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A RecA Filament Capping Mechanism
for RecX Protein

filament nucleation to single strand gaps (Benedict and
Kowalczykowski, 1988; Lusetti et al., 2003b; Tateishi et
al., 1992). Also, the C terminus modulates the intrinsic
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Department of Biochemistry capacity of RecA protein to displace SSB (Eggler et al.,

2003). RecA is also regulated by a variety of additionalUniversity of Wisconsin–Madison
Madison, Wisconsin 53706 proteins in Escherichia coli. The RecFOR proteins medi-

ate RecA filament assembly on SSB-coated single-
stranded DNA, and may limit RecA filament extension
on duplex DNA (Bork et al., 2001b; Morimatsu and Ko-Summary
walczykowski, 2003; Shan et al., 1997; Webb et al., 1995,
1997). The DinI protein stabilizes RecA filaments andThe RecX protein is a potent inhibitor of RecA protein

activities. RecX functions by specifically blocking the may play a role in regulating RecA function during the
SOS response (Lusetti et al., 2004; Venkatesh et al.,extension of RecA filaments. In vitro, this leads to a

net disassembly of RecA protein from circular single- 2002; Voloshin et al., 2001; Yasuda et al., 1998, 2001).
Among the least well understood of the proteins thatstranded DNA. Based on multiple observations, we

propose that RecX has a RecA filament capping activ- modulate RecA function is the RecX protein.
The RecX protein (19.4 kDa) is encoded by a wide-ity. This activity has predictable effects on the forma-

tion and disassembly of RecA filaments. In vivo, the spread bacterial gene often (as in E. coli) found just
downstream of the recA gene (De Mot et al., 1994; Sano,RecX protein may limit the length of RecA filaments

formed during recombinational DNA repair and other 1993; Vierling et al., 2000; Yang et al., 2001). In a very
few cases, the gene is found in another region of theactivities. RecX protein interacts directly with RecA

protein, but appears to interact in a functionally signifi- chromosome (Stohl and Seifert, 2001). In E. coli, the
recX gene is expressed from the recA promoter via acant manner only with RecA filaments bound to DNA.
5%–10% transcriptional readthrough of a hairpin se-
quence separating the two genes (Pages et al., 2003). InIntroduction
some bacteria, RecX protein is necessary to overcome
deleterious effects of overexpression of RecA protein,The bacterial RecA protein plays an important role in

recombinational DNA repair in bacteria (Cox, 2001; Cox implying that RecX is a negative modulator of RecA
(Papavinasasundaram et al., 1998; Sano, 1993; Sukcha-et al., 2000; Kowalczykowski, 2000; Kuzminov, 1999;

Lusetti and Cox, 2002). In vitro, RecA protein is a DNA- walit et al., 2001; Vierling et al., 2000). Deletion of the
recX gene in E. coli produces no clear phenotype (Pagesdependent ATPase and promotes DNA strand exchange

reactions that mimic its presumed role in recombina- et al., 2003), although overexpression can reduce the
induction of the SOS response (Stohl et al., 2003). Whentional DNA repair (Cox, 2003; Lusetti and Cox, 2002;

Roca and Cox, 1997). In addition, the RecA protein regu- purified, both the Mycobacterium RecX (Venkatesh et
al., 2002) and the E. coli RecX protein (Stohl et al., 2003)lates the induction of the SOS response by facilitating

the autocatalytic cleavage of the LexA repressor (Kim inhibit the ATPase and strand exchange activities of
RecA protein in vitro. The RecX protein binds deepand Little, 1993; Nastri and Knight, 1994). RecA functions

as a nucleoprotein filament, which assembles on the within the major helical groove of a RecA filament (Van-
Loock et al., 2003). EM image reconstructions indicateDNA in several steps (Lusetti and Cox, 2002; Roca and

Cox, 1997). A slow nucleation step is followed by rapid that when RecX protein is bound to an intact RecA fila-
ment, it spans the monomer-monomer interface, bindingextension 5� to 3�, such that additional RecA monomers

are added at one filament end (Register and Griffith, from the C-terminal domain of one RecA monomer to
the core domain of a second monomer (VanLoock et1985; Shan et al., 1997). Disassembly of RecA filaments

is also unidirectional and end dependent, occurring on al., 2003).
The mechanism by which RecX inhibits RecA func-the end opposite to that at which filament extension

occurs (Bork et al., 2001a; Lindsley and Cox, 1990; Shan tions is not understood. As we began to further explore
RecX function, we found that RecX inhibition of RecAet al., 1997). Assembly and disassembly both proceed

