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In most cells, 100–1000 Okazaki fragments are produced for
each replicative DNA polymerase present in the cell. For fast-
growing cells, this necessitates rapid recycling of DNApolymer-
ase on the lagging strand. Bacteria produce long Okazaki frag-
ments (1–2 kb) and utilize a highly processive DNA polymerase
III (pol III), which is held to DNA by a circular sliding clamp. In
contrast, Okazaki fragments in eukaryotes are quite short, 100–
250 bp, and thus the eukaryotic lagging strand polymerase does
not require a high degree of processivity. The lagging strand
polymerase in eukaryotes, polymerase � (pol �), functions with
the proliferating cell nuclear antigen (PCNA) sliding clamp. In
this report, Saccharomyces cerevisiae pol � is examined on
model substrates to gain insight into the mechanism of lagging
strand replication in eukaryotes. Surprisingly, we find pol � is
highly processive with PCNA, over at least 5 kb, on Replication
Protein A (RPA)-coated primed single strand DNA. The high
processivity of pol � observed in this report contrasts with its
role in synthesis of short lagging strand fragments, which
require it to rapidly dissociate from DNA at the end of each
Okazaki fragment.We find that this dilemma is solved by a “col-
lision release” process in which pol � ejects from PCNA upon
extending a DNA template to completion and running into the
downstream duplex. The released pol � transfers to a new
primed site, provided the new site contains a PCNA clamp.
Additional results indicate that the collision releasemechanism
is intrinsic to the pol3/pol31 subunits of the pol � heterotrimer.

Chromosome replication in eukaryotes utilizes both DNA
polymerase (pol)2 � and DNA pol �, which are thought to func-
tion on the leading and lagging strands of the replication fork,
respectively (1, 2). During replication fork movement, discon-
tinuous lagging strand fragments are initiated by RNA primers

generated by the primase function of DNA polymerase �/pri-
mase (pol �/primase), and the primers are extended by DNA
pol � to a total length of 30–35 nucleotides. Unlike pol �, pol �
and pol � both utilize PCNA, a ring-shaped sliding clamp that
increases the processivity of these DNA polymerases, and the
PCNA clamp is assembled onto DNA by the 5-subunit RFC
clamp loader (3–7). In these respects the eukaryotic replication
apparatus is similar to the bacterial replisome, which contains
sliding clamps and a clamp loader, except the bacterial repli-
some utilizes two identical copies of aDNApolymerase (pol III)
for the leading and lagging strands (8). Eukaryotes also contain
a heterohexameric MCM 2–7 complex, which is thought to be
the replicative helicase, analogous to the Escherichia coliDnaB
homohexamer (9).
Despite the similarities between bacterial and eukaryotic

replisomes, they appear to diverge significantly in many other
respects. For example, the bacterial clamp loader is tightly
associated with the leading and lagging stand polymerases,
whereas the RFC clamp loader lacks stabile interactions with
either pol � or pol �. Furthermore, the eukaryotic replication
fork utilizes numerous factors that have no apparent homo-
log in bacteria, including the GINS complex and Cdc45 pro-
tein, among others (10). Also, RPA, the eukaryotic single
strand DNA-binding protein, is a heterotrimer whereas the
bacterial SSB is a homotetramer.
We have a long term interest in understanding the detailed

mechanism by which DNA polymerases act at a replication
fork. In this report we focus on Saccharomyces cerevisiae pol �
and its expected actions on the lagging strand during chromo-
some replication. Most cells produce 100–1000 Okazaki frag-
ments for each replicative DNA polymerase, and this necessi-
tates efficient recycling of the scarce DNA polymerase. It is
particularly fascinating when an enzyme with high processivity
functions on the lagging strand, because it must dramatically
loosen its tight grip to DNA at the end of each lagging strand
fragment to dissociate from DNA and recycle to new primed
sites. A clear example of this is the bacterial pol III replicase,
which functionswith the� sliding clamp to achieve processivity
of over 50 kb, yet Okazaki fragments are only 1–2 kb. Recycling
of the tightly bound pol III on the lagging strand is solved by a
“collision release”mechanism that disengages pol III from the�
clamp upon completing a DNA template (11). The released pol
III then rapidly associates with a new � clamp assembled at an
upstreamRNAprimed site. Collision release involves the � sub-
unit, which facilitates separation of pol III from the clamp upon
completing a DNA segment (12). A second type of polymerase
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recycling mechanism, referred to as “premature release” (also
called “signaling release”) occurs when the lagging strand poly-
merase releases from the clamp prior to finishing an Okazaki
fragment. Premature release is the dominant, if not sole, mech-
anism of polymerase recycling in the T4 phage replication sys-
tem (13). Premature release may be required in the T4 phage
systemdue to production of very short 5-nucleotideRNAprim-
ers that would dissociate if theywere not immediately extended
by polymerase. Primers in E. coli are much longer (�12 nucle-
otides) and thus remain on DNA. However, premature release
can be observed in the E. coli system when the Okazaki frag-
ment cycle is perturbed or the lagging strand polymerase is
stalled (14, 15). Premature release is thought to be signaled by
events related to priming or by assembly of clamps on newRNA
primers.
The current report uses pure recombinant S. cerevisiae rep-

lication proteins to study pol �-PCNA processivity, and to gain
insight into the mechanism of polymerase recycling on the lag-
ging strand in eukaryotes. We expected pol � to lack a high
degree of processivity, partly based on previous reports of
human pol � (16, 17), but also based on the small size ofOkazaki
fragments in eukaryotes (18, 19). Instead, we find that yeast pol
� is remarkably processive with PCNA and extends a single
primer around an entire 5.4-kb primed�X174 ssDNA genome.
Unlike bacterial pol III, the high processivity of pol � with
PCNA does not require specific contact to the RPA ssDNA-
binding protein. Instead, pol � is just as rapid and processive
with PCNAwhen E. coli SSB is used in place of RPA. This result
may explain the ability of pol � to replicate both leading and
lagging strands of the SV40 viral genome (20–22). The high
processivity of pol �-PCNA also suggests that pol � may substi-
tute for pol � in cells that lack the N-terminal polymerase
domain of pol �, yet remain viable (23, 24).
The high processivity of yeast pol � with PCNA raises the

question of how pol � rapidly recycles to new primed sites upon
completion of each short Okazaki fragment. We examine this
issue here and find that the highly processive pol �-PCNA con-
tains an intrinsic capacity for collision release. Study of the col-
lision release mechanism shows that pol � does not recognize
the 5� RNA terminus to induce collision release; 5� DNA is just
as efficient. Collision release also does not require RPA, nor
does it require the ssDNA binding region of the RFC1 subunit
of RFC, a putative functional analogue of the E. coli � subunit
involved in collision release.We also ask if premature release of
pol � can be signaled by stalling pol �-PCNA in the presence of
a primed challenge DNA but find that the stalled pol � retains
its tight grip to PCNA. In addition, the current report dem-
onstrates that the pol32 subunit of pol � is not required for
processivity or collision release. Overall, the study indicates
that the unexpected high processivity of pol � and the colli-
sion release mechanism are intrinsic properties of pol �;
additional factors are not required, and the responsibility for
these actions is relegated to one or both of the pol3 and pol31
subunits of pol �.

