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Abstract
ClpP is a highly conserved serine protease present in most bacterial species and in the
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mitochondria of mammalian cells. It forms a cylindrical tetradecameric complex arranged into protease
two stacked heptamers. The two heptameric rings of ClpP enclose a roughly spherical
proteolytic chamber of about 51 A in diameter with 14 Ser-His-Asp proteolytic active sites. History

ClpP typically forms complexes with unfoldase chaperones of the AAA+ superfamily.
Chaperones dock on one or both ends of the ClpP double ring cylindrical structure.
Dynamics in the ClpP structure is critical for its function. Polypeptides targeted for degradation
by ClpP are initially recognized by the AAA+ chaperones. Polypeptides are unfolded by the
chaperones and then translocated through the ClpP axial pores, present on both ends of the
ClpP cylinder, into the ClpP catalytic chamber. The axial pores of ClpP are gated by dynamic
axial loops that restrict or allow substrate entry. As a processive protease, ClpP degrades
substrates to generate peptides of about 7-8 residues. Based on structural, biochemical and
theoretical studies, the exit of these polypeptides from the proteolytic chamber is proposed to
be mediated by the dynamics of the ClpP oligomer. The ClpP cylinder has been found to exist
in at least three conformations, extended, compact and compressed, that seem to represent
different states of ClpP during its proteolytic functional cycle. In this review, we discuss the link
between ClpP dynamics and its activity. We propose that such dynamics also exist in other
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cylindrical proteases such as HslV and the proteasome.

Introduction

Proteins are one of the most complex macromolecules in the
cell. They are responsible for carrying out the majority of
cellular activities thus making protein homeostasis, or
proteostasis, a tightly regulated process. Protein folding is
mediated by the activities of molecular chaperones such as
members of the Heat Shock Protein (Hsp) family, which
usually couple ATP hydrolysis with iterative cycles of
substrate binding and release to help proteins achieve their
native state. On the other hand, protein degradation in the cell
is mediated by self-compartmentalized, energy-dependent
proteases (De Mot et al., 1999; Pickart & Cohen, 2004).
These proteases include the well-studied serine protease
Caseinolytic protease P (ClpP), the threonine protease Heat
shock locus V (HslV, also known as ClpQ) (Chuang et al.,
1993) and the 20S Core Particle (CP) of the proteasome
present in eukaryotes, archaea, and some bacteria (Humbard
& Maupin-Furlow, 2013; Inobe & Matouschek, 2014). All the
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proteases share the common feature of having their proteo-
lytic active sites buried within the cylindrical-like structure
formed by the oligomerization of the protease subunits and,
thus, they are named self-compartmentalized proteases or
chambered proteases (Pickart & Cohen, 2004).

Self-compartmentalized proteases typically have limited
proteolytic activity against well-folded protein substrates that
cannot enter their proteolytic chamber, however, they can
degrade such folded proteins with the help of AAA+
(ATPases Associated with diverse cellular Activities) chap-
erone components. These chaperones form the cap for the
chambered protease and use ATP binding and hydrolysis to
aid with protein unfolding and translocation into the proteo-
lytic chamber of the protease. In Escherichia coli, the partner
chaperones for ClpP are ClpA or ClpX. For HslV, the partner
chaperone is HslU. For the proteasome, the CP is capped by
the Regulatory Particle (RP), which is composed of at least 19
subunits in eukaryotes, 9 subunits form the ‘‘base’” complex
and around 10 subunits form the *‘lid’” of the cap (Tomko &
Hochstrasser, 2013). Six of the subunits of the ‘‘base’
complex are AAA+ proteins.

ClpP was first purified and studied in E. coli (Katayama-
Fujimura er al., 1987; Katayama et al., 1988). Escherichia
coli ClpP (EcClpP) consists of 207 amino acids and is
expressed as a proenzyme (Figure 1; Maurizi et al., 1990).
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Figure 1. Sequence alignment of ClpPs for which X-ray structures are available. Residues shaded in blue are 100% conserved across all the listed
ClpPs. Asterisks indicate the catalytic triad residues Ser, His and Asp. Secondary structure and residue numbering refer to EcClpP sequence. Structural
alignment was done using STRAP (Gille & Frommel, 2001). Boxes refer to o helices, while arrows refer to  strands. Note that LmClpP1 has a natural
substitution of Asn for the Asp residue in the catalytic triad. Also, note that PfCIpP has an extended N-terminus and that the sequence beginning at
residue 113 is shown. The PfClpP X-ray structure was solved for an N-terminally truncated protein having instead residues corresponding to a Hisg-tag
and tobacco etch virus cut site at the N-terminus. All the other ClpP sequences shown are of the full-length wild-type protein. Throughout the
manuscript, residue numbering follows that of UniProtKB database (UniProt, 2014). The UniprotKB identifiers for the sequences shown are as follows:
BsClpP is P80244 (CLPP_BACSU), CbClpP is B6JOWO (CLPP_COXB2), EcClpP is POA6G7 (CLPP_ECOLI), FtClpP is QSNH47 (CLPP_FRATT),
HpClpP is P56156 (CLPP_HELPY), HsClpP is Q16740 (CLPP_HUMAN), LmClpP1 is EIUFC3 (E1UFC3_LISML), LmClpP2 is E1UAZO
(E1TUAZO_LISML), MtClIpP1 is POWPCS (CLPP1_MYCTU), MtClpP2 is POWPC3 (CLPP2_MYCTU), PfCIpP is 097252 (097252_PLAF7), SaClpP
is P63786 (CLPP_STAAW), and SpClpP is P63788 (CLPP_STRR6). See colour version of this figure at www.informahealthcare.com/bmg.
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The proenzyme undergoes autoproteolysis removing the
N-terminal 14 amino acids to create the mature ClpP
sequence of 193 amino acids (Maurizi et al., 1990). E. coli
ClpP forms tetradecamers of two identical stacked

