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(Background: Gpb5Y is required to correctly load DNA helicase during T4 recombination-dependent DNA replication and

Results: Gp59 forms helicase loading complexes with clusters of Gp32 (SSB) bound to ssDNA.
Conclusion: Gp59 follows Gp32 to single-stranded regions of recombination intermediates to promote strand-specific helicase

Significance: Mediator proteins such as Gp59 play critical roles in the regulation of DNA recombination, repair, and replication.
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The Gp59 protein of bacteriophage T4 plays critical roles in
recombination-dependent DNA replication and repair by cor-
rectly loading the replicative helicase, Gp41, onto recombina-
tion intermediates. Previous work demonstrated that Gp59 is
required to load helicase onto single-stranded DNA that is sat-
urated with Gp32, the T4 single-stranded DNA (ssDNA)-bind-
ing protein. Gp59 and Gp32 bind simultaneously to ssDNA,
forming a Gp59-Gp32-ssDNA complex that is a key intermedi-
ate in helicase loading. Here we characterize the assembly and
dynamics of this helicase loading complex (HLC) through
changes in the fluorescent states of Gp32F, a fluorescein-Gp32
conjugate. Results show that HLC formation requires a mini-
mum Gp32-ssDNA cluster size and that Gp59 co-localizes with
Gp32-ssDNA clusters in the presence of excess free ssDNA.
These and other results indicate that Gp59 targets helicase
assembly onto Gp32-ssDNA clusters that form on the displaced
strand of D-loops, which suggests a mechanism for the rapid
initiation of recombination-dependent DNA replication. Heli-
case loading at the HLC requires ATP binding (not hydrolysis)
by Gp41 and results in local remodeling of Gp32 within the
HLC. Subsequent ATPase-driven translocation of Gp41 pro-
gressively disrupts Gp32-ssDNA interactions. Evidence sug-
gests that Gp59 from the HLC is recycled to promote multiple
rounds of helicase assembly on Gp32-ssDNA, a capability that
could be important for the restart of stalled replication forks.

Recombination-dependent DNA replication (RDR)? is a cen-
tral component of homology-directed DNA repair processes
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including DNA double strand break repair and replication
restart (1). RDR occurs when a homologous DNA strand inva-
sion event, catalyzed by a recombinase such as RecA or Rad51,
is used to initiate DNA synthesis. The critical biochemical step
in RDR is the conversion of a D-loop recombination interme-
diate into a replication fork. RDR has been studied most thor-
oughly in the bacteriophage T4, which uses RDR as its major
mode of chromosomal replication and for which purified RDR
in vitro systems have been established (Refs. 2—4; for reviews,
see Refs. 5 and 6).

In T4 RDR, the UvsX recombinase in concert with recombi-
nation mediator protein (UvsY) and ssDNA-binding protein
(Gp32) catalyzes the invasion of a 3" ssDNA tail from one phage
chromosome into the homologous duplex region of another
chromosome, forming a D-loop (5). The invading 3'-end then
serves as a primer for leading strand DNA synthesis catalyzed
by DNA polymerase holoenzyme. Conversion of the D-loop
into a replication fork also requires the loading of a DNA heli-
case onto the displaced ssDNA. The major helicase used for this
conversion is Gp41. Gp41 is the essential, replicative helicase
encoded by bacteriophage T4. A member of the ring hexamer
helicase family, Gp41 stimulates DNA replication by translo-
cating processively in the 5' — 3’ direction on lagging strand
ssDNA while catalyzing the unwinding of the parental duplex
(7). During lagging strand synthesis, Gp41 serves as an essential
component of the T4 primosome (helicase-primase complex).
The loading of Gp41 and therefore of primosome onto D-loops
requires the activity of a helicase loading protein, Gp59. Once
loaded by Gp59, Gp41 can promote either the conservative or
semiconservative mode of RDR (2, 5, 6). The conservative mode
includes “bubble migration” (D-loop translocation) steps that
are used for the synthesis-dependent strand annealing pathway
of double strand break repair; the semiconservative mode,
involving both leading and lagging strand synthesis machinery,
is identical to break-induced replication (1, 6).

The helicase/primosome loading activity of Gp59 protein has
emerged as a critical factor in the initiation of RDR (1, 5, 8, 9).
Gp59 (26 kDa) consists of two a-helical domains. The N-termi-
nal domain contains a duplex DNA binding motif that is struc-
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TABLE 1
Mixed sequence oligonucleotides used in experiments
(C2dT) denotes the position of the C2d T amino linker used for fluorescent labeling.

Dynamics of Helicase Loading Complex

Sequence Length
bases
Oligo 1 5'-TAACGTATTCAAGATACCTCGTACTCTGTATAACGC-AGGTTGCGATCCGACTGTCCTGCATCAGGTTGCG-3' 70
Oligo 2 5'-GCTTCTGAAGTCTAATTCTATC (C2dT) CT-3’ 25
Oligo 3 5'-AGAGATAGAATTAGACTTCAGAAGC-3’ 25
Oligo 4 5'-TCCCTATCTTAATGACTTCAGAAGC-3' 25
Oligo 5 5'-TAACGTATTCAAGATACCTCGTACTCTG TACAGGTTGCGATCCGACTGTCCTGCAT-3' 56
Oligo 6 5'-GATCATGCAGGACAGTCGGATCGCAACC TGATTTACTGTGTCATATAGTACGTGATTCAG-3’ 60

turally homologous to the high mobility group B family (10, 11).
Gp59 exhibits intrinsic, structure-selective DNA binding activ-
ity with relative affinity for fork DNA > ssDNA > dsDNA (12,
13). Gp59 also exhibits high affinity interactions with both
Gp32 and Gp41l, and it can act as an adapter between these
proteins (14—18). In DNA replication and RDR, efficient heli-
case or primosome assembly depends on Gp59 activity because
Gp41 has an intrinsically low affinity for ssDNA saturated with
Gp32. Being abundant and highly cooperative, Gp32 competes
with Gp41 for ssDNA binding sites. Gp59 in contrast has been
shown to readily form interactions with Gp32 either bound to
ssDNA or free in solution (15, 16, 19, 20). This interaction plays
a major role in the recruitment of Gp41 onto D-loops and rep-
lication forks (1, 5).

Some aspects of the Gp32-Gp59 interaction have been
revealed from cross-linking studies and truncation mutagene-
sis (15, 16, 21). Gp32 interacts with Gp59 primarily through the
C-terminal “A” domain of Gp32, whereas the N-terminal “B”
domain of Gp32 is required for cooperativity. Central to the
Gp32 structure is the core domain, which contains an oligonu-
cleotide/oligosaccharide binding fold as well as bound Zn*"
and is the primary site of Gp32-ssDNA interactions (22). Pre-
vious studies demonstrated that the interaction of Gp59 with
the Gp32 occurs with a stoichiometry of 1:1 and that both pro-
teins can co-saturate ssDNA (19, 20). Gp32 and Gp59 are pres-
ent on ssDNA in large, compact protein-DNA complexes that
represent a major portion of the protein mass of the replication
fork (19, 23). These results suggest that the co-localization of
ssDNA with Gp59 and Gp32 is an important structural feature
of T4 helicase/primosome assembly, forming an intermediate
that we refer to as the helicase loading complex (HLC).

