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ABSTRACT 

Carbapenem antibiotics are used as a last-resort treatment for infections caused by multidrug-resistant 

bacteria. The wide spread of carbapenemases in Gram-negative bacteria has severely compromised the 

utility of these drugs and represents a serious public health threat. To combat carbapenemase-mediated 

resistance, new antimicrobials and inhibitors of these enzymes are urgently needed. Here we describe 

interaction of the atypically C5α-methyl-substituted carbapenem, NA-1-157, with the GES-5 

carbapenemase. MICs of this compound against Escherichia coli, Klebsiella pneumoniae, and 

Acinetobacter baumannii producing the enzyme were reduced 4-16-fold when compared to MICs of the 

commercial carbapenems, reaching clinically sensitive breakpoints. When NA-1-157 was combined with 

meropenem, a strong synergistic effect was observed. Kinetic and ESI-LC/MS studies demonstrated that 

NA-1-157 is a potent inhibitor of GES-5, with a high inactivation efficiency of (2.9 ± 0.9) × 105 M-1s-1. 

Acylation of GES-5 by NA-1-157 is biphasic, with the fast phase completing within seconds, and the slow 

phase taking several hours and likely proceeding through a reversible tetrahedral intermediate. 

Deacylation was extremely slow (k3 = (2.4 ± 0.3) × 10-7 s-1), resulting in a residence time of 48 ± 6 days. 

MD simulation of the GES-5-meropenem and GES-5-NA-1-157 acyl-enzyme complexes revealed that the 

C5α-methyl group in NA-1-157 sterically restricts rotation of the 6α-hydroxyethyl group preventing 

ingress of the deacylating water into the vicinity of the scissile bond of the acyl-enzyme intermediate. 

These data demonstrate that NA-1-157 is a potent irreversible inhibitor of the GES-5 carbapenemase. 

 

KEYWORDS. Carbapenemase, carbapenem, inhibitor, crystal structure, antibiotic resistance, kinetics  
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Dissemination of carbapenem-resistant Gram-negative bacteria has significantly exacerbated the 

worldwide problem of antibiotic resistance. Though several mechanisms can contribute to carbapenem 

resistance, such as reduced permeability, upregulated efflux, and modification of the drug target, the 

penicillin-binding proteins (PBPs), the most prevalent mechanism is production of carbapenemases, 

enzymes that hydrolyze carbapenem antibiotics, thus rendering them inactive.1 Carbapenems belong to 

the largest family of antibiotics, β-lactams, and are often used as last-resort therapy for deadly infections 

caused by multidrug-resistant bacterial pathogens.2 As such, spread of carbapenemase-producing bacteria 

is especially worrisome as it further narrows already limited therapeutic options.  

Carbapenemases are divided into four molecular classes, with classes A, C, and D utilizing an active-

site serine for catalysis, whereas those from class B are zinc metalloenzymes. Of these, the class A 

enzymes include most of the clinically-relevant carbapenemases, such as those from the GES, KPC, SME, 

FRI, and IMI/NMC-A families, and the CTX-M-33, SHV-38, and PenA enzymes.3-4 Sometimes referred 

to as “minor carbapenemases”, the GES-type enzymes are becoming more frequently identified in Gram-

negative clinical isolates. Originally, they were mainly found in Pseudomonas aeruginosa5, however, 

more recently they have disseminated to various members of the Enterobacterales order, such as 

Klebsiella pneumoniae, Escherichia coli, and Enterobacter cloacae, and also Acinetobacter baumannii.3 

This constitutes a troubling trend that highlights potential of these enzymes to become one of the major 

carbapenemases. The first GES variant, GES-1, was isolated from K. pneumoniae in 1998 and possessed 

extended-spectrum activity against β-lactams, including penicillins and broad-spectrum cephalosporins, 

but not carbapenems or cephamycins.6 However, since then nearly 60 variants have been detected 

worldwide, with 33 of them having the Gly170Ser mutation, which is associated with resistance to 

carbapenems in clinical isolates.7 Infections caused by P. aeruginosa expressing such enzymes are 

associated with higher mortality rates.8 In some cases, multiple GES variants have been found in the same 
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isolate.9-11 Additionally, two different GES enzymes were found to express in tandem in two P. aeruginosa 

isolates, and it was suggested that they produce a synergistic effect that leads to high-levels of resistance 

to β-lactams.12 GES variants have also been identified in combination with other carbapenemases, such 

as the class B metalloenzymes VIM-11 and IMP-1 and the class D enzyme OXA-23, extending the 

spectrum of β-lactam resistance and increase of its levels.10, 13-14 These findings further underscore the 

clinical importance of GES-type enzymes and the need for novel antimicrobial agents to fight GES-

mediated β-lactam resistance.  

One successful strategy for circumventing antibiotic resistance is use of β-lactamase inhibitors in 

combination with β-lactam antibiotics. The earliest clinically used inhibitors active against class A 

enzymes, clavulanic acid, tazobactam, and sulbactam, were successfully used to treat infections caused 

by bacteria producing narrow spectrum β-lactamases.15 However, emergence of inhibitor-resistance and 

pathogens producing extended spectrum β-lactamases significantly diminished the therapeutic utility of 

classical β-lactamase inhibitor/β-lactam combinations. As a result, modified β-lactam-based inhibitors 

(e.g. enmetazobactam), and also non-β-lactam inhibitors, such as the diazabicyclooctanes (DBOs) and 

boronates, were developed.16 These inhibitors vary in their spectrum of activity and mode of inhibition, 

and several of them are approved for clinical use to treat infections caused by some carbapenemase-

producing pathogens.17-20 Another obvious, but less exploited strategy to fight carbapenemase-mediated 

resistance, is to modify carbapenem antibiotics themselves, to render them resistant to degradation by 

these enzymes, as these drugs are well studied, widely used, and have a wide spectrum of activity, very 

low toxicity, and well-known pharmacological properties. In one of the earlier studies, several carbapenem 

derivatives with a C5α-methyl group substitution were synthesized, and some of them demonstrated good 

activity mostly against Gram-positive bacteria.21 Using quantum mechanical/molecular mechanical-based 

molecular dynamics (MD) simulations, it was shown that the C4-methyl group of aztreonam is responsible 
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for the slower deacylation rate of this monobactam from a class C β-lactamase relative to the cephalosporin 

cephalothin.22   

More recently, it was reported that the C5α-methyl group-containing, novel carbapenem NA-1-157 

(Figure 1A) exhibits potent activity against the important clinical pathogens, Mycobacterial tuberculosis 

and Mycobacterial abscessus23, and Enterobacterales producing the major class D carbapenemase OXA-

4824. Upon further evaluation of this drug, we observed that NA-1-157 also possesses potent activity 

against bacteria producing the GES-5 carbapenemase. Here we report the microbiological, biochemical, 

and structural characterization of NA-1-157 with GES-5 and show it is a potent inhibitor of the enzyme. 

 

RESULTS AND DISCUSSION 

Antimicrobial Susceptibility Testing. Since the GES-5 carbapenemase is commonly found in bacteria 

from the Enterobacterales order, we evaluated the activity of NA-1-157 by measuring its MICs against 

E. coli JM83 and K. pneumoniae ATCC 13883 expressing the enzyme. We observed that the compound 

demonstrated 4-fold more potent antimicrobial activity than meropenem, where its MICs was 0.5 µg/mL 

against both bacteria, which is below the clinically susceptible level (1 µg/mL) as defined by the Clinical 

Laboratory Standards Institute (CLSI)25 (Table 1). Next, we assessed the MICs of meropenem in 

combination with NA-1-157 by performing a checkerboard assay. When the compound was added at a 

concentration 2-fold below its MIC, the MICs of meropenem were reduced 64-fold to the background 

level of each strain (0.031 µg/mL). When NA-1-157 was added at a lower concentration (8-fold below its 

MIC), the MICs of meropenem were still reduced below the clinically sensitive level to 0.5 µg/mL for 

both strains. The heat maps generated from the checkerboard data are shown in Figure S1. To quantify 

the interaction between meropenem and NA-1-157, we calculated the fractional inhibitory concentration 

(FIC) index, where values <0.5 indicate synergy.26 For E. coli JM83 and K. pneumoniae ATCC 13883 



6 
 

expressing GES-5, the FIC index values were 0.31 and 0.19 (in both cases with 0.125 µg/mL meropenem 

and NA-1-157), respectively, showing that there is a synergistic relationship between the two carbapenems 

for both bacteria. We also evaluated the activity of NA-1-157 against the important clinical pathogen A. 

baumannii expressing the enzyme from a shuttle vector27. The MICs of meropenem and imipenem against 

this strain were 32 and 16 µg/mL, respectively, while the MIC of NA-1-157 was just 2 µg/mL, which is 

at the clinically susceptible level25 (Table 2). Also of note, the MIC of the compound against the parental 

sensitive A. baumannii strain was the same as that of meropenem, suggesting that structural changes in 

NA-1-157 do not affect its permeability and/or binding to PBPs in this bacterium. Together, these results 

demonstrate that NA-1-157 is either an inhibitor or a very poor substrate of GES-5 and indicate that the 

compound could potentially be used alone as an antibiotic or as an inhibitor in combination with current 

commercial antibiotics against bacteria expressing this carbapenemase. 

