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Abstract: The reaction of 3-methyl-1,2,3-oxadiazolinium tosylifiea close model for a putative reactive intermediate

in the carcinogenic activation of ethanol nitrosamines such as (2-hydroxyethyl)methylnitrosgraiite various

guanine derivatives, including acycloguanosit# deoxyguanosine, deoxyguanosine monophosphate, and cyclic
guanosine monophosphate, various DNA oligomers, and calf-thymus DNA has been examined to determine whether
this compound methylates and hydroxyethylates guanine residues as proposed. In all of the transformations, 7-(2-
(methylnitrosamino)ethyl)guaniné4) is the major product, following acidic hydrolysis, and exceeds the formation

of 7-methylguanine by ratios ranging from 4:1 to 48:1, depending upon the guanine bearing sultréze.
(Methylnitrosamino)ethyl)deoxyguanosing0j was prepared from the Mitsunobu coupling bfand a protected
deoxyguanosine derivative20 is not produced in the reaction @0 and deoxyguanosine and decomposes and

guanine upon mild acid treatment, suggesting possible neighboring group participation in its facile hydrolytic cleavage.
All of the major products from the reaction @D and 12 have been characterized, including the direct alkylation
product, 7-(2-(methylnitrosamino)ethyl)acycloguanosifig),( and N2-(2-(methylnitrosamino)ethyl)guanine, which

was independently synthesized. Elucidation of the reactions of DNA1Gitnd other electrophiles was facilitated

by the development of both partial and total enzymatic hydrolysis assays uti?&grlabeled DNA oligotetramers
containing one of each base type and HPLC with radiometric detection. The partial hydrolysis assay gives information
as to the type of base being modified, and the total hydrolysis assay permits a determination of the number of
adducts produced for a given base. The assays permit a comparison between reactions where the same type of base
adduct could be expected. Comparisons of the reactions of ethylene oxid® asthg this methodology showed

that 10 does not hydroxyethylate guanine in DNA.

Introduction that this compound is not a substrate for the cytochrome P-450
enzymes which are responsible for the conversior8 o6 4
(Scheme 1), for examplel41¢ Similar preparations have also
failed to produce any evidence for metabolic conversions of
214 and have led to several different hypotheses regarding the
mode of activation of these compounds. At least three different
o. o. biochemical activation schemes are under active consider-
N N ation: (@) conversion of th@-nitrosamino alcohol into reactive
aldehydes by alcohol dehydrogenase-mediated oxiddti&i.s-2

N. N
CHy” “CHCH,OH HOCH,CH;”™ “CH,CH,0H ) - €
1 2 (b) enzymatic sulfate ester formation (sulfation) of the hydroxyl

Nitrosamines, such as methylethanolnitrosamitig gnd
N-nitrosodiethanolamine?], derived from common commercial
alkanolamines, are widespread environmental trace contami-
nantd-2 exhibiting considerable carcinogenicfy? While com-

mon diakylnitrosamines appear to undergo carcinogenic acti-
vation through enzymatia-hydroxylation as shown in Scheme

1 for dimethylnitrosamin&,a process which leads to DNA
alkylation® there are serious questions regarding the applicability
of this pathway to alkanolnitrosamines suchlas 2. Numer-

ous investigators have probed the microsomal-mediated meta-
bolic activation ofN-nitrosodiethanolamine2f’~16to a mutagen

and have failed to observe any mutagenicity, strongly suggesting
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group to generate a compound which undergbksitroso
oxygen neighboring group assisted solvolysis to generate CHy-DNA +  HOCH,-CH,-DNA
alkylating agent§;?¥-28 and (c) chain-shortening reactions to
generate methyl-substituted nitrosamines which are substrate
for cytochrome P-450 enzymé%.34 The work presented here
is principally directed at testing parts of the sulfation mode o
activation which foresees the generation of a 3-methyl-1,2,3-
oxadiazolinium ionl0 (Scheme 3), which then methylates or
hydroxyethylates DN&:21-28 \We report here that these oxa-
diazolinium cations principally react with guanine residues in
DNA through an attack of N-7 of the guanine on C-5 of the
oxadiazolinium ion to produce an N-7-modified base carrying
the entire nitrosamine fragment. We describe the development
of a simple assay using a DNA oligotetramer which shows that
guanine is the principal residue attacked by the oxadiazolinium
ion and that this transformation also leads to the formation of
an unstable adduct. Adduct syntheses have showrOhé-
(methylnitrosamino)ethyl)guanine is unstable and hydrolyzes
with possible neighboring group participation to guanine and
2-hydroxyethylmethylnitrosamine.

Alkylethanolnitrosamine$ are known to be substrates for
mammalian alcohol dehydrogenases yielding reaciiretro-
samino aldehyde8'5-16.18(Scheme 2). The aldehydes exhibit
a complex chemistry’—21 but two important transformations

onnected with them involve their surprising ability to donate
heir nitroso group to other nitrogen compounds either forming
f nitrosamined/ 18 or leading to the deamination of primary
amines!’~1921 and their generation of glyoxal and/or glyoxal
equivalents in their reactiod$:1%21 While it is not known
whether glyoxal generation is connected to their ability to enter
into trans-nitrosation transformations, we have demonstrated that
2-(methylnitrosamino)ethanéh (R = CHjg) cyclizes by means

of neighboring group interaction between a nitroso oxygen and
the carbonyl group to produce 3-methyl-5-hydroxy-1,2,3-
oxadiazolinium ion 8a).2° Other investigations in our labora-
tory have suggested that compounds suct8 asay be the
progenitors of glyoxal7 in transformations of nitrosamino
aldehydes, but little is known about the chemistry of 3-alkyl-
oxadiazolinium ions.

As mentioned above, another hypothesis for the activation
of nitrosamino alcohols involves their sulfation at the hydroxyl
group, as shown in Scheme 3, to generate the sulfate @ster
This ester is proposed to undergo an intramolecular nucleo-
philic substitution to generate the methyl oxadiazolinium sulfate
10, which has then been proposed to be a DNA-methylating
and -hydroxyethylating agent through nucleophilic attack at
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Figure 1. Reversed phase HPLC of the mixture produced from the g OTEIO
reaction ofl0 and12in DMF followed by acidic hydrolysis. With the
exception of peaks 1 and 3, compounds were identified by spiking with O\\N 12586 O
authentic materials. Peak 2 is an unknown (see text). 30208 4 I
. h N
o . . CHy”™ N \
3-Alkyloxadiazolinium ions are related to alkoxydiazenium .- (t)/'j\ /g N H7me
ions (O-alkylated nitrosamines) studied some years ago by ) ea/:m)m N b
Huenig3® Among Huenig’s findings is the important observa- 6.28() 1063 (5)
tion of the high acidity of the CH bonds adjacent to the nitrogen 17E
in these structure¥. Indeed, we have postulated that this
chemistry is responsible for the thiol oxidations which we have @313 NO (E1475()
observed. It is obvious from these data that 1,2,3-oxadiazo- 3% g (2)453(Y
linium ions can undergo a number of transformations and one  ¢Hs" 47 0
cannot well anticipate how they might react with nucleotides 83321(2)) N N>H
resent in DNA and RNA. This paper is directed at the '
p pap NHz)%N N 7.920)

elucidation of the reactions df0 with guanine derivatives and
guanine residues in DNA.

Results and Discussion

Reaction of 3-Methyl-1,2,3-oxadiazolinium Tosylate with
Acycloguanosine. Because the reactivity ol0 led us to

J. Am. Chem. Soc., Vol. 118, No. 45, 190897
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anticipate a large number of possible products from the reaction Figure 2. NMR assignments for guanine derivativés. data are on

of 10 with guanine derivatived! we first chose to explore the
reaction of acycloguanosirie with 10. Acycloguanosine is a
reasonably soluble compound and has fewer potentially reactive
hydroxyl groups than guanosine, or deoxyguanosine, for ex-
ample. Its pseudonucleosidic linkage also permits the cleavage
of the pendent group from N-9 of the purine ring through acidic
hydrolysis, but is somewhat more stable than the natural
nucleosides. Freshly prepargé@was reacted witi2in DMF

at 37°C for 3 h. The resulting product mixture was treated
with agueous hydrogen chloride to hydrolytically remove the
group from N-9. Neutralization and concentration led to a
mixture which was submitted to HPLC and gave the chromato-
gram shown in Figure 1. The chromatogram showed two major
peaks in the reaction mixture (peaks 1 and 3). Preparative
HPLC and fractionation led to collection of the eluent from
peaks 1 and 3, respectively. These materials were stripped Ofshifts
solvent at room temperature, further purified by HPLC, and :
submitted to spectroscopic characterization.

