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A gas mixture of NO and O, was bubbled into 2'-deoxyguanosine solution at neutral pH and 37 °C. A novel nitrated nucleoside was generated
in the reaction mixture in addition to 8-nitroguanine, 8-nitroxanthine, 2'-deoxyxanthosine, xanthine, and guanine. The novel nucleoside was

identified as N2-nitro-2'-deoxyguanosine by spectrometric data.

Nitric oxide (NO) is a messenger molecule mediating various not unaerobic conditions, suggesting that reactive nitrogen
physiological functions. Today inhaled NO is used as a species generated from the reaction of NO and molecular
vasodilator for newborns with persistent pulmonary hyper- oxygen (Q) cause the deaminatidn’ Reaction of 2
tension, despite its clinical riskdowever, NO is also a major  deoxyguanosine (dGuo) with NO under aerobic conditions
constituent of air pollutart NO can react with biomolecules  generates Zleoxyxanthosine (dXao) as a major deaminated
such as protein and DNA to exert cytotoxicity and geno- product~’ and 2'-deoxyoxanosine (dOXas a byproduct.
toxicity.* Nucleic acid bases are converted to their deami- Recently, our group has reported that 8-nitroguanine (8-NO
nated derivatives by incubation with NO under aerobic but Gua), which is a product from dGuo by reaction with several
reactive nitrogen species such as peroxynitrite (ONsDd
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study, we report the formation, identification, and charac- on the basis of coincidence of their retention time, UV
terization of a novel nitrated nucleoside in the reaction of spectrum (4ax = 382 nm), and APCI-MS spectrum (nega-
dGuo with the gas mixture of NO and,Gn addition to tive, m/z= 196) with those of the authentic sampte.
8-NO,-Gua, 8-nitroxanthine (8-N£Xan), dXao, xanthine An unknown product (termeil) was eluted atg = 11.3
(Xan), and guanine (Gua). min showing a UV spectrum with &nax = 330 nm (Figure
An aqueous dGuo solution (1@@nol/10 mL) was treated 1, inset). Compound was isolated by preparative RP-HPLC
by the gas mixture of NO (0.5 mL/s) and, @.0 mL/s) at and subjected to structural assignm®ritd NMR spectrum
pH 7.4 and 37C until 10 mmol of NO was consumed, and of 1in DMSO-ds showed signals for an aromatic proton and
the solution was subsequently allowed to stand3d at an exchangeable proton with a set of signals derived from
room temperatur& Figure 1 shows a reversed-phase HPLC 2'-deoxyribose moiety. Th®C NMR spectrum showed 10
signals, of which five were in the aromatic region. APCI-
MS (negative) showed a signal ab/z = 311 as the
deprotonated molecular ion [M H]~, which was 45 mass

I units greater than that of the starting dGuo. Additionally,
g iXao e 8 signals atm/z = 195, 166, and 150 assignable to base
2 NO;~ § fragments [Masd~, [Mpaset+ H — NOJ~, and [Myase+ H —
i _ e, NO;] -, respectively, were observed. High-resolution FAB-
S Wavelength (nm) MS (negative) of 1 showed m/z = 311.0743 for the
g oo f deprotonated molecular ion, which agreed with the theoretical
¢ Xan A molecular mass for composition &111:06Ns Within 0.3 mmu.
B \ 1 IR exhibited absorption bands at 1561 and 1304 tm
< L,] M attributable to asymmetric and symmetric vibrations of a nitro
0 5 10 s group in a nitraminetNH—NQO,), respectively)’ Combining
Retention Time (min.) these spectrometric data, we identifiddas a nitrated

derivative of dGuo on the exocyclic amino grol;nitro-

Figure 1. RP-HPLC chromatogram of the reaction mixture of 2'_deoxyguanosine @NO,-dGuo) (Figure 2). We detected
dGuo with the gas mixture of NO and;OThe inset is the on-line

detected DV specnm & -

(RP-HPLC) chromatogram of the reaction mixtét&everal n 06 M o

product peaks were detected in addition to void peaks s(/ J\ = ¢ f )\ )
including NG~ and NQ~ and the starting dGuo peak. H +H ,

