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ABSTRACT. Antibiotic resistance t@-lactam compounds in Gram-negative bacteria sucEszherichia

coli andKlebsiella pneumoniais often mediated bg-lactamase enzymes like TEM and SHV. Previously,

a limited number of inhibitors have shown efficacy in combating such bacterial drug resistance. However,
many Gram-negative pathogens have evolved inhibitor resistant forms of these hydrolytic enzymes. A
single point mutation of the active site residue Ser130 to a Gly in either TEM or SHV results in resistance
to amoxicillin and clavulanic acid, an important clinigédlactam-pg-lactamase inhibitor combination
antibiotic. Previous structural and modeling studies of the S130G mutants of TEM and SHV have shown
differences in how these two distinct but closely related enzymes compensate for the loss of the Ser130
residue. In the case of S130G SHV, a structure of tazobactam in the active site has suggested that the
inhibitor preferentially assumes @s-enamine intermediate form when the Ser130 hydroxyl is absent.
Raman crystallographic studies of S130G SHV inhibited with tazobactam, sulbactam, clavulanic acid,
and 2-glutaroxy penem sulfone (SA2-13) were performed with the aim of identifying the type and amount
of intermediate formed with each drug to understand the role of the S130G mutation in formation of the
important enamine intermediates. It is demonstrated that with the exception of sulbactam, each compound
forms observabléans-enamine intermediates. For S130G reacted with tazobactam, identical steady state
levels of enamine are achieved when compared to those of wild-type (WT) or even deacylation deficient
forms of the enzyme. With clavulanic acid, slightly smaller amounts of enamine are observed within the
first 30 min of the reaction but are not significantly different than those for tazobactam. Thus, the resistance
mutation does not substantially affect the amountrahs-enamine formed with clavulanic acid during

the critical early time period of inhibition. This finding has important implications in the design of
p-lactamase inhibitors for drug resistant variants like S130G SHV.

pB-Lactam antibiotics such as penicillins, cephalosporins, mechanisms. One involves an activated serine hydroxyl
and carbapenems are among the most widely used clinicalfunctioning as a nucleophile; the other acts via a nucleophilic
therapeutic agents. Bacterial resistance in Gram-negativehydroxyl ion bound to one or two Zh ions in the metallo-
pathogens in the Enterobacteriaciae family, is evolving S-lactamase groupl]. A widely used classification scheme
rapidly, especially when mediated by the presence of based on sequence homology, the Ambler classification,
hydrolytic enzymes called-lactamasess-Lactamases per-  designates the serine enzymes by groups A, C, and D,
form their hydrolytic functions through one of two major whereas the metalloenzymes are classified in groug)B (
To date, hundreds off-lactamase enzymes have been
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resistance t@-lactamase inhibitors, namely, against clavu- inhibitory concentrations (MICs) for ampicillin and clavu-
lanic acid, has been reported. Often, this resistance is due tdanic acid are elevated but not for piperacillin and tazobac-
the high-level expression of wild-type (WITJEM or SHV tam. K, values toward clavulanic acid are increased 332-
enzymes $—13). However, TEM and SHV enzymes con- fold compared to 60-fold for tazobactam when S130G SHV
taining single point mutations that confer resistance to is compared to WT. Rates of inactivation are affected less
clavulanic acid also have been described. In the TEM family, dramatically (decreased 17 and 40% for clavulanic acid and
clinical mutants containing M69I, -L, and -V, R244S, and tazobactam, respectively). Inactivation efficiency is decreased
S130G mutations have been report&@, (3—19). In SHV, 420-fold for clavulanic acid and 100-fold for tazobactam,
clinical mutants containing the M69I and S130G mutations relative to that of WT. In timed inactivation experiments
have been isolated2(, 21). Typically, these inhibitor  ysing clavulanic acid, after 20 min, S130G retains 50% of
resistant mutants have been foundincoliisolates causing i activity compared to WT which is completely inhibited;
urinary tract infections22) which are often treated with the  ta70pactam completely inhibits both enzymes on this time
oral combination medication, amoxicillin and clavulanic acid. g¢cgle.
More recent surveys have found these organisms in respira- B fth | hemistry that tak | h
tory secretions from surgical intensive care unit patients as ecause ot Ine complex chemistry that takes place when
well (11). an inhibitor binds to g-lactamase enzyme (Scheme 1) and
because of the role of Serl30 as a second nucleophile to

