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On linear single-stranded DNA, RecA filaments assemble and disassem-
ble in the 5 to 3’ direction. Monomers (or other units) associate at one
end and dissociate from the other. ATP hydrolysis occurs throughout the
filament. Dissociation can result when ATP is hydrolyzed by the mono-
mer at the disassembly end. We have developed a comprehensive model
for the end-dependent filament disassembly process. The model accounts
not only for disassembly, but also for the limited reassembly that occurs
as DNA is vacated by disassembling filaments. The overall process can
be monitored quantitatively by following the resulting decline in DNA-
dependent ATP hydrolysis. The rate of disassembly is highly pH depen-
dent, being negligible at pH 6 and reaching a maximum at pH values
above 7.5. The rate of disassembly is not significantly affected by the con-
centration of free RecA protein within the experimental uncertainty. For
filaments on single-stranded DNA, the monomer k., for ATP hydrolysis
is 30 min~!, and disassembly proceeds at a maximum rate of 60-70
monomers per minute per filament end. The latter rate is that predicted
if the ATP hydrolytic cycles of adjacent monomers are not coupled in

any way.
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Introduction

The bacterial RecA protein is critical to the pro-
cesses of recombinational DNA repair, homologous
genetic recombination, and the induction of the
SOS response to DNA damage (Cox, 1998;
Kowalczykowski & Eggleston, 1994; Roca & Cox,
1997). The Escherichia coli RecA protein is a poly-
peptide chain with 352 amino acid residues with a
molecular mass of 37,842 Da. RecA is an ancient
protein present in virtually all bacteria, with struc-
tural and functional homologues in all classes of
organisms (Brendel et al., 1997; Roca & Cox, 1997).

In vitro, RecA protein promotes a set of DNA
strand exchange reactions that mimic its presumed
role in recombination and recombinational DNA
repair. The active species in this reaction is a helical
filament of RecA protein bound to DNA, formed

Abbreviations used: ssDNA, single-stranded DNA;
dsDNA, double-stranded DNA; EDTA, ethylenediamine
tetraacetic acid; OAc, acetate ion; SSB, the single-
stranded DNA-binding protein of E. coli.
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as the first step in the process. There is one RecA
monomer bound per three nucleotides or base-
pairs of DNA, and six monomers per helical turn.
Bound double-stranded DNA (dsDNA) is extended
by 50 % and underwound to 18 bp per turn.

An understanding of filament assembly and dis-
assembly is a prerequisite for a broader description
of how RecA filaments form where they are
needed for recombinational activities in vivo. Most
models for recombination focus on the invasion of
3’ ends (Anderson & Kowalczykowski, 1997a;
Dixon & Kowalczykowski, 1991; Meselson &
Radding, 1975; Resnick, 1976; Smith, 1991; Szostak
et al., 1983), in part because of their potential utility
in priming DNA synthesis. A 3’ end bias in DNA
pairing reactions has been demonstrated with bac-
terial enzymes in vitro (Dixon & Kowalczykowski,
1991; Dutreix et al., 1991; Konforti & Davis, 1991),
attributed to the 5 to 3’ polarity of RecA filament
assembly (Register & Griffith, 1985; Shan et al,
1997) which would be expected to leave 3’ ends
more uniformly coated with RecA protein than 5’
ends. In addition to its implications for recombina-
tion models, information about the assembly and
disassembly is needed to provide a baseline for the
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study of the activities of other proteins, such as the
RecFOR proteins (Shan et al., 1997, Umezu &
Kolodner, 1994, Webb et al., 1997) and RecBCD
enzyme (Anderson & Kowalczykowski, 1997b),
that affect RecA filament assembly and disassem-
bly.

Filament assembly occurs in at least two major
phases. Nucleation is generally rate limiting on all
DNAs and under all conditions, and is followed by
a rapid and unidirectional extension of the filament
until the available RecA protein and/or contiguous
DNA is exhausted (Madiraju et al., 1992; Pugh &
Cox, 1988; Roca & Cox, 1997; Shan et al., 1997). On
single-stranded DNA (ssDNA), nucleation is fol-
lowed by the 5 to 3’ extension of the filament
(Register & Griffith, 1985; Shan et al., 1997). On
dsDNA, the same polarity is observed in the exten-
sion process, relative to the strand occupying the
DNA binding site in the filament normally occu-
pied by ssDNA (Lindsley & Cox, 1990). Nucleation
occurs much faster on ssDNA than on dsDNA at
neutral pH conditions. When nucleation occurs in
a single-strand gap, the extension continues to
envelop contiguous dsDNA in the path of the
assembly reaction (Shan et al., 1997, Webb et al,,
1997). On circular DNA substrates, filaments are
generally quite stable as long as ATP is regener-
ated.

On linear ssDNA, end-dependent disassembly is
observed (Shan et al., 1997). Like assembly, disas-
sembly occurs 5 to 3’ on ssDNA, with monomers
dissociating predominantly from the end opposite
to that at which assembly occurs. Assembly and
disassembly at opposite ends of filaments is also
observed on dsDNA (Lindsley & Cox, 1990). The
rate of disassembly from dsDNA is highly pH-
dependent, with little dissociation observed at pH 6
and maximum rates observed above pH 7.5
(Lindsley & Cox, 1989). End-dependent disassem-
bly from ssDNA has been documented only
recently (Shan et al., 1997), and has not yet been
well characterized.

