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We describe the isolation and characterization of amber mutations in the lexA
gene of Escherichia coli K-12. These mutations, designated spr(Am), were
isolated and characterized in a lexA tif sfi genetic background. They abolished
the sensitivity of the strain to UV light and resulted in high rates of synthesis of
recA protein. Phage A' failed to lysogenize the strains as observed with similar
strains carrying non-amber spr mutations described previously, thereby indicating
a constitutive expression of the phage induction pathway. Introduction of an
amber suppressor mutation into a strain bearing the spr(Am) mutation restored
expression of the LexA mutant phenotype. We conclude that spr mutations either
inactivate or prevent synthesis of the lexA gene product and that loss of this
product results in constitutive expression of the E. coli induction system in the tif
sfi genetic background.

When Escherichia coli is treated with agents
which block DNA replication, such as UV light
and mitomycin C, a coordinated set of events
occur which are thought to aid cellular survival
(25). These phenomena have been termed "SOS
functions." They include prophage induction,
inhibition of cell division, induced mutagenesis,
and increased synthesis of the recA protein (6,
9, 15, 17), formerly also known as protein X (10,
11). The SOS hypothesis proposes that all these
events are part of a general response signal to a
block in DNA replication (25). lexA mutations
which map at 90 min (3, 21) on the E. coli
linkage map (2) block SOS functions and render
the cell UV sensitive (21). These mutations are
also dominant to lexA+, suggesting that they act
through the synthesis of a diffusible product (3,
21). Several classes of resistant derivatives have
been isolated; these carry mutations that map at
or near the lexA locus. In tel derivatives, thought
to make a lexA product that is thermosensitive
and gives rise to thermosensitive growth, certain
SOS functions are induced constitutively at
40-42°C (8, 22); in the spr derivatives, thought
to make very little or a nonfinctional lexA pro-
tein, there is a high rate of constitutive expres-
sion of all known SOS functions in a tif sfi
background at 30 to 420C (19).

In this paper, we report the isolation and
characterization of spr(Am) mutations in a lexA
tifsfi genetic background ofEscherichia coli K-
12. These mutants are UV resistant and show an
increased rate of synthesis of recA protein and
constitutive expression of all the known SOS
functions. This finding further supports a model

for the regulation of the recA gene by the lexA
protein.

MATEIUALS AND METHODS
Media. Oxoid broth was used to grow cultures

before and during matings (18); Davis minimal media
(5) was used for selection of recombinants and trans-
ductants; L broth (16), supplemented with 2 mg of
maltose per ml and 10 mM MgSO4, was used to grow
cultures for measuring UV survival; and N agar (21)
containing 0.5 pg of mitomycin C (Sigma Chemical
Co.) per ml was used for selection of mitomycin C-
resistant derivatives. Davis minimal salts is Davis
minimal medium lacking glucose, thiamine, or amino
acid additions.

Bacterial strains. Table 1 lists the bacterial strains
and relevant genetic markers. Wild-type A phage was
obtained from R. Devoret; AcIIndF came from D.
Kaiser, imm434cI-0. was obtained from B. Knoll.
Mating and traduction rosmes. The mating

procedure was as described by Moody and Hayes (18).
P1 transductions were performed as previously de-
scibed (4, 21).

For mating to introduce an amber suppressor mu-
tation, donor strain JG75 (Hfr his supD) was mated
with recipient DM2001 (F-spr-55 kexA3 his-4 supf
strA). Cultures (9 HfrlF) were mated for 60 min at
37°C without agitation, the mating was interrupted by
blending in a Vortex mixer fbr 1 min, and the cells
were spread on selective medium and incubated over-
night at 37°C. Recombinants were replica plated onto
plates containing 1(9 A or Aimm434cIY-.½ phage. The
loss of the STS (constitutive SOS) phenotype was
indicated by growth on the A4 phage-containing plate,
whereas the presence of the suppressor was indicated
by the lack of growth on the Aimm434cI-JPC phage-
containing plate. Sensitivity to UV light was measured
as previously described (21).
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TABLE 1. Bacterial strains
Strain no. Relevant genetic markersa Origin (reference)
DM1187 F- thr-1 leu-6 proA2 sfiAll tif-1 strAl sup-37 (19)

