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ABSTRACT: The Raman spectra of purine ribonucleoside as well as a stable model compound (1-methoxyl-
1,6-dihydropurine ribonucleoside), free in solution and bound into its complex with adenosine deaminase
(ADA), have been studied by Raman difference spectroscopy. Using purine riboside analogues labeled
with 15N1 or 13C6 and the theoretical frequency normal-mode analyses of these molecules using ab initio
quantum mechanic methods, we have positively identified many of the Raman bands in the enzyme-
bound inhibitor. The spectrum of the enzyme-bound inhibitor is consistent with the enzyme-catalyzed
hydration of the purine base to yield 1-hydroxyl-1,6-dihydropurine ribonucleoside, as suggested earlier
by X-ray crystallographic studies. In addition, the Raman data and subsequent vibrational analyses show
that the binding-induced Raman spectral changes of the inhibitor can be modeled by the formation of a
strong hydrogen bond to its N1-H bond. This hydrogen bond, apparently between the N1-H of the
inhibitor and the Oδ1 of Glu217 in ADA, causes a substantial N1-H bending frequency increase of
about 50-100 cm-1 compared to its solution value, and this results in an estimated enthalpy of the hydrogen
bond of 4-10 kcal/mol. The relationship of transition state stabilization in the catalytic strategy of this
efficient enzyme to such a bonding pattern is discussed.

Adenosine deaminase (ADA)1 catalyzes the hydrolysis of
adenosine or deoxyadenosine to their respective inosine
product and ammonia. Purine ribonucleoside is a competi-
tive inhibitor of adenosine deaminase, with an apparent
inhibition constant of 2.8× 10-6 M (1). Carbon-13 NMR
measurements have suggested that in its complex with
adenosine deaminase, purine ribonucleoside (Scheme 1) is
hydrated at the N1 and C6 positions to yield 6-hydroxyl-
1,6-dihydropurine ribonucleoside (DHPR) (2). Subsequent
X-ray crystallographic studies have confirmed this suggestion
(3). The structure of the ADA/6-hydroxyl-1,6-dihydroxy-
lpurine ribonucleoside (ADA-DHPR) complex shows that
the bound inhibitor is tightly held in place by nine hydrogen
bonds and by a coordination of the 6-hydroxyl group to a
zinc ion (3). Since the deamination reaction pathway is
expected to have a transition state (or intermediate) in which
N1 is protonated and C6 becomes tetrahedral, the ADA/
DHPR complex is believed to be a very good transition state
(or intermediate) analogue (3). Correcting the apparent

inhibition constant for the unfavorable hydration equilibrium
(4), the true affinity of the hydrated purine riboside,Ki )
1.6× 10-13 M, approaches that expected for the transition
state of the deamination reaction (Kts ) 3 × 10-17 M).
Since the purine ring is hydrated when PR binds to ADA,

the aromaticity of the pyridinium ring of the purine hetero-
cycle is expected to be disrupted. We report here Raman
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difference spectroscopic studies (for a review, see5) of the
ADA/DHPR complex and compare them with data from
similar studies of model compounds and the predictions of
theoretical calculations using ab initio methods. Large
changes in the PR Raman spectrum are observed upon
binding, and the results confirm that the hydration of the
inhibitor occurs upon binding as suggested in the previous
NMR and crystallographic studies. In addition, the results
suggest that the interaction between ADA and bound DHPR
involves a strong hydrogen bond to the N1-H bond of
DHPR, which is at least partly responsible for transition state
stabilization in the catalytic strategy of this efficient enzyme.

MATERIALS AND METHODS

Materials. Mouse adenosine deaminase was overex-
pressed inE. coli and harvested and purified according to
the procedure described previously (6). 1,6-Dihydro-6-
(hydroxymethyl)purine riboside (DHMPR) was prepared and
fractionated into diastereomers according to published meth-
ods, and theS isomer, which has a dissociation constant of
0.29 × 10-6 M with ADA, was used in our Raman
experiments (7). [13C6]Purine riboside was synthesized as
previously described (2). [15N1]Purine riboside was prepared
from [15N1]hypoxanthine following the same procedures for
preparing the nucleoside from the base as were used for the
13C6 compound. [15N1]Hypoxanthine was prepared using
15NH4OH (28-30% aqueous solution, Isotec Inc.) based on
the published methods (8, 9). The ADA sample in 50%
glycerol was first dialyzed in 20 mM tris, 10µM ZnCl2,
and 0.2 mM DTT buffer at pH7.5. After dialysis, the sample
was concentrated by a Centricon30 centrifuge concentrator
to 4 mM. The deuterated sample was prepared by washing
the concentrated sample in Centricon30 twice with the above
buffer prepared in D2O. The inhibitor was then added to
the enzyme sample so that the final concentration ratio of
ADA/inhibitor was about 4 mM/3.5 mM. The following
extinction coefficients were used to calculate the sample
concentrations: for ADA,ε280 ) 45 000 M-1 cm-1; for
DHPR, ε263 ) 7350 M-1 cm-1; for DHMPR, ε297 ) 4590
M-1 cm-1.
Spectroscopy.The Raman spectra were measured using

