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ABSTRACT The b-lactam antibiotics have been successfully used for decades to
combat susceptible Pseudomonas aeruginosa, which has a notoriously difficult to
penetrate outer membrane (OM). However, there is a dearth of data on target site
penetration and covalent binding of penicillin-binding proteins (PBP) for b-lactams
and b-lactamase inhibitors in intact bacteria. We aimed to determine the time
course of PBP binding in intact and lysed cells and estimate the target site penetra-
tion and PBP access for 15 compounds in P. aeruginosa PAO1. All b-lactams (at 2 �
MIC) considerably bound PBPs 1 to 4 in lysed bacteria. However, PBP binding in
intact bacteria was substantially attenuated for slow but not for rapid penetrating
b-lactams. Imipenem yielded 1.5 6 0.11 log10 killing at 1h compared to ,0.5 log10

killing for all other drugs. Relative to imipenem, the rate of net influx and PBP access
was ; 2-fold slower for doripenem and meropenem, 7.6-fold for avibactam, 14-fold for
ceftazidime, 45-fold for cefepime, 50-fold for sulbactam, 72-fold for ertapenem, ; 249-
fold for piperacillin and aztreonam, 358-fold for tazobactam, ;547-fold for carbenicillin
and ticarcillin, and 1,019-fold for cefoxitin. At 2 � MIC, the extent of PBP5/6 binding
was highly correlated (r2 = 0.96) with the rate of net influx and PBP access, suggesting
that PBP5/6 acted as a decoy target that should be avoided by slowly penetrating,
future b-lactams. This first comprehensive assessment of the time course of PBP bind-
ing in intact and lysed P. aeruginosa explained why only imipenem killed rapidly. The
developed novel covalent binding assay in intact bacteria accounts for all expressed re-
sistance mechanisms.

KEYWORDS Penicillin binding proteins (PBP), intact cells, outer membrane penetration,
bacterial permeability, beta-lactams/beta-lactamase inhibitors, quantitative and
systems pharmacology (QSP)

Multidrug-resistant Pseudomonas aeruginosa has been a relentless threat during
the last decades. This microorganism is one of the leading causes of nosoco-

mial infections with high rates of poor clinical outcomes and mortality (1–3). To com-
bat P. aeruginosa, b-lactam antibiotics are often used in mono- and combination
therapies, owing to their activity against susceptible P. aeruginosa and excellent
safety. Despite the abundant clinical use of b-lactams for 8 decades, there is a nearly
complete dearth of data on the extent and time course of penicillin-binding protein
(PBP) receptor binding in intact P. aeruginosa and other pathogens.

Bacteria have multiple different PBPs, which serve different biochemical functions.
In P. aeruginosa, the high molecular weight PBPs 1a and 1b have both transpeptidation
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and transglycosylation capabilities, with the former being inhibited by b-lactams (4, 5).
The PBP2 and PBP3 are also categorized as high molecular weight PBPs, and they per-
form transpeptidation (but not transglycosylation) relating to cell elongation for PBP2
and cell division for PBP3. Among the lower molecular weight PBPs 4, 5/6, and 7, the
PBP5/6 is the highest expressed PBP, and PBP4 inactivation has been shown to rapidly
upregulate the AmpC b-lactamase in P. aeruginosa (6). Therefore, for b-lactams that
are susceptible to AmpC-related hydrolysis, not inactivating PBP4 is beneficial. Instead,
targeting the high molecular weight PBPs 1a, 1b, 2, and 3 are considered essential, but
their extract contributions to bacterial killing have not been fully elucidated.

Each b-lactam binds to 1 or multiple different PBPs with different affinities via a cova-
lent bond (4). The active site of PBPs is highly conserved in Gram-negatives. Before a
b-lactam can bind to a PBP target receptor, it must penetrate through the outer mem-
brane (OM) of Gram-negatives as well as avoid being hydrolyzed by b-lactamases or
effluxed (7, 8). The OM of Gram-negative pathogens represents a formidable penetration
barrier for b-lactams and many other antibiotics (9), especially in P. aeruginosa and
Acinetobacter baumannii (10, 11).

The impact of OM permeability is highlighted by comparing the PBP binding in lysed
cells with the MICs and rates of bacterial killing. While carbapenems have comparable PBP
binding patterns (i.e., IC50s) in lysed cells, they differ considerably in their MICs and rates of
bacterial killing (12–14). This has been linked to different b-lactam OM penetration rates in
Escherichia coli (15). The PBP binding assays in lysed bacteria (i.e., using isolated membrane
fractions either with radioactive [iodine-131] b-lactam probes or with Bocillin FL [Boc-FL])
provide valuable insights on the preferred PBP targets of each b-lactam (16–19); and lysed
cell assays have been widely applied in E. coli and P. aeruginosa (20). However, this lysed
cell assay does not account for OM penetration, access to different PBPs in periplasm, and
efflux (16, 17, 21, 22). Studying the time course of PBP binding in intact bacteria offers the
substantial advantage that it allows one to determine the rate of net influx and PBP access
for different b-lactam molecules. There is a competition between influx and loss of b-lac-
tam molecules due to efflux or b-lactamase-related hydrolysis in periplasm. Additionally,
each b-lactam molecule binds to and thereby inactivates 1 PBP target and therefore there
is an additional competition for the access to multiple different PBPs. Due to the covalent
(and pseudo-irreversible) binding of PBPs, this assay accounts for all expressed resistance
mechanisms.

In P. aeruginosa, a few studies quantified the OM permeability for a limited number
of b-lactams via the Zimmermann-Rosselet (10, 11, 23–26) assay using spectrophotomet-
ric methods, as opposed to contemporary LC-MS/MS (27). Other studies used cell mor-
phology changes as a downstream consequence of PBP inactivation by b-lactams that
inhibit 1 or multiple PBPs but did not directly assess PBP binding in whole cells (28–30).
Only a few recent publications have studied PBP binding using a whole-cell assay at a
single time point and used strains with normal efflux pump and AmpC b-lactamase
function (12, 19, 31). These studies neither assessed the rate of target site penetration
nor modeled the PBP binding. Two of these studies aimed to establish different fluores-
cent probes in E. coli or to optimize a prototype whole-cell binding assay in A. baumannii
(12, 19). In P. aeruginosa, the complex interplay between OM permeability and resistance
mechanisms may have contributed to the lack of observed correlations between b-lac-
tam structure, PBP inhibition profiles, MICs, and killing kinetics (31). Despite these consid-
erable gaps in the mechanisms of b-lactam action in Gram-negatives, 13 randomized
controlled clinical trials in the 1970s and 1980s yielded promising results for empirical
non-optimized double b-lactam combination therapies (32). This strongly suggests that
optimized double b-lactam combinations are clinically viable, especially if they are
mechanistically optimized.

