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ABSTRACT KPC-2 is one of the most relevant serine-carbapenemases among the
carbapenem-resistant Enterobacterales. We previously isolated from the environmen-
tal species Chromobacterium haemolyticum a class A CRH-1 B-lactamase displaying
69% amino acid sequence identity with KPC-2. The objective of this study was to an-
alyze the kinetic behavior and crystallographic structure of this B-lactamase. Our
results showed that CRH-1 can hydrolyze penicillins, cephalosporins (except ceftazi-
dime), and carbapenems with similar efficacy compared to KPC-2. Inhibition kinetics
showed that CRH-1 is not well inhibited by clavulanic acid, in contrast to efficient in-
hibition by avibactam (AVI). The high-resolution crystal of the apoenzyme showed
that CRH-1 has a similar folding compared to other class A B-lactamases. The CRH-1/
AVI complex showed that AVI adopts a chair conformation, stabilized by hydrogen
bonds to Ser70, Ser237, Asn132, and Thr235. Our findings highlight the biochemical
and structural similarities of CRH-1 and KPC-2 and the potential clinical impact of
this carbapenemase in the event of recruitment by pathogenic bacterial species.
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he major resistance mechanism in carbapenem-resistant Enterobacterales (CRE) is

drug hydrolysis by carbapenemases. Among the carbapenemases occurring in clin-
ical bacteria, KPC is one of the most widespread and worrisome families worldwide.
From the more than 120 variants in this family, KPC-2 and, to a lesser extent, KPC-3, are
by far the most frequently reported. CRE harboring these carbapenemases are typically
resistant to other antimicrobial classes, thereby limiting the available therapeutic
options (1, 2).

Avibactam (AVI; Fig. 1) is a diazabicyclooctane (DBO) inhibitor that shows efficient

inhibition against KPC-2 hydrolytic activity and therefore restores susceptibility when Copyright © 2023 American Society for
coadministered with partner SB-lactams such as ceftazidime (CAZ) as ceftazidime-avi- Witaretotieliogy. A igfis [Reservag!
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sistance genes present in environmental microbial communities is known as the
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Characterization of the CRH-1 B-Lactamase
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FIG 1 (a) Chemical structure of avibactam (AVI). (b) Kinetic model proposed for the interaction of
KPC-2 with AVI (3). In this model, E and | are the enzyme and the AVI, respectively, E:l is the
noncovalent complex, and E-I represents the enzyme acylated with AVI. For KPC-2, a slow two-step
hydrolytic pathway involving the loss of the sulfate and an imine hydrolysis (E-I') was proposed,
finally leading to the deacylated enzyme and a product (P).

“environmental resistome” (10, 11). Once these genes are mobilized from the resistome
into genetic platforms that facilitate their expression and are exposed to higher con-
centrations of antibiotics, they could reach clinical pathogens in which they may
evolve into more specialized variants (7). The most studied example of B-lactamase
(bla) gene recruitment from environmental microorganisms and subsequent dissemi-
nation among clinical isolates is represented by the extended-spectrum B-lactamase
(ESBL) CTX-M, for which there is sufficient evidence of it having been recruited from
the chromosome of different Kluyvera species as preformed cefotaximases (12-15). For
other ESBLs such as the PER enzymes, there are some hints that trace their origin back
to Pararheinheimera (16).

The likely evolutionary origin of the KPC family is still unknown. A recent report
described species belonging to the Chromobacterium genus carrying genes with high
identity with blac, (17). These genes encode putative B-lactamases named CRP-1
(from Chromobacterium piscinae), CRH-1 (from Chromobacterium haemolyticum), and
CRS-1 (from Chromobacterium sp. strain C-61), sharing 76%, 69%, and 70% amino acid
identity with KPC-2, respectively. Phylogenetic analysis showed that these bla genes
are more related to KPC-2 than to other B-lactamases, and when expressed in
recombinant Escherichia coli clones, they increase MICs for penicillins, cephalosporins,
and carbapenems (17).

In this study, we analyzed the kinetic behavior and crystallographic structure of the
CRH-1 B-lactamase compared to KPC-2, to explore the role of Chromobacterium as a
reservoir of close relatives of KPC-2 gene precursors and the potential evolutionary
pathway from the resistome to the clinical environment of this carbapenemase.

RESULTS AND DISCUSSION

CRH-1 production in E. coli confers increased MIC values to penicillins, cephalo-
sporins, and carbapenems. Antimicrobial susceptibility assays showed that the expres-
sion of blacg.., in the E. coli pM-CRH-1 recombinant clone yielded higher MIC values for
most B-lactams tested, carbapenems included, than the E. coli pM-KPC-2 clone (Table 1).
This effect was less noticeable for ceftazidime and aztreonam. The CRH-1 recombinant clone
was also resistant to ampicillin/sulbactam but remained susceptible to ceftazidime-avibac-
tam. Compared to the previous phenotypic profile reported for this B-lactamase (17), the
MIC values obtained in our work were higher, possibly due to the differential genetic back-
ground used for cloning, resulting in higher protein production.

