cancer 
cells (Calderwood  2012 ; Mendillo et al.  2012 ). 

 HspB1, HspB7 and HspB8 can also favor the expression of pro-tumorigenic pro-
teins though the control of mRNAs. Indeed, some clients of these Hsps regulate 
mRNA splicing, such as SAM68, Ddx20, EFTUD2 and SC35 (Badri et al.  2006 ; 
Hegele et al.  2012 ; Sun et al.  2010 ; Vos et al.  2009 ), while others play a role in 
translational initiation (eIF4G) (Andrieu et al.  2010 ) or mRNA stability (AUF1) 
(Sinsimer et al.  2008 ).   

2.2.3.2      Anti-tumorigenic Effects 

 In contrast to the classical view described above favoring a pro-tumorigenic activity 
for HspB1 and HspB5, recent observations indicate that, in some cancer types, 
HspB1, HspB5 and HspB4 polypeptides display intriguing tumor suppressive activ-
ities. Moreover, recent studies dealing with HspB8 and HspB6 clearly show that 
these polypeptides promote tumor growth resistance and decrease cell survival. 

    Tumor Suppressive Role of HspB1 

 As mentioned above, HspB1 released from endothelial cells (ECs) regulates angio-
genesis by interacting with VEGF (vascular endothelial growth factor). However, 
new observations have revealed that MMP9 (matrix metalloproteinase 9) can cleave 
HspB1 and release anti-angiogenic fragments that inhibit lung and liver tumor pro-
gression of B16F10 melanoma cells and lung tumor progression of CT26 colon 
carcinoma cells. The failure of MMP inhibitors in clinical trials could then be 
explained by their ability to decrease HspB1 fragmentation leading to pro- 
tumorigenic effects (Choi et al.  2014 ).  

   Tumor Suppressive Role of HspB5 

 In the case of nasopharyngeal carcinoma (NPC), an intriguing observation was that 
HspB5 downregulation is signifi cantly associated with the progression of NPC 
while its overexpression interferes with NPC progression-associated phenotypes 
such as loss of cell adhesion, invasion, interaction with the tumor microenviron-
ment, invasive protrusion formation and expression of epithelial-mesenchymal 
transition-associated markers. Molecular analysis revealed that HspB5 suppresses 
NPC progression by interacting with the cadherin/catenin adherens junction. This 
indirectly decreases the levels of expression of critical downstream targets such as 
cyclin-D1 and c-myc (Huang et al.  2012 )  
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   HspB4 

 The role of HspB4 in tumorigenesis appears rather equivocal (Deng et al.  2010 ). 
Indeed, depending of the tumor type the level of this protein is either up- or 
downregulated. In normal conditions, HspB4 is mainly expressed in the lens and 
is also detectable in the pancreas. Consequently, many of the lens tumor cells 
display high levels of HspB4 expression, such as those from retinoblastoma and 
eyelids with sebaceous carcinoma (Kase et al.  2009 ; Mahon et al.  1987 ; Rigas 
et al.  2009 ). In these cells, HspB4, like HspB5, can promote tumorigenesis since 
it bears an anti- apoptotic activity (Andley et al.  2000 ; Ciocca and Calderwood 
 2005 ) whose major property is to negatively regulate the pro-apoptotic members 
of the Bcl-2 family and caspase-3 (Hu et al.  2012 ). Contrasting with these 
observations, the moderate level of expression of HspB4 observed in normal 
human pancreas samples appears signifi cantly reduced in many cases of pancre-
atic carcinoma of different types. Unfortunately, to date, the mechanism con-
trolling HspB4 down-regulation in pancreatic carcinoma cells is not known. 
Another interesting point, as demonstrated by genetically forced expression of 
this protein, concerns the fact that, in the pancreas, HspB4 can act as a negative 
regulator that blocks cell transformation and retards cell migration (Deng et al. 
 2010 ). However, the mechanism by which HspB4 performs this pancreatic task 
is not yet solved. It may occur through a modulation of ERK MAP kinase activ-
ity regulating AP-1 expression and activity to halt cell transformation and retard 
cell migration (Chen et al.  2012 ; Deng et al.  2010 ). Thus, in spite of some com-
mon properties towards apoptosis, cell proliferation and tumor metastasis more 
work is needed to unravel the particular role of HspB4 in pancreatic 
carcinogenesis.  

   HspB8 

 It has been recently shown that in a large fraction of melanoma tumors, which are 
aggressive and drug-resistant cancers, HspB8 gene is silenced through aberrant 
DNA methylation. This phenomenon modulates Aza-C (5-Aza-2″-deoxycytidine) 
treatment effi ciency (Smith et al.  2011 ). The anti-tumor property of HspB8 was then 
identifi ed by experiments aimed at restoring its expression. Indeed, putting HspB8 
back in cells inhibited tumor growth and induced the death of genetically diverse 
melanoma lines as a result of the activation of TAK1 (TGF-β activated kinase 
1)-dependent death pathways (Li et al.  2007 ; Smith et al.  2012 ). Among the TAK1 
putative down-stream pathways that could be involved is the infl ammasome inde-
pendent activation of caspase-1 resulting from the upregulation of ASC (apoptosis- 
associated speck-like protein containing a CARD). Apoptosis could then be caused 
by caspase-1-mediated cleavage of Beclin-1, a polypeptide upregulated in mela-
noma tumors as a result of mTOR (mammalian target of rapamycin) 
phosphorylation.  

A.-P. Arrigo et al.



65

   HspB6 

 Recent fi ndings have shown that, in human hepatocellular carcinoma (HCC), HspB6 
expression levels are inversely correlated with the progression of HCC. The nega-
tive effect mediated by HspB6 appears to result from its interaction with PI3K 
(phosphoinositide 3-kinase, an upstream kinase of Akt). This interaction suppresses 
PI3K activity, inhibits the AKT survival pathway and subsequently decreases HCC 
survival and growth (Matsushima-Nishiwaki et al.  2013 ).  

   Therapeutic Thoughts About Tumor Suppressive Small Hsps in Cancer 

 The examples presented above clearly indicate that, in some cancer cells, small 
Hsps can be associated with anti-tumorigenic activity. Hence, it is intriguing to note 
that cancer cells can devise strategies to improve their growth and dissemination by 
down-regulating the expression of these polypeptides. This may open up new thera-
peutic options aimed at restoring or up regulating the expression or activity of these 
proteins. However, restoring the specifi c expression of transcriptionally silenced 
genes is quite diffi cult. Moreover, as in the case of HspB8, the approach can be 
limited by the genetic diversity of the tumors. A better way to improve therapeutic 
strategies would be to mimic chemically the activation performed by small Hsps, as 
for example towards the TAK1 pathway in the case of melanoma. Similarly, restor-
ing HspB4 or HspB5 level of expression, up-regulating HspB6 activity towards 
PI3K or stimulating HspB1 cleavage by MMP9 could be a challenge. In the mean-
time a better understanding of the role of HspB4 towards ERK MAP kinase activity 
and AP-1 expression as well as of HspB6 inhibitory interaction with PI3K may help 
in the discovery of new drugs effective against pancreatic and hepatic cells 
carcinogenesis.    

2.2.4      Extracellular Roles of Small Hsps 

 Recently, a major discovery was that HspB1, HspB5 and HspB8 can localize in 
plasma membrane and be secreted in spite of their major intracellular localization 
(Chowdary et al.  2006 ; Rayner et al.  2008 ; Sreekumar et al.  2010 ; Tsvetkova et al. 
 2002 ). Thus, what could be the functions of these proteins at the cell surface or in 
the extracellular milieu? Do these circulating proteins share some of the properties 
of circulating Hsp70 (De Maio  2011 )? For example, are they associated with immu-
nogenic peptides which trigger an immune response (Delneste et al.  2002 ), or are 
they pro-immunosuppressive polypeptides (Chalmin et al.  2010 ). Are they involved 
in anti-infl ammation, alarmone or other pathways by interacting with specifi c cel-
lular receptors? Recent observations suggest that circulating HspB1 is not associ-
ated with immunogenic peptides but could have immunoregulatory activity. For 
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example, circulating HspB5 stimulates macrophages through its ability to recognize 
CD14, TLR1 and TLR2 (Toll-like receptor 1 and 2) at their surface (van Noort et al. 
 2013 ). Similarly, HspB8 and HspB4 recognize TLR4 and induce dendritic cells 
activation (Roelofs et al.  2006 ). HspB1 was also found to activate NF-κB in macro-
phages (Salari et al.  2012 ). In addition, this protein recognizes several cell surface 
polypeptides such as CD10 (Dall’Era et al.  2007 ), Plasminogen, Angiostatin 
(Dudani et al.  2007 ) and TLR3 (Thuringer et al.  2013 ). In 4T1 breast adenocarci-
noma cells, HspB1 cell surface expression appears correlated with tumor growth 
and metastasis formation (Bausero et al.  2004 ,  2006 ). Moreover, the angiogenic 
property of HspB1 is regulated by the cleavage effi ciency of MMP9 (Choi et al. 
 2014 ; Thuringer et al.  2013 ) (see also Sect.  Angiogenesis ). 

 A key aspect of circulating small Hsps is that they can be either benefi cial or 
harmful to patients suffering from different pathologies. In that regard they behave 
like intracellular small Hsps. For example, a major positive effect of circulating 
HspB1 is its impressive atheroprotective effect (Rayner et al.  2008 ; Salari et al. 
 2012 ). On the other hand, secreted HspB1 correlates with vascular complications in 
type 1 diabetic patients (Gruden et al.  2008 ) and is not a positive signal in cancers. 
Consequently, major care will have to be taken in case of therapeutic approaches 
targeting circulating Hsps. More studies are urgently needed to evaluate the multi-
ple roles played by these extracellular proteins in normal and pathological physio-
logical conditions.  

2.2.5     Conclusions 

 As described here, small Hsps have immense cellular implications as a result of 
their interaction with many specifi c client polypeptides whose number is growing 
exponentially. Their ability to bind polypeptides and modulate their folding is a 
property that was originally discovered in heat shock treated cells where HspB1 was 
shown to interact with aberrantly folded polypeptides to prevent their aggregation. 
It is now well known that small Hsps can modulate folding or induce modifi cations 
in interacting clients. They also have the crucial ability to positively or negatively 
modulate their half-lifes. Taken together, these observations show that small Hsps 
can have a drastic infl uence on the level of expression as well as on the activity of 
interacting clients. Consequently, these Hsps indirectly appear to have a huge num-
ber of functions that allow cells to rest, grow or better adapt to changes in their 
physiology or pathological status. Moreover, by targeting specifi c clients, small 
Hsps can be protective and benefi cial against cell degeneration. They can also have 
a disastrous effect by causing some cancer cells to proliferate and create 
metastasis. 

 The proteomic analysis presented here confi rms our feeling that small Hsps, as 
Hsp90 (McClellan et al.  2007 ; Moulick et al.  2011 ; Taipale et al.  2010 ), are global 
regulators of cell systems that exert marked effects on normal biology and diseases 
through their chaperone/client interactome systems. Hence, we are now facing 
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problems that are even more complex than those encountered by researchers 
 working with Hsp90. The fi rst of these illustrates the complexity associated with 
small Hsps and deals with the chimeric structures that can form between two small 
Hsps. These structures appear to have lost the properties associated with parental 
homo- oligomers, but do they have specifi c interactomes or are they inert? The sec-
ond problem is common to small Hsps and Hsp90: what is the structural dynamic 
that acts on a diverse client repertoire in defi ned cellular conditions? In the case of 
HspB1, phosphorylation and oligomerization appear as key factors that dynami-
cally react and provide a recognition platform for specifi c clients (Arrigo and Gibert 
 2013 ; Paul et al.  2010 ), however nothing is known about the molecular signaling 
mechanisms involved in this process. Thus, more in-depth structural work, signal-
ing studies as well as analysis of the organization of small Hsps in living cells are 
necessary to unravel the problem of how these chaperones recognize client polypep-
tides. The third problem deals with therapeutic strategies aimed at modulating the 
level or activity of these chaperones. In the case of Hsp90, drugs interfering with its 
chaperone activity and broad interaction with clients have been clinically tested. 
Their modest effects and unsuspected side effects resulted in lack of FDA recogni-
tion (Whitesell et al.  2012 ). More specifi c drugs targeting only a subset of Hsp90- 
clients may prove more useful (Moulick et al.  2011 ). Similarly, the use of genetic 
techniques to invalidate the expression of small Hsps appears effi cient (Gibert et al. 
 2012b ; Wettstein et al.  2013 ) but in the long term they could be disappointing 
because of the complete disruption of small Hsps protein interactomes. Drugs or 
genetic techniques altering the structure of small Hsps can lead to interesting results 
(Gibert et al.  2011 ; Heinrich et al.  2011 ) but will require in-depth analysis of their 
effects on small Hsps interactomes. More work is needed to build comprehensive 
dynamic interactomes of small Hsps in specifi c pathologies. This will be necessary 
in characterizing both the good and pathological clients recognized by these Hsps. 
The discovery of new drugs or genetic techniques that preserve their interaction 
with the good clients and destroy those with the ugly ones will probably have a 
bright future.      
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    Chapter 3   
 Dynamics-Function Relationships of the Small 
Heat-Shock Proteins 

             Georg     K.  A.     Hochberg     and     Justin     L.  P.     Benesch    

    Abstract     The Small Heat-Shock Proteins (sHSPs) are a widespread family of 
molecular chaperones that tend to populate ensembles of inter-converting confor-
mational and oligomeric states at equilibrium. How this dynamic structure is linked 
to the sHSPs’ ability to rapidly bind and sequester target proteins, intercepting them 
 en route  to aggregation and deposition during disease and cellular stress, is a 
 controversial topic. Partly this is because the dynamics of the sHSPs pose  challenges 
to all biophysical and structural biology techniques, rendering them diffi cult to 
study. Here we give a personal view on recent insights that have been obtained on 
the dynamic motions these proteins undergo, their regulation in the cell, and hypoth-
esise on how they may directly underpin sHSP activity.  

  Keywords     Small Heat-Shock Protein   •   Molecular chaperone   •   Protein dynamics   • 
  Subunit exchange   •   Polydispersity  

3.1         Introduction 

 The paradigm underlying the fi eld of structural molecular biology is that the  function 
of proteins and other biomolecules can be directly related to their three- dimensional 
structure (Campbell  2002 ). Concomitantly, it has been known for some time that 
proteins are inherently highly dynamic molecules, undergoing fl uctuations in their 
structure that can span a broad range of time- and length-scales (Karplus and 
McCammon  1983 ). However, it is only in the last decade or so that the consensus 
has emerged that these dynamic motions frequently underlie protein activity in the 
cell. As we will describe in this chapter, the Small Heat-Shock Proteins (sHSPs) 
undergo intrinsic structural motions on all levels of their protein organisation, and 
there is much evidence to suggest that these motions are integral to their activities 
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 in vivo . While many other protein families are known to undergo fl uctuations in 
side-chain conformations and tertiary organization, sHSPs stand out in that they 
also display rapid and complex dynamics at the level of their oligomeric composition. 
This important group of molecular chaperones is therefore an interesting illustration 
of the dynamical modifi cation to the structure-function paradigm. 

 The canonical function of sHSPs is to act as “paramedics” of the cell (Hilton 
et al.  2013b ), intercepting target proteins that are in a non-native state and on the 
pathway towards forming non-functional and potentially harmful aggregates, 
brought about by conditions of cellular stress (Basha et al.  2011 ). This function 
requires neither binding nor hydrolysis of ATP, meaning therefore that the energy 
required for the sHSPs to perform any conformational contortions necessary for 
their function comes from the ambient environment (McHaourab et al.  2009 ). This 
is very different from the mechanism of energy transfer used by most other molecu-
lar chaperones, and reveals that the sHSPs populate a relatively shallow free-energy 
surface (Papoian  2008 ). From a biophysical perspective, therefore, a picture emerges 
of a remarkable family of proteins whose thermodynamic and kinetic properties are 
delicately balanced to allow functional regulation by subtle changes in cellular 
conditions. Here we consider both the structure and dynamics of the sHSPs, the 
mechanism of their regulation, and how this may underpin their function in the cell.  

3.2     Measuring sHSP Structural Dynamics 

 Despite the importance of the sHSPs in the proteostasis ‘network’ of the cell 
(Powers et al.  2009 ) and as part of the heat-shock response (Richter et al.  2010 ), the 
sHSPs remain relatively poorly characterised at the atomic level. This is largely due 
to their tendency to adopt a variety of alternative and rapidly interconverting states 
at equilibrium, both in terms of the conformation of individual monomers and the 
organisation of monomers into oligomers (Basha et al.  2011 ; Hilton et al.  2013b ; 
McHaourab et al.  2009 ). The majority, but certainly not all, of sHSPs studied 
assemble into oligomeric structures, typically comprising six or more dimeric 
building blocks. 

 A major step forward in the last 5 years has been the crystallisation of truncated 
constructs of mammalian sHSPs, providing high-resolution information on the 
sHSP core (Bagnéris et al.  2009 ). This has provided a framework for employing 
ingenious selective labelling schemes, enabling electron paramagnetic resonance 
spectroscopy (Koteiche et al.  1998 ) and nuclear magnetic resonance spectroscopy 
(NMR) experiments (Baldwin et al.  2011a ; Jehle et al.  2010 ) to reveal interatomic 
distances and associated fl uctuations. To complement these high-resolution data, 
which are ensemble-averaged onto the level of monomers, with information on qua-
ternary structure, various research groups have implemented advanced transmission 
electron microscopy (EM) (Braun et al.  2011 ), small-angle X-ray scattering (SAXS) 
(Jehle et al.  2010 ) or ion mobility mass spectrometry (IM-MS) approaches (Baldwin 
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et al.  2011b ). As a result, many of the recent gains in understanding have come from 
a synthesis of structural and dynamical information obtained on multiple levels of 
sHSP organisation. 

 A particularly notorious aspect of sHSP self-assembly is the propensity of the 
many members of the family to exist as a polydisperse ensemble of oligomers, 
rather than as a single stoichiometry. Such structural plasticity, while likely impor-
tant to sHSP cellular function, renders the application of biophysical techniques 
challenging as it requires techniques that act to separate, or interrogate individually, 
the oligomeric states that contribute to the ensemble. This challenge is typically met 
either through the use of mass transfer approaches that are inherently dispersive 
(e.g. mass spectrometry, centrifugation, chromatography), or by subsequent data 
partitioning  in silico . At present, the low resolution of separation, afforded by these 
techniques is not yet high enough to remove all ambiguity from the data (Delbecq 
and Klevit  2013 ), and is compounded by the complexity introduced by the timescale 
of analysis being slow relative to the equilibria within the analyte (Hochberg and 
Benesch  2014 ). As a result, while in recent years the study of the sHSPs on the 
atomic level has been invigorated by the application of novel and integrated struc-
tural biology approaches, on-going technical developments are needed to resolve 
the remaining inconsistencies in our understanding of these chaperones.  

3.3     Assembly, Disassembly, and Subunit Exchange 

 One of the most intriguing aspects of the sHSPs’ self-assembly is their capacity for 
hetero-oligomerisation, both  in vitro  and  in vivo . In fact, with multiple members 
frequently expressed in the same cellular compartment, in many cases it is therefore 
more appropriate to consider the proteins as a ‘multi-dimensional’ sHSP ensemble. 
In the event of no kinetic or thermodynamic preference for different hetero- 
oligomers, their abundance will be given by a multinomial distribution, according to 
the expression ratios of the constituent sHSPs. This has been observed for some 
sHSPs (Sobott et al.  2002 ), but in other cases it appears that certain oligomeric 
compositions are defi ned (den Engelsman et al.  2009 ), or thermodynamically some-
what favoured (Mymrikov et al.  2012 ). 

 The process whereby the equilibrium distribution of these mixed oligomers is 
reached, and maintained, is known as “subunit exchange”. This occurs via the 
 continual dissociation and association from the assembled oligomers of individual 
subunits, typically monomers, dimers, or a combination of both. For instance, a 
pair of plant sHSPs from  Arabidopsis  were found to exchange predominantly via 
dimers (Painter et al.  2008 ), whereas two closely related sHSPs from wheat and pea 
displayed signifi cant exchange via monomers (Sobott et al.  2002 ). The rate of 
exchange is a direct measure of the lability of the sHSP assembly involved, while 
the proportion of the process associated with the movement of dimers and monomers 
provides information as to the relative ease of breaking the inter- and intra-dimer 
interfaces. Such quaternary dynamics, i.e. a fl uctuation in the subunits comprising 
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the assembled oligomeric forms, while not limited to the sHSPs, have been reported 
for relatively few other proteins. It appears therefore that this is a behaviour charac-
teristic of these molecular chaperones that acts to establish a hetero-oligomeric sHSP 
ensemble (Stengel et al.  2010 ). 

 The sheer variety of known sHSP assemblies raises questions about how 
 individual stoichiometries and architectures evolve in this protein family. It is, for 
example, not known whether polydispersity, i.e. the ability to populate more than 
one stoichiometry at equilibrium, represents the ancestral state of all oligomeric 
sHSPs, or whether it is a derived characteristic, evolved only in some organisms to 
serve a particular functional need. This issue is further complicated by the fact that 
some sHSPs switch their oligomeric organization in response to heat stress or post-
translational modifi cation (see below). Answering such questions will require a 
much more detailed understanding of how quaternary dynamics are underpinned by 
the primary, secondary and tertiary structure and associated fl uctuations of the pro-
tomeric building blocks of dynamic oligomers.  

3.4     Dynamic Structure, Labile Interfaces, and Allosteric 
Communication 

 sHSPs are identifi ed through the presence of an ‘α-crystallin’ domain, a region of 
sequence rich in β-structure that adopts an immunoglobulin-type fold (Poulain et al. 
 2010 ). In general, the α-crystallin domain is found to dimerise, forming the basic 
building block of higher order sHSP structure, in either one of two ways (Basha 
et al.  2011 ; Hilton et al.  2013b ). In the structures determined for mammalian sHSPs, 
extended “β6+7” strands on each monomer pair-up in an anti-parallel orientation 
(Fig.  3.1 ). Contrastingly, it appears that in plants and lower organisms the sHSP 
dimers are formed through reciprocal donation of the β6 strand, located in a loop, 
into the β-sandwich of the partner (Fig.  3.2 ). While the latter dimerisation mode has 
only been observed in one form, in studies on mammalian sHSPs three distinct 
states have been observed, brought about by shifts in the register between the paired 
β6+7 strands (Clark et al.  2011 ). In the case of αB-crystallin, all of these three 
registration states have been observed under different crystallisation conditions 
(Fig.  3.1b , Hochberg et al.  2014 ).   

 These polymorphs, termed AP I , AP II  and AP III  in order of decreasing overlap of 
anti-parallel β6+7 strands (Laganowsky et al.  2010 ), have to date only been observed 
directly in X-ray structures obtained from truncated constructs. Measurements in 
solution, while not ruling out the presence of multiple co-populated registers, 
certainly suggest that they are not equally populated (Fig.  3.1c , Hochberg et al. 
 2014 ). While it is therefore not yet clear whether mammalian sHSPs can ratchet 
along the dimer interface, there is good evidence that the dimer interface is rela-
tively weak and dynamic, with a dissociation constant on the order of a few 
 micromolar (Hilton et al.  2013a ; Jehle et al.  2009 ). Indeed, this lability of the dimer 
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interface is such that, for the polydisperse mammalian sHSPs, oligomers containing 
an odd number of subunits (and hence, necessarily containing at least one un- 
dimerised monomer) are clearly observed (Aquilina et al.  2004 ,  2013 ). 

 In general, the α-crystallin domain is fl anked by N-terminal and C-terminal 
regions, the lengths of which vary considerably across the sHSP family, and can 
contain further subdivisions (Fig.  3.2a ). The C-terminal region is typically relatively 
short, and acts to bridge between dimers, such that a conserved I/VXI/V motif may 
bind into a groove between strands β4 and β8 of a neighbouring monomer (Figs.  3.1a  
and  3.2b ). This “cross-linking” is enabled by a notable fl exibility of the C-terminal 
region, appearing to give it complete freedom in the trajectory it takes towards its 
binding partner (Hilton et al.  2013b ). As a result, even within the same oligomer, 
monomers can adopt strikingly different C-terminal orientations (Fig.  3.2c , 
Hanazono et al.  2013 ; van Montfort et al.  2001 ). Interestingly, for mammalian 
sHSPs it appears that the I/VXI/V motif does not bind inter-monomerically all of 
the time, but rather can also bind to the β4-β8 groove intra-monomerically, and 
under many conditions can be partly or even entirely detached (Hochberg and 
Benesch  2014 ). The relative populations of these different states can be facilely 
regulated by variations in solution condition, or through modifi cation of the protein 
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  Fig. 3.1    Polymorphic dimer interfaces in αB crystallin. ( a )  Left : crystal structure (PDB ID: 3L1G) 
of a truncated αB-crystallin construct, illustrating how two monomers assemble into a dimer along 
their respective β6+7 strands (dimer interface indicated by  red line ). Dimers assemble into higher 
order structures via inter-dimer C-terminal interactions.  Right : different registrations of the dimer 
interface observed crystallographically, termed from upper to lower, AP I , AP II , and AP III , respec-
tively. In the AP II  form a central glutamic acid ( red line ) forms the centre of a twofold axis, whereas 
the two monomers are shifted outward (AP III ) and inward (AP I ) relative to each other in the other 
two registrations. ( b ) Ion mobility mass spectrometry allows the measurement of physical size in 
the gas phase, in terms of a collisional cross-section (Benesch and Ruotolo  2011 ). Analysis of the 
truncated αB-crystallin construct is consistent with the majority of the dimers populating the AP II  
register ( blue ). Theoretical collisional cross-sections for the different AP states are indicated with 
 dashed lines . Engineering a cysteine on the central twofold axis to create a dimer that is conforma-
tionally restricted to AP II  results in a similar distribution of sizes ( orange ). This indicates that for 
αB-crystallin the AP II  state appears to be predominantly populated in solution (Figure adapted 
from Hilton et al.  2013a ; Hochberg et al.  2014 )       
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  Fig. 3.2    Heterogeneity of monomer conformations within a sHSP oligomer. ( a ) Geometry of the 
sHSP assembly of HSP16.0 from  Schizosaccharomyces pombe  (PDB ID: 3W1Z) (Hanazono et al. 
 2013 ). Each ellipsoid represents a dimer, collectively assembling into a 16mer resembling an octa-
hedron lacking the equatorial edges. The oligomer is comprised of eight dimers tightly packed 
such that each dimer donates and receives two C-termini to and from neighbouring dimers. Two 
monomers comprising a single dimer are highlighted in  orange  and  red . Inset: cartoon representa-
tion of the dimer, illustrating a mode of dimerisation very different to that seen in the mammalian 
sHSPs (Fig.  3.1 ). ( b ) Non-equivalent conformations of the N- and C-termini ( yellow  and  orange ) 
are observed within the same dimer. Two monomers are overlaid, illustrating how in one the 
N-terminus is largely in a loop conformation ( blue ), whereas in the other it adopts a partially heli-
cal fold ( purple ). The C-termini ( yellow  and  orange ) protrude from the aligned monomers in 
orthogonal directions, illustrating the conformational fl exibility of this region       

sequence. An attractive hypothesis is that these C-terminal fl uctuations act to regulate 
access to the β4-β8 groove, which may serve as a binding site for target proteins. In 
other words the C-terminus could be crucial to chaperone function, acting through 
a form of auto-inhibitory regulation. 
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 The N-terminal region is the major source of variation in sHSP sequences across 
nature (Kriehuber et al.  2010 ). Unfortunately, structural and dynamical information 
on this part of the proteins is however currently very sparse. The limited crystallo-
graphic data that does exist comes from sHSPs with a comparatively short N-terminal 
region, and is consistent with it being located within the central portion of the oligo-
mer (Hanazono et al.  2013 ; van Montfort et al.  2001 ). Notably, the data also point 
towards structural heterogeneity, as not all monomers display the same orientations 
within the oligomers (Fig.  3.2c ). Similarly, molecular dynamics investigations 
 suggest that the N-termini can explore multiple different conformations (Patel et al. 
 2014 ; Weeks et al.  2014 ). Nonetheless, the majority of the structural data that exists 
for the N-terminus points towards at least part of this region being involved in 
 making inter-monomer contacts, and therefore contributing to the assembly of the 
oligomers. Complementing this data, hydrogen/deuterium exchange experiments 
reveal that N-terminal regions tend to be more solvent accessible than the majority 
of the sequence, suggesting a signifi cant presence of dynamics at equilibrium, and 
revealing the relative lability of the interfaces they make (Cheng et al.  2008 ). 

 The sHSPs therefore contain a number of inter-subunit contacts, including one 
that serves to construct the protomeric dimer. One of the most exciting discoveries 
of the last few years is that for αB-crystallin there appears to be an allosteric 
 coupling between these interfaces, such that changes at the dimer interface have a 
knock-on effect on how those dimers assemble (Baldwin et al.  2011c ). In other 
words, the intra- and inter-dimer interfaces are linked such that energy can fl ow 
between them. Evidence from mass spectrometry and NMR experiments have nar-
rowed down this effect to, at least in part, a coupling between C-terminal binding 
and dimer dissociation (Delbecq et al.  2012 ; Hilton et al.  2013a ), however more 
details are required to characterise the atomic details of this allosteric behaviour, 
and to ascertain its generality across the sHSP family. Whatever the precise relation-
ship between these various interactions, the combined evidence reveals the sHSPs 
to be constructed from a robust α-crystallin core, fl anked by dynamic regions of 
structure via a series of labile interfaces.  

3.5     Regulation of sHSP Dynamics 

 All the dynamical fl uctuations in sHSPs described in the previous two sections of 
this chapter are affected by variations in solution and cellular conditions, as well as 
through modifi cations of protein sequence. Perhaps obviously, due to the tempera-
ture factor in the entropy contribution to free energy (ΔG = ΔH−TΔS), variations in 
temperature affect sHSP dynamics. For instance, subunit exchange proceeds faster 
at higher temperature, the equilibrium position between oligomeric and dissociated 
forms shifts towards the latter, and fl exible regions of the protein tumble more 
freely. These phenomena are not unrelated: for αB-crystallin the temperature depen-
dence of the transitions made by the C-termini could be quantitatively linked to the 
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dissociation of monomers from the oligomer, which in turn were free to engage in 
subunit exchange (Baldwin et al.  2011a ). 

 While it is tempting to evoke this simple thermodynamic infl uence on the oligo-
meric ensemble as being functionally relevant, it is not intuitively obvious that this 
must represent a means of regulation. Evidence that it is the case comes from the 
fact that, for sHSPs that have been studied in detail in this regard, the temperature 
dependence of rate constants can be particularly acute (Baldwin et al.  2011a ), or 
involve multiple pathways (Benesch et al.  2010 ; Franzmann et al.  2008 ). Moreover, 
other changes in solution conditions, such as a drop in pH, also appear to cause a 
similar cascade in the dynamics (Baldwin et al.  2011c ; Jehle et al.  2010 ). Regulation 
through pH is likely functional, as differences in chaperone activity have been noted 
 in vitro  as a function of pH, and in both cardiac and eye lens tissue there are impor-
tant pH changes that act to recruit αB-crystallin. That different modes of activation 
appear to function via a similar pathway to changes caused by heating, provides 
strong evidence for the thermally induced changes observed being functional. This 
conclusion is probably unsurprising, considering that the sHSPs are, in the main, 
called into action under conditions of cellular thermal stress. 

 Dynamical changes caused by variations in primary structure have been reported. 
For example, the R120G mutation of αB-crystallin is associated with chaperone 
hyper-activity (Bova et al.  1999 ), and exchanges subunits more rapidly than the wild 
type (Michiel et al.  2009 ). Many post-translational modifi cations (PTMs) of mam-
malian sHSPs have been observed, though not so in plants and lower organisms. 
While some of those reported for the α-crystallins are likely just an inevitable 
 consequence of their longevity in the eye lens, other PTMs appear to be specifi c 
regulators of activity. Chief amongst these are phosphorylation, which is prevalent 
in several mammalian sHSPs, and in particular HSP27 and αB-crystallin. On each 
of these two proteins there are three major phosphosites that fall within the 
N-terminal portion of the protein. HSP27 undergoes dissociation into sub-olgom-
eric species upon phosphorylation (Hayes et al.  2009 ; McDonald et al.  2012 ; 
Rogalla et al.  1999 ), and, while more subtle, a destabilisation of the inter-subunit 
interfaces is observed for αB-crystallin (Aquilina et al.  2004 ; Peschek et al.  2013 ). 

 Notwithstanding any effect of PTMs on downstream signalling pathways, for 
example, it is possible that these effects on the interfaces are important for 
 chaperone function, possibly by exposing target-protein binding regions either on 
the sub-oligomeric species, or along the sHSP disassembly pathway. It appears 
therefore that the dynamics of sHSPs can be regulated in several different ways, 
depending on the organism and particular sHSP. Post-translational modifi cation, 
and phosphorylation in particular, is likely to play a key role in controlling sHSP 
activity in homeotherms. In other organisms, such as bacteria and plants, environ-
mental temperature changes may be suffi cient to regulate activity, taking advantage 
of a fi nely tuned free-energy surface populated by the sHSPs.  
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3.6     Dynamic Formation of sHSP: Target Complexes 

 Not only are the sHSPs dynamic entities, but so too are the complexes they form 
with target proteins. In the fi rst instance, self-assembly of these sHSP:target com-
plexes appears to follow biphasic kinetics (Fig.  3.3 ). This can be explained by the 
target fi rst being bound by the sHSP, following which additional sHSP subunits are 
recruited by the complex (Stengel et al.  2010 ). Considering the continual dissociation 
and reassociation of sHSP subunits mediating subunit exchange of the complexes 
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  Fig. 3.3    Chaperone-target interactions in a plant sHSP. ( a ) Size exclusion chromatography elution 
profi les of the dodecameric HSP18.1 from pea, mixed with its model client luciferase incubated 
under native conditions ( green ), and after incubation at heat-shock temperature at a high ( purple ) 
and a low ( blue ) molar ratio of sHSP to luciferase. Stable complexes are formed between the sHSP 
and luciferase at heat shock temperatures, and they grow larger at lower sHSP: client ratios. ( b ) A 
time course of abundances of free luciferase, free sHSP dodecamer and target bound sHSP of 
 various stoichiometries as quantifi ed by MS. Complexes form rapidly, and display clear biphasic 
kinetics, indicative of two separate processes. These are hypothesised to be binding of the target by 
the sHSP, followed by recruitment of additional sHSP subunits to the complex. ( c ) Two-dimensional 
histogram of the relative abundance of different HSP18.1:luciferase stoichiometries formed during 
protection, obtained by a combination of tandem mass spectrometry and size exclusion chromatog-
raphy  analysis. The resulting mixture is extremely polydisperse, with over 300 different stoichiom-
etries populated to an appreciable amount (Figure adapted from Stengel et al.  2010 ,  2012 )       
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(Friedrich et al.  2004 ), the second phase can be thought of biophysically as being 
brought about by a decrease in dissociation rate of the sHSP subunit from the 
 complex relative to from the oligomer. This would be expected if the sHSP subunits 
make somewhat stronger interactions with the target protein than with themselves, 
in line with the idea of sHSP oligomerisation in the absence of destabilized targets 
serving to shield their target binding surfaces from making non-specifi c interac-
tions. As progressively more sHSP get incorporated into a complex, the dissociation 
rate will increase until it reaches that of the sHSP oligomer on its own, a situation 
that will be achieved when the additional sHSP subunit no longer makes any 
 interaction with the bound target. This amounts to an elegant mechanism, as it will 
naturally coincide with the moment at which the bound target no longer has any 
hydrophobic surfaces exposed in solution.  

 Intrinsic sHSP dynamics are therefore potentially a useful means for regulating 
the binding of targets, and the formation of the resultant complexes. At the same 
time, the plasticity of the complex architectures formed by sHSPs, as evidenced by 
their polydispersity, also provides the potential for great fl exibility in self-assembly. 
For instance, the hypothesis that sHSP self-assembly is based on polygonal shapes 
(Baldwin et al.  2011b ) would in theory lead to the possibility of all manner of archi-
tectures, not just polyhedra and rings, but also sheets, or tubes. It is indeed possible 
that the sHSPs could employ this ability to encapsulate aggregated protein, for 
instance such as amyloid fi bres (Knowles et al.  2007 ). 

 However, there is also data that demonstrates that  in vitro  it is not necessary for 
the sHSPs to actually be assembly competent, or even dynamic. Our recent work 
demonstrated that the structured core domain dimer of αB-crystallin is suffi cient to 
prevent both amyloid and amorphous protein aggregation (Hochberg et al.  2014 ). 
This remained true even when the dimer was covalently linked to prevent disassembly 
into monomers or a change of registration state (Fig.  3.2 ). In other words, even when 
making the protein as un-dynamic as possible, it remained an effective chaperone. 
Taken in context of the other data, what this fi nding highlights is that sHSPs can act at 
different points of the protein unfolding pathway (Binger et al.  2013 ). It has been 
proposed for some time that the sHSPs can act in two modes: a low affi nity mode with 
high capacity, and a high affi nity mode with low capacity (Shashidharamurthy et al. 
 2005 ). It is quite possible that the former requires only transient interactions with the 
core domain and does not result in complex formation, whereas the former results in 
stable complexes necessitating the involvement of the fl anking sequences. Nonetheless, 
elucidating the contributions of different sHSP sub-structures, and their associated 
dynamics, still requires considerable investigation.  

3.7     Beyond the Structure-Function Paradigm 

 Many questions remain about the dynamics-function relationships of sHSPs. The 
major bottleneck is real paucity of structural insight into the nature of the sHSP:target 
interaction. Whilst structures for other classes of chaperones bound to destabilised 
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proteins have become available in recent years, such attempts have thus far failed 
for sHSPs. Detailed knowledge of how exactly sHSPs interact with targets on the 
atomic level, and over what time-scale this interaction is stable, are crucial for ratio-
nalising the increasingly well-understood dynamical behaviour of sHSPs from a 
functional standpoint. 

 It is attractive to hypothesise that the polydispersity of many sHSPs, and their 
ability to assemble as hetero-oligomers, refl ects somehow the diversity of targets 
that sHSPs can protect from aggregation. One can envisage that a hyper-variable 
binding surface on sHSP oligomers allows the fi ne-tuned binding of a large variety 
of clients (Stengel et al.  2010 ). However, until we better understand the features of 
destabilised proteins that sHSPs recognize, and with what parts of their sequence 
they do so, this remains just one of several explanations for sHSP structural hetero-
geneity. sHSPs that constitute major components of vertebrate eye-lenses have a 
more obvious use for heterogeneous and dynamic assemblies. These proteins are 
present in the eye-lens at exceptionally high concentrations and must resist crystal-
lization for nearly the whole of the organism’s life-span (Bloemendal et al.  2004 ). 
Although this goes some way to explaining polydispersity, particularly in mammalian 
sHSPs, several non-lenticular sHSPs also assemble into similarly heterogeneous 
ensembles. As such, it remains to be seen whether the plasticity afforded by the 
 variable sHSP quaternary structure is of general utility, in terms of binding targets, 
remodelling into stable sHSP:target complexes, both, or neither. 

 An additional problem in the study of sHSP dynamics is that it is not known how 
common rapid quaternary dynamics and polydispersity are outside the family. 
Strikingly however, the subunit exchange rates observed for the sHSPs is fast on the 
timescale of typical cellular stress conditions. Nonetheless, since such dynamics 
pose serious problems to high-resolution structural biology techniques, it is possible 
that selection for well-behaved targets has created a bias against heterogeneous and 
dynamic protein assemblies in the protein databank and other popular databases. 
Such dynamics might be a more general feature of large protein assemblies, and 
assigning any one particular function to them might fall victim to the fallacy 
 illustrated with Voltaire’s parody of Leibnitzian optimism: “all is for the best in the 
best of all possible worlds” (Gould and Lewontin  1979 ). In this context, sHSPs 
remain a fascinating example to study the interplay between physical, functional, 
and evolutionary constraints in the shaping of protein assemblies.     
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    Chapter 4   
 Insights into How Small Heat Shock Proteins 
Bind a Great Diversity of Substrate Proteins: 
A Super-Transformer Model 

             Xinmiao     Fu    

    Abstract     Small heat shock proteins (sHSPs) are ubiquitous, ATP-independent molec-
ular chaperones that play crucial roles in the cellular protein quality control and whose 
dysfunction is also linked to various diseases. They are able to suppress the aggregation 
of non-native substrate proteins and assist the refolding of these substrates in coopera-
tion with ATP-dependent chaperones. Substrate recognition and binding by sHSPs are 
essential for their chaperone functions. In this review, I focus on how a sHSP recog-
nizes and binds various substrate proteins that are greatly diversifi ed in both  structures 
and functions. Such a broad substrate spectrum is bestowed not only by the well-known 
dynamics of sHSP oligomeric structures, but also by their characteristic disordered 
substrate-binding regions that may interact with disordered substrate  proteins via a way 
of disorder-adapting-disorder. Further, utilization of numerous  substrate-binding resi-
dues is also crucial, as these residues include both hydrophobic and polar amino acids 
equally and are also spatially chaotic throughout the sHSP oligomers. In keeping 
with these details, a novel super-transformer model is presented to account for the 
structural characteristics and broad substrate spectrum of sHSPs.  

  Keywords     Protein quality control   •   Molecular chaperone   •   Small heat shock 
protein   •   Protein aggregation   •   Protein dynamics   •   Intrinsically disordered structures   
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4.1           Introduction 

    Proteins have to fold into defi ned three-dimensional structures (i.e., native confor-
mations) to gain functional activity. But in the cellular environment, many newly 
synthesized proteins are unable to spontaneously fold into such native conforma-
tions. Rather, they need the assistance of molecular chaperone proteins, which are 
defi ned as proteins assisting other proteins to acquire functionally active structures 
but not being the components of these fi nal structures (Ellis  1993 ; Hartl et al.  2011 ). 
Molecular chaperones are usually classifi ed (according to their molecular size) as 
fi ve families: Hsp100s, Hsp90s, Hsp70s, Hsp60s and small heat shock proteins 
(sHSPs), and they play essential roles in the folding, refolding, oligomeric  assembly, 
translocation, and/or degradation of cellular proteins (Hartl et al.  2011 ). Among 
these fi ve molecular chaperone families, only sHSPs are ATP-independent ones 
(Horwitz  1992 ; Jakob et al.  1993 ), but have been found to play crucial roles in a 
wide range of physiological processes, including cell differentiation (Favet et al.  2001 ), 
apoptosis (Salinthone et al.  2007 ), and animal longevity (Morrow et al.  2004 ). And 
their dysfunction was found to be linked to a variety of diseases (Laskowska et al. 
 2010 ), including cancer development (Richards et al.  1996 ),  cardiovascular disease 
(Hollander et al.  2004 ), cataract (Litt et al.  1998 ), myopathy (Vicart et al.  1998 ), and 
neuron disorder (Irobi et al.  2004 ; Evgrafov et al.  2004 ). 

 Under in vitro conditions, sHSPs are able to effectively interact with unfolded 
model substrate proteins and keep them in a folding-competent state for subsequent 
refolding in cooperation with such ATP-dependent chaperones as Hsp70s and 
Hsp100s (Veinger et al.  1998 ; Mogk et al.  2003 ;       Lee et al.  1997 ; Cashikar et al. 
 2005 ; Ehrnsperger et al.  1997 ). As such, heterologous over-expression of sHSPs 
was repeatedly found to increase the tolerance of host cells against various stresses 
(Balogi et al.  2008 ; Sun et al.  2012 ; Montero-Barrientos et al.  2007 ; Kim et al.  2012 ; 
Seo et al.  2006 ; Yeh et al.  1997 ; Kitagawa et al.  2000 ; Landry et al.  1989 ). In terms 
of primary structure, sHSPs are characterized by the presence of a conserved 
α-crystallin domain of approximately 100 amino acids (de Jong et al.  1993 ) that is 
fl anked by a highly variable N-terminal arm (van Montfort et al.  2001 ; Kim et al. 
 1998 ; Fu et al.  2005 ; Cheng et al.  2008 ) and a short fl exible C-terminal region 
(Blakytny et al.  1997 ; Carver and Lindner  1998 ; Kim et al.  1998 ). Interestingly, 
most sHSPs exist as large oligomers of 12–40 subunits (Kim et al.  1998 ; van 
Montfort et al.  2001 ; Sobott et al.  2002 ; Hanazono et al.  2012 ,  2013 ) while a few of 
them present as small oligomers of 2–4 subunits (Kokke et al.  1998 ; Basha et al. 
 2013 ; Leroux et al.  1997a ). Each subunit of sHSP oligomers folds as immunoglobin- 
like β-sandwiches in its α-crystallin domain, with a few α-helices being formed 
in the N-terminal arm and C-terminal region (Kim et al.  1998 ). 

 My colleagues and I have focused on sHSPs for years and investigated their 
chaperone function and mechanism under both in vitro (Chang et al.  1996 ; Yang 
et al.  1999 ; Gu et al.  2002 ; Fu et al.  2005 ; Jiao et al.  2005b ,  2008 ; Shi et al.  2011 ) 
and in vivo (Jiao et al.  2005a ; Ezemaduka et al.  2014 ; Fu et al.  2013b ) conditions. 
One intriguing feature of sHSPs, in our opinion, is that they are able to recognize 
and bind a great diversity of substrate proteins (Bepperling et al.  2012 ; Basha et al. 
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 2004 ; Fu  2014 ). For instances,  Deinococcus radiodurans  Hsp20.2 and  Escherichia 
coli  IbpB were found to respectively interact with at least 89 and 110 substrate 
proteins in cells (Bepperling et al.  2012 ; Fu et al.  2013a ). These substrate proteins 
appear to participate in a variety of cellular processes, including metabolism, DNA 
replication and recombination, protein translation, and so forth (Fu  2014 ). Here I 
propose a super-transformer model to illustrate the underlying mechanism for their 
broad substrate spectrum. I mainly focus on the structural characteristics of sHSPs (from 
quaternary, tertiary, secondary to primary structures) bestowing them this capability.  

4.2     Dynamic Oligomeric Structures of sHSPs 

4.2.1     General Signifi cance of Oligomers for Substrate-Binding 

 The most important structural feature of sHSPs is that they exclusively exist as 
multi-subunit oligomers, which had been observed 40 years ago on mammalian 
sHSPs (α-crystallin and Hsp27) (Spector et al.  1971 ; Arrigo and Welch  1987 ; 
Longoni et al.  1990 ) and later on many sHSPs from different organisms (Chang 
et al.  1996 ; Haley et al.  2000 ; Kim et al.  1998 ; van Montfort et al.  2001 ; de Miguel 
et al.  2009 ; den Engelsman et al.  2009 ; Haslbeck et al.  1999 ,  2008 ; Kennaway et al. 
 2005 ; Shi et al.  2011 ; Leroux et al.,  1997b ; Giese and Vierling  2004 ; Sun et al. 
 2004 ; Hilario et al.  2011 ; Hockertz et al.  1991 ; Merck et al.  1993b ). Although sub-
units within a sHSP oligomer are theoretically identical in their substrate-binding 
residues, the architecture of such multi-subunits would enable the sHSP oligomer to 
incorporate substrate proteins at multiple independent sites. Further, it is conceiv-
able that the basic function units within the oligomer could be multiplied such that 
monomers, dimers and/or tetramers are all suitable to bind the substrate polypeptide 
chain. In this token, there are numerous types of substrate-binding patches in a 
single sHSP oligomer. It follows that each molecule of sHSP oligomers could 
simultaneously accommodate more than one types of substrate proteins as we 
recently suggested (Fu et al.  2013a ). In support of this, it was observed that pre-
existing sHSP-substrate complexes could incorporate additional substrate proteins 
(Friedrich et al.  2004 ; Stromer et al.  2003 ). Nevertheless, it remains controversial 
whether the formation of large oligomers per se is required for the functionality of 
sHSPs (Lentze et al.  2003 ; Basha et al.  2013 ; Franzmann et al.  2005 ; Takeda et al. 
 2011 ; Bukach et al.  2004 ; Kappe et al.  2004 ).  

4.2.2     Oligomeric Polydispersity 

 Existence as an ensemble of multiple oligomeric states for one type of sHSP (Haley 
et al.  2000 ; Braun et al.  2011 ; Shearstone and Baneyx  1999 ; Haley et al.  1998 ; 
Aquilina et al.  2003 .  2005 ; Stengel et al.  2012 ; Lelj-Garolla and Mauk  2005 ), 
termed as oligomeric polydispersity, is an important feature for many sHSPs, 
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particularly of those from metazoan and certain bacteria as we reported earlier 
(Fu et al.  2006 ). The polydispersity of sHSP oligomers, accordingly, will enable the 
chaperone to cope with much more types of substrate proteins, assuming that 
 different oligomers differ in the substrate-binding effi ciency, selectivity and capacity. 
On the other hand, it refl ects that sHSP oligomers indeed undergo rapid transforma-
tions between different oligomeric states, which are supposed to be nearly isoener-
getic and thus inter-changeable without overcoming signifi cant energetic barrier. In 
this respect, the oligomeric polydispersity of sHSPs refl ects protein dynamics in 
general (Frauenfelder et al.  1991 ; Henzler-Wildman and Kern  2007 ) in the level of 
protein quaternary structures.  

4.2.3     Oligomeric Plasticity 

 The oligomeric plasticity of sHSPs is refl ected by the different distributions of 
 variable oligomers in equilibrium under different conditions. In reality, sHSP oligo-
mers undergo rapid re-organization in response to the disturbance of environmental 
factors and/or chemicals. For instance, temperature, the most biologically relevant 
environmental factor, substantially impacts the oligomeric states of sHSPs 
(Ehrnsperger et al.  1999 ; Gu et al.  2002 ; Haslbeck et al.  1999 ; van Montfort et al. 
 2001 ; Raman and Rao  1997 ). Since temperature also substantially affects the folding 
status and abundance of substrate proteins in cells, temperature-induced structural 
changes of sHSPs would enable them to act as robust chaperones to cope with 
 temperature-mediated alterations on substrate proteins, as we recently observed on 
IbpB in living  E. coli  cells (Fu et al.  2013b ), where hundreds of natural substrate 
proteins of IbpB are susceptible to heat shock-induced unfolding/misfolding.  

4.2.4     Subunit Exchange 

 Lastly, subunit exchange is commonly observed to take place between sHSP 
 oligomers (Bova et al.  1997 ,  2002 ; Gu et al.  2002 ; Aquilina et al.  2005 ; Friedrich 
et al.  2004 ; Fu and Chang  2004 ; Sobott et al.  2002 ; Basha et al.  2010 ), presumably 
via reversible oligomeric dissociation and association (Gu et al.  2002 ; Sobott et al. 
 2002 ). It even occurs between different types of but structurally similar and/or func-
tionally related sHSPs (Merck et al.  1993a ; Sobott et al.  2002 ; den Engelsman et al. 
 2009 ; Leroux et al.  1997b ; Fu et al.  2006 ), as well as between free sHSP oligomers 
and sHSP-substrate complexes (Friedrich et al.  2004 ). Conceivably, such subunit 
exchange will dynamically change the “morphology” of sHSP oligomers and thus 
creates much more conformational resembles to cope with substrate diversity, in a 
similar way with the polydispersity of sHSP oligomers as discussed above. Further, 
it may also serve as an activation mechanism, by which the sHSP oligomers release 
sub-oligomers that are able to effi ciently capture substrate proteins as we suggested 
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before (Fu et al.  2003b ). In support of this, the subunit exchange rate for many 
sHSPs was reported to positively correlate with chaperone activities (Bova et al. 
 1997 ,  2002 ; Fu and Chang  2004 ; Raman and Rao  1997 ; Santhoshkumar et al.  2009 ). 

 The sHSP oligomeric dynamics is believed to be largely resulted from the 
 conformational fl exibility or the even structural disorder of the N-terminal arm and 
C-terminal extension (Basha et al.  2012 ; Sudnitsyna et al.  2012 ; Baldwin et al. 
 2011 ). In sum, the dynamic oligomers of sHSPs can be viewed as a kind of plastic 
nanostructures that are able to accommodate structurally diversifi ed substrate 
 proteins. This concept was nicely demonstrated by the observation that Hsp18.1 
was able to form complexes of over 300 different stoichiometries with a single 
 substrate protein (luciferase) (Stengel et al.  2010 ). By contrast, it is imaginable that 
monomeric molecular chaperones such as Hsp70 would be unable to do so.   

4.3     Disorder-Adapting-Disorder for sHSP-Substrate 
Recognition and Interaction 

 Protein-protein interactions are generally considered to occur through ordered, 
specifi c interfaces of two folded proteins. Nevertheless, in many cases protein-
protein interactions were reported to be mediated by an disordered interface of one 
interacting protein (as reviewed (Wright and Dyson  1999 )), which in turn becomes 
folded upon interaction with its targets (Sugase et al.  2007 ). Such disordered inter-
faces apparently confer functional advantages on a protein, including the ability to 
bind to several different targets (Wright and Dyson  1999 ), i.e., the broad client 
spectrum. Hinted by this, we propose that sHSP-substrate interactions undergo pos-
sibly through a way of disorder-adapting-disorder. In other words, the disordered 
substrate- binding region of a sHSP interacts with a globally or locally disordered 
substrate protein. 

 It is hard to obtain the high-resolution structures of the substrate proteins of 
sHSPs due to their structural heterogeneity. It appears that they are neither folded 
nor fully unfolded. Specifi cally, these substrate proteins, when complexed with 
sHSPs, were found to be characterized by native-like secondary structures but 
 compromised tertiary structures and somehow exist in molten globule states, as 
revealed by fl uorescence spectroscopy, NMR, CD spectroscopy and spin labeling 
(Das et al.  1996 ,  1999 ; Lindner et al.  1997 ; Rawat and Rao  1998 ; Sathish et al. 
 2003 ). Nevertheless, the exact folding status of substrate proteins, before they are 
 recognized and bound by sHSPs, remains unclear. Given that they are aggregation-
prone intermediates during unfolding and/or refolding (Carver et al.  1995 ,  2002 ; 
Carver and Lindner  1998 ; Treweek et al.  2000 ; Farahbakhsh et al.  1995 ; Lindner 
et al.  1997 ,  2001 ; Das et al.  1996 ,  1999 ), it is most likely that sHSP substrate 
 proteins are largely disordered in structures before being bound by sHSPs. One 
excellent example in support of this assumption comes from melittin, which is a 
random coil peptide under physiological condition and was reported to be bound by 
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α-crystallin (Farahbakhsh et al.  1995 ). In another critical study, Carver et al. reported 
that a disordered intermediate of α-lactalbumin was more effi ciently bound by 
α-crystallin than a less disordered intermediate (Carver et al.  2002 ). Possibly, upon 
binding to sHSPs, such largely disordered structures in the substrate proteins are 
stabilized by sHSPs and thus transformed into more ordered structures. In support 
of this, unfolded insulin B chain towards aggregation, after complexed with 
α-crystallin, was reported to be strongly immobilized along much of its length and 
also adopt to its native fold (Farahbakhsh et al.  1995 ). 

 On the other hand, the N-terminal arm and C-terminal extension of sHSPs were 
reported to be extensively fl exible in conformations or even structurally disordered 
(Kim et al.  1998 ; van Montfort et al.  2001 ; Fu et al.  2005 ; Jiao et al.  2005b ; Cheng 
et al.  2008 ; Blakytny et al.  1997 ; Carver and Lindner  1998 ; Hartl et al.  2011 ; 
Baldwin et al.  2011 ). Whereas the exact role of the fl exible C-terminal extension in 
binding substrate proteins is still in debate (Carver and Lindner  1998 ; Smulders 
et al.  1996 ; Jehle et al.  2010 ; Saji et al.  2008 ; Treweek et al.  2007 ; Jaya et al.  2009 ; Jiao 
et al.  2005b ; Fu et al.  2013b ), it is well established that the structurally disordered 
N-terminal arm serves as a principal substrate-binding region (Fu et al.  2005 ,  2013b ; 
Sharma et al.  1997 ; Jaya et al.  2009 ; Lambert et al.  2013 ). In this context, sHSPs 
appear to dominantly utilize their disordered N-terminal arms for substrate- binding, 
and thus allow them to present diverse geometries for substrate-binding. Further, we 
previously reported that  M. tuberculosis  Hsp16.3, when losing its native structures 
became an unstructured (disordered) protein either due to a point mutation or at 
high temperature, even exhibited much higher chaperone activity than the wild type 
protein (Chen et al.  2005 ; Fu and Chang  2006a ; Fu et al.  2003a ), indicating the 
importance of disordered structures of sHSPs for substrate-binding. Taken together, 
the sHSP-substrate interaction could be considered to undergo in a way of “disor-
der-adapting-disorder” as proposed by us recently (Fu et al.  2013b ). This unique 
interaction way, unlike the general way of order-fi tting-order specifi cally occurring 
between structurally ordered proteins, would allow both sides to fi t with each other 
in a nearly infi nite conformational space and thus dramatically bestow the broad 
substrate spectrum of sHSPs. 

 The principle governing such “disorder-adapting-disorder” is currently unknown. 
It was found that molecular chaperone proteins are overall more disordered in their 
structures than most of other functional proteins (Tompa and Csermely  2004 ). Such 
disordered structures are considered to play a fundamental mechanistic role via a 
way of “entropy transfer”, by which the transition of disorder to order in the 
 chaperone enables the misfolded substrate to be locally unfolded for subsequent 
refolding in a limited conformational space (Tompa and Csermely  2004 ). With 
respect to sHSPs, the fl exible C-terminal extension may act in this way, as in 
αB-crystallin this region was reported to lose its fl exibility upon binding to substrate 
proteins (Carver et al.  1995 ; Carver and Lindner  1998 ). Nevertheless, regarding the 
disorder-adapting- disorder interaction between the disordered substrate-binding 
regions of sHSPs (e.g., the N- terminal arm) and the disordered element of substrate 
proteins, the free energy would be presumably stemmed from the multiple non-
covalent interactions between them. It follows that during disorder-adapting-disorder 
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the total entropy is reduced and both disordered structures are transiently stabilized. 
In line with this, synthesized peptides respectively corresponding to the N-terminal 
arm of Hsp16.3 and a substrate-binding sequence of αA-crystallin were both found 
to be able to directly interact with unfolded substrate proteins under in vitro 
 conditions (Sharma et al.  2000 ; Fu et al.  2005 ). The disorder-adapting-disorder 
scenario may be applicable to other molecular chaperones (e.g., Hsp33 and HdeA) 
that utilize disordered structures to bind unfolded substrate proteins (Reichmann 
et al.  2012 ; Bardwell and Jakob  2012 ; Hong et al.  2005 ).  

4.4     Structural Diversity and Spatial Chaos of Substrate- 
Binding Residues of sHSPs 

 Last but not least, the broad substrate spectrum of sHSPs is bestowed from diversifi ed 
amino acids that are utilized by sHSPs for substrate-binding. Studies by truncation 
or by chemical crosslinking showed that the three characteristic domains of sHSPs 
are all crucial for the chaperone functional integrity (Merck et al.  1993b ; Fu and 
Chang  2006a ; Fu et al.  2005 ; Basha et al.  2006 ; Giese and Vierling  2004 ; Leroux 
et al.  1997b ; Jiao et al.  2005b ; Lentze et al.  2003 ; Ghosh et al.  2006 ; Saji et al.  2008 ; 
Strozecka et al.  2012 ; Studer et al.  2002 ; Treweek et al.  2007 ; Fu and Chang  2006b ; 
Lambert et al.  2013 ; Shemetov and Gusev  2011 ). However, these studies cannot 
reveal the exact role of each amino acid residue for substrate- binding. An elegant 
approach using unnatural amino acid-mediated photo-crosslinking has been recently 
utilized to characterize the substrate-binding residues of sHSPs (Fu et al.  2013b ; 
Jaya et al.  2009 ). Interestingly, both hydrophobic and charged residues in pea 
Hsp18.1 were found to participate in binding model substrate proteins (luciferase 
and malate dehydrogenase) under in vitro conditions (Jaya et al.  2009 ), in line with 
conventional point mutation studies on αA crystalline and αB-crystallin (Plater 
et al.  1996 ; Smulders et al.  1995 ). Importantly, we found by in vivo photo- 
crosslinking that the 48 substrate-binding residues of IpbB are composed of nearly 
equal amount of polar amino acids (including 13 charged residues) and hydrophobic 
amino acids. Together, these results thus demonstrate that not only hydrophobic 
interactions but also electrostatic forces and hydrogen bonds are involved in the 
interaction of sHSPs with substrate proteins. Accordingly, such multi-types of non-
covalent interactions could enable sHSPs to recognize structurally diversifi ed sub-
strate proteins carrying both non-native hydrophobic and hydrophilic amino acids. 

 Another noteworthy point is that the substrate-binding residues of both Hsp18.1 
and IbpB appear spatially chaotic throughout the sHSP oligomers. First, similarly 
with those of Hsp18.1 that did not form discrete binding surfaces (Jaya et al.  2009 ), 
the substrate-binding residues of IbpB appear to be largely dispersed (Fig.  4.1a ). 
Such global dispersion of multi-types of numerous substrate-binding residues in the 
oligomeric structures of Hsp18.1 and IbpB strongly support the notion that each 
sHSP oligomer binds the substrate proteins at multiple independent sites (Cheng 
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et al.  2008 ). On the other hand, this topology would allow the chaperones to create 
unlimited number of patches for substrate-binding. Nevertheless, it is noted that 
many of the substrate-binding residues in IbpB also form a few discrete patches 
(Fig.  4.1a ). It is conceivable that each of the globally dispersed residues has low 
binding affi nity while those spatially enriched ones exhibit high binding affi nity to 
substrates. In support of this scenario, in vitro studies revealed that Hsp16.5 binds 
lysozyme with both low and high affi nities (Sathish et al.  2003 ; Shi et al.  2013 ). It 
follows that both the globally dispersed and locally enriched substrate-binding 
residues are crucial for the recognition and interaction of sHSPs towards substrate 
proteins. In addition, mapping analysis reveals that, although a large portion of 
 substrate-binding residues are present on the surface, many are deeply buried in the 
core structure of both Hsp18.1 (Jaya et al.  2009 ) and IbpB dimers (Fig.  4.1b ). These 
observations indicate that sHSP dimers have to undergo signifi cant structural 
 readjustment before utilizing these deeply buried sites for substrate-binding.  

 In sum, the substrate-binding residues of sHSPs are composed of nearly equal 
amount of polar (charged or uncharged) and hydrophobic amino acids, and are 
 spatially chaotic within the context of oligomers. These characteristics will also 
bestow the broad substrate spectrum of sHSPs.  

4.5     sHSPs Act as Super-Transformers in Interacting 
with Diversifi ed Substrate Proteins 

 So far no single model is considered to suffi ciently describe the structure, function 
or mechanism of sHSPs (Basha et al.  2012 ) due to the diversity in their primary 
sequences, oligomeric structures, substrate-binding sites and substrate proteins. 
It appears that sHSPs are more divergent than the ATP-dependent molecular 

  Fig. 4.1    IbpB’s substrate-binding residues are spatially chaotic within the modeled dodecameric 
and dimeric structures. 48 substrate-binding residues of IbpB as identifi ed at 50 °C are mapped 
into the modeled IbpB dodecameric (panel  a ) or dimeric (panel  b ) structures. The dodecameric 
structure of IbpB was modeled by referring to the determined 3-D structure of Hsp16.9 as described 
in our recent study (Fu et al.  2013b ). The amino-terminal 31 residues in half of the 12 subunits of 
IbpB are assumed to be structurally disordered by referring to Hsp16.9 (van Montfort et al.  2001 ) 
and are thus disregarded during modeling. In panel  b , fully or partially exposed residues are 
 colored in  red  (38 residues) while largely buried ones are in  green  (10 residues)       
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chaperone families (e.g., Hsp70, Hsp60 and Hsp90) that are usually relatively 
 conserved in structure and function (de Jong et al.  1993 ,  1998 ). In our opinion, the 
dynamic structures of sHSPs should be considered as the nature of this chaperone 
family and is also the key to underlie their broad substrate spectrum. In keeping 
with all the details related to sHSPs as discussed above, a novel “super-transformer” 
model is proposed, as illustrated in Fig.  4.2 , to account for the structural character-
istics and broad substrate spectrum of sHSPs.  

 In this model, each sHSP monomer behaves like a transformer, which is able to 
adapt to different conformations (the upper part in the left frame of Fig.  4.2 ). 
Multiple monomers, presumably via forming the build block dimer per se, easily 
assemble into various transformable and dynamic oligomers, termed as super- 
transformer (the lower part in the left frame of Fig.  4.2 ). Each super-transformer 
is able to capture structurally distinct substrate proteins using its numerous multi-
type substrate-binding sites that are spatially chaotic and somehow disordered. 
Disorder-adapting-disorder may play important roles for the initial recognition 
and interaction of sHSPs with substrate proteins. In the end, large sHSP-substrate 
complexes are formed (the right frame in Fig.  4.2 ) and stabilized via numerous 
multi-type weak interactions between sHSPs and substrates. However, such 
 complexes are also dynamic, given that subunit exchange occurs between sHSP 
subunits in the complexes and free sHSP subunits in the solution (Friedrich et al. 
 2004 ), that free substrate proteins could be incorporated into the pre-existing 
sHSP-substrate complexes (Stromer et al.  2003 ; Friedrich et al.  2004 ), and that 
the local conformational fl exibility of sHSPs in the complexes is not decreased 

Diverse 
substrate 
proteins

Flexible sHSP monomers 
(transformers)

Dynamic sHSP oligomers
(super-transformer)

Dynamic sHSP-substrate complexes

 

  Fig. 4.2    A super-transformer model illustrating both the dynamic structures of sHSPs and the 
variable sHSP-substrate interactions. Each sHSP monomer, like a transformer, is able to adapt 
to different conformations, and easily assembles into various transformable and dynamic oligo-
mers (super-transformer). The super-transformer is able to utilize its numerous multi-type 
substrate- binding sites (indicated by  black circles ,  squares  and  triangles ) that are spatially cha-
otic and potentially disordered ( white circles ) to recognize and capture multi-type substrate pro-
teins, possibly via a way of disorder-adapting-disorder. In the end, apparently stable and large 
sHSP-substrate complexes are formed, with the sHSP subunits in the complexes still being 
dynamic       
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(Cheng et al.  2008 ). It follows that the dynamics of sHSP-substrate complexes 
would facilitate the subsequent substrate release in cooperation with other protein 
quality control components.  

4.6     Perspectives 

 Here we have emphasized the common features of sHSPs and introduced some new 
terms such as disorder-adapting-disorder, super-transformer and spatial chaos to 
defi ne their structural characteristics or interactions with substrate proteins. The 
super-transformer model provides a simple, somehow universal explanation for 
understanding the broad substrate spectrum of sHSPs. In this context, it is of great 
importance to probe how such sHSP super-transformers cooperate ATP-dependent 
molecular chaperones and/or proteases for protein quality control. In addition, it is 
of general interest to explore the signifi cance of sHSP structural dynamics with 
respect to the general protein structural dynamics and to examine how the disorder-
adapting- disorder for sHSP-substrate interaction differs from the general protein- 
protein interaction. Determination of high-resolution structures of sHSP-substrate 
complexes by such methods as cryo-electron microscopy may advance to these issues.     
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    Chapter 5   
 Model Chaperones: Small Heat Shock 
Proteins from Plants 

             Indu     Santhanagopalan     ,     Eman     Basha     ,     Keith     N.     Ballard     ,     Nathen     E.     Bopp     , 
and     Elizabeth     Vierling    

    Abstract     Small heat shock proteins (sHSPs) are ubiquitous stress proteins  proposed 
to act as ATP-independent molecular chaperones to prevent irreversible aggregation 
of stress-labile proteins. sHSPs range in size from ~12 to 42 kDa, but typically 
assemble into 12 to >32 subunit oligomers. The monomers are defi ned by a con-
served α-crystallin domain fl anked by divergent and fl exible N-terminal and 
C-terminal arms. In higher plants sHSPs have evolved independently of metazoan 
and bacterial homologs and comprise multiple families of cytosolic proteins, along 
with proteins targeted to the nucleus, chloroplasts, mitochondria, endoplasmic retic-
ulum and peroxisomes. This diversity of sHSPs is unique to land plants and likely 
arose as a result of their frequent exposure to stress due to their sessile nature. The 
availability of the high resolution structure of a dodecameric cytosolic class I sHSP 
from wheat, Ta16.9 (PDB ID: 1GME; 2.7 Å resolution), has facilitated detailed 
in vitro studies of sHSP chaperone action. A working model proposes that sHSP 
oligomers dissociate into dimers during heat stress, revealing hydrophobic patches 
that interact with exposed hydrophobic regions on denaturing substrates, maintain-
ing them in a soluble, folding- competent state. sHSP-substrate complexes are then 
acted on by ATP- dependent chaperones to restore substrates to their native state. 
However, much remains to be done to connect this model with the function of the 
many different sHSPs found in plants. Further genetic and biochemical studies are 
needed to identify sHSP substrates and to defi ne the mechanism by which sHSPs 
function, not only during stress, but also during specifi c developmental stages in 
plants.  
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  Keywords     α-crystallin domain   •   Hydrogen-deuterium exchange   •   Nanoelectrospray 
mass spectrometry   •   IxI motif   •   Chaperone effi ciency   •   Replica exchange molecular 
dynamics   •    Arabidopsis  thaliana   •    Synechocystis sp . PCC 6803   •   N-terminal arm   • 
  Stress response   •   Chaperone network  

   Abbreviations 

  ACD    Alpha-crystallin domain   
  AKRA2    Ankyrin repeat containing protein 2A (UniProt accession: Q9SAR5)   
  At14.7     Arabidopsis thaliana  heat shock protein 14.7 (UnitProt accession: 

Q6NLV0)   
  At15.7     Arabidopsis thaliana  heat shock protein 15.7 (UniProt accession: 

Q9FHQ3)   
  At17.4     Arabidopsis thaliana  heat shock protein 17.4 (SwissProt acces-

sion: Q9SYG1)   
  At17.7     Arabidopsis thaliana  heat shock protein 17.7 (UniProt accession: 

O81822)   
  At17.8     Arabidopsis thaliana  heat shock protein 17.8 (UniProt accession: 

Q9LNW0)   
  At18.5     Arabidopsis thaliana  heat shock protein 18.5 (UniProt accession: 

O64564)   
  At21.7     Arabidopsis thaliana  heat shock protein 21.7 (UniProt accession: 

Q9FIT9)   
  At22.0     Arabidopsis thaliana  heat shock protein 22.0 (UniProt accession: 

Q38806)   
  At23.5     Arabidopsis thaliana  heat shock protein 23.5 (UniProt accession: 

Q9FGM9)   
  At23.6     Arabidopsis thaliana  heat shock protein 23.6 (UniProt accession: 

Q96331)   
  At26.5     Arabidopsis thaliana  heat shock protein 26.5 (UnitProt accession: 

Q9SSQ8)   
   C. elegans      Caenorhabditis elegans    
  Dr17.7     Deinococcus radiodurans  heat shock protein 17.7 (UniProt acces-

sion: Q9RTR5)   
  Dr20.2     Deinococcus radiodurans  heat shock protein 20.2 (UniProt acces-

sion: Q9RVB5)   
  EPR    Electron paramagnetic resonance   
  ER    Endoplasmic reticulum   
  FRET    Förster (or fl uorescence) resonance energy transfer   
  GST    Glutathione-S-transferase   
  HSP    Heat shock protein   
  MALDI-TOF    Matrix assisted laser desorption ionization – time of fl ight   
  MI    Mitochondrial class I small heat shock protein   
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  MII    Mitochondrial class II small heat shock protein   
  Mj16.5     Methanocaldococcus jannaschii  heat shock protein 16.5 (UniProt 

accession: Q57733)   
  NtHsp24.6     Nicotiana tabacum  heat shock protein 24.6   
  OEP7    Outer envelope protein 7 (chloroplast) (UnitProt accession: Q9SVC4)   
  Ps17.7     Pisum sativum  heat shock protein 17.7 (UniProt accession: P19242)   
  Ps18.1     Pisum sativum  heat shock protein 18.1 (UniProt accession: P19243)   
  Sc26     Saccharomyces cerevisiae  heat shock protein 26 (UniProt acces-

sion: P15992)   
  sHSP    Small heat shock protein   
  Sp16.0     Schizosaccharomyces pombe  heat shock protein 16.0 (UniProt 

accession: O14368)   
  Syn16.6     Synechocystis  heat shock protein 16.6 (Unit Prot accession: 

M1LDX9)   
  Ta16.9     Triticum asetivum  heat shock protein 16.9 (UniProt accession: 

P12810)   
  Ta17.8     Triticum asetivum  heat shock protein 17.8 (UniProt accession: 

Q94KM0)   

5.1           Defi ning the Small Heat Shock Proteins in Plants 

 Over three decades ago it was recognized that all organisms respond to heat stress 
by elevating the transcription and translation of a set of genes that were designated 
as encoding “heat shock proteins” (HSPs). The fi rst observations of HSP synthesis 
in higher plants were reported for soybean and tobacco (Barnett et al.  1980 ; Key 
et al.  1981 ). It was already obvious from these initial studies that, compared to 
 Drosophila ,  Saccharomyces cerevisiae , bacteria and humans, plants synthesize a 
very large number of HSPs with molecular weights between 15 and 25 kDa (“small” 
HSPs or sHSPs). In plants, sHSPs were found to be not only numerous, but the cor-
responding mRNAs were also produced at such high levels during heat stress (esti-
mated >20,000 copies per cell), that cDNAs encoding these sHSPs were among the 
fi rst protein coding sequences cloned from plants (Schöffl  and Key  1982 ). The pro-
duction of major classes of HSP mRNAs following heat stress in plants is illustrated 
in Fig.  5.1 . The accumulation of mRNAs encoding members of the HSP100/ClpB, 
Hsp90 and Hsp70 families of HSPs along with numerous sHSP mRNAs is apparent. 
The abundance and diversity of plant sHSPs has made their function and evolution 
of considerable interest.  

 The fi rst sequences of sHSPs from plants were obtained from soybean in 1985, 
and the data revealed that the proteins were homologous to sHSPs that had already 
been characterized from  Drosophila ,  C. elegans  and  Xenopus  (Nagao et al.  1985 ). 
The common characteristic of all sHSPs is a 90–100 amino acid, central domain (the 
α-crystallin domain (ACD)) (Figs.  5.2  and  5.3 ) recognized as homologous to the eye 
lens α-crystallins by Ingolia and Craig ( 1982 ). sHSPs are now known to be found in 
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all domains of life. An understanding of the origins and diversity of the sHSPs in 
plants has been gained in subsequent decades of research. While sHSPs in  metazoans 
are found primarily in the cytosol and nucleus, plant sHSPs are present in these 
compartments, and in addition, nuclear-encoded plant sHSPs have been character-
ized that are targeted to chloroplasts (Van Aken et al.  2009 ; Vierling et al.  1988 ; 
Waters and Vierling  1999a ), the endoplasmic reticulum (ER) (Helm et al.  1995 ), 
mitochondria (Lenne et al.  1995 ; Van Aken et al.  2009 ), the nucleus, and peroxi-
somes (Ma et al.  2006 ; Scharf et al.  2001 ). Outside of plants,  Drosophila  is the only 
organism known to have an organelle specifi c sHSP, which is reported to localize to 
mitochondria (Wadhwa et al.  2010 ). Furthermore, angiosperm cytosolic sHSPs 
group into fi ve or more families that originated hundreds of millions of years ago 
and show evidence of continued diversifi cation (Lopes-Caitar et al.  2013 ; Siddique 
et al.  2008 ; Waters et al.  2008 ; Waters and Vierling  1999b ). The sequence relation-
ship of plant sHSPs is illustrated for all sHSPs from  Arabidopsis thaliana  in Fig.  5.2 . 
A general conclusion is that the evolution of the diverse land plant sHSPs has been 
driven by the sessile nature of plants, which subjects them to inescapable environ-
mental stresses potentially counteracted by sHSP function.   

 Although all sHSPs are grouped together as ATP-independent molecular chaper-
ones that are proposed to prevent irreversible aggregation of stress-sensitive pro-
teins, exactly how they function and what they protect remains far from determined 
(Basha et al.  2012 ). Here we will fi rst review basic data that have helped formulate 
a model for sHSP function from studies of plant sHSPs, with reference to data from 
other organisms. We then go on to discuss further studies that both support, but also 
call into question the generality of the current model. Finally, we will pose some of 
the major outstanding questions that remain to be tackled.  

  Fig. 5.1    Heat stress induces the accumulation of HSP mRNAs in plants. Autoradiogram of in vitro 
translation products of mRNA isolated from control (22 °C) or heat stressed (38 °C, 90 min) pea 
( Pisum sativum ) seedlings. PolyA RNA was extracted after treatment and used for in vitro transla-
tion in wheat germ extract in the presence of  35 S-methionine. The translation products were sepa-
rated by two-dimensional polyacrylamide gel electrophoresis and imaged by autoradiography. 
 Arrowheads  point to the indicated HSPs. sHSPs at the  middle right  represent the precursors of 
mitochondrial and chloroplast targeted sHSPs (Data from Vierling, unpublished)       
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  Fig. 5.3    Structural features and dynamics of wheat ( Triticum aestivum ) Ta16.9 (1GME). 
( a )  Color-coding used is  red =N-terminal arm,  green =ACD,  blue =C-terminal extension and the IxI 
motif is colored  magenta-cyan-magenta . One monomer of each dimer is shown in  darker shades . 
Fig. 5.3 (continued) Monomer, with numbered ACD β-strands ( a ), dimer ( b ) and dodecamer ( c  
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5.2     Insights into sHSP Structure Gained from Plant sHSPs 

 Like any other protein, one key to understanding sHSPs lies in gaining insights 
about their structures. While the monomeric masses of sHSPs from diverse organ-
isms range from 12 to 42 kDa, the majority assemble into multimers of 12 to over 
32 monomers (Basha et al.  2012 ; Van Montfort et al.  2001a ). The oligomeric size 
and polydispersity of many sHSPs have made obtaining high resolution structures 
diffi cult (Delbecq and Klevit  2013 ). A summary of structural data available for 
sHSPs is provided in Table  5.1 . Studies of a single evolutionary class of plant cyto-
solic sHSPs, referred to as cytosolic class I (Fig.  5.2 ), have made major contribu-
tions to the current model for sHSP chaperone function, in part due to the availability 
of the 2.7 Å structure of the native class I dodecamer from wheat (1GME) (van 
Montfort et al.  2001b ) (Fig.  5.3 ). Dodecameric wheat Hsp16.9 (Ta16.9) and the 
recent X-ray structure of the 16-mer Hsp16.0 from  Schizosaccharomyces pombe  
(Hanazono et al.  2013 ) remain the only eukaryotic, and the most complete high 
resolution sHSP structures available, but limited activity data are available for the 
latter protein. In this section, we focus on structural information gained from Ta16.9, 
with reference to other sHSPs.

   The Ta16.9 and  Methanocaldococcus janachii  Mj16.5 structures defi ned the 
conserved ACD as comprising a seven or eight strand β-sandwich, which is a struc-
tural hallmark of sHSPs (Fig.  5.3 ). In addition, both these sHSPs are built from a 
dimeric substructure that involves swapping of β-strand 6 between monomers. The 
dimers of most plant, bacterial and yeast sHSPs comprise this type of strand- 
swapped dimer (Hanazono et al.  2013 ; Kim et al.  1998 ; van Montfort et al.  2001b ) 
(Table  5.1 ). Note that the secondary and tertiary structure of the ACD is much more 
conserved within the sHSP family than the amino acid sequence of this domain. 
High resolution structures of the ACD from several metazoans (Table  5.1 ) have 
defi ned a second type of dimer that does not involve strand swapping. These meta-
zoan proteins, including αA- and αB-crystallin, do not have a β6 strand, but rather 
possess an elongated β7 strand that forms the dimeric interface by aligning in an 
antiparallel fashion (Bagneris et al.  2009 ; Baranova et al.  2011 ; Clark et al.  2011 ; 
Laganowsky et al.  2010 ; Laganowsky and Eisenberg  2010 ). The two types of dimers 
were highlighted in recent reviews (Basha et al.  2012 ; Delbecq and Klevit  2013 ). 
The extent to which these differences in sHSP dimer structure may determine dif-
ferences in mechanism is unknown. 

 The characteristic ACD is preceded by a variable N-terminal arm. The variability 
in N-terminal arms of different sHSPs is well-illustrated by the alignment of 

Fig. 5.3 (continued) and  d ) are shown in cartoon form, with the IxI and N-terminal V/IFDPFS 
motifs in stick representation. Dodecamer in ( d ) is rotated 90° in the plane of the page from ( c ). 
Surface representations of the dimer ( e ) and dodecamer ( f ). ( b ) Ta16.9 structure colored according 
to percent of amide hydrogen-deuterium exchange within 5 s at 25 °C (Cheng et al.  2008 ) with  red  
= 80–100 %,  orange  = 60–80 %,  green  = 40–60 % and  blue  = 20–40 %. Note that the N-terminal 
arm and C-terminus are the most dynamic, followed by the rest of the C-terminal extension and the 
β6-containing loop. The ACD is the least dynamic. Cartoon representation of the dimer ( a ) and 
dodecamer ( b ) and surface representation of the dodecamer ( c ) are shown. Pictures were created 
with PyMol       
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Arabidopsis sHSPs in Fig.  5.2 . The overall diversity of sHSP N-terminal arms in all 
kingdoms of life has been nicely summarized in recent studies using extensive 
genomic data (Kriehuber et al.  2010 ; Poulain et al.  2010 ). These and other charac-
teristics can be accessed in public databases that have compiled and analyzed sHSP 
sequences (  http://forge.info.univ-angers.fr/~gh/Shspdb/index.php    ;   http://pdslab.
biochem.iisc.ernet.in/hspir/    ). The N-terminal arm is poorly conserved compared to 
the ACD and variable in length, but contains recognizable motifs in related sHSP 
families. For example, 237 class I proteins from 84 different plant species have 
N-terminal arms ranging from 24 to 62 amino acids (average 49) and contain a con-
served motif V/IFDPFS, in which the proline residue is >97 % conserved (Fig.  5.2 ). 
This N-terminal motif can be considered a signature of class I proteins. In the Ta16.9 
structure this motif appears to function to patch one end of the ACD β-sandwich 
(Fig.  5.3 ), likely explaining its conservation. 

 Among the available high resolution structures of sHSPs, there are limited data 
on the N-terminal arms. Many of the structures were determined using a truncated 
ACD dimer, and in the three oligomeric sHSP structures the arms are either com-
pletely missing (e.g. Mj16.5), or only a subset are fully resolved (Ta16.9, 6 out of 
12; Sp16.0, 4 complete and 8 partial out of 16) (Table  5.1 ). The disorder of many 
N-terminal arms in the crystal structures, as well as dynamic features of this domain 
as observed by NMR, have led to the suggestion that they are intrinsically disor-
dered (Uversky and Dunker  2010 ). However, most arms that are resolved have 
defi ned α- and 3 10  helices, although these structures may well be very dynamic in 
solution (Fig.  5.3 ). The latter conclusion is supported by hydrogen-deuterium 
exchange experiments with Ta16.9 and Ps18.1 that show amide hydrogens in the 
N-terminal arms are fully exchanged within the fi rst 5 s of exposure to deuterium at 
room temperature (Cheng et al.  2008 ; Wintrode et al.  2003 ) (Fig.  5.3b ). In contrast, 
ACD amide hydrogens exchange much more slowly, consistent with a more stable 
β-sandwich structure for this signature domain (Fig.  5.3b ). We and others have pro-
posed that the N-terminal arms are a major substrate binding domain, as discussed 
in a later section of this review. 

 Following the ACD sHSPs have a short C-terminal extension. In Ta16.9 and 
other plant class I proteins the entire extension is only 14–21 (average 15) amino 
acids, in comparison to the longer extension found in αA- and αB-crystallins (28 and 
26 amino acids, respectively, in humans). Notably, the C-terminal extension of a 
majority of all sHSPs contains a conserved I/V/L-x-I/V/L motif (IxI motif) fi rst 
recognized in 1998 (de Jong et al.  1998 ) (Figs.  5.2  and  5.3 ). In plant class I proteins, 
IxI occurs ~87 % of the time, and the remainder are either VxI or IxV. In Ta16.9 the 
motif is IQI and in Ps18.1 it is IEI, which are the two most frequent variants of the 
IxI sequence in class I proteins (25 % and 54 %, respectively from 207 proteins), 
while IDI occurs in 20 % of these sHSPs. The IxI motif is signifi cant because it 
makes an important contact linking sHSP dimers into higher order oligomers. The 
motif of one monomer binds to a hydrophobic patch on a monomer of another 
dimer, which is created by β-strands 4 and 8 on one face of the ACD β-sandwich. 
Although there are no specifi c reports on the effect of mutation or truncation of this 
motif in higher plant sHSPs, truncation of the IxI in Syn16.6 from the  cyanobacterium 
 Synechocystis sp . PCC 6803 converts the native oligomer to dimers (Giese et al. 

I. Santhanagopalan et al.
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 2005 ), and destabilization of sHSPs oligomers is observed in mutants of archael 
sHSPs (Quinlan et al.  2013 ; Saji et al.  2008 ) and mammalian sHSPs (Delbecq and 
Klevit  2013 ). The C-terminal extension can also adopt different angles in relation to 
the ACD, which facilitates the assembly of oligomers with different geometries. 
This fl exibility is well-illustrated by the Ta16.9 structure (van Montfort et al.  2001b ) 
and by the fi ssion yeast Sp16.0 structure (Hanazono et al.  2013 ).  

5.3     Class I Cytosolic sHSPs from Plants 
Are  “Gold- Standard” Chaperones 

 In our current model for sHSP function, denatured substrates bound to sHSPs can 
be refolded by the ATP-dependent Hsp70/DnaK chaperones, potentially with help 
from the Hsp100/ClpB AAA+ protein disaggregases in those cells and organelles in 
which these proteins are found (Basha et al.  2012 ) (Fig.  5.4 ). This model for sHSP 

+ Stress

Protein complexed
with sHSPs

Protein 
aggregates

Folded 
protein 

+

+
Denaturing

protein

sHSP
dimer

Hsp��
Hsp��

ATP

Hexameric Hsp���

sHSP
oligomer

Native 
protein 

Hsp��
Hsp��

ATP

  Fig. 5.4    Model for the action of class I sHSPs in the plant cytosol. Native protein (e.g. MDH, 
1MLD) is partially denatured by stress and either captured by sHSP dimers to form soluble hetero-
geneous sHSP-substrate complexes or forms aggregates. sHSP-substrate complexes can be acted 
on by Hsp70 and co-chaperones using ATP to effect release and substrate refolding. Refolding can 
be enhanced by the action of the cytosolic protein disaggregase Hsp101, a hexameric ATPase 
(structure shown is the homologous  E. coli  ClpB, 4D2U), which can act on protein aggregates, but 
more effi ciently works on sHSP-substrate complexes (Mogk et al.  2003b ). sHSP structures 
(1GME) are colored as in Fig.  5.3a        

 

5 Model Chaperones: Small Heat Shock Proteins from Plants



130

chaperone function has been developed through extensive in vitro studies reconsti-
tuting these reactions using different sHSPs from plants, cyanobacteria,  E. coli  and 
humans (Giese et al.  2005 ; Lee et al.  1997 ; Lee and Vierling  2000 ; Van Montfort 
et al.  2001a ) and has support from a variety of in vivo studies (Haslbeck et al.  2005 ; 
Lee et al.  2005 ; Mogk et al.  2003a ; Tripp et al.  2009 ).  

 Much of the biochemical work with plant sHSPs has utilized Ta16.9 and a 
homologous class I protein from  Pisum sativum  (pea) Hsp18.1 (Ps18.1). Both 
Ta16.9 and Ps18.1 are dodecamers in solution at room temperature, consistent with 
the Ta16.9 crystal structure, and all available data indicate that sHSPs in the plant 
class I family most likely all assemble into dodecamers (Basha et al.  2010 ; Kirschner 
et al.  2000 ; Tiroli and Ramos  2007 ; Yoon et al.  2005 ). It has been suggested that 
sHSP oligomers act as reservoirs of the active dimeric units of the chaperone 
(Stengel et al.  2010 ; van Montfort et al.  2001b ). As illustrated in Fig.  5.4 , the dimeric 
units of the sHSP are proposed to become available to ‘stressed’ cellular proteins 
upon activation of the sHSP. Stress can activate the sHSPs by shifting the equilib-
rium to the dimeric form, which can then bind unfolded/misfolded proteins. In this 
model, the oligomers are essentially the storage form of the chaperone in which 
binding sites for denaturing proteins are sequestered from the cellular contents until 
needed. Indeed, sHSPs are an excellent illustration of the idea that protein dynamics 
are able to regulate and control protein function. 

 The existence of an equilibrium between sHSP oligomers and dimers has been 
shown by several experiments. Analysis of recombinant proteins on non-denaturing 
gels showed that Ta16.9 and Ps18.1 could exchange subunits to form hetero- 
oligomers when simply incubated together at room temperature (van Montfort et al. 
 2001b ). The same results have been obtained with a class I sHSP from Arabidopsis 
(Basha et al.  2010 ). Friedrich et al. ( 2004 ) used exchange between a C-terminal 
affi nity tagged Ps18.1 and wild type Ps18.1 incubated in a molar ratio of 1:1 (12 μM 
each) to demonstrate that hetero-oligomers were formed in less than 15 min at room 
temperature and no exchange occurred when proteins were incubated together on 
ice. More accurate kinetic data along with information about the units being 
exchanged between oligomers was determined using nanospray mass spectrometry. 
In these experiments the mass of the non-covalent dodecamers could be measured, 
and the stoichiometry of the hetero-oligomers was directly monitored. Results dem-
onstrated that the subunit exchange between Ps18.1 and Ta16.9 was rapid and that 
exchange preferentially involved dimers (Sobott et al.  2002 ). Further exchange 
studies with other class I sHSPs confi rmed that movement of species with an even 
number of subunits between dodecamers was more prevalent than movement of 
monomers (Painter et al.  2008 ). A rate of 0.40 min −1  at 30 °C was measured for 
exchange of dimers between Ps18.1 and an Arabidopsis class I sHSPs (Painter et al. 
 2008 ). Dynamic behavior of sHSP oligomeric assemblies appears to be a common 
property of these proteins. Exchange of dimers between α-crystallin molecules has 
been observed by fl uorescence resonance energy transfer (FRET) and mass spectro-
metric studies (Baldwin et al.  2011 ; Bova et al.  2000 ). Mixtures of labeled and unla-
beled sHSP from  Saccharomyces cerevisiae  (Sc26) also showed exchange of 
dimeric species at elevated temperatures (Benesch et al.  2010 ). Evidence that the 
equilibrium between oligomers and dimers shifts towards dimers for class I plant 
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sHSPs at elevated temperatures, comes from several experiments. Analytical size 
exclusion chromatography and native gel electrophoresis studies with purifi ed 
Ta16.9, Ps18.1 and a class I sHSP from  Arabidopsis , At17.6, show that these 
dodecameric proteins reversibly dissociate to smaller oligomers, predominantly 
dimers at higher temperatures (Basha et al.  2010 ; van Montfort et al.  2001b ). Similar 
observations were made with class I proteins from sugarcane (Tiroli-Cepeda and 
Ramos  2010 ). Since the oligomers rapidly reassemble and are dominant even at 
very low micromolar concentrations at room temperature, it is only possible to 
observe the dimeric forms when biochemical analysis is performed at elevated 
 temperature. In total these data are consistent with the model that at elevated 
 temperatures the dimer is the active form (Fig.  5.4 ). However, because dimers are 
constantly exchanging, they are essentially always available, and the equilibrium 
towards dimers would be enhanced in the presence of ‘dimer-binding’ unfolded 
substrates, even at ambient temperatures. Thus, due to the dynamic release of dimers 
the oligomeric ‘storage’ form can still act as a chaperone even in the absence of high 
temperature stress. This has been nicely illustrated with mammalian sHSPs and 
destabilized forms of T4 lysozyme by the McHaourab group (McHaourab et al. 
 2009 ). 

 To date the majority of work examining sHSP protection of substrates has 
involved model, heat-sensitive proteins, as opposed to stress labile proteins from the 
same organism as the sHSP. This is due to our general lack of knowledge of specifi c 
in vivo substrates protected by sHSPs. The proteins most commonly used as model 
substrates in sHSP chaperone assays for protection from heat denaturation are fi re-
fl y luciferase, porcine heart mitochondrial malate dehydrogenase, and porcine liver 
citrate synthase. These proteins are all heat sensitive at moderate temperatures 
(40 °C), can be readily assayed for enzymatic activity and are available commer-
cially. The complexes formed when sHSPs interact with these denaturing substrates 
at elevated temperatures are large (from a few hundred to a few thousand kDa) and 
highly polydisperse. As characterized in detail with plant class I sHSPs, the sizes of 
the complexes vary depending on the ratio of sHSP to the substrate, the identity of 
the substrate, and the temperature at which substrate denaturation is performed 
(Basha et al.  2004b ,  2006 ,  2013 ; Lee et al.  1997 ; Mogk et al.  2003b ). Similar obser-
vations have been made with ScHsp26 from yeast (Stromer et al.  2003 ). When 
sHSPs are limiting, sHSP-substrate complexes are larger, presumably because there 
is insuffi cient sHSP to block self-interaction of the denaturing substrate. Conversely, 
sHSP-substrate complexes are smaller at higher ratios of sHSP to substrate because 
there is less self-aggregation of substrate due to relatively more sHSP being avail-
able to form contacts with substrate (Friedrich et al.  2004 ). The complexes formed 
in vitro between certain sHSPs and substrates are quite stable and essentially do not 
release free substrate. Addition of more Ps18.1 to pre-formed complexes of lucifer-
ase did not alter their size since the sHSP cannot bring about disaggregation of 
proteins to smaller aggregates (Friedrich et al.  2004 ). However, adding luciferase to 
pre-formed complexes increased their size, and exchange between tagged and 
untagged Ps18.1 in sHSP-substrate complexes was observed, indicating that the 
complexes are dynamic (Friedrich et al.  2004 ). 
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 Defi ning the stoichiometry and mode of sHSP interaction with substrates remains 
diffi cult. In mass spectrometry studies of Ps18.1 with the substrate luciferase, more 
than 300 stoichiometries of sHSP to substrate were observed (Stengel et al.  2010 ). 
This polydispersity may be due to sHSPs capturing substrates in different degrees 
of unfolding, as well as there being no single specifi c substrate binding site on the 
sHSPs (Jaya et al.  2009 ). In complexes of Ps18.1 with different substrates, it was 
also observed that there was a predominance of one or two molecules of monomeric 
or dimeric substrates, respectively (Stengel et al.  2010 ). The fi nding that two mol-
ecules of dimeric substrates were captured in complexes is consistent with the con-
clusion that partially unfolded substrates, retaining some degree of native 
conformational characteristics, are recognized by sHSPs. Related work found that 
sHSP-substrate complexes that have an even number of sHSP monomers are pre-
dominant, supporting the sHSP dimer as the major substrate binding species 
(Stengel et al.  2012 ). However, the dimeric interface is also labile, and the dimers 
dissociate under stress conditions, and sHSP-substrate complexes carrying an odd 
number of sHSP monomers have also been observed, although to a lesser extent 
than those with even numbered species. Dissociation of the Ta16.9 and Ps18.1 
dodecamers appears to be the rate limiting step (Sobott et al.  2002 ) and coincides 
with substrate binding. This is then followed by a slower step of augmentation of the 
complex with addition of more sHSP molecules (Stengel et al.  2010 ). The dynamic 
interaction of sHSPs with substrate was further observed by hydrogen-deuterium 
exchange experiments followed by mass spectrometry, which typically can identify 
protein-protein interfaces (Cheng et al.  2008 ). Amide hydrogen exchange from the 
substrate malate dehydrogenase revealed that N- and C-terminal regions of the pro-
tein, which have stable secondary structure in the native state, were rapidly 
exchanged in Ps18.1 or Ta16.9-substrate complexes, but that the core of the protein 
was much slower to exchange. These observations also support the conclusion that 
sHSPs bind substrates at an early stage of unfolding. The surprising result was that 
no change in the pattern of amide hydrogen exchange was observed for the sHSPs, 
whether or not they were in complex with the substrate. Thus, no new stable sHSP 
secondary structure forms upon interaction of these sHSPs with heat-denatured 
malate dehydrogenase, although they very effi ciently protect it, and the complexes 
are stable. We suggest that these data can be explained by the existence of multiple 
low affi nity contacts between sHSP and substrate that when combined create a sta-
ble interaction. 

 Dissociation into dimers presumably makes surfaces that are normally buried in 
the sHSP oligomers available for binding substrates. Interaction between substrates 
and sHSPs are proposed to occur through exposed hydrophobic surfaces (Basha 
et al.  2012 ; Lee et al.  1997 ; Van Montfort et al.  2001a ). As indicated by a number of 
experiments, these binding surfaces appear to reside primarily on the fl exible 
N-terminal arm of sHSPs. The high fl exibility and exposed nature of the N-terminal 
arms, particularly at elevated temperatures when the equilibrium is shifted to the 
dimeric form, makes this protein region highly suitable for substrate binding (Cheng 
et al.  2008 ). The role of the N-terminal arm in the effi ciency of substrate protection 
(mole sHSP required per mole substrate) of Ps18.1 and Ta16.9 were studied by 
creating chimeric proteins. Although Ps18.1 and Ta16.9 are very similar (68 % 
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sequence similarity, 79 % sequence identity), Ps18.1 displays up to a sixfold higher 
effi ciency in protecting some substrates in vitro. The chaperone activity of chimeric 
proteins, in which different portions of the N-termini were swapped, was tested with 
citrate synthase, fi refl y luciferase and malate dehydrogenase. The composition of 
the N-terminus clearly determined the effi ciency of protection for citrate synthase 
and luciferase, although both the N-terminal arm and the ACD impacted interaction 
with malate dehydrogenase (Basha et al.  2006 ). In vitro cross-linking studies with 
Ps18.1 mutants carrying the photo-crosslinker p-benzoylphenylalanine at different 
positions, further indicated that interaction with substrates mostly involved the 
N-terminal arm (Jaya et al.  2009 ). Deletion and mutation studies with non-plant 
sHSPs also support this conclusion (Basha et al.  2012 ). The importance of the 
N-terminal arm for function in vivo was demonstrated for the sHSP from cyanobac-
terial Syn16.6. Cells expressing Syn16.6 with certain point mutations in the 
N-terminal arm were unable to survive high temperature treatment, although in vitro 
these same mutants displayed normal oligomer formation and chaperone activity 
with model substrates (Giese et al.  2005 ). It is possible that these N-terminal muta-
tions disrupted the ability of Syn16.6 to protect one or more specifi c, essential 
in vivo substrates. Altogether, support for a critical role of the N-terminal arm in 
substrate protection is strong. 

 The study of isolated dimeric subunits from the sHSP oligomers has not been 
experimentally feasible owing to the dynamic, polydisperse nature of these proteins 
at elevated temperatures and the absence of other conditions under which the dimers 
are stable. Potential hydrophobic substrate binding surfaces on the dimers have been 
explored by a replica exchange molecular dynamics simulation study of Ps18.1 and 
Ta16.9 (Patel et al.  2014 ). The difference in chaperone effi ciency of these two pro-
teins, as mentioned above, helped address the dynamics of the dimers in relation to 
activity. Open and closed conformational ensembles for the dimers were defi ned 
based on larger and smaller distances separating the two N-terminal arms. The simu-
lations showed that for the more effi cient Ps18.1, the population of open dimers is 
larger and the increase in open conformations at higher temperatures (27 °C vs. 
46 °C) is enhanced. It has previously been suggested that the N-terminal arms are 
intrinsically disordered (Sudnitsyna et al.  2012 ; Uversky and Dunker  2010 ). However, 
the simulations indicate that these regions are not completely disordered, but rather 
retain fl exible helical segments with poorly packed side chains, indicating a more 
molten globule-like state. The composition of N-terminal arms from a majority of 
sHSPs shows enrichment of Pro, Ser and Phe residues (Kriehuber et al.  2010 ), which 
is suggested to provide increased fl exibility and possibility for increased hydropho-
bic interactions with denatured substrates. Examination of the accessible surface area 
of the N-terminal arms in open and closed conformations also showed the presence 
of hydrophobic patches. These patches are more exposed in open forms, and the 
surface areas exposed (1,100−1,700 Å 2 ) compare well with the area buried in inter-
protein interactions (Chakrabarti and Janin  2002 ). These large surface areas on 
N-terminal arms are in contrast to smaller patches observed in the β4–β8 groove of 
the ACD (100–300 Å 2 ), which binds the C-terminal IXI motif and has been suggested 
to be a major substrate binding region. The much larger size of hydrophobic patches 
on the N-terminal arms argues that they are the major substrate binding region. 

5 Model Chaperones: Small Heat Shock Proteins from Plants



134

 The refolding of substrates bound to sHSPs requires the activity of  ATP- dependent 
chaperones; the majority of substrates do not spontaneously release and refold from 
sHSP-substrate complexes formed with heat-denaturing substrates (Friedrich et al. 
 2004 ; Mogk et al.  2003b ). Refolding of fi refl y luciferase in complex with Ps18.1 
was accomplished in vitro by addition of eukaryotic Hsc70 and DnaJ ( S. cerevisiae  
Hdj1 plus Ydj1) or prokaryotic DnaK/DnaJ/GrpE, plus ATP (Lee and Vierling 
 2000 ). The ability of both, prokaryotic and mamallian Hsp70 systems to bring about 
refolding of luciferase in complex with a plant sHSP hints towards the absence of 
specifi c interactions between sHSPs and the Hsp70 machinery. In another study 
with Syn16.6 and Ps18.1 using three different substrates, the role of different ATP- 
dependent chaperones was examined in substrate refolding (Mogk et al.  2003b ). 
When sHSP-substrate complexes were relatively small (600 kDa or less) due to a 
higher ratio of sHSP to substrate, active substrate was readily recovered by the 
DnaK machinery alone. However, dissociation and refolding of the substrates was 
even more effi cient with DnaK plus the protein disaggregase ClpB, particularly 
when complexes were larger, having been formed with less sHSP. The GroEL/
GroES machinery could not bring about refolding of sHSP-bound substrates, 
although it could provide some enhancement of recovery of active substrate. The 
sHSPs, therefore, appear to enhance the availability of substrates for the DnaK 
machinery, holding them in a form that can readily be refolded.  

5.4     The Diversity of Plant sHSPs 

 Plant class I cytosolic sHSPs have been excellent models for mechanistic studies of 
how denaturing proteins can be protected from irreversible aggregation, but as men-
tioned previously, class I sHSPs are only 1 of at least 11 different families of higher 
plant sHSPs that have a domain organization comprising an N-terminal arm, ACD, 
and C-terminal extension (Basha et al.  2012 ) (Fig.  5.2 ). In addition to the class I 
cytosolic sHSPs, there are four other classes of cytosolic sHSPs, designated CII 
through CV, that are common to monocots and dicots (Siddique et al.  2008 ; Waters 
et al.  2008 ), and additional groups that appear to be specifi c to either dicots or 
monocots, or to even more restricted taxonomic groups (Lopes-Caitar et al.  2013 ; 
Waters et al.  2008 ). Genes encoding organelle-targeted proteins (chloroplast, per-
oxisomes, mitochondria and ER) are also found in all higher plants. Extensive evo-
lutionary analysis indicates that the different classes of plant sHSPs arose after 
divergence of plants from other organisms (Waters  2013 ; Waters and Riofl orido 
 2007 ; Waters and Vierling  1999b ). A case in point is that the mitochondrial and 
chloroplast-targeted sHSPs are more closely related to their class I counterparts than 
to α-proteobacterial or cyanobacterial sHSPs (Waters  2013 ; Waters and Vierling 
 1999a ). The ER targeted sHSP also appears to be derived from a class I protein. This 
is a signifi cantly different evolutionary history than the Hsp70 chaperones, in which 
the chloroplast and plant mitochondrial Hsp70s are bacterial in character (DnaK-
like), and the ER forms arose early in eukaryotic evolution (Boorstein et al.  1994 ; 
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Lin et al.  2001 ). Although plants have these multiple sHSP gene classes, it is of note 
that class I proteins accumulate to the highest levels in heat stressed cells (estimated 
close to 1 % of total cell protein (Derocher et al.  1991 )), and genes encoding class I 
sHSPs are the most numerous. In poplar ( Populus tremuloides ), rice ( Oryza sativa ), 
 Arabidopsis thaliana , and soybean ( Glycine max ), for which comprehensive genome 
analysis of sHSP genes has been performed, there are 18, 8, 6, and 18 genes encod-
ing class I proteins, respectively (Lopes-Caitar et al.  2013 ; Waters et al.  2008 ). In 
contrast, there are only one or a few genes in each of the other sHSP classes, such 
that the corresponding total number of sHSP genes for poplar, rice, Arabidopsis and 
soybean is 39, 22, 19 and 51, respectively. As more plant genomes are sequenced, a 
similar pattern of sHSP gene abundance is expected, as well as the recognition of 
more sHSPs with limited taxonomic distribution, indicative of recent evolution. 

 The diversity of plant sHSP sequences is well-illustrated by an alignment of all 
of the sHSPs from  Arabidopsis thaliana  (Fig.  5.2 ). The conservation of the ACD 
(β2–β9), compared to the N-terminal arm is evident. The fi rst fi ve aligned sequences 
have N-terminal extensions that direct them to organelles, and related sHSPs have 
been found in all higher plants (Fragkostefanakis et al.  2015 ; Lopes-Caitar et al. 
 2013 ; Waters et al.  2008 ). At26.5 has been designated as one of two classes of 
mitochondrion-targeted proteins (MII class). The plastid-localized At25.3, was the 
fi rst organelle-targeted sHSP recognized (Vierling et al.  1986 ,  1988 ), and has been 
considered to be the only chloroplast targeted protein. However, At23.5 and At23.6, 
which were originally defi ned as mitochondrial proteins (MI class), have recently 
been reported to be targeted to chloroplasts as well (Van Aken et al.  2009 ). The 
ER-targeted At22.0 has a C-terminal SKEL sequence, presumably acting to retain it 
in the ER; the C-termini are predicted to be exposed, based on the structure of 
Ta16.9 (Fig.  5.3 ). Two other proteins, At17.4 and At15.7, contain specifi c sub- 
cellular targeting signals. At17.4 localizes to the nucleus with a nuclear targeting 
signal (KRKR) in the loop region involved in strand exchange in the formation of 
sHSP dimers (Siddique et al.  2003 ). Modeling the position of this sequence on the 
Ta16.9 structure indicates it could be readily accessible even if the sHSP is a large 
oligomer. At15.7 has a C-terminal peroxisomal type 1 targeting motif (SKL), which 
is also expected to be exposed in the oligomeric form of the sHSP. 

 For the N-terminal arms, the sequence alignment appears meaningful only for 
proteins within the same class, which in Arabidopsis are the six class I proteins, two 
class II proteins and the two mitochondrial/chloroplast-targeted proteins. The diver-
sity of the N-terminal arms between classes within a species contrasts with the 
conserved motifs that can be identifi ed within classes across evolutionarily distant 
higher plants. In addition to the conserved motif in the N-terminal arm of the class 
I proteins noted above, the chloroplast sHSP (exemplifi ed by At25.3) has a highly 
conserved sequence predicted to form an amphipathic alpha helix with multiple 
methionines on the hydrophobic face (a “methionine bristle”) (Fig.  5.2 ) (Chen and 
Vierling  1991 ; Waters and Vierling  1999a ). Other class-specifi c N-terminal arm 
motifs were noted by Scharf et al. ( 2001 ), but these were based on a relatively small 
number of sequences. Defi ning the structural and functional signifi cance of con-
served N-terminal arm features of plant sHSPs requires further research. 
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 The alignment of Arabidopsis sHSPs shows the conservation of predicted 
β strands in the ACD (Fig.  5.2 ). Analysis of plant sHSP sequences prior to the avail-
ability of the high resolution structures recognized the regions comprising β2–β5 
and β7–β9 as conserved and designated these as “region I” and “region II” (Vierling 
 1991 ). These β-strands are now known to form the ACD β-sandwich (Fig.  5.3a ). 
The sequence between β5 and β7 is more variable, although most of the Arabidopsis 
proteins contain predicted β structure (β6) and the sequence is of suffi cient length in 
all but At18.5 to allow for dimer formation through strand-swapping with β6 as 
shown for Ta16.9 in Fig.  5.3a . 

 There are limited data on the oligomeric stoichiometry of most plant sHSPs. 
Specifi c Class II and chloroplast sHSPs have been characterized as well-defi ned 
dodecamers (Basha et al.  2010 ; Lambert et al.  2011 ). Recombinant peroxisomal and 
mitochondrial proteins form large oligomers as assessed by crosslinking, but the 
exact stoichiometry is unknown (Siddique et al.  2008 ). One plant sHSP, At18.5, is 
dimeric, and will be discussed in a later section (Basha et al.  2013 ). 

 Although sHSPs were fi rst discovered as induced by heat stress, the patterns of 
sHSP expression are complex and vary between organisms and developmental 
stages. Sixteen of the 19 sHSP genes in Arabidopsis (including all six class I genes) 
show dramatic increases in transcription at elevated temperatures, while three 
(At14.7, At15.4 and At21.7), show no response at all to heat (Siddique et al.  2008 ; 
Waters et al.  2008 ). Many studies, along with the gene expression data document 
increases in specifi c sHSP transcripts under other abiotic stress conditions, in 
response to biotic stress, and in normal development and in organ specifi c patterns 
(Giorno et al.  2010 ; Lopes-Caitar et al.  2013 ; Siddique et al.  2008 ; Waters et al. 
 2008 ). One of the best characterized patterns of sHSP expression in the absence of 
stress, is the transcription and accumulation of class I proteins during seed develop-
ment (Almoguera and Jordano  1992 ; Coca et al.  1994 ; Reddy et al.  2014 ; Wehmeyer 
et al.  1996 ; Wehmeyer and Vierling  2000 ). Unfortunately to date it has been diffi cult 
to link sHSPs directly to any form of stress tolerance in seeds (Personat et al.  2014 ; 
Tejedor-Cano et al.  2010 ).  

5.5     Mechanistic Differences Between sHSPs 

 Class II sHSPs are the second major class of sHSP genes cloned and are defi ned not 
only in higher plants, but also in early land plants (Ruibal et al.  2013 ; Vierling  1991 ; 
Waters  2013 ; Waters et al.  2008 ). Like class I sHSPs, class II proteins accumulate 
to signifi cant levels during heat stress and can make up 0.25 % of the total cellular 
protein (Basha et al.  2010 ). Considerably fewer studies have examined the bio-
chemistry and function of these plant sHSPs. As mentioned above, nano- electrospray 
ionization mass spectrometry of recombinant class II sHSPs from wheat (Ta17.8), 
pea (Ps17.7) and Arabidopsis (At17.7), along with other data indicate that they form 
dodecamers like their class I counterparts (Basha et al.  2004b ,  2010 ; Lee et al. 
 1995 ). Despite forming homo-oligomers with the same number of subunits and 
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co- localizing to heat shock granules during heat stress in vivo (Kirschner et al. 
 2000 ; Weber et al.  2008 ), class I and II sHSPs do not directly interact to form hetero- 
oligomers (Basha et al.  2010 ; Helm et al.  1997 ). However, class I and class II sHSPs 
do form hetero-oligomers with other proteins within their own class (Basha et al. 
 2010 ; van Montfort et al  2001b ). What structural features prevent the formation of 
class I/II hetero-oligomers remain to be determined, but this property, along with 
their evolutionary divergence and conservation argue that the two classes serve dis-
tinct functions. 

 The behavior of class II proteins in vitro also distinguishes them from class I 
sHSPs. The class II proteins do not dissociate into stable dimers upon heat stress, as 
appears to occur with the class I proteins and is proposed to be important for sub-
strate protection (Basha et al.  2004b ,  2010 ) (Fig.  5.4 ). However, non-denaturing 
polyacrylamide gel electrophoresis and mass spectrometry show that class II sHSPs 
do exchange subunits at elevated temperatures, which could expose hydrophobic 
substrate binding sites. Consistent with this idea, binding of the hydrophobic probe 
bis (8-anilinonaphthalene-1-sulfonate) also increases at high temperatures (Basha 
et al.  2010 ). What oligomeric form of class II sHSPs is the active species remains to 
be determined. Class II sHSPs do act as effi cient chaperones in vitro, being able to 
protect various model substrates from aggregation by forming large, soluble hetero-
geneous complexes, analogous to what has been observed with class I sHSPs, 
although there are notable differences. Heating luciferase and class II Ps17.7 at a 
high sHSP:Luc molar ratio (12:1 and 24:1) resulted in a decrease in solubility for 
both proteins, indicating co-aggregation rather than protection. Class II Ta17.8 
(from wheat) fully protects luciferase at low molar ratios (sHSP:luc), while class I 
Ta16.9 is unable to prevent aggregation of luciferase, suggesting that for this sub-
strate the CII protein is a more effi cient chaperone than the CI protein (Basha et al. 
 2006 ,  2010 ). Perhaps the differences between class I and class II proteins refl ect 
specifi c mechanisms by which sHSPs recognize distinctively different substrates. 
Given the complexity of the plant proteome it makes sense that plants would evolve 
multiple chaperones to protect labile substrates from aggregation during stress. 
However, the existing in vitro assays do not fully capture these differences. 

 Studies with sHSPs from other organisms also suggest mechanistic differences 
from the model presented in Fig.  5.4 . Oligomeric Sc26 from  S. cerevisiae  was origi-
nally reported to dissociate before interacting with substrate (Haslbeck et al.  1999 ; 
Stromer et al.  2004 ), but subsequent studies indicated that dissociation was not 
essential for chaperone activity (Franzmann et al.  2005 ). A disulfi de bond between 
the N-terminal arms, which was introduced by mutation (S4C), was reported to pre-
vent normal dissociation of the protein into dimers at higher temperatures as shown 
by size exclusion chromatography. However, the oxidized protein, which could not 
dissociate, was reported to protect citrate synthase as effi ciently as the reduced pro-
tein, which could dissociate. In further studies the authors suggest that heating acti-
vates the Sc26 oligomer by altering the conformation and accessibility of part of the 
N-terminal arm such that dissociation is not required (Franzmann et al.  2008 ). 

 Experiments with the archael Mj16.5 have also been interpreted to support a 
“static mechanism” for sHSP chaperone function, in which the oligomers do not 
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dissociate. Cryoelectron microscopy and EPR studies of MjHsp16.5 in complex 
with a destabilized mutant of T4 lysozyme showed that the substrate was within the 
cavity of this 24 subunit sHSP making contacts with both the N-terminal arms and 
ACD (Shi et al.  2013 ). The sHSP-substrate complexes examined were prepared to 
obtain homogenous particles, which are not typically observed with heat-denatured 
substrates and other sHSPs. To accommodate substrate, a conformational change 
was observed that expanded the sHSP cavity. Whether this mechanism can be gen-
eralized to other sHSPs remains to be shown. Under the moderate temperatures 
examined in this study, Mj16.5 does not appear to undergo subunit exchange. 
However,  M. jannaschii  is a hyperthermophile and, thus, at temperatures optimum 
for its growth, Mj16.5 might dissociate and function as a suboligomer. 

 In addition to heat-induced conformational changes, phosphorylation appears to 
be a mode of sHSP activation, particularly in the case of the α-crystallins. In HspB5 
and HspB4, phosphorylation sites reside in the N-terminal arm (Peschek et al. 
 2013 ). An HspB5 phosphomimetic mutant, in which glutamate residues were sub-
stituted at three phosphorylation sites in the N-terminal arm, showed a predomi-
nance of hexameric rings, dimers and dodecamers as opposed to the native higher 
order oligomers (Peschek et al.  2013 ). Although the N-terminal arm interactions 
were disrupted, leading to formation of smaller oligomers, the introduction of glu-
tamate residues did not disrupt the ACD and C-terminal arm packing in the oligo-
mers. This mutant showed higher effi ciency than wild type in protecting the substrate 
MDH, providing further evidence that suboligomeric sHSP species are active 
chaperones.  

5.6     Dimeric sHSPs 

 As already described, the majority of sHSPs form large homo-oligomeric com-
plexes, and oligomeric structure has often been considered essential for activity 
(Basha et al.  2012 ; McHaourab et al.  2009 ). However, not all sHSPs form higher- 
order oligomeric assemblies. From plants, recombinant cytosolic At18.5 from 
Arabidopsis is dimeric (Basha et al.  2013 ; Siddique et al.  2008 ). At18.5 was desig-
nated as class CIV by Siddique et al. ( 2008 ) and CVI by (Waters et al.  2008 ), and is 
not found in monocots. Unlike other plant sHSPs, the amino acid sequence compris-
ing the dimerization loop containing the β6 strand is absent in At18.5 (Fig.  5.2 ), and 
the basic dimer structure is likely different from that of Ta16.9. One possibility is 
that the dimer interface involves anti-parallel interactions of β7 strands, similar to 
vertebrate α-crystallins, which also lack a β6 strand (Basha et al.  2012 ; Delbecq and 
Klevit  2013 ). This unusual dimeric sHSP displays a robust chaperone activity in 
protecting luciferase and malate dehydrogenase, and it forms large, soluble hetero-
geneous complexes when bound to these substrates, as seen with class I and II 
sHSPs. Like the class I proteins, the N-terminal arm of At18.5 is important for its 
chaperone activity. Removal of 24 N-terminal residues of At18.5 led to complete 
loss or 50 % decrease in chaperone activity with model substrates. The fact that this 
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dimeric sHSP functions as effi ciently with some model substrate as the oligomeric 
class I and II proteins is consistent with the model that sHSP dimers are the func-
tional form that captures substrates. 

 Another plant sHSP, recombinant mitochondrial NtHsp24.6 from tobacco has 
been reported to be a dimer (Kim et al.  2011b ). However, the protein was purifi ed 
from  E. coli  using a hexahistidine tag fused to the N-terminus. As the N-termini 
pack together in the oligomeric state in all sHSPs for which data are available, it is 
possible that this recombinant protein does not refl ect the native state. None the less, 
the purifi ed NtHsp24.6 displayed protection of model substrates (luciferase and 
citrate synthase) against heat-induced aggregation, again indicating that sHSP 
dimers can be effective chaperones. 

 Dimeric sHSPs have also been described from other organisms. Dr17.7 from the 
prokaryote  Deinococcus radiodurans  is dimeric and can suppress aggregation of 
luciferase, citrate synthase, lysozyme and insulin, although no stable sHSP- substrate 
complexes could be detected (Bepperling et al.  2012 ). Crystal structure of this pro-
tein was solved at 2.4 Å resolution (Table  5.1 ), revealing the same type of swapped- 
strand dimer interface as in Ta16.9; electron density for the fl exible N- and 
C-terminal regions was lacking.  D. radiodurans  has a second sHSP, Dr20.2, which 
is a large oligomer (~36 subunits) that also has chaperone activity, but forms stable 
complexes with substrates. A stoichiometry of 3:1 for a 550 kDa complex of 
Dr20.2:lysozyme was estimated by analytical ultracentrifugation. Dr17.7 was not 
able to exchange subunits with Dr20.2. The authors hypothesized that Dr17.7 forms 
transient complexes with unfolded substrates, perhaps making them available to 
Dr20.2. 

 Recent structural studies of a human sHSP, HspB6, revealed that it forms stable, 
compact dimers in solution (Weeks et al.  2014 ). The multiple different quaternary 
states adopted by sHSPs, from dimers to oligomers with 36 or more subunits, 
emphasizes how the ACD can be assembled in multiple geometries depending on 
the fl anking sequences.  

5.7     Identifi cation of Endogenous sHSP-Interacting Proteins 

 Despite the amount of biochemical information describing the interaction of sHSPs 
with model substrates, the identities of endogenous sHSP substrates or potential 
interacting partners remains largely unknown, particularly in plants. Studies of 
ANKYRIN REPEAT-CONTAINING PROTEIN 2A (AKR2A) in Arabidopsis sug-
gest it may interact with one or more class I sHSPs to facilitate targeting of chloro-
plast outer membrane proteins (Kim et al.  2011a ). AKR2A (At4g35450) is a 350 
amino acid protein with four C-terminal ankyrin repeats and an N-terminal PEST 
domain. AKR2A has been suggested to function as a molecular chaperone that 
binds the membrane-targeted peroxisomal protein ascorbate peroxidase 3 and the 
chloroplast outer envelope protein 7 (OEP7), preventing their aggregation to allow 
them to reach their target membranes (Shen et al.  2010 ). Incubation of glutathione 
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S-transferase (GST)-tagged AKR2A with total soluble leaf protein extracts  followed 
by affi nity isolation recovered At17.8, a class I sHSP (Fig.  5.2 ). Interactions of 
At17.8 and AKR2A were further probed using pull-down experiments with GST 
fusion proteins, and through over-expression of tagged proteins in isolated proto-
plasts. Data suggest N-terminally His-tagged At17.8 associated with chloroplasts in 
a dimeric state and enhanced targeting of OEP7. GST pull-downs with three other 
Arabidopsis class I proteins also showed interaction with AKR2A. Experiments 
testing the interaction of purifi ed, native AKR2A with native class I proteins have 
not been reported. It is interesting to speculate that class I proteins could aid normal 
membrane protein targeting, even though they are present at very low levels, and 
that the major increase in their expression during heat stress copes specifi cally with 
increased diffi culty in targeting membrane proteins. Studies of sHSP targets during 
heat stress are warranted. 

