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ABSTRACT

The monoanions of the 6-oxopurines guanine (Gua) and hypoxanthine (Hx), and
their nucleosides, pK,~9 due to dissociation of the N(1)-H, are predominantly
in their neutral forms at physiological pH. By contrast, the monoanions of the
6-oxopurine xanthine (Xan) and xanthosine (Xao), were long ago proposed to
involve dissociation of the N(3)-H, with pK, values of 7.5 and 5.7, respectively,
so that, at physiological pH, the former is mixture of the neutral and monoanio-
nic species, and the latter predominantly the monoanion. We have employed
multi-dimensional heteronuclear NMR spectroscopy, which fully confirms the
proposed mode of monoanion formation in Xao (and, by implication, in Xan),
further supported by the results of ab initio quantum mechanical calculations,
and additionally extended to determination of the preferred conformational para-
meters in solution for the neutral and monoanionic species. These findings are
highly relevant to the modes of binding, and to the substrate properties, of
Xan, Xao and its 5-phosphate (XMP) in numerous enzyme systems, hitherto
virtually ignored, and illustrated by several concrete examples.
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INTRODUCTION

Xanthine (Xan), Xanthosine (Xao) and its nucleotides, and some of their N-
methyl congeners, are substrates and/or intermediates for numerous enzymes and
enzyme systems, some of which are referred to below. It is, consequently, of interest
that the unusual structural properties of these compounds in aqueous medium,
particularly of the monoanionic form of the heterocyclic base, have been virtually
overlooked or ignored. By analogy with the 6-oxopurines guanine (Gua) and hypox-
anthine (Hx), which exist predominantly in the neutral forms at physiological pH
(pK, values about 9, see Sch. 1), early studies proposed that formation of the mono-
anion of xanthine also involves dissociation of the N(1)-H, currently still regarded as
valid."? It was first proposed by Cavallieri et al.l’! from spectrophotometric titra-
tions with appropriate N-methyl analogues, that the monoanion of xanthine, and
the xanthine base in xanthosine, is due to dissociation of the N(3)-H, subsequently
supported by Roy & Miles™ with the aid of infrared spectroscopy. Furthermore,
xanthine, with a pK,~ 7.5, is a 1:1 mixture of the neutral and monoanionic species
at physiological pH; whereas xanthosine, and also XMP,™ with a reported
pK,=5.7, must exist predominantly as the monoanions under these conditions
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Scheme 1. Solution structures of the cationic (left), neutral (center) and monoanionic (right)
forms of xanthosine, inosine and guanosine.
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(see Sch. 1). The relevance of this to the enzymatic substrate properties of these
compounds appears obvious, but, with one possible exception in the case of xanthine
and 1-methylxanthine (see below), has been universally overlooked.

We herein present the results of a study of the solution properties of the neutral
and monoanionic species of xanthosine in aqueous medium, with the aid of multi-
dimensional NMR spectroscopy, as well as by ab initio quantum mechanical calcula-
tion, which confirm the findings of Cavalieri et al.”) and Roy & Miles, and extend
this to include also data on the preferred conformations of the neutral and ionic
forms. The relevance of these findings to some enzymatic reactions involving
xanthine and its glycosides, recently illustrated in the case of purine nucleoside phos-
phorylases (PNP),"”! is briefly discussed. Our data should additionally prove helpful
in investigations on the interactions of the neutral and monoanionic forms of Xan,
Xao and XMP with various enzymes in solution by means of NMR spectroscopy.

EXPERIMENTAL
Materials

Xanthosine was a product of Serva (Heidelberg), homogeneous on TLC with
several solvent systems, and with pH-dependent UV spectra in accord with those
reported by Cavalieri et al.l’! It should be noted that the same product from three
other commercial sources was found by TLC and pH-dependent UV spectra to exhi-
bit UV-absorbing contaminants. DMSO-?H( >99.8 % 2H), NaO*H (>95% °H),
2HCI (> 95% *H) and D,O (> 99.8% “H) were from Glaser AG (Basel).

Methods

All NMR experiments were carried out on a Varian Unity plus 500 MHz
spectrometer at 298 K for ~8§ mM Xao in DMSO, or ~1 mM Xao in D,O.

