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Mechanistic aspects of the DNA
strand exchange activity of E. coli
recA protein

Stephen C. Kowalczykowski

The recA protein Escherichia coli catalyses a reaction that is unigue in nucleic acid enzymo-

logy: it can promote the exchange of single strands of DNA between different duplex DNA

molecules with sequence complementarity. The DNA strand exchange reaction comprises

several distinct biochemical steps, requires ATP hydrolysis, and is stimulated by the E. coli

single-stranded DNA binding (SSB) protein. The molecular mechanism of each of these steps
is discussed.

Genetic recombination involves recip-
rocal exchange of homologous regions
of DNA between two different double-
stranded DNA molecules; the resulting
recombinant DNA molecules contain
genetic information originally present in
each of parental molecules. Genetic
studies have demonstrated that, in E.
coli, many protein products (the prod-
ucts of genes recA through recJ) are
involved in this complex biological pro-
cesst. One of these, the recA protein,
has been shown to be essential in all
pathways of homologous recombina-
tion, and some of its biochemical proper-
ties will be discussed here.

The recA protein is a relatively small
protein with a molecular mass of 37 842
Da, yet it has a remarkable number of
enzymatic activities (see Refs 2-8 for
detailed reviews and citations to early
references). It can catalyse the following
related reactions: the DNA-dependent
hydrolysis of ATP; the ATP-stimulated
renaturation of complementary single-
stranded (ss) DNA molecules; the ATP-
dependent reciprocal exchange of single
strands of DNA between homologous
double-stranded (ds) DNA molecules;
and the cleavage of the lexA and A re-
pressor proteins in an ATP- and DNA-
dependent reaction. This latter activity is
not directly involved in the recombina-
tion process although it is critical for the
activation of a variety of DNA repair
processes known collectively as the SOS
response’.

The strand exchange activity of recA
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protein is unique (in E. coli) and is pre-
sumed to play an important role in the
recombination process. Proteins with
strand exchange activity have now been
identified in organisms as diverse as bac-
teriophage T4, Gram-positive bac-
terial!, lower eukaryotes!? and human
cells!3. This implies that DNA strand
exchange activity is a property of a class
of ubiquitous proteins that can be refer-
red to broadly as ‘recombinases’.

The DNA strand exchange reaction

The enzymological requirements for
the in vitro strand exchange activity of
recA protein have been investigated
in great detail>?8. Reciprocal strand
exchange events can be detected
between two different duplex DNA
molecules, provided that the following
eriteria are met: (1) one of the dsDNA
molecules contains a region of ssSDNA;
(2) the ssDNA region occurs at a site
homologous to the other dsDNA
molecule; and (3) for topological
reasons, one of the substrate molecules
has an end.

A reaction that has become a model
for mechanistic studies involves the
exchange of a circular ssDNA molecule
($X174 or M13 phage) for its homolog
within a linear dsDNA molecule (Fig. 1,
top portion). The products are a nicked
circular dsDNA molecule and a linear
ssDNA molecule*?, demonstrating that
recA protein can completely exchange as
much as 60007000 bp of DNA in 20-30
minutes?. Continuous ATP hydrolysis is
required throughout this reaction and,
despite the effectiveness of the protein-
catalysed DNA strand exchange pro-
cess, the apparent efficiency of the reac-
tion with regard to ATP hydrolysis is
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quite poor: anywhere from 16 to 100
molecules of ATP are hydrolysed per
base pair exchanged*.

Minimal mechanistic considerations
of the DNA strand exchange process
require that recA protein binds to DNA
substrates, pairs the DNA substrates,
locates regions of sequence complemen-
tarity, locally disrupts dsSDNA structure,
and exchanges DNA strands. Thus, it is
hardly a surprise that the strand
exchange reaction catalysed by recA
protein occurs by a series of kinetically
distinct phases>® which can be sub-
divided even further. At least five
experimentally distinguishable steps are
involved in strand exchange (Fig. 1).

