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ABSTRACT: Raman crystallography permits the monitoring of chemical events in single-protein crystals
in real time. Using a Raman microscope, it is possible to obtain protein Raman spectroscopic data of
unprecedented quality and stability. The latter features allow us to obtain the Raman spectrum for small
molecules soaking into crystals under normal (nonresonance) Raman conditions. Thus, via an approach
utilizing Raman difference spectroscopy, we can quantitate the amount of ligand in the crystal, determine
the chemistry of inhibitor-protein interactions, and follow chemical reactions in the active site on the
time scale of minutes. While providing unique chemical insights, these data also provide an invaluable
guide for determining the conditions for flash-freezing crystals for X-ray crystallographic analysis. In
addition, the Raman difference spectra often contain contributions from protein modes due to protein
conformational changes occurring upon ligand binding. These features allow us to probe events ranging
from small cooperative conformational changes to massive and unexpected secondary structure changes
in the crystal. An experimental advantage of Raman crystallography is that the data can be collected from
crystalsin situ, in sitting or hanging drops, under the conditions used to grow the crystals.

What is Raman Crystallography?

The Raman, or resonance Raman, spectrum of a substrate
bound to an enzyme’s active site can be the source of unique
mechanistic insights (1, 2). However, in the absence of a
chromophoric substrate to provide an intensity-enhanced
spectrum, the Raman spectrum of the substrate is often
obscured by the thousands of vibrational modes from the
protein. Callender, Deng, and co-workers showed that this
limitation can be overcome in part by using a difference
spectroscopic approach (3). Via subtraction of the Raman
spectrum of the enzyme from that of the enzyme-substrate
complex, the Raman spectrum of the bound substrate is

revealed, along with some contributions from protein modes
if substrate binding brings about protein conformational
change. Since the difference approach involves detecting the
tiny contribution of the substrate to the composite enzyme-
substrate spectrum, the parent spectra must have a high
signal-to-noise ratio and be very stable. In practice, this
becomes a severe limitation to general applicability. How-
ever, we have shown recently that single crystals are an ideal
platform for the Raman difference approach. Using a Raman
microscope, very high signal-to-noise ratio data sets are
obtained that have very low and stable underlying spectral
backgrounds. Thus, it has become almost routine in our
laboratory to “follow” ligands soaking into crystals, via the
Raman difference spectrum, occurring at room temperature
on the time scale of tens of seconds. While the Raman data
themselves provide unique insight into ligand binding, at the
same time they become a powerful aid to X-ray crystallo-
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graphic experiments. Since the Raman data provide quantita-
tive estimates of the species in active sites in the crystal,
they define the conditions for soaking and flash-freezing and
for subsequently determining the structures of well-defined
enzyme-inhibitor or enzyme-substrate complexes.

Historical Background

While the use of a Raman microscope in obtaining Raman
difference data from crystals is a recent innovation, spec-
troscopists realized soon after the introduction of lasers that
single-crystal Raman spectroscopy was feasible. In the early
1970s, Yu and co-workers compared the crystal and solution
Raman spectra for proteins such asR-lactalbumin, insulin,
and glucagon (4 and references therein). In these heroic
studies, protein single crystals were mounted in a cuvette
or glass vial, positioned “by eye” at the focal point of the
fore-optics, that is, directly at the front of a standard Raman
instrument. The work provided some of the earliest evidence
that the main chain structures of proteins in crystals are
similar to those in solution and crystallization has no de-
tectable effect on the backbone conformation. Small differ-
ences observed between crystal and solution Raman data
were interpreted in terms of changes in amino acid side chain
conformations. In a similar way, resonance Raman spec-
troscopy was used to study the heme moieties in cytochrome
P450 and myoglobin protein crystals (5, 6). The active site
heme structures were found to be identical for the crystal
and solution phase. The 1980s and 1990s heralded new
technologies permitting the development of Raman micros-
copy, where an optical microscope is coupled to a Raman
spectrometer to collect Raman signals from sample regions

