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FIG. 3. Fluorescence quenching of marcellomycin and JO-descarbomethoxymarcellomycin in the presence

of increasing concentrations of calf thymus DNA and salmon sperm DNA

To a series of glass tubes containing increasing concentrations of nucleic acid in DNA binding buffer, 0.05

M sodium phosphate buffer, pH 6.2, 0.05 M NaCl, 0.001 M EDTA, a fixed concentration of each anthracycline

was added, incubated at 25#{176}for 1 hour and fluorescence measurements taken using the fluorescence parameters

indicated in Table 1. The results of duplicate experiments, each of which contained duplicate or triplicate values

at each DNA concentration, are shown.
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of 200 was taken as the endpoint in this

titration assay, with the drug considered
totally bound. Increasing concentrations of
DNA in a total of 0.90 ml of DNA binding

buffer were added to a series of acid-cleaned
glass tubes. The binding reaction was mi-
tiated by addition of 0.10 ml of anthracy-
dine working stock solution, in DNA bind-

ing buffer to each tube, followed immedi-
ately by mixing and incubation in a 25#{176}
water bath for 1 hr. The final DMSO con-

centration was 0.005% to 0.05%. To elimi-
nate fluorescence due to DNA, parallel con-
trol titrations consisting of increasing con-
centrations of DNA in 1.00 ml of DNA
binding buffer were run for each experi-
ment. Fluorescence determinations were

made for each anthracycline using the flu-
onescence parameters shown in Table 1.

The binding data were analyzed by the

Scatchard method (26). The Scatchard var-
iables of r (moles of ligand bound/nucleo-

tide) and C (the molar concentration of free
antibiotic) were calculated from the fluo-
rescence data, according to the method of

Peacocke and Skerrett (27). Binding pa-
rameters were determined from plots of r/

C versus r, where Kapp (apparent associa-
tion constant) is the negative slope and na1�

(the apparent number of binding sites per
nucleotide) is the intercept of the curve
with the x-axis.

RESULTS

Using the absorption spectra of each of

the four anthracyclines MCM, RDM, D-
MCM, and D-RDM, the visible absorption
maximum for each compound was deter-

mined (Table 1 ) . These parameters were
used to determine the excitation wave-
length and the fluorescence spectrum of

each anthracycline. Figure 2 shows the flu-
orescence spectral changes of RDM, D-
RDM and D-MCM upon interaction with
DNA. Essentially equivalent results were
obtained with MCM (25). Increasing con-
centrations of salmon sperm DNA progres-
sively decreased the fluorescence through-
out each spectrum, with no significant en-
hancement of any portion of the spectrum

on peak shift observed. Since the greatest
changes in the anthracycline fluorescence

spectra, upon addition of DNA, occurred at
the wavelengths indicated in Table 1, fluo-

rescence measurements at these wave-
lengths yielded the most accurate detenmi-
nation of the fraction of the total anthra-

cycline bound.
Figure 3 shows the quenching of fluores-

cence due to increasing concentrations of
calf thymus DNA and salmon sperm DNA
on MCM and its lO-descarbomethoxy-ana-
logues, using the parameters indicated in

Table 1. These results are typical of the
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FIG. 4. Scatchard plots of the binding data for the interaction ofmarcellomycin, lO-descarbomethoxymar-

cellomycin, rudolfomycin and JO-descarbomethoxyrudolfomycin with calf thymus DNA and salmon sperm

DNA

The Scatchard parameters r (moles ligand bound per nucleotide), C (moles per liter of free ligand) and r/C

were calculated from the data similar to that presented in Figure 3.
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other anthracycline-DNA interactions

studied. As shown, the changes in fluones-
cence intensity with added DNA ap-
proached zero at values of DNA/drug ratios
greater than 30 for all of the drugs studied.

