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    Abstract     The bacterial stress response is an early-evolved system of protein- folding 
proteins, both molecular chaperones and protein-folding catalysts, linked to appropri-
ate transcription factors for generating appropriate cellular responses to external and 
internal stress. Two key requirements of this vital stress response system are  robust-
ness  and  resilience.  Most of our understanding of the bacterial stress response comes 
largely from study of the K12 laboratory strain of  E. coli.  The essential elements of 
the cytoplasmic stress response are the protein pairs: chaperonin 60/chaperonin 10 
and DnaK/DnaJ whose mechanisms of action are distinct but which work together to 
maintain cytoplasmic proteostasis. Other cytoplasmic stress proteins include the small 
heat shock proteins and bacterial Hsp90. The other major cell volume in bacteria is the 
periplasmic space which, in contrast the cytoplasm, has an oxidising environment. 
This requires another set of stress proteins including the protein disulphide isomerases 
and the peptidylprolyl isomerases. Essential to our understanding of the bacterial cell 
stress response is the realisation that it is a  biological control system  whose overall 
role is to enable prokaryotes to cope with any stresses that the environment throws at 
them – such as the infectious process. It is unclear how the moonlighting actions of 
certain of these proteins integrates with their protein-folding/stress relieving actions.  

1.1         The Concept of the Stress Response 

 If we defi ne a stress as being any event that compromises the normal function of an 
organism, it is obvious that there are two basic strategies that can protect against that 
stress. One is to have a pre-existing capacity to resist the stress. This works, up to a 
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point, but its maintenance requires the continuous use of resources that could be 
devoted to some other activity. The other is to detect the stress and respond to it, 
perhaps by moving to a less stressful location, or by changing properties so that the 
stress is no longer so damaging. This also requires resources, but they are only used 
when needed. The two strategies can be described as  robustness  and  resilience . 
Organisms have to fi nd the correct balance between the two. Those that fail to do so 
will not reproduce, and so will be selected against. Modern day organisms are 
examples of systems that have evolved to have an optimal balance between effi -
ciency on the one hand, in terms of being able to use resources (energy, food, and 
the environment in which they live) to pass on their genes to the next generation, 
and robustness and resilience on the other, in being able to deal effectively with any 
stresses that they are likely to encounter. 

 The study of how bacteria deal with stress can be very enlightening in this regard. 
Bacteria are simple compared to eukaryotes, with most bacteria having much 
smaller genomes than most eukaryotes. Bacterial genomes are dense with genes, 
and low in features like repetitive DNA. This is not because of their need to replicate 
quickly but because in the absence of selection, genes are easily lost by deletion 
(Mira et al.  2001 ). In looking at a bacterial genome we are looking at a fairly mini-
mal set of genes for life, and genes that are involved in helping the organism resist 
stress will have been strongly selected for. Add to this the well-known experimental 
reasons for working with bacteria, and the fact that some of them cause infections, 
and it is evident that the study of bacterial stress responses will pay dividends in 
areas well beyond microbiology. 

 Simple principles must apply to any resilient system that is invoked only when the 
relevant stress is detected. First, the organism must be able to detect the stress and 
distinguish it from other stresses. Second, this detection must be linked in some way to 
the response, as it is no use being able to detect a stress unless the consequence is the 
mounting of a relevant response. Third, the response has to be appropriate to the 
particular stress. For example, there would be no point in responding to a dangerous 
down-shift in pH by turning on the genes that are required to deal with an osmotic 
shock, either through a failure of the detection system, the incorrect linkage to the 
response, or the faulty nature of the response itself. Fourth, the response must be 
switched off when the stress is no longer a problem, since not to do so would lead to a 
non-competitive reduction in effi ciency for the organism overall. All of these features 
– detection of the stress, transduction of the signal, response to the stress, and termina-
tion of the response – are exemplifi ed in the many bacterial stress responses that have 
been investigated, although the fourth point is less well studied that the other three.  

1.2     Methods and General Principles 

 Much research on bacterial stress responses has focussed on describing the changes 
in gene and protein expression following stress, and evaluating the signifi cance of 
these. In the pre-genomic era, the two major experimental approaches to this were 
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to identify proteins whose synthesis was induced or elevated following stress, and 
to fi nd mutants that failed to cope with the stress, often by tagging followed by 
cloning of the genes involved, and investigate their regulation and the consequences 
of their absence. The focus has now shifted to more high throughput methods, 
principally proteomics and transcriptomics. Systems biology approaches that use 
’omics data to build models of circuits and pathways are beginning to lead to a more 
holistic view of how stress responses are organised and integrated with other aspects 
of the biology of the organism, but we are still a long way from having organism-
level models that enable us to directly link the overall stress response to a quantifi -
able measure of fi tness. However, even having a list of the components and an 
idea of their individual properties is a good place to start. Consequently the armoury 
of molecular biology and biochemistry has been brought to bear on organisms and 
on purifi ed proteins that are induced or up-regulated in response to stress. 

 The way that a bacterium responds to a stress depends on its growth medium, the 
level of the stress, the time over which the stress is applied, the precise nature of the 
strain used, and a myriad of other factors. One of the most important of these is 
probably which other stresses are also being applied at the same time, and investiga-
tions are now moving towards the recognition that at any time (and in particular in 
the bacterium’s natural environments – which may be our gut, our blood stream, or 
our macrophages) a bacterium will be responding to multiple different stresses 
simultaneously. A successful bacterium like a pathogen must have evolved systems 
to simultaneously integrate the input of many different signals (temperature, nutrient 
availability, external pH, osmotic pressure, presence of external signalling molecules, 
oxygen tension, and many more) and respond to them in such a way as to maximise 
the bacterium’s chance of survival. We are still only scratching the surface of under-
standing how bacteria do this. In many cases we do not understand exactly what 
damage these stressors can do to the cell, which means we often do not fully under-
stand why some aspects of the responses that we see to these stressors are good ones 
for the organism to have. 

