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Escherichia coliDNA polymerase III holoenzyme con-
tains 10 different subunits which assort into three
functional components: a core catalytic unit containing
DNA polymerase activity, the β sliding clamp that
encircles DNA for processive replication, and a multi-
subunit clamp loader apparatus calledγ complex that
uses ATP to assemble theβ clamp onto DNA. We
examine here the function of the χ subunit of the
γ complex clamp loader. Omission of χ from the
holoenzyme prevents contact with single-stranded
DNA-binding protein (SSB) and lowers the efficiency
of clamp loading and chain elongation under conditions
of elevated salt. We also show that the product of a
classic point mutant of SSB, SSB-113, lacks strong
affinity for χ and is defective in promoting clamp
loading and processive replication at elevated ionic
strength. SSB-113 carries a single amino acid replace-
ment at the penultimate residue of the C-terminus,
indicating the C-terminus as a site of interaction with
χ. Indeed, a peptide of the 15 C-terminal residues of
SSB is sufficient to bind toχ. These results establish a
role for the χ subunit in contacting SSB, thus enhancing
the clamp loading and processivity of synthesis of the
holoenzyme, presumably by helping to localize the
holoenzyme to sites of SSB-coated ssDNA.
Keywords: clamp loader/DNA polymerase III
holoenzyme/DNA replication/SSB/SSB-113

Introduction

DNA polymerase III holoenzyme (Pol III holoenzyme)
is the multisubunit replicase of theEscherichia coli
chromosome. Pol III holoenzyme is distinguished from
other DNA polymerases in the cell by its high processivity
(.50 kbp) and rapid rate of synthesis (750 nucleotides/s)
(reviewed in Kornberg and Baker, 1992; Kelman and
O’Donnell, 1995). The high processivity and speed is
rooted in a ring-shaped subunit, calledβ, that encircles
DNA and slides along it while tethering the Pol III
holoenzyme to the template (Stukenberget al., 1991;
Kong et al., 1992). The ring-shapedβ clamp cannot
assemble around DNA by itself. For this, a multisubunit
clamp loader is required which couples the energy of ATP
hydrolysis to the assembly of theβ clamp onto DNA. This
clamp loader, calledγ complex, is an integral component of
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the Pol III holoenzyme particle. A brief overview of the
organization of subunits within the holoenzyme and their
function follows.

Pol III holoenzyme consists of 10 different subunits,
some of which are present in multiple copies for a total
of 18 polypeptide chains (Onrustet al., 1995b). The
organization of these subunits in the holoenzyme particle
is illustrated in Figure 1. As depicted in the middle column
of the diagram, the subunits of the holoenzyme can be
grouped functionally into three components: (i) the DNA
polymerase III core is the catalytic unit and consists of
the α (DNA polymerase),ε (39–59 exonuclease) andθ
subunits (McHenry and Crow, 1979); (ii) theβ sliding
clamp is the ring-shaped protein that secures the core
polymerase to DNA for processivity (Konget al., 1992);
and (iii) the five proteinγ complex (γδδ’χψ) is the ‘clamp
loader’ that couples ATP hydrolysis to assembly ofβ
clamps around DNA (O’Donnell, 1987; Maki and
Kornberg, 1988). A dimer of theτ subunit acts as a
‘macromolecular organizer’ holding together two molec-
ules of core and one molecule ofγ complex forming the
Pol III* subassembly (Onrustet al., 1995b). This organiz-
ing role of τ in forming Pol III* is indicated at the right
side of Figure 1. Twoβ dimers associate with the two
cores within Pol III* to form the holoenzyme capable of
replicating both strands of duplex DNA simultaneously
(Maki et al., 1998).

The Pol III holoenzyme assembles onto a primed
template in two distinct steps. In the first step, the
γ complex assembles theβ clamp onto the DNA. The
γ complex and the core polymerase utilize the same
surface of theβ ring and they cannot both utilize it at the
same time (Naktiniset al., 1996). Hence, in the second
step, theγ complex moves away fromβ thus allowing
access of the core polymerase to theβ clamp for processive
DNA synthesis. Theγ complex and core remain attached
to each other during this switching process by theτ subunit
organizer.

The γ complex consists of five different subunits (γ2–4
δ1δ’ 1χ1ψ1). An overview of the mechanism of the clamp
loading process has been fleshed out previously. Theδ
subunit is the major touch point to theβ clamp and leads
to ring opening, butδ is buried within theγ complex such
that contact withβ is prevented (Naktiniset al., 1995).
The γ subunit is the ATP-interactive protein but is not an
ATPase by itself (Tsuchihashi and Kornberg, 1989). The
δ’ subunit bridges theδ andγ subunits, resulting in aγδδ’
complex that exhibits DNA-dependent ATPase activity
and is competent to assemble clamps on DNA (Onrust
et al., 1991). Upon binding of ATP toγ, a change in the
conformation of the complex exposesδ for interaction
with β (Naktiniset al., 1995). The functions of the smaller
subunits,χ and ψ, have remained elusive. These two
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Fig. 1. Schematic of DNA polymerase III holoenzyme. DNA
polymerase III holoenzyme contains 10 different subunits; arrows
identify each of them. The three functional components of the
holoenzyme are shown to the right of the diagram [clamp (β), core
polymerase (αεθ), γ complex (γδδ’χψ)]. The τ subunit dimer acts as a
glue to bind together two core polymerases and oneγ complex to form
the Pol III* subassembly (the holoenzyme lackingβ), as shown in the
diagram at the far right.

subunits form a 1:1χψ complex (Xiao et al., 1993b;
Dallmann and McHenry, 1995) and theψ subunit acts as
a bridge betweenγ and χ in the γ complex (Xiaoet al.,
1993b). In the absence ofχ andψ, Pol III activity becomes
highly sensitive to ionic strength in the physiological
range (40–150 mM) (O’Donnell and Studwell, 1990; Xiao
et al., 1993b). Presumably, either loading ofβ onto DNA,
or polymerization itself, requires theχ and/orψ subunits
for full efficiency at elevated ionic strength.

This report identifies a function of theχ subunit,
that of binding to single-stranded DNA (ssDNA)-binding
protein (SSB). Theχ subunit appears to be the only
subunit of Pol III holoenzyme to form a major contact
with SSB. This observation is consistent with an earlier
study showing that theγ complex binds to ssDNA tem-
plates only in the presence of SSB (Fradkin and Kornberg,
1992), suggesting a direct interaction between SSB and
one or more subunits of theγ complex.

SSB is an essential protein and it binds specifically and
tightly to ssDNA, thereby melting hairpin barriers to
polymerase progression (reviewed in Chase, 1984; Meyer
and Laine, 1990; Lohman and Ferrari, 1994). The inter-
action of SSB with ssDNA increases the processivity of
Pol III holoenzyme, resulting in a marked stimulation of
its activity (Weiner et al., 1975; Scott et al., 1977;
LaDucaet al., 1983). Although a protein bound to ssDNA
conceivably would inhibit chain extension by a DNA
polymerase, its function in removing hairpin blocks would
appear to be more beneficial to the polymerase than the
detriment caused by the need to displace SSB during
forward movement.

SSBs are ubiquitous in organisms and have been isolated
from other bacteria and their bacteriophages (e.g. gene
2.5 protein of phage T7 and gene 32 protein of phage T4)
and from eukaryotic cells [replication protein A (RP-A)]
and their viruses. Generally, the SSBs in these systems
interact with the corresponding DNA polymerase, thus
explaining why the SSB of one system does not substitute
efficiently for the SSB of another.

SSB-113 is a conditional lethal mutant with a pleiotropic
phenotype having defects in replication and recombination
(Chase, 1984; Chase and Williams, 1986; Meyer and
Laine, 1990; Lohman and Ferrari, 1994). SSB-113 contains
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a single amino acid substitution at the penultimate residue
to the C-terminus whereby Pro176 is replaced by Ser
(Chaseet al., 1984). Study of SSB-113 showed that it
binds ssDNA with affinity comparable with the wild-type
SSB (Chaseet al., 1984), leading to the suggestion that
the C-terminus of SSB is involved in contact with DNA
metabolic proteins involved in replication and recombina-
tion (Chaseet al., 1983). Here we confirm this hypothesis
by demonstrating that SSB-113 binds weakly to theχ
subunit of DNA polymerase III holoenzyme. Consistent
with this conclusion, a peptide corresponding to the
C-terminal 15 amino acids of SSB is sufficient to interact
with χ, but a similar peptide corresponding to SSB-113
is not.

