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Induction of DNA Recombination by Activated 3-Amino-1-methyl-5H-

pyrido[4,3-b Jindole
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To investigate the genotoxic properties of a food-derived carcinogen, 3-amino-1-methyl-5H-pyrido-
[4,3-Blindole (Trp-P-2), we have tested whether Trp-P-2 and its metabolically transformed products
can induce DNA recombinations. Trp-P-2 is a strong mutagen and its activated form, the N-
hydroxylated derivative, Trp-P-2(NHOM), is known to form DNA adducts and cause DNA chain
cleavage. Using a system in which phage 1 undergoes recombination inside host Escherichia coli,
we have found that Trp-P-2(NHOH), but not Trp-P-2 itself, can induce recombination. A nitroso
derivative of Trp-P-2, Trp-P-2(NO), which can be reduced intracelularly to form Trp-P-2(NHOH),
also induced recombination. Active oxygens are implicated in this recombinogenic action, since
Trp-P-2(NHOH) is known to undergo spontaneous oxidative degradation, generating active oxygen
radicals which can cause DNA chain cleavages. 4-Hydroxyaminoquinoline N-oxide and phenyl-
hydroxylamine also showed recombinogenic actions in this assay system; hence, it is suspected that
aromatic amine-type carcinogens have this property in common.
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Trp-P-27 is one of the carcinogenic heterocyclic amines
present in cooked foods.” Trp-P-2 is metabolically con-
verted first into its N-hydroxylated form, Trp-P-2-
(NHOH), which is then converted into its O-esterified
derivatives. These activated forms of Trp-P-2 can react
with DNA and form base adducts.*™ In recent studies,
we found interesting properties of the activated Trp-P-2.
Trp-P-2(NHOH) is unstable in neuvtral agqueous solu-
tions, undergoing oxidative degradation to form super-
oxide anion and other active oxygen species.” Further-
more, Trp-P-2(NHOH) generates active oxygens in cells,
when given externally.® The nitroso derivative of Trp-P-
2, Trp-P-2(NO), is formed during oxidative degradation
in vitra,” and Trp-P-2(NO) can be reduced by the action
of biological reductants or superoxide anion to regener-
ate Trp-P-2(NHOH).>” The Trp-P-2(NHOH)-induced
active oxygen species can cause DNA single-strand
breaks in both naked and intracellular DNA.®
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mutase; UV, ultraviolet.
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Here we have investigated possible biological conse-
quences of the DNA strand breaks inducible by Trp-P-2-
(NHOH). Meselson and Radding proposed a model for
the initiation of DNA recombination by single-strand
breaks.”” Furthermore, any other possible recombination
model should require DNA strand cleavage in the initia-
tion step forming the Holliday structure, or in the com-
pletion step resolving it. Therefore, it is of interest to
know whether DNA-cleaving agents can induce recombi-
nation. In this study, we investigated the ability of Trp-
P-2(NHOH) and other Trp-P-2 derivatives to induce
phage 1 DNA recombination, We also investigated the
activity of several other DNA-damaging compounds.
The relationship between the activities inducing DNA
recombination and damage is discussed.

MATERIALS AND METHODS

Bacterial strains and phages Bacterial strains used as
hosts for phage 2 were E. coli Ymel supF58, 594 sup®, and
BIK 1206 lexA3 (ind ). Phage A strains used were ADF;
A imm434cI Daml5 Flam96B b338 red3, and ASR; A
immd34cl Sam7 Ram5 int6 red3.

