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Abstract

The increasing prevalence of Neisseria gonorrhoeae strains exhibiting decreased susceptibility to 

extended-spectrum cephalosporins (ESCs) presents a challenge for the successful treatment of 

gonorrhea infections. To address this challenge, we evaluated a panel of 23 cephalosporins against 

penicillin-binding protein 2 (PBP2) from the ESC-resistant (ESCR) N. gonorrhoeae strain H041 

to determine which molecular features are important for antimicrobial activity. Structure-activity 

relationships (SAR) developed from acylation rate constants against PBP2 and antimicrobial 

susceptibilities against the ESCR H041 strain of N. gonorrhoeae, and interpreted against docking 

models, reveal that cephalosporins possessing large, lipophilic R1 side chains and electronegative 

R2 side chains with planar groups are associated with higher acylation rates against PBP2, but 

also that these same amphipathic features can lower antimicrobial activity. Based on these studies, 

we tested cefoperazone, one of the most effective ESCs for targeting PBP2, in the female mouse 

model infected with H041, and showed that it was equally or more effective than ceftriaxone 

or gentamicin for clearing infections. Taken together, our results reveal that two FDA-approved 

agents (cefoperazone, ceftaroline) and one FDA qualified infectious disease product (ceftobiprole) 
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have potential as first-line treatments for gonorrhea and provide a framework for the future design 

of cephalosporins with improved activity against ESC-resistant N. gonorrhoeae.
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Gonorrhea is one of the most common sexually transmitted infections (STIs), with over 

800,000 cases reported annually in the U.S. and 78 million cases reported worldwide 1–2. 

Untreated gonococcal infections result in serious sequelae, including pelvic inflammatory 

disease in women, epididymitis in men, and gonococcal arthritis and increased risk 

of contracting and transmitting HIV in both sexes 3–4. Due to the emergence of 

antimicrobial resistance, penicillin, tetracycline and fluoroquinolone antibiotics were 

withdrawn as recommended therapies for gonococcal infections, leaving the extended-

spectrum cephalosporins (ESCs) cefixime or ceftriaxone as the mainstay of treatment 

for several years. Their efficacy, however, is being threatened by the emergence of N. 
gonorrhoeae strains exhibiting decreased susceptibility to ESCs, beginning with strains of 

reduced susceptibility 5–8 and followed by clinically resistant strains (ESCR) 9–11. There 

have since been numerous reports of verified treatment failures with ESCs across the world 
12–15. As a result, many public health agencies withdrew cefixime as a first-line treatment 

for gonorrhea, and now recommend ceftriaxone in combination with azithromycin 16–19. 

Even so, there are already reports of treatment failures with this dual regimen 20–21.

The pharmacologic receptors for cephalosporins are the penicillin-binding proteins (PBPs), 

a group of transpeptidases that catalyze the cross-linking of the peptide moieties in 

peptidoglycan 22–23. Peptidoglycan is an essential component of the bacterial cell wall 

and plays a major role in cell shape, growth, and division 24. PBPs are generally classified 

as high-molecular-mass (HMM) and low-molecular-mass (LMM), with the HMM PBPs 

being essential, and the LMM being non-essential. HMM PBPs can be further divided 

into Class A PBPs, which are bifunctional glycosyl transferases/transpeptidases, and Class 

B PBPs, which only catalyze transpeptidase activity. LMM PBPs are generally Class 

C endopeptidases or carboxypeptidases. Four PBPs are encoded by the genome of N. 
gonorrhoeae: PBP1 (Class A) and PBP2 (Class B) are both essential, whereas PBP3 and 

PBP4 (Class C) are nonessential 25–26. Since PBP2 is inhibited at tenfold lower penicillin 

concentrations than PBP1, it is the primary target for penicillin in susceptible strains 25.

The active site of PBPs contains three conserved motifs: SxxK, SxN, and KTG (where 

x denotes a variable residue) 27. The reaction catalyzed by PBPs involves three steps: 

1) Michaelis-Menten non-covalent binding of peptide substrate, 2) formation of an acyl-

enzyme complex, and 3) attack of the complex by another peptide or water to yield a peptide 

cross-link or a shortened substrate unable to undergo further cross-linking (deacylation). 

Since the reaction is covalent, affinity cannot be measured separately from acylation and 

the kinetics are therefore measured by the second order rate of acylation, k2/KS 28–29. In 

N. gonorrhoeae, the peptide substrate is L-Ala-D-isoGlu-m-DAP-D-Ala-D-Ala, where m-DAP 

is meso-diaminopimelic acid. The nucleophilic serine hydroxyl group of the SxxK motif 
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attacks the carbonyl carbon of the penultimate D-Ala residue of the peptide substrate to form 

the acyl-enzyme complex. As substrate mimics, β-lactams react in a similar way as peptide 

substrate, with the serine nucleophile attacking the carbonyl carbon of the β-lactam ring. 

The difference between the two reactions is that deacylation is blocked after acylation by 

β-lactams and the PBP is rendered inactive due to prolonged occupation of the active site.

For most N. gonorrhoeae strains, β-lactam resistance is acquired via mutations in several 

chromosomally encoded genes. These include mutations in the porin PorB1B 30, the mtr 
locus that increases expression of the MtrCDE efflux pump 31, ponA, which encodes 

PBP1 32, and in penA, which encodes PBP2 33. Of these, the major determinant for 

cephalosporin resistance is acquisition of so-called mosaic penA alleles. These arise from 

recombination events with penA genes from multiple commensal Neisseria species and 

result in approximately 60 amino acid changes compared to wild-type PBP2 from the 

susceptible strain FA19 8, 34–35. The first reported ESCR strain, called H041, was isolated in 

Japan 9. In common with most N. gonorrhoeae strains, the cephalosporin resistance of H041 

results from chromosomally mediated mechanisms and not expression of a β-lactamase 35. 

Ceftriaxone exhibits an MIC of 2 μg/mL for H041, an increase of 3,000-fold compared to 

strain FA19, and well above the EUCAST breakpoint of 0.125 µg/ml 35. When the wild-type 

penA gene in FA19 is replaced with the mosaic penA gene from H041 (penA41) by allelic 

exchange, the minimum inhibitory concentration (MIC) of ceftriaxone increases by 570-fold 

and is beyond the breakpoint for this antibiotic 36. Strikingly, this increase occurs in the 

absence of other resistance determinants, establishing PBP2 as the main cause of treatment 

failures with ESCs. The crystal structure of PBP2 from H041 has been solved and reveals 

that mutations responsible for resistance both lower affinity for cephalosporins and create an 

energetic barrier against acylation by ESCs by restricting conformational changes 37.

The cephalosporins are a structurally diverse class of antibiotics that are grouped 

for convenience into approximate generations based on their timeline of development, 

and presence of chemical modifications that affect activity and antimicrobial spectrum 

(Figure 1). While the third-generation agents cefixime and ceftriaxone have been the 

most commonly prescribed cephalosporins for gonorrhea over recent years, few other 

cephalosporins have been tested against ESCR strains. This is especially true for fourth- 

(e.g., cefepime) and fifth-generation (e.g., ceftaroline and ceftobiprole) agents that have 

been approved relatively recently. Building structure-activity relationships (SAR) for 

cephalosporins against their PBP2 target from an ESCR strain of N. gonorrhoeae offers 

the potential to address ESC-resistant N. gonorrhoeae in two ways: it may reveal existing 

FDA-approved cephalosporins that exhibit efficacy against ESCR strains and suggest how 

the efficacy of specific cephalosporins can be improved by chemical modification.

