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Isolation and Structure of a Covalent Cross-Link
Adduct Between Mitomycin C and DNA

MARIA ToMASz,* ROSELYN LiPMAN, DONDAPATI CHOWDARY,
JAN PAwLAK, GREGORY L. VERDINE,T KOJj1 NAKANISHI*

A DNA cross-link adduct of the antitumor agent mitomycin C (MC) to DNA has been
isolated and characterized; the results provide direct proof for bifunctional alkylation
of DNA by MC. Exposure of MC to Micrococcus lutens DNA under reductive
conditions and subsequent nuclease digestion yielded adducts formed between MC
and deoxyguanosine residues. In addition to the two known monoadducts, a bisadduct
was obtained. Reductive MC activation with Na,S,04 (sodium dithionite) leads to
exclusive bifunctional alkylation. The structure of the bisadduct was determined by
spectroscopic methods that included proton magnetic resonance, differential Fourier
transform infrared spectroscopy, and circular dichroism. Formation of the same
bisadduct in vivo was demonstrated upon injection of rats with MC. Computer-
generated models of the bisadduct that was incorporated into the center of the duplex
B-DNA decamer d(CGTACGTACG); indicated that the bisadduct fit snugly into the
minor groove with minimal distortion of DNA structure. A mechanistic analysis of the
factors that govern monofunctional and bifunctional adduct formation is presented.

T HE POTENT ANTITUMOR AGENT MI-
tomycin C (MC, 1) is one of the few
antibiotics known to react covalently
with DNA in vivo and in vitro (I). Thus
exposure of DNA to MC results in irrevers-
ible association of the MC chromophore
with that of the DNA (2) and in altered

o
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renaturation kinetics due to putative forma-
tion of interstrand cross-links (3). However,
since the proposed bifunctional cross-link or
cross-links account for only a small fraction

Fig. 1. HPLC patterns from DNase I, SVD, and
alkaline phosphatase digest of various MC-DNA
and MC-poly(dG-dC) complexes. (A and B) Di-
gests of MC-M. luteus DNA complexes formed
under reductive activation by H,/PtO, and
Na,$,0,, respectively. (C and D) Digests of MC-
poly(dG-dC) formed under reductive activation
by Hy/PtO, and Na,S,0,, respectively. Column:
Beckmann Ultrasphere ODS, 1.0 by 25 cm;
. flow rate: 2.0 ml/min; eluant: 8/92 (v/v)
CH;CN/0.02M potassium phosphate, pH 5.0;
detection: UV band at 254 nm (A;s4)-
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of the MC bound to DNA (4, 5), mono-
functional binding is the major pathway
under conditions that have normally been
used.

The DNA-alkylating function of MC can
be activated by two mechanisms: (1) reduc-
tive activation by bacterial and mammalian
reductases or chemical reducing agents (6—
8), and (ii) acidic activation by mild aqueous
acid (9, 10). The structure of the major
monofunctional adduct isolated from an
MC-DNA complex has only recently been
characterized as N*-(2''B,7'’-diaminomito-
sen-1""a-yl)-2'-deoxyguanosine (2a) (11,
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1 1 1 1 1 1
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0 24 48 1200 24 48
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12), a compound previously isolated from a
model reaction and fully elucidated by spec-
troscopy (13-16). Adduct 2a accounted for
more than 90% of the MC bound to calf
thymus DNA when the reductive activating
agents NADPH-cytochrome ¢ reductase/
NADPH, xanthine oxidase/NADH, or
H,/PtO, were used in vitro; two minor N
dG adducts, 2b and 3, were also character-
ized. However, in that none of the above
compounds corresponded to a mitosene ad-
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2a:1%-,R=H RO
2b:1"3-, R = H

2¢ :1"a-,R = Ac

2d : 1"R-, R = Ac
3 :1"a-, R = H, 10" substituent = -OH

duct (M)(12) bearing two attached nucleo-
side units (“cross-link”), the bifunctional
adduct or adducts may have been formed in
amounts too low for HPLC-UV detection.
We found that the reducing system influ-
ences how MC reacts, whether as a mono-
functional or bifunctional DNA-alkylating
agent. We secured sufficient amounts of a
bisadduct from reactions of MC with Micro-
coceus lutens DNA to fully characterize this
bifunctional MC-DNA adduct.

