
Two Modes of Interaction of the Single-stranded
DNA-binding Protein of Bacteriophage T7 with the DNA
Polymerase-Thioredoxin Complex*

Received for publication, January 25, 2010, and in revised form, March 11, 2010 Published, JBC Papers in Press, April 6, 2010, DOI 10.1074/jbc.M110.107656

Sharmistha Ghosh, Samir M. Hamdan1, and Charles C. Richardson2

From the Department of Biological Chemistry and Molecular Pharmacology, Harvard Medical School,
Boston, Massachusetts 02115

TheDNApolymeraseencodedbybacteriophageT7has lowpro-
cessivity.Escherichia coli thioredoxin binds to a segment of 76 res-
idues in the thumbsubdomainof thepolymerase and increases the
processivity. The binding of thioredoxin leads to the formation of
two basic loops, loops A and B, located within the thioredoxin-
binding domain (TBD). Both loops interact with the acidic C ter-
minus of the T7 helicase. A relatively weak electrostatic mode
involves theC-terminal tail of the helicase and theTBD,whereas a
high affinity interaction that does not involve the C-terminal tail
occurs when the polymerase is in a polymerizationmode. T7 gene
2.5 single-strandedDNA-bindingprotein (gp2.5) alsohas anacidic
C-terminal tail. gp2.5 also has two modes of interaction with the
polymerase, but both involve the C-terminal tail of gp2.5. An elec-
trostatic interaction requires the basic residues in loops A and B,
and gp2.5 binds to both loops with similar affinity as measured by
surface plasmon resonance.When the polymerase is in a polymer-
izationmode, theC terminus of gene 2.5 protein interactswith the
polymerase in regionsoutside theTBD.gp2.5 increases theproces-
sivity of the polymerase-helicase complex during leading strand
synthesis.When loop B of the TBD is altered, abortive DNAprod-
ucts are observed during leading strand synthesis. Loop B appears
to play an important role in communication with the helicase and
gp2.5, whereas loopA plays a stabilizing role in these interactions.

Protein-protein interactions are essential for coordination of
the multiple reactions that occur at a replication fork. The
economy of proteins involved in bacteriophage T7 DNA repli-
cation has made it an attractive model for the study of these
interactions. T7 DNA polymerase (gp5), an 80-kDa product of
gene 5 of the phage, forms a tight 1:1 complex with the host
protein, thioredoxin (trx)3 (1, 2). This interaction stimulates
gp5 activity by increasing the processivity of nucleotide poly-
merization (3–5). gp5/trx physically interacts with the hexam-
eric gene 4 protein (gp4) that possesses both helicase activity,

required for unwinding of duplex DNA, and primase activity,
required for the initiation of Okazaki fragment synthesis on the
lagging strand (1, 6). The interaction of helicase and primase is
essential to coordinate DNA synthesis and unwinding on the
leading strand and primer handoff to the lagging strand DNA
polymerase. The gene 2.5 protein (gp2.5) is a single-stranded
DNA (ssDNA)-binding protein that interacts with both gp4
and gp5/trx and stimulates their DNA unwinding and polym-
erization activities, respectively (7, 8). We have recently shown
that gp2.5 plays a role in the loading of T7 gp5/trx and helicase
at a nick in duplex DNA (9).
The communication between gp5, trx, gp4, and gp2.5 is

dynamic and complex (4, 5, 10, 11). Although a member of the
DNA polymerase I family, gp5 is unique for a 76-amino acid
segment located between helices H and H1 in the thumb sub-
domain (see Fig. 1). Thioredoxin binds with high affinity to this
segment designated the thioredoxin-binding domain (TBD)
(12, 13). The binding of trx to the TBD structures this region
such that its basic residues point toward theDNAbinding crev-
ice (see Fig. 1) (12).
Both gp4 and gp2.5 have acidic C termini that are involved in

interactions with gp5 (15, 16). Deletion mutations in the TBD
revealed that the acidic tails of both gp4 and gp2.5 interact with
the TBD of gp5. The C-terminal 21 residues of gp4 and gp2.5
have no sequence homology and are most likely unstructured;
gp2.5 only crystallized when the C terminus was deleted (17),
and the C-terminal tail of gp4 did not diffract in the crystals of
gp4 (18). The interaction between the TBD of gp5 and the
C-terminal tail of gp4 has a moderate affinity (KD � 90 nM) and
is electrostatic in nature (11). A more stable interaction
between gp5/trx and gp4 is observed when gp5/trx engages the
primer-template strand during the nucleotide polymerization
(half-life more than 10 min). Interestingly, this stable interac-
tion does not involve the C-terminal tail of gp4 (4, 5). Collec-
tively the two binding modes provide a processivity of greater
than 17,000 nucleotides for the gp5/trx-helicase complex dur-
ing leading strand DNA synthesis (3, 5, 14).
The interaction between the TBD of gp5 and the C-terminal

tail of gp2.5 has an affinity (KD � 130 nM) similar to that
between the TBD and the C-terminal tail of gp4, and it is also
electrostatic in nature (11). However, in contrast to gp4, the C
terminus of gp2.5 remains essential for the interaction with
gp5/trx when gp5/trx binds to a primer-template strand (11).
Furthermore, the affinity between gp5/trx and gp2.5 when gp5/
trx is bound to DNA is not significantly increased as is the case
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for the interaction of gp5/trx with gp4. Interestingly, recent
genetic studies identified another site of interaction of gp2.5
with gp5/trx. Two mutations, both of which reside in gene 5,
suppress a dominant lethal point mutation in the C-terminal
tail of gp2.5. These mutations affect residues in gp5 that reside
near the tip of the thumb of gp5, in close proximity to its duplex
DNA binding crevice (9, 19). The altered gp2.5 has a lower
affinity for gp5/trx, and this affinity is partially restored by the
suppressor changes in gp5 (9). The role of this interaction is
crucial in enabling the polymerase to displace sufficient DNA
for loading of the helicase (9).
The interactions of the primer-template, trx, gp4, and gp2.5