IH-NMR analysis (see Figure 2) of the material from either
peak 1 or peak 3 showed that each substance contained sma
amounts of the other. Moreover, when these samples, generate
immediately from the HPLC separation, were allowed to stand,
the same product mixture spectrum was produced from each.
These data suggested that the materials from peaks 1 and 3 wer;
isomers which interconverted on standing. High-resolution mass
spectrometry of the compound obtained from peak 1 exhibited
a parent ion aim/z 237.0937, consistent with the molecular
formula GH1;N7O,. The base peak in the mass spectrum is

in D,O/DCI and others as noted

(36) Huenig, SHelv. Chim. Actal971, 54, 1721-1747.

the left and'3C are on the right. (Th&C spectrum ofl4 was recorded

in the Experimental Section.)

found atm/z207.1022, corresponding to M NO. These data,

as well as the NMR spectral data, are consistent with a com-
pound which contains one guanine residue and one (methyl-
nitrosamino)ethyl fragment derived frof®. The compounds
from peaks 1 and 3 have been assigned the structure &)7-((
2-(methylnitrosamino)ethyl)guanine and Z)-(methyInitro-
samino)ethyl)guanine, respectivel4E and14Z (Scheme 4).
The stereoisomeriZ and E nitrosamine structures for these
compounds are supported by the NMR data. ;@idaks for
theE andZ isomers are found &t 3.00 and 3.67, respectively.

It is well-known that the nitrosamine oxygesynto C or H
produces significant shielding. Similarly, the methylenes at-
tached to the nitrogen exhibit significantly different chemical
Other signals in théH spectrum are completely
consistent with those expected of N-7-substituted guanine,
although NMR shifts are not especially good in differentiating
ubstitution positions in substituted guanines. It is known that
and E isomers of nitrosamines can be separated by HPLC
nd that their interconversion barriers (1Z1 kcal/mol) are
consistent with isomerization at normal laboratory temperatures.
The 13C NMR spectra of the isomers are also consistent with
fhe structural assignment (Figure 2).

The assigned position of substitution at N-7 in the guanine
ring was further substantiated Bi# NMR NOESY data, the
UV spectra of these isomers, and the syntheses of related
isomers as is described below. Assignment of the position of
attachment of the nitrosamine fragment to the guanine ring is
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not straightforward using UV spectral data because the nitro- ylenediamine to produceN?-(2-(methylamino)ethyl)guanine
samine fragment also absorbs in UV with a maximum at (16). Nitrosation of this compound under acidic conditions
approximately 240 nm and a weaker band at 360 nm. Although produced thé\?-nitrosamine adduct7. The NMR spectral data
the UV spectra of th& andE isomers are somewhat different, for 17 are completely consistent with its structural assignment,
both exhibited a strong maximum between 270 and 277 nm in and HPLC spiking experiments showed peak 4 aido be
basic solution which was transformed into a shoulder-like coincident.

maximum at pH 1 between 240 and 248 nm. 7-Ethylguanine  The fact that the HPLEMS data for peak 2 (chromatogram,
exhibits similar UV spectral characteristics showing a maximum Figure 1) showed it to be an isomer b, as well as the known

at 279 nm (pH 12) and 250 nm (pH 1) and a shoulder at 273 chemistry of alkylating agents toward guanine derivatives,
nm (pH 1)#° Both theE and theZ isomers exhibited similar,  required us to test the hypothesis that peak 2 and other unstable
but less pronounced, shoulder phenomena in this region. Thezqqucts described later could have the structureOB{2-
NOESY spectra ofl4E and 14Z showed separate but strong  methyinitrosamino)ethyl)guanine or a related derivative. To-
cross peaks between the purine C-8Etigomer,0 7.82) and a4 this end, considerable effort was directed at the synthesis
the N-bound CH (E isomer,d 4.58), thereby securing the o 5 gyitable guanine derivative bearing this nitrosamine
positional assignment at N-7 as shown. The accumUIatedfragment at the ®position. Reaction ofN?,N2,9-tris(trimeth-
spectral data are completely consistent with the aSSignedylsiIyI)-2-amino-6-ch|oropurine with the sodium alkoxide of

structure14E and 147, . N-methyl-2-aminoethanol gave the protec@d(2-(methylami-

. Th_e_othe_r components from the react|on10fa_md_12 are as no)ethyl)guanine. The nitrosation of the amine led to an
|der_1tn_‘|ed in Figure 1. _The material constituting peak_z unstable compound which decomposed to give guanine and (2-
exhibited unusual behavior. Upon collection and reinjection hydroxylethyl)methylnitrosaminelf under HPLC conditions.

into the chromatograph, a substance having the same retention | ; hesis utilized th dd )
time as14E was obtained. Both HPLC and NMR experiments AN alternative synthesis utilized the protected deoxyguanosine
derivative1l8 (Scheme 6). Mitsunobu coupliffgof 18 and the

show that the isolation of this material resulted in the isolation * - ” . .
of 14E, which then equilibrated with4Z. HPLC—MS experi- nitrosamino alcohol resulted in the formation of the desired

. AZ. A - .
ments show that the material constituting peak 2 has the samdProtected O°>-deoxyguanosinenitrosamine adductl9. The

nominal mass a$4E/Z but a spectrum somewhat different from  Protecting groups were removed to gener@te(2-(methyini-
either. We speculate that this substance is a ring/chain isomerfoSamino)ethyl)deoxyguanosirgdj. All attempts to generate

of 13 arising from the interaction of the amine N &8 with the O°-guanine-nitrosamine adduc?la (Scheme 7) by acid
C-8, but its behavior is sufficiently bizarre that its complete hydrolysis of the nucleosidic linkage @b have failed so far.
characterization will be addressed in a forthcoming publication. The products produced from this transformation are guanine

Peak 4 in the chromatogram shown in Figure 1 was andl. The mild acid hydrolysis (0.1 M HCI, 2%C) of 20 was
characterized als?-(2-(methylnitrosamino)ethyl)guaniri& on conducted as a function of time and followed by HPLC. Under
the basis of MS data and its unambiguous synthesis. Thethesg condltlpns, both the nucleosidic Ilnka_lge anql the nitro-
guanine adductl7 was prepared as shown in Scheme 5. Samine function are cleaved from the guanine moiety. In no
2-Bromo-6-hydroxypurine reacted smoothly withmethyleth- case was the formation G#4E or 14Z observed, and no peaks

i produced from the hydrolysis @0 were coincident with peak

Regggf}%’;ﬁ?ﬁ‘;&?-? Styles, J. A.; Greatbanks, D.; Wright@iat. 2. Moschel has reported on the facile solvolytic removal of

(38) Pongracz, K.; Haur, S.; Burlingame, A. L.; Bodell, WChrcino- benzyl groups from the position of guaniné? We believe
genesisl989 10, 1009-1013. that the nitrosamine function is being removed from the O

|m(339)pSh€§?ncq“'1g'\;g;3%igdggé_%agv”"ams’ T.; Moschel, R. C.; Sella, V. J.  nosition of the guanine derivatives by a pathway involving

(40) Singer, B.; Grunberger, Molecular Biology of Mutagens and neighboring group participation a? ShQV\_/n in. SCheme 7. This
Carcinogens Plenum Press: New York, 1983; pp223. process produces the 1,2,3-oxadiazolinium ion, which suffers
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Scheme 7 transformations led to a careful characterization of the structure
CHs and properties of the precursortdE/Z. Employing the HPLC
No gradient used to produce the chromatograph shown in Figure
N . .
j i ? ‘ 1, the precursor was found to have a retention time nearly the
LOON N N N/Oj same as that of acycloguanosine. Separation was accomplished
RSN . Ly { A by TLC followed by HPLC. HPLG-thermospray-MS showed
PR > 2 ‘ CHg the precursor to have a parent ionnatz312 (M + 1). This
FN™ N Z 2 10 mass value is consistent with the compound incorporating the
21 acycloguanosine and the 2-(methylnitrosamino)ethyl fragment
H20 similar to 14 but existing in a zwitterionic form as shown. Indeed
R=aH o or all of the spectral data (see Figure 2 for NMR assignments) are
b CH,0(CH2),0H consistent with the assignment of structdi®(Scheme 4) to
or c 2'-deoxyribosyl CH3-N—CH,CH,0OH 14

this compound. The key assignment of the position of the
2-(methylnitrosamino)ethyl chain was made by NOESY which
. ) . . . shows a cross peak between the C-80HB(97) of the purine
rapid hydrolysis tol under the reaction conditions, and is ring and the N-7 bound CH(® 4.73). The'H NMR shows
completely consistent with the experiments of the Michejda significant downfield shift for the C-8 H of the purine ring (
group??22who demonstrated neighboring group participation 8.97). This value is close to what is observed for the
of the ni_troso oxygen in the solvolys!s of esterslof corresponding proton in 7-methyldeoxyguanosire 9(2) 7

