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ABSTRACT: Most class A f-lactamases cannot hydrolyze
carbapenem antibiotics effectively. The molecular mechanism
of this catalytic inefficiency has been attributed to the unique
stereochemistry of carbapenems, including their 6-a-hydrox-
yethyl side chain and the transition between two tautomeric
states when bound at the active site. Previous studies have
shown that the 6-a-hydroxyethyl side chain of carbapenems
can interfere with catalysis by forming hydrogen bonds with
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the deacylation water molecule to reduce its nucleophilicity. Here our studies of a class A noncarbapenemase PenP demonstrate
that substituting the general base residue Glul66 with Ser or other residues leads to a significant enhancement of the acylation
kinetics by ~100—500 times toward carbapenems like meropenem. The structures of PenP and Glul66Ser both in apo form and
in complex with meropenem reveal that Glul66 is critical for the formation of a hydrogen bonding network within the active site
that locks Asn170 in an orientation to impose steric clash with the 6-a-hydroxyethyl side chain of meropenem. The Glul66Ser
substitution weakens this network and enables Asnl70 to adopt an alternative conformation to avoid steric clash and
accommodate faster acylation kinetics. Furthermore, the weakened hydrogen bonding network caused by the Glul66Ser
substitution allows the 6-a-hydroxyethyl moiety to adopt a catalytically favorable orientation as seen in class A carbapenemases.
In summary, our data identify a previously unreported role of the universally conserved general base residue Glul66 in impeding
the proper binding of carbapenems by restricting their 6-a-hydroxyethyl group.

Carbapenems are a family of f-lactam antibiotics that is
commonly referred to as a “last resort” defense against bacterial
infection. Similar to other p-lactam antibiotics such as
penicillins and cephalosporins, carbapenems bind and become
irreversibly acylated to the active site of PBPs, which are
responsible for bacterial cell wall synthesis."” This mechanism-
based inhibition compromises the cell wall synthesis and leads
to bacteria cell lysis. Notably, carbapenems show the broadest
spectrum and highest potency against both Gram-positive and
Gram-negative bacteria among all f-lactam antibiotics and are
usually used as “last-line” treatment when other “front-line”
antibiotics become ineffective because of antibiotic resistance.">

The production of p-lactamases is one of the major
mechanisms for antibiotic resistance. These bacterial enzymes
readily hydrolyze f-lactam antibiotics and render them inactive.
Currently over 1000 f-lactamase enzymes and their derivatives
have been identified. These enzymes are largely grouped into
four classes (A—D) based on their sequences and catalytic
mechanisms.>* The widely disseminated and clinically
significant class A f-lactamases are serine-based enzymes that
use a catalytic residue Ser70 (numbered according to Ambler
position)® for f-lactam hydrolysis. The hydrolytic process
includes two steps, that is, the initial acylation step in which the
catalytic Ser70 attacks the amide bond of the f-lactam substrate
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and forms an acyl—enzyme covalent intermediate and the
subsequent deacylation step in which the acyl adduct is
hydrolyzed by a deacylation water molecule, and the antibiotic
with its f-lactam ring opened is released as an inactivated
product.®” The rate of this catalysis is usually very fast for
naturally good substrates such as penicillin and first-generation
cephalosporins, with k,./K,, approaching the diffusion limit of
~10° M7' 57

While the catalytic machinery of class A f-lactamases is
highly effective in hydrolyzing penicillins and cephalosporins, it
turns over carbapenems rather poorly. The reaction scheme of
carbapenem is largely similar to that of other pf-lactam
antibiotics. For the acylation step, residues Glul66 and Lys73
share the role of the general base in either a competitive or
cooperative manner to activate the Ser70 hydroxyl side chain
for its nucleophilic attack on the f-lactam amide bond. This
attack leads to the formation of the acyl adduct in which the f-
lactam ring is opened and covalently linked to Ser70 (Figure
1)."7*7% At the deacylation step, Glul66 is the exclusive
general base used to activate the deacylation water molecule for
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Figure 1. Summary of the slow acylation and tautomerization of carbapenems by class A f-lactamase. The enzyme—substrate acyl adduct after
tautomerization is highly stable and undergoes little subsequent deacylation. The dashed lines mark the H-bonds.