Crit Rev Biochem Mol Biol, 2014; 49(5): 400-412

homoheptamers (Figure 2A-C) (Gersch et al., 2012). All
14 subunits of the E. coli ClpP tetradecamer have protease
activity. If the organism has multiple copies of the cIpP gene,
for example as in Listeria monocytogenes where there are two
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Head Domain

Handle Region g
~
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Figure 2. Overview of ClpP structure. (A—C) Extended EcClpP crystal structure is displayed as the canonical ClpP protease structure (PDB 1YG6).
The axial pore lining of the axial loop is colored in wheat, the axial protrusion part of the axial loop is colored in red, the head domain is colored in
green and the handle domain is colored in blue. (A) Top view and (B) side view of EcClpP tetradecamer with one monomer colored. (C) EcClpP
monomer magnified from box in panel B. Secondary structure elements are labeled. The catalytic triad residues are colored orange. (D) Cross section
of the EcClpP tetradecamer with a substrate Z-LY-CMK (in green) covalently bound at the active site (PDB 3FZS). The active site residues are colored
in orange. Residues of 4 and 9 involved in coordinating the substrate (Gly81, Gly82, Met112 and Leu139) are colored in purple. Hydrogen bonds are
indicated by wheat dots. (E) The arginine sensor of EcClpP (PDB 1YG6). Four monomers of the ClpP tetradecamer are shown. Two hydrogen bonding
networks involving Argl84, Glul83, and GInl45 are indicated by wheat dots. All figures were drawn using PyMOL (DeLano, 2002). See colour

version of this figure at www.informahealthcare.com/bmg.
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ClpP isoforms (Figure 1), it is proposed that the enzyme may
form heterotetradecamers (Zeiler et al., 2013). In EcClpP, the
catalytic triad is formed by the residues Ser111, His136 and
Aspl185 (Figures 1 and 2C).

Although HslV is also considered as a Clp family member,
it has a different oligomerization scheme than ClpP. HslV
protomer is approximately 19 kDa. HslV was found to arrange
into dodecamers to form a complex of approximately 230 kDa
consisting of two identical homohexamers (Bochtler et al.,
1997; Kessel et al., 1996). All 12 subunits of the dodecamer
have protease activity. HslV has sequence similarity with the
[ subunits of the eukaryotic and archaebacterial proteasomes
(Bochtler et al., 1997). Interestingly, E. coli HslV active site
threonine residue is residue number two in the sequence after
methionine residue number one. The other residues of the
EcHsIV active site are Lys33 and Ser125 (Bochtler et al.,
1997).

The oligomerization architecture of the 20S CP of the
proteasome is much more complex. The proteasome is found
in eukaryotes, archaebacteria, and the Gram-positive actino-
bacteria. Similar to HslV, the proteasome is also a threonine
protease. In general, the CP consists of two heptamers formed
from [ proteasome subunits sandwiched between two
heptamers formed from o proteasome subunits. In archaea,
such as Thermoplasma acidophilum, and actinobacteria,
such as Mycobacterium tuberculosis, all the o and
B proteasome subunits are identical, and it is expected
that all of the B subunits have protease activity. In eukary-
otes, there are seven distinct o and seven distinct § subunits
and not all B subunits are active (Humbard & Maupin-Furlow,
2013).

The high-resolution X-ray crystal structure of ClpP has
been solved from various different organisms (Table 1).
In some of these organisms, ClpP structures in different
conformations have been observed. This directly points to
the dynamic nature of ClpP. Here, we discuss the link
between the structural dynamics of self-compartmentalized
proteases, specifically that of ClpP and the proteasome, and
their proteolytic activity. Residue numbers used in this review
refer to the sequences in Figure 1 of the unprocessed
proteases as obtained from the UniprotKB database
(UniProt, 2014).

General overview of ClpP structure

The X-ray crystal structure of ClpP displays an N-terminal
axial loop region (Figure 2A). This region is proposed to
function in restricting the size of the ClpP axial substrate
entry pores present on both ends of the ClpP cylinder (Bewley
et al.,2006; Gribun et al., 2005; Zhang et al., 2011), as well
as, in mediating the interaction between the ClpP protease and
its cognate AAA+ ATPase (Figure 2A-C; Bewley et al.,
2006; Gribun et al., 2005; Jennings et al., 2008a; Kim ez al.,
2001). Protein substrates destined to be degraded by the ClpP
protease must enter the catalytic chamber through the narrow
axial pores lined by these N-terminal axial loops (Figure 2A
and B).

The N-terminal axial loop can be divided into two parts.
The first part, termed °‘‘axial pore lining’’, comprises
hydrophobic residues Alal5-Ile21 in EcClpP (Figures 1
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Table 1. Summary of solved X-ray structures of ClpP.

Organism Protein Conformation
Bacillus subtilis WT (3KTG)* Extended
WT (3TT6)" Compressed
Coxiella burnetii WT (3Q7H)° Extended
Escherichia coli WT (lYTF)Ul Extended
WT (1YG6)® Extended
V20A (1YGS8)® Extended
WT (2FZS)f Extended
A153C (BHLN)® Compact
Francisella tularensis WT (3P2L)1.1 Extended
Helicobacter pylori WT (2ZL0)' Extended
S99A (2ZL3)' Extended
Homo sapiens WT (1ITG6Y Extended
(mitochondrial)
Listeria monocytogenes WT ClpP1 (4JCQ)k Compact
N165D ClpP1 (4JCR)*  Extended
WT CIpP2 (4JCT)* Extended
Mycobacterium WT ClpP1 (2CE3)! Compact
tuberculosis
Plasmodium falciparum WT (2F6D)™ Compact
Staphylococcus aureus WT (3QWD)", Extended
(BVSE)°, (3STA)? Extended
S98A (3V5ID)° Extended
E137A (4EMP)! Extended
WT (4EMM)4 Compact
WT (3ST9)? Compressed
Streptococcus pneumoniae A140P (1Y70)" Compact

PDB file codes are given in parenthesis.

