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The Klebsiella pneumoniae carbapenemase-2 (KPC-2) is a
common source of antibiotic resistance in Gram-negative
bacterial infections. KPC-2 is a class A P-lactamase that ex-
hibits a broad substrate profile and hydrolyzes most B-lactam
antibiotics including carbapenems owing to rapid deacylation
of the covalent acyl-enzyme intermediate. However, the fea-
tures that allow KPC-2 to deacylate substrates more rapidly
than non-carbapenemase enzymes are not clear. The active-site
residues in KPC-2 are largely conserved in sequence and
structure compared with non-carbapenemases, suggesting that
subtle alterations may collectively facilitate hydrolysis of car-
bapenems. We utilized a nonbiased genetic approach to iden-
tify mutants deficient in carbapenem hydrolysis but competent
for ampicillin hydrolysis. Subsequent pre—steady-state enzyme
kinetics analyses showed that the substitutions slow the rate of
deacylation of carbapenems. Structure determination vig X-ray
diffraction indicated that a F72Y mutant forms a hydrogen
bond between the tyrosine hydroxyl group and Glul66, which
may lower basicity and impair the activation of the catalytic
water for deacylation, whereas several mutants impact the
structure of the Q214-R220 active site loop. A T215P substi-
tution lowers the deacylation rate and drastically alters the
conformation of the loop, thereby disrupting interactions be-
tween the enzyme and the carbapenem acyl-enzyme interme-
diate. Thus, the environment of the Glul66 general base and
the precise placement and conformational stability of the
Q214-R220 loop are critical for efficient deacylation of carba-
penems by the KPC-2 enzyme. Therefore, the design of car-
bapenem antibiotics that interact with Glul66 or alter the
Q214-R220 loop conformation may disrupt enzyme function
and overcome resistance.

Bacterial resistance to antibiotics is an emerging global
health threat. p-Lactam antibiotics are the most widely pre-
scribed class of antibiotics, accounting for roughly 65% of all
antibiotic prescriptions. They are used to treat a wide range of
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bacterial infections (1, 2). Resistance to p-lactam antibiotics
has steadily increased since the discovery of penicillin. In
Gram-negative bacteria, the molecular basis of resistance to 3-
lactam antibiotics is a pathogen-produced enzyme, known as
B-lactamase, which inactivates the drug by hydrolysis (2). B-
Lactamases are grouped into four classes (A, B, C, and D)
based on their sequence homology (3, 4). Classes A, C, and D
utilize a catalytic serine to hydrolyze the pB-lactam ring,
whereas class B metalloenzymes require one to two zinc ions
to hydrolyze B-lactam antibiotics (5-7). The evolution of these
resistance enzymes as a result of widespread antibiotic use has
led to the emergence of extended-spectrum [-lactamases and
carbapenemases, which hydrolyze a broad range of p-lactam
antibiotics (8—10). The class A enzyme, Klebsiella pneumoniae
carbapenemase (KPC-2), has one of the broadest substrate
profiles, hydrolyzing nearly all B-lactam antibiotics, including
carbapenems (11, 12).

KPC-2 was originally isolated from an infected patient in
North Carolina in 1996 and is frequently associated with
carbapenem-resistant Enterobacteriaceae (CRE) (11, 12). The
global dissemination of carbapenemases is of particular
concern, as carbapenem antibiotics have been used as a last
resort treatment for multidrug-resistant clinical infections
(13). Carbapenemases of classes D (Oxa), B (NDM-1), and A
(KPC-2) have established regional and endemic footholds
across the globe, resulting in both the Centers for Disease
Control and Prevention and World Health Organization
classifying CRE as a level-one urgent public health threat (14,
15). CRE infections due to strains expressing KPC-2 have a
high mortality rate and their dissemination is on the rise in the
United States. In 2012 they were the prevalent strains in 42
states and are prevalent in all 50 states today (16, 17).

The kinetic model for hydrolysis of B-lactam antibiotics by
serine [f-lactamases is a two-step acylation—deacylation
mechanism as shown in Scheme 1, where E is the enzyme, S
is the substrate, EAc is the acyl-enzyme intermediate, and P is
the hydrolyzed product (8, 18). Upon substrate binding (k;), a
catalytic serine (Ser70) in the active site attacks the carbonyl
carbon of the pB-lactam ring, cleaving the ring and forming the
acyl-enzyme intermediate (k) (5). Glul66 then acts as a
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Determinants of carbapenem hydrolysis by KPC-2 B-lactamase

general base, activating a catalytic water that carries out a
second nucleophilic attack that hydrolyzes the acyl-enzyme
intermediate and releases the inactive product (k3) (5, 6).

Most clinically relevant class A p-lactamases such as CTX-
M-14, SHV-1, and TEM-1 excel at hydrolyzing most [-lac-
tams, yet they fail to hydrolyze and are, in fact, inhibited by
carbapenems owing to very slow deacylation of the covalent
acyl-enzyme intermediate (6, 19, 20).

k, k, ks

E+ S S ES —> EAc - E+ P
k_

Scheme 1

The molecular basis for how KPC-2 can rapidly catalyze
deacylation of carbapenem covalent intermediates, whereas
other class A enzymes such as TEM-1 cannot remains unclear.
However, carbapenems are thought to be poor substrates for
non-carbapenemase enzymes owing to the presence of the
pyrroline ring adjacent to the B-lactam ring and the small R1
6a-hydroxyethyl moiety (19-22) (Fig. S1). For example, the
6a-hydroxyethyl group of the carbapenem can form a
hydrogen bond with the deacylating water, reduce its nucleo-
philicity, and slow the deacylation rate (20). In contrast, the
SFC-1 class A carbapenemase constrains the position of the
hydroxyethyl group away from the water, which results in a
faster deacylation rate due to enhanced nucleophilicity of the
water. In addition, the pyrroline ring undergoes tautomeriza-
tion upon acylation by the catalytic serine to form two isomers,
A" and A% with the A' isomer thought to be deacylated very
slowly (22-24). Finally, structural studies of acyl-enzyme in-
termediates of the TEM-1 and SHV-1 enzymes with bound
carbapenems have shown a conformational change of the
acylated substrate where the carbonyl oxygen of the p-lactam
ring is no longer in the oxyanion hole, thereby impeding the
deacylation reaction (19, 20).

We recently used pre—steady-state kinetic analysis to show
that the acylation rate of imipenem by the KPC-2 enzyme is
fast (k, = 209 s'), whereas the deacylation rate is somewhat
slower and rate limiting (k3 = 56 s™!) (25). However, the
deacylation rate of imipenem by KPC-2 is orders of magnitude
faster than that observed for noncarbapenemase class A B-
lactamases such as TEM-1, which essentially does not deacy-
late carbapenems (26). However, the question of what struc-
tural features of KPC-2 allow it to rapidly deacylate
carbapenems compared with noncarbapenemases remains ill-
defined. The majority of the active-site residues in KPC-2
are also found in other class A B-lactamases and the struc-
ture of the KPC-2 and noncarbapenemase active sites are
similar. Thus, it has been suggested that multiple subtle al-
terations, rather than gross distortions of the active site, may
collectively be responsible for the rapid hydrolysis of carba-
penems (Fig. 1) (27, 28). Thus, it is possible that multiple
residues, including those not directly in the active site, may
influence the structure and dynamics of the enzyme to facili-
tate deacylation of carbapenems.
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Because residues that contribute to carbapenem hydrolysis
may reside anywhere in the enzyme, we reasoned that a
nonbiased genetic approach might be effective in identifying
residues that contribute to carbapenem hydrolysis. In partic-
ular, we set out to identify mutants that exhibit reduced car-
bapenem hydrolysis while retaining the ability to hydrolyze
ampicillin. This approach can identify substitutions at residues
that contribute specifically to carbapenem hydrolysis without a
significant effect on hydrolysis of other p-lactam classes. For
this purpose, we performed random mutagenesis by error-
prone PCR to create a library of single-base substitutions in
the KPC-2 gene and initially selected for growth in the pres-
ence of ampicillin. We then screened ampicillin-resistant
clones for loss of imipenem resistance and identified several
mutants including F72Y, Q128H, T215P, R220H, and T237A.
Subsequent characterization by steady-state and pre—steady-
state enzyme kinetics and X-ray crystallography demonstrated
the substitutions act by slowing the deacylation rate of car-
bapenems. The F72Y mutant forms a new hydrogen bond
between the tyrosine hydroxyl group and the carboxylate of
the general base Glul66. This should lower basicity and impair
the activation of the water for deacylation. The Q128H, T215P,
and R220H are all located in or interact with the Q214-R220
loop, and the T216P substitution drastically alters the
conformation of the loop. The T237A substitution is in the -3
sheet bordering the active site and has been previously shown
to impair carbapenem but not ampicillin hydrolysis (25).
Therefore, the environment of Glu166 and the catalytic water
and the conformation and dynamics of the Q214-R220 loop
are key factors necessary for the rapid deacylation of carba-
penem antibiotics by KPC-2.

