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Sulbactam is a class A �-lactamase inhibitor with intrinsic whole-cell activity against certain bacterial species, including Acineto-
bacter baumannii. The clinical use of sulbactam for A. baumannii infections is of interest due to increasing multidrug resistance
in this pathogen. However, the molecular drivers of its antibacterial activity and resistance determinants have yet to be precisely
defined. Here we show that the antibacterial activities of sulbactam vary widely across contemporary A. baumannii clinical iso-
lates and are mediated through inhibition of the penicillin-binding proteins (PBPs) PBP1 and PBP3, with very low frequency of
resistance; the rare pbp3 mutants with high levels of resistance to sulbactam are attenuated in fitness. These results support fur-
ther investigation of the potential clinical utility of sulbactam.

Acinetobacter baumannii is an opportunistic pathogen that has
emerged globally as an important cause of nosocomial infec-

tions in immunocompromised patients (1–3). A. baumannii can
cause a multitude of diseases, including urinary tract, wound, and
surgical site infections, bacteremia, meningitis, and ventilator-as-
sociated pneumonia (VAP) (4–8). VAP is the most frequently
reported A. baumannii infection among patients in the intensive
care unit (ICU), with mortality rates ranging between 25% and
75% (1, 8–10). A. baumannii has also been associated with infec-
tions among military personnel who sustained severe combat
wounds in Afghanistan and Iraq (11, 12).

Over the past decade, emerging A. baumannii infections have
become of great concern clinically, due to the limited number of
antibiotics that are effective treatments for infections (7, 10, 13,
14). This inadequate availability of therapeutic options is largely
due to the organism’s profound ability to acquire and to maintain
resistance determinants for multiple classes of antibiotics (7, 10,
13). Even more alarming is the increasing prevalence of carbap-
enem-resistant A. baumannii (CRAB) (13, 15). Most antibiotics
are not effective against CRAB infections, leaving reliable treat-
ment options reduced to only a few drugs, such as colistin, tigecy-
cline, or combinations thereof (13, 15).

Sulbactam is a �-lactamase inhibitor of many Ambler class A
enzymes that is commercially available in combination with am-
picillin. This �-lactam/�-lactamase inhibitor combination has
been approved by the FDA for treatment of skin, gynecological,
and intra-abdominal infections (16). Although sulbactam is used
clinically as a �-lactamase inhibitor, it also has inherent antibac-
terial activity against a limited number of bacterial species, includ-
ing Neisseria gonorrhoeae, Bacteroides fragilis, and, fortuitously,
Acinetobacter spp. (17). Preliminary in vitro experiments have
demonstrated that sulbactam binds to penicillin-binding proteins
(PBPs) of Acinetobacter spp., and it is presumed that this activity is
responsible for the observed bacterial killing (18, 19). Although
historically ampicillin-sulbactam has been effective in treating
VAP, bacteremia, and other nosocomial infections caused by A.
baumannii (20–23), clinical resistance is emerging (24). Several
recent clinical studies evaluated the activity of sulbactam com-
bined with other antibiotics, such as fosfomycin (25), cefopera-
zone (26), minocycline (26), aminoglycosides (27), and colistin

(28), for improved efficacy against multidrug-resistant (MDR) A.
baumannii. In most cases, the addition of sulbactam resulted in
increased efficacy in treating these infections, most likely due to
the intrinsic activity of sulbactam (23, 26–29).

Despite the potential clinical utility of these combinations, our
understanding of the molecular mechanisms driving sulbactam
activity and resistance is still in its infancy. Some evidence suggests
that loss of PBP2 activity (30) or upregulated efflux (31) may play
a role in resistance. A clear link between TEM-1 expression and
diminished sulbactam activity has recently been established (32).
In this study, we expand on the findings described above by deter-
mining (i) the relative binding affinities and acylation rates of
sulbactam with the major PBPs in A. baumannii, (ii) the activity of
sulbactam versus comparator agents against a panel of recent clin-
ical isolates of MDR A. baumannii that have been characterized by
whole-genome sequencing, and (iii) the frequency and mecha-
nism of spontaneous resistance in A. baumannii. The antibacterial
activity of sulbactam was found to vary widely across contempo-
rary A. baumannii clinical isolates, was mediated through inhibi-
tion of PBP1 and PBP3 but not PBP2, and was associated with a
very low frequency of resistance. High-level resistance mapped to
mutations in pbp3 and was accompanied by a fitness penalty,
whereas low-level resistance arose from mutations in cell wall bio-
synthesis or stress response genes.

MATERIALS AND METHODS
Strains and media. A. baumannii ATCC 19606T was obtained from the
American Type Culture Collection (Manassas, VA). A. baumannii ATCC
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17978 and ARC5468 (98-37-09) were generous gifts from Paul Dunman
(University of Rochester, Rochester, NY). A. baumannii strains ARC2058
and ARC2461 were obtained from the AstraZeneca culture collection. A
total of 60 Acinetobacter isolates that were characterized for �-lactamase
genes were included in the MIC90 test panel; the majority of these were A.
baumannii, but several were found to belong to the A. baumannii/A. cal-
coaceticus complex upon whole-genome sequencing analysis, as indicated
in Table 2. The panel included isolates from the AstraZeneca strain col-
lection as well as recently obtained worldwide surveillance isolates from
International Health Management Associates Inc. (Schaumburg, IL).
These isolates were deliberately selected for characterization because of
their wide range of susceptibility to sulbactam and their global origins. All
bacterial strains were routinely grown from frozen glycerol stocks on
blood agar plates. Susceptibility testing was performed and growth rates
were assessed in cation-adjusted Mueller-Hinton broth (MHB-II) ac-
cording to Clinical and Laboratory Standards Institute (CLSI) guidelines
(33). The relative growth of wild-type versus sulbactam-resistant A. bau-
mannii strains was determined by monitoring the change in optical den-
sity at 595 nm (OD595) over time at 37°C in cation-adjusted Mueller-
Hinton broth (MHB-II) in a 96-well format, using a SpectraMax Plus
spectrophotometer.