 Another key experimental variable is the choice of experimental organism. The 
largest amount of work on stress responses in bacteria has been done on various 
strains of  Escherichia coli  K12, the standard laboratory workhorse. Much that has 
been learned from  E. coli  can be applied to other bacteria, but this must be done with 
caution, as stress responses can show signifi cant variation even between different 
strains of the same species. Although some responses, such as the heat shock 
response, are very well conserved, others are very species specifi c.  E. coli  for example 
is well adapted to survive low pH, and has several inducible systems that enable it 
to do this that are not present even in other enteric bacteria (Foster  2004 ). Also, the 
mechanism of regulation of the same response may vary signifi cantly between 
different species, as is the case with the bacterial heat shock response (HSR). There 
is also abundant evidence that components of stress responses such as the HSR 
can, in different bacterial species, evolve to take on new cellular functions. This 
important point is discussed further below. Thus, while much of what is discussed 
below is based upon studies in laboratory strains of  E. coli , it must be borne in mind 
that extrapolation is risky. 
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 There are many different ways in which the proteins of a particular stress 
response enable the bacterium to deal with the stress. Bacteria may engage in 
damage- limitation, where they induce proteins that deal with the consequences of 
the stress, perhaps by repairing DNA damage, or (as will be discussed in detail 
below) refolding or degrading misfolded proteins. They may attempt to decrease 
the level of the stressor, for example by the induction of superoxide dismutates or 
catalases to deal with high levels of damaging superoxide or peroxide. They may 
alter their properties, for example by changing the proportion of saturated and 
unsaturated fatty acids in the membrane to make it more fl uid in response to chilling. 
In the case of stress brought about by nutrient limitation, they are likely to improve 
their ability to scavenge for, or to import such nutrients, by the production of com-
pounds such as siderophores for scavenging iron or the up-regulation of specifi c 
transporters, or they may switch on alternative metabolic pathways. Many stresses 
invoke more than one of these strategies. Behavioural responses are also common: 
bacteria can swim towards nutrients and away from stressors, and if all else fails they 
can simply sit the stress out, for example by forming spores or other highly robust forms. 

 Having made these general introductory points, I will now discuss the bacterial 
heat-shock response. It is an excellent example of a well-studied response where 
the components are understood and their properties have been studied in detail, the 
signals for inducing it are fairly clear (though probably not all documented), 
there are very interesting differences between different bacteria, and there is, of 
course, abundant evidence, discussed in the rest of this volume, that many of the 
proteins in this response have multiple moonlighting features.  

1.3     The Heat-Shock Response 

 The heat shock response (HSR) is what it says on the tin: a response to heat. This 
does not mean that it is only induced in response to heat, but heat is a biologically 
relevant parameter which is easy to vary experimentally, and hence the HSR is probably 
one of the most studied of all stress responses. First described (Ritossa  1962 ) as a 
phenomenon that induced “puffi ng” in the polytene chromosomes of salivary glands 
of Drosophila that were moved from their normal growth temperature to 37 °C, (for 
more details see Chap.   2    ) it had been studied for nearly two decades before being 
looked at in any detail in  E. coli  or other bacteria (Neidhardt et al.  1984 ). The HSR 
occurs at temperatures a few degrees above the normal optimal growth temperature 
of the organism concerned, so organisms from the polar regions can show a HSR 
at 10 °C, whereas those that normally bask in hot springs require temperatures 
of nearly 90 °C to induce their HSR (Clark and Peck  2009 ; Trent et al.  1990 ). It 
consists of the induction or up-regulation of synthesis of a set of proteins, many of 
which are very highly conserved across kingdoms, and many of which have been 
shown to have key roles in cell growth, including in some cases at normal tempera-
tures as well as under heat shock conditions. The predominant role of these proteins 
is in protein quality control – aiding the folding of some cellular proteins, and 
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degrading those that fail to fold correctly. The high degree of conservation of the 
response across all domains of life in terms of its components and the conditions 
that induce it, shows that this is a very ancient response indeed, likely having been 
present in some form in the last universal common ancestor. 

 Heat shock genes are induced by many treatments other than heat, including 
desiccation, osmotic stress, ethanol, and heavy metals. Even the original paper by 
Ritossa noted that the metabolic uncoupler DNP could induce heat shock. This 
shows that the response is not simply due to an increase in temperature, and any 
hypothesis concerning the mechanisms whereby the HSR is induced has to take 
account of this. 

1.3.1     What Is the Role of the HSR? 

 The role of the HSR is best deduced from studies on mutants in which it does not 
take place. Such mutants exist in  E. coli . In this organism, the HSR is induced by an 
expansion in the repertoire of promoters that are recognised by RNA polymerase, 
caused by the increased presence in the cell after heat shock of a particular RNA 
polymerase sub-unit, responsible for promoter recognition, called σ 32  (Guisbert 
et al.  2008 ). A mutant that lacks the gene for this RNA polymerase sub-unit cannot 
mount a HSR. Such a mutant has two striking phenotypes. The fi rst is that it is 
extremely temperature sensitive, failing to grow at temperatures above 20 °C, sig-
nifi cantly lower than the optimum for  E. coli  of 37 °C (Zhou et al.  1988 ). The other 
is that a large number of its proteins are present as insoluble aggregates (Gragerov 
et al.  1991 ). From this it can be deduced that the HSR is something of a misnomer, 
since its expression is needed for growth even under non-heat shock conditions. 
It can also be deduced that a key role of the HSR must be to ensure that proteins do 
not aggregate, but either reach their correct soluble form, or be degraded if they fail 
to fold correctly.  

