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Abstract

A wide variety of clinically observed single amino acid substitutions in the Q-loop region have
been associated with increased minimum inhibitory concentrations (MICs) and resistance to
ceftazidime (CAZ) and ceftolozane (TOL) in Pseudomonas-derived cephalosporinase and other
class C pB-lactamases. Herein, we demonstrate the naturally occurring tyrosine to histidine
substitution of amino acid 221 (Y221H) in PDC enables CAZ and TOL hydrolysis, leading to
similar kinetic profiles (kKcat = 2.3 £ 0.2 uM and 2.6 + 0.1 uM respectively). Mass spectrometry of
PDC-3 establishes the formation of stable adducts consistent with formation of an acyl enzyme
complex while spectra of E219K (a well characterized, CAZ and TOL resistant comparator) and
Y221H are consistent with more rapid turnover. Thermal denaturation experiments reveal
decreased stability of the variants. Importantly, PDC-3, E219K, and Y221H are all inhibited by
avibactam and the boronic acid transition state inhibitors (BATSIs) LP06 and S02030 with
nanomolar ICso values and the BATSIs stabilize all three enzymes. Crystal structures of PDC-3
and Y221H as apo enzymes and complexed with LP06 and S02030 (1.35 — 2.10 A resolution)
demonstrate ligand induced conformational changes, including a significant shift in the position
of the sidechain of residue 221 in Y221H (as predicted by enhanced sampling well-tempered
metadynamics simulations), and extensive hydrogen bonding between the enzymes and BATSIs.
The shift of residue 221 leads to the expansion of the active site pocket and molecular docking
suggests substrates orientate differently and make different intermolecular interactions in the

enlarged active site compared to the wild-type enzyme.



Introduction

Since the early 20" century, antibiotics have been used to prevent and treat infections.
Unfortunately, during the last several decades, antimicrobial resistance (AMR) has rapidly
emerged and drastically reduced our therapeutic arsenal to combat serious bacterial infections (1).
Overuse of B-lactams, the most widely used class of antibiotics in the United States (2), has led to
the emergence of many AMR mechanisms in pathogens that now require novel treatment strategies
(3). Among the more concerning pathogens is Pseudomonas aeruginosa, which possesses a wide
array of both intrinsic and acquired resistance mechanisms (4). Some multidrug-resistant (MDR)
P. aeruginosa strains are resistant to nearly all antibiotics, including cephalosporins and
carbapenems, important members of the B-lactam family (5). This unwelcome observation has led
the Centers for Disease Control and Prevention to classify MDR P. aeruginosa as a “serious” threat
pathogen, with an estimated 32,600 nosocomial infections leading to 2,700 deaths and $767

million in associated healthcare costs annually (6).

The B-lactams function through covalent binding of the p-lactam ring to the active site
serine of bacterial penicillin binding proteins (PBPs), a family of DD-transpeptidases involved the
final crosslinking steps of peptidoglycan cell wall biosynthesis (2, 7). By inhibiting PBPs, B-lactam
antibiotics disrupt cell wall biosynthesis, depleting essential precursors and ultimately killing the
bacteria (8). One of the primary mechanisms of resistance to B-lactam antibiotics is the expression
of B-lactamases (9), a group of bacterial enzymes that hydrolyze the B-lactam bond, rendering it
ineffective. B-Lactamases are grouped into four classes (A, B, C and D) based on their mechanism
(serine or metal ion based), amino acid sequence, and conserved motifs (10). All four classes of -
lactamases have been identified in P. aeruginosa, and the most widespread of these is the
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chromosomally encoded class C pB-lactamase Pseudomonas-derived cephalosporinase (PDC),
which is often responsible for high-level resistance to B-lactam antibiotics (11-13). PDCs can
provide intrinsically intermediate or resistant phenotypes to many p-lactams, including penicillins,
narrow spectrum cephalosporins (including cephalothin and cephaloridine), and some expanded
spectrum cephalosporins (cefotaxime) (11, 14-16). In addition, the derepression and subsequent
overexpression of PDC caused by mutations in regulatory genes such as ampD, ampR, and dacB
(PBP4) is an important mechanism of resistance to penicillins and cephalosporins (17-20).
Concerningly, PDC can harbor even single amino acid substitutions resulting in expanded-
spectrum cephalosporinases with activity against otherwise effective antipseudomonal
cephalosporins including ceftazidime (CAZ), ceftolozane (TOL), and cefepime (FEP) (11, 16).
TOL, one of the more recently developed cephalosporins, (Figure 1A) was mechanistically
designed to improve on the chemical properties of CAZ, (Figure 1A) while increasing membrane
permeability and taking advantage of steric effects to increase stability against class C B-
lactamases (21). As a result, PDC-1 demonstrates a 20-fold higher Km and 20-fold lower keat/Km
(catalytic efficiency) for TOL compared to CAZ (22). Unfortunately, TOL resistance quickly
emerged and a wide variety of PDC variants (as well as non-PDC-mediated mechanisms) have
been associated with TOL resistance (16, 23). Rates of ceftolozane-tazobactam (C/T) and
ceftazidime-avibactam (CZA) resistance in the US range from 3.6% and 5.6%, respectively,
among all P. aeruginosa isolates to as high as 30.2% and 55.0% for difficult-to-treat resistant

isolates (24), only underscoring the importance of resistance against these essential antibiotics.

To combat B-lactamase-mediated resistance, B-lactams are co-administered with f-
lactamase inhibitors (23, 25). Unfortunately, clinically observed PDCs (such as PDC-79

containing the E219K substitution) can cause resistance to PB-lactam/B-lactamase inhibitor



combinations (11, 16). Furthermore, the expression of PDCs can be induced by some B-lactams
targeting specific penicillin-binding proteins (PBPs), thus allowing the pathogen to more readily
degrade B-lactam antibiotics (26). Therefore, obtaining both a mechanistic understanding of how
PDC variants recognize and hydrolyze B-lactams as well as probing how PDCs can be inhibited is
an active field of study to combat this key Pseudomonal resistance mechanism (11, 14, 16, 27—

31).

PDC-1 from P. aeruginosa contains a catalytic serine at structural alignment-based
numbering of class C B-lactamases (SANC) position 64 (13) in the active site, which forms a
covalent adduct with B-lactams and B-lactamase inhibitors (32). Additional key active site
elements include the Q-loop, helix 10 of the R2 region, and the Y150-S151-N152 motif in
proximity to the ligand-binding site (11, 16). The Q-loop and R2 region, in particular, are sites
where clinically relevant amino acid substitutions conferring cephalosporin resistance frequently
occur (15, 33). Barnes et al., previously characterized the mechanism and effects of the PDC-3
E219K substitution (referred to as PDC-3 E221K by direct sequence numbering). It was noted that
the substitution enabled an alternative conformation of the Y221 residue, flipping it into an
alternative plane and enabling a concomitant opening of a hidden pocket, allowing for a more
catalytically favorable positioning of TOL in the active site (11). As a result of this intriguing
finding, we were compelled to examine the mechanism of increased CAZ and TOL resistance in

the observed clinical Y221H variant (found in PDC-85) in greater detail.

As previously reported (11), the PDC-3 E219K substitution increases resistance of isogenic
E. coli DH10B cells expressing this PDC to TOL and CAZ, demonstrating MICs of 64 pg/ml for
CAZ and TOL, 4 pg/ml for cefotaxime (CTX), 0.25 pg/ml for FEP, 256 pg/ml for ampicillin
(AMP), 16 pg/ml for PIP, 0.5 pg/ml for IMI, and 8 pg/ml for aztreonam (ATM) (11). In contrast,
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the effect of the Y221H substitution is more subtle; the tyrosine to histidine substitution increases
TOL and CAZ MICs from 0.5 and 2.0 pg/ml respectively for PDC-3 to 8 and 16 pg/ml for PDC-
3 Y221H (11). ATM, a monobactam that shares a similar sidechain with CAZ (Figure 1B),
demonstrated an increased MIC value from 1 to 4 pg/ml, reaching the upper limit of susceptibility

(11, 34).

Consistent with the notion that p-lactamase inhibitors preserve B-lactam activity, the
diazabicyclooctane (DBO) inhibitor avibactam (AVI; Figure 1C) restores susceptibility of CAZ
(reducing the MIC from 16 to 0.5 pg/ml) and the B-lactam containing inhibitor tazobactam (TAZO;
Figure 1C) restores susceptibility of TOL (reducing the MIC from 8 to 1 ul/ml) in the Y221H
variant (11). Additionally, the BATSI LP06 reduces both CAZ and TOL MICs to 0.5 pg/ml and
S02030 reduces them to 2 and 0.5 pg/ml, respectively (11), demonstrating roughly equal
effectiveness compared to two of the most crucial B-lactamase inhibitors currently used in the

treatment of MDR P. aeruginosa infections.

