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Dissociation of Bacteriophage T4 DNA Polymerase and Its Processivity Clamp after
Completion of Okazaki Fragment Synthésis

Theodore E. Carver, J.Daniel J. Sexton, and Stephen J. Benkovic*
Department of Chemistry, 152 bay Laboratory, The Penngynia State Uniersity, Uniersity Park, Pennsyhnia 16802
Receied June 13, 1997; Resed Manuscript Receed October 1, 1997

ABSTRACT. The mechanism of bacteriophage T4 DNA polymerase (gp43) and clamp (gp45) protein
dissociation from the holoenzyni@NA complex was investigated under conditions simulating the
environment encountered upon completion of an Okazaki fragment. Lagging strand DNA synthesis was
approximated using a synthetic construct comprised of a doubly biotinylated, streptavidin-bound 62-mer
DNA template, paired with complementary primers to generate an internal 12-base gap whesenithe 5
primer contained either &®H (DNA primer) or a 5triphosphate (RNA primer) group. Rapid kinetic
measurements revealed that upon encountering the blocking primer, the holoenzyme either dissociates
from DNA (~40%) or strand-displaces the blocking strand(%). The two blocking oligonucleotides
(DNA or RNA) induce a 36-50-fold increase in the rate of holoenzyme dissociation, with both polymerase
and clamp proteins dissociating simultaneously. Inhibition of ATP hydrolysis by ABPdid not have

a measurable effect upon holoenzyme dissociation from DNA. The presence of gp32, the single-strand
binding protein, caused a small (3-fold) increase in the rate constant for dissociation.

Organisms with genomes greater than several kilobasesalthough the nature of the interactions defining this relation-
require both continuous (leading) and discontinuous (lagging) ship remains unclear.

modes of DNA replication to efficiently copy their genetic A minimal system containing the components required for
information. In bacteriophage T4, a single DNA polymerase |,q4ing strand DNA synthesis is shown in Figure 1. There
holoenzyme is responsible for both leading and 1agging ;e three phases to lagging strand DNA synthesis: assembly

strgnd DNA synthgsi_slﬁ. This holoenzyme is a ml.JltiSUb' of the polymerase holoenzyme, extension of the Okazaki
unit complex consisting of the polymerase subunit (gh43) fragment, and release of the polymerase at the end of the

and a trimeric processivity clamp (gp45), which is catalyti- . ; .
cally loaded onto DNA by the clamp loader (gp44/62) ( fragmeqt. Slnc_e: lagging strand DNA synthe&s oceurs
processively, it is presumed that the lagging strand poly-

3. The properties of the ATP-dependent clamp loader have merase requires the same processivity clamp used for leading
b d ibed in detail elsewhede-6). A heli 41/ . . ;
conh described In Cetan elsew 6) elicase (gp strand DNA synthesis (Figure 1A). The gp45 clamp is

59) unwinds DNA in advance of the leading strand DNA X
polymerase, and a primase (gp61), acting in concert with loaded catalytically onto DNA by the gp44/62 clamp loader

the helicase, synthesizes the RNA primers used to prime (N0t shown), which also chaperones the T4 polymerase into
lagging strand DNA synthesis. Lastly, a single-stranded & functional holoenzyme complex4,(9). During the
DNA binding protein (gp32) coats single-stranded regions €xtension phase of the reaction (Figure 1B), the fully
that are formed as the helicase unwinds DNA in front of the assembled lagging strand holoenzyme generates products
replication fork. [average length= 1000-2000 bp 8)] at an undetermined
Lagging strand DNA synthesis involves the repetitive rate. However, using the known rates of multiple base
generation of short RNA primers followed by their extension incorporation with the isolated polymerase subunit, a half-
into Okazaki fragments, which are hundreds to thousandstime of ~5—10 s for the completion of an Okazaki fragment
of bases in length. The process of defining the minimal can be calculatedl(). This extension time does not include
elements required for both leading and lagging strand DNA the time required for RNA primer synthesis by the primase.
replication has been accomplished in the laboratories of The final stage of lagging strand synthesis is termination at
Alberts and Nossall; 7). Although the components are the 8 end of the previous Okazaki fragment (Figure 1C), at
identified, the mechanism by which leading and lagging which point the holoenzyme is released. Hacker and Alberts
strand syntheses are coordinated is not understood. It is(11) have shown that DNA synthesis is terminated rapidly
known fromin vitro experiments and electron microscopic when a G/C-rich hairpin in M13 DNA is encountered,

imaging that the activities of the lagging strand polymerase suggesting that the holoenzyme is destabilized by the end
and the primase/helicase complex are coordinated, 8), of an Okazaki fragment.

