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SUMMARY

Cellular replicases contain multiprotein ATPases that
load sliding clamp processivity factors onto DNA. We
reveal an additional role for the DnaX clamp loader:
chaperoning of the replicative polymerase onto a
clamp newly bound to DNA. We show that chaper-
oning confers distinct advantages, including marked
acceleration of initiation complex formation. We
reveal a requirement for the = form of DnaX complex
to relieve inhibition by single-stranded DNA binding
protein during initiation complex formation. We pro-
pose that, after loading B,, DnaX complex preserves
an SSB-free segment of DNA immediately down-
stream of the primer terminus and chaperones Pol
Il into that position, preventing competition by
SSB. The C-terminal tail of SSB stimulates reactions
catalyzed by t-containing DnaX complexes through
a contact distinct from the contact involving the
subunit. Chaperoning of Pol lll by the DnaX complex
provides a molecular explanation for how initiation
complexes form when supported by the nonhydro-
lyzed analog ATPYS.

INTRODUCTION

Cellular replicases are tripartite assemblies composed of a repli-
cative polymerase, a sliding clamp processivity factor, and a
clamp loader. The clamp loader, RFC in eukaryotes and DnaX
complex in bacteria, is a specialized AAA+ ATPase that opens
the ring-shaped processivity factor (PCNA in eukaryotes, B in
bacteria) and closes it around DNA (Bloom, 2009; Hingorani
and O’Donnell, 1998; Schmidt et al., 2001; Johnson et al.,
2006). Association of replicative polymerases (¢ and 8 in eukary-
otes, DNA polymerase Il [Pol Ill] in bacteria) with the sliding
clamp confers the high level of processivity essential for rapid
chromosomal replication (LaDuca et al., 1986; Burgers, 1988).
The clamp loading cycle is driven by ATP binding and hydro-
lysis by the clamp loader. Binding of ATP to the clamp loader
is thought to provide the energy for opening the sliding clamp
ring, forming an essential intermediate that can be loaded onto
DNA (Hingorani and O’Donnell, 1998; Alley et al., 2000). ATP

binding also stabilizes a clamp loader conformation with high
affinity for both the clamp and primed DNA, facilitating ternary
complex formation (Hingorani and O’Donnell, 1998; Bloom,
2009). ATP hydrolysis decreases the affinity of the clamp loader
for DNA, leading to dissociation of the loader and assembly of
the clamp on DNA (Bloom, 2009). Pol Ill, a complex of the poly-
merase catalytic subunit (), the 3'-5’ proofreader (g), and 6,
associates with B, on DNA to form a stable initiation complex
that is competent for processive elongation in the presence of
dNTPs (McHenry and Crow, 1979; Johanson and McHenry,
1982; LaDuca et al., 1986). Although ATP hydrolysis is coupled
to efficient replicase initiation, ATPyS can be substituted to drive
initiation complex formation for the E. coli system (Johanson and
McHenry, 1984; Glover and McHenry, 2001). Probing with
ATPyS has revealed functional asymmetry within the dimeric
Pol Il holoenzyme (Pol lll HE). This asymmetry is thought to
correlate with unique leading- and lagging-strand functions
(Glover and McHenry, 2001) and has served as a useful mecha-
nistic tool to drive partial reactions with the DnaX complex (Ason
et al., 2000).

Clamp loaders contain a core ring of five homologous proteins.
In eukaryotes, these subunits arise from five separate genes
(Majka and Burgers, 2004). In E. coli, the five subunits are en-
coded by three genes, with unique copies of 5 and &', encoded
respectively by holA and holB, and three copies of the dnaX
product (r and/or v). & and & are similar to the DnaX ATPase
subunits but lack sites competent for ATP binding and hydrolysis
(Jeruzalmi et al., 2001; Bullard et al., 2002). 7 is the full-length
dnaX translation product, and y arises by translational frame-
shifting and contains about two-thirds of the sequence found
in 7. v and 7 share three domains that bind ATP, B,, and primed
DNA and are involved in B, loading (Williams et al., 2003). vy
complex (DnaX complex lacking ) has been used as a model
system to study clamp loading and was once thought to be the
physiologically relevant clamp loader. However, y complex has
severe deficiencies if asked to support full replicative function.
Cells expressing only the y form of DnaX are not viable (Blinkova
et al., 1993). T contains two domains absent in y. Domain IV
binds DnaB, the replicative helicase that reversibly binds pri-
mase during lagging-strand synthesis (Tougu and Marians,
1996), and domain V binds to the o subunit of Pol Il (Gao and
McHenry, 2001b; Gao and McHenry, 2001a). Since at least
two copies of T are found in cellular DnaX complex, the T subunits
dimerize Pol lll within the replicase (Kim and McHenry, 1996;
McHenry, 1982; Studwell-Vaughan and O’Donnell, 1991).
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Thus, the T subunits function as the central replisome organizers,
linking the leading- and lagging-strand polymerases with the
helicase and priming activities necessary for replication of
double-stranded DNA (Kim et al., 1996a; Kim et al., 1996b).
The E. coli clamp loader complex contains one copy each of
two peripheral subunits, % and ¥, with ¢ binding three DnaX
subunits asymmetrically in a unique orientation relative to one
DnaX subunit in the core pentameric ring and with % binding to
{s (Glover and McHenry, 2000; Simonetta et al., 2009).

In addition to its role in organizing the replication fork, T pro-
tects elongating complexes from premature removal of B, by
exogenous DnaX complex, helping to ensure high processivity
for the leading-strand polymerase (Kim et al., 1996c¢). T stabilizes
d and &' in a complex with the elongating replicase; dissociation
of 3 and &' leads to elongation defects (Song et al., 2001). T also
serves as a link between Pol lll and the 7 subunit, which binds to
single-strand binding protein (SSB) and aids in polymerase
progression on SSB-coated templates (Glover and McHenry,
1998). Since T-containing DnaX complexes tightly bind Pol I,
we explored another potential role of : preferentially introducing
its bound polymerase into initiation complexes, conferring effi-
ciencies to the overall initiation process.

RESULTS

The DnaX complex of E. coli has a well-established role in
loading the B, sliding clamp processivity factor onto DNA (Davey
et al., 2002). The tight association between Pol lll and 7-contain-
ing forms of the DnaX complex (Kim and McHenry, 1996) sug-
gested that the DnaX complex might preferentially attach the
associated Pol lll to a newly loaded B, clamp. To test this possi-
bility, we exploited a version of the o subunit of Pol Il containing
an inhibitory mutation in the polymerase active site (a-D403E).
This o subunit retains the domains that interact with = and
B but cannot extend a primer if assembled into an initiation
complex (Pritchard and McHenry, 1999). We tested whether
o-D403E could successfully compete with wild-type Pol llI
preassembled into a complex with the DnaX complex.

Primer Extension Assay for Active Pol lll Initiation
Complexes

To distinguish active from inactive initiation complexes, we
probed the complexes functionally by their ability to extend
a primer. We annealed a synthetic 30 nt, 5-*2P end-labeled
primer to a single-stranded circular template in front of a 22 nt
T-less stretch of the template. An RNA primer was used to
prevent digestion by the proofreading exonuclease activity of
the Pol Ill € subunit (see Figure S1 available online). To separate
the effects of 7, SSB, and other subunits on initiation complex
formation from their effects on extensive DNA elongation, we
limited the primer extension to a short distance by omitting
dATP from the extension mixture. This yielded the expected
52 nt product but also longer products, presumably due to mis-
incorporation of other nucleotides in place of the missing dATP,
complicating quantification (Figure S1). Inclusion of ddATP in the
extension step solved the problem and yielded a single 53 nt
product (Figure S2). We formed initiation complexes in the
absence of dNTPs, blocked further initiation complex formation
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by adding excess unlabeled primer template, extended initiation
complexes containing the labeled primer template by adding
three dNTPs and ddATP, and separated and analyzed the reac-
tion products by polyacrylamide gel electrophoresis (Figure S3).
Both B, and ATP were required to observe primer extension,
demonstrating that the assay detected only fully assembled initi-
ation complexes (Figure S4).

