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Abstract: Alkylating agents that react through highly electrophilic quinone methide intermediates often express
a specificity for the weakly nucleophilic exocyclic amines of deoxyguanosine (8Ganl deoxyadenosine

(dA N®) in DNA. Investigations now indicate that the most nucleophilic site of dA (N1) preferentially, but
reversibly, conjugates to a modettho-quinone methide. Ultimately, the thermodynamically stable dA N
isomer accumulates by trapping the quinone methide that is transiently regenerated from collapse of the dA
N1 adduct. Alternative conversions of the dA N1 to the dAd¥érivative by a Dimroth rearrangement or other
intramolecular processes are not competitive under neutral conditions, as demonstrated by studigSNith [6-

dA. Both a model quinone methide precursor and its dA N1 adduct yield a similar profile of deoxynucleoside
products when treated with an equimolar mixture of dC, dA, dG, and T. Consequently, the most readily observed
products of DNA modification resulting from reversible reactions may reflect thermodynamic rather than kinetic
selectivity.

Introduction Most every heteroatom of DNA exhibits at least some
Describing the exact structure of a DNA adduct formed by nucleo_philic chargcter, and each may be variably tz_argeted for
alkylation frequently serves as the initial step toward evaluating &/kylation depending on the nature of the electrophile and the
its potential therapeutic or deleterious properties. This approach&action conditions. Our current understanding of this process
is typically applied to each alkylating agent, because our ability defives from extensive empiriééland theoreticaf® investiga-
to predict reaction efficiency and specificity remains inadequate. tions. In generql, transltlon-state characteristics are egtrapolated
Competition between various nucleophiles of DNA and the back from profiles of |sola_ted product_s. Th_e gene_ral _|nf|gence
surrounding medium is essentially controlled by the basic of hard and soft electrophiles as mamfe;t in th(_a dlstrlbutlon_of
principles of accessibility, electrostatics, proximity, and intrinsic ©O- to N-alkylated products has been evident since the earliest
reactivity. The first two of these are dictated by the helical Work on simple alkylating agents based on dialkyl sulfates,
arrangement of residues within duplex DNA. Proximity in turn Nitrosoureas, and diazoniurhdany additional parameters have
is most often guided by noncovalent preassociation resulting become equally apparent from study of other electrophiles that
from selective recognition of a nucleotide sequence or structure. Predominantly target the weak nucleophiles of DNA. Even very
Such interactions are also not easily anticipated for new classessubtle changes in reactant structure can profoundly influence
of compounds, although abundant information on a few systemsthe distribution of alkylation products, as illustrated by extensive
has led to the creation of a wide variety of reagents for site Studies on benzyl halides and styrene oxides. Modification at
specific alkylation and cross-linkingData on intrinsic reactiv-  the highly nucleophilic N7 of guanine typically prevails under
ity, the final and perhaps most fundamental principle, often conditions favoring direct displacement, whereas modification
appear least transferable between various reactants becausat the weakly nucleophilic Nof guanine typically prevails under
chemical mechanisms affecting product formation remain conditions favoring more ionic transition stafesThe N of
obscure. Detection and characterization of a kinetic product of guanine is also the predominant site of modification for
deoxyadenosine (dA) alkylation now helps to reconcile the metabolites of environmental toxins such as bealpyfrene?
apparent contradiction between the strength of nucleophiles inmitomycin C? and certain pyrrole derivatives.
DNA and their propensity for addition to a model quinone

methide. (2) (a) Singer, B.; Grunberger, D. IMolecular Biology of Mutagens
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The target selectivity of quinone methides and related

intermediates may seem a bit anomalous because these highly

reactive electrophiles generally yield products of alkylation at
the exoamino groups of guanine @Nand adenine (N rather

than at the more nucleophilic sites such as guanine N7 and

adenine N2%17 These results are even more surprising, since
a strong dependence on nucleophilicity is evident for their
reaction with amino acid$:1°Various explanations have been

presented to rationalize the selectivity observed with DNA, but

none have been especially satisfying. In particular, most

extrapolations attempt to draw conclusions from product profiles

that assume a series of irreversible processes, and yet, quinone

methide addition has the potential to be reversibig-21 In
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Table 1. 'H and*C NMR Data (DMF4;) of dA and the dA N1
Adduct

OH NH
15 10011 CHK1 6l 5 N\7
14 12 2k\ | N>8
13 4 N9
3 dRib
dA N1 adduct dA
position  dn(ppm)  dc(ppm)  Su(ppm)  dc (ppm)
2 8.73 148.5 8.40 153.1
4 143.4 149.8
122.9 120.6
6 155.7 157.3
8 8.33 139.7 8.19 140.5
CH, 5.26 48.2
10 158.3
11 124.2
12 7.63 131.9
13 6.81 119.8
14 7.20 130.9
15 6.82 119.2

such cases, the relative stability of competing derivatives rather

than the relative energy of their transition states may determine

the final distribution of products. The origins of reaction
selectivity may concurrently be obscured by intramolecular
rearrangement of certain initial products, as illustrated by the
ability of N1-alkyl dA to undergo a Dimroth rearrangement to
form its more stable Nalkyl analogu€:22-28 Accordingly, we

have utilized our well described quinone methide model system

(Scheme 1%#1729to determine the basis for the selectivity
expressed by dA. The thermodynamic stability of the individual

control the profile of detectable products. This same principle
likely dominates the profiles of deoxyguanosine (dG) and
deoxycytosine (dC) adducts as well and should provide an
important perspective for modification of nucleic acids in

general.

