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ABSTRACT. The transition state for hydrolysis of the N-ribosidic bond of inosine by nucleoside hydrolase
has oxocarbenium character and a protonated leaving group hypoxanthine withrgsgized C1 of

the ribosyl [Horenstein, B. A., Parkin, D. W., Estupinan, B., & Schramm, V. L. (18&ghemistry 30
10788-10795]. These features are incorporated Nt¢p-nitrophenyl)e-riboamidrazone, a transition-

state analogue which binds with a dissociation constant of 2 nM [Boutellier, M., Horenstein, B. A.,
Semenyaka, A., Schramm, V. L., & Ganem, B. (19B&)chemistry 333994-4000]. Resonance Raman

and ultraviolet-visible absorbance spectroscopy has established that the inhibitor binds as the neutral,
zwitterionic species. The enzyme stabilizes a specific resonance state characterized by the quinonoid
form of the p-nitrophenyl group with evidence for ion pairing at the nitro group. Incorporatiot?Nf

into a specific position of the amidrazone reveals thaktkribosyl nitrogen bonded to the Cposition

carries the proton while that bonded to tvitrophenyl carbon is unprotonated. This tautomer carries

a distributed positive charge centered at the position analogous tf @& ribosyl group at the transition

state. The molecular electrostatic potentials for the substrate inosine, the transition state, and the transition-
state inhibitor are compared at the van der Waals surface of the molecules. The tautomer of the inhibitor
bound to the enzyme bears a striking electrostatic resemblance to the transition state determined by kinetic
isotope effect analysis. The spectral and resonance Raman properties of free and enzyme-bound inhibitor
have permitted tautomeric assignment of these species and establish that the enzyme substantially changes
the electronic distribution of the bound inhibitor toward that of the enzyme-stabilized transition state.

The inosine-uridine nucleoside hydrolase (IU-nucleoside Chart 1: Structure of Substrate, Transition State, and the
hydrolase) from the trypanosom€rithidia fasciculata Nitrophenylriboamidrazone Inhibitor of IU-Nucleoside
catalyzes the hydrolysis of the-glycoside linkage of the ~ Hydrolase
commonly occurring purine and pyrimidine nucleosides

(Parkin et al., 1991). The nucleoside hydrolases are targets o H 1 )t\
for antiprotozoan agents, since the enzymes are widely Ny <N’ . \\\ )
distributed in the protozoa but are not present in their </ [ N / /J’ g
mammalian hosts (Miller et al., 1984). Nucleoside hydro- TN on Na w NoH
lases play a major role in purine salvage in protozoa, which o °“\C/‘ ‘ O Ho NN
differ from their hosts by requiring exogenous purines X_( /cr\ /
(Estupitan & Schramm, 1994). d - o o w M

OH nitrophenylriboamidrazone

Kinetic isotope effect studies of IU-nucleoside hydrolase inosine ransition state
have established that the transition state is characterized by
an elongated €N glycosidic bond, imparting carbocationic  in which inhibitors containing the partial positive ribosyl
character to the ribose (Chart 1; Horenstein et al., 1991). substitutes bind to the enzyme much tighter than any known
Negatively charged carboxylates have been implicated in thesubstrate (Horenstein & Schramm, 1993a; Boutellier et al.,
vicinity of the ribose ring oxygen and are proposed to 1994; Chart 1). Greater thand.9 kcal/mol binding energy
stabilize this transition state Oxocarbenium ion stabilization  is contributed from the interaction between the{4group
is supported by inhibition studies of nucleoside hydrolase, of the iminoribitol ring and its enzyme environment (Horen-