We hypothesized that a similar repositioning of residue 221 comparable to that occurring
in the E219K variant is responsible for this phenotype. The tyrosine to histidine substitution in
Y221H occurs in the C-terminal portion of the Q-loop, a structurally important and mobile motif
involved in binding, acylation, and deacylation of cephalosporins. Our biochemical and
crystallographic studies herein probed the mechanism by which PDC-3 and PDC-3 Y221H interact
with CAZ and cephalothin by studying boronic acid transition state inhibitor (BATSI) analogs that
mimic their deacylation transition states (LP06 and S02030, respectively; Figure 1c). In addition
to the structural insights, we demonstrate that these BATSIs inhibit PDC-3, PDC-3 E219K, and

PDC-3 Y221H with nanomolar affinity. Our studies elucidate the resistance-related structure-



function relationships in PDC-3 and PDC-3 Y221H. Furthermore, our insights into the molecular

interactions of LP06 and S02030 inform ongoing B-lactamase inhibitor development efforts.



Results and Discussion

Y221H is a gain-of-function substitution that enhances catalytic activity

Using homogeneous preparations of purified enzymes and spectrophotometric methods, we
determined steady-state kinetic constants for PDC-3, PDC-3 E219K (a well-characterized CAZ
and TOL hydrolyzing single amino acid substitution included as a control and comparator), and
PDC-3 Y221H. We employed NCF as an indicator substrate to readily assess catalytic activity.
Our analysis showed that NCF Kws differ only minimally between PDC-3 and the E219K and
Y221H variants (28.7 uM vs 16.7 uM vs 26.2 uM), but kca Values are significantly different (894.6
st vs 76.0 st vs 375.4 s1) (Table 1), with E219K turning over nearly 12-fold slower and Y221H
nearly 2.5-fold slower than PDC-3 — consistent with previously observed data for E219K and
other PDC variants that increase CAZ and TOL hydrolysis while decreasing the hydrolysis of other
substrates (35) — suggesting that differences in NCF hydrolysis primarily result from a kcat or k3
driven process. Relative binding energy, AAGp, of NCF to PDC-3 compared to E219K is -4.7

0.2 kJ Kt mol™ and PDC-3 compared to Y221H is -1.9 + 0.1 kJ K* mol™. Given that AGy is an
algebraically negative component of the activation energy of the transition state (AGi), a negative
value of AAGy, corresponds to an increase in AGp and thus AGﬁ (36). This suggest that the binding

of NCF to both E219K and Y221H is energetically less favorable than to PDC-3 and that the

binding to E219K is energetically less favorable than to Y221H.

PDC-3 demonstrates a slow rate of hydrolysis with CAZ and TOL, hindering the use of

conventional spectrophotometric methods. As a consequence of this, we employed a competition



assay (treating CAZ as a competitive “inhibitor” of NCF hydrolysis) yielding a K; of 38.9 + 1.3

uM, which should closely approximate the Km (37, 38).

The E219K and Y221H variants both possess higher CAZ Kwm values than PDC-3 (538.1 +
80.0 uM and 756.5 + 23.0 uM, respectively, compared to 38.9 + 1.3 uM) but E219K and Y221H
have measurable turnover (kcat values of 5.9 + 0.3 and 2.3 + 0.2 s}, respectively) whereas PDC-3
does not. The combination of these measurements suggests the overall increase in hydrolysis
results from a keat Or ks driven process. Comparing catalytic efficiencies between E219K and
Y221H (0.011 and 0.0031 uM™ s, respectively), we find that PDC-3 E219K is approximately
3.5-fold more efficient, consistent with the increased hydrolysis rates and MICs and corresponding
to a AAGp of -3.1 + 0.1 kJ KX mol* for PDC-3 Y221H compared to PDC-3 E219K, suggesting

binding of CAZ to Y221H is energetically less favorable than binding to E219K.

For TOL, both the E219K and Y221H variants have nearly identical Km values (407.3 =
24.7 and 411.3 + 29.5 uM, respectively) which are within a single-fold difference of their
corresponding CAZ values. The E219K variant has slightly over twice the turnover rate of Y221H
(5.6 s compared to 2.6 s) leading to approximately two-and a quarter-fold greater catalytic
efficiency (AAGp =-2.0 + 0.1 kJ KX mol for Y221H compared to E219K), again suggesting the
changes observed in hydrolysis curves and MICs are primarily keae Or ks driven and binding to

Y221H is energetically less favorable than binding to E219K.

Interestingly, when comparing CAZ and TOL hydrolysis rates, TOL is a preferred
substrate, with higher catalytic efficiency (approximately 1.3 times higher in PDC-3 E219K and
2.0 times higher in PDC-3 Y221H) and positive AAGy (0.5 + 0.2 k] K mol* and 1.7 £ 0.1 kJ K!
mol? for TOL compared to CAZ in PDC-3 E219K and PDC-3 Y221H, respectively)

corresponding to increased binding energy and thus a lower activation energy.
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While neither of the variants is particularly efficient at hydrolyzing CAZ or TOL — catalytic
efficiency (kca/Kwm) ratios are approximately 418-fold and 4612-fold lower for CAZ and 328-fold
and 2306-fold lower for TOL compared to NCF for E219K and Y221H, respectively — both
variants confer higher MICs, particularly when combined with other resistance mechanisms as is
the case in clinical P. aeruginosa strains. This is a common phenomenon with expanded-spectrum
AmpC (ESAC) Q-loop variants, as MICs are often elevated only within a narrow range around the

resistance threshold (16, 23, 39, 40).

Mass spectrometry captures CAZ and TOL acyl-enzyme complexes with PDC-3, PDC-3 E219K,
and PDC-3 Y221H

To provide additional mechanistic insight, we utilized timed electrospray ionization mass
spectrometry (ESI-MS) experiments to determine the intermediates of the interaction between
substrates (CAZ and TOL) and B-lactamases (PDC-3, PDC-3 E219K, and PDC-3 Y221H) Two
major species were noted for all enzymes, corresponding to the presence or absence of the N-
terminal methionine residue (+131 Da; Table 2) introduced by the insertion of an Ndel restriction
site immediately upstream of the 5 end of the coding sequence for the mature protein, as

previously reported (11, 14).

Testing a 1:50 molar ratio of p-lactamase to substrate, complexes were observed at 15
(Figure 2) and 30 (Figure S1) seconds between CAZ and TOL with PDC-3, PDC-3 E219K, and
PDC-3 Y221H, demonstrating acylation with both antibiotics by all three enzymes. As expected,
relative abundances of the acyl-enzyme complexes were lower than the apo enzymes due to the
relatively high Km values of CAZ and TOL. Importantly, using a 50-fold higher concentration of

antibiotic than in previous reports enabled the capture of a PDC-3/TOL complex which was not
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previously observed (likely due to the extremely high Km, 1.3 mM, and steric hinderance
complicating entry into the active site as previously reported) (11). This complex appearing at a
similar level to the complexes of TOL with PDC-3 E219K and PDC-3 Y221H suggests that
formation of the acyl enzyme complex is not a rate limiting step under the conditions tested and is
consistent with the Kinetic results supporting turnover-driven rather than Kwm-driven rate

enhancement.

Time course data (Figure S2) reveals that the acyl-enzyme complex is long-lived between
CAZ and PDC-3 but diminishes in proportion over time with E219K and Y221H, consistent with
repeated cycles of hydrolysis reducing substrate concentration in the reaction and occupancy of
the active sites as assessed by relative abundance of the acyl-enzyme complex. A similar pattern
is observed with TOL (Figure S3), supporting the kinetic interpretation of increased hydrolysis by

PDC-3 E219K and PDC-3 Y221H compared to PDC-3.

