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ABSTRACT: Mechanism-based inhibitors of class A f-lacta-
mases, such as sulbactam, undergo a complex series of
chemical reactions in the enzyme active site. Formation of
a trans-enamine acyl-enzyme via a hydrolysis-prone imine
is responsible for transient inhibition of the enzyme.
Although the imine to enamine tautomerization is crucial
to inhibition of the enzyme, there are no experimental data
to suggest how this chemical transformation is catalyzed
in the active site. In this report, we show that E166 acts
as a general base to promote the imine to enamine
tautomerization.

The active sites of class A p-lactamases possess a complex
ensemble of conserved amino acids that participate in the
acylation and deacylation mechanisms. This ensemble includes,
but is not limited to, the nucleophilic serine (S70), K73, S130,
E166, and K234. K73, located three residues to the C-terminal
side of the nucleophilic serine, is required for serine acyl-enzyme
formation (/). There are two proposed mechanisms for the
acylation step. (1) Once the substrate binds, a proton is shuttled
from K73 to E166 via a conserved active-site water and S70. This
gives an unprotonated K73 and protonated E166. Then, in a
concerted general base process, K73 promotes addition of S70 to
the -lactam carbonyl (2). However, there is evidence supporting
the presence of a protonated K73 in the apoenzyme based on
NMR titrations, pK, calculations, and kinetics, and these data
argue against a neutral K73 acting as a general base (1, 3, 4). (2) A
second, and more widely accepted mechanism, proposes that
E166 activates the catalytic water, which, in turn, deprotonates
S70 and primes the nucleophile for attack on the S-lactam
carbonyl. For the deacylation mechanism, it is widely accepted
that E166 enables the deprotonation of the water molecule for
catalytic acyl-enzyme hydrolysis (5, 6). Mutation of E166 to
alanine or asparagine decreases the rate constant for acylation by
as much as 100—1000-fold and decreases the microscopic rate
constant for deacylation by 6 orders of magnitude (/). As such,
kinetic data from E166N and E166A mutants indicate that
acylation is possible, but impaired, in the absence of the E166
carboxylate but deacylation does not occur.

Scheme 1 shows the reaction scheme between SHV-1, an
Ambler class A 5-lactamase, and sulbactam, a mechanism-based
inhibitor. Following the noncovalent association step, S70 is
acylated, opening the f-lactam ring of the inhibitor. This is
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followed by cleavage of the C5—S bond and opening of the
thiazolidine ring with concomitant formation of a C5—N imine
(species 1, Scheme 1). This imine intermediate partitions between
three pathways: tautomerization to form both cis- and trans-
enamines [species 2 and 3, respectively (Scheme 1)], covalent
modification resulting in irreversibly inactivated enzyme (not
shown), or hydrolysis which liberates the active enzyme. Imtiaz
et al. were the first to propose that deprotonation of the imine at
C6 1s likely to be conducted by the conserved E166 via an
intervening crystallographic water (7).

Using wild-type (WT) SHV-1 and SHV E166A, we provide
spectroscopic evidence that the glutamic acid at position 166
facilitates imine—enamine tautomerization of the sulbactam acyl-
enzyme by deprotonation and protonation at C6. This observa-
tion is made with the aid of a Raman microscope, which allows us
to undertake Raman difference spectroscopic analyses in single
enzyme crystals (8). This approach, termed Raman crystallo-
graphy, provides a means of characterizing chemical events
within the crystals, especially enzyme reactions. Raman spectra
are recorded as a function of time, and the [enzyme—substrate
complex] minus [enzyme] difference spectrum provides the
Raman spectra of intermediates on the reaction pathway.

To “track” tautomerization of the acyl-enzyme, we rely on
deuterium incorporation or loss at C6 of the enamine’s double
bond moiety, which shifts the C=C stretch to lower or higher
wavenumbers, respectively, in the Raman spectrum. Depending
on the experiment, the deuterium at C6 of the enamine’s double
bond is from one of two sources: either an isotopologue of sul-
bactam, 6,6-dideuterosulbactam (6,6-DDS), or the solvent, D,O.
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FiGure 1: (a) 6,6c-DDS—SHYV E166A difference spectrum at 10 min.
(b) Frequency of the trans-enamine stretch as a function of time for the
reaction between 6,6-DDS and SHV E166A. (c) 6,6-DDS—WT SHV-
1 difference spectra at 2 min (blue) and 60 min (red). (d) Sulbactam—
WT SHV-1 difference spectra in D,O at 2 min (blue) and 60 min (red).
(e) Frequency of the trans-enamine stretch as a function of time for the
reaction between sulbactam and WT SHV-1 in D,O. (f) 6,6-DDS—
WT SHV-1 difference spectrum in D,O at 10 min.