 

Enzyme Kinetics. Next, we performed detailed kinetic studies to investigate the mechanism of interaction 

between NA-1-157 and GES-5. To evaluate whether there was any reaction between them, we monitored 

the change in absorbance at 298 nm under steady-state conditions with an excess of the compound. The 

progress curves showed that there was a decrease in absorbance, indicating opening of the β-lactam ring 

of NA-1-157 and acylation of GES-5, where the velocity progressively slowed over the course of several 

hours, at which point the reaction had ceased (representative curve shown in Figure 2A). This 

measurement also showed that the initial absorbance was lower than expected for the concentration of the 

compound used, and the total change in absorbance observed over the course of the reaction was about 2-

fold lower than the concentration of GES-5. These data indicated that the reaction was biphasic, where 

the fast initial phase took place during the manual mixing time of the experiment. To test this, we measured 

the reaction using a stopped-flow instrument and found that there was indeed a fast phase of the reaction 
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that was complete within a second (Figure 2A insert) as has been observed with some commercial 

carbapenems and class A and D enzymes.28-31 The total change in absorbance for both the fast and slow 

reactions was close to the concentration of GES-5, with the slow and fast phases corresponding to 55 ± 

8% and 56 ± 9%, respectively, demonstrating that no detectible deacylation took place during the 5 h 

reaction. 

To evaluate the rate constants k2 fast and k2 slow (Scheme 1), corresponding to the fast and slow phases 

of the acylation reaction, respectively, we performed single-turnover experiments with a molar excess of 

GES-5 over NA-1-157. For the fast phase, the reaction comprised 46 ± 5% of the total, and the acylation 

rate constant k2 fast was calculated to be 99 ± 31 s-1 (Table 3 and Figure 2B). This value is similar to the 

lower limit of k2 fast determined for the acylation of GES-5 by the closest structural analogue of NA-1-157, 

meropenem, and at least 4.5-fold slower than that of imipenem.29 For the slow phase that comprised 47 ± 

2% of the total reaction, saturation was reached with the lowest enzyme concentration used (5-fold molar 

excess over NA-1-157), and the k2 slow value ((2.6 ± 0.1) × 10-4 s-1) was nearly 400,000-fold lower than 

that of k2 fast (Table 3 and Figure 2C). This k2 slow value is 330- and 1300-fold lower than that measured for 

meropenem and imipenem, respectively. Combined, these data demonstrate that structural differences 

between NA-1-157 and the other carbapenems mostly impact the slow phase of acylation. 

Next, we evaluated whether NA-1-157 is able to deacylate from GES-5 by performing jump dilution 

experiments after overnight preincubation to ensure that all enzyme molecules were in the covalent 

complex. Following jump dilution, we observed return of only a tiny fraction (<1% after 2 h) of enzyme 

activity using a continuous absorbance assay (Figure 2D). Subsequently, we used a discontinuous assay 

to monitor restoration of enzyme activity for up to 30 days (the control showed that during this time the 

enzyme retained >80% activity). Based on these data, we calculated the rate constant for deacylation, k3 
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(Scheme 1), to be (2.4 ± 0.3) × 10-7 s-1, which translates to a residence time of 48 ± 6 days (Table 3); this 

shows that for clinical purposes, NA-1-157 is an irreversible covalent inhibitor of GES-5.  

To get further insights into the mechanism of inhibition of GES-5 by NA-1-157, we evaluated steady-

state inactivation kinetic parameters by performing a competition experiment using the chromogenic 

cephalosporin nitrocefin as a reporter substrate. In this experiment, the progress curves for hydrolysis of 

nitrocefin showed a slow onset of inhibition, which is typically observed for slow binding inhibitors.32 

Inhibition by slow binding inhibitors can proceed through either a one-step or a two-step mechanism. For 

a one-step mechanism, the relationship between kinter (kinter is the apparent first-order rate constant for 

interconversion between the initial and steady-state velocities of nitrocefin hydrolysis) and inhibitor 

concentration is linear, whereas for a two-step mechanism, the relationship can be either hyperbolic or 

linear.33-34 From the progress curves, the kinter values were evaluated for various concentrations of NA-1-

157 (up to the detection limit of the assay; plot is shown in Figure 2E). Under these conditions, it was not 

clear whether the generated curve is linear or hyperbolic. Because it is generally accepted that β-lactamase-

carbapenem chemistry proceeds through a two-step mechanism, we used this model to analyze our 

inactivation data. In this mechanism, there is an initial binding event to form the noncovalent Michaelis 

complex that proceeds through a tetrahedral intermediate transition state to form the covalent acyl 

enzyme.15  

First, we evaluated which steps in the catalytic mechanism of inhibition of GES-5 by NA-1-157 could 

contribute to the inactivation process. The progress curves for nitrocefin hydrolysis by GES-5 in the 

presence of NA-1-157 showed the enzyme was inactivated in less than 2 min (data not shown). This shows 

that only the fast phase of acylation of GES-5 by NA-1-157 (described by k2 fast), which completes within 

seconds, contributes to the inactivation process, and excludes the contribution of the slow phase that takes 

several hours. However, the fast phase comprised only about half of the total acylation reaction, indicating 
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that there must be another contributing factor to inactivation of GES-5. To investigate this, we performed 

the jump dilution experiment after a short preincubation time (20 s) to allow for only the fast phase of 

acylation to occur, and saw that approximately 44% of GES-5 activity returned (Figure 2F). This result is 

in agreement with our single-turnover data showing that around half of the enzyme population acylates 

fast according to the k2 fast rate constant (Table 3), and demonstrates that during this short time, only part 

of the GES-5 molecules form the irreversible covalent acyl-enzyme intermediate, while the remaining 

molecules must form a reversible complex. The progress curves for nitrocefin hydrolysis by GES-5 in the 

presence of NA-1-157 also support that inactivation is at least partly reversible, as the steady-state 

velocities never dropped to zero. Together, these results suggest that inactivation of GES-5 by NA-1-157 

results from simultaneous formation of both the covalent irreversible acyl-enzyme intermediate formed 

during the fast phase of acylation and a reversible species. To evaluate the inactivation kinetics, we 

determined the maximum rate of inactivation of GES-5 by NA-1-157. Commonly, this is often reported 

in the literature as kinact, which describes inhibition resulting from formation of only irreversible species.32 

However, since inactivation of GES-5 by NA-1-157 results from formation of both irreversible and 

reversible species, we call this parameter kNA-1-157, similar to what was reported for inactivation of GES-

1, GES-2, and GES-5 by clavulanic acid and GES-2 by tazobactam.35-36 We also evaluated KI, which is 

the concentration of NA-1-157 required to reach one half of kNA-1-157. From fitting the data (Figure 2E), 

the parameters kNA-1-157 and KI were calculated to be 4.1 ± 0.8 s-1 and 14 ± 3 µM, respectively, which 

shows that NA-1-157 has a relatively high inactivation efficiency (kNA-1-157/KI = (2.9 ± 0.9) × 105 M-1s-1) 

and is a potent inhibitor of GES-5. 

To investigate further whether inactivation of GES-5 by NA-1-157 results from formation of both the 

irreversible acyl-enzyme intermediate and a reversible complex, we analyzed the enzyme species present 

in the reaction at different time points using electrospray ionization-liquid chromatography/mass 
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spectrometry (ESI-LC/MS) under denaturing conditions. For this experiment, the enzyme was incubated 

with excess NA-1-157, and aliquots were removed at predetermined time points. ESI-LC/MS analysis of 

these samples revealed that already at the earliest time point (20 s), nearly all (96%) GES-5 was in a 

covalent complex with NA-1-157 (29,629 Da), as judged by the increase in mass of the apo enzyme of 

384 Da (Figure S2A). At later time points in the experiment (1 h), we also observed two other species that 

were 142 and 158 Da smaller than the parent species (29,487 and 29,471 Da; data not shown). We believe 

that these smaller species are the result of fragmentation of NA-1-157 due to the ESI-LC/MS conditions, 

similar as has been reported for meropenem37-38. This result is not in agreement with our kinetic data 

(described above) showing that during the time scale of 20 s, only half of the GES-5 molecules form the 

irreversible covalent acyl-enzyme intermediate, while the remaining molecules form a reversible complex. 