galK2
AB259 HfrH sup' A. J. Clark
DM1590b as DM1187, also gar sup' DM1187 x AB259
DM960 Hfr-Ra-2 metA28 (19)
DM972 Hfr Ra-2 lexA3 (19)
JG75 Hfr supD J. Gross
JG70 Hfr supE J. Gross
DM1700 as DM1590, also thr+ leu+ lexA3 DM972 x DM1590 Thr+ Leu+

[Strr recombinant
DM1600 as DM1590, also thr+leu+metA28 DM960 x DM1590 Thr+ Leu+

[Strr] recombinant
DM2000 as DM1590, also thr+ leu+ lexA3 spr-54 (amber) Mitomycin C-resistant derivative

of DM1590
DM2001 as DM1590, also thr+ leu+ lexA3 spr-55 (amber) Mitomycin C-resistant derivative

of DM1590
DM2002 as DM1590, also thr+ leu+ lexA3 spr-56 (amber) Mitomycin C-resistant derivative

of DM1590
AB2480 F- recA13 uvrA6 P. Howard Flanders
DM1180 lexA3 tif-1 sfiAll strA31 sup-37 (19)
JM1 tif sfi+ lexA+ spr+ J. George
a The nomenclature is that followed by Bachmann et al. (2). To avoid confusing nomenclature changes, spr

has been retained to designate lexA mutations that inactivate or block synthesis of the lexA protein.
b This strain was provided by B. Knoll. Loss of the uncharacterized amber suppressor mutation, which is

probably sup-37 because the strain is derived from the AB1157 series, was detected by failure to grow Ximm434
02rcI- phage.

For mapping of spr-55 by P1 transduction, phage
previously grown on donor strain DM2001 (metA+ spr-
55 lexA3) were used to infect recipient strain DM1600
(metA28 spre lexA+ tif sfiB), and Met+ transductants
were selected at 37°C. The STS phenotype was scored
by the absence of growth after replica plating trans-
ductants to plates spread with A+ phage.
UV irradiation. The procedure for UV irradiation

was as previously described (21).
NTG and EMS mutagenesis. The procedure for

NTG (N-methyl-N'-nitro-N-nitrosoguanidine) muta-
genesis was that described by Adelberg et al. (1). Late
exponential-phase cells, suspended in 100 mM sodium
citrate (pH 5.0) and 100 ig of NTG per ml (Calbi-
ochem), were incubated for 15 min at 37°C, diluted
100-fold into L broth, and grown overnight at 37°C.
Cells were spread on plates containing 0.5 jig of mito-
mycin C per ml (Sigma) and incubated overnight at
37°C to select resistant derivatives.

For EMS (ethyl methane sulfonate) mutagenesis,
stationary-phase cells were centrifuged, washed in
Davis minimal salts, centrifuged again, and suspended
in Davis minimal salts at their original volume. To 5
ml of cells was added 25 pl of EMS (Eastman Organic
Chemical Div., Eastman Kodak Co.), the tube was
blended in a Vortex mixer for 30 s, incubated for 15
min at 37°C, and diluted 100-fold into L broth, and
the cells were incubated overnight at 37°C. The re-
sulting culture was spread on mitomycin C-containing
plates to select resistant derivatives.

Gel electrophoresis. Sodium dodecyl sulfate
(SDS) slab gel electrophoresis was performed as de-
scribed previously (13, 14).

