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Oxanosine 3r, 5-amino-3-â-(D-ribofuranosyl)-3H-imidazo[4,5-d][1,3]oxazine-7-one, was iso-
lated as a novel nucleoside antibiotic in 1981 from Streptomyces capreolus MG265-CF3.
Oxanosine became relevant in toxicology in 1996 with the discovery that it is formed in
nitrosative guanosine deamination. As part of studies of the mechanism of oxanosine formation,
the synthesis was attempted of [7-18O]oxanosine by enzymatic 16O/18O-exchange with adenosine
deaminase (ADA) in analogy to the synthesis of [6-18O]guanosine from 2-amino-6-chloropurine.
Unexpectedly, it was discovered that the incubation of oxanosine 3r with ADA in sodium
phosphate buffer (pH ) 7.4) results in 1-â-(D-ribofuranosyl)-5-ureido-1H-imidazole-4-carboxylic
acid 4r. The reaction of the 2′-deoxyribose derivative 3d forms 4d in analogy. The reaction
products were separated by preparative RP-HPLC and characterized by LC/MS and MS/MS
analyses and UV/vis and NMR spectroscopy, and NMR assignments were corroborated by GIAO
and GIAO-PCM calculations. Reaction in H2

18O leads to 18O-incorporation at C7. The hydrolysis
of 3 to 4 can be rationalized on the basis of the known mode of action of ADA, and an explanation
is provided for ADA’s accomplishment of the “usual” substitution at C6 of adenosine (addition
to the exocyclic bond) and the “lactone hydrolysis” of oxanosine (addition to the endocyclic
double bond). The Michaelis-Menten constant of Km ) 1.0 ((0.2) mM was measured for
oxanosine. Implications are discussed for studies of nitrosative deamination of nucleosides,
nucleotides, and oligonucleotides.

Introduction

The ingestion or inhalation of nitrosating reagents
contained in foods (1, NOx

-) or the environment (2, NOx)
have been known to cause in vivo nitrosation. The
significance of this knowledge greatly increased with the
discovery of endogenous NO synthesis (3), the recognition
of the role of NO in the regulation of many biological
processes (4), and the emergence of NO-releasing drugs
(5) and NO-synthase inhibitors (6). And, most recently,
increasing attention has focused on NO generated by
deprotonation of HNO and subsequent oxidation of NO-

(7). Endogenous nitrosation involves N2O3, the anhydride
of HNO2 and the autoxidation product of NO (8), or
peroxynitrite ONOO- (9), the superoxide adduct of NO,
leads to DNA base deamination and interstrand cross-
linking, and causes a variety of disorders and diseases
(10-12). The recognition of the detriments and of the
benefits (13) of nitrosation increases the complexity of
nitrosation toxicology. Hence, a more detailed and quan-
titative understanding is required of nitrosation in
biological environments, and recent studies quantified
some nitrosation reagents and products. Wink et al. (14)
quantified NO production and nitrosation by N2O3 using
2,3-diaminonaphthalene (DAN) as a marker, and Mirish
et al. (15) quantified N-nitroso compounds (NOC) and

their precursors (NOCP) in foods as markers for potential
overall nitrosation damage. Specific damage has been
quantified for some nitrosating reagents, and this is
exemplified by a study of DNA strand breaks by N-
nitrosomorpholine (NMOR) in single cells by Robichova
and Slamenova (16) and by the quantification of the
products of DNA base deamination under biologically
relevant conditions of NO exposure by Dedon et al. (17).
In this context, we discuss the suitability of oxanosine
as a marker for nucleoside nitrosation.

The main products of nitrosation of derivatives of the
DNA bases guanine, adenine, and cytosine are the
corresponding derivatives of xanthine, inosine, and uracil,
respectively, and they participate in normal cell metabo-
lism irrespective of any possible additional formation by
nitrosation (Figure 1). The nitrosation of guanine deriva-
tive 1 stands out because its nitrosation forms, aside from
the xanthine derivatives 2, significant amounts of a
second type of product, the oxanine derivatives 3. Suzuki
et al. isolated 2′-deoxyoxanosine 3d as a product of the
nitrosation of 2′-deoxyguanosine 1d, oligodeoxynucleotide
(dTGTT), and calf thymus DNA with nitrous acid, HNO2,
and nitric oxide, NO (18). Nitrosative deamination of
guanosine 1r yields 3r in complete analogy.