(1) Presynapsis

At its most elementary level. pre-
synapsis is simply the binding of recA
protein to ssDNA, resulting in a complex
that is capable of participating in strand
exchange. Studies of the strand
exchange reaction have demonstrated
that stoichiometric amounts of recA pro-
tein, relative to the ssDNA concentra-
tion, are required?#38  Maximum
exchange rates are observed at ratios of
1 recA protein monomer per 3-6 nuc-
leotides of ssDNA, implicating the
importance of the recA protein—ssDNA
complex in the strand exchange process.

Direct ssDNA binding studies have
confirmed the binding stoichiometries
inferred from the strand exchange
studies. By use of native ssDNA, it was
demonstrated that conditions which
favor the formation of stable secondary
structure in the DNA (e.g. high MgCl,
concentrations) prevent saturation of the
ssDNA by recA protein!*15. As a conse-
quence, the resulting subsaturated pre-
synaptic recA protein-ssDNA com-
plexes are five- to tenfold less proficient
in the strand exchange reaction™. The
apparent binding stoichiometry of these
complexes is only approximately 1 recA
protein monomer per 10-12 nucleotide
residues, changing to =4 nucleotides per
monomer if the complexes are formed at
low MgCl, concentrations or if the L.
coli SSB (single-stranded DNA binding)
protein is present!S. Similar optimal
molar ratios are observed for the
ssDNA-dependent ATPase activity of
recA protein under corresponding con-
ditions, demonstrating that DNA secon-
dary structure also impedes ATPase
activity?’6.  Since SSB  protein can
alleviate this block and stimulates both

(© 1987 Elsevier Publications. Cambridge 0376 — S067/X7/S02.(K)



142

recA ©

ATP linear

(558 O) dsDNA -
Q; ? p @ "y
<+ <4

| Ss

/

ATPN o
ADP

5 é g 3
ATP
ADP

COCOITIOCIIO00
ATP N ©
ADP&O

L 2

(1) PRESYNAPSIS

(2) CONJUNCTION

(3) HOMOLOGOUS
ALIGNMENT

(4) JOINT MOLECULE
FORMATION

(5) BRANCH MIGRATION

Fig. 1. Schematic representation of the DNA strand exchange reaction catalysed by E. coli recA protein. The top portion of the figure represents a simplified version
of the individual kinetic steps involved in the protein-catalysed exchange of DNA strands between circular single-stranded and linear double-stranded DNA
molecules. Each step is described in further molecular detail in the boxed panels beneath it. The illustrations are based on work described in the references cited in
the text; the drawings are not to scale and the scale of each panel is different. A, B, C and a, b, c represent sites of homology on different DNA molecules. The
individual panels depict (1) Presynapsis. A magnified view of recA protein () binding, with a5'—3" polarity, to regions of ssDNA devoid of secondary structure.
SSB protein ([ ) is required for destabilization of the DNA stem—loop structures and is subsequently displaced by recA protein. All of the DNA-bound recA protein
molecules hydrolyse ATP. (2) Conjunction. ssDNA and dsDNA molecules are associated non-homologously by recA protein to form extensive networks of ternary
complexes of recA proteins, ssDNA, and dsDNA referred to as coaggregates. (3) Homologous alignment. The search for DNA sequence homology is depicted as
occurring within the coaggregate structure and is facilitated by the concentration effect of coaggregation. (4) Joint molecule formation. An enlarged view of the
formation of a nascent heteroduplex structure (either plectonemic or paranemic) with the dsDNA in an ‘open’ conformation induced by the ATP-recA protein
complex; ATP hydrolysis is not essential. (5) Branch migration. A nascent heteroduplex joint is shown being extended in a5'—>3' direction by the dsDNA-dependent
ATPase activity of recA protein; all of the DNA-bound recA protein molecules are hydrolysing ATP. The recA protein is shown bound to ssDNA strands of

identical polarity, on the basis of the work of Chow et al 3

strand exchange and ATPase activity, its
role in recA protein function is critical
and will be discussed separately below.
Binding studies utilizing a fluorescent
ssDNA substrate devoid of secondary
structure avoid the complications intro-
duced by DNA structure and yield a
IDNA binding site size of 6-8 nucleotides
per recA protein monomer!’, which
agrees well with ATPase activity
studies!®. The equilibrium binding affin-
ity is highly dependent on the salt con-
centration, decreasing by =1010 for a
tenfold increase in NaCl concentration.
The binding 15 also cooperalive
protein concentration; the apparent
cooperativity parameter, o, is 50 (based

on monomer binding) and is indepen-
dent of salt concentration!”.