Numerous kinetic, modeling, and structural studies of the he final, ible st f inactivation [f t
TEM and SHV S130G enzymes have been performed with initiate the final, irreversible step of inactivation [formation
the aim of understanding the structural basis of inhibitor of thg Ser130-bound vinyl carboxylic acid species (Sc_heme
resistance caused by this mutati@325). Previous studies ], it was long assumed that Iqss O.f th.e Ser130 simply
of inactivation of S130G SH¥-lactamase using clavulanic resul_ted_m Fh_e loss _Of permanent inactivation of the enzyme
acid and tazobactam have shown greater resistance towar§ausing inhibitor resistance. However, numerous studies ha\{e
clavulanic acid than toward tazobactar23), Minimum d(_amonstrated the_pres_ence of a stable Ser70-bound species

with both clavulanic acid and tazobacta@6(27). The 1.8

! Abbreviations: TEM, class #-lactamase oE. colifirst described A crystal structure of the S130G SHV ta.zobactam complex
in a Greek patient, with the name being derived from the patient’s name; of S_un e_t al. 24) demonstrated that tWO'_thlrdS 9f the enzyme
SHV, class AB-lactamase oK. pneumoniaénitially thought to be a active sites in the crystal were occupied bygisimine or

“Sl#fhydfyl Vafianlt" fif the;gElM enzyme; _Sﬁ%-_tl&’ -ﬁ}lugaroxz‘/ penem enamine intermediate attached to Ser70. The remaining active
sulfone, a novel class -lactamase Innipitor at prererentially H H _
stabilizes tha@rans-enamine; WT, wild type, in this context, referring sites contained a smaller, Ser70-bound, aldehyde fragment

to SHV-1 f-lactamase; MIC, minimum inhibitory concentration, a (Scheme 1). Molecular models and a crystal structure of the
measurt_ebrrent useq:c_ to d_tka)t_ermine wh%t_he__r #E_cteria ag_a resistant oapoenzyme form of S130G SHV demonstrated that a critical
susceptible to specific antibiotics or antibietimhibitor combinations; i ; i ; i
HEPES N-(2-hydroxyethyl)piperaziné¥-2-ethanesulfonic acid; PBS, gCtI;/eASI;e Watltelr mOIeﬁﬂe hsad ]S_ggtre]d;rom Iltsl usualtpostltl_on
phosphate-buffered saline; HPLC, high-performance liquid chroma- PY , due 1o loss of the ser ydroxyl. In contrast, in
tography; fwhm, full width at half-maximuni?, correlation coefficient. the S130G TEM mutant apo structurgs), the active site
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Scheme 1: Tazobactam Inhibition Reaction with Clasg-RBactamase Enzyme
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water was not displaced, and the Ser130 hydroxyl had beenof S130G SHV. As we will show through several lines of
replaced by a second water molecule to account for this analysis, with tazobactam, tlieansenamine intermediate
enzyme’s retention of function. achieves the same steady state population in WT, E166A,

We have applied Raman crystallography to study the and S130G SHV and is stable against deacylation for
interaction of-lactam inhibitors with3-lactamase enzymes ~ clinically significant periods in the S130G mutant. With
(28, 29) Raman Crysta”ography has many advantages_ OneC|aVU|aniC acid, S130G SHV takes Sllghﬂy Ionger to achieve
is the ability to follow chemical reactions in single crystals @ steady state population thns-enamine when compared
in real time to provide guidance for X-ray Crysta”ographic to the reaction with tazobactam. However, the difference in
work (29—-31). In addition, the nature of the intermediates, these rates is not statistically significant, consistent with
their relative populations, and their rates of formation and solution studiesZ3). Thus, the basis of clinical resistance
disappearance can be monitored in an attempt to learn mord© clavulanic acid seen with S130G SHV is not due to a
about the key Steps iﬁ_|actamase inhibition and the effect reduced level of formation of theans-enamine as prEViOUS|y
of enzyme mutations on the formation of these intermediates. r'eported for an M69V SHV varian29).

Our previous Raman crystallographic studies of a deacylation

deficient variant of SHV, E166A SHV2B), and a deacy- EXPERIMENTAL PROCEDURES
lation deficient variant with a known inhibitor resistance Inhibitors. Li clavulanate (Glaxo-Smith-Kline), sodium
mutation, E166A/M69V SHV Z9), demonstrated the im-  sulbactam (Pfizer), and sodium tazobactam (Wyeth Phar
portance of theransenamine intermediate of the clinical maceuticals) were kind gifts of industry. SA2-13 inhibitor
B-lactamase inhibitors. The M69V mutation was shown to was synthesized as described by Padayatti e8a). Fresh
influence the steady state populationti@ns-enamine with stock solutions (2680 mM) in 2 mM HEPES buffer (pH
substantial reductions of observed enamine with both tazo-7.0) were prepared for use with the protein crystals. SA2-
bactam and clavulanic acid in this model system. These 13 was suspended in phosphate-buffered saline (PBS, pH
studies led to the development of a ndxansenamine 7.4) at a stock concentration of 28 mM.