Results

Quinone Methide Alkylation at the N1 Position of dA.
Initial application of our quinone methide precursor (QMP)

adducts rather than the kinetics of their formation appears to demonstrated that stable adducts of dC and dG were efficiently

(8) (a) Thakker, D. R.; Yagi, H.; Levin, W.; Wood, A. W.; Conney, A.
H.; Jerina, D. M. InBioactivation of Foreign Compound#nders, M. W.,
Ed.; Academic Press: New York, 1985; pp 7242. (b) Cheh, A. M.;
Chadha, A.; Sayer, J. M.; Yeh, H. J. C.; Yagi, H.; Pannell, L. K.; Jerina,
D. M. J. Org. Chem1993 58, 4013-4022.

(9) Tomasz, M.; Lipman, R.; McGuinnes, B. F.; Nakanishi, X.Am.
Chem. Soc1988 110, 5892-5896.

(10) Woo, J.; Sigurdsson, S. T.; Hopkins, PJBAmM. Chem. So4993
115 3407-3415.

(11) Egholm, M.; Koch, TJ. Am. Chem. S0d.989 111, 8291-8293.

(12) Lewis, M. A.; Yoerg, D. G.; Bolton, J. L.; Thompson, J. @Bhem.
Res. Toxicol1996 9, 1368-1374.

(13) Marques, M. M.; Beland, F. ACarcinogenesis997 18, 1949~
1954.

(14) Angle, S. R.; Rainer, J. D.; Woytowicz, @. Org. Chem1997,
62, 5884-5892.

(15) Palom, Y.; Lipman, R.; Musser, S. M.; Tomasz, @hem. Res.
Toxicol. 1998 11, 203-210.

(16) Pande, P.; Shearer, J.; Yang, J.; Greenberg, W. A.; Rokita,B. E.
Am. Chem. Sod 999 121, 6773-6779.

(17) Veldhuyzen, W.; Lam, Y.-f.; Rokita, S. Ehem. Res. Toxicd001,
14, 1345-1351.

(18) Bolton, J. L.; Turnipseed, S. B.; Thompson, J. @hem.-Biol.
Interact. 1997, 107, 185-200.

(19) Modica, E.; Zanaletti, R.; Freccero, M.; Mella, NL. Org. Chem.
2001 66, 41-52.

(20) Zhou, Q.; Turnbull, K. DJ. Org. Chem200Q 65, 2022-2029.

(21) Fan, P. W.; Zhang, F.; Bolton, J. Chem. Res. Toxico200Q 13,
45-52.

(22) Brookes, P.; Lawley, P. Dl. Chem. Socl96Q 539-545.

(23) Engel, J. DBiochem. Biophys. Res. Comm@875 64, 581-586.

(24) Qian, C.; Dipple, AChem. Res. Toxicol995 8, 389-395.

(25) Selzer, R. R.; Elfarra, A. AChem. Res. Toxicoll996 9, 875—
881.

(26) Fujii, T.; Saito, T.; Terahara, NHeterocycles 998 48, 359-390.

(27) Pagano, A. R.; Zhao, H.; Shallop, A.; Jones, RJAOrg. Chem.
1998 63, 3213-3217.

(28) Kim, H.-Y. H.; Finneman, J. |.; Harris, C. M.; Harris, T. @hem.
Res. Toxicol200Q 13, 625-637.

(29) Rokita, S. E.; Yang, J.; Pande, P.; Greenberg, W.. Qrg. Chem.
1997 62, 3010-3012.

generated under ambient conditidf&’-2%A highly labile adduct

of dA was also formed under these conditions, but its analysis
was temporarily supplanted by discovery of an isomeric and
stable N adduct. This alternative species formed at higher
temperatures (50C) and became a focus of interest after it
was also isolated from reaction with duplex DN@n contrast,

the labile deoxynucleoside adduct rapidly reverted to dA in
methanol after silica gel chromatography and would not be
stable enough to persist through the procedures for DNA
analysis. Alternative methods of isolating and storing this
derivative have since been pursued because of suspicion that it
might be the N-1 adduct of dA. Reverse phase (C-18) chroma-
tography using a gradient of acetonitrile in aqueous triethylam-
monium acetate (pH 4) was found to be most convenient and
provided the labile product in a 75% yield based on the parent
dA. Furthermore, this material was sufficiently stable in DMF
(ta2 ~ 96 h) rather than CEOH (t12 ~ 6 h) to allow for its
characterization and storage.