Among the product peaks, a peak with the retention time aR No2 PHe =21 0,

(tr) of 5.1 min contained Xan with a small amount of Gua. . . ]
The products ofr = 6.8 and 8.5 min were identified as Figure 2. Structure ofN*-NO,-dGuo and its possible aciase

. o . equilibrium. dR stands for 2-deoxyribose. The numbers designate
dXao and 8-N@-Gua, respectively. A peak & = 9.6 min the atomic position.
denoted by an asterisk in Figure 1 contained a trace amount
of dOxo overlapped by another unknown product. The
identification of these products was based on their identical only one exchangeable proton signal derived fig#tiNO,-
retention times and UV spectra with the authentic samfles. dGuo, although two exchangeable proton signals were
The product oftz = 9.8 min was identified as 8-N&Xan expected for this structure. The pH titration of isolaiéd
NO,-dGuo solution using absorbance at 260 nm showed the
existence of two acid—base equilibria of pi 2.1 and 9.2.
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(13) Reaction Conditions.dGuo (100umol) was dissolved in 10 mL were prepared from dGuo by reaction with nitrous acid (see ref 8). 8-NO
of 100 mM sodium phosphate buffer (pH 7.4) in an open vessel. An NO/ Gua was synthesized from Gua by reaction with peroxynitrite (see ref 9).
O, gas mixture with flow rates of 0.5 mL/s for NO and 2.0 mL/s fof O  8-NO,-Xan was synthesized from Xan by the treatment with nitric acid
was bubbled into well-stirring dGuo solution at 3. The pH of the (see ref 10). The samples synthesized were purified by RP-HPLC.
solution was maintained at 7.4 0.4 by the titration of 1 M NaOH (16) Spectrometric Data ofN?-Nitro-2'-deoxyguanosine (1)*H NMR
throughout the reaction. NO dose was measured as the moles of NaOH(600 MHz, in DMSO#dg at 30°C): 6 (ppm/TMS) 12.3 (br, 1H, NH), 8.01
required to neutralize the solution. The reaction mixture was allowed to (s, 1H, H8), 6.13 (ddJ1> = 7.1 Hz,J1»» = 6.7 Hz, 1H, H1), 5.28 (br, 1H,
stand for 3 h atoom temperature before RP-HPLC analysis. The NO/O  3'-OH), 5.02 (br, 1H, 50H), 4.31 (dddJ34# = 2.8 Hz, 1H, H3), 3.78
gas mixture was prepared as follows. NO (99.8%, Kyoto Teisan, Kyoto, (ddd,Jss or Jys' = 2.6 or 4.3 Hz, 1H, H9, 3.48 (ABX, Js5* = 40.1 Hz,
Japan) was passed through soda lime and then mixed wi@9%%, Kyoto 2H, H5', 8"), 2.51 (ddd, 1H, H20r H2"), 2.16 (ddd, 1H, H2or H2"). 13C
Teisan) at a Y-type connector. The mixed gas was run through a Teflon- NMR (125 MHz, in DMSO¢s at 30°C): 6 (ppm/TMS) 155.8, 154.0, 149.3,
lined tube (5.0x 200 mm) and bubbled into the dGuo solution by a glass 137.2 (C8), 118.4, 87.9 (C}#83.4 (C1), 70.7 (C3), 61.6 (C5), 39.8 (C2).
frit (4.0 x 200 mm, pore size 20—36m, Kinoshita Rika, Tokyo, Japan). The signal assignments fdH and 13C resonances were performed by

