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ABSTRACT: In order to gain a better understanding of the molecular basis underlying the differences in
biological activities of the diastereomeric syn and anti diol epoxides of benzo[a]pyrene (BPDE) (trans-
7,8-dihydroxy-syn-9,10-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene and trans-7,8-dihydroxy-anti-9,10-ep-
oxy-7,8,9,10-tetrahydrobenzo[a]pyrene, respectively), their interactions with DNA in aqueous solutions were
studied and compared. Kinetic flow linear dichroism experiments indicate that both diastereomers (racemic
mixtures) form intercalation complexes immediately after mixing; the association constant (23 °C, ionic
strength ~0.005) is signficantly smaller (5200 M~!) in the case of the syn than in the case of the anti
diastereomer (12200 M™!). This difference is attributed to the greater bulkiness of the 7,8,9,10 ring of
the syn stereoisomer, which is in the quasi-diaxial conformation as compared to the less bulky quasi-di-
equatorial conformation of the anti diastereomer. In contrast, the intercalative association constants of the
tetraols derived from the hydrolysis of the two diol epoxides are similar in value. Upon formation of
noncovalent syn-BPDE-DNA intercalation complexes, the reaction rate constant for the formation of tetraols
(~98%) and covalent adducts (~2%) increases from 0.009 to 0.05 s™! at pH 9.5 in 5 mM tris(hydroxy-
methyl)aminomethane buffer. The conformations of the aromatic chromophores of BPDE were followed
by the kinetic flow dichroism technique as a function of reaction time; while the anti diastereomer changes
conformation from an intercalative to an apparently external binding site, the syn diol epoxide molecules
do not appear to undergo any measurable reorientation during or after the covalent binding reaction. These
significant differences in the characteristics of the interactions of these two BPDE diasteromers with DNA,
and the differences in the conformations of the adducts formed, are discussed in relation to the known

differences in the mutagenic and tumorigenic activities of these compounds.

’Exe mutagenic and carcinogenic activity of polycyclic aro-
matic hydrocarbons involves a series of complex factors, the
first of which is the metabolic activation of the parent aromatic
hydrocarbons to highly reactive electrophilic epoxide deriva-
tives (Harvey, 1981; Conney, 1982; Dipple et al., 1984).
Benzo[a]pyrene (BP) is one of the most extensively studied
compounds of this important class of chemical carcinogens,
and the binding of the metabolite benzo[a]pyrene-7,8-diol
9,10-oxide (BPDE) to cellular DNA is believed to be a critical
event in the initiation of tumorigenesis and in mutagenesis
(Brookes & Osborne, 1982; Yang et al., 1982; Ashurst et al.,
1983; Stevens et al., 1985; Burgess et al., 1985). There are
two diastereomeric forms of this molecule, trans-7,8-di-
hydroxy-anti-9,10-epoxy-7,8,9,10-tetrahydrobenzo([a] pyrene
(anti-BPDE)' and trans-7,8-dihydroxy-syn-9,10-epoxy-
7,8,9,10-tetrahydrobenzo[a]pyrene (syn-BPDE); in the former,
the 7-hydroxyl group and the epoxide ring are on opposite faces
of the molecule, while in the syn diastereomer they are located
on the same face of the molecule (Figure 1). Each of these
diastereomers can be further resolved into a pair of enan-
tiomers denoted by (+) and (-). In human, bovine, and rodent
cells, (+)-anti-BPDE is found to be the principal metabolite
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of benzo[a]pyrene bound to DNA (Weinstein et al., 1976;
Jeffrey et al., 1977).