stein & Schramm, 1993a,b).N-(p-Nitrophenyl)o-ribo-
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amidrazone (nitrophenylriboamidrazone) binds 20° more Conversion ofp-nitrophenylhydrazine (22N) to the cor-
tightly than inosine to IU-nucleoside hydrolase, to yield a respondingN-(p-nitrophenyl)p-riboamidrazone was accom-
dissociation constant of 2 nM (Boutellier et al., 1994). The plished using the method reported earlier (Boutellier et al.,
affinity of a similar inhibitor without the N@ group, 1994). The'H-NMR of the °N-labeled product matched
phenylriboamidrazone, is decreased by 2 orders of magni-data reported for the unlabeled amidrazone.
tude. Addition of the N@ group therefore contributes an The resonance Raman spectra of nitrophenylriboamidra-
additional —2.8 kcal/mol to inhibitor binding. Since pro- zone in solution and of the nitrophenylriboamidrazone/
tonation of the departing hypoxanthine ring at N7 is believed nucleoside hydrolase mixture were measured with the 457.8
to be a significant feature of the transition state for nucleoside nm line from an argon ion laser at a power level of 20 mW
hydrolase (Horenstein & Schramm, 1993a,b), it has beenat the sample. Both enzyme activity and visible absorption
suggested that the N@roup of nitrophenylriboamidrazone spectral features of the inhibitor were measured before and
may be interacting with the enzymic proton donor, proposed after the Raman experiment. No changes were detected. A
to be a protonated histidirte. small spectral contribution from the enzyme and buffer in
Raman spectroscopy is well suited to the characterizationthe original nitrophenylriboamidrazone/enzyme Raman spec-
of enzyme-inhibitor interactions [for review see Callender tra was subtracted. All experiments were conducted at 4
and Deng (1994)]. The protonation states of a variety of °C.
substrate groups, including=N bonds, can be established The Raman spectra were taken with an optical multi-
when bound to proteins (Deng et al., 1989, 1993a; channel analyzer (OMA) system consisting of a triplemate
Goldberg et al., 1993). Studies with nitro compounds have spectrometer (Spex Industries, Metuchen, NJ), a model
demonstrated that the N@Qroup shows strong Raman bands. DIDA-1000 reticon detector connected to a ST-100 detector
These bands would undergo predictable resonance Ramarontroller (Princeton Instruments, Trenton, NJ), which was
changes if the N@group of bound inhibitor is protonated interfaced to a MAC Il computer (Apple Computer, Cuper-
or strongly hydrogen-bonded. The use of a specificaiy tino, CA). With the above laser excitation wavelength, a
substituted inhibitor permits unambiguous assignment of the spectral window of about 1000 crhwith resolution of 8
associated Raman bands. Such studies should reveal them™! was obtained. The Raman band positions were
tautomeric state of nitrophenylriboamidrazone in solution and calibrated against the known Raman peaks of toluene and
the changes which occur when nitrophenylriboamidrazone are accurate te=3 cnt?.
is bound to the enzyme. Since nitrophenylriboamidrazone pK, and Spectral Characteristics of Nitrophenylribo-
has been proposed to act as a transition-state inhibitor, thesemidrazone Solutions of nitrophenylriboamidrazone (40
studies are expected to reveal features of the catalytic100uM) were prepared from the solid and gave a pH of 5.6
machinery of IU-nucleoside hydrolase. when dissolved in water. Titrations with 0.01 and 0.1 M
NaOH and HCI were used to attain pH values between 4.5
MATERIALS AND METHODS and 8.0. The ultravioletvisible spectrum was measured on
IU-Nucleoside Hydrolase and Nitrophenylriboamidra- a Cary 210 recording spectrophotometer at room temperature.
zones The enzyme was purified to near homogeneity from The inhibitor is unstable at pH values above 9.0 or below
C. fasciculatausing the methods published previously (Parkin 4.5, resulting in loss of the isosbestic points near 285 and
et al.,, 1991). Protein purity was confirmed by SBS 367 (Figure 1).
polyacrylamide gel electrophoresis to B€95%. N-(p- Spectrum of Bound Nitrophenylriboamidrazong dual-
Nitrophenyl)b-riboamidrazone (nitrophenylriboamidrazone) sector quartz cuvette contained 181 nitrophenylribo-
was prepared as described previously (Boutellier et al., 1994).amidrazone, pH 7.3, in 25 mM Hepes buffer in one sector
Inhibitor specifically labeled witH°N at the 2-position of  and 19u«M IU-nucleosidase in the same buffer in the second
the hydrazine (Chart 1) was synthesized frpmitrophen- sector. The visible spectrum was recorded at room temper-
ylhydrazine (2!°N). Labeled phenylhydrazine was synthe- ature. The spectrum was recorded a second time after the
sized by an adaption of a published procedure (Beilstein, solutions in both sectors were mixed.
1932). A solution of sodium nitrite'¥N) (216 mg, 3.13 Molecular Electrostatic Potential SurfacesMolecular
mmol) in H,O (1 mL) was added by separatory funnel to a electrostatic potential surface calculations were patterned
suspension op-nitroaniline (211 mg, 1.53 mmol) in 37%  after methods described previously (Horenstein & Schramm,
HCI (1 mL) while being cooled in an ice bath. The reaction 1993a,b). Calculations with nitrophenylriboamidrazone (cf.
mixture was stirred 5 min, and the resulting solution of Chart 1 and Figure 5) used dihedral angles of-Nd1'—
diazonium salt was neutralized with saturated aqueousN2—N1 and C1—-N2—N1—-C1 which were fixed at Dand
NaHCG; (2 mL). A reducing solution of sodium sulfite was  90°, respectively. These angles provide a near-isosteric
prepared by bubbling SOnto aqueous NaOH (367 mg in  alignment of the phenyl group with the hydrophobic center
2.5 mL of H0) for about 5 min and then neutralizing with  of the hypoxanthine ring at the transition state when the
potassium carbonate (433 mg, 3.14 mmol). The diazonium dihedral angle formed by C2C1—N9—-C8 = 0°. Align-
salt was poured rapidly into the freshly made sodium sulfite ment of the nitro group is near O6 of inosine at the transition
solution to give a yellow solid which was filtered, washed state (Boutellier et al., 1994). Electrostatic potential calcula-
with H,O (2 mL), and redissolved in 6 N HCI (3 mL). The tions were performed on the neutral form of nitrophenyl-
resulting HCI salt was cooled in an ice bath and neutralized riboamidrazone to give a distributed charge-of across
with NaHCG; (0.5 g) and NaOAc (0.5 g). The dark aqueous C1 and —1 at the nitro group. The net charge of the
phase was extracted with diethyl ether X550 mL), and transition state of inosine is also neall across the partial
the combined organic layers were dried ovesB@,, filtered, positive charge of the oxycarbonium centered primarily at
and concentrated in vacuo to afford the product as a red solidC1' but also across O4 The imidazole ring of hypoxanthine
(45 mg, 20%). and adjacent atoms carry a net negative charge, prior to
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o Chart 2: Tautomers of Nitrophenylriboamidrazone
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Ficure 1: Absorbance spectrum of nitrophenylriboamidrazone as H é/H Ng' N ?z H
a function of pH. Solid nitrophenylriboamidrazone was dissolved o~ /\C/ g\o1.7N2\ H
in H,O to give a 65:M solution, pH 5.6, and the spectrum was HT\ v/ H
recorded (not shown). The solution was adjusted to pH 5.0 with H——?/ \
HCI, and the U\~visible spectrum was recorded. The procedure o. o—H H /9
was repeated at pH values of 5.5, 6.0, 6.5, 7.0, and 8.0 to give the H Ho 405 /N/ -
spectra of the figure. The same sample was then adjusted again to /06 S \\‘o
pH values of 6.0, 4.5, and 6.5 to establish that the spectral properties c H H\+/C,
were stable during the titration. Following the treatments between H | _H N/ /Ni/ \02403
pH 5.0 and 8.0, the isosbestic points were constant. At pH 4.5, the \O/C\ N =N, A H
spectral properties between 310 and 550 nm were unchanged, but H/C\ \ /C1
spectral features below 310 nm were changed significantly, altering H__C/C
the isosbestic point. At pH values of 9.0 and above, the isosbestic I \o’H
points were also lost. o