EXPERIMENTAL PROCEDURES

DNA Substrates—M13mp18 single strand circular DNA was
prepared as described (25). �X174 virion single strand circular

DNA was purchased from New England Biolabs (Ipswich, MA).
Unless otherwise noted, sequences of oligonucleotide primers
used to initiate synthesis on circular ssDNA were: primer 1B
(�X174) 5�-ACCAACATAAACGTTATTGCCCGGCGTACG-
3�, primer 3B (M13mp18) 5�-AGTTAAAGGCCGCTTTTGCG-
GGATCGTCACCC-3�, and the RNA/DNA primer (�X174)
5�-rCrArArGrCrArGrUrArGdTdAdAdTdTdCdCdTdGdCdT-
dTdTdAdTdCdAdAdG-3�.
Genes encoding the three subunits of S. cerevisiae pol � (pol3,

pol31, and pol32) were cloned into separate compatible E. coli
expression plasmids under control of the bacteriophage T7
promoter. The POL32 gene was cloned in-framewith anN-ter-
minal GST affinity tag followed by codons for the amino acids
LEVLFQGPH and then by the coding sequence of POL32.
The italicized residues are recognized by the PreScission
Protease (GE Healthcare, Piscataway, NJ), which cleaves
between the adjacent Q and G, leaving three extra amino
acid residues at the N terminus of the pol32 protein after
proteolytic removal of the GST moiety. The pol3 protein
used in these studies has the sequence Glu-Leu at positions
78 and 79, respectively, which differs from the sequence
Asp78-Val79 reported in the Saccharomyces Genome Data
Base (www.yeastgenome.org), as previously described (26).
Proteins—To express and purify pol �, the pol3, pol31, and

GST-pol32 plasmids were co-transformed into electrocompe-
tent E. coli strain BL21(DE3) (Lucigen,Middleton,WI) by elec-
troporation, and co-transformants were selected at 37 °C on LB
agar plates containing ampicillin, kanamycin, and streptomy-
cin. After overnight growth of individual transformants in liq-
uid medium, cultures were diluted into 12 liters of fresh selec-
tivemedium and grown at 37 °C to anA600 of�0.7, then placed
on ice for 30 min, induced with 1 mM isopropyl 1-thio-�-D-
galactopyranoside, and grown overnight at 15 °C. Induced cul-
tures were harvested by centrifugation, resuspended in 3 ml of
Tris-sucrose (50 mM Tris, pH 7.5, 10% sucrose), and stored at
�80 °C. Frozen cell pellets were thawed, adjusted to 0.5 MNaCl,
2 mM phenylmethylsulfonyl fluoride, and 1� GBB (GST bind-
ing buffer: 50mMTris, pH 7.5, 1mMEDTA, 10% glycerol). Cells
were lysed in a cold French Press. After lysis, spermidine was
added to 30mM, and the lysate was clarified by centrifugation at
12,500 rpm for 1 h at 4 °C in a Sorvall SLA-1500 rotor. The
clarified supernatant (100–150 ml) was applied onto a 7-ml
column of glutathione-Sepharose 4B (GE Healthcare) equili-
brated with 1� GBB plus 0.5 M NaCl. This and all subsequent
stepswere performed at 4 °C. The columnwaswashedwith 5–7
column volumes of 1�GBB buffer containing 0.5 MNaCl, then
equilibrated with 3 column volumes of elution buffer (50 mM
Tris, pH 7.5, 1 mM EDTA, 10% glycerol, and 5 mM DTT) con-
taining 0.3 M NaCl. Protein was eluted with 2 column volumes
of elution buffer containing 40 mM reduced L-glutathione, and
fractions of 0.3 ml were collected and analyzed by SDS-PAGE.
Peak fractions (�4 ml) were pooled, mixed with 40 units of
PreScission Protease to remove the GST tag from pol32, and
dialyzed overnight against 4 liters of Buffer A (20 mM Tris, pH
7.5, 0.5 mM EDTA, 2 mM DTT, 10% glycerol) containing 300
mMNaCl. After dialysis and protease cleavage, pooled fractions
were diluted with Buffer A to a conductivity equivalent to
Buffer A containing 80 mMNaCl and applied at 0.25 ml/min to
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a 1-ml mono Q column equilibrated with Buffer A plus 80 mM
NaCl. The mono Q column was washed with 10 column vol-
umes of Buffer A plus 80 mM NaCl, and bound protein was
eluted with a 20-column volume gradient of Buffer A plus 80
mM NaCl to Buffer A plus 200 mM NaCl. Fractions containing
the two-subunit formof pol � (pol3 andpol31) eluted early from
the column and were stored individually at �80 °C. Peak frac-
tions of stoichiometric pol � heterotrimer were pooled, ali-
quoted, and stored at �80 °C (total yield � 0.25 mg). Recombi-
nant RFC and the RFC mutant containing a truncated RFC1
subunit lacking the ssDNA binding region (27, 28), PCNA (29),
and E. coli SSB (30) were prepared as described.
DNA Replication Assays—DNA replication reactions were