stabilizing compound, ‘glutaroxy sulfone penem [SA2-13 Protein Isolation and PurificationSer130Gly SHV was
(Figure 1)] whose 2linear charged side chain formed direct generated by site-directed mutagenesis as previously de-
interactions with important class A active site residues such scribed 23, 33). Wild-type (WT) and Ser130Gly SHV

as Lys234, Ser130, and Thr2332. proteins were expressed and purified using preparative

To determine the effect of the S130G mutation on the isoelectric focusing and gel filtration HPLQY, 34).
population and type of enamine intermediates of the clinical ~ Crystallization.-Lactamase crystals were prepared in a
inhibitors, we undertook Raman crystallographic studies to modification of the method of Kuzin et al2g, 35). The
measure the type, amount, and rate of formation and same procedure was used to obtain both the wild-type and
disappearance of the enamine intermediates in single crystalsSer130Gly SHV crystals.
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Raman Crystallography and Spectral AnalysiNon- cies of thecis- andtrans-enamine intermediates of tazobac-
resonance Raman difference spectra of protein crystals andam, bound to a serine molecule using Gaussian 03 compu-
protein crystals soaked in inhibitor solutions were obtained tational software 36). The structures of the serine-bound
as previously describe@®). Raman spectra were collected enamine intermediates were obtained by using the crystal-
using a Kaiser Optical Systems (Ann Arbor, Ml) Raman lographic coordinates from the S130G SH¥Azobactam
microscope system and a Coherent Innova (Palo Alto, CA) structure 24) for the cis conformer and the E166A SHY
70C Kr ion laser at 647 nm and 120 mW laser power in a tazobactam structure3Q) for the trans conformer. The
20 um spot size at the sample. The ambient temperature ofcalculations were performed using a Hartree Fock model
the drop when the crystal is illuminated with 120 mW of chemistry with the 3-21&* basis set with water solvation.
laser power was 40C, measured using a thermocouple Frequencies were corrected using a multiplicative factor of
thermometer (Fisher Scientific). Data were analyzed using 0.9085 for this model chemistng?).
GRAMS/AI 7 (Thermogalactic, Inc., Salem, NH) as de-
scribed previously Z8). Difference spectra [proteint RESULTS AND DISCUSSION
inhibitor — F(apoprotein)] were generated using subtraction
factors,F, ranging from 0.7 to 1.1, to minimize the amide |
band in the spectra. Because a more complex enamine ban
shape in the wild-type and S130G SHV Raman difference
spectra was obtained, rather than using peak heights an
normalizing to the peak height of the amide | band, a number
of approaches to ascertaining the relative contribution of the
enamine band to the Raman intensity in this region of the
vibrational spectrum were taken. Prior data concerning the
deacylation deficient EL66A SHV with inhibitors were also
reanalyzed by integrating the total peak area from 1606 to
1578 cm! and normalizing to the amide | area.

