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ABSTRACT Resistance to b-lactams, the most used antibiotics worldwide, constitutes
the major problem for the treatment of bacterial infections. In the nosocomial pathogen
Acinetobacter baumannii, b-lactamase-mediated resistance to the carbapenem family of
b-lactam antibiotics has resulted in the selection and dissemination of multidrug-resistant
isolates, which often cause infections characterized by high mortality rates. There is thus
an urgent demand for new b-lactamase-resistant antibiotics that also inhibit their targets,
penicillin-binding proteins (PBPs). As some PBPs are indispensable for the biosynthesis of
the bacterial cell wall and survival, we evaluated their importance for the growth of A.
baumannii by performing gene inactivation studies of D,D-transpeptidase domains of high-
molecular-mass (HMM) PBPs individually and in combination with one another. We show
that PBP3 is essential for A. baumannii survival, as deletion mutants of this D,D-transpepti-
dase were not viable. The inactivation of PBP1a resulted in partial cell lysis and retardation
of bacterial growth, and these effects were further enhanced by the additional inactivation
of PBP2 but not PBP1b. Susceptibility to b-lactam antibiotics increased 4- to 8-fold for the
A. baumannii PBP1a/PBP1b/PBP2 triple mutant and 2- to 4-fold for all remaining mutants.
Analysis of the peptidoglycan structure revealed a significant change in the muropeptide
composition of the triple mutant and demonstrated that the lack of D,D-transpepti-
dase activity of PBP1a, PBP1b, and PBP2 is compensated for by an increase in the
L,D-transpeptidase-mediated cross-linking activity of LdtJ. Overall, our data showed
that in addition to essential PBP3, the simultaneous inhibition of PBP1a and PBP2 or PBPs
in combination with LdtJ could represent potential strategies for the design of novel drugs
against A. baumannii.
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The worldwide spread of antibiotic-resistant bacteria is recognized as a serious public
health threat (1–5). Infections caused by such pathogens are notorious for high mortality

rates and exert a heavy financial burden on health care institutions. Several multidrug-resist-
ant bacterial species are responsible for the majority of life-threatening infections. Among
them, Acinetobacter baumannii plays a prominent role, as it has become increasingly resist-
ant to various antimicrobial agents, including b-lactams, the most used antibiotics world-
wide (6). Resistance to the carbapenem family of b-lactams (7) is of special concern, as they
were used as the drugs of choice for the treatment of A. baumannii infections (8, 9). The
major mechanism of resistance to carbapenems and other b-lactams is their inactivation by
b-lactamases (10), enzymes that are widespread among clinical isolates of A. baumannii.
Carbapenem-resistant A. baumannii isolates are often multidrug resistant, and the occur-
rence of infections caused by such strains reaches up to 90% in some clinics, causing stag-
gering mortality rates that can exceed 50% (11–14). Due to its clinical importance, the CDC
lists multidrug-resistant A. baumannii as a bacterium that poses an urgent resistance threat
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in the United States, and it is included in the list of six bacterial pathogens responsible for
the majority of health care-associated infections (5, 15).

Carbapenems and other b-lactam antibiotics kill bacteria by targeting the D,D-transpepti-
dase (TP) domains of their penicillin-binding proteins (PBPs) (16), enzymes involved in the
biosynthesis of peptidoglycan, a major component of the cell wall. Peptidoglycan is com-
posed of alternating N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM) residues
linked into linear chains (17). These chains are cross-linked, to various extents, by short pep-
tides that are attached to the NAM residues to form a three-dimensional mesh that entirely
surrounds the bacterial cell. The cell wall of Gram-positive bacteria is composed of multiple
peptidoglycan layers, while only one layer is typically found in Gram-negative microorgan-
isms (18). Peptidoglycan acts as an exoskeleton, allowing bacteria to withstand high intracel-
lular osmotic pressure (19). Apart from its mechanical role in maintaining cell integrity, pepti-
doglycan also defines the shape of a bacterial cell and plays a critical role in cell division. To
perform these functions, peptidoglycan constantly undergoes modifications to meet the
requirements of its bacterial host during various stages of the cellular life cycle (20).

The biogenesis of peptidoglycan is an extremely complex and not yet fully understood
process. It is carried out by two multiprotein complexes, the elongasome, which conducts
cell elongation, and the divisome, which orchestrates cell division (21). PBPs are essential
components of these complexes, and based on their molecular masses, they are referred to
as high-molecular-mass (HMM) and low-molecular-mass PBPs (22). HMM PBPs are further
subdivided into two classes: class A PBPs are bifunctional enzymes that possess glycosyl-
transferase and TP domains, while class B PBPs are monofunctional TPs. Glycosyltransferase
domains of class A PBPs elongate peptidoglycan chains by covalently linking NAG-NAM
units. TP domains of class A and B PBPs cross-link glycan strands by forming a covalent
bond between the fourth residue of one pentapeptide chain and the third residue of
another (the 4-3 cross-link) (23). There is a growing number of cases demonstrating that in
some bacterial species, cross-linking of glycan strands is also performed by L,D-transpepti-
dases (Ldts), enzymes that are structurally unrelated to PBPs (24). Unlike TPs, which produce
4-3 cross-links, Ldts generate 3-3-cross-linked peptidoglycan. It was recently shown that the
cell wall of A. baumannii contains 3-3-cross-linked peptidoglycan, which is generated by the
L,D-transpeptidase LdtJ (25).

Bacterial TPs are of special importance as they are the principal targets of b-lactam
antibiotics. These antibiotics bind to TP domains with different affinities, which can also vary
by pathogen, and this, in turn, determines whether they are effective as drugs. It was dem-
onstrated that TPs of PBP1a and PBP3 from A. baumannii have similar relative affinities for
several penicillins and cephalosporins and the carbapenem doripenem (26). In other experi-
ments, it was shown that the b-lactams ceftazidime and aztreonam preferentially inhibit TPs
of PBP1a and PBP3 over PBP2 from both A. baumannii and another Gram-negative patho-
gen, Pseudomonas aeruginosa, whereas amdinocillin showed the opposite trend, preferen-
tially inhibiting PBP2 (27). The carbapenem meropenem efficiently inhibited all three PBPs
from both bacteria. However, several species-dependent differences were observed. Of
note, according to this study, ceftazidime, aztreonam, and meropenemmore potently inhib-
ited PBP3 from P. aeruginosa than its ortholog from A. baumannii, and meropenem was less
reactive with PBP1a and PBP2 from P. aeruginosa than with those of A. baumannii.