Although the tripartite Gp59-Gp32-ssDNA helicase loading
complex has been observed in a number of previous studies, the
specific conditions required for its formation and turnover have
not been fully addressed. Unresolved issues include 1) whether
Gpb59 preferentially recognizes DNA versus Gp32-DNA targets,
2) the minimum ssDNA length and Gp32 cluster size for HLC
formation, and 3) the fate of the HLC after helicase loading. To
address some of the remaining questions, we developed ensem-
ble fluorescence methods to quantify Gp59 interactions with
various DNA structures and to monitor the formation and
turnover of the HLC. The latter studies make use of a fluores-
cein-Gp32 conjugate, Gp32F (46), which was described previ-
ously as a real time probe for Gp32-ssDNA interactions (24).
The unique fluorescent states of Gp32F allow for the distinction
between its different binding states during HLC assembly and
turnover: unbound, ssDNA-bound, and Gp59-bound on
ssDNA. Results show that HLC formation requires a minimum
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cluster size of Gp32 on ssDNA and that Gp59 preferentially
co-localizes with Gp32-ssDNA clusters even in the presence of
excess free ssDNA. These and related findings support a model
in which Gp59-Gp32 interactions promote helicase loading
onto the displaced strand of D-loops, leading to efficient initi-
ation of RDR and homology-directed repair. We further
observed that helicase loading by the HLC requires ATP bind-
ing (not hydrolysis) by Gp41 and results in remodeling of the
HLC. Subsequent ATPase-driven helicase translocation dis-
rupts Gp32-ssDNA interactions; however, Gp59 appears to be
recycled to promote multiple rounds of helicase loading, a
capability that may be important for replication fork restart.
The results of this study provide new insights into genome sta-
bility mechanisms that are used by all organisms to repair DNA
damage and avoid disease.

EXPERIMENTAL PROCEDURES

Reagents and Resins—All chemicals were of analytical grade.
All reagents were purchased from Sigma unless otherwise indi-
cated. Deionized water was used to prepare all aqueous solu-
tions and buffers. ssDNA cellulose resin was prepared by a pre-
viously published protocol (25). Hydroxyapatite resin was
purchased from Bio-Rad. 6-Iodoacetamidofluorescein was pur-
chased from Invitrogen.

Nucleic Acids—All DNA concentrations are expressed in
moles/liter nucleotide residues. Circular M13mp18 ssDNA was
purchased either from New England Biolabs or from USB. Con-
centrations were provided by the manufacturer and checked by
measuring the absorbance at 260 nm using a conversion factor
of 33 ug/ml/A, .. HPLC-purified mixed sequence oligonucleo-
tides were purchased either from Operon Biotechnologies, Inc.
(Oligos 1 and 4), Bio-Synthesis, Inc. (Oligo 2), or Integrated
DNA Technologies, Inc. (Oligo 3) (Table 1). HPLC-purified
homopolymers dT,,, dT,, dT,, and dT.,, were purchased
from Operon Biotechnologies, Inc. The concentration of each
oligo was determined by the absorbance at 260 nm using
extinction coefficients provided by the manufacturer.

Preparation of Alexa Fluor 546-labeled DNA Molecules—
Oligo 2 contained a C2dT amino linker at position 23. This
oligo was labeled with Alexa Fluor 546 carboxylic acid succin-
imidyl ester, an amine-reactive probe, according to the manu-
facturer’s instructions (Invitrogen). Labeling efficiency was
determined spectrophotometrically by measuring the absor-
bance at wavelengths of 260 and 556 nm, using extinction coef-
ficients of 235,200 and 104,000 M~ ' cm ™', respectively. The
labeling efficiency of Oligo 2 was calculated to be 69%. The A,
reading was corrected for contributions from the Alexa Fluor
546 by a correction factor provided by the manufacturer. The
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corrected A,¢, was used to calculate the concentration of Oligo
2. Alexa Fluor 546-labeled duplex and fork 25-mers were
assembled by annealing Oligo 2 to Oligo 3 or to Oligo 4, respec-
tively. The annealing process was carried out using a modifica-
tion of a published procedure (10). A stoichiometric mixture
of the two oligos was prepared in water and then heated to
95 °C. The water bath was then turned off and allowed to slowly
cool to room temperature (~2 h). The integrity of annealed
DNA structures was confirmed by polyacrylamide gel electro-
phoresis as described (10).

Bacteriophage T4 Proteins—Gp32 and Gp41 proteins were
purified using previously published protocols (16) with the fol-
lowing modifications. For growth and induction in Escherichia
coli, the NZCYM medium (10 g/liter NZ-Amine A, 1 g/liter
Casamino Acids, 5 g/liter yeast extract, 5 g/liter NaCl, 2 g/liter
MgSo,) was replaced with LB. Also, both protocols were mod-
ified by replacing the Whatman P11 chromatography step with
aMono Q (GE Healthcare) chromatography step. Additionally,
the storage conditions of both Gp41 and Gp32 were modified to
include the following: 20 mm Tris-HCI, pH 8.0, 100 mm NaCl,
0.1 mm EDTA, 1 mm B-mercaptoethanol, and 10% glycerol.
Concentrations of protein stock solutions were calculated from
extinction coefficients for Gp32 and Gp41 at 280 nm of 41,306
and 76,000 M~ " cm ', respectively (26).

Gp59 was purified by either of two published methods (16,
27). The latter method was modified to include an additional
column chromatography step to remove a contaminating
nuclease activity. Nuclease-contaminated fractions were ap-
plied to a Bio-Rad Biogel-HTP hydroxyapatite column and
eluted using a 50 -500 mm potassium phosphate gradient, pH
6.8 in buffer containing 100 mm NaCl, 2 mm EDTA, 1 mMm
B-mercaptoethanol, and 10% glycerol. Purified fractions from
either method were dialyzed into one of two Gp59 storage buf-
fers: 1) 20 mm Tris-HCI, pH 7.4, 50 mm NaCl, 1 mm EDTA, 1
mM f-mercaptoethanol, and 60% glycerol and stored at —20 °C
or 2) 10 mm Tris acetate, pH 7.8, 25 mMm potassium acetate, 5
mM magnesium acetate, 2 mm DTT, and 20% glycerol and
stored at —80 °C. Gp59 derived from either purification proto-
col and stored under either condition behaved identically in
biochemical experiments. The concentration of Gp59 was cal-
culated using an extinction coefficient of 37,800 M * cm ™ * (26).

All stock solutions of Gp59, Gp32, and Gp41 proteins used in
this study were nuclease-free according to published criteria
(14). All proteins were determined to be >95% pure according
to SDS-PAGE analysis.