The functional consequences of theχ–SSB contact for
holoenzyme action have been explored in this report in two
ways: (i) Pol III* andγ complex have been reconstituted in
the absence of theχ subunit for comparison of their
properties; and (ii) the effects of substituting SSB-113 for
SSB in replication reactions have been examined. The
results of both systems show that theχ–SSB contact
provides resistance in elevated salt to the efficiency of
loading theβ clamp onto DNA and the processivity of
chain elongation. Presumably, in high salt, theχ–SSB
contact helps keep the enzyme localized to sites containing
SSB for these clamp loading and chain elongation
functions.

Results

The ability to reconstitute Pol III* from pure isolated
subunits makes it possible to reassemble holoenzyme
lacking one or more subunits by reconstituting it in the
absence of a particular subunit(s). This report focuses on
a role for χ by reconstituting Pol III* andγ complex
either in the presence or absence ofχ, purifying the
resulting complexes from unbound subunits, and then
comparing their DNA synthetic andβ clamp loading
activities. The comparison provides insight into the contri-
bution of χ to clamp loading and processivity. As the
study unfolded, we discovered thatχ binds to SSB.
Therefore, one may presume that results using Pol III
holoenzyme in the absence of SSB would be similar to
use of Pol III holoenzyme lackingχ in the presence of
SSB. However, very little synthesis is observed in the
absence of SSB whetherχ is present or not. This is due
to the fact that SSB not only interacts withχ, but it is
also needed to melt hairpin barriers in ssDNA. This dual
role of SSB precluded our ability to obtain information
about the role ofχ by comparisons of Pol III holoenzyme in
the presence and absence of SSB. Hence, the experiments
presented in this report are perfomed on primed templates
in the presence of SSB (or SSB-113).

Omission of χ from Pol III holoenzyme leads to
salt-sensitive DNA synthesis
First, we examined the role ofχ in elongation by Pol III
holoenzyme. For these experiments, the nine subunit Pol
III*, and Pol III* – χ (i.e. eight subunits), were reconstit-
uted from pure subunits. In the experiment of Figure 2,
Pol III* and β were pre-incubated with SSB-coated primed
M13mp18 ssDNA in the absence of NaCl to form the
initiation complex of the holoenzyme on the primed
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Fig. 2. χ confers resistance to added NaCl on chain elongation by Pol
III holoenzyme. Pol III* (or Pol III* – χ) andβ were used to assemble
Pol III holoenzyme onto singly primed M13mp18 ssDNA coated with
SSB. Then different concentrations of NaCl were added and a 20 s
burst of DNA synthesis was initiated.d, Pol III*; j, Pol III* – χ.

template. This pre-incubation is performed in the presence
of only two dNTPs, thus preventing extension of the DNA
primer for more than only a few nucleotides. After
assembly of Pol III* andβ on DNA, NaCl was added
to the reaction to different concentrations, and dATP
and [α-32P]dTTP were added to initiate synthesis (see
scheme in Figure 2). The result, in Figure 2, shows that
at low ionic strength, both forms of polymerase have
equal chain elongation activity. However, as NaCl is
added, Pol III*2 χ becomes much less efficient than Pol
III* containing χ. This result indicates thatχ serves a role
in elongation.

The defect in elongation by holoenzyme lackingχ in
high salt can be explained by either decreased processivity
of Pol III holoenzyme lackingχ or a slower speed of
elongation. To distinguish between these, the experiment
of Figure 2 was repeated, but rapid time points from each
reaction were withdrawn and the products were analyzed
on a neutral agarose gel. The results of these time courses
are shown in Figure 3.

At the 6 s time point, the enzyme should have proceeded
for ~4200 of the 7200 nucleotides of the template. The
results show that the leading edge of synthesis at the 6 s
time point in 0, 40 and 80 mM NaCl is approximately the
same for Pol III holoenzyme with or withoutχ. However,
for holoenzyme lackingχ, the DNA products appear as a
smear at 80 mM added NaCl, whereas products of reactions
containingχ do not change significantly in going from 0
to 40 or 80 mM NaCl. The template is mostly completed
within the 9 and 12 s time points in reactions containing
either 0, 40 or 80 mM NaCl. However, at 80 mM NaCl,
reactions lackingχ show that the smear continues to be
evident at both 9 and 12 s. At 120 mM NaCl, reactions
containingχ are diminished, appear slower at 6 s compared
with lower salt and start to smear, but the reactions lacking
χ at 120 mM NaCl are barely visible at all. Presumably,
products that appear as a smear are the result of premature
dissociation of the holoenzyme from the template. Thus,
these results indicate that the defect in Pol III holoenzyme
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Fig. 3. Time course of chain extension by Pol III holoenzyme in the
presence or absence ofχ. The initiation complex ofβ and either Pol
III* or Pol III* – χ was pre-formed on primed M13mp18 ssDNA
followed by addition of NaCl and then the remaining dNTPs to initiate
synthesis. Reactions were quenched at either 6, 9 or 12 s, followed by
analysis in a native agarose gel and autoradiography. The positions of
completed circular products (RF II) and starting primed template
(ssDNA) are indicated on the right.

lacking χ lies mainly in a decreased processivity of
elongation rather than a decreased speed of synthesis.

Next we examined the effect ofχ on the clamp loading
activity of theγ complex (Figure 4). To assayγ complex
6 χ for assembly ofβ onto DNA, [3H]β subunit was
incubated with SSB-coated singly primed M13mp18
ssDNA with eitherγ complex orγδδ’ψ. The reaction was
then gel filtered over BioGel A15m. The A15m matrix
has such large pores that free [3H]β elutes in the included
fractions. However, large [3H]β–DNA complexes elute in
the excluded volume (as does DNA) and resolve from
free [3H]β. First the reaction was performed in the absence
of added NaCl (Figure 4A and B). The [3H]β assembled
onto DNA elutes in fractions 9–13, and resolves from free
[3H]β in the included volume (fractions 18–30). The
results, in Figure 4A and B, show thatγ complex and
γδδ’ψ assemble approximately equal amounts of [3H]β
onto primed DNA under these low salt conditions.

This experiment was then repeated in the presence of
added 160 mM potassium glutamate (Figure 4C and D).
The results show that theγ complex was nearly as active
in high salt as in low salt, but theγδδ’ψ complex was
only 20% as efficient in high salt compared with low salt.

Next, the clamp loading activity ofγ complex and
γδδ’ψ was compared on a plasmid DNA containing a
single nick (Figure 4E–H). Nicked DNA contains a 39
terminus, but no ssDNA. In contrast to use of singly
primed M13mp18 ssDNA, most of the [3H]β is assembled
onto the nicked template. The underlying reason for
accumulation ofβ on nicked DNA is the ability ofβ to
slide on duplex DNA (Stukenberget al., 1991). Therefore,
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Fig. 4. The χ subunit aidsγ complex in assembly of [3H]β onto SSB-coated primed ssDNA at physiological ionic strength. (A–D) [3H]β was
assembled onto circular singly primed ssDNA by either theγ complex (d, A and C) orγδδ’ψ (m, B and D) in the presence or absence of 160 mM
potassium glutamate as described in Materials and methods. Reactions were applied to BioGel A15m gel filtration columns and the amount of [3H]β
in each fraction was quantitated by scintillation counting. (E–H) χ does not assistγ complex in assembly ofβ onto nicked DNA. [3H]β was
assembled onto a singly nicked circular duplex plasmid by either theγ complex (E and G) orγδδ’ψ (F and H) in the presence or absence of 160
mM potassium glutamate as described in Materials and methods. Reactions were applied to BioGel A15m gel filtration columns and the amount of
[3H]β in each fraction was quantitated by scintillation counting.

upon assembly ofβ onto a nicked site, the [3H]β clamp
slides away from the 39 terminus allowing theγ complex
repeatedly to load multiple [3H]β clamps onto the nicked
template. In contrast, primed DNA contains only a short
duplex region that can support occupancy of only one or
two [3H]β clamps. At low ionic strength, bothγ complex
andγδδ’ψ are highly active in loading [3H]β onto nicked
DNA (Figure 4E and F, respectively). However, at elevated
ionic strength, neitherγ complex norγδδ’ψ are efficient
in clamp loading (Figure 4G and H). Nicked DNA
contains no ssDNA, and thus is incapable of binding SSB.
Therefore, the lack of salt-resistant clamp loading activity
on nicked DNA implies that either ssDNA, or SSB bound
to ssDNA, is needed forχ to stimulate clamp loading at
elevated ionic strength.

