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Induction of a lysogen of a lambdoid bacteriophage usually involves RecA-stimulated autoproteolysis of the
bacteriophage repressor protein. Previous work on the phage repressors showed that the monomeric form of
the protein is the target of RecA. Our previous work indicated that in the case of bacteriophage 434, virtually
none of the repressor is present as a monomer in vivo. Hence, if the repressor in a lysogen is present as a dimer,
how can RecA-stimulated autoproteolysis play a role in bacteriophage induction? We examined this question
by determining the rate of RecA-stimulated 434 repressor cleavage as a function of repressor concentration and
added DNA. Our results show that binding of 434 repressor to a specific DNA binding site dramatically
increases the velocity of repressor autocleavage compared to the velocity of cleavage of the monomer and
concentration-induced dimer. DNA binding-deficient hemidimers formed between the intact repressor and its
C-terminal domain fragment have a lower rate of cleavage than DNA-bound dimers. These results show that
the DNA-bound 434 repressor dimer, which is the form of the repressor that is required for its transcriptional
regulatory functions, is the preferred form for RecA-stimulated autocleavage. We also show that the rate of
repressor autocleavage is influenced by the sequence of the bound DNA. Kinetic analysis of the autocleavage
reaction indicated that the DNA sequence influences the velocity of 434 repressor autocleavage by affecting the
affinity of the repressor-DNA complex for RecA, not the chemical cleavage step. Regardless of the mechanism,
the finding that the presence and precise sequence of DNA modulate the autocleavage reaction shows that DNA
allosterically affects the function of 434 repressor.

Upon infection of host cells, the lambdoid phages choose
between two developmental fates; they either replicate and
lyse the cell or enter the latent or lysogenic phase, in which the
phage chromosome is integrated into the chromosome of the
host. Since the prophage is a lysogen, its survival depends on
the host’s fitness and reproduction. Thus, to ensure survival,
this class of phages has evolved a mechanism that allows the
phages to escape from hosts whose survival is in doubt.

Establishment and maintenance of an integrated bacterio-
phage require the activity of the bacteriophage’s repressor
protein. Escape of the prophage from the host requires inac-
tivation of this protein. To permanently inactivate the repres-
sor, the phage takes advantage of part of the host’s SOS path-
way. In particular, interaction of the repressor with an active
RecA filament stimulates the intrinsic autoproteolytic activity
of the phage’s repressor protein.

Establishment and maintenance of the lysogenic state also
require that the phage repressor binds DNA. Only the dimeric
forms of the bacteriophage repressors specifically bind DNA
(11, 17; Koudelka, unpublished results), and formation of high-
er-order repressor-DNA complexes is essential for a repres-
sor’s gene regulatory functions. Each repressor monomer can
be structurally and functionally divided into an amino-terminal
(N-terminal) domain and a carboxyl-terminal (C-terminal) do-
main (2, 11, 25). The two domains are joined by a linker that

is �30 amino acids long and is thought to be tightly associated
with the core of the C-terminal domain (21, 33). The N-termi-
nal domain makes all specific and nonspecific contacts with
DNA, while the C-terminal domain stabilizes the formation of
repressor dimers and tetramers (2, 16). A tetramer forms
readily between two repressor dimers bound at adjacent sites
on DNA (11). Oligomerization of a repressor, mediated by its
C-terminal domain, is required for establishment and mainte-
nance of lysogeny. The RecA-stimulated self-cleavage reaction
eliminates the repressor’s ability to bind DNA by separating
the C-terminal oligomerization domain from the N-terminal
DNA binding domain (2, 10), which allows derepression of the
genes needed for lytic growth.

RecA also stimulates the autoproteolysis of a series of host
proteins. These autocleavage events are required to regulate the
host’s SOS response. The self-cleaving proteins fall into two
classes, those that bind DNA (LexA, the phage repressors, and
their homologues) and those that function as soluble regulators of
the SOS response (including UmuD and its relatives). There are
marked similarities in the sequences, structures, and chemical
mechanisms of autocleavage for all of these proteins. In these
proteins, the active or enzymatic site for cleavage is comprised of
a serine-lysine dyad that is located in a globular domain (19, 20)
whose structure is conserved among the proteins. In the case of
the self-cleaving DNA binding proteins, this domain is the C-
terminal domain. These residues catalyze autocleavage by using a
mechanism similar to that of the Escherichia coli type I signal
peptidase (21). The consensus cleavage site for all the self-cleav-
ing proteins is the dipeptide (Ala or Cys)-Gly. In the DNA bind-
ing class of self-cleaving proteins, the cleavage site is located in
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the linker region between the N- and C-terminal domains. In the
regulatory protein UmuD and related proteins, the consensus
cleavage site is in an N-terminal tail about 24 residues from the
start of the protein.