These stereoisomers display remarkable differences in bio-
logical activities. The (+)-anti enantiomer is by far the most
carcinogenic stereoisomer in tumor initiation experiments in
mice (Buening et al., 1978; Slaga et al., 1979) and as a mu-
tagen in mammalian cells (Wood et al., 1977; Newbold et al.,
1979; Brookes & Osborne, 1982). Tumor initiation experi-
ments in mouse skin utilizing the more easily obtainable ra-
cemic mixtures, rather than the optically resolved enantiomers
of the anti and syn isomers of BPDE, have demonstrated a
high activity in the case of (&)-anti-BPDE, while (+)-syn-
BPDE was essentially inactive as a skin tumor initiator (Pelling
& Slaga, 1982). A similar pattern is observed in the inhibition
of ¢X174 and SV40 viral DNA replication, (x)-anti-BPDE
being more effective than the syn diastereomer (Harvey et al.,
1980). In some bacterial test systems, however, the syn ste-
reoisomers are more mutagenic than the anti isomers (Wood
et al., 1976, 1977; Fahl et al., 1981; Burgess et al., 1985;
Stevens et al., 1985).

It is known that the anti and syn diastereomers are char-
acterized by subtle differences in conformations and pro-
nounced differences in chemical reactivities. In aqueous so-

! Abbreviations: syn-BPDE, trans-7,8-dihydroxy-syn-9,10-epoxy-
7,8,9,10-tetrahydrobenzo[a] pyrene; anti-BPDE, trans-7,8-dihydroxy-
anti-9,10-epoxy-7,8,9,10-tetrahydrobenzo[a}pyrene; BPT, 7,8,9,10-
tetrahydroxytetrahydrobenzo[a]pyrene.
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FIGURE 1: Structures of benzo[a]pyrene-7,8-diol 9,10-oxide stereo-
isomers. The (+) enantiomers of each diastereomer are shown.

lutions, these molecules are unstable and undergo specific and
general acid catalyzed, as well as spontaneous, reactions to
form mostly the tetraol 7,8,9,10-tetrahydroxytetrahydro-
benzo[a]pyrene (BPT) (Keller et al., 1976; Yang et al., 1977,
Yagi et al., 1977; Whalen et al., 1978, 1979). The reactivity
of the syn diastereomer is about 30 times higher than that of
the anti diastereomer at neutral pH or higher, and the re-
activity is almost entirely attributed to the spontaneous hy-
drolysis mechanism at pH >7.0 (Whalen et al., 1977). These
differences in reactivities are attributed to differences in the
conformations of these stereoisomers. For each stereoisomer,
there are two conformers that are in equilibrium with one
another in aqueous solutions in which the hydroxyl groups are
both either diaxial (ax,ax’) or diequatorial (eq,eq’) (Beland
& Harvey, 1976; Yagi et al., 1977). Theoretical calculations
(Klopman et al., 1979; Kikuchi et al., 1979) and experimental
NMR data (Yagi et al., 1975; Beland & Harvey, 1976; Sayer
et al., 1982, 1984) indicate that in aqueous solutions the
(£)-anti-BPDE isomers exist predominantly in the diequatorial
conformation, while the syn isomers have a preference for the
diaxial conformation.

The higher chemical reactivity of the syn-BPDE diaste-
reomer (spontaneous hydrolysis) has been explained in terms
of two rapidly interconvertible conformations in which the
benzylic C—O bond is either “aligned” or “not aligned” with
the orbitals of the aromatic ring system. When both diaste-
reomers are in their preferred conformations (pseudodiaxial
and pseudodiequatorial for syn- and anti-BPDE, respectively),
the C-O bond is not aligned. However, the syn diastereomer
can more easily assume the more reactive diequatorial con-
formation, which corresponds to the aligned orientation; in the
case of anti-BPDE on the other hand, the aligned conformation
corresponds to the quasi-diaxial orientation, which is not fa-
vored in the case of this diastereomer (Sayer et al., 1982,
1984).