Such reversible covalent complex may be represented by a tetrahedral intermediate (oxyanion) as has been 

described for the interaction of Ldtfm with β-lactams,39 but, to our knowledge, has not been reported for 

β-lactamases. To confirm whether any of the observed covalent GES-5-NA-1-157 species is indeed 

reversible, we repeated the experiment with some modifications. As before, GES-5 was incubated with an 

excess of NA-1-157, aliquots were taken at three time points (2 min, 30 min, and 2 h), and excess 

compound was rapidly removed chromatographically. Subsequently, another carbapenem, NA-1-20823 

(Figure 1A), which has a molecular mass 14 Da larger than NA-1-157 and forms a stable acyl-enzyme 

complex with GES-5 (Figure S2B), was added in a large excess and incubated for 30 min prior to analysis. 

ESI-LC/MS measurements of these samples revealed the presence of two different covalent species with 

masses corresponding to the GES-5-NA-1-157 and GES-5-NA-1-208 complexes (Figure S2C). The 

relative abundances of these species were 54 ± 11% and 47 ± 11% after 2 min and 70 ± 12% and 30 ± 

12% after 30 min for the GES-5-NA-1-157 and GES-5-NA-1-208 complexes, respectively, while after 2 

h only the GES-5-NA-1-157 covalent complex was observed. In all cases, there was no apo enzyme 
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observed. These results are in agreement with our kinetic data showing that only half of the inhibited 

enzyme species are represented by a classical acyl-enzyme intermediate, while the remaining is reversible, 

and requires more than 2 h to eventually convert to the irreversible classical acyl-enzyme intermediate.  

 

Molecular Docking. In order to gain insights into the biphasic acylation observed for the interaction of 

NA-1-157 with GES-5, molecular docking of intact (non-hydrolyzed) meropenem and NA-1-157 into the 

apo-GES-5 structure was performed to generate pre-transition state Michaelis models. The binding 

energies for meropenem and NA-1-157, estimated by ICM-Pro40, were -9.4 kcal mol-1 and -8.4 kcal mol-

1, respectively (Table S1), suggesting that GES-5 has an approximately 6-fold lower affinity for NA-1-

157 compared to meropenem. The lowest energy poses from multiple docking simulations for both 

meropenem and NA-1-157 had the molecules in similar conformations, with the β-lactam ring adjacent to 

the catalytic serine and the C3 carboxylate group interacting with three conserved residues, Thr235, 

Thr237, and Arg244 (Figures 3A and 3B). The O7 carbonyl on the β-lactam ring was positioned in the 

vicinity of the oxyanion hole, a well-characterized feature of the serine β-lactamases41, where it accepts a 

hydrogen bond from the main chain amide nitrogen atom of Thr237. The site of nucleophilic attack (the 

C7 carbon atom) is 2.99 Å and 2.91 Å from the Oγ atom of the catalytic Ser70 in the GES-5-meropenem 

and GES-5-NA-1-157 models, respectively.  

Superposition of the GES-5-meropenem and GES-5-NA-1-157 Michaelis complexes (Figure 3C) 

shows that the C7-O7 carbonyl atoms and the C3 carboxylate groups overlap almost perfectly even though 

the β-lactam ring and the fused pyrroline rings are slightly twisted in one complex relative to the other. 

This in turn displaces the sulfur atom and the pyrrolidine rings by approximately 0.5 Å. In both molecules, 

the 6α-hydroxyethyl (6α-HE) group is in an outward-facing orientation (relative to the catalytic serine and 
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lysine residues) (Figures 3A and 3B). A hydrogen bond between the O62 atom and the Nδ2 atom of 

Asn132 anchors the 6α-HE group in this rotamer conformation.  

To evaluate whether these models are viable Michaelis complexes, we compared them to known 

Michaelis complexes of β-lactam antibiotics with class A β-lactamases (BlaC from Mycobacterium 

tuberculosis, PDB codes 3NY4, 7K8F, and 7K8H, and SFC-1 from Serratia fonticola, PDB code 4EUZ). 

The orientation and interactions of the β-lactams with these enzymes (namely the C7-Oγ(Ser70) distances 

and the angle between the plane of the β-lactam ring and the Oγ) are almost identical to the those seen in 

our GES-5 models, suggesting that meropenem and NA-1-157 in these models are properly positioned for 

efficient attack by the catalytic serine. 

Our kinetic studies showed that GES-5 acylation by meropenem and NA-1-157 proceeds through two 

phases, fast and slow. The fast phase for both carbapenems completes within seconds, and the k2 fast values 

are very similar. This is reflected in the docking studies that showed that the initial orientations with 

respect to the catalytic serine are almost identical (Figure 3C). Unlike the fast phase, the slow phases of 

enzyme acylation are very different. For meropenem, this phase is complete in around 40 s29, whereas for 

NA-1-157, it requires several hours to complete. Using MS experiments we observed that during the slow 

phase, a non-classical covalent interaction (which we surmise could be a tetrahedral transition state) 

between GES-5 and NA-1-157 forms, which very slowly gets converted into the acyl enzyme. The 

subsequent MS competition experiment showed that this interaction is reversible, where at the earliest 

time point NA-1-208 substituted NA-1-157 in the GES-5 active site. This implies that NA-1-157 must 

leave the active site, which is then occupied by the competing carbapenem. To see whether we could 

observe this reversibility, MD simulations were performed on the GES-5-NA-1-157 and GES-5-

meropenem Michaelis models. The root-mean-square deviations (rmsds) of the protein main chain relative 

to the initial models (1.23 Å for meropenem and 1.26 Å for NA-1-157) showed that in both complexes 
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the protein remains in a stable conformation (Figure 4A) throughout the entire 100 ns. The rmsds of 

meropenem relative to its initial position at t = 0 ns indicate that the molecule remains close to its docked 

pose (average rmsd of 3.5 Å) (Figure 4B). Visual inspection of the MD trajectory for the GES-5-

meropenem Michaelis complex (Supplemental Movie File 1) shows that the core of the molecule remains 

essentially immobile, and it is rotation of the pyrrolidine-dimethylcarbamoyl tail that predominates in the 

calculated rmsd. This indicates that the GES-5-meropenem Michaelis complex remains viable over the 

duration of the 100 ns simulation. Conversely, after approximately 35 ns, the NA-1-157 molecule moves 

to an intermediate position (stage 2) which is on average about 7-8 Å from the initial position (stage 1), 

and then at around 80 ns, it moves even further to a position (stage 3) approximately 15 Å away (Figure 

4B and Supplemental Movie File 2). Examining the interactions between NA-1-157 and the enzyme more 

closely shows that the O7-N(Thr237) hydrogen bond (Figure 4C; green trace) remains essentially intact 

through the first 20-25 ns of stage 1, and the C7-Oγ(Ser70) distance (Figure 4C; orange trace) is such that 

the carbapenem remains positioned for nucleophilic attack. Near the end of stage 1 there is a gradual 

increase in both interactions leading into the transition to stage 2 at approximately 35 ns. An expanded 

view of the first 6 ns of stage 1 shows that during the first 2 ns, the C7 atom remains close to the Ser70 

side chain (< 3.6 Å) (Figure 4D; orange trace) at a distance favorable for efficient nucleophilic attack, and 

this may correspond to the initial fast phase of acylation. After 2 ns, the C7-Oγ(Ser70) and O7-N(Thr237) 

distances slightly lengthen (to ≥ 4 Å and 3.5 Å, respectively) and then remain essentially stable up to 

approximately 25 ns, after which the GES-5-NA-1-157 Michaelis complex breaks down to a point where 

nucleophilic attack on the C7 carbon by the catalytic serine would become unfavored. In stage 2, between 

35-80 ns, the O7-N(Thr237) bond is fully broken, with an average distance of ~10 Å (Figure 4C; green 

trace), and the C7 atom is approximately 9 Å from the catalytic serine Oγ, on average (Figure 4C; orange 

trace). Conversely, the interactions made from the NA-1-157 C3 carboxylate to the side chains of Thr235 
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(Figure 4E; gray trace), Thr237 (Figure 4E; yellow trace) and Arg244 (Figure 4E; blue trace) remain 

present throughout both stages 1 and 2 up to ~80 ns. During stage 2 of the simulation, the NA-1-157 

molecule pivots in the active site such that the β-lactam ring moves away from the catalytic serine yet 

retains the C3 carboxylate interactions (Figure 4F). In the final stage, from 80-100 ns, NA-1-157 leaves 

the active site and resides in the milieu (Figure S3), allowing ingress of a new NA-1-157 molecule into 

the active site.  