The net addition of RecA monomers to one end
and their deletion from the other end in the same
test tube has some thermodynamic implications.
The monomer-monomer interfaces are presumably
the same at either end (and everywhere else) in the
filament. As pointed out by Wegner (1982), the Kp
for monomer addition to either filament end can-
not be different unless an independent source of
chemical energy is provided to affect the binding
to one end or the other. The RecA protein is a
DNA-dependent ATPase. ATP is hydrolyzed by
RecA monomers uniformly throughout RecA fila-
ments (Brenner et al., 1987), and there is no evi-
dence for enhanced rates at either filament end.
RecA filament assembly, but not disassembly, pro-
ceeds readily in the presence of ATP analogues,
like ATPYS, that are bound but not hydrolyzed by
RecA. Presumably, ATP hydrolysis is somehow
coupled to disassembly. The hydrolysis of ATP by
interior monomers does not generally result in dis-
sociation, and under some conditions ATP

hydrolysis can proceed with no evident dis-
sociation of RecA monomers (Neuendorf & Cox,
1986; Shan et al., 1997; Shan & Cox, 1996). A simple
model arises. ATP hydrolysis occurs everywhere,
resulting in dissociation only for monomers at the
disassembling end, and occurring with a prob-
ability that is some function of reaction conditions.

The binding of RecA protein to ssDNA is a coop-
erative process (Kowalczykowski & Eggleston,
1994; Menetski & Kowalczykowski, 1985). In
addition, the binding of ATP or ATPYS to individ-
ual filament subunits can stimulate NTP hydrolysis
in neighboring subunits (Lee & Cox, 1990; Menge
& Bryant, 1988). These interactions tend to main-
tain the entire filament in an extended active state.
However, the ATP hydrolytic cycles of adjacent
monomers are not coordinated, in the sense that a
given step in the hydrolytic cycle of one monomer
triggers a particular step in its neighbor. Wild-type
RecA protein will form mixed filaments on DNA
with the RecA K72R mutant protein that binds but
does not hydrolyze ATP or dATP (Shan & Cox,
1996). In most experiments with the mutant, dATP
replaces ATP since the mutant protein functions in
some RecA assays only in the presence of dATP
(Rehrauer & Kowalczykowski, 1993). In these fila-
ments, the observed decrease in dATP hydrolysis
by bound RecA protein is directly proportional to
the fraction of mutant protein present in the fila-
ment (Shan & Cox, 1996). The presence of a mutant
monomer does not have any discernible inhibitory
effect on its wild-type neighbors with respect to
dATP hydrolysis; it simply takes up room in the
filament and displaces a wild-type monomer that
would otherwise be hydrolyzing ATP (Shan &
Cox, 1996). When a second complementary strand
of DNA is added (as with bound dsDNA or as a
result of DNA strand exchange), the filament state
changes. Now, the presence of the mutant exerts
an effect on the rate of dATP hydrolysis that is
greatly disproportional to its representation in the
filament, indicating that the dATP hydrolytic
cycles of adjacent monomers are now coupled or
coordinated in some way (Shan & Cox, 1996).

The apparent absence of coupling between the
ATP hydrolytic cycles of adjacent monomers on
ssDNA leads to some quantitative predictions for
the disassembly process. The normal hydrolytic
cycle will take some time ¢, and if coupled to dis-
sociation at the disassembly end, a monomer
should dissociate from a filament end at some
point in the hydrolytic cycle we will label x. For a
RecA monomer in a filament on ssDNA, the k_; is
about 30 min~!, so that t = two seconds. When one
monomer dissociates, the next monomer in line
(hydrolyzing ATP independently) could be at any
stage of its hydrolytic cycle, but on average it
should be halfway through the cycle or one second
before the dissociation point x. End-dependent dis-
assembly should therefore occur at a maximal rate
of approximately 60 monomers per minute per fila-
ment end.
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To test this prediction and to fully characterize
the end-dependent disassembly of RecA protein
from ssDNA, we have developed a comprehensive
model for this process. The model leads to a new
and quantitative approach to the study of RecA
filament dynamics.

Results

Model for RecA protein disassembly
from ssDNA

RecA protein disassembles from the filament
end nearest the 5 end of the ssDNA. Although
rebinding to ssDNA is usually fast, nucleation of
RecA filaments on unbound ssDNA can be slowed
considerably by including a single-stranded DNA-
binding protein (SSB) in the reaction mixture. The
SSB replaces the RecA protein as disassembly pro-
ceeds. The overall process is illustrated in Figure 1.
RecA filaments are assembled at pH 6.46, where
no significant disassembly takes place. RecA is
added prior to SSB and ATP to effect maximum
DNA binding (SSB inhibits nucleation but not
extension of RecA filaments; it also facilitates fila-
ment extension by removing secondary structure
in the DNA). The pH is then shifted to a higher
value by twofold dilution, and end-dependent dis-
assembly begins. For each monomer, the dis-
sociation is described by the first-order rate
constant kopp. The reverse process (rebinding
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Figure 1. A model for end-dependent disassembly of
RecA filaments from ssDNA. RecA protein filaments
disassemble only from the end nearest the 5 end of the
DNA (Shan et al., 1997), in a process described by kogg.
As disassembly proceeds, RecA protein is replaced by
SSB. Re-binding of RecA to the vacated DNA occurs at
a rate described by kyyc, and results in a new filament
(shaded) that extends from the point of nucleation to
the end of the available DNA to the 3’ side. The direct
reversal of disassembly is described by k.

directly to the disassembly end to extend the fila-
ment 3’ to 5’), to the extent that it occurs, is
described by the second-order rate constant kop.
As  end-dependent  disassembly  proceeds,
additional RecA protein can also bind by indepen-
dent nucleation at any point in the vacated
ssDNA, the process that is inhibited by SSB. The
nucleation that does occur is described by the
second-order rate constant kyyc. Each nucleation
event rapidly results in the formation of a new fila-
ment from that point extending 5 to 3’ up to the
disassembling end of the preexisting filament, and
disassembly then proceeds from the newly created
end (this assumption is addressed below). Note
that although disassembly is a first-order process,
it will not follow classic first-order kinetics. This is
because the concentration of reactant, the filament
ends, does not change as the reaction progresses,
at least until disassembly is essentially complete.

