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DNA polymerase I11 holoenzyme (holoenzyme), the
multiprotein replicase of Escherichia coli, is essentially unlimited in processive DNA synthesis. Processive activity can be reconstituted from two components. One component, the @ preinitiation complex, is
a @ dimer clamped onto primed DNA. The @ preinitiation complex is formed by the five-protein y complex,
which hydrolyzes ATP to chaperone @ onto primed
DNA. The other component is the at polymerase. The
QC polymerase itself is not processive, but is endowed
with extremely high processive activity upon assembly
with the @ preinitiation complex. Here we examine the
mechanism by which the @ preinitiation complex confers processivity onto the at polymerase. We find the @
preinitiation complex to be mobile on DNA. Diffusion
of @ on DNAis specific to duplex DNA, is bidirectional,
does not require ATP, and appears to diffuse linearly
along the duplex. Furthermore, @ directly binds the at
polymerase through contact with a, the DNA polymerase subunit. Hence, the high processivity of the holoenzyme is rooted in a “sliding clamp” of @ on DNA
that tethers the polymerase to the primed template.
Implications for transcription and translation are discussed.

(8, 10, ll).’In the first stage, they complex (y66’x+) hydrolyzes ATP to chaperone p onto primed DNA to form the
preinitiation complex. The y complex is only needed in catap onto primedDNA. In thesecond
lytic amounts to chaperone
stage, the at polymerase (1:l complex of a and t, the DNA
polymerase (12) and 3‘-5’ exonuclease (13) subunits, respectively), which lacks processivity alone, becomes highly processive upon assembly with the preinitiation complex. Thus,
the preinitiation complex is responsible for the high processivity of the holoenzyme.
In this report, we have studied the preinitiation complex
for principles that underlie unlimited processivity. We find
that p slides freely alongduplexDNA
once ithas been
transformed into a preinitiation complex by the y complex
p subunit is bifunctional in besides
that binding
and ATP. The
DNA, it also bindsthe at polymerase. Hence, p confers
processivity onto the at polymerase by leashing it to the
template and sliding along the duplex inback of the polymerase during DNA synthesis.
MATERIALS AND METHODS

