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ABSTRACT Caseinolytic peptidases (ClpPs) regulate diverse aspects of cellular physi-
ology in bacteria. Some species have multiple ClpPs, including the opportunistic
pathogen Pseudomonas aeruginosa, in which there is an archetypical isoform, ClpP1,
and a second isoform, ClpP2, about which little is known. Here, we use phenotypic
assays to investigate the biological roles of ClpP1 and ClpP2 and biochemical assays
to characterize purified ClpP1, ClpP2, ClpX, and ClpA. Interestingly, ClpP1 and ClpP2
have distinct intracellular roles for motility, pigment production, iron scavenging,
and biofilm formation. Of particular interest, ClpP2, but not ClpP1, is required for mi-
crocolony organization, where multicellular organized structures first form on the
pathway to biofilm production. We found that purified ClpP1 with ClpX or ClpA was
enzymatically active, yet to our surprise, ClpP2 was inactive and not fully assembled
in vitro; attempts to assist ClpP2 assembly and activation by mixing with the other
Clp components failed to turn on ClpP2, as did solution conditions that have helped
activate other ClpPs in vitro. We postulate that the active form of ClpP2 has yet to
be discovered, and we present several potential models to explain its activation as
well as the unique role ClpP2 plays in the development of the clinically important
biofilms in P. aeruginosa.

IMPORTANCE Pseudomonas aeruginosa is responsible for severe infections of immu-
nocompromised patients. Our work demonstrates that two different isoforms of the
Clp peptidase, ClpP1 and ClpP2, control distinct aspects of cellular physiology for
this organism. In particular, we identify ClpP2 as being necessary for microcolony or-
ganization. Pure active forms of ClpP1 and either ClpX or ClpA were characterized as
assembled and active, and ClpP2 was incompletely assembled and inactive. By es-
tablishing both the unique biological roles of ClpP1 and ClpP2 and their initial bio-
chemical assemblies, we have set the stage for important future work on the struc-
ture, function, and biological targets of Clp proteolytic enzymes in this important
opportunistic pathogen.

KEYWORDS Clp peptidase, ClpP1, ClpP2, Pseudomonas aeruginosa, biofilm,
microcolonies

Regulated protein degradation is a mainstay of life. In bacteria, multiple intracellular
proteases share responsibility for protein quality control through the degradation

of damaged or misfolded proteins and disposal of truncated translation products, in
part in conjunction with the SsrA tagging system (1–3). Proteases also degrade specific
regulatory substrates, like sigma factors, other transcription factors, metabolic enzymes,
and structural proteins (4). This wide substrate profile in turn provides control over
important adaptive and developmental processes, such as sporulation, the heat shock
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response, cell cycle progression, biofilm formation, antibiotic resistance, and motility;
notably, all of these processes potentially contribute to bacterial virulence (5–7).
Bacterial proteases therefore have key importance for physiological regulation and
constitute promising targets for antimicrobial development (8).

Clp proteolytic enzymes are conserved in bacteria and in the organelles of eu-
karyotes and work together to identify, unfold, and degrade particular intracellular
substrates. Substrates often have short N- or C-terminal degron tag sequences that are
recognized by either small adaptor proteins or directly by ATPases associated with
diverse cellular activities (AAA�) protein unfoldases, including ClpA, ClpC, and ClpX (3,
9). These unfoldases form hexameric rings that utilize energy from ATP hydrolysis to
unfold substrates, thread them through a central pore, and deliver them to an associ-
ated peptidase, ClpP, for hydrolysis (10). ClpP assembles into a barrel made of two
stacked heptamer rings, with the active-site serine, histidine, and aspartate residues
facing the inner chamber. Entry pores at the top and bottom of the barrel are
constricted to exclude large substrates (�10 amino acids) until association with an
unfoldase effectively opens and enlarges the pores (11, 12). At the unfoldase-peptidase
binding interface, conserved IGF/L loop motifs on the ATPase dock in hydrophobic
surface pockets on ClpP, and the unfoldase pore 2 loops interact with the flexible
N-terminal gating loops of ClpP to open them and prepare for substrate delivery (13)
(Fig. 1).

FIG 1 Alignment of ClpP isoforms from E. coli and P. aeruginosa. A single subunit of E. coli ClpP (PDB ID
1YG6) (50) is shown adjacent to a cartoon of a protease complex composed of AAA� unfoldase ClpX
(green) and ClpP (blue). Protein sequences are shown for E. coli ClpP (EcClpP), P. aeruginosa ClpP1
(PaClpP1), and P. aeruginosa ClpP2 (PaClpP2). Residues are colored blue to indicate conservation, except
for catalytic residues (red, *) and hydrophobic docking pocket residues (black, �). Additionally, N-terminal
loop region residues are colored to indicate conservation (gray) or nonconservation (yellow). E. coli ClpP
and P. aeruginosa ClpP1 have 70% sequence identity, while P. aeruginosa ClpP1 and ClpP2 have 40%
sequence identity. The ClpP subunit was rendered with PyMOL (51), and sequences were aligned with
MUSCLE (52), using default settings, and presented with JalView (53).
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Some bacteria, like Escherichia coli, have a single type of ClpP subunit, but other
species have multiple isoforms, and the assembly and functional characteristics of these
isoforms can vary. For example, Mycobacterium tuberculosis has two ClpP paralogs,
ClpP1 and ClpP2, that form a single functional enzyme complex, an active tetradecamer
assembled from one heptameric ring of each isoform (14). In contrast, the cyanobac-
terium Synechococcus elongatus has two ClpP assemblies made of four isoforms:
ClpP3/R is associated with ClpX, and ClpP1/P2 is associated with ClpC. (The “R” isoform
is so named due to its lack of a functional active site and the assumption that it
therefore has a regulatory role.) Thus, this cyanobacterium has two completely different
Clp unfoldase-peptidase combinations: ClpXP1/P2 and ClpCP3/R. These two classes of
ClpP assemblies interestingly have distinct expression patterns and biological func-
tions, most likely at least in part because they work with different unfoldase partners,
which in turn have different substrate specificities. Notably, the ClpP3/R barrel is
composed of two identical rings with mixed subunit composition (15–17).