On the basis of the following data, we confirm the role, aside from
deacylation, for E166 proposed by Imtiaz et al. (7): E166
facilitates deprotonation and protonation at C6 via the interven-
ing structurally conserved water in the WT enzyme to facilitate
the imine—enamine tautomerization.

In the first experiment, 6,6-DDS is reacted with SHV E166A.
The difference spectrum of the 6,6-DDS—E166A complex is
shown in Figure la. The 1594 cm™' peak is assigned to the
O=C—-DC=CH—NH stretch of the frans-enamine. The trans-
enamine vibration from 6,6-DDS is downshifted by 9 em”!
compared to that of the unlabeled compound due to the
deuterium at C6 (see the sulbactam—E166A spectrum in Figure
1 of the Supporting Information). The frequency of the trans-
enamine vibration of 6,6-DDS in H,O is essentially the same for a
period of 1 h (Figure 1b). As shown in Scheme 1, interconversion
between the trans-enamine and the imine requires either abstrac-
tion (imine — enamine) or addition (enamine — imine) of a pro-
ton at C6. For the labeled compound, repeated deprotonation—
reprotonation cycles at C6 would result in loss of deuterium at C6
and replacement with hydrogen from H,O. This isotope scram-
bling would, in turn, shift the frequency of 6,6-DDS’s trans-
enamine band (1594 cm ™) to the same position as the unlabeled
compound’s frans-enamine band (1603 cm ™). Nonetheless, for
the E166A form, a time dependence is not observed for the 1594
em ! feature of 6,6-DDS (Figure 1b) and is strong evidence
that tautomerization does not occur on the observed time
scale between E166A-bound intermediates of 6,6-DDS. The
features that appear in each of the difference spectra around
1670 cm™' indicate a small ligand-induced conformational
change (Figure la,c,d,f) (9).
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The difference spectra of the 6,6-DDS—WT SHV-1 complexes
are shown in Figure 1c, where the effects of restoring the glutamic
acid at position 166 are immediately obvious. First, the spectra
are more complex than those obtained with SHV E166A, which
indicates that additional acyl-enzyme species are formed with the
WT enzyme. Second, some features in the 6,6-DDS difference
spectra are time-dependent from 1 to 60 min, which suggests that
D — H exchange occurs with H,O. The region of the spectra
shown contains bands largely due to stretching features from a
number of acyl-enzymes. For 6,6-DDS, the cis-enamine is
marked by a band at 1581 cm™" in the 10 min spectrum (top).
After 60 min, the position of this band shifts to 1587 em !,
indicating near complete D — H exchange with the solvent at C6.
A similar phenomenon is observed for the trans-enamine vibra-
tion of deuterated sulbactam, which appears as a shoulder near
1593 cm ™" in the 10 min spectrum (blue) and 1603 cm™" in the 60
min spectrum (red). The complexity of the 6,6-DDS—WT SHV-1
difference spectra prohibits kinetic traces as in Figure 1b or
Figure le. For the sake of comparison, the sulbactam—WT SHV-
1 difference spectrum is provided in Figure 2 of the Supporting
Information and resembles the 6,6-DDS—WT SHV-1 dif-
ference spectrum 60 min after complete D — H exchange at C6
(Figure Ic, bottom).

