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Modification of Z-deoxycytidine (dCyd) by hydroxyl radicals and direct ionization leads to the formation

of various oxidation products, including dCyd 5,6-glycols, 5-hydrokgéoxycytidine, and ring
fragmentation products. The mechanism of oxidation is complex and poorly understood. In the present
work, we have prepared fowis- andtrans-diastereomers of N(2-deoxyp-p-erythro-pentofuranosyl)-
1-carbamoyl-2-0x0-4,5-dihydroxyimidazolidine by bromination of dCyd followed by peroxidation of the
resulting dCyd bromohydrins. The structure and stereochemistry of each product were determtied by
NMR, ¥C NMR, and 2D NOE analyses. The formation of imidazolidine products involves rearrangement
of initial 5(6)-hydroxy-6(5)-hydroperoxides to C&2 endoperoxides, which subsequently decompose

by a concerted pathway to imidazolidine products. A remarkable feature of the four diastereomers was
their ability to interconvert via single and successive cycles of ring-chain tautomerism-af®Nand
N3—C4, leading to epimerization of C5 and C4, respectively. The rate of isomerization was greater for
cis-diastereomers compared t@ns-diastereomers, and the rate sharply increased with pH (pH-9.0

7.0 > 5.5).

Introduction C residues by ROS induces hydrolysis of the exocyclic amino
. . . group, which converts this group to a carbonyl grotighis
The constant generation of reactive oxygen species (ROS)qcess may be responsible for the bias of €& transitions
by biological processes, such as oxidative phosphorylation and, ihe spectrum of spontaneous mutations and the spectra of

inflammation, together with exposure to ionizing radiation, mations induced by Fenton reactions and ionizing radiation.
ultraviolet radiation, and xenobiotics, is believed to contribute

to aging and age-related diseasesOxidative modification of (1) Halliwell, B.; Gutteridge, J. M. CFree Radicals in Biology and

Medicing Oxford University Press: Oxford, UK, 1999.
(2) Beckman, K. B.; Ames, B. NPhysiol. Re. 1998 78, 547—581.
(3) Hamilton, M. L.; Van Remmen, H.; Drake, J. A.; Yang, H.; Guo, Z.
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1 Department of Nuclear Medicine and Radiobiology, University of Sher- M.; Kewitt, K.; Walter, C. A.; Richardson, AProc. Acad. Natl. Sci. U.S.A.

brooke. 2001, 98, 10469-10474.
* Pharmacology Institute, University of Sherbrooke. (4) von Sonntag, C.Free-Radical-Induced DNA Damage and its
8 Département de Recherche Fondamentale sur la’Ma@iendenss, SCIB/ Repair: A Chemical Perspeet; Springer: New York, 2006.

LAN, UMR-E n°3 (CEA-UJF), CEA/Grenoble. (5) Bjelland, S.; Seeberg, Butat. Res2003 531, 37—80.
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The mechanism of mutagenesis likely involves oxidation- dine oxidation products includes 5,6-glycols, 5-hydroxyhydan-
induced loss of the exocyclic amino group, which changes the toin, and formamide derivatives of dCyd. These products are
base-pairing properties of C causing C to T transitions during analogous to those of other pyrimidines (i.€-d2oxyuridine,
replication8~10 Despite the biological importance, the mecha- thymidine) except that the 5,6-glycols of@eoxycytidine are
nism of oxidation of cytosine derivatives remains poorly not stable and undergo either deamination to the 5,6-glycols of
understood. This is due to the formation of polar products, which 2'-deoxyuridine or dehydration to 5-hydroxy-@soxycytidine-!

are difficult to separate by reversed-phase chromatography, asThe formation of these products may be attributed to either the
well as to the formation of labile products, including cytosine bimolecular decay of intermediate peroxyl radicals or decom-

glycols, dialuric acid, and hydantoin derivativés!3

In general, one of the most efficient methods to induce DNA
damage involves hydroxyl radicaléqH), which are generated
by either ionizing radiation or the Fenton reaction (e.g2'Fe
+ H0,).4814 Another efficient pathway to DNA damage
involves agents that induce single-electron oxidation, including
ionizing radiation, photosensitization, high-intensity laser pho-
tolysis, or vacuum UV photolysis®Once base radical cations
are generated in DNA, however, the radical cations of T, C,

position of hydroperoxides. In contrast, the second group of
products is unique to cytosine derivatives. The unique modifica-
tions of 2-deoxycytidine include imidazolidine, biuret, and
carbamic acid derivativést®2°These products are likely formed
by a novel pathway, which involves intramolecular addition of
the peroxyl radical or hydroperoxide to the N@4 double bond

of cytosine hydroperoxides, followed by cleavage of the-C4
C5 bond!®2! Interestingly, the ratio of common to unique
products of dCyd is 2.4 foreOH-induced decomposition

and A have a tendency to migrate to G residues because G angompared to 3.8 for single-electron oxidati§rThis difference

G combinations have a significantly lower oxidation poten-
tial.’>16From pulsed radiolysis studies, the reactiom@H with
DNA components is fairly well-establishéd? In the case of
cytosine derivativessOH mainly adds to the C5 position of
the cytosine 5,6-double bond (90%) giving rise to intermediate
5-hydroxy-5,6-dihydrocytos-6-yl radical8.In contrast to the
reaction ofeOH, cytosine radical cations incorporateC at

the C6 position giving rise to intermediate 6-hydroxy-5,6-dihyro-
2'-deoxycytos-5-yl radical®!° Thus,«OH addition and single-
electron oxidation of cytosine give intermediates that differ in
the position of the OH group (either C5 or C6): 5-hydroxy-
5,6-dihydrocytos-6-yl and 6-hydroxy-5,6-dihyro-@oxycytos-
5-yl radicals. In the presence of oxygen, the latter radicals likely
incorporate @Qat the radical site to give the corresponding 5(6)-
hydroxy-6(5)-hydroperoxyl radicals. Peroxyl radicals may then

may be related to the structure of intermediate peroxyl radicals
and peroxides. The addition ®DH to the 5,6-double bond of
dCyd mainly produces intermediates with a hydroxyl group at
C5 and a peroxyl (or hydroperoxide) group at C6, whereas the
addition of HO to the radical cation of dCyd predominantly
leads to intermediates with the reverse orientation of hydroxyl
and peroxyl (or hydroperoxide) groups. In free radical reactions
of the monomer, however, it is not possible to distinguish
between these two pathways of damage because intermediate
peroxyl radicals undergo bimolecular decay, which appears to
divert the pathway of decomposition toward common pyrimidine
products.

