












ant’s levels of hydrolysis of clavulanic acid were also undetectable
(Table 4 and Fig. 4).

Mass spectrometry reveals adducts with the R220K variant
but not KPC-2. To further discern the nature of the intermediates
of inactivation by clavulanic acid in the reaction pathway of
KPC-2 and the R220K variant, we performed electrospray ioniza-
tion mass spectrometry (ESI-MS). Timed mass spectrometry data
showed that R220K reacts with clavulanic acid to form various
inactivation products (�52, �70, and �88) (Fig. 5) (3, 6). These
inactivation products formed within 1 min and increased in in-
tensity during a 10-min time course; free �-lactamase reappeared
by 20 min. Adducts were not observed with KPC-2 even at high
ratios of inhibitor to enzyme (data not shown).

Modeling of KPC-2 and the R220K variant in apo-enzyme
and complexed forms. To gain insight into the structural changes
that might have been occurring, we performed molecular model-
ing and MDS. Modeling of the KPC-2 and R220A, -M, and -K
apo-enzymes predicted a significant 3.5-Å shift of the E276 side
chain in toward the active site in the R220K variant (Fig. 6A). All
other movements of active-site residues (S70, K73, W105, N132,
E166, N170, T216, K234, T235, T237, and H274) were less than 1.7
Å. The overall topologies of the active sites of the two proteins
were different; the active site of the R220K variant appeared larger
and more electropositive (Fig. 6B and C).

Unhydrolyzed clavulanic acid was docked into the active sites
of KPC-2 and the R220K variant, and MDS was run. KPC-2 re-
quired 100 ps to reach equilibration with the Michaelis complex
(data not shown). The KPC-2 apo-enzyme took only 10 ps to
reach equilibration (data not shown). The R220K variant reached
equilibration rapidly, i.e., within 5 ps, with the Michaelis complex
(data not shown).

Our simulations indicated that the inhibition of �-lactamases
by clavulanic acid was largely dependent on the position of two
key water molecules. One water molecule (Wat1) is critical for
deacylation, while the other water molecule (Wat2) is necessary
for protonation of the clavulanic acid oxonium intermediate, thus
driving inhibition/inactivation. In the KPC-2– clavulanic acid
complex, Wat1 was clearly anchored via hydrogen bonds to E166,
a residue shown to be essential for deacylation (Fig. 6B). Wat2
formed interactions with E276 but not with clavulanic acid. In the

R220K– clavulanic acid model, the movement of E276 resulted in
the displacement of Wat1 away from E166 in most conformations
(Fig. 6C). In addition, Wat2 made hydrogen bonds with E276 and
clavulanic acid and thus was available to accelerate secondary ring
opening and promote inhibition (Fig. 6C).

Consistent with our MIC and kinetic data, molecular modeling
studies demonstrated that major structural changes in the apo-
enzymes of E276A and -D were not present (data not shown).

DISCUSSION

KPC-2 represents one of the most clinically important serine car-
bapenemases found in Gram-negative bacteria (7, 16, 21, 23, 25).
Our analysis of the amino acid sequence requirements for catalysis
reveals that the positive charge at position 220 modulates the cat-
alytic activity of KPC-2 �-lactamase against most substrates; sub-
stitution at position 220 by other amino acids results in active
enzymes that possess a wide range of catalytic efficiencies. This
observation is in sharp contrast to the role of R220 in Streptomyces
albus G �-lactamase, where the substitution of R220 by leucine
completely abrogates activity of this enzyme (11). Similar obser-
vations were noted with R244 variants of TEM-1 and SHV-1 (10,
11, 15, 22, 26). Thus, R220 is the “R244” equivalent in KPC-2.