with portions of the TBD of gp5 are quite remarkable. Clearly
this unique insert in the thumb subdomain plays a pivotal role
in the assembly of the replisome, and it is a misnomer to con-
sider it only a trx-binding domain, the first function of this
segment to be identified. The crystal structure of gp5/trx bound
to a primer-template reveals two small, solvent-exposed basic
loops (loops A and B) in the TBD (see Fig. 1) (5, 12). Recent
studies examined the effect of the basic residues in loopA andB
on the interactionwith gp4 (5). In these studies, basic charges in
loop A were eliminated by substituting Ala for His-276, Lys-
278, and Lys-281, forming a gp5 variant designated gp5-loopA.
Similar removal of charges in loop B, where Ala was substituted
for Lys-302, Lys-304, Arg-307, and Arg-310, yielded gp5-loopB
(see Fig. 1). gp4 helicase binds to both gp5/trx variants but with
2–3-fold less affinity (5). However, when the charges are elim-
inated in both loops A and B (gp5-loopAB), gp4 fails to bind (5).
Elimination of the charges in loopsA andB of the TBDdoes not
significantly affect the affinity of trx for the TBD (20).
The collective roles of the interaction of loop A and B with

the acidic C-terminal tail of gp4 duringDNA synthesis has been
examined in leading strand synthesis. During leading strand
synthesis, the polymerase dissociates from the primer-template
strands every 5 kb on average (5, 14). Interestingly, the poly-
merase remains bound at the replication fork via the electro-
static interaction between loopsA andB and theC-terminal tail
of gp4, allowing gp5/trx to quickly rebind the primer-template
strand and to continue DNA synthesis (4, 5). The communica-
tion between loops A and B with gp4 increases the processivity
of leading strand synthesis from 5,000 to 17,000 bases on aver-
age per single copy of gp4 and gp5/trx (5, 13, 14).
It seems likely that the interaction of the acidic C-terminal

tail of gp2.5 with the TBD of gp5 also involves the basic loops A
and B in the TBD. However, such a role for loops A and B in an
interaction with gp2.5 has not been shown. Furthermore, the
role of the overlapping interactions between TBD and the
C-terminal tails of gp4 and gp2.5 during DNA synthesis is not
understood. In the present study we show that in the absence of
DNA, gp2.5 interacts with loops A and B of the TBD in a man-
ner similar to that seen between gp4 and gp5/trx. We find that
gp2.5, like gp4, adopts a second mode of binding to gp5/trx
when the latter is in a polymerizationmode bound to a primer-
template. In contrast to gp4, gp2.5mediates both of these inter-
actions with gp5/trx by its C-terminal tail. We also show that
the communication between the C-terminal tails of gp4 and
gp2.5with loopsA andB is required for appropriate assembly of
the replication fork.

EXPERIMENTAL PROCEDURES

Preparation of Plasmids and Overproduction and Purifica-
tion of Recombinant Proteins—Site-directed pointmutations in
gene 5 were constructed using polymerase chain reaction with
plasmid pGP5 harboring gene 5. The mutagenesis, using a
“Megaprimer”method, requires two separate polymerase chain
reactions using PfuTurboDNApolymerase (2, 20). Several con-
structs were made by changing the basic residues on loop A:
His-276, Lys-278, and Arg-281, and those of loop B: Lys-299,
Lys-300, Lys-302, Lys-304, Lys-307, Lys-310, to alanine. The
construct withH276A, K278A, and R281A is referred to as gp5-
loopA. The constructs made by various combinations of
changes in the six residues in loop B changed to alanine are:
K299A,K300A, referred to as gp5-loopB1; K302A,K304A,
referred to as gp5-loopB2; K299A,K300A,K302A,K304A,
referred to as gp5-loopB1�2; K302A,K304A,K307A, referred
to as gp5-loopB3; K302A,K304A,K307A,K310A, referred to as
gp5-loopB; and K304A,K307A,K310A, referred to as gp5-
loopB4. Two additional constructs were made where charges
were removed from both loops A and B, H276A, K278A,
R281A, K304A, K307A, and K310A, referred to as gp5-
loopAB4; and H276A, K278A, R281A, K302A, K304A, K307A,
and K310A, referred to as gp5-loopAB. The identity of the con-
structs was confirmed by sequencing. gp5 variants were overpro-
duced in Escherichia coli strain A307(DE3) that does not express
trxA and then purified as previously described (2). trx was over-
produced in E. coli strain A307(DE3) that does not express trxA
and then purified using the procedures described previously (2,
12). gp2.5 was purified from E. coli BL21(DE3)pLysS cells overex-
pressing gene 2.5 as previously described (21). gp4 was overpro-
duced and purified as described (15).
DNA Polymerase Assay—DNA polymerase activity was

measured usingM13 ssDNA annealed to a 24-nucleotide oligo-
nucleotide primer as described previously (2, 20). The reaction
contained50mMTris-HCl (pH7.5); 10mMMgCl2; 5mMdithio-
threitol; 50 mMNaCl; 20 nMM13mGP1–2 ssDNA annealed to
a 24-nucleotide oligonucleotide with 500 �M each of dATP,
dCTP, dGTP, and [3H]dTTP (2 cpm/pmol); 50 �g/ml bovine
serum albumin; and 5 nM of gp5/trx in a total volume of 10 �l.
The reactionmixtures were incubated at 37 °C for the indicated
times and stopped by the addition of 5 �l of 0.25 M EDTA (pH
7.5). The incorporation of [3H]dTMP was measured on DE81
filter disks as described (20). To examine the role of gp2.5 pro-
teins in this reaction, varying amounts of gp2.5 were added to
the reaction.
Leading Strand DNA Synthesis Assay—Leading strand DNA

synthesis catalyzed by gp5/trx and gene 4 helicase was mea-
sured using circular M13 containing a preformed replication
fork (5) (see inset to Fig. 5). The replication fork was con-
structed by annealingM13mGP1–2 ssDNA to an oligonucleo-
tide (5�-TAATTCGTAATCATCATGGTCATAGCTGT-
TTCCT-3�).
The oligoribonucleotide was then extended by T7 DNA

polymerase to obtain double-stranded DNA. Strand displace-
ment DNA synthesis was carried out in a reaction mixture (10
�l) containing 20 nM circular M13 containing the M13 DNA
with a preformed fork; 50mMTris-HCl (pH 7.5); 10mMMgCl2;
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5 mM dithiothreitol; 50 mM potassium glutamate; 500 �M each
dCTP, dGTP, and dTTP; and 0.05 �Ci of [�-32P]dATP, 5 nM
gp4 (hexamer), and 2.5–20 nM of gp5/trx. gp5/trx and gp4 were
incubated on ice for 15 min, and the reactions were initiated by
transferring to 37 °C. After 10min, the reaction was stopped by
the addition of EDTA to a final concentration of 125 mM. The
assays to study the effect of gp2.5 on leading strand synthesis
assay contain varying amounts of the protein in the reaction.
DNA synthesis was monitored by the amount of [�-32P]dAMP
incorporated into DNA (20). To visualize the products of DNA
synthesis, the DNA products were denatured and analyzed by
electrophoresis in a 0.6% alkaline-agarose gel.
Physical Interaction of Proteins—Protein interactions were