A large fraction of peroxyl radicals likely convert to hydro-
peroxides in DNA. For example, the yield of intact hydroper-
oxides is nearly equal to the total yield @H-induced thymine

transform to stable products by bimolecular decay routes thatand cytosine damage in DNA when exposeg toradiation in

involve tetroxides and/or alkoxyl radicals. Alternatively, peroxyl

oxygenated agueous solutiof’s?*The reaction of peroxyl

radicals may react with reducing agents, such as superoxideradicals with neighboring base and sugar moieties may also

radical anions, to give intermediate 5(6)-hydroxy-6(5)-hydro-
peroxides that subsequently decompose to stable protucts.
From studies of radical-induced oxidation ¢fd2oxycytidine
(dCyd), we have identified 17 stable nucleoside prod®éts.
The final products may be divided into common and unique
pyrimidine oxidation products. The group of common pyrimi-

(6) Wallace, S. SFree Radical Biol. Med2002 33, 1—14.

(7) Wang, D.; Kreutzer, D. A.; Essigmann, J. Mutat. Res1998 400
99-115.

(8) Cadet, J.; Douki, T.; Gasparutto, D.; Ravanat, Mutat. Res2003
531, 5-23.

(9) Wagner, J. R.; van Lier, J. E.; Decarroz, C.; Berger, M.; Cadet, J.
Methods Enzymoll99Q 186, 502-511.

(10) Wagner, J. R.; Decarroz, C.; Berger, M.; Cadet].JAm. Chem.
Soc.1999 121, 4101-4110.

(11) Tremblay, S.; Douki, T.; Cadet, J.; Wagner, J.JRBiol. Chem.
1999 274, 20833-20838.

(12) Riviere, J.; Klarskov, K.; Wagner, J. Rhem. Res. Toxicok005
18, 1332-1338.

(13) Riviere, J.; Bergeron, F.; Tremblay, S.; Gasparuto, D.; Cadet, J.;
Wagner, J. RJ. Am. Chem. So2004 126, 6548-6549.

(14) Henle, E. S.; Linn, SJ. Biol. Chem.1997, 272, 19095-19098.

(15) Douki, T.; Ravanat, J. L.; Angelov, D.; Wagner, J. R.; Cadet, J.
Top. Curr. Chem2004 236, 1—-25.

(16) Misiaszek, R.; Crean, C.; Joffe, A.; Geacintov, N. E.; Shafirovich,
V. J. Biol. Chem2004 279, 32106-32115.

(17) Steenken, SChem. Re. 1989 89, 503-520.

(18) Hazra, D. K.; Steenken, S. Am. Chem. S0d.983 105, 4380~
4386.

(19) Wagner, J. R.; van Lier, J. E.; Berger, M.; Cadet].JAm. Chem.
Soc.1994 116 2235-2242.

contribute to the formation of alternative types of damage,
including strand breaks, tandem lesions, and interstrand cross-
links in dinucleotides and oligonucleotid&s In the present
work, the hydroperoxides of dCyd were prepared in situ by
treatment of the bromohydrin withJ@,, a well-known proce-
dure for the preparation of thymidine hydroperoxid&dhis
route bypasses the involvement of peroxyl radicals and the
formation of products by bimolecular decay pathways. In
contrast to the 5(6)-hydroxy-6(5)-hydroperoxides of thymidine,
which decompose with half-lives in the range of550 h at
25°C, the corresponding hydroperoxides of cytosine and dCyd
are not at all stable in aqueous solution (estimated half-life of
16 min at 25°C).22 Here, we show that treatment of dCyd
bromohydrins with HO, leads to the formation of fowis- and
trans-diastereomers of Ncarbamoyl-5,6-dihydroxy-2-oxoimi-
dazolidine nucleosides. The structure of each diastereomer was
examined byH NMR, 13C NMR, and 2D NOE analyses. Using

(20) Luo, Y.; Henle, E. S.; Linn, Sl. Biol. Chem1996 271, 21167
21176.

(21) Polverelli, M.; Teule, R.Z. Naturforsch, C1974 29, 16-18.

(22) Daniels, M.; Schweibert, C. MBiochim. Biophys. Acta967 134,
481-483.

(23) Schweibert, M. C.; Daniels, Mnt. J. Radiat. Phys. Chem1971,
3, 353-336.

(24) Michaels, H. B.; Hunt, J. WAnal. Biochem1978 87, 135-140.

(25) Hong, I. S.; Carter, K. N.; Greenberg, M. NL. Org. Chem2004
69, 6974-6978.

(26) Douki, T.; Riviere, J.; Cadet, Chem. Res. Toxica2002 15, 445—
454,
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SCHEME 1. Synthesis of dCyd Bromohydrins (2, 3) and TABLE 1. Cross-Peaks in 2D NOE Analysi®
Imidazolidine Products (6, 7) trans(4S59 trans(4R5R) cis(4R59 cis(4S5R)
NH, NH, cross-peak 4 5) (6) ()]
NEY B’Z/Hzo Br ~Br H4—H5 —b -4.8 - -4.7
16 ) )\ H4—OH5 -18.5 -8.6 - -
‘OH H5—0H5 —36.9 —30.0 —30.7 —30.0
dR OH4—H4 —43.4 —19.3 —57.5 —29.7
(2)-trans-(5S,6S) (3)-trans- (5R,6R) OH4—H5 —6.8 —-3.2 - -
) OH4—OH5 - +40.7 - +71.8
(dR) = l +H,0,/Ag,0 l
2-deoxyribose OH5—H2 —-8.2 - — -
NH, NH, H5—H2' -10.3 -16.4 - -
~OH OH a Cross-peak intensity was normalized to the signal for &l H2' of
)\ él\ the 2-deoxyribose moiety.Not detected.
dR