 Another specifi c sHSP interaction has recently been reported. Arabidopsis chlo-
roplast sHSP At25.3 (also called Hsp21, based on the mature size of the protein 
after import into chloroplasts) was found associated with the plastid nucleoid pro-
tein pTAC5 under heat stress conditions (Zhong et al.  2013 ). A knockout mutant of 
At25.3 grows normally in the absence of stress, but produces yellow cotyledons 
when seedlings are treated at 30 °C in the light after germinating in the dark at opti-
mal temperatures. Affi nity isolation of proteins interacting with At25.3, using a 
His-tagged variant expressed in the knockout background, identifi ed pTAC5 (plas-
tid transcriptionally active chromatin protein 5; At4g13670) as the major associated 
protein. pTAC5 is a 387 amino acid protein with a peptidoglycan binding-like 
domain and a DnaJ domain with zinc-dependent disulfi de isomerase activity. It is 
one of 18 pTAC proteins that purify with an insoluble preparation of chloroplast 
RNA polymerase. Zhong et al. ( 2013 ) present colocalization, biomolecular fl uores-
cence complementation, and in vitro At25.3-GST pull-down assays with pTAC- 
MBP, all supporting interaction of these two proteins. Molecular phenotypes, 
including plastid RNA and protein levels, led the authors to suggest that At25.3 
works with pTAC5 to protect plastid-encoded RNA polymerase activity during heat 
stress. No heat stress phenotypes were reported for plants beyond the cotyledon 
stage, and direct interaction of native pTAC5 and At25.3 has not been tested. 
Whether At25.3 protects pTAC by the chaperone mechanism proposed here, or 
what other proteins the chloroplast sHSP may protect remain to be tested. 

 Early work on the heat stress response in tomato cells reported that sHSPs and 
Hsp70 were present in structures termed “heat stress granules” (HSGs), which were 
characterized as large cytoplasmic complexes composed of 40 nm particles (Nover 
et al.  1983 ,  1989 ). By expressing class I and class II sHSPs in tobacco protoplasts, 
Kirchner et al. ( 2000 ) demonstrated that class II proteins were required for forma-
tion of HSG-like structures and that class I sHSPs were recruited to these com-
plexes. The chloroplast sHSP and sHSPs from non-plant species were not 
incorporated into HSGs, indicating there was specifi city of the interactions observed. 
While initially HSGs were reported to store mRNAs of housekeeping genes during 
heat stress, this result is now thought to be an artifact of co-isolation of “stress gran-
ules”, which are mRNA-containing particles that are distinct, but often associated 
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with HSGs (Weber et al.  2008 ). Thus, the function and composition of plant HSGs 
remains unresolved. One possibility is that they represent class I and II sHSPs 
bound to heat labile cellular substrates, consistent with the chaperone model of their 
function. 

 Attempts to identify a comprehensive set of putative sHSP substrates have not 
yet been reported in higher plants, but experiments of this type have been performed 
in the cyanobacterium  Synechocystis sp . PCC 6803 with its single sHSP, Syn16.6 
(Basha et al.  2004a ). Syn16.6 deletion mutants grow normally in the absence of heat 
stress, but are several orders of magnitude more sensitive than wild type cells to 
44 °C (Giese et al.  2005 ; Giese and Vierling  2002 ,  2004 ). A C-terminally tagged 
Syn16.6, which complemented the heat- sensitive phenotype of the deletion mutant, 
was used to recover proteins specifi cally associated with the sHSP during heat 
stress, and 13 polypeptides were identifi ed by MALDI-TOF mass spectrometry. 
Most of these putative Syn16.6 substrates were also present in the insoluble cell 
fraction, as well as associated with the sHSP after heat stress, suggesting that they 
are thermally labile. Notably, the proteins were released from the Syn16.6 affi nity 
isolates when incubated with ATP, DnaK, DnaJ and GrpE. Among the proteins 
identifi ed were components of the translational machinery, specifi cally elongation 
factor Ts (a GDP/GTP exchange factor), ribosomal protein S1, a putative tRNA/
rRNA methyltransferase and GTPase TypA/BipA. The other potential sHSP targets 
had diverse functions and included metabolic enzymes (heme oxygenase, shikimate 
kinase, serine esterase), ferredoxin NADP +  reductase, a peptidyl-prolyl isomerase, 
and a urease accessory protein. The serine esterase was purifi ed and found to be heat 
sensitive and to interact with the Syn16.6 in vitro, consistent with it being protected 
by the sHSP. However, it has not yet been shown that the stability or activity of any 
of these proteins depend on the presence of Syn16.6 in vivo. In summary, consider-
able work remains to demonstrate that proteins found associated with sHSPs are in 
fact protected by sHSPs through the chaperone mechanism as proposed in Fig.  5.4 .  

5.8     Studies of In Vivo Function of Plant sHSPs 

 Experiments have been performed to test if plant sHSP expression can provide 
stress tolerance in vivo, both in  E. coli  and in plants. As listed in Table  5.2 , cytosolic 
class I proteins from a variety of species are reported to enhance survival of  E. coli  
cells treated at 50 °C for varying periods of time. Other studies have extended these 
observations to include some degree of tolerance to salinity, osmotic and cold stress. 
Stress protection in some studies correlated with the protection of total  E. coli  pro-
teins from insolubility during the stress. In addition to experiments using class I 
proteins, there is a recent report that expression of a mitochondrial sHSP confers 
tolerance to salt and arsenic in  E. coli  (Table  5.2 ).

   Several different plant species have been transformed to constitutively express 
specifi c sHSPs using the 35S promoter to drive expression of the transgene 
(Table  5.3 ). Some reports indicate that the resulting increased levels of sHSPs in the 
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absence of stress have no major effect on growth of the plants, although specifi c 
data are not always provided. The largest number of experiments have been per-
formed with class I cytosolic proteins, with reports of enhanced tolerance to heat, 
drought, NaCl, mannitol and H 2 O 2 . Over-expression of the chloroplast sHSP has 
been linked to cold, heat and oxidative stress tolerance, as well as to enhanced dif-
ferentiation of chromoplasts from chloroplasts. A few studies indicate that class II 
cytosolic sHSPs could contribute to drought, salt, heat and oxidative stress tolerance 
(Table  5.3 ). In almost all the over-expression studies, the tests of stress tolerance 
have been restricted to young seedlings or to germination, and to a very limited 
range of stress conditions. None of these plants has been assessed outside of the 
laboratory, and little consideration has been given to mimic heat stress conditions 
experienced by plants in the fi eld or to assess effects on yield.

   Studies of sHSP mutants or plants in which sHSP expression has been inhibited 
by antisense RNA or other methods have been limited. As noted in Table  5.3 , anti-
sense inhibition of class I sHSP expression in carrot cells led to increased electro-
lyte leakage after 50 °C heat treatment (Malik et al.  1999 ). Antisense inhibition of 
the chloroplast sHSP in Arabidopsis was also reported to decrease viability after 2 h 
at 39 °C (Chauhan et al.  2012 ), although no similar phenotype was reported in the 
Arabidopsis At25.3 mutant (Zhong et al.  2013 ). Reduced survival of tobacco seed-
lings after a 2 h stress at 46 °C was associated with antisense inhibition of the mito-
chondrial sHSP (Sanmiya et al.  2004 ). Each of these studies involving inhibition of 
sHSPs with antisense RNA reports results from only a single stress condition. 
Experiments with Arabidopsis mutants include the At25.3 knockout mutant dis-
cussed above, and one report analyzing class I knockout mutants (Dafny-Yelin et al. 
 2008 ). In the latter study, T-DNA insertion lines for At17.4, At.17.6A and At18.1 
class I proteins were isolated. The mutants were reported to grow identically to wild 
type at 22 °C and under 34 °C day/28 °C night conditions. However, a heat stress 

     Table 5.2    Phenotypes of  Escherichia coli  cells expressing plant sHSPs   

 Plant species  sHSP  Class  Phenotype  Reference 

  Oryza sativa  (rice)  Os16.9  I  Heat tolerance  Yeh et al. ( 1997 ) 
  Castanea sativa  
(chestnut) 

 Cs17.5  I  Tolerance at 50 °C and 4 °C  Soto et al. ( 1999 ) 

  Nicotiana tabacum  
(tobacco) 

 Nt18.3  I  Tolerance to 50 °C  Joe et al. ( 2000 ) 

  Nicotiana tabacum  
(tobacco) 

 Nt18.0  I  Tolerance to 50 °C  Smykal et al. ( 2000 ) 

  Oryza sativa  (rice)  Os16.9  I  Heat tolerance  Yeh et al. ( 2002 ) 
  Rosa chinensis  (rose)  Rc17.8  I  Heat, salt, oxidative stress 

tolerance 
 Jiang et al. ( 2009 ) 

  Daucus carota  (carrot)  Dc17.7  I  Enhanced viability at 2 °C  Song ( 2010 , #1670) 
  Daucus carota  (carrot)  Dc17.7  I  Salt tolerance  Song and Ahn ( 2011 ) 
  Medicago sativa  
(alfalfa) 

 Ms23.0  Mito  Salt and arsenic tolerance  Lee et al. ( 2012 ) 
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phenotype was detected for dark grown seedlings adapted at 38 °C prior to heat 
stress at 45 °C; the mutant seedlings elongated 50 % or less than wild type. This 
result was interpreted to indicate that the individual class I sHSPs had non- redundant 
functions in acquired heat tolerance. In order to determine if these sHSPs had over-
lapping functions in other processes, attempts were made to generate double 
mutants, but none could be obtained. Phenotypic analysis led the authors to propose 
that class I sHSP function is required in seed development either during or after 
fertilization. The developmental roles of sHSPs will no doubt prove to be as inter-
esting as their functions in stress tolerance. 

 A recent study in the moss  Physcomitrella patens , which can be manipulated by 
homologous recombination to knock out or replace specifi c genes, examined the 
phenotype of plants deleted for two class II sHSPs (both Pp16.4) (Ruibal et al. 
 2013 ). These sHSPs were discovered as being regulated by ABA and also by heat 
and other stresses. Growth of the sHSP knockout moss was assessed by measuring 
recovery from different treatments, including 37 °C for 7 days or growth for 10 days 
on 900 mM mannitol or 500 mM NaCl. The lack of these class II sHSPs resulted in 
a 50 % or greater reduction in growth after these treatments. 

 In total, these in vivo studies, along with the evolutionary conservation of the 
sHSPs and their diverse patterns of expression indicate that these proteins have 
diverse roles in plants. Unfortunately, these studies do not provide any further 
insight into potential mechanisms that could be responsible for the protective effects 
observed in plants or cells that over-express sHSPs, or the loss-of-function pheno-
types in sHSP mutants.  

5.9     Future Challenges 

 The major challenge in plant sHSP research is to develop a mechanistic understand-
ing of sHSP function in vivo. Despite elegant in vitro studies of sHSP properties and 
chaperone activity in protecting a range of model substrates from irreversible dena-
turation and aggregation, the connection to in vivo function is still missing. 
Fragmented data suggest different classes of higher plant sHSPs are required for 
stress tolerance in vivo (e.g. Tables  5.2  and  5.3 ), but the essential targets they might 
protect are unknown. Extensive work with class I sHSPs has been instrumental in 
developing the chaperone model for sHSP function presented in Fig.  5.4 , and differ-
ent in vivo studies can be fi t to this model, but whether all sHSPs work the same way 
is far from demonstrated (Basha et al.  2012 ). One issue is the relative abundance of 
the different sHSPs. For example, the chloroplast-localized protein does not accu-
mulate to very high levels, arguing that it likely protects one or a few critical sub-
strates, rather than acting on many denaturing proteins. The in vitro chaperone 
model also does not explain the conservation of the class I and II sHSPs, which fi rst 
appeared in the mosses ~400 million years ago (Waters  2013 ; Waters and Vierling 
 1999b ). These two classes of proteins can protect the same model substrates in a test 

5 Model Chaperones: Small Heat Shock Proteins from Plants



146

tube (Basha et al.  2010 ), but must serve different functions within the cell. Similarly, 
N-terminal arm mutants of Syn16.6 can protect model substrates in vitro, but do not 
protect cells from heat stress, although they accumulate to the same levels as wild 
type in the soluble cell fraction during stress (Giese et al.  2005 ). This incongruity 
between in vitro and in vivo data indicates that we have a very limited understand-
ing of the specifi c roles of sHSPs in cells, particularly in plants. It will require con-
tinued biochemical studies, coupled with plant genetics to unravel the plant sHSP 
puzzle. Identifying specifi c interactions of sHSP with other cellular components, 
either functional partners or substrates, is the next key step.     
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    Chapter 6   
 Regulation of the Chaperone Function 
of Small Hsps 

             Martin     Haslbeck     ,     Sevil     Weinkauf     , and     Johannes     Buchner    

    Abstract     Small heat shock proteins (sHsps) are ubiquitous molecular chaperones 
that represent a fi rst line of defense against proteotoxic stress and prevent the aggre-
gation of unfolding proteins. The most striking feature of sHsps is their ability to 
form higher-order oligomers. Within the last decade, especially the dynamic ensem-
bles with a broad distribution of different oligomers, the diversity of assembly types 
and the regulation of their activity were in the focus of research. Interestingly, the 
activity of sHsps directly correlates to these structural features as it is regulated by 
changes in the composition of the ensembles. In this chapter, we describe the mech-
anisms known so far which are responsible for the activation of chaperone function 
and their linkage to changes in the structure of sHsps.  

  Keywords     Molecular chaperone   •   Stress response   •   Protein aggregation   •   Alpha 
crystallin   •   Protein dynamics   •   Flexible quaternary structure   •   Chaperone networks   
•   Regulation of chaperone activity  

6.1         Small Heat Shock Proteins Form Dynamic Ensembles 
of Interconverting Oligomers 

 sHsps are ATP-independent molecular chaperones which act within the proteostasis 
network of the cell as a buffer system to bind unfolding proteins upon stress, protect 
them from irreversible aggregation and keep them in a folding-competent state until 
their refolding by downstream ATP-dependent chaperone systems (Haslbeck et al. 
 2005a ; Basha et al.  2012 ; Delbecq and Klevit  2013 ; Garrido et al.  2012 ). The most 
striking feature of most sHsps, also the key to their function, is their ability to 
assemble into large oligomeric structures of a unique hierarchal arrangement medi-
ated by different protein domains at different levels. 
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 sHsps share a conserved domain organization (Delbecq and Klevit  2013 ; 
Haslbeck et al.  2005a ; Garrido et al.  2012 ; De Jong et al.  1998 ; Kriehuber et al. 
 2010 ; Maaroufi  and Tanguay  2013 ). The primary structure can be dissected in three 
major parts of functional importance: an N-terminal region followed by the con-
served α-crystallin domain and a C-terminal region (Fig.  6.1a ) (Caspers et al.  1995 ; 
De Jong et al.  1998 ; Kriehuber et al.  2010 ).  

 The α-crystallin domain represents the signature motif of sHsps, albeit the over-
all amino acid sequence conservation of this domain is rather low. Multiple sequence 
alignments including sHsps from different organisms revealed only very few con-
sensus residues with the A-x-x-x-n-G-v-L motif at the end of the α-crystallin 
domain being the most signifi cant indicator (Fig.  6.1a ) (Narberhaus  2002 ; Caspers 
et al.  1995 ; De Jong et al.  1998 ). Although not a single amino acid within the domain 
is invariant and shared by all family members, the length and structure of the 
α-crystallin domain are well conserved (Kriehuber et al.  2010 ). This domain is on 
average 94 amino acids long and forms a compact β-sheet sandwich similar to the 
immunoglobulin fold (Fig.  6.1b ). The β-sheet sandwich is composed of two anti- 
parallel layers of three and four β-strands, respectively, connected by a short inter- 
domain loop (Fig.  6.1b ) (van Montfort et al.  2001 ,  2002 ; Delbecq and Klevit  2013 ). 

 A growing number of structures of isolated, recombinantly produced α-crystallin 
domains demonstrates that these usually form stable dimers (Fig.  6.1c ) and that the 
α-crystallin domain on its own is not suffi cient for oligomer formation (Bagneris 
et al.  2009 ; Baranova et al.  2011 ; Clark et al.  2011 ; Laganowsky et al.  2010 ). Within 

  Fig. 6.1    ( a ) Domain organization of sHsps. N-terminal domain (NTR) ( blue ), α-crystallin domain 
(ACD) ( green ), C-terminal extension (CTR) ( red ). The motifs common to all sHsps and the three 
major phosphorylation sites of αB-crystallin are indicated. ( b ) Monomer structure of full-length 
human αB-crystallin according to Braun et al. ( 2011 ) (PDB: 2YGD). The domains are color 
coded according to the domain organization shown in ( a ). The three major in vivo phosphorylation 
sites Ser19, Ser45, and Ser59 are depicted as grey spheres. ( c ) Structures of the ACD-dimers of 
human αB-crystallin (solid state NMR, PDB: 2KLR) ( top ) and of  M. jannaschii  Hsp16.5 (X-ray 
crystallography, PDB: 1SHS) ( bottom ). The ACDs of individual protomers are colored  green  and 
 gray . Note the differences in metazoan-type (human αB-crystallin) and non-metazoan-type 
( M. jannaschii  Hsp16.5) dimerization modes       

 

M. Haslbeck et al.



157

the oligomeric assemblies of the sHsps, the dimer seems to be the basic building 
block and the fi rst level of internal order (Fig.  6.2a ) (Delbecq and Klevit  2013 ). 
Dimerization in plants, yeast, archaeal and bacterial sHsps occurs via reciprocal 
strand swapping of the ß6 strands into the ß-sandwich of the neighboring monomer 
(Fig.  6.1c ) (Kim et al.  1998 ; van Montfort et al.  2001 ; Hanazono et al.  2013 ; 
Bepperling et al.  2012 ). This “non-metazoan” dimer structure is different from the 
“metazoan” type of dimer assembly found for example in human αB-crystallin 
(Jehle et al.  2011 ; Delbecq and Klevit  2013 ). Here, the β6- and β7-strands are fused 
into an elongated strand which forms the dimer interface with its counterpart from 
the neighboring monomer in an anti-parallel orientation (Fig.  6.1c ).  

 The α-crystallin domain is fl anked by N- and C-terminal regions. The C-terminal 
region following the α-crystallin domain varies substantially. It is on average 10 
amino acids long and typically does not exceed 20 amino acids (Kriehuber et al. 
 2010 ). Most importantly, the C-terminal region contains the highly conserved I-x-I 
motif which is essential for the association of the α-crystallin domain to higher 
oligomers (Fig.  6.2 ). Some sHsp family members like human Hsp20 completely 

  Fig. 6.2    The hierarchy of the human αB-crystallin 24-meric assembly (Braun et al.  2011 ) (PDB: 
2YGD). ( a ) The dimeric building block assembled through the interactions between the ß6+ß7- 
strands located within the ACDs of the adjacent protomers. ( b ) The hexameric sub-assembly 
formed by inter-dimer interactions, i.e., through the binding of C-terminal IXI motifs (I159-
P160- I161) to the hydrophobic groove formed by the ß4- and ß8-strands of the adjacent protomer 
( inset ). ( c ) 24-mer assembled from hexameric blocks through contacts within N-terminal regions. 
For the color coding of the domains across columns a–c see Fig.  6.1a . ( d ) Pseudo-atomic models 
of αB-crystallin oligomers composed of multiples of hexameric blocks depicted in different colors 
(Braun et al.  2011 ). Note the modular architecture of the assemblies       
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lack a C-terminal region and thus also the conserved I-x-I motif necessary for inter- 
dimer contacts (Chen et al.  2010 ; Basha et al.  2012 ; Delbecq and Klevit  2013 ). 

 The N-terminal region is very diverse in sequence and length, e.g., 24 residues in 
Hsp12.2 from  Caenorhabtidis elegans  (Candido  2002 ) and 247 residues in Hsp42 
from  Saccharomyces cerevisiae  (Haslbeck et al.  2004 ; Kriehuber et al.  2010 ; Wotton 
et al.  1996 ). Especially in fungi, a general increase of the length of the N-termini is 
observed (Kriehuber et al.  2010 ). Interestingly, the N-terminal region seems to be 
highly fl exible, as it is not or only partially resolved in all yet available sHsp crystal 
structures. 

 Due to the limited number of oligomeric sHsp structures, it is still not unambigu-
ously understood which inter-subunit interactions are responsible for the formation 
of the defi ned, higher-order oligomeric species. However, the emerging picture 
from recent structural studies is that residues in all three regions of sHsps are 
required for oligomerization (Delbecq and Klevit  2013 ). While the α-crystallin 
domain is necessary for dimer formation and thus assembles the basic building 
block, both fl anking regions promote the formation of higher-order structures. Thus, 
the three domains contribute to the assembly process in a hierarchical way 
(Fig.  6.2a–c ). For example, in the case of the human αB-crystallin 24-mer, three 
dimers, each formed through interactions between the β6+β7-strands of two adja-
cent monomers (Fig.  6.2a ), assemble into a hexamer via binding of the C-terminal 
I-x-I motif into the hydrophobic groove formed by the β4- and β8-strands of the 
neighboring monomer (Fig.  6.2b ). Four such hexamers further associate into the 
24-mer through contacts within N-terminal regions (Fig.  6.2c ) (Jehle et al.  2011 ; 
Braun et al.  2011 ). 

 This type of hierarchy seems to be conserved among sHsps and indicates that 
the total number of subunits in the oligomers can be modulated by variations 
especially in the N-terminal region. This is, for example, highlighted by studies 
on a variant of Hsp16.5 from  M. jannaschii  (McHaourab et al.  2012 ). Here, the 
insertion of a 14 amino acid sequence of the N-terminal region of human Hsp27 
at the junction between the N-terminal region and the α-crystallin domain of 
Hsp16.5 resulted in the increase of the number of subunits in the oligomer from 
24 to 48 subunits. Furthermore, the expanded oligomer showed an increased 
chaperone activity. 

 Another key feature of sHsps is their tendency to populate a range of oligomeric 
states at equilibrium. The oligomers constantly exchange subunits and thus form 
polydisperse and dynamic ensembles (Fig.  6.2d ). The degree of structural plastic-
ity and heterogeneity appears, however, variable for different members of the fam-
ily. In this context, it should be noted that also sHsps which were earlier described 
as “monodisperse” do not exist in one oligomeric state, but are rather ensembles of 
different oligomers with one highly abundant species within the size distribution. 
For example, Hsp26 from  S. cerevisiae  shows a single peak when analyzed at phys-
iological temperatures (25 °C) by size exclusion chromatography, indicating a 
monodisperse population of 24-mers (Haslbeck et al.  1999 ). Mass spectrometry, 
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however, reveals the heterogeneity of the Hsp26 ensemble that actually consists of 
a range of oligomeric states from monomers to higher-order species such as 
40-mers (Benesch et al.  2010 ; White et al.  2006 ). Hsp16.5 from the hyper- 
thermophilic organism  M. jannaschii  which crystallizes as a 24-mer (Kim et al. 
 1998 ) and displays a single oligomeric species in mass spectrometry experiments 
at low temperatures (Hilton and Benesch  2012 ), forms a dynamic ensemble when 
incubated at physiological (Bova et al.  2002 ; Haslbeck et al.  2008 ). Similarly, 
wheat Hsp16.9 which crystallizes as a dodecamer and represents only dodecamers 
in mass spectrometry experiments at different conditions (van Montfort et al.  2001 ; 
Hilton and Benesch  2012 ), frequently exchanges subunits at physiological tem-
peratures and thus forms a dynamic ensemble of different species (Sobott et al. 
 2002 ; Wintrode et al.  2003 ). sHsps which were described as “polydisperse”, on the 
other hand, show generally a broader distribution of different species within the 
ensemble. In this context, human αB-crystallin populates a wide variety of inter-
converting oligomers ranging from monomers to 48-mers (Fig.  6.2d ) (Baldwin 
et al.  2011 ; Braun et al.  2011 ). Even more complicated,  Escherichia coli  IbpB and 
IbpA  present complex mixtures from dimers to roughly 50-mers or fi brils and it is 
still enigmatic if any major species exists in the ensemble (Ratajczak et al.  2010 ; 
Matuszewska et al.  2005 ; Shearstone and Baneyx  1999 ). 

 The ability of sHsps to generate oligomers of different sizes from a single 
sequence is linked to their modular architecture. In human αB-crystallin, heteroge-
neity is achieved by addition or subtraction of subunits from oligomeric complexes 
while the overall structure of the constituent monomers and the interface of the 
dimeric building block remain unaltered (Braun et al.  2011 ). Thus, the distribution 
of oligomers seems to be governed mostly by fl uctuations of the inter-subunit con-
tacts mediated by the C- and N-terminal regions. Conditions that destabilize interac-
tions at subunit interfaces lead to an enhanced rate of dissociation of subunits, 
concomitant with an enhanced subunit exchange kinetics, increasing the popula-
tions of smaller oligomers (and vice versa). This seemingly simple mechanism of 
establishing a delicate balance between different oligomer populations by adjusting 
the dissociation/association rates of building blocks is unique to sHsps and is tightly 
correlated with the regulation of their chaperone activity according to the needs of 
the cell (see Part III). 

 Although the data in the literature on subunit exchange rates of different sHsps 
under physiological and stress conditions are rather limited, so far known values for 
the half times of subunit exchange for different sHsps at the respective physiologi-
cal temperatures are usually between ~5 and 500 s. Intriguingly, “polydisperse” and 
“monodisperse” representatives seem to differ in their exchange rates by at least one 
order of magnitude with highly similar values for “monodisperse” members at the 
upper end and for “polydisperse” members at the lower end of the above scale 
(Bova et al.  2000 ,  2002 ; Franzmann et al.  2008 ; deMiguel et al.  2009 ). In general, 
the subunit exchange rate of sHsps increases with increasing temperature and chap-
erone activity, while substrate binding seems to reduce subunit exchange rates.  
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6.2     Small Heat Shock Proteins Are Promiscuous 
Molecular Chaperones 

 The cellular function of sHsps remained elusive for a very long time after their dis-
covery. In the early 1990s, in vitro studies demonstrated that sHsps bind denatured 
proteins and prevent them from irreversible aggregation (Jakob et al.  1993 ; Horwitz 
 1992 ; De Jong et al.  1993 ; Merck et al.  1993 ). Meanwhile, many sHsps from differ-
ent species have been shown to bind a variety of non-native proteins in vitro 
(Fig.  6.3 ) (Stege et al.  1999 ; Jakob et al.  1993 ; Studer and Narberhaus  2000 ; Lee 
et al.  1995 ,  1997 ; Basha et al.  2004b ; Mchaourab et al.  2002 ). sHsps are generally 
ATP-independent molecular chaperones which bind their substrate proteins tightly 
and form stable complexes (Basha et al.  2012 ; Haslbeck et al.  2005a ; Garrido et al. 
 2012 ; Horwitz  1992 ; Bova et al.  2000 ; McHaourab et al.  2009 ) which also seem to 
exist as a polydisperse ensemble of different species (Fig.  6.3 ) (Stengel et al.  2010 ). 
Intriguingly, analyses by electron microscopy (Haslbeck et al.  1999 ; Stromer et al. 
 2003 ) and mass spectrometry (Stengel et al.  2010 ) have revealed that the substrate 
complexes of many sHsps also contain highly-ordered species that are larger than 
the substrate-free sHsp oligomers. Although their structures are not yet resolved, 
these species convey the impression that they have re-assembled from small sHsps 
oligomers, presumably dimers, which re-associate to a new form of complex upon 
substrate binding. For some sHsps, this re-assembling process upon substrate bind-
ing seems to be even cooperative (Stromer et al.  2003 ; Haslbeck et al.  1999 ). Thus, 
within the proteostasis network of the cell, sHsps function as a buffer system to bind 
and complex unfolding proteins upon stress and to protect them from irreversible 
aggregation (Fig.  6.3 ). Notably, ratios of up to one non-native substrate protein per 
sHsp dimer have been reported (Lee et al.  1997 ; Haslbeck et al.  1999 ) indicating the 
high binding capacity of sHsps. In vitro experiments revealed that the non-native 
protein trapped in sHsp/substrate complexes remain folding-competent (Ehrnsperger 
et al.  1997 ; Lee et al.  1997 ) suggesting that additional ATP-dependent chaperones 

  Fig. 6.3    Mechanism of the chaperone function of sHsps. Under stress conditions sHsps bind par-
tially unfolded proteins in an energy-independent manner and keep them in a folding-competent 
state in sHps/substrate complexes. The substrates are subsequently refolded by downstream ATP- 
dependent chaperone systems       
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might trigger the release of the substrate (Fig.  6.3 ). Meanwhile, it has been shown 
that in mammalian cells, the Hsp70/Hsp40 system is required for the refolding of 
substrate proteins bound to sHsps (Ehrnsperger et al.  1997 ; Stege et al.  1994 ; Lee 
and Vierling  2000 ). Similarly, for bacteria such as  E. coli , it has been demonstrated 
that bound non-native proteins were specifi cally transferred to the DnaK-DnaJ- 
GrpE chaperone system and subsequently re-activated (Mogk et al.  2003 ; Veinger 
et al.  1998 ). However, this re-activation mechanism appears to be largely dependent 
on the ratio of sHsp to substrate and the Hsp70/Hsp40 system alone is effective in 
refolding the substrate proteins only if sHsps are present at stoichiometric or excess 
concentrations, where soluble, defi ned sHsp/substrate complexes form. At excess 
levels of the substrate protein, sHsps become incorporated into aggregates of the 
substrate protein. For the refolding of substrates from these aggregate-like sHsp/
substrate complexes, a mechanism involving Hsp70/Hsp40 and members of the 
Hsp100 family is necessary. This mechanism seems to be conserved from bacteria 
to lower eukaryotes, involving the Hsp100 family members ClpB in  E. coli  and 
Hsp104 in  S. cerevisiae  (Mogk et al.  2003 ; Cashikar et al.  2005 ; Haslbeck et al. 
 2005b ; Bepperling et al.  2012 ).  

 Taken together, these results suggest that sHsps provide organisms with the capa-
bility to separate the prevention of aggregation from ATP-dependent refolding 
steps. Furthermore, the incorporation of sHsps in non-native substrate aggregates is 
necessary for effi cient refolding of the substrates (Fig.  6.3 ). 

 The substrate specifi city of sHsps is still a matter of debate. Several proteomic 
approaches in different organisms have shown that a signifi cant number of cytosolic 
proteins is maintained in a soluble state by sHsps under heat shock conditions 
(Basha et al.  2004a ; Haslbeck et al.  2004 ; Bepperling et al.  2012 ; Fu et al.  2013 ). 
Interestingly, a preference for translation-related proteins (e.g., ribosomal proteins 
and amino-acyl tRNA synthases) and for metabolic enzymes has been observed in 
prokaryotes (Fu et al.  2013 ; Bepperling et al.  2012 ; Fu  2014 ). Nevertheless, it still 
remains to be explored whether these preferences also exist for eukaryotic sHsps 
and if they are due to preferred recognition motifs or if these proteins are simply the 
ones representing the largest fraction of aggregation-prone proteins under heat 
stress conditions. 

 Intriguingly, in some organisms containing multiple cytosolic sHsps, the substrate 
spectra of individual members show substantial overlaps (Haslbeck et al.  2004 ) and 
it remains enigmatic whether specifi c substrates exist for a given sHsps when multi-
ple sHsps are found in one cellular compartment. However, when sHsps are expressed 
in different tissues or developmental stages, the respective substrate spectra seem to 
be optimized and adjusted to the proteome of the respective cells. The most promi-
nent example in this respect is αA-crystallin which is specifi c to the eye lens and 
which seems to be needed to specifi cally recognize, as a hetero- oligomer with 
αB-crystallin, β- and γ-crystallins (Fu and Liang  2002 ). αB-crystallin, on the other 
hand, recognizes many more substrates in other tissues (Arrigo  2013 ; Arrigo and 
Gibert  2013 ). As a further example, the testis- specifi c human HspB9 seems to be 
specifi cally needed to bind one substrate or, in this case rather a partner protein, the 
dynein subunit TCTEL1 (de Wit et al.  2004 ). 
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 In summary, sHsps recognize a wide spectrum of in vivo substrates as well as 
various artifi cial model substrates demonstrating that they act as highly promiscu-
ous chaperones. However, it is still unclear which regions of the substrate proteins 
are bound by sHsps and whether common recognition motifs exist. sHsps are typi-
cally less effective in suppressing the aggregation of larger proteins, in terms of the 
ratios of sHsps:substrate needed, indicating that the interaction depends on the mass 
ratio rather than on the molar ratio and hints to a charge- and/or hydrophobicity- 
driven capturing of the substrates (Basha et al.  2012 ). 

 The residues and the respective surface patches on the sHsps which are involved 
in substrate interaction are still largely unknown. The emerging picture is that 
there are several binding sites throughout the molecule which act together, pre-
sumably in a different manner for different substrates. Studies utilizing the incor-
poration of hydrophobic dyes suggested that substrates might bind to short 
segments in the N-terminal region (Sharma et al.  1998 ; Lee et al.  1997 ). Recent 
evidence arising from cross-linking experiments and analyses by mass spectrom-
etry or peptide libraries support this tendency (Ghosh et al.  2007 ; Ahrman et al. 
 2007b ; Jaya et al.  2009 ; Cheng et al.  2008 ). Nevertheless, an exchange of the 
highly conserved G in the AxxxGVL motif of HspH from  Bradyrhizobium japoni-
cum  specifi cally impaired chaperone activity without interfering with other prop-
erties of the protein indicating also the involvement of the α-crystallin domain 
(Lentze and Narberhaus  2004 ; Lentze et al.  2004 ; Hochberg et al.  2014 ). 
Additionally, mutations of amino acid residues in the C-terminal region of 
αB-crystallin affect chaperone activity and indicate that the fl exibility of the 
C-terminus is necessary for substrate recognition (Treweek et al.  2007 ,  2010 ). 
Together with the observation that the I-x-I motif is bound into the groove between 
the β4- and β8-strands within the α-crystallin domain of the adjacent monomer, 
this might hint to a potential binding pocket for unfolded proteins at the hydro-
phobic patches which becomes exposed when the C-terminal contacts fall apart 
during oligomer disassembly (Treweek et al.  2010 ; Laganowsky et al.  2010 ; van 
Montfort et al.  2001 ; Delbecq et al.  2012 ). However, no direct interactions of the 
α-crystallin domain with the substrates have been detected in cross- linking exper-
iments so far (Jaya et al.  2009 ; Ahrman et al.  2007b ). Altogether, substrate bind-
ing seems to be accomplished most likely by the non-conserved variable sequences 
outside the α-crystallin domain which in turn might explain variations in the sub-
strate specifi city of different sHsps and why the smallest known representatives of 
the sHsp family, Hsp12.1 Hsp12.2, 12.3 and 12.6 of  C. elegans , which solely 
consist of an α-crystallin domain with only very short N- and C-terminal 
sequences, have failed to show chaperone-like properties in vitro (Kokke et al. 
 1998 ; Leroux et al.  1997 ). Furthermore, phylogenetic comparison of these 
sequences showed that they evolved independently and in parallel (Kriehuber 
et al.  2010 ), making variations in the substrate recognition profi les of sHsps from 
evolutionally far apart species most likely. But at present, it is still not possible to 
state which exact sequence parts or motifs of sHsps are necessary for their chap-
erone function and which are involved in oligomer interactions – or if there is a 
substantial crosstalk between those two functions. 
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 Studies on the interaction site on diverse model substrates by cross-linking 
 demonstrated that in general a limited number of sequence segments are bound to 
the sHsps. Only a single α-crystallin-binding site was identifi ed in yeast alcohol 
dehydrogenase (ADH) by a cross-linking approach (Santhoshkumar and Sharma 
 2002 ). For citrate synthase (CS), a specifi c region in the N-terminal part was shown 
to bind to  Arabidopsis thaliana  Hsp21 (Ahrman et al.  2007a ) and in malate dehy-
drogenase (MDH) only two core regions were identifi ed to bind to pea Hsp18.1 or 
wheat Hsp16.9 (Cheng et al.  2008 ). Commonly, no cross-links to regions or 
sequences stretches located in the interior of the folded substrate proteins have been 
detected. Together, these fi ndings indicate that upon stress conditions the substrate 
proteins in the cell may be bound as early unfolding intermediates rather than as 
completely unfolded peptide chains as only regions which are presumably exposed 
early during unfolding of the substrate proteins bind to the sHsps (Ahrman et al. 
 2007a ,  b ; Cheng et al.  2008 ). This is further evident in experiments using a library 
of fl uorescently labeled T4-lysozyme variants with different thermodynamic stabili-
ties (McHaourab et al.  2009 ). Here, the experimental setup allowed equilibrium 
measurements of sHsp-substrate interactions and demonstrated that already very 
weakly destabilized T4-lysozyme variants bind to human Hsp27 and that the bind-
ing affi nity increases with stronger destabilization of the T4 lysozyme. 

 In summary, the described chaperone function of sHsps and their incorporation 
in the protein homeostasis network is consistent with a general protective function 
in the dynamic environment of a living cell to combat proteotoxic stress. In addi-
tion, sHsps might assume tissue-specifi c functions related to protein aggregation. 
For example, in the static environment of the eye-lens, irreversible binding of lens 
proteins by α-crystallin, which occurs in the aging lens, prevents aggregation and 
light scattering (Horwitz  1992 ,  2000 ). However, as the most likely natural substrate 
proteins in the eye-lens, the β− and γ-crystallins are more stable than α-crystallin, 
the key function of α-crystallin in the eye lens is probably not aggregation suppres-
sion by forming stable complexes with the substrates but rather the adjustment and 
regulation of the refractive index gradient (Clark et al.  2012 ; Slingsby et al.  2013 ; 
Slingsby and Wistow  2014 ; Bloemendal et al.  2004 ). Moreover, their polydispersity 
allows them to resist phase separation, aggregation and crystallization at the high 
protein concentrations present in the lens and the adjustment of their oligomeric 
size in accordance to the actual, local needs.  

6.3     Regulation of Activity of Small Heat Shock Proteins 

 For molecular chaperones in general, the existence of low- and high-affi nity states 
for non-native proteins represents a conserved trait (Fig.  6.4a ) (Walter and Buchner 
 2002 ). In all families of molecular chaperones except for sHsps, the transition 
between the two functional states is governed by ATP binding and hydrolysis 
(Buchner and Walter  2005 ). As sHsps act in an ATP-independent manner, their 
activity is regulated by intrinsic mechanisms that are strictly related to their 
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  Fig. 6.4    ( a ) General activation mechanism for ATP-dependent molecular chaperones. The transi-
tion between the low-affi nity and high-affi nity states of the chaperone for non-native proteins is 
accomplished by conformational changes mediated by ATP-binding and – hydrolysis. Example: 
ADP-bound, “closed” conformation of Hsp70-DnaK with hidden substrate-binding domain (SBD) 
( left , PDB: 2KHO) (Bertelsen et al.  2009 ), ATP-bound, “open” conformation with accessible 
(SBD) ( right , PDB: 4JN4) (Qi et al.  2013 ). ( b ) Activation mechanism of sHsps. sHsps populate at 
equilibrium a wide variety of inter-converting oligomers with different substrate affi nities. The 
transition into a state of increased chaperone activity may occur through (i) remodeling of the 
ensemble composition in favor of species with enhanced substrate binding affi nity (1 and 2), (ii) 
slight conformational changes within the monomer without perturbation of the oligomeric state 
(3), or (iii) a combination of both pathways. The association/dissociation equilibria are modulated 
by triggers such as elevated temperatures or post-translational modifi cations. ( c ) Phosphorylation 
of human αB-crystallin in NTD triggers the dissociation of larger oligomers, e.g., 24-mers, into 
smaller species, e.g., 12-mers and hexamers, in which the “free” N-termini gain fl exibility and 
show higher substrate binding affi nity. ( d ) Heat stress leads to structural rearrangements of the 
middle domain and expansion of yeast Hsp26, resulting in activation of the chaperone activity       
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structural features and ability to populate different oligomeric forms. Several lines 
of evidence indicate that these mechanisms, which are initiated by various triggers, 
involve either conformational changes within the subunit or remodeling of the 
ensemble composition, most likely, however, a combination of both (Fig.  6.4b–d ).  

 For some sHsps, e.g., for Hsp26 from  S. cerevisiae , the transition to a state of 
increased substrate binding affi nity and chaperone activity occurs through slight 
conformational changes within the monomer without perturbation of the oligomeric 
state (Franzmann et al.  2005 ,  2008 ). According to analyses by cryo-electron micros-
copy, these subtle structural rearrangements lead to a transfer of electron density 
from the interior of the oligomer to the surface accompanied by a slight increase in 
particle diameter (Fig.  6.4d ) (White et al.  2006 ; Haslbeck et al.  2008 ). The switch 
between the “compact” and “expanded” oligomer most likely results in the presen-
tation of substrate recognizing surfaces which are otherwise buried in the interior of 
the compact oligomer. This oligomer “breathing” concomitant with an increase in 
substrate binding affi nity was also observed with the archaeal sHsp Hsp20.2 from 
 Archaeoglobus fulgidus  (Haslbeck et al.  2008 ). A similar model was proposed for 
the exposure of substrate binding sites on IbpB oligomers, where heat-stress tem-
peratures are proposed to induce the step-wise and hierarchical exposure of binding 
sites (Fu  2014 ). It is conceivable that both the breathing and the exposure of binding 
sites present only one, and presumably the fi rst step in the activation of these sHsps, 
as they dissociate upon stress (see below) (Stromer et al.  2004 ; Haslbeck et al.  1999 , 
 2008 ; White et al.  2006 ). 

 A majority of sHsps requires the dissociation of the oligomer and in conse-
quence, the remodeling of the ensemble composition for the effi cient recognition 
and binding of client proteins. Dissociation leads to an ensemble with a higher con-
tent of smaller species, correlating to the “active state”, while the “inactive state” 
shows a higher fraction of larger oligomers which seem to correspond to “dormant” 
storage species (Fig.  6.4b ) (Basha et al.  2012 ; Haslbeck et al.  2005a ; Garrido et al. 
 2012 ; Delbecq and Klevit  2013 ; McHaourab et al.  2009 ). For example, class I sHsps 
in plants show a shift of the oligomer ensemble towards dimers upon heat stress, 
accompanied by an increase in chaperone activity. Plant class II sHsps, on the other 
hand, remain oligomeric but undergo structural rearrangements and start to exchange 
subunits (Basha et al.  2010 ). The increase of subunit exchange by a factor of 10–100 
is a commonly observed phenomenon that correlates with the activation of sHsps 
(deMiguel et al.  2009 ; Franzmann et al.  2008 ; Bova et al.  2000 ,  2002 ; Cheng et al. 
 2008 ; Wintrode et al.  2003 ; Basha et al.  2010 ). In most cases, the exchanging unit 
seems to be a dimer or even a monomer (Sobott et al.  2002 ; Aquilina et al.  2005 ) but 
in some cases the exchanging units might be also tetramers or hexamers (Peschek 
et al.  2013 ; Basha et al.  2010 ). Currently, it is unclear whether these larger subunits 
are always involved in this process but disassemble too fast to be recognized or 
whether they are bypassed in the disassembling process of sHsps where only dimers 
and monomers are observed (Fig.  6.4b ). 

 A further variation of the activation pathway becomes evident from the existence 
of solely dimeric sHsps (Basha et al.  2013 ; Bepperling et al.  2012 ). An example is 
Hsp17.7 from  Deinocaldococcus radiodurans  which interacts with its substrates 
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only transiently without forming stable sHsp/substrate complexes (Bepperling et al. 
 2012 ). On the other hand, the dimeric Hsp18.5 from  Arabidopsis thaliana  is in 
equilibrium with a monomeric species and can be activated at heat stress tempera-
tures where the subunit exchange of the monomers is signifi cantly increased (Basha 
et al.  2013 ). Additionally, Hsp18.5 is still able to form stable, larger sHsp/substrate 
complexes, presumably including several dimer/substrate-complexes. 

 In summary, these fi ndings underline that the transition of sHsps between active 
and inactive states is not a simple, two-state mechanisms, but a complex process 
which might involve several transitions. Some sHsps apparently make use of the full 
scale of possible transitions while others focus on only parts of it (Fig.  6.4b ). 
Intriguingly, the activation by a hierarchical, most likely step-wise dissociation 
mechanism might explain why ATP consumption is not needed as already subtle 
changes in the energy profi les of the subunit interfaces would modulate the associa-
tion/dissociation equilibria. This might also explain why sHsps are constitutively 
active as the ensemble always contains a certain amount of active species due to the 
fl at equilibria of the association/dissociation processes. 

 Which regulatory stimuli affect the association/dissociation equilibria of sHsps 
and lead to activation? According to our current knowledge, four different stimuli 
exist: (i) the presence of unfolded or partially folded substrates; (ii) changes in the 
environmental temperature; (iii) phosphorylation or more general post- translational 
modifi cations and, (iv) the formation of hetero-oligomers. 

 Especially the fi rst regulatory principle is eye catching and establishes sHsps as 
the fi rst line of defense of the cell to guarantee the stability of the proteome at physi-
ological as well as upon stress conditions. The dynamic assembly/disassembly 
behavior allows the substrate binding sites, which seem to be buried in the oligo-
meric complexes, to become exposed by dissociation (Giese and Vierling  2002 ; 
Shashidharamurthy et al.  2005 ; Yang et al.  1999 ; Lindner et al.  1998 ; McHaourab 
et al.  2009 ). Thus, in the ensemble there will always be some molecules with 
exposed binding sites which can bind unfolding substrate proteins. This would titrate 
the active species out of the equilibrium leading to a gradual shift of the ensemble 
to more active species. Thus, the spontaneous dissociation/re-association process 
may be a sensing process monitoring the presence of non-native proteins in the 
 cellular environment (McHaourab et al.  2009 ; Shi et al.  2013 ; Benesch et al.  2008 ). 
Especially, the above-mentioned studies on human Hsp27, in which the equilibrium 
dissociation is encoded in the N-terminal region that interacts with substrates 
 dependent on their stability, support this sensing hypothesis (Shashidharamurthy 
et al.  2005 ; McDonald et al.  2012 ). 

 Besides this substrate-based regulation mechanism, temperature is a further gen-
eral trigger that acts on the association/dissociation equilibria of sHsps as all sHsps 
described so far can be specifi cally activated upon (heat) stress temperatures. 
Intriguingly, the temperature range of activation is adapted to the respective physi-
ological temperature of the respective organism. While the mesophilic yeast Hsp26 
is activated in a temperature range from 20 to 43 °C, the hyper-thermophilic  M. 
jannaschii  Hsp16.5 is activated in the range from 60 to 95 °C and sHsps from fi sh 
living below 15 °C are activated at ~10–25 °C (Haslbeck et al.  1999 ,  2008 ; Posner 
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et al.  2012 ). First studies on yeast Hsp26 recognizing temperature as a regulatory 
mechanism of their chaperone activity also established the close correlation with 
the disassembly of the oligomer (Haslbeck et al.  1999 ). Later on, it was recognized 
that the dissociation was not essential because a cross-linked oligomer unable to 
dissociate into smaller species showed chaperone activity which was further 
enhanced by a shift to higher temperatures (Franzmann et al.  2005 ). This indicates 
that the observed “breathing” mechanism of the Hsp26 oligomer (Fig.  6.4d ), repre-
senting the fi rst step in the activation cascade, is already suffi cient for substrate 
recognition. Nevertheless, also yeast Hsp26 undergoes further activation steps in 
form of dissociation under physiological conditions. Interestingly, the “breathing” 
mechanism observed for Hsp26 involves the structural rearrangement of a so-called 
middle domain, a temperature sensing part of the N-terminal sequence localized 
next to the α-crystallin domain (White et al.  2006 ; Franzmann et al.  2008 ). Currently, 
it is unclear whether such a thermo-sensing segment also exists in the  A. fulgidus  or 
 M. jannaschii  sHsps with a similar “breathing” behavior (Haslbeck et al.  2008 ). 
While the “breathing” mechanism as a fi rst step in the activation cascade seems to 
be specifi c for only a subset of sHsps, the response to temperature appears to be 
common and temperature-induced enhanced dissociation seems to be the general 
scheme. First studies attempting to investigate the thermodynamics of the assembly 
process in more detail showed that the overall energy needed for dissociation rather 
low in comparison to the unfolding of the α-crystallin domain (Stromer et al.  2004 ). 
Thus, the slight shift from physiological to heat stress temperatures, which usually 
comprises only a few degrees, would provide suffi cient activation energy to shift the 
equilibria towards enhanced dissociation. However, a detailed biophysical charac-
terization of individual steps in the hierarchical assembly/disassembly process is 
still lacking and such studies will require separating different oligomeric species. 

 At fi rst sight, the above considerations are contradicted by the observation that 
human Hsp27 shows no enhanced dissociation but an increase in its overall oligo-
mer size under heat stress conditions (40–43 °C) (Lelj-Garolla and Mauk  2005 ; 
Mymrikov et al.  2012 ). Nevertheless, Hsp27 still is activated in this temperature 
range and additionally, according to substrate interaction studies, the Hsp27 dimer 
seems to be the substrate-interacting species (McDonald et al.  2012 ). The current 
models of dissociation-dependent substrate recognition and activation cannot fully 
explain the observations on Hsp27. Further experimental evidence is needed to clar-
ify whether the behavior of Hsp27 corresponds to an additional activation mecha-
nism or whether a “breathing” mechanism also exists for Hsp27. Another observation 
that remains enigmatic from a mechanistic point of view is that in the case of sHsps 
from the parasite  T. gondii  temperature-induced activation is achieved not by “heat 
shock” but by “cold shock” temperatures (deMiguel et al.  2009 ). 

 The importance of temperature stress itself as an activation mechanism is addi-
tionally highlighted on the level of translation control. Studies on mRNAs encoding 
sHsps from mesophilic and thermophilic cyanobacteria indicate “RNA thermome-
ters” (RNAT) where internal hairpins in the 5′-untranslated region are inhibiting 
effective translation of the sHsp RNAs at physiological temperatures (Cimdins 
et al.  2014 ). At heat-stress temperatures, these hairpins (RNATs) melt and effective 
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translation of the sHsp mRNA is achieved. Thus, organisms seem to control the 
activity and amount of sHsps on the level of transcription by heat-shock factor 
dependent promotors, translation by RNATs and on the protein level by temperature-
induced dissociation/activation. 

 Similar to the presence of substrate, the temperature stimulus represents a very 
effective and even faster trigger for the activation of sHsps when the amount of 
unfolded protein increases within a cell. It is tempting to speculate that, in compari-
son to phosphorylation and hetero-oligomer formation, this activation stimulus of 
sHsps might be the evolutionarily oldest regulatory mechanism. It allows the organ-
isms to react rapidly to changes in the surrounding temperature in stabilizing its 
proteome without the need for protein synthesis, giving the cell time to reorganize 
its gene expression profi les to withstand prolonged heat-stress situations. 

 Besides temperature, other stress situations, e.g., changes in pH might represent 
further triggers for activation. Preliminary observations indicate that a change in pH 
seems to induce structural changes in Hsp27 and αB-crystallin which, in turn, 
affects the assembly of the oligomers and/or dimers, e.g., Hsp27 oligomer equilib-
rium shifts towards larger species upon slight acidifi cation (Chernik et al.  2004 ). In 
the case of αB-crystallin, the dimer interface is destabilized upon acidifi cation lead-
ing to a higher content of monomers (Baldwin et al.  2011 ; Jehle et al.  2011 ; Delbecq 
and Klevit  2013 ). However, the correlation with a coincident change in the activity 
is still lacking. 

 The third mechanism, i.e., regulation of the chaperone activity by phosphoryla-
tion or more general post-translational modifi cations, seems to be specifi c to eukary-
otes. It allows effi cient fi ne-tuning of sHsp activity. The oligomeric state of 
mammalian sHsps can be altered in particular by serine-specifi c phosphorylation 
(Kantorow and Piatigorsky  1998 ; Gaestel  2002 ; Derham and Harding  1999 ). All 
human sHsp investigated so far are phosphorylated and the state of phosphorylation 
is regulated in response to stress, cytokines or growth factors (Ito et al.  1997 ; van 
den IJssel et al.  1998 ; Voorter et al.  1989 ) and phosphatase-mediated dephosphory-
lation counter-regulates the phosphorylation state (Gaestel et al.  1992 ; Cairns et al. 
 1994 ; Moroni and Garland  2001 ). Human Hsp27, for example, possesses three 
phosphorylation sites, S15, S78 and S82, whose modifi cation via a MAP-kinase 
cascade leads to eight possible isoforms (Kemp and Pearson  1990 ). Thr143 com-
prises an alternative phosphorylation site in Hsp27 that is phosphorylated by a 
cGMP-dependent protein kinase (Butt et al.  2001 ). 

 Phosphorylation of sHsps, similar to the other already described stimuli, leads to 
a shift in the ensemble towards smaller species by dissociation of the larger oligo-
mers (Fig.  6.4c ). Interestingly, for most of the sHsps which have been described to 
react to phosphorylation, the smaller species are enriched in tetramers and hexamers 
indicating that some of the equilibria within the assembly process are affected stron-
ger than others. For example, phosphorylation by MAPKAP2/3 kinase in case of 
Hsp27 leads fi rst to an enrichment of tetramers which further dissociate into dimers 
(Hayes et al.  2009 ; Ehrnsperger et al.  1997 ; Rogalla et al.  1999 ; Kato et al.  1994 ). 
Similarly, studies using phosphorylation mimicking variants of αB-crystallin reveal 
an oligomer ensemble mainly consisting of 12-mers, hexamers and dimers (Fig.  6.4c ) 
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(Peschek et al.  2013 ; Ito et al.  2001 ). The predominance of these species indicates 
that mainly the N-terminal contacts in the oligomer are infl uenced by phosphoryla-
tion which is also in accordance with the localization of the phosphorylation sites 
(Fig.  6.1a ). Mechanistically, the negative charges incorporated into the oligomer 
upon phosphorylation seems to destabilize subunit interfaces. Interestingly, in the 
pseudo-atomic model of αB-crystallin, the three phosphorylation sites co- localize in 
the same region indicating a contact patch that seems to be destroyed by increasing 
phosphorylation in a titrable manner (Braun et al.  2011 ; Peschek et al.  2013 ). 

 While phosphorylation of αB-crystallin results for all substrate proteins studied 
so far in an increase in chaperone activity, the situation turns out to be more compli-
cated for Hsp27. Depending on the experimental conditions and the model substrate 
used, Hsp27 was shown to be either active or inactive upon phosphorylation (Lelj- 
Garolla and Mauk  2005 ; Shashidharamurthy et al.  2005 ; Hayes et al.  2009 ; Rogalla 
et al.  1999 ; Kato et al.  1994 ; Ito et al.  2001 ). Generally, the interaction of Hsp27 
with a specifi c substrate protein is dependent on its phosphorylation state (Arrigo 
 2013 ). Glucose-6-phosphate dehydrogenase is stabilized by phosphorylated 
Hsp27 in a much more effi cient manner (Arrigo  2013 ). In addition, phosphorylation 
allows the cell to regulate and adjust the appropriate substrate spectra of the sHsps. 
In mammalian cells, for example, the phosphorylation-dependent regulation of 
sHsp-substrate interactions seems to be utilized to modulate the organization of the 
cytoskeleton (Arrigo  2013 ). 

 It should be mentioned that also other, non-mammalian sHsps can be phosphory-
lated. For example, in Hsp22 from maize mitochondria, the covalent modifi cation 
occurs at a serine residue by an unspecifi ed kinase activity (Lund et al.  2001 ). 
Similarly, for yeast Hsp26 phosphorylated species were described already in the 
early 1990s which were meanwhile confi rmed by phosphoproteomic studies utiliz-
ing mass spectrometry (Bentley et al.  1992 ; Bodenmiller et al.  2010 ; Ficarro et al. 
 2002 ). However, it remains elusive whether phosphorylation of non-mammalian 
sHsps has a similar impact on their activity and substrate spectra as it is the case for 
mammalian sHsps. 

 Besides phosphorylation, other post-translational modifi cations have been 
described to have regulatory infl uences on the chaperone activity of sHsps. 
Deamidation, as described for α-crystallin, introduces a negative charge at the 
respective site and affects oligomerization (Gupta and Srivastava  2004 ). Similarly, 
modifi cations by oxidation (Chen et al.  2001 ; Chalova et al.  2014 ), glycation (Satish 
Kumar et al.  2004 ) and the attachment of methylglyoxal (MG), a dicarbonyl side 
product of glycolysis, have been suggested to infl uence the oligomerization of 
sHsps (Oya-Ito et al.  2006 ). MG was described earlier to provoke the formation of 
Hsp27 oligomers (Oya-Ito et al.  2006 ). Additionally, redox-induced modifi cations 
were suggested mainly for Hsp27 and αB-crystallin (Arrigo  2013 ; Chalova et al. 
 2014 ; Garrido et al.  2012 ; Zavialov et al.  1998a ,  b ). However, one should bear in 
mind that sHsps are usually in a reducing environment and it is unclear whether 
oxidation of cysteines resulting in disulfi de-bridges inter-connecting sHsp subunits 
really represents a regulatory mechanism, or if this is a side reaction only taking 
place when the sHsps are released from dying cells. Nevertheless, human Hsp27 
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and αB-crystallin stabilize the cell against oxidative stress conditions, shows anti-
apoptotic activity (Arrigo  2007 ; Pasupuleti et al.  2010b ) and seems to be involved 
in the regulation of the glutathione pool of the cell (Christians et al.  2012 ). On the 
structural level, oxidation of Hsp27 infl uences the size distribution of the oligomers 
“freezing” the ensemble in a more homogenous state and results in a decrease of the 
overall chaperone activity (Chalova et al.  2014 ). On the other hand, in the closely 
homologous murine Hsp25, only the dimer seems to be cross-linked by a disulfi de 
bond upon oxidation and oligomer assembly and chaperone activity are not affected 
(Zavialov et al.  1998a ). Mutation of the cysteine of human Hsp27, however, 
decreases its anti-apoptotic activity under oxidative stress conditions by inhibiting 
the interaction with cytochrome-c (Bruey et al.  2000 ; Pasupuleti et al.  2010a ). 

 The fl exible nature of sHsp structure and the constant exchange of subunits open 
up the possibility to form hetero-oligomeric assemblies with other sHsps present in 
the same compartment. This hetero-oligomer formation represents the fourth stimu-
lus which allows the activation of sHsps. The most prominent sHsp hetero-oligomer 
is formed by αA- and αB-crystallin in the human eye lens, although hetero-oligomer 
formation was also shown for several other human sHsp (for a comprehensive survey 
see: Arrigo  2013 ). Indeed, cytosolic, human sHsps can be roughly divided into two 
classes based on the ability to interact with each other, with Hsp27 (HspB1), Hsp20 
(HspB6), and αB-crystallin (HspB5) in one class and HspB2 and HspB3 in the sec-
ond class (Sugiyama et al.  2000 ). While the members of these two classes only form 
hetero-oligomers with sHsps from the same class, Hsp22 (HspB8) is able to interact 
with members of both classes (Fontaine et al.  2005 ; Sun et al.  2004 ). In contrast to 
the stimuli described before, the formation of hetero-oligomers does not per se lead 
to a shift of the ensemble to smaller species. For example, Hsp27/αB-crystallin het-
ero-oligomers possess the same size as the isolated proteins (Mymrikov et al.  2012 ; 
Skouri-Panet et al.  2012 ). Nevertheless, the Hsp27/αB-crystallin hetero- oligomers 
show higher chaperone activities than the parental homo-oligomers and the presence 
of Hsp27 seems to stimulate the chaperone activity of αB-crystallin (HspB5). In case 
of hetero-oligomer formation, the regulation of activity probably occurs through the 
variation of the oligomer dynamics by incorporation of slower or faster exchanging 
hetero-subunits and/or through the modulation of the surface properties of the sHsps 
(Skouri-Panet et al.  2012 ). One intriguing observation with sHsp hetero-oligomers is 
that the substrate spectra of the homo-oligomeric, parental sHsps are modifi ed when 
they are incorporated in hetero-oligomers (Arrigo  2013 ). Furthermore, as the phos-
phorylation of the parental sHsps additionally infl uences their hetero-oligomer for-
mation properties as well as, the two stimuli (phosphorylation and hetero-oligomer 
formation) in combination allow a highly complex fi ne-tuning and adjusting of the 
chaperone properties to specifi c substrates, e.g., Hsp27 (HspB1) found in complex 
with αB-crystallin (HspB5) is differently and less phosphorylated than Hsp27 found 
in homo-oligomers and the interactomes of hetero- and homo-oligomers vary signifi -
cantly (Arrigo and Gibert  2013 ). In context of human, cytosolic sHsps this  fi ne- tuning 
of the substrate spectra is further apparent in the rather specifi c, seemingly regulatory 
interactions they show with some substrates (Arrigo  2013 ). Prominent examples are 
the regulatory interactions of sHsps with cytoskeleton components. 
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 In the human cytosol, Hsp20 which forms only dimers, does not change its oligo-
meric state upon phosphorylation (Bukach et al.  2004 ). However, when it forms 
hetero-oligomers with Hsp27 or αB-crystallin, the size of the resulting hetero- 
oligomers is signifi cantly decreased compared to the parental Hsp27 or αB-crystallin 
homo-oligomers (Bukach et al.  2009 ; Mymrikov et al.  2012 ). Thus, Hsp20 seems to 
be a real modulator changing the properties of Hsp27 and αB-crystallin oligomers 
upon association and hetero-oligomer formation. Similarly,  E. coli  IbpA itself 
shows only low chaperone activity, but it enhances the chaperone activity of IbpB 
when both form a hetero-oligomer, also indicating that one sHsps is used as the 
modulator of the activity of a “partner” sHsp (Ratajczak et al.  2009 ). 

 It is of special interest that not all sHsps simultaneously present in the same 
compartment form hetero-oligomers or exchange subunits. In  T. gondii , for exam-
ple, only two of four cytosolic sHsp interact with each other (deMiguel et al.  2009 ). 
Similarly, in plants the class I and II sHsps do not cross-interact (Basha et al.  2012 ) 
and most intriguingly, the two yeast sHsps Hsp26 and Hsp42 also do not form 
hetero- oligomers (Haslbeck et al.  2004 ). The situation in the human cytosol where 
Hsp27 and αB-crystallin form hetero-oligomers appears even more complicated. 
While only a fraction of the parental Hsp27 is incorporated into the hetero- oligomers 
that co-exist with Hsp27 homo-oligomers, all αΒ-crystallin oligomers seem to asso-
ciate with Hsp27 (Arrigo  2013 ). Usually, the fraction of Hsp27 homo-oligomers is 
~10 % independent of the ratio of Hsp27 to αB-crystallin but seems to be controlled 
by the phosphorylation status of Hsp27. 

 Overall, these observations suggest that the formation of hetero-oligomers is 
tightly regulated and the co-existence of homo-oligomeric and hetero-oligomeric 
ensembles is possible. Due to the close homology of most sHsps within one com-
partment of an organism, it will be highly interesting, nevertheless challenging, to 
fi nd out how such tremendous infl uences on the assembly mechanisms can be 
achieved on the structural level by only slight variations in the amino acid 
composition. 

 In summary, the mechanistic correlation of the chaperone activity of sHsps and 
their structural dynamics has become evident in the last years. Especially, the 
increased number of available sHsp 3D-structures obtained by hybrid approaches 
helped for a better understanding of the mechanistic features. Nevertheless, we are 
still far from understanding the mechanistic details and differences of the various 
members of the sHsp family and key aspects of their function are still to be resolved. 
It remains elusive how different assembly types can be achieved by variations in the 
N-terminal sequence. Furthermore, it is enigmatic whether a maximum number of 
subunits for oligomers exists, what this number might be and what the structurally 
limiting parameters are. Finally, the mechanisms of substrate recognition, the 
 corresponding binding sites and how the re-assembly to organized, structured and 
stable sHsps-substrate complexes is achieved, is still a mystery. All these open 
 questions leave exciting perspectives for the years to come.     
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    Chapter 7   
 Redefi ning the Chaperone Mechanism 
of sHsps: Not Just Holdase Chaperones 

             Heath     Ecroyd    

    Abstract     The small heat-shock proteins (sHsps) are molecular chaperones that play 
a  fundamental role in maintaining cellular protein homeostasis (proteostasis) by 
 preventing the aggregation of destabilised proteins. They are generally described as 
‘holdase’ type chaperones since they have the ability to bind partially folded 
 intermediate states of target proteins, in an ATP-independent manner, and, in doing 
so, they can form high molecular weight complexes with some of them. However, 
recent work has shown that the ability of sHsps to interact with target proteins is 
multi-faceted. This review highlights the mechanisms by which sHsps can interact 
with aggregation-prone target proteins and proposes that they should be considered 
as protein ‘stabilisers’ rather than ‘holdase’ chaperones.  
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7.1           Introduction 

 Proteostasis refers to the functional maintenance of the proteome and encompasses 
all the processes that balance protein synthesis, protein folding, protein traffi cking 
and the degradation of proteins in an organism (Balch et al.  2008 ; Kikis et al.  2010 ; 
Vendruscolo et al.  2011 ; Wyatt et al.  2013 ). This balance can be impacted by a 
 number of factors, including protein mutations (either inherited or the result of 
errors during protein synthesis), protein misfolding, protein unfolding, or modifi ca-
tions to proteins induced by stress. Protein misfolding can lead to subsequent aggre-
gation, an often irreversible process which may result in proteotoxicity due to the 
accumulation of cytotoxic protein species (Hightower  1991 ; Guijarro et al.  1998 ; 
Bucciantini et al.  2002 ; Kayed et al.  2003 ). Protein misfolding and aggregation has 
been implicated in various diseases ranging from neurodegenerative disorders to 
cancer (Bucciantini et al.  2002 ; Kayed et al.  2003 ; Morimoto and Cuervo  2009 ). All 
cells (and organisms) have various control pathways in place that act to maintain 
proteostasis, and therefore reduce the accumulation of damaged, dysfunctional and/
or toxic proteins (Cohen et al.  2006 ; Vendruscolo et al.  2011 ; Wyatt et al.  2013 ). 

 Of the quality control mechanisms responsible for combating protein aggregation 
and disease, molecular chaperones are arguably the most important, as they form a 
cell’s fi rst line of defence against protein misfolding (Hohfeld et al.  2001 ; Macario 
and Conway de Macario  2005 ; Muchowski and Wacker  2005 ; Voisine et al.  2010 ; 
Hartl et al.  2011 ). Molecular chaperones represent a structurally diverse class of 
proteins that support correct protein folding by preventing unproductive interactions 
(Barral et al.  2004 ; Hartl et al.  2011 ). More specifi cally, chaperones recognise and 
interact with the exposed hydrophobic surfaces of aggregation-prone protein 
intermediates so as to bind and sequester them from the crowded cell milieu. 
Chaperones are often classifi ed as either ‘holdases’ or ‘foldases’ based on their 
mechanism of action. This chapter focusses on the small heat-shock proteins 
(sHsps), one such class of molecular chaperones that have been shown to be capable 
of suppressing protein aggregation. The sHsps are generally described as ‘holdase’ 
type chaperones (Ehrnsperger et al.  1997 ; Beissinger and Buchner  1998 ), however, 
after considering the multi-faceted nature by which sHsp chaperones can interact 
with aggregating proteins, it is proposed that protein ‘stabilisers’ is a more fi tting 
term to describe their chaperone action.  

7.2     The Protein Folding and Unfolding Pathways 

 Before considering the mechanism of chaperone action of sHsps, it is pertinent to 
discuss the salient features of protein misfolding leading to aggregation and precipi-
tation. Immediately following their synthesis on the ribosome, proteins are unfolded 
(U) and many must fi rst fold into their native (functional) state (N) before gaining 
their biological function (Fig.  7.1 ) (Carver et al.  2003 ). An exception to this are the 
class of intrinsically unfolded/disordered proteins that do not fold, however, some 
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of these may adopt structure once they bind to targets (Dunker et al.  2002 ; Uversky 
 2002 ). Proteins that fold do so quickly (in the range of a few μsec to msec for most 
proteins) via the folding/unfolding pathway. Folding typically involves the  formation 
of a series of partially folded intermediate states (I 1 , I 2 , I 3 ,…) that have varying 
degrees of structure. These partially folded intermediate states represent proteins in 
which the process of hydrophobic collapse (that dictates their folding) has 
 commenced (Dobson  2001 ,  2003 ; Hartl et al.  2011 ). However, since folding is not 
complete, these partially folded intermediate states expose hydrophobic regions 
to solution and are therefore inherently unstable and prone to self-association 
(via hydrophobic-mediated interactions), the fi rst step towards aggregation. The 
prolonged presence of partially folded intermediates can be exacerbated if condi-
tions are not conducive to folding (e.g. in the presence of stressors such as increases 

  Fig. 7.1    The protein folding/unfolding and off-folding pathways. An unfolded protein (U) folds 
via a variety of intermediate states (I 1 , I 2 , I 3 , …) into its native state (N) via the fast and reversible 
folding/unfolding pathway. Under conditions of stress or when required (e.g. to cross a mem-
brane), folded proteins can unfold along the same pathway. However, if the partially folded inter-
mediate states linger for too long, they can self-associate and enter the off-folding pathways, 
comprising either the disordered (amorphous) aggregation pathway, which produces irreversibly 
precipitated, amorphously aggregated species, or the amyloid fi bril-forming pathway which, via 
the formation of small, soluble nuclei, leads to insoluble, highly ordered cross β-sheet fi brils 
(Adapted from (Carver et al.  2003 ))       
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in temperature, changes in pH or the presence of oxidants or reductants). Moreover, 
such stressors can also break the bonds that maintain the native structure of proteins, 
causing them to unfold (via the folding/unfolding pathway) and populate these 
 partially folded states.  

 Protein aggregation occurs when partially folded intermediate states mutually 
associate (via hydrophobic interactions) causing the protein to leave the folding/
unfolding pathway and enter an off-folding pathway (Fig.  7.1 ) (Carver et al.  2003 ; 
Ecroyd and Carver  2008 ). There are two off-folding pathways that a protein may 
enter: the disordered (amorphous) or ordered (amyloid fi bril) aggregation pathways 
(Chiti and Dobson  2006 ; Ecroyd and Carver  2008 ). Disordered aggregation occurs 
when intermediates randomly associate, through a three-dimensional process, 
producing unstructured (amorphous) aggregates which become insoluble when a 
critical size is reached (Stranks et al.  2009 ). Alternatively, intermediates that aggregate 
via an ordered mechanism (mediated though β-strand interactions) form soluble 
protofi brils, which then laterally associate to form highly structured, β-sheet rich 
amyloid fi brils (Dobson  2001 ,  2002 ; Jiménez et al.  2002 ). In both cases aggregation 
occurs through a nucleation-dependent mechanism in which the formation of the 
nucleus is the rate-determining step in most cases (Harper and Lansbury  1997 ; 
Knowles et al.  2009 ; Stranks et al.  2009 ), but not all (Colon and Kelly  1992 ; Quintas 
et al.  1999 ; Ecroyd et al.  2008 ). The aggregates that are formed eventually precipitate 
from solution. Specifi c factors that govern whether a protein aggregates to form 
amorphous or fi brillar aggregates include (1) the rate at which aggregation occurs 
(with faster aggregation typically favouring the formation of amorphous aggre-
gates), and (2) the nature of the precursor partially folded intermediate (the more 
destabilised and less structured intermediates typically being precursors to amor-
phous type aggregates). 

 Both forms of protein aggregates are associated with disease; however, amyloid 
fi bril formation has garnered the most attention of late due to its links with neuro-
logical disorders, such as Alzheimer’s disease, Parkinson’s disease, Huntington’s 
disease, Creutzfeldt-Jakob disease and Amytrophic Lateral Sclerosis, and cancers 
(Dobson  1999 ; Stefani and Dobson  2003 ; Barral et al.  2004 ; Lee et al.  2011 ). It is 
generally accepted that small, soluble, prefi brillar oligomers formed as a result of 
fi brillar aggregation are cytotoxic and therefore responsible for the neuron loss seen 
in the neurodegenerative disorders (Walsh et al.  2002 ; Caughey and Lansbury  2003 ; 
Kayed et al.  2003 ; Stefani  2012 ). Of particular interest, recent work has indicated 
that the majority of these cytotoxic species arise from the mature fi brils themselves, 
due to secondary nucleation events and fi bril fragmentation, rather than from the 
association of monomers during the initial aggregation process (Knowles et al. 
 2009 ; Cremades et al.  2012 ). Thus, whilst mature fi brils themselves are considered 
less cytotoxic, they can be the greatest source of toxic oligomers.  
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7.3     The Mechanism of Action of sHsp Chaperone Proteins 

7.3.1     Interactions with Partially Folded Intermediate States 

 The original description of the chaperone action of α-crystallin by Horwitz ( 1992 ), 
was an experimental verifi cation of Ingolia and Craig’s earlier classifi cation of α−
crystallin as a member of the sHsp molecular chaperone family (Ingolia and Craig 
 1982 ). Since then at least fi ve of the ten individual human sHsps, i.e. Hsp27 (HSB1), 
αA-c (HSP4), αB-c (HSB5), Hsp20 (HSPB6), and Hsp22 (HSPB8), have been reported 
to have the ability to act in a chaperone-like manner to suppress the aggregation of 
target proteins in vitro (e.g. (Jakob et al.  1993 ; Carver et al.  1994 ; Smulders et al. 
 1996 ; van de Klundert et al.  1998 ; Bukach et al.  2004 ; Kim et al.  2004 ). However, 
this chaperone activity has not been defi nitively demonstrated for all human sHsps 
(e.g. HSPB10) and some sHsps may play roles in other proteostasis pathways (e.g. 
apoptosis, protein degradation) independent of acting as chaperones (e.g. Carra 
et al.  2008 ,  2012 ; Crippa et al.  2010 ; Ahner et al.  2013 ). 

 With regards to those sHsps that have been shown to act as chaperones, whilst 
most studies have used amorphous aggregation models to assess their chaperone 
activity, work using targets that undergo fi brillar aggregation are becoming more 
prevalent. Many studies have indicated that, in preventing aggregation, sHsp 
 chaperones form stable complexes with target proteins (e.g. (Rao et al.  1993 ; Carver 
et al.  2002 ; Basha et al.  2004 ; Regini et al.  2010 ). Based on such fi ndings the most 
widely accepted mechanism of sHsp chaperone action is that they bind to exposed 
hydrophobic residues on partially folded protein intermediates to sequester them 
into soluble high molecular mass complexes, in a ‘holdase’ type activity (Carver 
et al.  1995 ; Beissinger and Buchner  1998 ). Since sHsps have no inherent capacity 
to refold bound substrates (i.e. their activity is ATP-independent) this complex has 
been described as a reservoir-of-intermediates (Ehrnsperger et al.  1997 ). The sHsps 
are thought to maintain bound intermediates in a refolding competent state, until 
cellular conditions are permissive for ATP-dependent chaperones (e.g. Hsp70) to 
re-fold them back to their native conformation (Ehrnsperger et al.  1997 ). There is 
also evidence that some sHsps, such as Hsp27 (Ahner et al.  2013 ) and Hsp22 (Crippa 
et al.  2010 ), may shuttle intermediates to the proteosome/autophagosome system to 
facilitate their degradation. 

 The concept of sHsps as “holdase” chaperones now pervades most general 
reviews and textbooks that discuss their chaperone mechanism; however, this 
description does not fully describe the multi-faceted nature by which these chaperones 
can interact with target proteins to prevent their aggregation. It is well recognised 
that sHsp chaperones can also interact through highly dynamic, albeit weak and 
transient, interactions with target proteins to prevent their aggregation. For example, 
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in preventing fi bril formation by apolipoprotein C-II (apoC-II), αB-c acts (at very 
low sub-stoichiometric ratios) transiently and dynamically with the partially folded 
intermediates of the aggregation-prone monomer rather than by forming stable com-
plexes with it (Hatters et al.  2001 ). The interaction of αB-c with aggregation-prone 
monomeric apoC-II  stabilizes it, presumably so that it may refold back to its native 
state via the reversible on-folding pathway. Thus, taking into account that sHsps do 
not always form  complexes with target proteins in preventing their aggregation, a more 
apt description of sHsp chaperones is as protein ‘stabilisers’ rather than ‘holdases’. 

 Rather than the mode of interaction between sHsp chaperones and target proteins 
being dependent on the target protein per se, we have recently shown that it is 
 dictated by the nature of the partially folded intermediate that is the precursor to 
aggregation (Kulig and Ecroyd  2012 ). Using bovine α-lactalbumin (α-LA) as a 
model target protein, we developed conditions whereby it could be induced to 
aggregate down either the amorphous or fi brillar off-folding pathway under condi-
tions of physiological pH and temperature (i.e. pH 7.0 and 37 °C) and in comparable 
buffers. Thus, when α-LA was reduced it aggregated amorphously, whereas a 
reduced and carboxymethylated form (RCMα-LA) aggregated to form amyloid 
fi brils (Kulig and Ecroyd  2012 ). In doing so, we demonstrated that in preventing 
aggregation, αB-c forms high molecular mass complexes with highly disordered, 
precipitation bound intermediates that expose a high degree of hydrophobicity to 
solution (Fig.  7.2 ). In contrast, αB-c acts via weak, dynamic and transient interactions 
to suppress the aggregation of more stable, structured intermediates which expose 
less hydrophobicity to solution (Kulig and Ecroyd  2012 ).  

 As an alternative approach to evaluating sHsp binding to target proteins, in a 
series of elegant papers, McHaourab and colleagues assessed the ability of the sHsps 
αB-c, αA-c and Hsp27 to bind destabilised targets using a series of T4 lysozyme 
mutants (McHaourab et al.  2002 ; Koteiche and McHaourab  2003 ; Sathish et al. 
 2003 ; Shashidharamurthy et al.  2005 ). These studies led to a proposed mechanism of 
sHsp chaperone action in which the equilibrium between the folding and unfolding 
of the target protein (in this case T4 lysozyme) is coupled to the equilibrium between 
dissociated (dimeric) and  oligomeric states of the sHsp. Thus, they concluded that 
these sHsps bind destabilised T4 lysozyme in two modes, either with high or low 
affi nity. These may be analogous to the strong (holdase) and weak (stabiliser) bind-
ing mechanisms seen using other target proteins. 

 In the context of the cell, these dynamic interactions are clearly of benefi t as it 
enables the levels of chaperone-competent sHsps to be maintained (rather than 
depleted) under basal conditions. Thus, it is considered that the weak  transient inter-
actions with target proteins is the mechanism that likely predominates in cells not 
subjected to stress, since these conditions are not conducive to large-scale protein 
destabilisation. Upon exposure to a stress, activation of the heat-shock response leads 
to dramatic up-regulation of the expression of some sHsps (de Thonel et al.  2012 ), 
and would also lead to complex formation (and stabilization) with more destabilised 
target proteins. Accordingly, it is envisaged that sHsps, acting as stability sensors in 
the cell, only mediate stable high-molecular-mass complex formation with protein 
intermediates when binding is more energetically favourable than refolding. 
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  Fig. 7.2    αB-c forms a stable complex with a-lactalbumin to prevent its amorphous aggregation, 
but uses weak transient interactions to prevent its fi bril formation. ( a ) To induce amorphous aggrega-
tion α-LA (100 μM) was incubated at 37 °C in 50 mM phosphate buffer (pH 7.0) containing 
100 mM KCl, 5 mM EDTA and 20 mM DTT. To induce fi bril formation a reduced and carboxy-
methylated form of a-lactalbumin (RCMα-LA) incubated at 37 °C in 50 mM phosphate buffer 
containing 100 mM KCl and 10 mM MgCl 2.  The formation of aggregates was monitored by an 
increase in relative light scatter at 360 nm (amorphous aggregation) or ThT fl uorescence at 490 nm 
(fi brillar aggregation) in the absence or presence of αB-c. The change in light scattering or ThT 
fl uorescence for each molar ratio tested (reported as α-LA: αB-c) was monitored and is shown in 
arbitrary units (a.u.). The results shown are representative of three independent experiments. Insets 
show the percentage protection afforded by αB-c against α-LA aggregation at various molar ratios 
(α-LA:αB-c). Mean ± SEM ( n  = 3). ( b ) Size exclusion profi les of α-LA/RCMα-LA (100 μM), αB-c 
(50 μM) and soluble post aggregation samples of α-LA/RCMα-LA (100 μM) in the absence and 
presence of αB-c (50 μM). The elution volume for standards (kDa) used during calibration are 
shown at the top of the graph. ( c ) Immunoblot of the eluate fractions collected from the size exclu-
sion column. A sample from every second fraction (fraction size was 0.5 mL) collected between 7 
and 25 mL was loaded onto a SDS-PAGE gel, transferred to nitrocellulose and blotted with an 
anti-αB-c or anti-α-LA antibody. Both αB-c and α-LA elute in a high molecular mass complex 
when α-LA is incubated under conditions that induce its amorphous aggregation, but no complex 
is evident when a-LA is incubated under conditions which induce it to form amyloid fi brils 
(Adapted from Kulig and Ecroyd  2012 )       
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 With respect to the overall effi cacy of sHsp chaperones to inhibit protein 
 aggregation, it is well established that the kinetics of the aggregation process are a 
 signifi cant factor, i.e. these sHsps are most effective against slowly-aggregating 
 target proteins (Lindner et al.  2001 ; Carver et al.  2002 ). It is concluded this is 
because sHsps interact with partially folded states of target proteins that have left 
the folding pathway (Treweek et al.  2000 ). Thus, the longer these states persist, the 
more likely that sHsps are able to interact and stabilise them. In support of this, the 
limited work that has been done in this area suggests that the longer the lag phase of 
fi bril formation (representing the time taken to form stable nuclei), the more effec-
tive the chaperone ability of αB-c. For example, αB-c is more effective at inhibiting 
fi bril formation by wild-type α-synuclein compared to A53Tα-synuclein (the latter 
forms fi brils more rapidly) (Rekas et al.  2004 ). As well, when the rate of α-synuclein 
fi bril formation is increased through the addition of dextran (which acts as a molec-
ular crowding agent), the effectiveness of αB-c as a chaperone decreases (Ecroyd, 
unpublished data). Thus, on the basis of aggregation kinetics, it is concluded that 
sHsps are better suited to prevent fi bril formation as compared to amorphous 
aggregation, since the formation of fi brils is typically a much slower process than 
amorphous aggregation.  

7.3.2     Interactions with Amyloid Fibrils 

 The vast majority of studies that have tested the in vitro chaperone action of sHsps 
(and indeed other chaperone proteins) have involved addition of the protein prior to 
aggregation commencing. However, the design of such studies does not address the 
effect(s) sHsps have on the latter stages of aggregation. This aspect is important to 
consider since, in vivo, levels of sHsps in the cell increase after aggregation has 
commenced as a result of the activation of the stress response (Shinohara et al. 
 1993 ; Renkawek et al.  1994 ). Initial studies investigating the ability of αB-c to 
inhibit α-synuclein fi bril formation (which is associated with Parkinson’s disease) 
demonstrated that, when the chaperone was added after aggregation had commenced 
(i.e. during the elongation phase of aggregation), fi bril formation was halted (Rekas 
et al.  2004 ). The authors’ interpretation of these fi ndings were that this was due to 
αB-c interacting with monomeric species to prevent their association with the grow-
ing fi bril (Rekas et al.  2004 ); however, subsequent studies have demonstrated that 
αB-c can bind directly to pre-formed α-synuclein fi brils and, in doing so, inhibit 
their further growth (Waudby et al.  2010 ). It is now well established that αB-c binds 
along the lateral surface of mature amyloid fi brils formed by α-synuclein (Rekas 
et al.  2007 ; Waudby et al.  2010 ), Aβ peptides (Shammas et al.  2011 ), and apoC-II 
(Binger et al.  2013 ) and therefore appears to have a generic fi bril-binding activity 
(Fig.  7.3 ).  

 So, why do sHsps bind to mature fi brils? We have recently conducted work to 
address this question using αB-c and fi brils formed from apoC-II (Binger et al. 
 2013 ). We found that by binding to apoC-II fi brils, αB-c stabilises them, preventing 
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their (dilution-induced) fragmentation, and causes them to associate (tangle) into 
larger species, reminiscent of protein inclusions (Binger et al.  2013 ). Thus, by coating 
these fi brils αB-c may inhibit fi bril fragmentation and prevent secondary nucleation 
events that can occur on the fi bril surface. This is signifi cant because both of these 
processes (i.e. fragmentation and secondary nucleation) can be the main source of 
cytotoxic oligomers that are associated with amyloid fi bril formation (Knowles 
et al.  2009 ). αB-c’s fi bril binding-activity therefore appears to represent another 
mechanism by which it (and other chaperone-active sHsps) minimises the toxic 
effects of protein aggregation in cells. Moreover, it helps to rationalise why some 
sHsps are found in the protein deposits associated with diseases such as Alzheimer’s 
disease and Parkinson’s disease (Lowe et al.  1992 ; Shinohara et al.  1993 ; Renkawek 
et al.  1994 ; McLean et al.  2002 ; Pountney et al.  2005 ; Wilhelmus et al.  2006 ); i.e. 
their co-localization with amyloid deposits likely results from a specifi c interaction 
with the fi brillar aggregate. Furthermore, this interaction may actually help mediate 
the coalescing of the aggregates into larger protein deposits. There is evidence that 
protein inclusions are protective in the cell; studies have reported a lack of correla-
tion between amyloid deposition in the brain and disease progression (Schmitz et al. 
 2004 ; Rabinovici and Jagust  2009 ), and in cell culture models of protein aggrega-
tion multiple inclusions can be present in otherwise ‘healthy’ cells (Arrasate et al. 
 2004 ; Gong et al.  2008 ; Ormsby et al.  2013 ). Thus, by promoting the formation of 
inclusions sHsps may assist in shielding the cell from toxic  oligomers. Lastly, it was 
recently shown that αB-c promotes the dissociation of potentially toxic 
β2-microglobulin oligomers into monomers, highlighting yet another role these 
chaperones may have in cells to directly protect them from the adverse effects of 
protein aggregation (Esposito et al.  2013 ). 

 Of course, apart from their ability to inhibit aggregation, sHsps may protect cells 
from the toxicity associated with fi brillar protein aggregation in other ways. For 
example, both Hsp27 and αB-c increase the resistance of cells to oxidative stress 
(e.g. Mehlen et al.  1995 ; Preville et al.  1999 ; Shin et al.  2009 ; Xu et al.  2013 ) and 
can inhibit apoptosis via a range of interactions with partner proteins involved in 
cell death pathways (Acunzo et al.  2012 ). 

 In summary, recent work on the interaction of sHsps with amyloid fi brils has 
provided new insights into the potential roles of sHsps in preventing amyloid 

  Fig. 7.3    The sHsp αB-c binds to mature amyloid fi brils. Transmission electron micrographs of 
fi brils formed from ( a ) α-syn, ( b ) Aβ1-42, and ( c ) apoC-II following incubation with αB-c and 
subsequent immunogold labelling of the bound αB-c       
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toxicity, i.e. stabilizing fi brils to prevent their fragmentation into toxic oligomeric 
species, mediating amyloid plaque formation, and driving the dissociation of fi brils 
to non-toxic monomers. It is early days in this area of research, however, the pros-
pect that there are likely to be multiple mechanisms through which sHsps can 
 interact with target protein undergoing amyloid fi bril type aggregation is exciting. 
Much remains to be established, but further work in this area promises to uncover 
some fundamental activities of these chaperone proteins that, up until recently, had 
not been fully appreciated. Two of the most pressing questions in this area are (i) can 
all sHsps capable of binding to fi brils? and (ii) are larger oligomers or dissociated 
species, or a combination of these, responsible for this fi bril-binding activity?  

7.3.3     A Revised Model of sHsp Chaperone Action 

 In light of the mechanisms discussed above, a revised model of sHsp activity is 
proposed here which extends previous models that have focused solely on the 
interaction of sHsps with partially folded intermediate states of target proteins 
(Fig.  7.4 ). The revised model highlights the multi-faceted role that sHsps play in 
preventing the toxic effects of protein aggregation by incorporating their interaction 
with soluble, partially folded states and their ability to bind to fi brillar species. The 
interaction with partially folded intermediates can be via high affi nity binding, 
resulting in the formation of a stable sHsp-target protein complex, or through low 
affi nity, transient and dynamic interactions that facilitate the intermediate re- 
entering the folding/unfolding pathway and thus reattaining its native state.  

 Whilst this revised model of sHsps chaperone action (Fig.  7.3 ) recognises our 
growing appreciation of the mechanisms by which sHsps interact with aggregating 
proteins, critical aspects still remain to be established. It is amazing that some of 
these key gaps in our knowledge were fi rst raised by Horwitz in his seminal paper 
describing the chaperone action of α-crystallin (Horwitz  1992 ). For example, we 
still do not know whether the chaperone activity of sHsps depends on its oligomeric 
size or sub-unit exchange. Whilst chaperone active species are normally depicted as 
dissociated (dimeric) subunits (and large oligomers as ‘reservoirs’ of these species), 
there is no defi nitive evidence to-date that these alone are exclusively chaperone 
active. Moreover, some studies have indicated that there is no correlation between 
the concentration of sub-oligomeric species (or sub-unit exchange rate) and appar-
ent chaperone activity (Aquilina et al.  2005 ). Also, glutaraldehyde cross- linked 
α-crystallin, which is incapable of subunit exchange, retains signifi cant chaperone 
activity in vitro (Augusteyn  2004 ). Thus, the relationship between oligomeric size and 
chaperone activity remains enigmatic. 

 Little is known about the stoichiometry of mammalian sHsp-target protein com-
plexes. To-date, efforts to study, in precise detail, the manner by which sHsps bind 
to target proteins to form complexes have been hampered by the large, polydisperse 
and dynamic nature of sHsp oligomers and the low abundance of individual species 
in these heterogeneous samples. This problem is further confounded by the use of 
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‘bulk’ averaging techniques that can mask the presence of rare species formed in 
such dynamic systems. Work using native mass spectrometry and a monodisperse 
(dodecameric) sHsp from pea (Hsp18.1) demonstrated the remarkable heterogene-
ity of the complexes it forms with target proteins (over 300 different stoichiometries 
of interaction!) (Stengel et al.  2010 ). Thus, the possible number of stoichiometries 
of sHsp-target protein complexes formed by polydisperse mammalian sHsps is 
expected to be enormous. Recent advances in methods that enable the study of 
dynamic heterogeneous protein ensembles, such as nanospray electrospray ionisa-
tion mass spectrometry (Benesch et al.  2006 ; Benesch and Ruotolo  2011 ; Stengel 
et al.  2012 ) and single molecule fl uorescence techniques (Laurence et al.  2007 ; 
van Oijen  2011 ; Loveland et al.  2012 ), augur fundamental advances in our under-
standing of the mechanisms by which sHsps interact with their target proteins. 

  Fig. 7.4    The mechanism of action of sHsp chaperones. Multiple partially folded protein interme-
diate states populate the folding/unfolding pathway of a protein. The mechanism by which sHsps, 
such as αB-c, prevent target protein aggregation (either amorphous or fi brillar) is dictated by the 
conformational stability and exposed hydrophobicity of the precursor protein intermediates. High 
affi nity interactions occur with highly destabilised intermediates (which exceed the threshold of 
binding) and these are sequestered into stable high molecular mass complexes. Target proteins in 
these complexes can be re-folded through the action of other ATP-dependent chaperones or shut-
tled for degradation. Alternatively, weak, transient interactions occur with more stable protein 
intermediates, which re-directs them back to the folding pathway so as to facilitate their re-folding. 
sHsps can also interact with pre-fi brillar and fi brillar aggregates formed by target proteins. By 
binding to these species sHsps stabilise them, preventing their further elongation, fi bril fragmenta-
tion and secondary nucleation events along their surface       
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 Finally, the models of sHsp chaperone action are predominately based on in vitro 
 studies; little is known about how they relate to the chaperone activity of sHsps 
inside the crowded environment of the cell. For example, nothing is known about 
the precise concentrations of sHsps inside a cell, let alone cellular compartments 
such as the nucleus versus the cytoplasm. Since the oligomeric state of sHsps can be 
concentration dependent, e.g. Hsp27 dissociates into smaller dimers at low concen-
trations in vitro (Kato et al.  1994 ; Rogalla et al.  1999 ; Shashidharamurthy et al. 
 2005 ), it therefore remains to be elucidated which oligomeric forms are relevant in a 
cellular context. Moreover, the relative importance of each of these chaperone 
mechanisms in the cellular function of sHsp chaperones remains to be established.   

7.4     Conclusions 

 Whilst the sHsps are often described as holdase types chaperones, this does not 
fully describe the multi-faceted nature in which they interact with aggregating 
 target proteins. For this reason it is proposed that they should be considered protein 
‘stabilisers’ rather than ‘holdase’ chaperones. Whilst we have made substantial 
advances in our understanding of how these (often forgotten) chaperones act to 
protect cells in times of cellular stress, much remains to be done. Considering the 
instrumental role the sHsp molecular chaperones play in preserving proteostasis and 
suppressing protein aggregation, ongoing research to further elucidate the mecha-
nisms by which they interact with aggregating target proteins is essential. This is 
particularly true if the full potential of these chaperone proteins is to be exploited as 
an avenue for developing novel therapeutics against protein aggregation-based 
diseases.     
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    Chapter 8   
 Everything but the ACD, Functional 
Conservation of the Non-conserved Terminal 
Regions in sHSPs 

             Michelle     Heirbaut    ,     Sergei     V.     Strelkov    , and     Stephen     D.     Weeks    

    Abstract     At the primary level small heat shock proteins are commonly described 
as a conserved α-crystallin domain fl anked by regions that have disparate sequence 
content. While this holds true when analysing simple pairwise alignments, it belit-
tles the importance of these N-terminal and C-terminal extensions. Careful examination 
of their sequences, combined with an improved understanding of the structure and 
activity of these proteins, yields an alternative view where the N- and C-terminal 
arms play an important role in function. In this chapter we shall describe the current 
understanding of these two regions and highlight that they both demonstrate struc-
tural and functional properties that are highly conserved across all kingdoms of life.  

  Keywords     Sequence analysis   •   Structure   •   Oligomerisation   •   Chaperone-like activity   
•   Truncation  

8.1          Introduction 

 Viewed with the crudest of lenses small heat shock proteins (sHSPs) can be consid-
ered as having a tripartite architecture composed of an α-crystallin domain (ACD) 
fl anked by, what are typically considered to be, highly variable N- and C-terminal 
regions herein termed the NTR and CTR, respectively (Fig.  8.1 ). Most of our struc-
tural understanding of this chaperone family lies with the ACD as this particular 
domain has proven most amenable to X-ray crystallographic studies (Bagnéris et al. 
 2009 ; Baranova et al.  2011 ; Laganowsky et al.  2010 ). Characterization of the N- and 
C-terminal arms has long frustrated researchers primarily due to their apparent lack 
of sequence conservation and structure. Conversely the fact that across all kingdoms 
of life these regions are maintained in this state speaks to their importance and hints 
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  Fig. 8.1    Cartoon representation of sHSP domain architecture from different phyla. The ACD 
( light gray ), the conserved IxI-motif ( red ), conserved N-terminal sequences ( blue ) with their cor-
responding sequence logo, cleavable signalling peptide sequences ( green ) and targeting sequences 
( yellow ) are shown. For archaea, two representatives from each class are depicted; for bacteria the 
two conserved classes: A and B are shown. The shorter HSP26 and longer HSP42 from  S. cerevisiae  
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at conserved functional roles. This is probably best demonstrated by the identifi ca-
tion of congenital mutations within these two regions in a number of human homo-
logues that are linked to the same disease state as those localized in the structured 
ACD (Benndorf et al.  2014 ).  

 Despite the challenge in understanding the function of the NTR and the CTR, 
decades of research employing deletion and mutational studies, combined with 
the application of modern biophysical techniques have begun to shed some light 
into their roles. In this chapter we shall explore this rich pool of studies in an 
attempt to show how these regions appear to have overlapping structural and 
functional properties. In particular examining their role in the two defi ning char-
acteristics of this protein family: self-oligomerisation and chaperoning. 
Additionally we shall also highlight some studies that show specialisation within 
these regions that have allowed for differentiation of sHSP activity both within 
and between species. 

 Although there are a number of ways of defi ning the end point of the NTR and 
the start of the CTR we shall base our boundaries on the tertiary structure. This 
model assumes that the ACD across species is delineated by a conserved seven 
stranded β-sandwich, where the strands are numbered from β2 to β9. An addi-
tional strand is observed in non-metazoan sHSPs, termed β6 that is formed by 
domain swapping in the ACD dimer (Kim et al.  1998 ). Although this strand is 
absent in higher eukaryotes, resulting in a different dimer interface, it does not 
alter the terminal defi nitions of this domain. Notably, the β2-β9 demarcation dif-
fers from the sequence based PFAM classifi cation (PF00011, Finn et al.  2014 a), 
which omits the β2-strand of the ACD but includes a large portion of what we 
consider to be the CTR. We stress this point because in the literature both bound-
ary descriptions have been employed for analysing the full sequence space avail-
able in public databases, giving rise to differences in the reported mean domain 
lengths (Kriehuber et al.  2010 ; Poulain et al.  2010 ). Any differences in values 
mentioned below to those published are thus a result of the defi nition of the spe-
cifi c domain borders.  

Fig. 8.1 (continued) were chosen as representatives for the fungal kingdom. In plants, the average 
lengths of the domains per sHSP sub-class are shown based on values from Bondino et al. ( 2011 ) 
and Siddique et al. ( 2008 ). For chordates, the cartoon is based on the human HSPB1. MetB: methi-
onine bristle found in plant chloroplast sHSPs. ER: signalling sequence for endoplasmatic reticu-
lum localization; PTS1 and PTS2: peroxisomal targeting sequences 1 and 2. Targeting peptides; 
MSP: mitochondrial signalling peptide, PSP: chloroplast signalling peptide, ERSP: endoplasmatic 
reticulum signalling peptide. A scale bar corresponding to an amino acid length of 50 residues is 
shown on the bottom right (Cartoon representations were created using DOG (Ren et al.  2009 ). 
Sequence logos were generated online using WebLogo (Crooks et al.  2004 ))       
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8.2     Sequence Properties 

 Even with a limited number of sHSP sequences it was recognised very early on that 
the N- and C-terminal arms showed considerably less conservation than the central 
ACD (de Jong et al.  1998 ). The explosion in data resulting from various genome 
sequencing projects supports this initial observation although detailed analysis 
suggests a more nuanced view should be taken. While comparison between the 
different taxonomic kingdoms shows signifi cant differences, at the level of phyla 
and subphyla a more complex picture of conservation can be presented. An exam-
ple of this is shown for vertebrates in the conservation matrix in Fig.  8.2 . While 

  Fig. 8.2    Matrix of percentage sequence similarity values calculated from the pairwise alignment 
of the terminal extensions of select vertebrate sHSPs. Shown are the values for the N-terminal 
( below diagonal ) and C-terminal ( above diagonal ) regions. Initial sequences were identifi ed using 
public databases. Regions were defi ned by multiple sequence alignment of the full sequences and 
removal of the sequence section corresponding to strands β2 to β9 of the α-crystallin domain. The 
sequence similarity was then determined for each sequence pair with the BLOSUM62 matrix 
using the MatGAT program (Campanella et al.  2003 ). For the N-terminal region background colors 
are based on sequence percentage similarity threshold values where <50 % ( white ), 50–75 % ( light 
gray ), ≥75 % ( dark gray ). For the C-terminal region background colors are based on percentage 
similarity threshold values where <50 % ( dark gray ), 50–75 % ( light gray ), ≥75 % ( white )       
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comparison of any one sHSP to orthologues both within and between species 
shows weak conservation for the two ACD fl anking arms, homologues from differ-
ent species demonstrate reasonably high values: for example HSPB5 (αB-crystallin) 
shows 68 and 52 % sequence similarity between  Homo sapiens  and  Danio rerio  in 
the NTR and CTR, respectively. In this case it suggests early branching and spe-
cialisation of this family of chaperones in a common ancestor of the vertebrate 
lineage. In addition to this homologue based conservation, careful inspection at the 
sequence level across all species also reveals a clearly conserved residue bias in 
these two domains (Kriehuber et al.  2010 ). Furthermore a number of highly con-
served sequence epitopes which in the NTR appear to be phyla specifi c are also 
observed whilst the CTR contains a motif conserved across all kingdoms (de Jong 
et al.  1998 ; Poulain et al.  2010 ).  

8.2.1     The N-Terminal Region 

 Analysis of a non-redundant set of sequences belonging to the sHSP family 
(PF00011) shows a wide variety in the NTR, not only with regard to residue conser-
vation but also the sequence length between different kingdom representatives 
(Table  8.1 ). On average the NTR contains 55.4 (±43.6) residues, which is close to 
the mean number of residues of this domain in bacteria (42.7 residues), a result due 
to the over-representation of sequences from this group. Viruses (Maaroufi  and 
Tanguay  2013 ) and archaea have a relatively short N-terminal stretch, with average 
lengths of 46.8 and 52.4 respectively. All eukaryotes encode sHSPs that have longer 
NTRs than prokaryotes, but they also show a much larger variability in overall 
sequence length. The greatest differences are seen in fungi and plants, having aver-
age sequence lengths of 103.0 (±85.1) and 82.8 (±85.3), respectively. This increased 

        Table 8.1    Average sequence lengths of sHSP regions for the different taxonomic kingdoms   

 Full-length  NTR  ACD  CTR 

 Viruses (26)  150.1 ± 9.2  46.8 ± 6.4  85.4 ± 1.0  17.9 ± 6.3 
 Archaea (365)  152.0 ± 27.3  52.4 ± 27.7  84.2 ± 8.3  15.4 ± 9.7 
 Bacteria (5,721)  148.2 ± 15.0  42.7 ± 12.7  86.5 ± 3.9  19.0 ± 8.1 
 Funghi (367)  248.1 ± 110.3  103.0 ± 85.1  121.2 ± 39.7  23.9 ± 39.7 
 Plants (1,121)  214.5 ± 105.9  82.8 ± 85.3  92.7 ± 20.2  39.0 ± 60.3 
 Metazoans a  (721)  205.1 ± 84.6  75.2 ± 49.9  84.8 ± 10.5  45.1 ± 51.2 
 Chordates (690)  183.1 ± 30.4  70.5 ± 21.1  84.2 ± 7.8  28.3 ± 12.8 
 All (9,011)  167.9 ± 60.2  55.4 ± 43.6  88.2 ± 13.9  24.3 ± 29.5 

  Non-redundant sequences for each kingdom were extracted from PFAM-family PF0011. The num-
ber of representative sequences is indicated between brackets. For each group the sequences were 
divided into three regions based on multiple sequence alignment. The average sequence length ± 
standard deviation is shown 
  NTR  N-terminal region,  ACD  α-crystallin domain,  CTR  C-terminal region 
  a Metazoans excluding chordate sequences  
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variability arises from the existence of different distinct sHSP classes, especially 
within the plant kingdom where the NTR can contain additional domains dictating 
localization and possibly specialized functions (Fig.  8.1 ) (Waters and Vierling 
 1999a ,  b ). Metazoan sHSPs have slightly shorter NTRs when compared to both 
fungi and plants, with the average number of amino acids being 70.5 for chordates 
and 75.2 (±49.9) for examples that fall outside this phyla. Both also have a decreased 
variability when compared to the other eukaryotic phyla (Table  8.1 ).

   Examining the sequences in closer detail reveals a specifi c residue bias within 
the NTR that exists across all species (Kriehuber et al.  2010 ). In particular there is 
an over-representation in the number of arginines, phenylalanines and prolines, and 
an apparent lower number of cysteines and lysines, when compared to the average 
number of these residues in whole genomic datasets (Fig.  8.3 ). Comparison of the 
sequence content between the different sHSP regions highlights the specifi c bias of 
the arginine, phenylalanine and lysine residues, but also shows that the NTR on 
average contains more tryptophans than the following domains (Fig.  8.3 ). 
Phenylalanines have been found to be important for assembly and chaperone activ-
ity in a number of sHSPs, suggesting a conserved role for these aromatic hydropho-
bic residues in interacting with either substrate or self molecules (Hanazono et al. 
 2013 ; Horwitz et al.  1998 ; Kelley and Abraham  2003 ; Plater et al.  1996 ). Likewise, 
similar structural and functional properties can be speculated for the higher abun-

  Fig. 8.3    Cross kingdom comparison of the sequence composition of the three sHSP domains. 
sHSP sequences for each phyla were downloaded from the PFAM-database (Finn et al.  2014 b) and 
manually defi ned using Jalview (Waterhouse et al.  2009 ) using the boundaries described in 
Sect.  8.1 . The sequence statistics were calculated for chordates ( black bars ), bacteria ( white bars ) 
and archaea ( gray bars ) in SeaView (Gouy et al.  2010 ) and compared to the mean composition for 
whole genomic datasets ( dashed lines )       
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dance of tryptophan residues in this region. For the arginines it is possible to postu-
late that these positively charged residues may also be involved in self-assembly, 
mediated by cation-π interactions with the phenylalanine residues. At the same 
time, the chaotropic properties of the side chain guanidinium group have been 
shown to stabilise proteins in solution (Arakawa et al.  2007 ; Shah et al.  2012 ) thus 
a possible role in chaperoning can also be hypothesised. For the lower abundance of 
lysines and cysteines, it can be argued that these are kept to a minimum in the 
extended and likely solvent-exposed NTRs to avoid post-translational modifi cations 
(PTMs). Lysines in particular have been shown to be highly reactive and can 
undergo a wide variety of PTMs, including non-enzymatic glycation and carba-
mylation leading to non-disulfi de crosslinking (Soskić et al.  2008 ). Cysteine resi-
dues on the other hand are the prime candidates for oxidation. Many of these PTMs 
have been shown to decrease the chaperone-like activity (van Boekel et al.  1996 ) 
and the increase of modifi ed α-crystallins in the eye lens has been linked to cataract 
(Sharma and Santhoshkumar  2009 ).  

 Careful analysis of multiple sequence alignments of the NTR alone also 
suggests the presence of a number of conserved sequence motifs. These are typi-
cally restricted to phyla and subphyla but there are a number of examples that cross 
these taxonomic classifi cations. In archaea, two motifs can be identifi ed in the two 
different orthologues commonly present in most species. The fi rst, found in sHSPs 
with longer NTRs, encompasses approximately 20 residues (Fig.  8.2 ). The second 
sequence is found close to the N-terminus of the smaller orthologues and has the 
pattern (D/N)PF(D/E)(D/E). Interestingly a similar sequence to the latter motif 
was identifi ed in vertebrate HSPB1(Franck et al.  2004 ), the deletion of which 
impaired chaperone-like activity and oligomerization in  Cricetulus griseus  HSPB1 
(Lambert et al.  1999 ; Theriault  2004 ), although equivalent studies with the human 
orthologue encompassing this sequence failed to protect insulin from aggregating 
but did not affect the assembly (Lelj-Garolla and Mauk  2005 ,  2012 ) and deletion 
of this sequence in mouse HSPB1 had no effect on either chaperoning or assembly 
(Guo and Cooper  2000 ). Cytosolic class I sHSPs from plants also have a sequence 
resembling this short motif residing within a larger conserved region, whether it 
has a functional role though is not yet known (Waters et al.  2008 ; Waters and 
Vierling  1999a ). 

 HSP26 and HSP42, the main cytosolic sHSPs found in the budding yeasts, are 
probably the best-studied members from this taxonomic group. Comparison of their 
architecture explains the large variance seen in the NTR lengths observed in fungi 
(Fig.  8.1  and Table  8.1 ). In particular the  Saccharomycetales  specifi c HSP42, 
although poorly conserved even within this order, consistently contains long 
stretches of repetitive sequence rich in the acidic residues aspartate and glutamate 
or their amide containing equivalents asparagine and glutamine. Looking at the 
sHSPs with shorter NTRs a conserved region can be found (Fig.  8.1 ) although its 
function remains unclear. 

 In the special case of plants, where sHSPs demonstrate organelle-specifi c local-
ization, homologous proteins across species clearly contain conserved sequences 
necessary for translocation to the target organelle (Fig.  8.1 ). Examination of the 
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NTR outside these targeting peptides shows little conservation between subfamilies 
in a single species, although these sequences are conserved when comparing equiv-
alent homologues within this kingdom. However to what extent these regions are 
involved in specifi c functions, is less understood (Scharf et al.  2001 ). One particular 
region found in chloroplast sHSPs, the so-called methionine bristle, has been stud-
ied in more detail and has been found to be involved in chaperone-like activity and 
sensing redox state in chloroplasts (Gustavsson et al.  2001 ; Härndahl et al.  2001 ; 
Waters  2013 ). 

 Many vertebrate sHSPs contain a ‘SRLFDQxFG’ motif, originally described as 
the phenylalanine-rich region in the α-crystallins (Crabbe and Goode  1994 ; Van Der 
Ouderaa et al.  1974 ). Mutations of this motif, which is typically found in the centre 
of the NTR (Fig.  8.1 ), appear to effect assembly and subunit turnover (see Sect.  8.4 ) 
(Derham et al.  2001 ; Horwitz et al.  1998 ; Pasta et al.  2003 ; Plater et al.  1996 ). A 
highly similar sequence has also been identifi ed in the sHSPs of some arthropods 
(Liu et al.  2014 ; Heirbaut et al.  2014 ). These particular family representatives, that 
show highest overall sequence similarity to the vertebrate α-crystallins, suggest that 
a common ancestor containing this motif appeared more than 500 million years ago. 
The conservation of this motif, particular between the numerous homologues found 
encoded in vertebrate genomes underlines an important functional role not yet fully 
understood. 

 A second shorter and less conserved motif (P/G)YY(I/V)R has also been 
described. Found in the end of the NTR of some vertebrate sHSPs, deletion of this 
sequence impairs chaperone activity (Ghosh et al.  2006 ; Heirbaut et al.  2014 ). In 
addition, and somewhat reminiscent of the methionine-rich regions found in plant 
chloroplast sHSPs, the vertebrate member called HSPB7 (also known as cardiovas-
cular HSP; cvHSP) contains a poly-serine stretch in the fi rst half of the NTR (Franck 
et al.  2004 ). This region, ranging from 6 to 18 serine residues depending on the 
species examined, has been found to be involved in localization of this sHSP to 
nuclear splicing speckles, suggesting it has acquired a specialized function that may 
not necessarily be related to chaperone activity (Vos et al.  2009 ).  

8.2.2      The C-Terminal Region 

 For all sequences analysed the CTR is smaller than the extension N-terminal to the 
ACD (Table  8.1 ). On average this region is approximately one third of the length 
of the corresponding NTR in each kingdom. Like the NTR the sequence length of 
the CTR differs considerably between the domains, with bacteria and archaea dem-
onstrating some of the shortest lengths with 19.0 and 15.4 residues, respectively 
(Table  8.1 ). 

 Relative to the NTR, the CTR shows greater sequence divergence between 
homologues when comparing within a phylum (Fig.  8.2 ). Even so this region shows 
a conserved sequence bias across all species that is even more apparent than the 
NTR (Fig.  8.3 ). In particular, relative to the mean amino acid composition of 
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UniProtKB/Swiss-Prot data bank (April 2013 release), there is a greater presence of 
the charged residues glutamate and lysine. At the same time the CTR has a consis-
tently lower number of the aromatic amino acids; tryptophan, phenylalanine and 
tyrosine as well as the hydrophobic residue leucine. These latter residues reveal the 
most pointed differences between this domain and both the NTR and ACD (Fig.  8.3 ) 
and suggests that this region would preferentially be solvent exposed. Similar to the 
NTR there is a lower than average number of cysteines while prolines have an above 
average representation in bacteria and chordates. 

 The most characteristic sequence feature present in the CTR was originally identi-
fi ed as the RxIxI motif (de Jong et al.  1998 ), later truncated to just the last three resi-
dues IxI or IxI/V. This tripeptide, also named the C-terminal anchoring motif (CAM; 
Poulain et al.  2010 ), appears to play an important role in assembly (see Sect.  8.3.2 ). 
An extensive genome-wide survey showed some species based bias for the residues in 
this motif, in particular the central amino acid is typically a proline in animals (Poulain 
et al.  2010 ). In the same survey the CAM sequence was found to be on average 14 
(±3) residues away from the fi nal β9-strand of the ACD. This means it is generally 
found at the C-terminus in bacteria and archaea while in eukaryotes it is commonly 
found in the fi rst half of the CTR (Fig.  8.1 ). Closer examination of the residues sur-
rounding the CAM in vertebrates also suggests that it sits in a conserved palindromic 
region (Hilton et al.  2013 ; Laganowsky et al.  2010 ), for example in humans: HSPB1, 
EIT IPI TFE; αA-cystallin, ERA IPV SRE; and αB-crystallin, ERT IPI TRE.   

8.3      Structure 

 Independent of the species of origin, prediction algorithms typically suggest that the 
NTR contains little to no secondary structure although, other than the immediate 
N-terminus, it appears not to contain sequence stretches typical for intrinsically 
disordered regions (IDR; Weeks et al.  2014 ). The CTR is similarly barren in sec-
ondary structure but, with its penchant to contain charged residues and lack hydro-
phobic ones, this region fulfi ls the standard criteria for being an IDR (Vucetic et al. 
 2003 ). It is these specifi c properties that have made structural characterisation of 
either region a challenge. Nevertheless, the concerted efforts from many individual 
laboratories have begun to reveal some interesting details about them. 

8.3.1     The N-Terminal Region 

 Initial structure predictions of the NTR were fi rst confi rmed by the X-ray crystal 
structure of HSP16.5 from  Methanocaldococcus jannaschii  (MjHSP16.5, Kim et al. 
 1998 ). The solved structure contains eight subunits in the asymmetric unit (ASU) 
yielding the biologically relevant 24-mer after applying the crystallographic three-
fold symmetry operations. The resultant oligomer resembles a hollow sphere with 
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an internal apparent solvent fi lled volume of approximately 1.8 × 10 5  Å 3  (Fig.  8.4a ). 
An additional β-strand (β1) is observed for all monomers in the ASU, corresponding 
to residues 33–40 of the NTR, that pairs with the β7-strand of the ACD. This strand 
appears to be unique to MjHSP16.5, even amongst other prokaryotic sHSPs 
(Hanazono et al.  2012 ; Hilario et al.  2011 ; Takeda et al.  2011 ). Despite this fact, the 
numbering of β-strands in other sHSPs is based on this structure. Importantly 
though, there is no observable electron density for the fi rst 32 residues of each sub-
unit, or a total of 768 residues in the 24-mer. The fi rst N-terminal residue observed 
for each monomer, and indeed the β1-strand, is found on a fourfold non- 
crystallographic symmetry (NCS) axis in the interior of the 24-mer (Fig.  8.4a ). The 
absent residues would equate to a volume of approximately 1.1 × 10 5  Å 3  (assuming 
a partial specifi c volume of 0.73 ml g −1 ), equivalent to just under two-thirds of the 
internal volume of the large assembly. Presumably the remainder of the NTRs are 
localised in this voluminous cavity but, displaying multiple conformations in the 
crystal, the electron density is averaged out.  

  Fig. 8.4    Crystal structures of small heat shock proteins. ( a – c ) Cartoon representations of the 
structures of the oligomeric assemblies of ( a )  M. jannaschii  HSP16.5 (PDB 1SHS), ( b )  T. aestivum  
HSP16.9 (PDB 1GME) and  c   S. pombe  HSP16.0 (PDB 3W1Z). The NTR ( blue ), CTR ( red ) and 
ACD ( gray ) ( d – f ) Comparison of the structure of the N-terminal extension from various sHSPs. 
Individual chains from each crystal structure ( blue ,  cyan ,  magenta and green ) were superposed via 
the ACD region. For clarity only one ACD and C-terminal domain are shown per panel ( gray ). ( d ) 
 S. tokodaii  HSP14 (PDBs 3AAB and 3AAC), ( e )  T. aestivum  HSP16.9 and ( f )  S. pombe  HSP16.0       
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 Similar to MjHSP16.5 the structure of the full-length  Sulfolobus tokodaii  
HSP14.0 (StHSP14.0) also yielded a hollow 24-mer where only a part of the NTR, 
found again on the inside of the oligomeric assembly, was observed (Hanazono 
et al.  2012 ). By mutating or deleting a portion of the CTR the same group also man-
aged to obtain structures of the dimeric form of this sHSP at higher resolutions than 
that of the oligomer (Hanazono et al.  2012 ; Takeda et al.  2011 ). In these structures 
the full NTR was only partially resolved and, differing to the MjHSP16.5 structure, 
an α-helix was consistently present in the region closest to the ACD (Fig.  8.4d ). 
Interestingly the fragments of the NTR that were modelled in the different crystal 
forms show considerable variability. Superimposition of the ACD of the available 
structures highlights differences in both the length and the relative position of the 
α-helix (Fig.  8.4d ), confi rming an inherent propensity for movement and a lack of 
structure within the whole domain. The results also suggest that parts of the NTR 
can exist in multiple structural conformations even within the highly ordered 
arrangement found in a crystal. 

 The schizophrenic properties of the NTR are probably best illustrated by the 
structure of wheat HSP16.9 ( Triticum aestivum ; TaHSP16.9). This eukaryotic sHSP 
is an oblate dodecamer, composed of a stack of two rings, where each ring is trimer 
of three ACD-mediated dimers (Fig.  8.4b , van Montfort et al.  2001 ). For each dimer 
in the assembly the electron density of the full NTR, corresponding to the fi rst 42 
residues of this sHSP, is only seen for one of the component protomers while in the 
other it is completely absent. Alone, the modelled NTR shows an extended confor-
mation containing some α-helical segments (Fig.  8.4e ). This structure intertwines 
with a symmetry-related NTR originating from a monomer on the opposing trimer of 
dimers and, stabilised by a combination of hydrophobic and polar interactions, holds 
the assembly together (van Montfort et al.  2001 ). Crucially the observed NTRs are 
only found at the vertices formed between the dimers in the oligomer (Fig.  8.4b ). 
Although the position of the fi rst N-terminal residue of the chains without an observ-
able NTR are in symmetry related positions to those where the full sequence is pres-
ent, the limited space at the vertices of this assembly excludes the possibility of the 
missing residues from interacting in an equivalent manner. Therefore although asso-
ciation between the NTRs of different monomers is important for assembly of 
TaHSP16.9 it appears that this same region selectively destabilises the structure of 
equivalent domains from other monomers within the same oligomer. 

 This non-equivalence of the NTR was also seen in the structure of HSP16.0 from 
the fi ssion yeast  Schizosaccharomyces pombe  (SpHSP16.0; Hanazono et al.  2013 ). 
In this prolate 16-mer the full NTR is observed in the interior of the oligomeric 
assembly at the equatorial interface of the protein subunits (Fig.  8.4c ). At this posi-
tion the partially helical NTR of eight monomers make a number of inter-subunit 
interactions that stabilise the interface. In particular a number of phenylalanines 
were shown to be crucial in this interaction (Hanazono et al.  2013 ). However, within 
the same assembly, the NTRs at the poles are either partially observed but unstruc-
tured or completely absent (Fig.  8.4f ). The structure of this eukaryotic sHSP there-
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fore illustrates that a subtle difference in the local environment can have a potent 
infl uence on the structure of the NTR. 

 Although some moderate success has been achieved in obtaining atomic resolu-
tion structures of full-length prokaryotic, yeast and plant sHSPs, to date structures 
of homologues from vertebrates are limited to the ACD and portions of the CTR 
(Bagnéris et al.  2009 ; Baranova et al.  2011 ; Hochberg et al.  2014 ; Laganowsky 
et al.  2010 ). These latter results have been achieved by removing the majority of 
the NTR. Hence very little is known about the structural capacity of this region in 
this important taxonomic group. Only a short portion of the NTR immediately 
preceding the strand β2 was seen in the crystals of the N-terminally truncated 
human HSPB6 (ΔN56). The retained residues of the NTR showed no secondary 
structure. Interestingly, the residues corresponding to strand β2 were involved in 
interactions with the ACD of another dimer, resulting in tetramer formation, which 
was however an artefact of truncation (Weeks et al.  2014 ). Solid-state NMR studies 
of full-length human αB-crystallin suggest the presence of a mix of α and β sec-
ondary structure in the NTR (Jehle et al.  2010 ). The limited number of restraints 
and heterogeneity of the chemical shifts led the authors to state that these struc-
tures may not simultaneously exist in one chain or, for that matter, be present in all 
chains of the oligomer.  

8.3.2      The C-Terminal Region 

 Unlike the NTR, structures of the shorter CTR at an atomic resolution are more 
abundant. In the fi rst structure of a sHSP, MjHSP16.5, this region was clearly 
observed making inter-protomer contacts (Fig.  8.4a , Kim et al.  1998 ). In particular 
the interaction was mediated by the highly conserved IxI motif patching a groove 
formed between the β4 and β8-strands on one side of the ACD β-sandwich structure. 
The equivalent interaction has been observed in structures of full-length prokaryote, 
plant and yeast sHSPs (Fig.  8.4b, c , Bepperling et al.  2012 ), as well as in truncated 
constructs of vertebrate homologues (Hochberg et al.  2014 ; Laganowsky et al. 
 2010 ; Laganowsky and Eisenberg  2010 ). In the latter cases parts of the CTD down-
stream of the CAM are not observed (Fig.  8.5a ) as this region was intentionally 
removed from the initial construct to enable crystallization (Laganowsky et al. 
 2010 ; Laganowsky and Eisenberg  2010 ).  