Figure 1 shows HPLC traces of digestion
mixtures that arose from MC-M. luteus
DNA and MC-poly(dG-dC) complexes (17)
that were formed under reductive activation
by H,/PtO; or Na,$,04. Activation of MC
by H,/PtO, (Fig. 1A) resulted in the pro-
duction of four adducts from M. luteus
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DNA; the major component was the 1" a-
NZ%-adduct 2a and the minor components
were (i) the 10’'-decarbamoyl adduct 3, (ii)
the 1''B-N?-adduct 2b, and (iii) a bifunc-
tional adduct 4. The same set of adducts
were formed with poly(dG-dC) under iden-
tical MC activation conditions (Fig. 1C),
although the binding ratios were different in
the two complexes (11) because of their
different G and C contents.

The adduct patterns were strikingly differ-
ent, however, when Na,S,0, (sodium dithi-
onite) was used to reductively activate MC
(17). Dithionite reduction of a mixture of
MC and M. luteus DNA yielded no detect-
able amount of 2a; instead, the predominant
adducts were 3 and 4, along with a new
minor peak at 22 minutes in the case of
DNA (Fig. 1B). The 22-minute peak was
not identified but appeared closely related to
3 (18). More surprisingly, when poly(dG-
dC) was treated with MC activated with
Na,S$,0,, the bifunctional adduct 4 was the
sole product of alkylation (Fig. 1D). Large-
scale preparation of 4 is described in (19).
The structure of 4 was determined as fol-
lows.

4 :R=H

4a :R=Ac

As shown in Fig. 2A, the UV spectra of
bisadduct 4 consists of a summation of the
mitosene (M) bands at 248, 315, 375, and
570 nm, and deoxyguanosine (G) bands at
252 and 274 nm (shoulder); the ratio of the
intensity of the 252 nm (G+M) to the 315
nm (M) bands is about 2.8. This ratio is
about 2.3 in the UV spectra of monoad-
ducts 2a or 2b and indicated that 4 con-
tained two dG units per M.

The weak negative 572-nm Cotton effect
in the CD of monoadduct 4 (Fig. 2B),
which is caused by perturbation of the M
570-nm UV band by the C-1"’ chiral center,
defines the a-configuration at C-1"" (I3,
20). This CD spectrum shows a distinct
bisignate CD centered around 252 nm (Fig.
2B, stippled area), and is near the 252-nm
UV maximum of the dG chromophore.
Although this negative exciton-split CD
(21) cannot define the absolute chirality of
the two dG chromophores (because their
electric transition moments are unknown), it
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indicates that 4 contains two spatially proxi-
mal dG chromophores. This conclusion is
supported by the lack of an exciton-split CD
in the spectrum of monoadducts 2a and 2b
(20).

Adduct 4 was peracetylated under stan-
dard conditions (14) except that the reaction
vessel was placed in an ultrasonic bath dur-
ing reaction to dissociate aggregates. The
structure of 4 was supported by the NMR
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Fig. 2. (A) Ultraviolet spectrum of bisadduct 4 in
0.01M potassium phosphate buffer, pH 7.0. (B)
Comparison of CD spectra of bisadduct 4 derived
from digestion of MC-M. luteus complexes that
were formed under differing activation condi-
tions. Solid line: H,/PtO, activation; dashed line:
Na,5,04 activation. The shaded peak denotes
exciton-split CD that was caused by through-
space interaction of the two dG chromophores.
The Cotton effect at 572 nm defines the C-1"'a-
stereochemistry of 4. Solvent; 0.01LM potassium
phosphate, pH 7.0.

spectra of its pentaacetate 4a (21), which
included twinning of pertinent peaks (8-H
at 7.89 and 7.81 ppm and 1'-H at 6.09 and
6.02 ppm). Proof of the linkage points was
obtained by decoupling experiments. Thus
decoupling of the exchangeable proton at
7.13 ppm (N*-H in G)) led to collapse of
the M 1""-H at 5.13 ppm, while irradiation
of another exchangeable proton at 6.50 ppm
(N*-H in G,) led to the unveiling of an AB-
quartet centered at 4.65 and 4.41 ppm (the
two 10'’-Hs). The lack of a 10"-carbamate
NH, peak (usually ~6.5 ppm) combined
with the 0.5-ppm upfield shift of the two
10""-H, signals indicated nucleophilic sub-
stitution by dG; at C-10"’. Many common
features were apparent in the 'H-NMR
spectra of mono- and bisadduct peracetates
2c (I4) and 4a (22).
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N
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NSNS Ny N N"2>NH
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FTIR: 1691,1610
1580,1566

diff. (4a minus 2c)