Labeling with [35S]methionine. Exponentially

growing bacteria were labeled with [5S]methionine
(2.5 ,uCi/1-ml sample) for 5 min at 37°C. A 1,000- to
10,000-fold excess of unlabeled methionine was added,
and the cells were chilled. They were collected by
centrifugation, and the pellets were suspended in 0.1
ml of 10% glycerol-10 mM tris(hydroxymethyl)-
aminomethane (Tris)-hydrochloride (pH 7.4) and
stored in 24-pl portions at -20°C (14).

Rationale for mutant isolation. spr lexA tif sfi
indicator bacteria yield clear plaques of X+ phage but
turbid plaques of the noninducible phage mutant
Xind7 (19). This plating behavior is observed presum-
ably because the wild-type phage repressor is inacti-
vated by the constitutive phage induction pathway,
thus preventing lysogenization, whereas the mutant
Xind7 phage can establish stable repressor levels and
make lysogens.

This behavior of X+ phage provides a simple method
for the detection of spr mutations. When colonies
bearing a spr mutation in a lexA tif sfi genetic back-
ground are replica plated to plates spread with A+
phage, the colonies are eaten because no lysogeniza-
tion can occur (19). To obtain spr mutants, a lexA tif
sfi strain is grown on plates containing mitomycin C
at a level which kills lexA mutants but allows survival
of lexA+ strains and derivatives of lexA mutants, some
of which produce little lexA product or a faulty prod-
uct. These are detected by their being eaten by X+
phage and are referred to as spr mutants. Their phe-
notype is referred to as the STS phenotype (19).

If spr mutations do inactivate the lexA gene product
(see Introduction), then it should be possible to isolate
amber spr mutations in the lexA gene. Like spr mu-
tations already described, strains bearing these should
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not be lysogenized by A phage in a tif sfi genetic
background. Introduction of an amber suppressor mu-
tation into a spr(Am) tif sfi strain should restore
lysogenization ability and lead to synthesis of the lexA
mutant product which would likely render the sup-
pressed strain again sensitive to UV and mitomycin C.

Detection of amber spr mutations was not readily
achievable previously due to the presence of an amber
suppressor mutation in the lexA tif sfi strain
(DM1180) previously used for selection of spr muta-
tions. The amber suppressor mutation was removed
(Table 1), and the resulting strain (DM1700) was
subjected to EMS and NTG mutagenesis. Mitomycin
C-resistant mutants were selected and screened for
the STS phenotype.

RESULTS
Ten of 44 EMS- and 1 of 10 NTG-induced

mutants showed the STS phenotype. These
were mated with Hfr JG75 supD and His' [Strr]
recombinants selected, most ofwhich had inher-
ited the his-linked supD(Am) suppressor muta-
tion carried by JG75. In the case of one mutant,
strain DM2001, 54 of 140 His' [Strr] recombi-
nants tested had acquired supD, and all of these
had lost the STS phenotype and become UV
sensitive. This UV sensitivity must have resulted
from suppression of the spr mutation and res-
toration of synthesis of the diffusible product
that renders lexA mutant cells UV sensitive. We
conclude that this spr mutation, designated spr-
55, is an amber mutation in the lexA gene.

In similar crosses, two other mutants, DM2000
and 2002, also appeared to carry amber muta-
tions as judged by the simultaneous loss of their
STS phenotype with the acquisition of supD.
However, these suppressed strains did not be-
come UV sensitive. This may be accounted for
by the reduced quality or quantity of the lexA
product upon suppression of their amber muta-
tions.
An additional cross was performed between

Hfr JG70 supE and DM2001, and Pro' [Strr]
recombinants were selected. All recombinants
that had inherited the linked supE amber sup-
pressor mutation had lost the STS phenotype.
Upon subsequent testing (see below), one of
these recombinants was shown to have an inter-
mediate UV sensitivity.