Despite the similarity in the chemical mechanisms of autopro-
teolysis in these proteins, the oligomeric states of the proteins that
are the targets for the RecA-stimulated reaction are unclear.
Since only the oligomeric form of the bacteriophage repressor
functions as a transcriptional regulator, this is a significant ques-
tion for understanding the phage induction mechanism. Several
lines of evidence indicate that the monomeric forms of LexA and
� repressor proteins are the preferred targets for the RecA-
stimulated autocleavage reaction (15, 18, 27). In contrast, it is the
dimeric form of UmuD that undergoes efficient autocleavage via
an intermolecular pathway (23, 24). These findings show that both
mono- and dimeric forms of the self-cleaving proteins can un-
dergo RecA-stimulated autocleavage

Previous studies showed that the presence of substoichio-
metric amounts of nonspecific or specific DNA stimulates the
complete conversion of 434 repressor into oligomers (6, 7).
Since the 434 repressor is exposed to high concentrations of
nonspecific and specific DNA inside the cell, this finding indi-
cates that in a developing or established lysogen, the repressor
is present as a dimer or other higher-order oligomer. Thus, if
none of the repressor in a lysogen is present as a monomer,
how does RecA-stimulated autoproteolysis play a role in bac-
teriophage induction? The results presented here indicate that
the preferred form of 434 repressor for RecA-mediated cleav-
age is the dimer bound to a specific binding site.

MATERIALS AND METHODS

Bacterial strains, plasmids, and protein purification. Proteins were purified
from E. coli strain X90 (8) bearing plasmids that direct expression of the proteins
of interest. Proteins were isolated from this strain by using the procedures
described previously (3, 4, 34).

DNA binding sites. All DNAs used in this study were obtained from Integrated
DNA Technologies, Inc. (Coralville, Iowa) or through the CAMBI DNA facility
(University at Buffalo). DNAs were purified as described previously (22). Each
double-stranded DNA binding site was formed from a self-complementary sin-
gle-stranded DNA (ssDNA) that created a 14 repressor binding sequence or a
nonspecific sequence within a hairpin. The sequences of the oligonucleotides
were as follows: nonspecific double-stranded DNA, 5�-TGA TTA AAG AAC
ACT TAA ATT CAC CCC CTG AAT TTA AGT GTT CTT-3�; OR2, 5�-TGA
TAC AAT GTA TCT TGT ACT CAC CCC CTG AGT ACA AGA TAC ATT
GTA TC-3�; and OR1, 5�-TAT ACA AGA AAG TTT GTA CTC ACC CCC
TGA GTA CAA ACT TTC TTG TAT-3�.

Construction of HMK-tagged 434 repressors. Examining the ability of low
concentrations of 434 repressor to undergo RecA-stimulated cleavage required
the use of a repressor protein that could be radioactively labeled. To accomplish
this, we constructed a plasmid directing the synthesis of 434 repressor derivatives
bearing a 20-amino-acid recognition site for bovine heart muscle kinase (HMK).
This tag, which contains two phosphorylation sites, was added to the C terminus
of the repressor gene in a two-step PCR procedure. For the first round of PCR
pGem434SpeI (12) was used as the template for a reaction that amplified DNA
encoding 106 C-terminal amino acids of the repressor and added DNA encoding
the HMK tag. The sequences of the primers used were 5�-GGTGTGAAGCTT
GTGAA-3� (primer 1) and 5�-CGTCTAGATCAAACGGAAGCACGGCGAC
CAACAGATGCACGACGTACGAATTTTACCCTCGCTT3-� (primer 2).
Subsequently, this fragment was reamplified by using primers 1 and 3 (5�-CGT
CTAGATCAAACGGAAGC-3�), which added an XbaI site immediately down-
stream of the HMK tag. The resulting product was then digested with XbaI and
HindIII and ligated into pGem434SpeI that had been digested previously with
the same enzymes, and its sequence was confirmed. The resultant plasmid ex-
pressed a 220-amino-acid protein containing two tandem repeats of the HMK
phosphorylation site (NNASVGNNASV).

