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In T4 phage, coordinated leading and lagging strand DNA
synthesis is carried out by an eight-protein complex termed the
replisome. The control of lagging strand DNA synthesis
depends on a highly dynamic replisome with several proteins
entering and leaving during DNA replication. Here we examine
the role of single-stranded binding protein (gp32) in the repeti-
tive cycles of lagging strand synthesis. Removal of the protein-
interacting domain of gp32 results in a reduction in the number
of primers synthesized and in the efficiency of primer transfer to
the polymerase. We find that the primase protein is moderately
processive, and this processivity depends on thepresence of full-
length gp32 at the replication fork. Surprisingly, we find that an
increase in the efficiency of primer transfer to the clamp protein
correlates with a decrease in the dissociation rate of the primase
from the replisome. These findings result in a revised model of
lagging strandDNAsynthesiswhere theprimase remains as part
of the replisome after each successful cycle of Okazaki fragment
synthesis. A delay in primer transfer results in an increased
probability of theprimasedissociating from the replication fork.
The interplay between gp32, primase, clamp, and clamp loader
dictates the rate and efficiency of primer synthesis, polymerase
recycling, and primer transfer to the polymerase.

TheT44 replisomehas served as a highly usefulmodel system
for studying coupled DNA replication (1). The T4 replisome is
made up of eight proteins, all of which have counterparts in
more complex organisms such as Escherichia coli, Saccharomy-
ces cerevisiae, and humans (2). DNA synthesis is carried out in a
5� to 3� direction by T4 DNA polymerase (gp43), which
together with the clamp protein (gp45) makes up the holoen-
zyme complex (3). The holoenzyme can form through several
different routes, all dependent on the activity of the clamp
loader protein (gp44/62) (4, 5). The clamp loader is an AAA�
protein that uses energy derived from ATP hydrolysis to chap-
erone the holoenzyme assembly process (6). The T4 primo-

somemoves along the lagging strandDNA template in the 5� to
3� direction and is composed of a hexameric helicase (gp41)
that unwinds the duplex DNA and an oligomeric primase
(gp61) that synthesizes pentaribonucleotide primers at 5�-GTT
and 5�-GCT sequences to initiate repetitive Okazaki fragment
synthesis (7, 8). The helicase is loaded onto the lagging strand
template by the helicase loader protein (gp59) (9, 10). gp59
plays an additional role as a “gatekeeper” of the replisome by
coordinating the assembly of the primosomewith the initiation
of leading strand DNA synthesis through a direct interaction
with the leading strand polymerase (11–13). Finally, gp32 plays
a central role in most aspects of DNA metabolism, including
DNA replication (14). The gp32 protein coats the ssDNA pro-
duced by the primosome and is thought to be involved in the
coordination of lagging strand synthesis (15). gp32 is made up
of N-terminal, C-terminal, and core domains (16). The N-ter-
minal domain (domain B for “basic”) is involved in cooperative
ssDNA binding. Removal of residues 1–21 completely elimi-
nates ssDNAbinding cooperativity (17, 18). Themajor function
of the highly acidic C-terminal domain (residues 254–301,
domainA for “acidic”) is to interact with other T4 proteins (19).
Affinity chromatography using gp32-agarose has detected
interactions between gp32 and itself, gp43, gp45, and gp59 (14,
20). gp32 also has been shown to co-purify with gp61 (21).
Removal of domain A abolishes interaction with all of these
proteins (19). The core domain is responsible for the recogni-
tion and binding of ssDNA (22).
The T4 replisome appears to be themost dynamic of the well

characterized replisomes, with the primase, clamp loader,
clamp, and ssDNA-binding protein all exchanging with solu-
tion proteins during coupled leading and lagging strand synthe-
sis (23, 24). Additionally, the DNA polymerase is “dynamically
processive,” meaning solution polymerase is capable of displac-
ing the replicating polymerase during active replication with-
out prior disassembly of the holoenzyme complex (25). Under
normal conditions, only the hexameric helicase remains at the
replication fork for the lifetime of the replisome (26). It is
thought thatmany of these dynamic processes are related to the
mechanism of repeated lagging strand synthesis. However, very
little is known about the timing and rates of protein dissociation
or how they may control lagging strand synthesis.
Because of the opposite polarities of the leading and lagging

strand template, the two polymerase holoenzymes must copy
their templates in opposite directions (27). This fact, coupled
with the observation that the lagging strand polymerase is
resistant to dilution, led to the proposal of the “trombone
model” for DNA replication (14). This model links the two
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holoenzyme complexes and loops the lagging strand template
into a structure resembling a trombone slide so that replication
on both strands can occur in the same apparent direction. This
model adequately explains why the lagging strand is synthe-
sized in short 1–2-kb Okazaki fragments, whereas the leading
strand is continuous. The lagging strand polymerase must
repeatedly release from its position on the lagging strand tem-
plate and recycle to the newly synthesized primer to begin a
new round of Okazaki fragment synthesis. Presumably, inter-
actions between the lagging strand polymerase and other com-
ponents at the replication fork allow the polymerase to remain
as part of the replisome during the recycling process.
The signal for lagging strand polymerase release and recy-