 Independent of the kingdom under study the patching interface is the same. The 
side-chains of the two outer conserved residues act as knobs fi lling two small hydro-
phobic depressions on the β4/β8-face of the ACD (Fig.  8.5a ). In all species the 
interaction is commonly stabilised by van der Waals forces and a limited number of 
backbone hydrogen bonds (Fig.  8.5b ). As stated in Sect.  8.2.2  the CAM sequence is 
palindromic, a property that extends to the surrounding residues of some vertebrate 
sHSPs. This has led to the hypothesis that the orientation of the patching residues 
could occur in either direction relative to the ACD β4/β8-face, partially explaining 
the polydispersity typically common in this family of proteins (Delbecq et al.  2012 ; 
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Laganowsky et al.  2010 ). Despite this possibility, examination of available struc-
tures of full-length sHSPs always shows one preferred orientation. In addition 
mutational studies covering the extended palindromic region of human αB-crystallin 
demonstrated an asymmetric effect on oligomer stability, suggesting that a unique 
direction also exists for vertebrate sHSPs (Hilton et al.  2013 ). 

 Although the patching of the ACD by the IxI-motif is unambiguously shown in a 
number of crystal structures, there is some debate over the physiological relevance 
of this interaction. While solid-state NMR experiments of human αB-crystallin per-
formed at 0 °C demonstrated patching equivalent to that seen in crystal structures 
(Jehle et al.  2010 ), solution NMR studies at higher temperature showed that the 
nuclear spin of the knob residues relaxed much more quickly than immobilized resi-
dues in the large oligomeric assembly, suggesting that they are highly dynamic 
(Baldwin et al.  2011a ). Calculations predict that at physiological temperatures only 
2 % of the IxI-motifs are bound at any given time for this sHSP, although the CTR 
is believed to be in close proximity to the β4/β8-face of ACD within the oligomeric 
assembly (Baldwin et al.  2011a ). Whether this phenomenon is also true for sHSPs 
from other kingdoms has yet to be tested, although it is interesting to note that in the 
crystal structure of HSPA from the bacterium X anthomonas axonopodis  patching 
was not seen despite the presence of the full CTR (Hilario et al.  2011 ).   

8.4      Functional Roles of the N- and C-Terminal Regions 

 When describing the properties of small heat shock proteins we think mostly in 
terms of their ability to assemble into large oligomers, and their capacity to chaper-
one partially unfolded proteins. While there are examples of sHSPs that have addi-
tional functions that fall outside this classical model (Dreiza et al.  2010 ; Vos et al. 

a b

  Fig. 8.5    Patching of the β4/β8 face of the ACD by the conserved IxI motif. ( a ) Structure of the 
patching sequence in αA-crystallin (PDB 3L1E). The ACD is shown as a cartoon and surface 
representation simultaneously. The patching sequence is shown using stick representation of the 
connected atoms, ( b ) Interaction diagram of the patching sequence with the ACD. Hydrogen bonds 
are shown as  dashed lines . Hydrophobic interactions mediated by the ACD are shown with  spoked 
arcs . Interacting atoms of the peptide are also sunbeamed (Image generated with LigPlot+ 
(Laskowski and Swindells  2011 ))       
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 2009 ), here we will focus on the conserved roles that the ACD fl anking arms play in 
defi ning these prototypical attributes. 

 The formation of large oligomers is a corner stone of the majority of studied sHSPs. 
While a small number form monodisperse preparations that have made them suitable 
for structural studies (Hanazono et al.  2012 ,  2013 ; Kim et al.  1998 ; van Montfort et al. 
 2001 ) generally the isolated proteins, independent of the kingdom of origin, yield 
polydisperse material with oligomers containing a differing numbers of subunits. In 
the best characterised system, the vertebrate αB-crystallin, the purifi ed oligomers can 
contain between 10 and 40 protomers (Baldwin et al.  2011b ), a value that can vary 
with temperature (Clauwaert et al.  1989 ). In addition to changes in the subunit num-
ber, the individual αB-crystallin protomers can also assemble into a variety of differ-
ent oligomeric shapes, yielding a further dimension in sample polydispersity (Baldwin 
et al.  2011b ). An added complexity to the study of these assemblies is also the highly 
dynamic turnover of the constituent monomers. In the case of αB-crystallin a com-
plete stochastic exchange of the component subunits occurs within 40 min at physio-
logical pH and temperature (Hilton et al.  2013 ). This dynamic behaviour is believed 
to be necessary for chaperone activity. In this model a released protomer is the chap-
eroning competent state capable of recognizing an aberrantly folded substrate 
(Haslbeck et al.  2005 ). Crucially this model of activity suggests that these two proper-
ties of sHSPs are likely intertwined at the sequence level – a supposition supported by 
the various studies that will be outlined below – but for simplicity we shall describe 
the role of the NTR and CTR in defi ning them independently. 

8.4.1      Assembly in Non-metazoans 

 The crystal structures of the full-length sHSPs hint at a possible role of the N- and 
C-terminal regions in assembly (Fig.  8.4a–c ). One of the most compelling argu-
ments supporting this hypothesis can be found in solution studies of the isolated 
α-crystallin domain from the sHSPs of a variety of species that clearly show that 
this conserved region is only capable of forming a dimer – the basic building block 
of the large oligomeric assemblies. Deletion and point mutation studies have 
attempted to delineate the importance of the fl anking domains in oligomerization, 
the results of which show a picture of varying infl uence when comparing results 
across the kingdoms. 

 In archaea the role of the CTR, and in particular the IxI-motif, in inter-subunit 
patching of the component dimers of the oligomer was clearly seen in the crystal 
structure of the HSP16.5 from  M. jannaschii  (Fig.  8.4a ). A C-terminal truncation of 
this sHSP, that eliminated the conserved motif, resulted in collapse of the oligomer 
(Kim et al.  2003 ; Quinlan et al.  2013 ). Similar results were also obtained for 
StHSP14. Deletion of the CAM yielded dimers, a result that could be replicated by 
mutating both isoleucines in the IKI sequence to either alanine, serine or phenylala-
nine (Hanazono et al.  2012 ; Saji et al.  2008 ). Interestingly, a double mutation where 
both isoleucines were replaced by tryptophans led to oligomers with the same over-
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all size as the wild type but that showed an increase in dissociation to smaller entities 
at lower temperatures (Saji et al.  2008 ). 

 Although the NTR was not observed in the MjHSP16.5 crystal structure deletion 
of the fi rst 12 residues also halted assembly at the level of a tetramer. Complete 
removal of this domain resulted in dimers (Kim et al.  2003 ). Conversely truncation 
of the NTR in StHSP14 did not disrupt oligomeric structure but led to a decreased 
subunit exchange. In addition negative stain electron microscopy revealed that the 
complete removal of the NTR resulted in oligomeric assemblies containing hollow 
centres (Usui et al.  2004 ). 

 In bacteria several studies have implicated both N- and C-terminal sequences in 
regulating oligomerization. Removal of the fi rst 11 residues from the NTR or the 
last 11 of the CTR, the latter containing the canonical CAM sequence, prevented  E. 
coli  IbpB from forming assemblies bigger than the ACD-mediated dimers (Jiao 
et al.  2005 ). The same effect was seen for a C-terminal mutation in the cyanobacterial 
HSP16.6 from  Synechocystis  where mutation or removal of the VKV-motif limited 
this sHSP to a dimeric form (Giese et al.  2005 ; Giese and Vierling  2004 ). 
Interestingly, NTR localised suppressor mutations (S2Y and N7Y) were identifi ed 
that could rescue the VKV mutation, suggesting that both domains can play a role 
in oligomerization (Giese and Vierling  2004 ). 

 Truncations and site-specifi c mutations in both the class A and B sHSPs from the 
plant symbiote  Bradyrhizobium japonicum  resulted in an inability to form oligo-
mers (Studer et al.  2002 ). In particular alanine substitutions of the patching isoleu-
cine residues (single or double) of the class B HSPH yielded only dimers in solution 
(Studer et al.  2002 ). Truncation of the C-terminus, leaving the IxI-motif intact in 
class A HSPF led to larger oligomers. Similarly, truncation of the very N-terminus 
did not disrupt oligomerization, however removal of 9 or more residues led to a loss 
of multimerization for the class B sHSP, the same effect was seen in the class A 
sHSP upon deletion of 30 or more residues from the NTR (Studer et al.  2002 ). 

 Deletion of the full CTR in AsgA from  Salmonella typhimurium  led to a non- 
functional sHSP in vivo hinting at a role for the CTR in conferring thermotolerance, 
whereas removal of 11 residues – leaving the IxI-motif intact – resulted in the for-
mation of smaller oligomers (Tomoyasu et al.  2010 ). The same phenomenon was 
also observed by truncating the NTR, where removal of 11 or 17 residues gave 
smaller multimers that dissociated at lower temperatures (Tomoyasu et al.  2010 ). In 
 Mycobacterium tuberculosis  HSP16.3 (MtHSP16.3), deletion of the CAM led to a 
construct that could only form dimers. This truncated protein was however still able 
to assemble into oligomers when mixed with the wild-type protein, clearly showing 
a certain redundancy in the involvement of the CTR in regulating and modulating 
assembly, as presence of only a few protomers containing the CTR appears to be 
suffi cient. Deletion of the fi rst 35 residues from the NTR, led to the formation of 
dimers and trimers that undergo reversible self-association dependent on concentra-
tion, seen as an increase in the relative amount of trimers (Fu et al.  2005 ). 

 In comparison to prokaryotes only a limited number of studies report charac-
terization of the sequence determinants necessary for oligomerization in fungal 
sHSPs. For the  Saccharomyces cerevisiae  HSP26, the NTR has been implicated in 
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assembly as deletion of this whole region yielded dimers. Shorter truncations, 
removing only the fi rst 30 residues of this domain, did not disrupt oligomer formation 
but an increase in temperature-induced dissociation was seen (Haslbeck et al. 
 2004 ; Stromer et al.  2004 ). Residues 30–90, corresponding to a globular middle 
domain in this sHSP, have been shown to be involved in assembly by cryo-EM 
analysis (White et al.  2006 ). In HSP16.0 from the fi ssion yeast  Schizosaccharomyces 
pombe , an essential role of phenylalanine residues in the NTR in oligomerization 
was inferred from the crystal structure of the hexadecameric assembly (Hanazono 
et al.  2013 ). The mutation of either Phe6 or Phe7 of SpHSP16.0 to alanine resulted 
in a similar phenotype as the ScHSP26 truncations, showing an increased readi-
ness to dissociate into smaller oligomers at lower temperatures (Hanazono et al. 
 2013 ). The role of the CTR in fungi sHSPs in assembly is less understood, while 
the structure of the SpHSP16.0 shows inter-subunit patching mediated by the con-
served IxI-motif no attempts, to the best of our knowledge, have been made to 
assess the true role in assembly. 

 Information on the roles of the two ACD-fl anking domains on assembly is 
equally sparse in plants. Some studies do suggest a possible role of the IxI-motif in 
assembly as removal of the CAM in  Pisum sativum  HSP17 (PsHSP17) resulted in a 
smaller species with a reduced capacity to interact with other sHSPs when expressed 
in tobacco protoplasts (Kirschner et al.  2000 ). A study where chimeras of TaHSP16.9 
and PsHSP18.1, both class I sHSPs, were created showed a concentration- dependent 
oligomerisation for the chimeric construct containing the HSP16.9 NTR. This sug-
gests that the assemblies formed were less stable, whereas the construct carrying the 
HSP18.1 NTR behaved like the WT HSP18.1 (Basha et al.  2006 ). Both observations 
allude to a role for the NTR in determining the propensity to oligomerise.  

8.4.2     Assembly in Metazoans 

 The role of the CTR in assembly of metazoan sHSPs seems to differ from that in 
bacteria and archaea. While in the latter two kingdoms the IxI-motif is necessary for 
oligomerization, in animals the story is more complicated. A study with HSP26 of 
the arthropod  Artemia franciscana  showed that removal of the full CTR impaired 
oligomerization. At the same time truncation of the CTR by only ten residues – 
leaving the IxI intact – had little effect on the size of the protein (Crack et al.  2002 ; 
Sun et al.  2004 ). Studies with HSP16.2 from  Caenorhabditis elegans  (CeHSP16.2) 
revealed that mutating the CAM gave rise to larger oligomers with reduced stability, 
as determined by its aggregative behaviour upon freeze-thawing (Leroux et al. 
 1997 ). When the IxI-motif of human αA-crystallin was mutated to GxG, large and 
highly polydisperse oligomers were formed that were approximately three times the 
size of the wild-type protein. The same mutation in human αB-crystallin however 
only led to a marginal increase in size and polydispersity (Pasta et al.  2004 ). Increase 
in oligomer size is also seen for the Pro182Leu mutant of human HSPB1. This dis-
ease causing autosomal dominant mutation in the centre of the CAM sequence leads 
to the formation of large aggregates of the sHSP in vivo (Ackerley et al.  2006 ; 
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Almeida-Souza et al.  2010 ), a result we have also seen with the recombinantly pro-
duced and isolated mutant (unpublished data). 

 A study on porcine αB-crystallin that investigated the role of the C-terminal 
lysines on the structure and function found that truncating the CTR by ten or more 
residues reduced the solubility and thermostability of the protein, whereas mutation 
or deletion of the terminal lysines increased the thermostability (Liao et al.  2009 ). 
Equivalent work with human αB-crystallin also led to similar results. Mutation of 
both Lys174 and 175 to alanine or the IxI-motif to AxA led to the formation of 
slightly larger assemblies. Mutation of both glutamates at positions 164 and 165 
dramatically reduced the thermostability of the protein, suggesting that the charged 
residues found in higher abundance in the CTR may be important in defi ning 
 solubility of sHSPs and their assemblies (Treweek et al.  2007 ). These results were 
confi rmed by a similar study on mouse HSPB1, where deletion of the C-terminal 
region downstream of the IxI-motif showed a decrease in thermostability without 
affecting the size of the oligomers (Lindner et al.  2000 ). Conversely, the same trun-
cation in human HSPB1, increased the thermostability of this protein and elimi-
nated the temperature-dependent increase in subunit exchange without affecting its 
overall size, suggesting a role for the fl exible C-terminal tail in oligomer dissocia-
tion and thermal stability (Lelj-Garolla and Mauk  2012 ). 

 Overall mutations in the polar CTR of vertebrate sHSPs increase oligomer size, 
albeit only marginally in most cases. These results are completely opposite to the 
studies with archaea and eubacteria sHSPs, where mutation or deletion blocks 
higher order assembly. In the former species it thus appears that the CTR regulates 
the solubility and stability of the protein as well as subunit exchange rather than 
assembly (Andley et al.  1996 ; Aquilina et al.  2005 ; Kallur et al.  2008 ; Plater et al. 
 1996 ; Smulders et al.  1996 ). This is supported by recent biophysical characterisa-
tion using NMR and native MS of human αB-crystallin that suggest that the CAM, 
although conserved, is not patching the ACD at physiological temperatures (Baldwin 
et al.  2011a ; Hilton et al.  2013 ). 

 While the CTR appears to have a limited role in assembly of animal sHSPs, 
removal of the full NTR consistently leads to disruption of oligomerization 
(Baranova et al.  2011 ; Feil et al.  2001 ; Kundu et al.  2007 ; Laganowsky et al.  2010 ). 
Even though most of our understanding of this taxonomic group comes from studies 
on vertebrate sHSPs, the crucial role of the NTR in assembly has also been con-
fi rmed in other metazoan species. Removal of the full N-terminal arm in HSP26 of 
 A. fransiscana  led to monomers and dimers, where the length of truncation corre-
lated positively with the extent of dissociation (Crack et al.  2002 ; Sun et al.  2004 ). 
Deletion of the NTR in HSP16.2 of  C. elegans  also impaired oligomerization with 
the largest assembly being tetramers (Leroux et al.  1997 ). 

 Although complete removal of the NTR prevents oligomerization, truncations 
involving just the N-terminal end of this region usually have little effect on oligomer 
assembly. This was clearly demonstrated by trypsin digestion studies and truncation 
analysis on the human α-crystallins, where removal of the fi rst 20 residues did not 
infl uence assembly (Kundu et al.  2007 ; Saha and Das  2004 ). Studies on HSPB1 
from different species show mixed results. Truncation of the fi rst 14 and 24 residues 
of human HSPB1 led to a minor decrease in size of the oligomers formed by this 
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sHSP. Both deletions also abrogated the temperature-dependent increase in oligo-
mer size seen for the wild-type protein, but had minimal effect on subunit exchange 
(Lelj-Garolla and Mauk  2012 ). Deletion of residues 5–23 from hamster HSPB1 
limited self-association at the level of dimers (Lambert et al.  1999 ), while a study on 
mouse HSPB1 where the fi rst 33 amino acids were deleted, had no effect on oligo-
merization (Guo and Cooper  2000 ). Even though the exact cause of these discrepan-
cies remains unclear, one possible explanation could lie within either the difference 
in purifi cation protocols or the methods used to assess the size of the assemblies. 

 Regions within the NTR have also been identifi ed as involved in assembly albeit 
no single deletion has been reported to result in the same effects as complete removal 
of the NTR. In human αB-crystallin deletion of residues 54–61 led to a decrease in 
overall size (Santhoshkumar et al.  2009 ). The same effects were seen when deleting 
the conserved SRLFDQxFG-motif in α-crystallin of the same species – residues 
20–28 in αA and 21–29 in αB – with a concomitant increase in subunit exchange 
(Pasta et al.  2003 ). Residues 37–54 were found to be involved in subunit-subunit 
interaction through peptide pin array studies on αB-crystallin from humans (Ghosh 
and Clark  2005 ). Finally deletion of residues 58–70 in human HSPB1 shifted the 
equilibrium, for both a wild-type and a phospho-mimicking mutant of this sHSP, 
towards large assemblies at protein concentrations that typically result in full dis-
sociation of these complexes to the dimer (Shashidharamurthy et al.  2005 ). 

 While large sequence deletions have provided some insight into the role of the 
NTR in assembly, results from single point mutations have traditionally proven to 
be unsatisfactory in pinpointing key regions (Derham et al.  2001 ; Horwitz et al. 
 1998 ; Plater et al.  1996 ). The residue Phe28 of bovine αB-crystallin when mutated 
to a serine resulted in increased dissociation of the assembly at elevated tempera-
tures (Kelley and Abraham  2003 ) Mutation of Phe27 of the same sHSP from mouse 
on the other hand had no observable effect on the size and assembly in another 
study (Plater et al.  1996 ), although it had a slight increase in size in separate work 
that employed the human orthologue (Horwitz et al.  1998 ). Pro39 of human 
αB-crystallin was also subjected to investigation (Numoto et al.  2012 ) which, 
according to the authors, is conserved in the archaeal MjHSP16.5 NTR. However 
when this residue was mutated to arginine, it led to only a minor increase in oligo-
mer size and polydispersity. Similarly, mutation of another conserved proline in 
the same protein, Pro20 to serine – a mutation associated with cataract – had no 
observable effect on assembly, nor the size of the hetero-oligomeric complex with 
αA-crystallin (Li et al.  2008 ). 

 Information gathered on post-translational modifi cations, mostly phosphoryla-
tion on serines found in the NTR, has also implied a regulatory role for the NTR in 
the assembly and subunit dynamics of vertebrate sHSPs. A phospho-mimicking 
mutant of HSPB1 has been found to shift the equilibrium between oligomers and 
dimers in favor of the smaller assemblies (Shashidharamurthy et al.  2005 ). A sec-
ond study by the same group confi rmed these results and carried out a detailed 
analysis of the NTR in terms of assembly and substrate binding. Cysteine mutations 
in the NTR, introduced to conduct EPR analysis also affected the size and assembly 
of the oligomers, again accentuating the role of this domain in both properties 
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(McDonald et al.  2012 ). Hetero-oligomer formation of this phospho-mimicking 
mutant of HSPB1 with HSPB6 was increased when compared to wild type (Bukach 
et al.  2004 ). Furthermore, PTMs occurring with age have been investigated for the 
α-crystallins, where racemization of Asp58, Ser59 and Ser62 is seen in ageing cata-
ractous lenses (Fujii et al.  2003 ; Hooi et al.  2013 ). Glycation and proteolysis have 
also been linked to ageing and development of cataract, but if and how these specifi c 
PTMs modify the assembly and structure of the lens crystallins remains to be eluci-
dated (Groenen et al.  1994 ; Horwitz  2003 ; van Boekel et al.  1996 ).  

8.4.3      Chaperone Activity in Non-metazoans 

 With few exceptions the NTR and CTR appear to have a dual role in oligomerisa-
tion and chaperone activity, therefore the results from the deletion and mutation 
studies presented in the previous section also overlap with the discussion here. 
Although the published data can at times appear to be contradictory, possibly 
refl ecting the use of different substrates and experimental conditions between labo-
ratories when testing the activity of these proteins, the general consensus is that the 
NTR plays a major role in chaperoning. 

 Truncation of the CTR, removing the IxI-motif of the archaeal MjHSP16.5 did 
not signifi cantly alter its chaperoning capabilities (Kim et al.  2003 ; Quinlan et al. 
 2013 ), whereas mutation of the CAM in StHSP14.0 resulted in a non-functional 
chaperone (Saji et al.  2008 ). However, truncation of the NTR in both archaeal 
sHSPs impaired chaperone activity, with the length of the deletion positively cor-
relating to the severity of the impairment (Kim et al.  2003 ; Usui et al.  2004 ). 

 Similar results were observed with bacterial sHSPs, where mutation of the IxI- 
motif impaired chaperone-like activity along with assembly (Giese et al.  2005 ; 
Giese and Vierling  2004 ; Jiao et al.  2005 ; Studer et al.  2002 ; Tomoyasu et al.  2010 ). 
A single exception to these results was seen with MtHSP16.3, where deletion of the 
CAM led to a more active chaperone (Fu et al.  2005 ). Deletion of the NTR again 
negatively affected activity in all studies. Removal of nine or more residues in HSPF 
or 30 or more residues from HSPH from  Bradyrhizobium japonicum  led to a mea-
surable decrease in the ability to prevent aggregation of citrate synthase (Studer 
et al.  2002 ). Likewise, the fi rst 35 residues from MtHSP16.3 and the fi rst 27 resi-
dues of AsgA from  S. typhimurium  seem to be essential for chaperoning (Fu et al. 
 2005 ; Tomoyasu et al.  2010 ). Random mutagenesis of the  Synechocystis  HSP16.6 
also highlighted a functional role for both the CTR and NTR. Single mutations in 
either domain impaired activity in vivo, as assessed by cell survival after heat treat-
ment, where mutations in the NTR showed the least viability. Surprisingly, in vitro 
these mutants were still capable of keeping fi refl y luciferase in a folding-competent 
state, clearly underlining the limitations of the typical biochemical assays used to 
asses sHSP activity in vitro (Giese et al.  2005 ). 

 Truncation of the full NTR in yeast HSP26 completely abolished chaperone-like 
activity, whereas removal of the fi rst 29 residues only slightly impaired it (Haslbeck 
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et al.  2004 ). Mutation of a number of phenylalanines in the shorter NTR of 
SpHSP16.0 resulted in a reduction in the ability to prevent citrate synthase aggregation 
(Hanazono et al.  2013 ). Studies on the possible role of the CTR in activity are cur-
rently missing in this group of sequences. 

 The implication of the NTR in chaperoning was most clearly demonstrated in a 
study that incorporated a photo-activatable crosslinking analog of phenylalanine, 
 p -benzoyl-L-phenylalanine (Bpa), into the pea PsHSP18.1 which showed preferen-
tial crosslinking of the NTR to two different substrates (Jaya et al.  2009 ). 
Interestingly, three of the mutations – that incorporated the unnatural amino acid – 
in the NTR fully protected malate dehydrogenase but not fi refl y luciferase from heat 
dependent aggregation. Combined with the fact that the crosslinking patterns seen 
for the two different substrates were not identical, these results hint at a possible 
discrimination of N-terminal sequences between substrates (Jaya et al.  2009 ) 
Substrate specifi city was also seen in a study where chimeras of two different plant 
sHSPs were created. Substitution of the fi rst four residues of TaHSP16.9 with the 
fi rst ten of PsHSP18.1 proved suffi cient to increase the chaperone-like activity of 
this chimera towards luciferase and citrate synthase when compared to wild-type 
TaHSP16.9 (Basha et al.  2006 ). Results from H/D exchange studies on both wild-
type plant proteins indicated that the NTR is solvent exposed as measured by a high 
exchange. Surprisingly no change in the H/D exchange rate was seen between 
bound and unbound forms, indicating that the NTR does not adopt a new inacces-
sible conformation upon association with a substrate (Cheng et al.  2008 ). The NTR 
of HSP21 from  Arabidopsis thaliana  was also implicated in chaperoning via chemi-
cal crosslinking of lysine residues with heat-treated citrate synthase. Multiple cross-
links were observed between the substrate and the NTR, and a few with the CTR, 
supporting the idea that multiple binding sites exist (Ahrman et al.  2007 ). Substitution 
of the conserved methionines to leucines in the Met-bristle of the same protein did 
not result in a signifi cant change in chaperone-like activity (Gustavsson et al.  2001 ). 
However sulfoxidation of the methionines by H 2 O 2  did impair the ability to prevent 
both citrate synthase and insulin from aggregating, leading the authors to hypothe-
sise a possible role for this conserved region as a redox sensor in the chloroplast 
(Härndahl et al.  2001 ).  

8.4.4      Chaperone Activity in Metazoans 

 Involvement of both the NTR and the CTR in chaperoning has also been demon-
strated for metazoan sHSPs, although again the role of the CTR in activity is not 
conclusive. In HSP26 from  A. franciscana , removal of the full CTR severely ham-
pered activity both in vivo and in vitro (Crack et al.  2002 ; Sun et al.  2004 ). Deletion 
of residues 169–186 from this sHSP, identifi ed as a sequence with high serine/threo-
nine content, also impaired chaperoning capabilities, but to a lesser extent (Sun and 
MacRae  2005 ). Removal of the full NTR of the same protein completely abrogated 
in vitro chaperone activity (Sun et al.  2004 ), although a second study showed no 
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impairment to confer thermotolerance in vivo (Crack et al.  2002 ). Deletion of resi-
dues 36–45 in the NTR, designated as the arginine-rich region, resulted in a decrease 
in chaperone activity, albeit not fully abolished (Sun and MacRae  2005 ), supporting 
the hypothesis that these kingdom wide conserved residues may be important within 
this role. 

 Mutation of the IxI-motif in the nematode CeHSP16.2 had no observable effect 
on activity, but reduced the stability of the protein. As expected, truncation of the 
NTR reduced the chaperoning capabilities (Leroux et al.  1997 ). Blocking the NTR 
of  Drosophila melanogaster  HSP22 with a histidine-tag also reduced the ability to 
prevent aggregation of citrate synthase (Morrow et al.  2006 ). Removal of the fi rst 17 
amino acids in HSP30C from the amphibian  Xenopus laevis  did not result in a 
change in activity, whereas removal of 25 amino acids from the CTR impaired the 
ability to protect citrate synthase and keep luciferase in a folding-competent state, a 
result likely due to a decreased stability of the protein and its substrate-complexes 
(Fernando and Heikkila  2000 ). In a follow-up study, the negatively charged aspar-
tate residues in the CTR were identifi ed as main players in this phenomenon 
(Fernando et al.  2002 ). 

 The ample pool of studies on vertebrate sHSPs all support a conserved role of 
the NTR in chaperone activity, whereas results examining the CTR differ. 
Mutation of the IxI-motif in both human α-crystallins did not abolish their chap-
erone activity, on the contrary both mutants were active at lower temperatures 
than the wild-type proteins (Pasta et al.  2004 ). Truncation of the CTR of porcine 
αB-crystallin by 11 or more residues, leaving the CAM intact, greatly reduced the 
activity towards β L - crystallin and insulin whereas smaller truncations increased 
the activity, a result also seen by mutating the terminal lysines to alanines. The 
largest improvement of activity was seen when both lysine 174 and 175 were 
mutated (Liao et al.  2009 ). Oppositely, mutating both lysine 174 and 175 in 
murine αB-crystallin to glycines or alanines suppressed the ability to protect insu-
lin and γ-crystallin from aggregating (Plater et al.  1996 ). In a separate study, 
mutation of glutamate 164 and 165 to alanines reduced the chaperone-like activity 
of human αB-crystallin towards both β L - crystallin and insulin, whereas mutation 
of the CAM diminished activity towards β L -crystallin but enhanced the activity 
towards insulin. Such contradicting results were also seen when lysine 174 and 
175 were mutated to alanines, although the changes in activity were not as dra-
matic (Treweek et al.  2007 ). Removal of the last 23 residues from the CTR in 
human HSPB1, that left the CAM intact, resulted in diminished activity at 20 °C 
but no difference at 40 °C (Lelj-Garolla and Mauk  2012 ). 

 Truncation of the NTR in human αA-crystallin with an increasing number of 
residues led to reduction of the chaperone-like activity, with the length of the trun-
cation correlating with the decline in activity (Kundu et al.  2007 ). Again a different 
chaperoning profi le was observed depending on the substrate, for β L -crystallin and 
insulin as much as 35 residues could be deleted before a reduction in activity was 
seen, whereas it took only the fi rst 10 residues to diminish the activity against 
 carbonic anhydrase (Kundu et al.  2007 ). More or less the same results were seen 
when truncating the NTR of the dimeric human sHSP HSPB6, deletion of the fi rst 
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56 residues resulted in a construct with no ability to chaperone insulin, whereas 
removal of the fi rst 23 residues only slightly diminished the activity (Weeks et al. 
 2014 ). A short truncation has a stronger effect on human HSPB1, where removal of 
the fi rst 14 residues was enough to limit the ability to chaperone reduced insulin 
(Lelj-Garolla and Mauk  2012 ). Interaction of the NTR with substrate proteins has 
also been studied using peptide pin-arrays, in which overlapping peptides corre-
sponding to part of the NTR of human αB-crystallin were assessed for binding dif-
ferent substrates. Two main interacting domains were found spanning residues 9–20 
and 43–58. Nonetheless, when looking at the identifi ed peptides that protected β H - 
crystallin, γD-crystallin, alcohol dehydrogenase or citrate synthase, the whole NTR 
lit up as being necessary for chaperoning, albeit with different regions necessary to 
protect the different substrates (Ghosh et al.  2005 ,  2006 ). In a similar study where 
peptides of mouse HSPB1 were assessed for their ability to inhibit actin polymer-
ization, an isolated peptide corresponding to NTR residues 43–57 was also found to 
be enough, suggesting the possibility of the involvement of these residues in bind-
ing and regulating cytoskeleton proteins (Wieske et al.  2001 ). 

 A number of groups have also observed an increase in chaperone function upon 
deletion of sections of the NTR. Deletion of the phenylalanine-rich region in both 
αA- and αB-crystallin from humans showed higher activity than their wild-type 
counterparts (Pasta et al.  2003 ). Deletion of residues 31–35, encompassing the sec-
ond half of this conserved region, showed the same effect on human HSPB6 activity 
(Heirbaut et al.  2014 ). Another study, deleting residues 54–61 in human αB-crystallin 
also enhanced the activity of this sHSP (Santhoshkumar et al.  2009 ). Even though 
counter-intuitive, these observations should not be considered surprising. These 
sequences may act as negative regulators of chaperoning, preventing unnecessary 
and unwanted binding. If the NTR would so much as recognize every single exposed 
hydrophobic site without some form of discrimination, one could imagine detri-
mental effects within the cell from simply binding any protein with such an exposed 
surface. The conservation of SRLFDQxFG motif within the animal kingdom sug-
gests a similar fashion of self-regulation of sHSP activity within orthologues of 
different species. 

 As described in Sect.  8.4.1 , single point mutation studies of vertebrate sHSPs 
have not only proven inadequate for pinpointing residues required for assembly, 
but also for chaperoning. All of the aforementioned studies also observed changes 
in activity although contradictory results have been published (Derham et al. 
 2001 ; Kelley and Abraham  2003 ; Numoto et al.  2012 ; Plater et al.  1996 ). Even 
though these results may prove disappointing in gaining molecular insights into 
the key residues necessary for chaperoning, they clearly underline the pivotal role 
of the NTR in regulating activity. The inconsistencies seen when using single 
point mutations may also refl ect a certain level of redundancy in the N-terminal 
sequences or can be explained by differences in assay set-up. In addition, one 
could postulate that most likely multiple regions of the NTR are required for 
activity and that these regions may even have preferential binding partners, hence 
the observed disparities. 
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 Studies on the effect of PTMs on chaperone-like activity also emphasize the role 
of the NTR. The phospho-mimicking mutant of human HSPB1 had increased affi n-
ity towards a destabilizing mutant of T4 lysozyme (Shashidharamurthy et al.  2005 ), 
likely an effect of the exposure of the NTR, as seen by a loss of restricted spin label 
motion in electron paramagnetic resonance studies (McDonald et al.  2012 ). 
Phosphorylation of mouse HSPB1 was found to abolish its actin-polymerization 
inhibiting activity (Benndorf et al.  1994 ). The opposite was seen for HSPB6, where 
the phosphomimicking mutant showed a decrease in chaperone-like activity 
(Bukach et al.  2004 ), but an increase in the ability to disrupt the actin cytoskeleton 
(Dreiza et al.  2005 ). In addition, in vivo phosphorylated α-crystallin purifi ed from 
calf lenses, was found to have better capacity to prevent the aggregation of 
 β L - crystallin, with the observed effect being more pronounced for αA-crystallin 
than αB-crystallin (van Boekel et al.  1996 ).   

8.5     Conclusions 

 Since their discovery sHSPs have been the subject of many investigations, both 
structurally and functionally. Even though the importance of the arms fl anking the 
ACD was recognised early on, in the literature these regions are commonly described 
as being poorly conserved. We argue that this statement, to a general reader, under-
mines the understanding of their infl uence on the biology of these proteins. While 
this description holds true when comparing the sequence conservation of this group 
of chaperones with that of other HSP families, the functions of the NTR and the 
CTR clearly have been conserved across all kingdoms, a fi nding underlined by the 
many studies outlined here. 

 Analysis of the relative length of both domains shows an increase that is corre-
lated with the complexity of the organism (Table  8.1 ). It is possible to suggest that 
this may simply refl ect the fact that the proteome of eukaryotes contains larger 
multi-domained proteins. Despite the obvious difference in lengths across species 
there appears to be a conserved bias in the residue content of both the NTR and CTR 
that likely is important structurally and functionally (Fig.  8.3 ). 

 As outlined in Sect.  8.3 , three-dimensional structural information on the regions 
fl anking the ACD is limited, likely a result of their inherent propensity to be unstruc-
tured and fl exible. In structures where part of the NTR was resolved, some second-
ary structure could be seen, but it remains likely that not all sequences within the 
oligomeric complex adopt the same structure at the same time, a fi nding supported 
by NMR and H/D exchange experiments (Cheng et al.  2008 ; Jehle et al.  2011 ). 
Even though structural knowledge has been obtained from crystal structures of a 
few monodisperse sHSPs, it is important to recognise that the majority of these 
proteins form polydisperse oligomers not amendable for high resolution structure 
determination. The use of techniques such as cryo-EM and native MS have recently 
begun to provide information about the structure of such entities, although the role 
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of both the NTR and CTR in these assemblies is not fully resolved (Baldwin et al. 
 2011b ; Braun et al.  2011 ; Jehle et al.  2011 ). 

 An important question still remaining is what the structure of a sHSP bound to a 
substrate looks like. One interesting strategy beginning to answer this challenging 
problem involves the detailed biophysical characterisation of the interaction of a 
sHSPs with a library of destabilised mutants of T4 lysozyme (McDonald et al.  2012 ; 
Shi et al.  2013 ). The use of this model substrate, supported by parallel studies of 
other proteins with known thermosensitive mutants, will be essential to achieve an 
understanding of the underlying mechanism and structural changes necessary for 
recognition and binding of a partially unfolded species. 

 While we have addressed the roles of both the N- and C-terminal regions in 
assembly and chaperoning separately, these characteristics are intertwined at the 
sequence level. This is especially clear in the prokaryotic sHSPs, where deletion or 
even a single point mutation in either domain has a concerted and profound effect 
on assembly and chaperoning. In higher eukaryotes, a more complex picture arises: 
even though the CTR contains the highly conserved IxI-motif the latter appears to 
have lost its indispensable function in stabilizing large inter-subunit assemblies, and 
seems to have evolved further as a stabilizer and/or solubiliser of sHSP-substrate 
complexes (Hilton et al.  2013 ; Kallur et al.  2008 ; Liao et al.  2009 ; Pasta et al.  2004 ). 
Indeed, counter-intuitively, recent studies on human αB-crystallin suggest that the 
CAM sequence is rarely bound at physiological temperatures, but actually acts as a 
switch region regulating dissociation of the individual protomers from the oligo-
meric assemblies (Baldwin et al.  2011a ; Hilton et al.  2013 ). The majority of studies 
of the NTR have found that mutation or truncation is accompanied by a change in 
both activity and assembly. Large truncations all favour the formation of smaller 
assemblies usually with no capacity to chaperone, clearly advocating the crucial 
role of this region across all kingdoms of life. 

 Attempts to understand the exact role of the NTR in chaperoning are principally 
limited to deletion studies. The results typically underline the importance of 
sequence stretches rather than single amino acids in defi ning activity. In addition it 
seems that there is not a single region solely responsible for chaperoning and that 
multiple sites may act mutually on the same substrate. In vitro isolated sHSPs are 
capable of chaperoning a multitude of different test substrates, albeit with some-
what different effectiveness and specifi city (Basha et al.  2006 ; Braun et al.  2011 ; 
Jaya et al.  2009 ), a fi nding also underlined by in vivo studies identifying natural 
substrates (Andley et al.  2014 ; Basha et al.  2004 ; Fu et al.  2013 ). This promiscuity 
of the NTR towards the very diverse array of proteins that are commonly employed 
can be explained by the specifi c residue bias observed in this region that would 
presumably permit a similar mode of recognition and binding of an unstable spe-
cies. The reported substrate specifi city could in part be defi ned by the remaining 
differences in sequence that fi ne-tune the activity and specifi city. 

 It is crucial though to point out that the substrates commonly used to assess chap-
erone activity have some specifi c limitations. These problems include method- 
specifi c drawbacks such as the all-or-nothing induced aggregation, via either 
incubation at high temperatures or the reduction of disulfi de bonds, and substrate- 
related issues such as the use of model proteins, for example insulin, that are highly 
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unlikely to ever come into contact with a sHSP in a host. These issues can lead to 
false read-outs that possibly gave rise to the comparative discrepancies described in 
Sects.  8.4.3  and  8.4.4 . A clear example of these failings can be found in the study by 
Giese et al. ( 2005 ) where mutations in the NTR that negatively affected the viability 
of bacteria, following a short incubation at heat-shock temperature, had no observ-
able effect in vitro on the ability to chaperone the commonly employed substrate 
luciferase. Future efforts to delineate the roles of the ACD fl anking regions should 
thus take this into consideration. In absence of an ideal substrate, chaperone assays 
looking at the prevention of amyloid formation may be more suitable (Bruinsma 
et al.  2011 ; Raman et al.  2005 ; Waudby et al.  2010 ). It is also increasingly recog-
nised that some members of the sHSP family appear to interact with specifi c pro-
teins for example, HSPB1 with pro-caspase 3 (Voss et al.  2007 ) and HSPB6 with 
protein phosphatase 1 (Qian et al.  2011 ). Although unique for these particular 
sHSPs, studies of the sequence determinants necessary for activity may yield a bet-
ter picture of the role of the NTR and CTR in function. 

 Despite the exponential growth in our understanding of the biology of sHSPs, their 
story has not been fully told. Crucially, further details of the role of the NTR and CTR 
in defi ning function are essential. The application of new biophysical techniques and 
improved assays, together with established methods, are set to begin to explain in 
molecular detail the kingdom wide importance of these ‘non- conserved’ regions.     
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    Chapter 9   
 HSPB6 (Hsp20) as a Versatile 
Molecular Regulator 

             Maria     V.     Sudnitsyna    ,     Nikolai     N.     Sluchanko    , and     Nikolai     B.     Gusev    

    Abstract     HspB6 (Hsp20) is a member of the large family of human small heat 
shock proteins. In contrast to other human small heat shock proteins (HspB1, 
HspB5) forming large oligomers, HspB6 predominantly forms stable dimers which 
tend to self-association. HspB6 is ubiquitously expressed in practically all human 
tissues, undergoes posttranslational modifi cations (such as phosphorylation and 
acetylation) and forms heterooligomeric complexes with two other human small 
heat shock proteins, HspB1 and HspB5. Possessing chaperone-like activity, HspB6 
prevents aggregation of amyloid-β and α-synuclein, decreases cytotoxicity induced 
by accumulation of amyloids and, interacting with Bag3, modulates autophago-
somal degradation of misfolded proteins. HspB6 protects cardiomyocytes from 
ischemia/reperfusion injuries, prevents cardiac hypertrophy and, possessing anti-
apoptotic activity, protects cardiomyocytes from different unfavorable conditions. 
Phosphorylation of HspB6 catalyzed by cyclic nucleotide-dependent protein kinases 
induces relaxation of different smooth muscle. Exact molecular mechanism under-
lying relaxation effect of phosphorylated HspB6 in smooth muscle remains enig-
matic, but seems to be dependent on the remodeling of actin cytoskeleton. HspB6 is 
not a genuine actin-binding protein, but interacting with universal adapter protein 
14-3-3 seems to be able indirectly affect activity of certain regulatory actin-binding 
proteins thus inducing cytoskeleton remodeling. Penetrating phosphorylated pep-
tides of HspB6 were successfully used for relaxation of airway smooth muscle and 
prevention of vasospasm in human blood vessels. Full-size HspB6 and its short 
peptides modulate platelet aggregation. Versatility of HspB6 is awaiting further 
investigation, however it can be at least partially explained by the ability of phos-
phorylated HspB6 to interact with the universal adapter protein 14-3-3 and to dis-
place different target proteins from their complexes with 14-3-3. This displacement 
may result in modulation of target protein activity and consequently can induce 
multiple and diverse effects.  
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9.1         Introduction 

 The small heat shock protein with apparent molecular weight of about 20 kDa, and 
therefore initially named Hsp20 (or p20), was fi rstly described by Kato et al. ( 1994 ). 
This protein was co-purifi ed with αB-crystallin and another small heat shock pro-
tein, Hsp27 (HspB1), and was detected in practically all rat tissues. It has been 
shown that this protein belongs to the large family of small heat shock proteins 
(sHsp) and, according to the new classifi cation, it was renamed to HspB6 (Kappe 
et al.  2001 ,  2003 ; Fontaine et al.  2003 ).  

9.2     Expression and Intracellular Localization 

 HspB6, together with three other members of sHsp family, namely HspB1, HspB5 
(αB-crystallin) and HspB8, belongs to the group of the small heat shock proteins 
demonstrating ubiquitous expression (Taylor and Benjamin  2005 ; Kirbach and 
Golenhofen  2011 ). The level of HspB6 expression is especially high in smooth and 
skeletal muscle and in the heart (Kirbach and Golenhofen  2011 ; Kim et al.  2004 ; 
Cross et al.  2007 ; Dohke et al.  2006 ). Expression of HspB6 seems not to be heat- 
inducible (Taylor and Benjamin  2005 ; Kirbach and Golenhofen  2011 ; Arrigo  2013 ), 
however sodium arsenite, oxidative and hyperosmotic stresses were accompanied 
by increase of HspB6 expression in cultured hyppocampal neurons (Bartelt-Kirbach 
and Golenhofen  2013 ). The level of HspB6 in skeletal and cardiac muscle was also 
increased in the course of ontogenesis (Verschuure et al.  2003 ; Inaguma et al.  1996 ). 
Expression of HspB6 can vary under different physiological conditions. For 
instance, exercise training (Boluyt et al.  2006 ) and congestive heart failure (Dohke 
et al.  2006 ) were accompanied by increased level of HspB6 in the heart, whereas 
spinal cord isolation and denervation resulted in decreased level of HspB6 in 
 different skeletal muscles (Inaguma et al.  1996 ; Huey et al.  2004 ). 

 HspB6 can undergo translocation and therefore its exact intracellular localiza-
tion still remains controversial. Under normal unstressed conditions HspB6 was 
predominantly detected in cytosol of cardiomyocytes, however part of HspB6 was 
colocalized with actin (Pipkin et al.  2003 ; Fan et al.  2004 ). Under ischemic stress 
HspB6 was reported to translocate to the cardiac myofi laments (Golenhofen et al. 
 2004 ). Similar translocation was reported after isoproterenol stimulation of rat car-
diomyocytes (Fan et al.  2004 ). At the same time, HspB6 was predominantly detected 
in cytoplasm of carotid artery cells (Rembold and Zhang  2001 ) and stimulation of 
vascular smooth muscle did not lead to dramatic changes in HspB6 distribution 
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(Brophy et al.  1999a ). However, according to other reports, hormone-induced 
phosphorylation induces binding of HspB6 to actin (Rembold et al.  2000 ). 
Endothelial injury leading to the damage of the outer cellular membrane is accom-
panied by releasing of HspB6 in the blood stream (Kozawa et al.  2002 ) where it can 
function as potential regulator of platelet aggregation. Moreover, the recently pub-
lished data indicate that the small heat shock proteins can be secreted by a number 
of different cells and can be involved in cell-cell communication and immune 
response (van Noort et al.  2012 ; Arrigo  2012 ). At present this phenomenon was 
described for HspB1, HspB4, HspB5 and HspB8, and very recently confi rmed for 
HspB6 (Zhang et al.  2012 ).  

9.3     Molecular Structure and Physico-chemical 
Properties of HspB6 

 The primary structure of HspB6 is homologous to the structure of all other small 
heat shock proteins and contains conservative α-crystallin domain fl anked by N- 
and C-terminal extensions (Kappe et al.  2003 ; Fontaine et al.  2003 ). Human HspB6 
(Uniprot ID O14558) contains 160 amino acid residues and is one of the smallest 
members of the family of human small heat shock proteins (Fig.  9.1a ).  

 Up to now all attempts to crystallize full-size HspB6 were unsuccessful probably 
because of its fl exible and highly dynamic termini which could be easily cleaved off 
and fragmented by proteases (Sluchanko et al.  2012 ; Weeks et al.  2013 ). However, 
differently truncated fragments of HspB6 containing α-crystallin domain have been 
crystallized and their three-dimensional structure has been solved (Bagneris et al. 
 2009 ; Weeks et al.  2013 ). The structure of truncated fragments of HspB6 seems to 
be very similar to the structure of the corresponding fragments of other vertebrate 
small heat shock proteins (HspB4 and HspB5) (Clark et al.  2011 ; Laganowsky et al. 
 2010 ; Laganowsky and Eisenberg  2010 ). In all these structures the α-crystallin 
domain is composed of six (or seven) β-strands packed in two sheets forming 
β-sandwich. Two monomers interact via antiparallel packed β7 strands which can be 
paired in at least three different registers (Laganowsky et al.  2010 ; Bagneris et al. 
 2009 ; Weeks et al.  2013 ). In the case of HspB6 the β7 strands are in the so-called 
APII register (Fig.  9.1b ) (Weeks et al.  2013 ) and β4 and β8 strands form hydropho-
bic groove that can be occupied by hydrophobic peptides belonging to different 
small heat shock proteins (Weeks et al.  2013 ; Delbecq et al.  2012 ; Delbecq and 
Klevit  2013 ), protein partners interacting with HspB6 (for instance, Bag3 (Fuchs 
et al.  2010 )) or protein substrates tending to aggregate and recognized by HspB6. 
Although at present high resolution data on the structure of full-size HspB6 are 
unavailable, recent study utilizing combination of small angle X-ray scattering 
(SAXS), X-ray diffraction on crystallized proteolytic fragments of HspB6 and size- 
exclusion chromatography were used for building a hybrid model of HspB6 dimer 
structure (Fig.  9.1b ) (Weeks et al.  2013 ). 
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 The data on the quaternary structure of HspB6 still remain controversial. Early 
investigations performed on rat HspB6 indicated that this protein forms intercon-
vertible oligomers with molecular weights of 43–67 and 300–470 kDa (Kato et al. 
 1994 ; van de Klundert et al.  1998 ). Analysis of crude muscle extract by size- 
exclusion chromatography or sucrose density gradient detected HspB6 in fractions 
with apparent molecular weight in the range of 68–540 kDa (Kato et al.  1994 ; 
Brophy et al.  1999a ). Increase of intracellular concentration of cyclic AMP was 
accompanied by shifting HspB6 distribution towards fractions with smaller molecu-
lar weight (Brophy et al.  1999a ). Therefore it was postulated that phosphorylation 
or a heat shock induce dissociation of HspB6 oligomers and can affect its interac-
tion with target proteins (Salinthone et al.  2008 ; Dreiza et al.  2010 ; Fan and Kranias 
 2011 ). It is postulated that HspB6 interacts with many protein partners (see Table  9.1  
and discussions below). Therefore the data obtained on crude extracts might indi-
cate that phosphorylation or a heat shock affected the structure or stability of hetero-
complexes formed by HspB6, but does not unequivocally mean that these treatments 
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  Fig. 9.1    ( a ) The primary structure of human HspB6. Residues involved in formation of β-strands 
are indicated by  italic lowercase letters  and putative location of β-strands is marked by the  lines  
above the sequence. Residues of β4 and β8 participating in formation of hydrophobic cleft are 
marked  violet . Ser16 and Ser59 phosphorylated by cyclic nucleotide-dependent protein kinases 
(protein kinase A (PKA) and protein kinase G (PKG)) are marked  red . Consensus sequence con-
taining Ser16 and recognized by 14-3-3 is  underlined . The C-terminal Lys undergoing acetylation 
( magenta ) and Pro20 mutated in dilated cardiomyopathy ( blue ) are marked by an  asterisk . ( b ) 
Hybrid model of the HspB6 dimer structure in solution showing the β-sheet α-crystallin domain 
dimer fl anked by fl exible termini (only one position of the termini from the model 7AAA in Protein 
Ensemble Database (  http://pedb.vib.be/query.php    ) is presented). β-Strands (with the correspond-
ing numbers) of two monomers are marked  cyan  and  green , position of Ser16 is marked  red . 
HspB6 dimer interface plane is shown as  a dashed line        
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        Table 9.1    Postulated potential protein partners of HspB6   

 Partner  Ascribed function 

 Methods used for 
establishing of protein- 
protein interaction  Reference 

 Adapter and heat shock proteins 
 HspB1  Cell homeostasis  Immunochemical and 

biochemical methods 
 Bukach et al. ( 2009 ) 

 HspB5  Cell homeostasis  Mymrikov et al. ( 2012 ) 
 HspB8  Uncertain  Mymrikov et al. ( 2011 ) 
 HspB2  Unknown  Boros et al. ( 2004 ) 
 14-3-3  Regulation of 

smooth muscle 
and cytoskeleton 

 Immunochemical and 
biochemical methods 

 Chernik et al. ( 2007 ) 
 Dreiza et al. ( 2005 ) 
 Sluchanko et al. ( 2011a , 
 2012 ) 

 Proteins involved in neurodegenerative diseases 
 α-Synuclein  Prevention of 

targets aggregation 
 Biochemical and 
cytochemical methods 

 Bruinsma et al. ( 2011 ) 
 Amyloid-β  Wilhelmus et al. ( 2006b ) 
 Proteins involved in regulation of apoptosis and autophagy 
 Bag3  Autophagy  Immunochemistry  Fuchs et al. ( 2010 ) 

 Size-exclusion 
chromatography 
Chemical crosslinking 

 Shemetov and 
Gusev ( 2011 ) 

 Beclin1  Autophagy  Coimmunoprecipitation  Qian et al. ( 2009 ) 
 Bax  Apoptosis  Coimmunoprecipitation  Fan et al. ( 2005b ) 
 Protein kinases 
 ASK1 (apoptosis 
signal-regulating 
kinase 1) 

 Cardioprotection 
(inhibition of 
ASK1-signaling 
cascade) 

 Immunostaining  Fan et al. ( 2006 ) 

 PI3K 
(phosphoinositide 
3-kinase) 

 Inhibition of 
hepatocellular 
carcinoma 
progression 

 Coimmunoprecipitation  Matsushima- Nishiwaki 
et al. ( 2013 ) 

 AKT  Cardioprotection  Coimmunoprecipitation  Fan et al. ( 2008 ) 
 Other enzymes 
 Protein phosphatase 
1 (PP-1) 

 Cardioprotection  Affi nity chromatography 
immunochemistry 

 Damer et al. ( 1998 ) 
 Qian et al. ( 2011 ) 

 cAMP 
phosphodiesterase-4 
(PDE4) 

 Modulation of 
cAMP level 

 Peptide array 
immunocytochemistry, 
coimmunoprecipitation 

 Sin et al. ( 2011 ) 

 Transglutaminase 2  Cell survival upon 
excitotoxic stress 

 Coimmunoprecipitation  Caccamo et al. ( 2013 ) 

 Cytoskeletal proteins 
 Actin  Regulation of 

smooth muscle 
contraction and 
cytoskeleton 

 Coimmunoprecipitation  Tessier et al. ( 2003 ) 
 Cosedimentation  Rembold et al. ( 2000 ) 

 Flynn et al. ( 2003 ) 
 Bukach et al. ( 2005 ) 

 α-Actinin  Vasorelaxation  Coimmunoprecipitation  Tessier et al. ( 2003 ) 
 Receptors 
 VEGF receptor 2  HspB6-mediated 

angiogenesis 
 Immunochemistry  Zhang et al. ( 2012 ) 
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affected the quaternary structure of HspB6 itself. Indeed, in vitro phosphorylation 
or phosphomimicking mutation did not affect the apparent molecular weight of iso-
lated HspB6 which predominantly formed dimers (Bukach et al.  2004 ; Chernik 
et al.  2007 ; Sluchanko et al.  2011a ). Inability to form large oligomers characteristic 
for many other small heat shock proteins can be at least partially due to the absence 
of conservative (I/V/L)-X-(I/V/L) sequence in the short C-terminal sequence of 
HspB6. This sequence is involved in inter-dimer interaction and formation of large 
oligomers of αA- and αB-crystallin (Bagneris et al.  2009 ; Delbecq et al.  2012 ; 
Delbecq and Klevit  2013 ; Sudnitsyna et al.  2012a ). The absence of this sequence in 
the C-terminus of HspB6 can be one of the reasons making formation of large oligo-
mers of this protein less probable. However, at a very high concentration human 
HspB6 demonstrates attractive self-association (Weeks et al.  2013 ). Taking into 
account high HspB6 content in certain tissues and crowding conditions inside the 
cell increasing its effective concentration, we cannot exclude that in vivo HspB6 can 
form higher order homooligomeric complexes formed by its self-associated dimers. 
Further investigations are required in order to analyze effect of different conditions 
and posttranslational modifi cations on formation of these complexes.

9.4        Mutations and Posttranslational Modifi cations of HspB6 

 To our knowledge only one point mutation (P20L) of human HspB6 was described 
in the literature, despite the fact that at least several other validated missense muta-
tions could be found in NCBI Gene Database (e.g., S10F, V92A, G94S). Mutation 
P20L was detected in one patient suffering from dilated cardiomyopathy (Nicolaou 
et al.  2008 ). This mutation decreases phosphorylation of Ser16 and abrogates anti- 
apoptotic and cardioprotective effect of HspB6 (Nicolaou et al.  2008 ). 

 HspB6 can undergo multisite phosphorylation. PI3-kinase dependent pathway 
seems to be involved in phosphorylation of Ser157 of rat HspB6 and this event is 
supposed to be dependent on insulin stimulation (Wang et al.  1999 ). The same resi-
due was phosphorylated in swine carotid HspB6 and this phosphorylation was inde-
pendent on forskolin treatment (Meeks et al.  2005 ). The primary structure at this 
site is not absolutely conservative and bovine and human HspB6 are not phosphory-
lated at the corresponding residues. At least three other sites of HspB6 
 phosphorylation were reported in the literature. The fi rst site is located somewhere 
in peptide restricted by residues 123–140 of bovine HspB6 and becomes phosphor-
ylated upon stimulation of carotid artery by phorbol ester or application of forskolin 
and phosphodiesterase inhibitors (Beall et al.  1999 ). The second residue, Ser59, 
which is highly conservative in human, macaque, bovine, rat and mouse HspB6, is 
phosphorylated in vitro by cAMP-dependent protein kinase (Beall et al.  1999 ) and 
was recently reported to be phosphorylated in human skeletal muscle (Hojlund et al. 
 2009 ) (Fig.  9.1a ). The third site, containing Ser16, with the primary structure strictly 
conserved in human, bovine, rat and mouse HspB6, is phosphorylated by cyclic 
nucleotide-dependent protein kinases both in vitro and in vivo (Beall et al.  1997 , 
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 1999 ; Rembold et al.  2000 ) (Fig.  9.1a ). Phosphorylation of this site seems to be very 
important and affects physiologically important properties of HspB6 and its interac-
tion with many target proteins (see below). 

 Recently published data indicate that HspB6 can undergo acetylation (Karolczak- 
Bayatti et al.  2011 ; Chen et al.  2013 ). It was shown that histone deacetylase 8 
(HDAC8) is non-nuclear lysine deacetylase being able to interact with HspB6 which 
could be then recognized by anti-acetylated ε-lysine antibodies. Selective inhibition 
of deacetylase is accompanied by decrease of spontaneous or oxytocin-augmented 
contraction of myometrial strips (Karolczak-Bayatti et al.  2011 ). The very 
C-terminal Lys of HspB6 (Fig.  9.1a ) can undergo acetylation and inhibition of 
deacetylase promotes HspB6 phosphorylation (Chen et al.  2013 ). This means that 
two different posttranslational modifi cations are somehow connected with each 
other. However, we assume that acetylation of HspB6 under physiological condi-
tions in vivo requires further detailed investigation.  

9.5     Interaction of HspB6 with Other 
Members of sHsp Family 

 As already mentioned, the structure of HspB6 is similar to that of other members of 
sHsp family (Basha et al.  2012 ) and therefore one can tentatively suggest that 
HspB6 will be able to interact with other small heat shock proteins. HspB6 was co- 
purifi ed and formed tight complexes with HspB5 (αB-crystallin) (Kato et al.  1994 ; 
Sugiyama et al.  2000 ). These complexes can be crosslinked by transglutaminase 
(Boros et al.  2004 ). The so-called Cys mutants of HspB6 and HspB5 containing 
single Cys residue engineered in the middle of the β7 strand can form disulfi de 
crosslinked heterodimers (Mymrikov et al.  2012 ) (Table  9.1 ). Finally, fl uorescent 
chimeras consisting of the corresponding small heat shock proteins and different 
fl uorescent proteins interact with each other both in vitro (Datskevich et al.  2012a ) 
and ex vivo (Simon et al.  2007 ). 

 Interaction of HspB6 with HspB1 is also well-established (Table  9.1 ). According 
to the data of size-exclusion chromatography, these proteins form two types of com-
plexes with apparent molecular weight of ~100 and 300 kDa (Bukach et al.  2004 ). 
Formation of heterooligomeric complexes of HspB1 and HspB6 was also demon-
strated by means of disulfi de crosslinking (Mymrikov et al.  2012 ) and Förster reso-
nance energy transfer (Datskevich et al.  2012a ). Formation of these complexes is 
modulated by HspB1 and HspB6 phosphorylation (Bukach et al.  2009 ) and muta-
tions of HspB1 correlating with peripheral distal neuropathies affect its interaction 
with HspB6 (Nefedova et al.  2013a ,  b ). 

 A number of different methods indicate that under certain conditions HspB6 can 
interact with another ubiquitously expressed small heat shock protein, HspB8 
(Fontaine et al.  2005 ,  2006 ). However, other experimental approaches do not con-
fi rm tight interaction between HspB6 and HspB8 (Mymrikov et al.  2012 ; Datskevich 
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et al.  2012a ). Therefore further investigations are required to validate direct interac-
tion of these two proteins. 

 Transglutaminase induces crosslinking of HspB6 and HspB2 (Boros et al.  2004 ). 
HspB2 does not belong to the group of ubiquitously expressed sHsp and even if 
expressed, the concentration of this protein is rather low (Kirbach and Golenhofen 
 2011 ). Therefore, an importance of HspB2-HspB6 interaction remains uncertain. 

 Many tissues simultaneously express large quantities of different small heat 
shock proteins and this increases the probability of formation of heterooligomeric 
complexes. These complexes can differ from the corresponding homooligomeric 
complexes in their intracellular location, interaction with target proteins and other 
physiologically important properties (Arrigo  2013 ; Aquilina et al.  2013 ). Although 
there are many methodological problems in analyzing the structure and properties 
of heterooligomeric complexes of sHsp in the living cell, this line of investigation 
seems to be very important and perspective.  

9.6     Chaperone-Like Activity and Probable Participation 
of HspB6 in Selective Elimination of Unfolded Proteins 

 Chaperone-like activity, i.e. ability to prevent aggregation of partially denatured or 
unfolded proteins, is common for all small heat shock proteins (McHaourab et al. 
 2009 ; Vos et al.  2008 ; Basha et al.  2012 ). However, originally in vitro experiments 
performed with rat HspB6 indicated that the chaperone-like activity of this protein 
was lower than that of α-crystallin (van de Klundert et al.  1998 ). Later studies per-
formed on human HspB6 have shown that depending on the nature of model protein 
substrate the chaperone-like activity of human HspB6 is comparable to that of 
αB-crystallin (Bukach et al.  2004 ; Mymrikov et al.  2010 ; Datskevich et al.  2012b ). 
On the cell level, thermoprotective effect produced by overexpression of HspB6 
was comparable with that of αB-crystallin (van de Klundert et al.  1999 ). HspB6 
associates with non-fi brillar amyloid-β (Aβ) peptides and inhibits or completely 
prevents aggregation of Aβ (1–42) signifi cantly decreasing cerebrovascular toxicity 
of these peptides (Wilhelmus et al.  2006a ,  c ). Furthermore, small heat shock pro-
teins including HspB6 were reported to transiently interact with the wild-type and 
mutant α-synuclein (αSYN) and inhibit its fi bril formation (Bruinsma et al.  2011 ). 
At the same time, HspB6 was not detected in neurofi brillar tangles predominantly 
formed by incorrectly folded tau protein (Wilhelmus et al.  2006c ). It is important to 
mention that in Alzheimer disease brains HspB6 was detected both inside and out-
side of cells (Wilhelmus et al.  2006c ). This can be due either to necrosis of neurons 
or to specifi c secretion of HspB6 from the living cells as a protective reaction against 
extracellular accumulation of amyloid peptides. 

 Small heat shock proteins can prevent accumulation of aggregates of improperly 
folded proteins by at least three means: (1) by preventing aggregation (the so-called 
holdase or chaperone-like activity), (2) by transferring improperly folded proteins 
to ATP-dependent chaperone Hsp70, or (3) by promoting degradation of improperly 
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folded proteins in autophagosomes or proteasomes (Basha et al.  2012 ; Vos et al. 
 2011 ). The proteins of Bag family are co-chaperones involved in regulation of 
Hsp70 ATPase activity (Takayama and Reed  2001 ; Rosati et al.  2011 ). One of the 
members of Bag family, namely Bag3, contains several different domains 
(McCollum et al.  2010 ). The N-terminal part of Bag3 contains the so-called WW 
region participating in the interaction with PXXP regions of different proteins (or 
Bag3 itself) and two IPV-motifs. The C-terminal part of Bag3 contains PXXP 
domain responsible for interaction with SH3 domain-containing proteins (and 
among them with γ-subunit of phospholipase C) and Bag-domain providing for 
interaction of Bag3 with Hsp70 and Bcl2 (McCollum et al.  2010 ). The primary 
structure of IPV motifs of Bag3 is similar to the corresponding sequence located in 
the C-terminal extension of many sHsp (such as HspB1, HspB4 and HspB5) and 
lacking in the structure of other small heat shock proteins (HspB6 and HspB8). In 
the case of sHsp tending to form large oligomers (HspB1, HspB4, HspB5) the (I/V/
L)-P-(I/V/L) sequence of the C-terminal extension of one dimer interacts with the 
hydrophobic groove formed by β4 and β8 strands of another dimer and thus partici-
pates in stabilization of oligomeric structure (Delbecq et al.  2012 ; Delbecq and 
Klevit  2013 ). HspB8 and HspB6, lacking this motif in their own structure, interact 
with IPV motifs of Bag3 (Fuchs et al.  2010 ; Carra et al.  2008 ). The stoichiometry 
of complexes formed by Bag3 and HspB8 (or HspB6) is variable and binding of 
small heat shock proteins stabilizes the structure of predominantly disordered Bag3 
(Shemetov and Gusev  2011 ). Bag3 seems to be able to simultaneously interact with 
Hsp70 and the small heat shock proteins, playing a role of adapter providing con-
tacts between two different groups of heat shock proteins. Moreover, HspB8 can 
participate in formation of large protein complex consisting of Bag3, Hsp70 and 
chaperone-associated ubiquitin ligase (CHIP) thus promoting ubiquitination of tar-
get proteins leading to its autosomal proteolytic degradation (Arndt et al.  2010 ; 
Crippa et al.  2010 ). HspB6 weaker interacts with Bag3, however it is assumed that 
if the ratio HspB6/HspB8 in the given tissue is high, HspB6 can also provide selec-
tive Bag3-dependent autophagosomal degradation of misfolded proteins (Fuchs 
et al.  2010 ). It is interesting to mention, that P209L mutation located in one of 
HspB6/HspB8-binding sites of Bag3 correlates with severe dominant childhood 
muscular dystrophy (Selcen et al.  2009 ). This indirectly indicates that interaction 
with the small heat shock proteins somehow affects autosomal degradation of 
improperly folded proteins or modulates antiapoptotic activity of Bag3.  

9.7     HspB6 Induced Cardioprotection 

 Ischemia followed by reperfusion induces severe heart injury. Cardiac-specifi c 
overexpression of HspB6 in transgenic mouse lines produces improved functional 
recovery and reduction in infarct size after ischemia/reperfusion (Fan et al.  2005b ). 
The level of HspB6 expression in the heart can be regulated by micro-RNA and 
micro-RNA mir-320 negatively regulates HspB6 translation (Ren et al.  2009 ). 
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Overexpression of mir-320 was accompanied by severe damages induced by isch-
emia/reperfusion, whereas its knockdown was cytoprotective (Ren et al.  2009 ). 
Protective effect of HspB6 is dependent on its phosphorylation and the animals 
expressing nonphosphorylatable mutant (S16A) of HspB6 demonstrated lower 
recovery after ischemia/reperfusion and increased necrotic damage than non- 
transgenic animals (Qian et al.  2009 ). It is worthwhile to mention, that S16A muta-
tion of HspB6 correlates with decreased autophagosomal activity and drug-induced 
increase of autophagosomal activity improves functional recovery (Qian et al.  2009 ). 

 Cardioprotective effect is at least partially due to the antiapoptotic activity of 
HspB6. Prolonged treatment with isoproterenol induced apoptosis of cardiomyo-
cytes and overexpression of HspB6 protected cultured cardiac myocytes from apop-
tosis and antiapoptotic effect of HspB6 was again dependent on Ser16 
phosphorylation (Fan et al.  2004 ). Overexpression of HspB6 is accompanied by 
increase Bcl-2/Bax ratio and reduced caspase-3 activity in cardiomyocytes and neu-
roblastoma cells (Fan et al.  2005b ; Zeng et al.  2013 ). It is believed that HspB6 
induces its antiapoptotic effect by direct binding of pro-apoptotic protein Bax and 
preventing its interaction with mitochondria membranes (Fan et al.  2005b ) 
(Table  9.1 ). In addition, HspB6 seems to be able to regulate activity of several pro-
tein kinases. HspB6 interacts and activates phosphorylated Akt, i.e. protein kinase 
possessing strong antiapoptotic activity (Fan et al.  2008 ) and at the same time inhib-
its the apoptosis signal-regulating/c-jun-NH 2 -terminal kinase/p38 pathway thus 
inhibiting initiation of apoptosis (Fan et al.  2006 ). In addition, it is postulated that 
HspB6 can inhibit caspase-3 activity inducing additional antiapoptotic effect (Wang 
et al.  2009 ). Chaperone-like activity can also be important for cardioprotection and 
antiapoptotic effect of HspB6. Deletion of the C-terminal extension, which is 
believed to be important for chaperone-like activity, decreases cardioprotective 
effect of HspB6 (Islamovic et al.  2007 ). 

 Physical exercises and pathological conditions like pressure/volume overload are 
accompanied by cardiac hypertrophy. Cardiac hypertrophy is accompanied by 
increased expression of HspB6 (Willis and Patterson  2010 ) and vice versa, overex-
pression of HspB6 decreases cardiac hypertrophy (Fan et al.  2006 ). Molecular 
mechanisms of cardiac remodeling by phosphorylated HspB6 remain enigmatic. 
However, interesting experimental results appeared recently. Members of cAMP- 
specifi c phosphodiesterase family PDE4 interact with HspB6 (Sin et al.  2011 ) 
(Table  9.1 ). The site of interaction is close to the catalytic domain of PDE and there-
fore the local concentration of cyclic nucleotides in vicinity of HspB6 is very low. 
This prevents phosphorylation of HspB6 by cAMP-dependent protein kinase and 
leaves HspB6 in unphosphorylated dormant state (Sin et al.  2011 ). Disrupting pep-
tides with the sequence of the HspB6-docking site of PDE4 can dissociate PDE4- 
HspB6 complex, and liberated HspB6 is phosphorylated and activated by 
cAMP-dependent protein kinase. It is suggested that the multi-purpose scaffold pro-
tein AKAP-Lbc interacts with HspB6 and three protein kinases (protein kinase A, 
protein kinase C and protein kinase D). This can increase the rate of HspB6 phos-
phorylation (Edwards et al.  2012a ) and induce protein kinase D phosphorylation. 
Phosphorylated protein kinase D migrates to nucleus where it can depress transcrip-
tion factors mediating hypertrophic phenotype (Edwards et al.  2012b ).  
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9.8     HspB6 and Regulation of Smooth Muscle Contraction 

 Activation of cAMP- or cGMP-dependent protein kinases and/or inhibition of pro-
tein phosphatases is accompanied by effective phosphorylation of Ser16 of HspB6 
which correlates with relaxation of trachealis and carotid artery smooth muscle 
(Rembold et al.  2000 ; Beall et al.  1997 ,  1999 ). Relaxation induced by HspB6 phos-
phorylation seems to be independent of the level of myosin regulatory light chains 
phosphorylation (Rembold et al.  2000 ; Woodrum et al.  1999 ). Therefore it was sug-
gested that phosphorylated HspB6 somehow affects actin fi laments or modulates 
their interaction with phosphorylated myosin. 

 Two hypotheses trying to explain molecular mechanism of relaxation induced by 
HspB6 phosphorylation were put forward. According to the fi rst hypothesis, there is 
a troponin I homologous peptide in the structure of HspB6 (Rembold et al.  2000 ). 
Phosphorylation induces translocation of HspB6 to actin fi lament and the corre-
sponding peptide inhibits interaction of phosphorylated myosin with actin like tro-
ponin I. Thus, HspB6 phosphorylation induced by activation of cyclic-nucleotide 
dependent protein kinases (Rembold et al.  2000 ), hypoxia (Frobert et al.  2005 ), or 
heat pretreatment (O’Connor and Rembold  2002 ) results in inactivation of actin 
fi lament regions containing phosphorylated HspB6. 

 According to the second hypothesis, unphosphorylated HspB6 interacts with 
F-actin and α-actinin and by this means stabilizes actin cytoskeleton providing 
effective contraction. Phosphorylated HspB6 dissociates from actin cytoskeleton 
causing disruption of actin fi laments, their dissociation from α-actinin, destabiliza-
tion and reorganization of cytoskeleton thus leading to smooth muscle relaxation 
(Brophy et al.  1999b ; Tessier et al.  2003 ; Woodrum et al.  2003 ). Detailed description 
and comparison of both hypotheses were presented earlier (Mymrikov et al.  2011 ). 

 Both hypotheses had their supporters and after long discussion it was postulated 
that phosphorylated HspB6 could reorganize actin cytoskeleton disrupting force 
transmission as well as disrupting actin-myosin binding (Ba et al.  2009 ). For direct 
realization of both these activities HspB6 should be a genuine actin-binding protein 
and should be (at least under certain conditions) bound to actin. At the same time 
the total concentration of actin in smooth muscle is more than 1,000 μM (Rembold 
et al.  2000 ), whereas the total concentration of HspB6 monomer is in the range of 
100–200 μM (Kato et al.  1994 ). As already mentioned, HspB6 forms stable dimers 
or is involved in formation of large heterooligomers with other small heat shock 
proteins having apparent molecular weight in the range of 65–500 kDa. This means 
that the real concentration of HspB6 homo- or heterooligomers would be less than 
50 μM, thus being more than 20 times smaller than that of actin. In reality the 
HspB6/actin ratio should be even smaller since HspB6 is predominantly located in 
cytosol with only small portion being bound to the cytoskeleton (Rembold and 
Zhang  2001 ; Tyson et al.  2008 ). We analyzed interaction of the wild type HspB6 
and its S16D mutant mimicking phosphorylation with actin fi laments and myofi -
brils (Bukach et al.  2005 ). Even at high HspB6 concentration, the HspB6/actin 
molar ratio in the pellet formed after co-sedimentation was less than 0.04. Our 
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experimental results together with theoretical calculations indicate that HspB6 is 
not a genuine actin-binding protein and being presented at a very low stoichiometry 
on actin fi laments, HspB6 cannot directly regulate interaction of actin with myosin. 
Therefore one should theorize that HspB6 indirectly regulates actin fi laments. 

 Penetrating HspB6 peptide containing phosphorylated Ser16 within the motif 
RRA S   16  APLP (resembling typical binding site for universal adapter protein 14-3-3 
(RXXpSXP) (Yaffe et al.  1997 )) induced the loss of actin stress fi bers and focal 
adhesion complexes in Swiss 3T3 cells (Dreiza et al.  2005 ). It was proposed that 
HspB6 phosphopeptide interacts with 14-3-3 and displaces phosphorylated cofi lin 
from its complex with 14-3-3. Displaced phosphorylated cofi lin undergoes rapid 
dephosphorylation catalyzed by slingshot protein phosphatase, regains its F-actin 
severing activity and induces depolymerization or detachment of actin fi lament 
from focal adhesion complexes (Dreiza et al.  2005 ). We analyzed interaction of 
intact full-size HspB6 with 14-3-3 and found that phosphorylated (but not unphos-
phorylated) HspB6 indeed forms tight complexes with 14-3-3 (Chernik et al.  2007 ). 
Interaction of these proteins seems to be fi nely regulated. For instance, the point 
mutations mimicking phosphorylation of 14-3-3 modulate its interaction with phos-
phorylated HspB6. In the case of ζ-isoform of 14-3-3, mutation S58E decreases, 
whereas mutation S184E increases interaction of 14-3-3 with HspB6 (Sluchanko 
et al.  2011a ) (Fig.  9.2 ). Under certain conditions usually dimeric 14-3-3 can dissoci-
ate forming monomers having distinct properties (Sluchanko and Gusev  2012 ). We 
found that the dimer-defi cient mutants of 14-3-3 also tightly interact with HspB6 
(Sluchanko et al.  2011b ,  2012 ). This interaction was again strictly dependent on 
HspB6 phosphorylation and binding of phosphorylated HspB6 induced stabiliza-
tion of dimer-defi cient mutant of 14-3-3 (Sluchanko et al.  2012 ). Interaction of 
HspB6 and 14-3-3 is modulated by physiological concentrations of phosphate 
(Sluchanko et al.  2013 ) and therefore oscillation of phosphate concentration 
appearing in the course of muscle contraction can affect interaction of HspB6 and 
14-3-3 (Fig.  9.2 ).  

 Thus, at present the interaction of phosphorylated full-size HspB6 or its phos-
phorylated peptide with γ- and ζ-isoforms of 14-3-3 is well-established. Moreover, 
fl uorescently labeled phosphorylated peptide of HspB6 was successfully used for 
the large scale screening of low molecular weight pharmacological compounds 
which can be potentially used for relaxation of airway smooth muscle (An et al. 
 2011 ). The principle of the screening was based on the ability of pharmacological 
compounds to affect fl uorescence polarization of the complex formed by fl uores-
cently labeled phosphorylated HspB6 peptide and 14-3-3. Effective method was 
developed for obtaining preparative quantities of cell-penetrating phosphorylated 
form of HspB6 (Flynn et al.  2007 ) and it was shown that the phosphorylated peptide 
or phosphorylated full-size HspB6 effectively prevented vasospasm of human 
saphenous vein segments (McLemore et al.  2004 ). Penetrating phosphorylated pep-
tide of HspB6 prevents vasospasm without signifi cant effect on cell proliferation 
and therefore seems to be very promising for peripheral vascular reconstruction 
(Tessier et al.  2004 ). 
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 Although the HspB6/14-3-3 interaction is well-established, the detailed mecha-
nism of smooth muscle relaxation induced by phosphorylated HspB6 remains enig-
matic. As already mentioned, at the beginning it was suggested that phosphorylated 
HspB6 competes with phosphorylated cofi lin for interaction with 14-3-3 (Dreiza 
et al.  2005 ,  2010 ). After phosphorylation HspB6 displaces phosphorylated cofi lin 
from its complex with 14-3-3, the liberated cofi lin undergoes rapid dephosphoryla-
tion and regains its actin-severing activity. All these events lead to disruption of 
actin fi laments and induce smooth muscle relaxation. This hypothesis, based on 
experimental data of Gohla and Bokoch ( 2002 ), postulated direct tight interaction of 
phosphorylated cofi lin and 14-3-3, remains popular till now (Edwards et al.  2011 ; 
Karolczak-Bayatti et al.  2011 ; Hocking et al.  2013 ). However, the recently pub-
lished data indicate that cofi lin only very weakly interacts with 14-3-3 in a 
phosphorylation- independent manner (Sudnitsyna et al.  2012b ; Grebenova et al. 
 2012 ) and therefore it cannot directly compete with phosphorylated HspB6 for 
14-3-3 binding (Sudnitsyna et al.  2012b ). This means that there should be other 
mechanisms underlying the relaxation effect induced by binding of phosphorylated 
HspB6 to 14-3-3. 

 The recently published data indicate that the universal adapter protein 14-3-3 can 
in theory interact with more than 700 protein clients (Uhart and Bustos  2013 ) and 
among them there are many proteins directly or indirectly involved in regulation of 
cytoskeleton (Sluchanko and Gusev  2010 ). For instance, phosphorylated slingshot 
protein phosphatase interacts with 14-3-3 and this leads to dissociation of slingshot 
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  Fig. 9.2    Proposed model of HspB6 participation in regulation of smooth muscle contraction. 
Upon increasing concentration of cyclic nucleotides protein kinase A and protein kinase G are 
activated ( a ) and phosphorylate HspB6 at Ser16 ( b ). Phosphorylated HspB6 binds to 14-3-3 and 
displaces different regulatory proteins ( RPs ) from their complexes with 14-3-3 ( c ). Liberated regu-
latory proteins of incompletely characterized nature induce cytoskeleton remodeling and smooth 
muscle relaxation ( d ). Stability of the complex between phosphorylated HspB6 and 14-3-3 ( e ) 
might be regulated by 14-3-3 phosphorylation (at Ser58, Ser184 and, probably, other sites) and/or 
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from actin fi laments and inhibition of its activity (Freeman and Morrison  2011 ; 
Mizuno  2013 ). Phosphorylated HspB6 can displace phosphorylated slingshot from 
its complex with 14-3-3 thus leading to the activation of protein phosphatase, cofi lin 
dephosphorylation and fragmentation of actin fi laments resulting in smooth muscle 
relaxation (Sudnitsyna et al.  2012b ; Mizuno  2013 ; Sluchanko and Gusev  2010 ). In 
addition, 14-3-3 interacts with phosphorylated cortactin (the protein participating in 
regulation of actin polymerization) and phosphorylated IRSp53 (the protein 
involved in the interaction of actin fi laments with plasma membrane) (Freeman and 
Morrison  2011 ) and if phosphorylated HspB6 displaces these (or other) regulatory 
proteins (RPs) from their complexes with 14-3-3, it will indirectly regulate the cyto-
skeleton and smooth muscle relaxation (Fig.  9.2 ). Among other proteins which are 
potential targets of 14-3-3, we can mention α- and β-chains of integrin and β-catenin 
(reviewed in (Mymrikov et al.  2011 ; Sluchanko and Gusev  2010 )) which also par-
ticipate in formation and reorganization of cytoskeleton. Unfortunately, direct com-
petition of phosphorylated HspB6 with the above mentioned proteins (except of 
phosphorylated cofi lin) for their binding to 14-3-3 has not been analyzed yet. 
However, taking into account high concentration of HspB6 in smooth muscle and 
high affi nity of phosphorylated HspB6 to 14-3-3, we assume that the relaxation 
effect of HspB6 can be explained by its ability to displace certain proteins involved 
in regulation of cytoskeleton from their complexes with 14-3-3.  

9.9     HspB6 and Platelet Aggregation 

 HspB6 in a concentration-dependent manner inhibits thrombin-induced platelet 
aggregation (Matsuno et al.  1998 ). HspB6 binds platelet with high affi nity and pre-
vents thrombin-induced calcium entrance from outside the cell (Niwa et al.  2000 ). 
Detailed mechanism of antiaggregation effect of HspB6 remains obscure, however, 
it is believed that HspB6 somehow inhibits thrombin-induced activation of phos-
pholipase C and by this means prevents activation of protein kinase C which is 
involved in regulation of calcium entrance (Kozawa et al.  2002 ). In this case HspB6 
exerts its effect outside of the cell, however penetrating phosphorylated peptide of 
HspB6 is also able to inhibit platelet aggregation (McLemore et al.  2004 ). It is inter-
esting to mention that both the full-size αB-crystallin and HspB6 and even short 
peptides of αB-crystallin ( 9 WIRRPFFPF 17 ) and of HspB6 ( 11 WLRRASAPL 19 ) pre-
vent thrombin-induced platelet aggregation (Kanno and Matsuno  2006 ; Matsuno 
et al.  2003 ). To our knowledge it is unknown whether these peptides produce their 
effects outside or inside the cell. Carotid artery injury is accompanied by decrease 
of HspB6 level in endothelium and increased level of HspB6 in the blood thus sug-
gesting that it can be secreted from vascular wall or simply released from damaged 
cells and participates in regulation of platelet function in circulation (Kozawa et al. 
 2002 ). Therefore HspB6 and its peptides are considered as important potential tar-
gets for therapy of thrombosis and cardiovascular diseases (Fan and Kranias  2011 ; 
Edwards et al.  2011 ).  
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9.10     HspB6 as a Therapeutic Target 

 The recently published data indicate that the promoter region of  HspB6  gene is 
hypermethylated in melanoma cells and the level of hypermethylation is increased 
in advanced stages of melanoma (Koga et al.  2009 ). Increased methylation of  HspB6  
gene promoter is accompanied by a decreased level of HspB6 expression implying 
interrelation between progression of melanoma and HspB6 expression (Koga et al. 
 2009 ). This is in line with the fi nding that HspB6 expression was signifi cantly 
reduced in hepatocellular carcinoma cell lines, where the level of HspB6 correlated 
inversely with a tumor stage and size (Noda et al.  2007 ). Protective effect of 
HspB6 in hepatocellular carcinoma can be at least partially explained by its ability 
to directly interact with both 85 and 110 kDa subunits of phosphoinositide 3-kinase 
(PI3K) and to inhibit activity of this protein kinase which is upstream of Akt kinase 
involved in carcinogenesis (Matsushima-Nishiwaki et al.  2013 ). Signifi cant decrease 
of  HspB6  gene transcript was detected in lung cell adenocarcinomas (Yap et al. 
 2005 ) and HspB6 is one of the proteins that were signifi cantly and reproducibly 
downregulated in gliomas (Deighton et al.  2010 ). It seems very probable that in 
future HspB6 can be used as diagnostic or prognostic biomarker in oncology. 

 As already mentioned, short penetrating peptides of HspB6 can be successfully 
used under certain disease-related situation. For instance, these peptides were used 
against excessive keloid scarring (Lopes et al.  2009 ), for relaxation of airway 
smooth muscle (Flynn et al.  2007 ; Komalavilas et al.  2008 ), prevention of vaso-
spasm of human umbilical artery (Flynn et al.  2007 ) and subarachnoid haemorrhage 
induced by delayed vasospasm (Furnish et al.  2010 ) as well as prevention of platelet 
aggregation (McLemore et al.  2004 ). Special peptides were developed in order to 
modulate and disrupt protein complexes formed by HspB6 and phosphodiesterase 
of cAMP (Sin et al.  2011 ). Disruption of these complexes increases concentration 
of cAMP in vicinity of HspB6 and by this means increases the level of HspB6 phos-
phorylation which is important for many physiological effects of this protein. 

 Low molecular weight compounds, being able to modulate interaction of phos-
phorylated HspB6 and 14-3-3, were developed and were proven to be effective in 
relaxation of human airway smooth muscle (An et al.  2011 ). Understanding struc-
tural determinants of interaction between 14-3-3 and phosphorylated full-size 
HspB6 will help in future attempts to develop compounds modulating 14-3-3/
HspB6 complexes which could be used as a complementary therapy along with 
existing phosphopeptides, like AZX100 (Lopes et al.  2009 ). 

 As already mentioned, HspB6 effectively prevents aggregation of amyloid-β 
peptides (Wilhelmus et al.  2006a ) and α-synuclein (Bruinsma et al.  2011 ) and there-
fore can probably affect progression of Alzheimer’s and Parkinson’s disease provid-
ing a platform for therapy of these important disorders. In addition, HspB6 possesses 
multifunctional cardioprotective activity (Fan and Kranias  2011 ). Genetic manipu-
lations with viral vectors and/or permeabilization were able to increase the intracel-
lular level of HspB6 which was accompanied by cardioprotective effects (Pipkin 
et al.  2003 ; Fan et al.  2005a ). However, up to now these approaches have signifi cant 
limitations in clinical application.  
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9.11     Conclusions and Perspectives 

 HspB6 belongs to the family of the small heat shock proteins and is ubiquitously 
expressed in human tissues. This protein is unusually versatile and prevents aggre-
gation of improperly folded proteins, participates in selective autophagosomal dele-
tion of misfolded proteins, participates in regulation of apoptosis and proliferation, 
possesses multifunctional cardioprotective activity, participates in regulation of 
smooth muscle contraction and regulation of platelet aggregation (Fig.  9.3 ). This 
versatility can be at least partially explained by the ability of HspB6 to interact and 
to modify activity and intracellular location of a large number of different proteins 
(Table  9.1 ). Among them are other members of the sHsp family (αB-crystallin 
(HspB5) and HspB1), protein phosphatase I, cAMP phosphodiesterase, different 
protein kinases (Akt, Ask1, PI3K), pro- and anti- apoptotic proteins Bax, Beclin-1 
and Bag3 and universal adapter protein 14-3-3 (Fan et al.  2005a ; Fan and Kranias 
 2011 ; Edwards et al.  2011 ; Mymrikov et al.  2011 ). We believe that for understand-
ing of HspB6 versatility the interaction of this protein with 14-3-3 is of special 
importance. More than 700 potential partners of 14-3-3 are already described in the 
literature (Uhart and Bustos  2013 ) and the interaction of 14-3-3 with these partners 
depends on their phosphorylation, intracellular location and affi nity for 14-3-3. 
Among potential 14-3-3 targets are many protein kinases, protein phosphatases, 
transcription factors, membrane and cytoskeletal proteins (Pozuelo Rubio et al. 
 2004 ). Activation of cyclic nucleotide-dependent protein kinases results in rapid 
phosphorylation of HspB6 which is highly expressed in certain tissues. 
Phosphorylated HspB6 has a high affi nity to 14-3-3 and accumulation of phos-
phorylated HspB6 will inevitably affect interaction between 14-3-3 and other poten-
tial protein targets leading to different intracellular effects. If this suggestion is 
correct, the versatility of HspB6 could at least partially be explained by the well- 
known versatility of 14-3-3. Further investigations are required in order to analyze 
probable effect of phosphorylated HspB6 on the interaction of 14-3-3 with different 
target proteins.  

HSPB6

Platelet
aggregation

CarcinogenesisApoptosis

Autophagy

Smooth muscle 
relaxation

Cardioprotection

Aβ and αSYN
aggregation

Aggregation of
partially denatured

proteins

Angiogenesis

  Fig. 9.3    Versatility of HspB6 action (See text for details)       
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 The data presented indicate that HspB6 is a very promising therapeutic target. 
Therefore, further development of special methods of targeted transportation of 
HspB6 or its peptides to certain organs or selective regulation of HspB6 expression 
seems to be very important from a medical point of view. Construction of new phar-
macological agents able to modulate interaction of HspB6 with its protein targets 
seems very promising for the development of novel therapies of different human 
diseases. Acquiring detailed structural information on the complexes of HspB6 with 
its partner proteins will provide bases for the new drug development. 

 Since the number of publications on HspB6 is very large, we were unable to 
discuss all problems concerning this protein. The interested reader is addressed to a 
number of reviews dealing with this small heat shock protein and other members of 
sHsp family (Basha et al.  2012 ; McHaourab et al.  2009 ; Vos et al.  2008 ; Fan et al. 
 2005a ; Fan and Kranias  2011 ; Mymrikov et al.  2011 ; Edwards et al.  2011 ; Dreiza 
et al.  2010 ; Seit-Nebi and Gusev  2010 ; Dubinska-Magiera et al.  2014 ; Delbecq and 
Klevit  2013 ).     
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Note The recently published data indicate that under crowding conditions HspB6 tends to self-
association and that phosphorylation abrogates this tendency (Sluchanko NN, Chebotareva NA, 
Gusev NB (2015) Quaternary structure of human small heat shock protein HSPB6 (Hsp20) in 
crowded media modeled by trimethylamine N-oxide (TMAO): Effect of protein phosphorylation. 
Biochimie 108:68–75. doi:  10.1016/j.biochi.2014.11.001    ).  
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    Chapter 10   
 The Chloroplast-Localized Plant sHsp 
in  Arabidopsis Thaliana:  Role of Its Oligomeric 
Conformation and Its Translocation into 
Membranes 

             Katja     Bernfur    ,     Gudrun     Rutsdottir    ,     Cecilia     Månsson    , 
and     Cecilia     Emanuelsson    

    Abstract     Recent advances in quantitative proteomics show that small heat shock 
proteins (sHsps) are among the most highly upregulated proteins in cellular stress 
response. In plants there are numerous paralogous sHsps expressed in various  cellular 
compartments. The chloroplast-localized sHsp, named Hsp21 with reference to its 
monomeric size, has an N-terminal region that is some 40 amino acids longer 
compared to the cytosolic sHsps, and increases plant stress tolerance as shown by 
 Arabidopsis thaliana  plants which overexpress Hsp21. Recombinantly expressed and 
purifi ed Hsp21-protein shows the features expected for a chaperone protein in rescuing 
temperature-sensitive model substrate proteins from aggregation. Hsp21 is a dodeca-
meric protein, with C-terminal tails that keep the dodecamer together but are highly 
fl exible in solution. The N-terminal domains, which resemble intrinsically disordered 
proteins and are located in the interior of the dodecamer, contain conserved methio-
nine residues of crucial importance for function. Methionine sulfoxidation abolishes 
the chaperone activity in vitro, but in vivo such oxidized methioniones appear to be 
continuously re-reduced thanks to a chloroplast-localized form of peptide methionine 
sulfoxide reductase, an important enzyme expressed ubiquitously and belonging to 
the minimal gene set for life. There is not a clear picture of which the endogenous 
substrate proteins of Hsp21 are. For more than a decade it has been observed that 
cyanobacterial sHsps enter the membranes at increased temperatures. In a quantitative 
proteomics approach we have recently analyzed and compared Hsp21 with hundreds 
of other chloroplast proteins, and found that Hsp21 is fairly unique with respect to its 
translocation into membrane in heat-stressed plants. One reason for the oligomericity 
of Hsp21 is suggested to be the possibility to rapidly supply hydrophobic surfaces 
with chaperoning capacity in response to stress, while still preventing membrane 
lysis by such hydrophobic surfaces under non-stress conditions.  
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10.1         The sHsps as Actors in Preventive Healthcare in Cells 

 The small heat shock protein (sHsp) chaperones play an important role as “paramedics 
in the cell” (Hilton et al.  2013 ), rapidly sequestering destabilized target proteins and 
overcoming the kinetic competition with aggregation, until other members of the 
chaperone proteostasis network can refold or degrade the target proteins. As such 
they act as “Nature’s sponges” to avoid protein aggregation (Eyles and Gierasch 
 2010 ). They act on early unfolding intermediates (McHaourab et al.  2009 ), as 
 concluded from the fi nding that T4 lysozyme mutants bind sHsps with higher affi nity 
the lower the folding equilibrium constants, showing that sHsps can capture unfolded 
states of proteins even present for only a small fraction of the time. As such sHsps 
may even be regarded as workers in preventive healthcare rather than as paramedics. 
A number of human diseases are associated with malfunctioning sHsps (Carra et al. 
 2013 ; Garrido et al.  2012 ; Kampinga and Garrido  2012 ). In heat- stressed cells, the 
sHsps can be among the most highly upregulated proteins, as detected by recently 
developed proteomic techniques where quantitative mass  spectrometry is combined 
with cryo electron tomography to determine protein concentrations in the human 
pathogen  Leptospira interrogans , where the sHsp concentration was found to 
increase from 0.06 μM in non-stimulated cells to 30 μM (~45 μg/ml) in heat-stressed 
cells (Beck et al.  2009 ; Malmstrom et al.  2009 ). In plants the sHsps confer an 
especially pronounced part of the stress response, with several paralogous sHsps in 
different cell compartments, often heat-induced or developmentally expressed (Van 
Montfort et al.  2001a ; Waters et al.  1996 ).  

10.2     The Chloroplast-Localized sHsp, Hsp21 

 A chloroplast-localized sHsp evolved when the land-plants developed, through 
gene duplication from the cytosolic sHsps and not from the sHsp in the endosymbi-
ont that gave rise to the chloroplast, in contrast to the organellar Hsp70s that are of 
bacterial origin (Waters and Vierling  1999 ). The interpretation of this fi nding is that 
the endosymbiont sHsp may not have been needed in the early eukaryotes and 
instead a later selection pressure, unique to the plant lineage, led to the diversifi ca-
tion of cytosolic sHsps into the various organellar sHsps, in the chloroplasts, mito-
chondria and ER. It was recognized by Vierling and coworkers who cloned the gene 
for the chloroplast-localized sHsp, Hsp21, named with reference to its monomer 
size, that its N-terminal domain contained a unique set of conserved methionines in 
an amphipathic α-helix-motif (Chen and Vierling  1991 ). Genomic sequence data 
from  Physcomitrella patens  indicate that mosses do have an amphipathic α-helix in 
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the N-terminal domain of their Hsp21-orthologues, whereas the methionines appear 
to have evolved later in evolution, in response to a specifi c selection pressure on 
higher land plants (Waters  2013 ). 

 By genetically engineering plants of  Arabidopsis thaliana  that constitutively 
overexpressed Hsp21 to 20 times the level on heat-induced wildtype plants, we 
found that Hsp21 plays a role in tolerance against oxidative stress (Fig.  10.1 ), and 
that the Hsp21 oligomer undergoes a conformational change in response to 
oxidation (Harndahl et al.  1999 ). Using recombinantly expressed and purifi ed 
Hsp21  protein we also found that the conformational change is due to methionine 
oxidation (Gustavsson et al.  1999 ), and that substitution of conserved methionines 
by leucines results in loss of such redox-response in Hsp21, yet the chaperone 
activity is retained (Gustavsson et al.  2001 ). In plants, reversible methionine 
 oxidation of Hsp21 is presumably part of a scavenging cycle for reactive oxygen 
species (ROS) since methionine sulfoxidation in Hsp21 is reversible (Gustavsson 
et al.  2002 ), due to a chloroplast-localized peptide methionine sulfoxide-reductase 
(PMSR), a crucial enzyme universally present in all organisms and belonging to the 
minimal gene set for life (Kim et al.  2014 ; Mushegian and Koonin  1996 ). Five 
PMSR-genes were detected in  Arabidopsis thaliana  by Murphy and coworkers, 
who cloned the chloroplast- localized form, which is highly expressed in photosyn-
thetic tissues (Sadanandom et al.  2000 ).  

 When the wildtype and the Hsp21-overexpressing plants of  Arabidopsis thaliana  
were analyzed by non-denaturing PAGE and Western blotting it was clear that the 
Hsp21 dodecamers become less visible during stress, especially repeated heat 
stress, as the antibodies decorated the whole lane as a smear, presumably showing 
“Hsp21 at work” (Harndahl et al.  1999 ). The Hsp21 dodecamers again became 
 visible as distinct bands several days after the heat-stress. As a recombinantly 

  Fig. 10.1    The chloroplast-localized sHsp, Hsp21, increases plant stress tolerance. Plants of 
 Arabidopsis thaliana  (ecotype RLD, 21 days old), wildtype plants ( left ) and transgenic plants 
( right ) which constitutively overexpressed Hsp21 to 20× normal levels, were exposed to repeated 
daily heat stress treatment (4 h, 40 °C) at high light-intensity (1,600 μE/m 2 s). After 1 week, the 
wildtype plants were half the height of the Hsp21-overexpressors as seen in the picture, and the dry 
weight per plant had dropped to one third (30 %) for wildtype plants but only to half (53 %) for 
Hsp21-overexpressors, compared to plants given no heat stress treatment (Härndahl et al.  1999 )       
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expressed and purifi ed protein, Hsp21 is dodecameric and stable at high tempera-
tures provided that DTT is present to keep the methionines reduced, whereas the 
dodecamer dissociates in presence of unfolding model substrate protein, as concluded 
from experiments with chemical crosslinking and SDS-PAGE (Ahrman et al.  2007 ). 

 The structure of Hsp21 is quite similar to the dodecameric wheat Hsp16.9, whose 
structure has been resolved to atomic resolution (Van Montfort et al.  2001b ). Hsp 
16.9 however is smaller and lacks the methionine-rich motif in the N-terminal 
domain, which is 41 amino acids longer in Hsp21. With Hsp16.9 as a template we 
generated a structure model for Hsp21, by homology modeling, single-particle elec-
tron microscopy and lysine-specifi c chemical crosslinking (Lambert et al.  2011 ). The 
model showed that the Hsp21 subunits were arranged in two hexameric discs that 
were rotated by 25° in relation to each other. Possibly, the protein density maps has 
caught a glimpse of a more dynamic conformation compared to a more symmetric 
and stable conformation required for crystallization. The rapid subunit exchange is 
functionally important (Bova et al.  1997 ,  2000 ; Giese and Vierling  2002 ) whereby 
hydrophobic parts hidden in the oligomer become exposed for interactions with the 
unfolding client proteins, forming polydisperse ensembles of sHsp- client complexes 
(Basha et al.  2011 ; Stengel et al.  2012 ). We have repeatedly seen in proteolysis 
experiments that the N-terminal domain in Hsp21 is rapidly degraded, behaving as 
intrinsically disordered proteins (Bardwell and Jakob  2012 ; Tompa and Csermely 
 2004 ) and in various functional in vitro assays Hsp21 displays the typical properties 
of a molecular chaperone, suppressing the aggregation of heat-sensitive model 
substrate proteins and of fi brillation-prone peptides (unpublished data). Chemical 
crosslinking and mass spectrometry suggest an interaction between the disordered 
N-terminal region of Hsp21 and the C-terminal presumably unfolding part of the 
temperature-sensitive substrate protein malate dehydrogenase (Lambert et al.  2013 ). 

 Which the endogenous target proteins for Hsp21 are is not clear, although an 
interesting, single target was recently identifi ed, a transcription regulator, the plastid 
nucleoid protein pTAC5, that is required to maintain the plastid-encoded RNA- 
polymerase under heat stress (Zhong et al.  2013 ). In case of the 11 different 
mammalian sHsps, of which many are constitutively expressed, there are several 
known cytoskeletal target proteins, and a connection between certain protein aggregates 
and sHsps (Carra et al.  2013 ; Garrido et al.  2012 ; Kampinga and Garrido  2012 ). A 
cyanobacterial homologue to Hsp21,  Synechocystis  Hsp16.6, was investigated for 
target proteins using co-immunoprecipitation (Basha et al.  2004 ), and a large 
 number of various cellular proteins with various cellular functions were identifi ed 
as target proteins. Using the same  Synechocystis  Hsp16.6 system, a screen was also 
performed for mutations affecting activity, and it was concluded that mutations in 
the N-terminal domain could be detected that hampered the thermotolerance in vivo, 
yet without reducing the in vitro assay activity (Giese et al.  2005 ). Importantly, the 
fact that the N-terminal mutations were impaired in terms of their function in vivo, 
yet active as chaperones in vitro, indicates that chaperone activity assays in vitro 
should be interpreted with some precaution. They may refl ect rather a very general 
chaperoning property in suppressing aggregation in vitro, rather than the physiolog-
ically relevant and essential features of the sHsp mechanism of action.  
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10.3     Quantifi cation of Translocation into Membrane 
in Heat-Stressed Plants 

 Another avenue to follow regarding the sHsp mechanism of action is that Vigh and 
coworkers have discovered and described that cyanobacterial sHsps translocate into 
membranes under heat stress (Balogi et al.  2008 ; Torok et al.  2001 ), suggesting dual 
roles for sHsps in stress-protection, as molecular chaperones and as membrane 
stabilizers. Membranes are both targets and sensors of stress in all organisms but 
especially so in photosynthetic organisms (Horvath et al.  2012 ; Vigh et al.  2007 ). 

 We therefore addressed the question of translocation into membranes; to what 
extent the chloroplast-localized Hsp21 can translocate into membranes during heat 
stress and to what extent other proteins in the chloroplast proteome also translocate 
(Bernfur et al. unpublished data). We applied a quantitative proteomics procedure 
previously developed for  Arabidopsis thaliana  plants (Bernfur et al.  2013 ) as out-
lined in Fig.  10.2 .  

 Plants were grown hydroponically with stable isotope labeling as indicated in 
Fig.  10.2a . Growth on  15 N-medium does not affect the protein composition of the 
plants compared to growth on normal ( 14 N) medium. All plants were pre-treated to 
induce expression of Hsp21. The  14 N plants were kept as control plants and the  15 N 

  Fig. 10.2    Quantitative proteomics approach to assess the relative abundance of various proteins in 
the thylakoid membrane in heat-stressed compared to control plants. Plants of  Arabidopsis  thaliana  
were isotope-labelled and exposed to control and heat-stress conditions, after which they were 
processed to calculate the relative abundance of protein present in the thylakoid membranes of 
heat-stressed compared to control plants. ( a ) After heat stress, chloroplasts were immediately iso-
lated, from the heat-stressed plants and from control plants, and subfractionated into soluble and 
thylakoid membrane fraction. After 1:1 mixing of thylakoid  fraction from the heat-stressed ( 15 N) 
and control ( 15 N) plants, proteins in this mixture were analyzed by Orbitrap nano-LC MSMS and 
Mascot Distiller Quantitation Toolbox used to determine the signal intensities of the isotope peak 
pairs, and the relative abundance of the isotope forms for each protein was calculated. ( b ) Mass 
spectra show example of an isotope peak pair for one peptide (peptide ENSIDVVQQGQQK, 
amino acid 6–18 in the Hsp21-protein. The relative abundance was calculated as presented for in 
total 169 different proteins in Fig.  10.3        
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plants were heat-stressed for 1 h and immediately thereafter the thylakoid  membranes 
were isolated, mixed 1:1 and processed for proteomic protein quantifi cation with the 
Mascot Distiller Quantitation Toolbox software (  www.matrixscience.com    ). The 
output gives, for several peptides in each protein, the L/H (light/heavy) isotope ratios 
from the signal intensities in the mass spectra, where peptides appear as peak pairs 
with one  14 N-peak (light) and one  15 N-peak (heavy), as exemplifi ed in Fig.  10.2b . 
This gives the relative abundance, i.e. the amount of each protein present, in the 
thylakoid membranes in the heat-stressed plants  compared to the control plants. 

 The relative abundance, defi ned as the q-value (from the sum of the  15 N isotope 
signal divided by the sum of the signals of the  14 N and  15 N), was determined for 169 
proteins in total. If a protein has the same relative abundance in the membranes from 
heat-stressed and control plants the q-value is 0.5. We found that approximately 
95 % of 169 proteins did not deviate strongly from q = 0.5 (Fig.  10.3 ). Contrastingly, 
Hsp21 had a q-value of 0.95, i.e. translocated into membrane in heat-stressed plants.  

 Among the 169 proteins, approximately one third were well-known high- 
abundance thylakoid membrane proteins belonging to the four multisubunit 
 complexes in photosynthetic light reaction (photosystem I and II, the cytochrome 
b/f-complex, the ATP-synthase), with q-values between 0.36 and 0.55 (average 
q = 0.44), showing, reasonably enough, that their abundance in the thylakoid 
 membrane did not change in heat-stressed plants compared to control plants. A few 
proteins showed very low values of q < 0.2, one of them was the chloroplast form of 
lipoxygenase (q = 0.14), involved in the biosynthesis of the stress signaling lipid 
compound jasmonic acid and the chloroplast RNA-binding protein (q = 0.24), 

  Fig. 10.3    Relative abundance of proteins detected in the thylakoid membrane in heat-stressed 
plants compared to control plants. The relative amount of protein present in the thylakoid 
 membranes in heat-stressed plants compared to control plants is shown for 169 proteins. Protein 
quantifi cation based on  14 N/ 15 N-ratios was used to assess the relative abundance of proteins in the 
thylakoid membranes in heat-stressed plants compared to control plants, which is expressed as 
the q-value of the protein which is the average of the q-values of the peptides determined 
as  q N N N= +15 14 15/

 
  according to Fig.  10.2 . A value of q > 0.5 means larger amount of protein 

in thylakoid membrane in heat-stressed plants compared to control plants, a value of q < 0.5 means 
lower amount in thylakoid membrane in heat-stressed plants compared to control plants, and a 
value of q = 0.5 means that the protein is distributed similarly between control and heat-stressed 
plants       
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involved in transcription. These two proteins appear to be degraded in heat-stressed 
plants compared to control plants, since the corresponding q-values in the soluble 
fraction also were low (q = 0.13 and 0.32, respectively). Members of the Hsp70 
subfamily and transketolase were detected in thylakoid membranes with q-values 
>0.77, and with the corresponding q-values in soluble stroma lower than 0.5 
(q = 0.41 and 0.5, respectively), suggesting translocation from the soluble stroma to 
the thylakoid membrane, albeit less pronounced than for Hsp21. Other proteins 
belonging to the family of heat shock proteins, two members of the DnaJ/Hsp40 
subfamily and one of the Hsp60 subfamily, were detected in the thylakoid fractions 
with q-values at or slightly above 0.5 (0.46, 0.57 and 0.68, respectively). The data 
altogether suggest that Hsp21 translocates into the membrane in heat-stressed plants 
whereas, with few exceptions, other proteins largely do not.  

10.4     Quantifi cation of Translocation into Isolated 
Membranes of Hsp21-Protein 

 A temperature-dependent translocation of Hsp21 into membrane also occurred 
when the phenomenon was investigated in reconstituted systems in vitro, using 
 isolated thylakoid membranes which were incubated with either isolated stroma that 
contained Hsp21 and all other proteins in the soluble chloroplast stroma, or with 
recombinantly expressed and purifi ed Hsp21 protein. We used the same quantifi ca-
tion procedure based on L/H-isotope ratios by using  15 N-labelled Hsp21, obtained 
by growing the bacterial host in minimal medium containing  15 N-NH 4 Cl as nitrogen 
source as described in (Söderberg et al.  2012 ). 

 Moreover, we have generated a mutant of Hsp21 that is dimeric, as judged by gel 
fi ltration and non-denaturing PAGE (Bernfur et al. unpublished data). In this Hsp21 
V181A- substitution mutant the hydrophobic interaction is reduced between the con-
served the IXI/V-motif in the C-terminal tails (which in Hsp21 and its orthologues is 
extended to IX V XI, where the  V  in bold corresponds to V181) and the hydrophobic 
grooves in the adjacent monomers, i.e. the interactions which are so important in 
keeping sHsp oligomers together. When we have grown this Hsp21 V181A- 
substitution mutant protein, we have repeatedly observed that the  E. coli  cells 
 expressing this mutant protein grow less well, are very easily lysed and that the Hsp21 
V181A-substitution mutant protein has a tendency to leak out into the medium 
more than the wildtype protein. We hypothesized that this refl ects the functional 
importance of why Hsp21 is oligomeric, and why sHsps are oligomeric, and used our 
quantitative proteomics approach with L/H-isotope ratios to precisely determine to 
what extent and under which conditions Hsp21 dodecamer and Hsp21 dimer translo-
cate into membrane. 

 Thylakoid membranes were incubated with a mixture of wildtype dodecameric 
Hsp21-protein ( 15 N) and mutant dimeric Hsp21 ( 14 N). After incubation at certain 
time and temperature the thylakoid membranes were spun down and processed for 
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determination of relative abundance of proteins a summarized in Table  10.1 , the 
data obtained indicated that wildtype Hsp21-protein ( 15 N), which was in surplus in 
the mixture, is preferentially inserted into the thylakoid membranes after incubation 
at increased temperature (45 °C). However, after incubation at lower temperature 
(20 °C) the mutant dimeric Hsp21-protein ( 14 N) is preferentially inserted compared 
to wildtype dodecameric protein.

   At present it is not known in what form Hsp21 is inserted or associated with the 
thylakoid membrane. Presumably dissociated subunits of Hsp21 (monomers or 
dimers) become inserted into the membrane, but it remains to be investigated 
whether it is the N-terminal domain with the amphipathic α-helices that bring about 
the translocation into membrane, as in amphitropic enzymes (Huang et al.  2013 ). 
Also it is yet not known whether Hsp21 is just inserted into the lipid bilayer or 
whether it interacts with membrane-associated proteins or with integral membrane 
proteins, whose soluble parts also may unfold in response to increased temperature. 
These data also suggest a partly new explanation as to why sHsps need to be 
 oligomeric: to hide the hydrophobic regions that are exposed in the dimers to avoid 
membrane lysis under non-stressed conditions. 

 The conserved amphipathic N-terminal domain of Hsp21 (Chen and Vierling 
 1991 ; Waters et al.  1996 ), which shows features of an intrinsically disordered pro-
tein (Bardwell and Jakob  2012 ; Tompa and Csermely  2004 ), could interact either 
with the membrane bilayer, proteins therein, or with soluble proteins, as outlined 
in Fig.  10.4 . Due to the reversible methionine oxidation cycle (Gustavsson et al. 
 2002 ) involving Hsp21 and the chloroplast-localized methionine sulfoxide reduc-
tase, the translocation of Hsp21 into thylakoid membranes could also protect the 
membrane from lipid peroxidation by scavenging reactive oxygen species, as 
demonstrated for the Hsp21-homologue in  Mycobacterium tuberculosis  (Abulimiti 
et al.  2003 ).   

    Table 10.1    Quantifi cation of temperature-dependent translocation into membrane of purifi ed 
Hsp21 proteins using  15 N-labelled Hsp21 dodecamer and Hsp21 V181A mutant dimer   

 L/H  q  Comment: 

 Mix of  15 N dodecamer and  14 N 
dimer 

 0.24  0.81  Mixture with 80 %  15 N-labelled 
dodecamer 

 Membrane  –  –  No Hsp21 in membrane 
 Membrane + mix, 20 °C 15 min  0.55  0.64  Mostly  14 N dimer into the membrane 
 Membrane + mix, 45 °C 15 min  0.07  0.93  Mostly  15 N dodecamer into the membrane 
 Membrane + mix, 20 °C, 30 min  1.03  0.49  Mostly  14 N dimer into the membrane 

  Recombinantly expressed Hsp21 dodecamer protein was purifi ed was labelled with  15 N by  growing 
the bacterial host in minimal medium containing  15 N-NH 4 Cl as nitrogen source as described in 
Söderberg et al. ( 2012 ). The recombinantly expressed Hsp21 dimer V181A substitution mutant pro-
tein was purifi ed by ion exchange chromatography and gel fi ltration (unpublished results) 
 L/H = (light/heavy) ratio is the output from Mascot Distiller Quantitation Toolbox software 
  q N N N= +15 14 15/    as described in Figs.  10.2  and  10.3   
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10.5     Conclusions 

 Hsp21, the chloroplast-localized sHsp, protects plants and the photosynthesis 
machinery, which is the driver of plant growth, against oxidative stress and the con-
served methionines in the N-terminal domain of Hsp21 act in scavenging reactive 
oxygen species (Figs.  10.1  and  10.4 ). Using stable isotope labelling of  Arabidopsis 
thaliana  plants and quantitative proteomics based on  14 N/ 15 N isotope ratios, we have 
shown that most chloroplast proteins have the same relative abundance in the thyla-
koid membranes in heat-stressed plants compared to control plants, whereas Hsp21 
translocates into the thylakoid membrane in heat-stressed plants (Figs.  10.2  and 
 10.3 ). Also in reconstituted systems with isolated thylakoid membranes, Hsp21 
enters the membrane at increased temperature, and the dimeric mutant Hsp21 does 
so already at lower temperature (Table  10.1 ). The picture is emerging for several 

  Fig. 10.4    Role of the chloroplast-localized Hsp21 in plant stress tolerance. Hsp21 can interact as 
a chaperone with partly unfolded substrate proteins to prevent aggregation, and/or interact with the 
thylakoid membrane. The interior of the Hsp21 dodecamer holds 12N-terminal domains, with a 
propensity for forming amphipathic α-helices while also showing properties resembling intrinsi-
cally disordered proteins, and which may interact with unfolding substrate proteins as well as with 
the membrane. Insert: The conserved methionines in the N-terminal domains of Hsp21 may add a 
ROS-scavenger function to the chaperone, with reversible oxidation-reduction of the methionines 
in a cycle including a chloroplast-localized form of a peptide methionine sulfoxide reductase 
(Gustavsson et al.  2002 ). Such a cycle might also counteract lipid peroxidation in the membranes       
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sHsps that the disordered regions are kept safely ready to be “unleashed” upon 
oligomer disassembly in order to perform the chaperoning activity (Basha et al. 
 2013 ; Peschek et al.  2014 ). Were it not for the oligomericity the high expression 
level of sHsps might have caused membrane lysis under non-stress conditions, as 
happened with the non-dodecameric Hsp21 mutant that entered the membrane 
also at lower temperature. Questions that remain to be answered are what parts of 
Hsp21 that becomes inserted into membrane, if Hsp21 also translocates into the 
chloroplast envelope membrane and whether the cytosolic sHsps enter into the 
plasma membrane and/or the chloroplast envelope membrane. The here described 
quantitative proteomics approach (Bernfur et al. unpublished data), especially in 
combination with chemical crosslinking, are ideal tools to address these questions. 

 Our data altogether suggest that temperature-dependent translocation into mem-
branes is a general and unique property of sHsps and that attempts to understand the 
physiological role of Hsp21 in plant stress resistance must take into account this 
translocation into membranes.     
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    Chapter 11   
 Multifunctional Roles of αB-Crystallin 
in Skeletal and Cardiac Muscle Homeostasis 
and Disease 

             Katie     A.     Mitzelfelt     and     Ivor     J.     Benjamin     

    Abstract     αB-Crystallin, or HspB5, is a small molecular-weight heat shock protein 
expressed highly in cardiac and skeletal muscle with multifaceted cellular roles 
including, chaperone function towards essential myofi brillar components. Insights 
into protective roles played by αB-crystallin, as well as mutations in the gene 
 encoding αB-crystallin,  CRYAB , which resulted in human pathologies, have highlighted 
the critical functions of αB-crystallin in both skeletal and cardiac muscle,  inter alia . 
Various human mutations in  CRYAB  appear to have tissue-specifi c effects, with loss 
of αB-crystallin only impacting skeletal muscle under basal conditions. This review 
aims to highlight the roles of αB-crystallin in skeletal and cardiac muscle homeosta-
sis as well as under conditions of stress and disease, drawing insights from human 
pathologies resulting from  CRYAB  mutations, and to discuss the potential of using 
induced pluripotent stem cells to model αB-crystallin-opathies in vitro.  

  Keywords     Cardiac muscle   •   Skeletal muscle   •   Myopathy   •    CRYAB , HspB5   • 
  Induced pluripotent stem cells (iPSCs)   •   Protein aggregation  

11.1         Introduction 

 αB-Crystallin, also known as HspB5, is a member of the small molecular-weight 
heat shock family (sHSPs) of molecular chaperones, a diverse family of proteins 
that are characterized by the presence of a conserved α-crystallin domain (Ignolia 
and Craig  1982 ; Kappé et al.  2002 ). The α-crystallin domain in αB-crystallin 
 interacts with an adjacent monomer to form a dimeric building block, and further 
assembles into higher order oligomers (Bagneris et al.  2009 ; Jehle et al.  2010 ; 
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Laganowsky et al.  2010 ). The  CRYAB  gene encodes αB-crystallin expression and 
primarily functions as a molecular chaperone (Horwitz  1992 ), among other things. 
Though its expression was originally thought to be confi ned to the lens, it was later 
realized that αB-crystallin is relatively ubiquitously and abundantly expressed in 
cardiac and skeletal muscle (Dubin et al.  1989 ). Enhancer elements modulating the 
 CRYAB  promoter account for its tissue specifi city (Gopal-Srivastava et al.  1995 ; 
Gopal-Srivastava and Piatigorsky  1993 ). As described in this review, αB-crystallin 
plays essential functions in tissue maintenance during homeostasis and in stressed 
or pathological states of cardiac and skeletal muscle. Additionally, mutations in 
human  CRYAB  result in cardiac and/or skeletal myopathies, with causal mecha-
nisms of the apparent tissue-specifi c effects of the mutations remaining unresolved. 
This review discusses the implications and requirements for αB-crystallin in both 
cardiac and skeletal muscle during homeostasis as well as under stressed or patho-
logical conditions. We also invoke studies involving mutant forms of  CRYAB  pres-
ent in patients to make inferences into tissue-specifi c requirements.  

11.2     Structure and Function of αB-Crystallin 

11.2.1     Constitutive and Inducible Expression 

 αB-Crystallin is classifi ed as a Class I sHSP due to its ubiquitous expression (Taylor 
and Benjamin  2005 ). First discovered in 1894, it was originally thought to be a lens- 
specifi c protein (Morner  1894 ), until murine  CRYAB  was cloned and found to be 
expressed at high levels in the heart, skeletal muscle, kidney, and lung and low 
 levels in the brain and spleen (Dubin et al.  1989 ). Muscle-specifi c expression of 
 CRYAB  is conferred by upstream enhancer elements that regulate promoter activity. 
Murine  CRYAB  cis-acting enhancer elements, identifi ed by reporter expression 
driven by the  CRYAB  promoter, show regions required for expression in skeletal 
muscle, termed αBE-1, αBE-2, αBE-3, and MRF (Gopal-Srivastava and Piatigorsky 
 1993 ), which are also required for cardiac muscle expression along with an 
 additional, unique element, αBE-4 (Gopal-Srivastava et al.  1995 ). The MRF site 
contains an E-box that in skeletal muscle is bound and activated by the bHLH 
 myogenic regulatory factors (MRFs), including MyoD and myogenin (Gopal-
Srivastava and Piatigorsky  1993 ). In cardiac muscle, the E-box of the MRF site may 
be bound by upstream stimulatory factor (USF) or an antigenically similar factor 
(Gopal- Srivastava et al.  1995 ). The cardiac-specifi c element, αBE-4, contains a 
reverse CArG box, which may be bound by serum response factor (SRF) or an 
alternate, antigenically similar protein (Gopal-Srivastava et al.  1995 ). 

 In addition to its constitutive expression,  CRYAB  is also inducible in response 
to multiple forms of stress including heat, oxidative stress, and infl ammation, 
which are sensed by heat shock factor 1 (HSF1), a transcriptional activator that 
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homo- trimerizes to interact with heat shock elements in the promoters of 
stress-response genes, including  CRYAB  (reviewed in (Morimoto  1998 ; Christians 
et al.  2002 )). HSF1 defi cient mice exhibit decreased basal levels of αB-crystallin in 
the normal heart, indicating HSF1 may be involved in regulation of  CRYAB  expression 
under non-stress conditions as well (Yan et al.  2002 ). 

 Continuous motor nerve stimulation of rabbit tibialis anterior muscle increases 
αB-crystallin levels, and this upregulation may involve interaction of the MRFs 
with the E-box in the  CRYAB  enhancer region (Neufer and Benjamin  1996 ). 
Eccentric contraction (lengthening contraction) in skeletal muscle also increases the 
levels of  CRYAB  along with other HSPs (Kostek et al.  2007 ; Thompson et al.  2001 ) 
resulting from mechanical and/or oxidative stress (Koh  2002 ). Mechanical load and 
nerve innervation of skeletal muscle also regulate the level of  CRYAB  expression as 
shown in experiments where suspension of the rat hindlimb decreases  CRYAB  
mRNA levels, and denervation has differential effects on  CRYAB  mRNA levels in 
different types of skeletal muscle (Atomi et al.  1991 ). Passive stretch increases 
 CRYAB  mRNA levels in skeletal muscle (Atomi et al.  1991 ). 

 αB-Crystallin is the most abundant sHSP in the heart, making up 3 % of cardiac 
homogenates and its expression in the heart is limited to cardiomyocytes (Lutsch 
et al.  1997 ). Stress including ischemia/reperfusion (I/R) injury upregulates 
αB-crystallin in the heart (Martin et al.  1997 ; Ray et al.  2001 ).  