measured using surface plasmon resonance (SPR). SPR was per-
formedusing aBiacore 3000 instrument.Wild-type gp2.5 and gp4
were immobilized (150 and 3000 response units (RU), N-(3-di-
methylaminopropyl-N�-ethylcarbodiimide/N-hydroxysuccini-
miderespectively)onaCM-5(carboxymethyl-5)chipusingchem-
istry. Immobilizationwasperformed in10mMsodiumacetate (pH
5.0) at a flow rate of 10�l/min. Binding studies were performed in
20 mM Hepes (pH 7.5), 10 mM MgCl2, 250 mM potassium gluta-
mate, and 5 mM dithiothreitol at a flow rate of 40 �l/min (5, 11).
The chip surface was regenerated using 1 MNaCl at a flow rate of
100 �l/min. As a control, a flow cell was activated and blocked in
the absenceof protein to account for changes in thebulk refractive
index. Apparent binding constants were calculated under steady-
state conditions, and the data were fitted using BIAEVAL 3.0.2
software (Biacore).
To examine the binding of gp5/trx to gp4 and gp2.5 in the

presence of primer/template, biotinylated DNAwas coupled to
a streptavidin-coated chip as previously described (see Fig. 5A)
(5, 20). A template strandwas usedwith a biotin group attached
to the 5� end and an annealed primer (11). The template DNA
was coupled at a concentration of 0.25�M inHBS-EP buffer (10
mMHepes, pH7.4, 150mMNaCl, and 0.005% (v/v) Tween 20) at
a flow rate of 10 �l/min. Binding studies of gp5/trx were per-

formed at a concentration of 0.25
�M in 20 mM Hepes (pH 7.4), 5 mM

MgCl2, 2.5 mM dithiothreitol, 200
mM potassium glutamate, and 1%
(w/v) glycerol at a flow rate of 10
�l/min. gp4 was injected over the
chip in the above buffer containing
0.1 mM ddGTP and 2 mM dTTP.
gp2.5 was also injected under the
same conditions. A flow cell blocked
with biotin was used as a control to
measure the nonspecific interaction
and bulk refractive index of the
sample buffer containing gp4. The
chip surface was stripped of bound
proteins by sequential injections of
150 �l of 1 M NaCl at a flow rate of
100 �l/min.

RESULTS

gp5 forms a tight complex with
trx (KD of 5 nM) via the TBD and

structures the TBD so that the basic residues now face theDNA
binding cleft through which the primer-template passes (2, 12).
Inspection of the crystal structure of gp5/trx revealed that some
of these basic residues do not interact with trx or DNA (12).
These residues are located in two loops (Fig. 1) comprised of
portions of the TBD; loop A (residues 275–285) contains four
basic residues, and loop B (residues 299–314) contains six basic
residues (9). Using in vitromutagenesis, the residues not critical
for binding trx and DNA were identified and replaced with
alanine to generate three altered gp5s (9): gp5-loopA/trx, where
three residues in loop A (His-276, Lys-278, and Arg-281) were
replaced by alanine; gp5-loopB/trx, where four of the basic res-
idues in loop B (Lys-302, Lys-304, Arg-307, and Arg-310) were
substituted by alanine; and gp5-loopAB/trx, where all of these
seven residues in loop A and B were replaced with alanine (Fig.
1) (9). In the current study we have constructed six additional
gp5 variants, gp5-loopB1 (Lys-299 and Lys-300 to Ala), gp5-
loopB2 (Lys-302 and Lys-304 to Ala), gp5-loopB1�2 (Lys-299,
Lys-300, Lys-302, and Lys-304 to Ala), gp5-loopB3 (Lys-302,
Lys-304, and Arg-307 to Ala), gp5-loopB4 (Lys-304, Arg-307,
and Arg-310 to Ala), and gp5-loopAB4 (His-276, Lys-278, Arg-
281, Lys-304, Arg-307, and Arg-310 to Ala).
Affinity of gp2.5 for the Basic Loops in the TBD of gp5—Both

gp2.5 and gp4 bind to gp5/trx (11). Earlier studies examined the
roles of loops A and B in the interaction of gp5/trx with gp4 (15,
16). gp4 has twomodes of interaction with gp5/trx: the electro-
staticmode that does not require DNAwith amoderate affinity
(KD of 90 nM) and a much tighter mode (half-life of at least 10
min) when gp5 is in a polymerizingmode on a primer-template
(15, 16). During the electrostatic mode, in the absence of prim-
er-template, both loops A and B of gp5 individually contribute
to the binding of gp4.When the basic charges in either loop are
eliminated, the interaction is reduced by�50% relative to wild-
type gp5/trx. Absence of any stable complex is observed only
when the charges on both loops A and B (gp5-loopAB/trx) are
removed.

FIGURE 1. Crystal structure of gp5/trx in the presence of primer-template. gp5 is displayed in brown, trx is
in green, and the primer-template is in orange. trx binds to the unique 76-residue segment (TBD) at the tip of the
thumb (brown). The inset shows an enlargement of the TBD and indicates the position of the two basic loops
within the TBD. Loop A is formed by residues 275–285. Residues 299 –314 form loop B. The basic residues in
loops A and B of the TBD that were replaced with alanine are indicated and shown in blue.
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SPRhas also beenused to show that gp2.5 physically interacts
with gp5/trx with aKD of 130 nM (11). Furthermore, gp2.5 lack-
ing the C-terminal acidic tail does not bind to gp5/trx, and
wild-type gp2.5 does not bind to gp5/trx in which a portion of
the TBD has been deleted. In contrast to gp4 there is no high
affinity complex of gp5/trx and gp2.5 lacking its C-terminal tail
observedwhen gp5/trx is bound to a primer-template in a poly-
merizing mode (11). However, the specific regions in the TBD
that contribute to the binding of gp2.5 were not identified. Fur-
thermore, the lack of binding of the truncated TBD used in
these early studies to trx and toDNAnegated any studies on the
effect of the interaction of gp5/trx with a primer-template on
the interactionwith gp2.5. By eliminating only the basic charges
in loops A and B, the binding of gp5 to trx and to DNA is not
affected (20), and thus an examination of the binding of gp2.5 to
gp5/trx in the presence of a primer-template is now feasible.
Consequently we set the goal to use the gp5 proteins with alter-
ations in loops A and B to first determine whether loops A and
B are the sites of interaction with gp2.5 in the absence of the
primer-template strand. The second goal was to examine the
effect of binding of gp5/trx to the primer-template strand on its
interaction with gp2.5.
To examine the interaction between gp5/trx variants and

