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    Preface   

 All cells are composed of thousands of different proteins, each with a speci fi c 
function. Collectively these proteins contribute to the proper function and mainte-
nance of cells. As such it is not surprising, that regulating the integrity and concen-
tration of each protein in the cell, not only under normal conditions but also under 
conditions of stress, is a fundamentally important biological process. For many 
years, it was believed that gene expression through regulated transcription and 
translation was primarily responsible for altering the abundance of individual 
proteins. Protein degradation was thought of only as a mechanism to recycle amino 
acids in a slow and somewhat non-selective manner. However, in the past 30 years, 
it has become evident that regulated protein degradation plays an important role in 
the cell’s response to changing environmental conditions. Indeed in 2004 the 
world’s attention was focussed on regulated proteolysis, when Aaron Ciechanover, 
Avram Hershko and Irwin Rose were awarded the Nobel Prize in Chemistry, for 
their fundamental discovery of Ubiquitin-mediated protein degradation. Although 
this research centred largely on regulated proteolysis in eukaryotes, it stimulated 
much research on related proteolytic systems in bacteria and other microorgan-
isms. Indeed, during the past 10 years there have been numerous signi fi cant 
advances in this  fi eld. 

 The aim of this book is to highlight and compare the different proteolytic 
systems found in a selection of model and medically relevant microorganisms; from 
Gram-negative and Gram-positive bacteria (i.e.  Escherichia coli  and  Bacillus subtilis , 
respectively), Archaea and  Saccharomyces cerevisiae , to important pathogenic 
bacteria (i.e.  Mycobacterium tuberculosis ). The  fi rst chapter provides a general 
overview of the different proteolytic machines in  Escherichia coli , focussing 
primarily on the mechanism of action of ClpAP and ClpXP (the two most exten-
sively characterised AAA+ proteases) and the adaptor proteins that regulate 
substrate delivery to these machines. Chap.   2     takes an historical look at the  fi rst 
characterised, and most broadly conserved, ATP-dependent protease – Lon – and 
 fi nishes with an elegant model for the allosteric-activation of protein degradation by 
this protease. Chap.   3     continues with a mechanistic analysis of the membrane bound 
ATP-dependent protease, FtsH. This chapter, also brie fl y examines the many 
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 physiological roles this protease plays, primarily focussing on its role in the regulation of 
lipid synthesis. Many of these proteolytic machines also play important physiological 
roles during conditions of environmental or proteotoxic stress. The next four chapters 
focus on the physiological role of these machines in controlling a variety of stress 
response pathways in model and pathogenic strains of bacteria. The many and varied 
roles of regulatory proteolysis in the model Gram-positive bacterium,  B. subtilis , 
are discussed in Chap.   4    , while the two subsequent chapters (Chaps.   5     and   6    ) examine 
the importance of regulatory proteolysis in controlling distinct stress response 
pathways in  E. coli.  Chap.   5     describes the role these machines play in regulating the 
heat-shock response and the general stress response, while Chap.   6     centres on the 
role of proteolysis in controlling of the envelope stress response. Chap.   7     continues 
with the theme of regulatory proteolysis, focussing on its contribution to virulence 
in a number of pathogenic strains of bacteria. The next part (Chaps.   8     and   9    ) high-
light the role of regulated protein degradation in  Saccharomyces cerevisiae.  Chap.   8     
focuses on a single AAA+ protein, Cdc48 – as a key regulator of intracellular pro-
tein degradation in yeast. Cdc48 is not only an important regulator of a number of 
proteasome-mediated degradation pathways, including endoplasmic reticulum 
associated degradation (ERAD), but also plays a crucial role in autophagy and 
endolysosomal protein degradation. Chap.   9     highlights the contribution of the dif-
ferent AAA+ proteases to protein homeostasis in mitochondria, focussing primarily 
on the role of Lon,  i -AAA and  m -AAA in yeast but also touches on the role of 
ClpXP in the mitochondrion of higher eukaryotes. Finally, the novel “ubiquitin-
like” protein modi fi cations that were recently dis covered in  Mycobacterium  sp. and 
Archaea are covered in the last two chapters (Chaps.   10     and   11    , respectively). Both 
chapters discuss the current understanding of these types of protein modi fi cation and 
their possible link to proteasome-mediated degradation. In  Mycobacterium  sp., the 
process of protein modi fi cation has been termed pupylation as it involves the attach-
ment of a novel  p rokaryotic  u biquitin-like  p rotein (PUP) to a protein substrate. 
Chap.   10     provides a comprehensive biochemical description of pupylation, and 
includes a detailed structural analysis of several diverse components involved in 
this pathway, including the proteasome. Like  Mycobacterium  sp., Archaea also 
contain a functional proteasome and an “ubiquitin-like” protein modi fi cation sys-
tem. However in contrast to bacteria (i.e.  Mycobacterium  tuberculosis) and 
Eukaryota, protein modi fi cation in Archaea involves the attachment of a novel pro-
tein known as  s mall  a rchaeal  m odifying  p rotein (SAMP). The  fi nal chapter (Chap.   11    ) 
describes our current understanding of this modi fi cation process in Archaea, by 
SAMP (termed sampylation) and although the physiological role of this process is 
currently unclear, this chapter re fl ects on the possibility that sampylation is linked to 
regulatory proteolysis. Collectively, the book provides a comprehensive guide to 
regulatory proteolysis in distinct organisms. It illustrates the diverse mechanisms 
that AAA+ protease machines have evolved to selectivity recognise proteins for 
degradation in a spatial and temporal manner, while avoiding the unregulated deg-
radation of the vast and concentrated pool of proteins in the cell. 

 As a  fi nal note, I would like to thank each of the authors,  fi rstly for the quality of 
the chapters they have contributed, but also for their patience during the production 
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of this book. I would also like to sincerely thank the anonymous reviewers for their 
time, effort and invaluable expertise. I would also like to extend my thanks to Thijs 
van Vlijmen and Springer SBM for the opportunity to edit this book, it’s been an 
incredible learning experience. My thanks also extend to all the members of my 
laboratory for their patience during the production of this book – undoubtedly, you 
will soon be wishing I was editing another one.

David A. Dougan         
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  Abstract   Bacteria are frequently exposed to changes in environmental conditions, 
such as  fl uctuations in temperature, pH or the availability of nutrients. These assaults 
can be detrimental to cell as they often result in a proteotoxic stress, which can 
cause the accumulation of unfolded proteins. In order to restore a productive folding 
environment in the cell, bacteria have evolved a network of proteins, known as the 
protein quality control (PQC) network, which is composed of both chaperones and 
AAA+ proteases. These AAA+ proteases form a major part of this PQC network, as 
they are responsible for the removal of unwanted and damaged proteins. They also 
play an important role in the turnover of speci fi c regulatory or tagged proteins. In 
this review, we describe the general features of an AAA+ protease, and using two of 
the best-characterised AAA+ proteases in  Escherichia coli  (ClpAP and ClpXP) as a 
model for all AAA+ proteases, we provide a detailed mechanistic description of 
how these machines work. Speci fi cally, the review examines the physiological role 
of these machines, as well as the substrates and the adaptor proteins that modulate 
their substrate speci fi city.      

    E.   Gur   (*)
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    Chapter 1   
 Machines of Destruction – AAA+ Proteases 
and the Adaptors That Control Them       

         Eyal   Gur      ,    Ralf   Ottofueling   , and    David   A.   Dougan         
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   General Introduction 

 The bacterial cytosol is a complex mixture of macromolecules (proteins, DNA and 
RNA), which perform a variety of different functions. Given that proteins play a 
central role in many of these important cellular tasks, their correct maintenance 
within the cell is critical for cellular viability, not only under normal cellular condi-
tions but also under conditions of stress. As such, a bacterial cell contains a network 
of molecular chaperones and proteases (often referred to as the  p rotein  q uality  c on-
trol (PQC) network) dedicated to maintaining homeostasis of protein folding. 
Chaperones function to protect functional proteins against unfolding and to refold 
misfolded and aggregated species. The role of proteases is to remove unwanted and 
hopelessly damaged proteins. 

 In the bacterial cytosol, protein degradation is performed mainly by a number 
of different ATP-dependent proteolytic machines. In general these machines are 
composed of two components, a peptidase and an unfoldase. Invariably, the unfoldase 
is a member of the AAA+ (ATPase associated with diverse cellular activities) 
superfamily and as such these molecular machines are commonly referred to as 
AAA+ proteases  [  1  ] . In Gram-negative bacteria, such as  Escherichia coli  there are 
generally  fi ve different AAA+ proteases (ClpAP, ClpXP, HslUV, Lon (also refereed 
to as LonA) and FtsH). In contrast most Gram-positive bacteria, such as  Bacillus 
subtilis , contain up to seven different AAA+ protease (ClpCP, ClpEP, ClpXP, HslUV 
(CodXW), LonA, LonB and FtsH). Interestingly, in bacteria belonging to the 
Actinobacteria and Nitrospira phyla (e.g. in  Mycobacterium tuberculosis  ( Mtb )) one 
or more of these AAA+ proteolytic machines is replaced by the proteasome (for a 
detailed review of this AAA+ machine, and its physiological role in  Mtb  please refer 
to Darwin and colleagues  [  2  ] ). Regardless of their origin, these machines can be 
divided into two broad groups; those that contain the unfoldase and peptidase 
components on separate polypeptides (e.g. ClpAP, ClpCP, ClpEP, ClpXP and 
HslUV (CodXW)), and those that contain both components on a single polypeptide 
(e.g. LonA, LonB and FtsH) (see Fig.  1.1 ).  

 This review will focus on the “two-component” proteolytic machines, primarily 
those from  E. coli  (e.g. ClpAP and ClpXP), with a brief comparison to the equiva-
lent machines (e.g. ClpCP and ClpXP) in the model Gram-positive bacterium, 
 B. subtilis.  However, for an extensive review on regulatory proteolysis in  B. subtilis  
please refer to  [  3  ] . Likewise, for a detailed review on the “single polypeptide” pro-
teases, i.e. Lon and FtsH please refer to  [  4  ]  and  [  5  ] , respectively.  

   Structure and Function of the “ClpP Containing” Proteases 
(ClpAP, ClpXP and ClpCP) 

 As mentioned above, bacteria contain a wide variety of different proteolytic 
machines, of which ClpXP is certainly the best-studied AAA+ protease  [  1  ] . ClpXP 
is known to play a number of critical roles in a wide variety of bacterial species, from 
the control of different stress response pathways in Gram-positive and Gram-negative 
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bacteria (see  [  6,   7  ] ) to the regulation of virulence through the degradation of key 
factors that control virulence (see  [  8  ] ). ClpXP has also been shown to play an impor-
tant role in regulating mitochondrial protein homeostasis (proteostasis) in eukary-
otes such as worms  [  9,   10  ]  and plants  [  11  ] . Surprisingly however, this proteolytic 
machine is absent from most fungi including,  Saccharomyces cereviseae   [  12,   13  ] . 
For a detailed review of about the role of these AAA+ proteases in regulating mito-
chondrial function please refer to  [  14  ] . Although the AAA+ proteases ClpAP and 
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  Fig. 1.1     Cartoon representation of the various different AAA+ proteases in bacteria . 
AAA+ proteases can be separated into two different groups. Two component proteases (e.g. ClpAP, 
ClpCP, ClpXP, ClpEP and HslUV) contain the unfoldase and peptidase components on separate 
polypeptides. One component proteases, contain the peptidase and the unfoldase on a single 
polypeptide (e.g. LonA, LonB and FtsH). The unfoldase component contains one or more 
AAA+ domains, responsible for ATP-dependent unfolding of the substrate. All unfoldase com-
ponents also contain at least one accessory domains (e.g. ClpA and ClpC contain a conserved 
N-terminal domain (N-domain , pink ), ClpC and ClpE contain a middle domain (M , grey ), ClpE 
and ClpX contain a Zinc binding domain ( ZBD, yellow ), HslU contains an accessory domain 
inserted into the AAA+ domain (I-domain , purple ), LonA contains two N-terminal domains unre-
lated to the N-domain of ClpA and ClpC (N1 and N2 , green ), while LonB and FtsH both contain 
a single transmembrane (TM) region), which serve various different functions (see main text for 
details). In the case of the ClpP-binding unfoldase components, the AAA-2 domain contains an 
IGF/L loop for interaction with ClpP. The protease components are responsible for cleavage of the 
unfolded substrate. In the case of ClpP, hydrolysis of the polypeptide is catalysed by the catalytic 
triad (S, H and D), while FtsH and HslV contain either a conserved HExxH motif or an N-terminal 
threonine (T) respectively, for peptide bond cleavage       
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ClpCP are not as widely conserved as ClpXP, these proteases do, nevertheless, control 
a number of key proteolytic/regulatory pathways in Gram-negative and Gram-
positive bacteria, respectively. Interestingly, ClpCP also appears to play an important 
role in proteostasis within the plastid of plants (for a recent review see  [  15,   16  ] ). 

 Although these machines recognise a variety of different substrates and regulate 
a range of different physiological processes, each machine shares a common 
architecture and a similar mode of action. All form barrel-shaped complexes in 
which the oligomeric AAA+ unfoldase is concentrically aligned with the oligomeric 
protease component as is best illustrated by the crystal structure of the HslUV 
complex  [  17,   18  ] . Interestingly, the unfoldase component may be located at either or 
both ends of the peptidase component to form single-headed (1:1) or double-headed 
(2:1) complexes, respectively. For the ClpAP protease, the symmetric double-headed 
complexes have been shown to be most ef fi cient at processing substrates  [  19  ] . 
Regardless of whether the complexes are single- or double-headed, both oligomeric 
components (i.e. the unfoldase and the peptidase) generally exhibit a six-fold 
symmetry throughout the entire complex. However in the Clp protease complexes 
(e.g. ClpAP, ClpCP and ClpXP) the machines display a unique symmetry mismatch 
between the unfoldase and the peptidase. While the AAA+ unfoldase component 
(i.e. ClpA, ClpC and ClpX) like most AAA+ proteins studied to date, form hexa-
meric ring-shaped oligomers, the peptidase (i.e. ClpP) is composed of two heptam-
eric rings  [  20  ] . The two heptameric rings of ClpP stack back-to-back, encapsulating 
the catalytic (active site) residues of ClpP within a barrel shaped tetradecamer. This 
symmetry mismatch poses some interesting questions. How do these two rings (the 
hexameric unfoldase and the heptameric peptidase) interact to form a functional 
complex, and how many subunits are required for a functional interaction. Regardless 
of whether the protease complex is symmetric or asymmetric, all AAA+ proteases 
undergo three basic steps in order to degrade a substrate protein (see Fig.  1.2 ). In the 
 fi rst step, the substrate is recognised by the unfoldase, although in some cases sub-
strate recognition may be facilitated by an adaptor protein (see later). In bacteria, 
substrates are usually recognised via short sequence speci fi c motifs (termed 
degrons), which are often located at the N- or C-terminus of the substrate protein. 
Following recognition, the substrate is then unfolded in an ATP-dependent fashion 
(Fig.  1.2 , step 2). The unfolded substrate is then translocated into the associated 
peptidase, where the polypeptide chain is hydrolysed into small peptide fragments 
(~3–8 amino acids long), which have been proposed to egress through the holes in 
the sidewall of the peptidase, although this method of egress remains somewhat 
controversial (Fig.  1.2 , step 3)  [  21,   22  ] .  

   The Peptidase ClpP 

 The ClpP peptidase is synthesized as a zymogen, containing a N-terminal propeptide 
 [  23  ] , which is autocatalytically cleaved upon oligomerization, resulting in the forma-
tion of a proteolytically active oligomer. ClpP is a serine protease, composed of a 
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Ser-His-Asp catalytic triad (Fig.  1.1 ), which exhibits chymotrypsin-like activity, that 
is, it cleaves peptide bonds mostly after non-polar residues  [  24,   25  ] . The active 
peptidase is a barrel-shaped oligomer composed of two heptameric rings, stacked 
back-to-back  [  20  ] , that forms a degradation chamber in which the proteolytic active 
sites are sequestered away from cytosolic proteins (Fig.  1.3a ). Each monomer of 
ClpP resembles a hatchet and consists of three subdomains: a handle, a globular head 
and a N-terminal loop. The heptameric ring is formed by the interaction of seven 
subunits through the head subdomain, and the tetradecamer is formed by the interac-
tion of two heptameric rings through the handle subdomain (Fig.  1.3a ). Entry into the 
catalytic chamber of this serine peptidase is restricted to a narrow entry portal (~10 Å) 
at both ends of the barrel-shaped complex. The N-terminal peptides of ClpP  fl ank 
the axial pore and are proposed to act as a gate for entry into the proteolytic chamber. 
As a result of this narrow axial entry portal, folded proteins are excluded from 
entering the catalytic chamber, although small peptides and unfolded proteins can 
be degraded in an ATPase independent fashion, albeit unfolded proteins are degraded 
very slowly in the absence of the ATPase  [  26  ] . Importantly, the degradation of 
unfolded substrates can be accelerated by the addition of a cognate unfoldase 
(i.e. ClpX, ClpA or ClpC), which implies that entry into ClpP is gated and that this 
gated-entry can be activated by the unfoldase. Indeed, recent cryo-EM reconstruc-
tions have shown that binding of ClpA triggers a change in the N-terminal loops of 
ClpP, from a “down” conformation where they block entry to the catalytic chamber, 
to an “up” conformation which permits access to the chamber  [  27  ] . Consistent 
with a “gating” role for the N-terminal loops of ClpP, deletion of these loops was 
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  Fig. 1.2     Cartoon illustrating the main steps involved in substrate recognition and degrada-
tion by AAA+ proteases . The unfoldase (e.g. ClpX) forms a hexameric ring-shaped structure 
( blue ) at one or both ends of the peptidase (e.g. ClpP), which forms two heptameric rings stacked 
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the N- or C-terminus of the protein. The degron is recognised by the unfoldase and the substrate 
protein unfolded, in an ATP-dependent fashion, then translocated into the peptidase where the 
protein in cleaved into small peptide fragments, which diffuse through holes in the side-wall of the 
peptidase       
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shown to accelerate the degradation of short peptides  [  28  ] . The cognate AAA+ unfol-
dase also mediates the degradation of folded substrate proteins by actively unfolding 
and translocating the substrates through the axial pore and into the proteolytic cham-
ber of ClpP. Indeed, it appears that the oligomeric structure of ClpP has been care-
fully designed to prevent widespread and indiscriminate degradation of cellular 
proteins by regulating substrate access to its proteolytic chamber. Consistent with 
this idea, several recent studies have identi fi ed a series of novel antibiotics (e.g. 
acyldepsipeptides (ADEPs) and ACPs) that activate ClpP (in the absence of its cog-
nate unfoldase) for unregulated protein degradation  [  29–  34  ] . This activation of ClpP 

~10Å

a

b

Top view

E. coli ClpP

Side view

B. subtilis ClpP

+ADEPs

(+ACPs, Clp-ATPase ?)

~30Å

head

handle

  Fig. 1.3     Oligomeric structure of ClpP . ( a ) ClpP (PDB: 1TYF) forms two heptameric ring-
shaped oligomers ( Top view ) stacked back-to-back ( Side view ) to create a barrel-shaped oligomer. 
Interactions between adjacent head subdomains drive oligomerisation of the seven-membered 
ring, while interactions between the handle subdomain of two heptamers are responsible for for-
mation of the tetradecamer. ( b ) In the absence of the unfoldase, the entry portal into the catalytic 
chamber of ClpP (PDB: 3KTH) is narrow (~10 Å), in the presence of chemical activators of ClpP 
(i.e. ADEPs, ACPs and potentially the unfoldase), the entry portal into the catalytic chamber of 
ClpP (PDB: 3KTI) is opened (~30 Å)       
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results in the unregulated degradation of nascent polypeptides and unfolded proteins 
in the cell  [  34  ] , and in a recent study ADEP was shown to inhibit cell division of 
Gram positive bacteria, through the ClpP-mediated degradation of FtsZ, a key pro-
tein required for septum formation  [  35  ] .  

 Based on a series of biochemical and structural studies, these chemical activators 
of ClpP dock into a hydrophobic pocket located on the surface of ClpP (Fig.  1.3b ). 
Firstly, and most importantly, ADEP binding to this hydrophobic pocket results in 
opening of the ClpP pore (from ~10 Å in the absence of ADEP to ~21–27 Å in the 
presence of different forms of ADEP). This “gated-opening” of the ClpP pore, is 
proposed to be suf fi cient to allow entry of unfolded proteins into the proteolytic 
chamber of ClpP (where the catalytic residues are located) and possibly the primary 
reason for degradation of unfolded substrates. Interestingly, in the case of  B. subtilis  
ClpP, ADEP not only triggers opening of the pore, but also triggers oligomerisation 
of ClpP from free “inactive” monomers to “active” tetradecamers  [  32  ] , a step that is 
normally controlled by the cognate unfoldase, ClpC  [  36  ] . Similarly, ADEP activa-
tion of human ClpP for unregulated degradation is also likely to result from assem-
bly of the ClpP tetradecamer  [  37  ]  a process that normally requires the assistance of 
ClpX  [  38  ] . As a consequence, ADEP also appears to be a competitive inhibitor of 
unfoldase binding to ClpP, preventing the regulated degradation of substrates that 
would normally be delivered to ClpP by the unfoldase component  [  32  ] . As such, the 
ADEP-bound conformation of ClpP has been proposed to mimic the unfoldase-
bound conformation of ClpP. Surprisingly, binding of ClpA to ClpP, as measured 
from sections of the ClpAP cryo-EM structure, appears to have little effect on the 
size of the ClpP pore (diameter ~12 Å)  [  27  ]  and hence it has been suggested that the 
size of the pore may vary with translocation of different substrates  [  39  ] . Nevertheless, 
it remains to be seen, if an ordered arrangement of the N-terminal loops on ClpP (as 
observed in the  B. subtilis  ClpP-ADEP structure) or a disorder arrangement of the 
N-terminal loops of ClpP (as observed in the  E. coli  ClpP-ADEP complex) resem-
bles the unfoldase bound complex.  

   The Unfoldase Components (ClpX/ClpA/ClpC) 

 In  E. coli , ClpP forms proteolytic complexes with both ClpA and ClpX, while in  B. 
subtilis , ClpP associates with three different unfoldases, ClpC, ClpX and ClpE  [  3  ] . 
Although the overall architecture of the different unfoldase components is similar, 
each unfoldase contains a unique organisation. While ClpA, ClpC and ClpE each 
contain two AAA+ domains, ClpX only contains a single AAA+ domain (Fig.  1.1 ). 
Regardless of the number of AAA+ domains present, each unfoldase contains one 
or more accessory domains. In the cases of ClpA and ClpX, a single accessory 
domain is located at the N-terminus of the protein, while both ClpC and ClpE con-
tain two accessory domains, one at the N-terminus of the protein and the other 
located between the two AAA+ domains, termed the middle or M-domain (Fig.  1.1 ). 
In general, these accessory domains are required for the binding of substrates and/
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or adaptor proteins. In the case of ClpA, the N-terminal domain is essential for 
docking of the adaptor protein ClpS  [  40–  42  ]  but also required for the recognition, 
and hence degradation of some substrates  [  43,   44  ] . Similarly, the N-terminal domain 
of  B. subtilis  ClpC is essential for the ClpP-mediated degradation of most substrates 
 [  45,   46  ] . However in this case, the N-domain is thought not to be directly involved 
in substrate recognition but rather plays a crucial role in binding adaptor proteins 
(i.e. MecA and McsB), which are required for ClpC oligomerisation and/or sub-
strate delivery  [  36,   47,   48  ] . Interestingly in the case of  B. subtilis  ClpC, the second 
accessory domain (the M-domain) located between the two AAA+ domains, also 
plays an important role in the recognition of adaptor protein, however the details of 
substrate delivery by these adaptor proteins is currently unknown  [  36,   46–  48  ] . For 
further details regarding the mechanism of action of ClpCP please refer to  [  3  ] . 

 In the case of ClpX (and ClpE from Gram-positive bacteria) the N-terminal 
accessory domain (residues 1–60 in  E. coli  ClpX) is a C4-type Zinc binding domain 
(ZBD), which contains four Cysteine residues that coordinate a single Zn atom. In 
 E. coli  ClpX, this domain forms a very stable dimer  [  49  ] , and is responsible for the 
recognition of several substrates (such as  l O and MuA) but not SsrA-tagged 
proteins  [  50–  52  ] . This domain is also essential for the recognition of the adaptor 
proteins, SspB  [  50,   52,   53  ]  and UmuD  [  54  ] , discussed in more detail later. 

 Given that  E. coli  ClpX is, by far the most extensively characterised Clp-ATPase, 
this section will focus primarily on the structure and function of ClpX. However, 
many of the features described here for the AAA+ domain of ClpX are likely to be 
generally applicable to most AAA+ proteases. At a structural level, the AAA+ domain 
(~200–250 a.a.) is composed of two subdomains – a large N-terminal subdomain, 
which forms an  a / b  wedge-shaped Rossman fold and a small C-terminal subdo-
main, which forms a  a -helical lid across the nucleotide-binding site  [  55,   56  ] . ATP 
is bound in a cleft between the large and small subdomain of a single subunit and 
the large subdomain of the adjacent subunit. As such, these interactions provide 
much of the driving force for formation of the hexamer. To date, several highly 
conserved sequence motifs have been identi fi ed within the AAA+ domain, each of 
which is responsible for a speci fi c function  [  57  ] . The Walker A motif (GXXXXGK 
[T/S], where X = any amino acid) is required for ATP binding and facilitates oli-
gomerization of the protein into ring-shaped hexamers. The Walker B motif (hhhhDE, 
where h = any hydrophobic amino acid) is required for hydrolysis of bound ATP and 
hence drives conformational changes in the protein, mediating substrate binding 
and translocation. The central pore of the hexamer is comprised of several important 
motifs and loops (e.g. the pore-1 loop) involved in substrate binding  [  58–  61  ] . The 
Sensor 1 and 2 motifs, together with the arginine  fi ngers, are proposed to couple the 
nucleotide-bound state of the oligomer with conformational changes in the subdo-
mains, which through movement of the substrate-binding loops, results in substrate 
unfolding and translocation  [  55,   58  ] . Despite the broad sequence conservation of 
AAA+ domains, individual AAA+ domains appear to serve different functions in pro-
teins that contain two or more AAA+ domains (i.e. ClpA or ClpC)  [  62  ] . For example, 
the  fi rst AAA+ domain (D1) in ClpA is crucial for oligomerisation while the second 
AAA+ domain (D2) is primarily responsible for ATP hydrolysis  [  63  ] . Interestingly, 
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variants of ClpA lacking ATPase activity in either D1 or D2, are only able to process 
substrates with “intermediate” or “low” local stability respectively, suggesting that 
each domain can function independently, at least to a limited extent  [  64  ] . However, 
the ATPase activity of both domains is required for the ef fi cient processing of sub-
strates with “high” local stability  [  64  ]  indicating that both domains work together to 
unfold and translocate substrates into ClpP. 

 As viewed from the top (or ClpP distal face) of the unfoldase, the ClpX hexamer can 
be divided into six units, each of which was composed of a small AAA+ subdomain 
from one subunit with a large AAA+ subdomain of the adjacent subunit  [  55,   56  ] . 
Recently, it was shown that the structures of all six of these units were highly super-
imposable  [  55  ]  and hence it was proposed that each unit forms a functional rigid 
body (Fig.  1.4a, b ). Despite the high degree of structural similarity between each rigid 
body unit, the overall shape of the ClpX hexamer is asymmetric, which suggests 
that the angle of the hinge between the rigid body units (i.e. the angle between the 
large and the small subdomains within a single subunit of ClpX) varies. This differ-
ence in the angle between the rigid body units results in a different ability of each 
subunit to bind nucleotide. Based on this description, each subunit within the ClpX 
hexamer can be classi fi ed into one of two groups; type 1 subunits, which are able to 
bind nucleotide (referred to as L, for “loadable”), and type 2 subunits, which are unable 
to bind nucleotide (referred to as U, for “unloadable”). In the crystal structure of 
ClpX, the hexamer is composed of four L (or type 1) subunits and two U (or type 2) 
subunits arranged in the following manner, L-L-U-L-L-U (Fig.  1.4c ). Therefore, 
given that ATP binding and hydrolysis is expected to stabilise the L conformation, 
while the release of ADP is predicted to result in an transition from the L to the U 
conformation, it is proposed that the ATPase activity of ClpX will promote domain 
rotations within a subunit that will propagate around the hexamer and drive transition 
of the other subunits, in a chain reaction. These ATPase-induced conformational 
changes are proposed to form an integral part of the mechanism for substrate trans-
location by ClpX into ClpP (see later).   

   The Unfoldase-Peptidase Complex 

 Given that the AAA+ unfoldase component (i.e. ClpX, ClpA or ClpC) is hexameric 
and the associated peptidase (e.g. ClpP) is formed by two heptameric rings, the 
resulting proteolytic machines, ClpXP (ClpAP and ClpCP), exhibit an asymmetry 
between the two components. This asymmetry, although not unique in biology, 
poses several interesting questions. How do the two components interact with one-
another? How many of these features per hexamer (i.e. how many subunits) are 
required for formation of a functional complex? Not surprisingly, the formation of 
the complex is transient, and ef fi cient interaction of the two components is dependent 
on nucleotide-bound state of the unfoldase. Speci fi cally, formation of the ClpXP 
complex is only supported by ATP, ATP g S (a slowly hydrolysable analogue of ATP) 
or a ClpX mutant that is defective in ATP hydrolysis  [  65  ] . In contrast, the complex 
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dissociates in the presence of ADP or in the absence of nucleotide  [  66,   67  ] . This 
interaction, (i.e. between the two components), is mediated by two sets of contacts; 
one at the periphery of the interface and the other near the central pore. The peri-
pheral contact occurs between a  fl exible loop on ClpX and a hydrophobic pocket 
on the surface of ClpP, and is important for a strong, nucleotide-independent 
interaction with ClpP. The  fl exible loop contains a conserved tripeptide motif 
([L/I/V]-G-[F/L]) and as such is often referred to as the IGF/L-loop (Fig.  1.5a ). This 
motif is unique to ClpP-binding unfoldases (i.e. ClpA, ClpC, ClpE and ClpX) and 
is essential for interaction with ClpP  [  68,   69  ] . Consistently, mutation of this motif 
dramatically reduces the af fi nity of ClpX to ClpP  [  67,   68  ] . The second contact 
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  Fig. 1.4     Oligomeric structure of ClpX . In the presence of nucleotide, ClpX forms a hexameric 
 ring-shaped  oligomer. ( a ) Surface representation of the ClpX hexamer (PDB: 3HWS). ( b ) Cartoon, 
illustrating the asymmetric organisation of the ClpX hexamer. ( c ) The asymmetric organisation of 
the ClpX hexamer results from a differential binding of nucleotide (nuc) within the hexamer. 
Nucleotides are bound in a cleft formed by the large and small domain of one subunit and the large 
domain of the adjacent subunit. Depending on the orientation of the small and large domain within 
a subunit, a subunit can be classi fi ed into two types; loadable (L) which are able to bind nucleotide 
and unloadable (U) which are unable to bind nucleotide. The arrangement of these different sub-
unit types, within the ring gives rise to an asymmetric appearance of the hexamer       
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occurs between two loops; one loop (termed the pore-2 loop) protrudes from the 
axial pore of ClpX, and interacts with the N-terminal loop of ClpP  [  21,   70,   71  ] . This 
interaction, between the two axial loops, appears to be highly dynamic and is depen-
dent on the nucleotide-state of individual subunits of ClpX  [  71  ] . Although the 
ClpXP complex is asymmetric, both sets of loops (the IGF/L-loop, for docking into 
the hydrophobic pocket on ClpP and the two axial pore loops) appear to be  fl exible 
enough that contacts from each subunit of ClpX contribute to the interaction. Indeed 
loss of a single IGF-loop, within the ClpX hexamer, is suf fi cient to reduce ClpP 
binding and activity, while loss of more than one contact per hexamer completely 
abolishes ClpP binding  [  71  ] .    
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  Fig. 1.5     ClpP-binding and substrate interaction is mediated by several loops and pockets . 
( a ) Cut-away view of ClpX ( blue ), highlighting the important interactions that contribute to complex 
formation with ClpP ( red ). The IGF/L loops ( green ) on ClpX form a static interaction with the hydro-
phobic pocket on ClpP ( black ). ClpXP complex formation is modulated by the nucleotide state of 
ClpX, through a set of dynamic interactions, between pore-2 loops of ClpX ( red ) and the N-terminal 
loop of ClpP ( purple ). ( b ) The substrate is recognised and translocated through the pore via a set of 
conserved pore loops; RKH ( blue ), pore-1 ( yellow ) and pore-2 ( red ). These loops move up and down 
the pore of ClpX in a nucleotide-dependent fashion, thereby translocating the substrate into ClpP       
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   Degradation Recognition Motifs (Degrons) 

 A bacterial cell is composed of thousands of different proteins, the concentration 
(or copy number) of which varies dramatically (from ~100 to 10 5  molecules per cell) 
 [  72  ] . Likewise, the concentration of each individual protein varies in response to 
changing environmental conditions or stress. As such, in order for the cell to main-
tain optimal function, not only under normal conditions but also under conditions of 
stress, the composition and active concentration of its proteins must be monitored 
and maintained. Hence it is important for the cell to speci fi cally remove unwanted or 
damaged proteins from the cell when they are no longer required. To achieve this, 
bacterial proteases need to combine two seemingly incompatible properties, broad 
recognition of a range of different protein substrates, with a high degree of substrate 
speci fi city to prevent the recognition of properly folded or wanted cellular proteins. 

 A key feature of most, if not all, bacterial protein substrates is the presence of a 
speci fi c amino acid motif, often referred to as a degradation tag or degron  [  73  ] . These 
degrons are generally located at the N- or C-terminus of the protein, although in some 
cases they are located internally. Although most degrons are intrinsic to the target 
protein, a handful of degrons (e.g. the SsrA tag and some N-end rule substrates) are 
not de fi ned by the primary sequence of the protein, but rather are added (either co- or 
post-translationaly) to the protein  [  74,   75  ] . Often, intrinsic degrons are only revealed 
(for recognition by the protease) following exposure of the protein to stress (e.g. heat-
shock) or processing by an endoprotease  [  76–  79  ] . This conditional recognition of a 
protein substrate is ideally suited to the controlled degradation of a key regulatory 
protein, and forms the basis of controlling several stress response pathways in bacteria 
(see  [  6  ] ). In some cases however, a degron may be constitutively exposed under nor-
mal conditions, in order to maintain low levels of the protein (e.g. SigmaS)  [  80  ] . 

   Trans-translation and the SsrA-Tag: A Speci fi c Protein 
Tagging System in Bacteria 

 Messenger RNA molecules normally contain a stop codon at the 3 ¢  end of the tran-
script, which serves not only to signal the end of translation, but also triggers ribo-
some dissociation. In some cases however, as a result of truncation of the mRNA or 
errors during its transcription, the lack of a stop codon in the mRNA sequence caused 
“stalling” of protein synthesis  [  81–  83  ] . To overcome this problem, bacteria possess a 
conserved mechanism, to restart translation and allow ribosome dissociation. This 
mechanism (illustrated in Fig.  1.6 ), often referred to as trans-translation, is sensed by 
an empty A-site and signalled by stalling of the translating ribosome  [  84  ] . This signal 
results in the recruitment of a specialised RNA molecule into the empty A-site of 
the ribosome. This RNA, encoded by  ssrA  ( s mall  s table  R NA gene A)  [  85  ]  has 
been termed a tmRNA as it functions both as a tRNA and as an mRNA  [  84,   86,   87  ] . 
The tRNA-like structure can be charged with alanine at its 3 ¢  end, while an extended 
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loop within the same RNA molecule encodes a short open reading frame (ten amino 
acids in  E. coli ) that ends in a stop codon. Following docking of the charged tmRNA 
into the empty A-site, the alanine is transferred to the nascent polypeptide and the 
open reading frame (encoded by the mRNA portion of the tmRNA) is translated. 
Noteworthy, trans-translation results in the attachment of a short C-terminal exten-
sion (termed the SsrA tag) to the incompletely synthesised protein.  

 Importantly, given that SsrA-tagged proteins are produced from aberrant or 
incomplete mRNA, it is unlikely that they will be able to fold. For this reason, inter-
action of SsrA-tagged proteins with chaperones is wasteful, as attempts to refold 
trans-translation products would be futile. Rather, SsrA-tagged proteins are rapidly 
degraded by proteases. In  E. coli , the SsrA tag is 11 amino acids long 
(AANDENYALAA) and substrates tagged with the sequence are recognised by 
ClpXP, ClpAP and FtsH  [  81,   88–  90  ] . Despite the fact that the SsrA tag is recognised 
by several different proteases  in vitro , the  in vivo  degradation of these substrates is 
almost exclusively performed by ClpXP  [  81,   91  ] . 

 Nevertheless, this tag has been used extensively as a model degron to study the 
function of both ClpXP and ClpAP. As such, it has proved to be a powerful research 
tool to study the mechanism of protein recognition and degradation by AAA+ pro-
teases. A major advantage of the SsrA tag, as a research tool to study protein degra-
dation, is that any protein can be converted into a ClpXP (or ClpAP) substrate, 
simply through the attachment of the SsrA tag to its C-terminus. This has permitted 

Ala-tmRNA

1. Stalled ribosome
(A-site empty)

Stop
codon

AE P

truncated
mRNA

release
factor

2. charged tmRNA 
docks to empty A-site

3. transpeptidation
and swap mRNA

4. finish 
translation

5. termination
6. release of “tagged”
protein from ribosome

  Fig. 1.6     Cartoon, illustrating the process of trans-translation .  1.  Truncated mRNA (lacking a 
stop codon) cause “stalling” of the ribosome.  2.  This “stalling” triggers binding of a tmRNA into 
the empty A-site of the ribosome.  3.  Following a transpeptidation reaction, the truncated mRNA is 
replace with the mRNA from the tmRNA and  4.  translation proceeds, resulting in  5.  correct termi-
nation of protein synthesis  6.  rescuing the ribosome and releasing the “tagged” protein for targeted 
degradation by ClpXP       
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a detailed mechanistic analysis of protein degradation using a range of different 
substrates with a variety of unique or desired features (   i.e. green  fl uorescent protein 
(GFP) or the I27 domain of the human titin) to examine unfolding  [  92–  95  ] . Likewise, 
it has also served as an excellent tool to study the mechanism of adaptor-mediated 
substrate delivery (see below).  

   Other ClpX Recognition Motifs 

 Apart from the speci fi c recognition of the SsrA-tag, ClpX is also involved in the recog-
nition of several other proteins, including a number of proteins involved in various 
stress response pathways. In order to determine the complete substrate-binding reper-
toire of  E. coli  ClpX, a mutant version of ClpP was used to capture the physiological 
substrates of ClpXP  in vivo   [  96  ] . Using this approach, ~100 putative ClpXP substrate 
proteins were identi fi ed  [  96,   97  ] . Following veri fi cation of several of these proteins 
(either by  in vitro  or  in vivo  degradation assays)  fi ve different ClpX “recognition” 
motifs were proposed  [  96  ] . Of the  fi ve different “recognition” motifs, two were located 
near the C-terminus of the protein and three near the N-terminus of the protein (Fig.  1.7 ). 
While both classes of C-terminal motifs (C-motif 1 and 2, Fig.  1.7 ) shared homology 
with known ClpXP substrates (i.e. the SsrA-tag and MuA, respectively), only a single 
N-terminal motif (N-motif 1, Fig.  1.7 ) had been observed previously (i.e.  l O)  [  98  ] .  

 Interestingly, the various degradation motifs appear to be recognised by different 
regions within the unfoldase. Some substrate classes (e.g. N-motif 1) strictly depend 
on interaction with the N-terminal domain, while other motif classes (e.g. C-motif 1, 
i.e. SsrA-tagged substrates) do not require this domain for direct recognition  [  50,   52, 
  69  ] . For example,  l O (a replication protein of bacteriophage  l ) carries an N-terminal 
degradation motif (N-motif 1, NH 

2
 -TNTAKI), which is speci fi cally recognised by the 

N-terminal domain of ClpX  [  52,   96,   99  ] . Indeed deletion of this domain (from ClpX) 
inhibits the ClpP-mediated degradation of  l O  [  52  ] , which is proposed to result from 
the low af fi nity of this class of substrate to the axial loops on ClpX. Tethering of this 
class of substrate, by the N-terminal domain, is likely to increase the effective concen-
tration of the substrate, near the pore of ClpX. As a result, despite their low af fi nity to 
the pore loops, high af fi nity to the N-terminal domain promotes their engagement by 
the pore and, consequently, their ef fi cient degradation. The N-terminal domain is also 
involved in the recognition of the adaptors proteins, SspB and UmuD, and substrate 
proteins such as MuA (C-motif 2, Fig.  1.7 ), which appear to share a conserved motif 
 [  50,   52,   54  ] . Importantly however, the adaptor proteins are not degraded by ClpXP, 
presumably because they are not recognised by the pore-1 motif of ClpX.  

   Other Degradation Tags 

 Currently, the substrate recognition motifs for ClpA are only poorly de fi ned. The 
 fi rst ClpAP substrate to be identi fi ed was ClpA itself  [  100  ] . Interestingly, although 
the recognition motif within ClpA was originally proposed to be located at the 
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N-terminus of ClpA, it was later shown to be C-terminal  [  101  ] . Interestingly, this 
motif within ClpA shares some similarity with the, well characterised, model 
degron – the SsrA tag (Fig.  1.7 ). ClpA has also been shown to recognise proteins 
via an N-terminal recognition motif but not an internal motif  [  102,   103  ] . The 
N-terminal recognition motifs can be classi fi ed into two groups, those that require 
the adaptor protein (ClpS) – N-end rule substrates, and those that do not. Currently, 
only a single substrate containing an N-terminal recognition sequence has been 
identi fi ed  [  104  ] , and consequently a motif has not been de fi ned. In contrast, several 
N-end rule substrates, both natural and model substrates have been identi fi ed 
and hence a motif for ClpA binding of these substrates has been proposed  [  74,   78  ] . 

  Fig. 1.7     Substrate-binding motifs for ClpX and ClpA . In general, AAA+ proteases recognise 
either the N- or C-terminus of a substrate, as such several motifs have been de fi ned for both ClpX 
and ClpA. ClpX Substrate recognition by can be divided into  fi ve broad groups, three N-terminal 
motifs ( N motif-1, -2 and -3 ) and two C-terminal motifs ( C motif-1 and -2 ). In contrast only two 
ClpA recognition motifs have been observed for ClpA (N-degron and C-degron)       
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The ClpA recognition motif within N-end rule substrates is a dihydrophobic 
element, located between  fi ve and nine residues from the primary destabilising 
residue at the N-terminus of the protein  [  74,   105  ] . Interestingly, one of the N-end 
rule substrates, Dps (DNA protection during starvation), which protects DNA from 
reactive oxygen species, contains two N-terminal recognition motifs. One motif is 
created after endoproteolytic cleavage of the  fi rst  fi ve residues of Dps, to generate 
Dps 

6–167
  and is required for recognition by ClpS and ClpA  [  78,   79  ] , the other 

N-terminal motif is created following cleavage of the N-terminal Met by  met hion-
ine  a mino p eptidase (MetAP), to generate Dps 

2–167
  which contains a ClpX (Nmotif-1) 

within the  fi rst  fi ve residues of Dps  [  96  ] .   

   Substrate Recognition by AAA+ Proteases (Direct Recognition 
Versus Indirect or Adaptor Mediated Recognition) 

 Although the recognition of most protein substrates occurs by direct interaction 
with the unfoldase, some protein substrates require additional recognition factors 
to direct them to the protease for degradation. In the following sections, we will 
describe the molecular details of substrate recognition by the unfoldase and/or 
delivery by adaptor proteins, using a number of well-characterised examples. 

   Direct Recognition by ClpX (e.g. Recognition of SsrA 
Tagged Proteins) 

 In  E. coli , the SsrA tag is composed of 11 amino acids (AANDENYALAA), 
however recognition of this tag by ClpX, only requires the last two alanines and 
the C-terminal  a -carboxylate  [  106  ] . In contrast to some ClpX substrates (e.g. 
 l O), recognition of the SsrA-tag by ClpX, does not involve the N-terminal 
domain. Consistent with the idea, removal of the N-domain of ClpX, did not alter 
the ClpP-mediated degradation of SsrA-tagged proteins  [  50,   52  ] . Rather, the 
SsrA-tag is speci fi cally recognised by loops in, or near to, the axial pore of 
the AAA+ module. Indeed, three sets of pore loops in ClpX (RKH, pore-1 and 
pore-2, see Fig.  1.5 ) have been implicated in binding the SsrA tag  [  71,   107  ] . 
The RKH loops, as the name suggests, contains the tripeptide motif (RKH), 
which surrounds the entrance to the ClpX pore. The positively charged RKH 
loops are proposed to attract negatively charged sequences (i.e. the charged 
C-terminal  a -carboxylate of the SsrA-tag) to the pore of ClpX  [  99  ] . Accordingly, 
mutations that reduce the positive charge of the RKH loop, reduced binding to 
SsrA-tagged proteins (or substrates containing a C motif-1), whilst simultane-
ously improved the binding of substrates containing a positively charged motif 
 [  99  ] . The pore-1 and pore-2 loops, in contrast to the RKH loop, interact with the 
two last alanine residues of the ssrA-tag  [  107,   108  ] . The pore-1 loop of ClpX 
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contains the highly conserved GYVG motif, which plays a central role in 
substrate translocation across the pore and into the degradation chamber  [  59–  61, 
  109  ] . Based on a number of mutations and series of crosslinking experiments, 
the pore-2 loops were shown to speci fi cally interact with the terminal alanines of 
the SsrA-tag  [  108  ] . Interestingly, neither the RKH nor the pore-2 loops are con-
served in human mitochondrial ClpX  [  108  ] . As such, human ClpX is unable to 
recognise proteins tagged with the  E. coli  SsrA tag. However, a crucial role for 
these loops in the recognition of SsrA-tagged was elegantly demonstrated by 
Sauer and colleagues by grafting the  E. coli  ClpX RKH and pore-2 loops onto 
human ClpX creating a chimeric ClpX protein  [  108  ] . Strikingly, when both the 
RKH loops and pore-2 loops from  E. coli  ClpX were grafted onto human ClpX, 
the resulting chimeric proteins was able, not only to recognize the SsrA-tagged 
substrates but also to deliver them to ClpP for degradation  [  108  ] . Interestingly, 
grafting of only the RKH or pore-2 loop, was insuf fi cient to promote recognition 
of the SsrA-tag. Collectively, these results demonstrated the importance of both 
pore loops in the recognition of SsrA-tagged substrates.  

   Indirect Recognition (Adaptor Mediated Recognition) 

 As mentioned above, the recognition of some protein substrates by the unfol-
dase, either requires or is modulated by an additional component – known as an 
adaptor protein. In general, an adaptor protein acts as a bridge between the sub-
strate and the unfoldase. As such, adaptor proteins invariably exhibit two sepa-
rate activities; (i) substrate recognition and (ii) unfoldase docking, however in 
some cases the adaptor protein is also proposed to activate either the substrate or 
the unfoldase for delivery to the protease for degradation  [  42,   110,   111  ] . Typically, 
the adaptor protein is released and recycled in this process without being 
degraded, although in some cases the adaptor protein (e.g. MecA) is also degraded 
by the protease complex (i.e. ClpCP), which acts a negative feedback loop to 
control the turnover of the substrates delivered by this adaptor protein. To date, 
four adaptor proteins have been identi fi ed in  E. coli , three of which (SspB, UmuD 
and RssB) deliver speci fi c protein substrates to ClpXP  [  54,   112,   113  ]  while a 
single adaptor protein (ClpS) is required for the delivery of a speci fi c class of 
substrates to ClpAP  [  40,   114  ] . SspB increases the af fi nity of ClpX to SsrA tagged 
proteins  [  112  ] . RssB is essential in bacteria for ClpXP-mediated degradation of 
the stationary phase sigma factor,  s  S   [  113,   115,   116  ] . Interestingly, four adaptor 
proteins have also been identi fi ed in  B. subtilis . However, in contrast to the adap-
tor proteins from  E. coli , the vast majority of  B. subtilis  adaptor proteins (MecA, 
McsB and YpbH) function together with ClpC  [  45,   117–  121  ] , and only a single 
adaptor protein (YjbH) has been identi fi ed to function with ClpX  [  122,   123  ] . 
Surprisingly, with the exception of MecA and YpbH, the remaining adaptor pro-
teins share little, to no, sequence homology and hence each adaptor protein is 
likely to function via a unique mechanism. 
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   SspB (A Multi-functional Adaptor Protein) 

 SspB is certainly the best characterised ClpX adaptor protein and arguably the best 
characterised bacterial adaptor protein to be studied. It was  fi rst identi fi ed, in  E. coli  
as a ribosome-interacting protein that speci fi cally modulates the ClpXP-mediated 
turnover of SsrA-tagged proteins  [  112  ] . Subsequently, SspB was also shown to 
recognise and deliver another ClpX substrate (i.e. RseA) for ClpP-mediated degra-
dation  [  76  ]  for a recent review see  [  6  ] . Although the distribution of SspB homologs 
is largely limited to  g - and  b -proteobacteria an ortholog of SspB, termed SspB a  has 
also been identi fi ed  Caulobacter crescentus  and other  a -proteobacteria  [  124,   125  ] . 
Interestingly, despite the poor sequence homology, the overall fold of SspB a  is 
similar to  E. coli  SspB  [  124  ] . Nevertheless, in contrast to  E. coli  SspB,  C. crescen-
tus  SspB a  appears to be optimised for binding to the SsrA-tag. In the case of  E. coli  
SspB, the protein is composed of two functional regions separated by a long unstruc-
tured segment (~40–50 residues long). The N-terminal region of SspB (~110–120 
residues long) forms a dimeric module, which is involved in binding of the SsrA-tag 
 [  50,   126,   127  ] . This substrate-binding domain is tethered to ClpX, via a short motif 
(termed the ClpX-binding region (XBR)), located at the C-terminus of SspB  [  50, 
  127  ] . The XBR of SspB forms an anti-parallel  b -sheet with the N-terminal ZBD of 
ClpX  [  53  ] . Indeed, it has been proposed that both XBRs (from the SspB dimer) 
interact simultaneously with two ZBDs on ClpX – a mode of attachment that places 
the SspB-bound cargo in an ideal position for interacting with the pore residues 
in the ClpX hexamer. Hence, SspB tethers the substrate to ClpX thereby increas-
ing the local concentration of SsrA-tagged substrates near the ClpX pore  [  50,   53, 
  127–  129  ]  (Fig.  1.8 ). Importantly, both the unfoldase and the adaptor protein recog-
nise exclusive regions within the SsrA tag (AANDENYALAA). The unfoldase rec-
ognises the AA motif (C motif-1) at the C-terminus of the SsrA tag (Fig.  1.7 ), while 
SspB binds towards the N-terminal end of the SsrA-tag (AANDxxY). In contrast, 
the ClpA binding motif within the SsrA-tag (AAxxxxxALA) overlaps with the SspB 
binding and as such SspB inhibits the ClpAP-mediated degradation of SsrA-tagged 
substrates  [  50,   130  ] . As a con sequence, SspB-mediated tethering of the SsrA-tag to 
ClpX results in an increased af fi nity of the substrate for ClpX, and hence an improved 
rate of degradation  [  129  ] . As such, SspB is likely to play an important role in the 
delivery of substrates present at low concentrations as tethering to ClpX, effectively 
increases the local concentration of the substrate. Consistent with this substrate-teth-
ering model, mutation of the ClpX recognition motif within the SsrA-tag (i.e. 
replacement of LAA with DAS, termed the DAS-tag), signi fi cantly reduce the 
ClpXP-mediated degradation of substrates bearing this tag, while, the addition of 
SspB improved the recognition and degradation of substrates bearing this modi fi ed 
DAS-tag by more than 100-fold  [  131  ] .   

   RssB 

 In contrast to SspB, RssB is a dedicated adaptor protein that is uniquely responsible 
for the recognition of a single substrate – the general stress transcription factor SigmaS 
( s  S , also referred to as RpoS). RssB (also known as SprE (stationary phase regulator) 
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in  E. coli  or MviA in  Salmonella typhimurium ) was  fi rst identi fi ed in  E. coli  using a 
genetic screen to discover genes involved in the RpoS expression and/or activity 
 [  115,   116  ] . RssB is a member of the two-component response regulator family 
and was the  fi rst family member to be shown to play a role in protein turnover. As a 
member of the response regulator family, RssB is phosphorylated on a highly conserved 
aspartate residue (D58). Phosphorylation of RssB at D58, stimulates binding of  s  S , 
resulting in the formation of a stable 1:1 complex  [  132  ] . Mutations that inhibit 
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  Fig. 1.8     Adaptor proteins . ( a ) ClpS ( tan ) contains a small substrate-binding pocket for the 
recognition of proteins bearing a primary destabilising residue at their N-terminus. This binding 
pocket exhibits exquisite speci fi city and not only forms a number of critical H-bonds with the 
 a -amino group of the N-terminal residue of the substrate ( blue ), but also forms hydrophobic inter-
actions with the side-chain of the N-terminal residue. The substrate extends away from ClpS and 
reaches towards the unfoldase, binding to ClpA is proposed to occur through the dihydrophobic (hh) 
element. ( b ) SspB ( pink ) forms a more permisscuous peptide-binding groove, which can accom-
modate peptides in different orientations. In the case of SsrA-tagged proteins, the substrate 
extends away from SspB and towards the pore loops of ClpX, which interact with the LAA motif. 
( c – d ) Both ClpS ( tan ) and MecA ( pink ) interact with the N-terminal domain of ClpA ( blue ) and 
ClpC ( light blue ), respectively. An  a -helix within the adaptor protein, contains a critical Glu 
residue which projects into the conserved pocket within the appropriate N-domain       
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phosphorylation of RssB result in reduced binding to  s  S , and hence an increased 
stability of  s  S , both  in vitro  and  in vivo . In contrast to SspB, which merely enhances 
the kinetics of substrate recognition, RssB is essential for the recognition of  s  S  by 
ClpX  [  113  ] . Indeed it has been proposed that binding of RssB to  s  S  triggers a con-
formational change in  s  S , which exposes a previously concealed ClpX recognition 
motif, however the mechanistic details of such a model are yet to be con fi rmed. For 
further details on the proteolytic control of the general stress response in bacteria 
refer to  [  7  ] .  

   UmuD 

 The third and  fi nal, ClpX-speci fi c adaptor protein in  E. coli , is UmuD. In response 
to DNA damage, the  fi rst 24 residues of UmuD are auto-catalytically cleaved, in a 
RecA-dependent fashion. Following cleavage, the resulting protein (termed UmuD ¢ ), 
can form both homo- and hetero-oligomers  [  133  ] . As a heterodimer, UmuD/UmuD ¢  
forms a component of the error-prone DNA polymerase V, which is able to bypass 
DNA lesions in the process of DNA replication and hence facilitates the cells recov-
ery following DNA damage. Since this activity is necessary at times of DNA dam-
age, but toxic under normal growth conditions, it is important that the cellular levels 
of UmuD ¢  (and hence UmuD/D ¢  oligomers) be carefully controlled during and after 
recovery. Indeed, this is elegantly achieved by the cell, as the N-terminal region of 
UmuD serves as a ClpX tethering sequence for delivery of UmuD ¢  to ClpXP when 
present in an UmuD/D ¢  complex  [  134  ] . Like the XBR of SspB, this region can bind 
to the ZBD of ClpX, but not as a degradation tag rather as a speci fi c adaptor protein 
for the delivery of UmuD  [  54,   134  ] .   

   Indirect Recognition by ClpA (Recognition of N-End 
Rule Substrates) 

   ClpS and the N-End Rule (A Speci fi c ClpAP-Mediated Substrate) 

 In contrast to ClpX, which uses three different  E. coli  adaptor proteins, only a single 
adaptor protein (ClpS) has been identi fi ed for ClpA. Although ClpA appears to use 
only a single adaptor protein, this adaptor protein exhibits broad activity over its 
cognate unfoldase. Indeed, ClpS is able to regulate ClpA substrate selection, both 
negatively and positively  [  40,   114  ] . Originally identi fi ed as an inhibitor of ClpA 
auto-degradation, both  in vitro  and  in vivo , and a negative regulator of ClpAP-
mediated degradation of substrates bearing an SsrA-tag  [  40  ] , ClpS was also shown 
to be an essential component of the N-end rule pathway  [  114  ] . 

 The N-end rule pathway, originally identi fi ed in  Saccharomyces cerevisiae , by 
Alexander Varshavsky’s lab, is a highly conserved protein degradation pathway that 
is responsible for the recognition and degradation of proteins bearing a speci fi c 
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“destabilising” residue at the N-terminus  [  135,   136  ] . This pathway determines the 
half-life of a protein based on the N-terminal residue of that protein, which may be 
classi fi ed as “stabilising” or “destabilising”. To date, this pathway has been identi fi ed 
in bacteria, plants and mammals and although the details of the various pathways 
differ, from one organism to the next, each pathway shares a number of common 
principals  [  135,   137–  139  ] . In  E. coli , like other organisms, the pathway is hierar-
chical, and destabilising residues can be separated into two classes (primary and 
secondary)  [  74  ] . Primary destabilising residues (L, F, W and Y) are recognised 
directly by the bacterial N-recognin, ClpS  [  114  ] , while secondary destabilising 
residues (R, K and M) must  fi rst be converted to primary destabilising residues by 
the enzyme Leu/Phe-tRNA-protein transfersase (LFTR) before they are recognised 
by the adaptor protein  [  78,   140  ] . Interestingly, the  fi rst clue for a role of ClpS in 
the N-end rule pathway came from the structure of ClpS and comparison to the 
secondary structure of the human N-end rule recognition component (N-recognin), 
the E3-ligase, UBR1  [  42,   141  ] . From this bioinformatic analysis, despite very low 
sequence homology, Lupas and colleagues proposed that ClpS was involved in 
the N-end rule pathway in bacteria  [  141  ] . Consistently, the crystal structure of ClpS 
(in complex with the N domain of ClpA) identi fi ed two conserved regions, one for 
interaction with the N-domain of ClpA and the other proposed to be involved in a 
substrate interaction  [  41,   42  ] . Subsequent biochemical and structural analysis 
con fi rmed that ClpS was indeed essential for the recognition of N-end rule sub-
strates and that the second conserved region within ClpS was the N-degron binding 
site  [  142–  144  ] . 

 ClpS, like most characterised adaptor proteins is a small protein composed of 
two regions. The C-terminal domain of ClpS is the “workhorse” of the protein, it is 
responsible, not only for recognition of the substrate but also for docking to the 
N-terminal domain of ClpA  [  40–  42,   114  ] . Despite both of these functions being 
located on the C-terminal domain of ClpS, this domain alone is neither suf fi cient for 
the inhibition of substrates bearing an SsrA-tag nor the delivery of N-end rule sub-
strates  [  41,   110  ] , suggesting that the N-terminal region of ClpS plays a crucial role 
in activation of ClpA. Hence in contrast to SspB, which merely modulates the 
af fi nity of ClpX for recognition of the SsrA-tag, the adaptor protein ClpS alters the 
substrate speci fi city of ClpA, by activating the unfoldase for recognition of N-degron 
bearing substrates. In summary, a substrate bearing an N-terminal primary destabi-
lising residue, is bound by a small hydrophobic pocket on the surface of ClpS 
(Fig.  1.8 ). Importantly, this pocket exhibits exquisite speci fi city – it forms a number 
of important hydrogen bonds with both the  a -amino group of the N-terminal resi-
due and the carbonyl oxygen of the peptide bond, as well as several hydrophobic 
interactions with the side chain of the N-terminal amino acid  [  142–  144  ] . Following 
recognition of the substrate by the adaptor protein, the substrate-ClpS complex 
docks to the N-terminal domain of ClpA  [  40–  42  ] . Next, the N-terminal region is 
proposed to activate, an as yet unde fi ned region of ClpA, for recognition of the 
N-degron bearing substrate  [  110  ] . The unfoldase (ClpA), then recognises a hydro-
phobic region in the substrate approximately ~5–9 residues downstream of the pri-
mary destabilising residue (Fig.  1.7 )  [  74,   78,   105  ] .   
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   MecA 

 Of the three known ClpC-adaptor proteins, MecA is currently the best characterised. 
It was  fi rst discovered in a genetic screen for repressors of competence development 
(   which is a physiological state that permits  B. subtilis  cells to actively import DNA). 
In non-competent cells, the “competence” transcription factor (ComK) is recognised 
by MecA and targeted for degradation by ClpCP. Competence is triggered by the 
accumulation of a small peptide (ComS), which binds to MecA and thereby inhibits 
the MecA-dependent degradation of ComK by ClpCP  [  145  ] . Interestingly, MecA is 
not only involved in the development of competence through the regulated degrada-
tion of ComK but has also been proposed to be involved in general protein quality 
control, through the ClpCP-mediated degradation of misfolded and aggregated pro-
teins  [  120  ] . Similar to most other adaptor proteins, MecA is composed of two regions 
an N-terminal domain, which is responsible for substrate recognition (i.e. ComK and 
ComS) and a C-terminal domain, which is required for docking to the unfoldase 
 [  146  ] . Interestingly, in contrast to other characterised adaptor proteins, docking of 
MecA (and hence substrate delivery to the protease) requires both the N-domain and 
the M-domain of ClpC  [  36,   48  ] . Despite the additional requirement for MecA bind-
ing to ClpC (i.e. to the M-domain), the mode of docking of MecA to the N-domain 
is strikingly similar to that of ClpS with the N-domain of ClpA  [  41,   42  ] . Indeed both 
adaptor proteins (ClpS and MecA) use a single  a -helix to interact with the same 
region of the N-domain, and stabilise the complex by the formation of several 
H-bonds (Fig.  1.8 ). Interestingly, MecA is absent in cyanobacteria and ClpC was 
shown to cooperate with the adaptor protein ClpS  [  147  ] . Consistently, the distribu-
tion of MecA and ClpS appears to be mutually exclusive throughout evolution.   

   Substrate Processing by AAA+ Proteins 

 Substrate translocation is a basic mechanical process of all AAA+ proteins. This pro-
cess is performed solely by the AAA+ module of the unfoldase, and like substrate 
binding has been extensively studied using both ClpA and ClpX as a model AAA+ pro-
tein. In recent years however, there have been many advances in this area of research 
by several researchers, including numerous contributions by the laboratory of Robert 
Sauer and Tania Baker to study the basic mechanism of action of ClpX. 

   Substrate Unfolding and Translocation 

 In order for a folded protein to enter the degradation chamber of ClpP, it must  fi rst be 
unfolded by the ATPase component. Although the pore of ClpX is large enough to 
simultaneously accommodate two or three peptide chains, most folded proteins are 
too large to enter  [  148  ] . As such, the narrow size of the ClpX pore prevents diffusion 
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of folded proteins through ClpX and hence prevents the uncontrolled degradation of 
folded proteins by the ClpXP protease. Therefore protein substrates must  fi rst be 
unfolded, to enter the proteolytic chamber of ClpP. To achieve this, the unfoldase 
component converts the energy released from the binding and hydrolysis of ATP 
into a pulling force. This pulling force is responsible for the global unfolding of 
the substrate by threading it through the unfoldase pore, and into the degradation 
chamber of ClpP in a vectorial manner  [  95,   149  ] . 

 The pulling force, generated by nucleotide-driven changes in the structure of 
ClpX is proposed to be transmitted to the substrate via movement of the pore-1 
loops (Fig.  1.7 ). Indeed, the location of each pore-1 loop, within the central pore of 
the ClpX hexamer was shown to vary depending on the nucleotide bound state of 
the subunit  [  55  ] . As such, it has been proposed that ATP binding and hydrolysis 
drives conformational changes in the unfoldase, which result in movement of the 
pore-1 loops up and down the central pore  [  107,   150  ] . As these loops (in particular 
the highly conserved tyrosine residue) interact with the substrate’s polypeptide 
chain, their movement along the pore provides the pulling force that is necessary for 
substrate unfolding and translocation. Do the subunits in a ClpX hexamer have to 
operate in a concerted fashion to promote successful unfolding and translocation of 
protein substrates? To examine this question Sauer and colleagues employed a 
method  fi rst used by the lab of Art Horwich, to study the role of individual subunits 
in GroEL  [  151  ] . In this case however, Sauer and colleagues created a single-chain 
hexamer of ClpX (lacking the N-terminal ZBD) by fusing six copies of  clpX  
(lacking the sequence coding for the N-terminal ZBD) into a single gene  [  152  ] . This 
elegant experimental setup allowed the incorporation of speci fi c mutations into 
various different ClpX subunits within the hexamer. Speci fi cally, mutations in either 
the Walker B motif (E185Q) – which prevents ATP hydrolysis, or the sensor-2 motif 
(R370K) – which prevents both ATP hydrolysis and uncouples conformational 
changes linked to ClpP- and substrate-binding, were combined with wild type sub-
units and the degradation of SsrA-tagged substrates was examined  [  152  ] . 
Consequently, ClpX hexamers were created which contained either a single wild 
type subunit, or two wild type subunits and so on. Remarkably, the degradation rate 
increased linearly with the amount of the wild type subunits in a hexamer. For 
example, a ClpX hexamer that contained one wild type subunit led to degradation 
of an SsrA-tagged substrate 17% as fast as a wild type hexamer. In accordance, two 
wild type subunits in a hexamer resulted in a degradation rate that was 30% of that 
observed for a single-chain hexamer that was constructed of six wild type subunits. 
Moreover, in all cases, degradation was performed at a similar energetic cost (i.e. 
the amount of ATP hydrolyzed per substrate). These results indicated that even a 
single active subunit in a hexamer can promote ef fi cient unfolding and translocation 
of substrates by ClpX and that concerted or sequential activity of multiple subunits 
is not essential for degradation. 

 Degradation of folded substrates proceeds much slower than degradation of 
unfolded substrates, suggesting that substrate unfolding is a rate-limiting step for 
proteolysis by AAA+ proteases. This principle was elegantly demonstrated using 
the I27 domain of human titin as a substrate  [  92  ] . Titin-I27 was converted into a 
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ClpX substrate by creating a genetic fusion of titin-I27 with SsrA. The I27 domain 
of titin is extremely resistant to mechanical unfolding  [  153  ]  and consistent with this, 
its degradation by ClpXP is relatively slow  [  92,   94  ] . Remarkably, an unfolded 
variant of titin-I27-SsrA can be obtained, simply by carboxymethylation of its two 
cysteine residues  [  92  ] . This simple chemical modi fi cation completely unfolds titin-
I27 without altering its solubility. This permitted a direct comparison of the degra-
dation kinetics of the substrate with respect to its folded state (i.e. either stably 
folded or unfolded). Interestingly, both the folded and unfolded substrates had a  K  

M
  

of ~1  m M, similar to that observed for other SsrA tagged proteins. By contrast, the 
energetic cost for degradation of different substrates by ClpXP varied dramatically. 
For instance, the degradation of native titin-I27 required ~600 molecules of ATP, 
while the degradation of an unfolded mutant of titin-I27 only required ~100 mole-
cules of ATP, suggesting that the cost of titin-I27 unfolding is ~500 ATP. Interestingly 
however, the rates of degradation do not correlate with the global thermodyamic 
stability of a substrate but rather seem to depend on the local stability of the region 
to which the recognition tag is attached  [  94,   154,   155  ] . In summary, the current 
model suggests that following binding, ClpX pulls on the degradation tag in an 
attempt to unfold the substrate. In some cases unfolding of the substrate may require 
multiple rounds of ATP hydrolysis until a power stroke of ClpX coincides with 
transient unfolding of a structural element near the degradation tag. When this 
occurs, ClpX can initiate substrate translocation and complete substrate unfolding 
very rapidly and with a high degree of cooperativity. As mentioned previously sub-
strates may be recognised from either an internal site or from the N- or C-terminus 
of the protein  [  46  ] . Not surprisingly, substrate translocation may occur in either 
direction (i.e. from N-terminus to C-terminus or visa versa). Strikingly, single mol-
ecule experiments indicate that substrate unfolding eventually results from a single 
ClpX power stroke  [  154  ] . Following the initial unfolding event, substrate transloca-
tion proceeds rapidly and without considerable speci fi city  [  156  ] . Indeed, ClpX was 
shown to ef fi ciently translocate a variety of different polymers, including homopoly-
meric tracts of glycine, proline and lysine non-amino-acid aliphatic chains. In addi-
tion, ClpX can carry out translocation of a polypeptide from the N-terminus to the 
C-terminus as ef fi ciently as in the opposite direction.       
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  Abstract   As the  fi rst ATP-dependent protease to be identi fi ed, Lon holds a special 
place in the history of cellular biology. In fact, the concept of ATP-dependent pro-
tein degradation was established through the  fi ndings that led to the discovery of 
Lon. Therefore, this chapter begins with a historical perspective, describing the 
milestones that led to the discovery of Lon and ATP-dependent proteolysis, starting 
from the early  fi ndings in the 1960s until the demonstration of Lon’s ATP-dependent 
proteolytic activity  in vitro , in 1981. Most of our knowledge on Lon derives from 
studies of the  Escherichia coli  Lon ortholog, and, therefore, most of this chapter 
relates to this particular enzyme. Nonetheless, Lon is not only found in most bacte-
rial species, it is also found in Archaea and in the mitochondrion and chloroplast of 
eukaryotic cells. Therefore many of the conclusions gained from studies on the 
 E. coli  enzyme are relevant to Lon proteases in other organisms. Lon, more than any 
other bacterial or organellar protease, is associated with the degradation of misfolded 
proteins and protein quality control. In addition, Lon also degrades many regulatory 
proteins that are natively folded, thus it also plays a prominent role in regulation of 
physiological processes. Throughout the years, many Lon substrates have been 
identi fi ed, con fi rming its role in the regulation of diverse cellular processes, including 
cell division, DNA replication, differentiation, and adaptation to stress conditions. 
Some examples of these functions are described and discussed here, as is the role of 
Lon in the degradation of misfolded proteins and in protein quality control. Finally, 
this chapter deals with the exquisite sensitivity of protein degradation inside a 
cell. How can a protease distinguish so many substrates from cellular proteins that 
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should not be degraded? Can the speci fi city of a protease be regulated according to 
the physiological needs of a cell? This chapter thus broadly discusses the substrate 
speci fi city of Lon and its allosteric regulation.      

   From the  lac operon  to the Discovery of 
ATP-Dependent Proteolysis 

 In 1961 Francois Jacob and Jacques Monod made a major breakthrough in the 
biological sciences, as they presented their model of the  lac operon  and estab-
lished the  fi rst paradigm for regulation of gene expression  [  1  ] . It was a brilliant, 
simple and coherent model that was based on negative regulation, i.e., on a repres-
sor that binds to an operator region on the DNA and controls the expression of 
downstream genes. The model was readily accepted as a general mechanism for 
gene regulation in living organisms. Indeed, the basic principles that are 
exempli fi ed by the  lac operon  model are still relevant today, 50 years after their 
discovery. However, Jacob and Monod extrapolated their interpretation too far, 
proposing that negative regulation is the  only  mechanism for gene regulation. The 
beauty and simplicity of their model and the dominant character of its discoverers 
(mostly of Jacques Monod) persuaded many scientists to accept the model as it 
stood, thereby discouraging investigation of alternative mechanisms for regulation 
of gene expression. Too many scientists forced negative regulation on their results 
at times when other hypotheses should have been raised. Such was the case with 
the initial results that led eventually to the discovery of ATP-dependent proteolysis, 
as described below. 

 About 3 years after the  lac operon  model was published, a peculiar bacterial 
phenotype – the mucoid phenotype – was reported by Alvin Markovitz  [  2  ] . 
 Escherichia coli  K12 mucoid mutants appeared watery and slimy on agar plates, 
and further investigation indicated that the phenotype resulted from increased syn-
thesis of the cell’s polysaccharide capsule  [  2  ] . These mutants exhibited constitutive 
expression of  capsule synthesis  ( cps ) genes as a result of a mutation in a gene that 
was termed initially  R  and later  capR . These mutants were actually  lon  mutants and 
the  capR  gene product was the Lon AAA+ protease, but it took 20 more years to 
realize that. Initially, it was hypothesized that, in accordance with the negative con-
trol paradigm for regulation of gene expression, that the  capR  gene encodes a 
repressor that negatively regulates the expression of  cps  genes. Mutations in the 
repressor gene, it was thought, led to constitutive expression of the  cps  genes and 
initially, the available genetic data indeed supported negative control as a mecha-
nism for  cps  gene expression by the R regulator (Table  2.1 ). For example, in both 
the  lac  system and the  cps  system, regulator de fi cient cells exhibited constitutive 
expression of the regulated genes, and in both systems the wild type allele was 
dominant over the mutant allele. The similarities were compelling! However, gradu-
ally data accumulated raising concerns regarding the plausibility of negative control 
in the  cps  system (discussed below).  
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 At roughly the same time as the discovery of the mucoid phenotype, another, 
completely different phenotype was discovered. These  E. coli  mutants were found 
to be much more sensitive to ionizing irradiation than wild type cells  [  3  ] . 
Consequently, these mutants failed to recover from X-ray or UV irradiation. Close 
inspection of the irradiated mutants under a microscope revealed that they were 
much longer than normal cells and contained multiple nucleoids  [  3–  5  ] . It was found 
that these mutants were unable to form a septum during cell division, and therefore, 
increased in cell mass but could not divide. The responsible gene was termed  lon  
because of the  Lon g phenotype associated with the mutation  [  5  ] . It was apparent 
that these mutants were also mucoid  [  4,   5  ] , and genetic analysis revealed that  lon  
and  capR  were actually the same gene  [  6  ] . Thus, the  lon  mutation had a pleiotropic 
effect, as it caused two, apparently unrelated phenotypes (i.e., sensitivity to ionizing 
irradiation and the formation of mucoid colonies). This complicated the hypothesis 
of negative regulation by Lon (i.e., repression of  cps  gene synthesis), since repressor 
mutations did not cause pleiotropic effects in either the  lac  system or in other genetic 
systems that were known at that time to be regulated by repression (i.e. tryptophan 
biosynthesis and bacteriophage lambda development). Rather, they were associated 
with phenotypes that were speci fi cally related to a single metabolic or developmen-
tal pathway (e.g. lactose catabolism). Nonetheless, the pleiotropic effect of the  lon  
mutations could be reconciled with negative regulation by repression, assuming that 
 lon  encodes a global transcription regulator that affects several, apparently unrelated, 
pathways. Markovitz rationalized that if CapR is indeed a transcriptional regulator, 
it should have a DNA binding activity like the  lac  and lambda repressors  [  7  ] . 
Therefore, he puri fi ed CapR and examined its ability to bind DNA. Astonishingly, 
it was found that CapR was indeed a DNA-binding protein  [  7  ] . However, it bound 

   Table 2.1    Similarities    between the lactose and capsule-synthesis systems   

 Lactose system  Capsule synthesis system 

 Genotype  Phenotype  Genotype  Phenotype 

  lacI   +    Wild Type   R   +    Wild Type 
 Inducible  lacZ  expression  Normal colonies due to 

uninduced expression 
of capsule synthesis 
( cps ) genes 

 Repressed expression in the 
absence of an inducer 

 Inducer not identi fi ed 

  lacI   −    Constitutive  lacZ  expression 
due to lack of repression 

  R   −    Mucoid colonies due to 
constitutive 
expression of  cps  
genes 

  lacI   −  / lacI   +    W.T.   R   −  / R   +    W.T. 
  lacI   +   is dominant over  lacI   -     R   +   is dominant over  R   -   

  The constitutive expression of capsule synthesis genes in  R   −   mutants and the dominance of the 
wild type allele,  R   +  , over  R   −   mistakenly suggested, by similarity to the lactose system, that  R  is a 
repressor of capsule synthesis gene expression  
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DNA non-speci fi cally – a property that is not expected from a transcriptional regulator. 
Among all the  E. coli  proteases, Lon is the only DNA-binding protein, and today, 
more than 30 years following the discovery of this activity, the physiological rele-
vance of DNA-binding, by Lon, remains unclear. 

 Almost 10 years later, following the discoveries of the mucoid and irradiation 
sensitivity phenotypes of  lon  mutant strains, an additional phenotype of  lon   -   cells 
was identi fi ed. This discovery, came from an unexpected direction, albeit one still 
very much related to the  lac  system of  E. coli . Brenner and colleagues noticed that 
nonsense mutations in  lacZ  reduced expression of the two downstream genes in 
the  lac operon ,  lacY  and  lacA   [  8  ] . This phenomenon, termed polarity, was due to the 
indirect effect of these nonsense mutations. As a result of nonsense mutations in the 
 lacZ  open reading frame, translation of the  lacZ  mRNA is terminated prematurely, 
allowing the naked mRNA to form secondary structures that terminate the transcrip-
tion of the  lac operon  and hence expression of the  lacYA  genes. The polar effect of 
nonsense mutations in operons was thus established. Zipser and Goldschmidt then 
took Brenner’s system one step further, and instead of testing the expression level of 
 lacY  and  lacA  in the  lacZ  nonsense mutants they monitored the expression of 
 b -galactosidase. They discovered that following induction of the  lac operon  with 
IPTG, the cytoplasmic concentration of full-length wild type  b -galactosidase was 
signi fi cantly higher than the levels of the  b -galactosidase nonsense fragments, under 
similar conditions  [  9,   10  ] . Strikingly, the low cytoplasmic level of the fragments, 
was a result of their degradation  in vivo , as revealed by pulse-chase experiments 
 [  11  ] . Around this time, intracellular protein degradation was also reported in other 
systems  [  12,   13  ] . For instance, it was found that a defective mutant of the  lac  repres-
sor was rapidly degraded  [  13  ] . Similarly, proteins in puromycin-treated cells were 
unstable and rapidly degraded  [  12  ] . From these observations, it became apparent 
that aberrant proteins were removed from cells by proteolysis. But what was the 
molecular mechanism of intracellular protein degradation? Which enzymes were 
responsible for this activity? To address these questions, David Zipser sought to 
isolate mutants that were defective in the proteolysis of aberrant proteins. To this 
end, an elegant mutant selection system was developed, based on complementation 
of  b -galactosidase activity  [  14  ] . A peculiar phenomenon was discovered a few years 
earlier by Monod and colleagues in which, the enzyme activity of a  lacZ  mutant that 
carried a deletion near the 5 ¢  end of the gene, could be recovered by  in trans  expres-
sion of an N-terminal fragment of  b -galactosidase. The two  b -galactosidase frag-
ments associated, forming an active enzyme  [  15  ] . Thus, the N-terminal fragment 
was termed the  a -donor, the deletion-containing enzyme was designated the 
 a -acceptor, and the process was termed  a -complementation: A concept that is com-
monly used today for gene cloning, as the basic principle of blue-white screening 
systems in  E. coli . Since  a -donors are aberrant  b -galactosidase fragments, they are 
rapidly degraded  in vivo , and hence their cytoplasmic concentration is very low. 
Zipser and colleagues identi fi ed  a -donor and  a -acceptor pairs that do not associate 
suf fi ciently well  in vivo  to support growth on a medium containing lactose as the 
sole carbon source. They hypothesized that in proteolysis-de fi cient cells elevated 
concentrations of the  a -donor should promote association with the  a -acceptor. 
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They, therefore, looked for  E. coli  mutants that were able to grow on lactose as the 
sole carbon source. Such mutants were indeed isolated and, as expected, were defec-
tive in the degradation of nonsense  b -galactosidase fragments  [  14  ] . Accordingly, 
these mutants were designated  deg , and they all mapped to the same chromosomal 
locus  [  14  ] . Surprisingly, these mutants were mucoid, and it soon became evident 
that  deg  mutants were actually  lon  mutants and that the Deg phenotype is yet another 
phenotype of the  lon  mutation in addition to the mucoid phenotype and irradiation 
sensitivity  [  16  ] . But what was the molecular mechanism behind these phenotypes? 
A major step forward in answering this question came from a completely different 
experimental approach. 

 While studying the degradation of abnormal proteins in mammalian and bacte-
rial cells Goldberg and colleagues discovered that intracellular degradation of 
abnormal proteins was ATP dependent  [  17–  19  ] . This was an unexpected  fi nding, 
as the cleavage of a peptide bond is a “down-hill” reaction that does not require 
coupling with ATP hydrolysis. Indeed, intestinal proteases, such as trypsin and 
chymotrypsin, do not require ATP for their activity. Goldberg and colleagues 
decided to purify the ATP-dependent protease from  E. coli . They fractionated 
lysates of  E. coli  cells and assayed each fraction for degradation of  14 C-labelled 
 a -casein both in the presence and absence of ATP. Several proteases were identi fi ed 
and designated Do, Re, Mi, Fa and so on  [  20  ] . One of them, protease La, was the 
 fi rst ATP-dependent protease to be puri fi ed. Soon afterwards, Chung and Goldberg 
 [  21  ]  showed that La was the polypeptide product of the  lon  gene. Simultaneously, 
the group of Markovitz reported that the CapR DNA-binding protein – previously 
thought to be a transcriptional regulator – had ATP-dependent protease activity  [  22  ] . 
Over the years, these names – La and CapR – were abandoned and the protease was 
named Lon, after its gene.  

   The Mucoid and Irradiation-Sensitivity Phenotypes – Regulation 
Defects in  E. coli lon  Mutants 

 Following the realization that  lon  encodes an ATP-dependent protease, the molecu-
lar mechanism underlying the two known  lon  phenotypes – mucoid and irra-
diation sensitivity – were investigated. At this time, the mucoid phenotype was 
known to result from over-expression of capsule synthesis genes. It was found that 
capsule synthesis was regulated by a complex set of transcriptional regulators, one 
of which was a transcription activator, termed RcsA  [  23  ] , which was later shown to 
be a substrate of Lon  [  24  ] . Under normal growth conditions, capsule synthesis is 
repressed as a result of the rapid degradation of RcsA by Lon. Therefore, in  lon  
mutants RcsA accumulates, leading to transcriptional activation of  cps  genes and, 
as a result, the over production of capsule polysaccharides. 

