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Summary
The SOS response to DNA damage in E. coli involves at least 43 genes, all under the control of the
LexA repressor. Activation of these genes occurs when the LexA repressor cleaves itself, a reaction
catalyzed by an active, extended RecA filament formed on DNA. It has been shown that the LexA
repressor binds within the deep groove of this nucleoprotein filament, and presumably cleavage
occurs in this groove. Bacteriophages, such as, have repressors (cI) that are structural homologs of
LexA and also undergo self-cleavage when SOS is induced. It has been puzzling that some mutations
in RecA that affect the cleavage of repressors are in the C-terminal domain (CTD) far from the groove
where cleavage is thought to occur. In addition, it has been shown that the rate of cleavage of cI by
RecA is dependent upon both the substrate on which RecA is polymerized and the ATP analog used.
Electron microscopy and three-dimensional reconstructions show that the conformation and
dynamics of RecA’s CTD are also modulated by the polynucleotide substrate and ATP analog. Under
conditions where the repressor cleavage rates are the highest, cI is coordinated within the groove by
contacts with RecA’s CTD. These observations provide a framework for understanding previous
genetic and biochemical observations.

Introduction
RecA, a key enzyme in homologous recombination, performs many cellular roles in
bacteria1. RecA plays a fundamental role coordinating a comprehensive defense mechanism
in Escherichia coli, referred to as the SOS response2. The SOS response is triggered by
conditions which cause massive DNA damage and halt DNA replication in E. coli. This process
has been known to promote cell survival by stimulating DNA repair via recombination,
excision repair and mutagenesis, and by inhibition of cell growth3–5. RecA localizes to
damaged chromosomal sites, where it facilitates DNA repair by means of homologous
recombination6. It has recently been shown that RecA plays several roles in mutagenic
translesion DNA synthesis, acting in concert with an error-prone DNA polymerase7.
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The LexA protein functions as a repressor for a set of about 43 genes involved in the SOS
response, including both recA and lexA8, 9. SOS is initiated when RecA is activated by an
inducing signal in the form of a single-stranded DNA (ssDNA), and the ssDNA appears when
DNA replication reaches a lesion10. The activated RecA-ssDNA-ATP complex acts as a co-
protease to catalyze the self-cleavage of LexA at a specific site11, 12. While formation of the
active RecA-DNA nucleoprotein complex requires ATP or an ATP analog, the self-cleavage
reaction does not require ATP hydrolysis13. Cleaved LexA loses its repressor function, which
results in the increased expression of SOS genes14.

LexA is not the only protein that undergoes self-cleavage upon binding to the active RecA
filament. The other known LexA functional homologues are E. coli UmuD mutagenesis
protein15–17, which is part of a heterotrimeric E. coli polymerase V (UmuD′2C) complex18,
and several phage repressors, such as c2 repressor of P2219 and cI repressor of φ8020 or
bacteriophage λ cI repressor21.

The λ cI repressor is a part of a phage molecular switch which transforms the phage from
lysogenic to lytic growth. The λ cI mimics E. coli LexA, and senses the physiological condition
of a host cell. Under SOS activation cI undergoes self-cleavage, catalyzed by the active RecA
nucleoprotein filament. The cI protein contains two domains connected by a flexible “hinge”
region which contains the cleavage site22, 23. The repressor’s self-cleavage allows the
prophage to efficiently shift from lysogeny (when the majority of phage genes are repressed)
to induction and lytic growth, at a time when the survival of a host cell is in question24. The
RecA filament is believed to stabilize one particular conformation of λ cI. This is believed to
facilitate the proper orientation of catalytic residues in the cI C-terminal domain with respect
to the cleavage site in the hinge region23, 25, 26.

Three-dimensional reconstructions of electron micrographs of RecA complexed with either
LexA27, 28 or UmuD29 show that both substrates bind deep within the RecA helical groove.
Structural information about the intermolecular interactions in the RecA-cI complex, however,
has been absent until now. The functional and structural similarities between the LexA, UmuD
and cI λ proteins have led to a model in which all three proteins bind and undergo self-cleavage
in the filament’s helical groove28, 29. However, biochemical and genetic studies have yielded
a much more complicated and difficult to understand picture. RecA mutations producing a
cleavage-deficient phenotype are located not only in the groove, where cleavage takes place,
but also on the outer surfaces of the filament30. These results suggest that either there are large
allosteric effects in RecA or that binding of the repressors to RecA is more complicated than
indicated by previous EM studies that showed density only in the groove. We have therefore
used electron microscopy and three-dimensional reconstruction to directly visualize the
binding of the cI repressor to RecA filaments. We show that while the binding of the repressor
is within the groove, the RecA CTD plays an important role in coordinating the cleavage of
this repressor.

