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ABSTRACT

The rates of hydrolysis in the absence and presence of native
and denatured DNA, and the extents of DNA binding of five
dihydrodiol epoxides derived from 5-methylchrysene (5-MeC)

and chrysene have been determined. The compounds studied
were: frans-1,2-dihydroxy-anf/-3,4-epoxy-1,2,3,4-tetrahydro-5-
MeC; frans-7,8-dihydroxy-anf/-9,1O-epoxy-7,8,9,10-tetrahydro-
5-Mec; frans-1,2-dihydroxynsyn-3,4-epoxy-1,2,3,4-tetrahydro-5-
MeC; frans-7,8-dihydroxy-syn-9,1 O-epoxy-7,8,9,10-tetrahydro-
5-MeC; and frans-1,2-dihydroxy-anf/-3,4-epoxy-1,2,3,4-tetrahy-
drochrysene. In the absence of DNA, at pH 7 and 37Â°Chalf-lives

of frans-1,2-dihydroxy-syn-3,4-epoxy-1,2,3,4-tetrahydro-5-MeC
and frans-1,2-dihydroxy-anf/-3,4-epoxy-1,2,3,4-tetrahydro-5-
MeC were similar, f%= 62 and 59 min, while frans-7,8-dihydroxy-
syn-9,10-epoxy-7,8,9,10-tetrahydro-5-MeC hydrolyzed faster
than frans-7,8-dihydroxy-anf/-9,10-epoxy-7,8,9,1O-tetrahydro-5-
MeC, ivi, = 5.4 versus 17.5 min; frans-1,2-dihydroxy-anf/-3,4-
epoxy-1,2,3,4-tetrahydrochrysene had the slowest rate of hy
drolysis, i* = 104 min. Studies of the effects of native and

denatured DNA on the rates of hydrolysis of the dihydrodiol
epoxides indicated that native DNA remarkably accelerated
these rates for all dihydrodiol epoxides, but the degree of accel
eration varied for the different dihydrodiol epoxides. The accel
eration of hydrolytic rates by native DNA relative to that by
denatured DNA was correlated with the covalent binding of these
dihydrodiol epoxides with DNA in vitro. The catalytic effect of
DNA in enhancing the rates of hydrolysis of dihydrodiol epoxides
and the relative extents of covalent binding of the dihydrodiol
epoxides to DNA were in the following order: frans-1,2-dihy-
droxy-anf/-3,4-epoxy-1,2,3,4-tetrahydro-5-MeC > frans-7,8-di-
hydroxy-anf/-9,10-epoxy-7,8,9,10-tetrahydro-5-MeC > frans-
1,2-dihydroxy-anf/-3,4-epoxy-1,2,3,4-tetrahydrochrysene >
frans-1,2-dihydroxy-syn-3,4-epoxy-1,2,3,4-tetrahydro-5-MeC >
frans-7,8-dihydroxy-syn-9,10-epoxy-7,8,9,10-tetrahydro-5-MeC.

The results of this study suggest that physical interactions with
DNA are important in determining the relative extents of binding
of these dihydrodiol epoxides to DNA in vitro.

INTRODUCTION

Introduction of a methyl group into the bay region of a poly-

nuclear aromatic hydrocarbon adjacent to an angular ring, gen
erally enhances its tumorigenicity (4-6, 12, 13, 19, 33, 36). In

order to study the mechanistic basis for the enhancing effect on

tumorigenicity of a bay-region methyl group adjacent to an
angular ring, we have focused our efforts on 5-MeC,3 which is a

unique hydrocarbon having 2 dissimilar bay regions. Our previous
studies have indicated that 5-MeC is metabolically activated to
2 bay-region dihydrodiol epoxides, DE-I and DE-II (14-17, 27-
29; Chart 1). DE-I forms more DNA adducts than DE-II in mouse