the features of dCyd bromohydrins were nearly identical to those

(la)-cis-(5R,6S) (Ib)-cis-(5S,6R) of other pyrimidine bromohydrins. In particular, thg Giaste-
¢ reomer displayed a doublet of a doublétA{ = 8.8 Hz); the
6R diastereomer showed a pseudotripléi(= 7.3 Hz); the
H:N o 6Sdiastereomer eluted before thR @iastereomer on reversed-
4‘< phase chromatography; and the yield of tieddastereomer
Bﬂr was approximately half of that of theRaliastereomet?.19.30.31
Structural Analysis of Imidazolidine Products (4—7). The

structure of imidazolidine productd<7) was determined by

(la)-eis-(95.69) (ycis 5567 NMR analyses ¥4 NMR, C NMR, and 2D NOE: see

l l Supporting Information)'H NMR spectra depicted nine non-
o o exchangeable protons of which two protons may be attributed
WN—L  OH HN—L  OH to the imidazolidine moiety and seven protons may be attributed
N;ov Ni to an intact sugar moiety. In addition, there were six exchange-
O’Q,\]‘;'”OH ofl\N OH able protons attributable to the carbamoyl and 2-deoxyribose
! 4R moieties. Assignment of protons was confirmed by 2D-COSY
) analysis. Interestingly, the amino protons of the carbamoyl! group

(6)-cis-(4R,5S) (7)-cis-(4S,5R)

were nonequivalent, pointing to an interaction between H of
the exocyclic amino group and=€D of the adjacent carbon.
purified compounds, the ability of each diastereomer to inter- Thijs is consistent with X-ray crystallography analysis of the
convert between another diastereomer by ring-chain tautomerismmodified nucleobase without the 2-deoxyribose moietgns-

at two sites of the imidazolidine ring was examined. 1-carbamoyl-4,5-dihydroxy-2-oxoimidazolidif2A salient fea-
ture of the!H NMR spectra of4—7 was the presence of two
Results and Discussion proton signals between 5.0 and 5.6 ppm, which may be attributed

to two nonexchangeable methine protons of the imidazolidine
ring. Moreover, coupling between H4 and H5 protons was
absent for productd and5 (Jqs—ns = ~0 ppm), whereas it
was fairly strong for product® and 7 (Jus—ns = 6 ppm).

Preparation of dCyd Bromohydrins (2 and 3). The
nucleoside derivatives of ™Ncarbamoyl-4,5-dihydroxy-2-ox-
oimidazolidine (referred to as imidazolidine products) were

repared in two steps: (1) conversion of dC{ito 5-bromo- . ; .
g-hSdroxy-S,6-dihy(§)ro-2(d3eoxycytidine (refer%gdoto as dCyd According to the Karplus equation, the absence of coupling
bromohydrins2 and3) and (2) conversion of dCyd bromohy- indicates that the dihedral angle between vicinal protons
drins @ and3) to imidazolidine products4—7; Scheme 1). The _approac_hes Qwithin & halt-chair conformat_ion. The difference
bromination of pyrimidine nucleoside in aqueous solution leads in coupling between H4 and H5 clearly distinguiskeand 5

to the formation of twotrans-diastereomers with Br and OH ~ 2° transdiastereorr_]ers an_G and7 as the corresponding's
substituents at C5 and C6, respectiv&ly?® MS analysis of diastereomers. A similar difference was reported betvkzTs
products2 and3 depicted m;)IecuIar ion peaks @tz 326 and andcis-diastereomers of the modified nucleobase without the

324 (ratio off'Br and’®Br stable isotopes was 1:2) accompanied ﬁ-ggoxyrltl)ose m0|et§/|%v3§34 In a(:)dltlor}, 13C NMR ag% 2D
with ion peaks at/z 308 and 306, indicating the initial loss of betwe:rrl?a);\?znrgc\:/iz-%;stZr:(;Jr:r?erir gro%g?ﬁag%nall (;gnces
HZO from the molecular ions. The configuration of dCyd the chemical shift of methine carbéns was shifted dc))/wnf’ield
bromohydrins (eithertrans(5S6S) or trans(5R,6R)) was by about 5 it d tacis-diast i
determined by comparison of the NMR features of the base and y about 5> ppm irftrans compared lais-diastereomers, €.g.,

o ; -~ C4 was 81 ppm fotrans-diastereomers4(and5) and 75 ppm
zu g:ggilr?giﬁsetc;r?dn Eg_orggtﬁ/?_ %gg)g/%r;ﬂziﬂg{&ggoggméggldIne’for cis-diastereomerss(and?). From 2D NOE analysis (Table
' ' 1), the H4 and OH5 protons, and the corresponding OH4 and

H5 protons, gave cross-peaks foans-diastereomers but not

(27) Ryang, H. S.; Wang, S. Y. Org. Chem1979 44, 1191-1192.
(28) Harayama, T.; Yanada, R.; Taga, T.; Machida, K.; Cadet, J.; Yoneda,

F.J. Chem. Soc., Chem. Commad®886 1469-1471. (32) Flippen, J. LActa Crystallogr.1973 B29, 1756-1762.
(29) Cadet, J.; Teule, R.; Ulrich, JTetrahedronl975 31, 2057-2061. (33) Hahn, B.-S.; Wang, S. Y.; Flippen, J. L.; Karle, I.1..Am. Chem.
(30) Cadet, J.; Ducoulomb, R.; Hruska, F. Biochim. Biophys. Acta So0c.1973 95, 2711-2712.

1979 563 206-215. (34) Leonard, N. J.; Wiemer, D. B. Am. Chem. Sod.976 98, 8218-
(31) Bienvenu, C.; Cadet, J. Org. Chem1996 61, 2632-2637. 8221.
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TABLE 2. Conformational Analysis of Imidazolidine Products presence of a cross-peak between H5 and ¢ddfirms that
population % 2endd  %gt(y)°  %ty)  %g(y)° the imida_zolid@ne and 2-o_leoxy_rib_ose m_oiet_iesscrkamain ina
frans (4S59) (4) 73 48 17 37 preferentialnti conformation, similar to its diastereomerThe
trans-(4R,5R) (5) 68 53 26 21 absence of a cross-link between OH5 and &vever indicates
cis-(4R,59 (6) 74 30 40 30 that the OH5 group is orientated in back of the 2-deoxyribose
Cis{4S5R) (7) 62 30 43 27 ring (near O4) that is a &R configuration. The other orientation
2 9% 2-ende3-exo(2-endq = 100 x Jr2/(Jrz + Ja4).3° P Orientation in which the OH5 group is in front of the 2-deoxyribose, which
of the 5(;/hydr°>r‘]ym9thy'hg(fof(fp;’;"th ;%Sopec(tlt?? éhe'(%@“’ffj‘d C);‘/Ig:?" is a S5 configuration, may be ruled out because the imidazolidine
onds. %gauche-gauche(g = X .8— (Jgs TS 7; - . . .
9% gauche-trans (t(y)) = 100 x (Jrs: — 1.5)/10: %trans-gauche(g (1)) m0|_ety must rotate outside a preferentati conformatpn to
=% g*(y) — % t(y). avoid contact between OH5 and Haf the 2-deoxyribose