We have monitored filament disassembly by
electron microscopy, sucrose gradient sedimen-
tation, and spectrophotometry (Shan et al., 1997).
All three methods provide reasonably consistent
results, but only the last is sufficiently accurate to
determine rate constants. The most convenient
method is to monitor declines in the DNA-depen-
dent ATP hydrolysis of RecA protein using the
coupled spectrophotometric assay. Although indir-
ect, the method correlates very well with DNA
binding measured in other ways (Lindsley & Cox,
1989; Pugh & Cox, 1988; Shan et al., 1997). It is one
of the few methods available for RecA, which pro-
vides a real-time measure of DNA binding, yet
requires no artificial alterations in RecA or DNA
structure. The ATP concentration is maintained at
high levels so that each DNA-bound RecA mono-
mer is functioning at its k.. The k., employed is
that observed in the presence of longer random
sequence ssDNA molecules. Under conditions used
in this series of experiments, the k., for ATP
hydrolysis is 28(+2) min~".

Once initiated, disassembly proceeds not to com-
pletion but to a steady state in which disassembly
and rebinding are balanced. To focus our analysis
on the disassembly process, it is necessary to mini-
mize the background ATPase rates due to filament
reassembly on the vacated DNA. This can be done
by including SSB in the reaction and by limiting
the length of the DNA. The rate of nucleation is a
function of the concentrations of free RecA protein
and potential DNA binding sites. Every nucleation
event results in a filament from that point to the
end of the available DNA. If DNA molecules are
shortened but the total concentration of DNA bind-
ing sites is kept constant, the number of nuclea-
tions will stay the same. However, the length of
the filaments generated by each nucleation will be
reduced, and thus the total amount of re-bound
RecA and its accompanying ATP hydrolysis will
be reduced. Shortening the DNA too much has the
disadvantage of abbreviating the time during
which disassembly can be measured, and very
short DNAs (less than 60 nt) reduce the initial
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Figure 2. End-dependent RecA filament disassembly
monitored by changes in ATP hydrolysis. ATPase reac-
tions were started at pH 6.46 (Mes/NaOH; 56 % anion).
After 20 minutes (time = 0 in the Figure), 200 pl of each
was added to 200 pl of buffer (Tris-acetate ion (OAc)
30 % cation) to give a final pH of 7.98. The final DNA
concentration (in total nucleotides) after the pH shift
was 1.5 pM. The final RecA protein and SSB concen-
trations were 1.5 uM and 0.15 uM, respectively. (a) Dis-
assembly reaction under standard reaction conditions.
Data for disassembly from a 2693 base ssDNA fragment
of $X174 DNA. The best-fit line to equation (8) is
shown by the continuous line. The line obtained from
equation (8) if kopp is decreased by 10%, and then the
curve is fitted for kyyc, is shown by the broken line. (b)
Effects of DNA length on filament disassembly. Both
reactions contained the same DNA, SSB, and RecA con-
centrations as described above. The $X174 substrate
(lower curve) is the 2693 base substrate described in (a).
The MI13mp8 substrate (upper curve) is full-length
M13mp8 (7229 bases) linearized with EcoRI. The best-fit
parameters for kopr and kyyc, respectively, are
71.2(£0.8) min~! and 1.20(£0.03) x 107* uM~! min™!
(lower curve), and 74.2(%1) min~! or 1.5(30.1) x 107>
uM~! min~! (upper curve).

binding so much that the analysis becomes very
difficult. The DNA substrate chosen is thus a com-
promise between a length sufficient for convenient
and reliable measurement but short enough to
minimize rebinding. Most of these experiments
were carried out with $X174 ssDNA, cleaved with
BssSI as described in Materials and Methods to
produce two nearly equal fragments 2641 and 2745
nt in length. For the analysis below, the length is
assumed to be the average of these, or 2693 nt.

Determination of kinetic parameters

To monitor disassembly, we are following the
production of ADP. To develop an expression for

the production of ADP in terms of the two primary
unknowns, kopr and kyye, we need to define sev-
eral additional parameters. These are: [D-end-
s] =the concentration of disassembling DNA
ends = the concentration of DNA molecules;
[RecA] = the total concentration of RecA mono-
mers; [RecAg] = the concentration of RecA that is
bound to the DNA; [DNA] = the concentration of
available (unbound) DNA binding sites; nyor = the
total number of RecA binding sites per DNA
molecule =2693/3 or 898; npounp = the average
number of binding sites occupied by RecA per
DNA molecule; ng,p=the average number of
unoccupied binding sites per molecule; and k., in
all cases refers to the k., for ATP hydrolysis by the
RecA protein.