5� to 3� (Figure 1). activities is both slow and highly selective. Some RecA
activities are affected at quite low RecX concentrations,To bring about efficient recombinational DNA repair,

it is essential for RecA filaments to form when and where while other RecA activities are not affected unless an
excess of RecX protein (relative to the available RecA)they are needed. It is also important that RecA filaments

do not form where they are not needed, to avoid aberrant is added. In this report, we rationalize these observa-
tions and demonstrate that RecX acts primarily byDNA rearrangements. Thus, RecA filament assembly

and disassembly are regulated. One level of control in- blocking the growing end of RecA filaments.
volves the autoregulation of RecA function mediated by
the C terminus of the RecA protein (Lusetti et al., 2003a). Results
The C terminus largely blocks direct binding of RecA
protein to duplex DNA, effectively directing RecA protein Experimental Design and Hypothesis

To explain the experiments, it is convenient to first intro-
duce the hypothesis they lead to. Based on the observa-*Correspondence: cox@biochem.wisc.edu
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tions we report here, we propose that the RecX protein
acts by capping the growing end of a RecA filament and
blocking further extension. When RecA protein forms a
filament on a circular single-stranded DNA, it will nucle-
ate at one site. The 5� to 3� extension will then coat the
available DNA around the circle. The filament will also
begin a slower end-dependent disassembly from the
point of nucleation. Filament extension on the growing
end is faster than RecA dissociation on the disassembly
end. When the extending end of the filament “catches
up” with the disassembling end (Figures 1B and 1C),
a short gap may exist where RecA monomers at the
disassembling end are dissociating (Figure 1B). Addi-
tional gaps may occur transiently in an otherwise contig-
uous filament (Morrical and Cox, 1990). Limited ex-
change of RecA between free and bound forms in these
filaments has been documented (Shan and Cox, 1996).
On a circular ssDNA, there is no net disassembly of
RecA filaments under normal conditions, and the rate
of ATP hydrolysis is constant. Even if there are several
filament gaps at a particular moment, any dissociation
of RecA at an exposed disassembly end will be quickly
filled in by extension of the trailing filament. With RecA
protein bound to circular ssDNA, a measurable decline
in ATP hydrolysis could occur if (a) the ATP was con-
sumed (our experiments have an ATP regeneration sys-
tem), (b) a molecule was added that inhibited the intrinsic
ATPase activity, (c) a reagent was added that completely
destroyed the integrity of the filament and released it
from DNA (such as a denaturing agent), or (d) something
blocked the extension of RecA filaments.

Since it is clear that some RecA is moving into and
out of RecA filaments at steady state (Shan and Cox,
1996), we assume that there are a few short filament
breaks such as those illustrated in Figures 1B and 1C
even when RecA is bound to circular DNA. If the assem-
bly end of a RecA filament were blocked or capped by
RecX protein so that no further addition of RecA on that
end could occur, the filament gap created by filament
disassembly would cease to be filled in. Net disassembly
of the filament would follow. If disassembly were oc-
curring only at one or a few locations in the filament,
the decline in the bound RecA and its associated ATP
hydrolysis would have a predictable profile. The rate of
end-dependent filament disassembly from ssDNA pro-
ceeds at 60–70 monomers per minute per filament end
(Arenson et al., 1999). The time required for disassembly
of a single contiguous filament formed on M13mp8 DNA
(7229 nucleotides; with approximately 7229/3 or 2409
RecA monomers bound) should take 35 to 40 min, as-

Figure 1. Model for the Inhibition of RecA Function by the RecX suming there is only one disassembling end. If RecX
Protein dissociates to allow further RecA filament extension, or
(A) RecA protein binds to single-stranded DNA (ssDNA) in two major if there is binding of free RecA to the vacated DNA, this
steps. A slow nucleation is followed by a rapid 5� to 3� extension will lessen the observed effect of RecX on the filaments
that encompasses the available DNA. Disassembly is also 5� to 3�, and decrease the net rate of disassembly. If, on the
proceeding from the end opposite to that where assembly occurs.

other hand, there are multiple gaps in the filament, andDisassembly, but not assembly, requires ATP hydrolysis.
RecX caps the exposed assembly ends at more than one(B) In a RecA filament, if an interior monomer dissociates (e.g., at

a break in the filament), the filament gap is quickly filled in by exten- location on a filament, the observed rate of disassembly
sion of the trailing filament. We hypothesize that RecX protein caps
the assembly end of the filament, leading to net disassembly.
(C) On a circular ssDNA, the balance between disassembly and
assembly keeps the net binding of RecA and its attendant ATP extension will lead to net disassembly of the filament. If re binding
hydrolysis at a steady state level. Capping the assembly ends at is largely blocked (such as by the SSB protein), the filaments may
any point where there is a break in the filament and preventing dissociate completely.
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Figure 2. The Effect of the RecX Protein on RecA Protein-Mediated
ATP Hydrolysis

