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Acrolein 1, a potential mutagen and carcinodgéeacts with Scheme 1. Formation of the Acrolein Carbinolamine Cross-Link 4
dG to form hydroxylated N -propanodeoxyguanosine (OH-PdG) N the CpG Sequence? oH o
adducts (Scheme %) Most abundant are the stereoisomeric '
3-(2-deoxyB-p-erythro-pentofuranosyl)-5,6,7,8-tetrahydro-8-hydroxy- A~F°  dGinDNA B [\ N)jiN\>
pyrimido[1,2a] purin-10(3H)-ones,y-OH-PdG adduc?.?> Adduct . NJ\N N
2 was detected in animal and human tis3usggesting its 1 H o 3s
involvement in mutagenesis and carcinogengbigthods for site- A
specific synthesis d in oligonucleotides were developé8When gupf:itgfgé
placed into duplex DNA opposite dC at neutral p2l,opened ‘ PP
spontaneously to aldehy®® Kozekov et al® trapped a trimeth- 0
ylene cross-link upon insertion @&finto an oligonucleotide duplex HN N\>
at a 3-CpX-3 sequence, followed by NaCNBHreatment. This N
implied the presence of cross-linked imiBgin equilibrium with OMH 3.21\”5.
cross-linked carbinolamind. We now report'>N HSQC NMR ‘ 3
detection of4 in situ, in the same'SCpX-3 sequence. ‘| CpG Sequence
The y-OH-PdG modified oligonucleotide 'H(GCTAGCX- [ in DNA
AGTCC)-3, X = 2, was annealed with' 5(GGACTCYCTAGC)- o "y
3, Y = 15N2-dG. The!>N HSQC spectruit revealed four signals N N
exhibiting a 90 HZH coupling (Figure 1A). AN HSQC-filtered ¢ ] )N\H Joi/a\ 'ﬁ\'\ [ >
TOCSY experiment established thét signals atd 8.5 and 8.6 /N Ng ”“ N SN N\
ppm arose from isomeric adducts(Figure 1B). Scalar coupling 5t g! B 4 Foinvy
was observed betweentN2H and protons of the cross-link. The A
signal observed ab 5.7 ppm indicated coupling to jH Cross- o J o
peaks atd 1.53 andd 2.02 ppm were observed to tifeprotons. |
Diastereomeric cross-linkéwere not formed equally. Because of {NfNH HN | N\>
its low abundance, only a single cross-peak was observed for the N N)\ MN)\N N
minor isomer, attributed to vicinal coupling with theproton. 5.,m/vg| H 3IM\W,5|
A 15N HSQC-filtered NOESY experimetit (Figure 1C) sug- 5
gested the two cross-linkswere accommodated without disruption a Adduct 2 spontaneously opened to the-(3-oxopropyl)-deoxygua-
of base pair &Y?1°. For the major isomer, the ¥ N2H — Y1° nosine derivativ8. Reaction of3 with the guanine exocyclic amino group