moiety3® Thus, we conclude tha4 has a S configuration
whereas5 has a R configuration. This assignment is also
consistent with H-H coupling constants of the 2-deoxyribose
moiety (Table 2). In particulardyr—n2 was higher ford (8.3
ppm) than for5 (7.1 ppm), indicating a higher population of
2'-endofor 4 (73%) compared t6 (68%). The higher population

of 2'-endo for 4 may be attributed to an increase in steric
2-deoxyribose moiety(O4—C1—N1—C2) = 180-245) in hindrance betwgen OH5 _of the_imidazolidint_a moi(_ety and H2
view of the presence of cross-peaks in the 2D NOE spectra for of the 2-d_eoxyr|bose mmety within aSSconflguratlo_n. The
H5—H2' and OH5-H2' of the imidazolidine and 2-deoxyribose ~ configuration o and5is also supported by changesliy s
moieties (Table 135 Furthermore, the conformation of the andJus—ns, Which are associated with the population of low-
2-deoxyribose ring is preferentially-2nde3-exo(2'-endg on energy rotamers of the 5-hydroxymethyl grotipn particular,

the basis of the HH proton scalar coupling constants of the the high population ofy*(y) for 4 (48%) and for5 (53%)
2-deoxyribose moiety (73 and 68%; Table 2). The crystal Suggests that the OHS5 group of the imidazolidine moiety
structure oftrans-1-carbamoyl-4,5-dihydroxy-2-oxoimidazoli- ~ Intéracts to some extent with the 5-hydroxymethyl group of the
dine (without the 2-deoxyribose moiety) depicts the five- 2-deoxyribose moiety (Table 1).

membered ring as nearly planar, with the C5 atom tilted about  The assignment dfis-diastereomers was based on compari-
13 out of the plané? It should be noted that these conforma- son of the 'lH NMR and 2D NOE spectra withrans
tions @nti and 2-endg are observed for the majority of diastereomers (see spectra in Supporting Information). In
pyrimidine oxidation products with both six-membered (e.g., contrast tarans-diastereomers, we did not observe cross-peaks
thymidine 5,6-glycols, thymidine 5(6)-hydroxy-6(5)-hydroper- between substituents of the imidazolidine ring (OH5 and H5)
oxides) and five-membered rings (5-hydroxyhydantoin deriva- and H2of the 2-deoxyribose moiety in the 2D NOE spectra of
tives)121930.36.37 Thys, the same features likely apply to cis-diastereomers. The absence of these cross-peaksisfor
imidazolidine products. Accordingly, the above preferences in diastereomers indicates that OH5 and H5 of the imidazolidine
conformation allow one to predict the approximate orientation ring do not lie directly above the 2-deoxyribose ring as was the

for cis-diastereomers, indicating the shorter distance between
vicinal H and OH substituents withittans-diastereomers.

The configuration oftrans-diastereomers &or 5R) was
determined byH NMR and 2D NOE analyses (see spectra in
Supporting Information). Fdrans-diastereomers, the conforma-
tion of the nucleobase moiety ianti with respect to the

of C5 substituents of the imidazolidine ring withimans:  case fortrans-diastereomers. Despite this difference, however,
diastereomers. Fordiastereomers, the OH5 group will be in - there were remarkable similarities in the NMR and 2D NOE
front (near H2) and the H5 group will be in back (near Q4f spectra betweengand R diastereomers. For exampl—z

the 2-deoxyribose ring, whereas foRXiastereomers, the {4 4 (8.3 ppm) was similar to that fc& (8.0 ppm) and likewise
reverse orientation will be observed with H5 in front and OH5 for 5 (7.1 ppm) and7 (6.8 ppm). This suggests that the

in back of the 2-deoxyribose ring. To determine the configu-
ration of 4 and 5, we need to consider differences in—H
distances from 2D NOE analysis (Table 1). The 2D NOE spectra
of 4 displayed cross-peaks for OH5 of the imidazolidine moiety
and H2 of the 2-deoxyribose moiety as well as between the
corresponding H5 and H2The presence of both cross-peaks
gu(j;cates. that .OH5 'and H5 are ab.ove the p""‘f‘e of 'the the spectra fob and7 but not in that for4 and6. In addition,
-deoxyribose ring without any indication about their relative

orientation. In contrast, the spectra ®Ehowed a cross-peak the intensity of cross-peaks for OH#4 was a'bout 2-fold
between H5 and H2but not between OH5 and H2 The greater for Scompared to R (Table 1). These findings strongly
suggest that product and 6 have the same configuration at

(35) The structure of imidazolidine products was examined by molecular C5, and likewise, productsand? have the same configuration.

mechanic simulation with the crystal structure coordinates of the 2-deoxy- The proposed configuration afis-diastereomers is also sup-
”bf-’j-e m(Olefté 20)1‘ tgy_mldlne and JN:Iarbamoyljg-ox0-4h5-dr:2id02>xy&niIda- ported by the mechanism of conversion of dCyd bromohydrins
zolidine (re . Using a torsional space grid search, t '—N1- . Py

C2 torsional angley) of imidazolidine nucleosides was sterically restricted to |m|dazolld|n('a product§ (See.b_elow)'
to the syn (46-60°) and anti (166-24C°) conformations. The other possible Interconversion of Imidazolidine Products (4-7). The

conformations were not allowed because of bad contacts between thejsomerization of imidazolidine products was studied by monitor-
2-deoxyribose and imidazolidine units including the following atoms:

C202-H2'C2 (60—18CF); O5—H2' (240-30C°); and C202-04 (300— ing each diastereomer as a function of time of incubation at 37