Reactions contained 3 �M RecA protein, 5 �M M13mp8 ssDNA, 0.5
�M SSB, and 3 mM ATP. RecA filaments assembled on a circular
ssDNA hydrolyze ATP at a steady rate. Addition of RecX protein
(100 nM added at t � 0 min) to the preassembled RecA filaments
(RecA → RecX curve) leads to a slow decline in ATP hydrolysis that
is completed in 15-20 min. Addition of the same amount of RecX
protein 10 min prior to adding the RecA protein to the ssDNA
(RecX → RecA curve) leads to a general suppression of RecA fila-

Figure 3. Effect of RecX Concentration on the Inhibition of RecA-ment formation.
Mediated ATP Hydrolysis

(A) RecA protein (1.2 �M) was incubated with M13mp8 ssDNA (2 �M)
for 10 min at 37�C, followed by addition of ATP and SSB to initiate

would increase. SSB is present in these trials, both to ATP hydrolysis. After 15 min, RecX protein was added at the concen-
facilitate the formation of RecA filaments at the begin- tration indicated beside each curve (t � 0 min), and the ATPase
ning of the reaction and to suppress re-nucleation of activity was monitored.

(B) These experiments are similar to those in (A), except that thenew RecA filaments as existing filaments disassemble.
RecX protein was present during the preincubation with RecA andWe examined the effects of RecX protein on RecA fila-
ssDNA (5 min), prior to the addition of ATP and SSB (t � 0 min).ment assembly and disassembly while varying the con-

centration of RecX and the order of addition of reaction
components. We also monitored the effects of RecX These results are expanded in Figure 3. In Figure 3A,
on other RecA protein functions, including DNA strand the RecX protein was added after RecA filaments had
exchange and LexA cleavage. For a number of experi- been formed. Significant effects of RecX protein are
ments, we utilized the RecA-mediated ATPase activity seen with as little as 10 nM RecX protein. The RecA
as an indirect measure of RecA binding to DNA. In the protein concentration in these experiments is 1.2 �M,
absence of agents that affect the intrinsic ATPase of with up to 0.67 �M bound to DNA. Thus, RecX can
RecA, this has proved to be a reliable measure of RecA produce substantial effects when it is present at very
binding (Lindsley and Cox, 1990; Lusetti et al., 2003b; low concentrations relative to RecA. The effect of RecX
Roca and Cox, 1997; Shan et al., 1997; Morimatsu and protein appears to saturate as the RecX concentration
Kowalczykowski, 2003). This was complemented by the approaches 80–100 nM, a concentration well below that
direct observation of filament status by electron micros- of the bound RecA protein. This effect would be ex-
copy and direct DNA binding assays. pected if the number of exposed RecA filament ends

such as those in Figures 1B and 1C, where exchange
of RecA monomers was occurring, was limited to anAddition of RecX Protein Leads to Net Filament

Disassembly on Circular Single-Stranded DNA average of 2–3 per filament. The approximately 15 min
required for suppression of the ATP hydrolysis wouldThe general effects of RecX on RecA filaments, exam-

ined indirectly by monitoring RecA-mediated ATP hy- correspond to the disassembly of just under half the
length of the RecA filament that could coat an M13 mp8drolysis, are presented in Figure 2. When there was no

RecX present, ATP hydrolysis proceeded at a steady ssDNA. It could be accounted for if there were about 2–3
actively disassembling ends per nucleoprotein filament,state reflecting a kcat of just over 30 min�1. As much as

1.67 �M of the 3 �M RecA protein is bound to the 5 �M each disassembling at the previously measured rate of
approximately 70 monomers of RecA per filament endssDNA present. Addition of RecX protein (100 nM) after

the RecA filaments had formed resulted in a time-depen- per minute (Arenson et al., 1999).
In Figure 3B, the effect of RecX protein is examineddent decline of ATP hydrolysis that required nearly 15

min to complete. The decline is brought about by quite under conditions where it is present prior to the forma-
tion of RecA filaments. Here, the effects were substan-low concentrations of RecX protein. In this experiment,

the RecA protein is present in 30-fold excess relative to tially greater at any given RecX concentration, and the
addition of only 60 nM RecX completely abolished ATPthe RecX protein. When RecX was present before RecA

filaments were able to form on the DNA, a different result hydrolytic activity. This is consistent with a mechanism
in which the RecX is interfering with RecA filament for-was obtained. The ATP hydrolysis was nearly completely

suppressed, suggesting that filament formation is mation, by limiting the filament extension process. In
this scenario, each time a nucleation event occurs, thelargely blocked (Figure 2).
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Figure 4. Electron Microscopy of RecA Protein Filaments on ssDNA, with and without Treatment by RecX Protein

