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The DnaX complex (DnaX;66’ xis) within the Escherichia coli
DNA polymerase III holoenzyme serves to load the dimeric slid-
ing clamp processivity factor, 3,, onto DNA. The complex con-
tains three DnaX subunits, which occur in two forms: 7 and the
shorter v, produced by translational frameshifting. Ten forms of
E. coli DnaX complex containing all possible combinations of
wild-type or a Walker A motif K51E variant 7 or y have been
reconstituted and rigorously purified. DnaX complexes con-
taining three DnaX K51E subunits do not bind ATP. Compari-
son of their ability to support formation of initiation complexes,
as measured by processive replication by the DNA polymerase
III holoenzyme, indicates a minimal requirement for one ATP-
binding DnaX subunit. DnaX complexes containing two mutant
DnaX subunits support DNA synthesis at about two-thirds the
level of their wild-type counterparts. B, binding (determined
functionally) is diminished 12-30-fold for DnaX complexes
containing two K51E subunits, suggesting that multiple ATPs
must be bound to place the DnaX complex into a conformation
with maximal affinity for B,. DNA synthesis activity can be
restored by increased concentrations of 3,. In contrast, severe
defects in ATP hydrolysis are observed upon introduction of a
single K51E DnaX subunit. Thus, ATP binding, hydrolysis, and
the ability to form initiation complexes are not tightly coupled.
These results suggest that although ATP hydrolysis likely
enhances f3, loading, it is not absolutely required in a mechanis-
tic sense for formation of functional initiation complexes.

DNA polymerase III holoenzyme (pol III HE)? exhibits fea-
tures common to all other cellular replicases. It is a tripartite
assembly composed of a replicative polymerase (pol I1I), a slid-
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ing clamp processivity factor (3,), and an AAA+ ATPase that
assembles the B, clamp around DNA (DnaX complex) (1, 2).
The DnaX complex contains three DnaX subunits and one each
of 8, &', x, and . The DnaX subunit is either the full-length
dnaX translation product 7 or a shorter version, vy, which is
generated by translational frameshifting. y lacks two C-termi-
nal domains that bind the replicative helicase and pol III.

Current models for clamp loading, largely derived from
v-only DnaX complexes in the absence of pol III, propose that
ATP binds to all three DnaX subunits, increasing the affinity of
the clamp loader for B, and primed DNA (1, 3). Once a
B,-primed DNA complex is formed, hydrolysis of the three
ATPs places the DnaX complex into a conformation with
decreased affinity for DNA, leading to its dissociation from
DNA-bound B, (3). pol III then associates with 3, in a down-
stream step, leading to formation of an initiation complex for
processive replication.

We have shown that some of the characteristics of initiation
complex formation catalyzed by 7-containing DnaX complexes
are different from y-only complexes. For example, T complex,
when bound to pol III, can form initiation complexes in the
leading strand half of a dimeric replicase in the presence of the
nonhydrolyzed analog, ATPvyS (4). In addition, T-containing
DnaX complexes chaperone pol III onto the newly loaded f3,,
reducing the required levels of pol III and enabling initiation
rates sufficient to support Okazaki fragment synthesis under
physiological conditions (5). This chaperoning reaction is
required for ATPvyS-dependent initiation complex formation.
A model was presented in which DnaX complex-ATPvS-83,
binds primed DNA, with a small percentage of B, closing
around DNA spontaneously in equilibrium with a mostly open
B, population. pol III was proposed to attach to the closed 3,
and displace DnaX from (3, and the DNA in a reaction that does
not necessarily require nucleotide hydrolysis. These observa-
tions suggest that initiation complex formation reactions cata-
lyzed by 7-containing DnaX complex might have different ATP
binding and hydrolysis requirements than a 3, loading reaction
that occurs in the absence of pol III. To investigate this possi-
bility, we constructed a series of DnaX complexes containing
varying numbers of DnaX subunits competent to bind and
hydrolyze ATP. Although the fully wild-type complexes are the
most active, we demonstrate that only one DnaX protomer with
an active ATP-binding site is required to support initiation
complex formation.

EXPERIMENTAL PROCEDURES

Proteins—Wild-type vy and T were purified as described pre-
viously (6). Specific activity was 2.1 X 10® and 5.2 X 10° units/
mg, respectively. d and 8’ were purified (7) at the specific activ-
ity of 2.2 X 10® and 2.3 X 10® units/mg, respectively. y and ¢
were purified as described (8). The 7y, and 7,y wild-type com-
plexes were purified (9) with a specific activity of 1.1 X 107 and
8.4 X 10° units/mg, respectively. pol III (specific activity 7.6 X
10° units/mg) was purified as described (10). A DNA synthesis
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unit was defined as 1 pmol of ANTP incorporation/min assayed
as described previously (8).