All concentrations are in pM and all times are in
minutes. The rate constant ko, is reported in units
of min~!, and is thus the number of monomers to
dissociate per minute per filament end. Likewise,
knuc is reported in units of pM~! min~'. The con-
centration of RecA protein is kept in sufficient
excess relative to binding sites on the DNA (three-
fold or more) so that to a good approximation, the
concentration of free RecA is equal to its total con-
centration. This is especially true under conditions
in which nucleation of new filaments would have
its greatest effect on the kinetics, i.e. when disas-
sembly is nearly complete. The disassembly
mediated change in bound RecA protein is then
described by equation (1):

d[RecAg]
ot

cat

= knuc[DNA][RecA] — kopr[D-ends] (1)

The concentration of available DNA binding
sites will be equal to the number of dissociating
ends, times the average number of binding sites in
the vacated DNA (n1gap):

[DNA] = [D-ends](ngar) 2)

Because each nucleation event results in propa-
gation of a filament from the nucleation point to
the end of the gap and, on average, the nucleation
point is midway through the gap, the change in
concentration of RecA due to kyyc must be further
modified by the term ng,p/2. After including this
term, and substituting equation (2) into equation
(1), we obtain:

d[RecAsg]
ot

= knuc[D-ends](nGap) (”GZAP)[RecA]

— kOFF [D—ends] (3)

The change in [RecAg] with time is a function of
both disassembly and reassembly onto the vacated
DNA. The term ng,p is related to the concentration
of bound RecA protein ([RecAg]) by the following
expression:

RecA,
NTOT = NGAP + HBOUND = NGAP + IRecAn] 4)
[D-ends]
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Substituting ngap from equation (4) into equation
(3) yields:

[RecAg]
ot

[RecAg] )2[ReCA]

= knuc[D-ends] ((nTOT ~ D-ends] 5

— kopp [D—ends] (5 )

By integrating equation (5), and taking into
account that at t =0, all binding sites on the DNA
are occupied by RecA protein, ie. [RecAg]=
nrorlD-ends], we obtain:

2korr

[ReCAB] = [D-ends] (I’ZTOT — m

« tanh( kNUC[RZCA]kOFFO) (6)
Equation (6) is substituted into the expression:
J[ADP
EOH — kalRecAs] @)

The resulting expression is then integrated to yield:

[ADP] = kea[D-ends] <7’1TOTt - (@)
x In <cosh( kNUC[R(;CA]kOFFt)>> ®

Data obtained from the ATPase assays were con-
verted to [ADP], plotted as a function of time, and
fit to equation (8) using the non-linear least-squares
program NONLIN (Johnson & Frasier, 1985). As
described in Materials and Methods, the k., for
ATP hydrolysis was always measured indepen-
dently from the rate of ATP hydrolysis before shift
in pH, and therefore it was held constant during
fitting. The terms [D-ends], [RecA], and nor were
known in any given experiment and also held con-
stant during fitting, leaving kopr and kyyc as the
fitting parameters.

A representative time-course is shown in
Figure 2(a) for a reaction carried out under stan-
dard reaction conditions at pH 7.98. The plot of
[ADP] wversus. time is non-linear, reflecting the
decline in the rate of ATP hydrolysis due to disas-
sembly. The curve is fit very well by equation (8)
(continuous line in Figure 2(a)), yielding a kogg in
this instance of 71.2(£0.8) min~! and a kyyc of
1.20(£0.03) x 107* uM™ min~'. The data fitting
was as good or better than that shown in
Figure 2(a) for all data reported here. The broken
line in Figure 2 illustrates the fit obtained if the
best-fit kopp is decreased by 10 %, fixed, and then
the data is fit for kyyc. In general, a satisfactory fit
of the data for both parameters is not obtained if
the values of either kopr and kyyc are varied by
more than 5%. Figure 2(b) illustrates the effect of
DNA length. With a ssDNA more than twice as
long (ie. full-length M13mp8 linear ssDNA), the

dissociation proceeds over a longer time-course,
consistent with an end-dependent process. The
final concentration of bound RecA protein in the
steady state is greater than that observed with the
shorter DNA for reasons described above. How-
ever, the measured kopp (74.2(£1) min~') generated
from this experiment is quite comparable to those
obtained with the shorter DNA, as expected. The
parameter kyyc (1.5(£0.1) x 107> uM~! min™)
makes less of a contribution with the M13mp8
DNA, although this parameter was generally
reproducible in experiments carried out with a par-
ticular DNA substrate as shown below.

SSB was added to these experiments at a final
concentration of 0.15 uM, providing one SSB
monomer per ten nucleotides of ssDNA. SSB inhi-
bits the nucleation of RecA filaments on ssDNA
such that net disassembly is generally not observed
if it is not included (Shan et al., 1997). Doubling the
SSB concentration had no significant effect on the
measured rates of RecA filament disassembly (data
not shown).