; . | ol ( ) Dilution and challenge experiments indicate that very low
Supported by National Institutes of Health Grants GM13306 (S.J.B. ; inati ; A
and GM15729 (T.E.C). concentrations of the T4 replication proteins are sufficient
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Ficure 1: Initiation and termination of lagging strand DNA synthesis: (A) the processivity clamp (45) and the polymerase subunit are
assembled onto a newly synthesized RNA primer at the T4 replication fork; (B) the polymerase holoenzyme performs DNA synthesis for
hundreds to thousands of bases; (C) termination of Okazaki fragment synthesis occurs when the polymerase encolrtaisofithd

penultimate fragment, and the polymerase subunit and its clamp are then released by an unknown mechanism, making them available for
the next round of lagging strand DNA synthesis.

fragment. If the holoenzyme is recycled, then lagging strand Okazaki fragment that is near completion. This substrate
DNA synthesis is dependent upon the time required for was used in several assays designed to examine the mech-
dissociation and recycling of a holoenzyme following suc- anisms of polymerase and trimeric clamp dissociation under
cessful completion of an Okazaki fragment. Slow dissocia- different conditions and to define the substrate requirements
tion would markedly inhibit the overall rate of DNA for Okazaki fragment termination in bacteriophage T4.
replication, because leading and lagging strand synthesis
proceed at the same rate, and leading strand syntheses iIEXPERIMENTAL PROCEDURES
probably halted prior to the start of a new Okazaki fragment _ ) ) ] )
(13). In the cycle of Okazaki fragment synthesis, the _ Materials. Oligonucleotides were synthesized with an
holoenzyme assembly and extension steps occur2@ s, Expedite 8909 DNA synthesizer (Perceptive Biosystems) and
and optimal termination of lagging strand synthesis should Purified according to the method of Capsen al (10).
occur on a similar time scale to facilitate recycling of the Biotin-labeled oligonucleotides were prepared using the
holoenzyme. A stalled holoenzyme is quite stable, with a BIOTEG phosphoramidite and BioTEG CPG obtained from
half-lfe of 1-4 min, indicating that a more efficient Glen Research. ATR-S was purchased from Boehringer
dissociation mechanism is required to ensure rapid dissocia-Mannheim as a 98% pure solution and used without further
tion of the holoenzyme at the end of an Okazaki fragment Purification. T4 polynucleotide kinase (United States Bio-
(4, 14). chemical) was used to’&nd-label oligonucleotides with

A short, defined primer template has been used to study[7-*PIATP (New England Nuclear). All other chemicals
the kinetic mechanisms of holoenzyme assembly and func-Were qbtamed from Sigma or Fisher Scientific and were of
tion (15). In those experiments, it was shown that physical analytical grade or better.
barriers, composed of either streptavidin or a DNA fork at ~ Protein Preparations The wild type 45 protein and the
the end of the substrate, are required to prevent the rapid44/62 complex were purified frontEscherichia coli,as
dissociation of the circular trimeric clamp from the ends of previously described, using expression vectors obtained from
DNA. In this paper, we use a similar 62-mer template Dr. William Konigsberg (Yale University)16). The T7C-
containing biotin/streptavidin blocks on both ends to facilitate 45 protein was purified in the same manner but was
assembly of the holoenzyme (Figure 2). This template was expressed ift. coli using an expression vector obtained from
designed to contain a downstream DNA sequence employedDr. John Kuriyan (Rockefeller University). The preparation
by T4 to initiate Okazaki fragment synthesis. We paired of the ANBD fluorescently labeled T7C mutant of the 45
this template with 17-mer and 36-mer DNA and RNA protein was previously describetifj. The T4 exonuclease-
oligonucleotides, generating a 12 base single-strand DNA deficient polymerase D219A mutant was purified as de-
gap. The resulting DNA substrate simulates an actual scribed (8) and used in all of the following experiments to
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a) 33/Bio-62-Bio/D17 5’ ~ACTCCTTCCGCACGTCCTTTTTGCAGCAACTTG GCATAGTACGTCTGTGT
3/ ~TGAGGAAGGCGT GCAGGAAAAACGTCGTTGAACAGACTACGCAGTCGTATCATGCAGACAUA X

b) D36 (36-mer fork) 5/ -TGGGTGGGAGGGAGTGGGAGCATAGTACGTCTGTGT
¢) R17 (RNA 17-mer) 5 -ppp-GCAUAGUACGUCUGUGU
d) 13/20 57 -TCGCAGCCGTCCA

3’ ~AGCGTCGGCAGGTTCCCAAA

FIGURE 2: Substrates used to study termination of Okazaki fragment synthesis: (a) the 33/Bio-62-Bio/D17 contains a 17-mer DNA
oligonucleotide to block extension from a 33-mer primer [the T4 primase recognition 'SieG3) is underscored; (b) 36-mer DNA used

to assemble a fork downstream from the DNA primer; (c) 17-mer RNA used to mimic'teadbof an RNA primer; (d) 13/20-mer
substrate used as a trap to monitor release of the polymerase subunit.