skin In vivo (28). Interestingly, their precursor dihydrodiols are
formed in equal quantities in mouse skin (29), suggesting that
different rates of reaction of DE-I and DE-II with DNA could
account for the predominance of DE-I-DNA adducts in vivo.
Indeed, in vitro, binding of anti-DE-l to calf thymus DNA is more
extensive than that of anti-DE-ll (29). Seeking to determine the
basis for the preferential DNA-binding of anti-DE-l relative to that
of anti-DE-ll In vitro, we have studied the rates of hydrolysis of
5 dihydrodiol epoxides derived from 5-MeC and from chrysene,
namely, anti-DE-l, anti-DE-ll, syn-DE-l, syn-DE-ll, and anf/-DE-

chrysene (Chart 1), in the absence or presence of native and
denatured calf thymus DNA. The accelerating effect of DNA on
the rates of hydrolysis of these dihydrodiol epoxides and the
extent of their covalent binding with DNA In vitro were examined.
The results indicate that physical interactions with DNA are a
factor in determining the extent of binding to DNA of these
dihydrodiol epoxides.

MATERIALS AND METHODS

Chemicals. Racemic ant/'-DE-l and anf/'-DE-ll were synthesized as

described previously (1, 11, 31). Racemic syn-DE-l and syn-DE-ll were

prepared from the corresponding dihydrodiols by appropriate
modification4 of published methods (11 ). Racemic anf/'-DE-chrysene and

[3H]BPDE were obtained from the National Cancer Institute, Chemical

Carcinogen Reference Standard Repository, a Function of the Division
of Cancer Cause and Prevention, National Cancer Institute, NIH, Be-

thesda, MD. The purities of the dihydrodiol epoxides were established
by normal-phase HPLC as described previously (29) to be >95% for
anf/'-DE-l, anti-DE-ll, and syn-DE-l, >70% for syn-DE-ll, and 98% for anti-

DE-chrysene. DNase I from bovine pancreas (EC 3.1.4.5), phosphodi-
esterase from Crotalus adamanteus type III (EC 3.1.4.1), alkaline phos-

phatase from Escherichia col! type III (EC 3.1.3.1), DNA from calf thymus
type I, and 2-mercaptoethanol were obtained from Sigma Chemical Co.,
St. Louis, MO; 4-(p-nitrobenzyl)pyridine was purchased from Aldrich

1This study was supported by Grants CA32242 and CA36097 from the National
Cancer Institute. This is paper 78 of the series, "A Study of Chemical Carcinogen-
esis."

2To whom requests for reprints should be addressed.
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'The abbreviations used are: 5-MeC, 5-methylchrysene; anf/-DE-l, frans-1,2-
dihydroxy-aof/-3,4-epoxy-1,2,3,4-tetrahydrc-5-methylchrysene; syn-DE-l, frans-1,2
-dihydroxy-syn-3,4-epoxy-1,2,3,4-tetrahydro-5-methylchrysene;anf/-DE-ll,
frans-7,8-dihydroxy-anf/-9,10-epoxy-7,8,9,10-tetrahydro-5-methylchrysene; syn-
DE-ll, frans-7,8-dihydroxy-syn-9,10-epoxy-7,8,9,10-tetrahydro-5-methylchrysene;
anf/-DE-chrysene, frans-1,2-dihydroxy-anf;-3,4-epoxy-1,2,3,4-tetrahydrochrysene;
5-MeC-1,2,3,4-tetraol, 1,2,3,4-tetrahydroxy-1,2,3,4-tetrahydro-5-methylchrysene;
5-MeC-7,8,9,10-tetraol, 7,8,9,10-tetrahydroxy-7,8,9,10-tetrahydro-5-methylchry-
sene; THF, tetrahydrofuran; BPDE, frans-7,8-dihydroxy-9,1 O-epoxy-7,8,9,10-te-
trahydrobenzo(a)pyrene; HPLC, high-performance liquid chromatography; GMPH",
guanosine-5'-monophosphate (monohydrogen form).