60°). _ °C, starting with purified diastereomers. The four diastereomers
Chgg)lgg‘g‘ggafgg oy ardet, M Cadet, J.; Molko, Bagn. Reson.— are well separated by reversed-phase HPLC (Figure 1). The
(37) Altona, C.; Sundaralingam, M. Am. Chem. S04973 95, 2333 disappearance and formation of individual diastereomers fol-

2344, lowed first-order kinetics (Figure 2). The rate of isomerization

conformation of 2-deoxyribose depends on the configuration
at C5 of the imidazolidine ring with similar effects foS&nd

5R diastereomers (Table 2). Furthermore, the pattern of cross-
peaks between C4 and C5 substituents of the imidazolidine ring
was very similar for S and 3R diastereomers (Table 1). For
example, cross-peaks for H4H5 and OH4-OH5 appeared in
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FIGURE 1. HPLC analysis of the mixture resulting from reaction of

H,0O, with dCyd bromohydrins in the presence of28g The four major 1004
peaks 4—7) correspond to the four diastereomers df(®R-deoxys- £ /A/A “ 4
p-erythro-pentofuranosyl)-carbamoyl-4,5-dihydroxy-2-oxoimidazoli- g 804 pe
dine @—7): product4, trans(4S59); products, trans(4R,5R); product S
6, Cis-(4R,59); product7, cis-(4S5R). =4 50
] 1
SCHEME 2. Isomerization of Imidazolidine Products by s - ¥
Ring-Chain Tautomerism at N1—C5 and N3-C4 § 40+ \
O )
N OH £ 20 T —
N— 5
O%N_)"'OH 2 o000
N3-C4 s N1-C5 0- g % o o o
o) ) \\ 0 ) . L .
HoN _/( oH cis -((:;?,53) \ HoN _I(N OH Time of isomerization (min)
N
OA‘X.,,OH 04(\N_>‘0H FIGURE 2. Kinetics of isomerization of imidazolidine products. Upper
N o IR panel: the purifiedrans-(4S5S) diastereomer4) was incubated in 50
drR mM sodium phosphate buffer (pH 7.0) at 3C. Lower panel: the
HoN OH . b h
trans -(4S,5S) \\\\ 2 —(Ni / trans -(4R.5R) same except with the purifieds-(4R,55) diastereomerg). Symbols:
() N1-C5 09/\ OH N3-C4 5) O, trans(4S59) (4); 4, trans(4R,5R) (5); v, cis-(4R59) (6); O, cis-
N (4S5R) (7).
drR
cis -(4S,5R) TABLE 3. Rates of Isomerization of Imidazolidine Productg
) ratex 10°6s1 pH 5.5 pH 7.0 pH 9.0
) ) trans-(4S,59) (4) -1.1+04 -5.1+0.3 —475+ 4.2
was about 100-fold greater fais- compared tdrans-diaster- trans(4R5R) (5) —1.4+02 —58+02 —41.0+ 0.9
eomers, and for each pair of diastereomers, the rate was slightly cis-(4R55) (6) —95+3 —845+ 57 —b
higher for R diastereomers compared t& Biastereomers,  Cis(4S5R) (7) —106+7 - -°

except at pH 9 (Table 3). The rate of isomerization was also  2Rates of conversion were the estimated linear regression AfAg)
dependent on pH. Under acidic conditions (pH 5.5), isomer- V?_timet; whereA represejts.ﬂ;iHPLC lge&;]k area aft initial (o) and tithe (
zation was governed by ring-chein tautomerism atiG5 (1 PLRSRRIn ST~ BT 00 e e ol soernon v o
< 7, 5< 6). In contrast, under neutral and alkaline conditions ¢js diastereomers at the beginning of incubation.

(pH 7.0 and 9.0), there was evidence for an additional pathway
of isomerization involving tautomerism at N&4. This path-
way explains the ability of purifiedrans-(4S,59 (4) to give
trans(4R,5R) (5) in the final decomposition mixture and vice-
versa for the conversion &fto 4 (Figure 2, Table 4). The same
phenomenon was also observed betweisrdiastereomers at
neutral and alkaline pH (Table 4). Thus, imidazolidine products
(4—7) undergo successive cycles of isomerization involving

The isomerization of imidazolidine products by NC5 ring-
chain tautomerism is analogous to the isomerization of 5,6-
saturated pyrimidines bearing a hydroxyl group at C6, as
reported for the 5,6-glycols of thymine, uracil, and cytosine
derivativest®2%38 Ring-chain tautomerism of pyrimidine 5,6-
glycols involves formation of an open-chain intermediate
containing either a carbonyl or hemiacetal group. The existence

ring-chain tautomerism at NAC5 and in addition at N3C4, of an open-chain intermediate is supported by the incorporation
leading to interconversion of all four diastereomers (Scheme 4 1801 at C6 of pyrimidine 5,6-glycols in the presence of

2). It is noteworthy that the exponential loss 4fand the H,180.2729 |n the case of imidazolidine products, it should be
concomitant growth ob divided into fast (initial) and slow  noted that a second ring-chain tautomerism does not occur from
(later) exponential components (Figure 1, upper panel). In the the open-chain intermediate, which may lead to the liberation
case of the growth of5, the rates of the fast and slow  of the biuret nucleoside and glyoxal. Even at pH 9, fragmenta-
components were-4.2 and+0.9 s, respectively. Assuming  tion of the imidazolidine ring was minor as inferred by the low
that isomerization frontrans- to cis-diastereomers is the rate-  yield of the biuret nucleoside<(10%). Thus, the open-chain
limiting step, the difference between fast and slow components

(4.7-fold) likely corresponds to the difference in ring-chain (3g) | ystig, M. J.: Cadet, J.: Boorstein, R. J.: Teebor, G.Nucleic
tautomerism at N3C4 and N:C5 (Scheme 2). Acids Res1992 20, 4839-4845.
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TABLE 4. Distribution of Imidazolidine Diastereomers at
Equilibrium 2

pH 5.5 pH 7.0 pH 9.0
trans(4S59) (4) trans(4) 81 72 46
— trans(5) 5 15 37
— Cis(6) 1 2 7
—cis(7) 13 12 10
trans-(4R,5R) (5)
— trans(4) 8 28 47
trans(5) 78 56 38
— Cis(6) 14 10 7
—cis(7) 1 5 9
cis{4R,59) (6)
— trans(4) 3 5 27
— trans(5) 58 74 2%
cis (6) 39 21 32
— Cis(7) 1 1 15
cis{4S5R) (7)
— trans(4) 69 63 3%
— trans(5) 3 21 29
— Cis(6) 0 4 8
cis(7) 28 13 24

2% of one diastereomer with respect to the total amount of all four
diastereomers assuming equal absorption at 210 nm in HPLC analysis.
b Amount oftrans- was equal to that afis-diastereomers at the beginning
of incubation.

ureid resulting from opening of the NAC5 bond of imidazo-
lidine products is refractory to subsequent ring-chain tautom-
erism at N3-C4.