Under equivalent assay conditions, MIC values obtained for the recombinant clone
producing CRH-1 were higher than those observed for the clone harboring blaypc.,
except for aztreonam and ceftazidime-avibactam. In particular, MICs for imipenem and
meropenem were 8-fold higher for CRH-1 than KPC-2.

The MICs values obtained for the environmental Chromobacterium haemolyticum
DSM19808 strain (from which the blacg,.; gene used in this study was amplified) show
that this isolate is susceptible to imipenem and meropenem (Table 1).

The recombinant E. coli clone harboring blacg,., showed synergy between imipenem-
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TABLE 1 MICs of E. coli TOP10F’ recombinant clones and environmental strain Chromobacterium haemolyticum DSM19808

Antimicrobial Agents and Chemotherapy

MIC (ng/mL) of:
Chromobacterium E. coli TOP10F'/

Antibiotic haemolyticum DSM19808 E. coli TOP10F’ pMBLe? E. coli pM-CRH-1 E. coli pM-KPC-2
Ampicillin >32 2 2 >2,048 1,024
Ampicillin - sulbactam >32 2/1 2/1 1,024/512 64/32
Cephalothin >16 8 8 2,048 256
Ceftriaxone 32 =0.25 =0.25 128 8
Ceftazidime =1 =0.25 =0.25 4 2
Ceftazidime - avibactam ND® =0.25/4 =0.25/4 =0.25/4 0.5/4
Cefepime =4 =0.25 =0.25 32 1
Aztreonam ND =0.25 =0.25 4 16
Imipenem =1 =0.25 =0.25 16 2
Meropenem =1 =0.25 =0.25 8 1
aE. coli clone harboring the empty pMBLe vector.
5ND, not determined.
meropenem and boronic acid disks in the double-disk diffusion synergy test (DDST), sug-
gesting similar inhibitory activity by boronic acid compared to that of KPC-2 (18).

CRH-1 displays carbapenemase activity similar to that of KPC-2. To better under-
stand the MIC values due to blacg,., expression, we determined and compared the steady-
state kinetic parameters for the hydrolysis of different B-lactams for CRH-1 and KPC-2 (Table
2). The results demonstrated that CRH-1 can hydrolyze a broad variety of B-lactams with
high hydrolytic efficiency. Compared to the KPC-2 kinetic parameters, CRH-1 showed higher
catalytic efficiencies (k../K,,,) toward ampicillin, piperacillin, and cephalothin, with k./K,,, val-
ues up to 12-fold higher. These differences are explained by the higher apparent affinity
(lower K, for ampicillin and cephalothin and a higher turnover value (k_,,) for piperacillin.

CRH-1 activity toward oxyimino-cephalosporins is represented by a higher hydro-
lytic efficiency for ceftriaxone (similar k_,/K, value to KPC-2) in contrast to poor activity
toward ceftazidime. Regarding ceftazidime, CRH-1 showed lower K,, than KPC-2, but
the turnover value could not be determined due to the lack of detectable hydrolysis
under steady-state conditions. This suggests that CAZ is not a good substrate for CRH-
1, a kinetic characteristic also related to KPC-2.

Kinetic data for carbapenems confirmed not only that CRH-1 has carbapenemase
activity, but also that catalytic efficiencies toward imipenem (IMI) and meropenem
(MER) are at least equivalent to those for KPC-2. The CRH-1 k,/K,, values for IMI and
MER were slightly higher than that of KPC-2 (1.6 and 1.4-fold higher, respectively),
mainly due to a higher affinity (lower K,)) for both carbapenems.

In general, the kinetic profile described for CRH-1 correlates with the resistance lev-
els conferred by the production of this enzyme in the E. coli recombinant clone.
However, similar hydrolytic efficiencies for both CRH-1 and KPC-2 were obtained to-
ward ceftriaxone, and to a lesser extent, the carbapenems, which cannot thoroughly
explain the higher MICs obtained for CRH-1. Additionally, although KPC-2 exhibits a
TABLE 2 Kinetic parameter comparison of B-lactam hydrolysis

CRH-1 KPC-2

B-Lactam substrate K., (uM) K. (s7") K. /K, (pM~"-s71) K., (uM) K. (s™") KooK (UM~ - 577)
Ampicillin 26+ 8 71 = 31 2.7 09 537 £ 87 115+ 8 0.22 = 0.5
Piperacillin 64+ 8 167 £7 261 =041 97 =12 29*1 0.30 = 0.05
Cephalothin 44 + 7 79+ 4 1.8+04 159 £ 15 56 + 2 0.36 = 0.05
Ceftriaxone 68 = 77 11 £1 0.157 = 0.005 267 £ 297 52+7 0.194 = 0.006
Ceftazidime 250 £ 97 ND® 1,319 £ 145° 0.9 £ 0.1 0.00083 *= 0.00004
Cefepime 369 * 29¢ 35*04 0.0095 * 0.0004 50*5 1.31 £ 0.04 0.022 *£ 0.003
Imipenem 19x2 4.00 + 0.09 0.20 = 0.03 120 =9 15.0 04 0.12 = 0.01
Meropenem 12+2 2.00 = 0.05 0.13 = 0.03 312 2.85 = 0.06 0.091 = 0.009

aParameters were determined with nitrocefin used as the reporter in competitive assays.
®ND, not determined because of a lack of detectable hydrolysis under steady-state conditions.
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TABLE 3 Inhibition kinetic parameter comparison for avibactam and clavulanic acid