4 R. G. Harvey, J. Pataki, and H. Lee. Synthesis of the diol epoxide metabolites
of chrysene and 5-methylchrysene, manuscript in preparation.
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Chemical Co., Milwaukee, Wl. Calf thymus DNA was deproteÃnized
before use (20). 2-Mercaptoethanol buffer was prepared as a 2 M

aqueous solution containing 0.4 M sodium hydroxide (30).
Dihydrodiol Epoxide Hydrolysis. Stock solutions of dihydrodiol epox-

ides were prepared by dissolving them in freshly distilled THF at approx
imately 3.4 rriM concentration. Native calf thymus DNA solution was
prepared in aqueous 1 mw cacodylate buffer, pH 7. Denatured DNA
solution was obtained from native calf thymus DNA by heating it in boiling
H2O for 20 min and then rapidly cooling it in an ice bath. UV absorption
enhancement of 43% at 260 nm was observed.

The kinetics of the hydrolysis of dihydrodiol epoxides were monitored
by HPLC after trapping unreacted epoxides with 2-mercaptoethanol.

Reactions were initiated by the addition of 50 Â¿ilof stock solution of
dihydrodiol epoxides to 10 ml of either 1 HIM cacodylate buffer or the
buffer solution containing native or denatured DNA at 15 mg/ml, 37Â°C.
The reaction was carried out in a shaking water bath at 37Â°C.At different

time intervals, 1-ml aliquots were removed from the reaction mixture and
immediately quenched with 0.1 ml of 2-mercaptoethanol solution (30).
After adding either [3H]7,8,9,10-tetrahydroxy-7,8,9,10-tetrahydro-
benzo(a)pyrene, obtained from hydrolysis of [3H]BPDE, or 4-<p-nitroben-

zyl)pyridine as an internal standard, each aliquot was extracted with 3 x
1 ml of ethyl acetate. The organic solvent was removed, the residue was
dissolved in 0.3 ml of methanol, and 50 Â¿ilof this solution were analyzed
by HPLC. The reaction of 2-mercaptoethanol with all 5 dihydrodiol

epoxides was instantaneous. At the zero time point, some of the dihy
drodiol epoxides contained traces of tetraol which corresponded to the
impurity found in the dihydrodiol epoxide when analyzed by normal-

phase HPLC. At the completion of each reaction, all dihydrodiol epoxides
had been consumed and no peak was observed at the retention time of
the 2-mercaptoethanol adduci.

Preparation of DNA Adducts. Each dihydrodiol epoxide (0.7 Â¿imol)in
THF was reacted with 10 ml of calf thymus DNA (1 mg/ml) in cacodylate
buffer, pH 7, at 37Â°C for 18 hr. Each reaction mixture was extracted

with 10 x 10 ml of ether. The DNA was precipitated by adding 1 volume
of ethanol in the presence of 0.1 M NaCI. DNA was washed with ethanol,

syn-DE-I

"'0

onti - DE- Chrysene

Chart 1. Structures of syn- and anf/-dihydrodiol epoxides derived from 5-MeC
and chrysene.

acetone, and ether, and then enzymatically digested to deoxyribonucle-

osides (2) which were analyzed by HPLC. At the same time, a control
reaction, which did not contain dihydrodiol epoxides and DNA, was
carried out in order to ensure that all HPLC peaks arose from DNA
adducts.

Separation of Dihydrodiol Epoxide-2-Mercaptoethanol Adducts

and Tetraols by HPLC. Hydrolyses of dihydrodiol epoxides to tetraols
were monitored by HPLC after trapping of nonreacted dihydrodiol epox
ides with 2-mercaptoethanol. A Whatman Partisi! PXS 10/25 ODS col

umn (4.6 x 250 mm) was used with a Waters Model 400 absorbance
detector set at 254 nm. The products of the anf;-dihydrodiol epoxide

solvolyses were eluted from the column with a concave gradient (No. 5
on the Waters Model 660 solvent programmer) from 30 to 60% metha-

nol:H2O over 90 min, at a flow rate of 1.5 ml/min, followed by a linear
gradient from 60 to 100% methanol:H2O over 10 min. Tetraols and
dihydrodiol epoxide-2-mercaptoethanol adducts formed from syn-dihy-

drodiol epoxides were not separable under the above HPLC conditions.
Therefore, for analysis of syn-DE-I products, we have used 2 of the

above columns connected in series and eluted isocratically with 40%
methanol:H2O over 40 min, followed by a linear gradient from 40 to 50%
methanol:H2O over 20 min and, finally, by a linear gradient from 50 to
100% methanol:H2O over 10 min at a flow rate of 1 ml/min. For syn-DE-