Sources-Radioactive chemicals were from Du Pont-New England
Nuclear; unlabeled nucleotides were from Pharmacia LKB Biotechnology Inc.; Bio-Gel A-1.5 m was from Bio-Rad; and DNA modification enzymes were from New England BioLabs, Inc. pure proteins
were prepared as described holoenzyme (7),pol HI* (7),LY (12),t (131,
The high processivity of replicative DNA polymerases en- p (14), y (15), T (15), y complex ( 8 ) , LYC polymerase (16), SSB (171,
and 3H-p (500,000 cpmlpg; prepared by reductive methylation using
sures the smooth and efficient replication of long chromo- formaldehyde and B3H4(74 Ci/mmol)) (18).Concentrations of SSB
somes. Highly processive replicative polymerases,such as the and were determined by absorbance at 280 nm using t m values of
phage T 4 DNA polymerase (l),Escherichia coli DNA polym- 1.5 mlmg” cm” (19) and 17,900cm”
(14),respectively. Concenerase I11 holoenzyme (2-4), and mammalian DNApolymerase trations of a,t , and at polymerase were determined by absorbance at
6 (5, 6), all require accessory proteins and ATPhydrolysis to 280 nm using t2s0 values of 95,440,12,090, and 107,530 M” cm-’,
initiate processive DNA synthesis. Herewe explore the mech- respectively, calculated from their tryptophan and tyrosine content
predicted from t,heir respective genes. The concentration of 3H-@was
anism by which accessory proteins confer high processivity determined by comparison with unlabeled P in the Bradford assay
onto DNA synthesis using the E. coli DNA polymerase I11 (20). Concentrationsof the holoenzyme and pol III* were determined
system.
by the method of Bradford (20) using bovine serum albumin as
DNA polymerase I11 holoenzyme (holoenzyme)’ is isolated standard. The concentration of the y complex was the average of
as a complex of a t least 10 subunits ( a , t, 8, 7,y,6, 6’, x, +, measurements by the Bradford assay (20) and by Western blot assay.
and 0) (7,8). The holoenzyme hydrolyzes ATP to bind tightly In both assays, a standard curve was calibrated with pure y analyzed
by amino acid analysis (Protein Microchemistry Facility, Biological
t o a primed template and thereafter is processive in DNA
Chemistry Department, University of Michigan). The y antibody was
synthesis throughout the length of the DNA template (3, 4, prepared in a rabbit by Poccono Rabbit Farms using 100 pg of pure
9). The highly processive polymerase activity of the holoen- y in complete Freund’s adjuvant subcutaneously followedbytwo
zyme can be reconstituted from isolated subunits
twoinstages boosters of 50 pg each at 2-week intervals.
DNA Substrates-Plasmid DNA wasprepared by the alkaline lysis
* This work was supported by National Institutes of Health Grant
* In early reconstitution studies, only nine subunits were required
GM 38839. The costs of publication of this article were defrayed in
part by the payment of page charges. This article must therefore be for processive replication: the y complex (yaa’xll.), B subunit, and
hereby marked “aduertisement” in accordance with 18U.S.C. Section core polymerase ( a d ) (8, 10, 11). Studies using pure single subunits
showed that five proteins were essential: the @ subunit; the y and 6
1734 solelyto indicate this fact.
The abbreviations used are: holoenzyme,DNA polymerase 111 subunits, which substitute for they complex; and theLY and t subunits,
holoenzyme; pol HI*, DNA polymerase III* (holoenzyme lacking P ) ; which are both needed to substitute for the core polymerase (36). In
RF, replicative form; SSB, E . coli single-strand DNA-bindingprotein; this report, we used p and the y complex to form the preinitiation
EBNAL, Epstein-Barr virus nuclear antigen 1; ssDNA, single-strand complex, and the at polymerase was used in place of the core polymerase.
DNA; SDS, sodium dodecyl sulfate.
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method followed by two bandings in cesiumchlorideequilibrium
gradients (21). RFII DNA was prepared by treating 72 p g of supercoiled (RFI) plasmid DNA with 1 ng of DNase I in 250 p1 of 50 mM
Tris-HCI (pH 7.5), 8 mM MgCI, a t 30 "C until 50% of the RFI DNA
was converted to RFIIDNA (20 min) and
was then purified by phenol
extraction. The linear DNA with recessed 3"ssDNA ends was prepared by exonuclease 111 (25 units)digestion of ScaI-linearized pUC18
DNA (43 pg) for 30 min a t 30 "C in 250 pl of 20 mM Tris-HCI (pH
7.5),10 mM MgCI,, 50 mM NaCl followed by phenol extraction.
Approximately 800 nucleotides were removed from each end determined by comparison with size standards on a 1% alkaline agarose
gel.
M13mp18 and 6x174 ssDNAs
were prepared by handing thephage
down and then up in twosuccessivecesiumchloride
gradients as
described (22) and were uniquely primed with a synthetic DNA 30meroligonucleotide(M13mp18, mappositions 6816-6847; 6x174,
map positions 2794-2823) as described (16).
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Western analysis of y
FIG. 1. Stoichiometry of y complex and j3 subunit in the
preinitiation complex. A, multiple polymerases are assembled by
each y complex. Reactions contained 140 ng of primed Ml3mpl8
ssDNA, 1.8 pg of SSB, 129 ng of 8, 550 ng of Nc, and the indicated
amount of the y complex in 25 pl of 20 mM Tris-HCI (pH 7.5), 8 mM
MgC12, 5 mM dithiothreitol, 4% glycerol, and 40 pg/ml bovine serum
albumin (buffer A) containing 20 mM NaCI, 0.5 mM ATP, and 60pM
each dCTP and dGTP.
After 5min a t 37 "C, a pulseof DNA synthesis
was initiated with 1.5 pl of 1 mM dTTP, 0.33 mM [a-:"P]dATP and
then was quenched after 20 s with 25 pl of 1% SDS, 40 mM EDTA.
One half of the reaction was spotted on DE81 to quantitate DNA
synthesis, and the other half was analyzed for full-length products
(RFII)on a 0.8% neutral agarose gel (inset). R, the gel-filtered
preinitiation complex is active with Ne. The preinitiat.ion complex
was formed in 75 pl of buffer A containing 1.1pg of primed M13mp18
ssDNA, 11 pg of SSB, 0.6 p g of p, 3 ng of the y complex, and 0.5 mM
ATP. After 12 min a t 37 "C, the reaction was filtered over a 2.5-ml
column of Bio-Gel A-1.5 m in buffer A containing 100 mM NaCl a t
4 "C, and 90-pl fractions were collected. A, preinitiation complexes
were quantitated from the number of DNA circles replicated (RFII
products) in 30 s upon addition of 5 pl of column fraction to 0.66 pg
of NC in 45 pl of buffer A containing 60 p~ each dCTP, dGTP, and
dATP and 20 p~ [N-'"P]~TTP;0,the y complex was quantitated by
the ability to reconstitute a processive polymerase within 10 min a t
37 "C in50 pl of buffer A containing 100 ng of at,150 ng of T, 112 ng

