being estimated from its staining in-
tensity on thin-layer chromatograms.
These curves are coincident (Fig. 2), and
the effects of the natural and synthetic
peptides are therefore quantitatively in-
distinguishable.

We have bioassayed an additional set
of tetra-, tri-, and dipeptides containing
various permutations of the same three
amino acids found in Macrocallista
FMRFamide (/4). Of these, only Phe-
Met-Arg-Phe-OH and Met-Arg-Phe-NH,
had any activity; the relative potencies
were no better than, respectively, 1/100
and 1/1000 that of FMRFamide. The de-
pendence of activity like that of peak C
on the specific structure and sequence
proposed by analysis of the natural prod-
uct suggests, again, the identity of Mac-
rocallista peak C and FMRFamide.

FMRFamide resembles a synthetic
gastrin-(14-17)-tetrapeptide amide ana-
log, Phe-Met-Asp-Phe-NH, (/5). But,
since FMRFamide contains an arginyl
residue in place of the essential aspartyl
residue of the gastrin analog, it should
not have any gastrin-like activity. Immu-
noreactive gastrin has been found in the
blood, and gastrointestinal tissue of two
species of gastropod molluscs, but this
substance differs from peak C both in its
size and tissue distribution (/6).

Peak C activity has been observed in
all the major molluscan classes (3), but
there is no evidence as yet that all peak
C’s are FMRFamide. Moreover, al-
though FMRFamide is a highly active
agent, and is highly localized in Macro-
callista ganglia (3), its normal physi-
ological role has still to be defined.
About 20 years ago, Welsh (/7) noted
that, for many neurotransmitters, there
is a polypeptide neurohormone that
mimics its action. He suggested that
these polypeptides might be serving as
stable, long-range, and long-term substi-
tutes for the fast-acting neurohumors.
Given the similarity between the actions
of S-hydroxytryptamine and FMRFam-
ide on molluscan heart, and assuming
that FMRFamide is, in fact, a neuro-
secretory product, its physiological role
in molluscs might be as a long-term regu-
lator of muscular rhythmicity and tone.

Davip A. PrICE
MICHAEL J. GREENBERG
Department of Biological Sciences,
Florida State University,
Tallahassee 32306
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DNA Strand Scission by Benzo[a |pyrene Diol Epoxides

Abstract. Syn-and anti-benzolalpyrene diol epoxides elicit a concentration-depen-
dent nicking of superhelical Col EI DNA in an in vitro reaction monitored by aga-
rose gel electrophoresis and electron microscopy. This strand scission represents
less than I percent of the DNA modification by diol epoxide. Kinetic analysis impli-
cates the formation of unstable phosphotriesters, hydrolysis of which nick the DNA.

Benzola]pyrene is a widespread envi-
ronmental pollutant possessing potent
mutagenic and carcinogenic activity.
This activity is dependent on metabolic
activation of the hydrocarbon by micro-
somal monooxygenase. Recent evidence
suggests that a 9,10-oxide of trans-7,
8-dihydro-7,8-dihydroxybenzo[a]pyrene
may be the ultimate carcinogenic metab-
olite (/). It appears that microsomal acti-
vation proceeds stereospecifically to
give the anti-diol epoxide (2, 3). Both
diastereomers, however, react with nu-
cleic acids and are highly mutagenic (3,
4). Weinstein et al. (5), working with the
anti isomer, and Koreeda et al. 6),
working with the syn isomer, character-
ized the primary RNA adduct as a link-
age between the C-2 amino group of
guanine and the C-10 position of the hy-
drocarbon. Reaction of diol epoxide with
DNA has not been characterized. We re-
port here that both diastereomeric diol
epoxides degrade DNA and RNA and
present a mechanism for how this pro-
cess might occur.

Covalently closed superhelical DNA,
such as the Escherichia coli plasmid
Col El, is a sensitive probe for detecting
strand scission. Form I Col E1 DNA,
with a molecular weight of 4.2 x 108,
contains more than 12,000 phosphodies-
ter linkages (7); cleavage of any one per-
mits the DNA strands to unwind, result-

