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Penicillin-Binding Protein 3 Is Essential
for Growth of Pseudomonas aeruginosa

Wei Chen, Yong-Mei Zhang,* Christopher Davies

Department of Biochemistry and Molecular Biology, Medical University of South Carolina, Charleston, South
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ABSTRACT Penicillin-binding proteins (PBPs) function as transpeptidases, carboxy-
peptidases, or endopeptidases during peptidoglycan synthesis in bacteria. As the
well-known drug targets for B-lactam antibiotics, the physiological functions of PBPs
and whether they are essential for growth are of significant interest. The pathogen
Pseudomonas aeruginosa poses a particular risk to immunocompromised and cystic
fibrosis patients, and infections caused by this pathogen are difficult to treat due to
antibiotic resistance. To identify potential drug targets among the PBPs in P. aerugi-
nosa, we performed gene knockouts of all the high-molecular-mass (HMM) PBPs and
determined the impacts on cell growth and morphology, susceptibility to B-lactams,
peptidoglycan structure, virulence, and pathogenicity. Disruptions of the transpepti-
dase domains of most HMM PBPs, including double disruptions, had only minimal
effects on cell growth. The exception was PBP3, where cell growth occurred only
when the protein was conditionally expressed on an integrated plasmid. Conditional
deletion of PBP3 also caused a defect in cell division and increased susceptibility to
B-lactams. Knockout of PBP1a led to impaired motility, and this observation, to-
gether with its localization at the cell poles, suggests its involvement in flagellar
function. Overall, these findings reveal that PBP3 represents the most promising tar-
get for drug discovery against P. aeruginosa, whereas other HMM PBPs have less po-
tential.
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he Gram-negative bacterium Pseudomonas aeruginosa is the fourth most commonly

isolated pathogen in hospital-acquired infections, accounting for 10% of all such
infections (1, 2) and 17% of cases of nosocomial pneumonia (3). P. aeruginosa infections
are especially serious in immunosuppressed patients hospitalized with severe burns,
cancer, and AIDS, as well as recipients of organ transplants (4). In addition, individuals
with cystic fibrosis (CF) are highly susceptible to chronic pseudomonal lung infections
(5, 6), and the pathogen plays a critical role in the morbidity and mortality of CF
patients (7). The rate of mortality of patients infected nosocomially with P. aeruginosa
is very high, with rates reported to be from ~30 to 50% (8-10). The emergence of
clinical isolates of P. aeruginosa that exhibit resistance to one or more antibiotics,
including fluoroquinolones, carbapenems, and a fourth-generation cephalosporin
(cefepime) that is currently the antibiotic of choice for pseudomonal infections (11),
severely limits treatment options (12-17). Consequently, there is an urgent need for
new therapeutic agents with activity against this pathogen (18).

For more than 60 years, B-lactam antibiotics have been highly successful in the
treatment of bacterial infections. Their lethal targets are penicillin-binding proteins
(PBPs), which are periplasmic enzymes that function during the final stages of pepti-
doglycan (PG) synthesis (19, 20). Peptidoglycan envelops the bacterial cell and is
essential for cell survival, division, and maintenance of cell shape (21). PBPs are broadly
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divided into two groups on the basis of molecular mass (22). High-molecular-mass
(HMM) PBPs function as transpeptidases (TPases) and are often essential. Class A
HMM PBPs catalyze both TPase and glycosyltransferase (GTase) activities, whereas
class B HMM PBPs possess only TPase activity. Low-molecular-mass (LMM) PBPs (or
class C PBPs) generally function as carboxypeptidases or endopeptidases and can
typically be genetically deleted without having a significant effect on cell viability
or growth (19, 23).

The development of PBP inhibitors offers a potential route to the development of
new antibiotics to replace B-lactams that are becoming increasingly limited in efficacy.
A key step, however, is to identify which PBPs are essential or at least represent
potential drug targets in a bacterial pathogen. Examination of the P. aeruginosa
genome reveals 8 potential PBPs (1a, 1b, 2, 3, 3a/3x, 4, 5/6, 7), and 6 major PBPs can be
detected by radiolabeling with ['*Clbenzylpenicillin (24, 25). PBPs 1a, 1b, 3, and 3a/3x
are classified as HMM PBPs, and PBPs 4, 5/6, and 7 are classified as LMM PBPs. By
homology with other PBPs, PBP1a and PBP1b are class A bifunctional TPase/GTases, and
PBP2, PBP3, and PBP3x are all class B enzymes that catalyze only TPase activity. PBP3x
(or PBP3a) is a homologue of PBP3 that is expressed during the stationary phase of
growth (25). PBPs 4, 5, and 7 are class C LMM PBPs that would be expected to function
as carboxypeptidases or endopeptidases. The impact of deleting PBPs 4, 5, and 7 has
been investigated elsewhere: none are essential, and their absence does not alter the
peptidoglycan structure (26).

The HMM PBPs 1a, 1b, 2, and 3 are the most likely candidates to be essential, but
interestingly, no PBPs were designated essential in a library of transposon insertion
mutants constructed from a pathogenic strain of P. aeruginosa, PA14 (27). In contrast,
analyses of transposon insertion libraries constructed from strain PAO1 or PA14 grown
in sputum from CF patients indicate that both PBPs 2 and 3 are essential (28). The
physiological significance of PBPs 2 and 3 is also suggested by other studies. Although
they are viable, P. ageruginosa strains lacking PBP2 exhibit a spheroidal rather than a
rod-shape morphology and lowered MICs for several B-lactams, including the antipseu-
domonal antibiotics carbenicillin (CBC), cefotaxime, and ticarcillin (29). In addition, PBP2
appears to be a target for carbapenems (30). PBP3 is believed to be a therapeutic target
because its overexpression increases the MICs of P. aeruginosa for aztreonam, cefepime,
cefsulodin, and ceftazidime (25) and it appears to be targeted by fourth-generation
cephalosporins (31-33) and carbapenems (30). However, its essentiality or otherwise
has not been unequivocally established. Inactivation of PBP3x, which is a homologue of
PBP3, has no effect on cell morphology or growth (34). At this stage, very little is known
about the physiological importance of PBPs 1a and 1b.