In this work, our primary aim was to systematically characterize the time course of
covalent PBP binding by 15 structurally diverse b-lactams and b-lactamase inhibitors
(BLIs) in intact and lysed P. aeruginosa. Secondly, we aimed to estimate the rate of net
influx and PBP access based on differences in the time course of PBP binding between
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intact and lysed cells via a novel Quantitative and Systems Pharmacology (QSP) model.
For the first time, this model implemented mass balance equations in periplasm and
accounted for the relative expression of PBPs. This approach allowed us to characterize
the rate and extent of receptor binding at the periplasmic target site and to thereby
provide guidance for rationally optimizing b-lactam therapies and drug development.
We found that the most highly expressed PBP5/6 acted as a decoy target (i.e., a sink)
that should be avoided during the development of slowly penetrating, future PBP-
binders.

RESULTS
Relative PBP expression. To determine the relative PBP expression, the band inten-

sity values relative to that of PBP5/6 (i.e., the most abundant PBP in P. aeruginosa [16]),
were determined in the untreated control at 0, 15, 30, and 60 min. The PBP5/6 was by
far the highest expressed PBP, followed by PBP1a, PBP1b, and PBP4 (Fig. 1a and b). The
signals of PBP3 and PBP2 were 18 to 78-fold lower than that of PBP5/6.

In intact cells, a steady increase in expression by ; 20% over the first 60 min was
observed for PBP2 and by; 40% for PBP3 (Fig. 1a). This increased expression was corre-
lated with bacterial growth (i.e., log10 CFU/mL; rPBP2 = 0.84, rPBP3 = 0.91). In contrast, the
expression of PBP1a, 1b, 4, and 5/6 was relatively constant during 60 min. For lysed cells,
we isolated membrane fractions and then incubated them for 15, 30, or 60 min at 37°C.
During this incubation, PBPs were stable and only PBP3 showed a small decline (Fig. 1b).

Time-course PBP binding in whole cells. Control experiments with Boc-FL expo-
sure durations between 5 and 30 min showed no significant difference and thus
15 min was used as final Boc-FL exposure duration. Only imipenem showed an approx-
imately 1.5 log10 reduction in viable counts during the first 60 min, whereas all other
b-lactams yielded ,0.5 log10 killing (Fig. S1). This suggested rapid penetration and
PBP binding by imipenem. In the intact cell PBP binding assay with b-lactams at

FIG 1 Normalized protein expression and relative band intensity of the whole cell and isolated membrane PBP
binding assays. Normalized PBP expression relative to PBP5/6 in (a) whole cells and (b) isolated membranes.
The columns represent the average PBP expression values obtained from at least 3 biological replicates, and
the error bars show the standard deviations. One-way ANOVA with post hoc Tukey’s multiple comparison test
was run to determine the statistically significant differences over time (*, P-value , 0.05; **, P-value , 0.01;
***, P-value , 0.001; ****, P-value , 0.0001). Bacterial growth (CFU/mL) in the whole cells assay (c). The
average viable counts from at least 3 experiments 6 standard deviations are shown. The data were normalized to
the highest expression PBP, which was always PBP5/6. Therefore, PBP5/6 contained no error bars. (d) Coefficient of
variation (CV) of PBP5/6 expression across the 3 replicates.
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2 � MIC, imipenem (2 mg/L) and cefoxitin (2,048 mg/L) rapidly inactivated all PBPs. In
contrast, target site penetration and PBP inactivation was slightly slower for doripenem
and meropenem, and substantially slower for ertapenem (Fig. 2 and 3, and Fig. S2 and
S4) in whole cells. Aztreonam highly selectively inactivated PBP3, whereas ceftazidime
and cefepime additionally inactivated PBP1a and, to some extent, PBP4. Ceftazidime
showed considerable binding of PBP5/6 at 60 min, but not at earlier time points, which

FIG 2 Difference between whole cells and isolated PBPs fraction unbound. P. aeruginosa PAO1 cultures (whole cells) and PBP-containing membrane
preparations (isolated) were incubated for 15, 30, and 60 min in the presence of doripenem (DOR); ertapenem (ETP); imipenem (IPM); meropenem (MEM);
cefepime (FEP); cefoxitin (FOX); ceftazidime (CAZ); aztreonam (ATM); carbenicillin (CAR); piperacillin (PIP); ticarcillin (TIC); avibactam (AVI); relebactam (REL);
sulbactam (SUL); tazobactam (TZB), and afterwards isolated PBPs labeled with 25 mM Boc-FL. The resulting 0.5 mg/mL of PBP-containing membrane preparations
(whole cells) were labeled with 25 mM Boc-FL. The antibiotic concentrations tested were 2 � MIC: DOR = 2 mg/L; ETP = 8 mg/L; IPM = 2 mg/L; MEM = 1 mg/L;
FEP = 2 mg/L; FOX = 2,048 mg/L; CAZ = 2 mg/L; ATM = 8 mg/L; CAR = 96 mg/L; PIP = 8 mg/L; TIC = 48 mg/L. The BLIs AVI, REL, SUL, and TZB were used at a
fixed concentration of 4 mg/L. Data represent the difference between average fraction of unbound PBPs in the whole-cell and isolated membrane assays from at
least three biological replicates; the error bars show the SD of the differences. Unpaired Student’s t tests were applied to determine statistically significant
differences (*, P-value , 0.05; **, P-value , 0.01; ***, P-value , 0.001; ****, P-value , 0.0001).
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may have been an ‘outlier’ that could not be explained by QSP modeling (Fig. S7). The
penicillin inactivated multiple PBPs, although slower than carbapenems. The BLI showed
slow and limited PBP inhibition at 4 mg/L.

Time-course PBP binding in lysed cells. All carbapenems (including ertapenem)
and cefoxitin showed rapid and extensive PBP binding (Fig. 3, and Fig. S3 and S5).
There was slightly more noise for PBP3 binding by imipenem and meropenem with
the fraction of unbound PBPs increasing slightly from 30 to 60 min (Fig. 3 and Fig. S5).
This unexpected observation did not occur for ertapenem and was explained by a
slightly larger background noise via QSP modeling (Table S2). The penicillin relatively
rapidly inactivated all PBPs except PBP5/6. Cefepime, ceftazidime, and aztreonam also

FIG 3 Time-course of PBP binding for PBPs 1a, 1b, 2, 3, 4, and 5/6 in intact (upper rows) and lysed cells (lower
rows) for 15 drugs. The markers are the means of the observations, and the lines are the curve-fits from
simultaneous modeling of the PBP binding data from QSP modeling. This plot focused (i.e., zoomed in) on the
most important PBPs, and the same data with the full y axis range (due to PBP5/6) is shown in the supplement
(Fig. S7).
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lacked PBP5/6 binding and slowly bound PBP2. In the lysed cell assay, 8 mg/L aztreo-
nam (i.e., 2 � MIC) inactivated both the primary target PBP3 as well as PBP1a and
PBP1b. The PBP binding by avibactam and sulbactam was relatively slow, and more
extensive than PBP binding by relebactam or tazobactam.