Combined, the kinetic, MS, and MD results show that the putative meropenem-GES-5 and NA-1-157-

GES-5 Michaelis complexes behave completely differently. Meropenem is retained in the active site and 

positioned for efficient acylation. NA-1-157 is initially (for the first 2 ns) also positioned for efficient 

acylation, which occurs only during the fast phase of the reaction. MS experiments showed that during 

the subsequent slow reversible phase of the reaction, NA-1-157 leaves the active site, which is consistent 

with the results of the MD simulation and the lower estimated binding affinity compared to meropenem.  

 

The Acyl-Enzyme Structures. The 3D structures of the acyl-enzyme complexes of GES-5-meropenem 

and GES-5-NA-1-157 were determined by X-ray crystallography. Inspection of the residual electron 

density in the active site showed that both meropenem and NA-1-157 were clearly present from the t = 3 

min soaking time point onwards (Figures S4A and S4B). The t = 5 min structures were taken to be the 

fully occupied structures and were refined to 1.62 Å and 1.50 Å for the GES-5-meropenem and GES-5-

NA-1-157 complexes, respectively. The electron density for the acylated carbapenems indicated that the 

intermediates are in the Δ2 tautomeric conformation, with the C2 atom sp2 hybridized and the sulfur atom 

coplanar with the pyrroline ring (Figure S4C). The final 2Fo-Fc density in the active sites of both 

complexes is shown in Figures 5A and 5B. The occupancies of the two carbapenems at the t = 5 min time 

point were also refined. The final values were 0.85 for meropenem and 0.94 for NA-1-157, indicating that 
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GES-5 was essentially fully acylated by both compounds by this timepoint. The slightly lower occupancy 

for meropenem may be indicative of some degree of deacylation beginning to take place. The high 

occupancy of NA-1-157 seems to contradict the kinetic results, which showed that about half of the 

enzyme was rapidly acylated, with the remaining enzyme acylated slowly over several hours. It is not 

surprising however, that results from bulk solution differ from those in crystallo, resulting primarily from 

conformational flexibility in the former case. It is possible that in solution the enzyme may be in two or 

even more different conformational states, one of which may be capable of rapid acylation, while the slow 

acylation observed could be due to the remaining molecules that are in some alternate conformational 

state. In crystallo however, given the limitations of crystal packing within the lattice, there are two possible 

scenarios. Crystal growth may be selecting for one enzyme conformation over the other, and in this case 

the conformation that crystallized is the one capable of rapid acylation. It is also plausible that the initial 

crystal nuclei forms from enzymes in the rapid acylation conformational state, and this subsequently 

induces conversion of molecules from the slow to the rapid state as they add to the growing crystal lattice. 

In addition to the covalent bond to the side chain of Ser70, the meropenem and NA-1-157 molecules 

are anchored by hydrogen-bonding interactions in the oxyanion hole between the O7 carbonyl oxygen and 

the main chain amide nitrogen atoms of Ser70 and Thr237 (Figures 5C and 5D). The C3 carboxylate group 

on the pyrroline ring interacts with the side chains of Thr235, Thr237, and Arg244. In both complexes a 

tryptophan residue (Trp105) at the N-terminus of helix α3 (Figure S3) forms one side of the active site, 

interacting via hydrophobic contacts with the pyrrolidine ring. This residue has been implicated in 

substrate recognition in various class A β-lactamases, including KPC-2, TEM-1, SME-1, CTX-M, and 

SHV-242-49, through aromatic interactions with the substrates and by changes in the orientation of the 

indole ring. Analysis of the class A β-lactamase structures available in the PDB (76 unique structures, 

including six GES enzymes) shows that ~22% have a tryptophan at position 105, while most of the 
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remaining have a tyrosine. In enzymes with a tryptophan, in the absence of any substrate or inhibitor, the 

t-105 rotamer, the third most preferred rotamer after m95 and t9050, predominates due to the presence of 

a stabilizing hydrogen bond between the Nε1 atom and the carbonyl oxygen of residue 129 (Ambler 

residue numbering).  Interestingly, in the GES-5-meropenem complex the Trp105 side chain is observed 

as the t-105 rotamer, the same as in apo-GES-551, whereas in the GES-5-NA-1-157 complex, the residue 

adopts the m95 rotamer (Figure 5E). This 120° flip of the Trp105 side chain observed in the GES-5-NA-

1-157 complex is likely caused by its C5α-methyl substituent, which could create some steric pressure if 

Trp105 was in the t-105 rotamer conformation (Figure 5E). The rotamer flip results in a rotation of the 

pyrrolidine tail of NA-1-157 relative to that of meropenem by approximately 60° to maintain a face-to-

face van der Waals interaction with the indole ring of Trp105. 

Superposition of the two complexes (Figure 5E) reveals that there is no appreciable difference in the 

position and orientation of core of NA-1-157 relative to meropenem (Figure 1A) (rmsd = 0.37 Å for 14 

common core atoms). To ascertain why meropenem is a substrate for GES-5 while NA-1-157 is a potent 

inhibitor, we turned to MD simulations of the two carbapenem acyl-enzyme complexes. In both cases the 

rmsds of the protein main chain relative to the initial model were 1.62 Å and 1.54 Å for meropenem and 

NA-1-157, respectively, indicating that the simulations were stable for the entire 100 ns (Figure S5), and 

that there were no major conformational changes. Analysis of the MD trajectory for the GES-5-

meropenem complex showed that the 6α-HE group, initially outward-facing relative to the catalytic serine, 

rotates in towards Lys73 and Glu166 within the first 4 ns (Figures 6A and 6B) and forms a hydrogen 

bonding interaction with the Oε2 atom of Glu166 (Figures 6C, 6D, and 6E). The hydrogen bond between 

O62 and the Nδ2 atom of Asn132 is retained when the 6α-HE group rotates (Figure 6E). The C7-C6-C61-

C62 torsion angle (Figure 1B), initially at 64°, moves to approximately 163° and remains in this 

conformation for the duration of the simulation (Figures 6A and 6B). Umbrella sampling of this torsion 
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angle in the GES-5-meropenem complex shows that the free energy profile (Figure S6) of the rotation is 

consistent with our observations of the unbiased MD simulation, with a very low free energy barrier (+0.9 

kcal mol-1) to traverse from 64° to 163°.  Conversely, the 6α-HE group of NA-1-157, also in the outward-

facing orientation, does not rotate at any point during the MD simulation, with the C7-C6-C61-C62 

torsion, initially at 60°, remaining at an average of 62° (Figures 6A and 6B). With the 6α-HE group in this 

conformation, the hydrogen bond between O62 of NA-1-157 and the Nδ2 atom of Asn132 is retained 

throughout the simulation, but there is no contact between O62 and the side chain of Glu166. Umbrella 

sampling simulations of the C7-C6-C61-C62 torsion angle in the GES-5-NA-1-157 complex shows an 

energy minimum at ~60° (Figure S6), consistent with the observed crystal structure. In order for the 6α-

HE group to rotate to ~160° it must cross a high (+7.5 kcal mol-1) energy barrier at 120°, which would be 

highly unfavored. 