In this study, we systematically deleted the HMM PBPs of P. aeruginosa to determine
which are essential for growth and also establish how such deletions impact the
pathogenicity and virulence of P. aeruginosa, susceptibility to B-lactams, cell morphol-
ogy, and PG structure. This information is indispensable if any of these PBPs are to be
developed as bona fide drug targets to combat P. geruginosa infections.

RESULTS

PBP3 but not PBP 1a, 1b, or 2 is essential for growth of P. aeruginosa. PBPs 1a,
1b, 2, and 3 were individually deleted by replacement of the respective PBP gene (or
the region encoding the TPase domain for PBPs 1a and 1b) with a gentamicin (Gm)
resistance cassette, followed by removal of the cassette. Single deletion of the trans-
peptidase (TPase) domains of PBP1a, 1b, and 2 (indicated by the subscript TP with the
gene name) had no measurable impact on the growth of P. geruginosa (Fig. 1A) (for the
nomenclature used for protein and gene names, see Table 1). To assess whether
the absence of a growth defect was due to a functional redundancy among these PBPs,
we also made double mutants. The PBP1b/2 double mutants (AmrcB;, pbpA:Gm)
exhibited normal growth, whereas a PBP1a/2 double mutant (AponA;, pbpA:Gm)
exhibited a slightly lower cell density after 8 h, likely due to cell lysis in stationary phase
(as suggested by loose debris above the cell pellet after centrifugation). The absence of
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FIG 1 Impact of pbp gene deletions on the growth of PA14. (A) Single and double deletions of the HMM PBPs PBP1a (ponA), PBP1b (mrcB), and PBP2 (pbpA)
(the subscript TP indicates deletion of the transpeptidase domain only). (B) Deletion of PBP3x (pbpC) and conditional deletion of PBP3 (fts/). (C) Deletion of the
GTase domains of PBP1a and PBP1b (the subscript GT indicates deletion of the glycosyltransferase domain only). The P. aeruginosa strains were cultivated in
LB broth (with arabinose or glucose, where indicated), and cell growth was monitored by measuring the optical density at 600 nm. wt, wild type.

a defect when PBP2 (pbpA) was deleted in PA14 contrasts with a previous finding where
a similar deletion in PAOT1 resulted in a lower growth rate (29). Since a strain containing
deletions of the TPase domains of PBP1a and PBP1b could not be obtained, it was
necessary to construct a conditional deletion strain in which one copy of ponA under
the control of the Pz, promoter was integrated into the chromosome at the attB site
(AponA, AmrcB,, attB::Pg,n-gfp-ponA). This promoter is induced by 0.2% arabinose but
repressed with 0.2% glucose. As shown in Fig. 1A, no apparent growth defect was
observed with either arabinose or glucose, indicating that both TPases of PBP1a and
PBP1b are dispensable for growth. While it is possible that leaky expression was
responsible for the growth of this strain, the Py, promoter is very tightly regulated (35,
36), and even under conditions of repression, growth from the outset was the same as
that for the wild type.

The only strain that failed to grow directly was the one lacking PBP3 (ftsl). To ensure
that this was due to the essentiality of PBP3 and was not due to insufficient colony
screening, we made a conditional fts/ mutant with an integrated Pg,p-fts/ at the attB site
in @ manner similar to that used for ponA. In the presence of glucose, the Afts/ strain
displayed an extended lag phase and a longer doubling time, but in the presence of
arabinose, growth was restored to the wild-type level (Fig. 1B). Overall, these data
reveal that under laboratory culture conditions, only PBP3 is essential for growth and
there is significant redundancy in the TPase function among the remaining HMM PBPs.

TABLE 1 Protein and gene names, loci in PA14 and PAO1, PBP class, and length of
protein (in P. aeruginosa) for P. aeruginosa PBPs

PBP Gene PA14 locus PAO1 locus PBP class No. of amino acids
1a ponA 66670 5045 A 822
1b mrcB 62200 4700 A 774
2 pbpA 12060 4003 B 646
3 ftsl 57425 4418 B 579
3a/3x pbpC 35190 2272 B 565
4 dacB 24690 3047 C 476
5/6 dacC 12100 3999 C 386
7 pbpG 53020 0869 C 310
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Late growth of the Afts/ strain. During the growth experiments, we observed
slight growth of the Afts/ strain in the presence of glucose after about 7 h (Fig. 1B). To
examine whether this was caused by derepression of the Py, promoter after depletion
of glucose, we resupplemented glucose at 6 h postinoculation, but the same late
growth was still observed (data not shown). In addition, when an overnight culture of
the Aftsl strain that had been grown in the presence of glucose was diluted into fresh
LB with glucose, no growth was again observed, indicating that the slow growth was
not due to a mutation that upregulated the expression of PBP3. Since PBP3x exhibits
48% sequence identity with PBP3 and is mainly expressed in the stationary phase (34),
we also considered whether the late growth was due to the expression of PBP3x. To test
this, we constructed a Aftsl pbpC::Gm double mutant strain (CW81), but in the presence
of glucose, the same late-growth phenotype was observed (Fig. 1B). As expected,
deletion of pbpC alone did not affect cell growth, consistent with previous findings that
PBP3x is not essential (34). Hence, we conclude that the most likely reason for the late
growth of the Aftsl strain is the gradual accumulation of transcripts due to leaky
expression from the promoter.

