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Abstract: 5-Methylcytosine is a minor nucleobase of eukaryotic DNA which plays a central role in the regulation

of gene expression. UV-A irradiation of an aerated aqueous solution of 5-méttgbRycytidine in the presence

of menadione (MQ) as a type | photosensitizer leads to the formation of several stable oxidation products. Emphasis
was placed in this study on the isolation and the characterization of the major class of decomposition products
whose formation involves the oxidation of the methyl group. These include 5-(hydroperoxymeéttgl»d/cytidine

and two stable decomposition products namely, 5-(hydroxymetinde@xycytidine and 5-formyl-2deoxycytidine.
Structural assignment of the latter modified nucleosides was inferred from extensive spectroscopic measurements
(*H and!3C NMR, UV spectroscopy, and mass spectrometry). In addition, conformational analysis of the oxidized
nucleosides was inferred from detaildd NMR analysis. All of the above photooxidation products appear to arise
from the deprotonation of the 5-methyl@eoxycytidine radical cation which is generated by menadione
photosensitization.

Introduction In the present study, near-UV photolysis of an aerated aqueous

5-Methylcytosine is a minor base component of most eu-
karyotic DNA. Methylation of cytosine occurs largely at
dinucleotide sequences that are involved in the regulation o
gene expressiok? 5-Methylcytosine residues of CpG islands
are hot spots for mutatiords. Indeed, it has recently been

reported that the predominant mutation in the human p53 tumor

suppressor gens b C to Ttransition at codon 248, as the result
of spontaneous hydrolytic deamination of 5-methylcytosine to
thymine? Exposure of DNA to photodynamic agents and
ionizing radiation is responsible for the induction of various
oxidative base lesions including 8-oxo-7,8-dihydroguanine an
5-formyluracil>=® These and several other oxidative base
modifications have been shown to be potentially mutagéric.
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§ DMSO-ds, deuteriated dimethyl sulfoxide; £, deuterium oxide; fé¢
Cyt, 5-formylcytosine; fodCyd, 5-formyl-2-deoxycytidine; fotUra, 5-formyl-
uracil; fotdUrd, 5-formyl-2-deoxyuridine; hredCyd, 5-(hydroxymethyl)-
2'-deoxycytidine; hrrdUrd, 5-(hydroxymethyl)-2deoxyuridine; HPLC, high
performance liquid chromatography; hfayd, 5-(hydroperoxymethyl)-
2'-deoxycytidine;k, capacity factor; rdCyd, 5-methyl-2deoxycytidine;
MS (FAB'), mass spectrometry (fast atom bombardment in the positive

mode); MS (ES), mass spectrometry (electrospray); MQ, 2-methyl-1,4-
naphthoquinone (menadione); NMR, nuclear magnetic resonance; 8-oxoGua,

8-0x0-7,8-dihydroguanine; TMS, tetramethylsilane; TSP, 3-(trimethylsilyl)-
propionate2,2,3,3,-d4 sodium salt; UV-A, ultraviolet radiation (326400
nm).
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solution containing 5-methyl:2leoxycytidine and menadione
allows efficient formation of methyl oxidation products of the

fpyrimidine moiety. It is likely that most of the DNA damage

induced by exposure to UV-A (328400 nm) light results from

the action of endogenous and exogenous cellular photosensitizers

rather than from direct absorption of photons by DNA bd3es.
2-Methyl-1,4-naphthoquinone (menadione), a component of the
vitamin K3, is an efficient type | photosensitizer toward
pyrimidine base$1314 Photoexcited MQ or related quinone
derivatives have been found to give rise to DNA single as well

das double strand break. Efficient electron transfer reaction

between pyrimidine bases and MQ in its triplet excited state
has been shown to occur on the basis of flash photolysis and
steady-state experimeris!” The photochemistry of the major
pyrimidine DNA bases and nucleosides has been studied to a
great extent?18-20 On the other hand, the photosensitized
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Table 1. 'H NMR Chemical Shifts (ppm) and ProtorProton Coupling Constart§Hz) of 5-Formyl-2-deoxycytidine 6),
5-(Hydroxymethyl)-2-deoxycytidine {), and 5-(Hydroperoxymethyl)-2leoxycytidine §) as Inferred from Computer lterative Analysis
(LAOCOON 1l Program) of 400.13 Mhz (hfdcyd and fotdCyd) and 250.13 MHz (hptdcyd) *H NMR Spectra in RO