11.2.2     Structure and Oligomerization 

 sHSPs such as αB-crystallin contain an 80–100 residue, conserved α-crystallin 
domain (de Jong et al.  1998 ) comprised of an immunoglobulin-like β-sandwich, 
including strands β2−β9, which is critical for dimer formation through interaction 
of the extended β6 + 7 strand on adjacent monomers (Bagneris et al.  2009 ). Homo- 
or hetero-dimers assemble into large, oligomeric structures in the inactive state 
(Mymrikov et al.  2011 ) with an average of 40 subunits and a molecular mass of 
800 kDa (Bloemendal  1981 ). Heat stimulates the rapid exchange of subunits, as 
determined by fl uorescence resonance energy transfer experiments, and binding to 
large, denatured substrates greatly reduced the rate of subunit exchange (Bova et al. 
 1997 ). The variable c-terminal region of αB-crystallin contains a conserved I/V/L-
X- I/V/L motif that binds the β4/8 groove of the adjacent monomer (Delbecq et al. 
 2012 ), contributing to dimer formation, and may also modulate chaperone activity 
(Bagneris et al.  2009 ; Laganowsky et al.  2010 ; Ghosh et al.  2006 ). The hydrophobic 
groove at the dimer interface is essential for substrate binding (Clark et al.  2011 ). 
The function of the variable N-terminus is less well-defi ned, though it is thought to 
impact oligomerization, containing three phosphorylation sites that can modulate 
the polydispersity of oligomers (Ecroyd et al.  2007 ) and reduce their size (Peschek 
et al.  2013 ).  
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11.2.3     Subcellular Localization 

11.2.3.1     Cytoplasm 

 αB-Crystallin has disperse cytoplasmic localization and can bind to the intermediate 
fi lament protein desmin (Bennardini et al.  1992 ), as well as contractile proteins, 
including actin (Bennardini et al.  1992 ) and titin (Golenhofen et al.  2002 ; Bullard 
et al.  2004 ; Kotter et al.  2014 ). These interactions are stimulated in response to 
stress including I/R stress (Golenhofen et al.  1999 ,  2002 ) and stretch caused by 
eccentric contraction in skeletal muscle (Koh and Escobedo  2004 ; Kotter et al. 
 2014 ). Transgenic mice expressing the R120G mutant form of αB-crystallin in 
 cardiomyocytes exhibit defects in mitochondrial organization, architecture, and 
 respiration (Maloyan et al.  2005 ), which is attributable to breakdown of the desmin 
network (Wang et al.  2001 ). Specifi c mitochondrial alignment along adjacent sarco-
meres is critical for maximal respiratory function in striated muscle, dependent 
upon cytoskeletal components, with cardiac and different types of skeletal muscle 
having differential arrangements and amounts of mitochondria (Milner et al.  2000 ; 
Reipert et al.  1999 ; Rambourg and Segretain  1980 ; Rappaport et al.  1998 ; Ogata 
and Yamaksak  1997 ). These data indicate that αB-crystallin, through interactions 
with cytoskeletal elements including desmin, among other things, may be crucial 
for maintaining organization and proper function of mitochondria.  

11.2.3.2     Mitochondrial Interaction 

 Mitochondria are vital for both cardiac and skeletal muscle function, and as 
 mentioned previously, the organization of mitochondria along myofi brils, which 
varies based on muscle type and is maintained through cytoskeletal interactions, is 
essential for maintaining maximal functional capacity (Milner et al.  2000 ; Reipert 
et al.  1999 ; Rambourg and Segretain  1980 ; Rappaport et al.  1998 ; Ogata and 
Yamaksak  1997 ). Maintaining mitochondrial integrity is crucial for inhibiting 
 apoptosis and αB-crystallin has been shown to play a key role in this process during 
stress. αB-Crystallin associates with mitochondria, and this association increases 
with I/R stress, shown in rats (Mitra et al.  2013 ), and after exposure to hydrogen 
peroxide, shown in culture of mouse neonatal cardiomyocytes (Chis et al.  2012 ). 
Both phosphorylated and unphosphorylated αB-crystallin interact with the voltage-
dependent anion channel (VDAC) and translocase of outer mitochondrial membrane 
20 kDa (TOM 20) at the mitochondrial membrane as well as with caspase 3 and 
caspase 12 (Chis et al.  2012 ). It is thought that the interaction with VDAC is critical 
for preventing apoptosis through the mitochondrial pathway during I/R injury 
(Mitra et al.  2013 ). Temporal studies with I/R performed ex vivo in mouse hearts 
demonstrated that αB-crystallin translocates to the mitochondria during  ischemia, 
becomes phosphorylated at Ser-59, and aids in maintaining mitochondrial membrane 
potential, thereby preventing apoptosis (Whittaker et al.  2009 ).  
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11.2.3.3     Nuclear Speckles 

 Nuclear speckles, located within the interchromatin space of the nucleoplasm, are 
proposed to be storage sites for splicing components and are associated with 
 transcriptional activity (Spector and Lamond  2011 ). αB-Crystallin and other sHSPs, 
including Hsp27 (HspB1) localize to nuclear speckles in a variety of unstressed, 
transcriptionally active cell lines and primary cells (Vandenijssel et al.  2003 ). 
Overexpression of the R120G mutant form of αB-crystallin inhibited localization to 
nuclear speckles (Vandenijssel et al.  2003 ). These data suggest a nuclear role for 
αB-crystallin in modulating transcript processing, which may be important in 
R120G αB-crystallin-opathy (Vandenijssel et al.  2003 ). 

 A study utilizing mouse C2C12 myoblasts and differentiated myotubes showed 
differential nuclear speckle localization of αB-crystallin in response to heat 
shock (Adhikari et al.  2004 ). In the basal state, myoblasts showed expression of 
αB-crystallin in the cytoplasm and nucleus, with co-localization with lamin A/C 
and splicing factor SC-35, indicating nuclear speckle localization, and upon heat 
stress, myoblasts exhibited almost complete re-localization of αB-crystallin to the 
nucleus in nuclear speckles, returning to basal state following 3 h recovery. 
Interestingly, myotubes have αB-crystallin expression exclusively in the cytoplasm 
under basal and heat stressed conditions. This data may speak for a differential role 
of αB-crystallin in transcriptional modulation or cytoskeletal protection during 
 differentiation and myogenesis.  

11.2.3.4     Posttranslational Modifi cations 

 αB-Crystallin contains three phosphorylation sites (Ser-19, Ser-45, Ser-59), identifi ed 
through experiments exposing cultured cells to various forms of stress (Kato et al. 
 1998 ; Ito et al.  1997 ). These sites are located within the n-terminal region, which 
can impact both structural and functional aspects of the sHSP, though the impact of 
phosphorylation on protection of the cell seems to be context dependent. Through 
studies employing phosphomimetic forms of αB-crystallin, it has been shown that 
phosphorylation at all three residues decreases oligomer size, with the dominant 
species being 12-mers and 6-mers, resulting in a more fl exible n-terminal domain 
and increased chaperone activity toward malate dehydrogenase and p53 (Peschek 
et al.  2013 ). Additional studies have shown both increases and decreases in chaperone 
activity of αB-crystallin with phosphorylation depending on the substrate and 
conditions (Ahmad et al.  2008 ; Ecroyd et al.  2007 ), and the ratio of phosphorylated 
to non-phosphorylated forms of αB-crystallin present in oligomers may be key to 
regulating its wide range of chaperone activity (Ahmad et al.  2008 ). 

 Phosphorylation at Ser-45 may disrupt dimer formation, resulting in an increase 
in oligomers with an odd number of subunits (Aquilina et al.  2004 ). One study 
showed that phosphorylation at Ser-59 is required for nuclear import, and localiza-
tion to nuclear speckles required phosphorylation at Ser-45 in HeLa cells (den 
Engelsman et al.  2005 ). Though a different study employing transient transfection 
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of a phospho-defective form of αB-crystallin, demonstrated that phosphorylation 
was not required for nuclear localization (Vandenijssel et al.  2003 ). Phosphorylation 
at Ser-59 occurs in response to I/R stress in cardiomyocytes (Ito et al.  1997 ). A 
phosphomimetic at Ser-59 was shown to be necessary and suffi cient for attenuating 
hyperosmotic or hypoxic stress-induced apoptosis in rat neonatal cardiomyocytes 
through inhibition of caspase 3 activation (Morrison et al.  2003 ). In differentiating 
C2C12 myoblasts, overexpression of wildtype αB-crystallin inhibits caspase 3 activation 
thereby blocking differentiation-induced apoptosis, and pseudophosphorylation 
of αB-crystallin at all three serine residues prevents αB-crystallin from performing 
this function (Kamradt et al.  2002 ). In light of these data showing varying effects 
of phosphorylation of αB-crystallin on its structure, localization, and function, 
it is likely that phosphorylation may be a mechanism for fi ne-tuning the activity 
of αB-crystallin, which is context dependent. In addition to phosphorylation, 
αB-crystallin undergoes O-GlcNAcylation at threonine 170, which has been linked 
to effects on αB-crystallin subcellular localization, protein-protein interactions, 
chaperone function, and degradation (Krishnamoorthy et al.  2013 ).   

11.2.4     Roles 

11.2.4.1     Chaperone 

 The major role of αB-crystallin is as a molecular chaperone. Chaperones bind 
hydrophobic regions of unfolded proteins, stabilizing the protein and preventing it 
from precipitating out of solution (Ellis and van der Vies  1991 ). αB-Crystallin, func-
tions in an ATP-independent manner to bind severely compromised, aggregation- 
prone, late unfolding protein intermediates that are about to precipitate out of 
solution, and forms a stable, soluble complex that is resistant to aggregation (Carver 
et al.  1995 ; Rajaraman et al.  2001 ). Additionally, αB-crystallin transiently interacts 
with early unfolding intermediates and promotes their refolding (Rajaraman et al. 
 2001 ). Substrate recognition by αB-crystallin is not fully defi ned, but occurs through 
interaction of its hydrophobic regions, possibly various regions throughout the protein 
with exposed hydrophobic regions of unfolded proteins. This provides αB-crystallin 
with the ability to recognize a wide range of substrates (Basha et al.  2012 ). 

 The importance of αB-crystallin in maintaining cytoskeletal integrity is 
exemplifi ed by its ability to bind and stabilize actin microfi laments, intermediate 
fi laments, including desmin, vimentin, and GFAP, as well as microtubules reviewed 
in (Liang and MacRae  1997 ). In addition to binding cytoskeletal elements, 
αB-crystallin also has the ability to bind and prevent the aggregation of some 
growth factors, including FGF-2 and VEGF (Ghosh et al.  2007a ,  b ). An in vitro 
study demonstrated the transient appearance of dimeric αB-crystallin interacting 
with the model destabilized substrate, α-lactalbumin, indicating that dimer release 
from the larger oligomers may be important for the chaperone function of 
αB-crystallin (Smirnova et al.  2013 ). 
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 Desmin, a major intermediate fi lament protein in striated muscle, is responsible 
for connecting myofi brils together through Z-discs (Lockard and Bloom  1993 ). 
αB-Crystallin interacts with and functions as a chaperone for desmin (Perng et al. 
 1999a ), and a mutant form of αB-crystallin, R120G, can increase its affi nity for 
desmin resulting in aberrant desmin aggregation (Perng et al.  2004 ; Vicart et al. 
 1998 ). A study identifying that the interaction between αB-crystallin with desmin 
involved the β3 and β8 strands as well as c-terminal residues 155–165, also suggests 
that binding or cosedimentation of αB-crystallin with desmin does not necessarily 
increase αB-crystallin chaperone function towards desmin (Houck et al.  2011 ). 

 The muscle contractile protein titin, responsible for the elastic properties of 
 muscle, contains spring-like immunoglobulin (Ig) domains that can unfold and 
allow contracted muscles to stretch (Minajeva et al.  2001 ), which can result in 
aggregation of the unfolded titin domains (Minajeva et al.  2001 ; Rief  1997 ). Titin 
and αB-crystallin were co-immunoprecipitated in pig hearts following ischemia and 
αB-crystallin was shown to bind to the I-band region of titin, with extraction of 
actin, in ischemic rat cardiomyocytes (Golenhofen et al.  2002 ). A following study 
more specifi cally identifi ed that αB-crystallin binds to the N2B region of the cardiac 
titin isoform in physiologically stretched cardiomyocytes, and that higher stretching 
forces are required to unfold the titin domains in the presence of αB-crystallin 
(Bullard et al.  2004 ). Whereas binding of αB-crystallin appears to be specifi c to the 
N2B element of titin in cardiac muscle, in skeletal muscle, αB-crystallin shows 
scattered binding along the length of the I-band in rats, indicating it may bind to 
other Ig domains (Golenhofen et al.  2004 ). In vitro work shows that unfolded Ig 
domains, including cardiac N2B and skeletal N2A, of titin aggregate with increased 
aggregation under acidic conditions, and the presence of αB-crystallin prevents this 
aggregation (Kotter et al.  2014 ). αB-Crystallin was also localized to the Ig domain 
regions of titin in diseased, human cardiomyocytes and skeletal muscle, suggesting 
that this localization is necessary to prevent aggregation of unfolded Ig domains in 
overstretched muscle cells, and this interaction may also be relevant in skeletal 
 muscle during exercise (Kotter et al.  2014 ). Additionally, in I/R experiments using 
isolated papillary muscles from  CRYAB / HSPB2  double knockout (DKO) mouse 
hearts, it was speculated that more pronounced contracture in mutant muscles may 
be due to loss of αB-crystallin chaperone function of titin, thereby causing increased 
stiffness in response to ischemia (Golenhofen et al.  2006 ). 

 αB-Crystallin interacts with an f-box protein, FBX4, an important component 
of the SCF complex, which carries out ubiquitination of proteins, marking them 
for degradation (den Engelsman et al.  2003 ). This interaction is increased with 
phosphomimetics at Ser-19 and Ser-45 and also by the R120G mutation. These data 
suggest a potential role for αB-crystallin in directing substrate ubiquitination in 
the ubiquitin proteasome pathway, which may assist in maintaining cellular 
homeostasis by degrading proteins that will not refold properly. Activation of 
autophagy or the infl ammatory response may also be a role for αB-crystallin in 
protein quality control as has been suggested for other sHSPs (Carra et al.  2008 , 
 2009 ; Bruinsma et al.  2011 ).  
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11.2.4.2     Anti-apoptotic 

 Exogenous αB-crystallin expression in human lens epithelial cells prevented 
UVA- induced apoptosis through inhibition of the RAF/MEK/ERK pathway (Liu 
et al.  2004 ) via inhibition of RAS activation (Li et al.  2005 ). αB-Crystallin binds 
and modulates caspase 3 and Bax in the lens, regulating differentiation (Hu et al. 
 2012 ). It was also shown in retinal pigment epithelial cells that αB-crystallin is able 
to inhibit the translocation of Bax and Bcl-2 to the mitochondria (Mao et al.  2004 ). 
In cancer cell lines, αB-crystallin was identifi ed as a target gene directly trans- 
activated by p53. αB-Crystallin binds to the DNA binding domain of p53 and 
reduced p53- induced apoptosis (Watanabe et al.  2009 ). In response to hydrogen 
peroxide treatment of C2C12 myogenic cells, αB-crystallin interacts with p53 in the 
cytoplasm, possibly preventing its translocation to the mitochondria and abrogating 
oxidative stress-induced apoptosis (Liu et al.  2007 ). 

 When myoblasts are stimulated to differentiate by growth factor deprivation, 
they will undergo apoptosis if they do not develop resistance to apoptosis, allowing 
differentiation to ensue. In differentiating C2C12 myoblasts, αB-crystallin is 
induced in those myoblasts that develop resistance to apoptosis and overexpression 
of αB-crystallin prevents differentiation-induced apoptosis through inhibition of 
caspase 3 activation (Kamradt et al.  2001 ,  2002 ). An independent experiment 
confi rmed that overexpression of αB-crystallin decreased the levels of cleaved, 
activated caspase 3 in differentiating C2C12 myoblasts (Singh et al.  2010 ). These 
results suggest a critical role for αB-crystallin in the prevention of apoptosis during 
normal differentiation of myoblasts to myotubes. Additionally, DKO mice exhibit 
increases in both apoptosis and necrosis in response to I/R injury suggesting a 
protective role for one or both of these chaperones towards cardiomyocytes 
(Morrison et al.  2004 ). In αB-crystallin transgenic mice, Das and Dillmann have 
demonstrated ischemic cardioprotection (Ray et al.  2001 ).  

11.2.4.3     Redox Modulation 

 Muscle contains high levels of mitochondria to comply with high energy requirements. 
The heart is made up of 55 % cardiomyocytes, with up to 35 % of the cardiomyo-
cyte volume occupied by mitochondria and since mitochondria are the main source 
of reactive oxygen species (ROS), cells must adapt to deal with these harmful 
byproducts (Christians et al.  2012 ). Implications of αB-crystallin on redox state 
have mainly been explored through studies of the R120G mutant form. Transgenic 
mice overexpressing R120G αB-crystallin specifi cally in cardiomyocytes were 
shown to have a redox balance skewed towards reductive stress (Rajasekaran et al. 
 2007 ). In this model, R120G αB-crystallin-induced cardiomyopathy and aggregate 
formation were rescued by the intercross with mice having decreased levels of an 
antioxidative enzyme glucose-6-phosphate dehydrogenase, implicating an effect of 
the mutant form of αB-crystallin on redox state. αB-Crystallin cannot be thiolated 
due to its lack of cysteine residues, indicating that αB-crystallin does not undergo 
modifi cation in response to extreme shifts of redox conditions.    
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11.3     Protective Effects of αB-Crystallin in Stressed or 
Pathological States 

 Many instances of protective roles for αB-crystallin have been described in the lit-
erature and correspond with its role as a stress response protein. Roles for 
αB-crystallin in I/R injury of the heart and exercise-induced injury in skeletal mus-
cle will be discussed here. 

11.3.1     Cardiac Muscle: Ischemia/Reperfusion 

 Neonatal and adult rat cardiomyocytes are protected from I/R injury by overexpres-
sion of αB-crystallin (Martin et al.  1997 ). Transgenic overexpression of αB-crystallin 
also protects the mouse heart in ex vivo I/R, decreasing the extent of infarction, lower-
ing levels of oxidative stress, and decreasing apoptosis and necrosis (Ray et al.  2001 ). 
Conversely, DKO mouse hearts were more prone to I/R damage, and showed reduced 
contractile recovery, increased apoptosis and necrosis, and lower levels of the reduced 
form of glutathione, a protective molecule for oxidative damage (Morrison et al. 
 2004 ). To better understand the individual roles of αB-crystallin and HspB2 during 
I/R, Pinz and colleagues crossed DKO mice with mice transgenically overexpressing 
 CRYAB  and through I/R experiments, determined that αB-crystallin seems to be 
important for maintaining structure and diastolic function (Pinz et al.  2008 ). Through 
its mitochondrial interactions, as discussed previously, αB-crystallin may aid in main-
taining mitochondrial integrity in response to I/R stress (Boelens  2014 ). In response 
to I/R, αB-crystallin also translocates to the mitochondria (Whittaker et al.  2009 ) and 
interacts with VDAC; this interaction may be critical for preventing apoptosis induced 
through the mitochondrial pathway (Mitra et al.  2013 ; Chis et al.  2012 ). 

 Sixty-minute cardiac ischemia in pigs resulted in overstretching of  cardiomyocytes 
as observed by increased Z-disc spacing and increased distance between α-actinin 
and titin antibody staining (Golenhofen et al.  1999 ). In this study, αB-crystallin 
translocated from the cytoplasm to the I-band portion of titin in response to  ischemia 
and following reperfusion, it remained bound to titin in cardiomyocytes that were 
no longer capable of contraction (Golenhofen et al.  1999 ). This result suggests that 
αB-crystallin is essential for mitigating the refolding of elastic titin domains in 
response to cardiomyocyte stretch as a result of ischemia, and αB-crystallin remains 
bound to the unfolded domains of titin in cardiomyocytes that are too damaged to 
recover contractile function.  

11.3.2     Skeletal Muscle: Exercise 

 Eccentric contraction is the repeated stretching of actively contracting muscles and 
this can damage muscle fi bers especially in untrained muscles, whereby damage 
occurs with concomitant infl ammation (Koh  2002 ). Using ex vivo rabbit skeletal 
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muscles, it was shown that desmin is lost in damaged fi bers immediately after 
eccentric contraction and continues up to 3 days following injury (Friden and Lieber 
 2001 ). Dystrophin seems to be affected in a similar manner as a result of eccentric 
contraction in rat tibialis anterior muscles (Komulainen et al.  1998 ). An increase in 
free radical production in rabbit muscle occurred 24 h post-eccentric contraction, 
attributable to infi ltrating infl ammatory cells (Best et al.  1999 ). 

 Increases in the level of  CRYAB  were seen at 6 and 24 h after eccentric contraction 
(Kostek et al.  2007 ), which may be induced by mechanical and/or oxidative stress 
(Koh  2002 ). In a study involving human subjects using biopsies of the quadriceps 
muscle, αB-crystallin was upregulated 30 min following eccentric exercise and 
gradually decreased for 1 week after (Paulsen et al.  2007 ). Additionally, αB-crystallin 
responded immediately to eccentric exercise by binding to and fractioning with the 
cytoskeletal/myofi brillar proteins. Mice exposed to eccentric contractions showed 
immediate translocation of αB-crystallin from the soluble to insoluble fraction by 
western blot and cytosol to the Z-disc by immunostaining (Koh and Escobedo 
 2004 ). Phosphorylation of αB-crystallin was also observed during this time and 
may be important for its protective activity. 

 The temperature of muscles rises during exercise and may result in thermal 
injury. Chicken skeletal muscle myosin was unfolded by heat shock in vitro and in 
the presence of αB-crystallin, myosin retained enzymatic activity and aggregation 
was prevented (Melkani et al.  2006 ). αB-Crystallin was shown in vitro to prevent 
the acidic-induced aggregation of the N2A region of skeletal muscle titin, which 
contains Ig domains that are prone to unfolding during exercise (Kotter et al.  2014 ). 
It also is bound to the Ig domain regions of titin in skeletal muscle biopsies from 
patients with limb girdle muscular dystrophy type 2a; while in healthy human 
 biopsies, αB-crystallin had cytosolic localization with faint Z-disc staining (Kotter 
et al.  2014 ). Ischemic rat skeletal muscle showed αB-crystallin bound along the 
length of the I-band, likely to the Ig domains of titin (Golenhofen et al.  2004 ). It is 
likely that this ability of αB-crystallin to protect titin Ig domains from aggregation 
upon unfolding due to stretch is also active during exercise (Kotter et al.  2014 ), 
especially eccentric contraction, where muscle is damaged from overstretching 
(Koh  2002 ).   

11.4     αB-Crystallin-Opathies: Mutations 
and Human Pathologies 

 To date, 14 naturally occurring mutations in human  CRYAB  have been identifi ed and 
published in the literature (Christians et al.  2012 ). Of these, ten are dominant mutations 
and four exhibit recessive inheritance patterns with disease pathologies ranging 
from skeletal myopathy, cardiomyopathy, cataracts, or some combination of the three. 
Eight of these mutations result in skeletal and/or cardiac myopathy (see Table  11.1 ) 
and can be classifi ed as αB-crystallin-opathies (Selcen  2011 ; Sanbe et al.  2011 ; 
Christians et al.  2012 ). Variable penetrance and expressivity of the myopathy-causing 
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mutations in  CRYAB  suggest genetic modifi er and/or environmental factor contribu-
tion to the disease state (Christians et al.  2014 ). Additionally, for the dominant 
mutations, relative levels of the wildtype compared with the mutant form of 
αB-crystallin may also contribute to disease and could be modifi ed by degradation, 
which may change with environmental stressors (Christians et al.  2014 ).

11.4.1       Point Mutations 

 First described in 1978 (Fardeau et al.  1978 ), the prototype and most well studied of 
the human mutations in αB-crystallin, arginine 120 mutated to a glycine (R120G) 
(Vicart et al.  1998 ), resulting in multisystem disorders and pathologies, was not 
identifi ed until 1998 (Vicart et al.  1998 ). This disease affects a large, French  pedigree 
and muscle biopsies characterized by electron microscopy revealed the buildup of 
dense, granulo-fi lamentous material within the sarcoplasm (Fardeau et al.  1978 ), 
which contained the intermediate fi lament protein desmin (Rappaport et al.  1988 ; 
Fardeau et al.  1978 ) as well as αB-crystallin, and therefore is classifi ed as a desmin-
related myopathy (DRM) (Vicart et al.  1998 ). Patient biopsies revealed a “rubbed-
out” appearance when stained for myosin adenosine triphosphatase (ATPase) 
activity, potentially indicating a loss of myosin (Brady et al.  2001 ; Vicart et al. 
 1998 ; Fardeau et al.  1978 ). The R120G mutation (358 A>G) occurs in the α-crystallin 
domain and disrupts the structure as well as reduces the chaperone activity of 
αB-crystallin (Bova et al.  1999 ; Perng et al.  1999b ). The binding affi nity of 
αB-crystallin for desmin in vitro is increased by R120G, and results in the aberrant 
aggregation of desmin, preferentially during de novo desmin network synthesis 
rather than the aggregation of previously formed networks (Perng et al.  2004 ). This 
mutation shows closure of the hydrophobic groove present in αB-crystallin dimers, 
which may alter substrate binding as well as oligomerization (Clark et al.  2011 ). 

    Table 11.1    Myopathy causing mutations in  CRYAB    

 Genetic 
mutation 

 Resulting 
protein change 

 Type of 
myopathy 

 Dominant 
or recessive  Onset  Reference 

 c.60delC  S21Afs24X  Skeletal  Recessive  Infantile  Del Bigio et al. 
( 2011 ) 

 350 G>C  D109H  Both  Dominant  Adult  Sacconi et al. ( 2012 ) 
 c.343delT  S115Pfs129X  Skeletal  Recessive  Infantile  Forrest et al. ( 2011 ) 
 358 A>G  R120G  Both  Dominant  Adult  Vicart et al. ( 1998 ) 
 451 C>T  Q151X  Skeletal  Dominant  Adult  Selcen and Engel 

 2003 ) 
 460 G>A  G154S  Skeletal or 

Cardiac 
 Dominant  Adult  Pilotto et al. ( 2006 ), 

Reilich et al. ( 2010 ) 
 c.464delCT  L155fs163X  Skeletal  Dominant  Adult  Selcen and Engel 

( 2003 ) 
 495 G>A  R157H  Cardiac  Dominant  Adult  Inagaki et al. ( 2006 ) 
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In vitro work shows that the R120G mutant form of αB-crystallin has complete loss 
of chaperone activity towards the N2B region of cardiac titin (Zhu et al.  2009 ). 

 Transgenic overexpression of R120G in the mouse heart portrays pathology 
 similar to patients, showing dense desmin and αB-crystallin positive aggregates, 
and disruption of the cytoskeletal structure and mitochondrial architecture, resulting 
in cardiomyopathy and death in early adulthood (Wang et al.  2001 ). Overexpression 
of wildtype  CRYAB , on the other hand, was relatively unremarkable (Wang et al. 
 2001 ). A knockin mouse model of R120G exhibits early onset cataracts and skeletal 
myopathy, with increased severity depending on dose (heterozygous versus 
 homozygous knockin), though mortality was not increased (Andley et al.  2011 ), as 
is the case in the cardiac-specifi c overexpression of R120G (Wang et al.  2001 ). 
Cardiac function was not reported on in the publication of the R120G knockin 
animals (Andley et al.  2011 ). 

 Aggregates formed as a result of the R120G mutation contain amyloid oligomers 
and are classifi ed as aggresomes (Sanbe et al.  2004 ), characteristic of neurodegen-
erative diseases, which result from transport of the aggregates along microtubules to 
the perinuclear region (Garcia-Mata et al.  2002 ). The dysfunction of mitochondria 
is one of the fi rst defects observed in R120G overexpressing mouse hearts (Maloyan 
et al.  2005 ). Cardiomyocytes exhibit reduced mitochondrial oxygen consumption, 
changes in the permeability transition pore, and poor inner membrane potential, 
thereby activating apoptotic pathways and adversely affecting the hearts of transgenic 
animals. Transgenic overexpression of R120G in the heart also yields reductive 
stress, due to altered activity of enzymes that generate redox intermediates, includ-
ing glucose-6-phosphate dehydrogenase, glutathione reductase, and glutathione 
peroxidase (Rajasekaran et al.  2007 ). These animals have elevated levels of 
 autophagic activity by the age of 2 months, and this response is thought to be 
 cytoprotective, possibly minimizing aggregate presence (Tannous et al.  2008 ). A 
study involving treatment of R120G transgenic mouse hearts with oxypurinol to 
rescue mitochondrial defects, determined that contractility was not rescued indicating 
further mechanical defects due to disarray of sarcomeres and accumulation of 
 aggregates (Maloyan et al.  2009 ). Additionally, it has been suggested that aggregate 
formation and disease onset may be repressed at a young age due to competition 
with wildtype αB-crystallin (Andley et al.  2011 ; Vicart et al.  1998 ; Perng et al. 
 2004 ), which may also be the case for other dominant mutations described below. 

 The less studied ability of αB-crystallin to localize to nuclear speckles is eliminated 
by the R120G mutation, indicating a possible impact of the mutation on transcript 
processing (Vandenijssel et al.  2003 ). Overexpression of certain interacting partners 
has been found to attenuate the detrimental effects of R120G. 

 Interaction of R120G with BAG3, a co-chaperone involved in chaperone-assisted 
selective autophagy, increased R120G solubility, prevented its aggregation, and 
inhibited cell death induced by R120G overexpression in cell culture (Hishiya et al. 
 2011 ). Overexpression of HspB8 can inhibit R120G-induced aggresome formation 
and block the progression of cardiomyopathy (Sanbe et al.  2007 ,  2009 ). Voluntary 
exercise (Maloyan et al.  2007 ) and BCL-2 overexpression (Maloyan et al.  2009 ) 
also delay the onset and reduce the unfavorable effects of the R120G mutation. 
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 The R120G disease state is likely due to a combination of loss and gain of 
function effects of the mutation (Sanbe et al.  2011 ). The broad range of roles played 
by αB-crystallin invites the potential for many factors to contribute to the R120G 
disease state, including: aggregation with desmin, loss of/altered chaperone 
function, altered mitochondrial architecture and function, and reductive stress. 
Since the initial discovery of R120G, other mutations have been identifi ed in patient 
populations and can also be described as αB-crystallin-opathies. 

 A family with members harboring the dominant point mutation, D109H, in 
αB-crystallin exhibits similar multisystem pathology to patients with the R120G 
mutation (Sacconi et al.  2012 ). Residues D109 and R120 interact with each other 
during dimerization of αB-crystallin, and therefore disruption of this interaction 
may be responsible for the similar disease characteristics among patients with these 
two mutations (Sacconi et al.  2012 ) including effects on the hydrophobic groove, 
oligomerization (Clark et al.  2011 ), and desmin interaction (Perng et al.  2004 ). 
Overexpression of YFP-tagged constructs in HeLa cells showed similar aggregation 
of D109H and R120G as well as a similar decrease in aggregation and levels of 
apoptosis with Hsp27 co-overexpression (Raju and Abraham  2013 ), supporting a similar 
mechanism of action of the two mutations; however, further analysis is necessary. 

 A dominant glycine 154 to serine (G154S) mutation in a conserved residue was 
identifi ed in a 48 year old patient diagnosed with mild dilated cardiomyopathy 
and slightly elevated skeletal creatine phosphokinase levels, indicating potential 
involvement of the skeletal muscle as well (Pilotto et al.  2006 ). The turnover rate of 
the protein is predicted to increase with this mutation (Pilotto et al.  2006 ). A second 
patient with this same mutation, G154S, presented in his sixties with progressive 
distal leg weakness and atrophy affecting mostly limb muscles, as well as mild 
diffi culty swallowing (Reilich et al.  2010 ). The patient’s biopsy showed disrupted 
myofi brillar structure, vacuolization, and desmin/αB-crystallin positive aggregates. 
No cataracts, cardiac or respiratory involvement were noted in this patient. The 
G154S mutation appears to have affects in both cardiac and skeletal muscle, and the 
specifi c presentation of the patient’s symptoms may rely upon other confounding 
genetic or environmental factors causing stress in the muscle that result in the apparent 
tissue-specifi c disease manifestation. A potential increased turnover rate of this 
mutant form of the protein (Pilotto et al.  2006 ) may help to suppress symptoms 
exhibited by patients into later adulthood. 

 A patient with familial dilated cardiomyopathy, presenting after age 40, was 
identifi ed to have a dominant, mutation of arginine 157 to a histidine residue (R157H), 
which was shown to decrease binding to the cardiac-specifi c N2B region of titin 
(Inagaki et al.  2006 ). This mutation, unlike the others, did not result in aberrant 
localization of αB-crystallin or in aggregation, and therefore, there may be an 
alternate disease mechanism causing dilated cardiomyopathy in this patient 
compared with the desmin-related cardiomyopathy in other patients with 
αB-crystallin- opathies. Reduced ability of αB-crystallin to bind to titin leaves titin 
vulnerable to stress and may predispose patients to heart failure (Inagaki et al. 
 2006 ). An in vitro chaperone assay showed that R157H maintained some chaperone 
activity towards the N2B region of titin, albeit reduced compared to wildtype 
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αB-crystallin (Zhu et al.  2009 ). Interestingly, this patient and family members did 
not exhibit skeletal muscle weakness or disease, though αB-crystallin does bind and 
chaperone the Ig domains in the N2A region of titin in skeletal muscle (Kotter et al. 
 2014 ; et al.  2004 ), in addition to the cardiac N2B region (Kotter et al.  2014 ), which may 
indicate that αB-crystallin binds the alternate regions of titin in a different way and 
the R157H mutation specifi cally disrupts the association of αB-crystallin with the 
N2B region. In vitro binding assays using the skeletal N2A region of titin with 
R157H αB-crystallin could verify this. Alternatively, absence of specifi c environmen-
tal stress to the skeletal muscle may be responsible for apparent lack of skeletal 
muscle involvement. The R157H mutation may also have other yet-unstudied impli-
cations that leave cardiac muscle more vulnerable than skeletal muscle.  

11.4.2     Dominant C-Terminal Truncation Mutations 

 Other than the aforementioned missense mutations, the remaining mutations in 
αB-crystallin causing myopathy are due to frameshift or nonsense mutations 
 resulting in varying degrees of c-terminal truncation, some with additional, novel 
peptide sequences present. In vitro work using site-directed mutagenesis to mutate 
the two terminal lysine residues in αB-crystallin to leucine or glycine greatly 
reduced its chaperone activity, suggesting that the lysines in the c-terminus may be 
critical for interacting with unfolded proteins through charge-charge interactions 
(Plater et al.  1996 ). Loss of this ability by c-terminal truncation of αB-crystallin 
may prevent stable substrate binding and therefore reduce chaperone activity. It has 
also been suggested that the fl exible c-terminal region folds over, and through the 
I/V/L-X-I/V/L motif, binds to the β4/8 groove of the adjacent monomer, contributing 
to dimer formation, and potentially blocking the substrate binding face of 
αB-crystallin, thereby modulating substrate binding and chaperone activity (Ghosh 
et al.  2006 ; Delbecq et al.  2012 ). Expression of only the α-crystallin domain of 
αB-crystallin results in dimer formation with retained chaperone activity, but the 
lost ability to oligomerize (Feil et al.  2001 ). The high potential of c-terminal truncated 
mutants to aggregate, suggests a critical role for the c-terminus in preventing 
 self-aggregation of αB-crystallin possibly through promotion of oligomerization, 
and expression of the mutant forms may induce co-aggregation with wildtype 
αB-crystallin inducing a dominant negative effect, thereby inhibiting the chaperone 
function of wildtype αB-crystallin (Hayes et al.  2008 ). The myopathy-causing, 
dominant, c-terminal truncation mutations will now be described. 

 A patient harboring the dominant 464delCT mutation in  CRYAB  presented at age 
52 with respiratory trouble due to reduced diaphragmatic movement, as well as leg 
weakness and diffi culty swallowing, and died at age 58 due to respiratory failure 
(Selcen and Engel  2003 ). This mutation generates a frameshift resulting in eight 
missense codons before a premature stop codon. A 53 year old patient with a 
 dominant 451C→T transition generating a nonsense mutation (Q151X) suffered for 
10 years with slowly progressive leg weakness and atrophy and exhibited elevated 
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creatine kinase levels (Selcen and Engel  2003 ). Neither patient had cataracts or 
cardiomyopathy. Abnormal fi ber regions in both patients show intense desmin and 
αB-crystallin staining, and in both patients, the wildtype allele was preferentially 
expressed compared with the mutant forms. 

 Q151X results in extreme loss of protein stability and prevents oligomerization, 
while increasing in vitro chaperone activity towards citrate synthase and desmin 
(Hayes et al.  2008 ). The increase in chaperone activity may be due to potential loss 
of capping of the chaperone site by interaction with the c-terminal region (Delbecq 
et al.  2012 ; Ghosh et al.  2006 ), suggesting the c-terminus may be responsible 
for reducing αB-crystallin substrate binding for some substrates under normal 
conditions (Hayes et al.  2008 ). The 464delCT mutation results in the introduction 
of a novel peptide into the c-terminus resulting in decreased in vitro chaperone 
function towards desmin, as well as aggregation and loss of solubility that can be 
partially recovered through mixture with wildtype αB-crystallin (Hayes et al.  2008 ). 
Overexpression of Hsp27 also rescues the solubility and prevents aggregation of 
464delCT, mediated by the ubiquitin proteasome system in H9C2 cells (a rat embryonic 
cardiomyocyte cell line) (Zhang et al.  2010 ).  

11.4.3     Recessive Mutations 

 With mutations in  CRYAB , especially the recessive mutations, a major question is to 
what extent the pathology observed is due to loss of function effects of αB-crystallin. 
DKO mice show progressive skeletal muscle deterioration with age following a 
normal development, with no apparent impact on the heart (Brady et al.  2001 ), 
except under stressful conditions such as I/R or transverse aortic constriction (TAC) 
(Morrison et al.  2004 ; Kumarapeli et al.  2008 ). These mice grow normally until 
40 weeks, after which they lose weight, due to the inability to eat properly and 
exhibit severe kyphosis, hunched posture, both due to loss of corresponding muscu-
lature, with the tongue, head, and axial muscles being most greatly affected. Fatty 
replacement, macrophage infi ltration, fi brosis, and vacuolization were observed in 
deteriorating muscles. Amorphous, fl occulent, electron-opaque material was 
also noted corresponding with loss of myofi brils. Increased staining for desmin was 
also observed in affected fi bers. Attempted determination of fi ber type based on 
fi ber type-specifi c myosin failed due to lack of myosin detection in deteriorating 
fi bers (Brady et al.  2001 ), as confi rmed in additional studies showing reduced levels 
of myosin heavy chain in skeletal muscle of DKO mice by western blot (Neppl et al. 
 2014 ). This may be similar to muscles of patients with the R120G mutation who 
have loss of myosin in their muscle cells (Vicart et al.  1998 ; Fardeau et al.  1978 ). 
Potentially, oxidative, slow-twitch fi bers, which have the highest levels of 
αB-crystallin and are enriched in large truncal muscles, are preferentially degraded 
in the DKO mice (Brady et al.  2001 ) and in patients with recessive  CRYAB  mutations 
(Forrest et al.  2011 ; Del Bigio et al.  2011 ). Neppl and colleagues showed that 1 year 
old DKO mice have a signifi cantly reduced number of satellite cells in their skeletal 
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muscle and a reduced ability to regenerate muscle following cardiotoxin- induced 
injury, shown by decreased cross-sectional myofi ber area and increased fi brosis 
2 weeks post-injury, indicating a potential role for αB-crystallin in skeletal muscle 
regeneration (Neppl et al.  2014 ). 

 This DKO mouse model is confounded due to the double knockout nature. 
HspB2, or myotonic dystrophy protein kinase binding protein (MKBP), activates 
and protects myotonic dystrophy protein kinase (DMPK) (Suzuki et al.  1998 ). 
 DMPK  -/- mice show minor decreases in size of head and neck muscles with age 
(Jansen et al.  1996 ) and late onset myopathy (Reddy et al.  1996 ). It is, therefore, 
possible that through its activation and protection of DMPK and other potential 
functions of HspB2, the loss of HspB2 also contributes to the pathogenesis seen in 
DKO animals. Subsequent studies have attempted to defi ne the specifi c roles for 
loss of αB-crystallin and HspB2. A genetic study comparing the effects of I/R or 
inotropic stimulation in the hearts of wildtype, DKO,  CRYAB  transgenic, and DKO 
crossed with  CRYAB  transgenic (effectively expressing αB-crystallin without 
HspB2) concluded that αB-crystallin is responsible for structural remodeling and 
mechanical maintenance, while HspB2 is tasked with energetic balance maintenance 
in the stressed heart (Pinz et al.  2008 ). 

  CRYAB  transgenic mouse hearts subjected to TAC showed reduced NFAT 
transactivation and attenuated hypertrophic response, while DKO hearts exhibit 
increased NFAT transactivation at baseline and develop cardiac insuffi ciencies in 
response to TAC, leading the authors to conclude that αB-crystallin prevents cardiac 
hypertrophic responses, possibly through inhibition of NFAT signaling (Kumarapeli 
et al.  2008 ). A single, cardiac specifi c knockout of  HSPB2  was also generated and 
shows under basal conditions that cardiac function, hypertrophic responses, and 
mitochondrial metabolism were unchanged; however, when animals were subjected 
to TAC, mitochondrial energetics were reduced (Ishiwata et al.  2012 ), in agreement 
with the previously suggested role for HspB2 in maintaining energetic balance 
(Pinz et al.  2008 ). To our knowledge, a whole body knockout of either  CRYAB  or 
 HSPB2  has yet to be published and would further distinguish the distinct roles for 
each in both skeletal and cardiac muscle. Additionally, identifi cation of recessive 
mutants in  CRYAB  affecting muscle, discussed below, may assist in identifying loss 
of αB-crystallin function phenotypes, though these mutants may also have gain of 
function effects since the mutant proteins are expressed to some extent. 

 Fatal, infantile onset muscular dystrophy was identifi ed in a cohort of Canadian 
aboriginals all harboring a homozygous c.60C deletion in the n-terminus of  CRYAB , 
predicting a serine to alanine mutation at residue 21 and a premature stop codon 
after 23 missense residues, with unaffected parents both being heterozygous for this 
mutation (Del Bigio et al.  2011 ). Patients developed rigid muscles with elevated 
serum creatine kinase levels and died of respiratory insuffi ciency shortly after birth, 
except one child surviving to 4 years of age on mechanical ventilation. Axial muscles 
were more severely affected than appendicular muscles, Z-disc disarray, dense inclu-
sions, vacuole presence, immune cell infi ltration, and necrotic and regenerating 
fi bers were noted. Deteriorating fi bers stained strongly for myotilin, desmin, which 
concentrated at the periphery of inclusions, and αB-crystallin (using an N-terminal 
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specifi c antibody), which was highly expressed in inclusions and dimly throughout 
other regions of the fi bers. Hearts examined in these patients were normal. This 
mutant mRNA is likely a target for nonsense-mediated mRNA decay due to the 
premature stop codon occurring upstream of the fi nal splice junction (Amrani et al. 
 2006 ), which may attenuate its expression, though mutant protein is still expressed 
(Del Bigio et al.  2011 ). The authors hypothesize that the lack of association of 
αB-crystallin with titin in this case may be responsible for the severe muscle 
 stiffness observed in patients. 

 A second recessive mutation in  CRYAB , c.343delT, results in a frameshift mutation 
generating a predicted 127 amino acid protein, instead of the wildtype 175 amino 
acids (Forrest et al.  2011 ). The patient identifi ed with this mutation, born from unre-
lated, heterozygous parents, presented starting at age 4 months with progressive 
feeding diffi culties and respiratory distress, requiring ventilation, severe muscle 
stiffness affecting mostly axial muscles with some limb involvement, and elevated 
creatine kinase levels. No cardiomyopathy or cataracts were noted. Muscle biopsy 
showed increased vacuolization, increased lipid content, globular inclusions, fi bro-
sis, and disrupted myofi brillar structure. Abnormal fi bers were intensely positive for 
myotilin, desmin, and αB-crystallin, which was also detected in a 15 kDa truncated 
form by western blot. Appearance of symptoms following normal development 
 suggests a role for αB-crystallin in remodeling of myofi brillar structure following 
contraction, rather than a developmental role. 

 Similarities between patients with these two recessive mutations in  CRYAB  and 
DKO mice, including skeletal muscle deterioration with fatty deposits, fi brosis, 
infl ammation, and vacuolization, indicate potentially that the effects of these recessive 
mutants result from loss of αB-crystallin function. Patients develop more severe 
symptoms as infants, whereas the DKO mice develop progressive symptoms into 
adulthood. Additionally, patients exhibit severe muscle stiffness, which is not reported 
in the DKO mice. The phenotypic differences could be due to multiple factors 
including: the confounding effects of loss of HspB2 in the DKO mice, species vari-
ability of requirement for αB-crystallin in skeletal muscle, or potential additional 
gain of toxic function effects of the mutant protein expression in patients with these 
recessive mutations. Further examination is necessary to resolve these issues.   

11.5     Differential Functions of αB-Crystallin in Skeletal 
and Cardiac Muscle 

 Tissue specifi city of pathology correlating with the various mutations brings about 
interesting questions with regards to the roles and requirements for αB-crystallin in 
cardiac and skeletal muscle. Though the muscles are both striated, the structure 
and function is very different. Potentially, various mutations in αB-crystallin 
could affect tissues differently. The late-onset of disease with the majority of these 
mutations also suggests age-related stress and/or the presence of genetic modifi ers 
may be key factors in disease manifestation. With variable patient lifestyles and 
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different stress encounters, it is diffi cult to determine in the relatively small number 
of patients whether, given time and/or the correct stress, patients may also develop 
clinical symptoms in the yet-unaffected tissue. Nevertheless, we discuss in this 
section some potential reasons for tissue-specifi c impacts of αB-crystallin. 

 Detailed analysis of the cellular localization of αB-crystallin using immunohis-
tochemistry of rat organs indicates potential expression of αB-crystallin in highly 
oxidative cells, as suggested by a correlation between αB-crystallin expression 
and markers of oxidative activity (Iwaki et al.  1990 ). All type 1 aerobic fi bers 
(slow- twitch) and about half of type 2 anaerobic fi bers (fast-twitch), corresponding 
to mostly type 2A fi bers, were positive for αB-crystallin, with more intense staining 
in type 1 fi bers. Additional studies confi rmed higher expression of αB-crystallin in 
slow- compared to fast-twitch fi bers (Golenhofen et al.  2004 ; Atomi et al.  2000 ). 
Variable expression in different types of skeletal muscle fi bers may account for 
specifi c fi ber-type degradation, but this would not account for the lack of cardiac 
involvement, since αB-crystallin levels are comparably high in the heart (Golenhofen 
et al.  2004 ). Higher αB-crystallin expression in oxidative muscle (cardiac and type 
1 skeletal fi bers) may also be due to requirements of αB-crystallin for maintaining 
redox balance (Rajasekaran et al.  2007 ). 

 αB-Crystallin plays a role in maintaining the desmin network in muscle, which 
is crucial for proper sarcomere alignment as well as mitochondrial architecture 
(Perng et al.  1999a ; Lockard and Bloom  1993 ; Wang et al.  2001 ; Maloyan et al. 
 2005 ). Differences between muscle types in mitochondrial architecture and require-
ments for appropriate coupling (Milner et al.  2000 ; Reipert et al.  1999 ; Rambourg 
and Segretain  1980 ; Rappaport et al.  1998 ) could underlie tissue specifi city of 
 disease as well as exemplify normal roles for αB-crystallin. 

 Sarcomeric localization of αB-crystallin in ischemic skeletal muscle is similar to 
cardiac muscle, with I-band and intermediate fi lament localization, though at the 
I-band, αB-crystallin binds to titin along the length of the I-band region in skeletal 
muscle, where in cardiac muscle it binds to a narrow region (Golenhofen et al.  2004 ), 
identifi ed as the N2B element of titin (Bullard et al.  2004 ; Golenhofen et al.  2002 ). 
Skeletal muscle is susceptible to stretch injury on a day-to-day basis as a result of 
exercise, which can unfold titin Ig domains (Friden and Lieber  2001 ; Koh  2002 ), 
whereas in cardiac muscle, titin plays a role in the maintenance of passive stiffness 
during diastole, and, in patients with heart failure, isoforms of titin switch to more 
compliant forms, with stretching of titin isoforms occurring in cardiomyocytes due 
to I/R injury and hypertrophic response in heart failure (Linke  2008 ; Golenhofen 
et al.  1999 ). Stretching induces unfolding of the elastic domains of titin (Rief  1997 ; 
Minajeva et al.  2001 ), which may require αB-crystallin to prevent aggregation 
(Bullard et al.  2004 ; Golenhofen et al.  2002 ,  2004 ; Kotter et al.  2014 ). Potentially 
the different isoforms of titin expressed in cardiac and skeletal muscle (Labeit and 
Kolmerer  1995 ), as well the apparent variable binding of αB-crystallin to the titin 
domains may be a reason for tissue specifi city of disease. Or more simply, tissue 
susceptibility to stretch may also explain this phenomenon. 

 Development of cardiac and skeletal muscle appear not to require αB-crystallin, 
since DKO mice (Brady et al.  2001 ), as well as all patients with mutations in  CRYAB , 
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develop symptoms following normal development (see Table  11.1 ). The major role 
of αB-crystallin seems to be in the maintenance of muscle tissue as well as protection 
during stress, as described above. Figure  11.1  discusses the potential impacts of 
alterations in levels of αB-crystallin or mutations in  CRYAB  on various stages of 
skeletal muscle myogenesis. Maintenance of skeletal muscle requires the activation 
of resident, quiescent progenitor cells, known as satellite cells, identifi ed by 
 expression of the transcription factor Pax7, to sequentially express the myogenic 
regulatory factors (MRFs), including MyoD and myogenin, which regulate muscle 
differentiation (Weintraub  1993 ; Le Grand and Rudnicki  2007 ). Proliferating 
 myoblasts expressing MyoD must turn off MyoD expression, exit the cell cycle, 
turn on myogenin, and fuse to form multinucleated myotubes (Weintraub  1993 ; 

Satellite/Myogenic 
Progenitor Cell
Pax7

Proliferating Myoblast
↓Pax7
↑MyoD
↑ αB-crystallin

Myocyte
↓MyoD
↑Myogenin
↑↑ αB-crystallin

Myotube
Myogenin
↑↑↑αB-crystallin

Activation Cell cycle entry

Differentiation Cell cycle exit

Fusion

Normal Myogenic Differentiation
(modified from (Le Grand and Rudnicki 2007))

Overexpression of
αB-crystallin in

C�C�� Myoblasts

Loss of αB-crystallin in
DKO animals

Recessive mutant
αB-crystallin

Dominant mutant
αB-crystallin

Lower basal percentage of
satellite cells  (Nepplet al. 
2014).

Greater increase in 
percentage of satellite cells 
with injury (Neppl et al. 2014).

Enhanced cell cycle entry?

Lower basal percentage 
of satellite cells?

Lower basal percentage 
of satellite cells?

Lower expression and 
increased degradation 
of MyoD (Singh et al. 2010)

Defective cell cycle exit 
(Singh et al. 2010)

Increased proliferation 
(Neppl et al. 2014)

Altered MyoD levels?

Defective cell cycle exit?

Defective differentiation?

Loss/gain of αB-crystallin 
function?

Increased proliferation?

Altered MyoD levels?

Defective cell cycle exit?

Defective differentiation?

Loss/gain of αB-crystallin 
function?

Increased proliferation?

Altered MyoD levels?

Defective cell cycle exit?

Defective differentiation?

Electron dense material 
buildup (Brady et al. 2001)

Desmin inclusions (Brady et al. 
2001)

Z-disc dissaray (Brady et al. 
2001)

Vacuolization (Brady et al. 
2001)

Smaller fiber diameter  with 
injury-stimulated 
regeneration (Neppl et al. 
2014)

Decreased MHC (Brady et al. 
2001)

Dense inclusions (Forrest et 
al. 2011; Del Bigio et al. 2011)

Desmin inclusions (Forrest 
et al. 2011; Del Bigio et al. 2011)

Z-disc dissaray (Forrest et al. 
2011; Del Bigio et al. 2011)

Vacuolization (Forrest et al. 
2011; Del Bigio et al. 2011)

Necrosis (Forrest et al. 2011; 
Del Bigio et al. 2011)

Decreased MHC?

Loss of chaperone 
function towards 
titin/desmin?

Desmin/αB-crystallin 
positive aggregates
(Sacconi et al. 2012; Vicart et al.
1998; Selcen and Engel 2003; 
Reilich et al. 2010)

Z-disc dissaray (Sacconi et al. 
2012; Vicart et al. 1998; Selcen
and Engel 2003; Reilich et al. 
2010)

Loss of chaperone 
function towards titin
/desmin (Zhu et al. 2009; 
Perng et al. 1999b)

Decreased MHC (Vicart et al.
1998)

  Fig. 11.1    The schematic represents normal myogenic differentiation of satellite cells to  myotubes, 
indicating relative expression levels of defi ning transcription factors throughout the process 
(Modifi ed from Le Grand and Rudnicki  2007 ). Satellite cells/myogenic progenitor cells, express-
ing Pax7, are activated and enter the cell cycle to become proliferating myoblasts, with an increase 
in MyoD expression and concomitant decrease in Pax7 expression. Proliferating myoblasts must 
exit the cell cycle to fulfi ll differentiation to myocytes, which downregulate MyoD expression and 
upregulate myogenin. Myocytes then fuse into multi-nucleated myotubes, which maintain 
 expression of myogenin. During myogenesis, αB-crystallin is expressed at low levels in proliferat-
ing myoblasts and is greatly upregulated upon differentiation to myotubes (Adhikari et al.  2004 ; 
Singh et al.  2010 ). The table to the right of the schematic indicates variations in myogenesis that 
occur as a result of overexpression of αB-crystallin, loss of αB-crystallin, recessive mutations in 
αB-crystallin, and dominant mutations in αB-crystallin.  Red text  indicates a testable hypothesis for 
that condition       
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Le Grand and Rudnicki  2007 ). Overexpression of αB-crystallin signifi cantly delays 
this process in C2C12 myoblasts, with cells showing a defect in cell cycle exit and 
lower levels of MyoD (Singh et al.  2010 ). DKO mice exhibit reduced levels of satellite 
cells under basal conditions at 1 year of age, and unexpectedly, a cardiotoxin injury 
model of DKO mouse tibialis anterior muscles revealed a threefold increase in the 
percentage of satellite cells in response to injury; though the mice also showed 
decreased cross-sectional myofi ber area and increased fi brosis (Neppl et al.  2014 ). 
This study suggests that loss of αB-crystallin results in an increase in proliferation, 
with lower levels of p21 and notch signaling molecules, possibly through modulation 
of Argonaute 2 activity, as shown by enrichment of miRNAs on Argonaute 2 in 
injured DKO skeletal muscles and co-immunoprecipitation of Argonaute 2 with 
αB-crystallin (Neppl et al.  2014 ). Argonaute 2 is an essential component of the 
RISC complex for miRNA-mediated silencing; the possibility of αB-crystallin as an 
allosteric regulator of the RISC complex may be a reason for its broad cellular 
impact (Neppl et al.  2014 ). The study by Neppl and colleagues suggests that with 
the loss of αB-crystallin, the regenerative response of satellite cells is skewed 
towards proliferation with ineffi cient differentiation to myotubes (Neppl et al. 
 2014 ). This is contradictory to data suggesting that overexpression of αB-crystallin 
in C2C12 myoblasts leads to increased proliferation through delayed exit from the 
cell cycle with a decrease in p21 expression (Singh et al.  2010 ). Both studies indi-
cate a role for αB-crystallin in cell cycle regulation during skeletal muscle regenera-
tion (Neppl et al.  2014 ; Singh et al.  2010 ). Additional experiments addressing the 
model system used (i.e. in vivo or cell culture, loss of αB-crystallin or overexpres-
sion) are necessary to reconcile the exact role for αB-crystallin in cell cycle regula-
tion under basal and stressed conditions.  

 Due to withdrawal of growth factors, myoblasts must also resist apoptosis when 
differentiating to myotubes. αB-crystallin is induced in and contributes to apoptosis- 
resistance in C2C12 myoblasts through inhibition of caspase 3 activation, and 
 overexpression of αB-crystallin prevents apoptosis occurring as a result of differen-
tiation (Kamradt et al.  2001 ,  2002 ). These studies suggest that αB-crystallin may be 
important for modulating myoblast differentiation during tissue regeneration by 
multifaceted means including impact on proliferation and cell cycle exit, levels of 
regulatory MyoD, and inhibition of apoptosis. Cardiac muscle does not have the 
luxury to regenerate as skeletal muscle does (Mercola et al.  2011 ), implicating that 
loss of αB-crystallin function may manifest in skeletal muscle instead of cardiac 
muscle under healthy conditions due to requirements in regenerative myogenesis.  

11.6     Stem Cells as a Model Systems for Studying 
αB-Crystallin in Cardiac and Skeletal Muscle 

 Many model systems have been employed in the study of αB-crystallin as discussed 
above, including rodents and larger mammalian models, some with whole body or 
tissue-specifi c overexpression/knockout, human tissue biopsies from healthy and 
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diseased patients, cell culture with primary cells or cell lines, as well as in vitro 
biochemical analysis. To more fully understand the differential implications of 
αB-crystallin in cardiac and skeletal muscle, it is crucial to use models in which both 
cell types can be analyzed in parallel. Animal models with whole body genetic modi-
fi cations, cell culture using both cardiac and skeletal muscle cell lines, and in vitro 
experiments analyzing interactions with cardiac- and skeletal-specifi c isoforms will 
be useful in accomplishing this feat. Stem cells offer additional potential for analyzing 
the impact of αB-crystallin on cardiac and skeletal muscle. Induced pluripotent stem 
cells (iPSCs), a technology fi rst developed in the lab of 2012 Nobel Prize winner, 
Shinya Yamanaka (Takahashi and Yamanaka  2006 ), are an invaluable tool offering the 
ability to model cell-autonomous disease using a patient’s own cells and the potential 
to screen drug compounds or provide cell therapy (Robinton and Daley  2012 ). Somatic 
cells are isolated from patients, which can be done now through minimally invasive 
procedures including blood draws and urine sample collection, and reprogrammed 
into induced pluripotent stem cells through a variety of techniques involving the over-
expression of key transcription factors (Chou et al.  2011 ; Zhou et al.  2012 ). Once 
reprogrammed, these cells are pluripotent and can be directed to differentiate to either 
cardiac or skeletal muscle cells, which can be studied in culture (Hosoyama et al. 
 2014 ; Zhang et al.  2012 ; Lian et al.  2013 ; Darabi et al.  2012 ). 

 Our lab has previously generated and characterized mouse iPSC-derived cardio-
myocytes from transgenic R120G  CRYAB  mice, and shown that cardiomyocytes 
derived from these cells exhibit αB-crystallin positive aggregates as well as activation 
of the hypertrophic response (Limphong et al.  2013 ), indicating that iPSCs have the 
potential to recapitulate at least some phenotypes observed in αB-crystallin- 
opathies. Many published examples of the use of iPSCs for modeling cardiac 
diseases exist in the literature, including long QT (Itzhaki et al.  2011 ) and LEOPARD 
syndromes (Carvajal-Vergara et al.  2010 ), with the list rapidly growing. Genetic 
manipulation is also feasible in iPSCs (Yusa et al.  2011 ; An et al.  2012 ; Fong et al. 
 2013 ), which allows for the generation of gene-corrected control cells from patient 
cells harboring mutations, or for insertion of mutations of interest into wildtype 
iPSC lines for analysis. Caveats of the use of iPSCs as a model include purity of 
differentiated cultures, which has improved drastically over time and is likely to 
continue improving with advancement of differentiation methods, lack of support 
cell presence in the culture (i.e. fi broblasts, endothelial cells, etc.) that may play a 
role in disease pathogenesis, and variability between iPSC lines with differentiation, 
which can be minimized through the use of genetic manipulation for the generation 
of appropriate controls. The iPSC system could be very effective for looking at 
cell-type specifi c impacts of αB-crystallin in mutant and wildtype form, which is a 
focus of pursuit in our laboratory.  

11.7     Conclusions and Future Directions 

 Overall, much work has been done to describe the function of αB-crystallin in 
cardiac and skeletal muscle both in healthy and diseased states. The use of model 
systems that allow for direct comparison of the two cell/tissue types will better 
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defi ne differential roles of αB-crystallin in each tissue and help to determine stressors 
or genetic modifi ers that may contribute to disease susceptibility. The study of 
mutant forms of αB-crystallin existing in diseased patients will provide insights into 
not only how the mutation affects the structure and function of αB-crystallin, but 
also into the function and requirements of wildtype αB-crystallin during tissue 
maintenance and in disease compromised tissues. 

 The use of iPSCs to model protein misfolding disorders such as αB-crystallin- 
opathies, provides not only an in vitro disease model with the ability to analyze 
various impacted cell types and determine mechanistic details of the disease, but 
also the potential for small molecule screening and possibly regenerative cell therapies 
to treat patients. Small molecules that reduce the presence of toxic protein aggre-
gates may be benefi cial in protein misfolding diseases and can be screened for using 
the clinically relevant cell type generated from iPSCs (Ebert et al.  2012 ). The probable 
impact of loss of αB-crystallin on satellite cells suggests the potential for cell 
 therapy in transplant of gene-corrected autologous or unaffected, nonautologous 
muscle progenitor cells to prevent skeletal myopathy in patients with recessive, 
early onset αB-crystallin-opathies. Engraftment of human iPSC-derived skeletal 
muscle progenitor cells has been shown to seed the satellite compartment in dystro-
phic mice suggesting the potential for long term benefi ts from this type of cell 
therapy (Darabi et al.  2012 ). The rapidly advancing fi eld of iPSCs will likely lend 
itself to mechanistic disease modeling, small molecule screening, and regenerative 
therapies in protein misfolding disorders in the years to come.     
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    Chapter 12   
 Role of Small Heat Shock Protein HspB5 
in Cancer 

             Wilbert     C.     Boelens    

    Abstract     HspB5, also called αB-crystallin, is a ubiquitous small heat shock  protein 
(sHSP) that is strongly induced by a variety of stresses, but that also functions con-
stitutively in multiple cell types. Extensive research has demonstrated that HspB5 
acts as an ATP-independent molecular chaperone by binding unfolding proteins and 
protecting cells from damage due to irreversible protein aggregation. As a result of 
its importance in protein homeostasis HspB5 is of signifi cant interest to many areas 
of cell biology, including the development of cancer. However, the molecular 
understanding of HspB5’s role in cancer is only beginning to emerge. In this chapter 
an overview is given of data that provide insight into the oncogenic role of HspB5 in 
human cancer.  

  Keywords     HspB5   •   Crystallin   •   Cancer   •   Expression   •   Cell survival  

12.1         Introduction 

 HspB5 belongs to the family of stress proteins, grouped together based on stretches 
of sequence homology, of which the most conserved part is the α-crystallin domain 
(Kappe et al.  2010 ). The human family of sHSPs contains ten members (HspB1–
HspB10), of which HspB5 is stress inducible and therefore belongs to the family of 
heat shock proteins (Lanneau et al.  2010 ). In general, sHSPs form large oligomers 
with dynamic quaternary structures, which diversifi cation likely refl ects an adaptation 
to tolerate all kinds of stresses and to cope with different client proteins (Hochberg 
and Benesch  2014 ). The abundance of the different human sHSPs varies enormously, 
depending on growth conditions, developmental states, differentiation and 
oncogenic status of the cell (Arrigo  2012 ). HspB5 is remarkably highly expressed 
in the eye lens, where it forms mixed complexes with HspB4 (αA-crystallin), and in 
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heart and skeletal muscle, where it forms mixed complexes with HspB1 (Hsp27), 
HspB6 (Hsp20) and HspB8. HspB5 displays ATP-independent chaperone activity 
by suppressing the aggregation of a large set of client proteins, thereby contributing 
to the balance between cell survival and cell death (Boelens  2014 ; Acunzo et al. 
 2012 ). Its chaperone function is regulated by phosphorylation at three different 
phosphorylation sites, Ser19, Ser45, and Ser59, all located within the N-terminal 
domain. Phosphorylation can be stimulated by various kinds of stresses, such as 
hyperthermia, oxidative stress or the exposure to cytotoxic drugs (Kato et al.  1998 ; 
Ito et al.  1997 ). Phosphorylation of HspB5 has been shown to correlate with a 
reduction in average oligomer size and enhanced interaction with client proteins 
(Peschek et al.  2013 ). By binding different client proteins and thereby modifying 
the stability and/or activity of these proteins, HspB5 is able to affect all kinds of 
cellular activities (Arrigo  2013 ). Besides HspB5 other sHSPs have been shown to 
play crucial roles in human cancer pathologies by interacting with pro- oncogenic 
client proteins, recently reviewed by Arrigo and Gilbert (Arrigo and Gibert  2014 ). 
Here, I will focus on the expression of HspB5 in cancer and how this expression 
may promote cancer formation.  

12.2     HspB5 Expression in Cancers 

 One of the fi rst reports describing the association of HspB5 expression and cancer 
was a study of human brain tumors (Aoyama et al.  1993 ). Elevated levels of HspB5 
were demonstrated to occur in the more aggressive stages of gliomas. Especially the 
more infi ltrative glioblastoma cells showed higher levels of HspB5 (Goplen et al. 
 2010 ). In breast cancer patients HspB5 expression was closely associated with 
advanced tumor grade progression, lymph vesicular invasion, and mortality, a 
 phenomenon that was particularly observed in triple-negative breast tumors 
(Chelouche- Lev et al.  2004 ; Kim et al.  2011 ; Moyano et al.  2006 ). Furthermore, 
breast cancer patients with brain metastasis formation show higher levels of HspB5 
than breast cancer patients without brain metastasis (Malin et al.  2014 ). Overexpression 
of HspB5 can transform immortalized human mammary epithelial cells that can 
develop invasive mammary carcinomas in nude mice with basal-like breast tumor 
features (Moyano et al.  2006 ). Consequently HspB5 can be considered as a 
 biomarker in the diagnosis of breast cancers, especially in those with advanced 
grade (Ivanov et al.  2008 ; Sitterding et al.  2008 ; Tsang et al.  2012 ). Similarly, high 
levels of HspB5 are associated with low survival rate in hepatocellular carcinoma 
(Huang et al.  2013 ; Tang et al.  2009 ), ovarian carcinoma (Volkmann et al.  2013 ), 
clear cell renal cell carcinoma (Ho et al.  2013 ) and head and neck squamous cell 
carcinoma (van de Schootbrugge et al.  2013 ). In non-small-cell lung cancer only the 
nuclear and not the cytoplasmic localized HspB5 correlated with poor survival 
(Cherneva et al.  2010 ). 

 HspB5 does not correlate with poor prognosis in all cancer types analyzed and 
negative effects of HspB5 on cancer progression have been described as well. 

W.C. Boelens



303

In nasopharyngeal carcinomas down regulation of HspB5 has been associated with 
tumor progression (Lung et al.  2008 ). Overexpression of HspB5 in cell lines of this 
type of cancer suppressed progression-associated phenotypes such as loss of cell 
adhesion, invasion and interaction with the tumor microenvironment (Huang et al. 
 2012 ). Similarly, patients with cutaneous squamous cell carcinoma having perineural 
invasion, which is associated with a poor prognosis, showed lower HspB5 expression 
compared to patients without perineural invasion (Solares et al.  2010 ). Since HspB5 
expression can have opposite effects in different cancer types, it is likely that 
the molecular mechanisms by which HspB5 infl uences cancer development will be 
diverse.  

12.3     Transcription Factors Involved in the Expression 
of HspB5 

 The molecular mechanisms that regulate HspB5 transcription in normal, stress or 
pathological conditions are extremely complex and rely on the combinatory effects 
of many transcription factors (Fig.  12.1 ) (de Thonel et al.  2012 ). Multiple pathways 
coordinate the spatial and temporal expression of the  HspB5  gene during lens devel-
opment through the action of master genes, like members of the Maf protein family 
and Pax6. The MyoD family proteins (muscle regulatory-binding site), regulate 
HspB5 expression in muscle cells by binding the E-box (Gopal-Srivastava and 
Piatigorsky  1994 ), but additional elements are required, since one E-box is not 
 suffi cient for full transcriptional activity (Gopal-Srivastava et al.  2000 ). The 
 induction of HspB5 transcription by various stresses proceeds via heat shock tran-
scription factor (HSF)-dependent mechanisms, by which also concomitant induc-
tion of other stress proteins is observed.  

 The mechanisms underlying deregulated HspB5 expression in cancers are poorly 
understood. The overexpression of HspB5 in some cancers has been reported to be, 
at least partly, independent of HSF regulation (de Thonel et al.  2012 ). In basal-like 
breast cancer, in which the expression of HspB5 is correlated with a poor prognosis 

  Fig. 12.1    Transcription factors able to interact with the promoter region of  HspB5 . The 
 transcription factors known to infl uence the expression of HspB5 in tumors are indicated in  green . 
Transcription factors that regulate the expression of HspB5 in normal tissues are indicated in  blue . 
The factors above the transcription factors indirectly stimulate ( green ) or inhibit ( red ) HspB5 
expression. The numbers indicate the location of transcription binding sites relative to the 
 transcription start site. TATAA indicates the TATA box. The  HspB2  gene located upstream of 
 HspB5  is not shown       
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and may contribute to the aggressive phenotype, the proto-oncogene  Ets1 , a  member 
of the ETS transcription factor family, appears to be involved in the upregulation of 
HspB5 expression. Silencing  Ets1  reduced both  HspB5  promoter activity and 
 protein levels. Furthermore, Ets1 recognized a palindromic element corresponding 
to the ETS-DNA consensus motif in the human  HspB5  promoter, which is highly 
conserved among mammalian species (Bosman et al.  2010 ). 

 A substantial fraction of tumor cells may experience cycling hypoxia, character-
ized by transient episodes of hypoxia and reoxygenation (Koritzinsky and Wouters 
 2013 ). Such tumor cells are under a unique burden of stress, mediated by excessive 
production of reactive oxygen species (ROS). ROS has been shown to induce the 
expression of HspB5 (van de Schootbrugge et al.  2014 ). One of the transcription 
factors stimulated by ROS is the lens epithelial derived growth factor (LEDGF), 
which is able to bind to the stress response element of the  HspB5  gene, thereby 
stimulating its transcription (Shin et al.  2008 ). Remarkably, the anti-apoptotic 
 family member Bcl-2, a pro-oncoprotein able to protect cells under various stress 
conditions, has been shown to reduce the activity of LEDGF in rabbit lens epithelial 
cells, thereby down-regulating the expression of HspB5 (Mao et al.  2001 ). The Bcl-
2- induced down-regulation of HspB5 was shown to be responsible for a decreased 
protection against oxidative stress. However, the expression of another Bcl-2 family 
member, Bcl-2-Like 12 (Bcl2L12) showed a signifi cant upregulation of HspB5 on 
mRNA and protein levels in cortical astrocytes (Stegh et al.  2008 ). This protein is 
only distantly related to the canonical Bcl-2 family members and part of its anti- 
apoptotic activity might be a consequence of its ability to increase the expression of 
HspB5. Whether Bcl2L12 enhances HspB5 expression by affecting the activity of 
LEDGF is not known. 

 The tumor suppressor protein p53 is a transcription factor that trans-activates 
various genes in response to DNA-damaging stress. By a search for new target 
genes using a cDNA microarray system,  HspB5  was identifi ed as a gene that is 
trans-activated by p53 (Watanabe et al.  2009 ). Furthermore, a conserved response 
element for p53 was found in the  HspB5  promoter (Evans et al.  2010 ). Induction of 
 HspB5  by genotoxic stress could be inhibited by siRNAs targeting p53 and ectopic 
expression of p53-induced HspB5 mRNA and protein expression, showing that p53 
is responsible for HspB5 induction in response to DNA-damaging stress. However, 
p53 does not seem to be suffi cient for HspB5 induction. The N-terminal truncated 
form of p73, a p53-related transcription factor lacking a transactivation domain, the 
expression of which is also induced by p53, was needed as well (Evans et al.  2010 ). 
In addition, the transcription factor AP-2β was shown to upregulate the transcription 
of the  HspB5  gene by stimulating the activity of p53 (Hu et al.  2012 ). Notably, 
HspB5 is able to directly interact with the p53 protein and can affect the functioning 
of p53 (Watanabe et al.  2009 ; Jin et al.  2009 ; Liu et al.  2007 ). HspB5 has been 
shown to contribute to p53 stability, which is probably related to the chaperone 
activity of HspB5 (Peschek et al.  2013 ; Jin et al.  2009 ). Overexpression of HspB5 
increased p53 protein and, in contrast, repression of HspB5 decreased p53 protein 
(Watanabe et al.  2009 ). These fi ndings point to a link between HspB5 and genotoxic 
stress that is regulated by cooperative actions of p53. 
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 Another transcription factor that plays a role in the oncogenic activity of HspB5 
is NFκB, a key factor that regulates expression of a large number of genes involved 
in apoptosis, proliferation, tumorigenesis and metastasis. Loss-of-function muta-
tions of the tumor suppressors tuberous sclerosis complex 1 or 2 ( TSC1/2 ) have 
been shown to cause a rare multi-system   genetic disease     that causes benign tumors 
to grow in the   brain     and on other vital organs such as the   kidneys    ,   heart    ,   eyes    ,   lungs    , 
and   skin    . Patients with this disease showed an increased expression of HspB5 in the 
affl icted organs (Wang et al.  2013 ). One of the transcription factors that was found 
to be activated in cells with inactivated  TSC1  or  TSC2  genes is NFκB. By computa-
tional analysis, two NFκB-binding sites were found within the promoter region on 
 HspB5  gene. Mutations in these putative NFκB-binding sites markedly attenuated 
the  HspB5  promoter activity in  TSC2  _ / _  MEFs, indicating that these sites were 
responsible for the upregulation of HspB5. 

 The studies described above have brought many insights on the action of control 
elements and transcription factors that operate on  HspB5  gene transcription, 
 however further elucidation of the mechanisms of  HspB5  gene transcription is still 
needed to help to decipher the role of HspB5 in cancer development.  

12.4     Involvement of HspB5 in Cell Survival 

 Several chemotherapeutic agents act through inducing cell death of neoplastic cells, 
which means that protective effects are disadvantageous for the outcome of the 
treatment. Accumulating evidence suggests that HspB5 can prevent cell death 
 triggered by various stimuli, including hyperthermia, oxidative stress or the expo-
sure to cytotoxic drugs (Acunzo et al.  2012 ). The cellular protection might be due 
to the prevention of intracellular damage induced by the stressors. HspB5 may pre-
vent the aggregation or facilitate renaturation of proteins and protect cytoskeletal 
elements against ischemic injury or depolymerizing agents (Xi et al.  2006 ; Singh 
et al.  2007 ). Furthermore, HspB5 may prevent cell death by interacting with key 
pro-apoptotic proteins, thereby blocking apoptosis at different levels (Fig.  12.2 ). In 
human retinal pigment epithelial cell, HspB5 inhibits apoptosis induced by stauro-
sporine by interacting with the pro-apoptotic proteins Bax and Bcl-Xs and inhibit-
ing their translocation from the cytosol to the mitochondria (Mao et al.  2004 ). Also 
cell death induced by hydrogen peroxide and staurosporin might be inhibited this 
way (Mao et al.  2001 ; Hamann et al.  2013 ). Remarkably, phosphorylation at Ser59 
may specifi cally stimulate the interaction with the anti-apoptotic protein Bcl-2 in 
MCF cells, thereby reducing the anti-apoptotic activity of this protein and making 
the cells more sensitive for the chemotherapeutic agent vinblastine (Launay et al. 
 2010 ). This effect is opposed to the phosphorylation-induced anti-apoptotic activity 
observed in cardiac myocytes and astrocyte cell lines (Morrison et al.  2003 ; Li and 
Reiser  2011 ). The pro- and anti-apoptotic activities of HspB5 indicate that the 
 regulation of the protective mechanisms of phosphorylated HspB5 is complex and 
may depend on cellular background and stress conditions.  
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 Downstream in the apoptotic pathway, HspB5 directly binds to partially 
 processed caspase-3, thereby inhibiting the pro-apoptotic function of this protein 
(Kamradt et al.  2001 ). This interaction desensitizes cancer cells to chemotherapeu-
tic treatments. Moreover, HspB5 may inhibit caspase-3 activation in cells that are 
primed for apoptosis by inactivation of the retinoblastoma tumor suppressor protein 
Rb. Rb plays an integral role in G1-S checkpoint control and consequently is a frequent 
target for inactivation in cancer. Prevention of Rb-induced apoptosis in cells may 
promote oncogenic transformation and thus in this context HspB5 may actually 
have an oncogenic activity (Petrovic et al.  2013 ). 

 In the mouse skeletal myoblast C2C12 cells HspB5 was observed to prevent 
apoptosis induced by hydrogen peroxide treatment (Liu et al.  2007 ). As described 
above, HspB5 is able to interact with p53 (Liu et al.  2007 ; Jin et al.  2009 ; Watanabe 
et al.  2009 ). Activated p53 can induce apoptosis by transactivating the expression of 
multiple pro-apoptotic genes, but also participates in apoptosis by acting directly at 

  Fig. 12.2    The involvement of HspB5 in regulation of apoptosis. Schematic illustration showing 
the apoptotic and survival pathways controlled by HspB5. The pro-apoptotic signals are indicated 
in  red  and the anti-apoptotic signals in  green        
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the mitochondrial membrane. At this location, p53 physically interacts with 
anti- apoptotic Bcl-2 family proteins, thereby stimulating the release of cytochrome 
c from the mitochondria, subsequently leading to apoptosis (Galluzzi et al.  2011 ). 
By interacting with p53, HspB5 may inhibit the oxidative-stress induced transloca-
tion of p53 from cytoplasm to mitochondria and in this way prevent induction of 
apoptosis (Liu et al.  2007 ). 

 In another study using C2C12 cells, treatment with TNF-α induced apoptosis, 
but also led to association of HspB5 with IKKβ. This interaction facilitated the 
degradation of phosphorylated IκBα, a prime step in NFκB activation. The ability to 
activate NFκB was dependent on the phosphorylation status of HspB5. This process 
may be stimulated by a feed-forward loop, because activated NFκB can enhance the 
expression of HspB5 (Wang et al.  2013 ). The HspB5-dependent NFκB activation 
protected myoblasts from TNF-α induced cytotoxicity by enhancing the expression 
of the anti-apoptotic protein Bcl-2. 

 Taken together, these studies show that HspB5 has several mechanisms to exert 
its anti-apoptotic activity, allowing protecting cancer cells in different ways, likely 
depending on cell type and stress conditions.  

12.5     Involvement of HspB5 in Cell Cycle Progression 

 Cell cycle progression is determined by the balance of positive regulators, cyclin-
dependent- protein kinases, relative to negative regulators, cyclin-dependent kinase 
inhibitors. The family of D-type cyclins (D1, D2, and D3) are the regulatory sub-
units that control the G1/S-phase transition. Of the three D-type cyclins, cyclin D1 
is most frequently overexpressed in human cancer (Pestell  2013 ). Accumulation of 
cyclin D1 is tightly regulated through various mechanisms including transcription, 
protein localization and ubiquitin-dependent proteolysis. The inhibition of ubiquitin- 
dependent proteolysis of cyclin D1 is thought to be a primary mechanism of cyclin 
D1 overexpression in human tumors. For the proteolysis, cyclin D1 phosphorylation 
at Thr-286 by GSK3β is required. One of the ubiquitin ligases involved in the 
 degradation of cyclin D1 is the Skp1-Cul1-F box (SCF) E3 ubiquitin ligase, which 
contains the F-box protein Fbx4 and HspB5 (Lin et al.  2006 ). HspB5 has been 
shown to directly interact with Fbx4, which was stimulated by mimicking the 
phosphorylation of HspB5 (den Engelsman et al.  2003 ). Both Fbx4 and HspB5 are 
responsible for SCF substrate specifi city. Knockdown of either Fbx4 or HspB5 in 
cells reduced cyclin D1 ubiquitination and reduced cyclin D1 proteolytic turnover 
resulting in accelerated cell cycle progression (Lin et al.  2006 ). To assess the potential 
contribution of HspB5 and Fbx4 to cyclin D1 overexpression in human cancer, the 
expression of HspB5 and Fbx4 have been assessed in primary esophageal cancers 
where cyclin D1 is known to be overexpressed in nearly 40 % of the cases (Lin et al. 
 2006 ). Strikingly, approximately 20 % of esophageal carcinomas exhibited loss of 
either HspB5 or Fbx4 as determined by immunohistochemistry. Furthermore, in 
15 % of the primary esophageal tumors inactivating mutations in the  Fbx4  gene 
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were observed (Barbash and Diehl  2008 ). In melanoma cells the serine/threonine 
kinase B-RAF-MEK signaling is often hyperactivated to stimulate cell prolifera-
tion. This aberrant signaling has been shown to reduce the expression of HspB5 
leading to a partial stabilization of cyclin D1 (Hu and Aplin  2010 ). These results 
show that inactivation of SCF Fbx4/HspB5 E3 ligase activity is not only restricted to 
esophageal cancers, a tumor where cyclin D1 is thought to be a driving force, but 
may also affect cell growth in other types of cancers.  

12.6     Involvement of HspB5 in Modulating Tumor 
Neovascularization 

 HspB5 interacts with several important human growth factors, including vascular 
endothelial growth factor (VEGF) (Ghosh et al.  2007 ). The interaction of HspB5 
with VEGF is dependent on the same region HspB5 that is involved in the binding 
of misfolded proteins, indicating that HspB5 may chaperone and stabilize misfolded 
VEGF. VEGF is an endothelial cell-specifi c mitogen that promotes vascular angio-
genesis and is induced by hypoxic stress, a known stimulator of angiogenesis. As 
solid tumors grow, the inner mass become hypoxic, which will stimulate the 
 production of VEGF to enhance neovascularization. In HspB5-defi cient mice the 
tumor vasculature has been found to display high levels of apoptotic cells and 
decreased vessel formation, indicating that HspB5 is an angiogenic modulator 
(Dimberg et al.  2008 ). Furthermore, in HspB5 knock-out mice the expression of 
VEGF was found to remain low during retinal angiogenesis (Kase et al.  2010 ). A 
possible explanation for these observations is that increased VEGF expression 
results in both properly folded and misfolded VEGF in the endoplasmic reticulum 
(ER). The misfolded VEGF cannot be transported to the Golgi apparatus for secretion 
and will be exported to the cytoplasm for degradation by the ubiquitin-proteasome 
system. However, when HspB5 is present, it may bind and stimulate the refolding 
of misfolded VEGF, thereby enhancing the production of properly folded 
VEGF. Part of the rescued VEGF may not to be secreted, but used for the intracrine 
VEGF signaling, a process crucial for the vascular homeostasis (Ruan et al.  2011 ).  

12.7     Involvement of HspB5 in Metastasis Formation 

 Invasion of cancer cells in other tissues is one of the main causes of death of cancer 
patients, but the molecular and cellular mechanisms underlying tumor metastasis 
are still not well understood. The spreading of cancer cells through the blood and 
lymph systems is a multistep process (Geiger and Peeper  2009 ). An important step 
in cell spreading is Epithelial-to-Mesenchymal Transition (EMT), a process that is 
characterized by the loss of polarity, the loss of epithelial markers, reorganization of 
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the cytoskeleton and the acquisition of mesenchymal markers (Lamouille et al.  2014 ). 
EMT can be seen as the acquisition of extreme plasticity by epithelial cells. In cancer, 
EMT enables malignant cells to acquire a migratory phenotype and is thus  associated 
with tumor invasiveness. In hepatocellular carcinoma (HCC) HspB5 expression has 
been shown to induce EMT through activation of the extracellular- regulated protein 
kinase (ERK) cascade (Huang et al.  2013 ). The up-regulation of ERK1/2 activity in 
this cell type may occur via the interaction of HspB5 with 14-3- 3ζ protein. Both 
overexpression of HspB5 and 14-3-3ζ correlated with poor survival outcome of 
HCC, indicating that the HspB5-14-3-3ζ complex promotes HCC progression. 

 Another important step in cell spreading is that cells have to detach from their 
environment. Normally, detached cells undergo anoikis, a type of cell death induced 
by inappropriate loss of cell adhesion. Hence, anoikis suppression is required for 
tumor cells to be able to metastasize to distant sites (Tan et al.  2013 ). HspB5 may 
confer protection to cells by its protective activity (see above) and this way may 
help to avoid anoikis. 

 A next step in cell spreading concerns the invasion of neighboring tissue. To this 
end tumor cells must acquire the ability to migrate through the basal lamina that 
separates tumor mass from stroma, which often occurs at sites where the lamina is 
incomplete. Many proteins are involved in the process of cell migration and in 
metastasizing tumors mutations in genes coding for proteins that mediate the attach-
ment between cells and their environment have been found (Guo and Giancotti 
 2004 ). Overexpression of HspB5 in human mammary epithelial cells caused loss of 
polarity and increased migration and invasion (Moyano et al.  2006 ). Furthermore, 
these cells formed invasive carcinomas in nude mice. The oncogenic changes were 
dependent on HspB5 overexpression, since knockdown of HspB5 expression 
 suppressed the abnormal phenotype. The transformation appeared to be dependent 
on the phosphorylation state of HspB5, as a pseudophosphorylation mutant of 
HspB5, which mimics an irreversible form of stress-induced phosphorylation, did 
not confer neoplastic changes. 

 Cell motility is tightly coupled to the biochemical and mechanical properties of 
the actin cytoskeleton. Actin fi laments are semi-fl exible polymers, which in 
 conjunction with the molecular motor myosin are able to exert or resist against force 
in a cellular environment. To modulate the mechanical properties, actin fi laments 
can organize into a variety of architectures generating a diversity of cellular 
 organizations including branched or crosslinked networks in lamellipodia, parallel 
 bundles in fi lopodia, and antiparallel structures in contractile fi bers. In migrating 
lens  epithelial cells, HspB5 was found to localize to the lamellipodia (Maddala and 
Rao  2005 ). HspB5 exhibited a clear co-localization with the actin meshwork and 
regulatory proteins involved in actin dynamics and cell adhesion, suggesting a 
role for HspB5 in actin dynamics during cell migration. Localization of HspB5 to 
the lamellipodia appeared to depend on Ser59 phosphorylation, since inhibition of 
the p38 MAP kinase diminished the accumulation in lamellipodia. 

 Another important step in cell spreading entails intravasation into pre-existing 
and newly formed blood and lymph vessels. Normally, angiogenesis is rare and 
occurs mainly during wound healing and the female reproductive cycle. The growth 
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of new vessels is controlled by a balance of angiogenic activators and angiogenic 
inhibitors (Bergers and Benjamin  2003 ). During the “angiogenic switch”, upon which 
a tumor activates vascularisation, this balance is disturbed. A major player in angio-
genesis is vascular endothelial growth factor (VEGF) (Roskoski  2007 ). Increased 
VEGF secretion is often correlated with metastasis formation (Hu et al.  2009 ) and 
worse outcome for the patient (Bremnes et al.  2006 ). HspB5 is able to enhance the 
production of VEGF (see above) and this may affect the intravasation of tumor cells, 
thereby promoting metastasis formation (van de Schootbrugge et al.  2013 ).  

12.8     Conclusion and Future Perspective 

 The combined literature data described here indicates that HspB5 is involved in 
several vital cellular processes, fi nely regulating the balance between life and death 
of the cells by protecting cells under unfavorable conditions. Until recently, it was 
believed that HspB5, like most other sHsps, is a specialized chaperone whose activ-
ity was to attenuate the damages to cellular proteins by mediating their storage until 
they could be refolded. The recent fi ndings show that HspB5 is involved in an 
impressive number of cancer-related processes. The multiple cellular functions of 
HspB5 might be a result of its fundamental property to interact with client proteins 
to control their folding. If the folding of client proteins is not adapted to cellular 
conditions, HspB5 can participate in their refolding, degradation or modulation of 
their enzyme activity. Hence, the proteins that are controlled by HspB5 could have 
crucial functions in the development of cancer. However, a major drawback to 
understand the functions of HspB5 in cancer is the fact that the cellular conditions 
that allow HspB5 to interact with specifi c client proteins are still not well characterized. 
Future work should be directed toward analysis and defi nition of HspB5 interac-
tions with client proteins involved in crucial cellular functions, such as proteins of 
signaling pathways. These studies might indicate certain client proteins as useful 
targets for therapeutic manipulation, for example to induce cancer cell death or to 
sensitize them for current therapeutic approaches.     
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    Chapter 13   
 Small Heat Shock Proteins and Fibrosis 

             Pierre-Simon     Bellaye    ,     Olivier     Burgy    ,     Julien     Colas    , 
    Sebastien     Causse    ,     Carmen     Garrido     , and     Philippe     Bonniaud   

    Abstract     Small heat shock proteins (sHSP) are involved in many essential cellular 
mechanisms both in physiologic and pathologic conditions. HSP27 (HSPB1), 
αB-crystallin (HSPB5) and HSP20 (HSPB6), the most studied members, are stress- 
inducible chaperones with an anti-aggregation function. They have been shown to 
inhibit apoptosis by interacting with proteins involved in programmed cell death 
such as cytochrome c or caspases, to have anti-oxidant properties and/or to modu-
late protein homeostasis by participating in the proteasomal degradation of specifi c 
proteins under stress conditions. Heat shock proteins accumulate in cancer cells and 
this overexpression is needed for the cancer cells’ survival. Accordingly, the inhibi-
tion of heat shock proteins such as HSP27 is an emerging strategy in cancer therapy 
(already is in phase II clinical trials). Fibrogenesis and cancer share several proper-
ties as both pathologies are characterized by genetic alterations, uncontrolled cell 
proliferation, altered cell interaction and communication and tissue invasion. 

 The current review will discuss the involvement of HSP27, αB-crystallin and 
HSP20 in the process of fi brogenesis and in established organ fi brosis. We will dis-
sect the impact of their function inducing the recruitment of infl ammatory cells, the 
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secretion of profi brotic cytokines, mainly Transforming Growth Factor-β1 (TGF- 
β1), and modulating oxidative stress, apoptosis and/or the proteasome system in the 
fi brotic process.  

  Keywords     HSP27   •   Alpha-B-crystallin   •   HSP20   •   Fibrosis   •   Collagen   •   TGFbeta   • 
  EMT  

13.1         Heat Shock Proteins 

 Cells are constantly exposed to several aggressions caused by many environmental 
factors (heat shock, oxidative stress, UV), exposure to pharmacologic toxic agents 
(heavy metals, alcohol, chemotherapy) or certain pathological conditions. Protective 
mechanisms are established in cells in order to maintain their functions. The “heat 
shock response” was fi rst highlighted in 1964 in drosophila by Ritossa ( 1964 ; 
Tissieres et al.  1974 ) and is characterized by the expression of a particular protein 
superfamily, the Heat Shock Proteins (HSPs). HSPs are conserved cellular proteins 
present in many species such as yeast, bacteria, plants, animals and humans. See 
Kampinga et al. ( 2009 ) for HUGO-approved nomenclature of human HSPs. 

 In normal conditions HSPs are able to interact with mature and immature pro-
teins in order to help the folding of newly synthesized proteins, stabilize them, help 
them to reach organelles such as the mitochondria or the endoplasmic reticulum, 
and participate in the protein turn-over (Gething and Sambrook  1992 ). During 
stress, proper folding of proteins can be affected, leading to a loss of protein func-
tion. The accumulation of misfolded proteins enhances the formation of aggregates, 
which disrupts the cellular machinery and can lead to cell death. The stress-induc-
ible proteins ensures the correct folding of misfolded proteins or, if refolding is 
impaired, they direct them towards the proteasome system where the defective pro-
teins are degraded (Burel et al.  1992 ; Lanneau et al.  2010 ). While HSPs already 
form up to 2–3 % of total cellular proteins at their baseline level, their expression is 
strongly induced upon stress. This induction is mediated by specifi c transcription 
factors, called heat shock factors (HSF), the best characterized of these being HSF-
1, which has the ability to bind DNA at specifi c sites called Heat Shock Elements 
(HSE) found in the promoters of HSP genes (Arrigo  2005 ). In normal conditions, 
HSF-1 is sequestrated in the cytoplasm by HSP70, HSP90 and several co-chaper-
ones (Voellmy  2006 ; Conde et al.  2009 ). In stress conditions, the HSPs release 
HSF-1 to bind misfolded proteins, allowing the phosphorylation, activation and 
trimerization of HSF-1, which migrates into the nucleus, interacts with HSE and 
fi nally induces the transcription of HSP genes. 

 In mammals, heat shock proteins are grouped into six major families according 
to their molecular weight: HSP100, HSP90, HSP70, HSP60, HSP40 and the small 
Heat Shock Protein family (sHSP, (Vos et al.  2008 )). Although HSPs share many 
common properties, each family has specifi cities in regards to their cellular local-
ization, their dependence on ATP, their substrate specifi city and the type of diseases 
in which they may be involved. 

P.-S. Bellaye et al.



317

 sHSP are low molecular weight proteins (15–30 kDa) that possess a highly 
dynamic structure. sHSP can modulate their quaternary structure and act as mono-
mers or dimers but they also can form, through interactions with themselves or other 
sHSPs, homo or hetero-oligomers containing up to 50 subunits (Benesch et al. 
 2008 ). Structurally, all sHSP share a C-terminal domain, referred to as alpha- 
crystallin domain, constituting an intermolecular interaction site (Hayes et al.  2009 ). 
HSP27, αB-crystallin and HSP20 are the most studied members of sHSP and have 
strong anti-aggregation chaperone activity, although their mode of action to prevent 
aggregation is distinct (McDonald et al.  2012 ). 

 sHSPs are involved in many essential cellular mechanisms both in physiologic 
and pathologic conditions. For instance, several studies have shown that sHSPs 
could inhibit apoptosis by interacting with proteins involved in programmed cell 
death such as cytochrome c, caspases or Apaf-1 (Apoptotic protease-activating fac-
tor 1 (Bruey et al.  2000 ; Didelot et al.  2006 ; Kamradt et al.  2002 ). sHSPs can also 
be involved in cytokine induction, infl ammation (Tamura et al.  2012 ; Salinthone 
et al.  2008 ) and cytoskeleton related diseases (Wettstein et al.  2012 ). 

 sHSPs have been largely described as implicated in the pathogenesis of cancer 
(Jego et al.  2013 ). sHSPs take part in several molecular mechanisms of cancerous 
cells, including proliferation (Hayashi et al.  2012 ), invasion (Lemieux et al.  1997 ), 
angiogenesis (Thuringer et al.  2013 ) and metastasis formation (Pavan et al.  2014 ; 
van de Schootbrugge et al.  2013 ; Malin et al.  2014 ). In several reports, sHSPs 
appeared benefi cial for cancerous cells and thereby deleterious for patients affected 
by a wide range of cancer types (Rappa et al.  2012 ; Ma et al.  2013 ; Ruan et al.  2011 ; 
Ivanov et al.  2008 ). sHSP inhibition thus appears to be of great interest in order to 
improve the effi ciency of chemotherapy and disease outcome (Jakubowicz-Gil et al. 
 2013 ; Gibert et al.  2013 ). Fibrogenesis and cancer share several properties as both 
pathologies are characterized by genetic alterations, uncontrolled cell proliferation, 
altered cell interaction and communication and tissue invasion (Vancheri et al. 
 2010 ). Besides, processes in which sHSPs have been implicated such as the recruit-
ment of infl ammatory cells, abundant secretion of profi brotic cytokines, mainly 
Transforming Growth Factor-β1 (TGF-β1), increase in oxidative stress, apoptosis 
and degradation via the proteasome system, are all events that occur during fi bro-
genesis suggesting a role for sHSP. 

 The current review will discuss the involvement of the sHSP HSP27, HSP20 and 
αB-crystallin in the process of fi brogenesis and in established organ fi brosis.  

13.2     The Fibrotic Processes 

 Fibrosis is an essential process of tissue healing, promoting wound repair, re- 
epithelialization and restoration of the normal function of the affected organs in 
cases of chronic injury. This protective mechanism can be highly deleterious when 
it is out of control, leading to organ failure and diseases such as liver, cardiac, renal 
or pulmonary fi brosis. Whereas the process of fi brogenesis can be slightly different 
depending on the affected organ, the major steps remain identical (Kisseleva and 
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Brenner  2008 ; Calabresi et al.  2007 ). Epithelial cell injury and apoptosis appears to 
be the triggering events of the process. Epithelial cell death results in the recruit-
ment of infl ammatory cells and an important secretion of pro-fi brotic cytokines 
such as TGF-β1 (Fig.  13.1 ). This pro-fi brotic environment leads to the activation of 
neighboring cells and contributes to the progression of fi brosis. One of the major 
events during fi brosis is the abnormal and massive increase in extracellular matrix 
(ECM) deposition with notably collagen accumulation (Fig.  13.1 ). Myofi broblasts 
are considered to be the key cells of the fi brotic process since they are essentially 
responsible for ECM synthesis and are associated with disease progression (Phan 
 2002 ). Several hypothesis have been proposed to explain the origin of these aggres-
sive cells. Resident fi broblasts and circulating mesenchymal cells derived from 
bone marrow (fi brocytes) are thought to contribute to the pool of myofi broblasts and 
ECM deposition (Kisseleva and Brenner  2008 ; Bucala et al.  1994 ) under TGF-β1 
stimulation. Epithelial cells are also major players in fi brogenesis since they can 
trans-differentiate and acquire a myofi broblastic phenotype, and thus contribute to 
the accumulation of ECM in the lung tissue. This transformation, called Epithelial-
to- Mesenchymal Transition (EMT), is initiated by Transforming Growth Factor-β1 
(TGF-β1), a growth factor essential to fi brosis (Klugman et al.  2012 ; Carew et al. 
 2012 ). While during normal wound healing myofi broblasts are necessary for wound 
contraction and closure, their persistent activation and apoptosis inhibition cause 
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  Fig. 13.1    Wound healing vs fi brosis. Injury of the epithelium causes the release of infl ammatory 
mediators that induce the recruitment of immune cells such as lymphocytes and macrophages at 
the site of injury. These immune cells secrete several cytokines including TGF-β1 that promotes 
the activation of neighbouring cells which, in turn, will secrete pro-fi brotic mediators. This pro- 
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in case of chronic injury and persistent activation of myofi broblasts, the accumulation of extracel-
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abnormal and excessive wound healing (Fig.  13.1 ). The fi brotic process is thus 
maintained by both the apoptosis of epithelial cells which leads to the production of 
pro-fi brotic cytokines, mainly TGF-β1, but also by the inhibition of apoptosis in 
myofi broblasts, which produces an excess of ECM causing the disease. This “para-
dox” has been widely discussed in the literature and the key role of TGF-β1 has 
been confi rmed (Thannickal and Horowitz  2006 ; Drakopanagiotakis et al.  2008 ). 
Although TGF-β1 inhibits cellular proliferation in several cell types, it stimulates 
mesenchymal cell proliferation, induces the secretion of ECM, inhibits apoptosis in 
myofi broblasts and, therefore, is strongly pro-fi brotic (Border and Noble  1994 ). In 
addition, the ability of TGF-β1 to induce epithelial cell apoptosis may be another 
mechanism whereby fi brosis is promoted, since impaired epithelial repair is increas-
ingly recognized as an important mechanism in fi brogenesis (Barbas-Filho et al. 
 2001 ). Furthermore, TGF-β1 levels are increased in fi brotic lung tissue from patients 
affected with pulmonary fi brosis (Coker et al.  2001 ). The induction of severe pro-
longed pulmonary fi brosis in rodents by overexpression of active TGF-β1 in the 
lung is another confi rmation of its central role in fi brogenesis (Sime et al.  1997 ).  

 TGF-β is a 25 kDa protein consisting of two identical 12.5 kDa subunits joined 
covalently by disulphide bonds. There are, at least, three mammalian isoforms of 
TGF-β, designated β1, β2 and β3 which all mediate signal through the same surface 
receptors. The TGF-β1 isoform is the most commonly secreted isoform, and is con-
sistently found to be upregulated in fi brotic diseases (Khalil et al.  1996 ). TGF-β 
signaling occurs essentially through two main receptors: TGF-β receptors type I and 
II, TβRI and TβRII respectively. These receptors are serine/threonine kinases. TβRII 
is constitutively active and after binding of its ligand, activates TβRI via phosphory-
lation (Wrana et al.  1994 ). In turn, TβRI activates a large number of intracellular 
signaling pathways through kinase activation, including the Smad pathway essential 
for fi brogenesis (Massague and Wotton  2000 ; Wells  2000 ). Smad proteins are direct 
effectors of the activated TGF-β receptor complex and mediate signaling from cell 
surface receptors to the nucleus (Eickelberg  2001 ; Schiller et al.  2004 ). They can be 
grouped in three classes: Receptor-activated Smad (R-Smad: Smad1, 2, 3, 5 and 8); 
common-mediator Smad (Co-Smad: Smad4) and inhibitory Smad (I-Smad: Smad6 
and 7). Transphosphorylation of TβRI activates its kinase domain which may then 
phosphorylate R-Smads (Fig.  13.2 ). Once activated, R-Smads bind to Smad4 and 
translocate to the nucleus in order to regulate the transcription of a large number of 
genes. The regulation of R-Smads activation is mediated in the cytoplasm by 
I-Smads that prevent binding and phosphorylation of R-Smad by activated 
TGF-β receptors. Protein levels of R-Smads are regulated in part by 
 ubiquitin-proteasome- mediated degradation. Smurf proteins (Smurf 1 and 2) are 
E3-ubiquitin ligases able to ubiquitinate R-Smads and direct them to the protea-
some system (Kavsak et al.  2000 , Fig.  13.2 ). Smad3 appears to be a crucial element 
in the signal transduction pathways involved in wound healing and fi brosis (Roberts 
 2002 ; Roberts et al.  2001 ; Verrecchia et al.  2001 ). Indeed, Smad3 defi cient mice are 
protected against radiation-induced skin fi brosis (Flanders et al.  2002 ) and against 
bleomycin-induced (Zhao et al.  2002 ) and TGF-β1-induced pulmonary fi brosis 
(Bonniaud et al.  2004a ).   

13 Small Heat Shock Proteins and Fibrosis



320

13.3     HSP27: Favors Fibrosis 

 HSP27 is the most studied and the most expressed HSP at specifi c stages of devel-
opment and cellular differentiation. Its basal expression is relatively low but is 
largely increased during heat shock and various cellular stresses. HSP27 is consti-
tutively expressed in the cytoplasm (Lindquist and Craig  1988 ) but in case of heat 
shock it rapidly translocates into the nucleus (Arrigo et al.  1988 ). The N-terminal 
domain contains a WDPF motif required for the formation of oligomers whereas the 
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  Fig. 13.2    Smad-dependent TGF-β1 pathway. Transphosphorylation of TβRI activates its kinase 
domain, which may then phosphorylate Smad2 and Smad3. Once activated, Smad2/3 bind to 
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C-terminal domain is involved in the stabilization of those oligomers. In the cell, 
there is an equilibrium between the dimeric HSP27 and the larger oligomeric forms. 
Oligomerization is a dynamic process driven by the phosphorylation status of 
HSP27 (Kato et al.  1994b ). Phosphorylated HSP27 forms dimers and the dephos-
phorylated status of HSP27 drives its oligomerization (Mehlen et al.  1997 ; Mehlen 
and Arrigo  1994 ). HSP27 can be phosphorylated mainly on three serines located at 
positions 15, 78 and 82. This phosphorylation is regulated by MK2 (MAPKAP 
Kinase 2) and p38MAPK (Stokoe et al.  1992 ). 

 HSP27 is known to be involved in cytoskeleton dynamics. Indeed, the dephos-
phorylated form of HSP27 is able to bind to the terminal end of actin fi laments and 
inhibit their polymerization, whereas its phosphorylated form separates from actin 
and allows polymerization (Kostenko et al.  2009 ). 

 Besides its effect on actin, HSP27 has been shown to have anti-apoptotic proper-
ties (Bruey et al.  2000 ) and to promote cell survival. For instance, HSP27 induces 
the ubiquitination and degradation of the NF-κB inhibitor, I-κBα, thus allowing 
nuclear translocation of NF-κB and activation of target genes promoting cell sur-
vival such as Bcl-2, BcL-X L  and IAP (inhibitor of Apoptosis Protein, (Parcellier 
et al.  2003 )). 

 HSP27 has also been demonstrated to be overexpressed in cancerous cells, pro-
tecting them from apoptosis and favoring their proliferation (Garrido et al.  2003 ). In 
addition, HSP27 seems to promote metastasis formation through its effect on cyto-
skeletal components and to favor resistance to chemotherapeutic agents (Hino et al. 
 2000 ; Katoh et al.  2000 ; Li et al.  2011 ). Choi et al. showed that HSP27 expression 
was directly responsible for colorectal cancer cell resistance to the chemotherapeu-
tic agent irinotecan. By inhibiting HSP27 authors could decrease the resistance of 
those cells to the treatment (Choi et al.  2007 ). Moreover, Zhuang et al. demonstrated 
that HSP27 inhibition sensitized A549 cancerous lung cells to apoptosis induced by 
TRAIL (Tumor necrosis factor-alpha-Related Apoptosis-Inducing Ligand, (Zhuang 
et al.  2010 )). 

 HSP27 has been reported as involved in corneas wound healing in mice. Song 
et al. demonstrated that the expression of the phosphorylated form of HSP27 was 
greater in wounded corneal epithelial cells than in unwounded controls and pro-
moted epithelial cell migration thus favoring wound healing (Song et al.  2014 ). 
Further, during wound healing, it has been shown that the phosphorylation of HSP27 
is enhanced after skin incision (Hirano et al.  2002 ). Dermal fi broblasts contraction 
is correlated with the level of HSP27. Therefore, fi broblasts expressing low levels 
of HSP27 possess less contractile properties (Hirano et al.  2004 ). The authors dem-
onstrated that the effect of HSP27 on wound contraction was mediated by the acti-
vation of mitogen-activated protein kinase (MAPK)-activated protein kinase 2/3 
(MAPKAPK 2/3) by phosphorylated HSP27. Moreover, Crowe et al. recently dem-
onstrated  in vivo  that HSP27 depleted fi broblasts, reduced proliferation properties 
and that defi cient mice for HSP27 had an impaired wound healing, characterized by 
a decrease in re-epithelialization and collagen deposition (Doshi et al.  2008 ; Crowe 
et al.  2013 ). 
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 The number of studies investigating the role of HSP27 in fi brogenesis is quite 
limited. However, an up-regulation of HSP27 in lungs from patients affected by 
pulmonary fi brosis has been reported in cells located nearby fi broblastic foci, more 
specifi cally in regions where the ECM-producing cells are found during the disease 
(Korfei et al.  2011 ). Another study showed that HSP27 was up-regulated in epithe-
lial cells located around fi broblastic foci. The authors suggested that epithelial cell 
proliferation and migration could play a role in the morphologic changes occurring 
in the lungs during pulmonary fi brosis (Chilosi et al.  2006 ). Two other articles 
showed that HSP27 was involved in the process of EMT. Vargha et al. showed in 
2008 that HSP27 was upregulated  in vitro  during EMT in mesothelial cells from 
peritoneum whereas it was diminished  in vivo  during chronic EMT in dialysis 
induced peritoneal fi brosis (Vargha et al.  2008 ). The authors suggested that the dis-
cordant HSP27 expression between  in vivo  and  in vitro  EMT might be due to mor-
phological changes that are more important during  in vitro  TGF-β1-induced 
EMT. Indeed, in their model, during  in vivo  EMT induced by peritoneal dialysis 
fl uids, although cells underwent EMT only a subpopulation of cells presented mor-
phological fi broblast-like changes. In vitro, TGF-β1 was associated with 
strong morphological changes and α-SMA up-regulation. The correlation between 
α-SMA and HSP27 up-regulation might refl ect the alteration of the cytoskeleton 
induced by TGF-β1 during myofi broblastic transformation of mesothelial cells. 
 In vitro , HSP27 up-regulation protected cells from apoptosis induced by peritoneal 
dialysis fl uids (Vargha et al.  2008 ). Vidyasagar et al. suspected the involvement of 
HSP27 in renal fi brosis via its role on EMT. The authors showed that HSP27 was 
overexpressed during kidney fi brosis and that it co-localized with TGF-β1, α-SMA 
and E-cadherin. Overexpression of HSP27 in renal epithelial cells induced 
E-cadherin expression and repressed the expression of Snail, the major transcription 
factor promoting EMT. Authors concluded that HSP27 had a protective role against 
fi brosis and that its up-regulation could slow down fi brosis and EMT processes 
(Vidyasagar et al.  2008 ). The same authors have recently demonstrated using 
transgenic mice, that HSP27 upregulation in tubular epithelial cells lead to 
decreased fi brogenesis associated with a decline in phosphorylated p38MAPK, col-
lagen III, and α-SMA, following induction of renal fi brosis. In their model, 
E-cadherin levels remained unchanged in tubular cells after fi brosis induction 
(Vidyasagar et al.  2013 ). 

 Another recent study has highlighted the effect of HSP27 overexpression during 
EMT in epithelial and mesothelial cells during pulmonary and pleural fi brosis. In 
this study, HSP27 was upregulated within fi broblastic foci  in vivo  in patients affected 
by pulmonary fi brosis (Wettstein et al.  2013 ). HSP27 induced phenotypic changes 
in cells, which acquired a myofi broblast-like shape along with α-SMA upregulation 
and E-cadherin downregulation. Furthermore, the inhibition of HSP27  in vivo  using 
OGX-427, an antisense oligonucleotide already in clinical trials as a chemo-sensi-
tizing agent in cancer therapy (Zoubeidi and Gleave  2012 ), protected rats from pleu-
ral fi brosis induced by TGF-β1 overexpression. In addition to the inhibition of 
fi brosis, repression of HSP27 also inhibited the migration of pleural “myofi bro-
blasts” towards the lung parenchyma, an essential event in the  in vivo  model of 
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TGF-β1 induced pleural fi brosis (Wettstein et al.  2013 ). The therapeutic use of 
OGX-427 against pleuro-pulmonary fi brosis has been patented (Oncogenics). 

 HSP27 chaperones and stabilizes the essential transcription factor for the induc-
tion of EMT, Snail (Fig.  13.3 ). Indeed, HSP27 protects Snail from degradation by 
the proteasome, leading to its nuclear accumulation and activation of its EMT 
inducing target genes. By extension, inhibition of HSP27  in vivo  induced degrada-
tion of Snail and stalled EMT confi rming that HSP27 may be an interesting thera-
peutic target against pulmonary fi brosis (Wettstein et al.  2013 ).  

 Thus, HSP27 is a well-documented pro-fi brotic agent in pulmonary fi brosis. 
However, this function has yet to be confi rmed in other organs since HSP27 has 
been reported to protect from renal fi brosis  in vitro  and  in vivo  (Vidyasagar et al. 
 2008 ,  2013 ).  

13.4     αB-crystallin: A Pro-fi brotic Factor 

 Like HSP27, αB-crystallin is another ubiquitous sHSP, highly inducible under stress 
conditions in many organs such as the brain, heart, smooth muscles and lungs (Bhat 
and Nagineni  1989 ). HSP27 and αB-crystallin are two closely related proteins and 
it has been shown that they co-localized in many organs in normal and pathological 
conditions. Some publications even report a synergistic role for these two sHSP, 
which are able to interact with each other (MacIntyre et al.  2008 ). In 2001, a study 
showed that HSP27 prevented structural changes and aggregation of αB-crystallin 
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induced by heat shock and thus may have a role in its stabilization (Fu and Liang 
 2003 ). Like HSP27, αB-crystallin has a chaperone activity and is able to bind 
hydrophobic areas on the surface of misfolded proteins, preventing their aggrega-
tion and protecting cellular integrity (Markov et al.  2008 ). The function of 
αB-crystallin is modulated by its oligomerization and its phosphorylation at three 
serine residues, the serines 19, 45 and 59. αB-crystallin has a role in many physio-
logical and pathological processes such as cell growth and cell differentiation, 
apoptosis, tumorigenesis, signal transduction and the modulation of cytoskeletal 
proteins such as intermediate fi laments, the latter being probably one of the most 
important functions of αB-crystallin (Nicholl and Quinlan  1994 ; Wisniewski and 
Goldman  1998 ; Launay et al.  2006 ). Indeed, αB-crystallin is known to interact with 
intermediate fi laments and contributes to their homeostasis. The damages caused by 
mutations of αB-crystallin on the cytoskeleton architecture, which sometimes lead 
to severe diseases in humans, shows the importance of these interactions (Wettstein 
et al.  2012 ). 

 Brady et al. established the role of αB-crystallin in skeletal and cardiac muscle 
through the study of mice defi cient for the gene encoding αB-crystallin (Brady et al. 
 2001 ). Surprisingly, the eye lens structure of αB-crystallin defi cient mice was nor-
mal suggesting that the development and maintenance of lens transparency do not 
strictly require the presence of this chaperone. Although the lens does not seem to 
be affected by the absence of αB-crystallin, this mutation causes a severe phenotype 
in aged mice characterized by a hunched posture, a signifi cant loss of body weight 
after 40 weeks, and muscle cell degeneration. αB-crystallin is also expressed at high 
levels during early embryonic development of the heart and also in the fully formed 
heart. However, the heart structure of αB-crystallin defi cient mice appeared normal 
even in older mice (Brady et al.  2001 ). 

 AlphaB-crystallin is involved in many cellular processes, including apoptosis. 
Several studies have demonstrated that αB-crystallin overexpression has a protec-
tive effect against a wide range of apoptotic stimuli, whereas its inhibition signifi -
cantly sensitizes cells to programmed cell death (Kamradt et al.  2001 ,  2002 ,  2005 ; 
Garrido et al.  2012 ). The anti-apoptotic effect of αB-crystallin has been shown to 
involve the inhibition of caspase-3, a key apoptosis effector protein (Kamradt et al. 
 2001 ,  2002 ; Mao et al.  2001 ; Morrison et al.  2003 ). It has been demonstrated that 
αB-crystallin interacts with procapase-3, and thereby inhibits its cleavage and acti-
vation. This effect of αB-crystallin is critical to its anti-apoptotic function. Morrison 
et al. demonstrated in cardiomyocytes that phosphorylation of αB-crystallin on ser-
ine 59 appeared as necessary and suffi cient to ensure maximal protection against 
apoptosis (Morrison et al.  2003 ). ΑlphaB-crystallin was also able to bind to pro- 
apoptotic proteins such as Bax, Bcl-Xs (Mao et al.  2004 ) and p53 (Liu et al.  2007 ) 
and prevent their translocation into the mitochondria, thus inhibiting apoptosis. 

 Another recently identifi ed function of αB-crystallin is its ability to facilitate the 
degradation of specifi c proteins by the ubiquitin/proteasome system (Garrido  2002 ). 
Indeed, αB-crystallin phosphorylated on serine 19 and 45 is able to interact with FBX4, 
a component of the SCF ubiquitin-ligase (SKP1/CUL1/F-box) which ubiquitinates 
client proteins to address them to the proteasome (den Engelsman et al.  2003 ). The 
αB-crystallin/FBX4 complex facilitates the degradation of various substrates. 
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 αB-crystallin has been shown to be upregulated in several human diseases 
(Cherneva et al.  2010 ,  2012 ; Aoyama et al.  1993 ; Lo et al.  2007 ; Pinder et al.  1994 ) 
but its role on fi brogenesis remains elusive. In a model of liver fi brosis, it has been 
shown  in vitro  and  in vivo  that αB-crystallin was quickly upregulated after HSC 
(hepatic stellate cells) activation and acquired a nuclear localization in heat shock 
conditions. αB-crystallin was totally absent in non-activated HSCs suggesting a role 
in the activation of these cells, a key step during liver fi brosis (Lang et al.  2000 ; van 
de Bovenkamp et al.  2008 ). Rezzani et al. also showed that overexpression of 
αB-crystallin is induced by cyclosporine A (CsA) in a model of vascular fi brosis. 
CsA has a direct effect on the structure and the spatial arrangement of the 
 cytoskeleton and especially on the expression of vimentin and desmin. The authors 
suggested that αB-crystallin expression is induced in order to protect cells from the 
toxic effects of the cytoskeletal remodeling, thereby offering protection from vascu-
lar fi brosis (Rezzani et al.  2005 ). Interestingly, different studies have shown that 
αB-crsytallin expression can be induced by TGF-β1 (Yu et al.  2007 ; Welge-Lussen 
et al.  1999 ) and an article recently published by Huang et al. showed a role for 
αB-crystallin in the EMT process in a model of hepatocellular carcinoma. The 
authors showed that αB-crystallin formed a complex with the protein 14-3-3ζ, pro-
tecting it from degradation by the proteasome (Fig.  13.4 ). This results in an increase 
of the “pool” of 14-3-3ζ in the cell, leading to activation of the ERK signaling path-
way (Fig.  13.4 ). Therefore, αB-crystallin favors the activation of the ERK phos-
phorylation cascade leading to the activation of the transcription factor Slug, an 
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inducer of EMT (Huang et al.  2013 ). This process highlighted in this article in a 
model of hepatic carcinoma may be particularly important in fi brogenesis since, as 
already mentioned, EMT is a process involved in fi brosis.  

 A study recently demonstrated a role for αB-crystallin in pulmonary fi brosis. For 
the fi rst time, αB-crystallin has been shown to be overexpressed in hyperplastic 
alveolar epithelial cells and also within fi broblastic foci in lungs from patients 
affected by pulmonary fi brosis. Furthermore, αB-crystallin was upregulated during 
fi brogenesis in mouse models of pulmonary fi brosis induced by several agents 
including bleomycin, TGF-β1 and IL-1β. Mouse lacking αB-crystallin were not 
able to produce TGF-β1 in an effi cient way and the authors identifi ed a direct role 
for αB-crystallin on the TGF-β1 pathway. Indeed, αB-crystallin was able to modu-
late the localization of the protein Smad4, which is responsible for the translocation 
of Smad2 and Smad3 into the nucleus where they can activate TGF-β1 responsive 
genes (Fig.  13.4 ). The lack of αB-crystallin abrogated Smad4s’ nuclear localization, 
thereby blocking the TGF-β1 pathway and subsequent fi brosis (Bellaye et al.  2014 ). 
The nuclear localization of Smad4 is driven by its monoubiquitination by TIF1γ. 
 In vitro , the overexpression of αB-crystallin disrupted the interaction between 
TIF1γ and Smad4, mono-ubiquitination of Smad4 and its nuclear export (Fig.  13.4 ). 
As a consequence, Smad4 was sequestrated in the nucleus, favoring the TGF-β-
induced fi brosis (Bellaye et al.  2014 ). 

 Those different studies highlight αB-crystallin as a new potential therapeutic 
target in fi brosis and the urgent need of specifi c αB-crystallin inhibitors.  

13.5     HSP20: Anti-fi brotic Protein? 

 HSP20 belongs to the small heat shock protein family and has a molecular mass of 
20 kD. The structure of HSP20 is highly homologous to that of αB-crystallin and 
HSP27. HSP20 can form oligomers along with HSP27 and αB-crystallin and iso-
lated HSP20 forms low and high molecular mass complexes (Gusev et al.  2005 ). 
HSP20 possess several sites of phosphorylation which modulates its interaction 
with other proteins and its cellular functions. HSP20 exhibits a chaperone activity 
but molecular mechanisms involving HSP20 might be different from that of other 
sHSP. HSP20 is mainly expressed in skeletal muscle, diaphragm, heart, and smooth 
muscles (Kato et al.  1994a ). It has been shown that HSP20 might have some interac-
tions with the cytoskeleton and could promote smooth muscle relaxation. Indeed, 
HSP20 co-immunoprecipitates with actin and α-actinin and phosphorylation of 
HSP20 decreases this interaction. During contraction, non-phosphorylated HSP20 
stabilizes actin fi laments. HSP20 phosphorylation induces its dissociation from 
polymerized actin resulting in smooth muscle cell relaxation (Brophy et al.  1999 ; 
Tessier et al.  2003 ). As many sHSP, phosphorylated HSP20 also exhibits anti- 
apoptotic properties by blocking the proteolytic activation of caspase3 by interact-
ing with pro-caspase3 (Fan et al.  2004 ). 
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 During fi brosis, TGF-β1 stimulates the expression of connective tissue growth 
factor (CTGF) in fi broblasts which could mediate some of the profi brotic effects of 
TGF-β such as fi broblast differentiation and collagen deposition (Bonniaud et al. 
 2004b ). It has been shown that CTGF expression is strongly modulated by the cyto-
skeleton, thus stabilization of the actin cytoskeleton increases CTGF expression and 
actin depolymerization decreases the expression of CTGF (Muehlich et al.  2007 ). 
Lopes et al. used a peptide analogue of the phosphorylated form of HSP20 
(AZX100), which is known to induce the disruption of the actin cytoskeleton 
(Dreiza et al.  2005 ), in order to reduce the expression of CTGF and subsequent 
fi brosis (Lopes et al.  2009 ). The authors demonstrated in keloid fi broblasts that 
AZX100 could reduce CTGF expression induced by TGF-β and subsequent colla-
gen I overproduction characterizing fi brosis. CTGF and collagen expression was 
also reduced by AZX100 after stimulation of keloid fi broblasts by other profi brotic 
agents such as lysophosphatidic acid (LPA), thrombin, and endothelin (ET). In 
addition, the HSP20 analogue hampered the formation of actin stress fi bers occur-
ring during the process of wound healing. Further, using an  in vivo  model of rodent 
dermal scarring, they showed that AZX100 signifi cantly improves collagen fi ber 
orientation, density, and maturity thus limiting excessive scarring (Lopes et al. 
 2009 ). However, the mechanism involving ATX100 was not elucidated in this paper. 
The authors demonstrated that the HSP20 analogue did not enhance Smad3 phos-
phorylation suggesting that the effect of AZX100 on the cytoskeleton and CTGF is 
independent of SMAD signaling. 

