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ABSTRACT. The reactions between three clinically relevant inhibitors, tazobactam, sulbactam, and clavulanic
acid, and SH\3-lactamase (EC 3.5.2.6) have been followed in single crystals using a Raman microscope.
The data are far superior to those obtained for the enzyme in aqueous solution and allow us to identify
species on the reaction pathway and to measure the rates of the accumulation and decay of these species.
A key intermediate on the reaction pathway is an acyl enzyme formed between Ser70 and the lactam
ring's C=0 group. By using the E166A deacylation deficient variant of the enzyme, we were able to
focus on the process of acyl enzyme formation. The Raman data show that all three inhibitors form an
enamine-type acyl enzyme reaching maximal populations at 10, 22, and 29 min for sulbactam, clavulanic
acid, and tazobactam, respectively. The enamine intermediate exhibits a characteristic and relatively intense
band near 1595 cn due to a stretching motion of the=€C—C=C—NH moiety that shifts to lower
frequency upon NH= ND exchange. This feature was used to follow the kinetics of enamine buildup
and decay in the crystal. Quantum mechanical calculations support the assignment of the 1595 cm
band, as well as several other bands, teaas-enamine species. The Raman data also demonstrate that
the lactam ring opens prior to enamine formation since the lactam ring carbor@) Peak disappears

prior to the appearance of the enamine 1595 clrand. Tazobactam appears to form approximately
twice as much enamine intermediate as sulbactam and clavulanic acid, which correlates with its superior
performance in the clinic, a finding that may bear on future drug design.
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Ficure 2: Proposed reaction mechanism for suicide inhibitors of clagsldctamase; the reactive imine has been presumed to be the
intermediate leading to permanent inactivation following loss of the@H{COO )CR, X~ fragment. Regeneration of the active enzyme

is presumed to proceed via hydrolysisd, or 6, catalyzed by Glu166 and an active site water in the wild-type enzyme; rates for these
reactions are unknown.

Unfortunately, the investigators had no independent meanscomparing the structures, populations, and kinetics of
of assessing the progress of the reaction in the crystal tointermediates, we gain unique insights into why chemically
judge the optimal time for freezing. Thus, the X-ray data related inhibitors behave differently. Our initial study utilizes
often revealed a mixture of species in the active site. The the deacylation deficient enzyme E166A. This mutant
rates of formation and relative populations could not be essentially prevents regeneration of the active enzyme by
estimated. These intermediates and products may or may noblocking hydrolysis of specied, 5, or 6 in Figure 2 and
be relevant to inhibition gf-lactamase enzymés vivo and enables us to focus on the formation and structure of the
in the clinic. acyl enzyme species. The results show that each inhibitor
To that end, it appears that a more “real time” method, in forms ana,-unsaturated enamine intermediate on a similar
which protein structural changes can be observed with greattime scale, but tazobactam consistently forms a larger amount
sensitivity and intermediates and products can be observedof this covalently bound intermediate.
as they are formed, is warranted. Raman crystallography has The link provided by Raman crystallography between
emerged as such a tool§, 16). Raman crystallography  structure, kinetics, and mechanism will also be used to guide
permits the characterization of the chemical reactions further X-ray crystallographic studies wherein key reaction

between drugs that are mechanism-based inhibitors, and thentermediates can be trapped at well-defined time points.
SHV class Ap-lactamase enzyme in single crystals. The

method has several advantages over the classical RamaEXPERIMENTAL PROCEDURES

difference spectroscopy performed in solution; e.g., the

concentrations that can be attained in the crystal result in a  Inhibitors. Sodium clavulanate (Smith-Kline-Beecham),
significantly higherSN ratio, the spectra “sit” on a lower ~ sulbactam (Pfizer), and tazobactam (Wyeth Pharmaceuticals)
background prior to subtraction, and “soak in” and “soak were gifts of the respective companies. Clinical grade
out” experiments can be performed. The Raman difference Meropenem (Astra-Zeneca) was obtained from the Veteran
Spectrum shown in Figure 1 of the Supporting Information Affairs pharmacy and was used without further pUriﬁcation.
demonstrates these factors. This approach provides structurabtock solutions (20 mM) in 2 mM HEPES buffer (pH 7.0)
as well as kinetic information about intermediates, such asWere prepared for use with the protein crystals.