Further discussion of model assumptions

It is useful to comment on some of the assump-
tions made in developing the model of Figure 1.
First, in simplifying the rebinding that might occur
during disassembly to a single term kyyc, we are
making the assumption that nucleation is rate lim-
iting and filament extension relatively fast, such
that each nucleation event rapidly results in a new
filament extending from the nucleation point to the
disassembling end. This would effectively create a
longer filament with a new disassembling end. The
most important part of this assumption is that fila-
ment extension is fast enough so that any nuclea-
tion on DNA vacated by disassembly is likely to
“catch-up” with the disassembling end. Many
different observations support this view, including:
(a) complete RecA filaments form on M13 ssDNA
in a few minutes (Griffith & Harris, 1988; Roca &
Cox, 1997), suggesting rates of filament extension
of 1000 monomers per minute or more, rates that
are at least an order of magnitude faster than dis-
assembly. (b) If filament extension were not much
faster than disassembly, then late nucleation events
would create filaments that would contain long
breaks. These breaks should be visible in the elec-
tron microscope, but are rarely observed when
monitoring disassembly by electron microscopy
(Shan et al., 1997). (c) At early times after RecA
addition, long filaments are formed on linear bac-
teriophage ssDNA encompassing nearly its entire
length at pH 7.6 even without the pH shift protocol
(Shan et al., 1997). These long contiguous filaments,
formed in the presence of the same SSB concen-
trations used in the present experiments, could not
form unless filament extension was much faster
than disassembly. (d) Filament assembly has been
characterized as a nucleation-limited process
(Chabbert ef al., 1987). In this study, binding
occurred more rapidly when longer DNAs were
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used. If filament extension limited the rate at
which DNA was coated with RecA, the opposite
result might be expected. We have observed the
same effect on SSB-coated ssDNA. Under the con-
ditions used in this study, the lag in ssDNA bind-
ing to SSB-coated DNA (as indicated by rates of
ATP hydrolysis) is several minutes shorter on cir-
cular M13mp8 ssDNA (7249 nt in length) than it is
when circular $X174 ssDNA (5386 nt in length) is
bound, when the same concentration of DNA (in
total nucleotides) is included in each experiment
(T.A.A., unpublished data). (e) Finally, we note
that substoichiometric levels of RecOR proteins
greatly stimulate the binding of RecA protein to
SSB-coated ssDNA (Umezu & Kolodner, 1994;
Shan et al., 1997). A number of results in these stu-
dies strongly suggest that the slow step affected by
RecOR is nucleation.

Second, the model assumes that measurable dis-
assembly is occurring at only one point on each
DNA molecule. Each RecA monomer binds to
three nucleotides of DNA, such that filaments can
bind to DNA in one of three binding frames, much
like a gene can be translated in any of three read-
ing frames. When a new filament is nucleated on
the DNA vacated by a disassembling filament, it is
possible that it would not be in frame with the dis-
assembling filament ahead of it. This would create
a small gap at the junction of the two filaments,
where the first filament would continue to disas-
semble. Such gaps should have no effect on the
disassembly kinetics we are measuring in the cur-
rent study, because any RecA that dissociated at
such a gap would be immediately replaced by
extension of the second filament with no net
change in bound RecA protein. Our assay only
measures net changes in the hydrolysis of ATP by
bound RecA protein, and net changes will occur at
only one point per DNA molecule.

Third, the experimental protocol we are using
assumes that the k., for ATP hydrolysis does not
vary over the pH range of the pH shift exper-
iments. Early measurements indicated that rates of
ATP hydrolysis generally do not vary between
pH 5.5 and pH 9 (Weinstock et al., 1981). More
detailed examination of the pH dependence of k,,
has not been reported. We therefore measured the
k.. for ATP hydrolysis by RecA protein as a func-
tion of pH. In five total measurements distributed
between the pHs 6.4 and 7, the measured k.,
for ATP hydrolysis varied only from 272 to
29.4 min~'. All of the experiments were carried out
in the presence of SSB under conditions used in the
disassembly studies, using circular $X174 ssDNA
as a DNA substrate. Under these conditions, it is
difficult to achieve complete binding of ssDNA at
pH 7.5 and above, leading to rates of ATP hydroly-
sis that appear to be about 20% lower than
expected. To circumvent this problem, a series of
experiments was carried out in which filaments
were formed on circular ssDNA at pH 6.4 where
complete binding was readily achieved, and then
the pH was shifted to either 7.4 (one trial) or 8

(four trials). The ATP concentration in these trials
was 3 mM, more than an order of magnitude high-
er than any reported K, for RecA protein bound to
ssDNA. The rate of ATP hydrolysis did not change
in these pH shift experiments (i.e. it decreased by
exactly the twofold factor of the dilution used to
effect the pH shift). If the observed rates are taken
as reflecting a state of near V,,,,, the k. for ATP
hydrolysis in these experiments ranged from 28.6
to 29.9 min~'. These experiments on circular
ssDNA directly indicate that the pH shift protocol
used in the present experiments does not result in
any significant change in the rate at which ATP is
hydrolyzed by bound RecA protein.

Direct binding of RecA to the disassembly end
is minimal

Even though coupled to ATP hydrolysis, the
end-dependent disassembly of filaments cannot be
completely irreversible. The rate of end-dependent
disassembly might be underestimated if direct
rebinding to the disassembly end (the reverse of
the kopr process, described by ko in Figure 1) is
significant but neglected. As for kyyc, kon should
be a second-order process dependent on RecA con-
centration. To evaluate the effect of direct reversal
of the disassembly process, we examined the effect
of RecA protein on the measured rate of disassem-
bly.