II, we used one column and eluted with Solvent A (H2O) and Solvent B
[methanol:THF (9:1)]. Elution was with isocratic Solvent B:A (35:65) over
20 min followed by a linear gradient from 35 to 45% Solvent B in A over
20 min then, from 45 to 100% Solvent B over 10 min, at a flow rate of
1.5 ml/min.

Separation of DNA Adducts by HPLC. After enzymatic hydrolysis of
the modified DNA to deoxyribonucleosides, the adducts were analyzed
by reverse-phase HPLC using the same column as above. Nonmodified

deoxyribonucleosides were eluted from the column by 100% H2O for 40
min at a flow rate of 1.5 ml/min. This was followed by a linear gradient
from 0 to 30% methanol:H2O over 10 min. This condition was kept for
another 10 min, then the modified deoxyribonucleosides were eluted by
a concave gradient (No. 5) from 30 to 60% methanol:H2O over 90 min,
then a linear gradient from 60 to 100% methanol:H2O over 20 min.

Relative Extent of Binding of Dihydrodiol-epoxides with DNA. The

relative extents of binding of the dihydrodiol epoxides with DNA were
measured by comparison of the total peak areas of the modified deoxy
ribonucleosides from each dihydrodiol epoxide separated by HPLC, using
UV detection at 254 nm. Similar results were obtained for DNA binding
of dihydrodiol epoxides when the absorption intensities of total modified
deoxyribonucleosides were analyzed with UV detection at 303 nm.

RESULTS

Rates of Hydrolysis of Dihydrodiol Epoxides of 5-MeC. The

rates of hydrolysis of the dihydrodiol epoxides were monitored
by HPLC after trapping unreacted dihydrodiol epoxides with 2-
mercaptoethanol. The half-lives of the dihydrodiol epoxides were
estimated from the time-dependent decrease of the peak areas
of their 2-mercaptoethanol adducts. As shown in Chart 2, the 2-

mercaptoethanol adduct peak decreased with time while the
major hydrolytically formed tetraol increased. Upon completion
of hydrolysis, no 2-mercaptoethanol adduct peak was observed.

The HPLC profiles of the tetraols formed from the various
dihydrodiol epoxides under identical HPLC conditions are shown
in Chart 3. All 3 anf/'-dihydrodiol epoxides hydrolyzed predomi

nantly, 95 to 98%, to a single major tetraol (Chart 3, A to C).
Syn-DE-ll hydrolyzed 57% by c/s-addition and 43% by frans-
addition (Chart 3E), which is similar to results with syn-DE-

chrysene reported previously (36). Interestingly, hydrolysis of
syn-DE-I resulted in 2 tetraols with 82 and 18% relative propor

tions (Chart 3D). The retention times of the adducts and the
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Chart 2. HPLC profiles of major products obtained from 2-mercaptoethanol
quenched hydrolysis reaction of ani/-DE-l at different time intervals at pH 7, 37Â°C.

For Chromatographieconditions, see text.

major tetraols are shown in Table 1. Chart 4 presents plots of
the logs of peak areas of the 2-mercaptoethanol adducts versus

time of hydrolysis. All 5 dihydrodiol epoxide hydrolyses followed
pseudo-first-order kinetics. The rate constants are shown in

Table 2. The influences of native and denatured calf thymus DNA
on the rates of hydrolysis of the dihydrodiol epoxides were then
evaluated. These results are summarized in Tables 3 and 4. The
DNA concentration in these studies was 15 /Â«g/ml,while the
DNA concentration in the covalent binding studies described
below was 1 mg/ml. At a concentration of 1 mg/ml DNA, the
rates of hydrolyses of the dihydrodiol epoxides were very fast
with half-lives of only a few seconds, while at the lower concen

tration, hydrolyses of the dihydrodiol epoxides were slower.
Thus, the lower concentrations were used for studying the rates
of hydrolysis.