acyl enzymes, and products of the reaction. Since a Raman Protein Isolation and PurificationThe E166A SHV clone
data set can be collected every 60 s, the strategy is to usevas generated by site specific mutagenesig,(and the
Raman crystallography to map the reaction pathways for the EL66A SHV variants-lactamase protein was isolated and
three clinical inhibitors (Figure 1), as a function of time. By purified as previously described). An additional HPLC
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purification step was performed using a Sephadex Hi Load examined as a function of concentration to prepare concen-
26/60 column (Pharmacia, Uppsala, Sweden) and elutiontration calibration curves.

with phosphate-buffered saline (pH 7.4). Calculations. Ab initioquantum mechanical calculations
Crystallization.E166A SHV was concentrated to 5 mg/ were performed to predict the Raman spectra of model
mL in 2 mM HEPES buffer (pH 7.0) for crystallization using  intermediate compounds using Gaussian 28 6oftware.

the protocol of Kuzin et al. 19). Briefly, crystals were  Calculations were performed at the Hartrée@ck level using
prepared using the sitting drop method. Drops (volume of the 6-31-d(d,f) basis set.

10 uL) were prepared using 4 parts protein solution, 1 part
5.6 mM CYMAL-6 (Hampton Research, Laguna Niguel, RESULTS AND DISCUSSION
CA), and 5 parts PEG-6000 (Hampton Research)-@Wo, o ) o
w/v) in 0.1 M HEPES (pH 7.0). The reservoir solution Estimating the Time for Soaking ifthe Raman spectrum
consisted of PEG-6000 (2(0%, w/v) in 0.1 M HEPES of a ligand bound to a protein is obtained by Raman
(pH 7.0). Wells were sealed with packing tape and stored at difference spectroscopy. Thus, the Raman spectrum is
room temperature. Crystals in a2 drop of mother liquor recorded for an enzyme in the crystal; then the ligand is
solution, typically 300um x 300 um x 300 um in size, added to the surrounding solution to a final concentration
were transferred to a siliconized glass coverslip and washed®f > MM, and after the soaking in procedure, a second
four times with 0.1 M HEPES (pH 7.0) to remove excess SPectrum is recorded for the enzymigand complex. The
PEG-6000 prior to use with the Raman microscope. Crystal Subtraction of the Raman spectrum for the complex minus
protein concentrations were estimated to be 28 mM (J. Knox, thé Raman spectrum for the free enzyme is carried out using
personal communication) based on an occupancy of fourSoftware. This yields the Raman spectrum of the bound
molecules per unit cell and the following unit cell dimen- ligand with peaks in the “positive” direction. In addition,
sions: a = 49.6 A, b = 55.6 A, andc = 87.0 A. For there is often a local or global protein conformational change
experiments in BO, HEPES buffers were prepared using UPON ligand binding that gives rise to protein-related features
nondeuterated HEPES and titrated with NaOD to pH 6.6 (pD in both the positive and negative direction in the Raman
= pH + 0.4) (20). Stock solutions of inhibitors were prepared  difference spectrum.
in the deuterated 2 mM HEPES buffer (pD 7.0). Protein  For ligands that undergo chemical reactions, one compli-
crystals, prepared as described above, were soaked in 0.1 Mation inherent in the crystal soaking method is that the ligand
deuterated HEPES buffer (pD 7.0) for 48 h to allow-B reaches the enzyme molecules in the center of the crystal
exchange. some time after being in contact with molecules in the outer
Raman CrystallographyThe Raman microscope system layers. The Raman signal is collected from the focal volume
has been described previoush6(21). A 647 nm Kr* laser ~ of the laser beam, which is approximately 2@ x 20 um
beam (Innova 70 C, Coherent, Palo Alto, CA) was focused x 30um in size. When a reaction is occurring in the crystal,
onto the protein crystals, suspended on the underside of &kinetic analysis using the Raman data is hindered by the fact
siliconized quartz coverslip in a;/d_ drop. Laser power (120  that the signal is being collected from the center and from
mW) was focused using the 20objective to a 2Qum spot regions closer to the edge of the crystal. Thus, the validity
on the crystal. The crystals and the laser spot were visualizedof any kinetic analysis turns on the relative time scales of
with real time color video display to ensure alignment and the reaction occurring between the enzyme angbttectam
that no photodamage was occurring in the crystal. During and the soaking in process. This makes it essential to measure
data collection, spectra were acquired over 10 s intervalsthe time it takes for the ligands to penetrate the crystal fully.
and 10 spectra were averaged for each acquisition time point.Therefore, the “soak in” time was measured using the
Spectra of the app-lactamase protein crystals were ob- compound Meropenem (Figure 1). This compound was
tained, followed by addition of the inhibitors to the drop to selected because it has an intense Raman band at 1552 cm
achieve a final drop volume of AL and a final inhibitor ~ (C=C—C=0O symmetric stretch) that can be recorded in a
concentration of 5 mM. Spectra were then acquired serially 25 S exposure and it is larger than the inhibitors of interest
every 2-3 min following addition of inhibitor. An apg- and thus sets an upper limit for the soak in time. Also, the
lactamase spectrum was subtracted from the inhibited proteinfive-membered ring remains intact during acylation, resulting
spectra at varying time intervals following addition of in the 1552 cm' feature retaining a constant Raman