its hydrolytic attack on the acyl adduct. The hydrolyzed
product, no longer active as an antibiotic, is subsequently
released from the active site and Ser70 is regenerated.'””®
However, the acylation rate for carbapenems is generally slow
and the deacylation activity is almost nonexistent. In fact,
carbapenems can even serve as inhibitors for class A f-
lactamases because of the extreme stability of the acyl—enzyme
adduct. Extensive structural studies have identified two distinct
stereochemistry features of carbapenems that are critical for
their catalytic inefficiency.' > First of all, carbapenems, such as
the meropenem used in our study, contain a 6-a-hydroxyethyl
group at the C6 position of the f-lactam nucleus (Figure 1)
while penicillins and cephalosporins contain a 6-f-acylamino
side chain. This hydroxyethyl side chain has been shown to
cause a steric clash with residues within the active site to
impede acylation or to form H-bonds with the deacylation
water molecule to weaken its nucleophilicity and interfere with
deacylation.”'® Additionally, the pyrroline moiety of carbape-
nems has been shown to undergo tautomerization and convert
from the catalytically competent A® conformation to the
catalytically incompetent A' conformation when bound at the
active site of class A f-lactamases with a slow turnover rate
(Figure 1).”~"> Lastly, the presence of the carbon atom at the
C-4 position in carbapenems instead of the sulfur atom in
penicillins and cephalosporins has been argued to contribute to
their resistance to f-lactamase hydrolysis."

Alarmingly, some class A f-lactamases with carbapenemase
activity have emerged in recent years. These enzymes, such as
the GES, SFC, and KPC series, have acquired an improved
kinetic profile toward carbapenems through the evolutionary
substitution of amino acid residues at certain strategic positions
while they have retained an active site that is largely similar to
that of a noncarbapenemase."*™'® The exact molecular
mechanism of how such substitutions lead to enhanced
catalytic activity toward carbapenems is not fully understood.
Some substitutions, such as Asnl170Gly/Ser seen in the GES
series, are believed to allow better coordination of the
deacylation water molecule for effective deacylation.'”"”~"
Other substitutions, such as Arg244Ala and Ala237Thr in the
KPC series, likely select the A® tautomeric state over the A'
state.””*" For the most notable substitutions of Ala69Cys and
Ala238Cys that are seen in all class A carbapenemases, little is
known about how these substitutions enhance carbapenem
hydrolysis, although structural studies reveal that these two
substitutions lead to the formation of a disulfide bond close to
the catalytic Ser70 residue and slightly alter the overall shape of
the active site.””
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Here we present our work to delineate the role of the general
base residue Glul66 in carbapenem binding and acylation.
Previous studies have reported multiple orientations of the
hydroxyethyl side chain when carbapenems are bound at the
active site, yet the factors that determine such orientations and
their functional relevance are not well characterized. Here, our
kinetics studies and crystal structures reveal that the universally
conserved general base residue Glul66 exerts a significant
impact on the proper orientation of the hydroxyethyl side
chain, and consequently, plays a critical role in the binding and
acylation of carbapenems to the active site of class A f-
lactamases.

B EXPERIMENTAL PROCEDURES

Protein Expression and Purification. Wild-type PenP
was subcloned into a modified PET 30a vector containing an
N-terminal His6 tag and the HRV 3C protease cleavage site.
Substitutions of Glul66 to different amino acids including Ser,
Gln, His, Tyr, and Trp were done by site-directed mutagenesis.

The same expression and purification protocol was employed
for wild-type and all of the mutants. Specifically, the
recombinant plasmids were transformed into the E. coli strains
BL21(DE3), and the desired bacteria colony was selected by
using a kanamycin-containing agar plate. Then one single
colony was picked and inoculated in 50 mL of LB media and
grown at 37 °C overnight. Subsequently, the overnight bacteria
culture was diluted 100 fold into 2.4 L of LB media with 30 pg/
mL of kanamycin and was incubated at 37 °C until the ODy,
reached 0.6—0.8. Protein expression was induced by adding
IPTG at the final concentration of 500 M, and the cell was
grown at 30 °C for an additional S h and was collected by
centrifugation at 5000 rpm for 15 min at 4 °C.