In the preceding section, we observed that the labeled inhibitor
loses a deuterium to the solvent as it tautomerizes between the
imine and enamine in the active site of the WT enzyme. In the
“reverse” experiment, presented next, unlabeled sulbactam is
reacted with the WT enzyme in D,O, which allows us to observe
the incorporation of deuterium into the enamine skeleton as a
function of time. The sulbactam—WT SHV-1 difference spec-
trum in D,O at 2 min is shown in Figure 1d. The 1595 cm ™" peak
is assigned to the O=C—HC=CH—ND stretch of the trans-
enamine. (Compared to the sulbactam—SHV-1 difference spec-
trum in H,O, the starting frequency of the trans-enamine stretch
in the sulbactam—WT SHV-1 difference spectrum in DO is
lower because of rapid NH — ND exchange.) During repeated
imine—enamine tautomerization of the acyl-enzyme intermedi-
ate, the hydrogen at C6 is replaced with deuterium from the
solvent. Following complete H — D exchange at C6, the trans-
enamine stretch falls to 1587 cm ™' at 60 min (Figure 1d, red). The
frequency of the trans-enamine stretch is plotted as a function of
time in Figure le, which illustrates that H — D exchange at C6 is
complete at ~60 min. At this point, the sulbactam—WT SHV-1
difference spectrum in DO (Figure 1d, bottom) is identical to the
6,6-DDS—WT SHV-1 difference spectrum in D,O (Figure 1f).

To date, there is no experimental evidence implicating E166 in
the mechanism of imine—enamine tautomerization of “suicide”
inhibitors, despite the importance of this interconversion to
transient inhibition of the enzyme. Our interpretation of the
Raman data begins with the imine intermediate of sulbactam.
For this species to tautomerize to the trans-enamine, deprotona-
tion at C6 is required. Interestingly, the Raman data show that
both WT SHV-1 and SHV E166A form a predominant popula-
tion of the enamine-type intermediates with both sulbactam and
6,6-DDS. For WT SHV-1, deprotonation at C6 of the imine is
mediated by E166, possibly via an intervening water molecule
(Figure 2, top). Using stereospecifically monodeuterated sul-
fones, Brenner and Knowles showed that the 63-hydrogen is
preferentially abstracted in the formation of the transiently stable
enamine intermediate. In SHV E166A, an alanine is substituted
for the general base; consequently, another pathway for depro-
tonation at C6 must exist in the absence of glutamic acid
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FIGURE 2: Proposed mechanism for imine to trans-enamine tauto-
merization for WT SHV-1 (top) and SHV E166A (bottom).

(Figure 2, bottom). The crystal structure of SHV E166A shows
that the normally catalytic water is moved only 1.2 A from its
position in the WT enzyme, and the smaller E166A side chain
creates space for a second water ~2.8 A away. While it is possible
that this newly observed water is responsible for protonation and
deprotonation at C6 of the imine in SHV E166A, our data can
neither support nor refute its role in the tautomerization reaction.
The time resolution of the Raman experiment cannot reliably
distinguish between differences in the rate of formation of the
trans-enamine for WT SHV-1 and SHV E166A; however, a
predominant population of the trans-enamine is evident in the
earliest difference spectra at 2 min for both enzymes.
Furthermore, the Raman data show that E166 affects the rate
at which the enamine can be tautomerized to the imine. In the
reaction between 6,6-DDS and WT SHV-1 or SHV E166A, the
tautomerization between imine and enamine is tracked by
changes in the enamine stretching frequency as a function of
time. A change in the enamine stretching frequency reflects
isotope exchange at C6 and can occur only in the case of repeated
protonation—deprotonation events at this carbon. The Raman
data for the 6,6-DDS—SHV E166A complex show that, once the
trans-enamine is formed, tautomerization back to the imine is
drastically slowed, such that it is not detectable during the lifetime
of the experiment (Figure 1a,b). When the same experiment is
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performed with the WT enzyme, the trans-enamine’s deuterium
atom at C6 is replaced with a hydrogen atom from the solvent
over a period of 1 h (Figure 1c). The reverse experiment, in which
unlabeled sulbactam is reacted with the WT enzyme in DO,
reveals incorporation of deuterium into the enamine skeleton over
60 min and thus provides supporting evidence (Figure 1d—f).
Knowledge of the imine—enamine tautomerization mechanism,
as presented in this work, may find broad use in design of
inhibitors based on the penam sulfone and clavam scaffolds.

SUPPORTING INFORMATION AVAILABLE

Details of the experimental procedures and supplemental
Figures 1 and 2. This material is available free of charge via
the Internet at http://pubs.acs.org.
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