avoid complications arising from the presence of the exo- Assay for Turnoer of 13/20-mer following Release of
nuclease activity. The polymerase activity of the T4 D219A Polymerase An indirect assay for extension &P-5-end-

polymerase is identical to that of the wild type enzyr8)( labeled 13/20-mer was used for the initial characterization
Primer-Template ConstructionThe biotinylated 33/62  of the holoenzyme dissociation reaction. An assay mixture
DNA substrate was constructed by ligation of'eb®tinyl- containing 150 nM 34/62/36-mer DNA, 120 nM streptavidin,

ated 23-mer and d-biotinylated 39-mer using a previously and 1 mM ATP was incubated for 30 s with 100 nM T4
described ligation metho®). The product of the ligation = D219A polymerase, 150 nM 44/62 complex, and 150 nM
reaction consisted of a 33-mer primer annealed to a 62-mer45 protein (trimer) and subsequently mixed with a solution
template containing biotins attached through linkers at both containing either three deoxynucleotides (dATP, dCTP,
ends. Alternatively, the doubly biotinylated 62-mer oligo- dGTP) or all four deoxynucleotides (8@M each, final
nucleotide was synthesized directly on a Perseptive Biosys-concentration) and the 13/20-mer substrateu{2 final
tems Expedite 8909 oligonucleotide synthesizer. The 33/ concentration) in complex buffer (25 mM Tris-acetate, pH
62 primer templates were purified by nondenaturing 7.4, 150 mM potassium acetate, 10 mM magnesium acetate,
polyacrylamide gel electrophoresis and quantitated usingand 10 mMj-mercaptoethanol) at 28C. At various times
incorporation of §-3?P]dATP by Klenow fragment followed  following mixing, aliquots were removed and quenched with
by filter binding and scintillation counting as described 250 mM EDTA. The samples were then mixed with loading
previously (5). This method of quantitation ensures that buffer and electrophoresed on 8 M urea/16% polyacryl-
the reported substrate concentrations correspond to theamide gel. As described previously, products of the exten-
concentration of properly annealed, extendable primers. Thission reaction from the 13/20-mer were quantitated using a
primer-template was then annealed with a 20% excess of aMolecular Dynamics phosphorimaging apparat@s (
blocking oligonucleotide complementary to tHeefd of the Rapid Quench Measurements of Strand Displacement by
template, generating a 12-base gap (Figure 2). To verify the Polymerase Holoenzymé-or real-time measurements
that the blocking oligonucleotides were quantitatively an- of strand displacement, rapid quench mixing experiments
nealed to their respective templates, extension reactions weravere performed using a KinTek rapid quench appar&Qs (
performed using the nonprocessive polymerase subunit2l). A sample containing 250 nM radiolabeled DNA primer
(gp43). This assay required many turnovers min) before template, 300 nM streptavidin, 200 nM polymerase subunit,
strand displacement products began to accumulate, demon250 nM 45 and 44/62 proteins, and 1 mM ATP was mixed
strating that>90% of the primer-template/block substrates against dCTP, dGTP, dATP, dTTP, and sheared salmon
were fully annealed. For experiments employing a 17-mer sperm single-strand DNA trap (2 mg/mL) in complex buffer.
RNA oligonucleotide, RNA was synthesized enzymatically Time points were collected in Eppendorf tubes, quenched
using T7 RNA polymerase and a 17/34 primer template in 2 M HCI, neutralized wit 3 M NaOH/1 M Tris, and
containing the T7 promoter recognition sequence. The final extracted with phenol/chloroform/isoamyl alcohol (25:24:
product of this reaction, containing the correct complemen- 1). The zero point was obtained by omitting the protein from
tary sequence and a triphosphorylatedt&minus, was  the assay mixture. The samples were then mixed with
purified by denaturing polyacrylamide gel electrophoresis loading buffer, electrophoresed on an 8 M urea/16% poly-
in the presencefd M urea, under RNase-free conditions. acrylamide gel, and quantitated using the Molecular Dynam-
The integrity of the 17-mer RNA triphosphate was verified ics phosphorimaging apparatus. We note that stoichiometric
by a gel shift assay that compared electrophoretic mobilities mixing of the polymerase, accessory proteins, and primer
of the RNA before and after partial digestion with shrimp template prevents 4660% of the DNA substrate from being
alkaline phosphatase (data not shown). For some experi-polymerized. This fraction is due to incorrectly assembled
ments, enzymatic RNA synthesis was performed in the holoenzyme that is unable to perform DNA synthegis (
presence ofd-3?P]JUTP, generating a radiolabeled product.  Our substrate includes a weak pause site that was
No RNA degradation by the assembled holoenzyme was documented previously9). This site results in the ac-
evident by gel electrophoresis, which contrasts with reports cumulation of a 43-mer product at early and long times
of degradation by the gp43 polymerase aloh@).( during the strand displacement reaction, independent of the
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Scheme 1 fast phase was observed with a ratg s*. The fast phase
Kgr was attributed to a small amount of association between the
S —» Py, free gp45 and gp44/62 proteins, due to the ability of gp44/
62 to use dATP as a substrate for the clamp loading reaction
ksp (22). This component was ignored because its amplitude
S » Psp was small, variable, and not present in most reactions using