7-Containing DnaX Complex Chaperones Pol Il

into Initiation Complexes

To investigate how the interaction between Pol Ill and the T com-
plex affects the initiation mechanism, we performed an experi-
ment monitoring initiation complex formation in the presence
of varying levels of the inhibitory polymerase subunit o-D403E.
If we added a mixture of wild-type Pol lll and «-D403E to the T
complex (Figure 1, scheme ll), the level of initiation complexes
formed that were competent for extension was reduced propor-
tionally to the ratio of a-D403E to wild-type Pol Ill (Figure 1A). An
approximately 2-fold molar excess of «-D403E over the T subunit
was required for 50% inhibition. A strikingly different result was
obtained if an assembly of T complex and wild-type Pol Ill was
formed before addition of a-D403E (Figure 1, scheme I): active
initiation complex formation was completely resistant to the
«-D403E challenge up the highest level tested (400-fold excess).
A similar result was obtained if the Pol lll subunits ¢ and 6 were
added with «-D403E to reconstitute an inhibitory Pol Il complex,
confirming that the mutant o competes similarly to full Pol lll for T
binding (Figure S5). These results show that the Pol Il bound to
the DnaX complex is selectively attached to the 3, clamp loaded
by the same DnaX complex, preventing competition from a large
exogenous pool of inhibitory polymerase.

T forms a very tight complex with the o subunit of Pol IlI
(Kp ~70 pM) in an interaction that is slow to dissociate (t1,, ~3 hr)
(Kim and McHenry, 1996). Consistent with this slow dissociation,
we found that preformed complexes of Pol Ill and T complex
retained full activity up to an hour after addition of «-D403E
(data not shown). If the resistance to competition from exoge-
nous «-D403E is due to this tight association, we would not
expect the y complex to afford the same protection, since y
lacks the domain required to bind Pol Il (Kim and McHenry,
1996). Initially, we repeated the experiment described above
with v complex substituted for * complex, but we discovered
that the reaction was inefficient in the presence of SSB, even
in the absence of a-D403E (pursued further in next section).
Thus, we performed the y complex reaction in the absence of
SSB. In contrast to the T complex, we observed that preincuba-
tion of vy complex with wild-type Pol Il afforded no protection
from the «-D403E challenge (Figure 1B). Performing the =
complex experiment in the absence of SSB gave the same qual-
itative result as in its presence (Figure 1C). These results show
that the 7 subunit is required for the DnaX complex to selectively
attach Pol lll to the newly loaded B». Pol lll must reach the loaded
B2 by a different mechanism with the y complex.

As an important technical note, we observed that y complexes
overexpressed and purified from E. coli by standard methods in
some cases contained trace levels of T, which contributed a trou-
blesome background to certain experiments (Figure S6). The
source was apparently the low level of endogenous T expression
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Figure 1. Pol lll Bound to v Complex Is
Resistant to Competition from Inhibitory
a-D403E

(A) Initiation complex formation with the T complex
preincubated with wild-type Pol lll (blue, scheme )
or exposed to #-D403E and wild-type Pol Il simul-
taneously (red, scheme ll). These reactions con-
tained 0.25 pM SSB,.

(B) Initiation complex formation with the ¥ complex
preincubated with wild-type Pol Il (blue, scheme I)
or exposed to a-D403E and wild-type Pol lll simul-
taneously (red, scheme lI).

(C) Same procedure as (A) conducted in the
absence of SSB.

(SSB binds DNA as a tetramer), the
template DNA will be ~95% coated with
SSB4 (assuming a binding site of 65 nt
for SSB,; [Lohman and Ferrari, 1994]),
and under these conditions we observed
nearly complete inhibition of the vy
complex-catalyzed reaction and maximal
stimulation of the T complex-catalyzed
reaction.

A major difference between our primer
extension assay and many assays recon-
stituting Pol lll HE activity with ¥y complex
x is that our assay separates initiation

1.,-SSB

0 400 800 1200 1600 S
[0—D403E] (nM)

200

from chromosomal dnaX. To ensure our y complex sample was
completely free of 7, we further purified the y complex by treating
it with beads carrying immobilized «. These beads bound T
tightly, yielding ¥ complexes free of T contaminants (Figure S6).
This a-affinity purification procedure could be valuable for future
studies with y complex, since the results may be complicated
by a background arising from the unique properties of the T
subunit, especially at high DnaX complex concentrations.

Initiation Complex Formation Is Enhanced by SSB

with r Complex and Inhibited by SSB with the y Complex
The result that y complex-catalyzed initiation complex formation
is inhibited by SSB was surprising, since SSB is routinely
included in reactions where Pol Ill HE-like activity is reconsti-
tuted using y complex. Indeed, the y complex used in this study
was fully active with SSB in standard Pol Il HE reconstitution
assays (see the Supplemental Information). Thus, we further
investigated how SSB affects initiation complex formation.
A comparison of reactions with T or y complex, assayed by
our procedure of conducting initiation complex formation and
primer extension as separate steps, showed drastically different
behavior with increasing concentrations of SSB (Figure 2A). Initi-
ation complex formation supported by T complex was stimulated
as SSB concentration increased, whereas the reaction sup-
ported by y complex was markedly inhibited. At 0.13 uM SSB,4

[~D403E] (nM)

400 600 800 and primer extension into two separate
steps. We re-examined the y complex in
our primer extension assay conducted
in one reaction step, with initiation com-

plexes formed in the presence of dNTPs to immediately extend
the complexes. In this one-step reaction, which more closely
resembles other Pol lll HE reconstitution assays, the y complex
is active in the presence of 0.25 uM SSB, (Figure 2B). This v
complex activity required ., confirming that the one-step assay
still detects full initiation complexes.

Our interpretation of these y complex results is that, in the
absence of dNTPs, SSB significantly reduces the steady-state
population of initiation complexes that is detected in a separate
primer elongation reaction. This reduced population could arise
from SSB slowing the initiation rate, increasing the rate of the
initiation complex dissociation, or both. The remaining experi-
ments with the v complex described herein were conducted in
the absence of SSB.

ATPYS Supports Initiation Complex Formation
Chaperoned by the  Complex

To further test the conclusion that T chaperones Pol Il into initi-
ation complexes, we reinvestigated initiation complex forma-
tion in the presence of the nonhydrolyzed ATP analog ATPyS.
It has been shown previously that ATPyS supports initiation
complex formation with the T complex at 50% of ATP-sup-
ported levels and does not support initiation with the y complex
(Glover and McHenry, 2001; Johanson and McHenry, 1984).
One explanation for this effect is that ATPyS mimics the
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positive allosteric effect of ATP in increasing the affinity of the
DnaX complex for B, and primed DNA (Bertram et al., 1998).
In the absence of the ATP hydrolysis proposed to drive closing
of the B, ring, the quaternary ATPyS-t complex—f,—DNA
complexes may exist in an internal equilibrium where the
majority of B» is in an open conformation but a small population
is closed (reversibly) around the DNA. Our first prediction from
this model is that if T chaperones Pol lll onto DNA, the Pol llI
could trap these spontaneously loaded B.-DNA complexes
and form initiation complexes. Thus, we tested whether the
ATPyS reaction can withstand an a-D403E challenge. Second,
if the reaction depends on Pol lll trapping transiently closed B,,
the unchaperoned y complex-catalyzed reaction should be
even less efficient for the ATPyS-aided reaction than for the
ATP reaction.