Results
The cI repressor contains an N-terminal DNA-binding domain (residues 1–92) that is not
needed for either binding to RecA or for RecA-mediated cleavage of cI. In fact, removal of the
N-terminal domain has been shown to accelerate RecA-mediated cleavage by the
destabilization of cI dimer formation, since it is the monomeric form of cI that has been shown
to undergo RecA-mediated cleavage31. The RecA-mediated cleavage of cI93–236 was
determined in the presence of two different ATP analogs (non-hydrolyzable AMP-PNP and
slowly hydrolyzed ATP-γ-S) and two different polynucleotide substrates (a 48-mer,
(GTG)16, and a naturally occurring E. coli sequence 83-mer32) for RecA polymerization
(Figure 1). With ATP-γ-S as a cofactor, the cleavage rate is significantly higher for the GTG
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48-mer than it is for the naturally occurring 83-mer. These particular polynucleotide substrates
were chosen as they have been used for the EM studies (below). It has previously been
shown33 that cleavage of the cI fragment is faster on GTG-repeating than on all other triplet-
repeating sequences, for both 15-mers and 48-mers. Cleavage was faster on 15-mers than on
48-mers, but the sequence-dependence remained the same. The use of the repeating GTG
sequence33 comes from in vitro selection studies34 which sought to determine sequence
preferences for RecA binding and pairing. The triplet-repeating nature of the sequence is due
to the fact that in the nucleoprotein filament, one protomer of RecA is bound to three nucleotides
of ssDNA. While the preference for GTG repeats is still not fully understood, the recent crystal
structure of RecA bound to DNA shows that the DNA in this complex has a triplet structure
with large extensions occurring between triplets35. Since every base is not equivalent in this
complex, this would explain why when RecA is bound to oligonucleotides containing the Chi
sequence (5′-GCTGGTGG-3′), the RecA protomers bind in a phased manner relative to the
Chi sequence36. Since secondary structure formation of the ssDNA actually competes with
RecA binding, the fact that GTG-repeating sequences give particularly tight binding to RecA
and high levels of coprotease activity33 provides evidence that the GTG sequences are not
forming unusual secondary structures.

The inability of RecA to cleave cI in the presence of AMP-PNP (Fig. 1) was not due to the
absence of RecA filament formation, since short filaments are formed under these conditions
as observed by EM (Fig. 3b). We can further exclude the possibility that AMP-PNP fails to
induce the extended, active state of the RecA filament needed for LexA cleavage23, 37, since
filaments formed on both ssDNA and dsDNA are extended in the presence of AMP-PNP27.
When long ssDNA substrates are used, RecA filaments formed in the presence of AMP-PNP
are also long (Fig. 2b), so we can eliminate the possibility that RecA does not polymerize in a
cooperative manner in the presence of AMP-PNP.

RecA filaments change with cofactors and substrates
To address why cI RecA-mediated cleavage rates might depend upon both the polynucleotide
substrate and nucleotide cofactor, we have used EM to look at the filaments formed by RecA
under these different conditions in the absence of cI (Fig. 2). When RecA is polymerized on
long random sequence ssDNA in the presence of either ATP-γ-S (Fig. 2a) or AMP-PNP (Fig.
2b) very similar filaments are formed, as judged by casual inspection of micrographs. However,
a three-dimensional reconstruction of the ATP-γ-S filaments (Fig. 2g) shows a more massive
CTD when compared to the AMP-PNP reconstruction (Fig. 2h). The significance of this
difference was determined by cross-correlation sorting of the image segments from both
conditions (ATP-γ-S and AMP-PNP) against reference volumes having either a full CTD or
one with half the mass of the CTD, and a third that was in between (data not shown). It was
found that with ATP-γ-S most segments correlated with the reference having the full CTD,
while with AMP-PNP most segments had the best correlation with the volume having half of
the expected CTD. Reconstructions from these subsets, always starting with a featureless solid
cylinder as an initial reference, confirmed that the sorting was valid. The less mass seen for
the CTD in the presence of AMP-PNP must arise from disorder, and motions of the CTD are
consistent with what has previously been observed by both EM27 and x-ray
crystallography38.