First, the total area of the peak in the S130G SHV

Raman Microscopy of a Deacylation Deficient Form of
éHVﬁ-Lactamase Demonstrates the Frequency, Band Shape,
and Intensity of the trans-Enamine Speciés. we have
c;eported previouslyas, 30), the frequency, band shape, and
Intensity of thetrans-enamine species of tazobactam at 100%
occupancy in a SHV active site are obtained by measuring
the Raman difference spectrum of E166A SHV crystals
soaked m a 5 mM tazobactam solution for 20 min. This
species is shown in Figure 2 (top trace), which shows a sharp
single component band at 1592 chwith a fwhm of 15
cm™! and a normalized area of 150 08025 000 counts/
cm. The base of this peak spans from 1606 to 1578'cm
inhibitor enamine region was integrated, normalized to the ar_1d Is used to_es'qnjate th? area of the enamine signal in the
total area of the amide | band in the spectrum, and plotted wﬂd—typg and inhibitor resistant S130G SHv cry§tals. ]
versus time (minutes) (Supporting Information). Alterna-  1he difference spectrum reveals that there is immediate
tively, the peak area spanning 1608578 cnt! was loss of the carbonyl stretching frequency at 1780 tand
integrated, normalized to the amide | band area, and plottedthe C-S stretch at 625 cnt, indicating breaking of the €N
versus time (Figure 3 and Supporting Information). Finally, Pond in theg-lactam ring and the €S bond in the thiazole
the data were fitted using the peak finding algorithm in NG upon acylation of the enzyme by the inhibitor (Figure
GRAMS/AI 7 (Thermogalactic, Inc.). Fits were performed 2 bottom trace, intact tazobactam). The triazole feature at
in two ways. In one protocol, the program determined the 1293 cn1* is retained and is an indicator of the amount of
number of frequency components under the entire S130GInhibitor soaked into the crystal. At higher concentrations
SHV—tazobactam difference spectrum enamine region bandof mhlbltor in the drop surrounding the crystal, nonspecific
as well as the central frequencies of the bands, full widths Pinding can be observed as unhydrolyzes@ or C-S
at half-maximum (fwhm), peak heights, and shapes (mixture fésonances. Within-24 min of the reaction, a new peak is
of Gaussian and Lorentzian line shapes); in the secondobserved in each of the spectra, indicative of formation of
procedure, the band shape was fitted with the number of @12,/ unsaturated group previously identified as an enamine
frequency components and line shapes derived from the first(28)- In the case of E166A SHV as confirmed by the X-ray
procedure (typically two Gaussian components), where the Crystal structure of its complex with tazobactaB0) the
first component was fixed at 1600 ciwith a fwhm of 10 Sharp peak at 1592 crhis due to the formation of thizans-
cm ! (from the phenylalanine band shape in the protein €namine species (EC—C=C—-N—H) with >90% oc-
difference spectrum) with a variable peak height and the cuPancy in the crystal.
second component was fixed at 15335 cnr! [trans The transenamine of clavulanic acid appears at 1610
enamine band center frequentyspectral resolution obtained ¢m % In the deacylation deficient E166A enzyme, the
from the E166A tazobactam spectrum (Supporting Informa- maximal signal is observed at a concentration of 5 mM and
tion)]. The intensity and fwhm of the enamine component & soaking time of 20 min, but there is lefans-enamine
were allowed to vary freely. The fitting algorithm utilized a formed under these conditions than with tazobactam assum-
least-squares method that converged after 50 iteratns. ing 100% occupation of active sites and equal Raman
correlation coefficients in these fits ranged from 0.8 to 0.99. scattering cross section2g). Crystallographic studies
The areas of the enamine component from the second fittingrequired higher concentrations of clavulanic acid to achieve
procedure were normalized to the amide | area and plottedobservable electron density in the X-ray studig¥)(but at
versus time. Finally, the three methods of determining the 50 mM, 100% occupancy was achieved.
amount of inhibition intermediate formed versus time were  The structure of the enamine portion of the clavulanate-
compared graphically to one another and also comparedderived intermediate is very similar to that of the tazobactam
between the different SHV proteins and inhibitors (Support- enamine, supporting the notion that the Raman scattering
ing Information). cross section from this part of the ligand should be similar.

Ab Initio Calculations. Ab initioquantum mechanical Some of the differences in the attainment of enamine
calculations were performed to simulate the Raman frequen-populations noted previously with clavulanic acid in Raman
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Ficure 2: Raman difference spectra. The top trace (black) shows tazobactam bound to the E166A SHV deacylation deficient enzyme with
the prominent appearance of ttrans-enamine intermediate at 1592 tinThe bottom trace (gray) shows the Raman difference spectrum

of 20 mM tazobactam in 2 mM HEPES buffer (pH 7.0) with an intact carbonyl at 1784, @riazole at 1290 cri, and a C-S thiazolium

bond at 625 cm®.