Using our two-step primer extension assay, we observed
ATPyS effects similar to those described above for previous
studies, with the 1 complex forming active initiation complexes
at approximately half the ATP-driven levels and with initiation
complex formation greatly reduced for the y complex (Fig-
ure 3A). The ATPyS-supported y complex reaction is greatly
diminished compared to the ATP-supported reaction, with
primer extension reduced from nearly 50% with ATP to only
~7% with ATPYS in the absence of SSB and with no product
detected at all in the presence of saturating SSB (Figure 3A).
These findings are consistent with the above predictions.

Challenging the ATPyS-supported T complex initiation com-
plex formation with a-D403E showed the same effects as the
ATP-supported reaction. Formation of active initiation com-
plexes is completely inhibited by a-D403E if T complex is simul-
taneously exposed to «-D403E and wild-type Pol lll, whereas the
system is unaffected by large excesses of a-D403E if  complex
is prebound to wild-type Pol Il (Figure 3B). As with ATP, only the
polymerases bound to the T complex form initiation complexes in
the ATPyS reaction. These findings are consistent with the first
prediction above. We conclude that the reason T complex
supports relatively efficient initiation complex formation with
ATPyS is that by chaperoning Pol Ill to B, and DNA, the T
complex enables Pol Ill to trap any B, transiently loaded onto
the DNA independently from ATP hydrolysis. This model pro-
vides a molecular explanation of why 7 is required for ATPyS-
supported initiation complex formation.

SSB Enhancement of the r Complex Does Not Require y-is

Notably, the ATPyS-supported process with the T complex
depends strongly on SSB, with a 3-fold greater yield at saturating
SSB levels compared to the yield without SSB (Figure 3A). The
effect of SSB is more pronounced for this reaction than for
ATP-driven initiation complex formation shown in Figure 2A.
Since it has been shown previously that the % subunit of the
DnaX complex binds to SSB and increases the affinity of the
DnaX complex for DNA (Kelman et al., 1998; Glover and

[SSB.] (M)

A B Figure 3. ATPyS Supports SSB-Dependent
— Chaperoning of Pol Il by the - Complex
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McHenry, 1998), we hypothesized that the stimulation of the t
complex by SSB was mediated through the % and { subunits
(U couples ¥ to the DnaX complex). To test this hypothesis, we
reconstituted T complex from fixed concentrations of r, 3, and
d' and varying concentrations of %-y and probed these com-
plexes for initiation complex formation in our primer extension
assay. The results showed that SSB enhanced both ATP- and
ATP~yS-driven initiation complex formation even in the absence
of x-{s (Figures 4A and 4B, respectively). Thus, the SSB stimula-
tion is independent of the interaction between SSB and .

The %-y-independent stimulation by SSB might reflect a here-
tofore uncharacterized interaction between SSB and other
subunits of the Pol |l HE or may arise from a less direct effect
such as SSB rearranging the DNA template into a configuration
more accessible to the Pol Ill HE components. The C terminus
of SSB is responsible for the interaction between SSB and
various proteins, including % (Kelman et al., 1998; Witte et al.,
2003). Mutations of the C-terminal region do not disrupt DNA
binding but obviate SSB-protein interactions (Shereda et al.,
2008). To test whether this region was important for the SSB
enhancement of the T complex, we measured ATPyS-driven
initiation complex formation with two previously characterized
SSB proteins with 8 (SSB-CA8) or 42 (SSB-CA42) residues
deleted from their C termini (Roy et al., 2007; Hobbs et al.,
2007). Neither SSB-CA8 nor SSB-CA42 stimulated initiation
complex formation as effectively as full-length SSB, and both
of these proteins inhibited initiation complex formation at higher
concentrations (Figure 4C). Thus, the C-terminal region of SSB is
required to stimulate initiation complex formation catalyzed by
the T complex, suggesting that the effect likely arises from an
unknown interaction between SSB and a Pol Ill HE component
other than .

a tightly coupled reaction, then the con-

centration of Pol Ill required for initiation

complex formation might be lower than

for an unchaperoned reaction where
free Pol Ill must reach the loaded B, without assistance. We
tested this hypothesis by comparing the concentrations of Pol
Il required for efficient initiation with the T and y complexes at
1.0 nM DnaX complex and 0.10 nM primer/template concentra-
tions, with excess B, and ATP. We observed stoichiometric
association of Pol Ill and primer template into initiation com-
plexes with the T complex (Figure 5). Fitting the data to a binding
isotherm vyielded an apparent dissociation constant, Ky, of
~20 pM for Pol Ill associating with the initiation complex, but
the true Ky, value could be lower since the binding appears

Primer Extended (fraction)

1.0 15 20 25

[Pol 1] (nM)

0 0.5

Figure 5. Chaperoning by the - Complex Lowers the Concentration
Requirement for Pol Il

The Pol Ill concentration dependences for initiation with the T complex (blue)
and y complex (red). The solid lines represent fits to a standard binding
isotherm, yielding K42 values of ~20 and 180 pM for the T and y complexes,
respectively. Experimental details are provided in the Supplemental
Information.
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Figure 6. Chaperoning by the v Complex Accelerates Initiation
Complex Formation

The data for the 7 (blue) and vy (red) complexes were each fit to a single expo-
nential (solid lines). The T complex reaction reached completion before the first
manually sampled time point (5 s) and could not be fit accurately. The kops
for this reaction was estimated as > 0.5 s~ . The fit for the y complex yielded
kobs = 0.045 s, Both reactions were performed under single turnover condi-
tions, with 10-fold excess DnaX complex over DNA substrate and 5-fold
excess Pol lll over DnaX complex. Experimental details are provided in the
Supplemental Information.

stoichiometric. By contrast, Pol lll associated into initiation com-
plexes with a K4, of 180 pM for vy complex-catalyzed initiation
(Figure 5). These data show that the ability of T complex to chap-
erone Pol Il to the initiation complex decreases the required
concentration of Pol Il at least 10-fold.

7 Enhances the Initiation Rate

If T complexes chaperone Pol Il into initiation complexes, one
would expect a kinetic advantage over an unchaperoned reac-
tion. Thus, we measured the rates of initiation complex formation
with the T and y complexes. The kinetics experiments were initi-
ated with the primer/template as the last component added to
ensure that association of any of the holoenzyme proteins was
not rate limiting, and the reactions were conducted under
single-turnover conditions with limiting primer/template. The
results for the y complex showed initiation complex formation
proceeding on a 100 s timescale (Figure 6). The data were well
fit by a single exponential function, yielding kops = 0.045 s~ .
By contrast, initiation complex formation with the T complex
was so rapid that it had proceeded to completion before the first
manually sampled time point of 5 s, indicating a rate constant >
0.5 s~ (Figure 6). These results show that the ability of the 7
complex to chaperone Pol lll to the initiation complex enhances
the rate of initiation complex formation by at least an order of
magnitude, which could have important functional conse-
quences in vivo.