Pol III* interacts with SSB-coated ssDNA via the γ
complex
The inability of χ to confer salt resistance toγ complex
on nicked DNA suggests that ssDNA or SSB is required
for χ to manifest its activity, possibly through direct
χ–SSB contact. To initiate the study of which subunit of Pol
III*, if any, interacts directly with SSB, we reconstituted
several forms of Pol III* using a3H-labeled subunit to
follow it. Then the [3H]subassembly was mixed with
M13mp18 ssDNA coated with SSB and gel filtered over
BioGel A15m. The results are shown in Figure 5. Use of
[3H]Pol III* (reconstituted from pure subunits using [3H]θ)
showed co-migration of [3H]Pol III* with the SSB–ssDNA
complex (Figure 5A). Pol III’ is a subassembly of Pol
III* lacking the γ complex (i.e. core2τ2) (McHenry, 1982;
Studwell-Vaughan and O’Donnell, 1991). As shown in
Figure 5B, [3H]Pol III’ (reconstituted using [3H]θ) did not
co-migrate with the SSB–ssDNA, indicating thatα, ε, θ
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and τ are not major actors in binding this template. In
Figure 5C, [3H]γ complex (reconstituted using [3H]δ’)
was found to co-migrate with the SSB–ssDNA, consistent
with earlier reports indicating an interaction between
SSB–ssDNA andγ complex (Fradkin and Kornberg, 1992).
To help distinguish which subunit ofγ complex underlies
its interaction with the SSB–ssDNA complex, two [3H]sub-
assemblies ofγ complex, [3H]γδδ’ψ (Figure 5D) and
[3H]γδδ’ (Figure 5E) were prepared (each of them were
constituted using [3H]δ’). The results in Figure 5D and E
show that neither of these subassemblies interact with the
ssDNA–SSB complex as is evident by their absence in
the excluded fractions and presence in the included volume
(fractions 16–33). Theγδδ’ψ complex lacks only theχ
subunit, suggesting thatχ is essential for interaction of
the γ complex with SSB-coated ssDNA.

To determine whether SSB is needed for the interaction
between γ complex and ssDNA, the experiment was
repeated in the presence or absence of SSB (Figure 6).
Figure 6A shows the expected co-migration of [3H]γ
complex and SSB-coated ssDNA. In the absence of SSB
(Figure 6B), [3H]γ complex does not bind the ssDNA
template. Hence, SSB appears essential to the interaction
betweenχ and SSB–ssDNA complex. Figure 6C shows
that [3H]γ complex does not interact with double-stranded
DNA. In order to have detected a weak interaction between
χ and either double-stranded DNA or ssDNA, these
experiments were performed with a larger quantity of
[3H]γ complex than those of the experiments of Figure 5.

The χ subunit interacts with SSB–ssDNA
Direct interaction betweenχ and SSB–ssDNA complex
is demonstrated in Figure 7 using an FPLC Superose-12
gel filtration column. This column resolves SSB tetramers
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Fig. 5. The γ complex needsχ to interact with SSB-coated ssDNA.
Protein–DNA interactions were analyzed by gel filtration of mixtures
of SSB-coated ssDNA and tritiated subassemblies of Pol III* as
described in Materials and methods. (A) [3H]Pol III*(1 pmol) was
incubated with 125 fmol (as circles) of M13mp18 ssDNA coated with
SSB, then gel filtered. (B) [3H]Pol III’ (1 pmol) was incubated with
125 fmol of M13mp18 ssDNA coated with SSB, then gel filtered.
(C) [3H]γ complex (250 fmol) was incubated with 300 fmol of
M13mp18 ssDNA coated with SSB, then gel filtered. (D) [3H]γδδ’ψ
(250 fmol) was incubated with 300 fmol of M13mp18 ssDNA coated
with SSB, then gel filtered. (E) [3H]γδδ’ (250 fmol) was incubated
with 300 fmol of M13mp18 ssDNA coated with SSB, then gel filtered.
The presence of protein complex in column fractions was analyzed by
liquid scintillation as described in Materials and methods.

(75 kDa) from χ (17 kDa), and thus co-migration ofχ
and SSB would reflect formation of a complex between
them. χ and SSB were incubated in the presence or
absence of an 87mer DNA oligonucleotide, and then
applied to the column. Fractions were collected and
analyzed by Coomassie Blue staining of an SDS–poly-
acrylamide gel. In the absence of ssDNA (Figure 7A), the
SSB tetramer andχ monomer resolve, indicating that they
do not interact strongly in the absence of ssDNA. However,
in the presence of the ssDNA oligonucleotide (Figure 7B),
the SSB andχ co-eluted (fractions 10–19), indicating
formation of a complex that depends on ssDNA. This
experiment was repeated with oligo(dT65) and oligo(dT35)
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Fig. 6. SSB is required forγ complex to bind ssDNA. [3H]γ complex
(10 pmol) was incubated with the following components and then gel
filtered as described in Materials and methods: (A) 440 fmol of
M13mp18 ssDNA and 8µg of SSB; (B) 440 fmol of M13mp18
ssDNA; and (C) 440 fmol of M13mp18 plasmid DNA and 8µg of
SSB.

with similar results (data not shown). No interaction was
observed betweenχ and the 87mer oligonucleotide in the
absence of SSB (data not shown). Further, use of the T4
gene 32 protein (the T4 SSB) with oligo(dT65) did not
suffice to bindχ, suggesting thatχ does not bind ssDNA
coated with just any SSB, but requiresE.coli SSB (data
not shown). Finally, these experiments needed to be
performed in column buffer containing only 40 mM NaCl
(theχ–SSB–ssDNA complex was not observed using 100
mM NaCl) and were carried out in the cold room.

To estimate theKd value for the interaction between
χ and SSB–oligo(dT65), the equilibrium gel filtration
technique was performed (Figure 7C). In this experiment,
the smaller protein, [3H]χ, was included in the column
buffer to equilibrate it throughout the column, and the
larger SSB–ssDNA complex was loaded onto the column.
Due to the continual presence of [3H]χ in the column
buffer, the [3H]χ–SSB–ssDNA complex remains at equi-
librium as it flows through the column. The [3H]χ that is
bound to SSB–ssDNA elutes as a peak of [3H]χ early,
and the segment of column buffer that lost [3H]χ to the
SSB–ssDNA complex elutes later and appears as a dip,
or trough, in the radioactive profile of column fractions.
From the area under the peak of [3H]χ–SSB–ssDNA
complex, a Kd value of 53 nM was calculated (see
Materials and methods). Further, this experiment showed
a total of 807 pmol ofχ bound to 212.5 pmol of SSB (as
tetramer). Hence, ~4 molecules ofχ bind one SSB tetramer
(i.e. oneχ per SSB monomer).

χ binds SSB in the absence of ssDNA
Perhapsχ interacts weakly with SSB or ssDNA alone. To
detect a possible weak interaction ofχ with SSB, orχ
with ssDNA, we analyzed these components by surface
plasmon resonance (SPR). In the SPR technique, one
macromolecule is immobilized to a sensor chip and another
macromolecule is passed over the chip. Interaction between
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Fig. 7. The χ subunit interacts with SSB in the presence of ssDNA.
(A andB) The interaction betweenχ and SSB was analyzed using a
Superose-12 gel filtration column in the presence or absence of an
87mer DNA oligonucleotide as described in Materials and methods.
(A) χ and SSB alone; (B)χ and SSB in the presence of the 87mer
DNA oligonucleotide. The position of molecular weight markers,
analyzed in a parallel analysis, is indicated. The standards used were:
150 kDa (alchohol dehydrogenase from yeast); 66 kDa (BSA), 25 kDa
(bovine pancreas ribonuclease A). (C) The Kd of the χ–ssDNA–SSB
complex was measured by equilibrium gel filtration analysis as
described in Materials and methods. The baseline amount ofχ was
1 µM, but has been set to zero in the figure. The column buffer
contained [3H]χ, and then a mixture of [3H]χ–SSB–oligo(dT65) was
injected over the column. AKd value of 53 nM was obtained from the
data.

the two macromolecules leads to an accumulation of mass
on the sensor chip surface leading to SPR [measured as
response units (RU)] (Granzow and Reade, 1992).