GTase domains of PBPs 1a and 1b are not individually essential. Although the
TPase domains of PBP1a and PBP1b appear not to be essential, these bifunctional PBPs
also contain a glycosyltransferase (GTase) domain that might be required for growth. To
address this, we constructed strains with conditional deletion of the GTase domain
(indicated by the subscript GT with the gene name), the AponA;;and AponAg; AmrcBgr
strains (Table 2), in which a copy of Pgzsp-ponA was integrated at the attB site.
Sequencing confirmed that the TPase domain remained in frame in these GTase
deletion mutants. In the presence of glucose, deletion of the GTase domain of PBP1a
did not affect cell growth (Fig. 1C). Simultaneous mutation of both the PBP1a and
PBP1b GTase domains, however, completely repressed growth, and this was reversed
by adding arabinose to induce the expression of PBP1a (Fig. 1C). These data indicate
that at least one GTase domain is required for cell viability in P. aeruginosa. Escherichia
coli similarly fails to grow after deletion of both PBP1a and PBP1b, though, in that case,
a distinction between the TPase and GTase domains was not made (37).

A PBP1a and PBP2 double mutant shows reduced fitness. To determine whether
disruption of PBP genes alters the fitness of strains, we performed in vitro competition
assays, in which each mutant strain was cultured with the wild-type strain PA14,
starting at a 1:1 ratio. As shown in Fig. S1 in the supplemental material, deletion of
ponA;, mrcB, pbpA, or ponA and mrcB;, did not significantly impact the fitness of P.
aeruginosa. Only the simultaneous deletion of ponA and pbpA reduced the fitness by
approximately 3-fold compared with that of the wild type. These experiments indicate
that P. aeruginosa can tolerate a single deletion of nonessential PBPs without a
significant reduction of fitness in vitro.

Susceptibility of pbp mutants to B-lactams. As PBPs are targets of B-lactams, we
examined whether deletion of HMM PBPs alters the susceptibility of P. aeruginosa to
these antibiotics. Lowering of the MICs in a specific deletion strain would indicate the
functional importance of that PBP (29) and increases in the MIC may indicate a role for
the deleted PBP in resistance to B-lactams. All the B-lactams selected, with the
exception of penicillin G, are used to treat pseudomonal infections. MICs were deter-
mined by the broth dilution method and are shown in Table 3. Compared to the MICs
for the wild-type strain PA14, deletion of ponA;, or mrcB;, had a minimal impact on the
MICs of all antibiotics tested. Only the AponA;, AmrcB,, double deletion strain was
more susceptible and showed a 2-fold decrease in the MICs of cefsulodin and cefepime.
The MICs of penicillin G, however, were decreased by 4-fold in the ponA;, mutant and
8-fold in the ponA;, and mrcB;, double deletion mutant. The relatively high MIC of
penicillin observed for wild-type strain PA14 is consistent with the previously reported
MICs of ampicillin and amoxicillin for PAO1 (29). Deletion of pbpA caused an 8-fold
reduction in the MIC of penicillin G and a 4-fold decrease in the MIC of imipenem but,
surprisingly, did not change the MIC of doripenem, which is also a carbapenem. These
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TABLE 2 Bacterial strains and plasmids used or constructed in this study

Antimicrobial Agents and Chemotherapy

Strain or plasmid Genotype or relevant characteristics® Reference or source
Strains
E. coli strains
Stellar E. coli HSTO8 strain for cloning of plasmids Clontech
JM109 E. coli strain for cloning of plasmids Promega
P. aeruginosa strains
PA14 Wild type 68
CW26 ponAsp:Gm This study
Cw28 mrcBypGm This study
CwW29 AponA;p This study
CW30 AponA;p pbpA:Gm This study
CW31 AmrcBy, This study
Cw34 AmrcB;, pbpA:Gm This study
CW36 pbpA:Gm This study
cws7 ApbpA This study
CW46 Aftsl attB:Pgap-gfp-ftsl This study
cw47 AponA;, AmrcBy, attB::Pgap-gfp-ponA This study
CW49 AponAgr attB::Pgp-gfp-ponA This study
CW50 AponAgr AmrcBgy attB:Pgap-gfp-ponA This study
CW52 AponA;, attB::Pg,p-gfp-ponA This study
CW57 PA14 containing pMP7605-PBP1a This study
CW58 PA14 containing pMP7605-PBP1b This study
CW59 PA14 containing pMP7605-PBP2 This study
CW60 PA14 containing pMP7605-PBP3 This study
Ccwe1 PA14 containing pJN-flhF-mCherry This study
CW80 pbpCi:Gm This study
Ccwa1 Aftsl pbpC::Gm attB::Pgp-gfp-ftsl This study
Plasmids
pPEX18ApGw Suicide vector for gene knockout in P. aeruginosa, Gm" CBC" 62
pPEX18ApGW-pbp1aTP Suicide vector for deletion of the PBP1a TPase domain, Gm" CBC" This study
PEX18ApGW-pbp1bTP Suicide vector for deletion of the PBP1b TPase domain, Gm" CBC" This study
PEX18ApGW-pbp2 Suicide vector for deletion of pbp2, Gm" CBC" This study
pPEX18ApGW-pbp3 Suicide vector for deletion of pbp3, Gm" CBC" This study
PEXT18ApGW-pbp3x Suicide vector for deletion of pbp3x, Gm" CBC" This study
PEX18ApGW-pbp1aGT Suicide vector for deletion of PBP1a GTase domain, Gm" CBC" This study
PEX18ApGW-pbp1bGT Suicide vector for deletion of PBP1b GTase domain, Gm" CBC" This study
pMini-CTX1 Integration vector in P. aeruginosa, Tc" 69
pBAD24 Plasmid with Pg,p promoter induced by L-arabinose, CBC" 35
pCAB Derivative of pMini-CTX1 containing Pg,p promoter, Tc" This study
pCAB-gfp-pbpla Derivative of pCAB containing Pgap-gfp-ponA, Tcr This study
pCAB-gfp-pbp3 Derivative of pCAB containing Pgp-gfp-ftsl, Tc" This study
pMP7605 E. coli-P. aeruginosa shuttle vector expressing mCherry, Gm* 61
pMP7605-PBP1a Derivative of pMP7605 expressing mCherry-PBP1a, Gm® This study
pMP7605-PBP1b Derivative of pMP7605 expressing mCherry-PBP1b, Gm" This study
pMP7605-PBP2 Derivative of pMP7605 expressing mCherry-PBP2, Gm" This study
pMP7605-PBP3 Derivative of pMP7605 expressing mCherry-PBP3, Gm" This study
pJN-flIhnF-mCherry Derivative of pJN105 expressing FIhF-mCherry, Gm* 46

aCBCr, carbenicillin resistant; Gm", gentamicin resistant; Tc", tetracycline resistant.

reductions in MICs are significantly less than those reported for wild-type strain PAO1
with a pbpA deletion, where the MIC was reduced 100-fold for ampicillin and 18-fold for
carbenicillin (29).