Oxanosine, 5-amino-3-â-(D-ribofuranosyl)-3H-imidazo-
[4,5-d][1,3]oxazine-7-one (3r, Figure 1), was isolated as
a new antibiotic in 1981 from Streptomyces capreolus
MG265-CF3, and its structure was determined (19, 20).
Oxanosine inhibits the growth of HeLa cells in vitro,
shows antibacterial activity against Escherichia coli K-12,
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and suppresses the growth of L-1210 leukemia in mice
(19-21). Studies of rat kidney cells infected with mutant
Rous sarcoma virus (22) showed oxanosine to be more
cytotoxic to tumor cells than to normal cells, and ox-
anosine also induced reversion toward the normal
phenotype of K-ras-transformed rat kidney cells (23).
There have not been any reports on the presence, the
endogenous synthesis, or any physiological function of
oxanine derivatives in healthy cells. The presence or
absence of oxanine derivatives 3 might thus recommend
itself as a suitable measure for nitrosative deamination
of guanines 1 and, in a broader sense, as a physiological
or toxicological marker of overall nitrosation activity.

We present here the results of a study of the ADA-
catalyzed hydrolyses of 3r to 4r and of 3d to 4d and 4h
(Figure 2). The reaction was studied for another reason,
and its outcome was unexpected. We found that ADA
promotes the lactone hydrolysis of oxanosine to 1-â-(D-
ribo-furanosyl)-5-ureido-1H-imidazole-4-carboxylic acid
4r. ADA also catalyzes the hydrolysis of 2′-deoxy-

oxanosine 3d under these conditions to 1-â-(D-2′-deoxy-
ribofuranosyl)-5-ureido-1H-imidazole-4-carboxylic acid 4d.
In contrast to 4r, 4d easily undergoes deglycation to 4,5-
ureido-1H-imidazole-4-carboxylic acid 4h (after its enzy-
matic formation and release). The study of the ADA-
catalyzed hydrolysis of 3d in (18O)water and of the ADA-
catalyzed hydrolysis of 3r clarified that a lactone
hydrolysis was taking place. The products were separated
by liquid chromatography and identified and character-
ized by mass spectrometry and NMR spectroscopy. The
known mechanism of action of ADA provides a rationale
for the lactone-opening. The Michaelis-Menten param-
eters for 3r and 3d are reported. Implications are
discussed for toxicological studies of nitrosative deami-
nation of nucleosides and nucleotides.

Materials and Methods
Materials. Guanosine and 2′-deoxyguanosine (1r and 1d)

were purchased from Sigma (purity > 99%) and used without
further purification. Adenosine deaminase (calf intestine) was

Figure 1. Purine metabolism and nitrosative deamination.
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purchased from Boehringer-Mannheim in solution of 50%
glycerol (v/v) and 10 mM potassium phosphate, specific activity
200 units/mg at 25 °C with adenosine as substrate (1 unit ADA
activity is the amount of enzyme that produces 1 µmol of inosine
per minute). 18O-Water was purchased from Isotech Isotopes
Inc. in 97.6% enrichment. HPLC grade acetonitrile was bought
from Fisher. The 0.1 M triethylammonium acetate buffer was
prepared from glacial acetic acid and triethylamine, filtered
through 0.45 µm filter paper under reduced pressure, and
sonicated for 15 min before use. Triethylamine was purchased
from Acros Organics and purified by distillation over calcium
hydride. Distilled water was filtered through a 0.45 µm filter
paper under reduced pressure and sonicated for 15 min before
use in HPLC.

Syntheses of Oxanosines 3r and 3d by Nitrosation of
Guanosines 1r and 1d. Compounds 3r and 3d were synthe-
sized by the method of Suzuki et al. (18). Compound 1r (12.5
mM) was incubated at 37 °C with NaNO2 (124.9 mM) in 4 mL
of sodium acetate buffer (3 N, pH ) 3.7) for 20-24 h to ensure
that almost all 1r had reacted. HPLC analysis of the reaction
mixture showed the formations of 2r (tR ) 9.7) and 3r (tR )
13.5). Similarly, 1d (12.5 mM) was incubated at 37 °C with
NaNO2 (124.9 mM) in 4 mL of sodium acetate buffer (3 N, pH
) 3.7). HPLC analysis showed the formations of xanthine 2h
(tR ) 7.5), 2′-deoxyxanthosine 2d (tR ) 9.7), and 2′-deoxyox-
anosine 3d (tR ) 13.5). All HPLC assignments were confirmed
by LC/MS analysis. The oxanosines 3r and 3d were separated
and purified by preparative RP-HPLC and dried by lyophiliza-
tion.

ADA-Catalyzed Hydrolyses of 3r and 3d in (18O)Water.
A 50 mM sodium phosphate buffer (pH ) 7.4) was prepared
with H2

18O. Oxanosine 3r or 3d was dissolved in the labeled
buffer, 60 µL (120 µg, 24 units) ADA was added, and the reaction
solution was monitored by HPLC and LC/MS.