an optical multichannel analyzer (OMA) system. The OMA
system uses a Triplemate spectrometer (Spex Industries,
Metuchen, NJ) with a Model DIDA-1000 reticon detector
connected to an ST-100 detector (Princeton Instruments,
Trenton, NJ). Details of the system can be found elsewhere
(10). The 514.5 nm line from an argon ion laser (Model
165, Spectra Physics, Mountain View, CA) was used to
irradiate the sample (∼100 mW). Separate spectra for
enzyme and enzyme‚inhibitor complexes in solution, ap-
proximate concentration of 4 mM, were measured using a
special split cell (the volume of each side being about 30
µL) and a sample holder with a linear translator as previously
described (5). The spectrum in one side of the split cuvette
is taken, the split cell is translated, and the spectrum in the
other side is taken. This sequence is repeated until sufficient
signal-to-noise is obtained. A difference spectrum is gener-
ated by numerically subtracting the sum of the spectra
obtained from each side. In general, the two summed spectra
do not subtract to zero, as judged by the subtraction of well-
known protein marker bands (for example, the amide-I,
amide-III, and the 1450 cm-1 bands, the latter band being

especially useful since it is generally not affected by protein
conformational changes). These protein marker bands are
determined from their bandwidths (generally much broader
than those from spectra of bound substrates) and their
characteristic positions. Hence, one summed spectrum is
scaled by a small numerical factor, generally between 1.05
and 0.95, which is adjusted until the protein bands are nulled.
As an example, the summed spectra and the difference
spectra generated by numerical factors somewhat larger to
somewhat smaller than that used to generate the difference
spectrum in Figure 1c below are shown in the Appendix.
Also shown are the primary data and a control measurement
whereby the protein binary complex sample is used to
generate both the ‘sample’ as well as the ‘reference’ spectra.
Resolution of the spectrometer is 8 cm-1 for the present
results. The same control procedures were performed on
all the difference spectra with results herein. A spectral
calibration is done for each measurement using the known
Raman lines of toluene, and absolute band positions are
accurate to within(2 cm-1. None of the spectra presented
here have been smoothed.
Computational Methods.The ab initio Hatree-Fock

method (using 3-21 g or 6-31 g** basis set), as implemented
in Gaussian 94 (11), was used to optimize the geometry of
the model compounds of PR, DHPR, DHMPR, and DHPR
or DHMPR complexed with Cl- ion at a fixed position (see
Scheme 1). The vibrational normal modes were then
calculated on these geometrically optimized model com-
pounds. The ribose group (R in Scheme 1) is replaced by a
methoxyl group in these calculations to save computer time.
Our test runs on a full purine ribose suggest that the ribose
ring has only marginal effects on the frequencies of the
purine ring modes and especially small effects on the
vibrational modes related to the pyridinium ring motions.

RESULTS

The Raman Spectra of Purine Ribonucleoside.The Raman
spectra of PR in H2O and D2O are reported in Figure 1a,b,
respectively. The band at 868 cm-1 in Figure 1a shifts down
to 849 cm-1 when PR is suspended in D2O (Figure 1b). Since
there are no exchangeable hydrogens on the purine ring under
our experimental conditions, this band is assigned to the
vibrational mode of the ribose moiety. The weak band at
1380 cm-1 in Figure 1b is apparently related to the vibrations
of the ribose O-D groups. In previous Raman spectroscopic
studies, we have shown that the intensities of the vibrational
bands from the ribose moiety are generally weaker than those
from the purine base (e.g.,12). Thus, the intense bands in
Figure 1a at 797, 1104, 1305, 1358, and 1503 cm-1 can be
assigned to the vibrational modes from the heterocyclic
purine ring of PR.
Figure 1c,d shows the difference Raman spectra between

the ADA/PR complex and ADA, prepared in H2O and D2O,
respectively. These difference spectra contain Raman bands
from the bound inhibitor as well as from that of the enzyme
(positive or negative) since the protein structure is perturbed
upon binding of the inhibitor. Frequency differences in some
of the vibrational modes of the protein in the ADA/PR
complex and in ADA are expected. Our previous Raman
difference experiments on similar enzyme systems have
shown that the intensities of the protein bands in the
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difference spectrum between enzyme/inhibitor complex and
apoenzyme are typically on the order of 1% of the most
intense protein amide-I band (this broad band, located at ca.
1620-1680 cm-1, subtracts out in the difference spectra
presented herein) while the intensities of the major Raman
bands of purine-based nucleotides in such difference spectra
are larger, on the order of 3% or more (12, 13). Since the
intensities of several strong bands in the difference spectrum
between ADA/PR and apo-ADA, such as the bands at 1381,
1555, and 1620 cm-1 (Figure 1c), are more than 2% of the
intensity of the protein amide-I band, they can probably be
assigned to the vibrational modes of the ADA-bound PR.