gp2.5, we used SPR where gp2.5 was amine-coupled to a CM-5
chip and gp5/trx was flowed over the bound gp2.5 (Fig. 2). gp5-
loopA/trx and gp5-loopB/trx bind �50% as well as does the
wild-type gp5/trx. gp5-loopAB/trx in which the basic charges
in both loops are eliminated does not form a stable complex
with gp2.5. The decreased binding of these gp5/trx variants to
gp2.5 is not due to a defect in the binding of gp5 to trx; wild-type
gp5 binds to trx with a KD of 198 nM, gp5-loopA binds trx with
a KD of 247 nM, gp5-loopB binds trx with a KD of 134 nM, and
gp5-loopAB binds trx with aKD of 154 nMmeasured by observ-
ing the ability of trx to stimulate DNA synthesis catalyzed by
gp5 (5, 20). These results demonstrate that the basic residues of
loops A and B of the TBD are indeed the site of interaction of
gp5 with the C-terminal tail of gp2.5, as is the case with gp4.
Furthermore, their cooperative effect is also identical to that
found for the interactions of gp5/trx with gp4 (Fig. 2) (5).
gp2.5UsesTwoBindingModes intheInteractionwith gp5/trx—

The basic residues in loops A and B of the TBD bind gp4 and
gp2.5 via the respective C-terminal tail when gp5/trx is not
bound toDNA. In the interaction of gp5/trx with gp4, the bind-
ing of gp5/trx to primer-template in a polymerization mode
switches the binding from the electrostatic interactionmode to
a higher affinity mode that does not involve the C-terminal tail
(4, 5). To determine whether loops A and B of the TBD are
involved in the binding of gp2.5 to gp5/trx bound to DNA,
we examined the binding of gp5-loopAB/trx to gp2.5 when the
polymerase is in complex with a primer-template. A stable
complex of gp5/trx or gp5-loopAB/trx and a primer-template
was formed as described for obtaining stable complexes of gp5/
trx-DNA for crystallization (5, 11, 12). gp5/trx forms a stable
complex with a primer-template in which the primer strand is
terminated by a 2�,3�-dideoxynucleotide (ddGMP in this exper-
iment), provided that the next dNTP specified in the template
(dTTP in this experiment) is present (5). Fig. 3A depicts gp5/trx
bound to this construct. A total of 1000 RU of either gp5 or

gp5-loopAB/trx was assembled onto 150 RU of the primer/
template bound to the chip. The stable complex shown in Fig. 3
is dependent on the next incoming nucleotide, dTTP (data not
shown). gp2.5 binds to both the preassembled gp5/trx and gp5-
loopAB/trx on a primer-template as seen by the slow dissocia-
tion after the end of the injection of gp2.5 (Fig. 3B). The binding
of gp2.5 to gp5-loopAB/trx in the presence of DNA is strikingly
different from the lack of binding observed with gp5-loopAB in
the absence of DNA (Fig. 2). These results demonstrate that
gp5/trx also utilizes two different binding modes to interact
with gp2.5 depending on whether it is bound to DNA or not as
is the case for its interaction with gp4.
gp2.5�26 lacking the C-terminal tail does not form a stable

complex with either wild-type gp5/trx or gp5-loopAB/trx
bound to DNA in a polymerizing mode (Fig. 3C). Thus the
acidic C-terminal tail is required for the interaction with gp5/
trx both in the presence and in the absence of DNA. These
results demonstrate that gp2.5 interaction is different from gp4
in that it always utilizes the C-terminal tail to interact with
gp5/trx regardless of whether gp5/trx is bound to the primer-
template strand or not.
We recently showed that gp2.5was essential for the initiation

of lagging strand DNA synthesis at a nick in duplex DNA (9).

FIGURE 2. Binding of gp2.5 to gp5/trx variants. The binding of gp5/trx to
gp2.5 immobilized on a chip is measured by SPR. A, schematic representation
of gp2.5 immobilized via its amino groups the sensor chip and gp5/trx flow-
ing over immobilized gp2.5. B, binding studies were carried out as described
under “Experimental Procedures.” 500 RU of gp2.5 are coupled to the chip,
and the concentration of the gp5/trx variants in the flow buffer was 0.2 �M. A
control flow cell lacking gp2.5 is used to subtract the RU resulting from the
nonspecific interaction and bulk refractive index. The gp5 variants used in
this study are wild-type (wt) gp5/trx, gp5-loopA/trx, gp5-loopB/trx, and
gp5-loopAB/trx.
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gp5/trx and gp4 helicase together mediate leading strand DNA
synthesis with high processivity. However, gp5/trx can only idle
at a nick, and gp4 requires a 5�-single-stranded tail of at least 36
nucleotides to assemble as a functional hexamer. In the pres-
ence of gp2.5, gp5/trx can catalyze sufficient strand displace-
ment synthesis to generate the 5�-tail for the binding of gp4. An
altered gp2.5 inwhich theC-terminal phenylalanine is switched
with the adjacent aspartate (gp2.5-FD) cannot support T7
phage growth (19). gp2.5-FD, lacking this essential C-terminal

phenylalanine, does not enable gp5/
trx and gp4 to initiate leading strand
DNA synthesis at a nick. The bind-
ing of gp2.5-FD to gp5/trx is greatly
reduced relative to that observed
with wild-type gp2.5 and gp2.5-FD.
Suppressormutations in gene 5 give
rise to altered gp5s whose affinity
for gp2.5-FD is increased and that
can partially interact with gp2.5-FD
to allow for the initiation of leading
strand DNA synthesis (9, 22). Inter-
estingly, the suppressor mutations
do not reside within the TBD, sug-
gesting that other sites on gp5/trx
may be involved in interactionswith
gp2.5. Therefore we were intrigued
to examine the interaction of gp5/
trx and gp5-loopAB/trx bound to a
primer/template with gp2.5-FD.
In these studies we injected

gp2.5-FD over gp5/trx bound to
primer-template (Fig. 3D). The
wild-type gp2.5 is able to form a sta-
ble complex with the polymerase;
however, gp2.5-FD fails to do so.
Thus gp2.5-FD cannot bind with
any higher affinity to gp5/trx bound
to DNA than to gp5/trx in the
absence of DNA (9). This result is
not surprising considering the simi-
lar behavior we observed with
gp2.5�26 lacking theC-terminal tail
(Fig. 3, B and C). However, when
gp2.5-FD was flowed over gp5-
loopAB/trx bound to primer-tem-
plate, a stable complex that is simi-
lar to that found with wild-type
gp2.5 is observed, demonstrating
that the loss of basic residues in
loops A and Bmimic the suppressor
mutations in gp5 that partially
restored the interaction of gp5-FD
with gp5/trx. These results are sur-
prising because onewould have pre-
dicted that gp5-loopAB would not
have an effect on the interaction
with gp2.5-FD because the gp5 sup-
pressor mutants are in a region

other than the TBD. Nonetheless, the result of this experiment
provides additional evidence of a second binding site on gp5
outside the TBD.
Stimulation of the Polymerase Activity of gp5/trx by gp2.5—