Fig. 3. The 1800 to 1500 cm™"' region solution FTIR spectra of (A) 4a; (B) 2c; and (C) weighted
difference of 4a minus 2c. The difference spectrum in (C) shows peaks that are characteristic of
N>-substituted guanosines, as exemplified by N?-methylguanosine triacetate (D), and indicates that the
dG, moiety is MC-alkylated at its N*-position. The dashed peak at 1740 cm™! in (C) arises from the
acetate carbonyl absorptions of dG,. Because of the relative weakness of carbamate carbonyl
absorptions, a discrete negative peak that arises from subtraction of the carbamate group in 2c is not
observed at 1722 cm'. The spectrum was obtained in perdeuterated DMSO solution as described (14).
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Fig. 4. Fast-atom-bom- 242
bardment MS of bisad-
duct pentaacetate 4a. In- 100 '/\234
strument, VG 70EQ;
ionization gas, xenon;

matrix, glycerol; sample

size, ~0.1 pg. Some

peaks showed clustering,

an indication of quinone & 50
reduction during the
ionization process.

300

The combination of solution FTIR, in
which a cylindrical internal reflectance cell
was used, and weighted spectral subtraction
led to a direct determination of the linkage
position on the guanosines that bore com-
plex alkyl groups (14). Subtraction of the
solution FTIR of monofunctional adduct
triacetate 2¢ from that of bifunctional ad-
duct pentaacetate 4a directly provided the
heterosubstitution site on the dG, subunit
of derivative 4a. Weighted spectral subtrac-
tion of 4a (Fig. 3A) minus 2c¢ (Fig. 3B) was
performed by nulling all of their common M
bands in the region 1675 to 1625 cm™.
The weak dG bands were overwhelmed by
the intense M bands and made such a sub-
traction feasible. The difference spectrum
(Fig. 3C) shows bands at 1692, 1604,
1579, and 1565 cm™! that match the set of
bands at 1691, 1610, 1580, and 1566 cm™!
that are characteristic of a N?-substituted
guanosine (Fig. 3D).

The fast-atom-bombardment mass spec-
troscopy (MS) of bisadduct pentaacetate 4a
is shown in Fig. 4. The molecular ion was
seen at a mass-to-charge ratio (m/e) of 986
[M + HJ" (the calculated molecular weight
for C43H47015N13 was 985). The m/e peaks
at 635, 636, and 637 were from the loss of
dG diacetate, while the species #/e 586 were
formed by loss of both deoxyribose diacetate
moieties. The m/e 435 peak corresponded to
the loss of the elements of dehydrodeoxyri-
bose diacetate (CoH;,Os). The ion at m/e
376 was from the loss of acetamide from the
ion at m/e 435, which also eliminated gua-
nine to produce the ion at #/e 284. The ion
at m/e 242 resulted from loss of ketene from
mie 284. The fragmentation pathway pre-
sented above was established by MS-MS
studies of monoadduct peracetate 2d.

The same bisadduct 4 could be isolated
from DNA from the liver of rats that had
been injected with MC. Its identity with
authentic 4 was established by (i) identical
elution volume on Sephadex G-25, (ii) iden-
tical elution time on HPLC (54 minutes),
and (iii) identical UV spectrum in HPLC
buffer (similar to that in Fig. 2) (23).
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The covalent structure of the bifunctional
adduct 4 represents an unusual type of DNA
cross-link in which the exocyclic 2-amino
groups of two dG residues are bridged by
an exogenous alkylating agent. The facile
formation of 4 in poly(dG-dC) indicated
that MC forms interstrand cross-links at two
diagonally opposed dG residues in opposite
strands in a CpG or GpC sequence. In
natural DNA, a priori a third bifunctional
alkylation sequence could occur—that is,
GpG, in which intrastrand cross-links could
form (scheme 1). Isolation of bisadduct 4
from digests of MC-modified poly(dG)-
poly(dC) indicates that such intrastrand
cross-links are formed in this polymer and
therefore most likely in natural DNA as well
(24).