performed as follows: PCNA (240 fmol, as trimer), RFC (360
fmol, as pentamer),�X174 circular ssDNA (165 fmol, as circles)
primed with a DNA 30-mer, either RPA (640 nM, as heterotri-
mer) or E. coli SSB (65 pmol, as tetramer), and the indicated
amount of pol � (as heterotrimer) were incubated 5min at 30 °C
in 135 �l of Replication Buffer (20 mM Tris-Cl (pH 7.5), 50 mM
potassium glutamate, 5 mM DTT, 0.1 mM EDTA, 40 �g/ml
bovine serum albumin, 8 mM MgCl2, 0.5 mM ATP, 5% glycerol,
and 60�M each of dGTP and dCTP) unless indicated otherwise
in the legends. DNA synthesis was initiated by adding 15 �l of
Start Buffer (60 �M dATP, 20 �M dTTP, and 15 �Ci of
[�-32P]dTTP in Replication Buffer) and incubated at 30 °C (all
concentrations are with respect to the final 150-�l reaction). At
the indicated times, 25-�l aliquotswere removed andquenched
by addition of an equal volume of 1% SDS/40 mM EDTA. Total
incorporation of [�-32P]dTTP (as dTMP) was determined by
spotting a portion of the reaction on DE81 filters. Filters were
washed and dried, and total incorporation was analyzed in a
liquid scintillation counter. RFII products were analyzed in a
0.8% agarose gel in 1� TBE. Gels were dried, exposed to
PhosphorImager screens, and imaged using a Typhoon 9400
Laser scanner (GE Healthcare).
For challenge experiments, separate donor and challenge

reactions were prepared containing (donor, challenge): primed
circular ssDNA (68 fmol �X174, 334 fmol M13mp18), either
RPA (40 pmol, 130 pmol), or E. coli SSB (30 pmol, 120 pmol),
PCNA (180 fmol, 690 fmol), and RFC (190 fmol, 725 fmol) in
Replication Buffer (potassium glutamate was omitted in reac-
tions containing SSB). Donor and challenge reactions were
incubated separately for 5 min at 30 °C and then mixed. pol �
(270 fmol) was added either to the donor reaction before pre-
incubation or to the combined reaction after mixing as indi-
cated. DNA synthesis was initiated upon adding Start Buffer as
described above, either immediately or after co-incubation of
the mixed reaction for the indicated times, and then aliquots
were quenched at various times after initiation and analyzed as
described above.
Analysis of Terminal Replication Products—For analysis of

the terminal products of replication, the basic replication
assay was modified as follows: pol � (900 fmol), PCNA (408
fmol), RFC (416 fmol), and SSB (68 pmol) were incubated
along with singly primed �X174 (175 fmol) and 40 units of
XhoI restriction endonuclease in 125 �l of Replication
Buffer for 5 min at 30 °C. The primer for these reactions has
the sequence 5�-CAAGCAGTAGTAATTCCTGCTTTATC-

AAG-3�. DNA synthesis was initiated by adding 25 �l of Start
Buffer. A parallel reaction (75 �l) using E. coli pol III* (275
pmol) and �-clamp (1.1 pmol as dimer) along with singly
primed�X174 (87 fmol) and 20 units of XhoI was performed as
a control. To confirm cutting by XhoI, 25-�l aliquots were
removed at the indicated times, quenched, and analyzed as
above. For analysis of the terminal products of replication,
12.5-�l aliquots were removed at the indicated times and
quenched by addition of an equal amount of 2� denaturing
PAGE loading buffer. Samples were loaded onto a 12% polyac-
rylamide/8 M urea gel. Gels were exposed and analyzed as
above. For comparison, a DNA ladder was generated using the
3�-5� exonuclease minus derivative of Klenow fragment and a
5�-end radiolabeled primer (5�-GAGCTTCTCGAGCTGCGC-
AAGG-3�) was annealed to �X174 ssDNA in the presence of
chain-terminating mixtures of dNTPs/ddNTPs.

RESULTS

DNA Synthesis by pol �-PCNA Is Remarkably Processive with
PCNA—The studies of this report utilize a recombinant S. cer-
evisiae pol � heterotrimer produced in E. coli, which consists of
the pol3 polymerase and its two small subunits, pol31 and
pol32. The purified recombinant pol � contains all three sub-
units in approximately equal molar ratio (Fig. 1A). We have
previously expressed recombinant S. cerevisiae RFC and PCNA

FIGURE 1. pol � is highly processive with the PCNA clamp. A, SDS-PAGE of
recombinant pol � heterotrimer. B, assays using primed �X174 ssDNA and the
indicated components. C, scheme illustrating the reactions shown in D.
D, effect of dilution of pol � with respect to PCNA clamped onto a constant
concentration of primed circular �X174 ssDNA. Reactions were performed as
described under “Experimental Procedures.” Aliquots from each reaction
were quenched at the indicated times and analyzed in a 0.8% native agarose
gel followed by autoradiography. The position of the fully replicated RF II
duplex product is indicated.
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to high levels in E. coli (28, 29). The recombinant pol � shows
robust replication activity that depends on both PCNA and
RFC (Fig. 1B).

In the experiment of Fig. 1C, we examine the processivity of
pol � with PCNA during synthesis. The assay utilizes the 5.4-kb
�X174 bacteriophage ssDNA genome primed with an oligonu-
cleotide and coated with RPA. The RFC clamp loader was first
used to assemble a PCNA clamp onto the primed site, and then
a series of time-course experiments was performed using pro-
gressively lower amounts of pol � and a constant amount of
RPA, RFC, PCNA, and DNA (see scheme in Fig. 1C). To visual-
ize DNA products, [�-32P]dTTP was added to the dNTP mix-
ture, and time points were withdrawn and analyzed in a neutral
agarose gel.
If the action of pol �-PCNA is not processive for the full

length of the 5.4-kb primed template, pol �will come on and off
DNA during extension of the single primer around the full cir-
cle. At high concentrations of pol �, as soon as one pol � disso-
ciates from PCNA, another will rapidly take its place and
resume synthesis of the full-length product. But as pol �
becomes limiting, a new pol � will not take the place of a pol �
that dissociates. Furthermore, once pol � dissociates from a
partially extended substrate, it does not necessarily reassociate
with the same partially replicated substrate. Instead, the disso-
ciated pol � will sample the multiple primed substrates, and
thus will require a longer time to form full-length 5.4-kb duplex
RFII product compared with reactions that contain a higher
amount of pol �. The result in Fig. 1D shows that the rate of RFII
duplex product formation is the same for all pol � concentra-
tions, even when pol � is limiting. Hence, pol � is fully proces-
sive with PCNA on the 5.4-kb substrate and extends the primer
full circle in a single DNA-binding event. The time course also
shows that the pol �-PCNA replicase forms 5.4-kb RFII product
within 35 s (Fig. 1D), indicating a rate of incorporation of �150
nucleotides/s. This result implies that complete extension of a
100- to 250-bp Okazaki fragment requires only 1–2 s.
High Processivity of pol �-PCNADoesNot Require Its Cognate

