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ABSTRACT: The T4 helicase-loading protein (gp59) has been proposed to coordinate leading- and lagging-
strand DNA synthesis by blocking leading-strand synthesis during the primosome assembly. In this work,
we unambiguously demonstrate through a series of biochemical and biophysical experiments, including
single-molecule fluorescence microscopy, that the inhibition of leading-strand holoenzyme progression
by gp59 is the result of a complex formed between gp59 and leading-strand polymerase (gp43) on DNA
that is instrumental in preventing premature replication during the assembly of the T4 replisome. We find
that both the polymerization and 3> 5' exonuclease activities of gp43 are totally inhibited within this
complex. Chemical cross-linking of the complex followed by tryptic digestion and peptide identification
through matrix-assisted laser desorption/ionizatibme-of-flight (MALDI-TOF) mass spectrometry
identified Cys169 of gp43 and Cys215 of gp59 as residues in a region of a prpteiein contact. With

the available crystal structures for both gp43 and gp59, a model of the complex was constructed based on
shape complementarity, revealing that parts of the C-terminal domain from gp59 insert into the interface
created by the thumb and exonuclease domains of gp43. This insertion effectively locks the polymerase
into a conformation where switching between the pol and editing modes is prevented. Thus, continued
assembly of the replisome through addition of the primosome components and elements of the lagging-
strand holoenzyme can occur without leading-strand DNA replication.

Bacteriophage T4 provides one of the better-developed (gp44/62) proteins to carry out the continuous synthesis
systems for analyzing in detail the mechanism of DNA of the leading strand and the discontinuous synthesis of
replication (—3). Whether initiated by either an origin- or ~ Okazaki fragments on the lagging strand. The gp43 protein
recombination-dependent mode, T4 replication requires apossesses a 5> 3 polymerizing activity and a'3— 5
phage-induced DNA polymerase (gp43)hich forms exonuclease (proofreading) activig) @nd is positioned on
the holoenzymes with clamp (gp45) and clamp loader the DNA template by the circular trimeric sliding gp45

clamp, which in turn is loaded by the gp44/62 clamp loader.
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GM13306 (to S.J.B.). the hexameric helicase gp43)(an essential constituent of
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7-diethylamino-3-(4maleimidylphenyl)-4-methylcoumarin; A488, Al- Whe'_" the heli(?a_se—loading prOte_in (gp59) is preséntihe
exa Fluor 488; A555, Alexa Fluor 555; FRET, fluorescence resonance maximum activity of DNA unwinding occurs when gp41
energy transfer; BMH, 1,6-bismaleimidohexane; BMDB, 1,4-bisma- and gp59 are in a 1:1 rati@), and the maximal priming

leimidyl-2,3-dihydroxybutane; BSA, bovine serum albumin; Tris, tris- ; .
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azineethanesulfonic acid; SDS, sodium dodecyl sulfate; DTT, dithio- Molar ratio @). On the lagging strand of the replication fork,
threitol; EDTA, ethylenediamine tetraacetic acid, disodium salt; dNTP, the T4 single-stranded binding protein (gp32) coats the

deoxynucleotide triphophate; ATP, adenosine triphosphate; GTP, gingle-stranded DNA template strand and also increases the
guanosine triphosphate; PAGE, polyacrylamide gel electrophoresis;

MALDI —TOF, matrix-assisted laser desorption/ionizatitime-of- rate of primer synthesidL(). In addition, gp32 increases the
flight. processivities of both the lagging-strand DNA polymerase
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and the T4 encoded 5> 3' nuclease (RNaseH) that removes reactions without the helicasgg). In all cases, the inhibition
the RNA primers and some adjacent DNA, before adjoining was not observed in the presence of both gp41 helicase and
Okazaki fragments are joined by DNA ligasEL). gp32. Conceivably, gp59 helps coordinate leading-strand
Among the four proteins involved in primosome assembly, holoenzyme and primosome assembly by blocking leading-
the gp59 helicase-loading protein, a small (26 kDa) basic strand DNA synthesis when either helicase gp41 or single-
protein that has been shown to bind each of the other threestranded binding protein gp32 is missing.
proteins, is critical to how the replisome assembles and The goal of this work is to demonstrate that the inhibition
functions. Chemical cross-linking studies informed by the of leading-strand holoenzyme progression by gp59 is the
crystal structures of gp59.2) and gp32 {3) have delineated  result of a complex formed between gp59 and gp43 on DNA
the specific area of close interaction between gp59 and gp32and to further establish the biological significances of this
(14), as well as between gp59 and gp4B)( These cross-  inhibition in the T4 replication. These studies have revealed
linking experiments also prove that gp59 induces the that the gp43-gp59 complex is capable of inhibiting both
oligomerization of gp41 to form a hexameric-ring structure polymerization and exonuclease activities of gp43, which
(19). The crystal structure of gp59 reveals a two domain, can be rationalized by our proteiprotein interaction model
almost completely helical protein with a shallow central petween gp43 and gp59, where gp59 effectively locks gp43
groove between these domains on the top surface of thejnto a specific conformation that prevents the partitioning

protein (L2). The protein has no structural similarity to those of DNA substrate between the polymerization and exonu-
of single-stranded DNA-binding proteins and no sequence clease sites.

similarity to those of other helicase-loading proteins, such

as DnaC fromEscherichia coli However, a portion of the ~ MATERIALS AND METHODS

N-terminal domain shares strong structural similarity with

several members of the high-mobility group (HMG) family All fluorescent dyes were purchased from Molecular

proteins, which similar to gp59, bind branched DNA Probes.§-*PJATP and p-*P]dCTP were purchased from

structures. Gp59 binds both single- and double-strandedNeéW England Nuclear. Unlabeled deoxynucleotides and

DNA, although it has a higher affinity for the forked DNA rlbonuc_:leotldes were purqhased from Roche Blp(_:hemlcals.

substrate 12, 16, 17). Bacteriophage T4 proteins: exonuclease-deficient gp43
Besides loading helicase on gp32-coated single-stranded9P43(€x0-)] 83), wild-type gp43 83), gp44/62 84), gp45

DNA, the role of gp59 in T4 replication is still being (35 9p32 86), and gps9 14) were purified as previously

revealed. The helicase-loading protein is essential for described. All other chemicals were of analytical grade or

recombination and recombination-dependent replicatign ( Petter. All of the data from titration experiments were

19) in zivo. In vitro, gp59 has been shown to promote DNA ~ @nalyzed by KaleidaGraph (Synergy Software) and fit with

synthesis from a preformed R loop within the @#sYorigin ~ the following empirical equation:

(20). It has been proposed that gp59 protein may first bind

to the fork at an origin or a recombination intermediate and Y=A + A — A
then attract the helicase and gp32 to the fork arm that will 1 EC
become the lagging-strand templa2d)( In the presence of 1+ 0
gp32, UvsX, UvsY, and gp4l, gp59 facilitates branch X'

