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Abstract: The nitrosative deaminations (37 °C, NaNO,, NaAc buffer, pH 3.7) of guanosine 1r in (80)-
water (97.6%) and of [6-%0O]-1r in normal water were studied. [6-'8QO]-1r was prepared from 2-amino-6-
chloropurine riboside using adenosine deaminase. The reaction products xanthosine 3r and oxanosine 4r
were separated by HPLC and characterized by LC/MS analysis and 3C NMR spectroscopy. The 8O-
isotopic shifts on the 3C NMR signals were measured and allowed the identification of all isotopomers
formed. The results show that oxanosine is formed via 5-cyanoimino-4-oxomethylene-4,5-dihydroimidazole,
5, and its 1,4-addition product 5-cyanoamino-4-imidazolecarboxylic acid, 6. This hydration of 5 to 6 leads
to aromatization and greatly dominates over water addition to the cyanoimino group of 5 to form
5-guanidinyliden-4-oxomethylene-4,5-dihydroimidazole, 7. 5-Guanidinyl-4-imidazolecarboxylic acid, 8, the
product of water addition to 6, is not involved.

the formation of interstrand DNA cross-links. Shapiro et al.
isolated and spectrometrically identified the cross-links dG-to-
dG and dG-to-dA (Scheme 1) during the treatment of calf
thymus DNA with nitrous acid>'? Because of the numerous
sources of dietafy and endogenous nitrosating agents, nitro-
sative DNA base deamination constitutes a major part of DNA
damagé* and contributes significantly to genomic instability
and various diseases via mutagenesis and cytotoxicity. Several
human DNA repair genes have been identified, and some of
these may correct deamination damé&geetails of the detection

of the DNA damage, the signaling to initiate repair, and the
actual DNA repair are only now emergifg’

Dinitrogen trioxide (NOs) is believed to be the active
nitrosating agent in the deamination of DNA ba&&€n the
basis of the chemistry of primary amines, it is believed that the
DNA damage by nitrogen oxides involves nitrosation of the
exocyclic amino groups of the DNA bases leading to diazonium
ions of the nucleobases as tbeicial reactive intermediates
However, no diazonium ion of any nucleobase has ever been

Introduction

Deamination of DNA bases by nitrous acid was first reported
in 18611 and it was 100 years later that the toxicological effects
of nitrous acid on nucleic acids were realiZeGubsequent
studies showed that nitrosative deamination converts the nucleo-
base guanine to xanthidegytosine to uracif;® and adenine to
hypoxanthiné€. The possibility of endogenous DNA nitrosation
was demonstrated in 1991 when Keefer reported that the
bioregulatory agent nitric oxideeauses DNA base deaminations
in vitro.8 HNO,®? and NG may also induce mutations through

T Department of Chemistry.
* Department of Biochemistry.
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Scheme 1. Known Products of Nitrosative 2'-Deoxyguanosine Deamination?
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isolated or observed experimentally, and the properties andSchﬁmIe 2. 4l=;og_tﬁlzéteq Inéermledi5atesd5|i|cséanqimigo—éclj—oxo—

i i i . methylene-4,5-dihydroimidazole 5 and Hydration Products
stabilities of these diazonium ions are not known, and their 5-Cyanoamino-4-imidazolecarboxylic Acid 6,
reaction chemistry is not well understood. The guaninediaz- 5.Guanidinyliden-4-oxomethylene-4,5-dihydroimidazole 7, and

onium ion 2 is assumed to undergo nucleophilic aromatic 5-Guanidinyl-4-imidazolecarboxylic Acid 8

substitution of N by water followed by tautomerization & 6 0

whereas a nucleophilic aromatic substitution by an amino group Path A Ho-C N, Path C,

of a neighboring nucleobase on the opposite strand would result N$C~NIN> +

in an interstrand DNA cross link. Suzuki et al. revisited the H R o
deamination of 2deoxyguanosineld and isolated a novel 5 Oy N 8 o N
product 2-deoxyoxanosindd in 21.5% yield in addition to 2 N I S HO IS
deoxyxanthosined on treatment of 2deoxyguanosine, oli- CN? N HN-C-N N
godeoxynucleotide, and calf thymus DNA with nitrous acid and R 7 O. oH R
nitric oxide (Scheme 13? Several groups have since isolated c N,

4d during nitrosation ofld.?! The formation of4 cannot be Path B IN> Path Cg
explained by direct nucleophilic aromatic substitutionzn HzN_ug’_N R