DISCUSSION

The AAA* ATPases that load bracelet-like sliding clamp proces-
sivity factors around DNA are well characterized (Davey et al.,
2002). The change in processivity conferred by the association
of a replicative DNA polymerase with a sliding clamp has also

Molecular Cell
Chaperoning of Pol lll by DnaX Complex

been well established (LaDuca et al., 1986; Fay et al., 1981;
Burgers, 1988). In this work, we reveal an important intermediate
step linking these two processes. The T-containing form of the
DnaX complex chaperones the replicative polymerase onto
a newly DNA-bound sliding clamp in an efficient coupled
process. This conclusion is most dramatically supported by
the ability of T complex bound to wild-type Pol Il to withstand
inhibition by large excesses of a-D403E, which can form initia-
tion complexes but cannot elongate. The chaperoning effect is
also observed for initiation complex formation supported by
the nonhydrolyzed ATP analog, ATPYyS, with which initiation
complex formation is less efficient and presumably slower and
thus should be more susceptible to competition by exogenous
aD403E.

For Pol Il bound to DnaX complex to preferentially reach the
initiation complex over an exogenous challenge, the rate of asso-
ciation of this bound Pol Ill would have to be much greater than
for free polymerase. Direct measurements of the rate of initiation
complex formation catalyzed by v complex and y complex
support this concept. The rate of the y complex-catalyzed reac-
tion is slow (kops = 0.045 s™), requiring 1 min for completion at
concentrations of Pol Ill that likely approximate free cellular
levels. Under equivalent conditions, the T complex-mediated
reaction was complete before the first time point could be taken
(~5 s). Thus, the T complex-catalyzed reaction is at least 10-fold
faster. During lagging-strand synthesis, a 1-2 kb Okazaki frag-
ment is synthesized every 1-2 s. Since most of this time would
be required for the elongation reaction, the release from
a completed fragment and formation of an initiation complex
for the next fragment would have to occur in a fraction of this
cycle time. Thus, it would appear that v complex could not func-
tion with acceptable kinetics, making the function of t at the
replication fork essential for this reason alone, in addition to its
other important contributions.

Association with T would greatly increase the effective local
concentration of Pol Ill during initiation complex formation, al-
lowing Pol lll-dependent reactions to occur at lower overall
concentrations of Pol lll. Our data support this prediction. Initia-
tion complex formation catalyzed by T complex proceeded with
stoichiometric association between Pol lll and primer template,
indicating a maximum K4,» of 20 pM. This value could be much
lower, since stoichiometric binding precludes accurate determi-
nation of the apparent dissociation constant. Under identical
conditions, the Ky, was at least 10-fold higher with the vy
complex.

It is interesting to note that a role for a clamp loader as
a polymerase chaperone has been considered before. For the
bacteriophage T4 replication system, a chaperoning role was
proposed to explain the observations that all of the polymerase
enters a productive complex if the T4 clamp loader (p44/p62)
is in excess, whereas simulations suggested that 50% of the
polymerase is trapped in a nonproductive complex with the
clamp if p44/p62 was limiting (Kaboord and Benkovic, 1996).
Thus, it was suggested that p44/p62, if present at stoichiometric
levels, steers the polymerase away from a nonproductive state.
Most of our experiments were performed with DnaX complex in
excess over Pol lll, so we would not have observed this benefit of
chaperoning, if extant, in the E. coli system.
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Figure 7. Models for Unchaperoned and Chaperoned Initiation Complex Formation

(A) Model for unchaperoned initiation complex formation catalyzed by the ¥ complex. Most features of this reaction have been established by previous work and
are discussed and cited in the text. To provide a plausible explanation for why initiation is inhibited by SSB, step d includes a process where SSB binds the
template DNA in place of the dissociated y complex. In this mechanism, free Pol Il diffuses to a B./DNA complex after v complex dissociates.

(B) Model for chaperoned initiation complex formation catalyzed by the T complex. Steps @’ and b’ of this reaction are the same as the analogous steps for y
complex in (A) except that Pol Il is associated with the DnaX complex. In step ¢/, Pol Ill binds to the newly loaded B,, permitting concerted Pol Ill loading.
In contrast to the y complex mechanism, the contact of the T complex around the primer terminus is preserved in the Pol Ill/B, binding step, providing an expla-

nation for why this reaction is not inhibited by SSB.

(C) Model for chaperoned initiation complex formation in the absence of ATP hydrolysis. The mechanism is the same as (B) except that in a” ATPyS substitutes for
the allosteric effects of ATP and in b” the closing of B, is energetically unfavorable in the absence of ATP hydrolysis. The coupled equilibria of steps b” and ¢” drive
the reaction to form an initiation complex, competent for extension upon the addition of dNTPs.

An important finding arising from our studies was that SSB, if
probed independently from its known positive effects on priming
and extensive elongation, has a significant role in initiation
complex formation. When initiation complex formation and
primer extension are conducted as separate reactions, SSB
stimulates initiation complex formation catalyzed by T complex
but markedly inhibits the same reaction with the y complex.
However, if initiation complex formation and primer extension
are conducted in a single reaction (i.e., with dNTPs present
during initiation complex formation), an efficient conversion of
primers to product is observed for the y complex in the presence
of SSB. Our interpretation of these results is that both T and y
complexes can form initiation complexes in the presence of
SSB, but that the y complex does so much less efficiently.
Without dNTPs present, the iy complex-catalyzed reaction rea-
ches a steady state in which only a small proportion of the
primer/template is associated with initiation complexes. In the
one-step reaction with dNTPs present throughout, the initiation
complexes are elongated before they can dissociate, so most
of the primer/template is eventually converted to elongated
product.

The reduced efficiency of initiation for the y complex could
arise from SSB slowing initiation complex formation, from SSB
increasing the dissociation of the complexes once formed, or

from both effects. A reduced rate of initiation is consistent with
our previous result showing that SSB inhibits DNA synthesis by
Pollll in the absence of 1, §, and , suggesting that SSB prevents
free Pol Il from binding to the single-stranded template just
beyond the primer terminus (Glover and McHenry, 1998). If the
v complex dissociates from the DNA prior to Pol lll binding to
B2 (Figure 7A, step c), then SSB could fill the vacated template
and compete with Pol Il (Figure 7A, step d). The T complex could
resist this inhibition since it is likely still bound to the template
when Pol Il binds to the newly loaded B, (Figure 7B, step /).
The presence of the T complex during this step could serve to
keep the primer terminus cleared of SSB and enable access
by the Pol lll.

The initiation complexes formed between Pol Il and B,
assembled on DNA, by y complex are also likely to dissociate
faster due to the absence of an associated DnaX complex. Previ-
ously, we have demonstrated that elongating complexes are
unstable if the 3 and & subunits, normally bound to Pol Ill by
a 7 tether, are removed from an associated DnaX complex
(Song et al., 2001). The presence of 7 in the complex has also
been shown to prevent premature removal of B, by exogenous
DnaX complex (Kim et al., 1996c). Thus, initiation complexes
formed by y complex are likely less stable, since they lack the
protective association of the DnaX complex enabled by .
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T complex-catalyzed initiation complex formation not only
resists inhibition by SSB, it is enhanced by SSB. Since we
have shown previously that the % subunit of the DnaX complex
binds to SSB and increases the affinity of the DnaX complex
for DNA (Glover and McHenry, 1998), we were surprised to
find here that the SSB enhancement of the T complex does not
require y-y. Further exploration of this phenomenon with SSB-
CA8 and SSB-CA42 revealed that the C-terminal region of
SSB, which is responsible for interactions between SSB and
other proteins, is necessary for the SSB enhancement of
complex. This result raises the intriguing possibility that SSB
forms interactions with a Pol Ill HE component(s) other than
that are important for initiation complex formation. Since the
rest of the Pol Ill HE components are required to observe any
DNA synthesis readout in our assay, the relevant subunit(s) inter-
acting with SSB could not readily be deconvoluted. A strong SSB
effect is also observed with T complex for initiation complex
formation in a pathway driven by ATPyS binding. This pathway
is likely slower than that driven by ATP binding and hydrolysis
and is therefore likely even more sensitive to the positive contri-
butions conferred by SSB. These results for SSB underscore the
significant differences between the initiation mechanisms with
the T and y complexes and further suggest that physically
coupling Pol lll to the DNA substrate via the r complex enhances
initiation complex formation.