Assessing the impact of the Y221H substitution on thermal stability using CD and DSF

The thermal stability of PDC-3, E219K, and Y221H were determined using circular dichroism
(CD) and equilibrium unfolding curves (Figure 3A). These experiments revealed that the Y221H
variant is less stable compared to PDC-3, with Twm decreasing 4°C (from 51.1°C in PDC-3 to
46.9°C in the Y221H variant) and corresponding to a AAG, of -6.21 kJ mol* K, but more stable
compared to E219K (Tw = 45.3 °C; AAG, = -8.48 kJ mol ™ K'1). These decreases are suggestive of
increased flexibility within the p-lactamase, most likely in the Q-loop, leading to either increased
access or more favorable positioning of substrate in the active site. Decreases in thermal stability
are commonly reported in connection with substrate profile expansion in serine p-lactamases and

are often associated with increased flexibility (41-45).
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In addition to CD, we also used DSF to measure, the Trm for PDC-3 and Y221H in both the
absence and presence of 150 puM of LP06 and S02030. As ligands LP06 and S02030 were
dissolved in DMSO (which has an intrinsic CD signal), the equivalent amount (1.5%) of DMSO
was added to the control reactions. The measured Trm of PDC-3 in the absence of ligands was 47.2
+ 0 °C and in the presence of LP06 and S02030 was 58.4 + 0 °C and 58.6 = 0 °C, respectively
(Figure 3B). The T of apo PDC-3 Y221H was 42.6 + 0, a decrease by 4.6 °C compared to PDC-
3. When complexed with BATSIs, the Tr, for the Y221H variant increased to 52.4 + 0 °C and 50.1
+ 0.1 °C in the presence of LP06 and S02030, respectively (Figure 3B). Similar LP06 and S02030

induced stabilization of PDC-3 was observed previously using circular dichroism (11).

Both modalities of evaluating thermal denaturation indicate that the Y221H variant has a
lower Tm, suggesting it is a less stable p-lactamase and that both BATSI compounds stabilize

PDC3 and Y221H.

Effects of Inhibitors on PDC-3 and Y221H

Because of their chemical similarities to B-lactam antibiotics, BATSIs are often used as probes to
understand the mechanism of p-lactamase inhibition. Both BATSI compounds — LP06 and S02030
— are potent inhibitors of PDC-3, PDC-3 E219K, and PDC-3 Y221H, possessing hanomolar ICso
values (Table 4). Interestingly, these inhibitors have lower I1Cso values than AVI against PDC-3.
The BATSIs have somewhat higher 1Cso values against E219K and Y221H, suggesting they are
slightly less effective inhibitors of the variants, but still fall in the nanomolar range shared with

AVI and TAZO and indicative of effective inhibitors.

Consistent with our previous study (11), both LP06 and S02030 stabilize PDC upon

binding, raising Tm (Table 5) at a 1:10 ratio of enzyme to inhibitor by between 2.1°C and 5.5°C,
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with PDC-3 stabilized the most and E219K the least. Changes in the free energy of unfolding
(AAGy) help to quantify the thermodynamic effects of inhibitor binding and reveal the energetic
changes are generally smaller in magnitude than those corresponding to the differences between
PDC-3 and either the E219K or Y221H variant. Interestingly, both BATSIs exhibit greater
stabilization than either AVI or TAZO (TAZO used at a 1:1 ratio due to the presence of a high

intrinsic CD signal), with AVI slightly destabilizing two of the three enzymes.

The decrease in thermal stability upon AVI binding does not appear to have been reported
previously, but similar results have been observed with at least one other DBO (46). As it is not
unique to PDC-3 Y221H, further investigation of this phenomenon is outside the scope of this

study but poses an interesting question for future research efforts.

Crystal structures of apo PDC-3 and apo Y221H PDC-3

The crystal structures of PDC-3 and PDC-3 Y221H are very similar as their superimposition yields
ar.m.s.d. of 0.20 A for 349 Cu atoms (Figure 4). Note that in both the active site of apo-PDC-3
and apo-Y221H PDC-3, an isopropy| alcohol (IPA) molecule present in the crystallization solution
is observed in the electron density. In the PDC-3 structure, the oxygen atom of IPA makes three
hydrogen bonds (with Oy atom and main chain N atom of S64, and with the main chain nitrogen
atom of S318). In the PDC-3 Y221H structure, IPA makes similar hydrogen bonds as in the PDC-

3 structure (Figure 4).

The major difference between the PDC-3 and PDC-3 Y221H structures is that part of the
Q-loop is disordered in the PDC-3 Y221H structure; residues 205-212 are not observed in the

electron density and are thus not modeled in the PDC-3 Y221H structure (Figure 4B-4C). PDC-3
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residue Y221 makes hydrophobic interactions with the hydrophobic atoms of Q-loop residue
D217. In addition, Y221 makes two water-mediated interactions with backbone oxygens of P213
and P215. The side chain of D217 makes Q-loop stabilizing interactions via hydrogen bonds with
backbone nitrogens of G214 and A218 as well as with the K126 side chain (Figure 4). In the
PDC-3 Y221H structure, the side chain of H221 is rotated 140°, now pointing towards S64. As a
consequence, the hydrophobic interactions of Y221 with D217 are absent, allowing residue D217
to adopt two conformations in the PDC-3 Y221H with conformation #2 occupying the space that
Y221 occupies in PDC-3. An additional difference involves the reorientation of the backbone
oxygen of N320 in the PDC-3 Y221H structure (Figure 4C). The adjacent nitrogen of this peptide
backbone moiety in PDC-3 is making a water-mediated interaction with the Q-loop, an interaction
no longer possible in the PDC-3 Y221H structure. The loss of the water-mediated Q-loop
interactions of Y221 and that D217 occupies two conformations with its second conformation
having lost the Q-loop stabilizing interactions is the likely cause of the observed disorder of Q-
loop residues 205-212. We propose the Q-loop destabilization observed in the PDC-3 Y221H

structure likely is at the basis of the 4.6 °C lower T (Figure 3B).

The variability of the residue 221 side chain orientation and concomitant Q-loop disorder
in the PDC-3 Y221H variant could explain why this variant has increased resistance to CAZ (11).
Shifting of Y221 in a tripeptide insertion resistance variant of GC1 were found to allow CAZ to
adopt a catalytically competent conformation that did not destabilize the tetrahedral deacylation
transition state, thus enabling hydrolysis (47-49). Residue Y221 is near where CAZ’s
aminothiazole ring binds in the acylation complex state and forms quadrupole interactions in the
related ADC-7 B-lactamase (and likely also in the Michaelis-Menten complex) (50). Side chain

orientation variability at position 221 and the Q-loop disorder could allow CAZ to be better
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accommodated during certain catalytic steps. Molecular dynamics simulations suggested that side
chain variability at position 221 could also play a role in the resistance phenotype of PDC-3 E219K
(11). The related CMY -2 B-lactamase can also harbor the Y221H resistance mutation (CMY-136),
yielding increased resistance to ticarcillin, cefuroxime, cefotaxime, and TOL/TAZO (but not CAZ)
(51). The structure of CMY-136 showed a similar H221 reorientation concomitant with increased
disorder/flexibility in the Q-loop (51). That the same Y221H substitution gives rise to resistance
to different B-lactams suggests that additional active site amino acid differences contribute to these

resistance phenotypes.

The structure of PDC-3 is very similar to that of PDC-1 (PDB id accession code 4GZB)
(32). The root-mean-square-deviation (r.m.s.d.) of superimposing these two structures is 0.38 A
for 359 Ca atoms. PDC-1 and PDC-3 differ by one amino acid (i.e., T79A change in PDC-3) and
have very similar MICs (11, 16), although an earlier publication reported kinetic and
microbiological differences (12). Residue 79 is partially solvent-exposed and is at the C-terminus
of helix H2; the N-terminus of this helix contains the catalytic S64. Although the phenotypic
impact of the T79A variation is uncertain, it is possible that changes in the C-terminal end of helix

H2 could have an impact on the S64 movements needed for catalysis.