To understand the principles that underlie processive polymerization by the holoenzyme, we have studied the preinitiation complex structure (Fig. l), its interactionwith the at
polymerase (Fig. 2), and its motion on DNA (Fig. 3).
Preinitiation Complex Structure-In Fig. lA, they complex
was titrated into the assay
for assemblyof a processive polymerase. The assay contained excess at polymerase, p subunit,
and primed M13mp18 ssDNA "coated" with SSB. After addition of the y complex and 5 min for polymerase assembly,
the numberof processive polymerases formedwas determined
by a 20-s pulse of DNA synthesis. Whereas theat polymerase
20 s (16), the
by itself shows nodetectablesynthesisin
holoenzyme completes one M13mp18 DNA circle in 15 s (11).
Hence,thenumber
of DNAcirclesreplicatedequals
the
number of processive polymerases assembled. The three subsaturating amountsof the y complex in the titration resulted,
on average, in 10processive polymerases assembled(10 circles
replicated) per molecule of the y complex. Thus, the y complex is only needed to assemble the processive polymerase
and is not required during processive elongation. The DNA
products were analyzed on an agarose gel (Fig. 1A, inset) to
of (3,140 ng of primed 6x174 ssDNA, 1.4 pg of SSB, 0.5 mM ATP,
and 60 p~ each dCTP and dGTP. A 30-s pulse of replication was
performed as described for A. T o correctthe replication in the
excluded fractions for the 0 preinitiation complex assembledon
primed M13mp18 ssDNA before gel filtration, replication products
were analyzed on a 0.8% neutral agarose gel to separate away the
M13mp18 RFII, and the 4x174 RFII products were quantitated by
scanning the autoradiograph with a laser densitometer (Pharmacia
LKB Biotechnology Ultrascan XL). The percentage
of the y complex
in each fraction was calculated by dividing the amount of 6x174
DNA replicated by that fraction by the sum total of (bX174 RFII
produced by all the fractions. The femtomoles of the y complex in
each fraction were calculated by multiplying the percent y complex
in the fraction times the totaly complex present before gel filtration.
C, stoichiometry of the y complex and @ in the preinitiation complex.Primed M13mp18 ssDNA (1.4 pg) was incubated for 5 min a t
37 "C with 12 pg of SSB, 73 ng of :'H-@ (975fmol as dimer), 100 ng
of the y complex (480 fmol), and 0.5 mM ATP in 100 pl of buffer A
and then gel-filtered over 5 ml of Bio-Gel A-1.5 m a t 5 "C in buffer
A containing 100 mM NaCI. Fractions of 180 pl were collected. A,"H(3 was quantitated by liquid scintillation analysis of 20 pl of fraction;
M, DNA circles containing a preinitiation complex were quantitated
from the amount of RFII produced upon incubating 10 p1 of fraction
with 100 ng of pol III*, 0.5 mM ATP, 60 p~ dCTP, 60 p~ dGTP for
1min a t 37 "C in 25 pl of buffer Afollowed by a 20-s pulse of synthesis
as described for A; 0, Western blot analysis of the y complex was
performed upon electrophoresis of 130 pl of column fraction on a 12%
SDS-polyacrylamide gel followed by transfer to nitrocellulose and
probing using y antiserum and '""I-protein A. The y subunit was
quantitated by densitometry analysis of the autoradiograph of the
Western blot (shown below the plot) and comparison to a standard
( s t d ) curve of y in the samegel.
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FIG. 2. Gel filtration analysis of
interaction between fl and a~.Proteins were incubated for 1 h a t 15 "C in
200 pl of 25 mM Tris-HCI (pH7.5) 1mM
EDTA, 10% glycerol, and 100 mM NaCl
and then injected onto a 30-ml fast protein liquid chromatography Superose 12
column equilibrated in the same buffer.
Proteins analyzed were: cye, 40 pg ( A ) ;p,
36 pg ( B ) ; ac and 6, 140and 36 pg, B)
respectively (C); cy and p, 153 and36 pg,
c and p, 60 and 36 pg,
respectively (D);
respectively ( E ) .Fractions of 180 p1 were
collected. Left, 15% SDS-polyacrylamide
gel analysis of 100-pl aliquots of column
fractions stained with CoomassieBrilliant Blue as described (23). Holoenzyme
subunits are identified to the right, and
molecular masses of protein standards
are indicated to the left. Right, reconstitution assays of column fractions. Proteins added toreconstitute processive
activity of the column fraction are indicated. Assays were performed by addition of 2 pl of column fraction to 72 ng
of primed @X174ssDNA, 720 ng of SSB,
0.5 mM ATP,60 p~ each dCTP and
dGTP in 21.5 p1 of buffer A. Other proteins added toreconstitute processive
synthesis were as follows; A, assays of cy6 D)Q$
contained 12 ng of p and 4 ng of the y
complex; B, p assays contained 72 ng of
(re and 4 ng of the y complex; C, acp
activity required 4 ng of the y complex;
D,np activity required 50 ng of and 4
ng of the y complex; E, c assays contained 140 ng of a, 12 ng of 0, and 4 ng
of the y complex. Assays were incubated
for 6 min a t 37 "C, and then DNA synthesis was initiated upon addition of 1.5
pl of 1.5 mM MTP, 0.5 mM [a-'*P]
dTTP. After 20 s, synthesis was stopped
by spotting the reaction on DE81 paper,
which was then washed and counted as
described (24).Positions of standards
analyzed separately are indicated at the
top: thyroglobulin (669 kDa), apoferritin
(443 kDa), IgG (158 kDa), and ovalbumin (44 kDa).