protonation by the enzyme. Gaussian 92 calculations were Electrospray mass spectroscopy and gel electrophoresis
used to establish the electronic wave functions for the (data not shown) established that nitrophenylriboamidrazone
molecules. Molecular bond angles were constrained to thoseis neutral at pH 8.0 and is positively charged at pH 4.5. In
determined by a combination of experimental kinetic isotope the neutral form of nitrophenylriboamidrazone at pH 8, two
effects and bond-energy bond-order vibrational analysis of the three nitrogens of the riboamidrazone moiety are
(Horenstein & Schramm, 1993a,b). Bond lengths were protonated. Three of the numerous tautomers possible at
optimized to their energetic minima by iterative analysis prior this pH are shown in Chart 2. In tautomer a, N1 and N2
to calculation of the wave function on the structurally are protonated. This tautomer is unlikely in aqueous solution
optimized molecules constrained to the configuration of the at pH 8 since the conjugation in this tautomer starting from
transition state. Calculations at the STO-3G basis set werethe NG, group is not expected to be extended beyond the
found to be adequate to describe the electrostatic potentialphenyl ring and is unlikely to exhibit the strong absorbance
surface features, when compared to results obtained with theat 420 nm which is associated with a nitroquinonoid (Figure
6-31G basis set. 1). Protonation of N4of this tautomer at acid pH values
The wave functions were used to generate maps of thewould not be expected to cause the observed shift in the
electron density near the van der Waals surface, defined asabsorbance maximum to 340 nm (Figure 1).
the level of 0.002 electron per béhiVenanzi et al., 1992; Binding to nucleoside hydrolase causes a red shift in the
Sjoberg & Politzer, 1990; Lamotte-Brasseur et al., 1990). absorption band of nitrophenylriboamidrazone from 420 to
The values of the electrostatic potential generated from the 445 nm and increases the molar extinction coefficient. The
CUBE function of Gaussian 92 were interpreted into color full width at half-maximum of the absorption band is reduced
maps using AVS and ChemViewer routines (Advanced from 124 nm in solution to 99 nm on the enzyme (Figure
Visual Systems, Inc., and Molecular Simulations, Inc.). 2). These changes suggest that neutral nitrophenylribo-
Color assignment was blue for regions with electrostatic amidrazone exists as a mixture of tautomers in solution
potential greater than the average at the surface and red fo{Chart 2), whereas on the enzyme, a single tautomer of
regions with electrostatic potential lower than average. Thus, nitrophenylriboamidrazone may predominate. This notion
blue and red represent partial negative and positive sites,is reinforced by the resonance Raman data below. Ahe

respectively. of this tautomer may also be red shifted due to its interaction
with the enzyme.
RESULTS Resonance Raman Spectra of Free Nitrophenylribo-
amidrazone The Raman spectra of nitrophenylriboamidra-
Spectral Properties of Nitrophenylriboamidrazondi- zone in solution at pH 8 and isotopically labeled derivatives
tration of nitrophenylriboamidrazone in the pH range of are shown in Figure 3. Resonance Raman shows only those
4.5-8 gave a [, value of 6.1 (Figure 1). Thémax of vibrational modes that arise from atomic motions in the

unprotonated nitrophenylriboamidrazone is 420 nm and shifts conjugated portion of nitrophenylriboamidrazone. The vi-
to 340 nm upon protonation. Within the pH range of-5.0  brational modes related to motion of the hydroxyl groups,
8.0, the protonationdeprotonation process is fully reversible for example, are not expected in the spectra. Except for the
as indicated by the isosbestic points at 368 and 282 nm. TheRaman bands at 1069 and 1676 ¢énthe bands in Figure
millimolar extinction coefficients for neutral and protonated 3a can be assigned to the nitrophenylhydrazine fragment of
inhibitor are 4.8 and 4.0 at 420 and 340 nm, respectively. nitrophenylriboamidrazone since their counterparts were
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' * - ' : (Daimay et al., 1991). The prominent band at 1319 tm
after . and the 1303 crt band on its shoulder are assigned to the

e~ NO, symmetric stretch mode. The doublet nature of this
mode indicates that there are two N@utomers with slightly
different N—O bond strengths, perhaps due to different
degrees of conjugation with the phenyl ring. The strong band
at 853 cm? in Figure 3a is assigned to the N@-plane
bending (sissors) mode (Daimay et al., 1991).

The broad, weak band at 1069 cthin Figure 3a is
assigned to the NAN2 stretch mode on the basis of its 9
cm? shift to 1060 cm?! upon*®N labeling of N2 (Figure
1c). In the deuterated inhibitor, the NN2 stretch mode
appears at 1024 crh (Figure 3b) and shifts down by 10
cm!to 1014 cmt upon®®N labeling (Figure 3d). The 45
cm! shift of this band upon deuteration of nitrophenyl-

0.08 I

0.06

o
o
=

absorbance

o
o
N}

N T e riboamidrazone (Figure 3b) indicates that the -NM2
%0 400 450 500 550 600 stretching motion is coupled with the bending motion-N4.

wavelength, mu

or N2—H (Chart 2). The coupling is disturbed upon

FIGURE 2: Absorption spectrum of nitrophenylriboamidrazone free  qeyteration of nitrophenylriboamidrazone, resulting in a
and bound to IU-nucleoside hydrolase. The absorption SpeCtrumfrequency shift of this mode

of free nitrophenylriboamidrazone is in 20 mM Hepes buffer, pH 1 L .
7.3. Samples of the enzymnhibitor complex used for Raman The 1676 cm* band in Figure 3a can be assigned to the

measurements showed the same spectral properties. C1'=N2 stretch mode on the basis of its 15 ¢rshift upon
15N labeling of the N2 nitrogen (Figure 3c). This band is
also sensitive to the deuteration of nitrophenylriboamidra-
zone, which causes a 10 cinshift to 1666 cm? (Figure
3b). The shift upon deuteration for a=@ stretch mode
has been observed in several Schiff base compounds where
nitrogen is protonated but is not observed in unprotonated
Schiff base compounds (Benecky et al., 1985; Callender &
Honig, 1977; Goldberg et al., 1993; Mathies et al., 1976).
Furthermore, the frequency of an unprotonateelNCstretch
mode is usually lower than 1640 cf while the frequency
of a protonated E&N(H) stretch mode is normally higher
than 1650 cm! (Daimay et al., 1991). All of these
comparisons with previous studies suggest that the band at
1676 cm! (Figure 3a) can be assigned to the'€M2(H)
stretch mode from tautomer b (Chart 2b). Assignment of
this band to the (H)N#C1 stretch mode from tautomer c
(Chart 2¢) can be ruled out because the ab initio calculations
indicate that this mode does not exhibit a large shift upon
5N labeling at N2. This assignment does not rule out the
existence of tautomer c in solution, since the Raman intensity
of the unprotonated €N stretch mode is smaller than the
corresponding protonated<IN(H) stretch mode (Callender
® e *8 & Honig, 1977; Goldbert et al., 1993; Smith et al., 1986).
- - The unprotonated C£N2 stretch mode of tautomer ¢ may
also shift significantly upon the deuteration of nitrophenyl-

c. "N labeled NPRA in H, 0

1319

2]
[

_ 843

‘ : — riboamidrazone, as suggested by normal mode calculations
800 1000 1200 1400 1600 using ab initio quantum mechanics methods (see below).
cm Therefore a small portion of the low-frequency side of the