Visual inspection of the MD trajectory for the GES-5-meropenem complex shows that upon rotation 

of the 6α-HE, a pocket between Glu166, Ser70, and the acyl-enzyme intermediate opens, and a water 

molecule (designated Wat1) from the TIP3P solvent model enters and remains hydrogen bonded to the 

glutamate for the duration of the simulation (Figure 7 and Figures S7A and S7B). Moreover, the water 

molecule is within 4 Å of the C7 atom of the acylated meropenem for the entire time, and is poised 

perfectly to attack the acyl bond once activated by deprotonation by Glu166 (Figures S7A and S7B). We 

deem Wat1 to represent the deacylating water molecule. A radial distribution function of the TIP3P solvent 

relative to the C7 atom of meropenem and the Oε2 atom of Glu166 (Figures S7C and S7D) confirms the 

presence of the deacylating water in the GES-5-meropenem complex. Conversely, in the GES-5-NA-1-

157 acyl-enzyme complex where the 6α-HE does not rotate, formation of the deacylating water pocket is 

prevented (Figure 7). Inspection of the MD trajectory and calculation of the radial distribution function 

shows that no external water molecules are observed in the vicinity of the Glu166 side chain.  
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Although the lack of rotation of the 6α-HE group in the GES-5-NA-1-157 acyl-enzyme complex is 

clearly preventing deacylation, consistent with the kinetic results, the question remains as to what is 

interfering with this rotation? In order for the 6α-HE group of either carbapenem to transition from the 

outward-facing to the inward-facing conformation, the C6-C61 bond can rotate either clockwise or 

counterclockwise (Figure 8A). When viewed along the bond from C61-C6, a clockwise (negative) rotation 

in both complexes would be prevented by a severe steric clash between the C62 atom and the Oε2 atom 

of Glu166, where the distance between them is just above the carbon-oxygen non-bonded contact distance 

of around 3.2 Å52 (Figure 8A and 8B). In the GES-5-meropenem and GES-5-NA-1-157 simulations, the 

high energy barrier (+~8-10 kcal mol-1) (Figure S6) at approximately 0° (equivalent to the C62 atom 

pointing directly at the Oε2 atom of Glu166) is clearly prohibitive to the rotation of the 6α-HE group in 

this direction. In the GES-5-NA-1-157 complex, a counter-clockwise (positive) rotation would also be 

prevented by an internal steric clash between the O62 atom and C51 methyl group, equivalent to the +7.5 

kcal mol-1 energy barrier seen in umbrella sampling (Figure S6). However, in the GES-5-meropenem 

complex, there is nothing to prevent the counter-clockwise rotation, and it occurs readily within the first 

4 ns of the MD simulation (Figures 6A and 6B). 

 

CONCLUSIONS 

In summary, the C5α-methyl substituted carbapenem NA-1-157 possesses potent antimicrobial 

activity against E. coli, K. pneumoniae, and A. baumannii producing the GES-5 carbapenemase. A 

competition experiment between NA-1-157 and nitrocefin showed that the compound inactivates the 

enzyme with high efficiency on a fast time scale (kNA-1-157 = 4.1 ± 0.8 s-1). Single-turnover kinetics 

demonstrated that acylation of GES-5 by NA-1-157 resulting in formation of the acyl-enzyme 

intermediate is biphasic, with a fast phase complete within seconds for roughly half of the enzyme present 
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in the reaction, while for the remaining, acylation proceeds over the duration of several hours. A jump 

dilution experiment confirmed that after a short preincubation time (20 s), only half of the inactivated 

enzyme regained activity. These data suggest that during inactivation, in addition to an irreversible acyl-

enzyme intermediate formed during the fast phase of the reaction, another reversible inhibitory complex 

is also formed. ESI-LC/MS revealed that the latter is also a covalent complex, which could be a reversible 

tetrahedral intermediate.39 The GES-5-NA-1-157 acyl-enzyme complex is extremely stable, and for all 

practical purposes is irreversible, as the deacylation rate constant is only (2.4 ± 0.3) × 10-7 s-1, which 

translates to a residence time of 48 ± 6 days. Structural studies and MD simulations demonstrated that the 

C5α-methyl substituent of NA-1-157 prevents access of a deacylating water to the active site. Introduction 

of the C5α-methyl group in NA-1-157 gives rise to the unprecedented reversible behavior during acylation 

of GES-5 and also arrests deacylation of the acyl enzyme. 
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METHODS 

Cloning. For MIC measurements, the wild type gene encoding the mature GES-5 carbapenemase was 

custom synthesized (Synbio Technologies) with the OmpA leader sequence (a silent mutation was made 

within the gene to remove an NdeI restriction site), and cloned between the NdeI and HindIII sites of either 

the pHF016 vector28 or the pNT221 shuttle vector27, resulting in plasmids pMT341 and pMT329, 

respectively. Plasmid pMT341 was introduced into E. coli JM83 and K. pneumoniae ATCC 13883 by 

transformation and electroporation, respectively, while plasmid pMT329 was introduced into A. 

baumannii CIP 70.10 by electroporation. Cells were grown in LB containing kanamycin (60 µg/mL for 

E. coli JM83, 10 µg/mL for K. pneumoniae ATCC 13883, and 30 µg/mL for A. baumannii CIP 70.10) to 

maintain plasmids. For protein expression, the E. coli optimized ges5 gene28 was amplified by PCR to 

remove the first 54 nucleotides encoding the leader sequence and to introduce an NdeI restriction site. 

Subsequently, the fragment was cloned between the NdeI and HindIII restriction sites in the pET24a(+) 

expression vector (Novagen), and the sequence was verified by DNA sequencing (McLab). The resulting 

pNS59 plasmid was transformed into E. coli BL21 (DE3).  

 

Antibiotic Susceptibility Testing. MICs were measured in Mueller-Hinton II broth in at least triplicate 

using the microdilution method according to the CLSI guidelines.53 Briefly, carbapenems were serially 

diluted 2-fold in microtiter plates, which were then inoculated with 5 × 105 CFU/mL bacteria. To evaluate 

whether the interaction between meropenem and NA-1-157 is synergistic, additive, indifferent, or 

antagonistic, a checkerboard assay was performed.26 Plates were incubated at 37 °C for 20 h for E. coli 

JM83 and K. pneumoniae ATCC 13883 or 24 h for A. baumannii CIP 70.10 prior to interpretation. The 

heat maps were generated by quantitating the cell density in the plates from the checkerboard assay. After 

subtracting the background, the values were normalized relative to the control well (with no carbapenem) 
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and averaged (for triplicate measurements) to determine the percent growth. The fractional inhibitory 

concentration (FIC) index was calculated according to the relationship: FIC index = FICA + FICB, where 

FICA = MICA+B/MICA and FICB = MICB+A/MICB. The MICA+B value is the MIC of A in the presence of 

B, while the MICB+A value is the MIC of B in the presence of A. FIC index values <0.5 were classified as 

synergistic.54  

 

Protein Expression and Purification. Cells were grown in LB containing 60 µg/mL kanamycin at 37 

°C, 190 RPM until an OD600nm of 0.8. Protein overexpression was induced by addition of IPTG (1 mM), 

the temperature was lowered to at 22 °C, and the cells were grown for an additional 17 h. The cells were 

harvested by centrifugation at 4000 xg for 10 min and resuspended in 20 mM Tris, pH 7.5. Next, the cell 

suspension was lysed by sonication, and the soluble fraction was recovered by ultracentrifugation at 

32,000 rpm for 1 h at 4 °C. Subsequently, the GES-5 enzyme was purified using ion exchange 

chromatography as previously described.29  

 

Enzyme Kinetics. All reactions were carried out in 50 mM sodium phosphate, 100 mM NaCl, pH 7.0 at 

22 °C in triplicate, and data were collected using either a Cary60 (Agilent) or stopped-flow (Bio-Logic) 

spectrophotometer. Nonlinear regression analyses were performed using Prism 9 (GraphPad Software, 

Inc.). 

Inhibition of GES-5 by NA-1-157. Reactions containing 5-100 µM NA-1-157 were initiated by addition 

of GES-5 (0.5-10 µM), and the change in absorbance was monitored at 298 nm (Δε = -10,240 M-1cm-1)24. 

Control reactions were run in the absence of GES-5, and the slope of the line was subtracted from the 

reaction in the presence of GES-5 to correct for nonspecific hydrolysis of NA-1-157. 
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Determination of the inactivation parameters, kNA-1-157 and KI. Competition reactions were carried out 

using nitrocefin (150 µM) as a reporter (λ = 500 nm, Δε = +15,000 M-1cm-1) and contained varying 

concentrations (0.25-10 µM) of NA-1-157, 1.5 nM GES-5, and 0.2 mg/ml BSA. Progress curves were 

fitted with Equation 1: 

(1) 

 

where At is the absorbance at time t, A0 is the initial absorbance, vi is the initial velocity, vs is the steady-

state velocity, and kinter is the first-order rate constant describing the conversion from vi to vs. The kinter 

values were plotted against concentration of NA-1-157 and fitted with Equation 2: 

(2) 

 

where kNA-1-157 is the maximum rate of inactivation of both the reversibly and irreversibly inhibited 

species, KI is the concentration of NA-1-157 required to reach half of kNA-1-157, I is the concentration of 

NA-1-157, S is the concentration of nitrocefin, and Km for the Michaelis constant of nitrocefin. 