We propose a model to explain the mechanistic differences
between initiation complex formation driven by the y and =
complexes (Figure 7). ATP binding to the DnaX complex has
the allosteric effect of increasing the affinity of the DnaX complex
for primed DNA and B, (Davey et al., 2002). The energy of ATP
binding is thought to be coupled to opening the B, ring
(Figure 7A, step a). ATP hydrolysis is thought to be coupled to
closing of the clamp around the DNA (step b) and the loss of
affinity of the y complex for Bo-loaded DNA (step c). Pol Ill then
associates with the loaded clamp in a separate reaction (step
e). If SSB is present, it may bind to the template after y complex
dissociation and occlude Pol Il from binding the DNA (step d),
inhibiting synthesis (Glover and McHenry, 1998). Step e may
be reversible in the absence of dNTPs and active elongation,
leading to instability of the initiation complex.

For the T complex-catalyzed reaction (Figure 7B), the first two
steps (designated a’ and b’) are analogous to the y complex
steps a and b, except Pol lll is bound to the DnaX complex by
the extra C-terminal domains present in 7. Having Pol Ill in the
same complex with the DnaX clamp loader significantly changes
the downstream steps. Direct attack of Pol lll upon the loaded
clamp could be responsible for part of the chaperoning reaction,
allowing a direct swap of the DnaX complex for Pol Ill on the
primer terminus (step ¢’). Since the y complex would be dissoci-
ated from the DNA in the analogous reaction step (Figure 7A,
step e), the Br-loaded template could be subject to additional
SSB binding, leading to SSB inhibition (Figure 7A, step d).
Thus, the chaperoning activity of T-containing DnaX complexes
may arise not only from the high local concentration of bound
Pol Il near the newly loaded B,, but also from the presence of
DnaX complex during Pol Ill/B, binding to preserve a clearance
of SSB from the DNA immediately downstream of the primer
terminus. The recent structure of DnaX complex bound to
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a primer template shows a contact between & and the template
immediately distal to the 3’ primer terminus that may be respon-
sible for the clearance of SSB (Simonetta et al., 2009).

We also present a model for ATPyS-assisted initiation
complex formation without ATP hydrolysis formulated in light
of our findings (Figure 7C). Step a” is equivalent to steps a and
a’ in Figures 7A and 7B, with ATPyS binding substituting for
ATP binding in stabilizing a DnaX-B,-DNA ternary complex.
Step b” is similar to steps b and b’ except that it does not involve
ATP hydrolysis and is presumably energetically uphill. However,
the closed state of this unfavorable internal equilibrium could still
have a mechanistically relevant population. If Pol Ill is chaper-
oned to the closed B, clamp, it could bind and trap the closed
state and form an initiation complex (Figure 7C, step ¢”). This
step would be analogous to step ¢’ in Figure 7B. The coupling
of the energy of Pol lll binding to the closed B, would make the
overall initiation complex formation reaction more energetically
favorable. An alternative model would be that Pol Il attacks
the open B, complex and drives the complex closed.

In the ATPvS reaction, SSB interactions appear to be even
more important than for the natural, ATP-driven reaction. This
could be explained by the reaction intermediates forming more
slowly and/or being less stable in the absence of ATP hydrolysis.
If these steps are less efficient, then factors that enhance life-
times of these intermediates will become more important. Both
the open and closed complexes could be stabilized by a Pol llI
HE-SSB interaction, making the intermediates longer lived and
increasing the time available for closed complex formation
and/or Pol Ill attack. Detailed kinetic and structural studies will
be required to establish the reaction pathway followed for this
complex system.

A form of the DnaX complex containing only y (y complex,
v33d' %) often has been used as a model for DnaX complex action
with the assumption that r-containing DnaX complex and vy
complex are interchangeable. However, important functions of
T, not shared with vy, have been previously revealed, including
(1) formation of a dimeric replicative complex containing the
leading- and lagging-strand polymerase (McHenry, 1982; Kim
etal., 1996a), (2) association with the replicative helicase acceler-
ating its rate of progression and serving as the central replisome
organizer (Kim et al., 1996a), (3) protecting B, associated with the
elongating replicase from removal by exogenous protein factors
(Kimetal., 1996c), (4) holding s in the elongating complex allow-
ing stabilization by enabling association with SSB (Kelman et al.,
1998; Glover and McHenry, 1998), and (5) a proposed role for T as
a sensor of the conversion of a gap to a nick, facilitating cycling
upon completion of Okazaki fragment formation (Leu et al.,
2003). The results reported in this paper add (6) chaperoning of
the associated polymerase to the newly loaded B, (7) acceler-
ating the rate of initiation complex formation in the presence of
physiological protein concentrations to a rate that is required to
support the in vivo rate of DNA replication, and (8) overcoming
inhibition by SSB during initiation complex formation to the list
of critical functions contributed uniquely by 7. Together, these
functions suggest that v complex, even if it exists in the cell,
does not participate directly in DNA replication.

Both ay and a7 form of DnaX are produced by translational fra-
meshifting in E. coli, and the presence of both forms is of sufficient
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importance that a different mechanism (site-specific transcrip-
tional slippage) evolved in another organism to accomplish the
same goal (Larsen et al., 2000, and references therein). Pol Ill
HE purified from wild-type cells contains both y and T (McHenry,
1982). A question arose about a potential artifactual source of y
arising from , because of the observation that = can be cleaved
to aprotein nearly the same size as y by the E. coli OmpT protease
(Pritchard et al., 1996). However, more recent preparations of Pol
lIlHE isolated from ompT cells have eliminated this as a possibility
(J. Chen and C.S.M., unpublished data). It has been observed
that intact 1388y s, when expressed from an artificial operon con-
taining a nonframeshifting mutant of dnaX, can be isolated from
ompT cells, eliminating the possibility that a y-like protein is
generated by an alternative protease (Pritchard et al., 1996).
Given that at least two 7 protomers are required for a physiologi-
cally relevant association of Pol lll HE and the replicative helicase
(Gao and McHenry, 2001a), the most common DnaX complex
stoichiometry within Pol lll HE is likely Toy38 5. This could serve
to limit most replisomes to two polymerases while preserving
a complex that benefits from the essential contributions of .
A mutant that only encodes the 7 form of DnaX is viable (Blinkova
et al., 1993), but competition experiments with the wild-type
counterpart have not been conducted to determine the relative
fitness of the T-only mutant. Thus, it is certain that the E. coli repli-
case must contain T, but determining the stoichiometry of y and
its function will require further investigation.

The experimental demonstration of chaperoning of the E. coli
polymerase to the loaded clamp was facilitated by the tight asso-
ciation of T and Pol lll. Many other clamp loaders, such as RFC in
eukaryotes or even the = complex ortholog in Gram-positive
bacteria (Bruck and O’Donnell, 2000), do not bind their cognate
polymerases tightly. However, the advantages conferred by
chaperoning at a replication fork could prove essential in all
organisms. A weaker interaction between a clamp loader and
its cognate polymerase does not preclude a chaperoning func-
tion, it only makes this function more difficult to detect. A tran-
sient interaction between a clamp loader and a polymerase
during initiation complex formation could be detected by estab-
lishing the detailed mechanism using kinetics experiments or
other techniques that permit detection of transient protein-
protein interactions. The polymerase chaperoning performed
by the E. coli clamp loader could serve as a prototype for
a broader test for the conservation of this mechanism in the repli-
cation of chromosomes of other life forms.