The different effects of the two nucleotide cofactors can be clearly seen when a random
sequence 40-mer is used for RecA polymerization with ATP-γ-S (Fig. 2d) or with AMP-PNP
(Fig. 2e). Since the stoichiometry of binding is three bases per RecA35, a RecA filament
covering the 40-mer should only contain 13 RecA subunits and be ~ two turns long (where
each turn is ~ 90–95 Å). Electron micrographs of the RecA polymerized with AMP-PNP do
show many such short filaments, and a few that may be several times this length (Fig. 2e). In

Galkin et al. Page 3

J Mol Biol. Author manuscript; available in PMC 2010 January 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



contrast, RecA incubated with the same 40-mers in the presence of ATP-γ-S forms filaments
that are many times this expected length (Fig. 2d), consistent with earlier observations of a
“stacking” of short oligonucleotides into long filaments by RecA39. The ability of RecA to
stack such short oligomers is a function of both the nucleotide cofactor and the sequence of
the polynucleotide, since in the presence of ATP-γ-S and a 48-mer poly(dT) long filaments are
rarely found (Fig. 2f). We cannot do three-dimensional reconstruction of such short filaments,
so we have used RecA polymerized on long poly(dT) in the presence of ATP-γ-S (Fig. 2c) for
such analysis. The poly(dT) that has been used contains a broad distribution of lengths, but a
significant fraction is more than 1,000 nt in length. A three-dimensional reconstruction (Fig.
2i) from filaments formed on such poly(dT) shows less mass for the CTD than seen when RecA
is polymerized on random sequence ssDNA with the same nucleotide (Fig. 2g). Interestingly,
it has been observed33 that RecA-mediated cleavage of cI is also reduced when the RecA is
polymerized on poly(dT) when compared to poly(GTG). The observations just described
suggest that both the ability of short RecA polymers to stack with each other, and the rates of
cleavage of cI, may be a function of the structure and dynamics of RecA’s CTD. To test this,
we have looked at complexes of RecA filaments with the cI repressor.

Binding of cI to RecA filaments
Since the cI repressor is cleaved by RecA, we used the non-cleavable cI fragment26
cI101–229TM (where TM is Triple Mutant) to form stable complexes with RecA that could be
examined by EM. The A152T and P158T mutations in this construct disrupt repressor dimer
formation and thereby enhance RecA-binding and self-cleavage31, whereas the K192A
mutation further enhances RecA-binding but completely prevents cleavage26. These mutations
result in a cI repressor molecule with optimal RecA-binding properties for structural studies.
Similar EM results were obtained with the cI93–229TM fragment (data not shown), consistent
with the finding that residues 93–100 are not important for binding RecA26. The binding of
cI101–229TM to RecA can be seen in a solution assay by its inhibition of cI93–236 cleavage26.
Interestingly, when the non-cleavable fragment is present at a stoichiometry of ~ 1:2 with RecA,
it provides nearly complete inhibition of RecA’s ability to cleave cI93–236. Previous studies of
the binding of a non-cleavable LexA repressor27, 28 and the UmuD′2C complex29 to RecA
filaments also found a saturating stoichiometry of 1:2, suggesting that these molecules may
not be able to bind to the RecA filament in a 1:1 stoichiometry.