ssDNA-binding Protein—Processivity of pol �-PCNA during
synthesis of an entire 5.4-kb �X174 ssDNA genome is unex-
pected given the short length of Okazaki fragments in
eukaryotes. This high degree of processive synthesis is also
observed with the E. coli pol III replicase, which functions with
the circular� clamp, similar to pol �with PCNA (31). E. coli pol
III requires its cognate SSB for high processivity and is no lon-
ger highly processivewhenheterologous single-strandedDNA-
binding proteins are used to coat the ssDNA, such as human
RPA or phage T4 gene 32 protein (32). In the E. coli system, the
pol III replicase contains the 	 subunit, which binds to SSB and
contributes to the processivity of E. coli pol III with its � clamp
(32, 33). Eukaryotes have no apparent sequence homolog of the
E. coli 	 subunit (34), and thusmay not exhibit a strong require-
ment for its cognate RPA single strand-binding protein.
Although previous studies have shown that pol �-PCNA can
function on E. coli SSB-coated DNA, processivity was not
measured (6).
In Fig. 2 we test whether pol �-PCNA requires RPA for pro-

cessive function by replacing RPA with SSB from E. coli using
primed �X174 ssDNA. The results demonstrate that as pol � is

titrated down to limiting amounts in the reaction, full-length
5.4-kb RFII product is still formed at the same rate as at high pol
� concentration. Therefore, pol �-PCNA does not require its
cognate RPA single strand DNA-binding protein for rapid and
processive functionwith PCNA. Furthermore, pol �-PCNAdis-
plays essentially the same rate of elongation on the E. coli SSB-
coated ssDNA template as on RPA-coated primed ssDNA
(compare Fig. 1D with Fig. 2).
pol � Dissociates from DNA Specifically upon Completing

DNA—The high processivity of pol �with PCNA stands in con-
trast to its action on the lagging strandwhere pol �must rapidly
dissociate upon finishing anOkazaki fragment so it can transfer
to a new primer for extension of the next Okazaki fragment.
Rapid transfer to a new primed site requires that pol � lose its
tight grip on DNA upon completing a DNA template.
To test whether pol � loses affinity forDNAupon completing

DNA synthesis, we assembled pol � with PCNA on a donor
�X174-primed DNA and added it to a 5-fold excess of primed
M13mpl8 challenge DNA. For this experiment, the �X174
template was primed using an oligonucleotide that contains 5�
ribonucleotides tomimic the structure pol � encounters during
normal replication, Okazaki fragments terminated at the 5� ter-
minus by RNA synthesized by pol �/primase (35). After mixing
the two DNAs and initiating DNA synthesis (see scheme in Fig.
3A), time points were withdrawn and analyzed in a native aga-
rose gel. If pol � and its associated PCNA clamp remain tightly
bound to the donor �X174 RFII duplex product, it will not
transfer to the challenge DNA, in which case synthesis of
M13mp18 7.2 kb RF II will not be observed. On the other
hand, if pol �-PCNA dissociates from �X174 DNA upon
completing replication and the polymerase transfers to the
M13mp18 challenge DNA along with its clamp, the 7.2-kb

FIGURE 2. pol �-PCNA does not require RPA for speed and processivity.
A, scheme illustrating reactions performed using E. coli SSB in place of yeast
RPA. pol �-PCNA is assembled on primed �X174 ssDNA coated with E. coli
SSB, then dATP, dTTP, and [32P]dTTP are added to initiate synthesis. Time
points are collected as indicated in the figure. B, reaction conditions are
detailed under “Experimental Procedures,” and DNA products were analyzed
in a 0.8% native agarose gel followed by autoradiography. The position of the
fully replicated RFII duplex product is indicated.
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M13mp18 RFII product will become visible shortly after the
5.4-kb �X174 RFII product appears. Due to their different
sizes, the duplex RFII products of the �X174 and M13mp18
are readily distinguished in a native agarose gel.
The result shows that pol �-PCNA does not transfer to the

challenge DNA, because the M13mp18 RFII product is not
formed (Fig. 3B). This observation indicates that pol � and/or
PCNA retains its tight grip to DNA even after it is finished
replicating it. However, a very different outcome is observed
when a PCNA clamp is first assembled onto the challenge
M13mp18 ssDNA. In this event, M13mp18 RFII product is
formed directly following the appearance of �X174 RFII (Fig.
3C). This finding implies that pol � dissociates from the donor
�X174 RFII DNA upon completing replication, but that the
PCNA clamp remains tightly bound to the completed DNA.
Once released from �X174 RFII DNA, pol � transfers to PCNA
on the challengeDNA to formM13mp18RFII duplex products.
Characterization of pol � Release from PCNA on Replicated

DNA—The results of Fig. 3 indicate that the highly processive
pol �-PCNA complex breaks apart upon completing replica-
tion. This action frees pol � to release from PCNA so it can
transfer to new primed sites that contain a PCNA clamp. Char-
acterization of these events in the E. coli system reveal that
release of E. coli pol III from its � clamp only occurs upon com-
plete replication of DNA (11). In addition, separation of pol III
from the � clamp is facilitated by the C-terminal region of the �
clamp loading subunit; this region is not essential for clamp
loading (36, 37) but interacts with ssDNA and pol III (12, 38). In
the next few experiments we examine the degree to which pol
�-PCNA completes a primed �X174 ssDNA circle, and we also
ask whether the ssDNA binding region of the RFC1 clamp
loader subunit is involved in pol � release from PCNA. In addi-
tionwe determine if collisionwith a 5�DNA, instead of 5�RNA,
is sufficient to trigger collision release of pol � from PCNA.
First, we determine whether pol �-PCNA needs to collide

with a 5� RNA to trigger dissociation from DNA (Fig. 4A). To
test this, the donor �X174 ssDNA was primed using a DNA

oligonucleotide instead of a primer containing 5� ribonucleoti-
des. In this case, when pol �-PCNA goes full circle around the
�X174 donor it will encounter a 5�DNA terminus. If pol �must
encounter a 5� RNA terminus to trigger ejection from PCNA, it
will no longer dissociate from the �X174 RFII duplex, and the
M13mp18 acceptor will not be replicated to an RFII product.
The result clearly shows production of M13mp18 RFII, and
therefore pol � dissociates from the �X174 DNA product upon
encountering 5� DNA (Fig. 4B, left panel). To determine if
PCNA still remains on the donor DNA, this experiment was

FIGURE 3. Collision release by pol � enables it to transfer to new primed
sites endowed with a PCNA clamp. A, reaction scheme: pol � was assembled
with PCNA on the RPA-coated 5.4-kb �X174 donor ssDNA primed with an
oligonucleotide containing 5� ribonucleotides, and then a 5-fold molar
excess of M13mp18 challenge primed template was added; the challenge
DNA either contained PCNA or lacked PCNA. Replication was initiated imme-
diately after addition of the challenge DNA, and reactions were quenched at
times indicated in B and C. B, challenge DNA lacks PCNA, and aliquots from the
reaction were quenched at the indicated times, then products were analyzed
in a 0.8% native agarose gel. C, the experiment in B was repeated, but the
challenge M13mp18 primer contained a pre-loaded PCNA clamp.