Therefore, the DNA/drug ratio of 200 was
taken as the ratio at which drug was totally

bound and was used in the calculation of

the Scatchard parameters r, C, and r/C.
Analysis of the results shown in Figure 3

by the method of Scatchard (26) allowed
the construction of the Scatchard curves
shown in Figure 4. The Kap1) and the flapp

were obtained from the negative slope and

the intercept of the curve with the x-axis,
respectively. The differences in the binding
behavior of the two compounds in the pres-
ence of increasing concentrations of both
salmon sperm DNA and calf thymus DNA

are clearly distinguished in the Scatchard
analyses shown in Figure 4. MCM has a
higher affinity for both DNAs than does its

lO-descarbomethoxy-analogue, evidenced
by the steeper slope of the MCM-curve.

Similar results were obtained for RDM and
D-RDM.

Because both calf thymus DNA and
salmon sperm DNA contain “normal” base
ratios of GC and AT, and because we have

previously demonstrated nucleolar selectiv-
ity of nucleic acid synthesis inhibition by
MCM (19) and RDM (20), DNAs contain-
ing altered base ratios of GC and AT were
also studied. M. luteus DNA (72% GC) and
Cl. perfringens DNA (28% GC) were used
to compare the relative sequence specifici-
ties of MCM, RDM, D-MCM and D-RDM.

Scatchard analyses of the fluorescence
titration studies of the four anthracyclines
in the presence of M. luteus DNA and Cl.
perfningens DNA are shown in Figure 5.
The slopes obtained for D-MCM and D-
RDM demonstrate the lower affinity of
these analogues for both bacterial DNAs
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than their respective parent compounds.
Table 2 shows the results of the Scat-

chard analyses of MCM, D-MCM, RDM
and D-RDM studied with respect to salmon

sperm DNA, calf thymus DNA, M. luteus

DNA and C!. perfringens DNA. As mdi-
cated, the K,,1,1� for D-MCM are from 2- to
7-fold lower than those of MCM for all four
of the DNAs studied. Smaller differences

for RDM and D-RDM were noted for these
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DNA

TABLE 2

Binding parameters of marcellomycin, descarbomethoxymarcellomycin, rudolfomycin and

descarbomethoxyrudolfomycin for salmon sperm DNA, calf thymus DNA, Micrococcus luteus DNA and

Clostridium perfringens”

Cl. perfringens Salmon sperm Calf thymus M. luteus DNA

Anthracycline DNA (28% GC) DNA (41� GC) I)NA (43� GC) (72� GC)

Kapp” na,),) Kapp n81)1) K,,,,,, fl�pfC K$1)�C fla�,

Marcellomycin 6.05 0.130 9.51 0.169 5.03 0.194 5.25 0.229

Descarbomethoxy-marcellomycin 1.26 0.166 1.28 0.303 2.14 0.224 1.21 0.264

Rudolfomycin 2.44 0.164 3.11 0.219 1.98 0.218 2.02 0.286

Descarbomethoxy-rudolfomycin 0.96 0.295 1.54 0.377 1.42 0.321 0.42 0.607

(I � values were determined from tables of significance limits for correlation coefficients. All p values obtained

were less than 0.001. The number of averaged values used to construct composite Scatchard curves was usually

12, but no less than 10.

,, � apparent association constant, in units of 10h M . Values were obtained by linear regression analyses

of composite Scatchard curves obtained from two or more separate experiments, each of which contained

duplicate or triplicate values at each DNA concentration.

( ne,,,,, apparent number of binding sites per nucleotide. Values are obtained as for KC1,C.
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DNAs. The Kapp for D-RDM are from 1- to

4-fold lower than those of RDM for the four
DNAs studied. Slight increases in the nfl1)1)
values are seen for both D-MCM and D-

RDM relative to their respective parent
compounds. No evidence was observed for
sequence specificity of DNA binding by
these anthnacyclines.

DISCUSSION

Studies employing spectral (4, 27-29) as
well as fluorescence (5, 7, 8) titration tech-

niques have been used to investigate bind-
ing interactions of ligand chromaphores
with nucleic acids. These techniques de-
pend upon the demonstration of spectral
alterations of the ligand upon interaction
with nucleic acids (27). Such alterations
occur for the anthracyclines daunomycin
(3) , adniamycin, pyrromycin, musettamy-
cm, aclacinomycin, nudolfomycin and mar-
cellomycin (25). These changes allow the
quantitation of DNA-anthracycline inter-

action and thus facilitate their use in DNA
binding studies.