Reaction of 10 with Deoxyguanosine.In order to further  chemical shifts for the C-8 H in the range of 7.8 are observed
determine whether peak 2 may be 198G adduct21a we for guanine adducts having no substituent at N-9. FhaIMR
carefully examined the reaction betwenand deoxyguanosine 554 exhibits chemical shift differences for nitrosamiand
(dG). Reaction ofl0and dG at 25C in DMF was followed 7 isomers, consistent with the presence of the nitrosamine
as a function of time using HPLC. Within 30 min, peaks fragment in the molecule. THEC NMR for this compound
corresponqling td4Z and14E were observed in the chromato-  ¢hows that C-5d 107.6) is shifted approximately 9 ppm from
gram as minor peaks. In addition to dG, two major peaks were jis hosition in acycloguanosine and exhibits a chemical shift
observed which decreased in intensity over the COWgh@S o1y close to what is observed for 7-methyldeoxyguanosine (
the relative amount ol 4E and 14Z increased. Chromato- 197 7). The C-5 carbon in O-6-substituted guanines is found
graphic comparison, including spiking experiments, failed 0, the region ofd 11337 The data are inconsistent with any
show the formation of any €product20in the reaction mixture. o5 rangement o3 during the hydrolytic work of the reaction
Our interpretation of these experiments is that principal alky- ixture. 7,9-Dimethylguanir®é has a Ka = 7.19, and the
lation occurs at N-7 by Fhe oxadiazolinium ion to produce an g ctural similarity between this compound até and the
unstable nucleoside which undergoes spontaneous loss of thgyseryed mass logically lead to the conclusion that it is existing
sugar moiety under the reaction conditions to prodi#teThese as a zwitterion as isolated.

data are consistent with numerous \_/aned experiments on the Several experiments were conducted to determine the stability
alkylation of guanine derivatives which demonstrate the N-7 of 13 and 14 under hydrolysis conditions. Compound is
position to be the most nucleophilic, pgrtlcularly towa(cmzs stable to HO at 75°C for 12 h. Treatment o013 with a 17%
a!kylatlng a_genté.l Onl_y _those _alkylatlng agents_ Wh'_Ch are aqueous solution of HCI in a small amount of DMF at (@
hlghly_reactl_ve and_e_xh|b|t considerable _carp_ocat|on-||ke char- for 2 h led only to the cleavage of the pseudonucleosidic linkage
acter in their transition state produce significant amounts of and the formation of the isomeist. No evidence was found
alkylation at the O pos!thn. T'h.e oxadiazolinium ioA0 IS for the cleavage of the nitrosamine fragment from N-7 with
unexpectedly selective in its ability to alkylate the N-7 position either13 or 14 under these conditions. Both stereoisomers of

almost exclusively. These experiments further support the 14 were stable toward either 20% aqueous HCI or 10% NaOH
conclusion that the material giving rise to peak 2 in the at 65°C for 2 h.

chromatogram is not th@é-guanine-nitrosamine adducla
It is unlikely that acycloguanosine and deoxyguanosine have
significantly different reactivities towardO.

Characterization of the Precursor of 14E/Z. The observa-
tion of unstable peaks in our experiments with DNA oligomers,
the unusual characteristics of peak 2, as well as our concern
that rearrangements could be occurring during hydrolytic

1

Reaction of 10 with Nucleotides, Oligonucleotides, and
DNA. Reaction with cdGMP. Experiments were also per-
formed to determine wheth&0 would suffer nucleophilic attack
at any of its three carbon atoms by a phosphate oxygen of a
nucleotide. Cyclic 35-deoxyguanosine monophosphate (cdG-
MP) was chosen as a model substrate for this work. Should
alkylation occur at one of the phosphate oxygens to produce a

(41) Brookes, P.; Lawley, P. Ol. Chem. Socl961, 3923-3928. phosphotriester, the product is anticipated to hydrolyze to yield
(42) Berman, A. G.; Gerster, J. F.; Robins, R.X.Org. Chem1962
27, 986-990. (43) Pfleiderer, WLiebigs Ann. Cheml964 647, 167-173.
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Figure 3. 3. Reversed phase, ion-paired, HPLC radiochromatogram
of enzymatic partial hydrolysates of two-33P-labeled oligotetramers

as identified. Partial hydrolysis produces three nucleotides, monomer,
dimer, and trimer, in addition to the unhydrolyzed tetramer. All
oligonucleotides containing the modified base shift chromatographic
position permitting identification of the modified base.

two products, a phosphodiester at thé fgosition and a
phosphodiester at thé gosition. While the reaction of cdGMP

Loeppky et al.

using standard DNA synthesis methodology employingd&n
methylguaninephosphoramidate. Comparison of the chromato-
grams in Figure 3 shows that the trimer and the tetramer carrying
the methyl group at the ©position of guanine are shifted to
longer retention times compared to the position of the unmodi-
fied oligomers carrying guanine. While this chromatographic
comparison demonstrates the power of the methodology, a
number of experiments using highly reactive methylating agents
often presented problems related to the separation of the
modified oligotetramers. Less reactive electrophiles give
mixtures which can easily be separated.

Application of the Assay to the Reaction of ACGT with
10. The partial hydrolysis assay was used in concert with a
complementary total hydrolysis assay and the acycloguanosine
structural studies to reveal the nature of the reaction between
10 and guanine bases in DNA. This methodology, which is
highly sensitive because of the use of radiotracers, showed that
10forms an unstable adduct with guanine bases, that the major
modifications are occurring at G, that there are two major G
adducts in addition to the unstable one, th@produces a small
amount ofO®-G-methylation, and that0 does not produc®®
or N-7 hydroxyethyl adducts. The reaction 1 with [32P]-
ACGT produces eight HPLC oligomeric fractions. All fractions

with 10 gives rise to a mixture, the data presented in detail in Were collected, reinjected, _and submitte_d to the partial hydrolysis
the Experimental Section give no indication of alkylation of assay. The largest fraction (19.5 min) was unstable to the

cdGMP at the phosphate oxygen atoms. Again, N-7 alkylation iSolation procedure and reverted to the starting oligomer. This
to generatel4E/Z is the main pathway. phenomenon was also apparent in the partial hydrolysis of this

Development of 32P Oligotetrameric Assay. It is well- substance, which indicated that it sva G adduct. To gain a
known that DNA reactive alkylating agents often exhibit better understanding of the possible nature of the unstable
i i 2)
differing reactions and specificities with purine bases, nucleo- 2dduct, we allowed0 to compete for sites in [$?P]JGTAC.
sides, nucleotides, DNA oligomers, and DNA itself. Anticipat- The resulting m|_xture of m_"d'f'?d ollgotetramers_ was subjected
ing that reactions ofLl0 with DNA may prove difficult to to total enzymatic h_ydronS|s using SVP_, generating only labeled
characterize, and desiring a method which could be applied toguanosine nucleotides. These experiments gave evidence for

other DNA-reactive agenfd,we sought a possible solution to
this problem in the development of a simple oligotetrameric
radiochemical assay. A DNA oligotetramer containing one of
each base type (ACGT) was labeled wWitRO;%~ using [-32P]-
ATP and T4 polynucleotide kinase. A number of experiments
employing either nuclease; Pr a snake venom phosphodi-

esterase (SVP) showed that this oligotetramer could be partially

three different modified guanine nucleotides, one of which was
unstable toward isolation and generated dGMP. This assay
method gives an indication of the number of guanine modifica-
tions and, in principle, could be applied to the reaction of any
DNA reactive compound with the choice of any base at the 5
terminal end. The identity of the unstable adduct(s) remains
unknown. The amount of fraction 5 increases with the

hydrolyzed to give a radiochromatographically visible mixture concentration ofLl0. Extensive manipulation of isolation and

of monomer, dimer, trimer, and tetramer. The best conditions
employ the use of SVP at pH 5.3 at°€ for 2 min. The
resulting mixture of oligomers was separated by HPLC reversed
phase ion-paired chromatography utilizing a radiometric detector
for the 32P. The typical chromatogram shown in Figure 3

chromatographic conditions always led to the same result,
isolation of unmodified material. While the data of the
preceding section cast doubt on reactions at eitifer@ne of

the phosphorus oxygens, the former type of adduct is known to
be unstable and polynucleotides may exhibit different reactivity

demonstrates that the retention times are proportional to thetoward10 than that observed for acycloguanosiag)(

length of the oligomer.

