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Chart 3. Alkaline sucrose gradient analysis of DNA from E. coli B/r
treated with FANFT, S ug/ml, for 20 min. o, control; +, treated; A,
treated, reincubated. See Chart 2, legend, and text for additional
details.

N
T

% of total CPM
o

N & 0 @

8 0 12 14 16
FRACTIONNO.

18 20

Chart 4. Alkaline sucrose gradient analysis of DNA from E. coli B/r
treated with nitrofurantoin (50 ug/ml) for 20 min. o, control; +,
treated; A, treated, reincubated. See Chart 2, legend, and text for
additional details.

Table 1
Effect of FANFT on the synthesis of DNA, RNA, and protein in E. coli B

Incorporation (% of control)® of

Leucine-'* C Uracil-'*C Thymine->H
Concentration 15-min 30-min 15-min 30-min 15-min 30-min
(ug/ml) incubation  incubation incubation  incubation  incubation  incubation
0.5 84 81 92 86 36 29
2.0 49 40 43 41 0 0

% The incorporation of labeled precursors in the control samples was arbitrarily set at 100%, and the
incorporation of the treated samples was related to these values.

Table 2

Effect of FANFT on the incorporation of thymine-*H into
E. coli B/r and nfr-207

Incorporation after

FANFT 30 min®
concentration
Experiment Strain (ug/ml) cpm % of control®
1 B/r 0 2010
2 0 0
207 0 1548
2 1080 70
2 B/r 0 4082
1.1 1000 24.5
207 0 3110
1.1 2921 94

% The time was measured from the addition of FANFT.
The incorporation of thymine-*H in the control samples was
arbitrarily set at 100%, and the incorporation of the treated samples
was related to these values.

Approximate molecular weights were calculated by means
of the equation given by McGrath and Williams (16). The
weight average molecular weights of DNA from untreated cells
of strains B/r and nfr-207 fell between 1.8 and 2.4 X 108
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daltons, values close to those reported by McGrath and
Williams. The molecular weight of DNA from E. coli B/r
treated with either nitrofurazone, 50 ug/ml, or FANFT, §
ug/ml, was about one-half of that from untreated cells.
Experiments in which sedimentation continued for 10 hr at
12,000 rpm gave the same molecular weights for control DNA
and for DNA from FANFT-treated cells as were obtained at
higher speeds, showing that, under the conditions of our
study, viscous drag is unimportant.

Survival of E. coli B/r, as determined by plating on drug-free
medium, to the highest doses of nitrofurazone and FANFT
used, was close to 100%, while nitrofurantoin, 50 ug/ml, killed
30 to 50% of the cells. The high survival rates after extensive
breakage of the DNA led us to examine the possibility that
nitrofuran-induced breaks in DNA are repaired. Charts 2 to 4
show that DNA from cells which had been reincubated for 30
min in drug-free medium after exposure to FANFT,
nitrofurazone, or nitrofurantoin was essentially
indistinguishable from that of untreated controls, indicating
that considerable repair took place. Since only a negligible
increase in culture density could be detected during the
reincubation period, it is unlikely that the appearance of intact
DNA resulted from multiplication of cells which initially
escaped damage.
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Our results indicate that FANFT has by far the most
powerful effect on bacterial DNA. Since there was no
published data on the action of FANFT on bacterial
macromolecule synthesis, we examined the specificity of this
agent. Table 1 shows that FANFT inhibits DNA synthesis in £.
coli much more severely than it does RNA or protein
synthesis. The inhibition of DNA synthesis by FANFT, like
that by NFT, is much more specific than inhibition by
nitrofurazone or nitrofurantoin, with the latter agent requiring
roughly a 20-fold higher concentration to cause as much
inhibition of DNA synthesis as does FANFT (12). Table 2
shows that thymine incorporation into strain B/r is much more
strongly affected by FANFT than is incorporation into strain
nfr-207.