and X-ray crystallographic work were attributed to the lack times and concentrations of inhibitors for crystallograg; (
of stabilization of the tail end of the clavulanate enamine. 30) as described above. The crystal structure of tazobactam-
For the purposes of the analysis that follows, steady stateinhibited WT SHV, obtained after soaking the crystal in 42
levels of an intermediate imply 100% occupancy only when mM tazobactam for 96 h, has previously been shown to
enamine signals equal to those formed with tazobactam incontain atrans species bound to Ser70 (assigned as imine
E166A are observed. As we will show below, with complex, or enamine), as well as an aldehyde form on SerB8&). (
broad Raman band shapes, the use of normalized peak areAn unreacted tazobactam molecule is observed to be bound
to determine ligand populations is also preferred. nonspecifically near the opening of the active site. The
The Major Enamine Intermediates for Tazobactam Are Raman experiments with WT SHV inhibited with tazobac-
Similar in S130G, E166A, and WJp-Lactamase.For tam, while not directly comparable to the Kuzin crystal
tazobactam, Raman difference spectra, obtained after inhibi-structure 88), do suggest the presence of a transiently
tion of WT, S130G, and E166A SHV for 30 min, are shown stabilizedtrans-enamine form at 1594 cm. In addition,
in Figure 3. In all three cases, there is an immediate decreasdRaman crystal studies of SA2-13 with WT SHV show
in the magnitude of the carbonyl stretching signal at 1783 formation of atransenamine at a similar frequency (1590
cm ! and the C-S stretch at~625 cm! on acylation, and ~ cm™) and level of occupancy3g, 39).
within 2—4 min of reaction, a new peak is observed in each  The crystal structure of S130G SHV with tazobact&) (
of the spectra, indicative of formation of an enami@8)( shows ecis form of the compound (assigned to enamine or
For E166A as confirmed by the X-ray crystal structure of imine). To compare the intermediates observed in the S130G
its complex with tazobactam, the sharp peak at 1591'cm crystal structures with our Raman studies of S130G SHYV,
is due to the formation of thegansenamine species with  the Raman reactions were allowed to proceed and were
>90% occupancy in the crystal. Theansenamine reso-  observed for 3 h, duplicating the experimental “soaking in”
nance for the WT SHVtazobactam reaction is significantly — conditions of the crystallographers. We did alter the reaction
broader but contains a component at 1594%cifhe enamine  conditions slightly by using 10 mM tazobactam in the
resonance formed in S130G SHV is slightly broader (fwhm surrounding drop (vs 20 mM in reR4), to minimize
of 24 cmm? vs 15 cmi! in E166A SHVtransenamine) but  nonspecific binding. Despite the longer reaction time (3 h),
appears as a shoulder-at591 cnt?, within the experimental ~ we continued to observe a constant level of enamine in the
error of the knowrtransenamine frequency for tazobactam crystal, without a shift in the band shape, frequency, or
in the E166A SHV active site. intensity, indicating that a steady state level of the 1591cm
Following our studies of tazobactam inhibition of the enamine inhibition intermediate had been achieved (data not
E166A deacylation deficient variant of SHV, we obtained shown). No additional resonances were observed to appear
the structure of the observed Raman intermediates byin the spectra. Similarly, when the Raman experiments were
allowing the Raman experiments to dictate the soaking in conducted using up to 80 mM tazobactam in the mother
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Ficure 3: Non-resonance Raman difference spectra of E166A SHV (top), WT (middle), and S130G SHV (bottom) inhibited by tazobactam
showing enamine at 15911594 cnt! with a more complex band shape for WT and S130G SHV enzyme intermediates.

liquor drop, no changes in the appearance of the intermediateand trans frequencies are not equal, differing by 46 ¢m
spectrum (data not shown) were observed other than anThetransintermediate has a3-fold higher scattering cross
increase in the amount of unreacted tazobactam bound tosection than theis intermediate (Figure 4). In addition, the
the crystal. calculated spectrum for theansintermediate better repro-
The trans-Enamine Intermediate ofQ@lutaroxy Penem  duces the qualitative features of the 140200 cm* portion
Sulfone (SA2-13) in S130G SHV Appears at 1592 cio of the spectrum which reflects the triazole and carboxylate
confirm the assignment of the 1591 cthband in the stretching motions of the ligand.
spectrum of tazobactam reacted with S130G SHV as the The trans-Enamine Intermediates for Tazobactam in
trans-enamine form, limited Raman experiments were con- S130G, E166A, and Wi-Lactamase Are Formed in Equal
ducted with the SA2-13 inhibitor (Figure 1). This inhibitor ~AmountsExamination of the enamine band shape in the WT
was designed to stabilize thens-enamine intermediate in  and S130G SHWtazobactam spectra suggests that more than
the SHV-1 active site and has been shown to forntrtées one frequency component is present (Figures 3 and 5). When
enamine in WT 82) and in S130G SHV (F. van den Akker, the enamine band shape of the S130G SHAzobactam
personal communication). Théglutaroxy side chain forms  spectrum was analyzed using the peak finding algorithm of
a stabilizing salt bridge with Lys234 in the class A active GRAMS/AI, two frequency components were detected,
site, as well as interactions with Ser130 and Thr235. The typically with one at~1600 cnt* and one at-1595 cnr?.
SHV—SA2-13 acyl enzyme complex is reactivated 10 times The bands were Gaussian in shape with fwhm values of 10
more slowly than the complex with tazobactam. and 40 cm?, respectively. These fits were consistent with
When~7 mM SA2-13 is soaked into crystals of S130G the presence of a small peak from the protein phenylalanine
SHV and the reaction is followed with Raman crystal- at 1600 cm?® and a translike” enamine band. Allowing
lography, an enamine species is observed to appear at 159%he program to use additional peaks to improve the fit had
cmt with a fwhm of 12 cm?, consistent with the develop- no effect on the number of components or their frequency,
ment of atransenamine species as previously observed relative intensities, or fwhms. Fitting was also performed
(Supporting Information). by restricting the band to contain two components, one fixed
Ab Initio Calculations Reeal Differences in cis- and trans-  at 1600 cm?® with a fwhm of 10 cm? (phenylalanine) and
Enamine Frequencies and Intensiti€&evious analysis of  the other which was allowed to vary in width, intensity, and
the cis- andtrans-enamine species frequencies and relative frequency by+5 cni ! around a central frequency of 1593
scattering cross sections by Hartrdeock 6-311-g (d) ab cm L. The two procedures gave similar results as far as the
initio calculations on simple model enamines showed that goodness of fit as determined by tRé correlation coef-
the trans and cis forms have different frequencies and that ficient, and the amount and time dependence of the enamine
thetransform scattering cross section (relative intensity) is species observed in the tazobactam-inhibited S130G SHV
3-fold higher than thesis form (28). Similar computations  (Supporting Information). The amounts and time dependence
on the larger serine-bound enamine forms of tazobactamdetermined this way also agreed with enamine versus time
derived from crystal structures sufficiently show that tiee plots obtained by fitting the normalized area under the curve
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tazobactam. For th&rans simulation (top): (A) 1702 and 1679
cm~! for serine carboxylate and amino stretches, respectively, (B)
1633, 1576, and 1519 crhfor enamine (@=C—CH=CH—NH)
bands with the major band at 1519 cin(C) 1284 cm? triazole