Reaction of the labeled oligotetramer with alkylating agents
produces a mixture of modified oligotetramers which can then
be separated by HPLC prior to partial hydrolysis. The complete
separation of all of the modified oligomers cannot always be

Of the remaining fractions in théJP]JACGT assay, fraction
6, the next larger quantity was unreacted tetramer, followed in
quantity by fraction 3 which proved to be a trimer containing
a C modification. The next largest fraction (4) was modified
at G. Of the minor fractions, 7 was identical in all respects

achieved because of the numerous nucleophilic sites presentWith theO®-methyl G-modified oligotetramer which we had used

Following isolation and purification, the modified oligomer is
subjected to partial enzymatic hydrolysis. The identity of the
modified base can be determined by a comparison of the
chromatogram of the partial hydrolysate of the modified
oligotetramer with the chromatogram from the partial hydroly-
sate of the unmodified oligotetramer. Modification of one base
results in a chromatographic shift in the retention times of all
oligomers containing the modified base. This is demonstrated
in Figure 3, where the chromatogram of a partial hydrolysate
of 5'-labeled AGTC carrying a methyl group at thé @sition

of G is shown and compared to the partial hydrolysate of the
unmodified oligomer. The modified oligotetramer was prepared

as a standard in this experiment as partial hydrolysis showed
identical characteristics as well. It appears that a small amount
of O%-methylation by the methyloxadiazolinium idi) occurs.
Large-Scale Total Enzymatic Hydrolysis Assay. With
these experiments as a guide, we examined the reaction of the
GTAC oligotetramer with10 on a larger scale. GTAC was
mixed with a small portion of th&’P-labeled GTAC as a tracer
and the combination reacted wiftd at pH 7.4 in phosphate
buffer for 4 h. HPLC separation of the resulting mixture gave
two major fractions. Each fraction was subjected to mild
thermal-acid hydrolysis to remove the modified bases (depuri-
nation), and the resulting bases were separated by HPLC. The
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Table 1. Ratios of14E/Z and 7-Methylguanine Produced in the
Reaction of10 with Various Substrates

substrate ratio
acycloguanosine (12) 00
dGMP 48
(dG) 4.8
GTAC 4
DNA 6.8

data revealed the presence of 7-methylguanine, identified

J. Am. Chem. Soc., Vol. 118, No. 45, 199601

Michejda and colleagues have suggested a similar conclu-
sion2325 This last experiment shows an advantage of the
oligotetrameric assay procedure which we have used in other
work. Various electrophilic and DNA-damaging agents, which
are anticipated to give similar reaction products, easily can be
compared at low concentrations, and chromatographs will show
whether there are possible products in common.

Conclusions

through a comparison of its chromatographic retention time and _ 1he work described here demonstrates that the methyloxa-

spiking experiments, and the nitrosamine addaids and142

in a ratio of 1 (CH) to 4 (14E and 142). It is important to
note that the hydrolytic proceduyr& M HCI at 60°C for 1 h,
specifically results in the hydrolysis of N-substituted guanines,
and other compounds containing lnd & modification at

G would likely not be detected by this procedure. While
7-methylguanine was not a product from the reactiobh@ifvith
acycloguanosine (followed by hydrolysis), it was observed as
a very minor product in the reaction @D with dGMP which
also gavel4 as the principal product. The relative yields of
14E/Z and 7-methylguanine are given in Table 1 for a number
of substrates. In every caddE/Z is the major product, but
methylation becomes more important in polynucleotides, sug-
gesting possible nucleotide catalysis of methylation.

Reaction of 10 with Double-Stranded DNA. Both N-7-
methylation of guanine and the formation G#E/Z was
observed from the reaction a0 with calf-thymus DNA (pH
7.4,4 hat37C). The adducts were released by neutral thermal
hydrolysis and were detected by HPLC. The ratid4E/Z to
methylation was 6.8 in this case. Thus, the methyloxadiazo-
linium ion does lead to the methylation of guanine in DNA as
hypothesized by Michejda, but the major transformation involves
the attack of the N-7 position of guanine on the 5 position of
the oxadiazolinium ion as observed for acycloguanosthd&he
larger amounts of N-7 methylation in polynucleotides may result
from complexation and/or catalysis of transformation§ @by
DNA.

Tests for Other Adduct Products. Michejda and colleagues
originally proposed thatl0 was both a methylating and
hydroxyethylating agerf® Indeed, the administration dfC-
labeled (2-hydroxyethyl)methylnitrosamine to rats does result
in both the methylation and the hydroxyethylation of guanine
residues in the DNA obtained from rat livé&28 On the other
hand, there is no known chemistry of methyloxadiazolinium
ring system to indicate that it is a progenitor of hydroxyalkyl
groups. Such a possibility is, however, intuitively attractive.
Nucleophilic attack at the 4 carbon of the oxadiazolinium ion
could result in the breakage of-@ bond and hydroxyethylation
of DNA. An analogous nucleophilic transformation at the

diazolinium ion10 reacts principally by nucleophilic attack of
the N-7 nitrogen of guanine residues at the 5 carbofiGofo

give the nitrosamine adduclglE and14Z. Ab initio calcula-
tions of electron density in the oxadiazolinium ion ring system
show that C-5 and N-2 df0 are the most electropositive atoms
in the ring system. The small amount of methylation observed
presumably occurs by nucleophilic attack at the methyl group
attached to nitrogen. It has been speculated that removal of
this methyl group can result in the generation of diazomethane,
a methylating agent, through the decomposition of the resulting
oxadiazoliné’ In other work to be reported elsewhere, we have
been unable to find any evidence for this pathway. Although
we were able to detect a small amouni\Bfnitrosamine adduct

17 formation in the acycloguanosine experiments, we did not
find it being produced in the reactions of DNA or oligomers
with 10, but its quantity could have been too low to detect.

No products resulting from the attack of thé Gxygen of
guanine residues at position 5 of the oxadiazolinium ion were
detected. The corresponding deoxyguanosine adduct was
prepared, but it was found to undergo loss of the nitrosamine
fragment from O at a rate which exceeded hydrolysis of the
nucleosidic linkage. It is probable that this process involves
neighboring group participation by the nitrosamine oxygen as
is observed in the formation df0 from its tosylate?2:23 |f OF-
alkylation of G by C-5 0of10is occurring in DNA, a pathway
which our data render improbable, it is escaping our detection,
and we have no evidence that it is the source of the unstable
adducts. The major transformation, alkylation at N-7, is a
common path for the reaction of3 reactants with guanir@.
Only much more electrophilic species show significant reaction
at C.

Using the modelO%-G-modified ACGT oligotetramer, we
were able to demonstrate, in principle, the value of the partial
hydrolytic oligotetrameric assay in determining the type of base
modification. In practice, this proved to be more difficult
because of problems associated with the separation of the
modified oligotetramers and the unpredictable behavior of
purines alkylated on the imidazole nitrogen which significantly
increases their susceptibility to nucleosidic hydrolysis (depuri-

methyl carbon could be responsible for the observed methylation nation). In combination with the total SVP-mediated hydrolytic

of DNA. In order to determine whether even small amounts
of hydroxyethylation result from the reaction D® with DNA,

we examined the reaction of th#-labeled oligotetramer GTAC
with 10 and compared its reaction with ethylene oxide in
phosphate buffer at pH 6. Both transformations were allowed
to proceed for 5 h. The reaction mixtures were subjected to
HPLC using a radiometric detector. Extensive reaction of the
oligotetramer occurred in each case; however, the HPLC

oligotetrameric assay described above, however, these proce-
dures were useful in demonstrating that the reaction was
occurring predominantly at G and that several sites in the
guanine moiety were being alkylated. The assay was also very
useful in showing that no hydroxyethylation was occurring from
10by comparing the reactions of the oligotetramer with ethylene
oxide.

The results presented here show that the major transformation

chromatograms of the modified oligotetramers showed no peaksbetweenl0 and guanine residues involves incorporation of the

in common. This was also true for the complete enzymatic
hydrolysates of the oligotetramer. The SVP hydrolysates
generated only dGMB2P-labeled guanine derivatives, and no
coincident peaks were found in the two experiments. Thus,
we can be reasonably sure that the methyloxadiazolinium ion
10does not hydroxyethylate DNA. Biological experiments by

nitrosamine fragment at position 7 of the guanine. While
evidence for DNA methylation b§0is provided by the isolation

of 7-methylguanine after hydrolytic workup, its quantity is
always significantly less than that G#. It was not detected

as a product in the acycloguanosine experiments, and greater
quantities were found in DNA oligomers and DNA. Contrary
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to the initial hypothesid® 10 does not hydroxyethylate DNA.  was added into 0.5 mL of water in a 1.5 mL microcentrifuge tube,
The finding that14 predominates in all cases permits other which was centrifuged for 20 min at 4C. The supernatant was
experiments to be performed to determine whether such acarefully removed. This proced_ure was repeated twice (in order to
process is occurring when (2-hydroxyethyl)methylnitrosamine remove all the salt), and the white solid residue was dme_chcuo