 Irradiation sensitivity of  lon  mutants is caused by increased cytoplasmic concen-
tration of a different type of regulator (see below). At the time that the irradiation 
sensitivity of  lon  mutants was identi fi ed, suppressor strains of this phenotype were 
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isolated in an attempt to understand the cause of this sensitivity. These suppressor 
mutations were termed  sul  ( su pressor of  l  on )  [  25,   26  ] . One of these supressors,  sulA , 
was later found to encode an inhibitor of cell division and a substrate of Lon  [  27,   28  ] . 
Under normal growth conditions, transcription of  sulA  is tightly controlled by the 
repressor, LexA – a transcriptional repressor of a group of genes that are responsible 
for recovery from, and repair of, DNA damage  [  29  ] . Together, these genes comprise 
the SOS regulon, and their transcription is induced as a result of LexA destruction in 
response to DNA damage  [  30,   31  ] . The role of SulA is to block cell division after 
DNA damage in order to prevent inheritance of chromosomal aberrations from 
mother cells  [  27  ] . This is achieved by the interaction of SulA with FtsZ, the protein 
that comprises the Z-ring during septation  [  27,   32,   33  ] . After repair of the damaged 
DNA, transcription of SOS genes is again repressed, and degradation of SulA by Lon 
allows the resumption of cell division (Fig.  2.1 ). When  lon  mutants are irradiated, 
DNA damage results in induction of  sulA  as part of the SOS response. However, 
unlike wild type cells,  lon  mutants fail to deplete SulA from the cytoplasm following 
DNA repair and, as a consequence, are unable to resume cell division.  

steady state
DNA damage

repaired DNA

SulA degradation
by Lon

cell division inhibited

induced SulA expression

repressed SulA expression

repressed SulA expression,
but SulA concentration is still high

cell division inhibited

  Fig. 2.1     SulA proteolysis and its role in the SOS response . Under normal growth conditions, 
the cytoplasmic concentration of SulA is very low due to both repressed  sulA  expression and Lon 
degradation. Following DNA damage, however, SulA expression is induced, and its cytoplasmic 
concentration increases markedly. At high concentrations, SulA blocks cell division by binding to 
the septum-forming protein, FtsZ. After DNA repair, resumption of cell division depends on 
repressed SulA expression and on degradation by Lon. The elongated phenotype of  lon  mutants 
following ionizing irradiation results from their inability to degrade SulA       
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 Since the identi fi cation of SulA and RcsA as Lon substrates and since the 
elucidation of the regulatory defects that are responsible for the mucoid and irradia-
tion sensitivity phenotypes, many more regulatory proteins have been identi fi ed as 
substrates of Lon (and of related proteases)  [  34  ] . These proteins include transcrip-
tion regulators and enzymes that are involved in regulation of a variety of cellular 
processes, including virulence, sporulation and adaptation to stress conditions (see 
also  [  35–  37  ] ). Indeed, ATP-dependent proteolysis plays a prominent regulatory role 
in all living cells.  

   Structure and Function of Lon Proteases 

 Lon proteases are homohexameric ring-shaped complexes that are encoded by a 
single gene. Each Lon polypeptide chain contains both a protease and an AAA+ 
domain. The proteolytic active site of Lon proteases is composed of a Ser-Lys cata-
lytic dyad  [  38,   39  ] , an arrangement that differs from the Ser-His-Asp catalytic triad 
that is found in serine proteases, such as trypsin, chymotrypsin, elastase, and AAA+ 
proteases, such as ClpXP and the proteasome  [  40  ] . 

 Based on sequence homology and structural features, Lon proteases may be 
classi fi ed into two distinct types (Fig.  2.2 ). Lon A (found in most bacteria) contains 
a large N-terminal domain (~300 amino acids), an AAA+ domain, and a C-terminal 
protease domain. Lon B (found predominantly in Archaea) lacks the N-terminal 
domain, but contains a trans-membrane region that is inserted between the large and 
small AAA+ subdomains  [  41  ] . In the folded structure, the trans-membrane region 
protrudes from the apical side of the protease  [  42  ] , such that the pore region of the 
protease faces the inner side of the cell membrane. In most bacteria, FtsH (a mem-
brane-bound protease) is responsible for intracellular degradation of membrane-
bound proteins. Archaea however, lack FtsH and instead Lon B acts as their 

N-terminal domain AAA+ domain protease domain

1 309 585 784

protease domainTM

AAA+ domain

E. coli Lon (Lon A)

Archeal Lon (Lon B)

  Fig. 2.2     Domain organization of Lon proteases . Shown are the two Lon types found in bacteria 
(predominantly Lon A) and in archaea (Lon B). TM refers to the trans-membrane anchor that is 
inserted in between the large and the small AAA + subdomains of Lon B types       
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membrane-bound protease. Lon B is found also in some bacterial species; for example, 
 Bacillus subtilis ,  Pseudomonas aeruginosa  and  Thermotoga maritime  possess both 
types of Lon proteases in the cytoplasm.  

 The information on the structure and subunit stoichiometry of Lon proteases has 
accumulated gradually over the years. Initially, based on size-exclusion chromatog-
raphy, it was hypothesized that Lon forms either tetramers or pentamers  [  21  ] . Later, 
an open-ring heptameric oligomerization of the protease was proposed, based on 
cryo electron microscopy (cryo-EM) studies of mitochondrial Lon from 
 Saccharomyces cerevisiae   [  43  ] . However, non-hexameric subunit stoichiometry 
became improbable with the realization that AAA+ proteins form hexamers  [  44  ] , 
suggesting that earlier interpretations of Lon oligomerization were mistaken. 

 The  fi rst evidence that Lon exists as a hexamer came from sedimentation analy-
sis of the  Mycobacterium smegmatis  Lon A protease  [  45  ] . These studies further 
indicated that magnesium ions are necessary for hexamerization of Lon. These con-
clusions were later supported by a more recent cryo-EM study of  E. coli  Lon, clearly 
showing a magnesium-dependent hexamerization of the protease  [  46  ] . Lon hex-
amerization was also evident from the  fi rst Lon crystal structure. However, Lon is 
infamous for being recalcitrant to crystallization, speci fi cally, it becomes insoluble 
in the presence of magnesium ions at the high protein concentrations. In contrast, 
isolated domains of  E. coli  Lon could be crystallized, and the  fi rst published X-ray 
structure of Lon was of the protease domain of the  E. coli  enzyme  [  39  ] . This struc-
ture showed a ring-shaped hexamer, in which the active site (Ser679) was com-
pletely exposed. This architecture challenged the basic principle of compartmentalized 
proteolysis by AAA+ proteases. Indeed, the three-dimensional structures of related 
AAA+ proteases demonstrated that the proteolytic active sites were sequestered 
in a closed chamber  [  47,   48  ] . It was not clear, therefore, whether the observed 
architecture of the  E. coli  Lon protease domain only represented the spatial 
rearrangement of the domain in the absence of the AAA+ and N-terminal domains 
or whether it truly represented the architecture of the domain, in the context of the 
full-length protein. Nonetheless, this structure clearly demonstrated that the activity 
of Lon is based on a Ser-Lys catalytic dyad, as indicated by the proximity of Lys722 
to the active site Ser679 (mutated to Ala in the protein used for crystallisation) and 
the absence of other potential catalytic side chains. Two other protease domain 
structures, those of  Methanococcus jannaschii  and  Archaeoglobus fulgidus  (both 
Archaea), revealed similar oligomerization and domain architectures, with certain 
variations in the organisation of the active site residues  [  49,   50  ] . 

 In addition to the structure of the protease domain, structures of two subdomains 
of the  E. coli  Lon are now available. One is the small sub-domain of the AAA+ 
domain and the second is part of the N-terminal domain (residues 1–119 out of a 
total length of about 309 residues)  [  51,   52  ] . Notably, however, a solved structure of 
a full-length Lon A is still missing, thereby preventing a better understanding of 
many function-related issues. Major progress was recently achieved with the publi-
cation of two Lon structures: that of the archeal  Thermococcus onnurineus  Lon B 
( Ton  Lon; Fig.  2.3 ) and that of the bacterial  B. subtilis  Lon A  [  42,   53  ] . A structure 
was solved for most of the N-terminal domain of the  B. subtilis  Lon (discussed 
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below) and separately for a large fragment comprising the AAA+ and protease 
domains. In this structure, these domains are arranged in an open hexameric spiral, 
probably re fl ecting an artifactual arrangement in the absence of the N-domain. 
Nonetheless, this structure was a major step forward in visualizing domain orienta-
tion in Lon proteases and the formation of a closed degradation chamber. The  Ton  
Lon structure shown in Fig.  2.3  represents a full-length protease, with the exception 
of the trans-membrane hydrophobic anchor, which was removed from the protein 
used for crystallisation. The trans-membrane anchor is proposed to be joined, via two 
 fl exible linkers, to the top of the folded oligomeric protease. This arrangement allows 
the pore entrance of the protease to face the membrane, from where it captures its 

120 Å

55 Å

110 Å

Phe216
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b
Met275

active site Ser523

  Fig. 2.3     Crystal structure of an archaeal Lon protease . ( a ) Surface representations of a  side-
view  ( left ) and  top-view  ( right ) of the  Ton  Lon protease (3K1J). In the side-view representation, the 
protease domain of each monomer is shown in  dark green  or  dark yellow , and the AAA + domain 
of each monomer is shown in  light green  or  light yellow . In the  top-view  representation, ADP 
molecules are shown in  red . Pore loop residues, Phe216 ( in orange ) and Met275 ( in blue ) are also 
shown. ( b ) The degradation chamber is shown by a cut-away side view of two opposing subunits       

 



44 E. Gur

substrates.  Ton  Lon assumes a spherical shape (Fig.  2.3 ), with the proteolytic active 
sites hidden in a degradation chamber. The apical half-sphere of this degradation 
chamber is composed of the AAA+ domain, and its basal half-sphere is composed 
of the protease domain. Together, the two oligomeric domains form a closed sphere 
of ~55 Å at its widest part. A narrow pore for substrate entrance from the apical part 
is obvious, and so is an opening at the bottom of the chamber for the exit of degrada-
tion products. This structure shows, for the  fi rst time, the orientation of Lon pore 
loop residues, Phe216 and Met275 (Fig.  2.3 ). These protrude from the apical open-
ing, thus forming an axial portal that is most likely involved in substrate gating and 
processing (see  [  54  ]  for further information on pore loops of AAA+ proteases). 
Indeed, a Phe216Ala mutant of  Ton  Lon failed to degrade a protein substrate, sug-
gesting a role for Phe216 in substrate binding and translocation into the protease 
domain  [  42,   53  ] . By contrast, a Met275Ala mutant retained its proteolytic activity, 
indicating that it does not play a direct role in substrate processing. The location 
however, of Met275 at the entrance of the protease chamber may suggest a gating 
role for this residue, to prevent random protein degradation.  

 The oligomeric protease domain of  Ton  Lon is arranged in almost perfect six fold 
symmetry. In contrast, the AAA+ domain forms asymmetric hexamers, despite 
similar AAA+ conformations in each monomer. This asymmetric arrangement 
results from two alternative rotation angles of the monomeric AAA+ domain rela-
tive to the monomeric protease domain of the same polypeptide chain. The two 
conformers have different af fi nities for nucleotides, an observation that is consistent 
with a previous biochemical analysis of nucleotide binding by  E. coli  Lon  [  55  ] . 
The rotation-based asymmetry and the resulting changes in nucleotide af fi nity 
closely resemble the domain-rotation and nucleotide binding observed for ClpX 
and may re fl ect a common mechanism for substrate processing by the two AAA+ 
proteases  [  56,   57  ] . Asymmetric nucleotide transactions have also been reported 
for HslUV, based on biochemical studies  [  58  ] . In contrast, asymmetric domain 
arrangements were not observed in the crystal structure of HslUV protease  [  47  ] . 

  Ton  Lon and all other Lon B proteases lack the N-terminal domain that is found 
in Lon A types. It was found that Lon variants that carry a range of deletions in their 
N-terminal domain have lost their ability to bind substrates but retain their ATPase 
activity and can hydrolyze small peptides  [  59  ] . These observations indicated that 
the large N-terminal domains of Lon A proteases play an important role in substrate 
binding. Currently, there is no solved structure of a full-length Lon A or of an oli-
gomeric form of the N-terminal domain. There are, however, known structures for 
parts of a monomeric N-terminal domain  [  52,   53  ] . The largest segment of the 
N-terminal domain with a known structure (in its monomeric form) is that of the 
 B. subtilis  Lon A  [  53  ] . Indeed, a structure has been solved for residues 1–209 and 
246–300 out of the ~300-residue  B. subtilis  Lon N-terminal domain. In this structure, 
there are three hydrophobic patches, each a candidate for substrate binding, and 
these patches can explain the af fi nity of Lon A proteases for misfolded proteins. 
Clearly, important information regarding substrate binding to the N-terminal domain 
is still missing, and the determination of an oligomeric N-terminal domain structure 
(if not of a full-length Lon A hexamer) and mutational analysis are much in need.  
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   PinA: A Speci fi c Protein Inhibitor of the  E. coli  Lon 

 As described above, prior to the concept of ATP-dependent proteolysis and before 
the discovery of Lon, researchers noticed that nonsense fragments and, more gener-
ally, abnormal proteins were rapidly degraded in  E. coli   [  11  ] . In sharp contrast to 
this observation, it was also noticed that nonsense fragments of bacteriophage T4 
proteins were quite stable in  E. coli  following infection  [  60  ] . It was subsequently 
shown that T4 infection shuts down not only the degradation of the phage’s non-
sense fragments but also degradation of other abnormal proteins in the host cell 
 [  61  ] . The T4 gene that is responsible for the proteolysis-arrest was mapped and 
termed  pin  ( p roteolysis  in hibition). It was later found that  pin  speci fi cally inhibits 
Lon and no other ATP-dependent protease  [  62  ] , but the importance of Lon inhibi-
tion for the development of T4 bacteriophage remains unclear. 

 PinA (18,816 Da), the product of the  pin  gene, was puri fi ed and studied bio-
chemically  [  63,   64  ] . It binds Lon tightly, as indicated by a dissociation constant ( K  

D
 ) 

of ~10 nM. Following binding, PinA inhibits ATP hydrolysis by Lon. By contrast, 
it does not inhibit the peptidase activity of Lon, nor does it inhibit the ability of 
substrates or ATP binding to stimulate this activity. Therefore, PinA inhibits the 
AAA+ domain but does not prevent substrate binding. Indeed, kinetic measure-
ments of Lon degradation in the presence of increasing PinA concentrations exhib-
ited a  V  

max
  (rather than  K  

M
 ) effect. These measurements indicated that PinA does not 

compete with the substrate for Lon binding, but rather inhibits the catalytic activity 
of the protease. Currently, however, neither the PinA binding site in Lon, nor the 
PinA residues that interact with the protease are known, and at present there are no 
structural data that can shed light on this unique interaction. It will be interesting to 
learn the  fi ne details of nature’s design of an AAA+ protease inhibitor.  

   Degradation of Misfolded Proteins by Lon and Principles 
of Substrate Recognition 

 Proper folding of proteins is required for the correct functioning of all cells. 
However, a protein cannot maintain proper folding forever, and even the most stable 
proteins eventually lose their tertiary structure. The occurrence of protein misfold-
ing events is dramatically accelerated under certain conditions, such as elevated 
temperatures, unsuitable pH and exposure to oxidative reagents. Such conditions 
endanger the cell, and above a protein “misfolding” threshold, lead to its death. 
Therefore, all cells possess molecular mechanisms that promote survival under 
protein misfolding stresses. These mechanisms are collectively referred to as “protein 
quality control” and are predominantly characterized by the activity of chaperones 
and ATP-dependent proteases  [  65  ] . Various chaperones act to prevent unfolding, 
refold misfolded species, and disassemble protein aggregates. Proteases, on the 
other hand, prevent accumulation of misfolded proteins by degrading them. 
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 In bacteria and in the mitochondria of eukaryotes, Lon is the major protein quality 
control protease and, as such, is responsible for most of the ATP-dependent degra-
dation of misfolded proteins  [  34  ] . It degrades a broad range of different proteins and 
yet it maintains selectivity. Indeed, broad speci fi city and strict selectivity, two appar-
ently con fl icting qualities, are remarkably combined in bacterial proteases. How 
does Lon probe the folding state of a protein, ef fi ciently distinguishing between 
misfolded and folded species and eliminating only the misfolded ones? It appears 
that the selectivity of Lon relies on its interaction with sequences that are often 
found in the hydrophobic core of proteins but very rarely on the surface  [  66  ] . 
Consequently, most folded proteins are resistant to degradation by Lon simply 
because they do not expose Lon recognition sequences. In misfolded proteins, how-
ever, these sequences are readily available for interaction with Lon and promote 
degradation of the substrate. Characterization of Lon recognition sequences has 
shown them to be composed of short hydrophobic polypeptide stretches of about 15 
residues that contain aromatic residues  [  66  ] . In contrast, negatively charged residues 
severely hamper Lon binding. Within these constraints, much freedom is allowed, 
thereby ensuring the unusual broad speci fi city of the protease. Indeed, Lon recognition 
sequences vary dramatically in their amino acid composition. Owing to this variability, 
Lon is able to recognize a vast number of different sequences and substrates. At the 
same time, the rare occurrence of these Lon recognition sequences on the surface of 
a protein, make them ideal for recognition by a protein quality control protease.  

   Recognition of Natively Folded Substrates and Allosteric 
Activation of Lon by Its Substrates 

 In addition to misfolded proteins, Lon also degrades many natively folded regula-
tory proteins  [  38  ] . These natively folded proteins usually carry a degradation tag at 
their amino or carboxy terminus. As the ends of proteins are often accessible, pro-
teins that are tagged at their termini may be recognized by Lon in the absence of 
unfolding. The best-studied example of recognition of a regulatory protein by Lon 
is that of  E. coli  SulA. SulA carries a Lon degradation tag at its C-terminus  [  67  ] . 
The tag sequence is moderately hydrophobic and contains a histidine at the 
C-terminus and a penultimate tyrosine. These two residues play a critical role in 
Lon binding, as has been shown in site-directed mutagenesis experiments  [  68,   69  ] . 
It is evident that the SulA tag is autonomous in its ability to direct ef fi cient recogni-
tion by Lon, as a peptide that is comprised of the last 20 amino acids of SulA 
(sul20C) is ef fi ciently degraded by Lon. In addition, the attachment of these 20 
amino acids of SulA to the C-terminus of a model protein is suf fi cient to generate a 
substrate that is rapidly degraded by Lon  [  68  ] . 

 In a recent study, that compared the degradation kinetics of a model substrate 
that was tagged by either the SulA tag (sul20C) or by a degradation tag of the 
same length that was derived from  b -galactosidase ( b 20) revealed surprising rate 
differences  [  68  ] . Oddly, the sul20C tagged protein was degraded about ten-fold 



472 The    Lon AAA+ Protease

faster at substrate saturation. In other words, the  V  
max

  for the degradation of the 
sul20C-tagged substrate was dramatically higher than that of the  b 20-tagged 
substrate. This observation, suggested that the magnitude of the catalytic activity of 
Lon – whether, high or low – is determined by the degradation tag. Moreover, the 
rapid degradation of the sul20C-tagged substrate required considerably less ATP 
than degradation of the  b 20-tagged substrate. Therefore, Lon degraded the sul20C-
tagged substrate not only more rapidly but also more ef fi ciently in terms of energy 
consumption. How can the degradation tag of the substrate determine the operation 
mode of Lon? A tag-induced allosteric transition model provided the answer to this 
question. According to this model, which is based on the Monod-Wyman-Changeux 
(MWC) model for enzyme allostery  [  70  ] , Lon can adopt three inter-convertible 
conformations that exist in equilibrium (Fig.  2.4 ). One conformation, Lon OFF , 
can neither bind substrates nor hydrolyze ATP. The second conformation, Lon ON , 
is proteolytically inactive but hydrolyzes ATP at a high rate. The third conformation, 

sul20C

LonOFF (unable to bind substrates or to hydrolyze ATP)

(High ATPase activity, unable to degrade substrates

(Low ATPase activity, high protease activity)

LonON

LonDEG

β20

no
substrate

  Fig. 2.4     An allostery-based model for Lon stimulation by its substrates . The model is based 
on three alternative Lon conformations that exist in equilibrium. The sul20C tag shifts the equilib-
rium to the Lon DEG  conformation, resulting in rapid and ef fi cient degradation of the bound sub-
strates. The  b 20 tag shifts the equilibrium to the Lon ON  conformation, simulating a high rate of 
ATP hydrolysis but not degradation. Lon OFF  dominates in the absence of substrate       
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Lon DEG , is an active protease that has a low rate of ATP hydrolysis. In the absence of 
a substrate, the dominating conformation is Lon OFF , and the low rate of ATP hydro-
lysis by Lon  [  66,   68  ]  results from the low abundance of Lon ON  and Lon DEG . In the 
presence of a substrate, either Lon ON  or Lon DEG  predominate. Importantly, the model 
postulates that  sul20C -type tags bind preferentially to the Lon DEG  conformation, 
whereas   b 20 -type tags bind preferentially to the Lon ON  conformation. Consequently, 
substrates that carry  sul20C -type tags shift the equilibrium in favour of the Lon DEG  
conformation, leading to their rapid degradation. In contrast, substrates that carry 
  b 20 -type tags shift the equilibrium in favour of the Lon ON  conformation, and the 
slow degradation rate observed for these substrates is due to the low abundance of 
substrate-bound enzymes in the Lon DEG  conformation. In accordance with biochem-
ical data, the allostery-based model postulates at least two substrate-binding sites in 
Lon. As a result, cooperative binding becomes an intrinsic property of the model, 
as proposed by the MWC model. Indeed, cooperativity in substrate binding is a 
hallmark of Lon degradation kinetics  [  55,   66,   68  ] . Currently, there are no adequate 
structural data to support this allostery-based model. Support for this model would 
require a comparison between a full-length Lon A structure and substrate-bound 
protease structures, but to date neither has been determined.  

 Is there a physiological rationale to the alternative activity modes of Lon 
degradation? In some instances, it is easy to comprehend how adjustment of the 
degradation rate can contribute to physiological needs, as in the case of SulA 
degradation. As described earlier in this chapter, SulA is an inhibitor of cell division 
whose expression is induced in response to DNA damage as part of the SOS 
response. After the repair of DNA damage, resumption of cell cycle depends on 
SulA degradation by Lon (Fig.  2.1 ). The faster SulA is degraded after DNA repair, 
the faster the bacteria can resume normal growth. It therefore makes sense that the 
SulA degradation tag induces Lon to act in a rapid degradation mode. Are there, 
however, cases in which slow degradation is preferred? This is not clear, but one can 
speculate that in the case of degradation of misfolded proteins, the cell can bene fi t 
if Lon does not automatically degrade the substrate, as “binding and release” with-
out degradation may give the misfolded protein a second chance to fold correctly. 
Since protein refolding is much more cost-effective to the cell, in terms of energy 
consumption, than degradation and re-synthesis, it is tempting to speculate that 
Lon can act  in vivo  not only as a protease, but also as a chaperone. Evidence for 
such as activity is, however, still eagerly awaited.      
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  Abstract   FtsH, a member of the AAA (ATPases associated with a variety of 
cellular activities) family of proteins, is an ATP-dependent protease of ~71 kDa 
anchored to the inner membrane. It plays crucial roles in a variety of cellular pro-
cesses. It is responsible for the degradation of both membrane and cytoplasmic 
substrate proteins. Substrate proteins are unfolded and translocated through the cen-
tral pore of the ATPase domain into the proteolytic chamber, where the polypeptide 
chains are processively degraded into short peptides. FtsH is not only involved in 
the proteolytic elimination of unnecessary proteins, but also in the proteolytic regu-
lation of a number of cellular functions. Its role in proteolytic regulation is achieved 
by one of two approaches, either the cellular levels of a regulatory protein are con-
trolled by processive degradation of the entire protein, or the activity of a particular 
substrate protein is modi fi ed by processing. In the latter case, protein processing 
requires the presence of a stable domain within the substrate. Since FtsH does not 
have a robust unfolding activity, this stable domain is suf fi cient to abort processive 
degradation of the protein – resulting in release of a stable protein fragment.  

  Keywords   FtsH  •  Processive degradation  •  Protein processing  •  Protein quality 
control  •  Regulation of lipid synthesis      
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   Introduction 

 FtsH is an evolutionarily conserved protein that is present in all bacterial cells. 
It consists of transmembrane segment 1 (TM1), periplasmic domain, TM2, cytoplas-
mic ATPase and protease domains in this order from the N-terminus  [  1–  6  ] . FtsH is a 
zinc-binding metalloprotease, which forms a homohexameric ring-shaped structure. 
It can degrade unstructured model substrates as well as structurally unstable sub-
strate proteins, which can be easily unfolded. Unfolded polypeptide chains are trans-
located through the central pore of the ATPase domain into the proteolytic chamber. 
Proteolysis by FtsH is processive and most degradation products are short peptides 
of several to 20 amino acid residues in length  [  7  ] . In some cases, however, larger 
functional products containing at least one stable domain are released from FtsH as 
a result of incomplete processive proteolysis. This type of protein processing depends 
on domain stability and not sequence speci fi city. Eukaryotic homologs of FtsH have 
been identi fi ed in mitochondria and chloroplasts  [  8–  11  ] . In mitochondria, there are 
two types of FtsH homologs, commonly referred to as  i -AAA and  m -AAA proteases 
depending on their topology in the mitochondrial inner membrane. Dysfunction of 
these proteins in humans has been related to a variety of diseases. In this chapter, 
however, we will mainly overview the cellular functions controlled by  Escherichia 
coli  FtsH (Fig.  3.1 ) and its regulatory mechanisms, and only brie fl y discuss some of 
the recent advances of other bacterial or mitochondrial homologs of FtsH.   

Lytic/lysogenic 
decision of λ

Degradation of 
misassembled
membrane proteins

Degradation of 
SsrA-tagged proteins

Regulation of 
stress response

Protein 
processing

Regulation of 
lipid synthesis

Biofilm formation

FtsH

  Fig. 3.1     Various cellular functions regulated by FtsH protease.  FtsH, a membrane-bound 
AAA protease, is responsible for regulation of various cellular functions in  E. coli . FtsH acts on 
both membrane and cytoplasmic substrate proteins. FtsH functions not only in the proteolytic 
elimination of unnecessary proteins but also controls the cellular levels of several regulatory proteins 
and the processing of speci fi c substrate proteins (For further details refer to the main text)       
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   Quality Control of Cytoplasmic Proteins 

   Regulation of the Heat Shock Response 

 Under normal cellular conditions, the heat shock transcriptional factor  s  32  (which 
binds to the promoter region of heat shock genes) is rapidly degraded by FtsH. 
Upon shift to stress conditions, such as a temperature upshift, the cellular levels of 
 s  32  increase ~15–20 fold in  E. coli . This rapid increase in the cellular levels of  s  32 , 
leads to an induction of stress response proteins, which is important for cell survival 
under these conditions. This increase in the level of  s  32  is transient, which ensures 
the rapid and transient induction of stress response proteins. Sigma32 accumulates 
in  ftsH  mutant strains. The  ftsH  gene has been found to encode an inner-membrane 
anchored ATP-dependent AAA-type protease, which contributes to the ef fi cient 
degradation of  s  32   [  12,   13  ] . Although the soluble cytoplasmic ATP-dependent pro-
teases such as ClpAP, ClpXP and HslUV contribute to the degradation of  s  32 , to 
some extent, the membrane-anchored FtsH recognizes and degrades  s  32  preferen-
tially. Currently, the precise amino acid sequence of  s  32  responsible for recognition 
and degradation by FtsH has not yet been de fi ned, however substitution of amino 
acid residues in region 2.1 and region C of  s  32  affects FtsH-dependent stability of 
 s  32  in the cell  [  14–  16  ] . Since FtsH rapidly degrades destabilized  s  32   in vitro , FtsH 
may only act on unstructured  s  32 . Interestingly, to date, the ef fi cient  in vivo  degrada-
tion of  s  32  has not been reconstituted  in vitro  using puri fi ed FtsH. As such, it has 
been suggested that DnaK/DnaJ (DnaK/J) contributes to the stability of  s  32   in vivo . 
Careful  in vitro  analysis has revealed that DnaJ binding to region 2.1 of  s  32  destabi-
lizes a distant region in close vicinity of the DnaK-binding site, and that DnaK 
destabilizes a region in the N-terminal domain  [  17  ] . If DnaK/J-induced destabiliza-
tion of the N-terminal domain might facilitate degradation of  s  32  by FtsH, it would 
be consistent with the fact that FtsH degrades  s  32  from the N terminus to the C ter-
minus  [  18  ] . So far, however, a DnaK/J-mediated stimulation of  s  32  degradation by 
FtsH  in vitro  has not been reported. Indeed, the cooperative regulation of the FtsH 
activity by DnaK/J may be more complicated. A novel  in vitro  assay system, con-
taining additional factors/components, needs to be developed to reveal the regula-
tory mechanism of FtsH-mediated degradation of  s  32  by DnaK/J. It should also be 
noted that the transcriptional activity of  s  32  is inhibited by binding of DnaK/J.  

   Degradation of SsrA-Tagged Proteins 

 SsrA RNA, also called tmRNA, is a specialized RNA that has properties of both a 
tRNA and an mRNA. When an mRNA lacks a stop codon, protein translation on the 
ribosome stalls, resulting in the production of an incompletely synthesized polypep-
tide. A short polypeptide “SsrA tag” is cotranslationally added to the C-terminus of 
the incomplete polypeptide in a reaction that is mediated by ribosome-bound SsrA 
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RNA. ATP-dependent proteases recognize and degrade these SsrA-tagged proteins 
to prevent accumulation of toxic incomplete polypeptides  [  18,   19  ] . The SsrA tag is 
attached to about 0.5% of newly synthesized polypeptides  in vivo . Greater than 90% 
of SsrA-tagged polypeptides are digested by ClpXP protease  [  20  ]  (for a recent 
review see  [  21  ] ). The remaining 10% of the tagged polypeptides are removed 
from cells by ClpAP, Lon and FtsH. Therefore, FtsH partially but signi fi cantly 
contributes to degradation of SsrA-tagged polypeptides  [  22  ] .   

   Quality Control of Membrane Proteins 

 FtsH is responsible for quality control of the inner-membrane environment. FtsH 
degrades membrane proteins, in an ATP-dependent manner, when they fail to form 
functional membrane protein complexes. For example, FtsH recognizes and deg-
rades unassembled SecY, an integral membrane subunit of the protein translocation 
machinery (Sec translocase) in the inner membrane, and unassembled F o  subunit 
 a , a membrane subunit of the ATP synthase  [  23,   24  ] . Similarly, when the Sec trans-
locase becomes blocked with an inef fi ciently exported protein, the “jammed” SecY 
is degraded by FtsH  [  25  ] . The integral membrane protein YccA is also a pro teolytic 
substrate of FtsH. Interestingly, YccA also modulates the FtsH-mediated degradation 
of membrane proteins. For example, YccA inhibits the FtsH-mediated degradation 
of blocked SecY. Nevertheless, the molecular mechanisms for the recognition of 
jammed SecY by FtsH and the inhibition of FtsH-mediated degradation by YccA 
remain elusive. 

 It has been proposed that FtsH cleaves polypeptide chains of substrate membrane 
proteins by extracting them from the inner membrane, releasing substrate-derived 
short peptides into the cytoplasm. To initiate degradation of membrane proteins, 
FtsH recognizes either N- or C-terminal cytoplasmic segments of a suf fi cient length 
(20 amino acid residues or more)  [  26,   27  ] . FtsH-mediated degradation of membrane 
proteins is processive, starting from one terminus, dislocating their transmembrane 
helices and periplasmic regions into the cytoplasmic side of the membrane, where 
the peptidase active site of FtsH is located. At present, the precise mechanism of this 
dislocation by FtsH has not been elucidated. Degradation by FtsH stops, when FtsH 
encounters the structurally stable domain  [  28  ] . Undigested fragments containing 
stable domains accumulate in the inner membrane  [  26  ] . 

 It is conceivable that FtsH works cooperatively with an ATP-independent protease 
HtpX to remove substrate membrane proteins from the inner membrane  [  29  ] . HtpX 
is anchored to the inner membrane by the N-terminal transmembrane segment with 
overall topology similar to FtsH. The metal-binding protease active site of HtpX faces 
the cytoplasm. Although the physiological substrates of HtpX have not been iden ti  fi ed 
yet, HtpX catalyzes the cleavage of casein and SecY polypeptide chains  in vitro  as 
well as the cleavage of  overproduced SecY  in vivo . HtpX is also responsible for endo-
proteolytic cleavage within cytoplasmic regions of membrane proteins. A plausible 
scenario for the collaboration of FtsH and HtpX is that HtpX cleaves the cytoplasmic 
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loops of substrate membrane proteins, generating a new cytoplasmic tail, which can 
be recognized by FtsH, resulting in the FtsH-mediated dislocation and degradation 
of the rest of the polypeptide chain  [  30  ] .  

   Regulation of Lipid Synthesis 

 The composition and amount of lipid in the cell membrane is important for normal 
function. The balance of lipid composition in both inner and outer membranes of 
 E. coli  is tightly regulated. Since the biosynthesis of both phospholipids (PL) and 
lipopolysaccharides (LPS) are multistep pathways, which involve many different 
enzymes, the precise regulation (of amount and/or activity) of the enzymes that 
catalyze the committed steps in the pathway are critical for maintaining proper 
lipid composition. The cellular level of two key enzymes in biosynthesis of LPS is 
controlled by FtsH-mediated degradation. Loss of FtsH causes serious defects in the 
membrane function of  E. coli  and leads to cell death. The role of FtsH in the cell is 
not only restricted to proteolytic elimination of unnecessary proteins, but also to 
 fi ne-tuning the cellular level of several critical proteins. Interestingly, the mito-
chondrial homolog of FtsH, Yme1, also participates in the regulation of lipid com-
position in the inner membrane of mitochondria as described below. 

   Synthesis of Lipid Molecules in  E. coli  

  E. coli  membranes are composed of two types of lipid molecules; PL and LPS. Both of 
which are synthesized by different pathways, and supplied to the membranes. The 
synthetic pathways and enzymes involved in lipid synthesis in  E. coli  are summarized 
in Fig.  3.2 . For a detailed description of the biosynthesis of lipid molecules in  E. coli , 
please refer to the following excellent reviews  [  31,   32  ] . The acyl donor,  R -3-
hydroxymyristoyl-ACP is an important branch point in the biosynthesis of both lipid 
molecules. In the synthesis of PL,  R -3-hydroxymyristoyl-ACP is dehydrated by FabZ 
( R -3-hydroxy-acyl-ACP dehydrase), followed by elongation of short carbon units to 
produce long chain acyl-ACP species. Acyl-ACP is then transferred to lysophospha-
tidic acid (LPA) by either PlsX or PlsB, to produce phosphatidic acid (PA). Various 
types of PL are then synthesized from PA. In the synthesis of LPS,  R -3-hydroxymyristoyl-
ACP is attached to UDP-N-acetylglucosamine (UDP-GlcNAc) by LpxA to produce 
UDP-3-hydroxymyristoyl-GlcNAc. This reaction is the slowest step in LPS synthesis 
and the product of this reaction tends to return to the reactants. Therefore the next step 
in LPS synthesis, catalyzed by LpxC, is the rate-determining process  [  33  ] . Stimulation 
of LPS, but not PL, biosynthesis can exhaust the supply of the common intermediate, 
 R -3-hydroxymyristoyl-ACP, causing an imbalance in biosynthesis of lipid molecules 
which prevents normal growth of  E. coli . Therefore, for the correct maintenance of 
the PL:LPS ratios in the cell membrane, it is critical for the cell to balance the use of 
 R -3-hydroxymyristoyl-ACP appropriately in both pathways.   
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   Discovery of the Connection of FtsH to Lipid Synthesis 

  ftsH  is an essential gene in  E. coli . In the mid-1970s a thermosensitive mutant  E. coli  
strain ( ftsH1 ) was isolated  [  34  ] . Although this mutant strain was originally isolated 
as a cell division mutant, it was later (in the early 1990s) demonstrated to carry two 
mutations;  ftsH1  – responsible for lethality at high temperature and  ftsI372  – respon-
sible for the cell division phenotype  [  35  ] . However, it wasn’t until 1999, that the 
molecular basis of the lethal phenotype of the  ftsH1 (ts) mutation was clari fi ed. The 
key  fi nding to demonstrate the essential nature of the  ftsH  gene was the identi fi cation 
of a suppressor gene in another  ftsH  mutant,  tolZ21 . This mutant was isolated as a 
colicin tolerant strain, and it was found that  tolZ  was identical to  ftsH   [  36  ] . The 
 tolZ21  mutation (H421Y) was located in a critical residue in the zinc-binding motif 
of FtsH essential for the metalloprotease activity, and thus it was expected that the 
mutant FtsH had no proteolytic activity. However, as the  tolZ21  mutant was viable, it 
suggests that, either the protease activity of FtsH is not required or that the  tolZ21  
mutant carries a suppressor mutation. Precise genetic analysis revealed the presence 
of a suppressor mutation, and it was found that the suppressor mutation was an allele 
of  fabZ   [  37  ] . Consistently, abnormal membrane structures accumulated in the 
periplasmic space of the  ftsH1  mutant at the non-permissive temperature. Biochemical 
analysis also showed an increase in the amount of LPS at non-permissive tempera-
ture  [  37  ] . Collectively, these data indicate that dysfunction of the FtsH protease 
causes alterations in lipid synthesis. Studies on two distinct  ftsH  mutant strains led to 
the discovery of a novel role of FtsH in the regulation of lipid synthesis.  

   Regulation of LpxC Levels by FtsH Protease 

 LpxC is a cytoplasmic enzyme responsible for catalyzing the committed step in 
LPS synthesis. It is composed of 205 amino acid residues and has a molecular 
mass of 33.9 kDa. A segment of the C-terminal sequence of LpxC (~20 amino acid 
residues) is required for degradation by FtsH  [  38,   39  ] . The C-terminus of LpxC, 
which resembles the SsrA tag, is rich in non-polar residues and mutation of which 
have been shown to stabilize LpxC  [  39  ] . Interestingly, although FtsH preferentially 
degrades LpxC, and hence regulates the amount of LpxC in enterobacteria  [  37  ] , the 
FtsH-mediated degradation of LpxC is not conserved across all Gram-negative 
bacteria  [  40  ] . Accumulation of LpxC stimulates LPS biosynthesis, leading to a 
lethal imbalance in the PL:LPS ratio. Excess amounts of LPS in the cell result in 
the formation of abnormal membrane structures in the periplasmic space. The sup-
pressor mutation  sfhC21  identi fi ed in the  tolZ21  mutant was shown to contain a 
point mutation in  fabZ . This point mutation stimulates the activity of FabZ and 
compensates for the accumulation of LpxC, preventing the overproduction of LPS 
using  R -3-hydroxymyristoyl-ACP for PL synthesis instead of LPS synthesis. 
Similarly, repression of LpxA or LpxD (two enzymes involved in LPS synthesis 
pathway, found before or after LpxC, in the pathway) also suppress the lethality 
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of  ftsH1 . Indeed, to date, all identi fi ed suppressor mutations of  ftsH1  repress 
LPS synthesis. 

 Here an interesting question arises. Does the  sfhC21  mutation alone cause any 
defects in cell growth? Although it is reasonable to assume that the  sfhC21  mutation 
in  fabZ  causes an acceleration of PL synthesis and hence an increase in the PL:LPS 
ratio, this is not the case. In fact the  sfhC21  mutation in FabZ stabilizes LpxC, inde-
pendent of the presence or absence of FtsH, and in fact the normal ration of PL and 
LPS is maintained in the strain that only carries the  sfhC21  mutation. Moreover, the 
stabilization of LpxC by the  sfhC21  mutation is substrate-speci fi c, as the FtsH-
mediated degradation of  s  32  is not affected. The molecular mechanism, however, of 
this substrate-speci fi c inhibition of FtsH-mediated degradation remains to be eluci-
dated. Perhaps, alterations in acyl-ACP pools might modulate FtsH activity in a 
substrate-speci fi c manner.  

   Degradation of KdtA 

 FtsH also regulates a late step in the LPS biosynthesis, the transfer of two 3-deoxy-
D-manno-octulosonate (KDO) residues to lipid IV 

A
 , which is catalyzed by KDO 

transferase (KdtA). KdtA is the sole enzyme that catalyzes transfer of two KDOs to 
lipid IV 

A
  and hence is an essential glycosyltransferase in oligosaccharide biosynthe-

sis  [  31  ] . KdtA is an inner-membrane protein, which is tethered to the membrane 
through an N-terminal transmembrane segment and its catalytic residues are pre-
sumed to face the cytoplasm. The  in vivo  half-life of KdtA is very short (~10 min) 
and the protease primarily responsible for its rapid degradation is FtsH  [  41  ] . The 
site or domain in KdtA to be recognized by FtsH has not been identi fi ed. As describe 
above, FtsH regulates the biosynthesis of LPS by controlling the amount of LpxC 
in the cell. Taken together, membrane-anchored FtsH protease plays important 
roles in the lipid biosynthesis by regulating the amount of two critical enzymes 
involved in the biosynthesis pathway of LPS.  

   Regulation of Lipid Composition in Mitochondria 

 As brie fl y mentioned above, homologs of FtsH are also found in the chloroplast 
and mitochondrion of eukaryotic cells. In mitochondria, there are two different 
FtsH-like proteases; referred to as  m -AAA and  i -AAA. In yeast,  i -AAA is a 
homohexamer of Yme1 while  m -AAA is a heterohexamer composed of two dif-
ferent proteins (Yta10 and Yta12). In contrast, humans contain a single  i -AAA 
homohexamer (composed of YME1L) and two different  m -AAA proteases 
(a homohexamer of AFG3L2 and a hetero-oligomer composed of AFG3L2 and 
paraplegin). All mitochondrial FtsH-like proteases are located in the inner 
membrane,  i -AAA has one transmembrane segment near the N-terminus and its 
proteolytic active site is exposed to the intermembrane space, whereas  m -AAA 
protease contains two transmembrane segments and its active site faces the 
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matrix. Both  i -AAA and  m -AAA proteases are responsible for the proteolytic 
elimination of misfolded membrane proteins and protein processing in mito-
chondria. Dysfunction of  m -AAA proteases in mitochondria causes neurodegen-
erative diseases  [  10,   42  ] . 

 Although mitochondria have their own system for PL synthesis, several PLs, 
which constitute the inner and outer membranes of mitochondria, are supplied from 
the endoplasmic reticulum, as precursors. Cardiolipin (CL) and phosphatidyletha-
nolamine (PE) are synthesized at the inner membrane, from phosphatidic acid and 
phosphatidylserine, respectively, and then transferred to the outer membrane through 
the intermembrane space. Homeostasis of CL and PE is regulated by two intermem-
brane space proteins, Ups1 and Ups2, respectively  [  43  ] . Although it is not yet clear 
how Ups1 and Ups2 regulate the concentration of CL and PE in the membrane  [  44  ] . 
Importantly, the level of Ups1 and Ups2 in the intermembrane space is regulated by 
rapid degradation by  i -AAA protease  [  44  ] . Consistent with this, both Ups1 and 
Ups2 accumulate in mitochondria from the yeast  yme1  deletion strain. Overexpression 
of either Ups1 or Ups2 causes alterations in mitochondrial lipid composition, which 
leads to mitochondrial dysfunction  [  45  ] . Interestingly, the  i -AAA-mediated degra-
dation of Ups1 and Ups2 can be inhibited by binding of Mdm35 (a member of the 
twin Cx 

9
 C protein family)  [  46  ] .   

   Processing of Substrate Proteins 

 FtsH, in comparison to other AAA +  proteases such as ClpXP, ClpAP, and HslUV 
has been demonstrated to have a “weak” unfolding activity  [  47,   48  ] . This distin-
guishing feature of FtsH plays an important role in its various  in vivo  functions. 
Although proteolysis by FtsH is processive, it is also abortive when FtsH encounters 
a tightly folded domain. Release of the stable polypeptide fragment, generated from 
abortive digestion by FtsH (and its homologs), is referred to as ‘protein processing’ 
and plays an important regulatory role in a number of cellular functions. In this 
section, ‘protein processing’ by FtsH and its homologs is summarised. 

   Processing of Colicins 

 Colicins are protein antibiotics that are released into the medium from  E. coli  cells 
carrying  colicin  genes, which kills other  E. coli  cells. Colicins released into the 
medium bind to receptors (BtuB, OmpF, FepA, etc.) on the outer membrane of 
 E. coli , and are translocated, in cooperation with Tol and Ton translocators located 
in the inner membrane, into the periplasm. Then, colicins are imported into the 
cytoplasm, although the machineries for the translocation of colicins from the 
periplasm to the cytoplasm are not yet understood  [  49,   50  ] . Nuclease-type colicins 
must be imported into the cytoplasm of the target  E. coli  cell, where they disrupt 
DNA, tRNA and rRNA. 
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 The  tolZ  mutant is tolerant to colicins E2, E3 and D. All of these colicins are 
nucleases, which, when translocated to the cytoplasm, act on either DNA (colicin 
E2), rRNA (colicin E3), or tRNA (colicin D). The  tolZ21  mutation, as mentioned 
previously, has been identi fi ed as a point mutation (H421Y) in the  ftsH  gene, which 
inactivates FtsH function  [  36  ] . Detailed analysis indicated that nuclease colicin tox-
icity is dependent on functional FtsH  [  51  ] . It has been shown that colicins D and E3, 
which are translocated by different machineries (BtuB/Tol and FepA/TonB, respec-
tively), are processed by FtsH during their import into the cytoplasm  [  52  ] . Premature 
colicin D (75 kDa) is processed in an FtsH-dependent manner to yield a 12.4 kDa 
fragment containing the tRNase domain  [  52  ] . Production of the processed form of 
colicin E3 (15 kDa) was also found to be FtsH-dependent. Details of the processing 
of colicins by FtsH remain elusive  [  52  ] . Since FtsH leaves tightly folded domains of 
substrate proteins undegraded, it is possible that the processed form of colicin may 
result from abortive degradation by FtsH (see later).  

   Self-Processing of FtsH 

 The C-terminal seven amino acid residues of FtsH are removed auto-catalytically in 
a process that is, not only growth-phase dependent but also affected by mutations in 
 h fl KC   [  53  ] . Although the molecular mechanism of FtsH self-processing has not 
been elucidated, the processing site has been precisely determined. There is a clear 
preference for speci fi c amino acid residues at the cleavage site. This is the sole 
example of FtsH-mediated site-speci fi c cleavage. However, the biological 
signi fi cance of the self-processing of FtsH is unclear, since both the processed and 
full-length forms of FtsH are functionally indistinguishable. Although the self-pro-
cessing of FtsH appears site-speci fi c, the cleavage site may be determined by the 
combination of sequence preference and stability of the domain preceding the pro-
cessing site. An example of the position-speci fi c processing, whose cleavage site is 
simply determined by domain stability, has been reported for a mitochondrial FtsH 
homolog,  m -AAA protease, and is discussed below (for a recent review see  [  54  ] ). 
Such a possibility should be investigated for the self-processing of FtsH.  

   Molecular Mechanism of Substrate Processing 

 When FtsH encounters a stable domain within a substrate protein, processive 
degradation of polypeptide chain by FtsH is aborted, and the stable domain that 
cannot be unfolded for threading through the narrow pore of the FtsH ring, is 
released. SecY is an integral membrane protein, which contains ten transmembrane 
segments with both the N- and C-termini facing the cytoplasm. To better understand 
how FtsH processes integral membrane proteins, a number of SecY fusion proteins 
were generated. In one case, the eighth transmembrane helix (TM8) together with the 
following cytoplasmic region (30 amino acid residues) was fused to the C-terminal 
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end of a periplasmic enzyme; alkaline phosphatase A (PhoA) to produce a model 
protein, PhoA-TM8-C 

30
 . Although the reduced form of PhoA-TM8-C 

30
  (lacking 

disul fi de bonds in the PhoA domain) was completely degraded by FtsH, the oxi-
dized form of PhoA-TM8-C 

30
  (stabilized by disul fi de bonds in the PhoA domain) 

was incompletely degraded and the stable PhoA domain fragment was released 
 [  26  ] . Collectively these data indicate that FtsH can initiate processive proteolysis 
from the C-terminus of the model substrate (PhoA-TM8-C 

30
 ), but cannot dislocate 

a stably folded domain (PhoA) from the periplasm to the cytoplasm. 
 Flavodoxin is a small  fl avin mononucleotide-containing protein, which plays an 

essential role in electron transfer pathways. Apo- fl avodoxin, but not holo- fl avodoxin, 
is degraded by FtsH  in vitro . Interestingly, when apo- fl avodoxin was attached to 
glutathione  S -transferase (GST) or green  fl uorescent protein (GFP) such that FtsH 
can initiate processive proteolysis from the apo- fl avodoxin moiety of the different 
model fusion substrates, FtsH was able to unfold and degrade the attached GST, but 
not the attached GFP. These data suggest that FtsH cannot unfold or degrade the 
thermally stable GFP, while it can unfold and degrade, to some extent, the GST 
moiety  [  55  ] . Therefore, the susceptibility of a domain to degradation by FtsH 
depends on thermal stability of that domain  [  56  ] . Interruption of processive prote-
olysis by a stably folded domain shown for these model substrates may be the 
molecular mechanism for FtsH-mediated processing of substrate proteins such as 
colicins and FtsH itself.  

   Processing of Substrate Proteins by Mitochondrial FtsH Homologs 

 The mitochondrial  m -AAA and  i -AAA proteases, participate in processing of several 
mitochondrial regulatory proteins by limited proteolysis as well as general quality 
control of mitochondrial proteins by complete digestion of damaged proteins  [  57,   58  ] . 
Yeast  m- AAA protease is responsible for the processing of MrpL32, a component of 
the mitochondrial ribosome. MrpL32 is synthesized as a precursor in the cytoplasm, 
imported to the mitochondrial matrix, and processed to its mature form before it is 
assembled into mitochondrial ribosomes. The  m -AAA protease cleaves the protein 
between the 71st and 72nd residue of the MrpL32 precursor to produce the mature 
form. Careful analysis demonstrated that processing of MrpL32 by the  m -AAA pro-
tease depends on the folding of MrpL32 rather than on the speci fi c recognition of the 
cleavage site  [  59  ] . The  m -AAA protease initiates proteolysis from the N-terminus of 
MrpL32, which is halted by a tightly folded domain. Mammalian  m -AAA proteases 
can also act as processing enzymes  in vivo   [  60  ] . In murine mitochondria, the reper-
toire of  m -AAA proteases is further expanded by the presence of an additional FtsH 
homolog AFG3L1 which forms various other hetero-oligomeric  m -AAA complexes. 
The mitochondrial processing peptidase MPP generates an intermediate form of 
AFG3L2. This intermediate form is matured autocatalytically. AFG3L1 or AFG3L2 
is also required for maturation of imported paraplegin after its cleavage by MPP. It 
is of great interest that mutations in different protease subunits are associated with 
distinct neuronal disorders in human; mutations in AFG3L2 are associated with 
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spinocerebellar ataxia type 28 and spastic ataxia-neuropathy  [  41,   61  ] , and those in 
paraplegin are associated with hereditary spastic paraplegia  [  62  ] , respectively. 

 Mitochondrial  m -AAA protease is also responsible for maturation of cytochrome 
 c  peroxidase (Ccp1) by rhomboid protease Pcp1  [  63  ] . Premature Ccp1 is synthesized 
in the cytoplasm, translocated, and inserted into the inner membrane of mitochondria. 
The  m -AAA protease mediates dislocation of the hydrophobic segment from the 
membrane in an ATP-dependent manner, making the processing site accessible for 
the rhomboid protease Pcp1. It should be noted that the maturation of Ccp1 depends 
only on the ATPase but not the proteolytic activity of the  m -AAA protease. 

 Moreover, it has been shown that both  m -AAA and  i -AAA proteases are linked 
to the processing of the dynamin-like GTPase OPA1, a component of the mitochon-
drial fusion machinery  [  64,   65  ] . However, it is uncertain whether they act as pro-
cessing enzymes or just assist processing by other proteases.   

   Bio fi lm Formation 

 Bio fi lm is an aggregate of microorganisms, in which cells stick to the surface of 
substrates and organisms. Development of the bio fi lm ‘state’ depends on the envi-
ronments surrounding the bacteria, and is thought to be regulated by expression of 
multiple genes and operons  [  66,   67  ] . Because secretions, containing extracellular 
polysaccharide, wrap the aggregate of microorganisms, the microorganisms within 
the bio fi lm acquire physical strength and resistance to chemicals. Understanding the 
details of the bio fi lm ‘life cycle’ is important to develop procedures to control 
bio fi lm formation, which will be useful in medicine and food industry. At present, 
however, the precise processes that regulate the formation of bio fi lms are still 
unclear. Recently, the membrane anchored FtsH protease was implicated in the for-
mation of bio fi lms. It was shown that a  D  ftsH  mutant of  Lactobacillus plantarum  
had a reduced capacity to form bio fi lms on abiotic surfaces  [  68  ] . Quantitative 
reverse transcription polymerase chain reaction (RT-PCR) studies revealed that 
expression of  ftsH  was upregulated during accretion of  Porphyromonas gingivalis  
in heterotypic bio fi lms with  Streptococcus gordonii . Contrary to the studies with 
 L. plantarum , the  D  ftsH  mutant of  P. gingivalis  formed more abundant bio fi lms with 
 S. gordonii   [  69  ] . Taken together, it seems reasonable to assume that FtsH is involved 
in the bio fi lm formation in a variety of microorganisms. Yet, the roles of FtsH in the 
regulation of bio fi lm formation largely remain elusive.  

   Regulatory Proteins of FtsH 

 Following infection of an  E. coli  cell by a  l  phage, the phage either enters the lytic 
or the lysogenic pathway. This choice is dependent on the physiological condition 
of the host cell and the decision is controlled by several key proteins encoded by the  l  
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genome. For example, the amount of the transcription factor CII plays a crucial role 
in deciding which pathway to take. The cellular level of CII is primarily controlled 
by FtsH  [  70  ] . Indeed the degradation of CII by FtsH is very rapid (half-life ~2 min) 
under normal conditions, leading to the lytic pathway. However, under certain con-
ditions, the degradation of CII by FtsH is inhibited, and CII accumulates in the cell, 
favouring the lysogenic pathway. The other key  l  phage protein is  l CIII, as it has 
been identi fi ed as an inhibitor of FtsH-mediated  l CII degradation  [  71,   72  ] . This is 
because  l CIII competes with  l CII for binding to FtsH and is very slowly degraded 
by FtsH, CII is stabilized in the presence of CIII. 

 The proteolytic activity of FtsH is also modulated by two inner membrane 
proteins; H fl K and H fl C, which are homologs of the eukaryotic prohibitins. Both 
proteins have transmembrane segments near their N-termini and large periplasmic 
domains. Together they form a stable complex (H fl KC). The H fl KC complex binds 
to FtsH to form the FtsH holoenzyme, an exceptionally large complex (~1,000 kDa) 
with a proposed  in vivo  composition of FtsH 

6
 •H fl K 

6
 •H fl C 

6
   [  73  ] . Binding of H fl K or 

H fl C to FtsH inhibits the degradation of CII  [  74,   75  ] . However, because the rate of 
 s  32  degradation is not affected by the addition of H fl KC, the H fl KC complex does 
not simply decrease the proteolytic activity of FtsH. It has also been proposed that 
H fl KC is involved in the regulation of proteolysis of membrane substrates  [  75,   76  ] . 
Currently however, the details of the structure of the FtsH holoenzyme and the 
selective regulation of the proteolytic activity of FtsH by H fl KC remain to be 
elucidated. 

 Prohibitins, the eukaryotic homologs of H fl K and H fl C, are highly conserved 
membrane proteins that are required for normal cell growth and development. 
Prohibitins localize to the inner membrane of mitochondria and form large, multi-
meric ring-shaped complexes with a diameter of 20–25 nm. The function of pro-
hibitins in mitochondria is related to the regulation of various mitochondrial 
functions such as respiration, stability of mitochondrial DNA, and maintenance of 
mitochondrial morphology  [  77–  79  ] . Prohibitins associate with  m -AAA protease 
and modulate its proteolytic activity. The loss of prohibitins in mitochondria stimu-
lates the degradation of unassembled inner membrane proteins by  m -AAA protease. 
On the other hand, it has also proposed that the prohibitin ring complex performs a 
scaffolding function to recruit  m -AAA protease to a speci fi c functional site in the 
inner membrane of mitochondria. The complexes of  m -AAA proteases and prohibi-
tins were also identi fi ed in plant mitochondria  [  80  ] .  

   Conclusions and Perspectives 

 Since the discovery of FtsH protease, a number of substrate proteins have been 
identi fi ed. FtsH recognizes a wide range of substrate proteins, and thus is involved 
in the regulation of a variety of cellular processes. In some substrates, an unstruc-
tured tail of ~20 amino acid residues, located at either the N- or C-terminus is 
recognized by FtsH to initiate processive proteolysis. Since FtsH lacks a robust 
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unfolding activity, it is primarily responsible for (a) the selective degradation of 
structurally unstable proteins or (b) processing of speci fi c protein substrates as a 
result of encountering a stable domain, which aborts processive proteolysis by FtsH. 
This processing role has been more extensively studied in eukaryotic FtsH homologs 
present in mitochondria. Indeed, recent studies revealed that both substrate selectivity 
and weak unfolding ability of FtsH are crucial for its regulatory roles in diverse 
cellular activities. To date, however, the precise mechanisms of substrate recognition, 
unfolding, and processive degradation by FtsH are still largely unclear. Further 
investigations will be of importance to understand the molecular mechanism of 
FtsH, which executes the regulation of a variety of cellular processes.      
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  Abstract   The soil-dwelling bacterium  Bacillus subtilis  is widely used as a model 
organism to study the Gram-positive branch of Bacteria. A variety of different 
developmental pathways, such as endospore formation, genetic competence, motility, 
swarming and bio fi lm formation, have been studied in this organism. These pro-
cesses are intricately connected and regulated by networks containing e.g. alternative 
sigma factors, two-component systems and other regulators. Importantly, in some of 
these regulatory networks the activity of important regulatory factors is controlled by 
proteases. Furthermore, together with chaperones, the same proteases constitute the 
cellular protein quality control (PQC) network, which plays a crucial role in protein 
homeostasis and stress tolerance of this organism. In this review, we will present the 
current knowledge on regulatory and general proteolysis in  B. subtilis  and discuss its 
involvement in developmental pathways and cellular stress management.      

   Introduction 

 The soil bacterium  Bacillus subtilis  encounters quickly changing and often unfavor-
able conditions in its natural habitat. During evolution these environmental cues 
might have been important for the establishment of a wide variety of elaborate stress 
response and developmental pathways, which  B. subtilis  cells exploit in order to 
adapt to their environment. For example,  B. subtilis  cells can grow normally even 
above 50 °C and they are quite resistant to osmotic stress. Furthermore, when the 
cells enter stationary phase the bacterium can differentiate into many different cell 
types, such as endospores, cells competent for DNA uptake and bio fi lm forming 
cells. At the heart of these pathways are complex signal transduction systems, which 
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integrate different environmental cues to modify gene expression in order to respond 
to the external conditions  [  1  ] . 

 Interestingly, controlled protein degradation is intricately involved in these 
regulatory pathways. Here the stability of transcription factors or other cellular 
regulators, which e.g. directly affect signal transduction pathways, are speci fi cally 
modulated by proteolysis. At  fi rst glance, the control of cellular regulatory proteins 
by proteolysis might be considered rather inef fi cient and wasteful, given the amount 
of energy required for the synthesis of such a protein. However, using proteolysis in 
regulatory modules has certain advantages and can thus be bene fi cial to the survival 
of cells. The  fi rst advantage of protein degradation is its irreversibility. By irrevers-
ibly removing one component of a pathway, equilibriums can be shifted and bistable 
states can be stabilized. Secondly, proteolytic systems can exhibit very fast response 
times. For example, if a protein is constitutively degraded and then stabilized in 
response to a signal, this results in a fast, switch-like behavior  [  2–  4  ] . 

 At the same time protein degradation is also utilized as part of the cellular protein 
quality control (PQC) system. Proteases, in conjunction with chaperone systems, 
degrade a large variety of unfolded, misfolded or damaged proteins, which would 
otherwise be detrimental to cellular function. The cellular PQC system becomes 
especially important during heat, oxidative or salt stress, which are potentially dam-
aging conditions for proteins but also other cellular components  [  5–  7  ] .  

   Protease Systems 

   Hsp100/Clp and AAA+ (ATPases Associated with Various Cellular 
Activities) Proteases 

 Here, we will focus on the role of Hsp100/Clp and related AAA+ protease com-
plexes in regulatory and general proteolysis. These bipartite ATP fueled protease 
complexes consist of a hexameric ring of Hsp100/Clp proteins, which are ATP 
driven unfoldases of the AAA+ family associated with a barrel-like structure formed 
by the higher oligomeric peptidase complex. The active peptidase sites are not 
accessible to substrates outside of the compartmentalized protease, unless the sub-
strate proteins are recognized, unfolded and transferred by the associated hexameric 
ATPases into the proteolytic chamber  [  8–  10  ] . 

 In  B. subtilis  the ATPase components are the Hsp100/Clp proteins ClpC, ClpE, 
or ClpX, which associate with the double-heptameric ClpP peptidase complex, 
ClpY which associates with the ClpQ peptidase, or the closely related AAA+ pro-
tease complexes with a similar architecture; LonA, LonB and the membrane associ-
ated FtsH  [  4  ] . Of these seven different ATP driven proteases, ClpCP and ClpXP are 
intricately involved in cellular signaling processes and developmental programs 
such as sporulation, competence development, motility, bio fi lm formation and in 
stress response pathways. Interestingly, the same protease complexes serve as an 
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integral part of the PQC network through general proteolysis of unfolded or 
misfolded proteins. The important role of these proteases in  B. subtilis  is supported 
by the relatively severe and pleiotropic phenotypes of  clp  mutants  [  4  ] . 

 The synthesis of ClpC, ClpP and ClpE is controlled by the repressor CtsR (see 
section “ Heat Shock Response ”) and strongly induced by heat stress  [  11–  14  ] . ClpE 
synthesis is very tightly regulated and it is present in only very low amounts in non-
stressed cells  [  15  ] . To date, the functions assigned to ClpE suggest a role in protein 
disaggregation and possible subsequent degradation of aggregated proteins as well 
as modulation of the heat shock response  [  16  ] . 

 ClpC is present in non-stressed cells and plays an important regulatory role dur-
ing normal logarithmic growth. During heat shock ClpCP is produced in high 
amounts and can degrade or disaggregate protein aggregates  [  17–  20  ] . An interest-
ing and unusual feature of ClpC is its absolute requirement of adaptor proteins for 
its activity. Adaptor proteins modulate the substrate speci fi city of the Clp/Hsp100 
ATPases, usually by tethering the substrate to the ATPase  [  4  ] . However, for ClpC it 
could be demonstrated that in the absence of an adaptor protein, ClpC is monomeric 
and the ATPase is inactive. The adaptors have been shown to bind to the N-terminal 
domain (NTD) and linker domain of ClpC and trigger its oligomerization into a 
hexameric ring-shaped complex with ATPase activity  [  20–  23  ] . 

 Currently, three adaptor proteins for ClpC have been identi fi ed: MecA targets the 
competence master regulator ComK for degradation by ClpCP  [  24  ] , its paralog 
YpbH permits degradation of unfolded and aggregated model proteins  in vitro   [  20, 
  25  ] . MscB has recently been identi fi ed as an adaptor protein, which targets the class 
III heat shock repressor CtsR to ClpCP for degradation  [  21  ] . The identi fi cation of 
different adaptor proteins, which can target various substrates for degradation by 
ClpCP might explain the concurrent involvement of ClpC in many distinct regula-
tory and general processes  [  4  ] . There is some evidence that more unknown ClpC 
adaptors might exist. For example,  in vitro  degradation experiments with the known 
 in vivo  ClpCP substrates MurAA  [  26  ]  and SpoIIAB  [  27  ]  were unsuccessful, possi-
bly because the correct adaptor was missing from the reaction. 

 ClpX is quite abundant under non-stress conditions and its stress-induced expres-
sion is regulated by an unknown mechanism. Mutants in  clpX  have a pleiotropic 
phenotype of slow growth on solid media, an apparent long lag phase during growth 
in liquid medium, and a defect in competence, which is mostly due to over-produc-
tion of the ClpXP substrate Spx  [  28,   29  ] . Spx is an important transcriptional regula-
tor of oxidative stress in  B. subtilis  (see section “ Oxidative Stress Response and 
Spx ”). The degradation of Spx is modulated by the adaptor protein YjbH and its 
recently identi fi ed anti-adaptor protein YirB  [  30–  32  ] . ClpX is also involved in the 
degradation of SsrA-tagged proteins and in the degradation of unfolded and aggre-
gated proteins  [  33  ] . 

 LonA and LonB are hexameric proteases, in which the ATPase domain and the 
protease domain are present on a single polypeptide chain  [  34  ] . The ClpYQ 
(CodWX) complex is homologous to the HslUV complex in  Escherichia coli   [  35,   36  ]  
and structurally resembles the Clp protease complexes, although the protease 
component ClpQ exhibits sixfold and not sevenfold symmetry  [  37,   38  ] . FtsH is a 
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zinc metalloprotease, which is embedded in the cytoplasmic face of the membrane 
 [  39  ] . The deletion of  ftsH  displays a pleiotropic phenotype in  B. subtilis   [  39,   40  ] .  

   Regulated Intramembrane Proteolysis 

 We will also brie fl y discuss regulated intramembrane proteolysis (RIP), which 
is a process that both prokaryotes and eukaryotes use for signaling across cell 
membranes. Here a signaling module consists of a cytosolic transcription factor 
that is kept inactive either as a preprotein with a trans-membrane domain or by 
a membrane-localized inhibiting factor. The trans-membrane activation of the 
regulatory protein is initiated and completed by the consecutive action of two 
membrane-localized proteases on this preprotein (or inhibiting factor). Upon an 
external signal the site-1 protease initiates the signaling cascade by processing of 
the preprotein (or inhibitor). This  fi rst proteolytic event makes its trans-membrane 
portion accessible to the site-2 protease (also named intramembrane cleaving 
protease (I-CLiP), resulting in cleavage of the intramembrane domain thereby causing 
release and activation of the cytosolic transcription factor  [  41–  43  ] . In  B. subtilis  
RIP is involved, not only in the envelope stress response, but also during sporula-
tion in signal transduction between the mother cell and forespore  [  43–  45  ]  (see 
section “ Membrane Stress and Regulated Intramembrane Proteolysis (RIP) of the 
Extracytoplasmic Function (ECF) Sigma Factors ”).   

   Regulatory Proteolysis 

   Competence Development 

 Competence is the ability of a subpopulation of stationary phase  B. subtilis  cells to 
take up DNA from the environment and incorporate it into their genome by homolo-
gous recombination. This process is controlled by the master regulator ComK, a 
transcriptional activator, which controls genes required for DNA binding, process-
ing and transport into the cell. During logarithmic growth, ComK is inhibited  [  46,   47  ]  
and targeted by MecA for degradation by ClpCP  [  24  ] . This process results in a very 
low steady state concentration of ComK and ensures a very tight control of compe-
tence during exponential growth. At high cell density, however, a quorum sensing 
pathway activates the expression of the anti adaptor ComS, which binds to MecA 
with high af fi nity and thus competes with the binding of ComK to MecA  [  24,   48  ]  
(Fig.  4.1a ). Subsequently, the released ComK activates its transcription from the 
 comK  promotor, leading to positive auto-regulation and bi-stable competence gene 
expression in the subpopulation of cells that reach a threshold level of ComK by 
stabilization due to the proteolytic ComS-anti adaptor switch (Fig.  4.1a )  [  49–  51  ] .   
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   Swimming Motility 

 Swimming motility is a post-exponential process in  B. subtilis , during which single 
 fl agellated cells swim through liquid medium by a stochastic run-and-tumble path 
that is guided by chemotaxis. In contrast, swarming motility describes a coordinated 
movement of tight bundles of cells over semi-solid surfaces, which requires  fl agellar 
rotation and the presence of surfactants  [  52  ] . Both processes require the expression 
of motility genes, which are organized in a hierarchy of two classes of genes: the 
 fi rst class of early  fl agellar genes is encoded in the 27 kb   fl a/che  operon, which is 
transcribed by RNA polymerase (RNAP) in complex with the housekeeping sigma 
factor ( s  A ). Examples of early  fl agellar genes are those encoding the ring complexes 
and the hook basal body complex.  s  D  is an alternative sigma factor, which is encoded 
close to the 3 ¢ -end of the   fl a/che  operon. The second class of late  fl agellar genes 
consist of separate transcriptional units, which all exhibit a  s  D -dependent promoter. 

Competent cell
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b

ComK comFA...flgM FlgM SigD, motility

ComS
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Competence
development

Quorum sensing

Non-competent cell Competent cell

ClpC
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  Fig. 4.1    ( a )  Competence regulation by ClpCP/MecA . In non-competent cells, ComK, the master 
regulator of competence development, is inhibited by MecA and targeted for degradation by ClpCP/
MecA. This results in a low concentration of ComK. At high cell densities, a quorum sensing signal 
activates a cascade culminating in the expression of the peptide ComS. ComS is also a target of the 
ClpCP/MecA complex and competes with ComK for binding to MecA. Due to the high concentra-
tion of ComS, this peptide is preferentially degraded. In turn, ComK accumulates and activates the 
 comK  promotor. This positive autoregulatory loop results in high levels of ComK and competence 
development. ( b )  Motility regulation by ClpCP/MecA . The gene encoding FlgM (the  fl agellar 
anti-sigma factor) is located downstream of the competence genes  comFA , separated by a weak 
terminator. Under conditions of high ComK levels, transcriptional read-through from  comFA  into 
  fl gM  results in accumulation of FlgM and inhibition of  s  D -dependent motility gene expression       
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These genes include those encoding Hag, the structural subunit of the  fl agellum, and 
FliD, the cap of the  fl agellum, as well as their cognate export chaperones. The pro-
moter binding activity of  s  D  is inhibited by the anti-sigma factor FlgM  [  53,   54  ]  
possibly by direct protein-protein interaction as was demonstrated for FlgM and  s  28  
 [  55  ] . In  Salmonella , FlgM is exported by the  fl agellar type III secretion system after 
completion of the hook basal body, releasing the  fl agellar sigma factor and enabling 
ef fi cient production of  fl agellin  [  56,   57  ] . In  B. subtilis  it is not known, whether FlgM 
is exported or inactivated by a different mechanism. 

 Already shortly after the discovery of the  clp  genes in  B. subtilis , a motility 
defect of the  clpP ,  clpX  and  clpC  mutants was described  [  58  ] . In the case of  clpC , 
this phenotype was examined in detail, and was shown to be dependent on  comK . A 
ComK-controlled competence gene  comFA  happens to be located directly in front 
of the operon containing   fl gM , separated by a weak terminator. Consequently, when 
high levels of ComK are present in the cell (i.e. in a  clpC  mutant or in competent 
cells),  comFA  is activated, resulting in read-through transcription of   fl gM  (Fig.  4.1b ). 
The excess production of FlgM anti-sigma factor inhibits  s  D  and leads to a block of 
 s  D -dependent gene expression and motility (Fig.  4.1b )  [  59  ] . 

 The biological implication of this mechanism may be to ensure mutually exclu-
sive development of motility and competence. Competent cells are physiologi-
cally very different from exponentially growing cells and presumably it would be 
a waste of energy for them to express  fl agella. According to this model, the pro-
tease ClpCP together with the adaptor protein MecA would then promote motility 
gene expression during exponential phase by maintaining low ComK levels 
through proteolysis. 

 Interestingly, one study reported a  comK -independent effect of  clpC  on swim-
ming motility  [  60  ] . This suggests that other ClpCP substrates may also be involved 
in the regulation of motility. One candidate is the response regulator DegU, which 
is degraded by ClpCP/MecA  [  61  ]  and represses the promotor of the   fl a/che  operon 
in its phosphorylated form  [  62  ] . The speci fi c recognition and degradation of only 
phosphorylated DegU  [  61  ]  by ClpCP could be a very interesting regulatory mecha-
nism and should be analysed in more detail. 

 However, the effect of the DegS-DegU two component system appears to be 
complex and is controversially discussed, because DegU has also been described 
as an activator of the   fl a/che  promotor both in its phosphorylated and unphospho-
rylated forms  [  63–  65  ] . The activating effect of DegU also seems to be stronger in 
strains, in which the  fl agellar activator SwrA is expressed. The presence of SwrA 
leads to hyper- fl agellation required for swarming motility and SwrA is not 
expressed in laboratory strains due to a frameshift mutation in the  swrA  gene 
 [  65–  67  ] . Whether the  comK -independent effect of  clpC  on motility is due to  degU  
awaits further characterization. 

 Recently, an interesting connection between FlgM and the ClpCP substrate DegU 
was discovered. Kearns and co-workers found that phosphorylated DegU (DegU ~ P) 
acts as a positive transcriptional regulator of   fl gM   [  68  ] . By degrading DegU ~ P, 
ClpCP would then facilitate the expression of the  s  D -regulon by yet another mecha-
nism that acts on   fl gM  transcription.  
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   Stress Responses 

   Oxidative Stress Response and Spx 

 The oxidative stress response in  B. subtilis  and other Gram-positive bacteria is 
governed by the transcriptional regulator Spx. The  spx  gene ( yjbD ) was originally 
identi fi ed as a  s uppressor of  clpP  and  clpX . Subsequently, Spx was shown to be a 
substrate of the ClpXP protease that is constantly degraded during normal growth 
(Fig.  4.2 ). Importantly, upon oxidative stress, introduced by diamide (an agent that 
introduces the formation of cytosolic disul fi de bonds), paraquat or H 

2
 O 

2
  treatment, the 

degradation of Spx is inhibited (Fig.  4.2 ). In  clpX  or  clpP  mutants, Spx accumulates 
to high levels under non-stress conditions, which has a detrimental effect on growth 
and leads to frequent suppressor mutations  [  28,   29  ] . Spx proteolysis is enhanced by 
the ClpX adaptor protein YjbH  [  30,   32  ] , which itself might be regulated by oxidative 
stress  [  30  ] . Interestingly, it was proposed that ClpX can be inactivated by oxidation of 
a conserved zinc cluster, which is part of its N-terminal domain  [  69  ] . Taken together, 
the inactivation of ClpX and YjbH would result in rapid stabilization of Spx after 
redox stress. Recently, a novel anti-adaptor YirB was discovered  [  31  ] . The expression 
of this protein stabilizes Spx by inhibition of YjbH-mediated degradation of Spx by 
ClpXP, both  in vivo  and  in vitro   [  31  ] . The expression of Spx is also transcriptionally 
induced during stress by the inactivation of the repressors PerR and YodB, which 
normally bind and repress one of the  fi ve known  spx  promoters  [  70,   71  ] . Furthermore, 
 spx  transcription is activated by heat shock and other stresses  [  72  ] .  

 Spx acts as a negative regulator of a set of genes, including competence genes. 
According to the interference model, which has been directly demonstrated for the 
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  Fig. 4.2     Oxidative stress response mediated by Spx.  ( a ) During normal growth, Spx is rapidly 
degraded by ClpXP, assisted by the adaptor protein YjbH. In response to oxidative stress, Spx is 
stabilized. ( b)  Spx acts as a transcriptional regulator, which positively regulates the expression of 
oxidative stress response genes and negatively regulates gene expression governed by transcrip-
tional activators such as ComA and ResD       
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response regulators ResD and ComA  [  73  ] , Spx inhibits the transcriptional activation 
of genes by binding to the C-terminal domain (CTD) of the alpha subunit of the 
RNA polymerase (RNAP). Thereby the transcription of genes, which require tran-
scriptional activators that bind to the CTD of the alpha subunit are inhibited 
(Fig.  4.2 ). The formation of this inhibitory Spx-alpha CTD complex has also been 
investigated at the molecular level by X-ray crystallography  [  74  ] . 

 Interestingly, analysis of the Spx dependent transcriptome, suggested that Spx also 
positively in fl uences the transcription of a large number of genes  [  75  ] . Recent experi-
ments suggest that this positive in fl uence could be achieved directly by Spx in com-
plex with the CTD of the RNAP alpha subunit by enhancing the binding of RNAP to 
certain promoters  [  76,   77  ] . The genes within the Spx regulon encode enzymes with a 
role in processing or detoxi fi cation of reactive oxygen and nitrogen species, i.e. thi-
oredoxin, thioredoxin reductase and superoxide dismutase (Fig.  4.2 )  [  28,   29,   75  ] . 

 Similar to the proteolytic switch involving ClpCP/MecA and ComK, ClpXP-
mediated Spx proteolysis may serve as a very tight control mechanism of Spx under 
non-stress conditions, combined with a rapid response time following oxidative stress.  

   Heat Shock Response 

 In contrast to  E. coli , where the heat shock response is controlled by the alternative 
sigma factor RpoH ( s  32 ), four different mechanisms of the heat shock response have 
been described for  B. subtilis   [  78  ] . Class I heat shock genes, including the  dnaK  and 
 groEL / groES  operons, contain operator sites known as CIRCE-elements in their 
5 ¢ -untranslated regions, which are bound and repressed by HrcA, which is activated 
by the chaperonin GroEL  [  79  ] . Promoters of class II heat shock genes are bound by 
the alternative sigma factor  s  B , and are induced not only by heat shock, but also by 
other kinds of stress  [  80  ] . The class III heat shock genes are controlled by the tran-
scriptional repressor CtsR and include the  clpC  operon (containing  ctsR ,  mcsA , 
 mcsB  and  clpC ) and the  clpE  and  clpP  genes  [  12–  14,   81  ] . Heat shock genes, which 
are controlled by an unknown mechanism, have been grouped together in class IV. 
These genes include  htpG  (encoding Hsp90),  clpX  and the  lon  genes  [  78  ] . The class 
V heat shock genes are activated by extracellular protein folding stress as well as 
heat shock and are controlled by the two-component system CssS/CssR  [  82,   83  ] . 

   CtsR 

 In this section, we will focus on the class III heat shock genes and the regulation of 
its repressor CtsR by proteolysis. CtsR is degraded by ClpCP, mediated by its adap-
tor protein McsB during heat stress, but not at normal growth temperatures  [  14,   21  ] . 
McsB is not only an adaptor protein, but also a protein kinase  [  84  ] . McsB was  fi rst 
characterized as a tyrosine kinase  [  84  ]  and later shown to be the  fi rst protein argin-
ine kinase  [  85  ] . McsB autophosphorylates arginine residues in the presence of 
McsA  [  86  ]  and can phosphorylate substrate proteins, among them CtsR  [  85  ] . The 
kinase activity of McsB is inhibited by ClpC and counter-acted by the arginine 
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phosphatase YwlE  [  84,   87  ] . The general impact and physiological signi fi cance of 
arginine phosphorylation awaits further characterization. Importantly, as an adaptor 
protein McsB only binds and activates ClpC and targets CtsR for degradation in the 
pre sence of McsA when it is activated and autophosphorylated  [  21,   88  ] . Interestingly, 
phosphorylated McsB displays a high af fi nity for ClpC  in vitro  and thus can 
compete for binding to ClpC with the other adaptor protein MecA  [  21  ] . In addition, 
phosphorylated McsB can interfere with the DNA binding of CtsR  [  84,   85  ] , leading 
to de-repression of CtsR-controlled genes. Based on these results a titration model 
for the activation of the class III heat shock genes was suggested, in which heat is 
sensed by an increase of unfolded proteins targeted by MecA to ClpCP  [  21,   84  ] . 
However, recently it was demonstrated that CtsR directly senses a temperature shift, 
resulting in its inactivation and subsequent release from DNA  [  88  ] . Neither MscB 
arginine phosphorylation nor CtsR degradation were required for this process, sug-
gesting that proteolysis serves primarily to remove inactive CtsR molecules from 
the cell. This  fi nding is also corroborated by the observation that CtsR controls heat 
shock genes in organisms that lack a McsB homologue. The current model for the 
activation of class III heat shock genes is as follows: CtsR changes its conformation 
at high temperatures, causing it to dissociate from its target class III heat shock 
genes resulting in their transcription. At the same time, ClpC is removed from the 
inhibitory McsA-McsB-ClpC complex, possibly involving MecA targeting unfolded 
proteins to ClpC, which results in the activation of the MscB arginine kinase activ-
ity. McsB phosphorylates itself and CtsR in the presence of McsA. Phosphorylated, 
heat-inactivated CtsR cannot rebind its operator sites and is also targeted for degra-
dation by the proteolytic McsA-McsB-ClpCP complex, thus stabilizing the class III 
heat shock “ON” state (Fig.  4.3a ).   