ing in relaxed form IT DNA. Introduction
of another nick adjacent to the first but
on the opposite strand gives linear form
III DNA. All three forms are convenient-
ly resolved by agarose gel electro-
phoresis. The Col E1 DNA used in this
study contains 0.3 percent RNA as a dis-
crete segment (7). Similar nicking, how-
ever, is seen with RN A-free SV40 DNA.
When Col E1 DNA is reacted with ei-
ther diastereomeric diol epoxide in tris-
HCI buffer, pH 8.0, gel electrophoresis
shows substantial nicking (Fig. 1). A
minimum ratio of diol epoxide to DNA
mononucleotide of 0.01 is required for
detectable nicking. Above this value
nicking increases, until at a ratio of 0.5 to
1.0 no form I DNA remains. The effects
of strand scission are also observed by
electron microscopy (Fig. 2). When form
I DNA is reacted with the anti isomer,
relaxed circles result from a ratio of 0.5,
while linear segments of random length
result from a ratio of 5. At even higher
ratios of diol epoxide to mononucleotide
(that is, 15) a significant fraction of the
DNA (~ 20 percent) becomes acid sol-
uble, presumably due to the release of
small oligonucleotides. This increased
fragmentation suggests that nicks are oc-
curring at many sites around the mole-
cule and are not restricted to the RNA
segment mentioned above. When the re-
action is carried out in 20 mM phosphate
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buffer, pH 7.3, nicking is detectable only
at ratios of diol epoxide to mono-
nucleotide greater than 1.3. This prob-
ably reflects direct reaction of diol epox-
ide with inorganic phosphate (6, 8). Hy-
drolysis of the diol epoxides results in
tetraols, which lack nicking activity (Fig.
D).

By scaling up the reaction mixtures 50-
fold and employing *C-labeled anti-diol
epoxide it was possible to estimate the
relative frequency of strand scission
compared to adduct formation in Col El
DNA. Nicking was quantified by agarose
gel electrophoresis of the DN A, whereas
covalently bound hydrocarbon was de-
termined by counting the DNA pellet af-
ter repeated ethyl acetate and hot eth-
anol extractions. Multiple determina-
tions at several ratios of diol epoxide to
DNA mononucleotide were made. Nick-
ing is an infrequent event, with 330 = 30
adducts formed per strand scission. At a
ratio of diol epoxide to DNA mono-
nucleotide of 0.5 the resultant form II
Col E1 DNA has 310 = 20 adducts per
molecule. At a ratio of 0.05, where less
than 15 percent of the DNA is nicked,
there are 47 + 4 adducts per molecule.

RNA is also degraded by the diol
epoxide. For example, when MS2 RNA
(~ 1.0 x 10% daltons) is reacted with
anti-diol epoxide at a ratio of hydro-
carbon to mononucleotide of 5.0 and
then analyzed by agarose gel electro-
phoresis, it migrates rapidly as a diffuse
low-molecular-weight band. Since alkyl-
ated bases in RNA are not readily lost to
give apurinic or apyrimidinic sites, RNA
strand scission is considered diagnostic
for the presence of phosphotriesters (9).

Fig. 1 (top left). Nicking of superhelical
Col E1 DNA by benzola]pyrene diol epox-
ides. Superhelical Col EI DNA (mono-
nucleotide concentration, 32.5 uM) in 20 mM
tris-HCI, pH 8.0, containing 0.5 mM EDTA
and 5 percent (by volume) dimethyl sulfoxide
was incubated at 37°C with the indicated con-
centrations of diol epoxide (closed circles) or
tetraol (open circles). After 24 hours, 40-ul
portions were placed on a 1.4 percent agarose
slab gel and subjected to electrophoresis at 50
volts for 18 hours. The gel was stained with
ethidium bromide, and the DNA bands were
quantified with a Schoeffel model SD3000
spectrodensitometer in the reflectance mode.
(a) The anti-diol epoxide and its tetraol hy-
drolysis product; (b) the syn-diol epoxide and
its tetraol hydrolysis product. Syn- and anti-
diol epoxides were synthesized as described
“, 19). Fig. 2 (bottom left). Electron mi-
crographs of Col E1 DNA (mononucleotide
concentration, 32.5 uM) reacted with (A) 0,
(B) 16.5, and (C) 165 uM anti-diol epoxide.
The DNA was visualized by the Kleinschmidt
technique with the use of a unidirectional Pt/
Pd shadow. With this technique, hydrocarbon
aggregates appear as small background gran-
ules.
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The hydrolysis of such triesters is cata-
lyzed by the 2’-hydroxyl group of the
sugar. Phosphotriester half-life depends
on the nature of the adduct but may be as
long as several hours (/0). RNA frag-
mentation by diol epoxide is thus in-
dicative of phosphotriester formation.
Indirect evidence presented by Koreeda
et al. (6) for reaction of syn-diol epoxide
with the phosphate groups of polyguany-
late [poly(G)] supports this conclusion.