The 2D "H-">C HSQC spectra in DMSO were acquired with broadband decou-
pling. The delays 1/(2'J¢y) were tuned to obtain optimum excitation for 90 Hz (one
bond) as well as 6 and 3 Hz (long range) heteronuclear coupling. The carrier was
positioned at 4.8 ppm for protons and 95 ppm for carbons. The spectral width was
6000 Hz in the proton, and 18000 Hz in the carbon, dimension, respectively, and
512 t1 increments of 512 complex data points were collected. For each FID, 64 scans
were averaged with a repetition delay of 1.2s.

The 2D "H-'>N HSQC spectra in DMSO were similarly acquired. The delays
1/ (2'Jnn) were tuned to obtain optimum excitation for 95Hz (one bond) as well
as 6 and 2.5Hz (long range) heteronuclear coupling. The carrier was positioned at
116 ppm for nitrogens with the spectral width 1500 Hz.

2D ROESY experiments in DMSO and D,O solutions were carried out in the
hypercomplex mode with a spectral width of 6000 Hz, using a 300 ms mixing time
with 1.2s relaxation delay. The carrier frequency was set at 4.8 ppm, and 512 incre-
ments of 2048 complex points with 480 transients were used.
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2D COSY experiments in DMSO and D,O solutions were carried out in the
hypercomplex mode with a spectral width of 6000 Hz and 1 s relaxation delay. The
carrier frequency was set at 4.8 ppm and 450 increments of 1024 complex points with
64 transients were used.

1D spectra were processed and analyzed with the help of the MestRe-C 2.3
program.'®! '°C spectra were transformed using a Gaussian filter, resulting in 3 Hz
resonance broadening. For 'H spectra either 7 /4 shifted or pure sine-bell (for precise
coupling constant determination) filters were used.

2D spectra were processed by NMR Pipe,!”! using a 7/4 shifted sine-bell filter and
zero filling up to 1024 data points in the t1 dimension prior to Fourier transforma-
tion. The spectra were analyzed with the X-Easy program.[®!

Resonance assignments for Xao in DMSO were based on a combination of
'"H-13C and 'H-"N heteronuclear HSQC™ spectra coupled with 2D-COSY!"” and
300 ms mixing time 2D-ROESY!"!! experiments. Titration of Xao in D,O solution
was conducted by both '*C and 'H 1D spectroscopy, following proton resonance
assignments by a combination of 2D-ROESY and 2D-COSY spectra. '*C assign-
ments in D,O solution were adapted from those in DMSO.

Titrations were conducted on ~1 mM solutions of Xao in aqueous medium,
adjusted to appropriate pH values at intervals of 0.1-0.3 units with the aid of
100 mM NaO?H and *HCI. Chemical shifts of the resonances were plotted according
to a modified Henderson-Hasselbach equation:

10" (PKa—pH)
A% = M gk
where AJ; is the chemical shift change of the i-th resonance at a given pH, A; is the
change in chemical shift of the i-th proton on dissociation, n is a Hill coefficient, and
pK, is the apparent ionization constant. The values of n and pK, were kept identical
for all titration curves.

Precise coupling constants were obtained using ISSSS,!'? based on the improved
LAOCOON II algorithm.["* Conformational analysis of the ribose ring puckering
was made with the help of software based on the Altona algorithm for sugar ring
pseudorotation.'¥

Spectrophotometric Titration of Xao in Strongly Acidic Medium
This was performed with a Varian 50-Bio spectrophotometer, equipped with a
thermostated (25°C) cell holder. HCI was used for adjustment of pH in the range
—1 to 2, and acetate buffers in the range 3.5-4.7.
Measurements of pH
These were carried out with an accuracy of +0.05 using CP315m pH meter

(Elmetron, Poland) equipped with a combination semimicro electrode (Orion,
UK) and temperature sensor.
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Calculated Free Energy Difference Between Monoanionic Forms