The conformation of the cyclohexene ring appears to be an
important factor not only in the chemical reactivity of BPDE
but also in the biological activities of this and other PAH diol
epoxides; generally, diol epoxides with a preferred pseudodi-
equatorial conformation are highly tumorigenic, while those
with a diaxial orientation are inactive or less tumorigenic
(Jerina et al., 1982). The lower tumorigenicity of PAH diol
epoxides with a quasi-diaxial conformation has been associated
with the greater bulkiness, as compared to the diequatorial
conformation, of the cyclohexene ring system, which inhibits
interaction of these diol epoxides with DNA (Jerina et al.,
1982). Klopman et al. (1979), on the basis of theoretical
considerations, concluded that the formation of intercalation
complexes of BPDE and DNA, and thus the chemical re-
activity, should be inhibited in the case of syn-BPDE relative
to that of anti-BPDE; similar conclusions have more recently
been reached by Miller et al. (1985).

It is known that BPDE (Geacintov et al,, 1981, 1984a;
Meehan et al.,, 1982; MacLeod & Selkirk, 1982; Lin et al.,
1980) and other epoxide derivatives (Kim et al., 1984) form
noncovalent complexes with DNA before binding covalently

to one of the DNA bases (predominantly N2 of guanine;
Weinstein et al., 1976; Koreeda et al., 1978). The major
reaction pathway, however, is DNA-catalyzed hydrolysis to
tetraols (Geacintov et al., 1980, 1982a; MacLeod & Zachary,
1985; Meehan & Bond, 1984). The goals of this work are to
obtain insight into the differences in the interactions of
(£)-syn- and (&)-anti-BPDE with double-stranded DNA,
which might ultimately lead to a better understanding of the
differences in the biological activities of these stereoisomers
on a molecular level. We have investigated differences in (1)
the intercalative noncovalent association constants and covalent
binding to native calf thymus DNA, (2) the differences in the
DNA-catalyzed reaction rates, and (3) the conformations of
the complexes formed when (£)-anti-BPDE and (£)-syn-
BPDE bind noncovalently and covalently to double-stranded
DNA.

EXPERIMENTAL PROCEDURES

Racemic syn- and anti-BPDE were prepared by methods
previously published (Harvey & Fu, 1978). Native calf thy-
mus DNA (Worthington Biochemicals, Freehold, NJ) was
prepared as previously described (Geacintov et al., 1982a); the
hyperchromicities of our preparations were in the range of
37-40%. The reactions were carried out in solutions containing
various amounts of DNA in 5 mM Tris buffer [tris(hydrox-
ymethyl)aminomethane]-and 5 mM NaCl (to maintain a
constant ionic strength), pH 9.5, at 23 £ 1 °C, to which were
added small aliquots of the BPDE-tetrahydrofuran stock so-
lutions; the final concentrations of tetrahydrofuran did not
exceed 0.2% by volume.

The noncovalent association of BPDE with DNA was
studied by monitoring the absorbance of the diol epoxide
molecules bound to DNA at 353 nm (Geacintov et al., 1981);
this absorbance signal decreases as a function of time because
the diol epoxide molecules are gradually converted to tetraols,
which form noncovalent complexes with a lower association
constant. Two methods were utilized in conducting these
binding experiments:

(1) The full-absorbance spectra in the 300-380-nm range
were scanned at a scan speed of 120 nm s™!. The first scan
was initiated 5 s after the addition of BPDE to the DNA
solutions; subsequent scans were made continuously in order
to determine the kinetics of the reaction and to extrapolate
the absorbance signal at 353 nm to its zero-time (time of
addition of BPDE) value.

(2) The spectrophotometer wavelength was fixed at 353 nm,
the absorbance at that wavelength was recorded as a function
of time after mixing, and the absorbance was extrapolated to
zero-time.

These experiments were repeated at different DNA con-
centrations but at constant BPDE concentration (4.1 X 107¢
M) in order to obtain the binding curves. The kinetics of the
reaction were also monitored by a fluorescence method as
previously described (Geacintov et al.,, 1982a).

The levels of covalent binding were determined spectro-
scopically (Geacintov et al., 1984b). The covalent adducts
derived from (&)-syn-BPDE were found to be unstable;
therefore, the determinations of the levels of covalent binding
were made within 30 min of the preparation of the adducts.