As a control, we first examined interaction ofχ with
an immobilized SSB–ssDNA complex. In Figure 8A,
oligo(dT65), 59 end labeled with biotin, was passed over a
sensor chip to which streptavidin was covalently attached.
Then SSB was passed over the immobilized oligonucleo-
tide. Different concentrations ofχ were serially passed
over the SSB–ssDNA complex. The increase in RU
observed with each injection indicates interaction between
χ and the immobilized SSB–ssDNA complex. At the end
of each injection, buffer is passed over the surface, with
a resulting drop in RU, indicating rapid dissociation ofχ.
The rise and fall of RU in these experiments was too
rapid for calculation ofkon and koff values under these
typical conditions for the SPR technique (22°C and 150
mM NaCl).
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Fig. 8. χ binds SSB in the absence of ssDNA. Either SSB–
oligo(dT65), SSB or oligo(dT65) were covalently attached to a sensor
chip and solutions ofχ were passed over the top. Arrows indicate the
point at whichχ is injected (‘χ’), and the point at which injection ofχ
was terminated by the injection of buffer lackingχ (‘buffer’).
(A) Immobilized SSB–oligo(dT65); (B) immobilized SSB;
(C) immobilized oligo(dT65).

Table I. The stoichiometry betweenχ and SSB–oligo(dT65)

χ concentration χ/SSB4 χ/SSB4
(plus DNA) (no DNA)

0.6 µM 1.04 0.44
1.0 µM 1.60 0.68
3.0 µM 2.88 1.48
5.0 µM 3.88 1.81
10 µM 4.04 2.18

The stoichiometry betweenχ and SSB–oligo(dT65) was measured as
follows. SSB was injected over a streptavidin sensor chip pre-coated
with 319 RU of biotinylated oligo(dT65), resulting in 754 RU of SSB
bound to the ssDNA (12 fmol of SSB bound to 16.5 fmol of 65mer
dT; assuming 120 fl volume in the flow cell and conversion factors of
100 RU equal to 1 mg/ml and 0.9 mg/ml for protein and DNA,
respectively). Theχ subunit was injected over the SSB–oligo(dT65)
complex in SPR buffer at concentrations of either 0.6, 1, 3, 5 or 10
µM. Sensor chips were regenerated after each injection as described in
Materials and methods. The stoichiometry ofχ to SSB was calculated
from the plateau values at 15 min.

In Table I, the plateau values at the end of each 15 min
injection were converted into fmol ofχ bound to SSB.
At the highest concentration ofχ, the final RU indicates
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~4 fmol of χ bound to one tetramer of SSB. This
stoichiometry is consistent with the result of equilibrium
gel filtration indicating approximately one molecule ofχ
to each SSB monomer.

In Figure 8B, SSB was immobilized directly to a sensor
chip in the absence of DNA, then solutions of different
concentrations ofχ were passed over it. The results show
that χ interacts with SSB in the absence of DNA. At the
highest amount ofχ used, the final increase in RU was
553, for a stoichiometry of 2.2χ/SSB tetramer. This lower
stoichiometry may indicate thatχ interacts with SSB more
weakly in the absence of ssDNA than in its presence.
This would be consistent with the gel filtration experiments
of Figure 7 in which a complex betweenχ and SSB was
not observed unless ssDNA was present. However, in the
SPR experiment of Figure 8B, the SSB is attached
randomly to the sensor chip and thus some sites of
interaction withχ may be occluded by its attachment to
the chip.

In Figure 8C, χ was passed over a sensor chip to
which the biotinylated oligo(dT65) was immobilized to
streptavidin. No signal was observed, indicating that
χ does not interact strongly with ssDNA under these
conditions.

SSB-113 does not support efficient initiation and
elongation of replication at elevated ionic strength
Until now, the experiments of this report have shown that
the χ subunit is the major contact between Pol III
holoenzyme and SSB, and that holoenzyme lackingχ
showed salt-dependent defects in elongation. This correla-
tion suggests thatχ functions to stabilize replication in
high salt through an interaction with SSB. As these studies
were in progress, we made an independent observation
from another project which provided the necessary
information to show thatχ–SSB contact indeed underlies
χ-mediated salt stability of holoenzyme action. This second
project was a study of the SSB-113 mutant.

SSB-113 is a temperature-sensitive mutant for replica-
tion, and is also defective in recombination and repair at
both permissive and non-permisive temperatures (reviewed
in Chase, 1984; Meyer and Laine, 1990; Lohman and
Ferrari, 1994). SSB-113 binds ssDNA as tightly as SSB,
and only contains a single amino acid substitution (Ser
for Pro) in the –1 position from the C-terminus (Chase
et al., 1984).

In Figure 9, SSB-113 was compared with SSB for its
ability to support DNA synthesis by Pol III holoenzyme.
Singly primed M13mp18 ssDNA was used as template
and was coated with either SSB or SSB-113. The high
processivity that is characteristic of this enzyme depends
on coating of the ssDNA with SSB (Fayet al., 1982).
Hence, if SSB-113 is defective in action with Pol III
holoenzyme, replication should be less efficient than a
similar reaction using wild-type SSB. In Figure 9A, the
initiation complex of the holoenzyme with DNA was
formed in a pre-incubation at low ionic strength, then
NaCl was added and replication was initiated upon adding
the remaining two dNTPs. After 20 s, the reactions were
quenched, and the extent of DNA synthesis was analyzed.
The results show that in the presence of only 40 mM
NaCl (the amount brought in by the protein preparations)
replication proceeded similarly whether using SSB or
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Fig. 9. SSB-113 does not confer resistance to NaCl on chain
elongation by Pol III holoenzyme. Pol III holoenzyme was assembled
onto primed M13mp18 ssDNA coated with either SSB or SSB-113.
Following addition of NaCl, the dNTPs were added to initiate
synthesis and timed aliquots were removed. (A) Quantitation of the 20
s time point.d, results obtained using SSB;j, results obtained using
SSB-113. (B) Short time points were analyzed in a 0.8% native
agarose gel followed by autoradiography. The positions of ssDNA and
completed duplex circles (RFII) are indicated on the left. The amount
of NaCl in the assay and use of SSB and SSB-113 are indicated at the
top of the gel.

SSB-113 (first data point). However, as the salt concentra-
tion was raised, DNA synthesis using SSB-113 diminished
much more quickly than reactions using wild-type SSB
to coat the template. These results are similar to those
observed using Pol III* –χ in Figure 2.

In Figure 9B, the effect of SSB-113 on the speed and
processivity of primer extension was examined at different
salt concentrations by removing rapid time points and
analyzing the products in a native agarose gel. The 6 s
time point shows that the leading edge of the extension
products at 40 and 80 mM NaCl using SSB-113 is in a
similar position to those using SSB. This observation
suggests that the speed of synthesis at 40 and 80 mM NaCl
is not significantly altered on SSB-113-coated ssDNA. At
80 mM NaCl and above, templates coated with SSB-113
produce a smear, indicating that many of the polymerase
molecules prematurely dissociate from the template.
Hence, the inefficient elongation using SSB-113 at 80 mM
NaCl would appear to lie in a decreased processivity
rather than a decreased intrinsic speed of polymerization.
At 120 and 180 mM NaCl, the extension products on
both SSB-113- and wild-type SSB-coated DNA diminish
significantly, although the amount of replication observed
with SSB is greater than that observed using SSB-113 at
both salt concentrations.