N1H NOE was observed &@t12.8 ppm, in the expected chemical Yielded carbinolamind. Imine 5 existed in equilibrium with4 evidenced
shift range for the N1H proton, which participates in Watson ~ PY NaCNBH reduction of the cross-link?
Crick hydrogen bonding. NOEs were observed frod? M?H to
o, B, andy protons of the cross-link. The minor stereoisomer
exhibited an NOE from ¥ N’H to Y N1H, and to a resonance  ere assigned to hydrogen-bonded and non-hydrogen-boried C
at 0 4.5 ppm, probably t. That formation of4 in the CpG N4y protons in a Hoogsteen pair afC*8, in which 2 was intact.
sequence was apparently accommodated with minimal perturbationyyoogsteen pairing is characteristic of PdG adducts at acidié .
corroborated studies of a duplex containing a trimethylene cross- the qownfield shift of the KH resonances was attributed to the
link.*3 ) o ) positive charge in the Hoogsteen pair. Ring-opening@ afas pH
Formation of4 was not quantitative at pH 7 (Figure 2). A peak  gependent and likely facilitated by cytosine in the complementary
corre_zspondlng to aldehydawas observed &t 9.5 ppm, (_:onflrmlr_lg strand? as is observed for the malondialdehyde@/esiont&1®
previous work® The presence of aldehy@was consistent with We conclude that when placed into a CpG sequence in duplex
H cross-peaks at 8.1 ppm and 6.7 ppm in the HSQC spectrum  pA| adduct2 exists not only in equilibrium witt8° and imine
(Figure 1A). These were assigned to hydrogen-bonded and non-c;qqq jink 510 but also with carbinolamine cross-link. The
hydrogen-bonded protons at base p&HYC®in the noncross-linked  pisjogical processing of acrolein damage in DNA may be modulated
species. The CpG cross-link was stable in duplex DNA, but reverted by the positions of these equilibria. Acrolein is mutagenic in
ithi i 10 . . . .
within 1 h in HO. bacteria® mammaliar?! and huma#?23 cells, and carcinogenic
*To whom correspondence  should be addressed. E-mail: !n rats? Its stable analpgue ﬂl?-propanodgpxyguanosme (PdG)
stone@toxicology.mc.vanderbilt.edu. induced G— T transversions and & A transitions?>26In contrast,

At pH 5.5, signals located af 8.9 andd 10.2 ppm appeared
(Figure 2). They disappeared upon raising pH, as rep@rted)
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Figure 1. (A) 1N HSQC spectrum at pH= 7. Peaks a, major; b, minor
isomeric cross-linkg; ¢, d, hydrogen- and non-hydrogen-bond&cbrotons,
noncross-linked pair €19, (B) 15N TOCSY HSQC spectrum. Peaks a,
autocorrelation for major isomég b, coupling to H; c, couplings to i1 2;
d, autocorrelation peak for minor isomér(C) 15N NOESY HSQC spec-
trum. NOEs a, Y¥° N°H — Y1 N1H; b, Y N2H autocorrelation; ¢, ¥
N2H — Hy; d, Y¥N2H — Hoy 2 e, YY2N2H — Hp1 2 f, Y19 N2H autocor-
relation (minor isomer); g, ¥ N2H — Y19 N1H; h, i, hydrogen- and non-
hydrogen-bonded Norotons of noncross-linked paif@'1°, 5-d(GCTAGCX-
AGTCC)-3, X = 2, was purified by C8 HPLC in 0.1 M ammonium formate
(pH 6.5). Negative ion MALDI-TOF mass spectrometry yielaai@ 3700.9
(calcd [M — H]~ 3700.7). 5GGACTCYCTAGC-3, Y = 15N?-dG, was
prepared by deprotection (66 GACTCZCTAGC-3,Z= O5-TMSE-2-fluoro-
inosine3* using 6 M>NH,OH, desilyated with 5% acetic acid, and purified
by C8 HPLC in 0.1 M ammonium formate (pH 6.5). Negative ion MALDI-
TOF mass spectrometry yieldedz 3645.9 (calcd for [M— H]~ 3645.6).
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Figure 2. (A) At pH 7.0, adduc® converts to aldehyd®as evidenced by
the resonance axt 9.5 ppm. (B) At pH 5.5, addu@ exists in equilibrium
with 3. Signals observed @t8.9 andd 10.2 ppm arise from a duplex con-
taining adduc®, and in which the base pair’>C!8 exists in the Hoogsteen
conformation.

adduct2 was weakly mutagenic iBscherichia colf” and in Hela,
XP-A, and XP-V cells?%2° This was attributeti=2° to its rear-
rangement t@® in duplex DNA? The cross-linkst and5 formed
when 2 is located in CpG sequences may contribute to the
mutagenic spectrum of acrolein and may interfere with DNA
repair® Similar spectroscopic experiments will facilitate in situ
characterization of additional acrolein-induced reversible DNA
cross-links, and others,for example, those arising from crotonal-
dehyde?! malondialdehydé? or the epoxide of vinyl chloridé?
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