EXPERIMENTAL PROCEDURES

Primer Extension Assay for Initiation Complex Formation

Initiation complex formation was instigated by combining Pol Ill, DnaX
complex, Bz, and ATP with **P-labeled primer/template (SSB coated where
applicable). All reactions were conducted under single turnover conditions.
After the reaction times described, initiation complex formation was stopped
by addition of activated calf thymus DNA. Simultaneously, primer extension
was initiated by addition of three dNTPs and ddATP. After 10 s, the reaction
was stopped by adding formamide and EDTA. Details are provided in the
Supplemental Information.

«-D403E Challenge Experiments
Polymerase challenge reactions were conducted with 0.5 nM *2P-labeled
primer/template, 0.25 uM SSB, (where applicable), 50 nM B,, 2.0 nM DnaX

complex, and 2.0 nM Pol lll. The DnaX complex was either preincubated
with Pol Il for 10 min prior to adding «-D403E (Figure 1, scheme I), or Pol Il
and o-D403E were mixed together before addition to the DnaX complex
(Figure 1, scheme ll). These DnaX/Pol Ill/a-D403E mixtures were then
combined with the other reagents for the primer extension assay. Initiation
complex formation was conducted for 10 s with the T complex and 60 s with
the v complex.

ATPyS-Driven Reactions

Initiation complex formation reactions with adenosine-5'-O-(3-thiotriphos-
phate) (ATPyS, Roche) were conducted under conditions identical to the anal-
ogous reactions with ATP, but with 0.20 mM ATP+S substituted for ATP. For all
T complex-catalyzed reactions with ATPvS, initiation complex formation times
were increased to 30 s.

SSB Dependence of Initiation Complex Formation

SSB dependence was probed under conditions of 1 nM *2P-labeled primer/
template, 50 nM B, 4.0 nM DnaX complex, and 4.0 nM Pol lll. Varying concen-
trations of SSB4 were added to the primer/template prior to conducting initia-
tion complex formation. Initiation complex formation was run for 10 s with the T
complex and 5 min with the y complex. Full activity for initiation complex
formation was demonstrated for the y complex in the presence of 0.25 uM
SSB, by modifying our primer extension assay to combine initiation and exten-
sion into a single reaction step, which was done by including 40 uM each of
dTTP, dGTP, and dCTP and 2 uM ddATP during initiation complex formation.
A single large-scale initiation complex formation reaction was conducted with
25 ul aliquots withdrawn at various time points and stopped with 25 pl 96%
formamide/25 mM EDTA solution. This case is the only time the primer exten-
sion assay was conducted as a one-step reaction.

¥~ Concentration Dependence of Initiation Complex Formation

The - concentration dependence was probed under conditions of 1 nM 32p.
labeled primer/template, 50 nM B,, and 4.0 nM Pol lll. T complex lacking x-Us
was reconstituted by combining equal concentrations of  monomer, 3, and
d' and incubating at room temperature for 15 min prior to combining with
varying concentrations of y-{s. The final concentration of 7, 3, and &' in the reac-
tions was 12 nM (4 nM 13 complex). The initiation complex formation times
were 10 s and 30 s for the ATP and ATPyS-driven reactions, respectively.

SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures, Supplemental Experimental
Procedures and Results, and Supplemental References and can be found
with this article online at doi:10.1016/j.molcel.2010.01.013.
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Figure S1. An RNA primer resists degradation by the & subunit of Pol Il

A) Initiation reaction products with our RNA primer on the M13Gori DNA template after
0, 10, 30, and 70 s initiation. B) Initiation reaction products with a DNA primer of
analogous sequence on the M13Gori DNA template after 0, 10, 30, and 70 s initiation

(See also Figure 1).
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Figure S2. A single primer extension product of well-defined length is produced

with 21 UM ddATP in the extension reaction

A PAGE analysis is shown for 30 s t-complex-catalyzed initiation reactions followed by
10 s extension reactions including the stated concentrations of ddATP to halt extension

of the 30 nt primer at a 53 nt product (See also Figure 1).
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Figure S3. Example PAGE analysis of the primer extension assay

t-complex-catalyzed initiation complex formation at increasing concentrations of a-
D403E, with the tT-complex exposed to wild-type Pol Ill and a-D403E simultaneously.
This is the gel used to generate the red curve in Figure 1A (see Figure 1A for a-D403E
concentrations). The primer fraction extended for each lane was quantified as the
counts for the extended product divided by the sum of the counts for the primer and the

extended product (See also Figure 2).
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Figure S4. The primer extension assay detects full initiation complexes

A) ATP dependence for t-complex catalyzed initiation complex formation. B) B2

dependence for t-complex catalyzed initiation complex formation (See also Figure 2).
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Figure S5. Pol 111-D403E behaves similarly to a-D403E in challenge experiments

A) Initiation complex formation at various Pol IlI-D403E concentrations with t-complex
pre-incubated with wild-type Pol Il (blue) or exposed to Pol 11I-D403E and wild-type Pol
[Il simultaneously (red). B) Initiation complex formation at various wild-type Pol Ill
concentrations with t-complex pre-incubated with Pol 111-D403E (blue) or exposed to Pol

[1I-D403E and wild-type Pol Il simultaneously (red) (See also Figure 3).



A 0.14 B

123456738

0.12
W o 1) MW markers
b 0-10 = - b l/r 2) biotin tagged «
20.08 3) y-cplx load
@
% 4) y-cplx eluate
x
© 0.06 - - Y 5) wash 1
ha 6) wash 2
0.04
_—— 8,8’ 7) wash 3
0.02 - 8) denatured column
0.00 .

0 100 200 300 400 500 600 700
[-D403E] (nM)

=

Figure S6. Removal of trace t contamination from reconstituted y-complex

A) t-like activity of y-complex prior to a-affinity purification. Initiation complex formation
was performed with y-complex pre-incubated with wild-type Pol Il (blue) or exposed to
a-D403E and wild-type Pol Il simultaneously (red). These reactions contained 0.25 uM
SSB4. B) PAGE analysis of trace t removal by affinity to biotin tagged o immobilized on
streptavidin/agarose beads. Lane (1) molecular weight markers, (2) biotin tagged o
alone, (3) y-complex before incubation with a-bound strepavidin/agarose beads, (4) t-
depleted y-complex initially eluted from the beads, (5-7) sequential washes of the
beads after initial elution, (8) material remaining bound to the streptavidin/agarose
beads after washing. Arrows indicate trace t in the y-complex input (3) and t retained on

the beads (8) (See also Figure 3).



SUPPLEMENTAL EXPERIMENTAL PROCEDURES AND RESULTS
Proteins and Nucleic Acids

DNA polymerase lll replication proteins were expressed and purified as previously
described: Pol Ill (McHenry and Crow, 1979; Kim and McHenry, 1996b); a-D403E
(Pritchard and McHenry, 1999); ¢ (Scheuermann and Echols, 1984); 6 (Carter et al.,
1993); B (Johanson et al., 1986); 1, v, 6, &', x—v, and reconstituted t-complex and y-
complex (Glover and McHenry, 2000); and SSB (Griep and McHenry, 1989). SSB-cA42
(Roy et al., 2007) and SSB-cA8 (Hobbs et al., 2007) were obtained from the
laboratories of Tim Lohman (Washington University) and Mike Cox (University of
Wisconsin), respectively.