Since ATP is not required for ssDNA
binding, it is possible to determine the
roles of ATP binding and hydrolysis with
regard to ssDNA binding. Neither ATP
nor ADP have any effect on the binding
steichiometry of recA protein to
ssDNAI7.18 but they do have striking
effects on the equilibrium binding affin-
ity of recA protein to the DNA. Both
ATP and the non-hydrolysable ATP
analogue, ATPyS, significantly increase
the affinity of recA protein for ssDNA!.
Surptisingly, the effect of ADP is to
decrease the affinity of the recA protein—
ssDNA complex by at least tenfold (de-

pending on salt concentration) com-
pared to the affinity of the nucleotide
cofactor-free complex. Thus, the binding
of ATP results in a high ssDNA binding
affinity form of recA protein whereas
ADP, the product of ATP hydrolysis,
results in a form with lew ssDNA binding
affinity. This implies that the ATP
hydrolytic cycle serves to modulate the
affinity of recA protein between two dif-
ferent ssDNA affinity states and thereby
facilitate the cyclic binding and dissocia-
tion of recA protein from ssDNA!7. In
this mechanism, the energy of the actual
ATP hydrolysis cvent is not ‘used’
directly. Rather it is the free energy
change associated with ATP binding that
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the text; the drawings are not to scale and the scale of each panel is different. A, B, C and a, b, c represent sites of homology on different DNA molecules. The
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identical polarity, on the basis of the work of Chow et al *

strand exchange and ATPase activity, its
role in recA protein function is critical
and will be discussed separately below.
Binding studies utilizing a fluorescent
ssDNA substrate devoid of secondary
structure avoid the complications intro-
duced by DNA structure and yield a
DNA binding site size of 6-8 nucleotides
per recA protein monomer!'?, which
agrees well with ATPase activity
studies!o. The equilibrium binding affin-
ity is highly dependent on the salt con-
centration, decreasing by =101V for a
tenfold increase in NaCl concentration.
The binding is also cooperative in
protein concentration; the apparent
cooperativity parameter, m, is 50 (based

on monomer binding) and is indepen-
dent of salt concentration!”.

Since ATP is not required for ssDNA
binding, it is possible to determine the
roles of ATP binding and hydrolysis with
regard to ssDNA binding. Neither ATP
nor ADP have any effect on the binding
stoichiometry of recA protein to
ssDNA!7.18 but they do have striking
effects on the equilibrium binding affin-
ity of recA protein to the DNA. Both
ATP and the non-hydrolysable ATP
analogue, ATPYS, significantly increase
the affinity of recA protein for ssDNAI7.
Surprisingly, the effect of ADP is to
decrease the affinity of the recA protein—
ssDNA complex by at least tenfold (de-

pending on salt concentration) com-
pared to the affinity of the nucleotide
cofactor-free complex. Thus, the binding
of ATP results in a high ssDNA binding
affinity form of recA protein whereas
ADP, the product of ATP hydrolysis,
results in a form with low ssDNA binding
affinity. This implies that the ATP
hydrolytic cycle serves to modulate the
affinity of recA protein between two dif-
ferent ssDNA affinity states and thereby
facilitate the cyclic binding and dissocia-
tion of recA protein from ssDNA. In
this mechanism, the energy of the actual
ATP hydrolysis event is not ‘used’
directly. Rather it is the free energy
change associated with ATP binding that
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is responsible for the structural transition
into the high ssDNA binding form of the
protein. The destruction of the ATP by
hydrolysis returns the system to its start-
ing point. This mechanism may be of
general importance for energy transduc-
tion in nucleic acid enzymology since it
solves the ‘tight binding’ dilemma - a
nucleic acid enzyme faces two contradic-
tory functional requircments: it must
have a sufficient DNA binding affinity to
bind tightly to its substrate, yet it must
also dissociate rapidly to act catalytically.
The ATP hydrolytic cycle resolves this
problem.

