ysin, since the respective lytic end-
points of 2.1 pg and 1.56 pg for 2-
percent and 1-percent red blood cell
suspensions were identical in both buf-
fered and nonbuffered saline systems.

The results of these experiments
demonstrated that the lipoid is - suffi-
ciently different from the lipopolysac-
charide as not to be characterized, in
the traditional sense, as endotoxin; and
that its toxic effects cannot be ascribed
to the presence of lipopolysaccharide.
However, inasmuch as these two mate-
rials appear to be unrelated, the com-
parable lethal potencies in both Namru
and Balb/C mice of the lipoid and
lipopolysaccharide, together with cer-
tain similarities in their toxic action,
are worthy of note. Although these
data offer insufficient grounds for the
conclusion that the lipid moiety of en-
dotoxin is implicated in its lethal effect
on mice, they do demonstrate that bac-
terial lipids can have significant toxic
activity.

M. S. REDFEARN

University of California, Naval
Biological Laboratory, Naval Supply
Center, Oakland, California 94614
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Proton Tunneling in Radiation-Induced Mutation

Abstract. The equilibrium proton distribution and tunneling rate in the N-H
. . . N hydrogen bond of the guanine-cytosine base pair have been calculated
quantum mechanically for the ground state, a charge-transfer excited state, and
positive and negative ionic states. These results are consistent with the idea that
tautomeric rearrangement can be a cause of radiation induced wmutation or

carcinogenesis.

It has long been recognized that the
hydrogen bonds connecting the nucleo-
tide bases of the two strands of the
DNA molecule are crucially involved
in the transfer and retention of genetic
information. Under normal conditions,
the bonds cause the bases of the two
strands to be paired, guanine with
cytosine (G-C) and adenine with thy-
mine (A-T), so that the DNA replica-
tion process produces duplicates of the
genetic coding of the replicating mole-
cules. Improper pairing of the bases
during replication would result in alter-
ation of the genetic coding, thereby
possibly producing mutations.

Watson and Crick (7) have suggested
that the genetic coding may be perturbed
by the presence of nucleotide bases ap-
pearing in the unusual, or “rare,” tauto-
meric form. For example, the rare
tautomer of guanine pairs with thymine
instead of cytosine. Lowdin (2) pointed
out that rare tautomers may be pro-
duced in pairs by proton rearrange-
ments within the hydrogen bonds con-
necting a base pair, and that replica-
tions involving such rearranged base
pairs would perpetuate genetic coding
alterations.

We next consider the factors affecting
proton rearrangements. The proton in
a hydrogen bond is subject to a poten-
tial which in ordinary cases has two
minima of unequal depth at the normal
and tautomeric equilibrium positions,
separated by a maximum which acts as
a barrier to rearrangement. As indicated
by Lowdin, the energy of the protonic
motion is ordinarily less than the barrier
height, and the proton may get from
one minimum to the other by quantum
mechanical tunneling. The tunneling
process is very sensitive to the shape of
the barrier, and particularly to its height
and breadth. This suggests that muta-
gens, and possible carcinogens, may act
by affecting the protonic potential, and
particularly the barrier.

One way in which the protonic po-
tential can be affected is by forming
electronically excited, or ionized, states.

Several calculations have been made of -

the w-electronic structure of the ground

and excited states of nucleotide base
pairs (3, 4). Rein and Ladik (4) found,
from an approximate self-consistent field
calculation, that a charge-transfer ex-
cited state of the G—C base pair seemed
relatively favorable for a proton rear-
rangement. The ground state, and all
states considered for the A-T pair, ap-
peared less favorable. Thus, radiation
capable of producing this excited state
would be expected to have a significant
influence on the production of tauto-
meric base pairs and, thence, mutations.
In the absence of radiation, rearrange-
ments would have to take place in the
ground electronic state. Lowdin has re-
marked that in that case the energeti-
cally most favorable process may be the
simultaneous tunneling of two hydrogen
bonds in the G-C base pair.

We have extended the study of the
proton rearrangements by making cal-
culations of the protonic potential func-
tion by methods which consider both
the r-electrons of the bases and the
o-electrons directly involved in the hy-
drogen bonding. We have obtained ap-
proximate self-consistent field solutions
for the potential of the N-H . . . N
bond of the G—C base pair in its ground
state, and several excited states and
ionic forms. The excited states are sub-
ject to rather severe approximations, but
we believe they are nevertheless qualita-
tively useful. Full descriptions of the
quantum mechanical methods and cal-
culations will appear elsewhere (5). By
certain methods, conveniently summa-
rized by Lowdin (6), we have derived
from the protonic potential for each
electronic state the equilibrium proton
distribution among the tautomeric

Table 1. Tunneling time and tautomeric equi-
librium constant of the ground, excited, and
ionic states of the guanine-cytosine base
pair; K is equal to the ratio of C,,,. to
Chorma1 Where C is the population number.

r
State (sec) K
Ground 2.7 x 10 2.4 x 10
Excited 6.2 X 10-¢ 2.3 x 10-°
Positive ion 3.3 x 10 3.1 x 10
Negative ion 1.2 x 10-¢ 8.0 x 10*




forms, and the tunneling rate. These
data are listed in Table 1 for the ground
state, the lowest charge-transfer excited
state, and the ground states of the
anion and cation of the G—C base pair.
The tunneling time, r, is that needed
for the departure from tunneling equi-
librium to be reduced to 1/e of its orig-
inal value; the equilibrium constant K
is the ratio of the populations of the
two tautomeric forms.