Results

Identification of KPC-2 mutants deficient for carbapenem but
not ampicillin hydrolysis

To identify mutations in KPC-2 that impair carbapenem but
not penicillin hydrolysis, a library of KPC-2 mutant clones was
generated using error-prone PCR. After PCR of the KPC-2
gene, the products were ligated into a bacterial protein
expression plasmid (29). A total of 10° transformant colonies
were pooled to create the library. Ampicillin was used as a
representative penicillin, and imipenem and meropenem were
used as representative carbapenems. To select for mutants that
retain high penicillin resistance, the naive mutant library was
transformed into Escherichia coli cells and spread on agar
plates containing a concentration of ampicillin (100 pg/ml)
that selects for high levels of KPC-2 catalytic activity. A total of
1764 surviving colonies were picked and individually grown in
LB broth and subsequently diluted into medium containing a
concentration of imipenem (0.4 pg/ml) that selects for wild-
type levels of KPC-2 activity. The 103 ampicillin-resistant
clones that did not grow in the medium containing imipe-
nem were chosen for further study. DNA sequencing of
imipenem-deficient mutants revealed a range of mutations,
with most encoding single amino acid substitutions. The
minimum inhibitory concentration (MIC) for E. coli
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T/A235

T/S/IA237

Figure 1. Structural alignment of class A B-lactamases. A, ribbon diagram structures of class A enzymes with KPC-2 colored tan (Protein Data Bank [PDB]
id: 5UL8), CTX-M-14 colored green (PDB id: 4UA6), TEM-1 colored blue (PDB id: 1M40), and SHV-1 colored purple (PDB id: 4FH4). B, structural alignment of the

active site region of class A B-lactamases. Color scheme as in A.

containing each unique mutant was determined for ampicillin,
imipenem, and meropenem to confirm the screening results
(Table 1). The most promising mutants retained near-wildtype
resistance levels toward ampicillin but exhibited increased
susceptibility toward both imipenem and meropenem.
Although many mutants retained high-level ampicillin resis-
tance, several clones exhibited reductions in MIC for both
ampicillin and carbapenems, despite the initial selection of the
library for ampicillin resistance. Based on the MIC results, we
selected the F72Y, Q128H, S106P, A126T, T215P, T216P, and
T237A mutants for further characterization (Fig. 2).

Mutant enzymes identified in the genetic screen are deficient
in carbapenem but not ampicillin hydrolysis

Each of the mutant enzymes chosen for further study was
expressed and purified from E. coli for steady-state kinetic
analysis (Table 2). The KPC-2 mutant enzymes can be
placed into three groups based on the magnitudes of the
observed kinetic parameters for penicillin, cephalosporin,
and carbapenem hydrolysis. However, all of these mutants
displayed enhanced ampicillin hydrolysis and decreased
carabapenem hydrolysis, consistent with the method of
selection.

The first group consists of F72Y and T237A (Table 2).
Phe72 resides at the base of the active site pocket near the

Table 1

general base Glul66, and thus the F72Y substitution could
directly impact catalysis (Fig. 2). This enzyme exhibits a
modest (<2-fold) increase in k., and a 4-fold decrease in Ky,
resulting in a 7-fold increase in catalytic efficiency (k.../Kyp) for
ampicillin hydrolysis (Table 2, Fig. S2). In the B-lactamase
kinetic scheme, k., is dependent on the magnitude of the
acylation and deacylation rates (ky, k3) and kc,./Ky; reports on
the rates up to the formation of the acyl-enzyme intermediate
including binding affinity (k_;/k; = Kp) and the acylation rate
(ko) (Fig. S2) (8, 18, 25). Therefore, the 7-fold increase in kg,/
Ky for ampicillin hydrolysis indicates an increased binding
affinity (lower Kp) and/or a faster acylation rate (k) by the
F72Y enzyme compared with wildtype KPC-2. In contrast, ke
for imipenem and meropenem hydrolysis by the F72Y enzyme
is 320- and 340-fold slower, respectively (Table 2, Figs. S4 and
S5). The F72Y enzyme also exhibits sharp reductions in Ky, for
imipenem and meropenem (430- and 13-fold), which results in
Kkeat/ Kyt values that are similar to the wildtype KPC-2 enzyme.
The decreased k., values, coupled with the unchanged k,./Ky
values, suggest that the major effect is due to a reduction in the
deacylation rate (k3).

The effects of the F72Y substitution extend to other peni-
cillins. The kinetics of penicillin G hydrolysis show modest
effects for the F72Y enzyme, with k., and Ky, each reduced 2-
fold and k,./Ky; unchanged relative to wildtype KPC-2 (Table

Minimum inhibitory concentrations of E. coli containing empty vector control, wildtype, and mutant KPC-2 enzymes

KPC mutants Ampicillin (pg/ml)

Imipenem (pg/ml) Meropenem (pg/ml)

E. coli XL-1 Blue pTP123 1.5
KPC-2 64
F72Y 64
S106P 48
A126T 64
Q128H 64
K212N 16
T215P 64
T216P 16
R220H 64
1221T 6
T237A 48
1259T 32

0.19 0.023
0.75 0.19

0.25 0.032
0.5 0.094
0.38 0.125
0.5 0.125
0.25 0.064
0.25 0.064
0.19 0.047
0.38 0.064
0.19 0.032
0.25 0.047
0.5 0.094
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Figure 2. Location of amino acid residue positions substituted in KPC-2 mutants identified from carbapenem susceptibility screening. The wildtype
KPC-2 B-lactamase structure (Protein Data Bank id: 5UL8) is shown as a tan ribbon. The location of residues substituted in the mutants is shown as red

spheres.

2, Fig. S6). Thus, although the F72Y substitution does not
increase kg, and k.,./Ky; as observed for ampicillin, the effects
on penicillin G hydrolysis are much smaller than the effects on
carbapenem hydrolysis. We also determined if the F72Y sub-
stitution impacts cephalosporin hydrolysis by measuring ki-
netic parameters with cephalothin as substrate. The F72Y

substitution has a similar effect on cephalothin hydrolysis as
that observed for carbapenems, with k... reduced 130-fold, Ky
reduced 20-fold, and k.,/Ky; reduced 5-fold (Table 2, Fig. S7).
As with carbapenems, the large reduction in k., and modest
effect on k.,./Ky; suggests a decreased deacylation rate (k3) for
cephalothin hydrolysis. Therefore, the F72Y substitution

Table 2
Steady-state kinetic parameters for wildtype and mutant KPC-2 enzymes
KPC mutants AMP PenG CEP IMI MER
KPC-2 keat (s71) 65 +2 19+1 170 £ 10 48 + 1 34 £0.1
K (UM) 380 + 30 46+ 5 120 £ 10 220 + 20 24 +1
keat/ Key (UM ™'s71) 0.17 + 0.02 041 + 0.06 142 + 0.13 0.22 + 0.04 0.14 + 0.04
F72Y e (571 100 + 10 9.8 £0.3 1.3 +0.1 0.15 + 0.01 0.01 + 0.002
Ky (uM) 90 + 10 27 £ 3 52+1 0.51 + 0.05 1.8 £ 0.1
keat/ Ky (pM™'s7Y) 1.1 + 0.17 0.36 + 0.05 0.25 * 0.07 0.29 + 0.04 0.006 % 0.001
T215P cat (57 460 + 20 200 £ 10 190 + 10 0.4 + 0.01 0.16 + 0.01
Ky (uM) 460 + 40 480 + 50 380 + 40 1.8 +0.2 11+2
kead Koy (UM ™1s7Y) 1.0 £ 0.15 0.42 + 0.06 0.50 + 0.07 0.23 + 0.02 0.015 + 0.003
Q128H keae (571 340 + 20 45 + 2 270 + 10 88 + 02 0.89 + 0.01
K (UM) 550 + 70 160 + 20 240 + 10 166 £ 1.3 4.1+03
Kea/ Ky (uM™s7h 0.62 + 0.10 0.28 + 0.05 1.13 + 0.08 0.53 + 0.05 0.22 + 0.02
R220H cat (87 360 + 10 130 + 10 660 + 20 20 £ 0.3 0.51 + 0.03
Ky (uM) 290 + 20 180 + 20 290 + 30 33+2 25+ 04
keat/ Key ((M7's7Y) 1.2 +0.11 0.72 + 0.12 2.3 £ 0.07 0.61 % 0.04 0.20 + 0.04
T237A° cat (87 150 + 10 12+1 47 £ 1 89+03 0.11 + 0.01
Ky (uM) 17 £ 2 19 +2 51 +4 192 1.3 £ 0.24
keat/ Koy (UM ™'s71) 8.8 + 0.1 0.63 + 0.09 0.92 + 0.08 0.47 + 0.06 0.09 + 0.02
S106P i (871 120 + 10 12+1 64 + 2 22 + 03 20+0.1
Ky (M) 1150 + 80 50 £ 6 210 + 20 220 + 10 28 + 2
kcat/Kml (pM’ls’l) 0.10 + 0.01 0.24 + 0.04 0.30 + 0.04 0.10 + 0.01 0.07 £ 0.01
A126T cat (87 180 + 10 16 +1 93 +2 27 £ 1 25+0.1
Ky (uM) 1550 + 60 60 + 10 240 + 10 200 + 20 302
keat/ K (RM™'s71) 0.12 + 0.01 0.27 + 0.06 0.39 + 0.03 0.14 + 0.02 0.08 + 0.01