The bacterial strains used as the hosts for phage cross
experiments are all recombination-proficient, and the
phages, ADF and ASR, are deficient in the viral recombi-
nation system due to the genotypes red3™ and int™.
Therefore, the recombination observed in this study is
mediated solely by the bacterial recombination ma-
chinery.
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Chemicals Trp-P-2 acetate, MNNG, bleomycin and
hydrogen peroxide were obtained from Wako Pure
Chemical (Osaka), 4HAQOQ and PAMBC from Tokyo
Kasei (Tokyo), SOD [EC 1.15.1.1] of bovine erythro-
cytes from Sigma (St. Louis, MO, USA), and chloro-
phyllin from Nacalai Tesque (Kyoto). 2-AF(NHOH)
was a generous gift from Dr. Ryuichi Kato of Keio
University, Medical School. Trp-P-2(NHOH), Trp-P-2-
(NO), Trp-P-2(NO;) and phenylhydroxylamine were
prepared as described previously.”

Measurement of recombination frequency Recombina-
tion frequency was measured by means of a cross exper-
iment as follows. E. coli Ymel or BIK1206 cells were
grown at 37°C in A broth, which contained 10 g of
polypepton and 2.5 g of NaCl in 1 liter. The cells were
harvested at the early log phase (1-3 X 10® cells/ml} and
suspended in 10 mM MgSQ, at a density of 10° cells/ml.
The bacteria were mixed with ADF and ASR. simultane-
ously at a multiplicity of infection of 5, for individual
strains of phages, and the adsorption was done at 37°C
for 10 min. After the adsorption, the bacterial cells were
washed twice with 10 mM Tris-HCI (pH 7.5)-10 mM
MgSQy and diluted into A broth pre-warmed at 37°C at a
density of 10* cells/ml. Immediately, a test compound
was added to the broth and the mixture was shaken at
37°C. After 1 or 2 h of shaking, a few drops of chloro-
form were added to the culture for the complete lysis of
infected cells. Total progeny phages were counted by
plague formation on a lawn of Ymel, and the number of
wild-type phages resulting from recombination was de-
termined by plaque formation on a lawn of E. coli 594.
The culture was appropriately diluted to produce more
than 100 plaques on each plate and averages of duplicate
plates were recorded. The recombination frequency was
expressed as the fraction of wild-type phages in total
phages.

UV irradiation A single 15-W UV lamp (Hitachi,
Tokyo), which emits predominantly 254-nm light, was
used for UV irradiation of infected E. coli. The E. coli
infected with ADF and 28R was suspended in M9 buffer
and irradiated. The bacteria were then diluted into A

broth at 37°C and after incubation the daughter phages
were titrated as described above. The dose of UV light
was measured with a Topcon UV radiometer (Tokyo
Kogaku Kikai, Tokyo).

RESULTS

Induection of recombination between 4 DNAs Ymel, a
suppressor-positive strain of E. coli, was infected with a
mixture of two A phage mutant strains, ADF and 2SR, If
their DNAs replicating in a cell recombine in the manner
shown in Fig. 1, the recombination should generate a
wild-type progeny phage, Awild, that can form plaques
on E. coli 594, a strain deficient in the suppressor gene. A
control cross experiment showed the background level:
about 1% of total progeny phages had wild-type genes
of D, F;, § and R. The fraction of recombinant phage
population among total phages increased up to 5 times
the background level on addition of Trp-P-2(NHOH),
and the increase was dependent on the dose of Trp-P-2-
(NHOH) (Fig. 2).

Trp-P-2(NO), which is incapable of cleaving naked
DNA but can induce DNA strand breaks in intracellular
DNA (Y. Wataya et af., unpublished results), increased
the recombination frequency, and the recombination-
inducing ability was half as potent as that of Trp-P-2-
(NHOH) (Fig. 2). Trp-P-2 and Trp-P-2(NQO;), which
cannot cause any DNA strand breaks either in vitro or in
vivo, showed no recombination-inducing ability (Fig. 2).
These results suggest that the DNA-cleaving activities of
these agents are associated with the induction of DNA
recombination.