The extents of binding of the dihydrodiol epoxides to DNA
were determined from the total UV absorption intensities at 254
nm of the HPLC peaks corresponding to dihydrodiol epoxide-

deoxyribonucleoside adducts. Similar results were obtained
when HPLC detection at 303 nm was used. The latter chromo-
phore arises from the phenanthrene type portion of the dihydro-
diol-epoxide deoxyribonucleoside adducts. This technique is not

an exact measurement of the binding of hydrocarbons to DNA,
but comparison of the HPLC profiles of anti- and syn-dihydrodiol
epoxide-deoxyribonucleoside adducts revealed that the anti-ad-

ducts (Chart 5, A to C) had qualitatively similar HPLC profiles,

m
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(97%)

(3%)

B

(95.5%)

(4.5%)

JL

(97.5%)

(2.5%)

20 30 40 20 30 40 10 20 30 40

TIME (min)

(18%)

u

(82%)

(43%) (57%)
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Charts. HPLC elution profiles of tetraols formed from hydrolysis of variousdihydrodiol epoxides. A, from anf/-DE-l; 6, from anf/'-DE-ll;C, from anf/-DE-chry-
sene;D, from syn-DE-l; E, from syn-DE-ll. Tetraols were eluted from a Partisil PXS
10/25 ODS column with a concave gradient (No. 5 on the Waters Model 660
solvent programmer)from 30 to 60% methanol:H2O,over 90 min, at a flow rate of
1 ml/min. The percentagesare the relative peak areas of the tetraols.

Table 1
HPLCretention times of major products obtained from hydrolysis of dihydrodiol

epoxides after trapping with 2-mercaptoethanol

Retention time, (min)

Compoundanf/'-DE-l

syn-DE-l"
anf/-DE-ll
syn-DE-ll
ani/'-DE-chryseneMajor

tetraol23

6123

29
192-Mercaptoetha-nol

adduci32

6431

35
27

" Two columns were used. For details of Chromatographieconditions, see "Mate
rials and Methods.'

and the syn-adducts (Chart 5, D and Â£)had qualitatively similar

HPLC profiles. Previously, we have documented that the major
adducts of anf/-DE-l and anf/-DE-ll (Peaks 4 and 10) are those
linked with deoxyguanosine via an A^-exocyclic linkage (27).
Similarly, Hodgson ef a/. (18) have shown that the major anti-
DE-chrysene adduci with RNA was formed by reaction at N2 of
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Chart 4. Log of the peak areas of the 2-mercaptoethanol-dihydrodiolepoxide
adducts obtained from 2-mercaptoethanol quenched hydrolysis reactions of dihy-
drodiol epoxides at pH 7 and 37Â°Cversus time of hydrolysis.O, am/-DE-i.â€¢,xyn-
DE-I; A, anf/-DE-ll; and A, syn-DE-ll; ', anf/'-DE-chrysene(all data are from single

experiments).

Table 2
Pseudo-first-orderhydrolysis rate constants (K) of dihydrodiol epoxides of 5-MeC

and chrysene atpH 7.0, 37'C

Compound K(s"1)anf/-DE-l

syn-DE-l
anf/-DE-ll
syn-DE-ll
antf-DE-chrysene1.95x10-*

1.86x10-*
6.60 x 1Q-*
2.14 X1Q-3
1.11 X10-*

Tabte3
Half-livesof dihydrodiol epoxides of 5-MeC and chrysene af pH = 7.0 and 37Â°C

in the absence and presence of native and denatured call thymus DNA
The DNA concentration was 15 M9/ml.

ti/s(min)