(2) is administered to animals. This will allow a definitive test '{he ﬁ'e:;ds of ple?ks fl anccii t3 V;eriéj ?jn; 0.74 mg, :ﬁpeﬁ“ﬁ,{%h Peaks
of the sulfation hypothesis as a mode of ethanolnitrosamine (D?\;I]SO d\':‘e;ieagsigmenﬁs Eigurgn:a (Slzﬁ]n;%ﬁséolo"m (s, 1H),

carcinogenic activation. 7.82 (s, 1H), 6.14 (s, 2H), 4.58 (m, 2H), 4.53 (m, 2H), 3.02 (s, 38); (
) ) isomer): 6 10.79 (s, 1H), 7.81 (s, 1H), 6.13 (s, 2H), 4.29 (t, 2H), 4.02
Experimental Section (t, 2H), 3.57 (s, 3H). A NOESY spectrum showed cross-peaks for the

Instrumentation. UV —vis spectra were recorded on a Perkin-Elmer E iSomer ato 7.82 and 4.58; for the less abundahisomer cross-
576 ST Spectrophotometer. High-pressure liquid chromatography Peaks were observed at7.81 and 4.29.%C NMR (D;0, DCI, see
(HPLC) was performed with a Waters chromatograph consisting of 2Ssignments Figure 2)) 153.25, 152.9, 146.92, 140.08, 107.66, 53.70,
Waters Maxima 820 system controller, Waters Model 490 program- 4°-82, 33.24. UV characteristics of peaks 1 and 3: (peak 1) pH 12,
mable multivavelength detector, A-200 FLO-ONE/Beta radioactive “4ma— 277 nm; pH 1Ama= 240 (sh) nm; (peak 3) pH 12ma= 270
flow detector (Radiomatic Instruments & Chemical Co., Tampa, FL), (Sh) NM; pH 1,Ama= 248 nm. High-resolution MSnf/z relative
Waters Model 710B WISP autosampler, FC 203 Gilson fraction INtensity): 237.0937 (calcd forgl1iN;O,, 237.0974) (17.2); 207.1022

collector, and two Waters Model 510 pumps. Unless otherwise noted, (100), 190.0729 (2.9), 177.0643 (5.9), 164.0602 (72.8), 151.0477 (8.4),
three types of HPLC columns were used: a 3.9 nym30 cm 87.0533 (15.9), 57.0566 (11.7), 29.9955 (26.4).
uBondapak C18 column from Waters Inc., a 4.6 mn25 cm ODS HPLC —Thermospray-MS Analysis of the Reaction Mixture.
Zorbax column from Liquid Chromatography Co., and a 10 mr5 Standards of (2-hydroxyethyl)methylnitrosamir®, (dimethylnitro-
cm Supelcosil LC-18-DB (5 micron) Semi-Prep column from Supelco Samine, guanine, adenine, and 7-methylguanine (7-MeG) were submit-
Co. Proton and carbon NMR spectra were recorded on either a Nicoletted to HPLC-MS using a Synchropak reversed phase LC-18 semi-
NT 300 MHz, a Bruker AMX 500 MHz, a Bruker ARX 250 MHz, or ~ Prep column (10 mmx 25 cm) operating in an isocratic mode
a JEOL FX-90 MHz spectrometer. G®AS spectral analyses were ~ €mploying 95% 0.1 M ammonia acetate buffer, pH 3.9:5% MeCOH at
performed on a Hewlett-Packard 5970 mass selective detector and@ flow rate 0.8 mL/min as an eluent. The thermospray mass
controlled with a Hewlett-Packard 59970 Chemstation computer. A Spectrometer was operated with an ion energy-@6 V, capillary
VG-TRIO-3 thermospray HPLC/MS system was employed forLC  temperature of 320C, source temperature of 26¢ and 60 V. The
MS measurements. A VG ZAB high-resolution mass spectrometer was instrument was scanned from/z 50 to 400. After conditions
also employed with a source temperature 22070 eV, and PFK as satisfactory for the separation and detection of each known were
reference substance. High-resolution and FAB mass spectrometricestablished, a sg sample of the hydrolysis residue from the reaction
measurements were obtained at either the University of NebraskaMixture described above was dissolved gO+and analyzed by HPLE
Midwest MS facility or the Washington University Mass Spectrometry MS under the same conditions. Mass spectral and retention time
Center. An Eppendorf microcentrifuge 5414 (rotational speed from comparisons with knowns permitted the identification of the compounds
1000 to 14 000 rpm), which was situated in &@& refrigerator, was as indicated in Figure 1 with the exception of peakll The material
used. Microscale samples were dried using a Savant Speedvacconstituting peaks 1 and 3 was shown tdld& and14Z by comparison
concentrator SC100. of the material isolated in the experiment above as well as their MS:
Materials. DNA oligotetramers with different sequences such as Peak 1,14E (as BH), 239 (100), 209 (56), 190 (18), 166 (13), 138
ACGT or GTAC were made with an automatic DNA synthesizer by (50), 119 (41); peak 2 (as BH?), 238 (20), 207 (100), 190 (82), 152
Dr. Forrester in the University of Missouri Molecular Biology Core  (13), 138 (15), 119 (12); peak 34Z, (as BH), 238 (19), 209 (21),
facility. T4 PNK and 16« phosphorylation buffer which contains 0.5 152 (100), 138 (14), 119 (18). Peak 4 contained insufficient material
M Tris-HCI, pH 8.0, 0.1 M MgC}, and 0.015 M spermidine were ~ for MS.
bought from USB Co. Enzymes and other biochemicals were purchased Minor Products. The reaction was carried out as described above.
as follows: Nuclease;Arom BRL Co.; [y-*P]JATP from Dupont; SVP HPLC separation (see Figure 1) was performed on a Synchropak
and micrococcal nuclease from Worthington Biochemical Co. All other reversed phase LC-18 semiprep column (10 mn25 cm). The
enzymes or chemicals were purchased from Sigma Chemical Co./ gradient program of mobile phase was as follows: eluert 8.1 M
Aldrich Chemical Co or chemical distributors. All solvents for HCO;NH,, pH 4.2, eluent B= CH;OH (min, mL/min, % eluent A) O,

chromatography were HPLC grade and degassed before use. 1.5, 93; 30, 1.5, 80; 31, 1.5, 93; 46, 1.5, 93. Identity of all peaks was
Preparation of 3-Methyl-1,2,3-oxadiazolinium Tosylate (10).The established by spiking experiments using authentic materials, and the
method of Koepke et & was followed. Yield: 72%. Mp: 126C identities are shown in Figure 1. Isolation of peak 1 showed that it

dec (lit?® mp: 126—128°C). H NMR (CDCl): ¢ 7.535 (d, 2H), was 14E as indicated by its NMR (see above). Upon standing the
7.075 (d, 2H), 5.194 (m, 2H), 5.130 (m, 2H), 4.097 (s, 3H), 2.281 (s, spectrum ofl4Z grew in. Upon isolation by collection of eluent, peak
3H). 13C-NMR (CDCk): ¢ 139.89, 129.12, 128.94, 125.51, 78.11, 2 proved to be unstable and gatéE (by HPLC and NMR). Upon
60.08, 41.92, 21.20. isolation by collection of eluent peak 3 proved to b&Z (see above)
Reactions of Acycloguanosine 12 with 3-Methyl-1,2,3-oxadiazo- ~ whose NMR spectrum was shown to convert to an equilibrium mixture
linium Tosylate (10). Major Products. 9-(2-Hydroxyethoxy)meth- of 14E and 14Z upon standing. Peak 4 was shown to be identical to
ylguanine (acycloguanosink2, 21.6 mg, 96umol) was reacted with  N*(2-(methylnitrosamino)ethyl)guaniri& upon isolation and through
27.1 mg of10 (105umol) in 1 mL of N,N-dimethylformamide (DMF), spiking experiments using two different eluent systems.
and the reaction mixture was shaken for 3.5 h af@7 The solvent Purification and Characterization of the Intermediate Adduct
was removedn vacua The residue was hydrolyzed with 2@ of 7-(2-(methylnitrosamino)ethyl)acycloguanosine (13).The reaction
1 M HCI at 65-70 °C for 75 min. Depending upon the goal of the  of 10and12was conducted as described at the beginning of this section
experiment, various HPLC methods were employed for separation except that the residue obtained from the removal of the DMF was not
purposes. The major productglE and 14Z (peaks 1 and 3) were subjected to hydrolysis but dissolved in gbH and spotted on a TLC
obtained by administering the hydrolysate to a Supelcosil semiprep plate (Analtech 2 mm silica on glass, activated at 200for 12 h
HPLC column with UV detection at 254 nm. The HPLC utilized two  prior to use). The TLC plate was developed with{Oti and compared
solvents, A= 0.1M HCQO,NH,4, pH 4.2, and B= methanol, and the with a standard mixture of acycloguanosit, and (2-hydroxyethyl)-
program was as follows: (min, mL/min, % eluent A) O, 2, 95; 25, 2, methylnitrosamineX) which had been applied to the same type of plate.
90; 25.1, 1.5, 90; 35, 1.5, 70; 50, 2, 70. Two major peaks (peaks 1 A section of product (intermediate), having the lowest mobility, was
and 3 in Figure 1) were collected from multiple HPLC injections by excised from the plate and placed in a centrifuge tube. A TLC blank
means of a fraction collector. Each fraction was neutralized with 10% was generated using the same treatment. The intermediate was
NaOH (this is crucial), and the solvent was removed with a rotary extracted from the silica with three portions of €bH. The solvent
evaporator at 30C with a trap of liquid nitrogen. The solid residue  was removed from the pooled extracts and evaporatedcuoto give
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a white solid residue. A sample of the dried residue was dissolved in equipped with a condenser was charged with water (10 mL) and
H,O and analyzed by HPLC using the HPLC method described for 2-methoxyethanol (30 mL). 2-Bromo-6-hydroxypurine (1.6 g, 7.4
isolation and characterization of the minor products. A single sharp mmol), prepared according to the method of Berman et?akas

peak with a retention time of 20 min resulted. Material obtained in

this manner was used for UV, NMR, and MS spectral characterization.