Isolation of membrane-bound penicillin-binding proteins from A.
baumannii. A. baumannii bacteria were grown in 1 liter of Luria-Bertani
(LB) medium, and cells were harvested at the log phase of growth, at an
OD595 of 0.4. Cells were centrifuged at 6,000 rpm, and pellets were frozen
at �20°C for future use. The cell pellets were thawed on ice and washed
once with 50 ml of ice-cold 100 mM sodium phosphate buffer (pH 7.0)
containing 100 mM NaCl. The cells were resuspended in 10 ml of the same
buffer. After 200 �l of 50 mg/ml lysozyme (Pierce) and one tablet of mini
cOmplete EDTA-free protease inhibitor cocktail (Roche) were added, the
cells were incubated at 37°C for 45 min; 200 �l of DNase I (Pierce) in 10
mM MgSO4 (final concentration) was then added, and the cells were
treated with three cycles of freezing and thawing (10 min in a dry ice-
ethanol bath followed by 20 min in a 37°C water bath). The cells were
transferred to 50-ml glass tubes and sonicated (Branson Sonifier 250,
output control 6) on ice four times, for 30 s each time, with 1 min of
cooling between the sonication steps. Cell debris was removed by centrif-
ugation at 12,000 � g for 10 min at 4°C. The supernatant was ultracentri-
fuged at 100,000 � g for 45 min at 4°C to collect the crude membranes.
The membranes were washed three times with 5 ml of cold 100 mM
sodium phosphate buffer (pH 7.0), suspended in 1.5 ml of 100 mM so-
dium phosphate buffer (pH 7.0), and then homogenized with a 10-ml
tissue grinder (Wheaton). The membrane preparations were divided into
aliquots and stored at �80°C for future use. The concentrations of mem-
brane proteins were determined using the Bradford assay (Bio-Rad), with
bovine serum albumin (BSA) (Sigma) as the standard. �-Lactamase ac-
tivity present in the membranes was determined with a standard nitro-
cefin hydrolysis assay (BioVision), according to the manufacturer’s in-
structions. Several strains of A. baumannii were tested; because ATCC
17978 demonstrated the least �-lactamase activity and the best PBP pro-
files, it was selected for use in the compound affinity test.

Determination of apparent compound affinities for membrane-
bound penicillin-binding proteins. A total of 150 �g of membrane pro-
teins from the ATCC 17978 strain was added to 100 mM sodium phos-
phate (pH 7.0) to bring the mixture to a total volume of 10 �l. The
solution was mixed with 2 �l of buffer or test compound at various con-
centrations and incubated at 30°C for 30 min. Then, 0.5 �l of 3 mM
Bocillin FL (Life Technologies) in water was added, and the mixture was
incubated at 30°C for another 30 min before the addition of 0.6 �l of 45%
sarcosyl (Sigma) and 45% penicillin G (Sigma). After 30 min of incuba-
tion at 30°C, the mixture was centrifuged at 20,000 � g for 10 min at 4°C,
and 11 �l of the supernatant was mixed with 4 �l of 5� SDS sample
loading buffer and 5 �l of water. After being heated at 95°C for 4 min, the
sample was loaded onto an 8% acrylamide–Tris-glycine gel (Life Technol-
ogies). PBPs were separated at 140 V for 1.5 h. The gel was washed briefly

with water, fixed for 15 min in destaining solution containing 10% acetic
acid and 40% methanol in water, and washed with water for 1 h before
scanning with an LAS-4000 FluorImager (Fuji) with 520-nm green EPI
light-emitting diode (LED) light and a 575DF20 filter.

Cloning, expression, and purification of A. baumannii and Pseu-
domonas aeruginosa PBPs. The cloning, expression, and purification of
P. aeruginosa PBP2 and PBP3 and A. baumannii PBP3 were performed as
described previously (34, 35). All protein concentrations were determined
by the Bradford method, and proteins were characterized by SDS-PAGE
analysis and analytical liquid chromatography-mass spectrometry (LC-
MS). Purified PBPs were stored at �80°C. A. baumannii PBP1a and PBP2
and P. aeruginosa PBP1a were cloned, expressed, and purified as follows.
Genomic DNA isolation, plasmid DNA purification, and PCR product
purification were performed using a Wizard genomic DNA purifica-
tion kit (Promega, Madison, WI), PureYield Plasmid Midiprep system
(Promega), and QuickStep2 PCR purification kit (EdgeBio), respec-
tively. Primers for PCR DNA amplification were purchased from Eu-
rofins MWG Operon (Huntsville, AL). All PCRs were performed with
High Fidelity PCR Master Mix (Roche Applied Science), using reac-
tion conditions specified by the manufacturer. All ligation-indepen-
dent cloning reactions were performed using the pET-43.1 Ek/LIC
vector kit (EMD Millipore), according to the manufacturer’s instruc-
tions. DNA sequences of the cloned genes were confirmed by sequenc-
ing on an ABI Prism 3100 DNA sequencer (Applied Biosystems), using
the BigDye terminator cycle sequencing kit (Applied Biosystems).
Computer analysis of DNA sequences was performed with Sequencher
(Gene Codes Corp., Ann Arbor, MI).