Our theoretical studies of the unimolecular dediazoniations
of the DNA base diazonium ions revealed that these ions areintermediate5 shown in Scheme 2. In the presence of the
much more prone to lose dinitrog@@2 than the prototypical complementary base cytosin2h is not likely to exist at all,
benzenediazonium ioH.For the isolated guaninediazonium ion there is no barrier to proton transfer to cytosine, &nd the
2h, we found that its unimolecular dediazoniation is ac- primary product of deprotonation and dediazoniatiog.&fWe
companied by concomitant amide bond cleavage and leads tohave shown that deglycation &fis possible, but this reaction
the N-protonated derivativ of the pyrimidine ring-opened  cannot compete with water addition @2’ Addition and
. . . . : recyclization chemistry o6 could explain the formations of alll
e O e APPled Chemisy, Recommendatinss™ known products of nitrosative guanine deaminafiga, 4d, and
Wide Web material by G. P. Moss at URL http:/www.chem.gmul.ac.uk/ the cross-links-and, hence, the results of our ab initio studies
upac. (&) Clossary o Class Names of Organic Compounds and Reacihe suggest the formation of all these products from a single
Units. (b) Nomenclature for Isotopically Substituted Compounds and common intermediate. Recently, Suzuki et al. subjected gua-
e oo ompounds: Section H-2, Names for Isotopicaly: nogine 1r and its methyl derivatives 1-MgF to nitrosative
(19) (a) Tannenbaum, S. R.; Tamir, S.; Rojas-Walker, T. D.; Wishnok, J. S. In deamination, and it was shown that the exocyclic amino group
oS o Reied liios0 Compoun e ety o B0, of 4r arises from the imino nitrogen ofr 2% This finding

553; American Chemical Society: Washington, D.C., 1994, Chapter 10, corroborates our mechanistic hypothesis.
pp 120-135. (b) Lewis, R. S.; Tannenbaum, S. R.; Deen, W.JMAm. . N . L
Chem. Socl995 117, 3933-3939. (c) Challis, B. C.: Kyrtopoulos, S. A. Itis our goal to test the mechanistic hypothesis that pyrimidine

J. Chem. Soc¢Perkin Trans. 21978 2, 1296. (d) Mirvish, S. SToxicol. ring opening occurs a|ong the reaction channels |eading to the
Appl. Pharmacol1975 31, 325-351. . . . . . .
(20) (a) Suzuki, T.; Yamaoka, R.: Nishi, M.; Ide, H.; Makino, X.Am. Chem. formation of3r and4r by nitrosative deamination dfr and, if

Soc. 1996 118 2515-2516. (b) Suzuki, T.; Matsumura, Y.; Ide, H.; i i
Kanaori, K.; Tajima, K.; Makino, KBiochemistry1997, 36, 8013-8019. .SO’ to d?termme th.e paths tp prOdUCt form.&.ltlon' The key
(21) Lucas, L. T.; Gatehouse, D.; Shukar, D. E.JGBiol. Chem.1999 274, intermediate5 contains two highly electrophilic functional

(22) :(Lg)gégl);:slgfzs Son, M.-S. Am. Chem. Sod.996 118 10942-10943. groups. The additi(_)n_Of one W_ater .tO the ket?@"BOiety (path
(b) Glaser, R.; Rayat, S.; Lewis, M.; Son, M.-S.; Meyer,JSAm. Chem. A) or to the cyanoimine functionali® (path B) would result
Soc.1999 121, 6108-6119. ; ; it

(23) More recent studies revealed that pyrimidine ring opening also may play in6or7, respectlvely. The addition of a second water molecule
a role in the deaminations of adenine and cytosine. (a) Hodgen, B.; Rayat,
S.; Glaser, R.Org. Lett. 2003 5, 40774080. (b) Rayat, S. Ph.D. (26) Glaser, R.; Lewis, MOrg. Lett.1999 1, 273-276.

Dissertation, University of MissouriColumbia, 2003. (27) Rayat, S.; Wu, Z.; Glaser, Rhem. Res. ToxicoR004 17, in press.
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R.; Horan, C. J.; Zollinger, HAngew. Chem.Int. Ed. Engl.1997, 36, Morii, T.; Makino, K. Nucleic Acids Re200Q 28, 544-551. (b) Suzuki,
2210-2213. (c) Glaser, R.; Horan, C. J.; Lewis, M.; Zollinger, HOrg. T.; Kanaori, K.; Makino, K.Nucleic Acids Symp. Set997, 37, 313-314.
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Scheme 3. Possibilities for Product Formations in the Deamination of 1r in (180)Water with Pyrimidine Ring Opening?
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to either6 or 7 would give 8, and we refer to its formation as
path C.3r could be formed by direct nucleophilic aromatic
substitution of the guaninediazonium ion or via pyrimidine ring
opening and recyclization @for 8 (vide infra) but no6. Recent
theoretical studies of the bimolecular reaction of guaninedia-
zonium ion with water suggest that a direct replacement is
possible for some reaction trajectorféssr could be formed
from any of the compoundé—8.

Experimental Design

To discriminate between the reaction options of Scheme 2,

we studied the nitrosative deaminationslofin (180)water and

(30) Hydrolysis of cyanoamine and of its carbodiimide tautomer: (a) Tordini,
F.; Bencini, A.; Bruschi, M.; Dr Gioia, L.; Zampella, G.; Fantucci, P.
Phys. Chem A2003 107, 1188-1196. (b) Lewis, M.; Glaser, RChem.
Eur. J.2002 8, 1934-1944. (c) Lewis, L.; Glaser, Rl. Am. Chem. Soc.
1998 120, 8541-8542.

(31) Wu, Z.; Glaser, R. Unpublished results.
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of [6-180]-1r in normal water. We discuss possible outcomes
with the help of Schemes 3 and 4 and present some precedent
in Scheme 5. The predicted outcomes of the two labeling
experiments are summarized in Table 1.

