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Strains hypersensitive to mitomycin C (MC) were isolated from Escherichia coli
K-12 after treatment with nitrosoguanidine. Of 43 MC-sensitive strains tested for
their ultraviolet light (UV) sensitivity and for their ability to reactivate UV-inacti-
vated A phage, 38 were found to be insensitive to UV irradiation and to be able to
reactivate UV-irradiated bacteriophage A\. Some properties of the MC-sensitive,
uvrt mutants were analyzed. Synthesis of deoxyribonucleic acid (DNA) in MC-sensi-
tive, uvrt mutants was inhibited at a lower concentration of MC than in the wild-
type strain. Mutant cells, labeled with 3H-thymidine and then exposed to MC,
released radioactivity as low molecular weight compounds. The amount of radioac-
tivity released was the same as that from the wild-type strain. MC-sensitive,
uvrt mutants, as well as the corresponding wild-type strain, were equally susceptible
to induction of prophage ¢80 by UV irradiation. However, MC induction of pro-
phage was achieved in MC-sensitive, uvrt mutants at a lower concentration of the
antibiotic than in the wild-type strain. Genetic experiments indicated that a gene con-
trolling MC sensitivity is located close to that determining lactose fermentation of
E. coli. 1t is situated on episome F’13, and the wild type-is dominant to the MC-

sensitive allele.

Mitomycin C (MC), one of a group of alkylat-
ing antibiotics, has been reported (5, 6, 14) to
cause cross-linking of the complementary strands

of deoxyribonucleic acid (DNA). Its effects on

bacteria and phages have been found (8-10, 13)
very similar to those of ultraviolet light (UV). It
has been reported that UV-resistant mutants of
Escherichia coli are cross-resistant to MC (4, 11)
and that the UV-sensitive mutants are more sensi-
tive to the lethal effects of MC (2). Recently, it
has been demonstrated that the wild-type strain
of E. coli contains an efficient mechanism for
repair of DNA damaged by exposure of cells to
UV or MC (1, 2, 13), whereas UV-sensitive strains
lack this mechanism (1, 2, 7, 12). Therefore, it has
been assumed that damage produced by UV or by
MC might be repaired by the same molecular
‘mechanism (2). Although the UV-sensitive mu-
tants of E. coli were shown to be cross-sensitive to
MC, there has been no report of MC-sensitive,
UV-insensitive mutants of E. coli. To study the
relationship between sensitivity to UV and MC,
strains of E. coli hypersensitive to the action of
MC were isolated. In this paper, some of the
properties of strains sensitive to MC but insensi-
tive to UV will be described, in connection with
the mechanism of action of UV irradiation on
bacteria.

MATERIALS AND METHODS

Abbreviations. Abbreviations and symbols used for
designation of genotype are: thr, threonine; leu, leu-
cine; arg, arginine; his, histidine; met, methionine;
pro, proline; thi, thiamine; lac, lactose; gal, galactose;
ara, arabinose; xyl, xylose; mt/, mannitol; +, capable
of producing or utilizing; —, incapable of producing
or using; strR, resistant to streptomycin; mitcS, sensi-
tive to mitomycin C; tonS, lam8, sensitive to phages
T1 or \; tsxR, resistant to phage T6; hcr, host-cell
in reactivation.

Bacterial strains. The following strains of E. coli
K-12 were employed: AB1157 (thr—, leu—, pro~, his—,
arg™, thi~, lac™, gal=, ara—, xyl=, mtl=, tonS, tsx®, lams,
strR, F-), AB1885 (AB1157 UV-sensitive), and W3747
(met—/F'13). Strains AB1157 and AB1885 were
kindly supplied by P. Howard-Flanders, Yale Uni-
versity, New Haven, Conn. M5, M18, M22, M28,
M29, and M32 were MC-sensitive strains which were
isolated from AB1157 by nitrosoguanidine treat-
ment in this laboratory.

Media. Nutrient broth contained (per liter of dis-
tilled water) 10 g ot polypeptone and 10 g of beef
extract (Kyokuto); it was adjusted to pH 7.2 with
NaOH. For nutrient agar, nutrient broth was solidified
with 1.59, agar.

Peptone-agar contained (per liter of distilled water)
10 g of polypeptone, 2.5 g of NaCl and 12 g of agar.