cling has been a subject of intense investigation (28–31). Sev-
eral models have been proposed to act as the trigger for lagging
strand release and recycling. The twowith themost support are
the collision and the signaling models. The collision model
states that the collision of the lagging strand polymerase with
the 5� end of the previous Okazaki fragment causes the primase
to synthesize an RNA primer and the polymerase to release
from the lagging strand template and recycle to the newly
made primer. In the signaling model, the lagging strand poly-
merase releases from the DNA as the result of events that are
associated with the synthesis or capture of the RNA primer.
There is substantial support for both of thesemodels, and it is

likely that bothmechanisms are operable during lagging strand
synthesis (28). Support for the collisionmodel comes from data
indicating that the dissociation rate of the holoenzyme is dras-
tically increased upon collision with the 5� end of both DNA
andRNAprimers (29, 31). Recentwork fromour laboratory has
demonstrated that new Okazaki fragments can be initiated
without completion of the previous fragment, indicating that
the polymerase recycling via collision is not necessary (28). The
responsiveness of primer utilization efficiency and Okazaki
fragment size to the concentration of clamp and clamp loader
led us to suggest that clamp loading onto the RNAprimer could
serve as the signal for lagging strand polymerase release and
recycling (28). Computer simulations of lagging strand synthe-
sis using a simple stochastic model incorporating the rate of
primase association, primer synthesis, and clamp loading onto
the newly synthesized primer accurately described the
observed distribution of Okazaki fragments produced in vitro
(28). If clamp loading does serve as the signal for lagging strand
polymerase dissociation, then primer handoff must follow an
indirect pathway where the primase transfers the primer to the
clamp loader and clamp proteins before the release and recy-
cling of the lagging strand polymerase. This pathway is similar
to that as described in the E. coli system and contrasts that of
the T7 replisome (32, 33).
Here we report on experiments that highlight the interplay

between the ssDNA-binding protein, primase, clamp, and
clamp loader during the initiation of lagging strand synthesis.
We examined the effect of removing the protein interaction
domain of gp32 (gp32-A) on primer synthesis, primer utiliza-
tion, and primase processivity.We found that total primer syn-
thesis is drastically reduced in the presence of gp32-A, and a
reduction in the efficiency of primer transfer from the primase
to the polymerase is also observed. These effects combine to

produce abnormally long Okazaki fragments with a broad dis-
tribution ranging from 0.2 to 10 kb. Using an inactive primase
trap protein, we find that the rate of dissociation of the primase
from the replisome is dependent on the concentration of clamp
and clamp loader proteins, as well as the presence of intact
gp32. The fast dissociation rate of primase in the presence of
gp32-A can be compensated for by high concentrations of
clamp and clamp loader. Based on these results, we present a
more elaborate model for lagging strand DNA synthesis where
the primase remains as part of the replisome through successful
cyclesOkazaki fragment initiation. If primer handoff is delayed,
the primase has a higher probability of dissociating from the
replication fork, and if this occurs, a new primase must enter
the replisome from solution to begin a new round of primer
synthesis.

MATERIALS AND METHODS

[�-32P]dCTP, [�-32P]dGTP, and [�-32P]CTP were pur-
chased from PerkinElmer Life Sciences. Unlabeled ribonucle-
otides were purchased from Roche Applied Science. Bacteri-
ophage T4 replication proteins gp41, gp61, gp43, gp44/62,
gp45, gp32, and primase trap protein were purified as described
previously (24, 34). The gp32-A-petIMPACT and gp32-B-
petIMPACT plasmids were provided by Jingsong Yang. The
minicircle substrate was prepared as described previously (15).
Single-stranded M13 phage DNA (ssM13) was purified from
infected XL1-Blue cells by polyethylene glycol precipitation
and phenol extraction as described (35). The sequence of the
oligonucleotide used in the priming assays was 5�-AGAGGG-
AGATTTAGATGAGATGATTGAGGATGGAGATGTTG-
ATGGAGAGATGATGAATGATGAGATGAGGG-3�.
Expression and Purification of gp32-A and gp32-B Mutant