Avibactam Clavulanic acid
B-lactamase K .,.°(uM)  k/K(M's™") K, (uM)  Kipuee (s7") Kinac Koy (pM~1 = 571)
CRH-1 0.400 = 0.07 32,219 +1,933 294 *= 1.5 0.0075 = 0.0005 0.00026 * 0.00003
KPC-2 0.060 * 0.004 25,000 = 19 80 +8 0.002 = 0.0001 0.000025 * 0.000004

K.

—appr aPParent affinity constant for inhibition; k,/K, acylation rate constant.

2-fold higher hydrolytic efficiency toward cefepime compared to CRH-1, this is not
reflected in the MIC values. Thus, there is still not a clear explanation for the lack of cor-
relation between some MICs and the kinetic data. Although this could be at least in
part attributed to differences in gene expression from the E. coli recombinant clones, it
deserves further evaluation.

Inhibition of CRH-1 by clavulanate and avibactam. Previous reports described
that KPC-2 hydrolyzes clavulanic acid, tazobactam, and sulbactam, resulting in an inef-
fective inhibition by these inhibitors (19, 20). To study if CRH-1 shares a similar behav-
ior, we performed a kinetic assay to characterize its inhibition by clavulanic acid. The
results obtained are shown in Table 3.

The inhibition efficiency (k;,../K,) of clavulanic acid against CRH-1 was 10-fold
higher than that against KPC-2, which is consistent with a higher apparent affinity for
this inhibitor (K,, 2.7-fold lower), and the inactivation rate (k;,..,) was 3.75-fold higher
than that against KPC-2. Although CRH-1 appears to be inactivated more efficiently by
clavulanic acid than by KPC-2, the k;,,./K,, value obtained in this study is still consider-
ably lower than the values reported for other enzymes that are effectively inhibited,
such as the ESBLs CTX-M-96 (0.045 uM~" - s~1) (21) and PER-2 (0.48 uM~1 - s77) (22).
This weaker inhibition by clavulanic acid described for KPC-2 and CRH-1 has not been
reported in other class A carbapenemases such as SME-1 (23), IMI-1 (24), and NMC-A
(25). The 50% inhibitory concentration (ICs,) values reported for BIC-1 (26) and SFC-1
(27) suggest that these enzymes were also weakly inhibited by clavulanic acid.

To this point, we assessed that CRH-1 is ineffectively inhibited by clavulanic acid. To fur-
ther investigate the interaction of CRH-1 with this inhibitor, we decided to study whether
CRH-1 hydrolyzes clavulanic acid as a substrate. Therefore, hydrolysis of clavulanic acid was
monitored at 235 nm by mixing an inhibitor concentration five times the K, and 100 nM
enzyme. We observed cleavage of clavulanic acid for KPC-2 (as expected), but also for CRH-
1. Since we used an inhibitor concentration 5 times the K, the initial rate (v,) of hydrolysis
under this condition was considered to be close to the maximum velocity (V,,,,) of hydroly-
sis of clavulanic acid for each enzyme and was therefore used to calculate the k.. The turn-
over values (k) obtained were 3.50 = 0.01 s~ for CRH-1 and 11.60 * 0.01 s~ ' for KPC-2,
meaning that CRH-1 hydrolyzes clavulanic acid but at a lower rate than KPC-2.

Based on these results, we propose that the interaction between CRH-1 and clavu-
lanic acid could follow a similar branched-pathway model previously proposed for
KPC-2 (20). Once the active site is acylated by the inhibitor, it could lead to the forma-
tion of the totally inactivated enzyme (with possible rearrangement intermediates) or,
alternatively, a fraction of the acylated enzyme could follow a hydrolytic pathway
where the inhibitor is cleaved and inactivated. The fact that CRH-1 has a higher affinity
and inactivation rate, with lower a hydrolytic rate than KPC-2, may suggest that the
inactivation pathway is more favored than the hydrolytic one, leading to a 10-fold
higher inhibition efficiency for CRH-1. However, although the hydrolytic rate is lower, it
is enough to produce an overall weak inhibition by clavulanic acid.