   Effect of Oxidative Stress on McsA 

 The CtsR regulon is not only de-repressed by heat shock, but also by oxidative stress 
 [  89,   90  ] . Recently, the mechanism of CtsR inactivation was shown to be very different 
from heat inactivation  [  87  ] . First of all, the activation of the class III heat shock genes 
by oxidizing agents is markedly slower than activation by heat stress, suggesting an 
indirect mechanism. Furthermore, McsB, but not its kinase activity, is required for 
this process in contrast to heat activation, which depends only on CtsR  [  88  ]  and CtsR 
is not degraded during oxidative stress. McsA, the co-adaptor and modulator of CtsR, 
contains two clusters of conserved cysteine residues, which could constitute sensor 
domains to oxidative stress. Indeed, both clusters (one of which contains a zinc ion 
in its reduced state) were oxidized by disul fi de stress  in vivo   [  87  ] . Furthermore, 
McsA is also irreversibly modi fi ed by oxidative stress, resulting in a faster migrating 
form on SDS-PAGE gels. On the basis of N-terminal and C-terminal tagging experi-
ments, this result was interpreted as proteolytic cleavage of McsA. Interestingly, the 
presence of the smaller band depended on the presence of ClpC and ClpP, suggesting 
a direct or indirect involvement of ClpCP in the putative cleavage reaction. 
Importantly, modi fi cation of McsA by oxidative stress led to dissociation of the 
McsA-McsB complex. McsB is able to release CtsR from DNA also in the absence 
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of McsA  [  84  ]  and McsA acts as an inhibitor of McsB with regards to the ability to 
remove CtsR from DNA  [  14  ] . Thus, the results presented by Gerth and colleagues 
led to the following model  [  87  ] . In response to oxidative stress, McsA is proteolyti-
cally cleaved following modi fi cation of its cysteine residues, resulting in its dissocia-
tion from McsB (Fig.  4.3b ). In turn, McsB is able to bind to CtsR and remove the 
protein from its operator DNA, causing derepression of the CtsR regulon  [  87  ]  
(Fig.  4.3b ). Consequently, the heat shock “sensing” repressor, CtsR is also involved 
in responding to oxidative stress, via the McsA-McsB system.   

   Membrane Stress and Regulated Intramembrane Proteolysis (RIP) 
of the Extracytoplasmic Function (ECF) Sigma Factors 

 Regulated intramembrane proteolysis (RIP) is used by both prokaryotes and eukary-
otes for signaling across cell membranes. RIP has been studied in great detail in 
 E. coli  using the activation of the extracytoplasmic function  ( ECF) sigma factor  s  E  
as a paradigm. ECF sigma factors constitute a special group of sigma factors (Group 
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( b )  CtsR regulation by oxidative stress . McsA is oxidized and presumably processed by redox 
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IV of the  s  70  subfamily) that are involved in the signaling of extracytoplasmic 
conditions and are characterized by a two-domain architecture  [  44  ] . There are seven 
ECF sigma factors in  B. subtilis  ( s  M ,  s  V ,  s  W ,  s  X ,  s  Y ,  s  Z , and YlaC) ,  whereas 
 Streptomyces coelicolor  contains about 50. The best characterized ECF sigma fac-
tor in  B. subtilis  is  s  W . This sigma factor is activated by alkaline stress, phage infec-
tion, salt stress, antimicrobial peptides and antibiotics such as vancomycin resulting 
in the expression of genes involved in the response to envelope stress and antibiotics 
 [  44  ] . In analogy to the  E. coli   s  E /RseA system,  sigW , the gene encoding  s  W  is 
cotranscribed with  rsiW , encoding a membrane bound,  s  W  anti-sigma factor  [  91  ]  
(see also  [  92  ] ). The cytoplasmic N-terminal domain of RsiW binds to, and inhibits 
the activity of,  s  W   [  91  ]  (Fig.  4.4a ). However, in contrast to the cascade in  E. coli , 
site-1 cleavage is not executed by any of the DegS homologs HtrA, HtrB or HtrC 
 [  93  ] . Instead, PrsW (YpdC) is the site-1 protease of RsiW  [  94,   95  ]  (Fig.  4.4a ). PrsW 
is homologous to the eukaryotic type II CAAX prenyl endopeptidase family  [  94  ]  
and removes 40 amino acids from the extracellular domain of RsiW, cleaving 
between alanine 168 and serine 169  [  96  ] . Additional processing by an unknown 
protease is required to facilitate cleavage by the site-2 protease and in a reconsti-
tuted  E. coli  system the tail-speci fi c protease (Tsp) is able to ful fi ll this task  [  96  ]  
(Fig.  4.4a ). The site-2 protease of RsiW was identi fi ed as RasP (YluC)  [  91  ]  a zinc 
metalloprotease with an extracytoplasmic PDZ-domain and four transmembrane 
helices (Fig.  4.4a ). This protease belongs to the site-2 protease (S2P) family of 
I-CLiPs  [  96  ]  and processes RsiW after site-1 cleavage close to two highly con-
served alanine residues  [  97  ] . This process requires the presence of the ABC trans-
porter EcsAB, but the mechanism of this regulation remains unknown  [  98  ] . After 
site-2 cleavage and release from the cytoplasmic face of the membrane, the RsiW 
fragment remains bound to  s  W  in the cytosol, until it is degraded by ClpXP  [  97  ]  
(Fig.  4.4a ). The degradation of this fragment, by ClpXP or ClpEP but not cleavage 
by site-2 proteolysis, requires a stretch of three alanine residues at the new C-terminus 
of RsiW  [  97  ] .  

 Two publications suggest that the substrate speci fi city of RasP is much broader 
than previously anticipated. Surprisingly, the cell-division protein FtsL is cleaved 
by RasP. Importantly, this cleavage is required for normal cell division, demon-
strated by a short cell phenotype of a strain, in which FtsL could not be processed 
 [  99  ] . Furthermore, the cell division protein DivIC was shown to protect FtsL from 
proteolysis  [  100  ] . 

 Recently, Akiyama and colleagues have demonstrated that RasP can also act as a 
signal peptide peptidase (SPP) that cleaves signal peptides (SP) in the membrane, 
after they have been removed from preproteins by the action of signal peptidase 
 [  101  ] . Likewise, the  E. coli  I-CLiP protease RseP, was also shown to act as the site-2 
protease of pro- s  E . Consistent with these  fi ndings, deletion of  rseP  inhibited SP 
cleavage  in vivo  while in contrast disruption of  sppA  (previously proposed to be the 
 E. coli  SPP) had no effect on SP cleavage  [  101  ] . 

 It is fascinating to see how a protease, which was originally thought to have only 
one or two regulatory substrates, is suddenly found to be involved in such a broad 
fundamental process as signal peptide cleavage during protein secretion. These 
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experiments suggest that many membrane localized proteases including FtsH and 
HtrA (DegP) may be involved in both regulation and PQC, just like the cytosolic 
protease systems.   

   Sporulation 

 Sporulation is a developmental pathway that is initiated in stationary phase under 
nutrient-limiting conditions and by which cells form durable and highly resistant 
endospores. These spores are able to preserve their genetic information during 
adverse environmental conditions and can later germinate, when nutrients are more 
abundant. During the early stage of sporulation, a  B. subtilis  cell divides asymmetri-
cally into a smaller forespore and a larger mother cell. Subsequently, the forespore 
is engulfed by the mother cell through membrane fusion and eventually the mother 
cell lyses, releasing the developed spore. The importance of proteolysis in the 
sporulation of  B. subtilis  cells, is supported by the observation that FtsH, ClpP, 
ClpC and ClpX are all required for sporulation  [  27,   40,   58,   102,   103  ] . 

 The early steps of sporulation (i.e. the formation of the asymmetric septum) are 
regulated by phosphorylation of the response regulator Spo0A, which is controlled 
by a phosphorelay system involving  fi ve different histidine kinases and several 
phosphatases. A self-reinforcing cycle involving Spo0A, the alternative sigma 
factor  s  H  and the repressor AbrB, contributes to the production of high levels of 
phosphorylated Spo0A and entry into the sporulation pathway. Brie fl y, in its phos-
phorylated form, Spo0A represses the  abrB  gene, leading to derepression of the 
 spo0H  gene, encoding the alternative sigma factor  s  H , which directs transcription 
of  spo0A . This leads to higher levels of Spo0A and activation of a positive auto-
regulatory loop triggering the differentiation into a spore-forming cell. Spo0A 
and  s  H  activate several down-stream genes, i.e. the  spoIIA  locus, encoding  s  F  (see 
below) and initiates the formation of the asymmetric division septum. After the 

RsiW is processed by the site-1 protease PrsW and by a second unknown protease. This cleavage 
makes the transmembrane domain of RsiW susceptible to cleavage by the site-2 protease RasP. 
Cleavage by RasP releases  s  W  from the membrane. The RsiW fragment still bound to  s  W  is degraded 
by ClpXP in the cytoplasm. Subsequently,  s  W  binds to RNAP and activates the transcription of its 
target genes. ( b ) RIP in  s  E  regulation.  s  E  is produced in the cytoplasm of the mother cell during 
sporulation as a proprotein (pro- s  E ) with a transmembrane domain and inserted into the mother cell 
membrane. SpoIIR is expressed in the forespore under the control of  s  F  and secreted into the inter-
membrane space between forespore and mother cell. SpoIIR activates the site-2 protease SpoIIGA. 
In turn, SpoIIGA cleaves pro- s  E , resulting in the release of  s  E  from the membrane, which then 
mediates the expression of early mother cell speci fi c genes. ( c ) RIP in  s  K  regulation. Pro- s  K  is pro-
duced in the mother cell cytoplasm and inserted into the membrane, where it forms a complex with 
BofA and SpoIVFA, which protect pro- s  K  from proteolysis by the site-2 protease SpoIVFB. The 
late forespore-speci fi c sigma factor  s  G  directs expression of the site-1 protease SpoIVB, which is 
secreted into the intermembrane space and proteolytically processes SpoIFA, resulting in the desta-
bilization of the pro- s  K -BofA-SpoIVFA complex. In turn, SpoIVFB cleaves pro- s  K  and  s  K  is 
released from the membrane to activate the expression of late mother cell speci fi c genes       
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formation of the division septum, four compartment-speci fi c alternative sigma 
factors (responsible for the expression of different classes of sporulation genes) 
are activated in a controlled temporal and spatial order. First,  s  F  is activated in the 
forespore, next  s  E  is activated in the mother cell. Following spore engulfment,  s  G  
replaces  s  F  in the spore and  fi nally,  s  K  directs gene expression in the late mother 
cell  [  45,   104  ] . 

   FtsH 

 Interestingly, one of the Spo0A phosphatases, Spo0E, was identi fi ed as an FtsH 
substrate  [  105  ] , explaining the earlier observation that Spo0A activity is reduced 
in  ftsH  mutant cells  [  40  ] . FtsH localization to the asymmetric division septum is 
also consistent with its role in sporulation  [  106  ] . Furthermore, the FtsH protease 
is regulated by the small peptide SpoVM, which is essential for sporulation. 
SpoVM, not only binds to and inhibits FtsH but also serves as a substrate of the 
protease  [  107,   108  ] .  

   LonA and LonB 

 The LonA protease was  fi rst identi fi ed in a screen for factors that down-regulate 
 s  G  activity. Although the mechanism of  s  G  inhibition by LonA was not investi-
gated in detail, it was suggested that LonA is directly responsible for the degrada-
tion of  s  G   [  109  ] . LonA and LonB were also reported to down-regulate  s  H  levels 
posttranslationally at low pH during sporulation, although this had no effect on  s  H  
directed gene expression  [  103  ] . These data are consistent with the model that  s  H  
is targeted to LonA and LonB at low pH, and that LonA and LonB also in fl uence 
a downstream process, which is required for  s  H –mediated gene expression. LonB 
seems to have a special role in sporulation, since the  lonB  gene features a  s  F –
dependent promotor and is speci fi cally expressed under sporulation conditions. 
Neither a  lonB  mutant nor a strain over-expressing LonB affected sporulation, but 
interestingly expressing  lonA  from the sporulation dependent  lonB -promoter lead 
to a sporulation defect and the down-regulation of  s  G –dependent gene expression 
 [  110  ] . LonA localizes to the nucleoid of cells during normal growth and to the 
forespore compartment during sporulation. However, LonB localized to the fore-
spore membrane early in sporulation and to the whole forespore during later 
stages of the process  [  111  ] .  

   ClpCP 

 In the pre-divisional cell,  s  F  is already transcribed (activated by Spo0A), but is 
kept inactive by its anti-sigma factor SpoIIAB. SpoIIAB is antagonized by its 
anti-anti-sigma factor SpoIIAA. According to the partner-switch model, SpoIIAB 
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can exist either in a complex with  s  F  in its ATP-bound form, with SpoIIAA in the 
ADP-bound form or as a monomer bound to ADP. In the ATP-SpoIIAB- s  F  com-
plex, SpoIIAB can act as a protein serine kinase that phosphorylates and inacti-
vates SpoIIAA. The kinase activity of SpoIIAB is counteracted by the phosphatase 
SpoIIE. In the forespore after formation of the division septum, SpoIIE is able to 
dephosphorylate SpoIIAA, causing the formation of the inhibitory SpoIIAA-
SpoIIAB-ADP complex and the release of  s  F , which can then interact with RNAP 
and activate its cognate promoters  [  45,   104  ]  (Fig.  4.5 ). Interestingly, SpoIIAB is 
degraded by ClpCP but only in its monomeric form  [  27  ]  (Fig.  4.5 ). This degrada-
tion is assumed to stabilize the free form of  s  F  by shifting the equilibrium between 
the complexes described above. Targeting of SpoIIAB to ClpCP depends on a 
tripeptide motif (LCN) located at the C-terminus of SpoIIAB  [  27,   112  ] . 
Importantly, the proteolytic tag (LCN) on SpoIIAB is required for both normal 
 s  F -dependent gene expression and sporulation  [  27  ] . Given the degradation of 
SpoIIAB cannot be reconstituted  in vitro  it is plausible that an unknown adaptor 
protein or targeting mechanism may be responsible for the recognition of the 
LCN tag and targeting of SpoIIAB to ClpCP for degradation. However, SpoIIAB 
is also unstable  in vivo  when overexpressed during exponential growth, sug-
gesting that the putative adaptor protein is unlikely to be expressed only during 
sporulation.  

 Interestingly the genes for SpoIIE, ClpC and ClpP are located close to the 
origin of replication of the  B. subtilis  chromosome and therefore are expressed 
together early in forespore development supporting the proteolytic part of the 
molecular mechanism resulting in forespore speci fi c activation of  s  F   [  113  ] . 
This model is also supported by the localization of ClpC during sporulation, as 
determined from GFP-fusion experiments  [  114  ] . While ClpX-GFP and ClpP-
GFP form foci close to the polar septum of the mother cell, ClpC-GFP exhibits 
a dynamic localization. The polar foci that are normally observed for ClpC-
GFP during growth, delocalize early during sporulation. During engulfment of the 
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  Fig. 4.5     Role of ClpC in  s    F    regulation . The anti-sigma factor of  s  F , SpoIIAB can exist in an 
ATP-bound and an ADP-bound form. In the ATP-bound form, SpoIIAB binds to and inhibits  s  F . 
In the ADP-bound form, SpoIIAB is bound and inhibited by the anti-anti sigma factor SpoIIAA. 
SpoIIAB also acts as a kinase, which phosphorylates and inactivates SpoIIAA. SpoIIAA is dephos-
phorylated by the phosphatase SpoIIE. ClpCP degrades SpoIIAB, thus stabilizing the free active 
form of  s  F        
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prespore, ClpC-GFP forms a helical pattern in the mother cell with a number 
of ClpC foci co-localizing with the engul fi ng membrane. Later, ClpC forms 
foci at the distal prespore membrane, which subsequently delocalize. Using 
GFP fusions to truncated ClpC and ClpX, a quantitative measure of ClpC and 
ClpX in the forespore and mother cell was achieved, which displayed a diffuse 
localization pattern avoiding the complication of foci formation. Interestingly, 
the truncated GFP-ClpC protein localized preferentially to the forespore, 
whereas GFP-ClpX localized to the mother cell. This localization could be 
explained by the presence of a putative  s  F –dependent promoter in the  clpC  
operon between  ctsR  and  mcsA . Finally, the GFP-LCN fusion protein is 
degraded exclusively in the forespore, while the GFP-AAV fusion protein, 
which is targeted to ClpXP, is only degraded in the mother cell. This distribution of 
the various components could contribute to preferential degradation of SpoIIAB 
in the forespore and to  s  F -activity. The biological implication of the preferred 
location of ClpX and the complex dynamic distribution of ClpC during sporulation 
remains to be elucidated  [  114  ] .  

   ClpXP 

  ClpX  mutants have a sporulation defect and are compromised in  s  H -dependent 
gene expression  [  103,   115  ] . Later, it was reported that ClpX in fl uences RNAP 
holoenzyme composition, triggering preferred incorporation of  s  H  into RNAP during 
stationary phase  [  115  ] . The sporulation defect of the  clpP  and  clpX  mutants is also 
partially suppressed by mutating  spx   [  116  ] . Spx protein accumulates in  clpP  and 
 clpX  mutant cells. By binding to the RNAP alpha CTD, Spx interferes with the 
binding of other activators, such as ComA to RNAP  [  73  ] . The ComP-ComA two-
component system is required for the expression of the  srf  operon  [  117  ] , which is 
required for sporulation  [  73  ]  and for production of the RapC and RapF phosphatases 
involved in dephosphorylation of Spo0A. Taken together, these data suggest that 
 clpX  positively regulates sporulation by at least two different mechanisms, one of 
which is dependent on  spx . These mechanisms are still not very well understood and 
await further investigation.  

   RIP in Sporulation 

 Communication between the forespore and mother cell compartments during two 
different stages of sporulation is mediated by regulated intramembrane proteolysis. 
Both the early mother cell-speci fi c sigma factor  s  E  and the late mother cell speci fi c 
sigma factor  s  K  are synthesized as preproteins with an N-terminal transmembrane 
domain that is inserted into the membrane adjacent to the forespore  [  118–  120  ] . In 
both cases, a signal to activate the sigma factors is initiated by the respective early 
or late forespore speci fi c sigma factors, ensuring a strict temporal order of gene 
expression by communication across compartments  [  45,   104  ] . 



894 General and Regulatory Proteolysis in  Bacillus subtilis    

  SigmaE ( s    E   )  SigmaE is synthesized as an inactive precursor protein with an 
N-terminal transmembrane domain  [  118  ] . Interestingly, the proprotein (pro- s  E ) is 
produced in both the mother cell and the forespore membrane, but is selectively 
removed from the forespore membrane  [  121,   122  ] . Conversion of pro- s  E  to the 
active form only occurs after formation of the polar septum  [  123  ] . Intramembrane 
proteolytic cleavage of the prosequence requires the membrane protein SpoIIGA 
 [  124–  126  ]  (Fig.  4.4b ). Only relatively recently, it was biochemically demonstrated 
that SpoIIGA is a novel type of aspartic protease that cleaves pro- s  E   [  127,   128  ] . The 
activation of SpoIIGA requires SpoIIR, which is produced in the forespore under  s  F  
control  [  129–  131  ] . SpoIIR was shown to interact with SpoIIGA, but the mechanism 
by which SpoIIR activates SpoIIGA is still not understood. Processing of SpoIIGA 
by SpoIIR or another site-1-protease has not been observed. Instead Kroos and col-
leagues have proposed the formation of inactive oligomers by SpoIIGA, which are 
dissociated by binding of SpoIIR  [  128  ] . In summary, SpoIIR is synthesized in the 
forespore under the control of  s  F  and activates the membrane localized SpoIIGA, 
which in turn proteolytically activates the membrane associated pro- s  E  to form the 
transcription factor  s  E . 

  SigmaK   s  K  is proteolytically processed by the intramembrane zinc metallopro-
tease SpoIVFB, which resembles eukaryotic site-2 proteases  [  132,   133  ] . SpoIVFB 
forms a complex with the proteins SpoIVFA and BofA  [  120,   134  ]  (Fig.  4.4c ). BofA 
inhibits the proteolytic activity of SpoIVFB toward pro- s  K  and SpoIVFA indirectly 
inhibits SpoIVFB by recruiting BofA to the complex  [  134  ] . Activated by  s  G , the 
serine protease SpoIVB is produced in the forespore and presumably secreted into 
the intermembrane space between forespore and mother cell, where it cleaves 
SpoIVFA  [  135,   136  ]  (Fig.  4.4c ). 

 According to one model  [  136  ] , based on the heterologous expression of the 
signaling complex in  E. coli,  SpoIVB induced cleavage of SpoIVFA destabilizes the 
heterotrimeric complex, which leads to BofA degradation by another secreted 
serine protease, CtpB  [  137  ]  and activation of SpoIVFB. Based on  in vitro  experi-
ments in detergent micelles and membrane vesicles, Campo and Rudner suggest 
another model, in which the SpoIVFB-SpoIVFA-BofA complex remains intact even 
after cleavage of SpoIVFA by SpoIVB and argue that this cleavage leads to a con-
formational change promoting activation of SpoIVFB  [  138  ] . Furthermore, these 
authors demonstrated that CtpB processes SpoIVFA, but not BofA. CtpB is also 
cleaved by SpoIVB, but this processing appeared to have no effect on the activation 
of CtpB  in vivo   [  139  ] . Contrary to initial assumptions, CtpB is mainly produced in 
the forespore under the control of  s  G , just like SpoIVB  [  139  ] . In summary, both 
models propose that SpoIVB and CtpB jointly contribute to the proteolytic process-
ing and activation of the SpoIVFA, which leads to the activation of the site-2 pro-
tease SpoIVFB and the processing of pro- s  K  into its active form. Subsequently,  s  K  
is released from the membrane to recruit RNAP to its cognate promoters 
(Fig.  4.4c ). 

 This is the second example where a developmental signal from the forespore is 
conveyed via different membrane localized proteases over two membranes, resulting 
in the transmembrane proteolytical activation of an alternative sigma factor.   
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   Bio fi lm Formation 

 Bio fi lms are complex communities of bacteria growing on solid surfaces and air 
liquid interfaces held together by an extracellular matrix. The bacteria in this multi-
cellular heterogenous bio fi lm population undertake a drastic lifestyle change from 
the better studied often motile and planktonic state, to this special sessile and 
stationary-phase developmental state  [  140,   141  ] . 

 Laboratory strains of  B. subtilis  are unable to form robust bio fi lms due to muta-
tions acquired during cultivation under laboratory conditions. However, bio fi lm 
formation has been investigated in this model organism, using “wild”  B. subtilis  
isolates  [  142,   143  ] . It could be demonstrated that  B. subtilis  bio fi lms consist of long 
chains of individual cells that are held together laterally by an extracellular matrix 
composed of exopolysaccharides (EPS) and  fi bers of the amyloid-like protein TasA 
 [  144,   145  ] . The regulation of bio fi lm development is intricately connected with 
several other developmental processes e.g. sporulation, motility and competence 
development  [  146–  149  ] . 

 The operons encoding the EPS ( epsA-O ) and TasA ( tapA-sipW-tasA ) are 
controlled by the transcriptional repressor SinR, which is antagonized by the anti-
repressor SinI. SinI in turn is activated by Spo0A, a global regulator of sporulation 
and other stationary phase processes, leading to expression of EPS and TasA and the 
formation of bio fi lm  [  149,   150  ] . By investigation of cell chaining during bio fi lm 
formation it could be demonstrated that SinR is involved in a bistable regulatory 
feedback loop with another transcriptional regulator, SlrR  [  151,   152  ]  (Fig.  4.6 ). 
In this double negative feedback loop, SinR represses the  slrR  gene and SlrR protein 
forms a heterodimeric complex with SinR that switches the DNA binding speci fi city 
of SinR. Whereas SinR on its own represses  slrR ,  epsA-0  and  tapA-sipW-tasA , 
these genes are derepressed in the presence of the SinR-SlrR complex. Interestingly, 
the SinR-SlrR dimer represses a completely different set of genes, among them the 
ORFs encoding autolysins (enzymes, which degrade peptidoglycan during cell 
separation) and  fl agellin  [  152  ] . This results in the production of more SlrR, titration 
of more SinR and progression into a bio fi lm-promoting SlrR “HIGH” state, in which 
bio fi lm genes are expressed while motility and cell separation genes are repressed 
(Fig.  4.6 ). During exponential growth, this pathway is activated stochastically, 
resulting in a small fraction of cells forming chains. However, when the culture is 
committed to bio fi lm formation, the entire population is forced into the SlrR 
“HIGH” state by the expression of SinI through Spo0A  [  152  ] . Bio fi lms are not 
in fi nitely stable, but exhibit a tendency to disassemble after several days of growth 
 [  153  ] , which is accompanied by a decrease in cellular SlrR levels  [  154  ] . This 
observation prompted an investigation into how the switch from the SlrR “HIGH” 
state back to the SlrR “LOW” state is achieved  [  154  ] . Interestingly, SlrR bears a 
LexA-like autocleavage sequence in the linker between its N- and C-terminal 
domains. Notably, cleavage into a smaller SlrR species was observed  in vivo . SlrR 
was also found to be unstable  in vivo  and this degradation depended on the presence 
of the autocleavage region. Furthermore, mutation of  clpC  partially stabilized SlrR 
in a late bio fi lm-forming culture and a  clpC  mutant exhibited severe cell chaining 
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during exponential growth, which was suppressed by an  slrR  mutant. These data 
imply that SlrR is removed by proteolysis during the late stages of bio fi lm formation 
to return the cell to the SlrR “LOW” state  [  154  ] .    

   General Proteolysis 

   Degradation of Unfolded and Aggregated Proteins 

  B. subtilis  must adapt to extreme and quickly changing temperatures in its natural 
environment. Consequently, this organism is very well suited to grow at tempera-
tures well over 50 °C  [  155  ] . Growth at such high temperatures requires an intricate 
protein quality control (PQC) system to cope with an increased amount of unfolded 
and misfolded proteins, which tend to form toxic aggregates. In all organisms, PQC 
systems consist of chaperones and proteases  [  5,   156  ] . Chaperones such as DnaK 
and GroEL either bind to unfolded substrate proteins to prevent their aggregation, 
actively refold the substrates or provide a sequestered environment for protein 
folding  [  157  ] . In cooperation with the chaperones, proteases recognize unfolded, 
misfolded and aggregated proteins to degrade them in a controlled manner  [  6  ] . 
Finally, unfoldases, such as  E. coli  ClpB or the yeast homolog Hsp104, together 
with their cognate Hsp70 chaperone systems, actively solubilize and refold protein 
aggregates  [  158–  160  ] . ClpB is a Clp/Hsp100 ATPase, which lacks the ability to 
form a complex with ClpP and acts as a protein disaggregation enzyme together 
with DnaK in conjunction with small heat shock proteins in  E. coli   [  161–  163  ] . 

 Although many of the chaperone systems are shared between  B. subtilis  and 
 E. coli  (DnaK/DnaJ/GrpE, GroEL/GroES, trigger factor, HtpG),  B. subtilis  lacks 
homologues of the proteins involved in protein disaggregation in  E. coli  (i.e. ClpB 
or the small heat shock proteins IbpA and IbpB). This raised the question, whether 
aggregates can be dissolved and refolded by other chaperones in  B. subtilis  or 
whether aggregates are irreversibly removed by proteases. The relatively severe 
heat shock phenotypes of  clpC ,  clpX  and  clpP  mutants in contrast to the comparably 
mild effect of a  dnaK  mutant in  B. subtilis  seems to suggest that general proteolysis 
is very important for PQC in this organism. However, the direct contribution of 
ClpC and ClpP to PQC is dif fi cult to assess, because these proteins are also involved 
in regulation of the stress response. Likewise, in  E. coli  DnaK plays an important 
function in the heat shock regulation of  s  32   [  164–  169  ] , which could partly explain 
the severe heat shock phenotype of the  E. coli dnaK  mutant. In  B. subtilis , GroEL/
GroES regulates the class I heat shock repressor HrcA  [  79  ] , but DnaK is not known 
to be involved in heat shock regulation. 

 However, there is substantial evidence that Clp proteases are directly involved in 
the degradation of unfolded or aggregated proteins  [  17  ] . ClpC, ClpE, ClpX, and 
ClpP localize to inclusion bodies formed by expression of puromycyl peptides or 
the aggregating protein PorA  [  16,   19,   170,   171  ] . Also, the turnover of puromycyl 
peptides decreased in all four mutant strains  [  16,   19  ] . Finally, ClpC in the presence 
of the adaptor protein MecA was shown to degrade aggregated model proteins 
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 in vitro . Interestingly, the ClpC-MecA complex also displayed disaggregation 
activity in the absence of ClpP  in vitro  similar to  E. coli  ClpB  [  20  ] . This result sug-
gests that ClpC could substitute for the ClpB-mediated disaggregation activity 
 in vivo , although the ClpC-mediated disaggregation was slower than the ClpCP-
mediated degradation  in vitro . Whether ClpC function is always associated with 
ClpP  in vivo  remains to be elucidated. 

 The ability to survive an otherwise lethal heat shock after preconditioning at a 
sublethal temperature (a process known as thermotolerance) is directly connected to 
the presence of ClpB (in  E. coli ) ,  or Hsp104 (in yeast)  [  158–  163  ] . Interestingly, 
although  B. subtilis  lack homologs of both ClpB and the small heat shock proteins, 
 B. subtilis  cells exhibit thermotolerance. Future research will be aimed at elucidat-
ing the involvement and interplay of chaperones and proteases in PQC, stress 
response and thermotolerance.  

   Trans-translation and SsrA-Tagging in  B. subtilis  

 Trans-translation is a process by which bacteria rescue stalled ribosomes. 
Ribosome stalling can occur for a number of reasons, i.e. as a consequence of 
damaged mRNAs lacking a stop codon, during the translation of proteins containing 

SinR slrR SinR SlrR

SinR/SlrR hag
lytA, lytF

tapA-sipW-tasA
epsA-O

SlrR low SlrR high
SinI

single motile cells non-motile chains, biofilm

autocleavage of SlrR?
ClpCP?

  Fig. 4.6     The SlrR bio fi lm/motility switch . During exponential growth, SinR represses the 
bio fi lm operons  tapA-sipW-tasA  and  epsA-O  in most cells and motility genes and autolysins are 
expressed, resulting in single motile cells. The  slrR  gene is also repressed by SinR, which leads to 
a “low” steady state level of SlrR. The anti-repressor SinI is expressed in response to Spo0A acti-
vation in bio fi lm-forming cells or stochastically in exponential phase in a small number of cells. 
SinI inhibits SinR, which causes derepression of the  slrR  gene. SlrR forms a heterodimer with 
SinR. This heterodimer acts as a transcriptional repressor with different target speci fi city com-
pared to SinR alone. The autolysin genes and  hag  encoding  fl agellin are directly repressed by 
SinR/SlrR, while the bio fi lm operons  tapA-sipW-tasA  and  epsA-O  and  slrR  are de-repressed. This 
double negative feedback loop results in a state, in which a high level of SlrR is expressed and cells 
are present as non-motile chains expressing bio fi lm genes. To return from the SlrR high state to the 
SlrR low state, LexA-like auto-cleavage of SlrR and ClpC are required, but the mechanism of this 
process is currently unknown       
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numerous rare codons or as a regulatory process. This translational block is relieved 
by an unusual small RNA,  ssrA  (also known as tmRNA), which structurally resem-
bles both a tRNA and a mRNA  [  172  ] . The  ssrA  RNA binds to stalled ribosomes 
with the help of the protein SmpB and triggers translation to resume. Alanine, 
which is conjugated to the tRNA acceptor stem of  ssrA  is  fi rst incorporated into the 
polypeptide chain. Subsequently, the ribosome deciphers the sequence encoded in 
the mRNA-like domain of  ssrA  and adds a short peptide tag of 15 amino acids to 
the C-terminus of the polypeptide. This peptide sequence, known as the SsrA-tag, 
is recognized by proteases and targets the tagged protein for rapid degradation 
 [  173  ] . Proteolysis of SsrA-tagged proteins is believed to be important for survival 
of the bacterial cell, because truncated proteins arising from translational stalling 
are often misfolded and tend to aggregate  [  172  ] . In contrast to  E. coli , where dif-
ferent proteases can degrade SsrA-tagged proteins, ClpXP is the only protease 
identi fi ed with this activity in  B. subtilis   [  33  ] . Although LonA, LonB, and ClpYQ 
have yet to be tested  [  33  ] , ClpCP, ClpEP and FtsH all lack the ability to degrade 
SsrA-tagged proteins. Although the sequence of the  B. subtilis  SsrA tag 
(AGKTNSFNQNVALAA) and the  E. coli  SsrA tag (ANDENYALAA) are quite 
divergent, the four C-terminal residues are identical. These C-terminal alanine 
residues are critical for degradation by ClpXP while the upstream sequence of the 
 E. coli  SsrA tag is required for ClpA and SspB binding  [  33  ]  and consistently, 
 B. subtilis  lacks the adaptor protein SspB, which enhances the targeting of SsrA-
tagged proteins to ClpXP in  E. coli  (see also  [  174  ] ). In  B. subtilis  the abundance of 
SsrA-tagged proteins increased at 50 °C and the nature of the tagged proteins varied 
considerably between 37 and 50 °C  [  175  ] . Only eight SsrA-tagged substrates have 
been identi fi ed to date  [  175  ] . At 37 °C, three tagged proteins were identi fi ed, two 
of unknown function, YqaP and YtoQ, along with TreP (trehalose permease, a 
component of the phosphotransfer system). At 50 °C,  fi ve tagged proteins were 
identi fi ed, YloN (unknown function), PerR (repressor of oxidative stress genes), 
TufA (elongation factor Tu), FolA (dehydroneopterin aldolase) and GsiB (a  s  B -
dependent general stress protein of unknown function)  [  175  ] . 

 The  B. subtilis ssrA  gene is dispensable under non-stress conditions, but becomes 
essential for growth at high temperature, high concentration of ethanol or cad-
mium chloride  [  176  ] , and low temperature  [  177  ] . The  ssrA  gene is induced by 
heat by an unknown mechanism  [  176  ]  and resides in an operon with  secG  (compo-
nent of the SecYEG translocon channel),  yvaK  (carboxyl esterase),  rnr  (RNase R) 
and  smpB , which is subject to complex regulation and features  fi ve promotors, 
including a weak  s  B -dependent and a heat-inducible  s  A -dependent promoter 
 [  177  ] . These data indicate that trans-translation and/or SsrA-tagging is important 
during stress, when translational stalling may occur more often or may be more 
damaging to the cell. One result reported by Muto and colleagues, suggests that 
trans-translation and not the degradation of the SsrA-tagged proteins is important 
for growth at high temperature  [  176  ] . In this experiment, the two C-terminal alanine 
residues of the SsrA tag were replaced by aspartic acid residues and the strain 
( ssrA  DD ) was grown at high temperature. In contrast to cells, in which  ssrA  was 
completely removed or the alanylation site was mutated, the  ssrA  DD  strain grew as 
well as the wild type at high temperature  [  176  ] . These data suggest that potentially 
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aggregated SsrA-tagged substrates can be dealt with by other chaperones and 
proteases, which are highly abundant during heat stress, and that the principle task 
of the trans-translation system is the reconstitution of functional ribosomes.   

   Localization of Clp Proteases During Regulatory and General 
Proteolysis 

 Recently, the cellular localization of Clp proteases fused to GFP was investigated by 
three independent studies  [  111,   114,   171  ] . Interestingly, ClpP and its Clp ATPases 
were not localized uniformly throughout the cells, but clustered in 1–2 foci close to 
the cell poles. Furthermore, ClpP colocalized with its ATPases in CFP/YFP double 
labeling experiments  [  111,   114,   171  ] . The foci were still present in long  fi lamentous 
cells induced by depletion of FtsZ, implying that localization depends on occlusion 
from the nucleoid. During cell division, ClpP foci localized to the division site, sug-
gesting an unknown activity of ClpP in this process. ClpP clusters were also moni-
tored within a growing microcolony. Under these conditions, the foci were highly 
dynamic. Clusters appeared and disappeared quickly at different locations in the 
cell, whereas individual clusters did not move very far. After heat shock, more foci 
of ClpP, ClpX and ClpC appeared, and ClpE formed visible clusters that were not 
observed during non-stress conditions. Also, the intensity of the clusters increased 
after heat stress. Strikingly, the adaptor protein McsB and the ClpCP substrate CtsR 
localized to the same locations as ClpCP after heat shock. This pattern already 
occurred at 30 °C in an  ywlE  mutant, in which McsB is hyperphosphorylated, and 
was unchanged in a trapped complex with ClpC. Although colocalization was not 
directly demonstrated, these results suggest that regulatory proteolysis of CtsR dur-
ing heat shock is con fi ned to speci fi c locations in the cell. Furthermore, ClpP and all 
three ATPases colocalized with PorA-aggregates at the cell poles, demonstrating 
that general proteolysis is also localized close to the poles  [  171  ] .  

   Antibiotics and Proteolysis 

 Recently, ClpP was identi fi ed as a target for acyldepsipeptide (ADEP) antibiotics, in 
both Gram-negative and Gram-positive bacteria. ADEP has an unusual mode of 
action, because it activates and dysregulates the protease systems, which results in 
subsequent cell death  [  178  ] . It could be demonstrated that ADEP binds speci fi cally 
to a pocket on ClpP, which is necessary for the interaction with the associated Hsp100/
Clp ATPase  [  179  ] . The binding of ADEP thereby interferes with the protease com-
plex formation and the recognition of cellular substrates is prevented  [  180  ] . In addi-
tion, ADEP binding induces a conformational change, which opens the ClpP complex 
resulting in the recognition of larger unfolded proteins for proteolysis  [  179,   180  ] . 
Thereby substrate recognition, normally controlled by the ATPase is prevented, and 
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unfolded proteins i.e. nascent polypeptide chains emanating from the ribosome are 
recognised and degraded by ClpP  [  180  ] . Recently the cell division protein FtsZ was 
identi fi ed as a new substrate for the activated ADEP-ClpP complex in  B. subtilis , 
explaining the observed inhibition of cell division mediated by ADEP  [  181  ] . 

 Another compound speci fi cally designed to inhibit ClpP  [  182  ]  was shown to be 
effective e.g. against ClpP of apicoplasts in  Plasmodium falciparum   [  183  ] . 

 A third compound with antibiotic activity against  Mycobacterium tuberculosis , 
cyclomarin, was identi fi ed and it could be demonstrated that cyclomarin targets 
ClpC in this organism  [  184  ] . 

 The recent discovery of antibiotics, which target regulatory and general proteoly-
sis in bacteria, highlights the importance of the described protease systems for bac-
terial physiology.  

   Concluding Remarks 

 Although tremendous progress has been made in the last couple of years in the  fi eld 
of proteolysis in  B. subtilis , many processes involving proteases are still poorly 
understood. Novel substrates involved in regulatory pathways continue to be dis-
covered and the exact role of proteolysis in protein quality control remains to be 
elucidated. These are only a few examples of the exciting questions in the  fi eld of 
proteolysis in  B. subtilis  to be addressed in the future.      
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  Abstract   Maintaining correct cellular function is a fundamental biological process 
for all forms of life. A critical aspect of this process is the maintenance of protein 
homeostasis (proteostasis) in the cell, which is largely performed by a group of 
proteins, referred to as the protein quality control (PQC) network. This network of 
proteins, comprised of chaperones and proteases, is critical for maintaining proteo-
stasis not only during favourable growth conditions, but also in response to stress. 
Indeed proteases play a crucial role in the clearance of unwanted proteins that accu-
mulate during stress, but more importantly, in the activation of various different 
stress response pathways. In bacteria, the cells response to stress is usually orches-
trated by a speci fi c transcription factor (sigma factor). In  Escherichia coli  there are 
seven different sigma factors, each of which responds to a particular stress, resulting 
in the rapid expression of a speci fi c set of genes. The cellular concentration of each 
transcription factor is tightly controlled, at the level of transcription, translation and 
protein stability. Here we will focus on the proteolytic regulation of two sigma fac-
tors ( s  32  and  s  S ), which control the heat and general stress response pathways, 
respectively. This review will also brie fl y discuss the role proteolytic systems play 
in the clearance of unwanted proteins that accumulate during stress.      

   Introduction 

 Like many living organisms, bacteria are constantly challenged with changing envi-
ronmental conditions. In order to survive these changes, bacteria have developed a 
number of different cellular strategies. In cases where the stress is short-lived (e.g. 
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heat-shock) they have developed sophisticated networks or programs to combat the 
effects of the stress, while in cases where the stress may be prolonged (e.g. when 
nutrients are depleted) they can enter a “hibernation”-like state, waiting for the 
return of better conditions. In fact, bacteria have developed several distinct path-
ways, each of which is tailored to a particular type of stress. In most cases, the 
response is controlled by a master regulator (or sigma factor), which in turn acti-
vates the expression of a particular set of genes (or regulon) that restore cellular 
homeostasis. In  Escherichia coli , there are seven different sigma factors ( s  70 ,  s  54 , 
 s  38 ,  s  32 ,  s  28 ,  s  24  and  s  18 ), all of which compete for binding to the RNA polymerase 
(RNAP) core enzyme, for the transcription of a speci fi c set of genes. As such, the 
cellular levels of these master regulators (and their af fi nity to RNAP) are crucial for 
the activation and/or maintenance of these different stress responses. Given this, it 
is not surprising that the active cellular concentration of these regulatory proteins is 
tightly controlled, not only at the transcriptional and translational levels, but also at 
the post-translational level through protein degradation. Hence proteases play a key 
role in the regulation of stress response pathways. This review will focus primarily 
on the general stress response and the heat shock response in  E. coli . For a detailed 
description of the extracytoplasmic or extracellular stress response please refer to 
the accompanying review by Brachinger and Ades  [  1  ] .  

   General Stress Response 

 As the name suggests, the general stress response is a common cellular response 
that is activated by a range of different conditions, from nutrient starvation and 
moderate temperature downshifts  [  2  ]  to high osmolarity  [  3  ]  and pH downshifts. It is 
characterised by a number of distinct morphological and physiological changes  [  4  ] , 
which protects the cell from assault by these different stresses. As such, the general 
stress response acts as a pre-emptive measure to prevent subsequent cellular dam-
age. This response occurs through the activation of a common set of genes that are 
up regulated by an alternative sigma factor subunit of RNAP, commonly referred to 
as the stationary-phase sigma factor ( s  38 ), also known as  s  S   [  4–  6  ] . The following 
section will describe some of these pathways, focusing in particular on the role of 
proteases in controlling the general stress response in  E. coli . 

   The Master Regulator of the General Stress Response,  s  S  

 SigmaS ( s  S ) was  fi rst discovered as the master regulator of stationary-phase  [  4  ] . It 
is an inducible subunit of RNAP, which is related to the constitutively expressed 
vegetative or housekeeping sigma-factor,  s  70 , and as such competes for binding to 
the RNAP core enzyme  [  7  ]  (Fig.  5.1a ). Under normal cellular conditions (i.e. in 
rapidly growing cells) the levels of  s  S  are low  [  8  ] . However, during stationary phase 
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and in response to a number of different stresses, such as anaerobiosis  [  9  ] , oxidative 
stress  [  10  ] , and osmotic stress  [  5  ]  the cellular levels of  s  S  rise rapidly (Fig.  5.1a, b ). 
As a result of this increase in the cellular concentration of  s  S , RNA polymerase is 
directed to a speci fi c set of promoters resulting in the expression of downstream 
 s  S -dependent genes, which control the metabolic state of a cell (Fig.  5.1 )  [  11,   12  ] . 
Indeed,  s  S  has been implicated in the regulation (either directly or indirectly) of 
approximately 500 genes, which equates to approximately 10 % of the  E. coli  
genome  [  12–  14  ] . These genes are expressed not only during the transition into sta-
tionary-phase, but also in response to a number of different stresses  [  12  ] , i.e. under 
conditions of nutrient limitation, in which the cells switch from optimal growth to a 
“maintenance” state. Similarly,  s  S  also controls the expression of genes that mediate 
programmed cell death, in which the sacri fi ce of a small population of cells under 
extreme stress provides a supply of nutrients to other cells permitting their survival 
 [  15  ] . In addition to these survival mechanisms,  s  S  also controls virulence genes in 
pathogenic enteric bacteria [reviewed by  16  ] .  
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  Fig. 5.1     In  E. coli , the levels of SigmaS are controlled not only at the transcriptional and 
translational level, but also through protein degradation . ( a ) During exponential phase transcrip-
tion is largely restricted to housekeeping genes. This is due, partly to the greater abundance of  s  70 , but 
also to its higher af fi nity for RNAP core enzyme, in comparison to most alternative sigma factors 
including  s  S . During stationary phase, despite its weak af fi nity for RNAP (relative to  s  70 ), the rapid 
increase in the level of  s  S , permits competitive binding to RNAP and hence, transcription switches to 
general stress genes. ( b ) Different environmental stresses modulate the cellular levels of  s  S , by tar-
geting different processes; (i) reduced growth rate stimulates transcription, (ii) high cell density or low 
temperature stimulate  rpoS  translation, (iii) carbon starvation or high temperature inhibits  s  S  degra-
dation and (iv) high osmolarity or pH, both stimulate  rpoS  translation and inhibit  s  S  degradation       
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 Given such an important role in the cell, the levels of  s  S  are tightly controlled, 
not only at the transcriptional level, but also at the level of translation and protein 
activity. In  E. coli , the gene encoding  s  S  ( rpoS ) is located downstream of  nlpD , a 
gene of unknown function. Although some transcription of  rpoS  occurs via the  nlpD  
promoter, most transcription occurs from a promoter located in  nlpD , 567 nucle-
otides upstream of the AUG of  rpoS . This long 5 ¢  untranslated region (UTR) plays 
a crucial role in the regulation of  s  S  translation (see below). Consistently, deletion 
of this region results in a 20-fold reduction of  s  S  expression, during both exponen-
tial and stationary-phase  [  17  ] . Although the regulation of  s  S  largely occurs at the 
translational and post-translational levels (see below), the transcription of  rpoS  is 
also controlled by various regulators. For example, cyclic adenosine monophos-
phate (cAMP) and catabolite response protein (CRP) negatively regulate  rpoS  tran-
scription  [  4  ] , while in contrast the two-component system (BarA/UvrY) is a positive 
regulator of  rpoS  transcription. Similarly, (p)ppGpp is also reported to increase the 
cellular levels of  rpoS  mRNA, however currently it remains unclear if this effect is 
due to an increase in stability or elongation of the mRNA  [  17  ] . 

   Translational Control of  s  S  

 At the translational level, the expression of  s  S  is stimulated by a variety of different 
conditions, including hyperosmotic shift  [  3,   18  ] , low temperature  [  2  ] , and acid pH 
 [  19  ] . This activation, of  rpoS  translation, is regulated by the structural rearrange-
ment of the  rpoS  mRNA  [  19  ] , which is mediated by the RNA-chaperone, Hfq  [  20  ]  
and several regulatory small RNAs  [  21–  24  ] . Speci fi cally, the long 5 ¢  UTR of  rpoS  
mRNA, is proposed to form an intra-molecular stem loop structure, which under 
normal conditions occludes the ribosome-binding site (RBS) and hence limits  s  S  
translation  [  18  ] . The translation of  s  S , can however be stimulated by various non-
coding small RNAs (sRNAs), such as DsrA and RprA, in the presence of the RNA 
chaperone, Hfq  [  25–  28  ] . Hfq is a small RNA-binding protein that not only stabilises 
the sRNAs, but also enhances RNA-RNA interactions  [  29–  32  ] .  E. coli  strains bear-
ing mutations in  hfq  are sensitive to multiple stresses and hence exhibit a similar 
phenotype to  rpoS  mutant strains  [  31  ] . Consistently, Hfq plays a role in the transla-
tion of  rpoS   [  20  ] , however the mode of action by which Hfq functions is currently 
unclear. Despite this, a number of models have currently been proposed. The  fi rst, 
suggests that Hfq acts on  rpoS  mRNA directly by stabilising the secondary structure 
of the  rpoS  mRNA  [  20,   33–  36  ] . Binding of Hfq is thought to shift the equilibrium 
of the  rpoS  mRNA secondary structure, from a less active form, where translation is 
inef fi cient, to an active form that permits easy access to the ribosome. An alternate 
model suggests that Hfq does not affect the secondary structure of  rpoS  mRNA. 
This model describes Hfq as a ‘platform’ for binding of other regulatory molecules, 
which are involved in the translational control of  rpoS . Consistent with this model, 
Hfq interacts directly with several small regulatory RNAs (DsrA, RprA, ArcZ and 
OxyS), which have been shown to regulate  rpoS  translation  [  2,   36  ] . Moreover, Hfq 
is able to stimulate base pairing, between the sRNA and the target mRNA to promote 
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a speci fi c response, which either inhibits or enhances translational initiation  [  37  ] . 
To date, a total of four sRNAs have been identi fi ed, which function to regulate 
 s  S  translation. Three of which (DsrA, RprA, and ArcZ) positively regulate  rpoS  
translation  [  38–  40  ] , while a single sRNA, OxyS, has a negative effect on  rpoS  trans-
lation  [  36,   41  ] . Each of these sRNAs is expressed in response to different stress 
conditions  [  24,   33,   42  ] . 

 Although four different sRNAs have been shown to effect  rpoS  translation, a 
common model can be drawn from a single example and hence this section will 
focus on the most extensively studied – DsrA. DsrA ( d own s tream from  R cs A ) was 
originally discovered in a study that examined capsule regulation in  E. coli   [  43  ]  and 
later shown to be required for translation of  rpoS  at low temperature  [  42,   44  ] . 
Biochemical analysis of DsrA has revealed that the mechanism that DsrA employs 
to promote translation of  rpoS  mRNA is via an interaction with the  rpoS  mRNA, 
which is facilitated by Hfq  [  45  ] . It is an 87 nucleotide RNA which folds into a stem 
loop structure and contains a small single-stranded region that is complementary to 
an element within the 5 ¢  UTR of  rpoS  mRNA (Fig.  5.2 ).  In vivo  studies have shown 
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that DsrA hybridises to the predicted  rpoS  mRNA duplex segment (self inhibitory 
stem) at a position that lies upstream of the start codon  [  39,   40,   46,   47  ] . This hybridi-
sation induces a structural change in  rpoS  mRNA that permits accessibility to the 
RBS present on the other strand  [  45  ] . The binding of the sRNA is facilitated by 
formation of a ternary complex with Hfq, which results in the activation of translation. 
In order for sRNAs, such as DsrA to activate  rpoS  translation, Hfq requires a (AAN) 

4
  

repeat element located at the 5 ¢  UTR of  rpoS   [  26,   48  ] . Interestingly, both  rpoS  
mRNA and DsrA appear to bind to the same binding site within the proximal RNA-
binding domain of Hfq  [  49  ] . As such, the current model suggests that Hfq enhances 
the interaction of DsrA and the  rpoS  mRNA by (a) increasing the local concentra-
tion of both RNAs and (b) unwinding the inhibitory stem of the  rpoS  mRNA  [  49, 
  50  ] . Recently however, the role of DsrA and its involvement in stimulating  rpoS  
translation has also expanded to include stabilisation of  rpoS  mRNA by base pairing 
to these sRNAs, potentially preventing the RNase E-dependent degradation of the 
target mRNA  [  51  ] .  

 Consistent with the  fi ndings for DsrA; RprA and ArcZ also regulate translation of 
 s  S  by base pairing to the 5 ¢  UTR of  rpoS   [  40,   47  ] . All three of these sRNAs are 
expressed in response to different stress conditions  [  24,   33,   42  ] . RprA ( Rp oS  r egula-
tor), a 105 nucleotide RNA, was identi fi ed during a screening of a multi-copy sup-
pressor library that increased the translation of  rpoS -lacZ (translational fusion) in the 
absence of  dsrA   [  33  ] . RprA in contrast to DsrA has been found to stimulate  s  S  syn-
thesis in response to cell envelope stress, and a modest effect has been observed in 
response to osmotic stress  [  33,   40  ] . ArcZ functions to positively regulate  s  S  transla-
tion  [  21,   24  ] . Processing of ArcZ from a 121 nucleotide RNA to a stable 56 nucle-
otide species is required for the formation of a strong Hfq-dependent ternary complex 
with the 5 ¢  UTR of  rpoS  mRNA  [  21,   47,   52  ] . Although the sequences of these regula-
tory RNAs differ, the mechanistic details appear to be conserved  [  47,   53  ] . Common 
to all of the sRNAs, they each interact with Hfq and activate translation by opening 
the stem-loop structure of the  rpoS  5 ¢  UTR, allowing access to the RBS  [  39,   40,   53  ] . 
Apart from binding to  rpoS  mRNA to promote translation, it’s also postulated that 
hybridisation of sRNAs to target mRNA promotes stabilisation of the target mRNA, 
in turn protecting it from degradation  [  51  ] . In contrast to the other sRNAs, OxyS is a 
negative regulator of  rpoS  translation. Encoded by the  oxyS  gene, this regulatory 
sRNA is induced upon exposure to hydrogen peroxide (oxidative stress)  [  36,   41  ] . 
Consistent with the positively regulating sRNAs, OxyS also associates with Hfq 
 [  36  ] , however the mechanism of action of OxyS, is currently poorly understood. 
Nonetheless, based on secondary structure predictions, OxyS seems to share struc-
tural similarities with DsrA  [  19  ] . However, in contrast to DsrA, a linker region in 
OxyS seems to align with the RBS of the  rpoS  mRNA, suggesting that repression of 
 s  S  translation may occur through the occlusion of the RBS by OxyS base pairing 
 [  32  ] . However, evidence for a direct interaction with  rpoS  mRNA is currently lack-
ing. On the other hand, co-immunoprecipitation experiments, which con fi rm an 
interaction with Hfq, suggest an alternative model for the regulation of  rpoS  transla-
tion by OxyS  [  36  ] . This model proposes that the negative regulation of  rpoS , by 
OxyS, is achieved through competitive binding to the Hfq-sRNAs binding site. For 
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instance, competitive binding to Hfq may hinder the binding of positive regulatory 
sRNAs, which in turn inhibits  rpoS  translation  [  36  ] .   

   Regulated Degradation of  s  S  

 Although the transcriptional and translational regulation of  s  S  is rather extensive, 
this only accounts for a fraction of the overall regulation. The turnover of  s  S  plays a 
major role in controlling the cellular levels of  s  S  during the various growth phases. 
As mentioned previously, the relative amounts of  s  S  present during exponential 
growth are extremely low, which is largely a result of degradation by the energy-
dependent AAA+ protease, ClpXP  [  54  ] , and is dependent on the two-component 
response regulator RssB  [  55–  58  ]  (see Fig.  5.3 ). In the absence of RssB, the ClpXP 
protease is unable to recognise  s  S , and hence RssB is required for the successful 
removal of  s  S  from the cell. Importantly, RssB itself is not degraded in the process 
of substrate delivery and therefore is able to perform numerous cycles of substrate 
binding and delivery  [  58  ] . As a consequence, the limiting factor for  s  S  degradation 
is RssB, which is present within the cell at very low levels (approximately 1 mole-
cule of RssB for every 25 molecules of  s  S )  [  59  ] . Independent of the levels of RssB, 
the interaction with  s  S  is modulated by phosphorylation  [  55,   58,   60,   61  ] . Although 
the phosphate donor (acetyl phosphate, AcP) and the two-component system ArcA/B 
have been shown to trigger RssB phosphorylation  [  61  ] , a dedicated phosphatase or 
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histidine kinase has yet to be identi fi ed. Regardless of how RssB is phosphorylated, 
the mechanistic effect of phosphorylation on RssB and the relevance it plays with 
respect to the regulation of  s  S  remains unclear and currently several models exist to 
describe the contribution of phosphorylation.  

 Moreover, it has been recently shown that the stability of  s  S  is also controlled by 
another group of proteins termed Ira ( I nhibitor of  R ssB  a ctivity). Currently, three Ira 
proteins have been identi fi ed: IraP, IraD and IraM, which stabilise  s  s  in response to 
phosphate starvation, DNA damage and magnesium starvation, respectively  [  62,   63  ] . 
However, to date little is known about the mechanism by which these anti-adaptors 
inhibit the RssB-mediated delivery of  s  S  to ClpXP. The following section will focus on 
our current understanding of the components involved in the regulated turnover of  s  S . 

   The Protease – ClpXP 

 In the cytosol of  E. coli  there are  fi ve ATP-dependent proteases (ClpXP, ClpAP, 
HslUV, Lon and FtsH). Each protease is composed of two components; a peptidase 
component and an AAA+ ( A TPase  a ssociated with a variety of cellular  a ctivities) 
unfoldase component and as such they are commonly referred to as AAA+ pro-
teases  [  64  ] . A unifying feature of the AAA+ protein superfamily is the presence of 
an AAA+ domain spanning 200–250 amino acids. This domain is composed of two 
subdomains – the small and large subdomain. The nucleotide is bound, in a cleft 
created by the large and small subdomains of a single subunit and the large subdo-
main of the adjacent subunit  [  65,   66  ] . Each domain contains several highly con-
served sequence motifs required for the binding and hydrolysis of ATP (e.g. 
Walker-A and Walker-B), the binding and translocation of substrates (e.g. pore-1 
and pore-2) and the binding of the peptidase, ClpP (e.g. IGF loop)  [  67–  70  ] . For a 
detailed description of the different AAA+ proteases in  E. coli , refer to  [  71  ] . 

 In  E. coli , a single protease (ClpXP) is responsible for the turnover of  s  S . Like 
other AAA+ proteases, ClpXP is composed of two components. The peptidase com-
ponent (ClpP) is composed of two heptameric rings that stack back-to-back to form 
a barrel-shaped oligomer. The catalytic residues of ClpP are sequestered away from 
cytosolic proteins, within an aqueous chamber. Access to this chamber is limited by 
a narrow axial portal (~10 Å in diameter), which only allows entry of short peptides 
and unfolded proteins  [  72,   73  ] . As a consequence of this narrow entry portal, the 
degradation of folded proteins requires an additional component – the unfoldase 
(ClpX), which is responsible, not only for the recognition of the substrate but also 
for its unfolding and translocation into ClpP. Complexes of ClpXP, as illustrated by 
electron micrographs, can be either single- or double-headed  [  74–  76  ] . Single-
headed ClpXP complexes contain a single hexamer of ClpX stacked onto one end 
of the ClpP dodecamer, while double-headed complexes of ClpXP contain a ClpX 
hexamer bound to both ends of ClpP  [  76  ] . The interaction between ClpX and ClpP 
is mediated by two structural elements. The primary interaction occurs between the 
IGF loop (located on ClpX) and a hydrophobic pocket (composed of Tyr60 and 
Tyr62 from one subunit and Phe82 from the adjacent subunit) located on the apical 
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surface of ClpP  [  68,   73  ] . Interestingly, these loops are disordered in the crystal 
structure of ClpX, hence they are likely to exhibit a high degree of  fl exibility required 
to facilitate the asymmetric connection between the ClpX hexamer and the heptam-
eric ring of ClpP  [  65,   66,   68  ] . Consistent with the role of these loops in docking to 
ClpP, mutation of speci fi c residues within the IGF motif, inhibits ClpP binding 
without affecting the ClpP-independent activity of ClpX  [  68,   77  ] . Indeed binding of 
the IGF loop to the hydrophobic pocket on ClpP is believed to open the axial chan-
nel of the protease  [  78  ] . Likewise, several recently identi fi ed antibiotics (acyldepsi-
peptides (ADEPs) and  a ctivators of self- c ompartmentalising  p roteases (ACPs)) that 
activate ClpP for unregulated degradation, have also been shown to open the axial 
pore of ClpP through binding to the hydrophobic pocket  [  79–  83  ] . The second inter-
action site, between ClpX and ClpP, is mediated by the N-terminal  b -hairpin loop 
(~20 residues) of ClpP  [  84,   85  ]  and the pore-2 loop of ClpX. This interaction is 
dynamic and sensitive to the nucleotide-bound state of ClpX  [  78  ]  and mutation of 
either region results in the destabilisation of the ClpXP complex  [  84,   86–  88  ] . 

 Protein degradation by ClpXP can be divided into four fundamental steps, (substrate 
recognition, unfolding and translocation), which are performed by the unfoldase ClpX, 
and hydrolysis of the protein into short peptide fragments which is performed by the 
associated peptidase. In general, the  fi rst step (substrate recognition) requires nucle-
otide binding by the unfoldase, but not its hydrolysis. In this state, ClpX is able to rec-
ognise a wide variety of different protein substrate, largely through short sequence 
motifs (commonly referred to as tags or degrons). These tags are often located at the 
N- or C-terminus of the substrate protein  [  89  ] . While, the majority of these motifs are 
intrinsic to the protein, some proteins require processing or modi fi cation (e.g. attach-
ment of a tag such as the SsrA tag) for ClpX recognition to occur. For a more detailed 
description of the SsrA tagging system, refer to  [  71  ] . Following recognition, the sub-
strate is unfolded by ClpX and translocated into ClpP, in an ATP-dependent fashion. 
Finally, the translocated polypeptide is degraded into small peptides, by ClpP  [  76, 
  90–  92  ] . In the case of ClpX, many of the molecular details of substrate recognition and 
translocation have been de fi ned. In general, substrates are recognised by a conserved 
aromatic-hydrophobic motif (GYVG) located on the pore-1 loop  [  87  ] . These loops 
protrude from each subunit into the central cavity of the hexamer  [  93–  96  ] . Mutations 
in the highly conserved aromatic residue of the pore-1 loop have been shown to impair 
substrate binding and processing, with little to no effect on oligomerisation or ATPase 
activity of the AAA+ protein  [  93,   94,   96,   97  ] . Cycles of ATP binding and hydrolysis, 
drive rigid-body movements in ClpX, which translate to a pulling force on the sub-
strate, resulting in unfolding and translocation of the substrate  [  87,   88,   94  ] . For a 
detailed analysis of the mechanism of action of AAA+ proteases refer to  [  71  ] .  

   The Adaptor Protein–RssB 

 Although the vast majority of substrates are recognised directly by the unfoldase, 
some substrates require the assistance of an adaptor protein for their recognition and 
hence their degradation by the protease. In the case of ClpXP, three adaptor proteins 
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have been identi fi ed – SspB, UmuD and RssB. SspB is the best characterised of these 
adaptor proteins and is required for the enhanced delivery and degradation of SsrA-
tagged proteins as well as the delivery of a fragment of the anti-sigma factor (RseA). 
In contrast to SspB, both UmuD and RssB are essential for the delivery of their respec-
tive substrates  [  58,   98  ] . UmuD is essential for the  in trans  delivery of UmuD ¢   [  98  ] , 
while RssB (also referred to as SprE) is essential for the recognition and delivery of 
 s  S   [  54,   56,   57  ] . Interestingly, despite little overall homology between the three adaptor 
proteins, all appear to contain a short sequence motif in common. This motif is located 
at the C-terminus of SspB and RssB, and near the N-terminus of UmuD. In SspB, this 
motif was termed the ClpX binding region (XBR) as it was shown to be critical for 
binding to ClpX and hence delivery of its cargo to the protease  [  99–  101  ] . Speci fi cally, 
the XBR of SspB docks onto the N-terminal domain of ClpX, placing the adaptor 
protein SspB in an ideal position to deliver its bound substrate  [  99,   101  ] . The increased 
local concentration of the substrate (tethered to ClpX, by the adaptor protein) enhances 
its recognition by the pore residues of ClpX, where it is unfolded and translocated into 
ClpP. Although RssB was identi fi ed over 15 years ago, the mechanism by which it 
binds to and delivers its substrate ( s  S ) to ClpXP for degradation still remains elusive. 
However, based on the sequence similarity of the XBR region of SspB and RssB, a 
model for the RssB-mediated delivery of  s  S  has been proposed (Fig.  5.3 ). 

 Although RssB shares little-to-no sequence similarity with other adaptor pro-
teins, it does share considerable homology with a family of proteins known as two-
component response regulators (RRs). These proteins are generally composed of 
two domains, an N-terminal receiver domain and a C-terminal output (or effector) 
domain. In contrast to the majority of RRs (which contain a C-terminal DNA-
binding domain and serve as transcriptional regulators) the C-terminal effector 
domain of RssB is a PP2C-type Ser/Thr phosphatase  [  102  ] . Interestingly, this region 
in RssB lacks the critical residues required for phosphatase activity and hence the 
precise role of this domain remains unclear  [  102  ] . The receiver domain on the other 
hand, is highly conserved amongst all RRs, both in sequence and structure. In the 
case of RssB, this domain is phosphorylated at a highly conserved aspartic acid resi-
due (Asp58), which is proposed to trigger a conformational change in RssB result-
ing in an improved interaction with  s  S   [  55,   58,   59,   61  ] . Consistent with this idea, 
mutation of Asp58 prevents RssB phosphorylation and reduces the rate of  s  S  turn-
over  in vivo   [  55,   59,   103  ] . However, the role of RssB phosphorylation remains con-
troversial, as  s  S  is still degraded in an  E. coli  strain containing a non-phosphorylatable 
mutant of RssB  [  103  ] . Similarly, given that phosphorylation of Asp is transient, any 
structural changes that occur to RssB remain unde fi ned. Nevertheless, the effect of 
phosphorylation has been examined at the molecular level for some RRs  [  104,   105  ] . 
Indeed in these cases, phosphorylation has been shown to trigger both local changes 
to the N-terminal receiver domain, as well as long-range changes to the RR  [  106–
  110  ] . From these data several models have been proposed. One possibility is that the 
receiver domain exists in an equilibrium, between two-states (an active and an inactive 
state) that is in fl uenced by phosphorylation. In most cases, phosphorylation of the 
RR is linked to activation of the protein, while in a handful of cases phosphorylation 
appears to inhibit the activity of the RR. 
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 Regardless of the role of RssB phosphorylation, the molecular details of substrate 
interaction and delivery to ClpXP are also poorly de fi ned. Currently, two different 
models of substrate delivery have been proposed. The  fi rst model implies a direct 
interaction between the adaptor and ClpX, for delivery of the substrate, while the 
second model suggests that RssB is only required to “activate” the substrate for 
binding to ClpX and does not, itself, dock to ClpX. Both models nevertheless, con-
verge to suggest that binding of RssB to  s  S , triggers a conformational change in  s  S  
that exposes a concealed “low af fi nity” ClpX binding site on the substrate. Exposure 
of this site then permits the downstream recognition of  s  S  by ClpX, when presented 
by RssB (Fig.  5.3 ). Consistent with this idea, the N-terminus of  s  S  does not contrib-
ute to RssB binding, but is predicted to contain a ClpX binding motif  [  89,   111  ] . In 
addition to the predicted ClpX binding site, located on the N-terminus of  s  S , a 
“turnover element” in  s  S , located downstream of the promoter recognising region 
2.4, is also required for its degradation  [  60  ] . Mutations introduced into the “turnover 
element” of  s  S , in particular Lys173, have been shown to inhibit the turnover of  s  S  
in growing cells  [  60  ] . Consistently, mutation of Lys173 also inhibited the binding of 
 s  S   in vitro   [  60  ] . Collectively these data suggest that the “turnover element” in  s  S  is 
an important region for interaction with RssB. Hence, in the absence of RssB, the 
N-terminal region of  s  S  is occluded, possibly by the C-terminal region of  s  S  which 
upon binding of RssB becomes exposed for recognition by ClpX  [  111  ] .  

   Anti-adaptors (Inhibitors of RssB Activity, Ira) 

 Interestingly, in the last 5 years another level of  s  S  regulation was discovered (see 
below). In this case, a group of unrelated proteins were shown to inhibit the ClpXP-
mediated turnover of  s  S . These proteins were termed anti-adaptors, and as the name 
suggests they inhibit or antagonise the activity of the adaptor protein, RssB. The  fi rst 
anti-adaptor to be characterised was identi fi ed as a regulator of competence develop-
ment in  B. subtilis   [  112–  114  ] . In non-competent cells, the adaptor protein MecA, 
recognises the competence transcription factor ComK, and delivers it to the ClpCP 
protease for degradation  [  115,   116  ] . When competence development is initiated, by 
a quorum sensing mechanism, the levels of ComS increase  [  112,   117  ] . ComS then 
acts as a “suicide” anti-adaptor binding to MecA and thereby preventing the turnover 
of ComK  [  114,   116,   117  ] . More recently however, similar proteins were also 
identi fi ed in  E. coli . Consistent with the regulatory role of ComS in the development 
of competence, these novel  E. coli  anti-adaptor proteins function to regulate the sta-
tionary-phase stress response. As such, the following section will describe recent 
insights into these small, yet interesting proteins that work to stabilise  s  S . 

 Using an  E. coli  genomic DNA library, Gottesman and colleagues identi fi ed 
three different genes of unknown function that speci fi cally affected the activity of 
an  rpoS-lacZ  translational fusion  [  62,   63  ] . Through a series of elegant genetic and 
biochemical experiments, the proteins encoded by these genes were shown to act 
as speci fi c inhibitors of RssB activity and hence were collectively termed anti-
adaptors. Interestingly, deletion of each gene did not affect the stability of  s  S  under all 
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starvation conditions; rather stabilisation of  s  S  was limited to a speci fi c condition. 
The  fi rst identi fi ed anti-adaptor, YiaB renamed IraP ( I nhibitor of  R ssB  a ctivity dur-
ing  p hosphate starvation) is a small 86 amino acid protein, which is transcribed in 
response to phosphate starvation, and mediated by ppGpp  [  63,   118  ] . A multi-copy 
plasmid carrying the  iraP  gene demonstrated that expression of IraP, driven from 
the plasmid, resulted in an approximately three-fold increase in  s  S  stability in the 
exponential-phase in comparison to a seven-fold increase in the stationary phase 
 [  63  ] . These results, in conjunction with  in vitro  ‘pull-down’ experiments con fi rmed 
IraP as a  bona  fi de  regulator of  s  S , which prevents  s  S  turnover through direct inter-
action with RssB  [  63  ] . 

 Following the identi fi cation of the  fi rst anti-adaptor (i.e. IraP), two additional 
genes ( yjiD  and  ycgW ) were also shown to stabilise  s  S . These gene products were 
renamed IraD and IraM respectively, because of their ability to stabilise  s  S  in 
response to DNA damage (IraD) and during magnesium starvation (IraM)  [  62  ] . 
Consistently, both IraD and IraM were able to inhibit the RssB-mediated degrada-
tion of  s  S   in vitro   [  62  ] . Although all three anti-adaptors seem to perform the same 
role, their interaction with RssB and/or  s  S  seems to vary  [  62  ] . Current data suggests 
that IraP functions by binding directly to RssB (forming an RssB-IraP complex) 
which sequesters RssB from  s  S , thereby preventing its turnover  [  63  ] .  In vitro  ‘pull-
down’ experiments using IraD and IraM suggest that IraD, like IraP, interacts 
directly with RssB, whilst the mode of action of IraM remains unclear  [  62  ]  (Fig.  5.3 ). 
Interestingly, the transcriptional regulator AppY, was also able to stabilise  s  S  in a 
mutant strain lacking all three anti-adaptors, which suggests a putative role for 
AppY in activating the transcription of a yet to be identi fi ed anti-adaptor  [  62  ] . This 
has physiological importance when considering the action of multiple stresses on 
the cell. Based on our current understanding of IraP, the presence of multiple stresses 
may induce the expression of multiple anti-adaptors. Given that each anti-adaptor 
may exhibit a different mechanistic approach to inhibit  s  S  degradation, this may 
cause an avidity effect, which could culminate in rapid stabilisation of  s  S . As such, 
this provides an ef fi cient way of coupling external stress stimuli to a rapid survival 
response.    

   The Heat-Shock Response 

 In contrast to the general stress response, the heat shock response (HSR) is a speci fi c 
cellular response to a rapid, sub-lethal, increase in temperature. This response was 
 fi rst observed in the salivary glands of  Drosophila melanogaster , where the synthe-
sis of a small group of proteins (termed heat-shock proteins (HSPs)) increased in 
response to a temperature upshift  [  119  ]  and was later shown to be a universal 
response. In  E. coli , the HSR is controlled by a single transcription factor,  s  32  (also 
known as  s  H ) and results in the expression of HSPs (i.e. molecular chaperones and 
proteases). The molecular chaperones (e.g. DnaK/J, GroEL/S and the small 
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HSPs – IbpA and IbpB) and the ATP-dependent proteases (e.g. Lon and FtsH), help 
to maintain a productive protein-folding environment in the cell by refolding or remov-
ing the misfolded proteins, thereby returning the cell to its pre-stressed state. The 
response is controlled not only by  s  32  translation, but also through its turnover, and 
can be divided into three distinct phases; induction, adaptation and a  fi nal steady 
state phase. 

   Regulated Turnover of  s  32  

 Similar to  s  S , the steady-state levels of  s  32  are low under non-stressed conditions. In 
the absence of stress (i.e. at 30 °C), low levels of  s  32  (~50 molecules/cell) are main-
tained by (a) inef fi cient initiation of translation due to base pairing within the  rpoH  
mRNA which occludes the Shine-Dalgarno sequence and (b) rapid degradation of 
 s  32  primarily by FtsH (half-life of ~1 min.), which is mediated by both the DnaK 
and GroE chaperone systems  [  120,   121  ] . Upon temperature upshift, the inhibitory 
structure of the  rpoH  mRNA is opened and translation of  s  32  increases. 
Simultaneously, the accumulation of unfolded proteins in the cell sequesters chap-
erones and proteases, albeit transiently (~5–10 min.) thereby stabilising  s  32   [  122  ]  
(see Fig.  5.4 ). As a result, there is a rapid increase in the levels of  s  32  and hence 
HSPs during the induction phase of this response. During the next phase – adapta-
tion – the synthesis of HSPs is blocked, as the activity of  s  32  becomes inhibited 
through (a) the presence of high levels of chaperones and proteases and (b) the 
accelerated turnover of  s  32  at higher temperatures, resulting in a new steady-state 
level of  s  32  (and HSPs) during the  fi nal “steady-state” phase. As such, the cellular 
levels of both chaperones and proteases, not only control induction of the HSR, but 
also the shutdown of this response.  

 Although several cytoplasmic proteases including HslUV (also known as ClpYQ) 
contribute to the turnover of  s  32 , the metabolic stability of  s  32   in vivo  is primarily 
controlled by the membrane bound protease FtsH  [  123–  125  ] . Both proteases 
(HslUV and FtsH) belong to the AAA+ protein superfamily  [  69  ] . Each protease is 
composed of two components (an unfoldase and a peptidase). In the case of HslUV, 
the two components are located on separate polypeptides, while in the case of FtsH 
both components are located on a single polypeptide. While both machines exhibit 
a six fold symmetry, the HslUV complex is formed by one or two ring-shaped unfol-
dase components (composed of six subunits of HslU), that stack onto either or both 
ends of the peptidase component (i.e. HslV), which is composed of two hexameric 
rings stacked back-to-back  [  126  ] . By contrast, FtsH forms a homohexameric ring-
shaped complex that is embedded in the periplasmic membrane with its active sites 
exposed to the cytoplasm. For a detailed description of FtsH structure and function 
refer to the accompanying review by Okuno and Ogura  [  127  ] . 

 Interestingly, the FtsH-mediated degradation of  s  32  is accelerated, not only by 
increased temperature  [  128  ] , but also by the presence of molecular chaperones such 
as the GroEL-GroES (ELS) chaperone system and the DnaK-DnaJ-GrpE (KJE) 
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chaperone system  [  125  ] . Although the exact role of these chaperone systems in 
promoting the FtsH-mediated degradation of  s  32  is yet to be determined, hydrogen-
deuterium exchange (HDX) experiments have shown that both DnaK and DnaJ are 
able to promote unfolding of  s  32   [  129  ] . Binding of DnaJ to region 2.1 triggers a 
conformational change in  s  32 , which facilitates DnaK binding to region 3.2 (Fig.  5.5 ) 
and further unfolding of  s  32 , which is believed to mediate delivery to, and degrada-
tion by, FtsH. Interestingly, in contrast to most other bacterial proteases (e.g. ClpXP 
or ClpAP) in which substrate recognition involves a single N- or C-terminal motif 
(see  [  71  ]  for further details), the FtsH-mediated degradation of  s  32  appears to require 
two distinct regions; region 2.1 (Leu47, Ala50 and Ile54) and region C (Ala131 and 
Lys134)  [  130,   131  ] , both of which are located internally (Fig.  5.5 ). Given that 
(a) these “turnover elements” are located within the middle of the polypeptide, and 
(b) that FtsH lacks a robust unfoldase activity  [  132  ] , it is likely that molecular 
chaperones facilitate the FtsH-mediated degradation of  s  32 , by either triggering a 
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  Fig. 5.4   The heat-shock response is controlled by the transcription factor, Sigma32 ( s  32 )   . 
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In the absence of unfolded proteins chaperones and proteases are free to binding to  s  32  mediating 
its rapid degradation and inhibiting its binding to RNAP. ( b ) Under heat shock conditions, the 
secondary structure of  rpoH  is melted and transcription increases. The accumulation of unfolded 
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local conformational change in the substrate or by “unfolding” it. Consistently, the 
binding sites for both DnaJ and DnaK are located on, or adjacent to, the FtsH turn-
over elements on the substrate. Interestingly, although still somewhat speculative, 
molecular modelling of  s  32  using known sigma factor structures has revealed that the 
residues implicated in the two turnover elements may form a single discontinuous 
“motif” for recognition by FtsH  [  133,   134  ] .   

   Removal of Misfolded and/or Aggregated Proteins – Degradation 
by AAA+ Proteases as a Last Resort 

 As mentioned above, heat shock results in the accumulation of unfolded proteins, 
which may be detrimental to the viability of the cell. As such, the primary aim of the 
heat-shock response is to maintain cell viability by restoring the protein-folding 
environment of the cell. This is achieved, through the expression of chaperones and 
proteases, which either refold or remove the misfolded proteins. Interestingly, in 
contrast to oxidative stress, which results in the irreversible damage to proteins, heat 
stress largely results in a “reversible” damage to proteins. Moreover, given that it is 
generally more energetically favourable to refold a protein than to degrade and 
resynthesize it, the primary strategy of the heat-shock response is to refold the mis-
folded proteins. As such, it is important for the cell to discriminate between unfolded 
proteins that can be refolded by chaperones, and terminally damaged proteins that 
must be removed from the cell by proteases. One possibility is that the  fi nal fate of 
a misfolded (or aggregated) protein is controlled by the kinetics of chaperone and 
protease binding  [  135,   136  ] . Consistent with this view, chaperones such as DnaK 
and DnaJ recognize largely hydrophobic residues, which are commonly exposed in 
unfolded proteins, while the proteases such as Lon, bind primarily to sequences rich 
in aromatic residues, which are less common in unfolded proteins  [  137  ] . Importantly, 
chaperones such as DnaK and DnaJ are signi fi cantly more abundant than proteases, 
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  Fig. 5.5     Domain organisation of  s  32  . Sigma factors are divided into  fi ve functional regions 
(region 1, 2, 3, 4 and H/region C). These regions can be further divided into subregions (e.g. 2.1, 
2.2, 2.3 and 2.4). The RNAP core enzyme binds to regions 2.2 and H/region C. This partially 
overlaps with the FtsH turnover element, which has be mapped to region 2.1 and H/region C. DnaJ 
and DnaK bind to regions 2.1 and 3.2, respectively       
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especially under heat-shock conditions  [  138–  140  ]  and hence refolding is generally 
favoured over degradation. Therefore not surprisingly, following heat-shock most 
unfolded proteins are refolded directly by “folder” chaperones (i.e. KJE or ELS) 
before they can be captured by proteases for degradation. Interestingly, and some-
what contrary to this view, the degradation of some protein substrates is promoted 
by chaperones, possibly by altering the con fi rmation of the substrate, exposing a 
protease binding site  [  129  ] . However in most cases, chaperones and proteases 
appear to compete for binding to the misfolded substrate to deliver their speci fi c 
activities (refolding versus degradation, respectively). 

 Interestingly, even during conditions of prolonged stress when protein folding 
chaperones are sequestered, the refolding arm of protein quality control network is 
favoured. Under these conditions, the accumulation of misfolded proteins results in 
their aggregation. However these aggregated proteins can be refolded by a special-
ised bi-chaperone system, which combines the “disaggregation-power” of the 
AAA+ unfoldase ClpB, with the refolding activity of the KJE chaperone system 
 [  140,   141  ] . Interestingly, despite the fact that some proteases can degrade aggre-
gated proteins  in vitro   [  138,   142,   143  ]  and that several  B. subtilis  Clp components 
(ClpC, ClpE and ClpP) have been implicated in protein disaggregation  [  144,   145  ] , 
there is currently little evidence in  E. coli  to suggest that aggregated proteins are 
degraded  in vivo.  This is, partly due to binding of “folder” chaperones (i.e. DnaK) 
to protein aggregates, which restricts the binding of proteases  [  138,   146  ] , and partly 
due to the action of “holder” chaperones (i.e. inclusion body proteins A and B, IbpA 
and IbpB, respectively), which trap the substrates in a “folding” competent state. 
Indeed, the “holder” chaperones that bind to misfolded and aggregated proteins, 
appear to facilitate their subsequent reactivation and refolding by the ClpB/KJE bi-
chaperone system  [  147,   148  ] . It is likely that the competitive edge, of chaperones 
over proteases, in the recognition of most misfolded and/or aggregated proteins is 
energetically advantageous to bacteria. 

 Interestingly, both “holder” chaperones (IbpA and IbpB) are degraded by Lon, 
 [  149  ] , and despite the high overall sequence similarity of both proteins, IbpB is degraded 
signi fi cantly faster by Lon, than IbpA is  [  149  ] . Surprisingly however, the rate of IbpA 
degradation, by Lon, was substantially increased under heat-shock conditions suggest-
ing an intriguing link between protein aggregation and degradation. Therefore from 
these data, Baker and colleagues have proposed several interesting models whereby (a) 
free inclusion bodies are degraded (b) both the aggregated proteins and the Ibp’s are 
degraded or alternatively (c) only the Ibp’s are degraded by Lon (Fig.  5.6 ).    