Electron micrographs show RecA filaments formed on circular ssDNA in the absence of the RecX protein (A) and after the addition of RecX
(B). Reactions include 1.2 �M RecA, 2 �M M13mp8 circular ssDNA, 0.2 �M SSB protein, and 3 mM ATP. RecX protein (to 60 nM) or the
equivalent volume of RecX storage buffer ([B] and [A], respectively) were added after RecA nucleoprotein filaments were established. After
10 min the filaments were fixed with ATP�S (to 3 mM). Reaction mixtures were diluted 7-fold (A) or 5-fold (B) before adhesion to the electron
microscopy grid.

extension of the filament is suppressed when sufficient as those in Figure 4A. Of the remainder, 5 (5%) were
nearly complete circular filaments with very short SSB-RecX protein is present.
bound breaks, 15 (14%) were linear filaments (broken
circles), and 8 (7%) were single-stranded DNAs to whichThe RecX-Mediated Decline in ATP Hydrolysis

Reflects RecA Filament Disassembly only SSB was bound. When RecX protein (60 nM) was
added to the pre-formed RecA filaments, the effect onIn principle, the results of Figures 2 and 3A might be

explained if RecX bound to the outside of a RecA fila- the filaments was dramatic (Figure 4B). After 10 min of
incubation, there were no complete circular filamentsment, and directly affected its ATP hydrolytic activity.

Such a mechanism would have to involve a very slow observed among the 192 molecules examined. Over half
of the molecules (103 or 54%) exhibited partially disas-conformational change or other transition to explain the

kinetics of the inhibition. This mechanism is rendered sembled filaments (Figure 4B). Most of the remainder
(81 or 42%) contained only bound SSB. There were alsounlikely since the effects are seen when RecX is added in

low substoichiometric amounts relative to bound RecA 8 (4%) broken or linearized molecules in this sample.
No intact circular RecA filaments were observed evenprotein. Rather than base our conclusions solely on ki-

netic arguments, we examined RecX-treated RecA fila- in the course of a much more extensive, albeit non-
quantitative, examination of the grids. The insets in Fig-ments directly by electron microscopy to test our predic-

tion that the RecX was triggering a disassembly of the ure 4 show that the characteristic striations are present
in the RecA filaments both with and without RecX treat-filaments. When RecA filaments were assembled on

M13mp8 ssDNA circles, and incubated without RecX ment. Thus at this resolution there is no evidence that
RecX produces any gross deformations of the structureprotein prior to spreading, a major portion were present

as fully filamented circles (Figure 4A). Of 107 molecules of any intact segments of filaments that are disassem-
bling in its presence. The compact structure of the DNAexamined at random 79 (74%) were full filaments such



RecX Caps RecA Filaments
793

Figure 5. Inhibition of RecA-Mediated DNA Strand Exchange and LexA Cleavage by RecX Protein

(A) Diagram of the DNA three strand exchange reaction. First, a RecA filament is formed on the circular ssDNA (S1). The linear duplex DNA
(S2) is then aligned with the bound single strand, and exchange is initiated to form a joint molecule intermediate (I). Completion of branch
migration generates a nicked circular product (P) and releases the displaced single strand.
(B) Increasing concentrations of RecX protein inhibits the RecA-promoted DNA strand exchange reaction. RecX inhibits formation of nicked
circular products (P) while joint molecule intermediates (I) continue to form.
(C) RecX significantly inhibits RecA-mediated LexA cleavage only at RecX concentrations in excess of RecA (3 �M). LexA protein is cleaved
into 2 cleavage products (P1 and P2). PK (pyruvate kinase) is a component of the ATP regeneration system. DNA strand exchange and LexA
cleavage experiments were carried out as described under Experimental Procedures.
(D) Quantitation of LexA cleavage reactions carried out in the presence of RecX protein. RecX is added either 5 min or 20 min (as indicated),
prior to the addition of LexA protein.

vacated by RecA filament disassembly in Figure 4B (see product formation is seen at quite low concentrations
of RecX (Figure 5B). At the same time, the amounts ofthe inset and the small DNAs labeled “SSB”) is a charac-
joint molecule intermediates (that cannot be resolved)teristic of ssDNA that is bound by the SSB protein (Bork
increases. At very high RecX concentrations, the entireet al., 2001a; Shan et al., 1997), which replaces the disso-
strand exchange reaction is abolished, but only at RecXciating RecA protein.
concentrations that are stoichiometric relative to the
RecA protein (data not shown).