In Figure 10, primed M13mp18 ssDNA coated with
SSB-113 was compared with the same template coated
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Fig. 10. SSB-113 does not confer resistance to NaCl on clamp loading
by γ complex. [32P]β subunit was assembled onto singly primed
M13mp18 ssDNA coated with either SSB (A) or SSB-113 (B) in
either 15 (j) or 135 mM (d) added NaCl. Reactions were gel filtered
to resolve [32P]β bound to DNA (fractions 10–15) from [32P]β
remaining free in solution (fractions 17–30).

with wild-type SSB when used as a substrate for [3H]β
assembly byγ complex. The results in Figure 10A show
that similar amounts of [3H]β clamps are assembled onto
SSB-coated DNA at low and high salt. The results using
SSB-113, in Figure 10B, show that at low salt a similar
amount of [3H]β is assembled onto SSB-113-coated DNA
as on SSB-coated DNA. However, at high salt, theγ
complex is much less efficient in assembling [3H]β onto
SSB-113-coated DNA compared with SSB-coated DNA.

The SSB-113 mutant cells are temperature sensitive for
replication (Valeset al., 1980), and thus these replication
reactions would be expected to display temperature sensit-
ivity as well. We have performed replication and clamp
loading reactions at 30 and 42°C under several different
NaCl concentrations, but the results are not temperature
sensitive (data not shown). The temperature defect of
SSB-113 inin vitro reactions using Pol III holoenzyme is
explained further in the Discussion. Alternatively, the
χ–SSB contact is involved in the repair- and recombina-
tion-defective phenotypes of SSB-113 that occur at all
temperatures examined (Glassberget al., 1979; Vales
et al., 1980; Golub and Low, 1983; Lieberman and Witkin,
1983; Whittier and Chase, 1983; Laine and Meyer, 1992).

Table II shows another line of evidence that a specific
interaction between the holoenzyme and SSB is functional
in stabilizing holoenzyme action to added salt. The effici-
ency of DNA synthesis was compared at low and high
NaCl using primed M13mp18 ssDNA coated with either
E.coli SSB,E.coli SSB-113, the T4 SSB (gene 32 protein),
the human SSB (RP-A) or no SSB. The results show that
the E.coli SSB is the only one that stabilizes the holoen-
zyme activity in the presence of 120 mM NaCl. Use of
E.coli SSB yielded 56% of the remaining activity com-
pared with 17, 9 and 2.5% remaining activity for use of
T4 gene 32 protein, human RP-A andE.coli SSB-113,
respectively.

2443

Table II. The effect of different SSBs on DNA replication by DNA
polymerase III holoenzyme

SSB DNA synthesis (pmol)

0 M NaCl 120 mM NaCl

None 6.5 6 0.45 3.456 0.85
E.coli SSB 55.3 6 2.5 30.756 4.85
E.coli SSB-113 63.656 0.65 1.6 6 0.2
T4 gene 32 protein 12.96 0.7 2.156 0.25
Human RP-A 14.0 6 0.2 1.3 6 0.2

Singly primed M13mp18 ssDNA was coated with the following SSBs:
wild-type SSB fromE.coli, SSB-113 fromE.coli, gene 32 protein
from phage T4 and three subunit RP-A from human. Replication was
performed using Pol III* andβ as described in Materials and methods.
The results are an average of three experiments.

SSB-113 does not interact with χ
The deficiencies in replication using SSB-113 (Figures 9
and 10) are quite similar to those observed using Pol
III* – χ (Figures 2–4). This similar behavior of both Pol
III* – χ and SSB-113, combined with the knowledge that
χ is the SSB interactive subunit of Pol III holoenzyme,
suggested that the defect in SSB-113 may be based in
lack of, or altered, interaction between SSB-113 and the
χ subunit. In Figure 11, interaction betweenχ and either
SSB or SSB-113 was examined by SPR.

In Figure 11A, biotin 59 end-labeled oligo(dT100) was
immobilized to a sensor chip coated with streptavidin.
Following this, the oligonucleotide was coated with either
SSB or SSB-113. A solution ofχ was injected over the
immobilized SSB–ssDNA complex (first arrow), resulting
in an increase in RU due to interaction of theχ with
the SSB–ssDNA complex (solid line). Following this
injection, the chip was washed with SPR buffer (second
arrow) during which time the RU decreased due to
dissociation ofχ from the SSB–ssDNA complex. The
amount ofχ used was sufficient to saturate the SSB, and
the observed stoichiometry ofχ:SSB tetramer was 3.7:1
(similar to the stoichiometry of 4χ per SSB tetramer in
Figure 8) and 0.48χ per SSB-113 tetramer. TheKd for
this interaction was estimated from the SPR data to be
330 nM. This observedKd value for interaction ofχ with
SSB is within 6-fold of the 53 nMKd obtained by
equilibrium gel filtration. The difference inKd may be
due to the higher concentration of NaCl and higher
temperature used in the SPR analysis.

To determine whetherχ interacts with SSB-113, SSB-
113 was passed over the immobilized ssDNA (Figure
11A, dashed line), followed by injection ofχ. Very little
increase in RU was observed, indicating that the interaction
betweenχ and SSB-113 is significantly reduced relative
to wild-type SSB (dashed line; estimatedKd µ 16.8µM).

χ interacts with the C-terminus of SSB
The lack of interaction betweenχ and SSB-113 suggests
that the C-terminus of SSB is necessary for this interaction.
To determine whether the C-terminus is sufficient for
interaction withχ, a biotinylated peptide corresponding
to the C-terminal 15 amino acids of SSB was immobilized
on a sensor chip coated with streptavidin. Upon flowing
χ over the chip, a signal was observed indicating inter-
action withχ (Figure 11B). As expected,χ did not interact
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Fig. 11. SSB-113 does not interact with theχ subunit. The interaction
of χ with either SSB or SSB-113 was studied using SRP analysis as
described in Materials and methods. (A) A biotinylated DNA
oligonucleotide was immobilized onto a streptavidin-coated sensor
chip and then either SSB or SSB-113 was passed over the top. Then a
solution ofχ was passed over the SSB–ssDNA complex (first arrow)
followed by SPR buffer (second arrow). Following each analysis, the
sensor chip was regenerated as described in Materials and methods.
(B) A biotinylated peptide derived from the last 15 amino acids of
SSB was immobilized to a streptavidin-coated sensor chip followed by
injections ofχ at the indicated concentrations. (C) A biotinylated
peptide derived from the last 15 amino acids of SSB-113 was
immobilized to a streptavidin-coated sensor chip followed by injection
of χ at the indicated concentrations. In (B) and (C), the first arrow
marks the beginning of theχ injection and the second arrow indicates
the start of the SPR buffer injection.

with a biotinylated 15 residue peptide corresponding to
the C-terminus of SSB-113 (Figure 11C).

Discussion

Generality of interaction between the C-terminus
of SSB and other proteins
This study, using Pol III holoenzyme subassemblies and
pure subunits, shows that theχ subunit is the major
contact between Pol III holoenzyme and SSB. In light
of these results, one may explain the observation that
elongation and proofreading by Pol III holoenzyme and
Pol III* (they both containγ complex) are stimulated by
SSB whereas Pol III’ (Pol III* that lacksγ complex) is
either not affected or is inhibited (Fayet al., 1981, 1982).

SSB plays an essential role in a variety of DNA
metabolic processes including replication, recombination
and repair (Chase, 1984; Meyer and Laine, 1990; Lohman
and Ferrari, 1994). Accordingly, SSB appears to interact
directly with other proteins. For example, using immobil-
ized SSB as an affinity chromatography matrix, Perrino
et al. demonstrated direct interactions between SSB and
several other proteins ranging in size from 14 to 160 kDa
(Perrinoet al., 1988). Further, there is preliminary evidence
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for direct interaction of SSB with Pol II (Molineux and
Gefter, 1974), exonuclease I (Molineux and Gefter, 1975)
and PriB (Lowet al., 1982). Therefore, it is not surprising
that contact between SSB and Pol III holoenzyme can be
added to this list. We have also detected a direct interaction
between SSB and primase in the absence of DNA. In fact,
the temperature-sensitive effect of SSB-113 is exhibited
in reactions using Pol III holoenzyme on ssDNA that is
primed by the action of primase. This reaction presently
is under study and will be the subject of a future report.

Interaction between SSB and replication proteins
extends beyond theE.coli system. A physical interaction
of two other well-characterized SSBs (T4 gene 32 protein
and T7 gene 2.5 protein) with their respective DNA
polymerase subunits has been demonstrated (Cha and
Alberts, 1988; Kimet al., 1992). The T4 gene 32 protein
has also been shown to interact with T4 primase (Cha and
Alberts, 1988). The T7 gene 2.5 protein also interacts
with the T7 gene 4 protein which contains both helicase
and primase activity (Kim and Richardson, 1994). In the
eukaryotic system, the human RP-A interacts with DNA
polymeraseα (Dornreiteret al., 1992).