A. baumannii pbp1a. The ponA (pbp1a) gene from A. baumannii was
codon-optimized for expression in Escherichia coli and custom synthe-
sized with the N-terminal His6 purification tag and a tobacco etch virus
(TEV) protease cleavage site (Blue Sky Bioservices). The 25-amino-acid
N-terminal secretion signal was deleted. The optimized gene was cloned
into pET-28a(�) (Novagen Biosciences) using NcoI and XhoI restriction
sites, to create the plasmid pNG141. For protein expression, the plasmid
was transformed into BL21-Gold(DE3) (Agilent Technologies), plated on
Luria-Bertani (LB) medium containing 25 �g/ml kanamycin, and incu-
bated overnight at 37°C. A single colony of BL21-Gold(DE3)/pNG141
was inoculated into a 100-ml culture of LB medium containing 25 �g/ml
kanamycin and was grown overnight at 37°C. The overnight culture me-
dium was diluted to an OD600 of 0.1 in 2 liters of LB medium containing
25 �g/ml kanamycin and was grown to mid-logarithmic phase (OD600 �
0.6) at 30°C, with aeration. The culture was incubated on ice for 30 min
and transferred to 18°C. Isopropyl-�-D-thiogalactopyranoside (IPTG)
was then added to a final concentration in each culture of 0.1 mM. After
overnight induction at 18°C, the cells were harvested by centrifugation at
5,000 � g for 15 min at 25°C. Cell pastes were stored at �20°C. The frozen
cell paste from 2 liters of cell culture medium was suspended in 40 ml of
buffer A, consisting of 25 mM Tris-HCl (pH 7.5), 0.5 M NaCl, and 5%
(vol/vol) glycerol, supplemented with one EDTA-free protease inhibitor
cocktail tablet (Roche Molecular Biochemical). Cells were disrupted twice
with a French press at 18,000 lb/in2 at 4°C, and the crude extract was
centrifuged at 150,000 � g (45 Ti rotor; Beckman-Coulter) for 30 min at
4°C. The supernatant was applied, at a flow rate of 2.0 ml/min, to a 5-ml
HiTrap Ni2�-chelating column (GE Healthcare Life Sciences) preequili-
brated with buffer A. The column was washed with buffer A, and PBP1a
was eluted with a linear gradient of 0 M to 0.5 M imidazole in buffer A.
Fractions containing PBP1a were pooled and concentrated to 5 ml with an
Amicon Ultracel-10K filter unit (Millipore). The 5-ml sample was ap-
plied, at a flow rate of 1.5 ml/min, to a 120-ml Superdex 200 (HR 16/60)
column (GE Healthcare Life Sciences) preequilibrated with buffer B, con-
sisting of 25 mM Tris-HCl (pH 7.5), 0.5 M NaCl, 1 mM EDTA, 2 mM
dithiothreitol, and 5% (vol/vol) glycerol. The fractions containing PBP1a
were pooled and concentrated with an Amicon Ultracel-10K filter unit
(Millipore). The final yield of purified A. baumannii PBP1a was 57 mg
from 2 liters of cell culture medium.
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A. baumannii pbp2. A bacterial plasmid for expression of NusA-
tagged Acinetobacter baumannii PBP2 (residues 40 to 672) with an en-
terokinase cleavage site was made by amplifying the gene encoding Acin-
etobacter baumannii ARC2058 PBP2 (residues 40 to 672) from genomic
DNA. The resulting PCR product was spin column purified and cloned
into the plasmid pET-43.1 by ligation-independent cloning. The cloning
reaction product was transformed into NovaBlue GigaSingles competent
cells (EMD Millipore). Transformants were selected on LB medium with
100 �g/ml ampicillin, plasmids were isolated, and inserts were verified by
PCR and sequencing. For protein expression, the plasmid was trans-
formed into BL21(DE3) (EMD Chemicals, Gibbstown, NJ), plated on
Luria-Bertani (LB) medium containing 100 �g/ml ampicillin, and incu-
bated overnight at 37°C. A single colony of BL21(DE3)/pJT1294 was in-
oculated into a 100-ml culture of LB medium containing 100 �g/ml am-
picillin and was grown overnight at 37°C. The overnight culture medium
was diluted to an OD600 of 0.1 in 2 liters of LB medium containing 100
�g/ml ampicillin and was grown to mid-logarithmic phase (OD600 � 0.6)
at 30°C, with aeration. The culture was incubated on ice for 30 min and
transferred to 18°C. IPTG was then added to a final concentration in each
culture of 0.5 mM. After overnight induction at 18°C, the cells were har-
vested by centrifugation at 5,000 � g for 15 min at 25°C. Cell pastes were
stored at �20°C. The frozen cell paste from 2 liters of cell culture medium
was suspended in 40 ml of buffer A, consisting of 25 mM Tris-HCl (pH
8.0), 0.5 M NaCl, and 5% (vol/vol) glycerol, supplemented with one
EDTA-free protease inhibitor cocktail tablet (Roche Molecular Biochem-
ical). Cells were disrupted twice with a French press at 18,000 lb/in2 at 4°C,
and the crude extract was centrifuged at 150,000 � g (45 Ti rotor; Beck-
man-Coulter) for 30 min at 4°C. The supernatant was applied, at a flow
rate of 2.0 ml/min, to a 5-ml HiTrap Ni2�-chelating column (GE Health-
care Life Sciences) preequilibrated with buffer A. The column was then
washed with buffer A, and NusA-PBP2 was eluted with a linear gradient of
0 M to 0.5 M imidazole in buffer A. Fractions containing NusA-PBP2 were
pooled and concentrated to 5 ml with an Amicon Ultracel-10K filter unit
(Millipore). The 5-ml sample was applied, at a flow rate of 1.5 ml/min, to
a 120-ml Superdex 200 (HR 16/60) column (GE Healthcare Life Sciences)
preequilibrated with buffer B, consisting of 25 mM HEPES (pH 7.3), 0.15
M NaCl, 1 mM EDTA, 1 mM dithiothreitol, and 10% (vol/vol) glycerol.
The fractions containing NusA-PBP2 were pooled and concentrated with
an Amicon Ultracel-10K filter unit (Millipore). The final yield of purified
NusA-PBP2 was 15 mg from 2 liters of cell culture medium.