When gp5/trx catalyzes the synthesis of DNA on ssDNA tem-
plates, it encounters impediments caused by the secondary
structure in the DNA. gp2.5, upon binding to ssDNA, removes
the secondary structures in the DNA, thus enhancing the pro-
cessivity of the polymerase. It is not clear whether a physical

FIGURE 3. Binding of gp2.5 to gp5/trx and gp5-loopAB/trx in presence of primer-template. A, schematic of
the immobilized primer-template. The primer-template with biotin attached to the 5� end of the template-
strand is immobilized on the SA sensor chip. gp5/trx or gp5-loopAB/trx was flowed over the chip, followed by
gp2.5 or gp2.5�26 (lacking the C-terminal tail). Binding studies were carried out as described under “Experi-
mental Procedures.” B, 125 RU of the primer/template was coupled to a SA-coated chip. gp5/trx or gp5-loopAB/
trx was injected at a concentration of 0.2 �M in a flow buffer containing 1 mM 2�,3�-dideoxy-GTP and 10 �M

dTTP. The 125 RU resulting from the coupling of the primer-template was subtracted from the base line. gp2.5
or gp2.5�26 was then injected at a concentration of 4 �M in a flow buffer containing 1 mM 2�,3�-dideoxy-GTP
and 10 �M dTTP. C, gp5/trx or gp5-loopAB/trx was bound to the immobilized primer-template as described in
B. gp2.5 or gp2.5�26 were injected at a concentration of 4 �M in a flow buffer containing 1 mM 2�,3�-dideoxy-
GTP and 10 �M dTTP. D, gp5/trx or gp5-loopAB/trx was bound to the immobilized primer-template as
described in B. gp2.5 or gp2.5-FD was injected at a concentration of 4 �M in a flow buffer containing 1 mM

2�,3�-dideoxy-GTP and 10 �M dTTP. wt, wild type.
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interaction between gp5 and gp2.5 is important for this stimu-
lation. In previous studies, the elimination of theC-terminal tail
of gp2.5 resulted in inhibition of gp5/trx polymerization activ-
ity (9, 23). However, gp2.5 lacking theC-terminal tail not only is
defective in its interaction with gp5/trx but also binds consid-
erablymore tightly to ssDNA (19). Consequently, the inhibition
could arise via either mechanism or both mechanisms. There-
fore, we have examined the ability of wild-type gp2.5 to stimu-
late polymerase activity of gp5-loopAB/trx in which the basic
residues in loopsA andBof theTBDwere replacedwith alanine
(Fig. 4). By removing the basic residues of loops A and B, the
interaction of gp2.5with gp5/trx is eliminatedwithout affecting
the binding of gp2.5 to ssDNA.
The activity of wild-type gp5/trx, gp5-loopA/trx, gp5-loopB/

trx, and gp5-loopAB/trx on primed M13 ssDNA in the

absence and presence of gp2.5 is shown in Fig. 4. Although
gp5-loopA/trx supports polymerization equally as well as
wild-type gp5/trx, gp5-loopB/trx and gp5-loopAB/trx show
2-fold decreases in synthesis (5). gp2.5 stimulates the poly-
merase activity of all of the proteins �2-fold. We conclude
that the stimulatory affect of gp2.5 does not require a phys-
ical interaction of the C-terminal tail with gp5/trx and is
most likely solely because of the removal of secondary struc-
tures. Replacing wild-type gp2.5 with gp2.5�26 lacking the
C-terminal tail leads to inhibition of the polymerase activity
for each of the polymerases.
Competition between gp2.5 and gp4 during Leading Strand

DNA Synthesis—The C termini of gp4 and gp2.5 are quite sim-
ilar in that both are abundant in acidic residues and contain a
C-terminal phenylalanine. Therefore it is not surprising that
both proteins interact with loops A and B of the TBD of gp5 (4,
5, 9, 16, 20, 24). Indeed, chimeric proteins in which the C-ter-
minal tails of gp2.5 and gp4 have been exchanged support the
growth of T7 phage lacking the corresponding wild-type pro-
tein (19, 20). To investigate the potential role for such overlap-
ping binding sites at the replication fork, we investigated the
effect of gp2.5 on leading strand DNA synthesis mediated by
gp4 and wild-type gp5/trx and the variants of gp5/trx (Fig. 5A).
In these experiments gp2.5 was added at a 1000-fold higher
concentration than gp4 because it also binds to the ssDNA
formed during leading strand synthesis in the absence of lag-
ging strand synthesis. gp2.5 stimulates leading strandDNAsyn-
thesis catalyzed by wild-type gp5/trx �40% and that by gp5-
loopA a little more than 50%. Interestingly, however, gp2.5 is
inhibitory to gp5-loopB/trx and to gp5-loop-AB/trx.
Analysis of the products of the reaction by electrophoresis

through 0.6% agarose gels reveals that those synthesized by
gp5-loopB/trx or gp5-loopAB/trx are of considerably shorter
length than those synthesized in the presence of wild-type gp5/
trx (Fig. 5B). In the latter case they exceed 30 kb (as observed by
the high molecular mass band), whereas with gp5-loopB/trx
they fail to form the discrete highmolecular length product and
form a smear of heterogeneous lengths below 30 kb. The effect

on leading strand synthesis is more
severe with gp5-loopAB/trx polym-
erase where very little synthesis is
observed. The abortive effect of
gp2.5 on gp5-loopAB/trx most
likely arises from the absence of
basic charges on loop B and an addi-
tive effect from the removal of
charges on loop A.
Lysines 299 and 300 of Loop B Are

Communicating with gp4 and gp2.5—
The above results suggest that one
or more of the lysines in loop B of
the TBD are involved in an interac-
tionwith gp4 and gp2.5 during lead-
ing strand DNA synthesis. The resi-
dues on loop B that may not be
involved in interactionwithDNAor
trx are lysines at positions 299, 300,
302, 304, 307, and 310. To gain a

FIGURE 4. Effect of gp2.5 on DNA synthesis catalyzed by gp5/trx on
ssDNA templates. The ability of wild-type (wt) gp5/trx and gp5/trx with alter-
ations in loops A and B of the TBD to stimulate polymerase activity on ssDNA
templates was examined as described under “Experimental Procedures.” The
reactions (10 �l) contained M13 ssDNA annealed to 24-mer oligonucleotide
(see inset) at a concentration of 10 nM; 0.5 mM each of dATP, [3H] dTTP, dGTP,
and dCTP; and 1 and 0 nM of the indicated gp5/trx in the presence and
absence of 4 �M gp2.5. After incubation at 37 °C for 3 min, the amount of DNA
synthesis was determined by the amount of [3H]dTMP incorporated into
DNA.

