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There are several classes of Escherichia coli mutants defective in radiation repair.
These include strains defective in pyrimidine dimer excision, in photoreactivation, in
recombination, in repair of X-ray damage, and ultraviolet (UV)-conditional mu-
tants which do not divide after UV. Another mutant (ras~) has been isolated. The
ras™ has increased UV sensitivity, but only slightly increased X-ray sensitivity (1.5-
fold increase). Ability to effect genetic recombination, to reactivate irradiated bac-
teriophage T1, and to be photoreactivated is normal. UV-induced mutation fre-
quency is greatly increased in the mutant. The ras— apparently lacks the ability to
repair some UV damage in the bacterial cell but can repair UV damage to bacterio-
phage DNA. The ras locus is located between /ac and purE on the chromosome map.

Several classes of radiation-sensitive Escherichia
coli mutants have been described.

The wuvr— strains have reduced efficiency for
excising pyrimidine dimers (3, 15, 31, 37). The
rec— mutants have greatly increased ultraviolet
(UV) and X-ray sensitivity and perform genetic
recombination with low efficiency (5, 14). The
lex— (or exr™) locus increases ultraviolet (UV)
and X-ray sensitivity without altering genetic
recombination or host cell reactivation (6, 14,
27). Conditional cell division mutants which
form nonseptate, multinucleate filaments after
UV or X ray are lon— (1, 2, 8, 17, 33, 34).

An additional UV-sensitive mutant of E. coli
K-12 has been isolated. This mutant, designated
ras—, is UV-sensitive, but normal in genetic
recombination, and host cell reactivation, and
only slightly X-ray-sensitive. The frequency of
UV-induced mutation is increased greatly in the
ras— strain. The ras locus is located between lac
and purE on the chromosome map.

MATERIALS AND METHODS

Bacteria. The principal strains used, their charac-
teristics, and their source or derivation are listed in
Table 1. AX14 is a spontaneous /on— mutant of
2e01c (42). AB311 was obtained from E. Cox.

Bacteriophages. Bacteriophage T1 (obtained from
A. B. Pardee) was propagated on E. coli BB in
Yeast Extract Tryptone (YET) broth. A lysogen of
At (obtained from Eugene Goldschmidt) was UV-
irradiated in sodium chloride-sodium phosphate
buffer (17), shifted to YET broth (plus 0.001 M
MgS0,), and incubated at 37 C until lysis. Bacterio-
phage f2 (obtained from Robert Webster) was grown

according to Loeb and Zinder (23). The virulent P1
mutant of Ikeda and Tomizawa (19) was obtained
from W. A. Newton.

Media. The YET agar and broth were used (17);
in broth the NaCl concentration was modified to
0.5%,. Minimal medium base (17) was supplemented
with separately autoclaved glucose (0.2%), L-amino
acids (50 ug/ml), or thymine (2 or 50 ug/ml, as de-
sired) and thiamine HCI (5 ug/ml) as desired. Strepto-
mycin was filter-sterilized and added separately to 200
xg/ml.

UV irradiation. Cells growing exponentially in
YET broth were resuspended in sodium chloride-
sodium phosphate buffer at 10¢ cells/ml and irradiated
with light from a 15-w General Electric germicidal
lamp. Irradiated preparations were plated on YET
plates. Intensity was determined by the potassium
ferrioxalate actinometry system of Hatchard and
Parker as described by Calvert and Pitts (4). After
correction for turbidity (29), effective intensity was
13 ergs/mm?/sec. All manipulations were carried out
under dim light from General Electric Gold lamps.

X-ray irradiation. Cultures were grown in YET
broth plus 0.1%, glucose for 20 hr, centrifuged once at
room temperature, resuspended in buffer (17) at 108
cells/ml, mixed magnetically in a Pyrex beaker
for 5 min, and then irradiated while mixing continued.
Irradiated samples were plated on YET agar plus
0.1% glucose. A Westinghouse Quadrocondex at
250 kw and 15 ma was the X-ray source. Intensity
was about 1.5 krad/min as determined by com-
parison of data with those of E. L. Powers.