The Inhibition of RecA Protein Activities by RecX Effects on the RecA-facilitated LexA repressor cleav-
Protein Reflects the Presence of Partial age reaction are seen only when substantially higher
(Disassembling) RecA Filaments RecX concentrations are present (Figure 5C). Whereas
We examined the RecA protein-mediated DNA strand DNA strand exchange requires a contiguous RecA fila-
exchange reaction in the presence of a range of concen- ment on the ssDNA, relatively short RecA filament tracts
trations of RecX protein (Figures 5A and 5B). In this can mediate LexA cleavage. As seen in lane 4, LexA is
reaction, the circular single-stranded DNA is first paired almost completely cleaved into two products (P1 and
to a linear dsDNA to form an intermediate (I in Figure P2 in Figure 5C) in the absence of RecX within 15 min.
5A) called a joint molecule, and then this intermediate is When incubated with RecA filaments for 5 min prior to
resolved by slow branch migration to generate a nicked LexA addition, RecX protein does not completely inhibit
circular duplex product (P in Figure 5A). A partial RecA the LexA cleavage reaction even when it is present in
filament on the DNA would allow the formation of joint excess of RecA (Figure 5C). However, previous figures
molecules, but the gaps in the filament would preclude demonstrate that complete filament disassembly in the
the formation of the final products. As RecX protein is presence of RecX generally requires at least 15 min.

When RecX protein was added to the RecA filamentstitrated into the reaction, a substantial diminution of full
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Figure 7. The RecX Protein Does Not Functionally Interact with
RecA Protein Unless the RecA Is Bound to ssDNA

Reactions were carried out as described in the legend to Figure 3.
All reactions contained a total of 2.4 �M RecA except the one labeled
1.2 �M RecA. The ssDNA concentration was 2 �M. Pre-incubations
were for 5 min at 37�C. Reactions were started by the addition of
ATP and SSB, which allows formation of complete RecA filaments.
The t � 0 min point is the point at which the last addition was made.
RecA at either 1.2 �M or 2.4 �M was in excess of the available
RecA binding sites on the DNA (0.67�M), and therefore the rate ofFigure 6. RecX Protein Binding to ssDNA
ATP hydrolysis was similar in each case. There was little differenceRecX protein binds to single-stranded DNA only at concentrations
in the amount of RecX inhibition whether RecX (60 nM final concen-in excess of 1 �M. A 51-mer oligonucleotide labeled with 32P (51
tration) was preincubated with half of the 2.4 �M RecA and addednM nucleotides) was incubated with varying concentrations of RecX
after filament formation (RecA→start→RecA/RecX) or whether RecXunder reaction conditions similar to those used in ATPase assays.
was added alone after filament formation (RecA→start→RecX).EMSA was used to assess binding. The two panels are similar. (B)

is included to provide more data at the higher RecX concentrations.

(VanLoock et al., 2003). Thus, the experiment in Figure
6 is designed to explore RecX binding to a relatively low20 min prior to the addition of LexA protein, the effects
concentration of DNA, under ideal conditions in whichof RecX were substantially enhanced (Figure 5D). This
there is no competition for the RecX-ssDNA interaction.experiment suggests that RecX does not inhibit the ac-
RecX protein binds to the ssDNA when its concentrationtivities of RecA filaments or segments of filaments by
exceeds 1 �M (Figure 6). This is consistent with the DNAdirectly altering the function of the bound monomers.
binding activity of RecX described previously (Stohl etInstead, RecA function is lost only as the RecA fila-
al., 2003). Over 50 times more RecX protein is requiredments disassemble.
to generate a discrete RecX-ssDNA complex than isThe results of Figures 2–5 provide evidence that RecX
needed to trigger RecA filament disassembly in Figuresprotein is suppressing the extension of RecA filaments,
2-5. As detailed in the Discussion, we conclude thatallowing end-dependent filament disassembly to pro-
the direct ssDNA binding activity of RecX, by itself, isceed. This results in net disassembly. Two additional
insufficient to explain the blockage of RecA filament ex-experiments were carried out to supplement the avail-
tension.able information needed to evaluate potential mecha-

nisms.
RecX Protein Does Not Functionally Interact
with Free RecA ProteinThe RecX Protein Has a ssDNA Binding Activity

In principle, the effect of RecX could be mediated by a We carried out a somewhat more complex series of
experiments to determine if RecX protein interacted withsimple binding of RecX to ssDNA that resisted displace-

ment by a growing RecA filament. A limited DNA binding free RecA protein in a manner that would prevent its
subsequent interaction with assembled RecA filaments.activity has been mentioned in the literature but no data

has been provided (Stohl et al., 2003). We therefore used We divided the RecA solution to be added to an experi-
ment into two parts, adding RecX protein to one of them.an electrophoretic mobility shift assay (EMSA) to explore