In the purification step, the cell pellet was resuspended with a
lysis buffer composed of S0 mM Tris and 150 mM NaCl, with
pH 8.0, plus freshly added 1 mM phenylmethanesulfonyl
fluoride and 10 mM of beta-mecaptoethanol, and then was
disrupted by sonication. The soluble fraction obtained by
ultracentrifugation was loaded onto the HisTrap affinity
column (GE Healthcare) and then was washed with 200 mL
of His-binding buffer (20 mM sodium phosphate, 500 mM
NaCl, 40 mM imidazole, pH 7.4). The bound protein was
eluted with His-elution buffer (20 mM sodium phosphate, 500
mM NaCl, S00 mM imidazole, pH 7.4). Then the His-tag was
cleaved by incubating the elution fraction with HRV 3C
protease at 4 °C for overnight, and the mixture was reloaded
into the HisTrap affinity column to remove the tag. Finally, the
tag-free protein was further purified by gel filtration using
HiLoad 16/60, superdex 7S prep grade (GE Healthcare).
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Table 1

E166S

Data Collection
space group P1

unit cell parameters

b ¢ (A) 4331, 46.19, 66.28
a, B, v (deg) 78.43, 75.71, 69.36
resolution range (A) 42.88—1.93 (2.03—1.93)
no. of total reflns 124 601
no. of unique reflns 32 459
1o 10.5(5.2)
completeness (%) 92.8(87.2)
Riperge (%) 83(18.2)
Structure Refinement
resolution (A) 42.88—1.93
Reryst/ Reree (%) 17.7/23.1
RMSD-bonds (A)/angles (deg) 0.018/1.909
no. of reflns
working set 30 806
test set 1648
no. of atoms
protein atoms 4104
ligand/ion atoms
water molecules 425
average B-factor (A?)
main chain 14.214
side chain 18.538

E166S + cephaloridine E166S + meropenem

P1 P21
43.37, 45.80, 66.12
77.85, 7541, 69.00
42.38—1.93 (2.03—1.93)

43.26, 90.96, 66.20
90.00, 104.24, 90.00
45.48—2.30 (2.42—2.30)

124 292 157 513
31762 22 157
11.5(4.8) 19.0(10.6)
92.0(87.1) 100(100)
8.1(21.1) 7.3(15.5)
39.73-1.93 38.11-2.30
17.6/22.9 18.1/24.2
0.018/1.980 0.015/2.045
30 137 20 988
1617 1131

4109 4104

44 52

411 314

13.396 12.471
17.370 16192

ESI-MS and UV-vis Spectrophotometry Measure-
ments for Enzyme Kinetics. The catalytic parameters used
to derive k. /K, values were measured using the UV—vis
spectrophotometry method. The detailed procedure was
reported previously.”®> The acylation kinetics for the enzyme
and substrate were measured by ESI-MS and the detailed
procedure has been reported in our previous studies.”>>* The
brief procedure proceeded as follows, the enzyme—substrate
binding interaction was initiated by the mixing of 35 uL of the 5
uM enzyme (wild-type, Glul66Ser, Glul66Gln, Glul66His,
Glul66Tyr, Glul66Trp) in 20 mM ammonium acetate (pH
7.0) with 35 uL of 10 uM substrate (meropenem and
imipenem) in the same buffer. At desired time intervals, the
reaction was quenched by the addition of 70 uL of 1% formic
acid (v/v) in acetonitrile either manually for wild-type PenP or
by the quench—flow apparatus (Biologic SFM-400/Q) for the
mutants because of their fast kinetics. The resulting solution
was characterized by mass spectrometry. Normally, there are
two major peaks in the mass spectrum, one for the enzyme
itself (E) and the other for the acyl-adduct (ES*). The relative
concentration of free enzyme ([E]) and the acyl-adduct
([ES*]) can be determined by the integration of the area
under the measurement of the intensity of these two peaks,
while the total amount of enzyme ([E,,]) can be calculated
from the sum of [E] and [ES*] ([E] = [E] + [ES*]). The
obtained value of [ES*]/[E,,] was plotted as a function of the
duration time (¢) with eq 1:

[ES*]/[Eioa] = B[1 — exp(=k,f)] 1
In this equation, k, is the acylation constant and B represents
the relative concentration of ES in the steady state. Considering
the fast kinetics of these mutants and the low initial
concentration of the substrate [S], the second-order rate
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constants for the acylation reaction can be approximated with
eq 2:

ka/[s] = k2/1<d = kcat/Km (2)