This study has localized a major site of interaction
betweenχ and SSB to the C-terminus of SSB. Where is
the C-terminus of SSB in the protein structure? The three-
dimensional structure of the DNA-binding domain of
E.coli SSB has been solved recently (Raghunathanet al.,
1997). This region, however, does not include the
C-terminus of SSB. Perhaps a clue to the position of the
C-terminus can be taken from the similarity ofE.coli SSB
to the T4 gene 32 protein. Phage T4 gene 32 protein is
functionally similar to SSB; both bind to ssDNA and are
essential for DNA replication. Furthermore, the C-terminus
of gene 32 protein is essential for interaction with other
proteins, including T4 DNA polymerase (Hurleyet al.,
1993). Similarly toE.coli SSB, the C-terminus of gene
32 protein is not needed for DNA binding (Spiceret al.,
1979). The crystal structure shows that the C-terminus of
gene 32 protein forms anα helix which is on the surface
of the molecule and thus may be available for interaction
with other proteins (Shamooet al., 1995).

Recently, the crystal structure of a 1:1 complex of the
χ andψ subunits has been solved (J.Gulbis, J.Finkelstein,
M.O’Donnell and J.Kuriyan, unpublished). The structure
of the χψ complex shows that the side ofχ on the end
of the rod-shapedχψ complex is highly basic. Perhaps
this basic region ofχ is the touchpoint to the acidic
C-terminus ofE.coli SSB. Further studies are planned to
address this possibility.

An alignment of several SSBs is shown in Figure 12.
It is interesting to note that the C-termini of these bacterial
SSBs have acidic residues in common. Thus, it seems
possible that the acidic C-terminus of these SSBs may be
used to interact with other proteins. Support for this lies
in observations that the C-terminus of both T4 gene 32
protein and T7 gene 2.5 protein are also highly acidic and
are important for interaction with other proteins involved
in DNA metabolism. The C-terminus of T4 gene 32
protein interacts with several proteins including the T4
primase and DNA polymerase (Burkeet al., 1980), T4
gene 59 protein (Morricalet al., 1996) and the T4 UvsY
member of the recombination machinery (Jianget al.,
1993). It was also demonstrated that a deletion of the
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Fig. 12. Alignment of SSBs from diverse sources. The amino acid
sequences of 15 SSB proteins from Gram-negative and Gram-positive
bacteria and several plasmid-encoded SSBs are aligned. Amino acids
which are conserved in 10 out of the 15 sequences are shaded.

C-terminus of T4 gene 32 protein has a severe effect on
DNA replicationin vitro andin vivo (Hurley et al., 1993).
Similarly, the C-terminus of T7 gene 2.5 protein is essential
for physical and functional interaction with the T7 DNA
polymerase (Kim and Richardson, 1994). Further, it was
demonstrated that a mutant ofE.coli SSB in which the
last 10 amino acids were removed cannot substitute for
the wild-type proteinin vivo (Curth et al., 1996).

Function of the χ–SSB contact in Pol III
holoenzyme action
Pol III holoenzyme constituted in the absence ofχ (Pol
III – χ) appears less processive than the complete Pol III
holoenzyme under conditions of elevated salt. Further, the
β clamp loading activity ofγ complex lackingχ is also
less resistant to added NaCl than is the completeγ
complex. These replication deficiencies ofχ-less enzymes
appear to be based on the loss of theχ–SSB contact.
These studies formed the basis for examining the defect
of SSB-113 at a molecular level. As summarized above,
SSB-113 has a single amino acid replacement, and its
interaction withχ is significantly reduced. Study of Pol
III holoenzyme andγ complex on templates coated with
SSB-113 showed the same low resistance to added NaCl
as the enzymes lackingχ. This result is consistent with
theχ–SSB contact having the dual function of aiding both
chain elongation and clamp loading.

This dual role forχ suggests that it maintains contact
with SSB during β assembly and during elongation.
Previous studies have shown that theγ complex and core
polymerase bind the same position onβ and must switch
their positions on theβ ring for holoenzyme action
(Naktinis et al., 1996). Firstγ complex must bindβ to
assemble it onto DNA, and then core must interact with
β for processivity in DNA synthesis (see Figure 13). There
is only one χ subunit in γ complex, and only oneγ
complex in the holoenzyme (Onrustet al., 1995b). Hence,
if χ maintains contact with SSB during initiation and
elongation, this singleχ subunit must accommodate the
switch betweenγ complex and core forβ while maintaining
contact with SSB. This point is illustrated in the scheme
of Figure 13. In Figure 13A, theγ complex within the
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holoenzyme is shown interacting with SSB through theχ
subunit of theχψ complex. Theχψ complex is depicted
as having a rod shape, as recently deduced from the crystal
structure of theχψ complex (J.Gulbis, J.Finkelstein,
M.O’Donnell and J.Kuriyan, unpublished). Theγ complex
is also shown openingβ, and having contact with the
primed template as suggested by the DNA-dependent
ATPase activity ofγδδ’ and γ complex (Onrustet al.,
1991). At low ionic strength, theγ complex need not
interact with SSB for efficient assembly ofβ onto DNA.
However, at elevated ionic strength, theχ–SSB contact
presumably enhances theβ loading activity ofγ complex
by helping to keepγ complex localized to its site of
action. In Figure 13B, the core polymerase (αεθ) has
switched positions with theγ complex in order to interact
with β for processive synthesis. In the shift from Figure
13A to B, the χψ rod, attached toγδδ’, is depicted as
rotating such that contact with SSB is maintained during
the transition between initiation and elongation. Mainten-
ance of thisχ–SSB contact throughout the switch between
γ complex and core polymerase is indicated by the fact
that χ enhances the efficiency of chain elongation under
conditions of elevated ionic strength.

Maintaining this contact betweenχ and SSB during
elongation may help the processivity in elevated ionic
strength by contributing to the forces that keep Pol III
holoenzyme attached to theβ clamp and primed template.
However, theχ–SSB contact must be transient during
elongation or else the holoenzyme could not move forward
during primer extension. It appears from results in this
study (e.g. Figure 7A and B) that the affinity ofχ for SSB
is enhanced by the presence of ssDNA. This difference in
affinity for SSB on and off DNA may provide the
basis for breaking and rejoiningχ–SSB contact during
holoenzyme movement. Hence, as the holoenzyme
advances and the nearest SSB is displaced,χ will lose its
affinity for the free SSB. This would allow Pol III
holoenzyme to advance andχ could bind the next SSB
on the ssDNA. Alternatively,χ itself may help destabilize
the SSB–ssDNA complex, thereby acting as a ‘molecular
cowcatcher’ for SSB displacement in advance of the
holoenzyme. Further study is needed to determine whether
either of these speculations are true or if some other
mechanism is operative.

Use of χ at a replication fork
The two core polymerases within the holoenzyme coordin-
ately synthesize the two strands of duplex DNA. The
holoenzyme contains only oneγ complex, and thus only
oneχ subunit. The question arises of on which strand the
singleχ subunit of Pol III holoenzyme functions. Within
the replisome, the holoenzyme contacts the DnaB helicase,
presumably leaving no room for SSB to bind before
ssDNA is converted to duplex. In fact, leading strand
synthesis has been shown to proceed as efficiently in the
absence of SSB as in its presence (Mok and Marians,
1987). However, the lagging strand is synthesized discon-
tinuously, leading to the generation of ssDNA and thus
coating of the ssDNA by SSB. Further, primase acts upon
this strand to form the RNA-primed sites upon which the
γ complex assemblesβ clamps. These priming and clamp
formation steps occur repeatedly once every 1–2 s. After
this step, the Pol III holoenzyme must processively elong-
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Fig. 13. Scheme for roles ofχ in Pol III holoenzyme initiation and elongation. A singleχ subunit is attached to theγδδ’ subunits ofγ complex
through theψ subunit. Theτ dimer attaches oneγ complex to two molecules of the core polymerase (for simplicity only one core and oneτ subunit
are shown in the diagram). Theχ subunit, through its interaction with SSB, enhancesγ complex action in loadingβ onto a primed site at
physiological ionic strength. The scheme reflects this by showing contact betweenχ and SSB asβ is being loaded onto primed DNA (A). The χ
subunit also increases the processivity of Pol III holoenzyme during elongation at elevated ionic strength. The scheme reflects this by maintaining
the χ–SSB contact as the core polymerase exchanges its position withγ complex for interaction with theβ ring (B).

ate primers on SSB-coated lagging strand ssDNA (also
aided byχ) to form full-length Okazaki fragments. There-
fore, it seems likely that during replication fork propaga-
tion, the χ–SSB interaction is devoted mainly to action
on the lagging strand. Action of aγ complex subunit on
the lagging strand is in keeping with the numerousβ
clamps that must be assembled onto DNA during the
discontinuous replication of the lagging strand.