Labeling of Gp32 with 6-lodoacetamidofluorescein—The
fluorescein-Gp32 conjugate Gp32F was generated by labeling
Gp32 with 6-iodoacetamidofluorescein as described (24).
Labeling efficiency was calculated according to the manufac-
turer’s instructions using extinction coefficients of 41,300 and
68,500 M~ " cm ™! at 280 and 494 nm, respectively.

DNA Binding Assays— Alexa Fluor 546 fluorescence quench-
ing assays for Gp59-DNA interactions were carried out on a
Quantamaster QM-6 spectrofluorometer (Photon Technology
International, South Brunswick, NJ). The slit widths were 3 nm
for both emission and excitation monochromators. All fluores-
cence assays were carried out at room temperature (~21 °C).
The excitation wavelength was 540 nm, and the emission was
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measured at 569 nm. The following reaction buffer was used for
the binding assays: 25 mMm Tris acetate, pH 7.8, 90 mm potas-
sium acetate, 6 mM magnesium acetate, and 1 mm DTT. To
collect the data for these assays, the fluorescence emission at
569 nm was measured for 2 s at one data point per second. First,
the buffer alone was measured as background. Then, 2 um
Oligo 2 (either single-stranded or annealed) was added to a
cuvette in a total volume of 80 wl, and the fluorescence emission
was measured. Finally, the Gp59 protein was added at the indi-
cated concentration and incubated at room temperature for 2
min, and the fluorescence emission was measured again. This
was repeated for each data point in the titration, each time
adding an equal volume of increasing concentrations of Gp59.
Each data point was corrected for background and then for
dilution by subtracting the signal change caused by the addition
of a storage buffer blank from the signal change caused by the
addition of protein. All dilutions were <12% of the total vol-
ume. Contributions from photobleaching, inner filter effects,
and fluorescence of protein and/or storage buffer were found to
be negligible under the experimental conditions. Binding
curves were generated by converting the differences in fluores-
cence emission between the unbound and bound oligo to the
fraction of substrate bound and plotting it versus Gp59 concen-
tration. Binding curves were each fit to Equation 1 in GraphPad
Prism,

Y = Boa X XK + X7) (Eq. 1)

in which Yis the fraction of DNA bound, B,,,,, is the maximum
DNA bound (assumed to equal 1.0 at plateau), X is the ligand
(Gp59) concentration, K, is the ligand (Gp59) concentration at
half-saturation, and /% is the Hill coefficient, an indicator of
binding cooperativity. Error bars shown in the data represent
the S.D. of the results of a minimum of two experiments.
Fluorescence Assays for Helicase Loading Complex Assembly—
HLC assembly was monitored by changes in Gp32F fluores-
cence. Fluorescence emission spectra were recorded over an
emission range of 480—-600 nm while exciting at the absor-
bance maximum, 460 nm. A 495-nm longpass filter was used
for the emission scans. The slit widths were set at 3 nm for both
excitation and emission. The basic method for measuring HLC
complex formation was as follows. The emission spectrum of
Gp32F alone was measured first followed by the addition of the
ssDNA (oligonucleotide or circular M13mp18 ssDNA) and
incubation for 5 min at room temperature. The emission spec-
trum of the Gp32F-ssDNA complex was then measured fol-
lowed by the addition of Gp59 and a 5-min incubation at room
temperature. A final emission spectrum was then measured for
the Gp32F-Gp59-ssDNA tripartite complex. This procedure
was used to detect the HLC on oligonucleotides of different
lengths. To do this, 100 nm Gp32F was bound to a 700 nm
concentration of each of the following oligonucleotides: dT,,
dT,q, dT,,, or dT-,. This was followed by the addition of 100 nm
Gp59. Again, the fluorescence emission was measured after the
addition of each component of the HLC. All experiments were
performed in HLC reaction buffer containing 25 mm Tris ace-
tate, pH 7.4, 90 mMm potassium acetate, 10 mM magnesium ace-
tate, and 1 mm DTT. All Gp32F fluorescence data were cor-
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rected for background and for dilution. Photobleaching, inner
filter effects, and signal contributions from proteins and storage
buffers were found to be negligible under the experimental con-
ditions. All Gp32F fluorescence intensities shown in the figures
are normalized with respect to the signal from free Gp32F at its
emission maximum, 519 nm.

To measure HLC formation at low binding density of pro-
teins on ssDNA, the fluorescence of the following mixtures in
HLC reaction buffer were measured: 30 nm Gp32F alone, 30 nm
Gp32F + 3 um M13mp18 ssDNA, and 30 nm Gp32F + 3 um
M13mp18 ssDNA + 30 nm Gp59. To test the interaction of
Gp32F and Gp59 in the absence of ssDNA, the following fluo-
rescence emission scans were compared: 100 nm Gp32F and
100 nm Gp32F + 100 nm Gp59.

Helicase Loading and Translocation Assays—Interactions of
Gp41 helicase with the HLC were monitored by changes in
Gp32F fluorescence. Assays were performed under two sets of
conditions, those favoring detection of Gp41 loading versus
detection of Gp41 translocation. The basic procedure for the
assays was as follows. HLC components were added in the fol-
lowing order: Gp32F — ssDNA — Gp59. The fluorescence
emission of this complex was followed as a function of time
(excitation, 460 nm; emission, 519 nm). When the fluores-
cence intensity had stabilized, data acquisition was paused
while Gp41 and ATP were added simultaneously. The scan
was then resumed, and the fluorescence intensity was mon-
itored for up to 1000 s after Gp41/ATP addition.

To study the effects of helicase loading in the absence of
extensive translocation, the ssDNA substrate used was Oligo 1
(mixed sequence 70-mer; Table 1). The HLC was preformed
using 100 nm Gp32F, 700 nm Oligo 1, and 100 nm Gp59. 100 nm
Gp41and 1 mm ATP were then added simultaneously. The time
courses shown in the figures are the normalized Gp32F inten-
sities versus time after Gp41/ATP addition. This procedure was
repeated under conditions where ATP was replaced with
ATP+S. Controls were done by individually replacing either
Gp41 or Gp59 with their respective storage buffers or by replac-
ing the oligonucleotide or ATP individually with water. Under
these conditions, the following buffer was used: 25 mm Tris
acetate, pH 7.4, 25 mM potassium acetate, 10 mM magnesium
acetate, and 1 mm DTT. A lower potassium acetate concentra-
tion (25 versus 90 mm in experiments with homopolymeric oli-
gos; as described above) was used to optimize saturation of the
mixed sequence oligo with Gp59 and Gp32.

To study the effects of helicase translocation, the following
complex was preformed: 100 nm Gp32F, 700 nm M13mp18
ssDNA, and 10 nm Gp59. When the fluorescence emission of
this complex had stabilized, 100 nm Gp41 and 1 mm ATP were
added simultaneously. The time courses shown in the figures
are the normalized Gp32F intensities versus time after Gp41/
ATP addition. Controls were done in which M13mp18 ssDNA
or ATP was individually replaced with water. To determine the
dependence of Gp32F remodeling on Gp41 concentration, the
Gp32F concentration was increased to 200 nM to ensure com-
plete saturation of the ssDNA while the Gp59 concentration
remained at 10 nm and the Gp41 concentration was varied from
0to 200 nm. All helicase translocation experiments were carried
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out in 25 mm Tris acetate, pH 7.8, 90 mm potassium acetate, 10
mM magnesium acetate, and 1 mm DTT.