P. aeruginosa pbp1a. The ponA (pbp1a) gene from P. aeruginosa was
codon-optimized for expression in E. coli and custom synthesized with the
N-terminal His10 purification tag and a TEV protease cleavage site (Blue
Sky Bioservices). The 26-amino-acid N-terminal secretion signal was de-
leted. The optimized gene was cloned into pET-28a(�) (Novagen Biosci-
ences) using NheI and XhoI restriction sites, to create the plasmid
pNG140. For protein expression, the plasmid was transformed into BL21-
Gold(DE3) (Agilent Technologies), plated on Luria-Bertani (LB) me-
dium containing 25 �g/ml kanamycin, and incubated overnight at 37°C.
A single colony of BL21-Gold(DE3)/pNG141 was inoculated into a
100-ml culture of LB medium containing 25 �g/ml kanamycin and was
grown overnight at 37°C. The overnight culture was diluted to an OD600

of 0.1 in 2 liters of LB medium containing 25 �g/ml kanamycin and was
grown to mid-logarithmic phase (OD600 � 0.6) at 30°C, with aeration.
The culture was incubated on ice for 30 min and transferred to 18°C. IPTG
was then added to a final concentration in each culture of 0.1 mM. After
overnight induction at 18°C, the cells were harvested by centrifugation at
5,000 � g for 15 min at 25°C. Cell pastes were stored at �20°C. The frozen
cell paste from 2 liters of cell culture medium was suspended in 40 ml of
buffer A, consisting of 25 mM Tris-HCl (pH 7.5), 0.5 M NaCl, and 5%
(vol/vol) glycerol, supplemented with one EDTA-free protease inhibitor
cocktail tablet (Roche Molecular Biochemical). Cells were disrupted twice
with a French press at 18,000 lb/in2 at 4°C, and the crude extract was
centrifuged at 150,000 � g (45 Ti rotor, Beckman-Coulter) for 30 min at
4°C. The supernatant was applied, at a flow rate of 2.0 ml/min, to a 5-ml

HiTrap Ni2�-chelating column (GE Healthcare Life Sciences) preequili-
brated with buffer A. The column was washed with buffer A, and A. bau-
mannii PBP1a was eluted with a linear gradient of 0 M to 0.5 M imidazole
in buffer A. Fractions containing PBP1a were pooled and concentrated to
5 ml with an Amicon Ultracel-10K filter unit (Millipore). The 5-ml sam-
ple was applied, at a flow rate of 1.5 ml/min, to a 120-ml Superdex 200
(HR 16/60) column (GE Healthcare Life Sciences) preequilibrated with
buffer B, consisting of 25 mM Tris-HCl (pH 7.5), 0.5 M NaCl, 1 mM
EDTA, 2 mM dithiothreitol, and 5% (vol/vol) glycerol. The fractions con-
taining PBP1a were pooled and concentrated with an Amicon Ultracel-
10K filter unit (Millipore). The final yield of purified A. baumannii PBP1a
was 57 mg from 2 liters of cell culture medium.

Fluorescence anisotropy assay. The fluorescence anisotropy assay,
which measures the ability of each test compound to compete with fluo-
rescent Bocillin FL for time-dependent PBP acylation, was performed as
described previously (34). Briefly, the assay was performed in 0.1 M so-
dium phosphate buffer at pH 7.0 (except for P. aeruginosa PBP2, for which
the assay was performed at pH 6.2) containing 0.01% Triton X-100 deter-
gent (Surfact-Amps 100; Thermo Fisher Scientific). The final concentra-
tion of each component was as follows: Bocillin FL, 30 nM; all PBPs, 60
nM (except for A. baumannii PBP2 and P. aeruginosa PBP2, which were
used at 48 and 300 nM, respectively).

Cell morphology. Bacterial strains (ARC2058 and ATCC 17978) were
cultured in MHB-II overnight at 37°C. A 40-�l sample of the overnight
culture was used to inoculate 4 ml of fresh MHB-II. After 30 min of
shaking at 37°C, compounds (sulbactam, aztreonam, ceftazidime, or
meropenem) were added to a final concentration of 0.5� MIC. After
incubation for 3 h, 20 �l of the culture medium was removed and heat
fixed onto a glass microscope slide. After fixation, the slide was stained
with acridine orange (BD Diagnostic Systems, Sparks, MD) for 3 min
and rinsed with distilled water. Cell morphology was examined with an
Olympus BX50 fluorescence microscope (Olympus America Inc., Mel-
ville, NY).

Whole-genome sequencing and analysis. Genomic DNA was puri-
fied using the Wizard genomic purification kit (Promega Corp.) and was
used for library construction. DNA libraries were prepared using the Nex-
tera library construction protocol (Illumina), following the manufactur-
er’s instructions, and were sequenced with a MiSeq sequencer (Illumina).
For each isolate, approximately 2.5 million 150-bp paired-end sequence
reads were assembled de novo and analyzed using the CLC bio suite of
software tools (CLC bio, Cambridge, MA).

Determination of frequency of resistance. A. baumannii strains were
grown overnight at 37°C on blood agar plates. After 24 h of incubation, a
suspension of 109 to 1010 cells/ml (OD600 of �3) was made in MHB-II and
then spread on agar plates containing concentrations of sulbactam 2 to 32
times the agar microdilution MIC. These plates were incubated for 48 h at
37°C, and the numbers of colonies that grew were counted for each strain.
In addition, the CFU/ml on drug-free plates was determined for each
strain to allow calculation of the frequency of resistance. Several sulbac-
tam-resistant colonies were selected, passaged twice on blood agar plates
in the absence of compound, and retested for susceptibility. DNA was
isolated from strains that maintained decreased sulbactam susceptibility
and was compared with DNA isolated from the parental strain through
whole-genome sequencing, as described above.

Proliferation of A. baumannii in murine blood. Bacterial strains of
interest were struck out on blood agar plates and incubated overnight at
37°C. Bacteria from these plates were resuspended in phosphate-buffered
saline (PBS) at a concentration of 2 � 107 CFU/ml; 2 �l was added to 200
�l of freshly harvested, heparinized, whole mouse blood (pooled from at
least 5 mice), resulting in a final inoculum of 2 � 105 CFU/ml, and the
mixture was incubated at 37°C in a 5% CO2 incubator, with shaking at 120
rpm. Ten-microliter samples were removed at the indicated times, and
bacterial proliferation was measured by performing colony counts of
2-fold serial dilutions of these samples on blood agar, after an overnight
incubation at 37°C.
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RESULTS
Sulbactam inhibits PBP1 and PBP3 but not PBP2 in A. bauman-
nii. It was first suggested that the mechanism of the antibacterial
activity of sulbactam against A. baumannii was primarily via inhi-
bition of PBP1a and PBP2 (17). Although it has been reported that
sulbactam preferentially binds PBP3 over PBP1a, with 50% inhib-
itory concentration (IC50) values of 4 �M and 55 �M, respectively
(18), with a mode of binding to the active site similar to that of
ampicillin (18), no evaluation of the binding affinity for PBP2 was
made in that study. Therefore, to understand the relative affinity
of sulbactam for PBP2 versus PBP1 orthologs or PBP3, mem-
branes containing these proteins were purified from an A. bau-
mannii clinical isolate, ATCC 17978, and subjected to a standard
gel-based Bocillin FL competition assay (37). The activity of sul-
bactam was compared with that of several control compounds for
which a PBP binding preference has been established. As shown in
Fig. 1, sulbactam bound weakly to all PBP1 orthologs and to PBP3
but not to PBP2, a binding pattern that is quite similar to that
observed with aztreonam. As expected, mecillinam bound exclu-
sively to PBP2, whereas ceftazidime and meropenem interacted
with all high-molecular-weight PBPs, albeit with different affini-
ties, in agreement with previous reports (38–40) (Fig. 1).