NMR analysis of the labile product was performed in analogy
to that used earlier to identify the dASMdduct!® First, the'H
resonances were assigned by their chemical shifts and multi-
plicities, and thé=C resonances were subsequently determined
by their diagnostic connectivity to geminal and proximal protons
as detected by HMQC (heteronuclear multiple-quantum coher-
encej® and HMBC (heteronuclear multiple-bond correlatiéh),
respectively (Table 1). All of thé3C chemical shifts of the
product’s purine ring other than C8 are significantly perturbed
(=1.6 ppm) relative to their corresponding signals in dA. This
would be expected for modification of dA at N1 and is distinct

(30) Bax, A.; Subramanian, S. J. Magn. Reson1986 67, 565-569.
(31) Bax, A.; Summers, M. FJ. Am. Chem. Sod 986 108 2093~
2096.
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Figure 1. HMBC of the dA N1 adductl in DMF-d;.

from linkage at N for which only the C6 signal is shifted by
more than 1 ppm®32 The absorbance maximum of the new
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Figure 2. Selected region of th%H NMR spectra of (A) the N1 adduct

derivative (260 nm, pH 4) is also consistent with an N1 adduct, of unlabeled dA and (B) the N1 adduct of {&N]-dA.

because modification at N7 or®Nvould result in a 714 nm
bathochromic shift relative to that of di.

Scheme 2

While 13C chemical shifts and UV absorbance data are
suggestive of modification at dA N1, unambiguous assignment
of the structure was established by HMBC long-range correla-
tions between the benzylic protons and the purine carbons
(Figure 1). Connectivities were observed between these protons
and both C2 and C6 of dA. The additional connectivities
associated with the phenolic carbons C10, C11, and C12 are
intrinsic to QMP and independent of adduct structure. All data
ascribed to the purine are uniquely satisfied by the anticipated
properties of an N1 adduct. None of the competing nucleophiles
of dA, N3, N7, or N would exhibit dual correlation to the C2
and C6 positions.

The proficiency of forming the N1 adduct of dA under mild
conditions broadened the possible origins of the adduct
isolated from reaction with DNA. Perhaps these derivatives
formed independently and competitively, or perhaps these
adducts were related through an isomerization mechanism. The
latter process was at first considered probable because of
extensive precedence for a Dimroth rearrangement that converts
N1 alkylated derivatives to theirNsomers (Scheme 2)3?-28
To explore this and alternative mechanisms, the N1 adduct of

o 15NH,
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dA was resynthesized using QMP and!'fBl]-dA. As expected,

the H NMR of the 1N-product showed the presence of a the formation of two solution conformers that may be analogous

doublet § = 66 Hz) for theexoimino proton (7.35 ppm) (Figure

to those detected previously for the relatel adduct!® The

2). This assignment was verified by the corresponding doublet [*°N]-labeled material generated here was particularly helpful

(164.8 ppm) with the same coupling constant observetPidy
NMR. Both chemical shifts and tHg (N, H) coupling constant
are consistent with a terminal%pybridized'®>N resonance with
a single attached protd:3>The unusual peak shape of the
resonance, evident for both th#\ and®N derivatives, suggests

(32) Box, H. C.; Lilga, K. T.; French, J. B.; Potienko, G.; Alderfer, J. L.
J. Carbohydr., Nucleosides, NucleotidE381, 8, 189-195.

(33) Singer, B.; Sun, L.; Fraenkel-Conrat, Biochemistry1974 13,
1913-1920.

(34) (a) Creary, X.; Sky, A. F.; Phillips, G.; Alonso, D. E.Am. Chem.
S0c.1993 115 7584-7592. (b) Blazer, R. M.; Whaley, T. W. Am. Chem.
Soc.198Q 102 5082-5085.

(35) Dudek, G.; Dudek, E. Rl. Chem. Soc. B971 1356-1360.

in characterizing the pH-dependent consumption of the dA N1
adduct and distinguishing intra- and intermolecular transfer by
isotope dilution experiments described in a later section.
Direct Alkylation versus Dimroth Rearrangement in
Formation of the dA N6 Adduct. [6-!°N]-dA was at first
submitted to conditions similar to those used previously to
generate the Nadduct with QMP (aq DMF, 50C, 14 h)6
Direct alkylation would link the exocyclie°®N with the benzylic
position of the transient electrophile, whereas a Dimroth
rearrangement would plaéeN in the N1 position of the purine
ring and a benzylic substitutetN in the exocylic position
(Scheme 2). NMR analysis of the resulting product indicated
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H Despite the lack of Dimroth rearrangement observed during
s 10% T~ N/H synthesis of the Ristandard above, conversion of the N1 t& N
adduct at high pH was reminiscent of the known promotion of
1 12 25 N this rearrangement under alkaline conditiéh&ccordingly, the
1 'k\ | \>8 N1 adduct of [6**N]-dA described earlier was isomerized to
2 34 ’]‘9 its N® derivative at pH 13, isolated by HPLC and characterized
dRib by NMR. In this case, the proton signal split BN cor-
H|8 ) Hlo responded to the purine H2 (8.29 ppm), and its coupling con-
NH Hi4 stant (16 Hz) typified a two bondH—'°N coupling (Figure
| | 3C)27:2837Again, these assignments were supported by comple-
A | mentary’®N NMR analysis revealing a doublet £ 16 Hz) at
229 ppm. This!™N chemical shift is typical of a nonterminal
\ sp? hybridized®N such as the N1 position of d&:3” These
} results are most easily explained by formation of tfeabiduct
15NH of [1-15N]-dA through a Dimroth rearrangement. Consequently,
) alkylation of dA by the model quinone methide generates the
B ' N1 adduct as its kinetic product which then undergoes a Dimroth
rearrangement under alkaline conditions. The absence of this
rearrangement under neutral conditions suggested that an
alternative intra- or intermolecular transfer of the quinone