The interpretation of the equilibrium
experiments is also consistent with kine-
tic lifetime data's-1. The lifetime of recA
protein—ssDNA complexes is decreased
by ADP but is increcased by ATPyS, rela-
tive to the cofactor free complex. At low
ATP concentrations, the lifetime is simi-
lar to the ADP-induced form; however
at high ATP concentrations. the appar-
ent kinetic lifetime increases!™-20, This is
because the ATPase activity becomes
processive at high ATP concentrations.
with as many as 50 ATP molecules
hvdrolysed per protein transfer event™,
These results imply that following ATP
hydrolysis, the resultant low affinity
ADP-recA protein-DNA complex can
follow at least two kinetic pathways:
either the complex can dissociate from
the DNA, or ADP can dissociate from
the recA protein-DNA complex which

“then binds another ATP molecule. At
low ATP concentrations, the former dis-
persive ATP hydrolysis pathway pre-
dominates, whereas at high ATP
concentrations, the latter processive
pathway  predominates®.  Although
under most conditions recA protein is a
ssDNA-dependent ATPase. it has been
shown that both the binding of ATP and
ssDNA to recA protein are necessary,
but not sufficient, to activate its ATPase
activity. The specific molecular nature of
this additional requirement is unknown,
but it has been suggested that ATP
hydrolysis requires the formation of con-
tiguous clusters of 15 or more DNA-
bound recA protein molecules?!.

Finally, the binding of recA protein to
ssDNA is polar, proceeding in a 5'—3'
direction®2. This is the same direction as
the branch migration reaction promoted
by recA. Thus, although at the simplest
level presynapsis involves the binding of
recA protein to ssDNA, the mechanism
of binding bears considerable similarity
to a polymerization process such as that
observed for actin or tubulin. Electron
microscopic observation of recA pro-
tein-DNA  complexes can  clearly

visualize filamentous protein—nucleic
acid complexes that are actively involved
in the strand exchange process=.

(2) Conjunction

Once an active presynaptic complex of
recA protein and ssDNA has been
formed, that complex must then pair
with dsDNA. On the basis of prob-
ability, this initial contact must be at
regions of non-homology since even with
DNA substrates as small as ¢$X174 or
M13 phage DNA molecules, only one
orientation out of =6000 represents
perfect alignment of homologous
sequences.

RecA protein is capable of forming a
complex between ssDNA and dsDNA
molecules=+2 or two different ssDNA
molecules!®1¥ that have little or no
sequence complementarity, implying
that the functional recA protein-DNA
complex possesses two DNA binding
sites. The non-homologously paired
complexes that form between ssDNA
and dsDNA molecules do not simply
involve  two  individual molecules.
Instead, recA protein can join many
DNA molecules together in complex
three-dimensional networks that can be
sedimented in a low speed centrifuge™.
These complexes are referred to as
coaggregates (Fig. 1. panels 2 and 3)
because they contain both ssDNA and
dsDNA. Their formation requires ATP,
elevated magnesium ion concentration,
and saturation of the ssDNA by recA
protein — all of which are required for
the strand exchange reaction. These
coaggregates form rapidly (in minutes)
and kinetically precede joint molecule
formation (see below). Thus, it has been
inferred that coaggregates of sSONA and
dsDNA molecules at regions of non-
homology are intermediates on the path-
way of the strand exchange reaction®*.

(3) Homologous alignment

Perhaps one of the most intriguing
aspects of recA protein-catalysed strand
exchange is the kinetic mechanism by
which  DNA sequence homology 1s
found. Although recA protein shows no
sequence-specific binding. the homology
scarch problem is analogous to the prob-
lem that sequence-specific DNA binding
proteins face in locating their DNA
target site?’. In the case of recA protein,
however, the ‘binding protein’ is the
entire recA protein—ssDNA complex
and the ‘target’ is the unique com-
plementary  sequence  within  the
dsDNA. Thus., mechanisms  mvoking
simple diffusion. one-dimensional slid-
ing, intersegmental transfer and, for an
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ATPase, active translocation driven by
ATP hydrolysis could be formally con-
sidered.