FIGURE 4. Characterization of the collision release reaction. A, scheme of
collision release assay and variables tested in the subsequent experiments in
the panels below. B, test of collision release upon pol �-PCNA encounter with
a 5� DNA terminus. In this case, the donor �X174 ssDNA was primed with a
DNA oligonucleotide, and reactions were performed as described under
“Experimental Procedures” using pol �, PCNA, and RPA, except the RFC
mutant lacking the ssDNA binding region of RFC1 was used to load PCNA
onto both the donor and challenge DNAs. Left panel: PCNA was assembled on
the challenge DNA. Right panel: PCNA is not present on the challenge DNA.
C, reactions were performed as in B, except both donor and challenge tem-
plates are coated with E. coli SSB instead of RPA. Left panel: PCNA is assembled
on the challenge DNA. Right panel: PCNA is not present on the challenge DNA.
D, scheme for determining the extent of synthesis by pol � upon converting
primed �X174 ssDNA to duplex DNA. DNA is replicated in the presence of
[�-32P]dTTP, then linearized 70 bp upstream from the 5� terminus of the ini-
tiating primer using XhoI. The small replicated fragment (indicated) is then
analyzed in a sequencing gel. E, termination sites of synthesis by pol �-PCNA
are analyzed in a sequencing gel (lanes 1–3). For comparison, a sizing ladder
was produced in a separate reaction as described under “Experimental Pro-
cedures” (lanes 5– 8). E. coli pol III holoenzyme is included as a control (lane 4).
The contrast of the pol � and pol III lanes in the autoradiogram was adjusted
to approximate the signal from the sizing ladder.
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repeated in the absence of a PCNA clamp on the M13mp18
challenge DNA (Fig. 4B, right panel). The result shows no
M13mp18 RFII and thus confirms that transfer of pol � to the
M13mp18 DNA requires a PCNA clamp on the M13mp18
challenge DNA.
Provided pol �-PCNA completely replicates the donor

�X174DNA, there should be no ssDNA forRPA (orE. coli SSB)
to bind. In this case, RPA is not expected to play a role in colli-
sion release of pol � from PCNA upon completing DNA syn-
thesis. This prediction is tested in the two template pol � recy-
cling assay by replacing RPA with E. coli SSB (Fig. 4C, left
panel). The results demonstrate that use of E. coli SSB does not
alter the collision release process; pol � transfers to the acceptor
M13mp18 DNA after completing the �X174 template. In addi-
tion, PCNA is required on the challenge DNA to observe the
M13mp18 RFII product, indicating that pol � leaves PCNA
behind on the donor �X174 RFII product (Fig. 4C, right panel).

The E. coli replicase � subunit is used in the collision release
mechanism to recognize ssDNA and sense when replication in
complete; it then enables separation of pol III from the� clamp.
The ssDNA binding region of � is an extension that protrudes
from the clamp loader, and is not required for clamp loading
activity. RFC also has one subunit, RFC1, that contains a
30-kDaN-terminal region that binds ssDNA, yet is not essential
for clamp loading activity (39, 40). In the experiments of Fig. 4
(B and C), we used an RFC complex that contains an RFC1
subunit in which the N-terminal 30-kDa region is deleted. The
fact that pol � efficiently recycles from the �X174 donor to the
M13mp18 acceptor in these experiments demonstrates that
the RFC1 subunit N-terminal extension is not required for
pol � to dissociate from PCNA upon completing DNA.
pol �-PCNA Duplicates Every Nucleotide of Product DNA

and Does Not Release Prematurely—We next sought to deter-
mine whether pol �-PCNA completely extends the primer
around the �X174 ssDNA circle before dissociating from the
�X174 duplex product. Alternatively, pol � may undergo “pre-
mature release,” and leave a short ssDNA gap in the RFII. To
examine this issue, we analyzed the terminal region of the rep-
licated 5.4-kb �X174 RFII DNA in a sequencing gel. To
decrease the size of the replicated DNA, enabling it to enter a
sequencing gel, the RFII product was treated with XhoI, which
yields a 70-base radioactive DNA fragment if pol � were to
completely replicate the �X174 template (see scheme in Fig.
4D). To determine the exact size of theXhoI fragment, we com-
pared it to a reference ladder produced by a DNA sequencing
reaction using a 5� radiolabeled primer that abuts the precise
position where XhoI cleaves �X174. Thus, the bands in the
ladder have exactly the same sequence as DNA produced by
XhoI cleavage of the �X174 duplex product. The result shows
that pol � does not release prematurely; it replicates the �X174
DNA to completion and sometimes proceeds 1–3 nucleotides
beyond the 5� terminus by strand displacement synthesis (Fig.
4E). The E. coli pol III replicase control also produced nicked
circles and 2 nucleotide strand displacement products.
The fact that the pol �-PCNA fully replicates �X174 DNA,

even in the presence of challenge DNA (i.e. Figs. 3 and 4), indi-
cates that pol � does not prematurely release fromDNAwhile it
ismoving. Todeterminewhether premature release of pol � can

be triggered by stalling pol �-PCNA in the presence of new
primed sites containing PCNA clamps, we performed the
experiment illustrated in Fig. 5A. In one reaction, limiting pol �
is assembled onto primed 5.4-kb �X174 ssDNA containing a
PCNA clamp, but in the presence of only 2 dNTPs to mimic
a block to chain elongation. The other reaction contained a
5-fold molar excess (relative to �X174 DNA) of 7.2-kb chal-
lenge M13mp18 primed ssDNA containing a PCNA clamp.
The two reactions were then mixed and co-incubated for vary-
ing amounts of time (see scheme in Fig. 5A). If premature
release of the stalled pol � from PCNA is induced by challenge
primed sites (containing PCNA), the stalled pol � should trans-
fer to the 5-fold excess challenge M13mp18 DNA. Timed ali-
quots were withdrawn from the co-incubation, and a short 75-s
pulse ofDNA synthesis was initiated by addition of the final two
dNTPs. The 75-s pulse of DNA synthesis is sufficient time for
pol �-PCNA to replicate whichever DNA it is on, either �X174
or M13mp18 DNA, but not both.
The result shows that the stalled pol � is remarkably stabile

with PCNA on �X174 DNA, because �X174 RFII is the most
abundant product (84–93%) at all time points (Fig. 5B, left).
Thus, stalled pol � remains stably bound to PCNA and is not