UNH methide equivalent is likely responsible for generating the
o thermodynamically favored Nderivative identified previously
C Ill from reaction of DNA®
Intra- versus Intermolecular Isomerization of the N1
/ Adduct of [6-1°N]-dA. Isotope dilution experiments using the

: ; , N1 adduct of [6!°N]-dA in the presence of excess unlabeled
8.50 8.00 7.50 7.00 dA provided a convenient method for detecting additional
Figure 3. Selected region of thiH NMR spectra of (A) the Rladduct mechanisms by which the N1 adduct might still contribute to
of unlabeled dA, (B) the Radduct of [6!*N]-dA, and (C) the N adduct the formation of its N derivative even at a pH below13
of [1-*N]-dA. (Scheme 4). The associative nature of an intramolecular
. ) isomerization would dictate complete retention'@fl in the
that reaction occurred directly at the exocyclN, and no  fina| alkylation product, while dissociative and intermolecular
evidence for rearrangement was detected. The proton signalyrocesses would allow for loss of this label. One equivalent of
associated with the exocyclic amine (_8._25 ppm) was spl|_t iNto the N1 adduct of [65N]-dA was consequently submitted along
a doublet by the presence SN and exhibited a large coupling ith 10 equivalents of unlabeled dA to the conditions used
constant (94 Hz) (Figure 3A,B). This value is characteristic of initially for generating the synthetic standard of thé adiduct
one bond coupling¢ 90 Hz) and much larger than that expected (50% ag DMF,~ 1 M KF, 50°C, 14 h). Although potassium
for a two bond coupling indicative of a possible Dimroth product fjyoride was not necessary to initiate the reaction, it was added
(~20 Hz)#328.35 1N NMR also confirmed the large coupling  t5 maintain reaction conditions consistent with those needed
constant of thé®N signal. In addition, its chemical shift (89.6 o, inducing the original conversion of QMP. The® lddduct
ppm) is consistent with a [&N]-alkylamine derivative of dA? did indeed form during this incubation and was isolated by
and expected for direct alkylation of the exocycli€ pbsition. HPLC in a 50% vyield based on the initial N1 adduct. Mass
At least under the conditions used to prepare the nucleosidespectra| analysis of this product (FAB) detected only:- 9%
standards of DNA alkylation, the N1 andf ldducts of dA are of the originallsN label (>99%) that was present in the parent
not related through a Dimroth rearrangement. N1 adduct.
pH Dependent Decomposition of the dA N1 AdductThe
fate of the N1 adduct was next examined because it appearede
to form most readily under mild conditions but neither persisted
nor converted directly to its more stablé 8erivative. Solutions
of the N1 adduct (7 mM) were incubated at 32 in 30% aq
DMF, pH 4.0, 7.5, 10.0, and 13.0, and monitored over time
using reverse-phase C-18 HPLC. Only a minor fraction of this
N1 alkylated derivative  5%) hydrolyzed under the acidic
conditions over 10 h, and all loss generated an equivalent
quantity of dA. In contrast, the N1 derivative was much less
stable under mild alkaline conditions. Approximately 95% of
this derivative hydrolyzed to dA withi4 h (pH 7.5 and 10.0).
Interestingly, an additional 2% appeared instead to form the
N6 adduct. Isomerization to the ®Nadduct dominated rapid
consumption of the initial N1 adduct at pH 13. Within 2 h, 95%
of this N1 adduct was converted to its® Nsomer, and no
competing hydrolysis to form dA was evident.

H2 DMF

This result suggests that a statistical equilibration was
stablished between the labeled and unlabeled dA which in turn
supports a fully dissociative regeneration of the reactive quinone
methide intermediate. Thus, the N1 adduct of dA serves as a
source for this electrophilic intermediate in a manner similar to
that previously illustrated for the desilylated QM¥L7:29 In
addition, nucleophilic reaction of dA Ns highly competitive
with that of water in order to maintain a 50% vyield of it$ N
adduct in the presence of40 mol excess of water. Such a
slow addition of water to anrtho-quinone methide has recently
been established through comparative studies with O-, N-, and
S-nucleophiled? Finally, the>N/*“N ratio observed here would
also be consistent with an associativ@ $lisplacement of the
dA N1 moiety by the N position of a competing dA. However,
the lack of detectable benzylic displacement from @silyl
protected QMP and it®-methyl derivative would discount this
alternative'9.16.38

(36) Henderson, A. P.; Riseborough, J.; Bleasdale, C.; Clegg, W.;
Elsegood, M. R. J.; Golding, B. T. Chem. Soc., Perkin Trans.1D97, (37) Gao, X.; Jones, R. Al. Am. Chem. S0d.987, 109 1275-1278.
22, 34073414. (38) Zeng, Q.; Rokita, S. El. Org. Chem1996 61, 9080-9081.
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C daT dA AN experiments® Little of the remaining quinone methide equiva-
0.8 1 Adduct (A) lent was isolated as its hydrolysis product. Instead, it may have
0.6 - | 0.0 h formed insoluble dimers, trimers, and higher molecular weight
) species as previously described for related strucfrés.