FIGURE 3: Raman spectra of a nitrophenylriboamidrazone solution 1676 cnt! band may be due to the GiN2 stretch of
(a) and its deuterated (BN -labeled (c), and®N,- and deuterium- tautomer c.

labeled (d) derivatives. The samples were prepared in 20 mM Hepes - . . .
buffer at pH 8 with a nitrophenylriboamidrazone concentration of 1 h€ rémaining Raman bands in Figure 3a do not shift

approximately 0.3 mM. The temperature of the sample was kept at Significantly upon isotopic labeling (Figure 3tal) or upon
4 °C during Raman measurements; 20 mW of the 457.8 nm laser nitrophenylriboamidrazone binding to enzyme (Figure 4), and
line from an argon ion laser was used for the Raman excitation. their assignments will not be discussed further.
The resolution of the spectralls 8 thyand the Raman band Resonance Raman Spectra for Enzyme-Bound Inhibitor
positions are accurate th3 cnrt. ; ) -
The resonance Raman spectrum of nitrophenylriboamidra-
readily identified in the Raman spectrum of that molecule zone bound to nucleoside hydrolase gives the Bi@nmetric
(data not shown). stretch mode as a single band at 1294 §rindicating that
The NG, symmetric stretch frequency in the 13060350 the majority of the bound inhibitor exists as a single tautomer.
cm! range is expected to show strong Raman intensity This mode shifts from 1303 to 1319 ctrin solution to 1294
because the NOgroup is conjugated in the chromophore cm™! on the enzyme (Figure 3a), indicating weakenee\
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N2 stretch modes of nitrophenylriboamidrazone in solution
and on the enzyme may be caused by the rotation around
C1'=N2 and/or Nx-N2 bonds previously proposed in order
to place thep-nitrophenyl group in a position similar to the
hypoxanthine leaving group for the transition state (Boutellier
et al., 1994).

The C1=N2(H) stretch mode found at 1676 cirfor the
inhibitor in solution (Figure 3a) could be assigned to either
one of two bands, at 1705 and 1655 ¢mhen the inhibitor
is bound to the enzyme (Figure 4a). The band at 1705'cm
shifts to 1699 cm! upon deuteration of nitrophenylribo-
amidrazone (Figure 4b), but shows little shift up&N
labeling of N2 (Figure 4c), and therefore is not the-€1I2
stretch mode. The band at 1655 ¢hin Figure 4a can be
assigned to the C£EN2 stretch mode on the basis of its 8
cmt shift to 1647 cm?! upon >N labeling of N2 (Figure
4c). The 8 cm?® ™-induced shift of the CEN2 stretch
mode on the enzyme compared with a 15-émshift in
solution (Figure 3a,c) indicates that this mode becomes more
delocalized. Another change of the '&N2 stretch mode
when nitrophenylriboamidrazone is bound to the enzyme is
an increased response upon deuteration, from a 10 sinift
in solution (Figure 3a,b) to 12 crhon the enzyme (Figure
4a,b). Previous studies have shown that weaker hydrogen
bonding to the &N—H hydrogen induces a downward
frequency shift in the &EN(H) stretch mode, but at the same
time, its frequency shift upon deuteration becomes smaller
(Baasov et al., 1987; Deng & Callender, 1987; Gilson et al.,
1988). Since the frequency of the '€&N2(H) stretch mode
of bound nitrophenylriboamidrazone becomes lower than in

spectra has been subtracted. The sample was in 20 phosphate buffefg|ytion while its deuterium shift becomes larger, the

at pH 7.2. The concentration of the enzyme was 0.3 mM, and the
concentration of the inhibitor was approximately 0.2 mM as judged
by the absorbance at 445 nm. Under these conditie®8% of

the inhibitor is enzyme-bound, based on the equilibrium dissociation
constant of 2 nM (Boutellier et al., 1994). The temperature of the
sample was kept at 4C during Raman measurements; 20 mW of
the 457.8 nm laser line from an argon ion laser was used for the
Raman excitation. The resolution of the spectra is 8'%crand the
Raman band positions are accuratet® cnr 2.

bonds for the enzyme-bound ligand. The reducedNoond
strength is correlated with an extended conjugation of

observed results cannot be accounted by a simple change of
the C1=N2(H) hydrogen-bonding strength upon interaction
with the enzyme. One explanation for the observed changes
of the C1=N2 stretch frequency and its deuterium shift could
be an interaction between the N@roup and a positively
charged protein residue. In addition, the direct interactions
of a protein anion with the cationic center at'Gbuld
perturb the solution pattern of C1The C1=N2(H) stretch
mode could also differ from that of a normal Schiff base
due to geometric distortion induced by the relative geometries

nitrophenylriboamidrazone on the enzyme, also indicated by of binding the iminoribitol andp-nitrophenyl groups.

the red shift of bound inhibitor (Figure 2).

The band at 1061 cm in Figure 4a can be assigned to
the N1-N2 stretch mode on the basis of its 8 Thshift to
1053 cn1t upon®N labeling of the N2 nitrogen (Figure 4c).
The frequency and thE€N shift of the NI-N2 stretch mode
are similar to those in solution. However, its coupling with
the N—H bend motion becomes different when the inhibitor
binds to the enzyme. In solution, the NIN2 stretch mode
shifts down 45 cm! to 1024 cnt upon deuterium labeling
of nitrophenylriboamidrazone (Figure 3b) but still contains
the N1I-N2 stretch character as shown by its 10 érshift
upon labeling with!>N (Figure 3d). In contrast, the N1
N2 stretch mode of nitrophenylriboamidrazone is not ob-

Ab Initio Modeling of NitrophenylriboamidrazoneTo
investigate the effects of ionic interactions, vibrational normal
mode analyses by ab initio quantum mechanical methods
were carried out on model compounds of the tautomers, in
which the hydroxyl and methoxy groups on the iminoribitol
ring were replaced by hydrogens. Calculations on the model
compounds were also conducted with a cation'(a was
used in the model) complexed to the oxygens of the; NO
group or an anion (Clion) complexed to the hydrogens on
N4" and N2.