migration @2, 23).
Numerous studie®¢—28) have suggested that the process WhereA is the initial response in the absence of gp&gis
of replication fork unwinding by the T4 primosome might the final response in the presence of gpg% the observed
be functionally coupled to the movement of the holoenzymes response at concentratiahwhich is the total concentration
through specific proteinprotein interactions. Although such ~ of gp59 in the mixture, E& is the concentration of gp59
contacts have been well-established in similar systems, sucHhat produces a response halfway between the baseline and
as between the helicase/primase protein and the T7 DNAMaximum responses, amdis the Hill coefficient.
polymerase in the bacteriophage T7 systetf) @nd the Forked DNA Substratedzorked DNA substrates were
DnaB helicase and thesubunit of the DNA polymerase Il constructed as previously describe¥) The large forked
holoenzyme inE. coli, which increases the unwinding DNA substrate (34/62/50-mer) was prepared from a 34-mer
activity of DnaB by 10-fold 80). Evidence for physical  primer (3-ACTCCTTCCGCACGTAATTTTTGACGCAC-
contacts between the holoenzyme and primosome units inGTTGT-3) annealed to a 62-mer leading-strand template
the T4 system stems only from a recent finding of an (5-ACACAGACGTACTATCATGACGCCATCAGACAA-
interaction between gp59 and gp43 polymerase by chemical CGTCGTCAAAAATTACGTGCGGAAGGAGT-3) and a
cross-linking and fluorescence resonance energy transferpartially complementary 50-mer lagging-strand template (5
(FRET) methods32). AGGGTGGGTGGGAGGGTGGGTTGGAGGGAGTG-
This interaction can rationalize the observed inhibition of GGATGATAGTACGTCTGTGT-3). A biotinylated large
the leading-strand holoenyzme progression by gp59 in termsforked DNA substrate (34/62/bio50-mer) was prepared as
of creating a steric block by gp59 at the replication fork ahead above but with a 3end biotinylated 50-mer lagging-strand
of the polymerase(l). Inhibition by gp59 was detected in  template of the same sequence (Integrated DNA Tech-
studies of DNA synthesis from a preformed T4 R loop in nologies, Inc.). A similar small forked DNA substrate
the absence of helicas(Q) and of leading-strand DNA  (34/62/25-mer) was prepared from the same primer and
synthesis on a forked template by wild-type T4 polymerase leading-strand template as above and a partially comple-
(21). It had also been observed that gp59 protein inhibited mentary 25-mer lagging-strand template GAGTGGGAT-
strand-displacement synthesis from a nicked plasmid in GATAGTACGTCTGTGT-3).
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Preparation of gp59 MutantsThe gene encoding the mer (100 nM) (the primer strand 34-mer had been labeled
helicase-loading protein was isolated from bacteriophage T4with 3P phosphate at its’ ®nd using T4 polynucleotide
genomic DNA by polymerase chain reaction (PCR) ampli- kinase) was preincubated with 150 nM gp43(exo-) and
fication using the following primers: A,'86CGGAATTC- 0—1800 nM gp59 in 2QuL polymerization buffer (25 mM
CTAGATGATTAAACTCCGC-3, and B, 5-GGTGGT- HEPES at pH 7.5, 8 MM Mg(OAg)40 mM NaOAc, and 5
TGCTCTTCCGCAATACTTGCAAGATTTCAC-3 The mM DTT) at 25°C for 5 min. After the addition of dNTPs
product was digested witBfal and Sap and then ligated (250uM final concentration), the reactions were allowed to
into a modified IMPACT vector (New England Biolabs) proceed for 30 s at 25C and then quenched with an equal
digested withNdd and Sag. This vector places a self- volume of 0.5 mM ethylenediamine tetraacetic acid, disodium
cleaving intein and chitin-binding domain at the C terminus salt (EDTA) and a double volume of loading dye with 1.9%
of gp59 under the control of a T7 promoter and allows sodium dodecyl sulfate (SDS). The mixture was separated
affinity purification on a chitin column followed by cleavage by electrophoresis on a 12% denaturing polyacrylamide gel
of the intein with dithiothreitol (DTT) to produce the wild-  followed by phosphorimaging analysis. The progress of each
type gp59 in high yield. reaction was determined by quantifying the amount of

The C42A mutation in gp59 was introduced by primer elongated primer, which was calculated from the difference
overlap extension. The expression plasmid IMPACT-gp59 between the amount of the initial primer and the amount of
was used as the template. In brief, two independent PCRthe remaining primer.
amplifications were conducted; the first reaction utilized  Equilibrium FRET Titration of OG-gp43(exo-) by CPM-
primer A and mutagenic reverse primer G;GAGACAC- gp59(C42A)Equilibrium FRET experiments were performed
CCGCATCGCCCAATTATAC-3; the second reaction uti-  using an ISA (Edison, NJ) Fluoromax-2 spectrofluorometer.
lized primer B and mutagenic forward primer D;GTA- Slit widths were adjusted appropriately between 2 and 4 nm
TAATTGGGCGATGCGGGTGTCTG-3The resulting prod-  to keep the spectrum on scale. The integration time was 0.5
ucts were gel-purified and then used in a subsequent PCRs. FRET experiments using CPM as a donor were excited at
reaction, employing primers A and B. 385 nm, and its emission spectra were recorded between 400

The C215A mutation in gp59 was introduced by PCR and 600 nm. The acceptor OG sensitization was measured
amplification using the expression plasmid IMPACT-gp59 at 520 nm and corrected for background fluorescence because
as the template, primer A (described above), and primer E, of direct excitation of the acceptor. The distance between
5-GGTGGTTGCTCTTCCGCAATACTTAGCAGATT- the donor and acceptor was calculated as described previ-
TCACAGTTTC-3. The desired expression construct was ously (38).
obtained by restriction digestion of the final product with Concentrations ranging from 0 to 1800 nM for CPM-gp59-
Bfal and Sap, followed by ligation into the vector fragment  (C42A), 150 nM for OG-gp43(exo-), and 100 nM for the
of IMPACT-gp59 cleaved with th&ldd and Sap. DNA (62/34/25-mer) were allowed to equilibrate in the

Following plasmid amplification if. coli DH5a-E strain, polymerization buffer at 28C for at least 10 min before
the desired mutations were confirmed by DNA sequencing. the measurements were taken. Control experiments to
Mutant proteins were expressed and purified as describedquantify the emission of the acceptor OG-gp43(exo-) because
previously (L4). of direct excitation at the donor excitation wavelength were

Protein Labeling The protein labeling through cysteine performed exactly as above except for substitution of
modification was carried out as follows: gp59 or gp59- CPM-gp59(C42A) by unlabeled gp59(C42A) at identical
(C42A) was dialyzed in labeling buffer 20 mM tris(hy- concentrations. The acceptor-only spectrum was subtracted
droxymethyl)aminomethane (Tris) (pH 7.5), 150 mM NaCl, from the donotacceptor spectrum to obtain the final result
and 10% glycerol fo8 h and was incubated with a 5-fold for each measurement at each concentration of gp59.
excess of 7-diethylamino-3-Mnaleimidylphenyl)-4-meth- Rsal Digestion of the Forked DNAhe large forked DNA
ylcoumarin (CPM) or Alexa Fluor 555 C2 maleimide (A555) substrate 34/62/50-mer (100 nM) (both the primer-strand 34-
for 4 h. The N-terminal labeling of proteins was performed mer and the lagging-strand 50-mer had been labeled with
according to the following procedure: gp43(exo-) or gp59 32P phosphate at their ®nds using T4 polynucleotide ki-
was dialyzed in labeling buffer 25 mM 4-(2-hydroxyethyl)- nase) was preincubated with-Q500 nM gp59 and 150 nM
1-piperazineethanesulfonic acid (HEPES) (pH 6.8), 150 mM gp43(exo-) in 2QuL of polymerization buffer at 25C for
NaCl, and 10% glycerol 108 h at 4°C and was labeled 5 min. After the addition oRsd (5 units), the reactions were
with a 3-fold excess of Oregon Green 488 carboxylic acid, allowed to proceed for 30 s at 2& and were then quenched
succinimidyl ester, 5-isomer (OG), Alexa Fluor 488 car- with an equal volume of 0.5 mM EDTA and a double volume
boxylic acid, succinimidyl ester (A488), or biotinamidoca- of loading dye containing 1.9% SDS. The mixture was
proateN-hydroxysuccinimide as require81). The labeled separated on a 12% denaturing polyacrylamide gel followed
proteins in all cases were then dialyzed in labeling buffer at by phosphorimaging analysis. The progress of each reaction
pH 7.5 containing 10 mMs-mercaptoethanol to remove the was determined by quantifying the amount of digestion
unlabeled dye and frozen in aliquots-af0 °C. All labeling product.
processes were performed at@ and in less than 30 h to Functional Assay of Wild-Type gp43-3 5 Exonuclease
minimize any reduction in wild-type activities. The activities Activity. The small forked DNA substrate 34/62/25-mer (100
of the labeled proteins were compared to the unlabelednM) (the primer strand 34-mer was labeled witfP
proteins in the full replication assay34), and no significant ~ phosphate at its '5end using T4 polynucleotide kinase
differences were found. reaction) was preincubated with-800 nM gp59 in 2Q:L