To better understand the mechanisms of the bactericidal activity of b-lactam antibi-
otics and to establish a basis for the development of novel antibiotics that efficiently
inhibit TPs but resist inactivation by b-lactamases, it is important to understand which
enzymes, either individually or in combination with each other, are essential for bacte-
rial survival. Attempts to inactivate TPs have been described for just a few bacterial
species. It was first shown in the Gram-negative bacterium Escherichia coli that three
individual HMM PBPs, PBP1a, PBP1b, and PBP2, could be successfully deleted, which
demonstrated their nonessentiality for bacterial survival (28). The construction of TP
deletion mutants of P. aeruginosa revealed that PBP3 is the only essential TP (29). Later,
in A. baumannii, the entire genes for PBP1a and PBP1b were inactivated individually,
thus abolishing their TP and glycosyltransferase activities (30). It was subsequently
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demonstrated that the simultaneous inactivation of these two PBPs is lethal (25). In
this paper, we evaluated the impact of the inactivation of individual TPs of A. bauman-
nii CIP 70.10 and their combinations on bacterial growth and resistance to b-lactam
antibiotics. We also assessed the muropeptide composition of the triple mutant of this
strain, where PBP3 remained the only functional TP.

RESULTS AND DISCUSSION
Inactivation of A. baumannii PBPs. Four TPs (those of PBP1a, PBP1b, PBP2, and PBP3)

have been identified in A. baumannii (31). The first two HMM PBPs are class A bifunctional
enzymes, while the other two, PBP2 and PBP3, are class B monofunctional TPs. To establish
whether any of these TPs are essential for survival, we aimed to inactivate the genes for
each of these four individual enzymes (gene names are listed in Table S1 in the supplemen-
tal material) from the genome of A. baumannii CIP 70.10, an important b-lactam-susceptible
fully sequenced reference strain that is used to study antibiotic resistance in this species
(32). For the inactivation of genes encoding PBPs, we utilized a two-step homologous
recombination protocol (integration followed by excision) (33) with derivatives of the suicide
vector pMo130 (Table S2), which were constructed using primers listed in Table S3. This vec-
tor contains the sacB gene, whose presence is toxic for the cell in the presence of sucrose. It
allows, following integration, the elimination of cells that still harbor the vector and the
selection of cells containing the desired gene deletions or mutations.

In previous experiments with P. aeruginosa (a relative of A. baumannii; both are members
of the Pseudomonadales order of the Gammaproteobacteria class), the authors generated sin-
gle-deletion mutants of the TP domains of PBP1a and PBP1b but were unable to obtain
their double-deletion mutant (29). The authors subsequently demonstrated that both TP
domains can be inactivated simultaneously without affecting bacterial growth. These data
strongly indicate that the partial deletion of the genes for PBP1a and PBP1b that encode
their TP domains also severely compromised their glycosyltransferase function and that the
activity of at least one glycosyltransferase is required for bacterial survival. As the aim of this
paper was to evaluate the effects of the inactivation of the TP function of A. baumannii
PBPs, we replaced the catalytic serine of PBP1a and PBP1b with alanine, as was reported pre-
viously for PBP1a of A. baumannii (30), thereby disabling only their TP function. We also
attempted to delete the entire mrcA and mrcB genes individually, which encode both the
TP and glycosyltransferase domains of PBP1a and PBP1b, respectively. For monofunctional
PBP2 and PBP3, we attempted to delete in frame the entire mrdA and ftsI genes, respec-
tively. We were able to readily generate both types of PBP1a and PBP1b single mutants
[DPBP1a and DPBP1b deletion mutants and PBP1a(S/A) and PBP1b(S/A) inactivation
mutants] as well as the deletion mutant of PBP2 (DPBP2) (Table S2). However, we were
unable to obtain the PBP3 deletion mutant in three separate experiments by testing sev-
eral hundred individual colonies each time.

To assess the possibility that our failure to delete the gene for PBP3 resulted from the
inability of the suicide vector to properly integrate into the chromosome of A. baumannii or to
excise from it, we performed PCR analysis to verify each of these events. Analysis of a few colo-
nies obtained after selection for integration confirmed that the suicide vector readily integrates
into the upstream chromosomal region of the gene (Fig. S1A), thus creating two regions of
homology. Next, we analyzed whether the integrated vector subsequently excises from the
chromosome, which can proceed through either of the two homologous regions. In some
bacterial cells, the vector will excise in the same way that it integrated, thus restoring the origi-
nal wild-type chromosomal arrangement. In other cells, excision will result from recombination
at the second homologous region, which would create the desired mutation or gene deletion.
To analyze the products of excision, we PCR amplified DNA from the liquid bacterial suspen-
sion obtained following the first round of sucrose selection. We observed similar amounts of
PCR products for both the ftsI gene deletion and the wild-type ftsI gene (Fig. S1B), which indi-
cated that both types of excision events occurred. Subsequent sequencing of the PCR DNA
products confirmed the presence of the in-frame deletion of the ftsI gene precisely where
it was expected. These data demonstrated that the generation of the ftsI deletion from the
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chromosome of A. baumannii readily occurs in our experiments. However, the subsequent
round of selection on sucrose and analysis of several hundred colonies revealed the pres-
ence in all of them (except for a few that are described below) of only the wild-type ftsI
gene (Fig. S1C). These results indicated that while the deletion of the gene encoding PBP3
occurs in some colony-forming cells, these cells ultimately lose viability. Combined, our
data strongly suggest that PBP3 is essential for A. baumannii survival. These results are in
agreement with data generated for P. aeruginosa, where it was also demonstrated that
PBP3 is the only PBP that is essential for bacterial growth (29).