Photoreactivation. UV-irradiated samples were ex-
posed to light from a 100 w General Electric black
light (39). A 2-mm layer of Pyrex glass and a 4-mm
0-51 no. 3850 filter (Corning Glass Works, Corning,
N.Y.) were used to exclude light below about 360 nm.
Samples were maintained at 35 C by a heating mantle

3



716

growth medium, cells were elongated during
subsequent incubation, but not to a greater extent
than those of the wild-type given the same dose.
Strain AX83 does not appear to have a defect
specific for septum formation.

X-ray sensitivity of AX83 was compared to
that of the rast wild-type strain (Fig. 3). The
X-ray sensitivity was increased by a factor of only
1.5.

Host cell reactivation. The ability of AX83 to
repair UV lesions in irradiated T1 bacteriophage
was determined (Fig. 4). Irradiated T1 was plated
on ras—, wild-type, and wvr— strains. AX83
reactivated the bacteriophages as well as did
wild-type strains. The three wyr mutants were
identical in their host cell reactivation (Hcr)
ability. If N\ was the test bacteriophage, AX83
again was Hcrt.

Genetic recombination. Recombination ability
in the ras— mutant was comparable to that of wild-
type (Table 3). In conjugation experiments which
involved different Hfr strains and different selec-
tions, the frequency of recombinants was the same
as that found with wild-type female strains.

Photoreactivation. The capability of UV-ir-
radiated AX83 to be directly photoreactivated
was examined. Cells were irradiated with UV to
about 0.59%, survival and divided into two por-
tions. One was illuminated with direct photo-
reactivating light (longer than 360 nm) and plated.
The other was held in the buffer in the dark for
periods of time greater than that required for
illumination for photoreactivation; it was then
plated to observe increase in viable cells caused by
dark repair (a liquid holding recovery control).
A Jon~ strain [known to be photoreactivatable
(21)] similarly was treated to indicate the wild-
type level of photoreactivation.

AX83 was directly photoreactivatable (Fig. 5).
Liquid holding recovery was negligible during the
time required for illumination. The photoreacti-
vation effect was strongly temperature-dependent.
Apparently, the ras— strain possesses photoreac-
tivating enzyme, and the UV lesions responsible
for inactivation of ras— are reparable by direct
photoreactivation.

UV-induced mutagenesis. The frequency of
UV-induced mutations from valine sensitivity
to valine resistance and from thyR* to thyR~
was observed in rast and ras— strains (Table 4).
The ras~ strains were much more susceptible to
UV mutagenesis than the wild-type strains. At
doses too low to induce mutations in the ras*
strains, there were numerous mutants produced
by ras— strains.

The increased UV-induced mutation frequency
of ras~ strains was not an artifact of crowded
growth on the selective media. The 10-fold in-
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creases in numbers of survivors spread had vir-
tually no effect on mutant yield.
Map position of ras. Linkage was detected by
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FiG. 3. X-ray irradiation sensitivity of AX83, O
(ras™); AX 100,®, was ras*.
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FiG. 4. Host cell reactivation in AX83, O (ras™);
AX100, ® (ras*); ABI886, A (uvrA~). ABI88S
(uvrB~) and ABI884 (uvrC~) gave results identical
to ABI886.
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N-methyl-N'-nitro-N-nitrosoguanidine survivors
on glucose minimal medium. The nonmucoid
mutants were readily visible although present in
small proportions. From 108 nonmucoid mutants,
three were significantly more UV-sensitive [as
determined by a sensitive, direct screening test
(42)] than was the mucoid Jon— parent. Two of the
three were found to be mutant in a gene for poly-
saccharide biosynthesis and mutant in known uvr
loci. One (labeled AX80) of the three was found
to be mutant in a gene for polysaccharide bio-
synthesis and mutant in a UV-sensitivity marker.
The UV sensitivity marker of AX80 was found to
be a previously undiscovered radiation repair
gene and is designated ras.