as small as a few micrometers across. This found applications
in cell biology (7, 8) as well as in heme protein crystal
studies. Most of the latter involved the peroxidase family
(9), and since they were carried out under resonance Raman
conditions, very low laser power had to be used to minimize
photodegradation induced by the laser beam. Only a handful
of nonresonance Raman microscopic studies of protein
crystals were reported in the 1980s and 1990s. G. J.
Thomas’s group found small differences in the Raman
intensities of side chains of subunits in the empty capsid of
bean pod mottle virus (10) and in theFf gene V protein (11)
in crystalline and solution states. These differences were
interpreted as the result of changes in a small number of
side chain environments between crystal and solution, finding
a parallel to Yu’s early work. In a study of crystalline DNA-
protein complexes, Peticolas and co-workers (12) were able
to detect major changes in the conformation of oligonucle-
otide d(TCGCGAATTCGCG) binding to the restriction
endonucleaseEcoRI. Importantly, there were two technical
advances in the 1990s: the introduction of red light sensitive
charge-coupled photon detectors and holography-based notch
filters that blocked unwanted elastically scattered photons.
Together, these innovations greatly increased the sensitivity
of Raman microscopes in the red (600-800 nm) region of
the spectrum. This was a critical breakthrough because the
Raman microscope could now be operated using laser
excitation in the red part of the spectrum, providing protein
spectra free from the weak luminescence background that
often accompanies excitation in the blue/green (near 500 nm).

FIGURE 1: Raman microscope coupled to a krypton laser and a spectrometer. Both video images and spectral data can be displayed in real
time on the computer screen. Also shown is a magnified view of a protein crystal in a hanging drop under the microscope objective.
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The Experiment

A schematic of our Raman microscope is shown in Figure
1. Crystals are usually grown in, or transferred to, hanging
drops in a 24-well tray of the kind used by X-ray crystal-
lographers. The tray is placed on the microscope stage, and
the crystal in each drop can be viewed via a long focal length
objective and a video charge-coupled device (CCD)1 camera
for optical imaging. A laser beam is introduced on the
microscope’s optical axis using a fiber optic, and the beam
focused on the crystal can be viewed on the computer
monitor. This provides the degree of experimental control
needed since the crystals and focal spot are usually too small
(on the scale of tens of micrometers) to be viewed by the
naked eye. In the next step, the standard illuminating source
is blocked and the backscattered light from the focal spot
goes back through the microscope and, via optical filters and
a second fiber optic, is fed into a Raman spectrograph. The
Raman spectral image at the CCD photon detector then
appears on the computer monitor providing the Raman
spectrum associated with the focal spot on the crystal. The
microscope is operated in the nonconfocal mode to maximize
light throughput, and the focal volume is typically 20µm in
diameter and 50µm in depth that determines a minimal
crystal dimension of 30µm for optimal spectral quality. For
most systems, it takes∼100 s to collect a complete data set,
using 100 mW of 647.1 nm Kr+ laser excitation at the
sample. When Raman difference spectroscopy is undertaken,
care must be exercised to perturb the crystal as little as
possible when introducing the ligand into the liquid sur-
rounding the crystal. Moreover, it is important to bear in
mind that the intensity of Raman scattering may be dependent
on the relative orientations of the crystal axes and the laser
beam, a factor that can be used to facilitate the Raman differ-
ence method (13), but which can also lead to uncontrolled
changes in Raman intensity, if not taken into account (14).

There are two main reasons why the Raman microscope
is so effective and can obtain Raman difference data from
complexes that do not yield results in solution. The first is
concentration; proteins in crystals are typically at 10-60
mM, which is a range more than 1 order of magnitude higher
than maximum solution concentrations. The second is that
the microscope, coupled with a red or deep-red excitation
source, yields Raman spectra with very low spectral back-
grounds that are, moreover, stable (the background does not
fluctuate slowly with time). These conditions give rise to
sensitive and reproducible Raman difference experiments.