Insight into this process was provided
by experiments which demonstrated that
the addition of increasing lengths of non-
homologous dsDNA onto homologous
dsDNA increased the rate at which
homologous pairing occurred®26. This
result implied that non-specific DNA
increased the rate by which complemen-
tary sequences are located. a result at
least superficially analogous to that
observed for sequence-specific DNA
binding proteins. Similar experiments
carried out under somewhat different
experimental conditions demonstrated
that heterologous dsDNA had no cffect
on the rate of pairing, implying that the
rate-limiting step in the homologous
pairing reaction may be sensitive to
changes in experimental conditions=.
From the experiments where heterolog-
ous DNA increased the rate of the
homology search, it was concluded that
the coaggregates were instrumental in
the pairing process and that the search
occurred by three-dimensional diffusion
rather than one-dimensional sliding®-2¢.
The three-dimensional diffusion process
is so efficient in the recA protein-
catalysed search because coaggregation
acts to increase the local concentration of
the DNA within domains. thereby
facilitating the diffusion process (Fig. 1.
panel 3). Therefore, the homology
search mechanism in vitro may be as
'simple” as a passive diffusion process
that is accelerated by the concentrating
effect of the coaggregation reaction, thus
vielding apparent first-order kinetics.

(4) Joint molecule formation

After the two DNA molecules are
homologously aligned, recA protein
must catalyse the nascent exchange of
DNA strands. For the reaction involving
a dsDNA and ssDNA molecule, this
requires local denaturation of the
dsDNA molecule and subsequent
exchange of the identical single strands
of DNA. These steps may be simul-
taneous or separated in time. Such inter-
mediates are referred to as joint
molecules or D-loop structures.

Two types of joint molecule can form
depending on the topological constraints
imposed on them: either plectonemic or
paranemic. A plectonemic joint is one in
which the incoming single strand of
DNA is intertwined around its comple-
ment as in native dsDNA. A paranemic
joint is one i which the individual com-
plementary strands do not intertwine,
resulting in a molecule that is base paired
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though not topologically linked. For the
two DNA substrates typically employed
in the recA protein-catalysed strand
exchange (i.e. linear dsDNA and circu-
lar ssDNA), a plectonemic joint can
form only at the ends of the linear
dsDNA whereas a paranemic joint will
form in the interior of the dSDNA (Fig.
1). RecA protein can form both types of
joint molecule structures®-28-30. The plec-
tonemic joints that form are estimated to
contain =300 base pairs of heteroduplex
DNA3 and, once formed, do not require
recA protein for stability?-3, Paranemic
joints, however, are unstable in the
absence of recA protein®®. Since
paranemic joints form somewhat more
rapidly than plectonemic joints, it
appears that paranemic joint molecules
are intermediates on the pathway to the
formation of the more stable plec-
tonemic molecules?.

What is the role of ATP binding and
hydrolysis in joint molecule formation?
Since the local denaturation of dsDNA
requires the input of some form of
energy, it is reasonable to suspect the
involvement of ATP in this process.
ATP hydrolysis may not be an absolute
requirement for paranemic joint forma-
tion: the non-hydrolysable analogue,
ATPyS, will support paranemic joint
formation, although the yield is vari-
able. Thus, it appears that the ATP-
bound high ssDNA affinity form of recA
protein can act locally to ‘open’ the
dsDNA (Fig. 1, panel 4). This view of
joint molecule formation is also consis-
tent with the properties of its dsSDNA-
dependent ATPase activity’!. The
hydrolysis of ATP shows a distinct time
lag with dsDNA that is not observed
when ssDNA is employed. This lag is
due to a rate-limiting step involving a
transition of the protein~dsDNA com-
plex from a ‘closed’ double-helical form
to an ‘open’ locally denatured form3!.
ATP hydrolysis appears to be a conse-
quence of transient ssDNA formation
rather than being necessary for the
denaturation event itself.