Unexpectedly, in a few colonies, PCR identified products characteristic for both the
presence of the intact ftsI gene and its deletion (Fig. S1D). Further analysis also detected
a third product corresponding to the presence of the integrated suicide vector. This indi-
cated that the vector had become insensitive to sucrose, which allowed cells containing the
integrated vector to survive under selective pressure, as was previously described (34). In
such an unusual event, a single cell containing the integrated vector would multiply to form
a colony despite the presence of sucrose. Subsequently, excision from the chromosome
would generate the ftsI gene deletion in some cells and the wild-type genotype in other
cells, while the majority of the cells will still harbor the integrated vector. This scenario is in
agreement with our PCR analysis that confirmed the presence of all three of these chromo-
somal arrangements in the colonies. However, when these colonies were subjected to a sec-
ond round of sucrose selection, we no longer detected the ftsI gene deletion in any of the
resulting daughter colonies tested. These results indicated that while the deletion of the ftsI
gene occurred upon vector excision from the chromosome of some cells forming the origi-
nal colonies, these cells are not viable.

It was recently demonstrated, using transposon mutagenesis, that the inactivation
of both the mrcA and mrcB genes encoding PBP1a and PBP1b, respectively, is syntheti-
cally lethal in A. baumannii (25), and similar outcomes were also reported previously
for E. coli (35, 36) and P. aeruginosa (29). To confirm the reliability of the two-step ho-
mologous recombination protocol used in our study, we also attempted to create the
DPBP1a1DPBP1b double-deletion mutant in A. baumannii CIP 70.10. As we observed
in our experiments with the ftsI gene deletion, we detected the formation of this dou-
ble mutant by PCR following the first round of sucrose selection in liquid medium.
However, as with the ftsI gene deletion, such cells were not viable, as no colonies con-
taining the double mutant were subsequently recovered. These data further confirm
that the two-step homologous recombination protocol can reliably be used to demon-
strate whether a gene is essential for bacterial survival.

We then proceeded with the generation of mutant variants harboring various combina-
tions of inactivated nonvital TPs of PBP1a, PBP1b, and PBP2. We easily obtained a double
mutant where only the function of the TP domains of PBP1a and PBP1b was inactivated
by mutation of the catalytic serine residue to alanine [PBP1a(S/A)1 PBP1b(S/A) inactivated
mutant]. We also succeeded in generating two other double mutants of A. baumannii CIP
70.10, PBP1a(S/A)1DPBP2 and PBP1b(S/A)1DPBP2 (Table S2). Unlike in P. aeruginosa (29),
we were also able to generate a triple mutant where the TPs of PBP1a, PBP1b, and PBP2
were inactivated [PBP1a(S/A)1PBP1b(S/A)1DPBP2 mutant]. The viability of this triple mu-
tant is somewhat puzzling given that it lacks all three TPs that are involved in cell elonga-
tion; such a mutant also has not been previously reported in any bacterial species.

The presence of all mutations and/or deletions was confirmed by PCR amplifying
the corresponding chromosomal regions (using primers listed in Table S3) and subsequently
sequencing these products. To verify whether any additional unintended mutations occurred
during the construction of the A. baumannii mutants, whole-genome sequencing of the pa-
rental strain and mutants was performed. This sequencing further confirmed the presence of
all constructed mutations and/or deletions (Table S4). Only one nonspecific change was identi-
fied in a gluconate permease gene, where a T!G mutation resulted in the I17S substitution.
This mutation first occurred upon the construction of the DPBP2 single mutant and subse-
quently was propagated to all other mutants containing the DPBP2 deletion [PBP1a(S/A)1
DPBP2, PBP1b(S/A)1DPBP2, and PBP1a(S/A)1PBP1b(S/A)1DPBP2]. As shown below, this
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mutation had no effect on the growth of the DPBP2 single mutant and the PBP1b(S/A)1D

PBP2 double mutant compared to the parental strain.
Effect of PBP deletion and/or inactivation on bacterial growth. Next, we assessed

the effect of the deletional and/or mutational inactivation of TPs of A. baumannii on
bacterial growth. Growth curves for the PBP1b(S/A) inactivation mutant and the DPBP2
deletion mutant were almost identical to that of the parental strain (Fig. 1A), an indica-
tion that their activities can, to a large extent, be compensated for by the remaining TPs.
However, mutational inactivation of the TP activity of PBP1a alone [PBP1a(S/A) mutant]
resulted in slower growth. This mutant strain did not reach the CFU per milliliter of the
parental strain or the PBP1b(S/A) and DPBP2 mutants, and a 2-fold decrease in the num-
ber of viable cells (compared to the parental strain) was measured after 12 h of growth.
These results show that the TP activity of PBP1a is not fully compensated for by the three
remaining PBPs, which indicates that the PBP1a TP is more essential for supporting normal
growth of A. baumannii than PBP1b or PBP2 TPs. A similar result was recently described for
the PBP1a TP mutant of another A. baumannii strain, where a slight retardation of bacterial
growth was observed (25). While growth curves were also reported for P. aeruginosa, we
cannot directly compare them to our data as our results were generated using CFU per milli-
liter, and those of P. aeruginosa were based on optical density (OD) measurements (29). The
growth curve of the PBP1a(S/A)1PBP1b(S/A) double mutant of A. baumannii was nearly
identical to that of the PBP1a(S/A) single mutant up to 12 h of incubation (Fig. 1A).
However, a steeper decline in the number of viable cells was observed in the stationary
phase (a 2-fold difference in CFU per milliliter was observed at 24 h of incubation). An even
more dramatic retardation of growth was observed for the PBP1a(S/A)1DPBP2 double mu-
tant. This mutant reached its maximum CFU per milliliter (which was only half that of the pa-
rental strain) in 3 h, versus 6 to 9 h for the parental strain, and the greatest difference in CFU
per milliliter (;15-fold) between these two strains was observed after 12 h of growth.