Crystallization and Structure Determination. The
crystals of PenP Glul66Ser were grown at 16 °C by the
hanging drop vapor diffusion method. One pL of protein
solution in a buffer of 20 mM Tris, 50 mM NaCl, pH 7.5 was
mixed with 1 uL of reservoir buffer, which was composed of 0.1
M Tris, pH 8.0, 22.5% PEG3350, and 0.4 M ammonium
acetate. Crystals appeared after 4—5 days and were harvested
after they had grown to ~100 pm in size. Cephaloridine and
meropenem were soaked into the crystals by incubating the
Glul66Ser apo crystals in a reservoir buffer containing 0.01 M
cephaloridine and saturated meropenem for 7 and 25 min,
respectively. The crystals were cryoprotected in reservoir
solution plus 20% ethylene glycol for 1 min before they were
mounted to the in-house Rigaku MicroMaxTM-007HF X-ray
machine for data collection. Diffraction data were collected at
100 K, integrated by Mosflm,*® and scaled by the SCALA
module”” in CCP4. All of the structures were solved by
molecular replacement using the PHASER module in the
CCP4i suite of programs with the PenP wild-type structure
(PDB ID: 4BLM) as a search model.®® The subsequent
structural refinement was conducted using the REFMAC
module in CCP4.”° Manual structure rebuilding was done
using WINCOOT.* Data collection and refinement statistics
are summarized in Table 1. The coordinates of Glul66Ser
structures were deposited into the Protein Data Bank (PDB ID:
4N92 for the apo Glul66Ser structure, 4N9K for the
Glul66Ser—cephaloridine structure, and 4N9L for the
Glul66Ser—meropenem structure). The structure figures
were prepared using the CCP4MG package®' in CCP4.

dx.doi.org/10.1021/bi401609h | Biochemistry 2014, 53, 5414—5423
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Figure 2. Enhanced acylation rate for carbapenems upon substitution of Glul66. (a) Time-dependent profile of meropenem acyl adduct formation
for both wild-type PenP (left) and Glul66Ser substitution (right). (b) The second order reaction rate k./K,, or the acylation rate k,/[S] for
different PenP substitutions with cephaloridine, meropenem, and imipenem as the substrates. The derivation of k,/[S] as second-order rate constant
is described in the experimental procedure (ND, not detectable). (c) Chemical structures of the three substrates used in panel b. The arrows mark

the hydroxyethyl group that is unique to carbapenems.

B RESULTS

Our biochemical and structural studies were conducted using /-
lactamase PenP from Bacillus licheniformis. PenP shares >80%
of its sequence identity with the clinically significant TEM and
SHV pf-lactamases. Our previous studies have demonstrated
that the kinetic profile of PenP is representative of a narrow-
spectrum class A f-lactamase.” It can readily hydrolyze
penicillins and first-generation cephalosporins such as cepha-
loridine with k/K,, approaching 10° M™" s™'. For second-
generation cephalosporins, such as cefuroxime, its kinetics are
about 3 orders of magnitude slower with k_,/K,, at ~10° M~
. Because of its thermal stability (T, & SO °C), PenP is
51gn1ﬁcantly more amenable to mutations and structural studies
than are TEM and SHV series.>*** Thus, PenP is used in our
studies as a model system for class A f-lactamases.
Substitution of the General Base Residue Glu166
Leads to Enhanced Acylation of Carbapenem. We first
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investigated whether PenP would have any carbapenemase
activity. Meropenem, as the representative carbapenem
substrate, was added to PenP at a 10 uM concentration and
a 2:1 molar ratio. The time-dependent profile of ES* formation
as tracked by ESI-MS is shown in Figure 2a. The second-order
acylation rate (k,) as measured from this profile is about 0.3 s™*
mM™', about 3—S5 orders of magnitude slower than the
acylation kinetics of penicillins and cephalosporins (Figure
2b).*® The ES* adduct formed in PenP is extremely stable, and
no deacylation could be detected by ESI-MS even after 30 h.
For imipenem, almost no acylation activity could be detected
even after 24 h, let alone the subsequent deacylation (Figure
2b). These data confirm that PenP is a class A non-
carbapenemase with an extremely slow acylation rate and no
detectable deacylation activity.