(5) Branch migration

After formation of the plectonemic
heteroduplex joint, the branch migration
phase commences. During branch mi-
gration, the nascent heteroduplex jointis
extended until complete exchange of
DNA single strands occurs. The branch
migration phase actually may not be a
mechanistically ~separate step but,
instead, represent continuation of plec-
tonemic joint formation’. However,
these steps can be distinguished experi-
mentally since joint molecule formation
requires the exchange of only =300 bp

whereas complete branch migration
requires the exchange of =6000 bp.

The branch migration reaction pro-
ceeds in a polar manner, 5'—3’ relative
to the incoming ssDNA, at a rate of =20
nucleotides per second*.’. The recA pro-
tein-catalysed branch migration is rela-
tively tolerant of nucleotide sequence
mismatches and can readily traverse
short mismatchest; the reaction is inhi-
bited (>90% ) by mismatches of 500 base
pairs or more within the dsDNA
molecules. Continued ATP hydrolysis is
required throughout the branch migra-
tion process. When the total amount of
ATP hydrolysed is compared to the
number of base pairs exchanged, the
apparent efficiency of ATP utilization
ranges from 16 to 100 ATP molecules
hydrolysed per base pair branch migra-
ted47. Since recA protein readily hydro-
lyses ATP in the presence of ssDNA
alone (i.e. when there is no branch migra-
tion), much of the observed ATP hydro-
lysis must be non-productive with regard
to the branch migration process. Con-
sistent with this view is the absence of a
correlation between the total amount of
ATP hydrolysed and the extent of strand
exchange3. Also, on the basis of differ-
ences in sensitivity to inhibition by ADP,
it was concluded that continued associa-
tion of recA protein with ssDNA was
unnecessary for strand exchange after
joint molecule formation had been com-
plete’.

However, recA protein also possesses
a dsDNA-dependent ATPase activity?!
(described above), although it actually
occurs via a transient ssDNA inter-
mediate resulting from local denatura-
tion of the dSDNA. When the amount of
ATP hydrolysed in this dsSDNA-depen-
dent reaction is compared to the extent
of branch migration, a linear correlation
is found. Early in the reaction, the ATP
utilization is approximately 1 ATP
molecule per base pair branch mi-
grated’2. Thus, the strand exchange
reaction is much more efficient than pre-
viously recognized when the non-produc-
tive ssDNA-dependent ATP hydrolysis
is discounted.

Three molecular mechanisms have
been proposed to explain the branch
migration process: treadmilling’, rota-
tion mechanisms’ and polar polymeriza-
tion3!. Each of these mechanisms share
the realization that filaments of recA
protein are important to the strand
exchange process®. The treadmilling
mechanism is based on the classical
mechanism  used to  describe  the
polymerization of actin and tubulin:
ATP-recA protein complexes bind to
the “front’ of a recA protein-DNA fila-

TIBS 12 - April 1987

ment, ATP is hydrolysed, and dissocia-
tion of the ADP-recA protein occurs at
the filament ‘end’”. However, one pre-
diction of this classical view is that ATP
hydrolysis rate might parallel the
number of filament ends. The experi-
mental observation is that essentially all
recA protein molecules bound to
ssDNA can hydrolyse ATP and hydro-
lysis is not limited to ends®1°. The rota-
tion mechanisms propose that multiple
contacts between two recA protein—
DNA filaments are responsible for
branch migration. The apparent ineffi-
ciency of ATP utilization is inherent to
the process and results from the high
number of contacts that must be broken
between filaments for the branch migra-
tion of just one base pair’. The polar
polymerization model can be viewed as
a variant of the classical treadmilling: the
binding of an ATP-recA protein com-
plex to a ssDNA region within dsDNA
occurs in a polar manner at the growing
end of a filament; this event is respons-
ible for both the opening of the dsSDNA
and strand exchange (either actively or
passively)3!l. However, in contrast to the
classical model, the recA protein-DNA
complex is capable of several rounds of
processive ATP hydrolysis prior to dis-
sociation and these additional hydrolytic
events are not productive in strand
exchange; only the newly added ATP-
recA protein complex is responsible for
driving branch migration in a polar direc-
tion3. In one limiting view of this
mechanism, ATP hydrolysis is merely a
consequence of the dsDNA opening
event and is not used to actively ‘drive’
the branch migration process but rather
to dissociate the transient recA-ssDNA
complex. Consistent with the polar
polymerization model for branch migra-
tion is an activity of recA protein refer-
red to as ‘processive unwinding’3. In the
presence of ATP or ATPYS, recA pro-
tein can processively polymerize onto
dsDNA and induce a topological
unwinding of the dsSDNA3 in a reaction
that has several parallels with the
dsDNA-dependent ATPase activity.
Clearly, a more complete understanding
of the roles of ATP binding and hydro-
lysis is critical for the elucidation of the
mechanism of this recA protein func-
tion.