   Conclusion 

 It has been long known, that proteases play a crucial role in the removal of unwanted 
proteins from the cell under a variety of different cellular conditions. However, 
recent  fi ndings have highlighted that these cellular machines also play an important 
role in controlling several different stress response pathways. These studies have 
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illustrated that the proteases responsible for the degradation of these transcription 
factors, are not only highly regulated, but also exhibit an exquisite speci fi city. 
Despite these advances many questions remain unanswered, currently little is known 
regarding the regulation or removal of the adaptor or anti-adaptor proteins that regu-
late the turnover of these transcription factors. Similarly at a structural level, our 
current understanding of how each component interacts with one another, remains 
limited. As such many important challenges, for current and future researchers, still 
remain in this  fi eld.      
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  Abstract   Over the past decade, regulatory proteolysis has emerged as a paradigm 
for transmembrane signal transduction in all organisms, from bacteria to humans. 
These conserved proteolytic pathways share a common design that involves the 
sequential proteolysis of a membrane-bound regulatory protein by two proteases. 
Proteolysis releases the regulator, which is inactive in its membrane-bound form, into 
the cytoplasm where it performs its cellular function. One of the best-characterized 
examples of signal transduction via regulatory proteolysis is the pathway governing 
the  s  E -dependent cell envelope stress response in  Escherichia coli . In unstressed 
cells,  s  E  is sequestered at the membrane by the transmembrane anti-sigma factor, 
RseA. Stresses that compromise the cell envelope and interfere with the proper 
folding of outer membrane proteins (OMPs) activate the proteolytic pathway. 
The C-terminal residues of unfolded OMPs bind to the inner membrane protease, 
DegS, to initiate the proteolytic cascade. DegS removes the periplasmic domain of 
RseA creating a substrate for the next protease in the pathway, RseP. RseP cleaves 
RseA in the periplasmic region in a process called regulated intramembrane prote-
olysis (RIP). The remaining fragment of RseA is released into the cytoplasm and 
fully degraded by the ATP-dependent protease, ClpXP, with the assistance of the 
adaptor protein, SspB, thereby freeing  s  E  to reprogram gene expression. A growing 
body of evidence indicates that the overall proteolytic framework that governs the  s  E  
response is used to regulate similar anti-sigma factor/sigma factor pairs throughout 
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the bacterial world and has been adapted to recognize a wide variety of signals and 
control systems as diverse as envelope stress responses, sporulation, virulence, and 
iron-siderophore uptake. In this chapter, we review the extensive physiological, 
biochemical, and structural studies on the  s  E  system that provide remarkable insights 
into the mechanistic underpinnings of this regulated proteolytic signal transduction 
pathway. These studies reveal design principles that are applicable to related pro-
teases and regulatory proteolytic pathways in all domains of life.      

   Introduction 

 In biological systems, proteolysis serves both as a cellular housekeeper and an 
orchestrator of regulatory pathways. As housekeepers, proteases rid the cell of damaged 
proteins in a relatively non-speci fi c manner, helping to preserve the ef fi ciency of 
cellular physiology. In contrast, when acting as regulators, proteases degrade or 
process only select substrates in response to distinct signals, yielding a de fi ned 
change in the activity of their targets. Unlike regulatory systems in which protein 
activity is reversibly modulated by ligand binding, proteolysis provides a rapid and 
irreversible change in the activity of target proteins. Regulated proteolysis rivals 
post-translational modi fi cation in the diversity of cellular pathways it controls, 
ranging from transcriptional regulation to modulation of enzyme activity. 

 Regulated proteolysis is the key component of the solution to one of the most 
common biological problems shared by all cells: how a signal generated on one side 
of a membrane can be communicated across the membrane to elicit the required 
response. This regulatory paradigm governs transmembrane signaling responses 
ranging from the cell envelope stress response of  Escherichia coli , the subject of 
this chapter, to the SREBP ( s terol  r egulatory  e lement  b inding  p roteins) pathway of 
humans. In its simplest form, the overall design of the proteolytic system consists of 
two proteases that sequentially cleave a regulatory, transmembrane (TM) protein on 
either side of the membrane, resulting in release of the regulatory domain with a 
distinct biological function (Fig.  6.1 )  [  1  ] . These systems are most commonly found 
in compartmental membranes in eukaryotes and the cytoplasmic membrane of 
prokaryotes. The signal is generally sensed on the lumenal or extracytoplasmic side 
of the membrane and the regulatory protein is released into the cytoplasm  [  1–  3  ] . 
The  fi rst protease cleaves the target protein in its lumenal domain to remove most of 
this domain, but only after receiving the inducing signal. The second protease then 
cleaves the remaining fragment of the protein in the membrane-spanning region in 
a process termed  r egulated  i ntramembrane  p roteolysis, or RIP  [  1,   2  ] . Intramembrane 
cleavage releases the regulatory domain from the membrane so that it can ful fi ll its 
biological mission  [  2  ] . Not only is the overall framework of this proteolytic pathway 
conserved, but the proteases are also evolutionarily related. The initiating proteases 
are often serine or aspartate proteases  [  1,   2  ] . Several conserved families of proteases 
have been identi fi ed that perform intramembrane cleavage: the site-2 protease (S2P), 
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rhomboid serine proteases, and pre-senilin aspartate proteases  [  2  ] . Only S2P and 
rhomboid proteases have been found thus far in prokaryotes.  

 Among the  fi rst examples of regulatory proteolysis involving RIP was the SREBP 
pathway that controls lipid metabolism in animals and a step in the regulatory 
cascade that controls sporulation in  Bacillus subtilis   [  1  ] . SREBP is a transcription 
factor that activates the expression of genes required for lipid synthesis and uptake. 
It is synthesized as a membrane-bound precursor that is localized to the endoplasmic 
reticulum when sterols are present  [  4  ] . The two proteases, site-1 protease (S1P) and 
S2P, are also integral membrane proteins localized in the Golgi apparatus, and 
therefore unable to access SREBP. When sterols are depleted, SREBP translocates 
to the Golgi, where it is cleaved  fi rst by S1P, a subtilisin-like serine protease  [  5  ] . 
This cleavage creates a substrate for S2P, a zinc metalloprotease, that cleaves SREBP 
in the  fi rst transmembrane segment, releasing the amino terminal transcription factor 
domain into the cytoplasm where it rapidly translocates into the nucleus  [  5  ] . 

 In  B. subtilis , an analogous proteolytic system regulates the activity of the tran-
scription factor  s  K , which controls genes required for forespore development.  s  K  is 
synthesized in an inactive, membrane-anchored form, similar to SREBP  [  6  ] . At the 
appropriate time during sporulation, pro- s  K  is cleaved within the membrane-
spanning region by SpoIVFB, an ortholog of mammalian S2P, releasing  s  K  to direct 
transcription  [  6  ] . Just as S2P can only cleave SREBP after S1P acts, cleavage of 
pro- s  K  is reliant on an upstream proteolytic event. Two proteins, SpoIVFA and 
BofA, bind to SpoIVFB and prevent it from cleaving pro- s  K   [  7,   8  ] . Signals from the 
developing forespore lead to production of the serine proteases, SpoVB and CtpB, 
which cleave SpoIVFA, alleviating inhibition of SpoIVFB  [  9,   10  ]  (for further 
description of this system, see also  [  11  ] ). The overall similarities of the design of 
these two proteolytic systems, the polytopic membrane-bound metalloprotease S2P 
and their signal-dependent cleavage of a membrane-bound substrate to release a 
biologically active regulatory protein, led to the realization that this framework is a 
conserved solution for transmembrane signaling. Diverse proteolytic regulatory 
systems with this overall design have since been found in all domains of life. 

  Fig. 6.1     Overview of transmembrane signal transduction by regulated intramembrane 
proteolysis . The  fi rst cleavage is signal-dependent and removes the lumenal domain of the substrate 
( orange ). The RIP protease ( red ) then cuts the substrate in the membrane-spanning region only 
after the  fi rst cleavage event and releases the biologically active domain of the substrate into the 
cytoplasm       

 



  Fig. 6.2     Regulation of the  s    E   -dependent envelope stress response . The different steps of the 
proteolytic cascade regulating  s  E  are outlined.  Non-stress conditions . In the absence of envelope 
stress, OMPs fold ef fi ciently, and the low steady-state level of proteolysis of RseA provides the cell 
with suf fi cient free  s  E  to support viability.  Step 1: Signal recognition.  Stress conditions that disrupt 
OMP folding lead to the accumulation of unfolded OMPs with exposed C-termini that bind to the 
PDZ domain of DegS.  Step 2: Activate DegS.  Peptide binding to the DegS PDZ domains activates 
DegS and an unknown signal alleviates inhibition of proteolysis by RseB. DegS cleaves RseA 
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 In this chapter, we describe one of the best-studied systems that utilizes RIP, the 
proteolytic cascade that governs the  s  E -dependent cell envelope stress response in 
 E. coli  (Fig.  6.2 ). The key players in the  s  E  system are the transcription factor, 
 s  E , its regulators, RseA and RseB, and the proteases, DegS, RseP, and ClpXP. 
The response is activated by stresses that affect the integrity of the outer compartment 
of the bacterium, the cell envelope  [  12,   13  ] . The proteolytic cascade serves to 
communicate this information across the inner membrane to  s  E  in the cytoplasm. 
The inner membrane proteases, DegS and RseP, correspond to S1P and S2P, respec-
tively  [  14,   15  ] . Their target is another inner membrane protein, RseA ( R egulator of 
 S igma E ), which is an anti-sigma factor that binds tightly to  s  E  sequestering it at the 
membrane  [  13,   16  ] . Signals that induce the pathway activate DegS to initiate the 
proteolytic cascade. The sequential action of DegS followed by RseP releases 
the cytoplasmic domain of RseA, still bound to  s  E , from the membrane  [  14,   15  ] . The 
adaptor protein, SspB, binds near the new C-terminus of RseA and delivers it to the 
cytoplasmic protease, ClpXP. ClpXP then degrades the remaining portion of RseA, 
freeing  s  E  to bind to the RNA polymerase (RNAP) core enzyme  [  17  ] . Extensive 
biochemical, structural, and physiological studies on this system have provided a 
remarkably detailed understanding of the proteolytic pathway, revealing fundamental 
principles of regulatory proteolysis that are applicable to all such systems.   

   Cell Envelope Stress and  s  E  

 The cell envelope is the hallmark of Gram-negative bacteria. It is composed of the 
inner membrane, outer membrane, and periplasmic space between the membranes 
that contains a thin layer of peptidoglycan. This compartment not only is critical 
for the structural integrity of the cell, but also serves as the interface by which the 
bacterium interacts with its surroundings. The cell envelope is not a static structure, 
but is actively remodeled in response to changes in the environment  [  18  ] . Cell 
envelope stress responses have evolved to maintain the integrity of this important 
compartment, to assist in the elaboration of complex cell envelope structures such 
as pili and  fi mbriae, and to protect the envelope from damaging stresses  [  19,   20  ] . 
The  s  E -dependent envelope stress response is one of the key pathways that monitors 
the state of the cell envelope  [  21,   22  ] . 

removing the periplasmic domain.  Step 3: Activate RseP.  Cleavage of the periplasmic domain of 
RseA generates a substrate for RseP, and inhibitory interactions that keep RseP from cutting RseA 
are removed. RseP cleaves RseA in the TM domain to release the cytoplasmic domain of RseA 
bound to  s  E  into the cytoplasm.  Step 4: Release  s    E    from RseA-cyto.  Cleavage of RseA by RseP 
generates a fragment of RseA with recognition sequences for the adaptor protein SspB near the 
C-terminus and for ClpXP at the extreme C-terminus. ClpXP degrades RseA-cyto releasing  s  E  to 
bind to core RNAP.  Step 5: Activate the  s    E    regulon and return to a resting state.   s  E  transcribes the 
genes in its regulon that restore the proper folding environment in the periplasm. The concentration 
of unfolded OMPs with exposed C-termini decreases, RseA stability increases, and the system resets       
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 In bacteria, promoter recognition is conferred by the sigma subunit of RNAP. 
While  s  70  is the primary sigma subunit in the cell,  s  E  is one of an array of alternative 
sigma factors that displace  s  70  and direct RNAP to the appropriate promoters of 
genes required for response to that stress  [  23,   24  ] . As such, activation of  s  E  rapidly 
reprograms transcription to focus on genes that allow the cell to cope with cell 
envelope stress.  s  E  was  fi rst identi fi ed not for its role in extracytoplasmic stress, but 
for its role in transcribing the gene encoding another alternative sigma factor at high 
temperatures, the cytoplasmic heat shock factor  s  32   [  25  ] . For further details of the 
heat shock response refer to  [  26  ] . A connection between  s  E  and the cell envelope 
was found in genetic screens demonstrating that  s  E  activity increased following 
overproduction of outer membrane porins (OMPs), inactivation of genes encoding 
periplasmic chaperones and proteases, and deletion of genes involved in lipopoly-
saccharide biosynthesis  [  27–  30  ] . These  fi ndings, along with work on the CpxAR 
two-component system, were among the  fi rst pieces of evidence indicating that 
Gram-negative bacteria use distinct stress response pathways to combat damage in 
the cell envelope and the cytoplasm  [  31–  33  ] . Compartmentalization of stress 
responses in  E. coli  was strikingly demonstrated for the  s  E  system by the observation 
that accumulation of the porin OmpX in the cytoplasm due to disruption of its 
signal sequence resulted in activation of  s  32 , but not  s  E , while overproduction of 
OmpX with an intact signal sequence activated  s  E , but not  s  32  (in this case the 
post-transcriptional regulation of  s  32  prevents its activation, despite increased tran-
scription by  s  E )  [  34  ] . 

  s  E  systems have now been identi fi ed in at least 112 sequenced bacterial genomes 
and, where investigated, share a number of basic properties  [  35  ] . The gene encoding 
 s  E ,  rpoE , is essential in  E. coli  and  Yersinia  spp., and  Vibrio cholerae rpoE  mutants 
rapidly accumulate suppressor mutations suggesting that  rpoE  is also essential in 
 V. cholerae   [  21,   36,   37  ] . In other bacteria, such as  Salmonella enterica  serovar 
typhimurium and  Bordetella bronchiseptica , the  s  E  system is important for interactions 
with the host immune system during infection  [  38,   39,   40  ] . Despite differences in 
the responses to speci fi c stress conditions across species, in all bacteria where the 
 s  E  system has been studied in any detail, it has been found to be involved in cell 
envelope-associated processes  [  20,   24,   35,   41  ] . 

 The major group of conserved genes in the  s  E  regulon encode a series of pro-
teins, including chaperones and proteases, that are central to the synthesis, assem-
bly, and maintenance of OMPs and LPS  [  42  ] . In addition to the proteins that serve 
to fold or degrade misfolded OMPs,  s  E  regulates the expression of several sRNAs 
that target mRNAs encoding OMPs for degradation  [  43–  45  ] . Unfolded OMPs, 
which can be toxic when they accumulate in the cell, serve as a barometer for the 
overall state of the cell envelope  [  13  ] . Their proper folding and assembly depends 
on lipoprotein and LPS biosynthesis, as well as chaperones that prevent aggregation 
and escort unfolded OMPs across the periplasm and the Bam complex that assem-
bles OMPs in the outer membrane  [  18,   46,   47  ] . Therefore, disruption of any compo-
nent of the cell envelope that hinders OMP folding activates the  s  E  response, which, 
in turn, increases the levels of proteins important for both OMP and LPS synthesis, 
while decreasing the load on the envelope by reducing  de novo  synthesis of OMPs 
via the sRNA regulators. In addition to the aforementioned regulon members,  s  E  
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transcribes its own gene in most bacteria in which it is found  [  29,   37,   48–  51  ] . 
Activation of  s  E , therefore, results in an autoregulatory loop ensuring that  s  E  con-
tinues to be made as long as the inducing stress remains.  

   Regulation of  s  E  Activity 

  s  E  activity is controlled by two proteins, RseA and RseB, which are encoded in an 
operon together with the gene encoding  s  E   [  52,   53  ] . This operon structure is widely 
conserved amongst  s  E  orthologs  [  35  ] , suggesting that the regulatory pathway is also 
conserved. RseA is the central player in the regulatory system that controls  s  E  activ-
ity. It is a single-pass TM protein located in the inner membrane. The cytoplasmic 
domain is a  s  E -speci fi c anti-sigma factor     [  53,   54  ] . Early work on the  s  E  system 
found that deletion of  rseA  resulted in constitutively elevated  s  E  activity and 
rendered  s  E  insensitive to signals in the cell envelope  [  52  ] . These data provided 
strong evidence that RseA forms the critical link between events in the cell envelope 
and  s  E  in the cytoplasm. In addition, overexpression of the cytoplasmic domain of 
RseA in a  D  rseA  mutant greatly reduced  s  E  activity and did not restore the response 
to envelope stress, demonstrating that the inducing signal is generated in the 
periplasm  [  53  ] . The structure of the cytoplasmic domain of RseA in complex with 
 s  E  revealed the molecular basis of RseA’s anti-sigma factor activity (Fig.  6.3 )  [  54  ] . 
RseA forms a compact helical structure that is sandwiched between the two 

  Fig. 6.3      s    E    bound to the cytoplasmic domain of RseA . Ribbon representation of the cytoplasmic 
domain of RseA ( orange ) embedded between conserved regions 2 and 4 of  s  E  ( green ), shown in 
space- fi lling mode (1OR7  [  54  ] , generated using PyMol  [  55  ] ). The surfaces used by  s  E  to contact 
core RNAP are buried in the interface of the complex.  Green dots  represent the linker between 
regions 2 and 4 of  s  E , which was not ordered in the crystal structure.  Orange dots  represent the 
residues of RseA that lead to the transmembrane domain in the cytoplasmic membrane       
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conserved domains of  s  E  that are responsible for promoter recognition and binding 
to RNAP core enzyme  [  54,   56  ] . Biochemical studies complement the structural 
data, and show that RseA is a strong competitive inhibitor of core RNAP for binding 
to  s  E . In fact, the K 

d
  of the RseA: s  E  complex is estimated to be <10 pM, compared 

to ~1 nM for  s  E  binding to core RNAP  [  57,   58  ] .  
 RseB is the second key regulator of  s  E . It is a soluble periplasmic protein and 

binds to the periplasmic domain of RseA  [  52,   53  ] . RseB does not regulate  s  E  in the 
absence of RseA  [  52,   53  ] . Deletion of  rseB  results in a modest two- to three-fold 
increase in  s  E  activity, and  s  E  activity is still induced in response to envelope stress 
in cells lacking  rseB , suggesting that RseB  fi ne-tunes the response  [  52,   59  ] . In 
contrast,  in vitro  experiments suggested that RseB plays a greater role in regulating 
the pathway, because RseB protects RseA from DegS-dependent cleavage in a 
reconstituted puri fi ed system, even in the presence of inducing signals  [  60  ] . Recent 
work indicates that inactivation of RseB and activation of DegS are both required 
before the proteolytic cascade can begin  [  61  ] . Therefore, as described below, it is 
now thought that RseB plays a major role in maintaining the uninduced state of 
the system.  

   The Proteolytic Cascade 

 The discovery that the signal transduction pathway is controlled by proteolysis was 
uncovered through a series of experiments establishing that RseA is an unstable 
protein whose half-life in the cell is correlated with  s  E  activity  [  62,   63  ] . The half-life 
of RseA decreased under conditions of envelope stress, elevated temperature and 
over-expression of outer membrane proteins, when  s  E  activity was high  [  62,   63  ] . 
The half-life increased in strains lacking the regulator OmpR, when  s  E  activity was 
low ( [  64  ]  and S.E. Ades unpublished observations). RseA was degraded, presum-
ably to completion, since no fragments were observed by Western blotting with 
antibodies raised against the periplasmic or cytoplasmic domains  [  62  ] . Once the 
stress was removed, the system was reset,  i.e.  the stability of RseA returned to that 
in the absence of stress  [  63  ] . A survey of strains lacking periplasmic and inner mem-
brane proteases revealed that RseA was stable, and  s  E  was no longer inducible in a 
strain in which the gene encoding the inner membrane serine protease, DegS, was 
inactivated  [  62  ] . Genetic studies demonstrated that DegS is encoded by an essential 
gene whose function is to degrade RseA so that suf fi cient  s  E  will be available to sup-
port viability  [  64  ]  .  Strains lacking DegS accumulated suppressor mutations that 
could also suppress the requirement of  s  E  for viability, providing further evidence of 
the close connection between DegS and  s  E   [  64  ] . 

 Participation of a second protease in the pathway was found in studies on the 
protein YaeL, later termed RseP ( R egulator of  S igma E ,  P rotease), which was  fi rst 
identi fi ed as an S2P zinc metalloprotease ortholog and shown to be an integral inner 
membrane protein  [  65  ] . Like DegS, RseP is encoded by an essential gene  [  14  ] . 
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Genetic studies identi fi ed  rpoE  as a multicopy suppressor that allowed  E. coli  to 
grow in the absence of  rseP , establishing a genetic connection between RseP and 
the  s  E  pathway  [  15  ] . Both the Ito and Gross groups demonstrated that DegS and 
RseP worked in tandem to cleave RseA in a scheme analogous to the SREBP 
system  [  14,   15  ] . DegS cuts  fi rst and releases most of the periplasmic domain of 
RseA (Fig.  6.2 )  [  14  ] . The remaining fragment of RseA (residues 1-148) stays in 
the inner membrane and retains anti-sigma factor activity  [  60  ] . This fragment is a 
substrate for RseP, which cuts RseA in the transmembrane region, releasing the 
cytoplasmic domain of RseA (residues 1-108), still bound to  s  E , into the cytoplasm 
(Fig.  6.2 )  [  14,   15,   17,   65  ] . The protease(s) responsible for degradation of the 
periplasmic and inner membrane fragments of RseA have yet to be identi fi ed. 

 The  fi nal step in the proteolytic pathway that completes the degradation of RseA 
(Fig.  6.2 ) was found not from studies of the  s  E  pathway, but from a proteomic analy-
sis of substrates of the cytoplasmic protease, ClpXP  [  17,   66  ] . The cytoplasmic 
domain of RseA was identi fi ed as one several proteins trapped in the cavity of a 
catalytically inactive ClpP variant. RseP cleavage exposes recognition signals for 
ClpXP at the C-terminus of the soluble RseA fragment (RseA 1-108 ), released from 
the membrane  [  66,   67  ] .  In vitro  and  in vivo  experiments veri fi ed that ClpXP degraded 
RseA 1-108 , but not  s  E , thereby freeing  s  E  to bind core RNAP and transcribe the genes 
in its regulon to combat cell envelope stress  [  17  ] . 

 Thus, three proteases are required for the complete degradation of RseA and 
initiation of the envelope stress response. DegS is the sole protease to sense the 
inducing signal and each cleavage event generates a substrate for the next protease 
in the proteolytic cascade  [  57  ] . As a result,  s  E  is both released from RseA and pre-
vented from re-binding to RseA, so that it is free to bind core RNAP and transcribe 
the genes in its regulon. DegS cleavage of RseA is the rate-limiting step in the complete 
degradation of RseA, which speci fi cally tunes the system to the folding state of 
OMPs  [  57  ] . In the sections below, we outline in detail the structural, biochemical, 
and physiological details of the proteolytic pathway that controls  s  E  activity.  

   Activating  s  E  via Regulated Proteolysis 

   Step 1: Signal Recognition 

 The proteolytic pathway that activates  s  E  has many built-in checkpoints to ensure 
that  s  E  is properly regulated, only activated when necessary, and only to the extent 
required. The system is held in the “off” state with minimal signal-independent 
proteolysis by multiple inhibitory interactions that control the activity of DegS and 
RseP  [  59,   61,   68–  70  ] . These inhibitory interactions are alleviated as the proteolytic 
cascade progresses, resulting in complete degradation of RseA. 

 Two independent signal recognition events are currently known to be required 
to initiate the proteolytic cascade: (1) DegS, which exists primarily in an inactive 
conformation, must be activated, and (2) RseB, which protects RseA from proteolysis, 
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must be inactivated (Fig.  6.2 , top row). We are now just beginning to understand 
how RseB activity is modulated. In contrast, structural and biochemical studies have 
yielded a wealth of information about how DegS activity is regulated. 

 DegS is a member of the HtrA family of serine proteases in which the protease 
domain is followed by one or more peptide-binding PDZ domains  [  71  ] . DegS is 
anchored in the inner membrane by a single transmembrane helix and the majority 
of the protein, including the active site and its single PDZ domain, project from the 
membrane into the periplasm  [  72,   73  ] . DegS lacking the transmembrane domain 
can be expressed as a soluble protein that retains the same properties as the intact 
protein in a puri fi ed  in vitro  system  [  70  ] . However, DegS is inactive  in vivo  without 
the transmembrane region, suggesting that it must be localized to the inner membrane 
near RseA to function in the cell  [  64  ] . 

 A survey of peptides that bind to the DegS PDZ domain revealed that DegS pref-
erentially bound to peptides with the C-terminal sequence, YxF (where x = any 
amino acid).  In vitro  experiments demonstrated that binding of these peptides 
converted DegS from a proteolytically inactive state into an active state  [  70  ] . These 
 fi ndings provided the critical piece of information to explain how envelope stress is 
sensed by the  s  E  pathway. The YxF tripeptide motif is found at the extreme 
C-terminus of many of the major OMPs in  E. coli   [  70  ] . These C-terminal residues 
are buried between beta strands in the correctly folded beta-barrel structure of OMPs 
and are inaccessible in the properly folded protein  [  74  ] . However, when OMP 
folding is disrupted, the residues are exposed. 

 OMP folding and insertion into the outer membrane is a complex process  [  47, 
  75  ] . OMPs are translocated as unfolded polypeptides from the cytoplasm into the 
periplasm via the Sec machinery. Following secretion, periplasmic chaperones bind 
to the unfolded OMPs to prevent their aggregation in the periplasm. The chaperones 
then deliver the OMPs to the Bam complex in the outer membrane, which assists in 
folding and assembly of the properly folded OMPs in the membrane  [  46,   47  ] . If any 
of these steps are disrupted or if the system is overwhelmed, folding intermediates 
containing exposed C-terminal residues accumulate. The majority of the known 
inducers of the  s  E  pathway have the potential to disrupt the proper folding of OMPs 
and include conditions that stress both the cytoplasm and cell envelope, such as heat 
and addition of ethanol, as well as those that speci fi cally stress the cell envelope, 
such as deletion of periplasmic folding catalysts and chaperones, deletion of genes 
required for proper elaboration of LPS, and overexpression of outer membrane 
proteins  [  27,   28,   50,   53  ] . Most of the folding catalysts, chaperones, and members of 
the Bam complex are encoded by genes in the  s  E  regulon  [  42,   76  ] . As such, problems 
associated with OMP maturation, due to cell envelope conditions that lead to over-
load or failure of the folding and assembly pathway, trigger increased expression via 
 s  E  of the very proteins needed to restore the  fl ux of OMPs to the outer membrane. 

 In the second event required to induce the  s  E  response, RseB must be inactivated. 
It was originally proposed that unfolded proteins in the periplasm competed with 
RseA for binding to RseB and titrated RseB away from RseA when they accumu-
lated  [  77  ] . However, this model is not well supported either  in vivo  or  in vitro   [  59  ] . 
Recent work suggests that, in addition to activating DegS, unassembled OMPs 
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antagonize inhibition by RseB through different parts of their C-termini  [  61  ] . 
Residues approximately 10–20 amino acids upstream of the C-terminal YxF motif 
were found to be required for maximal activation of the response  in vivo  in the 
presence of RseB, but not in its absence. In addition, sequences in this region from 
different OMPs activated the response to slightly different extents, again only in the 
presence of RseB. These data led to the model that residues upstream of the YxF 
motif are speci fi cally required to antagonize RseB, not to activate DegS  [  61  ] . 
However, the peptides did not alleviate inhibition  in vitro , indicating that another 
component is required to antagonize RseB  [  61  ] . Therefore, currently, the precise 
mechanism for release of RseB inhibition remains unclear. Based on structural 
homology between RseB and the lipid binding domains of LolA, LolB, and LppX 
 [  60,   61,   78  ] , it has been proposed that the second signal required for activation of 
the response is either a lipid, free lipoprotein, or LPS that has not been correctly 
delivered to the outer membrane  [  61  ] . This model, however, has yet to be tested 
experimentally. If the inducing signal for RseB proves to be a lipophilic molecule, 
then DegS and RseB integrate distinct signals from the cell envelope to control the 
stress response. 

 The crystal structure of RseB bound to the periplasmic domain of RseA (RseA 
peri

 ) 
revealed how RseB protects RseA from proteolysis by DegS (Fig.  6.4 )  [  79  ] . RseB 
consists of two domains, a smaller C-terminal domain and a larger N-terminal 
domain, which has homology to lipoprotein-binding proteins  [  78–  80  ] . RseA 

peri
  is 

largely unstructured, with the exception of two regions encompassing residues 132-
151 and 169-190  [  79  ] . The structural observations are consistent with previous 
experiments indicating that RseA 

peri
  assumed a molten globule-like conformation 

 [  70  ] . In biochemical studies, RseA 169-190  was found to be necessary and suf fi cient for 
binding to RseB  [  60  ] . In the RseA 

peri
 :RseB complex, these residues form a helical 

structure that binds to the smaller domain of RseB (Fig.  6.4 ). The other structured 
region of RseA in the complex, RseA 132-151 , includes the site where RseA is cleaved 

  Fig. 6.4     RseB bound to the periplasmic domain of RseA . Space  fi lling ( left ) and ribbon ( right ) 
representations of RseB ( purple ) bound to the periplasmic domain of RseA ( orange ) are shown 
(3M4W  [  79  ] , generated using PyMOL  [  55  ] ). Two regions of RseA were ordered in the crystal 
structure. RseA 169-190  forms a helix and binds to the smaller domain of RseB. RseA 132-159  includes 
the cleavage site and binds in the cleft between the two domains of RseB. The peptide bond 
cleaved by DegS, Val148-Ser149 (side chains shown in  red ), is almost completely occluded       
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by DegS  [  79  ] . These residues bind in the cleft between the two domains of RseB, 
largely burying the cleavage site, suggesting that RseB prevents cleavage of RseA 
by blocking access to the sessile bond (Fig.  6.4 ). RseB also protects RseA from 
proteolysis by RseP in a process that is less well understood and involves the PDZ 
domains of RseP  [  59  ] .   

   Step 2: Activate DegS 

 DegS is the gate-keeper of the  s  E  response (Fig.  6.2 , middle left). Once it cleaves 
RseA, all the subsequent cleavage events occur in a signal-independent manner and 
with kinetics that are faster than the initial cleavage by DegS  [  57  ] . Therefore, the 
level of DegS activity, which is set by the amount and identity of the unfolded 
OMPs, determines how much  s  E  is released from RseA and the extent of the 
response. Structural and biochemical studies have provided amazingly detailed 
views of DegS and how it functions. 

 Given the destructive nature of proteases, including DegS, their activity must be 
controlled to prevent rampant degradation of cellular proteins. Like other serine 
proteases, DegS is held in an inactive state until a speci fi c activating event occurs 
 [  3  ] . In structures of DegS, the protease domains form a funnel-shaped trimer with 
the PDZ domains decorating the edges (Fig.  6.5 ). Although the active sites are fully 

  Fig. 6.5     DegS trimer . Space- fi lling ( left ) and ribbon ( right ) representations of the DegS trimer in 
the inactive state are shown viewed from the  top  (1SOT  [  72  ] , generated using PyMOL  [  55  ] ). The 
cytoplasmic membrane is  below  the molecule. The active site residues, His96, Asp126, and Ser201 
(side chains shown in  red ) are accessible from the periplasm. The PDZ domains that are arranged 
around the perimeter of the trimer are shown in  blue . The protease domains of each trimer are in 
different shades of  green        
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exposed on the inner surfaces of the trimer facing the periplasm, DegS has extremely 
low activity in the absence of inducing peptide  [  70,   72,   73  ] . The crystal structures 
of ligand-free DegS provide a ready explanation for this apparent dichotomy. The 
active site Ser-His-Asp triad is not appropriately aligned for catalysis, and the oxya-
nion hole is not in the proper conformation to form the requisite hydrogen bonds 
needed to stabilize the tetrahedral intermediate of the peptide cleavage reaction 
(Fig.  6.6 )  [  72,   73  ] . Therefore, although the active sites are exposed, they can do no 
damage in this inactive conformation. In contrast, structures of the active form of 
the enzyme (in complex with inducing peptides), illustrate that the catalytic triad 
moves to the appropriate position for catalysis (Fig.  6.6 )  [  72,   81  ] . The oxyanion 
hole is also properly formed due to rotation of His198 (Fig.  6.6 ), which repositions 
the backbone amide so that it can form a hydrogen bond with the carbonyl group 
of the sessile peptide bond  [  72,   73,   81,   82  ] .   

   Role of the PDZ Domains 

 As with many other members of the HtrA family of proteases, the PDZ domains of 
DegS regulate its proteolytic activity  [  71  ] . In a puri fi ed system, DegS cleaved RseA 
very slowly in the absence of peptide  [  81  ] . Peptides that bound to the PDZ domain 

  Fig. 6.6     Free and peptide-bound DegS monomer .  Left , Ribbon representation of the inactive, 
peptide-free monomer of DegS (1TE0  [  73  ] , generated using PyMOL  [  55  ] ).  Right , Ribbon repre-
sentation of the active, peptide-bound monomer of DegS (1SOZ  [  72  ] , generated using PyMOL 
 [  55  ] ). The protease domain and portions of the PDZ domain that form key interdomain salt bridges 
are shown. Side chains of the amino acids forming salt bridges (Arg178-Glu317/Asp320, Lys243-
Glu324, and Asp122-Arg256) between the protease and PDZ domains are in  purple , and salt 
bridges are indicated by  dashed lines . Residues participating in the formation of the oxyanion hole 
are in  yellow  (His198, Gly199, Asn200, and Ser201). Side chains of the active site catalytic triad 
(His96, Asp126, Ser201) are in red. Hydrogen bonds between side chains in the active site are 
indicated by  dashed lines        
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dramatically increased the rate of cleavage, with the YYF tripeptide being the 
strongest inducer, increasing the rate of cleavage by nearly 1,000-fold  [  82  ] . In contrast, 
DegS lacking the PDZ domain was only four to  fi vefold less active than peptide-
bound DegS (~200-fold more active than ligand-free DegS) and was no longer 
sensitive to inducing peptides  [  81,   83,   84  ] .  In vivo , DegS D PDZ had a 12-fold higher 
basal level of activity than wild-type DegS in strains lacking  rseB  ( rseB  was deleted 
to separate DegS activity from inhibition of cleavage by RseB)  [  61  ] . Taken together, 
these data clearly demonstrate that the ligand-free PDZ domains of DegS act as 
negative regulators of the protease domains and that peptide binding alleviates this 
inhibition. 

 Comparisons of ligand-bound, ligand-free, active, and inactive structures of 
DegS have provided much detailed information as to how the PDZ domain regulates 
DegS activity and how peptide binding leads to structural changes required for 
proteolysis. The interface between the PDZ and protease domains appears to be 
very  fl exible, particularly in the peptide-bound forms of DegS  [  83  ] . Therefore, 
detailed biochemical experiments using speci fi c variants of DegS have been critical 
in determining which residues, predicted to form key contacts based on structural 
data, are important for regulated proteolysis. 

 In the ligand-free state, the PDZ domain stabilizes the inactive conformation of 
DegS  [  72,   81,   83,   85  ] . The PDZ domain is anchored to the protease domain 
through a series of interactions that include three salt bridge pairs across the two 
domains: Asp122-Arg256, Arg178-Glu317/Asp320, and Lys243-Glu324 (Fig.  6.6 ) 
 [  72,   81  ] . Two of these three salt bridges are absent in the peptide-bound DegS 
structures (Fig.  6.6 ), and the PDZ domains appear to be more mobile (relative to 
the protease domain) in the ligand-bound enzyme, suggesting that the PDZ 
domains are no longer tightly associated with the protease domains in the active 
enzyme  [  72,   81,   85  ] . Consistent with a role for the PDZ domain in stabilizing the 
inactive form of the enzyme, disruption of the salt bridges increased DegS activity 
 [  61,   81  ] . In addition to holding the enzyme in an inactive conformation, two of the 
amino acids (Arg178 and Asp122) that form salt bridges with the PDZ domain 
also participate in interactions that stabilize the active site when peptide is bound 
 [  72,   81,   84  ] . In particular, Arg178 appears to be a key residue in the transition. In 
the inactive enzyme, Arg178 forms a salt bridge with a pair of amino acids in the 
PDZ domain (Fig.  6.6 )  [  72,   73  ] . In the ligand-bound form of the enzyme, it rotates 
90° and makes a different set of hydrogen bonds that link it to the functional 
conformation of the oxyanion hole  [  72,   81,   82,   84  ] . Asp122 is part of a hydrogen-
bonding network that includes the peptide backbone adjacent to the catalytic site 
and stabilizes the active conformation in the ligand-bound enzyme  [  72,   81  ] . Other 
amino acids also change conformation in the ligand-bound structure and help to 
promote the active conformation. These residues include, among others, His198, 
mentioned above, and Tyr162, which also moves allowing the formation of hydrogen 
bonds that stabilize the active conformation of the peptide backbone around 
His198 and the oxyanion hole  [  72  ] .  
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   Mechanism of Activation 

 Two models have been proposed to explain how peptide binding leads to enzyme 
activation. The  fi rst model, called the scaffolding or peptide-activation model, pro-
poses that the penultimate residue of the activating peptide contacts the protease 
domain and directly participates in a network of interactions that serve to remodel 
the active site  [  72,   81  ] . This model is based on crystallographic evidence showing 
that this amino acid interacts with the L3 loop in the protease domain, reorienting 
the stem of the loop through a series of interactions that ultimately stabilize the 
active conformation of the catalytic site  [  72,   81  ] . Since DegS can be activated 
by peptides with several different amino acids of chemically diverse nature at the 
penultimate position, proponents of this model propose that each peptide forms a 
slightly different set of interactions with the L3 loop to accommodate the different 
amino acids  [  85  ] . Each of these interactions ultimately alters the conformation of 
the L3 loop in a way that leads to stabilization of the active enzyme. As such, the L3 
loop acts as a sensor of peptide binding via contacts with the inducing peptide bound 
to the PDZ domain. The PDZ domains in the scaffolding model not only stabilize 
the inactive state, but are also required for the transition to the active state because 
they position the peptide to interact with the L3 loop  [  71,   72,   81  ] . 

 Several observations oppose the scaffolding model. The  fi nding that the active 
form of the enzyme could be obtained by deleting the PDZ domain altogether sug-
gests that the PDZ domain is not needed to form or stabilize the active conformation 
 [  81,   84  ] . Additionally, peptides that vary only at the penultimate residue activated 
DegS to nearly the same extent under saturating concentrations  [  81,   82  ] . More vari-
ation would be expected because different amino acids at the penultimate position 
must form different contacts with the L3 loop that have different energies  [  81,   82  ] . 
Substitutions at other positions in inducing peptides actually caused larger changes 
in activation than those at the penultimate positions  [  81–  83  ] . Finally, in the different 
structures of DegS bound to various different peptides, the orientation of the PDZ 
domains varied substantially even within the same trimer, and no contacts were seen 
between the peptide and the protease domain in many of the structures  [  83  ] . 

 The second model, called the relief of inhibition model, proposes that the PDZ 
domain holds the protease domain in the inactive conformation  [  81  ] . Peptide binding 
leads to an allosteric rearrangement that relieves the inhibitory interactions and 
stabilizes the active conformation of the protease domain. However, the PDZ domain 
itself is not required to stabilize the active enzyme. This model is supported by 
detailed biochemical analyses of peptide activation and the kinetics of proteolysis 
by DegS using an optimized  in vitro  degradation assay with puri fi ed components 
and is coupled with crystallographic studies of many DegS variants  [  81–  84  ] . At this 
point, there are over 20 different structures of wild-type DegS and DegS variants 
that provide many views of the protein. The main caveat of this model is that it is 
based on structural and biochemical studies with mutant enzymes, and these mutations 
may introduce changes that are not representative of the wild-type enzyme  [  71  ] .  
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   Positive Cooperativity 

 A wide range of peptides ending in the YxF motif can activate DegS, which is likely 
to ensure that the system can monitor the folding of different OMPs in the cell  [  70  ] . 
However, not all peptides are equivalent activators of DegS. Peptides differ in the 
maximal extent of activation (V 

max
 ) and the concentration required for half-maximal 

activation (K 
act

 )  [  81,   82  ] . In addition, the V 
max

  and concentration dependency of 
activation are not correlated, so that a peptide that activates DegS to a lesser extent 
than another peptide may do so at a lower concentration  [  81,   82  ] . Despite differences 
in their kinetic parameters, all peptides exhibit positively cooperative activation of 
DegS  [  81,   82  ] . In other words, peptide binding to a DegS protomer facilitates binding 
of peptides to the remaining subunits of the trimer resulting in a sensitive and rapid 
switch from the inactive to the active form of the enzyme. In addition to exhibiting 
positive cooperativity with respect to peptide binding, DegS also exhibits positive 
cooperativity in substrate degradation  [  81,   84  ] . When the concentration of RseA 
was varied in the presence of saturating peptide, the Michaelis-Menton plot was 
sigmoidal with a Hill constant >1  [  81,   84  ] . Therefore, RseA facilitates its own degra-
dation. Positive cooperativity in RseA degradation was also seen with the DegS D PDZ 
variant, indicating that allosteric regulation of DegS is not con fi ned solely to the 
PDZ domain, but is also an inherent property of the protease domain  [  84  ] .  

   Allosteric Regulation- The MWC Model 

 The presence of interactions that stabilize the inactive form of an enzyme, combined 
with positively cooperative ligand binding, are hallmarks of the Monod Wyman 
Changot (MWC) model of allostery (Fig.  6.7 )  [  86  ] . This model has been used to 
explain allosteric regulation of diverse proteins ranging from enzymes such as 
aspartate decarbamylase to hemoglobin to G-protein coupled receptors  [  87  ] . The 
central tenet of this model is that the protein exists in two conformations, tense 
(inactive) and relaxed (active), which are in a dynamic equilibrium  [  86,   87  ] . The 
tense state is more stable, and predominates in the absence of ligand. Ligands bind 
preferentially to the relaxed form of the protein, thereby shifting the equilibrium 
toward the relaxed state (Fig.  6.7 ). Data from peptide activation experiments could 
be  fi t to the MWC model, and the model explained the variations in activating 
potential of different peptides  [  81–  83  ] . Because peptides can bind to both tense and 
relaxed DegS, the difference in the af fi nity of a given peptide for each state deter-
mines the overall amount of DegS in the active form (Fig.  6.7 ). The stronger the 
preference for the relaxed state compared to the tense state, the stronger the coop-
erativity and the greater the extent of activation.  

 For the MWC model to be an accurate description of DegS, mutations that lower 
the energy barrier between the tense and relaxed states, shifting the equilibrium 
toward the relaxed state, should increase activity of the ligand-free enzyme and 
reduce cooperativity. These mutations could either destabilize the tense state or stabilize 
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the relaxed state. For DegS, key candidates for interactions that stabilize the tense 
form are the salt bridges formed between the PDZ domain and protease domain in 
ligand-free DegS. Disruption of each of these salt bridges by mutation, signi fi cantly 
increased the basal rate of proteolysis, although not to the level of the fully ligand-
bound enzyme indicating that other interactions remain that stabilize the tense state 
 [  81–  83  ] . These mutations also reduced the cooperativity of both peptide activation 
and RseA degradation, providing strong evidence in support of the MWC model 
 [  81–  83  ] . 

 Although reorientation of the PDZ domains is critical for the allosteric activation 
of DegS, the protease domains themselves exhibit allostery. Cleavage of RseA by 
DegS D PDZ is cooperative, suggesting that the tense state is still signi fi cantly popu-
lated and not all of the enzyme is in the relaxed form  [  84  ] . Further evidence that the 
inactive state is populated even in the absence of the PDZ domain comes from 
experiments with the H198P variant of DegS. This mutation eliminated nearly all of 
the cooperativity of RseA degradation by DegS D PDZ and increased the activity of 
DegS D PDZ, as it does in the full-length enzyme  [  84  ] . Crystal structures of both 
DegS D PDZ(H198P) and full-length DegS(H198P) revealed that the proline makes 

  Fig. 6.7     MWC model for allosteric regulation of DegS by activating peptides . The cartoon 
depicts regulation of DegS by YxF peptides according to the MWC model of allostery  [  86  ] . The 
tense form ( blue  hexagons) of DegS is not proteolytically active and binds to inducing peptides 
with a lower af fi nity (K 

P
  T ) than the proteolytically active relaxed form ( green circles ) of the enzyme 

(K 
P
  R ). Without bound peptide, the ratio of the tense to relaxed forms of the enzyme (L) is greater 

than one, and the tense form of the enzyme predominates. The ratio of the two forms of DegS with 
bound peptide is given by Lc 3 , where c is the ratio of the af fi nities of tense and relaxed DegS for 
peptide. Because c is less than one, Lc 3  is less than one and the relaxed active form predominates. 
The direction that is favored in the equilibria among the different states is shown with thick arrows. 
Only the fully peptide-bound forms of DegS are shown for simplicity       
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packing interactions that should stabilize the active conformation of the oxyanion 
hole  [  81,   84  ] . These stabilizing interactions would shift the equilibrium to favor the 
active, relaxed form. Indeed, a  fi t of the data to the MWC model predicted that 1% 
of the wild-type DegS D PDZ enzymes are in the active conformation in the absence 
of substrate, compared 87% of the DegS D PDZ(H198P) variants  [  84  ] . One con-
founding piece of data is that the catalytic site is properly formed in crystal structures 
of wild-type DegS D PDZ  [  81,   84  ] . However, it is believed that the active form is 
trapped by crystal packing conditions, given the biochemical data  [  84  ] . The cooperative 
substrate activation inherent in the protease domain may re fl ect an evolutionarily 
early form of allosteric regulation, before the PDZ domains were acquired, that 
provided a mechanism to reduce protease activity in the absence of substrate. 

 Taken together, what do these data and models mean? What bene fi t can be gained 
by having an allosteric system control the envelope stress response? Several answers 
to these questions have been proposed  [  81,   82,   84  ] . DegS is essential in  E. coli  
because it must initiate degradation of RseA to release suf fi cient  s  E  to maintain cell 
viability. Because DegS is in equilibrium between an active and an inactive form, a 
small number of DegS enzymes will assume the active conformation, even in the 
absence of inducing peptides. This small population of active enzyme, combined 
with cooperative binding by RseA itself, may ensure suf fi cient basal level cleavage 
of RseA to maintain viability  [  81,   82,   84  ] . The basal level of uninduced degradation 
may also be supported by a low level of peptide-induced degradation due to stochastic 
 fl uctuations in the OMP folding pathways that expose a small number of inducing 
peptides at any given time. In terms of activating the response, positive cooperativity 
ensures that during stress, the pathway can be rapidly activated over a narrow 
concentration range of inducers. Activation is also reversible, so that once the 
unfolded OMPs have been cleared, DegS will quickly return to the inactive state. 
Since different peptides activate the enzyme to different extents, it is tantalizing to 
speculate that the response is tuned to monitor the folding of different OMPs.   

   Step 3: Activate RseP 

 Release of the periplasmic domain of RseA by DegS generates a substrate for RseP, 
the next enzyme in the proteolytic cascade (Fig.  6.2 , middle right). RseP is a zinc 
metalloprotease and belongs to the S2P group of RIP proteases that are found in a 
wide range of organisms  [  2,   88  ] . RseP is an inner membrane protein with four TM 
segments  [  65  ] . The active site is formed by the HExxH motif (where x = any amino 
acid) in TM1 and the LDG motif in TM3, which are conserved amongst S2P family 
members  [  65  ] . TM3 is also thought to be critical for substrate binding by RseP  [  89  ] . 
Two circularly permuted PDZ domains are located in the periplasmic domain 
between TM2 and TM3  [  90,   91  ] . Because they are polytopic membrane proteins, 
the S2P family of proteases has been far more dif fi cult to characterize biochemically 
and structurally than proteases such as DegS, which can be readily expressed as 
soluble active enzymes. 
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 A major question that is relevant to all families of intramembrane proteases is 
how peptide bond cleavage takes place in the lipid environment of the membrane. 
Proteolysis is thought to occur through nucleophilic attack by a water molecule that 
is bound to the active site zinc and activated for peptide bond hydrolysis by the 
conserved glutamate of the HExxH motif  [  88  ] . Therefore, water must be able to 
access the active site of the enzyme. The structure of the catalytic core of a S2P 
family member from  Methanocaldococcus jannaschii  has been solved in the presence 
of detergents and provides a high-resolution view of how intramembrane peptide 
bond cleavage is thought to occur  [  92  ] . This S2P has six transmembrane segments, 
and the active site is positioned so that it lies within the plane of the membrane. The 
zinc ion is coordinated by the two histidine residues of the HExxH motif in TM2 
and the aspartate of the LDG motif in TM4, as predicted from biochemical and 
genetic data  [  14,   64,   91  ] . The glutamate residue is also properly aligned for catalysis. 
A narrow channel lined with hydrophilic amino acids connects the active site to the 
cytosolic side of the membrane providing a way for water molecules to access the 
active site. 

 Although a structure of the catalytic domain of RseP is not yet available, bio-
chemical experiments provide some insights. The environment of the active site of 
RseP was analyzed by determining the accessibility of a membrane-impermeable 
alkylating reagent to cysteine residues engineered in the active site of the enzyme 
 [  93  ] . In the native state (in membrane vesicles), the cysteine residues of the engi-
neered RseP remained unmodi fi ed. However, when protein denaturant (guanidine 
HCl) was added, accessibility increased. Full modi fi cation of the cysteines only 
occurred when the membrane vesicles were completely solubilized using detergent 
and guanidine HCl. The increased accessibility of cysteines in the presence of 
guanidine HCl indicates that the active site sits within a proteinaceous structure in 
or closely associated with the membrane that can be accessed by the denaturant and 
at least partially unfolded  [  93  ] . These results, together with cleavage site studies 
using RseA and model substrates, suggest that the active site of RseP is found within 
a folded protein structure sequestered from the extramembrane environment and 
probably from the membrane lipids as well  [  93,   94  ] . 

   Substrate Selectivity 

 In comparison to DegS (whose only known substrate is RseA), RseP appears to 
have a relatively broad substrate speci fi city. For example, RseP can cleave TM 
segments TM1 and TM5 from LacY and the signal sequence from beta-lactamase 
in model substrates that do not contain RseA-related sequences  [  94  ] . Experiments 
varying the sequence of target TM segments, including the TM of RseA, indicated 
that the major requirement for binding to, and ef fi cient cleavage by, RseP was the 
presence of helix-destabilizing residues within the transmembrane region of sub-
strates, as opposed to a sequence-speci fi c recognition motif  [  89,   93  ] . Destabilizing 
residues in the TM helix may make the peptide backbone more accessible to RseP 
for hydrolysis compared to the peptide backbone of a stable helix that is fully 
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engaged in hydrogen bonds. The ability of RseP to cleave substrates other than 
RseA and the relatively low sequence speci fi city suggest that RseP plays a role in 
the cell beyond the envelope stress response. Indeed, recent work indicates that 
RseP is also responsible for the degradation of signal peptides of secreted proteins, 
once they have been cleaved by signal protein peptidase  [  95  ] . A connection between 
the envelope stress response and degradation of signal peptides has not been estab-
lished and this new activity may be an independent function of RseP.  

   Regulation of RseP 

 Similar to DegS, RseP cleaves full-length RseA very slowly  [  14,   15,   65,   90  ] . In 
contrast, the N-terminal fragment of RseA generated by DegS cleavage is rapidly 
cleaved by RseP  [  14,   15,   69  ] . This second cleavage event by RseP happens around 
three-fold faster than the initial cleavage by DegS, such that the signal-sensitive step 
is the rate-limiting step in the signaling pathway  [  57  ] . To further insulate the system 
from RseP-mediated uninduced degradation of RseA, RseP activity is blocked by a 
series of inhibitory interactions involving the PDZ domains of RseP, a Gln-rich 
region in the periplasmic domain of RseA, RseB, and DegS  [  59,   68,   69  ] . The mech-
anism by which these different factors act to restrain RseP is not fully understood, 
especially compared to the wealth of information about DegS. RseB and the Gln-
rich regions of RseA, but not DegS, protect RseA from cleavage by RseP only when 
the PDZ domains of RseP are intact  [  59  ] . These data suggest that either RseB and/
or RseA interact with the RseP PDZ domains. Structural studies indicate that the 
second PDZ domain of RseP can bind to the C-terminal amino acid of RseA 1-148 , 
although binding is too weak to be detected with biochemical assays  [  91  ] . While the 
mechanism of inhibition remains unclear, the framework for how the inhibitory 
interactions are relieved is evident. The RseB binding sites and the Gln-rich regions 
of RseA are on the C-terminal side of the DegS cleavage site, so they will be removed 
when DegS acts  [  70  ] . How inhibition by DegS and the PDZ domains is alleviated is 
not as easily explained and is not yet known. DegS may sequester RseA from RseP 
or directly interact with RseP in an inhibitory manner.  

   Role of the PDZ Domains 

 The role of the PDZ domains in RseP remains an intriguing puzzle. Originally, RseP 
was predicted to have a single PDZ domain, but it was later shown through sequence 
alignments and crystallography to have two circularly permuted PDZ domains  [  68, 
  69,   88,   90,   91  ] . The RseP D PDZ deletion used in the early studies was thought to 
have excised the single PDZ domain  [  68,   69  ] , although in fact this deletion removed 
part of each of the two circularly permuted PDZ domains. Nevertheless, the deletion 
disrupted the native PDZ domains and resulted in DegS-independent cleavage of 
RseA that was no longer inhibited by RseB  [  59,   68,   69,   90  ] . These results support a 
model in which the PDZ domains block RseP function. Additional evidence 
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supporting a regulatory function for the PDZ domains came from genetic studies 
isolating mutations in RseP that increase the basal level of  s  E  activity  in vivo   [  90  ] . 
Most of these mutations fell in the predicted peptide-binding regions of both PDZ 
domains, with the strongest mutations in the N-terminal PDZ domain, suggesting 
that it plays a critical role in regulating RseP. The mutations, which are predicted to 
disrupt ligand binding, did not increase the intrinsic proteolytic activity of RseP, but 
instead increased the basal level of  s  E  activity by alleviating the requirement for 
upstream cleavage by DegS. Interestingly, variants of RseP lacking either PDZ 
domain did not degrade full-length RseA, although they could still cleave RseA 1-140 , 
which lacks most of its periplasmic domain. Therefore, it appears that either PDZ 
domain can regulate RseP. 

 How do the RseP PDZ domains block protease activity? The most straight-
forward hypothesis is; that one (or both) of the PDZ domains bind to RseA to keep 
RseP in the “off” state. Although PDZ domains often bind to the C-termini of pro-
teins, it is unlikely that the C-terminus of intact RseA is the ligand because RseP 
does not degrade RseA variants that contain different C-termini  [  69  ] . If a speci fi c 
binding interaction between RseA and the PDZ domains were required for inhibition, 
then changes to the C-terminus should have abrogated the interaction and led to 
DegS-independent cleavage by RseP. Other experiments suggested that the 
C-terminal valine of RseA 1-148  was required to activate cleavage  [  91  ]  because 
replacement of Val148 in RseA 1-148  with dissimilar amino acids reduced cleavage by 
RseP  [  91  ] . This model is attractive, since similar results have been found for the 
intramembrane protease of animals,  g -secretase, suggesting that this mechanism is 
evolutionarily conserved  [  96  ] . However, RseP will cleave a variety of model 
substrates and RseA fragments with different C-terminal amino acids, indicating 
that peptide binding to the PDZ domain is not a prerequisite for activity, or that the 
speci fi city of binding is quite broad  [  69,   94  ] . It is possible that RseA is a unique 
substrate for RseP and interacts with the protein somewhat differently than other 
substrates. Future experiments will surely clarify the role of the PDZ domains and 
illuminate the mechanistic underpinnings of the proteolytic activity of RseP and 
its regulation.   

   Step 4: Releasing  s   E  from RseA 
cyto

  

 After RseP cleaves RseA, the remaining RseA fragment (RseA 1-108 ) is released from 
the membrane with  s  E  still tightly bound  [  91  ] . The  fi nal step in the proteolytic cascade 
completes the degradation of RseA, releasing  s  E  to bind to core RNAP (Fig.  6.2 , 
bottom left). Because the interaction between  s  E  and the cytoplasmic domain of 
RseA is extremely stable and the dissociation rate is extremely slow, proteolysis is 
the predominant mechanism to free  s  E   [  57  ] . The fragment of RseA remaining after 
RseP cleavage, RseA 1-108 , contains the  s  E  binding domain (residues 1-66), followed 
by residues that are not required for  s  E  binding, but target the protein for degradation. 
RseA 1-108  terminates with the amino acid sequence VAA, which is a recognition 
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sequence for ClpX, the ATP-dependent unfoldase of the ClpXP protease  [  17,   66  ] . 
Upstream of the ClpX binding site in RseA 1-108  is a binding site for the adaptor pro-
tein, SspB, which facilitates proteolysis by ClpXP  [  66  ] . Both  in vitro  and  in vivo  
experiments demonstrated that RseA 1-108  is rapidly degraded by ClpXP and that its 
degradation is enhanced by the adaptor protein SspB  [  17  ]  (see also  [  97  ] ). Although 
ClpXP is the major protease for degradation of RseA 1-108 , other cytoplasmic pro-
teases also contribute to the degradation and hence to the release of  s  E   [  17,   57  ] . 
Thus the  fi nal step in the degradation of RseA is relatively non-speci fi c, a marked 
contrast to the initial cleavage events that are wholly dependent on DegS and RseP. 
Presumably the redundancy in the  fi nal cytoplasmic degradation step is important to 
ensure that once  s  E  is released, it will be free to direct transcription rather than 
rebind to the cytoplasmic domain of RseA.  

   Step 5: Activation of the  s  E  Regulon and Return 
to a Resting State 

 When  s  E  is released from RseA, it binds to core RNAP and transcribes the genes in 
its regulon. Included among these genes are chaperones and proteases that help 
refold or degrade aberrantly folded OMPs, and sRNAs that target OMP mRNAs for 
degradation  [  42–  45  ] . Together, these regulon members serve to simultaneously 
restore the OMP folding pathway and prevent continued load on the system from 
newly synthesized proteins (Fig.  6.2 , bottom right). As a result, the overall concen-
tration of unfolded OMPs with exposed C-termini decreases and DegS returns to 
the inactive state, effectively shutting off the proteolytic pathway and the rapid 
degradation of RseA. Because the  s  E :RseA complex is extremely stable,  s  E  will be 
bound by RseA and the response will quickly return to basal levels.   

   A Common System for Regulation of Membrane 
Localized Sigma/Anti-sigma Modules 

  s  E  belongs to a large group of sigma factors, the group 4 or  e xtra c ytoplasmic  f unc-
tion (ECF) sigma factors, that is widely distributed throughout the bacterial world 
 [  35,   56  ] . Many of these sigma factors are regulated by membrane-bound anti-sigma 
factors  [  35  ] , and the regulatory proteolytic scheme used in the regulation of  s  E  is 
emerging as a paradigm for the signal transduction pathways governing these 
systems. The proteolytic pathway controlling the  s  E -dependent stress response of 
 E. coli  is the best characterized of these signaling systems, especially at the structural 
and biochemical levels. Ongoing studies in other systems are also shedding light on 
the themes and variations associated with the regulatory proteolytic pathways. 



1516 R   egulated Proteolysis: Control of the Escherichia coli...

   Regulation of  Pseudomonas aeruginosa  AlgU 

 In  P. aeruginosa , the proteolytic pathway governing AlgU is analogous to the  s  E  
pathway in  E. coli . Work in this system provides instructive comparisons with the  E. 
coli  system  [  98  ] . AlgU, the  s  E  ortholog in  P. aeruginosa , mediates a cell envelope 
stress response and transcribes genes that control the expression of the exopolysac-
charide, alginate  [  99  ] . The regulatory pathway controlling AlgU activity is very 
similar to that in  E. coli  (Fig.  6.8 ). AlgU activity is inhibited by the RseA-like anti-
sigma factor MucA  [  100  ] . MucA is degraded by a proteolytic cascade that is initi-
ated by AlgW, a DegS homologue  [  98,   101,   102  ] . Following AlgW-dependent 
cleavage, the S2P, MucP, cleaves MucA in its transmembrane domain  [  101  ] . The 
cytoplasmic domain of MucA bound to AlgU is released into the cytoplasm 
following MucP cleavage, where it is degraded by ClpP, releasing AlgU  [  103  ] . 
MucB, a homologue of RseB, binds to the periplasmic domain of MucA and blocks 
cleavage by AlgW  [  98  ] .  

  Fig. 6.8     Sequential proteolysis of transmembrane anti-sigma factors as a regulatory 
paradigm . The overall design of the regulated proteolytic pathways controlling  s  E  in  E. coli , 
AlgU in  P. aeruginosa ,  s  W  in  B. subtilis , and SigK, L, and M in  M. tuberculosis  is shown. The 
proteases on the  left  perform the  fi rst cleavage ( blue  scissors). The S2P proteases are on the  right  
and perform the intramembrane cleavage step ( red  scissors)       
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 Cleavage by AlgW is the most extensively investigated part of the pathway, and 
there are interesting similarities and differences when compared to  E. coli  DegS. 
The pathway is initiated in a manner similar to the  E. coli  system. AlgW is inactive 
until a protein with the appropriate C-terminal sequence binds to its PDZ domain 
 [  98,   101  ] . As with DegS of  E. coli , AlgW is activated by proteins with speci fi c 
hydrophobic residues at their C-termini. The strongest inducer, identi fi ed in a 
genetic screen, was the MucE protein whose C-terminal WVF sequence was critical 
for activation of AlgU.  In vitro , a WVF peptide activated AlgW with positive coop-
erativity  [  98  ] . In contrast to  E. coli,  in which a large percentage of OMPs contain the 
C-terminal YxF motif, the only  P. aeruginosa  protein known to contain a C-terminal 
WVF motif is MucE, a periplasmic protein. Currently, however, very little is known 
about MucE, and why it would be an inducer of AlgU. Interestingly, the C-termini 
of two of the most abundant porins in  P. aeruginosa  are not inducers of AlgW. In 
contrast, inducing sequences were identi fi ed at the C-termini of two phosphate/
pyrophosphate speci fi c OMPs  [  101  ] . These  fi ndings suggest that the  P. aerugi-
nosa  system is not tuned to sense OMP folding. Regardless of the source of the 
activating peptide, the outcome of peptide binding to the PDZ domain of AlgW is 
the same as for DegS, activation of AlgW to initiate the proteolytic cascade. 

 The PDZ domain of AlgW negatively regulates its activity, similar to that of 
DegS, but it also appears to be a positive regulator  [  60,   101  ] . Deletion of the PDZ 
domain increased AlgW activity. However, the increase was far less than that seen 
for DegS D PDZ, suggesting that the PDZ domain is required for full activity of 
AlgW  [  98  ] . In addition to regulation via the PDZ domain, AlgW uses a second 
inhibitory mechanism, which is not used by DegS. In sequence alignments of AlgW 
homologues, AlgW contains an extended active site LA loop in the protease domain. 
In contrast, DegS has a much shorter LA loop. In the crystal structure of  Thermotoga 
maritima  DegP, the extended LA loop blocks access to the active site and is thought 
to act as a regulator of protease activity  [  104  ] . The LA loop of AlgW also appears 
to have regulatory activities, because truncation of this loop increases AlgW activity 
 [  98  ] . Therefore, additional regulators may be needed to alter the conformation of 
the LA loop for maximal activation of AlgW, adding an additional level of regulation 
to AlgW that is not found in DegS.  

   Regulation of  B. subtilis   s  W  

 In  B. subtilis , the ECF sigma factor  s  W  is activated by antimicrobial peptides, 
cell-wall active antibiotics, and alkaline shock  [  105,   106  ] . It is regulated by the 
membrane-bound anti-sigma factor RsiW  [  107  ] . As with the  s  E  system, release of 
 s  W  is controlled by a proteolytic cascade that starts with the inner membrane pro-
tease, PrsW, followed by the S2P, RasP, and concludes with ClpP in the cytoplasm 
(Fig.  6.8 )  [  107–  109  ] . Although the overall layout of this pathway is similar to the 
proteolytic cascade that leads to release of  s  E , the  fi rst protease in this pathway 
is unrelated to DegS  [  107  ] . Instead it is thought that PrsW, a multi-pass inner 
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membrane protein, performs the  fi rst cleavage  [  108,   109  ] . Although orthologs of 
PrsW are wide-spread, PrsW does not contain a PDZ domain, nor is it a member of 
any of the canonical families of proteases  [  108,   109  ] . PrsW-dependent cleavage of 
RsiW occurs following one of the inducing stresses, although currently the nature 
of the signal is unknown. It has been proposed that degradation of RsiW involves 
two proteolytic modules  [  110  ] . Following cleavage of the RsiW periplasmic domain, 
the C-terminus of RsiW is trimmed by another periplasmic protease until it becomes 
a substrate for RasP. RsiW is then cleaved within the TM region, by RasP, releasing 
the anti-sigma factor domain containing the C-terminal AAA motif. Similar to the 
 s  E  and AlgU systems, this sequence motif then targets the anti-sigma factor for 
degradation by the Clp protease system  [  111  ]  (see also  [  11  ] ).  

   Regulation of Virulence in  Mycobacterium tuberculosis  

 In  M. tuberculosis , the S2P protease, Rip1, has been shown to be a major virulence 
factor  [  112  ] . Its role in virulence is proposed, in part, to stem from its regulation of 
three anti-sigma/sigma factor systems (Fig.  6.8 )  [  113  ] . Deletion of  rip1  in  M. tuber-
culosis , leads to the accumulation of C-terminally truncated anti-sigma factors, 
similar to that seen for RseA in  E. coli  lacking RseP, MucA in  P. aeruginosa  lacking 
MucP, and RsiW in  B. subtilis  lacking RasP  [  101,   102,   113  ] . Although S2P pro-
teases are known to process other substrates, in addition to anti-sigma factors, Rip1 
is the  fi rst S2P shown to cleave multiple anti-sigma factors  [  113  ] . The initiating 
protease(s) and inducing signal(s) have not been identi fi ed yet for these proteolytic 
pathways. It will be of interest to learn whether the three systems all use the same 
initiating protease, such that a single regulatory proteolytic module has been adapted 
to control three different anti-sigma/sigma factor systems, or if the initiating 
proteases are unique and integrate distinct inducing signals.   

   Perspectives 

 The overall design of this proteolytic system has been adapted in different bacteria 
to regulate alternative sigma factors with a variety of cellular roles via proteolysis 
of their membrane-bound anti-sigma factors. In keeping with its role as the signal 
sensor, the  fi rst protease in the pathway is the most variable component of the 
system, while the other proteases are more highly conserved. Therefore, the overall 
proteolytic module appears to have evolved to sense different signals by varying the 
initiating protease. Even when the initiating protease is conserved, for example 
DegS and AlgW, subtle differences in nature of peptide binding, speci fi city, and 
allosteric activation serve to tailor the protease to the speci fi c needs of the bacterium 
 [  70,   98  ] . 
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 While the initiating proteases appear to be variable, the downstream proteases 
are more highly conserved. The second cleavage is performed by a RIP protease, 
most often a member of the S2P family, and a Clp protease degrades the released 
anti-sigma factor domain. In all cases examined thus far, it appears that only the  fi rst 
cleavage is signal-dependent, and each cleavage generates a substrate for the next 
protease in the pathway  [  14,   15,   66,   101,   102,   106,   109,   112  ] . As more information 
is elucidated from related regulatory proteolytic cascades, it will be of interest to 
determine whether the somewhat intricate inhibitory interactions seen in the  s  E  
system are a hallmark of the overall regulatory design or if they are adaptations 
speci fi c to the  E. coli  system. Many of these membrane-bound anti-sigma factor/
ECF sigma factor systems also have an ortholog of RseB  [  35  ] , suggesting modula-
tion of the proteolytic cascade by RseB-like proteins is a conserved and important 
part of the regulatory pathways. 

 Why is such a complex hierarchical proteolytic cascade needed to control the 
activity of individual alternative sigma factor, like  s  E ? From a design perspective, 
the proteolytic cascade provides a fast response to an inducing signal  [  57  ] . No step 
in the pathway is dependent on the synthesis of the next component, a much slower 
process, or on additional outside inputs. Once the signaling pathway is triggered, 
other signals are not required, ensuring that  s  E  is rapidly released to promote cell 
survival. The numerous inhibitory interactions throughout the system prevent 
proteolysis in the absence of an inducing signal, yet allow the system to be poised 
to proceed as soon as a signal occurs. As a result, regulatory proteolysis provides a 
solution to the intercompartmental signaling problem that not only generates an 
on-off switch, but that can also  fi nely tune biological activity to the strength of 

the inducing signal.  

   Notes 

 The molecular mechanisms that control RseP activity remain one of the outstanding 
questions about the proteolytic pathway that governs  s  E  activity in  E. coli . Con fl icting 
results have been published about whether RseA must bind to the PDZ domains of 
RseP to activate the protease [ 68,   89,   90,   97 ]. However, recent work while this 
chapter was in production demonstrated that neither the identity of the C-terminal 
amino acid of the RseA 1–148  fragment nor the RseP PDZ domains were important for 
degradation of RseA by RseP in the cell and activation of the  s  E  pathway in response 
to overproduction of OmpC [ 114 ]. The apparent requirement of the C-terminal 
valine of RseA 1–148  for cleavage by RseP appears to occur only  in vitro . The authors 
suggest that the PDZ domains serve as a size  fi lter, preventing RseP from degrading 
full-length RseA [ 114  and personal communication]. These data lead to the intrigu-
ing hypothesis that an alternative stress signal could bind to the RseP PDZ domains 
and induce DegS-independent cleavage of intact RseA by RseP.      
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  Abstract   Bacterial pathogens rely on proteolysis for variety of purposes during 
the infection process. In the cytosol, the main proteolytic players are the con-
served Clp and Lon proteases that directly contribute to virulence through the 
timely degradation of virulence regulators and indirectly by providing tolerance 
to adverse conditions such as those experienced in the host. In the membrane, 
HtrA performs similar functions whereas the extracellular proteases, in close 
contact with host components, pave the way for spreading infections by degrad-
ing host matrix components or interfering with host cell signalling to short-circuit 
host cell processes. Common to both intra- and extracellular proteases is the tight 
control of their proteolytic activities. In general, substrate recognition by the 
intracellular proteases is highly selective which is, in part, attributed to the chap-
erone activity associated with the proteases either encoded within the same poly-
peptide or on separate subunits. In contrast, substrate recognition by extracellular 
proteases is less selective and therefore these enzymes are generally expressed as 
zymogens to prevent premature proteolytic activity that would be detrimental to 
the cell. These extracellular proteases are activated in complex cascades involving 
auto-processing and proteolytic maturation. Thus, proteolysis has been adopted 
by bacterial pathogens at multiple levels to ensure the success of the pathogen in 
contact with the human host.      
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   Clp Proteases 

   Distribution, Structure, and Characteristics 

 The ATP-dependent Clp proteases are highly conserved among bacteria and in 
chloroplasts and mitochondria of eukaryotic cells, but are absent from Archaea  [  1  ] . 
Clp proteases are compartmentalized proteases composed of two different compo-
nents. The peptidase component (e.g. ClpP) contains the conserved (Ser-His-Asp) 
catalytic triad that is typical of serine-proteases  [  1  ] . Two heptameric rings of ClpP 
subunits stack back-to-back, to form a cylinder, where the proteolytic sites line the 
inner surface  [  2  ] . Access to the concealed proteolytic chamber, is restricted by nar-
row pores that allow passage of only small peptides of up to 7 amino acids  [  3  ] . In 
order to degrade larger peptides and protein substrates, ClpP must associate with the 
hexameric ring of one of several possible Clp ATPases. The Clp ATPases are directly 
responsible for substrate recognition however the binding of some substrates may be 
modulated by speci fi c adaptor proteins  [  4  ] . Bound substrates are unfolded by the 
Clp ATPase in an ATP consuming reaction and the unfolded polypeptide is threaded 
through the entry pores of the ClpP into the proteolytic chamber, where the polypep-
tides are degraded to small peptides that exit the chamber by diffusion (Fig.  7.1 ). The 
Clp ATPases constitute a family of closely related proteins that are divided into dis-
tinct subfamilies, based on the presence of speci fi c signature sequences and the num-
ber and spacing of the nucleotide binding domains  [  5  ] . Depending on subfamily, the 
Clp ATPases participate in a variety of different processes, including protein folding, 
activation, and disaggregation. Notably, some Clp ATPases can function as molecu-
lar chaperone independently of ClpP and only a subgroup of the Clp ATPases can 
interact with ClpP, a property that is associated with the presence of a ClpP recogni-
tion tripeptide  [  6  ] . In Gram-negative bacteria ClpP typically associates with ClpA 
and ClpX ATPase families, whereas in Gram-positive bacteria ClpP associate with 
ATPases of the ClpX, ClpC, or ClpE families  [  7,   8  ]  see also  [  9  ] .  

 Like other ATP-dependent proteases, Clp is required for both general and regulated 
proteolysis. General proteolysis removes damaged or excess proteins from the cell 
thereby ensuring protein quality and homeostasis. While several proteases perform 
this task in  Escherichia coli  and related bacteria, Clp proteases seem to be primarily 
responsible for degrading non-native damaged proteins in low GC Gram-positive bac-
teria  [  5  ] . Regulated proteolysis on the other hand is the speci fi c and conditional deg-
radation of regulatory proteins that allows the bacterium to control cellular adaptations 
and differentiations in response to extra- or intracellular signals. 

 To date, Clp proteases have been shown to be important for virulence in cell and 
animal models for a number of important Gram-positive and Gram-negative patho-
gens. Below we will summarize current knowledge on the molecular mechanism 
contributing to the importance of Clp proteases in virulence. We furthermore will 
cover the new and very promising  fi eld – Clp as a target of newly identi fi ed antibiotic 
compounds, and the use of Clp in vaccines against widespread pathogens like 
 Salmonella enterica  serovar Typhimurium and  Streptococcus pneumoniae.   
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   Clp in Gram-Positive Pathogens: Attenuated Virulence, 
Stress Sensitivity, and Control of Exoprotein Expression 

    Staphylococcus aureus  

 The opportunistic pathogen  Staphylococcus aureus  continues to be a leading cause 
of human infections ranging from minor skin infections to life-threatening endo-
carditis, pneumonia and septicemia. In  S. aureus , inactivation of either  clpP  or  clpX  
rendered the bacterium avirulent in a murine abscess model (Fig.  7.2 ) pointing to an 
important role for the ClpXP protease in virulence of  S. aureus   [  10  ] . Inactivation of 
 clpP  also severely reduced the ability of  S. aureus  to cope with a wide range of 
stresses, and as the host represents a stressful environment, stress sensitivity may at 
least in part explain the attenuated virulence of the  clpP  mutant. However, the unex-
pected  fi nding that the  clpX  mutant tolerates some stresses better than the wild type, 
and hence does not share the stress sensitivity of the  clpP  mutant, indicates that the 
ClpXP protease contributes to virulence not only by improving stress tolerance  [  5  ] . 

  Fig. 7.1     Regulated and unregulated proteolysis by ClpP . ( a )  Regulated proteolysis . Substrates 
are speci fi cally recognized and unfolded by the hexameric Clp ATPases ( orange ). The unfolded 
substrate is transferred into the gated chamber of the associated ClpP peptidase ( blue ), where pro-
teolysis is carried out by active sites that line the inner surface of the barrel-like structure. ( b ) 
 Unregulated proteolysis triggered by binding of acyldepsipeptide (ADEP) to ClpP . ADEP ( grey 
spheres ) binds between ClpP subunits ( blue ) thereby triggering an opening of the entrance pore of 
the ClpP barrel leading to unregulated degradation of nascent polypeptides and unfolded proteins       
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The multifaceted pathogenicity of  S. aureus  relies on a wide array of surface-bound 
and secreted virulence factors that provide the bacterium with the ability of tissue 
binding, tissue destruction, and immune evasion. Interestingly, expression of hemo-
lysins, extracellular proteases, and other virulence factors was reduced by as much as 
100-fold in the absence  clpP  or  clpX , as was expression of a number of global viru-
lence regulators  [  8,   10,   11  ] . This  fi nding indicates that ClpXP controls stability of 
one or more transcriptional virulence regulators. Alternatively, the link between 
ClpXP and virulence gene regulation is indirect in the sense that the cellular stress 
imposed by the lack of ClpP may create some general physiological or metabolic 
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  Fig. 7.2     ClpP is required for virulence of   S. aureus   in a mouse skin abscess model.  ( a ) Ten 
Balb/cJ female mice were inoculated with 25  m l (1 × 10 9  CFU/ml) of bacterial suspension subcu-
taneously on eight spots along the back of the mice (four spots with the 8325-4 wild type strain and 
four spots with the 8325-4  clpP  deletion mutant)  [  10  ] . ( b  and  c ) After 6, 24, 48, and 72 h, the mice 
were sacri fi ced and the lesions were aseptically removed, homogenized, diluted, and plated on 
TSA for CFU counting. Six hours after injection of bacteria, no obvious clinical signs of dermatitis 
were visible and equal amounts of CFU/ml were found in skin inoculated with wild-type and the 
 clpP  mutant strain. After 48 and 72 h, spots inoculated with the parental strain displayed severe 
dermatitis, while spots inoculated with the  clpP  mutant showed no signs of infection at any time 
point and after 72 h the CFU/ml of the  clpP  mutants strain at the site of inoculation was reduced 
10 4 -fold. In comparisons, the number of wild type bacteria did not decrease during the time frame 
of the experiment       
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signals that are sensed by the regulatory network controlling virulence determinants. 
But undoubtly, the severely reduced expression of a range of important virulence 
factors is partly responsible for the avirulence of both the  clpP  and  clpX  mutants 
 [  10  ] . Interestingly, synthetic  b -lactones were recently show to bind ClpP of  S. aureus  
with high af fi nity  [  12  ] . Similar to the deletion of  clpP , binding of  b -lactones severely 
reduced expression of hemolysins and extracellular proteases and this effect was also 
seen in methicillin resistant  S. aureus  (MRSA) strains, suggesting that  b -lactones can 
potentially be used as an anti-virulence drug against  S. aureus .  

 Finally, the chaperone activity of ClpX, independent of ClpP, stimulates expression 
of the well known IgG binding protein, Protein A  [  8,   10,   13  ] . The effect of ClpX 
is dramatic as deletion of  clpX  virtually abolishes expression of Protein A both 
in a laboratory strains and in clinical isolates  [  13  ] . Interestingly, ClpX appears to 
perform dual roles in regulating Protein A expression  [  13  ] : First, ClpX stimulates 
transcription of  spa  ( s taphylococcal  p rotein  A ) by enhancing translation of Rot, an 
activator of  spa  transcription. Secondly, ClpX is required for full translation of the 
 spa  mRNA. At present the mechanism whereby ClpX stimulates translation of both 
the  rot  and  spa  mRNAs is unknown.  

    Listeria monocytogenes  

  Listeria monocytogenes  is a food borne pathogen that, when ingested by the 
host, adopts an intracellular lifestyle. Entry of  L. monocytogenes  into non-pro-
fessional phagocytes is induced by binding of the bacterial surface proteins 
internalin A (InlA) and InlB to receptors on the host cells.  L. monocytogenes  
then uses the pore-forming listeriolysin O (LLO) to escape the phagocytic vacu-
ole that is formed after invasion. Then, with the help of ActA the bacterium can 
polymerize actin, which enables movement into the neighboring cell. In a mouse 
model, the  Listeria clpP  mutant was severely restricted in its ability to replicate 
in organs, and the bacteria were rapidly eliminated from the animal  [  14  ] . 
Confocal microscopy revealed that while the  clpP  mutant was taken up by mac-
rophages at wild type frequencies, ClpP seems to be essential for the phago-
somal escape and for the rapid intracytoplasmic replication of  L. monocytogenes  
in macrophages  [  14  ] . The stress-sensitivity of the  Listeria clpP  mutant most 
likely contributes to the restricted growth of the mutant in the hostile environ-
ment of the host cells. Additionally, ClpP affects expression and activity of at 
least one essential virulence factor, namely listeriolysin (LLO). Berche and col-
leagues  [  14  ]  observed that, while synthesis of LLO was only slightly reduced by 
the  clpP  mutation, activity of LLO was severely reduced  [  14,   15  ] . The loss of 
active LLO in the  clpP  mutant  fi ts well with the inability of the mutant to escape 
the phagosome, and suggests that ClpP is required for export or activation of 
LLO. ClpP-mediated proteolysis may have a more general role in controlling 
expression of virulence factors in  Listeria , as its partner Clp ATPase, ClpC, 
controls the level of transcription of  inlA ,  inlB , and  actA   [  16  ] . However, it is 
currently unclear if virulence gene expression is controlled by ClpC as part of a 
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ClpCP protease, or independently of ClpP. Finally, ClpCP is required for the 
turnover of the intracellular survival protein, Surface virulence-associated 
protein A (SvpA), in a process directed by the adaptor protein, MecA  [  17  ] .  

    Streptococcus  

 The genus  Streptococcus  comprises a range of important pathogens. Worldwide, 
 S. pneumoniae  remains the most common cause of community-acquired pneumonia, 
bacterial meningitis, bacteremia, and otitis. In a murine lung and sepsis model, a 
 S. pneumoniae  strain D39  clpP  mutant failed to colonize the lungs and in contrast 
to wild type cells did not cause mortality  [  18  ] . In the same experiment a  clpC  mutant 
was almost as virulent as the wild type strain, suggesting that ClpP acts in concert 
with an alternative Clp ATPase to control virulence of  S. pneumoniae   [  18  ] . Invasion 
and dissemination of  S. pneumoniae  are usually accomplished from its natural 
niche, the nasopharynx, and importantly the D39 cells depleted of ClpP were unable 
to colonize the nasopharynx  [  19  ] . Interestingly, the effect of ClpP on virulence 
appears to be strain dependent as a  clpP  mutant in the TIGR4 background retained 
some virulence in a mouse pneumonia model, while the D39  clpP  mutant was aviru-
lent  [  20  ] . Presumably, many factors contribute to the strain dependent attenuation in 
virulence of the  clpP  mutants. Stress sensitivity may be part of the explanation but 
again an affect of ClpP on expression of major virulence factor seem to be involved 
 [  19  ] . Additional research is required to determine the proteolytic targets responsible 
for the observed phenotypes.   