}",Fhe effect of RecA concentration on the rate of
disassembly is shown in Figure 3(a). The effect of
high RecA concentrations is quite small. A best-fit
line is drawn through the data for the full data set.
If affected at all, the observed kopz would be
altered by direct reversal according to the
expression:

(korr)ops = korr — kon[RecA] ©)

The intrinsic kopr can be estimated by extrapolating
the data in Figure 4 back to zero RecA concen-
tration. The parameter kqoy; is then described by the
equation:

_ kOFF - (kOFF)obs
Fon = [RecA] (10)

If we take the observed kogr at 6 pM RecA protein
(where the concentration of free RecA is least
affected by DNA binding), then we obtain a kqy
value of 1.875(£1.46) uyM~! min~!.  Since
Kp = kopp/kon, this result gives an apparent Ky of
29.9 uM. The limit for Ky within the error of the
experiment is 22 pM. Therefore, to the extent it
occurs at all, rebinding to the disassembly end is
quite weak, and affects the disassembly data mini-
mally under our normal reaction conditions. The
error in this experiment is such that the minimum
effect of direct reversal is very close to zero (broken
line in Figure 3(a)). To a good approximation, the
reassembly at the disassembly end proceeds at a
rate no greater than that expected for the rare renu-
cleation at the specific site adjacent to the disas-
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Figure 3. Effects of RecA protein concentration on kin-
etic parameters. The pH shift reactions were carried out
with a final DNA concentration of 1.5 M at varying
RecA concentrations as described in Materials and
Methods and the legend to Figure 2. The final concen-
tration of SSB was 0.15 uM in all cases. The reactions
were started at pH 6.46 and shifted to a pH of 7.98 after
20 minutes. (a) Effects of RecA protein concentration on
observed rates of end-dependent filament disassembly.
Values for kopr were calculated as described in the text.
The continuous line represents a linear least-squares fit
of the entire data set. The broken line is horizontal,
representing the lower limit (0) for the effects of RecA
protein concentration. The slope and y-intercept of this
line were used to calculate ko and Kp, as described in
the text. (b) Effects of RecA protein concentration on
rates of renucleation of RecA filament formation on
vacated DNA. Values for kyyc were calculated as
described in the text.

sembly end, or koyn  knue. We have therefore not
corrected for the effect of ko in the values for kqpp
reported below.

The best-fit values for kyyc decrease with
increasing RecA concentration (Figure 3(b)). We
attribute this phenomenon to the formation of
higher-order filamented RecA species in solution at
high RecA concentrations, an effect that tends to
compete with DNA binding (Morrical & Cox,
1985).

End-dependent RecA filament disassembly is
pH and temperature-dependent

Derived values of kopr exhibit a strong pH
dependence (Figure 4), with essentially no net dis-
assembly observed at pH conditions below 6.4,
and maximum rates of disassembly observed
above pH 7.5. The change in the rate of disassem-
bly seen between pH 6.5 and 7.2 in Figure 4 indi-
cates that the dissociation of one RecA monomer is

80

704 00 ©
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104
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Figure 4. Effects of pH on rates of end-dependent
RecA filament disassembly. pH shift reactions were per-
formed as described in Materials and Methods. The
final reactions contained 1.5 uM ¢$X174 DNA, 1.5 uM
RecA, and 0.15 uM SSB. The pH shift buffers contained
Tris-Oac ranging from pH 7.25 (85% cation) to pH 9.1
(10 % cation). At time t = 0 (20 minutes after the reaction
was started), 200 pl of each reaction started at pH 6.46
was added to 200 pl of each of the pH shift buffers.
Values for kopp were calculated as described in the text.

accompanied by the release of one or two protons.
Similar observations have been made in the assem-
bly and disassembly of RecA filaments on dsDNA
(Lindsley & Cox, 1989; Pugh & Cox, 1988).

The temperature dependence of the disassembly
process is shown in Figure 5(a) in the form of an
Arrhenius plot. The plot is linear over the tempera-
ture range 35-45 °C, with no breaks that might sig-
nal a change in rate-limiting step. The slope of the
plot yields an Arrhenius activation energy of
24.1(£2.4) kcal mol~'. We did not obtain results
for temperatures below 34 °C, because of anomalies
introduced by the PEP/pyruvate kinase ATP
regenerating system at lower temperatures (Bedale
& Cox, 1996).

The Arrhenius plot for the process described by
knuc is given in Figure 5(b). The plot is again linear
and yields an Arrhenius activation energy of
22.1(#£5.0) kcal mol .

End-dependent filament disassembly is
coupled to ATP hydrolysis

It has long been observed that RecA filaments
bind stably to ssDNA and dsDNA in the presence
of the ATP analogue ATPyS, which is only very
slowly hydrolyzed by RecA protein. To further
illustrate the link between ATP hydrolysis and dis-
sociation of RecA protein at the disassembly end of
a filament, we investigated the effects of very low
concentrations of ATPyS. The reported concen-
trations of ATPYS are those present before the pH
shift; they were diluted twofold by the shift. At 0.5
and 1.0 uM ATPYS, disassembly was inhibited par-
tially even though these concentrations of the ana-
log had little effect on overall ATP hydrolysis (data
not shown). With 2.0 pM ATPYS, disassembly was
suppressed almost entirely, even though the over-
all rates of ATP hydrolysis before the pH shift
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Figure 5. Effects of temperature on rates of end-
dependent RecA filament disassembly and renucleation.
The pH shift reactions were carried out with a final
DNA concentration of 1.5 pM. RecA and SSB concen-
trations were 1.5 uM and 0.15 pM, respectively. Reac-
tions carried out at the indicated temperatures were
started at pH 6.46 and shifted to a pH of 7.98 after 20
minutes. Lines represent a least-squares fit of the data,
and were used in the calculation of the Arrhenius acti-
vation energies for end-dependent disassembly (a) and
re-binding (b).

were decreased only by 4.7 % (Figure 6). This result
indicates that the binding of a non-hydrolyzed ana-
logue to even a very small fraction of the RecA
monomers in a filament effectively blocks disas-
sembly.