Extent of PBP binding. When comparing the extent of PBP binding over the first
60 min between intact and lysed cells (Fig. 2), imipenem, doripenem, and meropenem
showed extensive inactivation with only a few significant differences between intact and
lysed cell PBP inactivation (Fig. 2). A positive (negative) number for the DPBP indicated
less (more) PBP binding in intact compared to that in lysed cells. Imipenem showed
DPBP close to zero, demonstrating rapid penetration. The DPBP were slightly positive for
doripenem, meropenem, and cefoxitin (at 2,048 mg/L), but were substantially positive
for ertapenem, demonstrating that ertapenem penetration was slowest among the car-
bapenems. Ceftazidime, ticarcillin, and carbenicillin showed moderately positive DPBP,
whereas the DPBP were larger for cefepime and largest for piperacillin and aztreonam,
suggesting poor penetration. With the caveat that the extent of PBP binding was limited
for the BLIs, the DPBP for avibactam were small suggesting a reasonable penetration.

When comparing the overall extent of PBP inactivation (based on the AUC0-60min),
imipenem, doripenem, and meropenem achieved extensive binding with only a few
significant differences between intact and lysed cells (Table 1). This suggested rapid pene-
tration of these 3 carbapenems in intact cells. While ertapenem yielded extensive binding
of all PBPs in lysed cells, it did not significantly bind PBP1a and PBP5/6 in intact cells, sug-
gesting comparatively poor penetration. Ceftazidime showed more extensive PBP inactiva-
tion in intact cells than cefepime, suggesting a slightly faster penetration of ceftazidime.
Aztreonam only bound its primary target (PBP3) in intact cells but inactivated (to various
degrees) all PBPs except PBP5/6 in lysed cells, suggesting poor penetration (Table 2). At
the rather high studied concentrations, cefoxitin, carbenicillin and ticarcillin showed exten-
sive binding in intact and lysed cells. While piperacillin yielded extensive binding in lysed
cells, it only significantly inactivated PBP3 (and PBP4) in intact cells. The BLI showed limited
binding in intact bacteria and some PBP binding in lysed cells (Table 3).

QSP modeling.When we simultaneously modeled the time course of PBP binding in
intact and lysed bacteria, imipenem displayed rapid and extensive penetration and bind-
ing of all PBPs in intact and lysed cells (Fig. 3), with rapid binding of PBP1a, 1b, 2, and 3.
This was also shown by the estimated second-order acylation rate constants (Table S1).
While cefoxitin also penetrated and bound PBPs rapidly, it required a much higher con-
centration (2,048 mg/L) than imipenem (2 mg/L). In contrast, PBP binding by merope-
nem and doripenem was slower in intact compared to that in lysed cells and limited for
PBP5/6 (Fig. 3 and Fig. S7). Ertapenem displayed slower binding of PBP1a and 1b in lysed
cells, and much slower overall binding in intact compared to that in lysed cells, demon-
strating slow penetration. Aztreonam, cefepime, ceftazidime, piperacillin, carbenicillin,
and ticarcillin achieved reasonably rapid PBP binding in lysed cells. However, PBP bind-
ing in intact cells was very slow for aztreonam and piperacillin. In intact cells, cefepime,
ceftazidime, carbenicillin, and ticarcillin mostly inactivated PBP1a and 3; carbenicillin and
ticarcillin additionally bound PBP1b (and PBP4). The BLIs showed slow inactivation of
some PBPs in lysed cells, but only avibactam and to a lesser extent sulbactam and rele-
bactam displayed noticeable PBP binding in intact bacteria (Fig. 3).

The rate of net influx and PBP access (RateInflux/access) represents the number of b-lac-
tam molecules that pass the outer membrane and bind to PBPs per time at the studied
extracellular drug concentration. We estimated the scaled net influx rate (RateInflux/access,
scaled) which represents the RateInflux/access divided by the extracellular drug concentra-
tion (Fig. S6). A high RateInflux/access,scaled indicated that a drug had a faster rate of net
influx and PBP access. The RateInflux/access,scaled was fastest for imipenem, and approxi-
mately 2-fold slower for doripenem and meropenem. In contrast, ertapenem was 71.6-
fold slower than imipenem indicating poor penetration (Table 1). Ceftazidime pene-
trated approximately 3-fold faster than cefepime. Compared to imipenem, the
RateInflux/access,scaled was ; 249-fold slower for piperacillin and aztreonam, 503-fold slower
for carbenicilin, 591-fold slower for ticarcillin, and 1,019-fold slower for cefoxitin. Relative
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to imipenem, the RateInflux/access,scaled was 7.56-fold slower for avibactam, 50.0-fold slower for
sulbactam, and 358-fold slower for tazobactam. We used the estimate from avibactam to
model relebactam, since PBP binding by relebactam in intact cells was limited. Thus, the
RateInflux/access,scaled estimate for relebactam is associated with a larger uncertainty.

PBP5/6 binding - sink target. The estimated rate of net influx and PBP access
(RateInflux/access) at 2 � the b-lactam MIC showed a strong inverse correlation with the
extent of PBP5/6 binding (i.e., AUC0-60min) in lysed and intact cells (Fig. 4). Ertapenem
was an outlier in the lysed cell assay, since only the intact but not the lysed cell assay
accounts for the poor penetration of ertapenem (Fig. 3). The b-lactams that inactivated
PBP5/6 had to rapidly penetrate the outer membrane (i.e., have a high rate of net influx

TABLE 1 Susceptibility data and estimated rate of net influx and PBP access for 15 drugs in intact cells of P. aeruginosa PAO1

b-Lactam
sub-class Drug MICa (mg/L)

Studied
extracellular drug
conc. in PBP binding
assays (mg/L)

RateInflux/access,scaledb

(SE%) (no. of drug
molecules/min/
(mg/L))

Relative RateInflux/access,scaled
compared to that of IPM

RateInflux/access at
2×MICd (no. of
drug molecules/min)