 It has been shown in a model of cardiac fi brosis that the upregulation of HSP20 
protects mesenchymal stem cells (MSC) against hypoxia-induced apoptosis  in vitro . 
Indeed, the survival of MSC overexpressing HSP20 was improved, compared to 
normal MSC, after transplantation into the infarcted heart. After transplantation of 
MSC overexpressing HSP20 the cardiac function of infarcted myocardium was 
improved in correlation with a decrease in cardiac fi brosis (Wang et al.  2009 ). The 
authors investigated the underlying mechanism and identifi ed that the benefi cial 
effects of HSP20 was due to the permanent activation of Akt signaling favoring 
MSC survival and an increased secretion of growth factors such as VEGF, FGF-2, 
and IGF-1, providing cardioprotective and pro-angiogenic effects (Wang et al. 
 2009 ).  

13.6     Concluding Remarks 

 Small heat shock proteins are involved in several cellular processes and display a 
wide range of functions. Further investigation is needed to clearly determine their 
roles in fi brogenesis but recent publications demonstrate their potential interest in 
therapeutic approaches against fi brotic diseases. Interestingly, depending on the 
HSPs, these can have opposite effects on fi brotic processes. Few publications 
reveals that HSP20 could be anti-fi brotic whereas HSP27 and αB-crystallin have 
been demonstrated to favor fi brogenesis through their role on the enhancement of 
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the TGF-β1 pathway by stabilizing either Snail (HSP27) or by favoring the nuclear 
localization of Smads (αB-crystallin). As the major role of the TGF-β pathway in 
fi brosis is now well documented, modulation of the expression and activity of sHSP 
might represent a new therapeutic approach for fi brotic disorders such as pulmonary 
fi brosis for which no curative treatment exist. Indeed, inhibitors of HSP27 or 
αB-crystallin and HSP20 analoges (AZX100) appear to be of interest as it prevents 
fi brogenesis in several animal models of tissue fi brosis. However, their effi ciency 
has yet to be evaluated in clinical trials.     
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    Chapter 14   
 Neurodegenerative Diseases, Sex Differences 
and the 27 kDa Heat Shock Protein 
in the Nervous System 

             Danielle     A.     Rioux    ,     Kathleen     Murphy    ,     Michael     J.     Esser    , 
and     R.     William     Currie    

    Abstract     There are sex differences in degenerative disease prevalence in humans. 
Most models of degenerative disease use male animals. Examining female and male 
responses to stress may give insight into disease prevalence. Heat shock proteins are 
chaperones linked to damaged proteins in degenerative diseases and may be 
expressed differentially in females and males. We have characterized the induced 
expression of Hsp27 and Hsp70 in the brain and the heart of female and male rats. 
Rats were heat shocked, brains were removed 24 h after, and western analyses were 
done to quantify the expression of these proteins. Immunofl uorescence was used to 
localize Hsp70 and Hsp27 in the hippocampus. Overall, male rats have signifi cantly 
greater induced expression of both Hsp27 and Hsp70 in the brain. In the hippocam-
pus, Hsp27 was localized in astrocytes, and Hsp70 was localized in blood vessels 
and microglia, following heat shock. Therefore, the difference in expression of heat 
shock proteins seen in the brain of male and female rats following heat shock sug-
gests that sex hormones may have an impact on degenerative disease prevalence.  

  Keywords     Hsp27 (HSPB1)   •   Hippocampus   •   Sex differences   •   Heat shock   • 
  Immunofl uorescence  

14.1         Introduction 

 As a result of the increased life expectancy, chronic neurodegenerative diseases 
such as amyotrophic lateral sclerosis (ALS), Alzheimer’s disease (AD), and 
Parkinson’s disease (PD) are becoming more common (Hebert et al.  2003 ). These 
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neurodegenerative diseases have a strong prevalence for either males or females. 
However, most research into these diseases tends to be done in male animal models 
of disease. One common feature of all these diseases of aging is the accumulation 
of abnormal protein aggregates and the cellular response to proteotoxicity with 
altered expression levels of various heat shock proteins. In this chapter, we will 
summarize the localization and levels of Hsp27 in the brain of normal and heat 
shocked adult female and male rats. This characterization may provide insights into 
female and male differences in disease prevalence.  

14.2     Expression of Heat Shock Proteins 
in the Diseased Brain  

 Amyotrophic lateral sclerosis, Parkinson's disease, and Alzheimer's disease are all 
neurodegenerative diseases that have an accumulation of intracellular and extracel-
lular protein aggregates, protein misfolding, and neuronal loss in the central nervous 
system (Muchowski and Wacker  2005 ). In ALS, motor neurons of the spinal cord 
and motor cortex are selectively lost (Martin  1999 ). In PD dopaminergic neurons in 
the substantia nigra are lost (Martin  1999 ). In AD neuronal loss is prominent in the 
entorhinal cortex and hippocampus (Martin  1999 ; Bruijn et al.  2004 ; Schapira and 
Olanow  2004 ). 

 Neurons are post mitotic and are therefore unable to dilute the toxic effects of 
misfolded and damaged proteins through cell division. Thus neurons are especially 
vulnerable to aggregated and misfolded proteins and often die by apoptosis 
(Muchowski and Wacker  2005 ). Heat shock proteins (HSP) function as chaperones 
to prevent apoptosis, protein misfolding, and protein aggregation. HSP are potent 
suppressors of neurodegenerative diseases (Renkawek et al.  1994 ; Muchowski and 
Wacker  2005 ). Transgenic upregulation of Hsp27 and Hsp70 in animal models of 
neurodegenerative diseases seem to be protective by buffering the toxicity of aggre-
gated or damaged proteins (Patel et al.  2005 ).  

14.3     Disease Prevalence in the Brain 

 Amyotrophic lateral sclerosis is a neurodegenerative disease of upper and lower 
motoneurons. In North America and European countries, while peak incidence of 
ALS in men is between the ages of 70–74 and peak incidence in women is between 
the ages of 65–74, men are two times more likely than women to be diagnosed with 
ALS between the ages of 25–55. Between the ages of 55–75, men are 1.5 times 
more likely than post-menopausal women to be diagnosed with ALS (Huisman 
et al.  2011a ). This suggests that estrogen in women may be a factor in the preva-
lence of ALS in females and males. 
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 Alzheimer’s disease is a degenerative condition and the most common form of 
dementia in people over the age of 60. AD is most often diagnosed between the ages 
of 65–69 years of age, and especially in women, where prevalence is approximately 
twice that in men (Moschetti et al.  2012 ). This female prevalence appears to be 
linked to the levels of estrogen in women, as this disease occurs approximately 
10–20 years past the age at which most women begin menopause (Kawas et al. 
 1997 ; Gao et al.  1998 ; Hampel et al.  2011 ). This suggests the decline in estrogen in 
post-menopausal women may make women vulnerable to AD. 

 Parkinson’s disease is a degenerative disease of the central nervous system 
resulting from death of dopaminergic neurons in the substantia nigra. PD is 1.5–2 
times more common in men, compared to women, and the average age for diagnosis 
is usually between the ages of 50–60 years. Given that menopause affects women 
between the ages of 45–65 and the majority of cases of PD are diagnosed between 
the ages of 50–60, it appears that the age of menopausal women coincides with the 
age of greatest PD diagnoses (Van Den Eeden et al.  2003 ), which highlights estro-
gen levels as a possible factor contributing to PD onset (Kompoliti  2003 ).  

14.4     Sex Bias in Animal Models of Disease 

 Diseases of the nervous system affect males and females disproportionately. While 
various research funding agencies mandate that women and minorities be included 
in research studies (Wald and Wu  2010 ; Beery and Zucker  2011 ), males remain the 
predominate sex used in animal studies of these diseases. As a result promising 
treatments identifi ed in male animal models have failed to translate to clinical trials 
(van der Worp et al.  2010 ). The lack of research done in female animal models may 
be a major factor contributing to the failures seen in clinical trials related to 
therapeutics. 

 Of some 2,000 published animal studies examining human diseases, about 80 % 
had a strong male bias, particularly in neuroscience and pharmacology (Beery and 
Zucker  2011 ). Most researchers avoid female animals because of concerns with 
variations seen in data due to the fl uctuations of estrogen levels during the estrous 
cycle. In order to take into consideration the varying levels of estrogen during the 
estrous cycle, compared to males, four times as many female animals, correspond-
ing to the four stages of the estrous cycle, may be required in a study (Wald and Wu 
 2010 ). Taking estrogen levels into consideration is important in order to develop 
results that can be translatable to human populations for purposes of studying dis-
ease manifestation and therapeutics to treat and manage diseases. 

 One common feature of neurodegenerative diseases is the accumulation of 
abnormally folded protein within cells. These intracellular protein aggregates seem 
to be proteotoxic and the proteotoxicity induces expression of various heat shock 
proteins. Heat shock proteins are in all cells of the body and protect the cells against 
physical and chemical stressors, including proteotoxicity. HSP act as  molecular 
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chaperones (Benarroch  2011 ) and are involved in a variety of  degenerative diseases, 
such as ALS, AD, and PD buffering the effects of the various stressors, such as reac-
tive oxygen species (Renkawek et al.  1994 ; Xu and Wick  1996 ; Maatkamp et al. 
 2004 ; Muchowski and Wacker  2005 ; Huang et al.  2006 ; Sharp et al.  2007 ; reviewed 
by Xu et al.  2012 ).  

14.5     Expression of Heat Shock Proteins 

 Heat shock proteins were discovered in 1962, and are a set of highly conserved 
chaperone proteins found in eukaryotes and prokaryotes (Ritossa  1962 ,  1996 ). 
Some HSP are constitutively expressed in cells and function to promote proper fold-
ing and assembly of polypeptides, and are involved in cell signaling and protein 
traffi cking. Other HSP are rapidly induced in response to cellular stress, like hyper-
thermia and ischemic injury, and function to prevent the formation of protein aggre-
gates (Benarroch  2011 ). 

 Mammalian HSP have been classifi ed into fi ve families according to their molec-
ular mass (in kDa): HSP110 (HSPH), HSP90 (HSPC), HSP70 (HSPA), HSP40 
(DNAJ) and small HSP (HSPB, 15–30 kDa) including Hsp27 (Lindquist and Craig 
 1988 ; Kampinga et al.  2009 ). Each family of HSP is composed of members that have 
constitutive and induced expression. For example the HSP70 family includes two 
isoforms, Hsc70 (HSPA8) and Hsp70 (HSPA1A). Under normal conditions Hsc70 is 
abundant while Hsp70 is at low or undetectable levels in most tissues. Following 
heat shock or ischemic injury, Hsp70 is synthesized at high levels and is abundant in 
tissues for days (Currie and White  1983 ; Karmazyn et al.  1990 ). Hsp27 (HSPB1) is 
even more interesting being abundant under normal conditions in muscle and even 
in some specifi c neurons of the brain stem and spinal cord, but being undetectable in 
cerebrum. After various injuries, Hsp27 is highly inducible in neurons and glial cells 
in the central nervous system (Plumier et al.  1997a ,  b ; Krueger-Naug et al.  2000 ). 

 Hsp27 has several functions, such as: (1) a molecular chaperone (Diaz-Latoud 
et al.  2005 ) by inhibiting actin polymerization (Weiske et al.  2001 ), (2) an antioxi-
dant by reducing the effect of tumor necrosis factor-α-mediated cell death, by phos-
phorylation (Mehlen et al.  1995 ), and (3) a suppressor of signaling events, leading 
to apoptosis, by blocking cytochrome c release therefore suppressing caspase-3 
(Pandey et al.  2000 ). Importantly, the functional diversity of Hsp27 appears to be 
regulated by its phosphorylation state (Rogalla et al.  1996 ). 

 Under normal conditions in the cytosol, Hsp27 is in an oligomeric form and fol-
lowing a stress, the monomeric Hsp27 becomes phosphorylated by several mecha-
nisms, including mitogen-activated-protein-kinases, which causes Hsp27 to either 
stay in a monomeric phosphorylated form or for it to dimerize. Monomeric phos-
phorylated Hsp27 can then bind to actin and prevent protein damage and apoptosis. 
In contrast, dimeric phosphorylated Hsp27 targets denatured proteins to the protea-
some (Ferns et al.  2006 ). Normal levels of Hsp27 in the rat may provide neurons 
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with a line of defense against protein misfolding and aggregation resulting from 
neurodegenerative diseases that impair normal neuronal functioning (Chen and 
Brown  2007 ).  

14.6     Sex Differences in Expression of Heat 
Shock Proteins in the Brain 

 As noted above, most research on expression of HSP has been done in male ani-
mals, even though there are sex differences in neurological disease prevalence 
(Huisman et al.  2011b ; Van Den Eeden et al.  2003 ) and HSP are strongly associated 
with various degenerative diseases of the brain. 

 Curiously, in a study that used various regions of the brain in both female and 
male rats to examine the constitutive levels of several Hsp, the results were reported 
for the females and males as a combined group, except in one region: the hypothala-
mus (Bodega et al.  2002 ). Hsp70 levels were greater in the hypothalamus of 3-week 
old male rats, compared to same age female rats. By 8 months of age, female rats 
had greater levels of Hsp70 in the hypothalamus, compare to male rats. 

 In the brain of adult male rats, Hsp70 is present at very low levels (Krueger et al. 
 1999 ). Following hyperthermic treatment, Hsp70 levels in male rats signifi cantly 
increased in the hippocampus, specifi cally in glial cells, at 3, 6, 12 and 24 h follow-
ing hyperthermic treatment, compared to controls that were not heat shocked. 
Similarly, using female rats, Hsp70 was signifi cantly increased within 4 h following 
heat shock, and was detected in glial cells and vascular cells in the cerebral cortex 
and hippocampus (Krueger et al.  1999 ; Bechtold et al.  2000 ; Pavlik et al.  2003 ). 

 Most studies examining the Hsp27 levels in the brain are done in male animals. 
Hsp27 is undetectable in the cerebral cortex of unstressed male rats, and is present 
normally in the brain stem and spinal cord (Plumier et al.  1997b ). After heat shock, 
by 2 h, Hsp27 is expressed at high levels in many cells (mostly glial) in the male rat 
brain including the hippocampus (Krueger-Naug et al.  2000 ; Bechtold and Brown 
 2003 ). Hsp27 levels peaked at 24 h following hyperthermia and returned to 
 constitutive or basal levels only after more than 6 days (Krueger-Naug et al.  2000 ). 
Thus, most research on the induced expression of Hsp70 and Hsp27 has been done 
in male rats and there is little or no information on the expression levels of Hsp70 
and Hsp27 in the female rat brain.  

14.7     Sex Specifi c Gonadal Hormones 

 Sex specifi c disease prevalence may be related to gonadal hormones. The most 
obvious hormonal differences between females and males are the circulating levels 
of estrogen and testosterone, respectively. Additionally, in females levels of 
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progesterone may also infl uence disease prevalence. Age-related hormonal changes 
increase the risk of neurodegenerative and cardiovascular diseases (Kalin and 
Zumoff  1990 ; Margo and Winn  2006 ; Barron and Pike  2012 ). Throughout a life-
time, the brain is a hormonally responsive organ and therefore affected by the fl uc-
tuating levels of sex hormones, especially with age (Kalin and Zumoff  1990 ; Margo 
and Winn  2006 ; Barron and Pike  2012 ). Here we will focus on estrogen in the brain 
and expression of heat shock proteins.  

14.8     Estrogen in the Brain 

 There are three types of biologically active estrogens, estrone, estriole and 17-beta- 
estradiol (E2). E2 is produced by the ovaries and is the most concentrated in plasma 
during reproductive years and is the most potent in estrogenic effects. Plasma E2 
concentrations fl uctuate throughout the estrous cycle in females (Wojtys et al. 
 2002 ). For example E2 plasma level concentrations range from 499 to 573 pg/mL, 
in diestrus; 145 to 2,178 pg/mL, in proestrus; 161 pg/mL, in estrus; and 401 pg/mL, 
in metaestrus (Shaikh  1971 ). 

 Premenopausal women between 20 and 50 years of age have E2 plasma concen-
trations of approximately 81 pg/mL, whereas postmenopausal women between 51 
and 65 years of age have E2 plasma concentrations of approximately 35 pg/mL. On 
average males have E2 plasma concentrations of approximately 18 pg/mL that is 
consistent between of 20 and 65 years of age (Massafra et al.  2002 ). 

 Besides its physiological role in the female reproductive system, E2 modulates 
the nervous system by activation of the estrogen receptors that can alter gene tran-
scription in the nucleus or acutely activate kinase signaling in the cytosol. Estrogen 
receptor-alpha (ER-α) with a molecular mass of 67 kDa and estrogen receptor-beta 
(ER-β) with a molecular mass of 59 kDa are both highly homologous and expressed 
in the nervous system (reviewed by Kumar et al.  2011 ). 

 In the hippocampus, estrogen receptors are found in interneurons throughout the 
dentate gyrus and striatum radiatum with the number of positive cells and intensity 
of immunoreactivity is equivalent in female and male rats (Weiland et al.  1997 ). 
However, there may be sex differences in the localization of ER-α in the hippocam-
pus. ER-α may be more abundant in dendritic spines of CA1 region of the female 
hippocampus compared to the male hippocampus (Romeo et al.  2005 ). In the female 
rat hippocampus, ER-α immunoreactivity is predominantly in the nuclei of inter-
neurons, in the CA1 region and in the hilus of the dentate gyrus (Milner et al.  2001 ). 
Some ER-α immunoreactivity is localized in the perikarya, in dendritic spines, 
axons and axon terminals of pyramidal and granular cells within the CA1 region. 
Some  extranuclear ER-α immunoreactivity is localized in astrocytes throughout the 
 hippocampal formation (Milner et al.  2001 ). 

 In the male rat hippocampus, ER-α immunoreactivity is predominantly in the 
nuclei of pyramidal cells of the CA1 and CA3 regions (Sakuma et al.  2009 ). 
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 In comparison, ER-β immunoreactivity is localized to similar hippocampal 
regions in both female and male rats, including the dentate gyrus, CA1, and CA3 
regions, and most is non-nuclear. Furthermore, ER-β immunoreactivity is localized 
in the cytoplasm, dendritic spines, dendrites, axons and axon terminals of pyramidal 
and granule cells (Azcoitia et al.  1999 ; Milner et al.  2005 ; Sakuma et al.  2009 ). 

 In addition to estrogen, Hsp90 also binds to estrogen receptors (Milne and Noble 
 2008 ). The estrogen receptors are normally bound to Hsp90. When E2 binds to the 
receptor, Hsp90 is displaced and free to bind to the HSF1, leading to decreased 
trimerization of HSF1 and decreased transcription of HSP (Milne and Noble  2008 ). 
Estrogen and the estrogen receptor translocate to the nucleus and bind to the estro-
gen response element, increasing transcription of estrogen regulated genes (Milne 
and Noble  2008 ). However, if there is stress and damaged proteins present, Hsp90 
chaperones the damaged proteins leaving HSF1 free to trimerize, translocate to the 
nucleus and increase the transcription of HSP (Milne and Noble  2008 ). This is the 
proposed mechanism for estrogen regulation of HSP expression.  

14.9     The Effects of Estrogen on the Expression 
of Heat Shock Proteins in the Brain 

 Estrogen supplementation in males increases the levels of HSP in the hippocampus. 
Six hours after the administration of E2 in male rats, there is signifi cantly more 
Hsp27 and Hsp70 immunoreactive cells in cerebral blood vessels, compared with 
the brains of control rats (Lu et al.  2002 ). Additionally, immunoreactive Hsp27 
levels in astrocytes and in hippocampal neurons are increased in the brains of E2 
treated animals (Lu et al.  2002 ). Also, in the brains of animals given E2, the heat 
shock transcription factor-1 levels are signifi cantly greater, compared to animals 
that did not receive E2 supplementation (Lu et al.  2002 ). 

 Similarly, in the cortex, HSF1 is at a lower level after heat shock treatment in 
ovariectomized female rats treated with estrogen rather than with testosterone, and 
perhaps Hsp70 levels were also lower in the cortex of estrogen-treated rats, com-
pared to testosterone-treated rats (Papasozomenos and Papasozomenos  2008 ). 
Hsp70 is linked with gonadal hormones and estrogen levels may infl uence the 
expression of heat shock protein in the brain. 

 It seems clear that in the brain these male and female differences in levels of 
Hsp27 and Hsp70 have not been explored. However, it seems reasonable to expect 
sex differences in levels of HSP because of the differences in prevalence of diseases 
of proteopathies in the brain. Due to differences in the prevalence of diseases associ-
ated with abnormal protein folding, it seems reasonable to consider that there may 
be sex differences in the baseline and/or induced levels of Hsp27 and Hsp70 in the 
brain of female and male rats. 

 We have now explored the levels of Hsp27 and Hsp70 in the brain of female and male 
control rats and in female and male rats 24 h after heat shock treatment, and to identify 
cell types expressing Hsp27 and Hsp70 in the hippocampus of female and male rats.  
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14.10     Western Analysis of Hsp70 and Hsp27 
in the Hippocampus 

 Male and female Sprague-Dawley rats (Charles River, Quebec, Canada; 225–250 g) 
were cared for in accordance with the  Guide for Care and Use of Experimental 
Animals  of the Canadian Council on Animal Care. The experimental procedures 
used were approved by the Dalhousie University Committee on Laboratory Animals. 
The animals were weighed and given an intra-peritoneal injection of sodium pento-
barbital (CEVA, McGill, 35 mg/kg). Once the animals were anesthetized, based on 
pedal refl ex, a lubricated thermometer was inserted rectally. The control rats were 
constantly monitored but were not warmed. The heat shock rats were placed on an 
insulated heating pad (48 °C), covered, and constantly monitored. Once the core 
body temperature reached 42 °C, this temperature was maintained for 15 min, by 
adjusting the heating pad. After 15 min at 42 °C, the animals were removed from the 
pad and allowed to recover. Once the rats became ambulatory and drank and ate on 
their own, they were placed in a clean cage. 

 Twenty-four hours after the control and heat shock treatments, female and male rats 
were given an overdose of sodium pentobarbital and hippocampus harvested for analy-
sis. Hsp70 and Hsp27 levels were detected by western analysis in the hippocampus of 
control and 24 h heat shock female and male rats. β-tubulin levels were detected and 
served as a loading control and for normalization of the levels of Hsp70 and Hsp27. 

 By western analysis, little or no Hsp70 was detected in the hippocampus of con-
trol female and control male rats (Fig.  14.1a ). Hsp27 was easily detectable and at 
similar levels in the hippocampus of control female and male rats (Fig.  14.1a ). 
Statistical analysis, using an unpaired two-tailed t-test, revealed no differences in 
levels of Hsp70 or Hsp27 in the hippocampus between control female (n = 5) and 
male (n = 5) rats (p > 0.05).  

 Hsp70 and Hsp27 levels in the hippocampus were low in control female rats and 
appeared to be increased in female rats 24 h following heat shock treatment 
(Fig.  14.1b ). Statistical analysis, using an unpaired two-tailed t-test, revealed sig-
nifi cantly greater levels of Hsp70 (p < 0.05; Fig.  14.1b ) and Hsp27 (p < 0.05; 

Fig. 14.1 (continued) to be greater in the hippocampus 24 h following heat shock treatment in 
female rats compared to control female rats. Statistical analysis revealed signifi cant differences in 
Hsp70 and Hsp27 levels in the hippocampus of control female (n = 5) and 24 h after heat shock 
female (n = 6) rats (*, p < 0.05). ( c ) By Western analysis, Hsp70 and Hsp27 levels appeared to be 
greater in the hippocampus 24 h following heat shock treatment in male rats compared to control 
male rats. Statistical analyses revealed signifi cant differences in Hsp70 and Hsp27 levels in the hip-
pocampus of control male (n = 5) and 24 h after heat shock male (n = 6) rats (**, p < 0.01). ( d ) By 
Western analysis, Hsp70 and Hsp27 levels appeared to be greater 24 h following heat shock treat-
ment in the hippocampus of male rats compared to female rats. Statistical analyses revealed signifi -
cant differences in Hsp70 and Hsp27 levels in the hippocampus of 24 h after heat shock female 
(n = 6) and 24 h after heat shock male (n = 6) rats (*, p < 0.05). Data are presented as mean ± SEM       
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  Fig. 14.1    Western analysis of Hsp70 and Hsp27 levels in the hippocampus of control and heat 
shocked female and male rats. ( a ) By Western analysis, little or no Hsp70 and low levels of Hsp27 
were detected in the hippocampus of control female and male rats. Statistical analyses revealed no 
signifi cant differences in the levels of Hsp70 and Hsp27 in the hippocampus of control female 
(n = 5) and male (n = 5) rats (p > 0.05). ( b ) By Western analysis, Hsp70 and Hsp27 levels appeared 
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Fig.  14.1b ) in the hippocampus of heat shock female (n = 6) rats, compared to con-
trol female (n = 5) rats. 

 Hsp70 and Hsp27 levels in the hippocampus were low in control male rats and 
appeared to be increased in male rats 24 h following heat shock treatment 
(Fig.  14.1c ). Statistical analysis, using an unpaired two-tailed t-test, revealed sig-
nifi cantly greater levels of Hsp70 (p < 0.01; Fig.  14.1c ) and Hsp27 (p < 0.01; 
Fig.  14.1c ) in the hippocampus of heat shock male (n = 6) rats, compared to control 
male (n = 5) rats. 

 Hsp70 and Hsp27 levels in the hippocampus were easily detectable 24 h follow-
ing heat shock treatment in both female and male rats (Fig.  14.1d ). Heat shock male 
rats appeared to have greater levels of Hsp70 and Hsp27 than heat shock female 
rats. Statistical analysis, using an unpaired two-tailed t-test, revealed signifi cantly 
greater levels of Hsp70 (p < 0.05; Fig.  14.1d ) and Hsp27 (p < 0.05; Fig.  14.1d ) in the 
hippocampus of heat shock male (n = 6) rats, compared to heat shock female (n = 6) 
rats.  

14.11     Localization of Hsp70 and Hsp27 in the Hippocampus 
by Immunofl uorescence Microscopy 

 At 24 h following control or heat shock treatment, animals were deeply anesthetized 
with an intra-peritoneal injection of sodium pentobarbital (100 mg/kg) and then 
perfused transcardially with 0.9 % saline for approximately 1 min to remove blood. 
They were then perfused with 4 % paraformaldehyde in 0.1 M sodium phosphate 
buffer (pH = 7.4, 4 °C) for approximately 2 min. Brains were then harvested for 
immunofl uorescence microscopy. Brains were then post-fi xed in 4 % paraformalde-
hyde in 0.1 M sodium phosphate buffer (pH = 7.4) for approximately 48 h at 4 °C, 
followed by immersion in 30 % sucrose made up in 0.1 M phosphate buffer 
(pH = 7.4). Serial coronal 30 μm sections of the brain were cut on a freezing micro-
tome (Leica) then stored in a refrigerator (4 °C) in Millonig’s buffer (0.1 M sodium 
phosphate with 0.03 % sodium azide, pH = 7.4) until being processed for immuno-
fl uorescence microscopy.  

14.12     Hsp70 Immunofl uorescence 

 The free-fl oating 30 μm coronal brain sections were washed 3 × 10 min in phosphate 
buffered saline with Triton-X 100 (PBS-T), and sections were incubated in 1 % 
hydrogen peroxide made in PBS-T for 20 min. Sections were washed 3 × 10 min in 
PBS-T before incubating for 1 h in 2 % donkey serum (Millipore) in PBS-T. 
Hippocampal  sections immunoreacted with antibodies against Hsp70, were also 
immunoreacted with antibodies against either glial fi brillary acidic protein (GFAP), 
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neuronal nuclei (NeuN), ionized calcium binding adaptor molecule 1 (Iba1), or 
Factor VIII. The sections were incubated for 1 h at room temperature and then put 
at 4 °C on an orbital shaker for 3 days (see Table  14.1  for antibody information).

   After 3 days of incubating in the primary antibodies, sections were washed 
3 × 10 min in PBS. Sections were then incubated on an orbital shaker at room tem-
perature for 2 h in fl uorescent secondary antibodies diluted in 2 % donkey serum 
(see Table  14.1  for secondary antibody information).  

14.13     Hsp27 Immunofl uorescence 

 Free-fl oating 30 μm coronal brain sections were washed 3 × 10 min in PBS-T, and 
then incubated in 1 % hydrogen peroxide made in PBS-T for 20 min. Sections were 
washed 3 × 10 min in PBS-T before incubating for 1 h in 2 % donkey serum 
(Millipore). Hippocampal sections immunoreacted with antibodies against Hsp27, 
were also immunoreacted with antibodies against either GFAP, NeuN, Iba1 or 
Hsp70. The sections were incubated for 1 h at room temperature and then put at 
4 °C on a shaker for 3 days (see Table  14.2  for antibody information).

   After 3 days of incubating in the primary antibodies, sections were washed 
3 × 10 min in PBS. Sections were then incubated on a shaker at room temperature 
for 2 h in fl uorescent secondary antibodies diluted in 2 % donkey serum (see 
Table  14.2  for secondary antibody information).  

    Table 14.1    Hsp70, GFAP, NeuN, Iba1, and factor VIII primary and secondary antibodies for 
immunofl uorescence microscopy   

 Primary antibodies  Secondary antibodies 

 Hsp70 monoclonal mouse antibody at 1:500 
(Enzo Scientifi c, ADI-SPA-810) 

 Donkey anti-mouse IgG antibody conjugated to 
Alexa Fluor 488 at 1:500 (Invitrogen, A21202) 
 Donkey anti-mouse IgG antibody conjugated to 
Alexa Fluor 555 at 1:500 (Invitrogen, A31570) 

 GFAP polyclonal rabbit antibody at 1:500 
(Dako, Z0334) 

 Donkey anti-rabbit IgG antibody conjugated to 
Alexa Fluor 488 at 1:500 (Invitrogen, A21206) 

 NeuN polyclonal rabbit antibody conjugated 
to Alexa Fluor 488 at 1:500 (Millipore, 
ABN78A4) 

  a  

 Iba1 polyclonal rabbit antibody at 1:500 
(Wako, 019–19741) 

 Donkey anti-rabbit IgG antibody conjugated to 
Alexa Fluor 488 at 1:500 (Invitrogen, A21206) 

 Factor VIII polyclonal rabbit at 1:500 
(Oncogene Research Products, PC313) 

 Donkey anti-rabbit IgG antibody conjugated to 
Alexa Fluor 555 at 1:500 (Invitrogen, A31570) 

   a The NeuN polyclonal rabbit antibody conjugated to Alexa Fluor 488 no primary control sections 
were incubated with donkey anti-rabbit IgG antibody conjugated to Alexa Fluor 488 at 1:500 
(Invitrogen, A21206)  
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14.14     Immunoreactivity Specifi city Controls 

 No Hsp70 immunoreactive cells were detected in the hippocampus with omission of 
the primary Hsp70 monoclonal mouse antibody or omission of the secondary 
 donkey anti-mouse IgG antibody conjugated to Alexa Fluor 555 or the secondary 
donkey anti-mouse IgG antibody conjugated to Alexa Fluor 488 (data not shown). 

 No Hsp27 immunoreactive cells were detected with omission of the primary 
Hsp27 polyclonal rabbit antibody or omission of the secondary donkey anti-rabbit 
IgG antibody conjugated to Alexa Fluor 488 (data not shown). 

 No immunoreactivity was detected with omission of the primary GFAP poly-
clonal rabbit antibody or with omission of the secondary donkey anti-rabbit IgG 
antibody conjugated to Alexa Fluor 488. No immunoreactivity was detected with 
omission of the primary GFAP monoclonal mouse antibody conjugated to Cy3 or 
with incubation with inappropriate secondary donkey anti-mouse IgG antibody con-
jugated to Cy3, or with secondary donkey anti-rabbit IgG antibody conjugated to 
Alexa Fluor 488 (data not shown). 

 No immunoreactive neurons were detected with omission of the primary NeuN 
monoclonal mouse antibody and with the omission of the donkey anti- mouse IgG 
secondary antibody conjugated to Alexa Fluor 488. No immunoreactivity was 
detected with omission of the primary NeuN polyclonal rabbit antibody conjugated 
to Alexa Fluor 488 or with incubation with inappropriate secondary donkey anti-
rabbit IgG antibody conjugated to Alexa Fluor 488, or with secondary donkey anti-
mouse IgG antibody conjugated to Alexa Fluor 555 (data not shown). 

    Table 14.2    Hsp27, GFAP, NeuN, Iba1, and Hsp70 primary and secondary antibodies for 
immunofl uorescence microscopy   

 Primary antibodies  Secondary antibodies 

 Hsp27 polyclonal rabbit antibody at 1:500 
(Enzo Scientifi c, ADI-SPA-801) 

 donkey anti-rabbit IgG antibody conjugated to 
Alexa Fluor 488 at 1:500 (Invitrogen, A21206) 

 GFAP monoclonal mouse antibody 
conjugated to Cy3 at 1:500 (Sigma, C92050) 

  a  

 NeuN monoclonal mouse antibody at 1:500 
(Millipore, MAB377) 

 donkey anti-mouse IgG antibody conjugated to 
Alexa Fluor 555 at 1:500 (Invitrogen, A31570) 
 donkey anti-mouse IgG antibody conjugated to 
Alexa Fluor 488 at 1:500 (Invitrogen, A21202) 

 Iba1 monoclonal mouse antibody at 1:500 
(Abcam, ab15690) 

 donkey anti-mouse IgG antibody conjugated to 
Alexa Fluor 555 at 1:500 (Invitrogen, A31570) 

 Hsp70 monoclonal mouse antibody at 1:500 
(Enzo Scientifi c, ADI-SPA-810) 

 donkey anti-mouse IgG antibody conjugated to 
Alexa Fluor 555 at 1:500 (Invitrogen, A31570) 

   a The GFAP monoclonal mouse antibody conjugated to Cy3 no primary control sections were incu-
bated with donkey anti-mouse IgG antibody conjugated to Cy3 at 1:500 (Jackson Immuno 
Research, 715-165-151)  
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 No immunoreactive microglia were detected with omission of the primary Iba1 
polyclonal rabbit antibody and with the omission of the secondary donkey anti-rabbit 
IgG antibody conjugated to Alexa Fluor 488. No Iba1 immunoreactivity was detected 
with omission of the primary Iba1 monoclonal mouse antibody or the secondary 
donkey anti-mouse IgG antibody conjugated to Alexa Fluor 555 (data not shown). 

 No immunoreactivity was detected with omission of the primary Factor VIII 
polyclonal rabbit antibody and with omission of the secondary donkey anti-rabbit 
IgG antibody conjugated to Alexa Fluor 555 (data not shown).  

14.15     Immunofl uorescence Double Labeling for Hsp70 
and GFAP, NeuN, and Iba1 

 Hsp70 immunoreactivity was undetectable in the hippocampus of control female 
rats (Fig.  14.2 A1, A2, A3) and was detectable in many cells and small blood vessels 
24 h following heat shock in the hippocampus of female rats (Fig.  14.2 B1, B2, B3). 
Hsp70 immunoreactivity was detectable in a few cells of the hippocampus of con-
trol male rats (Fig.  14.2 C1, C2, C3) and in many cells and small blood vessels 24 h 
following heat shock in the hippocampus of male rats (Fig.  14.2 D1, D2, D3).  

 GFAP immunoreactivity was detectable in many cells in the hippocampus in 
control female (Fig.  14.2 A1), heat shock female (Fig.  14.2 B1), control male 
(Fig.  14.2 C1), and heat shock male (Fig.  14.2 D1) rats. Micrographs show no colo-
calization of Hsp70 and GFAP. 

 NeuN immunoreactivity was detectable in many cells in the hippocampus of 
control female (Fig.  14.2 A2), heat shock female (Fig.  14.2 B2), control male 
(Fig.  14.2 C2), and heat shock male (Fig.  14.2 D2) rats. Micrographs show no colo-
calization of Hsp70 and NeuN. 

 Iba1 immunoreactivity was detectable in many cells in the hippocampus of con-
trol female (Fig.  14.2 A3), heat shock female (Fig.  14.2 B3), control male 
(Fig.  14.2 C3), and heat shock male (Fig.  14.2 D3) rats. Micrographs of Hsp70 and 
Iba1 immunoreactivity show some colocalization of Hsp70 and Iba1. After heat 
shock in the female, Hsp70 immunoreactivity (Fig.  14.2 B3, arrows) was detected 
mostly in Iba1 negative cells and in some small blood vessels. After heat shock in 
the male, Hsp70 immunoreactivity (Fig.  14.2 D3, arrows) was detected in some Iba1 
immunoreactive cells and some small blood vessels.  

14.16     Immunofl uorescence Double Labeling for Hsp27 
and GFAP, NeuN, and Iba1 

 Hsp27 immunoreactivity was undetectable in the hippocampus of control female 
rats (a few fl uorescent red blood cells are evident) (Fig.  14.3 A1, A2, A3) and was 
detectable in small blood vessels and many astrocytes in the hippocampus 24 h 
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  Fig. 14.2    Hsp70 and GFAP, NeuN and Iba1 immunoreactivity in the hippocampus of female and 
male rats. Hsp70 immunoreactivity ( red ) was undetectable in the hippocampus of control female 
rats ( A1 ,  A2 ,  A3 ) and was detectable in many cells ( arrowheads ) and small blood vessels ( arrows ) 
24 h following heat shock in the hippocampus of female rats ( B1 ,  B2 ,  B3 ). Hsp70 immunoreactiv-
ity was detectable in a few cells of the hippocampus of control male rats ( C1 ,  C2 ,  C3 ) and in many 
cells ( arrowheads ) and small blood vessels ( arrows ) 24 h following heat shock in the hippocampus 
of male rats ( D1 ,  D2 ,  D3 ). GFAP immunoreactivity ( green ) was detectable in many cells in the 
hippocampus in control female ( A1 ), heat shock female ( B1 ), control male ( C1 ), and heat shock 
male ( D1 ) rats and was not colocalized with Hsp70 immunoreactivity. NeuN immunoreactivity 
( green ) was detectable in many cells in the hippocampus of control female ( A2 ), heat shock female 
( B2 ), control male ( C2 ), and heat shock male ( D2 ) rats and was not colocalized with Hsp70 immu-
noreactivity. Iba1 immunoreactivity ( green ) was detectable in many cells in the hippocampus of 
control female ( A3 ), heat shock female ( B3 ), control male ( C3 ), and heat shock male ( D3 ) rats and 
some colocalization with Hsp70 immunoreactivity ( red + green = yellow ) was detected ( B3 ,  D3 , 
 arrowheads ). The scale bar in  A1  represents 100 microns in all micrographs       
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  Fig. 14.3    Hsp27 and GFAP, NeuN and Iba1 immunoreactivity in the hippocampus of female and 
male rats. Hsp27 immunoreactivity ( green ) was undetectable in the hippocampus of control female 
rats (a few fl uorescent red blood cells are evident) ( A1 ,  A2 ,  A3 ) and was detectable in small blood 
vessels and many astrocytes in the hippocampus 24 h following heat shock in female rats ( B1 ,  B2 ,  B3 ). 
Hsp27 immunoreactivity was detectable at a low level in some astrocytes in the hippocampus of 
control male rats ( C1 ,  C2 ,  C3 ) and in some small blood vessels and many astrocytes 24 h follow-
ing heat shock in the hippocampus of male rats ( D1 ,  D2 ,  D3 ). GFAP immunoreactivity ( red ) was 
detectable in many astrocytes in the hippocampus of control female ( A1 ), heat shock female ( B1 ), 
control male ( C1 ), and heat shock male ( D1 ) rats and was colocalized with Hsp27 immunoreactiv-
ity ( arrows ). NeuN immunoreactivity ( red ) was detectable in many neurons in the hippocampus of 
control female ( A2 ), heat shock female ( B2 ), control male ( C2 ), and heat shock male ( D2 ) rats and 
was not colocalized with Hsp27 immunoreactivity ( arrows ). Iba1 immunoreactivity ( red ) was 
detectable in many cells in the hippocampus of control female ( A3 ), heat shock female ( B3 ), con-
trol male ( C3 ), and heat shock male ( D3 ) rats and was not colocalized with Hsp27 immunoreactiv-
ity ( arrows ). The scale bar in  A1  represents 100 microns in all micrographs       
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following heat shock in female rats (Fig.  14.3 B1, B2, B3). Hsp27 immunoreactivity 
was detectable at a low level in some astrocytes in the hippocampus of control male 
rats (Fig.  14.3 C1, C2, C3) and in some small blood vessels and many astrocytes 
24 h following heat shock in the hippocampus of male rats (Fig.  14.3 D1, D2, D3).  

 GFAP immunoreactivity was detectable in many astrocytes in the hippocampus 
of control female (Fig.  14.3 A1), heat shock female (Fig.  14.3 B1), control male 
(Fig.  14.3 C1), and heat shock male (Fig.  14.3 D1) rats. Micrographs of Hsp27 and 
GFAP immunoreactivity show some colocalization of Hsp27 and GFAP (arrows), 
particularly after heat shock. 

 NeuN immunoreactivity was detectable in many neurons in the hippocampus of 
control female (Fig.  14.3 A2), heat shock female (Fig.  14.3 B2), control male 
(Fig.  14.3 C2), and heat shock male (Fig.  14.3 D2) rats. Micrographs show no colo-
calization of Hsp27 and NeuN. 

 Iba1 immunoreactivity was detectable in many cells in the hippocampus of con-
trol female (Fig.  14.3 A3), heat shock female (Fig.  14.3 B3), control male 
(Fig.  14.3 C3), and heat shock male (Fig.  14.3 D3) rats. Micrographs show no colo-
calization of Hsp27 and Iba1.  

14.17     Immunofl uorescence Double Labeling for Hsp70 
and Factor VIII, Hsp70 and Hsp27 

 Immunofl uorescence double labeling for Hsp70 and Factor VIII (Fig.  14.4 ) revealed 
similar Hsp70 immunoreactivity as before. Hsp70 immunoreactivity was undetect-
able in the hippocampus of control female rats (Fig.  14.4 A1) and was detectable in 
many cells and small blood vessels of the hippocampus 24 h following heat shock 
in female rats (Fig.  14.4 B1). Hsp70 immunoreactivity was not detectable in the hip-
pocampus of control male rats (Fig.  14.4 C1) and was detected in many cells and 
small blood vessels of the hippocampus 24 h following heat shock in male rats 
(Fig.  14.4 D1). Factor VIII immunoreactivity was detectable in many small blood 
vessels in the hippocampus of control female (Fig.  14.4 A1), heat shock female 
(Fig.  14.4 B1), control male (Fig.  14.4 C1), and heat shock male (Fig.  14.4 D1) rats. 
Micrographs of Hsp70 and Factor VIII immunoreactivity show colocalization of 
Hsp70 and Factor VIII, particularly in small blood vessels after heat shock 

Fig. 14.4 (continued) ( D2 ,  D3 ). Hsp27 immunoreactivity ( green , in  A2 ,  B2 ,  B3 ,  C2 ,  D2 ,  D3 ) was 
detectable in a few small blood vessels in the hippocampus of control female rats ( A2 ) and was 
detectable in small blood vessels and many astrocytes in the hippocampus 24 h following heat 
shock in female rats ( B2 ,  B3 ). Hsp27 immunoreactivity was detectable in a few small blood ves-
sels in the hippocampus of control male rats ( C2 ) and was detected in some small blood vessels 
and many cells in the hippocampus 24 h following heat shock in male rats ( D2 ,  D3 ).  Arrows  on  B2  
and  D2  are on the identical structures at high magnifi cation in  B3  and  D3 , respectively. The scale 
bar in  A1  represents 100 microns in  A1 ,  B1 ,  C1 ,  D1 ,  A2 ,  B2 ,  C2 , and  D2 . The scale bar in  B3  
represents 100 microns in  B3  and  D3        
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  Fig. 14.4    Hsp70, Factor VIII and Hsp27 immunoreactivity in the hippocampus of female and 
male rats. Hsp70 immunoreactivity ( green , in  A1 ,  B1 ,  C1 ,  D1 ) was undetectable in the hippocam-
pus of control female rats ( A1 ) and was detectable in many cells and small blood vessels of the 
hippocampus 24 h following heat shock in female rats ( B1 ). Hsp70 immunoreactivity was unde-
tectable in the hippocampus of control male rats ( C1 ) and was detected in many cells and small 
blood vessels of the hippocampus 24 h following heat shock in male rats ( D1 ). Factor VIII immu-
noreactivity ( red , in  A1 ,  B1 ,  C1 ,  D1 ) was detectable in many small blood vessels in the hippocam-
pus of control female ( A1 ), heat shock female ( B1 ), control male ( C1 ), and heat shock male ( D1 ) 
rats and showed some colocalization with Hsp70 immunoreactivity, particularly in small blood 
vessels ( arrows ,  B1 ,  D1 ). Hsp70 immunoreactivity ( red , in  A2 ,  B2 ,  B3 ,  C2 ,  D2 ,  D3 ) was undetect-
able in the hippocampus of control female rats ( A2 ) and was detectable in many cells and small 
blood vessels in the hippocampus 24 h following heat shock in female rats ( B2 ,  B3 ). Hsp70 immu-
noreactivity was undetectable in the hippocampus of control male rats ( C2 ) and was detectable in 
small blood vessels and in many cells in the hippocampus 24 h following heat shock in male rats 
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(Fig.  14.4 B1, D1). Hsp70 immunoreactive cells that were negative for Factor VIII 
immunoreactivity are also evident (Fig.  14.4 B1, D1, arrows).  

 Immunofl uorescence double labeling for Hsp27 and Hsp70 (Fig.  14.4 A2, B2, C2, 
D2) revealed similar patterns of Hsp27 immunoreactivity and Hsp70 immunoreac-
tivity as seen before. Hsp27 immunoreactivity was detectable in a few small blood 
vessels in the hippocampus of control female rats (Fig.  14.4 A2) and was detectable 
in small blood vessels and many astrocytes in the hippocampus 24 h following heat 
shock in female rats (Fig.  14.4 B2). Hsp27 immunoreactivity was detectable in a few 
small blood vessels in the hippocampus of control male rats (Fig.  14.4 C2) and was 
detected in some small blood vessels and many cells in the hippocampus 24 h fol-
lowing heat shock in male rats (Fig.  14.4 D2). Hsp70 immunoreactivity (red) was 
undetectable in the hippocampus of control female rats (Fig.  14.4 A2) and was 
detectable in many cells and small blood vessels in the hippocampus 24 h following 
heat shock in female rats (Fig.  14.4 B2). Hsp70 immunoreactivity was undetectable 
in the hippocampus of control male rats (Fig.  14.4 C2) and was detectable in small 
blood vessels and in many cells in the hippocampus 24 h following heat shock in 
male rats (Fig.  14.4 D2). Micrographs of Hsp27 and Hsp70 immunoreactivity show 
some colocalization of Hsp27 and Hsp70 in small blood vessels and in many cells, 
particularly after heat shock (Fig.  14.4 B3, D3; arrows).  

14.18     Discussion 

 The fi ndings of this work are that: (1) In the hippocampus, Hsp70 and Hsp27 levels 
are similar in control female and control male rats. (2) In the hippocampus, Hsp70 
and Hsp27 levels are signifi cantly greater in male rats, compared to levels in female 
rats, 24 h after heat shock treatment. (3) In the hippocampus, Hsp70 is colocalized 
in microglia and blood vessels, Hsp27 is colocalized in astrocytes, and Hsp70 and 
Hsp27 are closely associated in blood vessels and astrocytes, respectively, in female 
and male rats 24 h after heat shock treatment. These results are important for under-
standing sex differences in neurodegenerative disease prevalence.  

14.19     Hsp70 and Hsp27 Expression in the Hippocampi 
of Control Rats 

 In the absence of stress, Hsp70 and Hsp27 are expressed at low levels in the hip-
pocampus. In this study, western analyses indicate that Hsp70 levels in the hippo-
campus are similar in control female and male rats (Fig.  14.1a ). This fi nding is 
consistent with previous studies (Olazábal et al.  1992a ; Thorp et al.  2007 ) and sup-
ports the notion that there are no sex differences in the baseline levels of Hsp70 in 
the hippocampus of female and male rats. The low level of Hsp70 observed in the 
hippocampus of control animals is also similar to that seen in other studies done 
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exclusively with male rats (Currie and White  1983 ; David et al.  1994 ; Armstrong 
et al.  1996 ; Krueger et al.  1999 ). 

 In the present study, Hsp27 levels in the hippocampus were not different between 
control female rats and control male rats (Fig.  14.1a ). This fi nding appears to be the 
fi rst comparison of constitutive Hsp27 levels in the hippocampus of female and 
male rats. The low level of Hsp27 observed in the hippocampus of control animals 
is also similar to that seen in other studies done exclusively with male rats (Plumier 
et al.  1996 ,  1997a ,  b ; Krueger-Naug et al.  2000 ). While Hsp27 is at low levels in the 
hippocampus, Hsp27 is abundant in neurons of the brain stem and spinal cord in 
control male rats (Plumier et al.  1997b ).  

14.20     Hsp70 and Hsp27 Expression in the Hippocampi 
of Heat Shock Rats 

 In the current study, 24 h after heat shock treatment hippocampal Hsp70 and Hsp27 
levels are greater in both the female (Fig.  14.1b ) and male (Fig.  14.1c ) rats com-
pared control rats. Most interestingly Hsp70 and Hsp27 levels are greater in male 
rats, compared to female rats, 24 h after heat shock treatment (Fig.  14.1d ). Similarly, 
following an acute stressor, such as tail shock, Hsp70 levels are signifi cantly greater 
in the hippocampus in male rats, compared to female rats. Although E2 plasma 
levels were not measured in our study for comparison with Hsp levels, the estrous 
cycle has no impact on induced levels of Hsp70 in the brain of female rats (Nickerson 
et al.  2006 ). The highly inducible nature of Hsp70 in the brain or other tissues has 
been examined for many years (Schlesinger et al.  1982 ; Currie and White  1983 ; 
David et al.  1994 ; Armstrong et al.  1996 ; Krueger et al.  1999 ; Bechtold et al.  2000 ). 
While these studies examined male rats, it is also clear that Hsp70 is inducible to 
high levels in the hippocampus of female rats (Pavlik et al.  2003 ). 

 Hsp70 hippocampal induced levels were signifi cantly greater in male rats, 
compared to female rats. (Fig.  14.1d ). While Hsp70 is at low levels in the rat 
brain, the constitutively expressed Hsc70 is abundant in the brain (Manzerra et al. 
 1997 ). Hsc70 has similar chaperone functions as Hsp70 and likely regulates 
HSF1. The lower levels of induced Hsp70 observed in the hippocampus of female 
rats may be related to higher levels of Hsc70 in the absence of stress (Paroo et al. 
 1999 ). Hsp70 and Hsc70 may be involved in the interaction between estrogen and 
its receptor, since both Hsp70 and Hsc70 have been found to bind E2 (Gacad and 
Adams  1998 ). 

 Hsp27 is expressed at high levels in the hippocampus after heat shock in both 
female (Fig.  14.1b ) and male (Fig.  14.1c ) rats and it is clear that Hsp27 expression 
is greater in males than in females after heat shock (Fig.  14.1d ). Our fi nding of the 
highly inducible nature of Hsp27 after heat shock is similar to other studies done 
with male rats (Krueger-Naug et al.  2000 ; Bechtold and Brown  2003 ). Our fi nding 
of greater expression of Hsp27 in the hippocampus of male rats after heat shock 
appears to be the fi rst comparison of inducible Hsp27 levels in female and male rats.  
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14.21     Antibody Specifi city 

 Negative and positive Hsp70 immunofl uorescence in the hippocampus of control 
male and heat shock male rats, respectively, suggests the immunoreactivity is spe-
cifi c for the inducible Hsp70. The negative immunofl uorescence for the no primary 
antibody and no secondary antibody also suggest the specifi c nature of the immuno-
reaction for Hsp70. 

 Finding Hsp27 immunofl uorescence in a few cells in the hippocampus of a con-
trol male rat and many cells after heat shock in a male rat suggests the immunore-
activity is specifi c for Hsp27. The negative immunofl uorescence for the no primary 
antibody and no secondary antibody also suggest the specifi c nature of the immuno-
reaction for Hsp27. 

 GFAP immunofl uorescence in the hippocampus of heat shock male rat is specifi c 
for the glial acidic fi brillary protein in astrocytes, as suggested by the no primary 
antibody and no secondary antibody negative immunoreaction. 

 NeuN immunofl uorescence in the hippocampus of heat shock male rat is specifi c 
for the neuronal nuclei in neurons, as indicated by the no primary antibody and no 
secondary antibody negative immunoreaction. 

 Iba1 immunofl uorescence in the hippocampus of heat shock male rat is specifi c 
for the ionized calcium binding adapter molecular protein in microglia, as indicated 
by the no primary antibody and no secondary antibody negative immunoreaction. 

 Factor VIII immunofl uorescence in the hippocampus of heat shock male rats is 
specifi c for the factor VIII protein in and around blood vessels, as indicated by the 
no primary antibody and no secondary antibody negative immunoreaction.  

14.22     Hsp70 and Hsp27 Immunofl uorescence 
in the Hippocampus of Rats 

 The low level of Hsp70 immunofl uorescence in the hippocampus of control female 
(Fig.  14.2 A1, A2, A3) and control male (Fig.  14.2 C1, C2, C3) rats is similar to that 
seen in previous studies (Armstrong et al.  1996 ; Pavlik et al.  2003 ). By immuno-
fl uorescence, Hsp70 is not detected in control female rats (Pavlik et al.  2003 ) and by 
immunohistochemistry Hsp70 is not detected in control male rats (Armstrong et al. 
 1996 ). Hsp70 immunofl uorescence 24 h after heat shock treatment in female and 
male rat hippocampi was not colocalized with either GFAP (Fig.  14.2 B1, D1) or 
NeuN (Fig.  14.2 B2, D2) immunofl uorescence and is similar to previous fi ndings 
(Lee et al.  2002 ). However, Hsp70 immunofl uorescence 24 h after heat shock treat-
ment is detectable and is colocalized with Iba1 in both female and male rats 
(Fig.  14.2 B3 and D3, respectively). 

 In this study, Hsp27 immunofl uorescence in the hippocampus of control female 
(Fig.  14.3 A1, A2, A3) and control male (Fig.  14.3 C1, C2, C3) rats was at low levels. 
This fi nding is similar to previous work done with only male animals (Plumier et al. 
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 1996 ,  1997a ,  b ; Krueger-Naug et al.  2000 ). Following heat shock, Hsp27 
 immunofl uorescence is detectable and is colocalized with GFAP immunofl uores-
cence in both female and male rats (Fig.  14.3 B1 and D1, respectively). Hsp27 
immunofl uorescence is not colocalized with NeuN or Iba1 immunofl uorescence 
(Fig.  14.3 B2, D2 or B3, D3, respectively). Colocalization of Hsp27 with GFAP is 
indicative of immunoreactivity in astrocytes (Plumier et al.  1997a ; Lee et al.  2002 ; 
Bechtold and Brown  2003 ). Hsp27 appears not to be localized in neurons or microg-
lia as indicated by the NeuN and Iba1 immunofl uorescence, respectively (Lee et al. 
 2002 ; Maeda et al.  2008 ). 

 Our fi nding of Hsp27 immunoreactivity in astrocytes in both female and males is 
similar to previous studies that were done in male animals only (Krueger-Naug 
et al.  2000 ; Bechtold and Brown  2003 ). This study appears to the fi rst showing 
localization of Hsp27 in astrocytes in the female hippocampus.  

14.23     Factor VIII, Hsp70 and Hsp27 Immunofl uorescence 
in the Hippocampus of Rats 

 Factor VIII immunofl uorescence (Fig.  14.4 A1, B1, C1, D1) is indicative of immu-
noreactivity in small blood vessels (Theilen and Kuschinsky  1992 ). After heat shock 
treatment some induced Hsp70 immunofl uorescence is co-localized with Factor 
VIII immunofl uorescence in female (Fig.  14.4 B1) and male (Fig.  14.4 D1) hippo-
campus. Our fi nding of Hsp70 localization in microglia (Fig.  14.2 B3, D3) and blood 
vessels is similar to previous studies showing Hsp70 colocalized in microglia, oli-
godendrocytes and blood vessels, using OX-42 antibody, GSII lectin antibody, and 
histological morphology, respectively (Pavlik et al.  2003 ). Similarly, Hsp70 has also 
been localized in vimentin-positive glia (astrocytes) in the hippocampus of male 
rats after heat shock (Krueger et al.  1999 ). 

 Following heat shock, Hsp27 immunofl uorescence is associated with some Hsp70 
immunofl uorescence in the hippocampus of female and male rats 24 h after heat 
shock (Fig.  14.4 B2 and D2). The male rats have greater levels of both Hsp70 and 
Hsp27, compared to the female rats, 24 h after heat shock treatment (Fig.  14.4 B2 and 
D2). As well, Hsp70 colocalized with microglia and in small blood vessels, Hsp27 is 
in astrocytes, and Hsp27-expressing astrocytes are in close proximity to Hsp70-
expressing blood vessels, which is evident in the hippocampus of both females 
(Fig.  14.4 B3) and males (Fig.  14.4 D3) 24 h after heat shock treatment. The resulting 
cellular damage within the blood vessels 24 h following heat shock treatment likely 
induced the expression of Hsp70. Normally, astrocytes associate with endothelial 
cells in blood vessels in the brain to help protect the blood brain barrier, especially 
following stress (Bechtold and Brown  2003 ). Heat shock treatment likely caused 
increased permeability in the endothelial cells and cellular damage. As a result, 
Hsp27-expressing astrocytes in association with the Hsp70-expressing endothelial 
cells in the blood vessel wall may be facilitating restoration of homeostasis following 
heat stress (Plumier et al.  1996 ; Krueger-Naug et al.  2000 ; Pavlik et al.  2003 ). 
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 Heat shock triggers thermal and osmotic stressors that induce protein instability 
and aggregation, leading to activation of the HSF1 in order to maintain protein 
homeostasis (Cotto and Morimoto  1999 ). For example, heat shock triggers hypo- 
osmotic stress in mammalian cells leading to activation of HSF1 and iso-osmotic 
conditions restore activated HSF1 to normal levels (Caruccio et al.  1997 ). Hsp27 
levels are also induced following stress (heat shock, ischemia, etc.) and is a good 
marker of reactive gliosis (Plumier et al.  1997a ). Elevated expression of Hsp27 after 
heat shock facilitates protein repair and actin fi lament reorganization and stabiliza-
tion (Lavoie et al.  1995 ) and prevents apoptosis through inhibition of caspase activ-
ity (Garrido et al.  1999 ).  

14.24     Effects of Estrogen on Expression of HSP 

 An obvious difference between females and males is the levels of circulating estro-
gen. Women have approximately 2–4 times greater plasma levels of E2, compared 
to men (Massafra et al.  2002 ) and plasma levels of E2 in female rats is also greater 
compared to male rats (Pratchayasakul et al.  2011 ). E2 functions by binding to 
ER-α or ER-β. In the hippocampus the overall density of ER-α and ER-β are not 
different between female and male rats. However, the distribution of ER-α in the 
female hippocampus is widespread, and is present in both nuclear and extranuclear 
sites in the pyramidal and granule cells and in their dendrites and axons (Milner 
et al.  2001 ,  2005 ; Romeo et al.  2005 ). In female rats, ER-α is also found in astro-
cytes throughout the hippocampus (Milner et al.  2005 ). In male rats, the ER-α is 
primarily located in pyramidal cells in the CA1 and CA2 regions of the hippocam-
pus (Azcoitia et al.  1999 ; Milner et al.  2001 ,  2005 ; Sakuma et al.  2009 ). 

 The difference in ER-α distribution in the hippocampus may regulate the estro-
gen signaling pathways. Estrogen receptors in the nuclei act by genomic signaling 
and those bound to the plasma membrane, act by non-genomic signaling. The ER-α 
acts by both of these signaling pathways in the hippocampus, whereas the ER-β acts 
primarily by non-genomic signaling, as it is located in extranuclear sites in the hip-
pocampus (Milner et al.  2001 ,  2005 ). The sex differences in plasma estrogen levels, 
signaling pathways and the hippocampal distribution of the ER-α, may contribute to 
some of the sex differences in expression of heat shock proteins in the 
hippocampus. 

 In unstressed conditions, estrogen may regulate levels of HSP differentially in 
females and males. Estrogen may also regulate the expression of HSP following 
stressful conditions. In this study, the levels of Hsp70 and Hsp27 are greater in 
 hippocampus of heat shock male rats compared to heat shocked female rats. In other 
studies the levels of Hsp70 have been examined in hearts of female and male rats. 
Hsp70 levels are signifi cantly greater in hearts of male rats compared to female rats 
after 2 weeks of treadmill exercise training (Paroo et al.  1999 ). E2 supplementation 
in male rats suppressed the exercise induced increase of Hsp70 in the hearts to the 
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level seen in hearts of female rats (Paroo et al.  1999 ). Removal of E2 by  ovariectomy 
signifi cantly increased the level of Hsp70 in the hearts of exercised rats compared to 
intact female rats (Paroo et al.  2002 ). A similar increase in Hsp70 in the heart is seen 
in ovariectomized rats compared to intact female rats after heat shock treatment 
(Shinohara et al.  1993 ). Therefore, circulating estrogen levels may have an effect on 
the sex differences in expression of heat shock proteins in both the brain and the 
heart of rats. 

 Estrogen seems to be regulating the expression of HSP differentially between 
males and females. Interestingly, ovariectomized rats that were treated with E2 had 
increased levels of Hsp90 in the hypothalamus, compared to ovariectomized rats 
that were not given E2 (Olazábal et al.  1992b ). This suggests that E2 in female rats 
may regulate higher Hsp90 levels in the cortex and hypothalamus, compared to 
that in male rats (Elaković et al.  2007 ). However in other tissues, including the 
heart, Hsp90 levels are higher in male rats (Voss et al.  2003 ). Interaction of Hsp90 
with both the estrogen receptor and the HSF1 may account for these differences. 
The estrogen receptor is maintained in the cytoplasm bound to Hsp90 (Milne and 
Noble  2008 ). Estrogen freely penetrates cell membranes and binds with the estro-
gen receptor in the cytoplasm, releasing Hsp90. Freed Hsp90 can bind and inacti-
vate any free HSF1 in the cytoplasm, thus suppressing the transcription of various 
heat shock genes regulated by HSF1. In normal conditions, Hsp90 and/or Hsc70 
bind and maintain HSF1 in an inactive state in the cytoplasm (Zou et al.  1998 ; Guo 
et al.  2001 ; Anckar and Sistonen  2011 ). Metabolic stressors such as heat shock, 
intense exercise, or ischemia leads to the accumulation of damaged or denatured 
proteins within cells. Various HSP including Hsp90 and Hsc70 are recruited to 
damaged proteins, freeing HSF1. HSF1 trimerizes, becomes phosphorylated, and 
translocates to the nucleus and binds to the heat shock elements in the promoter 
region of heat shock genes and increases their transcription (Morimoto  1998 ; 
Anckar and Sistonen  2011 ). Thus E2 interaction with its receptors and Hsp90 may 
be regulating the differential expression of various HSP in females and males 
(Milne and Noble  2008 ). 

 In addition to interacting with HSF1, and estrogen receptors, Hsp90 (and Hsc70) 
also interacts with glucocorticoid receptors (Pratt  1993 ; Jones et al.  2004 ). These 
interactions of Hsp90 may also explain the differential glucocorticoid levels in 
females and males after various stresses. Following a stressor, female rats have less 
activation of HSF1 and less expression of HSP, and higher cortisol levels compared 
to male rats (Jezová et al.  1994 ; Beiko et al.  2004 ; Li and Sánchez  2005 ). High 
glucocorticoid levels binding to the glucocorticoid receptors free Hsp90 that binds 
and inactivates HSF1 (Li and Sánchez  2005 ). These sex differences in response to 
stress may be indicative of differential activation of the hypothalamic pituitary adre-
nal axis in that following an acute stress, levels of cortisol secretion are greater and 
maintained at higher levels in females, compared to males (Gallucci et al.  1993 ; 
Kant et al.  1983 ). 

 Estrogen may mediate protection through a mechanism that stabilizes cellular 
membranes and prevents protein denaturation, resulting in less oxidative stress 
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and expression of heat shock proteins (Paroo et al.  2002 ). E2 dampens oxidative 
stress by increasing antioxidants following injury (Essig and Nosek  1997 ; Kher 
et al.  2005 ). Oxidative stress leads to activation of the p38 mitogen activated pro-
tein kinase, nuclear factor kappa B and accumulation of infl ammatory cytokines, 
like tumor necrosis factor, that may lead to activation of the apoptotic pathways 
(reviewed by Kher et al.  2005 ). In a normal state, male rats have signifi cantly 
greater phosphorylated (activated) p38 mitogen activated protein kinase, com-
pared to females, indicating that normally females have lower levels of oxidative 
stress (Wang et al.  1998 ). Lower levels of oxidative stress in females may be a 
factor contributing to sex differences in degenerative disease prevalence, that dis-
proportionately affect males, compared to females. As stated previously, this sex 
difference equalizes once women begin menopause, and E2 levels drop drasti-
cally. Low levels of E2 play a role in the development of degenerative diseases. In 
neurodegeneration, damaged proteins aggregate and lead to proteotoxicity and the 
release of reactive oxygen species (Muchowski and Wacker  2005 ; reviewed by Xu 
et al.  2012 ). 

 While a strong case for estrogen regulating expression of HSPs in females can 
be made, other related possibilities also come to mind. As mentioned above, estro-
gen may stabilize cellular membranes preventing protein denaturation, resulting 
in less oxidative stress and less expression of heat shock proteins (Paroo et al. 
 2002 ). In males, the increased amounts of Hsp70 and Hsp27 in the hippocampus 
may be due to more thermolabile cell membranes that lead to greater proteotoxic-
ity and activation of the heat shock response after hyperthermia. Alternatively, 
brain cells of male rats may contain relatively higher amounts of thermolabile 
proteins. High levels of thermolabile proteins in males would be expected to cause 
the production of higher levels of HSPs in response to hyperthermia. Estrogen or 
lack of estrogen may be paramount in the regulation of HSPs in females and 
males, respectively.  

14.25     Conclusions 

 HSP are differentially regulated in female and male rats. Overall, male rats have 
greater induced levels of Hsp70 and Hsp27 in the hippocampus compared to levels 
in female rats, 24 h after heat shock treatment. In the hippocampus 24 h after heat 
shock, Hsp70 is expressed in microglia and small blood vessels, and Hsp27 is 
expressed in astrocytes and astrocytic processes around small blood vessels. Sex 
differences in E2 regulation of the expression of HSP in the brain after stress may 
help to explain neurodegenerative disease prevalence. The age-related accumulation 
of damaged proteins in neurodegenerative disease induces a sex-specifi c heat shock 
response that appears to be regulated at the level of E2 interacting with the estrogen 
receptor and Hsp90. This interaction may explain sex differences in disease 
prevalence.     
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    Chapter 15   
 HspB5/αB-Crystallin in the Brain 

             Nikola     Golenhofen      and     Britta     Bartelt-Kirbach   

    Abstract     Many organs including the brain exhibit powerful endogenous cytopro-
tective mechanisms to survive recurrent cellular stress events, i.e. the development 
of stress tolerance. Investigation of the molecular mechanisms underlying this neu-
roprotective phenomenon is of special interest since it may provide the basis to 
develop new therapeutic strategies for the treatment of neurological diseases. One 
important mechanism is the upregulation of heat shock proteins. Here, we will 
review the neuroprotective potential of HspB5/αB-crystallin. HspB5 is expressed in 
glia as well as in neurons and upregulated in certain cell types or subset of cells at 
pathophysiological conditions. HspB5 is found to be associated with the disease-
causing pathological protein aggregates, such as amyloid plaques in Alzheimer’s 
disease or Rosenthal fi bers in Alexander disease. One possible function of HspB5 is 
to counteract the aggregation process leading to increased cell survival. However, 
HspB5 may act additionally via its non-chaperone functions, such as anti-infl amma-
tory, anti-apoptotic properties or association with cytoskeletal proteins infl uencing 
fi lament assembly. The cytoprotective activity of HspB5 is regulated by phosphory-
lation. Interestingly, in neurons HspB5 is recruited to axons and dendrites by phos-
phorylation, however, to this end little is known about the molecular targets of 
phosphoHspB5 in neurons. Identifying the impact of phosphorylation of HspB5 in 
glia and neurons and the targets of HspB5 may be useful to develop new therapeutic 
strategies for neurological diseases.  
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15.1         Introduction 

 The brain as well as other organs exhibit powerful endogenous cytoprotective 
mechanisms to survive recurrent cellular stress events. It is able to develop stress 
tolerance which has been shown in animal models and in retrospective case-control 
studies in humans (Kitagawa  2012 ; Kitagawa et al.  1990 ; Moncayo et al.  2000 ; 
Obrenovitch  2008 ). Unravelling the molecular mechanisms underlying this neuro-
protective phenomenon is of special interest since it may provide the basis to 
develop new therapeutic strategies for the treatment of neurological diseases. It has 
become clear that induction of stress tolerance is a multifactorial event which 
includes triggering the stress response resulting in upregulation of heat shock pro-
teins. The following review will focus on one member of the small heat shock pro-
tein family, i.e. HspB5 also called αB-crystallin.  

15.2     Expression of HspB5 in the Brain 

 HspB5 belongs to the family of small heat shock proteins which comprises 11 mem-
bers, named HspB1 –HspB11 in accordance with the guidelines of the HUGO Gene 
Nomenclature Committee (Bellyei et al.  2007 ; Kappe et al.  2003 ). There exist alter-
native names for many of the small Hsps that are related to their discovery or their 
molecular weight. Thus, HspB5 was formerly called αB-crystallin referring to its 
high abundance in the eye lens responsible for the refractive properties and lens 
transparency (Bloemendal  1981 ; Wistow and Piatigorsky  1988 ). It is still debated if 
the HspB protein family consists of 11 or 10 members. Hsp16.2/HspB11 has been 
recently proposed as the 11th member due to its high sequence similarities with 
some other small Hsps (sHsps). However, it contains no typical α-crystallin-domain 
which is the characteristic hallmark of sHsps and, thus, should not be included into 
the sHsp family (Bellyei et al.  2007 ; Kappe et al.  2010 ). 

 Despite the existence of many reports investigating individual sHsps in the brain 
there are only two systematic comparative studies showing the expression pattern of 
all sHsps in the brain. Quraishe et al. ( 2008 ) found in mouse brain HspB1, HspB5, 
HspB6, HspB7 and HspB8 expressed using classic RT-PCR (HspB11 was not inves-
tigated) and Bartelt-Kirbach et al. (Kirbach and Golenhofen  2011 ) showed expres-
sion of HspB1, HspB2, HspB3, HspB5, HspB6, HspB8 and HspB11 in rat brain by 
quantitative real-time RT-PCR. The differences in both studies might be due to the 
different species or more likely due to the different methods used. HspB2 and 
HspB3 were expressed at a very low level and not in all brain regions. Quantitative 
real-time RT-PCR displays a higher sensitivity compared to classic RT-PCR and, 
therefore, HspB2 and HspB3 were probably not detected by classic RT-PCR. HspB5 
(followed by HspB6) had the highest expression level in brain among all sHsps but 
expression in brain is still much lower than in heart muscle, namely only 1–2 % 
compared to heart (Kirbach and Golenhofen  2011 ). This fi ts quite well to the 
 quantifi cation of HspB5 protein content performed by Kato et al. ( 1991 ) earlier who 
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found that HspB5 protein in brain amounted to 0.3–2 % of heart tissue depending 
on the brain region investigated. 

 Now, 25 years after the discovery of HspB5 in the brain and other non-lenticular 
tissues (Bhat and Nagineni  1989 ; Iwaki et al.  1990 ) the function of HspB5 in the 
brain is still mainly unclear. Initial studies focused on HspB5 in glia, later also in 
neurons themselves. There is only little information about the neuronal function at 
physiological conditions, but it has become clear that HspB5 may play an important 
role in various neurological diseases even if its functions and molecular targets are 
only partially identifi ed. 

15.2.1     Cellular Distribution of HspB5: Glia versus Neurons 

 One key question is in which cell type of the brain HspB5 is expressed to exert its 
function. Nervous tissue consists of neurons and glial cells. Neurons have the unique 
property to be electrically excitable important for processing and transmission of 
information. Glial cells have various supportive functions, such as regulation of the 
internal environment of the tissue, building up the myelin sheath or guidance of 
neurons during embryogenesis. 

 The fi rst immunohistochemical studies of rat brain showed localization of 
HspB5 in oligodendrocytes most abundant in the white matter and in some astro-
cytes but not in neurons (Iwaki et al.  1990 ). This confi nement of HspB5 to glial cells 
was confi rmed in normal canine and human brain in a more detailed follow-up 
study (Iwaki et al.  1992 ). However, in brains of patients with neurodegenerative 
disorders HspB5 was found in addition in some single neurons as well as in groups 
of astrocytes of affected brain areas (Iwaki et al.  1992 ). This suggested that HspB5 
expression might be part of a reactive response in various pathological conditions. 

 Indeed HspB5 is inducible in cultured primary astrocytes and glioma cell lines by 
various types of cellular stresses (Head et al.  1994 ,  1996 ; Iwaki et al.  1993 ; Kato et al. 
 1993 ). By overexpression or knockdown experiments it has become clear that ele-
vated HspB5 levels in astrocytes are of protective value leading to thermoresistance, 
increased cell survival or inhibition of apoptosis after cellular stress (Iwaki et al.  1994 , 
 1995 ; Li and Reiser  2011 ; Shin et al.  2009 ). HspB5 is also induced in vivo in astro-
cytes after stress, such as kainic acid treatment (Che et al.  2001 ), middle cerebral 
artery occlusion (Piao et al.  2005 ), intracerebral hemorrhage (Ke et al.  2013 ) or in 
several neurodegenerative diseases and animal models thereof (see below). 

 Stress-responsiveness of HspB5 was also shown in cultured oligodendrocytes 
(Goldbaum and Richter-Landsberg  2001 ) and, thus, this process might also be 
important at pathophysiological conditions and might play an especially important 
role in demyelinating diseases such as multiple sclerosis (see below). Kim et al. 
suggested that additionally HspB5 of oligodendrocytes might be important during 
brain development (Kim et al.  2012 ). 

 Whereas HspB5 has been investigated in detail in glia at normal or pathophysi-
ological conditions, little attention has been paid to neuronally derived HspB5. This 
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is probably attributable to the fact that HspB5 expression initially was not detected 
in neurons and later only in single “ballooned” neurons under pathological condi-
tions (Iwaki et al.  1992 ; Kato et al.     1992a ,  b ; Lowe et al.  1992 ). It was also found in 
neurons after cerebral infarction and olivary hypertrophy (Fukushima et al.  2006 ; 
Minami et al.  2003 ). Recently, using cultured hippocampal neurons it could be con-
fi rmed that HspB5 is responsive to several stress conditions, such as heat shock, 
oxidative, sodium arsenite or hyperosmotic stress in neurons themselves (Bartelt-
Kirbach and Golenhofen  2014 ; Kirbach and Golenhofen  2011 ).   

15.3     HspB5 in Neurological Diseases 

 HspB5 as well as other Hsps plays an important role in neurological diseases. Most 
neurodegenerative disorders share a common pathology, namely an accumulation of 
misfolded proteins leading to pathological protein aggregates and fi nally to cellular 
dysfunction and cell death. Hsps acting mostly as chaperones are especially impor-
tant in these diseases since they are in general able to refold proteins or may pass 
irreversibly misfolded proteins to the proteasome for degradation. For an overview 
of expression of HspB5 in neurological diseases (see Table  15.1 ). 

15.3.1     Alexander Disease 

 Alexander disease is a rare but severe disease of the central nervous system fi rst 
described in 1949 (Alexander  1949 ). The major clinical symptoms are macroceph-
aly, leukodystrophy, developmental retardation or cognitive delays. It has become 
clear that Alexander disease is a genetic disorder with most patients having muta-
tions of the intermediate fi lament protein, glial fi brillary acidic protein (GFAP) 
(Brenner et al.  2001 ; Li et al.  2005 ). The pathological hallmark is the presence of 
Rosenthal fi bers in astrocytes which are intracellular protein aggregates consisting 
mainly of GFAP, HspB1 and HspB5 (Head et al.  1993 ; Iwaki et al.  1989 ,  1993 ). 
However, little is known both about the mechanisms by which GFAP mutations 
cause the disease and the functional role of HspB5 in Rosenthal fi bres. HspB5 binds 
to GFAP and regulates fi lament assembly in vitro (Nicholl and Quinlan  1994 ). 
Mutated GFAP leads to formation of GFAP containing cytoplasmic aggregates 
which then associate with HspB5 (Der Perng et al.  2006 ). In a mouse model of 
Alexander disease elevated HspB5 levels were benefi cial. HspB5 reduced GFAP 
accumulation, reduced Rosenthal fi ber formation and rescued animals from termi-
nal seizures (Hagemann et al.  2009 ). Recent work has shown that GFAP inhibits the 
proteasome and that this effect is increased in mutated GFAP leading to less protea-
somal degradation of GFAP. Interestingly, HspB5 reverses this inhibitory effect of 
mutated GFAP on the proteasome which might be one mechanism of how HspB5 
exerts its cytoprotective effect in Alexander disease (Tang et al.  2010 ).  
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15.3.2     Alzheimer’s Disease 

 Alzheimer’s disease (AD) is a prevalent age-related neurodegenerative disease 
characterized by its major symptom, dementia (Selkoe  2001 ). The pathological 
hallmarks of AD are neurofi brillary tangles and senile plaques. Senile plaques are 
extracellular amyloid-rich plaques consisting mainly of a 40–42 amino acid long 
peptide amyloid-β. In contrast, neurofi brillary tangles are formed by hyperphos-
phorylation of the microtubule associated protein tau and neurofi laments. HspB5 is 
upregulated in AD brains and localized in all type of glia cells in the areas rich in 
senile plaques (Bjorkdahl et al.  2008 ; Renkawek et al.  1994 ; Wilhelmus et al.  2006b ). 
It was also found in neurons in the limbic system of AD brains especially in late 
stages of AD and areas rich in neurofi brillary tangles (Mao et al.  2001 ). 

 HspB5 binds to amyloid-β in vitro and prevents fi bril formation (Ecroyd and 
Carver  2009 ; Shammas et al.  2011 ; Stege et al.  1999 ; Wilhelmus et al.  2006a ). 
However, there are contradictory reports about the impact of this inhibition on amy-
loid toxicity. By the increase of non-fi brillar forms of amyloid-β even more toxic 
forms may be produced actually resulting in increased cell death (Stege et al.  1999 ). 
However, under other experimental conditions amyloid-β toxicity was reduced by 
binding to HspB5 (Dehle et al.  2010 ; Wilhelmus et al.  2006a ). Further studies are 
needed to clarify if HspB5-amyloid-β interaction is an important process in 
Alzheimer’s disease or if intracellular (upregulated) HspB5 in reactive glia or in 
affected neurons may exert its effect by other molecular targets.  

15.3.3     Other Tauopathies 

 Apart from Alzheimer’s disease also other neurodegenerative diseases result from 
the abnormal aggregation of tau protein (Lee et al.  2001 ). These are summarized 
under frontotemporal dementias (FTD, also known as Pick’s disease) and include 
corticobasal degeneration (CBD), progressive supranuclear palsy (PSP) and famil-
ial tauopathy with parkinsonism linked to chromosome 17 (FTDP-17) (Kertesz 
et al.  2003 ; Tolnay and Probst  2003 ). Higher immunoreactivity of HspB5 was seen 
in brains of eight PSP patients compared to controls (Iwaki et al.  1992 ). HspB5 has 
especially been found upregulated in ballooned neurons of such diseases, including 
AD (Kato et al.  1992a ,  b ; Lowe et al.  1992 ). Ballooned neurons are reported to 
contain phosphorylated neurofi lament protein but seldom tangles of tau protein 
(Dickson et al.  1986 ; Mori and Oda  1997 ). In addition to neurons, immunoreactivity 
of HspB5 was also seen in glial inclusions in CBD, PSP and FTDP-17 patients 
(Dabir et al.  2004 ). HspB5 signals were not found in neuronal tau inclusions but the 
staining of ballooned neurons in affected areas could be confi rmed. In summary, 
this points to an association of HspB5 with abnormal neurofi lament fi brils rather 
than with tau fi brils, at least in neurons. It is therefore still unclear if HspB5 associ-
ates at all with abnormal tau protein aggregates and what role it plays in the patho-
genesis of these diseases.  
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15.3.4     Parkinson’s Disease 

 Parkinson’s disease (PD) is characterized by a pathological accumulation of 
α-synuclein protein in so-called Lewy bodies in neurons primarily of the sub-
stantia nigra. The loss of dopamin-producing neurons in this area results in the 
typical symptoms of tremor, rigidity, brady- or akinesia and postural instability 
(Jankovic  2008 ). 

 HspB5 is upregulated in PD brains (Iwaki et al.  1992 ) in different cell types. 
Strong HspB5 immunoreactivity was found in reactive astrocytes and microglia 
(Jellinger  2000 ), although this is probably only true for PD cases with additional 
AD dementia (Renkawek et al.  1999 ). Ballooned neurons, which have been 
described for several other neurodegenerative diseases, were also detected in PD, 
their appearance correlating with disease severity and sites of disease specifi c 
appearance of Lewy bodies (Braak et al.  2001 ). Interestingly, however, the telence-
phalic HspB5-immunopositive neurons mostly did not develop Lewy bodies and 
neurons with Lewy bodies seldom were HspB5-immunopositive (Braak et al. 
 2001 ). This is in contrast to another group, which found the Lewy bodies/neurites 
and axonal spheroids immunopositive for HspB5 (Jellinger  2000 ). Therefore, it is 
still not clear if HspB5 associates directly with the α-synuclein aggregates in Lewy 
bodies. However, in vitro as well as drosophila studies show not only an interaction 
of both proteins but also that HspB5 is a potent inhibitor of α-synuclein fi bril for-
mation (Rekas et al.  2004 ; Tue et al.  2012 ; Waudby et al.  2010 ). It would be of 
interest if HspB5 overexpression would have neuroprotective effects in a parkinson 
mouse model.  

15.3.5     Poly-Q-Diseases 

 This group of diseases is characterized by autosomal dominant inherited mutations 
in genes for huntingtin or ataxins, leading to expanded poly-glutamine (poly- Q) 
repeats in the resulting protein. These poly-Q proteins form toxic amyloid-like aggre-
gates and ultimately result in either Morbus Huntington or spinocerebellar ataxias. In 
Morbus Huntington a degeneration of GABAergic neurons in the striatum is seen, 
leading to the typical clinical symptoms, such as hyperkinesia and later- on dementia. 
Death occurs on average 20 years after disease onset. Spinocerebellar ataxias are char-
acterized by progressive loss of the fi ne coordination of movement while the mental 
capacity is usually not impaired. HspB5 expression has been found to decrease in 
affected brains of a Huntington mouse model over the time course of disease 
(Zabel et al.  2002 ). On the other hand, there is evidence that HspB5 has a protective 
effect from expression of mutant huntingtin in a HspB5-knockout mouse model 
(Muchowski et al.  2008 ) and from the fact that it can inhibit protein aggregation in 
drosophila and in vitro (Bilen and Bonini  2007 ; Robertson et al.  2010 ; Tue et al. 
 2012 ). It remains to be investigated if HspB5 is upregulated in specifi c cell types in 
affected areas of patients and whether it plays a functional role in this disease.  
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15.3.6     Amyotrophic Lateral Sclerosis 

 Amyotrophic lateral sclerosis (ALS) is a progressive lethal disease due to the degen-
eration of motor neurons in brainstem, spinal cord and motor cortex. Most ALS 
cases are sporadic, but 5–10 % are hereditary cases, of which approximately 20 % 
carry mutations in the superoxide dismutase gene (SOD1) (Deng et al.  1993 ; Rosen 
et al.  1993 ). HspB5 is upregulated in ALS brains and in the spinal cord in single 
neurons in the anterior horn (Iwaki et al.  1992 ). ALS is also characterized by the 
so-called “ballooned” neurons seen in several neurodegenerative diseases. However, 
unlike in Pick’s disease or Creutzfelt-Jakob disease, these neurons do not show 
HspB5 expression in ALS patients (Kato et al.  1992a ). Only a single ALS case has 
been reported where eosinophilic fi brillary neuronal inclusions in the cerebral cor-
tex were also HspB5-positive (Arima et al.  1998 ). In transgenic mice expressing 
mutant SOD1 HspB5 was found upregulated in subgroups of glial cells (oligoden-
drocytes, reactive astroglia) in the spinal cord (Vleminckx et al.  2002 ; Wang et al. 
 2008 ). HspB5, which was shown before to co-fractionate with mutated insoluble 
SOD1 (Wang et al.  2003 ), was recently reported to bind to SOD1 aggregates and 
inhibit aggregate growth in vitro (Yerbury et al.  2013 ). It therefore seems likely that 
HspB5 has a protective effect in ALS at least in cases caused by mutated SOD1.  

15.3.7     Multiple Sclerosis 

 Multiple sclerosis (MS) is an immune-mediated demyelinating disease of the central 
nervous system. However, endogeneous neurodegenerative processes seem to be 
involved additionally in the pathogenesis of the disease. The major clinical symptoms 
are motor and sensory defi cits, visual problems, cognitive dysfunction and tiredness. 
HspB5 was fi rst linked to MS in 1995 when it was considered as a possible autoanti-
gen because HspB5 derived from myelin of MS patients was a strong activator of 
human T-cells (van Noort et al.  1995 ). However, later it was shown that HspB5 reac-
tive T-cells do not induce autoimmune encephalomyelitis (EAE) in mice which does 
not fi t to the hypothesis of HspB5 as an autoantigen (Wang et al.  2006 ). In the mean-
time it has become clear that the role of HspB5 in MS is much more complex and that 
it mainly fulfi ls benefi cial effects via its  anti-infl ammatory activity. HspB5-defi cient 
mice show more severe infl ammation and demyelination after EAE, an experimental 
model of MS. Moreover, intravenous administration of recombinant HspB5 amelio-
rated clinical symptoms and neuroinfl ammation (Ousman et al.  2007 ). Administration 
of HspB5 is also advantageous after experimental stroke resulting in reduced stroke 
volume and infl ammatory cytokines associated with stroke pathology (Arac et al. 
 2011 ). This makes HspB5 an attractive therapeutic target in neuroinfl ammatory dis-
eases and future research should be directed to investigating applications of HspB5 in 
humans. Indeed one recent study investigated the infl uence of HspB5 on the cytokine 
production of CD4 +  T-cells isolated from MS patients in vitro and found that HspB5 
was able to suppress T-cell activation derived from a subset of MS patients (Quach 
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et al.  2013 ). In addition to this anti-infl ammatory function of HspB5 in MS it plays a 
role in preactive MS lesions before infi ltration of the tissue with lymphocytes takes 
place. HspB5 is selectively upregulated in preactive MS lesions where it activates sur-
rounding microglia. This process is thought to be part of an anti-infl ammatory repair 
response aiming to restore tissue homeostasis (Bsibsi et al.  2013 ; van Noort et al. 
 2010 ,  2012 ).  

15.3.8     Prion Diseases 

 Prions are endogenous proteins that become infectious when misfolded. They then 
cause transmissible spongiform encephalopathies as Creutzfeldt-Jakob (CJD) in 
human, bovine spongiform encephalopathy (BSE) in cattle or scrapie in sheep 
(DeArmond and Prusiner  2003 ; Prusiner  1998 ). HspB5 is upregulated in CJD brains 
compared to controls and many neurons in the deeper layers of the neocortex in 
these patients were HspB5 positive (Iwaki et al.  1992 ). Ballooned neurons are also 
seen in this disease and most of them express HspB5 (Kato et al.  1992a ,  b ). HspB5 
was also found to be upregulated in astrocytes, most intensively in the spongiotic 
tissue (Renkawek et al.  1992 ). Recently, a study of scrapie infected hamsters 
revealed an increased expression of HspB5 at the terminal disease stages, mainly in 
astrocytes (Wang et al.  2013 ). This group did not fi nd a colocalization of HspB5 
with prion protein deposits in the infected animals. Prion proteins form toxic fi brils 
which have to be fragmented in order to replicate. In vitro, HspB5 was able to shear 
prion fi brils fast and effectively, therefore it might even contribute to disease pro-
gression (Sun et al.  2008 ).   

15.4     Concluding Remarks/Perspectives 

 Taken together, HspB5 seems to play many different roles in the brain and espe-
cially in neurological diseases. It is expressed in glia as well as in neurons and 
upregulated in certain cell types or subset of cells at pathophysiological conditions. 
Often it is found associated with pathological protein aggregates characteristic of 
the respective disease. As described above it can be concluded that in most condi-
tions HspB5 counteracts the aggregation process and thus will exert a neuroprotec-
tive effect. However, it has become clear that this typical chaperone-like function of 
HspB5 is not the only way of action of HspB5 in the brain. HspB5 displays addi-
tionally other non-chaperone functions, such as anti-infl ammatory, anti-apoptotic 
functions or association with cytoskeletal proteins infl uencing fi lament assembly. 
The importance of the anti-infl ammatory effect of HspB5 has been highlighted 
above in the section about MS.

   HspB5 function is known to be regulated by phosphorylation in several cell types 
and tissues (Ito et al.  1997 ; Morrison et al.  2003 ), but unfortunately little attention 
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has been drawn to this aspect in the brain. We could recently show that in cultured 
hippocampal neurons phosphorylated HspB5 displays different subcellular distribu-
tions compared to the unphosphorylated form and that the localization was depen-
dent on which of the three phosphorylation sites was actually phosphorylated 
(Schmidt et al.  2012 ). This suggests that phosphorylation of HspB5 leads to interac-
tion with different specifi c molecular targets within one cell. The distribution pat-
tern of phosphoHspB5 hinted at fi lamentous structures within dendrites, axons and 
components of synapses as possible targets. This led us to the hypothesis that stress- 
induced phosphorylation of HspB5 with subsequent translocation to synaptic struc-
tures and neuronal processes may provide one yet unknown mechanism of how 
HspB5 exerts a neuroprotective effect under pathophysiological conditions. It has 
been shown indeed that HspB5 is phosphorylated at serine 45 and 59 in several 
neurological diseases, such as Alexander disease, Alzheimer’s disease and in Down 
syndrome (Kato et al.  2001 ; Palminiello et al.  2009 ). However, Palminiello et al. 
( 2009 ) showed at least in Down-Syndrome that phosphorylation of HspB5 was 
restricted to glial cells and was not detected in neurons. In glial cells phosphoryla-
tion of HspB5 is important for the anti-apoptotic effect of HspB5 (Li and Reiser 
 2011 ). 

 More experiments are needed to investigate the phosphorylation of HspB5 in 
neurons themselves in neurological diseases. There might be important effects of 
phosphoHspB5 on neurons in addition to the well described effect on pathological 
protein aggregates and HspB5 in glial cells. Identifying the role of phosphorylation 
of HspB5 in neurons and the molecular targets of phosphoHspB5 in neurons may 
help to develop new therapeutic strategies for neurological diseases.     
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    Chapter 16   
 Small HSP Variants and Human Diseases 

             Huan     Guo     and     Tangchun     Wu     

    Abstract     Small heat shock proteins (sHSPs) are key members of the HSP 
 superfamily that are ubiquitous among all organisms. The amino acid sequences of 
the sHSPs are not as highly conserved as the larger HSPs but it comprises a charac-
teristic α-crystallin domain (ACD). The mammalian sHSP family, now referred to 
as the HSPB family, includes 11 members: HSP27/HSPB1, MKBP (myotonic 
 dystrophy protein kinase-binding protein)/HSPB2, HSPB3, alphaA-crystallin /
HSPB4, alphaB-crystallin/HSPB5, HSP20/HSPB6, cvHSP (cardiovascular heat 
shock protein)/HSPB7, HSP22/HSPB8, HSPB9, ODF1 (outer dense fi ber protein)/
HSPB10, and HSPB11. They have been reported to have a wide range of cellular 
functions, including endowing cells with thermotolerance and acting as molecular 
chaperones. Because of these functions, sHSPs can participate in a large number of 
fundamental cellular processes such as controlling protein folding, F-actin-
dependent processes, cytoprotection/anti-apoptosis, differentiation, cell prolifera-
tion, and gene expression, and thereby are involved in many pathological diseases, 
such as neurodegenerative diseases, cancer, and cardiovascular diseases. Genetic 
mutation or variations of sHSPs genes may change their expression levels and affect 
protein functions, thus contributing to cell malfunction especially during stress. 
Here we examined the current reports regarding the mutations or variations of 
sHSPs genes, and we analyzed their associations with the development, progression, 
and prognosis of some human diseases. We also addressed the biological functions 
for the potential causal sHSPs variations and discussed their possible implications 
in human diseases.  
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16.1         Introduction 

 Small heat shock proteins (sHSPs) are a family of low-molecular-weight  chaperones 
(12–43 kDa) that form oligomeric structures ranging from 9 to 50 subunits (~1 MDa). 
The human genome encodes for 11 different small HSP members, HSPB1-11 
(Table  16.1 ), with the exception of HSPB11, are characterized by a conserved 
C-terminal sequence of 80–100 amino acid residues termed the α-crystallin domain, 
fl anked by a variable, structurally disordered N-terminal arm and a short, fl exible 
C-terminal extension (Kappe et al.  2003 ; Kim et al.  1998 ; Carver and Lindner  1998 ; 
Kampinga et al.  2009 ). The sHSPs share complex oligomerization and phosphory-
lation properties allowing them to interact and modulate the activity of many client 
proteins. Functional study of sHSPs is expanding quickly as the applications of 
genomics and proteomics have revealed the characteristics and medical importance 
of sHSPs.

   Expression of sHsps can be induced in response to various kinds of stress including 
heat shock, oxidative stress, osmostress and ischemia, but some sHsps are expressed 
constitutively under physiological conditions (Arrigo  2013 ). The sHSPs are 
expressed during embryonic development and may function as chaperones to ensure 
protein homeostasis. Functioning as molecular chaperones, sHSPs can prevent 
stress-induced aggregation of denatured proteins and promote their folding to native 
conformations when favorable conditions return. Intracellular quantities and  cellular 
localizations of sHSPs change in response to development, physiological stressors 
such as anoxia/hypoxia, heat and oxidation, and in relation to pathological 
status (Ciocca et al.  1993 ; Merendino et al.  2002 ). They regulate a large number 
of  fundamental cellular processes and are associated with the pathology of a variety of 
human diseases. 

   Table 16.1    Members of small heat shock protein family   

 Gene ID  Alias  Description  Chromosome location 

  HSPB1    HSP27   Heat shock 27 kDa protein 1  Chr7: 75,769,859..75,771,548 
  HSPB2    MKBP   Myotonic dystrophy protein 

kinase-binding protein 
 Chr 11: 
111,288,709..111,290,027 

  HSPB3   Heat shock 27 kDa protein 3  Chr5: 53,787,202..53,787,964 
  CRYAA    HSPB4   alpha A-crystallin,  Chr21: 43,462,210..43,465,982 
  CRYAB    HSPB5   alpha B-crystallin  Chr11: 111,284,560..111,287,683 

  HSPB6    HSP20   Heat shock protein, alpha-
crystallin-related, B6 

 Chr19: 40,937,310..40,939,770 

  HSPB7    cvHSP   Cardiovascular heat shock 
protein 

 Chr1: 16,213,112..16,217,538 

  HSPB8    Hsp22   Heat shock 22 kDa protein 8  Chr12: 118,100,978..118,116,933 
  HSPB9   Heat shock protein, alpha-

crystallin-related, B9 
 Chr17: 37,528,395..37,528,872 

 ODF1   HSPB10   Outer dense fi ber protein  Chr8: 103,633,036..103,642,422 
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 Through direct sequencing of tissue or blood DNA samples, mutations and single 
nucleotide polymorphisms (SNPs) have been found in human sHSP genes. 
Epidemiological and biological studies have also been carried out on the relation-
ships and functional testing for these sHSP variants in human diseases. This chapter 
reviews current research into the implications of sHSP variations on several human 
diseases (Table  16.2 ).

16.2        Small HSPs Variants and Human Disease 

16.2.1      HSPB1  Variants in Lung Cancer 

 Heat shock protein 27 (Hsp27: HSPB1) is the most widely studied key member of 
the human small heat shock protein family. Tumors of various human cancers, 
including lung cancer, have been reported to exhibit over-expression of Hsp27 
(Kim et al.  2007 ). The tumorigenic potential of Hsp27 has been demonstrated in 
both experimental animal models (Garrido et al.  1998 ) and cell biological studies 
(Kamada et al.  2007 ). It can mediate tumorigenesis and progression through inhibi-
tion of programmed cell death and senescence, two essential traits of cancer cells 
(Mosser and Morimoto  2004 ; Ciocca and Calderwood  2005 ; Calderwood et al. 
 2006 ). Hsp27 has also been considered as an independent prognosis marker for 
various cancers, since overexpression of Hsp27 was reported to be involved in 
chemo- or radiotherapy resistance of tumor cells and was thus considered to be 
associated with poor prognosis in cancers of stomach, liver, prostate, and osteosarcoma 
(Ciocca and Calderwood  2005 ; Lee et al.  2005 ; Zhang and Shen  2007 ). Elevated 
Hsp27 can suppress p53 activation and inhibit the p53/p21 mediated senescence 
pathway to facilitate survival of tumor cells (O’Callaghan-Sunol et al.  2007 ). 

 The functional single nucleotide polymorphism (SNP) −1271G>C (rs2868371), 
located in the promoter region of  HSPB1  genes, was reported to be associated with 
lung cancer risk, prognosis, and adverse toxicity of radio(chemo)therapy for non- 
small cell lung cancer (NSCLC). The epidemiological study carried out by Guo 
et al. showed that the −1271C allele was associated with a signifi cantly increased 
lung cancer risk in two independent Chinese case-control studies (odd ratio = 1.26 
and 1.49, 1152 pairs and 500 pairs, respectively), but it conferred a favorable sur-
vival for patients with advanced NSCLC in two independent cohorts (248 and 335 
advanced NSCLC patients, adjusted hazard ratio, 0.66 and 0.75, respectively) (Guo 
et al.  2010 ). The biological function of this variation was further investigated by a 
genotype-phenotype correlation analysis, reporter assay, and tissue examination. 
They found that in subjects occupationally exposed to PAHs, the −1271C allele car-
riers exhibited signifi cantly higher DNA damage levels than −1271G allele carriers. 
The in vitro reporter assay showed that the −1271C allele-driven promoter decreased 
the expression of Hsp27 by 27–53 % more than −1271G allele-driven promoter in 
both normal bronchial epithelial and malignant cancer cells. In addition, the Western 
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blot analysis also demonstrated that −1271CC carriers showed a lower Hsp27 
expression in normal lung tissue than −1271GG carriers. Taken together, the  HSPB1  
promoter −1271C allele may contribute to an increased lung cancer risk but a favor-
able survival in advanced NSCLC patients, possibly by reducing the Hsp27 protein 
expression levels that appeared to impair the host DNA repair capacity (Guo et al. 
 2010 ). The reduced DNA repair capacity driven by the −1271C allele may increase 
the lung cancer risk and sensitivity of lung cancer cells to radio(chemo)therapy, thus 
conferring a favorable survival. 

 The role of Hsp27 in clinical resistance to radiation has been described previ-
ously (Kassem et al.  2002 ). The Hsp27 level prior to treatment was suggested as a 
prognostic biomarker for radiation tolerance. NSCLC patients with the greatest 
interleukocyte Hsp27 levels before treatment suffered more severe acute radiation 
morbidity (Guisasola et al.  2006 ). Lopez Guerra et al. investigated the association 
of the  HSPB1  rs2868371 polymorphism with radiation-induced esophageal toxicity 
in radio(chemo)therapy treated NSCLC patients. Their study demonstrated that 
patients with the  HSPB1  −1271CC genotype had a signifi cantly higher risk of 
radiation- induced esophageal toxicity after radiotherapy for NSCLC than patients 
with other genotypes (Lopez Guerra et al.  2011 ). Furthermore, another study carried 
out by Pang et al. investigated the association of this polymorphism with risk of 
radiation pneumonitis (RP) for NSCLC patients after chemoradiation, and they 
reported that the −1271CC genotype of  HSPB1  was associated with severe RP after 
chemoradiation for NSCLC (Pang et al.  2013 ).  

16.2.2     CRYAA ( HSPB4 ) and CRYAB ( HSPB5 ) Mutations 
with Cataract 

 sHSPs can prevent cataract in the mammalian lens and guard against ischemic and 
reperfusion injury due to heart attack and stroke. Lens tissue derives from cells 
containing large amounts of densely packed proteins known as α-, β- and 
γ-crystallins, which function for the lifespan of an organism and are essential for 
vision (Sun and MacRae  2005 ). α-crystallins are crucial structural elements and 
molecular chaperones that can maintain lens transparency. As the chaperoning 
capability of α-crystallin declines, lens proteins are more likely to aggregate, a char-
acteristic linking cataract to other protein folding diseases (Bloemendal et al.  2004 ). 

 The R116C mutation in αA-crystallin gene ( CRYAA :  HSPB4 ) was responsible 
for autosomal dominant congenital cataract, a common cause of infant blindness 
(Litt et al.  1998 ). Functional studies of this missense mutation suggested that the 
R116C substitution diminished the protective ability of αA-crystallin against stress- 
induced lens epithelial cell apoptosis (Andley et al.  2002 ), changed the protein 
structure (Shroff et al.  2000 ; Cobb and Petrash  2000 ), and destroyed the chaperone 
activity of αA-crystallin (Shroff et al.  2000 ); however, the impaired chaperoning  
activity may not completely explain cataract development (Bera and Abraham  2002 ). 
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Sequencing of  CRYAA  from cataract patients identifi ed another C to T transition in 
exon 1 of  CRYAA  that was predicted to result in the nonconservative substitution of 
cysteine for arginine at codon 49 (R49C). Transfection studies of lens epithelial 
cells revealed that, unlike wild-type  CRYAA , the R49C mutant protein was abnor-
mally localized to the nucleus and failed to protect from staurosporine-induced 
apoptotic cell death. This study revealed the fi rst dominant cataract mutation in 
 CRYAA  located outside the phylogenetically conserved ‘α-crystallin core domain’ 
of the sHSP family (Mackay et al.  2003 ). 

 αB-crystallin (HSPB5) is also a main component of the lens where it maintains 
a clear amorphous composition by preventing denatured proteins from aggregating 
to form opaque inclusions (Horwitz  2000 ). The R120G mutation of  CRYAB  has also 
been reported to be associated with cataract (Bova et al.  1999 ). Like  CRYAA  R120, 
the  CRYAB  R120 was also located in the α-crystallin conserved region as arginine. 
By using α-lactalbumin, alcohol dehydrogenase, and insulin as target proteins, 
in vitro assays indicated that the  CRYAB  R120G had a reduced or completely lost 
chaperone-like function for αB-crystallin (Bova et al.  1999 ). This mutation was 
also found to modify its protein structure, chaperone activity, and interaction with 
intermediate filaments in vitro, although binding of the modified protein to 
filaments increases in comparison to wild-type aB-crystallin (Perng et al.  1999 ). 
These altered functions caused by  CRYAB  R120G substitution may point to its role 
in development of cataract.  

16.2.3     sHSP Mutations in Neurological Disorders 

16.2.3.1      HSPB1  in Amyotrophic Lateral Sclerosis 

 Amyotrophic lateral sclerosis (ALS) is a devastating adult-onset neurodegenerative 
disease characterized by the progressive and selective loss of upper motor neurons 
in the motor cortex and lower motor neurons in the brain stem and spinal cord 
(Pasinelli and Brown  2006 ). Hsp27 upregulation and phosphorylation is required 
for injured sensory and motor neuron survival (Benn et al.  2002 ). The overexpres-
sion of HSP27 in motor neurons can facilitate neuroprotective capacities by protect-
ing against copper-zinc superoxide dismutase 1 (SOD1)-mutant induced cell death 
in mammalian neuronal cells (Batulan et al.  2006 ). Through sequencing, Dierick 
et al. detected three nucleotide variants of  HSPB1  in ALS patients, one of which, 
−217T>C, is located in the consensus sequence of a functionally characterized heat 
shock element (HSE) essential for stress-induced transcription of  HSPB1  (Dierick 
et al.  2007 ). This variant can impair the HSP27 stress response as determined by 
reporter assay and electrophoretic mobility shift assays (EMSA). The −217C mutant 
allele decreased to 50 % promoter activity as compared to the wild-type −217T 
allele in neuronal and non-neuronal cells. Following heat shock, the HSE variant 
attenuated signifi cantly the stress related increase in transcription of  HSPB1 . 
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Compared to the −217T allele, the −217C mutant allele dramatically reduced HSF 
binding to the conserved HSE region (−222 to −214) (Dierick et al.  2007 ).  

16.2.3.2      HSPB1  and  HSPB8  Mutations in Distal Neuropathies 

 Two published studies have identifi ed genetic links between  HSPB1, HSPB8  and 
the distal neuropathies, Charcot-Marie-Tooth disease (CMT), and hereditary distal 
motor neuropathy (HMN), revealing important roles for these specifi c sHSPs in 
motor neurons. It has been demonstrated that mutations in  HSPB1  and  HSPB8  can 
be observed in specifi c families with CMT and HMN caused by premature axonal 
loss, possibly due to neuronal death and subsequent degeneration (Der Perng and 
Quinlan  2004 ). For  HSPB1  gene, the mutations R127W, S135F, T151I, and P182L 
were found in families with distal HMN, while the mutations S135F and R136W 
were found in families with CMT (Evgrafov et al.  2004 ). Function analysis of the 
S135F mutation showed that the mutant HSP27 reduced viability of neuronal cells 
in vitro and affected neurofi lament assembly, suggesting that it is responsible for 
premature axonal degeneration, the direct cause of both CMT2 and HMN. For 
 HSPB8  gene, the mutations K141N or K141E were found in families with distal 
HMN, while the mutation K141N was found in families with CMT (Irobi et al.  2004 ). 
Both K141N and K141E mutations target the same amino acid. Co-immunoprecipitation 
experiments showed greater binding of both  HSPB8  mutants to the interacting partner 
 HSPB1 , while the expression of mutant  HSPB8  in cultured cells promoted formation 
of intracellular aggregates. These results suggested that mutations in sHSPs have an 
important role in neurodegenerative disorders.  

16.2.3.3      CRYAB  ( HSPB5 ) Mutation and Desmin-Related Myopathies 

 Desmin-related myopathies (DRM) are a set of inherited neuromuscular disorders, 
characterized by adult onset and delayed accumulation of aggregates of desmin, a 
protein belonging to the type III intermediate fi lament family, in the sarcoplasma of 
skeletal and cardiac muscles. aB-crystallin (HSPB5) is abundantly expressed in 
nonocular tissues such as skeletal and cardiac muscle, and it can aggregate with 
desmin. One pedigree analysis of a French DRM family located the causal region of 
DRM to chromosome 11q21-23 (Vicart et al.  1998 ), which contains the αB-crystallin 
gene. The R120G missense mutation in αB-crystallin ( CRYAB ) was found to co- 
segregates with the disease phenotype in DRM family. Further examination of mus-
cle cell lines transfected with the mutant  CRYAB  cDNA showed intracellular 
aggregates that contain both desmin and αB-crystallin, which was also observed in 
muscle fi bers from DRM patients (Vicart et al.  1998 ). These results are the fi rst to 
identify a defect in a molecular chaperone as a cause for an inherited human muscle 
disorder. It was also mentioned above that by doing biochemical analysis, it was 
found that the αB-crystallin R120G missense mutation can disrupt aB-crystallin 
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structure, chaperone activity, and intermediate fi lament interaction, demonstrating 
the functional importance of residue R120 (Bova et al.  1999 ).   

16.2.4      HSPB7  SNP in Dilated Cardiomyopathy and Heart 
Failure 

  HSPB7  is also called cardiovascular HSP because of its selective expression in 
 cardiovascular tissues (Kappe et al.  2003 ). Dilated cardiomyopathy (DCM) is a 
severe disease of the heart muscle and often leads to chronic heart failure. It is 
 characterized by systolic dysfunction as well as dilation and impaired contraction of 
the ventricles, often leading to chronic heart failure and eventually requiring cardiac 
transplantation (Maron et al.  2006 ). A genome-wide association study was carried 
out in a case-control association study of 664 idiopathic DCM cases and 1,874 
 controls from Germany, followed by replication in one Germany (564 cases and 981 
controls) and in two French populations (433 cases and 395 controls, 249 cases and 
380 controls, respectively), in order to explore genetic variations for susceptibility 
to idiopathic DCM (Stark et al.  2010 ). The analysis revealed a signifi cantly protective 
role for the intronic  HSPB7  SNP rs1739843 T allele in risk of idiopathic DCM in 
each study panel and in all Europeans [OR(95 % CI) = 0.72(0.65–0.78)] 
( P  = 5.28 × 10 −13 ). This association was further validated by Cappola et al. who 
reported a protective effect of rs1739843 T allele in both ischemic and non-ischemic 
heart failure for Caucasians (Cappola et al.  2010 ), which is in conformity with the 
results of DCM. 

 Li et al. further investigated the association of  HSPB7  SNPs (rs1739843, 
rs7523558, and rs6660685) with risk of DCM among a Han Chinese population 
(Li et al.  2013 ). However, they did not fi nd any differences in genotypes or allele 
frequencies of  HSPB7  variations between DCM patients and control subjects (Li 
et al.  2013 ). These results suggested that many factors, including different races, the 
different enrollment criteria for DCM patients, and different patient status, may 
account for the difference between the results of Caucasian and Han Chinese 
 populations. Further population-level fi ne mapping analysis and biological studies 
are needed to locate the causal  HSPB7  SNPs and their biological functions.  

16.2.5      CRYAB  ( HSPB5 ) SNP and Multiple Sclerosis 

 Alpha B-crystallin is one of the strongest T cell immune response targets in multiple 
sclerosis (MS) patients (Bajramovic et al.  2000 ). The transcription level of alpha 
B-crystallin was elevated in brain lesions of multiple sclerosis (MS) patients 
(Chabas et al.  2001 ). Alpha B-crystallin is also a strong autoantibody target in the 
cerebrospinal fl uid of MS patients (Ousman et al.  2007 ). Due to its abundant 
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expression in the central nervous system and its auto antigenic nature, alpha B-crystallin 
was thought to be directly involved in MS and to enhance MS pathogenesis. 

 The genetic association between  CRYAB  gene and multiple sclerosis (MS) was 
identifi ed by a genome-wide scan using microsatellite marker (Ebers et al.  1996 ; 
Laaksonen et al.  2003 ). The −650C allele of  CRYAB  −650C>G (rs2234702) 
 polymorphism was reported to be associated with MS susceptibility and a non- 
infl ammatory, neurodegenerative phenotype in a Dutch population (van Veen et al. 
 2003 ), while the −249 C>G (rs14133) was reported to be associated with MS and 
subtypes of MS in a Danish population (Stoevring et al.  2007 ). However, functional 
studies for these variations have not been explored yet.  

16.2.6      CRYAB ( HSPB5 ) SNP and Type 1 Diabetes 

 Type 1 diabetes (T1D) has a multi-factorial etiology involving genetic susceptibility 
and poorly defi ned environmental factors (Atkinson and Eisenbarth  2001 ). T1D and 
MS share similarities in disease epidemiology, infl uence from environmental 
 factors, genetic risk factors and pathogenic mechanisms (Handel et al.  2009 ). Sun 
et al. investigated the associations of  CRYAB  variants with risk of T1D in a Swedish 
population (Sun et al.  2012 ). They found that the  CRYAB  −650 C>G (rs2234702) 
polymorphism, which had been reported to be associated with the development of 
MS in a Dutch population, was also found to confer a susceptibility relationship 
with the development of T1D in the Swedish cohort (OR = 1.48,  P  = 0.03). The  CRYAB  
−650C was also associated with the development of IAA-positivity in T1D patients, 
especially in those carrying T1D high-risk HLA haplotypes (Sun et al.  2012 ).   

16.3     Perspectives 

 In this chapter, we mainly focus on describing research regarding the associations 
and biological functions of sHSPs variations with human diseases. Considering 
the ubiquitous expression and the important role of small HSPs in the development 
of human tissues such as lens, neuron, cardiac, skeletal muscle, and other tissues, 
sHSPs were reported to be key regulators associated with the development of 
 cataract, cancer, neurodegenerative and cardiovascular diseases. Although studies 
have revealed many new insights into the importance of sHSPs for human diseases, 
many questions remain unclear in terms of their mechanism of action, and of sHSPs 
variations. Functional exploration of sHSP variations is of importance as it may 
offer specifi c targets for risk, diagnostic tests, drug development, treatment and 
 prevention implications. 

 sHSPs are a typical group of responders to environmental stresses, such as heat 
shock, environmental chemicals, ionizing radiations, among others (Fig.  16.1 ). All 
these environmental stresses may cause early harmful effects such as oxidative and 
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genetic damage before the fi nal development of diseases. Over the past two decades, 
studies exploring the association of sHSP gene polymorphisms and risk of human 
diseases were mainly performed by tissue examination or case-control studies. Few 
studies have investigated the associations of these variations with early biological 
effects of human diseases. Because of the limited power of case-control studies in 
the identifi cation of etiological factors, future epidemiological studies including 
follow-up design, especially large sample sized cohort studies are urgently needed 
to verify the causal variations and effects of gene-environmental interaction. 
Moreover, the biological functions of positive variations, such as  HSPB7  rs1739843, 
 CRYAB  ( HSPB5 ) rs2234702 and rs14133, need to be further explored by well 
designed biological experiments.  

 The genetic variations located at the regulatory region, 5′UTR, promoter, 3′UTR, 
may affect the expressions of sHSPs at the mRNA level. In addition, the epigenetic 
modifi cation of DNA methylation may also affect the mRNA expression. In the 
stage of post-transcriptional regulation, epigenetic factors such as microRNA 
 profi les have emerged as crucial effectors. As a consequence, researchers should 
pay more attention to epigenetic changes and epigenetic-genetic interaction when 

  Fig. 16.1    Small Heat shock proteins (sHSPs) have multifaceted functions during health and dis-
ease. sHSPs are modulated under normal and stress conditions, and the expression of sHSPs can 
be affected by both genetic variants, epigenetic changes and protein levels. Large sample sized 
case-control and cohort studies, complemented by well-designed biological experiments are 
urgently needed to investigate the association and function of genetic factors and gene- environment 
interactions       
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exploring the mechanism/pathways that control the expression and function of 
sHSPs in human diseases. 

 As vital members of the sHSP family, Hsp27 and αB-crystallin act to cause 
diverse effects depending on the cell type or signal. For example, in normal cells, 
their expressions are associated with decreased proliferation and cellular differen-
tiation whereas in cancer cells, elevated Hsp27 and αB-crystallin reduces 
 proliferation but confers resistance to treatment (chemotherapy or radiotherapy) and 
increases migratory potential and invasiveness in many cancers (Calderwood et al. 
 2007 ). Approaches aimed at modulating expression and/or activities of Hsp27 are 
currently emerging for cancer therapy (Arrigo et al.  2007 ). For this kind of review, 
identifi cation and verifi cation of the causal variations and key regulators may help 
to uncover predictive biomarkers and provide personalized cancer therapies in the 
future. Large sample size case-control and cohort studies, accompanied by well- 
designed biological experiments are urgently needed to investigate the association 
and function of genetic factors and gene-environment interactions.     
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    Chapter 17   
 The Dynamic Duo of Small Heat Proteins 
and IFs Maintain Cell Homeostasis, Resist 
Cellular Stress and Enable Evolution in Cells 
and Tissues 

             Ming     Der     Perng      and     Roy     A.     Quinlan    

    Abstract     As with many proteins, their initial christening with a name corrals our 
thinking on their functions and roles. IFs were not named as heat shock proteins, but 
along with heat shock proteins, they continue to be expressed in response to heat 
shock. In this review we outline the case for exposing the identity of the “dynamic 
duo” as small heat shock proteins (sHSPs) and their IF (IF) partners in their battle 
to assuage stress. Together they maintain the homeostasis of and integrate key cel-
lular processes within cells that allow potential evolutionary opportunity to be 
seized (Quinlan RA, Ellis RJ, Philos Trans R Soc Lond B Biol Sci 368:20130091, 
2013). Both sHSPs and IFs form dynamic polymeric structures – nano-particles and 
intermediate (nano) fi laments respectively. Both have a wide range of interaction 
(client) proteins. IFs provide a convenient matrix to host small heat shock proteins 
and potentiate their role as chaperones, whilst IF function is sHSP-dependent. 
Together, it is their emerging capacity as integrators of both cell homeostasis and 
the stress response within and between tissues, however, which is the most exciting. 
This is because the dynamic duo co-operate on the two central chaperone activi-
ties – assisting protein assemblies and dealing with the consequences of protein 
damage. We propose that the sHSP-IF partnership is key to understanding the stress 
response, not least because it emphasizes the role of these protein chaperones in 
assisting the building, regulation and turnover of the IF protein assemblies as well 
as in diseases caused by their malfunction.  
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  Abbreviations 

   CRYAB    αB-crystallin   
  DRM    Desmin related myopathy   
  GFAP    Glial fi brillary acidic protein   
  HSP    Heat shock protein   
  HSR    Heat shock response   
  IF    Intermediate fi lament   
  NF-L    Neurofi lament light chain   

17.1           Where It All Began – The Identifi cation of the Dynamic 
Duo of sHSPs and IFs as Stress Proteins 

 Heat shock helped identify the protein chaperones (e.g. Kelley and Schlesinger 
 1978 ), but taking the chicken embryo fi broblast as an example, vimentin was also 
robustly labeled with  35 S-methionine along with the resident small heat shock pro-
tein (Collier and Schlesinger  1986 ). Similar results were obtained in other cells 
expressing both protein chaperones and IF proteins (Vilaboa et al.  1997 ; Slater et al. 
 1981 ; Shyy et al.  1989 ). Indeed, an interesting observation from these early studies 
was that preconditioning stresses helped protect the IF cytoskeleton against heat-
stress induced collapse (e.g. (Welch and Mizzen  1988 )) and leading to the sugges-
tion that sHSPs were instrumental in the recovery of the IF cytoskeleton after heat 
shock (Collier and Schlesinger  1986 ), highlighting the interdependence of IF cyto-
skeleton and protein chaperones. We (Landsbury et al.  2010 ) and others (Toivola 
et al.  2010 ) have made the case for IFs to be included as stress proteins, but it is the 
partnership between sHSPs and IFs (Landsbury et al.  2010 ; Quinlan  2002 ) that 
brings synergy to their individual stress protein roles and which is discussed here. 

 Now two decades on from the fi rst isolation of a specifi c, soluble IF-sHSP com-
plex (Nicholl and Quinlan  1994 ), there are three strong lines of evidence pointing to 
the importance of the functional partnership between sHSPs and IFs and their com-
batting of stress in cells and tissues. The fi rst, and by far the strongest, is the pheno- 
copying by mutations in both sHSP and IF proteins (e.g. cardiomyopathy caused by 
mutations in αB-crystallin (Vicart et al.  1998 )) and desmin; (Goldfarb et al.  1998 ); 
cataract caused by mutations in both αA-crystallin (Su et al.  2012 ), αB-crystallin 
(Liu et al.  2006c ), vimentin (Müller et al.  2009 ), BFSP1 (Wang et al.  2013 ; 
Ramachandran et al.  2007 ) and BFSP2 (Zhang et al.  2004 ; Ma et al.  2008 ; Zhang 
et al.  2006 ; Liu et al.  2014 ); neuropathies caused by mutations in HSP27 (Evgrafov 
et al.  2004 ), HSP22 (Irobi et al.  2004 ) and neurofi lament light chain, NFL (Jordanova 
et al.  2003 ; Mersiyanova et al.  2000 ). Recent reviews have elaborated on the role for 
keratins (Toivola et al.  2010 ; Pan et al.  2013 ) and nuclear lamins (Shimi and 
Goldman  2014 ) in combatting different stresses. Table  17.1  gives a listing of the 
currently known mutations in sHSPs and their associated cytoskeletal proteins that 
cause human diseases, an obvious stress endpoint, but one where the consequences 
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of protein damage have overwhelmed the affected cells. The fact that only four 
(HSP27 (HSPB1), αA-crystallin (HSPB4), αB-crystallin (HSPB5) HSP22 (HSPB8)) 
of the ten sHSPs (Kappe et al.  2003 ) that have so far been found with disease caus-
ing mutations is interesting. We suggest that this refl ects the fact that IF aggregates 
in these diseases are the easiest and most prominent histopathological feature facili-
tating their discovery (Quinlan and van den IJssel  1999 ; Selcen  2011 ; Carra et al. 
 2013 ; Strnad et al.  2012 ; Lowe et al.  1988 ). Our focus is therefore on these four 
sHSPs (HSP27 (HSPB1), αA-crystallin (HSPB4) and αB-crystallin (HSPB5), and 
to a lesser extent HSP22 (HSPB8)) that also have the potential to all form mixed 
oligomers (Skouri-Panet et al.  2012 ) justifying an overlap in their client proteins. 
The consequences of damaging either sHSPs or IFs by mutation therefore compro-
mises the role of the dynamic duo in supporting the formation of protein assemblies, 
but also further compromises the cell by undermining the chaperone machinery to 
exacerbate the problem of accumulating misfolded proteins.