We analyzed thé®0O-labeling by two methods. First, we
determined theaumber of labelsn the products in a straight-
forward manner by electrospray ionization mass spectroréétry.
Second, we determined tip®sitions of the labelby analysis
of the80-isotopic shifts in thé3C NMR spectra of the products.
Such isotope effects on the chemical shifts of attached NMR
nuclei have been observed f&iC as well as several other
nuclei3® The effect primarily is a consequence of a small
difference in the distances between the isotopic atoms and the
(32) (a) Ye, Y.; Muller, J. G.; Luo, W.; Mayne, C. L.; Shallop, A. J.; Jones, R.

A.; Burrows, C. JJ. Am. Chem. So2003 125, 13926-13927. (b) Novak,
M.; Nguyen, T.-M.J. Org. Chem2003 68, 9875-9881. (c) Haiss, P.;

Zeller, K.-P.Angew. Chem.Int. Ed. 2003 42, 303-305. (d) Peller, J,;
Wiest, O.; Kamat, P. VChem. Eur. J2003 9, 5379-5387.
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Scheme 4. Possibilities for Product Formations in the Deamination of [6-180]-1r in Water with Pyrimidine Ring Opening via 52
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NMR nucleus that affects the chemical shieldfd.he small
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A previously reported enzymatic synthesis oflf®]-1r in-

distance differences result from the anharmonicity of the volves the hydrolysis of 2-amino-6-chloropurine riboside in the
potential-energy surfaces of the systems in combination with presence of enzyme-adenylic acid deaminase (AMPDA}.
the difference in the vibrational energy levels of the isotopic In our laboratory, this reaction required 7 days to run to com-

systems.180-isotopic shifts of’3C NMR signals have been

pletion and resulted in low yields<(70%). Hence, we developed

studied for several functional groups, and their magnitudes vary a fast and quantitative enzymatic synthesis of§®}-1r from

in ways that are not easily predictaSk?®

(33) (a) Buckler, K. U.; Haase, A. R.; Lutz, O.; Muler, M.; Nolle, A. Z;
Naturforsch. A1977 32, 126-130. (b) Webb, D. R.; McDonald, G. G.;
Trentham, D. RJ. Biol. Chem1978 253 2908-2911. (c) Bock, J.; Cohn,
M. J. Biol. Chem.1978 253 4082-4085. (d) Cohn, M.; Hu, AProc.
Natl. Acad. Sci. U.S.AL978 75, 200-203. (e) Van Etten, R. L.; Risley,
J. M. Proc. Natl. Acad. Sci. U.S.A978 75, 4784-4787. (f) Jarvest, R.
L.; Lowe, G.J. Chem. Soc., Chem. Commadf979 364-366. (g) Cohn,
M.; Rao, B. D. N.Bull. Magn. Resonl979 38-60. (h) Risley, J. M.; Van
Etten, R. L.J. Am. Chem. S0d.978 101, 252-253.

(34) Jameson, C. J. Chem. Physl977 66, 4983-4988.

(35) Risley, J. M.; Van Etten, R. L. litsotope Efects in NMR Spectroscopy
Diehl, P., Fluck, E., Guenther, H., Kosfeld, R., Selig, J., Eds.; Springer-
Verlag: Berlin, 1990; NMR 22, pp 83168.

2-amino-6-chloropurine riboside using adenosine deamitse.
Deamination of 1r in (*80)Water with Pyrimidine Ring
Opening. The possibilities for the hydration &fin the presence
of 180H, are discussed in Scheme 3. 1,4-Addition of water to
5 would lead to the imidazolecarboxylic ac&(path A). An
equal distribution of thé®O-label between the carbonyl-O and
the hydroxyl-O of 6 is expected because rotations about

(36) Isotopic shift in art®O-labeled sugar of adenosine: Jiang, C.; Suhadolnik,
R. J.; Baker, D. CNucleosides Nucleotide988 7, 271—-294.

(37) Rodfguez-Casado, A.; Carmona, P.; Molina M.Phys. Chem. B998
102, 5387-5393.
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Table 1. Predicted Outcome of the Two Labeling Experiments Scheme 5. Literature Precedent for Cyclizations Discussed in
Schemes 3 and 4

reaction
path 3r isotopomers 4r isotopomers

deamination ofLr in *80O-labeled water
A 50% 6-(80)-4r, 50% [7480]-4r
B 100% [280]-3r 100% 6-£80)-4r eq 1
C 50% [2480]-3r, 50% [2,6180,]-3r 50% 6-{80)-4r, 50% [7+80]-4r

deamination of [6¥0]-1r in normal water
A 50% 6-(80)-4r, 50% [7480]-4r
B 100% [6180]-3r 100% [780]-4r
C  50% [62%0]-3r, 50%3r 50% 6-480)-4r, 50% [7480]-4r