Previous studies from this laboratory
have demonstrated the importance of the
carbomethoxy-group at position- 10 of the
class II anthracycline molecule (20). Re-
moval of the carbomethoxy-group from p0-
sition-lO of the RDM and MCM molecules
resulted in 30- and 80-fold reductions, re-
spectively, of nucleolar RNA synthesis in-
hibitory activities (20). In vitro cell viability
inhibitory activity decreased by approxi-
mately 5-fold and over 16-fold upon re-
moval of the carbomethoxy-group from p0-
sition-lO of MCM and RDM, respectively
(20). In a similar manner, in vivo antitumor
activity against the mouse L-1210 leukemia
decreased 20-fold and 80-fold upon removal
of the carbomethoxy-group from MCM and
RDM, respectively (20). These changes in
the biological activities of these anthracy-

dines are correlated with a simultaneous
decrease in DNA binding ability of from 1-
to 7-fold, depending upon the DNA studied
(Table 2). This correlation between in vitro

isolated DNA binding and biological activ-
ities in intact cells and in vivo is remarkable
in light of the many factors and their inter-
actions that are thought to interplay in the
production of drug-induced cytotoxicity.

The results shown in Table 2 also mdi-
cate that removal of the carbomethoxy-
group from MCM and RDM caused an
increase in fl51)1) values for all DNAs studied.
An increase in napp values (expressed in
units of binding sites per nucleotide) con-
responds to a decrease in the number of
nucleotides per binding site (size of the
binding site).

Earlier studies from this laboratory dem-

onstrated that class II anthracyclines selec-

tively inhibited nucleolar RNA synthesis
(19). One possible interpretation of these
results is that class II anthracyclines may

bind preferentially to GC-nich regions of
native DNA, similar to the well character-
ized compound actmnomycin D (28, 29, 30).
However, no sequence specificities of DNA
binding were detected in this study for
MCM, D-MCM, RDM and D-RDM. Thus,
alternate explanations of the nucleolar

RNA synthesis inhibitory specificities of

these compounds must be sought.
The decreased overall affinity of D-MCM

and D-RDM for DNA, relative to their
respective parent compounds, suggests an
important “stabilizing” role of the canbo-
methoxy-group in class II anthracycline-

DNA interactions. The nature of the puta-
tive interaction between the carbomethoxy-
group, at position-lO of class II anthracy-
dines, and DNA is not known at present.
Further studies employing physical and
biochemical techniques to examine this as-
pect of anthracycline-DNA interactions are
planned. Studies are also in progress using

new anthracycline analogues containing
other modifications at position- 10 of the
molecule.

The current results provide additional
insights into the possible mechanism of ac-
tion of anthracyclines. These findings fur-
then substantiate the hypothesis that a sig-

nificant portion of the class II anthracycline
antitumor activity is related to the ability
of these compounds to inhibit nucleolar
RNA synthesis (20).
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SUMMARY

UMANS, ROBERT S., MARK KORUDA AND D. J. SARDELLA. Metabolic activation of
polycyclic aromatic carcinogens: A theoretical study. Mol. Pharmacol. 16: 633-642
(1979).

H#{252}ckel molecular orbital calculations have been performed on a series of polycyclic
aromatic hydrocarbons (PAH) to obtain bond localization energies and it-electron stabi-
lization energies for the reaction sequence through which the “bay region” diol epoxide
is formed. These calculations suggest that carcinogenic PAH and non-carcinogenic PAH
may exhibit different behavior at three points in the sequence. The highest localization

energies for formation of the initial epoxide are exhibited exclusively by a block of non-
carcinogenic PAH, suggesting that they may form only minimal amounts of the initial
dihydrodiol. Of the remaining PAH, the carcinogens generally exhibit greater ir-electron
stabilization than do non-carcinogens following opening of both the initial epoxide and
the diol epoxide rings, possibly indicating more facile production of the initial dihydrodiol
and of the final biomolecule adduct. The relative potencies of the twelve carcinogenic

PAH considered, as measured by the Iball Index, can be satisfactorily reproduced
(correlation coefficient = 0.90) through an equation combining indices for formation of
the initial epoxide and for ir-electron stabilization of its ring-opened cation.