Regarding inhibition by AVI, CRH-1 seems to have lower affinity for this inhibitor than
KPC-2 (K, value 6.6-fold higher) (Table 3). Comparative acylation rate values (k/K) showed
that CRH-1 exhibits a slightly higher k/K than KPC-2. These results demonstrate that both
CRH-1 and KPC-2 are effectively inhibited by this DBO inhibitor, which correlates with the
low MIC values of the combination CAZ/AVI for recombinant clones producing each
enzyme. However, as these data do not clarify whether CRH-1 inhibition by avibactam
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TABLE 4 X-ray data collection and refinement statistics

Crystal Apo CRH-1 CRH-1/AVI
PDB code 8EHU 8EK9
Data collection
Wavelength (A) 0.885601 0.885601
Space group P2, P2,

Unit cell parameters
a, b, c(A)
a B,y ()
Subunits/asymmetric unit
Resolution range (A)

36.43,72.90, 52.06
90,92.27,90

1

42.34-1.10 (1.17-1.10)

36.50,73.79,51.53

90, 92.64, 90

1

42.22-1.40 (1.48-1.40)

Total reflections 725,689 (98,797)° 367,693 (58,468)°
Unique reflections 105,857 (16,478)¢ 53,514 (8,539)*
Redundancy 6.85 6.87
Completeness (%) 96.2 (92.9)° 99.6 (98.9)¢
Mean I/o (1) 22.61(7.77)° 24.24 (1.76)°
Overall Wilson B factor (A2) 1 24

R

meas

0.052 (0.197)°

0.033 (1.007)°

cC1/2) 0.998 (0.986)* 1.000 (0.814)¢
Refinement
Reflections used in refinement 105,817 (10,197)¢ 53,504 (5,282)¢
Rfree test set (%) 5,293 (5.0)7 2,675 (5.0)7
Ruvork 0.165 0.195
Riree 0.179 0.219
No. of nonhydrogen atoms 2,588 2,280
Macromolecules 2,019 1,991
Ligands 0 17
Solvent 569 272
Protein residues 270 266
RMS® deviations from ideal stereochemistry
Bonds (A) 0.008 0.010
Angles (°) 1.08 1.21
Avg B-factor (A2)
All atoms 15 32
Protein 13 31
Ligand 31
Solvent 25 39
Ramachandran plot (%):
Favored regions 97.8 97.7
Allowed regions 2.2 23
Outlier regions 0.00 0.00
Rotamer outliers (%) 0.49 0.99

aStatistics for the highest resolution shell are given in parentheses.

bRMS, root-mean square.

follows the same two-step hydrolytic pathway proposed for KPC-2 (shown in Fig. 1) (3), fur-
ther studies should be performed to evaluate this inhibition mechanism.

Structural analysis of CRH-1 and its complex with avibactam. The crystal struc-
ture of the apo form of CRH-1 and its covalent complex with AVI were obtained at res-
olutions of 1.10 and 1.40 A, respectively. Data collection and refinement statistics are
given in Table 4. Both structures contained only one monomer per asymmetric unit,
and the electron density map was well defined along the main chain in both cases.
The amino acid numbering scheme used in this structure follows the Ambler consen-
sus system (28). The protein chains for apo CRH-1 and the CRH-1/AVI complex include
270 (Ala24-Lys293) and 266 (Ser28-Lys293) residues, respectively. The structures were
solvated by 569 (apo form) and 272 (AVI complex) ordered water molecules. The aver-
age root-mean-square deviation (RMSD) value for Ca atoms between the main chains
of CRH-1 and its complex with AVl is 0.32 A.
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TABLE 5 Root-mean square deviations and percentage of amino acid identity between CRH-1
and other class A B-lactamases®®

RMSD (A) (%) for:
B-lactamase CRH-1 KPC-2 SFC-1 CTX-M-15 Per-2 L2
CRH-1 0.63 (73.7) 0.87 (68.3) 0.92 (48.3) 1.89 (31.1) 1.23 (45.8)
KPC-2 0.70 (68.7) 0.87 (49.8) 1.82(28.1) 1.24 (43.2)
SFC-1 0.94 (48.6) 1.83(27.3) 1.27 (45.1)
CTX-M-15 1.86 (27.9) 1.20 (46.9)
PER-2 1.71(27.4)

aPDB codes: KPC-2, 20V5; SFC-1, 4EQI; CTX-M-15, 4HBT; PER-2, 6DGU; L2, TN4O.
bAmino acid identity % corresponded to the aligned residues from the PDB structures.

The overall fold of the apo CRH-1 B-lactamase is similar to that of previously reported
class A B-lactamases, and its catalytic cleft is also located in the junction between the main
“all &" and “a/B" domains (29). The root-mean-square deviation (RMSD) values for Ca
atoms between the main chain of CRH-1 and other class A B-lactamases were determined
(Table 5). These values are consistent with the closer amino acid identity between CRH-1
and KPC and SFC-1 carbapenemases (30). Figure 2a shows the overall structure of CRH-1,
which was superimposed with KPC-2 to visualize the high degree of structure conservation.

Like other class A B-lactamases, the active site motifs in CRH-1 are located in the inter-
face between the all @ and «/B domains. The active site is defined as Ser70-Ser71-Phe72-
Lys73 (motif 1, carrying the nucleophilic serine residues), Ser130-Asp131-Asn132 (motif 2,
in the loop between a4 and «5), Lys234-Thr235-Gly236 (motif 3, on strand 33), and the
16-residue-long Q-loop, from Arg164 to Asp179 (Fig. 2b). The active site includes the most
important amino acid residues located at conserved positions in class A B-lactamases, and
all together create the hydrogen bond network for stabilization of the catalytic pocket.
Unfortunately, the deacylating water is not clearly visible due to the packing of the crystal,
and the N terminus of the neighboring molecule in the adjacent asymmetric unit lies just
facing the active site entrance.