AMP, ampicillin; CEP, cephalothin; IMI, imipenem; MER, meropenem; PenG, benzylpenicillin.
“ T237A Kkinetic parameters for ampicillin, cephalothin, imipenem an meropenem are from Mehta et al. (2020).
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greatly decreases turnover of carbapenems and cephalosporins
but has little impact on penicillin hydrolysis.

The T237A enzyme displays similar trends in kinetic pa-
rameters as F72Y, although the effects on carbapenem hy-
drolysis are not as extreme. Thr237 is located on the p-3
strand bordering the active site pocket, and the side chain Oy
has been shown to hydrogen bond to the C-3 carboxylate in
structures of KPC-2 with faropenem and SFC-1 with mer-
openem (27, 30). Similar to F72Y, the T237A enzyme exhibits
enhanced ampicillin hydrolysis and decreased carbapenem
hydrolysis. For ampicillin there is a 2-fold increase in k., and a
23-fold decrease in Ky, resulting in a 50-fold increase in cat-
alytic efficiency (kca/Kn) (Table 2, Fig. S3). Similar to F72Y,
the T237A enzyme also displays lower k., values for imipenem
(5-fold) and meropenem (30-fold) along with lower Ky, values,
which results in small changes in k.,./Ky; (Table 2, Figs. S4 and
S5). As with F72Y, the decreased k., values coupled with the
unchanged k.,./Ky; values suggest that the T237A substitution
reduces the deacylation rate (k3) for carbapenem turnover.
Finally, the T237A enzyme also exhibits reduced k., and Ky
and an unchanged k./Ky for cephalothin hydrolysis indi-
cating that, similar to F72Y, the substitution impacts carba-
penem and cephalosporin hydrolysis similarly but enhances
penicillin hydrolysis (Table 2, Fig. S7).

The second group of KPC-2 mutants includes single
amino acid substitutions Q128H, T215P, and R220H that
increase penicillin and cephalosporin hydrolysis but sub-
stantially decrease carbapenemase activity. Residues Thr215
and Arg220 are located in the 214 to 220 loop that is adja-
cent to the active site. GIn128 is located near the loop and
makes a hydrogen bond to the main chain O of Trp210 and
the main chain N and side chain Oy of Thr215 to stabilize
the loop (Fig. 2). The mutant enzymes in this group display
increases in k., (3- to 7-fold) for ampicillin hydrolysis as
well as 4- to 10-fold increases in k,/Ky; (Table 2, Fig. S3).
The matched increases in k. and k./Ky suggest an
increased rate of acylation of ampicillin by this group of
mutants. Furthermore, these enzymes display a similar effect
on penicillin G hydrolysis, suggesting the impact of the
substitutions is general to penicillins (Table 2, Fig. S6). In
addition, the Q128H, T215P, and R220H enzymes display
moderate to 3-fold increased k.., 2- to 3-fold increased Ky,
and similar k.,./Ky; values as wildtype KPC-2 for cephalothin
hydrolysis (Table 2, Fig. S7). Therefore, as opposed to the
F72Y and T237A substitutions, the Q128H, T215P, and

R220H  substitutions  enhance the turnover of
cephalosporins.
The QI128H, T215P, and R220H enzymes display

decreased k.,; values for carbapenem hydrolysis highlighted
by T215P, which shows 120- and 26-fold decreased k.4
values for imipenem and meropenem, respectively (Table 2,
Figs. S4 and S5). Mutant enzymes in this group also exhibit
10- to 100-fold reduced Ky values for carbapenem hy-
drolysis, resulting in k. /Ky values comparable with
wildtype KPC-2. As with the F72Y enzyme, the decreased
kcat values coupled with unchanged k.,./Ky values suggest
that the major effect is a reduction in the deacylation rate

SASBMB

(k3) for carbapenem hydrolysis. The sharp reduction in k.,
observed for the Q128H, T215P, and R220H mutants is
restricted to carbapenem hydrolysis, a different kinetic
signature from the F72Y and T237A enzymes where k., is
reduced for both carbapenem and cephalosporin
substrates.

The third group of KPC-2 mutants includes substitutions at
S106P and A126T. These substitutions have modest effects on
the steady-state kinetics of both ampicillin and carbapenem
hydrolysis. Residue Ser106 is in the 103 to 106 loop adjacent to
the active site, and Alal26 is in the a helix near the loop
containing the catalytic active-site residue Ser130 (Fig. 2). The
S106P and A126T mutants display 2- to 3-fold increases in k¢,
for ampicillin hydrolysis indicating an increased k, and/or k3
rate (Table 2, Fig. S3). In addition, these mutants exhibit 2- to
3-fold increases in Ky; and display k../Ky values that are
similar to wildtype KPC-2 (Table 2). These mutant enzymes
display a modest 2-fold reduced k., value for imipenem and
meropenem hydrolysis indicating lower k, and/or k3 rates. The
Ky values for carbapenems are unchanged and k,./Ky; values
are reduced 2-fold. Therefore, this group of mutants displays
an increased turnover of ampicillin but a modestly reduced
carbapenem turnover.

F72Y and T216P mutant enzymes display sharply reduced
deacylation rates for carbapenems

Steady-state kinetics experiments, although informative,
cannot provide rate constants for individual reaction steps
such as acylation and deacylation. We chose the F72Y and
T215P mutants from groups 1 and 2 described above for
further characterization because they showed the most drastic
reductions in carbapenem turnover (Table 2). We determined
the acylation rate constant (k;) for imipenem hydrolysis for
these mutants using stopped-flow kinetics under single turn-
over conditions in the presence of excess enzyme over sub-
strate (25, 31-33) (Figs. 3 and 4, Table 3). The F72Y and
T215P enzymes were found to have acylation constants (k)
that were much larger than the corresponding k., values (500-
fold for F72Y and 450-fold for T215P) indicating that acylation
is not rate limiting for these mutants (Table 3, Figs. 3 and 4).
The deacylation rate constant (k3) was calculated using the
equation for k., based on the kinetic scheme (Equation 3,
Experimental procedures), and values of 0.2 and 0.4 s™* were
obtained for F72Y and T215P, respectively (Table 3). The
values for k3 closely match the corresponding k., values, as
expected for a strongly rate-limiting step. We previously
determined the k, and k3 rate constants for imipenem turnover
for the wildtype KPC-2 enzyme to be 220 and 60 s™*, respec-
tively (25). The F72Y and T215P substitutions reduce the
acylation rate by a relatively modest 3-fold and <2-fold,
respectively. The major effect of the F72Y and T215P sub-
stitutions, however, is to reduce the rate constant for deacy-
lation of imipenem by 300- and 150-fold, respectively.
Although we did not determine rate constants for meropenem
turnover, the similarities in steady-state kinetic parameters
suggest that a reduction in the deacylation rate constant is also

J. Biol. Chem. (2021) 296 100799 5
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Figure 3. Single turnover kinetic analysis of KPC-2 F72Y mutant enzyme hydrolysis of imipenem. Imipenem, 10 pM, was used with increasing
concentrations of F72Y enzyme as indicated below each plot. Absorbance is shown on the y-axis and time in seconds on the x-axis. The ks obtained from
fitting a single or double exponential equation is indicated for each plot. For fits to a double exponential equation both the fast (kops) and slow (Kops-s)
values are indicated. At the bottom right is the fit of the ks values versus the F72Y enzyme concentrations to a hyperbola to obtain the acylation rate (ky).

the major effect of the mutations. Furthermore, individual rate
constants were not determined for ampicillin turnover for the
F72Y and T215P mutants but the k., values of 100 and 460 s*
indicate that k3 must be at least this high. Therefore, the rate of
deacylation of ampicillin by the mutants is at least two orders
of magnitude faster than that for carbapenems.