Functional Assay of gp43 Polymerase Aitti on the of polymerization buffer at 25C for 5 min. After the
Forked DNA.The small forked DNA substrate 34/62/25- addition of 150 nM of wild-type gp43, the reactions were
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allowed to proceed for 30 s at 2& and were then quenched dCTP, and dTTP, andof*?P]dCTP [3000 Ci/mmol]. For
with an equal volume of 0.5 mM EDTA and a double volume each reaction, the holoenzyme was allowed to assemble onto
of loading dye with 1.9% SDS. The mixture was separated the DNA at 37°C for 30 s, followed by the addition of the
on a 12% denaturing polyacrylamide gel followed by remaining primosome proteins, unless the late addition of
phosphorimaging analysis. The progress of each reaction wagp59 was required by the experiments. The mixture was
determined by quantifying the amount of hydrolyzed 34- incubated at 37C for 2.5 min, and the reaction was initiated
mer primer. with the addition of dNTPs (final concentration). Reaction
Single-Molecule FRETSingle molecules were observed aliquots were withdrawn at various times, quenched with
with a home-built fluorescence microscope using total an equal volume of 0.5 mM EDTA and a double volume
internal reflection optics. A Zeiss microscope with a ¥Q0  of loading dye and separated by electrophoresis on a
1.45 aperture, oil immersion lens and a Pentamax ICCD 0.6% alkaline agarose gel, followed by phosphorimaging
camera was employed to detect single molecules. Theanalysis.
microscope filters were set to observe fluorescence from three Mapping the Site of Interaction between gp59 and gp43.
different sources: F1, emission from donor A488 (excitation All proteins subjected to cross-linking were dialyzed into
at 488 nm/emission at 53540 nm); F2, emission from labeling buffer before the reaction. 1,6-Bismaleimidylhexane
energy transfer between A488 and A555 (excitation at 488 (BMH, Pierce) or 1,4-bismaleimidyl-2,3-dihydroxybutane
nm/emission at 595645 nm); and F3, emission from (BMDB, Pierce) was dissolved iN,N-dimethlyformamide
acceptor A555 (excitation at 514 nm/emission at-5385 to a concentration of 20@0M. A total of 1 uL of this solution
nm). Experiments were performed at ambient temperature,was added to 12L of a solution containing 0.2M gp43-
~25 °C. All single-molecule experiments were performed (exo-) and 1.5«M gp59 in the absence or presence of 0.25
in triplicate, and in all cases, well-resolved fluorescent spots uM large forked DNA substrate. The reaction was allowed
were observed. to proceed for 10 min and was quenched with the addition
The forked DNA (34/62/bio50-mer) was attached to a glass of 5 uL of SDS—PAGE buffer (60 mM Tris at pH 6.8, 2%
slide prepared with avidin on the surfa@9) as follows: a SDS, 0.1% bromphenol blue, 25% glycerol, and 108 mM
solution containing 100 nM forked DNA (34/62/bio50-mer), [-mercaptoethanol). The samples were separated and ana-
15 uM bovine serum albumin (BSA), and 0.1 M Tris (pH lyzed by 6% SDSPAGE.
7.0) was passed 3 times through the space between the cover The Western blot analyses were done by using a combina-
slip and avidin-coated slide. The slide was allowed to tion of an anti-gp43 antibody and neutravidin horseradish
incubate for 30 min and then was washed 3 times with Tris peroxidase conjugate when the N terminal of gp59 was
buffer (without BSA). The concentration of avidin on the labeled with biotin. The proteins were transferred to a
slide was adjusted to observe well-separated fluorescent spotsitrocellulose membrane, and the membrane was blocked
in the microscope field judged to be due to individual forked for 2 h atroom temperature with 3% BSA in 20 mM Tris at
DNA molecule coated with fluorescently labeled proteins. pH 7.6, 140 mM NacCl, and 0.1% Tween 20 (TBST). To
Previously, the identical conditions for coating the slides with detect the presence of gp43, the membrane was incubated
avidin resulted in the presence of single molecules establishedwvith a 1:3000 dilution of the anti-gp43 antibody in TBST
by catastrophic photobleachin@9). Also, 3-biotin, 5- with 3% BSA for 10 h at 4°C and was then washed with
fluorescein-labeled single-stranded DNA binds to the slide, TBST (4 x 10 min each) followed by incubation with a
and the resultant fluorescent spots photobleached as singlé:5000 dilution of anti-rabbit IgG antibody linked to
molecules. horseradish peroxidase (Amersham Biosciences) in TBST
The first protein to be added in a given experiment was with 3% BSA. The membrane was again washed with TBST
passed through a slide with bound forked DNA substrate 3 (4 x 10 min each) and developed with a luminol/hydrogen
times and allowed to stand for 10 min. As required by the peroxide mixture (Pierce). To detect the presence of bioti-
experiment, 100 nM fluorophore-labeled or unlabeled protein nylated gp59, the membrane was incubated with 1:8000
in Tris buffer was used. The protein not bound to the forked dilution of neutravidin horseradish peroxidase conjugate
DNA was then washed away with three aliquots of buffer. (Pierce) in TBST with 3% BSA fol h atroom temperature
Subsequent protein or reagent additions were carried out onfollowing the blocking step and then was washed with TBST
the microscope stage without moving the slide in three (4 x 10 min each) and developed with a luminol/hydrogen
similar applications. This served to wash away the previous peroxide mixture (Pierce). Chemiluminescence was detected
unbound protein, and only an excess of the final protein or by BioMax film (Kodak) with typical exposure times of
reagent was left on the slide. Fluorescent spots are observe@0—60 s.
only in the presence of a biotinylated forked DNA substrate, The site of thiot-thiol cross-linking was mapped by
demonstrating that nonspecific binding of proteins to the slide analyzing the tryptic digest of the cross-linked product

does not occur. between gp59 and gp43(exo-). The mixture of the cross-
Functional Assay of gp43 Polymerase Aityi on the linking reaction between gp59 and gp43(exo-) was separated
TFRII M13 DNA SubstrateThe tailed replicative form I on a 6% SDSPAGE, and the protein bands corresponding

(TRFII) M13 DNA substrate was synthesized as previously to the cross-linked product between gp59 and gp43(exo-)
described 40). Replication reactions were carried out in a were excised. The gel pieces were then digested with less
complex buffer containing 25 mM Tris-acetate (pH 7.5), 125 than 100 ng of trypsin (Sigma, proteomics sequencing grade)
mM KOAc, and 10 mM Mg(OAc). The typical reaction (60  in 0.1 M ammonium bicarbonate buffer (pH 8.2) at 37

uL) contains 2 nM TRFII DNA substrate, 16 nM gp43(exo- for 15 h. The resulting mixture of peptide fragments was
), 100 nM gp45 (as the trimer), 18 nM gp44/62u¥1 gp32, then fractionated with a gradient of-P5% acetonitrile in
200 nM gp59, 1 mM ATP, 5«tM each of dATP, dGTP,  0.15% formic acid in 20 min and then to 90% 2-propanol in
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0.15% formic acid in 10 min at a flow rate of 20./min on A
a HPLC equipped with a Thermo-Hypersil-Keystone Be-
taBasic C4 column (0.3% 100 mm). Each fraction was

then analyzed by matrix-assisted laser desorption/ionization
time-of-flight (MALDI—TOF) mass spectrometry as de-

scribed previously 31).