Discussion

When combined with the results of earlier stu-
dies, the experiments described here support and
begin to give substance to the model in Figure 1.
Previous studies have shown that RecA filaments
disassemble unidirectionally from ssDNA (Shan
et al, 1997), that ATP is hydrolyzed uniformly
throughout such filaments (Brenner ef al., 1987),
and that adjacent RecA monomers hydrolyze ATP
independently (Shan & Cox, 1996). Here, we pro-
vide the first quantitative description of the disas-
sembly process. We also demonstrate that the rate
of end-dependent disassembly (60-70 monomers
per filament end per minute at pH conditions
above 7.5) is almost exactly that expected if there is
little or no coupling between the ATP hydrolytic
cycles of adjacent monomers in the filament.

The major assumption we must make in reach-
ing this quantitative conclusion is that the rates of
disassembly reflect a situation (above pH 7.5) in
which the end-most monomer always dissociates
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Figure 6. Effects of low concentrations of ATPyS on
end-dependent disassembly of RecA filaments. The pH
shift reactions were carried out with a final DNA con-
centration of 1.5 pM. RecA and SSB concentrations were
1.5 uM and 0.15 pM, respectively. ATPYS is added to
indicated concentrations before the shift in pH (t = —10
minutes). No additional ATPYS is included in the pH
shift buffer, so that the concentration of ATPyS after
shift in pH is one-half of that indicated next to each
curve.

when it hydrolyzes an ATP. That is, dissociation at
the disassembly end of the filament is coupled to
ATP hydrolysis by the corresponding RecA mono-
mer. The pH dependence of the reaction can be
explained in terms of an increase in the probability
of monomer dissociation as the pH increases from
6.4 to 7.5, reflecting the ionization state of one or
two groups on the protein. It is tempting to specu-
late that the residue(s) involved might include one
or both of the two His residues of RecA protein,
both of which have been subjected to mutational
analysis (Muench & Bryant, 1991; Nguyen et al,,
1993). The leveling-off observed above pH 7.5 is
most easily explained if the probability of dis-
sociation reaches 100% at the higher pH con-
ditions, as the titration of the ionizable group(s) in
question is completed. If the probability of dis-
sociation of the end monomer is less than 100 %
under these conditions, then the k., for ATP
hydrolysis in the end monomers would have to be
enhanced relative to the rest of the filament. There
is no evidence for such an end-dependent enhance-
ment, and given the lack of coupling between the
ATP hydrolytic cycles of adjacent monomers (Shan
& Cox, 1996), it is difficult to envision a mechan-
ism by which it might occur. If the hydrolysis of
ATP were instead suppressed at filament ends in a
manner heretofore undetected, we would have to
propose that some monomers dissociate without
hydrolyzing ATP. The stability of RecA filaments
formed in the presence of weakly hydrolyzed ATP
analogues (like ATPYS) argues against this idea.
The effect of even very low concentrations of
ATPYS (enough to inhibit ATP hydrolysis as a
whole by only 4.7 %) in suppressing disassembly
(Figure 6) also reinforces the link between ATP
hydrolysis and dissociation at the disassembly end
of the filament.
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Two parameters are obtained directly from the
data generated in a disassembly experiment. One
is the first-order rate constant for monomer dis-
sociation at the disassembly end, kogg. The other is
the second-order rate for nucleation of a new fila-
ment on vacated DNA, described by kyyc. We
show that rebinding at the disassembly end (the
direct reversal of disassembly) occurs at approxi-
mately the same rate as nucleation of a new fila-
ment at the site adjacent to the disassembly end,
and is thus well-described by the nucleation rate
constant kyyc. Disassembly rates should be inde-
pendent of the sequence of the DNA, and the rates
obtained have been quite consistent from one
experiment to another. The other parameter is
knue, which describes the re-nucleation of RecA
filaments at random locations on the vacated DNA
as disassembly proceeds. The nucleation process is
affected by many things, including SSB concen-
tration and DNA sequence (Kowalczykowski et al.,
1987; Tracy & Kowalczykowski, 1996). The appar-
ent kyyc decreases by about eightfold when
M13mp8 ssDNA is substituted for our cleaved
$X174 DNA substrates. We do not know the
reason for the change, but different DNA
sequences and a potentially different arrangement
of SSB protein on the DNA would seem to offer
the most likely possibilities.

In solution there is a wide range of RecA aggre-
gation states. The populations of the various oligo-
mers and polymers change with RecA
concentration and solution conditions (Brenner
et al., 1988, 1990; Morrical & Cox, 1985). It has
therefore been difficult to define the RecA species
that is added or subtracted from a RecA filament
during assembly and disassembly. If no unusual
assumptions are made about enhancement or sup-
pression of ATP hydrolysis at filament ends, a
straightforward involvement of monomers pro-
vides the simplest explanation of the data. If a
higher-order unit (dimer, hexamer, etc.) is the
active species, then all subunits within the unit
must hydrolyze ATP to dissociate. At a minimum,
the suppression of DNA binding seen at high
RecA concentrations (Morrical & Cox, 1985;
Figure 3(b)) indicates that very large aggregates of
RecA protein do not bind directly to DNA. Some
recent evidence indicates that RecA monomers can
function in filament assembly on ssDNA (Masui
et al, 1998).

The filaments formed on ssDNA do not reflect
the situation observed during DNA strand
exchange. When homologous duplex DNA is intro-
duced, the rate of ATP hydrolysis in the RecA fila-
ments abruptly decreases by about 30 % (Schutte &
Cox, 1987), and the filament becomes more
dynamic (Shan & Cox, 1997). There is also now a
demonstrable coordination in the ATP hydrolytic
cycles of adjacent RecA monomers in the filaments,
as is also observed with RecA filaments bind to
dsDNA (Shan & Cox, 1996, 1997). The present
results provide a baseline with which to explore

changes in the filament which accompany the com-
mencement of DNA strand exchange.