To find out which of the other bands observed in the
difference spectrum between the ADA/PR complex and apo-
ADA (Figure 1c) are also from the bound inhibitor, isoto-
pically labeled PR’s (at N1 or C6 position) are used in the
following experiments. In these experiments, two Raman
spectra of ADA/PR complexes, one with the unlabeled and
the other with labeled PR, are obtained. The difference
spectrum between these two Raman spectra is then calcu-
lated. Such a difference spectrum only shows those bands
(generally a positive/negative derivative feature) associated
with the motions of the isotopically labeled atom. The
difference spectra between unlabeled PR and13C6- or15N1-
labeled PR spectra in H2O solution are shown in Figure 2a
or Figure 2b, respectively. Figure 2c and Figure 2d show
the difference spectra between ADA/PR and ADA/(13C6)-
PR and between ADA/PR and ADA/(15N1)PR, respectively,

obtained in H2O. The results of the same experiments
performed on the samples suspended in D2O are shown in
Figure 3.
The largest derivative feature in Figure 2a is the 1107/

1096 cm-1 pair, which indicates that the 1104 cm-1 band in
the solution PR spectrum (Figure 1a) is sensitive to13C
labeling at C6. Since this 1104 cm-1 band is also sensitive
to 15N labeling at N1 (Figure 2b), it can be assigned to the
N1-C6 stretching mode. The derivative feature at 1509/
1495 cm-1 in Figure 2a indicates that the band at 1503 cm-1

in Figure 1a is also sensitive to13C labeling at C6. Since
the 1503 cm-1 band is not sensitive to the15N labeling at
N1 (Figure 2b), its normal mode apparently contains C5-
C6 stretch motion. Other major solution PR bands in the
region above 1000 cm-1 in Figure 1a do not shift signifi-
cantly upon13C labeling at C6 and show little features in
Figure 2a. Thus, these bands have very limited contribution
from the motions of C6 in the purine ring. Similarly, based
on the derivative features found in the difference spectrum
presented in Figure 2b arising from the15N1 label, the
solution PR bands at 1255, 1358, 1458, and 1590 cm-1

(Figure 1a) involve motions of N1. Furthermore, it can be

FIGURE 1: (a) Raman spectrum of PR in H2O solution (200 mM)
at 4 °C pH 7.5. (b) Same as in (a) except the sample was in D2O.
(c) Difference Raman spectrum between ADA/PR and ADA
([ADA]/[PR] ) 4 mM/3.5 mM) at 4°C in 20 mM Tris buffer, pH
7.5; and (d) same as in (c) except the sample was prepared in D2O.

FIGURE 2: (a) Difference Raman spectrum between PR and (13-
C6)PR in H2O. The sample conditions are the same as in Figure
1a. (b) Difference Raman spectrum between PR and (15N1)PR in
H2O. (c) Difference Raman spectrum between ADA/PR and ADA/
(13C6)PR in H2O. The sample conditions are the same as in Figure
1c. (d) Difference Raman spectrum between ADA/PR and ADA/
(15N1)PR in H2O. The sample conditions are the same as in Figure
1c. The frequencies in parentheses are the band positions of the
isotopic labeled PRs in solution (a and b) and in the difference
spectra between its ADA complex and ADA (c and d).
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seen that these bands are not sensitive to the13C labeling at
C6 of the purine ring (see Figure 2a); thus, they are not
related to C6 motion. Since all features in Figure 2a,b are
reproduced in Figure 3a,b, respectively, where the samples
are suspended in D2O, we conclude that there is no
exchangeable hydrogen on N1 for PR in solution, as
expected.
In the difference spectrum between the two enzyme/

inhibitor complexes, with unlabeled and13C6-labeled PR,
there are four derivative features at 1258/1248, 1384/1372,
1562/1546, and 1622/1611 cm-1, respectively (Figure 2c).
Since these derivative features must be from the vibrational
modes involving the motions of the C6 atom of the PR bound
in ADA, we thus confirm that the major bands at 1381, 1555,
and 1621 cm-1 in the difference spectrum between ADA/
PR and apo-ADA (Figure 1c) are indeed due to the
vibrational modes from bound PR. Furthermore, this
spectrum also shows that the relatively weak band at 1256
cm-1 in Figure 1c originates from the bound PR. There are
three derivative features at 1250/1239, 1560/1538, and 1621/
1610 cm-1 in the difference spectra between the enzyme
complexes with unlabeled and15N1-labeled PR (Figure 2d).
Such results indicate that the bands at 1555 and 1621 cm-1

in the bound PR spectrum (Figure 1c) are vibrational modes
associated with both the N1 and C6 motions of the purine
ring. In contrast, the 1258 and 1385 cm-1 bands in the bound
PR spectrum (Figure 1c) are vibrational modes that have little
or no contribution from N1 motion while the band at 1248
cm-1 in Figure 1c is due to a vibrational mode which
involves N1 but not C6 motion.
When the difference spectrum between ADA/PR and

ADA/(13C6)PR is obtained from the samples prepared in
D2O, three of the four derivative features at 1257/1247, 1385/
1375, and 1561/1552 cm-1 (Figure 3c) are virtually un-
changed from those in Figure 2c while the derivative feature
at 1614/1606 cm-1 is a few cm-1 lower than its counterpart
in Figure 2c at 1622/1611 cm-1. This suggests that the
bound PR band at 1621 cm-1 (Figure 1c), which shifts down
to 1613 cm-1 (Figure 1d) upon deuteration of the sample, is
likely associated with an N-H bending motion of the bound
purine ring. In other words, one of the purine nitrogens is
protonated when PR is bound to ADA. This conclusion is
strengthened by the difference spectrum between ADA/PR
and ADA/(15N1)PR complexes prepared in D2O (Figure 3d).
In this difference spectrum, a new major derivative feature
at 1407/1395 cm-1 (Figure 3d) appears which is not observed
in Figure 2d. In addition, the derivative feature at 1250/
1239 cm-1 in Figure 2d disappears when the sample is
deuterated (Figure 3d).
The differences between the Raman spectra of PR in