. 5 A
C—COOH bonds are fadf. Cyclization by addition of the %% ROONR, = 0=C=CH, R™"NHCOCH,

carboxylic group to the cyanamide then results in the formation
of equal amounts of 6%0)-4r (label in the ring) and [A8O]- N C"mz
4r (exocyclic label). The synthesis of 3-deazaoxanosines by ® 2 NI
nucleophilic addition of esters to cyanamides has precedent R R H
(Scheme 5, eq ¥
Addition of water to the cyanoimine leads (path B). N__COOH N
Cyclization by addition of the urea amino group to the ketene < I L fko
could give [280]-3r, whereas the addition of the carbonyl 93 NH
oxygen would form 6480)-4r. The acetylation of amides by SH oH on on
ketenes studied by Dunbar and WHitgrovides a precedent
for the ring closure of to 3 (Scheme 5, eq 2a), and we provided o]
evidence for a closely related system (Scheme 5, e§Zi)ere CogH o
is no precedent for the ring closure dfo 4. eq 4 NJ\/Ph — Z~_Ph
The formation of8 in 180H, (path C in Scheme 3) would H
result in some doubly®O-labeled products. As witls, one
would expect an equal distribution of th&-label between the o
carbonyl-O and the hydroxyl-O in the carboxylic acid group of H,CO COLCHs HsCO NH
8. Nucleophilic attack of the carboxylic acid group at the urea’s % ° HaC0 NJLNH2 - HaCO NAO
carbonyl carbon would form equal amounts of'83)-4r and OcHd? OCH,!
[7-18Q]-4r. The8O-label of the urea moiety is invariably lost
if 4 is formed from8. The work by Luk and co-worket% j\ o
provides precedent for the formation #fia mild cyclodehy- HO™ “CH, N
dration of carboxylic acids and ureas (Scheme 5, eq 3). Als0, eq 6 NH, ﬁ — A |
phenylacetylated anthranilic acid is known to cyclize to the O%NH o7 N N
oxanosine-type ring system benzooxazinone (Scheme 5,%8q 4). Ry
On the other hand, amide bond formation between the urea and
the carboxylic acid group & would form3. Such aring closure  isolated. Pyrimidine ring formation by addition of ureas to
would involve a tetrahedral intermediate with of®H and carboxylic acids is well known (Scheme 5, e*6).
one 1%0OH group, and either one would be eliminated with Deamination of [6-%0]-1r in Normal Water with Pyri-
(almost) equal probability to form (almost) equal amounts of midine Ring Opening. The deamination of [680]-1r with
[2-180]-3r (one80-label) and [2,680,]-3r (two 180-labels). pyrimidine ring opening would lead t6, and the!®O-label
This type of ring closure also has precedent. Hammen andwould be at the ketene oxygen. The hydration of'fielabeled
Allen*s synthesized quinazolinediones by way of the addition intermediate5 is discussed in Scheme 4. In analogy to the
of the amino group of urea to esters (Scheme 5, eq 5), and aprevious discussion, an equal distribution is expected for the
compound containing the oxanine-type ring system also was 180-label in6, and ring closure would form equal amounts of
. 6-(180)-4r and [7480]-4r. Again, 3r cannot be produced via
(59 2 Hprel | Huite 3, Horecker 5,0 A, Chem, 04957 path A, Hydration of the cyanoimine would leadand on to
242, 3655-3658. (c) Weiss, P. M.; Cook, P. F.: Hermes, J. D.; Cleland, [7-180]-4r and [6480]-3r, respectively. The reaction dfwould

NH,
NH

Ry

W. W. Biochemistry1987 26, 7378-7384. (d) Bhaumik, D.; Medin, J.; 1
Gathy, K.: Coleman, M. 81 Biol. Chem 1993 268 5464-5470. () shih.|ead to equal amounts of 8%0)-4r and [74°0]-4r and equal
P.; Wolfenden, RBiochemistryl996 35, 4697-4703 (f) Wolfenden, R.; amounts of [6¥0]-3r and3r.

Kaufman, J.; Macon, J. BBiochemistryl969 8, 2412-2415. (g) Ba, H.
P.; Drummond, G. IBBRC1966 24, 584—-587.

(39) (a) Benzoic acid: Furic, K.; Colombo, U. Raman Spectros¢986 17,
23—-27. (b) Overview: Allinger, N. L.; Zhu, Z. Q. S.; Chen, K. Am.

Experimental Details

Chem. Soc1992 114, 6120-6133. General ProceduresMost chemicals were purchased from Aldrich.
(40) Niitsuma, S.; Kato, K.; Takita, T.; Umezawa, Fetrahedron Lett1985 2-Amino-6-chloropurine riboside was purchased from Sigma (purity
(41) %%fg;ﬁ?jgf'wmte‘ G. CL Org. Chem1958 23, 915-916. > 95%) and used without further purification. Adenosine deaminase
(42) Qian, M.; Glaser, RJ. Am. Chem. So@004 126, 2274-2275. (calf intestine) was purchased from Boehringer Mannheim in solution
(43) If(ijll(bK'-c'; Moore, D. W.; Keith, D. DTetrahedron Lett1994 35, 1007~ containing 50% glycerol (v/v) and 10 mM potassium phospH&e@-
(44) Berghwan, J.; Stalhandske, Tetrahedron1996 52, 753-770.
(45) i-IYaorgmen, P. D.; Allen, D. J. Ml. Heterocycl. Cheml1987, 24, 1701~ (46) 1Lg;ibl\gg A.; Bernier, J.-L.; Lespagnol, L.Heterocycl. Chenl976 13,
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an acetonitrile concentration was then built up linearly from 0% to
10% over 20 min. The flow rate was 1 mL/min, and the injection
volume was 2Q:L. The separations were carried out on a Supelcosil
octadecylsilane column (2% 4.6 mm i.d., 5um particle size). The
LC was coupled to a TSQ 7000 triple-quadrupole mass spectrometer
- T T T (Thermogquest, San Jose, CA), which was operated in the negative-ion
170.0 163.5 1gs.0 PRl electrospray ionization mode for analysis of the deamination
products. The temperature of the heated capillary was°850
NMR Spectroscopy.tH and**C NMR spectra were recorded on a
Bruker Avance DRX500 spectrometer equippedwaits mmbroadband
probe. The probe temperatures were 298 and 288 K3foand 4r
samples, respectively. A 3@xcitation pulse was applied to record
both *H and *3C spectra. All**C NMR spectra were acquired with
broadbandH decoupling. The carrier frequencies were 500.1330885