FIG 1 Growth curves of A. baumannii CIP 70.10 and its mutant derivatives (A) and detection of
nucleic acids in culture media (B). Strains listed in the gray dashed box of panel A had very similar
growth rates. The agarose gel was stained with ethidium bromide and imaged using a ChemiDoc
Touch imaging system (Bio-Rad). Detection of nucleic acids was performed independently from the
experiment described above for panel A (see Materials and Methods for details). Abbreviations: wt,
wild type; D2, deletion of PBP2; 1a(S/A), Ser-to-Ala substitution in the TP domain of PBP1a; 1b(S/A),
Ser-to-Ala substitution in the TP domain of PBP1b.
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Finally, the growth curve for the triple mutant showed a trend similar to that of the PBP1a
(S/A)1DPBP2 double mutant, but we observed;2-fold-lower CFU per milliliter for the triple
mutant after 12 h of incubation (Fig. 1A). Compared to the parental strain, a 30-fold decrease
in the number of viable cells was measured for the triple mutant at the same time point.
Combined, our data indicate that PBP1a of A. baumannii can support a growth rate at the
level of the parental strain in the lack of the TP activity of PBP1b and/or PBP2. PBP2 is also
capable of supporting this level of growth (but to a lesser extent) in the absence of TP activ-
ity of PBP1a and PBP1b. However, PBP1b is significantly less efficient in compensating for
the lack of activity of PBP1a and PBP2 when both TPs are inactivated. Finally, while the
growth of the triple mutant was significantly impaired compared to the parental strain, it
was still viable despite lacking all TPs except for PBP3. We also evaluated the doubling times
of the parental strain and the triple mutant in the early-to-mid-exponential phase and found
them to be 22 6 0.4 min and 24 6 0.3 min, respectively. These data show that in addition
to the inhibition of essential PBP3, the simultaneous inhibition of both PBP1a and PBP2
should also be explored as an alternative strategy for the design of new drugs.

As we observed an increase in the viscosity of some mutant cultures, we evaluated
whether cell lysis occurred by checking for the presence of nucleic acids in the superna-
tants of bacterial cultures after 12 h of incubation (see Materials and Methods). Almost no
nucleic acids were present in samples of the wild type, the PBP1b(S/A) and DPBP2 single
mutants, as well as the PBP1b(S/A)1DPBP2 double mutant (Fig. 1B). For the PBP1a(S/A)
single mutant, there was a significant amount of nucleic acids detected in the growth me-
dium; no further increase was observed with the PBP1a(S/A)1PBP1b(S/A) double mutant.
However, the simultaneous inactivation of PBP1a and PBP2 in the PBP1a(S/A)1DPBP2
double mutant resulted in an additional substantial increase in the amount of nucleic
acids. This increase was similar to that observed for the PBP1a(S/A)1PBP1b(S/A)1DPBP2
triple mutant. These data indicate that the inactivation of the PBP1a TP domain is the
major contributor to the observed cell lysis.

Susceptibility of PBP mutants of A. baumannii to b-lactam antibiotics. Next, we
assessed the susceptibilities of A. baumannii CIP 70.10 TP mutants to 10 b-lactams of
various classes: penicillins (ampicillin and piperacillin), cephalosporins (ceftazidime, cef-
triaxone, and cefoxitin), the monobactam aztreonam, carbapenems (imipenem, meropenem,
and doripenem), and the b-lactamase inhibitor sulbactam, which has inherent antibacterial
activity against A. baumannii and is used for the treatment of infections caused by this
multidrug-resistant pathogen. The MICs of ampicillin, piperacillin, and aztreonam against
the PBP1a(S/A) mutant decreased 2-fold, while those for all other antibiotics remained
unchanged (Table 1). Similarly, a maximum of a 2-fold reduction of MICs (for piperacillin,
ceftazidime, cefoxitin, and aztreonam) was observed for the PBP1b(S/A) mutant. Our anti-
biotic susceptibility data for the PBP1a(S/A) and PBP1b(S/A) mutants are similar to the
results for P. aeruginosa PA14 PBP1a and PBP1b single mutants, in which the entire TP
domains were deleted, where no or only minor differences in the MICs were noticed (29).

TABLE 1 Antibiotic susceptibilities of A. baumannii CIP 70.10 and its mutant derivativesa

Strain Genotype

MIC of antibiotic (mg/mL)

AMP PIP CAZ CRO FOX IPM MEM DOR ATM SUL KAN CIP
Control Wild type 32 64 8 16 128 0.25 0.5 0.25 64 2 2 0.25
PBP1a(S/A) mrcA(S/A) 16 32 8 16 128 0.25 0.5 0.25 32 2 2 0.125
PBP1b(S/A) mrcB(S/A) 32 32 4 16 64 0.25 0.5 0.25 32 2 2 0.25
DPBP2 DmrdA 16 16 4 8 128 0.125 0.25 0.125 16 1 1–2 0.25
PBP1a(S/A)1PBP1b(S/A) mrcA(S/A)mrcB(S/A) 16 16 4 16 64 0.25 0.25 0.125 32 2 2 0.125
PBP1a(S/A)1DPBP2 mrcA(S/A) DmrdA 16 16 8 8 64 0.25 0.25 0.125 16 1 1–2 0.125
PBP1b(S/A)1DPBP2 mrcB(S/A) DmrdA 16 16 4 8 64 0.25 0.25 0.25 16 1 1 0.25
PBP1a(S/A)1PBP1b(S/A)1DPBP2 mrcA(S/A)mrcB(S/A) DmrdA 8 8 4 4 4 0.03 0.06 0.06 16 0.5 1 0.125
DPBP1a DmrcA 64 32 8 16 256 0.25 0.5 0.25 64 2 2 0.125
DPBP1b DmrcB 32 32 2 8 64 0.25 0.5 0.25 32 2 2 0.25
aThe control was A. baumannii CIP 70.10. DPBP2, deletion of PBP2; PBP1a(S/A), Ser-to-Ala substitution in the TP domain of PBP1a; PBP1b(S/A), Ser-to-Ala substitution in the
TP domain of PBP1b; DPBP1a, deletion of PBP1a; DPBP1b, deletion of PBP1b; AMP, ampicillin; PIP, piperacillin; CAZ, ceftazidime; CRO, ceftriaxone; FOX, cefoxitin; IPM,
imipenem; MEM, meropenem; DOR, doripenem; ATM, aztreonam; SUL, sulbactam; KAN, kanamycin; CIP, ciprofloxacin.
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Recently, MIC data were reported for A. baumannii ATCC 17978, where the entire mrcA or
mrcB gene encoding both the TP and glycosyltransferase domains of PBP1a or PBP1b,
respectively, was inactivated (25). Similar to what we observed with our PBP1a(S/A) and
PBP1b(S/A) mutants, there was no change observed in the MICs for the carbapenem anti-
biotics imipenem andmeropenem compared to the parental strain. However, 8- to 32-fold dif-
ferences (increases or decreases) in the MICs of ampicillin, cefoxitin, and aztreonam were
reported for the A. baumannii ATCC 17978 DmrcA and DmrcB mutants, except for the latter
with ampicillin, where no change in the MIC was observed. As described above, we observed
no change or just a 2-fold decrease in the MICs for our PBP1a(S/A) and PBP1b(S/A) mutants.
To evaluate the impact of the simultaneous inactivation of TP and glycosyltransferase activities
of PBP1a and PBP1b in A. baumannii CIP 70.10 on antibiotic susceptibility, we determined the
MICs for our DmrcA and DmrcB mutants (DPBP1a and DPBP1b) and found that they differ
from the MICs for the same mutants of A. baumannii ATCC 17978 (Table 1). Significant dif-
ferences in MICs were also observed between the two parental strains. Combined, these
results indicate that discrepancies in the MICs of our PBP1a(S/A), PBP1b(S/A), DmrcA, and
DmrcB mutants and the DmrcA and DmrcB mutants of A. baumannii ATCC 17978 are likely
caused, to a large degree, by differences in parental strains. Finally, the inactivation of PBP2
(DPBP2 mutant) affected the MICs of all drugs tested with the exception of cefoxitin; the
MICs of piperacillin and aztreonam decreased 4-fold, while the MICs of all remaining antibi-
otics decreased 2-fold. There were some very insignificant differences in MICs between A.
baumannii and P. aeruginosamutants lacking PBP2, where no changes in the MICs of piper-
acillin, ceftazidime, doripenem, and aztreonam were observed in the latter (29).