To quantify these binding activities, the relative abilities of
the same set of compounds to compete with Bocillin FL for
time-dependent acylation of purified PBPs were measured us-
ing fluorescence anisotropy, as described previously (34)
(Table 1). Acylation rate constants generally corresponded well
with the gel-based competition results shown in Fig. 1. Sulbac-
tam preferentially inhibited PBP1a and PBP3 over PBP2, as did

aztreonam and ceftazidime, although the latter two com-
pounds were notably more reactive. Mecillinam reacted pre-
dominantly with PBP2, whereas meropenem was quite reactive
with all three PBPs tested but with lower potency against PBP3
than against PBP1a or PBP2, as described previously (40).
Some interesting differences in the relative reactivities of the
same set of compounds were found when the compounds were
tested against P. aeruginosa PBP1a, PBP2, and PBP3 (Table 1),
some of which have been reported previously (34, 35). Most no-
table was the difference in the reactivities toward PBP3 orthologs,
with aztreonam, ceftazidime, and meropenem exhibiting much
greater potency for P. aeruginosa than A. baumannii. Another in-
teresting difference was in the activity of meropenem, which
showed higher reactivities with A. baumannii PBP1a and PBP2

FIG 1 Sulbactam binding to PBP1 and PBP3 but not PBP2 in A. baumannii. Increasing amounts of compounds of interest were incubated with membrane
proteins harvested from A. baumannii ATCC 17978 in a standard, gel-based, Bocillin FL competition assay. Arrows, PBPs 1a/b, PBP2, and PBP3. There is no
pbp1c gene in any of the published A. baumannii genomes. It is likely that the band corresponding to this protein, as documented for other Gram-negative
orthologs, is a proteolytic fragment or results from an alternate start site for PBP1a or PBP1b. MWM, molecular weight markers.

TABLE 1 Acylation rate constants for acylation of A. baumannii and P.
aeruginosa PBP1a, PBP2, and PBP3 by various inhibitors

Compound

kon/Ki (M�1 s�1)

A. baumannii P. aeruginosa

PBP1a PBP2 PBP3 PBP1a PBP2 PBP3 .

Bocillin FL 5,500 13,000 32,000 9,270 1,030 18,600
Aztreonam 1,200 0.12 520 85 	5 296,000
Ceftazidime 5,000 1.2 780 3,760 	5 69,000
Mecillinam 1.6 6,200 	15 	7 1,500 NTa

Meropenem 28,000 25,000 1,600 5,040 1,200 49,000
Sulbactam 8.8 0.34 17 5.9 0.12 1.7
a NT, not tested.
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than PBP3, whereas the pattern was reversed for P. aeruginosa.
However, no such species-dependent reactivity was observed with
sulbactam, which was equally ineffective in binding to either of the
PBP2 orthologs (Table 1).

The morphology of A. baumannii treated with these com-
pounds was then examined by fluorescence microscopy after 3-h
exposure to 0.5� MIC of each compound (mecillinam was ex-
cluded because it lacks anti-Acinetobacter whole-cell activity, pre-
sumably due to the lack of membrane penetration). As shown in
Fig. 2, unlike the coccobacillary morphology of untreated A. bau-
mannii (Fig. 2A), sulbactam-treated cells (Fig. 2B) formed “spa-
ghetti-like” filaments, quite similar to the well-established pheno-
type observed upon treatment with ceftazidime and aztreonam
(Fig. 2C and D) (41) and consistent with their similar mechanisms
of PBP inhibition. In contrast, treatment of A. baumannii with
0.5� MIC of meropenem resulted in spheroplasts that were larger
and more rounded (Fig. 2E). These phenotypes were not strain
specific, as they were also observed in ATCC 17978 (data not
shown). It has been well established that meropenem (as well as
other �-lactam) treatment of other Gram-negative bacterial spe-
cies such as P. aeruginosa notably results in filamentous cells with
distinct bulges at lower concentrations, with spheroplast forma-
tion occurring only at much higher concentrations (42). Attempts
to evaluate morphological changes in A. baumannii at higher con-
centrations of meropenem were unsuccessful due to rapid lysis of
the cells under these conditions. It is likely that this concentration-

dependent difference in morphology between A. baumannii and
other Gram-negative bacteria upon exposure to meropenem is
due to the higher affinity of the drug for A. baumannii PBP2 than
for orthologs in other species (as exemplified in Table 1).

Antibacterial activities of sulbactam against contemporary
clinical isolates. Sulbactam used to be considered a therapeutic
option for the treatment of infections caused by MDR strains of A.
baumannii due to its intrinsic antibacterial activities against many
of these strains (43). However, because (i) it is marketed only in
combination with ampicillin in most countries and (ii) its clinical
use occurs most frequently in combination with other agents,
such as colistin and carbapenems (15), there are no reports of the
activities of sulbactam alone against current clinical isolates.
Therefore, 60 geographically diverse clinical isolates of A. bau-
mannii from recent (post-2006) nosocomial infections were
tested for their susceptibilities to sulbactam alone, ampicillin and
sulbactam in a 2:1 ratio, and five control compounds. As shown in
Table 2, the intrinsic antibacterial activities of sulbactam against
these isolates ranged from 0.5 to 
64 �g/ml. Ampicillin-sulbac-
tam was about 2-fold less active, with activities ranging from 1
to 
32 �g/ml. This finding demonstrates that the antibacterial
activity of ampicillin-sulbactam is due to the sulbactam compo-
nent, in agreement with previous studies (36, 44, 45).