Figure 1. 3C NMR spectra of pure [680]-1r (bottom) and a mixture of i :
[6-180]-labeled and unlabeletir (top). The upfield'®0-isotopic shift of (*H) and 125.7713108 MHZYC). Sweep widths were 1033&) and

the C6 signal is 18.3 ppb (2.3 Hz). The chemical shift variations are due to 39682 Hz {°C). Repetition times were 3.78H) and 1.82 s*(C). *H
pH variations; see Experimental Details. NMR spectra were recorded after 16 scans, while the number of scans

for the 3C NMR spectra ranged from 20k to 40k depending on sample

Labeled water was obtained from Isotech Isotopes Inc. in 97.6% concentration. In general, a line broadening of 0’20 @nd 1 Hz {*C)
enrichment. HPLC-grade acetonitrile was obtained from Fisher. Tri- Was applied. Data size after zero-fill ranged from 32K to 128K
ethylammonium acetate buffer (0.1 M) was prepared from glacial acetic depending on the digital resolution required for each spectrum. The
acid and triethylamine, filtered through 0.48n filter paper under ~ CDsOD solvent signals ab(*H) = 3.30 andd(**C) = 49.0 were used
reduced pressure, and sonicated for 15 min before use. Triethylamine@s internal chemical shift standards. Chemical shifts are reported in
was purified by distillation over calcium hydride. Distilled water was ~Parts per million (ppm). The isotopic shift is reported in parts per billion
filtered through 0.45:m filter paper and sonicated before use. (ppb) and in Hertz. The peaks were assigned based on literature data.

Enzymatic Synthesis of [6180]Guanosine with Adenosine Deam- Choice of the NMR Solvent.The isotope effect ofO vs %0 on
inase.A sodium phosphate buffer solution with pH7.0 was prepared  the*3C NMR chemical shift is very small, only-25 Hz, and the choice
in 180-labeled water. 2-Amino-6-chloropurine riboside (33 mM) was Of solvent was critical for their measurement. The carbonyl peaks in

! T T T T T T T T T T T |
170.0 1695 1653.0 rpm

incubated at 37C with adenosine deaminase (5Q:8, 10 unit) in the *C NMR spectrum oBr were difficult to obtain in DMSO because
2.85 mL of phosphate buffer (0.1M, pH 7.0) and 0.15 mL of dimethyl of the solvent’s high viscosity and the difficult relaxation of the carbonyl
sulfoxide. DMSO was used to increase the solubilitylofat pH = carbons. These carbonyl peaks could only be recorded allowing for

7.0. The reaction was monitored by TLOD. began to precipitate after ~ longer relaxation time (6.65 s) but unfortunately were then too broad

20 min, and all starting material was consumed after 20 h. The reaction 30—40 Hz. The carbonyl peaks also appear upon addition of 50 mM

mixture was centrifuged to separate the precipitdtedhe supernatant ~ relaxation reagent Cr(acadp DMSO, but these conditions resulted

liquid was discardedlr was washed 3 times with 1 mL aliquots of  in extreme signal broadening (60 Hz). Methadpas found to be

water. The product was dried by lyophilization, and the final yield was the ideal solvent to measure the isotopic shifts; in this solvent very

90%. The'3C NMR spectrum of [6¥0]-1r is shown in Figure 1. sharp peaks occurred with widths of only-2 Hz. While 4r easily
Deamination of Guanosine. 1r(12.49 mM) was incubated at 37  dissolved in methanollr and3r are insoluble in methanol and their

°C with NaNQ; (124.9 mM) in 4 mL of sodium acetate buffer (3N,  solubility was increased by addition of ca.-5200uL of 1 N NaOH

pH 3.7). The reaction was continued for284 h to ensure that all of ~ in D20. These pH variations cause the significant chemical shift

the 1r had reacted. HPLC analysis of the reaction mixture indicated differences in thé*C NMR spectra oflr and3r (Figures 1, 4, and 7).

the formation of3r (tr = 9.8) and4r (tr = 14.2) and the absence of The ®O-isotope shifts were measured as follows. THe NMR

1r, and these observations were confirmed by LC/MS analysis. The spectrum of thé®O-labeled compound was recorded first. Then a small

reaction mixture was then separated by HPLC, the fractions were quantity of unlabeled compound (ca. 1 mg) was added to the NMR

lyophilized to prevent any product decomposition, &i@NMR spectra tube, and a second spectrum was recorded. In the ca3e bfaOH

were recorded. was used as needed to make the sample clear for the NMR measure-
HPLC Analyses and Preparation. The HPLC analyses were  ments.