F72Y substitution results in a new hydrogen bond to the
Glu166 general base

Steady-state and pre—steady-state kinetic analyses indicate
that the F72Y substitution significantly reduces k., for car-
bapenem substrates as a direct result of a slower deacylation
rate constant. To assess the molecular mechanism by which
the F72Y substitution alters the carbapenem deacylation rate,
X-ray crystallography was employed to determine the struc-
tures of the mutant enzyme with and without carbapenem
bound in the active site (Table 4).

The structure of wildtype KPC-2 has previously been
determined with and without various substrates and inhibitors
(30, 34-36). We utilized KPC-2 with a three amino acid
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truncation at the C terminus, which is known to facilitate
crystallization (37), for our structure determinations. The
F72Y apoenzyme structure was determined at 1.81-A resolu-
tion in space group P1. The structure is very similar to the
wildtype KPC-2 apoenzyme structure with the active-site
residues superimposable (Fig. 5). The catalytic water mole-
cule forms hydrogen bonds with side chains of the general base
Glu166 as well as Ser70 and Asn170 (Figs. 5 and 6, A and B). A
water is also present in the oxyanion hole, forming hydrogen
bonds to the main chain nitrogens of Ser70 and Thr237. The
most significant difference from the wildtype structure is the
hydroxyl group on Tyr72 of the mutant enzyme. There is a
small movement of the benzyl group of Tyr72 and the
carboxylate of Glul66 to accommodate the Tyr72 hydroxyl
group (Figs. 5 and 6, A and B). The hydroxyl group forms a
new hydrogen bond with good geometry and distance (2.65 A)
to the side chain Oe2 of Glul66.

We also determined the structure of the F72Y mutant acyl-
enzyme complex with imipenem by soaking the crystal with
the substrate. The structure was determined in space group P1
with two monomers in the crystallographic asymmetric unit
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Figure 4. Single turnover kinetic analysis of KPC-2 T215P mutant enzyme hydrolysis of imipenem. Imipenem, 10 pM, was used with increasing
concentrations of T215P enzyme as indicated below each plot. Absorbance is shown on the y-axis and time in seconds on the x-axis. The kg, values
obtained from fitting a single or double exponential equation is indicated for each plot. For fits to a double exponential equation both the fast (kypss) and
slow (kops-s) Values are indicated. At the bottom is the fit of the kops values versus the F72Y enzyme concentrations to a hyperbola to obtain the acylation rate

(k).

and refined to 2.1-A resolution. The ability to capture imipe-
nem acylated to the catalytic Ser70 further underscores the
impaired deacylation rate of the F72Y enzyme. The structure
reveals minimal changes compared with the wildtype apoen-
zyme with the exception of the Tyr72 hydroxyl, which is
hydrogen bonded to the side chain Oe2 of Glul66 in both
chains in the asymmetric unit (Fig. 6, C and D). Imipenem is
also covalently attached to the Ser70 Oy in both chains in the
asymmetric unit, although the conformation of the 6a-
hydroxyethyl group is different between the chains, with the
hydroxyethyl oxygen hydrogen bonded to the catalytic water in
chain A and rotated away from the water in chain B (Fig. 6, C
and D). The catalytic water is present in both chains and is in
position to form hydrogen bonds with multiple groups
including Ser70 Oy, Glul66 Oe2 and Oel, Asn170 Od1 and
N&2, and Lys73 N{ in chain A and the imipenem O in chain B.
The water present in the oxyanion hole in the apoenzyme is
displaced and occupied by the carbonyl oxygen of the ester
bond of acylated imipenem. Note that, although the
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deacylation water is present, the ester bond of the acyl-enzyme
is intact in both chains A and B (Fig. 6, C and D). The water is
too distant, at 3.2 A, for efficient nucleophilic attack on the
carbonyl carbon of the ester. In addition, the Burgi-Dunitz
angle (0,) of attack on the ester carbonyl (O7-C7-HOH) is
113° for the water in chains A and B while the optimal angle is
105° (38), indicating that it is not in optimal position for the
deacylation reaction. The suboptimal distance and angle of
nucleophilic attack of the water is consistent with the slow
deacylation rate (38—40) (Fig. 6, E and F).

Table 3

Pre-steady-state kinetic parameters for acylation and deacylation
rates for imipenem hydrolysis

KPC mutants ks (s7Y) ks s7Y)
Wildtype® 210 + 70 60 + 20
F72Y 74 +7 0.2 £ 0.05
T215P 180 + 30 0.4 + 0.20

“ ky and k3 values from Mehta et al., 2020.
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Table 4
X-ray crystallography data collection and refinement statistics for KPC-2 mutant enzymes
F72Y F72Y/IMP T215P S70G/T215P/IMP S70G/T215P/MPM
Data Collection
Space group P1 P1 P212121 P1 P1
a, b, ¢ (A) 34.33, 37.31, 82.18 34.61, 37.12, 83.65
a, B, y (deg) 92.43, 90.41, 94.62 88.12, 88.38, 85.48
Resolution range (A) 37.15-1.81 (1.88-1.81) (2.18-2.1)
Rinerge (%) 5.7 (7.6) 3 (12.7)
Rpim (%) 5.2 (7.0) 2.3 (10.1)
/o 10.84 (7.41) 17.7 (6.32)
CC(1/2) 0.986 (0.98) 0.999 (0.981)
Multiplicity 1.8(1.7) 2.5 (2.5)
Completeness (%) 88.9 (87.63) 98 (97.1)
Wilson B-factor (A?%) 6.98 27.85

No. of unique reflections

32,888 (3244)

23,701 (2374)

Refinement
Ruorto Rree (%) 15.8, 19.7 18.2, 21.9
No. of protein residues 526 522
No. of water molecules 394 129
Ramachandran favored (%) 98.85 97.48
Ramachandran outliers (%) 0 0.39
Root-mean-square deviation
Bond lengths (A) 0.007 0.004
Bond angles (deg) 0.91 0.81
Average B-factor (A?) 10.75 41.56
Protein 9.48 41.32

67.84, 71.66, 92.2
90.0, 90.0, 90.0
46.1-1.43 (1.48-1.43)

34.67, 37.74, 82.71
91.54, 90.37, 93.84
37.64-1.82 (1.89-1.82)

34.49, 37.29, 82.13
91.39, 90.37, 93.79
37.2-1.67 (1.73-1.67)

2.6 (30.81) 46 (6.2) 3.1 (8.0)
2.6 (30.81) 3.1 (4.2) 2.2 (6.3)
11.12 (1.78) 14.9 (12.5) 16.3 (7.6)
0.879 (0.999) 0.997 (0.992) 0.998 (0.986)
1.9 (1.9) 3 (3) 2.6 (2.3)
98.23 (93.8) 96.6 (96.1) 96.7 (92.2)
14.67 10.87 12.53
82,170 (7735) 36,229 (3598) 45,834 (4370)
15.73, 18.61 15.23, 18.71 17.08, 19.26
520 528 528
518 581 560
97.67 98.66 98.09
0 0.0 0.19
0.005 0.01 0.004
0.082 0.96 0.8
20.25 14.09 16.96
18.24 11.93 15.34

Values in parentheses in the body of the table indicate the highest-resolution shell.