Preparation of radiolabeled 434 repressor. HMK-tagged 434 repressor at a
concentration of 30 �M (active concentration) was mixed with 100 U of bovine
HMK (Sigma) and 20 mCi of [�-32P]ATP in a buffer containing 2 mM dithio-
threitol, 100 mM NaCl, 20 mM Tris (pH 7.5), and 30 mM MgCl2 in a 300-�l (final
volume) mixture. After incubation at 37°C for 2 h, 300 �l of saturated ammo-
nium sulfate was added, and the mixture was gently agitated on ice for 30 min.
The mixture was centrifuged for 30 min in a microcentrifuge at 17,000 � g at 4°C.
The supernatant was removed, and the pellet containing the labeled repressor
was resuspended in 300 �l of 100 mM NaCl–30 mM MgCl2–20 mM Tris (pH
7.5). The radiolabeled repressor was dialyzed against 50 mM NaPO4 (pH 6.8)
and 20% glycerol. The resulting repressor suspension was stored at �20°C and
used within 1 week. The final concentration of the radiolabeled repressor was
determined by a colorimetric protein assay (Bio-Rad Laboratories) by using a
known concentration of unlabeled repressor as the standard.

Filter binding assay. The affinities of wild-type and HMK-tagged 434 repressors
were determined by filter binding as described previously (22). Briefly, a 100-bp
DNA fragment containing a 434 OR1 site was 5� end labeled by incubating the DNA
with 20 �Ci of [�-32P]ATP in the presence of T4 polynucleotide kinase (Invitrogen)
for 30 min at 37°C in a buffer containing 50 mM Tris (pH 8.0) and 10 mM MgCl2.
The labeled DNA was ethanol precipitated and mixed with increasing concentra-
tions of one of the two proteins and filtered. Values for the dissociation constant
were determined by nonlinear squares fitting of the filter binding data by using the
Prism 3.0 software (GraphPad Software Inc.). Each dissociation constant deter-
mined was based on at least eight replicate measurements.

Autoproteolysis assays. The standard buffer used in all assays contained 50
mM KCl, 15 mM Tris (pH 7.5), 2 mM MgCl2, 0.1 mM EDTA, and 2 mM
dithiothreitol. For each different repressor or operator DNA concentration used,
the reaction mixtures contained a constant, trace amount of labeled repressor
(usually 10 nM unless the final concentration of repressor was less than 10 nM)
along with different amounts of unlabeled repressor to give the desired final
concentration of repressor. Except where noted otherwise, active RecA (RecA*)
filaments were preformed at a concentration that was fivefold higher than the
desired concentration by mixing 1.25 �M RecA, 5 mM adenosine 5�-O-(3-
thio)triphosphate, and 1.5 �M oligo(dT20) in standard reaction buffer and incu-
bating the preparation at room temperature for 10 min. At time zero, sufficient
amounts of 5� RecA* filaments were added to tubes containing the repressor
and placed at 37°C. At each subsequent time point a constant volume was
removed from the reaction tube, and the reaction was quenched by mixing the
preparation with a sodium dodecyl sulfate-containing sample loading buffer. The
reaction products were separated on 15% Tris-Tricine polyacrylamide gels. The
products were visualized by Molecular Dynamics phosphorimaging technology.
In experiments in which the amounts of RecA and oligo(dT20) were varied, the
component whose amount was varied was added directly to each reaction tube
and allowed to equilibrate for 10 min at room temperature. In this case, the
repressor protein was added last.

Data analysis. The time-dependent increase in the amount of cleaved repres-
sor compared to the total amount of repressor was determined by using the
ImageQuaNT software (Molecular Dynamics). Since the specific activity of the
labeled repressor was known, the resulting fraction of repressor cleaved was
converted into the number of moles of repressor cleaved. At least three replicate
measurements obtained at six times were averaged and plotted versus time. The
initial velocities (in moles of repressor cleaved per minute) were calculated from
linear regression of these data. The kinetic parameters of the RecA-mediated
cleavage reaction were obtained from nonlinear least-squares fitting (Prism;
GraphPad Software) of the concentration-dependent initial velocities to the
Michaelis-Menten equation.

To calculate the dependence of repressor cleavage rates on the concentrations
of RecA and ssDNA, we normalized the cleavage velocities obtained in replicate
experiments. Normalization was necessary due to differences in the actual
amount of repressor cleaved for each replicate. The differences in the amounts
cleaved for the replicates were presumably caused by variations in the amounts
of autocleavage-capable repressor that were recovered from the labeled prepa-
rations. The replicates were normalized to each other by setting the maximum
velocity to 1. The concentration dependence data were fitted to both Michaelis-
Menton and sigmoidal equations. As judged by the fitting statistics, the data were
best described by the sigmoidal equation, reflecting the inherent cooperativity in
the concentration-dependent formation of RecA filaments.