   The second line of evidence is that compromising the IF network either by muta-
tion or by the removal of individual proteins increases the stress susceptibility of the 
cells and tissue in which they are usually expressed (keratin, e.g.(Bar et al.  2014 ; 
Caulin et al.  2000 ; Ku et al.  2007 ; Alam et al.  2013 ; Weerasinghe et al.  2014 ); 
vimentin, e.g.(Eckes et al.  1998 ; Da et al.  2014 ; Perlson et al.  2005 ); GFAP, 
e.g.(Hagemann et al.  2006 ; Li et al.  2008 ; Lundkvist et al.  2004 ; Nawashiro et al. 
 1998 ); desmin, e.g.(Li et al.  1997 ), lamins e.g.(Sullivan et al.  1999 ; Butin-Israeli 
et al.  2013 ; Malhas et al.  2009 ; Saha et al.  2013 ; Seco-Cervera et al.  2014 ; Shimi 
et al.  2011 ; Shimi and Goldman  2014 ; Verstraeten et al.  2009 ); neurofi laments 
e.g.(Yum et al.  2009 ; Zhai et al.  2007 ) and lastly the orphan proteins expressed in 
the lens (Fudge et al.  2011 )). The targeted knockout of sHSPs can also compromise 
the stress response (HSP27, (O’Shaughnessy et al.  2007 ; Sur et al.  2008 ; Crowe 
et al.  2013 ); αA-crystallin,(Yaung et al.  2008 ); αB-crystallin, (Andley et al.  2001 ; 
Wawrousek and Brady  1998 ; Jiao et al.  2014 ; Kumarapeli et al.  2008 ; Shao et al. 
 2013 ; Yaung et al.  2008 ; Morrison et al.  2004 ; Brady et al.  1997 ); HSP20, (Ishiwata 
et al.  2012 )). The fact that compromising either the sHSP or the IF protein changes 
the stress response is the key observation. 

 The last line of evidence supporting the functional interaction of sHSPs and IFs 
is the synergy of the partnership between sHSPs and IFs. Here we evidence the 
important sHSP function of facilitating protein dynamic assemblies as complexes, 
polymers and scaffolds. The latter all involve protein-protein interactions and the 
folding energy landscape for protein-protein interactions has traps that need to be 
avoided (Zheng et al.  2012 ; Kozakov et al.  2014 ), adding an additional layer of 
complexity upon the folding landscape of individual proteins (Hartl and Hayer- 
Hartl  2009 ), but opening opportunity for sHSPs to facilitate successful protein- 
protein interactions in protein assemblies. The effi ciency of sHSP chaperones can 
be dramatically increased when tethered to a support (Garvey et al.  2011 ), as seen 
for other chaperone classes (Altamirano et al.  1997 ; Antonio-Perez et al.  2012 ). 
There is no doubt that some of the sHSP complement in cells resides on IFs 
(Fig.  17.1 ) and this is increased during stressful events. Therefore, we suggest this 
is a reasonable expectation of the association with IFs. For example, the association 
of HSP70 with keratin fi laments is required for maintaining aPKC activity 
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(Mashukova et al.  2009 ,  2014 ) and HSP27 regulates the activity of cdk5 and the 
subsequent phosphorylation of neurofi laments (Holmgren et al.  2013 ). In the epi-
dermis, the regulation of fi laggrin expression by HSP27 involves phosphorylation 
and transition to the keratin fi lament network (Jonak et al.  2011 ; Robitaille et al. 
 2010 ). These examples evidence how the IF scaffold facilitates sHSP function 
within the context of the unstressed cell environment and illustrate how these  protein 

  Fig. 17.1     The sHSP-IF partnership – seeing is believing  
 The codistribution of HSP27 with GFAP was visualized by double label immunofl uorescence 
microscopy using both the anti-HSP27 mouse monoclonal antibody ( a ) and the rabbit polyclonal 
anti-GFAP antibodies ( b ). The immunofl uorescence for GFAP is in the  green  channel ( a ), whereas 
the staining for HSP27 is in the  red  channel ( b ). Merged images show the superimposition of both 
the  green  and  red  signals, and overlapping areas appearing  yellow  ( c ). Notice that HSP27 associ-
ated with the full range of fi lament arrangements from bundles to the very fi ne fi lament distribu-
tions. ( d ) MCF7 cells stained with a monoclonal anti-HSP27 antibody, which decorated with the 
keratin-containing IF networks. The signal has been color-coded for depth, with blue representing 
the signal at an optical plane just above the cell support and  red  being furthest away. Bars, 10 μm       
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chaperones help integrate the different cellular signaling pathways (Fig.  17.2 ). It 
also evidences that sHSP chaperone function includes assisting protein complex 
formation and not just preventing protein unfolding and aggregation. Then there is 
the potential for the sHSP association with IFs to regulate subunit exchange. This is 
essential, for example, to αB-crystallin function (Delbecq and Klevit  2013 ; Stengel 
et al.  2010 ). The R120G mutation is thought to decrease subunit dynamics (Clark 
et al.  2011 ) and it also increases its binding to both desmin (Perng et al.  2004 ) and 
vimentin (Song et al.  2008 ), which in turn induces IF aggregation (Vicart et al. 
 1998 ; Perng et al.  1999b ), compromising both the chaperone function of αB-crystallin 
and the function of IF networks.   

 From an IF standpoint, sHSPs assist both IF dynamics (Nicholl and Quinlan 
 1994 ) and fi lament network formation and maintenance require sHSPs (Perng et al. 
 1999a ,  b ,  2004 ; Kayser et al.  2013 ; Zhai et al.  2007 ; Koyama and Goldman  1999 ). 
The overexpression of αB-crystallin can, for instance, ameliorate the disease caus-
ing consequences of mutations in both GFAP (Hagemann et al.  2009 ) and desmin 
(Wang et al.  2003 ) and the overexpression of either HSP27 or αB-crystallin can 
compensate for the loss of desmin (Soumaka et al.  2008 ). Many of the diseases 
caused by mutations in IF proteins (Table  17.1 ) are typifi ed by protein aggregates 
that usually contain sHSPs (Quinlan and van den IJssel  1999 ; Selcen  2011 ; Dabir 
et al.  2004 ; Bjorkdahl et al.  2008 ) and the sequestration of these chaperones by the 
IF aggregates is proposed to be part of the disease mechanism. sHSPs shift from the 
soluble to IF fraction of the cell is a consistent observation as part of the HSR 
e.g.(Djabali et al.  1997 ; Perng et al.  1999a ; Bennardini et al.  1992 ) and binding  in 
vitro  is temperature dependent (Elliott et al.  2013 ; Perng et al.  2004 ), a detail that 
allowed the Km to measured for αB-crystallin binding to desmin (Perng et al.  2004 ). 
The interaction between αB-crystallin and desmin, infl uences the caspase-mediated 
cleavage of desmin (Chen et al.  2003 ) to propagate caspase-mediated cell death as 
in the case of the αB-crystallin mutant R120G (Elliott et al.  2013 ). This appears to 
be specifi c to the partnership of αB-crystallin with desmin (Elliott et al.  2013 ), sug-
gesting a potential hierarchy in the IF-sHSP partnerships where the partnership is 
essential. 

 There are also two very important additional factors to consider for sHSPs and 
IFs. They impact the appreciation of their role in ameliorating stress, but also in 
understanding the role of sHSPs in the assembly of protein complexes. Both protein 
families exhibit a complex pattern of tissue and cell expression (Kato et al.  1991a , 
 b ; Pan et al.  2013 ; Kampinga and Garrido  2012 ) and the interactome for sHSPs is 
rich and diverse (Arrigo and Gibert  2013 ). Taking αB-crystallin (HSPB5) as an 
example, every key pathway is impacted by this protein (Fig.  17.2 ), from the cell 
cycle to genome stability, from apoptosis to proteostasis, from the cytoskeleton to 
metabolic enzymes. This explains their potential to integrate (Quinlan and Ellis 
 2013 ) and infl uence the proliferation, differentiation of individual cells and their 
integration into tissues and animal physiology. Equally, IF proteins are widely 
expressed and mutations in IF proteins are the cause of a broad range of diseases 
(Omary  2009 ). They perform roles that now are recognized to far exceed the 
mechanical roles fi rst attributed, but instead include signaling, (Kim and Coulombe 
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  Fig. 17.2     αB-crystallin at the crossroads of life and its role as an evolutionary capacitor  
 The post-stroke injection of αB-crystallin protein reduced both stroke volume and infl ammatory 
cytokines endogenous anti-infl ammatory and neuroprotectant molecule produced after stroke 
(Arac et al.  2011 ), but also can assist in the recovery after spinal cord injury (Klopstein et al.  2012 ). 
This follows initial studies that used lens α-crystallin to counter neuroinfl ammation induced by 
silver nitrate injection (Masilamoni et al.  2006 ). Recently it has been shown that astrocytic DRD2 
activation suppresses infl ammation in the central nervous system and this is a αB-crystallin -depen-
dent mechanism (Shao et al.  2012 ). αB-crystallin overexpression also protects against autoimmune 
demyelination in an EAE model (Ousman et al.  2007 ). In the retina, the protection of RPE cells is 
mediated by αB-crystallin secretion in exosomes (Sreekumar et al.  2010 ). Cardiomyocytes are also 
protected by αB-crystallin against oxidative stress induced by hydrogen peroxide (Chis et al.  2012 ) 
and by ischaemia (Morrison et al.  2004 ; Martin et al.  1997 ). Its overexpression can also protect 
against short-term overload cardiac hypertrophy (Kumarapeli et al.  2008 ). Its overexpression can 
reduce the aggregation of a desmin mutant that causes cardiomyopathy (Wang et al.  2003 ) and also 
reverse the formation of protein inclusions caused by the overexpression of GFAP (Koyama and 
Goldman  1999 ) in tissue culture models. Its overexpression in a model of Alexander disease 
caused by the aggregation of GFAP, signifi cantly reduces morbidity (Hagemann et al.  2009 ) 
  Amyloid Assembly Control and Infl uence of Genetic Traits  
 Amyloid fi bril assembly of Aβ (Narayan et al.  2012 ), κ-casein (Dehle et al.  2010 ), α-synuclein 
(Waudby et al.  2010 ) and also for apolipoprotein CII (Binger et al.  2012 ) can be inhibited by 
αB-crystallin to prevent fi bril formation. αB-crystallin can suppress amyloid-mediated genetic 
traits In Drosophila (Tue et al.  2012 ) and can both prevent and cure the [PSI+] phenotype induced 
by Sup35 prions in S. cerevisiae (Duennwald et al.  2012 ). In mice the absence of CRYAB in com-
bination with another sHSP, HSPB2, exacerbates the behavioral changes in an Alzheimer model 
(Ojha et al.  2011 ). In contrast the overexpression of a HSP70 class chaperone, Hspa13, accelerated 
prion-mediated disease in mice (Grizenkova et al.  2012 ). These studies support the argument that 
αB-crystallin, like HSP90, has capacitor-like activity with respect to genetic traits 
  Proteostasis and Cell Cycle Control  
 The overexpression of αB-crystallin can reverse the morbidity in mice caused by GFAP 
(Hagemann et al.  2009 ) and in cellular models this is likely due to increased proteasomal activity 

 

M. Der Perng and R.A. Quinlan



413

Fig. 17.2 (continued) (Li et al.  2011 ). Similarly in a cardiomyopathy model, the overexpression of 
αB-crystallin also reduced desmin aggregation (Wang et al.  2003 ) and can dissolve GFAP aggre-
gates (Koyama and Goldman  1999 ). Whilst these represent disease scenarios, proteastasis in 
unstressed cells is essential for regulating the cell cycle. αB-crystallin can bind the C8/alpha7 
proteasome subunit (Boelens et al.  2001 ) and it also binds BAG3 (Hishiya et al.  2011 ), a regulator 
of chaperone-based aggresome targeting (Gamerdinger et al.  2011 ). It also interacts directly with 
the FBX4/SCF complex in a phosphorylation dependent manner (den Engelsman et al.  2003 ) to 
regulate the proteasomal degradation of SCF targets, such as cyclin D1, TP53 (Barbash et al.  2009 ; 
Jin et al.  2009 ; Lin et al.  2006 ) and MyoD (Singh et al.  2010 ; Tintignac et al.  2005 ). It binds 
directly to TP53 (Watanabe et al.  2009 ; Liu et al.  2007 ). In the canonical wnt-signalling pathway, 
αB-crystallin binds to the E-cadherin-β-catenin complex to maintain a membrane location for the 
complex (Huang et al.  2012 ) Recent data suggest that αB-crystallin could regulate systemic expan-
sion of IMCs through a cell-intrinsic mechanism (Dieterich et al.  2013 ) 
  Metastasis  
 The direct involvement of αB-crystallin in the regulation of the cell cycle combined with the fact 
that the overexpression of αB-crystallin itself can complete the transformation process in immor-
talized human mammary epithelial cells (Moyano et al.  2006 ) CRYAB is a marker of poor progno-
sis in cancer (Moyano et al.  2006 ; Ivanov et al.  2008 ) and its ability to prevent apoptosis contributes 
to the aggressiveness of these and other tumours (Goplen et al.  2010 ; Volkmann et al.  2012 ). 
CRYAB expression in breast cancer is regulated by both TP53 and Ets1 (Bosman et al.  2010 ). 
αB-crystallin is associated signifi cantly with ovarian (Volkmann et al.  2012 ), glioblastoma (Goplen 
et al.  2010 ) and hepatocellular carcinomas (Tang et al.  2009 ). αB-crystallin in combination with 
HSPB2 promote tumour vascularization (Dimberg et al.  2008 ) via a VEGF-A based mechanism 
(Kase et al.  2010 ). Also αB-crystallin regulates expansion of CD11b + Gr-1+ immature myeloid 
cells during tumor progression (Dieterich et al.  2013 ). αB-crystallin has been identifi ed as a poten-
tial target in multiple myeloma because its knockdown also prevents tubular morphogenesis as an 
anti-angiogenic strategy (Berardi et al.  2012 ) 
  Mitochondrial Protection and Apoptosis Inhibition  
 In RPE cells loss of αB-crystallin induces mitochondrial dysfunction (Dou et al.  2012 ). 
αB-crystallin binds to and regulates Bax and caspase 3 during lens development (Hu et al.  2012 ). 
Its binding to mitochondria is stress induced (Chis et al.  2012 ; McGreal et al.  2012 ) and it is essen-
tial to the calcineurin A protection against apoptosis in a cardiac hypertrophy murine model 
(Bousette et al.  2010 ). αB-crystallin binds directly to Bax and Bcl-Xs (Mao et al.  2004 ), procas-
pase 3 (Kamradt et al.  2001 ; Mao et al.  2001 ) to prevent the degradation of PARP and the degrada-
tion (Kamradt et al.  2001 ) and oxidation (McGreal et al.  2012 ) of cytochrome C. The targeted 
expression of R120G αB-crystallin to mouse cardiomyocytes induces mitochondrial dysfunction 
and increased apoptosis (Maloyan et al.  2005 ) 
  Metabolic fl ux – ATP levels and Redox Potential  
 Levels of reduced glutathione in isolated hepatocytes are restored in the livers of mice lacking 
αB-crystallin and HSPB2 (Masilamoni et al.  2005 ). ATP levels are also αB-crystallin /HSPB2 
dependent in mice (Benjamin et al.  2007 ). The R120G mutation in αB-crystallin causes oxido- 
redox stress by altering the levels of NADPH (Rajasekaran et al.  2007 ) 
  Cytoskeleton – a prime fascia example of an assembly chaperone role for CRYAB  
 Actin fi lament assembly can be regulated by CRYAB, which also protects the fi laments against cyto-
chalasin induced disassembly and also against (Singh et al.  2007 ) which also colocalises with actin 
in the leading edge of motile cells (Maddala and Rao  2005 ). The association with actin is phosphory-
lation dependent (Singh et al.  2007 ) Maintains myosin function and protects it during heat shock 
(Melkani et al.  2006 ). Titin (Golenhofen et al.  2002 ; Bullard et al.  2004 ; Kotter et al.  2014 ). Interaction 
with cadherin molecules (Thedieck et al.  2008 ). Tubulin assembly can be inhibited (Ohto-Fujita et al. 
 2007 ) but depending on the ratio CRYAB can also promote tubulin assembly (Houck and Clark 
 2010 ). It is however, the phenol-copying of the human disease cardiomyopathy by mutations in both 
CRYAB (Vicart et al.  1998 ) and desmin (Goldfarb et al.  1998 ), which confi rmed CRYAB as assem-
bly chaperone for intermediate fi laments (Ngai et al.  1990 ; Nicholl and Quinlan  1994 )       
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 2007 ), cell growth, apoptosis and cell motility, processes that are regulated by a 
complex pattern of posttranslational modifi cations (Snider and Omary  2014 ).  

17.2     The Disease Mechanisms of Desmin Related Myopathy 
and the Consequences for the Dynamic Duo 

 Identifi cation of pathogenic mutations in desmin and αB-crystallin, analysis of their 
disease phenotypes, and successful modeling of underlying conditions in transgenic 
mice have shaped our understanding of the critical pathogenic events leading to 
desmin related myopathies (DRM). It is also important to emphasize here that DRM 
is an example of how mutations drive the aggregation of proteins via misfolding and 
thus energetically trapping the protein in an unfavourable conformation, and protein 
chaperones like sHSPs are not exempt from such an outcome. A transgenic mouse 
model expressing R120G αB-crystallin specifi cally in the heart has been generated, 
which recapitulated the key features of DRM phenotype observed in humans, with 
the formation of perinuclear aggregates and progression to heart failure (Wang et al. 
 2001b ). Analysis of aggresome composition in R120G αB-crystallin-expressing 
cardiomyocytes also suggests that they form an amyloid (Sanbe et al.  2004 ) as 
(Meehan et al.  2007 ). Indeed subsequent studies showed that the expression of wild 
type αB-crystallin in R120G αB-crystallin-expressing cardiomyocytes led to a sig-
nifi cant decrease in aggresomal accumulation, enhanced amyloid oligomer levels, 
and increased cytotoxicity (Sanbe et al.  2005 ). These observations suggest that 
amyloid oligomers could be toxic, whereas aggresome accumulation may be cyto-
protective by effectively lowering the level of amyloid oligomers. However, experi-
mental evidence also suggests that toxicity could be attributed to both misfolded 
oligomers and aggregated proteins (Tsunemi et al.  2012 ; Fatouros et al.  2012 ; 
Douglas et al.  2009 ). Although the toxicity of aggregated proteins remains a matter 
of controversy (Ross and Poirier  2005 ), it could be that misfolded proteins interact 
and recruit other cellular components during the aggregation process, thus compro-
mising further cellular homeostasis. Another possibility is that amyloid-like aggre-
gates cause aberrant protein turnover by inhibiting the ubiquitin-proteasome system 
or altering autophagy (Rubinsztein  2006 ).  

17.3     Mitochondrial Dysfunction and Cell Death in DRM 

 DRM-causing mutations resulted in early perturbations in mitochondrial structure 
and function (Maloyan et al.  2005 ), which may be related to the disease phenotype. 
Desmin forms a transcytoplasmic IF network in association with the sarcomeric 
Z-discs in muscle and it also interacts with mitochondria to ensure their proper 
positioning so that the ATP produced meets the energy requirements of the contrac-
tile apparatus (Capetanaki et al.  2007 ). Indeed, studies in desmin knockout mice 
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fi rst revealed the importance of desmin IFs in mitochondrial positioning, shape and 
function in both skeletal and cardiac muscles (Milner et al.  2000 ). Overexpression 
of anti-apoptotic protein Bcl-2 in these desmin-null mice corrected the mitochon-
drial defects and ameliorated the cardiomyopathy (Weisleder et al.  2004 ), despite 
the fact that sarcomere organization was not completely restored   . These data 
strongly suggest that mitochondria contribute to the IF disease pathology. This is 
supported by observations in patients diagnosed with DRM, where the focal cluster-
ing of morphologically and functionally compromised mitochondria was reported 
e.g.(Schroder et al.  2003 ). It is also by studies in mice expressing either mutant 
desmin or R120G αB-crystallin also demonstrated that mitochondrial dysfunction 
plays a very early and critical role in the developing DRM pathology (Wang et al. 
 2001a ,  b ; Sanbe et al.  2005 ). The overexpression of Bcl-2 using a cardiac specifi c 
promoter also ameliorated αB-crystallin R120G pathology and decreased morbidity 
(Maloyan et al.  2010 ). This was also associated with decreased mitochondrial 
abnormalities and mutant protein aggregation, restoration of cardiac function, pre-
vention of cardiac hypertrophy, and attenuation of apoptosis. However, inhibition of 
apoptosis resulted in the upregulation of autophagy and alternative death pathways, 
with the net result of increased necrosis. The mechanisms in which how the multiple 
death pathways talk to one another in cardiomyocytes are still being investigated.  

17.4     The Role of the Protein Degradation 
Machinery in DRM 

 Aggregates are a consistent histopathological feature of DRM. The ubiquitin- 
proteasome system (UPS) and autophagy are the two primary proteolytic routes for 
removing misfolded and aggregated proteins from the cell. Defi cits in the protein 
degradation mechanisms can lead to an imbalance in protein homeostasis and 
increased steady-state levels of misfolded proteins that are prone to aggregation (Su 
and Wang  2010 ). The buildup of this material leads to the formation of aggresomes 
and protein inclusions (Kopito  2000 ; Willis et al.  2010 ). 

 The UPS is responsible for degrading most cellular proteins through a series of 
steps in which a protein is fi rst ubiquitinated and then shuttled to the proteasome for 
degradation (Willis et al.  2010 ). It is becoming increasingly apparent that compro-
mised proteasomal activity is an important contributing pathology to cardiovascular 
disease (Schlossarek and Carrier  2011 ) and that defi cits in the UPS degradation 
pathway may play a role in the inclusion body phenotype of DRM (Wang and 
Robbins  2006 ). It has been shown that protein aggregation directly impaired the 
function of the ubiquitin-proteasome system (Bence et al.  2001 ), a fi nding also 
observed in cultured cardiomyocytes (Dong et al.  2004 ). In the R120G αB-crystallin 
mouse model, it was shown that R120G αB-crystallin causes an apparent impair-
ment of proteasome function, with a concomitant increase in 20S proteasome pro-
teins and a decrease in components of the 19S proteosomal subunit (Chen et al. 
 2005 ). Similar observations were seen in the mouse model of DRM featuring 
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 protein aggregation caused by cardiac-expression of mutant desmin (Liu et al. 
 2006a ), suggesting that the impairment in proteasomal degradation may be attrib-
uted to insuffi cient delivery of substrate to the proteasome. However, the mecha-
nism of this inhibition of UPS remains unknown. Measurement of the proteasomal 
degradation as a function of aggregate levels in neonatal rat ventricular myocytes 
confi rmed that inhibition occurred in a dose-dependent manner (Liu et al.  2006a ). 
Coexpression of either αB-crystallin or Hsp70 reduced the amount of misfolded 
desmin and increased proteasomal degradation, effects that were replicated using 
Congo red, a dye that inhibits amyloid-like aggregate accumulation in cardiomyo-
cytes (Sanbe et al.  2004 ). Stimulating the UPS side of the proteostais response by 
the overexpression of UBC9, a sumo E2-ligase, also helped reduce the aggregate 
load in R120G αB-crystallin expressing transgenic animals (Gupta et al.  2014 ). 
These fi ndings prove that protein aggregates formed in DRM directly impaired pro-
teasomal degradation. Importantly, these studies also suggest that UPS impairment 
may represent an important pathogenic event underlying cardiac proteinopathies 
featuring abnormal protein aggregation. 

 Autophagy plays a key role in the clearance of misfolded proteins and defective 
organelles. The importance of autophagy in maintaining physiologic homeostasis is 
illustrated by the fact that impaired autophagic function is a potential cause of mis-
folded protein accumulations, cytoplasmic aggregate load, and a number of human 
diseases, including DRM (Tannous et al.  2008 ). There is an early increase in autoph-
agic response in the transgenic mouse cardiomyocytes expressing R120G 
αB-crystallin (Tannous et al.  2008 ). Inhibiting autophagy by crossing these R120G 
αB-crystallin mice with animals harboring an inactive allele of  beclin 1 , a gene 
required for autophagy, increased the rate of intracellular aggregate accumulation, 
accelerated ventricular dysfunction, and early mortality. Consistent with these 
observations, beclin-1 is downregulated in R120G αB-crystallin mice (Maloyan 
et al.  2010 ). These fi ndings point to an increase in autophagy as an adaptive response 
to misfolded protein generation in this DRM model (Tannous et al.  2008 ). 
Importantly, these data also suggest increasing autophagy can be protective in the 
R120G αB-crystallin -mediated DRM model. In fact, overexpressing Atg7, a key 
component of autophagosome synthesis, increased autophagic fl ux and led to a 
reduction in amyloid oligomer and aggregate contents in R120G αB-crystallin- 
expressing cardiomyocytes (Pattison et al.  2011 ). Conversely, loss of function medi-
ated by small interfering RNA-mediated knockdown of Atg7 in the R120G 
αB-crystallin background signifi cantly decreased autophagy and increased R120G 
aggregate content and cytotoxicity. Increased expression of ATG7 in R120G 
αB-crystallin mice enhanced autophagy and reduced intracellular aggregates, which 
ameliorated ventricular dysfunction, decreased cardiac hypertrophy and prolonged 
survival in this DRM model (Bhuiyan et al.  2013 ). Interestingly, increased autopha-
gic fl ux in DRM mouse hearts also correlates with an increase in the autophagy- 
related protein p62 (Zheng and Wang  2010 ). The depletion of p62 impaired 
aggresome and autophagosome formation, leading to decreased cell viability in 
 cultured neonatal rat ventricular myocytes expressing mutant desmin or 
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αB-crystallin. In the R120G αB-crystallin knock-in mice, altered p62 expression 
and impaired autophagy were also observed in lens epithelial cells (Wignes et al. 
 2013 ). These data suggest that increasing autophagy could potentially be protective 
in DRM, and that autophagy modulation may provide a basis for designing thera-
peutic strategies to treat cardiac proteinopathies such as DRM. 

 The discussion thus far has considered the role that the proteostasis pathways 
play in combatting aggregates formed from mutant sHSPs and IF proteins, but there 
is also the impact that the loss of these two components have on proteostasis itself. 
For instance αB-crystallin is part of the FBX4/SCF complex needed for the turn-
over of important cell cycle regulators (Fig.  17.2 ). The IF protein, glial fi brillary 
acidic protein (GFAP), is part of the lysosomal translocation complex required for 
chaperone mediated autophagy (Bandyopadhyay et al.  2010 ). Inhibition of the pro-
teasome system feeds back to represses GFAP expression (Middeldorp et al.  2009 ), 
but the effect upon autophagy was not investigated. IFs, along with actin microfi la-
ments are reportedly docking sites for the 26S proteasome (Arcangeletti et al. 
 1992 ). Individually therefore, both sHSPs and IF proteins are directly involved in 
proteostasis, but their individual and combined impact needs to be investigated fur-
ther (Fig   .  17.3 ).   

17.5     The Extracellular Dimension to sHSPs and IFs 

 So far it has been the intracellular consequences of mutant sHSP and IFs in cardio-
myopathy that have been considered. It interesting though that levels of αB-crystallin 
were reported to be raised in the serum of a hamster model of cardiomyopathy 
(Kozawa et al.  2001 ) and now it is evident that there is a release of αB-crystallin 
from muscle after exercise (Kozawa et al.  2001 ) and as a result of injury (Jorgensen 
et al.  2013 ) and disease such as cataract (Ranjan et al.  2008 ) and multiple sclerosis 
(Rothbard et al.  2012 ). HSP27 is released after global ischaemia of the human myo-
cardium HSP20, released after injury and like αB-crystallin was also elevated in 
serum taken from the hamster cardiomyopathy model (Kozawa et al.  2002 ). This 
release will likely involve the exosome pathway as reported for αB-crystallin 
(Sreekumar et al.  2010 ; Gangalum et al.  2011 ; Clayton et al.  2005 ). Our current 
understanding of the exosome pathway is limited, but as exosomes are thought to be 
derived from multivesicular endosomes (Raposo and Stoorvogel  2013 ), there is a 
clear overlap with autophagy. Not only that but the intermediate fi lament protein 
GFAP is an integral part of the lysosomal membrane translocation complex needed 
to support chaperone mediated autophagy (Bandyopadhyay et al.  2010 ). IF proteins 
are also released from diseased tissues and there are serum signatures that are 
exploited diagnostically for instance for desmin (Ma et al.  2009 ), GFAP (Jany et al. 
 2013 ) and NF-L (Hjalmarsson et al.  2014 ) the oldest of these being the TROMA1 
antigen, which is derived from keratins (Magin et al.  1986 ). Uptake of exosomes 
into cells appears to be an HSP27-ERK1/2 dependent process (Svensson et al. 
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 2013 ). The exosome pathway is a mechanism to integrate physiological responses 
in an organism (Pegtel et al.  2014 ) and this led some to consider that increasing the 
extracellular concentrations of sHSPs or minichaperones derived from them 
(Nahomi et al.  2013 ) could be benefi cial. 

 There are now examples in the literature to support this hypothesis. The post- 
stroke injection of αB-crystallin, an endogenous anti-infl ammatory and neuropro-
tectant molecule, not only reduced both stroke volume and infl ammatory cytokines 
endogenous anti-infl ammatory and neuroprotectant molecule produced after stroke 
(Arac et al.  2011 ), but also can assist in the recovery after spinal cord injury 
(Klopstein et al.  2012 ). This follows initial studies that injected lens α-crystallin 
(αB-crystallin and αA-crystallin purifi ed from the eye lens) intra-peritoneally to 
counter neuroinfl ammation induced by silver nitrate injection (Masilamoni et al. 
 2006 ). In a MPTP induced mouse model of Parkinson’s disease, it has been shown 
that astrocytic DRD2 activation suppresses infl ammation in the central nervous sys-
tem in a CRYAB-dependent mechanism (Shao et al.  2012 ). In the retina, the protec-
tion of RPE cells is mediated by CRYAB secretion in exosomes (Sreekumar et al. 
 2010 ). The relevance of these observations to the recently proposed mechanism 
observed in  C. elegans  for organismal proteostasis (van Oosten-Hawle and 
Morimoto  2014 ) are evident and clearly the exosome provides a mechanism for 
such signaling to occur, one that is key to the integrated physiological response 
needed for organisms to survive and to evolve. For example, the foetal response to 
maternal infection is to elevate sHSP gene expression in brain tissue (Garbett et al. 
 2012 ). The sHSPs are clearly an important component in this response. 

 The mechanism of this protection by αB-crystallin is varied and complex, but 
there are some indications. For instance αB-crystallin can bind preferentially proin-
fl ammatory molecules in human plasma (Rothbard et al.  2012 ), and it binds to blood 
platelets and prevents the ADP-stimulated release of platelet granules (Enomoto 
et al.  2009 ). Blood platelets are also regulated by HSP20 and HSP20 is acknowl-
edged as a cardiokine promoting myocardial angiogenesis (Zhang et al.  2012 ), 
modulates myometrial relaxation during pregnancy (Tyson et al.  2008 ). sHSP 
involvement in propagating intracellular signaling, as well as infl ammatory 
responses (Sur et al.  2008 ; Jin et al.  2014 ) resulting in decreased wound healing 
(Crowe et al.  2013 ) as well as infl uencing VEGF signalling in the promotion of 
angiogenesis in a tumour model (Lee et al.  2012 ). These examples illustrate how 
sHSPs like αB-crystallin affect whole-animal physiology, something that is also 
beginning to emerge for IFs (Alam et al.  2013 ; Leterrier et al.  1996 ). This review 
makes the case for the sHSPs and IFs being considered as functional partners in cell 
homeostasis and in the cellular response to stresses, but given the role of IFs in 
integrating individual cells within the context of tissues (Snider and Omary  2014 ) 
there is the possibility that this partnership has broader physiological signifi cance 
given their synergistic interaction with sHSPs.     
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    Chapter 18   
 Regulation of Actin-Based Structure 
Dynamics by HspB Proteins and Partners 

             Solenn     M.     Guilbert    ,     Alice-Anaïs     Varlet    ,     Margit     Fuchs    ,     Herman     Lambert    , 
    Jacques     Landry    , and     Josée     N.     Lavoie    

    Abstract     Small heat shock proteins (HspB proteins) form a diverse family of 
 proteins that have evolved distinct modes of action to protect cells from proteotoxic 
stress. Studies conducted within the last 25 years have revealed specialized roles for 
some HspB, in particular for HspB1, HspB8, and its cochaperone Bag3, in the 
modulation of actin-based cytoskeletal dynamics under physiological and stress 
conditions, which might be related to their linkage to human cancer. Little is known, 
however, on whether and how such biological activities on signaling are connected 
to pathways within the quality control network. In this chapter, we examine 
functional relationships between HspB proteins, the cochaperone Bag3 and actin 
dynamics and describe the mechanisms known so far that are responsible for their 
modulation of actin architecture. We further discuss on how such activities might be 
connected to quality control network. While some pieces of the puzzle might need 
to be inserted differently, we hope that this review will stimulate further studies to 
elucidate the mechanistic behind chaperone-mediated actin remodeling by HspB 
proteins and their partners.  
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18.1        Introduction 

 Small heat shock proteins (sHsp or HspB) were discovered because of their strong 
induction after heat shock in  Drosophilia melanogaster  (Tissieres et al.  1974 ). 
Thereafter, they were viewed as proteins able to confer protection on cells against 
the deleterious effect of several stresses, including heat shock. In mammalian cells, 
HspB cytoprotective effects were fi rst described in a breakthrough paper by Landry 
et al. in 1989 (Landry et al.  1989 ). Such protective functions were subsequently 
associated to a chaperone activity of HspB proteins (Jakob et al.  1993 ). Many of 
them were found to act in an ATP-independent manner, to bind non-native proteins 
to limit their aggregation and facilitate their subsequent refolding by ATP-dependent 
chaperone systems (reviewed in McHaourab et al.  2009 ). Accordingly, they are 
 predicted to stand at the front line in cellular defense mechanisms against  proteotoxic 
stress. Though, exactly how they function in vivo to recognize damaged or labile 
cellular components is not completely understood. There is currently no single 
model of structure and mechanism of action for this diverse family of proteins. 

 HspB proteins are typifi ed by their small molecular weight (15–30 kDa) and a 
highly conserved C-terminal α-crystallin domain of approximately 90 amino acids. 
An N-terminal region that varies in sequence and length, and a C-terminal extension 
fl ank this α-crystallin domain, and confer specifi city to each family member. In 
humans, there are ten HspB family members (HspB1–10) and a related protein 
(HSPC034/Hsp16.2) with no α-crystallin-like domain, which appear to share 
chaperone functions (Garrido et al.  2012 ; Kappe et al.  2003 ,  2010 ). Some are 
expressed ubiquitously e.g. HspB1 and HspB8, but others are tissue specifi c e.g. HspB9 
(Morrow and Tanguay  2012 ; Vos et al.  2008 ). Most, but not all HspBs, are organized 
into dynamic oligomers with dimers as building blocks (reviewed in (Basha et al. 
 2012 ). Stress-induced phosphorylation of vertebrate HspBs is believed to promote 
exchange of subunits, altering the oligomeric architecture (Arrigo and Gibert  2012 ; 
Landry and Huot  1999 ; Welsh and Gaestel  1998 ). Yet, how phosphorylation affects 
the chaperone activity is still an open issue. Clearly, HspBs form a diverse family of 
proteins exhibiting considerable differences in sequence and tissue localization. 
This suggests that they have evolved distinct modes of action and makes it unlikely 
that they would function only as “general chaperones” in quality control mechanisms 
(Basha et al.  2012 ). Besides, there is evidence to support more specialized roles for 
HspB proteins in the regulation of actin dynamics. 

 In this chapter, we will examine functional connections between HspB proteins 
and actin dynamics that might be relevant to several physiological and pathological 
processes. We will fi rst outline the initial work that led to the discovery of a role for 
HspB proteins in the regulation of actin using HspB1 as paradigm. We will feature 
more recent, unappreciated work that has clarifi ed the mechanistic underpinnings 
HspB1-mediated regulation of actin dynamics, suggesting a function in actin mono-
mer sequestration. We will then focus on novel fi ndings involving the chaperone 
complex formed by HspB8-Bag3 in a selective form of autophagy called chaperone- 
assisted selective autophagy (CASA). This process was involved in the clearance 
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and replenishment of components of actin-based structure, hence maintaining the 
homeostasis of mechanically strained tissues. Finally, based on data supporting a 
role for Bag3 in cell adhesion and motility and novel developments, we will discuss 
the possibility for a more widespread function for the HspB8-Bag3 chaperone 
 complex in selective recognition, sequestration/or degradation of cytoskeletal 
proteins during dynamic remodeling of actin cytoskeleton in unstressed cells, and 
its potential relevance in cancer.  

18.2     HspB1: A Bona Fide Regulator of Actin Dynamics 
Hijacked by Pathogenic Bacteria 

 HspB1 is the archetype and the most studied member among vertebrate HspB 
family of proteins. The pertinence of heat-shock-induced transcriptional activation 
of HspB1 for cellular thermoresistance was established by a series of studies in the 
early 1990s. It was demonstrated that cells which ectopically express high levels of 
HspB1 become resistant to heat shock and to a variety of other stress (Jaattela and 
Wissing  1993 ; Knauf et al.  1992 ; Landry et al.  1989 ; Lavoie et al.  1993a ; Mehlen 
et al.  1995 ; Rollet et al.  1992 ). HspB1 was also the fi rst member of this family of 
proteins to be related to the regulation of actin architecture in response to stress, but 
also during physiological stimulations (Lavoie et al.  1993a ,  b ). 

18.2.1     HspB1 and Actin Dynamics: A Relationship Relevant 
for Both Stressed and Unstressed Cells 

 Miron et al. fi rst reported that HspB1 could regulate actin polymerization in cell- 
free systems. In their assays, purifi ed HspB1 inhibited actin polymerization and 
even more, promoted rapid depolymerization of F-actin (Miron et al.  1988 ,  1991 ). 
It was concluded that HspB1 behaves like an F-actin barbed-end capping protein 
with little effect on actin nucleation. Shortly after, Lavoie et al. reported that HspB1 
could promote cell survival in the presence of the actin polymerization inhibitor 
cytochalasin D, in a phosphorylation-dependent manner (Lavoie et al.  1993a ). This 
protective effect was correlated with changes in the organization of the actin 
 cytoskeleton upon overexpression of HspB1, providing further support for a direct 
activity on actin (Lavoie et al.  1995 ). Furthermore, Lavoie et al. found that 
 phosphorylation of HspB1 not only act to prevent severe alterations of the actin 
cytoskeleton architecture in response to various stress, but also to modulate growth 
factor-induced actin remodeling and membrane dynamics (Lavoie et al.  1993b ; 
 1995 ). For instance, wild type HspB1 was found to enhance growth factor-induced 
F-actin accumulation, whereas the HspB1 phosphorylation mutant exerted a domi-
nant negative effect and inhibited actin reconfi guration in response to mitogens. 
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During that period, Benndorf et al. ( 1994 ) provided additional evidence reinforcing 
the role of HspB1 phosphorylation and its direct action on actin polymerization. 
Non-phosphorylated and phosphorylated Hsp25/HspB1 monomers as well as 
 multimeric particles were isolated from Ehrlich ascites tumor cells and assessed for 
their activity on actin polymerization in a test tube. It was found that the actin 
polymerization-inhibiting activity of Hsp25/HspB1 is dependent on the degree of 
its phosphorylation and on its structural organization (Benndorf et al.  1994 ). Indeed, 
non-phosphorylated monomers inhibited actin polymerization while phosphory-
lated monomers and non-phosphorylated multimeric particles did not. Based on this 
work and others (Mounier and Arrigo  2002 ), it was proposed that unphosphorylated 
HspB1 inhibits actin assembly by capping the fast-growing end of actin fi laments 
(F-actin), a model that was later disputed by During et al. in 2007 (as described in 
the next section). 

 In the meantime, the nature of HspB1 signal transduction pathway was elucidated. 
It was established that the phosphorylation-dependent effects of HspB1 on actin 
dynamics were triggered in a similar manner by toxic stress and physiological 
signals, through activation of the p38MAPK-MAPKAPK2 signaling axis (Ahlers 
et al.  1994 ; Ben-Levy et al.  1995 ; Guay et al.  1997 ; Huot et al.  1995 ; McLaughlin 
et al.  1996 ; Rouse et al.  1994 ; Stokoe et al.  1992 ; Zhou et al.  1993 ). Based on these 
initial studies that were performed mostly in fi broblasts overexpressing HspB1, it 
was proposed that the contribution of HspB1 as a modulator of actin remodeling in 
response to various signals would depend upon the cellular context, i.e. the concentration 
of HspB1 relative to other actin regulators (Landry and Huot  1995 ). In cells where 
HspB1 is highly expressed, e.g. during development, or after stress, activation of the 
p38MAPK signaling axis would be a key determinant of actin remodeling via phos-
phorylation of HspB1. In support of such model, the physiological importance of 
the p38MAPK-HspB1 pathway in modulating actin dynamics was clearly demon-
strated in human umbilical vein endothelial cells that constitutively express high 
levels of HspB1 (Huot et al.  1997 ; Rousseau et al.  1997 ). The exact nature of the 
phosphorylation-regulated activity of HspB1 remained enigmatic for some time, 
but it was hypothesized that the ability of non-phosphorylated HspB1 to act as a 
F-actin capping protein in a test tube would be inhibited by its phosphorylation in 
cells. Release of phosphorylated HspB1 could promote F-actin polymerization and 
remodeling by uncapping the fast-growing end. Yet, direct mechanistic evidence for 
such dynamic interaction between HspB1-actin in vivo has been missing. 

 During the next decade, activation of the p38MAPK-MAPKAPK2-HspB1 
signaling axis was extended to several contexts, including rat kidney mesenchymal 
cells, human keratinocytes, HeLa cells or aortic smooth muscle cells, and in animal 
models (Garmyn et al.  2001 ; Hirade et al.  2002 ; Ito et al.  2005 ; Kato et al.  1999 ; 
Muller et al.  1999 ; Vertii et al.  2006 ; Weber et al.  2005 ). Further, a role for HspB1 in 
the regulation of actin architecture in unstressed cells was confi rmed. This is how 
HspB1 was involved in several processes involving extensive remodeling of the cell, 
for instance, in the regulation of cell migration, cell contraction, cell invasion and 
podocyte and lamellipodium formation (McMullen et al.  2005 ; Muller et al.  1999 ; 
Pichon et al.  2004 ; Shin et al.  2005 ; Smoyer and Ransom  2002 ). Similarly, other 
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members of the HspB family of proteins were linked to the regulation of actin 
dynamics, suggesting that actin structures represent major cellular components 
interacting with these proteins. In particular, overexpression of HspB5 was found to 
protect cells against cytochalasin D, like HspB1, and interaction with actin appears 
to be regulated also by its phosphorylation status (Wang and Spector  1996 ). As 
HspB5 exhibits a distinct localization after heat shock and is organized in fi bers that 
colocalize with F-actin, it is likely that its mode of action differs (Singh et al.  2007 ). 
Likewise, HspB6 was reported to bind actin and to regulate actin dynamics depending 
on its phosphorylation status (Brophy et al.  1999a ,  b ). In a more recent study, it 
was further found that among the ten members of HspB family, HspB1, HspB6 and 
HspB7 show independent cardioprotective activity to prevent tachycardia 
remodeling during atrial fi brillation by reducing the formation of F-actin stress 
fi bers (Ke et al.  2011 ). Intriguingly, HspB8 was shown to function by inhibiting the 
activity of RhoA GTPase upstream of F-actin assembly, pointing to a distinctive 
activity on the actin-regulatory machinery. 

 Notwithstanding a large body of evidence, the role of HspBs as mediators of 
actin-regulatory protein function has been largely ignored in most reviews on 
signaling pathways for actin assembly, perhaps, because of a misunderstanding of 
their mode of action. It is only recently that some clarifi cations came from studying 
the pathogenic effect of Bacillus anthracis on actin-based motility. The next section 
is dedicated to these fi ndings, as they have received little attention from the sHsp 
community.  

18.2.2     Toward a Mechanistic Understanding 
of HspB1-Actin Relationship 

 Many pathogens, including bacteria, have evolved gene products to subvert and 
reconfi gure the actin cytoskeleton to promote infection and pathogenesis. Studying 
the molecular biology of interactions between pathogenic products and host cells 
has provided key information about the role of actin and essential mediators of 
actin-regulatory protein function, in particular, about the Rho GTPase signaling 
 system (Lavoie et al.  2010 ; Taylor et al.  2011 ; Welch and Way  2013 ). Similarly, the 
phosphorylation-dependent function of HspB1 in actin dynamics has been  identifi ed 
as a key target of the anthrax lethal toxin that mediates its paralyzing effect on 
 neutrophil actin-based motility, supporting its major role as a actin-regulatory 
 protein (During et al.  2005 ,  2007 ). 

 Lethal toxin is thought to be the major virulence factor responsible for impaired 
immunity and death upon inhalation of anthrax, which causes fatal bacteremia 
(Moayeri and Leppla  2004 ). In order to identify the pathways underlying inhibition 
of actin-based motility by lethal toxin, During et al. have searched for proteins 
exhibiting changes in phosphorylation in response to lethal toxin, as it was known 
to affect MEK kinases. They identifi ed HspB1 as a major protein showing decreased 
phosphorylation in response to lethal toxin (During et al.  2007 ). To explore the role 
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of HspB1 as a mediator of lethal toxin-dependent inhibition of actin-based motility, 
the authors elegantly exploited  Listeria  as a probe to assess actin polymerization in 
cells.  Listeria  is an intracellular bacterium that stimulates actin assembly in host 
cells, to form actin-rich comet tails propelling the bacterium through the cytoplasm 
(Lambrechts et al.  2008 ). Remarkably, they found that lethal toxin dramatically 
impaired the assembly of  Listeria  actin tails. Such effect was paralleled by inhibi-
tion of HspB1 phosphorylation and could be mimicked by incubating cells with a 
p38MAPK inhibitor. Strong evidence was provided that HspB1 phosphorylation is 
a prime mediator of lethal toxin inhibition of actin assembly, using depletion-rescue 
approaches. Inhibition of  Listeria  actin-based motility was impaired by HspB1- 
specifi c siRNAs, but restored after microinjection of wild type or non- phosphorylated 
HspB1 (During et al.  2007 ). This was consistent with original fi ndings by Lavoie 
et al. showing that phosphorylation of HspB1 promotes new actin assembly, 
while non-phosphorylatable HspB1 acts as dominant-negative and decreases F-actin 
assembly (Lavoie et al.  1995 ). 

 To get more mechanistic insights into the mode of action of HspB1, the authors 
examined the effects of recombinant HspB1 (wild type, non-phosphorylatable or 
pseudophosphorylated) on purifi ed pyrenyl actin assembly and disassembly 
(Kouyama and Mihashi  1981 ). Cell-free assays were performed to assess its poten-
tial as a barbed-end capping protein, its activity on actin monomer sequestration and 
on disassembly of barbed fi lament end. It was found that increasing amounts of 
HspB1 had no effect on the rate of actin nucleation using as template spectrin-4.1 
actin nuclei that contain actin fi laments with free barbed ends. However, HspB1 
inhibited actin assembly when pre-incubated with the monomeric actin solution, 
suggesting that it might function by sequestering actin monomers rather than by 
capping actin fi laments. In further support, non-phosphorylatable and wild type 
HspB1 could inhibit actin assembly from gelsolin-actin nuclei, which are actin 
 fi laments already capped at their barbed end. In such assays, any slowdown of actin 
assembly could only be explained by actin monomer sequestration. Based on 
these detailed assays and immunolocalization analyses, a new model was proposed 
for the phosphorylation-dependent promotion of actin assembly by HspB1. 
Unphosphorylated HspB1 octamers, which were found to localize mainly at the 
leading edge of polarized cells, would provide a “reservoir” of actin monomers that 
would be mobilized via signal-induced phosphorylation (Fig.  18.1 ). Phosphorylation 
of HspB1, which promotes dimer formation, would release a pool of actin monomers 
for local promotion of actin assembly. Hence agonist stimulation would serve to 
uncap actin fi laments through the activation of phosphoinositides and GTPase 
 signaling systems (Soderling  2009 ), while freeing sequestered actin monomers 
through phosphorylation of HspB1 that would act in concert with other pathways to 
promote actin assembly (During et al.  2007 ). Phosphorylated HspB1 would 
move towards the cell center where it would be dephosphorylated, again bind actin 
monomers, and then shuttle them back to the leading edge, ready to be mobilized 
upon cell activation.  

 Through this study, the phosphorylation of HspB1 was fi rmly established as a 
key mechanism to regulate motility in nonmuscle cells by showing its subversion by 
pathogenic bacteria, 20 years after the initial discovery of its actin-modulatory 
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activity. It remains to be determined whether other HspB proteins can exhibit  similar 
activity, and if so, in which specifi c contexts. HspB8, however, has recently emerged 
as a peculiar member of this family with a clearly distinctive mode of action for the 
regulation of actin-based cellular structures. Studies that have uncovered functional 
relationships with clearance of proteins by selective autophagy will be outlined 
below.   

18.3      HspB8-Bag3: How Clearance of Proteins by Selective 
Autophagy Might Interface with Chaperoning 
of Higher Order Actin-Based Structures 

 The  Hspb8  gene was fi rst identifi ed in melanoma cells as a gene encoding a protein 
kinase named H11, and in breast cancer cells by a screen of estrogen-induction 
effects on gene expression, where it was named E2IG1 (Charpentier et al.  2000 ; 
Smith et al.  2000 ). The existence of intrinsic protein kinase activity of HspB8 has 
been questioned owing to low homology to protein kinases, low level of auto- 
phosphorylation, lack of specifi c substrate, and use of HspB8 immunocomplex in 

  Fig. 18.1    Model describing how HspB1 would facilitate actin-based motility, through a phos-
phorylation cycle that could serve to shuttle actin monomers to sites of actin assembly (Based on 
During et al.  2007 ;  G-actin  monomeric actin,  F-actin  actin fi lament,  P  phosphate. See text for 
details)       
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autophosphorylation assays, raising the possibility for contaminations by associated 
protein kinases (Depre et al.  2002 ; Kim et al.  2004a ,  b ). In contrast, there are many 
strong data in support of the chaperone-like activity of HspB8. Indeed, Benndorf 
et al. rediscovered and identifi ed HspB8 as a typical small HspB family member 
with similarity to HspB1, mainly in the α-crystallin domain (Benndorf et al.  2001 ). 
Thereafter, HspB8 chaperone activity was demonstrated in vitro and in vivo (Carra 
et al.  2005 ; Chavez Zobel et al.  2003 ; Chowdary et al.  2004 ; Kim et al.  2004b , 
 2006 ). Moreover, our group and others have described HspB8 as a key contributor 
to the macroautophagy pathway that leads to degradation of misfolded protein 
(Carra et al.  2008a ,  b ,  2010 ; Crippa et al.  2010 ; Kwok et al.  2011 ). 

 A functional interaction between HspB8 and the BAG-family member Bag3 was 
discovered by our group and reported in a paper by Carra et al. in 2008 (Carra et al. 
 2008a ). Bag3 was identifi ed as an obligate partner of HspB8 regulating its stability. 
In several cell lines, all HspB8 appear to be associated with Bag3, the depletion of 
which leads to a rapid destabilization of HspB8. In marked contrast to canonical 
HspBs that form oligomeric complexes (mainly homotypic) in cells, HspB8 was 
found to exhibit a distinctive structural organization: it mainly forms dimers, but it 
is associated in a stoichiometric complex with Bag3 (HspB8-Bag3 [2:1]) (Carra 
et al.  2008a ). Fuchs et al. have elucidated the molecular determinants of such inter-
action, highlighting a key role for Bag3 IPV motifs (Ile-Pro-Val) that binds to the 
hydrophobic groove of HspB8 (Fuchs et al.  2010 ). IPV-like motifs are usually found 
in the C-terminus of HspBs and have been linked to stabilization of dimer-dimer 
conformation (Basha et al.  2012 ). Intriguingly, neither HspB8 nor HspB6 contain 
such motif, which might explain their low-oligomeric states and a possible func-
tional requirement for binding to Bag3. Actually among the other ubiquitously 
expressed HspB proteins HspB1, HspB5 and HspB6, only HspB6 has been found to 
associate with Bag3, like HspB8; the latter, however, was established as the pre-
ferred partner of Bag3 (Fuchs et al.  2010 ). Such interaction between HspB8-Bag3 
could be signifi cant for cell physiology, given that mutation of one Bag3 IPV motifs 
(P209L) was linked to severe myopathy in human (Selcen et al.  2009 ). Together, 
these fi ndings support a more widespread function for HspB IPV motifs in the for-
mation of multi-proteins complexes. They also point to a role for HspB8 in some 
pathway regulating protein degradation, as BAG-family of cochaperones are known 
to regulate triage of substrates between refolding and degradation (Alberti et al. 
 2003 ; Arndt et al.  2005 ; Dai et al.  2005 ; Doong et al.  2002 ,  2003 ). 

18.3.1     HspB8-Bag3 in Protein Quality Control: When 
the Aggresome Pathway Meets the Autophagic 
Machinery 

 There are currently six BAG-family of cochaperones characterized by a C-terminal 
BAG domain that binds the Hsp70 ATPase domain to regulate the fate of Hsp70 
substrates (Kabbage and Dickman  2008 ). Yet Bag3 is known to inhibit rather than 
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to stimulate proteasomal degradation of proteins (Doong et al.  2003 ; Gamerdinger 
et al.  2009 ). In their initial study, Carra et al. fi rst involved the HspB8-Bag3  complex 
in the clearance of aggregated polyQ proteins by macroautophagy (Carra et al. 
 2008a ). Macroautophagy, hereafter named autophagy, is an essential physiological 
process for the bulk degradation of cellular constituents during starvation, thereby 
recycling nutrients in the internal pool that can be used for survival means (Yang 
and Klionsky  2010 ). Thought to be unselective, autophagy now appears as a 
selective process for the degradation of damaged organelles and insoluble protein 
aggregates otherwise indigestible by the proteasome (Shaid et al.  2013 ). Selective 
targeting of substrate proteins is driven by a subset of autophagy receptors/adaptor 
proteins that includes a protein partner of Bag3: the p62/SQSTM1 adaptor protein, 
which sequesters cargo into forming autophagosome (Gamerdinger et al.  2009 ; 
Rogov et al.  2014 ). Autophagic receptors recognize substrate modifi cations like 
ubiquitination on the one hand, and mediates targeting to the autophagic machinery 
through interacting with LC3 anchored at the autophagosome membrane, on the 
other hand. In their search for a mechanism whereby overexpressed HspB8-Bag3 
could promote the clearance of polyQ proteins, Carra et al. found that the accumulation 
of Htt43Q was impaired in the presence of inhibitors of autophagy. HspB8 and/or 
Bag3 were shown to promote the redistribution of GFP-LC3, a marker of autopha-
gosomes, from a diffuse cytoplasmic pattern to punctate structures. They were also 
found to cause accumulation of lipidated LC3 and its association with membranes. 
Accordingly, it was proposed that HspB8-Bag3 function to accelerate the disposal 
of polyQ proteins by mediating selective autophagy. 

 At the time of these fi ndings, there was little known on the specifi c role of 
Bag3 in protein quality control and on the mechanisms of selective autophagy. 
Thereafter, the relevance of Bag3 in autophagy was expanded by Gamerdinger et al. 
In a fi rst paper in 2009, it was found that Bag3, owing to its capacity to recruit the 
autophagy machinery, is an essential regulator of protein quality control during 
aging (Gamerdinger et al.  2009 ). The increased autophagic fl ux regulated by Bag3 
was linked to its association with the autophagic adaptor protein p62/SQSTM1. In 
a second paper in 2011, the authors reported a role for Bag3 in chaperone-based 
aggresome-targeting and selective autophagy of misfolded proteins. They found 
that Bag3 binds to dynein and controls the transport of microaggregates into 
aggresomes upon inhibition of the proteasome with MG132 (Gamerdinger et al. 
 2011 ). A role for Bag3 in the aggresome pathway was concomitantly corroborated 
by Zhang and Qian in 2011, who reported the contribution of CHIP, a Hsp70/Hsp90 
ubiquitin ligase, providing a link with the protein degradation machinery (Zhang 
and Qian  2011 ). The mechanisms involved were further expanded in a study from 
Xu et al. in 2013, who found that phosphorylation of Bag3 directs the recruitment 
of dynein via binding to 14-3-3 protein, which would function as a molecular adaptor 
in Bag3-mediated aggresomal targeting of misfolded proteins (Xu et al.  2013 ). 
The aggresome pathway is believed to protect cells against the toxicity of small 
aggregates of misfolded proteins when proteasome-dependent degradation fails, by 
promoting their targeting and congression/sequestration into juxtanuclear structures 
that are also believed to facilitate their clearance by autophagy (Garcia-Mata et al. 

18 Regulation of Actin-Based Structure Dynamics by HspB Proteins and Partners



444

 2002 ; Kopito  2000 ; Rodriguez-Gonzalez et al.  2008 ). Aggresomal targeting of 
 misfolded proteins is an active process whereby damaged proteins are loaded onto 
the dynein-dynactin motor complex for retrograde transport along microtubules 
(Olzmann and Chin  2008 ; Ravikumar et al.  2005 ). 

 Thus Bag3, owing to its multi-domains structure and its ability to function as a 
large scaffold, seems to provide a signaling platform to recruit the molecular 
machineries for recognition (chaperones), transport (dynein) and seclusion/clear-
ance of misfolded proteins (Fig.  18.2 ). How Bag3 might coordinate these processes 
remains to be determined. Besides, it is unclear how its activity is related to key 
molecular adaptors like HDAC6 that were described to play a similar role in 
aggresome-targeting of misfolded proteins (Olzmann and Chin  2008 ). In fact, 
molecular mechanisms underlying its associations with other components of this 
pathway, like the autophagic adaptor p62/SQSTM1, are yet to be defi ned. Importantly, 
while Hsp70 has been fi rmly established as a key partner of Bag3 in the aggresome 
pathway, the exact role of HspB8, if any, has not been addressed. Given the involve-
ment of HspBs in regulation of actin dynamics, and based on recent fi ndings in 
muscle cells, it is conceivable that HspB8 could recruit the Bag3-dependent machin-
ery for seclusion and/or degradation of a selective subset of cellular proteins regu-
lating the dynamics and integrity of complex actin-based structures. Evidence to 
support such a model will be outlined in the following section.   

  Fig. 18.2    Scheme of the modular structure of the cochaperone Bag3, emphasizing direct interac-
tions with partners that have been involved in cytoskeletal proteostasis (CASA), or those associ-
ated with the effects of Bag3 on cell adhesion and motility; numbers represent the positions of 
amino acids within the Bag3 sequence; P209L, mutation linked to severe myopathy in human (see 
text for details)       
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18.3.2     Beyond Actin Assembly-Disassembly: Regulation 
of Cytoskeleton Protein Degradation Through 
Chaperone-Assisted Selective Autophagy (CASA) 

 Genetic evidence implicating Bag3 in the regulation of complex actin-based 
 structures came from studies by the group of Takayama, who produced a mouse 
model by genetic ablation of  Bag3 . These mice were found to develop fulminant 
and severe myopathy (Homma et al.  2006 ). This phenotype was associated with 
disruption of Z-disk—the actin-contractile structure of myofi brils—followed by 
myofi brillar degeneration, involving Bag3 in homeostasis of cytoskeleton elements. 
These original fi ndings were confi rmed in a cellular model using shRNA-mediated 
knockdown of Bag3 in rat neonatal cardiomyocytes subjected to mechanical stretch. 
In this work, a new partner of Bag3-Hsc70 was identifi ed which functions in F-actin 
stabilization: the F-actin-capping protein CapZ (Hishiya et al.  2010 ). It was shown 
in vitro that the Bag3-Hsc70 complex contributes to proper localization of CapZ to 
Z-disc to maintain functional structures. Together, these studies established a role 
for the Bag3-Hsp70 complex in the maintenance of the Z-disc, an actin-based 
 structure exposed to mechanical stress during contraction of muscle cells. 

 Mechanistic insights into that process were provided by the group of Höhfeld, 
who described a HspB8/Bag3/Hsp70 complex in  Drosophila  that would be respon-
sible for the maintenance of the Z-disk (Arndt et al.  2010 ). The complex was shown 
to facilitate the release of damaged proteins such as fi lamin (FLNA)—a mechano-
sensor in cells—and their disposal by a selective autophagy process. They proposed 
that HspB8 recognizes damaged fi lamin whereas processing of the cargo is 
 dependent on Hsp70-CHIP mediated ubiquitylation, which leads to the recruitment 
of p62/SQSTM1 and stimulates autophagy. This is how the process called CASA—
chaperone-assisted selective autophagy—was described as a mechanism essential 
for the maintenance of muscle cells integrity. In 2013, the same group further 
defi ned the CASA machinery as a tension-induced autophagy pathway essential 
for mechanotransduction not only in muscle cells, but also more generally, for 
adaptation of mammalian cells to mechanical strain (Ulbricht et al.  2013 ). It was 
found that Bag3, HspB8 and Hsp70 bind in a cooperative manner to a mechanosen-
sitive region of fi lamin being exposed upon increased intracellular tension (Razinia 
et al.  2012 ). Synaptopodine-2 (SYNPO2)—a cytoskeleton adaptor protein and a 
FLNA interactor (Linnemann et al.  2010 )—was identifi ed as a new protein partner 
interacting with the WW domain of Bag3. 

 Based on a series of elegant experiments, they proposed a model in which Bag3 
would hold together the machineries for the recognition, degradation, and 
 transcriptional regulation of a prototype actin-binding protein denatured upon 
mechanical stress such as those experienced during actin-based contraction in both 
muscle and nonmuscle cells. In their model, SYNPO2 would link the CASA complex 
to the autophagic machinery by recruiting traffi cking factors as VPS18, VPS16 and 
Atg7, while CHIP and p62/SQSTM1 would promote fi lamin ubiquitination and its 
autophagic clearance. Furthermore, Bag3, through its WW domain, also provides 
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binding sites for proteins of the Hippo pathway—LATS1/2 and AMOTL1/2—that 
regulate the activity of YAP1/TAZ transcription regulators (Harvey et al.  2013 ). 
Therefore in mechanically strained cells, increased Bag3 expression and its binding 
to LATS1/2 and AMOTL1/2 would abrogate the cytoplasmic retention of YAP1 and 
promote transcriptional upregulation of cytoskeletal targets, including fi lamin 
(Dupont et al.  2011 ). Thus, the Bag3 complex has emerged as a crucial regulator of 
the homeostasis of actin-based structures by coordinating removal and disposal of 
damaged cytoskeleton components, while promoting a transcriptional response to 
compensate disposal (Ulbricht and Hohfeld  2013 ). Indeed, CASA activity and Bag3 
expression were found to be adjusted to the extent of tension within the cytoskeleton; 
increased tension, just like heat stress, appears to activate HSF1 to stimulate 
 compensatory expression of CASA-chaperones (Ulbricht et al.  2013 ). 

 Such a role for Bag3 could explain the progressive myopathy and Z-disk disrup-
tion in mice KO for Bag3 and the severe myopathy observed in patients with the 
P209L mutation, which, as aforementioned, is in the HspB8-Bag3 interaction motif 
(Fuchs et al.  2010 ). This provides support to the idea that HspB8 would function 
with Bag3 to preserve the integrity of this actin-based structure. Such groundbreak-
ing fi ndings also support a more general function for the CASA machinery in main-
taining the integrity of actin-based structures in response to various stress in 
nonmuscle cells, and perhaps, in unstressed cells to allow rapid remodeling of 
higher order cytoskeletal structures upon cell activation. In support of this hypoth-
esis, the CASA machinery was shown to localize along stress fi bers that form when 
tension is  generated inside cells during adhesion and migration in nonmuscle cells 
(Ulbricht and Hohfeld  2013 ). Further evidence linking Bag3 to the regulation of 
actin remodeling and cell adhesion, and potential relevance to pathological contexts 
such as cancer, will be discussed below.   

18.4     Is HspB8-Bag3 Playing a More Widespread Function 
in the Regulation of the Dynamics of Actin-Based 
Structures in Unstressed Cells? 

18.4.1     Bag3 in Cell Adhesion and Motility: 
Sustaining the Cancer Phenotype? 

 As mentioned before, Bag3 has a modular structure that provides multifaceted 
 interactions enabling the protein to act as a molecular scaffold and as such, to modu-
late several biological processes including apoptosis, development and autophagy 
(Rosati et al.  2011 ). Bag3 is unique among the Bag proteins for the presence of a 
WW domain, which plays a critical role in selective autophagy as described above, 
and a proline-rich region (PXXP) that provides SH3-binding motifs (Fig.  18.2 ). 
These protein domains are generally found on proteins acting within signal 
transduction networks to connect plasma membrane receptors to submembranous 
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cytoskeleton components, and to promote actin remodeling (Ilsley et al.  2002 ; Salah 
et al.  2012 ). Besides, the involvement of Bag3 in cytoskeleton organization, cell 
adhesion and motility is emerging as a key property of the cochaperone, which 
could be responsible for a large part of its linkage to human diseases such as cancer. 
In humans, expression of Bag3 is constitutive in a few normal cell types, but is 
found in several primary tumors and tumor cell lines of various origins (leukemia, 
lymphomas, neuroblastoma, pancreas, thyroid, breast and prostate carcinoma, 
 melanoma, glioblastoma, kidney, colon and ovary cancers), where it is believed to 
support tumor cell motility (see for a review Rosati et al.  2011 ). Whether such 
function is related to the CASA activity described above, and whether molecular 
chaperones, in particular HspB8, function together with Bag3 to regulate adhesion 
and motility is an important, unresolved issue. 

 The fi nding that some cancers contain high levels of Bag3 raises the possibility 
that overexpression contributes to the malignant phenotype typifi ed by tumor cell 
invasion and metastasis. In support of such hypothesis, Bag3 was involved in the 
modulation of epithelial-to-mesenchymal transition (EMT) in tissue culture cells, in 
human hepatocellular carcinoma cells (HCC)—a highly invasive tumor with high 
expression of Bag3 (Xiao et al.  2014 ). Li et al. also reported a phosphorylation- 
dependent effect of Bag3 on epithelial markers and cell shape in thyroid cancer cells 
(Li et al.  2013 ). EMT is a physiological process regulating cell migration during 
development. In cancer, however, it is associated with acquisition of mesenchymal 
characteristics, loss of epithelial polarity and cell-cell contacts, leading to increased 
invasiveness of tumor cells (Lamouille et al.  2014 ). EMT is driven by extensive 
remodeling of actin-based structures that support cell adhesion and polarity. Hence 
the involvement of Bag3 in EMT suggests that the cochaperone exerts crucial 
motility- promoting activity, perhaps, through modulation of actin structures. This is 
supported by the work of Iwasaki et al. who fi rst explored a role for Bag3 in cell 
motility and adhesion using  Bag3 -defi cient mouse embryonic fi broblasts, and by 
manipulating Bag3 protein levels in several cancer cell lines (Iwasaki et al.  2007 ). 
They found that Bag3 overexpression increases, while reduction of Bag3 decreases, 
cell motility in tissue cultures. Bag3 was localized to the cell leading edge, where 
actin remodeling and polymerization occur. Besides, a reduction of Bag3 protein 
level was associated with a decrease in Rac1 activity, supporting a role in actin 
polymerization at the leading edge of migrating cells. Moreover, knockdown of 
Bag3 protein level in a human tumor xenograft was shown to suppress invasion 
and metastasis in mice. This provides support to the possibility that overexpression 
of Bag3 in epithelial cancers could confer increased invasive properties to cells 
experiencing nutrient deprivation, a driving force for spreading of cancer cells. 
Actually, Bag3-promoting effects on cell motility were mostly observed when 
cells were cultured in low serum (Iwasaki et al.  2007 ). 

 Instead of the usual culprits, the chaperones, novel partners of Bag3 were linked 
to its effects on cell adhesion and motility. Through a yeast two-hybrid screen, 
Iwasaki et al. identifi ed the PDZ domain containing guanine nucleotide exchange 
factor 2 (PDZGEF2)—a Rap1 guanine exchange factor—as another protein 
interacting with the WW domain of Bag3 (Iwasaki et al.  2010 ). Rap1 is a small 
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GTPase that has been involved in the control of establishment of cell polarity, 
activation of integrin-mediated cell adhesion, the regulation of cell-cell contacts and 
secretion (reviewed in Frische and Zwartkruis  2010 ). Consistently, Bag3 was shown 
to promote cell adhesion in Cos7 cells, in a PDZGEF2-dependent manner (Iwasaki 
et al.  2010 ). It is interesting to note that Rap1 was linked to the regulation of 
elements of the Hippo pathway, like Bag3 and the CASA machinery (Avruch et al. 
 2012 ; Ulbricht and Hohfeld  2013 ). Additionally, Bag3 seems to regulate, in a 
PXXP- dependent manner, the expression of CNN—a matricellular signaling 
protein promoting cell adhesion through integrins and proteoglycans, yet through 
unknown mechanisms (Kassis et al.  2009 ). Finally, the group of Tosco reported that 
Bag3 associates with the cytosolic chaperonin CCT to regulate actin folding 
(Fontanella et al.  2010 ), further highlighting a major role for Bag3 in actin-based 
dynamics. That Bag3 protein levels infl uence cell motility and adhesion was 
 corroborated in several studies (reviewed in Rosati et al.  2011 ). In most of these 
studies, however, there have been little attempts to connect the effects of Bag3 on 
signaling cell adhesion and invasion, to the effects of molecular chaperones on these 
pathways.  

18.4.2     Chaperone-Mediated Degradation of Proteins 
to Regulate Large-Scale Remodeling of Actin? 

 While attempting to fi ll these gaps, Colvin et al. recently demonstrated that Bag3 
mediates the effects of Hsp70 on regulation of cancer-related signaling networks 
(Colvin et al.  2014 ). In particular, they found that Bag3, via its PXXP motif,  interacts 
with the SH3 domain of the oncogenic tyrosine kinase Src, thereby mediating the 
effects of Hsp70 on Src signaling which is a crucial signaling hub controlling cell 
adhesion and motility (Brunton and Frame  2008 ; Colvin et al.  2014 ). Accordingly, 
the activity of Bag3 on cancer cell motility and adhesion could largely rely on its 
ability to integrate chaperone systems with a broad network of signaling pathways. 
Along the same line, it is conceivable that some of the effects of Bag3 on cancer-
related processes involving large-scale remodeling of actin could rely on HspB8-
dependent effects on selective targeting and clearance of cytoskeletal proteins 
(described in Sect.  18.3 ). Accumulating evidence indicates that vital processes for 
cancer cells like cell migration and cell division depend upon timely degradation of 
proteins to favor rapid changes in actin network architecture (Huang  2010 ). For 
instance, the progression through mitosis involves the most dramatic and spectacu-
lar changes in the overall structure of a cell, changes that dictates proper segregation 
of chromosomes and which are typically completed within an hour in highly 
 dividing cells like cancer cells (Almonacid et al.  2014 ; Kunda and Baum  2009 ). 
While little is known on how these changes are regulated in time and space, selec-
tive protein sequestration and/or degradation are emerging as key mechanisms 
(Belaid et al.  2013 ,  2014 ; Werner et al.  2013 ). 
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 Of particular interest here, it was shown that active RhoA—the master regulator 
of actomyosin dynamics at the cleavage furrow—needs to be sequestered into 
autophagosomes in late cytokinesis to allow disassembly of the contractile actin 
ring and fi nal abscission of sister cells. Impaired autophagy was associated with 
cytokinesis failure, aneuploidy and motility defects, three processes that infl uence 
tumor progression. It was concluded that the autophagic degradation of active RhoA 
was required to restrict its activation in time and space and ensure fi ne-tuning of the 
Rho pathway (Belaid et al.  2013 ). How timely and specifi c recognition of protein 
substrates is controlled, however, is unknown. Based on recent developments, we 
infer that specialized chaperone systems, like the HspB8-Bag3 complex, could be 
mobilized during cell division to assist in the assembly-disassembly of macromo-
lecular complex driving actin-based structures in highly dividing cells. In support of 
such idea, we recently uncovered a role for Bag3, in association with HspB8 in 
actin dynamics, spindle positioning and proper chromosome segregation during 
mitosis (Fuchs et al. unpublished data). Furthermore, the autophagic adaptor 
p62/SQSTM1—a protein partner of Bag3—was independently linked to mitotic 
progression and chromosome segregation (Linares et al.  2011 ). Nonetheless, functional 
relationships with quality control of mitotic organelles are yet to be discovered.   

18.5     Concluding Remarks 

 Studies conducted over 25 years have unraveled specialized roles played by the 
small molecular chaperones HspB proteins in cytoskeletal dynamics and proteosta-
sis. In this review, we have examined functional evidence supporting such functions 
for HspB1, HspB8 and its partner Bag3 that might be relevant to their effects in 
cancer cell survival and motility. Through this work, “unconventional chaperone 
activities” have been uncovered in protein sequestration (HspB1 and actin), shuttling/
transport and autophagic degradation (the Bag3-HspB8 complex). Clearly, much 
more work is needed to clarify how individual HspB, and their partners, function to 
modulate actin remodeling in various contexts, and if the activities of Bag3 on signaling 
actin remodeling depend upon chaperones. How their emerging roles in quality 
 control and dynamics of actin-based cellular structures are integrated within networks 
of signaling pathways in stressed and unstressed cells is yet to be dissected. 

 Although still speculative, we feel that there is suffi cient evidence to propose a 
model that could serve as framework for future studies. In this model, HspB  proteins 
and their partners could form a specific quality control network that would 
assist in the assembly and disassembly of macromolecular complexes controlling 
the dynamic architecture of actin in response to various signaling cascades. Some 
chaperones would act to sequester actin monomers and promote their release on cell 
activation, hence serving as large “reservoirs of polymerization-competent G-actin” 
that would support the assembly of actin structures (e.g. HspB1). Others would 
promote the autophagic clearance of cytoskeletal components to facilitate 
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disassembly- assembly of actin structures, and limit signaling in a spatially and 
temporally restricted manner (e.g. HspB8-Bag3). The intimate relationship between 
HspB proteins and actin and its impact on selective autophagic degradation could 
even extend to HspB7 based on work from Vos et al. ( 2010 ,  2011 ), although the 
mechanism remains to be elucidated. Perturbations of actin architecture are among 
the common, primary features observed in response to a variety of insults, including 
oncogene activation, which also trigger the phosphorylation of HspB proteins. 
Then the phosphorylation-regulated function of HspB proteins could integrate 
multiple signals and coordinate actin-based cellular functions to support the cancer 
phenotype. 

 Considering the ever expanding dynamic processes relying on actin remodeling, 
including protein and organelle traffi cking, cell polarity, directional cell migration, 
cell division and cellular traction/contraction, it should not be surprising to fi nd 
elaborate connections between signaling pathways controlling actin assembly- 
disassembly and protein quality control network. Deregulation of many aspects 
linked to actin dynamics in cancer highlights the need for a better understanding 
of the complexities involved. Hence, follow up work should provide fascinating 
twists to the story of chaperone-mediated actin remodeling by HspB proteins and 
their partners.     
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     Chapter 19   
 Heat Shock Alters Keratocyte Movement 
and Morphology: Exploring a Role for HSP27 
(HSPB1) 

             Bindi     M.     Doshi    ,     Lawrence     E.     Hightower     , and     Juliet     Lee   

    Abstract     HSP27 is essential for mammalian cell movement. To further explore the 
effects of heat shock and the mechanistic role of HSP27, we have initiated a study 
using a well-established model of rapidly moving cells, the fi sh keratocyte. Here we 
report that heat shock causes a decrease in cell speed. Since changes in cell mor-
phology can drastically affect cell movement, we also monitored changes in cell 
morphology. Heat shock caused a decrease in the number of polar cells and an 
increase in those with one stuck adherent edge, indicating the occurrence of both 
cytoskeletal re-organization and increased adhesion to substrata. Analyses of HSP27 
levels using Western blots showed they were relatively high in keratocytes prior to 
heat shock and remained high afterward. In contrast, Western blot analysis of HSP70 
showed that it was induced strongly by heat shock, indicating that fi sh keratocytes 
mounted a robust heat shock response. Surprisingly, given the propensity of HSP27 
to localize in nuclear/perinuclear regions following heat shock, the location of 
HSP27 in fi sh keratocytes was unchanged as shown by indirect immunostaining 
with anti-HSP27 antibodies. Fluorescence intensities of immunostained images 
of cells before and after heat shock were quantifi ed using Image J software. The 
results of this analysis showed that fl uorescence intensity decreased following heat 
shock, suggesting changes in HSP27 that affected antibody recognition. Possible 
roles for HSP27 in regulating actin fi lament dynamics, cell speed and morphology 
are discussed.  
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19.1         Introduction 

 When we began our studies of human HSP27 (HSPB1), the most convincing 
 evidence linking this protein to actin fi lament dynamics was its inhibition of actin 
polymerization in vitro (Miron et al.  1991 ; Benndorf et al.  1994 ). Our goal was to 
demonstrate this link in cells by studying the role of HSP27 in cell motility. We used 
a human colon cancer cell line and nontumorogenic colonocytes to show that HSP27 
is critical for wound healing (Doshi et al.  2009 ). HSP27 levels were reduced using 
siRNA, resulting in loss of the cells’ ability to close wounds in a cell culture-based 
assay. Immunoprecipitation pull-down assays were used to show that HSP27 and 
actin are in the same complex both before and after heat shock. Indirect immunos-
taining of cells was also done to evaluate co-localization of these two proteins. They 
showed co-localization before heat shock, little association by 3 h post heat shock, 
and increased association by 24 h after heat shock. Cells were still capable of move-
ment when cytoprotection was established 3 h after heat shock. 

 Having established that HSP27 plays a vital role in regulating wound healing, we 
wished to study a motile cell type in which the effects of heat shock on cell speed 
and morphology can be measured readily. We chose fi sh epithelial keratocytes, 
because they are a well-studied model for fast moving cell types that the Lee labora-
tory has investigated in detail. In addition, we also have experience in analyses of 
the induction of HSP27 by heat in a fi sh hepatoma cell line (PLHC-1). HSPs 70, 30 
and 27 have been characterized in these cells derived from the subtropical desert 
minnow species,  Peociliopsis lucida  (Norris et al.  1997 ). Using radioisotopic label-
ing, the heat shock temperature and the HSP27 induction time frame were deter-
mined. These results provided a starting point for determination of the heat shock 
response of the keratocytes derived from the tropical and subtropical species of 
Black Molly used for the experiments described herein. 

 The question remains why is HSP27 found with actin? It may regulate actin fi la-
ment dynamics, and/or it may function as an actin binding protein providing struc-
tural support for the cytoskeleton. We sought to further investigate the function of 
HSP27 and actin interaction in keratocytes. 

 Keratocytes were obtained from Black Molly,  Molliniesia sphenops , scales. Fish 
keratocytes are known for their fan-shaped lamella and tightly coordinated move-
ment. As the leading lamella extends at the front, it pulls the cell body forward, and 
when the rear of the cell detaches, the entire cell can advance. Keratocyte movement 
is regulated by stretch-activated calcium channels (SACs) that promote rapid move-
ment by allowing cells to sense and respond to increases in cytoskeletal tension (Lee 
et al.  1999 ). For example, when the cell rear is unable to detach, while the front is 
extending, cytoskeletal tension builds. When tension reaches a critical threshold 
level, SACs are activated, resulting in an increase in intracellular calcium and con-
sequently release of the cell rear. After retraction at the rear of the cell, cytoskeletal 
tension drops and the cell is able to continue moving. Thus protrusion and retraction 
are tightly coordinated between the front and rear of the cell. Actin polymerization 
occurs at the front of the cell where various proteins are involved in regulating 
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 fi lament dynamics. Their functions can include stabilizing fi laments, capping or 
uncapping fi laments, and severing fi laments. It is not known exactly how actin fi la-
ments are regulated by HSP27 or how heat shock affects fi lament dynamics. It is 
possible that HSP27 may regulate fi lament dynamics, as suggested by previous 
fi ndings of HSP27 association with actin (Clarke et al.  2013 ; Doshi et al.  2009 ; 
Graceffa  2011 ; Miron et al.  1991 ; Mounier and Arrigo  2002 ). 

 To begin characterizing the heat shock response in keratocytes, changes in speed 
and morphology were observed before and after heat shock using phase contrast 
microscopy. Indirect immunostaining was used to determine HSP27 localization 
before and after heat shock. Western blot analysis was used to measure changes in 
HSP70 and HSP27 protein expression levels following heat shock.  

19.2     Results 

19.2.1     Heat Shock Decreased Cell Speed 

 To establish the effect of heat shock on cell movement, keratocytes were imaged in 
a heated chamber using differential interference (DIC) microscopy before, during, 
and after a 1-h heat shock at temperatures ranging from 37 to 41 °C. The observa-
tions after heat shock were made 1 h and 24 h after the termination of the heat 
shock. The speed of individual cells was obtained from time-lapse movies using the 
MTrackJ tool in Image J software. The back edge of each cell in the fi eld of view 
was tracked throughout the image series to obtain the x, y coordinates of the cell 
position over time, which were used to calculate speed. We found that cell speed 
decreased in cells receiving heat shock at either 37 °C or 39 °C (Fig.  19.1 ). At 
37 °C, average cell speed decreased signifi cantly after a 1-h recovery period follow-
ing heat shock, and decreased further by 24 h post heat shock. At 39 °C, average cell 
speed was also signifi cantly decreased by 1 h and 24 h after heat shock. Heat shock 
temperatures of 40 and 41 °C for 1 h resulted in cell death (data not shown).  

 Changes in cell morphology can drastically infl uence cell speed. For example, 
keratocytes move most rapidly when they exhibit a fan shape that is indicative of a 
high degree of polarity. However, cell speed is reduced if polarity is lost such as 
when one edge becomes stuck, or the cell develops two lamellae. Many keratocytes 
showed a change in cell morphology as a result of heat shock (Fig.  19.2 ). To deter-
mine how the decrease in cell speed is related to changes in cell morphology, heat 
shocked cells were sorted into categories; polar, bipolar, one stuck edge, apolar, and 
rounded cells (Fig.  19.2a ). Apolar cells were identifi ed as cells having a lamella sur-
rounding the cell body whereas rounded cells entirely lacked a lamella. The number 
of polar cells decreased after either a 37 or 39 °C heat shock. After a 37 °C heat 
shock for 1 h, keratocytes showed a doubling in the percentage of bipolar cells, no 
change in the percentage of cells with one stuck edge, apolar and rounded cells, 
consistent with substantial cytoskeletal rearrangement (Fig.  19.2b ). After a 39 °C 

19 Heat Shock Alters Keratocyte Movement and Morphology…



460

heat shock, the keratocyte population showed a greater percentage change in the 
same categories of cell morphology including a doubling of the number of cells 
with one stuck edge, indicating the occurrence of both cytoskeletal re-organization 
and increased adhesion strength (Fig.  19.2c ).   

19.2.2     HSP27 Localization Is Unaltered After Heat Shock 

 HSP27 is known for its translocation from the cytoplasmic region to the perinu-
clear/nuclear region after cells experience stress (Arrigo et al.  1988 ; Borrelli et al. 
 2002 ). As we observed previously (Doshi et al.  2009 ), SW480 colon cancer cells 
display HSP27 translocation to the perinuclear region as a result of heat shock. To 
establish whether HSP27 translocated to the perinuclear region in keratocytes fol-
lowing heat shock, indirect immunostaining was used to visualize HSP27 local-
ization. Indirect immunostaining was done before and after heat shock, using 
primary HSP27 antibodies (Shelden laboratory) that were detected with a fl uores-
cent secondary antibody. To monitor changes in cytoskeletal organization, fl uo-
rescent phalloidin was used to visualize actin (Fig.  19.3a ). Immunofl uorescence 
staining was performed on keratocytes prior to heat shock (Before 39 °C HS), 
immediately after receiving a 1-h heat shock (After 39 °C HS), and either 3 or 
24 h after heat shock. Wide-fi eld fl uorescence microscopy was used to detect 
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  Fig. 19.1    Cell speed decreases in response to heat shock. Keratocyte average cell speed was mea-
sured before heat shock, during heat shock, 1 h after heat shock and 24 h after heat shock. Cells 
received a 1-h heat treatment at either 37 or 39 °C. Cells were maintained at room temperature at 
all other times. Control cells were monitored under the same conditions with the exclusion of a 
heat treatment. Individual cells were monitored and the results were averaged: Before HS (before 
heat shock) n = 19 for the 37 °C experiment and n = 34 for the 39 °C experiment; Heat Shock (dur-
ing heat shock) n = 12 for 37 °C and n = 17 for 39 °C; After HS (1 h after heat shock) n = 12 at 37 °C 
and n = 11 at 39 °C; 24 h after HS (24 h after heat shock) n = 15 at 37 °C and n = 9 at 39 °C. Error 
bars denote standard error of the means. *Statistically signifi cant at P < 0.05 (Student  t -Test)       
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  Fig. 19.3    Cellular location of HSP27 before and after heat shock. Keratocytes were fi xed and 
stained for endogenous HSP27 using anti-HSP27 primary antibodies obtained from the Shelden 
laboratory and actin was detected using rhodamine-labeled phalloidin. Heat was applied at 39 °C 
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heat shock (24 h after 39 °C HS, n = 20). Scale bar, 10 uM. ( b ) Fluorescence intensity levels 
derived from Image J software analysis of HSP27-stained cells shown in previous panel. The bar 
marked Control shows data obtained from cells without heating and the bar marked 39 °C shows 
data obtained from cells after a 1-h heat shock. The standard error of the means are shown       
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localization of HSP27. No change in HSP27 localization was observed between 
non-heat shocked and heat shocked cells. This result was confi rmed using a pri-
mary HSP27 antibody from the Tanguay laboratory.  

 To quantify the amount of HSP27 immunostaining inside keratocytes, fl uores-
cence intensity was measured using Image J Software. Fluorescence intensity of 
areas in cells stained with anti HSP-27 antibodies decreased after cells received heat 
shock (Fig.  19.3b ).  

19.2.3     HSP27 Expression Levels Were Unchanged Following 
Heat Shock 

 To detect changes in HSP70 and HSP27 expression levels before and after heat 
shock, protein levels were detected using Western blot analysis. HSP70 induction is 
a common characteristic of a heat shock response by virtually all organisms includ-
ing fi sh (Norris et al.  1997 ). HSP70 protein expression levels were probed on immu-
noblots of SDS-PAGE gels of keratocyte lysates before and after heat shock 
(Fig.  19.4a ). HSP70 levels increased compared to actin controls by 3 h after a 39 °C 
heat shock for 1 h, confi rming that fi sh keratocytes could mount a heat shock 
response under our experimental conditions.  

 To determine whether HSP27 expression levels are affected by heat shock, 
immunoblots of cell lysates were made before and after heat shock and visualized 
using anti-HSP27 antibodies from either the Shelden or the Tanguay laboratory. No 
signifi cant increases in HSP27 protein levels were detected 24 h after either a 37 or 
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  Fig. 19.4    Immunoblot analysis of HSP70 and HSP27 levels in keratocytes before and after heat 
shock. ( a ) Cell lysates were made from unheated control cells (No HS) and immediately after (0 h 
HS) or 3 h (3 h HS) after a 39 °C heat shock for 1 h. Proteins were separated by SDS-PAGE and 
the gels were processed by Western blotting using anti-actin and anti-HSP70 primary antibody. 
( b ) Cell lysates were made from unheated control cells (No HS) and from cells 3 h after heating 
for 1 h at either 37 or 39 °C. The lysates were processed by Western blotting using anti-actin and 
anti- HSP27 (Shelden antibody)       
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39 °C heat treatment compared to actin controls (Fig.  19.4b ). To assess whether 
HSP27 induction was occurring at shorter times post heat shock, protein extracts 
were taken before 1 h of heat shock at both temperatures, immediately after a 1-h 
heat shock, 3, 5 and 9 h post heat shock (data not shown). None of the lysates 
showed increased levels of HSP27 relative to actin controls regardless of which 
primary anti-HSP27 antibody was used. Immunoblots made from lysates of SW480 
colon cancer cells were probed for HSP27 to verify that the antibodies we used 
could recognize keratocyte HSP27. Western blots showed that HSP27 levels 
increased after heat shock in SW480 cells, confi rming that the antibody recognized 
HSP27 (data not shown). Since the amount of keratocyte HSP27 was high prior to 
heat shock and unchanged afterward, these results support the idea that keratocytes 
may express maximum levels of HSP27 at normal culture temperatures of 22 °C.   

19.3     Discussion 

 HSP27 associates with actin in human cells in culture, indicating that it may be 
involved in actin fi lament dynamics (Doshi et al.  2009 ). It is often stated that HSP27 
(HSPB1) is an actin fi lament barbed-end capping protein in vitro (Guay et al.  1997 ; 
Miron et al.  1991 ). This early work used the murine and avian HSP25 and numerous 
models of in vivo interactions between human HSP27 and actin fi laments often have 
been based on studies of HSP25. More recent studies by Graceffa and colleagues 
using HSP27 (Graceffa  2011 ) and employing analytical ultracentrifugation, fl uores-
cence spectroscopy and electron microscopy (EM) support the conclusion that 
HSP27 is a weak actin fi lament (F-actin) side-binding protein in vitro. Additional 
evidence from this study indicates that HSP27 binds F-actin as a monomer. Other 
investigators studying the effect of HSP27 on actin polymerization have concluded 
that it is probably not a barbed-end capping protein (During et al.  2007 ). They con-
sidered HSP27 to be an actin monomer sequestering protein. Graceffa stated in his 
paper that his work did not rule out the possibility that HSP27 is a barbed-end cap-
ping protein but rather it added support to the idea that HSP27 is also an F-actin 
side-binding protein. In this regard, we found the EM study reported by Graceffa 
quite interesting in that addition of HSP27 to F-actin did not result in dissociation 
of the actin fi laments, which prompted him to conclude that HSP27 is not a strong 
sequesterer of actin monomers. It is important to note that the fl uorescently tagged 
forms of HSP27 used in the Graceffa studies did not involve modifi cation of the 
termini of HSP27, and so these are unlikely to interfere with actin binding. This 
possibility is supported by the recent fi nding that the attachment of fl uorescent pro-
teins to either the N-terminal or C-terminal ends of HSP27 and several other small 
HSPs alters their oligomeric structures, their chaperone-like activities and their abil-
ity to form hetero-oligomers (Datskevich and Gusev  2013 ). 

 A recent cell-based study (Clarke et al.  2013 ) may be more pertinent to our 
experiments with keratocytes. PC12 cells, a neuroendocrine rat pheochromocy-
toma line that expresses HSPB1 endogenously, was used. Association between 
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HSPB1 and F-actin was investigated using pull-down assays in conjunction with 
immunocytochemistry, confocal microscopy and Western blotting. The authors 
showed that F-actin is complexed with both phosphorylated and non-phosphory-
lated HSPB1 and that this association increases upon heat shock. Even though the 
details of this response are not known, it may account for the effects of heat shock 
on keratocytes. 

 The effects of heat shock on keratocyte movement were investigated to deter-
mine whether alterations in motility are related to HSP27 expression (Fig.  19.5a ). 
HSP27 protein expression levels remained unchanged after heat shock, indicating 
that keratocyte HSP27 did not show the characteristic heat shock response common 
to many other cell lines. Cell speed decreased in response to heat shock and cell 
morphology was also affected. Keratocyte morphology changed from a polarized 
fan shape before heat shock, to either bipolar, apolar, rounded or having a stuck 
edge, after heat shock. Unlike many other cell types, fi sh keratocyte HSP27 did not 
translocate to either the nucleus or perinuclear region after heat shock. However, 
immunofl uorescence staining for HSP27 decreased. This, together with the fact that 
HSP27 expression levels are unchanged by heat shock, indicates that HSP27 was 
less accessible to the primary antibody due to either a change in conformation or 
association state. This possibility is supported by evidence that HSP27-actin bind-
ing strength increases in response to heat shock. Given the abundance of actin fi la-
ment networks in keratocytes, it is possible that HSP27 becomes tightly associated 
with these networks and unavailable for translocation to the nucleus as well as less 
accessible to the primary antibody.  

 Heat shock caused a signifi cant decrease in keratocyte cell speed, which gave a 
strong indication that actin fi lament dynamics was altered. This may be due to the 
interaction of HSP27 with actin fi laments. For example, if HSP27 acts as a plus end 
actin capping protein in vivo, it might promote a high rate of movement by main-
taining a large pool of actin monomers in an unstressed cell. However, signifi cant 
uncapping of HSP27 would decrease cell speed due to the depletion of actin mono-
mers, as might be expected in a cell experiencing heat shock. HSP27 may also sta-
bilize actin fi laments during stress by binding to their sides. For example, fi broblasts 
over-expressing HSP27 were able to adhere better to collagen matrix than control or 
under-expressing HSP27 cells (Hirano et al.  2004 ). While its exact function in actin 
fi lament dynamics is unclear, numerous studies have shown that HSP27 is essential 
for cell migration. This has been demonstrated by studies where RNAi mediated 
reduction of HSP27 levels decreased migration regardless of cell type (Doshi et al. 
 2009 ; Garcia-Arguinzonis et al.  2010 ; Golembieski et al.  2008 ; Nomura et al.  2007 ). 

 The changes in keratocyte morphology and speed that occurred after heat shock 
suggest a change in actin fi lament dynamics. For example, some keratocytes 
appeared to become more fi rmly attached to the substratum, as indicated by cells 
possessing one stuck edge that is unable to retract. In addition, many cells lost 
polarity, becoming bipolar or apolar. Evidence suggests that the activity of mitogen- 
activated protein kinase (MAPK) might be involved in these changes, because 
MAPK phosphorylates HSP27 in response to stress (Stokoe et al.  1992 ), which is a 
major determinant of HSP27 function (Fig.  19.5b ). Un-phosphorylated HSP27 
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 cannot initiate new fi lament growth, and it can inhibit actin polymerization by 
behaving as an actin plus end capping protein (Benndorf et al.  1994 ; Miron et al. 
 1991 ). However, phosphorylated monomers and non-phosphorylated multimers 
permit actin polymerization in vitro (Benndorf et al.  1994 ). 

 A recent interesting paper (Stöhr and Hüttelmaier  2012 ) reported that IGF2 
mRNA binding protein 1 (IGF2BP1), an oncofetal RNA-binding protein, is an 
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oncogenic factor that regulates adhesion, migration and ultimately invasiveness of 
tumor cells through intracellular signaling pathways. Evidence was presented that 
IGF2BP1 interferes with phosphorylation of HSP27 directed by MAPK-activated 
protein kinase 5 (MK5). This protein kinase is also known as P38-regulated/acti-
vated protein kinase. This occurs indirectly through the facilitation of inhibition of 
MAPK4 mRNA translation by IGF2BP1. It is proposed that these alterations limit 
the ability of phosphorylated HSP27 to sequester G-actin, which in turn enhances 
cell adhesion and increases the speed of tumor cell migration. 

 Activation of the Rho GTPases has been shown to increase MAP kinase activity 
in response to stress (Du et al.  2010 ; Lee et al.  2001 ) and may also induce changes 
in keratocyte cell morphology. This is believed to occur through the activation of 
PAK (p21-activated kinase) which can activate the p38MAP kinase pathway 
together with Cdc42 and Rac. Increased Rac activity is consistent with our observa-
tion of apolar cells with large, spread lamellae, whereas the activation of Rho might 
explain why some keratocytes appear stuck at one edge, since this GTPase will 
increase stress fi ber and adhesion formation. Increased levels of phosphorylated 
HSP27 might also contribute to this phenotype by stabilizing actin fi laments, and 
indirectly decreasing adhesion turnover, which could reduce cell speed. 

 Translocation of HSP27 to the nucleus or to perinuclear regions after a heat 
shock has become a hallmark of the heat shock response in many different cell types 
(Arrigo et al.  1988 ; Ehrnsperger et al.  1999 ). Often, cytoskeletal networks collapse 
into the perinuclear region as well (Mounier and Arrigo  2002 ). We observed that in 
fi sh keratocytes the cytoskeletal structure remained stable after heat shock as 
observed by visualization of actin stress fi bers. Under these circumstances, it is pos-
sible that cytoplasmic HSP27 becomes fully associated with actin stress fi bers to 
stabilize them during heat shock. Consequently, these HSP27 molecules would not 
have been available to translocate, and no perinuclear localization of HSP27 due to 
a collapse of the fi lament network would have occurred. The decrease in fl uores-
cence intensity of cytoplasmic HSP27 that is observed in keratocytes following heat 
shock may have been another manifestation of this increased association with the 
actin cytoskeleton. This is because the antibody binding site(s) on HSP27 may have 
been shielded by interaction with the actin fi lament network or conformational 
changes in HSP27 bound to these fi laments may have reduced its affi nity for the 
primary antibodies. Another possibility is that oligomerization of HSP27 following 
heat shock may have reduced antibody affi nity due to conformational changes and 
shielding of antibody binding sites. 

 We observed that keratocytes have an elevated level of HSP27 without heat 
shock, when compared with the minimal levels of HSP27 expression seen in PLHC 
( P. lucida  liver cells) without heat shock. Possibly since HSP27 is already upregu-
lated in keratocytes prior to heat shock, HSP27 expression levels may not be able to 
increase further in response to heat shock. HSP27 present in high amounts in kera-
tocytes and low levels in PLHC cells further exemplifi es how regulation of this 
protein varies among cell types. 

 Fish have evolved a particularly rapid wound healing response that allows them 
to quickly repair skin lesions. According to our hypothesis, fi sh keratocytes would 
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not require several hours of stress-induced gene expression in order to produce 
 elevated levels of Hsp27 and to achieve maximum changes in cell morphology. This 
would allow rapid movement of keratocytes into damaged areas of skin to achieve 
wound closure. Fish liver cells presumably do not require such a rapid response and 
consequently maintain relatively low basal levels of HSP27. Our analysis of the heat 
shock response in fi sh keratocytes indicates that it develops over a period of several 
hours, during which keratocytes reduce their speed and become more tightly 
adhered to the substratum. In addition, the dramatic changes in cell morphology are 
consistent with a change in actin fi lament dynamics, perhaps involving stabilization 
of the cytoskeleton. We hypothesize that similar changes may occur during a fi sh 
skin wound response after the keratocytes have moved rapidly into the damaged 
area to initiate wound repair.     
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    Chapter 20   
 Reconsidering Old Data: Non-canonical 
HspB1 Species and the Enigma 
of the Cytoskeletal Function of HspB1 

             Rainer     Benndorf      and     Peter     R.     Jungblut    

    Abstract     At the cell biological level, numerous studies have provided evidence for 
the regulatory role of HspB1 (Hsp27, Hsp25) in the organization and stabilization 
of the actin cytoskeleton. Unfortunately, the underlying molecular mechanisms for 
this important function of HspB1 remain obscure. One factor that impedes a better 
understanding of this function of HspB1 is the confl icting accounts of its ability to 
inhibit the polymerization of actin. 

 Although various modifi cations of HspB1 have been reported, studies have been 
largely limited to the phosphorylation by the protein kinases MK2 and MK3. 
Phosphorylation by these MKs typically results in the formation of two or three 
HspB1 spots that can be visualized by two-dimensional gel electrophoresis. Together 
with the HspB1 spot of the non-phosphorylated HspB1, these spots contain the 
canonical HspB1 species that have been the focus of many studies in the past. 

 In contrast, a few studies report a large number (60 or more) of additional HspB1 
species. The existence of these non-canonical HspB1 species cannot be explained 
by simple phosphorylation by the MKs. Instead, other modifi cations can be expected 
to contribute to these complex protein species patterns. Such complex HspB1 spe-
cies patterns have been found in the human heart, extracts of mouse Ehrlich ascites 
tumor cells, and in Hela cells. It can be assumed that these non-canonical HspB1 
species occur more widely, however, their detection requires suitable analytical 
methods. These complex modifi cation patterns of HspB1 and of many other pro-
teins have led to the protein speciation discourse and to the concept of the protein 
code that serves to better understand the functions of proteins. 

 Re-evaluating published data, we hypothesize that one of the non-canonical 
HspB1 species is involved in the inhibition of actin polymerization. This non- 
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canonical protein species was present in native ‘active’ HspB1 preparations which 
inhibited the polymerization of actin, but was absent or nearly absent in  preparations 
of ‘inactive’ recombinant and native phosphorylated HspB1, respectively. This non-
canonical HspB1 species may have an additional post-translational modifi cation or 
may adopt a conformation that differs from that of the canonical protein species, 
e.g. by exposing sequence segments to the surface that were shown to inhibit the 
polymerization of actin. 

 We propose that testing this hypothesis could help to clarify the role of HspB1 in 
the organization of the actin cytoskeleton. In this context we also propose that 
efforts should be made to unravel the chemical nature of a number of the non- 
canonical HspB1 species and their possible biological function(s).  

  Keywords     HspB1 modifi cation   •   Phosphorylation   •   Actin polymerization   •   Protein 
speciation discourse   •   Hypothesis  

20.1         Introduction 

 In recent decades, numerous studies reported a regulatory role of HspB1 (Hsp27, 
Hsp25) in the organization and stabilization of the actin cytoskeleton at the cell 
biological level (Lavoie et al.  1993a ,  b ,  1995 ; Mounier and Arrigo  2002 ; Koh and 
Escobedo  2004 ; Hirano et al.  2005 ; Robinson et al.  2010 ). With this evidence, there 
is little doubt about this aspect of the cellular function of HspB1. Unfortunately, at 
the molecular level the underlying mechanisms are not understood (see below). 
Moreover, for more than two decades, mammalian HspB1 has been known to be a 
prominent phosphoprotein which is phosphorylated by the protein kinases MK2 and 
MK3, or related enzymes (Arrigo and Welch  1987 ; Benndorf et al.  1988 ; Gaestel 
et al.  1991 ; Landry et al.  1992 ; Ronkina et al.  2008 ; Shiryaev et al.  2011 ). In addi-
tion, a number of other modifi cations of HspB1 have been reported, including phos-
phorylation by PKG (Butt et al.  2001 ) or other unknown protein kinases (see the 
UniProt database at   http://www.uniprot.org/    ), acylation by various fatty acids 
(Oesterreich et al.  1991 ), sumoylation (Becker et al.  2013 ), methyl-glyoxyal modi-
fi cation (Schalkwijk et al  2006 ; van Heijst et al.  2006 ), O-GlcNAC glycosylation 
(Guo et al.  2012 ), oxidative dimerization (Zavialov et al.  1998a ), glutathionylation 
(Zavialov et al.  1998b ), ubiquitination (Sun et al.  2011 ), and cross-linking by trans-
glutaminase (Merck et al.  1993 ), although the physiological implications of these 
modifi cations are mostly unknown. 

 In spite of this diversity, phosphorylation by MK2/MK3 is the most obvious and 
by far the most studied modifi cation of HspB1. Human (and other primate) HspB1 
contains three MK2/MK3 phosphorylation sites (Ser15, Ser78, Ser82) (Landry 
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et al.  1992 ), whereas mouse (and other rodent) HspB1 contains two such sites 
(Ser15, Ser86) (Gaestel et al.  1991 ). Consistent with this, the overwhelming majority 
of studies demonstrated that human and mouse tissues typically contain HspB1 spe-
cies that form four and three major HspB1 spots, respectively, as detected on two-
dimensional isoelectric focusing-SDS polyacrylamide gel electrophoresis (2-DE) 
gels. These ‘canonical HspB1 spots’ contain non-phosphorylated, onefold phos-
phorylated, twofold phosphorylated and threefold phosphorylated HspB1 species. 1  
However, a few studies report much more complex HspB1 patterns, with additional 
or ‘non-canonical HspB1 species’ being observed as they appeared in ‘non-canoni-
cal HspB1 spots’ on 2-DE gels. The existence of these additional HspB1 species 
cannot be explained by phosphorylation just by MK2/MK3 and related enzymes. 
Instead, additional modifi cations or other processes seem to play a role. This raises 
questions with regard to the chemical nature of these additional HspB1 species, and 
also to possible functional consequences including their biological importance. 

 Here we re-evaluate earlier reports on complex 2-DE HspB1 spot patterns with 
numerous additional or non-canonical HspB1 species in human hearts, in the mouse 
Ehrlich ascites tumor (EAT), and in Hela cells. Given this observed complexity of 
HspB1 patterns, it can be assumed that additional modifi cations other than phos-
phorylation by MK2 or MK3 contribute to the formation of this complexity, although 
the presence of certain HspB1 species may be restricted to specifi c tissues or to a 
distinct physiological situation. On this basis, we hypothesize that some of these 
non-canonical HspB1 species account for properties of HspB1 reported earlier, 
notably for its role in inhibition of actin polymerization. Studying these non- 
canonical HspB1 species may help to resolve the confl icting accounts on the role of 
HspB1 in the organization of the actin fi laments.  

1   Traditionally, these protein spots were referred to as non-phosphorylated, onefold phosphory-
lated, twofold phosphorylated and threefold phosphorylated HspB1 isoforms. In this report, how-
ever, we do not use the term ‘isoform’ in connection with phosphorylation or other post-translational 
modifi cations, since the usage of this term should be restricted to genetic variants as defi ned by the 
IUPAC-IUBMB Joint Commission on Biochemical Nomenclature [Nomenclature of multiple 
forms of enzymes. In: Biochemical Nomenclature and Related Documents, 2nd edition. Edited by: 
Liébecq C. Colchester; Portland Press; 1992]. The more recent discourse on ‘protein species’ 
accommodates the situation that single ‘spots’ on 2-DE gels actually may represent more than one 
protein species (Jungblut et al.  2008 ). For example, the ‘spot’ representing onefold phosphorylated 
human HspB1 may contain HspB1 species phosphorylated at Ser15, or Ser78, or Ser82, or at one 
other amino acid residue, or mixtures thereof. In this chapter, we use the term ‘HspB1 species’ to 
refer to single or specifi c HspB1 forms, be they defi ned or not. This contrasts to the term ‘canonical 
HspB1 spot’ which designates those HspB1 forms (notably the non-phosphorylated, onefold, two-
fold and threefold phosphorylated HspB1 forms) as they appeared in most studies on 2-DE gels, 
and also to the term ‘non-canonical HspB1 spot’ which designates the numerous additional HspB1 
forms as observed on 2-DE gels in a few studies on HspB1. Both the canonical and non-canonical 
HspB1 spots are formed by one or more of the canonical and non-canonical HspB1 species. 
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20.2     Puzzling Old and New Findings: Complex HspB1 Spot 
and Protein Species Patterns 

20.2.1     Amazing Diversity of Non-canonical HspB1 Spots 
in Human Hearts 

 In analysis of protein patterns of healthy and diseased human heart tissues by the 
highly sensitive high resolution 2-DE in combination with western blotting and 
mass spectrometry, HspB1 was identifi ed in atleast 59 spots (Otto et al.  1994 ; 
Thiede et al.  1996 ; Scheler et al.  1997 ,  1999 ). The proteins in these spots differ from 
each other in their molecular mass and/or their isolelectric point. A representative 
sample of immunostained HspB1-containing spots of a healthy human heart (left 
ventricle) is shown in Fig.  20.1  (modifi ed from Scheler et al.  1999 ). This multitude 
of speciation is puzzling as the nature of the underlying protein modifi cations is 
only partially known. At least, protein species with apparent molecular masses of 
less than ~25 kDa can be assumed to result from partial proteolysis.  

 In Fig.  20.1 , most of the HspB1 spots in the ~26–28 kDa range are grouped into 
two series with isoelectric points in the range of ~4.9–6.2. Among them are the 
main spots (h1, h2, h6, h7, h10, h12, h22, h17, h14) belonging either to the upper 
series with molecular masses of ~28 kDa, or to the lower series with molecular 

  Fig. 20.1    Complex HspB1 species pattern in a healthy human myocardial left ventricle shown by 
high-resolution 2-DE followed by immunoblotting. For immunodetection, an HspB1-specifi c anti-
body was used. The identity of a number of these HspB1 species was also verifi ed by mass spec-
trometry. Although the canonical HspB1 spots were not identifi ed in this study, the candidates are 
spots h1, h2, h6, and h10 (The image was modifi ed from Scheler et al. ( 1999 ) where more experi-
mental details are given. Used with permission by the Wiley-VCH Verlag GmbH, Weinheim, 
Germany)       
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masses in the 26–27 kDa range. Some of these HspB1 spots can be assumed to 
represent the canonical protein species which differ by their degree of phosphoryla-
tion, although they were not exactly assigned in that study. The chemical nature of 
the difference of the molecular masses of ~1 kDa between both series is not known. 
Similarly, the nature of other HspB1 species, e.g. in the most acidic spots h12 and 
h14 or in the many spots with intermediate isoelectric points between the main 
spots, both in the upper and lower series, remains unknown. Simple phosphoryla-
tion steps by MK2/MK3 do not provide an adequate explanation for the existence of 
these non-canonical HspB1 spots. Interestingly, the intensity of some of these spots 
(e.g. h1, h4, h5, h9r, h15, h17, h20, h21, h25, h47, h50) on HspB1-immunoblots 
differed in control hearts and hearts from patients with dilated or ischemic cardio-
myopathy (Scheler et al.  1999 ). 

 In a separate study, a few of these non-canonical HspB1 species with intermedi-
ate isoelectric points were also detected in human fetal and adult explanted heart 
samples, using the less sensitive standard 2-DE method (Lutsch et al.  1997 ). 

 In summary, human HspB1 can exist in a great number of protein species which 
includes the non-canonical species. On 2-DE gels, these HspB1 species form com-
plex spot patterns including both canonical and non-canonical spots. It can be con-
cluded that modifi cations other than phosphorylation at the three MK2/MK3 
phosphorylation sites, or other processes, occur, resulting in the formation of such a 
complex protein species pattern. The occurrence of these non-canonical HspB1 spe-
cies may not be limited to the heart. However, their detection requires both suitable 
samples and suffi ciently sensitive analytical methods.  

20.2.2     Phosphorylated and Non-phosphorylated 
Non- canonical HspB1 Species in Extracts 
of Ehrlich Ascites Tumor Cells 

 A similarly complex, yet informative, pattern of non-canonical HspB1 spots was 
observed on 2-DE gels from extracts of mouse EAT cells, as opposed to live EAT 
cells that contain HspB1 species which present as the three canonical spots (spots 1, 
2, and 3 in Fig.  20.2a , panel a), of which two (spots 2 and 3) are phosphorylated 
(Fig.  20.2a , panel b) (Benndorf et al.  1988 ,  1992 ).  

 Surprisingly, a simple protein enrichment procedure (ammonium sulfate precipi-
tation from the cell extract, yielding a 0.45S fraction) produced an apparent basic 
shift of spot 2, resulting in the formation of the new spot 1a, and thus presumably to 
a new HspB1 species (Fig.  20.2b , panel a), which typically was not observed in live 
cells. Incubation of this 0.45S fraction in the presence of ATP apparently reversed 
this shift, resulting in the restoration of spot 2 (panel b). 

 Since this 0.45S fraction contained active MK2 (Hayess and Benndorf  1997 ), 
incubation with [γ- 32 P]ATP was used for identifi cation of the phosphoproteins 
among the HspB1 species in the various spots (Fig.  20.2b , panel c). As expected, 
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  Fig. 20.2    Canonical and non-canonical spots of HspB1 in mouse EAT cells and fractionated cell 
extracts as separated by 2-DE. ( a ) Total (panel  a ) and phosphorylated (panel  b ) protein species in 
HspB1 spots in live EAT cells. In panel ( a ), the separated cell proteins were silver stained, whereas 
in panel ( b ) the cell proteins were labeled in vivo by incorporation of [ 32 P]phosphoric acid and 
visualized by autoradiography. Live cells contain only the canonical HspB1 spots 1 (containing 
non-phosphorylated HspB1 species), 2, and 3 (both containing phosphorylated HspB1 species). 
( b ) Total (panels  a ,  b ,  d ) and phosphorylated (panel  c ) protein species in HspB1 spots in the 0.45S 
fraction of EAT cell extracts. Panels( a ) and ( b ) show the spot distribution in the 0.45S fraction 
incubated in the absence or presence of ATP, respectively, as visualized by silver staining. In panel 
( c ), the HspB1 species were labeled in vitro by incubation in the presence of [ 32 P]ATP and visual-
ized by autoradiography. Panel ( d ) shows a western blot of all detectable HspB1 spots in the 0.45S 
fraction after incubation in the presence of ATP, using an antibody raised against the HspB1 iso-
lated from spot 1. The non-incubated 0.45S fraction, or when incubated in the absence of ATP, 
contains the non-canonical HspB1 species in spot 1a, in addition to the canonical species in spots 
1 and 2. The HspB1 species in spot 1a seems to have formed essentially from the species in spot 2. 
When incubated in the presence of ATP, the 0.45S fraction produces a number of non-canonical 
HspB1 spots, in addition to the canonical spots 2 and 3. These non-canonical spots were visualized 
by silver-staining (panel  b ), incorporation of  32 P into the phosphor-HspB1 species (panel  c ), and 
western blotting (panel  d ). ( c ) Schematic drawing of all HspB1 spots observed. Spots containing 
non-phosphorylated HspB1 species are indicated by open symbols, and spots containing phos-
phorylated HspB1 species by closed symbols. Numbers refer to HspB1 spots as used in this report 
(The images were taken from Benndorf et al. ( 1992 ), where more experimental details are given. 
Used with permission by Elsevier B.B., Amsterdam, The Netherlands (license number 
3402661050555))       
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spots 2 and 3 were labeled (among others, see below), providing evidence for their 
phosphoprotein status also in this in vitro system. Unexpectedly, spot 1a was not 
labeled, like spot 1. This proves that a non-phosphorylated ‘intermediate’ HspB1 
species exists, on 2-DE gels positioned between the non-phosphorylated canonical 
spot 1 and the onefold phosphorylated canonical spot 2. 

 The experiment shown in Fig.  20.2b  also revealed the formation of a number of 
additional, non-canonical HspB1 species following the incubation in the presence 
of ATP, as shown by silver staining (panel b), incorporation of [γ- 32 P]ATP (panel c), 
and western blotting (panel d). Apparently, the protein species in spots 1 and 1a 
were converted resulting in the formation of spots 2, 2a, 3, 3a, 4, 5, and 6 which all 
represent phosphoproteins. Among them, spots 2a, 3a, 4, 5, and 6 are non-canonical 
spots, containing non-canonical HspB1 species. 

 The highly sensitive radiolabeling method also detected the HspB1 species in 
spots 2b, 3b, 4b, 5b, and 6b, all of which are phosphoproteins (Fig.  20.2b , panel c). 
This b series of HspB1 species is distinguished by an increased molecular mass by 
~1 kDa, compared to the masses of the protein species in spots 1 through 6. These 
HspB1 species may correspond to the high molecular mass forms that were observed 
in the human heart (cf. Fig.  20.1 ). 

 The identity of most of these HspB1 species in the various spots was verifi ed by 
western blotting, using the incubated 0.45S fraction (Fig.  20.2b , panel d). Western 
blotting also detected an HspB1 species in spot 1b that was not phosphorylated. A 
schematic of all observed HspB1 spots observed in EAT cell extracts is shown in 
Fig.  20.2c . 

 Taken together, mouse HspB1 can form a number of non-canonical protein spe-
cies in addition to the species typically contained in the three canonical spots, 
although they were detected only in cell extract fractions. The biochemical basis of 
the HspB1 species diversity as observed in this experiment is not known, other than 
phosphorylation at the two MK2/MK3 sites. In particular, the chemical basis of 
protein species 1a (contained in HspB1 spot 1a) is of interest as this species was 
present in the purifi ed HspB1 fraction that was reported to inhibit the polymeriza-
tion of actin in a cell-free system (see below). The protein species 1a was also 
detected in human hearts, suggesting that it fulfi lls a physiological function (Lutsch 
et al.  1997 ).  

20.2.3     A Biological Discourse on Protein Speciation – Starting 
with HspB1 

 For the interpretation of proteomic data it is commonly assumed that the intensity 
of a spot on 2-DE gels corresponds to the gene expression or occurrence of the pro-
tein of interest. However, this approach frequently leads to misinterpretations, e.g. 
when the correlation of the spot intensity and cellular functions is to be studied. 
Proteomic analyses revealed that many proteins appear in multiple spots on 2-DE 
gels, suggesting that they exist in multiple and distinguishable forms. HspB1 was 
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one of the early examples in which phosphorylation was identifi ed as one reason for 
this protein species diversifi cation (Arrigo and Welch  1987 ; Benndorf et al.  1988 ; 
Gaestel et al.  1991 ; Landry et al.  1992 ). Initially, the notion was that every single 
phosphorylation would result in a separate spot on these gels. This view, however, 
turned out to be incorrect as any phosphorylation leads to the same shift of the iso-
electric point, independent of which position in the protein sequence is phosphory-
lated. Thus, the diversity of protein forms can be assumed to be much greater than 
the spot pattern indicates. Together with similar observations for other proteins, 
these considerations have led to the protein speciation discourse (Jungblut et al. 
 2008 ; Schlüter et al.  2009 ). After the synthesis, proteins can be modifi ed in many 
ways with a great number of possible combinations, resulting in multiple protein 
species for each protein. This multiplicity of different protein species is the basis for 
the concept of the protein code which was initially described as histone code (Pannel 
et al.  2000 ), and later, in a more generalized form, as the protein code (Sims and 
Reinberg  2008 ). According to this protein speciation discourse, a given protein spot 
on 2-DE gels does not represent the expression of the respective gene. Instead, only 
the complete set of protein species of a given protein refl ects the expression of its 
gene, as long as protein degradation and export can be ignored. 

 To complicate things, a recent publication by Thiede et al. ( 2013 ) demonstrated 
that ~50 % of 2-DE protein spots contained more than one identifi ed protein or pro-
tein species, using the most sensitive analytical methods available at present that 
included stable isotopic labeling with amino acids in cell culture (SILAC) and 
2-DE-Orbitrap-LC mass spectrometry. This approach allowed the quantifi cation of 
proteins at the protein species level. High-resolution 2-DE resolved protein specia-
tion was also demonstrated for a number of other proteomes, established from pro-
teasomes (Schmidt et al.  2011 ), the eye lens (Hoehenwarter et al.  2006 ), 
 Mycobacterium tuberculosis  (Jungblut et al.  1999 ),  Helicobacter pylori  (Jungblut 
et al.  2000 ), and other bacteria or eukaryotic cells and tissues (cf. the 2D-PAGE 
database at   http://www.mpiib-berlin.mpg.de/2D-PAGE    ). Similarly, protein species- 
specifi c regulation could be demonstrated in several experimental systems, including 
in an infection model of AGS cells with  Helicobacter pylori  (Holland et al.  2011 ). 

 The HspB1 example illustrates the magnitude of challenge for any analytical 
approach: In the case of human HspB1 with its 8 predicted phosphorylation sites 
(Uniprot database, Version 178, June 11, 2014), 9 protein spots can be expected for 
the 256 potential protein species, 1 spot without any phosphorylation, 1 spot with 
1 phosphorylation at any phosphorylation site representing 8 protein species, 1 spot 
with 2 phosphorylations representing 28 protein species with different combina-
tions of 2 phosphorylation sites, and so on. Further HspB1 modifi cations add more 
complexity. This great number of potential protein species explains the diffi culty of 
their identifi cation from such 2-DE spots, as several of the HspB1 species may exist 
only in small proportions.  
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20.2.4     HspB1 Species-Specifi c Regulation in Hela Cells 

 The above outlined isotopic labeling/2-DE-Orbitrap-LC mass spectrometry method 
provided evidence for the existence of multiple HspB1 species, and, most impor-
tantly, also for their specifi c regulation during apoptosis in HeLa cells (Thiede et al. 
 2013 ). By this approach ~1,200 proteins were identifi ed, together with ~2,700 pro-
tein species. Thirteen of these protein species belonged to HspB1 (Fig.  20.3 ). 
Among them, fi ve protein species were down-regulated during apoptosis by a factor 
<0.5, whereas eight protein species were up-regulated by a factor >2.0.    

  Fig. 20.3    HspB1 species-specifi c regulation during apoptosis in Hela cells. Non-labeled apoptotic 
Hela cells were mixed 1:1 with metabolically labeled SILAC control Hela cells. Subsequently, the 
cell proteins were separated by 2-DE in a pH gradient from 2 to 11 and an Mr range from 3 to 
150 kDa with 23 × 30 cm large gels. After staining of the 2-DE gels with CBB-G250, all visible 
spots were excised and analyzed by LC-Orbitrap mass spectrometry (Thiede et al.  2013 ). The sec-
tor of the gel containing 13 spots of HspB1 species is shown; some of them were down-regulated 
( red numbers ) by a factor (non-labeled/labeled) < 0.5, whereas others were up-regulated ( blue 
numbers ) by a factor > 2 during by apoptosis. The raw data are available in the 2D-PAGE database 
system at   http://www.mpiib-berlin.mpg.de/2D-PAGE    , enabling a more detailed analysis of the 
HspB1 species       
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20.3     The Unresolved Molecular Role of HspB1 
in the Organization and Stabilization of the Actin 
Cytoskeleton 

 Given the widely accepted involvement of HspB1 in the organization and stabiliza-
tion of the actin cytoskeleton at the cell biological level (Lavoie et al.  1993a ,  b , 
 1995 ; Mounier and Arrigo  2002 ; Koh and Escobedo  2004 ; Hirano et al.  2005 ; 
Robinson et al.  2010 ), the poor understanding of the underlying mechanism is frus-
trating. In a recent commentary on this subject, four candidate molecular mecha-
nism involving HspB1 were proposed by Seit-Nebi et al. ( 2013 ): (i) binding of 
HspB1 to partially or completely denatured actin resulting in a stabilization of the 
microfi laments; (ii) interaction of HspB1 with a number of actin-binding proteins 
which may protect the microfi laments from disruption; (iii) indirect effects of 
HspB1 on the microfi laments through its interaction with the intermediate fi laments 
and the microtubules, and (iv) indirect effects through the ability of HspB1 to con-
trol the cellular redox homeostasis. Other studies proposed that small oligomeric 
complexes of phosphorylated HspB1 coat the microfi laments, resulting in their con-
traction and protection (Mounier and Arrigo  2002 ; Hirano et al.  2005 ). 