Carbapenem Imipenem 1 2 74.5 (29.0%) 1.00 149
Carbapenem Doripenem 1 2 40.9 (50.7%) 1.82 81.8
Carbapenem Meropenem 0.5 1 35.1 (48.1%) 2.12 35.1
DBO-BLIe Avibactam NDf 4 9.85c (30.9%) 7.56 39.4c

DBO-BLI Relebactam ND 4 9.85c (30.9%) 7.56c 39.4c

Cephalosporin Ceftazidime 1 2 5.18 (35.2%) 14.4 10.4
Cephalosporin Cefepime 1 2 1.66 (39.4%) 44.9 3.32
BLIg Sulbactam ND 4 1.49 (45.1%) 50.0 5.96d

Carbapenem Ertapenem 4 8 1.04 (35.2%) 71.6 8.32
Penicillin Piperacillin 4 8 0.301 (81.6%) 248 2.41
Monobactam Aztreonam 4 8 0.299 (57.1%) 249 2.39
BLI Tazobactam ND 4 0.208 (65.4%) 358 0.832d

Penicillin Carbenicillin 48 96 0.148 (44.5%) 503 14.2
Penicillin Ticarcillin 24 48 0.126 (19.5%) 591 6.05
Cephalosporin Cefoxitin 1,024 2,048 0.0731 (39.7%) 1,019 150
aBroth microdilution MICs were performed following CLSI guidelines (70).
bThe RateInflux/access,scaled has units of number of molecules per min and per mg/L of the extracellular drug concentration. A high RateInflux/access,scaled indicates that a drug has a
high rate of net influx and PBP access.

cThe RateInflux/access,scaled of relebactam was difficult to estimate and thus eventually estimated as a shared parameter with avibactam. Thus, the estimate for relebactam
carries additional uncertainty due to limited PBP binding by relebactam in intact bacteria.
dThis column shows the rate of net influx and PBP access at 2� the MIC of the studied b-lactams. For b-lactams, the RateInflux/access is the product of the RateInflux/access,scaled
and the studied extracellular drug concentration (i.e., 2�MIC). For the BLIs, the column shows the RateInflux/access at the studied fixed concentration of 4 mg/L, since the
MICs of the BLIs were high.

eDBO-BLI: Diazabicyclooctane-type BLI.
fND: MIC not determined for b-lactamase inhibitors.
gBLI: b-lactamase inhibitor.

TABLE 2 Average6 SD of unbound PBPs over the first 60 min in the intact and lysed cell PBP assaya

Cells PBP IPM (2 mg/L) DOR (2 mg/L) MEM (1 mg/L) ETP (8 mg/L) CAZ (2 mg/L) FEP (2 mg/L) FOX (2048 mg/L) ATM (8 mg/L)
Intact 1a 0.29± 0.029b 0.67± 0.037c 0.68± 0.067c 0.876 0.081d 0.61± 0.052c 0.61± 0.066c 0.24± 0.018c 1.026 0.064d

1b 0.30± 0.034b 0.33± 0.024b 0.37± 0.040c 0.79± 0.070c 0.87± 0.041c 0.946 0.077d 0.38± 0.013c 0.946 0.065d

2 0.38± 0.078b 0.30± 0.022b 0.31± 0.035b 0.63± 0.028c 0.85± 0.077b 0.966 0.125d 0.45± 0.055b 1.026 0.087e

3 0.35± 0.102b 0.38± 0.024b 0.44± 0.116b 0.47± 0.027b 0.51± 0.023c 0.60± 0.094c 0.47± 0.058b 0.39± 0.034b

4 0.44± 0.081b 0.22± 0.025b 0.38± 0.103b 0.33± 0.069b 0.80± 0.058c 0.69± 0.078c 0.27± 0.054b 1.016 0.024d

5 0.27± 0.009c 0.36± 0.058b 0.56± 0.055b 0.936 0.090d 0.83± 0.057b 0.986 0.055e 0.18± 0.029b 0.976 0.067e

Lysed 1a 0.19± 0.015e 0.26± 0.020e 0.29± 0.007e 0.31± 0.022e 0.17± 0.005e 0.15± 0.006e 0.14± 0.006e 0.26± 0.018e

1b 0.18± 0.003e 0.26± 0.022e 0.21± 0.004e 0.27± 0.012e 0.36± 0.102e 0.34± 0.021e 0.16± 0.014e 0.24± 0.017e

2 0.37± 0.034e 0.34± 0.104e 0.37± 0.047e 0.35± 0.016e 0.57± 0.098e 0.47± 0.046e 0.37± 0.105e 0.64± 0.128e

3 0.52± 0.027e 0.47± 0.066e 0.57± 0.025e 0.35± 0.053e 0.21± 0.060e 0.14± 0.005e 0.43± 0.039e 0.23± 0.059e

4 0.21± 0.0001e 0.23± 0.014e 0.24± 0.011e 0.20± 0.005e 0.35± 0.079e 0.17± 0.020e 0.19± 0.039e 0.36± 0.055e

5 0.19± 0.010e 0.43± 0.035e 0.54± 0.046e 0.40± 0.011e 0.82± 0.066e 1.026 0.042e 0.13± 0.002e 1.016 0.051e

aThe extent of PBP binding was calculated via non-compartmental analysis using the linear trapezoidal rule to obtain the AUC0-60min data. A number of 1.00 indicates no PBP
binding, whereas 0.00 would indicate complete PBP inactivation. Bold numbers indicate statistically significant binding (compared to 1.00).

bDark gray shading means no statistically significant difference between PBP inactivation in intact versus lysed cells for the respective PBP.
cMedium gray shading means significantly less PBP binding in intact versus lysed cells for the respective PBP.
dLight gray shading means no statistically significant extent of binding (compared to 1.00) in intact cells, but statistically significant binding in lysed cells, and statistically
significant more PBP inactivation in lysed versus intact cells.

eNo shading indicates a lack of significant PBP binding (compared to 1.00) both for lysed and intact cells.

Time-Course of Whole Cell PBP-Binding in P. aeruginosa Antimicrobial Agents and Chemotherapy

Month YYYY Volume XX Issue XX 10.1128/aac.01603-22 7

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

ac
 o

n 
24

 M
ay

 2
02

3 
by

 4
6.

24
.5

5.
17

0.

https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.01603-22


and PBP access) in order to achieve 2 � the MIC. In contrast, slowly penetrating b-lactams
like aztreonam could achieve 2� the MIC, as long as they did not or only minimally bound
PBP5/6.