Two different conditions were used for forming RecA-DNA filaments that were complexed
with cI101–229TM for analysis by EM. These were RecA polymerized on the 48-mer
(GTG)16 in the presence of ATP-γ-S (Fig. 3c), and RecA polymerized on the same 48-mer but
with AMP-PNP (Fig. 3d). As shown in Fig. 1, rapid cleavage of cI occurs with ATP-γ-S, but
almost no cleavage of cI occurs with AMP-PNP under these conditions. As discussed above,
RecA filaments would be expected to have only 16 RecA subunits in the absence of stacking,
and would be expected to be ~ 240 Å long, with only about 2.5 helical turns. However, in the
absence of cI substantially longer filaments are seen when ATP-γ-S is present (Fig. 3a),
showing that short filaments must stack together. In contrast, when AMP-PNP is present very
little stacking is observed in the absence of cI (Fig. 3b). When cI101–229TM is added to these
AMP-PNP filaments (Fig. 3d), substantially longer filaments are seen, suggesting that
cI101–229TM helps “glue” together the shorter filaments formed with AMP-PNP. The
mechanism for this stacking of short filaments might involve two adjacent cI molecules
interacting with each other, cI bridging two adjacent RecA protomers, or the binding of cI
inducing a conformational change in RecA that favors annealing. The addition of cI101–229TM
(Fig. 3c,d) also results in filaments having less modulation arising from the deep groove of the
RecA helix, which appears similar to what has been observed for the binding of the LexA
repressor to RecA27, 28.
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A control three-dimensional reconstruction was made from the pure RecA on the 48-mer in
the presence of ATP-γ-S using 8,179 segments, where each segment was ~ 420 Å long (Fig.
3e). Another reconstruction was made under the same conditions, but in the presence of
cI101–229TM, using 9,699 segments (Fig. 3f). The decorated segments were observed to be
more heterogeneous than the control pure RecA segments, so classification methods were used
to generate more homogeneous subsets by using multiple reference volumes for sorting. Since
some of the decorated filaments were expected to have poor occupancy, one of the reference
volumes was naked RecA (Fig. 3e). Two other reference volumes had additional mass within
the deep helical groove, or on the outside of the RecA filament. Only 3% of the decorated
segments showed the highest correlation with the naked RecA reference, while 62% of the
segments showed the highest correlation with RecA having additional mass in the groove. The
35% of the segments showing the highest correlation with RecA having additional mass bound
to the outside of the filament were judged to be extremely heterogeneous and failed to converge
to any reasonable three-dimensional reconstructions. We expect that this class was generated
by variable binding of the cI fragment to the outside of the filaments. On the other hand, the
class sorted as having additional mass within the helical groove (6,003 segments) was relatively
homogeneous and yielded the reconstruction shown in Fig. 3f.

A similar approach to sorting and classification was used for the 5,874 segments extracted from
filaments (Fig. 3d) formed on the GTG repeating 48-mer in the presence of AMP-PNP and the
non-cleavable cI fragment. The occupancy by the cI fragment appeared lower than with ATP-
γ-S, as 43% of the segments were classified as most similar to naked RecA, and 38% of the
segments were sorted as having mass bound within the deep groove. As with the filaments
formed with ATP-γ-S, the class sorted as having additional mass bound to the outside of the
filament (19%) were judged to be very heterogeneous and did not yield any reasonable three-
dimensional reconstruction. The reconstruction from the segments classified as having
additional mass in the groove (2,232 segments) is shown in Fig. 3g. A comparison between
the two volumes having the bound non-cleavable cI fragment shows that in the presence of
ATP-γ-S (where the cleavable fragment is readily cleaved) there is a bridge of density (Fig.
3f, red arrow) extending between the lower portion of the CTD of one RecA protomer and the
upper portion of the core of a RecA subunit one turn below. In the presence of AMP-PNP
(where the cleavable fragment is not cleaved by RecA), this bridge of density is absent (Fig.
3g, red arrow). The absence of the bridge of density in the presence of AMP-PNP cannot be
explained by a lower occupancy of cI in the RecA filament, since the mass in the grove that
corresponds to cI is very similar to that in the presence of ATP-γ-S. We have tested the
significance of this feature by doing statistical difference maps (data not shown). By comparing
the reconstructions with AMP-PNP and with ATP-γ-S we have found that this feature has a
value ~ six times the standard error of the difference map, and is highly significant and
reproducible.