Another species of bacterium with multiple ClpP isoforms is Pseudomonas aerugi-
nosa, an opportunistic pathogen that is a major cause of morbidity and mortality in
nosocomial infections and chronic cystic fibrosis lung infections. It has two ClpP
isoforms, ClpP1 and ClpP2 (Fig. 1). The gene encoding ClpP1 (PA1801) shares an operon
with that encoding the ClpX unfoldase (PA1802), whereas the gene encoding ClpP2
(PA3326) is in a different chromosomal region. ClpP1 is similar to the well-characterized
E. coli ClpP and has conserved residues that form the active peptidase site, the
hydrophobic unfoldase docking pockets, and the N-terminal gating motifs (Fig. 1);
ClpP1 also has a well-established function in cellular motility (18, 19). In contrast, less
is known about ClpP2. It has conserved residues for the catalytic triad and hydrophobic
docking sites but contains a unique sequence for the region that usually encodes the
N-terminal loop module that docks with the ATPase pore 2 loops (Fig. 1). Genetic
experiments by Qiu and colleagues showed that ClpX, ClpP1, and ClpP2 were all
required for the degradation of a truncated anti-sigma factor called MucA25, which is
found in a specific mucoid P. aeruginosa strain, PAO581 (20). These results indicate that
ClpP2 might cooperate with ClpX and ClpP1 to promote degradation of at least some
substrates. However, the biological role of ClpP2 in nonmucoid strains and its specific
relationships with ClpX and ClpP1 have remained unclear, and there is currently no
evidence for cooperation between ClpA and ClpP2.

Here, we use microbiological and biochemical assays to show that ClpP1 and ClpP2
are differentially expressed and control distinct aspects of physiology in P. aeruginosa.
Whereas purified ClpP1, ClpX, and ClpA were active and assembled, purified ClpP2 was
incompletely assembled and inactive, even though the ClpP2 gene is required by cells
for appropriate microcolony organization. We discuss different models for how ClpP2
might be activated and influence the choices for substrate degradation in vivo.

RESULTS
ClpP1 and ClpP2 have distinct patterns of expression. ClpP1 and ClpP2 have

distinct genomic locations, and we therefore hypothesized that they might also have
different expression patterns, perhaps being differently expressed during different
stages of growth and development. Prior observations from genome-wide microarray
studies suggest that ClpP1 is constitutively expressed, whereas ClpP2 expression is
dramatically higher in stationary-phase cells and biofilms than in exponential-phase
cells (21). To obtain information about intracellular protein levels, we monitored ClpP1
and ClpP2 expression by harvesting cells growing in liquid culture (37°C). SDS-PAGE
and Western blotting with antibodies specific for the two isoforms revealed that ClpP1
levels appeared essentially unchanged throughout exponential phase and stationary
phase (through 50 h of growth) (Fig. 2). In contrast, ClpP2 became convincingly
detectable only as cells entered stationary phase (optical density at 600 nm [OD600]
greater than �1.6). Our results thus demonstrate that ClpP1 and ClpP2 have different
patterns of expression, a finding consistent with the suggestion that they may have
distinct intracellular roles.
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ClpP1, but not ClpP2, strongly influences cellular motility and pyoverdine and
pyocyanin production. To investigate the functions of ClpP1 and ClpP2 in P. aerugi-
nosa, we constructed deletion strains for the open reading frames (ORFs) of ClpP1
(ΔP1), ClpP2 (ΔP2), or both genes (ΔP1P2). These otherwise isogenic deletion strains
were used for phenotypic assays to search for biological processes that were depen-
dent on each of the Clp peptidases.

Bacteria use their surface appendages for motility and environmental interactions.
Flagella are used for power swimming, chemotaxis, and interaction with surfaces,
whereas pili are used for twitching motility on solid surfaces and during initial surface
attachment. To test for swimming and twitching motility, we inoculated each variant
strain onto specialized medium plates and, after a defined incubation time, measured
the size of the motility zone. For both motility assays, there was no significant
difference in performance between the wild-type (WT) and ΔP2 mutant strains (Fig. 3).
In contrast, ΔP1 and ΔP1P2 mutant strains were significantly defective in twitching and
swimming compared to WT (P � 0.0001), although not as defective as nonmotile strains
included as negative controls. These results reveal that ClpP1, but not ClpP2, is either
directly or indirectly important for flagellum-dependent swimming motility and pilus-
dependent twitching motility.

Next, we investigated the ability of these ClpP-deficient strains to produce pyover-
dine and pyocyanin. Pyoverdine is a siderophore used to scavenge iron from the
environment, and pyocyanin is a toxic blue-green pigment that inhibits the respiration
of eukaryotic host cells during bacterial infection (22, 23). Both molecules are secreted
by P. aeruginosa as virulence factors during mammalian infections and function in
cellular signaling pathways (24). Interestingly, we found that the accumulation of both
molecules in the growth medium was significantly higher (P � 0.0001) for the ΔP1 and
ΔP1P2 mutant strains than for the WT and ΔP2 mutant strains (Fig. 4). Also, the ΔP2
mutant strain had slightly elevated levels of pyoverdine compared to the WT (P � 0.05).
We confirmed the role of ClpP1 in pyoverdine abundance through a complementation
experiment in which overproduction of pyoverdine by the ΔP1 mutant strains was
complemented by the expression of ClpP1 from a plasmid (see Fig. S3A in the
supplemental material). We conclude that ClpP1 has an important influence on py-
overdine and pyocyanin abundance, whereas ClpP2 has little or no role except perhaps
for a slight effect on pyoverdine levels.