Maximum rates of Gp32F fluorescence change in helicase
translocation experiments were determined by fitting regres-
sion lines to the portion of each trace showing the steepest
signal decrease. At most Gp41 concentrations, the steepest
decrease occurred from 10 to 30 s after the addition of Gp41 +
ATP.However, at one Gp41 concentration (25 nm), the steepest
decrease was observed 110-190 s after the addition of Gp41 +
ATP. The slopes of lines fit to two independent data sets at each
Gp41 concentration were averaged. These slopes represent the
maximum rate of Gp32F fluorescence change. The absolute
values of these slopes were plotted as a function of Gp41 con-
centration and fit to Equation 1 to determine the Gp41 concen-
tration at half-saturation.

Fluorescence Assays for Helicase Loading Complex Assembly
and Helicase Loading on Fork DNA—A fork DNA oligonucleo-
tide was prepared by annealing Oligos 5 and 6 (Table 1) ina 1:1
ratio. This generated a fork with a 26-base pair duplex region
and two 30-nucleotide single-stranded arms. This substrate
was used to monitor the formation of the HLC similarly to
those experiments carried out on ssDNA oligonucleotides as
described above. Buffer contained the following components:
20 mM Tris acetate, pH 7.8, 90 mM potassium acetate, 10 mm
magnesium acetate, and 1 mm DTT. For the detection of heli-
case loading complex formation, the reaction components were
added in the following order: 100 nm Gp32F, 1.66 um (860 nm
ssDNA on fork arms) fork DNA, and 100 nm Gp59. Fluores-
cence emission scans were taken after each addition as described
above for experiments with ssDNA oligos. The fluorescence emis-
sion of this complex at 519 nm was then monitored over time.
When the signal had stabilized, the scan was paused, and the fol-
lowing reaction components were added simultaneously: 100 nm
Gp41 and 500 um ATPvS. The fluorescence emission was moni-
tored for ~500 s after Gp41/ATP+S addition.

RESULTS

Detection of HLC Formation and Dependence on ssDNA
Length—The fluorescein-Gp32 conjugate Gp32F was previ-
ously shown to have ssDNA binding properties similar to those
of unlabeled Gp32 and was used as a real time probe for Gp32-
ssDNA association/dissociation events (24). Gp32F was pre-
pared as described under “Experimental Procedures,” and the
labeling efficiency was determined to be 83%. As shown in Fig.
1, the addition of ssDNA enhanced Gp32F fluorescence by up
to 2.4-fold, depending on ssDNA length. Homopolymeric oli-
gos dT,, and dT,, contain 10 and five to six binding sites for
Gp32F, respectively, assuming a binding site size of n = 7 nucle-
otide residues (24, 28). Both d T, and dT ,, support the forma-
tion of stable, cooperative clusters of Gp32F as reflected by the
2.4-fold increase in fluorescence upon addition of a stoichio-
metric amount of ssDNA to protein (Fig. 1, A and B). This level
of Gp32F fluorescence enhancement is consistent with results
obtained using long, mixed sequence M13mp18 ssDNA (24).
Gp32F binding to shorter oligos is less efficient due to its high
cooperativity parameter (w = 1000), and this is reflected by the
decrease in fluorescence enhancement (1.3-fold) seen with
dT,, and dT,, respectively (Fig. 1, C and D). These oligos have
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FIGURE 1. Effects of oligonucleotide length on Gp59-dependent fluorescence changes of Gp32F. Fluorescence measurements were performed as
described under “Experimental Procedures.” Buffer contained the following components: 20 mm Tris acetate, pH 7.4, 10 mm magnesium acetate, 90 mm
potassium acetate, and 1 mm DTT. Fluorescence emission scans monitored helicase loading complex formation at high binding density on each of the
following homopolymeric oligonucleotides: dT,, (A), dT,, (B), dT,, (C), and dT,, (D). Solid line, 100 nm Gp32F alone; dotted line, 100 nm Gp32F + 700 nm
oligonucleotide; dashed line, 100 nm Gp32F + 700 nm oligonucleotide + 100 nm Gp59.
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FIGURE 2. Effects of M13mp18 ssDNA and Gp59 on fluorescence of Gp32F at low binding density. Fluorescence measurements were performed as
described under “Experimental Procedures.” Buffer contained the following components: 20 mm Tris acetate, pH 7.4, 10 mm magnesium acetate, 90 mm
potassium acetate,and 1 mmDTT. A, solid line, 30 nm Gp32F alone; dotted line, 30 nm Gp32F + 3 uMm M13mp18 ssDNA; dashed line, 30 nM Gp32F + 3 umM13mp18
ssDNA + 30 nm Gp59. B, solid line, 100 nm Gp32F alone; dashed line,100 nm Gp32F + 100 nm Gp59.

binding sites for only two to three and one to two protomers,
respectively, which is insufficient for stable cluster formation (29).

The addition of Gp59 (equimolar with respect to Gp32F) to
Gp32F-ssDNA complexes altered Gp32F fluorescence in a
manner that depended on ssDNA length (Fig. 1). The fluores-
cence of Gp32F-dT,, and -dT,, complexes was enhanced an
additional 1.5-fold upon Gp59 addition (Fig. 1, A and B). We
interpret this signal change as a signature for the formation of
the tripartite Gp59-Gp32-ssDNA helicase loading complex.
The additional enhancement by Gp59 was slightly diminished
(1.3-fold) in the complex with Gp32F-dT,, (Fig. 1C). In con-
trast, upon addition of Gp59 to Gp32F-dT,,, the fluorescence
intensity returned to approximately that of the unbound state
of Gp32F (Fig. 1D), which we interpret as Gp59 competing with
dT,, for binding to Gp32F. The dependence of HLC formation
on oligo length is especially evident by noting the differences in
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scale of relative fluorescence between the panels of Fig. 1. These
results indicate that HLC assembly requires ssDNA long
enough for stable Gp32 cluster formation.