Mechanism of Formation of Imidazolidine Products (4-
7). The four diastereomers of imidazolidine products were
prepared by reaction of 4, with dCyd bromohydrins in the
presence of AgD. Thecis-diastereomer2(and3) were formed
in large excess of thdarans-diastereomers~10% of cis-
diastereomers) as observed by direct HPLC analysis of the
reaction mixture. In contrast, theans-diastereomers3(and4)
were the major products after workup under neutral conditions
because of isomerization froais- to trans-diastereomers. Thus,
we conclude that the peroxidation{BL/Ag,0) of trans(5S69)-
dCyd bromohydrin initially givegis-(4R,59-imidazolidine @
— 6) andtrans(5R,6R)-dCyd bromohydrin givesis-(4S5R)-
imidazolidine 8 — 7). In other words, the transformation of
dCyd bromohydrinsZ and3) to imidazolidine productsgand
7) is stereospecific with inversion of the configuration at C4
(C5 of dCyd bromohydrins) together with retention of the
configuration at C5 (C6 of dCyd bromohydrins) (Scheme 1).

The reaction of pyrimidine bromohydrins with,&, in the
presence of AgD likely involves nucleophilic addition of $D-
to an intermediate open-chain zwitterion with the positive charge
at C6 and the negative charge at-GBH (—H+).2728 The
zwitterion intermediate likely results from migration of the-€6
OH group to the C5 position of pyrimidine bromohydrins with
concomitant release of bromide. Previous studies with thymine
bromohydrins demonstrated the migration of-@BH during
the conversion of bromohydrins to 5,6-glycols in the presence
of H,180 27 Similarly, H,O, is incorporated at C6 rather than at
C5 in the preparation of thymidine hydroperoxides from the
corresponding bromohydrid8. Furthermore, the addition of
H.O, H,O,, and other nucleophiles to the C6 position of
thymidine bromohydrins predominantly givesis addition

products because of achimeric assistance from the C5 hydroxyl

group®27.28 Although the hydroperoxides of dCyd are too
unstable to be identified as intermediates in the reactior,@GtH
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chemistry with other pyrimidine bromohydrins. Therebgns
(5569-bromohydrin ) and trans-(5R,6R)-bromohydrin 8)
should givecis-(5R,69-5-hydroxy-6-hydroperoxiddd) andcis-

(55 6R)-5-hydroxy-6-hydroperoxiddlf) as intermediates in the
reaction pathway, respectively (Scheme 1). In the next step, we
propose that the intermediate 5-hydroxy-6-hydroperoxides of
dCyd (a,b) rearrange into the corresponding 4,6-endoperoxides
(Ila,b). Again, 4,6-endoperoxides have not been identified as
intermediates in the formation of imidazolidine products.
However, the involvement of 4,6-endoperoxides is strongly
supported by the incorporation of two atoms &0 into the
structure of imidazolidine products from th€H-induced
decomposition of dCyd in the presence'®D,.1° Because each
bromohydrin 2 and 3) initially gives a single imidazolidine
product @ — 6 and3 — 7), we propose that the conversion of
4,6-endoperoxidedl@ ,b) to imidazolidine products(and7)
takes place in a single step by concerted cleavage of the peroxide
and pyrimidine C4-C5 bonds (Scheme 1).

Conclusions

In this work, we have characterized tbis-diastereomers of
imidazolidine products. Thigans-diastereomers were previously
characterized as modified nucleobase enantiomers and modified
nucleoside diastereomei®?1.32-34 The study of all four dia-
stereomers reveals a fascinating chemical reaction involving the
interconversion of four diastereomers by successive cycles of
ring-chain tautomerism at NAC5 and N3-C4 of the imida-
zolidine ring. In addition, our results suggest that imidazolidine
nucleosides are formed from the decomposition of 5-hydroxy-
6-hydroperoxides of dCyd. The formation of imidazolidine
products is likely a major pathway e©OH-induced decomposi-
tion of cytosine in DNA because the additione@iH takes place
mainly at C5 of cytosine derivatives leading to putative
5-hydroxy-6-hydroperoxides; in contrast, 6-hydroxy-5-hydro-
peroxides with OOH at C5 and OH at C6 probably decompose
to 5,6-glycols. Althoughransimidazolidine nucleosides have
been detected ip-irradiated dGpdC, dCpdG, d(TpApCpG), and
calf-thymus DNA under oxygenated conditiofis?! further
studies are necessary to determine the yield of these products
in relation to other products in DNA. In view of the short half-
life of cis-diastereomers in aqueous solution=€ 14 min),
however, trans-diastereomers probably prevail in DNA and
ultimately dictate the biological consequences. This work reports
novel aspects about the chemistry of imidazolidine nucleosides
that will help us understand the biological effects of oxidative
damage to cytosine in duplex DNA.

Experimental Section

Synthesis of dCyd HydroperoxidesThe bromohydrins of dCyd
were prepared by slow addition of Bio a solution of dCyd (500
mg in 500uL of water) at 4°C until development of a pale yellow
color. The ice-cold solution was bubbled with air to remove
unreacted Bx. The resulting bromohydrins were purified by HPLC
using an octadecylsilyl silica gel column with 100%® as the
mobile phase at a flow rate of 1.4 mL/min. The eluent containing
purified bromohydrins (32 mL) was immediately mixed with 5

(39) Paul, C. R.; Arakali, A. V.; Wallace, J. C.; McReynolds, J.; Box,
H. C. Radiat. Res1987, 112 464—477.

