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FiG. 2. lexA protein in RB791/pRB192 grown at 30°C (lane A),
after growth at 40°C for 4 hr with isopropyl B-D-galactopyranoside
added to 0.1 mM 1 hr after temperature shift-up (lane B), and after
purification (lane C). lexA protein was purified from 70 g of frozen
RB791/pRB192. The frozen cell mass was suspended in 150 ml of 10
mM EDTA/1 mM dithioerythritol/5% (vol/vol) glycerol/5 mM NaCl/
23 uM phenylmethylsulfony! fluoride at 0°C and lysed by sonication
(34). Tris base was added dropwise during the sonication to keep the
pH above 6.5. After lysis was >90% complete as judged by ODgs,, the
sonicated cell extract was centrifuged at 4°C for 40 min at 16,000 x
g. All subsequent manipulations were done at 4°C. The standard buffer
used throughout the preparation contained 50 mM Tris-HCl at pH 7.4,
1 mM EDTA, 1 mM dithioerythritol, 5% glycerol, and salt as indicated.
The supernatant was diluted 1:3 with standard buffer and made 2%
in polyethyleneimine, and the resulting suspension was centrifuged
for 40 min at 16,000 x g. The polyethyleneimine pellet was resus-
pended in standard buffer plus 200 mM KCl and centrifuged again at
16,000 X g for 40 min, (NH,),SO, was added to the supernatant with
gentle stirring to 70% (wt/vol), and the suspension was centrifuged at
16,000 x g for 40 min. The pellet from this centrifugation was dissolved
in standard buffer plus 200 mM KC], dialyzed twice for 90 min each
against standard buffer with 75 mM KCl and 70 mM potassium phos-
phate, pH 7.0, instead of Tris, loaded directly onto a 20 X 0.5 cm phos-
phocellulose column, and eluted with a linear gradient of 0.1-1.5 M
KCl. lexA protein eluted from the column in the first third of the gra-
dient, and peak fractions were concentrated with ammonium sulfate
and back extracted as above, dialyzed against standard buffer plus 200
mM NaCl, and loaded ontoa 1 m X 1 cm column of Bio-Gel P-150, 100
200 mesh. lexA protein eluted from the column at a position expected
for a globular protein with a molecular weight approximately twice
that of a lexA monomer. Peak column fractions that contained lexA
protein were pooled, dialyzed against standard buffer plus 200 mM
NaCl without dithioerythritol, and allowed to drip through a 5-ml or-
ganomercurial agarose column (Affi-Gel 501). The organomercurial
agarose flowthrough was made 1 mM in dithicerythritol, divided into
aliquots; and stored at —20°C.

promoter, but not from the B-lactamase promoter of pBR322
(Fig. 3). Under these conditions, transcription from the recA
promoter appeared to-be repressed more at lower concentra-
tions of lexA protein than was transcription from the lexA
promoter.
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Fig. 3. Repression of transcription from the lexA and recA pro-
moters in vitro. Reactions took place in 20-ul mixtures essentially as
described in ref: 35. Mixtures contained, at approximately 4 nM each,
a-450-base pair EcoRI/HindlIl fragment from pBR322 that contained
the B-lactamase promoter, a 250-base pair HindIIl/HindIII fragment
from pRB181 that contained the lexA promoter, and an approximately
280-base pair Hae III/Bam fragment from pRY103 that contained the
recA promoter. After a 15-min incubation with lexA protein, RNA poly-
merase (New England BioLabs) was added to about 100 nM. After 10
min, nucleotides and heparin were added to the reaction mixture in
the following concentrations: heparin at 100 ug/ml, ATP at 250 uM,
CTP and GTP at 50 uM each, and [o-3?PJUTP at 22.5 uM. Lane 1, no
lexA protein added; lane 2, lexA protein added to 20 nM; lane 3, lexA
protein added to 200 nM. B-Lactamase is indicated by amp. .

Delineation of lexA Protein Binding Sites. Purified lexA pro-
tein protected sites in the control regions of recA and lexA from
digestion with DNase I (see Fig. 4). In the recA control region,
lexA protein protected a region that included the proposed
binding site and extending for 5-6 nucleotides 3' and 2-3 bases
5' on both strands. In the lexA control region, a single large
protected area included both boxed regions and a stretch of
flanking DNA similar to that found for the single site in front
of recA (Fig. 1). The bottom strand of the lexA control region
contains within the protected area two bases at which DNase
cleavage is enhanced by bound lexA protein at concentrations
=15 nM (legend to Fig. 1). The most prominent of these en-
hanced DNase I cleavages is near the space between the two
binding sites.