FIGURE 5. PCNA on challenge DNA does not signal premature release of
stalled pol �. A, scheme to test premature release by a stalled pol �-PCNA. pol
�-PCNA is stalled at a primer terminus by omission of two dNTPs, then mixed
with a 5-fold molar excess of a primed M13mp18 challenge template to which
PCNA has been attached. The two DNAs are then co-incubated for the indi-
cated times before initiation of replication; only sufficient time of synthesis is
provided to replicate one DNA (i.e. whichever DNA substrate pol � is attached
to at initiation of synthesis). B, pol �-PCNA is stalled on RPA-coated ssDNA. Left
gel: autoradiogram of a 0.8% agarose gel which resolves the 5.4-kb �X174
donor RFII and 7.2-kb M13mp18 challenge RFII products. The gel to the right is
a control in which PCNA clamps were loaded on 1� donor and 5� challenge
templates in separate reactions and then mixed before addition of pol �. The
graph shows the relative incorporation on each substrate. C, pol �-PCNA was
stalled on E. coli SSB-coated ssDNA, and reactions were performed as
described above and under “Experimental Procedures.”

pol �-PCNA Collision Release Mechanism

OCTOBER 24, 2008 • VOLUME 283 • NUMBER 43 JOURNAL OF BIOLOGICAL CHEMISTRY 29527



induced to release prematurely by exogenous new primed sites.
As a control, PCNA was loaded onto both templates before
adding pol �, then a 75-s pulse of replication was initiated with
all 4 dNTPs (Fig. 5B, right). As expected, at least 5-fold greater
M13mp18 RFII is produced compared with �X174 RF II prod-
ucts, consistent with the presence of excess challenge
M13mp18 DNA in these reactions.
Does the stability of the stalled pol �-PCNA complex require

RPA, for example by specific interaction between pol � and
RPA, thereby preventing premature release of a stalled poly-
merase? In Fig. 5C we examine the stability of stalled pol
�-PCNA on primed �X174 ssDNA coated with E. coli SSB
rather than yeast RPA. The result demonstrates that pol
�-PCNA remains on E. coli SSB-coated �X174 primed ssDNA
throughout the entire time course. Hence, RPA does not sup-
press premature release of a blocked pol �-PCNA, nor does it
enhance its stability onDNA. The control reaction inwhich pol
� is added last to a mixture of the two DNAs gives the expected
excess of M13mp18 RF II product over �X174 RFII (Fig. 5C,
right panel).
Perhaps premature release requires other eukaryotic repli-

some factors, or occurs in the context of the replication fork
when the leading polymerase continues moving forward, as
observed in the E. coli system (14). In this case, the mechanism
of premature release during eukaryotic lagging strand synthesis
will require study of complete eukaryotic replisomes, which
have yet to be reconstituted in vitro.
A Two-subunit Form of pol � Lacking the pol32 Subunit Is

Competent forCollisionRelease—Thepol32 subunit of the pol �
heterotrimer contains a consensus PCNA interacting motif,
suggesting that it may be important for one ormore of the pol �
actions with PCNA explored in this study (41, 42). Therefore,
we used a pol3-pol31 two-subunit form of pol � (lacking the
pol32 subunit) that elutes separately during purification of the
three-subunit enzyme onmono Q and tested it in the two tem-

plate collision release assay. In the experiment of Fig. 6A, we
examine the two-subunit pol � (pol3/pol31) for collision release
from PCNA upon completing DNA. The result shows that the
two-subunit pol � has comparable efficiency to the three-sub-
unit pol � in completing the initial donor template (�X174) and
transferring to PCNA on the challenge M13mp18 DNA (Fig.
6A). Furthermore, the fact that the donor�X174 is replicated to
an RFII duplex in the presence of the challengeM13mp18DNA
indicates that the two-subunit pol � is highly processive with
PCNA and does not dissociate from the donor template until it
has completed it.
The experiment in panel B (Fig. 6) demonstrates that the

stalled two-subunit pol �-PCNA remains on the initial donor
�X174 DNA, and rapid premature release is not induced by
stalling or the presence of the 5-fold excess challengeM13mp18
DNA. Thus high processivity of pol �-PCNA and its ability to
undergo collision release are intrinsic to the pol3 and pol31
subunits and do not require the pol32 subunit.

FIGURE 6. The pol32 subunit of pol � is not required for collision release.
A, the two template collision release assay of the two-subunit form of pol �
(pol3 and pol31) (left panel) is compared with that of the pol � heterotrimer
(pol3, pol31, and pol32) (right panel). Reactions were performed on DNA-
primed ssDNA templates coated with E. coli SSB as detailed under “Experi-
mental Procedures.” Graphs below each gel show relative quantitation of the
indicated bands on an arbitrary scale. B, the two-subunit form of pol � was
examined for premature release when stalled at a primed site in the presence
of excess challenge DNA to which PCNA is attached. Reactions were per-
formed as in Fig. 5 using DNA-primed ssDNA templates coated with E. coli
SSB. The graph below shows the relative incorporation on each substrate.

FIGURE 7. Scheme of pol � action on the lagging strand during repli-
cation fork movement. A, the architecture of the eukaryotic fork is still
unknown, but the MCM helicase is thought to function on the leading
strand with other proteins (Cdc45 and GINS). pol �-PCNA and pol �-PCNA
are thought to be the leading and lagging strand polymerases, respec-
tively. Okazaki fragment extension forms a DNA loop on the lagging
strand, provided the lagging strand polymerase is connected to the lead-
ing strand polymerase or the helicase. B, when pol �-PCNA finishes an
Okazaki fragment and collides with the 5� terminus of the previous Oka-
zaki fragment, pol � undergoes collision release and dissociates from
PCNA and DNA. A fresh PCNA clamp is loaded onto the new upstream
RNA/DNA primer synthesized by pol �/primase on the lagging strand. C,
pol � associates with the new upstream PCNA clamp to begin synthesis of
the next Okazaki fragment, leaving the old PCNA clamp behind on the
completed Okazaki fragment.
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DISCUSSION