(40) Wagner, J. R.; Blount, B. C.; Weinfeld, Mnal. Biochem1996

3 76-86.

with dCyd bromohydrins, it is nevertheless reasonable to propose (41) Paul, C. R.; Wallace, J. C.; Alderfer, J. L.; Box, H.I6t J. Radiat.

these intermediates in view of the similarity in structure and

Biol. 1988 54, 403-415.
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mL of 30% HO, at 4 °C. Small portions (20 mg) of powdered  Na, 100), 282 (M+ Na — H,0, 25), 242 (N-(2-deoxyp-p-erythro-
Ag,0 were added until the reaction was complete over a period of pentofuranosyl)-biuret) (30), 239 (42), 225 (65), 156 (1-amino-2-
1 h. After an additionial h at 4°C, the reaction mixture was diluted  deoxyg-p-erythro-pentofuranose- Na, 70). HRMS (ES, positive
with 10 volumes of HO and the entire mixture was frozen and mode): calcd for GH;sNsO/Na ([M + Na]*) 300.0808, found
lyophilized to dryness under a vacuum. The resulting black residue 300.0808.

was extracted with 10 mL of cold G@H at—20 °C and filtered Cis-(4R,59)-N1-(2-Deoxy-p-erythro-pentofuranosyl)-carbam-

using a 0.22um nylon membrane. Methanol was removed by ; T . .
evaporation on a rotory evaporator at room temperature. The residueoyl-4,5-d|hydroxy-2-ox0|mldazolldlne (6).HPLC (octadecylsilyl

was dissolved in 2 mL of water, and the diastereomers of silica gel with HO): k' = 2.9.*H NMR (600 MHz, DMSO#):
imidazolidine products were separated by HPLC using an octade-¢ 7-15 (d, 2H, NH), 6 6.63 (d, 1H, OH, Jorana= 6.8 Hz),0 5.81
cylsilyl silica gel column with 50 mM NabPQ, buffer at pH 5.5 (d, 1H, OHK;, Jows,us = 10.4 Hz),6 5.43 (dd, 1H, H, Jr» = 8.0
at 1.4 mL/min as the mobile phase. For the preparation of large HZ, Jr2: = 6.5 Hz),0 5.37 (dd, 1H, H, J;5= 5.4 H2),0 5.14 (d,
(mg) quantities of product, the mixture of bromohydrins was treated 1H, O, Jons s = 4.1 Hz),6 5.1 (dd, 1H, H), 6 4.59 (t, 1H,
directly with H,0, and AgO, and the four imidazolidine products ~ OHs, Jows 15 = 5.7 Hz,Jons,us = 6.0 Hz),0 4.17 (m, 1H, H3
were purified by HPLC using the same chromatographic conditions J2,3 = 6.2 Hz,J>" 3 = 2.9 Hz),6 3.59 (m, Hy, J3.4 = 2.8 HZ,Ju 5

as those described above.
trans-(5S,6S)-5-Bromo-6-hydroxy-5,6-dihydro-2 -deoxycyti-

dine (2).HPLC (octadecylsilyl silica gel with bD): k' = (retention

time — void volume)/void volumek' = 1.3.*H NMR (300 MHz,

99.99% DO, reference to 3-(trimethylsilyl)-propionate-2,2,3,3-

ds): 6 6.13(dd, 1H, H, Jr > = 8,8 Hz,J1,»» = 6.0 Hz),6 5.31 (d,
1H, He, Js 6= 2.3 Hz),6 4.45 (d, 1H, H), 6 4.27(m, 1H, H, J» 3
=6.1Hz,J; 3 =2.7Hz),0 3.80 (M, 1H, H, J3.4 = 3.0 HZ,ds 5
= 4.4 Hz,Jy 5 = 4.5 Hz),0 3.58 (d, 2H, H5—H5"), § 2.21 (m,
1H, Hy, Jz > = —14.0 Hz),6 2.04 (m, 1H, H-). ESI-MS (positive
mode): m'z 326 and 324 (W H), 308 and 306 (M H — H,0),
192 and 190 (5-bromocytosine).
trans-(5R,6R)-5-Bromo-6-hydroxy-5,6-dihydro-2-deoxycyti-
dine (3). HPLC (octadecylsilyl silica gel with bD): k' = 4.2.'H
NMR (600 MHz, 99.99% [O): 6 6.12 (pst, 1, K, Jy> = 7.3
Hz, Jy, » = 6.3 Hz),0 5.47 (d, 1, K, Js 6= 2.4 Hz),0 4.67 (d, 1,
Hs), 0 429 (m, 1, H', J» 3 = 6.8 Hz,J»» 3 = 3.9 Hz),6 3.84 (m,
1, H4', J3’,4' =39 HZ),é 3.69 (dd, 1, H', J5',5” = —-12.6 Hz),é
3.62(dd, 1, H), 6 2.24 (m, 1, B, J» »» = —13.7 Hz),0 2.15 (m,
1, Hx). ESI-MS (positive mode)m/z 326 and 324 (Vi H), 308
and 306 (M+ H — H;0), 192 and 190 (5-bromocytosine).
trans-(4S,55)-N*-(2-Deoxy3-p-erythro-pentofuranosyl)-car-
bamoyl-4,5-dihydroxy-2-oxoimidazolidine (4).HPLC (octade-
cylsilyl silica gel with H0): k= 2.2.1H NMR (600 MHz, DMSO-
dg): 6 7.10 (s, 1H, NH), 7.40 (s, 1H, NH)) 6.62 (d, 1H, OH,
\]OH4,H4: 5.6 Hz),é 6.25 (d, 1H, OH, JOHS,HSZ 8.5 HZ),@ 557
(dd, 1H, Hy, 3y 2 = 8.3 Hz,Jy > = 6.3 Hz), ,0 5.05 (d, 1H, H),
0 4.94 (d, 1H, OH, Jonz nz = 4.1 Hz),0 4.66 (d, 1H, H), 0 4.64
(t, 1H, OHg, JOHS’,HS’ = JOHS’,HS” =55 HZ),é 4.01 (m, 1H, H3
J2',3' =6.1 HZ,J2”,3' =3.0 HZ),é 3.51 (m, Hy, J3’,4' =31 HZ,J4'Y5'
=3.7Hz,Jy5 = 5.2 Hz),6 3.28 (m, 2H, H), 6 2.21 (m, 1H, H,
Jp 2 = —13.4 Hz),6 1.73 (m, 1H, H-). 3C NMR (75.5 MHz,
DMSO-dg): 0 154.9 (G=0), 0 152.8 (G=0), 0 82.4 (G), 0 86.3
(Cs), 6 82.0 (G), 0 80.9 (C), 0 70.8 (G), 6 62.4 (G), 6 37.6
(C2). ESI/IMS/IMS (50% CHCN, 1 mM NaCl) m/z (relative
intensity): 300 (M+ Na, 100), 282 (M+ Na — H;0O, 25), 242