ST0 545658 60 62 64 66 68 70 72 747678

.a

kda
92
66

,

, 1 ;E,

ADDED INTO
ASSAY:

3.

-K

30

p. y complex

, 4.;

,

v,
ln

45 '

.E

31

E
f
ln

20

10

z

22

0

p

c)mp

, 43;

40

ST0 50 56 58 60 62 64 66 68 70 72 74 76 78
kda
92
66
45
31

22

--

A

-

-

.P

ASSAY:

30

ac.y complex

v,
ln

y

20

I-

z
>

-

ln

a

10

z
0

STD545658M)626466687072747678
kda
92
66

L.

-K
P I:20
z

U

30

45

ADDED INTO
ASSAY:

y complex

I-

31

E

>
ln

a
22

10

z
0

0

STD 56 58 60 62 64 66 6870 72 74 76 78
kda
92
66

.-L

45

.-

31

I

-"----

--.
"
"
"

"

-

I

ADDED INTO

-a

-P

-

30

y

20

v,
lJY
c
z

>

z

ln

a

10

z
22

z

kda
92
66
45

-P

31

-E

ADDED INTO
ASSAY:

-

30

g

20

ln

1c

+a+y

complex

--e4B.y complex

v,
ln

c
z
>

a

z
22
40

45

55
50

6 0 75
70
65

80

FRACTION

confirm that theywere products of true processive replication
( i e . completed DNA circles). Furthermore, the preinitiation
complex was gel-filtered in buffer containing 100 mMNaC1;
which resolved most of the y complex activity in the included
fractions (Fig. l B , circles) from the preinitiation complex on
primed DNA in the excluded fractions (Fig. lB, triangles).
The gel-filtered preinitiation complex was active in replication upon addition of the at polymerase (Fig. lB, triangles).
The stoichiometry of /3 within the preinitiation complex
was measured using tritium-labeled p subunit. The preinitiation complex was formed on primed M13mp18 ssDNA using
"H-D and unlabeled y complex and then was gel-filtered to
separate 'H-@ bound to DNA in the excluded fractions from
"H-B free in solution in the included fractions (Fig. lC, triangles). "H-p is expressed in Fig. 1C as ferntomoles of p dimers