Activated Trp-P-2 has been reported to induce SOS
function in E. coli.'® The induction of recombination
observed here might be caused as a result of an over-
production of RecA protein, which is an initial step of
DNA lesion-mediated bacterial SOS function. To explore
this possibility, we used an SOS-deficient strain BIK
1206; lexA (ind™) as the host bacteria. Here also the
induction of recombination was observed: without
Trp-P-2(NHOH), 5.5%; with 3 yM Trp-P-2(NHOH),

Fig. 1. Recombination between ADF DNA and 2SR DNA resulting in Awild DNA. ADF carries amber mutations in genes D
and Fy. ASR carries amber mutations in genes S and R. These mutant genes are indicated as D, F, S and R. Genes § and R of
ADF and genes D and F; of 1SR are wild type, which are marked with +. Recombination between 1DF and ASR generates

Awild, which has wild-type genes of D, F;, S and R.
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Fig. 2. Effects of Trp-P-2 derivatives on the recombination

frequency between ADF and ASR in E. coli Ymel. E. coli
Ymel propagating ADF and ASR. simultancously was incu-
bated in A broth containing Trp-P-2(NHOH) (®), Trp-P-2-
(NO) (&), Trp-P-2(NO,) (&) or Trp-P-2 ( O) at the concen-
trations indicated. After lysis, daughter phages were titrated
on E coli Ymel for total phages and on E. coli 594 for
wild-type phages. Recombination frequencies were calculated
from the number of wild-type phages divided by the number
of total phages.

12.5%; and with 5 uM Trp-P-2(NHOH), 22.5%. Thus,
the recombination frequency reached a level about 5-fold
greater than the control, the same level as that observed
with Ymel. This result indicates the independence of the
induction of the recombination from SOS function. In
other words, there seems to be no need of SOS signals
from damaged DNA for the substrate DNAs to be
recombined.

Two other mutagenic aromatic hydroxylamines,
phenylhydroxylamine and 4HAQO, were examined for
effect on the recombination frequency in E. coli Ymel
They also have the abiliy to cleave purified DNA (data
not shown). Both of the compounds elevated the fre-
quency to a value twice as high as that of the control
(Fig. 3).

UV light caused induction of DNA recombination in
Ymel to 8.4% at a dose of 4.2 mJ/cm?. UV is known to
produce pyrimidine dimers and other types of damage
in DNA bases. The damaged bases may be removed by
cellular excision repair machinery. The nicks introduced
by the excision nuclease or by UV-induced base damage
itself may participate in the induction of the recombina-
tion. MNNG, a mutagenic methylating agent, also stim-
ulated the recombination to the extent of 3.69% at 50 uM.

DNA Recombination by Activated Trp-P-2
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Fig. 3. Effects of phenylhydroxylamine and 4HAQO on the
recombination frequency in E. coli Ymel. E. coli Ymel prop-
agating ADF and ASR simultaneously was incubated in A
broth containing phenylhydroxylamine (®) or 4HAQO (O)
at the concentrations indicated. Recombination frequency
was measured as described in the legend to Fig. 2.

Table I. Modulation of Trp-P-2(NHOH )-mediated Recombi-
nation by Reagents

Relative recombination

Ly
Reagents (concentration) frequency (%)

Trp-P-2(NHOH) (5 uM) 100
+ Chlorophyllin (I mM) 7
+ L-Ascorbic acid (1 mM) 50
+ Cysteamine (1 mM) 85
+ PAMBC (0.1 mM) 91
+ SOD (20 pg/ml) 108

a) Each modulator and Trp-P-2(NHOH) were added at the
same time. The recombination frequencies were measured as
described in “Materials and Methods.”