For susceptibility testing with �-lactam–�-lactamase-inhibi-
tor combinations, 12 of 19 variants displayed increased MICs for
ampicillin-clavulanic acid. However, the variants do not have in-
creased MICs for ampicillin-sulbactam or piperacillin-tazobac-
tam, revealing a critical difference between the inhibition mecha-
nisms of oxapenams versus sulfones. We previously reported the
“clavulanic acid-resistant sulfone-susceptible” phenotype with
T237 and W105 variants of KPC-2 (17, 18). These results led us to
hypothesize that this phenotype was due to differences in the in-
activation chemistry of the sulfones versus clavulanic acid with
KPC-2 (18). Now, we also predict that a critically positioned water
molecule, Wat2, may additionally be further displaced in the
KPC-2 variants that result in this phenotype (Fig. 6). Without
water present, we postulate that the enolate becomes a poor leav-
ing group and that clavulanic acid is rapidly deacylated in these
variants (higher partition ratios) (Fig. 6 and 7). The sulfones do
not require Wat2 for secondary ring opening and inactivation and
thus are unaffected by movement of Wat2 in variant �-lactamases.

FIG 5 Timed mass spectrometry of the R220K variant with clavulanic acid. In a timed mass spectrometry experiment, clavulanic acid was reacted with the R220K
variant. Samples were collected at 1 min, 2.5 min, 5 min, 10 min, and 20 min. An enzyme-alone control was also run (i.e., the R220K variant; 28,118�3 atomic mass units
[amu]). Mass adducts of�51�3 amu (propynyl enzyme or enol ether),�69�3 amu (aldehyde), and�88�3 amu (hydrated aldehyde) were observed with the R220K
variant.
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Two “different” �-lactamases, R220M and R220K, were fur-
ther studied. The R220M variant demonstrates MICs similar to or
higher than WT levels and displays increased Km values for the
commercially available �-lactamase inhibitors (clavulanic acid,
sulbactam, and tazobactam). The mechanism of resistance sug-
gests that there is decreased binding affinity (Ki � k�1/k1); when
high concentrations of inhibitor (	320,000:1 I:E ratio) were
added, inactivation was measured. This mechanism of resistance
is different from that of WT KPC-2, as the R220M variant has the
ability to confer inhibitor resistance based on hydrolysis as op-
posed to loss of binding.

The MICs for the R220K variant were lower than those seen
with the WT for all tested �-lactam–�-lactamase combinations.
Interestingly, by substituting the side chain of arginine for lysine,
binding of clavulanate, sulbactam, and tazobactam is improved,
and kcat/kinact becomes much lower. Unlike the results seen with
the WT, hydrolysis of clavulanic acid by the R220K variant cannot
be detected and the variant is readily inactivated by clavulanic acid
over time. Taken together, the combination of these factors pro-
duces a relatively “inhibitor-susceptible” variant of KPC-2.

Molecular modeling studies suggested that the shift of E276
toward the active site drives inhibitor susceptibility in this en-

FIG 6 Molecular modeling of KPC-2 and the R220A, -M, and -K variants. (A) The apo-enzyme of the KPC-2 (gray) was superimposed on the apo-enzymes of
the R220A (orange), -M (dark blue), and -K (cyan) variants, revealing a 3.5-Å shift in E276 for the R220K variant. (B) Electrostatic surface of the active site of
KPC-2– clavulanic acid (left). The molecular representation of KPC-2 (gray) with clavulanic acid (blue) reveals that Wat1 (red) forms hydrogen bonds (green
dashed line) with E166 (top right). The distance (d) in angstroms between E166 and Wat1 throughout the 100-ps simulation (bottom right) is indicated. (C)
Electrostatic surface of the active site of the R220K variant-clavulanic acid (left). The molecular representation of the interaction of the R220K variant (gray) with
clavulanic acid (blue) indicates that Wat2 (red) is hydrogen bonded (green dashed line) to clavulanic acid and E276 (top right). The distance (d) in angstroms
between C7 of clavulanic acid and Wat2 throughout the 5-ps simulation (bottom right) is indicated.
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FIG 7 Mechanisms of clavulanic acid interactions with KPC-2 and the R220K variant. (A) Mechanism of clavulanic acid resistance by WT KPC-2. The major pathway
is illustrated; only minor amounts of enamine may form and thus are not depicted in this scheme. The S70 nucleophile attacks the �-lactam ring. The deacylation water
is positioned close to E166, promoting deacylation of the acyl-enzyme complex. (B) Mechanism of clavulanic acid inhibition of the R220K variant. The S70 nucleophile
attacks the �-lactam ring. The protonation water molecule is closely anchored by E276 and clavulanic acid, thus promoting secondary ring opening and protonation of
the oxonium ion intermediate to form the imine. The imine is mostly converted to the inactivation products: an enoyl ether which decomposes to the propynyl enzyme
and an aldehyde which gets hydrated to generate a hydrated aldehyde. A minor fraction may tautomerize to the enamine form; thus, it is not represented.
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zyme through repositioning of two key water molecules (i.e.,
the deacylation water and the protonation water) in the active
site.