since /3 appears to act as a dimer (18, 25). The number of
preinitiation complexes on DNA was quantitated from the
number of DNA circles replicated in 20 s upon addition of pol
III* (holoenzyme lacking p ) to reconstitute the holoenzyme
(Fig. lC, squares). The analysisyielded a stoichiometry of 1.4
/3 dimers in the preinitiation complex, consistent with -1 /3
dimer by previous estimates (8, 18).
A molar excess of the y complex over primed DNA circles
was used in the experiment of Fig. 1C to determine whether
a preinitiation complex containing the y complex could be
isolated. The stoichiometryof the y subunit in the preinitiation complex was determined by Western blot analysis of
y antiserum (Fig. lC, circles). Western
column fractions using
blot analysis showed only a small amount of the y complex
in the preinitiationcomplex, consistent with its catalyticrole
in the reaction. The y complex activity was also followed by
'' By Western blot analysis using y antiserum, we find 74, 35, and reconstitution assays, which agreedwith Western blot analy4% nonspecific binding of the y complex to unprimed SSB-coated
ssDNA through gel filtrationin bufferA (see legend to Fig. 1) sis (data not shown).
a Binds /3 Directly-A simple mechanismby which p confers
containing no added NaCl, 40 mM NaCI, and 100 mM NaCI, respectively.
processivity onto ac is for p to bind both DNA and ac, thereby
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tethering at to the template. Gel filtration experiments demonstratingthat p binds (YC are shown in Fig. 2. The at
polymerase and p subunit were first analyzed separately and
then together(Fig. 2, A-C, respectively). SDS-polyacrylamide
gel analysis of the column fractions (Fig. 2, left) showed that
the (YE polymerase alone eluted as a monomer (i.e. a complex
of one a and one t, 158 kDa total) and that the p subunit
alone eluted as a dimer (74 kDa). An atp complex was formed
upon mixing ac and p, as indicated by the shift in the elution
volume of p such that it coeluted with at (Fig. 2C). Likewise,
formation of an a@ complex was demonstrated by gel filtration
analysis of a mixture of a and p subunits (Fig. 2 0 ) . A mixture
of E and p subunits did not yield a complex (Fig. 2E). Reconstitution assays showed that the cvep and a@ complexes were
active (Fig. 2, C and D, right, respectively). Advantage has
been taken of the resolution of p bound to at from ,f3 not
bound to at to determine a K d value of -250 nM for atp
complex formation in solution: That (YE binds over 60-fold
tighter to the p preinitiation complex on primed ssDNA is
indicated by saturation of (YE a t 4.2 nM in replication of the p
preinitiation complex on primed 4x174 ssDNA (16).
The Preinitiation Complex Slides on Duplex DNA-We next
examined the preinitiation complex for mobility on DNA,
which would allow itto move with at during processive
Gel filtration analysis showed that a solution of 0.44 p~ (YZ and
0.22 p~ "H-P contained 56% "$3 bound as neb and 44% 'H-(3 free,
= ((0.317 p M ) (0.097
yielding a K d of -250 nM (i.e. ([ac][@]/[cucB]
pM))/0.125 p M = 246 nM). Likewise, a solution of 0.88 p M (YZ and 0.44
p~ "H-P contained68% "H-P boundas (YCP
and 32% 'H-/3 free, yielding
a K d Of 274 nM.
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FIG. 3. Mobility of the preinitiation complex on DNA.A , the
preinitiation complex formson RFII DNA, butdissociatesupon
linearization. Preinitiation complexes were formed in 6 min a t 37 "C
in 200 pl of buffer A containing 2.2 pg of pGEMII RFII DNA, 105ng