Determination of the rate constant for acylation, k2. Single turnover conditions were utilized to measure 

k2. Reactions containing 10 µM NA-1-157 were initiated by addition of GES-5 (50-150 µM), and the 

change in absorbance was monitored at 298 nm. The time courses for the fast and slow phases of acylation 

were fitted separately with Equation 3:  

(3) 
 

where At, A0, and t are as defined above, A∞ is the final absorbance, and kobs is the apparent rate constant 

describing acylation. For the fast phase of acylation, the kobs values were plotted versus concentration of 

GES-5 and fitted with Equation 4: 
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(4) 

 

where k2 is the acylation rate constant for the fast phase of the reaction, E is the concentration of GES-5, 

and K’ is the concentration of GES-5 required to reach ½ of kobs. 

Evaluation of the rate constant for deacylation, k3. The jump dilution method55 was used to measure 

recovery of GES-5 activity after incubation with NA-1-157. For the continuous assay, reactions containing 

10-15 µM NA-1-157, 2.5-5 µM GES-5, and 0.2 mg/mL BSA were incubated for up to 17 h prior to diluting 

10,000-fold into 500 μM nitrocefin containing 0.2 mg/mL BSA, and the absorbance was monitored at 500 

nm for up to 2 h. For the discontinuous assay, reactions containing 40 µM NA-1-157, 10 µM GES-5, and 

0.2 mg/ml BSA were incubated for 17 h. Subsequently, the mixtures were passed through a Zeba-0.5 mL 

7 kDa MWCO spin desalting column (Thermo Fisher) according to the manufacturer’s instructions to 

remove excess inhibitor and then additionally diluted 10,000-fold into buffer containing 0.2 mg/ml BSA. 

At predetermined time points, the activity was checked by addition of 500 μM nitrocefin containing 0.2 

mg/ml BSA. Incubation times and dilutions were varied to ensure maximum inhibition and recovery of 

activity. Controls were also performed under the same conditions in the absence of the inhibitor. The 

percentage of activity (determined by comparison to the control reaction) was plotted versus time, and the 

data were fitted with Equation 5: 

(5) 
 

where Yt is the percentage of activity at time t, Y∞ is the final percentage of activity, and k3 is the 

deacylation rate constant.  

 

ESI-LC/MS. GES-5 (2 µM) was incubated with NA-1-157 (10 µM) in 50 mM NaPi, 150 mM NaCl, pH 

7 at 25 °C. Aliquots were removed at 20 s and 1 h, quenched with 10% acetonitrile/0.1% formic acid, and 
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stored at -80 °C until analysis. For the reactions where NA-1-208 was added, the reaction was performed 

as described above. Aliquots were removed at 30 s, 2 min, and 2 h and immediately passed through two 

successive Zeba-0.5 mL 7 kDa MWCO spin desalting columns to remove unbound NA-1-157. Next, an 

excess of NA-1-208 (10-fold above its Ki value) was added, and the reaction was incubated for an 

additional 30 min at 22 °C. Subsequently, the reaction was quenched with 10% acetonitrile/0.1% formic 

acid and stored at -80 °C until analysis. All reactions were performed in triplicate. A control reaction 

performed in the absence of NA-1-157 showed that all enzyme was present in a covalent complex with 

NA-1-208. For ESI-LC/MS analysis, a Dionex UltiMate 3000 LC system was coupled with a Bruker 

micrOTOF-QII mass spectrometer that was run in the positive-ion mode as follows: end plate offset 

voltage = -500 V, capillary voltage = 2000 V, and nitrogen as both a nebulizer (4 bar) and dry gas (8 

L/min) at 180 °C. The Hystar 5.0 SR1 software was used, and mass spectra were collected over the mass 

range of 400-3000 m/z. For LC separations, an Agilent Poroshell 300SB-C3 (5 µm, 2.1 mm i.d. x 75 mm) 

column was used at 40 °C with the following program: 2 min hold at 90%A/10%B, followed by a linear 

gradient from10-90%B from 2-13 min, followed another 2 min hold at 90%A/10%B (A = 0.1% formic 

acid in water, B = 0.1% formic acid in acetonitrile) with a flow rate of 0.4 mL/min. For the first 2 min of 

the run, LC flow was diverted to the waste. The maximum entropy algorithm (Compass DataAnalysis) 

was used to deconvolute multiply charged ions. Percentages of the GES-5-NA-1-157 and GES-5-NA-1-

208 complexes were calculated by dividing the relative peak height(s) of each species by the total sum of 

all peak heights for both species. For the GES-5-NA-1-157 complex, peak heights of all three observed 

species (29,471 Da, 29,487 Da, and 29,629 Da) were used for the calculation. 

 

X-ray Crystallography. The GES-5 protein was dialyzed against 20 mM HEPES, pH 7.6 and 

concentrated to 15 mg/ml. Crystals appeared spontaneously in this buffer, and were transferred to a 
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stabilization solution comprising unbuffered 0.2 M ammonium iodide and 20% PEG 3350 augmented 

with 30% ethylene glycol. These crystals belonged to space group P212121 with cell dimensions 

approximately 76.8 x 80.6 x 87.3 Å, containing two independent GES-5 molecules in the asymmetric unit. 

The crystals were isomorphous with those reported for several GES enzymes, including apo-GES-551 

(PDB code 4GNU). The GES-5-meropenem and GES-5-NA-1-157 complexes were prepared by soaking 

the pre-formed apo-GES-5 crystals in stabilization solution containing 10 mM of either meropenem or 

NA-1-157. The crystals were soaked for 1 min, 2 min, 3 min, 5 min, and 10 min, and then flash-cooled in 

liquid nitrogen and stored for X-ray diffraction studies. 

Data sets for the GES-5-NA-1-157 complexes at the various timepoints were collected on SSRL 

beamline BL12-2 using X-rays at 12658 eV (0.9746 Å) and a Pilatus 6M PAD detector running in 

shutterless mode. A total of 1800 images were collected for each of the crystals used, and the data were 

processed and scaled using XDS56 and AIMLESS57. Data sets for the GES-5-meropenem complexes at 

various time points were collected on ALS beamline 5.0.3 using X-rays at 12700 eV (0.97625 Å) using a 

Pilatus3 2M PAD detector. A total of 1080 images were collected for each crystal, and the data were 

processed and scaled using autoPROC58. All structures were solved by molecular replacement (MR) using 

the apo-GES-5 structure (PDB code 4GNU) as the starting model with all water molecules and ions 

removed. The structures were refined with phenix.refine59 with the covalent bond between the C7 atom of 

meropenem and NA-1-157, and the Oγ atom of Ser70, restrained at 1.42 Å. Model building was completed 

with COOT60. Data collection and refinement statistics are given in Table 4. 

 

Computational methods. Figures were generated with PYMOL (Schrodinger). Docking of intact (non-

hydrolyzed) meropenem and NA-1-157 to apo-GES-5 was carried out with ICM-Pro 3.8-6a (Molsoft)61-

62. Apo-GES-5 (PDB code 4GNU) was converted to an ICM object, with optimization of hydrogen atom 
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placement. The GES-5-imipenem structure (PDB Code 4H8R) was superimposed and used to define an 

initial position for the substrate binding site in the apo-GES-5 receptor. The docking runs were performed 

multiple times into both molecules in the apo-GES-5 asymmetric unit, and the most energetically-favored 

binding modes were extracted from ICM-Pro as PDB files. 

MD simulations were performed in triplicate for 100 ns on the GES-5-meropenem and GES-5-NA-1-

157 Michaelis complexes derived from docking, and the meropenem and NA-1-157 acyl-enzyme 5 min 

crystal structures. The models were prepared with Maestro (Schrodinger) using the OPLS3e force field63, 

and the pre-defined TIP3P water model64 was used to build the system. The overall charges of the models 

were neutralized with Na+ and Cl− ions, and 0.15 M NaCl was added prior to building the system. The 

systems were minimized prior to the final 100 ns production step run at 300 K and 1 Atm pressure, using 

the Nosé–Hoover chain coupling scheme for temperature control and the Martyna–Tuckerman–Klein 

chain coupling scheme with a coupling constant of 2.0 ps for pressure control65. Nonbonded forces were 

calculated using an r-RESPA integrator. The MD simulations were performed using Desmond66 in the 

Schrodinger 2019-2 release, and the trajectories were saved at 10 ps intervals for analysis. Analyses were 

carried out in Maestro using the Simulation Interactions Diagram, Simulation Event Analysis and Radial 

Distribution Function widgets. Maestro and Desmond were run on the SHERLOCK 3.0 HPC cluster at 

Stanford University. 