Gp59 Co-localizes with Gp32 at Low Binding Density on
ssDNA—Gp32F was incubated with M13mp18 ssDNA circles
at a low binding density of protein on ssDNA (v = 0.07 assum-
ing a Gp32 binding site size of 7 nucleotide residues). This
means that given the high cooperativity of Gp32-ssDNA inter-
actions (w = 1000), which is unaltered in Gp32F (24), 7% of the
ssDNA is occupied by Gp32F clusters under the experimental
conditions, whereas the remaining 93% exists as free ssDNA.
Under these conditions, Gp32F fluorescence increased by a fac-
tor of 2.7 upon Gp32F binding to ssDNA (Fig. 24), consistent
with previous results (24). Under the same conditions of low
binding density, Gp59 was added to Gp32F-ssDNA complexes
at a stoichiometry of 1:1 Gp59:Gp32F, and fluorescence
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FIGURE 3. Gp32F fluorescence effects under conditions of helicase load-
ing. Helicase loading assays were performed as described under “Experimen-
tal Procedures.” Buffer contained the following: 20 mm Tris acetate, pH 7.4, 10
mM magnesium acetate, 25 mm potassium acetate, and 1 mm DTT. The com-
ponents of the helicase loading complex were added in the following order
and preincubated: 100 nm Gp32F, 700 nm Oligo 1 (mixed sequence 70-mer),
and 100 nm Gp59. Data show normalized fluorescence of this complex versus
time after addition of 100 nm Gp41 and 1 mm ATP simultaneously. A, Gp32F
fluorescence changes in the presence of ATP (red) or ATP+S (green) or in the
absence of nucleotide cofactor (dark blue). B, controls using the same proce-
dure as in A except in the absence of Gp41 (purple), Gp59 (orange), or ssDNA
(light blue).

changes were monitored. Gp59 addition resulted in an addi-
tional 1.3-fold enhancement of Gp32F fluorescence above that
caused by ssDNA alone (Fig. 24), indicating an interaction
between Gp59 and the sparsely distributed Gp32F clusters
under these conditions. This result indicates that Gp59 prefer-
entially co-localizes with Gp32 clusters on ssDNA even in the
presence of a large excess of free ssDNA. In the absence of
ssDNA, Gp59 did not affect the Gp32F fluorescence signal (Fig.
2B). The fact that Gp59 only affected Gp32F fluorescence when
it was ssDNA-bound suggests that the environment of the fluo-
rescein tag in Gp32F and possibly the conformation of Gp32
itself are quite different in the ssDNA-bound versus ssDNA-
free forms of the Gp59-Gp32F complex.

Remodeling of HLC during Helicase Loading and Trans-
location—To monitor the fate of the HLC during helicase
assembly, the helicase loading complex was preassembled using
saturating amounts of Gp59 and Gp32F on a mixed sequence
70-mer (Oligo 1). The simultaneous addition of Gp41 helicase
and ATP to the preassembled HLC resulted in a time-depen-
dent decrease in Gp32F fluorescence (Fig. 34), consistent with
remodeling of the HLC. An identical result occurred when
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ATP+S was substituted for ATP (Fig. 3A); therefore, the reac-
tion does not appear to be dependent on ATP hydrolysis by
Gp41. The Gp32F fluorescence decrease did not occur if any
component was individually removed: ATP or ATPyS (Fig. 34),
Gp59, Gp41, or ssDNA (Fig. 3B). This indicates that the change
in signal is the result of active remodeling of the HLC that
depends on ATP binding by Gp41 and Gp59-mediated helicase
loading. We conclude that the event under observation is heli-
case loading rather than translocation as it did not depend on
ATP hydrolysis. Also, the drop in fluorescence does not seem
extensive enough to be the result of complete Gp59 or Gp32
displacement from the HLC. Instead, the cause of the signal
change may be a conformational change of the HLC that repo-
sitions Gp32 and Gp59 to accommodate the presence of Gp41
on the ssDNA.

Similar assays were performed using circular M13mpl8
ssDNA in place of the mixed sequence 70-mer (Fig. 4). In these
experiments, the ssDNA was saturated with Gp32F, but the
Gp59 concentration was limited to ~10% of potential binding
sites, leading to widely dispersed HLC sites. Under these con-
ditions, the results in the presence of ATP versus ATPvyS were
dramatically different. The presence of ATP resulted in a faster
and more extensive drop in Gp32F fluorescence, whereas no
significant drop in fluorescence occurred in the presence of
ATPyS (Fig. 4A). This suggests that Gp41 is translocating on
the long ssDNA molecule, a process that is known to require
ATP hydrolysis, and disrupting HLC and/or displacing Gp32F
from the ssDNA as it goes. Controls indicate that the initial
rapid signal decrease requires both ATP hydrolysis and ssDNA
(Fig. 4B). The Gp41 helicase is known to be a processive
enzyme, translocating ~400 base pairs per second (30). The
most likely explanation of the data in Fig. 44 appears to be that
the rapidly decreasing phase represents the loading of Gp41
and initiation of translocation from discrete HLC sites dis-
persed along the Gp32F-covered ssDNA. Meanwhile, the final,
diminished signal represents the establishment of a steady state
in which Gp32F displaced by helicase translocation rebinds to
the ssDNA at some distance behind the moving helicase.

Other experiments were performed under helicase translo-
cation conditions while varying Gp41 concentration with all
other components held constant (Fig. 4C). The concentration
of Gp59 (10 nm) was limiting in each of the reactions containing
Gp41 (25-200 nm). The data show that the rate of the fluores-
cence change increased with increasing Gp41 concentration. In
the absence of Gp59, however, no fluorescence change was
observed at any Gp41 concentration (Fig. 4D). Therefore, reac-
tions at all Gp41l concentrations are Gp59-dependent. As
shown in Fig. 5, the curve describing the relationship between
the maximum rate of fluorescence change (from Fig. 4C) and
Gp41 concentration resembles that of a cooperative enzyme:
saturable at high helicase concentrations and slightly sigmoidal
at low helicase concentrations. We assume that the rate of
Gp32F fluorescence decrease is related to the number of heli-
case hexamers loaded onto ssDNA by the HLC. If so, then the
data suggest that Gp59 present in HLC complexes can act “cat-
alytically” to promote multiple rounds of helicase loading.
Analysis of the curve in Fig. 5 yielded an “apparent K,,” value of
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FIGURE 4. Gp32F fluorescence effects under conditions of helicase translocation. Helicase translocation assays were performed as described under
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A, the components of the helicase loading complex were added in the following order: 100 nm Gp32F, 700 nMm M13mp18 ssDNA, and 10 nm Gp59. The data show
the normalized fluorescence of Gp32F in this complex versus time after addition of 100 nm Gp41 and 1 mm ATP simultaneously. Red, Gp32F displacement in the
presence of T mm ATP; light green, Gp32F displacement in the presence of 1 mm ATP+S. B, controls using the same procedure as A except in the absence of ATP
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FIGURE 5. Rate of Gp59-dependent Gp32F fluorescence change as function
of helicase concentration. Rates were derived from the maximum slope of each
tracein Fig.4Cas described under “Experimental Procedures.” The Gp41 concen-
tration for half-maximal activity was calculated to be 86 = 30 nwm. Error bars rep-
resent the S.D. of the results of a minimum of two experiments.

86 = 30 nm Gp41 for this activity with an apparent Hill coeffi-
cient of 1.5.

Another notable feature of the data in Fig. 4C is that all of the
reactions eventually approach the same steady-state level of
diminished Gp32F fluorescence, suggesting that it is indepen-
dent of Gp41 concentration. This could reflect a limit to the
number of helicase hexamers that can be loaded and/or trans-
locate on each M13mp18 ssDNA circle. Alternatively, it could
indicate that beyond a certain density of helicase hexamers on
ssDNA the Gp32F fluorescence signal becomes insensitive to
further increases in helicase density.