this substrate, whereas the fitted phase had a consistent rate
presence of a blocking oligonucleotide (Figure 5). The 43- and amplitude. Error estimates were derived from three or
mer product observed at short times corresponds to transmore independent experimental determinations.
iently paused polymerase holoenzymes, whereas the appear-
ance of this product at long times reflects a small portion of RESULTS

free polymerase that was not completely trapped by salmon  Model System for Studying Termination of Lagging Strand
sperm DNA after dissociating from the primer template. Replication We have used a short, defined primer-template
Thus, the absence of this product during the strand displace-system as a biochemical model for lagging strand DNA
ment reaction serves as an internal control to ensure thatsynthesis. This model is the first to incorporate several
none of the blocked products are due to recycling of features that may be required for optimal termination of
inefficiently trapped polymerase molecules. Okazaki fragments. Our substrate contains a fully paired,
Steady-State Fluorescence Emission Speciteady-state  exposed Sterminus that is annealed opposite to a T4 primase
fluorescence measurements were performed using a SLMrecognition site (Figure 2). This short linear substrate was
Aminco 8000C photon counting spectrofluorometer equipped used to measure directly the dissociation of both the
with a thermostated cell compartment that was maintained polymerase and its accessory processivity clamp using either
at 25°C. Excitation and emission slit widths were each rapid quench or stopped-flow fluorescence. The stopped-
maintained at 4 nm. flow assay enabled us to examine the fate of the processivity
Stopped-Flow Measurements of Trimeric Clamp Dissocia- clamp following dissociation of the polymerase subunit from
tion from the Assembled Holoenzyme Compléke 33/62/  a primer-template. In a previous study, Hacker and Alberts
17 substrates were complexed with a holoenzyme containing(11) used a primer extension assay to demonstrate that a
a fluorescently labeled processivity clamp. The T7C mutant hairpin in M13 DNA induced rapid dissociation, rather than
of the gp45 clamp protein was labeled wik[(2-(iodoac- stalling, of the T4 polymerase gp43 subunit. However, the
etoxy)ethyl)N-methylJamino-7-nitrobenz-2-oxa-1,3-diaz- M13 hairpin contains a unique, highly thermostable G/C-
ole (IANDB) as described previousl{ ). The DNA primer rich sequence that is markedly different from thHesBd of
template (250 nM) was combined with 300 nM streptavidin, an Okazaki fragment formeid vivo. Our study employed
the gp43, gp45, and gp44/62 proteins (250 nM each), and33/62/D17 and 33/62/R17 substrates (Figure 2) to investigate
1004M ATP in complex buffer. The assembled holoenzyme factors that promote holoenzyme dissociation at thensls
complex was then mixed with glucose (20 mM) and glucose of Okazaki fragments.
hexokinase (20 units/mL) to convert all remaining adenosine Rapid Release of a Large Fraction of the Gp43 Protein
triphosphate to the diphosphate form. This mixture was from the Holoenzyme Complex following Polymerase Exten-
immediately transferred to a stopped-flow instrument (Ap- sion. When the polymerase is allowed to fully extend an
plied Photophysics), rapidly combined with all four nucle- excess of doubly biotinylated substrate, the initial reaction
otides, and monitored over time by fluorescence changes ass much faster than subsequent turnovers, implying that the
the labeled clamp dissociated from DNA. polymerase is limited by a slow rate of release when it
Data Analysis Under the conditions of our rapid quench encounters a biotin/streptavidin block (B. F. Kaboord and
experiment, the polymerase holoenzyme rapidly extendedS. J. Benkovic, unpublished results). We sought to confirm
across the 12-base gap to form 45- and 46-mer productsthat a substantial fraction of the polymerase molecules is
paused, then either dissociated from this “blocked” product released during extension on the gapped substrate. First, we
or strand displaced to form full-length extension products. demonstrated that the holoenzyme fills in the gap in our DNA
The data were fitted to the single-exponential functityn construct when provided with all four nucleotides (data not
= S exp(—kopd) + PsLa, WherePg, corresponded to the  shown). To monitor the release of the polymerase from a
product that had not been converted to the strand-displacedyapped primer-template, we included a large excess#t-a
form at long time. We analyzed these decays in terms of alabeled 13/20-mer trap in the reaction mixture. Prior to the
model wherein a single paused intermediate (S) decaysstart of the experiment, the polymerase holoenzyme was
exponentially to two kinds of products, the dissociated assembled on the 33/62/17-mer substrate containing a DNA
blocked productsRg.) and the strand displacement product block in the presence of ATP. The holoenzyDBA
(Psp), with corresponding rate constants for each processcomplex was then mixed with either three or four deoxy-
(Scheme 1). The observed rate constant for the decay of Snucleotides in the presence of excess 13/20-mer. When
was given bykops= ks + ksp. The individual rate constants  supplied with only three dNTPs, the polymerase stalls before
were calculated using the expressid@s = kondFsL) and completing synthesis of the gap, and turnover of the 13/20
ksp = kobd1 — FgL), whereFg, is the fraction of the blocked  trap is very slow, occurring on a time scale of minutes