Proteins—The gp32-A-petIMPACT or gp32-B-petIMPACT
plasmids were transformed into BL21(DE3) cells and grown
(separately) in 20ml of Luria broth (LB) overnight at 37 °C. The
expression and purification of gp32-A and gp32-B were identi-
cal. The overnight cultures were diluted 100-fold into two 1-li-
ter flasks of LB and grown at 37 °C to anA600 of 0.8. The cultures
were then allowed to cool to 18 °C, and protein expression was
induced with 0.2 mM of isopropyl 1-thio-�-D-galactopyrano-
side.After 16 hof shaking, cellswere collected by centrifugation
at 6000 � g and resuspended in 80 ml of chitin column binding
buffer containing one protease inhibitor pellet (Roche Applied
Science). Cells were lysed using sonication, and cell debris was
pelleted at 25,000 � g. Cell-free extract was loaded onto a 5-ml
chitin column and washed with 200 column volumes of chitin
binding buffer. The chitin resin was then resuspended in bind-
ing buffer plus 75 mM �-mercaptoethanol and incubated for
48 h at 4 °C to facilitate intein-mediated cleavage. Following
cleavage, gp32-A or gp32-B proteins were eluted, dialyzed into
storage buffer, and analyzed for purity using SDS-PAGE. Pro-
tein concentrations were determined bymeasuring the absorb-
ance at 280 nM using an extinction coefficient of 38690 M�1

cm�1 for both gp32-A and gp32-B.
StandardMinicircle ReplicationReactions andMeasurement

of PrimerUtilization—Replication reactionswere carried out in
a standard replication buffer (25 mM Tris acetate (pH 7.8), 125
mM KOAc, and 10 mM Mg(OAc)2) at 37 °C. The standard con-
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ditions used to assemble and initiate the replication reaction
consisted of the following: 100 nM minicircle substrate; 200 nM
each of gp43, gp45 (as trimer), and gp44/62; 600 nM each of
monomer gp41, gp61, and gp59; 0.5�M of gp32; 100�M each of
CTP, GTP, and UTP; 2 mM ATP; 50 �M each of dATP, dGTP,
dCTP, and dTTP, in a typical reaction volume of 12 �l. The
reaction was allowed to proceed for 2.5 min followed by a
10-fold dilution into replication buffer containing gp43, gp44/
62, gp45, gp61, gp59, ATP, CTP, UTP, andGTP at the standard
concentrations. Wild-type or gp32 mutant was included in the
dilution buffer at a concentration of 2 �M along with 25 �Ci of
[�-32P]dGTPor [�-32P]dCTP for visualization of leading or lag-
ging strands, respectively. 20-�l aliquots were removed at the
indicated time points and quenchedwith a half-volume of 0.5 M
EDTA. The quenched reactions were analyzed with either
DE81 filter binding assays or alkaline agarose gel electrophore-
sis (34). For the filter binding assay, an 8-�l sample of the
quenched reaction aliquot was spotted onto DE81 filters and
allowed to air dry for �5 min. The filters were then washed 10
times with 100 ml of 300 mM ammonium formate or until the
wash had an insignificant level of radioactivity as determined by
a hand-heldGeiger counter. Following the ammonium formate
washes, the filters were washed once with 100% EtOH and
allowed to air-dry for 30min.Once dried, the filterswere placed
in LSC vials with 5 ml of Ecoscint LSCmixture in each vial and
counted with single channel liquid scintillation counting. For
the analysis of replication products using alkaline-agarose gel
electrophoresis, 10 �l of the quenched reaction aliquot was
mixed with 10 �l of loading dye (50% glycerol and 0.1%Orange
G) and loaded onto a 15 � 25-cm 1% agarose gel in 30 mM
NaOH and 1mM EDTA. The samples were run at 40 V for 24 h
in 30mMNaOHand 1mMEDTAbuffer. After running, the gels
were removed from their trays andneutralized by soaking in 1�
TBE buffer for 1 h at room temperature. The neutralized gels
were then dried onto a sheet of DE81 paper using a stack of
paper towels to facilitate gel drying. After 4 h of drying with the
paper towels, the gel and filter sheet were vacuum-dried. The
dried gel and DE81 filter paper were then exposed overnight to
a PhosphorImager plate and analyzed using a Storm 800 Phos-
phorImager system (Amersham Biosciences).
Tomeasure primer utilization, the standard replication reac-

tionwas performed by replacing [�-32P]dCTPwith [�-32P]CTP
in the dilution buffer. The reactions were quenched with an
equal volume of 0.5 M EDTA at 2, 4, and 8 min after dilution.
Reaction products were thenmixed with loading dye (formam-
ide with 0.2% xylene cyanol FF and bromphenol blue) and run
on a 20% urea-acrylamide gel at 25 mA for 3 h at room temper-
ature. The gel was then removed from the glass plates, wrapped
in plastic film, and directly exposed to a PhosphorImager plate
overnight. The PhosphorImager plate was analyzed using the
Storm PhosphorImager. The total number of primers synthe-
sized was calculated by summing the signal from the free and
utilized primers. The percent primer utilization was deter-
mined by dividing the signal from utilized primers by the total
number of primers.
Single-stranded DNA Priming Assays—Priming reactions

were carried out in the standard replication buffer containing
0.4 �M gp41, 0.4 �M gp61, 100 nM gp59 (ssM13 reactions only),