The!H and*3C NMR spectral assignments are given in Figurel2=
5.3 Hz for the pair of triplets displayed by tieisomer. NOESY
experiments demonstrated cross-peaks between signdisisdner)
0 8.97 and 4.73;4 isomer)d 8.97 and 4.52. UV: pH 14max258 nm,
sh 284 nm; pH 7Aimax 230 nm, peak 288 nm; pH 13max 230 nm,
peak 266 nm. HRFABMS: calcd forgH1sN;O, 312.1420, found
312.1429.

Reaction of 2-Deoxyguanosine with 10.2'-Deoxyguanosine (dG)
(267 mg, 1 mmol) and0 (300 mg, 1.2 mmol) were dissolved in DMF
(2 mL) in a small vial, the mixture was shaken at37for 2 h. The
reaction mixture was directly injected into the HPLC, and two major

dissolved in the above solventdl-Methylethylenediamine was added
to the clear solution. The mixture was stirred at reflux (200 for 4
h. The resulting yellow suspension was cooled, and all the solvents
were removedin vacua The solid residue was dissolved in hot
methanol (30 mL), and recrystallization afforded 1.17 g of a light yellow
solid (yield 76%), mp>300. *H-NMR (DMSO-ds): 6 10.0 (br s, 1H),
7.82 (s, 1H), 7.72 (s, 1H), 6.89 @,= 5.5 Hz, 1H), 3.48 (mJ = 4.7,
5.5 Hz, 2H), 3.16 (s, 1H), 2.97 @,= 4.7 Hz, 2H), 2.50 (s, 3H)C-
NMR (DMSO-ds): 6 156.42, 155.65, 152.30, 139.03, 114.50, 48.79,
38.24, 33.87. HRFABMS: calcd forg813NeO (M + 1) 209.1150,
found 209.1153.

N2-(2-(Methylnitrosamino)ethyl)guanine (17). N>(2-(Methylami-
no)ethyl)guanine (312 mg, 1.5 mmol) was dissolved in HOAc (900

peaks were found at 15.1 and 16.9 min. These peaks were found tomg, 15 mmol) and water (5 mL). To the stirred solution was added

coincide with those produced B4E and14Z under these chromato-

dropwise a solution of NaN£(310 mg, 4.5 mmol) in 2 mL of water.

graphic conditions. An analogous experiment was conducted at 25 The mixture was stirred at room temperature for 4 h. The light yellow

°C. Analysis of the reaction mixture aftd h showed peaks at 21
(dG), 21.5 (minor), and 23 (major) min. The reaction was followed

suspension was neutralized with saturated NaglCAl solvents were
removedin vacua The solid residue was dissolved in methanol, and

for 17 h, and these latter two peaks were found to convert to those atthe remaining solid was filtered off. The filtrate was injected into the

15.1 and 16.9 min. Collection of the final products by fraction
collection showed that they were interconverting isomdfs and14Z.

HPLC. The semiprep (1& 250 mm) reverse phase column was eluted
with a gradient of methanol in 10 mM N@Ac buffer (pH= 5.10).

It is presumed that the initial peaks were due to the adducted The peaks at 25.5 and 29.0 mig, € isomers) were collected and the
deoxynucleoside which lost the deoxyribosyl group as time increased. combined fractions concentrated. The fine precipitate from the

Comparison of the chromatograph wi®f-(2-(methylnitrosamino)-
ethyl)-2-deoxyguanosine and spiking of this compound into the reaction
mixture failed to show its presence at any time during the reaction
course. A larger quantity df4 could be obtained by diluting the DMF
solution from the 37°C run with methanol (10 mL), allowing the

concentrated solvents was carefully collected and dried. About 5 mg
of a light yellow solid was obtained. UM« (pH 7): 244, 282 nm.
UVmin (PH 7): 266 nm. UVhax (PH 1): 250, 282 nm. UV, (pH 1):

270 nm. UVnax (PH 12): 244, 280 nm. U¥in (pH 7): 264 nm.'H-
NMR (DMSO-ds): (E, Z) 6 12.58 (br s, 1H), 10.63 (s, 1H), 7.71 (s,

mixture to stand at room temperature for 2 days, and collecting the 1H), 6.28 (t,J = 5.7 Hz, 1H), 4.30 (tJ = 5.3 Hz, 2H), 3,74 (s, 0.8 H),

resulting fine precipitate. The mixture @#E/Z obtained in this way

3.63 (m,J = 5.4, 5.3 Hz, 2H), 3.02 (s, 2.5H)*C-NMR (DMSO-ds):

was chromatographically and spectroscopically identical to that obtained § 164.20, 156.06, 151.97, 137.50, 117.45, 52.24, 38.29, 31.54.

from the reaction ofL0 with 12.

Attempted Synthesis ofO%-(2-(Methylnitrosamino)ethyl)guanine
(21). Method 1. (2-Hydroxyethyl)methylnitrosaminel) (624 mg, 6
mmol) and dry DMSO (5 mL) were mixed in a 50 mL flask undet N
NaH (120 mg, 5 mmol) was added to the solution. The mixture was
stirred at room temperaturerfd h under N. 6-Chloro-2-aminopurine

HRFABMS: calcd for GH12N7O, (M + 1) 238.1052, found 238.1044.
HPLC program: eluent A= 0.01 M NH,OAc, pH 5.10; B= CH;OH
(min, mL/min, % eluent A) 0.0, 2.5, 95; 1.0, 2.5, 95; 30.0, 2.5, 80;
35.0, 2.5, 50; 35.1, 2.5, 95; 40.0, 2.5, 95.

Synthesis ofO?-(2-(Methylnitrosamino)ethyl)-2'-deoxyguanosine
(20). A procedure similar to that of Pongracz et*aivas followed.

(100 mg, 0.6 mmol) was added, and the mixture was stirred at room To the solution of 50-(dimethoxytrityl)N2-isobutyryl-2-deoxygua-

temperature for 40 h. The reaction mixture was diluted with methanol
(20 mL), and the unreacted starting material was filtered off. The
filtrate was injected into the HPLC. The semiprep (20250 mm)

nosine (Sigma Chemical, 825 mg, 1.3 mmol) in 6 mL of 1,4-dioxane
was added (trimethylsilyl)imidiazole (256, 1.68 mmol). The mixture
was stirred for 15 min, and triphenylphosphine (1.26 g, 4.8 mmol),

reverse phase column was eluted with a gradient of methanol in 100 (2-hydroxyethyl)methylnitrosamine (500 mg, 4.8 mmol), and diethyl

mM aqueous NEDAc buffer (pH= 4.20). The fractions showing®
substitution (UVhax 286 nm, UVhin 250 nm) were collected (17.5 min)
and neutralized immediately with dilute NaOH. Reinjection of the
collected material into the HPLC showed that decomposition had

azodicarboxylate (75@l, 4.8 mmol) were added successively. The
reaction mixture was stirred at room temperature for 1 h, and 2.5 mL
of 1 M HF/pyridine solution was added. After a further 15 min of
stirring, the solution was poured into 75 mL of 5% sodium bicarbonate.

occurred as the 17.5 min peak had nearly disappeared and two peakghe solution was extracted with dichloromethane<(300 mL). The
at 5.0 () and 6.5 min (guanine) had appeared. HPLC program: eluent combined organic extract was dried over anhydrous sodium sulfate and