The current study utilizes pure recombinant S. cerevisiae pol
� in studies that explore its function with PCNA during lagging
strand synthesis (Fig. 7). We were particularly interested in the
processivity of pol � with the PCNA clamp, because Okazaki
fragments are quite small in eukaryotes and a high degree of
processivity should not be required. However, we find that pol
�-PCNA is exceedingly processive, much more so than is
needed during lagging strand synthesis. Therefore a mecha-
nismmust exist that signals pol � to dissociate fromDNA upon
completing each short 100- to 250-bp Okazaki fragment (Fig.
7B), enabling it to recycle to new primers made by pol �/pri-
mase (Fig. 7C). Interestingly, we find that the processive pol
�-PCNA harbors an intrinsic collision release mechanism that
enables it to disengage from PCNA upon completing replica-
tion. This enables pol � to transfer to new primed sites provided
they are endowed with a PCNA clamp. We presume a mecha-
nismmust also exist for premature release of a blocked enzyme,
but find that a stalled pol �-PCNA is exceedingly stabile on
DNA; excess primed sites (with PCNA on them) do not elicit
premature release of pol � idling on an incomplete ssDNA tem-
plate. We discuss these properties of pol � below, as well as
mechanistic details of these processes. The actions of pol �with
PCNA are compared and contrasted to those that occur in
E. coli, several important features of which are different
between the two organisms.
pol � Binds Tightly to DNA and PCNA for Exceedingly High

Processivity—In eukaryotes, the discontinuous lagging strand is
synthesized as a series of short Okazaki fragments in the range
of 100–250 bp (18, 19). Thus the lagging strand pol � does not
necessarily require a high degree of processivity to perform its
function. Indeed, previous studies of pol � from human and
yeast indicate that pol � is a very poor polymerase when acting
alone, but is stimulated by PCNA which increases the proces-
sivity of pol � by holding it to DNAduring synthesis (7, 43). The
analogous situation exists in bacteria, in which the pol III rep-
licase is held to DNA by the � sliding clamp and exhibits high
processivity that enables it to fully extend a primer full circle
around a 7.2-kb M13mp18 ssDNA genome in one binding
event (31, 44). A recent study has measured the processivity of
pol � with PCNA as �600 nucleotides for yeast pol � (45).
Although this degree of processivity is sufficient for synthesis of
eukaryotic Okazaki fragments, it is low compared with the bac-
terial replicase.
The bacterial pol III-� replicase achieves enhanced stability

onDNA, and therefore increased processivity, through interac-
tion of the clamp loader 	 subunit with SSB (32, 33), and the �
subunit with ssDNA (12). The E. coli pol III replicase has a
half-life for binding the � clamp of under 1 min without �, and
�5 min with all subunits including � (46). The current study
demonstrates that yeast pol � is exceedingly stabile with PCNA
on DNA, with a half-life of �5 min. Hence, the studies of this
report suggest that the heterotrimeric pol � has a stability with
PCNA comparable to that of pol III with �.
The very high processivity of yeast pol � with PCNA shown

here contrasts with the much lower processivity number
observed in the earlier study of pol � (45). We presume the

reason of this difference lies in the use of 125 mM sodium ace-
tate in the earlier study compared with 50 mM potassium glu-
tamate used in several reactions of the current study. We find
that addition of too much sodium chloride or sodium acetate
reduces the processivity of pol � (data not shown). The same is
true in the bacterial pol III system (32). In vivo, pol �-PCNA
likely functions in the company of other proteins, and this may
be expected to enhance the stability and processivity of pol
�-PCNA in elevated ionic strength.

Eukaryotic pol � does not associate tightly with RFC, if at all,
although preliminary experiments indicate a weak interaction
may exist (34, 47). Indeed, RFC has been shown to eject from
DNA after the clamp loading step (40), whereas the E. coli
clamp loader remains with pol III-� on DNA after loading the
clamp through contacts between the � subunit and both pol III
and ssDNA (12, 38, 48). Early studies showing that ATP�S
inhibits pol � suggested human RFC may travel with pol
�-PCNA (49). But human RFC is now known to unload PCNA
(3), and this fact combined with the relatively low processivity
of human pol �-PCNA suggests that RFC-ATP�S may have
unloaded PCNA during the experiments using ATP�S. Inhibi-
tion by ATP�S can therefore be explained without invoking
that RFC travels with pol �-PCNA. Furthermore, if RFC trav-
eledwith pol �-PCNAand participated in processivity, onemay
expect RFC-RPAandRFC-ssDNAcontacts to participate in pol
�-PCNA stability and processive action, as observed for the 	
and � subunits of the pol III replicase (8). However, we demon-
strate that pol �-PCNA stability and processivity is indifferent
to replacement of RPA for E. coli SSB. In addition, we show that
the actions of pol �-PCNA using either wtRFC or RFC deleted
for the N-terminal ssDNA binding region of RFC1, show no
difference in the processive behavior of pol �-PCNA (Fig. S1) or
the ability of pol � to recycle by collision release (Fig. 4C).
It is interesting to note that cells containing pol � mutants

that lack the DNA polymerase domain remain viable, suggest-
ing that some other polymerase can substitute for pol � in rep-
lication of the leading strand (23, 24). pol � is suggested as
the most attractive candidate for a pol � substitute, based on
in vitro studies of SV40 virus replication (50). Specifically,
pol � replicates both the leading and lagging strands of the
SV40 virus genome (20). The very high processivity of pol
�-PCNA observed here fits nicely with the use of pol � in
leading strand synthesis, particularly in cells that lack pol �
polymerase activity.
Mechanism of pol �-PCNA Collision Release upon Complet-

ing a DNA Template—The high processivity and tight grip of
pol � to PCNA on DNA is advantageous for action needed on
the leading strand, where synthesis is continuous and in the
same direction as replication fork movement. However, too
tight of a grip to DNA is conceivably a disadvantage to lagging
strand actions where synthesis is discontinuous and polymer-
ase must dissociate from DNA after extension of each Okazaki
fragment. This same problem is faced by the highly processive
pol III replicase of E. coli. Upon completing a DNA fragment,
the E. coli pol III replicase rapidly releases from the � clamp.
This mode of polymerase recycling is referred to as “collision
release,” because the replicase collides with the 5� terminus of
the downstream fragment. Studies of the collision release
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mechanism in E. coli show that the � subunit of the clamp
loader disengages pol III from the � clamp upon completing
replication (12).
The studies of the current report demonstrate that yeast pol