The difference between species with dissociation of the N(1)-H or N(3)-H was
estimated at the quantum mechanical level for the model 9-methyxanthine, the
structure of which was initially optimized by energy minimization in vacuo with
the Sybyl package, using the Tripos forcefield!” with Amber atomic charges.!'®
This was followed by ab initio analysis with the aid of the GAMESS 6.0 pro-
gram,!'” using restricted Hartree-Fock formalization (RHF) with the 6-31G(d,p)
basis set!"® and the B3LYP functional.!'” Initially the structures of both Xao
monoanions were optimized by in vacuo calculations. Then wave functions and
coordinates were reoptimized using the PCM approach,”” permitting computa-
tion of solute-solvent electrostatic interactions in the presence of polarizable con-
tinuum. In the PCM method the solute was placed in a cavity formed by a set of
spheres centered on each atom with a radius 1.2 times larger than the Van der
Waals radius. Renormalization of the wave functions was performed to compensate
for penetration of the solute charge density outside the cavity. Dispersion end
repulsion corrections??! were also included in the self-consistent wave function.
Finally, according to the Clavarie-Pierotti model,*!! cavitation corrections were
applied. No corrections for zero state vibration were done. Calculations were
performed independently for aqueous and DMSO solutions, using the following
sets of parameters: dielectric constant (g) 78.39; solvent radius (Rgqy) 1.385 A;
solvent partial molar volume (V,,,) 18.07 cm3/mol; the thermal expansion coeffi-
cient (TCE) 0.257E-03 K '; surface tension (o) 71.81 dyn/cm; the thermal coeffi-
cient of surface tension logarithm (Ac) 0.65; the cavity microscopic coefficient
(CMF) 1.277 for aqueous medium; and &£=46.70; Ry, =2.455 A; Viyo=
70.94 cm® /mol; TCE =0.982E-01 K™'; ¢ =42.86 dyn/cm; Ac =0.00; CMF =0.000
for DMSO.

RESULTS AND DISCUSSION
Proton Assignments in DMSO Solution

This was based on 2D-COSY experiments, and led to unequivocal assignments
of H(8) and all ribose protons. One of the ring nitrogen protons, located at
11.73 ppm, is strongly broadened (halfwidth ~200 Hz), whereas the other, located
at 10.87 ppm, is relatively narrow (3.9 Hz). Absence of magnetization transfer from
the narrow resonance to the ribose protons by 2D-ROESY (Fig. 1) led to identi-
fication of the narrow resonance signal as the N(1)-H, located distally from all the
sugar protons, while relaxation of the slowly exchanging N(3)-H proton at
11.73 ppm precludes efficient magnetization transfer to the neighbouring ribose
H(1"), H?2') and H(3’). Addition of a small amount of water (=~10puL) to the
DMSO solution did not affect the N(1)-H resonance, whereas the N(3)-H signal
disappeared due to rapid proton exchange (not shown). It follows that, in aqueous
medium as well, the N(3)-H proton is the more labile.
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Figure 1. Part of 2D-ROESY spectrum of Xao recorded in DMSO solution. Absence of non-
diagonal crosspeaks for the 10.87 ppm signal, when a number of C(8)-H crosspeaks are clearly
observed, indicates that its assignment is the N(1)-H distal from the sugar moiety. The N(1)-H
-H1’ crosspeak volume is two orders of magnitude lower than that of C(8)-H-H1’. The HI
diagonal peak is denoted by the black ellipse.
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Carbon and Nitrogen Resonances

These were assigned on the basis of a series of '’N-'H and '*C-'H HSQC
spectra. The observed cross-peaks pattern (Fig. 2) is consistent with the final assign-
ments listed in Table 1.

Titration of Xanthosine by 'H Spectroscopy

Titration was conducted over the pH range 1.5-9.0, and demonstrated detect-
able pH-dependent changes in chemical shifts of all proton signals except H3'
(Fig. 3). With the use of Eq. (1), the pK, for dissociation of the N(3)-H was esti-
mated as 5.48 £0.18, as compared to a reported value of 5.50%0.05 obtained by
spectrophotometric titration.”! This is also consistent with a value of 5.85 for
1-methylxanthosine, and 6.15 for O%-methylxanthosine [ both of which possess only
one ionizable proton, at N(3).