Additional support for the conclusion that
spr-55 is in the lexA gene was provided by
showing that spr-55 is contransducible with
metA+ at a frequency of 16%. This is similar to
the frequency of cotransduction of lexA3 with
metA' (21), which means that spr-55 maps near
the lexA gene.
Characteristics ofamber sprmutants. UV

survival curves for strain DM2001 lexA3 spr-55,
its parent DM1700 lexA3 spr+, and derivatives
ofDM2001 carrying the amber suppressors supD

and supE are shown in Fig. 1. It is quite apparent
that the presence ofspr-55 abolishes the extreme
UV sensitivity due to lexA3, and that the intro-
duction of supD again restores UV sensitivity to
almost the same level as that seen in DM1700.
supE, which is generally a less efficient suppres-
sor than supD (12), does not restore as great a
UV sensitivity, presumably because less lexA
mutant product is made, although it is also
possible that the amino acid substitution by
supE yields a product that is only partially func-
tional.

A+ makes clear plaques and Aind7 makes tur-
bid plaques on DM2001, as described previously
for another non-amber spr mutation in strain
DM1187. This property is not observed in the
amber suppressor-bearing derivatives of
DM2001. Both the tif and sfiA mutations must
also be present if this phenotype is to be ob-
served (19), which correlates with a very high
rate of synthesis of the recA protein (fornerly
also known as protein X) (6, 9, 15, 17). Additional
characterization of DM2001 (Fig. 2) indicated
that high survival levels of UV-irradiated A
phage, approximately equivalent to those ob-
served on an appropriately UV-irradiated wild-
type host strain (data not shown), were observed
in unirradiated. DM2001, but not in its sup-
pressed derivatives. This result can be explained
by spontaneous UV (Weigle) reactivation in
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FIG. 1. UV survival curves for mutant strains.
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DISCUSSION
We and others have previously shown that

the presence near the lexA gene of suppressor
mutations, such as tsl and spr, restores induc-
ibility for some, and sometimes all, of the so-
called SOS pathways of the cell. Under certain
conditions, these suppressors even allow consti-
tutive expression of apparently all of these path-
ways. Until the experiments described above
were performed, it was not possible to determine
whether such suppressor mutations altered the
activity of the lexA product or some other
nearby gene product, and, if they did alter lexA
product activity, whether they actually inacti-
vated the product or just altered its interaction
with some other cellular component. The isola-

1 2 3 4 5 6 7 8 9 10
UV Dose (J/m2)

FIG. 2. Reactivation of UV-irradiated phage A+.
Cultures were grown to exponential phase, centri-
fuged, suspended in one-fifth volume 10 mM MgSO4,
and infected at a multiplicity of infection of <0.001
with UV-irradiatedphage A+. The infected cells were
incubated for 15 min at 37°C, diluted and assayed for
plaque-forming infective centers on indicator strain
AB2480. This strain was used because it is deficient
in both host cell reactivation and UV reactivation
and thus does not repair unabsorbedphage particles
efficiently. The high level of reactivation observed
with DM2001 is approximately equivalent to the level
of UVreactivation in induced wild-type bacteria and
is thought to be due to constitutive expression of an
inducible repair mechanism.

DM2001. Our interpretation (see below) is that
the spr(Am) mutation derepresses UV reacti-
vation in the tif sfiA genetic background.

In Fig. 3 are shown one-dimensional SDS
polyacrylamide gel patterns of labeled soluble
proteins from uninduced and nalidixic acid-in-
duced strain DM2001. These show that protein
X (the recA protein) was produced at a high
rate in DM2001 without an inducing treatment
being given, and that some further stimulation
of synthesis occurred with nalidixic acid treat-
ment. This same result has also been observed
with a non-amber spr mutant (9). The high rate
of synthesis of X was not observed in the
DM2001 derivatives carrying amber suppressor
mutations, even when an inducing treatment
was given them (Fig. 3). These data demon-
strated clearly that the presence of the spr(Am)
mutation allows high levels of recA protein syn-
thesis, but when this mutation was suppressed,
recA protein was no longer inducible. Presum-
ably, suppression restored synthesis of the lexA
mutant product and this product blocked induc-
tion of recA protein.