solution (Figure 1a,b) and PR bound in ADA (Figure 1c,d)
are simply too drastic to be explained by the vibrational mode
shifts of the same molecule in a different environment. In
a normal case, except for the frequencies related to a few
highly polarizable bonds, such as CdO, CdN, N-H, and
O-H bonds, most of the Raman bands of a ligand shift by
less than 20 cm-1 upon binding to a protein, and the general
spectral pattern is preserved (unless new covalent bonds are
formed). In the present study, the two major solution purine
bands at 1305 and 1503 cm-1 in Figure 1a can only find
their possible counterparts more than 50 cm-1 away in the
bound PR spectrum (see frequency-labeled bands in Figure
1c), and the other two major bands at 797 and 1104 cm-1 in
the solution PR spectrum (Figure 1a) have completely
disappeared for ADA-bound PR (Figure 1c). Furthermore,
none of the Raman bands of the purine ring that are related
to motions of either N1 or C6 is sensitive to the deuteration
of PR in solution (compare Figure 2a,b with Figure 3a,b,
respectively) while there are two deuteration-sensitive bands
of ADA-bound PR, at 1256 and 1621 cm-1 (compare Figure
2c,d with Figure 3c,d, respectively).
On the bases of above observations, we conclude that the

molecular structure of the purine ring undergoes large
changes when PR binds to ADA and, moreover, one of the
purine ring nitrogens protonates. One possible change of
the purine ring upon PR binding to ADA is the addition of
a hydroxide group to the C6 carbon to form 6-hydroxyl-
1,6-dihydropurine (DHPR), as suggested by NMR and X-ray
crystallographic studies (2, 3). Since the aromaticity of the
pyridinium ring in the purine moiety is destroyed upon the
addition of the hydroxyl group on C6, large vibrational mode
pattern changes are expected. However, DHPR is unstable
in solution (4). To find out the changes that occur
spectroscopically when purine is hydrated to yield DHPR,
Raman measurements on a stable model compound, 6-meth-

FIGURE 3: (a) Difference Raman spectrum between PR and
(13C6)PR in D2O. The sample conditions are the same as in Figure
1b. (b) Difference Raman spectrum between PR and (15N1)PR in
D2O. (c) Difference Raman spectrum between ADA/PR and ADA/
(13C6)PR in D2O. The sample conditions are the same as in Figure
1d. (d) Difference Raman spectrum between ADA/PR and ADA/
(15N1)PR in D2O. The sample conditions are the same as in Figure
1d. The frequencies in parentheses are the band positions of the
isotopic labeled PRs in solution (a and b) and in the difference
spectra between its ADA complex and ADA (c and d).
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oxyl-1,6-dihydropurine ribonucleoside (DHMPR), were con-
ducted both in solution and in enzyme.
Figure 4a and Figure 4b show the Raman spectra of

DHMPR in H2O and in D2O, respectively. The band at 864
cm-1 in Figure 4a, which shifts down to 847 cm-1 upon
sample deuteration (Figure 4b), can be assigned to the ribose
mode which is analogous to the band at 868 cm-1 in the PR
spectrum (Figure 1a). Since the intensities of the Raman
bands of 6-methoxyl-1,6-dihydropurine are higher those of
ribose, most of the major Raman bands, especially the bands
at 1583 and 1622 cm-1, can be assigned to the vibrational
modes of the dihydropurine ring.
Figure 4c and Figure 4d show the difference Raman

spectra between ADA/DHMPR and ADA in H2O and D2O,
respectively. It is obvious that the spectrum of the ADA-
bound DHMPR (Figure 4c) is very similar to that of the
ADA-bound DHPR (Figure 1c). Based on such spectral
similarities, it is reasonable to suggest that the ADA-bound
DHPR also contains a 1,6-dihydropurine ring, and in
addition, the major Raman peaks at 1262, 1381, 1446, 1548,
and 1618 cm-1 in Figure 4c can be assigned to the vibrational
modes of bound DHMPR. Upon deuteration of the enzyme
complex, several changes are observed: a new Raman band
appeared at 1401 cm-1 (Figure 4d), analogous to the band
at 1404 cm-1 in solution (Figure 4b); the 1548 cm-1 band
in Figure 4c shifts up by 7 cm-1 to 1555 cm-1 (Figure 4d);
and the 1618 cm-1 band in Figure 4c shifts down by 3 cm-1

to 1615 cm-1 (Figure 4d). Comparing the spectrum of
DHMPR in solution and in ADA in the double bond stretch
mode region (1500-1700 cm-1), it can be seen that the
largest changes occur to the band at 1583 cm-1 (Figure 4a).

This band not only shifts down by 35 cm-1 upon binding
(Figure 4a,c) but also has an upward deuterium shift (Figure
4c,d), opposite of that observed in solution (Figure 4a,b).
Table 1 summarizes the positions of bands, and their shifts