M medium contained (per liter of distilled water)
10.5 g of K.HPO,, 4.5 g of KH,PO,, 0.05 g of MgSO,,
1.0 g of (NH),SO4, 0.47 g of sodium citrate, and 2.0
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g of glucose. Glucose was sterilized separately and
mixed with the medium after cooling. Enriched M
medium (EM) consisted of M medium with 2.5 g of
Casamino Acids and 0.1 mg of thiamine added per
liter. :

EM buffer consisted of EM medium in which
glucose was eliminated.

EMB lactose-agar contained 0.89, polypeptone,
0.59, yeast extract, 0.049, eosin Y, 0.0065%, methyl-
ene blue, 0.2, K.:HPO,, 19, lactose, and 1.5%, agar.

Isolation of mutants. Strain AB1157 was grown
overnight in nutrient broth, diluted 20-fold to fresh
broth, and aerated at 37 C to bring the cells into early
log phase. After the cells were washed twice with
sterilized saline, they were suspended in 0.2 M acetate
buffer (pH 5.0), and an aqueous solution of N-
methyl-N’-nitro-N-nitrosoguanidine in the same
buffer was added to a final concentration of 250 ug/
ml. The cells were incubated for 2 hr at 37 C, centri-
fuged, and suspended in nutrient broth. After dilution
1:20 in 20 tubes of the same broth, the cells were
aerated further for 4 hr. After appropriate dilution,
0.1 ml of the dilution was spread on nutrient agar and
the colonies were replicated onto nutrient agar con-
taining 0.1 g of MC per ml. To eliminate the possibil-
ity of picking up the same clone, only one MC-sensi-
tive strain was isolated from a single plate.

Determination of cellular DNA. Portions (10 ml)
of the bacterial suspension (3 X 108 cells per ml)
were chilled and acidified by the addition of 10 N
perchloric acid to give a final concentration of 0.5 N.
After standing for 30 min at 0 C, the insoluble residue
was collected by centrifugation and heated with 0.5 N
perchloric acid at 90 C for 15 min. DNA in the hot
perchloric acid-soluble fraction was assayed by the
method of Burton (3).

Measurement of radioactivity released from cells
labeled with 3H-thymidine after exposure to MC.
Overnight cultures were diluted 1:10 into EM medium
containing 5 uc of 3H-thymidine (specific activity,
5.0 ¢/mmole) and 250 ug of deoxyadenosine per ml.
They were aerated at 37 C for about 3 hr to bring the
cells into early log phase. After the cells were washed
twice with EM medium containing 50 ug of nonradio-
active thymidine per ml, they were suspended in EM
plus thymidine medium and incubated at 37 C for 60
min. After centrifugation, 1 ml of the cells, at a con-
centration of about 3 X 108 per ml, was exposed to
MC for 30 min at 37 C in EM buffer. At the end of
incubation a sample of cells was taken for measure-
ment of viable cells; the remaining cells were centri-
fuged, suspended in EM medium, and aerated for 2
hr at 37 C. Total radioactivity was determined from
counting 5-uliter samples of the labeled culture. The
cells were acidified by addition of 0.1 ml of 509, tri-
chloroacetic acid and were kept cold for 20 min. After
centrifugation, 20 uliters of the supernatant fraction
was counted for *H in a Packard liquid scintillation
counter. In one experiment, at 2 hr postincubation,
the cells were centrifuged at 2,600 X g for 20 min, and
the resultant supernatant fraction was assayed for
radioactivity.

Recombination. Cells to be used for mating were
grown to the exponential phase (2 X 108/ml) from an
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inoculum derived from an overnight broth culture.
The strains were then mixed in a 200-ml Erlenmeyer
flask, with 0.2 ml of the male strain and 2 ml of the
female strain used. Mating mixtures were incubated
at 37 C without agitation.

Chemicals. MC was supplied by Kyowa Hakko Co.
Ltd., Tokyo, Japan, and N-methyl-N’-nitro-N-nitro-
soguanidine was purchased from Aldrich Chemical
Co., Milwaukee, Wis.