For the PBP1a(S/A)1PBP1b(S/A) double mutant strain, the MICs of ceftriaxone, imipe-
nem, and sulbactam remained unchanged; the MIC of piperacillin decreased 4-fold; and
the MICs of the other antibiotics decreased 2-fold. The inactivation/deletion of TPs of
PBP1a(S/A)1DPBP2 did not affect the MICs of ceftazidime and imipenem, decreased the
MICs of piperacillin and aztreonam 4-fold, and decreased the MICs of the other drugs
2-fold. For the PBP1b(S/A)1DPBP2 double mutant strain, the MICs of imipenem and dori-
penem were unchanged, its MICs for piperacillin and aztreonam decreased 4-fold, and the
MICs of the remaining antibiotics decreased 2-fold. Altogether, the MICs of b-lactams
against the three double mutants of A. baumannii CIP 70.10 were very similar: they were ei-
ther identical or differed by 2-fold, with the exception of aztreonam, where a 4-fold
decrease of the MICs was observed. Of note, this 4-fold change was observed in all strains
where PBP2 was inactivated, which suggests that PBP2 plays a role in resistance to this anti-
biotic. Overall smaller changes in the MICs of ceftazidime, aztreonam, and doripenem were
reported for the three double mutants of P. aeruginosa PA14: they were either identical to
the parental strain or differed by only 2-fold (29). However, the authors of that study
observed larger differences for imipenem and piperacillin. We emphasize that our PBP sin-
gle and double mutants and those of P. aeruginosa were constructed differently. For our
PBP1a(S/A) and PBP1b(S/A) single mutants, we inactivated the TP domain by mutating the
catalytic Ser residue to Ala, while the whole mrdA gene for PBP2 was deleted. The same
approach was used for the construction of our double and triple mutants. For the P. aerugi-
nosa PBP1a, PBP1b, and PBP2 single mutants, the TP domains of these enzymes were
deleted. For the PBP1a1PBP2 and PBP1b1PBP2 double mutants, the TP domains of
PBP1a and PBP1b were deleted, while the gene encoding PBP2 was replaced by a genta-
micin resistance cassette. Finally, the authors were not able to construct a strain where
both the PBP1a and PBP1b TP domains were deleted. Thus, to construct this double mu-
tant, they inserted a functional copy of the gene encoding PBP1a into the bacterial chro-
mosome under the control of an inducible PBAD promoter. These differences between
mutants of A. baumannii and P. aeruginosa could differentially impact their susceptibility
to antibiotics.

Finally, the triple mutant strain was most sensitive to all antibiotics tested. The MIC
of ceftazidime against this mutant decreased 2-fold; the MICs of ampicillin, ceftriaxone,
doripenem, aztreonam, and sulbactam decreased 4-fold; the MICs of piperacillin, imipenem,
and meropenem decreased 8-fold; and the MIC of cefoxitin decreased 32-fold. In summary,
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our data showed that, with the exception of the triple mutant, the inactivation of individual
TPs and their combinations in A. baumannii CIP 70.10 results in just a 2- to 4-fold decrease
in the MICs of b-lactams against mutant strains.

To evaluate whether the inactivation of A. baumannii TPs resulted in significant altera-
tions of the permeability of the bacterial cell wall, we also tested the MICs of two non-b-lac-
tam antibiotics, kanamycin (an aminoglycoside) and ciprofloxacin (a fluoroquinolone). We
observed a maximum of a 2-fold reduction in the MICs of these drugs for some of the mu-
tant strains, including the triple mutant (Table 1), an indication that their cell wall integrity
was not significantly compromised.

Muropeptide composition of the A. baumannii CIP 70.10 triple mutant.We were
intrigued by the fact that the triple mutant, in which PBP3 remained the only active TP,
was still viable. PBP3 is essential for bacterial cell division but has not been implicated in
elongation. We wondered whether the recently discovered A. baumannii L,D-transpeptidase
LdtJ (25) compensates for the lack of TP activities of PBP1a, PBP1b, and PBP2 in the triple
mutant by producing more cross-linked peptidoglycan. To assess this assumption, we deter-
mined the muropeptide composition of A. baumannii CIP 70.10 and its triple mutant using
liquid chromatography-mass spectrometry (LC-MS). This methodology allowed us to distin-
guish between the TP activity that produces 4-3 cross-links and the Ldt activity that gener-
ates 3-3-cross-linked peptidoglycan (Fig. S2).