This suggests that the bridge of density, possibly formed by the non-cleavable cI fragment,
represents a coordination of this fragment by RecA that occurs under conditions where the
cleavable fragment is readily cleaved (in the presence of ATP-γ-S) and absent under conditions
where very little cleavage occurs (in the presence of AMP-PNP). Since the cI crystal structure
does not readily suggest how this density might arise from cI, there must be a significant
conformational change in cI if this density arises from cI. An alternative explanation is that
this density belongs to the ~ 25 C-terminal RecA residues that are not seen in most RecA crystal
structures and have only recently been visualized40. In this interpretation, these residues would
become ordered by cI under conditions where cleavage is favored (with ATP-γ-S). However,
the C-terminal domain would probably need to rotate to bring these terminal residues into the
correct orientation. Additionally, this bridge could arise from a conformational change in RecA
itself, either the C-terminal domain of one subunit or the core of a subunit one turn below. The
present resolution is simply too limited to be able to distinguish among these possibilities. In
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all cases (the density is due to cI or RecA), we suggest that the presence of this bridge is
important to cleavage. To test this hypothesis, we have looked at a RecA double mutant that
is defective in cI cleavage in vivo30.

The RecA E4A-K8A double mutant
A RecA mutagenesis study30 identified several patches of residues within RecA whose
mutation led to complete deficiency in cI cleavage at the same time that RecA recombination
and repair functions were not impaired (mutations that eliminate RecA function, such as by
preventing polymerization, would obviously be deficient in cI cleavage). When these residues
are mapped onto the pseudo-atomic model of RecA (Fig. 3e), two patches are on the CTD
(K280, E281, K282 and K310, D311) while the third patch (E4, K8) is on the N-terminal
portion of RecA, located on the opposite side of the helical groove. A fourth site (K232, E235)
is in a cleft between RecA subunits and faces into the deep groove (not marked in Fig. 3e). The
repressor bound within the groove would be contacting this site (Fig. 3f,g). RecA residues E4
and K8 directly face the bridge of density that is present with ATP-γ-S (Fig. 3f, red spheres)
and absent with AMP-PNP, so we have looked at properties of the double mutant E4A-K8A.

Cleavage rates of cI are dramatically reduced for the RecA-E4A-K8A mutant when compared
to wt RecA (Fig. 4a). As expected from the in vivo results30, where this double mutation did
not lead to any loss of recombination activity or impairment of DNA repair, the RecA-E4A-
K8A formed filaments on the repeating GTG 48-mer in the presence of ATP-γ-S (Fig. 4b) that
appeared indistinguishable from the wt RecA protein under these same conditions (Fig. 3a).
The existence of these filaments also eliminates the trivial explanation that the loss of cI
cleavage (Fig. 4a) might be due to the loss of RecA’s ability to form normal filaments. In
addition, our preparation of E4A-K8A exhibits ssDNA-dependent ATPase activity comparable
to wild type RecA (data not shown). The addition of cI101–229TM to these RecA filaments (Fig.
4c) does not lead to anything very different than observed when this same fragment is added
to wt RecA filaments (Fig. 3c). A three-dimensional reconstruction (Fig. 4d) was generated
after using a similar approach to sorting as described for the wt RecA. From the 7,770 segments
cut from images of RecA-E4A-K8A filaments incubated with cI101–229TM, 51% were
classified as having additional mass in the groove, while 26% were determined to be poorly
occupied. The remaining 23%, classified as having extra density on the outside of the filaments,
were determined to be very heterogeneous. The 3,980 segments classified as having additional
density in the groove gave rise to a three-dimensional reconstruction (Fig. 4d) where the bridge
of density present in the corresponding wt RecA reconstruction (Fig. 3f) is now absent. Since
this bridge maps onto the region on the top of the RecA core where residues E4 and K8 are
located, we interpret these results as showing that the E4A-K8A double mutation allows cI to
still bind in the deep groove of the RecA-DNA filament, but fails to provide the proper
coordination of cI that results in the observed bridge of density that spans the RecA groove. It
is this full coordination of cI by RecA that is needed for efficient cleavage, as we also fail to
see this bridge of density when filaments are formed with AMP-PNP (Fig. 3g), a nucleotide
cofactor that does not support significant cI cleavage (Fig. 1).

Discussion
According to existing models of RecA-mediated cleavage of LexA27, 28, 37 and UmuD29,
cleavage of these proteins occurs when they are stabilized in a particular conformation by
binding within the helical groove of an active RecA-DNA filament. Surprisingly, alanine
mutagenesis of RecA to identify regions of RecA involved in repressor cleavage mapped some
of these sites outside the groove, with no evident relationship to structural studies showing
binding within the groove30. Our structural and biochemical results provide an explanation
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for the puzzling mutagenesis data, at the same time as providing new insights into the role of
RecA’s dynamic CTD.