HY H2 H2' H3 Ha H5' H5" CH, CHO H6
hmPdCyd (7) 6.34 2.39 2.52 4.52 4.14 3.94 3.85 453 7.97
for®dCyd () 6.44 2.61 2.82 4.68 4.38 4.15 4.03 9.75 9.04
hpPdCyd ) 6.32 2.40 253 451 4.14 3.93 3.84 °no 8.07
N vz N7% 2z Jorz Jza Jys Jys Js's
hmPdCyd (7) 6.7 6.4 —14.1 6.6 4.2 4.1 3.4 5.1 =125
for>dCyd ©) 5.7 6.5 —14.2 6.5 4.8 4.4 3.4 5.0 —-12.6
hpnfdCyd ) 6.6 6.2 ~14.2 6.5 46 41 35 5.0 ~12.6

aThe accuracy of the measurement is providegt@01 ppm.? Accuracy of the measurement is provided0.1 Hz.¢ Not observed (under the
peak of HOD at 5 ppm).

Table 2. H NMR Chemical Shifts (ppm) of hkPdCyd (7) and hpmidCyd () Obtained at 250.13 MHz in DMS@s

H1' H2' H2" H3' H4' OH3 OHY' CH,OO0H CH:2 H6
hpnPdCyd 6) 6.24 2.06 2.24 3.89 3.68 5.33 5.14 11.78 4.71 8.00
hmPdCyd (7) 6.29 2.05 2.21 3.88 3.67 5.39 5.10 and 4.30 7.86

aNot determined.

Table 3. 100.7 MHzC NMR Chemical Shifts (ppm) of fédCyd 6) and hnmidCyd (7) Obtained in RO

Cr cz C3 c4 C5 c2 c4 C5 C6 CHO CBDH
forsdCyd () 87.3 40.2 69.9 87.6 60.8 155.3 162.8 105.8 154.7 190.5
hnmPdCyd (7) 86.2 39.4 70.4 86.7 61.1 ad nc nc? 140.5 57.8

aNot determined.

P ‘o Table 4. Conformational Features of Methyl Oxidation Products
oxidation of 5-methyl-2deoxycytidine has not been addressed ¢ 5-methyl-2-deoxycytidine (hrfdCyd, hpnidCyd, and fotdCyd)

although there are been a number of studies with regard to directang Thymidine (fotdUrd and hridUrd) in D,O as Inferred frontH
far-UV photolysis?®~22 Emphasis was placed in this work on NMR Measurements

the identification of the main final oxidation photoproducts that % C2endd % g
; . . o g
arise from the deprotonation of the menadione photosensitized hFdCyd () 62.0 536
formation of the 5-methyl-2deoxycytidine radical cation. hmedUrd 62.0 515

hpnfdCyd 6) 61.7 53.6
Experimental Section forsdCyd () 56.4 54.6
for5dUrd 58.9 59.8

Detection of Hydroperoxide by HPLC Post-Column Reaction. — — —
The specific detection of peroxides was carried out by using a modified of ? ;gﬁig?;%gi ?Egsrﬁ?g(ig)zz[jgi%))ﬁggé %]3;232 cb;e{ﬁ%r;f’z%e
HPLC assay that was initially described by Wagmetral142 The from *H NMR analyéis%e o
analytical system included two pumps equipped with pulse dampeners.
The first pump, a Waters M45 (Mildford, MA), was connected to a
semi-preparative ODS column. The second one, a Gilson 302 pump
(Gilson, Middleton, WI), was used to deliver the peroxide reagent. The

eluent and reagent flow-rates were 1.5 and 0.7 mL/min, respectively. 3.6 mM 5-methyl-2deoxycytidine (130 mg) and 0.8 mM menadione

The eluent and reagent were mixed with the aid of a right angle tee : .
and passed through a reactor chamber (1.3 mL) immersed in a water(20 mg) was exposed to near-UV lightrf h atambient temperature

bath thermostated at PC. Then, the mixture was cooled by passing (vide suprd. Then, the solution was eve_lporated to dryness und_er
through a tube 2 m length maintained at room temperature in a water Lfs‘l:r%ii] Bﬁﬁﬁéeofawngt;g 5r§§ UIE')ngricr)?st'oduﬁri\f'i"f;ic:ﬁsbusﬂinfgd ina
bath. The absorption of the mixture was measured at 546 nm by using X pL)prior to p y RPLL.