Simultaneous deletion of mrcB;, and pbpA in PA14 had an effect similar to that of
deletion of pbpA alone, but interestingly, a double deletion of ponA;, and pbpA
significantly increased the MICs of cefsulodin and piperacillin by 4-fold and 16-fold,
respectively. Finally, conditional deletion of ftsI decreased the MICs of all B-lactams
tested: 4-fold for imipenem, 2-fold for doripenem, 8-fold for cefepime, cefsulodin, and
ceftazidime, 4-fold for piperacillin, 8-fold for aztreonam, and 32-fold for penicillin G.
These data are consistent with an essential function for PBP3 because in its absence P.
aeruginosa was more susceptible to the lethal action of antibiotics.

Altered cell morphology of pbp mutants. We also examined the morphology of
PBP mutant strains using scanning electron microscopy (SEM). As shown in Fig. 2A, the
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TABLE 3 Antibiotic susceptibilities of pbp mutant strains in PA14

MIC? (prg/ml)
Strain  Genotype IMP  DOP CEP CESD CAZ PIP PenG ATM
PA14 Wild type 1 0.25 2 4 4 4 2,048 8
CW29  AponA;p 1 0.25 2 2 4 4 2,048 8
CW31 AmrcB;p 1 0.25 2 2 4 4 512 8
CW37 ApbpA 0.25 0.25 2 4 4 4 256 8
CW46b  Aftsl 025 0125 025 05 0.5 1 64 1
CW30  AponA;p, pbpA:Gm 0.25 0.25 2 16 4 64 1,024 8
CW34  AmrcBsp pbpAz:Gm 025  0.25 2 4 4 4 512 8
CW47%  AponA;, rmrcByp 1 0.25 1 2 2 4 256 8

alMP, imipenem; DOP, doripenem; CEP, cefepime; CESD, cefsulodin; CAZ, ceftazidime; PIP, piperacillin; PenG,
penicillin G; ATM, aztreonam.

bStrains CW46 and CW47 were grown in LB supplemented with 0.2% glucose, which was used to repress
ectopic expression of PBP3 and PBP1a, respectively.

AponA+p, AmrcBp,, and AponA;, AmrcB;, deletion strains appeared very similar to PA14,
although the mean cell lengths tended to be slightly shorter (Fig. 2B). Deletion of pbpA
or ftsl, though, did affect the cell morphology. The absence of pbpA reduced the mean
cell length by approximately 30% (Fig. 2B), and while they still had a rod shape, the cells
appeared somewhat wider. This differs from the spherical morphology observed in a
pbpA deletion strain of PAOT (29). Concurrent deletion of ponA., or mrcB, with pbpA
produced a similar effect. In sharp contrast, deletion of fts/ had a significant effect on
cell morphology. Cells appeared as tangles of long filaments (Fig. 2A), indicative of
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FIG 2 Cell morphology and cell length of pbp mutants. (A) The effect of HMM PBP deletion on cell morphology was
determined by scanning electron microscopy. Cultures from early log phase were harvested and prepared as
described in Materials and Methods. (B) Cell length of pbp mutants. More than 100 cells were counted and
measured by the use of ImageJ software. Student’s t test was performed for determination of the significance of
the differences between the wild type and the pbp mutants. ***, P < 0.0001. The median average length is shown
in parentheses.
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untreated + cefsulodin

FIG 3 Cell morphology of PA14 treated with a sub-MIC level of cefsulodin. PA14 was inoculated into LB
broth at 1/8 MIC (0.5 wg/ml) of cefsulodin and harvested after overnight growth. The cell morphology
was examined by transmission electron microscopy.

impaired cell separation. These data show that P. aeruginosa PBP3 is required for cell
division, similar to its E. coli counterpart (37).

Since deletion of fts/ causes impairment of cell separation, we reasoned that
treatment of P. aeruginosa with a B-lactam at sub-MIC levels should generate a
morphology similar to that of the fts/ deletion strain. In keeping with this hypothesis,
treatment of PA14 with a sub-MIC of cefsulodin (0.5 wg/ml, 1/8 MIC) resulted in the
formation of long filaments, in contrast to the rod morphology of untreated cells (Fig.
3). This is in keeping with PBP3 inhibition causing filamentation of P. aeruginosa, as is
the case in E. coli (38).

Peptidoglycan composition in pbp mutants. To test whether the absence of HMM
PBPs alters the cell wall structure in P. aeruginosa, the peptidoglycan composition
profile from mid-log-phase cultures of PBP deletion strains was analyzed using reverse-
phase high-performance liquid chromatography (HPLC). Individual muropeptides were
assigned on the basis of the profile of E. coli strain MC6RFI, as it appears similar to P.
aeruginosa (39, 40). Compared to the findings for wild-type strain PA14, all mutant P.
aeruginosa strains had the same HPLC profile and all showed a similar degree of
cross-linking (Table 4). The only exception was a slight decrease in the proportion of
peptidoglycan monomers and a correspondingly slight increase in peptidoglycan
trimers in the pbpA deletion strain. The peptidoglycan composition of the fts/ condi-
tional mutant could not be investigated because insufficient material for HPLC analysis
was obtained due to poor growth in the presence of glucose. Overall, these data show
that deletion of HMM PBPs 1a, 1b, and 2 does not significantly impact the peptidogly-
can structure.