The geometry of each tautomer of the model compound
was optimized at the HF/3-21G level using Gaussian 92
(Frisch et al., 1992) prior to bond vibrational frequency

served in the enzyme upon deuteration since no Raman bandnalysis. The in vacuo electronic energies of tautomers a

in the appropriate spectral region has a comparable 10 cm
shift upon*®N labeling of N2 (Figure 4b,d). The weak band
at 1067 cm? in the deuterated nitrophenylriboamidrazone
spectrum (Figure 4b) which is shifted 4 chupon >N
labeling of N2 (Figure 4d) cannot be due to the vibrational
mode at 1024 crt (Figure 3b), since its frequency is higher
and its’®N shift is smaller. The difference between the-N1

and b are 7.2 and 18.8 kcal/mol higher, respectively, than
that of tautomer ¢ (Chart 2). Subsequent frequency calcula-
tions suggest that the zero point vibrational energies differ

by less than 0.5 kcal/mol among these tautomers. Thus,
tautomer c should be the most likely species and tautomer b
should be the least likely species for nitrophenylriboamidra-

zone in the gas phase. When™a bound to the N@and
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Table 1: Resonance Raman Bands for t/eNCand G=C Stretch Modes of Nitrophenylriboamidrazone (NPRA)

mode native D 5N 15N,D
experimental
NPRA in solution CI=N2(H) 1676 1666 {10) 1661 15) 1650 11)
NPRA in enzyme ring 1707 1699-6) 1704 1) 1699 5)
CI'=N2(H) 1655 1643¢12) 1647 (-8) 1634 (13)
calculated
tautomer a CEN4' 1687 1679¢7) 1685 (1) 1678 (7)
tautomer at+ Na C1=N4 1703 1697 {-6) 1703 1) 1696 (6)
tautomer b CE=N2(H) 1667 1646 {22) 1655 (-12) 1634 (-22)
C=Ncis ring 1582 1581 1581 1580
tautomer b ring 1662 16567) 1658 4) 1654 5)
C=Ncis+ Na CI=N2(H) 1635 1625+¢10) 1630 ¢5) 1620 10)
tautomer b CE=N2(H) 1670 1653(18) 1656 (14) 1639 (17)
C=N trans ring 1582 1581 1581 1580
tautomer b ring 1658 1653-6) 1654 4) 1652 3)
C=N trans+ Na C1I=N2(H) 1634 1618¢17) 1627 (-8) 1611 (16)
tautomer c CHE=N2 1656 1642 {14) 1643 13) 1627 16)
tautomer c+ Na CI=N2 1644 1634€11) 1633 (12) 1622 (11)

@ The observed modes for NPRA in solution and bound to 1U-nucleoside hydrolase are compared to those determined from ab initio calculations
at the HF/3-21g level. The effects of deuterium atd substitution are indicated. Ab initio stretching frequencies are given for the three tautomers
of Chart 1 with or without an associated NaTwo configurations of tautomer b, one with the’€N2 cis configuration and one with the GiN2
trans configuration, are studied (Chart 2b). The ring mode is the in-phase combination ofH@8/CE=C6 stretches. The frequencies are in
cm%, and the numbers in parentheses are the frequency shift relative to that of the unlabeled molecule, except in the ¢aseDofi¢hivative
which is the frequency shift from th€N-labeled molecule.

the geometries of the complexes are fully reoptimized, the Calculated Isotopic Stretch Frequencies for Model Nitro-
relative electronic energies of tautomers a and b are 14.2phenylriboamidrazonesTable 1 shows the calculated-Ol
kcal/mol higher and-0.6 kcal/mol lower, respectively, than  stretch frequencies and their isotopic shifts for tautomer a,
that of tautomer eNa". Tautomer b with C'*=N2 trans both configurations of tautomer b, and tautomer c, using the
configuration (N4 trans with respect to N1 as the result of model compound, in the absence or presence of aiba

a 180 rotation around CEN2 bond) also shows a large calculated at the ab initio HF/3-21G levelAll calculated
change in relative stability upon introduction of a™Nian. frequencies are multiplied by a factor of 0.9 for easier
The electronic energy of the G&N2 trans tautomer b is  comparison with experimental values. Previous studies have
23.8 kcal/mol higher than that of tautomer ¢ when compared shown that normal mode calculations using in vacuo ab initio
as unliganded molecules, but only 3.6 kcal/mol higher as quantum mechanics methods generally overestimate the
the Na complex. vibrational frequencies by 10%20%, depending on the

The optimized distance betweenNan and the oxygens vibrational mode or the specific method used (Pulay et al.,
of the NQ» group in the model compounds varies from 2.14 1983). Although these calculations are not accurate enough
to 2.20 A, among the tautomer complexes. Thus, the strengthto reproduce the vibrational spectrum of a molecule, errors
of the NOQ—cationic group interaction is intrinsically dif-  &ré Systematic and the changes of the frequencies and the
ferent for the tautomers. Tautomer b forms the strongest ISOtopic shifts of a vibrational mode induced by structural
interaction with a positively charged group, causing the ©F €nvironmental changes can often be predicted quite
energy of this inhibitor Na* complex to be reduced the most satisfactorily (Deng et al., 1992, 1994). This apprqach will
when this interaction occurs. The N@roup of tautomer a be adopted here to determine the structural and environmental
forms a relatively weak interaction; therefore, the energy of changes of nitrophenylriboamidrazone upon binding to
this inhibitor—Na* complex does not reduce as much. Thus, Nucleoside hydrolase. _ _
the energy of the tautomer a system becomes the highest Ab initio cqlculatlons predict th_at the highest frequency
when a positively charged group interacts with the,J@up mode of tlh_e isolated tautomer a in tht_a spectral range up to
of nitrophenylriboamidrazone. The strength of the interac- 189? cmt is a G=N stretch mode which has a shift of 7
tion between the N©group and the external positive charge €M upon deuteration of the molecule and a 1-€rshift

is primarily determined by the tautomeric form of the UPon **N labeling of N2. Examination of th’e atomic
inhibitor and is less affected by the conformation of the diSPlacements reveals that this mode is the=N4' stretch

inhibitor. mode, with little motion of the N2 nitrogen. Another mode
which is related to the in-phase combination of the<C3/

The interaction between the N@roup of nitrophenyl- — ~5_ g sretch motions of the phenyl ring is about 100&m

riboamidrazone with KD or with a positive charge on the
enzyme should be somewhere in between the extreme cases 2The 3-21g basis set used in these calculations is superior to more
_mold(_eled. above. Thus, _a IS|gn|f|cant .proportlon of the complete basis sets such as 4-31G* or 6-31G** for frequency
inhibitor is expected to exist in tautomeric forms b and c in calculations involving coupled-€C and G=N or C=C and G=O bonds
solution as indicated by the resonance Raman results.(Deng et al., 1992, 1994). The basis sets with polarization functions

; ; ; (denoted by the * sign) overestimate the frequency of tsdN®r C=0
Tautomer a an.d. its I\Ta:omplex IS gnerget.lcal!y unfavorable stretch mode more than that of the=C stretch mode so that the
under all conditions, consistent with the titration and spectral yiprational coupling between the=€C stretch and the €N or C=0
studies of Figures 1 and 2. stretch is usually underestimated.
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lower than the C't=N4' stretch mode, and it is not sensitive
to deuterium oSN labeling.