a Waters 484 UV-visible detector (Mildford, MA). The peroxide The separation of the methyl group oxidation products resulting from

reagent consisted of 0.3 mM xylenol orange (tetrasodium salt), 0.75 the phoFosensmzanon of WCyd (1)'was achlevec_i on a semk-
mM ammonium ferrous sulfate. 0.3 M sorbitol and 75 mMSE;.25 preparative HPLC system. The mobile phase consisted of a mixture

S . ) of water and methanol (95:5) (v:v) at a flow-rate of 3 mL/min. The
Photosensitization. The photolysis of aerated aqueous solutions

- o ) . main eluting fraction K = 4.5) was found to contain 5-formyf-2
containing S-methyl-2deoxycytidine and menadione was carried out - geoyycytidine 6). Lyophilization of the combined fractions provided

with a rayonet photochemical reactor (Southern New England Ultra- 1g mg (yield 13%) of6. The H NMR chemical shifts and scalar
violet Coompany, Handem, CT) with a bank of 16 black lamps that r4t0n-proton coupling constants ®bbtained in RO are reported in
emit 90% of their light within the 350+ 10 nm range. The  Tapje 1. Thé“C NMR chemical shifts of fddcyd6 are listed in Table
3. vmax(KBr)/cm=1 1638 (broad band), 1504, 1238, 1089. MS (FAB

(18) Wagner, J. R.; van Lier, J. E.; Decarroz, C.; Berger, M.; Cadet, J. 0, +)- 0, +- 0
Methods Enzymoll99Q 1868 502. m/z140.1 (100%, [base- 2H]"); 256.1 (68%, [M+ H]1); 278.1 (42%,

(19) Douki, T.; Cadet J. Innterface between Chemistry and Biochem- [M + NaJ'); 117.1 (Zé%' [sugar moiety]. HRMS calculated for
istry; Jolies, P., Jornvall, H., Eds.; Birkauser Verlag: Basel, Switzerland, CsHeNsO: ([base+ 2H]") 140.0460; found 140.0486. UV B, pH

concentration of oxygen was maintained at about 0.25 mM by
continuously bubbling the solution with air during photolysis.
5-Formyl-2'-deoxycytidine (6). An aqueous solution (150 mL) of

1995; pp 173-197. = 7) Amax (NnM) 284.
(20) Taylor, J. S.; Nadji, STetrahedron1991, 47, 2579. 5-(Hydroxymethyl)-2'-deoxycytidine (7). Lyophilization of the
g%g ggﬁ‘l’("l ?Ac:aggftl\% i(’)véhzﬂi]sottrocgg?é zhﬂ%i'gn%g 49, 267. combined HPLC fractionsk{=1.4) yielded 10 mg (yield 7.3%) of a
(23) Celewicz, L. Shetlar, it g Photobioll 992 55, 823. white powder which was identified as 5-(hydroxymethyhe2oxycy-
(24) Wagner, J. R.; van Lier, J. E.; Decarroz, C.; CadeBioelectro- tidine (7). *H alnd C NMR data of7 are reported in Tables—13.
chem. Bioenergl987, 18, 155. vmax (KBr)/em=! 1660, 1611, 1525, 1060. MS (FAB m/z 258.1