The role of SSB protein

The role of SSB protein in the strand
exchange reaction is of considerable
mechanistic importance. It affects the
binding of recA protein to sSDNA%67,
greatly stimulating the strand exchange
process. Consideration of how this is
achieved led to two limiting proposals.
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On the basis of kinetic competition
studies, it was proposed that SSB protein
increases the lifetime of the recA pro-
tein-ssDNA complex through the forma-
tion of an SSB protein—recA protein
interaction*?. However, direct equi-
librium and kinetic studies failed to
demonstrate any direct effect of SSB
protein on the affinity of recA protein for
ssDNA; in fact, the binding of the two
proteins is competitive for ssSDNA3. In
addition, despite attempts, direct evi-
dence for a specific interaction between
these two proteins is absent.

The alternative proposal for the role
of SSB protein is that it removes secon-
dary structure from ssDNA which is
inhibitory to the formation of a saturated
presynaptic complex*-3¢ (Fig. 1, panel
1). This is consistent with the role of SSB
protein as a helix-destabilizing protein
and the observation that other helix
destabilizing proteins can substitute in
the strand exchange reaction in vitro%.
The stimulatory effect of SSB protein
on joint molecule formation can be
mimicked by conditions that decrease
the stability of DNA secondary structure
(e.g. low magnesium ion concentration
or elevated temperature’). Similar
trends are observed in the ssDNA-
dependent ATPase activity of recA pro-
tein: SSB protein, bacteriophage T4
gene 32 protein, or low magnesium ion
concentrations eliminate the inhibitory
effect of secondary structure on recA
protein binding and subsequent A'TP
hydrolysis!f. In fact, SSB protein is not
required to achieve the optimal DNA
binding stoichiometry for ATPase activ-
ity when DNA substrates devoid of
secondary structure are used!®. An
added complexity of SSB protein partici-
pation is that it is required continually
during recA protein function and not
just to initiate presynaptic complex for-
mation!6-37, Thus it appears that upon
recA protein dissociation from the
ssDNA (after anywhere from 1 to 50
rounds of ATP hydrolysis), DNA
secondary structure can reform, requir-
ing the repeated action of SSB protein.

Concluding remarks

The biochemical complexity of both
recA protein and the strand exchange
reaction is remarkable. Thus, it is a fair
question to ask which of these activities
are important to biological function.
Fortunately, many ditferent mutations in
the recA gene have been genetically
characterized and biochemical study of

such mutant recA proteins should pro-
vide insight into biologically important
activities. For example, the mutant
recA142 protein is defective in genetic
recombination in vivo and cannot carry
out strand exchange in vitro. The in vitro
basis for this defect is that recA142 is
unable to compete effectively with SSB
protein for ssDNA binding, is unable to
coaggregate, and is deficient in its
dsDNA-dependent ATPase activity.
The first and third defects result from the
inability of recAl42 protein to form
the high ssDNA-binding affinity state
induced by ATP (Kowalczykowski et al.,
submitted). Thus, any one or all of these
activities must be important to biological
function in vivo.

Much has been learned about the
properties of recA protein, but even
more remains to be determined. The
details of the homology search, the
mechanism of energy transduction in this
system, the detailed mechanism and role
of the DNA renaturation reaction, prop-
erties of the reaction between duplex
DNA molecules, and biological impor-
tance of various biochemical events are
examples. In addition, since recA pro-
tein does not act in the cell in isolation,
its interaction with other recombination-
ally important proteins, such as the
recBCD enzyme remains to be solved.
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