Our experiments revealed dramatic changes in the muropeptide composition of the triple
mutant in comparison to the parental strain (Fig. 2A to C, red peaks, and Table 2; Fig. S3).
Overall, the lack of activity of the three major TPs resulted in a significant (.8-fold) accumula-
tion of their substrate, the pentapeptide (Fig. 2A, peak 3), which was almost fully consumed in
the parental strain. We also note 4- and 2-fold increases of other pentapeptides (peaks 1 and
2) in which –D-Ala-D-Ala in the pentapeptide stem is replaced by –D-Ala-Gly and –Gly-D-Ala,
respectively. PBP3, as the only source of TP activity in the mutant, was capable of producing
tetrapeptide-containing muropeptides (Tetra2 and Tetra3) at levels that were reduced 2- and
2.5-fold, respectively, compared to those observed in wild-type A. baumannii CIP 70.10
(Table 2). The levels of the two other tetrapeptide-containing muropeptides (Tetra2A
and Tetra2A9) were reduced 10-fold, while that of Tetra4 was almost undetectable. We also
found that the level of the TriTetra2 muropeptide, which is a product of both Ldts and TPs,
was slightly decreased (1.4-fold). Combined, these results showed that PBP3, by itself, is not
capable of cross-linking a large number of peptidoglycan strands to fully compensate for
the lack of activity of other TPs. In contrast, large quantities (in comparison to the parental
strain) of the nonproductive tetrapeptide-containing cyclic species (Fig. 2A, peaks 6 and 7),
where two adjacent peptides on the same strand of glycan are cross-linked, were detected
in the triple mutant. There is literature precedent for the detection of a cyclic muropeptide
in E. coli (37). In addition to the tetrapeptide-containing species, D,D-cross-linked muropepti-
des containing pentapeptides (peak 5 [TetraPenta] and peak 8 [Tetra2Penta]) were detected
in A. baumannii CIP 70.10. These species were found at elevated levels in the triple mutant
(Table 2), possibly resulting from the excessive accumulation of the unreacted pentapeptide
substrate caused by the lack of the three other major TPs.

Our analysis also revealed a number of 3-3-cross-linked muropeptides, which are
likely produced by the recently identified A. baumannii L,D-transpeptidase LdtJ, whose
inactivation in two A. baumannii strains abolished the production of 3-3-cross-linked
muropeptides (25). The levels of the Ldt cross-linked TriTetra muropeptide species TriTetra,
TriTetraA, and TriTetraA9 increased 1.6- to 1.7-fold and that of the Tri2Tetra species increased
2.1-fold in the triple mutant compared to the parental strain (Table 2). Among muropeptides
that were increased in the mutant strain, peak 4 drew our attention. While only a trace
amount was found in wild-type A. baumannii, its intensity in the mutant was as high as that
of Tetra2 (Fig. 2A) and was elevated more than 40-fold compared to the parental strain
(Table 2). It eluted slightly earlier than the Tetra2 peak (Fig. 2A) by LC, and its m/z value was
the same as that of a doubly charged Tetra2 species (m/z = 933.4097). LC-tandem MS
(MS/MS) of peak 4 and comparison to that of Tetra2 revealed that peak 4 is a new
pentapeptide-containing L,D-cross-linked muropeptide, TriPenta (Fig. 2D and E). Two
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FIG 2 Peptidoglycan analysis of A. baumannii CIP 70.10, its triple mutant, and E. coli DH10B. (A to C) LC-MS chromatograms of muropeptides of the
triple mutant (A), the wild type (B), and E. coli DH10B (C). The chromatographic peaks in blue represent muropeptides containing Tetra peptides

(Continued on next page)
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other L,D-cross-linked muropeptides, TriPentaA and TriPentaA9 (peaks 9 and 10 in Fig. 2A),
members of the same TriPenta series, were found exclusively in the mutant. The observed
increase in the amount of L,D-cross-linked peptidoglycan in the triple mutant may result
from the compensatory response to the significant decrease in D,D-cross-linking. It was
recently demonstrated that the LdtJ L,D-transpeptidase plays an important role in the bio-
synthesis of the bacterial cell wall, as its activity becomes essential for the cell viability of
A. baumannii in the absence of the activity of only the PBP1a TP (25). These data indicated
that the lack of TP activity of PBP1a has to be compensated for by the L,D-transpeptidase
activity of LdtJ for bacterial survival. It is logical to assume that the lack of TP activity of

TABLE 2 Relative abundances of muropeptides of A. baumannii CIP 70.10 and its triple mutant

aPeaks labeled by number or structure as shown in Fig. 2.
bThe identity of the cross-link (D,D versus L,D) was confirmed by LC-MS/MS.
cPercentages of extracted ion chromatograms of the peak area given as averages from triplicates and errors.
dNumbers are given with a color gradient (the deeper the red, the larger the increase; the deeper the blue, the larger the decrease).
eThe sum of two related muropeptides, 6 and 7, was used.
fStructures are presented in Fig. S3 in the supplemental material.
gND, not detected.

FIG 2 Legend (Continued)
(as non-cross-linked and cross-linked peptides) of the E. coli sacculus whose presence we also confirmed in A. baumannii. Muropeptides indicated in
red were increased the most between wild-type A. baumannii and its triple mutant. (D and E) Collision-induced dissociation mass spectra of peak 4
(TriPenta) (D) and Tetra2 (E). The nature of a cross-link was determined using the presence of signature ions existing in only one form of cross-link.
Peaks with green arrows exist only in structures with D,D-cross-links, while peaks with blue, cyan, and red arrows and gray double arrows exist only in
structures with L,D-cross-links. The presence of –A-A was confirmed by the presence of fragment ions by the concomitant loss of Ala and tAla,
indicated with a gray double arrow. DAP, diaminopimelic acid.
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PBP1a, PBP1b, and PBP2 in the triple mutant would require an even higher level of compensa-
tion by LdtJ, as the remaining TP, PBP3, known to be a major component of the septal wall
biosynthesis complex, has not been implicated in peripheral peptidoglycan synthesis (21).

To summarize, our analysis of muropeptides showed that the triple mutant had a 7-
fold increase of the combined substrates of D,D-transpeptidases (pentapeptide-containing
muropeptides), a 2-fold decrease of the combined products (muropeptides containing the
D,D-cross-linkage), and a 2-fold increase of alternative cross-linked muropeptides (contain-
ing the L,D-cross-linkage) (Fig. 3). These data also showed that in the absence of all other
TPs, the activity of PBP3, in combination with that of the LdtJ L,D-transpeptidase, is suffi-
cient for the viability of the A. baumannii CIP 70.10 triple mutant; however, its growth was
dramatically impaired, and it became significantly more sensitive to b-lactams. As LdtJ is the
only (or the major) L,D-transpeptidase of A. baumannii that generates 3-3-cross-linked peptido-
glycan (25), it can also be explored as a potential target for the development of novel b-lac-
tam antibiotics.