upon isotopic labeling, in the 1500-1700 cm-1 region for
DHMPR in solution, and for DHPR or DHMPR bound to
ADA. Since CdC or CdN stretches are expected in this
region, the two observed modes should contain C2dN3,
C4dC5 stretches or their combinations (see Scheme 1). It
is well-known that the N-H bending motion of a CdN-H
moiety can strongly couple with the CdN stretch because
the stretch and bend frequencies are often quite close. Such
coupling is substantially decreased by deuterium exchange
of the hydrogen, resulting in a downshift of the N-H bend
and either a downward or an upward shift of the CdN stretch
mode depending if the intrinsic N-H bend frequency is
below or above the CdN stretch, respectively. Mode-mode
coupling generally ‘pushes’ apart the frequencies of the two
modes. For example, deuterium exchange of protonated
Schiff bases results in downshifts of the CdN stretch mode
of 12-35 cm-1 (14-16), depending on the compound and
the environment of the Schiff base. Although the exchange-
able hydrogen in DHPR or DHMPR is not on the CdN bond
(Scheme 1), there is apparently significant coupling between
N1-H bending and the mode containing C2dN3/C4dC5
stretching motions, which is likely fairly delocalized (see
below).
For DHMPR in solution, the 1622 cm-1 mode is es-

sentially unaffected by deuteration of N1-H while the 1583
cm-1 mode shifts down by 7 cm-1 (Figure 4a,b). Thus, the
1583 cm-1 mode contains considerable N1-H bend. For
DHPR in ADA, the higher frequency 1621 cm-1 mode shifts
down by 8 cm-1 upon deuteration (Figure 1c,d); therefore,
it is this mode which contains a substantial amount of N1-H
bend. For DHMPR in ADA, the 1548 cm-1 band shifts up
by 7 cm-1 while the 1618 cm-1 bond shifts down by 3 cm-1

(Figure 4c,d); thus, both of these modes contain a contribu-
tion from the N1-H bend.
On the basis of the above description of the coupling

between coordinates (and calculations found below), the
observed deuterium shifts of the C2dN3 and C4dC5 stretch
bands in the DHPR and DHMPR spectra are interpreted as
follows: in solution, the N-H bending mode is generally
believed to be near 1500 cm-1 (see, e.g., ref17), although
its intensity is often too low to be observed in the Raman
spectrum (18), as is the case for DHMPR (Figure 4a). The
N1-H bend is coupled with the C2dN3 stretch in DHMPR
which shows up at 1583 cm-1 (Figure 4a), a frequency higher
than its intrinsic frequency. Upon deuteration, the intrinsic
N1-D bending frequency shifts down to be below 1100
cm-1, and the C2dN3 stretch frequency downshifts to its
intrinsic frequency at 1576 cm-1 (Figure 4b). In the
spectrum of DHMPR bound to ADA, the two stretch bands
at 1548 and 1618 cm-1 (Figure 4c) shift toward each other
upon deuteration (Figure 4d). Thus, the frequency of the
N1-H bend lies between these two stretches, i.e., somewhere
between 1560 and 1610 cm-1. Hence, the N1-H bending
mode of DHMPR shifts up by 50 cm-1 to 100 cm-1 when
bound to ADA, presumably because of the stronger hydrogen
bonding of its N1-H bond for bound inhibitor compared to
that found in solution. Since the Raman band frequencies
and their deuterium shifts in the CdC/CdN stretch region

FIGURE 4: (a) Raman spectrum of DHMPR in H2O solution (200
mM) at 4°C, pH 7.5. (b) Same as in (a) except the sample was in
D2O. (c) Difference Raman spectrum between ADA/DHMPR and
ADA ([ADA]/[DHMPR] ) 4 mM/3.5 mM) at 4°C in 20 mM Tris
buffer, pH 7.5. (d) Same as in (c) except the sample was prepared
in D2O.
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are similar in the spectra of DHPR and DHMPR that are
bound in ADA (Figures 1c,d and 4c,d), it is reasonable to
suggest that the hydrogen bonding on the N1-H bond of
DHPR is likewise strengthened when it binds to the enzyme.
Similarly, a C-H bending mode of solution DHMPR,

likely the C6-H or C2-H bend, is also coupled with the
N1-H bend. In this case, the intrinsic frequency of the C-H
bend is close to but lower than that of the N1-H bend so
that its frequency is pushed down to 1446 cm-1 because of
the coupling (Figure 4a). Upon deuteration, the C-H bend
is decoupled from the N1-D bend, and its frequency shifts
back up to its intrinsic frequency at 1451 cm-1 (Figure 4b).
Theoretical Calculations.To better understand the changes

in the Raman spectrum of DHPR when it binds to ADA and
also to study the effect of the perturbations on the vibrational
modes of DHPR or DHMPR in ADA, we have carried out
preliminary ab initio normal-mode analyses. Our analyses
are conducted on the model compounds shown in Scheme
1, with the ribose moiety replaced by a CH2OH group to
save computer time. In the analyses, the geometries of the
model compounds are first optimized at the HF/3-21 g level,
and the frequency calculations are then performed on the
optimized geometries using the same basis set. It is well-
known that such calculations consistently overestimate
stretching force constants by about 20% and the frequencies
by about 10%. Normally, this can be corrected for by
‘scaling’ the force constants to fit the experimental data (cf.
19). However, the Raman data on 6-hydroxyl-1,6-dihydro-
purine ribonucleoside in solution are not available because
this compound is not stable, and the Raman data on the
ADA-bound DHPR are incomplete, limited only to a few
bands related to N1 and/or C6 motion. The Raman data on
DHMPR are also limited. Thus, there are not enough
constraints to perform the scaling of the force field to obtain
correct normal modes. Nevertheless, the assignments of the
Raman bands observed in the experiments can often be
achieved by ab initio normal-mode calculations based on the
comparisons between the relative frequency orders, the
relative Raman band intensities, and especially the isotopic
shifts of the observed and calculated frequencies (17, 20).
The results of the calculations for DHPR, DHMPR, and