The data of Table 1 confirm the no-
tion that the probability of an isolated
proton rearrangement in the ground
electronic state is negligibly small. How-
ever, appreciable equilibrium popula-
tions of the rare tautomeric form are
estimated for both the ionic and ex-
cited states, thereby permitting such
states to provide opportunities for mu-
tation or carcinogenesis. The effect is
most marked for the anion, where the
rare tautomeric form is the favored ar-
rangement. However, the cation and
excited state both have a sufficiently
high rare tautomer population to yield
significant mutation rates.

The table also indicates that the pro-
ton tunneling is possible from a kinetic
point of view. The times required to
establish equilibrium are small relative
to lifetimes which may be expected for
the ions and excited state (which con-
sists of both singlet and triplet spin
states whose energy difference was
ignored in the present study, and of
which at least the triplet would have an

appreciable lifetime). Thus, G-C pairs
which are not in the ground state of the
neutral species at the replication time
would have sufficient time to reach the
tautomeric equilibrium.

Finally, let us note that the states
facilitating proton rearrangements may
be reached by the action of radiation in
several ways. For example, negative ions
could be produced by the capture of
free electrons which may be pres-
ent in irradiated systems. Nonradia-
tive processes, such as donor-acceptor
interactions between DNA and chemi-
cal mutagens, may also be involved.
Such processes might in particular fa-
cilitate the formation of the ionic states
we have discussed.

ROBERT REIN
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Quantum Chemistry Group, Uppsala
University, Uppsala, Sweden
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Effects of Polycyclic Aromatic Carcinogens on Viral

Replication: Similarity to Actinomycin D

Abstract. When incorporated into a nutrient overlay, the carcinogenic hydro-
carbons benzolalpyrene and 7,12-dimethylbenz[a]anthracene inhibit plaque forma-
tion by herpes virus and vaccinia virus, DNA viruses, but not by Sindbis virus,
an RNA virus. These carcinogens also decrease herpes and vaccinia virus yields
in liquid medium, without affecting Sindbis virus yields. Four structurally related,
but noncarcinogenic polycyclic hydrocarbons, namely benzolelpyrene, pyrene,
benz[alanthracene and anthracene, have no inhibitory effect on DNA virus replica-
tion. Taken together with the known inhibition of interferon production, these
effects on virus growth resemble the action of actinomycin D and hence provide
evidence for a selective interaction of these carcinogens with DNA.

The polycyclic aromatic carcinogens
3-methylcholanthrene, 7,12-dimethyl-
benz[a]anthracene (DMBA), and ben-
zola]pyrene (BaP) (7) inhibit inter-
feron synthesis in tissue cultures of rat
cells infected with Sindbis virus (2, 3,
and an unpublished observation). Simi-
larly, the antibiotic actinomycin D pre-
vents formation of interferon in cells

650

infected with an RNA virus (4). The
latter finding suggests that the synthesis
of interferon is DNA-dependent and
consequently coded by the genome of
the cell—not by the virus. Actinomycin
D exerts its activity by forming com-
plexes with DNA, thereby arresting the
synthesis of DNA-dependent RNA (5).
This explains why growth of DNA vi-

ruses is actinomycin-sensitive, while
that of most RNA viruses is not (5, 6).
The similarity of effect of actinomycin
D and polycyclic carcinogens on inter-
feron synthesis suggested that carcino-
gens might combine selectively with the
DNA of the cellular genome, thus pre-
venting synthesis of interferon, a cel-
lular protein. If this were true, car-
cinogens, like actinomycin D, should
inhibit replication of DNA viruses but
not of RNA viruses. This hypothesis
was tested by examining the influence
of BaP and DMBA on the replication
of vaccinia and herpes simplex viruses,
DNA viruses, and Sindbis virus, an
RNA virus. Structurally related but
noncarcinogenic aromatic hydrocarbons
were included in the experiment as
controls.

The effects of DMBA, benzo[alan-
thracene (BA), and anthracene, and of
BaP, benzo[elpyrene (BeP), and pyrene
on plaque formation by vaccinia, herpes
simplex, and Sindbis viruses were ex-
amined. Both DMBA and BaP are
potent carcinogens; BeP, pyrene, and
anthracene are not carcinogenic. Ac-
cording to many reports BA is not car-
cinogenic; according to others, it is a
weak carcinogen (7, 8). The compounds
were diluted in the culture medium
from a stock solution in acetone at
5000 pg/ml; in this way, a very fine
suspension in the culture medium was
obtained. The plaque assays were car-
ried out as follows. Secondary cultures
of rat-embryo cells were grown in plas-
tic petri dishes, 55 or "85 mm in
diameter. Before virus inoculation, the
growth medium was removed, and 0.9
ml of an appropriate virus dilution was '
added to each culture. The inoculum
fluid was removed after 1 hour, thus
removing all unadsorbed virus. A nu-
trient overlay solidified with starch (9)
was then added to each culture. This
overlay contained the various hydrocar-
bons at various concentrations (Table
1). The cultures were then kept in an
atmosphere of 5 percent CO: in air at
36.5°C for 3 to 5 days. Neutral red
was added on the morning of the day
the plaques were to be counted, 6 to 8
hours before the counts were made.
The results of representative experi-
ments are summarized in Table 1.

Plaque formation by the two DNA
viruses was significantly inhibited by
the carcinogenic compounds, but not
by their noncarcinogenic counterparts.
Plaque formation by Sindbis virus was
unaffected by the carcinogens or by
control compounds. Plaque numbers of
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