Protein X

FIG. 3. Induction of recA protein (protein X) by
nalidixic acid. Cultures were grown exponentially at

37'~C in glucose M-9 medium. Nalidixic acid was

added at a final concentration of 40,pg/ml. After 30

min they were pulse labeled with f3'S]methionine for

5 min at 37"C and analyzed by SDS-polyacrylamide
gel electrophoresis on an 11% gel. Untreated JM1

(lane 1), JM1 treated with nalidixic acid (lane 2),

untreated DM2001 (lane 3), DM2001 treated with

nalidixic acid (lane 4), DM2001 supD untreated (lane

5), DM2001 supD treated with nalidixic acid (lane 6),

DM2001 supE untreated (lane 7), DM2001 supE

treated with nalidixic acid (lane 8), DM1700 un-

treated (lane 9), DM1700 treated with nalidixic acid

(lane 10). The position ofprotein X is indicated.
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tion of amber spr mutants and the properties of
derivatives with amber suppressor mutations
leave little doubt that spr mutations inactivate
the lexA gene product and show, furthermore,
that it is a protein. Moreover, inactivation of
this product in the tif sfiA genetic background
leads to high spontaneous synthesis of recA pro-
tein and an apparent constitutive expression of
all the cellular SOS functions. A similar result
was described recently with another strain carry-
ing a non-amber spr mutation (19).
We have shown elsewhere that the tif muta-

tion is essential for this constitutive expression
(19). In tiff strains, either a non-amber or amber
spr mutation restores inducibility of SOS func-
tions, but most are not expressed in the absence
of an inducing treatment (19; L. J. Gudas and D.
W. Mount, unpublished data). An exception is
recA (protein X) synthesis which occurs at very
high rates in both non-amber and amber spr
mutants, whether or not tif is present (9; unpub-
lished data). There now appears to be a feasible
biochemical explanation for this behavior. J. W.
Roberts, C. W. Roberts, and N. L. Craig (per-
sonal communication) have shown that purified
recA+ protein has a proteolytic activity against
the X repressor in vitro, yielding a cleavage frag-
ment similar to that seen in vivo in X lysogens
induced by mitomycin C (24). spr tit mutants
produce high levels of this protein, but appar-
ently the proteolytic activity is not sufficiently
great to cleave all the phage repressor because
X lysogens of spr tif' mutants can be made (19).
spr tifmutants also produce much recA protein,
but in an electrophoretically different form (6, 9,
17) that is several-fold more active proteolyti-
cally against the X repressor in vitro (Roberts et
al., personal communication). This extra activity
must be sufficiently great to destroy the repres-
sor of an infecting phage so that lysogenization
cannot be established (19).
The observations above on the biochemical

mechanism of phage induction have strongly
implied that the recA protein is directly involved
biochemically in the expression of all the induc-
tion pathways of the cell, and that the role of
the lexA protein is to regulate the synthesis of
recA protein (6, 9, 17; Roberts et al., personal
communication). It has been suggested that the
lexA product is a repressor of the recA gene
which, like the X repressor, is inactivated in the
induced cell. The detection of an increased rate
of synthesis of recA message in induced cells
lends considerable credence to this model (A.
McPartland, L. Green, and H. Echols, personal
communication). The isolation of amber mu-
tants in the lexA gene and their constitutive
properties lends support to the argument that
the lexA gene product is inactivated rather than

J. BACTERIOL.

modified (25), in the induced cell.
The simplest model (6, 9, 17) for induction of

recA protein is that the available recA protein
in the uninduced cell undergoes some biochem-
ical modification, attacks the lexA repressor, and
thereby derepresses its own synthesis. With the
amber lexA mutations in hand, we hope to iden-
tify the lexA protein and demonstrate its pre-
sumed role in induction as a repressor of the
recA protein synthesis.
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