INTRODUCTION

The relative structural simplicity of poly-
cyclic aromatic hydrocarbons (PAH) as un-
substituted, planar, polyaromatic systems,
has elicited considerable theoretical effort

to relate their structures and reactivities to
their mode of action in chemical carcino-
genesis (1-10). The known degrees of car-
cinogenic potency of a large number of re-
lated PAH have provided an experimental

measure of the relevance of various theo-
retical models, with the most extensively

elaborated attempt to correlate calculated
molecular properties with carcinogenic

strength being the work of the Pullmans (1,
2). Applying the concept of localization
energies (11, 12) to predict reactivities in
specific regions of PAH, they found that,
with a few exceptions, carcinogenic PAH

displayed low localization energies (i.e.,
high reactivity) in the mesophenanthrenic
“K-region” double bond, combined with
high localization energies (i.e., low reactiv-
ity) in the meso-anthracenic “L-region.” On
this basis they proposed that reaction
through the K-region, probably to link
PAH with cellular receptors, was necessary

for carcinogenesis.
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Recent work, however, has cast doubt
upon the role of the K-region in carcinogen-
esis, implicating instead reaction at an an-
gular benzo ring in what Jenina and Daly
have called the “bay region” (7, 8, 13-18).
Metabolism in this region appears to pro-
vide a major route, though not necessarily

the sole route, for metabolically-induced
binding of PAH to DNA in vivo (14, 15, 19),

and generates metabolites whose carcino-
genic and mutagenic properties are strongly

consistent with involvement in carcinogen-
esis (7, 8, 16-18). In the case of the potent
carcinogen benzo[a]pyrene (BaP), (I), for

example, the bay region metabolic reac-
tions involved in nucleic acid binding ap-
pear to be as follows (17, 18):

ent molecules of similar geometries. While
it is not possible to rigorously test this
assumption, our calculations agree closely
with known product distributions of PAH

metabolism, and exhibit suggestive paral-
lels between calculated reactivities and car-
cinogenic potencies of PAH. While parallels
do not require causation, the observed con-
sistency with experiment is encouraging

and suggests possible avenues for experi-

mentation.

RESULTS

Since the presence of a bay region has

been postulated as a necessary (although
not sufficient) condition for carcinogenicity
(16), we performed simple H#{252}ckel molecu-

In this reaction sequence, the “ultimate

carcinogen” is seen to be the diol epoxide
VI.

Accordingly, we felt it would be fruitful
to apply molecular orbital methods to reex-

amine the whole question of PAH carcino-
genicity within the context of the bay re-
gion hypothesis. It is an important precon-
dition for this work that, although the re-
actions involved are enzymatic in nature,
calculations on isolated molecules should

be able to predict trends in reactivities
among stenically equivalent sites in differ-

lar orbital calculations’ on an extended se-

nies of bay-region-containing PAH and
their metabolites as they progress through
a series of transformations like that shown
in Scheme I. The results of these calcula-

tions are presented in Table 1. The calcu-
lations involved the following energetic pa-
rametens for PAH reactions analogous to

those shown for BaP in Scheme I: 1) ortho-

I The H#{252}ckel calculations were non-iterative and

employed uniform Coulomb terms (o) for each carbon

atom and uniform bond integrals (/?) for each bond.