Analysis of the CRH-1/AVI complex demonstrates that AVI is covalently bound to
the Ser70-O” atom and that the C7-N6 bond has been cleaved, for which cleavage of
the C7-N1 bond is unlikely. This agrees with other structures with bound AVI (31, 32).
Due to the high resolution obtained in the X-ray diffraction experiment, the defined
2mF-DF_ electron density map can be clearly contoured around the amino acid resi-
dues and the AVI molecule (Fig. 3a). As observed in other AVI complexes, the 6-mem-
bered DBO ring adopts a chair conformation, stabilized by hydrogen bonds between
(i) the C7-carbonyl of the newly formed carbamate and the backbone nitrogen atoms
of Ser70 and Ser237 in the oxyanion hole and the deacylating water (DAW); (ii) the AVI
amide moiety at C2 and Asn132-N°2 and water molecules; (iii) the AVI sulfate group

a “all a domain” “o./f domain” b

N O
Omega loop

FIG 2 (a) Overall structure of superimposed structures of CRH-1 (blue) and KPC-2 (purple), indicating the
spatial location of the all @ and a/B domains. (b) Location of the conserved motifs and domains of CRH-1 that
are involved in the architecture of the active site: SXXK motif (orange), SDN motif (magenta), KTG motif (green),
and the Q loop (yellow).
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Trp105

FIG 3 (a) Detail of the interaction of avibactam (orange sticks) in the active site of CRH-1, showing the 2mF, - DF_ electron
density map contoured at 2 o around the ligand (gray mesh); the purple sphere depicts the deacylating water (DAW);
green spheres represent other water molecules involved in hydrogen bonds with AVL. (b) Main structural displacements and
shifts observed upon AVI binding; apo CRH-1 is shown in pink tones, and the DAW molecule in this structure is depicted as
a purple sphere.

and Thr235-0, Thr235-07, Thr237-07, and water molecules; and (iv) AVI-N6 with both
Ser70-O” and Ser130-O>. Additional interactions seem to contribute to the proper
docking of AVI within the active site, creating second-shell hydrogen bonds: Asn170
and Glu166 through the DAW molecule, Lys73 through Ser70 and Ser130, Arg220 via
Thr237, and Thr216 through likely conserved water molecules.

Upon binding of AVI, the side chains of Glu166 (0.8 A) and Asn170 (0.65 A) were
shifted to create the proper hydrogen bonding network, probably due to a displace-
ment of the deacylating water out of Ser70-Oy. Other residues, mainly from the Q loop
(Pro167, Glu168), are also displaced due to AVI binding. Also, binding of AVI could
allow a more favorable environment for creating hydrophobic interactions (likely 7-m
stacking) between Trp105 and the 6-membered AVI ring, as the side chain of this resi-
due is oriented toward the DBO (Fig. 3b). Finally, the side chain of Lys73 points toward
Ser130, which was associated with the proper orientation and activation of the deacy-
lating water during catalysis (31).

The CRH-1/AVI complex structure was compared by superposition to other class A
B-lactamases: CTX-M-15 (PDB 4HBU), KPC-2 (PDB 4ZBE), and PER-2 (PDB 6D3G). It was
observed that the position and spatial arrangement of AVI within the active site is over-
all conserved in all compared structures (Fig. 4). The orientation of the sulfate moiety is

Ser130

Asn170

FIG 4 View of the active site of selected class A B-lactamases showing the main structural perturbations
upon AVI binding. Color codes: blue/orange, CRH-1/AVI; yellow/green, CTX-M-15/AVI; purple/cyan, KPC-2/
AVI; gray/pink, PER-2/AVI. Residues in yellow are only present in CTX-M-15.
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more conserved between CRH-1 and CTX-M-15, although in the latter enzyme there is
an additional hydrogen bond with Asn104, which together with the presence of an
apparent less hydrophobic environment (Tyr105 in CTX-M-15 in place of Trp105 for the
other three B-lactamases) can be associated with differences in AVI inhibition effi-
ciency for different B-lactamases.

Conclusions. Our findings reveal that the hydrolytic behavior of CRH-1 B-lactamase to-
ward penicillins, cephalosporins, and carbapenems is similar to that of KPC-2. Likewise, the
propensity of CRH-1 to be inhibited by avibactam but not by clavulanic acid is also shared
with KPC-2. We attribute the ineffective inhibition of CRH-1 by clavulanic acid to its hydro-
lytic activity toward this B-lactamase inhibitor. This kinetic profile correlates with the MIC
values reported in this work for CRH-1, demonstrating that when blacg,., is expressed
under an efficient promoter, the consequent production of this enzyme confers resistance
to B-lactams. The observed structural similarities in the interaction of AVl between CRH-1
and other serine-B-lactamases support the clinical utility of DBO inhibitors if this carbape-
nemase variant were to emerge in pathogenic bacterial species.