FIG 2 Expression of ClpP1 and ClpP2. Detection of ClpP1 and ClpP2 protein in aliquots of cells growing
in LB liquid culture at 37°C. Aliquots were adjusted for density and subjected to SDS-PAGE and Western
blot (bottom) using primary antibody specific for ClpP1 or ClpP2.
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Surface adherence and microcolony formation. Biofilm formation is strongly
associated with chronic infections by Pseudomonas aeruginosa (25). Distinct stages of
biofilm formation include (i) initial attachment to a surface, (ii) firm attachment and
growth of cells into microcolonies, (iii) structured biofilm growth, and (iv) dispersal to
reseed new biofilm colonies (26) (see also Fig. 8A and Discussion). To compare the
ability of our ClpP-deficient strains to complete the early stages in biofilm formation, we
initially used a simple assay in which cultures were incubated in 96-well plates for either
6 h or overnight. Cells that adhered to the plate surface were stained with crystal violet
dye, and their relative abundances were measured by absorbance. We found that after
6 h of incubation, both the ΔP1 and ΔP1P2 mutant strains had significantly reduced
levels of attachment compared to the WT, whereas the ΔP2 mutant strain was not
significantly attachment impaired (Fig. 5A). Interestingly, attachment by the ΔP1P2
mutant strain was significantly worse at 6 h compared to the ΔP1 mutant strain.
Furthermore, after overnight incubation, the ΔP1 and ΔP2 mutant strains both dis-

FIG 3 The role of ClpP1 and ClpP2 in swimming and twitching. (A) Swimming is controlled by ClpP1 and,
to a lesser extent, ClpP2. Plates were grown �16 h at 30°C and motility measured directly with a NIST
traceable ruler. Values are normalized averages (n � 6) � 1 standard error of the mean (SEM). Data were
compared to control values (WT) by analysis of variance (ANOVA) with Dunnett’s post hoc test (***, P �
0.0001; NS, not significant). Images are representative examples for display purposes only and acquired
as described in Materials and Methods. (B) Twitching motility is controlled by ClpP1 but not ClpP2. Plates
were incubated �48 h at room temperature and dyed with crystal violet. Twitching was quantitated,
reported, and displayed as described for swimming. Nonmotile strains lacking either flagella (ΔfliC
mutant) or pili (ΔpilA mutant) were used as negative controls.

FIG 4 ClpP1, but not ClpP2, controls pyocyanin and pyoverdine production. Pyocyanin was measured
using absorbance at 530 nm and pyoverdine measured using excitation at 405 nm and emission at 460
nm. Values are normalized averages (n � 6) � SEM. Data were compared to control values (WT) by
ANOVA with Dunnett’s post hoc test (***, P � 0.0001; *, P � 0.05; NS, not significant). Comparison of ΔP1
and ΔP1P2 mutants for both assays, P � 0.05.
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played modestly reduced levels of surface attachment (�80% of WT), whereas the
ΔP1P2 mutant strain had a much stronger defect (�40% of WT) (Fig. 5A).

These results demonstrate that both ClpP1 and ClpP2 contribute to surface attach-
ment, and the absence of both genes has a greater impact than the absence of just one
or the other. However, crystal violet-based assays do not provide insights into potential
differences in biofilm structure or organization. We therefore used a more sophisticated
biofilm assembly assay and investigated microcolony formation, a hallmark step in the
generation of biofilm, where cells that adhere to a surface begin to organize themselves
into structured cell aggregates. Flow cells were inoculated with cultures and then
subjected to a continuous buffer flow for 72 h. The resultant adherent cells were then
visualized by fluorescent staining and confocal light microscopy. We observed that the
parental WT and ΔP1 mutant strains assembled into well-structured microcolonies (Fig.
5B and S2). In contrast, the ΔP2 mutant strain adhered to flow cell walls but formed an
essentially even and unorganized layer rather than microcolonies, and the ΔP1P2
mutant strain displayed a clear deficiency in organized microcolony formation as well.
We repeated the assay using ΔP2 or ΔP1P2 mutant strains transformed with a plasmid
expressing either ClpP2 or ClpP1, respectively (Fig. S3B). Plasmid-borne expression of
ClpP2 restored microcolony organization in the ΔP2 mutant strain. In contrast, in the
ΔP1P2 mutant cells, ClpP1 expression restored cell adherence but not microcolony
organization. Taken together, our different assays for key steps in biofilm formation
demonstrate that both ClpP1 and ClpP2 participate in distinct aspects of biofilm
assembly: ClpP1 affects the rate/success of surface adherence (e.g., when assayed after
6 h), which is consistent with its strong effects on pilus-dependent twitching motility,
whereas ClpP2 is required for microcolony formation, and the absence of both ClpP1
and ClpP2 substantially impairs the bacterium’s ability to form organized microcolonies
and thus almost certainly also fully developed biofilms.

Enzymatic activities of purified ClpP1, ClpP2, ClpX, and ClpA. ClpP1 has 80%
sequence identity with ClpP from E. coli, whereas ClpP2 is only 40% identical and carries
clearly nonconserved sequences in both its N- and C-terminal regions (Fig. 1). Genetic
experiments by Qiu and colleagues suggested that ClpX, ClpP1, and ClpP2 might work
together to degrade intracellular substrates, but it was unclear if ClpP2 successfully
interacts with ClpX and ClpP1 (20). To gain more specific information about ClpP2 and
its relationship with ClpP1, ClpX, and ClpA, we overexpressed and purified each enzyme
to �95% purity for biochemical and biophysical experiments.

P. aeruginosa ClpX has 76% sequence identity with Escherichia coli ClpX, including
the conservation of multiple functional motifs required for enzyme activity (Fig. S4).