   Clp in Gram-Negative Pathogens: Control of Motility 
and Type III Secretion 

  Salmonella enterica  causes a wide spectrum of diseases. There are more than 2,000 
different serovars of  S. enterica , and serovar Typhimurium ( S. typhimurium ) and 
Enteritidis ( S. enteritidis ) are the most common cause of food-born gastroenteritis 
in humans, while other serovars such as  S. typhi  can cause fatal systemic diseases. 
In mice  S. typhimurium  causes a systemic typhoid-like disease, providing a useful 
model to study systemic salmonellosis. Interestingly in this mouse model,  S. typh-
imurium  mutants lacking  clpX  or  clpP  are avirulent demonstrating the importance 
of the ClpXP protease for the progression of systemic salmonellosis  [  21,   22  ] . 
Indeed, during infection  S. typhimurium  cells depleted of  clpP  or  clpX  are unable to 
invade and replicate inside professional phagocytic cells  [  22  ] . Several  fi ndings may 
explain the avirulence and the inability of intracellular replication of the  Salmonella 
clpP  mutant: Firstly,  S. typhimurium  cells lacking the activity of the Clp proteases 
have attenuated resistance towards stresses like high temperature, low pH, which 
presumably contributes to the inability of  S. typhimurium  to grow in the hostile 
environment of macrophages  [  23  ] . Secondly, the ClpXP protease is responsible for 
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conditional degradation of the general stress sigma factor,  s  S  that is essential for 
virulence  [  24  ]  (see also  [  25  ] ). Conceivably, the stabilization of  s  S  in  clpP  and  clpX  
mutants  [  21  ]  interferes with the timely expression of virulence genes and thereby 
attenuates the virulence of these mutants. Finally, ClpXP forms part of the complex 
network that controls expression of the  fl agella and Type III secretion system 
(T3SS). The T3SS, conserved in many Gram-negative pathogens, forms a needle 
like structure that mediates direct transfer of bacterial virulence factors (called 
effector molecules) into the cytoplasm of the host cells. Once inside the host cell, 
these effector molecules speci fi cally interfere with vital host functions such as actin 
polymerization, signal transduction and apoptosis. In  Salmonella , the T3SS is 
encoded by multiple pathogenicity islands, which represent major virulence factors 
 [  26  ] . Flagella have, in some cases, been linked with pathogenesis either as adhesion 
factors or by promoting bacterial motility  [  27  ] . In  S. typhimurium , inactivation of 
 clpP  caused a hyper- fl agellated phenotype resulted from the overproduction of 
 fl agella proteins such as  fl agellin (the  fl agellum  fi lament protein) encoded by   fl iC  
 [  28,   29  ] . The increased   fl iC  expression results from the accumulation of FlhD/FlhC, 
the master regulator of  fl agella biosynthesis that is normally targeted to ClpXP for 
degradation  [  29  ] . In fact ClpXP degrades both proteins in the FlhD 

2
 FlhC 

2
  complex, 

but not the isolated subunits FlhC or FlhD, suggesting that ClpX mediated recogni-
tion involves motifs distributed on both proteins  [  29  ] . 

 In  Salmonella , the type III secretion apparatus encoded by  Salmonella  pathoge-
nicity island 1 (SPI1) is linked to  fl agellum biosynthesis, as one of the FlhD/FlhC 
regulated gene products, FliZ modulates the expression of HilA ( h yper  i nvasion 
 l ocus A), the activator of T3SS genes  [  30  ] . The down-stream effects of ClpXP on 
T3SS was recently examined by Kage et al.  [  31  ]  who showed that FliZ affects the 
expression of HilA through transcriptional and post-transcriptional effects on  hilC  
and  hilD.  In  ClpXP -depleted cells, the master regulator of the  fl agella regulon 
(FlhD/FlhC) accumulates resulting in the accumulation of the HilD by post-tran-
scriptional control, which in turn leads to increased SPI1 expression. It has previ-
ously been reported that  Salmonella lon  mutant cells induce apoptosis within 
macrophages, due to increased expression of SPI1 gene products  [  32  ]  and similarly, 
ClpXP could be required for suppression of SPI1 mediated apoptosis within mac-
rophages  [  31  ] . 

 The activity of Clp proteases have also been linked to expression of T3SS in 
other Gram-negative pathogens, however, currently the details of the underlying 
regulatory pathways are largely unknown. Enterohemorrhagic  Escherichia coli  
(EHEC) strains are life-threatening human pathogens that cause hemorrhagic coli-
tis, bloody diarrhea, and hemolytic uremic syndrome. The virulence factors of 
EHEC strains are encoded on the pathogenicity island termed the locus of entero-
cyte effacement (LEE). Central among these virulence factors are several Esp effec-
tor proteins that are secreted through the T3SS. Inactivation of either  clpP  or  clpX  
dramatically reduced expression of LEE encoded Esp proteins  [  33  ] . The  fi ndings 
that (i) the level of GrlR, a negative regulator of  esp  transcription was enhanced in 
the  clpXP  mutant, and (ii) that  esp  transcription was restored in  grlR/clpXP  triple-
mutant suggested that ClpXP controls  esp  transcription through GrlR  [  33  ] . 
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Additionally, stabilization of RpoS in the  clp  mutant also appears to contribute to 
the lack of  esp  transcription  [  33  ] . Future analysis of regulated expression of T3SS 
in various pathogens will undoubtedly lead to new insights into the molecular 
mechanisms governing conditional proteolysis.  

   Antibiotics That Target Clp Proteases 

   Acyldepsipeptides 

 A very interesting  fi nding in the  fi eld of Clp proteases was the recent discovery of a 
new class of antibiotics termed acyldepsipeptides (ADEPs). These antibiotics kill 
bacteria by interfering with the function of ClpP  [  34  ] . ADEPs are naturally pro-
duced by isolates of  Streptomyces hawaiiensis , and are active against a number of 
important Gram-positive pathogens including  Streptococci ,  Staphylococci , and 
 Listeria  sp. These compounds are also active against ClpP of Gram-negative bacte-
ria, however, these bacteria are naturally protected from the function of ADEPs by 
ef fl ux pumps and by the impermeability of the outer membrane  [  34  ] . The parent 
compound (ADEP1) has been pharmaceutically optimized, which has generated 
highly improved synthetic derivatives that exhibited impressive antibacterial activ-
ity both  in vitro  and in animal models  [  34,   35  ] . As ClpP represents an unprecedented 
target of antibiotics, ADEPs are effective against multi-drug resistant isolates of 
 S. aureus, S. pneumoniae , and  Enterococcus , which open the door to new possibilities 
for the treatment of infections generated by these important pathogens. But, as 
ADEP-resistant mutants are generated with moderately high frequencies (10 −6 ) in 
the laboratory, the use of ADEPs may be limited to combination therapy. Interestingly, 
ADEPs do not inhibit ClpP function  [  34  ]  but rather the binding of ADEPs convert 
ClpP, from a highly regulated peptidase that can degrade substrates only with the 
help of an associated Clp ATPases, to an unregulated protease that indiscriminately 
degrades nascent polypeptides in the absence of its ATPase partner (Fig.  7.1 )  [  36  ] . 
On the one hand, ADEP binding inhibits the ClpP-mediated degradation of the 
normal physiological substrates, while it stimulates the non-speci fi c degradation of 
nascent or unfolded polypeptides such as those still associated with, or just released 
from, the ribosome  [  36  ] . The latter was recently shown to be responsible for the 
sensitivity of wild type cells to ADEPs, as it was demonstrated that uncontrolled 
proteolysis of the key cell division protein – FtsZ is responsible for the lethality of 
the compound  [  37  ] . Recently, two crystal structures of ADEP in complex with ClpP 
one from  B. subtilis  and the other from  E. coli  were solved, which has led to fasci-
nating new insights into the mechanism by which ADEPs interfere with the function 
of ClpP  [  38,   39  ] . Both studies favor that ADEP binds to a hydrophobic pocket 
created by two adjacent subunits of ClpP. This binding of ADEP, then stimulates 
formation of the active ClpP tetradecamer, triggering a closed-to-open-gate transi-
tion in the pore of ClpP that allows ClpP to degrade substrates independently of it 
cognate ATPases  [  38,   39  ] . However, the two studies provide different explanation 



1697 Bacterial    Proteases and Virulence

for how the “gate-opening” is accomplished. Intriguingly, the ADEP binding site 
on ClpP is identical to the proposed ATPase binding site on ClpP  [  38,   39  ] . 
Consequently, the ADEP-ClpP complex serves as a good model for studying the 
interactions between ClpP and its partner ATPases. However, the antibacterial 
activity of ADEPs may be challenged by the very recent  fi nding that, in  Streptomyces 
lividans , there are several mechanisms of ADEP resistance. Importantly, in one 
spontaneous mutant, the ClpP homolog (ClpP3) appears to be responsible for this 
resistance  [  40  ] .  

   Cyclomarin A 

 Recently, another cyclic peptide produced by  Streptomyces  (called cyclomarin A) 
was reported to show bactericidal activity against  Mycobacterium tuberculosis , the 
causative agent of tuberculosis. This bacterium grows very slowly, a feature that 
makes it naturally resistant to many antibiotics. In contrast to most know anti-tuber-
cular drugs, cyclomarin A killed both growing and non-replicating mycobacteria, 
suggesting that cyclomarin A may function by a novel mechanism  [  41  ] . This 
assumption was strongly supported by the  fi nding that cyclomarin A was effective 
against a panel of antibiotic resistant clinical isolates. Intriguingly, cyclomarin A 
was subsequently shown to bind with high af fi nity and speci fi city to the ClpC1 
subunit of  M. tuberculosis   [  41  ] . This is the  fi rst description of a Clp ATPase as a 
target of antibiotics. Importantly,  clpC1  appears to be essential in  M. tuberculosis , 
and cyclomarin A resistant bacteria only arose with extremely low frequency (<10 9 ). 
Preliminary analysis revealed that cyclomarin A, similar to ADEPs, stimulates 
ClpP-mediated proteolysis, however, whether this increased proteolysis is respon-
sible for the bactericidal effect of cyclomarin A on  M. tuberculosis  awaits further 
experimentation.   

   ClpP and Vaccines 

 To date, ClpP has been implicated in two different approaches to make vaccines, 
both of which have provided some very promising results. In the  fi rst case, puri fi ed 
ClpP was used to immunize mice against  S. pneumoniae , while in the second case a 
 Salmonella clpP  mutant was used to immunize mice against  S. typhimurium . 

  Streptococcus pneumoniae  is a leading cause of potentially lethal diseases like 
pneumoniae, meningitis and septicaemia. High-risk groups include children below 
the age of 5. Current vaccines are based on immunity against capsular polysaccha-
ride. Although this vaccine is effective in adults, it fails to protect immunocompro-
mised people or children below the age of 2 years. Interestingly, a number of studies 
have identi fi ed ClpP as a promising vaccine candidate that can protect against a 
broad range of  S. pneumoniae  strains. ClpP was initially identi fi ed as the most 
promising candidate for vaccination from a proteomic screen, looking for surface 



170 D. Frees et al.

exposed proteins  [  42  ] . This  fi nding was rather surprising, since the ClpP protease is 
considered to be a cytoplasmic protease. However, consistent with this  fi nding, 
Rhee and co-workers  [  19  ]  found that ClpP is translocated into the cell wall after 
heat shock, suggesting that ClpP may in deed be exposed on the surface of  S. pneu-
moniae . These authors also showed that immunization of mice with puri fi ed ClpP 
elicited a protective immune response against a fatal systemic challenge with 
 S. pneumoniae  D39. In a more comprehensive study, it was shown that immunization 
with ClpP and even passive immunization with ClpP antibodies could elicit serotype-
independent protection against invasive  S. pneumoniae  in mice  [  43  ] . The potential 
of ClpP has also been examined in combination vaccine. Wu et al.  [  44  ]  examined 
three protein candidates, ClpP, pneumolysin and a putative lipoate-protein ligase 
(Lpl), and found that maximum protection was achieved following intraperitoneal 
or intranasal challenge with a combination of all three proteins. Interestingly, a 
combination vaccine conferred complete protection against intranasal infections of 
three of the four most common pneumococcal strains  [  44  ] . 

 In a different approach, Matsui et al.  [  45  ]  found that oral immunization with a 
 S. typhimurium  strain carrying a disruption of the  clpPX  locus resulted in signi fi cant 
protection against a subsequent challenge using virulent  S. typhimurium  strains. 
Further analysis revealed that the challenge strain (and the strain used for immuni-
zation) was cleared from the spleen, mesenteric lymph nodes, and Peyer’s patches 
in the immunized mice only 5 days after the challenge, suggesting that the immuni-
zation with the protease-defective mutant protected the mice from getting colonized 
by the challenge strain. Similar results were also obtained when mice were immu-
nized with a strain de fi cient in the Lon protease. Although both of the protease 
mutant strains were considered to be avirulent, they did persist at low levels in 
several tissues for up to 12 weeks following administration. Before attenuated 
strains can be used for live-attenuated vaccines they must be shown to be safe not 
only in healthy individuals but also in very young children, elderly, and other immu-
nocompromised groups. Surprisingly, the  clpP  mutant was shown to be virulent in 
orally infected 1 week old, germ-free pigs (a model for immunologically immature 
or immunocompromised individuals)  [  46  ]  questioning the general use of the protease 
mutant strain as a live-vaccine.   

   Lon 

   Distribution, Structure, and Characteristics 

 The cytoplasmic protease, Lon, is highly conserved and widely distributed. It is 
found in all domains of life, from Bacteria and Archaea to Eucaryota where it is 
found in organelles. Interestingly, although Lon is absent from the genome of some 
important Gram-positive pathogens such as  M. tuberculosis ,  S. pneumoniae ,  L. 
monocytogenes , and  S. aureus , it appears to play an important role in the virulence of 
several Gram-negative pathogens such as  Salmonella  Typhimurium,  Yersinia pestis  
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and  Pseudomonas aeruginosa  (see below). Orthologues of Lon are divided into two 
subgroups, A-type Lon (here referred to as A-Lon, also known as LonA) and B-type 
Lon (here referred to as B-Lon, also known as LonB). A-Lon proteins contain a large 
multi-lobed N-terminal domain, while B-Lon proteins lack this N-terminal domain, 
but instead possess a membrane-anchoring region  [  47  ] . The crystal structure of 
B-Lon from  Thermococcus onnurineus  was recently solved and revealed that B-Lon 
protease shares the same general structure as FtsH protease  [  48  ] . Both proteins form 
compartmentalized proteases composed of six identical subunits in which each sub-
unit contains both the ATPase and peptidase components, on a single polypeptide 
 [  48  ] . The structure has been described as a “bowl and lid” structure, where the pro-
teolytic sites are lining the inner side of a relatively large bowl-like chamber that is 
covered with a “lid” made from the ATPase domains. The combined presence of 
ATPase and proteolytic sites in the chamber suggest that protein unfolding and deg-
radation can occur simultaneously  [  48  ] . The chamber is accessible through a narrow 
axial pore, and in analogy with other ATP-dependent proteases a gate-opening mech-
anism may control the entrance of substrates through the channel. 

 In  E. coli , Lon is primarily responsible for the degradation of non-native proteins 
 [  49  ] . It is therefore not surprising that in pathogenic relatives of  E. coli , Lon also plays 
an important role in the stress response pathways and virulence (see below) .  However, 
in addition to these roles, Lon also plays an important role in controlling the stability 
of a number of regulatory proteins e.g. HilC and HilD, virulence regulators in 
 Salmonella   [  50  ] . Hence, like other ATP-dependent proteases Lon must be capable of 
general recognition of damaged cellular proteins, while at the same time being capa-
ble of precise recognition of speci fi c substrates. In a recent publication, Sauer and 
colleagues  [  51  ]  demonstrated that unfolded proteins are not,  per se , good Lon sub-
strates. Rather, Lon dependent degradation relies on the recognition of speci fi c 
sequences, rich in aromatic residues and poor in small polar amino acids that are nor-
mally exposed in unfolded proteins and buried in native proteins. It has been proposed 
that Lon synergistically recognizes multiple sequences in an unfolded polypeptide, 
which assures that irreversibly unfolded proteins are bound more strongly than pro-
teins that transiently expose unfolded regions. Notably, folded proteins carrying an 
accessible recognition tag may also be degraded by Lon. Hence, this model elegantly 
explains how positioning of a recognition signal, within a native protein, allows Lon-
mediated degradation, independent of the folding status of the substrate protein  [  51  ]  
and this substrate binding model may apply to other ATP-dependent proteases. For a 
more detailed description of this model please refer to  [  52  ] .  

   Lon Controls Expression of Type Three Secretion Systems 
in Gram-Negative Pathogens 

 To proliferate in the vacuoles of macrophages,  S. typhimurium  colonize the small 
intestine and invades normally non-phagocytic epithelial cells. Surprising, mutants 
of  S. typimurium , lacking Lon, exhibit enhanced invasion of epithelial cells, a 
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massive induction of apoptosis in macrophages, and increased production of 
proteins expressed by SPI1  [  53,   54  ] . Among the important virulence factors encoded 
by SPI1 is the T3SS that forms a needle like structure capable of injecting effector 
proteins directly into the host cell cytosol, forcing the uptake of the bacterium by 
rearranging actin cytoskeleton. Expression of T3SS proteins is tightly controlled by 
a complex cascade of transcriptional regulators. Central to this hierarchy is HilA, 
which activates transcription of SPI1 genes directly. Interestingly, HilA expression 
is controlled by the transcriptional activators (HilC and HilD), which are in turn 
regulated by Lon-mediated degradation  [  50,   55  ] . Consistently, inactivation of Lon 
stabilizes HilC and HilD, increases the cellular levels of HilA and consequently 
enhances the expression of SPI1 encoded genes. 

 From the enhanced expression of SPI1 genes, observed in the absence of Lon, 
one might predict that  lon  mutant cells are more virulent than wild type cells in an 
animal model. In contrast to this prediction, inactivation of  lon  in  S. typhimurium  
not only dramatically increased the 50% lethal dose (LD50) in mice (i.e. greater that 
1,000-fold) but also abolished proliferation and survival in murine macrophages 
 [  32  ] . Indeed the  lon  mutant turned out to be highly susceptible to acid and oxidative 
stress, suggesting that the most important contribution of Lon during infection, is to 
resist oxygen-dependent killing associated with the respiratory burst and the low pH 
of phagosomes  [  44  ] . 

 In the related bacterium  Yersinia pestis  (the aetiological agent of plague), Lon 
also plays an important role in virulence, controlling expression of T3SS. In this 
case Lon is required for degradation of YmoA, a transcriptional repressor of a 
plasmid-encoded T3SS  [  56  ] . Interestingly, the Lon-mediated degradation of 
YmoA is temperature-dependent; at low temperatures YmoA is stabilized leading 
to repression of the T3SS, while at 37°C, the normal temperature of the host, YmoA 
is degraded and T3SS gene expression is de-repressed. Lon is also involved in 
temperature dependent regulation of a central transcriptional regulator, RovA, in 
 Yersinia pseudotuberculosis  that causes pseudotuberculosis in animals. RovA is a 
thermal-sensitive, DNA-binding protein, which at 37°C undergoes a conformational 
change releasing it from its DNA enhancing its susceptibility to Lon mediated 
degradation  [  57  ] . Since the temperature dependent conformational change of RovA 
is reversible, Lon is required to irreversible remove RovA from the cytoplasm and 
thereby prevent rebinding to DNA  [  57  ] .  

   Lon in Quorum-Sensing 

 In some bacterial pathogens quorum-sensing (QS) systems are used to control the 
expression of virulence factors in response to bacterial population density. For 
example, the opportunistic Gram-negative pathogen,  Pseudomonas aeruginosa , 
responsible for the infection of immunocompromised patients and known to colo-
nize the lungs of cystic  fi brosis patients, uses two different acyl-homoserine lactone 
(acyl-HSL) QS systems (LasR/LasI and RhlR/RhlI) to coordinate expression of 
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virulence genes. Notably, the production of HSLs, is controlled by the Lon-mediated 
degradation of the HSL synthetases (LasI and RhlI)  [  58  ] . In the related organism, 
 Pseudomonas putida , the transcriptional regulator, PpuR, of the PpuI/PpuR QS sys-
tem is also modulated by Lon  [  59  ] .   

   HtrA/DegP 

   Distribution, Structure, and Characteristics 

 High temperature requirement protein A (HtrA) – also referred to as DegP – is a 
highly conserved protein found in both prokaryotes and eukaryotes. In Gram-
negative bacteria, HtrA is located in the periplasm, closely associated with the inner 
membrane, while in Gram-positive bacteria, HtrA is found at a single discrete micro 
domain on the cellular membrane  [  60,   61  ] . 

 Similar to Lon protease, HtrA/DegP contains proteolytic and chaperone activity in 
the same polypeptide but in contrast to Lon, these activities are not ATP-dependent 
 [  62  ] . HtrA is a trypsin-like serine proteases, which contains a Ser-His-Asp catalytic 
triad. DegP also contains two carboxy-terminal PDZ (Postsynaptic density of 95 kDa, 
Discs large and Zonula occludens 1) domains (PDZ1 and PDZ2) that participate in 
substrate binding as well as compartmentalization. In the resting state,  E. coli  DegP 
assembles into hexamers consisting of two trimeric units forming a small cage, in 
which the catalytic triad faces inward and the PDZ domains restrict access to the pro-
teolytic chamber  [  63,   64  ] . Upon binding of substrates, such as unfolded or misfolded 
globular proteins,  E. coli  DegP switches from inactive hexamers to larger active oli-
gomers (12-mers and 24-mers). Substrate is then refolded or degraded within the 
spherical chamber created by these higher order forms  [  65  ] . After release of the 
degraded peptide, or refolded substrate, DegP returns to the inactive hexamer. Substrate 
binding, oligomerization and formation of the active conformation are therefore 
directly coupled preventing uncontrolled proteolytic and refolding activities (for a 
recent review on HtrA see  [  66  ] ). 

 It has been proposed that DegP requires almost complete unfolding of substrates 
before degradation can proceed  [  64  ]  and recently it was shown that DegP degrades 
substrates progressively, using a molecular ruler comprising the PDZ1 domain and 
the proteolytic site of DegP  [  67  ] . The crystal structure of the 24-mer reveals an 
unusual, large spherical shell with an internal cavity (~110 Å in diameter) with wide 
pores giving access to outer membrane proteins (OMPs). It has been proposed that 
DegP can protect OMP intermediates during their transit across the periplasm  [  65  ] . 
The fate of the encapsulated substrate, within these large oligomers, may be deter-
mined by the temperature or activity of the complex  [  63,   64  ]  or by the intrinsic 
folding properties of the substrate  [  68  ]  resulting in either degradation, refolding or 
alternatively just protection of the substrate, in the extra-cytoplasmic environment. 

 In both Gram-negative and Gram-positive bacteria, HtrA participates in folding 
and degradation of damaged extra-cytoplasmic proteins as well as maintaining the 
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solubility of OMP intermediates and secreted proteins; all of which potentially 
affect virulence of pathogenic bacteria. In the following section, we will focus on 
the role of HtrA in virulence of pathogenic bacteria including, where relevant, its 
contribution to stress tolerance.  

   HtrA/DegP Contributes to Stress Tolerance and Affects Host Cell 
Interaction in Gram-Negative Pathogens 

 More    than 20 years ago, HtrA was proposed to be a potential virulence factor in 
 S. typhimurium   [  69  ] . Ten years later it was shown, that although a  S. typhimu-
rium htrA  mutant was unable to kill mice and could not translocate from the 
Peyer’s patches to other organs after oral infection  [  70  ] , intravenous infection of 
mice with the  S. typhimurium htrA  mutant, still resulted in full colonization of 
livers and spleens  [  70  ] . These results suggest that HtrA is not required for infec-
tion  per se,  but is required to survive the stressful environments associated with 
oral uptake. Speci fi cally, an  htrA  mutant of  S. typhimurium  is sensitive to oxida-
tive stress and shows reduced survival in the oxidative environment of mac-
rophages  [  71  ] . Similarly, another facultative intracellular Gram-negative 
pathogen such as  Brucella abortus  show reduced tolerance to oxidative stress 
 in vitro  as well as reduced survival in macrophages  [  72  ] . Furthermore, HtrA 
contributes to survival in macrophages in  Yersinia enterocolitica  that relies on 
its ability to resist phagocytosis, when causing diarrhoea  [  73  ] . Hence, HtrA may 
play an important role in the degradation of damaged proteins created, during 
infection, from the oxidative stressful conditions in phagocytes (Fig.  7.3a ). 
Recently, the role of degradation and refolding/sequestering activities of  S. 
typhimurium  HtrA were examined by the expression of wild type, or a protease 
inactive mutant of HtrA (HtrA 

S210A
 ), in an  htrA  mutant strain  [  74  ] . While the 

protease activity of HtrA was not required for growth at high temperature 
 in vitro , it was needed during infection in vivo, suggesting that the degradation 
of misfolded and/or speci fi c target proteins plays a key role in virulence  [  74  ] . 
Thus, it appears that reduced stress tolerance is responsible for the attenuated 
virulence of the  Salmonella htrA  mutant.  

  Campylobacter jejuni  is a common cause of human gastroenteritis. Currently 
there are several studies, which suggest that HtrA plays an important role in the 
virulence of  C. jejuni . Firstly, mutation of  htrA  in  C. jejuni , reduced adherence to 
human epithelial cells  [  75  ] . Secondly,  htrA  mutant cells exhibited reduced invasion 
 [  76  ] . Finally, in an insect infection model, the  htrA  mutant strain killed fewer larvae 
than the isogenic wild type strain  [  77  ] . Interestingly, in  C. jejuni  HtrA chaperone 
activity is important for ef fi cient binding to epithelial cells, while in contrast, the 
protease activity of HtrA is required for optimal internalization once the bacteria 
have adhered to the epithelial cells  [  78  ] .  In vitro  HtrA chaperone activity is neces-
sary for growth of  C. jejuni  at high temperature or under oxidative stress; whereas 
HtrA protease activity is only essential during severe stress conditions  [  79  ] . These 
data suggest that, in contrast to  Salmonella , HtrA affects virulence of  C. jejuni  



  Fig. 7.3     Diverse roles of HtrA/DegP in virulence of Gram-negative pathogens . ( a )  The role of 
HtrA in stress tolerance in   Salmonella typhimurium  .  The stressful environment during infection 
increases formation of damaged and misfolded proteins that by the binding to hexameric HtrA 
induces its transition into HtrA oligomers that function to either degrade or refold the proteins. ( b ) 
 Folding and degradation of virulence factors in   Bortadella pertussis.  The virulence factor Fha is 
translocated across the inner membrane by the Sec system and subsequently binds to membrane 
associated DegP. Binding to DegP ensures that Fha stays in an extended conformation before folding 
and insertion into the membrane. Only when secretion is impaired does the DegP trimer degrade Fha. 
( c )  Secreted HtrA from   Helicobater pylori   interacts directly with host cells.  HtrA is secreted by an 
unknown mechanism and degrades E-cadherin in the tight junction of epithelial host cells       
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through several mechanisms, which may include stress tolerance as well as more 
direct effects. However, further work is still required to de fi ne the speci fi c roles of 
HtrA chaperone and protease activity in  C. jejuni  virulence.  

   HtrA/DegP Is Directly Involved in Degradation and Secretion of 
Virulence Factors in Gram-Negative Bacteria 

 Secreted virulence factors must temporarily reside in the periplasmic space before 
they are translocated into the extracellular environment. When secretion is ham-
pered or proteins are damaged, DegP (of Gram-negative pathogenic bacteria) not 
only degrades a number of secreted virulence factors, but also acts as a chaperone 
participating in their folding and translocation. 

 In enteropathogenic  E. coli  (EPEC), DegP is responsible for recognition and 
degradation of secretion-incompetent intermediates of haemoglobin protease  [  80  ]  
and plays a minor role in folding and translocation of intimin  [  81  ] . In contrast, 
secretion of the serine protease EspP (that interacts with the coagulation cascade 
and the complement system), was severely impaired in a  degP  mutant suggesting 
that DegP chaperone activity is required for ef fi cient secretion of EspP  [  82  ] . Finally, 
DegP is proposed to assist in the folding of bundlin and assembly of bundle-forming 
pili required for  fi mbrial adhesion in EPEC  [  83,   84  ] . In addition, a  degP  mutant 
showed reduced adherence to epithelial cells in a localized adherence assay com-
pared to the wild type  [  84  ] , con fi rming that loss of DegP has a major impact on 
EPEC virulence. 

 In the pathogenic bacterium responsible for whooping cough,  Bortadella pertus-
sis ,  fi lamentous haemagglutinin (Fha) is the major adhesin .  This long  b -helical 
adhesion normally depends on DegP for proper folding and transport through the 
periplasm in its extended conformation  [  85  ] , however, when secretion is impaired 
Fha is degraded by DegP  [  86  ] . In  B. pertussis , DegP exists as soluble and mem-
brane-associated trimers. Interestingly, in contrast to the binding of globular sub-
strates to  E. coli  HtrA, Fha binding to  B. pertussis  DegP does not trigger the ef fi cient 
rearrangement of DegP trimers into proteolytically active 12-mers  [  65  ] . In this case, 
the membrane-associated DegP has a high af fi nity for non-native Fha (and serves as 
a holding chaperone), however when Fha secretion is impaired, the substrate is 
stalled in the complex and degraded by the membrane-associated DegP (Fig.  7.3b ) 
 [  85  ] . The membrane-associated trimer thus protects unfolded secretory proteins that 
would be degraded in the large (12-mer and 24-mer) oliogmeric forms of DegP. 

 Interestingly, in  Shigella  fl exneri , DegP has been implicated in the biogenesis of 
the virulence factor IcsA, a protein that is localized at the pole and involved in polym-
erization of actin required for cell-to-cell spread. In this case, only the chaperone 
activity and not the protease activity of DegP was required for IcsA biogenesis  [  87, 
  88  ] , most likely ensuring safe transport across the periplasm to the outer membrane. 
Consistently, less IcsA is localized at the bacterial pole in a  degP  mutant, which may 
account for the reduced plaque size of a  degP  mutant.  
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   HtrA Is Secreted into Host Cells and Modulates Host Response 
in Gram-Negative Pathogens 

 In  Helicobacter pylori , which colonizes the human gastric epithelium and disrupts 
the mucosal integrity leading to a severe in fl ammatory response or gastric cancer, 
HtrA was found to contribute to virulence by a novel mechanism. HtrA of  H. pylori  
is secreted into the extracellular environment  [  89,   90  ]  and recently, was shown to act 
as a speci fi c E-cadherin protease that ef fi ciently destroys adherence junctions in 
polarized epithelial cells (Fig.  7.3c )  [  91  ] . 

 Recently is was shown that HtrA of  Clamydia trachomatis  was actively secreted 
into the host cell cytosol by a process independent of T3SS  [  92  ] . Secretion of HtrA 
into host cell cytosol supports the current model for pathogenesis of chlamydia in 
which a proteolysis strategy is suggested to manipulate host cell signalling pathways. 
However, to date, the host cell target of  C. trachomatis  HtrA has not been identi fi ed, 
although most chlamydial species secrete HtrA into host cell cytosol, suggesting that 
HtrA secretion may be a common virulence mechanism. Nevertheless, it remains to 
be seen if this virulence mechanism is also employed by other pathogenic bacteria.  

   HtrA Affects Expression of Virulence Factors 
and Stress Tolerance in Gram-Positive Pathogens 

 Although Gram-positive bacteria lack a compartment dedicated to the folding of 
secreted proteins, in  Streptococcus pyogenes  HtrA was found exclusively at a sin-
gle microdomain – termed the ExPortal  [  61  ] . The ExPortal is located at the hemi-
spherical position distal to either cell pole of  S. pyrogenes  and is dedicated to 
export of secreted proteins. While HtrA was shown to be necessary for maturation 
and secretion of the extracellular cysteine protease SpeB  [  61  ] , the requirement is 
most likely indirect, as HtrA did not process proSpeB to its mature active form 
 in vitro   [  93  ] . Streptolysin S is another extracellular virulence factor of  S. pyogenes  
that seems to be controlled by HtrA. However, neither of these changes affected the 
overall pathogenicity of  S. pyogenes , as an  htrA  mutant was not attenuated in a 
murine model of subcutaneous infection  [  94  ] . The expression of several secreted 
virulence factors were also altered in a mutant strain of  S. aureus  RN6390 lacking 
both  htrA  orthologous, and this double mutant showed diminished virulence in a 
rat model of endocarditis. In contrast, HtrA had minimal effect on exoprotein 
expression and virulence of the  S. aureus  COL strain  [  95  ] . In  S. mutans  the loss of 
HtrA altered expression of several extracellular proteins thought to play important 
roles in interaction between the organism and its host, including glucan-binding 
protein B and glucosyltransferases. The loss of HtrA in  S. mutans  also in fl uences 
the appearance of bio fi lm (also known as dental plaque)  [  96  ] . These examples 
show that HtrA control extracellular virulence factors and virulence in Gram-
positive pathogens. 
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 HtrA in Gram-positive pathogens also plays a role in stress tolerance and survival 
in host tissues. An  htrA  mutant of  L. monocytogens  is sensitive to oxidative agents 
and shows reduced survival in macrophages  [  97  ] . Thus, attenuated virulence may 
be attributed to a decreased ability to persist in macrophages that are fundamental to 
the ability of this pathogenic bacterium to cause disease. Recently, HtrA was found 
to be a major virulence determinant of  Bacillus anthracis , as virulence of the  htrA  
mutant strain was severely attenuated in a guinea pig model for anthrax  [  98  ] . Indeed 
the loss of HtrA in  B. anthacis  altered secretion of several proteins, prevented 
expression of the extracellular protease NprA and reduced tolerance to heat, oxida-
tive, ethanol and osmotic stress. Collectively, these data suggest that the altered 
secretion of extracellular proteins as well as the increased susceptibility to stress 
may account for the attenuated virulence in this serious human pathogen.   

   Extracellular Proteases in Virulence 

 Proteases are commonly secreted by microorganisms. As we learn more about bacterial 
pathogens and how they cause disease in humans, it is becoming increasingly clear that 
extracellular proteases play an important role in infection. In some pathogens such as 
 S. aureus  and the Group A Streptococcus (GAS)  S. pyogenes , a number of proteases 
contribute to virulence. These pathogens give rise to infections often involving massive 
tissue destruction. While in other pathogens, like the intracellular pathogen,  Listeria 
monocytogene  only a single secreted protease is associated with virulence. The extracel-
lular proteases can be categorized depending of their targets associated with pathogen-
esis. In some pathogens they are needed for maturation of cell surface or extracellular 
virulence factors produced by the pathogen itself. Other targets include structural com-
ponents of host tissue such as  fi brinogen or elastin in processes that paves the way for 
the spreading infection. Even host cell signalling can be disrupted by the extracellular 
proteases degrading host signal molecules such as cytokines and chemokines. Below we 
describe, the diverse contributions that extracellular proteases make to pathogenesis 
with examples from pathogens known to express several extracellular proteases contrib-
uting to virulence. 

   Multiple Roles of Extracellular Proteinases 
in S. aureus Virulence 

   Proteases and Their Control 

  Staphylococcus aureus  is known to secrete a number of extracellular enzymes that 
contribute to the virulence of the organism. Among these are four major proteases, 
namely the serine glutamyl endopeptidase (SspA or V8 protease), the metallopro-
teinase (aureolysin, also known    as Aur) and two cysteine proteases, staphopain A 
(ScpA or StpA) and staphopain B (SspB or StbB)  [  99  ] . Like other extracellular 
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virulence factors in  S. aureus  maximal expression of these proteinases occurs post 
exponential growth phase and transcription is positively regulated by  agr  (acces-
sory gene regulator) QS system known to control  S. aureus  virulence gene expres-
sion  [  100,   101  ] . 

 To ensure timely proteolytic activity the extracellular proteases are often 
expressed as inactive zymogens that are activated by a proteolytic cascade. During 
export, Aur contributes to the processing of proSspA  [  101–  103  ]  that in turn matures 
proSspB (Fig.  7.4 )  [  104,   105  ] . Aur and ScpA appear to be on top of the proteolytic 
cascade as both proteins are able to undergo autocatalytic activation  [  106,   107  ] . 
To prevent the extracellular proteinases from maturing in the bacterial cytoplasm, 
protease inhibitors are expressed together with the proteinases. For example, a 
potent inhibitor of staphopain B, (SspB), called staphostatin B is encoded by the 
 sspC  gene located in the  ssp  operon  [  108  ] . Likewise staophostatin A, encoded by 
 scpB  inhibits staphopain A, ScpA (Fig.  7.4 )  [  109  ] . Thus, expression of  S. aureus  
extracellular proteases is controlled at multiple levels.   

   Processing of Virulence Factors 

 The secreted proteinases are not only involved in their own maturation, but also 
required for the degradation or processing of other bacterial virulence factors. 

Pro-ScpA

ScpA Aur

Pro-Aur

Pro-SspA

Pro-SspB

SspB

SspA

Autocatalysis

Staphostatin A

Staphostatin B

  Fig. 7.4     Activation of extracellular proteases . The extracellular proteases are controlled at the 
level of activity as they are expressed as inactive zymogens that are activated through proteolytic 
cascades. Aur contributes to the processing of proSspA that in turn matures proSspB. Aur and 
ScpA appear to be on top of the proteolytic cascade (Modi fi ed from  [  99  ] )       
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Among these are a number of distinct surface proteins, which promote colonization 
by binding to  fi bronectin or collagen and interfering with blood clotting by binding 
 fi brinogen or counteract phagocytosis through interactions with immunoglobulins 
 [  110,   111  ] . One example is the cell surface  fi bronectin-binding protein (FnBP) that 
is maximally expressed during exponential growth, but disappears rapidly as the 
culture progresses into stationary phase. The loss of FnBP is dependent on the pro-
teolytic activity of SspA (V8), expressed upon entry into stationary phase and thus, 
during this growth phase SspA reduces the adhesive properties of the  S. aureus  cells 
associated with FnBP  [  112  ] . Another study con fi rmed this  fi nding and additionally 
showed that the immunoglobulin binding, cell surface Protein A is also degraded by 
SspA  [  113  ] . The ability of  S. aureus  to bind  fi brinogen is among several proteins 
mediated by cell wall attached clumping factor, ClfB. Interestingly, Aureolysin 
cleaves the N-terminal region (~30 kDa) of ClfB, releasing an 120 kDa protein frag-
ment, unable to bind  fi brinogen  [  114  ] . The proteolytic susceptibility of the proteins 
attached to the cell surface of  S. aureus , such as FnBP, Protein A and ClfB, involved 
in binding to structural host cell components, indicates that these extracellular pro-
teases are important for the release of  S. aureus  from colonization sites and spread-
ing of the infection.  

   Processing of Host Proteins in Virulence 

  S. aureus  extracellular proteases contribute to virulence, not only through processing 
of bacterial cell surface virulence factors, but also through proteolysis of host 
components. One notable feature associated with many types of  S. aureus  infections 
is the profound tissue destruction observed at the site of infection. While little is 
known of the processes behind host matrix degradation, the extracellular proteases 
are known to be involved. ScpA degrades  fi bres composed of elastin, an elastic 
protein in connective tissue  [  106,   115  ]  and both staphopains (ScpA and SspB) con-
tribute to the turnover of collagen, the main component of connective tissue  [  116  ] . 
These  fi ndings strongly support an important role for extracellular protease in host 
matrix degradation and local dissemination of the pathogen. 

  S. aureus  is one of the most common Gram-positive pathogens associated with 
sepsis, a condition whereby the pathogen, in the blood stream, may spread systemi-
cally leading to life-threatening conditions such as infection of the heart valves. In 
the bloodstream,  fi brinogen cleavage by staphopains (SspB and ScpA) interferes 
with plasma clotability   , resulting in a tendency to induce bleeding  [  116  ] . Cell wall 
anchored proteins may contribute to the ef fi ciency of this process, by binding 
 fi brinogen to facilitate close interaction with the secreted proteinases  [  116  ] . 

 Neutrophils and monocytes are central in host defences as they phagocytose and 
kill invading microorganisms  [  117  ] . They do so by expressing a variety of receptors 
such as the CD11b/CD18 integrin that recognize ligands and opsonins present on 
the surface of microorganisms to be engulfed  [  118  ] . On the other hand, pathogens 
attempt to evade phagocytosis and recently SspB was shown to eliminate phago-
cytes by selectively cleaving CD11b on phagocytes in a process leading to apoptotic 
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cell death (Fig.  7.5 )  [  119  ] . In fact SspB seems to have multiple activities in the host 
environment, as another study revealed that SspB can mimic human proteases and 
activate chemerin that circulates in blood. Upon proteolytic activation, chemerin 
becomes a potent chemo-attractant for circulating immature dendritic cells and 
macrophages  [  120  ] . It is speculated that SspB directs the recruitment of specialized 
immune cells, potentially contributing to the ability of  S. aureus  to elicit and main-
tain a chronic in fl ammatory state  [  120  ] .  

   Bio fi lm Formation and Virulence 

 Bio fi lm formation is another clinically important property of  S. aureus.  In nosoco-
mial infections,  S. aureus  is commonly encountered in bio fi lms, which has been 
related to a number of serious clinical conditions  [  121  ] . Staphylococcal bio fi lm 
formation is a complicated process involving a number of macromolecules such as 
extracellular DNA, the polysaccharide intracellular adhesion (PIA) and a number of 
the speci fi c surface proteins such as Bap, SasG, FnBPs and Protein A (summarized 
in Marti et al.  [  122  ] ). The degradation of these surface proteins (Protein A, FnBP 
and Bap) by SspA and Aur  [  112,   113  ]  reduces bio fi lm formation  [  122  ] . Another set 
of extracellular proteases, have also been implicated in bio fi lm formation, namely 

  Fig. 7.5     Proteolysis in   S. aureus   virulence.  In the cytosol ClpXP stimulates transcription of 
genes encoding extracellular products such as hemolysins and proteases possibly through the deg-
radation of a transcriptional repressor. ClpX, independently of ClpP stimulates translation of  spa  
encoding Protein A that binds immunoglobulins. Outside the  S. aureus  cell the secreted proteases 
SspA, SspB and ScpA are key players in the turnover of the host matrix components and interfere 
with host cell signalling       
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six serine-like proteases encoded by the  spl  operon  [  123,   124  ] . These proteins carry 
signal peptides and share 33 and 36% identity with the SspA (V8) proteinase. Like 
the proteinases discussed above, the expression is regulated by  agr  and maximal 
during the transition to stationary phase, suggesting a role in virulence, neverthe-
less, deletion of this operon did not affect virulence in a mouse peritoneal model 
 [  124  ] . Thus, extracellular proteinases appear to promote timely dispersal of  S. 
aureus  bio fi lms and as such may promote dissemination of the staphylococcal 
infections. 

 Despite the collection of data, discussed above, that supports a central role for 
extracellular proteinases in virulence little  in vivo  data con fi rms this involvement. In 
a screen for  S. aureus  virulence genes, using the signature tagging methodology 
Stover and colleagues  [  125  ]  found that insertion of a transposon element in  sspA  
reduced virulence in three infection models (abscess, intravenous and a burn wound 
model). However, in a later study non-polar inactivation of  sspA  in the same strain 
background did not affect abscess formation  [  105  ]  suggesting that the  ssp  operon 
rather than sspA may affect virulence. Consistently, a subsequent study revealed 
that the  sspA  and  sspB  mutants showed signi fi cant attenuation in a mouse abscess 
model whilst mutations in  aur  or  scpA  did not  [  101  ] . Thus the contributions of the 
extracellular proteases to virulence is dif fi cult to mimic in virulence models perhaps 
re fl ecting their complex contribution to virulence.  

   Immunoglobulins and Chemokines as Targets in Streptococci 

 Several Streptococci species, including the GAS  S. pyogenes , are amongst some of 
the most serious human pathogens. Like  S. aureus ,  S. pyogenes  colonizes a sub-
stantial fraction of the healthy human population, where it may cause a range of 
conditions, from mild such as a soar throat or local skin infections to more serious 
infections such as blood stream infections and necrotizing  fasciitis (the “ fl esh eating 
disease”)  [  126  ] . It was from this organism, more than 60 years ago, that the  fi rst 
cysteine proteinase (SpeB) was isolated  [  125  ] . SpeB is secreted as a proenzyme 
(proSpeB) and the mature protein is responsible for the activation of several human 
proteins, including immunoglobulins  [  127  ] . SpeB speci fi cally cleaves IgG at 
Gly236 within the  fl exible hinge region, impairing  IgG-mediated opsonization and 
subsequent phagocytosis  [  128–  130  ] . Interestingly, SpeB is only secreted during 
late exponential growth phase of GAS whereas another proteinase (IdeS) that 
cleaves IgG is secreted during the early exponential growth phase of GAS  [  131, 
  132  ] . Collectively, the activity of both SpeB and IdeS play an important role in the 
virulence of GAS  [  133  ] . 

 Another group of host molecules, targeted by exoproteinases, is the chemokines .  
In one example, the  S. pyogenes  cell envelope protease (SpyCEP, also called ScpC) 
degrades the chemokine IL-8, a multifunctional host defense protein involved in 
activation and recruitment of neutrophils as well as other chemokines  [  134,   135  ] . 
More recently it was shown that SpyCEP is both necessary and suf fi cient for IL-8 
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degradation, which decreased IL-8 dependent neutrophil endothelial transmigration 
and bacterial killing resulting in attenuation in a murine infection model  [  136  ] . 
Interestingly, SpyCEP expression is controlled by cathelicidin (LL-37), an antimi-
crobial host peptide, which also induces production of the GAS capsule  [  137  ] . 
Similarly, in the Group B  Streptococcus  (GBS),  S. agalactiae  the serine protease 
cleaves  fi brinogen and abolishes the ability of three CXC chemokines to attract and 
activate neutrophils  [  138  ] .  

   Tissue Destruction and Antimicrobial Peptide Resistance Displayed by 
Gram-Negative Bacteria 

  P. aeruginosa  is an opportunistic human pathogen that is capable of infecting vari-
ous tissues and organs. The main target of  P. aeruginosa , is the lung of immuno-
compromised individuals or individuals with chronic conditions such as cystic 
 fi brosis or acute infections such as severe pneumonia. The major role of proteases 
in  P. aeruginosa  virulence is thought to be tissue penetration, which is supported by 
the proteolytic activities of LasB, LasA, protease IV and the alkaline protease 
encoded by  aprA . Well characterized is the activity of the  lasB  gene that originally 
was termed elastase due to its ability to degrade host components including collagen 
and elastin  [  139,   140  ] . LasB stimulates host proteolytic processes such as plasmino-
gen (Plg) activation. Plg is the precursor of the serine protease plasmin, which is 
primarily responsible for dissolving blood plasma proteins and  fi brin clots. Plasmin 
activation depends activators of Plg (such as, tissue-type Plg activator (tPA) and 
urokinase-type Plg activator (uPA)), as well as several inhibitors  [  141  ] . In this cas-
cade both the LasB metalloproteinase and protease IV, despite displaying quite 
different substrate speci fi cities, activate pro-uPA, and it has been speculated that 
this activation allows easier colonization of susceptible host tissue, such as the 
respiratory tract  [  142,   143  ] . 

 The activation of Plg to plasmin is not restricted to  P. aeruginoase . In  S. typhimu-
rium  and  Yersinia pestis , surface located proteinases known as omptins, (PgtE and 
Pla, respectively) ,  are able to activate Plg through cleavage of a speci fi c inhibitor of 
PA, thereby bypassing normal control of host proteolysis  [  144  ] . Both PgtE and Pla 
have several functions within the human host and the activities of PgtE in  S. typh-
imurium  is critical for the outcome of an infection, as inactivation of the corre-
sponding gene decreased colonization of organs in an intraperitoneal mouse model 
 [  145  ] . Interestingly, both PgtE and Pla are able to cleave cationic antimicrobial 
peptides such as the cathelicidin (LL-37) that exert antibacterial activity against 
both Gram-negative and Gram-positive bacteria  [  146,   147  ] . Similarly, in  P. aerugi-
nosa ,  S. pyogenes  and  S. aureus , proteases such as elastase, target antimicrobial 
peptides  [  148,   149  ] . These  fi ndings suggest that the degradation of host produced 
antimicrobial peptides, by extracellular proteases, may be a common approach used 
by both Gram-positive and Gram-negative pathogens to evade defences of the 
human host.    
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  Fig. 7.6     Proteolysis in virulence of Gram-negative bacteria.  ClpXP degrades FlhCD 
(the transcriptional regulator that controls  fl agella expression in  Salmonella ) and GrlR (a negative 
regulator of the T3SS effector in EHEC). Lon degrades HilCD and YmoA (which control T3SS 
production in  Salmonella  and  Y. pestis , respectively) and the QS systems Las/Rhl in  P. aeruginosa . 
In  E. coli , DegP is involved in the export and activation of Esp       

   Concluding Remarks 

 Here we have highlighted examples of how proteases support the infection process 
in bacterial pathogens. Although the precise mechanism by which they contribute to 
virulence is not always known some general trends appear. In Gram-positive bacte-
ria the Clp proteolytic complex is a central regulator in controlling the expression of 
virulence genes. Particularly in  S. aureus  numerous extracellular virulence factors 
rely on the proteolytic activity of ClpXP, for their expression, and we speculate that 
ClpXP is also responsible for the degradation of an unidenti fi ed repressor of 
extracellular virulence factor production (Fig.  7.6 ). Among the secreted enzymes in 
 S. aureus  that require ClpXP proteolysis for expression, are the extracellular 
proteases. These proteins play a central part in the dissemination of the infection as 
they directly degrade host structural components such as  fi bronectin, collagen and 
elastin, allowing spreading of the infection. Another important activity of these 
proteases is the turn-over of proteins involved in host signalling such as processing 
of host cell ligands or by stimulating proteolysis in the host through the activation 
of Plg. Thus, there is a close interplay between controlled proteolysis in the bacte-
rial cytosol and the aggressive actions of extracellular proteases in direct contact 
with host cell proteins. 

 In Gram-negative bacteria the contribution of proteases to virulence is complex, 
and timing of virulence factor expression seems to be even more critical than in 
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Gram-positive bacteria (Fig.  7.6 ). For example, in the absence of ClpXP,  S. 
typhimurium  becomes hyper- fl agellated which appears to interfere with host 
cell contact. Although Lon has also been proposed to contribute to virulence in 
Gram-negative bacteria, in  Salmonella  it is responsible for the degradation of 
the transcriptional regulator HilCD (which is needed for production of the 
T3SS), suggesting that Lon may, in fact, be an anti-virulence factor. In some 
proteases, that exhibit both chaperone and proteolytic activity, their chaperone 
activity may play a dominant role in virulence, e.g. the folding of EspP by HtrA 
in  E. coli  O157:H7. These  fi ndings demonstrate the importance of conditional 
and controlled proteolysis and highlight the need, in future studies, to address 
the timing of degradation and the environmental signals that trigger this pro-
cesses in the human host.        
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  Abstract   The chaperone-related, ubiquitin-selective AAA (ATPase associated 
with a variety of cellular activities) protein Cdc48 (also known as TER94, p97 and 
VCP) is a key regulator of intracellular proteolysis in eukaryotes. It uses the energy 
derived from ATP hydrolysis to segregate ubiquitylated proteins from stable assem-
blies with proteins, membranes and chromatin. Originally characterized as essential 
factor in proteasomal degradation pathways, Cdc48 was recently found to control 
lysosomal protein degradation as well. Moreover, impaired lysosomal proteolysis 
due to mutational inactivation of Cdc48 causes protein aggregation diseases in 
humans. This review introduces the major systems of intracellular proteolysis 
in eukaryotes and the role of protein ubiquitylation. It then discusses in detail 
structure, mechanism and cellular functions of Cdc48 with an emphasis on protein 
degradation pathways in yeast.      

   Introduction 

 Regulated intracellular proteolysis is essential for many aspects of cell biology: 
It takes center stage in protein quality control by eliminating aggregation-prone, 
potentially toxic conformers including aborted translational products, misfolded 
and damaged proteins; controls metabolic pathways, signal transduction and cell 
division through the degradation of key enzymes, transcription factors and signaling 
proteins; and ensures supply with amino acids and intermediary metabolites, in 
particular under conditions of nutrient deprivation. Eukaryotic cells possess two 
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major proteolytic systems: the proteasome and the lysosomal compartment. While 
most soluble proteins are degraded by the proteasome, the lysosome is able to 
hydrolyze insoluble protein aggregates, vesicle-embedded plasma membrane 
proteins, and even entire organelles, viruses and bacteria (Fig.  8.1 ).  

 The proteasome is a large, barrel-shaped protease complex consisting of four 
stacked rings of seven structurally related subunits  [  1  ] . Its active sites are deeply 
buried in a central chamber formed by the two inner rings, and substrate proteins 
have to pass a central channel gated by the distal rings in order to be degraded. This 
20S proteasomal core particle is suf fi cient for the degradation of polypeptides and 
some unfolded proteins, but most substrates require the additional presence of a 19S 
regulatory particle controlling substrate speci fi city, unfolding and access to the 
central channel. Together, the 20S and 19S subcomplexes form the eukaryotic 26S 
proteasome  [  2  ] . 

26S
proteasome

autophagy

MVB

lysosome

autophagosome

proteasomal
degradation

endolysosomal
degradation

  Fig. 8.1     Major pathways of intracellular proteolysis in eukaryotes . Most soluble proteins 
are degraded by the 26S proteasome ( red pathway ). Cytosolic structures incompatible with 
proteasomal degradation, including protein aggregates, large stable protein complexes and 
organelles, are degraded by autophagy ( blue pathway ). They are engulfed by a double membrane 
forming autophagosomes and delivered to lysosomes. Plasma membrane proteins are eliminated 
by endolysosomal degradation ( green pathway ). They are endocytosed, sorted into the luminal 
vesicles of multivesicular bodies (MVBs), and delivered to lysosomes. The acidic lysosomal lumen 
harbours various hydrolases that degrade cargo delivered by autophagosomes and MVBs       
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 The lysosome is an acidic organelle harbouring various hydrolases, among 
them acid-optimal proteases of the cathepsin family  [  3  ] . It is the end-point of two 
proteolytic pathways delivering membrane-con fi ned cargo: the endolysosomal 
pathway for the degradation of predominantly plasma membrane-derived proteins, 
and autophagy pathways for the degradation of cytosolic content including soluble 
proteins, insoluble protein aggregates, and organelles (Fig.  8.1 )  [  4  ] . In the endolyso-
somal pathway, endocytosed proteins that evade recycling to the plasma membrane 
are sorted into luminal vesicles of multivesicular bodies (MVBs), membrane-
bounded structures derived from sorting endosomes. MVBs fuse with lysosomes 
and release their luminal cargo for lysosomal degradation  [  5  ] . In autophagy, 
diverse cytosolic cargo is  fi rst engulfed during the  de novo  formation of a double 
membrane-bound compartment termed the autophagosome. Similar to MVBs, 
autophagosomes then fuse with lysosomes to form autolysosomes degrading the 
autophagic cargo  [  6  ] . While autophagy of cytosolic content is considered to be relatively 
non-speci fi c, in particular under starvation conditions, there is clear evidence for the 
existence of selective autophagy pathways targeting protein complexes/aggregates 
and organelles  [  7,   8  ] . 

 Intriguingly, all three major pathways for regulated proteolysis in eukaryotic 
cells are controlled by the covalent modi fi cation of target proteins with ubiquitin, a 
small, highly conserved protein of 76 amino acid residues  [  4  ] . This process (termed 
“ubiquitylation”, “ubiquitination” or “ubiquitinylation”) involves the formation 
of an isopeptide bond between the carboxy terminus of ubiquitin and the  e  amino 
group of lysine residues on target proteins (Fig.  8.2 ). Ubiquitylation requires a cata-
lytic cascade of three enzymatic activities E1, E2, and E3  [  9  ] . The E1 (ubiquitin 
activating enzyme) activates ubiquitin by C-terminal adenylation, followed by 
formation of an energy-rich thioester with its active site cysteine thiol. Activated 
ubiquitin is then transferred in a transesteri fi cation reaction to the active site cysteine 
of the E2 (ubiquitin conjugating enzyme), followed by conjugation to target lysine 
residues mediated by the E3 (ubiquitin protein ligase). The substrate speci fi city of 
the system is primarily determined by the large number (dozens to hundreds) of dif-
ferent E3 ligases found in all eukaryotes. Ubiquitin itself can be ubiquitylated on 
either one of seven lysine residues or its amino terminus, allowing for target protein 
modi fi cation by ubiquitin chains of different length, linkage type and complexity 
 [  10–  12  ] . Moreover, ubiquitin chains are also subject to editing by deubiquity-
lating enzymes (DUBs)  [  13  ] , further increasing the plasticity of the ubiquitin 
signal. Importantly, different ubiquitin chains mark substrates for distinct down-
stream processes (Fig.  8.2 )  [  11,   14  ] . Chains linked via lysine residue 48 of ubiquitin 
(“K48-linked chains”) are prototypical signals for targeting to, and degradation by, 
the 26S proteasome  [  9,   15  ] . Chains linked via residues K11, K29, and perhaps also 
K6, K27 and K33, can also constitute proteasomal degradation signals  [  11,   16  ] . 
By contrast, K63-linked chains, “linear” chains linked via the amino terminus of 
ubiquitin, and single ubiquitin moieties (“mono-ubiquitylation”) constitute signals 
for non-proteasomal fates of substrate proteins, for example in sorting processes, 
signal transduction, and DNA damage repair  [  12,   14,   17,   18  ] . In the endolysosomal 
pathway, ubiquitylation serves as a crucial sorting signal at two distinct steps. 
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Mono-ubiquitylation and K63-linked chains mark plasma membrane proteins 
for internalization through primary endocytic vesicles  [  17  ] . During subsequent 
endosomal maturation, mono-ubiquitylation acts as a signal for the sorting of 
cargo into MVB vesicles  [  5,   19  ] . In autophagy, selective engulfment of ubiquitylated, 
cytosolic cargo by autophagosomes is mediated by a conserved family of adaptor 
proteins  [  7,   8  ] .  

 In recent years, the evolutionary conserved protein Cdc48 (also known as TER94 
in  Drosophila  and as p97 and VCP in vertebrates) has emerged as an important 
motor and regulator for a number of proteasomal degradation pathways. Cdc48 is a 
chaperone-related member of the ATPase associated with various cellular activities 
(AAA) protein family  [  20  ] . It converts the chemical energy released by ATP hydro-
lysis into mechanical force believed to drive the “segregation” of ubiquitylated 
substrate proteins from stable protein complexes, membranes and chromatin, thereby 
facilitating their delivery to and degradation by the 26S proteasome  [  21–  23  ] . 
Importantly, Cdc48 has more recently also been shown to be critical for autophagy 
and endolysosomal protein degradation  [  24–  26  ] . Even though functional insights 
into the role of Cdc48 in the latter pathways are just beginning to emerge, it is 
intriguing to note that Cdc48 is involved in all three major routes of intracellular 
proteolysis in eukaryotes. Consistent with such a central role in protein degradation, 
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  Fig. 8.2     The ubiquitin-proteasome system . Substrate proteins are covalently modi fi ed with 
ubiquitin through the formation of an isopeptide bond with lysine residues (K) in a reaction catalyzed 
by three enzymatic activities (E1, E2, E3). Polyubiquitin chains linked through ubiquitin residues 
K48, K11, K29, and perhaps also K6, K27 and K33, target substrate proteins for proteasomal 
degradation; K63-linked chains and mono-ubiquitin constitute signals in various non-proteasomal 
processes, among them sorting during autophagy and endolysososmal degradation       
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Cdc48 is essential in all organisms tested, and mutations in the human  VCP  gene 
cause proteinopathies including neurodegenerative, muscular and motor neuron 
diseases  [  24,   27–  29  ] . 

 This review discusses basic structural and functional properties of Cdc48, the 
complex control of distinct Cdc48 activities by regulatory cofactors, and the role of 
Cdc48 in various proteolysis pathways. The focus of the review will be on Cdc48-
dependent degradation pathways in the Baker’s yeast  Saccharomyces cerevisiae , 
which serve as a paradigm for Cdc48 functions in higher eukaryotes.  

   Cdc48 Structure and Mechanism of Action 

   Three-Dimensional Structure and ATP-Dependent Conformational 
Changes 

 Like many other AAA enzymes, Cdc48 forms homohexameric, ring-shaped com-
plexes  [  30,   31  ] . The protomer of Cdc48 consists of two Walker-type ATPase 
domains, D1 and D2, which are  fl anked by an amino-terminal N domain and a 
carboxy-terminal, unstructured tail (Fig.  8.3a ) Whereas the ATPase domains provide 
the driving force for Cdc48 function, the N domain and the extreme C-terminus are 

a

b c

N D1 D2
1 197 219 470 491 785 835

Ct

  Fig. 8.3     Cdc48 structure . ( a ) Schematic view of Cdc48 domain organisation. The borders of the 
N, D1 and D2 domains as well of the carboxy-terminal tail (Ct) are indicated by residue numbers. 
Colours were chosen to closely match the colour scheme in ( b ) and ( c ). ( b ) Side view of the three-
dimensional structure of murine p97 (PDB entry 1OZ4  [  33  ] ) in ribbon representation. Colour 
coding is from the amino-terminus ( top, blue ) to the carboxy-terminus ( bottom, red ). ( c ) Top view 
along the central axis       
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major docking sites for regulatory cofactors (see below). X-ray crystallography 
of the mammalian orthologue p97 (65% sequence identity to yeast Cdc48) provided 
detailed information about the architecture and structural organisation of the 
Cdc48/p97 hexamer (Fig.  8.3b, c )  [  32–  34  ] . The D1 and D2 ATPase domains of the 
six protomers form two stacked rings in head-to-tail orientation, encircling a 
central, axial pore. The N domains are arranged radial to the D1 domains, whereas 
structure and orientation of the carboxy-terminal tail could not be solved, probably 
due to its high conformational  fl exibility.  

 Numerous studies employing complementary experimental approaches have 
provided compelling evidence for nucleotide-dependent conformational changes in 
Cdc48/p97 (for a detailed review, see  [  35  ] ). Unfortunately, differences in the proteins 
studied, i.e. full-length p97  versus  a ND1 fragment, the methodology, nucleotide 
and buffer conditions have so far precluded the formulation of a unifying model for 
the coupling of conformational states to the ATPase cycle  [  35  ] . Nevertheless, from 
a global view, the most pronounced nucleotide-dependent changes are (i) rigid body 
movements of the N domain relative to the D1 ring and (ii) widening/closing of the 
central pore of the D2 ring. 

 The biochemical characterization of Cdc48 orthologues from yeast, worm and 
mammals consistently revealed differences between the ATPase activities of the D1 
and D2 domains  [  36–  40  ] . ATP hydrolysis by D2 was found to contribute about 
90% to the overall ATPase activity of Cdc48, whereas mutations in D1 compromising 
ATP hydrolysis had only moderate effects. In line with a slow turnover at the D1 
active site inferred from these ATPase measurements, preparations of hexameric 
mammalian p97 contain up to six molecules of ADP stably bound to D1 that are in 
very slow exchange with free nucleotide (reviewed in  [  35  ] ). It has therefore been 
proposed that the D1 nucleotide-binding site has a structural rather than catalytic 
function  [  41  ] .  In vivo , ATP hydrolysis by both ATPase domains is essential for 
viability  [  37,   39  ] , but for different reasons. While the ATPase activity of D2 is 
believed to be the main driving force for the segregase activity of Cdc48, hydrolysis 
at the D1 active site appears to merely be required to eliminate a yet ill-de fi ned 
inhibitory effect of the D1 ATP state on Cdc48 function  [  39  ] .  

   Models for Cdc48 Segregase Activity 

 Despite considerable knowledge about the three-dimensional structure of Cdc48/p97, 
the mechanism underlying its segregase activity has not been elucidated in 
mole cular detail. Structurally related bacterial AAA + proteins, such as ClpA, ClpB, 
ClpX, FtsH and HslU from  E. coli  employ a “threading” mechanism of substrate 
unfolding  [  20,   42–        44  ] . Instrumental to this mechanism are evolutionary highly con-
served loops of the D1 and (when present) D2 domains that face the central pore and 
contain an aromatic residue next to a large hydrophobic or basic residue. These 
loops contact substrate proteins and are believed to transform conformational 
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changes accompanying ATP binding and hydrolysis into ratchet-like movements, 
thereby pulling the substrate polypeptide chain through the central pore and unfolding 
it  [  42,   43  ] . 

 In contrast to bacterial unfoldases, there exists no convincing experimental 
evidence that Cdc48 substrates are threaded through the entire length of the central 
pore (Fig.  8.4a ). In fact, several lines of circumstantial evidence may argue against 
such a mechanism. First, Cdc48 substrates are typically marked by ubiquitin chains 
on one or several lysine residues. It is unclear how the resulting branched polypep-
tide could be ef fi ciently threaded through the narrow central pore of Cdc48, aside 
from the fact that ubiquitin is remarkably stable thermodynamically and hence 
dif fi cult to unfold. Based on studies of the Cdc48-dependent ER-associated protein 
degradation (ERAD) quality control pathway (see below), this conceptual problem 
was proposed to be solved by the presence of Cdc48-associated DUBs which could 
initially deubiquitylate substrates, followed by threading through the central pore 
and re-ubiquitylation for proteasomal targeting by Cdc48-associated E3 ligases  [  45, 
  46  ] . However, in disfavour of a critical role for DUBs in ERAD substrate turnover 
by Cdc48, siRNA-mediated depletion of Cdc48/p97-associated DUBs in mamma-
lian cells does not, with the exception of the poorly characterized DUB Usp13, 
result in ERAD defects  [  47  ] . Similarly, deletion of known Cdc48-associated DUBs 
in yeast has not been reported to cause ERAD phenotypes. Second, the presence of 
the N domain appears to prevent threading of polypeptides. Interestingly, an archaeal 
homologue of Cdc48, VAT, was found to be capable of unfolding the ClpA and 
ClpX model substrate GFP-ssrA  in vitro  under certain experimental conditions  [  48  ] . 
Similar to the Clp-type AAA + proteins, this activity required the aromatic side 
chains in the conserved D1 and D2 loops facing the central pore. In addition, 
deletion of the VAT N domain enhanced its unfolding activity towards GFP-ssrA. 
In contrast to VAT and Clp-type AAA + proteins, however, Cdc48 orthologues lack 
the critical aromatic residue in the D1 loop  [  49  ]  (P. Zwickl, personal communication). 
Consistently, wild type mammalian p97 was found to be unable to unfold GFP-ssrA 
 in vitro  and could only be converted into a GFP-ssrA unfoldase by introducing one 
or two aromatic D1 loop residues and simultaneously deleting its N domain  [  49  ] . 

a b c

  Fig. 8.4     Models for Cdc48 segregase activity . Side view of murine p97 as in Fig.  8.3b .  Red 
arrows  indicate the routes of substrate proteins according to the different models. ( a ) Threading. 
( b ) D2 in – D2 out. ( c ) Surface only. See text for details       

 



202 A. Buchberger

Aromatic D1 loop residues, however, render Cdc48 inactive  in vivo  (our unpublished 
results), suggesting that a counter-selection against a Clp-like threading mechanism 
might have taken place during evolution of Cdc48 orthologues. Finally, known 
cellular functions of Cdc48 do not necessarily demand total unfolding of substrate 
proteins. ERAD substrates are presumably translocated to the cytosol in a largely 
unfolded state (see below), and other quality control substrates can be assumed to 
be at least partially unfolded as well. Of note, presentation of just an unstructured 
region(s) by proteasomal substrates is typically suf fi cient for their complete 
unfolding by the AAA subunits of the proteasomal 19S regulatory particle  [  50,   51  ] , 
suggesting that the critical function of Cdc48 in protein quality control pathways 
may not be complete protein unfolding. Furthermore, Cdc48 substrates not destined 
for degradation by the 26S proteasome (see below) need not or must not be unfolded 
at all.  

 As an alternative mechanism to threading through the central pore of Cdc48, it 
was proposed that substrates enter and exit the pore at the D2 end (Fig.  8.4b )  [  38  ] . 
Interestingly, the D2 pore-facing loops of all Cdc48 orthologues possess the key 
aromatic residue absent in the D1 loop, allowing for a ratchet-like activity of the D2 
ring similar to Clp-type unfoldases  [  49  ]  (P. Zwickl, personal communication). 
Consistent with such a “D2 in – D2 out” model of Cdc48 activity, these aromatic 
residues are critical for Cdc48 function  in vitro  and  in vivo   [  38  ]  (M. Esaki and 
T. Ogura, cited as unpublished results in  [  39  ] ). Furthermore, it has been hypothesized 
that the high local concentration of guanidyl groups present at a “denaturation 
collar” of arginine residues lining the D2 pore provides the denaturant for protein 
unfolding  [  38  ] . Even though direct evidence for such a denaturing property is 
missing, the “D2 in – D2 out” model is consistent with the hypothesis that local 
unfolding of weakly structured regions in substrate proteins rather than their 
complete unfolding is suf fi cient for subsequent global unfolding and degradation by 
the 26S proteasome  [  51  ] . 

 A third model does not invoke substrate entry into the central pore at all. Instead, 
the pronounced domain movements of Cdc48 throughout its ATPase cycle, perhaps 
ampli fi ed by cofactor proteins acting as levers, could be suf fi cient to segregate or 
extract substrates from their cellular environments (Fig.  8.4c ). Even though there is 
presently no experimental evidence to support such a “surface only” model, it is 
remarkable that the homotrimeric cofactor p47 (see below) was found to bind 
centrally on top of the hexameric p97 ring in a cryo-EM study  [  52  ] . On the basis of 
these data, it is dif fi cult to imagine how p47-dependent substrates could enter the 
central pore of Cdc48 from either top or bottom. 

 It should be noted that the models depicted above need not be mutually exclusive, 
but could apply for distinct subsets of Cdc48 substrates. For instance, substrates 
destined for proteasomal degradation may be (partially) unfolded by threading or by 
the “D2 in – D2 out” mechanism, whereas p47-dependent substrates in membrane 
fusion processes may be prevented from entering the central pore and processed 
when bound to the Cdc48 surface. Clearly, all three models need to be scrutinized 
on the basis of additional structural and functional studies.  
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   Regulation by Cofactors 

 The involvement of Cdc48 in fundamentally distinct cellular processes necessitates 
the tight control of its segregase activity. Indeed, a large number of cofactors regulate 
central aspects of Cdc48 function, including its subcellular localization and 
substrate speci fi city and fate  [  53  ] . The critical importance of regulatory cofactors 
for Cdc48 activity is underscored by the fact that yeast null mutants in major 
Cdc48 cofactors are either severely sick or non-viable  [  54–  57  ] . Furthermore, 
human disease-associated p97 mutant proteins were found to exhibit signi fi cantly 
perturbed cofactor interactions  [  25,   58,   59  ] . According to their function, Cdc48 
cofactors can be broadly classi fi ed as either substrate-recruiting or substrate-
processing (Fig.  8.5 )  [  53,   60  ] . Substrate-recruiting cofactors typically possess 
ubiquitin binding domains and function as adaptors between Cdc48 and speci fi c 
substrates. Alternatively, or additionally, they can control Cdc48 recruitment to 
speci fi c substrates/pathways by means of their subcellular localization, e.g. as integral 
ER membrane proteins. Substrate-processing cofactors, on the other hand, typically 
exhibit E3 ligase or DUB activity and modulate the ubiquitin signal on substrates in 
order to regulate their downstream fate  [  23,   60  ] . The two principal docking sites for 
regulatory cofactors are the N domain and the C-terminal tail of Cdc48 (Fig.  8.5 ). 
The majority of cofactors possess one or two de fi ned modules for Cdc48 binding. 
These include the ubiquitin regulatory X (UBX) and UBX-like domains and the 
linear sequence motifs binding-site 1 (BS1), VCP-interacting motif (VIM), and 
VCP-binding motif (VBM), which all bind to partially overlapping regions of the 
N domain; and the peptide N-glycosidase/ubiquitin-associated (PUB) and PLAA, 
Ufd3 and Lub1 (PUL) domains interacting with the extreme carboxy-terminus of 
Cdc48  [  23,   53,   61–  63  ] .  

 An ef fi cient regulation of Cdc48 cellular functions requires that different cofactors 
do not randomly interact with the six N-terminal and six C-terminal cofactor binding 
sites present per Cdc48 hexamer. In accordance with this consideration, cofactor 
interactions are organized in a hierarchical manner dominated by the mutually 
exclusive binding of the major substrate-recruiting cofactors Ufd1-Npl4 and Shp1 
(known as p47 in vertebrates)  [  53,   64  ] . Broadly speaking, the heterodimeric cofactor 
Ufd1-Npl4 recruits substrates of proteasomal degradation or processing pathways 
to Cdc48, whereas Shp1/p47 is believed to act primarily as an adaptor for non-
proteasomal substrates of Cdc48. As discussed in the previous section, the two 
different cofactors may even dictate distinct mechanisms of Cdc48 substrate 
turnover. Importantly, the activities of the Cdc48 Ufd1-Npl4  and Cdc48 Shp1  complexes 
can be  fi ne-tuned by additional substrate-recruiting cofactors  [  53  ] . For instance, the 
yeast cofactors Ubx2 and Ubx5 direct the Cdc48 Ufd1-Npl4  complex to the ER membrane 
for ERAD  [  65,   66  ]  and to nuclear chromatin for DNA damage repair  [  67  ] , respec-
tively. Consistent with such a mechanism of multi-layered speci fi city control, only 
one Ufd1-Npl4 heterodimer binds one Cdc48 hexamer  [  68  ] , leaving additional 
binding sites for Ubx2, Ubx5 and related cofactors. Conversely, the latter cofactors 
can only form stable complexes with Cdc48 in the presence of Ufd1-Npl4  [  69  ] . 



204 A. Buchberger

Interestingly, there is evidence for Ufd1-independent functions of Npl4 in a recently 
discovered mitochondrial stress response pathway in yeast  [  70  ]  and in certain 
mammalian ERAD pathways  [  71,   72  ] . While these  fi ndings raise the intriguing 
possibility that different binding partners of Npl4 de fi ne yet another layer of 
speci fi city control, this hypothesis still awaits a rigorous structural and biochemical 
characterization of the Cdc48-cofactor complexes involved. 

 Compared to the Cdc48 Ufd1-Npl4  complex, little is known about  fi ne-tuning of the 
Cdc48 Shp1  complex by additional cofactors. The only well-established example so 
far is the role of mammalian VCIP135 in controlling the function of the related 
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  Fig. 8.5     Control of Cdc48 by regulatory cofactors.  Substrate proteins (S) marked by short 
ubiquitin chains ( red circles ) are recognized by substrate-recruiting cofactors ( green ) and segregated 
from protein complexes, lipid membranes, or chromatin (not shown). Substrate-processing cofactors 
( blue ) catalyze ubiquitin chain elongation, targeting the substrate for ef fi cient proteasomal 
degradation (Ufd2); prevent chain elongation (Ufd3); or catalyze deubiquitylation (DUB, e.g. Otu1). 
The latter two activities prevent proteasomal targeting. Enzymatic activity of substrate-processing 
cofactors is indicated by a  yellow asterisk . The domain organisation of Cdc48 according to 
Fig.  8.3a  (N, D1, D2, Ct) and Cdc48 binding modules of cofactors ( left ) are indicated. Note that 
the Cdc48 binding site of Ufd2 has not been characterized in detail (n.d.) (Modi fi ed from  [  23  ] )       
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p97 p47  and p97 p37  complexes in the homotypic fusion of Golgi and ER membrane 
vesicles  [  73–  76  ] . VCIP135 is a large Cdc48/p97 cofactor possessing DUB activity 
 [  74  ] , which initially suggested its classi fi cation as substrate-processing factor 
 [  23,   53  ] . However, recent results showed that the DUB activity of VCIP135 is 
exclusively required for the post-mitotic, p97 p47 -mediated fusion of Golgi vesicles, 
but not for other VCIP135-controlled fusion events  [  75,   76  ] . Thus, VCIP135 
may also be considered an additional substrate-recruiting factor directing p97 p47  
and p97 p37  to ER and Golgi vesicles, analogous to the role of Ubx2 in recruiting 
Cdc48 Ufd1-Npl4  to the ER. 

 Recently, a potential third major Cdc48 cofactor was identi fi ed. UBXD1 inter-
acts with both the N domain and the C-terminus of Cdc48/p97, by virtue of its VIM 
and PUB domains, respectively  [  77,   78  ] . Consistent with UBXD1 occupying both 
major cofactor binding regions of Cdc48 in a proposed stoichiometry of three 
molecules UBXD1 per hexamer  [  69  ] , binding of UBXD1 appears to be mutually 
exclusive with the two other major Cdc48 cofactors, Ufd1-Npl4 and p47  [  25,   77, 
  79  ] . Homologues of UBXD1 are found in all eukaryotes except fungi, suggesting 
that it may control a fundamental cellular function of Cdc48. Indeed, a recent study 
implicated the mammalian p97 UBXD1  complex in endolysosomal sorting, even though 
the precise role of UBXD1 in this process remains to be de fi ned  [  25  ]  (see below).   

   Role of Cdc48 in Intracellular Proteolysis 

   Proteasomal Degradation Pathways 

   The UFD Pathway 

 Cdc48 and its cofactors were  fi rst implicated in proteolysis on the basis of a genetic 
screen for yeast mutants defective in the proteasomal degradation of the ubiquitin 
fusion protein, ubiquitin- b -galactosidase (Ub-P- b Gal)  [  54  ] . Despite the fact that the 
physiological relevance of this “ubiquitin fusion degradation” (UFD) pathway is 
still unclear, studies of the UFD pathway revealed important principles of Cdc48-
mediated protein degradation. The UFD genetic screen  [  54  ]  and subsequent candidate 
approaches  [  80–  83  ]  led to the identi fi cation of the E3 ligase speci fi c for Ub-P- b Gal 
(Ufd4) and of all proteins critical for Cdc48-dependent protein degradation by the 
26S proteasome. Besides Cdc48 itself, these include Ufd1 and Npl4, forming the 
heterodimeric substrate-recruiting cofactor Ufd1-Npl4; the substrate-processing 
cofactor Ufd2; and the proteasomal targeting proteins Rad23 and Dsk2 (Fig.  8.6a ). 
Ufd4 catalyzes the modi fi cation of Ub-P- b Gal with one or few ubiquitin moieties 
 [  54,   84  ] , which are insuf fi cient for proteasomal targeting and degradation  [  85  ] . 
This “oligo-ubiquitylated” substrate is recognized by Ufd1-Npl4 and recruited to 
the Cdc48 Ufd1-Npl4  complex  [  86  ] . There, the substrate-processing cofactor Ufd2 by 
virtue of its “E4” ubiquitin ligase activity extends the oligo-ubiquitin tag to a long 
K48-linked chain representing an ef fi cient proteasomal degradation signal  [  84,   87  ] . 



206 A. Buchberger

S

C
dc

48

U
fd

1-
N

pl
4

S

C
dc

48

S
R

ad
23

/D
sk

2

S

26
S

C
dc

48
U

fd
2

S

a
E

R
 lu

m
en

cy
to

so
l

E
3 S U
bx

2

E
3

C
dc

48

U
fd

1-
N

pl
4

S

C
dc

48

S
R

ad
23

/D
sk

2

S

26
S

C
dc

48
U

fd
2

S

b
E

R
 lu

m
en

cy
to

so
l

S

C
dc

48

U
fd

1-
N

pl
4

S

C
dc

48

S

U
fd

3

O
tu

1

C
dc

48

S
R

ad
23

/D
sk

2

S

26
S

C
dc

48
U

fd
2

S

C
dc

48

U
fd

1-
N

pl
4

S
nu

cl
eu

s

cy
to

so
l

S
D

N
A

/c
hr

om
at

in

c

C
dc

48

U
fd

1-
N

pl
4

S S

26
SE
3 S U

bx
5

D
N

A
/

ch
ro

m
at

in

d
 



2078 Roles of Cdc48 in Regulated Protein Degradation in Yeast

  F
ig

. 8
.6

  
   C

dc
48

-d
ep

en
de

nt
 p

ro
te

as
om

al
 d

eg
ra

da
ti

on
 p

at
hw

ay
s .

 (
 a )

 T
he

 U
FD

 p
at

hw
ay

. T
he

 s
ub

st
ra

te
 (

S)
 U

b-
P-

 b G
al

 is
 o

lig
o-

ub
iq

ui
ty

la
te

d 
by

 th
e 

E
3 

lig
as

e 
U

fd
4 

(n
ot

 s
ho

w
n)

 a
nd

 r
ec

ru
ite

d 
to

 C
dc

48
 b

y 
U

fd
1-

N
pl

4.
 U

fd
2 

ca
ta

ly
ze

s 
th

e 
ub

iq
ui

tin
 c

ha
in

 e
lo

ng
at

io
n 

( d
as

he
d 

ar
ro

w
 ) 

an
d 

ha
nd

s 
ov

er
 th

e 
po

ly
ub

iq
ui

ty
la

te
d 

su
bs

tr
at

e 
to

 th
e 

pr
ot

ea
so

m
al

 a
da

pt
or

 p
ro

te
in

s 
R

ad
23

 a
nd

 D
sk

2.
 ( b

 ) T
he

 E
R

A
D

 p
at

hw
ay

. T
he

 C
dc

48
 m

ac
hi

ne
ry

 is
 li

nk
ed

 to
 th

e 
de

gr
ad

at
io

n 
of

 E
R

 q
ua

lit
y 

co
nt

ro
l 

su
bs

tr
at

es
 b

y 
U

bx
2,

 a
n 

E
R

 m
em

br
an

e-
lo

ca
li

ze
d 

su
bs

tr
at

e-
re

cr
ui

ti
ng

 c
of

ac
to

r 
co

or
di

na
ti

ng
 i

nt
er

ac
ti

on
s 

of
 C

dc
48

 U
fd

1-
N

pl
4   

w
ith

 E
R

A
D

 s
ub

st
ra

te
s 

an
d 

E
3 

lig
as

es
. 