A = 0.1 M NH,OAc, pH 4.2; eluent B= MeOH (min, mL/min, %
eluent A) 0.0, 2.0, 95; 25.0, 2.0, 90; 25.1, 2.0, 95; 30.0, 2.0, 95.
Method 2. A stirred mixture of 6-chloro-2-aminopurine (187 mg,
1.1 mmol), (NH).SO, (45 mg), hexamethyldisilazane (5 mL), and
trimethylsilyl chloride (0.5 mL) was heated in a round-bottom flask
equipped with a condenser at reflux bh under N. Volatile materials
were removed from the reaction mixture by evaporationacuowith
protection from moisture. In another flask NaH (100 mg, 4 mmol)
was added to the mixture of N{methylamino)ethanol (0.5 mL, 6
mmol) and dry THF (5 mL), and the resulting mixture was stirred for

concentratedn vacua The oily residue was taken up in 10 mL of
dichloromethane and precipitated with petroleum ether. The precipita-
tion process was repeated three times. The pale yellow solid was
purified by flash chromatography (1:1 hexane:ethyl acetate and then
20:1 chloroform:methanol). Another precipitation from dichlo-
romethane and petroleum ether afforded 690 mg white solid product
19 (73%), mp>300°C. H-NMR (CDCL): (E, 2) 6 7.99 (s, 1H),
7.98 (s, 1H), 7.466.77 (m, 13 H), 6.59 (m, 1H), 4.91 (,= 5 Hz,

1.5 H), 4.75 (mJ = 5 Hz, 1.5H), 4.64 (m) = 5 Hz, 1 Hz), 3.91 (s,
1.3H), 3.78 (dJ = 4 Hz, 1H), 3.76 (s, 6H), 3.38 (1 = 4 Hz, 2H),

4 h. The second solution was added to the first flask, and the mixture 3.18 (s, 1.7H), 2.57 (m] = 4, 5 Hz, 2H), 1.69 (mJ = 6.5 Hz, 1H),

was stirred at 80C for 24 h. All volatile materials were evaporated
again, and isopropyl nitrite (0.89 g, 10 mmol) in dry THF (5 mL) was

1.19 (m,J = 6.5 Hz, 6H). C-NMR (CDCE): 6 175.56, 159.61,
158.24, 152.73, 151.49. 144.4, 140.47, 135.56, 129.83, 127.93, 127.60,

added to the oily residue. The solution was again stirred at room 126.64, 118.00, 112.93, 86.66, 86.18, 84.18, 72.07, 64.88, 63.96, 61.18,
temperature for 24 h, and solvents were removed. To the flask was 54.95, 52.35, 44.36, 40.65, 40.55, 35.78, 32.58, 19.08. HRFABMS:

added dilute HCI (0.5 M, 2 mL) and stirring continued at°Z5for 30
min. The solution was injected directly into the HPLC. The same

calcd for GgHa4N7Og (M + 1) 726.3257, found 726.3200
5'-0-(Dimethoxytrityl)-N2-isobutyryl-O%-(2-(nitrosaminomethyl)-

phenomenon was found with the peak at 17.5 min, as described in ethyl)-Z-deoxyguanosinel@) (210 mg, 0.3 mmol) was dissolved in

method 1.
Preparation of the N-(2-(Methylnitrosamino)ethyl)guanine (17).
N2-(2-Methylaminoethyl)guanine (16). A 100 mL round-bottom flask

methanol (2 mL) and concentrated ammonium hydroxide (10 mL), and
the solution was transferred into a heavy-walled sealed tube and heated
at 80°C for 10 h. The mixture was cooled to room temperature, and
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all solvents were removeid vacua The solid residue was dissolved  reaction was performed at 3T for 30 min and then terminated by
in acetic acid (5 mL, 80%) and kept at room temperature for 30 min. addition of 1uL of 0.5 M EDTA and heating at 68C for 5 min.
After careful evaporation of the solvents, the residue was dissolved in  Large-Scale Labeling (Experiment A.2). DNA oligonucleotide
methanol (5 mL) and purified by HPLC fraction collection. HPLC  (0.465 mg, about 0.8mol) was added into a 10 mL vial containing 1

program: eluent A= 0.01 M NH,OAc, pH 5.10; B= CH;OH (min, mL of 10x phosphorylation buffer and 4 mL of autoclaved distilled
mL/min, % eluent A) 0, 2.5, 5; 1, 2.5, 5; 30, 2.5, 20; 35, 2.5, 50; 35.1, water, and then 2.6 mg of ATP (3:8nol) was added into the reaction
2.5, 5. The peaks at 21.6 and 24.5 min were collected.n4/244, vial. The diluted T4 PNK (90 units) was added to the reaction vial
284 nm, UVhin 264 nm,*H-NMR (D20): (E, Z) 6 7.92 (s, 1H), 6.19 (T4 PNK was diluted to 3 unitgL with 50 mM Tris-HCI buffer, pH

(t, J=3.5Hz, 1H), 4.75 (t) = 5 Hz, 1.4H), 4.54 (mJ = 5 Hz, 2 H), 8.0, just prior to the reaction). The mixture was incubated in a water

452 (m,J =5 Hz, 1 H), 4.05 (mJ = 5 Hz, 0.4H), 3.94 (s, 1.1H), bath at 37°C for 1 h, and then the reaction was terminated by addition
3.79 (m,J = 4 Hz, 2H), 3.13 (sJ = 1.9 Hz), 2.7+2.39 (m,J = 3.5 of 3uL of 0.5 M EDTA and heating at 65C for 5 min. One aliquot
Hz, 2H) 13C-NMR (D;0): ¢ 160.18, 159.51, 153.20, 139.87, 114.17, of **P-labeled oligonucleotide (about 2Ci) was added into the large-
87.21, 84.23, 71.28, 63.13, 61.73, 53.60, 38.87, 33.15. HRFABMS: scale reaction mixture before purification.

calcd for GaHzoN7Os (M + 1) 354.1522, found 354.1526. Purification of Labeled DNA Oligotetramers (Experiment A.3).

Acidic Hydrolysis of O°-(2-(Methylnitrosamino)ethyl)-2'-deoxy- The labeled DNA oligonucleotide was purified by HPLC with the
guanosine (20) OG_(Z_(Methy|nitrosamino)ethy|).’2de0xyguanosine radiometric detector. The column used was eithﬁBandapak C18
20 (0.34 mg, 1umol) was mixed with HCI (1M, 0.5 mL), and the ~ column or a ODS Zorbax column fitted with a Watef3ondapak C18
mixture was shaken at 7C for 2 h. The solution was directly injected ~ Precolumn. The HPLC solvent A was 50 mM KIPO, buffer (pH
into the HPLC; only peaks for guanine and (2-hydroxyethyl)methyini- 5.2) containing 2 mM TBAP. The solvent B was acetonitrile ¢cH
trosamine {) were found. This is in agreement with the previous CN). The program used oniondapak C18 column was started with
experiment;i.e., even if theOS-(2-(methylnitrosamino)ethyl)guanine  isocratic gradient of 8% B for 8 min followed by linear gradient to
was formed, it rapidly decomposed into guanine andn another set ~ 15% B over 8 min and stayed at isocratic 15% B for 26 min at a flow
of experiments, 0.1 M HCl was utilized at 28 and the time course ~ rate of 2.0 mL/min. With this program, the retention time of ATP
of the transformation was followed by HPLC. While there was an Was 22.5 min and that of téP-labeled tetramer was 33.9 min. The
indication of peaks which may be dueta the presence of unreacted ~ Program used on the ODS Zorbax column was started with linear
20, 1, and guanine did not permit facile separation. gradient of 16-15% B in 5 min and stayed at isocratic 15% B for 20
min, followed by a linear gradient to 40% B in 15 min at a flow rate
2.0 mL/min. In this program, the retention time of ATP was 14.4 min
and that of theé®?P-labeled tetramer was 25.0 min.

The?®P-labeled tetramer peak was collected on the fraction collector
followed by desalting on C18 Sep-Pak (Waters) cartridge. The Sep-
Pak cartridge was prepared by washing sequentially with 75% aceto-
nitrile (10 mL) and water (10 mL). The aqueous solution of the purified
oligonucleotide was administered to the cartridge and washed exten-
sively with water (10 mL). Finally, the oligonucleotide was eluted by
75% acetonitrile (4 mL) and then lyophilized to dryness by a Speedvac.