(14)HPLC Conditions. RP-HPLC analyses were performed using an TOCSY, IH—13C HMQC, and'H—3C HMBC. IR (KBr): 3418, 1688,
octadecylsilane column (ULTORON VX-ODS, 6:0150 mm, particle size 1561, 1520, 1468, 1396, 1304, 1219, 1094, 1063, 943, 781, 725, 642 cm
5 um, Shinwa Chemical Industry, Kyoto, Japan) eluted with 100 mM UV: Amax 272 and 319 nm (pH 1), 266 and 330 nm (pH 7), 244 nm (pH
triethylammonium acetate buffer (pH 7.0) containing acetonitrile. The 11). APCI-MS (negative, C¥OH): m/z311, 200, 195, 186, 166, and 150;
acetonitrile concentration was increased from 0 to 20% for 20 min in a HR-MS (FAB, negative, CEDH): m/z= 311.0743 [M— H]~ (calcd for
linear gradient mode. The flow rate was 1.5 mL/min. Ci10H11N6Os, 311.0740).
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At neutral pH, an anion-exchange resin trapp¢&eNO,- The yield ofN>-NO,-dGuo increased extremely at basic pH.
dGuo completely, whereas a cation-exchange resin did not.At pH 12.5, N>NO,-dGuo was produced in 32% yield
Generally, primary nitramines are weak aciéi$? Thus, the relative to the starting dGuo. The stability Nf-NO,-dGuo
acid—base equilibrium of b, = 2.1 is attributable to  was evaluated under physiological and mildly acidic condi-
protonation-deprotonation of the nitramino grougN8fNO,- tions. No decomposition was observed by RP-HPLC when
dGuo, indicating thalt>~NO,-dGuo exists as the anionic form  the isolated\>-NO,-dGuo was incubated at pH 7.4 and 37
in neutral solution (Figure 2). In the NMR solvent DMSO- °C for 1 week. At pH 4.0 and 70C, N2-NO,-dGuo
ds, N°>-NO,-dGuo may exist as the anion form due to a trace disappeared with a first-order rate constant of £.20*
of H,O present in the solvent or the sample, thus obscuring s %, which was greater than that for dGuo (4810 ° s™%)
the nitramine proton signal. Under the above reaction but smaller than that for dXao (1.0 1073 s™?).
conditions, the yields for each product relative to the starting Possible pathways for the formation of the products are
dGuo were 0.35% Gua, 0.86% Xan, 1.60% dXao, 0.31% summarized in Scheme 1. Nitration, deamination, and
8-NO,-Gua, <0.10% dOxo, 1.33% 8-N£Xan, and 0.14%  depurination occur simultaneously in the reaction of dGuo
N2-NO,-dGuo?® with the NO/Q gas mixture. dGuo is converted via 8-nitro-
Figure 3A shows NO dose-dependent changes of the yields2' -deoxyguanosine (8-N&iGuo) to 8-NG-Gua by nitration
of the nitrated productsN?-NO,-dGuo, 8-NQ-Gua, and and subsequent depurination. Reportedly, 8dQuo is
unstable and undergoes depurination, readily releasing
_ 8-NO,-Gua with a half-life of less than 3 min at pH 7.4 and
37 °C2-22Under the present conditions, almost all 8-NO
(A) (B) dGuo formed would be converted to 8-NGua since a
L5 15 typical bubbling period of the NO/yas mixture of 10 mmol
NO dose is 11 min and a reaction mixture is allowed to stand
i} for 3 h at room temperature before RP-HPLC analysis. dGuo
is also converted via Gua to 8-N@Gua by depurination and
os| subsequent nitration. We confirmed that Gua was nitrated
readily by the NO/Q gas mixture, resulting in 8-NLGua
0 . as a major product (data not shown). On the other hand, dGuo
" Nodos@mol) FlowofO,mla) gives rise to dXao by deamination. Analogous to dGuo, dXao
is converted to 8-N@Xan via 8-nitro-2'-deoxyxanthosine
(8-NO,-dXao) or via Xan since 8-N&dXao is unstable to
release 8-N@Xan'® and since Xan was nitrated readily to
form 8-NQO,-Xan exclusively by the NO/@gas mixture (data

not shown). Independently of the formation of these products,
8-NOzXan, generated from dGuo by the NQAD.52.0mL/ -, |y -d(guo ispgeneratid by nitration on the eSocycIic
s) gas mixture. The yields of all of the nitrated products 2

increased with increasing NO dose, while the yield of 8;NO gahmlno g;oup O_f ?Guo_angzs;%/sdzg th(.:‘ nl:clslomde form in
Xan increased significantly at high doses of NO. Figure 3B € reaction mixture sincs*=NL,-dfu0 1S stable.