RESULTS

UV sensitivity of the MC-sensitive strains. To
test the effect of UV irradiation on MC-sensitive
strains, two sets of experiments were carried out.
In the first set of experiments, strains were grown
to logarithmic phase in nutrient broth and a loop-
ful of the culture was streaked onto a peptone-
agar plate. The plates were irradiated with an ap-
propriate dose of UV and incubated at 37 C for
24 hr. Of 43 MC-sensitive strains isolated by this
method, 5 were shown to be sensitive to UV irra-
diation and the rest were not. The second series
of experiments was based on the fact that UV-
irradiated T1 or A phages form fewer plaques on
UV-sensitive mutants than on the corresponding
wild type. When Av phage was irradiated with
UV to a survival of 1072 and plated on MC-sensi-
tive strains, it was found that the strains which
were sensitive to MC but not to UV were able to
reactivate UV-inactivated Av phages. The sur-
vival of the MC-sensitive strains after treatment
with MC and UV, and the survival of UV-irradi-
ated A\v phage, when plated on an MC-sensitive
strain, are shown in Fig. 1. From these two
criteria, i.e., killing by UV and ability to repair
UV damage to phage DNA, it became apparent
that a majority of the MC-sensitive mutants
isolated by nitrosoguanidine treatment were not
sensitive to UV irradiation. In the following ex-
periment, MC-sensitive, wvrt mutants were
further analyzed to clarify the effect of MC and
UV on MC-sensitive strains.

Effect of MC on synthesis and degradation of
DNA in MC-sensitive strains. It has been shown
that MC exhibits a selective inhibitory action on
DNA synthesis without exerting any effect on the
synthesis of either RNA or protein in E. coli (13).
The effect of MC on DNA synthesis in an MC-
sensitive strain is shown in Table 1. The synthesis
of DNA in an MC-sensitive strain was completely
inhibited at a concentration of 0.1 ug/ml, whereas
DNA synthesis in the wild-type strain was inhib-
ited only in the presence of 10 ug of MC per ml.
The concentration of MC required for the com-
plete inhibition of DNA formation in the MC-
sensitive strain was one-twentieth or one-fiftieth of
that required for the wild-type strain. This ratio
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Fi1G. 1a. Survival of cells after exposure to various concentrations of mitomycin C. Cells grown in EM medium
were harvested in logarithmic phase, washed twice, and suspended in EM buffer. They were exposed to various
concentrations of mitomycin C at 37 C for 30 min. After appropriate dilutions, cells were plated on peptone-agar,
incubated for about 20 hr at 37 C, and scored for the number of visible colonies formed. Symbols: O, AB1157;
X, M32.

FiG. 1b. UV survival curves for the mitomycin-sensitive mutants. Cells grown in EM medium were harvested in
logarithmic phase, and resuspended in EM buffer. They were exposed to various doses of UV at a distance of 45 cm
from a 15-w Toshiba germicidal lamp, diluted, and plated on peptone-agar medium. They were incubated for about
20 hrat 37 C and scored for the number of viable colonies formed. Symbols: O, AB1157; N, ABI885; @, M22;
O, M28; X, M32.

Fi1G. 1c. UV survival curve for \v phage plated on mitomycin C-sensitive mutants. Phage were irradiated in EM
buffer at pH 7.2 and plated on peptone-agar plates with soft agar seeded with the indicated strains of bacteria.

Symbols: O, ABI157; A, ABI88S; X, M32.

correlates well with the relative amount of MC
required to produce lethal effects on these strains.
Furthermore, as shown in Table 1, the amount of
DNA in the MC-sensitive strain was decreased
when the cells were incubated with 1 ug of MC
per ml for 30 min, indicating that MC induced the
degradation of DNA in the MC-sensitive strain.
If this degradation were due to the mechanism
for excision of UV photoproducts, the repair of
MC damage to DNA in MC-sensitive strains
should be normal. To confirm this, an experiment
was performed to test the effect of MC on the
release of radioactive materials from DNA which
was prelabeled with 3H-thymidine. As shown in
Table 2, upon incubation with MC, about 309,
of the radioactive materials were released from the
MC-sensitive strain into the soluble fraction. No
release of radioactivity was observed in the UV-
sensitive strain. These results suggest that MC-
sensitive strains contain the mechanism which is

thought to be involved in the removal from DNA
of the products formed by exposure of cells to
MC or to UV.

