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Abstract

Homologous recombination (HR), a process involving the physical exchange of strands between homologous or
nearly homologous DNA molecules, is critical for maintaining the genetic diversity and genome stability of species.
Bacteriophage T4 is one of the classic systems for studies of homologous recombination. T4 uses HR for high-
frequency genetic exchanges, for homology-directed DNA repair (HDR) processes including DNA double-strand
break repair, and for the initiation of DNA replication (RDR). T4 recombination proteins are expressed at high levels
during T4 infection in E. coli, and share strong sequence, structural, and/or functional conservation with their
counterparts in cellular organisms. Biochemical studies of T4 recombination have provided key insights on DNA
strand exchange mechanisms, on the structure and function of recombination proteins, and on the coordination of
recombination and DNA synthesis activities during RDR and HDR. Recent years have seen the development of
detailed biochemical models for the assembly and dynamics of presynaptic filaments in the T4 recombination
system, for the atomic structure of T4 UvsX recombinase, and for the roles of DNA helicases in T4 recombination.
The goal of this chapter is to review these recent advances and their implications for HR and HDR mechanisms in
all organisms.

Introduction
Homologous recombination (HR) is a conserved biologi-
cal process in which DNA strands are physically
exchanged between DNA molecules of identical or
nearly identical sequence (Figure 1). The DNA strand
exchange mechanism in HR allows gene conversion
events to occur, which is important for maintaining
genetic diversity within populations of organisms. The
DNA strand exchange mechanism in HR is also essen-
tial for the high-fidelity repair of DNA double-strand
breaks (DSBs) and daughter-strand gaps, which is
important for maintaining genome stability [1-3]. These
homology-directed DNA repair (HDR) processes require
the coordination of activities between HR and DNA
replication machineries.

Homologous recombination in bacteriophage T4
The bacteriophage T4 recombination system provides an
important model for understanding recombination trans-
actions including DNA strand exchange, recombination-

dependent replication (RDR), and homology-directed
DNA repair (HDR) [4-6]. The relatively simple, but func-
tionally conserved, core recombination machinery of T4
facilitates detailed mechanistic studies of DNA strand
exchange reactions and intermediates. The T4 paradigm
for presynaptic filament assembly is widely used as a
basis for studying presynaptic filaments in many cellular
organisms including humans. At the same time, because
of the close linkages between its DNA recombination,
replication, and repair pathways, bacteriophage T4 has
yielded novel insights on the cross-talk that occurs
between recombination and replication proteins. This is
especially true in the case of T4 DNA helicases, which
are seen as critical for the channeling of recombination
intermediates into RDR and HDR pathways.

Single-stranded DNA and presynaptic filaments
The generation of single-stranded DNA is a common
early step of HR pathways [7,8]. ssDNA production typi-
cally occurs as a result of nucleolytic resection of DSBs
(Figure 1), or due to replication fork stalling or collapse.
In T4 recombination, exonuclease activities of a Gp46/
Gp47 complex (orthologous to eukaryotic Mre11/
Rad50) appear to be critical for DSB resection [9].
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In addition to DNA damage-linked production of
ssDNA, bacteriophage T4 routinely generates ssDNA
during replication of its linear chromosome ends. The
production of ssDNA tails or gaps in otherwise duplex
DNA allows the assembly of core recombination
machinery including presynaptic filaments on ssDNA.
Presynaptic filaments are helical nucleoprotein filaments

consisting of a recombinase enzyme and its accessory
proteins bound cooperatively to ssDNA (Figure 2). Pre-
synaptic filament assembly activates the enzymatic activ-
ities of the recombinase including ATPase and DNA
strand exchange activities. Filament dynamics controls
DNA strand exchange and its coupling to the down-
stream, replicative steps of HDR. These processes
require the timely assembly of presynaptic filaments on
recombinagenic ssDNA. Equally important is the coordi-
nated disassembly or translocation of filaments, which
appears to be required to make way for the assembly of
replication enzymes on recombination intermediates
[10,11].

The transition from recombination to DNA replication
and repair
The transition from recombination intermediate to
replication fork occurs very efficiently in bacteriophage
T4, which has evolved to use this as a major mode of
DNA replication initiation. The transition likely involves

Figure 1 DNA strand exchange assay and the role of DNA
strand exchange in double-strand break repair. Chromosome
breakage is followed by nucleolytic resection to generate 3’ ssDNA
tails on the broken ends. The exposed ssDNA tails are the substrates
for DNA strand exchange catalyzed by recombinases of the RecA/
Rad51/UvsX family in collaboration with SSB, RMP, and other
recombination proteins. The invasion of a homologous duplex
(blue) by one of the 3’ ssDNA tails generates a heteroduplex D-loop
intermediate in which the 3’ end of the invading strand is annealed
to a template strand and can serve as a primer for recombination-
dependent DNA replication (red). Strand displacement DNA
synthesis in the forward direction (left to right as drawn) expands
the D-loop until the displaced strand can anneal to the exposed
ssDNA on the remaining DNA end. This 3’ end can now prime DNA
synthesis in the reverse direction (right to left as drawn). Ligation
generates Holliday junctions that can branch migrate and ultimately
are resolved by structure-specific endonucleses to generate
recombinant products (not shown). (B) Classic in vitro assay for DNA
strand exchange activity of RecA/Rads51/UvsX family recombinases.
Homologous circular ssDNA and linear dsDNA substrates derived
from bacteriophage M13 are incubated with recombinase and
accessory proteins in the presence of ATP. Recombinase-catalyzed
homologous pairing generates partially heteroduplex D-loop
intermediates. Polar branch migration driven by the recombinase
and/or helicases extends the heteroduplex to generated nicked
circular dsDNA and linear ssDNA products.

Figure 2 Presynapsis pathway in bacteriophage T4
homologous recombination. (A) A dsDNA end may be
nucleolytically resected to expose a 3’ ssDNA tail. The Gp46 and
Gp47 proteins are thought to be the major enzymes involved in the
resection step. (B) The exposed ssDNA is sequestered by the Gp32
ssDNA-binding protein, which denatures secondary structure in
ssDNA and keeps it in an extended conformation. (C) The UvsY
recombination mediator protein forms a tripartite complex with
Gp32 and ssDNA and “primes” the complex for recruitment of UvsX
recombinase. (D) UvsY recruits ATP-bound UvsX protein and
nucleates presynaptic filament formation. Gp32 is displaced in the
process.
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not only the built-in dynamics of the presynaptic fila-
ment but also the coordinated activities of DNA heli-
cases. In the following sections of this chapter, we will
review what is known about presynaptic filament
dynamics in the T4 system, as well as what is known
about the influences of DNA helicases on recombina-
tion, and how these two ATP-driven machines may
cooperate with each other to successfully couple HR to
recombination-dependent replication and repair.

Properties of the T4 Core Recombination
Machinery
Although relatively simple, the core activities of the T4
recombination system are highly conserved. Three core
protein components are required for T4 presynaptic fila-
ment assembly and for DNA strand exchange under
physiological conditions: UvsX, the phage recombinase
(orthologous to bacterial RecA and eukaryotic Rad51);
Gp32, the phage ssDNA-binding protein (equivalent to
bacterial SSB and eukaryotic RPA); and UvsY, the phage
recombination mediator protein (equivalent to bacterial
RecOR, eukaryotic Rad52, Brca2, and others) [4,5]. The
DNA binding properties of UvsX, Gp32, and UvsY are
presented below in context with their physical and enzy-
matic properties.