performed on a Shimadzu LC system that consisted of a LC-10ATvp

pumping system, CTO-10Avp column oven, and a SPD-M10Avp Results

photodiode array detector. The temperature of the column oven was L _—
set at 25°C. The samples were injected with a SIL 10A autosampler, Deamination of 1r in (**O)Water. The HPLC chromatogram

the initial mobile phase was 100% 0.1 M triethylammonium acetate of the. rea?t'on mixture Is shown.ln Figure 2. The pegks with
buffer, and acetonitrile was then mixed into the mobile phase in such retention times of 9.8 and 14.2 min éeanddr, respectively,
away as to increase the acetonitrile concentration linearly from 0% to and the small peak with a retention time of 10.7 min corresponds
10% over 20 min. For analytical purposes, a Supelcosil octadecylsilaneto unreactedLr. 3r and 4r have a molecular weight of 284.
column (25x 4.6 mm i.d., 5um particle size) was used and the flow Negative-ion ES+LC/MS gave a base peak witihvz = 285

rate was 1 mL/min. The volume of sample injected was.10 For for 3r and 4r (Figure 3) and shows the incorporation of one
semipreparative work, a Supelcosil octadecylsilane column<(2® 180-label in both3r and4r. The small [M-H]~ peak atm/z =

mm i.d., 5um particle size) was used and the flow rate was maintained g3 indicated trace amounts of unlabeldd and 4r in the

at 4.73 mL/min. The volume of the sample injected was 442The reaction mixture (the enrichment o¥8Q)water was 97.6%).

fractions with the desired products were collected in multiple runs with .
. There are no peaks in the mass spectrunBrothat would
a FRC-10A fraction collector. The samples were kept ced {C) by - . .
indicate the presence of two labels in the same ion.

a sample cooler during the HPLC analysis to prevent decomposition.
LC/MS Analyses.The LC component consisted of a Finnigan P4000 The *C NMR spectrum of unlabele@r was recorded and

pump, AS3000 autosampler, and UV6000 LP detector. The mobile assigned as followss 63.67 (C5), 73.31 (C3), 76.57 (C2),

phase initially was 100% 0.1 M triethylammonium acetate buffer, and 87.78 (C4), 91.49 (C1), 116.82 (C5), 138.02 (C8), 154.57 (C4),
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Figure 2. HPLC chromatogram of the deaminationlofin 180H, shows
the formations of3r and4r.
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Figure 3. Mass spectra (ESI, negative-ion mode) of 8a)and (b)4r
obtained by deamination dfr in 180H,.

161.10 (C2), 162.35 (C6). THEC NMR spectrum of [28Q0]-
3r shows art®0-isotopic upfield shift of 22 ppb (2.75 Hz) for
the C2 signal (Figure 4, bottom), [ZO]-3r. The small peak at

180-labeleddr is shown in the bottom in Figure 5 and features
splittings of the C5 and C7 peaks at 155.80 and 161.79 ppm,
respectively. Addition of unlabeletf to the sample of labeled

4r increased the downfield parts of both signals (top, Figure 5;
Table 2).

One would expect four C signals for the C5 and C7 atoms
for a mixture of 6-{80)-4r and [7480]-4r. The in-ring label of
6-(180)-4r should cause upfield shifts for the C5 and C7 signals.
The exocyclic label in [A80]-4r should cause an upfield shift
of C7 and less, if any, for C5. The interpretation of the C5 signal
is thus rather straightforward in that the upfield signal is that
of 6-(180)-4r and the downfield signal is that of [PO]-4r.

The intensity of the downfield signal increases on addition of
4r and shows that the C5 isotopic shift in183]-4r is negligible

as expected. Interpretation of the C7 signal is slightly more
involved. Upon addition of unlabeledr, one might have
expected three signals: one for C7 of unlabelednd two sig-
nals due to the isotopic shifts of the C7 atoms of\&j-4r

and [7480]-4r. Yet, only two signals are observed, and the
addition of4r merely increases (without much broadening) the
downfield signal. Hence, the upfield resonance of the C7 signal
is due to either 63f0)-4r or [7-1%0]-4r, and the!®O-label in

the other isotopomer happens to leave the C7 shielding un-
affected. We assign the C7 upfield-shifted signal td%@}-4r
because the combination of the shorter@ bond length with

the larger electron density in the=€© bonding region make
this bond more susceptible to a distance effect on shielding.
Hence, the C5 upfield shift is 23 ppb (2.93 Hz), and it is due to
the in-ring label in 680)-4r. The C7 upfield shift is 18 ppb
(2.25 Hz), and it is due to the exocyclic-O in {%]-4r. Finally,

note that the upfield and downfield components of the C5 and
C7 signals show about equal intensity, and we can conclude
that 6-(80)-4r and [7480]-4r are formed in about equal
amounts.

the base of the C2 signal is due to the presence of small amounts Deamination of [6-1%0]-1r in Normal Water. The deami-

of (unlabeled)3r, and addition of mor&r increased this peak
and confirmed the upfield shift (Figure 4, top).

The 13C NMR spectrum of unlabeledr was recorded and
assigned as followsd 62.90 (C5), 72.03 (C3), 75.89 (C2),

87.21 (C4), 89.92 (C1), 112.78 (C7a), 138.87 (C2), 154.23

(C3a), 155.80 (C5), 161.79 (C7). TR&C NMR spectrum of

nation of [6480]-1r in normal water was carried out, and the
reaction mixture was analyzed by HPLC, LC/MS, dfd NMR
spectroscopy.