 Another line of experimentation suggested a role for HspB1 as a barbed end 
actin capping protein. Originally this concept was proposed by Miron et al. ( 1988 , 
 1991 ) who identifi ed HspB1 in extracts of turkey gizzard smooth muscles, notably 
as a ‘contaminant’ of a vinculin preparation. Similarly, Benndorf et al. ( 1994 ) found 
an actin polymerization inhibiting activity in preparations of native mouse HspB1 
purifi ed from EAT cells, and this activity was abolished following phosphorylation 
by MK2. Since this actin polymerization inhibiting activity was eluted from gel 
fi ltration columns at the position of the HspB1 monomers/dimers, it was concluded 
that the non-phosphorylated HspB1 monomers or dimers are the active components, 
as opposed to phosphorylated and large oligomeric HspB1 species. The concept of 
HspB1 as an inhibitor of actin polymerization was further supported when two pep-
tides derived from the mouse HspB1 sequence were found to inhibit the polymer-
ization of actin (Wieske et al.  2001 ). In contrast to the native HspB1 and to the 
HspB1-derived peptides, recombinant HspB1 did not exhibit any actin polymeriza-
tion inhibitory activity in these experiments (Benndorf et al.  1994 ; Butt et al.  2001 ). 

 A subsequent study did not confi rm the inhibition of actin polymerization activ-
ity of HspB1 (Panasenko et al.  2003 ). Additionally, non-phosphorylated HspB1 
typically forms large oligomers which dissociate upon phosphorylation into smaller 
oligomers or dimers (Rogalla et al.  1999 ; Hirano et al.  2005 ; Lelj-Garolla and Mauk 
 2005 ; Hayes et al.  2009 ). This was used as an argument against the existence of 
appreciable quantities of non-phosphorylated monomers in cells (Seit-Nebi et al. 
 2013 ). 

 Based on these reports, the concept of HspB1 as a pure barbed end actin capping 
protein with an actin polymerization inhibition activity has become obsolete 
(Graceffa  2011 ; Seit-Nebi et al.  2013 ). Indeed, there is the real possibility that the 
preparations of turkey gizzard and mouse EAT HspB1 that inhibited the polymeriza-
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tion of actin contained a highly active ‘contaminant’ with a similar molecular mass 
that remained undetected, misleadingly indicating that HspB1 was the inhibitor. 
However, this scenario does not explain the ability of the HspB1-derived peptides to 
inhibit the polymerization of actin, since these synthetic peptides did not contain 
any possible biological inhibitor of the actin polymerization (Wieske et al.  2001 ). 

 Re-evaluating these early experiments, it is striking that the ‘active’ non- 
phosphorylated low molecular mass EAT HspB1 contained notable amounts of the 
non-canonical protein species of spot 1a, as opposed to the ‘inactive’ HspB1 prepa-
rations (including both phosphorylated low molecular mass material and recombi-
nant HspB1) which contained only minor amounts of protein species of this spot, or 
none (Gaestel et al.  1991 ; Benndorf et al.  1994 ). Thus, the non-canonical HspB1 
protein species in spot 1a may have contained the ‘active’ component that inhibited 
the polymerization of actin in these experiments. The fact that the ‘inactive’ high 
molecular mass material also contained the HspB1 species from spot 1a does not 
impair this view as this species may have been buried inside the oligomeric com-
plexes, thus preventing its interaction with actin. Taken together, there is the possi-
bility that one of the non-canonical HspB1 spots (1a in Fig.  20.2 ) contains an HspB1 
species that inhibits the polymerization of actin.  

20.4     Hypothesis 

 Both the unsatisfying understanding of the role of HspB1 in the organization of the 
actin networks and the confl icting reports on its ability to inhibit the polymerization 
of actin require a new and unbiased approach to resolve this situation. One point of 
interest is the possible role of the non-canonical HspB1 species, in particular the 
protein species 1a (Fig.  20.2 ). Based on the published data (Benndorf et al.  1992 , 
 1994 ), it can be hypothesized that the non-canonical spot 1a contains the ‘active’ 
HspB1 species that inhibits the polymerization of actin. Verifi cation or falsifi cation 
of this hypothesis seems to be feasible by suitable in vitro experimental approaches. 

 The assumption of the HspB1 species in spot 1a being the active component 
would explain why recombinant HspB1 (which does not seem to contain this pro-
tein species) did not show any actin polymerization inhibiting activity (Benndorf 
et al.  1994 ; Butt et al.  2001 ; Panasenko et al.  2003 ). Similarly, actin polymerization 
inhibition experiments using native HspB1 preparations may have produced nega-
tive results if the active protein species corresponding to spot 1a was not enriched in 
the used procedure (Panasenko et al.  2003 ). 

 Figure  20.2  can be interpreted such that the difference between the non- canonical 
HspB1 species 1a and the canonical species 2 is caused by just one phosphate group. 
If correct, this would imply that another yet unknown modifi cation causes the pI 
difference between the protein species in spot 1 and that in spot 1a. Alternatively, 
the protein species in spot 1 and 1a may represent different conformational states of 
non-phosphorylated HspB1 that differ in their isoelectric points, be they induced by 
chemical modifi cations or energetically. If so, in the HspB1 species of spot 1a the 
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segments of the protein sequence that inhibit actin polymerization in vitro (Wieske 
et al.  2001 ) may become exposed to the surface and thus become accessible to actin, 
enabling the inhibition of actin polymerization by HspB1. This view also implies 
that these sequence segments are buried inside the molecule in the protein species 
of HspB1 spots 1, 2 and 3. If correct, the above considerations may resolve the con-
fl icting results on the inhibition of actin polymerization by HspB1 reported earlier.  

20.5     Further Questions to Be Addressed 

 If verifi ed, the existence of the non-canonical HspB1 species will raise a number of 
questions that need to be addressed: Do these HspB1 species (in particular those in 
spot 1a) have a physiological importance, or are they irrelevant for the function of 
HspB1? Is the differential occurrence of many protein species only a problem of 
detection sensitivity or is it functionally relevant? Given the list of reported HspB1 
modifi cations (cf. Introduction), which of them actually contributes to the complex 
HspB1 species patterns, other than phosphorylation by MK2 and MK3? Do these 
additional protein species result from modifi cations and/or conformational changes 
that are diffi cult to detect in live cells, and how could such potentially short-lived 
transitional states be detected and experimentally studied? What are the character-
istics of these non-canonical HspB1 species in terms of their conformational stabil-
ity, interacting proteins, homo-oligomeric complex formation, hetero-oligomeric 
complex formation with other small heat shock proteins, and their chaperone-like 
activities? Is the complex HspB1 species pattern a suitable model for deciphering 
the protein code that may serve as example for other proteins?  

20.6     Conclusions 

 In the past, the overwhelming majority of studies on HspB1 focused on the protein 
species contained in the three or four canonical spots as they are seen on 2-DE gels. 
These spots include one spot with non-phosphorylated HspB1 species and two or 
three spots containing MK2/MK3-phosphorylated protein species, depending on 
the studied animal species. In single tissues and conditions, however, the existence 
of a great number of additional HspB1 species has been reported, using suitable 
analytical methods. The chemical basis for this protein species diversity is not 
understood as long as the identifi cation procedure relies on partial sequence infor-
mation, although the involvement of other known HspB1 modifi cations can be 
assumed. It is possible that these non-canonical HspB1 species have distinguished 
features, e.g. in terms of their conformation, complex formation, interacting pro-
teins, chaperone-like activity, etc. However, at present the physiological relevance 
of this HspB1 species complexity is not known. These complex modifi cation pat-
terns of HspB1, like those of many other proteins, have led to the protein speciation 
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discourse which confi rms the concept of the protein code that aims to better under-
stand the functions of proteins. 

 One of the controversial functions of HspB1 is its role in inhibition of the polym-
erization of actin. Here we provide arguments in support of such a role for at least 
one of the protein species represented in one HspB1 spot. Re-evaluating published 
data, we hypothesize that one of the non-canonical HspB1 species inhibits the 
polymerization of actin, as opposed to the canonical protein species of various 
sources. If verifi ed, this hypothesis has the potency to resolve the confl icting 
accounts on inhibition of the actin polymerization by HspB1.     
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    Abstract     Proper protein folding is crucial for protein stability and function; when 
folding fails, due to stress or genetic mutations, proteins may become toxic. Cells 
have evolved a complex protein quality control (PQC) system to protect against the 
toxicity exerted by aberrantly folded proteins, that may aggregate accumulating in 
various cellular compartments perturbing essential cellular activities, ultimately 
leading to cell and neuron death. The PQC comprises molecular chaperones, 
 degradative systems (proteasome and autophagy) and components of the unfolded 
protein response. Prevention of protein aggregation, clearance of misfolded sub-
strates and attenuation of translation, which decreases the amount of misfolding 
clients to levels manageable by the molecular chaperones, are all key steps for the 
maintenance of proteostasis and cell survival. In parallel, alterations of proteostasis 
may also (indirectly) infl uence RNA homeostasis; in fact, RNA-containing 
 aggregates, known as stress granules, accumulate in cells with impaired PQC and 
autophagy colocalizing with proteinaceous aggregates in several neurodegenerative 
diseases. Among the different molecular chaperones, here we will focus on the 
small heat shock protein HSPB8, which is expressed in neurons in basal conditions 
and upregulated in response to misfolded protein accumulation. HSPB8 exerts 
 protective functions in several models of protein conformation neurodegenerative 
diseases. The putative sites of action of HSPB8 that confer HSPB8 pro-survival and 
anti-aggregation functions are discussed, as well as its potential role at the cross-
road between proteostasis and ribostasis.  
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  Abbreviations 

   AD    Alzheimer’s disease   
  ALS    Amyotrophic lateral sclerosis   
  ATX2    Ataxin 2   
  eIF2α    Eukaryotic initiation factor 2 on Ser51 of the α subunit   
  FTLD-U    Frontotemporal lobar degeneration with ubiquitin-positive inclusions   
  FUS    Fused in sarcoma   
  HD    Huntington’s disease   
  hnRNPA1    Heterogeneous nuclear ribonucleoprotein A1   
  HSP    Heat shock protein   
  IBMPFD    Inclusion body myopathy with early-onset Paget disease and fronto-

temporal dementia   
  JNK    c-Jun N-terminal kinase   
  KD    Kennedy’s disease   
  LAMP2A    Lysosome-associated membrane protein 2A   
  LC3    Microtubule-associated protein 1A/1B-light chain 3   
  MKK7    Mitogen-activated Protein Kinase Kinase 7   
  MSP    Multisystem proteinopathy   
  NBR1    Neighbor of BRCA1 gene 1   
  PD    Parkinson’s disease   
  PERK    Protein kinase RNA-like endoplasmic reticulum kinase   
  polyQ    Polyglutamine   
  PQC    Protein quality control   
  RACK1    Receptor for Activated C Kinase 1   
  rhoA    Ras homolog gene family member A   
  RNPs    Ribonucleic proteins   
  ROCK1    Rho-associated coiled-coil containing protein kinase 1   
  SCA3    Spinocerebellar ataxia 3   
  SG    Stress granule   
  SOD1    Superoxide dismutase 1   
  SQSTM1    Sequestosome 1   
  TDP-43    TAR DNA-binding protein 43   
  TIA-1    T-cell intracytoplasmic antigen   
  TRAF2    TNF receptor-associated factor 2   
  UPS    Ubiquitin proteasome system   
  VCP    Valosin containing protein   
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21.1           Protein Quality Control: Guardian of Cellular Health 

21.1.1        The Physiological Activation of the Protein 
Quality Control System 

 Protein homeostasis refers to the ability of cells to maintain an appropriate balance 
among protein synthesis, folding, assembly, translocation and clearance (Morimoto 
and Cuervo  2014 ). Protein homeostasis is ensured and modulated by the protein 
quality control (PQC) system and is essential for the long-term viability and health 
of the cells. Malfunction and deregulation of the PQC system are severe risk factors 
for the development of protein conformation diseases characterized by the accumu-
lation of aggregated proteins (Bence et al.  2001 ; Douglas and Dillin  2010 ). 

 The PQC system includes molecular chaperones, degradative systems and stress- 
inducible pathways. Molecular chaperones (typically heat shock proteins, HSPs) 
are expressed in multiple cell compartments and survey protein quality by either 
assisting protein folding (both co- and post-translational folding) or directing aber-
rant proteins to degradation and thereby protecting against misfolding (Hartl  1996 ). 
Molecular chaperones also assist assembly and disassembly of macromolecular 
complexes, as well as protein translocation (Hartl and Hayer-Hartl  2002 ; Deuerling 
and Bukau  2004 ; Ron and Walter  2007 ). Unfolded substrates are repeatedly bound 
and held by molecular chaperones to avoid their irreversible aggregation (Hartl 
et al.  2011 ). There are several classes of molecular chaperones, which may also 
work with the assistance of co-chaperones and/or interactors of different nature; 
some chaperones are ATP-independent (e.g. small heat shock proteins, sHSPs/
HSPBs) (Gobbo et al.  2011 ), while other are ATP-dependent (Hsc70/HSPA8 and 
Hsp70/HSPA1A) (Hartl et al.  2011 ). Both ATP-independent and ATP-dependent 
chaperones can bind to unfolded substrates. Instead, folding of the bound client to 
its native state is regulated by Hsp70 and ATP hydrolysis (Hartl et al.  2011 ). 
Nucleotide binding to Hsp70 and hydrolysis coupled to the release of the folded 
substrate is further regulated by co-chaperones including proteins of the Bag family 
(BAG1-BAG6), DNAJ/Hsp40 and Hip (Hartl et al.  2011 ), which also provide the 
specifi city for interaction of chaperones with client proteins. When misfolding 
 cannot be prevented (e.g. due to protein damage, denaturation, oxidation or a genetic 
mutation), proteins cannot mature into their fully active state, lose their function and 
become aggregation-prone, eventually acquiring toxic functions. Under these con-
ditions, as well as when refolding fails, molecular chaperones assist the degradation 
of the bound client acting in concert with two major degradative systems: the 
ubiquitin- proteasome system (UPS) and lysosome-based degradation. The latter 
includes macroautophagy (here referred to as autophagy) and chaperone-mediated 
autophagy (CMA) (Cuervo and Wong  2014 ; Parzych and Klionsky  2014 ). 

 The UPS is a low capacity, but highly specifi c and selective proteolytic system 
that degrades short-lived proteins labeled with ubiquitin moieties (Ciechanover 
 2005 ; Ciechanover and Brundin  2003 ). The proteasome has a barrel shape, so that 
to be degraded by this system proteins must fi rst be ubiquitinated and unfolded, in 
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order to acquire the capability to enter its narrow central cavity; globular or irrevers-
ibly aggregated proteins cannot be processed by the proteasome. Among the molec-
ular chaperones and co-chaperones that assist the proteasomal mediated degradation 
of ubiquitinated substrates are HSPAs/DNAJs and HSPA/BAG1 complexes (Alberti 
et al.  2002 ; Demand et al.  2001 ; Kampinga and Craig  2010 ). 

 Autophagy is a high capacity and non-specifi c multi-step process in which cyto-
solic material is sequestered in a double-membrane vesicle, the phagophore/
autophagosome; the latter then fuses with the lysosome delivering its inner content 
for degradation by enzymatic hydrolysis, greatly facilitated by the acidic environ-
ment of the resulting intracellular compartment (Parzych and Klionsky  2014 ). 
Although autophagy has been initially described as a bulk nonspecifi c degradation 
process that mainly clears long-lived proteins and organelles, recent evidence has 
highlighted that autophagy plays a crucial role in the selective elimination of 
unwanted components such as dysfunctional organelles, pathogens and also  aberrant 
protein aggregates (Klionsky and Emr  2000 ; Hara et al.  2006 ; Komatsu et al.  2006 ). 
In particular, it has emerged that autophagy can also selectively degrade ubiquiti-
nated proteins (Bjorkoy et al.  2005 ). The recognition of ubiquitinated substrates is 
done by autophagy adaptors including SQSTM1 (also known as p62), NBR1 and 
valosin containing protein (VCP), which bind both to ubiquitin and the autophago-
some-specifi c proteins members of the LC3/GABARAP/Gate16 family (Johansen 
and Lamark  2011 ). Specifi c chaperones and co-chaperones can participate in the 
delivery of bound clients to autophagosomes, including BAG3 (Carra et al.  2008a ). 
Another example of the tight cooperation between chaperones and lysosome-based 
degradation is CMA, which removes a specifi c subset of proteins containing the 
pentapeptide lysosome-targeting motif (KFERQ). These substrates are directly 
translocated into the lysosome after docking to the LAMP2A and unfolding by a 
chaperone complex containing HSPA8 and the co-chaperones BAG1, HSPA8-
interacting protein (Hip), Hsp-organising protein (Hop) and HSP40/DNAJB1 
(Cuervo and Wong  2014 ).  

21.1.2     Protein Damage and the PQC System 

 When cells are exposed to different types of acute or chronic stress, protein homeo-
stasis is challenged and the protein-folding equilibrium is altered. Cells respond by 
increasing the expression of genes that protect against proteotoxic stress, including 
HSPs and do so by instantaneously stimulating the heat-shock response (HSR) 
(Anckar and Sistonen  2011 ; Morimoto  2008 ). The HSR is often mediated by spe-
cifi c sensors that activate transcription factors, such as the heat shock factor 1 (HSF-
1), which controls  several genes of the HSR. Existing and newly synthesized 
molecular chaperones capture the folding intermediates to prevent misfolding and 
aggregation and to facilitate refolding or degradation, and the entire PCQ system 
machinery is potentiated under these conditions. In parallel, cells temporarily atten-
uate translation allowing a decrease in the total intracellular levels of misfolding 
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proteins to amounts manageable by the molecular chaperones (Tsaytler et al.  2011 ). 
Translation attenuation is triggered by the accumulation of unfolded proteins within 
the endoplasmic  reticulum (ER) (Ron and Walter  2007 ). This, in fact, leads to 
PERK-mediated phosphorylation of eukaryotic initiation factor 2 on Ser51 of the α 
subunit (eIF2α), thereby resulting in the temporary sequestration of mRNAs encod-
ing for “housekeeping” functions in cytoplasmic foci called stress granules (SGs) 
and inhibiting their  translation (Kedersha and Anderson  2002 ). Sequestration of 
mRNAs encoding for “housekeeping” functions within SGs also prioritizes the syn-
thesis of chaperones and enzymes needed for the stress response, while protecting 
and storing mRNAs during stress (Kedersha and Anderson  2002 ). Potential cell 
damage associated with the response to increased levels of misfolded proteins can 
be attenuated by the sequestration into SGs of scaffold proteins (e.g. JNK, 
MKK7, rhoA) and pro- apoptotic proteins (e.g. RACK1, ROCK1, TRAF2), thus. 
These proteins respectively modulate signaling cascades and inhibiting apoptosis dur-
ing stress, generating a well- integrated stress response system (Buchan and Parker 
 2009 ; Kedersha et al.  2000 ; Takahashi et al.  2012 ). Once the stress is relieved, SGs, 
which are highly dynamic, disassemble, restoring proper translation within cells. 
Persistent SGs will be removed by autophagy, with the assistance of the ubiquitin 
chaperone VCP (Buchan et al.  2013 ), thereby also contributing to the recovery of 
protein homeostasis.   

21.2     Protein Aggregation and Proteostasis Imbalance 
in Neurodegenerative Diseases 

 Misfolding and aggregation are common molecular events that affect several organs 
and tissues and are responsible for a large number of human diseases, including 
neurodegenerative and neuromuscular diseases. All the diseases that are character-
ized by the presence of proteinaceous aggregates have been called conformational 
diseases (Chiti and Dobson  2006 ). Conformational diseases affecting the brain 
include repeat expansion diseases, such as CAG-repeat/polyglutamine (polyQ) 
related diseases (e.g. Huntington’s disease (HD), spinal and bulbar muscular  atrophy 
(SBMA), and spinocerebellar ataxias (SCAs)), C9ORF72/GGGGCC related  diseases 
(e.g. the most frequent familial forms of amyotrophic lateral sclerosis (ALS), fron-
totemporal dementia (FTD), etc.) as well as non-repeat expansion diseases includ-
ing Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), prion disease, 
and Alzheimer’s disease (AD), which may appear both in sporadic or familial forms. 
In the latter cases, the inheritance is associated to mutations of a specifi c gene whose 
product cannot fold properly. Little is known on the sporadic forms, but often altera-
tion of components of the PCQ system is present, supporting a direct link between 
imbalance in proteostasis and disease onset and/or progression-severity. Depending 
on the type of disease (and type of disease-related protein) aggregates/fi brils accu-
mulate in different neuronal populations/brain areas, which correlate with different 
symptoms and are always associated with a progressive (fatal) clinical course 
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(Cummings and Zoghbi  2000 ). However, it is important to underline that not all 
aggregated species are toxic, as neuronal death does not always correlate with the 
presence of aggregates. Protein aggregation is a multi-step process in which pre- 
fi brillar detergent soluble species assemble into large fi brillar non-detergent soluble 
species (Chiti and Dobson  2006 ). The neurotoxicity of the different forms of these 
aggregates/inclusions is still largely debated and in general large macromolecular 
aggregates are nowadays believed to be protective, while intermediate species 
would exert high toxicity. Macroscopic aggregates (inclusion bodies) would exert a 
protective role by trapping the early neurotoxic species into a specifi c subcellular 
compartment, waiting for their clearance from the cells. Microaggregates/intermediate 
species can exert toxicity acting at different steps, such as sequestration of cellular 
components, particularly transcription factors which are essential for neuronal 
 survival (McCampbell et al.  2000 ; Kikis et al.  2010 ), alteration of the intracellular 
traffi cking of molecules and organelles, possibly affecting axonal transport (Sau 
et al.  2011 ; Lee et al.  2004 ). Independent of the type of aggregate and/or of the 
precise step at which misfolded proteins exert their toxicity, the overall reduction or 
the prevention of protein misfolding and/or aggregation in neurons, as well as the 
enhanced clearance of the aggregating/aggregated species are considered to be neu-
roprotective. Decreased aggregation of misfolded proteins and increased clearance 
can be achieved a) by potentiating the molecular chaperones, which act in concert 
with the degradation systems UPS and/or autophagy and b) by directly stimulating 
autophagy with pharmacologic agents. Indeed, the protective role of specifi c molec-
ular chaperones and co-chaperones (e.g. members of the HSPA, DNAJ and HSPB 
families) has been well established using both cellular and animal models of protein 
conformational neurodegenerative disorders or by potentiating autophagy-mediated 
clearance (Carra et al.  2008a ; Crippa et al.  2010 ; Hageman et al.  2010 ; Ravikumar 
et al.  2004 ; Rubinsztein  2006 ; Vos et al.  2010 ).  

21.3     Ribostasis, Stress Granules and Protein 
Conformation Diseases 

 Recent observations demonstrated that several neurodegenerative diseases are 
 characterized by the accumulation of nuclear or cytoplasmic RNA-protein (RNP) 
aggregates. These RNP aggregates often contain stress granule markers and can 
colocalize with proteinaceous fi brillar aggregates. Most notably, in sporadic and 
familial forms of ALS, frontotemporal lobar degeneration with ubiquitin-positive 
inclusions (FTLD-U), multisystem proteinopathy (MSP), HD, AD (Schwab et al. 
 2008 ; Wilson et al.  2011 ) the nuclear RNA-binding protein, TDP-43 redistributes 
from the nucleus to cytoplasm, where it colocalizes with  proteinaceous inclusions. 
These observations strongly suggest that a tight connection/cross-talk between pro-
tein and RNA homeostasis exists and that altered RNP/SG assembly, as well as 
impaired SG clearance may contribute to protein conformation diseases. This is 
further suggested by the fact that mutations in TDP-43 and in a number of other 
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mRNA-binding proteins, including (e.g.: FUS, hnRNPA1, ATX2) are associated 
with neurodegenerative diseases, namely ALS, MSP, spinocerebellar ataxia type 2 
(SCA2) or constitute a risk factor in other diseases (e.g. ATX2 is a risk factor for 
ALS (Laffi ta-Mesa et al.  2013 )). Intriguingly, when mutated these mRNA-binding 
proteins aberrantly assemble into SGs upon stress, pointing to altered SG dynamics 
(assembly and disassembly) as important pathomechanism (Acosta et al.  2014 ). In 
fact, SGs play a crucial role in protecting and storing mRNAs during stress, as well 
as indirectly modulating signaling pathways (e.g. by sequestration of specifi c fac-
tors); altered SG dynamic may in turn affect RNA homeostasis. Thus, with this 
mechanism SG aggregates could alter the population of mRNAs available for trans-
lation, which may also contribute to disease. 

 What molecular events lead to persistence of SGs and colocalization of SG 
 components with proteinaceous inclusions in protein conformation diseases is still 
largely unknown. Curiously, many of the mRNA-binding proteins involved in SG 
assembly (or recruited to SGs) contain prion-like domains (e.g. TIA-1, TDP-43, 
hnRNPA1), which allow them to self-aggregate/polymerize, and trigger SG assembly 
(Gilks et al.  2004 ; Li et al.  2013 ). However, unlike prionogenic fi brillar aggregates, 
which are irreversible, during normal SGs metabolism, the prion-like domains 
present in the mRNA-binding proteins reversibly assemble and disassemble ensur-
ing their dynamic nature. The presence of deregulated expression or of mutations in 
RNA-binding proteins may confer the tendency to form stable amyloid structures 
mediated by the prion-like domains, which would cause a defective SG disassem-
bly. Accumulation of persistent altered SGs may not only alter RNA metabolism 
and homeostasis, but also favor protein aggregation; in fact, improperly disassem-
bled SGs or partly disassembled SGs may act as seed for aggregation, due to the 
presence of proteins with highly aggregation-prone prion-like domains. Alternatively, 
but not mutually exclusively, defects in clearance mechanisms, deregulated autoph-
agy and accumulation of other aggregate-prone proteins, as it occurs in protein 
 conformation diseases, could contribute to an increase in the frequency of amyloid 
initiation at SGs. This may change SG assembly dynamics and composition, favor-
ing SG accumulation and/or coalescence with aggregates/inclusion bodies (which 
would participate in disease progression). In both scenarios, cells rely on an effi cient 
PQC system and autophagy fl ux to properly clear unassembled SGs, thereby 
 maintaining both RNA and protein homeostasis. In line with this hypothesis, muta-
tions of VCP are associated with ALS and MSP (Inclusion body myopathy with 
early-onset Paget disease and frontotemporal dementia/IBMPFD), characterized by 
the accumulation of ubiquitinated inclusions that colocalize with the SG marker 
TDP-43 (Ju et al.  2008 ; Ju and Weihl  2010 ). Intriguingly, VCP is a ubiquitin 
 chaperone involved in the autophagy-mediated clearance of SGs (Buchan et al. 
 2013 ), as well as in the modulation of autophagosome formation and autophagy-
mediated ubiquitinated client degradation (Ju et al.  2009 ). This further points to a 
tight connection between altered proteostasis and RNA processing in disease and 
suggests that boosting molecular chaperones and degradative systems may be 
 benefi cial in preventing RNA aggregation and dysfunction (besides decreasing 
 protein  aggregation and aggregate-mediated toxicity).  
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21.4     eIF2α: Master Regulator of Protein Synthesis, 
SGs and Autophagy 

 As previously mentioned, upon stress cells activate a sophisticated integrated 
response aimed to conserve energy and divert cellular resources toward survival. 
This includes the temporary shut-down of translation (to decrease the load of 
unfolding chains for the existing molecular chaperones), upregulation of molecular 
chaperones (which are essential to avoid irreversible protein aggregation, as well as 
protein-RNA aberrant aggregation) and activation of autophagy (to clear the 
 misfolded accumulating proteins) (Ron and Walter  2007 ). Key to these events is 
the phosphorylation of eIF2α. In fact, upon stress phosphorylation of eIF2α on one 
hand induces the conversion of LC3-I into LC3-II, which corresponds to the 
 lipidated autophagosome-anchored form, and on the other hand induces the expres-
sion of key autophagy genes (e.g. ATG5) (Kouroku et al.  2007 ). Impairment in the 
activation of the eIF2α stress response renders the cells more vulnerable to the 
 toxicity mediated by aggregate-prone proteins such as polyQ proteins, leading to 
accumulation of proteinaceous aggregates and activation of apoptosis (Kouroku 
et al.  2007 ). In parallel, phosphorylation of eIF2α promotes SG assembly (although 
SG formation can occur also independently of eIF2α phosphorylation) (Anderson 
and Kedersha  2002 ; Mazroui et al.  2007 ). SG assembly is triggered after translation 
shut-down and polyribosome disassembly and is not required for translation 
attenuation (Anderson and Kedersha  2008 ). While the benefi cial role of autophagy 
stimulation and translation attenuation upon stress has been well documented, it has 
not yet been elucidated whether the SG response induced by phospho-eIF2α 
contributes directly, as an early event, in protein homeostasis and to what extent 
cross-talk between SG response and PQC exists. Interestingly, the ubiquitin chaper-
one VCP participates in SG clearance and several players of the PQC system are 
components of SGs or even modulate their assembly (e.g. ubiquitin and HDAC6, 
respectively) (Buchan et al.  2013 ; Kwon et al.  2007 ). This strongly points to a 
close interplay between the sensors of proteotoxicity (unfolded protein response, 
UPR), specifi c molecular chaperones, eIF2α phosphorylation, SG response and 
autophagy- mediated clearance. Thus, alteration in the activation of the eIF2α path-
way or dysfunction of key players upstream or downstream of this pathway could 
also alter SG response (and indirectly RNA metabolism and/or stability upon stress), 
favouring protein overload and protein misfolding/accumulation. In parallel, due to 
the ineffi cient activation of autophagy, persistent SGs would accumulate (Buchan 
et al.  2013 ). In combination, these observations suggest that modulation of target 
proteins that can induce phospho-eIF2α, thereby promoting or facilitating tempo-
rary translation shut-down, autophagy and, eventually also SG response, may be 
benefi cial in restoring and/or maintaining cell health. Interestingly, specifi c molecular 
chaperones such as HSPB8 can modulate (indirectly) via phospho- eIF2α both 
events, thereby exerting a protective function under proteotoxic stress conditions 
(see later) (Carra et al.  2009 ). To what extent molecular chaperones  participate in 
the modulation of SG response and dynamic and whether/how this correlates with 
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their protective/pro-survival role is still largely unknown and is  certainly a fi eld to 
be investigated in the future.  

21.5     HSPBs: Implication in Neurodegenerative 
and Neuromuscular Diseases 

 Small HSPs (or HSPB) belong to the superfamily of ATP-independent chaperones. 
The mammalian HSPB protein family comprises ten members (HSPB1-10) 
(Fontaine et al.  2003 ; Kappe et al.  2003 ). From a functional point of view, two major 
functions have been attributed to HSPBs. First, some HSPB  proteins can stabilize 
the cytoskeleton (actin based microfi laments and intermediate fi laments), especially 
under stress conditions (see chapter by J. Lavoie and J. Landry) (Lavoie et al.  1995 ). 
Second, HSPB proteins participate in the maintenance of  protein homeostasis by 
assisting the refolding (when possible) of misfolded aggregate- prone proteins, pre-
venting their irreversible aggregation, and/or participating in their clearance (Carra 
et al.  2005 ; Vos et al.  2010 ). Due to their role in PQC, upregulation of some HSPBs 
has been implicated, indirectly or directly, in several neurodegenerative and neuro-
muscular disorders. Indeed, immunohistochemical studies done on post-mortem 
human tissues from patients suffering from e.g. PD, AD, HD show upregulation of 
HSPB1, HSPB5, HSPB8 in the areas characterized by neuronal damage/death and 
by reactive gliosis (Carra and Landry  2006 ; Seidel et al.  2012 ). Reactive gliosis is a 
reaction of the astrocytes to brain injury, resulting in morphological and functional 
changes of astrocytes and aimed at protecting the surrounding neuronal population 
from toxic insults and maintaining neuronal homeostasis. Interestingly, the highest 
expression levels of HSPB proteins are often observed in reactive astrocytes, which 
provide essential activities that preserve neuronal function. The pathological signifi -
cance of HSPBs up-regulation in areas characterized by reactive gliosis and neuro-
degeneration is still largely not understood (Carra and Landry  2006 ); it is however 
assumed that it could be part of the stress response to neuronal damage to prevent/
decrease the toxicity mediated by the aggregated mutated proteins (e.g. mutated 
polyQ proteins, mutated SOD1) (Carra et al.  2005 ; Crippa et al.  2010 ). This is 
 further suggested by the fi ndings that the transient overexpression of several HSPBs, 
in vitro, in  mammalian cells and in Drosophila melanogaster models of protein 
conformation diseases, attenuates the aggregation of mutated proteins and protects 
against their mediated cytotoxicity (see also later:  HSPB8, autophagy and protein 
degradation ) (Carra et al.  2010 ; Vos et al.  2010 ; Gregory et al.  2012 ). Furthermore, 
transgenic fl ies overexpressing members of the Drosophila melanogaster (Dm) 
HSPBs are  protected against mutated polyglutamine-induced neurodegeneration, 
as well as aging-related decline in locomotor behavior (extension of life span and 
 protection against oxidative stress have been found in Dm-Hsp22 transgenic fl ies) 
(Morrow et al.  2004a ,  b ). In combination these data suggest that several members of 
the HSPB family display  protective functions and are important player for 
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maintaining neuronal and muscular cell  viability. This is further supported by the 
fact that mutations of several HSPB proteins (HSPB1, HSPB3, HSPB4, HSPB5, 
HSPB8) are associated with muscular and neurological disorders, including heredi-
tary  sensory and/or motor neuropathy (e.g. HSPB1, HSPB3, HSPB8), myofi brillar 
myopathy (HSPB5) and congenital cataract (HSPB4) (Boncoraglio et al.  2012 ; Irobi 
et al.  2004 ; Evgrafov et al.  2004 ; Kolb et al.  2010 ; Litt et al.  1998 ; Vicart et al.  1998 ). 

 In this chapter we will focus on the potentially protective function exerted by 
HSPB8 in neurodegenerative and neuromuscular diseases and we will highlight 
how HSPB8 may act at the crossroad of both protein synthesis and protein degradation, 
thereby participating in the maintenance of proteostasis.  

21.6     HSPB8: At the Crossroad Between Protein Synthesis 
and Protein Aggregation 

 Differently from other members of the HSPB family that mainly exist as homo and/
or hetero-oligomers containing other HSPB partners (e.g. HSPB1, HSPB5), in cells, 
HSPB8 forms a stable and stoichiometric complex with the HSPA8 co-chaperone 
Bcl-2 associated athanogene BAG3 that contains a well-defi ned 2:1 HSPB8:BAG3 
ratio (Carra et al.  2008a ). The different behavior of HSPB8, as compared to other 
“classical” HSPBs, was recently confi rmed in vitro, using fl uorescently labeled 
HSPBs and monitoring the type of hetero-oligomeric complexes formed. In particular, 
while HSPB1, HSPB5 and HSPB6 formed heterogeneous high molecular weight 
complexes and exchanged subunits, HSPB8 did not form stable complexes with 
either HSPB1 or HSPB5 (Datskevich et al.  2012 ). In mammalian cells, stability of 
HSPB8 is enhanced by its association with BAG3 (Carra et al.  2008a ); this was 
confi rmed in vitro studies, that also demonstrated that this interaction of HSPB8 and 
BAG3 leads both to an increase of thermal stability and an increased resistance to 
limited chymotrypsinolysis of HSPB8 (Shemetov and Gusev  2011 ). This makes 
HSPB8 an “atypical” member of the HSPB family, at least from the structural point 
of view. Although interaction of other members of the HSPB family with BAG3 has 
been reported (e.g. HSPB5 and HSPB6, but not HSPB1, can interact with BAG3) 
(Fuchs et al.  2010 ; Hishiya et al.  2010 ), the strength of these interactions was weaker 
as compared to HSPB8 affi nity for BAG3 (Shemetov and Gusev  2011 ). 

21.6.1     HSPB8, Autophagy and Protein Degradation 

 Concerning the functions of HSPB8, results from our laboratories, using cellular 
and Drosophila disease models of polyglutamine diseases, show that HSPB8, 
together with BAG3, reduced the aggregation of mutated polyglutamine proteins 
such as huntingtin, androgen receptor (AR) and ataxin 3, which are associated with 
HD, KD and SCA3 (Carra et al.  2005 ,  2008a ,  2010 ). Similarly, the HSPB8-BAG3 
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complex inhibited the formation of insoluble species generated by misfolded 
mutated SOD1 and by a truncated form of TDP-43, associated/involved in familial 
or sporadic ALS (Crippa et al.  2010 ). Both the levels of high molecular weight 
oligomeric species and the insoluble aggregated species generated by mutated 
SOD1 and truncated TDP-43 were decreased by HSPB8 overexpression, suggesting 
that HSPB8 exerts its function on these misfolded proteins independently on their 
oligomeric state (Crippa et al.  2010 ). The reduced aggregation of misfolded  proteins 
in cells overexpressing HSPB8 is due to the facilitation of the autophagic process 
(Carra et al.  2008a ). In fact, in autophagy defi cient cells (ATG5−/−) or upon inhibi-
tion of autophagy with 3-methyladenine and wortmannin, HSPB8 and BAG3 were 
no longer able to inhibit the aggregation/accumulation of mutated polyQ proteins, 
SOD1 and TDP-43 (Carra et al.  2005 ; Crippa et al.  2010 ). From the mechanistic 
point of view, such anti-aggregation and pro-degradative function of HSPB8 
depends on its association with the partner BAG3, as knockdown of the latter dimin-
ishes HSPB8 ability to inhibit mutated protein aggregation (Carra et al.  2008b ). 
Moreover, the work of several independent laboratories demonstrated that the 
HSPB8-BAG3-HSPA8 complex not only facilitates autophagy fl ux, but is involved 
also in client binding and targeting to autophagosomes for degradation (Arndt et al. 
 2010 ; Carra et al.  2008a ; Gamerdinger et al.  2011 ). In particular, BAG3 possesses a 
dynein binding domain, which allows binding of the HSPB8-BAG3 complex to 
dynein and transport of the bound cargo to the microtubule organization center 
(MTOC) (Gamerdinger et al.  2011 ). Here, at the MTOC, autophagosomes are 
mainly assembled and highly concentrated, favouring cargo engulfi ng and degrada-
tion within autophagosomes. If not effi ciently degraded, the bound cargo is targeted 
to the aggresome. Indeed, the aggresome is a dynamic structure that forms, at the 
MTOC, in response to an overload of improperly folded proteins (Kopito  2000 ). 
Thus, when autophagy fl ux is insuffi cient or dysregulated, as it occurs in neurode-
generative diseases, the dynein-mediated retrograde transport may not be fully 
paralleled by the rate of autophagosome formation; this would lead to the typical 
accumulation of aggresomes found in protein conformation diseases. 

 Concerning the stimulation of autophagy, overexpression of HSPB8 and/or 
BAG3 in mammalian cells (HeLa, HEK293T, but not in motoneuronal NSC34 
cells) induces the LC3-II (autophagosome- anchored)/LC3-I ratio, which corresponds 
to an increased formation of autophagosomes (Carra et al.  2008b ,  2009 ). The complex 
also increases the fusion of autophagosomes with lysosomes, as measured using 
specifi c inhibitors of the fusion step, thereby favoring autophagy-mediated degrada-
tion of different substrates (Carra et al.  2008b ). In contrast, knocking down the 
HSPB8-BAG3 complex leads to a decreased activation of autophagy in basal condi-
tions particularly under proteotoxic stress, thus rendering the cells more vulnerable 
to proteotoxicity (Carra et al.  2008b ; Rapino et al.  2013 ); this is accompanied by a 
large increase in the accumulation of insoluble proteins within the cells. The activa-
tion of autophagy by HSPB8- BAG3 observed in the cell lines tested (e.g. HEK293T, 
HeLa) is a consequence of the induction of the phosphorylation of eIF2α. In fact, on 
one hand co-transfection of HSPB8 (and BAG3) with GADD34, which promotes 
the dephosphorylation of eIF2α, abrogates HSPB8 (and BAG3) mediated induction 
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of autophagy (Carra et al.  2009 ). On the other hand, overexpression of HSPB8 
(and BAG3) induces the phosphorylation of eIF2α, both in cells and in vitro. Such 
induction of phospho-eIF2α upon HSPB8-BAG3 overexpression is generally 
observed prior to obvious effects on the LC3-II/LC3-I ratio. In particular, while 
we observed induced phospho-eIF2α typically between 16 and 24 h after transfec-
tion of the chaperone complex, the maximal effects on autophagy were observed 
between 24 and 48 h post-transfection in cells overexpressing HSPB8-BAG3 
((Carra et al.  2009 ) and Carra, unpublished). As mentioned above phospho-eIF2α 
induces the expression of key autophagy genes, including ATG5, thus explaining 
the delay between these two HSPB8-BAG3- mediated effects. 

 Concerning client binding and targeting, the HSPB8-BAG3-HSPA8 complex 
interacts with the E3 ligase CHIP (Arndt et al.  2010 ; Crippa et al.  2010 ) and with the 
autophagy receptor protein p62/SQSTM1 (sequestosome1) (Gamerdinger et al. 
 2009 ). CHIP would ubiquitinate the HSPA8-bound substrates, while SQSTM1 is a 
multi-adaptor protein that simultaneously binds to ubiquitin and the autophagosome- 
associated protein LC3 (Bjorkoy et al.  2005 ; Pankiv et al.  2007 ), thereby linking 
polyubiquitinated proteins to the autophagic machinery. Actually, recent fi ndings 
from our group show that BAG3 interacts, via HSPA8, with (poly)ubiquitinated pro-
teins; whether all these clients are ubiquitinated via CHIP is however still unknown 
(Minoia et al.  2014 ). Once bound by the HSPB8-BAG3- HSPA8 complex, these cli-
ents are sequestered into cytoplasmic puncta that are labeled with the autophagic 
adapter/linker proteins SQSTM1, but also WIPI-1 and LC3. The sequestration of the 
ubiquitinated clients into SQSTM1-positive cytoplasmic puncta would avoid their 
proteasome-mediated degradation, thereby favoring their re-routing towards autoph-
agy (Minoia et al.  2014 ). It is of note that while HSPB8 can colocalize with BAG3 
and HSPA8 in these ubiquitin- SQSTM1-containing cytoplasmic puncta, it is not 
strictly required for BAG3 binding to ubiquitinated proteins as well as for BAG3-
induced sequestration into cytoplasmic puncta, which depends entirely on BAG3 
interaction with HSPA8. However, we observed that HSPB8 can also pull-down 
ubiquitinated proteins (Carra, unpublished), similarly to HSPA8; this opens the pos-
sibility that HSPB8 may exert an additive role to the one of HSPA8 and participate in 
the targeting of specifi c clients to degradation. Alternatively, since we found that 
HSPB8 colocalizes with BAG3 in ubiquitin-positive cytoplasmic puncta especially 
after prolonged inhibition of the proteasome, our data suggest that HSPB8 may 
cooperate with HSPA8 and BAG3 in client re-routing especially under severe stress 
conditions (Carra, unpublished).  

21.6.2     HSPB8 and Protein Synthesis 

 As previously mentioned, we found that overexpression of HSPB8 in mammalian 
cells leads to phosphorylation of eIF2α (Carra et al.  2009 ), which acts as a dominant 
inhibitor of the guanine nucleotide exchange factor eIF2B and prevents the recycling 
of eIF2 between successive rounds of protein synthesis. As a consequence, translation 
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is attenuated. A number of conditions result in eIF2α phosphorylation including 
heat shock, viral infection, nutrient deprivation, iron defi ciency, and accumulation 
of unfolded or denatured proteins (Kimball  1999 ). In the case of cells overexpress-
ing HSPB8, increased levels of phospho-eIF2α is accompanied by the induction of 
key transcription factors (e.g. ATF4) and of autophagy (Carra et al.  2009 ). Both 
attenuation of translation and induction of autophagy participate in decreasing the 
accumulation and, subsequently, the aggregation of mutated misfolded proteins 
mediated by HSPB8 (Carra et al.  2009 ). The ability of HSPB8 to inhibit protein 
synthesis has been further demonstrated in vitro, using recombinant HSPB8 and 
cDNAs encoding for different substrates, thereby allowing a generalization of its 
effect (Carra et al.  2009 ). From the mechanistic point of view, it is still largely 
unknown how HSPB8 can trigger the phosphorylation of eIF2α. HSPB8 shows 
sequence similarity to the protein kinase coding domain of the large subunit of her-
pes simplex virus type 2 ribonucleotide reductase (ICP10) and displays a Mn 2+ -
dependent protein kinase activity (Smith et al.  2000 ). This autokinase activity of 
HSPB8 depends on the lysine 113 and permits it to phosphorylate specifi c substrates 
such as e.g. myelin basic protein (Chowdary et al.  2004 ; Depre et al.  2002 ). Its putative 
autokinase, both wildtype HSPB8 and the kinase-dead K113G mutant forms of 
HSPB8 could induce the phosphorylation of eIF2α, thereby excluding any direct 
role of HSPB8 as kinase at the level of eIF2α (Carra et al.  2009 ). 

 In parallel to the eIF2α signaling pathway, the phosphoinositide-3 kinase (PI3K) 
transduction pathway is also activated in response to a wide range of stresses (Bang 
et al.  2000 ). Recently it has been reported that a cross-talk between these pathways 
exists and that the eIF2α kinase PKR, which leads to phosphorylation of eIF2α, also 
acts upstream of PI3K and turns on the Akt/PKB-FRAP/mTOR pathway. From the 
mechanistic point of view, the activation of the PI3K pathway is indirect and requires 
the inhibition of protein synthesis by phospho-eIF2α. As a result, the apoptotic and 
protein synthesis inhibitory effects exerted by phospho-eIF2α are counterbalanced/
antagonized by the Akt/PKB-FRAP/mTOR pathway, which promotes cell prolifer-
ation and survival. Curiously, HSPB8 increases the phosphorylation of Akt and acts 
as survival and differentiation factor in hippocampal neurons (Ramirez-Rodriguez 
et al.  2013 ). Whether the induction of eIF2α phosphorylation is upstream of and 
required for the activation of Akt mediated by HSPB8 is currently unknown. 
Understanding how upregulation of HSPB8 leads to phosphorylation of eIF2α and 
whether this is linked to its role in cell survival (Akt activation) will unravel new 
targets whose modulation helps maintain proteostasis and boosts cell survival in 
stress and disease. 

 An inhibitory role in protein synthesis has been suggested also for another 
 member of the HSPB family, HSPB1 (Cuesta et al.  2000 ). However, this seems 
mechanistically unrelated to phosphorylation of eIF2α. During heat shock, HSPB1 
binds to the eukaryotic initiation factor eIF4G, promotes eIF4G insolubilization and 
prevents translation (Cuesta et al.  2000 ). Following heat shock, HSPB1 accumu-
lates together with eIF4G in heat shock granules; similarly to HSPB1, we observed 
accumulation of HSPB8 in heat-shock granules (Carra, unpublished). What is the 
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functional role of HSPB8 at the level of heat-shock granules and whether, similarly 
to HSPB1, HSPB8 can interact with eIF4G is not known.  

21.6.3     HSPB8, eIF2α Phosphorylation and Stress Granules 

 As previously mentioned, upon stress, phosphorylation of eIF2α promotes SG 
assembly; however, it is of note that SGs can also be triggered in an eIF2α- 
independent manner, e.g. following inhibition of the proteasome or robust heat 
shock (Grousl et al.  2009 ; Mazroui et al.  2007 ). Formation of SGs is part of the 
integrated stress response aimed at cell survival and alteration in the dynamics of 
SGs has been associated with a number of pathological conditions. In particular, in 
protein conformation diseases, such as CAG/polyQ diseases or in ALS, colocaliza-
tion of SG components with proteinaceous inclusions has been shown (Wolozin 
 2014 ; Ramaswami et al.  2013 ). This may result from the presence of mutated 
 proteins that by itself can trigger SGs with altered dynamics (e.g. persistent SGs can 
be triggered by ALS-associated mutated FUS/TLS) as well as by the aberrant 
 clearance of SGs, which, in turn, can derive from impairment of the PQC system 
(inhibition of autophagy and VCP) (Ramaswami et al.  2013 ; Buchan et al.  2013 ); 
the two processes are not mutually exclusive, and may coexist. Whether HSPB8 
also infl uences the SG response, due to its action on phospho-eIF2α and whether, 
with its pro-autophagic activity, it participates in the clearance of persistent SGs, is 
currently unknown. However, considering that SG assembly is triggered by the self- 
aggregation of proteins that contain prion-like domains, it is plausible that specifi c 
chaperones are recruited into SGs to avoid irreversible aggregation of their compo-
nents, thereby maintaining their dynamic nature. We found that HSPB8 is recruited 
into SGs following several stress conditions, including heat shock, treatment with 
arsenite and inhibitors of the proteasome (Fig.  21.1a  and Carra, unpublished). 
HSPB8 also colocalizes with mutated ALS-associated FUS R518K in SGs (Fig.  21.1b ). 
Combined, these observations open the possibility that HSPB8 may participate in 
the PQC at the level of SGs. HSPB8 may contribute to avoid irreversible protein 
aggregation within SGs. When irreversible aggregation occurs and/or in the presence 
of mutated or damaged components of SGs, HSPB8 may cooperate with BAG3 to 
target such components (or damaged and persistent SGs) to autophagy for degra-
dation (Fig.  21.2 ). Indeed, SGs can be degraded by autophagy with the assistance of 
the ubiquitin chaperone VCP (Buchan et al.  2013 ).   

 Alternatively, but not mutually exclusive, HSPB8 may be recruited into SGs to 
serve specifi c functions, such as to regulate the activity of specifi c mRNA-binding 
proteins; for example HSPB8 interacts with two RNA-binding proteins: DEAD box 
protein Ddx20 (gemin3, DP103) and Src associated in mitosis of 68  kDa (Sam68) 
(Sun et al.  2010 ; Badri et al.  2006 ). The DEAD box proteins form a subgroup of the 
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DExD/H box family of helicases and have an ATP-dependent RNA unwinding 
(helicase) activity (Rocak and Linder  2004 ), and are involved in pre-mRNA 
processing, RNA turnover, RNA transcription, RNA export. In particular, Ddx20 
associates with a protein, the survival of motor neuron (SMN) protein, that when 
mutated is responsible for spinal muscular atrophy (SMA). Also SMN localizes to 
SGs and its overexpression induces SGs (Charroux et al.  1999 ; Hua and Zhou 
 2004 ). SMN complexes are also involved in assembly and processing of diverse 
ribonucleoparticles (RNPs), including snRNPs (spliceosomes), snoRNPs, hnRNPs, 
transcriptosomes, and miRNPs (Pellizzoni et al.  2002 ). Sam68, associates with T-cell 
intracellular antigen-1 (TIA-1), a core component of SGs and localizes to SGs 
following oxidative stress (Henao-Mejia and He  2009 ; Henao-Mejia et al.  2009 ). At 
present, the functional signifi cance of HSPB8 interaction with both Ddx20 and 
Sam68 is still largely unknown and may refl ect a yet unraveled role of HSPB8 in 
modulating the function of these specifi c RNA-binding proteins, rather than their 
recruitment to SGs.  

  Fig. 21.1    HSPB8 is recruited into stress granules. ( a ) HeLa cells were heated at 43.5 °C for 
45 min, fi xed in 4 % formaldehyde for 10 min at room temperature, followed by permeabilization 
with cold acetone for 5 min. Cells were processed for immunofl uorescence with anti-HSPB8, anti-
TIA- 1, anti-G3BP and DAPI. TIA-1 and G3BP were used as markers of stress granules. ( b ) HeLa 
cells were transfected by calcium phosphate with a cDNA encoding for HA-tagged R518K-FUS 
(kindly provided by Dr. U. Pandey). Twenty four hours post-transfection cells were fi xed as 
described in A and processed for immunofl uorescence with anti-HSPB8, anti-HA and DAPI. ( a ,  b ) 
A 2.5× magnifi cation of the selected area is shown       

 

21 Role of HSPB8 in the Proteostasis Network: From Protein Synthesis…



502

  Fig. 21.2    Schematic model of the known and putative sites of action of HSPB8. ( 1 ) Upon proteo-
toxic stress conditions, due to either external insult, ageing or genetic mutations, the amount of 
aberrantly folded substrates exceeds the capacity of the cells to properly assist their folding or 
clearance; as a result aggregation-prone proteins accumulate, leading to the activation of the 
protein quality control system. ( 2 ) Phosphorylation of eIF2α represents an early event and has 
several consequences: it allows to temporarily attenuate translation; it induces the assembly of SGs 
( 3 ) and it induces the expression of specifi c genes, including essential autophagy genes (ATG5). 
SG assembly is triggered by the self-aggregation of RNA-binding proteins that contains a prion-
like domain, such as TIA-1, which translocates from the nucleus to the cytoplasm upon stress. 
Translocation into the cytoplasm and redistribution into SGs can also occur as a consequence of 
disease-associated mutations; in fact, TDP-43 and mutated FUS “aberrantly” redistribute into SGs. 
The molecular chaperone HSPB8 is also recruited at SGs but its function at this level is still largely 
unknown ( 4 ). ( 5 ) HSPB8, together with BAG3, is amongst the genes upregulated following 
proteotoxic stress (e.g. inhibition of the proteasome). HSPB8 and BAG3 participate in the stimula-
tion of the autophagic fl ux and assist the targeting of damaged clients to autophagy ( 6 ), thereby 
allowing to restore proteostasis. HSPB8, which is recruited into SGs and where it colocalizes 
with mutated FUS, may also participate in the maintenance of SG dynamics. HSPB8 may prevent 
aberrant protein aggregation at SGs or may target altered and persistent SGs or components thereof 
to autophagy for clearance ( 7 )       

 

A. Poletti and S. Carra



503

21.6.4     Mutated HSPB8 Is Associated with Motor 
Neuron Diseases 

 At present, three mutations (K141E, K141N and K141T) of HSPB8 have been 
associated with hereditary motor neuropathy (HMN) or with Charcot-Marie-Tooth 
type 2L (CMT-2L) disease and specifi cally target motor neurons (Irobi et al.  2004 ; 
Nakhro et al.  2013 ). The specifi c vulnerability of motor neurons to mutated HSPB8 
has been confi rmed by overexpression studies in primary neuronal motor neuron 
cultures, where K141E and K141N HSPB8 caused neurite degeneration (the K141T 
mutation has been discovered recently and little experimental information is avail-
able concerning its properties) (Irobi et al.  2010 ). Instead, no signifi cant toxicity 
was observed in primary sensory neurons, cortical neurons or glial cells overex-
pressing mutated HSPB8 (Irobi et al.  2010 ). Although it is still unclear why motor 
neurons are particularly sensitive to mutated HSPB8, recent data obtained by our 
group suggest that K141E and K141N are mainly characterized by loss of function 
(LOF) rather than by a toxic gain of function (GOF). In fact, the anti-aggregation 
and pro-degradative activities exerted by wildtype HSPB8 on misfolded mutated 
proteins such as mutated AR, huntingtin, ataxin-3, SOD1, TDP-43 and the mutated 
form P182L of HSPB1, which is also associated with HMN, were signifi cantly 
decreased by its mutations (Carra et al.  2005 ,  2010 ). The observation that mutated 
HSPB8 is characterized by a loss of function in PQC was further confi rmed in vivo, 
using a Drosophila model of the CAG/polyQ disease SCA3 (Carra et al.  2010 ). The 
reduced ability of mutated HSPB8 to block the accumulation of aggregate-prone 
substrates may be due to a (partial) loss of HSPB8 function at the level of protein 
synthesis regulation (phosphorylation of eIF2α), autophagy induction and/or targeting 
of clients to autolysosomes for degradation. The latter is supported by experimental 
fi nding showing that overexpression of mutated HSPB8 caused the accumulation of 
autophagosomes that colocalise with protein aggregates, but fail to fuse with the 
lysosomes (Kwok et al.  2011 ). Instead, overexpression of wildtype HSPB8 increased 
the autophagic fl ux and colocalisation of autophagosomes with lysosomes (Kwok 
et al.  2011 ). Binding affi nity of mutated HSPB8 to BAG3 was found to be decreased 
both in cells and in vitro, using recombinant proteins (Carra et al.  2010 ; Shemetov 
and Gusev  2011 ). In parallel, our recent data demonstrate that within the HSPB8-
BAG3-HSPA8 complex, BAG3 seems to play a crucial role in client binding and 
re-routing towards autophagy as well as in stimulation of autophagic fl ux, while 
HSPB8 seems to act as helper (Minoia et al.  2014 ). In light of these observations, it 
is possible that the decreased ability of mutated HSPB8 to clear misfolded proteins 
and induce autophagic fl ux is a consequence of its reduced interaction/cooperation 
with BAG3 and of decreased HSPB8 stability (mutated HSPB8 by itself tends to 
aggregate) (Irobi et al.  2004 ). This would contribute to motor neuropathy. In fact, 
defective autophagosome maturation and autophagic vacuole accumulation have 
been shown in a number of protein conformational diseases as well as in HMNs/
CMT disease. Moreover, genes directly involved in the endolysosomal and 
 lysosomal pathway are mutated in HMNs (e.g. mutations in Rab7, in 
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lipopolysaccharide-induced tumor necrosis factor- alpha factor/small integral 
 membrane protein of lysosome/late endosome, LITAF/SIMPLE) (Verhoeven et al. 
 2003 ; Street et al.  2003 ; Saifi  et al.  2005 ), further supporting that deregulated 
autophagy contributes to motor neuron diseases and knockout of key autophagy 
genes causes neurodegeneration with accumulation of ubiquitin-positive inclusions 
(Komatsu et al.  2006 ). Whether a decreased autophagy induction also occurs in 
cells expressing mutated HSPB8 as a consequence of impaired modulation of 
phospho-eIF2α and whether such mutant forms of HSPB8 may also  indirectly affect 
SG response/dynamics under stress is still unknown. However, it is of note that 
interplay between autophagy and SG clearance exists (Buchan et al.  2013 ) and that 
both deregulated autophagy and accumulation of SG components are hallmarks of 
motor neuron diseases, including ALS, IBMPFD (Wolozin  2014 ; Ramaswami et al. 
 2013 ). Thus, altered clearance of SGs as a consequence of decreased autophagic 
fl ux may also occur and contribute to HSPB8- associated motor neuropathy. Future 
studies are needed to understand the exact mechanisms responsible for motor 
 neuronal death in HSPB8-associated motor neuropathy and to explain what makes 
specifi cally motor neurons vulnerable to mutated HSPB8.   

21.7     Conclusions and Perspectives 

 Accumulation of aggregated proteins is a hallmark of many neurodegenerative and 
muscular diseases, confi rming that imbalance of protein homeostasis is deleterious 
for cell survival. To survive proteotoxic stress, due to external insults or genetic 
mutations, cells have evolved a well-orchestrated system, the protein quality (PQC) 
system. The PQC system avoids or limits irreversible protein aggregation, thereby 
maintaining normal protein homeostasis under many different intracellular or 
extracellular insults that affect protein stability and function. Key players of the 
PQC system are molecular chaperones, including both the heat shock proteins 
(HSPs) and the degradative pathways, mainly the proteasome and autophagy 
 systems. Upregulation of chaperones that can boost protein degradation, is normally 
benefi cial in protein conformation models, but the protective functions exerted by 
specifi c molecular chaperones may be linked to their action not only at the level of 
proteins, but also in ribonucleoprotein complexes. In fact, in several neurodegenerative 
diseases, RNA-containing SGs colocalize with proteinaceous aggregates; thus, 
imbalance of ribonucleoprotein homoestasis may, concomitantly with proteostasis 
imbalance, contribute to disease and cell death. Intriguingly, the formation of these 
SGs is triggered, upon proteotoxic stress, by the self-reversible aggregation of 
RNA-binding proteins that contain prion-like domains; this suggests that chaper-
ones may also assist SG dynamics, avoiding irreversible RNA/protein aggregation 
at SGs (and SG persistence, which can be observed in neurodegenerative diseases). 
Alternatively, but not mutually exclusive, chaperones can recognize aberrant/dam-
aged SGs and target them (or components thereof, such as mutated FUS, TDP-43) 
to autophagy for degradation. How and to what extent molecular chaperones act at 
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the level of misfolded proteins, ribonucleoproteins and SGs, as well as on translation 
attenuation (which precedes SG formation) has attracted the attention of research-
ers. HSPB8 is an example of a chaperone, with multifaceted roles, which may act at 
different sites to help maintaining both protein and RNA homeostasis. In fact, 
HSPB8 promotes the autophagy-mediated clearance of aggregated proteins, induces 
the phosphorylation of eIF2α, which in turns triggers SGs and is itself recruited 
within SGs. Future research should investigate in more detail the link between pro-
tein and RNA homeostasis as well as the specifi c sites of action of chaperones, 
including HPB8. This will help unravel to what extent HSPB8 protective functions 
in protein conformation diseases are linked to its role in translation control, whether 
it assists SG dynamics or targets SG components to autophagy, which would also 
contribute to cell protection, or rather whether HSPB8 modulation of eIF2α phos-
phorylation and recruitment at SGs represent different, unrelated, activities. 
Therefore, a detailed characterization of the different partners and/or interactors 
recruited by HSPB8 to trigger one or all pathways acting synergistically to maintain 
protein and RNA balance, as well as the identifi cation of small molecules capable 
of inducing HSPB8 expression in a cell-specifi c manner will be fundamental to 
fi nding innovative approaches to counteract human diseases associated with 
proteotoxicity.     
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     Chapter 22   
 Understanding What Small Heat Shock 
Proteins Do for Bacterial Cells 

             Zengyi     Chang    

    Abstract     Being initially discovered due to the increased transcription of their 
encoding genes under heat shock conditions, heat shock proteins (HSPs, inter-
changeably named as ‘stress proteins’ or ‘molecular chaperones’) are known for 
their dramatic increase in amount when an organism is exposed to a variety of stress 
conditions. The major known activity for HSPs is to prevent the aggregation of 
nascent polypeptide chains that are yet-folded or mature proteins that are denatured 
under stress conditions. By transiently binding to and subsequently releasing the 
client proteins, HSPs function to promote their folding and/or assembly in living 
organisms. Small heat shock proteins (sHSPs), being relatively small among the 
HSPs in terms of the molecular weight of a single polypeptide chain, was found to 
present in bacteria only years after they were fi rst identifi ed in animals and plants. 
In this chapter, I will provide a historical perspective on what we have learned about 
the structure, function and regulation of sHSPs in bacteria. Main aspects covered in 
this chapter include the following. sHSPs exist as large dynamic homo-oligomers 
and regulate their activities by modulating their oligomeric status in a stress-responsive 
manner; sHSPs exhibit effective chaperone-like activities under  in vitro  and  in vivo  
conditions; The monomeric small heat shock proteins possess an immunoglobulin-
like folding pattern; sHSPs associate with and affect the physical state of cellular 
membranes; sHSPs play a potential role for bacterial cells to enter the non- growing 
dormant state; The biological functions of sHSPs are explored via gene knockout 
studies. In the end, I will also briefl y discuss some of the unresolved issues regarding 
the structure, function and regulation of sHSPs.  
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22.1         A Brief History on the Discovery of Heat 
Shock Proteins 

 Each known organism lives and grows most effectively over an optimal temperature 
range. In this regard, temperature is one key factor that affects the life of all living 
organisms. Heat shock proteins as a group were discovered by Ferruccio Ritossa in 
the early 1960s, during which a new puffi ng pattern of the salivary gland polytene 
chromosomes in the embryos of the fruit fl y  Drosophila  was found to be induced 
upon an unplanned temperature (heat) shock treatment at 37 °C (from their normal 
growing temperature of 25 °C). This was demonstrated to be due to rapid (within 
2–3 min) new RNA synthesis (transcription) at the puff sites on the chromosomes 
(Ritossa  1962 ). The manuscript reporting this discovery was initially rejected by a 
highly reputable journal because the editor considered this fi nding irrelevant to the 
scientifi c community (Ritossa  1962 ,  1996 ). 

 A unique set of newly synthesized proteins, thus incorporating the radioisotope 
labeled amino acid [ 35 S]methionine, of fi xed molecular masses between 70 and 
20 kD were repeatedly detected in the salivary glands and other tissues of the fruit 
fl y upon such heat shock treatment, whereas the synthesis of most other cellular 
proteins was found to be signifi cantly suppressed (Tissieres et al.  1974 ; Lewis et al. 
 1975 ). These unique heat shock induced proteins of  Drosophila  were later termed 
‘heat shock’ polypeptides or proteins, and commonly abbreviated as HSPs (Koninkx 
 1976 ; Ashburner and Bonner  1979 ). As in many cases, ‘heat shock protein’ is 
 certainly not an ideal name for these proteins, because they were later found to be 
also expressed under normal temperature conditions (Cheney and Shearn  1983 ) and 
can also be induced by stress conditions other than heat shock (Lewis et al.  1975 ). 

 Although this selective induction of proteins by heat shock was initially thought 
to be unique to the fl ies, analogous heat shock or temperature shift-up response was 
later observed in avian and mammalian tissue culture cells (Kelley and Schlesinger 
 1978 ) and in bacterial cells (Yamamori et al.  1978 ) since the later 1970s. Further 
studies then showed that all organisms, from archaebacteria to eubacteria and from 
plants to animals, respond to heat or other stress conditions by producing the heat 
shock proteins (Craig and Lindquist  1988 ). 

 For years, heat shock genes were chosen as preferable and extremely successful 
model system for studying gene structure and regulation. Although the proteins 
encoded by the heat shock genes were found to be among the most highly conserved 
proteins across the species, the search for functions of the heat shock proteins turned 
out to be far more diffi cult and far less successful for many years. A function for 
heat shock proteins was gradually realized when some of them, often given various 
names to refl ect the way that they were initially identifi ed, were found to be 
 intimately involved in protecting unfolded nascent proteins (during their matura-
tion) or unfolded mature proteins resulted from denaturing conditions, often in an 
ATP- dependent manner. For example, high level of Hsp70 was found to accelerate 
the recovery of nucleolar morphology of mammalian cells after heat shock, with the 
Hsp70 rapidly and specifi cally dissociating from the insoluble nucleolar particles in 
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the presence of ATP (Lewis and Pelham  1985 ); Additionally, the Hsp70-like protein 
was found to be identical to BiP (‘immunoglobulin heavy-chain binding protein’) 
that had been known to bind to the nascent heavy chain of IgG in the endoplasmic 
reticulum of B cells, as well as GRP78 (‘glucose regulated protein 78’) whose 
 synthesis is induced by glucose starvation (Munro and Pelham  1986 ). 

 In light of these observations, it was speculated that one function of Hsp 70 
(likely other heat shock proteins as well) is to tightly bind unfolded substrate 
(client) proteins under stress conditions but to release them after returning to the 
non- stressful conditions, using energy from ATP hydrolysis (Pelham  1986 ). Such 
roles of heat shock proteins to disrupt ‘improper’ interactions between other proteins 
by interacting with them in a transient manner led to their designation in general as 
‘molecular chaperones’ (Ellis  1987 ).  

22.2     A Brief History on the Discovery 
of the Small Heat Shock Proteins 

 Small heat shock proteins (often abbreviated as sHSPs) were initially identifi ed as 
ones having a relatively small subunit sizes in the fruit fl y  Drosophila , in  comparison 
with those ‘larger’ ones such as Hsp60, Hsp70, Hsp90 or Hsp100 family members. 
The small heat shock proteins were actually also detected in the initial attempts to 
identify newly synthesized proteins upon heat shock treatment of tissues or 
 individuals of the fruit fl y  Drosophila  (Tissieres et al.  1974 ; Lewis et al.  1975 ; 
Koninkx  1976 ). Four different forms of small heat shock proteins of 27, 26, 23, and 
22 kD were then clearly distinguished from  Drosophila  tissues by fi ngerprinting 
analysis of trypsin-cleaved peptides (Mirault et al.  1978 ). When the DNA fragment 
encoding these four  hsp  genes, all located at  Drosophila  chromosomal subdivision 
67B, were isolated and sequenced, it was revealed that their predicted amino acid 
sequences are not only homologous to each other, but also to that of the mammalian 
α-crystallin proteins known to be richly present in the eye lens and to form large 
oligomers (Ingolia and Craig  1982 ). 

 Proteins homologous to the fruit fl y small heat shock proteins and mammalian 
α-crystallins were subsequently identifi ed from such species as higher plant (Key 
et al.  1981 ; Nagao et al.  1985 ), animal (Russnak et al.  1983 ), and bacteria (Booth 
et al.  1988 ; Nerland et al.  1988 ; Verbon et al.  1992 ; Lee et al.  1992 ; Allen et al. 
 1992 ). In contrast to the extreme high level of conservation in amino acid sequences 
commonly found among the Hsp70s and Hsp60s, that for small heat shock proteins 
was found to be far less pronounced (Sauer and Dürre  1993 ; de Jong et al.  1993 ). 
Although the small heat shock proteins from different sources have been commonly 
found to be present as large insoluble heat shock granules that are resistant to deter-
gent extraction in the nucleus under heat shock conditions, they were found to be 
soluble and perinuclear-located before or after the heat shock treatment (Arrigo 
et al.  1988 ; Collier et al.  1988 ). They were found to form large dynamic oligomers 
(Arrigo and Welch  1987 ; Behlke et al.  1991 ) and exhibit chaperone-like activities to 
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suppress the aggregation of unfolded client proteins under  in vitro  conditions 
(Horwitz  1992 ; Jakob et al.  1993 ; Chang et al.  1996 ). Nevertheless, the actual func-
tion of this family of proteins, as for many proteins in living organisms, has been 
elusive.  

22.3     The Small Heat Shock Proteins Were Found to Actually 
Possess the Largest Size in Their Native Assemblies 
Among the Heat Shock Proteins 

 Small heat shock proteins was initially defi ned on the basis of their small molecular 
weight as detected by the denaturing SDS-PAGE analysis (in combination with 
autoradiography) in the fruit fl y  Drosophila  upon heat shock treatment (Ingolia and 
Craig  1982 ). Small heat shock proteins in other species were then identifi ed as a 
result of their sharing amino acid sequence similarity with these  Drosophila  
 proteins, most pronounced in the so-called α-crystallin domain (de Jong et al.  1993 ). 
The name ‘small heat shock protein’ designates proteins possessing such a con-
served domain, not including other low molecular weight heat shock proteins such 
as Hsp33, GroES, GrpE and Hsp15 (Narberhaus  2002 ). Human small heat shock 
proteins are named according to a HUGO-approved nomenclature (Kampinga et al. 
 2009 ). One of these proteins HSPB11 does not have the α-crystallin signature 
sequence but was included based on functional similarities. There is ongoing 
 discussion about whether or not it should be included (Kappé et al.  2010 ). When 
small heat shock proteins were subjected to analysis by electron microscopy (Arrigo 
et al.  1988 ; Behlke et al.  1991 ; Chang et al.  1996 ; Shearstone and Baneyx  1999 ), or 
size exclusion chromatography (Hockertz et al.  1991 ; Shearstone and Baneyx  1999 ; 
Jiao et al.  2005 ), they were found to exist as large and dynamic oligomers, with an 
average native size between 400 and 800 kDa, being far larger than members of 
many other heat shock protein families.  

22.4     Small Heat Shock Proteins from Bacteria Were Initially 
Identifi ed by an Amino Acid Sequence Similarity 
to Small Heat Shock Proteins of the Eukaryotic Cells 

 Upon a shift-up of growth temperature from the normal 37 °C to the heat shock 
42 °C for the  E. coli  bacterial cells, the level of fi ve proteins having a size between 
87 and 61 kD were found to be dramatically increased, whereas the low molecular 
weight heat shock proteins similar to those clearly detected in animal or plant cells 
were undetectable (Cooper and Ruettinger  1975 ; Yamamori et al.  1978 ). Due to 
this, for many years, it was not clear whether small heat shock proteins were present 
in bacteria. 
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 A bacterial small heat shock protein was often revealed by its sharing an amino 
acid sequence similarity with the eukaryotic ones when the cDNA of a certain 
 protein, named for other properties, was isolated and sequenced. These proteins 
were initially identifi ed as antigens (Booth et al.  1988 ; Nerland et al.  1988 ; Verbon 
et al.  1992 ) or major membrane protein (Lee et al.  1992 ) of mycobacteria, inclusion 
body binding protein (IbpA and IbpB) of Gram-negative  E. coli  cells (Allen et al. 
 1992 ), a protein encoded by a gene whose mutation prevented the Gram-positive 
bacteria  Clostridium acetobutylicum  from producing acetone and butanol (Sauer 
and Dürre  1993 ). They were found to share sequence homology with the animal or 
plant small heat shock proteins only after their amino acid sequences were deduced 
from their encoding genes (Booth et al.  1988 ; Nerland et al.  1988 ; Verbon et al. 
 1992 ; Lee et al.  1992 ; Allen et al.  1992 ; Sauer and Dürre  1993 ). In retrospect, heat 
shock treatment of  Mycobacteria tuberculosis  at 48 °C (but not at 42 °C) signifi cantly 
induced the production of a 15 kDa protein band (Young and Garbe  1991 ), which 
might be identical to the ‘14 kDa antigen’ that was later found to be a member of the 
small heat shock protein family (Verbon et al.  1992 ). The IbpA and IbpB proteins 
were found to be induced by heat shock treatment, but to a level that was hardly 
visible by Coomassie blue staining and were detectable only by immunoblotting 
(Allen et al.  1992 ). 

 Small heat shock proteins have also been found in thermophilic cyanobacteria 
 Synechococcus vulcanus  (HspA) that normally grow at 50 °C (Roy and Nakamoto 
 1998 ), hyperthemophilic archaeon  Methanococcus jannaschii  (Hsp16.5) that 
 normally grow at 85 °C (   Kim et al.  1998a ,  b ), as well as many other thermophilic 
bacteria (Laksanalamai and Robb  2004 ).  

22.5     Bacterial Small Heat Shock Proteins Exist as Homo- 
oligomers with or Without a Fixed Number of Subunits 
(Monodispersed or Polydispersed) 

 All bacterial small heat shock proteins have been characterized as homo-oligomers 
under in vitro conditions. Some of them seem to be able to form oligomers of a fi xed 
size, i.e., monodispersed, while others of a variety of sizes, i.e., polydispersed. Bacterial 
small heat shock proteins forming homo-oligomers of a fi xed size include, for 
example, Hsp16.3 (or Acr1) from  Mycobacterial tuberculosis  (Chang et al. 
 1996 ; Kennaway et al.  2005 ), Hsp16.5 from the hyperthermophilic archaeon 
 Methanococcus jannaschii  (Kim et al.  1998a ,  b ). Bacterial small heat shock  proteins 
forming homo-oligomers of a diversity of sizes include, for example, the IbpB 
(Veinger et al.  1998 ; Kitagawa et al.  2002 ; Jiao et al.  2005 ) and IbpA (Matuszewska 
et al.  2005 ; Ratajczak et al.  2010 ) of  E. coli  cells. Under stress conditions, bacterial 
sHSPs have been observed to form supermolecular assemblies in the form of fi brils 
(Ratajczak et al.  2010 ; Shi et al.  2011 ), which was the form that bound unfolded 
client proteins. Given that small heat shock proteins have been observed to form 

22 Understanding What Small Heat Shock Proteins Do for Bacterial Cells



516

large granules in animal cells under heat shock conditions (Arrigo et al.  1988 ; 
Collier et al.  1988 ), it would be interesting to fi nd out whether such large assemblies 
are the functional forms of small heat shock proteins in bacterial cells. In particular, 
it needs to be demonstrated whether the thickened wall observed in the dormant 
state of mycobacteria (Cunningham and Spreadbury  1998 ) is related to such large 
forms of small heat shock proteins. 

 Another common feature for the quaternary structure of small heat shock  proteins 
of bacteria and other species is the dynamic nature of the subunit assembly (as illus-
trated in Fig.  22.1 ). This allows a constant dissociation and reassociation of the 
oligomeric subunits of those of fi xed oligomeric sizes (Gu et al.  2002 ), polydis-
persed sizes (Shearstone and Baneyx  1999 ; Jiao et al.  2005 ), or for those forming 
hetero-oligomers among the different isoforms (Studer and Narberhaus  2000 ). Such 
dynamic subunit interaction is apparently responsive to the physical and chemical 
ambient conditions, particularly such stress conditions as heat shock, allowing 
small heat shock proteins to effectively modulate their biological activities and to 
provide protection of their clients in the cells, correlating to the level of harshness 
of the stress conditions (Young et al.  1999 ; Mao et al.  2001 ; Gu et al.  2002 ; Bova 
et al.  2002 ; Fu et al.  2003 ,  2004 ; Fu and Chang  2004 ; Lentze et al.  2004 ; Jiao et al. 
 2005 ,  2008 ).   

  Fig. 22.1    Current understanding on the two major types of physiological roles of small heat shock 
proteins in bacterial cells. They may function as holdase-type of molecular chaperones to protect 
cellular client proteins under stress conditions. They may also function to protect the cell  membrane 
when the bacterial cells enter the dormant state       
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22.6     Functioning as a Chaperone to Hold Unfolded Client 
Proteins in a Folding-Competent Structure 

 Other than possessing a dynamic oligomeric structure, another common feature of 
bacterial and other small heat shock proteins is to effi ciently bind unfolded/
denatured client (substrate) proteins under  in vitro  (Horwitz  1992 ; Jakob et al.  1993 ; 
Chang et al.  1996 ; Veinger et al.  1998 ; Kitagawa et al.  2002 ; Jiao et al.  2005 ; 
Matuszewska et al.  2005 ) or  in vivo  conditions (Laskowska et al.  1996 ; Veinger 
et al.  1998 ; Fu et al.  2013a ,  b ), thus serving as a reservoir for unfolded client 
 proteins. This will effectively prevent the client proteins from forming aggregates 
and meanwhile keeping them in a structure that is competent for subsequence 
refolding. Unlike members of the other families of heat shock proteins (e.g., Hsp60, 
Hsp70, Hsp90 or Hsp100), the lack of ATPase activity prevents small heat shock 
proteins from releasing the client proteins by themselves. Under  in vitro  conditions, 
the presence of Hsp70 (DnaK) and Hsp60 (GroEL) systems would help such client 
release to a small degree in an ATP-dependent manner (Veinger et al.  1998 ). Further 
studies demonstrated that when ClpB acts together with the DnaK chaperone 
 system, the release and refolding of the substrates became far more effective both 
under  in vitro  and  in vivo  (Mogk et al.  2003a ,  b ) conditions, suggesting that a 
functional chaperone triade of ClpB, DnaK and IbpA/B may act together to reverse 
protein aggregates in cells, as schematically illustrated in Fig.  22.1 .  

22.7     Monomeric Small Heat Shock Proteins Possess 
an Immunoglobulin Folding Pattern 

 The determination of the crystal structure of Hsp16.5, the small heat shock protein 
from the hyperthermophilic archaeon  Methanococcus jannaschii  (Kim et al.  1998a , 
 b ), as well as that of Hsp16.9 from plant wheat (van Montfort et al.  2001 ), revealed 
that the folding pattern of its monomer is similar to that of the immunoglobulin 
domain of IgG, despite of the lack of sequence similarity between them (Amzel and 
Poljak  1979 ; Kim et al.  1998a ,  b ; Sun and MacRae  2005 ), i.e., consisting of a 
 sandwich of two layers of β-sheets. In this sense, the small heat shock protein might 
be categorized into the immunoglobulin fold superfamily (Williams and Barclay 
 1988 ). Given that both small heat shock proteins and immunoglobulin superfamily 
members function to defend individuals or cells by binding to protein targets, this 
may implicate that they may have evolved under certain similar evolutionary 
 selection forces. In this regard, accumulating evidence indicates that small heat 
shock proteins are secreted into the extracellular space and signal the activation of 
innate immunity or even the adaptive immune response in mammals (van Noort 
et al.  2012 ). Whether small heat shock proteins function as an antigen presentation 
protein or immune signaling molecule (as many other members of the immuno-
globulin superfamily do) needs to be further investigated.  
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22.8     Protecting Cell Membrane Components 

 Many bacterial small heat shock proteins have been found to interact with the cell 
membranes. As a matter of fact, the small heat shock protein from  Mycobacterial 
tuberculosis , Hsp16.3, was initially isolated as a major membrane protein and 
 identifi ed as a member of the small heat shock protein only after its amino acid 
sequence was made available (Verbon et al.  1992 ; Lee et al.  1992 ). This Hsp16.3 
protein, being signifi cantly induced in stationary phase mycobacterial cells exposed 
to low oxygen tension, was found to be largely located at the cell envelope, causing 
a thickening of the cell wall (Cunningham and Spreadbury  1998 ). Its association 
with the mycobacterial plasma membrane was found to depend on the dissociation 
of the oligomeric structure of Hsp16.3 (Chen et al.  2003 ; Zhang et al.  2005 ). 

 The small heat shock protein from the Gram-positive acidophilic bacterium 
 Leuconostoc oenos  was also found to be associated with the cell membrane (Jobin 
et al.  1997 ). The small heat shock proteins from the photosynthetic cyanobacterium 
 Synechocystis , HSP17, was also found to be associated with the thylakoid membrane 
(Horvath et al.  1998 ) or cell membrane (Török et al.  2001 ) and to be able to regulate 
membrane physical properties  in vitro , likely regulating membrane fl uidity  in vivo , 
and preserving membrane structure and integrity during the early stages of stress con-
ditions (Tsvetkova et al.  2002 ). The small heat shock proteins from lactic acid bacte-
rium  Oenococcus oeni  (Coucheney et al.  2005 ; Maitre et al.  2012 ,  2014 ) and 
 Lactobacillus plantarum  strain WCFS1 (Capozzi et al.  2011 ) were also found to inter-
act with the cell membrane and to modulate the lipid physical state under stress (heat 
shock or ethanol) conditions. The small heat shock proteins from  E. coli  cells, IbpA 
and IbpB, were also detected in the membrane fractions (Miyake et al.  1993 ; 
Laskowska et al.  1996 ). In a recent study, we observed that heterologous expression 
of the small heat shock protein HSP17 from the nematode animal  C. elegans  enabled 
the Gram-negative bacterial  E. coli  cells to grow at the lethal temperature of 50 °C, 
conceivably by maintaining the integrity of the cell envelope (Ezemaduka et al.  2014 ). 

 Apparently, association with the cell membranes is a phenomenon commonly 
observed not only for bacterial small heat shock proteins, but also for eukaryotic 
ones (Nakamoto and Vígh  2007 ; van Noort et al.  2012 ). Protecting the membrane 
components is undoubtedly essential for cells to survive under stress conditions. In 
this regard, small heat shock proteins may not only protect the membrane proteins, 
but also the lipid bilayer such that the fl uidity of the cell membranes is maintained 
under stress conditions (Török et al.  2001 ; Tsvetkova et al.  2002 ; Nakamoto and 
Vígh  2007 ; Horváth et al.  2008 ), as illustrated in Fig.  22.1 .  

22.9     Small Heat Shock Protein May Function 
During Bacterial Dormancy 

 It is a common phenomenon for bacterial cells and other organisms to enter 
 dormancy, a non-growing state, through which individuals may survive for an 
extended period of time under severe stress conditions (Lewis  2007 ; Wang et al. 
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 2009 ). Interestingly, small heat shock proteins have been found to accumulate in 
dormant bacterial cells. The small heat shock protein Hsp16.3 was identifi ed as 
the most predominantly up-regulated protein in  M. tuberculosis  during the sta-
tionary phase or under reduced oxygen tension, conditions under which cells 
enter the  dormant state (Yuan et al.  1996 ; Cunningham and Spreadbury  1998 ). 
Similarly, the small heat shock protein Lo18 was also found to be dramatically 
induced during the stationary growth phase of the lactic acid bacterium 
 Leuconostoc oenos  (Guzzo et al.  1997 ). The small heat shock proteins produced 
in the stationary phase seem to be extremely stable and apparently allow the cells 
to live for a long period of time (Guzzo et al.  1997 ). In dormant cells, small heat 
shock proteins may function at both the cell membrane and among cytoplasmic 
components to enable the cells to survive for a certain length of time under harsh 
environmental conditions (Fig.  22.1 ).  

22.10     Understanding the Function of Bacterial Small Heat 
Shock Proteins by Gene-Knockout Studies 

 One way to understand the physiological function of a protein is to observe 
 phenotypic changes when the encoding gene is removed from the genome of a 
 particular organism. Gene knockout studies revealed that the small heat shock 
 proteins are apparently dispensable for bacterial cells to grow at high temperatures, 
as demonstrated for the Gram-negative  E. coli  IbpA and IbpB (Thomas and Baneyx 
 1998 ) and Gram-positive  Streptomyces albus  Hsp18 (Servant and Mazodier  1995 ) 
or  Mycobacterial tuberculosis  Hsp16.3 (Yuan et al.  1998 ). On the other hand, the 
absence of Hsp16.3 was found to signifi cantly impair the growth of the  M. tuberculosis  
cells in macrophages (Yuan et al.  1998 ), the common host cells of this pathogen. 
The disruption of the gene CotM encoding the small heat shock protein of  Bacillus 
subtilis , a Gram-positive soil bacterium, although it did not cause any growth defect 
at high temperatures, it resulted in abnormal spore (a dormant state) outer coat 
assembly (Henriques et al.  1997 ). 

 Gene knockout techniques are not yet feasible on the thermophilic bacterial cells 
(Laksanalamai and Robb  2004 ). The function of small heat shock proteins in such 
bacteria is therefore even less explored. Gene knockout studies will be effective 
only when the modifi ed organisms exhibit certain phenotypic changes, and this 
relies much on the experimental condition under which the function of that particu-
lar protein becomes important. Finding such a condition and a phenotypic change is 
often, if not always, challenging. In contrast to structure studies, learning about the 
function of a protein in living cells is far more important and also far more diffi cult. 
In this regard, small heat shock proteins are certainly not exceptions.  
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22.11     Summary and Future Prospects 

 As a family of proteins ubiquitously present in all forms of life (including thermo-
philic bacteria that normally grow at a temperature as high as 85 °C), small heat 
shock proteins apparently have been working in cells since ancient times. The major 
biological properties characteristic of bacterial small heat shock proteins include the 
following: First, they form dynamic oligomers (Chang et al.  1996 ; Shearstone and 
Baneyx  1999 ; Jiao et al.  2005 ; Kennaway et al.  2005 ; Ratajczak et al.  2010 ; Shi 
et al.  2011 ), a feature essential for their functioning (Gu et al.  2002 ; Zhang et al. 
 2005 ). Second, they exhibit effective chaperone-like activities to suppress the aggre-
gation of non-native client proteins under  in vitro  (Veinger et al.  1998 ; Kitagawa 
et al.  2002 ; Jiao et al.  2005 ; Matuszewska et al.  2005 ) or  in vivo  conditions (Veinger 
et al.  1998 ; Mogk et al.  2003b ; Fu et al.  2013a ,  b ). Third, they bind to and affect the 
physical state of cellular membranes (Verbon et al.  1992 ; Lee et al.  1992 ; Jobin 
et al.  1997 ; Horvath et al.  1998 ; Török et al.  2001 ; Tsvetkova et al.  2002 ; Chen et al. 
 2003 ; Zhang et al.  2005 ; Coucheney et al.  2005 ; Capozzi et al.  2011 ; Maitre et al. 
 2012 ,  2014 ), likely another key aspect of small heat shock protein functioning in 
cells. Fourth, they accumulate to a predominant level during the non-growing (or 
slow-growing) dormant phase (Yuan et al.  1996 ; Guzzo et al.  1997 ; Cunningham 
and Spreadbury  1998 ), where they are likely to function in maintaining the unique 
dormant state of bacterial cells, allowing them to survive under harsh conditions. 

 It is undoubtedly a great challenge to fi nd out what small heat shock proteins do 
in bacterial cells. What we need to do is at least the following: First, we need to 
explore in detail the relationship between the oligomeric state of small heat shock 
proteins and their binding capacities toward the client proteins, to fi nd out whether 
such binding absolutely relies on the oligomeric state, or if the monomeric form, 
after being dissociated from the oligomer, can also bind. Second, we have to identify 
the substrate (client) proteins of the small heat shock proteins in living bacterial 
cells, upon exposure to different stress conditions to fi nd out whether there is any 
specifi city in choosing the substrates. Thirdly, we need to unveil the fate of the 
bound client proteins upon returning to the non-stress conditions. In particular, what 
are the functional partners (likely other molecular chaperones or proteases) the 
small heat shock proteins rely on in handling the bound client proteins. Last but not 
least, we have to demonstrate whether and how small heat shock proteins work with 
such non-protein components as phospholipids of the lipid bilayer (or even the RNA 
and DNA molecules) to exhibit a protective effect under stress conditions.     
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    Chapter 23   
 How to Stabilize Both the Proteins 
and the Membranes: Diverse Effects 
of sHsps in Neuroprotection 

             Melinda     E.     Tóth     ,     Miklós     Sántha    ,     Botond     Penke     , and     László     Vígh    

    Abstract     Small heat shock proteins (sHsps) are ubiquitously expressed evolutionarily 
conserved proteins which are upregulated by different stressors and in various patho-
logical conditions in the brain. The most important function of sHsps is to inhibit 
the aggregation of incorrectly folded proteins by binding to non-native proteins, and 
to maintain them in a refolding-competent state. They also exhibit anti- apoptotic, 
antioxidant activities and can bind to the cytoskeleton and membranes, stabilizing 
and protecting them against stress. These properties enable sHsps to protect neurons 
against various brain damaging effects. Here, we summarize our current view on the 
role of sHsps in neurodegeneration, chaperon function, membrane protection, 
oxidative stress, apoptosis, protein degradation, insulin resistance and blood-brain 
barrier function.  

  Keywords     sHsps   •   Neurodegeneration   •   Chaperon function   •   Membrane protection   
•   Oxidative stress   •   Apoptosis   •   Protein degradation   •   Insulin resistance   •   Blood 
brain barrier  

23.1         sHsps in Neurodegeneration 

 Small heat shock proteins (sHsps) are ubiquitously expressed evolutionarily 
conserved proteins which are upregulated by different stressors and in various 
patho logical conditions in the brain. The family of sHsps consists of 11 members, 
characterized by a conserved crystallin domain fl anked by variable N- and C-termini 

        M.  E.   Tóth      (*) •    M.   Sántha    •    L.   Vígh      (*) 
  Institute of Biochemistry, Biological Research Centre , 
 Hungarian Academy of Sciences ,   P.O. Box 521 ,  6701   Szeged ,  Hungary   
 e-mail: toth.erzsebetmelinda@brc.mta.hu; 
toth.e.melinda@gmail.com; vigh.laszlo@brc.mta.hu   

    B.   Penke    
  Department of Medical Chemistry, Faculty of Medicine , 
 University of Szeged ,   11. Dóm square ,  Szeged ,  Hungary   
 e-mail: penke.botond@med.u-szeged.hu  

mailto:penke.botond@med.u-szeged.hu
mailto:vigh.laszlo@brc.mta.hu
mailto:toth.e.melinda@gmail.com
mailto:toth.erzsebetmelinda@brc.mta.hu


528

(Kampinga et al.  2009 ). Mammalian neurons express 5 of the 11 members, and at 
least 4 of them are upregulated after certain stress conditions (Kirbach and 
Golenhofen  2011 ; Bartelt-Kirbach and Golenhofen  2014 ). HspB1 (Hsp27) and 
HspB5 (αB-crystallin), the most extensively studied members, have been found to 
be upregulated in neurons after stress conditions such as ischemia (Kato et al.  1994 ; 
Minami et al.  2003 ), heat shock (Bechtold and Brown  2000 ; Krueger-Naug et al. 
 2000 ) or kainic acid-induced seizures (Kato et al.  1999 ). HspB6 (Hsp20) has been 
demonstrated to be upregulated after ischemia (Niwa et al.  2009 ) and hypoxia 
(David et al.  2006 ), and HspB8 (Hsp22) after proteasome inhibition (Yew et al. 
 2005 , reviewed by Bartelt-Kirbach and Golenhofen  2014 ). A comprehensive study 
revealed that rat hippocampal neurons can upregulate more than one sHsp under 
different types of stress conditions, suggesting that they act together, though their 
expression profi les differ (Kirbach and Golenhofen  2011 ; Bartelt-Kirbach and 
Golenhofen  2014 ).  

 Most of the Hsps are molecular chaperones and have essential roles in the bio-
synthesis, folding, transport and assembly of other proteins (Morimoto et al.  1992 ). 
The most important function of sHsps is to inhibit the aggregation of incorrectly 
folded proteins by binding to non-native proteins, and to maintain them in a 
refolding- competent state (Haslbeck and Buchner  2002 ). They also exhibit anti- 
apoptotic, antioxidant activities and can bind to the cytoskeleton and membranes, 
stabilizing and protecting them against stress (Wang and Spector  1996 ; Preville 
et al.  1999 ; Arrigo et al.  2002 ; Sun and MacRae  2005 ). These properties enable 
sHsps to protect neurons against various brain-damaging effects (Fig.  23.1 ). 

 Several sHsps are found to be upregulated in damaged and diseased brains, and 
are colocalized with protein aggregates in neurodegenerative diseases such as 
Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD) or 
amyotrophic lateral sclerosis (ALS) (Iwaki et al.  1992 , for reviews see Sun and 

  Fig. 23.1    Protective effect of sHsps on membrane and protein structures under different stress 
conditions (Based on Nakamoto and Vigh  2007 ; Eyles and Gierasch  2010 )       
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MacRae  2005 ; Wilhelmus et al.  2007 ; Brownell et al.  2012 ). In AD, the HspB1 
levels in the cortex of the patients are highly elevated and the expression of HspB1 
increases with the duration of the disease and the degree of dementia (Renkawek 
et al.  1994a ,  b ). The concentration of HspB5 is also elevated in the cerebral cortex 
of AD patients (Shinohara et al.  1993 ; Renkawek et al.  1994b ; Yoo et al.  2001 ). 
Immunohistochemically, HspB5 is localized in astrocytes, microglia and oligoden-
drocytes, while HspB1 is present in degenerating neurons (Shinohara et al.  1993 ; 
Renkawek et al.  1994b ). Specifi c sHsps such as HspB1, HspB2, HspB5 and HspB6 
have been found to be associated with senile plaques in the AD brain (Wilhelmus 
et al.  2006a ). Three sHsp family members co-immunoprecipitate with human 
amyloid-β (Aβ) in transgenic  Caenorhabditis elegans  (Fonte et al.  2002 ), and 
human recombinant HspB5 also interacts with Aβ in vitro as revealed by fl uores-
cence energy transfer experiments (Liang  2000 ). HspB1 has been demonstrated to 
bind preferentially to hyperphosphorylated tau protein rather than to the non-phos-
phorylated form (Shimura et al.  2004 ). 

 Similarly as in AD, HspB1 and HspB5 are upregulated in the reactive astrocytes 
in PD with severe dementia, and there is a strong association between the level of 
sHsps and the number of tangles in the hippocampus (Renkawek et al.  1994a ,  1999 , 
reviewed by Brownell et al.  2012 ; Sun and MacRae  2005 ). There is a strong expres-
sion of HspB5 in the Lewy bodies (Jellinger  2000 ). Increases in HspB1 and HspB5 
expression are likewise observed in the alpha-SynA53T transgenic mouse, a model 
for PD (Wang et al.  2008 ). 

 Strong immunostaining for HspB5 has been reported in the spinal cord of patients 
with ALS (Iwaki et al.  1992 ). Similarly, mutant SOD1-overexpressing mouse, a 
model of ALS, revealed elevated levels of HspB5 and HspB1 in the spinal cord 
(Vleminckx et al.  2002 ; Wang et al.  2008 , reviewed by Brownell et al.  2012 ). These 
studies additionally showed that HspB1 is upregulated in the neurons and glial cells 
in the affected regions in these mice. Mutant SOD1 proteins bind to HspB5 as dem-
onstrated by co-immunoprecipitation (Shinder et al.  2001 ), and HspB1 is also 
coprecipitated and colocalized with mutant SOD1 in the neurons and astrocytes of 
SOD1 mutant mice (Strey et al.  2004 , reviewed by Sun and MacRae  2005 ). 

 The expression of sHsps may be increased in prion disease (reviewed by Brownell 
et al.  2012 ; Sun and MacRae  2005 ). HspB5-positive neurons, astrocytes and oligo-
dendrocytes were observed in the brain of Creutzfeldt-Jakob disease (CJD) patients, 
(Iwaki et al.  1992 ; Renkawek et al.  1992 ). An increased level of HspB1 was found 
in a murine model of bovine spongiform encephalopathy (BSE) (Tortosa et al. 
 2008 ) The expression level of HspB1 is not signifi cantly elevated in scrapie, how-
ever its expression pattern is altered (Vidal et al.  2009 ). 

 The expression of HspB1 is enhanced in the temporal cortex of patients with 
epilepsy (Bidmon et al.  2004 ). 

 Elevated levels of sHsps has been found not only in chronic neurodegenerative 
diseases, but also after acute brain damage (reviewed by Brownell et al.  2012 ). The 
neuronal expression of HspB5 has been observed in the brain of patients with cere-
bral infarction (Lowe et al.  1992 ; Minami et al.  2003 ). Transient middle cerebral 
artery occlusion in rats dramatically increased the expression of HspB1, but not of 
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HspB5, while chemical ischemic stress induced both sHsps in cultured glial cells 
(Imura et al.  1999 ). These fi ndings clearly indicate that sHsps and neurological 
diseases are linked. It was initially considered that the sHsps are pathological in 
these disease states because they are found in the areas of damage, but later studies 
suggested that sHsps exert a protective function in these diseases (reviewed, for 
example, by Muchowski and Wacker  2005 ; Sun and MacRae  2005 ; Mymrikov et al. 
 2011 ; Brownell et al.  2012 ). The overexpression of HspB1 for instance, ameliorates 
certain symptoms of AD in APP/Psen transgenic mice, such as Aβ plaque forma-
tion, learning dysfunctions and synaptic abnormalities (Tóth et al.  2013 ). An 
increased expression of HspB1 has a potent protective anti-apoptotic effect against 
the damaging effects of α-synuclein, the main protein component of the Lewy bod-
ies, inclusion bodies in PD (Zourlidou et al.  2004 ). HspB1, and to a smaller degree 
HspB5, are able to prevent α-synuclein-induced toxicity, and HspB1 can also reduce 
α-synuclein aggregation in a cell culture model (Outeiro et al.  2006 ). 

 Treatment of a polyQ (polyglutamine) disease model with an antiulcer drug, 
geranylgeranylacetone, which can induce the expression of different Hsps in the 
central nervous system (CNS), can suppress the accumulation of pathogenic 
proteins and ameliorate the related phenotype (Katsuno et al.  2005 ). Oral adminis-
tration of a geldanamycin derivative markedly suppresses polyQ-induced neurode-
generation and lethality in  Drosophila  models of two polyQ diseases, HD and 
spinocerebellar ataxia (Fujikake et al.  2008 ). The overexpression of HspB1 has 
been shown to decrease polyQ toxicity without suppressing inclusion body forma-
tion, by protecting against reactive oxygen species (ROS) (Wyttenbach et al.  2002 ). 

 The hydroxylamine derivatives are known to be effective in the treatment of vari-
ous protein conformational diseases in animal models. These compounds are co- 
inducers of Hsps; they can increase Hsp expression only under stressed conditions 
by prolonging the activation of heat shock factor 1 (Hsf1) (Hargitai et al.  2003 ). 
NG-094 is markedly effective in ameliorating polyQ-dependent paralysis, and it 
reduced the number of protein aggregates in a  Caenorhabditis elegans  model 
expressing polyQ expansions. The drug confers protection against polyQ proteotox-
icity, even when administered after the onset of the disease (Haldimann et al.  2011 ). 

 Induction of molecular chaperones by treatment with another hydroxylamine 
derivative, arimoclomol, has been reported to delay the disease progression signifi -
cantly in a mouse model of ALS. Arimoclomol-treated SOD1 mice display pro-
nounced improvements in hind limb muscle function and motoneuron survival, 
leading to an increase in lifespan (Kieran et al.  2004 ). The protective effects of 
HspB1 in ALS were confi rmed by Sharp et al. ( 2008 ), who demonstrated a delayed 
decline in motor strength, a signifi cant improvement in the number of functional 
motor units and an improved survival of the spinal motor neurons in SOD1/HspB1 
double transgenic mice as compared with SOD1 single transgenics during the early 
phase of the disease. 

 The overexpression of HspB1 signifi cantly reduced the infarct size in a mouse 
model of cerebral ischemia (van der Weerd et al.  2010 ). Virally delivered HspB1 
also reduced the lesion volume in a rat middle cerebral artery occlusion model of 
focal cerebral ischemia (Badin et al.  2006 ). Administration of HspB5 reduced both 
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the stroke volume and the infl ammatory cytokines associated with the pathology of 
stroke, even when treatment was started 12 h after the stroke onset (Arac et al.  2011 , 
reviewed by Brownell et al.  2012 ). 

 HspB1 overexpression is neuroprotective against kainate-induced neuronal loss 
in a model of epilepsy (Akbar et al.  2003 ) and can moderate the damaging effects of 
acute and chronic ethanol administration in the brain (Tóth et al.  2010 ). sHsps can 
protect neurons from heat-stroke-associated cell death both in a nematode model 
and in mammalian cell cultures (Kourtis et al.  2012 ). 

 Mutations in the genes of certain sHsps correlate with the development of differ-
ent diseases. Mutations of HspB1 and HspB2 for instance are associated with hered-
itary neuropathies (Irobi et al.  2004 ; Evgrafov et al.  2004 ; Tang et al.  2005 ; Houlden 
et al.  2008 , reviewed by Bartelt-Kirbach and Golenhofen  2014 ), and a mutation in 
the heat-shock element region of the HspB1 promoter was found in certain ALS 
patients (Dierick et al.  2007 ). 

 These results suggest a neuroprotective function of sHsps, but the mechanism of 
this protection is not fully understood. As molecular chaperones, one of their most 
important functions is to inhibit protein aggregation, but they probably function at 
several levels not linked exclusively to their chaperone function. We present below 
some possible ways in which sHsps can exert their neuroprotective functions.  

23.2     Chaperone Function of sHsps 

 Probably the most characteristic function of sHsps is their chaperone function. 
sHsps, together with other members of the chaperone network, such as the Hsp70 
protein family, and with cell components responsible for protein degradation, such 
as proteasome and lysosome, maintain the normal protein homeostasis that is essen-
tial for the cellular function. During aging, however, the activity of members of the 
chaperone network and the inducibility of various chaperones are impaired, con-
comitantly with a decrease in proteasome activity (Söti and Csermely  2002 ; Finka 
et al.  2011 ). Hsps are therefore thought to play an essential role in longevity and 
aging (Murshid et al.  2013 ). It has been shown that the exposure of adult 
 Caenorhabditis elegans  to amyloid-binding agents such as Thiofl avin T (ThT), cur-
cumin and rifampicin resulted in an extended lifespan and slowed aging. ThT also 
suppressed human Aβ-associated toxicity. These benefi cial effects of ThT depend, 
among others, on the protein homeostasis network regulator Hsf1. These results 
demonstrate that pharmacological maintenance of the protein homeostatic network 
has a profound impact on aging (Alavez et al.  2011 ). 

 As the capacity of cells to maintain protein homeostasis weakens during aging, 
it is not surprising that the fi rst symptoms of the neurodegenerative diseases termed 
protein-misfolding disorders typically appear in elderly persons. To prevent protein 
aggregation, the levels of several chaperones, including sHsps, are elevated in these 
neurodegenerative diseases and during aging. On the other hand, the inducibility of 
Hsps is impaired (reviewed by Söti and Csermely  2002 ). As an example, cells 
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containing cytoplasmic polyQ protein aggregates exhibited a delayed expression of 
Hsp72 after heat shock (Cowan et al.  2003 ). To make matters worse, despite 
increased intracellular levels, sHsps are not fully able to prevent the accumulation 
of misfolded proteins in neurodegenerative diseases, possibly because of their 
decreased chaperone activity. In a mouse model of HD HspB1 overexpression 
cannot improve the disease phenotype. Native protein gel analysis revealed that 
overexpressed HspB1, which is otherwise activable upon heat shock, exists pre-
dominantly as low molecular weight, inactive species in the brain of the disease 
model animals (Zourlidou et al.  2007 ). Moreover, the colocalization of different 
Hsps with the toxic protein aggregates may reduce the availability of these chaper-
ones, thereby disrupting their normal functions, which leads to the enhanced vulner-
ability of the cells to stress conditions that occur within the normal lifespan. Indeed, 
activation of the cellular stress response in cells that express the polyQ-expanded 
truncated AR protein increased the overall extent of polyQ protein aggregation 
(Cowan et al.  2003 ). The overexpression of the polyQ-green fl uorescent protein 
similarly increased stress-induced protein aggregation following stress in neural 
SH-SY5Y cells (Ding et al.  2002 ). The impairment of chaperone activity and pro-
tein degradation cause the massive accumulation of misfolded proteins and fi nally 
can lead to neurodegeneration (Söti and Csermely  2002 ). 

 The different neurodegenerative disorders are characterized by the accumulation 
of intra- or extracellular protein aggregates. Certain aggregates accumulate intracel-
lularly, such as α-synuclein in PD, superoxide dismutase (SOD) in ALS, huntingtin 
in HD, and hyperphosphorylated tau in AD. Prion protein in prion diseases accumu-
lates extracellularly, while Aβ peptides are accumulated both extra- and intracellu-
larly in AD (reviewed by Penke et al.  2012 ). These different aggregation-prone 
proteins exhibit some common structural features, e.g. they can fold into a β-sheet- 
rich structure (Haass and Selkoe  2007 ). 

 In AD, Aβ peptides appear to occupy a central role in the disease pathology. The 
amyloid cascade hypothesis postulates that the cerebral Aβ balance is disturbed 
because of an enhanced production or reduced clearance of the peptide. The relative 
increase in Aβ 42  enhances oligomer formation, these oligomers adversely affecting 
the synaptic structure and plasticity (Haass and Selkoe  2007 ). In parallel, Aβ 42  
polymerizes into insoluble fi brils that form microscopically visible plaques in the 
brain. Although the Aβ plaques do not appear to be as neurotoxic as the soluble 
oligomers, they can provoke local infl ammatory responses that later give rise to 
chronic infl ammation in the brain (Khandelwal et al.  2011 ). These events eventually 
lead to a series of biochemical changes, such as oxidative stress and altered calcium 
homeostasis, that can cause neuronal damage (Haass and Selkoe  2007 ). PD is 
 characterized by the loss of dopaminergic neurons in the substantia nigra and with 
the formation of α-synuclein-enriched Lewy bodies in the neurons (Dauer and 
Przedborski  2003 ). Like Aβ, PD associated mutant form of α-synuclein can form 
pore-like, annular oligomeric structures in vitro (Lashuel et al.  2002 ). In polyQ dis-
eases such as HD, spinobulbar muscular atrophy and spinocerebellar ataxias, the 
affected neurons contain accumulations of mutant, polyQ-expanded polypeptides in 
insoluble aggregates. However, some evidence suggests that the aggregates are in 

M.E. Tóth et al.



533

fact not the pathogenic basis, but may rather play a role in sequestration of the 
pathogenic protein, and the misfolded monomers and low molecular weight oligo-
meric species are the most cytotoxic forms of the disease-causing proteins (reviewed 
by Zoghbi and Orr  1999 ; Haass and Selkoe  2007 ). In cell-culture studies of HD, for 
example aggregation of polyQ-rich huntingtin protein prolonged cell survival, prob-
ably by reducing intracellular level of soluble huntingtin (Arrasate et al.  2004 ). 
Proteolysis-sensitive forms of prion proteins are normally present in the brain, and 
they cannot form large aggregates. Misfolded prions are aggregation-prone, β-sheet 
enriched infectious proteins that are responsible for the transmissible spongiform 
encephalopathies, e.g. BSE, scrapie, and CJD (Prusiner  1998 ). 

 These mutant, misfolded, aggregation-prone proteins can bind to a variety of 
biomolecules, including lipids, proteins and proteoglycans. The intracellular Aβ 
hypothesis emphasizes the primary role of intracellular Aβ in initiating the disease 
by interaction with cytoplasmic proteins and membranes of cell organelles such as 
mitochondria and endoplasmic reticulum (ER), thereby triggering apoptosis (Penke 
et al.  2012 ). PolyQ proteins have also been found to interact with other cellular 
proteins, such as transcription factors, proteasome subunits and cytoskeletal pro-
teins, eventually leading to the repression of transcription, impairment of the protein 
degradation system and alteration of the neurofi lament network (Nagai et al.  1999 ; 
Steffan et al.  2000 ; Bence et al.  2001 , reviewed by Fujikake et al.  2008 ). 

 The most important function of the sHsps is to bind to incorrectly folded, par-
tially denatured proteins, thereby preventing their irreversible self-aggregation or 
aggregation with other cellular components. They are unable alone to actively refold 
the misfolded proteins, but can maintain them in a refolding-competent state 
(Haslbeck and Buchner  2002 ; Nakamoto and Vígh  2007 ). This is an ATP- 
independent process that is essential during stress conditions, because the ATP level 
in stressed cells may be decreased considerably. After the cells have recovered and 
the ATP level has been restored, the bound proteins can be transferred to ATP- 
dependent chaperones such as Hsp70, which can facilitate the refolding of the 
sequestered, damaged proteins or can transmit them to the protein degradation 
machines, e.g. proteasomes or autophagosomes (Garrido et al.  2003 ; Kappe et al. 
 2003 ; Sun and MacRae  2005 ). In this way, the Hsps and protein degradation sys-
tems form a complex network, as many of the members may interact with each 
other (reviewed, for example, by Mymrikov et al.  2011 ). HspB1, for instance, was 
reported to be copurifi ed with HspB5 and it seems that these proteins form large 
complexes that dissociate during heat shock (Kato et al.  1992 ; Zantema et al.  1992 ). 
HspB1 and Hsp70 are usually co-expressed in response to stress stimuli (Finka et al. 
 2011 ). Yeast sHsps, Hsp26 and Hsp42, form distinct, large oligomeric complexes. 
In response to heat shock, these large complexes dissociate into smaller, active spe-
cies that bind aggregation-prone proteins, producing large globular assemblies 
(Haslbeck et al.  1999 ,  2005 ). In this way, the sHsps maintain the aggregate in a state 
that allows effi cient disaggregation by Hsp104. Indeed it has been demonstrated 
that Hsp26 facilitates the protein disaggregation by Hsp104 after a heat shock 
in vivo and in vitro. sHsps and Hsp104 cooperate to antagonize polyQ aggregation 
and toxicity. Importantly, Hsp26 can perform its solubilizing function only when it 

23 How to Stabilize Both the Proteins and the Membranes…



534

co-aggregates with the protein substrate, and not after substrate aggregation 
(Cashikar et al.  2005 ). Haslbeck et al. ( 2005 ) reported that the collaboration of 
Hsp26, Hsp70 and Hsp104 chaperone families is needed for the disintegration of 
aggregates formed in the yeast cytosol upon heat stress. A recent study led to the 
fi nding that Hsp26 and Hsp42 in yeast work together in a distinct and synergistic 
manner to prevent Sup35 prion formation. sHsps promote the disaggregation of 
Sup35 prions by Hsp104, Hsp70 and Hsp40. Moreover, sHsps enhance the Hsp104- 
catalyzed disaggregation of α-synuclein and polyQ in vitro. Human HspB5 stimu-
lates the depolymerization of α-synuclein by human Hsp110, Hsp70 and Hsp40 
(Duennwald et al.  2012 ). Mammalian HspB1 has also been reported to bind non- 
native proteins under heat shock conditions in vitro. Under permissive folding con-
ditions, misfolded proteins can be released from HspB1, and reactivated in the 
presence of Hsp70 and ATP (Ehrnsperger et al.  1997 ). Interestingly, a signifi cant 
reduction in polyQ toxicity was observed when sHsps were overexpressed alone, 
without major changes in the number or morphology of polyQ aggregates (Cashikar 
et al.  2005 ), and it was suggested that the binding of polyQ-containing proteins by 
sHsps prevents their harmful interactions with other proteins. These fi ndings are 
concordant with the results of Wyttenbach et al. ( 2002 ), who reported that HspB1 
suppressed polyQ death without suppressing polyQ aggregation. Instead, HspB1 
seemed to protect against oxidative stress in cells expressing mutant huntingtin. 
These studies indicate that under stress conditions, sHsps may sequester non-native 
proteins, preventing their unwanted interactions. In this way, they might protect 
cells against protein aggregation-mediated toxicity, but for effective disaggregation 
ATP-dependent chaperones are necessary. 

 As sHsps can prevent protein aggregation, they might inhibit different steps in 
the amyloidogenesis of various disease proteins, as suggested by the above- 
mentioned studies. Indeed, various sHsps have been shown to bind to these proteins 
in vitro or in vivo. Human HspB1 effected a signifi cant reduction in amyloid forma-
tion in vitro. However, when HspB1 was added to pre-formed amyloid there was a 
more moderate decrease in amyloid formation (Kudva et al.  1997 ). HspB5, HspB6 
and HspB8 can reduce Aβ fi bril formation and inhibit Aβ-mediated toxicity toward 
cerebrovascular cells (Wilhelmus et al.  2006b ,  c ). However it was reported earlier 
that, by preventing the in vitro fi bril formation of Aβ 40 , HspB5 keeps it in a nonfi -
brillar, but highly toxic form (Stege et al.  1999 ). HspB5 is also a potent in vitro 
inhibitor of α-synuclein fi brillization (Rekas et al.  2004 ). By binding to tau, HspB1 
can alter the conformation of pathological hyperphosphorylated tau and reduce its 
concentration (Shimura et al.  2004 ). HspB8 can prevent the in vivo aggregation of 
polyQ-containing proteins (Carra et al.  2005 ). Interestingly, Duennwald et al. 
( 2012 ) found that the heat-shock treatment of yeast Hsp26 reduced its ability to 
inhibit Sup35 prionogenesis, while simultaneously enhancing its ability to prevent 
the aggregation of a chemically denatured substrate. They speculated that at 
physiological temperatures Hsp26 inhibit prion formation, whereas at elevated 
temperatures it loses this ability and switches to inhibiting the aggregation of 
heat-denatured proteins. 

M.E. Tóth et al.



535

 In summary, sHsps can bind aggregation-prone proteins until they become 
actively unfolded by the ATP-dependent chaperones or degraded by the protea-
some. During aging, however the activity of the chaperone network declines, lead-
ing to the loss of normal protein homeostasis, which favors the accumulation of 
various toxic proteins and the development of neurodegenerative diseases.  

23.3     Membrane Protection 

 Under stress conditions and in different diseases, the cellular plasma membrane is a 
sensitive target for damage. Stress factors can infl uence membrane fl uidity and 
denature membrane proteins. Heat shock and ethanol stress responses, for example, 
exert similar membrane-disruptive effects, and they both denature proteins and 
cause similar changes in the plasma membrane protein composition (Piper  1995 ). A 
number of studies have pointed to a potential link between membrane function and 
neurodegenerative diseases. Certain studies indicate that Aβ can interact with the 
plasma membrane altering its fl uidity, which triggers different events catalyzed by 
perturbation of the conformation of the membrane proteins, which fi nally leads to 
neurotoxicity (Kanfer et al.  1999 ). This hypothesis suggests that the neurotoxic cas-
cade of Aβ is initiated in the cell membrane. There are several binding sites for Aβ 
on the cell membranes, including lipids, proteoglycans and different proteins 
(reviewed in Verdier et al.  2004 ). Soluble Aβ oligomers can interact with the cell 
membrane and also with the membranes of subcellular organelles, thereby infl uenc-
ing the membrane fl uidity. Aβ 40  has been found to reduce the fl uidity of a brain 
membrane preparation (Müller et al.  1995 ). It was shown later that unaggregated Aβ 
had little or no effect on the membrane fl uidity, whereas aggregated Aβ decreased 
the membrane fl uidity in a time- and dose-dependent manner in a model membrane 
system. The aggregation rate and surface hydrophobicity were strongly correlated 
with the extent of the decrease in membrane fl uidity. These results suggest that the 
aggregation of Aβ exposes hydrophobic sites inducing a decrease in membrane fl u-
idity (Kremer et al.  2000 ). However, other studies have revealed that both soluble 
and aggregated Aβ 40  increase the fl uidity of the isolated synaptic plasma membrane 
of the cerebral cortex and the hippocampus but not in cerebellum (Mason et al. 
 1999 ; Chochina et al.  2001 ), which suggests that the effect of Aβ on the membrane 
fl uidity might depend on the membrane composition. It has also been demonstrated 
that Aβ fi brillogenesis is accelerated in the presence of lysosomal, endosomal and 
plasmamembranes, and the addition of Aβ to these membranes decreases the fl uid-
ity. However, the interaction of Aβ with the Golgi membrane did not induce fi bril 
formation, and it increased the Golgi bilayer fl uidity (Waschuk et al.  2001 , reviewed 
by Verdier et al.  2004 ). In another study, it was found that the effect of Aβ on the 
membrane fl uidity depends on the membrane cholesterol content (Yip et al.  2001 ). 
Aβ-induced changes in the physical properties of the membrane may have deleteri-
ous consequences on the cellular functioning, e.g. it might lead to alterations in the 
hippocampal synaptic effi cacy, which is an early symptom of AD. It is also 
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important that α-, β-, and γ-secretases are associated with the cellular membranes, 
and their functions, such as amyloid precursor protein (APP) processing depend 
strongly on the membrane fl uidity. For example, oligomeric Aβ can reduce the 
membrane fl uidity, which in turn stimulates the amyloidogenic processing of APP 
(Peters et al.  2009 ). 

 Amyloidogenic APP processing and Aβ fi brillogenesis are thought to take place 
in cholesterol- and ganglioside-enriched membrane microdomains, termed lipid 
rafts. Changes induced in the lipid rafts by changes in the ganglioside or cholesterol 
content or their interaction with mutant proteins result in the development of spe-
cifi c types of dementia (Schengrund  2010 ). Several studies have identifi ed abnor-
malities in the ganglioside metabolism in the brain of human AD patients and mouse 
models of AD (reviewed in Ariga et al.  2008 ). In vitro studies suggest that Aβ 
aggregation proceeds in ganglioside-enriched lipid rafts (Kakio et al.  2003 ). Indeed, 
it has been reported that Aβ binds selectively to the membranes containing ganglio-
sides, and the presence of ganglioside accelerates the rate of amyloid assembly 
(Choo-Smith et al.  1997 ; Yamamoto et al.  2005 ). It has also been established that 
there are signifi cant alterations in numerous receptors and cell signaling proteins in 
the cortical lipid rafts isolated from the cognitively impaired mouse model of AD, 
as only 17 % of the raft proteins were similar between the AD model and age- 
matched control mice (Chadwick et al.  2010 ). There is a growing body of evidence 
of a crucial role of cholesterol in the pathogenesis of AD (reviewed, for instance, in 
Verdier et al.  2004 ). Cholesterol can stimulate the proteolytic activity of β-secretase, 
for example (Kalvodova et al.  2005 ), while cholesterol depletion inhibits the activ-
ity of both β- and γ-secretase (Grimm et al.  2008 ) and also the generation of Aβ in 
the hippocampal neurons (Simons et al.  1998 ). Aβ 40  polymers have been reported to 
bind preferentially to cholesterol rather than to fatty acids and phosphatidylcholine 
(Avdulov et al.  1997 ). It seems that cholesterol-induced changes in membrane 
fl uidity can affect Aβ-cell surface interactions and cell toxicity (Yip et al.  2001 ). 
It has been proposed that age-related changes in the asymmetric distribution of 
cholesterol in the neuronal plasma membranes provide a cooperative environment 
for the accumulation of Aβ, as the exofacial leafl et of the synaptic plasma mem-
branes of aged mice contains twice as much cholesterol as that in to younger mice 
(Wood et al.  2002 ). 

 The amyloid channel hypothesis holds that Aβ can exert its neurotoxic function, 
at least in part, by forming aberrant ion channels in neuronal membranes and thereby 
disrupting neuronal ion (especially Ca 2+ ) homeostasis. This was fi rst tested by 
Arispe et al. ( 1993 ), and a number of studies later validated the phenomenon 
(reviewed by Shirwany et al.  2007 ). Through use of the patch-clamp technique, Aβ 40  
was demonstrated to form cation-selective channels in membranes derived from 
hypothalamic neurons, suggesting that the interactions between Aβ protein and neu-
ronal membranes also occur in vivo (Kawahara et al.  1997 ). It was reported later 
that, at neurotoxic concentrations, Aβ 42  can form slightly cation selective, voltage- 
independent ion channels in planar bilayer membranes (Hirakura et al.  1999 ). 
Indeed, atomic force microscopy of Aβ 42  reconstituted in a planar lipid bilayer 
revealed multimeric channel-like structures (Lin et al  2001 ). Moreover, not only Aβ, 
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but also other neurotoxic proteins have been reported to have pore-like activities. 
PolyQ forms cation-selective channels when incorporated into artifi cial planar lipid 
bilayer membranes. The channel-forming activity was found to depend critically on 
the length of the polyQ chains: ion channels were detected with 40-residue stretches, 
but not with 29-residue tracts (Monoi et al.  2000 ). Analysis of protofi brillar 
α-synuclein by atomic force microscopy and electron microscopy indicated that the 
oligomers consist of spheres, chains and rings. α-Synuclein protofi brils permeabi-
lize synthetic vesicles and form pore-like assemblies on the surface of brain-derived 
vesicles (Rochet et al.  2004 ). The formation of pore-like oligomeric structures 
may explain the membrane permeabilization activity of α-synuclein protofi brils 
(Lashuel et al.  2002 ). 