Induction of prophage by MC and UV in a ¢80
lysogenic MC-sensitive strain. The experiments
presented above indicate that MC acts more
efficiently on both the survival and DNA synthesis
of MC-sensitive strains than of the wild-type
strain. Therefore, one would expect that the in-
duction of phage in lysogenic MC-sensitive strains
would be achieved at a lower concentration of MC
than that required in the lysogenic wild-type
strain. To test this possibility, an MC-sensitive
strain, a UV-sensitive strain and a wild-type
strain were lysogenized with temperate phage
¢80 and assayed for the induction of phage by
MC or UV. Cells were grown to a logarithmic
phase of growth, exposed to various concentra-
tions of MC or doses of UV, and then plated on
an indicator strain to determine the number of
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TABLE 1. Relative amount of DNA in strains of
Escherichia coli treated with mitomycin C*

Concn of mitomycin C (ug/ml)
Strain _
0 0.05 0.1 1 | S ’ 10
ABI1157.. ... 13| — | 1.3 1.35|1.1 |0.87
ABISSS. . ... 13| —[0.96[095|1.0| —
M32........ 1.3/1.1{0.93/0.61| — |0.74

e Strains of E. coli grown to logarithmic phase
were harvested by centrifugation and washed with
EM buffer. The cells in EM medium were aerated
at 37 C for 30 min in the presence of various con-
centrations of MC. After 0 and 30 min of incuba-
tion, 10 ml of the culture was removed for meas-
urement of the amount of DNA. The relative in-
crease or decrease in the amount of DNA (amount
of DNA at 30 min/amount of DNA at 0 min) is
shown.

induced cells. As shown in Fig. 2, the number of
induced cells in an MC-sensitive strain increased
rapidly with increasing concentrations of MC and
reached a maximum at a concentration of 0.2
ug/ml. In the corresponding wild-type strain, the
number of induced cells increased rather grad-
ually until the concentration of MC reached 5
ug/ml. However, with UV induction, no differ-
ence in the number of plaque-forming centers was
observed between the lysogenic MC-sensitive
strain and the corresponding wild-type strain. It
is also shown in Fig. 2 that the maximal induction
of phage in the lysogenic UV-sensitive strain was
attained at a lower concentration of MC than in
the wild-type strain.

Location of gene controlling MC sensitivity. To
determine where the msc gene was situated on the
E. coli chromosome, an MC-sensitive strain was
crossed with Hfr Cavalli. Mating was interrupted
at 30 min and mtct str® recombinants were se-
lected. After purifying the recombinants on the
same plate, the colonies were tested for unselected

markers by the replica plate method. As shown in .

Table 3, 999, of the recombinants were lac™ and
prot, whereas none received the donor gene hist
or gal*. This suggests the msc gene is located close
to the pro and lac genes.

Its location was confirmed by crosses between
Hayes or Cavalli Hfr and MC-sensitive strains, in
which lact recombinants were selected. In these
crosses, mating was interrupted at 30 min by
blending, and recombinants were selected on
EMB-lac-SM medium. Lac* colonies were picked
up on the same plate and replica-plated onto the
agar medium containing MC. As shown in Table
4, 929, of the lact recombinants received the
mtc marker from the donor strain.

In E. coli, a fragment of the bacterial chromo-
some sometimes attaches to sex factor F. F’13 is
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TABLE 2. Colony-forming ability and DNA
degradation of Escherichia coli treated
with mitomycin C

Percentage
Expt " Strain m??::él;gf, Fra;:&i?’l;v?;cells ragifo;ocg\lrity
(ug/ml) 8 irfn soluble
raction
1 | AB1I57 | 0 1 4.4
0.5 8.7 X 102 20.0
1 8.5 X 103 30.8
5 6.4 X 104 13.5
AB1885 | 0 1 6.0
0.1 5.7 X 1073 6.7
0.5 7.2 X 1075 8.3
1 4.6 X 10-5 9.4
M28 0 1 5.7
0.1 1.5 X 10 10.0
0.5 3.0 X 10¢ 33.6
1 3.3 X 10 20.8
M29 0 1 7.5
0.1 7.7 X 102 8.3
0.5 3.2 X 10 24.3
1 1.2 X 10~ 27.0
2 M5 0 1 3.9
0.1 3 X 10 7.1
0.5 2.8 X 103 41.2
1 10— 28.0
Mi8 0 1 4.6
0.1 2.6 X 1071 10.1
0.5 1.7 X 10¢ 32.1
1 10+ 25.4
M32 0 1 5.9
0.1 4 X 107 33.2
0.5 3.4 X 10 39.2
1 10— 24.3
3 AB1157 | 0 1 6.8
0.5 8.7 X 10 21.1
1 1.1 X 102 46.8
5 1.0 X 105 18.7
AB1885 | 0 1 9.1
0.5 1 X 1073 11.2
1 1 X 1078 12.8
5 10-8 12.9
M32 0 1 6.8
0.5 2.4 X 10 46.5
1 10-5 33.6
5 10-8 24.4

e At 2 hr postincubation, radioactivity in the
trichloroacetic acid-soluble fraction was counted.