(25) Wolff, S. P.Methods Enzymoll994 233, 182. (100%, [M + H]%); 280.1 (29%, [M+ Na]t); 142.1 (93%, [base-
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2H]*); 117.1 (44%, [sugar moiety]. HRMS calculated for GH:1eN3Os 278.1. This which differs by 22 mass units from the fv
258.1090; found 258.0985. UV @@, pH = 7) Amax (NM) 274. H]* peak, is characteristic of a quasi-molecular ionfWNa]*.
5-(Hydroperoxymethyl)-2-deoxycytidine (5). An aerated aqueous  The fragmentation pattern shows the occurrence of a significant
solution (10 mL) of 4.15 mM 5-methyl-aleoxycytidine {) (10 mg) cleavage of thé\-glycosidic bond. This was inferred from the
and 0.6 mM menadione (1 mg) was exposed to near-UV light for 25 presence of two important fragments raz = 117.1 (sugar
min at ambient temperatureiifle suprg. Thus, the solution was et dm/z = 140.1 (b ety 2H .t' vl
concentrated to 2 mL by rotary evaporatior30 °C). Rapid separation mou_a_y) andmz -1 (base moiety- 2H), _respec IVely. n
of the photoproducts was achieved by using a semipreparative HpLC addition, the exact mass measurement carried out on the ion [B
system with bidistillated water (pH: 6.0) as the mobile phase ata 1+ 2H]" (m/z = 140.0486) is consistent with an empirical
flow-rate of 2 mL/min. The eluting fractiork(= 6.8) was evaporated  formula of GHgN3O; for this fragment. On the basis of these
to dryness under reduced pressure3@ °C) giving 0.8 mg of findings, it is concluded tha& is not deaminatedThe structure
5-hydroperoxymethyl-2deoxycytidine §) (yield 7%). The dry residue  of 6 was subsequently confirmed by detailddl NMR spec-
was resuspended either in® or DMSO4s prior to NMR analysis troscopic analysis (Table 1). In particular, the signal that
(Ta?'es 1 and 2). (ES/MS)ZZ 1?)8'2 (100%, [bas?ZH]*); 27462 resonates as a singlet in the low field regién= 9.75 ppm) of
S&/";[MH]”:) H].I_)Hel‘:)?ézs e(:]g ;”OE Zi&h 5 di_:opet'ggi]de)v 95;:)1';5(5 a/;‘ the spectrum is strongly indicative of the presence of an
) aldehyde group in the structure. Moreover, the bathochromic

confirmed by HPLC analyses involving a peroxide specific postcolumn . . .
reaction det)éction. 4 gap P P shift of the UV absorption maximuni. (max = 284 nm) may be

Reduction of 5-Formyl-2-deoxycytidine (6). 5-Formyl-2-deoxy- ra_tionalized in terms of conjugation of _tr_le latter ca}rbonyl group
cytidine @) (8 mg, 31 mmol) and sodium borohydride (2 mg, 52 mmol) with the C5-C6 double bond. In addition, thi¢1 signal atd
were dissolved in 2 mL of anhydrous methanol. The reaction was taken = 7.97 ppm which is characteristic of a vinylic proton was
to completion after stirring overnight at room temperature. The assigned as those of pyrimidine H-6. Inspection of-#8@ieNMR
resulting slightly alkaline solution (pt= 9) was acidified (pH= 6) spectrum which exhibits ten resonance signals (Table 3) provides

by dropwise addition of acetic acid. Then, the mixture was evaporated gqditional relevant structural information. Unambiguous as-
to dryness under reduced pressure. The oily residue was dissolved in_: - _
10 mL of methanol, and the resulting solution was evaporated to drynessSlgnment of the signals of the 2-deoyythro-pentofuranose

under diminished pressure. The latter operation was repeated until them.0|ety,.forn;yl glroup and C6 carbon was inferred from two-
methyl borate sodium salt was completely removed. The final residue dimensionatH—13C heteronuclear correlated NMR experiment