To probe the role of Glul66 in the slow binding and
acylation kinetics for meropenem, this residue was substituted

dx.doi.org/10.1021/bi401609h | Biochemistry 2014, 53, 5414—5423
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Figure 3. The active site of Glul66Ser is acylation-competent and deacylation-impaired toward cephaloridine. (a) The active site of Glul66Ser is
superimposed with that of the wild-type. Key residues for catalysis and the deacylation water are shown for wild-type (DW, cyan) and Glul66Ser
(DW’, green). The two sets of dashed lines indicate the H-bonding network between the deacylation water and other active site residues. (b) The

active site of Glul66Ser with cephaloridine acylated to Ser70. Cephaloridine is drawn in a bond-and-stick model. A simulated annealing 2F,

_Fc

composite omit map (purple) around cephaloridine is drawn in a mesh format contoured at 1.5 6. The dashed lines indicate the H-bonds between
cephaloridine and the active site residues. (c) The Glul66Ser—cephaloridine (green) acyl adduct structure is superimposed with that of PC-1 (PDB
ID: 1GHM) (cyan). The two structures are largely identical, even the two deacylation waters are in close proximity.

by Ser, Gln, and Trp to replace the carboxylate side chain of
Glu166 with a smaller hydroxyl group (Glul66Ser), a polar side
chain of the same size (Glul66Gln), and a large hydrophobic
side chain (Glul66Trp). These substitutions were expected to
abolish deacylation since the exclusive general base for
deacylation, that is, Glul66, would be lost. However, these
mutations were not expected to affect acylation since the
alternative general base, that is, Lys73, can still activate the
catalytic Ser70**** and facilitate its nucleophilic attack on
meropenem and subsequent acyl adduct formation. All of these
substituted mutant proteins were purified and their kinetics
profiles toward carbapenems were characterized under the same
setup as described above for the wild-type enzyme.
Unexpectedly, the acylation rate as measured by ESI-MS
showed a significant enhancement for all of the substituted
mutants (Figure 2ab). For meropenem, the second-order
acylation rate (k,/[S]) of Glul66Ser is ~146 s~ mM™", nearly
500 times faster than that of the wild-type. The acylation rate of
Glul66Gln is ~34 s~ mM™}, about 100 times faster than that
of the wild-type. Even the Glul66Trp substitution showed
~100 times faster acylation rate at ~39 s™ mM™ than did the
wild-type. A comparable trend of enhancement was also

5418

observed for imipenem, another clinically used carbapenem
antibiotic. The binding and acylation of imipenem to wild-type
PenP was almost nondetectable, yet the three substitutions
showed second-order acylation rates in the range of 20—80 s™*
mM™', comparable to that of meropenem and significantly
improved over the wild-type. Furthermore, these Glul66
substitutions had little effect on the fast acylation rate of
cephaloridine, the good substrate. Their second-order acylation
rates toward cephaloridine are similar to that of the wild-type
and are too fast to be measured by the ESI-MS method.
Instead, the k,/K,, value of the wild-type PenP (>2 s™! uM™),
as reported in our previous work,***®
for these mutants (Figure 2b).

In summary, the Ser, Gln, and Trp substitutions at Glul66
lead to a significant enhancement in the acylation rate by
~100—500 times, specifically for carbapenems. At this rate, the
velocity of carbapenem acylation is comparable to that for
penicillins and cephalosporins. No enhancement in the
deacylation step of carbapenems was detected for any of
these substitutions, probably due to the extremely low
deacylation activity in the wild-type PenP enzyme as well as

was used as a reference

dx.doi.org/10.1021/bi401609h | Biochemistry 2014, 53, 5414—5423
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the loss of the general base Glul66 for deacylation in the
substituted mutants.

Glu166Ser Structure and Its Complex with Cephalor-
idine Reveal an Active Site That Is Acylation-Competent
and Deacylation-Deficient. To determine the molecular
mechanism of enhanced acylation toward carbapenems in the
substituted mutants, we chose to determine the structure of
PenP with the Glul66Ser substitution because of its fastest
acylation rate. The PenP Glul66Ser apo structure was solved at
the resolution of 1.93 A to investigate whether Glu166Ser leads
to any significant structural change within the active site.