Sulbactam activities against isolates with defined �-lacta-
mase genes. It has recently been shown that sulbactam activity is
compromised by TEM-1 expression, both in resistant clinical iso-

FIG 2 Fluorescence microscopic images of cells after 3-h exposure to 0.5� MIC levels of antimicrobials. (A to E) A. baumannii ARC2058. (A) No drug. (B)
Sulbactam (0.5 �g/ml). (C) Ceftazidime (4 �g/ml). (D) Aztreonam (16 �g/ml). (E) Meropenem (0.125 �g/ml). (F) Sulbactam-resistant ATCC 17978 pbp3 S395F
mutant, without treatment. (G and H) ARC2058 pbp3 S390T mutant, without treatment (G) and after exposure to sulbactam at 16 �g/ml (H). Bars, 5 �m. Similar
results were obtained with ATCC 17978 (data not shown).
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TABLE 2 Sulbactam activities against recent clinical strains of A. baumannii

Strain �-Lactamase content

MIC (�g/ml)a

SUL UNA MEM CST LVX GEN TET

ARC3491b OXA-215 0.5 1 2 0.5 1 2 4
ATCC 19606T OXA-98 1 2 1 0.5 0.25 8 2
ARC2582 OXAc 1 2 0.25 0.125 0.125 4 2
ARC2597b OXAc 1 2 0.125 0.125 	0.03 0.25 1
ARC2058 OXA-95 2 2 0.25 0.5 0.125 1 1
ARC2728b OXAc 2 2 0.25 0.25 0.125 0.25 1
ARC5090 OXAc 2 2 0.25 0.25 0.125 0.25 2
ARC2719 OXAc 2 4 0.25 0.125 0.125 0.5 2
ARC2720b OXAc 2 4 1 0.125 2 0.5 2
ARC3489 OXA,c OXA-68 2 8 4 0.25 16 
32 
32
ARC3494 OXA-65 4 2 0.25 0.5 0.25 0.25 2
ARC2780b OXA,c OXA-2, IMP-1 4 4 32 4 4 
32 2
ARC3487 OXA-20, OXA-58, OXA-66 4 8 8 0.25 8 8 16
ARC3659 OXA-23, OXAc 4 8 8 0.25 8 
32 8
ARC5084 IMP-4(B), OXA-58, OXA-65 4 8 
32 0.125 4 
32 2
ARC2682 SHV-5, OXA-113 4 16 32 0.25 16 
32 8
ARC2059 PSE-2, PSE-1 8 16 0.5 0.25 
32 1 4
ARC5092 OXA-23, OXA-64 8 16 16 
32 8 
32 32
ARC3485 OXA-82 8 32 16 0.25 16 1 32
ARC2674 SHV-5, OXA-113 8 32 8 0.25 16 8 
32
ARC2788 OXA-65, TEM-1 8 32 1 0.125 32 16 4
ARC3515 OXA-64, OXA-58 8 32 4 0.25 8 4 
32
ARC5081 OXA-94, OXA-23 8 32 16 0.125 8 0.25 2
ARC5091 OXA-82, OXA-23 8 32 32 8 
32 
32 32
ARC2777 OXA-172, TEM-1 8 
32 32 0.5 32 16 32
ARC3488 OXA,c OXA-68 16 16 4 2 32 
32 
32
ARC5075 SHV-5, OXA-113 16 16 32 0.25 32 
32 
32
ARC5088 OXA-20, OXA-58, OXA-66 16 16 8 0.125 8 8 16
ARC2675 SHV-5, OXA-113 16 32 
32 0.125 32 
32 16
ARC2681 OXA-40, TEM-1, OXA-132 16 32 32 0.25 16 
32 
32
ARC2778 OXA-40, TEM-1, OXA-65 16 32 
32 0.25 32 
32 
32
ARC2779b OXA-2, VIM-2 16 32 16 0.25 0.125 
32 2
ARC3484 TEM-1, OXA-23, OXA-64 16 32 32 0.125 8 
32 
32
ARC3492 OXA-40, OXA-132, TEM-1 16 32 
32 0.25 8 
32 
32
ARC3513 TEM-1, OXA-23, OXA-65 16 32 32 1 16 
32 8
ARC5073 OXA-23, TEM-1, OXA-64, PER-1 16 32 
32 0.125 8 0.5 
32
ARC5083 OXA-66, OXA-23 16 32 16 0.125 
32 
32 
32
ARC2461 OXA-66, TEM-1 16 
32 2 0.125 16 
32 
32
ARC2462 TEM-1, OXA-66 16 
32 4 0.125 16 
32 
32
ARC2598 OXA,c TEM-1, OXA-113 16 
32 8 0.25 4 2 
32
ARC2635 OXA-65, OXA-40, TEM-1 32 32 
32 0.25 16 
32 8
ARC5085 OXA,c TEM-1 32 32 8 1 32 
32 
32
ARC3657 OXA-130 32 
32 2 0.5 16 0.25 8
ARC2636 OXA-65, OXA-40, TEM-1 32 
32 
32 0.125 16 
32 16
ARC2782 OXA-66, OXA-23, TEM-1, PER-1 32 
32 16 0.125 4 
32 
32
ARC3486 OXA-72, OXA-66, TEM-1 32 
32 
32 0.25 8 
32 
32
ARC3490 TEM-1�, PSE-2, OXA-69 32 
32 0.5 0.5 16 16 8
ARC3495 OXA-40, OXA-109 32 
32 
32 0.25 4 
32 
32
ARC3658 OXA-66, PER-1, TEM-1, OXA-23 32 
32 32 0.25 8 
32 
32
ARC5076 TEM-1, OXA-23, OXA-66 32 
32 32 0.25 8 8 
32
ARC5077 OXA,c OXA-72 32 
32 
32 0.5 16 
32 
32
ARC5079 OXA-72, OXA-65 32 
32 
32 0.125 16 8 8
ARC5080 OXA-71, OXA-40 32 
32 
32 0.25 16 
32 16
ARC5086 OXA,c TEM-1, OXA-72, OXA-66 32 
32 
32 0.125 16 
32 
32
ARC5087 OXA-66, OXA-23 32 
32 16 0.25 
32 
32 
32
ARC5089 PER,c TEM-1, OXA-23, OXA-66 32 
32 32 0.125 16 
32 4
ARC3493 OXA-40, OXA-66 64 
32 
32 32 4 
32 
32
ARC5074 GES,c TEM-1, OXA-51 64 
32 8 0.125 4 0.125 1