FIG 5 The role of ClpP1 and ClpP2 in surface adherence. (A) ClpP1 controls the level of adherence after
6 h of incubation, while ClpP2 does not, and both ClpP1 and ClpP2 control levels of adherence after
overnight incubation. Cell adherence was measured with crystal violet dye at 37°C in 96-well plates.
Values were normalized averages (n � 24) � SEM. Data were compared to the WT values by ANOVA with
Dunnett’s post hoc test (***, P � 0.0001; *, P � 0.05; NS, not significant). Comparison of ΔP1 and ΔP1P2
mutants for 6 h of incubation, P � 0.0004. (B) ClpP2 controls microcolony organization, whereas ClpP1
does not. Microcolonies in flow cells were visualized with the LIVE/DEAD BacLight bacterial viability kit
and imaged with confocal laser scanning microscopy at �60 magnification after 72 h of growth in flow
cells at 37°C. Replicate images are shown in Fig. S2 in the supplemental material, and results from flow
cell experiments with complementation by plasmid expression of ClpP2 are shown in Fig. S3.
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ClpX hexamer formation is stabilized by ATP; therefore, assembly can be followed
indirectly by monitoring changes in the rate of ATP hydrolysis (27). As expected, our
purified P. aeruginosa ClpX had higher rates of hydrolysis with increasing ATP concen-
trations (Fig. 6A). Graphic analysis of the data indicated a half-maximal ATP concen-
tration of around 70 �M and a Hill coefficient of 1.5, indicating some cooperativity in
assembly or loading of ATP. From these results, we concluded that our purified ClpX
assembled and hydrolyzed ATP as expected. We next assayed whether the ATP
hydrolysis rate of ClpX was repressed upon association with ClpP, as it is for the E. coli
enzymes (28). The ATP hydrolysis rate of ClpX decreased slightly (�15%) in the

FIG 6 Enzymatic activity of purified ClpX, ClpP1, and ClpP2. (A) The rate of ATP hydrolysis by P.
aeruginosa ClpX increases as a function of ATP concentration. Data were fit to the Hill version of the
Michaelis-Menten equation (line). Inset, ATP hydrolysis of ClpX from P. aeruginosa and E. coli is repressed
by ClpP1 but not by ClpP2. Mixtures of ClpP1 and ClpP2 sat overnight at room temperature before use.
Values are normalized averages (n � 3) � SEM. Data were compared to control values (WT) by ANOVA
with Dunnett’s post hoc test (***, P � 0.0001; **, P � 0.01; *, P � 0.05; N.S., not significant). P. aeruginosa
ClpX hydrolyzed ATP at a rate of 274.9 � 1.2 min	1 · ClpX6

	1, and E. coli ClpX hydrolyzed ATP at a rate
of 104.1 � 2.2 min	1 · ClpX6

	1. (B) ClpP1 is enzymatically active, whereas ClpP2 is not. Degradation of
small fluorogenic dipeptide substrate is shown with light gray bars, and degradation of degron-tagged
GFP in conjunction with ClpX is shown with dark gray bars (n.d., not detected). The reaction rates measured
for E. coli enzymes are shown for comparison. (C) Increasing sodium citrate concentration increases the
peptidase activity of ClpP1 but has no effect on ClpP2. (D) ActivX TAMRA-FP serine hydrolase probe labels
ClpP1 but not ClpP2. For all assays, values with error bars are averages (n � 3) � SEM.
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presence of ClpP1 but remained unchanged in the presence of ClpP2 (Fig. 6A, inset,
light gray bars). A mixture of ClpP1 and ClpP2 gave results similar to those with ClpP1
alone. We repeated the assay using purified E. coli ClpX with ClpP1 and ClpP2 from P.
aeruginosa (Fig. 6A, inset, dark gray bars). The results were similar, although the
decrease in ATP hydrolysis rates was more dramatic (an �60% reduction, which is
similar to that observed with E. coli ClpXP). Our results thus suggest that ClpP1
functionally interacts with ClpX, whereas ClpP2 shows no sign of interaction.

P. aeruginosa ClpA has 60% sequence identity with E. coli ClpA and has conserved
functional motifs (Fig. S5). To investigate if ClpA, rather than ClpX, might interact with
ClpP2, we expressed and purified the enzyme for biochemical assays. We observed that
purified P. aeruginosa ClpA exhibited increased rates of ATP hydrolysis with increasing
ATP concentration (Fig. S6A) and found that ClpA with ClpP1 was autodegraded in an
ATP-dependent manner (Fig. S6B), as is also observed with E. coli ClpAP (29). However,
none of these biochemical experiments provided evidence for ClpA association with
ClpP2.

We next tested the ability of ClpP1 and ClpP2 to hydrolyze peptide substrates
independent of AAA� unfoldase. Clp peptidases have “closed” pore conformations and
exclude large substrates until activated by a partner AAA� unfoldase, but they are able
to cleave small peptide substrates of �10 amino acids or fewer by themselves. A
common ClpP fluorogenic substrate, suc-LY-AMC, was used to monitor peptidase
activity based on its change in fluorescence upon peptide-bond cleavage. We found
that ClpP1 digested this substrate (although more slowly than E. coli ClpP), whereas
ClpP2 had no detectable activity (Fig. 6B, light gray bars). To look for evidence that
ClpP1 and ClpP2 might interact during protease assembly, we also tested a mixture
of ClpP1 and ClpP2 that had been incubated overnight to allow for possible subunit
mixing. The mixture showed no additional gain or loss of activity compared to ClpP1 by
itself (Fig. 6B). We next tested if ClpP1 or ClpP2 activity changed in the presence of
sodium citrate, a salt that promotes multimeric complex formation and that is known
to increase ClpP peptidase activity in some cases (Fig. 6C) (30). We found that ClpP1
activity increased in the presence of sodium citrate, but there was no effect on ClpP2,
which remained inactive (Fig. 6C).