b At 2 hr postincubation, radioactivity released
into the medium was counted

one such episome on which the bacterial genes
lac, pro, pho, and pur are found. Since the mzc
gene was located close to the lac gene, it was as-
sumed that the msc gene might also be found on
episome F’13. To test this possibility, overnight
cultures of strain W3747 and mtc® strains (M18,
M28, M32) were mixed in nutrient broth at a cell
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F1G. 2a. Induction by mitomycin C of prophage ¢80 in a mitomycin C-sensitive mutant. Lysogenic cells, grown
in EM medium, were harvested in logarithmic phase, washed twice, and resuspended in EM buffer at a concentration
0, 2 X 108 cells per ml. The cells were diluted 100-fold in EM buffer and exposed to various concentrations of MC
at 37 C. After incubation for 20 min, they were diluted and plated with soft agar with the appropriate indicator

strains. Symbols: O, AB1157; A, ABI1885; X, M32.

FI1G. 2b. Induction by UV of prophage ¢80 in the mitomycin C-sensitive mutant. Lysogenic cells, harvested and
washed as described in Fig. 2a, were suspended in 0.9%, NaCl and exposed to various doses of UV at a distance of
45 cm from 15-w Toshiba germicidal lamp. After appropriate dilution, the induced cells were measured by plating
with soft agar on the appropriate indicator strains. Symbols: O, AB1157 ($80); /\, ABI885 (¢80); X, M32 (¢80).

TaBLE 3. Frequency of occurrence of unselected TABLE 4. Frequency of occurrence of unselected

donor markers in mtc*t str® recombinants
from three crosses®

donor markers in lac* str® recombinants
from two crosses®

No. of No. of unselected donor markers No. of No. of unselected donor markers
Cross "zg';;;i‘;: Cross | coloni
tested
tested lac* prot | thrt lewt| hist gal* mict | pro* |thrt lewt| his* gal*
1 100 100 | 100 11 0 0 1 179 172 | 177 99 0 0
2 100 100 | 100 9 0 0 2 182 170 | 182 151 0 0
3 103 102 | 102 13 0 0

s Crosses were as follows: (1) Hfr Cavalli str8 X
M18, (2) Hfr Cavalli str8 X M28, (3) Hfr Cavalli
str8 X M32. Mating was interrupted at 30 min.

density of about 10° per ml and incubated at 37 C
for 8 hr. After appropriate dilution, the cells were
. plated on EMB-Lac-SM plates and incubated for
about 20 hr. Lactose-positive colonies were
picked, purified, and tested for their sensitivity to
MC. It was found that all of the lactose-positive
colonies thus obtained were no longer MC-sensi-

e Crosses were as follows: (1) Hfr Cavalli X M32
(2) Hfr Hayes X M32. )

tive. They grow in the medium containing MC as
well as the wild-type strain did. It was also found
that 100 /ac™ colonies, which arose spontaneously
or after acridine orange treatment from an F
ductant, M32/F’13, became sensitive to the action
of MC. These results indicate that the gene con-
trolling MC sensitivity is located on episome F’13
and the wild-type allele is dominant to the MC-
sensitive gene.
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DiscussioN

It is known that pyrimidine dimers are formed
in DNA with a high yield when bacteria are ex-
posed to UV. Usually, bacteria contain efficient
mechanisms for removing lethal UV damage to
DNA as acid-soluble oligonucleotides (1, 12). In
UV-sensitive, ~cr— mutants, this mechanism for
DNA repair is deficient (1, 12). Recently, Boyce
and Howard-Flanders showed that the Acr—, UV-
sensitive mutants are also sensitive to the bac-
tericidal action of MC and are incapable of re-
moving MC damage to DNA as acid-soluble
oligonucleotides (2). The MC-sensitive mutants
analyzed in this paper, however, were not sensitive
to UV and were able to reactivate UV-inactivated
Av phages. The mutants were also shown to con-
tain the normal mechanism for excision of MC
damaged DNA (Table 2), indicating that the mzc
gene controls some process other than that for the
excision of pyrimidine dimers in DNA. Since the
mic gene was shown to locate close to the /ac gene
of E. coli, one could conclude that there are at
least two types of gene which control the MC sen-
sitivity of E. coli, i.e., one which participates in the
repair of UV and MC damage in DNA and an-
other which controls the MC, but not the UV,
sensitivity of the bacteria.
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