When tautomer a is complexed with a Naon, the
calculated C*=N4' stretch mode frequency shifts up by 17
cm! and is still insensitive to th&N labeling at N2. The

calculated frequency of the ring mode does not change,

indicating that the interaction between the N@oup and

Biochemistry, Vol. 35, No. 19, 1996043

of these three double bonds are coupled strongly to form
two new vibrational modes. In the GEN2 cis configura-
tion, the mode with the highest frequency in this region
shows small shifts, 7 and 4 cthupon deuterium anéPN
labeling, respectively. Another mode, 27 chbelow the
highest frequency mode, shows shifts of 10 and 5%mpon
deuteration and®N labeling, respectively. The degree of

the cation is not strong enough to change the electroncoupling between the in-phase €23/C5=C6 stretch and

distribution of the C2=C3/C5=C6 bonds of the phenyl ring.

the C1=N2 stretch is most sensitive to the strength of the

The calculated isotopic shifts of this tautomer are inconsistentinteraction between the N@roup and the external positive

with the Raman spectra of nitrophenylriboamidrazone in

charge. The conformation of the tautomer also influences

solution or enzyme-bound; thus the presence of this tautomerthe coupling between the two types of stretch motions. For

can be ruled out.

In the Raman spectral region of interest, the highest
frequency mode for isolated tautomers b or ¢ is the=\2
stretch mode. The frequency of the unprotonatet=QI2
stretch in tautomer c is 10 crhlower than the CEN2(H)
stretch of tautomer b, similar to the differences upon
protonation of a normal Schiff base compound (Benecky et
al., 1985; Goldberg et al., 1993). The'&N2 stretch mode
for tautomer c is predicted to have a frequency shift of 14
cm~* upon deuteration of the model compound, quite similar
to the calculated deuterium shift of the ‘€N2(H) stretch
mode of tautomer b (Table 1). The exact values of the
isotopic shifts are sensitive to the conformation of the
tautomer. For example, the deuterium &pd shifts of the
C1=N2(H) mode of tautomer b with the G£N2 cis
configuration (shown in Chart 2b) are 22 and 12ém
respectively. When the CGEN2 configuration of the tau-
tomer b is changed to trans, the isotopic shifts of the
C1=N2(H) stretch mode become 18 and 14 <¢nupon
deuterium and®N labeling, respectively. The calculated
frequencies of the ring mode in isolated tautomer b and
tautomer c are within 5 cnt of each other and shift little
(<2 cnm1) upon deuterium o#°N labeling, suggesting that
this mode is localized.

When the model compound is complexed to*Néhe
normal modes of tautomer c in the<© and G=N stretch
region change differently compared to those of tautomer b.
The CI=N2 stretch frequency of tautomer ¢ becomek?
cm~* lower and its deuterium shift decreases by 3 €mpon
complexation of a Naion, but its shift upori®N labeling at
N2 is little changed. The frequency of the ring mode, which
results from the in-phase EC3/C5=C6 stretch combina-
tion, is predicted to shift up by 11 crhdue to the increased

example, in tautomer b with the G&N2 trans configuration,
deuterium and®N shift the lower frequency mode of the
coupled pair by 17 and 8 cmy respectively, indicating a
larger contribution from the C%N2 stretch compared with
the cis configuration. Conformational changes of tautomer
b, such as the twist around N2 and/or N:-N2 bonds,
change the coupling between the'€N2(H) stretch and the
in-phase C2=C3/C5=C6 stretch, but do not eliminate the
coupling.

Assignment of Resonance Raman Spectral Features for
Enzyme-Bound Nitrophenylriboamidrazondhe band at
1705 cn1tin Figure 4a is assigned to the in-phase combina-
tion of the C2=C3/C5=C6 stretches of tautomer b coupled
with the C1=N2(H) stretch motion to give a 6 crh shift
upon deuteration of nitrophenylriboamidrazone (Figure 4b).
The unusually high frequency of this mode reflects the
strengths of the G2C3 and C5C6 bonds when nitro-
phenylriboamidrazone binds to enzyme. The increased bond
strengths of these two bonds require a strong interaction
between the N@group of the inhibitor and a positively
charged enzyme residue(s). This interaction also increases
the conjugation and results in a weakened&€N2 bond and
a red-shifted Ct=N2(H) stretch mode. Thus, the band at
1655 cm? in Figure 4a can be assigned to the'-€82(H)
stretch mode of tautomer b. Since it is coupled with the
in-phase combination of the EX3/C5=C6 stretches, its
shift upon®®N labeling of N2 becomes smaller than that in
aqueous solution (Figure 4c).

The interaction between the N@roup of nitrophenyl-
riboamidrazone and a positively charged enzyme residue
cannot explain all spectral changes of bound inhibitor. Ab
initio calculations predict a reduced (in tautomer b with the
C1'=N2 cis configuration) or unchanged (in tautomer b with

double bond character in these bonds when complexed withthe C1=N2 trans configuration) shift in the C£N2(H)

Na*. Since this mode is localized to the ring, it shifts little
upon deuterium of®N labeling. When the Naion is forced
toward the NQ group of tautomer c to reduce the distance
between the Naand the oxygens of NQo 2.0 A (compared
with 2.14 A in tautomer b-Na" complex), the calculated
C1'=N2 stretch mode is still 45 cm higher than the in-
phase C2C3/C5=C6 stretch mode and shows little change
in its frequency shift upoA®N labeling at N2. This result
indicates that no coupling exists between thé=€N2 stretch
and the in-phase G2C3/C5=C6 stretch motions.