The bases methylated by MNNG may be excised and
nicks introduced may play a role here, too. MNNG was
reported to induce DNA strand breaks in intracellular
DNA.D

2-AF(NHOH), another mutagenic aromatic hydroxyl-
amine, did not induce recombination {data not shown).
2-AF(NHOH) is extremely unstable in neutral aqueous
solutions. Therefore, we suspect that the agent did not
reach the DNA beyond the bacterial membrane. Hydro-
gen peroxide (5 mM) and bleomycin (1 gg/ml), which
are known to cleave DNA,'>® had no effect (data not
shown).
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Inhibition of the recombination induction by Trp-P-2-
(NHOH) The effect of several agents, which might
influence the mutagenicity or the DNA-breaking activity
of Trp-P-2(NHOH), on the induction of the recombina-
tion was examined. The results are shown in Table I.
Chlorophyllin can form complexes with Trp-P-2 deriva-
tives and has antimutagenic activities." ' Chlorophyllin
inhibited the induction of recombination almost com-
pletely. It may prevent permeation of Trp-P-2(NHOH)
into E. coli cells by forming a complex. Addition of -
ascorbic acid, an antioxidant and free radical scavenger,
suppressed 509 of the induced recombination, This result
suggests that free radicals or oxidants generated during
the degradation of Trp-P-2(NHOH) participate in the re-
combination. However, another antioxidant, cysteamine,
had no significant effect. SOD, a scavenger of superoxide
anion, or a membrane-permeable SOD mimic, PAMBC,
was not effective. It should be noted that cysteamine and
PAMBC did not inhibit intracellular DNA breaks induc-
ible by Trp-P-2(NHCH) (Y. Wataya et al., unpublished
results). SOD may be unable to enter bacterial cells.

DISCUSSION

We have demonstrated here that DNA recombination
in E. coli cells was induced by direct mutagens that have
DNA-cleaving activity. Single-strand breaks in phage
DNA, which possibly took place during these treatments,
would have stimulated the recombination, as the
Meselson-Radding model predicts™; in this model, DNA
single-strand breaks initiate the recombination. The
breaks might be induced by active oxygens derived from
the auto-degradation of Trp-P-2(NHOH). However, two
other DNA-cleaving agents, bleomycin and hydrogen
peroxide, did not induce DNA recombination. A DNA
strand break alone might not be sufficient for stimulating
recombination,

In our system, UV irradiation also induced recom-
bination. It has been reported that recombination of
viral DNA in mammalian cells is stimulated by UV
damage.'*'® Bhattacharyya et al. pointed out that in the
case of UV, the activity of excision repair of the damage
can prevent the induction of recombination, and they
proposed that unexcised DNA lesions lead to recombina-
tion.'” This suggests that the recombination is not in-
duced by strand scissions vig the action of repair endo-
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nucleases, but by base modification. In our case, single-
strand breaks as well as Trp-P-2 adducts in DNA could
have affected the recombination. Further work is neces-
sary to evaluate which of these two different lesions is
relevant to the induction.

The recombination observed here was not dependent
on SOS response. More precisely, it did not require the
presence of SOS-inducible proteins that are produced via
inactivation of the LexA protein. The background level
of recombination in BIK1206 was somewhat higher than
that in Ymel. Wild-type LexA protein might also be
inhibitory to the recombination. Further experiments are
needed to confirm this, because the two strains used here
do not have the same genetic background.

In mammatian cells, DNA recombination may some-
times be the cause of chromosome aberrations such as
SCE (sister chromatid exchange), chromosome trans-
location and chromosome deletion. Chromosomal trans-
locations"** and deletions®® have been frequently identi-
fied in tumor tissues. Tohda et al.® reported that SCE
is inducible by activated Trp-P-2 and 4NQO; 4NQO is
known to be reduced to 4HAQO in the cells, These
facts suggest that DNA recombination could play some
role in the carcinogenesis by Trp-P-2 and 4NQO. It is
unclear whether mammalian cells are equipped with a
response system similar to the bacterial SOS function.
The SOS function might be a process specific to bacteria.
The induction of recombination by Trp-P-2(NHOH)
observed here did not require SOS response. Thus, the
mechanism of recombination reported here could be re-
levant to the recombination in mammalian cells.

The assay employed in this study is simple and the
results can be obtained within 24 h. It might be useful for
screening chemicals for their DNA recombination-
inducing activity, a factor important in evaluating the
genotoxicity of an agent.
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