While RecA and RadA/RAD51 proteins share highly conserved structural cores, the RecA
protein CTD and the RadA/RAD51 N-terminal domain have no structural homology with each
other. But they both display a large degree of dynamic behavior. It has been shown41 that the
RadA/RAD51 N-terminal domain can move over distances greater than 20 Å, and a similar
degree of mobility has been described for the RecA CTD27. Different crystal structures for
the RecA protein have shown that the most variable part of the molecule is the CTD42, and
rotations of the CTD by as much as 32° exist between different crystals38. The mobility of the
CTD depends on both the ATP analog and the polynucleotide substrate on which the filament
is formed (Fig 2). The three-dimensional reconstructions of the RecA filament show that the
CTD lobe is bridging between two adjacent RecA protomers (Fig. 3e). Thus, the ordering of
the CTD in the presence of ATP-γ-S provides a structural framework to explain the stacking
of short filaments under these conditions, as the CTD is likely establishing an important contact
between protomers that is part of the annealing mechanism in bringing short filaments together.

According to a pseudo-atomic model of the RecA filament built into our three-dimensional
reconstructions (Fig. 3e–g), residues 280–282, and 310–311 do not interact directly with the
cI repressor under conditions where it gets cleaved rapidly (Fig. 3f) or poorly (Fig. 3g). It is
possible that these mutations alter the mobility of the CTD and thus allosterically influence the
ability of the CTD to coordinate the cI repressor bound to the RecA filament. Alternatively,
when the repressor is bound to the RecA filament, the CTD may be rotated so that these residues
are directly involved in the direct interaction with the cI. Such a movement of the CTD is
consistent with large displacements of the CTD that can be affected by other RecA-binding
proteins (Wang et al., in preparation). The limited resolution in our maps does not allow us to
choose between these two explanations.

Our results show a correlation between the degree of disorder of the CTD in the absence of cI,
and the efficiency of repressor cleavage. In RecA-ssDNA filaments formed in the presence of
AMP-PNP, the CTD is more disordered, and there is no cleavage of cI. Interestingly, a similar
relationship has previously been reported43 for RecA filaments formed with ATP-γ-S, but in
the presence of dsDNA instead of ssDNA. In early work, it was observed that the cleavage of
cI is dramatically reduced when dsDNA is used instead of ssDNA as the polynucleotide
cofactor13. This has been attributed to the notion that the second strand of the duplex, which
is near the central axis of the filament, must overlap with the repressor binding site. Our results
offer an alternative or additional explanation. In previous work43, we showed that RecA
filaments formed in the presence of dsDNA have increased mobility of the CTD. Thus, the
lack of robust cleavage activity in the presence of dsDNA could be due to the increased mobility
of the CTD, which prevents it from forming the proper coordination with the repressor.

Materials and Methods
ADP, ATP-γ-S and AMP-PNPwere from Sigma-Aldrich, and poly(dT) was from USB.
PhiX174 ssDNA was from New England Biolabs. IPTG and DTT were from Research Products
International. The GTG-repeating 48-mer oligonucleotide, the 83-mer and the 40-mer were
from Integrated DNA Technologies. All other reagents were Fisher Scientific ACS grade.