inhibitor, according to eq 1. intensity.
Raman difference spectra, obtained with a 25 s exposure
difference spectruns time and recorded at 1 min intervals, reveal the immediate

[protein] + [inhibitor] — f[protein] (1) (<1 min) appearance of the 1552 chiband of Meropenem,
at or near maximal intensity, following addition of this

wheref is a subtraction factor selected to minimize the p-lactam compound to the drop (Figures 2 and 3 of the
protein amide | band from the apoprotein in the difference Supporting Information). This demonstrates that even for
spectra. Typicallyf has a value of 0.951.0. Data collection large compounds, diffusion into thg-lactamase crystals
and subtractions were performed using HoloGRAMS and occurs rapidly when compared to the time scales on which
GRAMS/AI 7 software (ThermoGalactic, Inc., Salem, NH). enamine chemistry occurs (see below). Moreover, there is
Raman spectra of the inhibitors that were used were obtainedno evidence for thg-lactam CG=0O vibration in the early
under similar conditions. Spectra were obtained faul4 spectra, demonstrating that acyl enzyme formation occurs
drops of inhibitor solutions prepared in 2 mM HEPES (pH in <1 min, although Meropenem has a relatively high
7.0) at varying inhibitor concentrations. The peak heights (SHV-1, 200uM, unpublished data of C. Bethel and R. A.
of various Raman bands in the inhibitor spectra were Bonomo).
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Ficure 3: Raman difference spectra of the E166Aactamase crystal with clavulanic acid (middle) showing the shift of the enamine band
in D,O (bottom), both recorded 22 min after soak in. For crystal data, the vertical bar represents a 20 000 photon event. The top spectrum
is the Raman spectrum of 100 mM clavulanic acid.
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Ficure 4: Raman difference spectra of the E168Aactamase crystal with sulbactam (middle) showing the shift of the enamine band in
D,O (bottom), recorded 10 and 15 min, respectively, after soak in. For crystal data, the vertical bar represents a 10 000 photon event. The
top spectrum is the Raman spectrum of 100 mM sulbactam.

Raman Difference Spectra frLactamase Intermediates. The majority of Raman modes from the free ligand are not
As the inhibitors soak into thé-lactamase crystals, they react seen in the Raman difference spectra of the complexes,
in the active site and proceed on the reaction pathway following soak in. This is due to the complex chemical
outlined in Figure 2. However, by using the deacylation changes, principally ring opening, that have occurred to the
deficient variant E166A, the reaction beyond the acyl enzyme ligands as outlined in Figure 2. In addition, as protein
stage is very slow. Therefore, in the Raman difference spectraconformational changes occur due to the presence of the
of the crystal complexes, we might expect to detect unreactedligand, the Raman peaks of the protein change, resulting in
inhibitor, the imine, or the enamine forms of the acyl enzyme. the protein features appearing in Figuress3 They may be
In fact, our data are dominated by contributions from the in either the positive or negative direction. Further features
latter species. appear in the difference spectra due to the difficulty of

The Raman spectra of the free clavulanic acid, sulbactam,subtracting “exactly to zero” intense peaks that are due to
and tazobactam together with their Raman difference spectrabuffer.
as they diffuse into the crystal immersed is®4 and DO- Evidence of a Major Population of the Enamine Species
based buffers are shown in Figures5 respectively. Peaks  with All of the Inhibitors.For clavulanic acid, the Raman
due to the ligand or modified ligand appear in the positive difference spectra for the crystal complex reveal the forma-
direction. The general appearance of Figure$ & striking. tion of an intermediate band at 1605 chin water, which
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Ficure 5: Raman difference spectra of the E168Aactamase crystal with tazobactam (middle) showing the shift of the enamine band in

D,O (bottom), recorded 18 and 21 min, respectively, after soak in. For crystal data, the vertical bar represents a 5000 photon event. The

top spectrum is the Raman spectrum of 100 mM tazobactam.