 Protein misfolding leads to the exposure of hydrophobic regions of proteins, 
and hence to their interaction with lipids inducing membrane damage (Kourie and 
Henry  2002 ). As molecular chaperones, sHsps can inhibit protein misfolding and 
the exposure of hydrophobic regions, thereby preventing the interactions between 
these toxic peptides and cellular membranes. However Hsps have also been shown 
to give rise to direct alterations in certain attributes of the membrane lipid phase, 
such as fl uidity and permeability, and can thereby maintain the membrane stability 
under stress conditions. A number of studies have pointed to a potential link between 
membrane function and Hsps, which can bind to the membranes, primarily to lipid 
rafts, and increase the physical order (reviewed by Nakamoto and Vígh  2007  and 
Horváth et al.  2008 ). After heat shock, most of the newly synthesized Hsp17 in 
 Synechocystis  was found to be associated with the thylakoid membranes (Horváth 
et al.  1998 ; Glatz et al.  1999 ), binding in particular to certain heat-shock lipid 
(Balogi et al.  2005 ). A noteworthy fi nding was that an increased level of thylakoid 
association of Hsp17 provided improved resistance to UV-B damage in  Synechocystis  
(Balogi et al.  2008 ). After a short-term ethanol treatment, molecular chaperones 
DnaK and GroEL are activated and recruited in the membrane in  Bacillus subtilis , 
which suggests that these chaperones contribute to an early step in the cell response 
to ethanol stress, by protecting the membranes (Seydlová et al.  2012 ). Similar 
results were observed in  Oenococcus oeni . In the early stages of ethanol stress, the 
expression of the sHsp Lo18 is increased, and this is then addressed to the mem-
brane and participates in its rigidifi cation (Maitre et al.  2014 ). In  Lactobacillus 
plantarum , it has been demonstrated that a sHsp can affect the membrane fl uidity 
after ethanol stress. Hsp18.55-overexpressing  L. plantarum  cells exhibited a signifi -
cant reduction in membrane fl uidifi cation after ethanol treatment, whereas the dele-
tion mutant strain displayed an increased membrane fl uidifi cation after the same 
stress (Capozzi et al.  2011 ). An early study demonstrated that  E. coli  GroEL can 
increase the molecular order of the lipid bilayers under heat-shock conditions 
(Török et al.  1997 ). It was later found that Hsp17 of the blue alga  Synechocystis  is 
associated with lipid membranes, resulting in an elevated degree of physical order 
of the membranes and reduced membrane fl uidity (Török et al.  2001 ). HspB5 and 
 Synechocystis  Hsp17 have been demonstrated to be able to regulate the bilayer-non- 
bilayer phase equilibrium and to exert a bilayer-stabilizing effect on model mem-
branes in vitro (Tsvetkova et al.  2002 ). That study clearly indicated that the nature 
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of sHsp-membrane interactions depends strongly on the lipid composition, and 
especially on the overall extent of lipid unsaturation of the host membranes. 
Accordingly, it was suggested that the association between sHsps and specifi c lipids 
or lipid domains of the membranes may constitute a general mechanism that 
preserves membrane integrity during thermal fl uctuations. We recently provided 
evidence of the cholesterol-controlled lipid raft interaction of the mammalian 
Hspb11 (Hsp16.6) (Török et al.  2012 ). Overall, these data suggest that the 
membrane- associated pool(s) of Hsps may play a pivotal role in membrane protec-
tion under very varied stress conditions (Nakamoto and Vigh  2007 ; Balogi et al. 
 2008 ; Horváth et al.  2008 ,  2012 ; Horváth and Vígh  2010 ).  

23.4     Oxidative Stress 

 Oxidative stress is characteristic of different neurological disorders, such as protein 
misfolding diseases, stroke and ethanol induced neurodegeneration, and seems to be 
one of the most important processes in aging. Markers of lipid peroxidation, for 
example including 4-hydroxinonenal (4-HNE) and malondialdehyde (MDA), and 
protein nitration, a marker of protein oxidation, have been identifi ed in the brain of 
patients with AD, PD or HD and in the spinal cord of patients with ALS (reviewed 
by Andersen  2004  and Reed  2011 ). Lipid peroxidation is a complex process involv-
ing the interactions of ROS with polyunsaturated fatty acids, resulting in a variety 
of highly reactive electrophilic aldehydes such as MDA and 4-HNE. These products 
are able to bind to proteins by forming stable adducts with cysteine, lysine and his-
tidine amino acid residues (for a review see Reed  2011 ). The brain is particularly 
vulnerable to oxidation because brain lipids are rich in polyunsaturated fatty acids. 
An elevated level of 4-HNE leads to the disruption of Ca 2+  homeostasis, the distur-
bance of mitochondrial functions, alterations in the cytoskeletal structure, mem-
brane damage and cell death (Esterbauer et al.  1991 ). 4-HNE cross-linked proteins 
have been reported to inhibit proteasome as a non-competitive inhibitor (Friguet 
and Szweda  1997 ), and 4-HNE-modifi ed proteins therefore accumulate during 
oxidative stress. 4-HNE-proteasome conjugates have also been detected, and could 
be responsible for the loss of proteasome activities (Okada et al.  1999 ). 

 In the course of aging, oxidative stress increases, while the ability of cells to 
respond to oxidative protein damage decreases, and this can result in enhanced 
levels of oxidatively modifi ed proteins that might be resistant to proteasomal degra-
dation. Increased oxidative alterations to aggregation-prone proteins might result in 
a greater degree of protein misfolding and impaired degradation (reviewed by 
Andersen  2004 ). In turn, the pathological deposition of abnormal proteins is associ-
ated with alterations in redox state homeostasis and a mitochondrial dysfunction, 
and aggregation-prone proteins might therefore themselves produce oxidative 
stress. As an example, Aβ causes increased levels of H 2 O 2  and lipid peroxides in 
cultured cells, and Aβ toxicity can be blocked by reagents that inhibit fl avin oxi-
dases (Behl et al.  1994 ). The overexpression of α-synuclein in a neuronal cell line 
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resulted in the formation of inclusion-like structures and concomitant mitochondrial 
alterations accompanied by increased levels of free radicals (Hsu et al.  2000 ). The 
transfection of cells with mutated forms of the parkin gene led to elevated levels of 
protein carbonyls and lipid peroxidation (Hyun et al.  2002 ). Mutant huntingtin can 
induce oxidative stress by increasing intracellular ROS levels in different cell lines, 
and the degree of ROS generation increased in parallel with the length of polyQ 
expansions (Wyttenbach et al.  2002 ). The brain of the mouse model of HD (R6/2 
mice) exhibited a signifi cant reduction in mitochondrial complex IV activity and 
elevated extent of the generation of nitric oxide and superoxide radicals (Tabrizi 
et al.  2000 ). Transfection of cell lines with mutant SOD1 coding genes, associated 
with familial ALS, produced higher levels of lipid peroxidation, 3-nitrotyrosine and 
protein carbonyl (Lee et al.  2001 ). 

 Ethanol-induced neuronal damage is also related to oxidative stress and lipid 
peroxidation. Both acute and chronic ethanol administration resulted in enhanced 
formation of ROS, a decreased glutathione level and increased lipid peroxidation in 
different brain regions of rats (Uysal et al.  1989 ; Montoliu et al.  1994 ; Calabrese 
et al.  1996 ,  1998 ). In a study of the association between ROS production and the 
level of membrane fl uidity in cell cultures (Sergent et al.  2005 ), ethanol treatment 
resulted in an increase in ROS production and in parallel in an increase in mem-
brane fl uidity, which could be prevented by pretreatment with an antioxidant, indi-
cating that the metabolism of ethanol and the formation of ROS are involved in the 
elevation of membrane fl uidity. It also emerged that membrane-stabilizing agents 
decreased the levels of ROS production, lipid peroxidation and cell death in response 
to ethanol incubation. In contrast, membrane-fl uidizing compounds enhanced the 
degree of ethanol-induced oxidative stress. These data suggested that ROS forma-
tion can infl uence membrane fl uidity, which in turn further amplifi es the oxidative 
stress and lipid peroxidation, eventually leading to cell death. In neurological dis-
eases, oxidative stress can result in damage to different cell components, triggering 
intracellular pathways that fi nally lead to cell death, the brain being believed to be 
particularly susceptible to the damaging effects of ROS. 

 There are a number of experimental data indicating that sHsps exert a protective 
effect against oxidative stress thanks to their ability to regulate intracellular redox 
homeostasis (reviewed, for example, by Arrigo  1998 ; Arrigo et al.  2005 ; Mymrikov 
2011). Large aggregates of HspB1 are known to be able to modulate ROS and glu-
tathione and to generate cellular protection against oxidative stress, whereas phos-
phorylation down-regulates these activities through the dissociation of sHsp 
complexes to tetramers (Mehlen et al.  1997 ; Rogalla et al.  1999 ). sHsp expression 
also buffers the increase in protein oxidation following H 2 O 2  treatment, and protects 
several key enzymes against inactivation. sHsps signifi cantly increased 
 glucose-6- phosphate dehydrogenase activity and to a lesser extent the activities of 
glutathione reductase and glutathione transferase (Preville et al.  1999 ). Lipid per-
oxidation and protein oxidation are also inhibited by the expression of HspB1 or 
HspB5 (Mehlen et al.  1996 ), as is oxidative DNA damage (Park et al.  1998 ). The 
expression of human HspB1 or HspB5 in mammalian cell lines decreases the intra-
cellular level of iron in parallel with a diminution in the level of oxidized proteins 
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(Arrigo et al.  2005 ). HspB1 has been reported to suppress polyQ mediated cell 
death without decreasing polyQ aggregation, whereas it decreases ROS in cells 
expressing mutant huntingtin, suggesting that this chaperone protects cells against 
polyQ-induced oxidative stress (Wyttenbach et al.  2002 ). The cytoskeleton is a sen-
sitive target of oxidative stress. Overexpression of the wild-type, but not a non-
phosphorylatable form of human HspB1, resulted in increased resistance against 
oxidative stress-induced actin fragmentation and improved the cell survival follow-
ing H 2 O 2  treatment (Huot et al.  1996 ). However, another study demonstrated that 
phosphorylation is not essential for the protective activity of HspB1 against H 2 O 2 -
induced actin disruption, and that only a small fraction of HspB1 is colocalized with 
actin microfi laments, suggesting that the protection against actin network disruption 
is probably a consequence of the modulation of the redox change rather than a direct 
effect of HspB1 to actin (Preville et al.  1998 ). These data suggest that the antioxi-
dant action of sHsps involves different mechanisms, e.g. modulation of the glutathi-
one system, chaperone- like activity to prevent protein aggregation, and protection 
of the cytoskeleton (Mymrikov et al.  2011 ). It has been proposed that HspB1 
has a role in the presentation of oxidized proteins to the proteasome degradation 
machinery (Arrigo et al.  2005 ).  

23.5     Apoptosis 

 Apoptotic pathways have been reported to be engaged in various neurological dis-
orders, including AD, PD, HD, stroke, brain trauma and ALS (for reviews, see 
Mattson  2000 ; Friedlander  2003 ; Wyttenbach and Arrigo  2009 ). The hallmarks of 
these diseases, including oxidative stress, perturbed calcium homeostasis, a mito-
chondrial dysfunction and disturbances of the cytoskeleton, can all activate cell 
death cascades. 

 Increased DNA fragmentation, caspase activity, and alterations in the expression 
of apoptosis-related genes have been detected in neurons associated with Aβ plaques 
in AD (Su et al.  1994 ; Masliah et al.  1998 , reviewed by Mattson  2000 ). Aβ can 
directly induce apoptosis in cultured neurons and transgenic mice (Loo et al.  1993 ; 
LaFerla et al.  1995 ; Forloni et al.  1996 ). Moreover, the APP is known to be cleaved 
directly and effi ciently by caspases during apoptosis, and neurons undergoing apop-
tosis thereby generate elevated levels of Aβ (LeBlanc  1995 ; Gervais et al.  1999 ). In 
turn, the caspase-mediated cleavage of APP can release a carboxy-terminal peptide 
which is a potent inducer of apoptosis (Lu et al.  2000 ). 

 Pronounced apoptosis-related DNA damage and gene activation have been 
observed in the brain of PD patients (Jenner and Olanow  1998 ). α-Synuclein pro-
teins can induce apoptotic cell death in human neuroblastoma SH-SY5Y cells 
(El-Agnaf et al.  1998 ). Transgenic mice expressing a dominant negative inhibitor of 
caspase-1 are resistant to MPTP-induced apoptotic cell death (Klivenyi et al.  1999 ). 

 Activation of caspases and the release of cytochrome c have been demonstrated 
in the striatal neurons of HD patients and in the R6/2 mouse strain (Kiechle et al. 
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 2002 ). In this transgenic mouse model of HD, the expression of a dominant- negative 
caspase-1 mutant prolongs the survival and delays the appearance of the symptoms 
of the disease (Ona et al.  1999 ). Inhibition of caspase-1 by minocycline treatment 
also delays disease progression in the R6/2 mouse model (Chen et al.  2000 ). 
Similarly to Aβ, huntingtin is cleaved by caspases. As the disease progresses, 
enhanced caspase-mediated cleavage of huntingtin increases the generation of hun-
tingtin fragments and depletes wild-type huntingtin (Ona et al.  1999 , reviewed by 
Friedlander  2003 ). 

 In ALS, motor neurons most probably die as a result of apoptosis. Caspase acti-
vation and cytochrome c release have been detected in the transgenic mouse model 
of ALS and also in spinal cord samples from patients with ALS (Martin  1999 ; 
Guegan et al.  2001 , for reviews, see Friedlander  2003 ; Rowland and Shneider  2001 ). 
In mutant SOD1 transgenic mice crossed with a mouse line expressing a dominant 
negative inhibitor of caspase-1 in neurons, the symptomatic progression of the dis-
ease was slowed and death was delayed (Friedlander et al.  1997a ). Furthermore, the 
intracerebroventricular administration of a broad caspase inhibitor delays the dis-
ease onset and death in SOD1 transgenic mice (Li et al.  2000 ). 

 Necrotic and apoptotic cell death both play roles in mediating tissue injury after 
ischemia or brain trauma (reviewed by Friedlander.  2003 ). It has been suggested 
that apoptosis occur fi rst after acute cerebral ischemia, but in the core of the infarc-
tion the process is aborted because of a severe energy depletion, whereas energy- 
dependent caspase activation observed in the penumbra, in which apoptosis can 
develop fully because of the residual blood supply (Benchoua et al.  2001 ). The inhi-
bition of caspases reduces trauma-mediated brain tissue damage or the infarct volume 
after ischemia (Friedlander et al.  1997b ; Fink et al.  1999 ; Rabuffetti et al.  2000 ). 

 The cytoprotective effect of Hsps is related to their ability to inhibit apoptosis. 
Several studies have demonstrated that sHsps, and especially HspB1 and HspB5, 
can interfere with different steps of the apoptotic pathway (reviewed in detail by 
Sreedhar and Csermely  2004 ; Wyttenbach and Arrigo  2009 ; Mymrikov et al.  2011 ). 
Heat-shocked and HspB1-overexpressing cells exhibit an increased resistance to 
drug -induced apoptosis (Samali and Cotter  1996 ). The use of herpes simplex virus- 
based vectors revealed that HspB1 can protect dorsal root ganglion neurons from 
the apoptosis induced by nerve growth factor withdrawal, and ND7 neuronal cells 
from retinoic acid-induced apoptosis (Wagstaff et al.  1999 ). The blocking of HspB1 
by an antisense strategy can trigger the release of the mitochondrial protein 
Smac, which suggests that HspB1 inhibits the release of this mitochondria-derived 
activator of caspases (Chauhan et al.  2003 ). HspB1 can prevent the cytochrome 
c- dependent activation of procaspase-9 and the subsequent activation of  procaspase- 3 
(Garrido et al.  1999 ; Bruey et al.  2000 ), and it inhibits the release of cytochrome c 
from the mitochondria (Paul et al.  2002 ). HspB1 also affects the Fas-induced Daxx-
mediated apoptotic pathway (Charette et al.  2000 ). The transgenic overexpression 
of HspB1 can signifi cantly reduce the severity of kainate- induced seizures and 
markedly reduce neuronal cell death in the CA3 region of the hippocampus, in 
parallel with a concomitant attenuation of caspase-3 activation and apoptosis 
(Akbar et al.  2003 ). 
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 HspB5 has also been found to process resistance to apoptosis in different cells 
and tissues. For example, it can protect against H 2 O 2 -induced apoptosis in murine 
cells by interacting with p53, a pro-apoptotic protein which might prevent the trans-
location of p53 from the cytoplasm to the mitochondria (Liu et al.  2007 ). In the 
HspB5-overexpressing C6 astroglioma cell line, H 2 O 2 -induced apoptosis was 
reduced by 60 % as compared with the parent cells, while the caspase-3 activity was 
markedly suppressed. Moreover, immunoprecipitation revealed the interaction of 
HspB5 with partially processed caspase-3 (Shin et al.  2009 ). The overexpression of 
HspB5 blocks the activation of RAS to inhibit ERK1/2 activation, and attenuates 
calcimycin-induced apoptosis (Li et al.  2005 ). These studies demonstrate that sHsps 
are potentially important suppressors of death-signaling pathways. However, the 
full details of the molecular mechanism of modulation of the apoptotic process have 
not been deciphered. The chaperone function and capacity of the sHsps to protect 
against changes in the cellular redox homeostasis and to stabilize the cytoskeleton 
enable them to promote cell survival (Sreedhar and Csermely  2004 ).  

23.6     Protein Degradation 

 Besides the chaperone network, degradation pathways such as the ubiquitin- 
proteasome pathway (UPP) and the lysosomal system also have crucial roles in 
maintaining the protein homeostasis. Unlike acute stress-induced unfolded proteins, 
the intrinsically misfolded proteins that accumulate in degenerative disorders can 
usually not be refolded. Thus, chaperones can only prevent their aggregation, and 
the long-term solution would be their elimination, for instance by degradation. 
Unfortunately, aging is accompanied by a deterioration in the activity of the protea-
somal and lysosomal system, which can favor the accumulation of misfolded pro-
teins (reviewed by Söti and Csermely  2002 ). Moreover, aggregated proteins cannot 
be degraded properly, and ubiquitinated proteins are enriched in neurofi brillary 
tangles and senile plaques and, besides Hsps, components of the UPP are seques-
tered in these aggregates (Perry et al.  1987 ; Choi et al.  2004 ; Ross and Pickart  2004 ; 
Wyttenbach and Arrigo  2009 ). Depletion of these proteins may contribute to the 
pathogenesis of diseases. 

 Moreover misfolded, aggregated proteins are effective inhibitors of the 
UPP. Certain brain regions of patients with AD exhibit a signifi cant decrease in 
proteasome activity (Keller et al.  2000 ; Keck et al.  2003 ). Paired helical fi laments 
(PHF)-tau proved to co-precipitate during proteasome immunoprecipitation, and 
proteasome subunits could be co-isolated during the isolation of PHFs from the AD 
brain. Furthermore the incubation of isolated proteasomes with PHF-tau either iso-
lated from the AD brain, or assembled from human recombinant tau protein resulted 
in the inhibition of proteasome activity (Keck et al.  2003 ). Aβ oligomers have also 
been found to inhibit the proteasome in vivo. Young 3xTg-AD model mice dis-
played an impaired proteasome activity that correlated with the detection of intra-
neuronal Aβ oligomers. Blockade of the proteasome function in pre-pathological 
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3xTg-AD mice resulted in increased Aβ and tau accumulation, while Aβ immuno-
therapy diminished the Aβ oligomers and reversed the defi cits in proteasome activ-
ity (Tseng et al.  2008 ). A component of the UPP, ubiquitin C-terminal hydrolase L1 
(Uch-L1), that enhances the recycling of ubiquitin, is necessary for normal synaptic 
and cognitive functions. A reduction in the level of soluble Uch-L1 protein was 
observed in the hippocampus of APP/PS1 AD model mice, and the inhibition of 
Uch-L1 activity led to the inhibition of hippocampal long-term potentiation (LTP). 
However, transduction of the Uch-L1 protein restores the normal synaptic function 
both in hippocampal slices treated with oligomeric Aβ and in the APP/PS1 mouse 
model of AD (Gong et al.  2006 ). These results suggest that the activity of UPP is 
decreased in AD, which can lead to the further accumulation of misfolded proteins. 

 A proportion of the APP is internalized into the cell by endocytosis and enters the 
endosomes, late endosomes and lysosomes. Since the membranes of the endo-
somal–lysosomal (EL) system are enriched in APP and β- and γ-secretases (Yu 
et al.  2004 ), APP internalization by endocytosis increases Aβ generation. Although 
most of the Aβ formed during autophagy is normally degraded within the lyso-
somes, in AD it is accumulated in the EL system, resulting in increased lysosomal 
membrane permeability, and this stimulates the release of the lysosomal enzymes 
into the cytoplasm, inducing apoptotic cell death (reviewed in Nixon  2006 ; Penke 
et al.  2012 ). 

 As reviewed earlier (Ross and Pickart  2004 ; Wyttenbach and Arrigo  2009 ), 
impairment of the UPP has a central role in the neuropathology of PD and polyQ 
diseases. Mutations in the parkin gene, an E3 ubiquitin ligase, have been shown to 
cause an autosomal recessive form of PD. Most parkin mutations are thought to be 
loss-of-function mutations, and the failure of parkin to ubiquitinate and remove 
substrates may lead to their accumulation and subsequent toxicity (Healy et al. 
 2004 ). Another gene implicated in PD is Uch-L1 (Healy et al.  2004 ). Furthermore, 
aggregated α-synuclein and (with lower affi nity) monomeric α-synuclein inhibit 
26S ubiquitin-dependent proteasomal activity. Binding studies have demonstrated 
that both aggregated and monomeric α-synuclein selectively bind to a 19S protea-
soma subunit (Snyder et al.  2003 ). Moreover, the pathogenic mutant forms of 
α-synuclein bind to lysosomal membrane receptors, and appear to act as uptake 
blockers, inhibiting protein degradation (Cuervo et al.  2004 ). Transient expression 
of a huntingtin fragment containing a pathogenic polyQ repeat also caused nearly 
complete inhibition of the UPP (Bence et al.  2001 ). 

 It is possible that molecular chaperones facilitate neuroprotection through their 
ability to promote autophagy or proteasome-mediated protein degradation. CHIP 
(carboxyl terminus of Hsc70-interacting protein) is a cofactor that interacts with 
Hsc70 and Hsp70, and has intrinsic E3 ubiquitin ligase activity, thereby accelerating 
the ubiquitin-dependent degradation of chaperone substrates. CHIP interacts with 
the stress-responsive ubiquitin-conjugating enzyme family UBCH5 (Jiang et al. 
 2001 ). Another Hsp70 co-chaperone, BAG-1 possesses an ubiquitin-like domain at 
its amino terminus and it can associate to the 26S proteasome, providing a physical 
link between Hsp70 and proteasome (Luders et al.  2000 , reviewed by Muchowski 
and Wacker  2005 ). These results suggest that Hsp70 contributes to the delivery of 
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protein substrates to the degradation systems. Since sHsps create a reservoir of non- 
native proteins available to Hsp70, they also participate in this process indirectly. 
However, certain sHsps, such as HspB1 or HspB8, have been reported to assist in 
proteasome degradation directly (for a review see Mymrikov et al.  2011 ). Under 
stress conditions, HspB1 promotes the ubiquitylation of certain proteins (Parcellier 
et al.  2003 ,  2006 ). HspB1 preferentially binds to pathological hyperphosphorylated 
tau and PHF-tau, thereby facilitating its proteasomal elimination (Shimura et al. 
 2004 ). It has also been demonstrated that HspB1 can prevent the cell death induced 
by administration of proteasome inhibitors (Goldbaum et al.  2009 ). Certain results 
suggest that HspB1 partially restores the proteasome activities impaired by mutant 
huntingtin (Wyttenbach and Arrigo  2009 ). 

 HspB8 appears to be involved in both the proteasome and the macroautophagy- 
mediated proteolysis of unfolded proteins (reviewed in Mymrikov et al.  2011 ). 
HspB8 collaborates with BAG-3, a member of the co-chaperone family, to create a 
chaperone complex that stimulates the degradation of misfolded protein substrates 
by macroautophagy. It has been proposed that the role of HspB8 in this complex is 
to recognize the misfolded proteins, while BAG-3 might recruit and activate the 
macroautophagy machinery (Carra et al.  2008 ). Indeed, HspB8 has been shown to 
increase mutant SOD1 clearance via autophagy, and immunoprecipitation studies 
have demonstrated that mutant SOD1 interacts with the HspB8/BAG3/Hsc70/CHIP 
multiheteromeric complex (Crippa et al.  2010 , reviewed by Mymrikov et al.  2011 ). 
Overexpression of HspB8 in a transgenic mouse leads to the increased expression 
of both the 19S and 20S proteasome subunits, an increase in 20S catalytic activity, 
and a redistribution of proteasome from the cytosol to the nuclear periphery. The 
perinuclear proteasome is co-localized with and interacts with HspB8, which sug-
gests that HspB8 can affect the stability and intracellular localization of protea-
somes (Hedhli et al.  2008 ). HspB7 was recently identifi ed as a potent suppressor of 
polyQ aggregation and polyQ-induced toxicity. This action of HspB7 is indepen-
dent of the Hsp70 machinery or the proteasomal activity, but the anti-aggregation 
activity of HspB7 is substantially reduced in cells that are defective in macroau-
tophagy (Vos et al.  2010 ). Finally, the chymotrypsin-like activity of the proteasome 
is signifi cantly suppressed in consequence of tau expression, while the proteasome 
activity can be enhanced by the Hsf1 activator geldanamycin, resulting in increased 
tau degradation (Oppatova et al.  2013 ). Thus, it seems that the Hsps are also involved 
in mediating the protein degradation systems.  

23.7     Insulin Resistance 

 There is mounting evidence suggesting that the insulin and insulin-like growth fac-
tor (IGF) signaling pathway is a major factor in neurodegeneration and aging. 
Type-2 diabetes mellitus (T2DM) and obesity may contribute to the development of 
AD, but by themselves are probably not suffi cient to cause the disease (reviewed in 
detail by de la Monte and Wands  2008 ). As an example, there is an increased risk of 
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the development of a mild cognitive impairment, dementia, or AD in individuals 
with T2DM (Pasquier et al.  2006 ). In obese T2DM model rats, it emerged that 
learning and memory were impaired and the plasma membrane association of the 
insulin-sensitive glucose transporter GLUT4 was reduced in the hippocampus 
(Winocur et al.  2005 ). High-fat-diet feeding for 16 weeks led to obesity and T2DM 
caused brain atrophy with insulin resistance, oxidative stress and a cytoskeleton 
degradation (Moroz et al.  2008 ). An improved cognitive performance was observed 
in animal models and AD patients after treatment with insulin-sensitizer agents or 
intranasal insulin (Landreth  2006 ; Reger et al.  2008 , reviewed by de la Monte and 
Wands  2008 ). 

 Reduced glucose utilization and a defi cient energy metabolism occur early dur-
ing AD, suggesting a role for impaired insulin signaling in the pathogenesis of the 
disease. Extensive abnormalities in the insulin and insulin-like growth factor type I 
and II (IGF-I and IGF-II) signaling mechanisms have been observed in AD brains. 
The reduced CNS expression of insulin, IGF-I, and IGF-II, and their receptors, sug-
gests that AD may represent a distinct neuroendocrine disorder that is similar to 
diabetes mellitus in some features (Steen et al.  2005 ). Impairments in the insulin 
and IGF-I and IGF-II signaling become more severe as the disease progresses 
(Rivera et al.  2005 ). de la Monte et al. therefore proposed the term type 3 diabetes 
and suggested that AD might represent a brain-specifi c form of diabetes (reviewed 
in de la Monte and Wands  2008 ). They later demonstrated that many of the charac-
teristic features of AD-type neurodegeneration, including increased glycogen syn-
thase kinase-3β (GSK-3β) activation, increased tau phosphorylation and decreased 
neuronal survival, can be induced experimentally through the chemical depletion of 
insulin with a single intracerebral injection of streptozotocin (STZ). The ic-STZ- 
injected rats did not display elevated blood glucose levels, but their brains were 
reduced in size and exhibited neurodegeneration, gliosis, and increased immunore-
activity for active GSK-3β, phospho-tau, ubiquitin and Aβ. These abnormalities 
were associated with the reduced expression of insulin, IGF and their receptors, and 
reduced ligand binding to the insulin and IGF-II receptors (Lester-Coll et al.  2006 ). 
It was proposed that impaired insulin/IGF signaling leads to a greater degree of 
oxidative stress, the activation of GSK-3β and a mitochondrial dysfunction, which 
induce intensive APP gene expression and cleavage and tau phosphorylation 
(reviewed by de la Monte and Wands  2008 ). It has also been reported that Aβ can 
interfere with insulin receptor signaling directly by reducing the affi nity of insulin 
binding to the insulin receptor and inhibiting the autophosphorylation of insulin 
receptors (Ling et al.  2002 ; Xie et al.  2002 ). Moreover, evidence is increasing that 
the neuronal glucose metabolism and its control by the insulin signal transduction 
cascade play essential roles in memory formation and retrieval. The neurotransmit-
ter acetylcholine is synthesized from acetyl-CoA, a compound involved in the 
metabolism of glucose, and the synthesis is controlled by insulin, a mediator of 
acetylcholine transferase. Any impairment of the neuronal glucose metabolism can 
therefore lead to disturbances in memory function, as observed in sporadic AD 
(reviewed by Hoyer  2003 ). Overall, these data suggest that selective impairments in 
insulin and IGF signaling mechanisms may participate in the development of AD. 
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 Clinical data indicate that some patients with PD are characterized by impaired 
glucose tolerance and insulin dysregulation, and results from both animal and 
in vitro studies point to a clear role for insulin in the regulation of the brain dopami-
nergic activity. Losses of insulin receptor immunoreactivity and mRNA in the sub-
stantia nigra have been found in neuropathological studies of patients with 
PD. Certain studies have concluded that patients with HD have a higher prevalence 
of diabetes and insulin resistance (reviewed by Craft and Watson  2004 ). Interestingly, 
ethanol induced neurotoxicity and fetal alcohol syndrome may also be mediated, at 
least in part, by the inhibition of insulin and IGF-I signaling. Insulin and IGF signal-
ing are required during early neurological development and in order to maintain 
neuronal viability. Ethanol can interfere with IGF-I-mediated cell survival in pri-
mary cultured cerebellar granule neurons and inhibit tyrosine autophosphorylation 
of the IGF-I receptor in human neuroblastoma cells (Zhang et al.  1998 ; Seiler et al. 
 2001 ). Cerebellar neurons isolated from ethanol-treated rat pups displayed inhibited 
insulin-stimulated neuronal viability, a decreased mitochondrial function and an 
enhanced pro-apoptotic gene expression (de la Monte and Wands  2002 ). 

 In the past decade, evidence has been accumulating of a possible connection 
between diabetes and the heat-shock response. Metabolic disturbances in diabetes 
induce various alterations in protein homeostasis (Dancso et al.  2010 ). In obese 
Zucker rats, for example large aggregates of ubiquitinated proteins were observed 
in insulin-expressing β-cells (Kaniuk et al.  2007 ). The elevated levels of Hsf1, 
Hsp70 and Hsp90 found in the pancreatic cells of diabetic monkeys might refl ect a 
compensatory mechanism for the altered protein homeostasis (Kavanagh et al. 
 2009 , reviewed by Dancso et al.  2010 ). On the other hand, the levels of inducible 
stress proteins, including HspB1, and their response to stress are low in tissues that 
are insulin-sensitive; this is particularly true for skeletal muscle and liver, probably 
because of the deactivation of Hsf1 (Kurucz et al.  2002 ; Kavanagh et al.  2009 , 
reviewed by Hooper et al.  2014 ). 

 As defects in the stress response occur prior to the development of glucose intol-
erance, it was proposed that loss of the cellular stress response in insulin-responsive 
tissues occur early in the pathogenesis of T2DM, that disrupts the metabolic homeo-
stasis, leading to a cascade of pathological outcomes (Hooper et al.  2014 ). Indeed, 
several results suggest that measures aimed at improving the cellular stress response 
via Hsp induction can an effective therapy for patients with T2DM. Acute exercise, 
for instance, which induces Hsp expression, can improves the whole-body insulin 
sensitivity and glucose tolerance (reviewed by Hooper et al.  2014 ). Treatment of 
T2DM with repeated, partial submersion in a hot tub for 3 weeks resulted in an 
improvement in fasting glucose, a trend toward weight loss, and the relief of neuro-
pathic symptoms (Hooper  1999 ). Heat treatment also improved glucose tolerance, 
restored the insulin-stimulated glucose transport, and increased insulin signaling in 
skeletal muscles of high-fat-diet rats, while the expression of Hsp72 and HspB1 was 
upregulated (Gupte et al.  2009 ). A bimoclomol derivative, BRX-220, was able to 
reduce insulin resistance in both STZ-treated and Zucker rats, and dose- dependently 
improved diabetes-related defi cits in muscle motor and sensory nerve function in 
STZ-induced diabetes (Kürthy et al.  2002 ). Heat shock and treatment with a Hsp 
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co-inducer, BGP-15, successfully prevented diet- or obesity-induced hyperglyce-
mia, hyperinsulinemia, glucose intolerance and insulin resistance in fat-fed mice 
(Chung et al.  2008 ). BGP-15 treatment additionally signifi cantly improved the insu-
lin sensitivity in insulin-resistant, nondiabetic human patients and prevented the 
olanzapine induction of insulin resistance (Literáti-Nagy et al.  2009 ,  2012 ). 

 Such studies suggest that the modulation of Hsps may be a promising therapeutic 
strategy for improving insulin and IGF-I signaling. Pharmacological induction of 
the heat-shock response may provide a therapeutic approach for the treatment of 
several insulin-associated neurodegenerative disorders (Urban et al.  2012 ).  

23.8     Blood-Brain Barrier 

 The permeability of the blood-brain barrier (BBB) increases with normal aging, and 
there is a further increase in patients with AD or vascular dementia (Farrall and 
Wardlaw  2009 ). In approximately 90 % of AD brains, Aβ has been reported to accu-
mulate in the walls of small arteries, arterioles. However, cerebral amyloid angiopa-
thy is also frequently present in the elderly without AD and it is a well-documented 
risk factor for cerebral hemorrhage (Vinters  1987 ). BBB has a special structure in 
the CNS, its function being to separate the circulating blood components from the 
neurons and to maintain the brain homeostasis. The BBB consists of the endothelial 
cells of brain capillaries connected by tight junctions. The BBB is not a completely 
impermeable barrier, but regulates the passage of ions, glucose and amino acids 
(Zlokovic  2008 ). A number of studies have shown the association of a dysfunction 
of tight junction proteins and the destruction of the BBB with different neurological 
disorders. The Evans blue assay demonstrated increased BBB permeability in dif-
ferent transgenic mouse models of AD (Paul et al.  2007 ). In the Tg2576 strain, an 
increase in BBB permeability was found to precede Aβ plaque formation and the 
development of cognitive defi cits, and it was compromised as early as 4 months 
of age (Ujiie et al.  2003 ). However, immunization with Aβ can decrease the 
permeability of the BBB and Aβ plaque formation in these AD model mice 
(Dickstein et al.  2006 ), in the brain of which a signifi cant tight junction dysfunction 
has been demonstrated (Biron et al.  2011 ). Relative to controls, AD model 
mice exhibit a higher incidence of abnormal, punctate staining of the proteins 
occludin and zonula occludens-1 (ZO-1), and reductions in occludin level in the 
cortex and hippocampus. 

 Although the literature on the effects of Hsps on BBB is rather sparse, some data 
suggest that there is a link between chaperones and the permeability of the 
BBB. Thus, the expression pattern of Hsp72 was found to be correlated with the 
regional pattern of BBB breakdown after mild brain injury in rats (Tanno et al. 
 1993 ). In an in vitro BBB model of porcine brain capillary endothelial cells, a brief 
period of hyperthermia caused a transient loss in BBB integrity, but signifi cantly 
lower loss of BBB integrity was found after a second heat treatment, indicating the 
development of thermotolerance. In fact, the degree of thermotolerance increased as 
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the pre-conditioning temperature was increased (Klein and Bobilya  2008 ). Hsp 
overexpression achieved through a whole-body hyperthermia can prevent the 
osmotic stress induced dysfunction of the BBB (Lu et al.  2004 ). The permeability 
of the BBB was signifi cantly increased and the levels of occludin and ZO proteins 
were signifi cantly decreased after D-mannitol treatment, whereas they were pre-
served if the animals were heat-shock-treated 24 h before the D-mannitol infusion. 
Moreover, a co-immunoprecipitation study revealed that, following heat shock, 
Hsp72 interacted with the major tight junction proteins. Another study led to the 
fi nding that heat stress could increase occludin expression and that this was medi-
ated by the activation and binding of Hsf1 to the occludin promoter (Dokladny et al. 
 2008 ). High-dose geldanamycin post-treatment signifi cantly attenuated BBB dis-
ruption, brain edema formation and neurological defi cits in a mouse model of intra-
cerebral hemorrhage (Manaenko et al.  2010 ). HspB1 was recently shown to maintain 
the integrity of the BBB in mice subjected to middle cerebral artery occlusion (Leak 
et al.  2013 ). These results are indicative that Hsps might have an important role in 
stabilizing the tight junction proteins and thereby maintaining the integrity of the 
BBB under stress conditions.  

23.9     Conclusions 

 There is increasing evidence to suggest, that sHsps may play a protective role in 
different neurological disorders: not only in protein misfolding diseases, but also in 
acute injuries such as ischemic stroke. In these pathological conditions, the whole 
cellular homeostasis is disturbed, which eventually leads to cell death. Although 
deleterious effects can infl uence almost all cellular components and pathways, these 
are not isolated events but are rather mutual consequences of each other. For exam-
ple, oxidative stress leads to a disruption of the cytoskeleton, which can then induce 
apoptosis. sHsps affect various processes in cooperation with other chaperones, 
these not being discrete effects. One of the most important properties of sHsps is 
that they can bind misfolded proteins, and some of their additional protective effects 
can be consequences of this function. Thanks to their preventing misfolded proteins 
from aggregating with other proteins and cell components, they can protect mem-
brane integrity or inhibit apoptosis. It is an interesting observation that specifi c sets 
of Hsps can infl uence the different diseases (reviewed by Kakkar et al.  2014 ). For 
example, HspB1 can prevent protein aggregation in AD, but not in HD, in which 
disease it protects against oxidative stress. It is also important that the whole chap-
erone network is necessary for the complete removal of the unfolded proteins. sHsps 
are unable alone to actively refold the misfolded proteins, but can maintain them in 
a refolding-competent state until members of the Hsp70 facilitate their refolding or 
transmit them to the protein degradation machinery. The overexpression of a single 
Hsp might therefore not be suffi cient to ameliorate the disease, or it might even be 
detrimental. HspB5, for instance, can increase the toxic effect of Aβ, probably by 
keeping it in a nonfi brillar, highly toxic form (Stege et al.  1999 ). The overexpression 
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of several chaperones might be benefi cial in neurodegenerative diseases, prevention 
of which is likely to be a more effi cient than their subsequent treatment. Some 
in vitro studies have demonstrated that sHsps can perform their solubilizing func-
tion only when they are co-aggregated with the protein substrate, whereas when 
they added to pre-formed aggregates there is a smaller decrease in amyloid forma-
tion. Heat-shock response is known to be impaired during aging and in neurodegen-
erative diseases. Sequestration of different Hsps within protein inclusions may 
reduce the availability of these chaperones, thereby disrupting their normal func-
tions, and leading to a greater vulnerability of the cells to the stress conditions that 
occur within the normal lifespan. Indeed, activation of the cellular stress response in 
cells that express mutant aggregation-prone proteins can lead to an overall increase 
in protein aggregation, which means that the stress response can exacerbate the 
disease symptoms. It should also be mentioned that the excessive overexpression of 
a Hsp can lead to the instability of the stress response and can cause unwanted side- 
effects. The mild, unforced overexpression of Hsps by natural methods might help 
in preventing these diseases. The therapeutic use of Hsp co-inducers could also be a 
solution. Hydroxylamine derivatives, for example increase Hsp expression only 
under stressed conditions by prolonging the activation of Hsf1, and therefore 
increase the Hsp level only in diseased cells.     
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    Chapter 24   
 Small Heat Shock Proteins and Diapause 
in the Crustacean,  Artemia franciscana  

             Thomas     H.     MacRae    

    Abstract     Diapause is a physiological state of metabolic depression and increased 
stress tolerance observed in many organisms, and especially prominent in insects. 
The small heat shock proteins (sHsps) mediate protein storage as well as stress 
tolerance and their accumulation within cells is controlled during diapause. Partially 
denatured proteins are bound by sHsps preventing their irreversible denaturation, 
and these proteins are released to Hsp70 and other molecular chaperones for either 
ATP-dependent folding or degradation. During diapause, which is characterized by 
exposure to varying levels of stress, proteins are sequestered by sHsps, thus, by 
enhancing sHsp synthesis the protection of other proteins is maximized. In the crus-
tacean,  Artemia franciscana , diapause occurs in encysted gastrula stage embryos 
(cysts), entailing a profound reduction in metabolism and extreme stress tolerance. 
Three sHsps, namely p26, ArHsp21 and ArHsp22, accumulate to varying levels in 
diapause-destined  A. franciscana  embryos. Experiments performed in vivo by the 
use of RNA interference (RNAi) demonstrate that p26 has an important role in 
stress tolerance while also infl uencing embryo development and diapause mainte-
nance. The activities of ArHsp21 and ArHsp22 are less well defi ned although the 
former sHsp may have a minor role in stress tolerance. The data described herein 
reveal that the activities of sHsps during diapause are more diverse than previously 
thought and they contribute to the general understanding of sHsp function.  

  Keywords     Diapause   •   Small heat shock protein   •   Stress tolerance   •   Protein protec-
tion   •    Artemia   

24.1         Diapause, an Alternate Developmental Pathway 

 Diapause is a widely distributed physiological process of developmental delay 
characterized by metabolic suppression, dormancy and increased stress tolerance 
(Denlinger  2002 ; Koštál  2006 ; MacRae  2010 ; Hahn and Denlinger  2011 ; 
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Ptak et al.  2012 ). In some organisms diapause is induced by photoperiod, tempera-
ture and crowding, while in others diapause occurs independent of environmental 
conditions. Survival under adverse circumstances is improved during diapause 
(Rinehart et al.  2007 ; Denekamp et al.  2009 ; MacRae  2010 ; Clark et al.  2012 ). 
Diapause can be divided into the overlapping periods of initiation, maintenance and 
termination (Koštál  2006 ), with initiation driven by differential gene expression 
leading to altered feeding regimes, changes in the synthesis and activity of cell pro-
teins, and modifi cation of behavior and morphology. Subsequent to initiation, 
organisms enter maintenance which coincides with the greatest stress tolerance and 
the most profound dormancy, the intensity of both varying substantially from one 
organism to another (Tammariello and Denlinger  1998 ; Reynolds and Hand  2009 ). 
The last phase of diapause is termination where either continuation of development 
or quiescence ensues, depending respectively on whether conditions for growth are 
favorable or unfavorable. Stress tolerance persists during quiescence but wanes as 
metabolism and growth resume. 

 Differential gene expression during diapause modifi es the production of many 
proteins some of which are essential to the process (MacRae  2010 ; Hahn and 
Denlinger  2011 ; King and MacRae  2012 ). In particular, molecular chaperone 
mRNAs and proteins, including the sHsps, either increase or decrease in amount or 
remain constant throughout diapause, with changes occurring before stress is 
encountered. Throughout diapause, and for cells exposed to stress such as heat, 
cold, anoxia and drying, molecular chaperones shield cells from damage that may 
lead to death, however, the responses to diapause and abiotic stress are not identical. 
Exposure to abiotic stressors decreases overall protein synthesis in cells, an effect 
not necessarily seen upon entry into diapause. Moreover, changes in molecular 
chaperones are more persistent in diapause as opposed to stressed cells, and chaper-
ones may be down-regulated during diapause, a response not seen in response to 
abiotic stress (Rinehart et al.  2007 ).  

24.2     Diapause in the Extremophile 
Crustacean,  Artemia franciscana  

 Embryos of  A. franciscana  undergo either ovoviviparous or oviparous development, 
resulting respectively in the production of swimming nauplii and gastrulae enclosed 
in a chitinous shell termed cysts (Liang and MacRae  1999 ; MacRae  2003 ; Qiu and 
MacRae  2010 ). Nauplii undergo several molts, developing into adults, whereas 
upon release from females, cysts undergo profound reduction in metabolism over 
several days (Clegg et al.  1996 ; Clegg and Jackson  1998 ; Patil et al.  2013 ) and they 
enter diapause characterized by tolerance to physiological and environmental stress-
ors. As examples of stress tolerance, diapause embryos of  A. franciscana  withstand 
repeated freezing and thawing, drying, heat and years of anoxia (Clegg  1997 ,  2005 , 
 2007 ,  2011 ; Clegg and Jackson  1998 ; Hengherr et al.  2011 ) during which their 
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protein composition undergoes little apparent change (Clegg  2007 ). Cold and/or 
dehydration end diapause in  A. franciscana  but the molecular basis of termination 
is obscure (Robbins et al.  2010 ). 

 How proteins are protected from irreversible denaturation during stress associ-
ated with diapause in  A. franciscana  has received considerable attention.  A. francis-
cana  cysts contain high levels of trehalose (Clegg and Jackson  1998 ; Clegg  2001 ) 
and in concert with late embryogenesis abundant (LEA) proteins (Sharon et al. 
 2009 ; Menze et al.  2009 ; Hand et al.  2011 ; Warner et al.  2010 ,  2012 ; Wu et al.  2011 ; 
Boswell et al.  2014 ; Toxopeus et al.  2014 ) this non-reducing sugar may protect 
embryos either by the formation of amorphous glasses, known as vitrifi cation, or by 
replacing H 2 O lost during dehydration (Clegg  2001 ; Hand et al.  2011 ; Hengherr 
et al.  2011 ). Cysts of  A. franciscana  are endowed with large amounts of two cyst- 
specifi c molecular chaperones, namely artemin, a heat tolerant ferritin homologue 
(Tanguay et al.  2004 ; Chen et al.  2007 ; Hu et al.  2011 ; Shahangian et al.  2011 ; King 
et al.  2014 ) and p26, a sHsp (Jackson and Clegg  1996 ; Liang and MacRae  1999 ; 
Sun et al.  2004 ,  2006 ; King and MacRae  2012 ). As determined by the immunoprob-
ing of western blots artemin and p26 each represent about 7 % of the soluble protein 
in cysts (King et al.  2013 ,  2014 ).  

24.3     sHsps Are Oligomeric, ATP-Independent 
Molecular Chaperones 

 sHsps, a family of ATP-independent molecular chaperones, consist of monomers 
ranging in molecular mass from 15 to 42 kDa and containing three domains, an 
amino-terminus, the conserved α-crystallin domain, and a carboxyl-terminal exten-
sion (Sun and MacRae  2005a ; Mchaourab et al.  2009 ; Laganowsky et al.  2010 ; 
Hilario et al.  2011 ; Waters  2013 ). sHsp monomers associate into oligomers either of 
homogeneous or heterogeneous quaternary structure which tend, respectively, to be 
representative of non-metazoan and metazoan sHsps (Laganowsky et al.  2010 ; Jehle 
et al.  2011 ; Quinlan et al.  2013 ). Oligomerization and chaperone activity depend on 
all three sHsp domains (Hilario et al.  2011 ; Jehle et al.  2011 ; Basha et al.  2012 ; 
McDonald et al.  2012 ; Hanazono et al.  2012 ; Peschek et al.  2013 ; Quinlan et al. 
 2013 ), while the amino- and carboxyl-terminal domains, the latter encompassing 
the IXI motif, also contribute to quaternary dynamics and protein solubility (Basha 
et al.  2012 ; McDonald et al.  2012 ; Peschek et al.  2013 ; Hilton et al.  2013 ; Quinlan 
et al.  2013 ). sHsps are thought to interact with the exposed hydrophobic regions of 
partially denatured proteins, an activity promoted by changes in oligomer structure 
that depend upon stress exposure and phosphorylation, and entailing either disas-
sembly of oligomers and/or increases in hydrophobicity by structural rearrange-
ment (Hilario et al.  2011 ; McDonald et al.  2012 ; Palmieri et al.  2013 ; Peschek et al. 
 2013 ) (Fig.  24.1 ). sHsps bind many different substrates, the so-called interactome, 
including proteins involved in metabolism, transport, transcription, translation, the 
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cell cycle and apoptosis, among other activities (Fu et al.  2013 ; Arrigo  2013 ; Arrigo 
and Gibert  2013 ; Fan et al.  2014 ; Andley et al.  2014 ). The sequestered proteins are 
protected from irreversible denaturation/aggregation until release, a process contin-
gent upon ATP-dependent chaperones such as Hsp70 (Ehrnsperger et al.  1997 ; Lee 
and Vierling  2000 ; Peschek et al.  2013 ). By protecting proteins from irreversible 
denaturation (Fu et al.  2013 ) and inhibiting apoptosis (Villeneuve et al.  2006 ; 
Acunzo et al.  2012 ; Hamann et al.  2013 ), sHsps represent the initial line of defense 
in organisms exposed to stress and undergoing diapause.   

24.4     sHsps in  A. franciscana  Cysts 

 An abundant 26 kDa protein that assembles into oligomers and undergoes reversible 
translocation into the nucleus during anoxia, heat stress and diapause was fi rst 
reported in  A. franciscana  cysts by Clegg et al. ( 1994 ). It was proposed at the time 
that the 26 kDa protein, termed p26, is a molecular chaperone, possibly a sHsp, and/

  Fig. 24.1    sHsps prevent irreversible protein denaturation. In response to stress sHsp oligomers are 
structurally altered and/or dissociate into dimers which increases hydrophobicity ( right  side of 
fi gure). The modifi ed sHsps bind denaturing proteins and prevent aggregation. A single sHsp 
oligomer may bind several substrates. When diapause terminates and metabolism increases pro-
teins are removed from sHsps by Hsp70 and either refolded ( left  side of fi gure) or degraded (not 
shown). After ATP hydrolysis ADP is removed and replaced by ATP, ensuring Hsp70 is ready for 
a subsequent round of activity       
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or a metabolic regulator (Clegg et al.  1994 ,  1995 ). Sequencing revealed that p26 
purifi ed to apparent homogeneity from cysts is a sHsp featuring a conserved 
α-crystallin domain fl anked by amino- and carboxyl-terminal regions, a result veri-
fi ed by the cloning and sequencing of p26 cDNA (Liang et al.  1997a ,  b ) (Fig.  24.2 ). 
Structural/functional studies of p26 demonstrated an amino acid reside (R114) cor-
responding to a highly conserved arginine found in sHsps from other organisms and 
appearing, based on site-directed mutagenesis, to be crucial for p26 activity (Sun 
et al.  2006 ). Protein modeling and mutagenesis indicated that β-strand 7 within the 
α-crystallin domain plays a signifi cant role in p26 oligomerization, as shown for 
other sHsps.  

 p26 synthesized in  A. franciscana  cysts, transformed  Escherichia coli  and trans-
fected COS-1 cells forms heterogeneous oligomers, and as determined by turbidi-
metric assays, purifi ed p26 exhibits molecular chaperone activity in vitro (Liang 
et al.  1997a ,  b ; Crack et al.  2002 ; Day et al.  2003 ; Sun et al.  2004 ,  2006 ; Sun and 
MacRae  2005b ). The heat tolerance of cyst-derived, p26-containing, fi rst instar 
nauplii is greater than that of direct developing nauplii which lack p26, supporting 
the proposal that p26 has chaperone activity. Additionally, transformed  E. coli  

  Fig. 24.2    Alignment of the sHsps produced in diapause-destined  A. franciscana  embryos. The 
amino acid sequences of ArHsp21 (ABD19712), ArHsp22 (ABD19713) and p26 (AF031367) 
were aligned with CLUSTALW. The α-crystallin domains, containing a highly conserved arginine 
( shaded ), are  boxed  and followed closely by the IXI motifs (IPI, IQI, VPI) in the carboxyl terminal 
extensions. Identical residues are indicated by (*), conserved substitutions by (:) and semi- 
conserved substitutions by (.) (From King et al.  2013 )       
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synthesizing p26 are more heat resistant than bacteria lacking this protein (Liang 
and MacRae  1999 ; Crack et al.  2002 ; Sun and MacRae  2005b ; Sun et al.  2006 ). 

 p26 is synthesized only in diapause-destined  A. franciscana  embryos, with 
mRNA and protein respectively appearing 2 and 3 days after oocyte fertilization 
(Jackson and Clegg  1996 ; Liang and MacRae  1999 ). p26 mRNA decays as activated 
post- diapause cysts resume development but the protein declines only when nauplii 
begin to emerge from cysts and, as revealed by immunofl uorescent staining, p26 is 
last seen in salt gland nuclei of instar II nauplii (Liang and MacRae  1999 ). p26 
moves into the nuclei of diapause-destined  A. franciscana  embryos soon after syn-
thesis and cyst nuclei purifi ed in Percoll gradients have p26 in discrete foci perhaps 
associated with the structural matrix or with protein complexes active in DNA rep-
lication and other molecular processes (Liang et al.  1997b ; Liang and MacRae 
 1999 ; Willsie and Clegg  2002 ). 

 The use of suppressive subtractive hybridization to study gene expression in 
diapause-destined  A. franciscana  embryos showed the up-regulation of several 
genes 2 days post-fertilization (Qiu et al.  2007 ). Among these genes were two sHsps 
in addition to p26, termed ArHsp21 and ArHsp22, both of which contain an 
α-crystallin domain (Fig.  24.2 ), form oligomers and behave as molecular chaper-
ones in vitro (Table  24.1 ) (Qiu et al.  2007 ; Qiu and MacRae  2008a ,  b ). The use of 
polyclonal antibodies specifi c to each of these sHsps demonstrated that like p26, 
ArHsp21 and ArHsp22 are developmentally regulated, appearing in diapause- 
destined embryos, but not in embryos developing directly into nauplii (Qiu and 
MacRae  2008a ,  b ). Although the  A. franciscana  sHsps share many similarities, they 
differ in that p26 and ArHsp22 localize to nuclei whereas ArHsp21 does not, and 
only ArHsp22 is induced by heat shock, an event restricted to the adult stage of 
growth (Table  24.1 ).

     Table 24.1    Diapause-specifi c  Artemia  sHsps   

  Artemia  sHsps 

 Property  p26  ArHsp21  ArHsp22 

 Molecular mass (kDa)  20.8  21.1  22.4 
 Amino acid residues  192  181  190 
 α-Crystallin domain residue numbers  61–152  70–162  74–168 
 Oligomerization  +  +  + 
 Chaperone activity in vitro  +  +  + 
 Chaperone activity in vivo  +  ±  ND 
 Nuclear localization  +   −   + 
 Developmentally regulated  +  +  + 
 Stress induced   −    −   + 

 (Adults only) 
 % of cyst soluble protein  7.0  1.2  0.4 

  (Adults only), sHsp stress induced only in adults, + observed, − not observed, ± uncertain,  ND  not 
determined  
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24.5        In Vivo Studies of  A. franciscana  sHsps 

 The presence of three similar sHsps in diapause-destined  A. franciscana  embryos, 
all with molecular chaperone activity in vitro, prompt questions regarding their 
roles in cysts. To address these issues , A. franciscana  sHsps were studied in vivo by 
RNA interference (RNAi) (King and MacRae  2012 ; King et al.  2013 ). Initially,  A. 
franciscana  females were injected in the egg sac with double stranded RNA 
(dsRNA) for p26 before fertilization (Fig.  24.3 ), mated, and liberated cysts were 
recovered for analysis. Injection of females with dsRNA resulted in almost com-
plete knockdown of p26 mRNA and the reduction of p26 to levels undetectable by 
immunoprobing of western blots containing cyst proteins (King and MacRae  2012 ) 
(Fig.  24.4 ). p26 loss greatly reduced the resistance of cysts to desiccation and freez-
ing, stresses required to terminate diapause, thereby confi rming that this protein is a 
molecular chaperone (Fig.  24.5 ). Unexpectedly, the loss of p26 slowed embryo 
development such that the release of cysts from females occurred 7 days post- 
fertilization as opposed to 5 days when p26 is present (Fig.  24.6 ). Equally surpris-
ing, diapause cysts obtained from females in the laboratory lacking p26 hatched 
spontaneously after long term incubation in sea water at room temperature, whereas 
cysts with p26 did not hatch under the same conditions (Fig.  24.7 ) (King and 
MacRae  2012 ). These results indicate that p26 prevents diapause termination, or in 
other words, is required to maintain diapause.      

  Fig. 24.3    Injection of an  A. franciscana  female with dsRNA. ( a – d ) Light micrographs showing 
the injection of an  A. franciscana  female primed to produce cysts; all images are of the same 
female. ( a ) Female prior to fertilization with the shell gland and egg sacs boxed; ( b ) boxed region 
of ( a ) enlarged; ( c ) injection into the egg sac of dsRNA mixed with phenol  red ; ( d ) an injected 
female which has retained phenol  red , and thus dsRNA, for 2 h. Only morphologically normal 
females retaining phenol  red  for at least 2 h after injection were used in knock down experiments. 
 ES  egg sac,  G  gut,  M  micropipette,  SG  shell gland (Adapted from King and MacRae  2012 )       
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 In subsequent experiments  A. franciscana  females were injected with dsRNA for 
ArHsp21 and ArHsp22 (King et al.  2013 ). Knock down of ArHsp21 had no effect 
on ArHsp22 mRNA and protein as anticipated from earlier knock down experi-
ments. Unlike the situation with p26, the loss of ArHsp21 caused only marginal 
reduction in cyst stress tolerance and had no apparent effect on embryo development 

  Fig. 24.4    p26 dsRNA specifi cally knocks down p26 mRNA and protein in  A. franciscana  cysts. 
( a ) PCR amplifi cation of p26 mRNA in cysts released by females injected with either control 
solution ( 1 ) or p26 dsRNA ( 2 ). Amplifi cation products were resolved in 1.2 % agarose gels and 
stained with Sybersafe. Protein from 25 cysts ( b ) and 40 cysts ( c ,  d ) produced by females injected 
with either control solution ( 1 ) or p26 dsRNA ( 2 ) were resolved in 12.5 % SDS polyacrylamide 
gels and blotted to nitrocellulose. The blots were probed with antibody specifi c to p26 ( b ), ArHsp21 
( c ) and ArHsp22 ( d ), followed by HRP- conjugated goat anti-rabbit IgG antibody. Antibody 
reactive proteins were visualized by chemiluminescence (From King and MacRae  2012 )       
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  Fig. 24.5    p26 enhances the stress tolerance of  A. franciscana  cysts. Diapause of  A. franciscana  
cysts either containing (+p26) or lacking (−p26) p26 was terminated by desiccation and freezing. 
The cysts were then incubated in sea water at room temperature and hatched nauplii were counted 
and removed. The results are given as the percentage of cysts that hatched which was equated to 
the level of diapause termination and cyst viability. The experiment was done in triplicate with 
separate broods of cysts and the error bars represent standard error (From King and MacRae  2012 )       

  Fig. 24.6    p26 knock down slows the development of diapause-destined  A. franciscana  embryos. 
( A ) The time to release in days for cysts and nauplii from females injected with control solution ( a , 
 c ) and p26 dsRNA ( b ,  d ) for broods 1–4.  a  nauplii,  b  nauplii,  c  cysts,  d  cysts. N is 3–12 with lower 
values in later broods due to the death of females with increased culture time. The  bars  indicate 
standard error for each measurement.  Inset B , protein extracts from cysts in broods 1–4 were 
resolved by SDS polyacrylamide gel electrophoresis, blotted to nitrocellulose and probed with 
antibody to p26 followed by HRP-conjugated goat anti-rabbit IgG.  Inset C , after stripping the blot 
was reprobed with antibody to ArHsp21. Lane  1  brood 1,  2  brood 2,  3  brood 3,  4  brood 4,  5  protein 
extract from commercially obtained cysts containing p26 and ArHsp21. Proteins reacting with 
antibodies were visualized by chemiluminescence (From King and MacRae  2012 )       
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  Fig. 24.7     A. franciscana  cysts lacking p26 terminate diapause spontaneously. ( a ) Cysts lacking 
(−p26) and containing (+p26) p26 were incubated without agitation in sealed tubes at room 
temperature for at least 90 days, transferred to weigh boats and observed with a dissecting 
microscope until 5 days after the last cyst hatched. The experiments were done in duplicate with 
different broods of cysts and the error bar represents the standard error. ( b – f ) Light micrographs 
showing the development, or absence thereof, of cysts lacking ( b – d ) and containing ( e ,  f ) p26.  c  
cyst,  e  emerged cyst,  es  eye spot. The nauplii shown in Fig.  d  originated from commercial cysts 
and they are representative of nauplii obtained from laboratory reared cysts lacking p26 (From 
King and MacRae  2012 )       
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and the maintenance of diapause (King et al.  2013 ). The divergent results for p26 and 
ArHsp21 suggest different functions in  A. franciscana  cysts, a possibility reinforced 
by the greater abundance of p26 than ArHsp21 (Table  24.1 ) (King et al.  2013 ). p26 
is therefore likely to interact with a larger amount of compromised protein in dia-
pause cysts than is ArHsp21 and to bind a greater diversity of protein substrates. 

 Injection of dsRNA for ArHsp22 into  A. franciscana  female and male adults 
resulted in death, rendering the examination of ArHsp22 activity in embryo devel-
opment and cyst properties impossible (King et al.  2013 ). ArHsp22 is the only sHsp 
induced in adult  A. franciscana  by heat stress (Qiu and MacRae  2008b ). With this 
in mind, it is possible that injection represents a stress for adults which is countered, 
at least in part, by the synthesis of ArHsp22, a response that is inhibited by dsRNA 
for ArHsp22.  

24.6     sHsps and Diapause in Animals Other than  Artemia  

 Hsp synthesis occurs in animals other than  A. franciscana  when they experience 
diapause and in many cases Hsps are linked to desiccation tolerance. The monogo-
nont rotifer,  Brachionus plicatilis , undergoes diapause when hydrated and it 
becomes resistance to desiccation and heat (Denekamp et al.  2009 ; Clark et al. 
 2012 ). Transcription profi les produced by Illumina short read sequencing and the 
generation of expressed sequence tag (EST) libraries uncovered the up-regulation of 
several molecular chaperones including Hsp60, Hsp70, Hsp40 co-chaperones, the 
Hsc70/Hsp90 organizing protein (HOP), and sHsps in mitic or resting eggs of  B. 
plicatilis  (Denekamp et al.  2009 ; Clark et al.  2012 ). These chaperones may play a 
role in protecting dormant stages of  B. plicatilis , which survive stressful environ-
ments for decades. mRNA for the sHsp, Hsp22, increases during diapause in the 
marine copepod,  Calanus fi nmarchicus , where it has the potential to protect proteins 
from denaturation (Aruda et al.  2011 ). However, mRNAs for most Hsps examined 
in  C. fi nmarchicus  do not change during diapause even though Hsp genes respond 
to handling stress, perhaps because diapause in this species does not involve expo-
sure to the extreme stresses endured by other species.  Daphnia magna  produces 
dormant as opposed to subitaneous eggs when environmental parameters deterio-
rate and the resting, as opposed to the active stage, exhibits more Hsp60 (Pauwels 
et al.  2007 ). The sHsps have not been investigated during diapause in  D. magna , as 
is true for the killifi sh,  Austrofundulus limnaeus , where an inducible Hsp70 increases 
during embryonic diapause II (Podrabsky and Somero  2007 ; Podrabsky et al.  2010 ). 
For tardigrades, which are tolerant of stress even in their active stage, only a limited 
role for Hsps in diapause and cryptobiosis, as shown by their up-regulation during 
stress, has been demonstrated (Förster et al.  2009 ; Mali et al.  2010 ). The possibility 
that suffi cient Hsps are present in tardigrades prior to stress to ensure protein 
homeostasis has yet to be investigated. That Hsps are more involved in protein 
repair upon rehydration of tardigrades, rather than as protective molecules during 
dehydration, is possible (Reuner et al.  2010 ; Guidetti et al.  2011 ; Møbjerg et al.  2011 ).  
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24.7     Conclusions 

 Protein association with sHsps, a process that occurs in the absence of ATP, is the 
fi rst line of defense for cells against stress-induced protein loss. Effective storage of 
aberrant proteins conserves cell resources by ensuring proteins are not irreversibly 
denatured nor are they repaired during stress only to be denatured again. The libera-
tion of substrate from sHsps and either their folding or degradation once metabo-
lism and ATP increase is likely to occur under the direction of ATP-dependent 
molecular chaperones such as Hsp70, Hsp60 and Hsp90. Refolded proteins are then 
available for use in the cell, promoting post-diapause growth by reducing energy 
expensive transcription and translation. 

 The loss of p26 from  A. franciscana  cysts reduces stress tolerance suggesting 
this sHsp interacts with proteins structurally perturbed upon experiencing stresses 
associated with diapause. In contrast, ArHsp21, a protein present in lesser quantities 
than p26, appears to be relatively unimportant in cyst stress tolerance. It is not pos-
sible to test the role of ArHsp22 in stress tolerance by RNAi because injection of 
dsRNA for this protein kills adults. Equally interesting, the actions of p26 extend 
beyond a role in stress tolerance because its depletion affects the rate of embryo 
development and diapause termination. How sHsps function during metabolic sup-
pression and protein maintenance during diapause is only partially defi ned, but 
clearly the role of sHsps is broader than previously thought. In this context, it will 
be particularly interesting to identify substrates bound by sHsps during diapause. 
This approach may identify proteins playing key roles in diapause and contribute to 
the general understanding of sHsp function in all cells.     
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    Chapter 25   
  Drosophila  Small Heat Shock Proteins: 
An Update on Their Features and Functions 

             Geneviève     Morrow     and     Robert     M.     Tanguay    

    Abstract     Small heat shock proteins (sHsps) are present in varying numbers in all 
organisms. In  Drosophila melanogaster  there are 12 sHsps, which have distinctive 
developmental expression patterns, intracellular localizations and substrate speci-
fi cities. Even if most of  Drosophila  sHsps do not have a known mammalian ortho-
log, they share their involvement in multiple cellular processes such as cytoskeleton 
modulation, apoptosis and autophagy. New data on  Drosophila  sHsps have arisen 
from high-throughput genomic and proteomic studies as well as from deletion 
experiments. In addition to showing the complexity of this family, these experi-
ments suggest the involvement of sHsps in new cellular processes such as the 
involvement of Hsp27 in piRNA biosynthesis. The goal of this review is to sum-
marize the new fi ndings on each  Drosophila  sHsp and to highlight its similarity to 
other sHsps as well as its distinctive features.  

  Keywords     Small heat shock protein (sHsp)   •    Drosophila melanogaster    •   Chaperone   
•   Alpha-crystallin domain (ACD)   •   Apoptosis   •   Cytoskeleton   •   Autophagy   •   PolyQ   
•   Protein misfolding diseases   •   Aging   •   Development  

25.1         Introduction 

 The heat shock protein (Hsp) family is composed of proteins that are involved in 
multiple processes and that generally have a protective role upon stress. It is com-
posed of six different subfamilies based on sequence homology and molecular 
weight, namely, Hsp100, Hsp90, Hsp70, Hsp60, Hsp40 and small Hsp (sHsp). 

 The sHsp family is present in all three domains of life and has even recently been 
found in cyanophages (Maaroufi  and Tanguay  2013 ). It is composed of proteins 
ranging in size from 12 to 42 kDa that share a conserved C-terminal domain that 
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was originally described in crystallin proteins, hence its designation as the 
α-crystallin domain (ACD, pfam family: PF00011 (Finn et al.  2014 )). The ACD is 
fl anked by a highly variable and often disordered N-terminal sequence and a short 
fl exible C-terminal extension. It is rich in ß-strands and has been shown to be 
responsible for dimerization. Most of the sHsps assemble into large oligomers from 
12 to 40 subunits, using dimers as the building block. These oligomers are dynamic 
and the rate of subunit exchange is thought to govern their ability to bind substrates 
(Delbecq and Klevit  2013 ). 

 Small Hsps are one of the most up-regulated classes of Hsps following stress. 
Small Hsps are important players in the maintenance of protein homeostasis due in 
part to their ability to bind misfolded proteins in an ATP-independent manner. The 
nature of their substrates is diversifi ed but accumulated evidence indicates that they 
preferentially protect certain classes of functional proteins, such as metabolic 
enzymes and proteins involved in translation (Fu  2014 ). Under non-stressed condi-
tions, some sHsps have been shown to interact with components of the cytoskeleton, 
apoptotic pathway and autophagy pathway among others, showing their importance 
at the cellular level. Hence mutations in sHsps have been associated with neurode-
generative diseases, cardiomyopathies and cataracts (Carra et al.  2013 ; Boncoraglio 
et al.  2012 ; Garrido et al.  2012 ). 

 The number of sHsps is different from one kingdom to another and even between 
species, making sHsp a very heterogeneous family. For example, while mammals 
have ten sHsps (termed HspB1-HspB10), the number of plant sHsps varies between 
19 and 36 according to the species (Basha et al.  2012 ; Waters  2013 ). Their level and 
timing of expression, tissue distribution and intracellular localization display con-
siderable differences suggesting that sHsps have adapted to their environment and 
to specifi c cell needs. In this review, we will focus on  Drosophila melanogaster  
sHsps, the organism in which the heat shock response was fi rst discovered. 

25.1.1      Drosophila melanogaster  sHsps 

 The genome of  D. melanogaster  encodes for 12 proteins containing the characteris-
tic ACD (pfam family: PF00011, (Finn et al.  2014 )). Among those 12 sHsps, 7 are 
located at position 67B on the left arm of chromosome 3 (Table  25.1 ). Hsp22, 
Hsp23, Hsp26 and Hsp27 were the fi rst sHsps reported followed by Hsp67Ba and 
Hsp67Bc (Ayme and Tissieres  1985 ; Craig and McCarthy  1980 ).

   CG43851, the latest sHsp annotated (FlyBase annotation: FBrf0217539), is 
located on the left arm of chromosome 2 like CG13133 but at a different locus 
(Table  25.1 ). One transcript and one polypeptide are associated with CG43851 but 
little information aside from electronic inference is available on them. Nearest 
neighbor analysis shows the divergence of CG43851 compared to the other sHsps 
(Fig.  25.1a ). Interestingly, CG43851 shares more similarity with plant sHsps than 
with any other  Drosophila  sHsp. Further analysis of the CG43851 sequence reveals 
that it lacks the loop containing ß6 as does  Arabidopsis thaliana  Hsp18.5 
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(Fig.  25.1b ), suggesting that, like this sHsp, it exists as a dimer that forms large 
oligomers only when bound to substrate (Basha et al.  2013 ).  

 For most  D. melanogaster  sHsps, the human ortholog has not been clearly identifi ed. 
Hsp67Bc is the functional equivalent of HspB8 (Carra et al.  2010 ) and l(2)efl  would 
be the ortholog of HspB5 (Wang et al.  2011 ).  

  Fig. 25.1    Phylogeny of  Drosophila  sHsps. ( a ) The phylogeny was made with the following 
sequences from Uniprot; P02515 (Hsp22), P02516 (Hsp23), P02517 (Hsp26), P02518 (Hsp27), 
P05812 (Hsp67Ba), P22979 (Hsp67Bc), P82147 (l(2)efl ), M9NHC5 (CG14207), Q9VSX2 (CG4461), 
Q9VL41 (CG13133), Q9VSA9 (CG7409) and M9PCC9 (CG43851).  Triticum aestivum  Hsp16.9 
(TaHsp16.9, P12810) and  Homo sapiens  HspB1 (HsHspB1, P04792) sequences were used as 
controls for the alignment. Only the ACD (as defi ned by pfam (Finn et al.  2014 )) and the C-terminal 
extension were used for multiple alignment with MAFFT. PhyML was used to determine the phylogeny 
between the sequences and TreeDyn to visualize the phylogenic tree (Chevenet et al.  2006 ; 
Dereeper et al.  2008 ,  2010 ). The numbers in the tree represent the branch values (similar to boot-
straps). Branches with value between 40 % and 50 % were collapsed. ( b ) Alignment of ACD and 
C-terminal extension from CG43851 (M9PCC9),  Arabidopsis thaliana  Hsp18.5 (AtHsp18.5, 
O64564) and TaHsp16.9 (P12810). The alignment was generated using ClustalW. Secondary 
structural elements are based on TaHsp16.9 (van Montfort et al.  2001 )       
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25.1.2     Intracellular Localization 

 Similar to plant sHsps,  Drosophila  sHsps have different intracellular localizations; 
Hsp22 is located in the mitochondrial matrix (Morrow et al.  2000 ), Hsp27 is nuclear 
(Beaulieu et al.  1989 ; Michaud et al.  2008 ) and the other studied sHsps are cyto-
plasmic (Vos  2009 ; Zhang et al.  2011a ; Michaud et al.  2002 ). Analysis of the 
CG43851 sequence predicts nuclear or cytoplasmic localization depending on the 
prediction tool used (Euk-mPLoc 2.0 (Chou and Shen  2010 ), SLP-Local (Matsuda 
et al.  2005 ), CELLO v2.5 (Yu et al.  2006 ), Sherloc2 (Briesemeister et al.  2009 ), 
MultiLoc2 (Blum et al.  2009 )). In mammals, all sHsps are mainly located in the 
cytoplasm but some shuttle to the nucleus or to the mitochondria (Bryantsev et al. 
 2007 ; den Engelsman et al.  2013 ; Marunouchi et al.  2013 ; Nakagawa et al.  2001 ; 
van den IJssel et al.  2003 ). Since  Drosophila  sHsps are localized in different com-
partments, it has long been thought that their shuttling to other cellular compart-
ments was not needed. 

 Recently, Hsp26 has been found in the nuclear matrix of  Drosophila  Schneider 2 
(S2) cells and embryos together with Hsp27 (Kallappagoudar et al.  2010 ). To our 
knowledge, this is the fi rst report showing a nuclear localization for this cytoplasmic 
sHsp. However, only a small amount of Hsp26 may be nuclear since whole cell 
immunostaining shows mainly a cytoplasmic localization (Tanguay, personal com-
munication; Michaud et al.  2002 ). A dual localization cytosol/nucleus has also been 
reported for HspB1 and HspB5 in certain types of unstressed cells (Bryantsev et al. 
 2007 ; van den IJssel et al.  2003 ). While phosphorylation is not a prerequisite for 
HspB1 entry in the nucleus (Bryantsev et al.  2007 ), it seems to be involved in the 
case of HspB5 (den Engelsman et al.  2013 ). Marin et al. ( 1993 ) have reported the 
existence of fi ve isoforms of Hsp26. The exact nature of the post-translational modi-
fi cations of those isoforms is not known but three serines can be phosphorylated and 
ubiquitination of Hsp26 has been observed in fl y neurons (Bodenmiller et al.  2007 ; 
Franco et al.  2011 ). Both types of post-translational modifi cations can infl uence the 
intracellular localization of a protein but their involvement in the nuclear localiza-
tion of Hsp26 has not been assessed. 

 Hsp27 is present in up to four isoforms according to the tissue and developmen-
tal stage (Marin et al.  1996 ). Like Hsp26, it can be ubiquitinated and phosphory-
lated on two serines (Bodenmiller et al.  2007 ; Franco et al.  2011 ; Zhai et al.  2008 ). 
However, Hsp27 is mainly found in the nucleus where it adopts at least two different 
localizations, one diffuse and one associated to speckles (Michaud et al.  2008 ). The 
role of post-translational modifi cations on the intra-nuclear localization of Hsp27 
has not been investigated in detail like human HspB5 (den Engelsman et al.  2013 ). 
Nevertheless, phosphorylation of serine 75 has been linked to the presence of 
Hsp27 in the centrosome of  Drosophila  Kc cells and early embryos (Habermann 
et al.  2012 ). Interestingly, Hsp27 has also been identifi ed with Hsp23 and Hsp26 in 
a microtubule-associated complex suggesting an additional cytoplasmic localiza-
tion for Hsp27 (Fisher et al.  2008 ; Hughes et al.  2008 ). This is not surprising since 
Hsp27 contains a nuclear export signal (NES) consensus sequence in addition to its 
nuclear localization sequence (NLS) (Michaud et al.  2008 ).  

25 Drosophila Small Heat Shock Proteins…



584

25.1.3     Developmental Expression and Function 

 Hsp22, Hsp23, Hsp26, Hsp27, Hsp67Ba, Hsp67Bc and l(2)efl  have tissue- and 
stage-specifi c expression patterns during development that have been reviewed pre-
viously (Michaud et al.  2002 ). They are mostly found in germline, nervous system 
and muscle cells and are induced by the molting hormone ecdysone. The expression 
of CG14207 is also tightly regulated; indeed it is restricted to muscle founder cells 
and to a subset of somatic myoblasts in embryogenesis (Artero et al.  2003 ; Estrada 
et al.  2006 ; Tomancak et al.  2007 ). To our knowledge, the larval and pupal expres-
sion patterns of CG14207 have not been reported nor has the developmental expres-
sion pattern for CG13133, CG7409, CG4461 and CG43851. However, their mRNA 
expression levels can be found on FlyAtlas and modENCODE projects websites 
(Celniker et al.  2009 ; Chintapalli et al.  2007 ). 

 The function of sHsps during development is still not well understood, but their 
specifi c regulation suggests that they are involved in specifi c function(s). By their 
ability to bind actin and microtubule, Hsp23, Hsp26 and Hsp27 could be involved 
in embryo morphogenesis (Fisher et al.  2008 ; Goldstein and Gunawardena  2000 ; 
Gong et al.  2004 ; Hughes et al.  2008 ). Accordingly, Hsp23 has been identifi ed in a 
proteomic screen aimed at identifying proteins involved in ventral furrow formation 
(Gong et al.  2004 ). Moreover, Hsp26 has been shown to interact with myosin 10A, 
the  Drosophila  myosin XV homolog, a protein involved in regulating fi lopodial 
dynamics during dorsal closure (Liu et al.  2008 ). Interestingly, the role of myosin 
10A is to maintain the balance between actin and microtubule cytoskeleton compo-
nents (Liu et al.  2008 ). Therefore, this interaction places Hsp26 in the same cate-
gory as mammalian HspB1, HspB5 and HspB6, which all contribute to the 
organization/regulation of the intermediate fi lament network (Seit-Nebi et al.  2013 ; 
Wettstein et al.  2012 ). 

 An interaction between Hsp27 and vreteno has been shown by immunoprecipita-
tion in ovaries (Handler et al.  2011 ; Zamparini et al.  2011 ). Vreteno is one of the 
four factors required for primary piwi-interacting RNA (piRNA) biogenesis in the 
ovarian soma and germline and is therefore involved in the gonad-specifi c small 
RNA silencing pathway that protects the fl y genome against the deleterious activity 
of transposable elements. While the functional signifi cance of the interaction 
between Hsp27 and vreteno has not been pushed further, it is intriguing since Hsp27 
has a well-characterized stage-specifi c distribution during oogenesis (Marin and 
Tanguay  1996 ). 

 Hsp27 is also involved in eye development and abolishing its expression results 
in rough eye phenotype with fused and enlarged ommatidia (Chen et al.  2012 ). 
While expressing the autophagy gene Atg7 restores the eye phenotype (see later 
section) the pathway by which Hsp27 intervenes in eye development has not been 
elucidated (Chen et al.  2012 ). Recently, Hsp27 was shown to interact with XPORT 
(exit protein of rhodopsin and TRP) together with Hsp83 during TRP and rhodopsin 
biosynthesis (Rosenbaum et al.  2011 ). 
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 While the expression of sHsps is tightly regulated during development, eliminating 
the expression of one or another does not have deleterious effects. This is especially 
so for CG14207, Hsp22, Hsp23 and Hsp27, suggesting a non-essential role of those 
sHsps during fl y development under laboratory conditions (Hao et al.  2007 ; Michaud 
and Tanguay  2003 ; Morrow et al.  2004a ; Zimmermann et al.  2006 ). While this may 
be due to a certain redundancy of sHsps function, even the deletion of locus 67B 
(seven sHsps) has no deleterious effect during development (Geiger- Thornsberry 
and Mackay  2004 ). 

 Rather then having an essential developmental role, Hsp22, Hsp67Ba and 
Hsp67Bc would be involved in the maintenance of phenotypic stability under differ-
ent environmental conditions (Takahashi et al.  2010 ). Indeed the transcriptional 
knockdown of Hsp22 was shown to increase fl uctuation asymmetry of bristle num-
ber, while Hsp67Ba absence increases both fl uctuation asymmetry of bristle number 
and wing shape. Therefore, in the absence of those sHsps, an increased number of 
phenotypic aberrations are observed suggesting that sHsps would act as develop-
mental buffers ensuring developmental stability and canalization. This is reminis-
cent of the buffering ability of Hsp83, which supports its designation as a capacitor 
for morphological evolution (Rutherford and Lindquist  1998 ).  

25.1.4     sHsp Expression in Adult Flies 

 As they do during development, sHsps exhibit tissue-specifi c expression patterns in 
fl ies, most of them being expressed in at least one of the following tissues: gonads, 
nervous system and muscle/heart (Kapelnikov et al.  2008 ; McGraw et al.  2008 ; 
Michaud et al.  2002 ). The expression pattern of  CG7409  and  hsp22  in the fl y head 
was even found to vary according to the circadian rhythm (Ceriani et al.  2002 ). 

 During aging, the expression of most of the sHsps is up-regulated with the excep-
tion of CG7409 and CG4461 (Table  25.2 ).  Hsp22  is the sHsp preferentially 
expressed during aging and is mostly up-regulated in the head, while  l ( 2 ) efl   and 
 hsp23  are mostly up-regulated in thoraces and abdomen (Girardot et al.  2006 ; King 
and Tower  1999 ). Interestingly, an earlier onset of  hsp22  and  hsp23  expression was 
observed in fl ies genetically selected for increased longevity (Kurapati et al.  2000 ; 
Zhao et al.  2005 ), suggesting a benefi cial role of sHsps during aging. Accordingly, 
the over-expression of l(2)efl , Hsp22, Hsp23, Hsp26 and Hsp27 were all shown to 
increase lifespan (Table  25.2 ). However, the timing of over-expression is important 
as fl ies over-expressing Hsp22 from day 4 and onward did not benefi t from the same 
protective effect as fl ies over-expressing Hsp22 from embryogenesis (Bhole et al. 
 2004 ; Morrow et al.  2004b ). The matter of timing has also been reported in other 
studies. For example, the degree of the protective effect of Hsp26 over-expression is 
higher in adults than in larvae where it has only a small thermoprotective effect on 
larval locomotion and no effect on neural function (Liao et al.  2008 ; Mileva-Seitz 
et al.  2008 ; Wang et al.  2004 ).
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   While eliminating sHsp expression does not have deleterious effects on embryo 
development, it does affect the lifespan of adult fl ies. Indeed, eliminating Hsp22, 
Hsp23 or Hsp27 expression resulted in a decreased lifespan (Table  25.2 ). In the case 
of Hsp22 and Hsp23, the decreased longevity was also associated with a decreased 
resistance to thermal and oxidative stress (Tanguay unpublished; Morrow et al. 
 2004a ). In contrast, fl ies without Hsp27 were as resistant as control fl ies to thermal 
and oxidative stress, but were more sensitive to starvation and more susceptible to 
infection (Chen et al.  2010 ; Hao et al.  2007 ). These differences may be due in part 
to the specifi c intracellular localization of those sHsps and refl ect their involvement 
in different life promoting pathways.  

25.1.5     Hsp22: An Aging Biomarker 

 Hsp22 is the sHsp preferentially expressed during aging and its level of expression 
is partially predictive of longevity in individual fl ies (Grover et al.  2009 ; King and 
Tower  1999 ; Yang and Tower  2009 ). Indeed, using the  hsp22  promoter to drive the 
expression of GFP or DsRed, a spike of reporter expression was consistently 
observed in the hours preceding and overlapping the death of the fl ies (Grover et al. 
 2009 ). This was also true for  hsp70 -reporter (Grover et al.  2009 ; Yang and Tower 
 2009 ), suggesting that both Hsp22 and Hsp70 are aging biomarkers. Moreover, it 

     Table 25.2     Drosophila  sHsps and longevity   

 sHsps 
 Aging 
regulation 

 Effect on longevity 

 References  Over- expression   Knockdown 

 CG14207  Up  ND  ND  Landis et al. ( 2012 ), Zou et al. ( 2000 ) 
 l(2)efl   Up  Increased  ND  Girardot et al. ( 2006 ), Landis et al. 

( 2004 ,  2012 ), Wang et al. ( 2005 ) 
 CG7409  Down  ND  ND  Landis et al. ( 2012 ) 
 CG4461  Down  ND  ND  Landis et al. ( 2012 ) 
 Hsp26  Up  Increased  ND  Landis et al. ( 2012 ), Liao et al. ( 2008 ), 

Wang et al. ( 2004 ) 
 Hsp67Bc  Up  ND  ND  Landis et al. ( 2012 ) 
 Hsp22  Up  Increased  Decreased  Grover et al. ( 2009 ), King and Tower 

( 1999 ), Morrow et al. ( 2004a ,  b ), 
Moskalev et al. ( 2009 ), Yang and 
Tower ( 2009 ) 

 Hsp23  Up  Increased  Decreased  Tanguay (unpublished), King and 
Tower ( 1999 ), Landis et al. ( 2012 ), 
Tanguay and Morrow ( 2008 ) 

 Hsp27  Up  Increased  Decreased  Hao et al. ( 2007 ), Landis et al. ( 2012 ), 
Liao et al. ( 2008 ), Wang et al. ( 2004 ) 

  No data were available for CG43851, CG13133 and Hsp67Ba 
  ND  not determined  
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was shown that fl ies experiencing stress sooner in life, as shown by  hsp22 -reporter 
expression, are also the ones that die sooner (Yang and Tower  2009 ). Therefore, the 
level of  hsp22 -reporter expression is indicative of an individual susceptibility to 
stress and even to imminent mortality. 

 The use of the  hsp22 -GFP reporter construct has also unveiled cell-specifi c and 
cell lineage-specifi c patterns of mitochondrial failure during aging (Tower et al. 
 2014 ). Indeed, the expression of  hsp22 -GFP during aging is up-regulated in a subset 
of oenocytes (liver-like cells) that accumulate fewer age pigments. Interestingly, 
two proteins were shown to increase the preferential expression of the  hsp22 -GFP 
reporter in aging oenocytes and to decrease the age pigment accumulation, the mito-
chondrial MnSOD and Hsp22 itself. While over-expression of MnSOD was already 
shown to result in  hsp22  up-regulation (Curtis et al.  2007 ), it is the fi rst time that 
Hsp22 is shown to have an effect on its own expression. Interestingly, the cells that 
do express the  hsp22 -GFP reporter have no detectable enrichment for MitoSOX- 
Red suggesting a decreased accumulation of superoxide (Tower et al.  2014 ). It was 
therefore suggested that those cells underwent a change of mitochondrial metabolic 
activity that could be mediated by Hsp22 and MnSOD, which both affect transcrip-
tion of such enzymes upon over-expression (Curtis et al.  2007 ; Kim et al.  2010 ).  

25.1.6     Small Hsps and dFoxo 

 The up-regulation of the Jun-N-terminal Kinase (JNK) pathway and the down- 
regulation of the Insulin/IGF pathway signaling (IIS) result in an increased lifespan 
and resistance to stress (Giannakou and Partridge  2007 ; Tatar et al.  2001 ; Wang 
et al.  2003 ,  2005 ). Both pathways converge to the transcription factor Foxo, which 
integrates nutritional and stress signals to regulate growth, cell proliferation and 
stress tolerance (Accili and Arden  2004 ; Wang et al.  2005 ). In  Caenorhabditis ele-
gans , Daf-16/Foxo infl uences life span by inducing expression of Hsp-16.1, Hsp- 
12.6, Hsp-16.49, and Hsp-16.11 (Hsu et al.  2003 ; Murphy et al.  2003 ). In  Drosophila , 
dFoxo has been shown to regulate the expression of  CG14207  (Wang et al.  2005 ), 
 l ( 2 ) efl   (Hull-Thompson et al.  2009 ; Wang et al.  2005 ),  hsp22  (Harvey et al.  2008 ; 
Hull-Thompson et al.  2009 ) and  hsp23  (Harvey et al.  2008 ). Additionally,  hsp67Bc  
is up-regulated upon dFoxo gain of function but not  hsp26  nor  hsp67Ba  suggesting 
that not all of the sHsps are regulated by this transcription factor (Harvey et al. 
 2008 ). Interestingly, four of the fi ve sHsps regulated by dFoxo are also the ones 
showing an increased expression during aging suggesting a role of dFoxo in their 
aging-induced expression. Accordingly,  dfoxo  null fl ies have a reduced lifespan and 
display reduced age-induced expression of Hsp22 (Morrow, unpublished) and 
 l ( 2 ) efl   (Shen and Tower  2010 ). Since l(2)efl , Hsp22 and Hsp23 increase longevity 
upon over-expression they could account, at least in part, for the life span extension 
mediated by dFoxo (Wang et al.  2005 ).  
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25.1.7     Thermal Induction 

 Ten out of the 12 sHsps are heat-inducible; only CG14207 is not and no data is 
available on CG43851 (Landis et al.  2012 ; Telonis-Scott et al.  2013 ; Vos  2009 ). The 
set of sHsps induced by the heat shock response is stage-dependent; while heat- 
shocked embryos express  hsp22 ,  hsp26 ,  hsp27  and  hsp67Bc  (Leemans et al.  2000 ), 
10 days-old fl ies additionally express  hsp67Ba ,  CG7409  and  l ( 2 ) efl   (Landis et al. 
 2012 ).  CG4461 ,  hsp23 ,  hsp26 ,  hsp27  and  hsp67Bc  are part of the early heat- 
responding genes in fl ies and are also the more abundant  shsp  transcripts following 
heat-shock in S2 cells (Telonis-Scott et al.  2013 ; Vos  2009 ). The heat-shock response 
is driven by the heat shock factor (Hsf), which has been shown to bind tightly to 
 hsp22 ,  hsp23 ,  hsp26 ,  hsp27 ,  hsp67Ba  and  hsp67Bc  promoter while the  CG4461  
promoter was apparently not bound (Birch-Machin et al.  2005 ). While Hsf is 
responsible for the majority of heat-induced expression of  l ( 2 ) efl  ,  hsp23  and  hsp27 , 
it is only responsible for a small proportion of  hsp26  and  hsp22  heat-induced 
expression suggesting the involvement of other transcription factor(s) or mecha-
nisms in the heat shock response (Neal et al.  2006 ). Accordingly, a possible involve-
ment of RNAi machinery in the heat shock response in conjunction with RNA 
polymerase II has recently been proposed and will need further investigation 
(Cernilogar et al.  2011 ). 

  Hsp22 ,  hsp23 ,  hsp26  and  hsp27  are also induced by cold stress while  hsp67Ba  is 
not altered (Colinet et al.  2010a ,  b ,  2013 ; Zhang et al.  2011b ). Eliminating the 
expression of Hsp22 and Hsp23 affects the recovery from chill coma suggesting that 
these two proteins contribute to the adaptive response to fl uctuating thermal condi-
tions (Colinet et al.  2010a ). Since their level of cold-induction is stage-specifi c it 
has been proposed that they act through different mechanisms, which are still not 
elucidated (Colinet et al.  2013 ). Consistent with a protective role of sHsps,  hsp22 , 
 hsp23  and  hsp26  have been shown to contribute to cold hardening (Colinet et al. 
 2013 ; Qin et al.  2005 ). 

 Not surprisingly and in line with the thermal modulation of their expression, 
sHsps are involved in fl y climatic adaptation. This is especially so for  D. pseudoob-
scura hsp23 ,  hsp26 ,  hsp27  and  hsp67Ba  (Graham et al.  2012 ),  D. virilis hsp67Bc  
and  CG4461  (Vesala et al.  2012 ) and  D. subobscura hsp26  (Laayouni et al.  2007 ). 
In addition, studies on fl ies from sub-Saharan Africa and Europe have revealed the 
consistent over-expression of  CG7409  in African fl ies and of  hsp23  in European 
fl ies (Catalan et al.  2012 ; Muller et al.  2011 ).  

25.1.8     sHsps and Oxidative Stress 

  CG14207 ,  l ( 2 ) efl  ,  hsp22 ,  CG7409  and  hsp23  are all induced by different oxidative 
stressors while  hsp26  and  CG4461  are up- or down-regulated according to the 
stressor (Grover et al.  2009 ; Gruenewald et al.  2009 ; Hirano et al.  2012 ; Landis 
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et al.  2004 ,  2012 ; Yang and Tower  2009 ; Zou et al.  2000 ). Interestingly, the regulation 
of  hsp67Ba ,  hsp27  and  hsp67Bc  expression is not affected by any kind of oxidative 
stress suggesting their involvement in different regulatory processes (Landis et al. 
 2012 ). In the case of Hsp27, these data are consistent with the fact that eliminating 
its expression has no effect on oxidative stress resistance (Hao et al.  2007 ). 

 The role of oxidative stress in aging is debated, but it was recently shown that 
aging shares the largest number of gene expression changes with hyperoxia (Landis 
et al.  2012 ). Consistently, most of the sHsps up-regulated by oxidative stress are 
also the ones that are up-regulated during aging (Landis et al.  2012 ). In line with a 
benefi cial role for sHsp in oxidative stress conditions, over-expression of l(2)efl , 
Hsp22, Hsp23, Hsp26 or Hsp27 increases resistance to this stress (Gruenewald et al. 
 2009 ; Morrow et al.  2004b ; Tanguay and Morrow  2008 ; Wang et al.  2004 ,  2005 ).  

25.1.9     l(2)efl  and Proteostasis 

 In a recent study aimed at comparing the changes caused by heat, ionizing radiation, 
hyperoxia and hydrogen peroxide to changes observed during normal aging,  l ( 2 ) efl   
was identifi ed as one of the 18 up-regulated genes in all conditions besides  hsp70 , 
 hsp83  and  ref ( 2 ) P  which is involved in the mitochondrial unfolding protein response 
(UPR mt ) (Landis et al.  2012 ; Shen and Tower  2013 ). This places l(2)efl  at the center 
of proteostasis during mild stress treatment and aging (Shen and Tower  2013 ).  

25.1.10     sHsps and Other Stressors 

 Multiple genome-wide studies on the stress response to various compounds are 
available, each showing the preferential up/down regulation of only some sHsps. 
The implication of those sHsps in each stress will not be discussed here, but an 
overview of sHsp regulation by different stressors is presented in Table  25.3 .

25.1.11        sHsps and the Immune System 

  Drosophila  host defense against pathogenic bacteria, fungi and viruses involves 
Toll, Imd, JNK, JAK-STAT and p38 MAPK pathways (Eleftherianos and Castillo 
 2012 ; Kingsolver et al.  2013 ). This latter pathway activates Hsf and requires the 
proper expression of Hsp26, Hsp27, Hsp60D and Hsp70Bc to mediate host defense 
(Chen et al.  2010 ). Consistent with the role of Hsp27 in the immune system,  hsp27  
mutant fl ies are more susceptible to pathogenic infection (Chen et al.  2010 ; Hao 
et al.  2007 ). 
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  Pseudomonas aeruginosa  eludes the host defenses of  Drosophila  by suppressing 
antimicrobial peptide gene expression (Apidianakis et al.  2005 ). The primary steps 
of the host response to the bacterial challenge involve the down-regulation of  hsp22 , 
 hsp26  and  CG7409  (Apidianakis et al.  2005 ; Chakrabarti et al.  2012 ). Interestingly, 
 Wolbachia  bacteria, which are obligate endosymbionts, also use this strategy. 
Indeed, they down-regulate the expression level of  hsp22 ,  hsp27  and  hsp67Bc  (Xi 
et al.  2008 ). The roles of mammalian sHsps in the immune system are also being 
uncovered and include the activation of macrophages (van Noort et al.  2012 ). In 
 Drosophila , a role for Hsp26 in phagosome internalization has been suggested from 
a proteomic study aimed at detailing the protein-protein interactions of this subcel-
lular compartment (Stuart et al.  2007 ).  

   Table 25.3    Regulation of  Drosophila  sHsps by different stress   

 Stressors   shsps   References 

 Ethanol   hsp26  (up)  Awofala et al. ( 2012 ), 
Morozova et al. ( 2006 )   l ( 2 ) efl   (up) 

  CG14207  (up) 
 Electromagnetic fi eld   hsp27  (up)  Herranz et al. ( 2012 ), 

Lee et al. ( 2008 ), 
Li et al. ( 2013 ) 

  hsp22  (up/down) 
  hsp23  (up) 

 Methotrexate   hsp67Bc  (down)  Chahine and O’Donnell ( 2010 ) 
 Salicylate   hsp67Bc  (down)  Chahine and O’Donnell ( 2010 ) 
 Hypoxia   hsp23  (up)  Azad et al. ( 2009 ), 

Baird et al. ( 2006 ) 
 Ionizing radiation   l ( 2 ) efl   (up)  Landis et al. ( 2012 ) 

  hsp67Bc  (up) 
  CG14207  (up) 
  CG4461  (up) 
  hsp67Ba  (down) 
  CG7409  (down 
  hsp27  (down) 

 Açai (anti-oxidant)   l ( 2 ) efl   (up)  Sun et al. ( 2010 ) 
 Nectarine extract 
(anti-oxidant) 

  l ( 2 ) efl   (down)  Boyd et al. ( 2011 ) 

 Endosulfane   hsp23  (up)  Sharma et al. ( 2011 ,  2012 ) 
  hsp22  (up) 

 Cadmium   hsp22  (up)  Yepiskoposyan et al. ( 2006 ) 
 Curcumin   hsp22  (up)  Soh et al. ( 2013 ) 

  hsp27  (up) 
 Benzene, toluene, xylene   hsp26  (up, individually)  Singh et al. ( 2009 ,  2010 ) 

  hsp26  (down, mixture) 
 Destruxin A (insecticide)   hsp27  (down)  Pal et al. ( 2007 ) 

  hsp23  (up) 
 Pyrethrum (insecticide)   l ( 2 ) efl   (up)  Jensen et al. ( 2006 ) 
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25.1.12     sHsps and Apoptosis 

 In  Drosophila , apoptotic stimuli converge to activate a common death program 
through transcriptional activation of  reaper ,  hid  and  grim  (Steller  2008 ). The result-
ing three proteins bind IAPs (inhibitor of apoptosis proteins), resulting in caspase- 
activation and apoptosis. While reaper and grim are expressed only in cells destined 
to die, hid is also present during development and its expression is regulated by 
EGFR/RAS signaling, Hippo tumor suppressor pathway, miRNAs and the hormone 
ecdysone (Bilak and Su  2009 ). 

 Hsp27 reduces hid-induced lethality but has no effect on the lethality induced by 
reaper and grim (Liao et al.  2008 ). The exact mechanism by which Hsp27 protects 
 Drosophila  against hid-induced apoptosis is not known but it could be by regulating 
the Ras/MAPK pathway in a similar way to Hsp83 i.e. by facilitating signaling 
through conformational modulation of its substrate (Raf in the case of Hsp83) (van 
der Straten et al.  1997 ). 

 While Hsp26 has no effect on fl y survival to hid-, reaper- and grim-induced 
lethality when over-expressed in neurons (Liao et al.  2008 ), it was shown to interact 
with activated Cdc42 kinase (ack) together with Hsp23 and some other proteins in 
an affi nity assay on S2 cells (Schoenherr et al.  2012 ). Ack is an anti-apoptotic pro-
tein, which blocks programmed cell death induced by hid and reaper. While the 
knockdown of Hsp23 had no effect on ack anti-apoptotic activity, the knockdown of 
Hsp26 was shown to suppress this activity (Schoenherr et al.  2012 ). These results 
demonstrate the distinctive features of  Drosophila  sHsps and suggest that Hsp26 
functions directly with ack or in a parallel pathway to regulate survival. 

 Hsp23 was identifi ed in a study aimed at determining which proteins undergo 
caspase-dependent changes during apoptosis in a sub-line of S2 cells named D-Mel2 
(Creagh et al.  2009 ). The Hsp23 isoform identifi ed appears due to actinomycin 
D-induced activation of caspases since the protein was absent when using the cas-
pase inhibitor z-VAD-fmk. The nature of this isoform is not discussed further, but 
its experimental pI is reminiscent of the two Hsp23 isoforms previously reported 
and which display a tissue-specifi c expression pattern in fl ies (Marin et al.  1996 ). In 
mammalian cells, actinomycin D prevents HspB1 degradation depending on the cell 
type and HspB1 knockdown potentiates actinomycin D-induced apoptosis through 
caspase activation (Cervantes-Gomez et al.  2009 ; Ma et al.  2013 ). Moreover, acti-
nomycin D increases HspB1 phosphorylation, a post-translational modifi cation that 
would favor small oligomers and cytochrome c binding (Boncoraglio et al.  2012 ; 
Ma et al.  2013 ). In light of these results, the appearance of the Hsp23 isoform in 
D-Mel2 cells treated with actinomycin D could refl ect the attempt of the cells to 
counteract the apoptotic pathway. 

 The anti-apoptotic function of sHsps is sometimes taken as an advantage for 
tumor cells to grow and proliferate. Thus mammalian sHsps are up-regulated in 
many different cancer cell types and are often linked to bad prognoses (Boncoraglio 
et al.  2012 ; Kampinga and Garrido  2012 ). In  Drosophila ,  hsp27  and  hsp26  are up- 
regulated in brain tumors (Loop et al.  2004 ). Moreover, cancer cells over-expressing 
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Hsp22 were shown to form aggressive tumors and to acquire an anti-cancer drug- resistant 
phenotype. These effects would be due in part to the interaction of Hsp22 with p53 
resulting in a mitochondrial sequestration of the tumor suppressor (Wadhwa et al.  2010 ).  

25.1.13     sHsps and Misfolding Protein Diseases 

 In vitro, Hsp22, Hsp23, Hsp26 and Hsp27 prevent heat-induced aggregation of 
citrate synthase and luciferase and maintain heat-denatured luciferase in a refold-
able state albeit with different effi ciencies (Morrow et al.  2006 ). The chaperone-like 
activity of  Drosophila  sHsps to assist substrate refolding was also analyzed in vivo 
in cultured cells using luciferase, EGFP-HttQ119 and HttQ128 as reporters 
(Table  25.4 ). As for mammalian sHsps,  Drosophila  sHsps have different abilities to 
prevent substrate aggregation and to assist refolding (Carra et al.  2013 ). Indeed, 
CG14207 and CG7409 have the strongest ability to assist refolding of heat- denatured 
luciferase but are only partially able to reduce the level of polyQ insoluble protein 
aggregates and have no effect on the level of soluble polyQ proteins. On the other 
hand, Hsp67Bc is not able to assist luciferase refolding but strongly reduces the 
level of soluble polyQ proteins and insoluble aggregates (Carra et al.  2010 ; Vos 
 2009 ). The only other sHsp that was shown to reduce the level of soluble polyQ 
protein is l(2)efl  (see next section for the mechanism, (Carra et al.  2010 )).

   Consistent with their different ability to prevent substrate aggregation and assist 
protein refolding in cultured cells,  Drosophila  sHsps also have different abilities to 
suppress degeneration in misfolded-protein disease models (Table  25.5 ). Usually 
the strongest effect of sHsps on degeneration is observed with mildly toxic proteins; 

     Table 25.4    Chaperone-like activity of  Drosophila  sHsps in cultured cells   

 sHsps  Activities  Methods  Effects  References 

 Hsp67Bc  Preventing 
aggregation 

 Htt-128Q and 
Hsp67Bc/S2 cells 

 Reduce the soluble level and the 
amount of high MW aggregates 

 Carra et al. 
( 2010 ) 

 EGFP-Htt- Q119 
and Hsp67Bc/S2 
cells 

 Strong reduction of the level 
of insoluble proteins/decreased 
amount of soluble proteins 

 Vos ( 2009 ) 

 Assisting 
refolding 

 Luciferase and 
Hsp67Bc/S2 cells 

 Do not assist refolding  Vos ( 2009 ) 

 CG14207  Preventing 
aggregation 

 Htt-128Q and 
CG14207/S2 cells 

 No effect on soluble level 
neither on high MW 

 Carra et al. 
( 2010 ) 

 EGFP-Htt- Q119 and 
CG14207/S2 cells 

 Partial reduction of the level 
of insoluble proteins/no effect 
on soluble proteins 

 Vos ( 2009 ) 

 Assisting 
refolding 

 luciferase and 
CG14207/S2 cells 

 Strong ability to assist refolding/
requires Hsp70 machinery 

 Vos ( 2009 ) 

(continued)
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Table 25.4 (continued)

 sHsps  Activities  Methods  Effects  References 

 l(2)efl   Preventing 
aggregation 

 Htt-128Q and 
l(2)efl /S2 cells 

 Reduce the soluble level of 
proteins/no effect on high MW 

 Carra et al. 
( 2010 ) 

 EGFP-Htt- Q119 
and l(2)efl /S2 cells 

 Partial reduction of the level 
of insoluble proteins/no effect 
on soluble proteins 

 Vos ( 2009 ) 

 Assisting 
refolding 

 Luciferase and 
l(2)efl /S2 cells 

 Assist refolding  Vos ( 2009 ) 

 Hsp23  Preventing 
aggregation 

 EGFP-Htt- Q119 
and Hsp23/S2 cells 

 Partial reduction of the level 
of insoluble proteins/partial 
reduction on soluble proteins 

 Vos ( 2009 ) 

 Assisting 
refolding 

 Luciferase and 
Hsp23/S2 cells 

 Assist refolding  Vos ( 2009 ) 

 Hsp26  Preventing 
aggregation 

 EGFP-Htt- Q119 
and Hsp26/S2 cells 

 Partial reduction of the level of 
insoluble proteins/partial 
reduction on soluble proteins 

 Vos ( 2009 ) 

 Assisting 
refolding 

 Luciferase and 
Hsp26/S2 cells 

 Assist refolding  Vos ( 2009 ) 

 Hsp27  Preventing 
aggregation 

 EGFP-Htt- Q119 
and Hsp27/S2 cells 

 Partial reduction of the level 
of insoluble proteins/no effect 
on soluble proteins 

 Vos ( 2009 ) 

 Assisting 
refolding 

 Nuclear luciferase 
and Hsp27/S2 cells 

 Assist refolding/requires 
Hsp70 machinery 

 Vos ( 2009 ) 

 Hsp67Ba  Preventing 
aggregation 

 EGFP-Htt- Q119 
and Hsp67Ba/S2 
cells 

 Partial reduction of the level 
of insoluble proteins/no effect 
on soluble proteins 

 Vos ( 2009 ) 

 Assisting 
refolding 

 Luciferase and 
Hsp67Ba/S2 cells 

 Do not assist refolding  Vos ( 2009 ) 

 CG4461  Preventing 
aggregation 

 EGFP-Htt- Q119 
and CG4461/S2 
cells 

 Partial reduction of the level of 
insoluble proteins/no effect on 
soluble proteins 

 Vos ( 2009 ) 

 Assisting 
refolding 

 Luciferase and 
CG4461/S2 cells 

 Do not assist refolding  Vos ( 2009 ) 

 CG7409  Preventing 
aggregation 

 EGFP-Htt- Q119 
and CG7409/S2 
cells 

 Partial reduction of the level of 
insoluble proteins/no effect on 
soluble proteins 

 Vos ( 2009 ) 

 Assisting 
refolding 

 Luciferase and 
CG7409/S2 cells 

 Strong ability to assist refolding  Vos ( 2009 ) 

 CG13133  Preventing 
aggregation 

 EGFP-Htt- Q119 
and CG13133/S2 
cells 

 Partial reduction of the level of 
insoluble proteins/no effect on 
soluble proteins 

 Vos ( 2009 ) 

 Assisting 
refolding 

 luciferase and 
CG13133/S2 cells 

 Do not assist refolding  Vos ( 2009 ) 

 Hsp22  Assisting 
refolding 

 Mito-luciferase and 
Hsp22/HeLa cells 

 Assist refolding  Tanguay 
(unpublished) 

  No data were available for CG43851 
  MW  molecular weight  
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    Table 25.5    Effect of  Drosophila  sHsps over-expression on protein misfolding diseases   

 sHsps 
 Misfolding 
disease model 

 Suppression 
of degeneration  Effect on protein  References 

 Hsp67Bc  UAS SCA3-Q78/gmr-Gal4  Partial  ND  Vos ( 2009 ) 
 UAS-Hsp67Bc 
 UAS SCA3-78Q/gmr-Gal4  Partial  ND  Carra et al. 

( 2010 )  UAS-Hsp67Bc 
 CG7409  UAS SCA3-Q78/gmr-Gal4  Partial  ND  Vos ( 2009 ) 

 UAS-CG7409 
 CG4461  UAS SCA3-Q78/gmr-Gal4  No effect  ND  Vos ( 2009 ) 

 UAS-CG4461 
 CG14207  UAS SCA3-Q78/gmr-Gal4  No effect  ND  Vos ( 2009 ) 

 UAS-CG14207 
 UAS SCA3tr-Q78/gmr-Gal4  Partial – mild  ND  Bilen 

and Bonini 
( 2007 ) 

 EP 1348 

 UAS SCA3-Q84/gmr-Gal4  Partial – strong  Increased solubility 
of monomers/no effect 
on oligomers 

 Bilen 
and Bonini 
( 2007 ) 

 EP 1348 

 UAS TDP-43/gmr-Gal4  Partial  Increased solubility 
of monomers 

 Gregory 
et al. 
( 2012 ) 

 EP 1348 

 UAS TDP-25/gmr-Gal4 (mild)  Complete  Clearance of 
monomers and 
oligomers 

 Gregory 
et al. ( 2012 )  EP 1348 

 Hsp27  41Q/gmr-Gal4 (mild)  Complete  ND  Chen et al. 
( 2012 )  UAS-Hsp27 

 63Q/gmr-Gal4  No effect  ND  Chen et al. 
( 2012 )  UAS-Hsp27 

 41Q/gmr-Gal4 (mild)  Complete  ND  Liao et al. 
( 2008 )  UAS-Hsp27 

 127Q/gmr-Gal4  No effect  ND  Liao et al. 
( 2008 )  UAS-Hsp27 

 UAS GFAP R79H /repo-Gal4  Partial  Decreased number 
of inclusion bodies 

 Wang et al. 
( 2011 )  UAS-Hsp27 

 Hsp26  41Q/gmr-Gal4 (mild)  No effect  ND  Liao et al. 
( 2008 )  UAS-Hsp26 

 127Q/gmr-Gal4  No effect  ND  Liao et al. 
( 2008 )  UAS-Hsp26 

 UAS GFAP R79H /repo-Gal4  Partial  Decreased number 
of inclusion bodies 

 Wang et al. 
( 2011 )  UAS-Hsp26 

 l(2)efl   UAS GFAP R79H /repo-Gal4  Partial  Decreased number 
of inclusion bodies 

 Wang et al. 
( 2011 )  UAS-l(2)efl  

  No data were available for Hsp22, Hsp23, CG43851, CG13133 and Hsp67Ba 
  ND  not determined  
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this is particularly so for CG14207 (TDP25 vs TDP43, (Gregory et al.  2012 )) and 
Hsp27 (41Q vs 63Q or 127Q, (Chen et al.  2012 )), suggesting that the balance 
between toxic proteins and chaperones is very important. However, CG14207 was 
shown to be a strong modifi er of full length Ataxin-3 but only a moderate suppressor 
of the truncated protein (Sca84Q vs Sca78Q, (Bilen and Bonini  2007 )), suggesting 
that the affi nity of the sHsps for the substrate is also an important factor. This could 
explain why some sHsps, like Hsp26, have an effect only on specifi c  misfolded 
protein substrates (41Q vs GFAP R79H , (Liao et al.  2008 ; Wang et al.  2011 )). 
Alternatively, the localization of the sHsp versus the substrate may also be an impor-
tant factor to bear in mind.

   One way by which misfolded proteins cause their toxic effect is by titrating out 
proteins involved in protein quality control such as sHsps. This is especially true for 
l(2)efl  which is found in inclusions together with GFAP R79H  in Alexander disease 
(Head and Goldman  2000 ; Wang et al.  2011 ). Consistently, eliminating the expres-
sion of sHsps enhances the toxicity of aggregation prone proteins. Indeed, the 
knockdown of Hsp67Bc signifi cantly worsens the SCA3 degenerative eye pheno-
type and the knockdown of Hsp27 enhances the pigmentation phenotype observed 
in the eye of fl ies expressing 41Q (Carra et al.  2010 ; Chen et al.  2012 ). 

 A biphasic  hsp  expression profi le has been reported in different polyQ disease 
models; the heat shock response is induced by short-term polyQ protein expression 
and reduced upon long-term expression (Chan et al.  2011 ; Chou et al.  2008 ; Hands 
et al.  2008 ; Huen and Chan  2005 ). A recent study has shown that  hsp22 ,  hsp40  and 
 hsp70  are induced when MJDQ84 is localized in the cytoplasm but not when it is 
located in the nucleus in the absence of xpo1 (Chan et al.  2011 ). Xpo1 is an exportin 
that preferentially exports expanded polyQ protein to the cytosol and which has also 
been shown to suppress Aß toxicity in a  C. elegans  model of Alzheimer’s disease 
(Chan et al.  2011 ; Treusch et al.  2011 ). Interestingly, MDJQ84 was shown to directly 
bind to  hsp70  promoter, suggesting a mechanism whereby the nuclear accumulation 
of expanded polyQ proteins could block  hsp  expression (Chan et al.  2011 ). 
Alternatively, some toxic polyQ proteins have a higher affi nity for transcription fac-
tor than their wild-type counterpart, thereby affecting their normal cellular 
function(s). This is notably the case for hTBP80Q, which has a high affi nity for 
suppressor of hairless (Su(H)) (Ren et al.  2011 ). While  hsp23 ,  hsp26  and  hsp27  are 
down-regulated in fl ies expressing the toxic hTBP80Q, the involvement of Su(H) in 
this regulation has not been assessed (Ren et al.  2011 ).  

25.1.14     Additional Mechanisms of sHsps 

 As mentioned in the previous section, most sHsps can bind to misfolded proteins 
to prevent their aggregation and/or assist their refolding by ATP-dependent chaper-
ones. Another way by which l(2)efl  and Hsp67Bc (but not CG14207) prevent the 
deleterious effect of misfolded proteins is by inhibiting protein synthesis. The inhi-
bition of protein synthesis occurs via eIF2α phosphorylation and is responsible for 
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the decreased amount of soluble polyQ proteins observed in their presence 
(Table  25.4 , (Carra et al.  2010 )). Among those three sHsps, only Hsp67Bc also 
promotes autophagy to allow the clearance of high molecular weight aggregates 
(Table  25.4 , (Carra et al.  2010 )). The stimulation of autophagy by Hsp67Bc occurs 
via its binding to starvin in a similar manner to HspB8 and Bag3 (Carra et al.  2010 , 
 2009 ). Interestingly, in addition to having no interaction with starvin and to having 
no effect on LC3 lipidation in cultured cells, l(2)efl  over-expression was even shown 
to reduce the activation of autophagy in the Alexander disease model (GFAP R79H ) 
(Carra et al.  2010 ; Wang et al.  2011 ). Therefore l(2)efl  shares the ability to modulate 
protein synthesis with Hsp67Bc but both proteins have the opposite effect on 
autophagy. These results illustrate well the functional specifi city of sHsps. 

 A link between Hsp27 and autophagy has recently been unveiled (Chen et al. 
 2012 ). Indeed, it was shown that autophagy-related gene 7 (Atg7) acts downstream 
of Hsp27 to regulate eye morphology, polyQ toxicity and even lifespan. This genetic 
interaction is specifi c and does not involve other Atgs nor Hsp22. Further studies 
will be needed to assess if Hsp27 functions through chaperone-mediated autophagy 
(CMA) like Hsp70 or through chaperone-assisted selective autophagy (CASA) like 
HspB8 (Arias and Cuervo  2011 ; Arndt et al.  2010 ). Autophagy serves to clear 
unnecessary or dysfunctional cellular components and Atg7 expression attenuates 
polyQ toxicity (Chen et al.  2012 ). The specifi c interplay between Hsp27 and Atg7 
may explain in part why this sHsp was shown to be more effective than Hsp26 in 
suppressing 41Q induced neurodegeneration (Table  25.5 , (Liao et al.  2008 )). 

 Another way to clear misfolded proteins apart from autophagy is by promoting 
their degradation through the proteasome. While both HspB1 and HspB5 have been 
shown to bind proteasome subunits (Boelens et al.  2001 ; Parcellier et al.  2003 ), a 
direct interaction between proteasome subunits and  Drosophila  sHsps remains to be 
demonstrated. However,  hsp23  and  hsp27  were shown to be up-regulated in parallel 
to both 19S and 20S proteasome subunits, suggesting that these two sHsps are regu-
lated components of the metazoan proteasome network. Moreover, an interaction 
between Hsp26 and lawc has been demonstrated by two-hybrid screening (Brandt 
and Corces  2008 ). While lawc is not a proteasome component, it does interact with 
the nuclear proteasome regulator dREGγ to ensure proper transcription by RNA 
polymerase II. The exact role of Hsp26 interaction with lawc has not been dis-
cussed, but it could involve its ability, also shared by Hsp23 and Hsp27, to bind to 
the ubiquitin-conjugating enzyme 9 (DmUbc9, (Joanisse et al.  1998 )). 

 Finally, using a model for atrial fi brillation, a distinctive functional feature of 
Hsp23 was unveiled. Indeed, it was shown that over-expression of Hsp23 protects 
against tachycardia remodeling while Hsp27, Hsp67Bc, CG4461, CG7409 and 
CG14207 had absolutely no effect (Zhang et al.  2011a ). While the lack of effect of 
Hsp67Bc suggests the non-involvement of autophagy and the lack of effect of 
Hsp27 suggests the necessity for cytoplasmic localization, the lack of effect of the 
three other sHsps suggests that a general chaperone-like activity is not required. 
Therefore, the ability of Hsp23 to protect against tachycardia remodeling involves a 
specifi c, yet undetermined, client.  
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25.1.15     sHsps and the Mitochondria 

  Drosophila  Hsp22 is localized in the mitochondrial matrix (Morrow et al.  2000 ). It 
is rapidly induced by oxidative stress and preferentially up-regulated during aging 
(King and Tower  1999 ; Landis et al.  2012 ). Interestingly, it is also strongly up- 
regulated by the disruption of mitochondrial protein synthesis while  hsp23  and 
 hsp27  are mildly induced (Fernandez-Ayala et al.  2010 ). Since the disruption of 
mitochondrial protein synthesis has been shown to create a mito-nuclear imbalance 
of the electron transport chain subunits and the subsequent activation of the UPR mt  
in  C. elegans  (Houtkooper et al.  2013 ), it was suggested that Hsp22 is part of 
 Drosophila  UPR mt  (Shen and Tower  2013 ). In  Drosophila , the UPR mt  is involved in 
the aging process as well as in different types of stress, as demonstrated by the up- 
regulation of  ref ( 2 ) P  (Landis et al.  2012 ). In support of a role in UPR mt , over- 
expression of Hsp22 results in alterations of many nuclear transcripts and also 
infl uences its own level of expression (Kim et al.  2010 ; Shen and Tower  2013 ; 
Tower et al.  2014 ). Due to the fact that the presence of Hsp22 in oenocyte cells was 
associated with the absence of MitoSox-Red staining enrichment in an aging model, 
it was suggested that Hsp22 could act by repressing mitochondrial metabolic activ-
ity (Shen and Tower  2013 ; Tower et al.  2014 ). Interestingly, CG13133 has also been 
shown to repress the basic mitochondrial function. Indeed, abolishing the expres-
sion of this sHsp results in increased citrate synthase activity (Chen et al.  2008 ). The 
way by which CG13133 interferes with mitochondrial function has not been pushed 
further but since it is a cytosolic protein it most likely acts on the mitochondrial 
outer membrane as does HspB2, HspB5 and HspB8 (Jin et al.  2008 ; Nakagawa 
et al.  2001 ). Alternatively, CG13133 could have an additional sub-mitochondrial 
localization such as HspB1 (Marunouchi et al.  2013 ). Unfortunately, few data are 
available on CG13133 except that it is expressed in  Drosophila  auditory organ 
(Senthilan et al.  2012 ).   

25.2     Concluding Remarks 

 The genome of  Drosophila melanogaster  encodes for 12 sHsps. While Hsp22, 
Hsp23, Hsp26 and Hsp27 remain the most studied, the ongoing research on other 
members allows the appreciation of the diversity of  Drosophila  sHsps. Their dis-
tinctive developmental expression pattern, intracellular localization and in vivo sub-
strate specifi city, suggest that the amino acid sequence outside of the ACD is 
important for function determination. Since the functions of sHsps are only partially 
overlapping, much work remains to be done in order to understand their functions.     
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