Motility of pbp mutant strains. The importance of motility for P. aeruginosa
pathogenicity (41) led us to determine the swarming capability of PBP mutants.
Deletion of mrcB;, or pbpA had no effect on swarming motility. However, deletion of
ponA;, severely impaired swarming (Fig. 4), and this defect was reversed by comple-
mentation of the gene on a plasmid. Interestingly, introduction of mrcB could partially
restore the motility of the ponA;, mutant (data not shown). Since swarming also

TABLE 4 Peptidoglycan composition of pbp mutants in PA14

Relative abundance? (%)

Genotype Cross-links Monomers Dimers Trimers

Wild type 26.03 = 0.88 49.66 + 2.27 4516 £ 1.13 5.18 = 0.19
AponAp 24.14 = 1.32 53.27 = 3.46 4197 £ 1.65 4,75 £ 0.96
AmrcByp 2546 = 0.18 51 £1.65 43.2 = 2.60 5.79 = 1.68
ApbpA 27.88 = 0.60 46 = 1.51 46.2 £ 2.90 717 =1.43
AponA;, pbpAzGm 24415 + 0.58 5271 +278 4263 +0.71 4.65 = 045
AmrcB;, pbpA:Gm 27.21 + 0.81 475+ 0.92 46.7 =137 579 * 0.31

aData are means = standard errors from three independent experiments.
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1a/2Gm 1b/2Gm

FIG 4 Swarming motility of pbp mutants of PA14. Five microliters of an overnight culture was spotted
onto an M9 plate (0.5% agar) and incubated for 18 h at 37°C. Swarming profiles were recorded by a
digital camera.

requires rhamnolipid surfactants (42), we also measured rhamnolipid levels in the PBP
mutant strains by the anthrone method (43) but found no differences in rhamnolipid
levels between the mutant strains and the wild-type strain (data not shown). These data
suggest an involvement of PBP1a in cell motility. It remains to be established whether
this is direct involvement or, for instance, a consequence of the bacterial stress
response being triggered due to alterations of PG (44).

Subcellular location of HMM PBPs in PA14. Some HMM PBPs, such as PBP2x and
PBP2b of Streptococcus pneumoniae (45), exhibit a specific cellular localization. To
observe the cellular localization of HMM PBPs in P. aeruginosa, we constructed
N-terminal mCherry fusions of each of the four HMM PBPs (PBPs 1a, 1b, 2, and 3). We
first verified that known phenotypes for each deletion were restored to the wild type
by the respective mCherry-PBP fusion. Thus, expression of mCherry-PBP1a and
mCherry-PBP1b completely (PBP1a) or partially (PBP1b) restored cell motility in the
ponA;, deletion strain, mCherry-PBP2 prevented cell lysis of the AponA;, pbpA:Gm
double mutant at stationary phase, and mCherry-PBP3 restored the growth rate of the
ftsl deletion strain in the presence of glucose (data not shown). Examination of
overnight cultures of the strains by confocal microscopy revealed that PBPs 1b and 2
were diffusely distributed throughout the cell (Fig. 5). In contrast, PBP1a mostly
localized at both cell poles. Surprisingly, PBP3 did not localize in the middle of cells but
seemed to anchor around the cell envelope. As expected, the empty vector expressing
mCherry alone was diffusely distributed in the cytoplasm, and the known polar protein
FIhF, which regulates the localization of the flagellum in P. aeruginosa (46), was
primarily located at one pole. We also determined PBP localization at the mid-log
phase, when cell division is more active, but similar patterns were observed. The
exception was PBP1a, which was found to be distributed around the cell (data not
shown).

In vitro virulence and in vivo pathogenicity of pbp mutants. As assessments of
virulence, we measured the pyocyanin levels and biofilm formation of the mutant
strains. Deletion of ponA;, or mrcB;, did not significantly affect pyocyanin levels
compared to those in the wild type (Fig. 6A). Deletion of pbpA, however, increased
pyocyanin levels by approximately 30%, and this increased to 50% when pbpA and
ponA;, were simultaneously disrupted. Given that the double deletion strain started
autolysis when entering stationary phase (Fig. TA), this finding suggests that conditions
of stress can lead to increased pyocyanin production. A concurrent pbpA and mrcB
deletion produced a lesser increase in the level of pyocyanin production. The AponA;,
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Vector PBP1a PBP1b

PBP2 PBP3 FIhF

FIG 5 Subcellular location of HMM PBPs in PA14. P. aeruginosa PBPs were fused with mCherry at the N
terminus of each protein and transformed into PA14. One microliter of an overnight culture was spotted
on a slide and covered by a thin layer of 1.2% agarose. A known polar protein, FIhF, was used as a polar
control. The empty vector expressing mCherry was used as a negative control. The location of fusion
proteins was observed using a Leica SP2 confocal microscope.

pbpA:Gm and AmrcB;, pbpA:Gm double PBP mutants formed 50% and 30% less
biofilm than the wild type, respectively, but single deletions of ponA;, mrcB., and
pbpA had no effect (Fig. 6B). Overall, these data suggest that the loss of PBP2 can alter
virulence phenotypes in vitro, especially when coupled with the deletion of PBP1a or
PBP1b.

As a more direct measure of pathogenicity, we determined the toxicity of PBP
mutants in Caenorhabditis elegans, a validated model for assessment of the virulence of
P. aeruginosa (47, 48). Overnight cultures of PBP mutants were fed to synchronized
worms, whose survival was then monitored every 12 h. The pathogenicity of single
PBP deletion strains was essentially unchanged compared to that of the wild type
(Fig. 7) and is consistent with the minimal effects on the virulence phenotypes
observed in vitro.