� has a functional collision release mechanism, but appears to
be quite different from the mechanism of the E. coli system,
because pol � does not require a factor analogous to E. coli �,
and thus the collision releasemechanism appears to be intrinsic
to the pol � heterotrimer. We show here that the pol32 subunit
of the pol � heterotrimer is not required for collision release,
indicating that the collision release mechanism resides in the
pol3/pol31 subunits. Although participation of RFC cannot be
ruled out entirely, RFC is reported to dissociate after clamp
loading and does not appear to participate in elongation by the
pol �-PCNA complex (6, 40). The E. coli � subunit separates pol
III from � in collision release, and the region of � that performs
this function binds ssDNA and pol III and is not required for
clamp loading (12, 36, 51). The RFC1 subunit contains an
ssDNA binding region that can be deleted without effect on
clamp loading activity (39, 40), and we show here that collision
release of pol � is still observed using the RFC mutant, which
lacks the ssDNA binding region of the RFC1 subunit.
There also exists a second type of polymerase recycling

mechanism, referred to as “premature release,” in which the
polymerase is signaled to release from the clamp before the
Okazaki fragment is complete (14). In fact, the T4 phage system
predominately recycles by this mechanism (13). The signal for
premature release is hypothesized to be the RNA primer, or
the presence of a new clamp on the upstream primed site (13,
14). Premature release may be necessary in phage T4 due to the
small 5-bp size of theRNAprimer, whichwould dissociate from
DNA without rapid recruitment of the polymerase, even if
the downstream Okazaki fragment were not complete. Prema-
ture release could also be important if the lagging strand poly-
merase were slower than the leading strand polymerase, for
example due to single strand DNA-binding protein that coats
the lagging strand. In this case premature release would keep
the replication fork moving without waiting for each Okazaki
fragment to finish. Because phage contain plentiful DNA poly-
merase, the resulting ssDNAgaps left in thewake of themoving
fork could simply be filled in by the excess viral DNA polymer-
ase. The E. coli primase generates longer RNA primers (�12
bp), and the pol III replicase is sufficiently rapid on SSB-coated
ssDNA that premature release may not be needed. However,
premature release has been observed for the E. coli replicase
when the lagging pol III stalls at a block (52, 53) and also upon
forcing production of an abnormally long Okazaki fragment by
limiting primase (14). Hence, premature release in the E. coli
system may be used to prevent fork collapse due to aberrant
lagging strand synthesis.
The small size of Okazaki fragments in eukaryotes would

appear tomake premature release unnecessary. In addition, the
current study shows that pol �-PCNA extends a primed site on
RPA-coated ssDNA at a rate of 150 nucleotides/s, similar to the
fastest observed rate of fork movement in vivo (54). Although
premature release may not be required for normal replication
fork progression in eukaryotes, one may presume that the
eukaryotic replication fork will have a mechanism for prema-

ture release based on the bacterial and phage studies. The cur-
rent study examines pol � for premature release upon stalling in
a simple model system. pol �-PCNA was stalled by limiting
dNTPs, and its ability to release from PCNA was examined in
the presence of challenge primed sites containing PCNA. A
primed site with a clamp is conceivably a signal for premature
release in the T4 phage system (13). However, the stalled pol �
does not release from PCNA, but remains tightly attached to
PCNA at its original primed site (Fig. 5). Thus, premature
release of pol � from PCNA, if it occurs, must receive some
other signal at a eukaryotic replication fork.
What Does pol � Recognize to Release from PCNA upon Com-

pleting Replication?—The studies of this report indicate that
the collision release mechanism of pol � is inherent within the
heterotrimer pol � replicase. There are many possible signals
that could be sensed by pol �-PCNA specifically upon closing a
ssDNA gap to a nick. A brief consideration of these suggests the
following: (i) The absence of template ssDNA. In this case, pol �
will be unable to pair a bound dNTP to a template base, and a
boundunpaired dNTPcould signal that replication is complete.
(ii) pol � may bind template ssDNA for additional strength in
binding at a primed site. Loss of ssDNAupon complete conver-
sion to duplex DNA could lower the affinity of pol � for PCNA
andDNA. (iii) pol �may recognize the 5�RNAof the previously
synthesized downstream Okazaki fragment that it “collides”
with. 5� RNA recognition may invoke a signal for release of pol
� from PCNA. (iv) pol � may recognize the downstream duplex
structure as a signal for release. In this case, pol � recognition of
duplex DNA, or an RNA-DNA duplex, may be sufficient to
signal pol � that replication is complete. (v) Replication fork
factors that are unique to eukaryotes could perform the task of
separating pol � fromPCNAupon replication. (vi) Upon finish-
ing replication, pol � will stall at the 3� terminus that can no
longer be extended. A stalled pol � may signal it to release its
attachment to a PCNA clamp.
The studies of the current report rule out some of the possi-

bilities listed above, but not all of them. For example, we have
tested a 5� RNA versus 5� DNA and find that pol � ejects from
PCNA upon colliding with either 5� RNA or 5� DNA (compare
Figs. 3C with 4B). Hence, 5�-end recognition of an RNA termi-
nus is not required for pol � collision release. However, recog-
nition of a 5� duplex, be it RNAorDNA,may still be considered.
We have also ruled out the use of replication factors that are
specific to eukaryotes (e.g. GINS, Cdc45, and others), because
no extra replication proteins need to be added for collision
release to occur. However, it remains possible that other factors
may control collision release, either preventing it, or triggering
it to occur prematurely to free a lagging strand pol � that is
stalled at a template lesion. Given the demonstrated role of pol
� in processing Okazaki fragments to remove the downstream
RNA primer for ligation, the presence of Fen1 and Ligase,
which are also involved in this process, may keep pol � from
recycling until RNA removal is complete, although this possi-
bility remains to be explored (55). This may be contrasted with
the mechanism of collision release in the E. coli system which,
for example, uses additional subunits (see reference 56 for fur-
ther experiments of Pol III in collision release).
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Detailed future studies will be required to understand the
precisemechanismbywhich pol � recognizes thatDNA is com-
plete and triggers it to disengage from PCNA specifically upon
completing replication. It should also be noted that PCNAmay
play a role in recognition that DNA is complete, although
PCNA is located on the duplex DNA behind the primed tem-
plate junction bound to the active site of pol �. Presumably, the
recognition and collision release process is mediated by a con-
formational change in pol � that lowers its affinity for PCNA
and/or DNA. Future studies will be required to determine the
detailed nature of this conformational change, and to identify
which subunits participate in this process.
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