FIGURE 5. Effect of gp2.5 on leading strand synthesis catalyzed by gp4 and gp5/trx. A, leading strand
synthesis catalyzed by wild-type (wt) gp5/trx and the variants with alterations in loops A and B was measured
using circular M13 double-stranded DNA bearing a preformed replication fork as shown in the inset. The
reactions (10 �l) contained 20 nM DNA; 0.5 mM dATP, dGTP, dCTP, and [�-32P]dATP; 5 nM gp4 (hexamer); 5 nM of
the indicated gp5; 500 nM trx; and 4 �M of gp2.5. After incubation at 37 °C for 10 min, the amount of
[�-32P]dAMP incorporated into DNA was measured and presented as a bar graph. B, gel analysis of products
of leading strand DNA synthesis. The radioactive reaction products from A were denatured and analyzed on a
0.6% alkaline-agarose gel by autoradiography.
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more clear understanding of the role of these residues in lead-
ing strand synthesis, a series of gp5mutants were created using
an alanine scanning method whereby the charges were
removed in different combinations, and the effects of these
changes on leading strand synthesis were observed.
All of the gp5 variants carrying different group mutations of

residues in loop B had a negative effect similar to that of gp5-
loopB/trx on leading strand synthesis in the presence of gp2.5.
This inhibitory effect became progressively greater as the num-
ber of negative charges were increased. However, among the
combinations of amino acids examined, the effect of gp2.5 on low-
ering theprocessivityof thepolymerase in leading strand synthesis
is pronounced in a mutant in which only Lys-299 and Lys-300 in
loop Bwere substituted with alanine (gp5-loopB1K299A,K300A/
trx). As shown in Fig. 5, gp5-loopB1 K299A,K300A/trx is almost
indistinguishable from gp5-loopB/trx both with regard to the
decrease in leading strand synthesis in thepresenceof gp2.5 and in
the abortiveDNAsynthesis observedongel analysis (Fig. 5B, lanes
9 and 10). In control experiments we found that DNA synthesis
catalyzedbygp5-loopB1K299A,K300A/trxwas identical to thatof
wild-type gp5/trx and that gp5-loopB1 K299A,K300A had the
same affinity for trx (data not shown).
gp4 and gp2.5 Bind to Two Independent Sites on gp5/trx in

Presence of Primer-Template—The above results combined
with previous reports (5, 11) demonstrate that when gp5/trx
binds to DNA, it switches its binding mode with gp4 and gp2.5
to a non-TBD-dependent interaction mode. To address
whether gp4 and gp2.5 are competing for the same binding site
when gp5/trx is bound to DNA, we utilized the ability of SPR to
detect binding in real time and investigated how gp4 and gp2.5
interact if they are sequentially introduced to the gp5/trx-prim-
er-template complex. In these experiments, the primer-tem-
plate described in Fig. 3A was immobilized on a SA chip, and
wild-type gp5 or gp5-loopB1 K299A,K300A/trx, which mimics
gp5-loopB/trx in its inhibitory effect on leading strand DNA
synthesis, was flowed over the chip. Both polymerases exhibit

the same strong affinity for the
primer-template in the presence of
the next incoming nucleotide as
described in Fig. 3A; there is little
dissociation after the injection is
completed. gp2.5 and gp4 were then
consecutively flowed over the stably
bound gp5/trx. Both proteins form
stable complexes with gp5/trx
and gp5-loopB1 K299A,K300A/trx,
regardless of the order in which
they were injected (Fig. 6). Identi-
cal results were observed with
gp5-loopAB/trx (data not shown).
These results suggest that gp4 and
gp2.5 bind to separate sites beyond
the TBD in the presence of prim-
er-template. Consequently the
inhibition of leading strand synthe-
sis observed upon the addition of
gp2.5 is not due to a competition of
gp4 and gp2.5 for the same site on

gp5/trx once gp5/trx is bound to DNA.
gp2.5 Assists gp5/trx in Loading onto DNA during DNA

Synthesis—The observation that gp5/trx bound to DNA can
interact noncompetitively with gp2.5 and gp4 simultaneously
indicates that the latter two proteins interact with independent
sites outside the TBD when gp5/trx is bound to DNA. There-
fore the stimulation of leading strand synthesis by gp2.5 must
result from its binding to this non-TBD site. This interaction
may allow for a conformational change of gp5/trx that leads to
better utilization of the primer for initiation of DNA synthesis,
or it could result in a conformational change in gp5/trx that
enhances its interaction with gp4 helicase during strand dis-
placement synthesis.
To examine the mechanism of stimulation by gp2.5, we

investigated the effect of gp2.5 on the rate of leading strand
synthesis when gp2.5 is added either at the start of the reaction
or to an ongoing leading strand synthesis (Fig. 7).When gp2.5 is
present prior to the start of the reaction, it enhances the rate of
DNA synthesis 3-fold relative to that observed in its absence
(Fig. 7A). When gp2.5 is added 1 min after the start of the reac-
tion, there is only a 2-fold stimulation (Fig. 7A). When gp5/trx
is replaced by gp5-loopB1 K299A,K300A/trx under identical
conditions, we observe a different effect.When gp2.5 is present
at the start of the reaction, it inhibits leading strand synthesis
catalyzed by gp5-loopB1 K299A,K300A/trx (Fig. 7B). However,
this effect is not seenwhen gp2.5 is added 1min after the start of
the reaction (Fig. 7B). These results suggest that the presence of
gp2.5 at the initial stage of the reaction assists in the loading
of gp5/trx onto the fork. This loadingmost likely requires bind-
ing of the polymerase via loop B to the C-terminal tail of gp4.