2 �M gp32 (wild-type or mutant where indicated), 2 mM ATP,
100 �M each of CTP, GTP, and UTP, and either 10 nM M13
ssDNA or 3 �M ssDNA oligonucleotide (strands) in a typical
reaction volume of 25 �l. Approximately 20 �Ci of [�-32P]CTP
per reaction was used for labeling the primer. For dilution
experiments using the primase trap protein, the reactions were
initiated using the same protein, nucleotide, and ssM13 con-
centrations as above except that wt-gp32 was used exclusively
in the pre-dilution reaction. The reactions were allowed to pro-
ceed for 2.5min before a 10-fold dilution into buffer containing
only nucleotides, trap protein (3 �M), and either wt-gp32 or

FIGURE 1. The minicircle DNA substrate. The minicircle substrate is 70 bases
long and contains two priming sites (GTT, black boxes) located equidistant
from each other. The leading strand template contains only cytosine, ade-
nine, and thymine bases so only dGTP, dTTP, and dATP are incorporated into
the leading strand. The lagging strand contains only guanine, adenine, and
thymine bases so only dCTP, dTTP, and dATP are incorporated into the lag-
ging strand.
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gp32-A. The reactions were carried out at 37 °C, and aliquots
were withdrawn at the indicated times and quenched with an
equal volume of 0.5 M EDTA, pH 8.0. Priming products were
analyzed by 20% urea-acrylamide sequencing gel electrophore-
sis. Autoradiography was accomplished as described above.

RESULTS

Leading and Lagging Strand Replication with Wild-type and
Mutant gp32 Proteins—The replisome was assembled using a
low concentration wild-type gp32 (0.5 �M), followed by 10-fold
dilution into replication buffer containing 2 �M wild-type or
mutant gp32. This allows for the assembly and initiation of
leading and lagging strand synthesis under normal conditions,
followed by a rapid exchange of ssDNA-bound protein with the
excess of protein in the dilution buffer (23). The minicircle
DNA substrate was used so that the leading and lagging strand
could be independently monitored using alkaline agarose gel
electrophoresis or DE81 filter binding assays (Fig. 1).
We examined the leading and lagging strand replication

products with gp32-A, gp32-B, wt-gp32, and no gp32 in the
dilution buffer (Fig. 2). Omission of gp32 from the dilution
buffer leads to the inhibition of both leading and lagging strand
DNA synthesis. This is a consequence of the rapid production
of uncoated ssDNA that chelates the distributive replisomal
proteins (e.g. gp45, gp44/62) and has been previously observed

by us and others (15, 36). Inclusion
of gp32-A in the dilution buffer
results in helicase-dependent lead-
ing strand DNA synthesis that is
very similar to the reaction contain-
ing wt-gp32 in the dilution buffer.
However, when compared with the
wt-gp32 reaction, there is a signifi-
cant increase in the amount of heli-
case-independent strand displace-
ment synthesis (indicated by the
black arrows in Fig. 2). This is likely
because of a reduction in the ability
of gp59 to “lock” the polymerase in
an inhibited state in the absence of a
gp59-gp32 interaction (37). Lagging
strand DNA synthesis in the pres-
ence of gp32-A is reduced com-
pared with the amount of leading
strand synthesis produced in the
same reaction, although the frag-
ments tend to be longer. This indi-
cates that the leading and lagging
strand polymerases have become
uncoupled (28). Leading and lagging
strand replication in the presence of
gp32-B protein is reduced in a man-
ner very similar to the reaction per-
formed with gp32 omission. Pre-
sumably, the loss of cooperativity in
ssDNA binding reduces the overall
affinity to a level where gp32-B does
not bind to ssDNA. For this reason,

we focused our efforts at understanding the effects of gp32-A
on lagging strand synthesis.
We next examined the lagging strand products of reactions

carried out with wt-gp32 or gp32-A in the dilution buffer in
more detail. To equalize the relative amounts of signal in the
reactions, we increased the amount of �-32P by 5-fold in the
gp32-A reaction (Fig. 3). This enables an accurate determina-
tion of both the average Okazaki fragment length and the size
distribution. As shown, the average length of Okazaki frag-
ments in the gp32-A reaction is 2.3 times longer than the wt-
gp32 reaction, and the size distribution is much broader in the
presence of gp32-A (0.1–8 kb) as compared with the wild-type
enzyme (0.1–2 kb).
The production of longer Okazaki fragments can be caused

by a decrease in either the primer synthesis rate or in the effi-
ciency of primer handoff, or both (28). To determine what
mechanism is responsible for the increase in Okazaki fragment
length in the presence of gp32-A, we carried out full replisome
replication assays in the presence of [�-32P]CTP to label RNA
primers produced by the primase. The products of these reac-
tions were analyzed using urea-PAGE and quantitated as
shown in Fig. 4. This analysis reveals both a decrease in the total
primers synthesized (Fig. 4A) and in the percentage of primers
being used for Okazaki fragment initiation by gp32-A (Fig. 4B).
The decrease in primer number is not the result of fewer repli-