T215P substitution alters the conformation of the Q214-R220
active site loop to slow deacylation

The T215P substitution also drastically lowers k., for car-
bapenem hydrolysis owing to a decreased deacylation rate. To
understand how the T215P substitution lowers the deacylation
rate, we determined the structure of the T215P apoenzyme
and the S70G/T215P mutant enzyme with bound imipenem
and meropenem. The T215P apoenzyme structure was
determined at 1.43-A resolution in space group P212121 with
two monomers in the asymmetric unit. The structure reveals a
large conformational change of the 214 to 220 loop that is
adjacent to the active site (Fig. 7). The loop moves up and away

from the active-site catalytic residues (Fig. 7). As an illustra-
tion, the Oy of Thr216 is 2.67 A from and forms a hydrogen
bond with the Oy of Thr235 in the wildtype KPC-2 structure.
In contrast, the Oy of Thr216 is 5.6 and 6.3 A from the Oy of
Thr235 in chains A and B of the T215P structure, respectively.
The different distances also reflect the fact that the loop
conformations in chains A and B are different (Fig. 7). The
altered conformations of the loop in chains A and B suggest
that the loop is flexible in the T215P mutant. We, therefore,
assessed the flexibility of the 214 to 220 loop by comparing the
Wilson B factors between wildtype KPC-2 and the T216P
mutant and found that the B-factors were much higher in the

T237

N170

Figure 5. Schematic illustration of the KPC-2 F72Y mutant enzyme. A, active site region of the F72Y enzyme. Hydrogen bonds are shown as thin black
lines and water is shown as a red sphere. Carbon atoms are shown in tan, oxygen in red, and nitrogen in blue. B, structural alignment of the KPC-2 wildtype
and F72Y enzyme active sites. Carbon atoms of wildtype KPC-2 (Protein Data Bank id: 5UL8) and F72Y are shown in light green and tan, respectively. Water
molecules from the wildtype KPC-2 structure are shown in green and those from the F72Y structure are shown in red.
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Figure 6. Schematic illustration of the active site structures of KPC-2 F72Y apoenzyme and acyl-enzyme with imipenem. A, active site of KPC-2 F72Y
apoenzyme from chain A. The deacylation water (HOH388) is in position to hydrogen bond with multiple active-site residues including Ser70, Glu166, and
Asn170. A water is also found in the oxyanion hole (HOH258). The hydroxyl group of Tyr72 forms a hydrogen bond with Glu166 carboxylate Oe1. Carbon
atoms are shown in tan, oxygen in red, and nitrogen in blue. B, KPC-2 F72Y apoenzyme chain B. The structure is nearly identical to chain A and makes the
same interactions. C, KPC-2 F72Y imipenem acyl-enzyme structure, chain A. Imipenem (gray) is covalently linked to Ser70. The deacylation water is in
position to hydrogen bond with multiple groups including the Ser70/imipenem ester oxygen, Glu166, Asn170, and the imipenem 6a-1R-hydroxyethyl
oxygen. As in the apoenzyme, the hydroxyl group of Tyr72 forms a hydrogen bond with Glu166 carboxylate Oe1. D, KPC-2 F72Y imipenem acyl-enzyme
structure, chain B. The structure is similar to that described for chain A except the 6a-1R-hydroxyethyl group is rotated such that the hydroxyethyl oxygen is
not in position to form a hydrogen bond to the deacylation water. £, KPC-2 F72Y imipenem acyl-enzyme chain A showing the deacylation water and
indicating the Burgi-Dunitz angle (6,) of 112.8° is not optimal for nucleophilic attack. F, KPC-2 F72Y imipenem acyl-enzyme chain B with 6, = 113.1°.

T215P mutant, consistent with increased flexibility relative to
the wildtype enzyme (Fig. S8).

We attempted to determine the structure of the T215P
enzyme with acylated imipenem or meropenem by rapid
soaking of crystals but were not successful in trapping the
intermediate. Therefore, we utilized an S70G/T215P mutant
enzyme, where the substitution of Ser70 with Gly blocks the
catalytic reaction (41). The structure of the S70G/T215P
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enzyme with imipenem bound was determined at 1.82-A
resolution in space group P1 with imipenem present in both
chains of the asymmetric unit (Fig. 8, A and B). In both
chains, the imipenem is hydrolyzed, showing the product
complex. This is likely due to the time period of soaking that
leads to slow hydrolysis. The 214 to 220 loop is found in
different conformations in chains A and B (Fig. 8, A and B).
In chain B, the loop is in an open position similar to the
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Figure 7. Structure of the KPC-2 Q214-R220 loop and interactions with active-site residues. A, structure of the 214 to 220 loop in wildtype KPC-2 (light
green). Oxygen and nitrogen are colored red and blue, respectively. Hydrogen bonds are shown as thin black lines. B, structure of the KPC-2 T216P
apoenzyme 214 to 220 loop (pink). Chains A and B are shown in a structural alignment that indicated the loop is in different conformations in the chains. C,
structural alignment of the 214 to 220 loop in wildtype KPC-2 (light green) versus chains A and B of the KPC-2 T215P apoenzyme. The 214 to 220 loop is in an

altered, open conformation compared with that in wildtype KPC-2.

T215P apoenzyme structure, whereas in chain A the loop has
shifted back to a closed conformation similar to that in
wildtype KPC-2 (Fig. 8, A and B). In chain A, the hydrogen
bond between the Oy of Thr216 and Oy of Thr235 is
restored. In addition, both oxygens of the imipenem C3
carboxylate form hydrogen bonds to the Oy of Thr235. The
oxygens from the C7 carboxylate formed by hydrolysis make
hydrogen bonds to Lys73 and the oxyanion hole nitrogens of
Ser70 and Thr237. In contrast, in chain B the Oy of Thr216
is 6.14 A from the Oy of Thr235 (Fig. 8B). However, the
hydrolyzed imipenem makes similar contacts to the enzyme
in chain B, with both oxygens of the imipenem C3 carbox-
ylate forming hydrogen bonds to the Oy of Thr235 and the
oxygens from the carboxylate formed by hydrolysis making
hydrogen bonds to Lys73 and the oxyanion hole nitrogens of
Ser70 and Thr237 (Fig. 8B). Imipenem is in slightly different
positions in the chains with the hydroxyethyl oxygen
hydrogen bonding to Thr237 in chain A but not in chain B
where the group is flipped in orientation. The near-wildtype
conformation of the Q214-H220 loop in chain A suggests the
presence of bound substrate may shift the equilibrium of the
loop from the open conformation found in the T215P
apoenzyme to the closed conformation of the S70G/T215P/
imipenem chain A structure. However, the presence of the
closed conformation in chain A and open conformation in
chain B suggests both of the conformations are significantly
populated. Coupled with the enzyme kinetics results, the
structural findings also suggest that the conformational
heterogeneity of the Q214-H220 loop hinders the deacyla-
tion of carbapenems but not penicillins or cephalosporins.
We further determined the structure of the S70G/T215P
enzyme with meropenem bound at 1.62-A resolution in the P1
space group. The substrate meropenem is present in both
chains of the crystallographic asymmetric unit (Fig. 8, D and
E). As with the imipenem structure, meropenem is hydrolyzed
and represents a product complex. The 214 to 220 loop is in
the closed form similar to wildtype KPC-2 in both chains A
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and B in the S70G/T215P/meropenem structure. The
hydrogen bond between the Oy of Thr216 and Oy of Thr235 is
present in both chains (Fig. 8, D and E). The interactions be-
tween the S70G/T215P enzyme and meropenem are very
similar to those observed in the S70G/T215P/imipenem
structure, with both oxygens of the meropenem C3 carbox-
ylate forming hydrogen bonds to the Oy of Thr235 and the
oxygens from the C7 carboxylate formed by hydrolysis making
hydrogen bonds to Lys73 and the oxyanion hole nitrogens of
Ser70 and Thr237 (Fig. 8, D and E). In addition, the Oy of
Thr216 in chain B directly forms a hydrogen bond with an
oxygen of the C3 carboxylate group. It is also of note that there
are differences in meropenem binding in chain A versus chain
B, with the C3 carboxylate group shifted toward Thr216 and
the 6a-hydroxyethyl group oxygen rotated away from Thr237
in chain B.

Taken together, the structural results show that, in the
apoenzyme, the 214 to 220 loop undergoes a conformational
change due to the T215P substitution such that it moves
away from the active site and assumes multiple conforma-
tions with a larger B-factor than wildtype. Upon carbapenem
binding, the loop closes to a conformation similar to that
seen in the wildtype KPC-2 enzyme. The closed form of the
loop is also less flexible; the B-factors of the loop residues in
the closed form with substrate bound are much lower than in
the open form and are similar to those observed in the
wildtype enzyme (Fig. S8). However, despite the change in
the 214 to 220 loop in the presence of substrate to a
conformation similar to that of wildtype, the T215P enzyme
displays a greatly reduced deacylation rate for carbapenem
hydrolysis. However, based on the T215P apoenzyme and
S70G/T215P/imipenem structures, the loop may exhibit
significant conformational heterogeneity in solution that is
not captured in the S70G/T215P/meropenem structure. We
suggest this conformational heterogeneity leads to a loss of
key contacts with the acylated carbapenem, leading to slower
deacylation.
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Figure 8. Structure of the Q214-R220 loop region of KPC-2 S70G/T215P with hydrolyzed imipenem and meropenem bound in the active site. A,
structure of the 214 to 220 loop in chain A of KPC-2 S70G/T215P. Imipenem product is shown in gray and carbons of the S70G/T215P enzyme are shown in
salmon. Oxygen and nitrogen atoms are shown in red and blue, respectively. Hydrogen bonds are indicated by thin black lines. B, structure of the 214 to 220
loop for chain B of KPC-2 S70G/T215P with hydrolyzed imipenem. C, structural alignment of chains A and B of S70G/T215P with hydrolyzed imipenem and
the KPC-2 wildtype apoenzyme (light green). D, structure of the 214 to 220 loop in chain A of KPC-2 S70G/T215P. Hydrolyzed meropenem product is shown
in gray, and carbons of the S70G/T215P enzyme are shown in sienna. E, structure of the 214 to 220 loop for chain B of KPC-2 S70G/T215P with hydrolyzed
meropenem. F, structural alignment of chains A and B of S70G/T215P with bound meropenem and the KPC-2 wildtype apoenzyme (light green).