DISCUSSION

Both gp2.5 and gp4 physically interact with the TBD of gp5/
trx (4, 5, 8, 10, 11). Previous studies have shown that in the case
of gp4, the electrostatic interaction involves the acidic C-termi-
nal tail of gp4 and the two basic loops in the TBD (5). Because

FIGURE 6. Binding of gp2.5 and gp4 to gp5/trx and gp5-loopB1 K299A,K300A/trx bound to a primer-
template. The primer-template with biotin attached to the 5� end of the template-strand is immobilized on the
SA sensor chip. gp5/trx or gp5-loopB1 K299A,K300A/trx was flowed over the chip, followed by gp2.5 or gp4.
Binding studies were carried out as described under “Experimental Procedures.” A, 125 RU of the primer/
template was coupled to a SA-coated chip that was subtracted from the base line. gp5/trx or gp5-loopB1
K299A,K300A/trx was injected at a concentration of 0.2 �M in a flow buffer containing 1 mM 2�,3�-dideoxy-GTP
and 10 �M dTTP. gp2.5 was then injected at a concentration of 4 �M in a flow buffer containing 1 mM 2�.3�-
dideoxy-GTP and 10 �M dTTP. gp4 was injected at a concentration of 0.7 �M (monomer) in the same flow buffer.
B, gp5/trx or gp5-loopB1 K299A,K300A/trx was bound to the immobilized primer-template as described for A.
gp4 was injected at a concentration of 0.7 �M (monomer) in a flow buffer containing 1 mM 2�,3�-dideoxy-GTP
and 10 �M dTTP. gp2.5 was then injected at a concentration of 4 �M in the same flow buffer. The start and end
of the injections of gp5/trx, gp2.5, and gp4 are indicated.
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gp2.5 also has an acidic C-terminal tail, it seemed likely that it
too uses this motif to interact with loops A and B in the TBD.
However, until the present study little was known about the site
of interaction of gp2.5 with gp5/trx.
gp5/trx can interact with gp4 not only through this electro-

static mode but also through a much more stable mode that is
observed when gp5/trx is bound to a primer-template during
polymerization (4, 5). This latter mode does not involve the
C-terminal tail of gp4 or the two basic loops of the TBD and can
support nearly 5 kb of leading strand DNA synthesis in a single
DNA binding event before dissociation from the polymerase.
The electrostatic interaction of gp5/trx with gp4 allows for the
transient capture of the dissociating polymerase and its rapid
return to the primer-template to continue polymerization of
nucleotides. The electrostatic interaction also provides sites for
the assembly of accessory gp5/trx on one or more of the six
subunits of the helicase to assure an available polymerase in the
event that the polymerizing gp5/trx dissociates into solution.
Thus the electrostatic mode increases the processivity of lead-
ing strand DNA synthesis at least 4-fold with products greater
than 17 kb (3, 5, 14).
The TBD serves as the docking site for trx, which binds with

high affinity (5 nM) to this 76-amino acid insert in the thumb
subdomain of gp5. The binding of trxmodels theTBD such that
basic residues on the surface contact the duplex region of the
primer-template and lock it into the DNA binding crevice of
gp5. Thus the TBD not only serves as a dynamic site for the
electrostatic interaction with gp4 and gp2.5, but it also contacts
DNA to increase processivity. trx is also involved in the electro-
static interaction of gp4 and gp5/trx in that the affinity of gp4
for loops A and B in the TBD is increased when trx is bound to
gp5, most likely reflecting a conformational change in the TBD
that alters the position of the residues on loops A and B (11).
However, trx itself most likely also electrostatically interacts
with gp4. Reversal of the charge of lysine at position 36 to glu-
tamate obliterates the interaction of gp4 with gp5-loopB and

leads to a reduction in the efficiency
of leading strand synthesis (20).
An earlier study revealed that one

interaction of gp2.5 with gp5/trx
involved the acidic C-terminal tail
of gp2.5 and the TBD of gp5/trx
(11). However, the role of loops A
andB and the effect of binding of the
TBD to DNA on the interaction
have not been studied previously.
The present study was designed to
identify the specific sites of interac-
tion of gp2.5 with gp5/trx and to
examine the binding of both gp2.5
and gp4 to gp5/trx and the conse-
quences of these interactions during
progression of the replisome in the
presence of these three proteins.
Asmentioned above, gp5/trx uses

the TBD to interact with the acidic
C-terminal tail of gp2.5 (11, 19).
Deletion of the TBD of gp5 or of the

C-terminal tail of gp2.5 abolishes the interaction between the
two proteins. This electrostatic interaction displays amoderate
affinity (KD � 130 nM). The deletion of the TBD eliminates
many residues besides those constituting loops A and B. Thus
the interaction with each loop was not revealed in the earlier
study. By employing altered forms of gp5 where the basics res-
idues in the TBD are eliminated by substitution of alanine for
lysine, we show that gp5/trx uses loops A and B of the TBD to
interact with the acidic C-terminal tail of gp2.5. The contribu-
tion of loops A and B to the interaction with gp5/trx is additive.
Furthermore, omitting the charges on loop A and B has the
same effect on the interaction of gp5 with gp2.5 as the deletion
of the entire TBD. These results indicate that both loops A and
B are responsible for the binding to the C-terminal tail of gp2.5.
The two loops are the same binding site for the C-terminal

tail of gp4 described previously (5), and they account for the
majority of the interaction of TBD with the C-terminal tail of
gp4. The ability of gp5-loopA/trx, gp5-loopB/trx, and gp5-
loopAB/trx to bind to DNA equally as well as the wild-type
gp5/trx enabled us to investigate the interaction of gp2.5 on the
binding of gp5/trx to DNA in a polymerizing mode. Such an
examination would not be possible with the altered gp5 lacking
the entire TBD because the lack of the TBD dramatically
reduces the binding of trx that, in turn, decreases the affinity for
DNA. We constructed a stable complex of gp5/trx and gp5-
loopAB/trx with a primer-template in the presence of the
incoming nucleotide and then examined its interaction with
gp2.5 using SPR. gp2.5 forms equally stable complexes with
wild-type gp5/trx and gp5-loopAB/trx. Therefore gp2.5, like
gp4, also uses two bindingmodes in its interactionwith gp5/trx:
one in the absence of DNA and the other when the TBD is
engaging a primer-template. However, unlike gp4, theC-termi-
nal tail of gp2.5 always mediates this interaction. gp2.5 lacking
the C-terminal tail fails to interact with gp5/trx in the presence
of a primer-template. Thus, although gp2.5 adopts two binding