product remaining at long times. (Figure 3). This turnover rate is consistent with the long
For all stopped-flow experiments, the observed time half-life of the T4 holoenzyme previously reportetis).
courses were fit to a single exponential plus offsets A However, when the polymerase is supplied with a complete
exp(—kt) + C, whereA is the amplitude of the fluorescence set of four deoxynucleotides, the 13/20-mer trap is turned
decayk s the rate constant for clamp dissociation, &id over to 14-mer and larger products#80 s, indicating that

the fluorescence offset. In some cases, a smal-2B%) a large fraction of polymerase has been released after
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Ficure 3: Turnover of the 13/20-mer trap following dissociation FiGURE 4: Effects of forked vs
: gapped substrates upon the products
of polymerase holoenzymes assembled on the 33/62/D17 sub-o¢ e ranid quench extension reaction. Substrat@s:38/62/D17

strate: #) holoenzyme supplied with dCTP, dGTP, and dTTP, (
- ) gapped substrate)mj 33/62/D36 (forked substrate)®#) 33/62
causing the primer to be extended only four bas@shibloenzyme ~ (5imer_template with no blocking oligonucleotide). For each trace,

supplied with all four dNTPs. Conditions are described under o symnols represent actual data points generated by integration
Experimental Procedures. of radiolabeled products on a gel, connected by lines within each
data set. Conditions are described under Experimental Procedures.
extension across a gap. This result suggests that a substantial
fraction of the polymerase dissociates, rather than stalls, afteling an unpaired flap; in contrast, a fully paired duplex induces
performing gap-filling synthesis. Since the trap turnover rate its stalling and dissociation.
is complicated by several factors unrelated to polymerase Effects of Blocking Oligonucleotide Structure on Ho-
dissociation, we further characterized the products of the |oenzyme DissociationThe effects of the structure of & 5
extension reaction using radiolabeled 33/62/17 primer— end of an Okazaki fragment were examined by Comparing
templates. the rate of holoenzyme dissociation from DNA/DNA (33/
Strand Displacement of a Forked Substratasus Stalling 62/D17) and RNA/DNA (33/62/R17) gapped substrates. The
and Dissociation on a Gapped Substrat€o examine the  33/62/R17 substrate contained a triphosphate on 'tleed
products formed during extension across the gap, we of the 17-mer RNA reproducing thé Bnd of an Okazaki
analyzed the extension of labeled 33/62/17 substrates in afragment prior to processing by RNase H. A rapid chemical
rapid chemical quench apparatus. These experiments werejuench apparatus was used to measure the products formed
performed in the presence of a large excess of sheared salmoafter collision by extension into either a DNA block (33/
sperm DNA trap to prevent rebinding of the polymerase 62/D17) or an RNA block (33/62/R17). The products of
following dissociation. It has been previously shown that these reactions were then separated by denaturing polyacryl-
short forked substrates undergo strand displacemenith amide gel electrophoresis and quantitated. Figure 5 shows
s (15). We examined the time course for strand displacement the products of the extension of the 33/62/D17-mer primer-
using either a forked substrate (33/62/36), a substratetemplate containing a 17-mer DNA block. The reaction
containing a gap formed by a fully paired blocking oligo- proceeded by complete extension of the 33-mer to a 46-mer
nucleotide (33/62/D17), or a 33/62-mer with no blocking and was followed by subsequent strand displacement of a
duplex region (Figure 2). For the forked substrate, there wasfraction of the blocked product. Interestingly, the 46-mer
no accumulation of intermediate blocked products (45-mer stalled product was formed by displacing one nucleotide
and 46-mer), consistent with a rate of strand displacement(deoxyguanosine) from the-ferminal end of the DNA or
that is similar in magnitude to the unhindered polymerization RNA block (Figure 2). We found that the RNA block
rate constant of at least 5400 s (4). In contrast, a fully induced a 23-fold faster rate of dissociation of the
paired 17-mer caused the holoenzyme to stall after extendingpolymerase holoenzyme than the DNA block (Figure 6;
across the gap, indicating that the holoenzyme quantitatively Table 1). Both DNA and RNA blocks increased the
pauses upon encountering the nonfrayédeBd of an dissociation rate of the polymerase from the holoenzyme 30
annealed oligonucleotide. After pausing, a fraction of the 50-fold over the baseline rate of 0.068.01 s (15, 17).
paused product is extended to 58-mer and 59-mer in a Steady-State and Stopped-Flow Measurements Using a
monophasic exponential decay, whereas the remainder formg-luorescently Labeled Gp45 ClamgJp to this point we
a plateau at long times (Figure 4). We interpret this plateau have assumed that the stalled holoenzyme dissociates from
in terms of a branched pathway, wherei0% of the the DNA. Previously, we examined the fate of the sliding
holoenzyme molecules rapidly dissociate artD% are able  clamp during holoenzyme dissociation, through the use of a
to continue strand displacement DNA synthesis. In the fluorescence assay that employed a T7C mutant of gp45
resulting kinetic scheme, thieys for strand displacement labeled with the ANBD fluorophore, which produces a fully
synthesis is the sum of the rate constants for both strandfunctional fluorescent gp45 conjugaterf. We have shown
displacement and dissociation (Scheme 1; Table 1). Thus,that dissociation of the holoenzyme from duplex DNA
the holoenzyme can rapidly strand displace a duplex contain-induces a conformational change in ANDB-45, resulting in
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Table 1: Dissociation Rate Constants for Holoenzymes Complexed with Substrates Containing DNA- and RNA217-mers