DISCUSSION

The PBPs are among the most valuable drug targets ever discovered, resulting in
b-lactams being the most widely used class of antibiotics (33, 34). All bacteria express
multiple different PBPs, which are the primary targets of all b-lactams. These drugs co-

TABLE 3 Average6 SD of unbound PBPs over the first 60 min in the intact and lysed cell PBP assaya

Cells PBP PIP (8 mg/L) CAR (96 mg/L) TIC (48 mg/L) AVI (4 mg/L)b REL (4 mg/L)b SUL (4 mg/L) TZB (4 mg/L)b

Intact 1a 0.796 0.180e 0.41± 0.006d 0.48± 0.013d 0.936 0.108f 0.87± 0.067f 0.886 0.167f 0.986 0.207f

1b 0.896 0.238e 0.36± 0.004d 0.43± 0.007d 0.786 0.116f 0.84± 0.076f 0.75± 0.116f 1.056 0.186f

2 0.916 0.323f 0.82± 0.018d 0.77± 0.076d 0.806 0.131f 0.81± 0.076f 0.976 0.180f 1.046 0.157f

3 0.48± 0.023d 0.39± 0.088c 0.48± 0.030d 0.896 0.122f 0.81± 0.070f 0.986 0.143f 1.106 0.258f

4 0.69± 0.031d 0.49± 0.141c 0.59± 0.036d 0.75± 0.118c 0.84± 0.053f 0.746 0.208f 1.066 0.292f

5 1.116 0.105f 0.80± 0.033d 1.086 0.075e 0.906 0.088e 0.90± 0.023f 0.846 0.102f 1.146 0.185f

Lysed 1a 0.14± 0.004f 0.13± 0.002f 0.10± 0.048f 1.076 0.101f 0.956 0.077f 0.68± 0.025f 0.79± 0.033f

1b 0.14± 0.005f 0.15± 0.021f 0.14± 0.007f 0.64± 0.034f 0.986 0.075f 0.48± 0.011f 0.73± 0.023f

2 0.18± 0.032f 0.20± 0.018f 0.32± 0.055f 0.79± 0.100f 0.886 0.087f 0.796 0.138f 1.106 0.032f

3 0.23± 0.018f 0.17± 0.022f 0.17± 0.014f 1.076 0.041f 1.056 0.065f 1.096 0.013f 1.056 0.015f

4 0.14± 0.007f 0.17± 0.033f 0.15± 0.008f 0.61± 0.069f 0.82± 0.077f 0.70± 0.061f 0.976 0.025f

5 0.826 0.091f 0.58± 0.052f 0.67± 0.091f 0.49± 0.020f 0.86± 0.053f 0.46± 0.008f 0.906 0.056f

aThe extent of PBP binding was calculated via non-compartmental analysis using the linear trapezoidal rule to obtain the AUC0-60min data. A number of 1.00 indicates no PBP
binding, whereas 0.00 would indicate complete PBP inactivation. Bold number indicated statistically significant binding (compared to 1.00).

bFixed beta-lactamase inhibitor concentration of 4 mg/L (i.e., concentration is lower than 2�MIC).
cDark gray shading means no statistically significant difference between PBP inactivation in intact versus lysed cells for the respective PBP.
dMedium gray shading means significantly less PBP binding in intact versus lysed cells for the respective PBP.
eLight gray shading means no statistically significant extent of binding (compared to 1.00) in intact cells, but statistically significant binding in lysed cells, and statistically
significant more PBP inactivation in lysed versus intact cells.
fNo shading indicates a lack of significant PBP binding (compared to 1.00) both for lysed and intact cells.

FIG 4 Empirical relationship between the extent of PBP5/6 binding and the number of b-lactam
molecules that penetrate the outer membrane and inactivate PBPs per minute at 2 � the MIC (i.e.,
RateInflux/access). Please note that the RateInflux/access accounts for the extracellular drug concentration (as
shown in the last column of Table 1). The plot only shows b-lactams, since the BLI were studied at
4 mg/L (and not at 2 � the MIC). The outlier at the bottom left for the lysed cell assay was
ertapenem (ETP), which penetrated slowly. The plot highlights that b-lactams which inactivate the
highly expressed PBP5/6 need to be rapidly penetrating (i.e., have a high rate of net influx and PBP
access) to achieve 2 � MIC. In contrast, slowly penetration b-lactams can be efficacious (i.e.,
2 � MIC), as long as they have limited or no PBP5/6 binding.
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valently bind to and thereby inactivate 1 or multiple PBPs. However, the expression of
PBPs differs substantially. This offers a unique opportunity to study whole-cell receptor
binding through covalent PBP binding, while accounting for the relative abundance of
each PBP. This mass balance situation in the presence of the OM as a penetration bar-
rier is neither captured by PBP binding studies using isolated membranes from lysed
bacteria nor by the fluorescence anisotropy assay which assessed individual PBPs (19).
The latter types of studies provide valuable mechanistic insights and thus complement
whole-cell PBP binding data.

By comparing the rate and extent of PBP binding in intact and lysed cells for 15
drugs in P. aeruginosa, we found that carbapenems (except ertapenem) had the fastest
rate of net influx and PBP access, followed by avibactam, ceftazidime, and cefepime
(Table 1). The penicillin and aztreonam had considerably slower rates than imipenem.
We identified, for the first time, a quantitative relationship between PBP5/6 binding
and the rate of net influx and PBP access at 2 � the MIC of b-lactams (Fig. 4). With
PBP5/6 as dominantly expressed PBP in P. aeruginosa, we identified PBP5/6 as a decoy
target (i.e., a sink) which precludes b-lactams from inactivating the more essential
PBPs (i.e., PBPs 1a, 1b, 2, and 3). This study was not designed to identify the relative im-
portance of these PBPs toward bacterial killing.

With the global spread of resistant isolates of P. aeruginosa and multidrug-resistant
high-risk clones continuously evolving to become resistant to the most recently
approved antibiotics, few efficacious treatment options remain (35–38). The b-lactams
provide excellent efficacy and safety and have been a cornerstone of antimicrobial
therapy against susceptible P. aeruginosa isolates (32). To combat multidrug-resistant
isolates, combination therapies of b-lactams with novel BLI, polymyxins, aminoglyco-
sides, or quinolones have been studied (39–41). However, these combinations were
associated with considerable toxicity, as well as suboptimal clinical and microbiological
outcomes and emergence of resistance, especially for serious infections (42–44).