1.3.2     Identifi cation and Roles of the Key Components 
of the HSR 

 Although the members of the heat shock regulon can be identifi ed by studies of the 
transcriptome or by over-production of σ 32  (Richmond et al.  1999 ; Nonaka et al. 
 2006 ), such studies do not give any information about the roles or relative importance 
of these  members . However, genetic experiments in  E. coli  have already provided 
this information. Because σ rpoH  mutants of  E. coli  are highly temperatures sensitive, 
it is easy to select for mutants in these strains that have recovered the ability to grow 
at temperatures above 20 °C. Such mutants showed over-expression of a protein 
called GroEL, which was already known to be a heat shock protein (   Kusukawa and 
Yura  1988 ). The temperature at which the mutants grew correlated well with the 
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extent to which the GroEL protein was over-expressed. No mutants were found 
when selections were done above 40 °C, but if a second round of selection was done 
on strains that already over-produced GroEL, such mutants could now be found. 
These all showed elevated expression of another heat shock protein called DnaK. 
Thus, the severe defect in growth caused by loss of the  rpoH  gene can be overcome 
by increased expression of GroEL and (at higher temperatures) DnaK, showing that 
of all the proteins of the HSR, these two are particularly important. 

 Over-expression of these two proteins is now known to be accompanied by the 
over-expression of other proteins encoded by the same operons. In  E. coli , these 
are called GroES (co-expressed with GroEL) and DnaJ (co-expressed with DnaK). 
The central roles of these proteins was confi rmed by further experiments done on 
strains containing  rpoH  mutations. The introduction of plasmids over-expressing 
either GroES and GroEL, or DnaK and DnaJ, largely prevented the protein aggre-
gation seen in the cytoplasm of these strains (Gragerov et al.  1991 ,  1992 ). These 
studies showed that expression of both partner proteins was required for preventing 
aggregation: GroEL was ineffective without GroES, and DnaK was ineffective 
without DnaJ. 

 Thus there are two separate protein machines in the bacterial cell that are required 
for proteins to become fully soluble, even under normal growth conditions, and 
particularly after heat shock: the GroES/GroEL pair, and the DnaK/DnaJ pair. At 
the same time that these experiments were being done, related experiments in other 
organisms and using  in vitro  components was also studying the roles of homologues 
of these proteins, and the term “molecular chaperone” was coined for them in 1988 
(Hemmingsen et al.  1988 ). Molecular chaperones were defi ned as proteins whose 
action was required for other proteins to attain their fully folded form. With these 
discoveries a new fi eld of biology was born, and over the last 25 years an enormous 
amount of work has been done to document the cellular roles, mechanisms, and 
structures of many molecular chaperones (see also Chap.   2     for more discussion of 
protein folding and molecular chaperones). Some of the key fi ndings in this fi eld, 
which are relevant to the present volume, are summarised below. But fi rst, the author 
will take a brief look at the way in which the HSR is regulated, since this may be 
relevant for the expression of these proteins in infecting bacteria.  

1.3.3     The HSR Is Mostly an Unfolded Protein Response 

 Heat shock is generally studied simply by raising the incubation temperature of 
cultured cells, but as noted above, many other treatments can induce the HSR with-
out any change in growth temperature. What is the signal (or signals) that cells 
detect in order to mount a HSR? The answer appears to be that a key signal is the 
presence of unfolded proteins in the cell. Several lines of evidence support this 
hypothesis. For example, the HSR can be induced in  E. coli  at 37 °C by the presence 
of amino-acid analogues (Goff and Goldberg  1985 ), by expression of proteins that 
fail to fold correctly (Parsell and Sauer  1989 ), and by the presence of precursors of 
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secretory proteins (Wild et al.  1993 ). This last point probably explains of the ability 
of ethanol to induce the HSR, since treatment of cells with ethanol inhibits protein 
secretion (Chaudhuri et al.  2006 ). 

 There are very plausible mechanisms that explain how accumulation of unfolded 
protein leads to the induction of the HSR in bacteria (reviewed in detail in Guisbert 
et al.  2008 ). The details of these vary between bacteria. In  E. coli , accumulation of 
unfolded protein leads to stabilisation of the σ 32  sub-unit of RNA polymerase. σ 32  is 
normally very unstable, being degraded mostly by the FtsH protease, and the action 
of DnaK is needed for this degradation. However, DnaK also binds to unfolded 
proteins, so the model proposes that when unfolded proteins accumulate in the cell, 
DnaK is saturated by binding these proteins and hence is no longer available to bind 
σ 32 . σ 32  is thus stabilised, binds to RNA polymerase, and the promoters of the heat 
shock genes become activated. This model is well supported by experimental data, 
and a mathematical model of key elements in this system gives good agreement with 
experimentally determined events (El-Samad et al.  2005 ). In many other bacteria, the 
mechanism of regulation of the heat shock genes is different (repressor- mediated 
systems are more common that the alternative sigma factor system found in  E. coli ) 
but good evidence, including mathematical modelling, also supports an unfolded 
protein titration model in these cases as well (Narberhaus  1999 ; Inoue et al.  2012 ). 