The HPLC chromatogram of the reaction mixture was similar
to the one shown in Figure 2. Negative-ion E&IC/MS gave
a base peak withw'z = 285 for3r and4r (Figure 6) and showed

T T T T T
162.8 162.6 1624 162.2 162.0

T T T T T
161.8 161.6 161.4 161.2 161.0  ppm

T T T T T
162.8 162.6 1624 162.2 162.0

T T T T T
1618 1616 1614 1612 1610 ppm

Figure 4. Deamination ofLr in H,'80. The!3C NMR spectrum of (almost fully}O-labeled3r is shown on the bottom. The spectrum on top was recorded
after addition of unlabele@r to the sample ofO-labeled3r. The isotopic shift in the C2 signal is clearly observed. The chemical shift variations are due

to pH variations; see Experimental Details.

9966 J. AM. CHEM. SOC. = VOL. 126, NO. 32, 2004



Nitrosative Guanosine Deamination

ARTICLES

nfLA Ay

T T T T T
162.1 162.0 161.9 161.8 161.7 161.6 161.5 ppm
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162.1 162.0 161.9 161.8 161.7 161.6 161.5 ppm
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T T T T T T 1

T
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Figure 5. Deamination oflr in H,180. The!3C NMR spectrum of (almost fully) labeletr shows isotopic shift in the resonance position of C5 (right) and
C7 (left). The spectrum on top was recorded after the addition of unladelenlthe sample of labeledr.

Table 2. Measured 180-Isotopic Shifts of 13C Resonance

experiment 1 experiment 2
1C-nucleus 1r and ¥OH, [6-*¥Q]-1r and OH, average
C6 in [6-180]-1r 18.3 ppb
2.3Hz
C2in[2180]-3r 22 ppb
2.75Hz
C6 in [6-180]-3r 29 ppb
3.66 Hz
C5in 6-(80)-4r 23 ppb 22 ppb 22.5% 0.5 ppm
2.93 Hz 2.75Hz 2.8% 0.10 Hz
C7in 6-(80)-4r ca. 0, not expected
C5in [7-80]-4r ca. 0, as expected
C7in [7180]-4r 18 ppb 13 ppb 15.5- 2.5 ppb
2.25Hz 1.70 Hz 1.95% 0.25 Hz

the incorporation of on&O-label in both3r and4r as expected.
The small [M—H]~ peak atm/z = 283 is due to trace amounts
of unlabeled3r and 4r. The peak atm/z = 321 in the mass
spectrum ofdr corresponds to the adduct of [M H]~ with
two water molecules.

The 3C NMR spectrum of the labele8r was recorded, and
it featured ant®O-isotopic upfield shift of 29 ppb (3.66 Hz) of
the C6 resonance (Figure 7, bottom)f&]-3r. The small peak

surprising as one would expect the rates for the intramolecular
cyclizations of6 or 7 to be faster than the bimolecular addition
of water to6 or 7 to form 8. If 8 is not observed an@r is not
formed via8, it is in principle still possible that 61§0)-4r and
[7-180]-4r could be formed via. Yet, the latter is not likely

for kinetic reasons. While compounds of typeo cyclize (vide
supra), these compounds do not play a role during deamination
becauses and7 cyclize fast and path C is not important.

The deamination of [680]-1r in normal water gives [820]-
3r as expected (Figures 6 and 3j.(which is unlabeled) is not
observed, and the implications are exactly the same as were
drawn from the absence of [2189,]-3r in the other experiment.

It is clear that3r is not formed from8, and the question is
now whether xanthosine is formed frdsror by direct nucleo-
philic substitution without pyrimidine ring openin@r could
be formed via pyrimidine ring opening only if the hydration of
5 followed path B. The question as to whether path B plays a
significant role can be addressed via the relative yields of
6-(180)-4r and [7480]-4r. This ratio is unity (a) if only path A
is operative or (b) if paths Aand B are traveled and path B
produced exclusivel@3r (Table 1). It is reasonable to expect a

3r, and this peak was shown to increase upon addition of yeaction7 — 4r (O-nucleophile). It is also reasonable to expect

unlabeled3r to the sample (Figure 7, top).
In the 13C NMR spectrum of the labeledr (Figure 8), an

180-isotope splitting occurs for the C5 and C7 peaks at 155.80

and 161.79 ppm, respectively. The addition of unlabdletthe

a kinetic advantage for the reactién— 6 (diffusion control-
lec??) over the reactio® — 7, and this must be true since the
overall yield of xanthosine exceeds the yield of oxanosine. The
13C NMR spectra o#r (Figures 5 and 8) produced by deamin-

almost fully labeled sample increased the peak on thg left. The ation of 1r in H,%80 and of [6280]-1r in normal water both
spectra show all the same features as in the respective spectra

i 180)]-
shown in Figure 5, and their interpretation is the same. Hence,z?;)\?:):rr;i[ dalﬂgzisqtlﬁ 321 douucrt];[(jnor:]fr?)t):rr:;]ge[T/viiS]cirrtaint
the C5 upfield shift is 22 ppb (2.75 Hz) due to the in-ring label, ’ ’ y

and the C7 upfield shiftis 13 ppb (1.70 Hz) due to the exocyclic- :Eatl\ﬁ)sltlg '3 ':[5 tZe do;nlﬂant path"for tf:gbfotr'matnf)n%f wr;;:eB ‘
O. As with the spectra in Figure 5, the upfield and downfield € ata do not aflow small contributions from pa 0

components of the C5 and C7 peaks show about equal intensity,

corroborating that 61¢0)-4r and [7480]-4r are formed in about
equal amounts.