Materials and methods

Materials
Labeled deoxy- and ribonucleoside triphosphates and [3H]NaBH4 (50–
75 Ci/mmol) were from Dupont-New England Nuclear; unlabeled deoxy-
and ribonucleoside triphosphates were from Pharmacia-LKB; streptavidin
was from Pierce; peptides were from Chiron Mimotopes U.S.; CM
carboxymethyldextran matrix-coated sensor chips CM5 were from
BiaCore Inc.; BioGel A15m was from Bio-Rad; proteins were purified
as described:α, ε, γ and τ (Studwell and O’Donnell, 1990),β (Kong
et al., 1992),δ andδ’ (Dong et al., 1993),χ andψ (Xiao et al., 1993a),
θ (Studwell-Vaughan and O’Donnell, 1993), SSB (Weineret al., 1975),
SSB-113 (purified fromE.coli strain KLC792/pKAC21 kindly provided
by T.Lohman) (Kelman, 1995) and M13 gpII (Meyer and Geider, 1979a).
Phage T4 gene 32 protein was from Pharmacia-Upjohn. Buffer A is 20
mM Tris–HCl (pH 7.5), 0.5 mM EDTA, 2 mM dithiothreitol (DTT) and
20% glycerol. Buffer B consists of 25 mM Tris–HCl (pH 7.5), 40 mM
NaCl, 10% glycerol. Buffer C is 20 mM Tris–HCl (pH 7.5), 8 mM
MgCl2, 100 mM NaCl, 5% glycerol, 2 mM DTT and 50µg/ml bovine
serum albumin (BSA). Buffer D is 20 mM Tris–HCl (pH 7.5) and 5%
glycerol. β clamping buffer was 20 mM Tris–HCl (pH 7.5), 8 mM
MgCl2, 0.5 mM ATP, 60µM dCTP, 60µM dGTP, 5 mM DTT, 0.1 mM
EDTA and 4% glycerol. Replication buffer wasβ clamping buffer plus
40 µg/ml BSA. SPR buffer is 10 mM HEPES–HCl (pH 7.4), 150 mM
NaCl and 0.005% Tween-20.

DNAs
M13mp18 was phenol extracted from phage and purified by two
successive bandings (one downward and one upward) in cesium chloride
gradients as described (Turner and O’Donnell, 1994). M13mp18 ssDNA
was primed with a DNA 30mer (map position 6817–6846) as described
(Studwell and O’Donnell, 1990). Synthetic DNA oligomers were
synthesized by the Oligos Etc. company. These oligonucleotides were:
biotinylated oligo(dT65) and oligo(dT100), oligo(dT65), oligo(dT35) and
the 87mer (59-CGCAATGCAGCACATCCCCCTTTCGCCAGCTGGC-

2446

GTCGTACGCCGGGCAATATTCGAGCTCGGTACCCGGGGATCC-
TCTAGAGTCGA).

Reconstituted protein complexes
γδδ’χψ, γδδ’ψ and γδδ’ were reconstituted by incubating 1.7 mg ofγ,
1.25 mg ofδ, 1.0 mg ofδ’, 6 0.420 mg ofψ, 60.52 mg ofχ for 1 h
at 15°C in 2 ml of buffer A. The complexes were then purified using a
1 ml mono-Q column as previously described (Onrustet al., 1995a).
Pol III* and Pol III’ were reconstituted and purified as previously
described (Studwell-Vaughan and O’Donnell, 1991; Onrustet al., 1995b).
Pol III* – χ was reconstituted as described for Pol III* except that the
χ subunit was omitted from the reaction. Protein concentrations were
determined from their extinction coefficient at 280 nm calculated from
their amino acid composition, except forγ complex and Pol III* which
were quantitated by the Protein Assay (Bio-Rad) method using BSA as
a standard.

Radioactive proteins and complexes
Subunits.Proteins were labeled by reductive methylation as described
(Kelmanet al., 1995) to specific activities of:χ, 70 c.p.m./fmol;θ, 31
c.p.m./fmol; δ’, 22 c.p.m./fmol; andβ, 117 c.p.m./fmol (as dimer). A
derivative ofβ, βPK, containing a seven residue recognition sequence for
the catalytic subunit of cAMP-dependent protein kinase, was radiolabeled
using [α-32P]ATP and used in this study; it retains full activity in clamp
loading and replication (Stukenberget al., 1994). The activities of [3H]θ
and [3H]δ’ were within 90% of that of the unlabeled subunit, as
determined by constituting them into the nine subunit Pol III* followed
by assaying replication activity withβ on SSB-coated singly primed
M13mp18 ssDNA (Stukenberget al., 1994). The [3H]β retained 100%
activity with Pol III* as judged by assaying replication activity with
Pol III* on SSB-coated singly primed M13mp18 ssDNA (Stukenberg
et al., 1994).

Complexes.[3H]Pol III’ was constituted using [3H]θ and purified from
free subunits as described (Onrustet al., 1995b). [3H]γδδ’ψχ (γ complex),
[3H]γδδ’ψ and [3H]γδδ’ were constituted and purified from free subunits
as described above under ‘Reconstituted protein complexes’, with the
substitution of [3H]δ’ for the unlabeledδ’.

Gel filtration
Gel filtration analysis of protein–M13mp18 ssDNA complexes was
performed at 4°C. Reactions were incubated for 5 min in 100µl of
buffer A at 37°C, then were loaded onto 5 ml BioGel A15m (Bio-Rad)
columns equilibrated in buffer A containing 50µg/ml BSA. The amount
of Pol III* and its subassemblies, as well as the amount of ssDNA and
SSB used in each analysis is described in the legends to Figures 5 and
6. Fractions of 200µl were collected, and the amount of [3H]protein in
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each fraction was quantitated by scintillation counting of 150µl aliquots
of each fraction. Typical recovery of total radioactivity was 70–90%.

Gel filtration analyses ofχ and SSB in the presence or absence of
87mer DNA oligonucleotide were performed at 5°C using an FPLC HR
10/30 Superose-12 column (Pharmacia-LKB) equilibrated in buffer B.
χ (1.4 nmol as monomer) was incubated with SSB (0.7 nmol as tetramer)
with or without 6 nmol of 87mer oligonucleotide in a total volume of
100 µl for 5 min at 37°C, then loaded onto the column. After the first
6 ml, fractions of 170µl were collected and analyzed by 15% SDS–
polyacrylamide gels (100µl per lane) stained with Coomassie Brilliant
Blue R-250.

Equilibrium gel filtration
The equilibrium gel filtration technique (Hummel and Dreyer, 1962)
was used to determine the dissociation constant betweenχ and SSB, in
the presence of oligo(dT)65. An FPLC HR 10/30 Superose-12 gel filtration
column (Pharmacia-LKB) was equilibrated in buffer D containing 1µM
χ (0.1% of which was [3H]χ) at 4°C. Then 2.5 nmol of oligo(dT65)
(without biotin) and 0.85 nmol of SSB (as monomer) were incubated in
the same buffer (also containing 1µM [3H]χ) in a final volume of
100 µl for 5 min at 37°C. Following the incubation, the sample was
loaded onto the column. After the first 5.2 ml, fractions of 190µl were
collected and the amount of [3H]protein in the fractions was quantitated
by scintillation counting of 150µl aliquots. TheKd value was calculated
as follows: the pmol ofχ that eluted in the peak with the SSB–DNA
complex (i.e.χ–SSB–DNA) was calculated from the specific activity of
χ to be 807 pmol. The amount of SSB–DNA free is the total SSB–DNA
added (850 pmol) minus the amount ofχ bound to SSB–DNA (850
pmol – 807 pmol5 43 pmol). TheKd value was calculated as follows:
Kd 5 ([χ][SSB–DNA free])/([χ–SSB–DNA])5 1 µM (43/807)5 53 nM.