In some species, ClpP is only active in a proteolytic complex; an example is the
human mitochondrial ClpP, which is inactive and heptameric until it assembles into an
active 14-mer peptidase when in complex with the ClpX ATPase (31). We therefore
hypothesized that ClpP2 might gain activity in the presence of ClpX. To test this
hypothesis, we carried out degradation assays with ClpX and an SsrA degron-tagged
variant of green fluorescent protein (GFP). Under these conditions, we observed
degradation by ClpX plus ClpP1 but not by ClpX plus ClpP2 (Fig. 6B, dark gray bars).
Again, a mixture of ClpP1 and ClpP2 gave a degradation rate similar to that observed
for ClpP1 in the absence of ClpP2. To test more directly for active-site assembly, we
exposed ClpP1 and ClpP2 to a 6-carboxytetramethylrhodamine (TAMRA)-based fluo-
rescent serine hydrolase probe. ClpP1 was substantially labeled by this probe, whereas
ClpP2 was only slightly labeled (Fig. 6D). These data strongly suggest that purified
ClpP2 lacks properly assembled catalytic sites.

Together, our results demonstrate that purified P. aeruginosa ClpX, ClpA, and ClpP1
are functional enzymes that behave as expected compared to characterized homologs
from other bacteria. ClpP2, however, presents a conundrum, as the purified form used
for experiments is a soluble well-behaved purified protein but shows no detectable
activity either by itself or in conjunction with ClpX, ClpA, or ClpP1.

Oligomeric states of ClpP1 and ClpP2. Tetradecamer formation is required for
ClpP catalytic activity, and we therefore suspected that ClpP2 might be incompletely
assembled. To test this hypothesis, we first used analytical size exclusion chromatog-
raphy. ClpP1 and ClpP2 eluted as single peaks with elution volumes at 1.21 and 1.28 ml,
respectively (Fig. 7A). Based on comparison with size standards, we concluded that
these data are most consistent with a ClpP1 tetradecamer (predicted molecular mass,
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�323 kDa) and a ClpP2 heptamer (predicted molecular mass, �163 kDa). To further
confirm that ClpP2 was heptameric, we used sedimentation velocity analytical ultra-
centrifugation (SV-AUC) and observed a predominant single sedimentation species that
was also consistent with the heptamer (Fig. 7B). Similar results were observed with size
exclusion chromatography with multiangle light scattering (SEC-MALS) (Fig. S7). Thus,
we conclude that at least one reason purified ClpP2 lacks catalytic activity in vitro is
because it forms heptamers rather than assembled active tetradecamers. Based on
activity assays, this assembly defect is not rescued by coincubation with the AAA�

unfoldase partners that are known to pair with ClpP, as neither ClpX nor ClpA activated
ClpP2.

DISCUSSION

There are several examples of bacteria with multiple ClpP isoforms that are assem-
bled into a single, biologically active, heteromeric, and barrel-shaped enzyme. For
example, in Mycobacterium tuberculosis and Listeria monocytogenes, the active ClpP
assembly is made of one ring of ClpP1 and one ring of ClpP2, and, in contrast,
homomeric forms of either ClpP1 and ClpP2 alone are unassembled, inactive, or only
marginally active (14, 32). This structural coupling of different subunit isoforms into a
single active peptidase suggests that the biological roles of the two isoforms should be

FIG 7 Oligomeric state of ClpP1 and ClpP2. (A) Analytical gel filtration of ClpP1 and ClpP2 at 10 �M load
concentration showed tetradecamer (expected molecular mass, �323 kDa) and heptamer (expected
molecular mass, �163 kDa), respectively. Size standard elution volumes are marked with arrows and
values given in kilodaltons. (B) The distribution of ClpP2 by SV-AUC [c(s20,w)] is consistent with heptamer.
Centrifugation was performed with 1 mg/ml protein in 0.1 M Tris (pH 8.5) and 0.15 M NaCl at 20°C.
SEC-MALS data shown in Fig. S7 were also consistent with ClpP2 being a stable heptamer.
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very similar or identical. However, here, we present an exception to this expectation, as
the two P. aeruginosa ClpP isoforms, ClpP1 and ClpP2, clearly have different expression
profiles and distinct biological roles (Fig. 2 to 5). Furthermore, ClpP1 assembles on its
own into an active ClpP1 14-mer that forms a functional protease with the ClpX
unfoldase (Fig. 6B). Thus, numerous lines of investigation strongly suggest that P.
aeruginosa uses its two ClpP isoforms not simply to make a single heteromeric
peptidase but rather to have a “menu” of different ClpP enzymes to use during different
growth phases and/or under different environmental conditions (Fig. 2 and 8).

ClpP1 is constitutively expressed and influences pyocyanin and pyoverdine produc-
tion, twitching, swimming, and initial surface attachment (this work and reference 19).
In P. aeruginosa, pyoverdine and pyocyanin production and twitching motility are all
regulated by the major stress response and stationary-phase sigma factor RpoS or �S
(33). In several bacteria, �S levels are tightly regulated in part by proteolysis, and both
ClpXP and its adaptor protein, RssB, are essential for �S degradation in E. coli. Inter-
estingly, P. aeruginosa lacks an RssB homolog with the same function, indicating that
the “control circuits” for �S regulation are distinct. In contrast to ClpP1, ClpP2 is
expressed in stationary-phase cells and in biofilms (21) and is required for microcolony
organization. ClpP2 expression is regulated by quorum sensing (34, 35), a cell density-

FIG 8 Models for ClpP2 assembly and function. (A) ClpP1 and ClpP2 have distinct expression patterns
and biological roles, especially during the transition from planktonic growth and establishment of
mature biofilm. The long triangle represents both increased cell density and increased expression of
ClpP2 (although ClpP2 expression is not likely to continually rise throughout growth). Notice, however,
the presence of ClpP2-containing proteases in cells only in the right portion of the figure, which
represents cultures at high cell density and under biofilm formation conditions. (B) ClpP2 could change
cellular proteomic composition by coupling with an AAA� unfoldase with different substrate specificity
compared to ClpX and ClpA, or function in either a ClpP1/P2 heteromer or a modified form that has
either increased or decreased proteolytic efficiency or that changes the abundance of protease inside
cells. Modified ClpP2 is denoted with a star, and potential assembly assistance proteins are shown in
yellow.
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dependent signaling mechanism that is also required for proper biofilm organization
(36, 37).