To better localize bases involved in binding by lexA protein,
we examined the ability of bound lexA protein to block meth-
ylation of purines by dimethyl sulfate. Bound proteins can block
the methylation of the N7 of guanines and the N3 of adenines,
atoms that lie, respectively, in the major and minor grooves of
B form DNA (28). lexA protein protected some Gs in its operator
sites from methylation with dimethyl sulfate and enhanced the
reactivity of others (see Fig. 1). Gs at identical positions in the
three sites; two in the bottom strand and one in the top strand;
were protected from methylation. Gs protected by bound lexA
protein in the sites are near the periphery of the 20-base pair
sequence, whereas the reactivity of the Gs closer to the core
of the sequence tended to be either unaffected or enhanced.
lexA protein did not affect methylation of any As in either con-
trol region, suggesting that, as is the case for other repressor
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FiG. 4. Protection of the recA and lexA control regions from diges-
tion with DNase I. Lanes 1-6, recA: the Bam/Hae III fragment from
pRY103, 3’ labeled at the Bam site; lanes 7-12, lexA: the EcoRI/Bcl
fragment from pRB160, 3’ labeled at the Bel site. Both fragments were
treated with.DNase I. lexA protein concentrations were: lane 1, 0 nM;
lane 2, 0.5 nM; lane 3, 1.5 nM; lane 4; 5 nM; lane 5, 15 nM; lane 6, 50
nM; lane 7, 0 nM; lane 8, 1.5 nM; lane 9, 5 nM; lane 10, 15 nM; lane
11, 50 nM; lane 12, 150 nM. Brackets indicate portions of the control
regions that were protected by lexA protein from digestion with DNase
L

proteins (refs. 36, 37, and 38 and references therein), the purine
contacts important for lexA protein binding are mainly in the
major groove. Significantly, no G was protected outside the
boxes shown in Fig. 1.

The above data show that these sequences constitute oper-
ator sites for lexA protein. The fact that lexA protein binding
sites overlap stretches of both sequences that contain important
points of contact with the RNA polymerase in promoters that
have been well studied (38) suggests that the mechanism by
which it blocks transcription of these two promoters is probably
exclusion of RNA polymerase, and other experiments suggest
that this is true; lexA protein added before (but not after) RNA
polymerase represses transcription of both promoters (not
shown).

Binding Affinities. Equilibrium dissociation constants for
lexA protein binding to the recA and lexA control regions were
measured as that concentration of the protein that resulted in
half-maximal protection of the operator sites. All protection ex-
periments described in this work were performed under con-
ditions (37°C, 200 mM KCI) similar to those found in vivo (26).
At equilibrium it takes about 10 times more lexA protein to half-
maximally fill the two sites in front of the lexA gene than it takes
to half-maximally fill the site in front of recA (see Fig. 3). These
experiments allow us to place maximal values on the K; of lexA
protein for the recA and lexA operators under these condi-
tions—about 2 nM and 20 nM, respectively. Because the frac-
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tion of protein competent to bind operator at these concentra-
tions is not yet known, the actual interaction may be tighter.
Although they differ substantially in sequence, the two sites in
front of the lexA gene are occupied at or nearly at the same con-
centration of lexA protein. Preliminary experiments (unpub-
lished) indicate that there is an interaction (26) between lexA
protein molecules bound to these adjacent sites.

-DISCUSSION

These experiments have demonstrated that lexA protein binds
to operator regions of similar sequence in front of two genes it
represses. It is likely that one or more of these sequences, or
variants of them, will be found in front of other. lexA-repressed
genes. The lexA protein binds to two sites in front of its own gene
but only to one in front of the recA gene; we do not yet un-
derstand the reason for this difference.

The results of the equilibrium dimethyl sulfate and DNase
I protection experiments are consistent with the idea that the
interaction of lexA protein with its operators resembles that
found for the bacteriophage repressors: the dimethyl sulfate
experiments argue that the protein interacts primarily with the
major groove, rather than the minor groove, and both sorts of
experiments argue that the interaction is symmetrical. The site
to which lexA protein binds most tightly shows almost perfect
twofold rotational symmetry, while two sites to which it binds
more weakly deviate considerably from perfect symmetry.

The lexA protein binding sites are located differently with
respect to the two promoters (Fig. 1). Compared with the site
in the recA control region, the two sites in front of the lexA gene
are displaced roughly one and three turns of the helix farther
from the promoter’s —35 region, toward the structural gene.
It is possible that an equivalent amount of occupancy of these
binding sites in.different regions of the two promoters might
produce different amounts of repression of transcription. Bind-
ing sites for other regulatory proteins.that act at many sites in
the cells genome, such as cyclic AMP-binding protein (39-41)
and trp repressor (42), are also found at different positions rel-
ative to the promoter.

The observed difference in affinity of lexA protein for two
different control regions allows at least a partial explanation for
the timing of induction of SOS functions. As the level of lexA
protein within a cell begins to decrease after DNA damage has
occurred, due to cleavage by recA protein, the lexA promoter
should become derepressed before the recA promoter becomes
proportionately derepressed. Due to the self-repression of lexA
protein synthesis (8, 9), inactivation of lexA protein results in
increased transcription from the lexA promoter (unpublished).
The increase in lexA protein synthesis will tend to prolong the
period during which the level of lexA protein is dropping. Other
lexA-repressed operators might bind the protein with affinities
intermediate between those of the lexA and recA control re-
gions; these would become effectively derepressed before the
recA promoter is efficiently induced, perhaps allowing the cell
to initiate DNA repair to remove the damage and halt the fall
in lexA protein levels before large amounts of recA protein are
synthesized and prophages are induced.
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