and methylene stretches, (D) 1239 ¢nenamine and C3 carboxy-
late stretch, (E) 1209 cm enamine and methylene stretches, and
(F) 1161 cmt triazole stretch. For the S130G SHV simulation with
tazobactam: (A 1658 cnt! subtraction of the amide | band, '|B
1600 cnt! Phe and 1591 cmt major enamine band, (L1290
cm ! triazole band, and (1243 cntt enamine band. For thes
simulation: (A’) 1688, 1626, and 1507 crhserine carboxylate,
amino, and @.—H stretches, respectively, (B 1614, 1554, and
1465 cnt! enamine stretches, where the major enamine band in
cisis calculated at 1465 cm, (C') 1282 and 1160 cmi triazole
stretches, (D) 1249 cn1! enamine and C3 carboxylate stretch, and
(E'") 1185 cntt enamine and serine ester stretches. Note the lower
intensity of thecis-enamine Raman spectrum and the shift to a lower
frequency (1473 cnt) for the major band. The experimental data
are scaled relative to theans calculated intensities. Theans
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active site for both the WT and S130G SHMWactamases,
since thecis species would have given a substantially weaker
signal and would have appeared in a lower-frequency region
of the spectrum.

The broader tazobactatrans-enamine bandwidth can be
explained by the increased mobility of the lineaans
enamine inhibitor intermediate tail region, which is not
stabilized by the water-mediated hydrogen bonding interac-
tion between the triazole ring and Ser130 normally present
(29). Band broadening is not seen with S130G SHV when
it is inhibited by SA2-13 because this inhibitor forms a direct
interaction between the-glutaroxy side chain and Lys234
in the active site.

As a result of the frequencies and steady state populations
attained for the enamine intermediates, the SA2-13 studies,
and theab initio calculations, we conclude that for tazobac-
tam, the major enamine band in all three SHV enzymes,
E166A, WT, and S130G, is lans-enamine.

Steady State Lels of trans-Enamine Are Formed More
Slowly in Inhibitor Resistant Ser130GBtLactamase with
Clavulanic Acid. The rates of formation and the amount of
enamine intermediates formed are of interest, especially over
time scales relevant to bacterial division in infectious disease
(20—30 min). As is notable in Figure 6, the rates of formation
and attainment of steady state levels of the enamine
intermediates do not differ significantly for EL66A, WT, and
S130G SHV with tazobactam. The decay of the enamine
intermediate is also similar for WT and S130G SHV. Even
in S130G SHYV, the tazobactam enamine intermediate
achieves a stable, steady state level that persists out to at
leag 3 h after the inhibition reaction is initiated, and
detectable enamine is present up to 48 h (data not shown).
Decay of the enamine intermediate can occur due to reversion
to the imine precursor, hydrolysis from the active site [least
likely for trans-enamine due to multiple stabilizing interac-
tions @0)], or progression further through the inhibition
reaction to yield smaller irreversible products at either Ser70
or Ser130 (in the case of WT and E166A) (Scheme 1). The
aldehyde form has not been detected in the Raman difference
spectrum due to its presumably lower scattering cross section
as compared to that of the enamine species. However, its
presence in the active site as a Raman “dark” species would
mean less than 100% occupancy by the enamine intermedi-
ate.

