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Receied September 26, 2000 () purification, concentration, and HPLC analysis of either peak
cis-2-Butene-1,4-dialq) is a metabolite of furahan industri- produced a mixture of the two; and (3) the peaks were always

ally important chemical found in food and cigarette smdKéis present in the same proportion after several hours of incubation.
electrophile is also produced by oxidation of tHepbsition of Given these characteristics, "?1” su.bsequen'.[ analyses were per-
2'-deoxyribose in DN/ Like other unsaturated aldehydess- formed on the products contained in the_palr Qf HPLC peaks.
2-butene-1,4-dial readily reacts with nucleophilic sites in proteins . Anal_y5|s of the dC adducts by positive lon electrospray
and glutathioné and it has been shown to cause DNA damage. 'nization (ESI) mass spectrometry revealed a single protonated
With implications for the known carcinogenicity of furdmecent mol_e_cular lon _athz 312 This result is consistent with the
studies have demonstrated thit2-butene-1,4-dial is mutagenic add;?oln of a single mc;i:zacule olf S-I?]utene-lA-c:]lal o dtfl:. d

in the Ames test.However, the DNA damage that is responsible The'H NMR spectrur revealed three fD-exchangeable an

for this mutagenicity, and possibly the carcinogenicity of furan, fou_rteen nonexchange_able protons. In DMSO, all s_lgnals were
has eluded study. Structurally related compounds, such as the Iipids‘pIIt except those ass'.g'?ed tbcﬂaoxynbo.se. Expansion of the
peroxidation products malondialdehyde, 4-hydroxynonenal, and spectrum reve_alt_ad splltt_lng of th_e chemlc_al shifts into four sets
2,4-decadienal, as well as 4-oxo-2-pentenal, arising from oxidation pf signals. This is consistent with four diastereomeric adducts

of a-acetoxyN-nitrosopiperidine, react with DNA to form stable !nvolvmg the cytosine base. Expan5|_on of ##8 NMR spectrum
adducts, many with demonstrated mutagenicityHowever, in DMSO also revealed four sets of signals for each carbon except

preliminary studies suggest thas-2-butene-1,4-dial reacts with the C5, C9, and Cdpositions (Scheme 1) for which the splitting
nucleosides to form unstable adducWe now report the structure was not completely resolved. This pattern of splitting for an adduct

of stable and novel adducts formed in a reactiogis2-butene- of dC with a single molecule ofis-2-butene-1,4-dial is again

L4-dial @) with dC (Scheme 1) under biological condions,  SBEERR YO S MU 0l SRR EROTTES L ethine
adducts that may play a role in the mutagenic properties of this carbons in each set &iC chemical shifts. The absence of signals

metabolite. . : ; ;
As judged by loss of parent-deoxynucleoside, the reactivity for ttwo carbons in the DEPT spectrum is consistent with two
of both cis- (2) andtrans-2-butene-1,4-didl(3) with 2'-deoxy- quaternary carbons.

To rule out reaction with '2deoxyribose, we treated 1-meth-
g Ylcytosine (b) with cis- and trans2-butene-1,4-dial® Under
conditions identical to those used with dC, HPLC analysis
d;evealed a single major peak with a retention time of 14.2 min
or bothcis-andtrans-2-butene-1,4-dial. Subsequéht- and*3C
NMR analysis (vide infra) indicated that the peak contained two
*To whom correspondence should be addressed. Telephone: 617-253-diastereomeric adducts that were identical for the two isomers of

nucleosides occurred in the order ¢€dA > dG1° The extent

of reaction with dC led us to focus on the sole products forme
with cis- or trans-2-butene-1,4-dial, a pair of closely eluting HPLC
peaks'® Three observations suggested that the two peaks containe
adducts in equilibrium: (1) both peaks had identical UV spectra;
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Schaur, R. J.; Zollner, Hzree Rad. Biol. Med1991, 11, 81—-128; Cadet, J.; 500 MHz Varian and Bruker spectrometers.
Carbalho, V. M.; Onuki, J.; Douki, T.; Medeiros, M. H.; Di Mascio, P. D. (13) 1b was synthesized as described in Papaulis, A.; al-Abed, Y; Bucala,
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1997 94, 8652-8657; Barbin, A.Mutat. Res200Q 462, 55—69. pH 7.4 for 12 h at 37C. Following extraction with CbkCl,, the aqueous
(9) cis- (2) andtrans-2-butene-1,4-dial3) were synthesized as described  phase was concentrated under vacuum. The crude residue, dissolved in 1:1
elsewheré.Purity was verified by*H NMR. CH3OH and CHCI, and passed through a silica gel plug to remove phosphate

(10) 1a (2 mM) was reacted wit@ or 3 (0.2—8 mM) in 50 mM potassium salts, was purified by silica gel chromatography (20%3;CH in CHCI,).
phosphate pH 7.4 at 3TC, and at various times, products were analyzed by Following analysis by silica gel TLC (12% GBH in CH.CI,), adduct-
C18 reversed phase HPLC (Hewlett-Packard Model 1100 with a model 1040A containing column fractions were combined and concentrated under vacuum.
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15.5 min. see Supporting Information.
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stereomers, each with an enantiomeric partner, for the 1-meth-
ylcytosine adduct. However, ring strain precludes formation of
the four structures with &rans configuration about the C10 and
C11 ring junction, which leaves four structures withcés
conformation (Figure 1). The NMR spectral d&tis thus entirely
consistent with the presence of four diastereomers for the dC
adduct and two for the 1-methylcytosine adduct. Although the
hemiacetal at C8 is relatively stable as a five-membered ring,
equilibrium hydrolysis of the hemiacetal would explain the
interconversion of the diastereomers.