MATERIALS ANDMETHODS
Bacterial strains and growth media. All bacterial strains used in this study (see Table S2 in the supple-

mental material) were grown at 37°C in Luria-Bertani (LB) or Mueller-Hinton (MH) liquid medium or on LB
agar plates unless otherwise specified. Kanamycin (KAN) was added at concentrations of 30 mg/mL to main-
tain plasmids in Acinetobacter baumannii CIP 70.10 and its derivatives and 50 mg/mL in Escherichia coli
DH10B. LB medium was supplemented with 20% sucrose for counterselection against plasmids in the inte-
grants of A. baumannii.

DNA methods. The suicide vector pMo130 (Addgene plasmid 27388) (38) was used for the mutational
inactivation or deletion of genes encoding PBPs (Table S1) in the genome of A. baumannii CIP 70.10 (32). E. coli
DH10B was used as a host for pMo130 vector derivatives (Table S2). Plasmid DNA was isolated with the
QIAprep spin miniprep kit (Qiagen). Primers for PCR were synthesized by Eurofins Genomics (Table S3). Colony
PCR was performed using Q5 Hot Start high-fidelity 2� master mix (New England BioLabs). PCR products were
analyzed on a 1% agarose gel and purified with the Wizard SV gel and PCR cleanup system (Promega). DNA
sequencing was done by Molecular Cloning Laboratories (MCLAB). Restriction enzymes and T4 DNA ligase
(New England BioLabs) were used according to the manufacturer’s recommendations. Electrocompetent cells
of A. baumannii CIP 70.10 and its derivatives were prepared as described previously (39). Electroporation was
performed with a Bio-Rad MicroPulser using 40mL cells with 2mL plasmid DNA in a 0.2-cm cuvette, using the
manufacturer’s preset protocol 2 for bacteria. Following electroporation, bacteria were transferred to 1 mL
super optimal broth with catabolite repression (SOC) medium and incubated at 30°C for 4 h prior to plating on
LB-KAN agar plates. Genomic DNA from the wild type and mutant variants of A. baumannii CIP 70.10 was puri-
fied with the DNeasy blood and tissue kit (Qiagen). Whole-genome sequencing, using an Illumina platform,
and comparative genomic data analysis were performed by EzBiome (Maryland).

Construction of pMo130 derivatives. To generate gene deletions, the upstream region (UR) and
downstream region (DR) of the targeted genes encoding PBPs were PCR amplified. Amplification primers
were designed to generate fragments of approximately 1,000 bp in length that included the first and
last 15 bp of the targeted genes (the names of PBPs and matching genes are listed in Table S1, and primers
are listed in Table S3). The resulting UR and DR products were purified, ligated, and further amplified using pri-
mers that introduced a BamHI site at both ends of the amplified fragment. Following purification on an aga-
rose gel, the PCR products were digested with BamHI, and the fragments were inserted into the pMo130 plas-
mid at the BamHI site, resulting in the gene knockout vectors pMT308FW, pMT309FW, pMT310FW, and
pNS257. To generate the catalytic Ser-to-Ala substitution in the D,D-transpeptidase (TP) domains of PBP1a and
PBP1b, primers were designed to amplify the UR and DR of the catalytic Ser residue that included the entire

FIG 3 Effect of the triple mutation on the overall substrates and products of D,D-transpeptidases (TPs)
and the products of L,D-transpeptidases (Ldts). Three independently generated peptidoglycan samples
were analyzed, and error bars represent the standard deviations.
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genes for PBP1a and PBP1b and to mutate the codon for Ser (TCT) to that of Ala (GCA). PCR amplification, liga-
tion, and cloning into the pMo130 plasmid were performed as described above, resulting in the pMT321FW
and pMT322FW vectors. All vectors were subsequently transformed into E. coli DH10B, plasmids were purified
from the transformants, and the sequences were verified by DNA sequencing.

Generation of A. baumannii CIP 70.10 mutants. To generate deletions of the genes encoding
PBP1a, PBP1b, PBP2, and PBP3, each suicide vector (pMT308FW, pMT309FW, pNS257, and pMT310FW)
was electroporated into A. baumannii CIP 70.10 cells, and the transformants were selected on LB-KAN
agar plates. After incubation at 30°C overnight, individual KAN-resistant (KANr) colonies were analyzed
by PCR to identify integrants and to determine (based on the size of the amplified product) whether the
crossover had occurred within the homologous chromosomal UR or DR of the targeted gene. In cases
where we attempted to inactivate the TP domains of PBP1a and PBP1b by replacing their catalytic Ser
with Ala, the pMT321FW and pMT322FW vectors were used for transformation, and KANr colonies were
selected for further analysis. The location of the crossover for these two vectors was determined by
using primers that specifically anneal to the part of the genes for PBP1a or PBP1b that contains the
codon for Ala but not for Ser (Table S3). To select for the rare second recombination event that leads to
the excision of the integrated vector from the chromosome of A. baumannii and results in the deletion or
mutation of the targeted PBP, sucrose counterselection was performed as described previously (40). Briefly, the
integrants were cultured in 5 mL LB broth containing 20% sucrose and passaged daily (1:50). Starting from
the second passage, aliquots of the diluted culture were plated onto LB agar supplemented with 10% sucrose.
The resulting colonies were replica plated onto LB-KAN agar plates to select the KAN-sensitive colonies, which
were individually analyzed by PCR to identify the desired mutants. The deletion of target genes to yield
DPBP1a, DPBP1b, and DPBP2 mutants and the Ser-to-Ala mutation of target TP domains to yield PBP1a(S/A)
and PBP1b(S/A) mutants were verified by DNA sequencing. A. baumannii single mutants were used to gener-
ate all double mutants, DPBP1a1DPBP2, DPBP1b1DPBP2, PBP1a(S/A)1DPBP2, PBP1b(S/A)1DPBP2, and
PBP1b(S/A)1PBP1a(S/A), and, subsequently, the triple mutant PBP1a(S/A)1PBP1b(S/A)1DPBP2. These
mutants were generated and analyzed using the procedures described above. Suicide vectors and A. bauman-
nii CIP 70.10 mutants constructed in this study are listed in Table S2.