UvsX recombinase
UvsX protein (44 kDa) is a member of the RecA/Rad51
recombinase family and shares 28% sequence identity
and 51% sequence similarity with the catalytic core
domain of E. coli RecA [12]. UvsX catalyzes DNA strand
exchange reactions that play central roles in T4 HR,
RDR, and HDR pathways [4,6]. UvsX binds sequence-
non-specifically to both ssDNA and dsDNA and can
bind to both lattices simultaneously via two different
binding sites (Maher, R.L. and S.W. Morrical: Coordi-
nated binding of ssDNA and dsDNA substrates by UvsX
recombinase and its regulation by ATP, unpublished).
UvsX has higher affinity for dsDNA in the absence of
other factors, but simultaneous ssDNA binding lowers
UvsX-dsDNA binding affinity unless the duplex
sequence is homologous to the bound ssDNA (Maher,
R.L. and S.W. Morrical: Coordinated binding of ssDNA
and dsDNA substrates by UvsX recombinase and its
regulation by ATP, unpublished). At the same time,
UvsX-ssDNA interactions are selectively stabilized by
nucleoside triphosphates ATP, dATP, or their non-
hydrolyzable analogs, and by UvsY protein [13,14].
These combined factors help to target UvsX filament
assembly onto recombinagenic ssDNA even in the pre-
sence of excess dsDNA as would normally be found in
the T4-infected cell. Binding of UvsX to ssDNA, not
dsDNA, specifically activates catalysis by UvsX including
ATPase and DNA strand exchange activities.

Quantitative binding studies established the intrinsic
ssDNA-binding parameters of UvsX [13]. Its average
binding site size on ssDNA is 4 nucleotide residues per
protomer. UvsX exhibits moderate affinity and coopera-
tivity for ssDNA with Kobs = Kω ≈ 106 M-1 at physiolo-
gical ionic strength, where the cooperativity parameter
ω ≈ 100 [13]. The observed cooperativity of UvsX is
consistent with the formation of long filaments on
ssDNA at high binding density.
The ATPase activity of UvsX is strongly ssDNA-

dependent under normal solution conditions [15],
although very high salt concentrations can also stimulate
ATP hydrolysis by UvsX in the absence of ssDNA. Dou-
ble-stranded DNA does not activate UvsX ATPase activ-
ity. UvsX ATPase activity is also highly unusual in that
it generates both ADP and AMP as products [15,16].
The two products appear to be generated independently
by two different classes of active sites within UvsX-
ssDNA presynaptic filaments, as indicated by results of
steady-state kinetics studies [16]. These sites have differ-
ent Km and kcat/Km values for the ATP and ssDNA sub-
strates. One type of active site appears to produce ADP
exclusively, while the other appears to generate AMP
via a sequential mechanism (ATP ® ADP ® AMP)
without releasing the ADP intermediate from the active
site [16]. Thus UvsX presynaptic filaments exhibit active
site asymmetry (Figure 2). This asymmetry may be
important for UvsX-catalyzed DNA strand exchange
reactions, since increases in ADP/AMP product ratio
observed in UvsX site-directed mutants correlate inver-
sely with strand exchange activity [16]. Active site asym-
metry may be a general property of presynaptic
filaments in many species, since evidence exists for two
classes of active sites in filaments of E. coli RecA and
S. cerevisiae Rad51 recombinases [17,18].
UvsX-ssDNA filaments rapidly search for homology in

dsDNA substrates, leading to efficient homologous pair-
ing and strand exchange. ATP binding (not hydrolysis)
is required for homologous pairing, however ATP
hydrolysis is needed to drive extensive polar (5’ ® 3’)
branch migration during strand exchange [19-21]. There
is a strong requirement for Gp32 to stimulate UvsX-cat-
alyzed strand exchange at normal concentrations of the
recombinase [15,22,23]. In vitro, this Gp32 requirement
can be circumvented by raising the UvsX concentration
to super-saturating levels with respect to ssDNA binding
sites. Stimulation of strand exchange by Gp32 requires
the correct order of protein addition: Adding Gp32 to
ssDNA prior to the addition of UvsX typically inhibits
strand exchange. This ssDNA-binding protein/recombi-
nase order of addition effect is a characteristic of all
well-characterized recombination systems [24], and is
reflective of the competition between the two proteins
for binding sites on ssDNA. Similar inhibition of
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UvsX-catalyzed strand exchange is seen at high concen-
trations of Gp32 and/or at elevated salt concentrations,
i.e. conditions that favor Gp32-ssDNA over UvsX-
ssDNA interactions. Under conditions such as these
there is an absolute requirement for the UvsY recombi-
nation mediator protein for strand exchange reactions
in vitro [23,25]. This mimics the in vivo situation in
which T4 recombination transactions are equally depen-
dent on UvsX and UvsY [26-28].
Branched networks of single- and double-stranded

DNA are the major products of UvsX-catalyzed DNA
strand exchange, indicating that each DNA substrate
molecule participates in many homologous pairing
events [15,29]. One plausible explanation for this beha-
vior is that UvsX appears to catalyze homologous pair-
ing much more rapidly than branch migration.
Therefore it is possible for different regions of one
long ssDNA substrate to pair with homologous regions
of different dsDNA substrates before any of the result-
ing D-loop intermediates can be completely extended
into heteroduplex DNA. Rapid homologous pairing by
UvsX may be an evolutionary adaptation for efficiently
capturing 3’ ssDNA tails and using them to prime
recombination-dependent replication. Furthermore,
branch migration appears to be dependent on
T4-encoded DNA helicases, as we discuss in a later
section.

Gp32 ssDNA-binding protein
Gp32 (34 kDa) is the prototype ssDNA-binding protein
and a key component of the T4 replisome. Gp32 also
plays important roles in homologous recombination and
DNA repair. The biochemical properties of Gp32 have
been thoroughly characterized [30-45], and the atomic
structure of its central DNA-binding domain (DBD) has
been solved [32]. The DBD contains an oligonucleotide/
oligosaccharide-binding (OB)-fold motif plus a structural
Zn++ atom. An N-terminal domain (so-called basic or
“B-domain”) is required for self-association and coopera-
tivity, whereas a C-terminal domain (so-called acidic or
“A-domain”) is the site for protein-protein interactions
with various recombination and replication enzymes
including UvsX and UvsY.
Gp32 binds sequence-non-specifically to polynucleo-

tides, with the highest observed affinity for ssDNA
(Kobs ≈ 109 M-1 at physiological ionic strength), mod-
erate affinity for single-stranded RNA, and very low
affinity for dsDNA. The binding site size of Gp32 on
ssDNA is approximately 7 nucleotide residues. Binding
to ssDNA is highly cooperative (ω ≈ 1000), meaning
that Gp32 exists almost exclusively in clusters or long
filaments on ssDNA at protein concentrations nor-
mally encountered in in vitro DNA strand exchange
assays as well as in vivo.

Gp32 affects both pre- and post-synaptic steps of
UvsX-catalyzed DNA strand exchange reactions
[15,22,23,25,46,47]. An important function of Gp32 in
presynapsis is to denature secondary structure in the
ssDNA substrate, which eventually allows UvsX to satu-
rate the ssDNA by forming long presynaptic filaments.
Paradoxically, the immediate effect of Gp32 on UvsX-
ssDNA filament formation is negative under physiologi-
cal conditions, because Gp32 competes effectively with
UvsX for binding sites [13]. Overcoming Gp32 inhibi-
tion requires either pre-incubation of UvsX with ssDNA
in the presence of ATP (the previously mentioned order
of addition effect), or the inclusion of UvsY in reaction
mixtures (see below) [4,24]. Gp32 has also been shown
to play a post-synaptic role in strand exchange, stimulat-
ing the reaction by sequestering the outgoing ssDNA
strand that is displaced during D-loop formation and
subsequent branch migration [47].