Titration to lower pH values (Fig. 3) revealed an additional ionic equilibrium
with a pK, <1, clearly due to protonation. A more accurate value was obtained
by spectrophotometric titration, leading to a pK,=0.0£0.1. Bearing in mind the
marked chemical shift of H(1’), and the very large chemical shift of H(8), accompa-
nying titration (Fig. 3, left-hand side), it is clear that protonation occurs on the N(7)
nitrogen.

[5.70 ]
[5.75 ] u 9 |
H1'/N9 HI'| HI' HI'
[ 5.80] c4 | C8 cl'

‘@ 0 0 -7.85—' ; a ‘

H&/N7 H8/N9 | H8/N1 | 790] H8 [ H8 | H8 | H8 H8

c6|c2lcalcs cr’
- 110.85
2
Q| o [ |0 )
HIN7 | HINo| HUNI 1090 m1 | Hi Hi
c6 | C2 | cs
233 136 125 158 150 139.5 136 117 89

Figure 2. Heteronuclear correlation patterns derived from 'N-'H HSQC (left) and '*C-'H
HSQC (right) spectra of xanthosine in DMSO solution.
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Table 1. Carbon, nitrogen and proton signal assignments for xanthosine in DMSO, and for
its neutral, monoanionic, and cationic forms in aqueous medium.

Water
DMSO (pH 1) Neutral (pH 4) Anion (pH 8.6)

Heavy atom Proton Proton Heavy atom Proton Heavy atom  Proton
N1 1252 (145.5%) 10.87 (10.7°)
C2 150.4 (151.5%
N3 11.73 (11.9°)
C4  139.3 (140.4%
C5 116.3 (117.4% 116.2
C6 157.9 (158.99 153.4
N7 233.5(233.4%)
C8 135.7 (136,79  7.87 (7.85°) 7.85 138.1 7.79
N9 136.2 (167.4%)
Cl'  88.7(89.99 5.74 (5.77°)  5.90 92.6 5.82 88.9 5.78
C2 73.9 (75.19 422 (4.24° 4.52 76.6 4.45 73.9 4.75¢
C3  70.8 (71.99 4.07 (4.10°  4.38 73.6 4.32 71.8 4.31
C4'  86.1(87.2° 4.02 (4.04% 432 89.0 4.25 86.8 4.17
Cy  61.2(62.39 3.66 (3.69°)  3.92 63.7 3.86 62.4 3.81, 3.71

Average chemical shifts of guanosine '>N nitrogen resonances estimated from data in the
BMRB data bank (http://www.bmrb.wisc.edu/).

®These values are for 9-methylxanthine!*’l.

°Data obtained from SDBSWeb (http://www.aist.go.jp/RIODB/SDBS)*!1.

dSignal under water resonance.

+H4' «HS8

s H5" s HS'

Figure 3. pH-dependence of proton chemical shift drifts in xanthosine. Note that H3' is
invariant with pH (not shown).
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pH-Dependence of Conformational Equilibrium

From Fig. 3, it will be noted that the largest changes in chemical shifts, in going
from the neutral form of Xao to the monoanionic species, is observed for H2'. This is
reminiscent of an earlier report, based on the use of model purine nucleosides, that
large changes in chemical shifts of H2" are associated with a change in the syn-anti
equilibrium.**

Comparison of the 2D-ROESY spectra of Xao at pH 4 (neutral form) and pH 8
(monoanion) demonstrate a significant change of the cross-peak pattern characteris-
tic for the syn-anti equilibrium. Thus, at pH 4, the NOE effects for H8-H1’, H8-H2’
and H8-H3' magnetization transfers are in ratio 5:1:1; whereas, at pH 9, H8-H1’ and
H8-H3' magnetization transfers are in the ratio 3:1 (the H2' resonance is located
under water, and the NOE effect is strongly distorted). The overall data clearly indi-
cate that the population of the anti conformer is significantly increased upon
dissociation of the N(3) proton.

Analysis of the pH-dependence of the furanose ring puckering shows that disso-
ciation of the N(3) proton results in lower destabilization of the N type conformer
(Fig. 4, ~5% at pH 4 vs. 15% at pH 9), accompanied by a small increase of the mean
pseudorotation amplitude t (29° at pH 4 vs. 32.3° at pH 9).