Surface plasmon resonance (SPR)
In the study ofχ binding SSB–ssDNA complex (Figure 8A), streptavidin
[0.1 mg/ml in 10 mM sodium acetate (pH 4.5)] was immobilized onto
the CM carboxymethyldextran matrix-coated sensor chip CM5 by
carbodiimide covalent linkage following the manufacturer’s instructions
(BiaCore Inc.) in a 30µl injection at 5 µl/min. Resulting RU values
were in the range of 1600–2000 RU. Then, 30µl of biotinylated
oligo(dT65) (1 µM) was immobilized upon a 6 min injection over the
streptavidin-coated chip, resulting in an additional 319 RU. Following
this, 30µl of 150 nM SSB (as tetramer) was passed over the immobilized
DNA, resulting in a further increase of 754 RU (Figure 8C was performed
as above but SSB was not included in the experiment). To immobilize
SSB in the absence of ssDNA (Figure 8B), SSB was coupled to the CM
chip using carbodiimide coupling in a 30µl injection containing 150
nM SSB (as tetramer) in 10 mM sodium acetate (pH 4.5). The final RU
of immobilized SSB was 1148 RU. Before theχ subunit was passed
over the immobilized SSB–oligo(dT65), SSB and oligo(dT65), χ was first
dialyzed against SPR buffer at 1 mg/ml and then diluted to the indicated
concentrations (0.6, 1, 3, 5 or 10µM) with SPR buffer. The solutions
of χ were injected at a flow rate of 2µl/min for 15 min, after which
equilibrium was nearly achieved. After completing each analysis ofχ
over immobilized SSB, the surface of the chip was regenerated by
injecting 10 µl of 0.1 M glycine (pH 9.5) to disrupt protein–protein
complexes (5µl/min). To disruptχ–SSB–oligo(dT65) complexes, 0.05%
SDS in SPR buffer was used followed by injection of SSB and then the
next solution of χ. The SDS treatment did not disrupt biotinylated
oligonucleotide bound to immobilized streptavidin (i.e. at least 98%
of the capacity of the immobilized biotinylated DNA to bind SSB
was preserved).

In experiments comparing the ability ofχ to bind SSB and SSB-
113 (Figure 11A), biotinylated oligo(dT100) was bound to streptavidin
immobilized on the sensor chip as described above. Before injecting
SSB and SSB-113 over the immobilized DNA, the proteins were pre-
dialyzed at 1 mg/ml against SPR buffer. Then, either SSB (8 nM as
tetramer) or SSB-113 (25 nM as tetramer) was injected for 2 min at a
flow rate of 5 µl/min over the immobilized DNA. The interaction
between the ssDNA and SSB resulted in 890 and 1040 RU for SSB and
SSB-113, respectively. This was followed by a 7.5 min injection ofχ
(3 µM pre-dialyzed in SPR buffer) at 5µl/min. After completing each
analysis, the chip was regenerated with SDS treatment as described above.

To examine interaction ofχ with the C-terminus of SSB and SSB-
113 (Figure 11B and C), biotinylated peptides derived from the last 15
amino acids of wild-type SSB (biotin-P-S-N-E-P-P-M-D-F-D-D-D-I-P-F-
COOH) or SSB-113 (biotin-P-S-N-E-P-P-M-D-F-D-D-D-I-S-F-COOH)
were injected over a sensor chip pre-coated with streptavidin. The
interactions between the biotinylated peptides and streptavidin resulted
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in 67 and 99 RU for SSB and SSB-113, respectively. Theχ subunit,
pre-dialyzed against SPR buffer, was diluted to concentrations of 0.1
and 0.5µM and then injected over immobilized SSB at a flow rate of
5 µl/min for 4 min. After completing each analysis, the surface of the
chip was regenerated by injecting 10µl of 0.1 M glycine (pH 9.5) to
disrupt protein–peptide complexes (5µl/min). The regeneration released
non-covalently bound protein, and preserved at least 95% of the capacity
of the immobilized peptide to bind solution phase analyte.

β clamping reactions using γ complex and γδδ’ψ
β clamping reactions of Figure 4 contained 300 fmol of circular DNA
[either singly primed M13mp18 ssDNA or singly nicked circular duplex,
(as described below)], 250 fmol ofγ complex (50 ng) orγδδ’ψ (42 ng),
500 fmol of [3H]β (40 ng) and 13µg of SSB in 100µl of β clamping
buffer. Reactions were incubated for 5 min at 37°C in the presence or
absence of 160 mM potassium glutamate, then applied to 5 ml BioGel
A15m columns (Bio-Rad) pre-equilibrated with buffer C containing
50 µg/ml BSA. Fractions of 200µl were collected, and [3H]β was
quantitated by analyzing 150µl of the indicated fraction by liquid
scintillation counting.

Assays were performed using either singly primed M13pm18 ssDNA
or nicked plasmid DNA. Singly primed M13mp18 ssDNA was prepared
as described (Studwell and O’Donnell, 1990). Singly nicked circular
duplex DNA (RFII) was prepared from pBluescript (SK1) form I DNA
as follows. pBluescript plasmid was purified by banding twice in cesium
chloride equilibrium density gradients. The pBluescript plasmid was
singly nicked with M13 gpII protein for 20 min at 37°C as described
(Meyer and Geider, 1979b). The gpII nicks once in the phage origin in
50–60% of the plasmid molecules without remaining covalently attached
to the DNA (Meyer and Geider, 1979b).

The β clamping reactions of Figure 10 were performed as described
above with the following exceptions: reactions (50µl) contained 200
fmol of singly primed M13mp18 ssDNA coated with 5.8µg of either
SSB or SSB-113, 1 pmol of [32P]β, and 40 ng ofγ complex. Reactions
were performed in the presence of either 15 or 135 mM added NaCl.

Replication assays
The replication assays of Figures 2 and 3 contained 63 ng (32 fmol) of
singly primed M13mp18 ssDNA, 0.8µg of SSB, 27 ng (332 fmol as
dimer) of β and 88 fmol of Pol III*, or Pol III* lacking χ, in a final
volume of 25µl of replication buffer. Reactions were first pre-incubated
for 5 min at 37°C in the absence of added NaCl to form the initiation
complex of Pol III holoenzyme on the primed DNA. Following the pre-
incubation, NaCl was added (using a 2 M stock) to concentrations of
either 0, 40, 80, 120, 160 or 200 mM, and 60µM dATP and 20µM
[α-32P]dTTP (3000 c.p.m./pmol) were added to initiate DNA synthesis.
In the experiment of Figure 2, reactions were quenched after 20 s at
37°C and DNA synthesis was quantitated using DE81 paper as described
(Rowen and Kornberg, 1979). The time points in Figure 3 were each
performed as individual reactions as described above, except that they
were quenched at the times indicated in the figure. Products were
analyzed in a 0.7% native agarose gel followed by autoradiography.
Reactions of Figure 9A were performed as described above except the
ssDNA was coated with 0.8µg of either SSB or SSB-113, and 75 fmol
of Pol III* was used. Due to the NaCl in the SSB-113 preparation, the
initial NaCl concentration was 40 mM (and an equal amount of NaCl
was added to the wild-type SSB in experiments comparing SSB-113
with SSB). Following the pre-incubation, NaCl was added (either no
addition, or addition of 40, 80 or 120 mM NaCl) to give final
concentrations of 40, 80, 120 and 160 mM NaCl. Replication was
initiated upon addition of 60µM dATP and 20µM [α-32P]dTTP (3000
c.p.m./pmol), and reactions were quenched with an equal volume of 1%
SDS and 40 mM EDTA at 6, 9, 12 and 20 s. The 20 s time points are
presented in the analysis of Figure 9A, and the 6, 9 and 12 s reactions
were analyzed in a 0.7% native agarose gel followed by autoradiography
in Figure 9B.
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