internal
standard

A260 0.4 -

0.2 - Discussion

—A

Investigations based on an inducible system for generating a
nucleosides ' transientortho-quinone methide (QMP) were originally used
04 | ° N I ntema (B) to differentiate the reactivity expressed by individual deoxy-

standard 12 h nucleosides and that expressed collectively by duplex DNA.
0.3 1 dC N3 The type of products identified by these studies, and particularly
Asso 0.2 | adduct those formed by alkylation of the exocyclic amines of dG)(N
dA NI dG N* dAN® and dA (N¥), were emblematic of DNA modification induced
adduct adduct adduct . . N . . . .
0.1 4 | I by a wide variety of quinone methide-like intermedigt&'st?14.15

-, However, the origins of the dA adduct were sufficiently

— T T . ambiguous to prompt additional analysis in hopes of gaining
10 20 30 40 50 valuable insights into the apparent specificity of quinone
Time (min) methides for weak rather than strong nucleophiles. These efforts
began with the successful isolation and characterization of an
unstable product of dA alkylation that had been observed only
100 7 transiently while first preparing a synthetic standard of the dA
(C) N® adductt® This species has now been identified as the isomeric
80 7 N1 adduct of dA through a variety of NMR experiments and
most notably from théH—13C correlations observed by HMBC
60 1 (Figure 1). This observation consequently demonstrates that
strong nucleophiles of DNA are capable of reacting with the
40 7 transient ortho-quinone methide model, even though their
" products may not be generally isolable after long incubations.

Potential conversion of the N1 adduct to it§ Nerivative
was made possible through a Dimroth rearrangement, although
0 M N the efficiency of this process is highly dependent on reaction
0 4 8 12 conditions and adduct structure (Schem@&®ZJhis rearrange-
Time (h) ment also often requires alkaline conditions. Still, N1 adducts
Figure 4. Quinone methide transfer from a transient nucleoside adduct. formed by 2-bromoethanti and butadiene monoxideboth
The dA N1 adduct was incubated at 3C with excess dC, dG, dA  rearrange to their Nderivatives under neutral conditions. Such
and T in the presence of an internal standard (phenol). Products wereconditions also generate dA®Nadducts of styrene oxide
separated and quantified by reverse-phase (C-18) chromatography asesulting from rearrangement of transient N1 analogues as well
illustrated after (A 0 h and (B) 12 h. Consumption of the dA N1 adduct  as from direct reaction with §#42843|n contrast, the Rladduct
(O) and formation of the dC N3x), dG N (2), and dA Nf (O) adducts of dA formed with QMP in aqueous DMF did not originate
were monitored over time and fit by n_onl?near regression to first-order from sequential N1 alkylation and intramolecular rearrangement.
processes as represented by the solid lines. Retention of art®N label in the N position of the dA adduct
) ) indicated direct reaction between the quinone methide and this
Quinone Methide Transfer from the N1 Adduct of dA to weakly nucleophilic site of dA (Scheme 3, Figure 3B). A
Other Deoxynucleosides of DNAA logical extension of the  pimroth rearrangement was only observed after the N1 adduct
intermolecular isomerization observed above would predict \ya5 incubated at pH 13 (Figure 3C). At lower pH (7.5 and 10),
equivalent transfer of the quinone methide moiety from the N1 the N1 adduct merely hydrolyzed to reform dA in the absence
position of dA to all other nucleophilic sites on DNA that are  of excess deoxynucleosides or other nucleophilic compounds.
already known to form adducts with this intermeditté’Such  Thjs result was the first to suggest that addition to the quinone
a transfer would begin to illustrate the diversity of pathways methide was reversible. In this case, the dA N1 moiety would
available for reagents or drugs that may act reversibly to modify then act both as a strong nucleophile for coupling to the quinone
DNA. The relative reactivity of each nucleoside had previously methide and as a good leaving group for regenerating this same
been examined by competition experiments in the presence ofintermediate. Hence, an equilibrium may be established rapidly
QMP, and these determinations were now repeated in thepetween the quinone methide and its kinetic product, the N1
alternative presence of the dA N1 adduct. HPLC analysis (Figure adduct of dA. Ultimately, this process would dissipate as the

4) indicated that more than 95% of this initial N1 adduct was quinone methide was slowly consumed by irreversible formation
consumed within 12 h (30% aq acetonitrile, pH 7,°&), and
three stable deoxynucleoside adducts were generated concur- (39) (a) Cavitt, S. B.; Sarrafizadeh, H.; Gardner, P.JDOrg. Chem.
rently in a combined yield of 30%. These products, the N %9?2h27d 121&—&%&)(& alggiez,sgé P.; Keller, J. W.; Reichardt, P. B.

H : : : : : etraheadron Le , — .
derivative of dA, the R derivative of dQ, and the N3 derlvatlve_ (40) Pereira, T. N.. Webb, R. 1. Reilly, P. E. B.. Seawright, A. A
of dC, correspond to the same major adducts formed with prakash, A. SNucleic Acids Res1998 26, 5441-5447.
QMP 1617 Their relative abundance (1.3:1.0:19, respectively)  (41) Fujii, T.; Saito, T.; Terahara, NCchem. Pharm. Bull1986 34,

o ; iy 1094-1107.
once again illustrates the exceptional reactivity of dC that had (42) Selzer, R. R.: Elfarra, A. ACarcinogenesid999 20, 285-292.

been suggeste.d by earlier studies with QMRS expected, no (43) Barlow, T.; Takeshita, J.; Dipple, &hem. Res. Toxical998 11,
product associated with T was detected in these or relateds3s—84s.