Compound
Buffer solu- Denatured

tton only DNA Native DNA
anf/-DE-lsyn-DE-lanf;-DE-llsyn-DE-llanf/-DE-chrysene596217.55.4104244894.9773.52222.821

Table4
Relativeacceleration of rates of hydrolysis of dihydrodiol epoxides in the

presence of native and denatured calf thymus DNA
Ratio of half-livesof dihydrodiol epoxides

Compoundanf/-DE-l

syn-DE-l
anft-DE-ll
syn-DE-ll
anfi'-chryseneA(in

buffer: in
buffer + native

DNA)16.8

2.8
8.7
1.8
4.9B(in

buffer: in
buffer + dena

turedDNA)2.4

1.3
1.9
1.1
1.4C

(in buffer +
denatured

DNA: in buffer
+ nativeDNA)6.8

2.2
4.5
1.8
3.7

guanosine. Thus, Peak 16 of Chart 5C is expected to be an
exocyclic A^-deoxyguanosine adduci. The UV absorptions of the
second major adduct of each anÃ/-dihydrodÂ¡olepoxide-modified

in
CM

B

IZ

il \M
W20304050I0203040 10203040

TIME(min)

10 20 30 40 50
*

20 30 40 50

Chart 5. HPLC elution profiles of covalently bound dihydrodiol epoxide-deoxy-
ribonucleoside adducts obtained from enzymatically digested calf thymus DNA
after modification by various dihydrodiol epoxides in vitro. A, from anf/'-DE-i;B,
from anf;'-DE-ll;C, from anf/-DE-crirysene:D, from syn-DE-l; Â£,fromsyn-DE-ll. For
HPLC conditions, see "Materials and Methods.*

Tables
Relativeextents of binding of dihydrodiol epoxides of 5-MeC and chrysene to

native call-thymus DNAat pH 7.0 and 37'C

Dihydrodiolepoxides were incubated with native calf thymus DNA(1 mg/ml) for
18 h at 37Â°C.pH 7. The DNAwas isolatedagainand then enzymaticallyhydroryzed
to deoxynbonucleosides.The modified deoxynbonucleosideswere separated by
HPLC (see Chart 5, A to E), and extents of binding were determined by adding up
the peak areas at 254 or 303 nm. See text for details.

Compound Relative extent of binding
4.9Â«

r
2.4Â»

anfi DE-I
syn-DE-l
anfi-DE-ll
syn-DE-ll
an/i-DE-chrysene

" Mean of 4 experiments.

Mean of 2 experiments.

DNA (Peaks 3 and 9 of Chart 5, A and B) were similar to those
of the major adducts. It is expected that each peak from the
ani/'-dihydrodiol epoxides which eluted at approximately the

same retention time, corresponds to a similar adduci. Therefore,
the technique used for relative extents of covatent binding is
reasonable. Indeed, the results, summarized in Table 5, are in
good agreement with our previous studies of the binding of
[3H]anf/-DE-l and [3H]anf/-DE-ll with DNA in vitro (29). The same

argument should hold for the syn adducts.
The ratios in Columns A to C of Table 4 were correlated with

the extents of binding of the dihydrodiol epoxides to DNA shown
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in Table 5. These data are presented in Chart 6 for the data in
Column C (r = 0.96). Correlation coefficients for the data in
Columns A and B versus extents of binding to DNA were r =
0.96 and r = 0.94, respectively.

DISCUSSION

Our previous studies suggest that the higher tumorigenic
activity of anf/-DE-l relative to anf;'-DE-ll (16) is due, at least

partially, to increased binding of the former with DNA relative to
the latter. The goal of the present study was to provide a rationale
for differences in the reactivity of these epoxides with DNA In
vitro.

The data in Tables 2 and 5 indicate that, in contrast to the
higher binding of anf/-DE-l than of anf/-DE-ll to DNA, the solvolytic
reactivity of anf/-DE-l is lower than that of ani/-DE-ll. The greater
rate of hydrolysis of anf/-DE-ll than of anf/-DE-l could be ex

plained partially in terms of ease of benzylic carbonium ion
formation in anf/'-DE-ll. The electron-releasing effect of the methyl

group in anf;-DE-ll might stabilize the developing positive charge
when the 9,10-epoxide ring opens. This type of stabilization is
not possible in anf/-DE-l as illustrated in Chart 7, A and ÃŸ.