(Continued on following page)
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lates of A. baumannii and when overexpressed in a susceptible A.
baumannii strain (32). In order to further explore the contribu-
tions of this and other �-lactamases to sulbactam activity against
A. baumannii, the �-lactamase contents of the isolates listed in
Table 2 were determined by sequencing analysis of their entire
genomes. There was a notable correlation between decreased ac-
tivity of sulbactam and the presence of TEM-1 (Table 2). In addi-
tion, sulbactam was much less active against strains bearing class B
metallo-�-lactamases (MBLs), such as the VIM-2-positive strain
ARC2779 and the NDM-1-positive strain ARC3882 (Table 2).

The frequency of resistance to sulbactam is low in A. bau-
mannii and maps to pbp3. To further define the activity of sul-
bactam in A. baumannii, the frequency of the emergence of resis-
tance to increasing concentrations of this compound was
determined for five unrelated clinical isolates of A. baumannii
with different degrees of susceptibility. As shown in Table 3, the
frequency of sulbactam resistance was quite low for all strains
tested, occurring at �4 � 10�9 at only 2� and 4� MIC for two of
the strains (ARC2058 and ATCC 17978) and at �2 � 10�9 at 8�
MIC for ARC2058. The resistance frequency was below the limit
of detection at higher concentrations for these two strains and at
all concentrations tested for the remaining strains (ATCC 19606T,
ARC5468, and ARC2461).

To determine the genetic basis of resistance, the entire ge-
nomes of several stably resistant colonies from ARC2058 and the
only stably resistant colony isolated from ATCC 17978 were se-
quenced and compared with those of their parental strains. As
shown in Table 4, sulbactam resistance at 4� MIC mapped to
pbp3 in both strain backgrounds, resulting in a serine-to-threo-
nine substitution at position 390 in the resistant ATCC 17978
mutant and a serine-to-phenylalanine substitution at position 395
in one of the resistant ARC2058 mutants. Both of these mutations
are at or near the sulbactam binding site of PBP3 (18). The resis-
tant ARC2058 pbp3 mutant strain also had a frameshift mutation
in a hypothetical protein that has similarity to a protein that be-
longs to the peptidase C13 family. Both of these strains with pbp3
mutations showed high levels of resistance to sulbactam, with

MICs increased 64-fold and 32-fold, respectively. Neither of these
sulbactam-resistant mutants was cross-resistant to other classes of
drugs tested (i.e., aztreonam, ceftazidime, meropenem, cipro-
floxacin, and colistin). Examination by fluorescence microscopy
revealed that both of the PBP3 mutant cell types were much more
rod-shaped than the parent strains in both backgrounds (Fig. 2F
and G). However, only the resistant ARC2058 pbp3 mutant
formed “spaghetti-like” filaments (Fig. 2H) when treated with
0.5� MIC of sulbactam. The resistant ATCC 17978 pbp3 mutant
morphology did not change upon exposure to sulbactam (data
not shown). Despite multiple attempts, it was not possible to de-
termine whether the difference in morphology between these two
mutants upon exposure to sulbactam was due to the additional
disrupted peptidase gene of ARC2058, because both types of mu-
tations were found to be highly recalcitrant to backcrossing into
isogenic backgrounds.

Several other strains with lower levels of resistance to sulbac-
tam in the ARC2058 background were found to have mutations in
genes related to either cell wall metabolism or stress responses,
including an E192K mutation in GalE (UDP-glucose 4-epi-
merase), a frameshift mutation in L,D-transpeptidase, a T23I mu-
tation in MraY (phospho-N-acetylmuramoyl-pentapeptide trans-
ferase), and an R803H mutation in RpoC (the �= subunit of RNA
polymerase) (Table 4). None of these mutants had distinguishing
morphological changes, compared to their wild-type parent
strains, in examinations by fluorescence microscopy (data not
shown). Of these non-pbp3 mutants, only the rpoC mutant con-
ferred significant cross-resistance to aztreonam and ceftazidime,
and not to the other compounds tested (Table 4).

Sulbactam resistance confers a fitness penalty in A. bauman-
nii. The proliferation rates of the mutants described above were
evaluated in MHB-II, to determine whether sulbactam resistance
affects the physiology of A. baumannii. Although the mutants with
low-level resistance related to cell wall function did not show any
growth deficiency (data not shown), both pbp3 and rpoC mutant
strains had significantly longer doubling times than their wild-
type parents during the lag phase (Fig. 3A). These strains were also

TABLE 3 Frequencies of resistance to sulbactam among susceptible A. baumannii strains at the indicated concentrations

Strain Sulbactam MIC (�g/ml)

Frequency of resistance at:

2� MIC 4� MIC 8� MIC 16� MIC

ARC2058 1 4.41E�09 1.39E�09 2.11E�09 	4.15E�10
ATCC 17978 1 8.50E�09 8.10E�09 	4.05E�10 4.05E�10
ATCC 19606T 1 	4.15E�10 	4.15E�10 	4.15E�10 	4.15E�10
ARC5468 4 	4.15E�10 	4.15E�10 	4.15E�10 	4.15E�10
ARC2461 16 	4.15E�10 	4.15E�10 	4.15E�10 	4.15E�10

TABLE 2 (Continued)

Strain �-Lactamase content

MIC (�g/ml)a

SUL UNA MEM CST LVX GEN TET

ARC5082 OXA-66, OXA-23 64 
32 
32 0.5 8 0.5 
32
ARC3882 OXA-23, NDM-1, OXA-10c 
64 
32 
32 0.125 4 
32 8

Range 0.5 to 
64 1 to 
32 	0.03 to 
32 0.125 to 
32 	0.03 to 
32 0.06 to 
32 0.5 to 
32
a SUL, sulbactam; UNA, Unasyn (2:1 combination of ampicillin and sulbactam); MEM, meropenem; CST, colistin; LVX, levofloxacin; GEN, gentamicin; TET, tetracycline.
b Member of the A. baumannii-A. calcoaceticus complex family.
c The gene encodes a closely related variant of the indicated �-lactamase family.