 Thus, we have a mechanism for detection of the stressor, for transduction of this 
information, and we know the cellular role and the key components of the response. 
What do we know about the detailed roles of these key components?   

1.4     The Cellular Networks That Assist Protein Folding 
in Bacteria 

 A concept that has gained increasing prominence in recent years is that of proteostasis 
(protein homeostasis) – the concept that cells have systems in place to maintain an 
overall balance of folded protein, that operate all the time but become particularly 
important under conditions that perturb protein folding (Balch et al .   2008 ). The key 
protein complexes identifi ed by the genetic approaches above are integral parts 
of the proteostasis network in  E. coli  (and other bacteria), but they have somewhat 
different roles. In the next section, the roles of these two protein complexes, plus 
other components of the HSR network, will be discussed. 

1.4.1     The Chaperonins 

 The GroEL protein is the  E. coli  representative of a class of proteins, the chaperonins, 
that have been shown to be essential in all domains of life (Fayet et al.  1989 ; Stoldt 
et al.  1996 ; Kapatai et al.  2006 ). The generic name for these proteins is Cpn60 pro-
teins (for chaperonin 60, as the molecular weight of a monomer is approximately 
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60 kDa), and the small proteins that interacts with them are called Cpn10 proteins. 
Cpn60 and Cpn10 proteins are highly conserved in sequence and function; for 
example, the homologue from human mitochondria can complement for loss of the 
GroEL protein in  E. coli  (Nielsen et al.  1999 ). 

 Cpn60 and Cpn 10 proteins are abundant in bacteria, even in cells which have not 
been heat shocked. In a list of detectable proteins by relative abundance in  E. coli,  
GroEL ranks in the top 3 %, or the top 1 % if the highly abundant ribosomal proteins 
are excluded; GroES is just outside the top 10 % (Ishihama et al.  2008 ). The Cpn60 
proteins are usually found in a complex with a striking structure, normally consisting 
of two rings of sub-units, stacked in a “double doughnut” (Braig et al.  1994 ). In pro-
karyotic homologues, which are also found in chloroplasts and mitochondria, there 
are seven sub-units in each ring. Each ring of sub-units contains a central cavity where 
protein folding occurs. The past two decades have seen a very signifi cant research 
effort into understanding the mechanism of these “protein folding machines”, and 
although there is still controversy over some of the details, the basic reaction cycle has 
been thoroughly described (and is recently reviewed in Yébenes et al.  2011 ; Horwich 
and Fenton  2009 ; Horwich et al.  2007 ). The essence of the reaction cycle is that it 
involves binding of unfolded or partially folded client protein to the open end of one 
ring of the complex, followed by its displacement into the cavity inside the ring by the 
binding of Cpn10. Its subsequent ejection from the cavity requires the binding of 
another client protein and Cpn10 to the opposite ring. The cycling between binding at 
the two ends is mediated by the binding and hydrolysis of ATP. 

 There are several steps in the cycle that may aid protein folding. None of these 
involve Cpn60 providing any steric information to the folding client protein, indeed 
the role of Cpn60 proteins seems to largely be to block, or reverse, unfavourable 
pathways rather than to actively promote favourable ones. The fi rst place at which it 
may assist is as the Cpn60 protein, with client protein bound, undergoes large move-
ments to a conformation which can bind to Cpn10. As the client protein is bound to 
several positions on the Cpn60 protein complex, this may stretch the client protein 
and pull it out of any misfolded conformations that it might have entered. 
Subsequently, folding in the cavity prevents the client protein from interacting with 
any other folding proteins, which would be much more likely to occur in the 
crowded environment of the cytoplasm and which could lead to the formation of 
aggregates. It is also possible that confi nement in the limited volume of the folding 
cavity may favour folding which minimises the volume of the folding protein. 

 Although there are some early reports of Cpn60 proteins associating with ribo-
somes, most evidence suggests that the action of Cpn60 proteins is on fully trans-
lated but unfolded or partially folded proteins. Some proteins bind Cpn60 but can 
also fold in its absence, others require it for folding under stress conditions, and 
others require it for folding at all times (Kerner et al.  2005 ). The most recent studies 
suggest that probably less than 60 proteins are in this last class, but that several of 
them are essential, which explains the essential nature of Cpn60 (Fujiwara et al. 
 2010 ). Numerous studies have attempted to defi ne the rules that determine whether 
or not a given protein is likely to be a client of Cpn60, but a recent review of these 
approaches has concluded that to date they are not particularly successful, and that 
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we cannot yet predict from physico-chemical properties alone whether or not a 
given protein will be a Cpn60 client  in vivo  (Azia et al.  2012 ). 

 Much of the evidence on the function of the Cpn60 proteins as cytoplasmic 
chaperones is based on experiments done on  E. coli  and on the GroEL protein; as 
will be seen below, there are important observations from other organisms that 
show they have additional functions and locations which are of importance in 
consideration of their roles as moonlighting proteins.  

1.4.2     The DnaK/DnaJ Chaperone Machine 

 The DnaK/DnaJ chaperone pair act upstream of the Cpn60/Cpn10 pair by a very 
different mechanism. They are non-essential for  E. coli  growth under normal condi-
tions but are required for growth above 42 °C (Bukau and Walker  1998 ), but none-
theless many studies show they have a central role in protein folding, in particular 
in recovery from heat shock. Both proteins are abundant in the cell, and the levels 
of both are increased by the HSR. Like Cpn60 proteins, they are widespread through 
different domains, although they are absent from many archaea. The DnaK protein 
is the major bacterial Hsp70 homologue. The DnaJ protein has many homologues, 
although homology is often limited to a particular domain in the protein, called the 
J-domain, which is responsible for the interaction with DnaK homologues (Kelley 
 1998 ). Many species including  E. coli  contain several homologues of each protein, 
often with different functions. The discussion below solely concerns the DnaK/
DnaJ pair, as these have the most central role in the cell. 