Comparison of the half-lives of syn- and anf/'-DE-l reveals that

they are similar for both isomers (tv,= 62 and 59 min). However,
in the DE-II series, the syn- isomer has a shorter half life than
the anti- isomer (f./,= 5.4 min versus 17.4 min). Sayer ef al. (32)

have shown that in benzo(c)phenanthrene which also has a
sterically hindered bay region, the hydroxyl groups of both the

i
i
V

75'o
e

o o
CM evi

Â»onti- DE-1

ontÃ¬-DE-H

> syn-DE-1

syn-DE-n

01234 5

RELATIVE EXTENT OF BINDING OF DIHYDRODIOL

EPOXIDES TO DNA
Charte. Ratio of the half-lives of dihydrodiol epoxides in the presence of

denatured DNA to their half-lives in the presence of native DNA versus their extents
of covalent binding to calf thymus DNA.

OH

Anti-DE-II

Anti-DE-I

Chart 7. Electron releasing effect of the methyl group in stabilization of epoxide
ring opening in anf/-DE-l and antf-DE-ll.

syn- and anf/-dihydrodiol epoxides are predominantly diequatorial

and that both isomers hydrolyze at similar and relatively slow
rates. The similar rates of hydrolysis of syn- and anf/-DE-l may

also be due partially to the predominantly quasidiequatorial con
formation of the hydroxyl groups of both isomers.4 Based on

these considerations, and on the exceptionally high tumorigenic
activities of both the syn- and ani/-dihydrodiol epoxides of
benzo(c)phenanthrene, one might expect relatively high tumori-
genicity for syn-DE-l. However, bioassays of syn- and anf/-DE-l
in newborn mice (16) indicate that only anf/'-DE-l possesses

exceptional tumorigenic activity. In vitro studies of dihydrodiol
epoxide binding to DNA, as summarized in Table 5, indicate that
syn-DE-l binds to DNA to a lesser extent than does anf/-DE-l.
Similar results have been obtained in mouse skin studies.6

In comparing the binding of the dihydrodiol epoxides with DNA
in vitro, it is interesting to note that anf/-DE-l binds twice as
effectively as either ani/-DE-ll or anf/-DE-chrysene. In addition,
although the binding of the syn-isomers to DNA is lower than
that of the anf/'-isomers, syn-DE-l binds twice as effectively as

syn-DE-ll. These results show that the methyl group in the same

bay region as the epoxide ring of a dihydrodiol epoxide enhances
its reactivity toward DNA, regardless of whether the dihydrodiol
epoxide is an anti- or syn-isomer.

5A. A. Melikian, J. M. Leszczynska, S. Amin, S. S. Hecht. D. Hoffmann, J.

Pataki, and R. G. Harvey, unpublished observations.
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Comparison of the HPLC profiles of the dihydrodiol epoxide-

deoxyribonucleoside adducts (Chart 5, A to Â£)indicates that
those arising from the antidihydrodiol epoxides are qualitatively
similar. However, quantitatively the distribution of the adducts is
not the same. The second major peak in the anf/-DE-l profile,
Peak 3, is approximately one-third the size of the major adduct,
Peak 4. It is 3- to 4-fold more intense than the corresponding
peaks, 9 and 15, of the anf;'-DE-ll and anf/-DE-chrysene adducts.
Since anf/'-DE-l is the biologically most active dihydrodiol epoxide,

it may be that this adduct is important in carcinogenesis.
The present study indicates that there is no correlation be

tween the extent of binding of the dihydrodiol epoxides with
DNA and their rates of solvolysis. However, there is a direct
correlation between the extent of binding and the catalytic effect
of native DNA in accelerating the rates of hydrolysis as shown
in Chart 6. Similar results have been reported by MacLeod e?al.
(23). The ratio of the rate constant for adduct formation to the
rate constant for DNA-enhanced hydrolysis is the same for BPDE
and for ffans-9,10-dihydroxy-7,8-epoxy-7,8,9,10-tetrahydro-

benzo(a)pyrene (reverse BPDE). These observations indicate
that the secondary structure of DNA is important in accelerating
the rates of hydrolysis of dihydrodiol epoxides and in determining
their extents of binding to DNA. It may also be important in
determining their biological activities.