With clavulanic acid bound to S130G SHV (Figure 5),
two features are seen in the enamine region of the spectrum,
one at 1700 cm' which is due to the unsaturated hydrocar-
bon portion of the inhibitor and another feature at 1612%tm
corresponding to the enamine portion of the intermed2ge (
40). The frequency and band shape of this enamine are

simulation reproduces the qualitative features of the major enamineidentical to those found in E166A SHV, in which it has been

band (1595 cm!) and the lower-frequency enamine and triazole
(1400-1200 cnt region in the experimental spectrum).

from 1606 to 1578 cm' (“transenamine” region) (Sup-
porting Information).

verified by X-ray crystallography that the intermediate is in
thetransconformation with a highly mobile tail regior28,

31). The amount of enamine observed initially is slightly
smaller than that found with tazobactam if scattering cross

To prepare Figure 6, the normalized area under the curvesections for the enamine portion of the molecule are assumed

in the transenamine region of the spectrum was plotted to be similar (Figure 7). However, the differences that are
versus time. This demonstrates that the same amount ofseen are within experimental error and thus are not likely to
transenamine intermediate is formed for each enzyme with be significant.

tazobactam, within the error of the measurements and the Sulbactam forms little or no enamine intermediate with

assumptions of the analysis. This is also consistent with theS130G SHV (data not shown) at the concentration used for
presence of only &rans species at 100% occupancy in the tazobactam and clavulanic acid (10 mM). It require20
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Ficure 5: Spectra of S130G SHYV with tazobactam and clavulanic acid and sulbactam after inhibition for 30 min showing the enamine
band shapes (1591 cinfor tazobactam and 1612 crhfor clavulanic acid). Sulbactam forms little or no enamine intermediate at the
concentration used with tazobactam and clavulanic acid (10 mM).
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FiGUrRe 6: Time dependence of enamine formation with tazobactam time (minutes £ 1 minute)

in crystals of WT SHV-1 (gray trace with diamonds), S130G SHV  Figure 7: Early time dependence of enamine formation with
(dashed trace), and deacylation deficient EL66A SHYV (solid trace). tazobactam in crystals of S130G SHV (black) and S130G SHV
The signal intensity is normalized to the amount of enzyme by using with clavulanic acid (gray). The signal intensity is normalized to

the amide | band intensity in the Raman spectrum. S130G SHV the amount of enzyme by using the amide | band intensity in the
forms amounts of enamine similar to those formed by E166A SHV Raman spectrum. Steady state levels of enamine are formed

and WT. The inset shows data for WT, S130G, and E166A SHV somewhat more slowly with clavulanic acid than with tazobactam
and tazobactam shownrfa 2 hinhibition. but are similar after 30 min.

mM for the observation of any detectable signal, indicating
that the affinity of the Serl30Gly crystal for sulbactam is inhibitors were identical for the WT and S130G SHV

reduced or that the inhibitor is rapidly turned over so that a 40 for clavulani id and 5 for tazobacta
steady state level of intermediates is not achieved. Sulbactanfel_ﬂizgvn\:gss t[ermg(r:i (Ehzvgsrr;lgoicl) ; ;mibitocr)rreasizsciaige'sz]t(espite

generally has a higher turnover number toward class A ) i i . . s
enzymes, including SHV-1 and inhibitor resistant forag)( loss of a key active site residue in formation of hydrolysis
and inhibition intermediates and, perhaps more importantly,

trans-Enamine Intermediates Are Stabilized in the Inhibitor - '
Resistant S130G SHy-Lactamase: The “Paradox” of  the resultant loss of a key active site water moleca® (
Inhibitor Resistance Résited. Previously, it has been noted 24 27), S130G SHV is fully capable of inhibition by
that inhibitor resistance in S130G SHV is due mostly to its mechanism-based inhibitors. Inhibitor resistance is the result
lowered affinity for clavulanic acid (0.14M vs 46.5uM), of structural perturbations that disfavor formation of pre-
which is less so for tazobactam (0.0% vs 4.2uM) (23). acylation complexes, leading to reduced amounts of subse-
However, rates of inactivation, once the Michaellenten quent acyl enzyme intermediates and final products under
complex is formed, are similar to that of WT SHV (0.1's conditions of limiting inhibitor concentration which are
vs 0.06 s?, 7%, for tazobactam; 0.035vs 0.025 s* for present in bacteria.