RESULTS

Characterization of radiolabeled 434 repressor. It was
shown previously that concentration-induced dimerization of
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434 repressor occurs with a KDimer of 1 �M (12). However, in
the presence of specific or nonspecific DNA, 434 repressor is
completely converted to dimers at nanomolar concentrations
(6). Although the formation of the concentration- and DNA-
induced dimeric species is characterized by distinctive changes
in repressor conformation and activity (6, 7), detailed struc-
tural insights into the nature of the structural changes are not
available yet. Inside a lysogenic bacterium, a repressor is con-
stantly exposed to both specific and nonspecific DNAs (28)
and, based on the observations described above, is expected to
be present only as a dimer. Hence, we wished to examine the
ability of RecA to stimulate repressor autocleavage under
these conditions. In order to monitor repressor cleavage at
such low concentrations, we constructed a 434 repressor mol-
ecule bearing a 20-amino-acid C-terminal tail that contained
the consensus phosphorylation site of bovine HMK (29) at the
C-terminal end of the 434 repressor. The presence of the
phosphorylated HMK tag at the C terminus did not change the
repressor’s affinity for DNA; the dissociation constants for the
wild-type 434 repressor and the HMK-tagged 434 repressor
were 2.2 � 10�9 and 3.1 � 10�9 M, respectively, as determined
by using 434 OR1. Since dimerization is a prerequisite for
DNA binding by 434 repressor (5, 13, 32), the similar affinities
of the wild-type and HMK-modified 434 repressors for OR1
indicate that the phosphorylated HMK tag also does not affect
repressor dimerization. Consistent with this finding, the phos-
phorylated HMK-tagged repressor retained the ability to form
heterodimers with the purified 434 C-terminal domain frag-
ment (see Fig. 4). Gel shift and DNase I footprinting con-
firmed that this modification also did not influence formation
of repressor tetramers (data not shown). The modified protein
could be end labeled in vitro to a high specific activity by
incubation with bovine HMK in the presence of [�-32P]ATP
(see Materials and Methods) (Fig. 1).

Using 250 nM labeled 434 repressor protein, we monitored
the time course of RecA-stimulated repressor autoproteolysis
in the absence and presence of 434 OR1 (Fig. 1). In this in vitro
cleavage assay, repressor cleavage was readily detected by the
appearance of the lower-molecular-weight radiolabeled C-ter-
minal domain fragment. In the absence of OR1, the rate of
repressor cleavage was very low and the amount of repressor
cleaved was very small (Fig. 1A). (Note that the presence of a
low-molecular-weight contaminant partially obscures the re-

sults in Fig. 1A; this fragment was a degradation product of the
repressor present in our unlabeled repressor stock preparation
and was not a participant in the autoproteolysis reaction, and
the amount of this contaminant was constant throughout the
experiment.) Under the conditions of this experiment, the re-
pressor was present as a monomer. Hence, these findings show
that monomeric 434 repressor is a poor substrate for RecA-
stimulated autoproteolysis. In contrast, adding a sixfold molar
excess of OR1 to the repressor increased both the rate and
extent of repressor cleavage (Fig. 1B). Since the concentrations
of repressor and DNA in this experiment were 	10-fold higher
than the dissociation constant for the complex, under the con-
ditions of this experiment all the repressor was present as a
DNA-bound dimer. Therefore, the data shown in Fig. 1 sug-
gest that the DNA-bound repressor dimer is a better target for
RecA-stimulated autoproteolysis than the monomer form of
the 434 repressor is.

Dependence of repressor cleavage on RecA filament forma-
tion. Previous studies suggested that RecA stimulates autopro-
teolysis of only the monomeric form of the DNA binding class
of self-cleaving proteins. Hence, the results showing that 434
repressor cleaves as a DNA-bound dimer are surprising. To
ensure that we were studying RecA-dependent autoproteolysis
and to identify the optimal conditions for RecA-stimulated
repressor cleavage, we characterized the dependence of the
DNA-bound repressor cleavage rate on the formation of active
RecA filaments.

Formation of RecA filaments competent to stimulate phage
repressor autocleavage requires the assembly of RecA mono-
mers on ssDNA (9). Hence, if autocleavage of DNA-bound
434 repressor involves activated RecA, the observed rate of
repressor cleavage should depend on the presence of ssDNA.
In the presence of a constant concentration of RecA mono-
mers, adding increasing concentrations of oligo(dT20) ssDNA
resulted in a progressive increase in the rate of repressor cleav-
age (Fig. 2A) until a maximum was reached. Compared to the
rate with no ssDNA, at the highest concentrations of ssDNA

FIG. 1. RecA-mediated repressor in vitro cleavage of radiolabeled
HMK-tagged 434 repressor. Labeled repressor (250 nM) was incu-
bated with 1 �M active RecA filaments in the absence (A) or in the
presence (B) of a sixfold molar excess of OR1. The image is a phos-
phorimage of a 15% polyacrylamide–sodium dodecyl sulfate–Tris-
Tricine gel displaying the reaction products. The positions of the full-
length repressor and the C-terminal domain (cleavage product) are
indicated. dsDNA, double-stranded DNA.