( c
 ) 

T
he

 O
L

E
 p

at
hw

ay
. 

T
he

 p
ro

ce
ss

ed
, 

ol
ig

o-
ub

iq
ui

ty
la

te
d 

p9
0 

fo
rm

 o
f 

th
e 

tr
an

sc
ri

pt
io

n 
fa

ct
or

 S
pt

23
 i

s 
m

ob
ili

ze
d 

fr
om

 s
ta

bl
e 

as
so

ci
at

io
ns

 w
ith

 t
he

 
un

pr
oc

es
se

d,
 E

R
 m

em
br

an
e-

te
th

er
ed

 p
12

0 
pr

ec
ur

so
r (

 bl
ac

k )
 b

y 
C

dc
48

 U
fd

1-
N

pl
4  . 

It
 is

 u
nc

le
ar

 h
ow

 th
e 

C
dc

48
 c

om
pl

ex
 is

 re
cr

ui
te

d 
to

 th
e 

su
bs

tr
at

e.
 A

ft
er

 m
ob

ili
za

tio
n,

 
U

fd
3 

an
d 

O
tu

1 
pr

ev
en

t U
fd

2-
ca

ta
ly

ze
d 

ch
ai

n 
el

on
ga

tio
n 

an
d 

st
ab

ili
ze

 p
90

 ( d
as

he
d 

ar
ro

w
 ),

 e
na

bl
in

g 
nu

cl
ea

r t
ra

ns
lo

ca
tio

n 
an

d 
ac

tiv
at

io
n 

of
 ta

rg
et

 g
en

e 
ex

pr
es

si
on

. 
Su

bs
eq

ue
nt

ly
, i

n 
a 

m
ec

ha
ni

st
ic

al
ly

 p
oo

rl
y 

un
de

rs
to

od
 p

ro
ce

ss
, p

90
 is

 p
re

su
m

ab
ly

 re
cr

ui
te

d 
by

 U
fd

1-
N

pl
4 

to
 C

dc
48

 a
nd

 p
ro

te
as

om
al

ly
 d

eg
ra

de
d 

in
 a

 U
fd

2-
 a

nd
 

R
ad

23
-/

D
sk

2-
de

pe
nd

en
t 

m
an

ne
r. 

( d
 ) 

R
pb

1 
de

gr
ad

at
io

n.
 I

n 
an

al
og

y 
to

 U
bx

2 
(p

an
el

 b
),

 C
dc

48
 U

fd
1-

N
pl

4   
is

 r
ec

ru
ite

d 
to

 c
hr

om
at

in
-a

ss
oc

ia
te

d,
 u

bi
qu

ity
la

te
d 

R
pb

1 
by

 t
he

 s
ub

st
ra

te
-r

ec
ru

iti
ng

 f
ac

to
r 

U
bx

5 
an

d 
se

gr
eg

at
es

 t
he

 s
ub

st
ra

te
 f

ro
m

 c
hr

om
at

in
. 

T
he

 2
6S

 p
ro

te
as

om
e 

ha
s 

be
en

 s
ho

w
n 

to
 i

nt
er

ac
t 

w
ith

 C
dc

48
, 

bu
t 

a 
po

te
nt

ia
l i

nv
ol

ve
m

en
t o

f 
U

fd
2 

an
d 

R
ad

23
/D

sk
2 

as
 w

el
l a

s 
th

e 
ub

iq
ui

ty
la

tio
n 

st
at

e 
of

 th
e 

su
bs

tr
at

e 
ha

ve
 n

ot
 b

ee
n 

in
ve

st
ig

at
ed

       



208 A. Buchberger

Polyubiquitylated Ub-P- b Gal is then delivered to the 26S proteasome by the related 
proteasomal adaptor proteins Rad23 and Dsk2  [  81,   83  ] , which possess binding sites 
both for polyubiquitin chains and the proteasomal 19S regulatory particle  [  88  ] .  

 Notably, not only Cdc48 and its cofactors, but also Ufd2 and Rad23/Dsk2 
are linked by physical interactions  [  86,   89  ]  (Fig.  8.6a ), which led to the proposal 
that Cdc48 substrates are “escorted” to the 26S proteasome in order to ensure 
ef fi cient degradation  [  86  ] . The importance of a substrate hand-over between 
Ufd2 and Rad23/Dsk2 was recently underscored by a study analyzing the 
Cdc48 Ufd1-Npl4 -dependent degradation of a linear tetra-ubiquitin fusion protein of 
 b -galactosidase (Ub 

4
 - b Gal)  [  90  ] . Consistent with tetra-ubiquitin being the minimal 

signal for proteasomal degradation  [  85  ] , this longer ubiquitin fusion tag obliterated 
the need for polyubiquitylation by the combined activities of Ufd4 and Ufd2. 
However, a catalytically inactive truncated form of Ufd2 was still required for 
ef fi cient proteasomal degradation of Ub 

4
 - b Gal, presumably in its capacity to escort 

the substrate from the Cdc48 complex to the proteasomal adaptors Rad23/Dsk2. 
Because binding of Rad23/Dsk2 to Ufd2 and the 19S complex is mutually exclusive 
 [  89  ] , the relatively stable interaction between Ufd2 and Rad23  [  91  ]  must be 
abrogated after substrate hand-over to Rad23. Intriguingly, this process was recently 
found to require Cdc48 itself, raising the interesting possibility that the Ufd2-Rad23 
complex is a (pseudo-)substrate for the Cdc48 segregase activity  [  92  ] . Thus, Cdc48 
could be involved in three different steps of UFD substrate turnover: in (i) local 
destabilization/unfolding of the substrate  [  51  ] ; (ii) Ufd2-catalyzed ubiquitin chain 
elongation  [  84,   86  ] ; and (iii) breaking the Ufd2-Rad23 interaction  [  92  ] . Further 
studies are needed to establish the relative importance of these three functions for 
the UFD and other degradation pathways.  

   ERAD 

 The UFD pathway can be considered to represent a conserved “module” of 
Cdc48 Ufd1-Npl4  activity that can be integrated into various proteasomal degradation 
pathways. In ERAD, this module is placed downstream of a sophisticated quality 
control network of ER chaperones and lectins. This quality control network 
identi fi es irreparably damaged or misfolded ER proteins and directs them to dedi-
cated E3 ligases at the ER membrane for ubiquitylation and subsequent proteasomal 
degradation  [  93  ]  (Fig.  8.6b ). In  S. cerevisisae , the two principal ERAD E3s are 
the HRD (HMG-CoA reductase degradation) complex and Doa10  [  94  ] . The HRD 
complex consists of a core and ancillary components. The core, composed of the 
catalytic subunit Hrd1 (also known as Der3) and the luminal substrate receptor 
Hrd3, is required for the degradation of all substrates, while the ancillary factors 
Der1, Usa1 and Yos9 are only involved in the degradation of certain subsets of HRD 
substrates  [  93,   94  ] . HRD directs the degradation of all luminal ERAD substrates 
and of ER membrane proteins exposing degradation signals in their luminal or 
transmembrane regions  [  95  ] . Doa10 is required for the degradation of ER membrane 
proteins exposing cytosolic degradation signals  [  95  ] , as well as for the degradation 
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of several soluble non-ERAD substrates  [  96–  98  ] . In order to be ubiquitylated by Hrd1, 
luminal substrates recognized by Hrd3 must be at least partially retro-translocated 
to the cytosolic face of the ER membrane  via  still intensely debated channel 
proteins and mechanisms (discussed in  [  99,   100  ] ). In contrast, transmembrane sub-
strates of HRD and Doa10 can presumably be ubiquitylated  in situ . 

 Downstream of HRD- and Doa10-catalyzed substrate ubiquitylation, the different 
ERAD routes converge, as all substrates must be dislocated from the ER membrane 
by Cdc48 for subsequent delivery to the 26S proteasome (Fig.  8.6b ). These steps 
require the same components as those in the UFD pathway, i.e. the Cdc48 Ufd1-Npl4  
complex  [  101–  105  ] , Ufd2  [  86,   106  ]  and Rad23/Dsk2  [  86,   107  ] . The essential 
function of Cdc48 Ufd1-Npl4  in ERAD is the ATP-dependent retro-translocation and 
dislocation of ubiquitylated substrates that are stably associated with or inserted 
into the ER membrane. Ufd2 and Rad23/Dsk2 then escort the dislocated substrates 
to the 26S proteasome, perhaps helping to suppress unwanted aggregation of 
non-native substrates in the cytosol. Importantly, the link between the “UFD 
module” and the ERAD pathways is provided by the substrate-recruiting cofactor 
Ubx2. Ubx2 is an integral ER membrane protein that serves as ER anchor for the 
Cdc48 Ufd1-Npl4  complex and coordinates interactions between Cdc48 Ufd1-Npl4 , ERAD 
substrates, and the E3 ligases  [  65,   66  ]  (Fig.  8.6b ). In addition to Ubx2, which is 
critical for the degradation of most ERAD substrates, the Cdc48 cofactors Ubx4 
 [  108  ]  and Vms1  [  109  ]  play auxiliary roles in the degradation of certain ERAD 
substrates. Both appear to act independently of Ubx2 and probably downstream of 
Cdc48-driven substrate dislocation, but their precise role in ERAD remains to be 
de fi ned. Of note, Ubx4 and Vms1 have also been implicated in DNA damage repair 
and mitochondrial stress response, respectively (see below), raising the possibility 
that they perform a more general function in Cdc48-mediated degradation path-
ways. Besides Ubx4 and Vms1, cytosolic chaperones, mainly from the Hsp70 and 
Hsp40 families, have also been demonstrated to assist in the degradation of some 
ERAD substrates  [  106,   110–  112  ] , presumably by preventing their aggregation after 
dislocation from the ER membrane. 

 In addition to its central role in protein quality control, the ERAD pathway is also 
used for regulatory proteolysis in the control of lipid metabolism  [  113,   114  ] . In yeast, 
the HMG-CoA reductase isoenzyme Hmg2 is degraded in a sterol-dependent 
manner via the canonical pathway for transmembrane substrates of the HRD 
complex  [  65,   105,   115–  117  ] . In a negative feedback loop, high metabolic  fl ux 
through Hmg2 is believed to result in altered  fl uidity of the ER membrane, causing 
conformational changes in the transmembrane domain of Hmg2 that lead to the 
exposure of degradation signals recognized by the HRD E3 ligase  [  114,   118,   119  ] .  

   The OLE Pathway 

 The mobilization and degradation of the transcription factor Spt23 is another 
Cdc48 Ufd1-Npl4 -mediated degradation pathway initiated at the ER membrane, but is 
distinct from the canonical ERAD pathways (Fig.  8.6c ). In this so-called OLE 
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pathway, the inactive ER membrane-anchored form of Spt23 (p120) is mono- or 
oligo-ubiquitylated by the E3 ligase Rsp5 and processed by the 26S proteasome 
into its active form, p90  [  120  ] . Ubiquitylated p90 is segregated from its stable 
association with unprocessed, ER membrane-anchored p120 precursors by the 
Cdc48 Ufd1-Npl4  complex  [  82  ]  (Fig.  8.6c ). In contrast to ERAD, it is still unclear how 
Cdc48 Ufd1-Npl4  is recruited to the ER membrane for the mobilization of p90, as this 
process does not appear to involve Ubx2 (our unpublished data). One possibility is 
that Cdc48 Ufd1-Npl4  is recruited directly by the 26S proteasome during proteasomal 
processing of p120, because Cdc48 has been identi fi ed as a proteasome inter acting 
protein  [  121,   122  ] . Following its mobilization, p90 is transported to the nucleus, most 
likely in complex with Cdc48 Ufd1-Npl4 , where it can activate expression of the key target 
gene,  OLE1  encoding  D 9 fatty acid desaturase  [  86  ] . The transcription factor activity 
of p90 is terminated by Ufd2-mediated polyubiquitylation, Rad23/Dsk2-mediated 
delivery to the 26S proteasome, and proteasomal degradation  [  86  ]  (Fig.  8.6c ). 
Notably, the homologous, functionally overlapping transcription factor Mga2 is con-
trolled in a similar manner, even though mechanistic details appear to differ from Spt23 
processing and mobilization  [  123,   124  ] . The OLE pathway provides another example 
for an involvement of Cdc48 in a negative feedback loop of lipid metabolism. Ole1 
controls the concentration of unsaturated fatty acids which in turn in fl uences ER 
membrane  fl uidity and thickness. These parameters, through regulation of Rsp5 
access, are believed to control the balance between proteasomal processing of p120 
into p90 and processive proteasomal degradation of p120, in a complex scenario 
involving casein kinase 2 and the prolyl isomerase Ess1 (Pin1 in mammals)  [  125  ] . 

 Two aspects of the Cdc48 Ufd1-Npl4  activity in the OLE pathway are worth mentioning. 
Firstly, this pathway provides a clear example of a temporal and spatial separation 
of Cdc48 segregase function at the ER membrane from Ufd2-triggered proteasomal 
degradation in the nucleus  [  82,   86  ]  (Fig.  8.6c ). This raises the interesting, but entirely 
speculative possibility that UFD and ERAD substrates are, at least partially, degraded 
in the nucleus as well by the signi fi cant nuclear subpopulation of 26S proteasomes 
 [  126,   127  ] . Secondly, in order to ensure proper expression of  OLE1 , it is vital for the 
OLE pathway to prevent the premature, Ufd2-catalyzed polyubiquitylation and deg-
radation of p90. This is achieved by the combined action of two Cdc48 substrate-
processing factors, Otu1 and Ufd3, which antagonize Ufd2 function by virtue of its 
DUB activity and by competing for Cdc48 binding, respectively  [  60,   78  ]  (Fig.  8.6c ). 
Importantly, the antagonistic effects of Ufd2  versus  Ufd3 and Otu1 in the degradation 
of Cdc48 substrates led to the current model that the ubiquitylation status and, 
thus, the ultimate fate of Cdc48 substrates can be actively modulated and edited by 
substrate-processing cofactors of Cdc48  [  23,   60,   128,   129  ]  (Fig.  8.5 , bottom).  

   Nuclear Substrates 

 The Cdc48 Ufd1-Npl4  complex is involved in the proteasomal degradation of a number 
of additional cellular proteins  [  67  ] . Recently, Cdc48 Ufd1-Npl4  was shown to be critical 
for the degradation of the largest subunit of RNA polymerase II, Rpb1  [  67  ] . Upon 
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induction of DNA damage by UV radiation, RNA polymerase II becomes irreversibly 
stalled at the sites of DNA lesions and must be removed by proteasomal degradation 
in order to allow transcription to recommence  [  130,   131  ] . UV-induced Rpb1 degra-
dation was found to depend on the Cdc48 Ufd1-Npl4  complex and, in addition, on the 
substrate-recruiting cofactor Ubx5  [  67  ] . Moreover, ubiquitylated Rpb1 accumulated 
on chromatin in a  cdc48  mutant, and binding of Ubx5 to Rpb1 was greatly increased 
upon UV treatment  [  67  ] . Together, these data strongly suggest that Ubx5 recruits 
Cdc48 Ufd1-Npl4  to stalled, ubiquitylated Rpb1, for its extraction from chromatin and 
delivery to the proteasome (Fig.  8.6d ). Thus, the function of Ubx5 bears analogy to 
the role of Ubx2 in recruiting Cdc48 Ufd1-Npl4  to the ER membrane in ERAD. Because 
potential roles of Ufd2 and Rad23/Dsk2 in Rpb1 degradation are yet to be investi-
gated, it remains unclear if Rpb1 is escorted to the proteasome in a manner similar 
to UFD, ERAD and OLE pathway substrates. Contrary to this possibility, the  fi nding 
that ubiquitylated Rpb1 interacts with the proteasome in a  cdc48  mutant was inter-
preted to indicate that Cdc48 does not act upstream of the proteasome, but rather 
exerts its activity on proteasome-bound substrates resistant to unfolding by the 
AAA subunits of the 19S complex. However, while further experimental work is 
clearly needed to elucidate the details of Rpb1 degradation, it should be noted that the 
speci fi c molecular defect(s) caused by the conditional  cdc48  allele used are currently 
unknown and could, for instance, lead to the delivery of ubiquitylated substrates in 
a conformation incompatible with proteasomal degradation. Interestingly, Ubx4 is 
also involved in Rpb1 degradation, apparently in parallel to the pathway involving 
Ubx5  [  67  ] , but its speci fi c role in this and other degradation pathways has yet to 
be identi fi ed. 

 Another transcription-related function of Cdc48 Ufd1-Npl4  is the extraction of the 
transcriptional repressor Mat a 2 from its DNA target sites during yeast mating type 
switching  [  132  ] . In this case however, in contrast to the proteasomal degradation of 
Spt23 p90 and Rpb1, the segregase activity of Cdc48 Ufd1-Npl4  appears to be uncoupled 
from proteasomal degradation. This  fi nding raises the interesting possibility that 
Cdc48 Ufd1-Npl4  plays a more general role in transcriptional regulation by remodeling 
transcription factor complexes. 

  CDC48  was  fi rst identi fi ed in a yeast genetic screen for cell cycle defects, and 
conditional  cdc48  mutants arrest as large budded cells with 2n DNA content in 
metaphase  [  57,   133  ] . Studies in yeast and in higher eukaryotes revealed that Cdc48 
acts on a number of substrates in different phases of the cell cycle. Even though the 
involvement of Ufd1-Npl4 is best established for cell cycle functions in metazoans, 
it is likely that Cdc48-dependent degradation of cell cycle substrates in yeast requires 
Ufd1-Npl4 as well. In  S. cerevisiae , Cdc48 has been shown to be critical for the 
degradation of the G1 cyclin-dependent kinase inhibitor Far1 at the G1/S transition 
 [  134  ] , and of the G1 cyclin Cln2 after entry into S phase  [  135  ] . During mitotic exit, 
Cdc48 has been implicated in spindle disassembly in yeast and in  Xenopus  egg 
extracts  [  136  ] , although con fl icting results exist at least for the latter system  [  137  ] . 
In yeast, the microtubule-binding protein Ase1 and the Polo-like kinase homologue 
Cdc5 were postulated to be critical targets of Cdc48 Ufd1-Npl4  that must either be 
degraded or sequestered from microtubules in order to allow spindle disassembly to 
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occur  [  136  ] . No further information on mechanisms and degradation pathways 
exists for any of the cell cycle substrates of Cdc48 in yeast. In addition, Cdc48 Ufd1-Npl4  
has recently been implicated in cell wall integrity signaling and G1 progression 
 [  138  ] , but Cdc48 substrate(s) critical for this function have yet to be identi fi ed.  

   Other Proteasomal Pathways 

 An interesting example for an involvement of Cdc48 Ufd1-Npl4  in the regulation of 
cellular metabolism is the degradation of Fructose-1,6,-bisphosphatase (FBPase), 
a key enzyme of gluconeogenesis. Upon shift from ethanol to glucose as carbon 
source, yeast cells switch metabolism from gluconeogenesis to glycolysis. This 
switching requires the rapid inactivation of FBPase, which is accomplished, in 
part, by proteasomal degradation  [  139,   140  ] . FBPase degradation depends on 
Cdc48 Ufd1-Npl4 , Rad23/Dsk2, but not Ufd2  [  141  ] . Ubx4 again appears to play an 
ancillary role in this process. Interestingly, the glucose-induced degradation of 
pyruvate carboxykinase, another gluconeogenetic enzyme, is also mediated by 
Cdc48 Ufd1-Npl4   [  141  ] , suggesting that Cdc48 may play a more general role in metabolic 
control than previously appreciated. 

 Cdc48-mediated proteasomal degradation was recently also implicated in a mito-
chondrial stress-responsive system, but here it appears to employ the substrate-
recruiting cofactor Vms1 together with Npl4, not the canonical heterodimer Ufd1-Npl4 
 [  70  ] . Upon mitochondrial stress, Vms1 relocates from the cytosol to mitochondria and 
recruits Cdc48 and Npl4, but not Ufd1. The Cdc48 Vms1-Npl4  complex is required for the 
degradation of the mitochondrial outer membrane protein Fzo1 and probably further 
mitochondrial substrates  [  70  ] . In metazoans, Cdc48/p97 is involved in the protea-
somal degradation of the mitofusins Mfn1 and Mfn2 and of the anti-apoptotic Bcl-2 
family member Mcl1  [  142,   143  ] . While Vms1 is conserved from yeast to humans, 
a direct role in the Cdc48/p97-dependent degradation of mitochondrial proteins in 
metazoans has yet to be shown. Mechanistically, the role of Cdc48 in the degradation 
of outer mitochondrial membrane proteins may resemble the Cdc48-mediated dislo-
cation of ERAD substrates, but this hypothesis requires further experimental support. 
Regardless of the exact mechanism of Cdc48 activity, the identi fi ed mitochondrial 
targets link Cdc48/p97 to mitophagy of damaged mitochondria and to apoptosis, 
and thus to central aspects of cellular stress response and survival  [  144,   145  ] .   

   Autophagy 

 Besides its role in a growing number of proteasomal degradation pathways, Cdc48 
is also involved in different forms of autophagy, both in yeast and in higher eukaryotes. 
In yeast, Cdc48 and its substrate-recruiting factor Shp1 were found to be required 
for general starvation-induced macroautophagy and for selective piecemeal microau-
tophagy of the nucleus  [  146  ] . Intriguingly, these processes do not appear to involve 



2138 Roles of Cdc48 in Regulated Protein Degradation in Yeast

the ubiquitin-proteasome system. Instead, the ubiquitin-like modi fi er Atg8 was 
identi fi ed as a critical target of Shp1 in autophagy. Atg8 (LC3 in mammals) is 
anchored to membranes via reversible lipidation of its C-terminus. This is required 
for the formation and extension of the autophagosomal isolation membrane and for 
the incorporation of cargo into autophagosomes  [  6,   147  ] . In starved  shp1  mutant 
cells, neither GFP-Atg8-positive autophagosomes in the cytosol nor autophagic 
bodies in the vacuole (the yeast lysosome) could be detected, suggesting that Shp1 
is critical for autophagosome biogenesis  [  146  ] , but its exact role in this process and 
the signi fi cance of its physical interaction with Atg8 remain to be determined. 

 Nitrogen starvation induces the degradation of the yeast ribosomal 60S subunit 
in a selective autophagy pathway termed ribophagy  [  148  ] . Ribophagy depends on 
Cdc48, its substrate-processing cofactor Ufd3 (also known as Doa1) and the DUB 
complex Ubp3-Bre5 in a process which is still poorly understood  [  148,   149  ] . It has 
been proposed that ribophagy involves the dynamic ubiquitylation of ribosomes 
and/or the ribophagy machinery  [  26,   148  ] . Notably, in contrast to the study by Krick 
et al.  [  146  ] , the study by Ossareh-Nazari et al. reported that general macroautophagy 
of GFP-Atg8 proceeds normally in a  cdc48  mutant  [  149  ] . Even though differences 
in the  cdc48  alleles and particular starvation conditions used may contribute to these 
con fl icting results, additional experiments are required to clarify this critical point. 

 Mammalian cells depleted of Cdc48/p97 or expressing mutant forms of Cdc48/p97 
associated with the familial proteinopathy termed Inclusion Body Myopathy, Paget’s 
disease of the bone and Fronto-temporal Dementia (IBMPFD) accumulate nonde-
grading autophagosomes that fail to mature into autolysosomes in order to eliminate 
their cargo  [  150–  152  ] . This  fi nding suggests that impaired autophagy could be 
the critical cellular defect underlying the pathogenesis of IBMPFD and causing the 
characteristic accumulation of insoluble cytoplasmic inclusions positive for TDP-43 
and ubiquitin. Of note, Cdc48/p97 appears to be required for a late step during 
autophagy in mammals, i.e. the fusion of autophagosomes and lysosomes into pro-
teolytically active autolysosomes, whereas Cdc48 Shp1  in yeast has been implicated in 
some early step during autophagosome biogenesis  [  146  ] . It is presently unknown if 
yeast and mammalian autophagy have fundamentally different requirements for 
Cdc48 activity, or if Cdc48 possesses two distinct functions in autophagy that are 
evolutionary conserved from yeast to humans.  

   Endolysosomal Degradation 

 Cdc48 was very recently also implicated in the third major intracellular proteolytic 
pathway, endolysososmal degradation. Mammalian p97 and its cofactor UBXD1 
were found to target mono-ubiquitylated forms of the caveolar scaffolding protein 
caveolin-1 on its endocytic route to endolysosomes  [  25  ] . Intriguingly, overexpression 
of IBMPFD-causing variants of Cdc48/p97 blocked endolysososmal sorting, 
suggesting that impaired endolysosomal degradation may contribute to, or aggravate, 
the autophagy defects observed in IBMPFD. 
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 UBXD1 is not conserved in yeast, and there exists no direct evidence for an 
involvement of yeast Cdc48 in endolysosomal degradation so far. Interestingly, 
however, the substrate-processing cofactor Ufd3 has been shown to be critical for 
sorting ubiquitylated membrane proteins into MVBs on their biosynthetic route 
from the  trans -Golgi network to the vacuole  [  153  ] . The same study also provided 
evidence for a role of Ufd3 in the sorting of endocytic cargo into MVBs  [  153  ] , but 
this possibility has not been directly addressed yet. While results obtained using a 
Ufd3-binding de fi cient  cdc48  mutant strain suggested that the function of Ufd3 in 
MVB sorting is independent of Cdc48  [  154  ] , this issue deserves further attention in 
light of the new  fi ndings for mammalian Cdc48/p97.   

   Other Functions of Cdc48 

 While the focus of this review is the role of yeast Cdc48 in intracellular proteolysis, 
a number of additional proteolytic substrates and pathways involving Cdc48/p97 
have been identi fi ed in metazoans. Exciting examples include the proteasomal 
degradation of the hypoxia-inducible transcription factor 1 a   [  79  ] , the myosin chap-
erone Unc45  [  155  ] , and the replication licensing factor Cdt1  [  156,   157  ] , as well as 
roles of Cdc48/p97 in DNA double strand break repair  [  158,   159  ]  and lifespan 
control  [  129  ] . For a recent review focusing on Cdc48 functions in metazoans, see 
 [  160,   161  ] . 

 In addition to its activities in various proteolytic pathways, Cdc48 also pos-
sesses functions in several non-proteolytic processes that are beyond the scope of 
this review. For example, the substrate-recruiting cofactor Shp1/p47 controls 
Cdc48/p97 activities in membrane fusion processes that do not appear to involve 
the degradation of Cdc48 substrates (reviewed in  [  53,   162–  164  ] ). In yeast,  shp1  
mutants exhibit vacuolar fragmentation as well as defective V-ATPase targeting 
and/or activity  [  165,   166  ] . It is presently unclear if and how these phenotypes may 
be related to the autophagy function of Shp1 discussed above. Interestingly, Shp1 
was identi fi ed as a positive regulator of the catalytic subunit of yeast protein phos-
phatase 1, Glc7  [  55  ] , although the underlying regulatory mechanism is unknown. 
In agreement with such a function, Cdc48 and Shp1 were recently shown to be 
important for the balance between the antagonistic Glc7 phosphatase and Ipl1 
(Aurora B) kinase activities on elusive nuclear substrates  [  57  ] . Consistently, loss of 
Shp1 function causes hyperphosphorylation of Ipl1 substrates, defective bipolar 
attachment of kinetochores to spindle microtubules, and chromosomal misposi-
tioning  [  57  ] . However, these phenotypes are most likely secondary to a partial loss 
of mitotic Glc7 function(s), and so far direct mitotic substrates of Cdc48 Shp1  have 
not been identi fi ed. In metazoans, by contrast, Cdc48/p97 together with Ufd1-Npl4 
has an established function as a direct negative regulator of Aurora B  [  167,   168  ] . 
In  Xenopus  egg extracts, p97 Ufd1-Npl4  was shown to remove ubiquitylated Aurora B 
from chromosomes at the end of mitosis, in order to allow for chromosome 
decondensation and nucleus formation  [  167  ] . In HeLa cells, p97 Ufd1-Npl4  negatively 
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regulates Aurora B earlier in mitosis, at the metaphase/anaphase transition, to 
allow chromosome segregation to occur properly  [  168  ] . Interestingly, after its 
extraction from chromatin, Aurora B is stable in  Xenopus  egg extracts, while it is 
apparently subject to proteasomal degradation in HeLa cells  [  168  ] . It is presently 
unclear if the respective activities of Cdc48 Shp1  and p97 Ufd1-Npl4  in the negative regu-
lation of yeast and metazoan Aurora B are mechanistically related, or if they rather 
re fl ect independent solutions for the general requirement of tight spatiotemporal 
regulation of Aurora B during mitosis.  

   Outlook 

 The Baker’s yeast  S. cerevisiae  has proven a valuable model organism for the 
genetic, biochemical and cellular analysis of Cdc48. A wealth of studies performed 
in the yeast system formed the basis for our detailed understanding of Cdc48 
cellular functions, in particular in proteasomal protein degradation. While the yeast 
system will continue to deepen our knowledge on fundamental cellular functions of 
Cdc48, metazoan models including worm,  fl y and mouse are rapidly closing the 
gap and provide valuable insights into exciting additional Cdc48 functions in the 
complexity of multicellular organisms. Ultimately, these complementary approaches 
and models should help to better understand the defects caused by Cdc48 malfunc-
tion in human disease in the near future.      
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  Abstract   Mitochondria are specialised organelles that are structurally and 
functionally integrated into cells in the vast majority of eukaryotes. They are the 
site of numerous enzymatic reactions, some of which are essential for life. The dou-
ble lipid membrane of the mitochondrion, that spatially de fi nes the organelle and is 
necessary for some functions, also creates a physical but semi-permeable barrier 
to the rest of the cell. Thus to ensure the biogenesis, regulation and maintenance 
of a functional population of proteins, an autonomous protein handling network 
within mitochondria is required. This includes resident mitochondrial protein 
translocation machinery, processing peptidases, molecular chaperones and pro-
teases. This review highlights the contribution of proteases of the AAA+ super-
family to protein quality and activity control within the mitochondrion. Here 
they are responsible for the degradation of unfolded, unassembled and oxida-
tively damaged proteins as well as the activity control of some enzymes. Since 
most knowledge about these proteases has been gained from studies in the 
eukaryotic microorganism  Saccharomyces cerevisiae , much of the discussion 
here centres on their role in this organism. However, reference is made to mito-
chondrial AAA+ proteases in other organisms, particularly in cases where they 
play a unique role such as the mitochondrial unfolded protein response. As these 
proteases in fl uence mitochondrial function in both health and disease in humans, 
an understanding of their regulation and diverse activities is necessary.      
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   Introduction 

 The highly compartmentalised nature of a eukaryotic cell brings about increased 
complexity relative to a prokaryotic cell, with respect to the biogenesis and regula-
tion of its proteome. With the vast majority of eukaryotic cellular proteins encoded 
by the nuclear genome and synthesised on cytosolic ribosomes, many steps are 
required for their successful traf fi cking from the cytosol to the correct subcellular 
location and their subsequent maturation and folding. Furthermore, proteins regard-
less of their subcellular location, need to be removed in a regulated manner to allow 
their replenishment or to alter their concentration in the cell. The balance between 
protein biogenesis and degradation determines the concentration of a particular type 
of protein in the cell at any particular time. This is often referred to as the steady 
state level of a protein. An ability to regulate protein concentration in a post-
translational manner permits a rapid and/or graded response to physiological and 
environmental stimuli. It can also ensure the correct subunit stoichiometry of pro-
tein complexes and the maintenance of functional populations of proteins through 
the removal of unfolded, misfolded or otherwise damaged proteins. But how can the 
concentration and integrity of intracellular proteins, located in various parts of the 
cell, be adequately regulated in a post-translational manner? In cells, protein degra-
dation is achieved by the enzyme-mediated hydrolysis of peptide bonds between 
amino acid residues. This end-point in the life of a protein is attained by two main 
systems in eukaryotic cells; the lysosome/vacuole-mediated “acid cocktail” mecha-
nism and the AAA+ protease-mediated “chamber of doom” mechanism. In the former 
case, portions of cellular content, organelles and individual proteins (in mammals) 
are delivered to the lysosome (vacuole in plants and fungi) for degradation; a pro-
cess known as autophagy. In the lumen of this organelle, internalised cellular pro-
teins are hydrolysed to small peptides and amino acids via a cocktail of exo- and 
endo-proteases optimally active in the acid environment of this compartment. The 
major autophagic pathways are macro-, micro- and chaperone-mediated autophagy 
and are reviewed elsewhere  [  1–  3  ] . The second major mechanism of protein degra-
dation is via the action of ATP-dependent proteases. In this case individual proteins 
are selectively delivered to large oligomeric proteases, unfolded (if required) and 
translocated into an internal catalytic chamber where hydrolysis of the proteins into 
short peptides takes place. The 26S proteasome is an example of an ATP-dependent 
protease in which substrates are tagged with ubiquitin for delivery and degrada-
tion  [  4  ] . Many cellular proteins located in the cytoplasm, nucleus, endoplasmic 
reticulum and the mitochondrial outer membrane, are degraded by the ubiquitin-
proteasome pathway. However, this is not the only ATP-dependent mechanism of 
protein degradation operational in eukaryotic cells. Unique systems are also present 
in chloroplast, peroxisomes and mitochondria  [  5,       6  ] . The ATP-dependent proteases 
of mitochondria are the topic of this chapter. 

 Early research on mitochondrial protein degradation examined if mitochondrial 
proteins were turned over with the same or different half-lives. A  fi xed half-life of 
degradation for all proteins would be suggestive of a lysosomal mode of mitochondrial 
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protein degradation. On the other hand, vastly different degradation half-lives would 
indicate a compartment based intrinsic capacity to degrade proteins selectively. 
Studies on protein turnover in rat liver mitochondria revealed that there was consid-
erable protein-dependent variation in half-lives from hours to days  [  7,   8  ] . Also, it 
was observed that the products of mitochondrial translation in isolated rat liver 
mitochondria were rapidly degraded in the absence of cytoplasmic synthesised part-
ner proteins  [  9  ] . Such  fi ndings gave support for an intrinsic protease activity in 
mitochondria, providing the impetus to search for the factor or factors responsible. 
Classical biochemical approaches using a range of additives (e.g. ATP) and protease 
inhibitors (e.g. phenylmethylsulfonyl  fl uoride,  o -phenanthroline) were used to dis-
sect the protease activity of mitochondria. In these studies, both endogenous 
(e.g. incompletely synthesised or uncomplexed mitochondrial DNA (mtDNA)-
encoded protein subunits of the respiratory chain) and exogenous (e.g. casein) 
 proteins were examined as substrates. Collectively, the research identifi ed ATP-
dependent metallo- and serine protease activities in both animal and fungal mito-
chondria  [  10–  13  ] . Further biochemical and genetic analysis identi fi ed the distinct 
proteases responsible for these different activities within mitochondria  [  14–  22  ] . 

 This chapter highlights current knowledge regarding the role of ATP-dependent 
proteases in the biogenesis, quality control and regulation of the mitochondrial pro-
teome largely but not exclusively in the single-cell eukaryotic organism 
 Saccharomyces cerevisiae . The intrinsic ATP-dependent proteases of yeast mito-
chondria are known as  i -AAA protease ( i ntermembrane space active- A TPase  a sso-
ciated with a variety of  a ctivities),  m -AAA protease ( m atrix active-AAA) and Pim1p 
( p roteolysis  i n  m itochondria) also known as Lon. In higher eukaryotes the  c asein 
 l ytic  p rotease XP (ClpXP) is also present in mitochondria  [  15,   23,   24  ] . Although not 
covered in this chapter, it should be noted that the cytoplasmic ubiquitin proteasome 
system contributes to the regulation of the mitochondrial outer membrane proteome 
 [  25,   26  ] . Also described in this chapter are instances where mitochondrial ATP-
dependent proteases perform unique roles in animals (i.e. not present in yeast), for 
example  Caenorhabditis elegans  ClpXP, in the mitochondrial unfolded protein 
response (section “ The Mitochondrial Unfolded Protein Response (UPR mt ) ”). We 
begin with an overview of mitochondrial function and protein biogenesis including 
translocation of nuclear-encoded and mtDNA-encoded proteins, their maturation by 
processing peptidases and their folding and assembly into active units.  

   Structure and Function of Mitochondria 

 Structurally, mitochondria are distinct double membrane bound organelles. They 
are dynamic however, undergoing constant fusion and division  [  27  ] . Functionally, 
many enzymes reside in mitochondria that are important for processes such as ATP 
production, fatty acid, amino acid and carbohydrate metabolism, and the synthesis 
of Fe-S clusters and heme. Depending on the organism, mitochondria also play key 
roles in cell signalling pathways such as programmed cell death, calcium homeostasis 
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and innate immunity  [  28–  30  ] . While mitochondria contain their own DNA, they are 
not self-suf fi cient because the organellar genome is generally very small. The vast 
majority of mitochondrial proteins are nuclear-encoded. Thus, full mitochondrial 
function requires the co-ordinated synthesis of its proteome expressed from two 
genomes. The retention of a small mitochondrial genome, a remnant of the ancient 
 a -proteobacterium endosymbiont from which mitochondria evolved  [  31  ] , means 
that the organelle must retain an ability (and all the necessary components) to carry 
out tasks such as DNA replication and repair, transcription, processing of RNA and 
protein synthesis. Many other proteins and complexes are required for the integrity 
of this organelle and its cooperation and communication with other cellular entities 
 [  32–  38  ] . Around 1,000 different proteins are expected to perform all the necessary 
functions in  S. cerevisiae  mitochondria. Using a mass spectrometry approach, 750 
different yeast mitochondrial proteins were identi fi ed following growth in YPG 
medium with an estimated 90% coverage of the proteome  [  39  ] . Further yeast mito-
chondrial proteins may exist under different growth or environmental conditions.  

   The Biogenesis of Mitochondrial Proteins 

   Synthesis and Transport of Mitochondrial Proteins 

 Nuclear-encoded mitochondrial proteins are synthesised on ribosomes in the cytosol 
and transported to the organelle; directed by targeting information contained within 
the protein. The nascent polypeptide may be assisted on its journey by molecular 
chaperones that act to maintain the protein in an import competent state, protecting 
against aggregation and premature degradation and in some cases delivering the 
protein directly to the import machinery  [  40  ] . The types of targeting signals that direct 
mitochondrial proteins to the correct location within the organelle can take a number 
of forms. However, the most common mechanism involves that of an N-terminal 
targeting signal, also known as a presequence. Around 70% of nuclear-encoded 
mitochondrial proteins in yeast possess an N-terminal targeting signal  [  41  ] . These 
generally range in size from 15 to 65 amino acids, carry a net positive charge and 
have a propensity to form amphipathic  a -helices  [  41,   42  ] . Such signals direct the 
proteins to the mitochondrial matrix or, when combined with sorting signals, assist in 
directing proteins to the mitochondrial inner membrane or inter membrane space 
(IMS). The remaining ~30% of mitochondrial proteins contain internal targeting sig-
nals. In these cases the targeting information may take the form of a signal motif or be 
spread throughout the protein  [  43  ] . For many proteins containing internal mitochon-
drial localisation signals, the precise nature of the targeting elements is not known. 

 There are several different pathways of protein import into mitochondria involv-
ing specialised protein translocation machineries. However, most nuclear-encoded 
preproteins engage the central  t ranslocase of the  o uter  m embrane (TOM) complex to 
cross the outer lipid bilayer of mitochondria. Following import across the outer 
membrane, the preprotein interacts with pathway speci fi c translocases and cofactors 
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(for a brief overview see Fig.  9.1 ). For example, preproteins containing N-terminal 
targeting sequences transition to the  t ranslocase of the  i nner  m embrane 23 (TIM23) 
complex for import into the matrix, inner membrane or IMS. For a detailed descrip-
tion of the mechanisms and models of protein import  see  recent reviews by  [  43,   44  ]  
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  Fig. 9.1     Major import and export pathways for the biogenesis of mitochondrial proteins . 
Preproteins synthesised in the cytosol are recognised by receptors exposed on the surface of mito-
chondria directing them to the outer membrane translocation channel formed by Tom40. As the 
import channel is narrow, the preproteins are imported in an unfolded state as linear polypeptides or 
loop structures. Once the lipid bilayer has been traversed the preprotein import pathways diverge. 
Presequence-containing preproteins interact sequentially with the IMS exposed receptors of the 
TOM and TIM23 complexes. They are then translocated across the inner membrane in a membrane 
potential-dependent manner via the voltage-activated cation-selective channel formed by Tim23. In 
the absence of a sorting signal, the emerging presequence interacts with the  p resequence  a ssociated 
 m otor (PAM) complex that mediates import via an ATP-driven binding and release mechanism. 
Some preproteins are translocated into the inner membrane (IM) and IMS via the TIM23 complex 
directed by a hydrophobic sorting signal situated directly behind the presequence. The presequence 
directs the preprotein to the TIM23 complex via the standard presequence pathway however a stop 
transfer signal leads to the arrest of the preprotein in the TIM23 complex. It then laterally transfers 
into the IM. A variation on this pathway is when laterally sorted presequence-containing proteins 
contain a protease cleavage site following the stop transfer signal. In such cases, endoprotease(s) 
cleave these preproteins near to their membrane anchor releasing the mature protein into the IMS. 
With respect to other pathways, both outer membrane  b -barrel proteins and polytopic inner 
membrane proteins engage holder chaperones (small TIM complexes) in the IMS to assist their 
transition through this aqueous environment. While the  b -barrel preproteins insert into the outer 
membrane (OM) aided by the  s orting and  a ssembly  m achinery (SAM) complex, polytopic inner 
membrane proteins are imported via the TIM22 complex in a membrane potential-dependent man-
ner. For non-presequence containing preproteins destined for the IMS, import into this compartment 
occurs directly via the TOM complex. It seems however that a requisite factor for successful or 
ef fi cient import, in these cases, is the presence of a binding partner, either a folding catalyst 
(e.g. Mia40) or a functional partner protein. Finally, mitochondrial inner membrane proteins that 
are encoded by mtDNA are imported in a co-translational manner mediated by the OXA complex       
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and references therein. Mitochondrial DNA of  S. cerevisiae  codes for seven inner 
membrane embedded proteins of the respiratory chain; cytochrome  b  (Cyt b  or Cob), 
cytochrome  c  oxidase subunits 1, 2 and 3 (Cox1, Cox2 and Cox3), and ATP synthase 
subunits 6, 8 and 9 (Atp6, Atp8 and Atp9). An eighth mitochondrial-encoded 
protein, Var1, is a ribosomal protein. The insertion of the mitochondria-encoded 
respiratory subunits is co-translational and mediated by the OXA translocase 
(Fig.  9.1 ). This consists of the membrane-embedded protein insertion complex 
formed by the Oxa1 protein, which directly contacts the emerging nascent polypep-
tide, and a number of other proteins that collectively contribute to ribosome position-
ing, translation regulation and insertion of protein transmembrane domains  [  45  ] .   

   Maturation of Mitochondrial Proteins 

 An important aspect of mitochondrial protein biogenesis is the removal of N-terminal 
targeting and sorting signals by compartment speci fi c peptidases  [  46  ] . The vast 
majority of presequence-containing mitochondrial matrix proteins are cleaved by 
the mitochondrial processing peptidase (MPP)  [  41  ] . This enzyme is a dimeric met-
alloendopeptidase consisting of  a  and  b  subunits  [  47  ] . The recent determination of 
the N-terminal sequences of yeast mitochondrial proteins (N-proteome) has clari fi ed 
the substrate speci fi city of MPP  [  41  ] . The substrate speci fi city of MPP is character-
ised by a very high frequency (>75%) of Arg in the P2 position  [  48  ] , as deduced 
from the N-proteome data (Fig.  9.2 ). This MPP substrate speci fi city is often referred 
to as the R-2 motif  [  42  ] . Residues most commonly found in the P1 '  position of MPP 
substrates are Tyr, Leu, Phe and Ala while Ser and Ala are most commonly found 
in the P2 '  position. For many mitochondrial proteins with a presequence, cleavage 
by MPP is the only matrix proteolytic maturation step (Fig.  9.2 , Path I). However, 
for a subset of proteins, further proteolytic processing is required (Fig.  9.2 , Path II 
and III). For example, in yeast mitochondria, 14 proteins have been identi fi ed as 
substrates of the peptidase octapeptidyl aminopeptidase 1 (Oct1)  [  41,   42,   49  ] . 
Following removal of the presequence by MPP, Oct1 cleaves eight amino acid resi-
dues from the N-terminus of some matrix proteins. The substrate speci fi city of Oct1 
extends to P8 with Phe found in this position in the vast majority of cases (Fig.  9.2 , 
Path II). The P1 '  residue in the MPP cleavage pattern becomes the P8 site for Oct1 
recognition. The N-proteome study lead to the identi fi cation of a new player in 
mitochondrial matrix protein maturation, the metalloaminopeptidase termed  i nter-
mediate  c leaving  p eptidase of 55 kDa (Icp55). For a subset of mitochondrial matrix 
proteins, Icp55 cleaves a single amino acid residue from the N-terminus of proteins 
following cleavage of the mitochondrial targeting sequence by MPP (Fig.  9.2 , Path 
III). Speci fi cally, the P1 '  position in the MPP substrate recognition pattern becomes 
the P1 site for Icp55 recognition. With respect to substrate speci fi city, Icp55 appears 
to favour bulky hydrophobic amino acids Tyr, Phe and Leu in the P1 position with 
Tyr occurring most frequently. Ser is most frequently found in the P1 '  position, and 
to a lesser extent Ala and Thr. A quite different speci fi city for Icp55 has been 
reported  [  50  ]  where the scissile bond sits three amino acid residues from the MPP 
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  Fig. 9.2     MPP-dependent pathways of mitochondrial protein maturation . Schematic indicating 
primary sequences of Pam16, Sdh1 and Mge1 precursors around the cleavage site (scissile bond) for 
the peptidase MPP and where relevant Oct1 and Icp55. Amino acid residues N-terminal of the scissile 
bond on the substrate are nominated P1, P2, P3 etc. and those residues C-terminal are nominated P1', 
P2', P3' etc. In  Path I , cleavage of the presequence by MPP directly generates the mature protein with-
out any further proteolytic processing as exempli fi ed by the substrate Pam16. In  Path II , MPP cleavage 
generates an immature intermediate species. This  fi rst cleavage event is necessary for subsequent 
recognition of the substrate by the peptidase Oct1. Cleavage of the substrate by Oct1 removes eight 
residues from the N-terminus of the protein to generate the mature form. The primary sequence of 
Sdh1 around the respective cleavage sites is shown in this example. Finally in  Path III , MPP cleavage 
again generates an immature intermediate species however in this case it only differs from the mature 
protein by one residue. The  fi nal maturation step is mediated by the aminopeptidase Icp55. The 
sequence of Mge1 is shown in this example. Note the presequences and mature domains are not to 
scale. The length of presequences and mature protein are protein dependent and vary considerably       

cleavage site. Further analysis is required to fully understand the precise substrate 
speci fi city of Icp55. In the case where processing by either Icp55 or Oct1 is prevented 
(i.e. in gene deletion strains), the resulting intermediate proteins are moderately 
unstable relative to the mature protein  [  41,   49  ] . The intermediates resemble bacterial 
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N-degrons; degradation signals which mediate the turnover of proteins by the N-end 
rule pathway  [  51–  53  ] . This is discussed further in  section  “ Activity Control of 
Mitochondrial Proteins by AAA+ Proteases ”. Finally, the ATP-dependent  m -AAA 
protease also plays a role in mitochondrial protein maturation  [  54–  56  ] . Normally 
responsible for the complete degradation of proteins into peptides ( see later ), this 
maturation activity is unique and dependent on speci fi c features of the substrate 
protein.  

 Some proteins that are sorted to the IMS via the presequence pathway are pro-
cessed by the IMS peptidase (IMP) complex  [  43,   46  ] . Following lateral transfer into 
the inner membrane such preproteins are processed by MPP in the matrix to remove 
the presequence, then by the IMP complex on the IMS side of the membrane, releas-
ing the protein from its transmembrane anchor and hence into the aqueous compart-
ment. The signal sequence of the mtDNA-encoded protein Cox2 is also cleaved by 
the IMP complex  [  43  ] . Yeast Atp6 is another mtDNA-encoded protein synthesised 
with an N-terminal signal sequence, however, in this case, it is cleaved by a different 
protein, the metallopeptidase ATP synthase 23 (Atp23)  [  57,   58  ] . Yeast mitochondria 
also possess an inner membrane integrated serine endopeptidase of the rhomboid 
family known as  p rocessing of  c ytochrome  c   p eroxidase (Pcp1). Two substrates 
have been described;  c ytochrome  c   p eroxidase (Ccp1), and  m itochondrial  g enome 
 m aintenance protein 1 (Mgm1), a mitochondrial outer membrane dynamin-like 
GTPase  [  59–  63  ] .  

   Formation of Functional Mitochondrial Proteins 

 Once proteins are imported into the mitochondrial matrix and processed they must 
fold into their unique three-dimensional structure to be functional. Such processes 
can occur spontaneously but in the crowded environment of cells or organelles, 
protein folding may be assisted by molecular chaperones. Chaperones capture fold-
ing intermediates preventing non-productive aggregation or rescuing kinetically 
trapped species  [  64  ] . The major chaperones of yeast mitochondria belong to the 
Hsp70 and Hsp60 protein families. Both types of chaperones are intrinsically tied to 
the import and folding reaction of mitochondrial precursor proteins  [  65,   66  ] . 
Mitochondrial Hsp70 (mtHsp70), encoded by the yeast gene  SSC1  is a component 
of the mitochondrial import machinery for proteins of the matrix compartment, 
driving the full membrane translocation of these precursors and assisting their fold-
ing reaction. These folding reactions are performed in a close collaboration with the 
Hsp60 chaperone complex in the matrix. In addition, yeast mitochondria contain a 
member of the Hsp100/ClpB family, called Hsp78, which is missing in metazoan 
cells. Like its relatives in bacterial cells, Hsp78 is able to recover polypeptides from 
the aggregated state, promoting the recovery of mitochondrial functions after tem-
perature stress  [  67  ] . Another special feature of yeast mitochondria is the presence 
of the chaperone component of the ClpXP protease (see below), called Mcx1 
(for  m itochondrial  C lp X ), although the corresponding protease component is missing 
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 [  68,   69  ] . The function of this chaperone in yeast mitochondria is unknown. Finally, 
once the imported protein subunits are folded, the  fi nal steps in the biogenesis of 
proteins may be their oligomerisation, binding to prosthetic groups such as  fl avin, 
Fe-S clusters or heme, or assembly into multi-subunit structures such as the respira-
tory chain complexes. It should be noted that in this context, yeast mitochondria 
contain a specialised Hsp70 system consisting of the chaperone Ssq1 and its cofac-
tors for the transfer of Fe-S cluster cofactors from their assembly scaffold protein to 
the respective apoenzymes  [  70  ] . Further post-translation modi fi cations such as 
acetylation and phosphorylation may contribute to the activity of mitochondrial 
proteins  [  71,   72  ] .   

   Mitochondrial Protein Quality Control (PQC) 
by Compartment Speci fi c AAA+ Proteases 

 While many sophisticated proteinaceous molecular components and pathways 
mediate the synthesis, transport, folding and assembly of mitochondrial proteins, 
these are not fail-safe processes. ATP-dependent proteases therefore serve as ever-
present organelle protein quality control (PQC) systems that constantly survey 
protein integrity. Collectively, they have the capacity to degrade unfolded/oxida-
tively damaged, immature and unassembled proteins. Together with molecular chap-
erones, these proteases ensure that a functional population of proteins is maintained 
in mitochondria. Mitochondria, as endosymbiotic organelles, contain many chaper-
ones and proteases homologous to those found in bacteria. For example, major 
ATP-dependent proteases are represented with homologs of Lon, ClpXP and FtsH 
families found in mitochondria, while bacterial HslUV and ClpAP families are 
absent. There are however signi fi cant differences in the composition of mitochon-
drial proteases between eukaryotic organisms. While metazoan mitochondria con-
tain a Lon protease, a ClpXP protease and at least two distinct AAA proteases of the 
FtsH family, the situation in yeast mitochondria  [  67  ]  is somewhat different. Yeast 
mitochondria lack a Clp protease homolog, leaving Lon/Pim1 as the only ATP-
dependent protease in the matrix. The main components of the yeast mitochondrial 
PQC system and their location are depicted in Fig.  9.3 . The main functional distinc-
tion between these types of proteases is their substrate speci fi city – the membrane-
integrated proteases preferentially degrade membrane proteins while the matrix 
proteases are responsible for the degradation of water soluble proteins.  

 Like their bacterial counterparts, mitochondrial proteases are ATP-dependent 
self-compartmentalising complexes. That is, the catalytic residues responsible for 
the hydrolysis of peptide bonds line the internal walls of an enclosed aqueous degra-
dation channel or chamber formed by a multi-subunit protease. Recognition of the 
protein targets is mediated by the ATPase component of the proteases and the degra-
dation signals (degrons) displayed by the target protein. Also, the ATPase domain is 
responsible for the unfolding and translocation of the substrates into the internal 
proteolytic cavity. This chambered mechanism of protein degradation prevents the 
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inadvertent unregulated hydrolysis of native proteins. The ATPase domains of these 
processive proteases are very similar to each other and to many other ATPases with 
diverse functions in cells including cellular regulation and PQC. These related pro-
teins are all members of the  A TPases  a ssociated with various cellular  a ctivities 
(AAA+) superfamily of proteins  [  73,   74  ] . As the mitochondrial ATP-dependent pro-
teases Pim1,  i -AAA,  m -AAA and ClpXP are all members of the AAA+ superfamily 
of proteins, this group of proteases will herein be referred to as AAA+ proteases. 
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m-AAA protease

folded

misfolded

aggregated degraded

-

+

mtHsp70

Mge1

Mdj1

i-AAA protease

  Fig. 9.3     Schematic overview of the PQC system in the matrix of yeast mitochondria . Misfolded 
proteins are recognized and bound primarily by the mitochondrial Hsp70 (mtHsp70) system that 
works together with its partner proteins Mge1 (nucleotide exchange factor) and Mdj1 (co-chaperone 
of the J-protein family). If unfolding efforts fail, the misfolded proteins are transferred to the matrix 
protease Pim1 that degrades the substrates to small oligopeptides in an ATP-dependent reaction. 
Pim1-dependent degradation is assisted by the Hsp100 chaperone Hsp78. If the maximum 
capacity of the PQC system is exceeded, misfolded polypeptides accumulate and eventually 
aggregate. Aggregated polypeptides may be resolubilised in a concerted process by Hsp78 and 
mtHsp70. Disaggregated polypeptides are either refolded or directly degraded by the Pim1/Lon 
protease. Membrane proteins of the IM are degraded by either of the two AAA proteases. The 
 m -AAA protease, composed of the subunits Yta10 and Yta12 faces the matrix com partment while 
the  i -AAA protease (a Yme1 homo-oligomer) faces the IMS       
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   Pim1, the Soluble AAA+ Protease of the Yeast Mitochondrial 
Matrix 

 The most prominent member of the AAA+ proteases is the Lon protease from 
 Escherichia coli , which gives its name to the protein family  [  75  ] . Pim1 in yeast 
mitochondria and the related Lon proteases from other eukaryotic organisms such 
as LONM in human mitochondria (also known as mitochondrial Lon peptidase 1 
(LonP1)) and Lon1 and Lon4 from plant mitochondria  [  5  ]  are highly conserved and, 
as far as it has been studied, also exhibit similar functions. Hence, Pim1 from the 
model organism  S. cerevisiae  commonly serves as the typical representative for the 
Lon-A type ATP-dependent proteases found in mitochondria. 

   Identi fi cation of Pim1 and Phenotype of  pim1  Deletion Strain 

 Due to their endosymbiotic origin it had been assumed that mitochondria, similar to 
bacteria, contain proteases for the speci fi c degradation of their endogenous proteins. 
Indeed, the  fi rst identi fi cation of an ATP-dependent proteolytic activity in mito-
chondria with properties similar to the bacterial protease Lon reach back to the early 
1990s  [  16,   76  ] . The yeast gene responsible for this activity was cloned indepen-
dently by two groups and the encoded protease was named Pim1 or Lon based on 
its high amino acid homology to the  E. coli  Lon protease  [  77,   78  ] . 

 A deletion of the  PIM1  gene in yeast resulted in severe consequences for the func-
tion of mitochondria. The main phenotype is a growth defect on non-fermentable 
carbon sources like glycerol or lactate  [  77  ] . The inability of  Δpim1  mitochondria to 
respire correlates with a non-functional mitochondrial genome ( see section  “ Association 
with Mitochondrial DNA (mtDNA) ”). Further examination demonstrated the lack of 
any ATP-dependent proteolysis activity in soluble mitochondrial extracts  [  78  ] . These 
experiments indicated that Pim1 represents the main proteolytic activity in the mito-
chondrial matrix. First direct demonstrations of its protease function were based on its 
ability to degrade radioactively labelled reporter proteins that were imported into iso-
lated mitochondria  [  79  ] . Pim1-dependent degradation was shown to be restricted to 
soluble protein substrates located in the matrix compartment. In contrast, membrane 
associated substrates, even those facing the matrix compartment were preferentially 
degraded by the membrane-integrated  m -AAA protease  [  80  ] .  

   Structure-Function Relationships 

 The  PIM1  gene of  S. cerevisiae  encodes a 1133-amino acid long protein with an 
overall sequence identity of 30–35% to bacterial family members. Pim1 is encoded 
in the nuclear genome and has to be imported into the mitochondria after it is syn-
thesised on cytosolic ribosomes. Hence, it is characterised by a long N-terminal 
amino acid extension that serves as a mitochondrial targeting signal that is missing 
in its bacterial relatives. Similar to the other ATP-dependent proteases, Pim1 belongs 
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to the AAA+ protein superfamily  [  81  ] . AAA+ protease complexes generally consist 
of a proteolytic subunit and a regulatory subunit that is responsible for substrate 
recognition and unfolding  [  82,   83  ] . Due to the high sequence conservation, most 
information on the catalytic mechanism of Pim1 has so far been deduced from the 
properties of its bacterial relative Lon. Similar to other AAA+ proteases, Pim1 con-
sists of two major domains and also activities: a protease with broad speci fi city and 
an ATPase responsible for the recognition and/or unfolding of polypeptide sub-
strates. A unique property of Lon-type proteases is that the ATPase domain and the 
proteolytic domain are located on a single polypeptide chain. An additional third 
N-terminal domain (N domain) essentially interacts with the potential substrate 
proteins in concert with the ATPase domain. The C-terminal peptidase contains the 
catalytic dyad consisting of a conserved serine and lysine residue  [  84  ] . The main 
difference to the bacterial proteases, apart from the targeting sequence, is the pres-
ence of three rather large hydrophilic inserts, one in the N-terminal part after the 
targeting sequence, one between amino acids 300 and 380 and the last between 
amino acids 840 and 900. Pim1 shares the presence of these inserts with its other 
eukaryotic homologs, although the sequence conservation in these regions is rather 
low. So far no data on the signi fi cance of these inserts is available but it could be 
speculated that they are connected with some eukaryotic-speci fi c function. 

 The assembly of the Pim1 oligomeric protease complex exhibits a special feature. 
After translocation of the polypeptide chain across the mitochondrial membranes, the 
presequence is  fi rst cleaved in a standard process after position 37 by MPP. However, 
functional activity of the protease requires the autocatalytic removal of an additional 
61 amino acid long pro-region. This second endoproteolytic cleavage is performed by 
an intermolecular (and likely also intramolecular) reaction by the protease itself and 
closely coupled to the ATP-dependent assembly of the protease subunits  [  85  ] . 

 Lon-type proteases are organized into large homo-oligomeric, ring-shaped pro-
tein complexes consisting of several subunits of ~100 kDa each. While bacterial fam-
ily members are usually composed of six subunits, the data available for Pim1 
indicate a heptameric structure  [  86  ] . Up to now, no direct ultrastructural studies have 
been performed on Pim1 but it can be assumed that it is structurally organized in a 
similar way to its bacterial homologs. As described earlier, a general feature of ATP-
dependent proteases is that they form a cylindrical complex with a rather large inner 
cavity. The active sites are oriented to the interior of this cavity thus forming a prote-
olytic chamber that is shielded from the environment. Substrates can only enter the 
proteolytic chamber by pore structures situated at the ends of the cylindrical struc-
ture. Substrate entry is usually tightly regulated. Recent structural studies of bacterial 
proteases related to Lon con fi rmed this overall structural arrangement  [  87  ] .  

   Protease Classi fi cation and Cleavage Speci fi city 

 The presence of a proteolytic active site characterized by the amino acid Ser at 
position 1015 con fi rms that Pim1 as well as Lon are serine proteases with chy-
motrypsin-like cleavage speci fi city (proteolysis at regions rich in hydrophobic 
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amino acids)  [  88  ] . Similar to other PQC proteases, the regulatory ATPase domain 
of Lon also seems to exhibit chaperone activity since overexpression of a prote-
olytically inactive mutant of Pim1 supported the assembly of mitochondrial 
respiratory complexes  [  89  ] . The structurally separated enzymatic domains of 
Pim1 permitted the functional relationship of the two different domains to be 
addressed by the recombinant generation of individual mutant constructs  [  90  ] . 
Single point mutations abolishing either ATPase or protease activity both 
destroyed proteolytic activity. Neither of these mutants were able to support 
respiration-dependent growth of the cells. When the ATPase or protease 
domains were expressed separately as individual proteins, neither allowed 
growth on non-fermentable carbon sources. Interestingly, co-expression of both 
domains as separate proteins restored full proteolytic and respiratory activities, 
indicating that both domains are able to functionally interact even as physically 
separate polypeptides, in order to ful fi l the wild-type functions.  

   General Function of Pim1 in PQC 

 It was noted relatively early that proteins imported into the mitochondrial matrix 
compartment under  in vitro  conditions were susceptible to degradation by Pim1  [  79, 
  80  ] . However, the preproteins used in these experiments represented arti fi cial 
reporter constructs, which had only a minor structural or functional relationship to 
the native proteins present in mitochondria. Although ATP-dependent proteases like 
Pim1 are supposed to have a broad substrate speci fi city, the number of identi fi ed 
endogenous mitochondrial substrate proteins remained very small for a long time. 
Due to the restricted availability of antisera against mitochondrial proteins, the ini-
tial publications identi fi ed a subunit of the matrix processing peptidase (MPP- b ) 
and the  b -subunit of the mitochondrial ATP-synthase (F 

1
  b ) as potential substrates 

 [  77  ] . Further progress was achieved by the  fi rst proteomic characterisation of mito-
chondrial protein turnover. Although the mitochondrial proteome is remarkably 
stable at least under normal conditions, these experiments revealed a set of novel 
protease substrates  [  91  ] . Depending on their behaviour these proteins could be 
sorted into three different groups: (i) proteins that were protease substrates under all 
conditions tested, (ii) proteins that remained stable at normal temperatures but 
became degraded at elevated temperatures, and (iii) proteins that were degraded 
only at normal temperatures. Proteins in the second group probably represent clas-
sical Pim1 substrates, conformationally labile polypeptides that become (partially) 
unfolded at elevated temperatures and need to be removed. However, the behaviour 
of group (iii) was counterintuitive at  fi rst glance. Later, experiments revealed that 
proteins of this group had a high tendency to aggregate at elevated temperatures. 
Typically, under stress conditions a competition between degradation and aggrega-
tion takes place (see below). Since aggregated polypeptides are essentially resistant 
to Pim1-dependent proteolysis, certain aggregation-prone polypeptides are appar-
ently stabilized at higher temperatures although they have of course lost their 
activity. Interestingly, this hypothesis correlates well with the observation that the 
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accumulation of electron-dense inclusions in the matrix compartment of  Δpim1  
mitochondria  [  77  ]  most likely represent aggregated damaged polypeptides that 
could not be removed due to the absence of the protease.  

   Role of Pim1 Under Oxidative Stress 

 Apart from elevated temperatures, mitochondria are also vunerable to another stress 
condition: oxidative stress. Mitochondria themselves are major generators of reactive 
oxygen species (ROS). In particular, ROS are produced by non-speci fi c electron trans-
fer reactions from components of the mitochondrial respiratory chain to molecular 
oxygen. Typical examples are superoxide radicals or hydrogen peroxide and its related 
reaction products  [  92,   93  ] . Mitochondrial ROS production is a normal side-reaction of 
ATP-production by oxidative phosphorylation but can be drastically elevated in cer-
tain pathological situations. Due to their high non-speci fi c reactivity, ROS molecules 
tend to modify and thereby inactivate any type of macromolecule; nucleic acids, lipids 
and polypeptides. Hence, a major question concerning the role of the mitochondrial 
PQC system with its core component Pim1 is the impact of its protective function 
under oxidative stress conditions. This is of particular importance with regard to the 
multitude of human pathologies that involve some form of mitochondrial oxidative 
stress, most prominent examples are neurodegenerative diseases  [  94  ] . 

 The consequences of oxidative stress conditions on the mitochondrial proteolytic 
system were studied using a quantitative proteomic approach, identifying proteins 
that were degraded after treatment of isolated mitochondria with different forms of 
ROS  [  95  ] . Here, three conditions were distinguished: elevated superoxide concen-
trations, treatment with external H 

2
 O 

2
  and the arti fi cial inhibition of the respiratory 

chain. An important observation of this study, was that the sensitivity of the various 
proteins to the different types of ROS stress was relatively speci fi c. This implies that 
each of the various conditions leading to oxidative stress can have very different 
consequences on cellular functions. One class of mitochondrial proteins that have 
been identi fi ed as prominent substrates of ROS-induced proteolysis are enzymes 
that contain an Fe-S cluster as a cofactor. The Fe-S cluster seems to be very sensi-
tive to modi fi cations by ROS molecules and is likely to be destroyed under these 
conditions. As a consequence of the loss of their cofactor, the affected polypeptides 
become conformationally destabilized and will be recognized by the quality control 
proteases like Pim1. For example, the soluble and Fe-S containing enzyme aco-
nitase (Aco1 in yeast), a component of the citrate cycle, was found as one of the 
most ROS-sensitive and degradation-prone proteins in the mitochondrial matrix 
 [  95,   96  ] . However, one has to take into account that the presence of a Fe-S cluster 
does not automatically turn a protein into a protease substrate. This is exempli fi ed 
by subunit 2 of the succinate dehydrogenase complex (Sdh2), which did not show 
any alterations in protein levels after ROS stress. 

 ROS modi fi cations represent covalent, and in most cases irreversible alterations 
in the affected molecules. Since refolding of ROS-damaged polypeptides, even with 
the help of chaperones, would not be possible, ATP-dependent proteases like Pim1 
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have to play a decisive role in the removal of ROS-modi fi ed proteins. Their removal 
is a key response of the cellular PQC system to many different pathological condi-
tions  [  97,   98  ] . Interestingly, Pim1 is the only ATP-dependent protease in yeast that 
is signi fi cantly up-regulated under oxidative stress conditions  [  95  ] . In contrast, the 
main chaperones like Hsp70 and Hsp60 show only slightly elevated levels under 
heat stress but not after ROS treatment. The important protective function of Pim1 
under oxidative stress is corroborated by an enhanced sensitivity of  Δpim1  cells to 
elevated levels of H 

2
 O 

2
  in the growth medium.  

   Pim1 Cooperates with Molecular Chaperones 

   Substrate Capture 

 In general, protein degradation in the cellular context is governed by a  fi ne-tuned 
interplay or cooperation of protease enzymes and molecular chaperones. Instead of 
focusing on the functions of the individual protein components, it is rather more 
appropriate to view this system as a functional network for PQC  [  67,   99  ] . Chaperones 
play important roles in recognising and binding to damaged (at least partially 
unfolded) polypeptide chains. The interaction with a chaperone component is there-
fore often the  fi rst step in preparation of the substrate for recognition by the protease. 
Cooperation of proteases with chaperones can be either very direct, i.e. the ClpP 
protease complexes with chaperones (e.g. ClpA or ClpX) to generate the ATP-
dependent proteolytic machine or more indirect, when chaperones and proteases act 
in an independent but coordinated fashion. The latter case applies to the Pim1 pro-
tease. It has to be noted that the intrinsic chaperone-like activity of Pim1 is disre-
garded in this context (see also below). It has been demonstrated that Pim1 closely 
cooperates with the mitochondrial Hsp70 system in the matrix compartment  [  79,   80  ] . 
Ef fi cient Pim1-dependent degradation of imported reporter proteins that tend to mis-
fold is assisted by mtHsp70. The Hsp70-cochaperone Mdj1, a member of the DnaJ-
like protein family, was shown to be closely involved in this function. The primary 
function of chaperones in this context seems to be the maintenance of the misfolded 
non-aggregated state of the substrate increasing the time available for safe removal.  

   Role in Aggregation Prevention 

 The matrix compartment of fungal mitochondria, like yeast, contains a chaperone 
that is typical for bacteria but not found in higher eukaryotic species  [  100  ] . This 
chaperone, named Hsp78, is a homolog of the bacterial ClpB protein that has been 
implicated in the cellular repair of protein aggregates  [  101  ] . Enzymes of the ClpB 
family are able to resolubilise aggregated polypeptides in a reaction that requires 
ATP and a close cooperation with the respective Hsp70 chaperone system  [  102  ] . 
Hsp78 has been shown to perform a similar role in the mitochondrial matrix  [  103, 
  104  ] . However, when analysing the degradation rates of imported reporter proteins 
it was observed that  Δhsp78  deletion mutants exhibited a signi fi cant defect in Pim1-
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dependent protein degradation  [  105  ] . This unprecedented cooperation between 
Hsp78 and Pim1 during degradation takes place independent of the aggregation 
state of the substrates and was also observed with destabilised mutants of an abun-
dant endogenous substrate protein named acetohydroxyacid reductoisomerase 
(Ilv5)  [  106  ] . In support of this conclusion it was observed that the yield of disag-
gregated polypeptides was signi fi cantly increased in  Δpim1  mutant mitochondria 
 [  103  ] , again indicating a close functional relationship between Hsp78 and Pim1. 
This relationship between a ClpB-type chaperone and a Lon-type protease seems to 
be a special feature of fungal mitochondria. It could be speculated that single cell 
eukaryotes are subjected to more extreme environmental temperature changes than 
multicellular eukaryotes and hence require a more ef fi cient removal system for 
heat-denatured polypeptides. 

 All the intricate activities of the chaperone-protease network forming cellular 
PQC systems have two ultimate goals. One is the refolding of damaged or mis-
folded polypeptide chains in order to regain their enzymatic activities. A second 
equally important goal is the prevention of the accumulation of misfolded protein 
species that would otherwise form insoluble toxic aggregates  [  107  ] . In a recent 
study, the aggregation propensity of mitochondrial proteins under heat stress condi-
tions was tested on a proteome scale  [  108  ] . In this context it is of particular interest 
that Pim1 was identi fi ed as a major mediator of mitochondrial aggregation reac-
tions, exhibiting an even more signi fi cant protective impact than the chaperone pro-
teins from the Hsp70 family. It was shown that the amount of aggregated polypeptides 
under heat stress was signi fi cantly increased in  Δpim1  mitochondria. Overexpression 
of Pim1, on the other hand, exhibited a pronounced protective role under these con-
ditions. In the absence of a ClpP protease in yeast mitochondria, Pim1 is the only 
ATP-dependent protease that is able to degrade soluble substrate proteins in the 
mitochondrial matrix. Taken together, Pim1 ful fi ls a key role in the mitochondrial 
PQC system by removing misfolded proteins in the matrix compartment.   

   Recognition Motifs and Mechanism of Targeted Degradation 

 A major general question concerning the degradation of substrate polypeptides by 
ATP-dependent proteases is the mechanism of substrate selectivity. In principle, the 
substrate speci fi cities of these proteases are very broad, enabling the proteolysis of 
any kind of protein substrate. However, in this case it is required that the proteolysis 
is restricted to short-lived or damaged proteins. As already described, substrate degra-
dation is mainly regulated by the selective entry of polypeptide chains into the prote-
olytic chamber of the protease complex. The main proteolytic enzyme of the cell, the 
proteasome recognises a molecular tag on the substrate, a polyubiquitin chain, which 
mediates engagement of the target substrate with the protease and hence its subse-
quent degradation  [  109  ] . A related tagging system exists in Mycobacteria, where pro-
teins can be tagged for degradation by an ubiquitin-like molecule known as prokaryotic 
ubiquitin like protein (pup) (for a recent review see  [  110  ] ). Also, a different type of 
tagging system exists in bacteria whereby stalled translation products are tagged with 



2399 The Role of AAA+ Proteases in Mitochondrial Protein Biogenesis, Homeostasis...

an 11 amino acid sequence known as the SsrA tag that targets the abnormal protein for 
degradation by the ClpXP protease system  [  53,   111,   112  ] . Interestingly, a molecular 
tag system, as a means of substrate recognition, has not been identi fi ed for proteolytic 
reactions in mitochondria. In contrast, current evidence points to a mechanism where 
the conformational state of a polypeptide chain serves as the main criterion for its 
selection as a protease substrate. Since it was well established that newly imported 
reporter proteins containing a dihydrofolate reductase (DHFR) domain are “standard” 
substrates of the protease Pim1 in the matrix compartment, it was surprising that 
imported DHFR fusions with only a small N-terminal extension failed to be degraded 
 [  113  ] . A detailed analysis revealed that Pim1 requires an unstructured N-terminal seg-
ment of 50–60 amino acid residues in front of the DHFR domain to commence deg-
radation. Pim1 is also able to recognize internal segments as long as they are exposed 
on the surface of the substrate protein  [  88  ] . In addition, it was observed that Pim1 was 
unable to degrade a folded DHFR domain despite its relatively low thermodynamic 
stability. Full degradation of DHFR fusion proteins was only possible if the folding 
state of DHFR was compromised by higher ambient temperatures or destabilizing 
mutations  [  113  ] . Hence, the substrate selectivity of Pim1 (Fig.  9.4 ) is based on the 
combination of two properties, (i) the requirement for an unstructured segment in the 
substrate for initiation of proteolysis and (ii) the low or even absent intrinsic unfolding 
capacity of Pim1. Taken together, these properties restrict proteolysis to unfolded or 
damaged polypeptide chains while folded and active enzymes remain largely resis-
tant. Similar properties have been observed in the case of the bacterial protease FtsH 
 [  114  ]  and also for the proteasome  [  115  ] , suggesting that this mechanism represents a 
basic and probably evolutionary ancient process for substrate selectivity.  

 This principle of substrate selectivity has been con fi rmed by the identi fi cation of 
endogenous mitochondrial substrate proteins  [  91  ] . A proteomic screen identi fi ed 
proteins containing cofactors or prosthetic groups as main degradation-prone tar-
gets of Pim1. In particular, enzymes with Fe-S cluster cofactors, like aconitase and 
its relatives, were susceptible to degradation. It is conceivable that an absence or the 
loss of a cofactor would lead to a conformational destabilization of either a part of, 
or the whole apoenzyme, which could then be recognized by the protease as a poten-
tial substrate. Another group of proteins found as potential degradation substrates 
were single subunits of larger oligomeric complexes. Best examples were the homo-
oligomeric chaperone Hsp60 or the dimeric citrate cycle enzyme succinate thiolase. 
In this case the argument that applies is, that subunits without the respective partners 
most likely expose unstructured segments that become recognition sites for Pim1.  

   Additional Cellular Processes Involving Pim1 Function 

   Association with Mitochondrial DNA (mtDNA) 

 One of the main effects of a Pim1 mutation in yeast is the loss of mtDNA integrity 
resulting in a rho – , respiratory de fi cient phenotype. Elucidation of the biochemical 
mechanism underlying the lack of respiratory activity in  Δpim1  cells remains one of 
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the more enigmatic phenomena concerning the cellular function of the protease 
Pim1. Interestingly, the general effect could be separated into two independent 
aspects by the identi fi cation of a suppressor mutation that retained the integrity of 
the mtDNA but still rendered the mitochondria respiratory de fi cient  [  116  ] . Using 
this tool, it could be shown that the proteolytic activity of Pim1 is required for the 
function of mRNA maturases that are required for the splicing of mitochondrially 
encoded transcripts, in particular for the expression of the respiratory chain compo-
nents CoxI and Cob  [  116  ] . The precise involvement of Pim1 in this process has not 
been de fi ned so far but it is conceivable that Pim1 might be required in a processing 
step during biogenesis of the respective enzymes. Another aspect of Pim1 function, 
contributing to the respiratory de fi cient phenotype, was the observation that Pim1 
also assists the assembly of respiratory chain components through its chaperone 
activity, independent of its role in proteolysis  [  89  ] . 
 Although these functions would readily explain the respiratory de fi cient phenotypes 
of  pim1  mutants, Pim1 has also been shown to play a direct role in mtDNA mainte-
nance. Several lines of evidence show a direct physical interaction of human LONM 
with the mitochondrial genome  [  117  ] . The accumulation of mtDNA lesions was 
also correlated with a role of LONM under oxidative stress conditions  [  118  ] , 
although the details remain unclear. In this context it should be noted that many 
identi fi ed substrate proteins of Pim1 were also shown to be components of the mito-
chondrial nucleoid, Aco1 being one of the most prominent examples  [  119  ] . Integrity 
of the mitochondrial genome is also maintained if  E. coli  Lon is expressed in mito-
chondria instead of Pim1 at normal temperature, but not under mild heat stress 
conditions  [  120  ] , suggesting that the role in mtDNA maintenance is connected to its 
proteolytic activity. Although many open questions remain, it can be stated that 
Pim1/Lon is a multifunctional protein contributing more to mitochondrial mainte-
nance than just PQC.  

   Lifespan Regulation in Fungi 

 An important consequence of a successive accumulation of mitochondrial defects 
seems to be cellular ageing. There is an ongoing discussion on the molecular pro-
cesses underlying the mitochondrial contribution to ageing processes, summarized 
under the key terms “mitochondrial free radical theory of aging”  [  121,   122  ] . This 
hypothesis states that during the lifespan of an organism, mitochondria-generated 
ROS leads to accumulated mitochondrial and cellular damage, resulting in a gradual 
decline in important functions like ATP synthesis, which usually contribute to cel-
lular survival. Elevated ROS levels lead to various covalent modi fi cations of poly-
peptide chains, negatively in fl uencing enzyme activities or conformational states. 
Hence, it can be postulated that the effectiveness of the mitochondrial PQC system 
may have a signi fi cant in fl uence on the lifespan determination of a cell. A direct 
connection between PQC and aging could be demonstrated in the fungal organism 
 Podospora anserina   [  123  ] , which is used as a model system for studying cellular 
aging processes. Here, overexpression of Lon resulted in a decreased amount of 
ROS-modi fi ed proteins, consequently a higher resistance against oxidative stress, 
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essentially correlating with a longer lifespan of the cells. Also in  P. anserina  
mitochondria, one of the major mitochondrial proteins affected by ROS-related pro-
teolysis was the citrate cycle enzyme aconitase. Although there are many supporting 
observations for an involvement of mitochondrial PQC in aging processes, the 
cause-and-effect relationships in particular at a molecular level remain to be clari fi ed.    

   AAA+ Proteases of the Yeast Mitochondrial Inner Membrane 

 Whereas the quality of yeast mitochondrial matrix proteins is controlled by Pim1, a 
different type of proteolytic machine is required for the quality control of inner 
membrane proteins. In fact, this function is performed by two structurally related 
inner membrane anchored ATP-dependent proteases, with catalytic domains on 
opposite sides of the membrane (Fig.  9.3 )  [  14,   18–  21,   124,   125  ] . These are known 
as  i -AAA and  m -AAA proteases, and belong to the M41 (FtsH family) of ATP-
dependent metalloendopeptidases found in a wide range of bacteria, and chloroplast 
and mitochondria of eukaryotes  [  126  ] .  E. coli  FtsH and yeast mitochondrial  i -AAA 
and  m -AAA proteases serve as the typical representatives of the bacterial and 
eukaryotic members of this family. There are however unique oligomeric combina-
tions of  m -AAA protease in mammalian mitochondria and multiple FtsH proteases 
in plants  [  5,   127  ] . 

   Structure-Function Relationships 

 All subunits of FtsH family proteins have the same core modular structure. They 
contain at least one transmembrane anchor in their N-terminal region, a conserved 
AAA domain followed by a C-terminal protease domain. The AAA domain, con-
served in the AAA+ superfamily of proteins, contains the Walker A and Walker B 
motifs for ATP binding and hydrolysis respectively  [  14,   19,   21,   74,   125,   128–  131  ] . 
They are also characterised by a consensus zinc-binding motif HEXXH in the pro-
tease domain where Glu is the predicted catalytic residue of the peptidase and the 
two His residues are expected to coordinate zinc. Indeed, mutation of the conserved 
Glu in subunits of  i -AAA and  m -AAA proteases abolished peptidase activity 
 [  14,   125,   128  ] . The active proteases are ring-shaped oligomeric assemblies of six 
subunits. The oligomeric arrangement creates a central translocation pore in the 
ATPase domain, which provides an aqueous path to the internal proteolytic chamber. 
Like all ATP-dependent proteases the ATPase activity of the protein is not required 
for peptidase activity  per se , but rather to present the substrate to the peptidase 
domain via energy-dependent translocation into the internal proteolytic cavity 
where hydrolysis of peptide bonds occurs. 