RP-HPLC Analyses and Preparations. The RP-HPLC
analyses were performed on a Shimadzu LC system that
consisted of a LC-10ATvp pumping system, CTO-10Avp column
oven (25 °C), and a SPD-M10Avp photodiode array detector. The
samples were injected with a SIL 10A autosampler, and the
initial mobile phase was 100% 0.1 M triethylammonium acetate
buffer. Acetonitrile was mixed into the mobile phase in such a
way as to increase the acetonitrile concentration linearly from
0 to 10% over 16 min. For analytical purposes, a Supelcosil
octadecylsilane column (2.5 cm × 4.6 mm i.d., 5 µm particle size)
was used, and the flow rate was 1 mL/min. The volume of
sample injected was 10 µL. For semipreparative work, a
Supelcosil octadecylsilane column (25 cm × 10 mm i.d., 5 µm

particle size) was used with a flow rate of 4.73 mL/min. The
volume of the sample injected was 142 µL. The samples were
kept at -5 °C during HPLC analysis to prevent decomposition.

LC/MS Analyses. The LC component consisted of a Finnigan
P4000 pump, a AS3000 autosampler, and a UV6000 LP detector.
The mobile phase initially was 0.1 M triethylammonium acetate
buffer, and acetonitrile was mixed in linearly and up to 10%
over 16 min. The flow rate was 1 mL/min, and the injection
volumes were 20 µL. The separations were carried out on a
Supelcosil octadecylsilane column (2.5 cm × 4.6 mm i.d., 5 µm
particle size). The LC was coupled to a TSQ 7000 triple-
quadrupole mass spectrometer (Thermoquest, San Jose, CA)
which was operated in the negative ion atmospheric pressure
chemical ionization (APCI) mode for the analysis. The temper-
ature of the heated capillary was 350 °C.

NMR Spectroscopy. The 1H and 13C NMR spectra were
recorded on a Bruker Avance DRX500 spectrometer equipped
with a 5 mm broadband probe in DMSO-d6 (1H) or CD3OD (13C).
A 30° excitation pulse was applied to record 1H and 13C NMR
spectra. All 13C NMR spectra were acquired with broadband 1H
decoupling. Repetition times were 3.78 (1H) and 1.82 s (13C).
All the 1H NMR spectra are the result of the accumulation of
32 scans, while 20 000-40 000 scans were accumulated for 13C
NMR spectra depending on sample concentration. Line-broad-
enings of 0.2 (1H) or 1 Hz (13C) were applied. The methanol
signals at δ(1H) ) 3.30 and δ(13C) ) 49.0 ppm and the DMSO
signal at δ(1H) ) 2.49 ppm served as internal standards. The
isotopic shift is reported in parts per million and hertz. Peak
assignments were based on literature (24, 25). DMSO-d6 was
used for the measurements of the 1H NMR spectra.

We determined the position of the label via the 18O-isotopic
shifts in the 13C NMR spectra (26). The 18O-isotopic shifts of
13C NMR signals have been studied for several functional
groups, and their magnitudes vary in ways that are not easily
predictable (27). These 18O isotope shifts are only a few hertz,
and the choice of solvent was critical for their measurement.
The carbonyl peaks in the 13C NMR spectra of 3r and 4r were
difficult to measure in DMSO because of the solvent’s high
viscosity; the signals could only be recorded with longer
relaxation times (6.65 s) but were then too broad (30-40 Hz).
Methanol-d4 was found to be the ideal solvent to measure the
isotopic shifts providing very sharp peaks with widths of only
2-4 Hz.

Computational Methods. Structures of 3h, 4h, and 4m
(Figure 8) were optimized with the B3LYP implementation of
hybrid density functional theory (28) with the program Gauss-
ian03 (29). The fully polarized valence triple-ú basis set 6-311G**

Figure 2. Nitrosative deamination of guanines 1 has been known to form xanthines 2 and oxanines 3. It has been found now that
ADA catalyzes the hydrolysis of oxanosines 3 to compounds 4. Heterocycles are numbered, and letters specify the R-group. Note that
the IUPAC numberings of purine and oxanine derivatives differ.

1832 Chem. Res. Toxicol., Vol. 18, No. 12, 2005 Majumdar et al.



Figure 4. LC/MS spectra of the ADA-catalyzed hydrolyses of 3r and 3d with (18O)water. Product 4r (tR ) 4.0 min, panel a) of the
ADA-catalyzed reaction of 3r. Products 4d (tR ) 4.4 min, panel b) and 4h (tR ) 8.2 min, panel c) of the ADA-catalyzed reaction of 3d.