FIGURE 2. Leading and lagging strand DNA replication with wild-type and mutant gp32 proteins. The
replication products were produced in reactions carried out as described under “Materials and Methods.” The
three time points for each reaction are 3, 6, and 9 min after dilution. The black arrows indicate the helicase-
independent DNA synthesis that is increased in reactions containing gp32-A.
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cation forks or a decrease in the amount of lagging strand tem-
plate produced because the assembly of the replisome is carried
out under identical conditions for both gp32-A and wt-gp32
reactions, and leading strand DNA synthesis is not affected by
the gp32-A mutant (Fig. 2). The decrease in total primer syn-
thesis could be the result of a reduction in catalytic efficiency of
the primase protein itself (presumably through the loss of inter-
action with gp32) or a reduction in the number of replisomes
containing primase (i.e. a decrease in binding rate or increase in
dissociation rate). To determine whether gp32 directly affects
the catalytic activity of the primase protein, we examined the
activity of the primase using an ssDNA oligonucleotide con-
taining a single priming recognition site. Under the conditions
of this assay, the formation of a helicase-primase-DNA com-
plex is efficient, and thus the overall rate of primer synthesis
depends on the activity of the primase protein itself (i.e. the kcat
for the priming reaction). Additionally, the loading of primase
and helicase onto the ssDNA oligonucleotide does not require
gp59 and therefore does not require a specific gp32-gp59 inter-
action. Compared with a reaction performed without gp32, the
rate of primer synthesis is unaffected by the presence of either
wt-gp32 or gp32-A (Fig. 4C). This indicates that the decrease in
the priming rate of the gp32-A-containing replisome is not
because of a reduction in the intrinsic activity of primase, sug-
gesting that a change in the equilibriumbetween the replisome-
bound and -unbound forms of the primase is responsible.
The equilibriumbetween the replisome-bound andunbound

forms of primase is controlled by the binding and dissociation
rates of the protein. Although it is difficult to determine the rate
of binding of the primase to the replisome because of the non-
uniform nature of the ensemble, the dissociation rate of the
primase can be determined using a previously engineered trap
protein (24). The trap protein is an active site mutant of the
primase (E234Q) that is normal in every way except for a total
absence of priming activity (24). Primase processivity in the
presence of wild-type or gp32-A protein was determined by
allowing the replisome to assemble and perform leading and
lagging strand synthesis for 2.5 min under normal conditions,
followed by a 10-fold dilution into buffer containing the pri-
mase trap and either wt-gp32 or gp32-A. To prevent the assem-

bly of new replication forks or reassembly of collapsed forks,
helicase was omitted from the dilution buffer. In the absence of
trap protein, the rate of leading and lagging strand synthesis is
relatively unchanged over the time period of the assay (Table 1
and Fig. 5A). Thus, in the presence of trap protein, a time-de-
pendent decrease in lagging strand DNA synthesis can be
attributed to the dissociation of wild-type primase from the
replisome and incorporation of the primase trap (24). The pres-
ence of a single trap subunit within the primase oligomer has

FIGURE 3. Length of Okazaki fragments produced in wt-gp32 and gp32-A
replication reactions. On the left is a comparison of the length distribution of
Okazaki fragments from the reactions containing gp32-A (lane 2) and wt-
gp32 (lane 3). On the right is a plot of the product distribution from the repli-
cation reactions containing gp32-A (blue) and wt-gp32 (red). The most abun-
dant fragment size is given above the distribution curve. rfu, relative
fluorescence units.

FIGURE 4. Priming activity with wt-gp32 and gp32-A proteins. A, rate of
total priming activity using the minicircle substrate as described under “Mate-
rials and Methods.” The error bars represent the standard deviation of a fit to
the linear portion of the reaction. B, quantification of the percentage of prim-
ers utilized from the reactions shown in A. The error bars represent the stand-
ard error of three determinations. C, rate of total priming using an ssDNA
oligonucleotide substrate as described under “Materials and Methods.” The
reactions containing wt-gp32, gp32-A, and gp32 omission are represented by
closed triangles, squares, and diamonds, respectively. The solid lines are fits to a
linear equation with calculated slopes of 55,461, 55,828, and 49,865 cpm/min
for wt-gp32, gp32-A, and gp32 omission reactions, respectively.
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been shown to inhibit the activity of the entire primase oli-
gomer (38). The results of this experiment indicate that the
primase protein is much less processive in the presence of
gp32-A than wt-gp32 (Table 1 and Fig. 5B), suggesting that the
decrease in total primer synthesis in the presence of gp32-A is
caused by a reduction in the amount of time the primase spends
bound to the helicase within the replisome.
Because we observed a decrease in primer handoff efficiency

in reactions performed in the presence of gp32-A, we next
examined the processivity of the primase protein in the pres-
ence of either gp32-A or wt-gp32 under conditions where
primer handoff efficiency is increased. We have previously
shown that the efficiency of primer handoff is increased at high
concentrations of the clamp loader and clamp proteins (28).