To remove any possibility for trace contaminating t, y-complex was subjected to
an additional purification step based on the affinity of t for the o subunit. All steps were
performed at ambient temperature using the following buffer: 25 mM HEPES (pH 7.5),
200 mM NaCl, 2% glycerol. We pipetted 50 uL of a slurry of streptavidin/agarose beads
(Novagen) onto a Spin-X centrifuge tube filter (Corning), spun out the bead storage
buffer, and washed 3 times with 200 puL of our buffer. Ninety ug (0.7 nmol) biotin-tagged
o subunit (Kim and McHenry, 1996a) in 100 uL buffer were added to the beads and
incubated for 10 min. Any unbound o was spun out and the beads were washed 5 times
with 200 uL buffer. Eighty-five ug (0.34 nmol) y-complex in 50 puL buffer were incubated
with the a-loaded beads for 15 min to bind any t, and the unbound t-depleted y-complex
was spun out and collected. The beads were washed with an additional 50 uL buffer,

and this wash was collected and combined with the initial 50 uL y-complex eluted from



the beads, yielding 66 ug purified y-complex (78% yield, determined by a Bradford
assay using bovine serum albumin as a protein standard). The specific activity of the
purified y-complex was unchanged from the original y-complex in our standard
holoenzyme reconstitution assay described elsewhere (McHenry and Crow, 1979;
Pritchard and McHenry, 1999), demonstrating the purification process did not damage
the sample.

M13Gori single-stranded DNA was prepared as described (Johanson et al.,
1986). A 30 nt RNA oligonucleotide primer was purchased from Thermo
Scientific/Dharmacon with the sequence:
5'UGAGCUCGGGGAAUGCGGCGGCGAGAUAGU. This sequence is complementary
to positions 7722-7751 of the M13Gori genome. The oligonucleotide was 5'-**P end-
labeled using [y->2P]-ATP (Perkin Elmer) and T4 polynucleotide kinase (New England
Biolabs). The labeled primer and M13Gori template were annealed by heating a 100 nM
mixture of each strand to 90 °C for 5 min and cooling 1 °C per min to 20 °C in a buffer of
10 mM HEPES (pH 7.5) 50 mM NaCl, and 1 mM EDTA. Calf thymus DNA “activated” by
partial digestion with DNase | to produce free 3’ termini was prepared as previously

described (Kim and McHenry, 1996Db).
Primer Extension Assay for Initiation Complex Formation

Initiation complex formation was initiated by combining 12.5 puL of a solution of Pol Ill,
DnaX complex, B2, and 0.20 mM ATP with 12.5 uL 32P_labeled primer/template solution
(SSB coated where applicable). All reactions were conducted under single turnover
conditions, with all Pol lll holoenzyme components present in at least 4-fold molar

excess over the primer/template substrate (see sections below for specific component



concentrations). After the reaction times described in the following sections, initiation
complex formation was stopped by addition of 0.5 (t-complex reactions) or 0.1 mg/mL
(y-complex reactions) activated calf thymus DNA. Simultaneously, primer extension
was initiated by addition of dTTP, dCTP, and dGTP (40 uM each), and ddATP (2 uM).
All concentrations are the final values after adding 5.0 uL of a 6X quench/extension
solution. The primer elongates 23 nt before terminating upon incorporating the ddA
nucleotide. After a 10 s primer extension period, the reaction was stopped by adding an
equal volume of a 96% formamide/25 mM EDTA solution. The short (10 s) extension
period was used to prevent non-processive extension by Pol Ill alone, ensuring that only
fully assembled initiation complexes were probed. With the single exception described
below, all reactions herein were conducted with initiation complex formation and primer
extension as separate steps. Reaction products were separated with 16% (w/v)
polyacrylamide gel electrophoresis with 8 M urea denaturant. The radioactivity in the
primer and product bands was quantified by phosphorimaging using a Typhoon 9400
variable mode imager and ImageQuant 5.2 software (Amersham Biosciences). The
fraction of primer elongated was calculated for each reaction as the counts for the
product band divided by the sum of the primer and product bands. All reactions were
conducted at room temperature with the following buffer: 50 mM HEPES (pH 7.5), 100
mM potassium glutamate, 10 mM magnesium acetate, 0.20 mg/mL bovine serum
albumin, 10 mM dithiothreitol, 2.5% (v/v) glycerol, and 0.02% (v/v) Nonidet-P40

detergent.



Pol lll Concentration Dependence of Initiation Complex Formation

Pol Ill concentration dependence was probed under conditions of 0.1 nM **P-labeled
primer/template, 50 nM B2, and 1.0 nM DnaX complex. No SSB was present in these
reactions. Varying concentrations of Pol Il were added to the B2/DnaX/ATP mixture
prior to conducting initiation complex formation. Initiation complex formation was
performed for 2 min for all samples. The data were fit using SigmaPlot 9.0 to the
standard binding isotherm equation f = fax * [Pol 1l1] / (K42 + [Pol [ll]), where f is the
fraction of primers elongated, fmax is the maximum fraction of elongated primer, and K1/,
is the Pol Il concentration at half-maximum. The term Ky, is used since the value is
clearly not a true Kp, as this is a functional assay of a multicomponent complex

association coupled to ATP hydrolysis.
Kinetics of Initiation Complex Formation

The primer extension assay was performed with reaction concentrations of 0.1 nM 2p_
labeled primer/template, 50 nM B2, 1.0 nM DnaX complex, and 5.0 nM Pol Ill. No SSB
was present in these reactions. Each time point was manually sampled as separate 25
uL reactions. The data for the y-complex reaction were fit to a single exponential rise to
maximum using SigmaPlot 9 software: f = fo + Afmax * {1 — exp(-Kobst)}, where fis the
fraction of primers elongated, Afqax is the maximum change in fraction of primers
elongated, ks is the observed 1% order rate constant, and t is the reaction time

elapsed.
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Resistance of an RNA Primer to Degradation by the ¢ Subunit of Pol Il

The ¢ subunit of Pol Il is a 3’ to 5’ proofreading DNA exonuclease, which could digest a
DNA primer in an initiation complex prior to elongation. To test whether our RNA primer
was affected by this nuclease, we conducted experiments similar to the primer
extension assay described in the main text with the following changes. Here, the 10 s
primer elongation step was conducted in the absence of ddATP or a trap of unlabeled
activated calf thymus DNA. In experiments labeled 0 s, Pol Ill HE components were
already denatured with the 96% formamide/25 mM EDTA solution when added to the
primer/template. Thus, these 0 s data points represent negative controls showing the
level of primer degradation in the absence any nuclease activity associated with the
holoenzyme. The reactions were conducted at room temperature with 10 nM Pol Ill, 10
nM t-complex, 50 nM B2, 0.20 mM ATP, 2 nM primer/template, and 0.25 uM SSBa..
Analyzing the samples by polyacrylamide gel electrophoresis (PAGE) showed that the
level of degradation products for the RNA primer did not increase after 70 s exposure to
Pol Il HE components (Figure S1A), whereas significant degradation products were
observed for the DNA primer (Figure S1B). This degradation resulted in a large

qualitative decrease in the yield for primer extension.
Addition of ddATP to the Primer Extension Reaction