RecX binding to ssDNA (Figure 6). We used labeled In two controls, we added either all (1.2 �M) or twice
(2.4 �M) the normal allocation of RecA protein to thesingle strand oligonucleotides, 51 nucleotides in length,

at a concentration of 1 nM molecules (51 nM total nucle- DNA to determine the baseline of ATP hydrolysis (Figure
7). Note that even the normal allocation of RecA is inotides). Although this is lower than the concentration of

ssDNA present when RecX is used to challenge RecA nearly 2-fold excess relative to the 0.67 �M binding sites
available in the 2 �M ssDNA. In a third experiment,filaments as described above, most of the DNA in the

experiments of Figures 2–5 begins the assay coated we added 60 nM RecX protein to the assembled RecA
filaments (with 2.4 �M RecA), as before (Figure 7). Thiswith RecA protein and is unavailable for direct RecX

binding. If RecX can bind directly to the very limited produced the gradual decline in ATP hydrolysis seen in
the earlier figures. In a fourth experiment, we added 1.2ssDNA available in these experiments, it must compete

with RecA protein and SSB for binding sites. In addition, �M RecA to the DNA, and assembled filaments on the
DNA. With the filaments in place, there is still consider-any RecX interaction with DNA must compete with the

demonstrated RecX binding to RecA protein filaments able excess (and thus free) RecA present as noted
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above. We then challenged these filaments not with provide a passive barrier to RecA filament extension, or
(c) the proposed capping mechanism.RecX, but with a mixture of RecX and free RecA (preincu-

In mechanism (a), RecX protein would act indirectlybated without DNA) so as to bring the final RecA and
on the extension process by altering the filament as aRecX concentrations in the reaction to 2.4 �M and 60
whole. There is evidence that RecX binds along thenM respectively. If the RecX protein had bound to the
length of a RecA filament, at least when high levels20-fold excess of free RecA present during the preincu-
of RecX are present (VanLoock et al., 2003). However,bation, it would presumably not be available to affect
several observations argue against an indirect effectthe pre-assembled RecA filaments or the free RecA (un-
of RecX on filament extension: First, RecX exerts itsexposed to RecX) present in the original reaction prior
maximum effect at low, sub-stoichiometric levels rela-to the challenge. However, the same decline in ATP
tive to the RecA concentration. If RecX affects RecAhydrolysis was observed, indicating that the RecX was
filament extension by binding along the filament, it mustcompletely active in blocking RecA filament extension
often act at a substantial distance. However, when RecAeven though it had been preincubated with a large ex-
is bound to ssDNA, cooperativity is limited. For example,cess of free RecA protein.
the ATP hydrolytic cycle in a monomer within such fila-
ments has little effect on the hydrolytic cycle of its neigh-Discussion
bors (Arenson et al., 1999, Shan and Cox, 1996). Second,
there are no major changes elicited in the core structureWe conclude that the RecX protein blocks the normal
of RecA filaments by RecX binding, as seen in electronextension of RecA filaments, as illustrated in Figure 1.
microscopy image reconstructions (VanLoock et al.,We propose that this blockage involves the binding of
2003). Third, although the RecX protein is triggeringRecX protein to RecA filaments to cap the assembly
RecA filament disassembly, the fragments that remainends of the filaments. The disassembly ends are unaf-
as the disassembly proceeds are active. These frag-fected, and the addition of RecX thereby results in net
ments promote DNA pairing (Figure 5), LexA cleavagefilament disassembly.
(Figure 5), and ATP hydrolysis (Figures 2–3; the ATPaseThe conclusion that RecX blocks RecA filament exten-
does not simply stop when RecX is added, but declinession is based on multiple observations. First, RecX ex-
at a pace reflecting filament disassembly). Thus, if RecXerts a considerable inhibitory effect on RecA filaments
affects filament conformation, the change is not mani-at concentrations that are much lower than the RecA
fested in filament activity.concentration. The RecX protein clearly does not have

The DNA binding data of Figure 6 argues againstto interact with every RecA monomer to exert its effect.
mechanism (b). RecX possesses a readily detectedSecond, the decline in RecA filaments is slow, occurring
ssDNA binding activity (Figure 6). However, the bindingover tens of minutes in a manner consistent with normal
appears insufficient to explain the efficient blockage ofend-dependent filament disassembly. This implies that
RecA filament extension that RecX brings about. Sincenormal filament disassembly is proceeding. Further, if
SSB is readily displaced by growing RecA filaments,net disassembly is occurring on circular single-stranded
RecX binding to ssDNA would presumably have to occur

DNA, then RecA filament extension must be blocked
with higher affinity than the SSB-ssDNA interaction if it