Quantitative Analysis of Gp59 Binding to Different DNA
Structures—An important unresolved issue is how the relative
affinities of Gp59 for Gp32 versus various DNA structures influ-
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ence the location and timing of HLC assembly. Gp59 has been
observed to bind with very high affinity (K, = 2-3 nm) to cer-
tain Gp32 derivatives in the absence of ssDNA (20) and form
complexes with full-length Gp32 that are stable at very high salt
concentrations (14, 15, 31, 32). Estimates for the apparent K, of
Gp59-ssDNA interactions range from 50 to 100 nm under mod-
erate salt conditions based on analysis of etheno-DNA binding
data (13).* Gp59 is reported to bind with higher affinity to spe-
cific DNA structures such as fork DNA (12); therefore, a quan-
titative assessment of structure-specific DNA binding is war-
ranted. To this end, single-stranded, double-stranded, and fork
oligonucleotides of the same length (25 bases or base pairs) and
related sequence (Fig. 6 and Table 1) were labeled with Alexa
Fluor 546 as described under “Experimental Procedures.” The
binding of Gp59 to the ssDNA, dsDNA, and fork DNA ligands
quenched Alexa Fluor 546 fluorescence at an emission wave-
length of 569 nm by 27, 20, and 31%, respectively, at saturation
(data not shown). Binding curves were generated by monitoring
fluorescence quenching as a function of Gp59 concentration
(Fig. 6). Based on the results of fitting to Equation 1, the order of
binding affinities from strongest to weakest is fork DNA >
ssDNA > dsDNA with all K, values in the low to mid-nanomo-
lar range (Table 2). The relative binding affinities are consistent
with what was observed in electrophoretic mobility shift assays
(12). Gp59 binds to all DNA types cooperatively, but its coop-
erativity for dSDNA is substantially higher than for ssDNA or
fork DNA based on the different Hill coefficients (Fig. 6 and
Table 2). Previous studies described cooperative binding of

4 A. Branagan and S. Morrical, unpublished observations.
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represent the S.D. of the results of a minimum of two experiments.

TABLE 2

Binding parameters for Gp59 binding to Alexa Fluor 546-labeled DNA
substrates

Apparent K, values (nm) and Hill coefficients were generated by fitting the data in
Fig. 6 to Equation 1.

ssDNA 25-mer

149 = 12
1.7+0.2

dsDNA 25-mer

450 * 29
53*19

Fork 25-mer

73+ 12
1.6 = 0.4

Apparent K, (nm)
Hill coefficient

Gp59 to etheno-modified ssDNA and 2-aminopurine-labeled
fork DNAs as well as hexamer formation on fork DNA (13, 21,
33). The presence of the Alexa Fluor 546 label significantly sta-
bilizes Gp59-DNA interactions because fluorescence quench-
ing of labeled fork, ssDNA, or dsDNA was not reduced by the
addition of equimolar unlabeled DNA (data not shown). Thus,
the data in Table 2 represent lower limits for the apparent K,
values for unmodified DNA. These results argue that Gp59 has
higher affinity for Gp32 than it does for either fork DNA or
single-stranded DNA.

HLC Formation and Remodeling on Fork Oligonucleotide
Substrate—Fluorescence assays for detecting HLC formation
and remodeling were repeated on a fork oligonucleotide struc-
ture (Fig. 7). The substrate used for these experiments is repre-
sented in Fig. 7A. The formation of the HLC occurred similarly
on the fork oligonucleotide as seen with single-stranded oligo-
nucleotides (Fig. 7B). However, the magnitudes of the fluores-
cence changes were somewhat smaller. Fig. 7C shows the
results of the Gp32F displacement assays under conditions of
helicase loading both in the presence and absence of ATPvS. In
the presence of both Gp41 and ATP+S, there was an initial drop
in Gp32F fluorescence followed by a rapid stabilization. This
intensity drop did not occur when ATP+yS was omitted, indicat-
ing that the fluorescence change occurs as a result of nucle-
otide-dependent helicase loading. This suggests that a helicase
loading complex rearrangement may occur faster on fork struc-
tures than on ssDNA oligonucleotides.

DISCUSSION

Across many conserved systems, the rate-limiting step of
homology-directed repair is the conversion of a recombination
intermediate into a replication fork (1, 5, 6). This step requires
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mediator proteins that recruit and properly load the appropri-
ate helicase. In bacteriophage T4, this step is the loading of
Gp41 onto the displaced strand of a D-loop, a task that is carried
out by Gp59 protein. The initiation of RDR has been shown to
depend on the presence of Gp59 (1). Furthermore, Gp59 is
known to play a central role in the assembly of the T4 primo-
some, forming interactions with all other protein components
of the primosome as well as with the replisome components
Gp32 and Gp43 (DNA polymerase) (15, 16, 19, 34-36). The
ternary Gp32-Gp59-ssDNA HLC is particularly important for
the helicase loading function of Gp59. Our fluorescence assays
have provided new insight into the formation of this complex in
T4 RDR.

DNA Length Requirement of HLC Formation—Gp59 bound
readily to Gp32F-covered 70- and 40-mers, oligonucleotides
that support cooperative binding of Gp32 (Fig. 1, A and B). The
high observed affinity of Gp32 for ssDNA is a consequence of its
high cooperativity (37). On ssDNA molecules shorter than
about 25 bases, Gp32 is unable to bind in a cooperative manner
to form clusters, resulting in weaker observed binding. This
correlates with decreased HLC formation on 20-mer and no
HLC formation on 12-mer ssDNA in our experimental system
(Fig. 1, C and D). Therefore, the formation of the HLC is only
stable on ssDNA long enough to support Gp32 clusters. In fact,
Gp59 selectively co-localized with clusters of Gp32 bound to
ssDNA even when these clusters were present at low binding
density and a large excess of free ssDNA was available (Fig. 2).

Further evidence that Gp59-mediated helicase assembly tar-
gets Gp32 clusters was presented in a published study of the
effects of Gp32 mutations on the T4 DNA replication system
(21). Gp32-B is an N-terminally truncated form of Gp32 that
lacks cooperativity (38). Gp32 missense mutants R4G and R4T
have greatly reduced cooperativity compared with wild type
(39). All three mutants are defective in Gp59-mediated loading
of Gp41 helicase at nascent replication forks, resulting in no
(Gp32-B) or greatly reduced (R4G and R4T) stimulation of the
strand displacement DNA synthesis activity of T4 DNA poly-
merase holoenzyme (21). Therefore, the inability to form stable
Gp32 clusters curtails Gp59-mediated helicase assembly on
nascent lagging strand ssDNA.
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FIGURE 7. HLC formation and remodeling on fork oligonucleotide substrate. Fluorescence measurements were performed as described under “Experi-
mental Procedures.” Buffer contained the following components: 20 mm Tris acetate, pH 7.8, 90 mm potassium acetate, 10 mm magnesium acetate, and 1 mm
DTT. A, representation of the fork substrate used in the experiment; a 56-mer (Oligo 5) annealed to a 60-mer (Oligo 6). B, fluorescence emission scans monitored
the helicase loading complex formation on the fork DNA. Solid line, 100 nm Gp32F alone; dotted line, 100 nm Gp32F + 1.66 um (860 nm on ssDNA arms)
56-mer/60-mer fork; dashed line, 100 nm Gp32F + 1.66 um (860 nm on ssDNA arms) 56-mer/60-mer fork + 100 nm Gp59. C, Gp32F fluorescence effects under
conditions of helicase loading on fork DNA. The components of the helicase loading complex were added in the following order: 100 nm Gp32F, 1.66 um (860
nmon ssDNA arms) 56-mer/60-mer fork, and 100 nm Gp59. Data show normalized fluorescence of this complex versus time. The arrow indicates the time of Gp41

addition. Black, 500 um ATP+S was added simultaneously with 100 nm Gp41. Gray, 100 nm Gp41 was added in the absence of any nucleotide.