% Adduct
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Scheme 3 this product profile, if the reversibility of reaction is considered.
15NH, Alkylation at dG N7 and dA N1 would likely form most readily
j\ ; Y because of the strong nucleophilicity of these sites. However,
/ N . . . .
Slo N rS subsequent elimination of these nucleosides from the_lr adducts
N7 TN would proceed equally well because of the high acidity of dG
Br dRib N7 and dA N1 (K, of 2.5 and 3.8, respectivel§j. The N3
KF. 500C position of dC is less nucleophilic and acidickgpof 4.3)45
QmP 50% aq. DMF Accordingly, dC may then trap the quinone methide less
efficiently yet still dominate the profile by forming a persistent
OH OH adduct. Adducts of the exocyclic amines of dG?(Nind dA
(N®) are also stable and accumulate more slowly as expected
@ANH d15NH from their even weaker nucleophilicity and acidity. These latter
1587 NN N products ultimately prevail over the dC adduct for reaction of
N | N> or & | N> duplex DNA on account of the added steric and electrostatic
N Nrib N N i properties of its helical structufg?®
rearrangement direct alkylation The nucleoside model system used in this investigation also
(not observed) (observed) demonstrates the general potential for purine adducts to act as
effective sources and carriers of quinone methide equivalents
Scheme 4 (Figure 4). Although the role of the N1 position of dA is quite
evident from reaction at the nucleoside level, equivalent activity
/ in duplex DNA is likely to be severely inhibited by the
0 constraints of base pairing. However, complete shielding of this
Br OH position is not expected because at least a limited reactivity of
©/\OH
H,0

comparable positions, dG N1 and dC N3, can be observed
through formation of their stable quinone methide adducts in
KF l DNA. 1617 Furthermore, dG N7 remains quite accessible within
the major groove of duplex DNA and may represent the most
o OH 15NH significant target and carrier of the quinone methide. Transient
. dA N N formation of dG N7 adducts has previously been detected from

| reaction of dG with two relategara-quinone methide deriva-
N

N '}(‘m_b tives, and in one example, alternative N1 artdadducts were
I

generated as the N7 adduct decompd3dabw levels of the

intermol. intramol. Dimroth dG N7 adduct have also been detected in a competitive assay
transfer transfer rearrangement with QMP and the four deoxynucleotides, dG, dC, dA, arid T.
pH 2=13 Again, trace quantities of this species should not imply a low
oH oH reactivity of dG N7 but rather a high lability of its corresponding
1SNH NH adduct. Two paths of decomposition are available to this species.
NP SN N One regenerates the unmodified DNA and releases the quinone
l D l | methide for further alkylation, and the other forms an abasic
N 'I;Rib N ".:mib site and releases the stable N7 adduct of guanine. This latter

derivative has also been isolated from reaction of DNA with
ortho- and para-quinone methide&17

of thermodynamic products such as hydroxymethylphenol, the — Ayention to kinetic and thermodynamic selectivity will no

6 T
N®>adduct of dA, and other stable derivatives of QMP (Scheme doubt enhance our ability to predict modification of DNA by

4. o ) ) ] many reactive intermediates. The importance of this principle
The general selectivity for reactions of DNA with the quinone s pecoming increasingly evident, as illustrated in recent studies
methide and related intermediates may also reflect the thermo-on mitomycin C, ecteinascidin 743, and pyrrolizidine derivatives
dynamic stability rather than kinetic efficiency of product that identified a diversity of initial products not previously
formation. In this case, the principles of hard and soft nucleo- anticipated'®46 Such considerations should not be limited to
philes and electrophiles are not appropriate for rationalizing the gikylation, because, for example, carcinogenic arylamines can
commonly observed dominance of dG ahd dA N modifica-  form dG N7 adducts that isomerize to their more stable
tjon in du.pllex DNA. Initial addition to quinone me’ghides most  derjvatives linked through dG CB.Finally, the ability of a
likely exhibits a strong dependence on nucleophili€ignd may  transient intermediate to form metastable products essentially
mimic the hierarchy of dimethyl sulfate-dependent alkylation extends its effective lifetime and creates a reservoir of reactive
via Sy2 substitution (dG N7> dA N1 > dC N3)? Such a  equivalents. Reversible addition of certain amino acids and
product profile would typically be obscured by decomposition
of the unstable adducts that would serve to release the mostRe(S44T)é§i)£gg%ra % lé;%%ve(?)t)r%iCHH;E:I:’zejBP,?-A:T—]hOéT]%Sr;])nég%.geQT.
potent nucleophiles and reform the quinone methide intermediate113 4588-4595. (c) Zhou, Q.; Turnbull, K. DJ. Org. Chem1999 64,
as illustrated with dA (Scheme 4). 2847-2851.