The accelerating effect of DNA on rates of solvolysis of dihy
drodiol epoxides is likely to be partially due to physical associa
tion between the dihydrodiol epoxides and DNA, as observed in
previous studies (7, 8, 22, 24-26, 34). Geacintov ef al. (9) have

shown that deoxyribonucleotides catalyze rates of hydrolysis of
BPDE more effectively than deoxyribonucleosides. This may
indicate a catalytic effect of the phosphate group. On the other
hand, according to Gupta et al. (10), the catalytic effect of GMPH"

is 60 to 80 times greater than that of inorganic dihydrogen
phosphate (H2P(V) ion in enhancing rates of hydrolysis of syn-
and anf/'-BPDE, despite their similar pKÂ«values. Gupta ef al. (10)
suggested that the enhanced effectiveness of GMPH" as a

general acid compared to that of H2PO4 could be due to the
association between GMPH" and syn- or anf/-BPDE. The same

argument should be valid for denatured DNA. Recently, Chen (3)
has studied the physical binding of pyrene with deoxyribonucleo
tides, denatured DNA, and native DNA. His results agree with
those of Geacintov et al. (9) on the hydrolysis rates of BPDE in
the presence of the above constituents. Pyrene binds physically
to purine bases to a greater extent than to pyrimidines, and the
binding constant of mononucleotides to pyrene is an order of
magnitude lower than its binding constant to single-stranded

DNA, which, in turn, is an order of magnitude lower than that to
double-stranded DNA. Similar catalytic effects have been re
ported for anfi-BPDE hydrolysis; native DNA > denatured DNA
> mononucleotides > mononucleosides > buffer (9). These
observations indicate that the physical association of dihydrodiol
epoxides with DNA bases, coupled with the effect of phosphate
groups, enhance their rates of hydrolysis. This is particularly true
in double-stranded DNA which has a compact structure in which

the space between the bases is less permeable to H20 mole
cules.

Thus, it is expected that the physical association of dihydrodiol
epoxides with DNA is partially responsible for enhancing their
rates of hydrolysis which, in turn, enhances covalent binding with
DNA. This may be partially due to an orientation of the dihydrodiol

epoxide in the intercalated complex that favors hydrogen bond
ing and solvolytic ring opening of the epoxide as well as attack
by the exocyclic amine group of deoxyguanosine. Indeed, our
results indicate a correlation between the acceleration of rates
of solvolysis of dihydrodiol epoxides in the presence of aqueous
DNA and their covalent binding. The order of the catalytic effect
of DNA on rates of hydrolysis of dihydrodiol epoxides and the
order of their covalent binding to DNA are: anf/-DE-l > anf/'-DE-ll
> anf/'-DE-chrysene > syn-DE-l > syn-DE-ll.

Anti-DE-\, which has a methyl group and epoxide ring in the

same bay region, has the highest covalent binding to DNA and
the highest acceleration of hydrolysis by DNA among the dihy-

drodiols examined in this study. It is also the most active tu
morigen. It will be important to determine whether anf/-DE-l also

has the highest physical binding constant and to assess the
extent to which this parameter is affected by the position of the
methyl group. It has been shown that introduction of a methyl
group in the heterocyclic ring of purines enhances their physical
binding constants (21). Further studies are required to determine
whether the physical binding constants for the interaction of
these dihydrodiol epoxides with DNA correlate with the catalytic
effects of DNA on their rates of hydrolysis and with their extents
of covalent binding to DNA.
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