For a genetic analysis of AX80 (Table 2), the
first experiment was to determine whether restora-
tion of ability to synthesize polysaccharide would
restore UV susceptibility to the parental level.
Several genes involved in polysaccharide bio-
synthesis map near his in Salmonella (25, 30).
To determine whether AX80 was nonmucoid as
a result of a mutation near his, a his— mutant
(labeled AX81) was isolated from AX80 after
mutagenesis and penicillin selection. AX81 re-
tained the UV sensitivity and nonmucoidness of
AX80.

AXS8I then was transduced to hist by using P1
propagated on the mucoid, lon~ AX14. The
mucoid character was cotransduced with hist
with high frequency, 919, (106 of 117). Every
hist mucoid transductant retained the extreme
UV sensitivity of AX80. Clearly, loss of capsular
polysaccharide and increase in UV sensitivity
were unrelated. One his™ mucoid transductant of
AX81 was labeled AX82.

To investigate the properties of the new UV-
sensitivity marker, the Jon* allele was introduced
into AX82 by conjugation with the lont W1895
(Fig. 1). After a 25-min mating period, thrt leu*
str-r recombinants were selected. Of the recom-
binants, 739, were lon*.

The lon™ recombinants were then scored for

TABLE 2. Isolation of AX83

Strain Derivation

AX14. .. . ... ... .. Spontaneous /on~, mucoid by
virtue of Jon™ locus

AX80............. Nonmucoid, ras- mutant of
AX14 (lon™)

AXS81............. his~ mutant of AX80

AX82............. his*, mucoid transductant of
AXS81

AX83.......... ... lon* derivative of AX82, still
ras—, and nonmucoid by virtue
of the lon*
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UV sensitivity to determine the presence of rast
or ras—. Of the lon™ recombinants, 959, were
ras¥, since they had the wild-type level of UV
resistance; but 5%, were ras— (i.e., were sensitive).
One lon™ ras— recombinant was labeled AX83.

Radiation sensitivity. Ultraviolet sensitivity of
AX83 was intermediate between that of wild-type
strains and that of most previously described
mutants (Fig. 2). Doses sufficient to reduce
survivors to 379, for uvr— and rec™ strains were 8
ergs/mm? and 3 ergs/mm?, respectively (14).
A dose of about 40 ergs/mm? was required to
yield 379, survivors of AX83.

UV treatment did not initiate filamentous
growth of the ras— mutant. When AX83 was
irradiated to about 19, survival and diluted in

FiG. 1. Partial genetic map of E. coli, from Taylor
and Trotter (40). Parentheses around ras indicate
uncertainty of exact location.
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Fic. 2. Ultraviolet sensitivity of AX83, O (ras™);
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growth medium, cells were elongated during
subsequent incubation, but not to a greater extent
than those of the wild-type given the same dose.
Strain AX83 does not appear to have a defect
specific for septum formation.

X-ray sensitivity of AX83 was compared to
that of the rast wild-type strain (Fig. 3). The
X-ray sensitivity was increased by a factor of only
1.5.

Host cell reactivation. The ability of AX83 to
repair UV lesions in irradiated T1 bacteriophage
was determined (Fig. 4). Irradiated T1 was plated
on ras—, wild-type, and wvr— strains. AX83
reactivated the bacteriophages as well as did
wild-type strains. The three wvr mutants were
identical in their host cell reactivation (Hcr)
ability. If N\ was the test bacteriophage, AX83
again was Her™.

Genetic recombination. Recombination ability
in the ras— mutant was comparable to that of wild-
type (Table 3). In conjugation experiments which
involved different Hfr strains and different selec-
tions, the frequency of recombinants was the same
as that found with wild-type female strains.