UvsY recombination mediator protein
UvsY is the prototype recombination mediator protein
or RMP [24]. By definition, RMPs are proteins that load
recombinases of the RecA/Rad51 family onto ssDNA
molecules that are pre-saturated with cognate ssDNA-
binding protein. UvsY is absolutely required for UvsX-
catalyzed DNA strand exchange in the presence of
Gp32 under physiological or high-salt conditions
[22,48,49]. In vivo, UvsY is also absolutely required for
UvsX-dependent recombination since mutations knock-
ing out either gene product have equivalent recombina-
tion-deficient phenotypes including the small-plaque
phenotype associated with defective RDR [26-28]. UvsY
is the only member of the core T4 recombination
machinery that forms a discreet oligomeric structure:
It exists as a stable hexamer of identical 15.8 kDa subu-
nits in solution, and binds to ssDNA in this form [50].
UvsY binds to both ssDNA and dsDNA, but has a

much higher affinity for the former under relaxed DNA
conditions [51]. The preference of UvsY for ssDNA may
be an important factor in directing UvsX filament
assembly onto ssDNA in the presence of excess dsDNA,
since UvsX itself has a relatively high affinity for non-
homologous dsDNA (Maher, R.L. and S.W. Morrical:
Coordinated binding of ssDNA and dsDNA substrates
by UvsX recombinase and its regulation by ATP, unpub-
lished). UvsY has a binding site size on ssDNA of 4
nucleotide residues per protomer, or 24 nucleotide resi-
dues per hexamer [52]. The protomeric binding site
sizes of UvsY and UvsX are identical. UvsY binds to
ssDNA with high affinity (K-obs ≈ 107 M-1 at physiologi-
cal ionic strength), but with little or no cooperativity
(ω ≈ 1). Therefore UvsY has higher intrinsic affinity, but
lower cooperativity, for ssDNA than either UvsX or
Gp32 under conditions that are relevant for strand
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exchange reactions in vitro and in vivo. UvsY-ssDNA
interactions are weakened by mutations at residues Lys-
58 and Arg-60, which form part of a conserved
LKARLDY motif (so-called ‘KARL’ motif) found in the
N-terminal domain of UvsY, which is thought to com-
prise part of its DNA binding surface [14,48,51,53,54].
The KARL motif is also found in certain DNA helicases,
however no helicase activity has ever been associated
with UvsY, which lacks a motor domain. The C-terminal
domain of UvsY is essential for hexamerization. Deletion
of this domain drastically reduces the affinity of UvsY-
ssDNA interactions, demonstrating the importance of
UvsY hexamers as the relevant ssDNA-binding unit [55].
Several lines of evidence indicate that UvsY hexamers

have the ability to wrap ssDNA strands around them-
selves, and that wrapping is responsible for the high affi-
nity of UvsY-ssDNA interactions. Evidence includes the
observation that a C-terminally deleted, monomeric
form of UvsY has 104-fold lower affinity for ssDNA than
wild-type [55]. The wrapping hypothesis is supported by
the finding that mutiple subunits within each UvsY hex-
amer are in contact with ssDNA [51]. Other evidence
comes from results of single-molecule DNA stretching
studies, which showed that the ssDNA that is created by
the treatment of individual stretched dsDNA molecules
with glyoxal is strongly wrapped by UvsY [54]. Wrap-
ping of ssDNA occurs at low stretching forces where
the DNA is relatively relaxed. At high stretching forces,
where the DNA is under tension, wrapping is sup-
pressed. The tension-dependent suppression of wrap-
ping leads to the loss of preferential binding to ssDNA
as shown by the fact that UvsY binds tighter to
stretched dsDNA than to stretched ssDNA [54]. This
contrasts with the observation that UvsY has ~1000-fold
higher affinity for ssDNA than for dsDNA under relaxed
conditions [51]. Therefore high-affinity binding of UvsY
to ssDNA requires wrapping, which also imposes a pre-
ference for binding to ssDNA over dsDNA. Presumably
UvsY cannot wrap dsDNA because its persistence length
is much higher than that of ssDNA [56]. The surprising
observation that UvsY binds tightly to stretched dsDNA
could have important implications for presynaptic fila-
ment assembly. The binding of Gp32 to ssDNA creates
an extended or “stiff” DNA conformation that might be
recognized by UvsY in an unwrapped mode similar to
its interaction with stretched dsDNA. Converting this
extended ssDNA structure into a wrapped one might be
an important step in the recruitment of UvsX recombi-
nase, as we discuss in a later section.
UvsY is absolutely required for UvsX-catalyzed DNA

strand exchange assays performed under physiological
conditions of Gp32 and salt [4,24], consistent with the co-
dependency of recombination on UvsX and UvsY in vivo
[26-28]. In vitro, UvsY lowers the critical concentration of

UvsX for RDR and other recombination reactions [46,57].
UvsY stimulates the ssDNA-dependent ATPase activity of
UvsX, possibly by acting as a nucleotide exchange factor
for the recombinase [58]. The greatest stimulation of
ATPase activity is seen when UvsY and Gp32 act together
synergistically on the reaction [23,49]. UvsY stimulates the
catalytic activities of UvsX mainly by promoting presynap-
tic filament assembly. The mechanism of UvsY’s recombi-
nation mediator activity will be explored in greater detail
below.

Assembly and Dynamics of the T4 Presynaptic
Filament
Regulation of UvsX-ssDNA interactions by the ATPase
cycle
Like all RecA/Rad51 recombinases, UvsX is a member
of the AAA+ ATPase super-family and its interactions
with ssDNA are regulated by ATP binding and hydroly-
sis. The analog ATPgS, which is tightly bound but
slowly hydrolyzed by UvsX, induces a stable, high-
affinity ssDNA binding state of the enzyme [13,14]. ATP
itself transiently induces high-affinity ssDNA binding by
UvsX until it is hydrolyzed to ADP or AMP [15,16].
Both of these hydrolytic products are associated with
decreased ssDNA-binding affinity states of UvsX under
steady-state conditions [16].

Regulation of protein-ssDNA interactions by UvsY
Most evidence indicates that UvsX and Gp32 undergo
mutually exclusive binding to ssDNA [48,59,60]. On the
other hand there is overwhelming evidence that UvsY
can co-occupy ssDNA binding sites simultaneously with
either UvsX or Gp32 [14,19,25,60-62]. The interaction
of UvsY with either Gp32-ssDNA or UvsX-ssDNA com-
plexes alters the properties of both in ways that favor
presynaptic filament formation and the activation of
UvsX catalytic activities.
UvsY forms a stable tripartite complex with Gp32 and

ssDNA at physiologically relevant salt conditions [61].
These complexes contain stoichiometric amounts of
both UvsY and Gp32 with respect to their normal bind-
ing site sizes on ssDNA (Figure 2). Gp32-ssDNA inter-
actions are destabilized within the UvsY-Gp32-ssDNA
complex as shown by their increased sensitivity to dis-
ruption by salt compared to Gp32-ssDNA complexes in
the absence of UvsY [61]. Results of single-molecule
DNA stretching studies confirm that UvsY destabilizes
Gp32-DNA interactions [54]. It has been proposed that,
since cooperativity is such a large component of Kobs for
Gp32-ssDNA interactions, UvsY could destabilize Gp32-
ssDNA by lowering Gp32’s cooperativity parameter [61].
This is probably the major pathway for destabilizing
Gp32-ssDNA under physiological or high-salt condi-
tions. It has also been proposed, based on results of
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single-molecule DNA stretching experiments, that UvsY
directly displaces Gp32 from ssDNA under low-salt con-
ditions [54]. In either case, the destabilization of Gp32-
ssDNA interactions by UvsY lowers the energy barrier
necessary for UvsX to displace Gp32 from ssDNA,
which is necessary for nucleation and propagation of
presynaptic filaments on ssDNA that is pre-saturated
with Gp32 (as is likely to be the case in vivo).
Biochemical studies demonstrate that UvsY stabilizes