Discussion

We have identified mutations in KPC-2 B-lactamase that
selectively block carbapenem hydrolysis while maintaining
rapid hydrolysis of penicillins, a specificity profile that is
similar to noncarbapenemase class A enzymes. The mutants
could be placed in three groups based on enzyme kinetic pa-
rameters. The F72Y and T237A enzymes of the first group are
characterized by enhanced turnover of ampicillin and sharply
reduced turnover of both carbapenems and cephalosporins.
Pre—steady-state single-turnover kinetic analysis showed that
the deacylation rate for carbapenem hydrolysis is greatly
reduced for the F72Y mutant. The structure of the F72Y
enzyme with acylated impenem revealed that, in both chains in
the asymmetric unit, the tyrosine substitution results in a new
hydrogen bond to Oe2 of the general base, Glul66. This
additional hydrogen bond would reduce its basicity and reduce
activation of the deacylation water, slowing the deacylation
rate for both carbapenems and cephalosporins (24, 42). In
addition, the deacylation water is 3.3 A from the ester carbonyl
carbon of the acyl-enzyme and the Burgi—Dunitz angle (6,) of
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attack on the ester carbonyl (O7-C7-HOH) is 113° for the
water in chains A and B, whereas the optimal angle is 105°,
thereby slowing the deacylation rate of carbapenems (38).
Although no structural data are available, a similar rationale
could explain the slow turnover of cephalosporins. Further-
more, hydrogen bonding between the 6a-1R-hydroxyethyl
oxygen of carbapenems and the deacylation water has been
proposed to lower the nucleophilicity of the water and impair
the deacylation reaction (19, 20, 27). The 6a-1R-hydroxyethyl
substituent is in two orientations in the F72Y/imipenem
structure with the hydroxyethyl oxygen in chain A positioned
to make a hydrogen bond to the deacylation water but oriented
away from the water in chain B. Therefore, if the chain A
conformation is significantly populated in solution, it would
also contribute to the reduced deacylation rate. Note, however,
that this mechanism does not apply to the reduced turnover of
cephalosporins, which lack the 6a-1R-hydroxyethyl group.
The various points described above provide a rationale for
the slow deacylation of carbapenems by the F72Y enzyme but
do not explain why ampicillin is hydrolyzed rapidly. The rates
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of acylation and deacylation of ampicillin by KPC-2 are not
known, although they must be at least as fast as the k., value
of 65 s™*. It is formally possible that acylation of ampicillin is
rate limiting and deacylation is much faster in the wildtype
enzyme. In this scenario, the deacylation rate could actually be
reduced by the F72Y substitution but still not be rate limiting
and therefore not affect k.. If the deacylation rate is not
reduced by F72Y, it may be due to differences in the acyl-
amide side chain. Ampicillin has an acyl-amide side chain
appended to the P-lactam ring rather than a hydroxyethyl
group (Fig. S1), which removes the possibility of the hydrox-
yethyl oxygen hydrogen bonding to the deacylation water and
slowing the reaction. Because of the differences in structure
between carbapenems and ampicillin, we suggest the water
may be closer to the ester carbonyl of the ampicillin inter-
mediate and at a better angle for nucleophilic attack, thereby
compensating for the decreased basicity of Glu166. Note that
we recently showed that alanine substitution of Asnl70 in
KPC-2, which forms hydrogen bonds to both the Glul66
carboxylate Oel and the deacylation water (Fig. 5), reduces the
deacylation rate for imipenem by 2800-fold versus wildtype
KPC-2 while reducing k., for ampicillin hydrolysis by only 4-
fold. Thus, carbapenem turnover is sensitive to the environ-
ment of Glul66, whereas ampicillin turnover is not (25). In
aggregate, the results for the F72Y mutant suggest that
deacylation of carbapenem acyl-enzyme intermediates by
KPC-2 is highly sensitive to the environment and precise
positioning of Glul66 and the deacylation water and thus it
may be possible to modify carbapenems (or other {-lactams)
to engage Glul66 or alter the hydrogen bonding network with
Glul66 to impair deacylation.

Based on the F72Y mutant, we conclude that the environ-
ment around Glul66 is important for carbapenemase activity.
Therefore, we examined the sequence conservation at residue
72 among class A carbapenemases and noncarbapenemases
(Fig. S9A). Phenylalanine is found at position 72 in all 14 class
A carbapenemases examined (Fig. S9A). However, Phe72 is
also found in noncarbapenemase class A enzymes such as
TEM-1 and SHV-1. As seen in Figure 5, Glul66 Oel and Oe2
in KPC-2 form hydrogen bonds with Lys73, Asnl70, and the
deacylation water. However, the environment also includes
hydrophobic residues that are in van der Waals contact with
the Glul66 carboxylate oxygens including Phe72, Leul67, and
Leul69 (Fig. S9, B and C). This hydrophobic pocket could
influence the pKa and enhance basicity of Glul66. For
example, in triosphosphate isomerase, a hydrophobic interac-
tion of an active-site isoleucine with the glutamate general
base results in a 2-unit change in the pKa of the side chain of
glutamate to enhance basicity for the isomerization reaction
(43, 44). Of the hydrophobic residues surrounding Glul66 in
KPC-2, Leul67 is unique to the carbapenemases. Position 167
is proline in most class A enzymes, which would reduce hy-
drophobicity and may influence the basicity of Glul66.

Similar to F72Y, the Thr237A mutant exhibits enhanced
turnover of ampicillin but reduced turnover of carbapenems
and cephalosporins. Substrate, acyl-enzyme, and product
structures of carbapenems in complex with KPC-2 and SFC-1,
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including those presented here, show Oy of Thr237 makes
hydrogen bonds to the C3 carboxyl of carbapenems (27, 30).
The T237A substitution eliminates the hydrogen bond to the
C3 carboxyl of carbapenems. We previously showed that the
T237A substitution decreases both k, and k3 values for imi-
penem hydrolysis, compared with wildtype KPC-2 so that
neither step is rate limiting (25). This suggests that the
hydrogen bond to the imipenem C3 carboxylate by Thr237 is
important for both acylation and deacylation rates.