their complexes with Cl- ion (Scheme 1) suggest that the

two most intense bands in the 1500-1700 cm-1 region (after
multiplying the calculated frequencies by a factor of 0.9, see
above) are the C2dN3 and the C4dC5 stretches. Their
frequencies and the isotopic shifts are shown in Table 1. The
calculations on the DHPR(DHMPR)/Cl- complex are an
attempt to mimic the hydrogen bonding environment of N1
in ADA; the Cl- ion is fixed to the position of Oδ1 of
Glu217 relative to the N1 nitrogen of the ADA-bound DHPR,
as determined by X-ray crystallographic studies (3).
The calculations show that for DHPR, there are two

vibrational modes in the 1500-1700 cm-1 region that have
significant Raman intensities. The higher frequency mode
at 1771 cm-1 is the C2dN3 stretch mode which also contains
a contribution from the N1-H bend. The lower frequency
mode at 1740 cm-1 is the C4dC5 stretch mode which also
contains a contribution from the N1-H bend. The calculated
low-intensity N1-H bending mode is at 1663 cm-1, lower
than both the C2dN3 and the C4dC5 stretch modes. Hence,
deuteration of N1-H leads to a significant downshift in both
stretch modes. The same calculation on isolated DHMPR
yielded similar but somewhat different results. In this case,
the higher frequency mode at 1776 cm-1 is the C4dC5
stretch which contains no contribution from the N1-H bend
while the lower frequency mode at 1768 cm-1 is the C2dN3
stretch which has significant contribution from the N1-H
bend. The calculated N1-H bend is at 1655 cm-1. Thus,
only the lower frequency mode has significant downshift
upon deuterium labeling, in agreement with the Raman
results from DHMPR in solution (Table 1).
For DHPR complexed with Cl-, The higher frequency

mode at 1757 cm-1 is the C4dC5 stretch, coupled with the
N1-H bend, resulting in a 8 cm-1 shift upon deuteration, in
good agreement with the experimental results (Table 1). The
lower frequency mode at 1696 cm-1 becomes the in-phase
combination of the C4dC5 and C2dN3 stretches with little
contribution from the N1-H bend. The N1-H bend in the
Cl- complex shifts up to 1748 cm-1, but with quite
significant contribution from the out-of-phase combination
of the C2dN3 and the C4dC5 stretches. However, the
calculations do not correctly predict the deuterium shift of
the lower frequency mode (-4 cm-1) for the ADA-bound
DHPR (+1 cm-1; Table 1).

Table 1: Observed and Calculated Isotopic Shifts (in cm-1) of the Modes of DHMPR and DHPR in the 1500-1700 cm-1 Regiona

observed calculated

isotope DHMPR
DHMPR
in ADA

DHPR
in ADA DHMPR

DHMPR
+ Cl- DHPR

DHPR
+ Cl-

Native 1583 1548 1555 1768 1673 1740 1696
1622 1618 1621 1776 1773 1771 1757

13C6 - - -1 +1 -2 -2 -5
- - -1 -2 -2 -1 -4

15N1 - - -1 +1 -5 -1 -2
- -7 -1 -2 -2 -6

N1D -7 +7 +1 -24 +3 -11 -4
-1 -3 -8 -1 -5 -12 -8

13C6,N1D - - -1 0 -2 -1 -3
- - -1 -2 -2 -2 -2

15N1,N1D - - -2 0 -3 0 -1
- - -1 0 -1 -1 -1

a The observed isotopic shifts of the modes of the solution DHMPR, DHMPR, or DHPR bound in ADA are compared to those those from ab
initio calculations at the HF/3-21g level for isolated DHMPR and DHPR, and complexed with Cl- (see Scheme 1). The frequency shifts in13C6-,
15N1-, and N1D-labeled compounds are relative to the native compound, while the frequency shifts in13C6,N1D- and15N1,N1D-labeled compounds
are relative to the N1D-labeled compound.
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For the DHMPR/Cl- complex, the calculated higher
frequency C4dC5 stretch mode shifts down by 3 cm-1

compared to the isolated form and becomes coupled with
the N1-H bend. Upon deuteration, this mode shifts down
by 5 cm-1, in very good agreement with experiments (Table
1). The calculated lower frequency C2dN3 stretch mode
shifts down by 95 cm-1 to 1673 cm-1 in the presence of the
Cl- ion and has only a small contribution from the N1-H
bend. The calculated N1-H bending mode shifts up to 1736
cm-1 in the Cl- complex, higher than the C2dN3 stretch
but lower than the C4dC5 stretch. Upon deuteration, the
lower frequency C2dN3 stretch shifts up by 3 cm-1, and
the higher frequency C4dC5 stretch shifts down by 5 cm-1.
This is in reasonably good agreement with the results
observed in the ADA-bound DHMPR (Table 1) and con-
sistent with the description of the coupling between N1-H
and CdN/CdC stretch modes discussed in detail in the
previous section. The smaller upward shift of the lower
frequency mode compared to that observed in the spectra of
ADA-bound DHMPR (Table 1) is likely due to the fact that
the Cl- ion is too close to the N1-H bond in the model
complex so that the N1-H bending mode frequency becomes
too high and its coupling with the lower frequency mode is
thus underestimated. In fact, when the Cl- ion is moved
away from the N1-H bond in the model complex, the
calculated upward shift of the lower frequency mode does
increase, for example, to 5 cm-1 when the Cl- ion is 3.17 Å
away from N1. Thus, the results of the calculations support
our interpretations on the observed deuterium shifts of the
C2dN3 and C4dC5 stretch bands in the spectra of DHPR
or DHMPR bound to ADA.
Similar calculations using the larger 6-31 g** basis set

produced less satisfactory results. The main reason is that
calculated CdN stretching frequencies by this basis set are
much higher relative to the N-H bending frequencies. As
a result, the C2dN3 stretch mode can never shift down to a
frequency lower than the N1-H bending frequency. Hence,
the deuterium shift of the C2dN3 stretch is always toward
the lower frequency regardless of the placement of the Cl-

ion in the model complex.