Here, we report a quantitative structure-activity relationship (QSAR) of 22 cephalosporins 

for inhibition of PBP2 from H041 and antimicrobial activity against N. gonorrhoeae. The 

data reveal key features of cephalosporins that enhance formation of the pre-covalent 

PBP2-β-lactam complex, as well as those that may independently hinder or enhance 

antimicrobial activity. The study also reveals that FDA-approved agents cefoperazone 

(Cefobid, Pfizer) and ceftaroline (Teflaro, Allergan), as well as FDA qualified infectious 

disease product (QIDP) ceftobiprole (Zevtera, Basilea), acylate mosaic PBP2 at higher rates 
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than ceftriaxone, and that cefoperazone exhibits higher antimicrobial activity against H041. 

Overall, our data reveal there is considerable potential in adopting and/or adapting these 

cephalosporins as anti-gonococcal agents to address ESC-resistant N. gonorrhoeae.

Results

Docking of cephalosporins to tPBP2H041 reveals conserved ligand-target interactions.

To identify residues of PBP2 involved in the recognition of cephalosporins in the 

precovalent complex, cephalosporins were computationally docked to the active site of 

tPBP2H041. A pharmacophore constraint was used to confine the β-lactam ring system 

to the area around the Ser310 nucleophile and the oxyanion hole formed by the amide 

nitrogens of Ser310 and Thr500, and the refined poses for all compounds remained largely 

within the volume specified (Figure S1). Protein-ligand interaction fingerprints (PLIF) of 

all poses were generated for each molecule, and their interactions with individual residues 

were analyzed by frequency (Figure 2A) and type of interaction (Figure 2B), and the 

predominant interactions were used to generate a consensus pharmacophore (Figure 2C). 

For all cephalosporins, S310 and T500 contact the β-lactam carbonyl oxygen with side 

chain and main chain hydrogen-bonding interactions, respectively, while K313 and K497 

are predominantly involved in side chain ionic interactions with the cephem C4 carboxylate 

group. In addition, most of the cephalosporins contact T347, K361, S483, and S545. The 

C4 carboxylate moiety participates in additional hydrogen bonding interactions with the 

hydroxyl group of S483, and in most poses, the sulfur of the cephem dihydrothiazine 

ring participates in weak hydrogen bonding with the side chain hydroxyl group of T347. 

Electronegative elements of many of the cephalosporin R2 groups (at C3) make side chain 

and main chain polar contacts with K361, including the thiotriazinone (TTZ) moiety of 

ceftriaxone (Figure 3A). Finally, the common amide moiety of all R1 groups (at C7) makes 

variable polar contacts within the active site. In some poses, the amide nitrogen participates 

in hydrogen bonding with S545 and the carbonyl oxygen with N364, while in others, the 

C7-N bond is rotated such that the carbonyl oxygen interacts with S545. This rotation also 

affects the position of the R1 aromatic ring systems of several cephalosporins, leading to 

two positions of the aminothiazole group: one in which it reaches toward the hydrophobic 

pocket formed by Y422 on the α8-β2f loop, and one in which it projects toward Y544 on the 

β5-α11 loop (Figure 3B).

Closer inspection of the poses revealed two possible binding modes for all cephalosporins 

examined: a “major pose” was observed for approximately 60% of poses (131/220), and a 

“minor pose” for 40% (89/220) (Figure 4). While there appear to be to no differences in 

docked energy scores for the major pose (−6.39 ± 0.56 kcal·mol−1) over the minor pose 

(−6.54 ± 0.79 kcal·mol−1, p = 0.17), compounds with faster acylation rates tended to occupy 

the minor pose (OR = 0.38, p = 0.01). Representative examples of each pose for ceftriaxone 

and cefoperazone are shown in Figure 5. In the major pose, the C4 carboxylate of the 

cephalosporin interacts with Oɣ of S483 and K497, and the β-lactam ring is positioned away 

from the serine nucleophile (Figure 5A and C). Connolly surface renderings show that, in 

this position, the C4 carboxylate fits into a small pocket bordered by the side chains of 

S362, S483, and K497 (Figure S2). In the minor pose, the carboxylate is situated within the 
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hydrogen bonding network created by K313, and S310, and the β-lactam ring is relatively 

closer to S310 (Figure 5B and D). Interestingly, neither pose overlaps with the binding 

of ceftriaxone observed in the crystal structure of tPBP2H041 acylated by this antibiotic 37 

(Figure S3). Of the two binding modes, the minor pose appears more favorable for initiation 

of the acylation reaction than the major pose because the Oɣ of S310 is relatively closer to 

the β-lactam carbonyl.

Cephalosporins exhibit a range of acylation rates against tPBP2H041.

The inactivation of PBPs by β-lactams results in the formation of a long-lived covalent 

bond between the serine nucleophile and antibiotic. This means that the equilibrium binding 

affinity (Ks) cannot be measured separately from the rate of acylation (k2), and reactions are 

therefore monitored by the second-order rate of acylation, k2/Ks. While it is conceivable that 

the measured k2/Ks values could be influenced by a high off rate (k3), in practice, the rates 

of deacylation for PBPs are typically very low and considered insignificant for the overall 

reaction 28–29, 38. In support of this, the measured k3 rates for the acylated ceftriaxone 

complexes of wild-type PBP2 (tPBP2WT) and tPBP2H041 are 2.8 × 10−6 sec−1 and 8.1 

× 10−5 sec−1, respectively 37, and not on a timescale where a steady-state equilibrium is 

established when compared to k2/Ks values for cephalosporins, which are typically in the 

range of 102-104 M−1 s−1 for tPBP2H041 (see below).

As a prerequisite to determining k2/Ks for the panel of cephalosporins against tPBP2H041, 

we measured k2/Ks for Bocillin-FL against tPBP2H041 using a time-dependent gel-based 

assay (Figure S4). The obtained value, 275 ± 9 M−1s−1, is consistent with values previously 

reported for [14C]penicillin G against PBP2 from H041 36. k2/Ks was then determined 

for each cephalosporin with a gel-based competition assay using Bocillin-FL. The 23 

cephalosporins exhibited a wide range of activities against tPBP2H041 (Table 1), with 

acylation rates ranging from 0 to over 10,000 M−1s−1. Three of the cephalosporins 

exhibited 2-7 fold faster rates of acylation than ceftriaxone (1,710 ± 320 M−1s−1). These 

were cefoperazone (11,800 ± 1,300 M−1s−1), ceftaroline (10,900 ± 1,700 M−1s−1), and 

ceftobiprole (3,230 ± 190 M−1s−1). Ceftizoxime exhibited activity comparable to that of 

ceftriaxone (1,000 ± 210 M−1s−1), whereas several other cephalosporins exhibited slightly 

slower rates of acylation, including cefotaxime (880 ± 120 M−1s−1), ceftazidime (780 ± 150 

M−1s−1), cefixime (720 ± 60 M−1s−1), and cefpodoxime (590 ± 90 M−1s−1). The remaining 

cephalosporins exhibited very slow acylation rates; in fact, for four of these, cephalexin, 

cefazolin, cephalothin, and cephaloridine, rates could not be measured.