rapid quench extension assay stopped-flow fluorescence assay
substrate Kobs (S71) FsL ksp (579 ke (s7%) amplitude kaL (s7Y)
33/62/D17 0.32+0.04 0.27+ 0.03 0.23 0.08: 0.03 0.031+ 0.01 0.09+ 0.02
33/62/R17 0.54£ 0.1 0.384-0.05 0.33 0.2H0.05 0.035- 0.01 0.27£0.04
34/62/36 net na na na 0.028& 0.02 0.011+ 0.002

2Assay conditions and data analysis are as described under Experimental Proc¢edatafrom Sextoret al. (17) (used with permission).
¢ Not applicable.
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Ficure 5: Gel electrophoresis of products from extension of the
33/62/D17 substrate, showing formation and decay of the paused
products. Conditions are described under Experimental Procedures.

a fluorescence decrease that occurs with a rate constant
identical to the weighted average of the two rate constants _ _ _
measured for holoenzyme dissociation by direct rapid quenchFIGURE 6: Fitted decays of intermediate products for holoenzymes
kinetic analysis (0.011°8; 4, 17). Given the similarity in on gapped substrates terminating in DNA or RNA. The substrates

in each experiment were 33/62/D17 (A) and 33/62/R17 (B). Data
rate constants and the fact that the polymetfaisié complex points were collected from rapid quench time courses with the solid

(in the absence of gp45) dissociates with rate constants oflines representing their fit to a single-exponential function (Ex-
6—8 s (10), we conclude that holoenzyme dissociation perimental Procedures).
involves simultaneous departure of both the polymerase and
the 45 protein. filling extension can be assigned using the observation that
This fluorescence assay was used in this paper to monitorthe fluorescence of the ANBD-45NA complex was not
holoenzyme dissociation following extension across a gap. changed upon addition of the polymerase (Figure A,
To prevent reassembly of holoenzyme complexes in this Therefore, the observed fluorescence change is not derived
experiment, an ATP-scavenging system was added to eacform the departure of the polymerase component alone.
sample prior to mixing. Previous tests of this scavenging Using a stopped-flow instrument, we measured both the
system showed that it quantitatively removed ATP below amplitude and rate of this fluorescence decrease over time
the threshold required for 44/62 activitif). Figure 7 shows  for both the RNA- and DNA-blocked substrates. The
a series of fluorescence spectra commencing with that foramplitude associated with gap-filling extension (Table 1)
free ANBD-45 (spectrum 1), followed by that obtained upon matches the amplitude measured previously for holoenzyme
addition of DNA, ATP, and gp44/62 (spectrum 2) and then dissociation {7). The first-order rate constants for the two
polymerase addition (spectrum 3), and ending with the substrates were comparable to those extracted from the strand
spectrum after gap-filling extension and depletion of ATP displacement assay (Figure 7B; Table 1). For comparison,
(spectrum 4). The magnitude of the fluorescence decreasehe fluorescence change over the same time period for a
(23%) observed following gap-filling extension by the stalled holoenzyme on a 34/62/36-mer is shown in Figure
holoenzyme is very similar to that observed earlier for 7B. The observed rate constants for holenzyme dissociation
holoenzyme dissociation (25%, Figure 7A). The origin of were greater after gap-filling extension on the blocked
the fluorescence change detected upon completion of gap-substrates than for dissociation of the stalled holoenzyme