Figure 3. RP-HPLC chromatograms of the ADA-catalyzed hydrolyses of 3r and 3d: (a) within 30 s of ADA addition to 3r (inset:
UV spectrum of 3r), (b) as the reaction of 3r to 4r progressed, and (c) after completion (inset: UV spectrum of 4r). The reaction of
3d is similar, except for the product deglycation; (d) 4d and 4h (inset: UV spectrum of 4h).
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was employed for all optimizations () basis set A) (30).
Vibrational frequency analyses were carried out at the level of
optimization to confirm that a stationary structure indeed had
been located and to confirm the character of the stationary
structure (e.g., minimum, no imaginary modes). The Gauge-
Independent Atomic Orbital (GIAO) method is a proven, ef-
ficient, and accurate method for the calculation of NMR
shielding tensors (31) and GIAO-NMR calculations were carried
out in conjunction with the B3LYP method. The NMR calcula-
tions employed basis set A and also Dunning’s correlation-
consistent polarized valence triple-ú and quadruple-ú basis sets
cc-pVTZ () basis set B) and cc-pVQZ () basis set C), respectively
(32). NMR calculations were carried out for the isolated molecule
as well as for model-solvated molecules. The solvation calcula-
tions employed the Polarized Continuum Model (PCM, 33) to
simulate methanol (ε ) 32.63) and DMSO (ε ) 46.7).

Kinetic Analyses of the ADA-Catalyzed Hydrolysis of
Oxanosine 3r and Adenosine. Kinetic analyses of the ADA-
catalyzed hydrolyses of 3r and adenosine 7r were performed
with a Hewlett-Packard diode array spectrophotometer 8452A
equipped with T-control (Peltier cell holder, 220-400 nm;
scanning time ) 40 min, 1 scan per second). Absorption spectra
were collected at 37 °C, and the change in absorbance at 300
nm was recorded to monitor ADA activity as a function of the
concentration of 3r or 7r, using E300(3r) ) 3800 M-1 cm-1 (cf.
E260(3r) ) 5100 M-1 cm-1 (18)) and E260(7r) ) 15 400 M-1 cm-1

(18). Assays were carried out in 50 µM sodium phosphate buffer
(pH ) 7.4). Activities were measured over at least 15 concentra-
tions of 3r and 7r (0.1-3 KM), and cuvettes with 0.2 and 1 cm
path lengths were used to widen the range. ADA concentrations
were kept constant (3r, 1.5 µM; 7r, 0.75 nM), and each assay
was repeated at least three times. Vmax values were adjusted to
reflect the ADA concentration.

Results

Preparation, Isolation, and UV/Vis Analysis of 4.
Samples of 25 mM of oxanosines 3r and 3d were
incubated with 3 µM ADA in 50 mM sodium phosphate

buffer (pH ) 7.4) at 37 °C for 5 h. RP-HPLC chromato-
grams of the ADA-catalyzed hydrolyses of 3 are shown
in Figure 3. The substrates 3r and 3d were completely
consumed after 5 h. The products were isolated by
semipreparative RP-HPLC for structural analysis.

Substrate 3r reacted cleanly to 4r; Figure 3a was
recorded just after ADA addition (tR(3r) ) 13.5 min), and
panels b and c of Figure 3 were recorded during and after
completion of the enzymatic reaction (tR(4r) ) 4 min, λmax

) 228 nm for 4r). Substrate 3d reacted cleanly to 4d in
the same way, but in this case, deglycation of 4d is
significant (after its enzymatic formation and release);
about half of product 4d (Figure 3d, tR(4d) ) 4.4 min;
λmax ) 228 nm for 4d) was converted to 4h (Figure 3d,
tR(4d) ) 8.2 min, λmax ) 257 nm) by the time the
enzymatic reaction was complete. With regard to tR and
absorbance, 4r and 4d resemble adduct 6 (25).

Structure Assignment via Mass-Spectrometry
and 18O-Labeling. The negative ion APCI-LC/MS spec-
tra (Figure 4) show the products of the ADA-catalyzed
hydrolyses of 3r and 3d with (18O)water and prove that
one 18O-label is incorporated in 4r*, 4d*, and 4h*. The
spectrum of 4r* (Figure 4a) shows signals at m/z values
of 302.9 (4r*-H), 285.8 (4r*-NH3), 171 (4r*-sugar), and
153.7 (4r*-NH3-sugar). The spectrum of 4d (Figure 4b)
features only a very weak pseudomolecular ion peak at
m/z ) 287.3 (4d*-H) and strong peaks with m/z values
of 171.2 (4d*-sugar) and 154.2 (4d*-sugar-NH3). The
deglycation product 4h with m/z ) 171 was identified by
its negative ion APCI-LC/MS/MS spectrum (Figure 4c).