 Cpn60 proteins act by encapsulating their clients, whereas DnaK and DnaJ act 
by binding short amino-acid sequences. Analysis of these sequences shows that 
they are similar to sequences that will be mostly buried in proteins when they 
become folded (Rüdiger et al.  2001 ). One major role of the DnaK/DnaJ machine 
therefore appears to be to protect such sequences from forming incorrect associations 
with similar sequences on other proteins, which would lead to protein aggregation, 
until such time as the protein has folded and the sequences are no longer accessible. 
The ability to bind these sequences also means that the DnaK/J complex is implicated 
in disassembly of some oligomers, and in resolubilisation of protein aggregates. 
As with Cpn60 proteins, the DnaK/J complex acts in a cycle of binding and release, 
mediated by ATP hydrolysis (reviewed in Genevaux et al.  2007 ). Initially, unfolded 
proteins with exposed stretches of particular amino-acids bind to DnaJ, which presents 
them to DnaK which is in its ATP bound state. The interaction of DnaJ and client 
with DnaK stimulates ATP hydrolysis and leads to closure of the client binding 
site, protecting these regions on the protein, and to dissociation of the DnaJ protein. 
A single protein may, in its unfolded state, have several molecules of DnaK-ADP 
bound in this fashion. The cycle is completed by interaction with GrpE, a nucleotide-
exchange factor, which catalyses the replacement of ADP with ATP and hence opening 
of the binding site and release of the bound protein from DnaK. Many, though 
not all, DnaK clients are subsequently captured by Cpn60 for further chaperoned 
protein folding. 
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 A major role of DnaK in non-stressed cells is in transient protection of nascent 
chains of proteins which are emerging from the ribosome and which hence do not 
yet have all the information present that is needed for them to fold. The reason that 
deletion of  dnaK  is not lethal is that DnaK shares this role with another protein, 
trigger factor (Deuerling et al.  1999 ). Simultaneous deletion of both genes is lethal 
at temperatures above 30 °C, though this can be suppressed to an extent by over- 
expression of GroES and GroEL – demonstrating that chaperones can and do sub-
stitute for each other, despite their radically different mechanisms of action, under 
suffi cient duress (Teter et al.  1999 ; Vorderwülbecke et al.  2005 ). 

 The central role of the DnaK/DnaJ machine in the overall protein folding network 
of the cell has been confi rmed by a recent extensive proteomic study of the client 
proteins of both DnaK and TF (Calloni et al.  2012 ). This study shows that up to 
25 % of cytoplasmic proteins interact with DnaK. Many of these are newly synthesised 
proteins, but there is evidence (as there is for GroEL) that some proteins repeatedly 
rebind to DnaK, suggesting that they are relatively unstable and that without regular 
chaperone maintenance, they would lose their function. DnaK clients are statisti-
cally more likely to form aggregation-prone intermediates as they fold, explaining 
why they need DnaK for effi cient folding in the cell. This work also confi rmed that 
many proteins that bind to DnaK go on to interact with GroEL, and reinforced the 
view that DnaK has a key central role in the chaperone network in the cell, although 
this role can to some extent be fulfi lled by trigger factor if DnaK is absent. This 
redundancy may be important as DnaK has a wide range of other functions in 
the cell following stress. Interestingly, many DnaK clients are of relatively low 
abundance in the cell, which, together with data that shows that the tendency for 
proteins to aggregate is inversely correlated to their relative abundance (Tartaglia 
et al.  2007 ), implies that highly abundant proteins are under selection to evolve to 
be able to fold without the intercession of molecular chaperones. 

 The DnaK/DnaJ machine has many roles in survival of stress, often acting with 
other elements of the HSR in carrying out their function; thus, mutants in  dnaK , 
although they are viable under normal conditions of growth, show generally reduced 
tolerance of stress. In these functions, the role of DnaK/DnaJ often appears to be 
one of reactivating proteins which have become damaged or unfolded in some way 
and have become transiently bound to “holders” – chaperones that bind unfolded 
proteins and prevent their degradation, but which cannot actively refold them. 
Examples include acting to refold proteins which have become bound to Hsp31 or 
to the small HSPs IbpA and IbpB after severe heat stress (Mujacic et al.  2004 ; Mogk 
et al.  2003 ); refolding proteins which have become bound to the redox-activated 
chaperone Hsp33 after oxidative stress (Hoffmann    et al.  2004 ); and acting in con-
cert with the prokaryotic Hsp90 homologue, HtpG, to reactivate proteins that have 
become aggregated (Genest et al.  2011 ). Many of these processes appear to be 
important only after fairly severe stress, which partly explains why neither DnaK, 
nor the proteins that it operates with, are essential under normal growth conditions. 
A key role that has been explored in some detail is its ability to refold proteins 
which have become trapped in protein aggregates, which it does in concert with the 
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heat shock induced AAA+-protease ClpB (reviewed in Doyle and Wickner  2009 ). 
Finally, DnaK and its partners are involved in directing some proteins to proteases, 
many of which are also HSPS, as is seen in the autoregulation of DnaK by the deg-
radation of σ 32  by FtsH, discussed above.  