Protein expression and purification
For the RecA protein used in the coprotease assays of Figure 1, the gene for RecA was amplified
by PCR from E. coli genomic DNA, cloned into the pET-9a vector between the NdeI and
BamH1 restriction sites, and overexpressed in BL21 (DE3) E. coli cells. 1L cultures in L.B.
were grown at 37° C to an OD600 of ~0.8, and expression was induced with 1 mM IPTG. RecA
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was purified as described previously44 with some modifications. After cell lysis and the
polyethyleneimine and ammonium sulfate precipitations, the protein was re-suspended in 50
ml of R buffer (20 mM Tris-HCl pH 7.5, 0.1 mM EDTA and 10% glycerol) plus 100 mM KCl
and dialyzed against the same buffer. The protein was loaded onto a 25 ml HiTrap Q HP column
(GE Healthcare) and eluted with a linear gradient of 0.1–1.5 M KCl. Collected fractions were
dialyzed into P buffer (20 mM potassium phosphate, pH 6.8, 150 mM NaCl, 0.1 mM EDTA
and 10% glycerol), and loaded onto a HiTrap Heparin HP column (GE Healthcare). Bound
protein was eluted with a linear gradient of 0.15–1.5 M NaCl and dialyzed into 20 mM Tris-
HCl pH 7.5, 100 mM NaCl, 1 mM DTT and 10% glycerol, concentrated to 30 mg/ml, and
frozen in small aliquots at −80 °C. RecA protein concentration was determined by O.D. at 280
nm using the extinction coefficient calculated from its amino acid sequence. The E4A-K8A
RecA mutant was expressed from the BLR (DE3) pLysS strain of E. coli and purified using
the same procedures as WT RecA. The lambda repressor protein fragments cI93–236 and
cI101–229TM, which contains the A152T, P158T, and K192A mutations, were expressed and
purified as described previously26.

RecA-mediated cleavage
Coprotease reactions (100 μl) were performed at 37° C and included 2 μM RecA protein (or
E4A-K8A RecA), 6 μM (nt) of the indicated single-stranded oligonucleotide, 1 mM ATP
analog (ATP-γ-S or AMP-PNP), 50 mM Tris pH = 7.4, 50 mM NaCl, 2 mM MgCl2, and 10
μM of a λ repressor fragment (cI93–236). Reactions were initiated by addition of cI93–236 (at
time = 0 min.) after pre-incubation of all other components for 15 minutes at 37° C. At the
indicated time points, 7 μl of each reaction was removed and immediately mixed with SDS-
PAGE loading buffer and heated to 95° C for 5 min. to stop the reaction. Reactions were
analyzed on 15% SDS-PAGE gels stained with Coomassie blue. The fraction cleaved at each
time point was calculated with the equation:

where Int.C and Int.UC are the net intensities of the bands corresponding to cleaved product
(cI112–236) and uncleaved substrate (cI93–236), respectively, as measured by scanning
densitometry. The value for Int.C is multiplied by 1.16 (145/125) to account for the smaller
size of the product relative to the substrate.