DISCUSSION

Our results show that the N1-H bending frequency of
the ADA-bound DHMPR and DHPR shifts up by 50-100
cm-1 compared to its frequency in aqueous solution. Such
a frequency shift is the result of stronger hydrogen bonding
to the N1-H bond of the inhibitor in the enzyme compared
to that found in solution. Since ADA/DHPR is considered
as a transition state analogue, this strengthened hydrogen
bonding may contribute to the stabilization of the transition
state. Thus, it would be interesting to determine the
hydrogen bonding strength in the enzyme quantitatively.
There have been several studies quantitatively correlating

the shifts of the N-H (or O-H) stretch frequency to the
enthalpic energy of hydrogen bond formation (cf.5, 21, 22).
It has been determined that every 100 cm-1 shift in the
stretching frequency corresponds to 1.1-1.3 kcal/mol in
energy, depending on the exact molecular system. It has
also been noticed in earlier experiments that stronger
hydrogen bonding to the O-H or N-H bond causes an
increase in its bending mode frequencies (cf.23-26).

Although a direct quantitative relationship between the
hydrogen bonding enthalpies and the O-H or N-H bending
frequencies has not been firmly established, it is still possible
to estimate the hydrogen bonding energy change on the basis
of the O-H or N-H bending frequency change though
indirect methods, using the relationship between stretching
frequency and hydrogen bonding energy and the relationship
between stretching and bending frequencies. The correlation
between stretching and bending frequency shifts can be
estimated by observation of the water molecule. Water
dissolved in carbon tetrachloride has two stretching modes
at 3755 and 3650 cm-1 and a bending mode at 1595 cm-1

(22). In an aqueous environment, the H-O-H stretching
bands are centered around 3425 and 3275 cm-1, a downward
shift of about 360 cm-1, while the H-O-H bending mode
shifts upward by 50 cm-1 to 1645 cm-1. Thus, every cm-1

upward shift of the bending mode frequency corresponds
roughly to a 7.2 cm-1 downward shift of the stretching mode
frequency. By combining the two correlations, we obtain
an approximate correlation between the bending frequency
shift and interaction energy change: every 10 cm-1 shift of
the bending frequency corresponds to about 0.8-1.0 kcal/
mol change of the energy. Therefore, the 50-100 cm-1

upward shift of the N1-H bending frequency of the bound
DHMPR or DHPR corresponds, approximately, to 4-10
kcal/mol of hydrogen bonding energy in the N1-H bond
upon forming the enzyme complex over that in aqueous
solution.
In the proposed reaction mechanism of ADA-catalyzed

deamination of adenosine (3, 27), the COOH group of
Glu217 interacts with N1 of adenosine in the ground state
upon binding of adenosine; the COOH group subsequently
donates the proton to N1 followed by the attack of a
hydroxide to the C6 of adenosine to form the transition state
(or reaction intermediate). (Simultaneous proton and hy-
droxide additions are also possible.) Since the purine ring
is protonated at N1 and its C6 carbon is tetrahedral in the
ADA/DHPR complex, it is believed to be an analogue to
the transition state (or the intermediate). Assuming that the
interaction energy between the COOH group of Glu217 and
the N1 of adenosine in the ground state of the ADA/
adenosine complex is similar to the interaction between
N1-H of DHPR and a water molecule in solution, and if
the interaction between N1-H of DHPR and COO- of
Glu217 in the ADA/DHPR complex is comparable to that
between adenosine and enzyme in the transition state, our
Raman results then suggest that the interaction between
COO- of Glu217 and N1-H of hydrated adenosine can
reduce the transition state energy by up to 4-10 kcal/mol if
entropic effects are ignored.
This estimation of the transition state stabilization con-

tribution of the interaction between Glu217 of ADA and
N1-H of substrate is in reasonable agreement with previous
studies on a number of Glu217 mutants of mouse ADA (6).
These studies have shown that when Glu217 is mutated to
either Asp, Ala, or Arg, the value ofKm changes only slightly
but kcat is decreased substantially. It has been clearly
established that the rate-limiting step in determiningkcat is
the enzymic chemistry along the reaction pathway as opposed
to product release (7, 28). In view of the similarities of
sequence and active site residues between the calf enzyme
and mouse enzyme studied herein, it seems unlikely there is
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any difference in mechanism between the two enzymes.
Hence, it is reasonable to compare the present results with
previous studies on the calf enzyme and to ascribe results
on mutant enzymes onkcat as resulting from changes of the
transition state barrier height. For example, in the Glu217Asp
mutant,kcat is reduced by 700-fold. The 700-fold reduction
of kcat corresponds to a 3.9 kcal/mol destabilization of the
transition state, just under the value estimated from our
current Raman studies.
In addition, inverse solvent (D2O) isotope effects are