Analogously, the rotational equilibrium of the exocyclic C(5’) group is coupled
with the ionic form of the base. Despite the fact that the H5 and H5" signals over-
lap, precluding detailed analysis, it may be concluded that dissociation of the N(3)
proton significantly affects the conformational equilibrium of the C(5')H,OH group,
reflected by an increasing population of the gauche rotamer (Fig. 4).

Summing up, we propose the following model for the pH-dependence of the con-
formation. The extremely low magnetization transfer from the narrow base imino
proton signal to the sugar protons (Fig. 1) indicates that the N(3)-H undergoes sig-
nificant exchange on the NMR time-scale resulting in large broadening of the signal
in DMSO solution. Dissociation of the N(3)-H proton stabilizes the anti conforma-
tion. Variation of the syn-anti equilibrium modifies interaction between the base and
sugar, leading to an increase in population of the N puckering form, and an increase
in the mean pseudorotation amplitude due to decreased steric interactions between
the sugar ring and the base. Furthermore, a change in the syn-anti equilibrium results
in a change in rotational equilibrium of the exocyclic group. These tendencies are in
accord with crystallographic data, which show the syn conformer of the neutral form
stabilized by an intramolecular N(3)-H—O-C(5') hydrogen bond.*¥ The estimated
solution conformation of neutral Xao (t=32.3, S=95%) agrees with the crystal
conformation (t=38.7, P=156°, respectively).

Quantum Mechanical Calculations

Preliminary ab initio analysis demonstrated stabilization of the N(3) dissociated
form relative to N(1) by 26 kcal/mol in vacuo. Consequently, in both DMSO and
aqueous medium, the internal free energy significantly favors N(3)-H dissociation,
notwithstanding that solute-solvent electrostatic interactions favour the N(1) disso-
ciated form. Other contributions to the free energy are almost identical for both

Copyright © 2003 by Marcel Dekker, Inc. All rights reserved.
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Figure 4. pH-dependence of the pentose ring pucker of xanthosine: (a) fraction of S form;
(b) mean pseudorotation amplitude t; (¢) mean C(4')-H, C(5')-H vicinal coupling constant.

forms. Finally, the N(3)-dissociated form is stabilized by 10 kcal/mol and 11 kcal /mol
in DMSO and aqueous solution, respectively. The calculated results (see Table 2) are
in accord with the NMR assignments made for Xao in DMSO solution, which
demonstrated that the N(3), and not the N(1), proton is by far the more labile. In line
with this, earlier theoretical studies demonstrated that the monoanion of 6-thio-
xanthine involves dissociation of the N(3)-H, as also for the parent xanthine.”*!

BIOLOGICAL ASPECTS

Xan, Xao and XMP, as well as some of their N-methyl analogues, are substrates
or intermediates for a large number of enzymes or enzyme systems."” For example,

MarceL DEKKER, INc.
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Table 2. Free energy partition estimated for the two monoanionic forms of Xanthosine in
DMSO and in aqueous medium, from ab initio calculations with the Polarizable Continuum
Model extended for cavitation, repulsion, and dispersion interactions.

DMSO Water

Energy partition

(kcal/mol) HI1 diss H3 diss A H1 diss H3 diss A

Internal energy in

vacuo and AE° —375055.79 —375082.20 26.41 —375055.79 —375082.20 26.41

Internal energy —375043.37 —375064.02  20.65 —375042.89 —-375075.46 32.57
in solvent

Free energy —375149.28 —375159.43  10.15 —-375150.43 —-375161.27 10.84
in solvent