In DNA, fragmentation is normally at-
tributed to depurination and depyrimidi-
nation strand scission (9, /7). Electro-
philic attack at guanine N-7, adenine N-
3, or pyrimidine O-2 introduces a formal
positive charge into the ring. This labi-
lizes the glycosidic linkage and leads to
loss of the modified bases. The resultant
apurinic or apyrimidinic sites can slowly
rearrange to give strand scission. In
DNA, phosphotriesters are stable spe-
cies resulting from the absence of 2'-hy-
droxyl groups (/2). However, the pres-
ence of a B-hydroxyl group on the elec-
trophile could catalyze triester hydrol-
ysis and concomitant strand scis-
sion (/3). By analogy with RNA, diol
epoxide probably forms phosphotries-
ters in DNA. If so, the C-9 hydroxyl
group of the hydrocarbon should facili-
tate triester hydrolysis with strand scis-
sion. DNA degradation by diol epoxide
could thus proceed by two different
mechanisms.

The kinetics of DNA nicking by diol
epoxide supports the phosphotriester
mechanism. In aqueous solution at pH
8.0 and 37°C, anti-diol epoxide has a
half-life of 21 minutes, which effectively
limits its reaction with DNA to a 2-hour
period (/4). Strand scission is a second-
ary process contingent on initial adduct
formation. When Col E1 DNA is reacted
with anti-diol epoxide at a ratio of hydro-
carbon to mononucleotide of 0.5, each
DNA molecule is nicked an average of
once and the entire relaxation process is
complete in 4 hours (Fig. 3). The rapidity
with which nicking follows adduct for-
mation is not typical of depurination or
depyrimidination strand scission. These
processes proceed slowly, as exempli-
fied by the nicking of Col E1 DNA by
dimethyl sulfate (Fig. 3). This alkylating
agent, with a half-life of 10 minutes in
aqueous solution, reacts primarily with
guanine N-7 (/5). While it is conceivable
that the N-glycosidic linkage to a specific
hydrocarbon-base adduct could be rapid-
ly cleaved to give an apurinic or apyri-
midinic site, subsequent rearrangement
of the sugar to give strand scission is
known to be a slow process under physi-
ological conditions (/6). Acceleration of
the rate of rearrangement by the pres-
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ence of diol epoxide or tetraol is unlike-
ly. We therefore suggest that facile phos-
photriester hydrolysis is the most likely
explanation for the rapid nicking of DNA
by diol epoxide.

A mechanism for phosphotriester hy-
drolysis is presented in Fig. 4. Since
DNA phosphate does not readily dis-

% form 1l DNA
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Fig. 3. Kinetics of Col E1 DNA relaxation by
the anti-diol epoxide and dimethyl sulfate.
Superhelical Col E1 DNA (mononucleotide
concentration, 32.5 uM) was reacted with
16.5 uM anti-diol epoxide (closed circles) or
530 uM dimethyl sulfate (open circles) in 20
mM tris-HCI, pH 8.0, containing 0.5 mM
EDTA and S percent (by volume) dimethyl
sulfoxide at 37°C. Samples were taken at
various times for analysis by agarose gel
electrophoresis.
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Fig. 4. Postulated mechanism of DNA strand
scission by benzola]pyrene diol epoxides.

place electrophiles, ester formation at
the C-10 position of the hydrocarbon
most likely proceeds through an SNI1
mechanism (/7). The C-9 hydroxyl group
can then displace one of the sugars,
thereby breaking the DN A backbone and
forming a cyclic triester. Tertiary cyclic
phosphates, like the one proposed, hy-
drolyze rapidly to relieve ring strain (/8).
Upon hydrolysis the hydrocarbon re-
mains attached to the phosphate. Since
the B-hydroxyl group is on the hydro-
carbon and not the sugar, each triester
hydrolysis gives a nick.

If confirmed, the formation of unstable
deoxyribophosphotriesters by benzo-
[alpyrene diol epoxide is a unique reac-
tion. The low frequency of phosphotri-
ester formation in vitro does not pre-
clude the existence of triesters in vivo,
where they may play a role in the high
mutagenic and potentially carcinogenic
activity of diol epoxide.

HowarD B. GAMPER
AGATHA S.-C. TuNG
KENNETH STRAUB
JaMESs C. BARTHOLOMEW
MELVIN CALVIN
Laboratory of Chemical Biodynamics,
Lawrence Berkeley Laboratory,
University of California, Berkeley 94720
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Interferon: An Inducer of Macrophage Activation by Polyanions

Abstract. Purified mouse fibroblast interferon (IF) directly rendered resting mac-
rophages tumoricidal. The physicochemical properties and species specificity of the
stimulatory agent fall within the present definition of IF. Since a number of polyan-
ions induce macrophage IF, the antitumor and antimicrobial activities may result
Sfrom the ability of newly released IF to modify macrophage activity.