The tautomer b system responds differently to the ritro
cation interaction, with this spectral region being widely
disrupted when the Nabinds. Ab initio calculations predict
that the double bond character of the=623 and C5-C6

bonds is fully developed, and the double bond character of

C1'=Nz2 is significantly reduced, while that of CN4' is

mode upon deuteration of nitrophenylriboamidrazone in the
Nat complex compared with that of the isolated tautomer
(Table 1). The observed deuterium shift is a relatia@ease

in the C1=N2(H) stretch mode for bound nitrophenylribo-
amidrazone. This discrepancy can be explained by anionic
assistance to the hydrogen bonding on N2. Ab initio
calculations for tautomer b, GN2 trans, complexed with

an aniod which interacts with hydrogens on the Ndnd

N2 nitrogens, demonstrates that the frequency of the
C1'=N2(H) stretch mode in this complex increases by 18
cmt and thus, its deuterium shift increases by 8 &m
Similar results have been observed with a normal Schiff base
(Baasov et al., 1987; Deng & Callender, 1987; Gilson et al.,

3 The anionic group on the enzyme is likely to be a carboxylate. To
simplify the ab initio Gaussian 92 calculations, the model calculations

greatly increased as depicted in Chart 2. The stretch motionsused a chloride anion to generate the negative charge.
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FIGURE 5: Stereoviews of the geometric structures of inosine (A), the transition state (B), nitrophenylriboamidrazone near an energetic

minimum to mimic the geometry of the transition state structure (C), and a monoview of the extended structure for nitrophenylriboamidrazone

expected in solution (D). The geometries of (A), (B), and (C) are the same as used in the electrostatic potential surfaces shown in Figure
6.

1988). The red-shifted frequency and the increased shift The conformation of nitrophenylriboamidrazone on the
upon deuteration for the GEN2(H) stretch mode of bound  enzyme is influenced by the strong interaction between the
inhibitor can be explained by a cationic interaction withNO NO, group and a protein residue which enhances the
and an anionic interaction with the -HN4'—C1'=N2-H conjugation. In solution, this interaction would act to flatten
region of nitrophenylriboamidrazone. the molecule and would favor a geometry in which the two

Ab initio calculations suggest that the alternative assign- rings exist in the same plane. If nitrophenylriboamidrazone
ment of the 1705 and 1655 crhbands to tautomer ¢ is s binding as an isostere of the transition state (Boutellier et
unlikely because no chemically reasonable interaction canal., 1994), the nitrophenyl ring should be positioned above
reduce the bond strength of €IN2 in tautomer c to cause  and almost perpendicular to the iminoribitol ring (Figure 5).
the downshift of its stretching frequency below that of the |arge changes have been observed in the-N2 stretch

C2=C3/C5=C6 in-phase stretch mode. mode region of the nitrophenylriboamidrazone Raman
spectrum when nitrophenylriboamidrazone binds to enzyme.
DISCUSSION These have the potential to provide dihedral bond angle

information for the CE=N2 and N2-N1 bonds. However,
interpretation of these data will require additional compu-

amidrazone In aqueous solution at pH 8, nitrophenylribo- tational and model compound studies, beyond the scope of

amidrazone exists as a mixture dominated by two tautomericthe present work.

forms, with one proton at N4and the other proton shared ~ The addition of the N@group to the phenyl ring to give
between N1 or N2 (tautomers b and ¢, Chart 2). On binding hitrophenylriboamidrazone provides2.8 kcal/mol of energy

to the enzyme, the tautomer with protonated’ iddd N2 toward inhibitor binding. Part of the increased binding
predominates. The resonance Raman data cannot resolvénergy appears to be contributed from the favorable interac-
the cis/trans CEN2 bond configuration, but ab initio  tion between the N&group and a positively charged enzyme
calculations show that tautomer b, '&N2 cis, has a small ~ residue(s). Ab initio calculations indicate that a sym-
energetic advantage. This configuration is also predicted metrically placed external charge with respect to the;NO
from the transition-state structure of the enzyme which group will affect its symmetric stretch frequency by no more
requires leaving group departure from tB@nomeric face  than a couple of crt even for interaction energies of more
of the ribosyl (Horenstein & Schramm, 1993a). In this than 10 kcal/mol. The large shift observed when nitro-
tautomer, the only rotational degree of freedom is about the phenylriboamidrazone binds to nucleoside hydrolase indi-
N;—N_ bond. cates that the positively charged protein residue which

Tautomeric Forms of Free and Bound Nitrophenylribo-
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Ficure 6: Electrostatic potential surfaces of inosine (A and B), inosine at the transition state of nucleoside hydrolase (C and D), and
nitrophenylriboamidrazone (E and F). The electrostatic potential surfaces of inosine and the N-7 protonated transition state for inosine were
previously determined (Horenstein & Schramm, 1993a,b). In the surfaces shown here, the geomery of inosine and the transition state were
aligned to permit the best match between substrate, transition state, and inhibitor by fixing the dihedral of inosine and the transition state
to C2—C1—N9—-C8 = 0°. Each left-right panel pair shows 18Qertical rotational views of the same atomic structure. The color code for

the stick figures is oxygerr red, nitroger= blue, carbor= green, and hydroges white. The molecular electrostatic potential surfaces

show partial negative charge (electron excess) as blue and partial positive charge (electron deficiency) as red. Yellow represents average
electrostatic potential near the van der Waals surface from the entire molecular surface. The electron density is depicted at 0.002 electron
per Boh#, which approximates the van der Waals surface. The hydroxyl nucleophile and the enzyme-donated proton at N7 have been
removed to illustrate the electronic properties of the transition state without enzymatic contributions. Both the attacking oxygen nucleophile
and the proton donated to N7 are provided by the enzyme during catalysis or the binding of inhibitors. The molecular electrostatic potential
surface of nitrophenylriboamidrazone (E and F) was calculated for the conformation which most closely approximately that of the transition
state (Boutellier et al., 1994).

interacts with the nitro moiety is placed asymmetrically and tion to one side of the phenyl ring.