(see Figure 1). Third, the effects of RecX are amplified
is to block RecA filament extension. There is little free

if it is added prior to RecA filament formation rather than
ssDNA in the pre-assembled RecA filaments used in this

after the filaments are formed (Figures 2 and 3). This study, and no RecX binding to ssDNA is observed at
further implicates RecX in the inhibition of some aspect RecX concentrations that produce a dramatic disassem-
of RecA filament assembly. Fourth, RecX addition has bly of RecA filaments. Thus, a model envisioning a pas-
an obvious and catastrophic effect on RecA filaments sive block to RecA filament disassembly due to RecX
as seen by electron microscopy (Figure 4). Fifth, much binding to ssDNA does not satisfactorily explain most
less RecX protein is required to inhibit DNA strand ex- of the data in this study. At the same time, there is ample
change (which requires intact RecA filaments) than is evidence that RecX interacts directly with RecA protein.
needed to inhibit the LexA cleavage reaction (which This includes published evidence both in vitro and in vivo
requires only short segments of RecA filament) (Fig- (Stohl, et al., 2003, VanLoock et al., 2003). In addition,
ure 5). multiple RecA mutant proteins have been identified that

RecX appears to interact functionally only with RecA moderate the effects of RecX on RecA (J.C.D., unpub-
filaments on DNA. The inhibitory effects of RecX were lished results), consistent with the notion that the effects
not measurably lessened by preincubation of the RecX of RecX involve a direct interaction of RecX with
protein with a 20-fold excess of free RecA protein (Fig- RecA filaments.
ure 7). In those few experiments where RecX protein is added

We base the proposal of a RecA filament capping to an experiment with or prior to RecA protein (e.g.,
activity for RecX on the observations enumerated above, Figure 3B), there is potentially greater opportunity for
additional data presented here and in the literature, and RecX to bind DNA and form the passive block envisioned
a general consideration of possible mechanisms for sup- in model (b). The effect of RecX is actually greater when
pressing filament extension. In principle, one could con- this order of addition is applied. However, this does not
sider three kinds of mechanisms that might reasonably provide an argument in favor of model (b). Any RecX
explain the RecX-imposed block to RecA filament exten- mechanism that blocks RecA filament extension will
sion: (a) a RecX-mediated change in the overall filament lead to a more robust inhibitory effect if RecX is added
conformation to a form unable to support extension, (b) before RecA filaments have formed (since the observed

inhibition is then not limited by slow filament disassem-a binding of RecX protein directly to ssDNA so as to
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be described elsewhere (J.C.D., S.L.L., and M.M.C., unpublishedbly). Further, model (b) provides no role for the docu-
data). RecX protein is stored in 20 mM Tris-HCl (80% cation, pHmented interaction between RecX and RecA described
7.5), 1 mM DTT, 0.1 mM EDTA, 100 mM potassium glutamate, andabove. Finally, a viable model must explain all of the
50% (w/v) glycerol. The concentration of the purified protein was

data, not part of it. determined from the absorbance at 280 nm using the extinction
Model (c) readily explains all of the data in this and coefficient of � � 2.57 � 104 M�1 cm�1. Our work with native RecX

protein has shown that RecX is somewhat unstable during storagepreviously published studies. The very low concentra-
at �80�C, with measurable loss of activity evident after 4 months.tions at which RecX protein acts are rationalized. The
All experiments reported here were carried out within 12 weeks ofdirect interaction between RecX and RecA is required
the purification of a given RecX preparation. In addition, fresh ali-for model (c). We thus feel that a RecA filament capping
quots were thawed and used on the same day of any given exper-

function, involving an interaction of RecX at the growing iment.
end of assembled RecA filaments, provides the best Unless otherwise noted, all reagents were purchased from Fisher

and were of the highest grade available. XhoI restriction endonucle-interpretation of the available data, as well as a clean
ase and T4 polynucleotide kinase were purchased from MBI Fer-and internally consistent explanation of RecX function.
mentas. DTT was obtained from Research Organics. Phosphoenol-When RecX is present at higher concentrations than
pyruvate (PEP), pyruvate kinase, ATP, bromphenol blue, lactatethose used in the present study, and when RecA fila-
dehydrogenase, HEPES, and NADH were purchased from Sigma.

ments are fixed by incubation with the non-hydrolyzed Ficoll was from Pharmacia.
ATP analog AMPPNP, RecX binding can be observed
along the length of RecA filaments (VanLoock et al., DNA Substrates
2003). The RecX monomers bind so as to span the inter- Bacteriophage φX174 circular single-stranded DNA (virion) was pur-

chased from New England Biolabs. φX174 RF I supercoiled circularface between adjacent RecA monomers in the filament.
duplex DNA was purchased from Invitrogen. Full-length linear du-We do not preclude the possibility that RecX thus bound
plex DNA was generated by the digestion of φX174 RF I DNA (5386may have additional effects on RecA function. The RecX
bp) with XhoI endonuclease, using conditions suggested by the

might destabilize monomer-monomer interfaces so as supplier. Circular single-stranded DNA from bacteriophage M13mp8
to create new filament ends, alter the interaction of other (7229 nucleotides) was prepared using previously described meth-
proteins with RecA filaments, or have other effects. Fur- ods (Neuendorf and Cox, 1986). The concentrations of ssDNA and

dsDNA were determined by absorbance at 260 nm, using 36 andther study is needed to evaluate these possibilities.
50 �g ml�1 A260