Modeling the Complex between gp43 and gp8Qay
crystallographic coordinates for gp59 were obtained from
the RCSB Protein Data Bank. The structure of gp43 in apo,
editing, or pol mode was generated individually based on
the crystal structure of RB69 polymerasél{43) in the
corresponding mode respectively using the Swiss PDB-
Viewer Homology Modeling Module, and the missing
residues were modeled using the Swiss PDBViewer. A series
of preliminary protein interaction models between gp59 and
all three modes of gp43 were generated by docking the
structure of gp43 in each mode and the structure of gp59
using the ClusPro program (http://nrc.bu.edu/cluster).(
The most favorable preliminary model was checked against
the available information, including distances between certain
residues of gp43 and gp59 that had been obtained from the
cross-linking and FRET experiments.

34

62

62-mer

34-mer

RESULTS gp59 mM) o0 300 600 900 1200 1500 1800

Inhibition of gp43 Polymerase Actty by gp59 on a C

Forked DNAA functional assay of polymerase activity was
employed in the format of a primer elongation reaction
(strand displacement) on a small forked DNA substrate (34/
62/25-mer) (Figure 1A). It was advantageous to use a small
forked DNA substrate where strand displacement could be
measured accurately without the need to involve additional
proteins such as accessory proteins (gp45 and gp44/62) and
single-stranded binding protein (gp32), therefore simplifying
the interpretation of the experimental results. Furthermore,
the binding site of each protein on such a DNA substrate
could be easily identified, because gp59 has its highest
binding affinity toward the fork region of the DNAL{, 45), Sl on e it nol 500 Toon 1500 1aco i anol Ak
whereas gp43 binds preferably at the primemplate 2p59 (nM)

junction of duplex DNA (P-T junction). The lagging strand

154

10 4

Normalized amount of el ongated primer

of this forked DNA is a 7-nucleotide single-stranded flap
that is sufficient to allow stable binding of gp59 to the fork
region (12, 17) but short enough to discourage binding of
gp43 to the lagging-strand template. To allow the binding
of both gp43 and gp59 on the forked DNA to reach
equilibrium during the preincubation, gp43(exo-) was used

Ficure 1: Inhibition of gp43 polymerase activity by gp59 on the
forked DNA substrate. (A) Diagram of a small forked DNA
substrate with a 7-nucleotide single-stranded flap used in the strand-
displacement reaction. THéP label is represented by a star at the
5 end of the primer strand. (B) Results of strand-displacement
reactions by gp43(exo-) in the presence of various concentrations
of gp59 as described in the Materials and Methé#-labeled 34-

mer primers and®?P-labeled 62-mer products of the strand-

in_ this study becaU_Se it is capable of carrying out a strand- gisplacement reaction on a 12% denaturing polyacrylamide gel are
displacement reaction on a small forked DNA substrate but shown. (C) Titration curve describes the relationship between the

lacks the ability to hydrolyze the primer strand of the DNA progress of the reaction determined by the amount of elongated

substrate.

A slightly excess amount of gp43(exo-) (150 nM) was used
to ensure that all of thePT junctions of the forked DNA
(100 nM) were occupied by gp43 in the titration. At each
concentration of gp59, the ternary complex of gp43(exo-),
gp59, and the forked DNA was allowed to reach binding
equilibrium (5 min) before the elongation reaction was
initiated by the addition of dNTPs. The progress of each
reaction was determined by quantifying the amount of

primer and the concentration of gp59. The amount of elongated
primer in each reaction was calculated from the difference between
the amount of the initial primer and the amount of remaining primer
and was normalized to an arbitrary number. The amount of
elongated primer in each reaction decreases as the concentration
of gp59 increases. The inhibition of primer elongation reaches a
plateau when the concentration of gp59 is aboveuM5(ECso =

790 &+ 60 nM, andn = 2.5).

concentration of gp59 increases, demonstrating an inhibition
of gp43 activity by gp59. The inhibition of primer elongation

elongated primer, which was calculated from the difference follows a sigmoidal curve (Figure 1C), generated by fitting
between the amount of the initial primer and the amount of the data with a doseresponse equation described in the
the remaining primer. As depicted in Figure 1B, the amount Materials and Methods. The inhibition curve reaches a
of elongated primer in each reaction decreases as theplateau when the concentration of gp59 is abovexM5n
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accordance with an Bg= 790+ 60 nM, the concentration

of gp59 required to achieve the inhibition of half of the gp43
activity, and a Hill coefficient oh = 2.5. A simple one-site
binding model failed to provide a reasonable fit for the
resulting data, and we did not pursue any further data fitting
with more rigorous equations. The additional complexity
probably arises from the binding of multiple gp59 proteins
to the DNA substrate, and the concentration of unbound gp59
is not known. Moreover, we used four different measures
(vide infra) of the interaction of gp59 with gp43; therefore,

it is conceivable that the oligomeric state of gp59 encountered
differs, resulting in a range ofvalues. The reportedvalues
should not be viewed as rigorously indicative of gp59 binding
stoichiometry in the absence of further data.

Formation of the gp43gp59 Complex on a Forked DNA
Substrate Monitored by FRET.he FRET between OG-
gp43(exo-) and CPM-gp59 in the presence of a forked DNA
substrate has been reported previou8l§) @nd is a strong
indication of the close contact between the two proteins (less
than 100 A) owing to their complex formation on the DNA.
Because we believe that the inhibition of gp43 activity by
gp59 is due to their interaction on the DNA, we sought to
verify our hypothesis by carrying out an equilibrium FRET
titration experiment under the same condition where the
inhibition of gp43 activity by gp59 was observed. Our

objective was to establish a correlation between the extent

of inhibition of gp43 activity by gp59 and the level of the
gp43—gp59 complex formed.
At each concentration of CPM-gp59(C42A), measurements

Xi et al.

0.5 1

0.4

0.3

0.2

0.1 4

Normalized FRET signal

0.0

0

— ——r
200 400 600 800 1000 1200
CPM-gp59(C42A) (nM)

Ficure 2: Titration of OG-gp43(exo-) by CPM-gp59(C42A) on
the forked DNA monitored by FRET. An equilibrium FRET titration
experiment was carried out between OG-gp43(exo-) and CPM-
gp59(C42A) under the same condition at which the inhibition of
gp43 activity by gp59 was observed. The titration curve as a
function of the concentration of CPM-gp59(C42A) was obtained
by comparing the difference in the FRET signals in the presence
and absence of the forked DNA. The resulting FRET signals were
normalized to an arbitrary value. The resulting titration curve
suggests a gp59 concentration dependence for the amount of
the protein complex formed between gp43 and gp59 on the DNA.
The formation of such a complex reaches a plateau when the
concentration of gp59 is above 18 (ECso = 540 + 50 nM,
andn = 2.2).
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not shown). Therefore, short distances between thers

were taken both in the presence and absence of the forkedf the primer and the duplex region of the fork do not affect

DNA substrate (34/62/25-mer). In the absence of DNA, the
background FRET observed between N-terminal-labeled OG-
gp43(exo-) and CPM-gp59(C42A) resulted mainly from a
nonspecific interaction between the two proteins. The dif-
ference in the FRET signal between OG-gp43(exo-) and
CPM-gp59(C42A) in the presence and absence of DNA
provided a titration curve (Figure 2) as a function of the
concentration of CPM-gp59(C42A).

The resulting titration curve (Figure 2) shows that the

the abilities of both gp59 and gp43 to bind simultaneously
and form a complex on the fork.