Soaking in, Soaking out. Quantitating Ligand Binding in
the Crystal

The Raman difference spectra can be used to follow the
introduction of ligands into the crystals by “soaking in”.
Ligand is added to the mother liquor surrounding an
apocrystal to give a final concentration in the 5-15 mM
range. By recording sequential Raman difference spectra
from the crystal, we see that features from the ligand increase
in intensity with time until all the enzyme molecules have a

ligand in their active sites. As an example, consider the
binding of substrate to the 12S subunit of the enzyme
transcarboxylase (TC) (15). TC is a multisubunit enzyme
that catalyzes the overall transfer of carboxylate from
methylmalonyl-CoA (MM-CoA) to pyruvate to form oxalo-
acetate and propionyl-CoA. In the first half-reaction, the 12S
subunit transfers a carboxylate group from MM-CoA to a
biotin group on transcarboxylase’s 1.3S subunit (eq 1)

In solution, 12S functions as a hexamer with a total
molecular mass of 336 000 Da, and single crystals of the
protein retain the hexameric motif (16). MM-CoA can be
soaked into the crystal, and in the absence of 1.3S-biotin,
no reaction occurs. In the Raman spectrum of MM-CoA in
Figure 2A, the most intense modes are due to the adenine
moiety on CoA since this is a strong Raman scatterer. The
adenine feature at 724 cm-1 can be used to follow the time
course of soaking in (17). In a 5 mM bath of ligand, the
intensity of the 724 cm-1 band increases as MM-CoA
penetrates the 12S crystal and reaches a saturation level in
∼1 h. Unbound ligand within the crystal is essentially
undetected since it is present at less than 2 mM, a concentra-
tion that gives only very weak signals under the Raman
microscope. Thus, the intensity of the 724 cm-1 peak is
directly proportional to the concentration of MM-CoA bound

1 Abbreviations: TC, transcarboxylase; MM-CoA, methylmalonyl-
coenzyme A; UK, urokinase; PHBH,p-hydroxybenzoate hydroxylase;
p-OHB, p-hydroxybenzoic acid; 2,4-di-OHB, 2,4-dihydroxybenzoic
acid; CCD, charge-coupled device.

FIGURE 2: Raman difference spectra of methylmalonyl-CoA: (A)
[3.5 mM MM-CoA in water] minus [water], (B) [MM-CoA bound
to a single crystal of 12S, six molecules of substrate per hexamer]
- [apocrystal], (C) [MM-CoA bound to a single crystal of 12S,
two molecules of substrate per hexamer]- [apocrystal], and (D)
MM-CoA bound to a single crystal of 12S, obtained by subtracting
[2MM-CoA-12S] from [6MM-CoA-12S]. These spectra were
generated from the same crystal by a soaking-out experiment. Note
the derivative feature near 980 cm-1 in panel B is due to the
presence of sulfate anions.
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to active sites in the crystal. Using a standard plot of intensity
versus concentration for free MM-CoA in solution, the
intensity of the 724 cm-1 crystal feature yields 11.5 mM for
MM-CoA in the crystal. (This approach is only valid for
crystal complexes that do not show a strong dependence of
Raman intensity on crystal orientation, which is the case
here.) The X-ray crystallographic data show that the con-
centration of the 12S hexamer in the crystal is 2 mM, i.e.,
12 mM in monomer. Thus, after soaking had been carried
out for 1 h, a stoichiometric 1:1 complex has formed between
MM-CoA and each monomer.