In agreement with the contrasting substrate profiles of WT
KPC-2 and the R220K variant, during MDS, KPC-2 required 100
ps to reach equilibration with the Michaelis complex. However,
the R220K variant reached equilibration rapidly (within 5 ps) with
the Michaelis complex, suggesting that it quickly forms a stable
complex with clavulanic acid, thus further supporting the inhibi-
tion of R220K by clavulanic acid.

Our analysis of WT KPC-2 in comparison to the R220K variant
with respect to clavulanic acid is indicative of two very different
reaction pathways with clavulanic acid (Fig. 7). For WT KPC-2,
the rate constant for deacylation, k3, is much larger than k4, the
rate constant for ring opening and tautomerization, and we
predict that only a very small portion is converted to either
enamine intermediate, as these species as well as other inacti-
vation products are not trapped by mass spectrometry. Thus,
after the S70 nucleophile attacks the �-lactam ring forming the
acyl-enzyme, the majority of the acyl-enzyme complex is hy-
drolyzed (Fig. 7A). Our modeling studies suggest that Wat1 is
positioned close to E166, promoting deacylation of the acyl-
enzyme complex rather than protonation of the oxonium ion
intermediate from Wat2.

In the case of the R220K variant, k3, the rate constant for
deacylation is still larger than k4 but is much lower than k3 for
WT KPC-2, as evidenced by a partition ratio for clavulanic acid
that is lower by 36-fold and the lack of hydrolysis of clavulanic
acid. In addition, k6, the rate constant for the formation of the
inactivation products, is larger than k5, the rate constant for
formation of the enamine species; we predict that little of the
enamine intermediate is formed. The rate of the reaction of the
R220K variant with clavulanic acid is slower than that of the
WT, as mass spectrometry revealed that inactivation products
formed in a 20-min timed study.

How does one explain this in a mechanism? The S70 nucleo-
phile attacks the �-lactam ring forming the acyl-enzyme, but the
position of E276 stimulates inhibition in the R220K variant due to
the placement of Wat1 and Wat2 (Fig. 7B). The Wat2 molecule is
closely anchored by E276, thus promoting secondary ring opening
and protonation of the oxonium ion intermediate to form the
imine. The imine is mostly converted to the inactivation products:
enoyl ether which deacylates to the propynyl enzyme and an
aldehyde which gets hydrated to generate a hydrated aldehyde.
A minor fraction tautomerizes to the trans-enamine form.
Eventually, inactivation products decompose, since mass spec-
trometry showed that, by 20 min, the �-lactamase began to
deacylate and the presence of free enzyme was observed.

In summary, we report here for the first time the identifica-
tion of an “inhibitor-susceptible” variant of KPC-2 that main-
tains catalytic activity against �-lactams. The predicted shift of
one residue in the active site of KPC-2 makes this notoriously
inhibitor-resistant �-lactamase susceptible to clavulanic acid.
Thus, R220 appears to function as a “switch” between inhibitor
resistance and susceptibility in the KPC-2 �-lactamase. These
insights allow us to consider the future design of novel inhibi-
tors of this carbapenemase. The challenge for the medicinal
chemist is to alter the R2 side chain of clavulanic acid so that
Wat2 approximates E276 and R220 to promote inactivation,
thus generating a potent inhibitor of the KPC-2 �-lactamase.

We also hasten to add that the mechanistic considerations that
apply to sulfone inhibitors may offer an important alternative
to inhibit KPC-2 �-lactamases (12).
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