DISCUSSION

P. aeruginosa is a major nosocomial pathogen for which new treatment options are
urgently needed due to high levels of resistance to current antibiotics (18). One
approach for drug discovery is to identify antimicrobials with activity against novel
molecular targets. These efforts often founder, however, due to the inaccessibility of
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FIG 6 Virulence-associated phenotypes of pbp mutants in vitro. (A) Pyocyanin production of pbp mutants.
(B) Static biofilm formation on pegged lids. Data are presented as the mean = SE from three independent
experiments. Student’s t test was performed for determination of the significance of the differences
between the wild type and the pbp mutants. **, P < 0.001; ***, P < 0.0001.
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FIG 7 Survival of C. elegans infected by PA14 or the pbp mutants. Overnight cultures of PA14 or the pbp

mutants were used to feed synchronized worms at the L4 stage. Worm survival was monitored every 12
h. The results of a representative experiment from a total of four are shown.

the target, difficulty in developing an assay suitable for high-throughput screening,
toxicity against human homologues, or other reasons. Another approach is to develop
new antimicrobials with activity against existing targets. Such targets have the advan-
tage of being proven in terms of accessibility and lethality, and there is a lower
likelihood of adverse events arising due to toxicity. An outstanding example of this is
penicillin-binding proteins (PBPs), the lethal targets for B-lactams (19, 20). For many
years, B-lactams have been highly successful as antibiotics, but their efficacy is waning
due to resistance mechanisms, such as B-lactamases. By developing new non-B-lactam
inhibitors of PBPs that circumvent the action of B-lactamases, PBPs could be resur-
rected as clinical targets. Examples of this approach are the development of boronic
acids and diazabicyclooctanes as PBP inhibitors (38, 49). Diazabicyclooctanes are known
to inhibit E. coli PBP2 and exhibit antimicrobial activity against P. aeruginosa (strain
PAO1) (38). They also increase the antimicrobial potency of B-lactams, including
ceftazidime (50). Another approach is to develop new B-lactams, where an antimicro-
bial advantage could be gained by covalent inhibition of more than one PBP, rather
than just one (51). P. aeruginosa has 8 known PBPs, and key to the present study was
the identification of those that are essential for survival or at least are important with
respect to inhibition by B-lactams or pathogenicity. The overall goal is to exploit PBPs
thus identified as drug targets.

We found that only PBP3 is required for growth (see below), whereas single
deletions of PBPs 1a, 1b, and 2 had little or no impact on growth. The nonessentiality
of pbpA contrasts with the findings of a transposon insertion mutagenesis study, where
this gene appeared to be essential in both PA14 and PAO1 (26), but agrees with the
findings of a previous study where it was also deleted but found to be nonessential
(29). Why PBP2 appears to be essential when it is disrupted by transposon insertion but
nonessential when the entire open reading frame (ORF) is deleted is unclear but serves
as a caution that different approaches to the investigation of essentiality can yield very
different outcomes. Strains with double deletions of the TPase domains of HMM PBPs
(PBPs 1a/1b, 1a/2, and 1b/2) were also viable. Redundancy between the respective
GTase domains of PBPs 1a and 1b was also observed, with one domain being able to
substitute for the other in the deletion strains (although in this case, both could not be
deleted simultaneously). Taken together, this is evidence of functional overlap between
the HMM PBPs in P. aeruginosa for both TPase and GTase activities. The apparent
dispensability of HMM PBPs has also been observed in other bacteria, especially E. coli,
where none are essential individually and only the simultaneous deletion of PBPs 1a
and 1b is lethal (37). Similarly, PBPs 1a, 1b, and 2a (class A) and PBP2b (class B) can be
deleted in Streptococcus gordonii, and only PBP2x is essential (52). In contrast, both of
the HMM PBPs (PBPs 1 and 2) in Neisseria gonorrhoeae are considered essential (53), and
this may reflect the relatively small complement of PBPs in this organism. It is, however,
interesting to note how the essential PBPs of P. aeruginosa and E. coli are different,
which cautions against making assumptions about the essentiality of PBP homologs
across species.
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The underlying reason for the apparent redundancy of PBPs in bacteria is an open
question (54). One reason is that individual PBPs may have specific physiological roles
that are not detected under cell culture conditions where there is an ample supply of
nutrients and oxygen. A given PBP may be required at a specific stage in the cell cycle
or subcellular localization, and only if this condition is known and can be reproduced
in a laboratory setting would the essentiality of that PBP then become apparent. It is
also worth noting that in bacteria like P. aeruginosa, which have comparatively large
genomes, genetic redundancy is more likely due to the presence of paralogs of the
genes under study (55).

Since essentiality is not the only factor governing the legitimacy of a PBP drug
target, we also investigated the impact of PBP deletions on a number of phenotypes,
including susceptibility to B-lactams, cell morphology, peptidoglycan structure, swarm-
ing motility, virulence factor production, and pathogenicity, in a C. elegans model of
infection. As with the cell growth experiments, we found that deletions of most HMM
PBPs (PBPs 1a, 1b, and 2) had little or no impact. Only deletion of PBP2 elicited a slight
change in cell morphology by making cells shorter and wider, although the rod
morphology was maintained. In contrast, the deletion of PBP 1a or 3 had major but
different effects. First, the loss of PBP1a severely impaired swarming motility (Fig. 4) and
PBP1a localized to the cellular poles of P. aeruginosa with a unipolar bias (Fig. 5).
Although more investigation is needed, this at least implies an involvement of PBP1a
in flagellum activity. If so, this may be an example of a specific physiological function
of a PBP that underlies the apparent redundancy among PBPs and one that manifested
only when swarming motility was measured.

The lesser effects on cell growth, morphology, and MICs when PBP2 was deleted in
PA14 (this study) than when it was deleted in PAO1 (29) are of significant interest, as
this PBP is considered a potential drug target (30, 38). The reason for these differences
is not clear but suggests that, at least for PBP2, the background strain affects the
severity of the phenotypes. More investigation of the importance of PBP2 in other
strains of P. aeruginosa, including clinical strains, is therefore warranted.