Complexes of PDC-3 and PDC-3 Y221H with LP06

Soaking in LP06 into PDC-3 and PDC-3 Y221H crystals revealed the presence of this inhibitor
bound in the active site (Figures 5 and 6). Inhibitor density was continuous with the Oy atom of
the catalytic S64, indicating a covalent bond between the p-lactamase and LP06. As expected for
BATSIs, the electron density map is consistent with a tetrahedral geometry about the boron atom

of LP06 in both of the complex structures. The LP06 complexes of PDC-3 and PDC-3 H221Y are
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virtually identical: their superimposition yields a r.m.s.d. of 0.14 A for 360 Ca atoms. The active
site ligand interactions are also nearly identical. One of the boronic acid hydroxyls is bound in the
oxyanion hole and makes two hydrogen bonds with main chain N-atoms of S64 and S318 and a
third hydrogen bond with the backbone oxygen of S318 (Figures 5 and 6). The second boron
hydroxyl of the inhibitor hydrogen bonds with the side chain of Y150. LP06 contains the R1 side
chain of the CAZ, and the interactions this group makes with the enzyme are virtually identical in
both LP06 complexes. The R1 amide oxygen atom hydrogen bonds with GIn120 and Asn152. The
aminothiazole amino group makes both a direct and water-mediated hydrogen bond with N320
(Figures 5 and 6). Electron density for the dimethyl-carboxy! group of the inhibitor is relatively
weak; this moiety is not making direct hydrogen bonds with the protein. The dimethyl groups of
the dimethylcarboxyl moiety make hydrophobic interactions with A292, L293, and L119 (Figures
5 and 6). The dimethylcarboxyl moiety of LP06, when bound to the related ADC-7, is less ordered
(50). However, LP06 in this latter structure contains an (unexpected) covalently attached
phosphate moiety instead of a boron hydroxyl group (50) thus dampening the impact of structural

comparisons with the ADC-7 LP06 complex.

LPO6 binding to both PDC-3 and PDC-3 Y221H yields similar protein conformations
regarding both the orientation of residue 221, the main chain of N320, and the conformation and
order of the Q-loop (Figures 5 and 6). This indicates that LP06 induced a PDC-3 protein
conformation for PDC-3 Y221H (r.m.s.d. for apo and LP06 bound PDC-3 Y221H is 0.24 A for
349 Ca atoms). LP06 also induces the side chain of D217 in the single PDC-3 conformation, thus
stabilizing the Q-loop interactions. These LP06-induced structural observations agree with the

observed significantly increased Tm values of PDC-3 and PDC-3 Y221H when bound to LP06
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(Figure 3B). The significant number of interactions of LP06 in the PDC-3 active site aid in

explaining its potent affinity (ICso = 4.6 nM).

LPO6 also inhibits FOX-4, but its 110 nM ICsp is 24-fold higher than for PDC-3 (52).
Superimposition of the LP06 bound complexes of PDC-3 and FOX-4 indicate that the
aminothiazole ring moieties are in different positions (Figure 7), and the dimethyl carboxyl moiety
was too disordered to be modeled in the FOX-4 complex (52). The LP06 aminothiazole moiety,
when bound to FOX-4, is near Y221, whereas this moiety is more distant from Y221 in the PDC-
3 complex. This is likely a consequence of the presence of N320 in PDC-3 (it is G320 in FOX-4)
as this side chain hydrogen bonds with the aminothiazole ring (Figures 6 and 7). Amino acid
differences in FOX-4 near where the dimethyl moiety of LP06 binds in PDC-3 (i.e., A292S and
L293F) could also, in part, contribute to why LPO6 inhibits FOX-4 more weakly when compared

to PDC-3 (Figure 7).

Complexes of PDC-3 and PDC-3 Y221H with S02030

Soaking inhibitor S02030 into crystals of PDC-3 and PDC-3 Y221H yielded active site density for
the covalent inhibitor (Figures 8 and 9). Like LP06, the electron density map of S02030 also
shows a tetrahedral geometry about the boron atom in both of the complex structures. The boronic
acid hydroxyl moieties make similar interactions as in the LP06 bound structures, except that the
hydroxyl in the oxyanion hole is not as deeply located in this oxyanion hole. This minor shift
causes the hydroxyl’s hydrogen bond with the backbone oxygen of S318, present in the LP06
complexes, to be absent. This conformational difference is likely due to the presence of the
adjacent R2 group of S02030; LP06 does not have an R2 group (Figure 1C). The amine group of

S02030 makes hydrogen bonds across the width of the active site: with the side chain of N152 and
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with the backbone oxygen of S318 (Figures 8 and 9). The amine group is also making van der
Waals interactions with the side chain of Y221/H221 in the structures. The S02030 R2 group,
when bound to PDC-3 is observed in two conformations, whereas it is observed in a single
conformation when complexed to PDC-3 Y221H (Figures 8 and 9). The carboxyl moiety of the
R2 group makes a hydrogen bond with N343. The R1 thiophene ring of S02030 is observed in two
conformations in the PDC-3 Y221H complex and is in a single conformation when bound to PDC-

3. The thiophene ring conformations make van der Waals interactions with N320.

Regarding the protein conformation, the S02030 PDC-3 and PDC-3 Y221H complexes are very
similar; their superimposition yields a r.m.s.d. of 0.31 A for 359 Co atoms. Superimposition of the
PDC-3 LP06 and PDC-3 S02030 complexes yield a r.m.s.d. of 0.11 A for 359 Co atoms indicating
again a very similar protein conformation. Residue 221 is in each case in a similar position as in
the LP06 complexes pointing away from S64. Furthermore, the Q-loop is in an ordered PDC-3-
conformation in both S02030 complexes. The S02030 conformation is, however, more variable:
its R1 and R2 positions displaying alternate conformations and even the R1 group in the PDC-3
Y221H complex is in a different orientation as in the PDC-3 complex (Figures 8 and 9).
Compared to the PDC-3 S02030 complexes, different R1 and R2 conformations are also observed

for S02030 bound to related class C p-lactamases ADC-7 (53) and MOX-1 (54).

Compared to LP06, S02030 makes fewer hydrogen bonds and van der Waals interactions in the
PDC-3 and PDC-3 Y221H active sites. This observation is likely the basis for the slightly lower

8.5 nM affinity of S02030 for PDC-3 compared to the 4.6 nM affinity of LP06.

Molecular docking studies
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In silico docking studies were performed to gain insights the binding modes of the ligands CAZ
and TOL bound to PDC-3 and Y221H. Figures S4, S5, and S6 show the results of covalent
docking with the ligands forming an acyl intermediate. Table S2 lists the docking scores obtained
from these covalent docking calculations. CAZ and TOL binding to PDC-3 yielded better docking
scores (-6.137 and -7.834, respectively) in comparison to those for PDC-3 Y221H (-5.653 and -
6.306, respectively) suggesting that the latter variant has weaker affinity for these ligands. The
docking results for PDC-3 indicate that CAZ makes a covalent bond with S64 and 11 hydrogen
bonds with Y150, N152, N320, N343, S318, N346, T316. TOL also is predicted to make a covalent
bond with S64 and 12 hydrogen bonds with Y150, T316, S318, N320, N343, N346. Overall, the
docking poses for CAZ and TOL bound to PDC-3 indicate that the active site of PDC-3 can
accommodate both f-lactams with the commonly observed oxyanion interactions for the carbonyl
oxygen (which is also observed for one of the boronate hydroxyl moieties such as for BATSI LP06
binding to PDC-3) (Figures 5C and 5D). Regarding their docked binding mode to PDC-3 Y221H,
the CAZ and TOL orientations are about 180° rotated in the active site compared with when bound
to PDC-3 and their carbonyl oxygens are not positioned in the oxyanion hole (Figures S4 and S5).
These different substrate orientations are likely due to the reorientation of H221 pointing inward
(Figure 4B) compared to the outward orientation of Y221 in PDC-3. Despite the difference in
orientation, CAZ is predicted to have a covalent bond with S64 and make 7 hydrogen bonds with
K67, Y150, H221, E272, T289, T316, N346, whereas TOL is predicted to make 6 hydrogen bonds
with Y150, N152, H221, E272, T316, N320. These docking conformational differences and score
differences could explain why CAZ has a higher Ky for PDC-3 Y221H compared to PDC-3. An
alternative explanation is that CAZ binding might only occur in PDC-3 Y221H with the histidine

side chain in the outward position as was observed for LP06 binding. This outward conformation
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of H221 likely only occurs in a small population in PDC-3 Y221H with the major population being
the inward conformation that is crystallographically observed. Thus, CAZ perhaps only being able
to bind to a conformation of PDC-3 Y221H that only a minority of PDC-3 Y221H proteins adopt
could thus also explain the higher Kn compared to PDC-3. Note we do realize that determining
binding affinity via docking calculations is not yet very accurate (55) but comparing the docking
scores of ligands CAZ and TOL (Table S2) and their different orientations could yield insights

into their relative binding affinities to PDC-3 and Y221H PDC-3 enzymes.