The negative ion APCI-LC/MS/MS spectra of 4r* and
4d* are shown in Figure 5. The major fragmentations of
ion m/z ) 171 (Figure 5a) involve deglycation to m/z )
154 and HNCO loss to m/z ) 128. The MS/MS spectrum
of ion m/z ) 154 provides compelling evidence for the

Figure 5. (a) The MS/MS spectrum of ion [4h*-H]- with m/z ) 171, formed directly from 4h* or by deglycation of 4r* or 4d*,
features fragment peaks at m/z ) 154.0 and m/z ) 127.7. (b) The MS/MS spectrum of ion m/z ) 154 shows further fragmentation
releasing first 18OCO and then CO or first CO2 and then 18OC.
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formations of daughter ions by initial elimination of
either 18O-labeled or unlabeled CO2 via Diels-Alder
cycloreversion followed by elimination of either unlabeled
or 18O-labeled CO, respectively (Figure 5b).

The MS spectra are consistent with the major frag-
mentation paths of 4r*, 4d*, and 4h* shown in Figure
6. The -COOH‚‚‚NH2CO- hydrogen bond in 4 is prone
to form the zwitterion -COO-‚‚‚H+NH2CO- of 4, and
this explains the propensity for facile NH3 loss. We
show the zwitterionic structure in Figure 6 to stress its
latency. Because of the equilibrium between
4(-COOH‚‚‚NH2CO-) and 4(-COO-‚‚‚H+NH2CO-), 4
does not contain an ammonium ion as such. The most
acidic hydrogen in 4r is that of the 2′-hydroxyl group (pKa

≈ 13.0 ( 0.5, 34), and this hydroxyl group is deprotonated
to form the ion [4r-H]- in which the oxyanion is
stabilized by intramolecular hydrogen bonding. In the
absence of the 2-hydroxy group, the ion [4d-H]- is not
formed and ion [4h-H]- is formed instead. The facile
deglycation of 2′-deoxyribosides (Figure 4b) has precedent

in negative ion MS (35). The sequence of NH3 elimination
and deglycation differ for the riboside and the 2′-deox-
yriboside, and they feature different mechanisms of
glycoside heterolysis. The riboside 4r* deprotonates, then
eliminates NH3 (m/z ) 285.8), and finally eliminates the
ribose (m/z ) 154) as neutral dihydrofuran-3(2H)-one. In
contrast, 2′-deoxyriboside 4d* initially undergoes N-
glycosidic bond cleavage (m/z ) 170.6) and then NH3

elimination (m/z ) 154). Both paths eventually lead to
ion [5h-H]-, and the structure of this anion shown in
Figure 6 reflects the much higher acidity of 2-pyridone
(pKa ) 11.6, 36) and its derivatives compared to imida-
zole.

Structure Confirmation via NMR Spectroscopy.
The 1H NMR spectrum of 4r (DMSO-d6, 25 °C, Support-
ing Information) exhibits a set of signals for the ribose
moiety of 4r and the NH2 protons: δ 8.13 (s, 1H,
NHCONH2), 7.89 (s, 1H, H-2), 6.29 (s, 2H, NH2), 5.5 (d,
H-1′), 4.12 (t, H-2′), 4.04 (t, H-3′), 3.84 (m, ABX, H-4′),
3.65 (m, ABX, 2H, H-5′,5′′). The 1H NMR spectrum of 4d

Figure 6. Proposed major fragmentation paths of 4r*, 4d*, and 4h*.
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showed the same signals, and both are identical with 6
(25) and with the ribose moiety for nucleosides (24, 25).
The 1H NMR spectrum of 4r in methanol-d4 did not show
any signals for the exchangeable protons (NHCONH2).
The 13C NMR spectrum of unlabeled 4r (CD3OD) was
recorded (Figure 7) and assigned as follows: δ 167.74
(COOH, C4a), 160.15 (NHCONH2, C5a), 134.21 (C2,
DEPT), 132.12 (C5), 128.31 (C4), 90.47 (C1′), 85.99 (C4′),
77.25 (C2′), 73.86 (C3′), 64.34 (C5′). The 13C NMR
spectrum of unlabeled 4d (CD3OD) was recorded and
assigned: 165.24 (COOH, C4a), 156.52 (NHCONH2, C5a),
132.73 (C5), 132.10 (C2, DEPT), 123.66 (C4), 87.62 (C4′),
84.22 (C1′), 70.58 (C3′), 61.58 (C5′), 40.84 (C2′). These
spectra and that of 6 (25) are very similar.

To detect any 18O-isotopic shifts on the 13C NMR
signals of 4r, the 13C NMR spectrum of unlabeled 4r was
recorded first and a second spectrum was recorded after
addition of a similar amount of 18O-labeled 4r*. An 18O-

isotopic shift of 15.0 Hz (Figure 7) was measured for C4a
(COOH); hence, C4a was attached to one 16O and one 18O,
and the 18O incorporation occurred exclusively at C4a.