As evident in Figure S1, primer elongation in the absence of dATP results in products of
varying length. This effect likely arises from the incorporation of mispaired nucleotides in
the place of dATP. We tested whether an elongation product of well-defined length
could be obtained by including 2',3' dideoxy-ATP (ddATP) in the elongation mixture,

stopping DNA synthesis after incorporation of the first dA nucleotide. The experimental
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procedure was identical to that described for our primer extension assay, except that
the ddATP concentration in the 10 s elongation reaction was varied. The initiation
reactions prior to the elongation reactions were conducted for 30 s at 15 nM Pol Ill, 15
nM t-complex, 100 nM B2, 0.20 mM ATP, 2 nM primer/template, and 0.25 uM SSB4. The
experimental results showed that a single elongation product of well defined length is
obtained at ddATP concentrations above 1 uM (Figure S2). A PAGE analysis of a
typical experiment for this study employing the primer extension assay with ddATP in

the elongation reaction is shown in Figure S3.
ATP and 3; Dependence of the Primer Extension Assay

To test that our primer extension assay detected bona fide initiation complexes of Pol IlI
bound to B2 loaded onto the DNA substrate, we measured the ATP and 3> dependence
of primer extension. The experimental procedures were the same as those described
for the primer extension assay. For the ATP dependence experiments, 30 s initiation
complex formation reactions were conducted at varying ATP concentrations with 4.0 nM
Pol lll, 4 nM t-complex, 50 nM B2, 1 nM RNA primer/template, and 0.25 uM SSB4. For
the B> dependence, 10 s initiation reactions were conducted at varying 2
concentrations with 32 nM Pol Ill, 2 nM t-complex, 0.20 mM ATP, 1 nM RNA
primer/template, and 0.25 uM SSBy4. The results showed no primer extension without
ATP to drive the B, loading reaction (Figure S4A) or without B, (Figure S4B),
demonstrating that the assay detects only complete initiation complexes. Both ATP and

B2 reached saturating levels at concentrations much lower than the ATP and 2
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concentrations used throughout this study, showing that neither component was a

limiting reagent in any of our experiments.
Pol 1lI-D403E and a-D403E Inhibit Initiation Complex Formation Similarly

In the challenge experiments reported in the primary manuscript, we competed with
aD403E rather than the Pol Il form (D403E-¢-0) as a precaution to avoid artifacts
resulting from the burden of large excesses of the € nuclease. To verify that the a-
D403E subunit behaves analogously to Pol Il in our competition assays, we
reconstituted an inactive mutant Pol Ill by incubating a-D403E with 1.5-fold molar
excesses of the € and 6 subunits for 10 min at room temperature. This reconstituted Pol
[1I-D403E was then used to challenge t-complex-catalyzed initiation complex formation
in an experiment with similar conditions to that in Figure 1A. The results were similar to
those with a-D403E alone, with pre-formed wild-type Pol lll/t-complex assemblies
completely resisting the challenge from Pol [1I-D403E and with excess Pol 11I-D403E
inhibiting the reaction when t-complex was exposed simultaneously to Pol I1I-D403E
and wild-type Pol Il (Figure S5A).

We also conducted an experiment where Pol 1lI-D403E was pre-assembled with
t-complex before adding varying concentrations of wild-type Pol lll. This experiment,
which is the reverse of the experiment in Figure S5A, tests whether the mutant Pol IlI
can exclude excess wild-type Pol Ill from forming active initiation complexes. ATP-
driven initiation complex formation experiments were performed with 0.5 nM *?P-labeled
primer/template, 0.25 uM SSB4, 50 nM 32, 2.0 nM DnaX complex, and 10 nM Pol llI-

D403E. 10 nM Pol 11I-D403E is sufficient to saturate the t subunits of the t-complex. As
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shown in Figure S5B, preassembling Pol I1I-D403E with t-complex greatly inhibits the
ability of the system to form active initiation complexes. A 10-fold excess of exogenous
wild-type Pol lll (the highest [Pol Ill] value in the blue curve) competing with
preassembled Pol 11I-D403E formed fewer active initiation complexes than did Pol Il
present at sub-stiochiometric levels of Pol 11I-D403E when the two species were
exposed to t-complex simultaneously (1% non-zero Pol Il value in the red curve). This
result is consistent with our model that the polymerase bound to the t subunits is
preferentially delivered to the initiation complex over exogenous polymerase in solution.
Increasing activity was observed with increasing exogenous wild-type Pol Il levels,
indicating that the wild-type Pol Ill was not completely excluded from forming initiation
complexes (Figure S5B, blue curve). The simplest explanation for this result is that
initiation complexes formed by the mutant polymerase are less stable than those formed
by the wild-type Pol Ill. Thus, initiation complexes formed with the mutant are not “dead
end” complexes and can dissociate on the timescale of the experiment, creating an
opportunity for the exogenous wild-type Pol Il to attack the loaded B, and form a stable
active initiation complex. Regardless, it is clear from these experiments and those in
Figure 1 that initiation complex formation is much more efficient when the polymerase is

bound to the clamp loader via the t subunit.
Removal of Trace t from the y-Complex Sample

If a single t subunit at any of the three t/y positions of the DnaX complex is sufficient for
chaperoning of Pol Il to the initiation complex, then even trace contamination of t in the

sample from endogenous expression of chromosomal dnaX could significantly affect the
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Pol Il chaperoning behavior of the sample. For example, a © contamination of 2% of the
total DnaX protein concentration would result in ~6% of the DnaX complexes containing
at least one t subunit. Since our assays were conducted with DnaX complex in molar
excess over the primer/template, the ratio of this population of t-containing complexes
to the primer/template would be significant. Thus, under conditions where the all-y DnaX
complex population is ineffective for catalyzing the initiation reaction, the t-containing
complexes could still be sufficient to extend a detectable fraction of the primer/template.
This t-complex activity would contribute a significant background signal to experiments
with the y-complex. An example of this phenomenon is shown in Figure S6A. This
experiment was identical to the a-D403E challenge experiments described in the main
text, performed with y-complex that had not undergone the a affinity procedure
described above to remove trace 1. The assay was conducted at 4 nM Pol lll, 2 nM y-
complex, 50 nM B2, 0.20 mM ATP, 1 nM primer/template, and 0.25 uM SSBy4, with 90 s
initiation times. In contrast to the fully purified y-complex, which was inhibited by o-
D403E under all conditions (Figure 1B) and by SSB (Figure 2A), the y-complex purified
only by standard methods showed detectable initiation complex formation (~12% primer
elongation) in the presence of saturating concentrations of both a-D403E and SSB
when the complex was pre-associated with wild-type Pol lll (Figure S6A). This result is
indicative of a t contamination of 1-2% of the total DnaX subunit concentration.

This trace t population (indicated by an arrow in lane 3, Figure S6B), was
effectively removed by binding the t-containing complexes to biotin-tagged o

immobilized on streptavidin/agarose beads. This procedure (see Proteins and Nucleic
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Acids section above) depleted t from the purified y-complex (lane 4, Figure S6B) and
showed t-enriched DnaX complex retained on the beads (lane 8, Figure S6B). The
affinity purified y-complex shows no sign of t-like activity, with no resistance to an a-
D403E challenge (Figure 1B). The purification had no effect on the specific activity of
the y-complex in our standard Pol Ill holoenzyme reconstitution assay described
elsewhere (McHenry and Crow, 1979; Pritchard and McHenry, 1999), with a value of 2 x
10" pmol mg™ min™ observed both before and after exposure to the beads. y-complex
purified by a previously described SP-Sepharose chromatography procedure that
separates DnaX complexes of various t/y stoichiometries (Pritchard et al., 2000)
showed identical effects as y-complex purified by the a affinity beads with a-D403E and
with SSB (data not shown). These results demonstrate that the affinity bead purification
procedure does not damage the sample. The a affinity bead method is a simple and
rapid method for eliminating the possibility of any t contaminations that could cause
spurious effects like those in Figure S6A, and all y-complex used throughout this study

was subjected to the a affinity bead procedure.
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