Gp59 Binds to the Fork Region and Protects Against Rsal
Digestion.The duplex region of the forked DNA substrate
(34/62/50-mer) contains dRsd site (5-GTAC-3) that is 8
nucleotides away from the single-stranded region of the fork
(Figure 3A). Because gp59 exhibits a binding site efl®
nucleotides 32), its association at the fork region should
prevent access dRsd, thus protecting the fork froniRsd

FRET signal between gp43 and gp59 increases as thedigestion.
concentration of gp59 increases, suggesting a gp59 concen- In the absence of gp5®Rsd was able to cut the duplex

tration dependence for the amount of the protein complex
formed between gp43 and gp59 on the DNA. The formation

region of the forked DNA to produce a 40-mer fragment
(Figure 3B), indicating that gp43 was likely bound to the

of the complex reaches a plateau when the concentration ofP—T junction of the leading-strand DNA. As the concentra-

gp59 is above 1.xM; presumably all of the gp43 on the
P—T junction of DNA has complexed to gp59 at this
concentration (E€ = 540 £ 50 nM, andn = 2.2).
Considering the similar behavior noted in Figure 1C and
Figure 2, it is reasonable to conclude that the inhibition of
gp43 activity is due to its complex formation with gp59 on
the DNA. This argues against the possibility that the
inhibition of gp43 activity by gp59 is caused by a competitive
binding between gp59 and gp43 to the Pjunction of the

tion of gp59 increased, less digestion product was observed
as a result of protection by the binding of gp59. When the
concentration of gp59 reached above &M, quantitative
complex formation between gp43 and gp59 likely occurred
on the DNA concomitant with minimal cleavage iRsd
(Figure 3C, EG, = 880 + 20 nM, andn = 5.5). This
experiment therefore demonstrates that gp59 remained bound
to the forked region of the DNA substrate when complexed
with gp43.

DNA substrate, in which case a decrease in the amount of Wild-Type gp43 3— 5 Exonuclease Actity Inhibited

the protein complex formed between gp43 and gp59 would
be expected as the concentration of gp59 increases. Our resu
is consistent with a previous repoft7) that gp59 does not
form stable complexes with single-stranded DNA shorter than
a 40-mer or a duplex DNA shorter than a 35-mer. Interest-
ingly, FRET signals in the presence of DNA vary insignifi-

by gp59 on a Forked DNAVild-type gp43 presents d 3~

B exonuclease activity, which is capable of hydrolyzing the
primer strand 3 — 5 in the absence of dNTPs. The
exonuclease activity of wild-type gp43 at each concentration
of gp59 was measured by incubating gp59 with the 34/62/
25-mer forked DNA (100 nM), then adding wild-type gp43

cantly when the single-stranded gap on the leading strand(150 nM) to each reaction mixture, and finally quantifying
was shortened from 10 nucleotides to 6 or 2 nucleotides (datathe amount of remaining intact primer after incubation for
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% Ficure4: Inhibition of wild-type gp43 3— 5 exonuclease activity
o 074 by gp59 on the forked DNA substrate. (A) Results of wild-type
E gp43 exonuclease digestion on the 34/62/25-mer DNA substrate
L in the presence of various concentrations of gp59. The 34-mer
806 primer strand was labeled witf?P phosphate at its'5end,
é represented by a star at its &nd. The labeled primers and the
digestion products are shown on a denatured PAGE. (B) Titration
= Y B e curve describes the relationship between wild-type gp43 exonu-
0 200 400 600 800 1000 1200 1400 1600 clease activity and the concentration of gp59. The amount of
hydrolyzed primer in each reaction was calculated from the
59 M) difference between the amount of the initial primer and the amount

of remaining primer and was normalized to an arbitrary number.
The amount of the hydrolyzed primer decreases as the concentra-
tion of gp59 increases and shows an inhibition titration curve{EC

= 580+ 0 nM, andn = 4.0) similar to that for the polymerase
activity.

Ficure 3: Protection of the forked DNA againf&sd digestion.
(A) Diagram of the forked DNA substrate witP-labeled 34-mer
primers and®?P-labeled 50-mer lagging strand containing a 32-
nucleotide single-stranded flap used in Bed digestion reaction.
The Rsd site is 8 nucleotides away from the branch region of the
fork. The 3P labels are represented by stars at thensl of both . . . L .
strands. (B) Results of digestion reactionsRsd in the presence  Juxtaposition of the two proteins within the confines of the
of various concentrations of gp59 and 150 nM of gp43(exo-), as replication fork, we would not expect inhibition of the
described in the Materials and Methoé#®-labeled 34-mer primers  exonuclease activity, given gp43 moving away from the fork.
and *?P-labeled 40-mer products 8fsd digestion reactions on a  Therefore, it is highly likely that the inhibition of polymerase

denatured PAGE are shown. (C) Titration curve describes the tivity b 59 is due t i tact bet th
relationship between the amountR$d digestion product and the activity by gps3 1S due to a spectiic contact between these

concentration of gp59. The amount of digestion product in each two proteins rather than simply a steric block.
reaction is normalized to the amount of digestion product in the  gp43 Polymerase Aciity Inhibited by gp59 as Obseed

absence of gp59. As the concentration of gp59 increases, lessyy Single-Molecule FRETThe functional properties of the

digestion product is observed as a result of protection by the bindin .
ofggp59. ety cloavage bRsd e hen o2 gp43-gp59 complex were demonstrated by single-molecule

concentration of gp59 reaches 18! (ECso = 880+ 20 nM, and fluorescence microscopy that.measured FRET on single-
n=5.5). forked DNA molecules (34/62/bio50-mer), whosd&yging-

strand (50-mer) ends were immobilized on a microscope
30 s. As depicted in Figure 4A, the amount of hydrolyzed glass slide through biotiravidin chemistry (Figure 5A). The
primer in each reaction decreases as the concentration ofpresence of gp43 bound to each forked DNA molecule was
gp59 increases and shows an inhibition titration curve (Figure displayed in Figure 5B as a bright dot in a with filter set 1
4B, EG = 582 4+ 0 nM, andn = 4.0) similar to that for (F1), designed for detection of a donor fluorophore such as
the inhibition of polymerase activity (Figure 1C). If the A488, when an A488-labeled gp43(exo-) was bound. There
interaction between gp43 and gp59 simply represents thewas no bright dot visible in b and c, because filter 3 (F3)
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A experiments and establishing the biological relevance of the
experimental setup.

In the second set of single-molecule experimentsl)g
both the A488-labeled gp43(exo-) and the A555-labeled gp59
were able to bind to the forked DNA molecules. The binding
of the A555-labeled gp59 on the forked DNA molecules was
displayed as the bright dots in i by F3. In h, the FRET was
detected by F2 as the light emitted from the A555 on gp59,
resulting from energy transfer from the A488 on gp43(exo-)
to the A555 on gp59. The detection of the FRET between
A488 and A555 R, = 70 A) implies intimate protein
protein contacts between gp43 and gp59 on the forked DNA.
The binding of the A488-labeled gp43(exo-) was not
observed by F1 (g) because of the complete quenching of
the fluorophore A488. When dNTPs were added to the ob-
servation cell containing the ternary complex of gp43(exo-).
gp59, and the forked DNA, most of the FRET spots re-
mained (80%), indicating that the DNA-bound gp43(exo-)
was no longer capable of catalyzing nucleotide incorporation
causing subsequent duplex separation by translocation as a
result of inhibition by gp59. A few of the bright dots
disappeared in both k and |, because of the protein loss during
the handling.