of @ (1442 fmol as dimer), 90ng of the y complex (450 fmol), and0.5
mM ATP. After incubation, the reaction was divided, 30 units of
SrnaI were added t o half (A),and SrnaIbuffer was added to the other
(0).After 2 min a t 37 "C, 10 p1 were removed for analysis on an
agarose gel, and both halves were filtered over 5-ml columns of BioGel A-1.5 m a t 5 "C in 20 mM Tris-HC1 (pH7.5), 30 mM NaC1,8 mM
MgClr, 0.1 mg/ml bovine serum albumin, and4% glycerol (buffer B).
Fractions (140 pl) were collected and analyzedfor 'H-8 by liquid
scintillation. B, ATP and they complex are not required for 'H-6 to
dissociatefrom linear nickedDNA. Preinitiation complexes were
formed as described for A (except for use of 1.2 pg of 0)and then gelfiltered in buffer B containing 100 mM NaCl toremove the y complex
and ATP.Excluded fractions (280 pl) were pooled and halved; BarnHI
(80 units)was added to half (A),and BarnHI buffer was added to the
other half (0)and then incubatedfor 2 min a t 37 "C and analyzed as
described for A. C, ligase does not displace 'H-p. Preinitiation complexes were formed as described for A (except for use of 130 ng of 'HP ) , divided in two, treated with 24 units of T 4 DNA ligase (A)or T 4
DNA ligase buffer (O),and incubated for a further 2 min a t 37 "C
before analysis as describedfor A. Inset, agarose gel analysis(in
ethidium bromide) of each half-reaction sampled prior to gel filtration. D,multiple /3 dimers bind one RFII DNA. Procedures were as
described for A except for use of 430 ng of M13mp18 RFII DNA, 45
ng of the y complex (225 fmol), and 1 p g of 'H-8. 0, no SrnaI: A,
SrnaI-treated. E , EBNAl bound to the ends
of linear DNA traps the
preinitiation complex. Procedures were as described for A except that
the reaction contained pGEMoriP7 RFII DNA (5.4 pg) (37), 6 pg
(120 nmol) of EBNA1,60 ng (800 fmol) of 'H-&and 58 ng(300 fmol)
of the y complex. 0, no EcoRV; A, 80 units of EcoRV. Inset, agarose
gel analysis of each half-reaction prior to gel filtration. F, the preinitiation complex is retained on linear DNA with ssDNA ends. Procedures were as described for A except that 2.1 pg (1160 fmol) of
exonuclease 111-treated pUC18 were used, and 25 pg of E. coli SSB
were added. 0,no HindIII;A,30 units of HindIII. G, "H-P exits linear
DNA upon replication. Procedures were as described for F. After the
6-min incubation, 1.2 pg of pol III* and 60 p~ each dCTP and dGTP
were added, and the reactionwas divided. To one half was added 60
rhkeach dATP and dTTP (A),and both halves were incubated for
another 30 s and then gel-filtered in buffer B containing 60 pM each
dCTP and dGTP (0)or 60 p~ each deoxynucleoside triphosphate
( d N T P ) (A).
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synthesis, andif so, whether (3 moves on ssDNA ahead of the
polymerase or on duplex DNA in back of the polymerase. We
first asked whether the preinitiation complex could form on
circular duplex DNA with only a nick in one strand (RFII) as
a primer terminus. The RFII DNA was incubated with 3H-(3,
y complex, and ATP and then gel-filtered. Approximately 1
"H-(3dimer was present per RFII DNA in the excluded fractions (Fig. 3A, ~ircles).~
Hence, formation of the preinitiation
complex does not require ssDNA. In control reactions, 3H-(3
did not appear in the excluded fractions when ATP, y complex, or DNAwas omitted from the preinitiation reaction
(data not shown).
The initial experiment that suggested the preinitiation complex slides on DNA is also shown in Fig. 3A. The preinitiation
complex was formed on RFII DNA, the reaction was divided
into two tubes, and theDNA in one half was linearized at the
unique SmaI site within 2 min prior to gel filtration (Fig. 3A,
triangles); the DNA in the other half was not linearized (Fig.
3A, circles). 3H-(3 was not bound to the linear DNA in the
excluded fractions and therefore must have dissociated from
it, possibly by sliding off the end. Dissociation of 'H-p was
efficient fromDNA with blunt ends (SmaI) or 4-base 5'terminal overhangs (BamHI, HindIII, EcoRV) and was not
particular tothe
plasmid (pGEMII, M13mp18,pUC18,
pGEMoriP7) (Fig. 3, explained below). To demonstrate that
restriction enzymes did not participatedirectly in dissociation
of the preinitiationcomplex from linear DNA, RFII DNA was
first linearized using SmaI, PstI,or HindIII and then
purified
by phenol extraction. A preinitiationcomplex on these linear
nicked DNAs could not be isolated bygel filtration upon
treating any of them with "-6, y complex, and ATP (data
not shown). Presumably, the preinitiation complex formed on
them, butdissociated from the linear nicked DNA faster than
it formed. As another control, linear duplex DNA added in
trans did not induce 'H-p to dissociate from RFII DNA (data
not shown).
Are either the y complex or ATP required to dissociate 'H(3 from linear DNA? To testthis, bothATP and they complex
were gel-filtered away from the preinitiation complex on RFII
DNA. The gel-filtered RFII DNA with 3H-p bound to it was
divided, and one half was linearized with BamHI before gel
filtration asecond time. The second gel filtration showed that
:'H-@remained bound to the circular RFII DNA (Fig. 3B,
circles)6but dissociated from the linear nicked DNA (Fig. 3B,
triangles). Hence, neither ATP nor the y complex is required
for "H-P to dissociate from linear DNA.
The experiments of Fig. 3, C-Ftest thepossibility that 3H(3 dissociates from linear DNA by diffusing along the duplex
and falling off the end. A preinitiation complex that diffuses
along the duplex predicts that thepreinitiation complex does
not adhere to the nick on the RFII DNA. In this case, ligase
should seal the nick without displacing 'H-(3. To test this, the
preinitiation complex wasformed on RFII DNA, the reaction
was divided, and one half was treated with T4 DNA ligase.
Gel filtration analysis showed that ligase sealed the nick to
form closed circular duplex DNA, but did not displace 3H-p
(Fig. 3C, triangles). Hence, (3 was not confined to thenick on

'Preinitiation reactions using RFI plasmid yielded -30% of the
level of 'H-P bound to DNA through gel filtration relative to 'H-P
bound to the RFII DNA preparation. Inasmuch as some RFII DNA
contaminates all RFIDNA preparations, 3H-pwas presumably bound
to the RFII DNA, although preinitiation complex formation on RFI
DNA cannot be ruled out.
'' "H-p in the included fractions (Fig. 3B, circles) is presumably due
t o some dissociation of 'H-P from RFII DNA in buffer A containing
100 mM NaCl during analysis of the first column and during the
second incubation a t 37 "C.

3
'

5'

5'

FIG. 4. Predicted orientation of acj3 subunits of DNA polymerase I11 holoenzyme on a primed template. See text for details.