Reaction of dGMP with 10. 2-Deoxyguanosine monophosphate
(dGMP, 3.24 mg, 9.3gmol) was mixed withl0 (11.2 mg, 43.4umol)
in 100uL of 50 mM K,HPQO,, pH 7.4. The reaction mixture in a 1.5
mL microcentrifuge tube was shakerr # h atroom temperature and
then analyzed by HPLC. The peaks were detected by UV-260 nm and
collected by the fraction collector. Each peak was hydrolyzed under
thermal (65°C) acidic (4% HCI) conditions for 1.5 h. The hydrolysates
were analyzed on HPLC with the UV detection at 254 nm. Two HPLC
columns with different programs, A and B, were used: Program A
(ODS Zorbax column) (min, mL/min, % eluent A) eluentA50 mM

. _ . . Partial Enzymatic Hydrolysis with Snake Venom Phospodi-
KH.PQy, 2 mM TBAP; Eluent B= CHs;CN; 0.0, 1.2, 98.0; 30.0, 1.2, . .
70.0; 40.0, 1.2, 70.0. Program B (Supelcosil semiprep column) (min esterase (SVP).A SVP stock solution (1.52 unitsl) was prepared

mL/min, % eluent A) eluent A= 50 mM HCQNH,, pH 4.2; eluent B Egndtlefii(i)rll\gl;ng r}fﬁ l'i/ln;]téogavgén(tg\?g‘b(:jﬁse?)mmgnfﬁiﬁ%lfbgfsfir
o SrO 00,20 90 156,260,520 151 15 820220, 15 SOl 6, Tn ook soion s ept s C

T Ty e e T o . freezer) and diluted to 0.05 unit/ with SVP buffer prior to use. The
sep_aratlon. In addition ta resultmg from the hydrolysis of0, tYVO 32p_labeled oligotetramer (about 2 pmol, Qi) in 50 uL of SVP
?ﬁg rLa?gg:(aspfﬁtz (l:igp:rri]go:ih?\;\?e ther:;t %t)esseerv\ggé alf](élitlg] and buffer was partially hydrolyz_ed with-12 ul of _dilute SVP solqtion
respectively. Another minor peak at 10.5 min proved to be 7-r’neth- for 0.'5_2 min at OO.C. (occ_aS|onaIIy a longer time of hydrolyss was

lquanine '.I'he ratio OL4E + 147 to 7-m.eth lquanine was 48:1 required for the modified oligonucleotides). The hydrolysis was stopped

yi9 U i yi9 i " by addition of 1uL of 0.5 M EDTA followed by heating for 4 min at

Reaction of cdGMP with 10. 2-Deoxyguanosine 'F'-cyclic 65°C. The hydrolysate was analyzed on HPLC with the radiometric
monophosphate (cdGMP, 3.75 mg, 1@mol) was reacted with 13.7  getector, using eithenBondapak C18 column or the ODS Zorbax
mg of 10 (53.2umol) in 250uL of 50 MM K,HPQ, buffer, pH 7.4 for column. The same solvent program was used as in experiment A.3.
4 h at room temperature. The reaction mixture was filtered through & Reaction of DNA Oligotetramer with 10. 32P-Labeled DNA
3 mm HPLC sintered filter, 0.4am, and the filtrate was applied to oligotetramer ACGT (133 pmol, 3-30 4Ci) in a 1.5 mL microcen-
HPLC with the UV detection at 254 nm. A Supelcosil semiprep column  yifyge tube was mixed with 56200 uL of 3-methyl-1,2,3-oxadiazo-
was used, and the HPLC program was the same as given in thejiniym tosylate10 (maximum amount ofl0, was 2.6 mg) in 50 mM
preceding experiment. The major peaks were collected from multiple k ,HpQ, pH 7.4, for 2-4 h at room temperature. The reaction mixture
HPLC injections by the fraction collector, and each was reanalyzed by a5 directly injected onto the HPLC (the same HPLC columns and
a single injection. Each isolated peak was concentratedcuoand programs were used as in experiment A.3.), and the modified oligotet-
hydrolyzed under thermal (7C) acidic (10% HCI) conditions for 70 yamers were separated. Fraction collection was performed as follows:
min. The hydrolysates were analyzed on HPLC with the UV detection (retention time (min), peak height (in counts)) 1 (11, 6.4); 2 (12.3,
at 254 nm, and each chromatogram was compared with the standardi4.6): 3 (13, 28.6); 4 (15.5, 14.7); 5 (18.7, 105); 6 (25.2, 27.1); 7 (34.6,
compounds. Onlyl4E and 14Z were observed to be produced. 79): 8 (42.7, 6.2). Collection was followed by desalting on a C18
Spiking experiments with authentic 7-methylguanine failed to reveal sep-pak cartridge. The solvent of each fraction was finally removed

its presence in the reaction mixture. by a lyophilizer or a rotary evaporator at6 under vacuum. In order

32P Labeling of DNA Oligonucleotides with [y- 2P]JATP Using to check the purity and stability, one aliquot of each isolated major
T4 PNK. Small-Scale Labeling (Experiment A.1). DNA oligo- adduct was reinjected into the HPLC. Each purified and dried modified
nucleotide (60 pmol) was added into a 1.5 mL microcentrifuge tube fraction was subjected to partial enzymatic hydrolysis, total enzymatic
containing 10uL of 10x phosphorylation buffer, and then/a_ of hydrolysis, or acid-catalyzed hydrolysis (depurination), etc. as described
[y-32P]ATP at 3000 Ci/mmol (20 pmol) was added into the reaction in other experiments.
tube. T4 PNK was diluted to 3 unitdl with 50 mM Tris-HCI buffer, Total Hydrolysis of 5'-32P-Labeled Oligotetramer GTAC. The

pH 8.0, just prior to the reaction. The diluted T4 PNK-B2 units 5'-32p-|labeled oligotetramer GTAC (approximately 10 pmol on a small
(2—4 uL) was added to the reaction tube, and autoclaved distilled water scale and 18300 nmol on a large scale, 330 «Ci) was reacted with
was added so that the final reaction volume was 00 The labeling 10(2.6 mg, 10umol in a small scale and 15 mg, &nol) in 50—200
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uL of 50 mM K;HPO,, pH 7.4, at room temperature for 4 h. The Reaction of Double-Stranded Calf Thymus DNA with 10.
reaction mixture was directly analyzed by HPLC using the radiometric Double-stranded calf thymus DNA (2.5 mg) was mixed with 20 mg of
detector. The ODS Zorbax column was used, and the reaction products10in 0.5 mL of 50 mM KHPO, buffer, pH 7.4 at 37C for 4 h. The
were eluted at a flow rate of 1.2 mL/min by 15% GEN—85% 50 DNA was precipitated by addition of 1/10 volumé®M NaOAc and

mM KH2PO, containing 2 mM TBAP, pH 5.2, for 15 min followed by 2 volumes of absolute ethyl alcohol at the end of the reaction. The
linear gradient to 32% C¥CN in 15 min, after which the gradientwas  mixture was cooled at78 °C for 3 h and then centrifuged for 10 min
kept at isocratic 32% CHCN for another 10 min. Each of the modified  at 4°C. The supernatant was removed, and this process was repeated
oligonucleotides was collected from HPLC by the fraction collector one more time in order to get rid of all0 and its decomposition
and was desalted and driéd vacua The isolated, modified oligo- products (the nitrosamines). The DNA residue was dissolved in 200
nucleotide was completely digested té Bhonophosphate 2-deoxy-  uL of water, 100uL of which was heated at 98C for 35 min. The
nucleotides with 24 units of SVP in SVP buffer at room temperature remaining DNA solution was mixed witl M HCI and heated at 70

for 6 h. Of the four >monophosphate 2-deoxynucleotides, only dGMP  °C for 45 min. The hydrolysates were then subjected to HPLC on a
and the modified dGMP haéfP radioactivity. The hydrolysate of LC-18-DB semiprep column and monitored with a UV detector at 254
32p-labeled oligotetramer was then analyzed on HPLC with the nM. The HPLC program is as follows: eluentA50 mM KH,PQy,
radiometric detector. The same column and solvents were used as2 mM TBAP; eluent B= CHsCN (min, mL/min, % eluent A) 0.0, 1.6,
above, but a different HPLC program was employed using a linear 98.0; 15.0, 2.0, 92.0; 15.1, 1.5, 92.0; 22.0, 1.5, 85.0; 35.0, 1.5, 85.0;

gradient of 2230% CHCN/50 mM KH,PQO, containing 2 mM TBAP, ,38.0, 2.0, 70.0. Under these conditions the retention times (min) of

pH 5.2 for 30 min at a flow rate 1.2 mL/min. The retention time of the standards were guanine, 12.5; adenine, 20; 7-methylguanine, 21;

dGMP was 11.74 min. 14E, 27; and14Z, 30. Each of these compounds was identified in the
Reactions of Ethylene Oxide with32P-Labeled Oligotetramer hydrolysate mixture, while only guanine and adenine were observed

GTAC or dGMP. Liquid ethylene oxide was prepared by trapping in that of the control (DNA withoul0). The ratio of 7-methylguanine
gaseous ethylene oxide from a lecture bottle, by passing it through to 14 was 1:6.8.

polyethylene tubing into an ice cold test tube which was fitted with a
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