Materials and Methods
Enzymes and reagents

E. coli RecA protein was purified to homogeneity as
described (Cox et al., 1981). E. coli SSB was purified to
homogeneity as described (Lohman & Overman, 1985),
except that an additional step utilizing DEAE-Sepharose
chromatography was included to ensure removal of
single-stranded exonucleases. The RecA and SSB concen-
trations were determined by absorbance at 280 nm,
using extinction coefficients of &,5, = 0.59 A,z mg™! ml
(Craig & Roberts, 1981) and g, =1.5 Aygy mg ' ml
(Lohman & Overman, 1985), respectively. RecA and SSB
preparations were free of detectable endo- and exonu-
clease activities on double or single-stranded DNA.
Restriction endonucleases were purchased from New
England Biolabs. Tris buffer was purchased from Fisher.
DEAE-Sepharose was purchased from Pharmacia Biotech
Inc. Pyruvate kinase, phosphoenolpyruvate, lactate
dehydrogenase, ATP, B-NADH, and Mes buffer were
purchased from Sigma. Microcon-100 microconcentrators
were purchased from Amicon.

DNA

$X174 virion DNA was purchased from New England
Biolabs. Circular single-stranded DNA from bacterio-
phage M13mp8 was prepared using methods described
(Messing, 1983; Neuendorf & Cox, 1986). The concen-
tration of DNA stock solutions was determined by
absorbance at 260 nm, using 36 pg ml™ Ay, as a con-
version factor. DNA concentrations are expressed in
terms of total nucleotides unless specified otherwise.

Linear single-stranded substrates were generated by
restriction enzyme digestion after 18 base oligonucleo-
tides complementary to restriction enzyme sites were
annealed to the circular ssDNA. After digestion, residual
protein was removed by sequential 1:1 extractions with
phenol/chloroform/isoamyl alcohol (25:24:1) and chloro-
form/isoamyl alcohol (24:1). Excess oligonucleotides
were separated from substrate DNAs by passing the
DNA solutions through a microconcentrator (microcon
100; sufficient for the oligos of up to 300 nt but not the
large DNA substrates to pass through) until the volume
was reduced twofold. The concentrated solution was
then diluted twofold and the process was repeated
twice. Substrates were then concentrated by precipitation
in ethanol.

Reaction conditions

All reactions were carried out in 25 mM bulffer,
10 mM magnesium acetate, 5% (v/v) glycerol, 1 mM
DTT, 3 mM ATP, an ATP regenerating system (10 units/
ml of pyruvate kinase, 3 mM phosphoenolpyruvate, and
3 mM potassium glutamate), and concentrations of RecA
protein, SSB, and ssDNA as described below and in the
Figure legends. The coupled spectrophotometric assay
also contained 10 units/ml lactate dehydrogenase and
3 mM NADH. Specific buffers used are described below
and in the Figure legends. DNA and protein concen-
trations are indicated for each experiment. Reactions
were incubated at the indicated reaction temperature for
ten minutes before a mixture of ATP and SSB was added
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to start the reaction. All reactions were carried out at
37°C, except where indicated.

ATPase assay

A coupled spectrophotometric assay was used to
measure ATP hydrolysis by the RecA protein (Morrical
et al., 1986). The assay was carried out using a Varian
Cary 100 dual beam spectrophotometer equipped with a
temperature controller and 12 position cell changer. The
cell path-length and band pass were 0.5 cm and 2 nm,
respectively. The regeneration of ATP from ADP and
phosphoenolpyruvate can be coupled to the oxidation of
NADH and followed by the decrease in absorbance of
NADH at 380 nm. Absorbances were measured at
380 nm, instead of 340 nm (the absorbance maximum for
NADH) to remain within the linear range of the spectro-
photometer for the duration of the experiment. An
extinction coefficient of 550 = 1.21 mM™ cm™' was used
to calculate the rates of ATP hydrolysis, using the
equation:

[ADP] = A3g0/(0.5 cm 1.21 mM~! cm™)

Filament disassembly reactions

ATPase reactions were started as described above in a
Mes/NaOH (56 % anion, pH 6.46) buffer. The reactions
were incubated for approximately 20 minutes to reach a
stable steady state of ATP hydrolysis. This rate provided
a starting point and reflected virtually complete binding
of RecA protein to the ssDNA. We routinely achieve
rates reflecting an apparent k,, for bound RecA protein
(one monomer per three available DNA nucleotides) of
26-30 min . Those few reactions displaying initial rates
reflecting a k., of less that 26 min~! were discarded.
After preincubation, a 200 pl portion of the reaction was
diluted with gentle mixing into 200 pl of a solution (also
preincubated at 37°C), containing 25 mM Tris-acetate,
10 mM magnesium acetate, 5% (v/v) glycerol, 3 mM
ATP, and an ATP regenerating system. The Tris-acetate-
containing buffers used ranged in pH from 7.25 (85%
cation) to 9.10 (10% cation). The final pH of the reac-
tions, after the pH shift, ranged in pH from 6.2 to 8.35.
Following the pH shift, the production of ADP was fol-
lowed spectrophotometrically as the RecA filaments dis-
assembled. In all cases, the reported pH values of
reaction mixtures are those measured in control mix-
tures, made up and treated like the experimental mix-
tures but substituting appropriate storage buffers for
DNA and protein components.
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