1000 enamines. Hence, someis bands may go undetected.
ggg: Moreover, the imine species (Figure 2) has no conjugation
700- and will contribute relatively little to the Raman profile,
600+ —e—tazobactam compared to the enamines. In Figuress3 there are other
5001 —*—sulbactam bands that track the enamine 1595 cnm?) feature’s time
300, —=—clavuanate dependence, as shown in Table 1. Thus, these are assigned
200 to enamine modes. On the basisalf initio calculations,
100 we assign the band near 970 ¢hitazobactam and sulbac-

0 0 5 100 150 tam) to the in-plane rocking of the enamine-8 bonds and

Ti . the band near 700 crmh (sulbactam) to the €C—-C
ime (minutes)

— : : symmetric stretch of the enamine backbone.
FiGure 6: Time dependence of enamine peak height near 1595
cm~! (normalized to the amide | band) for the E166A crystal and  For all three inhibitors, a peak appears near 1240'dm
three inhibitors in HO. water that is assigned to an amide Il band caused by a
shifts to 1587 cm? in D,O due to NH exchange with K- protgin confor.mational change. This i; likely qssocigted with
D, as discussed below (Figure 3). The corresponding fea-2N INCrease in the nur_nber .Of. peptide residues mﬁhg
tures for sulbactam and tazobactam are seen at 1599 cm Ramachandran space In a I|m|t_ed part of the polype_:ptlde
(1581 cnr? in D,0) and 1592 cmt (1582 cnt in D,0), backbone 23). This assignment is supported by the disap-
respectively. The species giving rise to the 1605, 1599, pearance of tlhe band |n2_D and the apparent reappearance,
and 1592 cm! features is assigned to an enamine (Figure ne,ar 960 e, of.the region expected for degteratgd amide
2) on the following basis. The enamine’s conjugated [l . For cIavuIan!c acid and sulbactam, the intensity of t_he
O—C—C—=C—NH fragment is expected to give rise to an amide Il band did not appear to track tha’g of the enamine
intense Raman band in the double bond stretching region(1595 cm). However, for tazobactam, the time dependence

near 1600 crm. Moreover, the totally symmetric stretch will [0F @mide il and the enamine band is similar.

respond to NH< ND exchange, as observedb initio Evidence for Species Preceding Enamitrethe Raman
calculations on theis- andtrans-enamine forms given by  difference spectra for clavulanic acid and sulbactam, there
clavulanic acid and sulbactam confirm that the enamine hasis no observable band at 1780 chirom the G=0O group in

an intense Raman feature near 1600 tnThe calculated  the lactam ring, once the maximal intensity for the enamine
cis- andtrans-enamine stretching frequencies from sulbactam peak is attained (Figures 3 and 4). In fact, this feature cannot
are 1582 and 1588 crh respectively; for clavulanic acid, be seen even as the enamine peak is “growing in” within
these values are 1578 and 1564 émespectively. Thérans the time course shown. This is evidence that the lactam ring
forms exhibit a 3-fold higher intensity than tloés isomer. has opened prior to enamine formation. However, we have
Further evidence comes from the time dependence of thenot detected any unique Raman features of spdoiEgure
1600 cm! bands seen for three reactions in Figure 6. This 2). Tazobactam behaves differently in that it still has some
is consistent with the behavior of the species immediately of the carbonyl feature present in the Raman difference
preceding deacylation (i.e., enamine; see Figure 2). On thespectrum at the time at which the maximum intensity for
basis of spectroscopic data, an equilibrium betwgans the enamine band is attained (Figure 5). This can be
andcis-enamine cannot be ruled out completely, given that explained by the fact that some amount of tazobactam is
trans-enamines are likely better Raman scatterers tisn nonspecifically bound to the enzyme, with its lactam ring
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Table 1: Raman Frequencies for the Three Inhibitors in Water, Temporally Related to the Enamine Intermediate

tazobactam frequency sulbactam frequency clavulanic acid frequency

assignment (ecm*+5cm?) (cmt+5cnr?) (ecmt+5cm?)
enamine G-C=C—N symmetric stretch 1592 in4@ (1582 in BO) 1599 in HO (1581 in BO) 1605 in HO (1587 in BO)
other enamine band 969 972
787 727 799

521 in HO (514 in DO)

intact. Nonspecific binding of tazobactam was also detected CONCLUSION
in the crystallographic analysid4).