Electrostatic -92.41 —-82.14 —10.27 —94.02 —-72.50 —21.52
interaction

Pierotti cavitation 21.07 20.94 0.13 21.68 21.52 0.16
energy

Dispersion free —17.70 —-17.46 -0.24 —17.75 —-17.56 -0.19
Energy

Repulsion free 4.20 4.19 0.01 4.23 425 -0.02
energy

Total solute-solvent —84.84 —74.48 —10.36 —85.86 —64.29 -—-21.57
interaction

Total free energy —375128.21 —375138.49 10.28 —375128.75 —375139.75 11.00

in solvent and AG®

IMP dehydrogenase, the rate-limiting enzyme in de novo synthesis of guanine
nucleotides, catalyzes the NAD-dependent oxidation of IMP to XMP, which is then
converted to GMP.*%! Xan and Xao are weak to moderate substrates of mammalian
purine nucleoside phosphorylases (PNP), dependent, as expected, on the pH,"! but
not of the corresponding enzyme from E. coli encoded by the deoD gene (referred
to as PNP-I). But cultivation of E. coli cells in the presence of Xao leads to induction
of a new enzyme, PNP-II, encoded by the XapA gene, with a high preference for both
Xan and Xao.?”

The biosynthesis of caffeine, recently extensively reviewed,”® proceeds through
a number of enzymatic steps involving as intermediates Xan, Xao, XMP, and
N(7)-methyl-XMP, followed by cleavage of the latter and stepwise enzymatic
methylation of the liberated N(7)-methyl-Xan to give trimethylxanthine (caffeine).
A nucleoside triphosphate pyrophosphorylase from a thermophile, Methanococcus
Jjannaschii, is highly specific for ITP and XTP, particularly at alkaline pH,?”
where both exist exclusively as the monoanions, albeit with different structures,
not noted by the authors. Xanthine derivatives are under active investigation as
activators of the CFTR chloride channel, defects in which are known to underlie
cystic fibrosis.*”
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Particularly relevant are purine phosphoribosyltransferases, which includes a
family of enzymes specific for 6-oxopurines. The human enzyme accepts Hx and
Gua, but only minimally Xan,?!*? whereas E. coli contains two such enzymes,
one with a preference for Hx and Gua, the other for Gua and Xan.®3 Some parasitic
protozoa, e.g. Leishmania donovani, possesses one such enzyme, with a marked
preference for Xan .43

It is surprising, in fact quite extraordinary, that in all the foregoing, and in
many other enzyme systems, no reference is made to either the unusual structure
of the monoanion of free Xan, or of the xanthine moiety of Xao and XMP, or
the fact that, at physiological pH, Xan is a mixture of the neutral and monoanionic
forms, and Xao and XMP exist almost exclusively with their Xan moiety as the
monoanion.

We are aware of only one enzyme system, xanthine oxidase, where attention
was directed to possible substrate properties of the monoanion of Xan. From
kinetic and pH-dependence studies, it was proposed that the neutral forms of
Xan!!! and N(1)-methyl-Xan!® are the preferred substrates, but with the erroneous
assumption that monoanion formation is due to dissociation of an imidazole pro-
ton. And, in our opinion, weak substrate properties of the monoanions were not
unequivocally excluded.

Reverting to the purine phosphoribosyltransferases, referred to above, crystal
structures of many of these, in complexes with 6-oxopurines or their nucleotides,
including Xan and XMP, have been reported. The modes of binding of Hx and
Gua in the forward reaction, and of IMP and GMP in the reverse reaction, have
been reasonably well assigned. But the situation is much less clear for binding of
Xan and XMP,*¥ in part, perhaps, because resolution of crystal structures is insuffi-
cient to distinguish between a C=0 bond and a C-O™. It is, of course, conceivable
that binding of Xan or XMP to the enzyme in the crystalline state may result in liqui-
dation of dissociation; but it was long ago reported that the crystal structure of the
monoanion of Xan shows the N(3)-H to be dissociated.”® At the polymer level,
it has been shown that poly(xanthylate) forms multi-stranded helices with different
structures in acid and alkaline media, related to dissociation of the N(3)-H of the
Xan residues,?”* and confirmed by X-ray diffraction of poly(X) fibres, which form
one helix at acid pH with the Xan residues in the neutral 2,4-diketo form, and a
different one at pH 8, in which the N(3)-H of the Xan residues is dissociated."
The fact remains that crystallographers appear to be unaware of the structure and
ionic properties of Xan and XMP in solution at the physiological pH at which
these enzymes are optimally active.
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ABBREVIATIONS
Xan xanthine
Xao xanthosine
XMP xanthosine-5'-phosphate
PNP purine nucleoside phosphorylase
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