The Y221H substitution also increases hydrolysis of CAZ and TOL that is very slow or not
measurable for PDC-3. Based on our docking results, there are possibly three explanations for the
observed increase in hydrolysis by PDC-3 Y221H. The first is that the thiazole ring of CAZ and
similar thiadiazole ring in TOL could act as a base to activate the water-mediated deacylation
reaction for these ligands in a substrate-assisted manner as was hypothesized for the D179Y KPC-
2 variant (56). These rings are in closer proximity to the acyl-bond in the docked PDC-3 Y221H
mutant than in the PDC-3 structures. A second explanation could involve the imidazole ring of
H221 in the inward orientation being in the vicinity of the acyl bond and could act as a base to
withdraw a proton from a nearby water molecule to facilitate deacylation of CAZ and TOL.
Histidines are known to be able to be a proton donor or acceptor (57). H221 residue is within 3.5
A distance of the catalytic S64 and could be important for hydrolyzing CAZ and TOL. Thirdly,
the Y221H caused disorder of the nearby Q-loop which enlarges the active site which could allow
CAZ and TOL to acylate and deacylate more productively despite the weaker binding affinities of
CAZ and TOL in PDC-3 Y221H. The Q-loop is closer to the docking binding modes of CAZ and
TOL in the PDC-3 than in the PDC-3 Y221H docked structures. In particular, the thiazole and

thiadiazole rings of the B-lactams are near to the Q-loop in the PDC-3 Y221H structures. This third
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explanation would have CAZ and TOL binding to PDC-3 Y221H in the binding mode as when
docked to PDC-3 possibly allowed by an outward orientation of H221. Of the three explanations,
the latter maintains the B-lactam carbonyl oxygens in the oxyanion hole which is needed to
stabilize the transition state intermediate and suggests that Y150 provides the electron needed for

base-assisted catalysis.

WT-MetaDynamics simulations and structural models reveal alternate conformations of Y221H

Enhanced sampling well-tempered metadynamics simulations were run to sample the
conformational landscape of the PDC-3 and the Y221H variant. The simulations were stopped at
3 us after the convergence was achieved for both systems (Figures S7 and S8). The Free energy
surface (FES) plots were calculated for both PDC-3 and Y221H variant structures as a function of
the ¢ and v dihedral angles of residue 221. Distinct basins were identified highlighting regions of
lowest energy states (Figure 10), wherein each basin corresponds to an ensemble of conformations
of the protein. The FES plots in both, PDC-3 and the Y221H variant are quite similar. There are
two free energy basins (labelled A and B), containing one dominant cluster. The exemplar structure
from each basin was extracted and further analyzed for the differences in the dynamics of the
tyrosyl side chain in PDC-3 and the imidazole ring of the H221 variant. The residues in the active
site show few differences in basin A. The tyrosyl side chain in the PDC-3 Y221 orients towards
the Q loop (Figure 10). The side chains of K67, Y150 and the catalytic S64 are oriented as in the
crystal structure. In case of the Y221H variant, the imidazole side chain points inwards into the
active site. This is the conformation observed in the crystal structure of the apo state of the Y221H
variant. In basin B, in PDC-3, the side chain of Y221 rotates, but still points towards the Q loop.

The side chain orientations of K67, Y150 and S64 are similar to those observed in the crystal
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structure. Comparing FES maps between PDC-3 and the Y221H variant, basin B in the Y221H
variant is shifted, indicating a different free energy minimum for the structure. A detailed structural
analysis reveals a similar conformation of the imidazole side chain as observed in the crystal

structure, however, the side chain of Y150 is rotated away from the active site.

Conclusions

Based upon previous investigations, we continue to elucidate the roles of amino acid
substitutions in the emergence of TOL and CAZ resistance in PDC. Herein, we demonstrate that
the Y221H substitution in PDC-3 substantially increases hydrolysis of both CAZ and TOL and it
does so primarily by a kea (turnover) driven mechanism. Structural analyses by both
MetaDynamics simulations and X-ray crystallography support the notion that the sidechain of the
H221 residue favors a conformation in a different plane than Y221, opening a hidden pocket that
likely allows the substrates to assume different conformations in the active site. Molecular docking
revealed three possible factors which may contribute to increased turnover: 1) the substrate serving
as a base to activate the deacylation water; 2) an alternative general base to activate the deacylation
water, or; 3) the ability to take on more catalytically favorable conformations as a result of
decreased order in the Q-loop, resulting in enlargement of the active site. While the substitution
decreases hydrolysis of smaller substrates (NCF), the impact on inhibitors is minimal and the
BATSIs LP06 and S02030 are effective inhibitors of both PDC-3 and the Y221H variant,
suggesting that ongoing development of newer iterations of these BATSIs should continue to
provide a promising pathway to inhibiting CAZ and TOL resistant PDC variants caused by Q-loop

alterations.
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As previously demonstrated in class A p-lactamases (58, 59), PDC (11), and other class C
B-lactamases (50, 53, 54), the BATSIs LP06 and S02030 are potent inhibitors of PDC-3, E219K,
and Y221H with nanomolar ICso values. They form large numbers of interactions with the enzymes
and stabilize the enzyme-inhibitor complex in the process. Ongoing studies with newer generations

of BATSIs continue to build on these results as we optimize for both coverage and potency.

Finally, based on the data presented herein, previous work on PDC (11, 14, 29), and
literature reports of Q-loop substitutions and insertions occurring in both PDC (60) and other class
C B-lactamases (48, 51), we hypothesize that the Y221 residue plays a crucial and hereto
underappreciated role in the development of resistance to CAZ and TOL. By either directly or
indirectly repositioning the sidechain of the 221 residue, substitutions occurring at several
positions in the C-terminal portion of the Q-loop increase turnover of these important anti-
Pseudomonal cephalosporins, likely through the opening of an otherwise hidden pocket in the
active site allowing repositioning of the substrate into a more catalytically favorable orientation.
We also propose that the Y221 residue represents an important focus for the development of
inhibitors or antibiotics looking to overcome or avoid the development of these and similar
resistance mechanisms. We close with the observation that despite best efforts in strategic drug
design, natural protein engineering in the Q-loop of class C B-lactamases uncovers novel catalytic

properties contributing to antimicrobial resistance.
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Materials and Methods

Key Reagents

CAZ was purchased from MilliporeSigma (Saint Louis, MO, USA). Merck & Co., Inc.
(Kenilworth, NJ, USA) provided TOL as part of a research agreement. AVI was purchased from
Advanced ChemBlocks (Hayward, CA, USA). Nitrocefin (NCF) was purchased from
ThermoFisher Scientific (Waltham, MA, USA). TAZO was purchased from Chem-Impex
International (Wood Dale, IL, USA). BL21-CodonPlus (DE3)-RP Competent Cells were
purchased from Agilent Technologies (Santa Clara, California, USA). The BATSI compounds

LP06 (61) and S02030 (58) were synthesized as previously described.

Protein Expression and Purification

The PB-lactamases were expressed and purified with modifications to previously described
protocols (11). Plasmids were prepared as previously described (11). Briefly, plasmids containing
expression constructs (pET24a(+) SK(-) blaroc-s, pET24a(+) blaroc-se219x, and pET24a(+) blappc-
3v221H) were transformed into BL21-CodonPlus (DE3)-RP cells, grown on lysogeny broth (LB)
agar plates containing kanamycin (KAN) and chloramphenicol (CHL) as selective agents, and
stored at 4°C for up to one month for subsequent use. Overnight cultures in LB with KAN and
CHL were started from five isolated colonies and used to inoculate 3L of Super Optimal Broth
(SOB)., Large-scale cultures were shaken at 37°C for approximately three hours, grown to an
ODeoo of 0.8 to 1.0, induced with 0.5 mM Isopropyl R-D-1-thiogalactopyranoside (IPTG), cooled
to 18°C, and shaken overnight. After 18 to 20 hours, cells were pelleted and frozen at -20° for later

use.
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Cell pellets were thawed and resuspended in a lysis buffer consisting of 20 mM Tris pH
7.5, 25 mM sucrose, 40 pg/ml lysozyme, ImM MgSQOs, 100 mM NaCl, and 250 U Benzonase
nuclease (Millipore Sigma). Cells were lysed, pelleted at 18,500 x g for 1 hour at 4°C, and
supernatants transferred to dialysis tubing for consecutive 3 hour and 1 x overnight dialyses
against 2 L of Tris-sucrose buffer (20 mM Tris, pH 7.5, and 25 mM sucrose). Dialyzed supernatant
was centrifuged at 18,500 x g for 1 hour and loaded onto a prepared HiTrap SP HP cation exchange
column (Cytiva Life Sciences, Marlborough, MA, USA). The column was washed with ten column
volumes of Tris-sucrose buffer and eluted with an increasing gradient of 500 mM NaCl in Tris-
sucrose buffer to facilitate cation exchange. Fractions were collected when UV absorbance was
greater than 25 mAu and purity assessed by SDS-PAGE. Pooled fractions were buffer exchanged
into PBS,concentrated using Amicon Ultra Centrifugal Filtration Units (Millipore Sigma), and run
on a HiLoad 16/600 Superdex 75 pg size exclusion column (Cytiva Life Sciences) for final
purification. Purity was assessed by SDS-PAGE, fractions pooled, and concentration determined

by Aogo readings. Enzymes were sterile filtered and stored at 4°C until needed.