Time (s)
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Al4 T N R R Table 2: Effects of Gp44/62 Inhibition and Gp32 Addition on

8 12F 1 Holoenzyme Dissociatién

2 r

S condition kso(sY) ke (sD)

o

§ 08 33/62/R17 0.33 0.2% 0.03

= 33/62/R17, 20M ATP, 2 mM ATP--S 0.36 0.23t 0.05

3 06 33/62/D17 0.23 0.08

= ‘ 33/62/D17, 2uM gp32 0.44  0.26

E 0.4 7 ] 33/62/D17, 2QuM gp32 0.66 0.33

Z 02F ] aAssay conditions and data analysis are as described under
0 ] Experimental Procedures with inclusion of the indicated concentrations

of the above components.
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the holoenzyme and assists in its dissociation while binding
12 A but not hydrolyzing ATP. Clamp unloading in tt coli

—\\_ system is catalyzed by its clamp loader and AJ-B-(24).

A\ ] Gp32, the bacteriophage T4 single-stranded DNA binding
’ protein, coats the DNA ahead of the lagging strand poly-
merase. This protein was originally known as a “helix
destabilizing factor” due to its ability to passively unwind
DNA (25). Passive unwinding by gp32 protein might be
expected to promote strand displacement synthesis by the
. DNA polymerase, thereby effectively out-competing the

TR dissociation reaction at the end of an Okazaki fragment and

) 30 40 30 delaying termination of lagging strand synthesis. We

Time (s) examined dissociation of the holoenzy®@/62/D17 com-
FIGURe 7: Measurements of the 45 clamp dissociation using plex in the presence of gp32 using the rapid quench strand
fluorescence from a labeled cysteine mutant of 45 (T7C-ANDB): displacement assay. We found that the rate constant for

(A) Spectrum 1 shows the fluorescence emission spectrum of 45- . L . .
ANDB protein in the absence of the other holoenzyme components, strand displacemerksp, did increase at higher concentrations

Spectrum 2 shows the increase in 45-ANDB fluorescence upon Of gp32 but that this effect was offset by a significant increase
addition of 44/62 protein, ATP, and 33/62/D17 substrate, and in ks_ (Table 2). Gp32 is known to promote guantitative
spectrum 3 shows the effect of adding 43 protein to the mixture in strand displacement through a forked hairgid)(

spectrum 2. Incubation in the presence of the four ANTP S

and an ATP-scavenging system (3 mM phosphoenolpyruvate andp|scUSSION

10 units/mL pyruvate kinase) caused the fluorescence in spectrum

3 to decay to the level observed in spectrum 4. (B) Time courses  The bacteriophage T4 DNA replication system is an
for the fluorescence decay of holoenzyme ANDB4&complexes excellent model system for studying lagging strand DNA

assembled onto DNA substrates. The top curve shows the fluores- licati b it tai v th inimal t
cence transient observed for stalled T4 polymerase holoenzymed €PICAlION, bECAUSE It contains only the minimal components

(45-ANDB, 44/62, and 43) assembled onto a biotinylated forked required for continuous and discontinuous DNA synthesis.
substrate (34/62/361.4), the middle curve shows the fluorescence In common with prokaryotes and eukaryotes, phage T4
decay observed foIIowing extension of the 33/62/D17 subst_rate, emp|oys a circular processivity C|amp' an ATP_dependent
and the lower curve shows the decay observed during extension Ofclamp loader, and a processive helicase/primase to prime

the 33/62/R17 substrate. The average rate constants and amplitud . .
are shown in Table 1. Conditions are as described under Experiﬁ%‘gg'ng strand DNA synthesis. Although an RNase H