The kinetic linear dichroism measurements were made by
utilizing a Couette flow dichroism cell as described previously
(Geacintov et al., 1984a).

RESULTS AND DISCUSSION

Noncovalent Equilibrium Association Constants. Ab-
sorption spectra of ()-syn-BPDE in aqueous buffer solutions
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FIGURE 2: Absorption spectrum of 4.7 X 107 M (%)-syn-BPDE in
5 mM Tris buffer and 5 mM NaCl, pH 9.5 (—), and in the same
buffer solution containing 1.5 X 10 M DNA (--). Spectrum
measured 5 s after mixing.
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FIGURE 3: Absorbance of physical complexes measured at 353 nm
as a function of DNA concentration at a constant concentration (4.7
X 1078 M) of (A) ()-anti-BaPDE (@) and (+)-syn-BaPDE (O) and
(B) tetraols anti-BPT (@) and syn-BPT (0). (A) (—-) Best fits of
eq 1 to the data with K = 11700 M~! (anti) and 4600 M~ (syn); (—)
fits to the data (eq 1) utilizing the values of K = 12200 M™! (anti)
and 5200 M™! (syn) obtained from the double-reciprocal plot (Be-
nesi—Hildebrand) of Figure 4. (B) (—-) Best fit to the data according
to eq 1 with K = 1300 M™!; (—) fit of eq 1 utilizing the value of K
= 2000 M™! obtained from the double-reciprocal plot of Figure 5.

both in the absence and in the presence of an excess of DNA
are shown in Figure 2. In buffer solution, the absorption
maximum occurs at 344 nm but shifts to 353-354 nm in
concentrated DNA solution; in the latter case there is a general
broadening and a red shift in the spectrum, as well as a pro-
nounced hypochromic effect. Similar behavior is observed in
the case of (*)-anti-BPDE (Geacintov et al., 1981, 1983;
Meehan et al., 1982; MacLeod & Selkirk, 1982).

At a constant BPDE concentration, the amplitude of the
353-nm band depends on the DNA concentration. Such be-
havior is compared for (£)-anti- and for (%)-syn-BPDE in
Figure 3A and is significantly different for the two diaste-
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FIGURE 4: Double-reciprocal plots of the data of Figure 3A; (—) best
fits of eq 2 utilizing K = 12200 M™! for (%)-ant;-BPDE and K =
5200 M! for ()-syn-BPDE.

reomers. However, in the case of the two tetraols (derived
from the hydrolysis of the syn and anti diol epoxides, re-
spectively), there is no difference between anti-BPT and
syn-BPT (Figure 3B), even though their stereochemistries are
different (Yang et al., 1976; Yagi et al., 1977).

A crude estimate and comparison between the noncovalent
binding constants can be made by utilizing a simple one-site
binding model (Geacintov et al., 1981). In this approximation,
the fraction of molecules X, bound noncovalently to DNA is
(assuming that there is an excess of DNA binding sites)

X, = K[DNA]/(1 + K[DNA]) (1)

where [DNA] is the DNA concentration and K is the equi-
librium association constant. If there are multiple, independent
binding sites with association constants K, K, Kj, ..., then
K is the apparent association constant where K = K; + K, +
Ky + ... (Klotz, 1974). If the absorbance of free diol epoxide
molecules is neglected, then the absorbance at about 353 nm
can be assumed to be proportional to X;,. The best computer
fits of eq 1 to the experimental data are shown by the dashed
lines in Figure 3. The values of K are 4600 and 11700 M™!
for the syn and the anti diastereomers of BPDE, respectively.
In the case of BPT, a single line gives the best fit for both types
of tetraols (K = 1300 cm™).