We examined the stereochemical fit of the
MC cross-link in duplex DNA by inspection
of computer-constructed and energy-mini-
mized molecular models. The cross-link was
incorporated into the central CpG sequence
of the computer-generated duplex decamer
d(GCATCGATGC),; the simulated molec-
ular structure for this CpG—cross-linked de-
camer (4-decamer) is shown in Fig. 5A (25).
Immediately evident in this view is the fit of
the mitosene moiety in the minor groove of
B-DNA. The sugar-phosphate backbone in
the vicinity of the cross-link was not greatly
distorted. All glycosidic bonds had the usual
anti configuration; all other backbone fea-
tures at this locus were similar to those
observed in unmodified B-DNA molecules
(26). The integrity of G-C base-pairing was

CpG GpC GpG
cross-link cross-link cross-link
5’ 3 5’ 3 5 3
LS A G S
N
’/M/’ |M\I I:MI
G .......... C CG G ........ C
| | .
| —
Interstrand Intrastrand
cross-link cross-link

Scheme 1. Schematic representation of the three
potential MC-DNA cross-linking sequences. M
denotes the mitosene moiety.

maintained in both of the modified pairs,
although the angles of propeller-twisting in
the alkylated base pairs was somewhat al-
tered. Additional features of the model are
(i) the C,N? bonds of the two cross-linked
guanines (when viewed down the helix axis)
appeared to be oriented in parallel in a
manner similar to that in unmodified DNA
(25, 26); and (ii) the mitosene 2''-ammoni-
um function appeared to hydrogen-bond to
three of the atoms on the same strand to
which C-1"" is linked, that is, N3 and 3'-O
of the 5'-dA and 4'-O of the 5'-dT (not
clearly seen in Fig. 5A). It was also found
that beneath the adduct the strand to which
the mitosene C-1'" was linked underwent
some reorganization to accommodate the
2''-ammonium group of the adduct. Mea-
surements of the phosphorus-to-phospho-
rus distances across the minor groove re-
vealed compression to widths of 8.1 and 9.5
A in the region below the cross-link that
gradually relaxed to the B-DNA-like values
of 11.1 to 11.9 A in the rest of the molecule
(25, 26).

The snug fit of the mitosene unit in the
CpG cross-link was demonstrated by exami-
nation of the van der Waals contacts that
arose. The view of the van der Waals—
surface model in Fig. 5B is directly along the
minor groove. The a-face of the drug lies
just within contact distance of the DNA
backbone and thus rests firmly against it on
one side. The drug appears to be relatively
hidden in the groove, since its electronic
shell protrudes less than 1 A beyond the
edges of the backbone. Furthermore, the
mitosene 2''-ammonium group (Fig. 5B
center, triplet of orange spheres) is located
in a suitably spacious van der Waals pocket
that is situated at the junction of the wall
and floor on the B-face of the cross-link, and
thus contributes significantly to the stability
of the drug-DNA complex (27, 28).

The isolation and structural elucidation of
the bifunctional MC-DNA alkylation prod-
uct 4 constitutes the first direct chemical
proof for formation of covalent cross-links
between MC and DNA. The structure of
4 provides the first rigorous verification of
the well-known Iyer-Szybalski hypothesis,
which postulated the cross-linking function-
al groups of MC to be at its 1- and 10-
positions (6). The observed influence of the
mode of reduction of MC on its DNA-
alkylating characteristics led to an under-
standing of the DNA cross-linking mecha-
nism as follows.

Although Na,$,0,, which selectively pro-
moted bifunctional activation of MC, was a
considerably stronger reducing agent than
the others used in this study, all were capa-
ble of a full two-electron reduction of MC as
well as mitosene derivatives (29). Therefore,
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Fig. 5. Molecular models of 4 incorporated into
the central CpG sequence of the computer-gener-
ated B-DNA decamer d(GCATCGATGC), (4-
decamer). (A) View of 4-decamer looking directly
into the minor groove from a standpoint perpen-
dicular to the helix axis. The color scheme 1s as
follows: purple, alkylated guanine bases; orange,
NZ-atoms of guanine residues that have been
cross-linked; green, blue, and red are the carbon,
nitrogen, and oxygen atoms of the bound mito-
sene, respectively. (B) Van der Waals representa-
tion of a segment of 4-decamer. The color coding
is the same as that in (A), except that the large
blue and orange spherical surfaces correspond to
the van der Waals radii of the DNA and mitosene
molecule, respectively. In the absence of a crystal-
lographic structure for the mitosene unit of 4-
decamer, we modeled structure 2a with the Ma-
croModel program (36); energy refinement was
terminated at a root-mean-square (rms) gradient
value of 0.1 kJ/mol A. The C-1"o/N? and C-
10"'/10a""-O bonds were severed; the resulting
denuded mitosene was placed into the central
minor groove region of the computer-generated
B-DNA decamer d(GCATCGATGC),. Bonds
that linked the mitosene C-1" a- and C-10"-
positions to the N*-atoms of the central CpG
sequence of the decamer were introduced to form
a crude version of 4-decamer. This was then