Lee er al. (2010); "Lee et al. (2011); “Deposited in PDB but not
Published in a manuscript; dWang et al. (1997); “Bewley et al. (2006);
Szyk & Maurizi (2006); #Kimber et al. (2010); hDeposited in PDB but
not published in a manuscriPt; 'Kim & Kim (2008); 'Kang et al.
(2004); XZeiler et al. (2013); 'Ingvarsson et al. (2007); ™El Bakkouri
et al. (2010); "Geiger et al. (2011); °Gersch et al. (2012); PZhang
et al. (2011); 9Ye et al. (2013); "Gribun et al. (2005).

and 2C in wheat). These residues are stabilized by interactions
with the head domain (see below) and line the axial
pore (Bewley er al., 2006; Gribun et al., 2005). The
second part of the N-terminal axial loop, termed
‘“‘axial protrusion’’, which comprises residues Glu22-Ser30
in EcClpP (Figures 1 and 2C in red), contains predominantly
charged or hydrophilic residues and form an extended
loop protruding from the axial pore (Bewley et al., 2006;
Gribun er al., 2005). The exact interactions involving this
region of ClpP is currently unclear as this loop was found in
many different conformations in ClpPs from different
organisms.

Following the N-terminal axial loop is the head domain,
which forms the bulk of the ClpP protease chamber (Figures 1
and 2A—C in green). The head domain contains the catalytic
triad residues: Ser111, His136 and Asp185. Through crystal-
lographic analysis, it was determined that the protein substrate
to be degraded is held close to the active site via interactions
with the head domain, specifically: B4, B9 and H-bonding
network with the wall of the ClpP chamber (Figure 2D;
Szyk & Maurizi, 2006). These interactions involve residues
Gly81, Gly82, Metl12 and Leul39 in addition to Serlll
(Figure 2D). The structure of the head domain was found to
be largely invariable across the various ClpPs from the
different organisms (Figure 3).

The handle domain of ClpP, which consists of 3 strand 9
and helix E is a strand-turn-helix motif and forms the
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Gram-positive bacteria

Listeria monocytogenes Listeria monocytogenes Mycobacterium tuberculosis Staphylococcus aureus
ClpP1 ClppP2 ClpP1

Streptococcus pneumoniae

Gram-negative bacteria

G

Coxiella burnetii Escherichia coli Francisella tularensis Helicobacter pylori

Other

Homo sapiens Plasmodium falciparum

Figure 3. Structures of ClpP from different organisms. Side and top views of ClpP tetradecameric structures from Gram-positive (A-F) and
Gram-negative (G-J) bacteria and from other organisms (K,L). All the structures are of WT ClpP except for SpClpP. For a complete list of all of the
crystallized ClpP structures in various conformational states, refer to Table 1. The structures shown are as follows: (A) ClpP from B. subtilis in the
extended state (PDB 3KTG); (B) ClpP1 from L. monocytogenes in the compact state (PDB 4JCQ); (C) ClpP2 from L. monocytogenes in the compact
state (PDB 4JCT); (D) ClpP1 from M. tuberculosis in the compact state (PDB 2CE3); (E) ClpP from S. aureus in the extended state (PDB 3STA); (F)
ClpP from S. pneumoniae A140P in the compact state (PDB 1Y70); (G) ClpP from C. burnetii in the extended state (PDB 3Q7H); (H) ClpP from E.
coli in the extended state (PDB 3TT6); (I) ClpP from F. tularensis in the extended state (PDB 3P2L); (J) ClpP from H. pylori in the extended state (PDB
271.0); (K) Mitochondrial ClpP from H. sapiens in the extended state (PDB 1TG6); (L) ClpP from P. falciparum in the compact state (PDB 2F6I). See
colour version of this figure at www.informahealthcare.com/bmg.
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equatorial wall of the protease chamber (Gribun et al., 2005;
Zhang et al., 2011; Figures 1 and 2A—C in blue). Originally,
it was proposed that this domain mediates the formation of the
ClpP tetradecameric double-ring structure from the single-
ring heptamers. The handle domains from opposing mono-
mers of the heptameric rings were found to interdigitate with
each other in the solved X-ray crystal structures of
tetradecameric ClpP (Wang et al., 1998). However, as
discussed below, it has subsequently been shown that the
handle domain is quite elastic (Gribun et al., 2005; Sprangers
et al., 2005) and, instead, important residues in the head
domain are proposed to mediate inter-ring contacts of ClpP. In
Staphylococcus aureus ClpP (SaClpP), for example, R171
(R184 in EcClpP) of the head domain in one heptameric ring
is involved in H-bonding and charged—charged interactions
with residues D170 (E183 in EcClpP) and Q132 (Q145 in
EcClpP) of the corresponding protomer in the opposing
heptameric ring (Figure 2E; Zhang et al., 2011). Mutation of
R171 in SaClpP to alanine or lysine resulted in the formation
of heptamers (Gersch et al., 2012). This finding has also been
corroborated for Streptococcus pneumoniae ClpP (SpClpP).
SpClpP with R171G (corresponds to R171 in SaClpP) or
E170A (corresponds to D170 in SaClpP) mutations formed
heptamers and mixtures of heptamers and tetradecamers,
respectively (Gribun et al., 2005). As such, R171 in
SpClpP or SaClpP, or the equivalent R184 in EcCIpP, is
referred to as the sensor of the ClpP oligomeric state (Gersch
et al., 2012).