Computed Structures and NMR Chemical Shifts.
The structures of 3h, 4h, and 4m were determined at
the B3LYP/6-311G** level, and several conformers and
tautomers were examined for 4h and 4m. The structures
shown in Figure 8 are greatly preferred, and they share
a number of features: (a) The COOH group is oriented
such that the carbonyl-O is available as a hydrogen bond
acceptor; (b) the conformation of the C-NH bond posi-
tions the urea NH group for intramolecular hydrogen-
bonding to the acid-carbonyl; (c) the NH-CO conforma-
tion is such that the urea-carbonyl is proximate to the
imidazole; and (d) the acid-hydroxyl group is oriented
toward the imidazole-N. The Z-conformation about C-NH
is required for the intramolecular urea-NH‚‚‚OC-acid
hydrogen bond. The Z-conformation about the NH-CO
bond allows for an additional intramolecular NH‚‚‚OC
hydrogen bond between the urea-carbonyl and the
imidazole-NH. The latter would not occur in the nucleo-
side, and 4m was therefore examined as a small nucleo-
side model. The general features of 4h persist in the
nucleoside model, but torsional distortions occur in 4m.
GIAO-NMR chemical shifts were computed based on the
B3LYP/6-311G** structures, with the B3LYP and PCM-
B3LYP methods, and using basis sets A-C. The results
(provided as Supporting Information) show that solvent
effects were marginal and the calculated chemical shifts
for 4h and 4m corroborate the structure assignments for
4r and 4d.

Michaelis-Menten Analysis. The KM and Vmax val-
ues were measured for adenosine and oxanosine (Table
1). Several measurements were reported of the Michae-
lis-Menten constant for adenosine and 2′-deoxyadeno-
sine, respectively, and the literature values are KM ) 50
µM (37, 1967), 31 µM (38, 1969), 45 µM (39, 2001), and
38 µM (40, 2003) for adenosine, and KM ) 22 µM (38,
1969) and 34 µM (39, 2001) for 2′-deoxyadenosine. Our
result for adenosine is in good agreement with the
literature data. The Michaelis-Menten constant of KM

Figure 7. The 13C NMR spectrum of 4r recorded in CD3OD
(above, ribose signals not shown). The 13C NMR spectrum of a
mixture of 4r and (18O)-labeled 4r* shows an 18O-isotopic shift
of 15.0 Hz for the C4a atom.

Figure 8. Molecular models of 3h, 4h, and 4m determined by ab initio calculations.
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) 1040 ((170) µM was measured for oxanosine. The data
in Table 1 show only a minor difference in the substrate
activities of 7r and 7d with ADA. The same is likely to
be true for 3r and 3d and justifies why only 3r was
measured.

Discussion

Motivation, Expectation, and Serendipity. The
18O-labeling studies of nitrosative deamination of gua-
nosine 1r established the formation of oxanosine 3r via
the intermediates of ribose derivatives of 5-cyanoimino-
4-oxomethylene-4,5-dihydroimidazole and 5-cyanoamino-
4-imidazolecarboxylic acid (41). These experimental re-
sults fully corroborated the prediction of 5-cyanoimino-
4-oxomethylene-4,5-dihydroimidazole as the primary
product of dediazoniation of guaninediazonium ion with
concomitant ring-opening (42). The intermediates are
consistent with the electronic structures of 5-cyanoimino-
4-oxomethylene-4,5-dihydroimidazoles and their N-pro-
tonated derivatives and justify the chemical syntheses
and study of the cyanoamino intermediates (43, 44).

The labeling experiments employed adenosine deami-
nase (aka adenosine aminohydrolase, ADA, EC 3.5.4.4)
for the synthesis of a labeled substrate. ADA is important
in purine metabolism, and its primary function is the
NH2/OH-replacement at C6 of adenosine and 2′-deoxy-
adenosine to form their respective inosine derivatives and
NH3 at about neutral pH (38, 45, 46). Substitution of C8
by S or O and presence of ribose as a substituent on either
the positions 3 or 9 result in large rate enhancements
(38). ADA from calf intestinal mucosa is known for its
ability to hydrolyze several chemically unrelated C6-

substituents of purine ribonucleosides (38). Hence, we
attempted the ADA-catalyzed synthesis of [6-18O]-1r, and
indeed, this reaction (Figure 9b) was successful and gave
[6-18O]-1r in 90% yield within hours (41).