The requirement for a minimal ssDNA length and Gp32
cluster size suggests that Gp32 and Gp59 cannot co-localize on
very short segments of ssDNA that may occur between Okazaki
fragments during the maturation phase of lagging strand DNA
synthesis, preventing improper helicase loading at such sites.
Similarly, Gp59 and Gp32 co-localization is restricted from
short ssDNA segments that may arise within presynaptic fila-
ments during homologous recombination, preventing inappro-
priate antirecombination activity by Gp41 helicase (40).

Localized Rearrangement of HLC during Helicase Loading—
In our Gp32F fluorescence assays, we defined conditions that
distinguish between loading and translocation of Gp41 heli-
case. Under loading conditions (70-mer saturated with Gp32F
and Gp59), the time-dependent decrease in Gp32F fluores-
cence required Gp41 and either ATP or ATPyS (Fig. 3). The
requirement for both nucleotide cofactor and Gp59 indicates
that the fluorescence change is dependent on active helicase
loading by Gp59. The results in the presence of ATP and
ATPyS were similar, which suggests that the conformational
change of Gp59 and Gp32 upon Gp41 loading is dependent
only on binding of Gp41-ATP to the complex rather than on
ATP hydrolysis. An interesting question is whether Gp59 and
Gp32 are still associated with the ssDNA at this point or
whether they become displaced. In a previous study, it was
shown that Gp59 and Gp32 remain bound to DNA in the pres-
ence of Gp41 and ATPyS but not in the presence of Gp41 and
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ATP (41). Therefore, it is likely that all three proteins are pres-
ent on the ssDNA initially, and then both Gp59 and Gp32 are
displaced at the start of ATP hydrolysis and translocation by
Gp41. The high affinity of Gp59-Gp32 interactions (20) sug-
gests that these proteins remain bound to each other after being
displaced.

Gp32 Displacement during Gp41 Translocation—Gp41 dis-
places Gp32 as it translocates along ssDNA. This was seen in
our Gp32F fluorescence experiments in which a limiting con-
centration of Gp59 was used to load helicase at dispersed sites
on Gp32F-saturated M13 mp18 ssDNA circles (Fig. 4). Under
these conditions, there is a relatively fast decrease in Gp32F
fluorescence that depends on ATP hydrolysis by Gp41 because
only a very slow signal decrease occurred in the presence of
ATPyS. These results are consistent with the rapid displace-
ment of Gp32F as Gp41 translocates along the circular ssDNA.
Presumably, Gp32F rebinds to the ssDNA at some distance
behind the moving helicase, establishing the intermediate level
of signal decrease that we observed at steady state (Fig. 4).

Gp59 Promotes Multiple Rounds of Helicase Loading—Al-
though Gp59 was present at a limiting concentration (10 nm) in
the translocation assays, the amount of translocating helicase
that can be placed on Gp32F-saturated ssDNA was not limited
by Gp59 concentration in a stoichiometric sense. The rate of
Gp32F displacement increased markedly with increasing Gp41
concentration from 25 to 200 nm (Figs. 4 and 5), the latter rep-
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FIGURE 8. Models for Gp59-dependent helicase loading at Gp32-ssDNA
clusters during recombination-dependent DNA replication and repair.
A, strand-specific loading of Gp41 helicase during RDR (Step 7). Following
DNA strand invasion promoted by UvsX recombinase, UvsY mediator, and
Gp32, Gp59 co-localizes with Gp32 clusters on the displaced strand of the
D-loop intermediate, forming a helicase loading complex. The structure-spe-
cific DNA binding activity of Gp59 may help target the HLC to the leading
edge (fork junction) of the D-loop (Step 2). As the protein components of the
T4 replisome assemble, the presence of Gp59 at the fork inhibits Gp43 (DNA
polymerase) from replicating the leading strand (Step 3). Recruitment of
Gp41-ATP rearranges the HLC so that it no longer blocks the leading strand
polymerase (Step 4). ATP hydrolysis by Gp41 drives unwinding of the duplex
ahead of Gp43. Gp32 and Gp59 both are ejected from the helicase assembly
site but may be recycled for additional rounds of helicase loading (see text for
details) (Step 5). Primase recruitment reconstitutes the Gp41/Gp61 primo-
some leading to semiconservative RDR. B, hypothetical model for multiple
rounds of helicase loading during error-free lesion bypass. This process
involves the uncoupling of leading/lagging strand DNA synthesis followed by
a round of RDR using a newly synthesized Okazaki fragment as template.
Newly synthesized DNA is shown as either magenta (semiconservative syn-
thesis) or blue (bubble migration synthesis). Replication and recombination
proteins other than Gp59, Gp32, and Gp41 are omitted for clarity (Step 7).
Leading and lagging strand syntheses are initially coupled until the leading
strand polymerase encounters a lesion and becomes stalled. Uncoupling of
leading/lagging strand synthesis could require a new round of helicase load-
ing by Gp59 targeting Gp32 clusters on the lagging strand ssDNA (Step 2).
Continued helicase translocation allows for the synthesis of a new Okazaki
fragment overlapping the site of damage. Helicase activity also exposes
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resenting a 20-fold excess of Gp41l over Gp59. This suggests
that Gp59 and/or the entire HLC can be recycled to promote
multiple rounds of helicase loading onto the same or different
ssDNA molecules. The saturable, sigmoidal plot of Gp32F dis-
placement rate versus [Gp41] (Fig. 5) supports the notion of an
enzyme-like helicase loading activity for the HLC. Turnover in
this case may involve dissociation of Gp59-Gp32 from the
ssDNA upon ATP hydrolysis by Gp41 as suggested above (Fig.
4) (41). As Gp41 translocates along ssDNA4, it displaces more
Gp32F and generates additional free ssDNA. This ssDNA is a
target for rebinding by Gp59-Gp32, a notion supported by the
finding that Gp32F prebound to Gp59 can rapidly bind to
M13mp18 ssDNA.* The two proteins could then form a new
HLC and undergo another round of Gp41 loading at a nearby or
distant site, depending on the relative rates of helicase translo-
cation, HLC reassembly, and protein exchange.