gp43 Polymerase Aclity Inhibited by gp59 on a TRFII
M13 DNA SubstrateStrand-displacement DNA synthesis
was performed on a TRFII M13 DNA substrate (Figure 6A)
in the presence of holoenzyme and gp32, which is a closer
mimic of the helicase-independent leading-strand synthesis.
The extension of the leading-strand primer from an initial
size of 7.2 kb was revealed by the incorporation of
radiolabeled®?P-dCTP, after separation of the extension
reaction products by alkaline agarose gel electrophoresis. As
shown in Figure 6B, forks in the absence of gp59 displayed
a continuous progression at a calculated rate of 4.9 nucle-
otide/s with the size of the final leading-strand product up
Ficure 5: Inhibition of gp43 polymerase activity by gp59 as to 9.7 kb after 8 min reaction time, while the progression of
observed by single-molecule FRET. (A) Reaction schemes of the the forks in the presence of gp59, which was introduced 1
functional properties of the gp43p59 complex observed by i after the initiation of the reaction, was mostly stalled at

single-molecule fluorescence microscopy. The reactant and the . .
product in Scheme 1 are represented by and d-f, respectively; a leading-strand length of 7.7 kb and showed very little

the reactant and the product in Scheme 2 are representediby g change over the same period of time (parts B and C of Figure
and j-I, respectively. (B) Results of observed single-molecule 6). The stalling of the resulting replication forks demonstrated
FRET on a set of immobilized single-forked DNA molecules. The that gp59 is Capab|e of trapping gp43 at a moving fork, by

microscope filters were set to observe fluorescence from three ; : ;
different sources: F1, emission from donor A488 (excitation at 488 forming a very stable ternary complex with gp43. The time

nm/emission at 516540 nm); F2, emission from energy transfer ©f gP59 to locate and bind moving forks would be
between A488 and A555 (excitation at 488 nm/emission at595 approximately 19 s by establishing the time for the forks to
645 nm); and F3, emission from acceptor A555 (excitation at 514 progress from 7.6 kb when gp59 was introduced to 7.7 kb
nm/emission at 535585 nm). dNTPs (10Q:M) were present  when the majority of the forks were stalled. It is unlikely
during the measurements displayed infcnd j—I. that the trapping, however, results from gp43 dissociation
from the fork followed by fork capture by gp59, giveri;a

~ 7 min for the rate of dissociation of the polymerase from

dNTPs
Scheme 1

|
’_\

dNTPs
Scheme 2

Fﬁl@i‘\

A488-gp43(exo-)

+ dNTPs

A488-gp43(exo-)
and
A555-gp59

+ dNTPs

was designed for detection of an acceptor fluorophore such
as A555 and filter 2 (F2) was designed for the detection of the holoenzyme on the DNAY(Q), compared to a shut-down

FRET between the donor/acceptor pairs. of replication that occurs within 1 min. In contrast to the
When 100uM dNTPs were introduced into the mixture total inhibition observed at a static fork (data not shown),
of labeled gp43(exo-) bound to the forked DNA, the bright when gp59 was added before the initiation of strand-
spots of labeled gp43(exo-) shown in a disappeared (F1, d),displacement reaction by the addition of ANTPs, a very small
documenting the dissociation of gp43 from the immobilized number of forks remained active after the addition of gp59
DNA, most likely by dissociation of newly synthesized to the moving forks, indicated by the faint faster moving
duplex from the anchoring strand as diagramed in Schemebands on the gel. This likely resulted from some incomplete
1 of Figure 5A. This result is consistent with the activity of trapping of moving forks by gp59.
unlabeled gp43(exo-) demonstrated in the above ensemble Mapping the Interaction Sites between gp43 and gp59.
experiments, validating the activity of the labeled polymerase To have a better understanding of the nature of the contacts
on the immobilized DNA required by the single-molecule between gp43 and gp59, we exploited our earlier finding
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B . ..m Ficure 7: Mapping the interaction sites between gp43 and gp59.
e

Detection by Coomassie Brilliant Blue of the cross-linked product
between gp43(exo-) and gp59 by a specific chemical cross-linker,
BMH, on a 6% denaturing polyacrylamide gel is shown. Lane 1,
MW marker; lane2, gp43(exo-) alone; lane 3, gp43(exo-) and the
forked DNA; lane 4, gp59 alone; lane 5, gp59 and the forked DNA,;
lane 6, gp43(exo-) and gp59; lane 7, gp43(exo-), gp59, and the

6.56 Kb

436 Kb . forked DNA. All of the reactions contained BMH.
OO S S e e 2 S o ) )
C of the DNA substrate, indicating that this protein complex
10.0 was formed only on the DNA. The composition of this band

was verified by a “double tag” method, in which the
biotinylated gp59 and gp43 were detected in the cross-linked
product by Western blotting analysis, respectively (data not
shown).

To map the site of interaction between gp43 and gp59, an
in-gel digestion first was carried out on the cross-linked
8.0 product of gp43(exo-ygp59, and the resulting peptide
fragments then were separated on a microscale HPLC and

9.5 1

9.0 1

B No gp59

Size of DNA product (Kb)

i With g2 analyzed by MALDTOF mass spectrometry in a linear

e mode. As controls, similar experiments were also performed

TSN S A on the individual gp43(exo-) and gp59 proteins. A candidate
Reaction Time (min) peak for a cross-linked fragment ([M H]* = 4376.9) was

identified based on its unique size and by comparison to the

Ficure 6: Inhibition of gp43 polymerase activity by gp59 on a : :
large DNA substrate. (A) Diagram of strand-displacement reaction fragments generated in control experiments. Because BMH

using a TRFII M13 DNA substrate. (B) Results of the extension 1S @& homobifunctional cross-linker and is very selective
of the leading strand primer by the incorporation of radiolabeled toward sulfhydryl groups under the conditions used for cross-
32P-dCTP are shown on an alkaline agarose gel. For the reactionslinking, the sites captured by cross-linking are very likely 1
in lanes -5 (absence of gp59), the holoenzyme was allowed to f the 2 cysteines of gp59 and 1 of the 14 cysteines of gp43.

be assembled onto the DNA at 3T for 30 s, followed by the . .
addition of gp32. The mixture was incubated at 37 for an Using mutant gp59 proteins (C42A and C215A), we found

additional 2.5 min, and the reaction was initiated with the addition that only C42A protein cross-links to gp43, thus eliminating
of dNTPs. Reaction aliquots were withdrawn at 1, 2, 4, 6, and 8 Cys42 of gp59 as the attachment site of the cross-linker (data

min. For the reactions in lanes—@0 (presence of gp59) the  not shown). Therefore, only fragments containing Cys215

reactions were set up the same as the reactieris &xcept gp59 ; ;
was added 1 min after the initiation of the reaction. Reaction aliquots of gp59 were considered for maiching fragments generated

were withdrawn at 2, 4, 6, 8, and 10 min after the addition of from the amino acid sequences of gp59 and 9p43 to_ the
dNTPs. Forks in the absence of gp59 displayed a continuous @bove candidate. Overall, the best match to this candidate
progression with the size of the final product up to 9.5 kb, while fragment was a fragment [M- H]* = 4378.0 that corre-

the progression of the forks in the presence of gp59 was mostly sponds to a BMH-cross-linked peptide between Cys169 of

stalled at 7.7 kb and showed very little change over the same period
of time. (C) Size of leading-strand DNA synthesis determined in gp43 and Cys215 of gp59. From the modeled structure of