The question of the stability of the dC and 1-methylcytosine
adducts was addressed as a function of pH by HFL&L 37
°C, the adducts degraded with half-lives of 96 h at pH 2.8, 275
h at pH 7.4, and 13 h at pH 22.
Figure 1. Crystal structure of the adduct of 2-butene-1,4-dial with These results demonstrate that under mild, biological condi-
1-methylcytosine. tions, cis-2-butene-1,4-dial reacts efficientfywith cytosine to

form a set of stable adducts. We also observed smaller quantities

raised to 12. This pH sensitivity is characteristic of cytosiffe N of cis-2-butene-1,4-dial adducts with dG and dA, and these
substitutiont® The positive ion ESI mass spectrum of this adducts are currently under study. Although it is unusual for dC

compound exhibited a protonated molecular iom&t210, while to be the preferential target for adduction, the facile formation of
the El mass spectrum revealed a molecular iamw/a209** This butenedialdehyde adducts of both dC and 1-methylcytosine was
again accounts for one molecule each of 1-methylcytosine andfound to be highly reproducible for multiple preparations of both
2-butene-1,4-dial. the cis- and transisomers of butenedialdehyde. Peterson et al.

With the exception of the switch from deoxyribose to a methyl made a preliminary report of unstable nucleoside adducts with
group, the'H NMR spectra of the 1-methylcytosine adducts in cis-2-butene-1,4-digl.However, under conditions of neutral pH
D,0O and DMSO were nearly identical to those for the dC adducts. at 37°C, the oxadiazabicyclo(3.3.0)octaimine adduct was found
A ™H COSY experiment supported the assignment of signals, with to be stable. The formation of stable adducts wit2-butene-
connectivity established by +HH correlation. Unlike the dC 1,4-dial is consistent with the reported mutagenicity of this
adduct, however, there were twe@-exchangeable protons and compound in the Ames ass&yiven its reactivity to form base
only two sets of signals in DMS&, results that are consistent  adducts and its mutagenicitgis-2-butene-1,4-dial produced by
with the presence of two diastereomers. This interpretation was 5'-oxidation of 2-deoxyribose may also represent a source of
supported by thé*C NMR spectrum of the 1-methylcytosine endogenous DNA damage.
adducts, which yielded two signals for each carbon. A DEPT  We conclude thatis- andtrans2-butene-1,4-dial are capable
experiment revealed one methylene carbon and one methyl carbonpf modifying cytosine at the N and N-positions to form stable
with the remaining signals identified as methine carbons. Again, adducts. This class of nucleoside adducts may have general
the absence of signals for two carbons was consistent with a pairimportance in the mutagenesis and carcinogenesis associated with
of quaternary carbons. furan metabolism and oxidative DNA damage.

Consideration of all of the data for the dC and 1-methylcytosine
adducts led to se\{eral possible structures. For a more definitive mass spectrometry (Mass Spectrometry Laboratory, Div. of BEH, MIT),
structure, we _SUbJeCted the 1-methylcytosine fﬂ’lddl_"Ct to X_—ray Drs. Jeff Simpson and Mark Wall for help with NMR experiments
crystallographic analysi$. The structure shown in Figure 1is  (spectroscopy Laboratory, Department of Chemistry, MIT; supported in
consistent with the spectral d&and confirms the assignment  part by NIH Grant 1S10RR13886-01); Dr William Davis for performing
of a novel oxadiazabicyclo(3.3.0)octaimine adduct of 1-methyl- X-ray crystallography (X-ray Diffraction Facility, Department of Chem-
cytosine 4bin Scheme 1). The crystal structure is also consistent istry, MIT); and Dr. Jacquin Niles for help with structure elucidation.
with the spectral data for the dC addd#tvhich leads us to This work was supported by NIH Grants ES09980, CA72936, GM59790.
conclude that the base adducts of dC and 1-methylcytosine are gy pnorting Information Available: H- and 13C NMR chemical
identical. With three chiral centers in the base adduct, there areghifts and assignments adl NMR spectra for 2deoxycytidine and
eight possible disastereomers for the dC adduct and four dia-1-methylcytosine adductéa and4b in (CD3),SO and RO (PDF). An
X-ray crystallographic file fodb (CIF). This material is available free
of charge via the Internet at http://pubs.acs.org.
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