1.4.3     Further Examples of Components in the Cytoplasmic 
Proteostasis Network 

 In addition to the two major chaperone machines described above at the centre of 
the proteostasis network in  E. coli , many other proteins that have a role in protecting, 
refolding, or degrading other proteins either under normal growth conditions or 
after exposure to different kinds of stresses. Some of these are discussed below, but 
the list is far from exhaustive. In particular, proteases are not discussed, but it is 
important to note that they have an essential role to play in removing damaged 
proteins from stressed cells (discussed in more detail in Chap.   24    ). The ways in 
which the activities of the various different chaperones and proteases are integrated 
in the overall proteostasis network (reviewed recently in Mogk et al.  2011 ) is not 
yet fully understood. However, a mathematical model (EcoFold) of the network 
(Powers et al.  2012 ) gives good agreement with experimental data, and it is likely 
that all the signifi cant components have now been identifi ed. 

1.4.3.1     The Small Heat Shock Proteins 

 Small heat shock proteins are a large and very heterogenous group of proteins which 
are found in most organisms. In  E. coli , they are represented by two proteins that are 
encoded by a single operon with two genes,  ibpA  and  ibpB . They were fi rst discovered 
in association with inclusion bodies (hence their name) and are strongly induced by 
heat shock, particularly at higher temperatures (Allen et al.  1992 ). However, they 
are not essential for the cell and their deletion leads to only moderate phenotypes 
even under heat shock conditions (Thomas and Baneyx  1998 ). Small heat shock 
proteins are examples of the class of proteins sometimes referred to generically as 
“holders”. These are proteins whose role is thought to be mainly to protect unfolded 
proteins by holding them in a conformation where they are not degraded, until they 
can be refolded by “folders” – the more active, ATP-driven chaperones. Studies 
using purifi ed proteins show that when both Ibp proteins are present during thermal 
denaturation of client proteins, those proteins can be more effi ciently reactivated by 
the DnaK chaperone machine interacting with ClpB (Mogk et al.  2003 ; Matuszewska 
et al.  2005 ).  In vivo  data confi rms that these proteins assist during extreme heat 
shock in keeping proteins in a state that can be re- activated (Kuczyńska-Wiśnik 
et al.  2002 ).  
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1.4.3.2     HtpG, the Bacterial Hsp90 

 Hsp90 proteins are important in eukaryotic cells, where they interact with a wide 
range of cochaperones and clients (described in Chap.   2    ) but in  E. coli  and other 
bacteria, their role is not so central. The sole representative in the  E. coli  genome is 
called HtpG, and, as is the case with the Ibp proteins described above, this protein 
is strongly induced upon heat shock but its absence does not lead to a severe pheno-
type (Bardwell and Craig  1988 ). It has been shown both  in vivo  and  in vitro  to 
interact with the DnaK chaperone machinery to assist in the refolding of proteins 
which have become denatured by heat, though its mechanism is not known (Thomas 
and Baneyx  1998 ,  2000 ; Genest et al.  2011 ). Its function thus appears to overlap to 
some extent with that of the small heat shock proteins, an interesting observation 
given that HtpG is an ATPase and the sHSPs are not.   

1.4.4     Chaperones in the Periplasm 

 The second major semi-aqueous compartment in  E. coli  and other Gram negative 
bacteria, in addition to the cytoplasm, is the periplasm. This compartment represents 
between 20 and 40 % of the total cell volume (Stock et al.  1977 ), and differs in 
many important ways from the cytoplasm. It is less well separated from the external 
milieu, is oxidising, contains no ATP, and is an important physical location in 
its own right, but also for some of the proteins which are  en route  to the outer 
membrane or outside the cell altogether. Many proteins arrive in the periplasm in 
an unfolded state, having been kept that way in order to traverse the secretory 
machinery, and many need to be inserted into the outer membrane. All of these 
factors mean that it has its own repertoire of chaperones and folding catalysts as 
described below. These have been recently reviewed in Merdanovic et al.  2011 , and 
are only discussed briefl y here. 

 In the same way as the cell mounts a response to the presence of unfolded 
proteins in the cytoplasm, a separate response exists that regulates the levels of 
periplasmic proteins which have a role in protein folding. Indeed, identifying pro-
teins whose levels are increased following the accumulation of unfolded proteins in 
the periplasm (such as outer membrane protein precursors) is one of the ways that 
their roles in protein folding were fi rst discovered. Stresses in the periplasm are 
detected and communicated to the cell in at least two different ways (reviewed by 
Alba and Gross  2004 ; Vogt and Raivio  2012 ). Intriguingly, these systems are also 
involved in responding to events such as adhesion and so are also likely to play a 
role in mediating the changes in gene expression that take place during infection. 

 Many of the proteins with a role in periplasmic protein folding and insertion of 
outer membrane proteins are involved in covalent modifi cation of the proteins; these 
are discussed in the next section. One protein which does appear to act as a chaper-
one by binding and holding proteins and hence reducing the likelihood of their 
aggregation is called Skp (also known as OmpH). Although this protein can bind to 
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several outer membrane proteins, deletion of its cognate gene is not lethal and does 
not cause a reduction in outer membrane protein insertion. However, simultaneous 
loss of SurA, another periplasmic protein with a protein folding role, is lethal, and 
proteomics analysis shows that Skp and SurA overlap in their client specifi city such 
that at least one of them has to be present (Denoncin et al.  2012 ), a situation 
reminiscent of the trigger factor/DnaK pairing discussed above.   