Via replacement of the mother liquor containing MM-CoA
with substrate-free mother liquor or 60% ammonium sulfate
solution, soaking out occurs with the MM-CoA being
released and the 724 cm-1 band becomes undetectable after
30-60 min. These findings were highly useful in efforts to
determine the three-dimensional structure of 12S complexes.
Initially, 12S was cocrystallized with MM-CoA, but in the
resultant structure, although the CoA could be seen, electron
density from the MM group was absent. In the several weeks
that were required for the crystallization process, the MM
group was removed from the CoA by a slow hydrolysis step.
However, in light of the Raman results, CoA was soaked
out and fresh MM-CoA soaked in for 1 h. The crystals were
flash-frozen, and now electron density could be observed
for the MM moiety in the active site. Consonant with the
Raman difference data, there are six MM-CoAs bound per
12S hexamer (16).

MM-CoA is a fairly large molecule and takes up to 1 h to
diffuse fully into a 12S crystal. In other systems, smaller
ligands can diffuse in more rapidly. For example,â-lactams
diffuse fully into â-lactamase enzyme crystals in∼1 min
(18). Of course, solvent channel size and active site acces-
sibility are other factors affecting soak-in times.

Drug Compound Screening

If drug targets form crystals that are amenable to soak-in,
soak-out experiments, Raman crystallography can be used
to screen for the most effective inhibitor. This was first
demonstrated using the trypsin-like serine protease human
urokinase. Urokinase (UK) has been shown to be strongly
associated with tumor cells and to play a role in basement
membrane degradation. Furthermore, inhibitors of the en-

zyme have been reported to slow tumor metastasis as well
as the growth of the primary tumor. Thus, UK has been a
target for potent inhibitors that could be of value in cancer
therapy. One family of inhibitors developed recently at
Abbott Laboratories is based on naphthamidine as the parent
compound, and five members of the family are shown in
Scheme 1.

Using crystals supplied by our collaborators at Abbott, we
were able to obtain Raman spectra for all five inhibitors,
bound individually to crystals of UK. For each complex, data
are markedly superior to those obtained in solution (19). All
difference spectra of the bound inhibitors contain bands from
the naphthyl ring and amidine group, as well as other
functional groups. The Raman modes could be reproduced
by quantum chemical analysis, giving a firm interpretation
or prediction of the experimentally observed bands. In
particular, the calculations indicated that protonation of the
amidine group gives rise to a marker band near 1525 cm-1.
All complexes show this marker band, demonstrating that
the amidine is protonated (see Figure 3), information that
could not be obtained directly from X-ray crystallographic
analysis. In a screen-type experiment, a mixture containing

Scheme 1. Structures and Inhibition Constants of Urokinase Inhibitors

FIGURE 3: Results of a competitive inhibition experiment. Raman
difference spectrum of inhibitor(s) bound to a UK crystal, derived
from soaking in a mixture of five inhibitors.
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equimolar amounts of each of the five inhibitors was added
to the mother liquor containing a single crystal, and the
system was allowed to equilibrate fully before the crystal
with bound ligands was transferred to fresh mother liquor
and the Raman spectrum was recorded. The difference
spectrum in Figure 3 contains almost exclusively features
of compoundIV , indicating that this is the most effective
inhibitor in the group that was studied. Marker bands from
the other inhibitors, whose peaks are expected at the arrow
positions shown in Figure 3, are not detected. The finding
that compoundIV is the best inhibitor is consonant with the
Ki values determined in solution. This result suggests that
the active site in the crystal can be readily accessed via
solvent channels. Figure 3 demonstrates that Raman crystal-
lography can be used to screen for the most effective
inhibitor, while the spectroscopic data do, at the same time,
provide some insight into the chemistry of binding; in this
case, the Raman spectra provide unique evidence of proto-
nation of the amidine group.