FIGURE 5. Sensitivity to primase trapping in replication reactions con-
taining wt-gp32 and gp32-A. A plot of [�-dCTP] incorporation (lagging
strand synthesis) versus time after dilution. The replication reactions were
carried out as described under “Materials and Methods.” The time points
before and after trap or buffer addition (indicated by arrow) are fitted to
linear and single exponential equations, respectively. The rate constants
from the single exponential fits can be found in Table 1. A, replication
reactions containing only wt-gp32 in the dilution buffer. Either buffer
(diamonds) or primase trap (squares) was added at 2.5 min. B, reactions
containing wt-gp32 (diamonds) and gp32-A (squares) in the dilution
buffer. To ease comparison between the two reactions, the plot is shown
with two y axes. On the left y axis are the values from the reaction contain-
ing wt-gp32, and on the right are the values from the reaction containing
gp32-A.

FIGURE 6. Sensitivity to primase trapping in replication reactions with
200 and 800 nM clamp/clamp loader proteins. A plot of [�-dCTP] incorpo-
ration (lagging strand synthesis) versus time after dilution. The replication
reactions were carried out as described under “Materials and Methods.” The
time points before and after trap addition (indicated by arrow) are fitted to
linear and single exponential equations, respectively. The rate constants from
the single exponential fits can be found in Table 1. Replication reactions car-
ried out in the presence of wt-gp32 (A) or gp32-A (B). Lagging strand replica-
tion products were monitored at 200 (squares) and 800 nM (diamonds) clamp
and clamp loader proteins. To ease comparison between the two reactions
plotted on each graph, the plots are shown with two y axes. On the left y axis
are the values from the 800 nM clamp/clamp loader reaction, and on the right
are the values from the 200 nM clamp/clamp loader reaction.

TABLE 1
Rate constants for inactivation of lagging strand synthesis

Conditiona kinactb

min�1

No trapc 0.08 � 0.02
Trap,c wt32, 200 nM clamp/clamp loader 0.27 � 0.04
Trap, wt32, 800 nM clamp/clamp loader 0.13 � 0.03
Trap, gp32-A, 200 nM clamp/clamp loader d

Trap, gp32-A, 800 nM clamp/clamp loader 0.20 � 0.06
a Reaction conditions are described under “Materials and Methods.” Unless noted,
standard concentrations for all proteins and nucleotides were used.

b kinact was determined by fitting the data found in Figs. 5 and 6 to a standard single
exponential equation.

c Trap refers to the E234Q primase mutant at a concentration of 3 �M.
d The rate of inactivation is too rapid to be accurately determined (�6 min�1).
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Interestingly, we found that both the wt-gp32- and the gp32-A-
containing replisomes are less sensitive to the primase trap
when the concentration of clamp and clamp loader is increased
from 200 to 800 nM (Table 1 and Fig. 6, A and B). The increase
in clamp and clamp loader concentrations nearly compensates
for the difference in primase processivity in reactions per-
formed with wt-gp32 and gp32-A (kinact of 0.13 and 0.2 min�1,
respectively).
To investigate the processivity of the primase-helicase com-

plex protein outside of the context of the replisome, we exam-
ined the activity of the primase using ssM13 as a DNA sub-
strate. These experiments were carried out in a similar fashion
as the processivity experiments that used the complete repli-
some and the minicircle DNA substrate. The primase and heli-
case were allowed to assemble and initiate primer synthesis for
a period of 2.5 min, followed by a 10-fold dilution into buffer
without gp32, with gp32-A, or with wt-gp32. Helicase, helicase
loader, and primase were omitted from the dilution buffer to
reduce the likelihood of primosome reassembly. The results
from this experiment demonstrate that the primase dissociates
very rapidly from the primosome outside of the context of the
replisome, regardless of the presence or absence of gp32 (Fig. 7,
A–C). Primer synthesis ceases immediately upon addition of
the primase trap, indicating a half-life of less than 10 s (kinact �
6 min�1). The half-life of the helicase traveling along ssDNA
has been estimated to be around 30–60 s, suggesting that the
primase dissociates from the helicase, which then continues to
travel along the ssDNA template (39, 40). This suggests that
gp32-induced increase in primase processivity requires a
unique feature(s) of the replisome or the replication fork that
only occurs during coupled leading and lagging strand DNA
synthesis.