The proteolytic chamber of EcClpP is a sphere of about
50 A in diameter and can accommodate several hundred
residues of unstructured substrate (Wang et al., 1997).
Due to the high local concentration of the 14 active sites,
simple proximity drives the binding of substrates to the
active sites and enhances the efficient hydrolysis of poly-
peptides that enter the chamber (Baker & Sauer, 2012).
In addition, the 14 active sites are close to each other in
space, separated by about 25 A between two neighboring
active site Ser residues within one heptameric ring
(Figure 2D). Hence, a polypeptide can bind to multiple
active sites simultaneously, thus, increasing avidity and
tandem cleavage events. Indeed, ClpP is considered to be a
processive protease whose proteolytic activity generates
peptides with an average size distribution of about 7-8
residues with no accumulation of intermediates (Jennings
et al., 2008b).

The structures of WT and/or mutant ClpPs from Bacillus
subtilis (BsClpP), Coxiella burnetii (CbClpP), Escherichia
coli (EcClpP), Francisella tularensis (FtClpP), Helicobacter
pylori (HpClpP), Homo sapiens mitochondria (HsClpP),
Listeria monocytogenes (LmClpP), Mycobacterium tubercu-
losis  (MtClpP),  Plasmodium  falciparum  (PfClpP),
Staphylococcus aureus (SaClpP) and Streptococcus pneumo-
niae (SpClpP) have been successfully crystallized (EIl
Bakkouri et al., 2010; Gribun et al., 2005; Ingvarsson
et al., 2007; Kang et al., 2004; Kim & Kim, 2008; Lee
et al., 2010; Wang et al., 1997; Zeiler et al., 2013; Zhang
et al., 2011; Figure 3). Their primary sequences share high
sequence similarity (Figure 1). All these ClpPs have the Ser,
His, Asp catalytic residues, except for LmClpP1, which has an
Asn instead of the Asp (Figure 1).
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Dynamic axial loops of ClpP: ClpP N-terminus
forms a loop that regulates entry of substrates
into the chamber

Since the catalytic sites in ClpP are accessible only via the
two axial pores on each end of the ClpP cylinder (Figures 2A
and B and 4A), the N-terminal axial loops adopt an open or a
closed conformation to allow or restrict, respectively, the
translocation of polypeptides into the catalytic chamber. The
axial loops are also important for mediating the interaction of
ClpP with the cognate ATPase (Bewley et al., 2006; Gribun
et al., 2005; Martin et al., 2007). Mutating or deleting
residues in the loop region abrogates the ClpP-cognate
ATPase interaction.

The N-terminal sequence of mature ClpP is highly
conserved across several species (Gribun et al., 2005; Kang
et al.,2004; Figure 1). The axial loops are very flexible based
on the diverse structural studies in which the loops were either
partially or totally untraceable. Crystal structures that suc-
cessfully mapped the N-terminal loops have shown the loops
to adopt either an ‘‘up’” or ‘‘down’ conformation
(Figure 4A). In the up conformation, the loops extend out
of the apical surface of the cylinder. A B-hairpin structure
formed by the residues at the N-terminus has been observed in
E. coli, S. pnuemoniae, and human ClpP (Gribun et al., 2005;
Kang et al., 2004; Szyk & Maurizi, 2006). In the down
conformation, the loops are tucked within the proteolytic
chamber (Bewley et al., 2006; Szyk & Maurizi, 2006).

Evidence points to the ClpP axial loops acting as a gate
and regulating the rate of peptide entry into the ClpP
proteolytic chamber. ClpP mutants with truncated axial loops
degraded model peptide substrates at a much faster rate than
wild-type ClpP (Gribun et al., 2005). Using cryoelectron
microscopy, it has been shown that the ClpP axial loops
switch from closed to open conformation upon CIlpA binding
to ClpP resulting in the opening of the entrance axial pores
(Effantin et al., 2010a,b).

The open and closed states of ClpP are linked to the up and
down conformations of the axial loops (Bewley et al., 2006;
Effantin er al., 2010b). From the structure of E. coli ClpP by
Bewley et al. (2006), six of the seven N-terminal loops from
one heptameric ring protruded about 10-15 A beyond the
ClpP apical surface; this was termed the up conformation
(Bewley et al., 2006; Effantin et al., 2010b). The seventh
loop did not protrude out of the chamber and was similar to
the structure of the seven N-terminal loops from the second
heptameric ring, termed the down conformation (Bewley
et al., 2006; Effantin et al., 2010b; Figure 4A). The up
conformation was initially thought to represent a closed state
of ClpP. This was because the seventh N-terminal loop that
does not protrude outside the apical surface seemed to lie
across the surface of the channel of ClpP. On the other hand,
the down conformation, with all the seven loops incompletely
visualized and non-protruding, was assumed to be in an open
conformation (Figure 4A). Cryo-EM reconstruction of ClpP
has, however, shown that the reverse is the case and that the
channel is open when the loops are up (Effantin et al.,
2010b). Hence, controversy exists as to which conformation
of the axial loops facilitates better substrate entry into the
ClIpP proteolytic chamber.
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1YG6 - Bottom Heptamer

B. subtilis ClpP - ADEP1

E. coli ClpP - ADEP1

B. subtilis ClpP - ADEP2

Figure 4. Different conformations of the ClpP axial loops. (A) N-terminal loops of E. coli ClpP (PDB 1YG6) in both the up and down conformations.
The loops colored in red are in the up conformation and extend out of the axial pore. The loop colored in orange is in the down conformation and
remains within the ClpP cylinder. (B-D) Co-crystal structure of ClpP from B. subtilis with ADEP1 (PDB 3KTI) (B), of ClpP from E. coli with ADEP1
(PDB 3MT6) (C) and of ClpP from B. subtilis with ADEP2 (PDB 3KTK) (D). The ADEP molecules are colored in yellow and represented as sticks.