The Glul66Ser apo structure is largely identical to that of the
wild-type enzyme (PDB ID: 4BLM), with an overall RMSD
value of only ~0.23 A. The active site of Glul66Ser shows little
difference to that of the wild-type (Figure 3a). The key catalytic
residues such as Ser70, Lys73, Ser130, Asnl70, Lys234, and
Arg244 all show identical conformations in these two
structures. The Glul66Ser substitution extends its side chain
hydroxyl group in the same orientation as the carboxylate group
of Glul66 in the wild-type structure. Even the position of the
respective deacylation water molecule is fairly similar between
these two structures, with a shift of only 1.2 A. In both the
Glul66Ser and wild-type structure, the deacylation water
molecule forms an extensive H-bond network with Oy of
Ser166, Oy of Ser70, and OS1 and N&2 of Asn170. Notably,
Ser166 has no H-bonding interaction with either Ser70 or
Lys73 because of its smaller size, while in the wild-type
structure, Glul66 is within 3.5 A from both residues to form
potential H-bond interactions.

We then proceeded to solve the structure of Glul66Ser in
complex with cephaloridine, the good substrate. While our
kinetic studies have shown that Glul66Ser substitution
specifically enhances the acylation rate of carbapenems but
does not affect the acylation rate of cephaloridine, we aim to
compare the acyl adduct structure of Glul66Ser in complex
with cephaloridine to that with meropenem to delineate the
structural factors that contribute to this substrate-specific
enhancement.

The Glul66Ser—cephaloridine structure reveals the acyl
adduct complex with cephaloridine covalently linked to Ser70.
Overall, the structure of the Glul66Ser—cephaloridine acyl
complex is nearly identical to that of the Glul66Ser apo
structure with an overall RMSD value of only ~0.18 A. The
simulated annealing 2F, — F. composite omit map clearly
shows the presence of cephaloridine with its f-lactam carbonyl
covalently linked to the Oy of Ser70 to form a stable acyl—
enzyme adduct (Figure 3b). The binding mode of cephalor-
idine is nearly identical to that seen in another class A f-
lactamase, PC1 (Figure 3c).>* The carbonyl of the acylated
cephaloridine is positioned in the oxyanion hole formed by the
amide of Ser70 and Ala237. The pyridine group at the RI1
position extends across the active site with the terminal
carboxylate forming H-bonds with Thr235 and Arg244. The
thiophene group at the R2 position projects toward the solvent
with a H-bond between its amino group and the carbonyl of
Ala237. A putative deacylation water molecule is located within
the active site as a site almost identical to that seen in the wild-
type enzyme and it forms H-bonds with Oy of Ser166, Oy of
Ser70, and N¢ of Lys73 (Figure 3c). Yet in the absence of a
general base, this deacylation water molecule cannot be
activated to carry out a nucleophilic attack on the ester bond
of the acylated substrate for deacylation. In summary, the
Glul66Ser substitution causes little structural change at the
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active site and renders the enzyme acylation-competent and
deacylation-deficient.

Structure of Glu166Ser in Complex with Meropenem
Shows a Distinct Binding Mode for Meropenem. To
understand the molecular mechanism of the enhanced acylation
kinetics caused by Glul66Ser substitution, the structure of the
Glul66Ser—meropenem acyl complex was determined at a 2.3
A resolution. The overall structure of Glul66Ser in complex
with meropenem is nearly identical to that of Glul66Ser with
an overall RMSD value of only ~0.21 A. The simulated
annealing 2F, — F. composite omit map clearly shows the
presence of meropenem at the active site, covalently linked to
the Ser70 side chain (Figure 4a). The electron density map is of
sufficient quality that the entire molecule of meropenem can be
traced except for the dimethylamino group at the very end.

The binding mode of meropenem at the active site has
several features that resemble those that have been reported for
class A carbapenemases. First, the f-lactam carbonyl of
meropenem is located in the oxyanion hole formed by the
amide groups of Ser70 and Ala237 (Figure 4a). This orientation
is the same as those seen in BlaC, SFC-1, and GES-5.""'* In
contrast, this carbonyl has been reported to flip out of the
oxyanion hole in the TEM-1 structure and adopt a catalytically
incompetent conformation to inhibit this class A non-
carbapenemase.”