B is plotted as a function of the reaction time. A fork rate of 4.9 9P43 derived from the homologous polymerase of RB69,
nucleotide/s is derived from a linear fiY (= 7.27 + 0.294X) of Cys169 is well exposed to the solvent and therefore it is
the plot for the reaction in the absence of gp59. potentially accessible for cross-linking to Cys215 of gp59.
Interaction between gp59 and gp43 Based on Structural
that the two proteins could be chemically cross-linked in the Modeling. We generated a series of preliminary protein
presence of DNAJL). In the presence of the forked DNA interaction models between gp59 and gp43 by docking the
substrate (34/62/50-mer), a site-specific chemical cross-homology-modeled individual structure of gp43 in the
linker, BMH, was found suitable for cross-linking gp59 to editing, pol, or apo mode with the structure of gp59 using
gp43(exo-), producing a new band corresponding to the sizeClusPro, a web-server-based program (http://nrc.bu.edu/
of gp43(exo-) plus gp59 on a denaturing polyacrylamide gel cluster/). The structure of gp43 in each apo, editing, or pol
(Figure 7). The same band was not present in the absencanode was generated individually based on the crystal
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structure of RB69 polymerasédi1—43) in the corresponding  hydrogen bonds between the interfaces of the two proteins.
mode respectively using the Swiss PDBViewer Homology Furthermore, both the gp59 C-termirahelix and the loop
Modeling Module. The amino acid sequence of T4 gp43 is H7—H8 contain several hydrophobic residue/patches on the
63% identical to that of its homologue the RB69 DNA outer surface, such as Val207, le209, and Vall129, where
polymerase (gp43), which shares a similar primary structure all of these hydrophobic residues are buried between the
to several other pof family DNA polymerases43). The protein interfaces and excluded from the solvent. Among
ClusPro program employs an automated rigid-body docking them, Val207 and [1e209 of the-helix H13 in particular,
and discrimination algorithm that rapidly filters docked make contacts with hydrophobic patches on the gp43 surface,
conformations and ranks them based on their clusteringwhere Val207 interacts with Leul63, and [le209 contacts
properties, including desolvation and electrostatic energiesLeu300, Pro301, and Tyr320. These hydrogen bonds and
(44). Because the N-terminal domain of gp59 does not hydrophobic interactions collectively drive the complex
interact with gp43 when it is bound to the duplex region of formation between gp43 and gp59.

the replication fork and points away from gp4B2, only Another interesting facet of the model is the orientation
the C-terminal region of gp59 was used for docking. of the side chain of Cys215 of gp59 that cross-links gp59
Among the three structural modes of gp43, the structure and gp43 with the thiol-reactive homobifunctional cross-
of the editing mode was generated by cocrystallizing gp43 linkers BMH and BMDB. On the basis of our structural
with the primer-template DNA duplex in the absence of model, although the C-terminal helix of gp59 makes exten-
dNTP (42), whereas the structure of the pol mode was sjve contacts with gp43, the sulfhydryl group of Cys215 of
determined with the incoming dTTP bound in the polym- gp59 protrudes away from the buried protein interface and
erization active site of gp434{) and the apo mode of gp43  is properly oriented toward the Cys169 in the exonuclease
had no DNA bound 43). Therefore, the structure of the  domain of gp43 for cross-linking. This is also consistent with
editing mode of gp43, where thé GH of the primer strand  the fact that labeling Cys215 of gp59 with a bulky fluorescent

is found in the exonuclease active site of gp43, is undoubt- dye molecule did not disrupt the specific interaction between
edly the best representation of the static interaction betweengp43 and gp59 as probed by FRET.

gp43 and the primertemplate DNA duplex for all of our We also assessed the top 30 preliminary models involving
binding studles., even thou_gh it has not been established,q pol mode of gp43. None of the resulting complexes
whether the editing mode is the only mode present when gjo\ed the same kind of interaction between the C-terminal
gp43 binds to the PT junction of the DNA duplex. domain of gp59 and the exonuclease and thumb domain of
_ We evaluated the top 30 results of preliminary models gn43 that has often been observed in the models generated
involving the editing mode of gp43 according to the distance ith the editing mode of gp43. We noted that the cleft
information between gp43 and gp59 obtained through Cross-peqyeen the exonuclease domain and the thumb domain of
linking and FRET experiments. On the basis of the fact that 443 appears to close up when the editing mode of gp43
cross-linking was achieved between Cys215 of gp59 and syiitches to the pol mode and the newly formed surfaces
Cys169 of gp43 on the forked DNA by using the linker petween the two domains are apparently incapable of
BMDB with a spacer of 10.2 A (data not shown), the spatial jnteracting with the C-terminal domain of gp59 (Figure 8C).
distance between these two cysteines should be within 10.21hjs implies that gp59 may not interact with the pol mode
A. Also on the basis of the FRET efficiency measured be- ¢ gp43 and may only trap gp43 by insertion when gp43
tween the CPM-labeled gp59 (C42A) and the OG-labeled gyjitches to the editing mode.
gp43(exo-) Ry = 48 A), the distance between Cys215 of
gp59 and the N terminus of gp43 was estimated to be 50 A. piISCUSSION
This information reduced the preliminary models to the
gp59-gp43 complex model shown in Figure 8A, with a The recruiting and loading of gp41l at replication forks,
distance of 7.9 A between the two cross-linked cysteine created within D loops by invasion and annealing of a single-
residues (Figure 8D) and a distance of 55 A between the N stranded 3end of T4 DNA to a homologous region is a
terminus of gp43 and Cys215 of gp59, which was in a close universal step in replisome assembly during recombination-
agreement to the experimental values (50 A), considering dependent replication2g). The helicase loader gp59 is
the uncertainty introduced by the flexibility of the N terminus  required to accomplish this task. Gp59 has a high affinity
of gp43. This current model also has a reasonable alignmenttoward forked DNA substrates such as D and R lod (
between gp59 and gp43 that will likely allow the forked 17, 20) and interacts with multiple proteins, such as gp32
DNA to bind both proteins simultaneously without too many and gp4l 17, 46, 47). These properties allow gp59 to
twists and turns. recognize the specific structure of forked DNA where the
As displayed in our interaction model (parts A and B of displaced strand is coated with gp32 and to load gp41 onto
Figure 8), the gp59 inserts both its C-terminahelix H13 the strand.
(GIn202-Lys217) and loop H7H8 (Lys126-Glu134) into a Besides loading helicase, the role of gp59 in promoting
prominent wedge-shaped cleft between the exonucleasehomologous recombination-dependent DNA replication dur-
domain and the thumb domain of gp43, where the residuesing T4 development is still unclear. It has been proposed
in the C-terminabi-helix H13 make extensive contacts with that gp59 helps coordinate the initiation of leading- and
the exonuclease domain of gp43 and the residues in the loopgagging-strand DNA synthesis by inhibiting leading-strand
H7—H8 interact with the residues on the inner surface of synthesis by the holoenzyme before the helicase gp41l is
the thumb domain. Besides the topological match betweenloaded, based on observations from replication reactions
the two protein interfaces (Figure 8B), numerous residues involving gp43 on the leading strand using a variety of DNA
are found to be capable of forming up to seven pair of substrates, such as a preformed R l02@),(a forked M13
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FiGure 8: Interaction between gp59 and gp43 based on structural modeling. (A) Protein interaction model between gp59 and gp43 in the
editing mode, shown in a ribbon representation, is colored as follows: for gp43, the N-terminal domain (resitid@std 346-382) is

in yellow, the exonuclease domain (residues-1839) is in red, palm (residues 38368 and 573-729) is in magenta, fingers (residues
469-572) are in blue, and thumb (residues #898) is in green; for gp59, C-terminathelix H13 (GIn202-Lys217) is in cyan and loop

H7—H8 (Lys126 to Glul34) is in gold, the rest of gp59 is in gray. The Cys169 and Metl of gp43 and Cys215 of gp59 are in CPK
representation and are colored pu;{)le. The distance between Cys169 of gp43 and Cys215 of gp59 is 7.9 A. The distance between Met1 of
gp43 and Cys215 of gp59 is 55 A. (B) Protein interaction model between gp59 and gp43 in the editing mode, shown in a solid 3D
representation, follows the identical color scheme as in A. (C) Protein model of gp43 in the pol mode, shown as ribbon representation,
follows the identical color scheme as in A. (D) Close-up view of gp43- and gp59-docking interface. The ribbons are colored according to
the scheme in A. The Cys215 in gp59 and Cys169 in gp43 are shown as a CPK model and labeled.