Antimicrobial susceptibility testing. The MICs of selected b-lactam antibiotics were measured
according to Clinical and Laboratory Standards Institute (CLSI) (41) recommendations using the broth
dilution method in MH medium as described previously (42).

Growth curve. To monitor bacterial growth, triplicate cultures of the A. baumannii parental strain
and its mutant derivatives grown overnight were diluted 1:100 in MH broth and grown for 1.5 to 2 h to mid-ex-
ponential phase. The optical density (OD) of the bacterial cultures was adjusted at 600 nm to 0.2, and the cultures
were further diluted (5-fold) into MHmedium to a final volume of 5 mL. Bacterial growth was monitored for 24 h
by plating cells at designated time points onto large (15-cm) agar plates, and cells were counted after incubation
overnight. The average values obtained from three independent measurements were plotted as a function of
time. Prism 5 (GraphPad Software, Inc.) was used to generate growth curves and calculate standard deviations.

Evaluation of doubling times of the wild-type strain and its triple mutant. To measure the gener-
ation time, cultures of the parental and triple mutant A. baumannii strains grown overnight were diluted
100-fold in MH broth and grown for 2 h. Next, the cultures were adjusted to an OD at 600 nm (OD600) of
0.2 and subsequently diluted into fresh MH medium to generate a final inoculum of 3 � 102 CFU/mL.
Bacteria were plated every hour (from 0 to 8 h) on agar plates in triplicate, and cells were counted after
incubation overnight. The CFU per milliliter were plotted versus time, and the generation time was cal-
culated from the exponential phase of the curve using the equation Nt = N0(e

kt), where Nt is the CFU per
milliliter at time t, N0 is the initial CFU per milliliter, and k describes the growth rate constant. Data were
generated from three independent experiments.

Detection of cell lysis. Parental and mutant A. baumannii cells were grown overnight in 5 mL of MH
medium. The next morning, cultures were diluted by adding;5 � 102 CFU/mL into fresh medium. After 12 h
of incubation, 1-mL aliquots were centrifuged at 10,000 � g for 10 min, and 15-mL samples were analyzed on
a 1% agarose gel with ethidium bromide for the presence of nucleic acids in the supernatant.

Peptidoglycan analysis. Bacterial cultures of the A. baumannii CIP 70.10 parental strain and its
PBP1a(S/A)1PBP1b(S/A)1DPBP2 triple mutant were grown to OD600 values of 5.7 and 3, respectively,
and the cells were collected by centrifugation for 20 min at 4°C. Pellets were resuspended in 20 mL cold
water, slowly added to 20 mL boiling 10% sodium dodecyl sulfate (SDS), and boiled for another hour
with stirring, and solubilization then continued overnight with stirring at 42°C. Samples were centrifuged
at 100,000 � g for 1 h, and the pellets were washed three times with water. Finally, the pellets were
resuspended in 3 mL of 10 mM Tris-HCl buffer (pH 7.6), and a 0.25% final concentration of trypsin was
added to digest the samples for 1.5 h at 37°C in a shaker incubator. Reactions were stopped with a 1%
final concentration of SDS and boiling for 20 min. Peptidoglycan was pelleted by centrifugation and
washed 3 times with water as described above. The final pellets were resuspended in 2 mL water, and
aliquots were stored at220°C for further analysis. The sacculus prep of each strain was incubated with muta-
nolysin in 50 mM TES [N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid] overnight at 37°C.
Reactions were stopped by boiling for 5 min. The resulting mixture was reduced with sodium borohydride
for 1 h, acidified with phosphoric acid to pH 3 to 4, and centrifuged. The supernatant was analyzed using
ultraperformance liquid chromatography-mass spectrometry (UPLC-MS). The UPLC-MS instrument consisted
of a Waters Acquity UPLC H-Class system coupled with a Bruker impact II ultrahigh-resolution Qq-time of
flight mass spectrometer using Hystar 5.0 SR1 software. The Bruker electrospray ionization source was oper-
ated in the positive-ion mode with the following parameters: an end plate offset voltage of 2500 V, a capil-
lary voltage of 1,800 V, and nitrogen as both a nebulizer (4 � 105 Pa) and dry gas (7 L/min) at 200°C. Mass
spectra were accumulated over the mass range of m/z 200 to 3,000. LC separations were performed on an
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Acquity UPLC HSS T3 column (1.7mm, 2.1 by 150 mm) with a Vanguard precolumn (1.8mm, 2.1 by 5 mm) at
40°C. A 35-min gradient consisted of a 5-min hold at 100% solvent A–0% solvent B and a 30-min linear gradi-
ent to 82% solvent A–18% solvent B (solvent A is 0.1% formic acid in water, and solvent B is 0.1% formic acid
in acetonitrile) at a flow rate of 0.4 mL/min. LC flow during the first 3 min of each run was diverted to the
waste. The chemical structures of some muropeptides of A. baumannii were confirmed by comparison of
their retention times and high-resolution accurate masses (high-resolution mass spectrometry [HRMS]) to
those of the known muropeptides of the E. coli sacculus (Fig. 2; Fig. S3 and S4 and Table S5). The chemical
structures of other muropeptides found in A. baumannii strains were elucidated using HRMS and collisionally
induced dissociation MS/MS experiments (Fig. S4 to S8). Fragmentation of the protonated molecules was
evaluated under single-collision conditions with argon gas at collision energy levels ranging between 36 and
45 eV.

For the nomenclature of muropeptide products, we followed the literature precedent (43), with slight
modifications. The names of cross-linked peptides are given as donor-acceptor partners. For example, TriTetra
indicates that a tripeptide donor and a tetrapeptide acceptor are cross-linked to each other. Tetra2 means that
two tetrapeptides are cross-linked to each other. Muropeptide names ending in “A” indicate that in the NAG-
NAM unit, NAM is replaced by anhydroNAM (NAG-anhNAM). The chemical structures and the corresponding
cartoon representations of muropeptides identified in this study are given in Fig. S3.
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