UvsX-ssDNA interactions [14]. UvsY, UvsX, and ssDNA
form a tripartite complex with a stoichiometry of
~1 UvsY hexamer per 6 UvsX protomers, consistent
with their equivalent binding site sizes (4 nucleotide
residues/protomer). The increased stability of UvsX-
ssDNA interactions within these complexes is demon-
strated by their higher resistance to salt compared to
filaments formed in the absence of UvsY. The most
stable complex is formed when UvsY and ATPgS are
both present, indicating that the RMP and nucleoside
triphosphate act synergistically to stabilize UvsX-ssDNA
[14]. UvsY also stabilizes UvsX-ssDNA in the presence
of ADP or no nucleotide, so its effects are global.
Results of recent kinetics studies are consistent with the
idea that UvsY acts as a nucleotide exchange factor for
UvsX, promoting the release of hydrolytic products so
that new ATP substrate can bind to the active sites [58].
It is postulated that UvsY-enhanced nucleotide exchange
allows UvsX to remain longer in its ATP-bound form
with higher affinity for ssDNA, which would tend to sta-
bilize presynaptic filaments and increase their catalytic
activites activity. Through its dual activities in destabiliz-
ing Gp32-ssDNA and stabilizing UvsX-ssDNA interac-
tions, UvsY allows UvsX filaments to nucleate and
propagate on Gp32-covered ssDNA (Figure 2).

ssDNA hand-offs govern filament assembly
UvsX and UvsY interact specifically with the C-terminal
“A-domain” of Gp32, and with each other [35,36,49,60].
Protein-protein interactions play a significant role in the
overall DNA strand exchange reaction. Nevertheless,
studies of UvsY have shown that its ability to destabilize
Gp32-ssDNA complexes is independent of UvsY-Gp32
interactions [54,61], indicating that the ssDNA-binding
activity of UvsY is responsible for destabilizing Gp32-
ssDNA interactions. Results of in vitro complementation
assays between UvsX and UvsY mutants further suggest
that UvsY-ssDNA interactions create an optimal ssDNA
conformation for high-affinity binding by UvsX [58].
Studies showed that UvsY KARL-motif mutants K58A
and K58A/R60A have reduced affinities for ssDNA com-
pared to wild-type [53]. Similarly UvsX missense
mutants H195Q and H195A exhibit reduced affinities
for ssDNA as well as altered enzymatic activities com-
pared to wild-type [16]. Unlike wild-type UvsX, the

ssDNA-dependent ATPase activities of UvsX-H195Q/A
are strongly inhibited by wild-type UvsY at both low
and high concentrations of the mediator. The UvsY
KARL-motif mutants partially relieve this inhibition
[58]. Furthermore the UvsX-H195Q mutant has weak
DNA strand exchange activity that is inhibited by wild-
type UvsY, but stimulated by the UvsY KARL-motif
mutants [58]. These and other results support a
mechanism in which presynaptic filament assembly
involves a hand-off of ssDNA from UvsY to UvsX, with
the efficiency of the hand-off controlled by the relative
ssDNA-binding affinities of the two proteins.
Evidence increasingly supports the notion that DNA

and RNA pathways channel their substrates through ser-
ies of hand-off transactions in which intermediate nucleic
acid structures are passed directly from one protein in
the pathway to the next [63]. This strategy avoids poten-
tial cytotoxic effects of the free nucleic acid structure and
protects it from unprogrammed side reactions or degra-
dation. The available data suggest that T4 presynaptic
filament assembly is also governed by a sequence of
hand-off events involving intermediate ssDNA structures
generated by Gp32 and UvsY (Figure 3). Initially, Gp32
binding converts ssDNA into an extended conformation
that resembles the mechanically stretched DNA created
in force-spectroscopy experiments. In the first hand-off
event, a UvsY hexamer binds to the extended ssDNA and
converts it into a wrapped conformation that destabilizes
Gp32-ssDNA interactions. The wrapped UvsY-ssDNA
complex is thought to be in equilibrium between “closed”
and “open” states. The “closed” state destabilizes Gp32-
ssDNA interactions but is inaccessible to UvsX, whereas
the “open” state favors high-affinity UvsX-ssDNA inter-
actions. In the second hand-off event, ATP-bound UvsX
binds to the “open” form of the wrapped UvsY-ssDNA
structure, allowing nucleation of a UvsX-ssDNA filament
while displacing Gp32 from the ssDNA. Other ssDNA
hand-off transactions may occur as the filament transi-
tions from the nucleation to the propagation phase, or as
UvsY performs its nucleotide exchange factor function.
In addition, the linkage of the UvsX ATPase cycle to the
sequential hand-off mechanism creates opportunities for
dynamic instability in presynaptic filaments, which we
will address in a later section.

UvsX-Gp32 exchanges on ssDNA
Gp32F is a fluorescein-conjugated form of Gp32 that is
useful as a fluorescence probe for Gp32 displacement
from ssDNA and to study the kinetics of presynaptic
filament assembly in real time [48]. As UvsX filaments
assemble on Gp32F-covered ssDNA, Gp32F is displaced
and the fluorescence of its fluorescein moiety decreases.
This assay was used to study presynaptic filament
assembly both in the absence of UvsY (low-salt
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conditions only) and in the presence of UvsY (physiolo-
gical or high-salt conditions). The salt-dependence of
the UvsY requirement for Gp32 displacement is a con-
sequence of differential salt effects on the intrinsic asso-
ciation constants (K parameters) of UvsX and Gp32 for
ssDNA [13,41,44,45,64]. Under low-salt conditions
(≤50 mM NaCl), the ATP or ATPgS-bound forms of
UvsX possess sufficient affinity for ssDNA to compete
with Gp32 and displace it from the lattice, causing a
time-dependent decrease in the fluorescence of the
Gp32F probe [48]. ADP-bound, AMP-bound, or apo
forms of UvsX cannot displace Gp32 from ssDNA under
any conditions. At higher, more physiologically relevant
salt concentrations, all forms of UvsX lack the ability to
displace Gp32 from the ssDNA. Under these conditions,
the addition of UvsY restores UvsX-ssDNA filament for-
mation and Gp32 displacement, as measured by the
decrease in Gp32F fluorescence [48]. The UvsY-depen-
dent reactions still require ATP or ATPgS as a prerequi-
site for filament assembly; ADP-, AMP-, and apo-UvsX
conditions do not support Gp32 displacement. This

observation is consistent with the previous finding that
UvsY and ATPgS-binding stabilize UvsX-ssDNA fila-
ments synergistically [14], which implies the cooperation
of these two factors during filament nucleation and/or
propagation steps.
Following timecourses of Gp32F displacement from