�1, respectively, as conversion factors. All DNA con-The RecX protein regulates RecA filament assembly.
centrations are given in �M nucleotides.RecX will limit the length of RecA filaments on ssDNA,

and genetic studies indicate that RecX should be pres-
ATPase Assay

ent most of the time. RecX now takes its place within A coupled spectrophotometric enzyme assay (Lindsley and Cox,
the growing repertoire of bacterial proteins that modu- 1990; Morrical et al., 1986) was used to measure the DNA-dependent
late the assembly and disassembly of RecA filaments. ATPase activities of the RecA protein. The regeneration of ATP from

PEP and ADP was coupled to the oxidation of NADH and followedThese proteins include the RecFOR proteins (Bork et
by the decrease in absorbance of NADH at 380 nm (380 nm wave-al., 2001b; Morimatsu and Kowalczykowski, 2003; Shan
length was used so that the signal remained within the linear rangeet al., 1997; Webb et al., 1995; Webb et al., 1997), the
of the spectrophotometer for the duration of the experiment). The

DinI protein (Lusetti et al., 2004; Voloshin et al., 2001; assays were carried out on a Varian Cary 300 dual beam spectropho-
Yasuda et al., 1998; Yasuda et al., 2001), and probably tometer equipped with a temperature controller and a 12-position
the F plasmid-encoded PsiB protein (Bagdasarian et al., cell changer. The cell path length and band pass were 1 cm and

2 nm, respectively. The NADH extinction coefficient at 380 nm of1992; Bailone et al., 1988; Golub et al., 1988). While the
1.21 mM�1 cm�1 was used to calculate the rate of ATP hydrolysis.PsiB protein has not yet been characterized, all of the

The reactions were carried out at 37�C in 25 mM Tris-OAc (80%other proteins affect RecA filaments in a unique way,
cation, pH 7.4), 1 mM DTT, 3 mM potassium glutamate, 10 mM

forming a complementary network that provides a po- Mg(OAc)2, 5% (w/v) glycerol, an ATP regeneration system (10
tentially exquisite fine-tuning of the filament assembly units/ml pyruvate kinase and 3.5 mM phosphoenolpyruvate), a cou-
and disassembly processes. Such regulation is typical pling system (1.5 mM NADH and 10 units/ml lactate dehydrogenase),

and 2 �M M13mp8 circular single-stranded DNA. The aforemen-of other filamentous systems, including microtubules
tioned components were incubated for 10 min. The figure legends(Bokoch, 2003; Drewes et al., 1998; Wasteneys and Gal-
note the time of addition of wild-type RecA protein (1.2 �M), theway, 2003) and actin filaments (McGough et al., 2003;
RecX protein (concentration indicated in the figure legends), the

Schafer and Cooper, 1995). The capping function we SSB protein (to 0.2 �M), and ATP (to 3 mM). For Figure 2 only, these
propose for RecX is unprecedented for RecA-family pro- conditions were altered slightly to 3 mM NADH, 3 �M RecA, 5 �M
teins, but analogous to the capping of actin filaments DNA, and 0.5 �M SSB. A cell path length of 0.5 cm was used in

these experiments.by the gelsolin family of proteins (McGough et al., 2003;
Schafer and Cooper, 1995).

DNA Three-Strand Exchange Reaction Promoted
by the RecA ProteinExperimental Procedures
Three-strand exchange reactions were carried out in 25 mM Tris-
OAc (80% cation, pH 7.4), 1 mM DTT, 5% (w/v) glycerol, 3 mMEnzymes and Biochemicals

The E. coli wild-type RecA protein was purified as described (Lusetti potassium glutamate, and 10 mM Mg(OAc). An ATP regeneration
system (10 units/ml pyruvate kinase and 2 mM phosphoenolpy-et al., 2003b). The concentration of the purified protein was deter-

mined from the absorbance at 280 nm using the extinction coeffi- ruvate) was also included. All incubations were carried out at 37�C.
The following are final concentrations. The wild-type RecA proteincient 2.23 � 104 M�1 cm�1 (Craig and Roberts, 1981). The E. coli

SSB protein was purified as described (Shan et al., 1996). The con- (6.7 �M) was preincubated with 20 �M φX174 circular ssDNA for
10 min. SSB protein (2 �M) and ATP (3 mM) were then added,centration of the purified protein was determined from the ab-

sorbance at 280 nm using the extinction coefficient 2.83 � 104 M�1 followed by another 6 min of incubation. RecX protein was added
to the reactions at the concentrations given in the figure legendscm�1 (Lohman and Overman, 1985). The purification of the native

RecX protein and the determination of its extinction coefficient will and incubated for 6 min before the reactions were initiated by the
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