TABLE I

Calculated values of PAH energy parameters corresponding to mechanism shown in Scheme I

Name Loc. E E(III) - E(IV) - Loc. E E(VII) -

(I -. II)
(-f3)

E(II) (/3) E(II) ($) (V -p VI) E(VI) (fi)
(-fi)

Dibenzo[a,c]naphthacene (-) 3.394 0.931 1.024 2.450 0.850

Dibenz[a,c]anthracene (-) 3.392 0.923 1.014 2.448 0.833

Benzo[elpyrene (-) 3.383 0.915 1.01 1 2.447 0.826

Dibenzo[a,l]pyrene (-) 3.382 0.910 1.007 2.446 0.821

Triphenylene (-) 3.380 0.903 1.002 2.446 0.813

Tetrabenzo[a,c,f,h]naphthalene (-) 3.348 0.864 1.01 1 2.448 0.830

Benzo[alpentacene (-) 3.345 0.873 1.042 2.452 0.878

Benzo[.a)naphthacene (-) 3.343 0.867 1.035 2.452 0.867

Dibenzo[a,j]naphthacene (-) 3.340 0.860 1.031 2.451 0.861

Dibenzo[a,llnaphthacene (-) 3.340 0.862 1.029 2.451 0.858

Benz[alanthracene (±) 3.337 0.850 1.022 2.450 0.848

Dibenz[a,j]anthracene (+) 3.329 0.844 1.014 2.449 0.833

Dibenz[a,hjanthracene (++) 3.329 0.839 1.017 2.450 0.840

Benzo[c)pentaphene (-) 3.326 0.837 1.016 2.434 0.838

Tribenz[a,c,h]anthracene (-) 3.324 0.835 1.01 1 2.447 0.828

Phenanthrene (-) 3.319 0.822 1.001 2.446 0.812

Dibenzo[c,glphenanthrene (-) 3.306 0.823 0.995 2.442 0.798

Picene (-) 3.305 0.812 1.001 2.445 0.811

Benzo[c]chrysene (+) 3.305 0.827 0.992 2.445 0.795

Benzo[clphenanthrene (+) 3.299 0.822 0.987 2.440 0.784

Chrysene (-) 3.299 0.807 0.995 2.446 0.803

Benzo[b]chrysene (-) 3.293 0.808 0.998 2.444 0.805

Dibenzo[b,gjphenanthrene (-) 3.292 0.826 0.986 2.440 0.780

Tribenzo[a,e,ilpyrene (++) 3.286 0.794 1.029 2.450 0.861

Benzo[g]chrysene (++) 3.285 0.808 0.984 2.439 0.777

Dibenzo[a,e]pyrene (+++) 3.276 0.788 1.019 2.449 0.846

Dibenzo[a,i]pyrene (++++) 3.274 0.782 1.042 2.458 0.891

Benzo[a]pyrene (++++) 3.261 0.775 1.032 2.455 0.867

Dibenzo[a,h]pyrene (++++) 3.249 0.773 1 .04 I 2.456 0.882

Dibenzo[a,l]pyrene (+-f++) 3.246 0.776 1.012 2.441 0.830
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localization energy2 (1 1, 12) for formation

#{149}2Ortho-localization energies were calculated by

subtracting the total ir-electron energy for the reacting

species from the total ir-electron energy of the frag-

ment obtained by removal from the ir-system of the

two carbons and two it-electrons involved in the epox-

idation. The latter fragment represents the conjugated

portion of the a-complex formed by localization of two

fr-electrons on the reacting carbons as they interact

with the attacking species. As the a-complex is thought

to closely resemble the transition state, the difference

in energy between its ir-system and that of the reacting

species should, for a series of related compounds un-

dergoing the same reaction, be proportional to the

activation energy. Our computation of the ortho-lo-

calization energy differs slightly from that of Pullman

(reference 1.) in that we have considered the two

“localized” it-electrons in the transition state to occupy

non-interacting p orbitals (sum of electron energies =
2a) rather than an ethylene-type ir-bond (sum of elec-

tron energies = 2a + 2/1). ThiS does not affect the

of the first epoxide II (Column 2, Table 1);
2) the difference in total ir-electron energies

between II and each of the two potential
ring-opened intermediates, III and IV (Col-
umns 3 and 4, respectively, Table 1); 3)
ortho-localization energy for formation of
the diol epoxide VI, from the dihydrodiol V

(Column 5, Table 1); 4) the difference in
total ir-electnon energies between VI and
the ring-opened intermediate VII (Column
6, Table 1).