FIG. 2. Cleavage of the DNA-bound repressor is dependent on the
formation of active RecA filaments. Different concentrations of oli-
go(dT20) (A) or RecA (B) were added to a solution containing a
constant amount of repressor (250 nM) and OR1 (1 �M). Either the
RecA concentration was kept constant at 1 �M (A), or the concen-
tration of oligo(dT20) was 350 nM. Initial velocities were determined as
described in Materials and Methods.
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the rate of repressor cleavage was 50-fold greater. We also
measured the dependence of the rate of repressor cleavage on
the concentration of RecA monomers at a fixed concentration
of ssDNA. The rate of 434 repressor autocleavage increased
80-fold when increasing concentrations of RecA monomers
were added (Fig. 2B). Inspection of the data revealed that the
highly cooperative nature of RecA binding to ssDNA resulting
in filament formation was reflected in the observed rate of
repressor autocleavage. As shown in Fig. 2, maximum stimu-
lation of repressor autocleavage occurred at a ratio of 1 ssDNA
molecule to 5 RecA monomers. Since the RecA binding site on
ssDNA is 3 bases long (30), this observation shows that the
maximum rate of cleavage is attained when all RecA mono-
mers are bound to ssDNA. Together, these findings show that
autocleavage of a DNA-bound repressor dimer requires the
formation of activated RecA filaments.

Effect of DNA addition on repressor cleavage. Having estab-
lished that the repressor dimer is the preferred form for RecA-
mediated autocleavage, we wished to determine whether it is
dimerization or DNA binding that leads to an increase in the
rate of cleavage. A repressor dimer can be induced to form in
three ways. 434 repressor DNA binding sites induce repressor
to dimerize via formation of a DNA-bound repressor dimer.
Adding DNA to which repressor does not specifically bind also
coerces repressor monomers to dimerize; however, in this case
the repressor dimers are not associated with this DNA (6).
Finally, the repressor dimerizes at high concentrations in the
absence of any DNA with a KDimerization of �1 to 2 �M (6, 7,
13). Hence, to ascertain the relative importance of dimer for-
mation and DNA binding in stimulation of repressor cleavage,
we determined the rate of RecA-stimulated repressor autopro-
teolysis as a function of the repressor concentration in the

absence of DNA or in the presence of nonspecific DNA or a
specific binding site DNA (434 OR1).

Increasing the concentration of repressor increased the rate
of repressor autoproteolysis both in the absence and in the
presence of DNA (Fig. 3). In the absence of DNA, the rate of
repressor cleavage increased approximately sixfold when the
repressor concentration was increased from 5 and 3,000 nM,
confirming that the repressor dimer is the target of RecA-
mediated cleavage. In the presence of nonspecific DNA the
velocity of repressor cleavage increased 40-fold in this range of
repressor concentrations. The higher cleavage velocity that
resulted from addition of nonspecific DNA was probably not
due to an increase in the amount of repressor dimer formed
under these conditions, since regardless of the presence of
DNA, nearly all of the repressor was in the dimeric form at a
concentration of 3,000 nM. Hence, the finding that adding
nonspecific DNA increased the rate of repressor cleavage sug-
gests that DNA alters the conformation of the repressor, mak-
ing it a more suitable target for autoproteolysis. Consistent
with this idea, the velocity of repressor autocleavage increased
by �1,100-fold when the repressor concentration was in-
creased from 5 to 3,000 nM in the presence of 434 OR1. Also,
when the repressor concentration was 3,000 nM, the autocleav-
age velocity was �180-fold higher in the presence of 434 OR1
than in the absence of 434 OR1. Taken together, these data
indicate that both dimerization of 434 repressor and DNA
binding by a repressor dimer enhance the rate of RecA-medi-
ated cleavage but that DNA binding plays the dominant role in
inducing the conformation of repressor needed for efficient
autocleavage.

We wished to confirm the importance of DNA binding for
stimulation of the RecA-mediated repressor autocleavage re-
action. To do this, we examined the effect of adding the C-
terminal domain fragment of repressor (434 CTD) to a repres-
sor-DNA complex on repressor cleavage. Previous studies
showed that intact repressor monomers preferentially form
heterodimers with 434 CTD (4, 12). These heterodimers form
in the presence of DNA, and the 434 CTD-intact 434 repressor
heterodimeric species is not capable of binding DNA. Hence,
adding 434 CTD stimulates formation of a dimeric repressor
species, but this species cannot bind DNA. The velocity of
repressor cleavage in the presence of OR1 was determined as
a function of the concentration of 434 CTD. Figure 4 shows

FIG. 3. Effect of DNA and DNA sequence on RecA-mediated
repressor autoproteolysis. Different concentrations of the 434 repres-
sor protein were added to a constant concentration of RecA* in the
absence of DNA or in the presence of a sixfold excess of OR1, OR2, or
nonspecific double-stranded DNA (nsDNA). The initial velocities of
cleavage for each repressor concentration were calculated as described
in Materials and Methods. (Inset) Expanded view of the low-repressor-
concentration region of the plot of velocity versus repressor concen-
tration. The lines indicate the trends of the data.