 Despite a number of common features, the  i -AAA and  m -AAA proteases have 
unique quaternary and topological structures with respect to each other. The  i -AAA 
protease is a homo-oligomeric ring-shaped protein anchored to the mitochondrial 
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inner membrane by a single span transmembrane domain situated near its N-terminus 
with its catalytic domains (ATPase and peptidase) projecting into the mitochondrial 
IMS (Fig.  9.3 )  [  18,   19,   125,   130  ] . The protein subunit that makes up the oligomer is 
known as  y east  m itochondrial  e scape 1 (Yme1)  [  130,   132  ] . The  m -AAA protease on 
the other hand is a hexameric hetero-oligomer of polypeptides, composed of  y east 
 t at-binding  a nalogs 10 and 12 (Yta10 and Yta12)  [  14,   129,   133  ]  also known as 
 A TPase  f amily  g ene 3 (AFG3) and  r espiratory  c hain  a ssembly 1 (Rca1) respectively 
 [  14,   128,   131  ] . It is anchored to the inner membrane by two transmembrane domains 
near the N-terminus of each subunit with the catalytic domains protruding into the 
matrix space  [  14,   20  ] . The topology and modular structure of  i -AAA and  m -AAA 
proteases are well adapted for a role in membrane PQC ( see below ). Due to the 
lipid-phase anchor, the ATPase domain of these proteins sit close to the membrane, 
followed by the peptidase domain including a C-terminal coiled-coil region  [  133  ] . 
Thus, the molecular motor (ATPase) of these proteases is in close proximity to tar-
get proteins in the inner membrane where they can extract them for delivery to the 
respective peptidase chambers  [  134  ] . Recent low resolution structural studies 
revealed a space between the ATPase domain and the transmembrane domain of the 
 m -AAA protease, which is proposed to provide suf fi cient room for an unfolded 
substrate to dock onto a surface recognition site within the ATPase domain, allow-
ing engagement with the protease for subsequent degradation  [  133  ] . A detailed 
description of the known structure-function relationships of these ATP-dependent 
membrane proteases can be found in  [  134  ] .  

   General Functions of  i -AAA and  m -AAA Proteases in Inner Membrane PQC 

 The discovery of energy-dependent degradation of mtDNA-encoded inner mem-
brane proteins  [  9,   12,   13  ]  was suggestive of a membrane associated ATP-
dependent protease  [  19  ] . This indeed turned out to be the case with both  i -AAA 
and  m -AAA proteases mediating the degradation of incompletely synthesised 
and unassembled mtDNA-encoded subunits of respiratory complexes  [  14,   19–  21, 
  128  ] . For example, the  fi rst substrate of  i -AAA protease to be identi fi ed was 
Cox2. When this integral inner membrane protein fails to assemble with nuclear-
encoded co-subunits it is rapidly degraded  [  19,   135  ] . Likewise,  m -AAA protease 
can degrade unassembled mtDNA encoded subunits Cox1, Cox3, Cob, Atp6, 
Atp8 and Atp9  [  14,   124  ] . This activity of the FtsH family of mitochondrial inner 
membrane proteases means they help regulate the required stoichiometry of inner 
membrane protein complex subunits (the respiratory complexes). Thus, post-
translation regulation of protein concentration ensures the inner membrane 
remains free of super fl uous proteins thereby contributing an important PQC 
function. The  i -AAA proteases Yme1 and PalAP of  S. cerevisiae  and  P. anserina  
respectively, both play temperature-related roles in mitochondria, which may be 
linked to their PQC functions. Mutations in yeast  yme1  cause a heat-sensitive 
respiratory growth defect  [  130  ]  while a  palAP  deletion strain of  P. anserina  dis-
plays heat-sensitive developmental defects and a reduced lifespan at elevated 
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growth temperatures  [  136  ] . A detailed description of the role of these proteases 
in protein activity control is provided in the following section.    

   Activity Control of Mitochondrial Proteins by AAA+ Proteases 

 Another important aspect of AAA+ protease function is their contribution to protein 
activity control. This can be the direct activation of proteins or the conditional deg-
radation of non-damaged native proteins in order to positively or negatively modu-
late cellular or organellar pathways. This section describes interconnected processes 
and regulatory pathways in mitochondria in which AAA+ proteases play a role. 

   A Unique and Critical Role of  m -AAA Protease in Mitochondrial 
Ribosome Biogenesis 

 As discussed earlier ( section  “ Maturation of Mitochondrial Proteins ”), most matrix-
destined preproteins that are directed to this compartment are processed by MPP to 
remove the N-terminal presequence. However, a sub-population of yeast mitochon-
drial matrix proteins are processed at the N-terminus but do not appear to possess an 
MPP recognition motif  [  41,   54  ] . One such protein is  m itochondrial  r ibosomal  p rotein 
L32 (MrpL32). As the name indicates, MrpL32 is a component of the mitochondrial 
ribosome, speci fi cally the large subunit. Its proteolytic maturation, which is neces-
sary for its function, is highly specialised and mediated by the  m -AAA protease  [  54, 
  56  ] . Thus,  m -AAA protease can mediate the complete degradation of proteins into 
peptides and the selective maturation of a preprotein to generate the functionally 
active mature form. But how the  m -AAA protease performs multiple and seemingly 
con fl icting functions was a conundrum for a while. The answer however lies with the 
biogenesis pathway and structural properties of MrpL32. Yeast MrpL32 is synthe-
sised as a 183 amino acid preprotein and directed to the matrix compartment by an 
N-terminal presequence. Once it is fully imported, it folds into its unique three-
dimensional structure in a mechanism that requires the presence of the N-terminal 
region of the protein  [  54  ] . Based on comparison to the bacterial homolog, yeast 
MrpL32 is expected to form a globular domain at its C-terminus mediated by the 
metal binding twin Cys motif CxxC-x9-CxxC  [  54  ] . Like the bacterial counterpart, 
the N-terminal region is expected to be in an extended conformation. It is the folded 
state of the mitochondrial protein that is processed to its mature form by the  m -AAA 
protease, which results in the removal of 71 amino acids from the N-terminus  [  54, 
  137,   138  ] . It is anticipated that the extended N-terminal region of MrpL32 is recog-
nised by the  m -AAA protease and feeds into the inner proteolytic chamber where the 
catalytic residues act on the polypeptide chain, hydrolysing it into peptides. The 
folded domain of MrpL32 blocks any further processing of the protein. Thus, the 
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folding of MrpL32 permits maturation of the protein while averting complete degra-
dation (Fig.  9.5 ). In such a mechanism, the middle region of MrpL32 is believed to 
act as a linker bridging the gap between the folded domain butting the external sur-
face of the protease and the proteolytic residues of the inner chamber. Such a sce-
nario is supported by experiments in which the N-terminal region of MrpL32 was 
extended in length (20 and 40 amino acids respectively) between the presequence 
and the middle region. Still these longer variants were cleaved to produce proteins of 
similar length to wild type MrpL32  [  54  ] .  
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  Fig. 9.5     A specialised function of   m  -AAA protease in protein maturation required for mito-
chondrial ribosome biogenesis . Under normal conditions ( Path I ) the  m -AAA protease cleaves an 
N-terminal presequence from folded ribosomal subunit MrpL32 via a partial degradation mecha-
nism. The folded cysteine knot blocks complete processing of this protein and upon release from 
the protease it assembles into the large subunit of the ribosome. To date the route of entry of the 
substrate presequence into the proteolytic chamber has not been determined. In situations where 
the activity of  m -AAA protease is compromised (e.g. gene deletion in yeast) or genetic mutation 
in humans, MrpL32 processing is inhibited and thus ribosome assembly and function is impaired 
( Path II ). In the case that the folding of MrpL32 is disrupted ( Path III ) due to oxidative stress, the 
unfolded substrate is fully degraded and thus ribosome assembly and function is also impaired       
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 Once folded and processed, MrpL32 assembles with the ribosome. Unprocessed 
MrpL32 on the other hand is unable to assemble into the mitochondrial ribosome and 
therefore cannot perform its function – resulting in a protein translation incompetent 
ribosomal complex (Fig.  9.5 )  [  56  ] . Thus, yeast  m -AAA protease plays a critical role in 
activity control, not only of MrpL32, but also of the ribosome. The crystal structure of a 
bacterial large ribosomal subunit provides an explanation for the inability of unpro-
cessed yeast MrpL32 to assemble into the mitochondrial ribosome large complex. The 
N-terminal region (~27 residues) of bacterial ribosome subunit L32 is buried, extending 
into the interior of the ribosome with the Cys metal binding motif residing on the ribo-
some surface  [  139  ] . The 71 amino acid presequence of MrpL32 cannot be accommo-
dated in such a structural arrangement and thus it fails to assemble in the mitochondrial 
large ribosomal subunit. An incompletely assembled mitochondrial ribosome missing 
the MrpL32 subunit is inactive and yeast cannot synthesise mitochondrial-encoded 
polypeptides. Not surprisingly,  mrpl32  null mutants are respiratory de fi cient. As  m -AAA 
protease is responsible for the generation of assembly competent MrpL32, yeast lacking 
active  m -AAA protease are also respiratory de fi cient, unable to synthesise subunits of 
the respiratory complexes encoded by mitochondrial DNA  [  56,   140  ] . 

 Another potential post-translation regulatory mechanism involving MrpL32 and 
the  m -AAA protease is oxidative stress sensing  [  54  ] . It appears that the cysteine fold 
of MrpL32 is sensitive to oxidative stress whereby folding is prevented. Unfolded 
MrpL32 is still recognised by the  m -AAA protease but instead of undergoing pro-
ductive maturation controlled by the folded domain, it is completely degraded into 
peptides. Whether this serves only as a PQC activity for the removal of a non-
functional unfolded protein from mitochondria or additionally as a mechanism to 
regulate mitochondrial protein translation in response to the oxidative state, remains 
to be determined. The critical role of the  m -AAA protease in mitochondria is 
exempli fi ed by human diseases such as spinocerebellar ataxia (SCA28) and a form 
of hereditary spastic paraplegia. These diseases are caused by loss of function muta-
tions in AFG3L2 (homolog of Yta10/Afg3) and paraplegin (homolog of yeast 
Yta12/Rca1) respectively, subunits of the human  m -AAA protease  [  141,   142  ] .  

   The Role of  i -AAA Protease in Lipid Homeostasis 

 Recently, the role of  i -AAA protease in quality control of lipid homeostasis pro-
teins in the mitochondrial IMS was revealed  [  143  ] . Three membrane-associated 
IMS proteins Ups1, Ups2, and Ups3 collectively play a role in the metabolism of 
phosphatidylethanolamine and cardiolipin although they seem to contribute unique 
functions  [  144–  146  ] . A loss of these proteins alters mitochondrial lipid composi-
tion and effects the stability of inner membrane protein complexes such as the 
TIM23 complex, as well as mitochondrial morphology  [  144–  146  ] . Each of these 
three proteins forms a stable complex with a small IMS protein known as Mdm35 
 [  143,   147  ] . This protein also acts to drive import of Ups proteins into the IMS upon 
translocation through the TOM complex. In the absence of Mdm35 (i.e. in  mdm35  
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deletion strain), Ups1 and Ups2 are unstable and degraded more rapidly than in its 
presence  [  143  ] . This change in stability is attributed to the action of  i -AAA pro-
tease and Atp23  [  143  ] . In the case of uncomplexed Ups2, its degradation is medi-
ated by  i -AAA protease. Degradation of free Ups1 on the other hand is mediated 
by  i -AAA protease and Atp23. It seems that the degradation of Ups proteins at 
least serves a PQC function to avoid the accumulation of non-functional protein. 
However, it is possible that the  i -AAA protease plays a regulatory role in the activ-
ity control of Ups proteins and hence mitochondrial lipid homeostasis, for example 
by competing with Mdm35 for binding of Ups proteins. In such a situation adaptor 
proteins could play a leading role in the targeted delivery of the substrate, however 
it seems that putative  i -AAA protease adaptor proteins Mgr1 and Mgr3  [  148,   149  ]  
are not involved in  i -AAA protease-mediated degradation of Ups1 and Ups2  [  143  ] . 
A potential role of  i -AAA protease and Atp23 in regulatory control of phosphati-
dylethanolamine and cardiolipin metabolism awaits further analysis. Regulation of 
lipid biogenesis is also required for normal function in  E. coli  and the  i -AAA pro-
tease homolog FtsH plays a critical role. In this case, FtsH-mediated degradation 
modulates the levels of two enzymes, KdtA and LpxC in the lipopolysaccharide 
biosynthetic pathway (for a recent review see  [  126  ] ).  

   Regulation of Metazoan Biosynthetic Pathways by Lon 

 Until very recently it seemed that the mitochondrial matrix protease Lon only contrib-
uted to PQC and not protein activity control. However, recent studies in human cells 
(and other animals) have revealed important contributions of LONM to the regulation 
of mitochondrial biogenesis and metabolic pathways. One of these pathways is the 
heme biosynthetic pathway. Mitochondria are the site of several steps of the cellular 
heme biosynthetic pathway. Heme is generated from substrates glycine and succinyl-
CoA. The enzyme 5- a mino l evulinic  a cid  s ynthase (known as ALAS-1 in humans), 
catalyses the  fi rst of eight enzymatic steps. ALAS-1 activity, the rate-limiting step of 
the pathway, is regulated at many levels through expression and import control by a 
heme-mediated negative feedback mechanism. Heme inhibits transcription and import 
of the ALAS-1 precursor into mitochondria while enhancing mRNA degradation and 
turnover of the endogenous protein in mitochondria  [  150–  153  ] . All of these effects 
lead to a decrease in the steady state levels of ALAS-1, allowing the levels of heme to 
be adjusted according to need. The ability to sense and regulate heme levels is impor-
tant as both an excess or a de fi ciency is toxic. The proteolytic element of regulation 
allows a rapid post-translational adjustment of protein levels. Recently, it was revealed 
that LONM is responsible for the turnover of ALAS-1 in hepatic cells however the 
mechanism by which heme targets ALAS-1 for degradation is currently unknown. At 
this point, partial functional redundancy with other proteases, i.e. the mitochondrial 
ClpXP protease, have not been ruled out  [  152  ] . A regulatory role of Lon has also been 
identi fi ed in  Drosophila  Schneider cells where it degrades  m itochondrial  t ranscription 
 f actor  A  (TFAM)  [  154  ] . A major component of mitochondrial nucleoids, TFAM 
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contributes to mtDNA maintenance and transcription  [  155  ] . Thus, proteolysis may 
also contribute to the transcriptional expression of the mitochondrial genome. 
 S teroidogenic  a cute  r egulatory protein (StAR) is a protein found in mitochondria of 
mammalian cells in the adrenal cortex, gonads and placenta. It is a key enzyme in 
steroid hormone biogenesis from cholesterol. Due to its high turnover rates after 
import into the matrix compartment of mitochondria it has been suspected to be a 
substrate of LONM, a hypothesis which has been supported by experiments  in vitro  
and  in vivo  examining murine StAR with mammalian LONM  [  156  ] . However, so far 
it is unclear if its degradation represents a PQC process to prevent the accumulation of 
large quantities of unwanted protein in mitochondria or has a more important role in 
regulation of steroid biogenesis. In mammals, LONM has also been implicated in the 
degradation of  c ytochrome  ox idase subunit 4-1 (Cox4-1) under conditions of hypoxia 
permitting exchange with the low oxygen ef fi cient isoform Cox4-2  [  157  ] . However, 
direct degradation of Cox4-1 by LONM was not demonstrated in these studies and the 
addition of MG132, which is known to inhibit LONM as well as the proteasome 
 [  156  ] , didn’t change the steady state levels of the protein  [  157  ] . Thus, further studies 
are required to understand the full contribution of mitochondrial matrix proteases to 
the elimination of hypoxia sensitive Cox4-1 and thus regulation of the cellular response 
to changes in oxygen concentrations.  

   Mitochondrial Protein Degradation via an N-End Rule Pathway? 

 Some mitochondrial precursor proteins are cleaved by Icp55 or Oct1, following 
MPP processing to generate the mature protein ( see section  “ Maturation of 
Mitochondrial Proteins ”). In the absence of Icp55 or Oct1, intermediate forms of 
the preprotein are unstable relative to mature counterparts and possess either Tyr, 
Phe or Leu at their N-terminus  [  41  ] . This is suggestive of an N-end rule pathway of 
protein degradation being operational in mitochondria. In bacteria, amino acid resi-
dues Phe, Leu, Tyr and Trp can act as destabilising signals when exposed at the 
N-terminus of a protein  [  158  ] . They mediate recognition of the protein substrate 
directly by the pathways degradation machinery and as such are referred to as pri-
mary destabilising residues  [  51,   52,   158  ] . Basic residues Arg and Lys and in a 
speci fi c case Met are classi fi ed as secondary destabilising residues as they act as 
acceptors for the non-ribosomal attachment of primary destabilising residues Leu 
and Phe by the leucyl/phenylalanyl-tRNA protein transferase thereby tagging the 
protein for degradation  [  51,   52,   158,   159  ] . In  E. coli , primary destabilising residues 
bind the adaptor protein ClpS and are directly delivered to the AAA+ protease 
ClpAP for degradation  [  159–  162  ] . In the absence of mitochondrial peptidases Icp55 
or Oct1, substrates retain N-terminal residues Tyr, Leu and Phe and are unstable. It 
is suspected that these proteins are removed by a proteolytic pathway but this has 
not been determined experimentally. Also, it is yet to be determined if this is a PQC 
mechanism to remove immature proteins from mitochondria or it serves as a regula-
tory mechanism whereby the activity of Icp55 and Oct1 or molecular components 
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of the hypothetical degradation pathway are regulated to enable post-translational 
expression control of a subpopulation of mitochondrial proteins. In general the 
N-end rule pathway of degradation contributes to regulatory networks rather than 
PQC tasks  [  52,   163,   164  ] . Thus, it will be interesting to determine if such a pathway 
is present in mitochondria and what role it plays.   

   The Mitochondrial Unfolded Protein Response (UPR mt ) 

 In addition to the contribution that AAA+ proteases make directly to protein quality and 
activity control, some members participate in stress response pathways. In particular, in 
metazoan mitochondria it has been established that the matrix peptidase ClpP is a core 
component of the mitochondrial unfolded protein response ( see later ). This signal trans-
duction pathway allows mitochondria-to-nuclear communication ensuring that the 
capacity of the mitochondrial protein quality control machinery matches demand. 

 The constitutive expression of numerous members of the PQC network ensures 
that cells are under constant molecular surveillance for unfolded, damaged and mis-
assembled proteins. Whilst this may contribute to protein homeostasis under normal 
cellular conditions, imbalances in the protein-folding environment can place addi-
tional demands on the chaperone and protease machinery. For example, when pro-
tein damage is ampli fi ed through stress or other physiological insults, the resulting 
substrate load may exceed the capacity of these systems. This leads to the accumu-
lation of unfolded and aggregated proteins. If the unfolded protein stress is exces-
sive or prolonged, cellular function may be compromised  [  107,   165,   166  ] . Thus, to 
alleviate the additional substrate burden, cells have evolved signalling mechanisms 
to upregulate members of their PQC networks  [  107,   166–  172  ] . By enabling the cell 
to manage unfolded or damaged proteins more effectively, protein homeostasis is 
expected to be restored. 

 Elevated levels of misfolded proteins can arise through a variety of cellular stresses 
including errors in protein biogenesis, exposure to reactive oxygen species, metabolic 
de fi ciencies and thermal stress. Although perturbations in protein folding can occur 
broadly throughout the cell, in some situations, protein damage may be restricted to 
speci fi c organelles. Importantly, cells have dedicated pathways for managing unfolded 
protein stress within their different subcellular compartments. While the mechanisms 
that the cell employs for sensing and responding to unfolded protein stress within the 
cytosol and endoplasmic reticulum are well characterised, the discovery of an equivalent 
regulatory pathway in metazoan mitochondria has been more recent  [  168,   169,   173  ] . 

   Discovery of the Mitochondrial Unfolded Protein Response 

 Early indications of a mitochondrial speci fi c stress response came from studies 
examining the regulation of chaperones in cells depleted of mtDNA. Using cultured 
mammalian cells, Hoogenraad and co-workers demonstrated that the loss of mtDNA 
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resulted in the transcriptional activation and increased expression of mitochondrial 
chaperonins HSP60 and HSP10  [  174  ] . Interestingly, as there were no detectable 
changes in the expression of selected cytosolic chaperones, this response was 
suggested to be compartment-speci fi c. While the primary stress signal was not 
identi fi ed in this study, the authors proposed that the stress response could be linked 
to the accumulation of unfolded protein  [  174  ] . 

 To establish whether the speci fi c upregulation of mitochondrial chaperones was 
connected to protein misfolding within mitochondria, a mammalian cell-based 
model was developed for the overexpression of a folding de fi cient mutant of the 
mitochondrial protein,  o rnithine  t rans c arbamylase (OTC)  [  169  ] . In comparison to 
cells expressing wild type OTC, the expression of the OTC mutant resulted in the 
selective induction of a number of mitochondrial stress proteins including HSP60, 
HSP10, mtDnaJ/Tid-1 (HSP40), and the CLPP peptidase. Consistent with a role in 
PQC, both HSP60 and CLPP co-immunoprecipitated with the OTC mutant, impli-
cating them in the clearance of the substrate. Importantly, like other stress response 
pathways, the removal of non-native protein corresponded with the transcriptional 
attenuation of chaperone genes  [  169  ] . However, the protease responsible for degra-
dation of mutant OTC is yet to be established. 

 Since the initial discovery of this unfolded protein response in mammals, an 
equivalent pathway has been identi fi ed in  C. elegans . Like the observations made in 
mammalian cells, the loss of mtDNA resulted in the upregulation of genes encoding 
HSP60 and mtHSP70, but did change the expression pro fi le of chaperones in other 
subcellular compartments  [  168  ] . A similar response was also observed upon inacti-
vation of genes suggested to function in the biogenesis or turnover of mitochondrial 
proteins  [  168  ] . Taken together, these  fi ndings demonstrate that the selective upregu-
lation of mitochondrial chaperones in both  C. elegans  and mammalian cells is trig-
gered by disturbances in the mitochondrial protein folding environment. This 
pathway has been coined, the mitochondrial unfolded protein response (UPR mt ). As 
yeast appear to lack a mitochondrial speci fi c unfolded protein response, this section 
describes the pathway in metazoa. A key component of this signal transduction 
pathway in the nematode worm is the mitochondrial matrix protease ClpXP.  

   Components of the UPR mt  Signalling Pathway in  C. elegans  

 The mitochondrial unfolded protein response (UPR mt ) is de fi ned by the ability of cells 
to selectively alter the level of PQC machinery in response to protein misfolding within 
mitochondria  [  168,   169  ] . Importantly, for target genes in the nucleus to be up-regulated 
in response to an extrinsic mitochondrial stress, a mechanism for communication 
between the two organelles must exist. To dissect this pathway and identify factors 
involved in relaying the stress signal from the mitochondrion to the nucleus, Ron and 
colleagues performed a series of gene silencing and deletion studies in  C. elegans  
 [  165  ] . For these experiments, transgenic  C. elegans  reporter strains harbouring a tem-
perature sensitive mutation (zc32  II ) were used. At non-permissive temperatures, these 
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animals experience unfolded protein stress within the mitochondrion, which leads to 
the transcriptional upregulation of a chaperone-GFP reporter (consisting of a DNA 
fragment containing the promoter region and the coding sequence for the  fi rst few 
amino acid residues of a mitochondrial chaperone)  [  23,   165  ] . Genes whose inactivation 
caused a reduction in reporter activity were predicted to encode proteins that contribute 
to UPR mt  signalling  [  165  ] . Using this model, a number of cellular components that are 
critical for UPR mt  signalling were identi fi ed  [  23,   24,   165  ] . These proteins can be broadly 
classi fi ed into two groups: those that are involved in the sensing and transmission of 
stress signals from the mitochondria (ClpX1, ClpX2, ClpP, HAF-1), and those that 
adjust their nuclear distribution or expression pro fi les to promote chaperone gene acti-
vation (ZC376.7, DVE-1, UBL-5). 

 The mitochondrial matrix ClpP protease together with its anticipated cognate 
partners, ClpX1 (encoded by  KO7A3.3 ) and ClpX2 (encoded by  D2030.2 ),  [  175  ]  
are thought to be responsible for the initial activation of the UPR mt  signalling path-
way  [  23,   24  ] . The  C. elegans  ClpXP machinery has been implicated in the ATP-
dependent proteolysis of unfolded substrates  [  24  ] . While evidence suggests that the 
ClpP homologue forms homo-oligomeric complexes composed of 14 subunits, little 
is known about the composition of the ClpX oligomer  [  23,   24  ] .  In vivo , a hexameric 
form of ClpX is likely to be involved in both substrate recognition and docking to 
the ClpP protease. Thus, different compositions or oligomeric arrangements of 
ClpX1 and ClpX2 could potentially serve as a mechanism for regulating substrate 
detection and delivery. In this regard, it is interesting to note that the loss of either 
ClpX1 or ClpX2 alone, did not inhibit UPR mt  signalling. This functional redun-
dancy suggests that the substrate speci fi city of ClpX1 and ClpX2 is overlapping 
 [  24  ] . Although the substrates of ClpX are currently unknown, their delivery to the 
ClpP protease appears to be critical for transmission of the UPR mt  stress signal. 

 The requirement for ClpP in an upstream regulatory role was established through 
a series of knock-down experiments that examined the position of ClpP relative to 
other components within the signalling network. Consistent with a position near the 
top of the signalling hierarchy, depletion of ClpP in stressed worms prevented the 
activation, recruitment and nuclear redistribution of all known UPR mt  transcription 
factors  [  23,   24,   165  ] . To elucidate the mechanism by which ClpP controls the signal-
ling pathway, a chemical inhibitor of ClpP was employed. These studies revealed 
that the intrinsic proteolytic activity of ClpP was an essential element in UPR mt  signal 
progression  [  23  ] . Not surprisingly, this raised questions regarding the identity of the 
signalling molecules generated by ClpP degradation, and the mechanisms by which 
these molecules transduce the signal. Although a number of scenarios are possible, 
there is evidence to suggest that peptides generated from the proteolysis of matrix 
proteins may be involved in at least one arm of the stress response pathway  [  24  ] . 

 The discovery of HAF-1 as a component of the UPR mt  signalling pathway sug-
gested that peptides generated from ClpXP proteolysis may be involved in signal 
transmission. HAF-1 is a member of the ABC transporter family, which appears to 
be located in the mitochondrial inner membrane  [  24  ] . In a process that is thought to 
be mechanistically equivalent to that reported for the yeast Mdl1p homologue, 
HAF-1 actively transports peptides from the matrix into the IMS. Peptides are then 
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thought to diffuse across the outer mitochondrial membrane into the cytosol  [  176, 
  177  ] . Importantly, in contrast to wild type worms experiencing stress, deletion of 
 haf-1  resulted in reduced mitochondrial peptide ef fl ux and attenuated mitochondrial 
chaperone gene induction  [  24  ] . Based on these  fi ndings, a model that integrates 
ClpP-mediated proteolysis with transmission of the stress signal across the mito-
chondrial membranes has been proposed (Fig.  9.6 ). Although HAF-1 has been 
shown to transport a broad spectrum of peptides derived from a range of mitochon-
drial matrix proteins, the precise nature of the stress signal is currently unknown 
 [  24  ] . It is not known whether signal transmission is dependent upon a unique type 
of peptide, or whether the rate of peptide  fl ux is a contributing factor. Further, a role 
for HAF-1 in the transport of free prosthetic groups cannot be excluded. Although 
additional work is required to elucidate the sensory mechanisms within the cytosol, 
it appears that the introduction of these peptides or prosthetic groups into the signal-
ling pathway results in the activation of downstream transcription factors. 
Speci fi cally, the ZC376.7 (bZIP) transcription factor is recruited into the UPR mt  

Upregulation of mitochondrial 
PQC proteins 

Mitochondrion 

ClpP activity leads to redistribution
 of nuclear Dve-1
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  Fig. 9.6     The mitochondrial unfolded protein response in   C. elegans   . Depicted are the known 
components and model of mitochondria-to-nuclear signalling pathway of the unfolded protein 
response. A disruption to protein homeostasis within the mitochondrial matrix leads to the prote-
olytic processing of an unknown substrate(s) by ClpXP. This might be the promiscuous degrada-
tion of any unfolded protein or the regulated degradation of speci fi c proteins that are conditional 
substrates under stress conditions. The products of ClpXP-mediated protein degradation are pep-
tides ( red and black lines ) but for cofactor-bound substrates, prosthetic groups would also be 
released ( orange square ). These peptides and/or prosthetic groups could act as signals to initiate 
the pathway outside of mitochondria following transport through HAF-1 and pores in the outer 
membrane. Other mechanisms may exist for a signalling path independent of HAF-1. The redistri-
bution of pathway transcription factors initiated by the released signalling molecule(s) leads to the 
transcriptional up-regulation of speci fi c genes, such as those encoding mitochondrial chaperones 
Hsp60 and Hsp70, that act to restore mitochondrial protein homeostasis       
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pathway in a process that is dependent upon both ClpP and HAF-1. Under normal 
cellular conditions, ZC376.7 is located in the cytosol. Upon induction of UPR mt  
however, the protein translocates to the nucleus, where it accumulates. Although the 
gene targets of ZC376.7 are currently unknown, its translocation to the nucleus is 
closely linked to the upregulation of mitochondrial chaperone genes  [  24  ] .  

 Whilst the incorporation of HAF-1 into the UPR mt  signalling pathway provides a 
feasible model for transmission of the stress signal across the mitochondrial mem-
branes, current evidence suggests that an alternative mechanism for UPR mt  activation 
may also be at play. In what appears to be a separate arm of the response, ClpP has been 
shown to transmit signals independently of HAF-1 (Fig.  9.6 ). While the loss of ClpP 
prevented the nuclear redistribution of the transcription factor DVE-1 under conditions 
of mitochondrial stress, the loss of HAF-1 had no effect  [  23,   24  ] . Although the signal-
ling mechanisms that govern this response are currently unknown, the redistribution of 
DVE-1 within the nucleus correlates with its binding to chaperone gene promoters 
 [  23  ] . Importantly, to enhance the transcription of chaperone genes, DVE-1 is proposed 
to function with a small ubiquitin-like protein called UBL-5  [  23  ] . Upon induction of 
UPR mt , UBL-5 is upregulated and accumulates within the nucleus  [  165  ] . As demon-
strated through pull-down experiments, this enrichment enhances the formation of 
stable UBL-5/DVE-1 complexes  [  23  ] . Interestingly, as DVE-1 redistribution and pro-
moter binding can occur independently of UBL-5  [  23  ] , it is tempting to speculate that 
UBL-5 may be recruited into transcription complexes as a downstream event. 

 The above  fi ndings support a model whereby the stress-induced nuclear reor-
ganisation of DVE-1 and UBL-5 serves as a mechanism for upregulating mitochon-
drial chaperone genes. Importantly however, within this model, the transcriptional 
induction of UBL-5 also requires regulation. In what appears to be an ampli fi cation 
circuit, RNAi knock-down studies revealed that the transcriptional induction of 
UBL-5 is also dependent upon DVE-1. It is currently unclear whether DVE-1 is 
directly involved in  ubl-5  gene activation, or whether it exerts this control via an 
indirect mechanism  [  23  ] . Moreover, in worms experiencing mitochondrial stress, 
the loss of HAF-1 also circumvented  ubl-5  gene activation  [  24  ] . Thus, the upregula-
tion of UBL-5 also requires a mediator that is transmitted via the HAF-1 signalling 
pathway. While the factors that contribute to this event are currently unknown, it is 
possible to speculate that ZC376.7 may ful fi l this role. Further analysis of this tran-
scription factor and the identi fi cation of additional UPR mt  signalling components 
may assist in elucidating this mechanism.  

   What Is the UPR mt  Signalling Factor Generated by ClpXP Action? 

 The ability of cells to selectively respond to protein conformational stress within 
speci fi c subcellular compartments is a conserved paradigm that exists in both prokary-
otic and eukaryotic organisms  [  166,   170,   175,   176,   178  ] . These response pathways are 
underpinned by signalling cascades that are tailored towards sensing unfolded pro-
tein stress and transmitting stress signals to designated transcription factors. 
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Interestingly, a common theme shared by many of these response pathways is the 
participation of cellular proteases in regulating stress signal transmission  [  166,   178  ] . 
The discovery that ClpXP plays a pivotal role in controlling the mitochondrial unfolded 
protein response in  C. elegans  provides yet another example of how proteolytic pro-
cessing contributes to signal transduction  [  23,   24  ] . Although signi fi cant progress has 
been made in identifying components of the  C. elegans  UPR mt  signalling pathway, a 
number of key elements have yet to be de fi ned. In particular, the substrates that 
undergo ClpXP-mediated proteolysis and the type of the signalling molecules that are 
generated through this process require elucidation. Importantly, given that HAF-1 
homologues have been implicated in the transport of both peptides and prosthetic 
groups  [  176,   177,   179  ] , a range of potential signalling mechanisms can be conceived. 
Based on current knowledge of the UPR mt  signalling pathway (Fig.  9.6 ), a number of 
hypothetical models describing the contribution that ClpXP could make to stress sig-
nal transmission have been proposed  [  23,   175,   176,   178  ] . It has been suggested that 
ClpXP could function in the promiscuous degradation of unfolded and/or misfolded 
proteins that arise from perturbations in mitochondrial protein folding. Transduction 
of the stress signal could involve a peptide/cofactor receptor in the cytosol, or may 
rely on a sensor molecule that monitors the rate of peptide ef fl ux  [  23,   175,   176  ] . It is 
also possible that some matrix proteins may be conditional substrates of ClpXP – dis-
playing speci fi c recognition motifs under conditions of stress. In this scenario, a 
speci fi c peptide or prosthetic group could be liberated from the protein following its 
targeted degradation. Again, signal transduction may rely on a speci fi c cytosolic 
receptor that recognises mitochondrially-derived ligands  [  23,   175,   176  ] . 

 The above models not only provide insight into the mechanisms that ClpXP may 
employ, but also pave the way for future studies. The identi fi cation of ClpXP sub-
strates and the molecules involved in downstream signalling may assist in further 
de fi ning the molecular mechanisms that control the  C. elegans  UPR mt  signalling path-
way. In addition, understanding the sensory components within the cytosol may also 
shed light on the mechanism by which ClpP is able to transmit signals independently 
of HAF-1. Whilst it is possible that ABC transporters that are similar to HAF-1 may 
have escaped detection in original screens, the existence of an alternative signalling 
route that also negotiates the mitochondrial membrane barrier cannot be discounted. 

 Despite  C. elegans  and mammalian UPR mt  pathways being functionally equiva-
lent, the transcription factors that control these stress response pathways appear to 
be quite different  [  169,   180  ] . Whilst studies have addressed the mechanisms by 
which UPR mt  gene targets are selectively upregulated in response to mitochondrial 
stress  [  169,   181  ] , the identity of the stress sensor component has remained elusive 
in mammalian mitochondria.   

   Future Perspectives 

 Most of our understanding of mitochondrial AAA+ proteases has been achieved via 
genetic, biochemical and proteomic studies, particularly in relation to PQC func-
tions. A detailed understanding of the recognition motifs in substrates and substrate 
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docking sites on mitochondrial AAA+ proteases will help to re fi ne their substrate 
repertoire. It is anticipated that much will be revealed about the substrates of these 
proteases in higher eukaryotes where cell type dependent processes take place. 
Research on the role of AAA+ proteases in the mitochondrial unfolded protein 
response, cell death and aging are just a few areas that are expected to expand in the 
near future. An understanding of the mitochondrial AAA+ proteases in the context 
of human mitochondrial diseases will be important in the development of successful 
therapies for disease intervention.      
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  Abstract   Proteasomes are ATP-dependent protein degradation machines present 
in all archaea and eukaryotes, and found in several bacterial species of the order 
Actinomycetales.  Mycobacterium tuberculosis  ( Mtb ), an Actinomycete pathogenic 
to humans, requires proteasome function to cause disease. In this chapter, we 
describe what is currently understood about the biochemistry of the  Mtb  proteasome 
and its role in virulence. The characterization of the  Mtb  proteasome has led to the 
discovery that proteins can be targeted for degradation by a small protein modi fi er 
in bacteria as they are in eukaryotes. Furthermore, the understanding of proteasome 
function in  Mtb  has helped reveal new insight into how the host battles infections.      

   Introduction 

  Mycobacterium tuberculosis  ( Mtb ) is the causative agent of tuberculosis (TB) and 
kills nearly two million people every year (  http://www.who.int/    ). The infectious 
process starts with the inhalation of air-borne droplets containing  Mtb  bacilli. 
Bacteria replicate in professional phagocytes in the lungs where they must combat 
numerous anti-microbial molecules. If the host cannot control the infection,  Mtb  
growth will result in the destruction of lung tissues and, ultimately, the death of 
the host. 
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 Despite the astounding mortality caused by TB, most individuals infected with 
 Mtb  can control mycobacterial growth for much of their lives. Among the host’s 
arsenal of antimicrobial effectors is nitric oxide (NO), which is produced by activated 
macrophages and is toxic to numerous microbes  [  1  ] . Evidence that supports the 
notion that NO is critical to controlling  Mtb  has come from mouse studies. 
Inactivation of the macrophage associated inducible NO synthase, (iNOS) also 
known as NOS2, dramatically sensitizes mice to  Mtb  infections  [  2  ] . The cytotoxic 
effects of NO are likely to be dependent on the formation of highly reactive nitrogen 
intermediates (RNIs). It is thought that in host cells NO is oxidized to nitrite, which 
can be protonated to nitrous acid in the phagosomes of activated macrophages. 
Nitrous acid dismutates to reform NO, which can penetrate bacterial membranes 
and cell walls to combine with reactive oxygen intermediates (ROIs) such as super-
oxide to generate peroxynitrite. RNIs and ROIs can induce lethal injuries including 
DNA and protein damage as well as lipid peroxidation  [  3,   4  ] . 

 Regardless of the apparent protective effects of host-produced NO during  Mtb  
infections, humans, as well as experimentally infected animals, are rarely sterilized 
of  Mtb   [  1,   2  ] . This observation was the basis for the hypothesis that  Mtb  encodes 
proteins required for resistance to NO toxicity. Due to the emergence of multi-drug 
resistant (MDR) and extensively-drug resistant (XDR)  Mtb  strains, researchers 
around the world are looking for novel ways to target TB. Drugs that inhibit bacterial 
defenses against mammalian antimicrobial effectors like NO could help the host 
win the war against this disease. 

 It has long been a technical challenge to identify and characterize pathways 
important for the pathogenesis of  Mtb , a highly infectious and slow growing 
(doubling time ~20 h) Actinobacterium with a high GC-content. Over the last 
20 years, improved molecular genetic tools and bio-safety provisions have greatly 
facilitated studies into understanding the pathogenesis of this challenging organism. 
With the advent of ef fi cient transposon mutagenesis, it became feasible to perform 
a screen to identify genes required for NO resistance  in vitro . After screening over 
10,000 transposon mutants for NO sensitivity, Nathan and colleagues identi fi ed 
 fi ve  Mtb  mutants of the virulent laboratory strain H37Rv with independent inser-
tions in Rv2115c and Rv2097c, two genes that were predicted to be associated with 
proteasome function  [  5  ] . Rv2115c was named  mpa  ( M  ycobacterium   p roteasomal 
 A TPase) due to its high similarity with eukaryotic and archaeal proteasomal ATPases 
 [  6  ] . Mpa is 81 % identical to ARC ( A AA ATPase forming  r ing-shaped  c omplexes) 
of  Rhodococcus erythropolis , the  fi rst biochemically characterized bacterial protea-
somal ATPase  [  7  ] . In contrast to Rv2115c/Mpa, Rv2097c did not exhibit similarity 
to any known proteins at the time, however, was proposed to participate in protea-
somal function, and as such was named  paf  for  p roteasome  a ccessory  f actor (later 
termed  pafA ). Importantly, mutations in  mpa  and  pafA  severely attenuate  Mtb  viru-
lence in mice  [  5  ] . 

 Proteasomes are multi-subunit barrel-shaped protease complexes that were  fi rst 
discovered in eukaryotes over 20 years ago  [  8  ] . In eukaryotes the 26S proteasome is 
composed of two functionally distinct sub-complexes: the 20S core particle (CP), 
required for degradation of the substrate, and a 19S regulatory particle (RP) located 
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at either or both ends of the CP, responsible for substrate unfolding and translocation 
into the CP  [  9,   10  ] . The RP is composed of numerous proteins, the composition of 
which varies depending on its function. The 19S RP contains 19 subunits, including 
a ring of six distinct AAA ( A TPases  a ssociated with different cellular  a ctivities) 
proteins that contact the CP, and non-ATPase subunits, which function in various 
aspects of substrate recognition and processing  [  11  ] . The CP is composed of four 
stacked rings with catalytic activity located within the central rings. The two inner 
rings are composed of seven distinct catalytic  b -subunits sandwiched between two 
outer rings composed of seven distinct  a -subunits  [  10  ] . The  b -subunits have several 
proteolytic activities that allow the proteasome to cleave most types of peptide 
bonds. Protein fragments are estimated to range in size from 8 to 10 residues  [  12  ] . 
The  a -subunit rings form a gated channel that controls the passage of substrates 
and cleaved peptides, and also serves as a docking surface for protein complexes 
such as the RP  [  10,   13  ] . 

 Proteasomes are enzymatically and structurally distinct from the ATP-dependent, 
chambered bacterial proteases ClpP, Lon, FtsH and HslV  [  14,   15  ] . The  fi rst clue that 
 bona  fi de  proteasomes were present in prokaryotes came from electron microscopy 
studies on the thermoacidophilic archaeon,  Thermoplasma acidophilum , in which 
CP-like particles were obtained from  T. acidophilum  lysates  [  16  ] . Ultimately, 
 T. acidophilum  CPs were puri fi ed and crystallized, and shown to be highly similar 
in structure to eukaryotic CPs  [  17  ] . The  fi rst bacterial proteasome to be characterized 
was the  R. erythropolis  proteasome  [  18  ] . Later, 20S proteasomes were characterized 
from  Mycobacterium smegmatis   [  19  ] ,  Streptomyces coelicolor   [  20  ]  and  Frankia  
 [  21  ] . Additionally, genomic sequencing revealed the presence of proteasomal genes 
in the pathogens  Mtb   [  22  ]  and  Mycobacterium leprae   [  23  ] . Bacterial proteasomes 
were thought to be con fi ned to Actinobacteria until studies from the Ban fi eld 
group (reviewed in  [  24  ] ), discovered two actinomycete-like proteasome genes clus-
ters in a non-culturable Gram-negative bacterium called  Leptospirillum . To date, 
Actinomycetes and  Leptospirillum  are the only known bacterial lineages with a 
proteasome system, and may have acquired this protease complex via lateral gene 
transfer events  [  24,   25  ] . In contrast to the eukaryotic CPs, most prokaryotic CPs are 
composed of homo-heptameric rings; two  b -subunits (PrcB) rings,  fl anked by two 
 a -subunit (PrcA) rings (reviewed in  [  26,   27  ] ). For the most part, the presence of only 
one type of  b -subunit limits the proteolytic activity of the prokaryotic 20S CP to 
chymotryptic activity. 

 Since the initial identi fi cation by Darwin  et al.  of genes required for NO resis-
tance in  Mtb   [  5  ] , it was later shown (using two separate  prcBA  mutant  Mtb  strains) 
that the CP was also needed for resistance to NO  [  28,   29  ] . This provided evidence 
of a functional link between Mpa, PafA and the CP. However, when compared to the 
wild type,  mpa  or  pafA Mtb  strains, the  prcBA  mutants grow much more slowly in 
rich broth (~20–30 % lower optical density at stationary phase) and take longer to 
form colonies on solid media  [  28,   29  ] . This growth defect in these genetically 
manipulated strains is similar to that observed for wild type  Mtb  strains treated 
with a mammalian proteasome inhibitor,  N -(4-morpholine)carbonyl-b-(1-naphthyl)-
L-alanine-L-leucine boronic acid (MLN-273) or epoxomicin  [  5  ] . Collectively, these 
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data suggest that the  Mtb  CP can also degrade proteins in an Mpa/PafA independent 
manner; or that the CP has other, possibly protease-independent functions important 
for growth (to be discussed later). The notion that the  Mtb  CP is needed for normal 
growth is supported by a study that attempted to delineate genes essential for  Mtb  
growth  in vitro.  In this study, Rubin and colleagues found that  prcBA , but not  mpa  
or  pafA , were required for normal growth  in vitro   [  30  ] , therefore it is, not surprising 
that  prcBA -defective  Mtb  strains are also highly attenuated in a mouse model of 
infection  [  28,   29  ] . 

 The identi fi cation of a bacterial proteasome associated with a virulence pheno-
type piqued the interest of numerous laboratories to better characterize this protease. 
Here, we summarize what is currently understood about the structure and function 
of the  Mtb  proteasome and discuss its potential roles in pathogenesis.  

    Mycobacterium tuberculosis  Proteasome Structure and Function 

   Structure of the  Mtb  20S Core Particle 

 The overall architecture of the  Mtb  20S CP is similar to the CP of archaeal  [  31  ]  and 
eukaryotic  [  32  ]  proteasomes. All CPs form a barrel-shaped structure consisting of 
four stacked, seven-subunit rings that are arranged into two central  b -rings,  fl anked 
by an  a -ring at either end. Like other prokaryotic proteasomes,  Mtb  CPs are arranged 
into a four-ringed  a 7 b 7 b 7 a 7 cylinder composed of 14 identical  a -subunits and 14 
identical  b -subunits, ~150 Å in height with a diameter of ~115 Å (Fig.  10.1a, b ). 
The  Mtb  proteasome shares modest sequence identity with the archaeal CP from 
 Thermoplasma  (~32 % identity for both  a - and  b -subunits) and high identity with 
the bacterial CP from  Rhodococcus  (~65 % identity). Despite this, with the excep-
tion of helix 2 in both the  a - and  b -subunits, the three-dimensional structures of 
all three prokaryotic CPs are virtually super-imposable  [  33,   34  ] . Although, only 
the relative position of helix 2 is altered in the bacterial CPs, this small upward tilt 
of ~10° creates a wider axial substrate channel in the bacterial CPs when compared 
to the archaeal CPs  [  33  ] .  

 The proteolytic active sites of the CP are housed in the  b -subunits (in eukaryotes 
only three of the seven  b -subunits contain functional sites:  b -1, -2, and -5  [  35  ] ). 
These active subunits are synthesized with N-terminal pro-peptides, the autocleavage 
of which exposes the catalytic nucleophile, an N-terminal threonine (Thr-1)  [  36  ] . 
Similarly, in  Rhodococcus,  there are two  b -subunits ( b 1 and  b 2) both of which are 
translated with long propeptides (65 and 59 residues respectively). In this case, 
recombinant  Rhodococcus   a - and  b -subunits only assemble into an active protea-
somes when all subunits are combined, while separately expressed components 
remain monomeric  [  34,   37–  39  ] . Collectively, these  fi ndings suggest that the  b -sub-
unit propeptide not only facilitates the formation of the  fi rst assembly intermediate 
(the  a / b  hetero-dimer) but also shields the catalytic Thr residue during proteasomal 
assembly, preventing undesired protein degradation  [  37,   40  ] . In  Thermoplasma , the 
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eight amino acid propeptide of the  b -subunit seems to be dispensable for assembly 
of the CP, as the  a -subunits can assemble spontaneously into seven subunit rings 
when produced in  Escherichia coli   [  41  ] . In contrast the  a -ring appears to serve as a 
template for assembly of the  b -ring in the formation of active CP in  Rhodococcus . 
In  Mtb  the 56-residue propeptide of PrcB appears to inhibit rather than promote CP 
assembly  [  42  ] , as a cryo-EM study of the  Mtb  half proteasome revealed that the 
propeptide is located outside of the  b -ring rather than between the  a - and  b -rings 
 [  43  ] . Because assembly of the mature CP is a result of the apposition of two half-
proteasomes, it seems that the  Mtb   b -propeptides, which are auto-catalytically 
removed, could be a barrier to the assembly process. However, it may be that simply 
more time is required to overcome this barrier.  

   Chamber of Doom: Core Protease Activity 

 Although several prokaryotic CPs characterized so far have signi fi cant peptidase 
activity  [  17,   40,   44,   45  ] , the  in vitro  peptidase activity of  Mtb  CP is relatively low 
 [  42  ] . This low activity suggests that the substrate gate is closed in a manner similar 

a b

  Fig. 10.1     Structure of the   Mtb   20S core particle (CP).  ( a ) Side view of the  Mtb  20S CP 
structure rendered in cartoon view (PDB ID 2FHG). The two a-rings at the  top  and the  bottom  
are displayed in  green , and the two catalytic middle b-rings in  blue . ( b ) The same side view as in 
( a ), but the structure is rendered in surface display. Only a central slab of 30 Å is shown such that 
the two anterior chambers and one central chamber of the CP are visible. The  red circles  mark the 
proteolytic sites       
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to the eukaryotic CP. In the eukaryotic CP, the substrate entrance to the  a -ring is 
closed to prevent uncontrolled proteolytic activity  [  46  ] . In the eukaryotic CP, the 
gate to the catalytic chamber is blocked by the N-terminal sequences of the seven 
different  a -subunits, which adopt different conformations and seal the entry portal 
 [  46  ] . In  Mtb , a high-resolution crystal structure of the CP containing a mutant 
 b -subunit (PrcB T1A, which prevents propeptide cleavage) revealed that the seven 
identical N-terminal peptides that form the gate were ordered, but exhibit three different 
conformations to tightly seal its substrate entrance at the seven-fold symmetry axis 
 [  43  ]  (Fig.  10.2a, b ). Deletion of the N-terminal residues 2-9 of PrcA results in an 
“open gate” conformation that increases peptidolytic activity to small peptides 
 in vitro   [  42  ]  (Fig.  10.2c ).  

 All CPs are N-terminal Thr hydrolases [ 14,   35,   36 ]. While most prokaryotic 
CPs seem to exclusively hydrolyze hydrophobic small synthetic peptide substrates 
(so-called “chymotryptic” activity), the  Mtb  CP has broad substrate speci fi city, 
targeting not only hydrophobic targets but also basic (“tryptic” activity) and acidic 
peptides (“peptidyl-glutamyl-peptide-hydrolyzing”, “caspase-like” or “post-acidic” 
activity)  [  42  ] . Unlike eukaryotic CPs in which substrate preference is determined by 
several different  b -subunits  [  35,   47,   48  ] , the  Mtb  20S CP contains a single type of 
 b -subunit, raising the question as to how it displays such broad substrate speci fi city. 
Structural analysis revealed that the substrate-binding pocket in the  Mtb  proteasome 
combines features found in different eukaryotic  b -subunits: a hydrophobic upper 
surface similar to that of formed by a eukaryotic  b 5 subunit, and a hydrophilic lower 
surface similar to eukaryotic  b 1 and  b 2 subunits  [  33  ] . This composite feature of the 
substrate-binding pocket in the  Mtb  CP likely accounts for its broad substrate 
speci fi city  [  42  ] .  

  Fig. 10.2     Top view of the   Mtb   20S CP.  ( a ) and ( b ) Closed gate conformation (PDB ID 3MKA). 
The gate formed by the  a -subunits is ordered and closed with a mechanism different to the eukaryotic 
CP. The seven subunits are chemically identical but adopt a total of three different conformations 
at their N-termini as indicated by the  different colors  in ( a ). A phenylalanine side chain from each 
of the green octapeptides contributes to the gate closure. ( c ) Deletion of the N-terminal residues 
2–9 results in the open gate conformation (PDB ID 3MFE)       
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   Mpa: Gateway to Doom 

 Like other chambered proteases, proteasomal proteolysis requires an ATP-dependent 
chaperone to unfold structured proteins for delivery into the proteasome core where 
they are degraded. In archaea the best-characterized proteasomal ATPase is 
 Methanococcus jannaschii  PAN ( p roteasome  a ctivating  n ucleotidase)  [  49  ] . PAN 
can facilitate the degradation of arti fi cial substrates by CPs  [  6,   49  ]  but it remains to 
be determined how PAN recognizes archaeal proteins. Mpa forms homo-hexamers 
and is homologous to PAN. Like other AAA ATPases, Mpa has characteristic 
Walker A and B motifs for ATP binding and hydrolysis, respectively  [  50  ] . Mpa has 
relatively low ATPase activity: ATP hydrolysis is about four times slower than that 
of ARC, the Mpa orthologue in  Rhodococcus  (V 

max
  of 62 versus 268 pmol min −1   m g −1 ) 

 [  7,   51  ] , or PAN  [  49  ] . As predicted (and will be discussed in detail below), a major 
function of Mpa is to deliver proteins into the CP for destruction. 

 The full-length structure of Mpa is currently unknown, however, crystal structure 
analysis of partial Mpa polypeptides has yielded highly informative insight into 
its activity. Mpa and ARC each contain two domains of the oligosaccharide/
oligonucleotide-binding (OB) fold in tandem, with the second OB fold appearing to 
play a major role in Mpa oligomerization  [  52,   53  ]  (Fig.  10.3a ). In contrast, the archaeal 
PAN has only one OB domain  [  55  ] , and it is not clear why Mpa and ARC have two. 
Immediately preceding the OB folds in Mpa is a 75 Å long  a -helix  [  54  ]  (Fig.  10.3b ). 

  Fig. 10.3     Comparison of Mpa with PAN.  ( a ) Linear map of the domain structure of Mpa. 
 CC  = coiled coil;  OB  = oligosaccharide/oligonucleotide binding domain. ( b ) The structures of  Mtb  
Mpa1-234 (PDB ID 3M9B),  Archaeoglobus fulgidus  PAN- D CC_CC 

GCN4
  hybrid (PDB ID 2WG5), 

and  M. jannaschii  PAN (PDB ID 3H43) are aligned and displayed individually (Figure adapted 
from  [  54  ] )       

 



274 M.I. Samanovic et al.

Remarkably, helices from neighbouring subunit pairs form a coiled coil, thereby 
reducing the six-fold symmetry at the intermediate OB domain region to three-fold. 
This structural feature may be important for the speci fi c protein recognition and 
unfolding activity of this class of ATPases.  

 By analogy to the eukaryotic 26S proteasome, the prokaryotic proteasomal 
ATPases are also expected to physically interact with the CP in order to couple protein 
unfolding with delivery into the CP. A major distinction between the prokaryotic 
ATPases and eukaryotic 19S RP is that the 19S binds the CP with an af fi nity strong 
enough for the entire 26S complex (19S RP + 20S CP) to be co-puri fi ed. In stark 
contrast, prokaryotic ATPases, despite strong phenotypic associations with CP 
activity  in vivo , only bind CPs either weakly or transiently  in vitro   [  52,   56  ] . 
 Methanococcus  PAN weakly interacts with  Thermoplasma  CPs  [  56  ] , and Mpa can 
directly associate, although  fl exibly and weakly, with open-gate mutant  Mtb  CPs 
 [  52  ]  and can degrade proteins  [  57  ] . Because Mpa only weakly interacts with an 
altered proteasome  in vitro , the precise nature of how any bacterial proteasome 
interacts with its cognate ATPase  in vivo  is a mystery. It is notable that proteasomal 
ATPases from bacteria to mammals contain a “HbYX (hydrophobic amino acid-
tyrosine-X) motif” at their C-termini, and this motif is crucial for degradation but 
not ATPase activity  [  51,   56,   58,   59  ] . This motif is needed for PAN-mediated activa-
tion of proteolysis  [  60  ]  and is implicated in proteasome assembly in yeast  [  59  ] . 
Mpa also has a HbYX-like motif, which is critical for the degradation of proteins in 
 Mtb   [  51,   58  ] . Like PAN, Mpa lacking this motif is impaired in its interaction with 
the  Mtb  20S CP  in vitro   [  57  ] .  

   A Pup-y Tale 

 In eukaryotes, proteins that are destined for proteasomal degradation are usually 
post-translationally modi fi ed with the small protein ubiquitin (Ub) (reviewed in 
 [  61  ] ). Ubiquitin is synthesized as part of a precursor protein, processed to form a 76 
amino acid protein containing a C-terminal diglycine motif (Gly-Gly), with a 
compact  b -grasp fold  [  62–  64  ] . The C-terminal Gly is subject to a series of reactions 
that result in the conjugation of Ub to a Lys residue on the target protein  [  65–  67  ] . 
In the  fi rst step, the C-terminal Gly of Ub is adenylated by an Ub activating 
enzyme (E1) using ATP. Ub is then transferred to the active site Cys residue on the 
E1 enzyme. Next, Ub is transferred to an Ub conjugating enzyme (E2) and delivered 
to an Ub ligase (E3), which catalyzes the formation of an isopeptide bond with a 
Lys residue on the target protein (Fig.  10.4 ). In eukaryotes there are numerous E2 
activating enzymes and E3 ligases (which contain a variety of substrate binding 
activities) to provide substrate speci fi city to the Ub proteasome system (UPS) 
(reviewed in  [  68,   69  ] ). In general, proteins that are targeted to the proteasome have 
several Ub molecules added to the substrate, usually resulting in the formation of 
polyubiquitin (polyUb) chains  [  66,   70,   71  ] . The polyUb chains are recognized by 
the RP of the proteasome, and removed by proteasome-associated deubiquitinases 
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  Fig. 10.4     Eukaryotic ubiquitin-proteasome system.  Ubiquitin (Ub) is encoded as part of a 
larger polypeptide. Proteases expose a C-terminal Gly-Gly motif that is activated by adenylation 
with an E1 enzyme. The E1 enzyme transfers Ub to an E2 enzyme, where a thioester bond is 
formed. The E2 then transfers Ub to any number of E3 ligases. The E3 ligase family can be 
sub-divided into HECT and RING domain ligases: RING ligases interact with both the E2 and 
substrate, and facilitate the direct transfer of Ub from the E2 to the substrate. In contrast, HECT 
ligases form a thioester bond with Ub prior to transfer to a substrate Lys. E3 ligases dictate the type 
of Ub linkages that are formed. Ubiquitylated protein with Lys48 (K48) linked Ub chains are targeted 
for degradation by the 26S proteasome. Other types of Ub linkages (mono- and poly-K63 and others) 
generally do not result in degradation but serve other functions       
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(DUBs) for recycling of Ub. The deubiquitylated substrate is then delivered to the 
CP for destruction (reviewed in  [  11  ] ).  

 Despite the presence of archaeal and bacterial CPs that are almost biochemically 
indistinguishable from the eukaryotic CP, an Ub-like system for the degradation 
of protein substrates was not found in prokaryotes for many years. A major hurdle 
at this time was an inability to reconstitute the proteolytic activity of bacterial 
proteasomes. This strongly suggested that other co-factors were required for 
proteolysis or that speci fi c model substrates were required. It was speculated that 
bacterial proteasomal substrates only required intrinsic signals for degradation, 
as there was no evidence for the existence of any post-translational small protein 
modi fi ers in bacteria. To examine this, Darwin and colleagues set out to identify 
natural  Mtb  proteasome substrates by comparing the steady-state proteomes of wild 
type and  mpa Mtb  strains using two-dimensional polyacrylamide electrophoresis 
 [  58  ] . Although the proteomic pro fi les of untreated and NO-treated stationary phase 
cultures showed limited differences between the two  Mtb  strains, two proteins, FabD 
(malonyl CoA-acyl carrier protein transacylase) and PanB (ketopantoate hydroxym-
ethyltransferase), accumulate signi fi cantly in the  mpa  strain. Importantly, the tran-
script levels  fabD  and  panB  are nearly identical in both wild type and  mpa Mtb  
strains, which supported the notion that Mpa is required for FabD and PanB turn-
over, and not  fabD  or  panB  expression. 

 To further test if FabD and PanB were potential proteasome substrates,  Mtb fabD  
and  panB  were expressed from a heterologous  M. bovis hsp60  promoter in  Mtb   [  72  ] . 
In addition to ruling out potential differences in gene expression, this system would 
also address the possibility that  fabD  and  panB  mRNA had differences in translation 
initiation in the  mpa  or  pafA  strains. Each recombinant gene also encoded a FLAG 
and His 

6
  epitope tag at the N- and C-termini, respectively. Similar to that observed 

in 2D-PAGE analysis, both FLAG-FabD-His 
6
  and FLAG-PanB-His 

6
  accumulate in 

the  mpa  and  pafA  mutants  [  58  ] . Consistently, treatment of wild type  Mtb  with a 
eukaryotic proteasome inhibitor stabilized FabD and PanB  [  58  ]  and deletion of the 
20S CP permitted PanB accumulation  [  29  ] . Collectively, these data supported 
the idea that Mpa and PafA were required for the degradation of FabD and PanB 
by the CP. 

 In addition to the identi fi cation of FabD and PanB as proteasomal substrates, an 
unexpected observation was made during these studies: Mpa itself was also identi fi ed 
as a putative proteasomal substrate  [  58  ] . Chemical inhibition of the CP results in the 
accumulation of Mpa in  Mtb . This  fi nding was consistent with an earlier observation 
that mutations in  mpa , which disrupt the ATPase activity or the HbYX motif, increase 
the steady-state levels of Mpa  [  51  ] . Similarly, Mpa accumulates in a  pafA  mutant 
strain, supporting a role for PafA in substrate degradation  [  58  ] . Thus it appears that 
the proteasome may “cannibalize” its ATPase to regulate its levels and hence activity. 

 Despite the identi fi cation of these putative substrates, their degradation, using 
puri fi ed Mpa and CP, could not be reconstituted  in vitro . Therefore it was proposed 
that other factors were needed to facilitate proteasomal degradation. To identify 
these factors a bacterial two-hybrid screen  [  73  ]  was used to search for proteins that 
bind to Mpa, with the reasoning that Mpa interacts not only with substrates but also 
with other proteins that promote proteolysis. From a library of ~100,000  Mtb  
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genomic DNA fragments, Darwin and colleagues identi fi ed a protein encoded 
upstream of the CP genes  prcBA , termed Rv2111c  [  74  ] . Importantly, recombinant 
Mpa and Rv2111c interacted  in vitro , however, the addition of puri fi ed Rv2111c to 
CP and Mpa was unable to stimulate degradation of FabD. 

 The inability to reconstitute proteasomal degradation  in vitro  suggested that 
additional co-factors were still needed for proteolysis. Because  E. coli  does not 
encode a proteasome system it was reasoned that these co-factors were likely missing 
and possibly  Mycobacterium -speci fi c. A mycobacterial two-hybrid system  [  75  ]  
was thus used to interrogate interactions between proteasome subunits, substrates 
and the newly identi fi ed Rv2111c. In this system,  M. smegmatis  ( Msm ), a non-
pathogenic relative of  Mtb , was used as the host organism to identify protein-protein 
interactions. An unexpected interaction was detected between the substrate FabD 
and Rv2111c. To validate the genetic result, recombinant  fabD  and Rv2111c were 
co-expressed in  Msm  and found to co-purify as a heat stable complex. Mass spec-
trometry revealed that the C-terminal residue on Rv2111c formed an isopeptide 
bond with the side chain of Lys173 in FabD  [  74  ] . However, in contrast to Ub and 
related modi fi ers, Rv2111c did not have a C-terminal Gly-Gly motif, but instead has 
a Gly-Gly-Gln motif. Moreover, the C-terminal Gln was deamidated to Glu, before 
conjugation to FabD  [  74  ] . In a subsequent study, an orthologue of Rv2111c in  Msm  
(MSMEG_3896) was identi fi ed as the protein modi fi er in that species. Thus, these 
two studies showed that this post-translational protein modi fi cation is conserved in 
both pathogenic and non-pathogenic mycobacteria  [  74,   76  ] . 

 To determine if Rv2111c targeted proteins for degradation, Darwin and co-workers 
mutated the modi fi ed lysine residue (Lys173) in FabD  [  74  ] . Consistent with the 
idea that attachment with Rv2111c was the signal for degradation by the  Mtb  pro-
teasome, mutagenesis of Lys173 to alanine in  Mtb  FabD stabilized the protein 
substrate. Based on its functional similarity to Ub, Rv2111c was named “Pup” for 
 p rokaryotic  u biquitin-like  p rotein. Polyclonal antibodies to Pup recognize numerous 
proteins in  Mtb  H37Rv demonstrating that “pupylation” is widespread. Immunoblot 
analysis of the  pafA  mutant shows no anti-Pup reactive proteins, suggesting that 
PafA was the only Pup ligase in  Mtb   [  74  ] . This result was somewhat unexpected as 
there are several hundred different Ub ligases in eukaryotes. In a subsequent study, 
Weber-Ban and colleagues demonstrated that PafA and ATP were suf fi cient to 
conjugate deamidated Pup to proteasomal substrates  in vitro   [  77  ] . Interestingly, in 
contrast to Ub and other Ub-related modi fi ers, which all form a compact  b -grasp 
fold, Pup is an intrinsically disordered protein with a propensity for helicity 
 [  78–  80  ] .  

   Lack of a Pupylation Motif 

 Although sequence recognition motifs for Ub ligases and other accessory factors 
have been identi fi ed, there is currently no known sequence motif surrounding the 
Lys on which Ub is attached (reviewed in  [  81  ] ). In contrast, SUMO ( s mall  u biquitin-
like  mo di fi er) often attaches to a Lys residue that is part of a tetrapeptide motif, 
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 Y KxD/E, where  Y  is a large hydrophobic residue and x is any amino acid (reviewed 
in  [  67  ] ). The identi fi cation of a sequence that could predict pupylation could be 
useful for understanding how Pup regulates proteins. Therefore, to identify a possible 
pupylation motif, the “pupylome” was determined by several independent groups 
by purifying an epitope tagged Pup from  Mtb   [  82  ]  or  Msm   [  83,   84  ] . In the  Mtb  study 
604 proteins, representing ~15 % of the total predicted proteome, were identi fi ed, 
but only 55 proteins, including Mpa, were con fi rmed to harbor a site of Pup attach-
ment  [  82  ] . In  Msm , two independent studies identi fi ed 103 and 243 proteins, with 
52 and 41 proteins, respectively, having con fi rmed Pup attachment sites  [  83,   84  ] . In 
all cases, Pup was attached to Lys, and there was little to no evidence of Pup chains, 
although Pup contains three Lys residues. In one study, Song and colleagues 
observed pupylation of Lys31 and Lys61 on Pup  [  84  ] ; however, the authors of this 
study speculated this might not be physiologically relevant as Pup was over-
produced. The authors also noted that pupylation was dynamic and changed depending 
on the growth condition examined. In all of the “pupylome” studies most, if not all, of 
the proteins identi fi ed are involved in housekeeping functions or stress responses. 

 Despite the successful identi fi cation of numerous pupylation targets, a motif is 
yet to be identi fi ed. It has however, been speculated that an intrinsic sequence is 
required to signal pupylation because PafA has a much higher af fi nity for at least 
one proteasome substrate, PanB, than for free Lys  [  85  ] . Nevertheless, it is hard to 
imagine how PafA speci fi cally recognizes its targets because so many different 
proteins can be pupylated. In  E. coli , a bacterial species that does not encode a 
Pup-proteasome system, pupylation can be reconstituted by expressing Pup with a 
C-terminal Glu (PupGlu) and PafA. Over 50  E. coli  proteins can be pupylated 
using only PafA and a Pup mutant containing a C-terminal Glu (Pup 

Glu
 ), suggesting 

the notion that an intrinsic  Mycobacterium  speci fi c sequence is required for pupyla-
tion is unlikely  [  86  ] . Consistently, PtsI (an  E. coli  pupylated substrate) was pupy-
lated by a native mycobacterial system when produced in  Msm   [  86  ] . Thus, signals 
for PafA target recognition are not expected to be  Mycobacterium  speci fi c. 

 Based on these  E. coli  studies, it appears that pupylation is partly stochastic. 
However, it seems unlikely that mere over-expression of  pup  and  pafA  could determine 
the fate of so many proteins. Firstly, not all Lys containing proteins are pupylated, 
e.g. pupylation of the  Mtb  protein DlaT (dihydrolipoamide acyltransferase), which 
contains 27 Lys residues, has not been observed in either  Mtb   [  74  ]  or  E. coli   [  86  ] . 
Secondly, not all Lys residues within the target protein are modi fi ed. Strikingly,  Mtb  
FabD is preferentially modi fi ed on a single Lys residue, Lys173  [  74,   82  ] , despite the 
fact that  Mtb  FabD contains eight surface exposed Lys residues  [  87  ] . Although, two 
additional Lys residues can, to a lesser extent, be pupylated in  Mtb  FabD when 
produced in  E. coli   [  86  ] . A simple explanation may be that over-production of 
 Mtb  FabD in the  E. coli  system merely gives PafA access to other Lys residues. 
Alternatively, these data may suggest that other factors regulate how and when 
FabD is pupylated in mycobacteria. Indeed, Darwin and colleagues speculated that 
the Lys residues in FabD may be involved in interactions with other enzymes in the 
fatty acid synthesis II (FASII) pathway  [  86  ]  protecting them from modi fi cation. 
Interestingly, most enzymes in the FASII pathway, several of which are encoded in 
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an operon with  fabD , are pupylation targets  [  82,   83  ] . However, under normal culture 
conditions, only some of the proteins in this pathway appear to be proteasome 
substrates in  Mtb . Recombinant FabG (3-ketoacyl-Acp-reductase), KasA and KasB 
(3-oxoacyl-Acp-synthases 1 and 2, respectively) do not accumulate in  mpa  or  pafA  
mutants under routine culture conditions  [  82  ] . It is possible that FabG, KasA, and 
KasB are degraded by the proteasome under different conditions or are degraded 
more slowly than FabD. Taken together, there may still be additional  Mycobacterium  
speci fi city factors that regulate pupylation or the delivery of certain pupylated 
proteins to the proteasome.  

   Pupylation: An Enzymatic Process That Resembles 
Glutamine Synthesis 

 At the time of its identi fi cation, PafA did not resemble any protein of known func-
tion  [  5  ] . Shortly after the discovery that PafA was involved in pupylation, Aravind 
and colleagues performed a detailed bioinformatic analysis that predicted PafA to 
have structural similarity to glutamine synthetase (GS) and glutamine cysteine 
synthetase (GCS)  [  88  ] . GS catalyzes the formation of Gln from Glu and ammonia, 
while GCS catalyzes the formation of  g -glutamyl-cysteine from Glu and Cys; both 
processes occur via a phosphorylated Glu intermediate. It was therefore proposed 
that the side chain carboxylate group of the C-terminal Glu in Pup would be 
phosphorylated or “activated” by PafA. This phosphorylated intermediate would 
then be primed for nucleophilic attack by the  e -amino group of a side chain Lys on 
a substrate, resulting in an isopeptide bond between C-terminal Glu of Pup and an 
internal Lys on the substrate. Indeed, as predicted by Iyer et al.  [  88  ] , Weber-Ban and 
colleagues could show that Pup ~ substrate conjugates are generated via activation 
of the carboxylate group on the C-terminal Glu of Pup  [  77  ] . Consistently, site 
directed mutagenesis of residues in PafA predicted to coordinate ATP or Mg 2+  
disrupted PafA function both  in vivo   [  89  ]  and  in vitro   [  77  ] . 

 But how is Pup deamidated prior to activation by PafA? The  fi rst evidence came 
from the Weber-Ban group, who identi fi ed a homologue of PafA in H37Rv, 
(Rv2112c) near the proteasome core genes  prcBA   [  77  ] . They demonstrated, using 
puri fi ed recombinant proteins, that Rv2112c was responsible for Pup deamidation, 
rendering Pup competent for ligation to FabD or PanB by PafA. Rv2112c was there-
fore named Dop for  d eamidase  o f  P up  [  77  ]  (Fig.  10.5 ). In contrast to PafA, which 
needs ATP to phosphorylate Pup, Dop can deamidate Pup in the presence of ATP, 
ADP or non-hydrolyzable ATP analogues, suggesting ATP/ADP are allosteric 
activators of deamidation. Pupylation could also be achieved, in the absence of Dop, 
when Pup was replaced with a mutant form of Pup (Pup 

Glu
 , that does not require 

deamidation for activation), obviating the need for Dop  in vitro   [  77  ] . This demon-
strated that Dop and PafA catalyze independent reactions: deamidation of Pup and 
conjugation of Pup, respectively. Curiously some Dop-containing bacteria encode 
Pup 

Glu
 , presumably eliminating the need for Dop, which suggests that Dop may play 
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a different role in these organisms. Nevertheless, for mycobacteria, deamidation is 
required for pupylation to take place as disruption of  dop  impairs pupylation and 
proteasomal substrate degradation  [  89,   90  ] .   

   Degradation by the  Mtb  Proteasome: End of the Road…or Is It? 

 How are pupylated proteins recognized by Mpa prior to degradation? In eukaryotes, 
Ub receptors are present in the RP of the 26S proteasome, ready to receive ubiqui-
tylated proteins (reviewed in  [  11  ] ). To date, an equivalent Pup receptor has not been 
found, however, Pup has a strong af fi nity for Mpa both  in vitro  and  in vivo   [  74  ]  and 
pull-down experiments using Pup-decorated beads showed that the N-terminal 
coiled-coil domain of Mpa interacts with Pup  [  79  ] . Unlike Ub, Pup is a mostly 
unstructured, intrinsically disordered protein  [  78–  80  ] , which raised the question: 
how does Mpa speci fi cally recognize Pup? 

 A series of  in vitro  and  in vivo  experiments determined that Pup is a two-part 
degron where the N-terminal ~30 residues are required for Mpa to start the unfold-
ing process and the C-terminal ~30 residues, which have the propensity for helicity 
as determined by NMR, are needed to interact with Mpa  [  57,   91  ] . Darwin and 
colleagues showed that the N-terminal half of Pup is essential for degradation, 
but dispensable for pupylation  in vivo   [  91  ] , suggesting the C-terminal half of Pup 
is necessary and suf fi cient for interaction with PafA and Dop. Weber-Ban and 
colleagues showed that Mpa could unfold green  fl uorescent protein if fused to Pup, 

  Fig. 10.5     Overview of the Pup-proteasome system in mycobacteria.  Pup is deamidated at the 
C-terminal Gln by Dop. PafA phosphorylates the  a -carboxylate of the C-terminal Glu of Pup, 
priming it for attack by the  e -amino group of a substrate Lys. Pup can be removed by Dop prior to 
degradation to potentially rescue a substrate from destruction or possibly facilitate its degradation       
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and this required the N-terminal half of Pup  [  57  ] . Importantly, this study also showed 
that a pupylated substrate can be degraded, albeit somewhat slowly, by Mpa and the 
proteasome. Interestingly, Pup itself is degraded with the substrate in this system, 
showing removal of Pup is not essential for degradation. 

 The molecular details of the interactions required for substrate degradation were 
ultimately revealed when the three-dimensional structure of the Pup-Mpa complex 
was solved  [  54  ] . Analysis of this complex revealed that the central part of Pup (resi-
dues 21–51) becomes ordered upon binding to Mpa  [  54  ] . Indeed, the central part of 
Pup forms an  a -helix, using the coiled-coil region of Mpa as a template (Fig.  10.6a ). 
This interaction positions the disordered N-terminus of Pup towards the central 
channel of the hexameric ATPase, apparently priming the initial threading of Pup 
into the narrow unfolding pore  [  54  ]  (Fig.  10.6b ). This is consistent with previous 
studies that suggested the N-terminal half of Pup is needed to facilitate substrate 
unfolding and degradation  [  57,   91  ] . Both hydrophobic and electrostatic interac-
tions are formed between Pup and Mpa, and disruption of either type of interaction 
abolishes Pup-mediated degradation by the proteasome in  Msm   [  54  ] . Furthermore, 
consistent with other AAA proteases, mutagenesis of the conserved hydrophobic 
“pore loop” (Val342Ala) in Mpa abolishes degradation  [  52  ] .  

 Importantly, although there are three coiled-coils in the Mpa hexamer (each 
potentially capable of interacting with Pup or a pupylated substrate) it appears that 
only one Pup associates per Mpa hexamer  [  54,   78,   79  ] . This arrangement would 
prevent multiple substrates from being recruited to the same Mpa hexamer at any 
one time, and hence would eliminate potential substrate aggregation or jamming 
at the proteasome.  

   Depupylation: What Goes On, Must Come Off 

 In the eukaryotic UPS, DUBs play an important role in protein degradation. Some 
DUBs, by removing Ub, are responsible for reversing the fate of a protein destined 
for degradation, while other DUBs located at the 19S RP, remove Ub to facilitate 
degradation (reviewed in  [  92  ] ). DUBs are also responsible for the recycling of Ub 
to permit new ubiquitylation reactions. It was therefore predicted that pupylation 
would also be reversible. In a series of elegant experiments the Pup deamidase 
(Dop) was ultimately identi fi ed as a “depupylase” (DPUP) in both  Mtb   [  91  ]  and 
 Msm   [  93  ] . DPUP activity was  fi rst demonstrated by Darwin and colleagues, using 
puri fi ed pupylated substrates (Pup ~ FabD and Pup ~ Ino1) with lysates from wild 
type  Mtb . Although wild type  Mtb  lysates demonstrated DPUP activity, the  dop  
mutant strain did not  [  91  ] . These data suggested that Dop was responsible not only 
for deamidation of Pup, but also for depupylation (Fig.  10.5 ). Indeed, Dop-mediated 
DPUP activity was then con fi rmed  in vitro  using a variety of pupylated substrates 
 [  91,   93  ] . It was then shown by Weber-Ban and colleagues that Dop cleaves 
speci fi cally the isopeptide bond between Pup and the proteasomal substrate Lys and 
that Pup 

Glu
  is released from the depupylation reaction, suggesting Pup could be 

recycled  [  93  ] . 
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  Fig. 10.6     Binding of Pup 
to Mpa induces a helical 
structure at the C-terminus 
of Pup.  ( a ) Top view of the 
crystal structure of the 
hexameric Mpa1-234 
complex with Pup (PDB ID 
3M9D). The binding-induced 
Pup helix is shown in the 
cartoon view in  red , and the 
Mpa coiled-coil and OB 
domains are shown in surface 
view in  green . ( b ) Model for 
the targeting of pupylated 
proteins for degradation by 
Mpa and CP. The 
Pup:Mpa1-234 complex 
structure ( red and green ) was 
placed over the homologous 
PAN AAA + domain structure 
(PDB ID 3H4M,  magenta ), 
which was overlaid on the 
 Mtb  CP (PDB ID 2FHH, 
 yellow ). A vertical central slice 
of the complex structure is 
shown for clarity. Pup is in 
 red , and a model substrate 
in  green        
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 Dop is a strict isopeptidase because it cannot remove Pup from a longer polypeptide 
or linear fusion protein  [  91,   93  ] . This is in contrast to some Ub processing enzymes 
(DUBs) that remove Ub from larger polypeptides  [  64  ] . In contrast to DUBs,    which 
tend to be either cysteine or zinc metalloproteases (reviewed in  [  92  ] ), the catalytic 
motif of Dop is currently unknown; it does not have a nucleophilic Cys in its partially 
modeled active site  [  89  ] , and is not known to require zinc for function. Like PafA, 
Dop is predicted to adopt a GS/GCS fold  [  88  ] . Dop binds Pup well  in vitro  unless 
Pup’s penultimate Gly-Gly motif is mutated, or additional amino acids are added to 
the C-terminus. Interestingly, however the Gly-Gly motif is not required for sub-
strate attachment  [  89  ] . Taken together, it seems that the Gly-Gly motif is important 
for access to the active site of Dop but not for conjugation to substrates. 

 It is challenging to assess the role of Dop’s DPUP activity  in vivo  because Dop 
is required for Pup deamidation prior to pupylation in  Msm  and  Mtb   [  89,   93  ] . 
Weber-Ban and colleagues fully restored pupylation in an  Msm dop  mutant by ectopic 
expression of  pup  

 Glu 
   [  93  ] . In striking contrast, however, expression of  pup  

 Glu 
  does 

not restore the pupylome in  Mtb   [  89  ] . However, the  Mtb  pupylome can be restored 
in the  dop  strain expressing  pup  

 Glu 
  if treated with a proteasome inhibitor. This result 

suggests that Pup, along with its conjugated proteins, is directly degraded by the 
proteasome in  Mtb  lacking Dop. Importantly, this observation strongly suggests 
depupylation is needed to maintain Pup levels for normal pupylation. Thus, it seems 
likely that a critical function of Dop in  Mtb  is to act as a DPUP, an activity that is 
essential for Pup recycling. Furthermore, DPUP activity could also be used to regulate 
protein stability by altering the fate of a once doomed pupylated substrate. As with 
PafA and pupylation, it is not known how Dop selects substrates for depupylation. 
Finally, in bacteria that encode Pup 

Glu
 , the primary function of Dop must be as a 

DPUP. It remains to be determined if certain bacteria have evolved to use Pup 
deamidation as a regulatory step in pupylation. Additionally, we do not yet understand 
why  dop  mutants in  Msm  and  Mtb  have such different phenotypes. 

 A curious observation was made in a study that examined the stability of Ino1 in 
 Msm   [  94  ] . Over-expression of  pup  in wild type  Msm  results in virtually undetectable 
levels of endogenous Ino1, presumably due to its accelerated turnover. Interestingly, 
over-expression of  pup  in a  prcBA  mutant results in the accumulation of unpupylated 
Ino1. This  fi nding suggests that in the  prcBA  mutant either pupylation of Ino1 is 
inhibited or depupylation prevents detection of Pup ~ Ino1. In contrast, a follow up 
study showed that Pup ~ Ino1 accumulates dramatically in an  Msm mpa  mutant 
overproducing Pup  [  91  ] , which led to the hypothesis that Mpa helps to unfold a 
pupylated substrate in order for it to be depupylated. Consistent with this idea, 
Weber-Ban and co-workers showed that Mpa increases depupylation of a substrate 
 in vitro   [  93  ] . Interestingly, it has been noted that corynebacteria, a distant relative of 
mycobacteria, encode  pup ,  mpa ,  pafA,  and  dop  orthologues but do not have protea-
somes  [  90  ] . It is tempting to speculate that pupylated proteins are degraded by a 
different protease, or that pupylation-depupylation is involved in regulating protein 
activity in this bacterial genus. 