The distinct roles of ClpP1 and ClpP2 imply that ClpP2 somehow modulates the
composition of the proteome in stationary-phase cells and biofilm. Although the active
form of ClpP2 has yet to be identified, we assume because of its sequence character-
istics (Fig. 1) and previous work (20) that ClpP2 alters the proteome by working within
a functional protease and promoting changes in protein degradation (Fig. 8). There are
multiple models for how this alteration of proteolysis might be achieved (Fig. 8B). One
possibility is that ClpP2 associates with a yet-to-be-characterized AAA� unfoldase that
has distinct substrate specificity compared to ClpA and ClpX (Fig. 8B, left). The very
different N-terminal loop sequence of ClpP2 (a region that makes key contacts between
ClpP and the pore loops of ClpX in the E. coli enzyme [Fig. 1]) compared to that of the
ClpP1/ClpP family supports the idea that ClpP2 is unlikely to directly bind ClpX/ClpA in
a manner similar to that used in E. coli, as these assemblies require coordination
between the N-terminal loops in ClpP and the pore 2 loops of the Clp ATPase/
unfoldase. Interestingly, there are several candidate genes that could encode an
alternative AAA� unfoldase partner, for example, PA0459 (19). A second class of
models to explain how ClpP2 may alter the proteome is that ClpP2 either increases or
decreases the overall efficiency of proteolysis, or it changes the abundance of active
proteases available inside cells. For example, ClpP2 could form an active heteromer
with ClpP1 (Fig. 8B, middle). In such a complex, ClpP2 could act to accelerate the rate
of proteolysis, like ClpP1 from L. monocytogenes, and this rate change could cause
degradation of substrates that were stable (or only very slowly degraded) by ClpP1
14-mer-containing proteases. Notably, if ClpP2 instead decreases the efficiency of
proteolysis of substrates that were degraded efficiently by ClpP1-containing enzymes,
some protein substrates might be markedly stabilized in the presence of ClpP2.
Alternatively, ClpP2 could change the abundance of available proteases, for example, if
a ClpP1/ClpP2 complex has either increased or reduced binding affinity for ClpA and
ClpX, compared to the ClpP1 14-mer alone, the intracellular concentration of active Clp
proteases could rise or fall when ClpP2 is expressed.

One problem, however, with any model evoking a ClpP1/P2 heteromer is that it is
not straightforward to explain how the presence of ClpP2, regardless of the presence
or absence of ClpP1, is required for microcolony organization (Fig. 5B). Therefore, a final
attractive possibility (Fig. 8A, right) is that ClpP2 is modified somehow in vivo to “switch
on” its activity. ClpP2 could have a yet-to-be-characterized prosequence or require
another type of modification, such as phosphorylation or alkylation, to assemble and
associate with ClpA or ClpX. Or, ClpP2 could require a protein or small-molecule
cofactor for assembly, just as ClpCP from Bacillus subtilis needs MecA for efficient
assembly and ClpP/R from Arabidopsis thaliana chloroplasts needs ClpT1 and ClpT2 (38,
39). Like a ClpP1/P2 heteromer, modified active ClpP2 might increase or decrease the
efficiency of proteolysis or change the abundance of available proteases. These models
are certainly not mutually exclusive, and it may be most attractive to consider some
combination of these classes of scenarios to correctly explain the phenotypic conse-
quences that are dependent on the presence of ClpP2.

Our work thus describes the robust importance for Clp proteolysis for the physiol-
ogy and virulence of P. aeruginosa and opens new avenues of investigation into the
roles of protein turnover and its inhibition in this medically important opportunistic
pathogen.

MATERIALS AND METHODS
Strains and plasmids. The plasmids, strains, and primers used are listed in Table 1 and in Table S1

in the supplemental material. PCR was carried out on P. aeruginosa PAO1 genomic DNA provided by the
American Type Culture Collection (ATCC). Plasmids were selected using 100 �g/ml ampicillin, 50 �g/ml
kanamycin, 10 �g/ml gentamicin (E. coli), or 30 �g/ml gentamicin (P. aeruginosa), as appropriate.
Deletion strains of P. aeruginosa PAO1 were made by homologous recombination using vector pMQ30,
yeast strain Saccharomyces cerevisiae InvSc1, and E. coli mating strain ST18. Briefly, pMQ30 deletion
constructs were obtained by cotransforming cut pMQ30 plasmid and PCR-amplified regions flanking P.
aeruginosa genes of interest into S. cerevisiae InvSc1. Reconstituted deletion plasmids were isolated,
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purified, concentrated, and transformed into E. coli strain ST18 for mating with P. aeruginosa PAO1.
Genetic knockouts were confirmed by colony PCR and phenotypic assays. Deletion strains were healthy
and divided at a rate similar to that of WT in liquid culture, although the ΔP1 and ΔP1P2 mutant strains
formed smaller colonies on plates. For overexpression plasmids, genes of interest were PCR amplified
from genomic DNA flanked by specific restriction sites for ligation into pET23b, pET28b (Novagen), or
pMQ71 (18). For purification purposes, ClpP1 and ClpP2 were expressed with C-terminal polyhistidine
(H6) and Strep II (IBA) affinity tags, respectively. ClpX was expressed with an N-terminal thrombin-
cleavable polyhistidine tag and ClpA with an N-terminal polyhistidine–small-ubiquitin-like modifier
(SUMO) combination tag that is cleaved off during purification.

