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Ecteinascidin 748(1), the first of a novel class of therapeuti-
cally significant marine alkaloids, has shown good activity against
a variety of solid tumor types in phase 1 clinical trial$zor the
design of novel synthetic ecteinascidins, it is important to identify
the chemical and structural elements essential for activity. We

J. Am. Chem. S0d.998,120, 2490-2491

Chart 1

OH

,PH \ OH

OH4C HaC

z

HaC CHs

have recently reported an NMR-based model dfguanine N2
(GN2)—DNA adduct® and herein we report the results of studies
to determine the protonation state of tle-DNA adduct.
Together, these data provide evidence for a specific mechanism
for the catalytic activation of in the minor groove of DNA and
subsequent alkylation of GN2.

The alkylation of GN2 in duplex DNA is well established for
a variety of ce;rblnolamme-conetammg antibiotics, suc.hlat;s likely candidates for protonation in tHe-DNA adduct since they
anthramycin 2),° saframycin Sg),® and naphthyridinomycird. are centered around C21 bf the site of nucleophilic attack of
The chemical reactivity of these agents has been proposed toggN2. To assess the protonationloin the adduct, the natural
reside in the iminium intermediate generated by the general acid- 5 ;ndancd—DNA adduct was studied utilizing COSY, TOCSY
mediated dehydration of the carbinolamine mofetyWhile the and NOESY experiments in an,&8—D,0 (9:1) solvent system.’
mechanism for the formation of the iminium intermediate in bulk  The TOCSY (Figure 1) and COSY df—DNA have a single
solution is a general chemical reaction, both the source of ge”eralcross-peak in the NH chemical shift range (8.05 ppm), showing

acid in the minor groove of DNA and the protonation state of 5 connection to 12NMe; additionally, this peak was absent in the
the adduct remain unidentified. Examination of the carbinolamine D,O spectrum, indicating that the proton was exchangeable.

antibiotic structure§—4 shows that basic nitrogens, which should These data showed that 12N bfis protonated in the covalent

bear a proton at physiological pH, are in close proximity to the aqqyct, and the relative intensity of the cross-peaks suggested
hydroxyl group and therefore could serve as a proton source whenya¢ the proton was in slow exchange, i.e., probably hydrogen-
buried in the minor groove of DNA. Our approach to defining jonded. The absence of cross-peaks in the NH region to H1,

the mechanism of activation fdr was to determine the proto- 3 and H21 ofl in the TOCSY and COSY spectra indicates
nation state of the drug and DNA in the covalent adduct and then tha,t N2 is not protonated in the adduct. This observation was

utilize mass and charge balance to propose a mechanism leading,nsjstent with the reported steric crowding around N2 in the

to alkylation. crystal structure of Et 743 N12-oxitleand by the fact that a

Our earlier studies demonstrated thata 1:1 efDYlA adduct second protonation in a piperazine-like system is unlikely above
can be prepared by reactidgwith the 12-mer oligonucleotide pH 2.012

[d(CGTAAGCTTACG)} containing the preferred AGC alkylation Heteronuclear multiple quantum correlation (HMQC) and

M )
site’ To fully assess the protonation state of the drug and DNA, poieronyclear multiple bond correlation (HMBC) NMR spectros-

an isotopically labeled*{C, **N) 12-mer was synthesized ac- .00 in an HO—D,0 (9:1) solvent system was utilized to assess
cording to the method of Crothetsand the natural abundance thg)rl)rotonal—tiion stgte(oi‘ t%e DNA inytl’leDNA adduct. Figure

duplex was prepared via phosphoramidite chemi$trigoth the 2 shows thé®N'H chemical shift chan ;
ges for 6GN2H associated
labeled and natural abundance DNAs and IR&ONA adducts i covalent bonding ot to DNA. Prior to drug modification,

were investigated by high-field NMR spectroscopy. the NH cross-peak of 6G is in the usual range (proton-6.6

ppm, nitrogen 75 ppm) for duplex DNAhowever, covalent
modification of 6GN2 byl shifts the 6GN2H 1.95 ppm downfield,
while 6GN2 is only shifted 6.12 ppAi. The modest downfield
shiftin 6GN2, compared with a 4660 ppm upfield shift expected

Nitrogen atoms N2 and N12 df and 6GN2 were the most
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Figure 1. Partial 2D water TOCSY expansion contour plot of the cross-
peak of 12NH into the 12NMe in th&—DNA adduct.
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Figure 2. Proton-nitrogen correlations for the isotopically labeled DNA
and the1-DNA adduct. (A) Partial HMQC expansion contour plot
showing the 6GN2H correlations of the duplex DNA. (B) Partial HMQC
expansion contour plot showing the 6GNA correlations of thd —DNA
adduct.
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if 6GN2 were protonatedt, clearly demonstrated that 6GN2 is
not protonated® The downfield shift in the hydrogen dimension

therefore results from elimination of the time-averaged chemical

shift of the 6GNHe and 6GNHb to a cross-peak arising from just
the 6GNHb in the covalent adduct.

Scheme 1 shows a mechanism for the activatiorl efnd
covalent modification of 6GN that is consistent with the NMR
data. The approach of into the minor groove would be
accompanied by desolvation df which in turn would increase
the strength of the hydrogen bond between 12N&1210H. The
close proximity (2.54 A) of 12NH to 210H and the partiaPsp
character of 2N in1* should be sufficient to catalyze the
dehydration of the carbinolamin®)( Since 12NH participates
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Scheme 1. Mechanism for the Catalytic Activation df and
Alkylation of 6GN2

aThe dotted lines represent hydrogen-bond interactions, Bnd
represents a DNA base accepting a hydrogen bond.

in hydrogen bonds in the covalent adduct and is believed to play
a role in sequence recognition of DNA|t is probable that the
water remains hydrogen-bonded at this point in the mechanism
(6). Nucleophilic attack at C21 of the iminium intermediate by
6GN2 results in a charged 6GN)(having a proton with alg,
expected to be below™. This proton could be transferred either
to N2 or N12 ofl or to a water molecule in the proximity of the
protonated 6GN2. Considering the loWof this proton, it could
readily transfer to the transiently bound water molecule, setting
up a proton shuttle by which the original protonation state of 12N
of 1 would be restored and the water molecule expelled as the
transition state collapses to the final covalent add@8gt (The
final structure of thee.—DNA adduct is consistent with the NMR
data and an earlier theoretical activation mechanismé;df
furthermore, the essential hydrogen bonds for DNA recognition
and binding are preserved throughout the mechanism.

In this Communication, we have proposed a chemical mech-
anism that gives rise to the alkylation of 6GN2 Ibyin duplex
DNA. These data indicate that in the development of ecteinas-
cidin analogues, a proton source should be retained in close
proximity to the carbinolamine to catalyze the dehydration of this
moiety. This result implies that nature has developed a mecha-
nism to ensure the reactivity of the carbinolamine antibidticd
by the inclusion of an internal catalytic proton adjacent to the
leaving hydroxyl group. Finally, we believe these results not only
impact on the development of ecteinascidins but also aid in the
de nao design of new DNA-reactive reagents.
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