Comparing Protein-Ligand Interactions in Crystals and
in Solution

Since the dawn of macromolecular crystallography half a
century ago, there have been arguments about how closely
structures derived from single crystals resemble those found
under more biologically relevant conditions, i.e., in solution.
Using Raman crystallography, we can now ask if protein-
ligand interactions vary between crystalline and solution
complexes. The enzymep-hydroxybenzoate hydroxylase
(PHBH) makes an intriguing case study since its flavin

cofactor migrates between two sites on the protein during
the catalytic cycle (20). In one site, the “in” conformation
(Figure 4), the flavin’s isoalloxazine ring is essentially buried
in a protein pocket. This form is present when the substrate
4-hydroxybenzoic acid (p-OHB) binds to PHBH. In contrast,
when the substrate analogue 2,4-dihydroxybenzoic acid (2,4-
diOHB) binds, the flavin ring is forced into the “out”
conformation (Figure 4) where it is surrounded by water
molecules. The Raman spectra for the isoalloxazine ring
modes are compared for the in and out forms in Figure 4,
and as can be seen, there are marked differences (21).
Examination of the Raman marker bands for the in conform-
ers in the solution and crystalline forms of the enzyme
revealed that they are indistinguishable. However, there are
small but significant differences in the positions of the out
marker bands (13). These differences were ascribed to
differences in the structure of the water molecules surround-
ing the flavin ring in solution and in the crystal. Another
general difference between the flavin modes from PHBH in
solution and single crystals is that crystallization results in
a narrowing of the band profiles, by up to 30%. The
narrowing is interpreted in terms of the protein being more
restrained in its dynamical movements in the crystalline
phase, and thus, the flavin ring exists in a more limited range
of closely related conformational states in the crystal than
in solution.

The relationship between Raman line widths and protein
dynamics has been explored further for insulin molecules
(22). Insulin, with a molecular mass of 5.8 kDa, normally
exists as a hexamer, but mutant forms can result in the

FIGURE 4: (A) Structures of the active sites of the PHBH complexes. Putative hydrogen bonds are depicted with dotted lines, and water
molecules are shown as red spheres: (top) holo-PHBH withp-OHB (in conformation) and (bottom) holo-PHBH with 2,4-di-OHB (out
conformation). Structures were obtained from the Protein Data Bank [PDB entries 1PBE and 1DOD for holo-PHBH withp-OHB (in) and
holo-PHBH with 2,4-di-OHB (out), respectively]. (B) Raman difference spectra for FAD bound to a wild-type PHBH single crystal: (top)
holo-PHBH withp-OHB (in) and (bottom) holo-PHBH with 2,4-di-OHB (out).
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appearance of entirely dimeric or monomeric species in
solution. The amide I profile was taken as a measure of
conformational heterogeneity, with line broadening attributed
to a wider range of rapidly interconverting conformational
states. The observation that the amide I profile narrowed
progressively upon going from monomer to dimer to hexamer
in solution and finally to hexamer in the crystalline phase
was ascribed to the progressive mechanical damping of
insulin chain fluctuations with an increase in the extent of
insulin assembly.

Protein Conformational Changes in Single Crystals

When ligands soak into crystals and bind to active sites,
there is often a change in protein conformation accompanying
binding. This is usually reversible and may be localized
around the active site or transmitted throughout larger
segments of the protein. We will illustrate this using, again,
the example of MM-CoA binding in crystals of the 12S
subunit of transcarboxylase. In addition, during the course
of hundreds of experiments on single crystals, we have found
serendipitously that ligand binding, and other effects, can
occasionally bring about catastrophic changes in protein
conformation within the crystal when most or all of the
secondary structure in the crystal is irreversibly converted
to â-sheet.

CooperatiVe Conformational Change Induced by Binding
of MM-CoA to 12S.Binding of MM-CoA to the active sites
within a 12S crystal leads to a modest conformational change
in the protein (17). As a consequence of the conformational
change, the protein’s Raman spectrum changes, and in the
Raman difference spectrum ([protein+ ligand] minus
[protein]), the difference between the protein modes does
not equal zero. In this kind of experiment, ligand modes
always appear in the “positive” direction (above the baseline),
while protein features usually appear in the positive and
negative directions. This is seen clearly in the Raman
difference spectrum in Figure 2B, where many features are
assigned by Zheng et al. (17) to peptide group motions and
to aromatic side chains (whose environments have been
modified by MM-CoA binding). Most band assignments are
accurate, being based on 30 years of knowledge available
in the protein Raman literature and extensive recent studies
in Raman crystallography. One limitation of the data on
conformational change is that unless site-directed isotope
editing is used (23) it is not possible to determine the region
in which the protein conformational change is occurring.
However, the intensity of the amide modes in the difference
spectra allows us to estimate that the conformational change
involves only a few percent of the total peptide linkages.