Double-reciprocal plots (Benesi-Hildebrand) constitute still
another method for estimating binding constants. On the basis
of the approach outlined by Li and Crothers (1969) in which
the absorbance of uncomplexed molecules is not neglected, the
following equation can be derived for the change in absorbance
or optical density at 353 nm (AOD;s,, 1-cm optical path
length):

11 1 1 1
[AOD]s3s3  Ae[C]  Ae[C] K [DNA]

where [C] is the concentration of ligand, [AOD];s; = ODpna
— ODyys, measured at 353 nm at different DNA concentra-
tions, and Ae = €, — ¢, where ¢, and ¢ are the molar extinction
coefficients of the bound and free ligands, respectively, mea-
sured at 353 nm.

(2)
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FIGURE 5: Double-reciprocal plots of the data of Figure 3B for the
tetraols; (—) best fits of eq 2 to the data with X = 1800 M~ for
anti-BPT and K = 2000 M™! for syn-BPT.

Typical double-reciprocal plots utilizing the data of Figure
3 are shown in Figures 4 and 5. The plots for the (£)-syn
and (%)-anti diol epoxides are clearly different, and with
utilization of eq 2, values of the apparent binding constants
of K = 5200 and 12200 M}, respectively, are obtained. With
these values, eq 1 was used to recalculate a best fit to the
experimental data utilizing eq 1 (solid lines in Figure 3A).
Considering the fact that the double-reciprocal plots favor the
data at low DNA concentrations, while fits of eq 1 favor the
data at high DNA concentrations, the agreement between the
two methods is considered to be quite good. In the case of
the tetraols, in contrast to the diol epoxides, analysis of the
data in terms of either eq | (Figure 3B) or eq 2 (Figure 5)
yields values of K in the range of 1700 & 400 M.

Intercalative noncovalent complex formation between PAH
diol epoxides and DNA is believed to be an important factor
in determining the biological activities of these compounds
(LeBreton, 1985). We find that the noncovalent association
constant is about 2.5 times smaller in the case of (£)-syn-
BPDE than in the case of the (£)-anti diastereomer. This
result confirms the hypothesis of Klopman et al. (1979), who
predicted that the greater apparent bulkiness of the quasi-
diaxial (ax,ax’) conformation of syn-BPDE should result in
a diminished ability, relative to anti-BPDE, to form nonco-
valent intercalation complexes. These results also lend support
to the hypothesis of Jerina et al. (1982), who suggested that
the apparent larger size of the 7,8,9,10 ring of syn-BPDE and
other structurally related PAH diol epoxides may lead to a
lower reactivity of this type of stereoisomer with DNA.

Kinetics of Reaction in the Presence of DNA. The pseu-
do-first-order reaction rate constant & for the disappearance
of diol epoxides at different DNA concentrations in Tris buffer
solutions at pH 9.5 is shown in Figure 6. More than 90% of
the BPDE molecules are converted to tetraols in the case of
()-anti-BPDE, and only a minor fraction undergoes covalent
binding with the DN A bases (Geacintov et al., 1980; MacLeod
et al., 1982).

In contrast to previous results in cacodylate buffer solutions
at pH >9 in which there was no accelerating effect of DNA
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FIGURE 6: Pseudo-first-order reaction rate constant & (s™!) as a function
of DNA concentration. (A) (£)-syn-BPDE; (—) plots of eq 3 with
K =5200M7, k, = 0.091, and k; = 0.050s™'. (B) (£)-anti-BPDE;
(—) DNA concentration dependence of k predicted according to eq
3 (k = X,), with K = 12200 M,

on the reaction rate constant of (£)-anti-BPDE (Geacintov
et al., 1984b), DNA catalysis of BPDE hydrolysis is observed
in Tris buffer solution at pH 9.5 (Figure 6B). This effect can
be attributed to the ability of Tris buffer to catalyze the hy-
drolysis of anti-BPDE noncovalently bound to DNA (Meehan
& Bond, 1984). In 5 mM Tris buffer solutions at pH 9.5 and
in the absence of DNA, the reaction rate constant for the
formation of tetraols is about 1520 times higher in the case
of the syn diastereomer than in the case of anti-BPDE [these
rate constants are (9.0 & 0.5) X 107 (syn) and (5.5 % 0.5)
X 10 s7! (anti)]. In spite of this already high reactivity of
the syn diastereomer in the absence of DNA, a significant
further acceleration of the reaction rate occurs upon nonco-
valent complex formation with DNA (Figure 6A).