Photoreactivation. The capability of UV-ir-
radiated AX83 to be directly photoreactivated
was examined. Cells were irradiated with UV to
about 0.59, survival and divided into two por-
tions. One was illuminated with direct photo-
reactivating light (longer than 360 nm) and plated.
The other was held in the buffer in the dark for
periods of time greater than that required for
illumination for photoreactivation; it was then
plated to observe increase in viable cells caused by
dark repair (a liquid holding recovery control).
A lon strain [known to be photoreactivatable
(21)] similarly was treated to indicate the wild-
type level of photoreactivation.

AX83 was directly photoreactivatable (Fig. 5).
Liquid holding recovery was negligible during the
time required for illumination. The photoreacti-
vation effect was strongly temperature-dependent.
Apparently, the ras— strain possesses photoreac-
tivating enzyme, and the UV lesions responsible
for inactivation of ras— are reparable by direct
photoreactivation.

UV-induced mutagenesis. The frequency of
UV-induced mutations from valine sensitivity
to valine resistance and from thyR* to thyR~
was observed in rast and ras— strains (Table 4).
The ras™ strains were much more susceptible to
UV mutagenesis than the wild-type strains. At
doses too low to induce mutations in the ras*
strains, there were numerous mutants produced
by ras— strains.

The increased UV-induced mutation frequency
of ras™ strains was not an artifact of crowded
growth on the selective media. The 10-fold in-
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creases in numbers of survivors spread had vir-
tually no effect on mutant yield.
Map position of ras. Linkage was detected by
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the conjugation experiment in which the ras*
lont Hfr W1895 was mated with the thr— leu—
ras— lon— AX82. A 25-min period for mating was
used. Of the thrt leu™ str-r recombinants, 739,
(181 of 249) were lon* and 279, (68 of 249) were
lon—, as determined by observation of colony
morphology for mucoidness. Of the lont re-
combinants, 969, (74 of 77) were rast. Of the
lon— recombinants, 899, (57 of 64) were ras™.
A second ras*t lont Hfr, 3000U118, was mated
with the ras— lon— AX82. After 25 min of mating,
thrt leut str-r recombinants were selected. Of the

TABLE 3. Genetic recombination in ras™ strains®

. Recombinants per ml
Recipient | Input recipient

strain cells per ml

W1895° AX1000°

2e0lc 1.2 X 108 6.4 X 103
AX82 1.1 X 108 5.4 X 103
AX46 1.3 X 108 4.3 X 10¢
AX81 1.1 X 108 4.4 X 10¢

s AX81 and AX82 were ras~; 2e0lc and AX46
were wild-type with respect to radiation sensi-
tivity.

b For the W1895 donor, input of cells per milli-
liter was 1.1 X 107, mating time was 20 min, and
selection was thrt leut str-r; for the AX1000
donor, input of cells per milliliter was 1.1 X 107,
mating time was 15 min,and selection was his* thy™.
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FIG. 5. Photoreactivation of AX83. A, AXI4
(lon™); B, AX83 (ras™). Hlumination at 35 C (O);
Illumination at 4 C (A); liquid holding recovery at
35 C (®@). Min refers to period of illumination or to
period of liquid holding.
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TaBLE 4. Induction of mutations to val-r and
thyR~ by UV light in ras* and ras™ strains

prad | g | e
Strain x:::\lﬁ_, vi‘\ltil per plate® |per 107 survivors
dent) val-r | thyR=| wval-r | thyR-
%

AXS83 60 | 15 6° 3t
(ras~ 120 | 6 18 160
val-s) 120 6 [246¢ 22¢

AX100 60 | 90 0 <0.08
(ras* 500 | 13 4 20
val-s)

AX84 60 |11 42 230
(ras— 300 0.5 [ 660
thy~ 300 | 0.5 71% 760
thyR*)

AX103 60 | 84 0 <0.06
(rast | 300 | 38 0 <01
thy~ 500 | 14 31 120
thyR*)

s Average of 10 plates.
b Sample concentrated 10-fold before plating.
¢ Sample concentrated 100-fold before plating.

recombinants, 10%, (69 of 660) were lon* and
909, (591 of 660) were lon—. Of the lon* re-
combinants, 839, (40 of 48) were rast. Of the
lon— recombinants, 989, (63 of 64) were ras—.