was then dissolved in a minimum volume of water 200 uL) prior (XHCORRC) (data not shown). THEC signal of the aldehyde
to HPLC analysis. This was achieved on the semipreparative HPLC group appears in the low field region of the spectrdm=(190.5
system by using a (95:5) (v:v) mixture of water and methanol as the ppm) as expected from the conjugation of the carbonyl group
isocratic eluent at a flow-rate of 2 mL/min. The major fractidh= with the pyrimidine double bond. This may be rationalized in
1.4) was collected and lyophilized giving 6 mg of 5-(hydroxymethyl)- - terms of mesomeric acceptor effect of the carbonyl oxygen atom
Z-deoxycytidine ) (vield 74%). . that enhances the partial positive charge on C6 and, therefore,
Time Course Study of the Decomposition of 5-(Hydroperoxy- 3 mates a downfield shift of the latter carbon.
methyl)-2'-deoxycytidine (5) in Agueous Solution. The thermal . .
decomposition of 5-hydroperoxymethyk@esoxycytidine ) was moni- Characterization of 5-(Hydroxymethyl)-2'-deoxycytidine
tored by NMR analysis. hpfdCyd5 was kept at 297 K in BD and (7). Compound? was obtained as one of the main menadione
1H spectra were recorded at increasing periods of time on a WR 250 photosensitized oxidation products of 5-methyH2oxycytidine
Briker spectrometer. The decay of hful@yd 5 was followed by (2). The modified nucleosidé was characterized on the basis
monitoring the area of the H-6 singlet in the low field region of the of extensive Spectroscopic measurements. The positive fast
spectrum ¢ = 8.07 ppm). Under these conditions, the half-lifeSof  atom bombardment spectrum @fexhibits two characteristic
was found to be 9.5 0.5 h (Figure 1). . clustered ions atvz = 258.1 and 280.1. These were assigned
Photosensitization qf 5-(Hydroxymethy_l)-2—deoxycyt|d|ne ). _ as the pseudo-molecular [M H]* and quasi-molecular [M-
Aerated aqueous solutions (5 mL) containing 1.16 mM of menadione Nal* | tivel | dditi th | f th
(1 mg) and 3.6 mM of ’dCyd (1) (4.3 mg) were exposed to near-UV al lon_s,_ respective y'_ n addiion, e_ ¢ ea_vage 0 e
light (max= 350 nm) as described. The yield®fvas determined by ~ N-glycosidic bond gave rise to two predominant ionsnét =
integrating its HPLC peakk( = 1.4). For this purpose 5L aliquots 142.1 [baset+ 2H]" and mz = 117.1 (2p-deoxyerythro-
were removed during the irradiation and 10-fold diluted. Thery20 pentose moiety). The exact mass measurement of the pseudo-
of the diluted solution were directly injected on the above analytical molecular ion [M+ H]* as inferred by high resolution FAB-
HPLC system. No decomposition of initialPdCyd (7) was detected ~ MS analysis is 258.0985. This suggests an empirical formula
when the photolysis was carried out in the absence of menadione. of Ci0H15N30s for 7. Further structural information was gained
from 'H and13C analyses The 400 MHz!H NMR spectrum
of 7 obtained in DO exhibits nine resonances which were
Isolation of the Stable Photooxidation Products of 5-meth- ~ completely assigned (Table 1). In particular, the H6 signal at
yl-2'-deoxycytidine. Modified nucleosidess and 7 are the 0 = 7.97 ppm is strongly indicative of the unsaturation of the
major photooxidation products of the menadione-photosensitizedC5—C6 bond. This is also consistent with the strong UV
oxidation of n¥dCyd (1) in aerated aqueous solution. Nucleo- absorption band atmax = 274 nm. The singlet ab = 4.53
sides6 and7 were separated by HPLC on a ODS column using ppm was assigned as the resonance of the methylene protons
a mixture of water and methanol (95:5) v/v as the eluent. The of the 5-hydroxymethyl group which are magnetically equiva-
early eluting HPLC photoproduck'(= 1.4) was identified as  lent. It should be noted that the resonance of the latter signal
5-(hydroxymethyl)-2-deoxycytidine {). The second and later is downfield shifted by 0.13 ppm with respect to that of the
eluting photoproductk = 4.5) was identified as 5-formyl-2 corresponding methylene group of 5-(hydroxymethyigi@oxy-
deoxycytidine 6). 5-Hydroperoxymethyl-2deoxycytidine §) uridine?® The signal of the latter methylene protons appears
was also separated on the ODS colurkh=€ 6.8) by using as a doubletd = 4.30 ppm) in thetH NMR spectrum of7
water as the mobile phase. recorded in DMSQds (Table 2). Interestingly, the doublet due
Characterization of 5-Formyl-2'-deoxycytidine (6). The to scalar coupling with the attached OH group € ppm)
FAB mass spectrum d recorded in the positive mode exhibits  collapses into a singlet upon addition of@ Such a coupling
a pseudomolecular peak atz = 256.1. In addition, an is not observed, as expected, for Hoi@yd 5 (vide infra). The
abundant quasi-molecular clustered ion was observeuzat 13C spectrum of7 displays seven resonance signals (Table 3),

Results and Discussion
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Figure 1. Decomposition rate of the 5-(hydroperoxymethyB-2
deoxycytidine §) as inferred from NMR analysis performed in@at
297 K.