DISCUSSION

The initiation of lagging strand synthesis is a multistep proc-
ess involving priming, clamp loading, polymerase recycling,
and holoenzyme assembly. As a central player of the replisome,
ssDNA-binding protein (gp32) is likely involved in any or all of
these steps (1). The usual method for determining the effect of
a particular protein on a complex system is to simply omit the
protein from the process and observe the results. With regard
to gp32, there are two problems with this approach. First, a
specific interaction between gp59 and gp32 is required for the
proper assembly of the replisome (41, 42). Second, removal of
gp32 from replisome-dependent leading and lagging strand
DNA synthesis results in the production of a large amount of
uncoated ssDNA, which acts as a trap for the distributive repli-
somal proteins (23, 34). For the latter reason, we examined the
effect of a truncated gp32 protein lacking its protein-interact-
ing domain (gp32-A) on lagging strand synthesis. The gp32-A
mutant retains the ability to cooperatively bind ssDNA, thus
coating the ssDNA produced by the helicase and leaving the
distributive replisomal proteins unperturbed. gp32 has been
shown to bind several replisomal proteins, including the poly-
merase, helicase loader, clamp protein, and the primase (43,
44). All of these interactions are abolished by removal of
domain A in gp32. To achieve proper assembly of the repli-
some, we took advantage of the distributive nature of gp32 by

first assembling the replisome in the presence of wt-gp32 and
then exchanging it with gp32-A by a 10-fold dilution into buffer
containing chosen replisome components and gp32-A.
The role of gp32 on replisomalDNA synthesis has been stud-

ied previously (44, 45). However, in that study the gp32-A was
used at both the stage of replisomal assembly and DNA synthe-
sis, which for the reasons just stated, prevents the assembly of
the helicase and results in very low levels of helicase-dependent

FIGURE 7. Sensitivity to primase trapping on ssM13 DNA substrates using
wt-gp32, gp32-A, and gp32 omission. The priming reactions were carried
out as described under “Materials and Methods.” The time points before and
after trap addition (indicated by arrow) are fitted to linear and single expo-
nential equations, respectively. Reactions were performed in the presence of
wt-gp32 (A), no gp32 (B), or gp32-A (C). In each case, the diamond and square
symbols represent the reactions where either buffer or primase trap was
added to the reaction, respectively. The first three time points are taken from
a single reaction. The reaction was then divided, and either buffer or primase
trap was added. The single exponential rate constants for the reactions with-
out primase trap are 0.25 � 0.08, 0.26 � 0.04, and 0.18 � 0.09 min�1 for (A–C),
respectively. The rate of inactivation of reactions with the primase trap is too
rapid to determine.
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DNA synthesis (44). Here, our dilution protocol isolates the
effect of the gp32-A mutant to that of lagging strand synthesis.
We find that the replisomal DNA synthesis in the presence
of gp32-A results in a 2.5-fold increase in the average length of
Okazaki fragments and more broadly a distributed range of
lengths as compared with reactions performed with wt-gp32.
Examination of the primers produced during coupled repliso-
mal DNA synthesis indicates that the source of the Okazaki
fragment lengthening is a combination of a reduction in total
priming and lower primer utilization.
The primase protein has been shown to be somewhat distrib-

utive, being recruited from solution during Okazaki fragment
synthesis (24).Herewe find that the dissociation rate of primase
is dramatically increased in the presence of gp32-A, indicating
that an interaction between gp32 and a replisomal protein (pre-
sumably the primase) is responsible for the moderate proces-
sivity of the primase. The dissociation rate of the primase in the
presence of wt-gp32 is 0.27 min�1, whereas Okazaki fragments
are synthesized every 5–10 s. This indicates that many rounds
of Okazaki fragment synthesis will occur before the dissocia-

tion of a single primase subunit.
When wt-gp32 is replaced with
gp32-A, the dissociation rate
becomes too fast to measure with
our assay, suggesting that a primase
subunit dissociates after each cycle
of Okazaki fragment synthesis. We
have previously observed that Oka-
zaki fragment length is dependent
on the concentration of primase,
suggesting that in the event of pri-
mase dissociation, its rebinding rate
is a partially rate-limiting step in the
primer synthesis cycle (24, 33).
Therefore, an increase in the disso-
ciation rate of the primasewill result
in a decrease in the overall priming
rate, which is what we have
observed here. It is therefore likely
that the decrease in primase proces-
sivity is directly responsible for the
reduced amount of total priming
activity in reactions containing
gp32-A.
Surprisingly, we found that high