We have shown previously (Geacintov et al., 1982a) that
the dependence of k& on the DNA concentration is well ac-
counted for by the following equation:

k= ky(l - X;) + kX, (3)

where k; is the solvolysis rate constant for free BPDE and &,
is the rate constant of reaction of BPDE noncovalently com-
plexed with DNA. A plot of eq 3 utilizing the previously
determined value of X = 5200 M~ (Figure 4) and k; = 0.05
s”! provides an adequate fit of the dependence of k on the DNA
concentration in the case of syn-BPDE (Figure 6A). Thus,
k increases proportionately to the fraction of intercalated
syn-BPDE molecules, and its dependence on the DNA con-
centration resembles the binding isotherm depicted in Figure
3A. In the case of anti-BPDE, however, where K = 12200
M-1, determined from the data in Figure 4, a much stronger
dependence of k on the DNA concentration is predicted by
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FIGURE 7: (A and A’) Kinetic flow linear dichroism s spectra of reaction
mixtures containing 8.6 X 10° M BPDE, 7.6 X 10° M DNA, 5 mM
Tris-buffer, and 5 mM NaCl, pH 9.5. Scans were initiated at the
indicated times after adding BPDE; (B and B’) Linear dichroism
spectra of covalent adducts, obtained after extracting equilibrated
reaction mixtures with ether to remove the tetraols. The absorption
spectra of the covalent adducts are shown in panels C and C’ for
reference (the vertical scales are not comparable), but the percentage
of diol epoxide molecules binding to DNA are ~2% (syn) and ~
9-10% (anti). In the linear dichroism spectra the zero base lines are
indicated; the signal gain was constant except in panel B, where the
gain was increased by a factor of § and the strongly sloping base line
was subtracted before reconstructing the linear dichroism spectrum.

eq 3 than is actually observed. This behavior is most likely
due to a complex effect of Tris buffer molecules (Meehan &
Bond, 1984), since there is no catalysis at this pH in another
buffer solution (sodium cacodylate; Geacintov et al., 1984b).
A more complete discussion of this effect is beyond the scope
of this work and will be treated in more detail elsewhere
(unpublished results).

Linear Dichroism Spectra of Noncovalent Complexes and
Covalent Adducts. Kinetic flow linear dichroism spectra
(Geacintov et al., 1984a) can provide important insight into
the conformations of the noncovalent complexes that are
formed immediately upon adding BPDE to DNA solutions and
on changes in the orientations of the pyrenyl ring system as
the physically bound BPDE molecules undergo covalent
binding reactions with the DNA bases. Only those diol epoxide
molecules that are bound to the DNA macromolecules con-
tribute to the linear dichroism spectrum.

A typical set of experiments comparing the behavior of
(2)-syn-BPDE to that of (£)-anti-BPDE are shown in Figure
7. 1In these experiments, a DNA concentration of only 7.6
X 107 M was utilized in order to minimize the extent of
hydrolysis of diol epoxide molecules during the scanning of
the spectrum. In the case of the syn diastereomer, the reaction
rate constant & is equal to 0.0022 s! (Figure 6), and thus about
30-40% of the diol epoxide molecules were already hydrolyzed
to tetraols within the 20 s required to scan the wavelength from
380 to 350 nm. The initial linear dichroism spectrum (labeled
13 s in Figure 7A), however, is mostly due to the complexed
diol epoxides, since the binding constant is about 2.5 times
lower for syn-BPT than for the diol epoxide. The contributions
of tetraols bound to DNA to the absorbance and thus to the
linear dichroism spectrum is 15% or less, 20 s after mixing.
In the case of (£)-anti-BPDE, & = 0.0017 s7}, the extent of
hydrolysis of the diol epoxide molecules is negligible (~5%)
during the time interval required to record the first linear
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dichroism spectrum (scan started 15 s after mixing, Figure
7A"). Therefore, the contribution of tetraols to the initial linear
dichroism spectrum is even lower than in the case of (£)-
syn-BPDE.