Examining the acylation data qualitatively, it appears that the R1 side chain has a significant 

impact on tPBP2H041 acylation rate, as seen in pairwise comparisons of compounds with 

identical R2 side chains (Table S1). These pairings exhibit up to 3,000-fold differences 

in activity (e.g., cefoperazone versus cefmetazole). By contrast, the R2 side chain has a 

much lower impact, as evidenced by the narrow range of values obtained for cephalosporins 

containing diverse R2 side chains in the presence of the same 2-(2-aminothiaozol-4yl)-2-

(alkoxyimino)acetyl (ATAO) R1, e.g. ceftriaxone and cefotaxime.
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Antimicrobial activity of tested cephalosporins against N. gonorrhoeae H041.

Minimum inhibitory concentrations (MICs) against N. gonorrhoeae H041 were determined 

for the panel of cephalosporins by the agar dilution method (Table 1). The tested 

compounds exhibited varying degrees of antimicrobial potency, ranging from 1 to >32 

μg/mL. Consistent with the acylation data, cefoperazone showed slightly more inhibition 

of bacterial growth than ceftriaxone (1 vs 2 μg/mL), albeit within the error of dilution. 

Despite their rapid target acylation rates against tPBP2H041, the MICs for ceftaroline and 

ceftobiprole were similar or only slightly higher compared to ceftriaxone. By contrast, 

cefdinir and cefoxitin, which both exhibit relatively low acylation rates against tPBP2H041, 

inhibited the growth of H041 at concentrations comparable to ceftriaxone (MIC = 2 and 

4 μg/mL, respectively). The anti-gonococcal activity of the remaining cephalosporins was 

generally weaker, falling in the range of 8 to 16 μg/mL. Cephalothin, ceftazidime, cefaclor, 

cefsulodin and cephalexin were exceptionally poor antimicrobials, and could not inhibit 

growth of H041 except at concentrations of 32 μg/mL or more. In general, antimicrobial 

potency of the cephalosporins correlated relatively poorly with acylation rate, most likely 

because MICs are also determined by i) the degree of permeation through porins, ii) their 

capacity as substrates for the MtrCDE efflux pump, and iii) whether they target PBP1, the 

other essential PBP in N. gonorrhoeae.

Quantitative structure-activity relationship (QSAR) for second-order acylation rate 
constant.

Correlation of acylation data for the 18 cephalosporins with measurable acylation rates with 

their 2D molecular descriptors yielded a partial least squares (PLS) model with an r2 of 

0.995 and a cross-validated r2 of 0.957 (Figure S5). 3D descriptors from the docked poses 

were not included in these calculations because two binding modes had emerged from the 

docking. In addition to its high degree of predictability within the training set, the PLS 

model successfully predicts minimal activity for five cephalosporins absent from the training 

set that have unmeasurable acylation rates against tPBP2H041 (Table S2). To assess the 

probability of chance correlation, y-randomization was performed, in which activity values 

are randomly assigned to a structure. This yielded an r2 of 0.849 and a cross-validated r2 of 

0.064 (Figure S5), showing that correlations seen in the model are not random.

The PLS model shows that the vdw_area and Kier1 descriptors are the dominant 

contributors, indicating that van der Waals surface area and shape of the R1 substituent 

are important drivers of second-order acylation rates of tPBP2H041 by cephalosporins, 

with large, modestly unsaturated groups being favored (Table 2). Other features of the R1 

substituent, including overall shape (zagreb), connectivity (chi0v), and topology (KierA2), 

were also found to correlate with high activity. Overall, the data indicate that active 

molecules possess an R1 group with a high degree of unsaturation and cyclicity, with modest 

heteroatom counts and branching. Interestingly, we observe a high degree of collinearity 

between the descriptors contributing the most to activity (Figure S6), consistent with these 

features being important for activity.

Given the dominance of the vdw_area and Kier1 in the QSAR, we constructed a second 

model using only these two descriptors (Figure S7). While a positive correlation between 
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experimental and predicted activity was observed, the minimal model tends to overpredict 

the acylation rates of slower cephalosporins. For instance, the model predicts the k2/Ks of 

cefsulodin to be 51 M−1 s−1, whereas its measured value is 0.8 ± 0.1 M−1s−1. This suggests 

that although the additional descriptors contribute relatively less to activity, they do increase 

the overall accuracy of the PLS model.

In contrast to R1, the PLS model shows that the R2 side chain makes relatively less 

contribution to acylation, but does have some effect (Table 2). Contributions by the 

SlogP_VSA7, a_acc and G_CUT_PEOE_2 descriptors show that the hydrophobicity of R2 

groups is important, as well as the presence of hydrogen bond acceptors and partial positive 

charge. The latter may be an indirect result of inductive effects by electronegative atoms in 

R2 of highly active compounds.

As a validation of the PLS model, we examined its predictive value for cefpiramide, 

which was not included in the set of 22 cephalosporins. The structure of this 

cephalosporin is highly similar to that of cefoperazone, with the only difference being 

a methylhydroxypyridine ring in place of dioxopiperazine, and thus might be expected 

to exhibit a similar acylation rate against tPBP2H041. Contrary to this expectation, the 

PLS model predicted low activity for cefpiramide (3.2 M−1s−1) and this was borne out 

experimentally because the k2/Ks was found to be 100-fold lower than cefoperazone (120 ± 

14 vs 11,800 ± 1,300 M−1s−1). Hence, while the observed value deviates somewhat from the 

predicted value, the model accurately predicts cefpiramide to be of low activity, suggesting 

that it is capable of parsing out subtle features that modulate acylation.

Quantitative-structure activity relationship (QSAR) for antimicrobial activity against 
Neisseria gonorrhoeae H041.

Correlation of MIC data for the 21 cephalosporins with their 2D molecular descriptors 

yielded a partial least squares (PLS) model with an r2 of 0.999 and a cross-validated 

r2 of 0.951 (Figure S5). As with the second-order rates of acylation, y-randomization 

was performed in order to determine the probability of chance correlation, yielding an r2 

of 0.919 and a cross-validated r2 of 0.002 (Figure S5). Some of the features important 

for acylation also contribute to antimicrobial activity, including shape and topology (i.e. 
KierFlex, zagreb, chi1v_c). On the other hand, whereas lipophilicity of R1 is a driver for 

acylation rate, antimicrobial activity is enhanced most by the overall hydrophilicity of the 

molecule, including more hydrogen-bonding elements (a_donacc), increased water solubility 

(h_logS), and more negative formal charge (FCharge) (Table 3). This trend in favor of 

hydrophilicity can be seen in several surface area descriptors as well, which show that 

significant contribution by hydrophobic atoms is unfavored (Q_VSA_HYD, SlogP_VSA4).

Lys361 is important for recognition of the R2 side chain of cephalosporins.

As noted above, the docking data reveal a potential interaction between K361, located on 

the α4 helix in PBP2 and the residue immediately preceding the SxN motif, and polar R2 

side chains (Figure 3A). To examine this position more closely, we aligned a series of class 

B PBPs from a broad range of Gram-negative bacteria. As seen in Figure S8, a positively 
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charged residue is highly conserved at this position, suggesting that it may be important for 

transpeptidase activity of Class B PBPs.