ADA also can exchange the C6 carbonyl oxygen of
hypoxanthine (47, 48) as illustrated in Figure 9c and, on
the basis of this knowledge, the question was explored
as to whether this catalysis could be exploited to replace
the carbonyl oxygen of 3r. [7-18O]Oxanosine is a known
product of nitrosative guanosine deamination in (18O)-
water, and a preparation of isotopically pure [7-18O]-3r
was sought (41). Yet, the ADA-catalyzed reaction of 3r
with 18O-labeled water did not form [7-18O]-3r (Figure
9d), and instead, 1-â-(D-ribofuranosyl)-5-ureido-1H-imi-
dazole-4-carboxylic acid, 4r, was formed (Figure 9e).

Mechanisms of ADA-Catalysis. The hydrolysis of 3
to 4 can be explained in a manner that is consistent with
the known mode of action of ADA for adenosine (49); see
Figure 10. At the same time, there is a significant
difference between the accomplishment of the “usual”
substitution at C6 (addition to the exocyclic bond) and
the “lactone hydrolysis” (addition to the endocyclic double
bond), and this is illustrated in Figure 11.

The mechanism of ADA-catalysis of adenosine deami-
nation (Figure 10) begins with the positioning and
activating of water by hydrogen-bonding to Asp-295 and
His-238 and O-coordination to the Zn2+ ion. The proton
affinity of His-238 (PA ) 350 kcal‚mol-1, 50) greatly
exceeds that of a primary amine (PA ≈ 207-223
kcal‚mol-1, 51) and water heterolysis leads to the proto-
nation of the former. The hydroxide begins the nucleo-
philic water addition to the adenosine C6dN1 bond by
its addition to C6, and Glu-217 protonates adenosine-
N1 to complete the water addition (Figure 10). The
elimination from the tetrahedral intermediate requires
proton catalysis, and this catalysis is provided by the
protonated His-238. Proton transfer from protonated His-
239 to the NH2-group releases ammonia, and the return
of the N1-proton to the carboxylate of Glu-217 completes
the H2O/NH3 replacement (52).

Oxanosine fits well into the active site; it is positioned
by hydrogen bonds to N3 and N7 as with adenosine, and

Figure 9. (a) Adenosine is converted to inosine when treated with ADA. (b) 2-Amino-6-chloropurine is converted to [6-18O]-1r when
treated with ADA. (c) ADA-catalyzed exchange of 18O into inosine. (d) Expected exchange of C7 carbonyl oxygen of 3r in ADA-
catalyzed reaction of 3r in (18O)water. (e) Actual ADA-catalyzed reaction of 3r in (18O)water.

Table 1. Substrate Selectivity of ADAa,b

compound
wavelength

(nm)
KM

(µM)
Vmax

(µmol/s)

rel.
Vmax

a

(%) Vmax/KM

adenosine 260 46 ((8) 0.133 100 2
2′-deoxyadenosinec 260 28 ((6) 0.124 93 3.3
oxanosine 300 1040 ((170) 4.8 1.8 0.002

a Rel. Vmax ) (cADA/Vmax)Adenosine‚(Vmax/cADA)Oxanosine. b In the
present case, 2000‚cADA

Adenosine ) cADA
Oxanosine. c Based on refs 38

and 39.
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its C6dO group takes the place of the C6-NH2 group of
adenosine. The heterolysis of water again protonates His-
238 as the hydroxide begins to add to C7. But a
significant difference occurs during the process of the
hydroxide addition: the carbonyl-oxygen (PA ≈ 154-185
kcal‚mol-1, 53) becomes increasingly negative until its
proton affinity exceeds that of His-238, proton transfer
from His-238 to the carbonyl-O occurs, and an ester
hydrate is formed. The cleavage of the ester hydrate
requires acid catalysis, and the protonation of the O6-
oxygen by Glu-217 is the only one option. Hence, the O6-
C7 bond is broken to produce the iminol-tautomer of 4r.

Glu-217 and His-238 guarantee that (a) an addition
to the endocyclic double bond is followed by an elimina-
tion that restores the endocyclic bond and that (b) the
addition to the exocyclic double bond leads to ring-
opening. One proton source is required for the addition,

and the other must catalyze the elimination (Figure 11).
It is for this limited availability of proton donors that
adenosine cannot undergo amidine hydrolysis and that
oxanosine cannot undergo C6-substitution.

Implications for Chemical Toxicology. Our experi-
ments demonstrate that oxanosine and 2′-deoxyoxanosine
are substrates of adenosine deaminase. The ADA-
catalyzed hydrolysis initiates the formation of 1-â-(D-
ribofuranosyl)-5-ureido-1H-imidazole-4-carboxylic acid 4r,
1-â-(D-2′-deoxyribofuranosyl)-5-ureido-1H-imidazole-4-
carboxylic acid 4d, and 5-ureido-1H-imidazole-4-carboxy-
lic acid 4h. ADA has a wide phylogenetic distribution,
and its amino acid sequence is highly conserved from
bacteria to humans (54). ADA is found in virtually all
human tissues, and the highest levels occur in the
lymphoid system such as lymph nodes, spleen, and
thymus (39). It is ADA’s primary function to control dA

Figure 10. The mechanism for the ADA-catalyzed deamination of adenosine is shown on the left, and the proposed mechanism on
the right provides a rationale for the hydrolysis of 3 to 4.
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levels by converting excess dA to inosine which is
converted later to hypoxanthine and on to xanthine and
uric acid (55, Figure 1).