See colour version of this figure at www.informahealthcare.com/bmg.

In the open conformation, formation of a f-hairpin by the
N-terminus was shown to be vital for efficient translocation of
polypeptides into the degradation chamber (Alexopoulos
et al., 2013; Gribun et al., 2005). Mutation of Ile21 to Pro
in EcClpP, which prevents the formation of the fB-hairpin by
introducing a kink, decreased the hydrolysis rate of EcClpP to
9% (Alexopoulos et al., 2013). The B-hairpin in EcCIpP is
stabilized by a hydrophobic groove formed by residues 33 and
46 of the same protomer and 35, 38, 60 and 63 of the
neighboring protomer in the head domain of EcClpP. The
groove serves as an anchor point for the hydrophobic residues
16-21 at the N-terminus of the axial loop (Alexopoulos et al.,
2013; Gribun et al., 2005).

A study conducted via synchrotron hydroxyl radical foot-
printing coupled with kinetic experiments, suggested a model
for proteolysis by EcCIpAP in which the axial loops play a
vital role in promoting catalysis (Jennings et al., 2008a). In
this model, the ATP-bound form of ClpA interacts with CIpP,
thus, causing the ClpP axial loops to assume the ‘‘up’’
conformation. This widens the ClpP axial pore and provides
the substrate with easy access to the ClpP proteolytic
chamber. The switching of the axial loops to the ‘‘down’’
conformation then stimulates the hydrolysis of the acyl-
enzyme intermediate at the active site through a yet undeter-
mined mechanism, but which probably involves allosteric
effects (Jennings et al., 2008a).

Acyldepsipeptides (ADEPs) are a class of antibiotics that
have been shown to bind CIpP and to cause it to degrade
proteins in the absence of ClpX or ClpA (Brotz-Oesterhelt

et al., 2005). ADEPs can cause unregulated proteolysis
in vivo thus leading to cell death particularly in
Gram-positive bacteria. Crystal structures of E. coli and
B. subtilis ClpP have been solved in complex with ADEPs
(Figure 4B-D; Lee et al.,2010; Li et al., 2010). ADEPs have
been found to bind the same hydrophobic pockets on the ClpP
apical surface where the IGF/IGL loops of the cognate
ATPases bind. It is thus assumed that ADEPs are a model for
the interaction between ClpP and its cognate ATPases. As a
result, the ADEP-CIpP cocrystal structures have provided new
insights into the gating mechanism of ClpP, although the
interpretation of the structures has also been controversial as
to whether the ADEPs loosen or rigidify the PB-hairpin
conformation of the axial loops (Alexopoulos et al., 2013).
Nevertheless, ADEPs seem to cause the ClpP N-terminus to
adopt a conformation in which the axial pore is widened to
about 20 A in diameter, thus, opening the gate for polypep-
tides to enter the degradation chamber. Based on mutational
studies conducted on the N-terminus of both E. coli and B.
subtilis ClpP, it was suggested that the mechanisms that
stabilize the open conformation of the axial gate are
conserved in both Gram-positive and Gram-negative bacteria
(Alexopoulos et al., 2013).

More recently, high-throughput screening led to the
discovery of new classes of compounds that activate ClpP
in the absence of ClpX or ClpA. These novel compounds
possessed structures that were significantly different
from ADEPs and were termed Activators of Self-
Compartmentalizing Proteases (ACPs; Leung et al., 2011).
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Five different compounds from four different structural
classes were successfully identified as ACPs by the screen.
These compounds all activated CIpP in the absence of its
cognate ATPases, and the compounds were found to bind to
the same hydrophobic pockets on ClpP as the ADEPs.
Obtaining the ACP-CIpP co-crystal structure should shed
further insights into the ClpP gating mechanism.

Dynamic handle region of ClpP: elasticity of the
E helix

The handle domain of ClpP, B strand 9 and helix E (Figures 1
and 2A-C), has been shown to be a very dynamic region of
the protein and to adopt different conformations (Gersch
et al., 2012; Sprangers et al., 2005; Ye et al., 2013; Zeiler
et al., 2013; Zhang et al., 2011). The handle domain is
proposed to be involved in regulating peptide release from the
ClpP protease (Gribun er al., 2005; Kimber et al., 2010;
Sprangers et al., 2005). The conformational state of the
handle domain has also been found to correlate with the
activity of the ClpP protease (Gersch et al., 2012; Zeiler
et al., 2013).