To determine its influence on binding to tPBP2H041, Lys361 was mutated to Glu, 

and the acylation rates of several cephalosporins with representative electronegative or 

electropositive R2 side chains were determined. The second-order acylation rate of Bocillin-

FL against tPBP2H041-K361E was 57 ± 1 M−1s−1, a 5-fold decrease compared to the 

native enzyme (Figure S4). The second-order acylation rates of ceftriaxone (290 ± 70 

M−1s−1) and cefoperazone (370 ± 60 M−1s−1) were both markedly lower against the K361E 

mutant, with reductions of 6-fold and 32-fold, respectively (Table 4). Ceftazidime (560 

± 180 M−1s−1) and cefepime (410 ± 130 M−1s−1) also exhibited lower acylation rates, 

although less pronounced. When this mutation is modeled in silico and the above docking 

protocol repeated, the generated poses for ceftazidime and cefepime position R2 toward the 

mutated residue due to electrostatic attraction, whereas the R2 side chains of ceftriaxone 

and cefoperazone become oriented away from this region (Figure S9). These data indicate a 

binding mode in the pre-covalent state in which the R2 side chain of cephalosporins binds 

the shallow cleft between the β2c-β2d loop and the α10-β3 loop (Figure 3A).

Cefoperazone treatment is efficacious in a murine model of gonococcal infection.

As noted above, cefoperazone exhibited an acylation rate against tPBP2H041 higher than 

ceftriaxone, suggesting it may have therapeutic potential to treat gonorrhea. To examine this 

question, we used previously modeled PK data for ceftriaxone 39 to predict an effective 

dosing regimen for cefoperazone using a well-characterized murine infection model 40. 

Lower genital tract infection was established with N. gonorrhoeae strain H041 in female 

BALB/c mice for two days and then 120, 60, or 20 mg/kg of cefoperazone was given 

three-times daily (TID) for one day at 8-hour intervals by the intraperitoneal route. Results 

were compared to mice given ceftriaxone (60 mg/kg, TID; comparator control), endotoxin-

free water (TID, vehicle control) or gentamicin (48 mg/kg, once a day for 5 consecutive 

days (5QD); positive control). The 120 mg/kg TID cefoperazone dosing regimen resulted 

in 100% culture negativity by day 3 post-treatment, with a mean time-to-clearance of 2.1 

days (n = 9) (Figure 6). This level of efficacy was similar to that previously reported for 

ceftriaxone administered using an identical regimen against this strain 39. It was significantly 

more effective than the vehicle control (n = 10, log-rank p < 0.0001 versus cefoperazone) 

and also gentamicin, which resulted in 100% culture negativity by day 4 after initiation 

of treatment, with a mean time-to-clearance of 3.1 days (n = 8, log-rank p = 0.02 versus 

cefoperazone). A trend for a dose response was observed (Log Rank test for trend) and the 

60 mg/kg and 20 mg/kg TID regimens were significantly more effective than the vehicle 

control (n = 10 for each group, log rank p = 0.003 and 0.01 versus cefoperazone), although 

not more than gentamicin and did not lead to 100% clearance of H041 infection during the 

8 day study period. Quantitative differences in colonization load were seen beginning on day 

1 for cefoperazone-treated groups compared to vehicle control (two-way RM ANOVA p < 

0.01) and on day 2 for the gentamicin-treated group (two-way RM ANOVA p < 0.01).
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Discussion

The goal of the current work was to elucidate which features of the cephalosporin class of 

β-lactam antibiotics are important for antimicrobial activity against cephalosporin-resistant 

Neisseria gonorrhoeae H041 via inhibition of PBP2. We observed that the structure of the 

R1 C7 acylamino side chain of cephalosporins has a profound effect on the second-order 

rate of tPBP2H041 acylation, while the R2 C3 side chain plays a subtler role. Molecular 

docking simulations of the pre-covalent ligand-receptor complex showed that aromatic and 

hydrophobic groups on R1 extend toward a hydrophobic patch of the tPBP2H041 active site, 

and electronegative elements of R2 interact with K361. We also observed that antimicrobial 

activity correlates minimally with tPBP2H041 inhibition but is complicated by the additional 

resistance mechanisms present in the organism. Finally, we demonstrated that cefoperazone 

acylates tPBP2H041 at a rate 7-fold faster than ceftriaxone and exhibited comparable activity 

to ceftriaxone against N. gonorrhoeae H041 both in vitro and in vivo.

Contributions of R1 to tPBP2H041-cephalosporin complex formation.

In this study, we reveal a key role for R1 structure and properties in the second-order rate of 

acylation of tPBP2H041. In the first instance, the unfavorable contributions of several atomic 

lipophilicity descriptors indicate that highly hydrophobic moieties are not well tolerated. 

At the same time, however, the atomic molar refractivity descriptors show that this region 

also cannot be extremely polar. It therefore appears that the R1 side chain should contain 

groups of modest hydrophobicity, such as aromatic- and heteroaromatic ring-containing 

systems, with additional advantage conferred by hydrogen bonding (e.g., interaction of the 

acylamino moiety with the amide sidechain of N364 as mimicry of the peptide substrate). 

In addition, the total van der Waals surface area of the R1 group contributes positively, 

suggesting a critical role for size of the cephalosporin. In support of this, the larger (van 

der Waals volume, V>400 Å3) and more lipophilic (distribution coefficient, logD7.4 = 

0.6) 2,3-dioxopiperazinyl R1 of cefoperazone exhibits a dramatically higher acylation rate 

than cephalosporins containing ATAO side chains (van der Waals volume V ~ 200 Å3, 

distribution coefficient logD7.4 = −0.7) present in many third-generation cephalosporins, as 

well as the chemically similar thiadiazolyl variants possessed by fifth-generation agents.

Shape and topology also play critical roles, with high degrees of unsaturation and cyclicity 

being associated with higher rates of acylation. Illustrating this trend is the vast difference 

in acylation rates between cefmetazole, which has a negligible acylation rate and is the only 

cephalosporin in our study lacking a ring system on R1, and cefoperazone, which has two 

ring systems and exhibits the highest rate among the cephalosporins tested. There is also a 

preference for modest numbers of heteroatoms in the R1 group, as well as a moderate degree 

of branching. The former is illustrated by the low activity conferred by the tetrazolyl R1 of 

cefazolin, and the latter is apparent from differences in acylation rates between compounds 

with 2-unsubstituted acylamino groups (e.g., cephalothin and cephaloridine) and those with 

a single branch point at this position (e.g., ceftriaxone and cefoperazone). It is possible that 

the preference for cephalosporins with a branched R1 side chains reflects the forking of 

the natural peptide substrate at a similar position. Energy score analysis of docking data 

for R2-paired compounds suggests that the R1 side chain impacts pre-covalent Michaelis 
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complex formation by affecting affinity for tPBP2H041 rather than acylation (Figure S10). 

With the exception of ceftizoxime and ceftibuten, the faster acylating compound of each pair 

shows a more favorable binding energy with the tPBP2H041 active site.

The observation that size and shape are dominant predictors of effective tPBP2H041 

acylation suggests that specific interactions with variable regions of R1 may be less critical 

for complex formation and that, perhaps, there are additional unidentified features not 

present in our dataset that enhance acylation rate. In this study, we limited ourselves to 

FDA-approved cephalosporins and QIDP ceftobiprole, but testing of additional and more 

diverse cephalosporins may yield more information. We could not test the upper bounds of 

size, as there are no commercial cephalosporins with R1 larger than cefoperazone, and the 

same is true for alternate branching patterns, as cephalosporins in use either have a single 

branch point or lack one altogether.