ssDNA allows detailed analyses of the kinetics of presy-
naptic filament assembly in a fully-reconstituted in vitro
T4 recombination system (UvsX, UvsY, and Gp32). This
has led to important new discoveries about filament
dynamics and about the mechanism of UvsY in recombi-
nation mediation (Liu, J., C. Berger, and S.W. Morrical:
Kinetics of Presynaptic Filament Assembly in the Presence
of SSB and Mediator Proteins, unpublished). Under low-
salt conditions, the ATP-dependent, UvsY-independent
nucleation of UvsX filaments on Gp32F-covered ssDNA is
highly salt-sensitive. Nevertheless nucleation rates are fas-
ter than propagation rates, suggesting that UvsX nucleates
rapidly at many different sites. Under high-salt conditions,
UvsY appears to specifically enhance the nucleation step
to overcome the salt-sensitivity of UvsX filament assembly
(Liu, J., C. Berger, and S.W. Morrical: Kinetics of Presy-
naptic Filament Assembly in the Presence of SSB and
Mediator Proteins, unpublished). Rapid, salt-sensitive
nucleation may be a general property of recombinase-
DNA interactions, since similar behavior is observed for
human Rad51 filament assembly on dsDNA [65]. It will be
interesting to learn whether human RMPs such as Rad52,
Brca2, or Rad51 paralogs also work by decreasing the salt-
sensitivity of Rad51 filament nucleation.
A simplified kinetic scheme for T4 presynaptic filament

assembly is shown in Figure 4, based on data derived from
analysis of Gp32F displacement timecourses (Liu, J., C.
Berger, and S.W. Morrical: Kinetics of Presynaptic Fila-
ment Assembly in the Presence of SSB and Mediator Pro-
teins, unpublished). Results are consistent with a two-
phase model, nucleation and propagation, both of which
include a fast and reversible binding step (K1 or K3) fol-
lowed by a slow isomerization step (k2 or k4) that is essen-
tially irreversible under pre-steady-state conditions. We
found that UvsY specifically enhances K1, thereby stabiliz-
ing the product of the reversible binding step during the
filament nucleation phase. This product may be thought
of as a “pre-nucleation complex”. Therefore UvsY over-
comes the salt-sensitivity of filament nucleation by stabi-
lizing the pre-nucleation complex at high salt
concentrations. We also found that k4, the rate constant
for the isomerization step of filament propagation, is rate-
limiting under all conditions (Liu, J., C. Berger, and S.W.
Morrical: Kinetics of Presynaptic Filament Assembly in
the Presence of SSB and Mediator Proteins, unpublished).
This suggests that long presynaptic filaments are likely to
be assembled from many shorter filaments that arise at
multiple nucleation centers. In accord with this idea,

Figure 3 UvsY promotes presynaptic filament assembly on
Gp32-covered ssDNA by a double hand-off mechanism
(adapted from [51]). UvsY protein facilitates the loading of UvsX
recombinase onto ssDNA and the concomitant displacement of
Gp32 ssDNA-binding protein from ssDNA. The figure shows UvsX
loading and Gp32 displacement from the perspective of a single
UvsY hexamer, as if looking down the helical axis of a nascent
presynaptic filament. The cooperative binding of Gp32 to ssDNA
extends the polynucleotide lattice. The first handoff occurs as
hexameric UvsY recognizes and binds to the extended ssDNA (Step
1), then converts it into a wrapped conformation(s) (Steps 2-3),
destabilizing Gp32-ssDNA interactions in the process. The UvsY-
wrapped ssDNA complex is postulated to be in equilibrium
between “closed” and “open” conformations (Step 3), the latter of
which is recognized by the ATP-bound form of UvsX protein to
nucleate presynaptic filament assembly (Step 4) while displacing
Gp32. (A) Steps 3-4 constitute a step-wise mechanism for Gp32
displacement and UvsX loading by UvsY, which may occur under
low-salt conditions. (B) Under high-salt conditions UvsY does not
displace Gp32 from ssDNA directly, so filament assembly likely
occurs by a concerted mechanism in which synergistic action of
UvsY and ATP-bound UvsX is required to displace Gp32.
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human Rad51 assembles on dsDNA from many rapidly-
formed nucleation sites and the cluster growth from each
site is limited in length [65]. The requirement for many
filament nucleation events may explain the observation
that an apparent 1:1 stoichiometry between UvsX and

UvsY has to be maintained for optimal recombination
activity [22,46,60].

Dynamic instability in presynaptic filaments
Presynaptic filaments are predicted to exhibit dynamic
instability, or vectorial growth and collapse, due to the
coupling of the recombinase ATPase cycle to changes in
ssDNA binding affinity [15,19,47,60]. The Gp32F probe
provides an indirect readout of the dynamic instability
of UvsX-ssDNA filaments [49]. Results demonstrate that
the dynamic instability of T4 presynaptic filaments
depends not only on UvsX-catalyzed ATP hydrolysis,
but also on competition between UvsX and Gp32 for
binding sites on ssDNA (Figure 5). Experiments were
designed in which UvsX and Gp32 undergo a pre-
steady-state competition for a limited number of binding
sites on ssDNA at physiological ionic strength [48]. The
order of addition is controlled so that ssDNA is added
to a pre-existing mixture of recombination proteins,
which mimics the most likely pathway for filament
assembly/disassembly in vivo. Filament assembly/disas-
sembly is then monitored by following Gp32F dissocia-
tion/association using fluorescence. The data show that
presynaptic filaments formed in the presence of Gp32
undergo constant assembly and collapse that is closely
linked to the ATPase cycle of UvsX [48]. The reactions
occur in three sequential phases (Figure 5): Phase 1–pre-
paring the lattice. Gp32 rapidly binds and saturates all
of the available ssDNA (rapid Gp32F fluorescence
increase). Phase 2–filament growth. ATP-bound UvsX is
loaded by UvsY and gradually displaces Gp32 (slow
Gp32F fluorescence decrease). There is a stringent
requirement for UvsY and either ATP or ATPgS in this
phase, and the rate is optimal when UvsY stoichiometry
is 1:1 with respect to UvsX and ssDNA binding sites.
Phase 3–filament collapse. Depletion of ATP allows
Gp32 to slowly re-occupy the ssDNA and drive off UvsX,
which is now mainly in the low-affinity ADP/AMP forms
[16,48] (slow Gp32F fluorescence increase). This collapse
phase is sensitive to the nucleotide substrate/product
ratio and does not occur if ATP is regenerated or if
ATPgS is substituted. These observations are consistent
with a dynamically unstable T4 presynaptic filament.
Dynamic instability could take the form of treadmilling
as shown in Figure 5, in which UvsX-ssDNA filaments
simultaneously grow at an ATP-capped end and contract
at an ADP- or AMP-capped end. The vectorial motion
would be reinforced by Gp32 which would out-compete
UvsX for ssDNA binding sites preferentially at the ADP/
AMP-capped filament end.