Electron Microscopy and Image Analysis
RecA protein was prepared as described45. RecA-ssDNA complexes were formed in 25 mM
triethanolamine-HCl (Fisher) buffer (pH 7.2) at 37°C for 10 minutes, with 3 μM RecA, a RecA
to M13 ssDNA (Sigma) ratio of 80:1 (w/w), 1.3 mM AMP-PNP (Sigma) or ATP-γ-S
(Boehringer), and 2mM magnesium acetate (Sigma). For experiments with cI, the repressor
was added in a 3-fold molar excess to the RecA and incubated at 37° C for an additional 15
min. The samples were applied to glow-discharged carbon-coated grids and negatively stained
with 2% (w/v) uranyl acetate. A Tecnai-12 electron microscope was used at an accelerating
voltage of 80kV and a nominal magnification of 30,000x. Images were digitized at a raster of
4.16Å/px, and segments (100 pixels long) were processed using the SPIDER package46 and
the IHRSR package47. The resolution of the reconstructions was judged to be ~ 23 Å using
the FSC=0.5 criterion. Surfaces were thresholded to enclose ~ 115% of the expected molecular
volumes.
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Figure 1.
RecA mediated cleavage of lambda repressor. (A) SDS-PAGE gel showing the RecA-mediated
cleavage of cI93–236 at the peptide bond between Ala111-Gly112 to form cI112–236. The
reaction was performed in the presence of a 48-mer GTG repeating single stranded
oligonucleotide and ATP-γ-S. (B) Comparison of cleavage rates in the presence of different
ATP analogs (ATP-γ-S vs. AMP-PNP) and different oligonucleotide sequences (GTG-
repeating 48-mer vs. 83-mer with a naturally occurring sequence). The fraction of repressor
cleaved at each time point was determined as described in Methods.
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Figure 2.
Properties of pure RecA filaments depend upon both nucleotide cofactor and polynucleotide
substrate. Electron micrographs of negatively stained RecA-DNA preparations (a-f), and three-
dimensional reconstructions (g-i). RecA has been polymerized on M13 ssDNA with ATP-γ-S
(a) or with AMP-PNP (b). RecA has been polymerized with ATP-γ-S on long poly(dT) in (c).
RecA polymerization on a random sequence 40-mer in the presence of ATP-γ-S (d) leads to a
stacking of the short oligomers, as the filaments are much longer than the ~ two helical turns
expected for filaments containing a 40-mer. However, when this same 40-mer is used for RecA
polymerization with AMP-PNP (e), very little end-to-end stacking is observed. Similarly, when
a 48-mer of poly(dT) is used with ATP-γ-S for RecA polymerization (f), poor end-to-end
stacking is observed in contrast to the stacking observed for the random sequence 40-mer (d).
The scale bar (f) is 1,000 Å, and applies also to (a-e). A three-dimensional reconstruction (g,
from 6,228 segments) from the RecA-M13ssDNA-ATP-γ-S filaments (a) shows nearly the full
density expected for the CTD (g, red arrow). In contrast, a three-dimensional reconstruction
(h, from 3,482 segments) from the RecA-M13ssDNA-AMP-PNP filaments (b) shows
significantly less density for the CTD (h, red arrow), consistent with disorder or structural
heterogeneity of this domain under these conditions. A three-dimensional reconstruction (i,
from 9,115 segments) from the RecA-poly(dT)-ATP-γ-S filaments (c) also shows less density
due to the CTD (i, red arrow).
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Figure 3.
The binding of a non-cleavable cI fragment to RecA filaments. Electron micrographs of RecA
polymerized on a repeating GTG sequence 48-mer in the presence of ATP-γ-S (a) show clear
end-to-end stacking of the oligomers, as the filaments are much longer than the ~ 2.5 helical
turns expected in the absence of stacking. When RecA is polymerized on this same 48-mer in
the presence of AMP-PNP (b) very little end-to-end stacking is seen. The non-cleavable
cI101–229TM fragment has been incubated with the RecA filaments formed under conditions
in (a) and (b), and the resulting images are shown in (c) and (d), respectively. It can be seen
that when the cI fragment is present (d) a substantial stacking of the oligomers takes place that
is not found in the absence of cI (b). A three-dimensional reconsruction (e) of RecA
polymerized on the 48-mer GTG sequence in the presence of ATP-γ-S (a), generated from
8,179 segments. An atomic model27 of the active RecA filament is shown in the blue ribbons,
while three subunits from a crystal structure of the active RecA-DNA filament35 are shown
in green ribbons. The RecA residues shown to be involved in cI cleavage in vivo30 are marked
as follows: E4 and K8 in red, K280, E281 and K282 in cyan, and K310 and D311 in gold.
Residues 280,281, 282, 310 and 311 are located in RecA’s CTD. A reconstruction (f) of the
filaments in (c), RecA-(48-mer GTG)-ATP-γ-S + cI101–229TM, shows the bridge of density
spanning the space between the CTD of one RecA protomer and the core of another RecA
protomer one turn below (f, red arrow). A reconstruction (g) from the filaments shown in (d),
RecA-(48-mer GTG)-AMP-PNP + cI101–229TM, shows the cI fragment density in the groove,
but no bridge of density (g, red arrow).
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Figure 4.
RecA residues E4 and K8 are directly involved in the coordination and cleavage of cI. The rate
of cI93–236 cleavage is greatly reduced when the RecA-E4A-K8A mutant is used in comparison
to wt RecA (a). The repeating GTG 48-mer has been used along with ATP-γ-S, as in Fig. 1.
An electron micrograph of RecA-E4A-K8A polymerized on the repeating GTG 48-mer (b)
shows a large degree of end-to-end stacking of these 48-mers, as the filaments are considerably
longer than the ~ 2.5 helical turns that would be expected in the absence of stacking. When the
non-cleavable cI101–229TM fragment is added to these RecA-E4A-K8A filaments (c) there are
no dramatic differences. A three-dimensional reconstruction (d), generated from 3,980
segments of filaments as shown in (c), lacks the bridge of density that is seen with the wt RecA
protein under the same conditions when the cI101–229TM fragment is bound (red arrow, Fig.
3f). Residues E4 and K8 are marked as red spheres in (d). The scale bar (c) is 1,000 Å.
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