Previous studies have also indicated that the R1 side chain is an important driver of affinity 

against PBPs. In a qualitative structure-activity relationship of penicillin analogues against 

E. faecium PBP5, it was found that azlocillin (k2/Ks = 15 M−1s−1) exhibited a higher rate 

than piperacillin (k2/Ks = 2.2 M−1s−1), ampicillin (k2/Ks = 1.8 M−1s−1), or Bocillin-FL 

(k2/Ks = 1.1 M−1s−1) 41. Similarly, in a separate study of Streptomyces R61, penicillin G 

(k2/Ks = 10,300 M−1s−1) was shown to be more potent than penicillin V (k2/Ks = 1,500 

M−1s−1), carbenicillin (k2/Ks = 830 M−1s−1), and ampicillin (k2/Ks = 107 M−1s−1) 28. Since 

the β-lactams examined in these experiments were all penicillin analogues, which possess 

geminal dimethyl groups at the R2 position, one can conclude that differences in activity are 

imparted by R1.

The strong influence of the R1 group on the activities of cephalosporins is important to 

consider in light of recent new understanding of how PBP2 is acylated by ESCs. Structures 

of tPBP2WT acylated by cefixime or ceftriaxone reveal significant movement of the β3-β4 

loop toward the active site, where several residues form a cluster around the aminothiazole 

ring, and such interactions may contribute to the affinity of ESCs for PBP2 42. The situation 

is very different in tPBP2H041 because movement of the loop appears restricted by mutations 

conferring resistance to ESCs, resulting in fewer interactions involving the aminothiazole 

in the acylated complex 37. Our docking data for tPBP2H041 suggest that hydrophobic and 

aromatic components of R1 extend toward a hydrophobic patch formed by the side chains 

of F420 and Y422, with minimal involvement of residues from the β3-β4 loop. Overall, this 

suggests that the most effective cephalosporin for acylation of tPBP2H041 is one whose R1 

can induce movement of the β3-β4 loop to form more extensive contacts with the active site.

Given that the analysis includes only FDA-approved cephalosporins and QIDP ceftobiprole, 

which have been extensively optimized by medicinal chemistry, it is reasonable to 

consider whether the correlations seen are simply the result of this process. For example, 

cephalosporins of more advanced generations possess a single branch point. However, most 

cephalosporins preceding the fifth generation were optimized for antimicrobial activity 

rather than target inhibition, and many (i.e., third- and fourth-generation agents) were 

specifically modified to improve their Gram-negative spectrum of activity, a measure that 

tends to correlate poorly with target inhibition due to a need for periplasmic accumulation 
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43–46. Moreover, there are third- and fifth-generation agents optimized in this way that 

exhibit very poor acylation of tPBP2H041 (e.g., ceftolozane, ceftibuten, and cefdinir).

Contributions of R2 to tPBP2H041-cephalosporin complex formation.

We also found that structural variations in the R2 groups of cephalosporins can affect the 

rates of acylation, albeit to a lesser extent than R1. First, R2 groups with planar or cyclic 

moieties correlate with higher k2/Ks values. In fact, the R2 groups of the compounds with 

the highest k2/Ks values (i.e., cefoperazone, ceftaroline, ceftobiprole, and ceftriaxone) all 

contain planar moieties with extended ring systems, conferring several-fold increases in 

acylation when compared with compounds of similar R1 group that lack R2 rings (e.g., 
ceftobiprole versus cefdinir). Second, the hydrogen bonding capacity of R2 also appears to 

affect acylation, as exemplified by the thiotriazinone (TTZ) moiety, which forms a hydrogen 

bond with K361, conferring a 1.5- to 3-fold increase in k2/Ks over other ATAO-containing 

cephalosporins, likely by decreasing Ks. Our docking data suggest that electronegativity and 

the hydrogen-bonding capability of R2 enhances the binding affinity for tPBP2H041. The R2 

group can also contribute via electron-withdrawing inductive effects through the conjugated 

cephem system 47–48, thereby activating the β-lactam carbonyl for more rapid acylation. 

This is best illustrated by the differences in acylation rate between cefaclor (29 ± 4 M−1s−1) 

and cephalexin (~0.3 M−1s−1), which have identical R1 groups but possess R2 groups with 

opposite inductive effects.

Finally, we found no correlation between the presence or absence of a leaving group at the 

C3 position and k2/Ks. C3 substituents are expelled by resonance after ring-opening, and 

cephalosporins containing these are thought to form more stable acyl-enzyme complexes, 

thereby decreasing the rate of deacylation (k3) and subsequent regeneration of the PBP in 

its apo form 49–50. The absence of any correlation is consistent with the C3 leaving group 

affecting k3 but not the rate of acylation. Nevertheless, the leaving group should still be 

taken into consideration when selecting or designing antigonococcal therapeutics in order to 

prevent agents being compromised by a high k3. This is potentially relevant for PBP2 given 

that tPBP2H041 has an enhanced rate of deacylation compared to tPBP2WT 37.

In the docked models, larger heterocyclic R2 groups are shown to interact predominantly 

with K361 on helix α4 and surrounding residues, a finding corroborated by lowered 

acylation of a tPBP2H041-K361E mutant by cefoperazone and ceftriaxone. This contrasts 

with the crystal structure of tPBP2WT acylated by ceftriaxone with the C3 leaving group 

intact, which shows R2 interacting with two tyrosine residues on the loop prior to α11 

rather than with K361 42. Surprisingly, very few poses from our docking studies adopt 

this conformation. One interesting exception is ceftobiprole, and its R2 group occupies a 

position is similar to that observed in the structure of S. aureus PBP2a in complex with the 

same antibiotic 51. These differences may indicate a difference in binding mode between 

PBP2WT and PBP2H041, or suggest that a rearrangement of the cephalosporin occurs during 

the acylation reaction.
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Correlations between acylation rate and antimicrobial activity.

Correlation between antimicrobial activity and their second-order rates of acylation was 

observed for some cephalosporins. For example, cefoperazone and ceftriaxone, which 

acylate tPBP2H041 at relatively high rates, exhibited the most potent antimicrobial activity, 

while cefaclor, cefsulodin, cephalexin, and cephalothin, which do not acylate tPBP2H041, 

exhibited the least. Several cephalosporins, however, had poor correlation, which we suspect 

is due to MICs also reflecting the capacity of an individual ESC to traverse the outer 

membrane porins or to be expelled by efflux pumps. As a multidrug-resistant pathogen, 

N. gonorrhoeae H041 contains a PorB1B mutant that reduces permeability of the outer 

membrane 30, 52 and a promoter mutation that overexpresses the mtrCDE efflux system 
31. Interestingly, it appears that the same amphipathic features of cephalosporins that favor 

rapid acylation of tPBP2H041 (i.e., large, lipophilic R1 and polar R2) can result in decreased 

diffusion through porins and increased efflux 53–54. Examples of cephalosporins that appear 

to be susceptible to such mechanisms include ceftaroline and ceftobiprole, whose rapid 

acylation rates contrast with relatively weak antimicrobial potency. This is especially the 

case for ceftaroline, which is relatively hydrophobic compared to other cephalosporins 

(logD7.4 = 1.03) 55. The picture is less clear for ceftobiprole, whose relative hydrophilicity 

(logD7.4 = −2.33) suggests it less likely to be removed by efflux pumps. However, MtrCDE 

also confers resistance to a number of cationic species and may also transport ceftobiprole 
56. Strategic addition of anionic groups to cephalosporins exhibiting rapid tPBP2H041 

acylation may therefore increase antimicrobial activity by minimizing efflux mechanisms.