DISCUSSION

These results show that exposure of E. coli B/r to nitrofuran
derivatives produces single-strand breaks in DNA. Since no
breaks are produced in strain nfr-207, a mutant which lacks
enzymes that reduce nitrofurans, we conclude that the active,
DNA-damaging compounds are reduction products, formed
during the metabolism of nitrofurans, rather than the
nitrofurans themselves. The fact that the 3 agents examined
differ so widely in their toxicity and potency for breaking
DNA is unlikely to be a consequence of differing rates of
uptake or activation, since the rates of reduction of the 3
compounds by washed cell suspensions and by cell-free
extracts are very nearly identical (14). It seems more likely
that the different potencies observed are due to differences in
the properties of the activated nitrofurans.

Knowing the number average molecular weights of the DNA
fragments and the weight of the intact E. coli genome, one can
calculate the number of breaks per bacterial chromosome. If
the size distribution of the fragments is random [as is to be
expected if there have been 5 or more random breaks per
strand (3)], the number average molecular weight is one-half
the weight average molecular weight calculated from the
equation given by McGrath and Williams. If, on the other
hand, all of the fragments are of uniform size, the 2 molecular
weights are equal. If we assume that the size distribution of
the fragments from untreated as well as treated cells is
random, the number average weight of control DNA is of the
order of 09 to 1.2X 10® daltons, and that from
nitrofurazone- or FANFT-treated cells is about one-half that
value. With the Cairns (2) maximum value of 2.8 X 10°
daltons for the weight of the intact, double-stranded E. coli
genome, it follows that the control DNA has been cleaved into
24 to 32 pieces, a value in good agreement with that of Walker
(21). Since the described FANFT and nitrofurazone
treatments result in DNA which has been cleaved into 48 to 64
fragments, about 24 to 32 breaks/genome may be attributed
to drug treatment.

Survival of cells which were plated on drug-free medium,
after exposure to sufficient FANFT and nitrofurazone to
cause extensive breakage of DNA, was very high. Since DNA
from cells which were incubated in drug-free medium for 30
min after exposure to nitrofurans had the same sedimentation
properties as DNA from untreated cells, we conclude that E.
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coli has a very efficient mechanism for repairing
nitrofuran-induced breaks. In fact, it is doubtful if breaks in
DNA play a major role in the killing of E. coli B/r, since
nitrofurantoin, which produced few breaks, was more lethal
than the other 2 agents, which caused extensive breakage.
However, in lon~ strains such as E. coli B (4), which are 10 to
20 times more sensitive than B/r and which form long
filaments upon treatment with agents [including nitrofurazone
(19)] that damage DNA, killing may well be an effect of
breaks induced in DNA. Since strains B (exr*, hcr*) and Bg_;
(exr”, hcr™) have equal sensitivity to nitrofurazone (9) and
FANFT (unpublished results), recombination repair cannot be
involved in the restoration of nitrofuran-damaged DNA (22).
Likewise, the product of the hcr* gene is not involved.

It is also reasonable to postulate that damage to host DNA
is the initial event in the induction of prophage by
nitrofurans.

The observation that FANFT concentrations that strongly
inhibited thymine incorporation in strain B/r had much less
effect in strain nfr-207 (Table 2) also indicates that soluble
“nitrofurazone reductase” (14) is involved in the formation of
derivatives that inhibit DNA synthesis. In these experiments,
FANFT, 2 pug/ml, caused about 40% inhibition of DNA
synthesis in nfr-207 cells, while no breaks in DNA were
observed in this strain, even at a dose of 5 ug/ml. However, the
densities of the cultures applied to the alkaline sucrose
gradients contained 10 times as many cells per ml as did those
used in the incorporation experiments. Thus it is reasonable to
suppose that the inhibition of DNA synthesis observed in
nfr-207 cells with FANFT, 2 ug/ml, might have resulted from
a few breaks caused by FANFT activated by the residual
nitrofurazone reductase which remains in the mutant.

Since mammalian tissues are known to contain enzymes
which reduce nitrofurans to compounds that react with
cellular constituents, it is possible that breaks produced in
nucleic acids could play a role in the induction of tumors by
certain nitrofuran derivatives, through either direct effects by
point mutation, mistakes made during the repair process, or
activation of a latent tumor virus. Nitrofurantoin, which
appears to be noncarcinogenic, causes relatively few breaks,
while the highly carcinogenic FANFT causes extensive
breakage. Nitrofurazone is intermediate, both in terms of its
carcinogenicity and its ability to break DNA.
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