As discussed earlier, the adenine peak near 724 cm-1 can
be used to quantitate the amount of bound MM-CoA and
Figure 2B allows us to determine that there are six MM-
CoAs per hexamer, resulting from a prolonged soaking-in
experiment. Figure 2C shows from a soak-out experiment
that only two molecules of MM-CoA per 12S hexamer are
left. Although the ligand modes are greatly reduced in
intensity, the protein bands in the difference spectrum are
unchanged. This was an early indication that MM-CoA
binding brings about a cooperative change in protein
conformation. This has been confirmed by carefully titrating
MM-CoA into crystals of 12S and, in separate experiments

in solution, by isothermal calorimetry (unpublished results
from this laboratory). A complete conformational change
occurs upon binding one to two MM-CoAs per hexamer,
and no further change is observed when the next four ligands
bind in the hexamer. The cooperative conformational change
is linked intimately with the labile COO- group on the
methylmalonyl group since binding of the product, propionyl-
CoA (eq 1), does not bring about a conformational change.
The availability of difference spectra (Figure 2B,C) allows
us to subtract spectrum C from spectrum B, which eliminates
the protein modes and leaves the spectrum of just bound
MM-CoA without any contribution from the protein; this is
seen in Figure 2D.

MassiVe Conformational Changes within Crystals.The
precise positions of Raman amide I and III bands are
distinctive for â-sheet andR-helical secondary structures,
and in addition,R-helices show characteristic Raman intensi-
ties near 1340 and 940 cm-1. Thus, it is trivial to identify
these marker bands in single-crystal spectra. In 2000, Raman
crystallographic studies commenced on transcarboxylase’s
other major subunit, the so-called 5S, a 120 kDa dimer that
converts bound pyruvate to oxaloacetate using CO2

- from
carboxybiotin (15). We were puzzled by the observation that
the secondary structure Raman markers appeared to be very
different for 5S from crystal to crystal. This was so different
from our experience with many other crystal samples that
we ignored the problem for some time. However, the under-
lying cause of the apparent variation in secondary structure
was subsequently identified. The crystals grown at pH 7.0
showed a clear mixture ofâ-sheet andR-helical secondary
structure Raman markers. But when the pH in the surround-
ing mother liquor to was reduced 5.0, the intensity of the
R-helical markers declined dramatically, while those due to
â-sheet increased (24). Figure 5 shows the decrease in the
intensity of the characteristicR-helical feature near 940 cm-1

over a period of 4 h. This effect is irreversible.
Subsequently, we were able to show similar effects for

other proteins, but using very different sets of perturbants.
Insulin is ∼50% R-helical, but when the S-S linkages in
the crystal are reduced to SH, allR-helical markers disappear
from the Raman spectrum of the crystal and are replaced by

FIGURE 5: Time-dependent changes of Raman intensity at the helix
marker band at 940 cm-1 from the 5S subunit of transcarboxylase
after the pH is reduced from 6.5 to 4.5. The Raman intensity at
1450 cm-1 is used as a reference.
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â-sheet bands. The behavior of the 12S subunit is even more
bizarre (24). 12S crystals do not appear to be sensitive to
pH changes, and they undergo only small reversible con-
formational changes upon binding the substrate MM-CoA.
However, when both substrates, MM-CoA and biotin, are
added to the mother liquor around 12S crystals, the protein
converts from a mixture ofR-helix andâ-sheet to entirely
â-sheet.