the reason for this selectivity does not sim-
ply lie in the differences of reducing strength
among the various activators but rather in
the following. The process of autocatalytic
MC activation, in which nonstoichiometric
reduction of MC resulted in stoichiometric
activation of the drug, has recently been
described (30). It has thus been clearly
demonstrated that (i) MC activation can be
performed catalytically in electron equiva-
lents and (ii) the activation process is propa-
gated in autocatalytic reactions by electron
transfer from reduced mitosenes to the MC
quinone. It is now apparent that the (in
vitro) enzymatic- and Hp/PtO,-type activa-
tion of MC has usually been conducted
under autocatalytic conditions, since not all
of the starting MC is consumed (7, 31). In
the case of Na,S,0y activation, however, no
MC was recovered (7) and hence stoichio-
metric reduction and activation occurred. As
an excess of reducing agent was present in all
MC activation reactions (Na,S,04, flavoen-
zymatic, and H,/PtO,), the predominant

Scheme 2. Mechanism of DNA cross-linking by
mitomycin C.
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refined to an rms gradient value of 0.4 kJ/mol A
with the MacroModel minimization routines
BDNR, SCCG, and PRCG, respectively, to gen-
erate the fully refined version of 4-decamer shown
in Fig. 5. The van der Waals surfaces were

factor that controls monofunctional versus
bifunctional activation appears to be reduc-
tion kinetics rather than reduction thermo-
dynamics.

The differential binding of MC to DNA

H,N

N

constructed (with the MacroModel “surface” op-
tion) on 4-decamer to display 85% of the van der
Waals radius of each atom; the value of 85% was
chosen as it corresponds to that which is used by
standard Corey-Pauling-Koltun models.

under Na,S,04 reduction, as opposed to
H,/PtO, or flavoenzymatic reduction, can
be rationalized. Subsequent to DNA alkyl-
ation, the activated monoadduct species 5
(32) can react further by two pathways

MC-- H,N

(orO;°7)

H,N

Y o MC
104" (or 02)
O g NHy
y
I” W NH
2" &H; le

Cross-link

DNA
H,N

H;C

H,C
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(scheme 2). In the first pathway, electron
transfer from 5 to unreacted MC leads to
quenching of the active species 5 and gives
rise to the cross-link-incompetent quinone
6; this reaction is thermodynamically favor-
able because of the difference in reduction
potentials between mitosenes (such as 5)
and mitosanes [such as 1 (29)]. The conver-
sion of 5 to 6 would be favored if excess MC
were present, such as during the DNA alkyl-
ation reactions that use H,/PtO; or flavoen-
zyme-catalyzed reactions (these reductions
are slow). In the second pathway in the
absence of excess MC, activated mitosene 5
is sufficiently long-lived to undergo a retro-
Michael-type expulsion of carbamate to pro-
duce the iminium species 7 (33), which is
attacked by a neighboring dG-N? atom to
form the reduced cross-link 8 (or by H,O to
form reduced 3). Because of the rapid kinet-
ics of MC reduction by Na,S,04, the second
pathway is presumably operative in alkyl-
ation reactions of MC that are promoted by
Na;S$,0,. Even if 6 is formed in the initial
stages, it will rapidly be reactivated to 5
because of the facile nature of Na,S,0,
reduction. Thus, efficient bifunctional DNA
alkylation in Na,$,04 activation occurs be-
cause the MC-reducing reaction in this case
is much faster than in H,/PtO, or flavoenzy-
matic activation. All of these mechanistic
considerations given above should apply
equally well to the hydroquinone forms of
5, 7, and 8. There is mounting evidence,
nonetheless, that suggests that one-electron
reduction is sufficient to activate both elec-
trophilic MC centers, namely C-1 (34) and
C-10 (31).