Macrophages appear to have an ex-
tremely important if not crucial role in
maintaining the purity of the internal
environment, in surveillance against
spontaneously arising malignant cells
(1), and in controlling tumor cell growth
and dissemination [for review, see (2)].
A number of agents allow the macro-
phage to reach an ‘‘activated” state
whereby the cell exhibits increased pha-
gocytosis (3), elevated degradative en-
zyme activities (¢), and enhanced cy-
tostatic and cytocidal effects on trans-
formed cells (5-7). We have previously
shown that nonspecific macrophage acti-
vation correlates well with the capacity
to enhance host resistance against neo-
plasia (6). Macrophages recovered from
these treated animals were selectively
cytotoxic for tumor cells by . a non-
phagocytic contact mechanism which is
poorly understood.

In view of these findings on macro-
phage activity following drug administra-
tion in vivo, it seemed appropriate to
study further whether these agents might
directly activate macrophages in vitro.
This information would greatly aid in un-
derstanding the mechanism of macro-
phage activation and may allow for the
identification of pharmacologic agents
which possess the ability to specifically
modify the functional activity of the re-
ticuloendothelial system.

We used a modification of the method
of Alexander and Evans (§) to measure
the ability of drugs to directly activate
macrophages in vitro (9). Male CD,F1
mice were obtained from the Mammalian
Genetics and Animal Production Section
of the National Institutes of Health, Be-
thesda, Maryland. Noninduced peri-
toneal exudates were harvested with
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heparinized medium, and macrophages
were purified by adherence. Approxi-
mately 1 X 10°® macrophages were seed-
ed in 3.5-cm Falcon plastic dishes in 1 ml
of standard growth medium consisting of
RPMI-1640 supplemented with 20 per-
cent fetal calf serum. An established line
of MBL-2 leukemia cells was adjusted to
5 % 10* cells per milliliter of growth me-
dium, and 2-ml portions were immediate-
ly admixed with the macrophage cul-
tures. Drugs were made up in tenfold
concentrations, and 0.3 ml was added to
the cell mixtures. All cultures were in-
cubated at 37°C in an atmosphere of 5
percent CO, in air, and viable leukemia
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Fig. 1. Effect of peritoneal macrophages and
purified mouse interferon on the growth of
MBL-2 leukemia cells in vitro. MBL-2 cells
(10°%) were grown in 3 ml of RPMI-1640 growth
medium. (e) Leukemia cells alone; (o) leuke-
mia cells in the presence of 10¢ normal macro-
phages; (A) leukemia cells in the presence of
IF (1000 units per milliliter of growth medi-
um); (A) leukemia cells plus 10° macrophages
plus 1000 units of IF per milliliter of growth
medium.

cells were counted daily with a hema-
cytometer. The ratio of macrophages to
target cells was 10: 1 at the beginning of
each experiment. The percentage of
growth inhibition of MBL-2 cells due to
macrophage-drug interaction was calcu-
lated by comparison to MBL-2 cells
grown in the presence of normal macro-
phages alone.

Using the system described above, we
showed that pyran copolymer, poly(I) -
poly(C)  (polyinosinylate - polycytidy-
late) and dextran sulfate rendered macro-
phages cytotoxic for leukemia cells in
vitro (9). The effect was dose-dependent
and required greater than 24 hours
after exposure to drug. Similarly, the
administration in vivo of these agents
produces a highly dose-dependent mac-
rophage activation (/0). The growth inhi-
bition of tumor cells appeared to result
from a modification of the macrophages
themselves, since neither macrophages
nor drug alone interfered with MBL-2 -
proliferation. The primary mechanism of
cytotoxicity did not involve toxic drug
metabolites or cytotoxins liberated by
the macrophage cultures (9). Cell-to-cell
contact appeared to be involved in cy-
tostasis since tumor cells were observed
to aggregate around and adhere firmly to
drug-activated macrophages.

The mechanism of direct activation of
macrophages by these nonspecific agents
appeared to be related to the common
polyanionic character of these mole-
cules. We therefore examined a variety
of polyanions for the ability to render
macrophages cytotoxic (Table 1).
Whereas heparin and poly(A) - poly(U)
(polyadenylate - polyuridylate) had a
similar stimulatory effect (P < .001) on
macrophage function, single-stranded
RNA was not effective. Control agents
consisting of DEAE-dextran, levami-
sole, and bovine serum -albumin were
without significant effect.

In view of these observations and the
fact that macrophages elaborate and se-
crete interferon (IF) after polyanion
treatment (//), we examined the ques-
tion of whether IF was involved in mac-
rophage activation. Recent observations
that crude IF preparations can enhance
macrophage - phagocytosis in vivo (/2)
and in vitro (/3) and that the lympho-
kines (migration inhibition factor and
type II IF) cannot be physically sepa-
rated (/4) support the concept that IF
may regulate macrophage activity. Of
particular interest are the findings of
Gresser et al. that (i) the antitumor ef-
fects of IF are host-mediated and not due
to direct inhibitory effects on tumor cell
growth (/5) and (ii) that phagocytosis of
tumor cells by macrophages was ob-
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