Though we are far from understanding the mechanics of
these wholesale conformational changes, all three proteins
examined thus far, 12S, 5S, and insulin, share the same
properties in theirâ-sheet-converted forms. (1) The change
to predominantlyâ-sheet is irreversible. (2) The crystal
morphology remains unchanged, but it no longer diffracts
X-rays. (3) The crystal’s solubility is greatly diminished. (4)
The converted crystals can be stained with Congo red and
thioflavin S, whereas the native crystals cannot.

These factors suggest that proteins in crystals can undergo
relatively massive conformational changes to formâ-sheet
secondary structure and that intermolecular sheets are likely
formed. The effect occurs only rarely and is catalyzed by
widely divergent conditions, and it is difficult to characterize
by any other means apart from Raman microscopy, mostly
due to the loss of solubility and diffraction. The observed
changes are not due to an increase in temperature caused by
a laser beam; the temperature in the hanging drop increases
by ∼10°C during irradiation, but the conformational changes
occur only after addition of the appropriate chemical per-
turbant.

Reaction Intermediates in Crystals:â-Lactamases and
Drug Resistance

Raman crystallography can identify and follow the popu-
lations of reaction intermediates in single crystals. For this
to be effective, the reactions must occur on time scales of
longer than 1 min. The time scale is set by the need to
accumulate the Raman data forg1 min on the CCD detector.
The other complication arises from possible population
heterogeneity in the crystal caused during substrate soak-
ins by the reaction occurring near the surface of the crystal
prior to the substrate reaching the middle of the crystal.
However, if these limitations do not apply, or can be
overcome, the approach is very powerful.

At this time, the best developed example concernsâ-lac-
tamase enzymes reacting with three drugs that are used
widely in the clinic (25, 26). Penicillin and its analogues
kill bacteria by interfering with cell wall synthesis. However,
bacteria produce enzymes,â-lactamases, that hydrolyze
penicillin before it can attack the bacterium. Therefore, it is
standard clinical practice to prescribe a second drug with
penicillin that will block the active site of theâ-lactamase.
However, in turn, bacteria produce mutated forms ofâ-lac-

tamase that are not blocked by the inhibitor drug. This is a
major source of drug resistance. A main goal of the Raman
crystallographic analysis ofâ-lactamase-drug reactions is
to compare the reactions involving wild-type and mutant
enzymes and thus elucidate the molecular determinants of
drug resistance.

The three commonly usedâ-lactamase inhibitors are
shown in Scheme 2. They are known as suicide, or mech-
anism-based, inhibitors because they react chemically with
the enzyme via a complex reaction pathway. Although the
latter has been mapped out in some detail over the past 30
years, key questions remain unresolved. In the context of
drug resistance, which species on the reaction pathway are
most effective in inhibiting the enzyme, and do single-site
mutations affect the structure or populations of intermedi-
ates, or both of these properties? These reactions can be
studied by Raman crystallography because important inter-
mediates are formed on the time scale of minutes to tens of
minutes and because the substrates soak into the crystals
in only ∼1 min, minimizing the effect of kinetic heterogene-
ity within the inner and outer layers of the crystal. Initial
studies utilized a single mutated form of the enzyme (E166A)
that has a deacylation step on the pathway blocked by re-
moval of E166. Thus, the intent is to focus initially on
the acyl-enzyme species that exists in the reaction scheme
(18).

Figure 6 compares the Raman spectrum of the free drug
tazobactam with the Raman difference spectrum for tazo-
bactam infusing into an E166A lactamase crystal for 2 min
and for 28 min. The Raman difference spectra contain few
modes that can be assigned to the parent tazobactam. A key
observation is that there is no trace of the lactam CdO stretch
near 1780 cm-1, showing that lactam ring opening has
occurred within the dead time of our experiment, essentially
2 min. A peak grows in with time at 1593 cm-1 (18); detailed
analysis using NH-ND exchange and quantum mechanical
calculations assigned this feature to a stretching vibration
from the trans-enamine species (see Scheme 3). All three
inhibitors exhibited a peak in this region, and we were able
to use its intensity variation to follow population changes
for the intermediates in the crystal. These are shown in Figure
7. Interestingly, tazobactam, the compound with the greatest
clinical efficacy, has the highest build-up of thetrans-
enamine species.