The present findings also predict an effect
of O,, which is the specific inhibition of the
bifunctional activation pathway due to inac-
tivation of the active intermediate 5 by O,
(scheme 2). This may be relevant to the
greater toxicity of MC under hypoxic condi-
tions, for example, to cells in solid tumors
(35).
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Shudo and co-workers have reported the isolation of
two MC-dG adducts linked at N? and O° and an
MC-dA adduct linked at N® [Y. Hashimoto, K.
Shudo, T. Okamoto, Acc. Chem. Res. 11, 403
(1984)]. However, some of the conclusions are in
conflict with results of M. Tomasz et al. (11); the
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A recent study l[S.-S. Pan, T. Tracki, N. R. Bachur,
Mol. Pharmacol. 29, 622 (1986)] described the
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based on NMR comparisons with the adduct whose
structure has recently been corrected to that of N*-
adduct 2a (14), it follows that the major adduct
isolated by Pan and co-workers from DNA treated
with MC is presumably also 2a.

Ex?eriment details are as follows: (i) Hy/PtO, as

acuvating agent: Treatment of Micrococcus Iuteus.

DNA (0.67 mM in nucleotides) with MC (0.335
mM) in neutral buffer at room temperature in the
presence of Hy/PtO, (11) yielded an MC-DNA
complex with a binding ratio (b.r.) of 0.05. The
complex was digested by a mixture of deoxyribonu-
clease I, snake venom diesterase, and alkaline phos-
phatase; the digest was analyzed b)l HPLC (11). (ii)
Na,8,0, as activating agent: M. luteus DNA (0.67
mM in nucleotides) and MC (0.335 mA{) in neutral
aqueous buffer were treated first with 0.06M aque-
ous Na,$,0,4 (1.5 mole per mole of MC) under
anaerobic conditions (2) to yield an MC-DNA
complex, b.r. 0.07, and then digested and analyzed
by HPLC.

The UV spectrum of the 22-minute peak is identical
to that of 3. The 36-minute peak (ig) had identical
HPLC elution time, UV spectra, and Sephadex G-
25 column elution volume with those of authentic 3
(11). The samples of adduct 4 obtained from all
reactions (Fig. 1, A through D) were identical to
each other and to authentic 4, as concluded from
identities of HPLC elution time, UV spectra, and
the highly characteristic CD spectra (see Fig. 2B).
An MC-DNA complex (b.r. 0.20) was grepared
from M. luteus DNA (160 mtﬁ) and MC (320 mg)
under Na,8,0, activation; the resulting complex
was digested. Separation was accomplished by pre-
parative scale Sephadex G-25 (superfine) chroma-
tography. Column: 5.0 by 56 cm; eluant: 0.02M
ammonium bicarbonate, pH 8.5. Approximately 40
mg of complex was dissolved in 75 ml of buffer and
loaded into the column per batch. The three frac-
tions eluting after the deoxyribopurine nucleoside
(dPu) fraction were identified by HPLC analysis as
(i) the 22-minute adduct [not identified (18)], (ii)
the 10’-decarbamoyl adduct 3, and (iii) the bifunc-
tional adduct 4. These assignments were confirmed
by comparison with authentic standards. The bi-
functional adduct 4 was obtained after lyophiliza-
tion as 4 mg of a homogeneous purple solid.
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N. Harada and K. Nakanishi, Circular Dichroism
Spectroscopy—Exciton Coupling in Organic Steveochem-
istry (University Science Books, Mill Valley, CA,
1983).

The "H-NMR of bisadduct Eentaacetate 4a (in
perdeuterated DMSO) is as follows [chemical shift
(multiplicity, integration), assignment]: 10.77,
10.54 ppm (exch. br s, 2H), N1-Hs; 8.52 (exch. d,
1H), 2""-NH; 7.89, 7.81 (br s, 2H), 8-Hs; 7.13

23.

27.
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29.

30.
31
32.

33.
34.

. A. C. Sartorelli, Biochem. Pharmacol. 35, 67 (1986).
36.

37.