FIG. 4. Disrupting the repressor-DNA complex decreases the rate
of RecA-mediated repressor autocleavage. Different concentrations of
the purified 434 CTD fragment were added to a mixture containing 250
nM RecA* and 250 nM repressor-DNA complex.
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that as the concentration of 434 CTD increased, the velocity of
cleavage decreased. Control experiments showed that under
these conditions, the repressor formed heterodimers with the
434 CTD, thereby effectively removing the repressor from the
DNA (4). Moreover, the 434 CTD did not act as an enzyme
and stimulate cleavage of the intact subunit in the dimer
(Pawlowski and Koudelka, unpublished data). Removal of the
intact repressor from DNA by formation of a heterodimer also
apparently removed the intact protein from the pool of rapidly
cleavable repressor-DNA complexes. These data in conjunc-
tion with the previous results confirm that the DNA-bound
repressor dimer is the preferred form of the protein that par-
ticipates in RecA-mediated autocleavage.

Effect of DNA sequence on RecA-mediated repressor auto-
proteolysis. The finding that the rate of repressor autocleavage
is differentially increased by addition of nonspecific and spe-
cific DNAs suggests that various sequence DNAs may differ-
entially modify the conformation of the repressor and thereby
allosterically regulate its ability to undergo self-cleavage. This
suggestion is consistent with previous findings indicating that
differences in the sequences of specific binding sites can also
modulate both the conformation and function of the repressor
(7, 35). To explore whether the precise sequence of a binding
site regulates the repressor autocleavage reaction, we com-
pared the rate of repressor cleavage obtained in the presence
of 434 OR1 with that obtained in the presence of 434 OR2.
Figure 3 shows that the maximal velocities of cleavage ob-
tained in the presence of OR1 and in the presence of OR2 were
identical, indicating that the DNA sequence has no effect on
the positioning of the cleavage site within the active site of the
repressor’s C-terminal domain. However, the amount of re-
pressor needed to reach the maximal velocity of autocleavage
was substantially larger in the presence of OR2 than in the
presence of OR1. Since these experiments were performed
under stoichiometric conditions, the differences in concentra-
tion dependence do not reflect the different affinities of the
repressor for these two sites. Instead, the observations suggest
that the DNA sequence influences the RecA affinity of the
repressor-DNA complex.

Kinetic characterization of the RecA-mediated autocleavage
reaction. Figures 2 to 4 clearly show that a repressor dimer
bound to a specific DNA binding site is the preferred target for
RecA-stimulated repressor autocleavage. Moreover, Fig. 3
shows that the sequence to which the repressor is bound allos-
terically influences the ability of the complex to interact with
RecA. To further explore the cleavage reaction and the effects
of DNA and the DNA sequence on this reaction, we tried to
determine the kinetic parameters for the RecA stimulation of
repressor cleavage.

The kinetic measurements required precise control of the
concentration of the repressor-DNA complex substrate. How-
ever, uncertainties in the concentrations of DNA-bound re-
pressors in the strategy described above limited our ability to
perform the kinetic measurement experiments. However, we
hypothesized that we could eliminate these uncertainties by
measuring the velocities of repressor cleavage in the presence
of increasing concentrations of specific binding site DNA at
several fixed concentrations of repressor. Thus, at a known
repressor concentration, a precise amount of DNA should
convert all of the repressor to repressor-DNA complexes. At

that point, the velocity of repressor autocleavage should be
independent of the DNA concentration. In addition, the max-
imum velocity of autocleavage observed at saturating DNA
concentrations should increase as the fixed repressor concen-
tration increased. Consistent with these predictions, as the
concentration of OR1 increased, the velocity of repressor
cleavage increased until it reached a maximum (Fig. 5). In
addition, the velocity of repressor autocleavage increased as
the repressor concentration increased.

Two critical conclusions can be drawn from inspection of the
results shown in Fig. 5. First, a maximum velocity for repressor
cleavage can be obtained for all repressor concentrations. This
shows that in the concentration range used, all the repressor
can be converted to repressor-DNA complexes. Second, the
maximum velocities measured at each fixed repressor concen-
tration do not increase linearly as the concentration of repres-
sor-DNA complex increases. Instead, the velocity appears to
reach a plateau at higher concentrations of the complex. This
observation shows that the constant amount of active RecA
filament catalyst becomes saturated with repressor-DNA com-
plexes.