These initial (£)-syn- and (£)-anti-BPDE linear dichroism
spectra are negative in sign and display characteristic minima
at 337 and 354 nm and thus resemble the inverted and red-
shifted absorption spectra of the pyrenyl chromophore (Ibanez
et al., 1980). Taken together with the large (~10 nm) red
shifts and the large hyperchromic effects that are characteristic
of stacking interactions, the linear dichroism spectra support
the conclusion that the noncovalent syn-BPDE-DNA com-
plexes are of the intercalation type, as was previously dem-
onstrated for (+)-anti-BPDE (Geacintov et al., 1984a).

The linear dichroism spectra of the diol epoxide~-DNA re-
action mixtures evolve as a function of time; these changes are
compared in panels A and A’ of Figures 7 for the two dia-
stereomers within similar time intervals (~200 s after mixing).
While there are no qualitative changes in the case of (£)-
syn-BPDE, there is a small decrease in the overall amplitude
of the signal. This decrease exhibits the same kinetics as the
conversion of diol epoxide molecules to tetraols as measured
by the fluorescence technique (data not shown). After ~180
s, only minor further additional changes in the magnitude of
the A spectra were observed. The 180-s spectrum is mostly
due to physically bound tetraol molecules. The contribution
of the covalent adducts to the A spectrum of these equilibrated
mixtures is minor; this is demonstrated in Figure 7B, which
represents the dichroism spectrum of the covalent (£)-syn-
BPDE-DNA adducts obtained after extraction of the non-
covalently bound tetraols with ether. The absorption spectrum
of the covalent adducts is shown in Figure 7C, and both are
in good agreement with the results obtained by Undeman et
al. (1983). Only ~2% of the (%)-syn-BPDE molecules ini-
tially added react by covalent binding to DNA [as compared
to 9-10% in the case of the (%)-anti-diastereomer].

The evolution as a function of time of the linear dichroism
spectra of racemic anti-BPDE is quite different (Figure 7).
There is a pronounced development of a positive linear di-
chroism signal with maxima at 329 and 346 nm due to co-
valently bound moieties (Figure 7B”). The characteristics of
the covalent adducts derived from the covalent binding of
(£)-anti-BPDE to DNA are discussed in more detail elsewhere
(Geacintov et al., 1978, 1982b); the relatively small red shift
in the absorption spectrum of the pyrenyl residue in the co-
valent adducts (Figure 7C’) as compared to the spectrum in
aqueous solution suggests a low degree of stacking interactions
and possibly an external binding conformation of the adducts.

The major point of interest of the kinetic linear dichroism
results shown in Figure 7 is that both the syn and anti dia-
stereomers appear to form similar intercalative physical com-
plexes with DNA. Upon covalent binding, there is a pro-
nounced reorientation of the pyrene ring system in the case
of (£)-anti-BPDE, while such reorientation does not seem to
occur in the case of the syn diastereomer. Thus, the covalent
adducts derived from the binding of the syn diastereomer
appear to have a conformation similar to that of the nonco-
valent intercalation complexes. In the case of (&)-anti-BPDE
[the observed behavior is mostly due to the (+) enantiomer;
Geacintov et al., 1984a], the conformation of the covalent
adducts is quite different from that of the noncovalent in-
tercalation complex.