interacts much more strongly with one nitro oxygen than A protonated histidine has been implicated from pH studies
the other; asymmetrically placed charges yield much larger (Parkin & Schramm, 1995) and the recent X-ray structure.
frequency shifts in the calculations. As is seen below, this Since the interaction between the N@roup of nitro-

is consistent with the proposed transition-state structure phenylriboamidrazone and enzyme is expected to polarize
which places a substantial proteisubstrate charge interac- the inhibitor to increase the positive charge on thé(NY—
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C1'=N2(H), increased binding energy may also be contrib- riboamidrazone is only an approximate mimic. The slow-

uted by the strengthened interaction between thgHy4 onset inhibition commonly seen with nitrophenylribo-
C1'=N2(H) region and its negatively charged protein amidrazone and other transition state-inhibitors is likely a
environmeng reflection of the inexact nature of these analogues (Boutellier

Molecular Electrostatic Potential Surfaces of Substrate et al., 1994; Merkler et al., 1990; Morrison & Walsh, 1988).
and Transition State Molecular electrostatic potential The tight-binding component represents the inability of the
surfaces of inosine, the transition state for inosine hydrolysis complex to achieve bond cleavage and thus escape the strong
by nucleoside hydrolase, and nitrophenylriboamidrazone areand cumulative binding energy of the transition-state com-
compared in Figure 6. Hydrolysis of inosine by nucleoside plex.
hydrolase is a concerted process which gives kinetic isotope For IU-nucleoside hydrolase, features of the transition state
effects suggesting a transition state with (1) a change ininclude several new hydrogen bond acceptor and donor sites
ribose ring pucker from'aendo to 3-exo, (2) distortion of on inosine, new ionic bonds to the oxocarbenium ion and to
the sg geometry of the C4and C5 atoms, which is proposed  the leaving group, and the potential for hydrophobic interac-
to position the 5hydroxyl group above the plane of the tions with the leaving group. Many of these features are
ribose ring, (3) rehybridization of Cfrom sg to near sp present in the transition-state inhibitor. The electrostatic
geometry, (4) protonation of N7 by an enzymatic group, (5) potential surface of the amidrazone is shown in Figure 6E,F.
bond loss in the CE+N9 ribosidic bond to a Pauling bond The p-nitrophenyl group is shown in an energetically
order of 0.22 (a bond length of 1.97 A), (6) weak participa- favorable geometry similar to that of the departing hypox-
tion of an enzyme-bound and activated water nucleophile to anthine at the transition state for enzymatic inosine hydroly-
form a bond order of approximately 0.01, and (7) accumula- sis. The change in geometry from a roughly planar one has
tion of substantial positive charge in the ribosyl group little influence on the conjugation and bond orders. In one
(Horenstein et al., 1991; Horenstein & Schramm, 1993a). ab initio calculation where the NAN2 bond is twisted by
Defining features of the transition state are the near oxocar-80°, the energy of the system increased by only 3.6 kcal/
benium ion nature of the ribosyl group with the subsequent mol and the conjugation of the molecule from htbrough
change to 3exo geometry and N7 protonation. Electron the CI=N4' bond was not altered.
deficiency in the ribose results from a substantial loss of the  The hydrophobic surface of the phenyl ring carries a slight
C1'—NB9 ribosidic bond without yet being compensated by negative charge and occupies a similar volume as hypox-
the lagging attack of the water oxygen. Protonation of N7 anthine at the transition state. The N€ation interaction
prior to complete C1t-N9 bond loss also imparts an electron from the enzyme is not shown. Since this is likely to be the
deficiency in the leaving group hypoxanthine. The electro- same interaction which protonates N7 of leaving group
static features developed at the van der Waals surface of thehypoxanthine at the transition state, the transition state for
transition state can be seen by comparing the molecularinosine is also shown without the cationic interaction which
electrostatic potential surfaces of inosine (Figure 6A,B) with leads to N7 protonation. In the inhibitor, the oxygens from
those of the transition state (Figure 6C,D). The attacking thep-nitro group straddle the position corresponding to that
water nucleophile and enzyme-donated protons have beerof O6 from inosine at the transition state with the conjugated
omitted from these structures for ease of comparison. At rings located approximately 1 A apart in parallel planes.
the transition state, the enzyme-bound water is 3.0 A from Protonation by the same enzymatic group would give a
CZ of the ribose. The oxygen atom water,'Cind N9 form protonated N7 for the transition state or an ionic pair
a linear or near-linear reaction coordinate. The partial interaction with the nitro group. The positive charge of the
positive charge of the oxocarbenium is not localized at a oxycarbonium at the transition state is centered dt @1
single atomic site of the transition state but is distributed the ribose. The tautomer of nitrophenylriboamidrazone
across the family of atoms which surround Gfithe ribosyl, stabilized on the enzymatic surface also localizes the positive
which is the center of the asymmetric reaction coordinate. charge near C1 The crystal structure of the enzyme shows
Departure of the C1N9 bonding electrons into the conju-  a cluster of carboxylates in this regidmand the red-shifted
gated hypoxanthine ring changes the electrostatic potentialfrequency of CE=N2(H) for the inhibitor bound to the
of several atoms of the purine ring to an increased negativeenzyme is consistent with the carboxylate interaction near
electrostatic potential at the transition state (Figure 6). CT of bound inhibitor. The sphybridized C1in both the

Molecular Electrostatic Potential Features of the Transi- transition state and the inhibitor favors thee%o conforma-
tion-State Inhibitor Transition state inhibitors interact with  tion of the ribosyl group.
their cognate enzymes with high specificity and large binding  Conclusions The transition-state mimic nitrophenyl-
energies by mimicking the physicochemical features of the riboamidrazone is bound to IU-nucleoside hydrolase as the
enzyme-stabilized transition state. Transition-state featuresneutral zwitterion. The delocalized positive charge at C1
cause the protein to fold into a stable complex which of the iminoribitol closely matches that of the ribosyl
resembles that of the transition state for catalysis. A oxocarbenium ion. The nitro group of thgnitrophenyl
difference between substrate-induced achievement of thecarries a distributed negative charge, as does the hypox-
enzymatic transition-state complex and transition-state in- anthine leaving group prior to protonation. The hydrazine
hibitor-induced folding of the enzyme complex is that the group provides the features of rotational and tautomeric
substrate is remarkably efficient at inducing the changes flexibility to permit adoption of both the geometry and charge
required to achieve the catalytically competent transition distribution of the transition state.
state. The catalytic turnover number for IU-nucleoside
hydrolase is 32, requiring millisecond reorganizations. REFERENCES
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