.. . . e e (45) Dawson, R. M. C.; Elliott, D. C.; Elliott, W. H.; Jones, K. Data
The surprisingly high selectivity for modification of dC N3 for Biochemical Researc!8rd ed.; Oxford University Press: New York,

originally observed at the nucleoside level with QMP was 1986; Chapter 5, pp 163L14.
initially ascribed to a specific proton transfer from dC to the  (46) () Zewail-Foote, M.; Hurley, L HJ. Am. Chem. So@001, 123

quinone methid® on the basis of its known sensitivity to gggg—mgs. (b) Ouyang, A.; Skibo, E. Biochemistry200Q 39, 5817
protonation'44 However, the balance of nucleophilicity and (47) Guengerich, F. P.; Mundkowski, R. G.; Voehler, M.; Kadlubar, F.

acidity for each site undergoing modification might also explain F. Chem. Res. Toxicol999 12, 906-916.
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nucleosides to quinone methides may thus provide a method of(td, 1H,J = 7.5, 1.7), 7.35 (d'*NH, J = 66), 7.64 (dd, 1H) = 7.5,
dispersing an otherwise short-lived reactant throughout a 1.7), 8.32 (s, 1H), 8.72 (s, 1H)N NMR ¢ 164.8 (d,"*NH, J = 66).
biological systent? Recent investigations have confirmed this HRMS (FAB, glycerol) nVz 359.1495 (M + H 7); calcd for

possibility elegantly by demonstrating that purine, pyrimidine,

and amino acid adducts of malondialdehyde are more potent(F

sources of malondialdehyde in vitro and in vivo than malon-
dialdehyde itself8

Experimental Section

General Materials and Methods. Chemicals and solvents were
purchased from Fisher, Aldrich, and Sigma and used without further
purification unless otherwise specified. Deuterated solvents for NMR

spectroscopy were purchased from Cambridge Isotope Laboratories.

All aqueous solutions were made with water purified by standard
filtration to yield a resistivity of 18.0 M. 'H, 13C, and >N NMR
spectra (DMFd;) were recorded on an AMX 500 spectrometé,(
500.13 MHz;13C, 125.77 MHZz;**N, 50.70 MHz). Chemical shiftsj{

are reported in parts per million (ppm) relative to the standard values

for DMF (*H, 3C) or to liquid NH; (**N, 0 ppm) by an external standard
of 1NH4*NO;.4° Coupling constantsJf are reported in hertz (Hz).
Low resolution (LRMS) and high resolution (HRMS) mass spectra were

determined on a VG7070E instrument using fast atom bombardment.

Isotopic ratios ¥N/**N) were determined using the mean of five
measurements for each sample and coffrblV absorption spectra
were obtained on a Hewlett-Packard 8453-tls spectrophotometer.

Reverse phase C-18 chromatography was performed on analytica

(Varian Microsorb-MV C-18, 300 A particle size, 250 man4.6 mm)
and semipreparative (Alltech Econosphere C-18ufDparticle size,
250 mmx 10 mm) columns using a Jasco PU-980 HPLC equipped
with a Jasco MD-1510 U¥vis multiwavelength scanning detector. A
solvent gradient of 3% acetonitrile in 49 mM triethylammmonium
acetate, pH 4.0, to 25% acetonitrile in 38 mM triethylammonium
acetate, pH 4, over 66 min (1 mL/min) was used for product analysis,
and a solvent gradient of 5% acetonitrile in 48 mM triethylammmonium
acetate, pH 4.0, to 30% acetonitrile in 35 mM triethylammonium
acetate, pH 4, over 30 min (5 mL/min) was used for product isolation.

N1 Adduct of dA. 2'-Deoxyadenosine (6 mg, 20mol) andO-(tert-
butyldimethylsilyl)-2-(bromomethyl)phenol (QMP, 11 mg, @ihol)*®
were dissolved in DMF (5@L) and combined with an aqueous solution
of KF (2.64 M, 50uL). The reaction was stirred at 2& for 30 min
and then directly subjected to preparative purification by HPLC to yield
the desired adduct (6 mg, 75% vyieldH NMR ¢ 2.41 (m, 1H), 2.90
(m, 1H), 3.66 (m, 1H), 3.72 (m, 1H), 3.99 (m, 1H), 4.55 (m, 1H), 5.15
(bs, OH), 5.26 (s, 2H), 5.48 (bs, OH), 6.36 (t, 1H= 7.5), 6.81 (t,
1H,J=7.5), 6.82 (d, 1HJ = 7.5), 7.20 (id, 1HJ = 7.5, 1.7), 7.35
(bs, NH), 7.63 (dd, 1H) = 7.5, 1.7), 8.33 (s, 1H), 8.73 (s, 1HFC
NMR 6 41.1, 48.2, 62.9, 72.0, 85.2, 89.4, 119.2, 119.8, 122.9, 124.2,
130.9, 131.9, 139.7, 143.4, 148.5, 155.7, 158.3. HRMS (FAB, glycerol)
m/z 358.1520 (M+ H™); calcd for G/H20NsO4 (M + HY), 358.1515.

N1 Adduct of [6-1°N]-dA. [6-1°N]-2'-Deoxyadenosine (9 mg, 30
umol)*” and QMP (16 mg, 5&mol) were dissolved in DMF (7&L)
and combined with an aqueous solution of KF (2.64 Mul5. The
reaction was stirred at 2% for 30 min and then directly subjected to
preparative purification by HPLC to yield the desired addétlabeled
adduct (6 mg, 50% vyieldtH NMR 6 2.41 (m, 1H), 2.90 (m, 1H),
3.66 (m, 1H), 3.72 (m, 1H), 3.99 (m, 1H), 4.55 (m, 1H), 5.25 (s, 2H),
6.36 (t, 1H,J = 7), 6.81 (t,J = 7.5, 1H), 6.82 (d, 1H) = 7.5), 7.20

(48) (a) Dedon, P. C.; Plastaras, J. P.; Rouzer, C. A.; Marnett,Rrog.
Natl. Acad. Sci. U.S.A998 95, 11113-11116. (b) Plastaras, J. P.; Riggins,
J. N.; Otteneder, M.; Marnett, L. £hem. Res. ToxicoR00Q 13, 1235~
1242.