Penwell et al.

1686 aac.asm.org March 2015 Volume 59 Number 3Antimicrobial Agents and Chemotherapy

http://aac.asm.org


more attenuated with respect to fitness when grown in freshly
harvested murine blood (Fig. 3B), suggesting that their ability to
cause infection may also be greatly reduced. Overall, these data
suggest that sulbactam resistance mapping to pbp3 or rpoC may
confer a fitness penalty in A. baumannii.

DISCUSSION
What drives anti-Acinetobacter whole-cell activity? The results
presented above clearly show that sulbactam preferentially binds
A. baumannii PBP1 orthologs and PBP3 over PBP2, using both
gel-based and real-time fluorescence anisotropy competition as-
says (Fig. 1 and Table 1). However, both methods also reveal that
sulbactam’s rate of acylation of these proteins is considerably

lower than that of the reference �-lactams and is similar to its low
activity against P. aeruginosa orthologs. Therefore, the whole-cell
antibacterial activity of sulbactam in A. baumannii is not due to
greater affinity for target enzymes, compared to other strains. Al-
though it is possible that differences in the outer membrane of A.
baumannii allow for greater compound uptake in this organism
than in species such as P. aeruginosa, it is worth noting that sul-
bactam has no activity against P. aeruginosa efflux-deficient
strains and none of the resistance mutations that were sequenced
mapped to outer membrane porins or transporters (data not
shown). Another possible explanation is that sulbactam simulta-
neously inhibits other targets, such as low-molecular-weight PBPs
(which were not reproducibly detected in the gel-based competi-

TABLE 4 Genetic contents and antibiotic susceptibilities of A. baumannii sulbactam-resistant mutants

Strain Concn at which mutant was isolated Mutation

MIC (�g/ml)a

SUL ATM CAZ MEM CIP CST

ATCC 17978
Wild-type NA NA 1 16 16 0.25 0.25 0.25
4-2 4� MIC PBP3 (S390T) 64 32 8 0.125 0.25 0.25

ARC2058
Wild-type NA NA 1 32 8 0.25 0.25 0.5
2-16 2� MIC GalE (E192K) 4 32 8 0.0.5 0.0.5 2
4-2 4� MIC PBP3 (S395F)b 32 32 8 0.5 0.5 0.5
4-28 4� MIC L,D-Transpeptidasec 4 32 8 0.25 0.25 1
4-29 4� MIC MraY (T23I) 8 32 16 0.5 0.5 1
8-18 8� MIC RpoC (R803H) 8 128 64 0.5 0.5 0.5

a SUL, sulbactam; ATM, aztreonam; CAZ, ceftazidime; MEM, meropenem; CIP, ciprofloxacin; CST, colistin; NA, not applicable.
b Also contains a frameshift mutation in a peptidase C13 family protein at Gly50.
c L20fs:�82 bp.

FIG 3 Sulbactam-resistant A. baumannii attenuation in growth. Wild-type or sulbactam-resistant mutant strains were incubated at 37°C with shaking, either in
MHB-II (A) or in freshly harvested, pooled, mouse blood in a 5% CO2 incubator (B). Samples were removed at the indicated times, and bacterial proliferation
was measured by performing colony counts of 2-fold serial dilutions of these samples on blood agar, after overnight incubation at 37°C. Results shown are
averages of at least three independent experiments.
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tion assays), to a sufficient extent that whole-cell activity is ob-
tained. The latter hypothesis is supported by the results of the
resistance studies described herein, in which resistance, although
low, mapped to other genes related to cell wall biosynthesis
besides pbp3, with concomitant slight increases in sulbactam
MICs (Table 4).

While the morphological changes in A. baumannii upon expo-
sure to sulbactam described above suggest that pbp3 inhibition
does indeed occur, further investigation of the relative contribu-
tion of this enzyme inhibition to overall whole-cell killing could
potentially be accomplished using more sophisticated micro-
scopic approaches, such as direct detection of target binding in
situ with fluorescently labeled derivatives, as described by Kocao-
glu and colleagues (46). Alternatively, chemical proteomics, a re-
cently developed platform that allows the identification of all pro-
teins that specifically interact with small molecules of interest (47),
may be a useful approach to further define the targets of inhibition
for sulbactam.

Resistance studies. The results presented above show that
spontaneous resistance in susceptible strains is rare, with high-
level resistance mapping to pbp3 at a fitness cost to the organism.
Although these mutants were generated in a laboratory setting, no
preexisting pbp3 mutations in the sulbactam-resistant clinical iso-
lates listed in Table 2 were found, supporting a potential fitness
penalty associated with these mutations. In contrast, low-level re-
sistance mapped to genes associated with cell wall biosynthesis
(galE, mraY, or L,D-transpeptidase) or stress responses (rpoC),
with a fitness penalty associated with the latter mechanism (Fig.
3). Analysis by sequence alignment of the R805H mutation shows
that it lies within the conserved, C-terminal, DNA binding region
of the �= subunit of RNA polymerase. This is consistent with a
report describing a similar mutation that confers indirect resis-
tance to cephalosporins in Bacillus subtilis (48). Taken together,
these results suggest that sulbactam resistance in A. baumannii
clinical isolates is multifactorial, as is the case for other �-lactams
in nonfermenting Gram-negative pathogens (49). In summary,
the broad range of anti-Acinetobacter activities of sulbactam
against contemporary clinical isolates and the low frequency of
spontaneous resistance as shown here, plus its previously demon-
strated potentiation of other antibiotics (25–28), support further
investigation into the potential of sulbactam for the treatment of
serious MDR A. baumannii infections, as part of a multidrug reg-
imen.
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