Steady-state kinetic analysis

B-Lactamase kinetic measurements were conducted using Agilent 8453 or 8454 UV-visible
Spectroscopy Systems (Agilent Technologies, Santa Clara, CA, USA) and Suprasil Quartz
Absorption cuvettes (Hellma Analytics, Miillheim, Germany) with either a 1.0 cm or 0.1 cm path
length as appropriate. Activity buffer was 1x PBS, pH 7.4 with 200 pg/ml bovine serum albumin
(BSA) to enhance enzyme stability. With NCF (a readily hydrolyzed chromogenic cephalosporin
used as an indicator substrate), reads were taken every 0.5 seconds for 10 to 20 seconds

(corresponding to the linear portion of the progress curve). With CAZ and TOL, reads were taken
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every 10 seconds (to minimize the extent background UV-mediated hydrolysis) for the duration
of the linear portion of the progress curve, up to a maximum of 300 seconds. Data was collected
and initial rates determined using UV-Visible ChemStation software version B.05.02 (Agilent
Technologies). Data processing and analysis was performed using Origin Version 2022

(OriginLab, Northampton, MA) and Excel (Microsoft Corporation, Redmond, WA, USA).

Substrates were measured at the following wavelengths (A) and extinction coefficients
(Ae): NCF Ag = 17,400 Mt cm? at A = 482 nm (38); CAZ Ae = -7,600 M cm™ at A = 256 nm
(62); and TOL Ag = -9900 Mt cm™ at A 270 nm. The Ae for TOL was determined by monitoring
the complete hydrolysis of 100 uM TOL using 100 mM NaOH and calculated using the Beer—

Lambert law.

The reaction mechanism for cephalosporin hydrolysis by PDC can be represented by the

. . k_1+k
following rate equation, where Ky = ;—2

1

kl k2 k3 Commented [MAR((1]: Note: the area under the k2 and k3
E+A=FES—~E—-S—~FE+P arrows should be empty, Word displays a dotted box because
k nothing is entered in the placeholder.
-1

Equation 1

The kinetic constants Km and Vmax were determined using a nonlinear least-squares
regression of the data to the Henri-Michaelis-Menten equation (Equation 2) in Origin, where v is
the velocity of the reaction, Vmax is the theoretical maximum velocity, Kw is the Michaelis constant,

and [S] is the substrate concentration:

_ Vinax [S]
YT K+ [5]

Equation 2
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Change in free energy of binding between the enzyme and the transition state (AAGp) was
calculated using the following equation (36), where R the ideal gas constant (8.314463 J mol* K

1y and T the temperature in Kelvin (296.5 K) :

(kcat/KM)A

AAG, = —RTIn
(kcat/KM)B

Equation 3

Competitive inhibition assays were used to determine ICso. NCF (a reporter substrate),
enzyme, and inhibitor were mixed and initial velocities determined over ten to fifteen seconds.
Inhibition values were determined after a five-minute preincubation. Inverse steady-state velocities
(1/Vo) were plotted against inhibitor concentration ([1]), forming a straight line. The y-intercept of
this line was divided by the slope of the line to yield ICso ons Values. Corrected 1Cso values were

determined by correcting for affinity of NCF in the active site using Equation 4:

ICSO obs
5
1+ g NCF

ICSO =

Equation 4

Electrospray ionization mass spectrometry (ESI-MS)

Five micrograms of PDC-3, PDC-3 E219K, or PDC-3 Y221H was incubated at the indicated molar
ratio in a total volume of 20 pl in 1X PBS, pH 7.4 at room temperature for the duration of the
indicated timepoints. Reactions were quenched with the addition of 10 pl acetonitrile and added

to 1 ml of 0.1% formic acid in water.
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Data was collected using a Waters (Milford, MA, USA) Synapt G2-Si Quadrupole time-
of-flight (Q-TOF) mass spectrometer and Waters Acquity UPLC BEH Cig 1.7-pum column (2.1 by
100 mm). MassLynx V4.1 was used to deconvolute protein peaks. Mobile phase A was 0.1%
formic acid in water. Mobile phase B was 0.1% formic acid in acetonitrile. Instrument settings

were as previously described (11). The mass accuracy of this system is =5 Da.

Thermal Denaturation

Experiments were conducted by circular dichroism using a Jasco J-815 CD Spectrophotometer
and Jasco CDF-426S/15 Peltier temperature control module based on previously reported
protocols (11). Purified enzyme (PDC-3, PDC-3 E219K, or PDC-3 Y221H) either alone or in the
presence of 50 uM AVI, LP06, or S02030 or 5 uM TAZO (to minimize the effect of the high
intrinsic CD signal) were monitored by CD at 208 and 222 nm (corresponding to the CD maxima
for a-helicies) between 20° and 70°C at a heating rate of 2°C per minute. Measurements were
conducted using a 0.2 cm path length Quartz cuvette (Hellma Analytics). Two-state behavior was
indicated by identical curves at each of the monitored wavelengths. Raw melting curves were
normalized to the fraction unfolded protein (fu) using the equation fu = [FJ/([F]+[U]) = (6--6u)/ (6=
6u) where 6 is the ellipticity at a given temperature and - and 8y are the ellipticities of the fully
folded and unfolded forms, respectively (63). Given a reversible two-state transition between the

native and unfolded forms, equilibrium constants (Keq) were calculated using Equation 5 (11, 64).

fu

Kea=1-7,

Equation 5
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Assuming that enthalpy and entropy changes are constant with temperature
(ACp = constant) (65), the Gibbs Free Energy (AG = AH — TAS = -RTInKeq) and van’t Hoff equation
(Equation 6) were used to determine the melting temperature (Tm). The AH and AS values were
determined from the slope of a plot of In(Keq) vs 1/T using Equation 6 (63). Tm values were
determined at the midpoint of unfolding equilibrium (AGy = 0) and reported as the average of value

at A =208 nm and A = 222 nm (tracking the presence of a-helical secondary structure).

AH AS

InK,, = ——4—
n RT TR

eq

Equation 6

The difference in free energy of unfolding (AAGy) was determined by the method of Becktel and

Schellman (65) using the equation AAG, = ATmASWT. At T = Tn, the Gibbs Free Energy equation

becomes AS,, = A% and ASVT = 1.46 kJ molt K2,

Differential Scanning Fluorimetry (DSF)

For both PDC-3 and Y221H proteins, a final concentration of 10 uM was used in 1X PBS buffer,
pH 7.4. The total reaction volume for each sample was 30 pL, and 10X SYPRO Orange dye was
used for fluorescence measurements during the thermal denaturation from 25 °C to 70°C.
Experiments were performed in duplicate, and the fluorescence signal was read out on a CFX96

Touch ThermoCycler (Bio-Rad).