6-HE Umbrella Sampling Simulations. Crystal structures of GES-5-NA-1-157 (PDB 8V9H) and GES-

5-meropenem (PDB 8V9G) were chosen as initial structures for the simulations. All crystallographically 

observed water molecules solvating chain A of each structure were retained. The PropKa 3.1 server67 was 

used to determine the protonation states of all titratable residues. The all-atom AMBER ff14SB force field 

described standard protein residues68. The acylated NA-1-157 and meropenem non-standard residues were 

parameterized using General Amber Force Field (GAFF) in the antechamber program in AmberTools2069. 
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Partial charges were generated for both ligands using restrained electrostatic potential fitting (RESP) 

implemented in the R.E.D. server70. Each system was solvated in a 10 Å water box of TIP3P64 water 

molecules using the tleap program in the AmberTools20 package71. The charge of the system was 

neutralized using Na+ and Cl- to a concentration of approximately 180 mM. Starting structures underwent 

an energy minimization with 300 steps of steepest descent and 1000 steps of conjugate gradient with 

restraints on all protein heavy atoms of 100 kcal mol-1 Å-2. A second minimization step was run with only 

protein backbone atoms restrained (100 kcal mol-1 Å-2) with 300 steps of steepest descent and 1000 steps 

of conjugate gradient. The system was heated to 298 K from 25 K within 20 ps in the NVT ensemble with 

restraints on C atoms of 5 kcal mol-1 Å-2. The system was then equilibrated over 500 ps in the NPT 

ensemble at 298 K (Langevin thermostat with a collision frequency of 5 ps-1) and 1 atm of pressure 

(Berendsen barostat, coupling constant of 2 ps). Restraints on C atoms (5 kcal mol-1 Å-2) were removed 

after 250 ps. A 100 ns production MD simulation was run in the NPT ensemble to generate starting 

conformations for the umbrella sampling simulations, using the PMEMD engine of the AMBER 20 

package. 

Umbrella sampling simulations were run with the rotation of the C7-C6-C61-C62 torsion angle as the 

reaction coordinate. 1 ns of sampling was performed for each umbrella sampling window (every 10 from 

-180 to 180) with a 100 kcal mol-1 Å-2 force constant on the dihedral angle. No other restraints were 

employed. The potential of mean force (PMF) around the C7-C6-C61-C62 torsion angle was calculated 

using the weighted-histogram analysis method (WHAM)72. The final energy profile for C7-C6-C61-C62 

torsion rotation for both compounds was calculated by averaging the free energy profile of 5 independent 

repeats from different starting structures (the equilibrated system, after 25 ns of production simulation, 

after 50 ns of production simulation, after 75 ns of production simulation, and after 100 ns of production 

simulation). 
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Scheme 1. Minimal enzymatic pathway for inhibition of GES-5 by NA-1-157. E is the enzyme, I is 

the inhibitor, EI represents the complexes formed prior to acylation, E-I is the acyl-enzyme complex, and 

P is the hydrolyzed inhibitor. The dashed arrow signifies that only extremely slow deacylation was 

observed. 
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Figure 1. Structures of carbapenems. A) NA-1-157, NA-1-208, meropenem, and the NA-1-157 acyl-

enzyme intermediate. The core and tail regions are indicated, and atom numbering of some core atoms is 

shown.  B) Structure of hydrolyzed NA-1-157 derived from the GES-5-NA-1-157 crystal structure. Two 

planes (gray) representing C7-C6-C61 and C6-C61-C62 are indicated. The dihedral angle between these 

two planes is measured as the C7-C6-C61-C62 torsion angle (labeled as the 6α-HE angle) in COOT and 

Desmond. The 6α-HE torsion angle as indicated here is approximately 130°. 
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Figure 2. Kinetics of the GES-5-NA-1-157 interaction. A) Representative progress curves of the 

reaction between GES-5 (10 µM) and NA-1-157 (100 µM). The inset shows the fast phase of the reaction 

measured using a stopped-flow instrument. B) Plot of kobs versus concentration of GES-5 to determine the 
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k2 fast acylation rate constant. The line of best fit is shown in black. C) Representative progress curve 

showing the slow phase of acylation of GES-5 by NA-1-157 under single-turnover conditions to evaluate 

the k2 slow acylation rate constant. The line of best fit is shown in gray. D) Time course for recovery of 

GES-5 activity after overnight preincubation in the presence (gray line) and absence (black line) of NA-

1-157 and subsequent jump dilution. E) Plot of kinter versus concentration of NA-1-157 to determine the 

inactivation parameters kNA-1-157 and KI. The line of best fit is shown in black. F) Time course for recovery 

of GES-5 activity after 20 s preincubation in the presence (gray line) and absence (black line) of NA-1-

157 and subsequent jump dilution. 
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Figure 3. Structure of the GES-5-meropenem and GES-5-NA-1-157 Michaelis complexes. A) 

Stereoview of docked non-hydrolyzed meropenem (magenta balls and sticks) in the active site of apo-

GES-5 (yellow ribbons and sticks). B) Stereoview of docked non-hydrolyzed NA-1-157 (cyan balls and 

sticks) in the active site of apo-GES-5 (brown ribbons and orange sticks). In panels A and B, hydrogen 

bonds are shown as dashed black lines, while the green dashed lines indicate the close approach of the β-

lactam C7 atom to the Oγ of the catalytic serine (Ser70). C) Stereoview of the superposition of meropenem 

(magenta) and NA-1-157 (cyan) in the active site of apo-GES-5. 
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Figure 4. MD simulation of the GES-5-meropenem and GES-5-NA-1-157 Michaelis complexes. A) 

Plot of the rms deviation (rmsd) of the main chain for the GES-5 receptor with meropenem (red) and NA-

1-157 (blue) over the course of 100 ns MD simulation with Desmond. The rmsds were calculated for each 

10 ps time point using the structures at t = 0 as the reference. The simulations converge early and remain 

stable over the full 100 ns. B) Plot of the rmsd of the meropenem (red) and NA-1-157 (blue) molecules 

relative to their starting configurations at t =0. While meropenem (red) remains in essentially the same 

position, NA-1-157 (blue) moves in two distinct stages. C) Plot of two distances between NA-1-157 and 
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GES-5; O7-N(Thr237) (green trace) and C7- Oγ(Ser70) (orange trace), monitoring the position of the β-

lactam group during the 100 ns MD simulation. D) Expanded view of plot shown in panel C to show the 

first 6 ns. E) Plot of three distances between NA-1-157 and GES-5; O31-Nη1(Arg244) (blue trace), O31-

Oγ1(Thr237) (yellow trace), and O32-Oγ1(Thr235) (gray trace), monitoring the position of the C3 

carboxylate group during the 100 ns MD simulation. F) The interaction of NA-1-157 with GES-5 at the 

55 ns timepoint (the asterisk in panels C and E), showing hydrogen bonds (black dashed lines) between 

the C3 carboxylate of NA-1-157 and residues on the protein. 

  



38 
 

 

Figure 5. The GES-5-meropenem and GES-5-NA-1-157 acyl-enzyme structures. A) Final 2Fo-Fc 

electron density (blue mesh, 1.0 σ) for meropenem (magenta sticks) in the active site of GES-5 (yellow 

ribbons and sticks). The 2Fo-Fc density is also shown for three residues, Ser70, Lys73, and Arg244. B) 

Final 2Fo-Fc electron density (blue mesh, 1.0 σ) for NA-1-157 (cyan sticks) in the active site of GES-5 
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(brown ribbons and orange sticks). The 2Fo-Fc density is also shown for three residues, Ser70, Lys73, and 

Arg244. C) Hydrogen bonding interactions (black dashed lines) of meropenem (magenta sticks) in the 

final GES-5-meropenem structure. D) Hydrogen bonding interactions (black dashed lines) of NA-1-157 

(cyan sticks) in the final GES-5-NA-1-157 structure. E) Stereoview of the GES-5-meropenem active site 

with the GES-5-NA-1-157 complex superimposed. Meropenem is colored magenta and NA-1-157 is cyan. 