Information on the elasticity of the handle region was
initially based on studies of SpClpP and EcClpP (Gribun
et al., 2005; Kimber et al., 2010; Sprangers et al., 2005).
It was found that truncation of helix E or insertion of prolines
in that helix did not affect the formation of ClpP
tetradecameric double-ring structure. However, when the
X-ray crystal structure of SpClpP with mutation of A140 in
helix E to Pro was solved, no electron density was found for
residues 123-138 in the handle region (Figure 5A and B).
These residues were proposed to reside inside the protease
lumen (Gribun et al., 2005). In addition, the active site
residues of the SpClpP(A140P) mutant were found to be
distorted leading to an inactive enzyme. Importantly, the
structure revealed the formation of equatorial side pores
measuring about 5 Ax10 A (Figure 5B). These pores were
lined by hydrophobic residues: Argl47, His166 and Glul70
of one monomer; Ile138, Alal39 and Glul4l of a second
monomer from the same ring; and Argl71, Aspl72, Asnl73
and Trpl74 of a third monomer from the opposite ring
(Gribun et al., 2005). When compared to the reported
structure of WT EcClpP, SpClpP(A140P) structure was
more compact as the heptamers moved closer together by
about 6 A resulting in a smaller catalytic chamber (Figure SA
and B).

Subsequently, the dynamics of the handle regions of
EcClpP were studied using NMR Transverse Relaxation
Optimized Spectroscopy (TROSY) of methyl groups
(Sprangers et al., 2005). This technique allows the study of
structural dynamics in large protein complexes. These NMR
experiments are typically based on the specific labeling of
methyl groups in Leu, Ile, and Val. Methyl groups are useful
spectroscopic probes of protein structure and dynamics and
their resonances are intense and well dispersed. In this study,
it was clearly established that the handle domain is highly
dynamic and can adopt at least two distinct conformational
states. Biochemically, an EcClpP(A153C) mutant displayed
increased retention of model peptides under oxidizing con-
ditions because of the formation of disulfide bonds between
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the E helices of two opposing subunits in each of the
heptameric rings. The same mutant ClpP under reducing
conditions did not trap any products (Sprangers et al., 2005).
This indicated that the handle region may need to be flexible
to allow for proper product release. Furthermore, under
oxidizing conditions, EcClpP(A153C) did not have protease
activity, while under reducing conditions this mutant enzyme
was active albeit at 32 times lower activity compared to WT,
however, the Ky; of this mutant remained the same as WT
(Kimber et al., 2010). These studies strongly suggested that
the flexibility of the handle region is required for ClpP
activity.

The X-ray crystal structure of oxidized EcClpP(A153C)
was then solved (Kimber e al., 2010). The handle region was
found to be disordered in the structure resulting in the
formation of equatorial side pores (Figure 5C). In addition,
oxidized EcCIpP(A153C) was in a compact state compared to
that of WT EcClpP (Figure 5C versus 5A). The two
heptameric rings in the structure were shifted closer to each
other due to the surfaces of opposing oE helices sliding over
one another.

In silico analysis of the extended EcClpP structure using
normal mode analysis revealed that the structure of the
compact EcClpP(A153C) mutant represents a probable
structure of EcClpP undergoing thermal motion (Kimber
et al., 2010). Furthermore, careful analysis of the many ClpP
structures deposited in the Protein Data Bank determined that,
while some ClpPs were crystallized in an extended state,
others have been crystallized trapped in different compacted
states (Figure 3; Kimber et al., 2010).

The structures observed, the biochemical data obtained,
and theoretical considerations led us to propose that ClpP
naturally samples these different states in a dynamic manner
caused by the elasticity in the handle region (Kimber et al.,
2010). The cycling through these different states might be
regulated by bound cognate ATPases and is likely required for
ClpP to degrade proteins entering its catalytic chamber
through the axial pores and for releasing generated peptides
via transiently formed equatorial side pores (Figure 5D), thus
allowing the protease to act processively.

Dynamic handle region of ClpP: Three
conformational states of the ClpP cylinder

Currently, three states for ClpP have been observed by X-ray
crystallography: extended, compact and compressed based on
the height of the ClpP cylinder and the structure of the handle
region (Table 1). The extended state has been seen for ClpP
from C. burnetii (Deposited in PDB but not published in a
manuscript), E. coli (Wang et al., 1997), F. tularensis
(Deposited in PDB but not published in a manuscript),
H. pylori (Kim & Kim, 2008), L. monocytogenes ClpP2
(Zeiler et al., 2013) and human mitochondria (Kang et al.,
2004). The compact state has been observed for ClpP from
E. coli (Kimber et al., 2010), S. pneumoniae (Gribun et al.,
2005), M. tuberculosis (Ingvarsson et al., 2007), L. mono-
cytogenes ClpPl (Zeiler et al., 2013), P. falciparum
(El Bakkouri et al., 2010; Vedadi et al., 2007), B. subtilis
(Lee et al., 2011) and S. aureus (Geiger et al., 2011; Zhang
et al., 2011). The more compacted state, termed
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©

E. coli ClpP(A153C)
Disulfide linked

Degraded Products

Figure 5. Different conformations of the ClpP cylinder and its implications on ClpP catalytic activity. (A) Structure of WT EcClpP (PDB 1YG6) with
two opposing monomers of the heptamers colored. The handle domain is colored blue, is well ordered and B9 is clearly seen. A153 is in orange sticks.
(B) Structure of SpClpP(A140P) mutant (PDB 1Y70) with two opposing monomers of the heptamers colored. The proline residue is in orange;
the handle domain is in blue; B9 is not structured. (C) Structure of EcClpP(A153C) mutant (PDB 3HLN) in the oxidized state with two opposing
monomers of the heptamers colored. The cysteine residue is in orange; the handle domain is in blue; B9 is not structured. (D) Proposed degradation
mechanism and peptide product release by ClpP. See colour version of this figure at www.informahealthcare.com/bmg.