the bulk of them was unambiguously assigned by two-
dimensional'H—13C correlated NMR analysis (XHCORRC)
(data not shown). The C6 signal resonating in the down field
region ¢ = 140.5 ppm) of the!3C NMR spectrum is of
diagnostic of the unsaturation of the €66 bond. Another
relevant structural signal is those of 5-hydroxymethyl group at
0 = 57.8 ppm in the vicinity of C5(6 = 61.1 ppm). Further
support for the structure of fedCyd ) was provided by its
quantitative conversion intéupon mild reduction with NaBld
Characterization of 5-(Hydroperoxymethyl)-2'-deoxycy-
tidine (5). The mild electrospray-MS technique was found to
be particularly suitable for the analysis of unstable 5-(hydro-
peroxymethyl)-2deoxycytidine (5). The mass spectrumof
exhibits a major fragment atVz 158.2 [baset+ 2H]™ and a
notable pseudomolecular ionratz 274.2 [M+ H]*. Relevant
structural information orb was also provided byH NMR
analysis in RO and DMSOds. The 'H NMR features of5
and7 are very similar (Tables 1 and 2) with the exception of
the chemical shift for the methylene protons of the hydroper-
oxymethyl group. It should be noted that the latter signed of
is not observable whenJD was used as the NMR solvent since
it is masked by the HOD signal. Further support for the
structure of 5-(hydroperoxymethyl)-Beoxycytidine §) was
provided by the consideration of thid NMR features obtained
in DMSO-ds (Table 2). The main characteristic signal is a
singlet whose resonance is in the low field region< 11.78
ppm) of the spectrum. This, which is not observed §ORiue
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5-(hydroxymethyl)-2deoxyuridine?2° Therefore, the presence

of an amino group adjacent to the hydroperoxymethyl group
has a pronounced effect on the rate and mode of decomposition
of the hydroperoxid& in agueous solution.

Conformational Analysis. 5-Formyl-2-deoxycytidine 6),
5-(hydroxymethyl)-2deoxycytidine {) and 5-(hydroperoxy-
methyl)-2-deoxycytidine §) exhibit similar conformational
features as inferred from detailéth NMR analysis in RO
(Table 3). This allows an estimation of the relative importance
of the two main puckered forms of the sugar moiety which are
in a dynamic equilibrium: C2ndo=C3 endo The C2endo
pucker form corresponds to the conformation in which thé C2
atom is displaced toward the Csom the mean plane of the
other atoms of the 2-deox§-D-erythro-pentofuranose ring. The
percentage of CZ&ndomay be inferred from the equation %C2
endo =10Q11'2/(J1'2" + J3'4').3031 Accordingly, IH NMR
analyses of products, 6, and7 suggest that the conformation
of the sugar moiety is similar for each nucleoside, with the
population C2endobeing predominant. The conformation of
the B-exocyclic hydroxymethyl group is usually described in
terms of a dynamic equilibrium between three main staggered
rotamers, namelygauche-gauchégg), trans-gauchgtg), and
gauche-tranggt). Karplus equations are used to estimate the
gg rotamer populatiod? It may be concluded that the popula-
tion of gg rotamers predominates for any of the nucleosides
5—7. The conformational features @& and 7 are similar to
those observed for 5-formyl-2leoxyuridine (fotdUrd) and
5-(hydroxymethyl)-2deoxyuridine (hrbdUrd), respectively:26
This indicates that the substitution of the keto group at C4 by
an amino group induces only minor conformational changes in
these nucleosides. On the other hand, 5-formylcytidine the
riboside analog o6 has been reported to be in a predominant
C3 endoconformation in aqueous solutigh. This appears to
be a general trend for pyrimidine ribonucleosidést should
be added that the above results concerning the conformational
properties of hitdCyd (7) in solution are not consistent with
those obtained by X-ray crystallograp#fy Curiously, the sugar
ring of the crystal structure of htdCyd (7) preferentially adopts
a C3 endoand atg conformation. This suggests that the solvent
and hydrogen bonding play a major role in determining the
conformation of hridCyd (7). Another interesting conforma-
tional feature of nucleosides is the orientation of the pyrimidine
base with respect to the sugar moiety. syn conformation
implies that C2 lies over the sugar ring. This leads to anisotropic
effects mediated by the 2-keto group on the chemical shifts of
the sugar protons, mostly on the Hfzoton36:37 However, we

to chemical exchange was assigned as the proton of themay note a lack of any significant deshielding effects on the

hydroperoxide group. In addition, thel NMR spectrum of6
in DMSO-ds exhibits a singlet ad = 4.71 ppm. Integration of