Only the enzyme in the meropenem complex is shown (yellow ribbons and sticks) for clarity, except for 

the side chain of Trp105 which is shown as orange sticks for the GES-5-NA-1-157 complex. The potential 

close approach of the C5α methyl (C51) to the Trp105 side chain in the GES-5-meropenem complex is 

indicated by a dashed red line. The distance of this clash (3.3 Å) is just shorter than the van der Waals 

carbon-carbon non-bonded contact distance of 3.4 Å. 
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Figure 6. Molecular dynamics of the GES-5-meropenem and GES-5-NA-1-157 acyl-enzyme 

complexes. A) Plot of the 6α-HE group torsion angles for meropenem (red trace) and NA-1-157 (blue 

trace) over the 100 ns MD simulations. B) Expanded view of plot shown in panel A showing the sudden 

rotation of the 6α-HE group in the GES-5-meropenem complex at approximately 4.5 ns. This rotation 

moves the 6α-HE group from the outward-facing conformation to the inward-facing conformation. C) 

Plot of the distances between the O62 atom of meropenem and the Oε1 (green trace) and Oε2 (orange 
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trace) of Glu166 of GES-5 over the 100 ns MD simulations. D) Expanded view of plot shown in panel C 

to show the first 10 ns. The formation of a O62-Oε2(Glu166) hydrogen bond is observed at approximately 

4.5 ns. Rotation of the carboxylate of Glu166 after 7 ns results in the switch to a O62-Oε1(Glu166) 

hydrogen bond. E) Stereoview of the GES-5 active site (yellow ribbons and sticks at t = 0 and gray thin 

sticks at t = 4.6 ns) with meropenem (magenta thin sticks at t = 0 and green sticks at t = 4.6 ns) before and 

after the 6α-HE group torsion angle rotation. The Asn132 side chain is also shown at both timepoints 

(yellow at t = 0 and gray at t = 4.6 ns). The O62-Nδ2(Asn132) hydrogen bond (initially indicated by a 

gray dashed line at t = 0) is maintained during the 6α-HE group rotation, and is shown as a black dashed 

line at t = 4.6 ns. 
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Figure 7. The deacylating water pocket. Stereoview of the superposition of NA-1-157 (thin cyan sticks) 

onto meropenem (magenta sticks) in the active site of the GES-5-meropenem complex (yellow ribbons 

and sticks). The PDB files for both complexes were extracted from the respective MD trajectories at the 

timepoint t = 5 ns. In the meropenem-GES-5 complex, the 6α-HE group of meropenem has rotated inwards 

with the O62-Oε2(Glu166) hydrogen bond present at this timepoint. A water molecule (Wat1) has entered 

near the glutamate side chain into a position poised to hydrolyze the acyl bond (as indicated by the green 

dashed line with a distance of 3.6 Å). Conversely, in the GES-5-NA-1-157 complex, the 6α-HE group of 

NA-1-157 is outward-facing and the C62 atom points up towards the deacylating water pocket, which 

would prevent the entrance of a water molecule (red dashed line). Hydrogen bonds are shown as black 

dashed lines. 
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Figure 8. Rotational flexibility of the 6α-HE group of NA-1-157 is restricted. A) In the GES-5-NA-1-

157 acyl-enzyme complex (center), rotation of the 6α-HE group about the C6-C61 bond is sterically 

restricted in both the clockwise (-ve) direction by a C62-Glu166 clash (green dashed line and left panel) 

and in the counter-clockwise (+ve) direction by a O62-C51 clash (blue dashed line and right panel). Only 

the conformation observed in the crystal structure (center) is allowed. In this conformation, the C62 atom 

prevents a water molecule from entering the active site to facilitate deacylation. B) Plot of the three 

distances shown as dashed lines in panel A as a function of the 6α-HE torsion angle (see Figure 1B). The 

dashed magenta line represents the carbon-oxygen van der Waals non-bonded contact distance (approx. 

3.2 Å). Distances below these lines are sterically disallowed. The yellow rectangle shows that rotation of 

the 6α-HE group in the GES-5-NA-1-157 complex can occur only in a very limited range due to steric 

hinderance with either Glu166 or the C5α methyl group of NA-1-157.  
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Table 1. MICs (µg/mL) of carbapenems alone and in combination. 

Strain Carbapenem MIC (µg/mL) 

E. coli JM83 (GES-5) MEMa 2 

 NA-1-157 0.5 

 MEM + 0.25 µg/mL NA-1-157 0.031 (64)b 

 MEM + 0.125 µg/mL NA-1-157 0.125 (16) 

 MEM + 0.062 µg/mL NA-1-157 0.5 (4) 

E. coli JM83 (controlc) MEM 0.031 

 NA-1-157 0.5 

K. pneumoniae ATCC 13883 (GES-5) MEM 2 

 NA-1-157 0.5 

 MEM + 0.25 µg/mL NA-1-157 0.031 (64) 

 MEM + 0.125 µg/mL NA-1-157 0.062 (32) 

 MEM + 0.062 µg/mL NA-1-157 0.5 (4) 

K. pneumoniae ATCC 13883 (controlc) MEM 0.031 

 NA-1-157 0.5 

aMEM, meropenem. 

bThe fold difference relative to the MEM MIC is given in parenthesis. 

cParental strain not expressing any β-lactamase. 
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Table 2. MICs (µg/mL) of carbapenems against A. baumannii CIP 70.10 expressing the GES-5 

carbapenemase. 

Carbapenem a 

MIC (µg/mL) 

GES-5 Controlb 

NA-1-157 2 0.5 

MEM 32 0.5 

IPM 16 0.25 

aMEM, meropenem; IPM, imipenem. 

bParental A. baumannii CIP 70.10 strain that does not 

produce any β-lactamase from the shuttle vector. 
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Table 3. Pre-steady-state kinetic parameters for the interaction between GES-5 and carbapenems. 

 Carbapenema 

Parameter NA-1-157 MEMb IPMb 

k2 fast (s
-1) 99 ± 31 > 97 ± 2 > 450 ± 10 

k2 slow (s-1) (2.6 ± 0.1) × 10-4 0.087 ± 0.001 0.35 ± 0.01 

k3 (s
-1) (2.4 ± 0.3) × 10-7 0.10 ± 0.01 0.45 

residence time (s) (4.2 ± 0.5) × 106 10 ± 1 2.4 

aMEM, meropenem; IPM, imipenem. 

bThese data were previously reported.29 
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Table 4. Data collection and refinement statistics for the acyl-enzyme complexes of GES-5 with 

meropenem (MEM) and NA-1-157a.  

 MEM NA-1-157 

Data Collection   

  Space group P212121 P212121 

  Unit cell, a, b, c (Å) 76.83, 80.58, 87.33 76.73, 80.38, 87.71 

  Resolution (Å) 59.2–1.62 (1.65–1.62) 38.5–1.50 (1.53–1.50) 

  Reflections - observed 

 - unique 

691279 

69480 

834326 

87364 

  Rmeas
b 0.106 (1.34) 0.094 (1.15) 

  Rpim
c 0.035 (0.428) 0.031 (0.416) 

  I / σI 14.8 (2.1) 15.2 (1.9) 

  Completeness (%) 99.9 (99.9) 99.9 (99.7) 

  CC½d 0.999 (0.778) 0.999 (0.803) 

  Average multiplicity 9.9 (10.3) 9.5 (9.3) 

  Wilson B (Å2) 20.0 19.7 

Refinement   

  PDB Code 8V9G 8V9H 

  Rwork / Rfree
e 0.1748 / 0.2182 0.1614 / 0.1917 

  Reflections, work/free 69401 / 3458 87357 / 4670 

  Number of atoms - protein 

 - water 

 - ligands 

4062 

247 

52 

4114 

382 

52 

  B-factors (Å2) - protein 

 - water 

 - ligands 

22.4 

31.0 

34.7 

20.9 

31.5 

26.0 

  rms deviations - bond lengths (Å) 

 - bond angles (º) 

0.006 

1.12 

0.006 

1.09 

  Ramachandran plotf - favored (%) 

 - outliers 

98.3 

0 

98.48 

0 

  Molprobity Scoref 1.17 (98th percentile) 1.11 (99th percentile) 

  Molprobity Clashscoref 2.31 2.28 
a Numbers in parentheses refer to the highest resolution shell.  
b Rmeas is the redundancy-independent merging R factor.73 
c Rpim is the precision-indicating merging R factor.73 
d Correlation between intensities from random half-sets of data.74 
e Rfree was calculated using a test set comprising 5% of the data.  
f Calculated with the program MOLPROBITY.75 
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