shows changes of the yields at 10 mmol NO dose when the Several intermediates such as ONOQ’ QNOONOQ’NO.
O; flow rate decreased from 2.0 to 0.5 mL/s with the fixed and NOs have been proposed in autoxidation of NO until

- : 3-26

flow rate of NO (0.5 mL/s). The yields of all the nitrated EOZ IS genergted f'r(ﬁljlf’j[ I\:ct)ﬂe of trlgse.c?mpog.n(:s, ¢
products decreased as theflow decreased. Figure 4 shows owever, can be candidates of the reactive intermediates to
the yields at various pHs, when dGuo was reacted with the (17) Fridman, A. L.: Ivshin, V. P.: Novikov, S. Russ. Chem. Re

NO/O, (0.5/2.0 mL/s) gas mixture of 10 mmol NO dose. 1969,38, 640—654.
(18) Unterhalt, B. InMethoden der Organischen Chemigand E16a;
Klamann, D., Ed.; Georg Thieme Verlag: Stuttgart, 1990; pp H14B1.
_ (19) Politzer, P.; Sukumar, N.; Jayasuriya, K.; Rnaganathad, 8m.
Chem. Soc1988,110, 3425—3430.

(20) Quanitative Procedures.Yields of the products were estimated
from integrated peak areas of the HPLC chromatogram detected at 260,
382, or 400 nm and the molar extinction coefficients (¢). Ebg values
of 7.5 x 1 M~1 cm™ for Gua, 8.5x 10* M~ cm™ for Xan, 7.8 x 10°
M~1cm1for dXao, and 5.1x 10°* M~1 cm~! for dOxo were used (see ref
8 and Henle, E. S.; Luo, Y.; Gassmann, W.; LinnJSBiol. Chem1996,

271, 21177—21186). Theygo of 9.1 x 10° M~1 cm1 for 8-NO,-Gua and
theezgo 0f 7.7 x 10 M~1 cm~1 for 8-NO,-Xan were used (see ref 10). The
€260 Of N2-NO,-dGuo was estimated as 9.5 10° M~ cm™! by the
comparison of the integration of Hptoton signal and the RP-HPLC peak
area detected at 260 nm with those for dGuo. Gua, Xan, and dOxo were
0 . : separated and quantified using another HPLC eluent of 100 mM ammonium
formate (pH 6.3) with acetonitrile, while 2100 mM triethylammonium acetate
pH (pH 7.0) was used as the eluent buffer for the nitrated products and dXao.
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8-NO,-Gua (O), and 8-N@Xan (A). The pHs were maintained 544
within the indicated values: 0.5. (23) Bhatia, S.; Hall, J. H., Jd. Phys. Chem1980, 84, 3255—3259.
(24) McKee, M. L.J. Am. Chem. S0d.995,117, 1629—1637.
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Scheme 1. Proposed Pathway for Reaction of dGuo with Gas Mixture of NO and O

o]
N .H
N
{1
NN P N H
dR rlwoz
N?-NO,-dGuo

0 0
N .H N H
N N
ST~ &
N N/)\NHZ N N/)\NHZ
H dR

Gua dGuo

0 o)
{kaN.H {N | N H
O,N< - |ONX
N N)\NHZ N N/)\NHZ
H drR

8-NO,-Gua 8-NO,-dGuo

]
N .H
— <«<J 5 —
ﬁlf:’go

dR = 2-deoxyribose

o
N ‘H
N
&Y
\ " N*o
dR H H H
dXao Xan

’ '