1.5     Covalent Modifi ers of Protein Folding 

 In addition to molecular chaperones, which assist protein folding but do not alter the 
nature of the covalent bonds in proteins, there exist another set of proteins whose 
function is needed for effi cient protein folding in bacteria. They are genuine 
enzymes with proteins as their substrates, unlike the chaperones. They consist of 
enzymes involved in formation and isomerisation of disulphide bonds, and enzymes 
which can catalyse  cis / trans  isomerisation of the peptide bond at X-Pro, where X is 
any amino-acid and Pro is proline. Disulphide bond formation and isomerisation 
take place almost exclusively in the periplasm, except in bacterial strains that have 
been deliberately engineered to have an oxidising cytoplasm, but proline  cis/trans  
isomerisation may occur either in the cytoplasm or the periplasm. Indeed, two of 
the molecular chaperones discussed above (trigger factor and DnaJ) have this 
activity, although the extent to which it is important  in vivo  is not clear (reviewed 
in Wang and Tsou  1998 ; Hoffmann et al.  2010 ). The genes for these proteins are 
generally not essential, but knockout mutants show a variety of different phenotypes 
including slow growth in some conditions, and some double knock-outs show 
synthetic lethality. 

 Catalysis of disulphide bond formation is needed in the periplasm, despite the 
oxidising nature of that compartment, for effi cient folding of proteins that contain 
disulphide bonds. The  E. coli  periplasm contains a network of proteins which con-
nect the formation of disulphide bonds with electron transport. Disulphide bond 
formation is catalysed by the DsbA protein, which itself becomes reduced in this 
process (Bardwell et al.  1991 ). DsbA is then re-oxidised by the protein DsbB, and 
DsbB in turn is oxidised directly by interacting with the membrane quinone pool 
(Kobayashi et al.  1997 ). Loss of either of these two proteins results in defects such 
as a loss of motility (due to one of the fl agellar proteins being unstable in its reduced 
form). Another protein, DsbC, can substitute for DsbA to a limited extent but is 
more active as a disulphide bond isomerase, rearranging disulphide bonds rather 
than introducing them (Missiakas et al.  1994 ; Shevchik et al.  1994 ). 

 Many genes are annotated as proline cis/trans isomerases in the  E. coli  genome 
and in the genomes of other bacteria, and the proteins they encode are found both in 
the cytoplasm and the periplasm. Although none are essential for growth, they have 
important roles in the cell, most notably in outer membrane biogenesis. Intriguingly, 
in some cases it has been shown that some aspects of their cellular action is not 
dependent on their PPIase activity, suggesting them to be proteins with a chaperone 
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role distinct from their catalytic role. For example, high levels of the periplasmic 
PPIase FkpA can suppress the formation of periplasmic inclusion bodies even if its 
PPIase activity is abolished by mutation (Arié et al.  2001 ). 

 In summary, there are many components to the bacterial HSR, which together 
with covalent modifi ers of protein folding act together in a network to maintain 
cytoplasmic and periplasmic proteostasis in both normal and stressed cells, by a 
combination of protection of unfolded proteins from aggregation, refolding of 
nascent or pre-existing proteins, and protein degradation. The full workings and 
inter-relationships of the network remain to be completely described, but the two 
major chaperone machines of the cell, typifi ed in  E. coli  by the GroEL/GroES and 
DnaK/DnaJ machines, are crucial to the functioning of the cytoplasmic network. 
The chaperonins are important because there are several essential proteins which 
cannot fold in their absence, and the DnaK/DnaJ machine is important in its inter-
acting with numerous other components of the HSR, and other stress regulons, to 
promoter either protein refolding or protein degradation. A separate network exists 
in the periplasm, which is essential for outer membrane protein insertion and for the 
protection of periplasmic proteins from different stresses.  

1.6     The Bacterial HSR, Proteostasis, and Infection 

 Given the signifi cance of the HSR for viability of bacteria under different conditions, 
and given the obvious fact that bacteria which are causing infections are likely to be 
under considerable stress from host defences, it is not surprising that evidence has 
accumulated that shows induction of components of the HSR on infection, and 
some experiments have demonstrated that key proteins in the HSR are important 
in aiding bacteria during infection. What was perhaps more surprising was the 
realisation that stress proteins could and did have multiple roles in infection, which 
are not always necessarily related to their roles as understood from the  E. coli  
paradigm. In this fi nal section, I will review a selection of the evidence that shows 
that components of the HSR are also important in infection, and then briefl y point 
to some of the evidence that additional roles have evolved for some stress proteins; 
this volume will of course deal with this topic in detail. 

 Evidence of induction of expression of chaperones on infection has been reported 
in numerous different bacteria, using both pre- and post-genomic methods. It was 
fi rst reported for Salmonella infecting macrophages, where the homologues of 
GroEL and DnaK are among several proteins which are strongly induced (Buchmeier 
and Heffron  1990 ). Intriguingly, a later transcriptomic study of  S. enterica  bv. 
Typhimurium infecting macrophage showed a  decrease  of  groEL  transcription, 
although  dnaK  was up-regulated, and the genes for the small heat shock proteins 
IbpA and IbpB were very strongly up-regulated, showing again the danger of over- 
generalising from single studies on the HSR (Eriksson et al.  2003 ). Up-regulation of 
components of the HSR on infection, typically including Cpn60/10 proteins and 
DnaK/DnaJ homologues, has since been reported in many other bacteria, including 
 Staphylococcus aureus  (Qoronfl eh et al.  1998 ),  Listeria monocytogenes  (Gahan 

P.A. Lund



17

et al.  2001 ),  Mycobacterium tuberculosis  (Monahan et al.  2001 ),  Chlamydia tracho-
matis  (Gérard et al.  2004 ),  Rickettsia prowazekii  (Gaywee et al.  2002 ),  Neisseria 
gonorrhaeae  (Du et al.  2005 ), and others. 