To enhance the clinical utility of available b-lactams, 2 main strategies have been
pursued. First, combining b-lactams with other antibiotic classes that enhance the OM
permeability and target site penetration (45, 46), and second using a BLI which pro-
tects the b-lactam from b-lactamase-related hydrolysis. Both of these strategies
enhance the rate of net influx and PBP access via the partner drug. In some cases, the
BLI may contribute some PBP binding in addition to the b-lactamase inhibitory effect
(13, 14, 47–49). For example, novel diazabicyclooctane (DBO) BLIs bind PBP2 in P. aeru-
ginosa, as we recently studied for avibactam in intact and lysed cells (50). To quantify
the periplasmic target site penetration, we developed a novel assay and systematically
assessed the time course and extent of covalent PBP binding for 15 b-lactams and BLIs
in P. aeruginosa.

This study confirmed that PBP5/6 was the most abundant PBP in P. aeruginosa (16),
with an at least ; 8-fold higher expression than that of any other PBPs (Fig. 1). This
offers the possibility of PBP5/6 acting as a decoy target, where b-lactam molecules
binding to PBP5/6 are no longer available to reach their essential targets (i.e., PBP1a,
1b, 2, and 3) (51). While P. aeruginosa PBP5 mainly functions as a DD-carboxypeptidase,
this highly expressed PBP has been shown to have some b-lactamase activity to pri-
marily hydrolyze penicillins and carbapenems (e.g., meropenem and doripenem) (51,
52). This feature highlights the role of PBP5/6 as a highly expressed decoy target with
additional b-lactamase activity, which may serve as a component of b-lactam resist-
ance in strains with limited activity of other b-lactamase(s) and of efflux pump(s).

The expression of PBP2 and PBP3 was low compared to that of PBP5/6 and slightly
increased over 60 min (Fig. 1) due to growth-phase related differential expression, in
agreement with prior reports (52, 53). The PBP3 is known to have allosteric regulation-
dependent catalytic activity, requiring previous engagement with other divisome pro-
teins for its activation (54, 55). Furthermore, OM protease-related hydrolysis (ompT) can
alter PBP3 integrity (17, 21). Taken together, the expression differs substantially between
various PBPs and changes with growth phase. This makes PBPs moving targets, which is
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likely an important feature for optimizing b-lactam therapies, since PBP2 and PBP3 rep-
resent critical targets to kill P. aeruginosa rapidly and extensively during different growth
phases (56, 57).

It has been previously observed that the deacylation half-life is less clinically rele-
vant for PBPs, since it is slower than the rate of bacterial replication (58, 59). In agree-
ment with these prior reports, we found no significant dissociation over 60 min for any
of the drugs tested. All carbapenems showed extensive PBP binding in lysed cells (Fig.
3), in agreement with published lysed cell IC50 data (20, 60, 61). However, in intact cells,
imipenem showed the most rapid and extensive PBP inactivation, followed by doripe-
nem and meropenem, and ertapenem yielding the least PBP binding (Fig. 3, and
Tables 1 and 2). This rapid penetration and PBP binding by imipenem explained why
only imipenem achieved ; 1.5 log10 killing by 1 h (Fig. S1), despite all 4 carbapenems
having similar PBP IC50s in P. aeruginosa when using the isolated membrane assay (62).
The present study also showed that the poor OM penetration of ertapenem signifi-
cantly contributed to its lack of clinically relevant activity against P. aeruginosa (63).

Cefoxitin achieved considerable PBP binding in intact bacteria (Table 2). However,
this required a very high extracellular concentration, resulting in a slow scaled rate of net
influx and PBP access (Table 1). This estimated slow rate for cefoxitin is likely affected
(i.e., biased low) by the rapid induction of the AmpC b-lactamase (within ; 20 min at
the protein level) due to PBP4 binding by cefoxitin, and by cefoxitin being a substrate of
this cephalosporinase (6, 64). Overall, this explains a lack of cefoxitin activity in P. aerugi-
nosa. Similarly for penicillins, the scaled rate of net influx and PBP access was relatively
slow for piperacillin, and even slower for carbenicillin and ticarcillin (both double anions)
(Tables 1 and 3). These small estimates are likely in part caused by the penicillins being
inactivated by AmpC or effluxed by MexAB-OprM (65).

Binding of PBPs by ceftazidime and cefepime was markedly less in intact compared
to that in lysed cells. The rate of net influx and PBP access was ; 3-times faster for cefta-
zidime than that of cefepime, potentially due to efflux of cefepime (and cefoxitin) by
MexAB-OprM and MexXY-OprM (66), and due to limited efflux of ceftazidime by MexAB-
OprM (67). As a feature of our whole cell target site penetration approach, this assay
quantifies the covalent binding of PBPs and thus captures only the drug molecules that
ultimately bind their PBP targets. It is a major strength of this approach that the esti-
mated rate of net influx and PBP access accounts for the impact of all expressed resist-
ance mechanisms (e.g., efflux, b-lactamases, or loss of an OM porin).

In general, the lysed cell PBP IC50s (20, 60, 61) predicted the primary PBP targets in
the intact cell assay (Fig. 3). As expected, for slowly penetrating b-lactams, the extent
of PBP binding was diminished in intact compared to that in lysed cells for all PBPs or
at least for the non-primary target PBPs (Tables 2 and 3). While aztreonam bound sev-
eral PBPs in lysed cells, it only significantly inactivated its primary target PBP3 in intact
cells, in agreement with aztreonam lysed cell IC50 data (60, 61) and a prior report on
whole-cell binding of aztreonam in E. coli (12). Future studies are warranted to further
investigate potential allosteric interactions among the proteins that are part of the
elongasome and divisome complexes, potential conformational changes in periplasm,
and the inner membrane architecture related to PBP target accessibility (19).

To combat P. aeruginosa with specific resistance mechanisms, the large number of
clinically available b-lactams allows one to combine 2 b-lactams which are not affected
by the same resistance determinants. Furthermore, novel BLIs have been extensively
used to protect their partner b-lactams (13, 14, 47–49). While approaches to avoid or in-
hibit resistance mechanisms are clearly beneficial, fundamental insights on the target
site penetration of b-lactams and their interplay with binding of different PBPs provide
important insights (50). Of note, PBP expression can change considerably with growth
phase (53). The novel assay developed here can account for b-lactamase-related hydro-
lysis, efflux, differential expression of OM porins, and drug-drug interactions, since all
these mechanisms decrease the observed covalent PBP binding. However, the latter is
directly related to bacterial killing by b-lactams. Future studies on isogenic strains with
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knockout or over-expression of specific efflux pumps, b-lactamases, and OM porins are
clearly warranted to further enhance the insights from this novel assay, but were beyond
the scope of the present study. This would further expand and ‘validate’ the applicability
of this novel whole cell PBP binding assay. Overall, this approach brings our understand-
ing of the mechanisms of b-lactams action and their target site penetration in intact
bacteria to the next level (19).