levels of the polymerase accessory
proteins, clamp and clamp loader,
decreased the dissociation rate of
the primase 2-fold (0.27 to 0.13
min�1). Themost likely mechanism
for a clamp/clamp loader-induced
increase in primase processivity
involves the handoff of the RNA
pentamer from the primase to the
polymerase. We have previously
demonstrated that high concentra-
tions of clamp and clamp loader
increase the efficiency of primer

handoff (28). That result, combined with the signaling mecha-
nism for the release and recycling of the lagging strand poly-
merase, favors a primer handoff pathway where the RNA
primer is first transferred to the clamp loader and clamp pro-
teins before the association of the polymerase. The loading of
clamp/clamp loader signals the lagging strand polymerase to
release its DNA template and recycle to the new primer. The
increase in primase processivity is likely linked to the increase
in primer handoff efficiency. The primase protein must release
the RNA primer so that the clamp loader can recognize
the primer/template and load/chaperone the clamp protein
into position on the RNA/DNA duplex. At the point of primer
release, the primase could remain as part of the replisome or
dissociate into solution. The data here indicate that the primase
is more likely to remain in the replisome when handoff effi-
ciency is increased. This requires a mechanism that allows the
primase to respond to the presence of the clamp loader. This
could be through a direct interaction between the primase and
the clamp loader or indirectly through the competition for a
mutual binding partner (e.g. gp32). We favor a direct, yet tran-

FIGURE 8. Model for the initiation of lagging strand DNA synthesis in the T4 replisome. Initiation of
lagging strand synthesis begins with the synthesis of an RNA pentamer by primase (step 1). The lagging strand
polymerase is synthesizing an Okazaki fragment, causing the lagging strand loop to increase in size. The
helicase continues to unwind the DNA duplex, causing a second loop to form (step 2). If the clamp loader
protein does not load the clamp in time, the primase either releases from the helicase and dissociates from the
replisome (step 3) or releases the primer and remains with the replisome (step 4). Route (step 4) is favored in the
presence of wt-gp32, whereas route (step 3) is favored in the presence of gp32-A. Arrow size for steps 3 and 4
represent their relative rates, and arrow color represents replication with wt-gp32 (red) or gp32-A (black). If the
primase dissociates, a new primase subunit must be recruited from solution to reset the replisome and allow
for another round of RNA primer synthesis. If the clamp loader loads the clamp (step 5), the primase hands off
the RNA primer to the clamp and remains bound to the helicase (step 6). The successful loading of the clamp
onto the RNA primer causes the lagging strand polymerase to release the lagging strand template and recycle
to the new clamp-loaded RNA primer (step 7).
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sient, interaction between the clamp loader and the primase
because the clamp/clamp loader-induced increase in primase
processivity remains when gp32 is replaced with the gp32-A
mutant. The increase in trapping rate at low clamp and clamp
loader concentrations indicates that when primer handoff is
less efficient, the probability of primase dissociation is
increased.
The simplest mechanism to account for these data is a “tim-

ing”mechanismwhere the primase is bound to the RNAprimer
within the replisome for a finite time (Fig. 8). This model is
speculative but is consistent with all of the data presented here
and with the lagging strand polymerase recycling mechanism
previously demonstrated. The average Okazaki fragment cycle
is completed in less than 10 s with the majority of this time
devoted to the synthesis of the Okazaki fragment. Therefore,
the time required to proceed through the steps shown in Fig. 8
is likely only a few seconds. The start of an Okazaki fragment
cycle occurs when the primase recognizes a priming site and
synthesizes a RNA pentamer (step 1). The primase remains
bound to both the helicase and the RNA primer, although the
helicase continues to unwind the duplex DNA. The production
of ssDNA by the helicase produces a second loop between the
helicase and primase (step 2). Presumably, this loop becomes
coatedwith gp32 in the samemanner as the lagging strand loop.
Next, the clamp and clamp loader enter the replisome from
solution and displace the primase from the RNA primer, caus-
ing the priming loop to collapse (steps 5 and 6). The primase
remains bound to the helicase ready for the next round of
primer synthesis. Once the clamp loader has chaperoned the
clamp onto the primer/template, the lagging strand polymerase
releases the lagging strand template and recycles to the newly
synthesized RNA primer (step 7). However, if the clamp and
clamp loader proteins are slow to enter the replisome and fail to
displace the primase from the RNA primer, then the primase
will either release the primer and remain with the replisome
(step 4) or will dissociate from the replisome with the primer
(step 3). In the presence of a functional interaction between
gp32 and the primase, the pathway where the primase remains
with the replisome is strongly favored. In addition to explaining
primase processivity, thismechanism accounts for the decrease
in primer utilization when wt-gp32 is replaced with gp32-A. In
the absence of a primase-gp32 interaction, the dissociation rate
of the primase (and therefore the primer) increases, which nar-
rows the window of opportunity for primer capture by the
clamp loader and therefore primer utilization efficiency
decreases.
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