In addition to the carbonyl similarity, the hydroxyethyl side
chain also adopts an orientation similar to that seen in SFC-1
and GES-5 carbapenemases'"'? (Figure 4b). Three alternative
rotamer conformations of this hydroxyethyl side chain, rotated
120° relative to each other bZ the dihedral angel, have been
reported in the literature.” " In the two distinct rotamers
observed in class A noncarbapenemases, TEM-1 and BlaC, the
hydroxyl moiety within the hydroxyethyl side chain is oriented
toward Glul66 and forms H-bonds with both the Oy of Glul66
and the putative deacylation water. Such interactions have been
speculated to reduce the basicity of Glul66 and the
nucleophilicity of the deacylation water, thus impeding
deacylation (Figure 4b). In our Glul66Ser structure as well
as in the structures of class A carbapenemases SFC-1 and GES-
5, the hydroxyl group extends toward the solvent and forms H-
bonds with N&2 of Asnl32 and a solvent water molecule
(Figure 4b). This orientation is speculated to be beneficial for
deacylation as its interaction with Glul66 or the deacylation
water molecule is lost. In our Glul66Ser structure, no
deacylation water is clearly visible in the active site, probably
because of the absence of a general base residue. Instead, a
piece of spherically-shaped electron density is found near the
Ser166 side chain. This object is clearly visible in both copies of
the PenP molecules in the asymmetric unit, even at the high
contour level for both the F, — F. and 2F, — F. maps (data not
shown). Considering the nearby Lys73 residue is most likely in
its protonated state, we speculate that the spherical piece of
electron density represents an anion, probably chloride, as it is
used in our buffer solutions.

While the hydroxyethyl side chain adopts a conformation
seen in carbapenemases, the pyrroline ring of the acylated
meropenem clearly adopts the A’ tautomeric state, which is the
same as seen in noncarbapenemases TEM-1 and BlaC”'°
(Figure 4c). The CN bond is sp2 hybridized with the
colinearization of N1, C2, C3, and CS. The carboxylate of
the pyrroline ring forms H-bonds with Oy1 of Thr235, Nzl of
Arg244, and a tautomeric water molecule. In contrast to the
class A carbapenemases SFC-1, GES-1, and GES-S, the
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pyrroline ring adopts the A” tautomer with the CN bond in sp3
hybridization and the colinearization of N1, C2, C3, and
C4.""'? Closer inspection reveals that the newly formed chiral
center C3 adopts the R configuration. The thioethyl sulfur atom
rises significantly above the plane defined by atoms C2, C3, and
C4. The angle formed by the C3—S bond and this plane is
~50° (Figure 4c). This orientation of the pyrroline ring is
similar to that seen in the class D OXA-1 structure (A’
tautomer in R configuration), while it is distinctively different
from those in class A carbapenemases SFC-1 and GES-5 (A?
tautomer) or class A noncarbapenemases (A' tautomer in S
configuration).*®

In summary, our Glul66Ser structure shows a distinct
binding mode of meropenem that mixes features of
carbapenem structures when bound in the active site of either
carbapenemases or noncarbapenemases. Its hydroxyethyl group
adopts a conformation seen in class A carbapenemases, while its
pyrroline ring adopts the A' tautomeric state seen in
noncarbapenemases but with an R configuration instead of S.
Such a “hybrid” binding mode has not been reported before
and likely reflects the conformational flexibility of meropenem
within the acyl—enzyme complex.

B DISCUSSIONS

Residue Glul66 is critical in the catalysis of f-lactam antibiotics
by class A f-lactamases. It serves as the exclusive general base in
the deacylation step to activate a water molecule for its
hydrolytic attack on the acyl—enzyme adduct. Extensive studies
have shown that a mutation of Glul66 leads to almost a
complete loss of the deacylation activity, although acylation is
hardly affected. Additionally, Glul66 forms extensive H-
bonding interactions with several key elements at the active
site, including the catalytic Ser70 and the alternative general
base residues Lys73 and Asnl70. These interactions are
essential in defining the local electrostatic environment and
structural plasticity within the active site to facilitate substrate
binding and catalysis. Yet little is reported on how this H-
bonding capacity of Glul66 may impact the kinetic properties
of class A f-lactamases toward diverse substrates.