DNA (21, or a nicked double-stranded M132). Given gp59 and the A488-labeled gp43(exo-) were within contact
the fact that gp43 interacts with gp59 on a replication fork, distance, the activity of the A488-labeled gp43(exo-) was
the inhibition of polymerization by gp59 was attributed to inhibited.
the blockage of the forward movement of the leading-strand  \We also followed the formation of such a complex on the
polymerase gp43 by the DNA-bound gpS85(21). forked DNA by monitoring the FRET signal between the
We tested this hypothesis by employing a simple replica- CPM-labeled gp59(C42A) and the OG-labeled gp43(exo-).
tion model system with a minimum number of necessary The degree of inhibition of gp43 polymerase activity by gp59
components including gp43(exo-), gp59, and a small forked as well as the amount of gp48p59 complex formation
DNA substrate. Our experimental results showed that the followed the same dependence on gp59 concentration and
amount of replicative extension of the primed fork decreased thus verified that the inhibition of gp43 activity by gp59 was
as the concentration of gp59 increased, indicating that gp59due to the trapping of gp43 by complex formation be-
was capable of shutting down the polymerization activity of tween the two proteins on the DNA. The protection by the
gp43 on the leading strand. We attribute the inhibition of gp43—gp59 complex againdRsd digestion of the forked
gp43 activity by gp59 to trapping of gp43 through a complex DNA substrate also showed a similar dependence on gp59
formed between gp43 and gp59 on the DNA. This was levels. We thus excluded an alternative inhibition mechanism,
unambiguously demonstrated by single-molecule FRET in which competitive binding between gp43 and gp59 might
microscopy, which established that when the A555-labeled prevent the access of gp43 to the Pjunction on the leading
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strand of the forked DNA substrate, a model which had beento one dimension between the two sites and accelerates the
proposed for the inhibition of leading-strand polymerase switching between the pol and editing modes. Interference
activity by PriA (anE. coli gp59 homologue) ma D loop with the conformational change of the thumb domain will
(48, 49). likely affect the primer-template DNA orientation with

To investigate whether inhibition of the leading strand respect to the two sites and impede both the polymerization
synthesis by gp59 extended to a more complex model systemand exonuclease activities of the enzyme. This agrees with
we carried out helicase-independent leading-strand synthe-the results of the mutation studies on RB69 polymerase,
sis with additional replication proteins (gp32, gp45, and where the mutations within the thumb domain have sig-
gp44/62) on a forked M13 substrate. While the replication nificant impacts on both of the activities of the enzymes
forks in the absence of gp59 displayed progressive DNA (50—53). Thus, both the polymerization and exonuclease
synthesis, most of the forks in the presence of gp59, which activities could be shut down by gp59, if substrate switching
was introduced 1 min after the initiation of the reaction, were between the two modes of gp43 is inhibited by the interaction
stalled and showed very little DNA synthesis over the next between gp59 and gp43.
8 min. Thus, the inhibition of gp43 activity by gp59 is nearly ~ As displayed in our model of the complex between gp59
complete and provides a relatively static replication fork to and the editing mode of gp43, gp59 inserts both its
continue the assembly of the replisome. C-terminala-helix H13 (GIn202-Lys217) and loop HH8

We have demonstrated that gp59 is capable of binding to (Lys126-Glul34) into a cleft between the exonuclease
both moving and static replication forks. This may be domain and the thumb domain of gp43, where the C-terminal
interpreted to suggest that the assembly of the holoenzymeo-helix H13 of gp59 makes extensive contact with the
may conceivably precede the binding of gp59 to the fork, exonuclease domain of gp43 and the loop-HHB of gp59
which is likely associated with helicase-independent bubble interacts with the residues on the inner surface of the thumb
migration during the initiation of recombination-dependent domain. The resulting interaction prevents closing of the cleft
replication. However, we have also shown that gp59 binding between the two domains and will retard the dynamic
to active forks can be less efficient than gp59 binding to switching of polymerase between the pol and editing modes
static forks, presumably because of the difficulty for gp59 leading to loss of both polymerase and exonuclease activities.
to recognize and bind the constantly changing and moving The model further suggests that gp59 most likely interacts
forked structure driven by the active polymerase. Having with the editing mode of gp43 where the cleft is open rather
gp59 bound to the static forked structure of the D loop prior than with the pol mode of gp43. Consequently, gp59 should
to the assembly of the leading-strand holoenzyme will likely be more efficient in trapping a static gp43 where the enzyme
reduce unproductive helicase-independent bubble migrationmay have an easier access to the editing mode rather than
and therefore seems to be the preferred sequence for initiatiorthe pol mode.
of recombination-dependent replication. Moreover, if the 3~ When gp43 is locked in a fixed conformation preventing
OH of the invading strand is in close vicinity to the forked the dynamic switching between the editing and pol modes,
structure, (the equivalent of a D loop), the proximity of gp59 it will be necessary to restore the polymerase activities of
may assist in the leading-strand holoenzyme assembly bythe enzyme by attenuating the interaction between gp43 and
interacting with gp43 on the' DH of the invading strand.  gp59. The loading of helicase gp41 onto the lagging strand

Finally, it is noteworthy that gp59 is capable of inhibiting  will likely provide the key to unlocking the gp43 and gp59
the exonuclease activity of gp43, preventing the loss of the complex.
primer during replisome assembly. This is strong evidence In our structural model, only one molecule of gp59 inter-
against a steric block model where gp59 simply prevents acts with the leading-strand polymerase gp43 and conse-
the forward movement of gp43 during replication and quently inhibits the gp43 activity. However, all of the titration
suggests that gp43 and gp59 form a unique complex. curves in our studies are of sigmoidal shape and do not fit

On the basis of the elegant X-ray crystal structure studies well with the simple one-site binding model. This can be
of the phage RB69 DNA polymerase, a close homologue of rationalized by assuming, while interacting with gp43, gp59
T4 DNA polymerase gp43, and especially the availability may also form an oligomeric structure bound to the forked
of the structures of the polymerase both in an editéig) ( DNA and the formation of the gp43yp59 complex on DNA
and pol @1) mode, as well as the structure of gpa2), we is dependent on the formation of such an oligomeric structure
were able to create a model of the gp%h43 complex by  of gp59. This would result in a sigmoidal binding curve with
homology modeling constrained by the distance information a possible positive cooperativity. Although a similar sig-
derived from our cross-linking and FRET data. moidal binding curve for gp59 has been reported previously

We have noted both in our model and in the structure of (32), the nature of this oligomeric structure is still unclear.
RB69 polymerase that there is a cleft formed between the Because gp59 induces the oligomerization of g8 é&nd
thumb and exonuclease domains in the editing mode. Uponthe maximum activity of DNA unwinding occurs when gp41
switching to the pol mode, the two domains move toward and gp59 are in a 1:1 rati®), it is conceivable that gp59
each other and close up the cleft. During the transition of may form a hexameric-ring structure like that of gp41.
switching, the axis of the duplex DNA bound to one active  The inhibition of leading-strand DNA synthesis by a
site of the RB69 DNA polymerase is rotated by’ 48lative helicase-loading protein is not unique to the T4 replication
to its orientation when bound to the other sitEl)( Such system. In some other organisms, the helicase-loading
reorientation of the DNA, as it traverses back and forth proteins or probably other accessory proteins may also exhibit
between the polymerase and the exonuclease sites, appeais similar type of activity to promote primosome assembly
to be guided by the aforementioned conformational changeand coordinate leading- and lagging-strand synthesis by
of the thumb domain, which constrains the diffusion of DNA inhibiting the leading-strand synthesis. B coli, bacterial
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PriA protein, whose main function is probably to restart
replication after replication fork arrests with the aid of
homologous recombination proteins, was found to inhibit
leading-strand synthesid§), presumably by regulating the
access by the leading-strand polymerase to tlen8 of the
primer within the D loop 49), to which PriA binds with
high affinity. Because PriA initiates assembly of a more com-
plex primosome in a process requiring up to seven primo-
some and accessory proteins, such inhibition would be critical
to control the timing of the leading-strand synthesis relative
to the process of the primosome assembly.
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