(N*-(2-deoxyp-p-erythro-pentofuranosyl)-biuret) (30), 239 (42),

225 (65), 156 (1-amino-2-deoxy-p-erythro-pentofuranose- Na,
70). HRMS (ES, positive mode): calcd forlisNsO;Na ([M +
Na]*) 300.0808, found 300.0808.
trans-(4R,5R)-N1-(2-Deoxyf-p-erythro-pentofuranosyl)-car-
bamoyl-4,5-dihydroxy-2-oxoimidazolidine (5). HPLC (octade-
cylsilyl silica gel with H0): k' = 2.5.'H NMR (600 MHz, DMSO-
de): 0722 (d, 2H, NH), 0 6.60 (d, 1H, OH, JOH4,H4: 6.0 HZ),
0 6.23 (d, 1H, OH, Jonsns= 6.2 Hz),0 5.47 (pst, 1H, K, Jy > =
7.1 Hz,Jr» = 6.4 Hz),6 5.24 (d, 1H, H), 6 5.18 (d, 1H, OH,
JOHS‘,H3’ =3.6 HZ),@ 4.66 (d, 1H, I‘ﬂ), 04.82 (t, 1H, Ol‘ir, JOHS’,HS‘
= JOHS’,HS" =52 HZ),(S 4.07 (m, 1H, H3 Jz',g =59 HZ,Jz”yg =
3.4 HZ),(S 3.55 (m, Hv, \]3"4' =3.3 HZ,J4'15' =4.0 HZ,J4VY5” =41
Hz), 6 3.32 (m, 2H, H), 6 2.20 (m, 1H, H, J» »» = —13.2 Hz),
0 1.80 (m, 1H, H-). 13C NMR (75.5 MHz, DMSO¢): 6 154.8
(C,=0), 6 152.7 (G=0), 6 82.9 (G), 0 86.5 (&), 0 82.1 (G),
0815 (C), 0 71.1 (G), ¢ 61.8 (G), 6 36.5 (G). ESI/IMS/MS
(50% CHCN, 1 mM NaCl)m/z (relative intensity): 300 (M+
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=5.1Hz,Jdy 5 =5.5Hz),0 3.37 (m, 2H, H), 6 2.53 (m, 1H, H,
Jy = —13.2 Hz),6 1.75 (m, 1H, H-). ¥C NMR (75.5 MHz,
DMSO-dg): 0 154.6 (G=0), 6 152.9 (G=0), ¢ 82.6 (G:), 6 86.6
(Cy), 0 77.4 (G), 0 74.7 (C), 6 71.2 (G), 0 62.5 (G), 0 35.2
(Cz). ESI/IMS/MS (50% CHCN, 1 mM NaCl) m/z (relative
intensity): 300 (M+ Na, 100), 282 (M+ Na — H,0, 12), 242
(N2-(2-deoxyp-p-erythro-pentofuranosyl)-biuret) (25), 239 (33),
225 (30), 156 (1-amino-2-deox3~d-erythro-pentofuranose- Na,
32). Exact mass (ESI-MS/MS, positive mode): calcd fei N0
Na ([M + Na]*) 300.0808, found 300.082A(= 4.3 ppm).

Cis-(4S,5R)-N-(2-Deoxy3-p-erythro-pentofuranosyl)-carbam-
oyl-4,5-dihydroxy-2-oxoimidazolidine (7).HPLC (octadecylsilyl
silica gel with HO): kK = 3.4.'H NMR (600 MHz, DMSO«):
07.22 (d, 2H, NH), 6 6.67 (d, 1H, OH, Jonana= 5.7 Hz),0 5.60
(pst, 1H, H;, J1» = 6.8 Hz,Jy »» = 6.4 HZz),6 5.59 (d, 1H, OH,
Jonsns = 10.7 Hz),0 5.25 (dd, 1H, H, J,5 = 5.8 Hz),6 5.09 (dd,
1H, Hs), 0 4.89 (d, 1H, OH, Jopz vz = 4.2 Hz),0 4.56 (t, 1H,
OH5', JOHS’,HS’ =56 HZ,JOHS’,HS" =58 HZ),(S 4.01 (m, 1H, H3
Jz'vg' =6.4 HZ,JZ"Y3‘ =43 HZ),é 3.59 (m, Hy, J3'y4' =39 HZ,J4'y5'
=4.8Hz,Jy 5 = 5.8 Hz),0 3.27 (m, 2H, H), 6 2.44 (m, 1H, H,
Jy = —13.2 Hz),6 1.71 (m, 1H, H-). *C NMR (75.5 MHz,
DMSO-dg): 0 154.9 (G=0), 6 152.8 (G=0), 6 82.7 (G:), 6 86.3
(Cs), 6 75.6 (G), 6 74.5 (C), 6 70.4 (G), 0 62.2 (G), 6 36.8
(Cy). ESIIMSIMS (50% CHCN, 1 mM NaCl) m/z (relative
intensity): 300 (M+ Na, 100), 282 (M+ Na — H,0, 28), 242
(N*-(2-deoxyp-p-erythro-pentofuranosyl)-biuret) (28), 239 (43),
225 (61), 156 (1-amino-2-deoxy-p-erythro-pentofuranose- Na,
62). Exact mass (ESI-MS/MS, positive mode): calcd fegil gNzO7-
Na ([M + Na]*) 300.0808, found 300.0824\(= 5.3 ppm).

Interconversion of 1-Carbamoyl-4,5-dihydroxy-2-oxoimida-
zolidine Products (4-7). Purified diastereomers were dissolved
in 25 mM phosphate buffer at pH 5.5, 7.0, and 9.0, and their
transformation to other diastereomers was monitored by HPLC as
a function of time of incubation at 37C. The separation of
diastereomers was achieved by HPLC with 50 mM phosphate buffer
(pH 5.5) as the mobile phase at a flow rate of 1.4 mL/min.
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