The second group of mutants includes Q128H, T215P, and
R220H. These residues are positioned to impact the structure
and dynamics of the 214 to 220 loop. Enzyme kinetic analysis
shows that the mutants in this group significantly increase k.,
and kc,/ Ky for ampicillin hydrolysis and decrease k., but not
keat/ Ky for carbapenem hydrolysis. Single turnover experi-
ments indicate that the decrease in k., for T215P is due to a
large reduction in the deacylation (k3) rate, and structural
studies indicate that the substitution results in an open 214 to
220 loop and substantial conformational heterogeneity. In the
presence of imipenem or meropenem, the 214 to 220 loop
closes to a conformation similar to that observed in wildtype
KPC-2. However, the fact that one of the chains for the S70G/
T215P imipenem structure retains the open conformation
suggests that there is still conformational heterogeneity in the
loop. Examination of the structures suggests that the confor-
mational heterogeneity may impact interactions of the loop
residue Thr216 with the carbapenem. Note that, in both the
S70G/T215P imipenem and meropenem structures, the main
chain O of Thr216 makes an interaction with the C3 carbox-
ylate through a bridging water (Fig. S10). The Thr216 side
chain Oy also makes a direct hydrogen bond to the C3
carboxylate in the S70G/T215P meropenem structure (Fig.
8E). The Thr216 main chain O also makes a hydrogen bond
with the C3 carboxylate through the same bridging water in
the structure of a faropenem hydrolysis product with KPC-2
(PDB id: 5UJ4) (30). In addition, the Thr216 main chain O
forms a hydrogen bond with the functional equivalent of the
C3 carboxylate via the same water in the structure of KPC-2
with the boronic acid inhibitor vaborbactam (PDB id: 6TDO0)
and with the diazabicyclooctane inhibitor avibactam (PDB id:
4BZE) (36) (Fig. S10). Furthermore, the hydrogen bond of the
Thr216 main chain O with the C3 carboxylate occurs through
a similarly placed water in structures of the SFC-1 carbapen-
emase S70A mutant with bound meropenem substrate and an
E166A mutant with acylated meropenem (PDB ids: 4EUZ,
4EV4) (27). These observations suggest that the interaction
between the Thr216 main chain O with the C3 carboxylate
through the conserved water is an important stabilizing force
for bound carbapenems. Furthermore, the conformational
heterogeneity induced by the T215P substitution disrupts this
interaction. Note that, since the Thr216 interaction with car-
bapenems is through the main chain O, substitution of this
residue would not necessarily change enzyme activity. How-
ever, the T215P substitution alters the structure of the Q214-
R220 loop, which is, in effect, a main chain mutation of
Thr216. Finally, since the T215P substitution disrupts the
deacylation reaction, we propose that the Thr216 interaction is
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most important for stabilizing the acyl-enzyme intermediate.
This model is consistent with the acyl-enzyme structures of
the noncarbapenemase TEM-1 and SHV-1 B-lactamases with
imipenem and meropenem where the acylated carbapenem
has moved out of the oxyanion hole to a position not consis-
tent with deacylation (19, 20). Of interest, the 214 to 220 loop
is in an altered position in the noncarbapenemase TEM-1 and
SHV-1 enzymes relative to that in KPC-2 and SFC-1, such that
an interaction between the main chain O of residue 216 with
the carbapenem C3 carboxyl is not possible.

The QI128H and R220H mutants exhibit similar kinetic
profiles for ampicillin and carbapenem hydrolysis as T215P,
although with ~10-fold higher k., values for carbapenem
turnover (Table 2). GIn128 is located near the 214 to 220 loop
and makes hydrogen bonds to the main chain O of Trp210 and
main chain N and side chain Oy of Thr215 to stabilize the
loop. Therefore, the Q128H mutation may act through a
similar mechanism as that described for T215P, where desta-
bilizing the conformation of the loop disrupts the interaction
between Thr216 and the C3 carboxylate of the carbapenem
acyl-enzyme intermediate. In addition to its placement in the
214 to 220 loop, the guanidinium group of Arg220 also makes
hydrogen bonds to stabilize the position of Thr237. Since
disruption of the Thr237 Oy/carbapenem interaction reduces
turnover, the R220H substitution may indirectly do the same.
Active site loop structures have been shown to play an
important role in pB-lactamase substrate specificity (8, 45). It
has been extensively documented that changes in the 164 to
179 omega loop, which contributes to the floor of the active
site and contains Glul66, result in altered substrate specificity
of class A PB-lactamases (8, 45-51). Changes in the confor-
mation of the 103 to 106 loop are also associated with changes
in substrate specificity (41). The identification and character-
ization of the group 2 mutants, Q128H, T215P, and R220H,
suggests that the 214 to 220 loop is an important contributor
to KPC-2 substrate specificity in that changes in the confor-
mation of the loop reduce carbapenem turnover but do not
affect hydrolysis of penicillins or cephalosporins.

The S106P and A126T mutants from the third group display
increased ampicillin hydrolysis but moderately decreased
levels of carbapenem hydrolysis. Ser106 is part of the 103 to
106 loop that contains Trpl05. The structures of KPC-2 in
complex with hydrolyzed faropenem and substrate along with
the structure of the acyl-enzyme complex of the SFC-1
carbapenemase with meropenem reveal that Trpl05 makes
hydrophobic interactions with the pyrrole ring and hydrox-
yethyl group of carbapenems (27, 30). The S106P substitution
would eliminate a hydrogen bond between the Ser106 Oy and
the main chain O of Val103, which could impact the confor-
mation of the 103 to 106 loop and the position of Trp105. It
has been shown previously that the N106S natural variant of
CTX-M B-lactamases changes the conformation of the loop
and thereby alters substrate specificity (41). In contrast, Ala126
lies in the hydrophobic core of the a-helical domain of KPC-2
and class A B-lactamases. Modeling suggests that the intro-
duction of threonine would destabilize the core, which could
impact the positioning of the loop containing Ser130 and
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Asnl132. However, it is unclear how this would impact carba-
penem hydrolysis.

It has been suggested that the pyrroline ring form of a
carbapenem in the acyl-enzyme intermediate influences the
rate of the deacylation reaction in serine -lactamases (21-24).
Three forms of the pyrroline ring have been observed in car-
bapenem acyl-enzyme structures, including a 2-pyrroline
enamine (A,;) form and two epimeric 1-pyrroline imine
forms ((R)-A' and (S)-A') (24, 27, 52—54). Structures of BlaC
acyl-enzyme intermediates with doripenem after a short
soaking time revealed the A, form, whereas a longer soaking
time yielded a structure with the A' form (24). In the A" form,
the hydroxyethyl group was in an altered position and formed
a hydrogen bond to Glul66, reducing its basicity and consis-
tent with slower deacylation (24). Recent NMR studies suggest
that the A% and (R)-A' forms are preferentially produced in the
active site and the (S)-A' form is then produced non-
enzymatically (55). Therefore, we examined the KPC-2 F72Y
imipenem acyl-enzyme and S70G/T215P product structures to
determine the tautomeric form of the pyrroline ring. The
structures are not of sufficient resolution to determine if the
C2 position is protonated, although the position of the R2 side
chain sulfur relative to the plane of pyrroline ring does provide
an indication of tautomeric state (Fig. S11). All of the struc-
tures have two chains in the asymmetric unit. For the KPC-2
F72Y imipenem acyl-enzyme, the R2 group sulfur is clearly
below the plane of the pyrroline ring for both chains, with
angles of 49° and 55° from the plane defined by the C5-C3-C2
atoms indicating the (S)-A" form (Fig. S11, A and B). The R2
group sulfur atom in the S70G/T215P impenem product
complex is below the pyrroline plane in chain A (41°) and near
the plane for chain B (13°), suggesting that chain A is in the
(S)-A' form and chain B is in the enamine A form (Fig. S11, C
and D). The S70G/T215P meropenem product complex re-
veals that the angle of the sulfur is 29° and 23° below the plane
for chains A and B, which is consistent with the (S)-A' form
(Fig. S11, E and F). Note that the hydroxyethyl group of the
F72Y imipenem-acyl-enzyme structure is in different confor-
mations in chains A and B (Fig. 6, C and D), but this is not
correlated to the tautomer of the pyrroline ring as it is in the
(S)-A' form for both chains A and B (Fig. S11, A and B). In
addition, the hydroxyethyl group of the S70G/T215P mer-
openem product structure is different in chains A and B but is
also not correlated with the pyrroline ring form, which is (S)-
A for both chains. In contrast, the altered conformation of the
hydroxyethyl group in chains A and B for the S70G/T215P
imipenem product structure is matched by a change in the
pyrroline ring form ((S)-A" and A?%) (Fig. 8 and Fig. S11, C and
D). However, it is noteworthy that the (S)-A' form is produced
nonenzymatically after acyl-enzyme or product formation and
it is possible that (S)-A' is produced during the time frame of
soaking and data collection for structure determination and is
not relevant to the form undergoing the deacylation reaction
(55).

Based on the similar structures of the active sites of KPC-2
and noncarbapenemases such as TEM-1 and SHV-1, it has
been suggested that multiple subtle structural changes could
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be responsible for the carbapenemase activity of KPC-2 (27,
28). A key finding from this work is that deacylation of car-
bapenems is more sensitive to the environment of Glul66,
possibly owing to altered basicity, than is deacylation of pen-
icillins. This is consistent with previous studies on non-
carbapenemase enzymes showing that Al tautomer of
carbapenems is associated with the hydroxyethyl group by
forming a hydrogen bond to the Glul66 to reduce its basicity
and slowing the deacylation rate (20, 24). In addition, we show
that the conformation of the Q214-R220 loop is critical for
efficient deacylation of carbapenems but not penicillins by
KPC-2 and interpret this as being due to disruption of an
interaction between Thr216 and the carbapenem C-3
carboxylate. The identification of the T237A mutant also
supports a role for a hydrogen bond between Thr237 and the
C-3 carboxylate as an additional contribution to carbapenem
hydrolysis (25, 56). Clearly, these are not the only determinants
of carbapenem hydrolysis by KPC-2 but represent additional
factors that together add up to efficient hydrolysis of
carbapenems.