H2' chemical shift of the three methyl oxidation produbts7

the latter resonance signal showed that it was twice as large as (26) Bimbaum, G. I.; Deslauriers, R.; Lin, T.-S.; Shiau, G. T.; Prusoff,

that of the H1signal. This signal was assigned as the methylene

protons of the hydroperoxymethyl group. It should be noted
that5 was not enough stable to obtain'% NMR spectrum.
However, further confirmation of the assignmenbatias given

by a post-column reaction which confirmed thathas an
hydroperoxide functioA*2425 The thermal decomposition of
5 was monitored byH NMR measurements at 297 K inyD.
The rate constant for the decay®ivas determined to be (7.3
+ 0.4) x 1072 h~! whereas the half-life time was found to be
9.5+ 0.5 h (see Figure 1). This is approximately 200-fold
smaller than that of 5-(hydroperoxymethyldoxyuriding?”-28

In addition, it was shown that the main stable decomposition
product of 5-(hydroperoxymethyl)-2leoxycytidine §) in aque-
ous solution is 5-formyl-2deoxycytidine 6). This contrasts
with the hydrolytic decomposition of 5-(hydroperoxymethyl)-
2'-deoxyuridine which leads to the predominant formation of

W. H. J. Am. Chem. S0d.98Q 102, 4236.

(27) Cadet, J.; Teule, R.Bull. Soc. Chim. Fr1975 879.

(28) Wagner, R.; van Lier, J. E.; Berger, M.; CadetJJAm. Chem.
Soc 1994 116, 2235.

(29) Tofigh, S.; Frenkel, KFree Rad. Biol. Med1989 7, 131.

(30) Altona, C.; Sundaralingham, M. Am. Chem. Sod972 94, 8205.

(31) Altona, C.; Sundaralingham, M. Am. Chem. So4973 95, 2333.

(32) Ramaswany, H.; Sarma, R. H. Mucleic Acid Geometry and
Dynamics Sarma, R. H., Ed.; University Park Press: Baltimore, 1974; pp
1-45.

(33) Kawai, G.; Yokogawa, T.; Nishikawa, K; Ueda, T.; Hashizume,
T.; McCloskey J. A.; Yokoyama, S.; Watanabe,Nucleosides Nucleotides
1994 13, 1189.
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116
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Acta Crystallogr 1994 C50, 1837.
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NH; Nt + cation” The present study focused on the final products
)N\/ | CHs Aot resulting from the deprotonation of the 5-meth{dd2oxycy-
7?* | tidine radical cationq) Deprotonation of the radical catidh
° T Ma N~ 0)\\ which appears to be the predominant decomposition pathway
A g ® (= 60%) gives rise to the formation of the methyl-centered
| - radical3 as recently shown by an EPR stullylt is reasonable
to assume that in a subsequent step, &édxycytidylyl)methyl
Chy neutral radical3 reacts with molecular oxygen leading to the
)N\/ | formation of the peroxyl radicad. Then, radica4 may be
07N converted into 5-(hydroperoxymethyl)-@eoxycytidine §) upon
B] Jm reduction by @, followed by protonation as proposed for the
JOZ menadione photosensitized formation of thymidine hydroper-
oxides?0 It should be mentioned that the formation of 5-(hy-
NH droxymethyl)-2-deoxycytidine {) can be explained in terms
e kil of decomposition of the unstable peroxyl radidalhrough a
— O)\N | ] Russell mechanisitt:#* Moreover, it is reasonable to suggest
| that the latter reaction pathway may partly account for the
g formation of 5-formyl-2-deoxycytidine 6). In addition, evi-
l 07, H* dence was provided thd& is produced, at least partly, by
2 NH, menadione sensitization of 5-(hydroxymethyhe2oxycytidine
NP, CHEOOH (7) to UV-A in aerated aqueous solution. This result suggests
PN | that hn®dCyd (7), as n¥dCyd (1), is susceptible to lead to the
° T formation of foPdCyd @) via a transient pyrimidine radical
NH, dsR \ NHo cation. Itis important to note that the yield @fecreases after
NP~ CHOH (5] hemSdCyd CHO 60 min of irradiation. This observation clearly demonstrates
o \ Py | that 6 is degraded by menadione-mediated photooxidation. It
° ““ 0 T can be added that neither 5-formykdeoxyuridine nor 5-car-
aR - o) dR boxy-2-deoxycytidine was detected in the 5-methiddRoxy-
hmSdCyd forSdCyd cytidine (1) irradiated mixture.
Figure 2. Mechanisms of the formation of the 5-formyl-@eoxycy-
tidine and 5-(hydroxymethyl):2leoxycytidinevia deprotonation of the Conclusion
5-methyl-2-deoxycytidine radical cation.