Atomic Structure of T4 UvsX Recombinase
A recently solved, high-resolution UvsX crystal structure
provides important new information on the mechanism

Figure 4 Model for the kinetics of T4 presynaptic filament
formation in the presence and absence of UvsY (adapted from
Liu, J., C. Berger, and S.W. Morrical: Kinetics of Presynaptic
Filament Assembly in the Presence of SSB and Mediator
Proteins, unpublished) . Left – Under low-salt conditions in the
absence of mediator protein UvsY, ATP-bound UvsX, a high affinity
form, binds Gp32-ssDNA rapidly to form an unstable nucleation site
or “pre-nucleation complex” (association constant K1). A slow but
almost irreversible conformational change (forward rate constant k2)
is required by UvsX to displace Gp32 and to secure this isolated
nucleation site on the lattice. With successful nucleation, more ATP-
bound UvsX is recruited to form an unstable cluster (association
constant K3). This rapidly formed UvsX cluster undergoes another
slow but almost irreversible conformational change to displace Gp32
and to redistribute into a stable and productive presynaptic filament
(forward rate constant k4). Right – Under high-salt conditions the
mediator protein, UvsY, facilitates filament nucleation by stabilizing
the salt-sensitive pre-nucleation complex (enhanced K1), by forming a
special quaternary complex with UvsX, Gp32, and ssDNA. Filament
propagation (particularly k4) is rate-limiting under all conditions.
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of the T4 recombinase [66]. The crystal was obtained
from a truncation mutant UvsX30-358 (full-length UvsX
= 391 amino acid residues), which lacks the N-terminal
protein-protein association domain and the extreme
C-terminal region. The crystal has a P61 space group
and the asymmetric unit is composed of dimer of identi-
cal subunits with a two-fold axis. In the crystal lattice
these dimers are arranged as a right-handed helical fila-
ment, with one subunit of each dimer forming the

filament while the opposite subunit in each dimer dec-
orates the surface of the filament without interacting
with its symmetry partners. The dimer interface in the
asymmetric unit occludes the ATP binding site, there-
fore no bound ATP is observed in the structure. The
DNA binding loops L1 and L2 of UvsX are disordered
as is the case for all RecA family proteins crystallized in
the absence of DNA.
As expected, UvsX shares high similarity with E. coli

RecA protein in overall architecture and protein folding,
in spite of the remote sequence homology [67]. Com-
pared to RecA, UvsX contains a larger N-terminal a/b
motif, and a smaller C-terminal domain filled with
helices and a small three-stranded b-sheet. The a/b
ATPase core is highly conserved between UvsX and
RecA in terms of structural motifs, locations, and amino
acid compositions. The two nucleotide-binding motifs of
UvsX, the Walker A and Walker B boxes, are located at
similar positions compared to RecA structures. For
example, the aromatic ring of Tyr99 in UvsX stacks
with the adenine ring of ATP, similar to Tyr103 in
RecA [66].
Docking of the UvsX structure into models of

extended and compressed filament forms reconstituted
from EM studies revealed additional details about the
active site (Figure 6) [66]. Docking into the high-pitch
“active” filament (ADP-AlF4 form) indicated that the
ATPase site spans the filament interface, as is the case
for high-pitch filaments of E. coli RecA and S. cerevisiae
Rad51 [17,68,69]. Conserved residue Glu92 is positioned
to activate a water molecule for nucleophilic attack on
ATP g-phosphate. Significantly, residues Lys246’ and
Arg248’ reach across the filament interface and form
salt bridges with the phosphates of ATP and with
Glu92. These residues are structurally equivalent to the
Lys248’ and Lys250’ bridges and to catalytic residue
Glu96 in E. coli RecA. The lysine bridges are thought to
promote catalysis by stabilizing the transition state dur-
ing ATP hydrolysis [69]. This strategy is apparently con-
served between RecA and UvsX. Interestingly,
eukaryotic Rad51 and Dmc1 recombinases lack the
entire motif containing the basic bridge residues, and no
other basic residues take their places in the Rad51 crys-
tal structures [17,68]. Thus there is a divergence of
active site structure and function between the prokaryo-
tic and eukaryotic recombinases, with UvsX more clo-
sely aligned to the prokaryotic mechanism.
Docking of the UvsX structure into the low-pitch

“inactive” filament (ADP form) indicates that residues
Lys246’ to Lys254’ move by about 4 Å so that the ATP
binding site no longer spans the filament interface.
These observations indicate that changes in filament
pitch observed at different stages of the ATPase cycle
are accompanied by extensive remodeling of the active

Figure 5 Dynamic instability in T4 presynaptic filaments is
coupled to the UvsX ATPase cycle and to UvsX/Gp32
competition for binding sites (adapted from [48]). A. Gp32
covers free ssDNA rapidly to protect it from nuclease digestion and
to remove secondary structure. B. Hexameric UvsY protein weakens
Gp32-ssDNA interactions by binding to the complex and wrapping
the ssDNA lattice. C. ATP-bound UvsX is recruited to the tripartite
UvsY-Gp32-ssDNA intermediate. ATP and UvsY both contribute to a
synergistic increase in UvsX-ssDNA binding affinity that allows the
recombinase to locally displace Gp32 from the lattice. D.
Propagation occurs in the 5’ ® 3’ direction as ATP-bound UvsX
subunits slowly add to the 3’ filament end, displacing more Gp32
subunits in the process. E. The first UvsX subunits to bind are the
first to hydrolyze ATP, generating a relatively aged, ADP-capped 5’
filament end. The ADP-bound UvsX subunits are now vulnerable to
displacement by Gp32. Differential competitive effects between
Gp32 and the ATP- vs. ADP-capped filament ends creates dynamic
instability in the complex, which could lead to filament treadmilling.

Liu and Morrical Virology Journal 2010, 7:357
http://www.virologyj.com/content/7/1/357

Page 9 of 15



site itself. Overall, the high-resolution structure of UvsX
[66] provides exciting new opportunities to investigate
its catalytic and allosteric mechanisms.

Actions of Helicases in DNA Strand Exchange
Reactions
The bacteriophage T4 recombination system provided
one of the earliest demonstrations that a DNA helicase,
Dda protein, can stimulate a recombinase-catalyzed
DNA strand exchange reaction [70]. Subsequent work
has shown that at least three T4-encoded helicases
(Dda, Gp41, and UvsW) are capable of influencing
recombination and/or recombination-dependent replica-
tion transactions in vitro, and probably in vivo as well.
In this section we will focus on the impacts of Dda,
Gp41, and UvsW on reconstituted strand exchange
reactions in vitro.

Helicase processing of recombination intermediates
After a UvsX-catalyzed homology search and strand
pairing, a joint molecule is formed between the invading

3’ single-stranded DNA (ssDNA) tail and the homolo-
gous double-stranded DNA (dsDNA) template in the
form of a displacement-loop (D-loop) (Figure 1). ssDNA
regions of the D-loop are potential targets for helicase
assembly. Depending on which strand the helicase trans-
locates on, and on the polarity of the helicase, proces-
sing of the D-loop could have three different outcomes:
extension of the heteroduplex by branch migration,
unwinding of the heteroduplex by branch or bubble
migration, or conversion of the D-loop into a nascent
replication fork. In addition, certain helicases may use
their translocase activity to remove presynaptic filaments
from ssDNA. It appears likely that all four of these pro-
cesses occur at some point during T4 DNA metabolism.
It has been shown that all three T4 helicases, Dda,
Gp41, and UvsW, are capable of catalyzing branch
migration in vitro [29,70,71]. However, the biological
functions of these helicases are distinctive, in spite of
the overlapping branch migration activities.