CONCLUSIONS

There is considerable evidence that differences in the nature
of the adducts derived from the binding of the syn and anti
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diastereomers of BPDE to DNA, rather than the level of
covalent binding, may be of great importance in determining
the biological activities of these compounds (Pelling & Slaga,
1982; Newbold et al., 1979; Brookes & Osborne, 1982; Stevens
et al., 1985). The processing of the covalent adducts by the
cells, e.g., recognition and repair by the appropriate enzymes
and fidelity of replication, may depend on the conformations
of these lesions. The conformations of the covalent adducts
depend on the presence of the 7- and 8-hydroxyl groups
(Geacintov et al., 1982b), as well as on the relative spatial
configurations of these OH groups and the epoxide group.

Registry No. (&£)-syn-BPDE, 58917-91-2; (&)-anti-BPDE,
58917-67-2; BPT, 59957-91-4.
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ABSTRACT: High-resolution NMR techniques have been used to examine the structural and dynamical features
of the interaction between distamycin A and the self-complementary DNA dodecamer duplex d-
(CGCGAATTCGCG),. The proton resonances of d(CGCGAATTCGCG), have been completely assigned
by previous two-dimensional NMR studies {Hare, D. R., Wemmer, D. E., Chou, S. H., Drobny, G., & Reid,
B. R. (1983) J. Mol. Biol. 171, 319-336]. Addition of the asymmetric drug molecule to the symmetric
dodecamer leads to the formation of an asymmetric complex as evidenced by a doubling of DNA resonances
over much of the spectrum. In two-dimensional exchange experiments, strong cross-peaks were observed
between uncomplexed DNA and drug-bound DNA resonances, permitting direct assignment of many
drug-bound DNA resonances from previously assigned free DNA resonances. Weaker exchange cross-peaks
between formerly symmetry related DNA resonances indicate that the drug molecule flips head-to-tail on
one duplex with half the frequency at which it leaves the DNA molecule completely. In experiments
performed in H,O, nuclear Overhauser effects (NOEs) were observed from each drug amide proton to an
adenine C2H and a pyrrole H3 ring proton. In two-dimensional nuclear Overhauser experiments performed
on D,O solutions, strong intermolecular NOEs were observed between each of the three pyrrole H3 resonances
of the drug and an adenine C2H resonance, with weaker NOEs observed between the drug H3 resonances
and C1’H resonances. The combined NOE data allow us to position the distamycin A unambiguously on

the DNA dodecamer, with the drug spanning the central AATT segment in the minor groove.

’Ee sequence-specific recognition of DNA molecules by
proteins and small molecules is an important component in
the regulation of many biological processes. Two related
antibiotics, netropsin and distamycin, have received much
attention as models of sequence-specific, nonintercalative
DNA-binding molecules. For the most part, physical studies
to date have focused on the smaller netropsin molecule, and
the results from such studies have been extended by analogy
to the larger distamycin molecule. Studies involving ex-
changeable imino proton NOEs! (Patel, 1982) have been
performed in solution on a complex of netropsin and the
symmetric dodecamer d(CGCGAATTCGCG),; crystallo-
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graphic studies on this complex have also been reported (Kopka
et al., 1985). The recently published crystal structure of the
netropsin~DNA complex confirms earlier proposals that the
drug binds in the minor groove of B-form DNA and interacts
specifically with AT base pairs.

We have used high-resolution 'H NMR techniques to study
the complex between distamycin and d(CGCGAATTCGCG),.
The proton resonances of this DNA duplex have been com-
pletely assigned by previous two-dimensional NMR (2D
NMR) experiments (Hare et al., 1983).

MATERIALS AND METHODS

Sample Preparation. The DNA dodecamer was synthesized
according to the solid-phase phosphite triester method as
previously described (Hare et al., 1983). Distamycin A was
obtained as the hydrochloride salt from Sigma. D,O (99.996%

! Abbreviations: 2D NMR, two-dimensional nuclear magnetic reso-
nance; NOE, nuclear Overhauser effect; NOESY, two-dimensional NOE
spectroscopy; COSY, two-dimensional J-correlated spectroscopy; FID,
free induction decay; 1D, one dimensional.
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