 In isolation, up-regulation of gene expression or protein level does not provide 
conclusive evidence for a role of the proteins concerned. Such evidence relies on 
studies done on mutant bacteria where expression of the proteins in question is 
altered in some way, and interpretation of the data from such experiments is compli-
cated by the very pleiotropic nature of mutants in some components of the HSR. 
Nevertheless, convincing evidence does exist. For example, it has been shown that 
if the normal heat shock regulation  dnaK  gene of  Brucella suis  is removed, the bacteria 
can still invade macrophages but cannot multiply in them, and are rapidly lost in a 
mouse model of infection (Köhler et al.  1996 ,  2002 ). Similarly, a DnaK-DnaJ 
depleted mutant of  S. enterica  bv. Typhimurium cannot survive in macrophages or 
cause systemic disease in mice (Takaya et al.  2004 ). 

 Experiments on the roles of the chaperonin genes in infection are more challenging 
because of the essential nature of these proteins. However, in many bacteria there 
are multiple copies of the chaperonin genes (Lund  2009 ), some of which are non-
essential, and the role of one of these has been studied in Mycobacterial infection. 
It was shown that when the non-essential  cpn60  gene was deleted,  M. tuberculosis  
could still grow as normal but it failed to form granulomas in experimental mice and 
guinea pigs (Hu et al.  2008 ). This is likely to be due to the fact that chaperonins are 
potent immunomodulators, a role which is probably independent of their role as 
chaperones. This unexpected but important aspect of their biology has been reviewed 
elsewhere (Maguire et al.  2002 ; Henderson et al.  2010 ).  

1.7     Escaping from the  E. coli  Paradigm 

 This last observation brings up a central point which is that there is now excellent 
evidence, in particular from studies on pathogenic bacteria, and their interactions 
with their hosts, that we must think beyond the  E. coli  paradigm if we are to under-
stand the role or roles of molecular chaperones in infection. Certainly they are 
important in protection against stress, as is shown in the studies above on their roles 
in aiding survival in macrophages. But they clearly have additional roles where their 
chaperone function is probably incidental. 

 A striking example of this is the fi nding that for many bacterial species, a Cpn60 
protein acts externally to promote adherence to target cells. This has been shown for 
several very diverse bacterial species to date, including  M. tuberculosis  (where 
DnaK was also found on the cell surface),  Helicobacter pylori ,  Salmonella enterica  
bv. Thyphimurium,  Clostridium diffi cile ,  Lactobacillus johnsonii ,  Brucella abortus , 
 Legionella pneumophila , and  Haemophilus infl uenzae  (see Hickey et al.  2009 ,  2010 , 
and references therein – this is also described by Richard Stokes in Chap.   8    ). A recent 
paper even showed that some  E. coli  GroEL was found on the cell surface, and that 
if this amount was increased, macrophage clearing of  E. coli  cells was enhanced 
(Zhu et al.  2013 ). 
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 On the face of it, this is a surprising fi nding. First, it is not at all clear how Cpn60 
proteins get to the outside of the cell; they possess no recognisable signal sequence, 
and once assembled into large complexes would be expected to be impossible to 
transport across membranes. Second, Cpn60 proteins require ATP for their normal 
cellular function, and ATP is not expected to be present in high concentrations 
outside of the cell. Third, the complete chaperonin cycle also requires Cpn10, but it 
is hard to see how suffi cient levels of Cpn10 could be maintained outside the 
cell. Cpn60 proteins are notoriously “sticky” and there has always been concern 
expressed that these results could be artefacts resulting from lysis of some cells 
followed by binding of liberated Cpn60 to the surface of other cells in the same 
culture, but careful controls in several of these studies make this interpretation very 
unlikely. Thus, it seems likely that Cpn60 proteins are genuinely operating to pro-
mote some aspect of attachment or adhesion, and they do so not as chaperones in the 
strict sense. They may act as relatively non-specifi c “sticky surfaces”, but some 
studies have implicated particular receptors (for example, the LOX-1 receptor) as 
being involved in recognition of surface- exposed chaperonin proteins. The mecha-
nism by which chaperonins reach the bacterial surface remains unknown, and this is 
an important area for future study.  

1.8     Conclusions 

 This brief review has shown that bacteria contain highly adapted systems for detecting 
and surviving the many stresses and shocks to which they may be exposed, and we 
have a reasonable understanding of some of these. The HSR – more correctly called 
the unfolded protein response – involves the co-ordinated action of the Cpn60/
Cpn10 and DnaK/DnaJ machines, which both also have central roles in normal 
cellular growth. Together with the other components of the HSR and other proteins 
which are not part of the heat shock regulon, these two machines assure that 
proteins are folded to their fi nal native states or, if necessary, degraded. These systems 
also appear to have key roles to play in bacterial infection, not only by protecting the 
cells from the stresses that inevitably result, but by providing additional functions 
which are not necessarily related to their normal chaperone functions. One of these 
is that Cpn60, normally thought of as an ATP-dependent cytoplasmic chaperone, 
can also act on the cell surface as an adhesin, facilitating the attachment of bacterial 
cells to eukaryotic cells. This and other potential roles of these proteins will be 
discussed in more detail in the current volume.     
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