FIGURE 7. Effect of gp2.5 on leading strand DNA synthesis. The rate of leading strand synthesis catalyzed by
gp5/trx (A) and gp5-loopB1 K299A,K300A/trx (B) was measured using circular M13 double-stranded DNA
bearing a preformed replication fork as shown in Fig. 5. The reactions (10 �l) contained 20 nM DNA; 0.5 mM

dATP, dGTP, dCTP, and [3H]dTTP; 5 nM gp4 (hexamer); 5 nM of the indicated gp5; and 500 nM trx. The reaction
mixtures were incubated at 37 °C for the indicated times and stopped by the addition of 5 �l of 0.25 M EDTA (pH
7.5). The incorporation of [3H]dTMP was measured on DE81 filter disks as described (2). The amount of
[3H]dTMP incorporated into DNA was measured and presented as a bar graph. To study the effect of gp2.5 in
the reaction, 4 �M of protein was added to the reaction prior to the start of the reaction (�) and 1 min after the
start of the reaction (�). wt, wild type.
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modes in the interaction with gp5/trx, its C-terminal tail is
essential for both modes, a clear distinction from gp4.
To gain insight into the role of having two overlapping bind-

ing sites of theC-terminal tails of gp2.5 and gp4,we investigated
the sequential binding of gp2.5 and gp4 with the complex of
gp5/trx andDNA by SPR. In addition we also examined leading
strandDNA synthesis, catalyzed by gp5/trx and gene 4 helicase,
in the presence of wild-type gp5 and those altered in loopA and
B. gp2.5 stimulates leading strand synthesis mediated by wild-
type gp5/trx and gp5-loopA/trx. Interestingly, in the case of
either gp5-loopB/trx or gp5-loopAB/trx, this effect is reversed;
gp2.5 inhibits leading strand synthesis. gp5-loopB/trx and gp5-
loopAB/trx form abortive short DNA products in the presence
of gp2.5 relative to the high molecular mass products in the
absence of gp2.5. DNA synthesis catalyzed by gp5-loopA/trx is,
however, stimulated by gp2.5, demonstrating the direct
involvement of only loop B in the interaction of gp5/trx with
gp4 and gp2.5 during leading strand synthesis. Using several
pointmutations in loopB,we show that this inhibitory action of
gp2.5 on leading strand synthesis can be localized to two resi-
dues in loop B, Lys-299 and Lys-300.When gp5/trx is bound to
DNA, it can bind sequentially to the same extent to both gp2.5
and gp4. These results confirm that the two proteins indeed
have separate binding sites when gp5/trx is bound to the DNA.
Furthermore, the results indicate that the inhibition of leading
strand synthesiswhen loopB is altered is not due to competitive
displacement of proteins from the polymerase. Examination of
this inhibitory action of gp2.5 during leading strand synthesis
by adding gp2.5 to gp5-loopB1 K299A,K300A to ongoing lead-
ing strand synthesis suggests that the inhibition is caused by the
initial step of assembling the proteins at the replication fork.
gp2.5 binds to ssDNA (KD � 3 �M) and removes hairpins,

secondary structures formed on ssDNA (19). These secondary
structures impede the progress of the polymerase. The molec-
ular mechanism by which gp2.5 stimulates the polymerization
activity of gp5/trx is not clear. To determine whether the phys-
ical interaction between gp2.5 and gp5/trx is required for this
stimulation, the effect of different mutations in the C-terminal
tail of gp2.5 that result in a loss of interaction with gp5/trx were
tested for their effect on the polymerization activity of gp5/trx.4
The extent of stimulation of the polymerase activity in the pres-
ence of gp2.5-FD, lacking the essential C-terminal phenylala-
nine, was almost the same as that observed with wild-type
gp2.5, but gp2.5�26, lacking the entire C-terminal tail, inhibits
DNA synthesis. However, gp2.5-FD has a slightly increased
affinity for ssDNA, and gp2.5�26 has a much stronger affinity
to ssDNA compared with wild-type gp2.5, making it difficult to
evaluate the results. Our results show that gp2.5 can stimulate
the polymerization activities of gp5-loopA/trx, gp5-loopB/trx,
and gp5-loopAB/trx to the same extent, despite the fact that an
altered protein such as gp5-loopAB/trx shows a defect in its
interaction with gp2.5. This result suggests that the stimulation
of polymerase activity by gp2.5 does not involve any physical
interaction with the polymerase. The C-terminal tail of gp2.5
mimics DNA binding (25). In the absence of DNA it occupies

the DNA binding crevice of gp2.5, and in the presence of DNA
it is free for interaction with other proteins. A model was pro-
posed where the C-terminal tail competes and displaces the
ssDNA from the DNA binding crevice of gp2.5. Elimination of
the physical interaction between gp2.5 and gp5/trx still results
in stimulation of DNA synthesis. This finding suggests that the
mechanism by which the polymerase interacts with the C-ter-
minal tail of gp2.5 during DNA synthesis involves repulsive
interactions between acidic and/or hydrophobic residues on
gp5/trx and the C-terminal tail of gp2.5 to compete with the
ssDNA and displace it.
The phenylalanine residue at the C terminus of gp2.5 is

involved in direct interaction with the polymerase irrespective
of the presence of DNA (19, 24). Relocation of the phenylala-
nine from the terminal position to the penultimate position of
gp2.5 creates a dominant lethalmutant, gp2.5-FD, that does not
enable gp5/trx and gp4 helicase to catalyze strand displacement
synthesis from nicked DNA. A suppressor mutation screen
identifiedmutations in gene 5 that resulted in amino acid alter-
ations in the thumb region near the DNA binding crevice (9,
22). In the real time interaction studies, gp2.5-FD fails to inter-
act withwild-type gp5 even in presence ofDNA. Removal of the
charges on the TBD can restore binding of gp2.5-FD to gp5-
loopAB in a similar way as seen for the suppressor mutants of
gp5 in the thumb region. This result strongly suggests a second
site of interaction outside the TBD. The regionof theC-terminal
tail of gp2.5 binding to TBD may be constrained such that the
phenylalanine can only bind to gp5 when it is positioned at the
terminal position. In this model removal of the charges from
theTBDremoves this restraint so that theC-terminal tail cannow
bind gp5 by accommodating the phenylalanine residue at the
penultimate position. Further studies using a variant of the poly-
merase encompassing the residues of the TBD domain and the
suppressor mutations possibly could help understand the second
site binding of the gp2.5 with gp5/trx in the presence of gp4.
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