mental Procedures with protein and DNA concentrations at 250 activity is required for completion of DNA synthesis, normal
nM in the presence of 1 mM ATP in 25 mM Tris-acetate, pH 7.4, cycling of the polymerase to form Okazaki fragments does
150 mM potassium acetate, and 10 mM magnesium acetate, 100t require this enzymelp). Thus, a lagging strand
mM f-mercaptoethanol at 2. polymerase may encounter the RNA primer from the
from the 34/62/36-mer (Table 1). Taken together, these previous Okazaki fragment as it is terminating synthesis of
results suggest that the transient fluorescence decreases wigs current fragment. This possibility suggested that the
observe are due to dissociation of the polymerase holoen-polymerase could recognize features of theeBd of an
zyme. Okazaki fragment that would cause the enzyme to switch
Effects of Inhibition of ATP Hydrolysis and the Gp32 from a processive to a dissociative mode. To examine this
Protein upon Holoenzyme Dissociatiofhe ATP depen-  possibility, we studied the dissociation of both proteins that
dence of the dissociation reaction was examined by measur-constitute the T4 holoenzyme, the gp43 polymerase subunit,
ing the dissociation of the holoenzyme from 33/62/R17 in and the gp45 processivity clamp.
the presence of a large excess of AJ#S, which is a potent On short linear substrates, the T4 holoenzyme can perform
inhibitor of the gp44/62 clamp loader activity3d). We efficient strand displacement synthesis through a forked DNA
found that ATPy-S does not affect the polymerase dissocia- substrate. A blunt-ended duplex, however, is not efficiently
tion rate constankg, (Table 2), suggesting that the turnover strand-displaced, and the holoenzyme pauses. Using a
of ATP by gp44/62 complex does not play a role in this branched mechanism in which a single paused holoenzyme
process. Likewise, the stopped-flow measurements of clampspecies can either dissociate or perform strand displacement
dissociation were performed under ATP-depleted conditions, synthesis, we calculate values for dissociation rate constants
and the change in the fluorescence of the processivity clampthat are similar in magnitude to those measured for strand
was monitored in the absence of ATP hydrolysis activity. It displacement. This calculated dissociation rate constant is
is possible that the gp44/62 complex remains associated with30—50-fold greater than the previously measured baseline

Normalized Fluorescence =)
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value of 0.011 s! for a paused holoenzyme, indicating that disassembled to avoid a slowdown of the replication fork.
dissociation is much more efficient following extension We have shown that the T4 DNA polymerase holoenzyme
across a gap. Itis possible that topological constraints alsois stable on a linear primer-template construct and it is able
contribute to polymerase dissociation on larger substrates,to efficiently strand displace a downstream forked oligo-
where strand displacement could be inhibited by supercoiling nucleotide. When the processive holoenzyme complex
ahead of the DNA fork. By analogy to the increased encounters an RNA or DNA block, rather than a forked
termination observed for larger forked substratesitro (9), strand, a fraction of the holoenzyme strand displaces the
it seems likely that termination at a blunt-ended gap would block while the remainder is triggered to rapidly dissociate.
be almost quantitative, because the background rate of strandA key unanswered question is the mechanism by which gp45

displacement would be reduced. protein is recycled during lagging strand replication. There
An alternative branched pathway to Scheme 1 views the is no evidence that the hydrolysis of ATP by gp44/62 is
data in terms of two different species of holoenzyBigA important in the dissociation of the holoenzyme. This is

complexes. The first species strand-displaces the blockingconsistent with a similar experimental result reported for
oligonucleotide, whereas the second form of the holoenzymedissociation in the presence of a hairpittl, If all
dissociates without preforming strand displacement. Such polymerase proteins are indeed conserved at the replication
a mechanism raises the intriguing possibility that the two fork (28), then gp45 dissociation from the lagging strand
forms of holoenzyme may correspond to a processive, should occur intramolecularly, such that the clamp loader
leading strand polymerase and a separate dissociative, laggingnmediately transfers it to the next Okazaki fragment without
strand polymerase. However, no evidence for heterogeneityallowing it to escape to solution. This transfer event would
in holoenzyme dissociation was observed in the M13 hairpin require a continuous association of the clamp with some
assay used by Hacker and Alberid), Therefore, we have  component of the replication complex. It has been suggested
interpreted our time courses as reflecting the disappearancahat gp45 slides backward across the lagging strand after

of a single enzyme species. Okazaki fragment termination, enabling recycling of the
Given that the size of the T4 genome is 170 kb and the clamp without its dissociation from the DNA templated).
average Okazaki fragment length is 2 kb, there =85 Our results using a fluorescently labeled sliding clamp do

Okazaki fragments generated during T4 genomic replication. not support continued association of gp45 with the DNA
In the presence of gp32 we report a holoenzyme dissociationtemplate following polymerase dissociation, although we
rate constant of 0.33°% (Table 2), which corresponds to a cannot rule out the existence of such al@SA complex.
lifetime of ~3 s. If dissociation of the holoenzyme is Future experiments will be directed at resolving the interac-
required for lagging strand synthesis, then the time to processtions between the lagging strand polymerase and other
this number of Okazaki fragment is4 min, which is components of the replication fork at each stage of Okazaki
sufficient for genomic replication2g). However, even a  fragment synthesis.
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