C. haemolyticum was first described in 2008 (33) and is highly associated with
aquatic environments (34-36). However, human infections caused by this microorgan-
ism have also been reported, some of them associated with previous exposure to
water bodies (37-40). Antimicrobial susceptibility testing performed in previous stud-
ies for C. haemolyticum isolates (both clinical and environmental) classified them all as
susceptible to carbapenems (33, 37-39). The C. haemolyticum DSM19808 strain from
which the CRH-1 gene used in our work was amplified was also susceptible to imipe-
nem and meropenem. These are interesting findings because the CRH-encoding gene
was found with a similar genetic context in all genomes available for this species (41).
Additionally, three genes encoding putative B-lactamases of classes A, C, and D were
also identified in these genomes (41).

These findings, along with the results presented in our study, reinforce the hypothesis
that environmental microorganisms harbor genes that can confer a resistance phenotype
when regulated by efficient expression systems. Particularly for CRH-1, although its carba-
penemase activity was detected in the isolate of C. haemolyticum DSM19808 (17), it is likely
that the expression of this bla gene is not sufficient to confer resistance to carbapenems in
this species. Moreover, we could not attribute this carbapenemase activity to CRH-1 alone
because of the possible concomitant production of other B-lactamases.

The amino acid identity between CRH-1 and KPC-2 is not high enough to propose
this B-lactamase as the direct evolutionary origin of KPC-2. Nevertheless, the biochemi-
cal and structural similarities between both enzymes support the hypothesis that dif-
ferent carbapenemases could exist in the core genome of species closely related to the
genus Chromobacterium which could act as reservoirs in the evolutionary pathway of
KPC and related enzymes.

Analysis of C. haemolyticum genomes showed that no mobilization elements were
identified in the regions flanking the CRH coding sequence that might indicate recruit-
ment of this carbapenemase from the environmental resistome (17, 41). If CRH-1 is
eventually recruited from the C. haemolyticum genome by a mobilization event, the
favorable interactions observed with avibactam foresee an optimistic treatment sce-
nario in case this type of enzyme emerges among clinical pathogens in the future.

MATERIALS AND METHODS

Bacterial strains and plasmids. The KPC-2 gene was recovered from a clinical Klebsiella pneumoniae
strain previously characterized in our laboratory (42). A CRH-1-producing Escherichia coli recombinant
clone was kindly provided by the authors of reference 17. E. coli TOP10 F’ (Invitrogen, USA) and E. coli
BL21(DE3) (Novagen, Germany) were used as hosts for transformation experiments to obtain recombi-
nant clones for antimicrobial susceptibility and overexpression assays, respectively. Escherichia coli ATCC
25922 and ATCC 35218 were used as control strains for antimicrobial susceptibility assays.

Plasmid vectors pGEM-T Easy Vector (Promega, USA) and pMBLe (43) were used for general cloning
assays, and pET24a(+) (Novagen, Germany) was used for overproduction of both B-lactamases.

Recombinant DNA methodology. The complete bla genes were amplified from whole DNA of the
corresponding strain by PCR using primers designed to introduce the Ndel and EcoRlI restriction sites: KPC-
F-Ndel (5-"CATATGTCACTGTATCGCC-3") and KPC-R-EcoRl (5'-GAATTCTTACTGCCCGTT-3’), CRH-F-Ndel
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(5'-CATATGTTCAAGCATCTG-3') and CRH-R-EcoRI (5'-GAATTCTTATTTCTTCACG-3') for KPC-2 and CRH-1,
respectively. A proofreading pfu polymerase (Thermo Scientific, USA) was used in PCRs to avoid errors in the
bla gene amplification. Amplified and purified amplicons were cloned into a pGEM-T Easy Vector (Promega,
USA), and the resulting constructions were transformed into chemically competent E. coli TOP10F’ cells. The
presence of the inserts and restriction sites was verified by DNA sequencing (Macrogen, South Korea). For
subsequent clonings, the KPC-2 and CRH-1 genes were digested from the original construction, and the
released fragments were purified and then ligated in the Ndel and EcoRI sites of pMBLe and pET24a(+)
digested vectors. Ligation mixtures were transformed in chemically competent E. coli TOP10F" cells, and
recombinant clones were selected in lysogeny broth (LB) agar supplemented with 20 wg/mL gentamicin or
30 ng/mL kanamycin, depending on whether the constructions were obtained in pMBLe or pET24a(+) vec-
tors, respectively. Recombinant plasmids of the selected clones were extracted and sequenced to verify the
identity of bla genes and their proper insertion.

Antimicrobial susceptibility testing. MICs of different S-lactams and combinations with B-lactamase
inhibitors were determined by the broth microdilution method according to the CLSI guidelines (44). For
E. coli recombinant clones harboring the pMBLe/blacy,,, and pMBLe/blay,.,, constructions were named pM-
CRH-1 and pM-KPC-2, respectively. Gene expression in the pMBLe system is regulated by isopropyl-3-p-thio-
galactoside (IPTG) induction (43), for which antimicrobial susceptibility assays were performed using LB
supplemented with 50 M IPTG. Mueller-Hinton broth was replaced by LB broth because suboptimal cell
growth of recombinant clones in the first medium was achieved, preventing accurate MIC determinations.