compressed state, has been observed for ClpP from B. subtilis
(Lee et al., 2011) and S. aureus (Geiger et al., 2011,
Ye et al., 2013; Zeiler et al., 2013; Zhang et al., 2011).
High resolution X-ray structures have been solved for
SaClpP in all three states (Gersch et al., 2012; Zhang et al.,
2011; Figure 6). In the extended conformation, the handle
region of each ClpP monomer is well ordered in the double
heptameric structure (Figure 6A,D). Residues Argl71 and
Aspl70 help to stabilize the tetradecamer and, through an
H-bonding network with residue GInl32, help keep the
handle domain in an extended ‘‘straight’” conformation
(Figure 6J). H-bonding of Argl71 with Aspl70 on the
opposing heptamer causes a conformational change to the
active site residue Aspl72, leading to the correct orientation
of the SaClpP catalytic triad (Figure 6G; Gersch et al., 2012;
Zeiler et al., 2013). In addition, GIn132 is proposed to form
H-bonding interaction with Glul35, which further stabilizes
the handle domain in an extended conformation (Gersch
et al.,2012). Gly127, Gly128 and Gly131 were also found to
be important in mediating the formation of extended SaClpP
tetradecamers, as residues from subunits in opposing rings
were found to form an anti-parallel B-sheet upon tetradeca-
merization, which leads to the active site His123 attaining an

activate conformation, i.e. in bridging the active site residues
Aspl72 and Ser98 (Gersch e al., 2012). Mutation of all three
glycine residues to alanine resulted in the formation of
inactive heptamers (Gersch et al., 2012). In the extended
state, the surface of the ClpP equatorial region is continuous
and unbroken (Zhang et al., 2011).

In the compact state, the E helix in the handle region is
partly unstructured and B9 is completely disordered (Zhang
et al., 2011; Figure 6B.E). The Argl71-Aspl170-GInl132
H-bonding network is not formed (Figure 6K). In addition, the
Ser—His—Asp catalytic triad is not properly oriented and likely
corresponds to an inactive state of ClpP (Figure 6H).

The structure of the compressed state is drastically
different from both the extended and compacted structures.
The structure of compressed SaClpP was solved by two
different groups in 2011 (Zhang et al., 2011; Geiger et al.,
2011). Both groups found that the compressed SaClpP was
inactive and that the cylinder was shorter by about 10 A along
the axial direction (Figure 6C). In this state, there are 14
equatorial side pores formed at the ring—ring interface that are
up to 6 A in diameter, depending on the conformations of the
side chains. The B9 strand is disordered and the E helix is
broken at residue Lys145, forming an 80 ° kink and resulting
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Figure 6. Three conformational states of SaClpP. (A—C) The extended (PDB 3STA), compact (PDB 4EMM) and compressed (PDB 3ST9) structures of
SaClpP tetradecamer are shown in A, B and C, respectively. Four protomers are colored. One protomer is colored in green (head domain) and blue
(handle region). The other three protomers are colored as indicated. (D-F) Magnification of the green and blue monomer in panels A-C. In F, the
residues proposed to be involved in stabilizing the compressed state are labeled. (G-I) Magnification of the boxed region as seen from inside the
proteolytic chamber of panels D-F. The active site residues are labeled. Hydrogen bonds are indicated by wheat dots. (J-L) Magnification of the boxed
region in panels A—C showing the orientation of the Argl71, Asp170 and GIn132 residues. Hydrogen bonds are indicated by wheat dots. See colour
version of this figure at www.informahealthcare.com/bmg.
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in the formation of two smaller helices (Figure 6F), which
extend into the protease chamber. The kinked E helix causes
the two heptameric rings to further approach each other
(Figure 6C). This state of the helix is stabilized by H-bonding
interactions between Glu137 residue located at the tip of helix
E with residues Asp38, Ser70 and Thr72 in the head domain
(Ye et al.,2013; Zhang et al., 2011; Figure 6F). Interestingly,
SaClpP(E137A) mutant has no peptidolytic activity, indicat-
ing that this residue is important in the substrate proteolysis
cycle, which probably requires the kinked state of the E helix
(Ye et al., 2013). It should be noted, however, that the
compressed state of BsCIpP showed no density corresponding
to helix E or B9 strand (Lee et al., 2011). In the compressed
state, all of the H-bonding and charged—charged interactions
stabilizing the tetradecamer, including the Argl71-
Asp170-GlIn132 interaction network, are not formed (Zhang
et al., 2011; Figure 6L). This suggests that a significantly
weakened tetradecameric structure in the compressed state
(Zhang et al., 2011). Furthermore, the catalytic triad is not
properly oriented (Figure 61).

Molecular dynamics (MD) simulations on the solved
structures of the extended and compressed SaClpP structures
revealed that the ‘‘dynamic region’” in the handle domain of
ClpP between residues His123 and Lys145 is highly flexible.
Using the extended SaClpP heptamer structure as a starting
point, this segment of helix E was found to move from
extended to the kinked conformation (Ye et al., 2013; Zhang
et al.,2011). Interestingly, the His123 residue, which is part of
the catalytic triad, was observed to shift away from its active
conformation in the extended SaClpP structure to an inactive
conformation in the compressed SaClpP structure. Thus, MD
simulations suggest that the compressed SaClpP structure is
proteolytically inactive as observed by crystallography (Figure
6I). Moreover, the simulations revealed that the compact
conformation of SaClpP represents a stable intermediate in the
transition from extended to compressed SaClpP (Ye et al.,
2013). Based on the simulations, the N-terminal part of helix E
was observed to undergo an unfolding/refolding process,
moving from the single continuous helix E in extended
SaClpP to the partially disordered helix E from residue H123 to
A140 in compact SaClpP. This is then followed by partial
refolding leading to the kinked helix E at residue Lys145 in
compressed SaClpP (Ye et al., 2013).