Experimental procedures
Bacterial strains and plasmids

The KPC-2 gene was inserted into the previously con-
structed pTP123 plasmid vector, as described (29). The KPC-
2-pTP123 plasmid was introduced into E. coli XL1-Blue (57)
for construction of a random mutant library of KPC-2. Library
selection, library screening, and MICs were performed in XL1-
Blue E. coli cells, and wildtype KPC-2 and mutant KPC-2
enzymes were transformed into E. coli RB791 for protein pu-
rification (58).

Minimum inhibitory concentration determinations

The E-test strip (Biomerieux) method was used to deter-
mine the MICs for ampicillin, imipenem, and meropenem.
The wildtype, mutant KPC-2 enzymes, and empty pTP123
plasmid were transformed into E. coli XL1-Blue cells. Trans-
formed colonies were grown overnight in 5 ml LB broth
containing 12.5 pg/ml chloramphenicol. The cultures were
then diluted to an absorbance of 0.05 and spread onto LB agar
plates, and the E-test strip containing either ampicillin, imi-
penem, or meropenem was placed onto the agar surface. The
plates were then incubated at 37 °C overnight, and the con-
centration of antibiotic sufficient to inhibit bacterial cell
growth at the markings denoted on the E-test strip was
reported.

Identification of KPC-2 mutants resistant to ampicillin but
sensitive to imipenem

To select for KPC-2 mutants that retain high penicillin
resistance and poor carbapenem resistance, the naive mutant
library was transformed into E. coli XL1-Blue cells and spread
on LB agar plates containing a concentration of 100 pug/ml of
ampicillin. The 100-pg/ml concentration of ampicillin was
chosen based on pilot experiments examining the plating ef-
ficiency of E. coli containing the wildtype KPC-2 gene whereby
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100 pg/ml allows colonies to form, whereas higher concen-
trations reduce colony-forming units. Therefore, 100 pg/ml
ampicillin selects for mutants with near-wildtype levels of
KPC-2 B-lactamase activity toward ampicillin. Colonies that
grew under ampicillin selection were then picked to inoculate
a 96 deep well plate containing LB supplemented with 12.5
mg/ml chloramphenicol and incubated overnight at 37 °C with
shaking at 150 rpm. The absorbance of the culture at 600 nm
was measured to evaluate growth. Next, the cultures were
tested for carbapenem resistance by diluting 1:100,000 into LB
broth containing 0.4 pg/ml imipenem in sterile, clear-bottom
96-well plates and incubating overnight at 37 °C and 150
rpm. The absorbance at 600 nm was measured to evaluate
growth. Plasmid DNA was isolated from cultures that failed to
grow in LB-imipenem broth, and the identity of the mutations
was determined by DNA sequencing.

Protein expression and purification

The wildtype KPC-2 and KPC-2 mutant enzymes were
encoded on the pTP123 plasmid and transformed into E. coli
RB791 cells for protein expression and purification. Cells were
grown overnight at 37 °C in 10 ml LB broth containing 12.5
pg/ml chloramphenicol (LB-CMP), then back diluted into 1 1
LB-CMP. The cultures were then grown at 37 °C until Aggg
~0.8, at which time the cells were induced by the addition of
200 pl 1 M IPTG and grown overnight at 23 °C. The cultures
were then collected and pelleted by centrifugation at 4 °C for
15 min at 5000 rcf.

The cell pellet was resuspended in 10 mM Tris pH:8.0, 20%
(w/v) sucrose and shaken at 4 °C for 30 min. A periplasmic
release was performed by the addition of an equal volume of
ice-cold water and incubation by shaking at 4 °C for 1 h. The
periplasmic fraction was isolated by two centrifugations at
10,000 rcf for 15 min. To remove impurities, the fraction was
flowed over a SP-Sepharose fast-flow (SP-FF, GE Healthcare)
cation-exchange column. To bind free KPC-2 enzyme, the
supernatant pH was adjusted to 6.0 with 1 M MES buffer and
passed through an SP-FF column. A NaCl gradient was used to
elute the bound protein. Eluted samples containing KPC-2
were pooled, concentrated, and further purified to homoge-
neity by size-exclusion chromatography (GE S75 increase
Sepharose column, Akta pure HPLC). Fractions were assessed
for purity by SDS-PAGE and samples of 290% pure were
pooled and concentrated for further use.

Steady-state enzyme kinetic analysis

In vitro kinetic parameters for 3-lactam antibiotic hydrolysis
were determined as described (25). Steady-state kinetic pa-
rameters were determined for the p-lactam substrates ampi-
cillin, imipenem, and meropenem by monitoring hydrolysis for
each substrate using a DU800 spectrophotometer at 235, 295,
and 295 nm, respectively. Extinction coefficients used for
ampicillin, imipenem, and meropenem were —900, —9000, and
-10,940 M™' cm™ respectively. Experiments were performed
at 25 °C in 50 mM phosphate pH 7.0, 0.1 mg/ml BSA with a
minimum of two replicates per substrate concentration tested.
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The average and standard deviation of the replicates was used
with GraphPad Prism 8 to fit initial velocity measurements to
the Michaelis—Menten equation v = V.. [S]/(Km+[S]) to
determine k., and Ky; values.

Determination of acylation (k;) and deacylation (k;) rate
constants

The acylation rate constant (k;) was determined by moni-
toring the rate of imipenem acylation (Agos: ~9000 M™* cm ™)
using a Kintek SF-2001 stopped-flow apparatus. Single-
turnover kinetic conditions were established by using excess
amounts of enzyme and low concentration of imipenem (1-10
uM). The reactions were performed at 25 °C in 50 mM
phosphate pH 7.0. The enzyme concentration was increased
until the rate of acylation was saturated. For each kinetic
experiment, 1000 data points were collected and at least three
kinetic traces were collected to ensure high-quality data. The
observed data were fit to either a single or double exponential
equation to determine the rate of observed acylation, where A
is the absorbance at time t, A; and A, are absorbance at At
and Atpjateauns Kobs is the apparent rate from the reaction, and
biphasic fast and slow phases are f and s, respectively.

A=A 4 (1)

Ay = A, Thart) 4 4, (anst) 4 ¢ 2)

The individual ks data at each enzyme concentration were
then fit to a hyperbola to determine k,. From there, the
deacylation rate constant (k3) was calculated using the deter-
mined values of k., and k, using Equation 3.

kaoks

kca =7
"7 kyths

(3)

Solving Equation 3 for k., in terms of k3 yields k3 = (ky*Kcar)/
(kcat-k2). The error in the calculated value of k3 was assessed by
propagating the errors in k., and k, through the equation by
adding the absolute errors for the sum or difference in the
denominator to obtain the absolute and the percentage error
in kca-ks. The percent error of the numerator, (k..i*ky), was
calculated by adding the percent error for k., and k,, and the
final, percent, and absolute errors on k3 were obtained by
adding the percent error of the numerator and denominator to
yield the percentage error in ks.

X-ray crystallography

A truncation to the C terminus of the KPC-2 enzyme that
facilitates crystallization was introduced via site-directed
mutagenesis using the following oligonucleotides (34).

A292 to 295 5-GAGGGATTGGGCTAAAACGGG
CAGTAATCTAGAGTCGACC

S70G: 5-CCCACTGTGCGGCTCATTCAAG

The F72Y and S70G/T215P mutant enzymes were purified
as described above and were crystallized by mixing 200 nl 25%
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PEG 8000, 0.1 M KsCN, 0.1 M sodium acetate, pH 4.5 with 10
mg/ml of protein. The T215P mutant was crystallized by
mixing 2.5 M NaCl, 0.1 M sodium acetate pH 5.1 with 10 mg/
ml of protein. Crystals were soaked with 10 mM imipenem or
meropenem in their respective mother liquor for 30 min to 1 h
before being flash frozen in liquid nitrogen. The data for all
enzyme structures were collected at the Berkeley Center for
Structural Biology at the Advanced Light Source on synchro-
tron beamlines 5.0.1, 8.2.1, and 8.2.2. Data were processed
using xia2, xia2/DIALS, and iMOSFLM (59). Molecular
replacement was performed using expertMR phaser or
MOLREP (60) in the CCP4i Suite (61). Coot was used to fit the
model to the density, and phenix.refine was used to refine the
data (62-64). All figures were modeled and created in the
UCSF Chimera program (65).

Data availability
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been deposited in the Protein Data Bank under accession
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