MIC determinations for the environmental Chromobacterium haemolyticum DSM19808 strain were
determined with the Sensititre system for MIC (Thermo Fisher, USA).

To assess whether CRH-1 is also inhibited by boronic acid in disk diffusion assays (which is a known
behavior in KPC), we performed the double-disk diffusion synergy test (DDST) as previously described
(18), with the modification of supplementing the medium with 50 uM IPTG.

Enzyme overproduction and purification. The KPC-2 and CRH-1 purification strategies were designed
to purify both B-lactamases in their native state. Recombinant plasmids pET24a(+)/bla were transformed
into E. coli BL21(DE3), and recombinant clones were selected with 30 wg/mL kanamycin. Overnight cultures
of recombinant E. coli BL21(DE3) producing either CRH-1 or KPC-2 were diluted (1/50) in LB supplemented
with 30 wg/mL kanamycin and incubated at 37°C until reaching an optical density (OD) of 0.7 to 0.8 at
600 nm. The overproduction of B-lactamases was induced with the addition of 0.5 mM IPTG. The induction
conditions were optimized for each enzyme: KPC-2 expression was achieved at 37°C for 3 h, and CRH-1
induction was carried out at 25°C for 18 h, both with mechanical stirring (180 rpm).

After induction, cultures were harvested by centrifugation (8,000 rpm for 30 min at 4°C), pellets were
resuspended with 50 mM sodium phosphate buffer, pH 7.0, and cell disruption was achieved by sonica-
tion. The obtained crude extracts were centrifuged at 13,000 rpm for 30 min at 4°C, and supernatants
were then dialyzed overnight against buffer A (KPC-2: 20 mM sodium acetate buffer, pH 5.0; CRH-1:
50 mM sodium phosphate buffer, pH 7.0) with at least three changes of dialysis buffer. After filtration
through 0.45-mm-pore-size membranes, clear and equilibrated supernatants were loaded onto a 5-mL
HiTrap SP high-performance (HP) column (GE Healthcare Life Sciences, USA) preequilibrated with corre-
sponding buffer A. Bound proteins were eluted with a continuous gradient (0% to 100%) of buffer B
(buffer A supplemented with 1 M NaCl), and the collected fractions were analyzed by SDS-PAGE in 15%
polyacrylamide gels. B-Lactamase activity was tested in all fractions by nitrocefin hydrolysis. Generally,
one step of cation exchange chromatography was enough to obtain fractions of the purified protein of
interest with purity of >90%, which was estimated by Coomassie blue staining on 15% polyacrylamide
gels. According to the Lambert-Beer law, the protein concentration was determined by UV absorbance
at 280 nm. The fractions of the purified enzymes were stored at —80°C for subsequent kinetics and crys-
tallographic assays.

Kinetics. Steady-state kinetic parameters were determined using a T80 UV/Vis spectrophotometer
(PG Instruments Ltd., UK). Each reaction was performed in a total volume of 500 uL at room temperature
in 50 mM sodium phosphate buffer, pH 7.0. The steady-state kinetic parameters K,, and V., for different
B-lactams were obtained under an initial rate as described previously (45), with nonlinear least-squares
fitting of the data (Henri Michaelis-Menten equation) using Prism 5.03 for Windows (GraphPad Software,
USA) according to equation 1:

V= (Viax % [81)/(K + [8]) )

For low K, values, the k_,, values were derived by the evaluation of the complete hydrolysis time
courses as described by De Meester et al. (46). For poor substrates behaving as competitive inhibitors,
the inhibition constant K; (as K..,,) was determined by monitoring the residual activity of the enzyme in
the presence of various concentrations of the antibiotic and nitrocefin as the reporter substrate (at a
fixed concentration of five times the K, for nitrocefin); the corrected K; value (considered apparent K,,)

was finally determined using equation 2:
Ki = Ki—gbs/ (1 + [NCF]/Kyncr)) (2)

where K5 and [NCF] are the reporter substrate’s K, and fixed concentration used, respectively.
For high K, values, V., could not be reached because initial hydrolysis velocities did not approach

enzyme saturation at testable concentrations. In these cases, the slope of the line obtained in the initial
velocity versus antibiotic concentration plot was considered the second-order rate constant for
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hydrolysis at steady state (k.,/K,), and K, values were determined as inhibition constant K; in competi-
tive assays with nitrocefin as the reporter substrate.