Discussion

The deamination oflr in H®0 produced xanthosine
molecules with only one label, [¥0]-3r (Figures 3 and 4).
The formation of [2180]-3r via 8 can be excluded because
isotopomer [2,6©0;]-3r is not formed. This finding is not

be excluded. The dominance of path A is entirely consistent
with the results of our recent studies of the electronic structures
of 5.2527 Electronic structure analysis &fshows that the zwit-
terionic resonance forri—2 dominates over the fulvene-type
structureb—1 (Scheme 6). The anionic character of the imio-

in 5 leads to preferred imind protonation and converts what

is already a latent acylium moiety into an extremely electrophilic
actual acylium group. Thus,is perfectly set up for protonation

at the iminoN and nucleophile addition at the ketene C atom,
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Figure 6. Mass spectra (ESI, negative-ion mode) of3apand (b)4r after
deamination of [6-180]-1r in water.
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and the product of the 1,4-addition contains an aromatic
imidazole ring.

Conclusion

Scheme 6. Resonance Structures of 5 and N-Protonation
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5-cyanoimino-4-oxomethylene-4,5-dihydroimidazbland 5-cy-
anoamino-4-imidazolecarboxylic actd The carbodiimide tau-
tomer6' of the cyanoamin& might be involved in the cycli-
zation. This hydration db by way of 1,4-addition is much faster
than guanidine formation by water addition to the cyanoimine
group. These experimental findings fully corroborate theoretical
studies of the electronic structure of 5-cyano-imino-4-oxom-
ethylene-4,5-dihydroimidazoles and of thisiprotonatior?® The
cyclization of 6 is fast compared to a second water addition,
and 5-guanidinyl-4-imidazolecarboxylic aci@, does not play

a role in nitrosative guanosine deamination. The studies demon-
strate for the first time the intermediacy of 5-cyanoamino-4-
imidazolecarboxylic aci@ in the nitrosative guanosine deami-
nation on the path to oxanosine. The significance of this dis-

The labeling experiments demonstrate that the oxanosinecovery increases with the realization that oxanosine formation
formation in nitrosative guanosine deamination proceeds via theis not the only reaction option fd@ inside of DNA. Hence, we

T T T T T
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161.8
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161.6 161.4 161.2 1610  ppm

T T T T T
162.8 162.6 1624 1622 162.0

T
161.8
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161.6 1614 161.2 1610  ppm

Figure 7. Deamination of [680]-1r in normal water. Thé3C NMR spectrum of (almost fully) labeled [BO]-3r shows isotopic shift for the C-6 signal
(bottom). The spectrum shown on top was recorded after addition of some unl&@batethe sample of [680]-3r. The chemical shift variations are due

to pH variations; see Experimental Details.
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Figure 8. Deamination of [6-180]-1r in normal water. Thé3C NMR spectrum of (almost fully) labeledt (bottom) shows isotopic shifts of the C5 (right)
and C7 (left) signals. The spectrum on top was recorded after addition of unlabeledhe sample of labeledr.
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Scheme 7. Summary of Labeling Studies azoniation of the guanosinediazonium ion in solution therefore
o] Nitrosative 189 cannot be strictly unimolecular (at least for the xanthosine-
N Deamination > forming reaction). For the heteroaromatic diazonium ion, the
A rates for the two reaction channels are dependent on the water
170, concentration, and this dependence might affect product ratios.
ir [5-'30] 1r : : :
In particular, any such bimolecular process in DNA would be
*a influenced by solvent accessibility. (2) While the present results
80 | "\> + " "\> show that most of the xanthosine is formed by nucleophilic
HZNJ‘“N N HENJ*‘N N aromatic substitution in homogeneous solution, the extrapolation

that the same chemistry occurs in DNA is not justified based
on current knowledge. In contrast, the currently available

o, Q o theoretical evidenéésuggests that deprotonation occurs before

e CIN‘> and o I N J\/[ N dediazoniation in DNA, and this would require xanthosine
C.y? N NsG-y N T HNsg N formation via intermediateéS and7. (3) Another important way

5 Hs " in which the DNA environment would affect the labeling

experiments concerns the isotopomer ratios because the as-

are now exploring the chemistry & and some pertinent  symption of free rotation about the-<COOH bonds would
derivatives (Scheme 7). certainly no longer hold. With the new enzymatic synthesis of

The results presented are the results of mechanistic StUdiqu-lSO]_lr’ we are now S[udying deamination in 0|igonuc|eotides
in homogeneous solutioand one needs to keep in mind that  with labeled guanosine to explore such effects of the anisotropic
the chemistry in thanisotropic emironment of DNAmay differ environment.
in a variety of ways, and these include the availability of water
and the molecularity of the water addition, the possibility of
changes in mechanism within DNA, as well as issues of rota-
tional flexibility. (1) The present results show tHats not the
one and only common intermediate for the formation of xan-
thosine and oxanosine in homogeneous solution, and the dedi-JA049835Q
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