NH,

The oxidation of the methyl group of fiCyd (1) has been
of m®dCyd (@). This strongly suggests that nucleosides? previously investigated by using a chemical metfodn the

adopt a preferentiadnti conformation in aqueous solutions. present work, we reported that the 350 nm irradiation of an
Mechanisms of Formation of the Final 5-Methyl-2- aerated aqueous solution of 5-methi{dd2oxycytidine in the
deoxycytidine Photooxidation Products. Isolation of 5-(hy- presence of menadione leads to the formation of 5-formyl-2

droperoxymethyl)-2deoxycytidine ) combined with earlier deoxycytidine 6) and 5-(hydroxymethyl)-2deoxycytidine )
studies on the sensitized photooxidation of pyrimidine nucleo- as the main final oxidized photoproducts. Moreover, the
sides allows u_s_to propose a mechanism for_the formatio_n of isolation of 5-(hydroperoxymethyl)-@leoxycytidine §), an

the methyl oxidized fdCyd photoproducts (Figure 2). Itis  ynstable intermediate provided further support for the mecha-
well documented that the initial step of the menadione-mediated nism of formation of the latter oxidation products. The
photooxidation of pyrimidine nucleosides in aerated aqueous siyctures of hfdCyd (7), for*dCyd () and hpnidCyd 6) have
solution consists of an activation of the sensitizer. The peen established on the basis of extensive spectroscopic
me.nadllone is excited by photon absorptlon to a singlet State measurements. It is well documented that 5-methylcytosine
which is further converted into a triplet excited state Species yqiyatives may be converted into related thymine compounds
which has a longer "Tet_'”?e- In a sub_sequent step, e_Iectron by an hydrolytic deamination reaction in agueous solution.
transfc_ar frqm the pyrimidine to Sghe triplet excited quinone However, such a deamination reaction occurs more efficiently
sensitizer is expected to occth™® As a result, both the with C5—C6 saturated 5-methylcytosine derivativé4? In
pyrimidine radical cation and the menadione radical anion are reement with these observations. we has found that both
generated. It has been demonstrated that the menadione radic?qogrSdCyd ©) and hnfdCyd (7) do not deaminate and remain

anion has a short turnover (half-life tinve 3.5 us) due to a table i uti 0 ¢ is t
fast reaction with molecular oxygéh. The latter reaction allows stable in agueous solution. Lur current purpose 1s to measure

the regeneration of the menadione in its ground state leading"V-A induced formation of 5-formyicytosine and 5-hydroxy-
to the formation of the radical superoxide£0). It has to be ~ methylcytosine in DNA. In a future stage, attempts will be
noted that @~ does not exhibit any significant reactivity toward ~Made to study the enzymatic repair of such lesions. In this
DNA bases, at least, in aqueous solutlénThe formation of respect it should be interesting to determine if these two DNA
the menadione-mediated final photooxidation products of thy- 12 Mal M. E- Culls P. M-S M C.R. Parker A W
midine has been rationalized in terms of competitive hydration Phg/s.)Cth?Eng; o5 o300 ymons N B R Parken A 5

and deprotonation reactions of the initial pyrimidine radical  (43) Russell, G. AJ. Am. Chem. Sod 957, 79, 3871.
(44) Simic, M.; Hayon, EFEBS Lett 1974 44, 334.
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(40) Wagner, J. R.; van Lier, J. E.; Johnston, IPHotochem. Photobiol (46) Wyszynski, M.; Gabbara, S.; Ashok, S.; Bhagwat,Pkoc. Natl.
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