Helicase Loading Complex Formation and Rearrangement on
Fork DNA—The helicase loading complex forms on a fork oli-
gonucleotide as indicated by changes in Gp32F fluorescence
(Fig. 7). The signal changes were smaller than those observed
with homopolymeric oligos and long M13mp18 ssDNA, which
likely is due to the short length (30 bases) and mixed sequence
of the ssDNA arms of the fork (Fig. 7A). Nevertheless, the addi-
tion of Gp59 strongly enhanced the fluorescence of the Gp32F-
fork DNA complex (Fig. 7B), which is the signature of HLC
formation. We conclude that the HLC forms on at least one of
the ssDNA arms of fork DNA. We hypothesize that HLC for-
mation occurs preferentially on the 5’ ssDNA arm, consistent
with results suggesting that Gp32 binds preferentially to this
strand (42). Our results from Fig. 7C show that the HLC is
remodeled on fork DNA upon Gp41 loading in the presence of
ATP+S. Therelative extent of Gp32F signal change upon Gp41/
ATP+vS addition was similar in experiments with fork DNA
(Fig. 7C) versus ssDNA (Fig. 3A), but the rate of signal change
was much faster with fork DNA. This finding suggests that
Gp32 and fork DNA recognition could act synergistically to
load helicase onto Gp32 clusters that form on the lagging strand
side of a fork junction or of a D-loop.

Interactions with Gp32 Direct Helicase Loading Activity of
Gp59—Bacteriophage T4 appears to express a small amount of
Gp59 during its infection cycle in E. coli, and this Gp59 exists in
large deficit with respect to the concentration of expressed
Gp32 (31). Gp59-Gp32 protein-protein interactions are stable
in high salt (14, 15, 31, 32). Previous studies point to a K, in the
low nanomolar range for Gp59-Gp32 interactions in both the
absence and presence of DNA (20, 41). Therefore, the affinity of
Gp59 for Gp32 appears to exceed its affinity for fork or single-
stranded DNA structures (Fig. 6 and Table 2). In addition, pre-
vious studies determined that Gp59 and Gp32 reduce each oth-
er’s affinity for DNA, which may serve to prime HLC complexes

ssDNA on the damaged strand that is sufficiently long for HLC assembly (Step
3). An additional round of helicase loading and translocation from this site
leads to the unwinding of the stalled daughter strand from the damaged
template (Step 4). The displaced 3’-end of the daughter strand primes a round
of RDR using the overlapping Okazaki fragment as a template (Step 5). Bubble
migration RDR extends the daughter strand until it can reanneal to the orig-
inal template and continue semiconservative synthesis, having bypassed the
lesion. See text for details.
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for protein exchange during helicase loading (19, 21). Together,
these observations indicate that Gp59 rarely exists as a free
protein under physiological conditions; rather it is likely to exist
in complexes with Gp32 and to interact at least initially with
DNA and other proteins in this form.

Helicase Loading in Recombination-dependent Replication
and Repair—In the bacteriophage T4 recombination-depen-
dent replication pathway (Fig. 84), DNA strand exchange cat-
alyzed by UvsX recombinase generates D-loop intermediates
thatare converted into replication forks, a handoff that requires
the helicase loading activity of Gp59 (1, 5, 6). To successfully
initiate RDR, Gp41 helicase must be loaded specifically onto the
displaced strand of the D-loop, which will become the lagging
strand of the nascent replication fork (Fig. 8A4). If Gp41 is loaded
onto the invading strand instead, its 5° — 3’ helicase activity
would result in dissolution of the D-loop, terminating RDR. For
this reason, the structure-specific DNA binding activity of
Gp59, which targets forks and cruciforms, is insufficient to
enforce strand-specific helicase loading during RDR initiation.
Instead, it appears that Gp59 has evolved to follow Gp32 to the
correct strand of the D-loop to efficiently couple recombina-
tion to DNA synthesis. Kodadek (43) demonstrated that Gp32
rapidly sequesters the displaced strand of D-loops during
UvsX-catalyzed DNA strand exchange (Fig. 84, Step I). In con-
trast, Gp32 is excluded from the invading strand, which is sat-
urated with recombination proteins (40). Therefore, Gp59
would co-localize with Gp32 clusters on the displaced strand.
In principle, HLC could form anywhere on this strand; how-
ever, the added affinity of Gp59 for fork DNA might lead pref-
erentially to HLC assembly at the fork junction as suggested by
the synergistic effect observed in Fig. 7 and as depicted in Fig.
8A, Step 1. There, Gp59 could perform its two known replica-
tion functions: inhibiting the leading strand polymerase (Step 2)
and subsequently loading helicase while releasing polymerase
(Steps 3 and 4) (Refs. 9 and 34 —36; for reviews, see Refs. 1 and 5).
Gp59-Gp32 released from the HLC (Step 4) may be recycled for
additional rounds of helicase loading. The model in Fig. 84
depicts Gp59-Gp32 leaving the HLC as a free complex (Step 4);
however, it is possible that the complex remains tethered to the
replication fork via other interactions as suggested by electron
microscopy studies (23).

The ability of Gp59-Gp32 to perform multiple rounds of heli-
case loading could be important for genome stability mecha-
nisms including replication fork restart and lesion bypass. It
was previously shown that Gp59 is required to maintain leading
strand synthesis by Gp43-A737V, a DNA polymerase mutant
exhibiting low processivity and frequent pausing (27). Contin-
uous reloading of helicase by Gp59 was proposed as a mecha-
nism to explain this dependence. Another genome stability
mechanism that is likely to involve multiple rounds of helicase
loading is error-free lesion bypass (Fig. 8B) (1, 44, 45). Here, ina
replisome encountering a lesion on the leading strand template,
leading and lagging strand synthesis must be uncoupled (Steps 1
and 2). Gp59-Gp32 could promote this uncoupling by reload-
ing Gp41 onto the lagging strand ssDNA. This helicase could
form a primosome that primes synthesis of a new Okazaki frag-
ment that spans the site of damage (Step 2). This Okazaki frag-
ment would serve as the template for a round of recombination-
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dependent replication that bypasses the lesion (Steps 3—5). This
would entail unwinding the stalled daughter strand from its
template to make it accessible to recombination proteins.
Gp59-Gp32 could facilitate this by loading helicase onto the
exposed ssDNA of the leading strand template (Step 3). This
mechanism has elements in common with Gp41-and Gp32-de-
pendent models of template switching proposed by Kadyrov
and Drake (44, 45) but may differ in detail from alternative
lesion bypass mechanisms promoted by T4 Dda and/or UvsW
helicase.

Our results provide further understanding of the interactions
between Gp32 and Gp59 in the process of helicase loading in
the coupled T4 replication and recombination systems. Our
studies have significant implications for cancer and helicase-
related diseases as improper helicase loading can lead to
genome instability via the failure of double strand break repair
and related pathways. Our findings should be useful for the
design of future experiments to further investigate helicase
loading in T4 and other systems.
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