RFII DNA. Ligation was efficient (inset) even though -1 (3
dimer was bound per RFII DNA circle (Fig. 3C, circles).
A preinitiation complex that diffuses away from the nick
and along the RFII DNA also predicts that multiple preinitiation complexes willform on each RFII DNA molecule.Indeed,
>20 molecules of (3 (as dimer) were bound per molecule of
RFII DNA by simply elevating the level of 'H-P and decreasing the amount of RFII DNA in the assay (Fig. 30, circles).
It is noteworthy that each y complex molecule chaperoned
over 20 (3 dimers onto DNA in this experiment. The multiple
(3 clamps dissociated from the DNA upon linearization using
SmaI (Fig. 3 0 , triangles).
Provided p dissociates from linear DNA by sliding off the
end, protein bound to both ends of the duplex may block (3
exit. To test this
idea, we used materials from another project.
EBNA1, a protein encoded by the Epstein-Barr virus, binds
24 sites in the latent replication origin of the Epstein-Barr
virus, called oriP (26, 27). We recently overproduced EBNAl
in baculovirus and purified it to homogeneity (37). The
EBNAl-binding sites in oriP are
located in two elements, one
of which contains 20 EBNAl-binding sites and the other
has
4 EBNAl-binding sites. A preinitiation complex was formed
on RFII DNA containing theoriP sequence followedby
addition of sufficient EBNAl to bind all 24 sites (37). The
reaction was divided, and one half was treated with EcoRV,
which cleaved the DNA between the two elements of oriP.
Agarose gel analysis showed that EBNAl did not prevent
linearization by EcoRV (Fig. 3E, inset).Gel filtration analysis
showed that nearly the same amount of 3H-(3 wasretained on
linear nicked DNA (Fig. 3E, triangles) as on circular RFII
DNA (Fig. 3E, circles). Hence, EBNAl bound to the ends of
linear DNA prevented the dissociation of 'H-& consistent
with unidimensional diffusion of (3 along the duplex (i.e.
sliding). In theabsence of EBNA1, 'H-p dissociated from the
oriP RFII plasmid upon linearization with EcoRV (data not
shown).
A second protein block experiment was performed using
linear duplex DNA treated with exonuclease I11 to yield, at
each end, a 3"primer terminus recessed by -800 nucleotides
of ssDNA. The ssDNA ends of the linear template were first
coated with SSB and then incubated with 3H-/3, y complex,
and ATP. Gel filtration analysis showed efficient binding of
3H-p to the linear DNA (Fig. 3F, circles). Hence, the preinitiation complex appeared unable to slide across SSB-coated
ssDNA. In fact, even in the absence of SSB, gel filtration of
the preinitiation complex on the linear DNA with recessed
3'-ends showed 80% of the amount of 'H-(3 bound relative to
the presence of SSB (data notshown). Hence, (3 does not slide
over a long stretch of naked ssDNA.
Unlike the RFII DNA, the linear DNA with recessed 3'ends offered the opportunity to test the directionality of 'H(3 sliding. After the y complex chaperoned 'HH-Ponto the
linear DNA at the recessed 3'-end, the reaction was divided;
and one half was treated with HindIII, which cleaved the
linear DNA in two (1.7 and 0.9 kilobases). For 3H-(3to slide
off the cleaved DNA, (3 would need to slide backwards in the
antielongation direction (see Fig. 3F, d i ~ g r a m )Indeed,
.~
most
It is possible that some P diffused back on the duplex (antielongation direction) away from the 3"terminus before Hind111 cleavage
such that after cleavage it could exit the DNA in the elongation
direction. The important point is that
p must diffuse in the antielongation direction at some time to exit the cleaved linear DNA with
recessed 3"ends.

Mechanism of
Processivity
Holoenzyme
of the “H-@dissociated from the linear DNA upon
cleavage of
the duplex region, implying ability of @ to slide in the antielongation direction (Fig. 3F, triangles).
The linear DNA with recessed 3‘-ends was also used to
show that “H-@ could slide off duplex DNA in the forward
(elongation) direction.The preinitiationcomplex was formed
on the linear DNA using ‘H-@ and the y complex. pol III*
was then added to reconstitute theholoenzyme on the linear
template. ‘H-@dissociated from the linear DNA upon replication of the ssDNA end (Fig. 3G, triangles). In a control
experiment, 3H-@
was efficiently retained on the linear DNA,
while the holoenzyme “idled” on the DNA with
only two
deoxynucleoside triphosphates present (Fig. 3G, circles).
DISCUSSION