Dda helicase
Dda is a unique helicase compared to Gp41 and UvsW,
since it may regulate recombination both positively and
negatively at two different stages: presynaptic filament
formation and branch migration. E. coli UvrD and yeast
Srs2 proteins are two translocases/helicases functioning
to remove recombinases from ssDNA and to prevent
improper presynaptic filament formation and illegitimate
recombination events [72-74]. To date, no T4 helicase
has been identified as a direct functional homolog of
UvrD or Srs2. Dda may share some properties of these
helicases though, since the phenotypes of certain dda
mutants are consistent with a role in anti-recombination
[75], and since Dda inhibits UvsX-mediated homologous
strand pairing reactions in vitro [76]. It is speculated
that destabilizing UvsX-ssDNA filaments through its
translocase activity is one factor contributing to the
observed inhibition of homologous pairing. Similarly,
Dda might apply this translocation activity to DNA
replication by allowing the fork to bypass DNA-bound
proteins on the template in vitro [77-79]. If Dda protein
does disrupt presynaptic filaments then its mechanism
must differ somewhat from Srs2 and UvrD, since the
latter two have 3’ to 5’ polarity while Dda has 5’ to 3’
polarity [80-82].
The strand exchange assay routinely uses a circular

M13 ssDNA and a linearized M13 dsDNA as substrates.
The extent of branch migration after initial synapsis can
be monitored by the restriction endonuclease digestion
pattern of the end-radiolabeled dsDNA [70]. This
nicely-designed assay system allowed Kodadek and
Alberts to monitor and measure the rate of branch
migration of UvsX-catalyzed strand exchange in the pre-
sence and absence of Dda. The late addition of Dda

Figure 6 EM of UvsX recombination filaments (adapted from
[66]). A. A reconstruction of the extended ‘active’ filament (grey)
formed in the presence of dsDNA and ATP into which the UvsX
crystal structure has been fitted (cyan). The C-terminal helical domain
is pointing down towards the large groove. The filament has a
rotation per subunit of 58.5° and axial rise per subunit of 16.1 Å. The
28 N-terminal residues of RecA were used to model the missing N-
terminal UvsX residues (green ribbons). The positions of three
residues in UvsX at the monomer-monomer interface that
correspond to those in RecA involved in the ATP hydrolysis are
shown as red (K246, R248), and yellow (E92) spheres. B. The
compressed ‘inactive’ filament formed in the presence of dsDNA and
ADP in which the fitted UvsX structure is shown in dark blue. The
filament has a rotation per subunit of 55.7° and axial rise per subunit
of 10.8 Å. A bridge of density across the groove, corresponding to an
interaction between residues 130-132 of one monomer and residues
285-288 of the other monomer, is shown in red.

Liu and Morrical Virology Journal 2010, 7:357
http://www.virologyj.com/content/7/1/357

Page 10 of 15



after synapsis stimulates the rate of branch migration
more than four-fold, from ~15 bp/sec to ~70 bp/sec
[70]. Dda was the first helicase documented to stimulate
strand exchange reactions by stimulating branch migra-
tion, on the premise that it is added late into the recon-
stituted reaction after synapsis has occurred.
Furthermore, the specific protein-protein interaction
between Dda and UvsX might be important for this sti-
mulation, since Dda cannot stimulate RecA-catalyzed
strand exchange reactions.
In vitro, Dda’s inhibition of homologous pairing and

stimulation of branch migration can be separated by
manipulating the addition sequence of Dda into the
reconstituted reaction, either simultaneously with UvsX
during presynapsis, or after the initiation of synapsis.
How Dda balances these opposite activities and coop-
erates with UvsX in vivo remains largely unknown, how-
ever. It is observed that UvsX and Dda act
synergistically in template switching to allow DNA
lesion bypass and to rescue stalled replication forks
[4,83]. Furthermore, protein-protein interactions
between Dda and the C-terminal domain of Gp32 are
required for the DNA replication activities of Dda [37].
These observations suggest that interactions with UvsX
or with Gp32 could recruit Dda onto different nucleo-
protein intermediates at different stages of the strand
exchange process, perhaps regulating the recombination
vs. anti-recombination functions of Dda.

Gp41 helicase and Gp59 helicase loading protein
Gp41, the essential replicative helicase in T4, facilitates
both leading strand DNA synthesis catalyzed by the T4
DNA polymerase holoenzyme (Gp43, Gp44/Gp62, and
Gp45 proteins), and lagging strand DNA synthesis by
recruiting primase Gp61 to reconstitute the T4 primo-
some [4]. The Gp41 helicase translocates processively
on the displaced strand in a 5’ ® 3’ direction, as an
asymmetric hexagonal ring on the DNA [84,85].
Gp59 has been classified as a replication mediator

protein or helicase loading protein, based on the obser-
vation that it is required to load Gp41 onto Gp32-cov-
ered ssDNA [4,38,77,86]. Gp59 acts as an adapter
protein by interacting with Gp32 at the N-terminus and
with Gp41 at the C-terminus [86-88]. It is the key factor
for the strand-specific recruitment of primosome onto
the displaced strand of a D-loop to covert it into a repli-
cation fork during RDR, and to initiate new lagging-
strand DNA synthesis during RDR. Gp41 cannot stimu-
late UvsX-dependent strand exchange unless Gp59 is
present, and this stimulation occurs through branch
migration [70]. UvsY stimulates homologous pairing,
but strongly inhibits branch migration. The branch
migration activity can only be recovered by adding
Gp41 and Gp59. The protein-protein interaction

between Gp59 and the C-terminal acidic domain of
Gp32 is important for this rescue [70].
Interestingly, the formation and stability of Gp32-

ssDNA clusters is a key factor for strand- and struc-
ture-specific loading of Gp41 helicase by Gp59. Gp59
targets Gp41 helicase assembly onto Gp32-ssDNA
clusters [4,37,38]. The interplay between Gp32 and
Gp59 is complicated. The formation of a tripartite
Gp59-Gp32-ssDNA complex decreases the stability of
Gp32-ssDNA interaction, but Gp32 also helps modu-
late the strand specificity of Gp59 [4,38]. Gp59-
mediated primosome assembly is precluded from
ssDNA that is saturated with UvsX and UvsY, but
allowed when a few Gp32 clusters interrupt the presy-
naptic filament. In DNA strand exchange, the invading
strand is typically saturated with UvsX and UvsY and
therefore resistant to Gp41/Gp59 loading. However,
Gp32 rapidly sequesters the displaced strand of the D-
loop [19,47], forming a target for Gp41/Gp59. Thus
UvsX/UvsY and Gp32/Gp59 enforce strand specific
loading of Gp41 onto the displaced strand, where it is
poised to catalyze branch migration using its 5’ to 3’
helicase activity (Figure 7). UvsX/UvsY prevent D-loop
resolution (anti-recombination) by Gp41/Gp59 by pre-
venting their assembly on the invading ssDNA strand.
An identical partitioning mechanism is used during
RDR to ensure primosome assembly on the displaced
strand of the D-loop, assuring complete reconstitution
of semi-conservative DNA synthesis beginning with a
recombination event [4].
In the absence of UvsX and UvsY, the sole presence of

excessive amount of Gp32 can produce joint molecules
from M13 dsDNA with a 3’ single-stranded termini of
about 100 nucleotides and a circular M13 ssDNA [89].
The initial binding of Gp32 onto the single-stranded tail
is probably sufficient to destabilize the double-stranded
helix, starting from the junction point, and to promote
spontaneous joint molecule formation. When coupled
with Gp59 and Gp41, the polar branch migration
mediated by Gp41 can drive the formation of nicked cir-
cle, the final product of standard three-strand exchange
reactions [89]. This synergism between Gp32 and Gp41/
Gp59 is also crucial for extensive strand displacement
synthesis by the T4 DNA polymerase holoenzyme
[39,90].