The proposed assay can be readily expanded to studying PBP binding by double b-lac-
tams combinations with or without a BLI in resistant strains, while using flow cytometry
and confocal microscopy to confirm morphology changes due to PBP binding (19).
Moreover, future studies should assess the rate and extent of PBP binding in different
growth phases and physiological states (e.g., stationary phase, slow and non-replicating
persisters, and bacteria in biofilms). This would provide mechanistic insights for further
optimizing b-lactam combination therapies via complementary PBP binding, b-lactamase
inhibition, and enhancing target site penetration. These mechanisms can be readily imple-
mented into the developed QSP model for PBP binding. This approach can predict the
extent and time course of PBP inactivation using human plasma concentration time profiles
and between patient variability in pharmacokinetics for monotherapies and combinations.

A limitation of our study is the use of a single P. aeruginosa strain and lack of studies
on isogenic strains with knockout or over-expression of efflux, b-lactamases, and OM por-
ins. However, our comprehensive data set comprised 15 drugs studied at least in dupli-
cate. We used a single drug concentration and therefore had to fix the Km. Informed by
mechanistic prior studies (58), we modeled PBP binding in periplasm to be linear (i.e.,
non-saturable) using second-order acylation rate constants. Some of the latter were fixed
(after in-depth sensitivity analyses) for the highest affinity targets due to our first sample
being at 15 min (Table S1). We observed slightly more noise in the lysed but not in the
intact cell assay for imipenem and meropenem (but not for the other carbapenems) for
PBP3. Our results for carbapenems will likely change with altered OM porin expression
(e.g., loss of OprD). Moreover, isolate-to-isolate genomic variability between the different
laboratory-adapted reference strains in various laboratories worldwide may affect the
results. It is well known that PAO1 strains present genomic and phenotypic diversity that
may affect target site penetration. However, limited changes in b-lactam susceptibility
have been observed for any of the tested antimicrobial agents in any of the in different
PAO1 lineages studied (68, 69). Furthermore, the MIC changes were not correlated with
small nuclear polymorphisms (SNP) detected in genes that take part in OM permeability
regulation (e.g., non-synonymous SNPs in mexT; which activates the expression of the
MexEF-OprN efflux pump and represses OprD expression) (68, 69). A potential further li-
mitation is studying a relatively short duration (60 min). While this allowed us to system-
atically compare the OM penetration and PBP binding between different drugs, a longer
duration may have provided additional insights for slowly penetrating drugs. However,
such studies would likely be subject to more pronounced growth phase related PBP
expression changes.

In summary, this study identified PBP5/6 to be an important sink target and showed
that b-lactams which bind PBP5/6 had to have a rapid rate of net influx and PBP access
in order to achieve 2 � the MIC. Conversely, slowly penetrating b-lactams could achieve
2 � the MIC, if they had limited or no PBP5/6 binding. We comprehensively compared
the rate and extent of PBP binding in intact and lysed P. aeruginosa and found that car-
bapenems (except ertapenem) rapidly inactivated PBPs, followed by cephalosporins
(except cefoxitin), penicillins and aztreonam. Avibactam penetrated relatively fast. The
proposed assay characterizes the rate of net influx and PBP access of drug molecules
which ultimately covalently bind to PBPs in the presence of all expressed resistance
mechanisms. Thus, the assay captures the pharmacologically active drug molecules (i.e.,
those that inactivate PBPs), which is arguably the most important predictor for bacterial
killing. These novel mechanistic insights enhance our understanding of the rate and
extent of PBP binding in intact bacteria and provide tangible guidance for optimizing
future PBP-binders.
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MATERIALS ANDMETHODS
Antibiotics in vitro susceptibility testing. b-Lactam antibiotics used were ertapenem (Merck Sharp

& Dohme), imipenem (Fresenius Kabi), meropenem (Aurovitas), cefepime (Accord Healthcare), cefoxitin
and ceftazidime from Laboratorios Normon (), aztreonam (Bristol-Myers Squibb), as well as doripenem,
carbenicillin, piperacillin, ticarcillin, avibactam, relebactam, sulbactam, and tazobactam from MedChem
Express. The b-lactam MICs were determined at least in duplicate in strain P. aeruginosa PAO1 following
the Clinical and Laboratory Standards Institute (CLSI) broth microdilution method (70).

Whole cell PBP binding assay.We determined the extent of PBP binding in intact cells of PAO1 at 0,
15, 30, and 60 min after incubation with 10 structurally different b-lactams (4 carbapenems, 2 cephalospo-
rins, 3 penicillin, and 1 monobactam) and 3 BLI. Late exponential growth-phase P. aeruginosa PAO1 cul-
tures (7.6 log10 CFU/mL) were incubated in cation-adjusted Mueller-Hinton broth (CAMHB; Oxoid) at 37°C
(180 rpm) containing 2 � MIC (Table 1) of each b-lactam. Avibactam, relebactam, sulbactam, and tazobac-
tam were studied at a fixed concentration of 4 mg/L that is within the clinically relevant range for these
BLIs. A volume of 50 mL from control and treatment samples were taken 15, 30, and 60 min post-incuba-
tion, kept on ice, and centrifuged (3,220 � g for 10 min at 4°C). Bacterial pellets were washed in 30 mL of
phosphate-buffered saline (PBS) buffer (pH 7.5) four times, resuspended in 10 mL of PBS, and gently soni-
cated using a Digital Sonifier Unit model S-450D (Branson Ultrasonics Corp.) immersed in an ice bath.
Membranes containing antibiotic-bound PBPs were collected by ultracentrifugation (150,000 � g, 30 min,
4°C) using an Optima L100XP Ultra centrifuge (Beckman Coulter, Inc.) and resuspended in 60 mL of PBS.
Total protein content was measured using the Quick Start Bradford protein assay kit with bovine serum al-
bumin as standard (Bio-Rad Laboratories), according to the manufacturer’s instructions.

To determine the unbound fraction of PBPs, membranes containing PBPs (10 mg) were labeled with
25mM the fluorescent penicillin probe, Boc-FL, for 15 min at 37°C (18). Adding Boc-FL at this high concen-
tration labels all unbound PBPs. Labeled PBPs were separated through 4 to 15% SDS-polyacrylamide gels
(Bio-Rad Laboratories) and visualized using a Typhoon FLA 9500 biomolecular imager (GE Healthcare Bio-
Sciences AB) with an excitation wavelength of 488 nm and emission at 530 nm. Binding to different PBPs
was determined from at least 3 independent experiments using the ImageQuant TL software (version
v8.1.0.0, GE Healthcare Bio-Sciences AB).