Another potential reason for the weak correlation between k2/Ks and antimicrobial activity 

is that some cephalosporins may acylate PBP1 more readily than PBP2H041. For example, 

cefdinir and cefoxitin exhibit very low acylation rates versus tPBP2H041, but relatively high 

antimicrobial activity with H041 (MICs are 1.5 and 3 μg/mL, respectively), consistent with 

these antibiotics targeting PBP1 rather than PBP2. In fact, cefdinir and cefoxitin generally 

show preferential binding to class A and class C PBPs from a number of bacterial species 
57–64, and early studies of PBPs from N. gonorrhoeae show that cefoxitin acylates PBP1 

more rapidly than PBP2 in penicillin-susceptible and –resistant strains 65.

The potential of cefoperazone to treat ESC-resistant gonorrhea.

This work has revealed the third-generation cephalosporin cefoperazone is nearly 7-fold 

more active against tPBP2H041 than ceftriaxone, is comparably potent against the H041 

strain, and performs similarly in a mouse model of infection. These findings are consistent 

with previous studies of gonococcal PBPs that showed cefoperazone bound to (non-mosaic) 

PBP2 in membrane preparations at concentrations of less than 10−3 μg/mL 65, and the fact 

that cefoperazone has been reported as being highly effective against infections by both 

penicillin-susceptible and -resistant gonococci 66–68. In particular, its higher activity against 

H041 suggests that cefoperazone can overcome, to a large degree, mutations present in 

PBP2 that confer resistance to ceftriaxone. Cefoperazone is FDA-approved and safe for 

use in most patients, with tolerated daily doses up to multiple grams and a side effect 

profile similar to other β-lactam antimicrobials 69. While the pharmacokinetics (PK) of 

cefoperazone may be less favorable than ceftriaxone, with a t1/2 of 1–2 hours (versus 6–8 

hours for ceftriaxone) and primarily biliary excretion (versus primarily renal for CRO) 70, 
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it may have utility in the treatment of mucosal infections due to its relative lipophilicity. 

Guided by an appropriate PK study in mice, an optimized dosing strategy could therefore be 

developed for cefoperazone to take advantage of its higher activity against the target, thus 

offering a new clinical option for highly resistant gonococcal infections in a relatively barren 

therapeutic landscape.

In conclusion, the overall picture emerging from our studies is that rapid tPBP2H041 

acylation is promoted by a large R1 (C7 acylamino side chain) with modestly lipophilic 

properties, and an electronegative R2 (C3 side chain) with a planar structure. Unfortunately, 

these properties may render cephalosporins less permeable to the Gram-negative outer 

membrane and more prone to efflux, but strategic placement of anionic groups could help 

to overcome these barriers. Finally, we have shown that cefoperazone holds promise as an 

antigonococcal agent for strains harboring mosaic penA alleles.

Methods

Materials.

The following cephalosporins were kindly provided by Basilea (ceftobiprole), Merck 

(ceftolozane), and Allergan (ceftaroline). Other cephalosporins were purchased from TCI 

America Inc, Sigma Aldrich Inc, or Alfa Aesar Inc. The cloning and purification of 

a C-terminal domain transpeptidase construct of PBP2 derived from the ESC-resistant 

H041 strain of N. gonorrhoeae, termed tPBP2H041, has been described previously 37. 

This construct expresses the transpeptidase domain of PBP2 (237-582) but omits residues 

283-297 and joins residues 282 and 298 with a linking glycine. This protein construct is 

acylated by the fluorescent penicillin Bocillin-FL 71 at the same rate as the full-length 

protein 72, showing that omission of the N-terminal domain of the protein does not affect the 

kinetics of acylation for β-lactams. After purification, the protein was dialyzed into Tris-HCl 

buffer, pH 7.1, with 10 % v/v glycerol and 150 mM NaCl, concentrated to 10-15 mg/ml, and 

stored in aliquots at −80 °C.

Pharmacophore-constrained docking protocol.

Coordinates for the crystal structure of tPBP2H041 (PDB ID 6VBC 37) were prepared by 

protonation at pH 7.4, explicit solvation with water, and energy minimization against the 

AMBER forcefield 73 The minimized structure was then allowed to relax with a short 

(1 ns) molecular dynamics simulation at 2 fs resolution using the NPA algorithm 74. 

A pharmacophore model was then generated to constrain the β-lactam ring to the area 

surrounding the serine nucleophile Ser310, including the oxyanion hole formed by the amide 

nitrogens of Ser310 and Thr500. Each cephalosporin was flexibly docked with PBP2 using 

an induced-fit protocol in which compounds were first placed in the fixed active site using 

the pharmacophore and then scored using the London dG algorithm. The top 50 scored 

conformers were flexibly refined against the AMBER forcefield where side chains in the 

PBP2 active site were allowed to rotate and rescored using the GBVI/WSA dG algorithm 
75. Ten rescored conformers were retained for analysis by energy score amplitude, as well 

as for protein-ligand interaction fingerprint (PLIF) analysis. All modeling calculations were 

performed using MOE 2018.01 76.
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Determination of second-order acylation rates.

The second-order rate of acylation with Bocillin-FL was determined by time-course kinetic 

experiments in which 1 μM protein was incubated with 10 to 60 μM Bocillin-FL in 50 

mM phosphate-buffered saline (PBS) pH 8.0 at room temperature. Aliquots were removed 

at specified time points between 2 sec and 1 hr, and the reaction quenched by 4X SDS-

PAGE sample buffer. Samples were heated at 95°C for 2 minutes, and acylated protein 

was separated from free Bocillin-FL using 12% Mini-Protean TGX SDS-PAGE gels. 

Gels were scanned using a Kodak EDAS 290 UV imaging system, followed by staining 

with Coomassie R-250 to confirm equal protein loading. Bocillin-FL-bound tPBP2H041 

was quantified by densitometry using ImageJ 77. Data were normalized to the maximum 

fluorescence intensity and fit to a one-phase association curve to obtain pseudo-first order 

rate constants. These were plotted against Bocillin-FL concentration and fit by linear 

regression to a straight line whose slope was the second-order acylation rate (Figure S4).

Acylation rates for each cephalosporin were then derived by determining the concentration 

of antibiotic required to inhibit the binding of a specific amount of Bocillin-FL by 50%. 

tPBP2H041 (1 μM) was mixed simultaneously with Bocillin-FL (10 or 100 μM) and 

increasing concentrations (1 μM to 1 mM) of the cephalosporin being tested in 50 mM PBS 

pH 8.0, followed by 1 hr incubation at room temperature. The reaction was quenched by 

adding 4X SDS-PAGE sample buffer, the samples were heated at 95°C for 2 min, and then 

acylated protein was separated from free Bocillin-FL using SDS-PAGE gels and scanned 

as above. Data were normalized to the maximum fluorescence intensity and fit to a four-

parameter inhibitor-response curve to determine half-maximal inhibitory concentrations. An 

example for ceftriaxone is shown in Figure S11. The acylation rates of the cephalosporins 

were then determined by the following relationship:

k2 Ks(BOC) ⋅ [BOC] = k2 Ks(Cepℎ) ⋅ IC50(Cepℎ)

where k2/Ks (BOC) is the acylation rate of Bocillin-FL, [BOC] is the concentration 

of Bocillin-FL used in the competition experiment, k2/Ks (Ceph) is the acylation rate 

of cephalosporin, and IC50 (Ceph) is the half-maximal inhibitory concentration of 

cephalosporin.