In both crosses, lon and ras segregated together
in 839, to 989, of the recombinants.

To confirm the map position and to test domi-
nance, diploids were prepared by mating AX83
with the F’ strain W3747. W3747 harbors Fis,
an episome that extends from lac to purE. Mero-
genotes, identified by their sensitivity to the male-
specific bacteriophage, f2, were UV-resistant.
Thus, rast was dominant over ras— and ras* is
carried on Fj;. (The dominance was not com-
plete, since the merogenotes were not fully as
UV-resistant as wild-type).

Thus, ras is located between lac and purE and
probably is close to lon.

DISCUSSION

The mutation in strain AX83 has been located
between lac and purE, and probably it is close to
lon. Previously described UV-sensitivity markers
on this segment of the E. coli chromosome are
lon of K-12 strains (17) and fil of E. coli B strains
(9). Both lon and fil, which probably are equiva-
lent (7, 8, 21, 22), specifically involve septum
formation after UV (1, 42). The lon locus cer-
tainly is distinct from ras, since recombination
occurred between the two markers. Witkin (45)
demonstrated that the fil* mutation has no effect
on UV-induced mutation frequency. The ras—
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AX83 had greatly increased UV-induced muta-
tion frequency. UV doses too low to cause muta-
tion of the wild-type strain produced numerous
mutants of ras strains.

Greenberg (10) described a UV-sensitive E.
coli K-12 strain, PAM401, which has a mutation
between lac and purE. However, PAM401 now
is known to differ from wild-type by at least three
mutations, one of which is /lon and another of
which is a suppressor of lon (Greenberg, personal
communication).

The ras locus is presumed to be involved in
pyrimidine dimer repair, since direct photo-
reactivation reversed the UV effect on ras—
AXB83. Photoreactivating enzyme, in the presence
of light of about 405-nm wavelength and by a
strongly temperature dependent process, mono-
merizes pyrimidine dimers (20, 38, 41, 46).

The uvr— (excision repair defective) and ras™
strains have some common properties. In addition
to increased UV sensitivity, both are only slightly
more X-ray-sensitive than is wild-type E. coli.
The uvr— strains are about 1.3 times more X-ray-
sensitive than wild-type (16); the ras— AX83
increased in X-ray-sensitivity by a factor of 1.5.
Strains defective in excision repair are much more
susceptible to UV mutagenesis than is the wild-
type (12, 44). Similarly, the ras— AX83 formed
UV-induced mutants after UV doses too low to
cause mutation in the wild-type.

The ras gene might participate in the excision-
repair system. If so, it participates at a step after
pyrimidine dimer excision, since the ras— AX83
excises pyrimidine dimers after UV (unpublished
observation). A difference between uvr— and ras—
strains is in ability to reactivate UV-irradiated
bacteriophages T1 and X\ (host cell reactivation).
The uvr— strains are incapable of host cell reacti-
vation (16). The ras— AX83 reactivated irradiated
T1 and X\ as well as did the wild-type. Possibly the
excision repair enzymes involved in steps after
dimer excision (i.e., repair replication and rejoin-
ing) are host- and bacteriophage-specific.

Strains defective in the exr (45) or in the rec
(28) repair systems do not form UV-induced
mutations. Both exr— and rec— strains are more
X-ray-sensitive than wild-type by factors of three
to eight times (13, 18).

A second system of recovery from pyrimidine
dimers involves the formation of gaps in DNA
strands synthesized opposite the dimers (35).
The ras locus could be involved in this process.
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Addendum in Proof

While this manuscript was in press, Witkin (Muta-
tion Res. 8:9, 1969) demonstrated that a recA~ strain
formed no detectable UV-induced mutations and that
a recC- strain formed UV-induced mutations with
reduced frequency.
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