Crystallization, data collection, and crystallographic refinement
Crystals for both PDC-3 and the Y221H variant were obtained by mixing protein and reservoir
solution in 1:1 ratio using the sitting drop crystallization method. The protein was concentrated to
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10 mg/mL in 10 mM HEPES pH 7.5, 150 mM NaCl and 5% glycerol. The crystallization drops
contained 1.5 pL of the protein and 1.5 pL of the reservoir solution (100 mM Imidazole pH 7.0,
2-8% isopropy! alcohol (IPA), and 16-34% PEG 3350). Rod-like protein crystals grew after 2-3
days of incubation at 20 °C. These crystals were used for soaking the BATSI compounds. LP06
was soaked at 3 mM for 45 hours for PDC-3 and at 2 mM for 30 minutes for the Y221H variant
crystals. The BATSI S02030 was soaked at 5 mM for 5 hours for PDC-3 and at 2 mM for 3 hours
for Y221H variant crystals. After soaking, the crystals were frozen in liquid nitrogen for data
collection. Data were collected at two different synchrotrons facilities - NSLS beamline FMX and
SSRL beamlines BL12-2 and BL9-1 and processed using XDS (66) and HKL3000 (67),
respectively. All the structures were solved via molecular replacement with MOLREP (68) using
the AmpC B-lactamase from P. aeruginosa coordinates as the search model (Protein Data Bank
(PDB) accession code 3522 (69)). The structures were refined using REFMAC (70), and the model
building was done using COOT (71). After the first round of refinement, the electron density for
the ligands was observed in the active site pocket covalently attached to residue S64. Refinement
parameters for the ligands LP06 and S02030 were generated using AceDRG (72), and the ligands
were included in subsequent refinement steps. Additional ligands like isopropyl alcohol (IPA),
dimethyl sulfoxide (DMSO), and imidazole (IMD) were also located in the electron density and
therefore included in the final rounds of refinement. The apo forms of PDC-3 and Y221H were
solved at 1.75 A and 2.1 A resolutions, respectively. The crystal structures of LP06 in complex
with PDC-3 and Y221H mutant proteins were determined to the resolutions of 1.35A and 1.65 A,
respectively (Table 5) and for S02030 at 1.38 A and 1.42 A, respectively. All the structures were
solved in the P21212; space group with one molecule in the asymmetric unit. The quality of the

models was analyzed with the PDB validation server (www.wwpdb.org). Overall, 100% of
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residues were in the favored and allowed regions of the Ramachandran plots for all the complex

structures (Table 5). Molecular figures were generated using Pymol (www.pymol.org).

Covalent docking of CAZ and TOL into PDC-3 and PDC-3 Y221H

Molecular docking of CAZ and TOL to the active sites of PDC-3 and PDC-3 Y221H were
performed using the Schrodinger software suite. Geometrical optimization and energetic
minimization steps were carried out on apo-protein structures of PDC-3 and PDC-3 Y221H
proteins by using the Protein Preparation Workflow (73). Ligands CAZ and TOL were prepared
with the LigPrep Tool (74). For the docking stage, the Centroid of Workspace Ligand was chosen
as the center of the docking grid box and S64 was picked as the Reactive Residue. Reaction type
was set as Beta Lactam Addition, and default parameters were selected to run the docking protocol
using GLIDE software with the OPLS4 force field. Docking score and ligand interactions with the

residues of active sites were recorded.

Enhanced Sampling Molecular Dynamics Simulations

The apo form of the structure of the PDC-3 B-lactamase was used as the starting geometry for
the PDC-3 simulations. The missing Q-loop in the Y221H variant was constructed in silico using
the ICM loop modelling package (75). The high-throughput molecular dynamics (HTMD)
protocol was employed to prepare the simulation systems (76). The protonation states for the
side chains were calculated using proteinprepare implemented in the Moleculekit module within
the HTMD package. The Amber ff14SB force field parameters were used to the describe the
protein (77), combined with explicit TIP3P model for water molecules (78). The systems were

minimized with 3,000 steps of the steepest descent integrator and equilibrated in the NPT
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ensemble for 5 ns. The Langevin thermostat and Berendsen barostat (79) were employed to keep
the temperature (300 K) and pressure (1 bar) constant, respectively. A 5 ps-long production
simulation was carried out in the NVT ensemble for all the systems with a time step of 4 fs. All

the simulations were run using the ACEMD program (80).

To enhance the sampling, well-tempered metadynamics simulations (81, 82)
(WTMetaD) starting from the equilibrated structures of PDC-3 and the Y221H variant were
performed at 300 K using the ACEMD program combined with the PLUMED 1.3 plug-in. An
integration step of 4 fs was used in WTMetaD. To investigate how the mutation influences the
dynamics of the protein, the main chain ¢ and y dihedral angles of residue 221 were chosen as
the collective variables (CVs) in both PDC-3 and the Y221H variant. The bias was added on the
two CVs with a Gaussian width of 0.1 rad and a Gaussian height of 0.5 kJ/mol. Gaussians were
deposited every 4 ps, so that the deposition rate was equal to 0.125 kJ/(mol-ps). The bias factor
was fixed to 15. After 3 us WTMetaD in the NVT ensemble, the free energy reached full
convergence (Figure S8). The free energy landscape as a function of the two CVs were obtained
by integrating the deposited energy bias along the trajectory of WTMetaD simulations. The error
on the minima and barriers of the free energy surface was estimated from the largest variation
observed in the mono dimensional projections along the collective variables during the last 100
ns of the simulation and amounts to 0.5 kcal/mol. The conformations from each energy
minimum were clustered via the root mean square deviation (RMSD) with a cutoff of 0.2 nm.
The structures corresponding to the clusters were selected from the WTMetaD trajectories based
on the values of the collective variables CV1 and CV2. All structural analysis was conducted
via MDtraj (83). The structures extracted from MD simulations were illustrated using Protein

Imager (84).
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Abbreviations

e PDC, Pseudomonas-derived cephalosporinase
e CAZ, ceftazidime

e TOL, ceftolozane

¢ NCF, nitrocefin

e AVI, avibactam

e TAZO, tazobactam

e MDR, multi-drug resistant
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Tables

Table 1: Kinetic profiles of PDC-3, E219K, and Y221H with CAZ, TOL, and NCF. Data was

collected spectrophotometrically and is presented as the mean + standard deviation of three

independent replicates. Less-than (<) and greater-than (>) values are estimated based on the

parameters of the experiments.

PDC-3 PDC-3 E219K PDC-3Y221H
Kwm Keat (s) Keat/ Km Kwm Keat (S Keat/Km Km Keat (s Keat/ Km
Substrate (M) (rM1s?) | (uM) Y) (rM?s?) | (uMm) )| (mMs?)
i § 289+ | 8754+t 303 167+ | 76.0% 26.2+ | 375.4 143+
Nitrocefin 46+0.2
3.9 119.6 2.0 0.4 2.8 2.1 +28.1 0.08
;. 389+ 538.1 59+ 0.011+ | 756.5+ | 2.3+ | 0.0031
Ceftazidime <0.1 <0.0026
13 +80.0 0.3 0.001 23.0 0.2 0.0003
407.3 5.6+ 0.014+ | 4113+ | 2.6% | 0.0062
Ceftolozane > 50 <0.01 | <0.0002
+24.7 0.7 0.0005 29.5 0.1 0.0004
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Table 2. Masses of PDC-3, PDC-3 E219K, and PDC-3 Y221H, both unbound and in their
respective acyl-enzyme complexes, with and without the addition of a water molecule. A green
check mark (V) indicates a mass that was observed. The R2 group is eliminated from both

cephalosporins in the collapse of the transition state leading to the formation of the acyl-enzyme
complex. The variable Met residue is the result of cloning and protein production and does not impact

B-lactamase activity. CAZ, ceftazidime; TOL, ceftolozane.
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WT E219K | Y221H
Change in Structure Change in Mass v v v
40,648 | 40,647 | 40,622
L v v v
+ Methionine vt 40,779 | 40,778 | 40,753
+ CAZ (No R2 Group)
b
N—O (@]
TN/
H N)%N NH +471 v
2 4 41,119 | 41,118 | 41,093
[e]
SeT—/64
PDC
+ CAZ (No R2 Group) +487 v v v
+ Modification 41,135 | 41,134 | 41,109
+ Methionine
+ CAZ (No R2 Group) + 602 41,250 | 41,249 | 41,224
+ Methionine v
+ CAZ (No R2 Group) +618
+ Modification 41,266 | 41,265 | 41,240
+ TOL (No R2 Group)
HOH
_N N—O o
/SL N__/
i N NH +472 41,120 | 41,119 | 41,094
I} % s
o]
Se||'—64
PDC
+ TOL (No R2 Group) + 488 v v v
+ Modification 41,136 | 41,135 | 41,110
+ Methionine
+ TOL (No R2 Group) + 603 41,251 | 41,250 | 41,225
+ Methionine v
+ TOL (No R2 Group) +619 41267 | 41,266 | 41,241

+ Modification
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Table 3. Changes in enzyme T on addition of inhibitor. VValues were determined using circular dichroism
and are presented in °C, accurate to + 1°C, for Tr, and in kJ K* mol™* for AAGy. Positive values indicate

stabilization on binding and negative values destabilization.