Minimal inhibitory concentrations (MIC).

Neisseria gonorrhoeae H041 was passaged on gonococcal medium base (GCB) plates and 

resuspended at an OD600 of 0.018. Four ml of GCB agar was added to the wells of a 24-well 

plate containing 2-fold changes in concentrations of each cephalosporin and the agar was 

quickly mixed with a paddle before allowing the agar to solidify. The plates were poured 

on the day of the experiment. Five microliters of the resuspended cells comprising ~50,000 

colony-forming units (CFU) were spotted onto the agar in each well and the plates were 

incubated overnight. Growth was scored after 24 hr, with growth defined as >5 colonies 

growing in the spot. The MIC determinations were repeated a minimum of three times, and 

the values were averaged 78.
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Quantitative-structure activity relationship (QSAR).

Partial least squares (PLS) analysis was used to examine the relationship between log-

transformed second order acylation rate, log(k2/Ks), and molecular descriptor variables 

for the cephalosporins tested using MOE 76. Using the knowledge gained from prior 

crystallographic studies that the regions of the PBP2 active site occupied by the R1 and 

R2 groups are structurally distinct, we separated the descriptors for this model by side chain. 

The analysis yielded the following linear model:

PRED_log
k2
Ks

= ∑
i = 1

n
diDi

where PRED_log(k2/Ks) is the predicted second-order acylation rate for a given compound, 

di is the calculated coefficient for the descriptor i, and Di is the value of descriptor i for 

the examined compound. Molecular descriptors selected for the QSAR model, as well as 

their coefficients and normalized weights, are shown in Table 2. Definitions of descriptors 

used are provided in Table S3. The generated PLS model was validated using the square 

of the correlation coefficient obtained by the “leave-one-out” cross-validation method. The 

resulting model was also validated using y-randomization, and by applying to a small test set 

of cephalosporins.

To examine the relationship between the MIC and molecular descriptors, we also applied 

a PLS QSAR method except that whole-molecule descriptors were utilized, rather than the 

side-chain descriptors used to analyze the second-order rates of acylation. The molecular 

descriptors used for the QSAR and their weights are shown in Table 3. Cefdinir consistently 

modeled as an outlier, as it exhibits a low rate of PBP2 acylation and yet has high 

antimicrobial potency, and likely has a different mechanism of action (e.g., it acylates 

PBP1 rather than PBP2). For this reason, it was excluded from the model. The generated 

PLS model was validated using the “leave-one-out” cross-validation method, as well as by 

y-randomization. All analyses, including descriptor calculations and model generation for 

the PLS analyses, were conducted in MOE 2018.01 76.

Site directed mutagenesis of tPBP2H041.

A K361E mutation of tPBP2H041 was made using the QuikChange 

Lightning Kit (Agilent, Santa Clara, CA) using the following 

primers: forward 5’-CATTATGCAAGAATCTTCCAACGTCG-3’ and reverse 5’-

CCGCGCACATCCAAAGTA-3’. The amplified PCR product was treated with Dpn1 

enzyme and then used to transform in E. coli BL21 (DE3) cells. The mutation was 

confirmed by sequencing and the protein (tPBP2H041-K361E) was expressed and purified 

in the same way as for tPBP2H041 37.

In vivo evaluation of cefoperazone in a murine model of gonococcal infection.

N. gonorrhoeae strain H041 35 was made streptomycin resistant for use in the mouse 

model via allelic replacement of the rpsL sequence of FA1090 39. Female BALB/c mice 

(NCI BALB/c strain; 6 to 7 weeks old; Charles River Laboratories) in the diestrus or 
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anestrus stages of the estrous cycle were implanted with a 5-mg, 21-day-slow-release 17β-

estradiol pellet (Innovative Research of America) and treated with antibiotics to promote 

long-term gonococcal infection per a standard infection protocol 79. Fifty-five mice were 

vaginally inoculated with 20 µL H041 (1.6 × 104 CFU/mouse) two days following after 

pellet implantation and vaginal swabs were cultured for N. gonorrhoeae on the following 

2 consecutive days to confirm infection. Antibiotic treatment began following the second 

culture. Stocks of cefoperazone (12, 6 and 2 mg/mL), ceftriaxone (6 mg/mL) and gentamicin 

(4.8 mg/mL) were prepared at the time of treatment and solubilized in endotoxin-free water 

(Teknova). The two cephalosporins and the vehicle were administered by intraperitoneal 

injection at a volume of 10 mL/kg/dose using a TID regimen consisting of three total doses 

on one day, 8 hours apart). Gentamicin (positive control) was administered once daily for 

5 days 39. Vaginal swabs were quantitatively cultured daily for 8 consecutive days after 

treatment initiation on GC-VCNTS agar using the Autoplater automated plating system 

(Spiral Biotech). The number of viable bacteria recovered was determined using the Spiral 

Biotech Q-Counter Software. The limit of detection for gonococci was 20 CFU/ml; a value 

of 20 was used in the data analysis for cultures from which no gonococci were recovered. 

Mice that were culture negative for at least three consecutive days were considered to 

have cleared H041 infection. Differences in the duration of colonization after initiation 

of treatment were assessed using a Kaplan Meier survivorship curve and log-rank (Mantel-

Cox) test (GraphPad Prism V.7.01). Differences in colonization load were assessed by a 

repeated measures 2-way ANOVA using Bonferroni as a post hoc analysis for multiple pair 

wise comparisons (GraphPad Prism V.7.01).

Mice were euthanized using compressed CO2 gas in the Laboratory Animal Medicine 

Facility performed under the 2013 AVMA Guidelines on Euthanasia. All work was 

performed under an approved protocol of the USUHS Institutional Animal Care and Use 

Committee.
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Abbreviations

ATAO 2-(2-aminothiazol-4-yl)-2-(alkoxyimino)acetyl

ESC extended-spectrum cephalosporin

MIC minimal inhibitory concentration
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PLIF protein-ligand interaction fingerprint

PBP penicillin-binding protein

QIDP qualified infectious disease product

TID three-times daily

CFU colony-forming units
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Figure 1: Generations of cephalosporin antimicrobials.
Representative structures from each generation show new features discovered and adapted 

during each generation.
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Figure 2: Protein-ligand interaction fingerprints (PLIFs) for pharmacophore-constrained 
induced-fit docking of cephalosporins to tPBP2H041.
A. Heat map of cephalosporin-tPBP2H041 interactions colored by number of poses 

interacting with a given residue. B. Heat map of cephalosporin-tPBP2H041 interactions, 

colored by the cephalosporin moiety interacting with a given residue. C. Consensus 

pharmacophore generated from all docked poses, set against a representative pose of 

ceftriaxone. The radius of the sphere indicates the variance of a given feature across 

all poses. Key: cefoperazone (CFP), ceftaroline (CPT), ceftobiprole (BPR), ceftriaxone 