The ubiquity of ADA ensures that oxanosine nucleo-
sides produced anywhere in the body could be converted
to 4 by lactone hydrolysis. Whether this conversion
actually occurs in biological systems can be assessed on
the basis of the data in Tables 1 and 2. The concentra-
tions of the nucleotides are relatively well-established
(56), and the concentrations of the adenine and guanine
nucleotides are listed in Table 2. Cellular concentrations
of the nucleosides are less well-established, but accurate
data for adenosine, 2′-deoxyadenosine, and inosine were
reported recently (57): the concentrations are in the
micromolar range and about 2 magnitudes smaller that
the concentration of the mononucleotide. The concentra-
tions of the G-nucleotides are 1 magnitude lower than
those of the A-nucleotides. It is reasonable to assume that
G-nucleoside concentrations also are a magnitude lower
than A-nucleoside concentrations, and there is certainly
no reason to assume they are higher than A-nucleoside
concentrations. The nitric oxide concentrations are mi-

cromolar in cells (17). If we assume that the G-nucleoside
concentrations are as high as the A-nucleoside concen-
trations (e.g., 2.2 µM), that only G-nucleosides will be
deaminated, that all NO is used to deaminate, and that
G-nucleoside deamination proceeds with a 20% yield of
oxanosine nucleosides, then we obtain an upper limit of
the concentration of oxanosine nucleosides of about 0.26
µM and realize that the actual concentration of oxanosine
nucleosides is likely to be several magnitudes lower. The
Vmax/KM data of Table 1 show that the lactone hydrolysis
of oxanosine is 1000-fold slower than the enzymatic
deamination of A or dA. The combination of nitrosation
reagent concentration, relative substrate concentrations,
and of the relative reactivities of the substrates shows
that the ADA-catalyzed lactone hydrolysis of oxanosine
nucleosides will be very slow and essentially negligible
in biological system. Hence, the concentration of ox-
anosine nucleosides indeed presents itself as a suitable
and advantageous candidate as a toxicological marker
for cellular nitrosation.

The ADA-catalyzed lactone hydrolysis of oxanosines
does have implications for studies of nitrosative deami-
nation of nucleosides, nucleotides, and ss- and ds-DNA
that are conducted with nonbiological concentrations of
substrates and reagents and/or nonbiological concentra-
tion ratios of the ADA substrates. The first implication
concerns the inadvertent destruction of oxanosine deriva-
tives during workup of nitrosation experiments on nucle-
otide substrates. To remove the phosphate groups from
nucleotides, alkaline phosphatase is generally used and
commercial stocks of this enzyme frequently contain
small admixtures of ADA (17). In those studies where
an ADA inhibitor was added (e.g., 8R-deoxycoformycin,
KI ) 2.5 × 10-12, 58), it was added to prevent the
deamination of adenosine. Our results suggest that a
specific ADA inhibitor also should be used in the DNA
digestion of any deamination experiments of guanosine
in which oxanosine might play a role (17, 59). Alterna-
tively, controls are required to ensure that the ADA-

Figure 11. Mechanisms of ADA-catalysis: substitution at C6 by addition to endocyclic double bond and elimination vs addition to
exocyclic double bond and ring-opening elimination.

Table 2. Cellular Concentrations of Nucleosides and
Nucleotides

concentrationa

compound pmol/107 cells µM

GTP (56) 449
GDP (56) 200
GMP (56) 19
ATP (56) 4520
ADP (56) 1050
AMP (56) 186
adenosine (57) 11 1.1
2′-deoxyadenosine (57) 12 1.2
inosine (57) 19 1.9
NO (17) 1.3

a Conversion from pmol/107 cells to µM is based on the ap-
proximation of 1012 cells per liter, that is, on a typical cell volume
of 10-12 dm3 (e.g., length of red blood cell is ca. 10 µm).
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catalyzed lactone hydrolysis of oxanosine is in fact slow
compared to the DNA digestion. In cases where the ADA-
catalyzed lactone hydrolysis of oxanosines does play a
significant role, several options present themselves. The
consideration of the combined total oxanosines 3 and 4
is one option. Alternatively, one may deliberately add
ADA to convert all 3 to 4 and employ 4 as the toxicological
marker for nitrosative stress.
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