1 )
dR H H

8-NO,-dXao

[¢] [o]
N N.H N N.H
— |ON¢ || /& — ONY | /&
N N o ’:‘ N0
H

8-NO,-Xan

nitrate dGuo directly, because of low reactivity of these
compounds with dGu& 22 Recently, Malhotra and Ro%¥s

equiribilium between the cation radical and the neutral radical
is 3.930 The cation or neutral radical of dGuo (or Gua) reacts

have reported that aromatic compounds in liquid nitrogen with NO, at C8 to form 8-NG-dGuo (or 8-NQ-Gua).

tetroxide (NOg), a liquid phase of N@ are nitrated by
simultaneous passage of NO and. @hey proposed the
nitration mechanism as follows. The initial reaction of NO

Analogously, dXao (or Xan) is nitrated at the C8 position.

If NO, reacts with the cation or neutral radical of dGuo on
its exocyclic amino group\?-NO»-dGuo can be generated.

and Q produces ONOO. In the presence of excess,,NO Another candidate of the reactive intermediate for the

ONOOQO leads to nitrate radical (NJ) a strong one-electron
oxidant:

ONOO+ (excess NQ) — NO; + (excess NQ

nitration is dinitrogen pentoxide @®s), since NQ can react

with NO, to form N,Os:31

NO, + NO, — N,O,

N.Os, a strong nitrating agent, can nitrate various compounds

NO; oxidizes the aromatics to give their cation radicals. The ncluding aromatics and amin&The nitration reactions are

cation radicals react with NOforming nitrated aromatics.
In the present study, NOcan be generated because a
relatively large amount of NOwould exist in the NO/Q
gas mixture. The formation of the nitrated products from

believed to be via the nitronium ion (NO.3? NO,* may
react directly with C8 of dGuo, Gua, dXao, and Xan,
resulting in their 8-nitro derivatives. When NOattacks the
exocyclic amino group of dGuoN>-NO,-dGuo can be

dGuo may be explained by this nitration mechanism as formed.

follows. The NQ formed in the NO/@ gas mixture reacts

In conclusion, we found a novel nitrated nucleosibé,

with dGuo, resulting in a cation radical of dGuo. The cation NO,-dGuo, in the reaction of dGuo with a gas mixture of
radical of dGuo then deprotonates to become the neutralNo and G at neutral pH and 37C in addition to 8-NG-

radical of dGuo in neutral solution since the p#&f the

(25) Goldstein, S.; Czapski, G. Am. Chem. S0d.995,117, 12078—
12084.

(26) Goldstein, S.; Czapski, G. Am. Chem. S0d 996,118, 3419—
3425.
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N. E. Chem. Res. ToxicoR001,14, 233—241.

(28) Spencer, J. P. E.; Whitemen, M.; Jenner, A.; Halliwell,FBee
Radical Biol. Med.2000,28, 1039—1050.

(29) Malhotra, R.; Ross, D. S. INlitration: Recent Laboratory and
Industrial Development; ACS Symposium Series 623; American Chemical
Society: Washington, DC, 1996; pp 321.

(30) Steeken, SChem. Re»1989,89, 503—520.

(31) Wéngberg, |.; Etzkorn, T.; Barnes, |.; Platt, U.; Becker, K.JH.
Phys. Chem. A997,101, 9694—9698.

(32) Millar, R. W.; Colclough, M. E.; Desai, H.; Golding, P.; Honey, P.
J.; Paul, N. C.; Sanderson, A. J.; Stewart, M. J.Nitration: Recent
Laboratory and Industrial Development; ACS Symposium Series 623;
American Chemical Society: Washington, DC, 1996; pp-1021.

3176

Gua, 8-NQ@-Xan, dXao, Xan, and Gua\?>-NO,-dGuo was

a major product under basic conditions. Involvement oENO
and NOs was suggested as the reactive intermediate for the
nitration. The isolatedN?>-NO,-dGuo was stable under
physiological conditions. Studies would be required 8+
NO,-dGuo on formation and significance in biological
systems.
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