Kinetics of Enamine Formatio.he time dependence of
the main enamine peak formed with tazobactam, sulbactam
and clavulanic acid is shown in Figure 6, in which the

max'm"’?' intensity values are attained at 29, 10, and 22 min, intermediatetrans-enamine, on the reaction pathway. This
respectively. provides exquisite control for X-ray crystallographic studies
A slow decay is observed due to slow spontaneous where specific intermediates can be trapped by flash-freezing.
hydrolysis and irreversible inactivation (Figure 2). The pyrthermore, future studies utilizing clinically relevant
hydrolysis is very slow since the enamine is stable during mytantg-lactamases open the door to the molecular origins

Raman crystallography has been successfully applied to
study the reaction intermediates offdactamase enzyme
'with three mechanism-based inhibitors. We have demon-
strated the structure and kinetic behavior of a critical

“soak out” experiments; i.e., when the inhibited crystal is of drug resistance.

placed in a fresh 0.1 M HEPES solution (pH 7.0) devoid of

inhibitor, approximately half of the intermediate remains SUPPORTING INFORMATION AVAILABLE

associated with the protein crystal for at least 24 h. Using
several crystals, we estimate that the reproducibility of the
absolute intensities i12%. In Figure 6, the time depen-

dence curves are normalized to the amide | band intensity,
which reflects the protein concentration in the sample
volume. Tazobactam seems to form the most enamine
intermediate, consistent with the fact that tazobactam is the
most efficient inhibitor. This behavior could, however, b
due to the fact that there are subtle differences in the structur

Solution Raman difference spectrum of EL66A SHV with
tazobactam 20 min after mixing (Figure 1), where the
solutionSN ratio is 20/1 and the signal/background ratio is
0.5/1 for the amide | band (ifi-lactamase crystals, tf&#N
ratio is 400/1 and the signal/background ratio 13/1); Raman
difference spectrum of Meropenem and E166A SHV jOH
e (Figure 2); and time dependence of the 1552 twignal of
JMeropenem (Figure 3). This material is available free of

of the three enamines and that tazobactam gives rise to arf'2r9€ via the Internet at http://pubs.acs.org.
intermediate that is a better Raman scatterer. The data NeEEERENCES

Figure 6 show that sulbactam has the fastest onset of the

maximum enamine population in the crystal (10 min) 1.

compared to tazobactam (29 min) and clavulanic acid (22
min). However, the enamine form derived from sulbactam
also decays more quickly. 3
It is obviously of interest to compare the kinetics of
enamine formation in crystals with that for the free enzyme
in agueous solution. Since the enamine species has a

characteristic absorbance near 280 (), we were able 5.

to use changes at this wavelength to monitor the rise and
fall of the enamine population in solution. For a 1:1 mixture
of 40 uM tazobactam and 3@M enzyme at pH 7.4, the 7
maximal population was attained il min, compared to

29 min in the crystal. Spontaneous hydrolysis occurred at 8.
9.

similar rates in both the solution and crystal. For clavulanic
acid (40uM) with enzyme (36uM) in solution, maximal

enamine was observed at 5 min, compared to a value of 22 10,

min in the crystal. Again, loss of enamine occurs at similar
rates under both conditions. The slower rate of enamine
formation in the crystal can be caused by a number of factors

[N

such as steric hindrance of the active site or the damping of 1z
catalytically important protein breathing modes in the crystal.
However, the differences between solution and crystal 13-
kinetics appear to be fairly modest. 14.
Our discussion above pertains exclusively to EL66A SHV.
However, recent Raman studies with the wild-type enzyme
reveal formation of théransenamine intermediate with the 12

inhibitors under similar conditions. These data will be the
subject of a future report.
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