The major finding of this study is that PBP3 is apparently the only PBP essential in
P. aeruginosa. This was initially suggested by the growth failure of a PBP3 deletion strain
and subsequently confirmed by the occurrence of growth when the protein was
endogenously expressed under the control of the Py, promoter (Fig. 1). In contrast to
the situation with PBP2, our finding is in agreement with the findings obtained with a
transposon insertion library, where PBP3 (fts/) was found to be essential in both PAO1
and PA14 (28). It is also consistent with active-site mutations of PBP3 arising in P.
aeruginosa (PAO1) exposed to increasing concentrations of meropenem (56). As dem-
onstrated by the filamentous nature of the PBP3 deletion strain (Fig. 2), we also found
that PBP3 is essential for cell division in P. aeruginosa, consistent with its established
role in E. coli (57-60). Finally, the importance of PBP3 was also demonstrated by the
significant decrease in the MICs of several antibiotics for the PBP3 deletion strain, and,
indeed, this was the only deletion strain for which MICs were lower (Table 3). This is
congruent with the overexpression of PBP3 increasing the MICs of aztreonam,
cefepime, cefsulodin, and ceftazidime (25). Overall, these data suggest that, among the
PBPs in P. aeruginosa, PBP3 has the highest potential for development as a drug target.
Importantly, we also show that the remaining HMM PBPs (PBPs 1a and 1b and possibly
also PBP2) are not likely to be fruitful targets.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains used in this study are listed in Table
2. The P. aeruginosa and E. coli strains were routinely cultured at 37°C in LB medium (Miller) unless
otherwise specified. To maintain plasmids, the medium was supplemented with 50 ug/ml carbenicillin
(CBC), 30 wg/ml gentamicin (Gm), or 20 ug/ml tetracycline (TC) for E. coli and 200 wg/ml CBC, 30 wg/ml
Gm, or 200 ug/ml TC for P. aeruginosa.

Manipulation of DNA and generation of pbp mutants. The names of the PBPs and their respective
genes are given in Table 1, and the plasmids used in this study are listed in Table 2. All plasmids were
constructed using an In-Fusion kit (Clontech) except where indicated. The primers are listed in Table S1
in the supplemental material. To generate an arabinose-inducible integration vector (pCAB), an araC-Pg,,p,
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fragment of 1.3 kb was excised from pBAD24 (35) with Clal (converted to a blunt end) and Kpnl and
inserted into pMini-CTX1 restricted with Sacl (converted to a blunt end) and Kpnl. For complementation
assays, pbp genes were inserted into pCAB linearized by Ncol. To observe the subcellular localization of
PBPs, pbp genes were inserted into pMP7605 (61) linearized by BamHI. To construct gene knockout
plasmids, two homologous arms of each pbp gene, as well as a fragment encoding Gm resistance (Gm?),
were amplified, purified, and inserted into pEX18ApGw (62) linearized by EcoRI and Hindlll. All plasmid
constructs were confirmed by sequencing.

To generate each pbp deletion mutant, a gene deletion plasmid was transformed into strain PA14 by
electroporation as described previously (63). The antibiotic resistance of the transformants was deter-
mined on LB-Gm and LB-CBC plates. Gm" CBC-susceptible (CBCs) colonies were putative replacement
mutants, which were then confirmed by PCR with flanking screening primers and sequencing. To
generate marker-free deletion strains, the Gm® cassette of the replacement mutants was removed by Flp
recombinase, and the Flp plasmid was subsequently removed by sucrose counterselection. The deletion
of the target gene was confirmed by PCR and sequencing.

To conditionally delete PBP3, one copy of ftsl was integrated into the chromosome of PA14 (wild
type) at the attB site using the integration vector pCAB. In this vector, the target gene is under the control
of the promoter Pg,p, Which is induced by 0.2% L-arabinose but repressed by 0.2% p-glucose. Genomic
fts| was deleted in the presence of arabinose. Similarly, for conditional knockouts of the TPase or the
GTase domain of both PBP1a and PBP1b, one copy of ponA was integrated into the chromosome. For
deletion of the GTase and TPase domains of PBP1a, amino acids 60 to 230 and 419 to 743, respectively,
were deleted. For equivalent deletions in PBP1b, amino acids 160 to 343 and 424 to 694, respectively,
were deleted. For PBP2, which is a monofunctional TPase, 87% of its ORF (amino acids 54 to 612) was
deleted. Similarly, for PBP3 and PBP3x, 88% (amino acids 34 to 542) and 97% (amino acids 1 to 549) of
the respective ORFs were deleted. Double mutants had either double deletions or single deletions
combined with replacement of the second gene with a Gm" cassette.

In vitro competition assay. PA14 and pbp replacement mutant strains were cultivated to early log
phase (optical density at 600 nm [ODg,,] = 0.5). Cells were harvested, washed, and suspended in fresh
medium. Cultures of the wild type and mutant were then mixed together in a 1:1 ratio in 10 ml LB broth,
with the initial ODg,, of each strain being 0.01. Since the AponA;, pbpA:Gm double mutant (Table 2)
exhibited autolysis in early stationary phase, cultures were incubated with shaking at 37°C for 7 h before
serial dilution and spreading on LB plates (for total viable cell counts) and LB-Gm plates (for mutant cell
counts only) after overnight incubation. The competition index is defined as the number of colonies with
Gm resistance divided by the number of colonies grown on LB alone. A total of three independent
experiments were performed.

MIC determination. The susceptibilities of the pbp mutants to B-lactams were determined as MICs
using the broth dilution method (64). One hundred microliters of an early-log-phase culture (prepared
as described above) was diluted to an OD,, of 0.001 (corresponding to 104 to 10° CFU/ml) and
dispensed into each well of a 96-well plate containing a serially diluted B-lactam. After 20 h of incubation
at 37°C, the ODg,, was measured using a BioTek Synergy HT plate reader. For each pbp mutant, three
independent MIC assays were performed for each B-lactam.