Antibody production, growth curve, and Western blotting. The following peptides were synthe-
sized for the purpose of polyclonal antibody production via conjugation (Covance Research Products):
GGLVPMVVEQSARGERKKC and KTDDKDREGGDSHGAIKKC. The resulting antibodies were specific for their
targets on ClpP1 and ClpP2, respectively, and did not cross-react (Fig. S1). WT P. aeruginosa PAO1 was
grown in LB at 37°C. To determine ClpP1 and ClpP2 levels during different growth phases, growth curves
were performed, cell density-adjusted aliquots were taken at select time points and pelleted by
centrifugation, the supernatant was removed, and the cell pellet was resuspended in SDS loading dye.
Samples were heated at 95°C for 10 min and cooled. Samples (10 �l) were loaded onto 8% Tris-Tricine
polyacrylamide gels. Gels were transferred onto polyvinylidene difluoride (PVDF) membranes using a
semidry apparatus (Thermo), probed with anti-ClpP1 or anti-ClpP2 antibody at a 1:6,000 or 1:3,000
dilution, respectively; incubation with these primary antibodies continued for 3 h at room temperature,
followed by incubation with anti-rabbit IgG–alkaline phosphatase (AP) conjugate (Bio-Rad) at 1:5,000
dilution for 1 h at room temperature, and blots were then developed with alkaline phosphatase ECF
substrate (GE Healthcare).

Motility and pyocyanin and pyoverdine assays. Twitching plates containing 5 ml of T broth (10
g/liter tryptone, 5 g/liter NaCl) plus 1.5% agar were inoculated by stab with a sterile pipette tip and
grown for 48 h at room temperature. Agar was removed and the plate was stained with 1% crystal violet
dye for 5 min, washed with water, and allowed to air dry. The surface of swimming plates containing T
broth with 0.3% agarose were inoculated from a single colony transferred with a sterile toothpick,
wrapped in plastic wrap, and incubated face up at 30°C for 14 h. Both motility assay measurements were
taken directly from plates using a National Institute of Standards and Technology (NIST)-certified ruler,
and representative images were taken for display purposes only using an Alpha Innotech imager. To

TABLE 1 Strains and plasmids used in this study

Strain or plasmid Descriptiona Reference and/or source

Strains
Escherichia coli

DH5� F	 �80lacZΔM15 Δ(lacZYA-argF)U169 recA1 endA1 hsdR17(rK
	 mK

�) phoA
supE44 �	 thi-1 gyrA96 relA1

Invitrogen

JK10 clpP::cat Δlon slyD::kan �DE3 45
ST18 S17 �pir ΔhemA 46
ER2556(pLysS) F	 �	 fhuA2 lon ompT lacZ::T7 gene I gal sulA11 Δ(mcrC-mrr)114::IS10

R(mcr-73::mini-Tn10)
47

Pseudomonas aeruginosa
PAO1 University of Washington

Collection, 48
ΔP1 mutant ΔClpP1 (ΔPA1801) This study
ΔP2 mutant ΔClpP2 (ΔPA3326) This study
ΔP1P2 mutant ΔClpP1 ΔClpP2 (ΔPA1801 ΔPA3326) This study
ΔfliC mutant PW2970 transposon mutant 48
ΔpilA mutant PW8622 transposon mutant 48

Saccharomyces cerevisiae InvSc1 MATa his3D1 leu2 trp1-289 ura3-52 MAT his3D1 leu2 trp1-289 ura3-52 Life Technologies

Plasmids
pET23b Apr, expression plasmid Novagen
pET28b Kmr, expression plasmid Novagen
pMQ30 Gmr, tool for gene deletion 18
ClpP1-pMQ30 Gene deletion tool This study
ClpP2-pMQ30 Gene deletion tool This study
pMQ71 Apr Gmr, shuttle expression plasmid 18
ClpP1-pMQ71 ClpP1 complementation plasmid This study
ClpP2-pMQ71 ClpP2 complementation plasmid This study
pET23b.smt3 Polyhistidine-tagged Smt3 construct 49
pBH111-pET23b ClpP1 with C-terminal polyhistidine tag This study
pBH213-pET23b ClpP2 with C-terminal Strep II tag This study
pBH304-pET28b ClpX with N-terminal thrombin-cleavable polyhistidine tag This study
pBH402-pET23b ClpA with N-terminal Ulp1-cleavable polyhistidine tag and Smt3 SUMO tag This study

aR, rearrangement; Apr, ampicillin resistance; Kmr, kanamycin resistance; Gmr, gentamicin resistance.
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measure relative pyoverdine production levels, cultures were grown at 37°C for 2 days in 5 g/liter
Casamino Acids, 1.54 g/liter potassium phosphate, and 0.25 g/liter magnesium sulfate. Cells were
removed by centrifugation, the supernatant was diluted 1:200 in 10 mM Tris-HCl (pH 7.5), the samples
were excited at 405 nm, and the emission was measured from 420 to 490 nm; values were measured at
the fluorescence peak for each curve, which was always a value between 460 and 470 nm. Pyocyanin was
assayed as previously described (40).

Crystal violet surface adherence assays. Microtiter surface attachment assays were performed as
previously described (41). After either 6 h or overnight incubation at 37°C in LB medium without
agitation, nonattached cells were discarded and the wells washed with water. Adhered cells were stained
with 0.1% crystal violet for 20 min. Again, the wells were washed with water, the crystal violet bound to
the attached cells was dissolved with 70% ethanol, and the extent of adherence was assayed by
measuring the absorbance of this ethanol wash at 600 nm.