clavulanic acid). In fact, turnover numbekga(kinac) for these
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Our Raman crystallographic studies are conducted underin the active sites of these enzymes. Numerous modeling,
conditions of sufficient inhibitor concentrations that achieve- kinetic, and structural and spectroscopic studies of S130G
ment of minimal nonspecific binding and adequate signal- SHV are yielding a clearer picture of how to overcome
to-noise levels is possible. They are intended to demonstratenhibitor resistance in bacteria expressing thikactamase
that enamines form in S130G SHV and to show their role, enzyme.
especially therans intermediates, in the early (minutes to Our Raman crystallographic studies have shown that
hours) phase of inhibition. Steady state levelst@ins enamine intermediates give rise to the same frequency in
enamines that reflect 100% occupancy of crystal active sitesthe deacylation deficient EL66A, WT, and inhibitor resistant
are achieved at similar rates with tazobactam, even for theS130G SHV enzyme with tazobactam and clavulanic acid
inhibitor resistant variant, S130G SHV, with the same and achieve the same steady state populations at similar rates
concentrations of inhibitor used for WT and E166A SHV. for these different enzymes. For WT and S130G SHV,
In general, the process of acyl enzyme formation and initial reaction with thetransenamine stabilizing inhibitor SA2-
enamine formation is too rapid to be captured by the current 13 results in formation of &rans-enamine intermediate as
Raman experimental configuration, so we are best able todetermined by X-ray crystallography and Raman spectros-
characterize the steady state level of an intermediate in thecopy. Finally, ab initio quantum mechanical calculations
protein crystals. In some cases [clavulanic acid with S130G predict that thetrans and cis-enamine intermediates of
SHV (Figure 7)], subtle differences in the rate of attaining tazobactam derived from crystallographic structures will have
steady state levels ofransenamine formation may be very different enamine vibrational frequencies and Raman
apparent early in the reaction between the crystalline enzymeintensities. These findings support the assignment of the 1591
and the inhibitor, although under current experimental cmband formed with tazobactam and the 1612 ¢trand
conditions with inhibitor concentrations of 10 mM, these are formed with clavulanic acid to thigans-enamine intermedi-
not significant. ate.

The slower acylation rate due to the S130G mutation is In S130G SHV, steady state levelstodns-enamine with
likely offset by the fact that the active site water is also clavulanic acid are achieved somewhat more slowly than with
critical for deacylation, making the S130G enzyme relatively tazobactam over the first 30 min of reaction but are not
deacylation deficient like EL66A SHV. Finally, the S130G different within experimental error. Thus, the reduced rate
residue is also required as the “second nucleophile”, leadingof transenamine formation does not account for the observed
to formation of the bridged species and the vinyl carboxylic clinical resistance to this inhibitor. This indicates that C2-
acid species. These pathways are unavailable for depletionsubstituted inhibitors that fortmans-enamines like tazobac-
of thetransenamine population. Thus, even with clavulanic tam, clavulanic acid, and SA2-13 remain good lead com-
acid, observed steady state levels of thensenamine pounds for the development of additiongactamase
intermediate rapidly “catch up” to levels seen with E166A inhibitors that will overcome inhibitor resistance mutations.
SHV. Modifications of clavulanic acid to improve affinity, increase

These studies are in contrast to our previous studies withacylation rates, or further stabilize itlsansenamine inter-
E166A/M69V SHV @9) in which the M69V mutationisnot  mediate may enhance its ability to inhibit resistant class A
expected to affect deacylation or final product formation rates -lactamases.
significantly when they are compared to those of the E166A
variant. The M69V mutation affects the formation of the pre- ACKNOWLEDGMENT

acylation complex due to perturbation of the oxyanion hole  \ve thank Christopher R. Bethel and Marianne P. Carey

(29), leading to smaller amounts of acyl-enzyme &mrohs  for assistance with initial expression and purification of the
enamine. This perturbation may also affect acylation rates. ser130Gly SHV protein.

Higher concentrations of inhibitor are required to achieve
100% occupancy of enamine species in the E166A/M69V SUPPORTING INFORMATION AVAILABLE
SHYV crystals with each of the clinical inhibitor29), again
reflecting an effect on inhibitor affinity and formation of the
pre-acylation complex. Steady state levels of thens
enamine in the M69V variant do not achieve levels seen with
E166A SHV afte 2 h with any of the inhibitors, indicating
that either the intermediate deacylated more rapidly despite
the presence of the EL66A mutation or more likely acylation
rates were severely affected.

The ability to stabilizetransenamine intermediates has
been emphasized in the design and struetfuaction
analysis of the SA2-13 inhibitor3@). With the studies
presented here, we have shown that thensenamine REFERENCES
intermediates of tazobactam, SA2-13, and even clavulanic
acid can be effectively stabilized in an inhibitor resistant

A graphic demonstrating the band shape fitting procedure
using the tazobactam-inhibited Ser130Gly enamine interme-
diate fitted with Phe 1600 cnd and enamine 1593 cmh
components, a graph showing the steady state levels of the
transenamine intermediate formed as determined by three
different measurement procedures, and a Raman difference
spectrum of S130G SHY¥-lactamase with SA2-13 showing
the formation of thetransenamine intermediate at 1593
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