(exch. br d, 1H), 2-NH (Gy); 6.63 (exch. br s, 2H),
7"'-NHy; 6.49 (exch. br d, 1H), 2-NH (G,); 6.09,
6.02 (dd/ddd, respectively, 2H), 1’-Hs; 5.28 to
5.16 (m, 2H), 3'-Hs; 5.16 (dd, 1H), 1'"-H; 4.68
(dddd, 1H), 2""-H; 4.65 (dd, 1H), 10 "’-Hy; 4.51
(dd, 1H), 3""-H,; 4.41 (dd, 1H) 10"’-H,; 4.25 to
4.05 (m, 6H), 4'-Hs and 5'-H,s; 4.00 (dd, 1H),
3'"-Hy; 2.95 to 2.70 (m, 2H), 2'-Hys; 2.01, 1.99,
1.97 (s, 12H), methyl group of acetate; 1.79 (s,
3H)é Ix_Inethyl group of 2" -acetamide; 1.75 (s, 3H),
6//_ 3.
In a ical experiment, a fasted male Sprague-
Dawl ty[:rat (185 g) was injected intraperitl:)ng;lﬂy
with 15 mg of MC'in 1.5 ml of 0.15M KCl twice, at
a 2-hour interval, and killed 1 hour after the second
injection. Liver nuclei and their DNA were isolated
as described [R. G. Croy, J. M. Essigmann, V. N.
Reinhold, G. N. Wogan, Proc. Natl. Acad. Sci.
US.A. 75, 1745 (1978)]. The DNA (11 mg) was
digested and the digest was chromatographed over
Sephadex G-25 exactly as in (11). No UV absor-
bance was detectable in the elution region corre-
?onding to the elution volume of authentic stan-
ard (2250 to 3050 ml). Nevertheless, this fraction
was collected, lyophilized, and applied in its entirety
to HPLC (conditions as in Fig. 1). A peak at the
elution time that correspondef to authentic 4 (54
minutes) was collected (0.55 Ay units) and its UV
spectrum was determined. Control experiments with
liver DNA of untreated rats gave negative results.
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S. N. Rao, U. C. Singh, P. A. Kollmann, J. Am.
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P. A. Kollmann and co-workers have recently re-
ported the molecular modeling of a series of hypo-
thetical MC adducts incorporated into the decamer
d[(CGs),. Adduct 4 was modeled at a GpC se-
quence, and therefore the results of Kollman and co-
workers are not directly comparable to ours, al-
though a qualitative agreement is apparent (27).
Redox potentials (Ey") comﬁared to the standard
hydrogen electrode are as follows: Na,$,04, —660
mV [2¢7; S. G. Mayhew, Eur. ]. Biochem. 85, 535
(1987)];H,/PtO,, —414 mV; xanthine oxidase,
—301 mV [lower Ey’ of its two centers; R. Hill and
V. Massey, J. Biol. Chem. 261, 1241 (1986)];
NADPH-—cytochrome ¢ reductase, —371 mV [low-
est Ey of its four centers; T. Yanagi, N. Makino, H.
S. Mason, Biochemistry 13, 1701 (1974)]; MC,
=126 mV (2¢7), and 2,7-diamino-1-hydroxymi-
tosene, —226 mV [2e”; G. M. Rao, A. Begleiter, J.
W. Lown, J. A. Plambeck, J. Electrochem. Soc. 124,
199 (1977)].

D. M. Peterson and J. Fisher, Biochemistry 25, 4077
(1986).

P. A. Andrews, S.-S. Pan, N. R. Bachur, J. Am.
Chem. Soc. 108, 4158 (1986).

The mechanism of reductive activation of MC that
leads to an intermediate such as 5 has been described
numerous times [see, for example, (7)].

N. Zein and H. Kohn, J. Am. Chem. Soc. 108, 296
(1986).

S. J. Danishefsky and M. Egbertson, #id., p. 4648.

MacroModel is a molecular mechanics program
developed by C. Still (Chemistry Department, Co-
lumbia University) that executes simulation and
energy minimization routines on small molecules as
well as macromolecules. In addition, it can retrieve
and manipulate structures that are deposited with
the Brookhaven National Laboratory Protein Data
Bank (25). The decamer d(GCATCGATGC), was
built with the MacroModel “grow” mode. All ener-
gy minimizations of 4-decamer were performed
with the AMBER program (27).
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