(49) Srinivasan, P. R.; Lichter, R. 0. Magn. Resonl977, 28, 227—
234.

(50) Biemann, KMass Spectrometry: Organic Chemical Applicatipns
McGraw-Hill: New York, 1962.

Ci7H20N4®N;O4 (M + H ™), 359.1486. Isotope ratio analysis by LRMS
AB) showed>99% '*N in the product.
N Adduct of [6-1°N]-dA.1¢ [6-1°N]-2'-Deoxyadenosine (6 mg, 20
umol)*” and QMP (11 mg, 3Zmol) were dissolved in DMF (5@L)
and combined with an aqueous solution of KF (2.64 M &0). The
reaction was stirred at 5@ for 14 h, cooled, and then directly subjected
to preparative purification by HPLC to yield the desirédl-labeled
adduct (1 mg, 13% vyield}H NMR 6 2.38 (m, 1H), 2.86 (m, 1H),
3.67 (m, 1H), 3.76 (m, 1H), 4.03 (m, 1H), 4.58 (m, 1H), 4.76 (s, 2H),
5.42 (d, OH,J = 4.0), 5.46 (t, OHJ = 5.1), 6.49 (dd, 1HJ = 6.0,
8.0), 6.77 (t, 1HJ = 8.0), 6.89 (dd, 1HJ = 8.0, 0.9), 7.11 (td, 1H,
J=8.0,0.9), 7.28 (dd, 1H) = 8.0, 0.9), 8.25 (d}*NH, J = 94.2),
8.29 (s, 1H), 8.42 (s, 1H), 10.49 (bs, ArOHJN NMR ¢ 89.6 (d,
15NH, J = 94). HRMS (FAB, glycerolyn/z359.1499 (M+ H *); calcd
for C17H20N415N104 (M +H Jr), 359.1486.

pH Dependent Stability of the N1 Adduct of dA. Aq DMF (30%)
solutions of the dA adduct (7 mM) in 70 mM buffer (pH 4, sodium
acetate; pH 7.5, potassium phosphate; pH 10, sodium carbonate; and
pH 13, potassium phosphate) were incubated &t@7Aliquots were
then analyzed by HPLC at the indicated times (pH 4, 2 and 10 h; pH
7.5,2 and 4 h; pH 10 and 13, 2 h).

N Adduct of [1-°N]-dA Formed by Dimroth Rearrangement.
The N1 adduct of [6°N]-dA (2 mg, 6 umol) was dissolved in aq

Ipotassium phosphate (8@Q, pH 13, 30% DMF) and incubated at 37

°C for 2 h. The mixture was then dried under reduced pressure,
redissolved in methanol (1Q4.), and directly isolated by preparative
HPLC to yield the rearranged adduct (1 mg, 50% yielt). NMR &

2.39 (m, 1H), 2.85 (m, 1H), 3.67 (m, 1H), 3.76 (m, 1H), 4.03 (m, 1H),
4.58 (m, 1H), 4.77 (s, 2H), 5.42 (bs, 2H, OH), 6.49 (dd, IH; 6.0,
8.0), 6.77 (t, 1HJ = 8.0), 6.89 (dd, 1HJ = 8.0, 0.9), 7.11 (td, 1H,
J=18.0,0.9), 7.28 (dd, 1H] = 8.0, 0.9), 8.23 (bs, NH), 8.29 (d, 1H,
J=16.0), 8.42 (s, 1H), 10.43 (bs, ArOHFN NMR 6 227.1 (d,25N2,

J = 16). HRMS (FAB, glycerol)wz 359.1497 (M+ H *); calcd for
Ci17H20N415N:04 (M + H ), 359.1486.

Isotope Dilution during Intermolecular Isomerization from the
N1 to N6 Adduct of dA. The N1 adduct of [6®N]-dA (2 mg, 6umol)
and dA (15 mg, 6&xmol) were dissolved in DMF (48L) and combined
with an aqueous solution of KF (2.64 M, 40.). The reaction mixture
was incubated at 50C for 14 h and then subjected directly to
preparative HPLC to yield the partiallyN-enriched N adduct of dA
(1 mg, 50%).H NMR data were consistent with a standard sample of
the NP adduct of dAS Isotope ratio analysis by LRMS (FAB) showed
9% *N in the product.

Competitive Alkylation of Deoxynucleosides by Quinone Methide
Transfer from the N1 Adduct of dA. The N1 adduct of dA (1.6 mM),
each deoxynucleoside (dG, dC, dA, and T) (4 mM), and phenol (internal
standard, 4 mM) were dissolved in aq potassium phosphate, pH 7 (160
mM, 1 mL, 30% CHCN), and incubated for 24 h (37C). Aliquots
were then removed at the indicated times (Figure 4C) and analyzed by
HPLC. Each product was normalized with respect todhgvalues of
their parent deoxynucleoside.The reported product distribution
represents the average of two such determinatign6%).
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