Being able to follow population changes in crystals is of
very great value for X-ray crystallographic studies. Prior to
the Raman crystallographic analysis, crystallographers fre-
quently flash-froze crystals to trap intermediates during soak-
in experiments. However, this was necessarily very much
on a hit-and-miss basis. Now, however, Raman data can
guide the conditions and time for flash-freezing. Figure 7
shows that the putative enamine population for tazobactam

Scheme 2: Structure ofâ-Lactamase Inhibitors
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reaches a maximum at∼28 min. Using the 28 min soak time,
our crystallographer colleagues were able to trap a stoichio-
metric tazobactam-â-lactamase complex with onetrans-
enamine per active site (27). A cartoon of the active site
derived from this structure is shown in Scheme 4. The
structure reveals favorable interactions involving tazobac-
tam’s SO2 group and triazolyl rings. However, sulbactam
lacks a triazolyl ring, and clavulanic acid lacks both the ring
and an SO2 group. This may in part explain why tazobactam
is a superior inhibitor; it may form a more stable enamine
and thus more effectively block the active site.

Future Possibilities and Limitations

The examples described above offer evidence that Raman
crystallography may be applied to a wide range of systems.
Although it can have a powerful synergy with X-ray
crystallographic analysis, X-ray diffraction quality crystals
are not needed, so for example, Raman difference data can
be obtained from twinned crystals or microcrystalline
powders. The difference Raman approach is most facile when
ligands can be soaked in and soaked out of crystals. However,
with careful attention to crystal alignment, Raman difference

data can be obtained from two crystals, one in the apo form
and the other containing the ligand. The best data are
collected from systems in which the target ligand is a strong
Raman scatterer, and this usually means that the ligand has
a delocalizedπ-electron chain. Thus, ligands lacking any
conjugation, for example, carbohydrate-based compounds,
present a greater challenge.

Our microscope system provides acceptable signal-to-noise
ratio data with data accumulation for∼100 s. Technical
improvements may reduce this by a factor of 10, but
subsecond data accumulation, at least for nonresonance
Raman spectra, is not on the immediate horizon. An
imminent development in the field is Raman cryocrystal-
lography. Flash-freezing crystals to extend the lifetime in
the X-ray beam and to improve resolution is a routine
procedure in X-ray crystallography. However, there is
concern that flash-freezing may perturb the native room-
temperature conformation, at least at the level of side chain
conformations (28). Low-temperature Raman crystallography
is well poised to address these concerns, and we have shown

FIGURE 6: Raman difference spectra of free tazobactam (top trace)
and tazobactam soaking into an E166Aâ-lactamase crystal at
different times (middle and bottom traces). The vertical bar denotes
a 2000-photon event.

Scheme 3: Two Possible Acyl-Enzyme Enamine Species
in the E166A Lactamase Crystal

FIGURE 7: Time dependence of enamine peak height near 1593
cm-1 (normalized to the amide I band) for the E166A crystal and
three inhibitors in H2O: (red circles) tazobactam, (green triangles)
sulbactam, and (blue squares) clavulanate.

Scheme 4: Diagram of Tazobactam Bound to the E166A
Mutant of SHV-1â-Lactamasea

a Hydrogen bonds are highlighted as dotted lines, and the hydro-
phobic van der Waals interactions between Y105 and the triazolyl ring
and methyl moieties of tazobactam are depicted with the hatched curved
line.
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recently that high-quality Raman spectra of lysozyme, with
cryoprotectant, can be obtained in a cold nitrogen stream at
150 K (unpublished data from this laboratory).
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