Enzyme Apo AVI LP0O6 S02030 TAZO
ATm |ATm |[AAGy | ATm |AAGy |[ATm | AAGu | ATm | AAGy
PDC-3 0 -0.8 -1.1 55 8.0 4.9 7.2 0.8 1.1

PDC-3 E219K 0 1.4 2.1 2.5 3.3 2.1 2.7 11 1.4
PDC-3 Y221H 0 -0.9 -14 3.8 6.0 2.6 4.0 0.3 0.5
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Table 4. Inhibition kinetics with PDC-3, E219K, and Y221H. Fifty percent inhibitory
concentration (ICso) values were determined spectrophotometrically following a five-minute
preincubation of inhibitor and enzyme, corrected for competition of the reporter substrate, and are
provided in nM as the mean + standard deviation of three independent replicates. AVI, avibactam;

TAZO, tazobactam.

Inhibitor PDC-31Cs0 | PDC-3E219K ICs0 | PDC-3 Y221H ICso
LPO6 4606 1444 +13.9 18.2+6.0
S02030 85138 53.1+3.7 116.8 +£18.0
AVI 10.7+0.5 20.0£25 248+0.8
TAZO 180.3 +£15.2 105.4 +24.9 30.3+0.6
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Table 5. X-ray diffraction data collection and crystallographic refinement statistics for the PDC-3 and mutant Y221H proteins & their complexes with ligands

LP06 and S02030.
Parameters Apo PDC-3 [ Apo Y221H | LP-06:PDC-3 [ LP-06:Y221H [ S02030:PDC-3 | S02030:Y221H
Indexing and scaling
Wavelength (A) 0.920097 0.97946 0.97933 0.97935 0.97946 0.97935
Resolution range (A) 3796 - 1.75|50-2.10  (2.18-|27.99-1.35 (1.38- | 28.02-1.63 (1.67- | 37.94-1.38 (1.40- | 29.6-1.42 (1.46-
(1.78-1.75) 2.10) 1.35) 1.63) 1.38) 1.42)
Space group P212121 P212121 P212121 P21212; P21212; P21212;
Unit cell (A, °) 44.87 70.99 | 44.83 71.31 | 44.83 71.67 | 45.10 71.40 | 44.73 71.60 | 44.67 7177
106.27,90 90 90 | 106.73 106.73, 105.80, 106.62, 104.78,
90 90 90 90 90 90 90 90 90 90 90 90 90 90 90
Unique reflections 34,712 (1,717) 20,364 (1,977) 76,325 (5,339) 43,613 (3,117) 70,912 (3,259) 64,139 (4,477)
Multiplicity 12.8 (12.7) 6.5 (6.8) 6.6 (5.4) 13.1 (12.9) 6.2 (4.7) 13.2 (12.0)
Completeness (%) 99.2 (99.8) 99.8 (99.8) 99.5 (93.7) 99.8 (97.8) 99.4 (93.5) 99.6 (95.2)
Mean I/sigma (1) 33.37 (6.39) 9.42 (6.7) 14.8 (3.0) 21.10 (3.40) 15.3(1.9) 20.6 (3.0)
CCup 0.996 (0.960) 0.923 (0.972) 0.998 (0.896) 0.999 (0.897) 0.998 (0.712) 0.999 (0.883)
R-merge 0.093 (0.81) 0.15 (0.177) 0.134 (0.626) 0.097 (0.806) 0.056 (0.632) 0.076 (0.704)
Refinement
Resolution refinement (A) 37.96 - 1.75 35.61-2.1 28.01-1.35 28.04-1.63 37.97-1.38 29.62-1.42
Reflections used in refinement | 32,945 19,312 72326 41300 67,236 60,901
Reflections used for R-free 1,604 987 3919 2246 3608 3163
R-work 0.155 0.1791 0.1291 0.1544 0.1266 0.1454
R-free 0.197 0.2398 0.1611 0.1879 0.1642 0.1627
Number of  non-hydrogen | 3168 3033 3510 3430 3426 3483
atoms
RMS(bonds, A) 0.012 0.008 0.010 0.008 0.008 0.010
RMS(angles, °) 1.74 1.53 1.604 1.681 1.520 1.65
Overall average B-factor (A% | 19.77 15.83 10.80 17.24 13.40 15.10
Ramachandran Plot
Residues in most favored | 100 100 100 100 100 100
regions (%)
No. of outliers (%) 0(0) 0(0) 1(0) 1(0) 1(0) 0(0)
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Statistics for the highest-resolution shell are shown in parentheses.




Figure Legends

Figure 1. Chemical structures of A) the oxyimino cephalosporins CAZ and TOL, B) the
monobactam ATM, and C) the B-lactamase inhibitors AVI, TAZO, LP06, and S02030. The R1
and R2 sidechains in cephalosporins (or equivalent positions in other compounds) are depicted in
red and blue, respectively. CAZ, ceftazidime; TOL, ceftolozane; AVI, avibactam; TAZO,

tazobactam.

Figure 2. Electrospray ionization mass spectrometry (ESI-MS) of purified PDC-3, PDC-3 E219K,
and PDC-3 Y221H incubated with CAZ for 15 s at a 1:50 molar ratio. The presence or absence of

Methionine (Met; 131 Da) is an artifact of the protein production process. Mass accuracy is £5 Da.

Figure 3A. Circular dichroism spectrophotometry (CD) melting curves of PDC-3, PDC-3 E219K,
and PDC-3 Y221H. Data collected at 208 nm and presented as a normalized fraction of the protein

folded.

Figure 3B. Differential scanning fluorimetry (DSF) assay for binding of the ligands LP06 and
S02030 to proteins PDC-3 and PDC-3 Y221H. Experiments were performed in duplicate and

DMSO controls were included.

Figure 4. Crystal structures of PDC-3 and PDC-3 Y221H. A, active site region of PDC-3. The
catalytic S64 and key flanking residues are shown. Y150 was observed in two conformations (1
and 2). The isopropyl alcohol (IPA) observed in the active site is shown with green carbon atoms
and hydrogen bonds are shown as dashed lines. The hydrogen bonding network involving residue
Y221 and Q-loop D217 and two water molecules is shown in dashed lines (involves waters W#1

and W#2). B, same as A but for PDC-3 Y221Y variant. The end-points of the disordered Q-loop
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are indicated by spheres and their residue (G204 and P213) are labeled. Residue D217 is observed
in two conformations. C, close-up view of superimposition of PDC-3 and PDC-3 Y221H
structures. The IPA observed in the active sites are labeled. The site of the Y221H variation is
labeled bold, and the conformational rotation between the Y221 and H221 side chains is shown
via a curved dashed arrow. The PDC-3 Q-loop residues missing in the PDC-3 Y221H structure are

labeled ‘Q-loop’.

Figure 5. Crystal structure of PDC-3 LP06 complex structure. A, Unbiased omit |Fo| - |Fc| electron
density map in which LP06 had been removed prior to 10 cycles of refinement and subsequent
map calculation (contoured at the 3 o level). B, same as A but view rotated about 90°. C,
interactions of LP06 in the PDC-3 active site. Hydrogen bonds are indicated by dashed lines. D,

same as C but view rotated about 90°.

Figure 6. Crystal structure of PDC-3 Y221H LP06 complex structure. A-D, panels same as Figure

5.

Figure 7. Superimposition of LP06 complexes of PDC-3 and FOX-4 B-lactamase. PDC-3 (colored
as in Figure 5) and FOX-4 (cyan) with LPO6 (in ball-and-stick model). Active site hydrogen bonds
of LP06 are indicated by black and gray dashed lines for PDC-3 and FOX-4 complexes,
respectively. Active site amino acid differences between PDC-3 and FOX-4 are indicated (i.e.,

A292S, L293F, and N320G).

Figure 8. Crystal structure of PDC-3 S02030 complex structure. A, Unbiased omit |Fo| - |Fc|
electron density map in which S02030 had been removed prior to 10 cycles of refinement and

subsequent map calculation (contoured at the 3 o level). B, same as A but view rotated about 90°.
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C, interactions of S02030 in the PDC-3 active site. Hydrogen bonds are indicated by dashed lines.

D, same as C but view rotated about 90°.

Figure 9. Crystal structure of PDC-3 Y221H S02030 complex structure. A-D, panels same as

Figure 8.

Figure 10. Free energy landscape and conformational clustering. Free energy surface (FES) plots
for PDC-3 and the Y221H variant were generated as a function of main chain ® and y backbone
dihedral angles. Two distinct energy minima (labelled A and B) were identified. The

conformations of Y221 and H221 extracted from the basins have been illustrated.
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