Before entering into a detailed discussion

of the values contained in Table 1, several
general features of the table should be men-
tioned. First, the compounds are listed in
order of decreasing localization energies

relative ordering of the localization energies through

the series of PAH studied, but results in a uniform
increase of 2 in the absolute value of the coefficient of
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VI

(for a series of closely related molecules,
this should correspond to increasing reac-
tion rates) for formation of the first epoxide.
Second, only ir-electron energies are consid-
ered here. The implications of this will be
discussed in a later section. Third, when

more than one nonequivalent bay region is
present in a molecule, the values given in
Table 1 are those for the reaction sequence
at the bay region which displays the lowest
localization energy for the initial reaction:
formation of the first epoxide.3 Fourth, the
parenthetical values beside the name of

each compound refer to carcinogenic
strength (4, 20).

DISCUSSION

Ortho-localization energy for formation

of first epoxide II. Column 2 in Table 1

presents the calculated ortho-localization
energy values for the first step in the pos-
tulated series of PAH metabolic activation

reactions: formation of the initial epoxide.
The top ten compounds, for which initial
epoxidations are calculated to occur at the

slowest rates, are seen to be carcinogeni-
cally inactive. A “borderline” compound
follows, benz[a]anthracene, which has been
shown to be weakly active in certain sys-
tems (21). The compounds falling below the
top eleven on the list are almost evenly

divided between carcinogens and noncar-
cinogens, although the bottom seven com-
pounds are, without exception, carcinogens.

Predictions based on these values agree

substantially with the results of product
distribution studies carried out in several
laboratories (22-24). In the cases of di-
benz[a,cjanthracene and benzo[e]pyrene,
two molecules appearing in the top ten of

Table 1, no metabolic products (dihydro-
diols or phenols) were found in the regions
of the molecules analogous to the position
of initial epoxidation in BaP (Scheme I). In
the case of the “borderline” benz[a]anthra-
cene, phenols were formed in this region

(presumably through spontaneous rear-
nangement of the epoxide), although only
as minor products (phenols at carbons 3

and 4 forming 17% of the total products
arising from rat liver homogenates). Of the

.C Since nonequivalent bay-regions may not be iso-

steric, this assumption may fail. However, lacking

additional data, we have chosen to make it.

four molecules investigated which fell be-
low the top eleven in Table 1, three have

significant amounts of products (dihydro-
diols and phenols) arising in the region of

“first epoxidation” (dibenz[a,h]anthracene
(carbons 3 and 4): 75% of total products and

77% of total products for microsomal and
liver homogenate oxidation, respectively;
phenanthrene (carbons 1 and 2): 47% of

total products and 48% of total products for
microsomal and liver homogenate oxida-
tion, respectively; chrysene (carbons 1 and
2): 44% of total products and 33% of total
products for microsomal and liver homog-
enate oxidation, respectively).

In the case of a fourth molecule, BaP,
which falls in the bottom section of Table
1, the product in the region of first epoxi-
dation (the 7,8-dihydrodiol) forms only 5-
15% of total metabolic products in the sev-

eral systems studied (23-26). The predom-
inant metabolite is found to be the 3-OH
derivative, although the 2,3 bond is pre-

dicted to be considerably less reactive than
the 7,8 bond (1). That BaP deviates from
the behavior toward initial epoxidation ex-
hibited by the other six compounds may be

due to a difference in binding orientation
within the active site of the monooxygenase
enzyme. If one asumes that the enzyme
recognizes a common feature of PAH stnuc-
ture, one can seek possible common binding

orientations for the PAH by superimposing
their molecular skeletons so as to maximize
overlap. One such set ofonientations, shown

below for BaP (normal lines) superimposed
upon which are structures (heavy lines) of
dibenz[a,h]anthracene (IX), chrysene (X),
and phenanthrene (XI), results in the “first
epoxidation” bond of the latter three com-
pounds (identified by arrows) correspond-

ing exactly in position to the 2,3 bond of

BaP:

4-