The interaction of KPC-2 with AVI was proposed to follow the equation presented in Fig. 1. Unlike other
class A B-lactamases, this mechanism proposes that after the KPC-2 active site is acylated by AV, a slow two-
step hydrolytic pathway occurs, leading to the deacylated enzyme (3). The formation of the noncovalent
complex Eil is represented by K: (equivalent to k_/k,). For B-lactamases that acylate very slowly, apparent K;
(G values can approximate the K; of the inhibitor; otherwise, for B-lactamases with a fast acylation rate,

i app)
i—app’
the K._,,, approximates the K, of the enzyme for the inhibitor. The inhibition constant K_, s were deter-

i—al
mined :sp reported previously (3, 4, 47) using a direct competition assay under steady-state conditions with
nitrocefin as the reporter substrate. Initial velocities (V) were determined after mixing nitrocefin (at a concen-
tration of 5 times the K, for this substrate) with a fixed concentration of enzyme (kept at a nanomolar range)
and increasing concentrations of avibactam. An inverse initial steady-state velocity (1/V;) versus inhibitor con-
centration (1) plot was obtained, and the K._,_ observed was calculated by dividing the value of the y-inter-

i—app
cept by the slope of the line. K;__ values were then corrected using equation 3:

app

Kifapp(corrected) = Ki—app(observed) /(1 + ([S]/KW,(NCF))) 3)

For the determination of the acylation rate (k,/K), progress curves were obtained under the same
conditions previously mentioned for the K;_,, determination and then fitted to equation 4 to calculate
Kkops Values using a nonlinear least-squares method with Prism 5.03 for Windows (GraphPad Software,
USA):

Y=V x t+ (Vo= Vp) x (1= e ) ks + Ay )

For equation 4, V,is the final velocity, V, is the initial velocity, t is time and A, is the initial absorbance
at A = 482 nm. The data were plotted as k,, versus [l], and then k,/K observed was calculated from the
slope of the line according to equation 5, where [I] is the concentration of AVI, [S] is the concentration of
nitrocefin, and k_, is the recyclization rate constant:

kobs = k-2 + (ka/Kobs) x [11/(1 + ([Sl/Kminer))) (5)

Finally, the k,/K value was obtained by correcting the kK, value considering the concentration
and affinity of nitrocefin (equation 6):

kZ/K: kZ/Kobs X (1 + ([S]/Km(NCF))) (6)

Previous studies demonstrated that KPC-2 can hydrolyze clavulanic acid (19, 20). To assess whether
CRH-1 shares the same behavior, K, and k.. values for clavulanic acid of KPC-2 and CRH-1 were deter-
mined as previously reported by Papp-Wallace et al. (19, 20). The initial velocity (V,) of clavulanic acid hy-
drolysis was monitored at 235 nm (19), mixing an inhibitor concentration 5 times the K, determined
and 100 nM enzyme. The V, obtained under this condition was considered the V., and was used to
determine the k_,, for clavulanic acid.

The following extinction coefficients and wavelengths were used: ampicillin (Ae,;;, —820 M™" cm™’),
piperacillin (Ag,;;, —820 M~" cm™"), cephalothin (Ae,,,, —6,300 M~" cm™"), ceftriaxone (Ae,,, —9,400
M~ em™"), ceftazidime (Ae,g, —7,500 M~ cm ™), cefepime (Ae,q, —10,000 M~! cm™7), aztreonam (A&,
=750 M~ cm™"), imipenem (A&, —9,000 M~" cm ™), meropenem (Ag,,, —6,500 M~' cm™"), clavulanic
acid (Ag 350, —1,630 M~ cm ™), and nitrocefin (A g, +15000 M~" cm™).

Crystallization of apo and AVI-bound CRH-1. Crystals of apo CRH-1 were grown by the hanging
drop vapor diffusion method (20°C) with drops containing 2 uL of enzyme solution (20 mg/mL) and 2
ulL of crystallization solution consisting of 18% (wt/vol) polyethylene glycol (PEG) 4000, 0.2 M lithium
chloride, and 0.1 M Tris-HCl buffer, pH 8.5. For the adduct structure with AVI, we used crystals obtained
by equivalent conditions in 22% (wt/vol) PEG 4000, 0.2 M lithium chloride, and 0.1 M Tris-HCI buffer, pH
7.6; then, the crystals were soaked in the crystallization solution supplemented with 100 mM AVI for 24
h. All samples were cryoprotected in mother liquor supplemented with 15% (wt/vol) PEG 400 and then
flash-cooled in liquid nitrogen in Hampton Research loops (Aliso Viejo, CA, USA).

Data collection, phasing, model building, and refinement. Native X-ray diffraction data were col-
lected at 100 K at the PROXIMA 2A beamline at the SOLEIL Synchrotron (Saint Aubin, France), using a
Dectris EIGER X 9M detector (Baden, Switzerland). Integration and scaling were carried out using XDS
(48). Structure resolution was achieved by molecular replacement through Phaser (49), using the Serratia
fonticola SFC-1 carbapenemase structure (PDB 4EQI) as the starting model (50). Refinement and model
building were performed with PHENIX 1.12-2829 (51) and Coot 0.8.6.1 (Turtle Bay) (52), respectively.
Models were validated with MolProbity (53) and visualized with PyMOL 1.7.0.3 (54).

Data availability. The coordinates and structure factor amplitudes of apo CRH-1 and the CRH-1/AVI
complex were deposited at the Protein Data Bank under accession codes 8EHU and 8EK9, respectively.
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