SEM. Cultures of the pbp mutants were prepared as described above, and cells were harvested at
early log phase (ODg,, = 0.5). For the Aftsl and AponA;, AmrcB;, mutants, the pellets were harvested at
4 h postinoculation because at this time the expression of PBP3 or PBP1a was expected to be fully
repressed by glucose (Fig. 1). Samples were fixed in 2% phosphate-buffered glutaraldehyde for 1 h,
rinsed in 0.1 M phosphate buffer, and fixed in 2% osmium tetroxide for 1 h. Samples were then
dehydrated in 50% ethanol for 15 min, 100% ethanol for 15 min, and 100% hexamethyldisilazane for 5
min. Hexamethyldisilazane was replaced once, and samples were air dried, mounted on scanning
electron microscopy (SEM) stubs, and sputter coated with gold-palladium (35-nm coating). The samples
were examined in a JEOL 5410 SEM, and representative digital images were recorded. The lengths of P.
aeruginosa cells were measured using ImageJ software (65).

TEM. For transmission electron microscopy (TEM), an overnight culture of wild-type strain PA14 was
pelleted and rinsed in phosphate buffer. The pellet was suspended in 2% osmium tetroxide for 5 min and
rinsed with distilled water twice. The suspension was applied to a carbon-coated Formvar grid and
allowed to dry. Cell shape was recorded with a JEOL 1011 electron microscope.

Analysis of peptidoglycan cross-links. Peptidoglycan was isolated from the P. aeruginosa strains as
described previously (39, 66). Briefly, cells were lysed in boiling SDS, and the peptidoglycan was
harvested by ultracentrifuge. The proteins in the suspension were then removed by protease E, and
peptidoglycan was digested by mutanolysin. The sample was reduced by sodium borohydride and
adjusted to pH 3 to 4 with 20% (vol/vol) orthophosphoric acid. All steps were performed at room
temperature.

The peptidoglycan fragments were analyzed by reverse-phase HPLC (Waters) using a HyperClone
octyldecyl silane (C,5) column (5 wm, 250 by 4.6 mm) equilibrated in 50 mM sodium phosphate (pH 4.35)
with sodium azide (8 mg/liter); 75 mM sodium phosphate (pH 4.95) and 50% (vol/vol) methanol were
used as buffer B. After sample (40 ul) injection, muropeptides were eluted with a 0 to 60% linear gradient
of buffer B over 30 min at a flow rate of 1 ml/min. The UV absorbance of the eluates was monitored at
205 nm. The degree of cross-linking was calculated as described previously (40, 66).

Subcellular location of HMIM PBPs. PBP genes were cloned into pMP7605 to generate N-terminal
mCherry fusion proteins. pJN-flnF-mCherry was used as a control. Each plasmid was then transformed
into the wild-type strain PA14. The culture was taken in the mid-log phase and stationary phase for all
the P. aeruginosa strains. One microliter of culture was spotted on a clean slide coated with a thin
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layer of 1.2% agarose and allowed to dry for 5 min. The subcellular localization of HMM PBPs (PBPs
1a, 1b, 2, and 3) was observed with a Leica SP2 confocal microscope with excitation at 587 nm and
emission at 610 nm.

Determination of pyocyanin, biofilm formation, and motility of pbp deletion strains. The
quantification of pyocyanin in pbp mutant strains was performed as described previously (67). Briefly,
supernatants of overnight cultures were harvested by centrifugation, and pyocyanin was extracted from
the supernatants with equal volumes of chloroform and acidified with 0.2 N HCI. The absorbance of the
samples at 520 nm was measured. A total of three independent experiments were performed, and the
pyocyanin levels of the pbp mutants were normalized to those of the wild type.

In order to test swarming motility, overnight cultures of the pbp mutant strains (5 ul) were spotted
on M9 medium (22 mM KH,PO,, 12 mM Na,HPO,, 20 mM NH,Cl, 8.6 mM NaCl, and 0.5% granulated agar
supplemented with 1 mM CaCl,, 1 mM MgSO,, 0.2% glucose, and 0.5% Casamino Acids). The plates were
incubated at 37°C for 18 h, after which the swarming pattern was recorded by digital photography.

To measure static biofilm formation, early-log-phase cultures of the pbp mutant strains were diluted
into fresh LB to a final OD,,, of 0.01 and dispensed into a 96-well plate (100 wl). Each sample was assayed
in 16 replicate wells. The plate was covered with a pegged lid (Nunc) and incubated at 37°C for 18 h. The
biofilms on the pegged lid were washed twice with sterile water and stained with 0.1% crystal violet (CV)
for 15 min in a new 96-well plate with gentle shaking. The excess CV was washed off with sterile water,
and the CV retained on the pegged lid was eluted with 150 ul of 95% ethanol. Solubilized CV was
quantified by measuring the absorbance at 590 nm using a BioTek Synergy HT plate reader. In total, three
independent experiments were performed, and the data were normalized to those for the wild type.

Pathogenicity of pbp deletion strains in C. elegans. To test the pathogenicity of the P. aeruginosa
strains, overnight cultures (100 ul) were spread onto nematode growth medium (NGM) containing 2.5%
agar and 100 pg/ml 5-fluorodeoxyuridine and incubated overnight at 37°C. A culture of E. coli OP50 was
used as a negative control. L4 worms of the C. elegans N2 strain (n = 30) were transferred from the
synchronization plate to the inoculated NGM plates and incubated at 23°C. Three plates were used for
each sample, for a total of 90 worms for each tested strain per experiment. The survival of C. elegans was
monitored every 12 h using a dissection microscope. Worms that were unresponsive to touch were
recorded as dead and removed from the plate. Each P. aeruginosa strain was tested in 4 independent
experiments. Kaplan-Meier survival curves were plotted using GraphPad Prism (version 4.0) software, and
statistical analysis was performed using the log-rank test.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
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