(CRO, ceftizoximine (ZOX), cefotaxime (CTX), ceftazidime (CAZ), cefixime (CFM), 

cefepime (FEP), cefpodoxime (CPD), ceftolozane (TOL), cefdinir (CDR), cefaclor (CEC), 

ceftibuten (CTB), cefuroxime (CXM), cefmetazole (CMZ), cefoxitin (FOX), cefsulodin 

(CFS), cephalexin (LEX), cefazolin (CFZ), cephalothin (LOT), cephaloridine (LOR).
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Figure 3: Positioning of the R1 and R2 groups of ceftriaxone within the active site of tPBP2H041.
A. The thiotriazinone (TTZ) R2 of ceftriaxone (CRO, orange) makes contact with K361 

(yellow) in a majority of docked poses. The predicted hydrogen bond between TZZ and 

Lys361 is shown with a dashed line. B. The ATAO R1 group of CRO (orange) adopts two 

conformations in the docked poses. In each conformation, R1 is in close proximity to either 

Y422 or Y544 (both colored yellow).
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Figure 4: Inspection of individual docked poses reveals two distinct predicted binding modes, 
representative poses of which are shown in Figure 5 and Figure S2.
A. Pie chart showing the relative abundance of the two predicted binding modes. B. 
Predicted binding mode abundance stratified by second-order acylation rate constant. C. 
Pooled energy scores for poses in each of the two predicted binding modes.

Turner et al. Page 25

ACS Infect Dis. Author manuscript; available in PMC 2023 January 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5: Representative poses of ceftriaxone and cefoperazone.
A. In the major pose predicted by the pharmacophore-constrained docking protocol, the C4 

carboxylate of ceftriaxone interacts with S483, its R2 side chain interacts with K361, and 

the β-lactam ring system is not optimally oriented for nucleophilic attack by S310. B. In the 

minor pose, the C4 carboxylate interacts with the side chains of K313 and S310, and the 

β-lactam ring is available for attack by S310. C. Cefoperazone in the major pose. D. CFP in 

the minor pose. For all panels, ceftriaxone (CRO) and cefoperazone (CFP) are shown with 

orange bonds, and potential hydrogen bonds made involving the antibiotic are indicated by 

dashed lines. *Nucleophilic Oɣ of S310.
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Figure 6: Evaluation of decreasing doses of cefoperazone given three-times daily (TID) on one 
day in a murine model of gonococcal infection.
Mice were infected with N. gonorrhoeae strain H041 two days prior to treatment. Treatments 

began on day 0 and were cefoperazone (CFP), ceftriaxone (CRO) (comparator control), 

water (vehicle control), or gentamicin (GEN) (positive control). Each color represents a 

given treatment group as described in the legend. A. Percent of infected mice following 

administration of CFP. Differences were analyzed by the Log-rank (Mantel-Cox) test 

comparing all treatment and control groups. Mice that were culture negative (no H041 

recovered) for 3 or more days were considered to have cleared infection. A significant Log-

rank test for trend of CFP treatments indicated a dose response was observed. B. Bacterial 

burden recovered from each experimental group following administration of CFP. Data 

points are the average CFU/mL of vaginal swab suspension (log transformed) recovered 

from each group. Error bars indicate the standard error of the mean. The limit of detection 

(20 CFU) is denoted with a horizontal dashed line. For mice that had no recoverable CFU, 

a value of 20 was entered for analysis. Differences were compared by 2-way ANOVA with 

repeated measures with Bonferroni post-hoc analysis used for multiple comparisons.
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Table 1:

Second-order acylation rates and minimum inhibitory concentrations for the selected panel of cephalosporins.
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a
The acylation rate constant (k2/KS) for each cephalosporin was derived from kinetic measurements of the formation of the acyl-enzyme complex 

using a competition assay, as described in Methods. Values were derived from a minimum of three separate determinations.
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b
The minimum inhibitory concentration (MIC) for each cephalosporin was determined against N. gonorrhoeae H041 using an agar dilution 

protocol, as described in Methods. Values were derived from a minimum of three separate determinations.

†
Inhibition plot could not be fit due to lack of a plateau at the highest concentration used; however, approximately 50% inhibition was seen at 10 

mM.

‡
Inhibition plot could not be fit due to minimal inhibition seen at the highest concentration used.
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Table 2:

Partial least squares QSAR model of tPBP2H041 acylation rate constant data.

Descriptor Moiety Coefficient Importance

vdw_area R1 + 4.8926 1

Kier1 R1 − 4.5005 0.9198

zagreb R1 − 0.8829 0.1804

KierA2 R1 + 0.6690 0.1367

chi0v R1 + 0.5917 0.1209

BCUT_SLOGP_0 R1 − 0.5145 0.1052

BCUT_SLOGP_1 R1 − 0.3783 0.0773

a_ICM R1 + 0.3723 0.0761

SlogP_VSA7 R2 + 0.3679 0.0752

BCUT_SLOGP_3 R1 − 0.3626 0.0741

BCUT_SMR_3 R1 − 0.1991 0.0407

a_acc R2 + 0.1939 0.0396

BCUT_PEOE_3 R1 − 0.1797 0.0367

GCUT_PEOE_2 R2 + 0.1737 0.0355

BCUT_PEOE_0 R1 + 0.1693 0.0346

PEOE_VSA_FPNEG R1 + 0.1104 0.0226

Q_RPC+ R2 + 0.0854 0.0175

a
Descriptor definitions can be found in Table S3.
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Table 3:

Partial least squares QSAR model of Neisseria gonorrhoeae antimicrobial activity data.

Descriptor Coefficient Importance

KierFlex −2.21534 1

SlogP_VSA1 1.9259 0.869347

a_donacc 1.83183 0.826884

SlogP_VSA0 −1.48259 0.669238

PEOE_VSA-4 1.477 0.666712

PEOE_VSA+3 1.35739 0.612723

PEOE_VSA-1 1.08015 0.487576

Q_VSA_HYD −0.75623 0.341362

zagreb −0.74312 0.335441

SlogP_VSA4 −0.73469 0.331639

h_logS 0.69732 0.314768

PEOE_VSA+1 0.68026 0.307066

chi1v_C 0.65965 0.297765

PEOE_VSA+0 0.56833 0.256542

SlogP_VSA2 0.51967 0.234576

PEOE_VSA-0 −0.50737 0.229023

PEOE_VSA-3 −0.37201 0.167926

FCharge −0.2124 0.095876

a
Descriptor definitions are given in Table S3.
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Table 4:

Second-order acylation rates for select cephalosporins against tPBP2H041-K361E.

Cephalosporin R2 k2/Ks (M−1s−1)
a

K361E k2/Ks (M−1s−1)
b

Fractional Activity
c

cefoperazone (CFP) 11,800 ± 1,300 370 ± 60 0.03

ceftriaxone (CRO) 1,710 ± 320 290 ± 70 0.17

ceftazidime (CAZ) 790 ± 150 560 ± 180 0.70

cefepime (FEP) 630 ± 50 410 ± 130 0.64

a
Second order acylation rate constants against native tPBP2H041, as reported in Table 1.

b
The acylation rate constant for each cephalosporin was determined using a gel-based competition assay with Bocillin-FL, as described in 

Methods. Final values were derived from a minimum of three separate determinations.

c
The fractional acylation rate compared to that with native tPBP2H041.
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