 The notion that protein unfolding by Mpa is coupled to depupylation poses some 
challenges to the current model of proteasome-mediated degradation in mycobacteria. 
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It is well established that unfolding of proteasome substrates starts with the 
engagement of Pup with Mpa  [  54,   57  ] . Presumably, Pup is threaded through 
the channel in Mpa and, as previously shown, can itself be destroyed by the protea-
some along with the substrate  in vitro   [  57,   89  ] . However it also appears that 
substrates can be depupylated prior to degradation, presumably as they exit from the 
proximal end of the  Mpa  hexamer. This scenario implies that Dop interacts with 
Mpa or substrates at the interface between Mpa and the CP where the unfolded 
protein is being funnelled into the degradation chamber. One wonders if the con-
served, but poorly understood, symmetry mismatch between the six-fold ATPase 
and the seven-fold CP evolved to prevent tight binding, and allow a gap for the 
removal of Pup by Dop. Clearly, much needs to be done in order to understand how, 
when and where Dop coordinates depupylation with degradation. 

 In eukaryotes, DUBs, ATPases, ligases and other proteins are associated with the 
eukaryotic 19S RP to remodel or recycle Ub chains on substrates. The  Mycobacterium  
proteasome system appears to have been streamlined in such a way that Mpa plays 
multiple roles in the Pup-proteasome pathway by acting as a substrate receptor, 
unfoldase and a facilitator of depupylation. It remains to be determined if the  Mtb  
proteasome requires additional co-factors to catalyze proteolysis. Because the 
 in vitro  degradation rate of a pupylated protein seems unusually slow  [  57,   91  ] , it 
seems likely that other undetermined factors may be needed to facilitate degradation 
in  Mtb .   

   Proteasomes and Pathogenesis 

 As discussed earlier in this chapter,  mpa  and  pafA  were identi fi ed as genes required 
for NO resistance and virulence in an animal model of infection  [  5  ] . Later studies 
(to be discussed below) identi fi ed additional components of the Pup-proteasome 
system that are also needed for  Mtb  pathogenesis. How does the  Mtb  proteasome 
protect against NO toxicity and promote TB pathogenesis? Perhaps the proteasome 
provides bacteria with a critical pool of amino acids through protein degradation 
during the chronic phase of infection. Alternatively, the bacterial proteasome may 
modify the host machinery to its advantage by degrading proteins that alter the 
recognition of the pathogen by the host’s immune system. In the next section we 
will attempt to address these complex questions by discussing the  in vitro  and  in vivo  
phenotypes of proteasome associated mutants in more detail. 

   Characterization of Proteasome Pathway Mutants 

 The mouse model of TB is characterized by two phases, an acute phase, during 
which  Mtb  replicates exponentially within the lungs for about 3 weeks and a chronic 
or latent phase that is brought about by the emergence of acquired cell-mediated 
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immunity. During the chronic phase bacterial numbers are stabilized in the lungs. 
Eventually, all mice that are experimentally inoculated with wild type  Mtb  die of 
TB, in contrast to humans that are naturally infected with  Mtb . In a low dose aerosol 
model of  Mtb  infection, mice can survive for more than a year before succumbing to 
TB; in contrast, mice infected with either an  mpa  or  pafA  mutant show no symptoms 
of TB  [  51,   58  ] . Similar to the  mpa  and  pafA  mutants, an  Mtb dop  mutant is sensitive 
to RNI  in vitro  and severely attenuated in mice  [  89  ] . The degree of attenuation in 
mice (bacterial load and histopathology) is similar among the  dop ,  mpa  and  pafA  
mutants, consistent with the notion that pupylation and Mpa-dependent proteolysis 
are functionally linked  [  5,   89  ] . The attenuation of symptoms is likely due to the 
presence of 100-1,000 times fewer recoverable mutant bacilli in the lungs, spleens 
and livers during the persistent phase of infection  [  5  ] . However, it is also possible 
that the  Mtb  proteasome regulates one or more factors that affect the host’s response 
to infection. 

 Targeted gene disruptions in the  Mtb  CP genes dramatically slow  Mtb  growth 
on solid media  [  28,   29  ] . In C57BL/6 mice infected with either  D  prcBA::hyg  or P 

 tetO 
 -

 prcBA Mtb  strains, the number of bacilli recovered from the lungs is approximately 
100-fold lower (compared to wild type or non-silenced  Mtb ) after 3 weeks of infec-
tion and continues to decline after this time. This is not completely surprising based 
on the severe  in vitro  growth defects associated with  Mtb  CP mutations. In contrast 
to the  prcBA  strains,  mpa, pafA  and  dop Mtb  mutants grow more similarly to wild 
type  Mtb  in rich broth  [  5,   89  ] . These observations suggest that the CP may have 
critical functions independent of pupylation-dependent proteolysis in  Mtb . 
Interestingly, the  mpa ,  pafA  and  prcBA- defective  Mtb  strains are more resistant to 
hydrogen peroxide than wild type bacteria, suggesting there is an increase in activity 
or expression of one or more anti-oxidant pathways in the absence of proteasome 
function  [  5,   28  ] . However, it is currently not understood how loss of proteasome 
activity could lead to increased resistance to ROIs. 

 Because proteasome pathway mutants are sensitive to NO  in vitro , Nathan and 
colleagues questioned if mice defective in NO production would be more susceptible 
to infection with  mpa  or  pafA  mutants. In mice and humans NO is produced by 
three different isoforms of nitric oxide synthase (NOS): endothelial NOS (eNOS), 
neuronal NOS (nNOS) and inducible or immune NOS (iNOS). iNOS is expressed 
in activated macrophages and is critical for the control of numerous microbial infec-
tions (reviewed in  [  1  ] ). In comparison to wild type mice, mice genetically inacti-
vated for iNOS (iNOS −/− ) or treated with chemical inhibitors of NO production are 
extremely susceptible to  Mtb   [  2  ] . Low dose aerosol infection of iNOS −/−  mice with 
wild type  Mtb  (~200 bacteria/mouse) results in death within 3 months  [  5,   51,   58  ] . 
In contrast, iNOS −/−  mice live signi fi cantly longer when infected with an  mpa  or 
 pafA Mtb  strain (~200–500 days post-infection) compared to infection with wild 
type  Mtb  (~60–80 days post-infection)  [  51,   58  ] . Because disruption of iNOS does 
not fully restore the virulence of the  mpa  and  pafA  mutants, it appears that the role 
of the  Mtb  proteasome extends beyond protection against RNIs  in vivo . 

 In another study Bishai and colleagues identi fi ed three clones from a collection 
of random transposon insertion mutants in CDC1551 (a clinical isolate of  Mtb ) that 
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were consistently smaller than the wild type strain  [  95  ] . All three independent 
mutants contained insertions in MT2175, which is identical to  mpa  in  Mtb  H37Rv. 
The CDC1551 mutants grow slower (doubling time of ~22 h) than the wild type 
strain (doubling time of 18 h) in standard 7H9 medium and fail to reach the same 
 fi nal culture density as wild type  Mtb . Complementation of this CDC1551 mutant 
strain with  mpa  restores wild type colony morphology. Infection of BALB/c mice 
with a CDC1551  mpa  mutant results in similar infection pro fi les as previously 
observed with the H37Rv  mpa  mutant. During the chronic phase of infection, bacte-
rial numbers gradually decrease. Mice infected with CDC1551  mpa  mutants survive 
without any signs of disease until 180 days (the latest time point assessed), while in 
contrast, mice infected with wild type  Mtb  succumb within 70 days. Lungs of mice 
infected with CDC1551  mpa  mutants have attenuated pathological symptoms, such 
as less in fl ammation and fewer granuloma-like foci, and no weight loss compared 
to mice infected with wild type  Mtb . Interferon gamma (IFN- g ) production fails to 
rise after 3 weeks of infection with the mutant compared to the wild type  Mtb  strain, 
hence  mpa  mutants seem to elicit a milder Th1 immune response in mice  [  95  ] .  

   Is  Mtb  Proteasome Protease Activity Necessary 
for All Phenotypes? 

 Ehrt and colleagues made the puzzling observation that proteasomes containing a 
mutation in the active site can complement a  prcBA  null mutation in  Mtb  for RNI 
sensitivity and slow growth, but were unable to rescue impaired bacterial persistence 
in mice  [  29  ] . It is unclear how CPs that are proteolytically inactive could restore 
certain defects but not others. However, it may be possible that the CP has activities 
that have not yet been identi fi ed by routine biochemical assays. For example, the CP 
may act as a dock or scaffold for other proteins in order to function in speci fi c stress 
responses. Taken together, these results suggest that the CP, proteolytically active or 
not, has a broader role for normal cell growth in virulent mycobacteria compared to 
its non-pathogenic relative  Msm  in which the CP appears to be dispensable under all 
conditions tested so far  [  19  ]  (K.H.D., unpublished observations). The genome of 
 Msm  (7 Mb for  Msm  mc 2 155) is considerably larger than that of  Mtb  (4.4 Mb for 
 Mtb  H37Rv) and, unlike  Mtb ,  Msm  encodes another ATP-dependent compartmen-
talized protease (Lon protease) that may be able to compensate for deletion of  prcBA  
in  Msm  (reviewed in  [  14  ] ).  

   Proteasome Function and NO Resistance: An Unsolved Mystery 

 Although it is clear that the lack of proteasome function is a disadvantage for  Mtb  
 fi tness during an infection, it remains to be established how proteasomal proteolysis 
is linked to pathogenesis. It seems likely that the inability to regulate proteins 
through degradation compromises bacterial survival when adapting to a new 
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environment, i.e. within activated macrophages. There are several hypotheses 
that could explain why proteasome function is protective against RNI stress and 
important for survival in an animal host. Perhaps the simplest explanation is that the 
proteasome degrades damaged proteins. Oxidative and nitrosative damage of proteins 
can result in misfolding and aggregation, which is potentially lethal to cells. This 
damage could possibly be a signal for pupylation. It is also possible that speci fi c 
accumulated proteasome substrates are particularly dangerous in the presence of NO. 
For example, iron-sulfur (Fe-S) clusters or copper (Cu) in metal binding proteins 
can be displaced by NO  [  96  ] . The liberation of Fe 2+  or Cu +  is highly toxic to the cell 
as it can catalyze Fenton chemistry, resulting in the production of ROI. The observation 
that  mpa ,  pafA  and  prcBA  mutants are hyper-resistant to hydrogen peroxide, 
suggests that other anti-oxidant pathways may already be induced in an attempt to 
compensate for loss of the Pup-proteasome system. Currently, however, there is no 
evidence for the presence of increased amounts of metal-binding or damaged 
proteins in proteasomal degradation-defective mutants treated with NO.  

   Regulation of Transcription: Meddling with Metals 

 Another potential function of the proteasome is in transcriptional regulation. Almost 
all (if not all) compartmentalized proteases have been shown to regulate gene 
expression (reviewed in  [  97  ] ). A microarray study comparing wild type  Mtb  with 
 mpa  and  pafA  mutants grown under standard culture conditions revealed that a com-
mon set of genes was differentially regulated (Table  10.1 )  [  98  ] . Notably, none of the 
identi fi ed genes appears to be associated with the NO sensitive phenotype of the 
 mpa  and  pafA  mutants. Among the up-regulated genes in the  mpa  and  pafA  mutants 
were members of the  z inc  u ptake  r egulator (Zur) regulon. In the presence of Zn, Zur 
is released from operators in at least three promoters in  Mtb , and gene expression is 
induced  [  99  ] . One of the Zur-regulated promoters identi fi ed in the microarray drives 
the expression of the  esx-3  (ESAT-6, region 3) operon. The  esx -3 locus is, for the 
most part, essential for the growth of  Mtb  under normal culture conditions and is 
proposed to encode a type VII secretion system that is involved in zinc and iron 
acquisition  [  100,   101  ] . In addition, Zur regulates the expression of genes that encode 
homologues of Zn-binding ribosomal proteins. Ribosomes are comprised of numer-
ous small proteins, several of which bind Zn. Under Zn-limiting conditions, these 
Zn-binding proteins are thought to be replaced with non-metal binding components 
 [  102,   103  ] , allowing the bacteria to gain access to a large pool of zinc. If mutations 
in  mpa  or  pafA  result in deregulation of the Zur regulon  in vivo  as they do  in vitro , 
these data would suggest that metal homeostasis is critical during infection and an 
inappropriate increase in expression of the Zur regulon during infection may also 
have deleterious affects on bacterial survival for other reasons.  

 Transcriptome analysis also identi fi ed a set of genes repressed in the  mpa  
and  pafA  mutants that are regulated by copper  [  98  ] . Several of these genes form a 
copper-inducible regulon, which is under the control of RicR ( r egulated  i n 
 c opper  r epressor). During copper depleted conditions, RicR represses  fi ve promoters 



   Table 10.1    Zur    and RicR regulons are differentially regulated in  mpa  and  pafA  mutants when 
compared to wild type  Mtb  (Adapted from  [  98  ] )   

 CDC1551 a   H37Rva      Gene  Name/function b    mpa  c    pafA  c  

 Zur regulon d   MT0115  Rv0106  Conserved hypothetical 
protein. Unknown 
function 

 3.25  4.21 

 MT0292  Rv0280   ppe3   PPE family protein. 
Unknown function. 
Unknown function 

 3.85  4.1 

 MT0293  Rv0281  Conserved hypothetical 
protein. Possible 
methlytransferase 

 1.94  2.46 

 MT0295  Rv0282  Conserved hypothetical 
protein. Unknown 
function 

 2.15  2.49 

 MT0296  Rv0283  Possible conserved 
membrane protein. 
Unknown function 

 2.06  2.34 

 MT0297  Rv0284  Possible conserved 
membrane protein. 
Unknown function 

 2.33  2.51 

 MT0298  Rv0285   pe5   PE family protein. 
Unknown function 

 1.91  2.19 

 MT0299  Rv0286   ppe4   PPE family protein. 
Unknown function 

 1.85  2.16 

 MT0300  Rv0287   esxG   ESAT-6 like protein. 
Unknown function 

 1.61  2.1 

 MT0302  Rv0289  Conserved hypothetical 
protein. Unknown 
function 

 2  2.2 

 MT0303  Rv0290  Probable conserved 
transmembrane protein. 
Unknown function 

 1.94  1.96 

 MT035  Rv0292  Probable conserved 
transmembrane protein. 
Unknown function 

 1.89  2.13 

 MT2115  Rv2055c   rpsR2   Probable ribosomal protein 
S18. involved in 
translation, amino-acyl 
tRNA binding 

 2.65  3.81 

 MT2117  Rv2056c   rpsN2   Probable ribosomal 
protein S14. 
Involved in translation 

 2.43  4.21 

 MT2117.1  Rv2057c   rpmG1   Probable ribosomal L33. 
Involved in translation 

 2.91  4.2 

 MT2118  Rv2058c   rpmB2   Probable 50S ribosomal 
protein L28. Involved I 
ribosome activity 

 3.47  6.12 

 MT2119  Rv2059  Conserved hypothetical 
protein. Unknown 
function 

 n.i  2.17 

 MT2428  Rv2359   zur   Zinc uptake regulator 
(formally  furB ) 

 0.54  0.94 

(continued)
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that drive the expression of  ricR  itself,  mymT  (a copper methallothionein) and 
several genes of unknown function (Table  10.1 ). Disruption of  ricR  results in 
hyper-resistance of  Mtb  to normally toxic levels of copper, presumably due to the 
constitutive expression of one or more copper resistance genes like  mymT   [  96  ] . It is 
worth noting that several of the RicR-regulated genes ( mymT, lpqS, socAB ) are 
unique to pathogenic mycobacteria ,  suggesting that copper regulation is important 
for virulence. Thus, the attenuated phenotype of Pup-proteasome pathway mutants 
may in part be explained by the incomplete derepression of the RicR regulon during 
infection. These data support an emerging notion that copper has an important 
antimicrobial role during TB infection and possibly other infections  [  96,   98, 
  104–  107  ] . 

 It is interesting that two metal-dependent regulons are deregulated in  mpa  and 
 pafA  mutants. In both cases, the mutant bacteria appear to be responding to low 
metal concentrations. These data also suggest  Mtb  (and possibly other bacteria) 
need to adapt to changes in metal homeostasis in the host. As with Zur, it is currently 
not understood how the proteasome affects the expression of the RicR regulon.   

   Remaining Questions 

 As with other organisms, regulated proteolysis is critical for numerous aspects 
of TB biology.  Mtb  possesses a proteasome highly similar to those found in 
other domains of life, and uses it to resist host derived stresses like NO and 

 CDC1551 a   H37Rva      Gene  Name/function b    mpa  c    pafA  c  

 RicR regulon e   MT0196  Rv0186a   mymT   Metallothionein  0.71  0.47 
 MT0200  Rv0190   ricR   Regulated in copper 

repressor 
 n.i.  n.i. 

 MT0870  Rv0847   lpqS   Probable lipoprotein. 
Unknown function 

 0.52  0.33 

  socA   small ORF. Unknown 
function 

 n.i.  n.i. 

 MT1746.1   socB   small ORF. Unknown 
function 

 n.i.  n.i. 

 MT3039  Rv2963  Probable integral 
membrane protein. 
Unknown function 

 0.6  0.38 

   a Locus number in  Mtb  strains CDC1551 and H37Rv 
  b Functional annotations are taken from   http://genolist.pasteur.fr/TubercuList/     
  c Numbers represent expression in  pafA  and  mpa  strains relative to wild type  Mtb  H37Rv grown to 
early stationary phase in 7H9 media, as determined by microarray analysis.  n.i : not-identi fi ed in 
the microarray  [  98  ]  
  d Zur regulon is described in detail elsewhere  [  99  ]  
  e RicR regulon is described in detail elsewhere  [  98  ]   

Table 10.1 (continued)

http://genolist.pasteur.fr/TubercuList/
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regulate pathways that may be needed for pathogenesis. Proteasomal proteolysis is 
controlled, in part, by pupylation, which is functionally, if not biochemically, simi-
lar to ubiquitylation. The characterization of proteasome biochemistry and biology 
will undoubtedly allow researchers to gain valuable insight into the lifestyle of one 
of the most successful human pathogens. Among the numerous questions that 
remain to be asked of the young  fi eld of bacterial proteasome biology include:

    1.    How are proteins selected for pupylation and depupylation?  
    2.    How does Mpa interact with the 20S CP? Why is Mpa itself a proteasome 

substrate?  
    3.    Does pupylation have functions independent of targeting proteins to the 

proteasome?  
    4.    How is proteasome function linked to NO resistance?  
    5.    Are misfolded or damaged proteins degraded in a proteasome dependent 

manner?  
    6.    Why and how are the Zur and RicR regulons affected by proteasome activity?          
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  Abstract   Archaea contain, both a functional proteasome and an ubiquitin-like protein 
conjugation system (termed sampylation) that is related to the ubiquitin proteasome 
system (UPS) of eukaryotes. Archaeal proteasomes have served as excellent models for 
understanding how proteins are degraded by the central energy-dependent proteolytic 
machine of eukaryotes, the 26S proteasome. While sampylation has only recently been 
discovered, it is thought to be linked to proteasome-mediated degradation in archaea. 
Unlike eukaryotes, sampylation only requires an E1 enzyme homolog of the E1-E2-E3 
ubiquitylation cascade to mediate protein conjugation. Furthermore, recent evidence 
suggests that archaeal and eurkaryotic E1 enzyme homologs can serve dual roles in 
mediating protein conjugation and activating sulfur for incorporation into biomolecules. 
The focus of this book chapter is the energy-dependent proteasome and sampylation 
systems of Archaea.      

   Introduction 

 Archaea are one of three major lineages of life which share deep evolutionary 
roots with eukaryotes. Although typically single-celled, many Archaea thrive in 
conditions once thought to be uninhabitable to life such as temperatures above 
100°C, saturating salt and extreme pH. Thus, Archaea provide an exciting oppor-
tunity to examine how proteolytic systems can function in maintaining the quality 
of proteomes when cells are growing at physical conditions considered suboptimal 
for protein folding and stability. 
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 Although the hydrolysis of peptide bonds is exergonic (releasing energy), 
many proteolytic machines (e.g. the proteasome) require energy for protein 
degradation. Of the various types of proteases, it is often the energy-dependent 
proteases that are important in regulating central processes of the cell such as 
protein quality, cell division and survival after exposure to stress  [  1,   2  ] . The 
energy-dependence of the proteolytic system adds assurance that the appropriate 
protein substrate has been selected prior to its destruction, which would other-
wise come at a high energy cost. 

 Energy-dependent proteases (e.g. Lon, Clp, FtsH, HslUV and the proteasome), 
while not necessarily conserved in primary amino acid sequence, share a common 
protein architecture of self-compartmentalization  [  3  ] . In general, the proteolytic 
active-sites of the protease are sequestered within a chamber that has narrow openings 
for substrate entry. These openings are often gated to reduce the non-speci fi c entry of 
proteins into the chamber  [  4–  7  ] . Typically, the chamber alone does not degrade folded 
proteins but requires association with regulatory ATPases (either a protein domain or 
separate protein complex). The ATPases couple the hydrolysis of ATP to the unfold-
ing and the translocation of the substrate protein, so that the substrate protein can 
access the proteolytic active sites lining the central chamber of the protease. 

 The ATPase regulators of energy-dependent proteolysis belong to the AAA + 
(ATPases associated with a variety of cellular activities) superfamily  [  8,   9  ] . These 
AAA + proteins form hexameric rings that associate with a compartmentalized 
cylindrical peptidase. In some cases, the peptidase forms a hexameric ring (e.g. 
HslV), while in other cases the peptidase exhibits a seven-fold symmetry. Hence, 
symmetry mismatch can exist between the ATPase and protease components. For 
example, the hexameric ATPases (ClpA, ClpC and ClpX) associate with ClpP 
(which is composed of two heptameric rings). Similarly, the proteasomal ATPases 
(ARC/Mpa of actinobacteria, PAN of Archaea, and Rpt1-6 of eukaryotes) all form 
hexamers and interact with a 20S core particle (CP), which has seven-fold sym-
metry. Energy-dependent proteases such as Lon and FtsH differ from most 
AAA + proteases, in that both the ATPase and proteolytic domains are located on 
the same polypeptide chain  [  10  ]  (see also accompanying reviews  [  11,   12  ] ).  

   Archaeal Proteasomes 

 Similarly to eukaryotes, all Archaea are predicted to use proteasomes as one of their 
major systems for energy-dependent proteolysis  [  13  ] . All species of Archaea with 
sequenced genomes are predicted to encode a 20S CP of  a - and  b -type subunit 
composition as well as an AAA + regulator (PAN and/or Cdc48) thought to associ-
ate with the CP and mediate protein degradation  [  13,   14  ] . Archaea also contain the 
membrane bound B-type Lon protease  [  15,   16  ] . However in contrast to bacteria, 
Archaea lack homologs of the membrane-spanning FtsH protease and, in most cases 
also lack HslUV, Clp and the A-type Lon proteases  [  15,   16  ] . Like other bacteria, the 
actinobacteria (including species from  Mycobacterium ,  Rhodococcus  and  Frankia ) 
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encode many energy-dependent proteases including the proteasomal CPs and its 
associated AAA + components termed ARC or Mpa, in addition to Lon, Clp and 
FtsH proteases, but do not encode the HslUV protease  [  17–  20  ] . Overall, the distri-
bution of energy-dependent proteases in Archaea is more like eukaryotes than either 
bacteria or bacterial-like organelles of eukaryotes. 

   Proteasomal Core Particles (CPs) 

 Proteasomes are composed of a 20S CP that is required for the hydrolysis of 
unfolded proteins and small peptides  [  21  ] . The CP is formed from structurally 
related  a - and  b -type subunits that are arranged into four-stacked heptameric 
rings (Fig.  11.1 ). The two outer rings are composed of  a -subunits, and the two 
inner rings are of  b -subunits. These subunits are arranged to form a cylindrical 
particle with openings on both ends of the particle, gated by the N-termini of the 
 a -subunits. The gates open into a central channel that connects three interior 
chambers (two antechambers and one central chamber). The central chamber is 
lined with the proteolytic active sites that are formed by the N-terminal threonine 
residues of the  b -subunits and are exposed after cleavage of the  b  propeptide dur-
ing CP assembly. In contrast to eukaryotic CPs, which are formed from seven 
different  a -subunits ( a 1 to  a 7) and seven different  b -subunits ( b 1 to  b 7) that 
assemble into a 28-subunit complex of dyad symmetry. Core particles from 
Archaea and actinobacteria are typically assembled from one to two different 
 a -subunits and one to two different  b -subunits.  

  Fig. 11.1     20S proteasome core particles (  CPs  ) . CPs are composed of four stacked heptameric 
rings of  a - and  b -type subunits (indicated by  a 7 and  b 7, respectively) that form a cylindrical struc-
ture. The central channel of the CP is accessed by gated pores on each end of the cylinder and 
connects three interior chambers. Proteolytic active sites formed by  b -type subunits ( indicated in 
red ) line the central chamber that is  fl anked by two antechambers. CPs of ( a ) the eukaryote 
 Saccharomyces cerevisiae  and ( b ) the archaeon  Thermoplasma acidophilum  are presented as 
examples. (Figure modi fi ed from  [  22,   23  ]  with permission)       
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   Proteolytic Active Sites of Proteasomes 

 The proteolytic active sites of proteasomes, sequestered within the CP, are of the 
N-terminal nucleophile (Ntn) hydrolase superfamily  [  24–  26  ] . This superfamily 
includes penicillin acylases, aspartylglucosaminidases and other hydrolytic 
enzymes. While Ntn hydrolases are not necessarily conserved in primary sequence, 
these enzymes hydrolyze amide bonds and undergo autocatalytic post-translational 
processing to expose an N-terminal residue (Thr, Ser or Cys) that is used as nucleo-
phile (the side chain OH or SH group) and proton donor (the N a -amino group) in a 
structurally related active site con fi guration. The Ntn hydrolase reaction is initiated 
when the Ntn residue donates the proton of its side chain to its own  a -amino group 
for attack of the carbonyl carbon of the substrate (Fig.  11.2 ). A negatively charged 
tetrahedral intermediate is formed that is stabilized by hydrogen bonding to the 
oxyanion hole. The Ntn  a -amino group completes the acylation step by donating a 
proton to the nitrogen of the substrate bond undergoing hydrolysis. While part of the 
cleaved substrate (the portion with the R or P1 group) is released, a covalent bond 

  Fig. 11.2     Mechanism of proteasomes and other related Ntn-hydrolyases in the hydrolysis of 
an amide bond . Substrate,  shaded in blue ; Ntn active site residue,  shaded in red ; oxyanion hole, 
 shaded in green ; charged state, indicated by + or – in  red font ; Y, oxygen or sulfur; X, nitrogen or 
oxygen; R-R', substrate bond cleaved (comparable to the P1–P1 '  peptide bond cleaved by proteases 
as depicted in the  inset ) (Figure modi fi ed from  [  26  ]  with permission)       
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is formed between the nucleophile of the Ntn and the remaining substrate (with the 
R '  or P1 '  group) that must be deacylated for product release. Deacylation is initiated 
when the hydroxyl group of water attacks the carbonyl carbon of the covalent acyl-
enzyme intermediate. The Ntn  a -amino group accepts a proton from water and 
stabilizes the negatively charged enzyme intermediate. Reprotonation of the nucleo-
phile by the Ntn  a -amino group completes this reaction.  

 While the mechanism of peptide hydrolysis by the CP active site resembles 
serine proteases, only one amino acid (Thr1) serves as the catalytic center, rather 
than the three amino acids (Asp–His–Ser) that constitute the catalytic triad of serine 
proteases  [  27  ] . Both the nucleophile (hydroxyl side chain) and the base ( a -amino 
group) of the CP proteolytic reaction exist in the same amino acid (Thr). Like 
 b -lactamase and some esterases, there is no acid component in the CP active site 
 [  28  ] . Serine can substitute for threonine as the Ntn active site in CPs (T1S variants) 
for the hydrolysis of peptide amide substrates such as N-succinyl-Leu-Leu-Val-Tyr-
7-amido-4-methyl coumarin (Suc-LLVY-amc). However, CP T1S variants are 
severely impaired in their ability to cleave longer peptides, revealing the importance 
of the threonine side chain methyl group in active site conformation  [  29,   30  ] .  

   Cleavage of N-Terminal Propeptide to Expose Proteolytic Active Site 

 Proteasomal active sites are formed through intramolecular autolysis of  b -type pre-
cursor proteins during CP assembly  [  31  ] . The CP  b -subunits are typically translated 
as precursor proteins with N-terminal propeptides that are removed during forma-
tion of the CP. The  b -subunits remain monomeric, unprocessed and inactive until 
assembled with  a -subunits into the CP. In most cases, the propeptide of the 
 b -subunit is autocatalytically removed at a conserved G↓T motif (where ↓ represents 
the site of peptide bond cleavage) to generate a mature  b -subunit that contains an 
active N-terminal threonine. However, some  b -subunits that assemble into CPs are 
not cleaved at conserved G↓T motifs  [  32,   33  ] . For example, the eukaryotic  b 7 and 
 b 6 precursors are cleaved at N↓T and H↓Q sites, respectively, resulting in the 
removal of N-terminal propeptides and formation of inactive  b  subunits in CPs. 
Likewise, the eukaryotic  b 3 and  b 4 subunits are not cleaved but are assembled into 
CPs as inactive subunits. 

 The position and residues surrounding the cleavage site of the propeptide of pro-
teasomal  b -subunits is predicted to be highly diverse among archaea. Like eukary-
otes and actinobacteria, Archaea are known to synthesize  b -type precursor proteins 
that are cleaved at G↓T motifs resulting in the removal of N-terminal propeptides of 
variable length (6–49 residues) and the formation of mature  b -subunits with active 
CPs. This knowledge is based on N-terminal sequencing of CP subunits puri fi ed 
from Archaea of the phylum Euryarchaeota (i.e. , Thermoplasma acidophilum, 
Methanosarcina thermophila, Haloferax volcanii and Pyrococcus furiosus )  [  34–  37  ] . 
Similarly, most archaea are predicted to encode at least one  b -type precursor protein 
that is cleaved at a G↓T motif to release an N-terminal propeptide and generate an 
active  b -type subunit. Interestingly, select Crenarchaeota (i.e.,  Thermoproteus  and 
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 Pyrobaculum  species) and Candidatus  Caldiarchaeum subterraneum  of the novel 
division Aigarchaeota have  b -subunit homologs devoid of propeptides (only an ini-
tiator methionine residue, which may be removed by a methionine aminopeptidase, 
is predicted to precede the conserved active site threonine residue). Furthermore, 
most Crenarchaeota are predicted to encode two different  b -type proteins with at 
least one of these proteins harbouring an N-terminal extension that lacks the classi-
cal G↓T cleavage site. Whether or not these latter  b -subunits associate in CPs and 
form active sites remains to be determined. 

 The propeptides of  b -type precursors (‘ b -propeptides’) can modulate the func-
tion and assembly of proteasomal CPs. The  b -propeptides of yeast protect the 
N-terminal threonine active sites of the  b -subunits from N  a  -acetylation and pro-
mote CP assembly  [  38  ] . In actinobacteria, the  b -propeptide of  Rhodococcus 
erythropolis  is important for the formation of CPs, while the  b -propeptide of 
 Mycobacterium tuberculosis  mediates temperature-dependent inhibition of CP 
assembly  [  41,   42  ] . By contrast to the actinobacteria and yeast, the  b -propeptides 
of archaea appear to be dispensable for CP assembly. Archaeal  b -subunits can be 
produced in recombinant  E. coli  without an N-terminal propeptide ( b Dpro) and 
then reconstituted with  a -type subunits  in vitro  to form active CPs ( i.e., 
Methanocaldococcus jannaschii  CPs)  [  43  ] . Likewise, archaeal CPs can form 
active complexes when  b Dpro variants are co-expressed with  a -type subunits in 
recombinant  E. coli  ( i.e. ,  T. acidophilum  and  M. thermophila  CPs)  [  30,   31  ] . By 
modulating the ionic strength of the buffer, haloarchaeal CPs (of  H. volcanii ) can 
also be disassembled into monomers and reconstituted into active CPs (based on 
gel  fi ltration and activity assays)  [  37  ] . 

 While archaeal  b -propeptides are not required for the generation of active CPs 
 in vitro  or when produced in  E. coli ,  b -propeptides are likely to be important in the 
proper formation of proteasomes within archaeal cells. In support of a function for 
 b -propeptides in Archaea, genetic deletion of the 49-residue propeptide of the 
 H. volcanii   b -subunit results in undetectable levels of this protein ( b Dpro) (either by 
immunoblot or His-tag puri fi cation) when expressed in its native host  H. volcanii  
(Kaczowka and Maupin-Furlow, unpublished). In contrast,  H. volcanii   b Dpro is 
readily detected and puri fi ed (using a His-tag) when expressed in a heterologous 
host,  E. coli   [  44  ] . Likewise, the  b -subunit is synthesized and puri fi ed at high levels 
when the  b -propeptide is added to the  H. volcanii  expression system  [  44  ] . Whether 
or not these  fi ndings are unique to  H. volcanii  remains to be determined. 

 Notably, the N-terminal propeptides (typically over 30 residues) of the  b -sub-
units of haloarchaea are predicted to be the longest amongst all Archaea. Haloarchaea 
are unusual in that they maintain osmotic balance with hypersaline environments by 
accumulating molar concentrations of KCl in their cytoplasm  [  45  ] . In order to cope 
with these harsh conditions, haloarchaea synthesize proteins with a high negative 
surface charge, which makes their proteins more soluble and  fl exible at high con-
centrations of salt compared to non-halophilic proteins  [  46  ] . Thus, the extended 
N-terminal propeptide of  b -subunits may be needed to facilitate folding and assembly 
of the CP in the ‘harsh’ cytosolic environment found in haloarchaeal cells. 
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Alternatively, given that N  a  -acetylation is quite common in haloarchaea  [  47–  49  ] , 
the N-terminal propeptide of  b -subunits may prevent N  a  -acetylation of the active 
site threonine residue as has been observed in yeast.  

   CP Active Site Number and Subunit Complexity 

 While all proteasomes to date have 14  a -type and 14  b -type subunits assembled into 
each CP, the ratio of  b -type subunits with N-terminal threonine active site residues 
per CP varies among the three domains of life. These differences in active site num-
ber do not appear to in fl uence the overall size of peptide products generated nor the 
rate of peptide bond hydrolysis, based on comparison of archaeal and eukaryotic 
proteasomes  [  50,   51  ] . 

 In general, proteasomal CPs from eukaryotes have less proteolytic active sites per 
particle than CPs from either archaea or actinobacteria. Eukaryotic CP subtypes have 
six active sites per particle formed by three of the seven different  b -type subunits per 
heptameric  b -ring  [  52  ] . For example, within the housekeeping CP of eukaryotes only 
the  b 1,  b 2 and  b 5 subunits are proteolytically-active (the  b 3,  b 4,  b 6 and  b 7 subunits 
are inactive). In response to cytokines and microbial infections,  b 1,  b 2 and  b 5 are 
replaced by  b 1i,  b 2i and  b 5i, which are also active and alter CPs to generate peptide 
products optimized for MHC class I loading in hematopoietic cells  [  53  ] . 

 In contrast to eukaryotes, all archaeal (and actinobacterial) CPs puri fi ed to date 
have 14 active sites per particle and are typically puri fi ed as a cylindrical ~600–
700 kDa complex of a single type of  b  subunit that associates with a single type of 
 a  subunit (Fig.  11.1 ). Thus, most archaeal CPs have identical proteolytic active 
sites with some determined by N-terminal sequencing of the  b -subunits  [  34,   36, 
  37,   54  ] . Examples of CPs puri fi ed from Archaea (or recombinant  E. coli  expressing 
these archaeal genes) composed of only a single type of  a - and  b -subunits, include 
CPs from  Thermoplasma acidophilum   [  55  ] ,  Thermoplasma volcanium   [  56  ] , 
 Methanosarcina thermophila  TM-1  [  30,   36  ] ,  Methanosarcina mazei   [  57  ] , 
 Methanocaldococcus jannaschii   [  43  ] , and  Archaeoglobus fulgidus   [  58  ] . 

 Although Archaea with CPs composed of only a single type of  a - and  b -subunit 
have received most attention, as simpli fi ed models for biochemistry, the majority of 
Archaea are predicted to encode multiple  a - and/or  b -subunit homologs based on 
genome sequence. Most Crenarchaeota encode single  a -type and two different 
 b -type subunit homologs, while Thaumarchaeota, Korarchaeota and select families 
of Euryarchaeota ( Halobacteriaceae  and  Thermococcaceae ) commonly encode 
multiple  a -type and/or  b -type subunit homologs. Interestingly, the recently described 
Candidatus  Caldiarchaeum subterraneum  is predicted to encode three different 
 b -subunits and a single  a -subunit. Many of the Archaea with two or more coding 
sequences for  b -subunits harbour one gene that encodes a  b -subunit devoid of the 
classical G↓T cleavage motif, suggesting that the protein is synthesized either as an 
inactive  b -subunit or has a propeptide cleavage site that differs from the CPs char-
acterized from Euryarchaeota and eukaryotes. 
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 Archaeal CPs composed of a single type of  a  subunit and two different  b -type 
subunits (both containing a G↓TTT cleavage motif) have been characterized at the 
biochemical level. Initially, CPs of only a single  a / b  composition were puri fi ed 
from the archaeon  Pyrococcus furiosus   [  34  ] . However, DNA sequencing of the 
complete genome of this hyperthermophile predicted that two  b -type subunits ( b 1 
and  b 2) and a single  a -type subunit  [  59  ]  existed in this species. Further analysis by 
microarray revealed that the level of the  b 1 transcripts were upregulated after cells 
were exposed to heat shock, which might explain why only one  b -type protein was 
detected in CPs puri fi ed from  P. furiosus  grown under normal (non-stressed) condi-
tions  [  60  ] . To examine the function of CPs which contain multiple  b -type proteins, 
the  a -type and both  b -type proteins were produced in  E. coli  and reconstituted at 
different temperatures  in vitro   [  60  ] . Using this approach, an increased ratio of  b 1 to 
 b 2 was observed in CPs assembled at higher temperatures, which correlated with 
more thermostable properties. Surprisingly, the  a  and  b 1 proteins could not be 
reconstituted into CPs or form particles with peptide hydrolyzing activity indepen-
dent of  b 2. Based on these results, the  P. furiosus   b 1 is thought to stabilize  a 2/ b  CPs 
at high temperature and to in fl uence the biocatalytic properties of the proteasome. 

 CP subtypes, of different  a - and  b -type subunit composition, have also been 
directly puri fi ed from an archaeon. The haloarchaeon  H. volcanii  encodes a single 
 b -type and two  a -type ( a 1 and  a 2) CP subunits  [  37  ] . Not surprisingly, the  b -type 
gene is essential for growth and the presence of one of the two  a -type genes is 
required for growth (based on conditional mutation)  [  61  ] . All three of the different 
CPs ( a 1 b ,  a 2 b  and  a 1 a 2 b ) have been puri fi ed from  H. volcanii   [  37,   44,   62  ] . Each 
of these different CP subtypes are active in the hydrolysis of peptides and unfolded 
proteins with the  a 1 a 2 b -proteasome apparently asymmetric based on the detection 
of homooligomeric rings of  a 1 and  a 2  [  44,   62  ] . The population of CP subtypes is 
likely altered during growth based on the  fi nding that levels of  a 2 increase several-
fold as cells transition to stationary phase, while  a 1 levels remain relatively con-
stant  [  63  ] . Although it remains to be established, differences in  a -type subunit 
composition are thought to in fl uence the type of regulator that associates with the 
CPs in  H. volcanii . Interestingly, in  H. volcanii  the CPs (and PAN ATPases) are also 
modi fi ed post-/co-translationally (phosphorylation, N  a  -acetylation and methyla-
tion) suggesting an additional layer of regulation in modulating the populations of 
proteasomes in archaeal cells  [  64–  66  ] .   

   Proteasomal Regulators 

 Eukaryotic proteasomal CPs co-purify with a variety of accessory proteins includ-
ing ATPase regulators, such as the 19S regulatory particle (RP), and non-ATPase 
regulators such as Blm10/PA200 and the 11S regulators PA28, PA26 and REG  [  67  ] . 
Of these regulators, the 19S RP can associate with either end of the CP cylinder to 
form the 26S proteasome that catalyzes the ATP-dependent degradation of proteins 
(Fig.  11.3 )  [  22  ] . Subunits of the RP are grouped into two major categories including 
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the  RP   n on-ATPase subunits (Rpn) and the  RP  AAA + ( t riple-A+) subunits (Rpt) of 
the ATPases associated with various cellular activities (AAA) family within the 
AAA + superfamily  [  68  ] . In yeast, RPs are dissociated into base and lid subcom-
plexes by deletion of the gene encoding the Rpn10 subunit  [  69  ]  (Fig.  11.3 ). The 
base subcomplex is composed of Rpn1-2, Rpn13 and six different Rpt subunits 
(Rpt1-6) that form a hexameric ring in direct contact with the outer rings of the CP 
complex  [  69  ] .  

 While archaeal CPs have yet to be puri fi ed in complex with regulatory pro-
teins from its native host, archaeal CPs can associate with ATPase regulators 
 in vitro  (Fig.  11.3 ). Studies of this association were initiated after release of the 
 fi rst archaeal genome sequence ( M. jannaschii ), which was predicted to encode 
a close homolog of the Rpt1-6 subunits of eukaryotic 26S proteasomes  [  70  ] . The 
archaeal Rpt homolog (termed PAN for its role as a  p roteasome- a ctivating  n ucle-
otidase) was synthesized and puri fi ed from recombinant  E. coli  and shown to be 
required for the degradation of substrate proteins (e.g., casein) by CPs including 
those of  T. acidophilum   [  71  ]  and  M. jannaschii   [  43  ] .  M. jannaschii  (Mj) PAN 
forms a relatively simple homohexameric ATPase complex and, thus, has served 
as an ideal model to understand how Rpt-like proteins function in the degrada-
tion of proteins by proteasomes (see later). While all Archaea encode protea-
somal CPs based on genome sequence, many do not encode Rpt/PAN homologs 
including archaea of the Thaumarchaeota, Korarchaeota,  Thermoplasmata  class 

  Fig. 11.3     ATP-dependent proteasomes of eukaryotes compared to archaea . Proteasomal CPs 
can associate on each end of their cylindrical structure with heptameric rings of AAA + proteins includ-
ing eukaryotic Rpt1-6 and archaeal PAN. Rpt1-6 are AAA + subunits of the 19S regulatory particle 
( RP ) that associates with CPs to form 26S proteasomes. In yeast, the 19S RP can be dissociated 
into lid and base subcomplexes by deletion of the  RPN10  gene. PAN is an AAA ATPase that forms 
a hexameric ring and associates with CPs  in vitro.  PAN is common to many but not all archaea       
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of Euryarchaeota, Aigarchaeota (Candidatus  Caldiarchaeum subterraneum ), and 
Thermoproteales order of Crenarchaeota. Whether or not ATPases beyond PAN 
can regulate these archaeal CPs remains to be determined. Members of the 
Cdc48/VCP/p97 subfamily of AAA + proteins are universally distributed among 
archaea, and, in eukaryotes, these Cdc48-type proteins are associated with the 
ubiquitin-proteasome system in endoplasmic reticulum-associated protein deg-
radation (ERAD)  [  72,   73  ] . The  T. acidophilum  VCP is an archaeal Cdc48-type 
ATPase that has been puri fi ed and shown to function as an ATP-dependent unfol-
dase and stimulate protein degradation using mutant CPs with open gates  [  74  ]  
(see below). More recently, VCP has been shown to associate with CPs and stim-
ulate peptide and protein degradation  [  75  ] . Thus, archaeal CPs appear to be regu-
lated by multiple types of AAA + proteins.  

   Gated Openings of Proteasomal Core Particles (CPs) 

 The proteolytic active sites of proteasomes are sequestered within the interior of 
the chambered CP, which has gated openings to control substrate entry. The  fi rst 
3-D structure of the proteasome, which provided insight into its compartmental-
ization, came from the CP of the archaeon  T. acidiophilum  (TaCP) that was 
produced in  E. coli   [  75, 76  ] . The TaCP structure revealed narrow (13 Å) open-
ings on each end of the cylindrical particle (113 Å diameter by 148 Å length) 
that connected a central channel leading to an interior chamber lined with pro-
teolytic active sites. Subsequent, X-ray structures of yeast and bovine CPs 
revealed particles with no apparent openings on the ends for substrates to access 
the proteolytic active sites or for products to exit the chambered particle  [  77,   78  ] . 
The N-terminal tails of  a -type subunits within the eukaryotic CP structures 
appeared to block the channel openings and, thus, were thought to gate substrate 
entry (Fig.  11.4 ).  

 With the yeast CP as a model, genetic modi fi cations to residues associated with 
the gate and structural analysis of CPs associated with regulators thought to open 
the gate provided evidence for a gating mechanism in eukaryotes. In particular, 
genetic deletion of the N-terminal tail of the yeast  a 3 ( a 3DN) was found to open 
the channel and derepress the peptide hydrolysis mediated by CPs  [  79  ] . The  a 3DN 
mutation also increased the size of CP-generated peptide products suggesting CP 
gating controls product release in addition to substrate entry  [  80  ] . Binding of regu-
lators to CPs  in vivo,  was thought to relieve the inhibition mediated by the  a -sub-
unit tails and open the CP gates  [  79  ] . Indeed, deletion of the gate (N-terminal tail 
of  a 3) in mutant proteasomes containing an active site mutation in the ATPase 
subunit (Rpt2) was suf fi cient to overcome defects in peptide hydrolysis  [  80  ] . 
Likewise, crystal structures of yeast CPs in complex with the non-ATPase activator 
PA26 revealed, that loops in PA26 could induce conformational changes in the 
 a -subunit tails to open the gate, separating the CP interior from the intracellular 
environment  [  81  ] . 
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 Although gated openings were not evident in the early archaeal CP crystal 
structures (most likely due to the disordered structure of the  a  subunit N-terminal 
tail)  [  58,   76  ] , several lines of evidence now support a gating mechanism for 
archaeal CPs. For example, deletion of the N-terminal tail of the  T. acidophilum  
 a -subunit ( a  D N) reduces the central mass of heptameric rings formed by the 
 a -subunit in electron micrographs, supporting the localization of these tails near 
the central channel of mature CPs  [  82  ] . Increased rates of unfolded protein hydro-
lysis are also observed for TaCPs containing  a  D N-subunits compared to wild-type 
suggesting that deletion of the N-terminal residues of the  a -subunit generates a 
“gateless” CP  [  82,   83  ] . The recent crystal structure of a CP assembled from 
 M. jannaschii   a - and  b -subunits produced in  E. coli  also provides evidence that an 
archaeal CP can be stabilized in closed gate conformation  [  84  ] . Furthermore, 
addition of speci fi c peptides (based on the C-terminal tail of MjPAN) causes a 
conformational change in TaCPs that is consistent with gate opening (Fig.  11.5 ) 
(see later)  [  85,   86  ] . Interestingly, the N-terminal tails of the  a -subunits that form 
the gates can be highly dynamic and extend inside and outside the CP cylinder, 
based on methyl-transverse relaxation optimized nuclear magnetic resonance 
spectroscopy experiments of TaCPs  [  87  ] .    

   Functional Association of Proteasomal ATPases and CPs 

 While proteasomal CPs have yet to be puri fi ed in association with de fi ned regula-
tory proteins from archaeal cells, MjPAN (an archaeal Rpt homolog) can be 
reconstituted with CPs  in vitro . Formation of MjPAN:TaCP complexes has been 
detected by immunoprecipitation, electron microscopy and surface plasmon 

  Fig. 11.4     Eukaryal proteasomal CPs are gated . In X-ray crystal structures of eukaryotic (e.g., 
yeast and bovine) CPs, the central channel used for protein substrate entry is gated by the N-terminal 
tails of  a -type subunits (Figure modi fi ed from  [  67  ]  with permission)       
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resonance. These complexes form when recombinant MjPAN and TaCP are incu-
bated in the presence of ATP or a non-hydrolyzable ATP analogue (AMPPNP or 
ATP g S), but not when incubated with ADP or in the absence of nucleotide  [  83  ] . 
Thus, ATP binding is required for MjPAN:TaCP association. In electron micro-
graphs of negatively stained complexes, MjPAN is associated as a two-ringed 
structure that caps either one or both ends of the TaCP  [  83  ] . The outer ring of 
MjPAN (distal to the TaCP) is thought to correspond to the N-terminal domain of 
the protein based on analogy to a related AAA + complex from bacteria, HslU 
 [  88–  90  ] . The C-terminal domain of MjPAN is important for docking with CPs and 
opening the CP gates ( see  below). 

  Fig. 11.5     Archaeal proteasomal CPs are gated . Cryo-electron microscopy reveals: ( a ) sites 
within the intersubunit pockets of  a  subunits in the TaCP that are bound by peptides mimicking the 
C-terminal tail of MjPAN and ( b ) structures of the TaCP gate in the closed and open forms induced 
by these peptides (Figure modi fi ed from  [  85  ]  with permission)       
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   Docking of the Proteasomal ATPase (PAN) to the CP 

 Proteasomal ATPases such as MjPAN have a C-terminal tail that is essential for 
docking with CPs and opening the CP gates. A series of elegant studies focused on 
the association of the archaeal MjPAN with CPs facilitated this discovery  [  85,   86, 
  91  ] . These studies on MjPAN were guided by similarities to the bacterial HslUV 
protease and eukaryotic non-ATPase 11S regulators (PA28 and PA26) in association 
with proteasomal CPs. While somewhat controversial at the time, the C-terminal 
domain of HslU (the AAA + component of the HslUV protease) was thought to be 
required for association with HslV  [  90,   92  ] . Likewise, the extreme C-terminus of 
the 11S regulator PA28 was known to be required for association with CP  [  93  ] , and 
structural analysis revealed that the C-terminal tail of PA26 (a related 11S regulator) 
docked into pockets of the CP, formed by adjacent  a -subunits  [  81,   94  ] . 

 Biochemical studies using MjPAN, demonstrated that a tripeptide motif (HbYX, 
where Hb = a hydrophobic amino acid and x = any amino acid) located at the extreme 
C-terminus of the proteasomal ATPase was important for proteasome function. 
Removal of the MjPAN C-terminus dramatically reduced its ability to stimulate the 
TaCP-mediated degradation of a nine-residue long peptide substrate  [  83  ] . Importantly, 
this MjPAN variant retained wild type ATPase activity, unfoldase activity and ability 
to stimulate hydrolysis of small peptides by TaCPs  [  83  ] . Systematic mutation of the 
C-terminal residues of MjPAN demonstrated that both the length of this tail and pen-
ultimate tyrosine residue of the HbYX motif was absolutely essential for MjPAN to 
stimulate the TaCP-mediated degradation of LFP and, thus, CP gate opening (where 
LFP represents a nine residue peptide substrate)  [  83  ] . To further investigate this acti-
vation step, a tryptophan residue was introduced into either the Hb or X position of the 
HbYX motif in MjPAN, and analyzed by tryptophan  fl uorescence and polarization 
 [  83  ] . This approach provided further evidence that MjPAN could associate with TaCP 
and suggested that the C-terminal tail of MjPAN moves from an aqueous to a hydro-
phobic environment upon association. Interestingly, peptides based on the C-terminus 
of MjPAN could compete with MjPAN for TaCP binding and serve as “gate openers” 
based on their stimulation of TaCP-mediated hydrolysis of LFP  [  83  ] . In contrast, pep-
tides based on the C-terminus of the non-ATPase 11S regulator PA26 were unable to 
open the TaCP gate but could compete with MjPAN for TaCP binding  [  83  ] . These 
 fi ndings were consistent with studies, which revealed docking of the C-terminal tail of 
PA26 to the CP was associated with binding of a distant activation domain of PA26 to 
a region of the  a -subunit N-terminal tails that form the CP gate  [  81,   94  ] . Thus, MjPAN 
and PA26 appear to use a different mechanism to open the CP gate. 

 Structural studies have been performed to further understand how proteasomal 
ATPases with C-terminal HbYX motifs open CP gates. In particular, cryoelectron 
microscopy (cryoEM) has been used to identify sites in the TaCP that are bound by 
peptides mimicking the C-terminal tail of MjPAN and to determine the structures of 
the TaCP gate in the “closed” and “open” forms induced by these peptides (Fig.  11.5 ) 
(gated and ungated openings of 9 and 20 Å diameter, respectively)  [  85  ] . An arti fi cial 
hybrid activator has also been constructed using the heptameric PA26 structure as a 
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scaffold for attachment of eight residues corresponding to the C-terminal tail of 
MjPAN  [  86  ] . This hybrid activator is heptameric and forms a stable complex with 
the TaCP in which the activator caps both ends of the TaCP and opens the gate of the 
CP through an HbYX-dependent mechanism. Using single particle cryoEM and 
X-ray crystallography, the structure of the hybrid activator was determined in asso-
ciation with TaCP. In both studies  [  85,   86  ] , residues corresponding to the MjPAN 
C-terminal tail were found to bind to the  a -rings of TaCP in the ‘inter-subunit’ 
pocket (between the adjacent  a -subunits) and induce and stabilize the open-gate 
conformation of TaCP. Although PA26 and MjPAN bind to a similar pocket on the 
CP, PA26 also requires binding to the CP  a -subunit N-terminal tails, by a distant 
activation domain, to open and stabilize the CP gates  [  94,   95  ] . 

 Interestingly, most haloarchaea and many methanogens are predicted to encode 
two distinct homologs of PAN, often one of which is lacking the conserved 
C-terminal HbYX motif. Thus, the C-terminal motif needed for CP interaction and 
gate opening, by PAN, may vary among archaeal species or alternatively archaea 
may synthesize PAN subtypes of different functions (e.g. PANs that unfold proteins 
but do not bind the CP or PANs that bind the CP but do not open the gates). Among 
the C-terminal sequences predicted for haloarchaeal PANs, ~43% include HbYX 
motifs, ~33% possess TFA motifs and ~23% harbour C-terminal tails that lack 
tyrosine or phenyalanine in the penultimate position. In  H. volcanii , two PAN pro-
teins have been identi fi ed, PAN-A with a C-terminal sequence, AFA and PAN-B 
with a C-terminal sequence, YQY  [  63  ] . As the penultimate tyrosine or phenyalanine 
of C-terminal tails appears essential for opening CP gates, the PAN-A and PAN-B 
proteins may have distinct roles in regulating proteasome-mediated degradation. 
Consistent with this possibility, a number of biological differences have been 
detected for the  H. volcanii  PAN-A and PAN-B proteins that support distinct func-
tional roles. First, PAN-A is synthesized at high levels throughout growth, while the 
levels of PAN-B are low and induced several fold as cells transition to stationary 
phase  [  63  ] . In addition, while a phenotype for  panB  mutant strains has yet to be 
identi fi ed, deletion of  panA  renders cells more resistant to thermal stress and more 
sensitive to nitrogen limitation, hypo-osmotic stress, and exposure to L-canavanine 
 [  62  ] . In further support of functional differences between the two PAN proteins, the 
 panA  mutation can be complemented  in trans  by providing a wild type copy of 
 panA  but not  panB   [  62  ] .  

   Multiple Roles of the ATPase (PAN) in CP-Mediated Proteolysis 

 MjPAN is not only required for CP gate opening, but also for the unfolding and 
translocation of protein substrates for hydrolysis by the CP. Indeed “gateless” 
TaCP (containing  a  D N subunits) still require MjPAN and ATP for the degradation 
of globular substrates (such as SsrA-tagged GFP)  [  82  ] . Thus, while the N-terminal 
tails of CP  a -subunits appear to serve as a gate to prevent entry of large peptides 
as well as folded and unfolded proteins, removal of this gate is not suf fi cient to 
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stimulate the degradation of structured proteins. This type of proteolysis still 
requires hydrolysis of ATP by an AAA + regulatory component, such as MjPAN in 
association with the CP.  

   Archaeal PAN X-ray Crystal Structures 

 In the quest to solve the overall structure of an energy-dependent proteasome, a 
number of recent breakthroughs have been made examining the structure of various 
archaeal PAN subdomains. In one study, MjPAN was subjected to limited proteoly-
sis resulting in the generation of two subcomplexes (I and II) that were amenable to 
X-ray crystallography  [  96  ] . Subcomplex I, which forms a stable hexamer, was 
derived from a fragment that spanned residues 74–150 including a portion of the 
predicted N-terminal coiled-coil (CC) domain (Fig.  11.6 ). In the subcomplex I 
structure (resolved to 2.1 Å), the CC domains of the six protein monomers formed 
pairs that protruded from a donut-shaped particle with an axial pore of 13 Å and an 
unexpected oligonucleotide/oligosaccharide binding (OB)-fold domain (Fig.  11.6 ) 
 [  96  ] . In contrast, subcomplex II, which dissociated into a mixture of hexamers to 
monomers, was composed of a fragment spanning residues 155–430 including the 
conserved AAA + domain and contained the C-terminal HbYX motif (Fig.  11.6 ). 
Given the level of conservation between MjPAN and the bacterial HslU, the atomic 
coordinates of MjPAN were superimposed onto the six subunits of HslU to generate 
a hexameric model for MjPAN (Fig.  11.6 )  [  88,   90,   96  ] . Guided by these structures, 
a mutagenesis study, examined which amino acids and structural motifs were 
required for MjPAN function  [  84  ] . The structures of  Archaeoglobus fulgidus  PAN 
(AfPAN) N-terminal subdomain containing a eukaryotic GCN4 leucine zipper (in 
place of its CC-domain) has also helped to elucidate how folded proteins are 
degraded by archaeal proteasomes  [  97  ] .   

   Proteasome-Mediated Proteolysis 

 From a combination of structural and biochemical information, a complete view of 
how the proteasomal ATPase component functions in the unfolding of proteins for 
translocation into the CP for degradation is beginning to emerge. Based on electron 
micrographs of PAN:CP complexes and mass spectrometry of puri fi ed PAN com-
plexes, archaeal PAN is thought to function as a hexameric complex  [  83,   98  ] , with 
its C-terminal domain facing the cylindrical ends of four-stacked heptameric rings 
that form the CP (Fig.  11.6 ). The central channel of PAN is aligned with the gated 
central channel of the CP, to form a long tunnel with narrow restrictions for the 
passage of substrate proteins to the central proteolytic chamber. The N-domain of 
PAN is positioned distal to the CP with the N-terminal CC domains (one from each 
subunit) associating in pairs, to form three tentacles that appear to stretch out and 
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search for protein substrates (or possibly protein partners). The OB domain forms 
a stable ringed-platform for this network of tentacles and a relatively narrow pore 
(16 Å in diameter) that is thought to function as a molecular sieve restricting access 
of folded proteins from entering the central channel of the ATPase. While early 
evidence suggested MjPAN could unfold proteins on its surface in the absence of 
translocation  [  99  ] , more recent work supports a model in which proteins are 
unfolded by energy-dependent translocation through the ATPase ring and that this 
can be coupled to threading the protein into the CP for destruction  [  96,   100  ] . 
Consistent with a threading model, the Ar- F  loop (where Ar is any aromatic amino 
acid and  F symbol  is any hydrophobic amino acid), also known as the pore-1 loop, 
lines the central passage of the AAA + domain and de fi nes one of the constriction 
points proximal to the OB domain in the subcomplex II model (Fig.  11.6 )  [  84,   96  ] . 
Similar to related AAA + proteins, the Ar- F  loop of PAN is thought to facilitate 
protein unfolding by gripping and tugging the substrate protein into the ATPase 
channel by ATP fuelled motions of the AAA + domain  [  96,   101–  105  ] . The OB 

  Fig. 11.6     Archaeal PAN subdomain structures provide a foundation for modelling the overall 
structure of an energy-dependent proteasome . ( a ) and ( b ) Subcomplex I and II generated by 
limited proteolysis of MjPAN are indicated with the N-terminal coiled-coil ( CC ), OB fold and 
AAA domains highlighted. ( c ) Evidence supports the docking of MjPAN C-terminal tails with 
pockets formed at the  a - a  intersubunit interface of TaCPs. The N-terminal CC-domains are 
assumed to be distal to the CP and act as tentacles that grab protein substrates, thus, enabling the 
Ar- F  loop within subcomplex II to grip regions of the substrate that extend through the pore 
formed by the OB fold domain. The Ar- F  loop is also thought to undergo ATP-fuelled conforma-
tional changes resulting in pulling and tugging at the protein substrate while the OB fold domain 
provides a passive force that blocks the movement of folded protein structure through the pore. As 
the protein is unfolded by this mechanism, it is translocated through the ATPase into the central 
channel of the CP for degradation (Figure modi fi ed from  [  84  ]  with permission)       
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domain is proposed to exert a passive force on protein unfolding by providing a 
pore with a stable platform that blocks the movement of folded protein structure 
through the pore as the Ar- F  loops tug and pull the protein  [  84  ] . Ultimately, the 
unfolded protein is translocated for degradation by the proteolytic active sites 
sequestered within the central chamber of the CP.  

   Archaeal PAN – An Ordered Reaction Cycle 

 Interestingly, subunits of MjPAN appear to bind ATP in pairs, which results in dis-
tinct effects on proteasome function that imply an ordered reaction cycle. Subunits 
of MjPAN are thought to partner with subunits opposite each other, in the hexameric 
ring, team up and cycle around the ring like a clock between one of three different 
states including ATP bound, ADP bound and nucleotide free  [  106  ] . Thus, MjPAN 
subunit pairs mediate an ordered reaction cycle of ATP binding, hydrolysis and 
release that coordinates and drives conformational changes around the MjPAN ring. 
These ATP-driven conformational changes are proposed to be critical for MjPAN-
mediated protein unfolding. In particular, the Ar- F  loop within the channel of the 
MjPAN ring is thought to grip proteins, tugging them up and down with repeated 
cycles of ATP hydrolysis. Tugging the proteins through the pore formed by the 
OB-fold domain is likely to serve as a rigid platform for resisting the entry of pro-
tein structure and, thus, facilitating an unfolding process through the central channel 
of the PAN ATPase.   

   Non-ATPases Associated with Archaeal CPs 

 In addition to AAA + regulatory proteins such as PAN, archaeal CPs are also pro-
posed to associate with non-ATPase components. Early evidence for this possibility, 
arose when a protein inhibitor was co-puri fi ed with  T. acidophilum  CP  [  107  ] , how-
ever the identity of the 20 kDa subunit of the inhibitor remains to be determined. 
More recently, immature archaeal CPs (composed of  b -subunits that retain the 
N-terminal propeptide due to a Thr to Ala active site mutation) have been shown 
 in vitro , to associate with proteins of the DUF75 superfamily  [  108  ] . Archaea and 
eukaryotes typically encode at least two members of the DUF75 superfamily that 
form heterodimeric complexes [Pba1-Pba2 (yeast), PAC1-PAC2 (mammals) and 
PbaA-PbaB in the archaeon  Methanococcus maripaludis ]  [  108–  111  ] . Interestingly, 
the archaeal PbaA and eukaryotic Pba1/PAC1 proteins all have a conserved 
C-terminal HbYX motif that is required for binding the immature CPs  [ 108   ] . Based 
on site-directed mutagenesis, this C-terminal tail docks to the same surface pocket 
on the  a -subunit of the CP that is used by ATPase activators such as MjPAN  [ 108   ] . 
Unlike MjPAN which opens the CP gate, the DUF75 proteins do not appear to alter 
CP activity and instead are thought to shield proteasomal subunit intermediates 
from nonproductive associations until assembly is complete or protect the cell from 
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misassembled complexes  [  109–  111  ] . While DUF75 protein homologs are also 
found in actinobacteria, their function is thought to be distinct from the DUF75 
proteins of Archaea and eukaryotes due to the addition of a large C-terminal domain 
and absence of a C-terminal HbYX motif  [ 108   ] .  

   Protein Modi fi cations 

   Ubiquitylation and Its Role in Marking Proteins for Proteolysis 
by Proteasomes in Eukaryotes 

 Ubiquitin is a highly conserved small protein modi fi er that is covalently attached 
to substrate proteins by a process termed ubiquitylation (Fig.  11.7a )  [  112  ] . 
Ubiquitylation involves the covalent attachment of the C-terminal carboxylate of 
Gly76 of ubiquitin to a protein substrate. Ubiquitin can be attached to proteins by 
an isopeptide bond to the  e -amino group of substrate lysine residues, a thioester 
bond to substrate cysteine residues, an oxy-ester bond to substrate serine or threo-
nine residues, or peptide bond to the N  a  -amino group of a protein substrate  [  113, 
  114  ] . The attachment of a single moiety of ubiquitin to a protein (mono-ubiquity-
lation) can alter the activity and/or location of the protein and can even signal the 
protein for destruction in lysosomes  [  115–  117  ] . Chains of ubiquitin can also form 
through isopeptide bonds between the C-terminal carboxyl group of an incoming 
ubiquitin to one of the seven lysine residues of a ubiquitin (K6, K11, K27, K29, 
K33, K48 and K63) moiety covalently attached to a protein substrate  [  118  ] . Of 
these chains, the K63- and K48-linked chains of ubiquitin are best characterized. 
The K63-linked ubiquitin chains have non-proteolytic roles such as signalling for 
sorting into the multivesicular body pathway  [  119  ] , while the K48-linked ubiquitin 
chains typically target a protein for destruction by 26S proteasomes  [  120  ] .  

 Ubiquitylation involves a series of enzyme catalyzed reactions with the forma-
tion of adenylated ubiquitin and thioester intermediates that result in the covalent 
attachment of ubiquitin to proteins (Fig.  11.7a )  [  121–  123  ] . In the  fi rst step, a ubiq-
uitin-activating enzyme (E1) adenylates the C-terminal carboxylate of Gly76 of 
ubiquitin (part of the a conserved diglycine motif, Gly75Gly76) in an ATP-
dependent reaction that releases PPi. The adenylated form of ubiquitin is attacked 
by a conserved cysteine residue of E1 to form a thioester intermediate between the 
C-terminal Gly76 of ubiquitin and the conserved catalytic cysteine of the E1. In the 
next step, a conserved cysteine residue of an ubiquitin-conjugating enzyme (E2) 
attacks the E1-ubiquitin thioester intermediate. This E2-mediated reaction results 
in the transfer of ubiquitin to the E2 enzyme and formation of a thioester bond 
between the E2 and the C-terminal Gly76 of ubiquitin. Finally, ubiquitin is trans-
ferred to the substrate protein with assistance from an ubiquitin ligase (E3). The E3 
enzyme either directly transfers ubiquitin from E2 to the protein substrate or forms 
a thioester intermediate between a conserved cysteine of E3 and the C-terminal Gly76 
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of ubiquitin prior to transfer. In the formation of ubiquitin chains, the concerted 
action of the E1-E2-E3 enzymes is repeated with the transfer of ubiquitin to one of 
the seven lysine residues of ubiquitin that is attached to the modi fi ed protein  [  124  ] . 
In some cases, the ubiquitylation process is more elaborate with the use of a ubiquitin 

  Fig. 11.7     Ubiquitylation and sampylation . ( a ) Eukaryotes use an elaborate E1-E2-E3 mediated 
mechanism for the attachment of ubiquitin to protein substrates. ( b ) Similarly to eukaryotes, small 
archaeal ubiquitin-like modi fi er proteins (termed  SAMPs ) can form protein conjugates in the 
archaeon  H. volcanii  by a pathway that is dependent upon the synthesis of an E1 homolog (termed 
 UbaA ). Based on genome sequence, E2 and E3 homologs are not predicted for this pathway. UbaA 
and SAMP proteins appear to also be linked to sulfur incorporation pathways (such as the biosyn-
thesis of MoCo and thiolated tRNA) that require an E1-type adenylation reaction for the formation 
of a thiocarboxylated sulfur carrier protein with a ubiquitin-type  b -grasp fold       
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chain elongation factor termed an E4  [  122  ] , while other ubiquitylation events occur 
independent of an E3-ubiquitin ligase  [  125–  127  ] .  

   Multifunctional Roles of Proteins Related to Ubiquitin 
and E1 in Bacteria 

 While ubiquitin is not conserved, at the amino acid level, among either Archaea or 
bacteria, proteins with a predicted  b -grasp ubiquitin-like fold are common to all 
organisms  [  128  ] . For example, the bacterial proteins ThiS and MoaD both exhibit a 
ubiquitin-like structure and have been extensively studied for their role in the incor-
poration of sulfur into thiamine and molybdenum cofactors, respectively  [  129,   130  ] . 
Additional biochemical roles for bacterial proteins with a ubiquitin-like structure 
have been identi fi ed that are independent of protein modi fi cation including QbsE-
mediated thioquinolobactin siderophore biosynthesis in  Pseudomonas  fl uorescens  
 [  131  ] , CysO-mediated cysteine biosynthesis in  Mycobacterium tuberculosis   [  132, 
  133  ]  and others  [  134  ] . 

 Similar to eukaryotic ubiquitin, bacterial proteins with a ubiquitin-like fold can 
be activated at their C-terminus by enzymes of the E1-like superfamily  [  135  ] . For 
example, the bacterial E1 homologs, MoeB and ThiF, associate with and adenylate 
the C-terminal carboxylate of their cognate ubiquitin-like partner protein, MoaD 
and ThiS, respectively  [  136,   137  ] . However, in contrast to ubiquitin, the adenylated 
form of the bacterial ubiquitin-like proteins is typically modi fi ed by an E1-like 
enzyme to accept sulfur from either a cysteine desulfurase or rhodanese  [  138,   139  ] . 
This transfer of sulfur results in the formation of a C-terminal thiocarboxylated 
form of the ubiquitin-like protein that can be used as a source of activated-sulfur for 
biosynthetic reactions  [  140  ] .  

   E1 and Ubiquitin-Like Protein Homologs of Archaea 

 While all Archaea encode homologs of E1 and proteins with a ubiquitin-like protein 
structure based on genome sequence, the role of these proteins in archaeal cell func-
tion has only recently been examined. Using the halophilic archaeon  H. volcanii  as 
a model system, two ubiquitin-like proteins, termed SAMP1 and SAMP2 ( s mall 
 a rchaeal  m odi fi er  p rotein 1 and 2) and an E1 homolog (UbaA,  ub iquitin-like  a ctivat-
ing protein of  A rchaea) were examined for their role in protein modi fi cation and/or 
sulfur incorporation into biomolecules such as molybdenum cofactor and tRNA 
(2-thiouracil)  [  141,   142  ] . Similar to most archaeal species, halophilic Archaea are 
predicted to synthesize biomolecules that require sulfur such as molybdenum/tung-
sten cofactors  [  143  ] . Furthermore, like most Archaea,  H. volcanii  is predicted to 
encode multiple ubiquitin-like proteins and a single E1 homolog, but not E2 or E3 
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homologs  [  144–  146  ] . Thus, Archaea were anticipated to use  ubiquitin-like proteins 
for sulfur incorporation into biomolecules and not for protein conjugation  [  128  ] .   

   Sampylation – An Archaeal Form of Ubiquitylation 

 Recently it was shown that ubiquitin-like proteins can be conjugated to proteins 
in Archaea, by a process termed sampylation that is dependent upon the synthesis 
of an E1 homolog (Fig.  11.7b ). These surprising  fi ndings are based on the follow-
ing experimental evidence. Using  H. volcanii  as a model system, the ubiquitin-
like proteins SAMP1 (87 a.a.) and SAMP2 (66 a.a.) were expressed with an 
N-terminal FLAG-tag and the formation of SAMP1/2 protein conjugates was ana-
lyzed by  a -FLAG immunoblot  [  141  ] . Under certain growth conditions, an array 
of large  a -FLAG speci fi c protein bands was detected for both FLAG-SAMP1 and 
FLAG-SAMP2 expression strains  [  141  ] . Deletion of the conserved C-terminal 
diglycine motif of the ubiquitin-like protein or deletion of the  ubaA  gene (encod-
ing the  H. volcanii  E1 homolog UbaA) abolished the ability to detect SAMP pro-
tein conjugates in  H. volcani i cells  [  141,   142  ] . This effect could be complemented 
 in trans  by the wild type  ubaA  (but not by  ubaA  with a mutation in the conserved 
active site cysteine) suggesting that SAMP1 and SAMP2 are activated by an 
E1-like mechanism  [  142  ] . 

 To determine the type of peptide bond formed between archaeal ubiquitin-like 
proteins and their protein substrates, SAMP2 was selected for further analysis  [  141  ] , 
as it contains a lysine residue immediately preceding its C-terminal diglycine motif 
(i.e. KGG). The location of this lysine residue enabled the use of tryptic digestion 
and tandem mass spectrometry (MS/MS) to analyze the SAMP2 protein conjugates, 
in a similar to approach to that used to analyze ubiquitylated proteomes of eukary-
otes  [  147  ] . If an isopeptide bond was present, between the C-terminal carboxylate 
of Gly66 in SAMP2 and an internal lysine residue on the protein substrate, the 
modi fi ed lysine residue of the protein substrate would be resistant to cleavage by 
trypsin and hence retain the GG footprint derived from the SAMP2 C-terminus. 
With this approach, SAMP2-protein conjugates were isolated by  a -FLAG af fi nity 
chromatography from an  H. volcanii  FLAG-SAMP2 expression strain (compared to 
the control strain) and isopeptide bonds were detected between Gly66 (of SAMP2) 
and the lysine residues of eight different proteins predicted to mediate a variety of 
functions, from metabolism to transcription  [  141  ] . Similar to ubiquitylation  [  148  ] , 
SAMP2 modi fi cation (samp2ylation) was also detected on multiple sites within a 
single target protein (i.e. a TATA-box binding protein and tandem rhodanese domain 
protein)  [  141  ] . Furthermore, Gly66 of SAMP2 also formed an isopeptide bond with 
one of the two SAMP2 lysine residues (i.e. Lys58) revealing the presence of K58-
linked SAMP2 chains  [  141  ] . Whether the SAMP2 chains are associated with a 
protein substrate remains to be determined. In eukaryotes, ubiquitin genes are trans-
lated into polypeptide chains of repeating units of ubiquitin fused head-to-tail  [  149–  151  ]  
or ubiquitin fused to unrelated amino acid sequences  [  152  ] . These ubiquitin-protein 
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fusions are cleaved by deubiquitylases to generate free pools of mature ubiquitin 
 [  153  ] . Unlike ubiquitin, SAMP2 is translated as a single protein. While speculative, 
it is possible that archaeal cells might regulate the pools of free SAMP2 by the syn-
thesis and cleavage of unanchored SAMP2 chains. Alternatively, if SAMP2 chains 
are anchored, this might enhance the diversity of SAMP modi fi cations available for 
protein targeting. 

 Using various strains of  H. volcanii  expressing either FLAG-SAMP1 or 
FLAG-SAMP2, together with  a -FLAG immunoprecipitation, several interacting 
proteins were identi fi ed by tandem MS, following “in-gel” digested with trypsin 
 [  141  ] . Cells used for this analysis were grown in different culture conditions to 
enhance coverage of proteins modi fi ed by SAMP1 and/or SAMP2 (termed the 
“sampylome”). While SAMP modi fi cation sites were not mapped using this 
second approach, 32 proteins speci fi c for the FLAG-SAMP expression strains 
were identi fi ed by MS/MS. These included the 8 proteins described above (with 
their SAMP2 modi fi cation sites mapped) as well as 24 additional homologs of 
proteins involved in ubiquitylation, sulfur incorporation, stress responses, metab-
olism and information processing such as transcription and translation  [  141  ] . 

   Regulation of Sampylation 

 Environmental conditions can signal changes in the level of SAMP protein conju-
gates that are formed in  H. volcanii  cells. For example, growth in the presence of 
dimethyl sulfoxide and other culture conditions can increase the levels of SAMP 
protein conjugates  [  141,   142  ] . Thus, sampylation is regulated, most likely at the post-
transcriptional level, based on the use of a constitutive promoter for expression of the 
genes encoding the SAMP proteins throughout these experiments  [  141,   142  ] .  

   Functional Role of Sampylation 

 Sampylation (the formation of SAMP protein conjugates) appears to mark some 
proteins for degradation by proteasomes in Archaea. However, the evidence sup-
porting a biological connection between sampylation and proteasomes remains 
indirect. The  fi rst piece of evidence in support of this association is that SAMP1-
modi fi ed proteins accumulate in  H. volcanii  cells that contain chromosomal dele-
tions of the genes encoding the proteasomal CP  a 1-subunit ( psmA ) or the Rpt-like 
ATPase PAN-A ( panA )  [  141  ] . Thus, SAMP1-modi fi ed proteins may not be 
ef fi ciently degraded by proteasomes in these mutant cells. In addition to this  fi nding, 
many of the proteins that are modi fi ed by SAMP1 and/or SAMP2 or associated with 
these SAMP proteins  [  141  ]  were also found to accumulate in  H. volcanii  cells that 
are disrupted in proteasome function either by deletion of  panA   [  154  ]  or treatment 
with the proteasome-speci fi c inhibitor  clasto -Lactacystin  b -lactone  [  155  ] . However, 
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currently there is no direct evidence that sampylation of a protein leads to its degra-
dation by the proteasome. 

 To further understand the role of sampylation in archaeal cell function, the genes 
encoding the ubiquitin-like protein modi fi ers (SAMP1 and SAMP2) and the E1 
homolog (UbaA) were deleted from the genome of  H. volcanii   [  142  ] . The resulting 
mutant strains were examined for biochemical and phenotypic differences compared to 
wild type cells. With this approach, UbaA was found to be required for the formation 
(or stabilization) of SAMP1 and SAMP2 protein conjugates in  H. volcanii   [  142  ] . Thus, 
an E1-type mechanism of SAMP protein activation has been proposed (Fig.  11.7b ). 

 In addition to protein conjugation, UbaA and SAMP2 appear essential for the 
thiolation of tRNA (most likely 2-thiouridine) based on comparison of tRNA from 
wild type and mutant cells, using [( N -acryloylamino)phenyl]mercuric chloride 
(APM) gel electrophoresis followed by hybridization to a speci fi c probe for lysine 
tRNAs with anticodon UUU (tRNA Lys  

UUU
 )  [  142  ] . Because E1- and ubiquitin-like pro-

teins can catalyze sulfur incorporation into tRNA in bacteria and eukaryotes  [  156, 
  157  ] , the biochemical differences in the level of thiolated tRNA in  H. volcanii ubaA  
and  samp2  mutants (devoid of slow migrating “thiolated” tRNA Lys  

UUU
 ) compared to 

wild type are thought to be independent of protein conjugation (Fig.  11.7b ). 
 UbaA and SAMP1 also seem important for sulfur incorporation into the pterin-

based molybdenum cofactor (MoCo) (Fig.  11.7b ). This is based on the  fi nding that, 
in comparison to wild type cells,  ubaA  and  samp1  mutant cells are unable to grow 
under anaerobic conditions with dimethyl sulfoxide (DMSO) as a terminal electron 
acceptor or produce DMSO reductase activity when switched to anaerobic condi-
tions with DMSO  [  142  ] . DMSO reductase requires incorporation of MoCo into the 
catalytic subunit DmsA for activity. Similarly to wild type, the  ubaA  and  samp1  
mutant strains were still able to produce transcript speci fi c for  dmsA  (encoding the 
catalytic subunit of DMSO reductase). 

 Together, these results suggest UbaA and SAMP proteins mediate not only 
sampylation but also sulfur incorporation into tRNA and MoCo (Fig.  11.7b ). The 
E1 homolog, UbaA, appears at the crossroads of activating the SAMP proteins for 
formation of an isopeptide bond between the C-terminal carboxylate of SAMP and 
the target protein and for the formation of a putative C-terminal thiocarboxylate 
group on the SAMP1 and SAMP2 proteins for sulfur transfer to MoCo and tRNA, 
respectively. Thus, any phenotypic differences that are detected for archaeal mutants 
of E1 and ubiquitin-like homologs (in comparison to wild type cells) will need to be 
further examined for whether these changes are due to perturbations in sampylation 
(protein conjugation) or sulfur transfer to biomolecules.   

   Summary 

 While Archaea are often thought of as prokaryotes, due to the absence of a membrane-
bound nucleus, these incredible microbes have self-compartmentalized proteases and 
protein conjugation systems that are closely related to the ubiquitin-proteasome 
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systems of eukaryotes. Unlike bacteria, which have multiple energy-dependent 
proteases in their cytosol [i.e. Lon, Clp and HslUV (or proteasomes in actinobacteria)], 
Archaea appear highly dependent on the proteasome system (with an unknown contri-
bution by the membrane-bound Lon protease) as their major energy-dependent 
proteases. Based on numerous studies that have investigated how archaeal PAN and CP 
complexes function at the atomic level, an elaborate mechanism of how proteasomes 
degrade unfolded and/or folded proteins is rapidly emerging. Surprisingly, Archaea 
also contain a system in which ubiquitin-like proteins are conjugated to substrate pro-
teins, through an apparent E1-like mechanism termed sampylation. Sampylation is 
predicted to exist in all Archaea and occurs independent of E2 or E3 homologs. Whether 
or not sampylation marks proteins for degradation by the proteasome remains to be 
determined; however, indirect evidence suggests these two pathways are functionally 
connected. Improving our understanding of how proteins are targeted for degradation 
in archaea promises to be an exciting area of research. Sampylation is likely a simpli fi ed 
system for the covalent marking proteins, which has close evolutionary roots to ubiqui-
tylation and other related pathways that play an important role in eukaryotic cell func-
tion. Interestingly, more elaborate protein conjugation mechanisms than sampylation 
may exist in a select group of bacteria and archaea that harbour E1, E2 and E3 homologs, 
based on recent metagenomic sequencing and comparative genomics  [  144,   158  ] .      
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