Although the @ subunit alone does not bind DNA, it
is
transformed into a tight sliding clamp on DNA upon activation by the y complex and ATP. The@ subunit also binds the
at polymerase, thereby recruiting it forprocessive DNA synthesis. That @ slides onDNA fits nicely withthesimple
notion that @ tethers the polymerase to the template and
confers processivity onto it by sliding along with thepolymerase during DNA synthesis.It seems likely that this mechanism will generalize to other processivereplicases. Indeed,
DNA footprinting techniques locate the phage T 4 DNA polymerase accessory proteins mainly on the duplex portion
of
the primer terminus and are thought
of as a sliding clamp (1,
28). Likewise, mammalian polymerase 6 requires primer binding accessory subunits for processivity ( 5 , 6).
These studiessuggest the orientationof a , t , and @ subunits
of the holoenzyme on a primer terminus illustrated inFig. 4.
The DNA polymerase subunit, a, is placed on the ssDNA/
double-strandedDNA-primedtemplatejunction,thesubstrate for a DNA polymerase. Since @ and t do not form a
stable complex with each other yet both bind
a, they are
shown bound to separate sites on a. The p clamp slides on
duplex DNA; hence, @ is shown on the duplex in back of a.
The t subunit is drawn in front of a and not bound to DNA
by analogy to the orientation of the polymerase and 3’6’
exonuclease domains of the DNApolymerase I largefragment
on a primer terminus inferred from the x-ray structure (29).
This position for t is also consistent with the 50-fold stimulation o f t exonuclease activity by a , suggesting that interaction of t with DNA is mainly by virtue of binding a (30).
The specificity of the preinitiationcomplex for the primed
ssDNA/double-stranded DNA junction is probably inherent
in the y complex since the y complex is an ATPase that is
stimulated by a primedtemplateandisstimulated
even
further upon adding @ (31).’Capacity for primer recognition
by @ is not ruled out by the experiments that show the @
clamp can leave the 3”primer terminus and slide on duplex
DNA. Thegel filtration experiments(Fig. 3) require >20 min
and therefore would not have detected a few minutes visitation of the @ clamp at the 3”terminusbefore departing from
it andsliding off linear duplexDNA.
In a previous study (32), the core polymerase activity was
stimulated -4-fold on uniquely primed M13Goril ssDNA by
a 5000-fold molar excess of in the absenceof the y complex
and SSB. This stimulation of the core by p was the first
evidence of a direct interactionbetween @ and thecore.
In a study of holoenzyme motion on multiprimed DNA, the
holoenzyme did not require ATP to
diffuse over duplex DNA
and did not diffuse over a long stretch of ssDNA (33). Inasmuch as these holoenzyme dynamics are shared by the p

” R. Onrust and M.O’Donnell, manuscript in preparation.
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preinitiation complex, it seems likely that the /3 clamp was
responsible for the holoenzyme’s motion. Mobility of the
holoenzyme over duplex DNA was determined from the path
of DNA synthesis, allowing study of motion in theelongation
direction only. Here, the @ preinitiation complex diffused on
duplex DNA in both the antielongation and
elongation directions (Fig. 3, F and G). Bidirectional diffusion is consistent
with the lack of an ATP requirement for mobility. Although
the @ preinitiation complex doesnot diffuse over a longstretch
of naked ssDNA, it can press across the 4-base overhang
left
by BamHI. Perhaps a.long stretch
of ssDNA formssecondary
p cannot
structures (e.g. hairpins withloops at their tips) that
pass. Anotherpossibility is that the
@ dimer needs both “rails”
of duplex DNA todiffuse a long distance.
At first glance, it seems appropriate for a “sliding clamp”
protein to slide off the end of a linear molecule. However, if
@ is bound to DNA by hydrogen bonding, ionic interaction,
and/or hydrophobic forces, then @ should remain on DNA
even at an end rather than dissociate into solution. We are
not aware of another protein with such strong affinity to
nicked circular DNA, butwhich loses its grip upon linearizing
the DNA. The state of DNA in both cases is relaxed; their
only differenceis the geometry of the DNAmolecule. Possibly,
the @ clamp is in ahigh energy state (since its formation
requires ATP); and upon encountering
a double-strand break,
its energy is discharged,allowing @ to dissociatefrom the
DNA. Alternatively,the p clamp may notbindDNA
by
chemical contact but ratherby virtue of topology on the DNA,
for example,by encircling theduplex like a doughnut. In this
“topological binding” mode, the p clamp would freely slide off
the end of DNA since it would not be bound to DNA
by
chemical contact.
Highly processive polymerization, besides a characteristic
of DNAreplication,is
also commontotranscriptionand
translation. RNA and DNApolymerases are quite similar in
the reactions they catalyze. Furthermore, mammalian RNA
polymerase I1 requires ATP hydrolysis and accessory factors
to initiate processive synthesis (34). Likewise, the ribosome
requires G T P hydrolysis and catalytic initiation factors to
start processive synthesis.Theeukaryotic
ribosomeeven
slides along messenger RNA to locate the first AUG codon
(35). These similarities amongprocessive machines that polymerizeDNA, RNA,andproteintemptspeculation
of a
sliding clamp protein underlying
processivity in other systems
besides DNA polymerase I11 holoenzyme.
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