Serial viable counts were determined to assess bacterial growth and killing up to 60 min. To rule out
any significant dissociation of the covalent PBP-drug complex or displacement of the drug by Boc-FL, we
carefully optimized the incubation times and labeling conditions for the intact cell binding studies
described above for selected compounds from each subgroup of b-lactams. We further optimized the
amount of protein loaded on the gels as well as the Boc-FL concentration. To determine the PBP binding
profiles without the penetration barrier imposed by the outer membrane, the same PBP binding experi-
ments were carried out with isolated PBP-containing membranes following previously described protocols
(14). Briefly, samples (of 50 mL each) were obtained from late exponential growth-phase P. aeruginosa
PAO1 cultures (7.6 log10 CFU/mL) and incubated 15, 30, and 60 min at 37°C with the previously described
compounds, and afterwards labeled with Boc-FL (25 mM). Determination of the unbound PBP fractions
was performed as described above. This allowed us to compare the rate and extent of PBP binding
between lysed and intact bacteria for each compound, and to thereby draw inferences about their rates of
target site penetration and access to different PBPs.

Statistical data analysis. The GraphPad Prism software (version v5.01) was used for graphical repre-
sentation and statistics. For each replicate, the fraction of unbound PBPs was calculated by normalizing
the band intensity of each PBP band against the intensity of the respective PBP and replicate at 0 h (i.e.,
before adding drug). A value of 1.0 for the fraction of unbound PBPs represents no binding and a value
of 0.0 complete PBP binding (i.e., inactivation). Data on PBP7 were not reported, since PBP7 had rela-
tively low expression, its data were rather noisy, and PBP7 did not show a clear trend of binding.

The average extent of unbound PBPs (AUC0-60min) was calculated over the observed 60 min using the
linear trapezoidal rule in the Phoenix 64 WinNonlin Professional software (version 8.3.4.295, Certara).
Statistically significant binding was concluded if the extent of PBP binding differed significantly from
1.0. Subsequently, we used linear mixed-effects modeling to compare the least square means of the
AUC0-60min for each PBP between lysed and intact cells of each drug.

Quantitative and systems pharmacology modeling. The individual PBP binding profiles were
modeled for each PBP, replicate, and drug via population modeling. We compared the overall kinetics of
PBP binding for the 6 receptors simultaneously and did not seek to resolve the micro-constants of the
binding reactions.

Mass balance equations. To implement mass balance, we accounted for the relative band intensity
across PBP1a, PBP1b, PBP2, PBP3, PBP4, and PBP5/6. We are not aware of published data on the total
number of PBP molecules per cell in P. aeruginosa. Therefore, we compared the PBP expression between
E. coli and P. aeruginosa (Tab. S3) and then borrowed the published number of PBPs (i.e., 1,731) in rich
broth medium from E. coli (16). Based on this total number of PBP molecules per cell, the relative band
intensities from P. aeruginosa were used to split these among the 6 PBPs. These were 153 molecules for
PBP1a (equivalent to 8.8% of all PBPs), 118 (6.8%) for PBP1b, 50 (2.9%) for PBP2, 79 (4.6%) for PBP3, 99
(5.7%) for PBP4, and 1,232 (71.2%) for PBP5/6. We estimated a random variable (e.g., Fini1a) for a poten-
tial small deviation of the initial condition from the nominal value of PBP molecules per cell at 0 h for
each dependent variable (e.g., 153 for PBP1a) (Fig. S8).

Simultaneous binding of 6 PBPs. To describe the simultaneous binding of 6 PBPs, we implemented
7 coupled differential equations, i.e., 1 for each PBP and the number of drug molecules available for PBP
binding at the target site. For studies in lysed bacteria, this number of drug molecules was initialized at
a larger number (10,000,000) to reflect a vast excess compared to the number of PBPs (i.e., 1,731) and
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net influx rate was set to zero. In intact bacteria, the number of drug molecules at the periplasmic target
site was initialized at zero and the rate of net influx and PBP access (RateInflux/access) was estimated. The
RateInflux/access represents the number of b-lactam molecules that penetrate periplasm and that bind one
of the different PBPs (i.e., molecules that are neither effluxed nor inactivated by the AmpC b-lactamase).
The RateInflux/access was scaled according to the extracellular b-lactam concentration (Cdrug) assuming that
the penetration rate was linear (i.e., not saturable) (71).

RateInflux=access ¼ RateInflux=access;scaled �Cdrug (1)

The scaled net influx rate (RateInflux/access,scaled) differs from a permeability coefficient, in that the for-
mer directly describes the number of drug molecules that penetrate and covalently bind to the 6 PBP tar-
get receptors. In contrast, when estimating a permeability coefficient, one would also need to account for
drug loss due to b-lactamase activity, efflux, and passive diffusion out of periplasm. The number of drug
molecules per cell in periplasm (NPeri) was then used in Michaelis-Menten equations to describe the bind-
ing to each PBP (as shown for PBP1a):

MM1a ¼ Vmax;1a

Km1NPeri
(2)

The Vmax,1a is the maximum rate of acylation (unit: number of molecules per minute) for PBP1a and the
Km is the Michaelis-Menten constant (unit: number of drug molecules). The Km was fixed to 1,000 drug
molecules, because only one drug concentration was studied and thus the data set did not support esti-
mation of Km. The chosen Km value assured linear (i.e., non-saturated) PBP binding in periplasm of the
intact cell assay. In the lysed cell scenario, this means the PBP binding reaction was fully saturated in the
presence of the large excess of drug molecules (i.e., 107 = 10,000x Km). The Michaelis-Menten equations
for the binding of the other PBPs used the same equation with separate maximum rates of acylation. The
de-acylation rate was not modeled, as it is slow compared to the study duration of 60 min. This yields the
following differential equation for the number of unbound PBP1a molecules per cell (NPBP1a):

d NPBP1að Þ
dt

¼ 2MM1a �NPeri � NPBP1a (3)

The NPeri represents the number of drug molecules per cell in periplasm. The same equation was
applied to all other PBPs. To reflect the competition in the access of a drug molecule in periplasm that
can bind to one of the six PBPs, the differential equation for NPeri contained the binding reaction terms
for each of the six PBPs included in the model:

d NPerið Þ
dt

¼ RateInflux=access 2MM1a �NPBP1a 2MM1b �NPBP1b 2MM2 �NPBP2 2MM3

�NPBP3 2MM4 �NPBP4 2MM5=6 �NPBP5=6 (4)

Once a drug molecule bound to one of the six PBPs, the drug molecule was lost (i.e., ‘consumed’)
and the number of unbound PBP molecules decreased accordingly.
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