observed (7, 28-30) for both kcat and theKd’s of inhibitor
binding (calf enzyme). The source of these isotope effects
has been the subject of considerable speculation (29-31).
The fractionation factors for several different exchangeable
hydrogens need assignment to fully explain the data. For
the enzymatic ground state, the needed fractionation factors
are those for the active site zinc-bound water and protonated
Glu/Asp217. For the transition state complex or complexes
with the transition state analogue, the fractionation factors
needed are those for the hydrogen bond between the Zn and
the hydrated inhibitor transition state, and for the hydrogen
bond between Glu217 and the N1-H bond of the inhibitor.
If the Glu217 hydrogen bond is within range of a normal
hydrogen bond with a harmonic potential, the greater strength
observed in the complex with the transition state analogue
which we have deduced from the Raman experiments would
indeed contribute to tighter binding in D2O in accord with
observation. The heteroatom distances in this hydrogen bond
(3) are not unusually short, and the band positions and
deuteration shifts observed in the Raman results herein are
high but within a ‘normal’ range, suggesting that it has a
normal parabolic potential. Therefore, it is likely that the
increased strength deduced from the Raman experiments does
contribute to the observed inverse solvent isotope effects.
However, a complication arises from the possibility that the
hydrogen bond at the zinc-hydrated inhibitor is a low-barrier
hydrogen bond with an abnormally low fractionation factor
arising from the marked anharmonic potentials expected of
such bonds (31, 32). The Zn-O distance of this bond in
the complex is very short, and the presence of such a bond
in the transition state or its analogue complex might give
rise to a normal (greater than 1) solvent isotope effect.
Future Raman experiments may address this issue.

APPENDIX

We show in this section the procedure used to obtain the
difference spectra presented in the main article. In general,
Raman difference spectroscopy requires a high degree of
precision in calculating the difference spectrum, and it is
necessary that the instrument be calibrated to ensure that
neither systematic noise factors nor shot noise are mistaken
for small difference peaks. Our Raman difference spec-
trometer has been shown to produce difference spectra having
noise-to-signal ratios as small as 0.1% of the protein amide-I
peak (5). We show here the control procedures that were
performed in determining the data of Figure 1c. All the other
difference spectra presented herein underwent the same
procedures.
In each difference Raman experiment, the ADA/PR

complex and ADA (or ADA/labeled PR) were loaded into a
split Raman cell, and the Raman spectra were taken

alternatively from the two samples (5). Up to 10 runs were
taken from each sample, and they were then summed and
averaged. The averaged spectrum so obtained for the ADA/
PR complex is shown in Figure 5a while Figure 5b shows
that of ADA. As a control experiment, the odd-numbered
runs and even-numbered runs on the ADA/PR sample were
averaged, and their difference spectrum is shown in Figure
5c (enhanced by a factor of 20). This difference spectrum
should null completely; in fact, the noise in this spectrum,
all of which is simple shot noise and is free from systematic
subtraction artifacts, is 0.2% of the amide-I band of ADA,
which is more than adequate for the present studies.
In the subtraction process, two Raman bands were used

as internal references, the amide-I band at 1655 cm-1 and
the δCH band at 1450 cm-1. A multiplication factor was
applied to one of the spectra and adjusted so that in the final
difference spectrum these two bands were no longer visible.
Since the peak to peak intensity in the spectrum of the control
(Figure 5c) is about 0.2% of the 1655 cm-1 band intensity
of the original spectrum, we expect the noise level in the
ADA/PR minus ADA difference spectrum to be the same.
Figure 5e shows the ADA/PR minus ADA difference
spectrum, with both 1450 and 1655 cm-1 bands subtracted

FIGURE 5: (a) Raman spectrum of ADA/PR. (b) Raman spectrum
of ADA. (c) Difference spectrum of even-numbered ADA/PR runs
minus odd-numbered runs; the results were then multiplied by a
factor of 20. (d) Difference spectrum between ADA/PR and ADA;
a factor of 0.97 was multiplied on the ADA spectrum, and the result
was multiplied by a factor of 5. (e) Difference Raman spectrum
between ADA/PR and ADA, same as Figure 1c. (f) Difference
spectrum between ADA/PR and ADA; a factor of 1.03 was
multiplied on the ADA spectrum, and the result was multiplied by
a factor of 5.
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properly. Figure 5d,f shows the slightly under-subtracted
and over-subtracted difference spectra, respectively. In these
two spectra, both 1450 and 1655 cm-1 bands are clearly
visible, either positive or negative. The intensities of the
spectra in Figure 5d-f were enhanced by a factor of 5
relative to the scale of Figure 5a for clarity. The intensities
of the 1555 and 1620 cm-1 bands in Figure 5e are 5.5% and
2.5%, respectively, of the intensity of the original spectrum’s
amide-I peak centered at 1655 cm-1. Since the noise level
in these difference spectra should be on the order of 0.2%
of the 1655 cm-1 band intensity based on the estimation in
our control experiment, we concluded that in Figure 5e, the
peaks with an intensity larger than 0.2% of the 1655 cm-1

band intensity of the original spectrum are real Raman bands
either from bound PR or from ADA which has been
perturbed by binding the PR inhibitor.
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