The plateau in the velocity of the RecA-stimulated auto-
cleavage reaction at higher concentrations of the repressor-
DNA complex suggests that the autocleavage reaction can be
studied by using Michaelis-Menten kinetic formalism, when
the concentration of the enzyme catalyst (RecA) is kept rela-
tively low and constant and the concentration of the substrate
repressor-DNA complex is varied by controlling the fixed re-
pressor concentration (Fig. 6A). Consistent with this idea, the
dependence of the autocleavage velocity on the concentration
of the repressor-OR1 complex is hyperbolic (Fig. 6B). Fitting
the data to the steady-state equation gives an apparent Km for
the interaction of the repressor DNA OR1 with RecA of 100
nM. The Vmax for the cleavage reaction is 159 fmol/min.

To examine the role of the DNA sequence in regulating the
RecA-mediated repressor autocleavage reaction, the cleavage
reactions were repeated in the presence of saturating concen-
trations of OR2. Similar to the results shown in Fig. 3, the
overall velocity of repressor cleavage was much lower in the
presence of OR2 than in the presence of OR1 (Fig. 6B). Anal-
ysis of the kinetic data revealed that the Vmax for autocleavage
of the repressor-OR2 complex was nearly identical to that for
the repressor-OR1 complex. Since the chemical step in the

FIG. 5. Velocity of RecA-mediated 434 repressor autoproteolysis
depends on the concentration of the repressor-DNA complex. Differ-
ent concentrations of OR1 were added to 50 nM (■ ), 250 nM (Œ), and
2 �M (�) (fixed concentrations) 434 repressor in the presence of 250
nM RecA*. The observed cleavage velocities are plotted as a function
of repressor-OR1 complex concentration.
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cleavage reaction occurs when the scissile bond in the linker
(substrate) is juxtaposed with the active site residues in the
C-terminal domain in the DNA-bound repressor dimer, this
finding shows that the DNA sequence does not affect the
conformation of this part of the linker structure. In contrast,
the Km for RecA-mediated cleavage of the repressor-OR2
complex was 1,428 nM, 10-fold higher than the value for cleav-
age of the repressor-OR1 complex. These findings indicate that
the sequence to which the repressor is bound modulates its
interaction with RecA, presumably by allosterically changing
the structure of the repressor-DNA complex, thereby influenc-
ing the overall velocity and extent of autocleavage.

DISCUSSION

Prior to this work, the members of the DNA binding class of
self-cleaving proteins (including LexA and the � repressor)
were known to undergo autoproteolysis only as monomers.
However, in vitro biochemical experiments showed that the
presence of substoichiometric amounts of nonspecific or spe-
cific DNA stimulates the formation of 434 repressor oligomers.
Since the 434 repressor is exposed to high concentrations of
both nonspecific and specific DNAs in vivo, the 434 repressor
is present as a dimer or other higher-order oligomer inside
cells. Hence, according to the prevailing models, 434 lysogens
should be refractory to induction by mitomycin, a prediction
that is at odds with the rapid and robust induction which we
observed (data not shown). Consistent with this observation,
the results presented here clearly show that the 434 repressor
dimer bound to a specific DNA site is the preferred target for
RecA-stimulated autocleavage. These findings therefore re-

solve the apparently paradoxical observations regarding the
mechanism of induction of the 434 bacteriophage.

In addition to demonstrating that the DNA-bound 434 re-
pressor dimer undergoes efficient RecA-mediated autocleav-
age, the data show that both the concentration-induced dimer
and the dimer formed in the presence of nonspecific DNA are
better targets for autoproteolysis than the 434 repressor mono-
mer is (Fig. 4). This finding suggests that with respect to RecA-
stimulated autocleavage, the 434 repressor behaves more like
the distantly related UmuD protein than the more closely
related � and LexA repressors. However, both � and LexA
repressors can be forced to cleave as dimers (18).

To induce a bacteriophage lysogen, the repressor must be
removed from its specific binding sites, which permits tran-
scription of the phage genes required for lytic growth. Cleav-
age of the 434 repressor into its two component domains elim-
inates its ability to bind DNA. Previous models suggested that
RecA stimulates cleavage of a bacteriophage repressor mono-
mer in solution. Cleavage of the monomer was thought to bring
about dissociation of the repressor from its specific sites indi-
rectly, as a result of mass action. Our finding that RecA pref-
erentially stimulates cleavage of the DNA-bound 434 repressor
dimer is inconsistent with this mechanism of induction. In-
stead, we found that RecA stimulates autocleavage of the
DNA-bound repressor. Thus, RecA-mediated autocatalysis
can facilitate induction of the 434 lysogen by directly removing
repressor from the DNA. While both direct and indirect cleav-
age strategies eventually lead to lysogen induction, the direct
action of RecA on a DNA-bound repressor would be expected
to lead to more rapid initiation of transcription of genes
needed for phage replication and lysis.