Here our kinetic study shows that, for a narrow-spectrum
class A f-lactamase that has an intrinsicly low binding affinity
and slow acylation rate of carbapenems, substituting Glul66
with residues such as Ser, Gln, and Trp greatly enhances the
acylation rate by ~100—500 times. This enhancement is
specific for carbapenems, since the fast acylation rate for good
substrates like cephaloridine is little affected by these Glul66
residues. Furthermore, the enhancement effect from these
Glul66 substitutions is not likely due to simple size effect since
even the substitution of Trp with its bulky side chain can lead
to a significant enhancement.

Our structural studies of Glul66Ser in complex with both
cephaloridine and meropenem reveal that the Glul66Ser
substitution leads to an altered pattern of H-bonding
interactions within the active site that renders the binding of
meropenem more favorable, while it exerts little effect on
cephaloridine binding.

One change that is favorable for meropenem binding as a
result of the Glul66Ser substitution is the alternative
conformation of the Asnl70 side chain. In the acyl adduct
structure of Glul66Ser in complex with meropenem, this side
chain rotates away from the active site and avoids a steric clash
with the hydroxyethyl group (Figure 4a). In the Glul66Ser apo
structure, as well as in most published structures of class A -
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lactamases, the Asnl70 side chain adopts a rotamer
conformation that forms stable H-bonds with the deacylation
water. This conformation is further strengthened by Glul66 as
its carboxylate side chain forms a strong H-bond with the
deacylation water molecule and coordinates a H-bonding
network involving the deacylation water molecule, Asn170, and
itself. The Glul66Ser substitution weakens this H-bonding
network significantly. As a result, the deacylation water is
absent and the Asn170 side chain flips out to accommodate the
hydroxyethyl group of meropenem for more efficient binding
and acylation. In this aspect, Glul66 enforces a H-bonding
network at the active site to impose a steric clash with
meropenem and impede its binding and acylation.

The second favorable change is the proper orientation of the
hydroxyethyl side chain within the active site upon the
Glul66Ser substitution. By comparing the different rotamers
of this side chain in the structures of noncarbapenemases like
TEM-1 and BlaC, as well as carbapenemases like SFC-1 and
GES-5, it appears that Glul66, with its carboxylate side chain,
effectively “pulls” in the hydroxyl group within the hydroxyethyl
moiety for favorable H-bonding interactions. Such preference,
however, weakens the basicity of this general base residue and
the nucleophilicity of the nearby deacylation water molecule.
Upon Glul66Ser substitution, this pulling force is reduced and
the hydroxyl group adopts the thermodynamically preferred
orientation with the hydroxyl group oriented toward the
solvent to facilitate proper hydrolysis. Indeed, this orientation
of meropenem in our Glul66Ser structure has also been
observed in structures of carbapenemases like GES-S and SFC-
1.

Lastly, while Glul66 exerts a strong influence on the
interactions between the active site residues and the unique
hydroxyethyl moiety of carbapenems, it does not appear to
exert a direct influence on the tautomeric state of the acylated
carbapenem. Instead, residues at positions 130, 235, and 244
play exclusive roles in determining the tautomer state of the
bound meropenem by coordinating a set of H-bonds with the
terminal carboxylate of the carbapenems. For PenP, Arg244 is
located about ~4.4 A away from the carboxylate of meropenem,
thus unable to form a strong H-bond. Furthermore, no water
molecule can be found in between Arg244 and the carboxylate
to forge strong H-bonds. Such an absence of tautomeric H-
bonds could have contributed to the carbapenem substrate
adopting the A! tautomeric state in the R configuration.

In summary, our studies uncover a previously unreported
role of Glul66 in impeding carbapenem catalysis. Through an
extensive H-bonding network, this general base residue can
strongly influence the binding of carbapenems by mediating
their interactions with the active site. Either by coordinating
Asn170 to impose a steric clash with carbapenems or by pulling
in the hydroxyethyl group of carbapenems and interfering with
deacylation, Glul66 can impede the binding and acylation of
carbapenems. Such impediment is not observed for good
substrates like cephaloridine because they do not contain the
hydroxyl moiety that is unique for carbapenems. Thus, the H-
bonding interactions between Glul66 and the unique
hydroxyethyl moiety of carbapenems, either direct or through
Asnl70, play a major role in impeding the binding and
acylation of carbapenems. Residue substitutions like Asn170Ser,
observed in GES family of carbapenemases, probably circum-
vent this impedance to enhance hydrolytic activity toward
carbapenems.
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