The role of ClpP dynamics in product release

There are two different proposed mechanisms by which
peptides generated upon substrate cleavage by ClpP are
released from the proteolytic chamber. The first mechanism
proposes that the axial pores function in both substrate entry
and peptide product release. This proposal is problematic
because this mode of substrate release would imply that the
AAA+ chaperone, which can bind simultaneously to both
ends of the ClpP cylinder, has to periodically dissociate from
ClpP to allow for product release, thus, interrupting the
processive degradation by the enzyme and, as a result, should
generate incompletely degraded products. Such incomplete
degradation products are not observed. Furthermore, it has
been shown that dissociation of EcCIpA from EcCIpP has a
t1» of 22 min, which is longer than the #,,, for the degradation
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of many substrates, thus, the CIpAP complex seems to be
stable for multiple cycles of substrate degradation (Jennings
et al., 2008a; Singh et al., 1999). Also, electron microscopy
studies of CIpAP and ClpXP complexes showed that hybrid
complexes can also form where the two ATPases cap the
opposite ends of ClpP at the same time (Ortega et al., 2004).
Taken together, we argue that it is unlikely that the axial pores
function in both substrate entry and product release.

The second mechanism for product release, which was put
forward by our group (Gribun et al., 2005; Kimber et al.,
2010; Sprangers et al., 2005), proposes that the transiently
formed equatorial side pores mediate product release
(Figure 5D). Emerging studies described above show the
plasticity of the handle domain and the observation of
transient side pores seem to support this mode of product
release. However, the exact mechanism driving product
release still remains enigmatic. It could be possible that
accumulation of peptide products within the ClpP chamber
would cause all of the ClpP subunits to convert from extended
to compact or compressed states in a concerted fashion to
facilitate product release. The side pores in this case are
estimated to have a diameter of about 6 A (Gersch et al.,
2012; Gribun et al., 2005). Alternatively, a few of the
subunits in ClpP could switch from the extended to the
compact or compressed state, generating equatorial side pores
for product release (Gersch et al., 2012). The pores in this
case are reported to be approximately 12 A in diameter
(Gersch et al., 2012). While we favor the second mechanism,
further experiments are needed to elucidate the exact
molecular details causing product release from ClpP.

Dynamics of the proteasome

Proteasome dynamics have been explored using methyl
TROSY NMR experiments (Religa er al., 2010; Sprangers
& Kay, 2007), which are suited to study the dynamics of the
proteasome CP complex (about 600 kDa). Methyl TROSY
NMR experiments on the archeabacterium Thermoplasma
acidophilum CP, which consists of two heptameric B rings
sandwiched between two heptameric o rings (Figure 7A
and B), showed that the B rings had little effect on the
structure or dynamics of the o rings. It was determined that
the N-terminal 12 residues of the o ring were mobile and form
a gate into the proteasome chamber (Sprangers & Kay, 2007).

Subsequently, detailed study of the gating residues of the o
subunits revealed that they occupy two distinct states: ‘‘out
where the gating residues are well outside the proteolytic
chamber or ‘‘in’’ where the gating residues are well inside the
chamber (Figure 7C; Religa et al., 2010). Mutations, which
lead to a more stable out conformation, had remarkably higher
peptidolytic activity as compared to WT (Religa et al., 2010).
Similar to ClpP, deletion of gating residues 3—11 of the
N-terminus produced a mutant with the highest peptidolytic
activity (Religa et al., 2010). 118 activator cap binding to the
CP increased peptidolytic activity in a titratable manner.
However, an Y8G/D9G mutant of the o subunit did not show
a titratable increase in peptidolytic activity possibly because
key interactions between the gating residues and the 11S were
abolished in the mutant leading to a closed o pore (Figure 7C;
Religa et al., 2010).
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Figure 7. Dynamics of the gating residues in the 7. acidophilum proteasome. (A) X-ray crystal structure of the 20S proteasome of 7. acidophilum (PDB
IPMA). (B) Top view of T. acidophilum proteasome showing the NMR structure of the o subunits (PDB 2KU1). The dynamic gating residues (1-12)
studied by TROSY-NMR are colored in red. Five of the o subunits have their N-terminal residues in the ‘‘out’” conformation and two have those
residues in the ‘‘in’” conformation. (C) Top and bottom panels show the magnification of the black-boxed and red-boxed regions in B, respectively.
Residues Tyr8 and Asp9, which are proposed to interact with the 11S activator cap, are in purple. See colour version of this figure at

www.informahealthcare.com/bmg.

It seems the N-terminus gating residues of the proteasome
CP are responsible for similar functions as the axial loop
residues of ClpPs. In future experiments, it would be
interesting to determine whether residues in the B subunit
of the proteasome CP behave similarly as the handle domain
of ClpPs.

Concluding remarks

Of all the self-compartmentalized proteases, CIpP has been
studied in most detail. Understanding the dynamics and
mechanism of action of CIpP is crucial as it could help shed
more light into the other cylindrical proteases like the HslV
and the proteasome. Here, we have highlighted two main
features of the dynamics of these cylindrical proteases. The
first feature relates to the use of dynamic axial loops to
control entry of substrates into the catalytic chamber. The
second feature relates to the dynamics of the body of the
cylinder itself that affects the proteolysis activity and the exit
of generated peptide products. We propose that such dynam-
ics might also regulate peptide release from HslV and the
inner rings consisting of the P subunits of the proteasome.
These features seem to represent an inherent property of these
enzymes. However, it is very likely that the bound AAA+
chaperones, substrates, and other cofactors can regulate these
dynamics to influence the functional proteolytic cycle of
these proteases. Further experimental and theoretical studies
on these highly conserved proteases will shed more light into
such regulation.
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