In order for our model of how RecA-mediated 434 repressor
cleavage mediates prophage induction to be correct, either of
two conditions must be met. Either the amount of 434 repres-
sor present as a monomer in a cell must be minimal or the
cleavage rate of the monomer must be much lower than either
the cleavage rate of the DNA-bound dimer or the rate of
binding of repressor to DNA. Several findings indicate that all
autocleavage and DNA binding reactions of the 434 repressor
meet both these conditions. First, in the presence of subsatu-
rating concentrations of nonspecific or specific DNA the re-
pressor completely converts to the dimeric form in vitro (6). In
vivo, the repressor is continuously exposed to very high con-
centrations of specific and nonspecific DNAs, which ensures
that it is a dimer inside the cell. Second, the rate of cleavage of
the DNA-bound dimer is nearly 200-fold higher than the rate
of cleavage of the monomeric form (Fig. 4). Moreover, as a
result of the rapid rate constant for DNA binding by the re-
pressor (apparent ka, �5 � 106 M�1 s�1 [S. Mauro and G.
Koudelka, unpublished results]), the rate of DNA complex
formation by any monomer that is formed should be much
higher than the rate of cleavage of the monomeric form.

Our findings show that the sequence to which the 434 re-
pressor is bound affects the affinity of the repressor-DNA com-
plex for activated RecA. Thus, the DNA sequence allosteri-
cally affects the function of the 434 repressor. This suggestion
is consistent with previous findings showing that the precise
sequence of added DNA induces different forms of the repres-
sor dimer (35) and that these forms are functionally distinct (6,
7, 35). Thus, the DNA sequence allosterically affects virtually

FIG. 6. Kinetic analysis of RecA-mediated autoproteolysis of 434
repressor-DNA complexes. (A) Diagrammatic comparison of the sim-
ilarities between RecA-mediated repressor autocleavage and the en-
zyme-catalyzed Michaelis-Menton reaction. (B) Maximum velocity of
repressor autocleavage at a fixed concentration of repressor (as deter-
mined in Fig. 5) plotted as a function of the concentration of repressor-
OR1 (■ ) and repressor-OR2 (Œ) complexes. The lines represent fits to
the Michaelis-Menten equation. The fitting parameters are given in
the text. KD, dissociation constant; E, enzyme; S, substrate; ES, en-
zyme-substrate complex; P, product.
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all aspects of repressor function, including dimerization, tet-
ramer formation, transcriptional activation, and autoproteo-
lytic cleavage.

Although we have firmly established that the 434 repressor’s
functions are allosterically regulated by the presence and pre-
cise sequence of DNA, one question remains at issue: how
does DNA influence the formation of the 434 repressor’s in-
teraction with RecA? The lack of information concerning the
three-dimensional structure of any intact bacteriophage re-
pressor prohibits us from precisely delineating the structural
basis for the DNA-induced allosteric transitions. However, we
have gained some insight using molecular modeling, as in-
formed by the structures of the repressor homologues UmuD�
(14, 26) and LexA (21). Similar to these proteins, our structural
model suggests that in the 434 repressor, the linker region that
joins the N- and C-terminal domains and that contains the
autocleavage site packs against the core of the C-terminal
domain. The C-terminal end of the linker in the 434 repressor
is near the DNA backbone. As a result of this placement, DNA
binding by the 434 repressor would be anticipated to affect the
structure of the linker region. We propose that in the absence
of DNA the linker assumes a structure similar to the structure
of the cleavage-incompetent form of LexA, in which the cleav-
age site in the linker is rotated away from the active site, but
DNA binding facilitates docking of the cleavage site within the
active site cleft (21). The sequences of OR1 and OR2 differ only
at the center of the binding site, and the C-terminal end of the
linker is anticipated to approach this region of the bound
DNA. Since the conformations of the phosphate backbones of
these two DNAs are different in this region (1, 31), we hypoth-
esize that the structural difference results in small but signifi-
cant changes in the conformation of the linker. We suggest that
these changes lead to the observed difference in cleavage ki-
netics between the OR1-repressor and OR2-repressor com-
plexes. The idea that the conformation of the linker is influ-
enced by the DNA sequence is supported by the observation
that the solvent accessibility of fluorescent groups present in
the linker region varies with the presence and sequence of
added DNA (6; E. Hesek and G. Koudelka, unpublished re-
sults).
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