Flow cell growth assays. Microcolony or early biofilms were analyzed by growing cells for 72 h at
37°C in flow chambers with channel dimensions of 1 by 4 by 40 mm. Silicone tubing (inside diameter
[i.d.], 0.062 mm; outer diameter [o.d.], 0.125 mm; walls, 0.032 mm; VWR) was autoclaved, and the system
was assembled and sterilized by pumping through a 0.5% hypochlorite solution at 6 rpm for 30 min
using a Watson Marlow 205S multichannel peristaltic pump. The system was then rinsed at 6 rpm with
sterile water and medium for 30 min each. Flow chambers were inoculated by injecting 400 �l of an
overnight culture diluted to an OD600 of 0.05. After inoculation, chambers were left without flow for 2 h,
after which medium was pumped through the system at a constant rate of 0.75 rpm (3.6 ml/h). Cells were
stained using the LIVE/DEAD BacLight bacterial viability kit (Molecular Probes, Eugene, OR) prior to
microscopy. A 1:5 ratio of SYTO-9 (green fluorescence, live cells) to propidium iodide (PI) (red fluores-
cence, dead cells) was used. Microscopy was done using a confocal laser scanning microscope (FluoView
FV1000; Olympus) at �60 magnification, and three-dimensional reconstructions were generated using
the Imaris software package (Bitplane AG).

Protein overexpression and purification. ClpP1 and ClpP2 were expressed in E. coli strain JK10
grown at 37°C in Luria-Bertani broth supplemented with antibiotic. At an OD600 of �0.6, isopropyl-�-D-
thiogalactopyranoside (IPTG) was added to 1 mM and cells harvested after 3 h. Cell pellets were
resuspended in buffer S (50 mM sodium phosphate [pH 8.0], 5 mM imidazole, 1 M NaCl, 10% glycerol),
lysed by French press, and centrifuged for 20 min at 30,000 relative centrifugal force (RCF). For
polyhistidine-tagged proteins, lysates were applied to nickel-nitrilotriacetic acid (Ni-NTA) resin equili-
brated in buffer S, washed extensively with buffer S plus 20 mM imidazole, and protein was eluted with
buffer S plus 500 mM imidazole. For Strep-II tag variant proteins, lysate was applied to Strep-Tactin resin
(IBA) equilibrated in buffer W (100 mM Tris-HCl [pH 8.0], 150 mM NaCl, 1 mM EDTA), washed 5� with
buffer W, and eluted with buffer W plus 1 mg/ml desthiobiotin. Eluates were concentrated to �1 ml
volume and further purified using a HiPrep Sephacryl S300 HR gel filtration column equilibrated in either
buffer W without EDTA for ClpP2 or buffer Q200 (50 mM Tris-Cl [pH 8.0], 1 mM dithiothreitol [DTT], 10
mM MgCl2, 10% glycerol, 0.2 M KCl) for ClpP1. Fractions containing protein of �95% purity as judged by
SDS-PAGE were combined, concentrated, flash-frozen in aliquots, and stored at 	80°C. P. aeruginosa
ClpX was produced and purified as previously described for Caulobacter crescentus ClpX, with the
exception that E. coli ER2556(pLysS) was used for overexpression (42). P. aeruginosa ClpA was overex-
pressed and purified with Ni-NTA, as described for ClpP1. Protein was then incubated 2 h at 30°C with
His-tagged Ulp1 to cleave between the SUMO domain and ClpA, eluted from Ni-NTA resin, dialyzed into
buffer Q50 (50 mM Tris [pH 8], 1 mM DTT, 10 mM MgCl2, 10% glycerol, 50 mM KCl), and purified on a
Mono Q column (GE Healthcare). Selected fractions were then further purified by size exclusion in buffer
Q200 as for ClpP1. GFP with a C-terminal SsrA degron tag was expressed and purified as previously
described (43).

Biochemical assays. ATPase, protein, and peptide degradation assays were carried out in 25 mM
HEPES-KOH (pH 7.6), 5 mM KCl, 5 mM MgCl2, 0.032% NP-40, and 10% glycerol at 30°C. Peptidase assays
used 10% dimethyl sulfoxide (DMSO), 2.0 mM N-succinyl-Leu-Tyr-7-amido-4-methylcoumarin (Suc-LY-
AMC) (Bachem), and 0.4 �M ClpP tetradecamer (ClpP14), and degradation was monitored by fluorescence
with excitation at 345 nm and emission at 440 nm. Degradation of GFP with a C-terminal SsrA degron
tag was monitored as previously described using 0.2 �M ClpP14 and 0.1 �M ClpX6 and an ATP
regeneration system (44). ATP hydrolysis rates of ClpX were monitored with 0.1 �M ClpX hexamer (ClpX6)
and 0.2 �M ClpP14, as previously described (27). For active-site labeling, 20 �M ActivX TAMRA-FP serine
hydrolase probe (Thermo) was mixed with 1 �M ClpP14 for 15 min at room temperature, and the protein
was subjected to SDS-PAGE and visualized with a Typhoon imager, according to the manufacturer’s
instructions.

Ultracentrifugation and analytical gel filtration. Analytical gel filtration was performed by loading
25 �l of protein in buffer W without EDTA onto a Superdex 200 PC 3.2/30 column (GE Healthcare)
running at 0.05 ml/min. Molecular weight markers were loaded at 10 mg/ml (catalog no. 151-1901;
Bio-Rad). SV-AUC was performed with a Beckman Optima XL-1 analytical ultracentrifuge (Biophysical
Instrumentation Facility, Massachusetts Institute of Technology, Cambridge, MA). Sample was collected
after gel filtration purification in buffer W without EDTA, loaded into a dual-sector charcoal-filled Epon
centerpiece, and run at 30,000 rpm in an An-50 Ti rotor at 20°C. Data were analyzed using a solvent
density of 1.00728, viscosity of 0.01048, and a ClpP2 partial specific volume of 0.7375, as calculated with
SEDNTER. SEDFIT was used to calculate the continuous distribution of sedimentation coefficients, with a
confidence ratio of 0.95.
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