UvsW helicase
UvsW plays a central role in T4 recombination and in
the transition from origin to recombination-dependent
replication. UvsW mutations cause hypersensitivity to
UV and hydroxyurea, and a decreased frequency of
recombination [91,92]. UvsW is a 3’ to 5’ RNA/DNA
and DNA/DNA helicase with specificity for branched-
DNA substrates such as X-shaped Holliday junctions
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and Y-shaped replication forks [71,93,94]. It does not
unwind linear duplex substrates with either blunt ends
or single-stranded tails. Substrate recognition may occur
through a small but highly electropositive N-terminal
domain and an arginine/aromatic-rich loop, as revealed
by its crystal structure [95]. The mutant phenotype and
substrate specificity lead to the hypothesis that UvsW
might drive branch migration to resolve recombination
intermediates during strand invasion and transfer.
Indeed, purified UvsW protein can catalyze Holliday
junction branch migration through more than 1 kb of

DNA sequence, using a plasmid-based Holliday junc-
tion-containing substrate [71]. Recent data show that
UvsW promotes branch migration in UvsX-catalyzed
DNA strand exchange reactions [66]. In the classic
three-strand exchange reaction with M13 circular
ssDNA and linear dsDNA substrates, UvsW promotes
resolution of the branched ssDNA/dsDNA networks
formed by UvsX, leading to the robust generation of
nicked circular heteroduplex product. Reactions occur
in the presence of Gp32 and in either the presence or
absence of UvsY. Thus UvsW appears to provide a
“missing link” in the biochemistry of T4 recombination,
since it can provide physiologically reasonable mechan-
isms for generating extensive heteroduplex DNA, invol-
ving the translocation of either 3- or 4-strand junctions.
In summary, Dda, Gp41, and UvsW are three helicases

all capable of stimulating branch migration, but with
clearly different biological roles in T4 recombination.
Dda may act as a negative regulator of homologous pair-
ing, but may also be used to accelerate branch migration
or to couple recombination to bubble migration DNA
synthesis [70,75,76,96]. The major role of Gp41/Gp59 in
recombination is likely to be the channeling of recombi-
nation intermediates into structures that can support
RDR, and then launching lagging strand synthesis in the
semi-conservative RDR mechanism [4]. UvsW on the
other hand optimizes strand exchange and the forma-
tion of long heteroduplex DNA [66]. Complex interplays
between the three different helicase activities are likely
to modulate many aspects of T4 recombination
metabolism.

Conclusions
Studies of the T4 recombination system have provided
insights on recombination mechanisms that are highly
relevant to HR and HDR processes in cellular organisms
including eukaryotes. Work with T4 UvsY protein has
helped to define the roles that recombination mediator
proteins play in promoting presynaptic filament assem-
bly and in the trafficking of recombination proteins
(SSB, RMP, and recombinase) on ssDNA that occurs
during the early stages of recombination and homology-
directed DNA repair processes. It is clear that the UvsY
model for assembly of recombinase filaments on ssDNA
covered with ssDNA-binding protein is highly conserved
[24], including in human beings where at least three
classes of proteins with UvsY-like mediator activity par-
ticipate in genome stability pathways. These include
Rad52, the human Rad51 paralogs Rad51B, Rad51C,
Rad51D, Xrcc2, and Xrcc3, and breast cancer suscept-
ibility gene Brca2 [97-100]. Details of T4 presynaptic
filament assembly and dynamics, such as ssDNA hand-
offs and dynamic instability, suggest mechanisms that
may be used by recombination machineries in many

Figure 7 Conversion of recombination intermediates into
replication forks: UvsX/UvsY and Gp59 enforce strand-specific
loading of Gp41 helicase onto the displaced strand of a D-
loop. (A) A UvsX-UvsY-ssDNA presynaptic filament invades a
homologous dsDNA molecule. Gp32 rapidly sequesters the
displaced ssDNA of the D-loop. (B) D-loop ssDNA covered with
Gp32 is recognized and bound by Gp59 helicase loading protein,
forming a helicase loading complex (HLC). The HLC is shown as an
extended structure here for simplicity, but it is actually remodeled
into a condensed bead-like structure [37]. Gp59 is excluded from
the invading ssDNA, which is saturated with UvsX and UvsY.
Therefore Gp41 helicase cannot be loaded onto the invading strand
where it would abortively unwind the D-loop (anti-recombination).
(C) The HLC loads Gp41 helicase specifically onto the displaced
strand of the D-loop. Recruitment of Gp61 primase plus DNA
polymerase holoenzyme (Gp43, Gp44/62, Gp45; not shown for
simplicity) reconstitutes the semi-conservative recombination-
dependent replication machinery. Note that Gp59 inhibits leading
strand DNA synthesis until the primosome is reconstituted, so that
leading/lagging strand synthesis begins in a coordinated fashion.
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organisms to capture recombinagenic ssDNA, perform
strand exchange, and pass the intermediates on to other
repair enzymes such as the replicative components of
HDR pathways.
Recent biochemical and structural studies of UvsX

recombinase shed light on its mechanism and relation-
ship to other recombinases of the RecA/Rad51 super-
family. The observation that ssDNA-binding by UvsX
allosterically regulates the enzyme’s affinity for homolo-
gous vs. non-homologous dsDNA at a second site is an
important breakthrough [66]. The sensitive fluorescence
assay developed for this study represents an excellent
opportunity to explore how micro-heterology affects
homologous pairing, as well as the similarities and dif-
ferences between pairing mechanisms used by recombi-
nases from various organisms. The X-ray crystal
structure of UvsX and its modeling in EM filament
structures shows that UvsX shares the same extended
filament structure in its active form as do E. coli and
yeast filament structures (Gajewski, S., M.R. Webb, V.
Galkin, E.H. Egelman, K.N. Kreuzer, and S.W. White:
Crystal structure of the phage T4 recombinase UvsX
and its functional interation with the T4 SF2 helicase
UvsW, unpublished). The observation that UvsX appears
to share the lysine bridges found at the active site of
E. coli RecA-DNA places UvsX mechanistically closer to
prokaryotic than to eukaryotic recombinases, at least in
this detail. Opportunities for structure-driven mutagen-
esis and mechanistic studies, as well as for evolutionary
studies, of UvsX will surely follow from this important
structure.
The T4 field pioneered studies of helicases in recom-

bination, which are now known to be pervasive regula-
tors of recombination and HDR metabolism in all
organisms [100]. The biochemistry of T4 helicases
demonstrates the diverse ways that these enzymes can
influence recombination outcomes, including both posi-
tive and negative regulation of homologous pairing and
strand exchange. It is noteworthy that T4 encodes
threes different helicases on its phage genome that
appear to have both unique and overlapping functions
in recombination. Of particular relevance is the role of
helicases in channeling strand exchange reactions
toward the formation of intermediates that can serve as
initiators of recombination-dependent DNA replication
[4,6,96]. T4 RDR requires either Dda (for bubble-migra-
tion DNA synthesis) or Gp41/Gp59 (for semi-conserva-
tive DNA synthesis) to initiate replication via a
recombination event. The biochemical role of UvsW in
the RDR machine remains to be elucidated but is likely
to be central given its ability to promote extensive
branch migration. The coupling of recombination to
replication is fundamental for DNA repair and genome
stability in all organisms. Eukaryotic DNA helicases/

translocases such as Rad54, Srs2 and others are known
to play important roles in processing recombination
intermediates, either for regulatory purposes or to facili-
tate access of downstream DNA replication and repair
enzymes to the products of strand exchange
[10,11,72-74,100]. The T4 helicases offer an excellent
opportunity to study more about the mechanism of
recombination/replication coupling, the findings of
which will directly inform studies of genome stability
mechanisms in cellular organisms including humans.
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