Buffers—Buffer A is 50 mm Tris-HCl (pH 7.5), 20% glycerol, 1
mMm EDTA, 0.1 m NaCl, 5 mm DTT added fresh. Buffer S is 25
mm HEPES (pH 7.5), 100 mm NaCl, 10% glycerol, 0.5 mm
EDTA. Buffer T/20 is 20 mm Tris-HCl (pH 7.5), 20% glycerol, 5
mM DTT. ATPase reaction buffer is 50 mm HEPES (pH 7.5), 5%
glycerol, 0.025% Nonidet P-40, 10 mM magnesium acetate.

Protein Determinations—Protein concentrations were deter-
mined by the method of Bradford using the Coomassie Plus
Bradford assay reagent (Pierce) according to the manufactur-
er’s instructions (bovine serum albumin as a standard).

Expression and Purification of Mutant DnaX Proteins—The
plasmid pETdnaX.1-M2 expressing mutant y and 7 was con-
structed by site-directed mutagenesis of pET-dnaX.1 to change
Lys-51 to Glu (AAA to GAA). pET-dnaX.1 was derived from an
earlier DnaX overproducer (pBBMD11) (6). The TTG immedi-
ately preceding the initiating ATG was changed to a CAT to
avoid occasional premature initiation detected by mass spec-
trometry,” and a 2250-bp Xbal-HindIII fragment was moved
into plasmid pET29b. pET-dnaX.1-M2 was transferred into
Escherichia coli strain BL21 (DE3). Cells were grown overnight
at 37 °C in a fermentor (12.5 liters) in F medium lacking added
glucose (7) but containing kanamycin at 35 mg/liter. Overpro-
duction was performed at 37 °C in an 180-liter fermentor in F
medium with kanamycin added at 10 mg/ml and glucose at 1%.
Cells were induced with IPTG at A4y, = 1.0 and harvested at
Agoo = 3.8. Cells (900 g) were lysed as described (11) with one
backwash in 0.125X Fraction I volume of Buffer A with 0.2 g of
ammonium sulfate added to each ml. SP-Sepharose chroma-
tography was used to purify both vy and 7 as described (6). Elu-
tion from the SP-Sepharose column gave two peaks; the first
peak was vy (94 mg), and the second peak was 7 (40 mg). The
subunits were further individually purified by gel filtration on
an FPLC Superose-12 column equilibrated in Buffer S. The pro-
teins were eluted as single peaks and were identified by 4-20%
SDS-PAGE. Only one-half of the y peak was loaded onto the
column, yielding 25 mg of the purified protein. The purification
yield for the whole 7 peak was 17.5 mg.

Reconstitution of DnaX Complexes Containing Mixtures of
Wild-type and KS1E DnaX Protomers and Purification of the
Resulting Complexes—Complexes were prepared by mixing
K51E 7 or y with wild-type 7y or 7, respectively, at a molar ratio
of 77y 2:1 and incubation for 1 h at 15 °C followed by the addi-
tion of 8-8" and xi at the ratio of 1:1:1:1, premixed for 1 min as
described (9). Proteins were used as follows: 128 nmol of TK51E
(1.8 ml, 5 mg/ml) or 128 nmol of wild-type 7 (0.9 ml, 10 mg/ml),
64 nmol of y K51E (0.27 ml, 11.3 mg/ml) or 64 nmol of wild-
type v (0.4 ml, 7.4 mg/ml), 64 nmol of 6 (0.51 ml, 4.8 mg/ml), 64
nmol of 8" (0.11 ml, 20.7 mg/ml), 64 nmol of i (0.1 ml, 20
mg/ml). Complexes, (1.9-3.5 ml and 16 —19 mg), were diluted
(up to 32 ml) to a conductivity of buffer T/20 + 20 mm NaCland
loaded onto an 8-ml FPLC Mono-S column equilibrated with
buffer T/20 + 20 mm NaCl. After loading and washing the col-
umn, separation was achieved by using a two-step gradient: a

3 A. Wieczorek, J. A. Thompson, and C. S. McHenry, unpublished data.
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6-column volume gradient of 0.02—0.135 M NaCl followed by a
20-column volume gradient of 0.135-0.2 M NaCl. y; complex
elutes during the first step, and the second step separates the
remaining three complexes in the following order: y,7;, 7,v;,
and 7. The column was run at a flow rate of 0.5 ml/min; 0.3-ml
fractions were collected. Fractions containing at least one-half
peak height of absorbance were pooled, and their components
were confirmed by SDS-PAGE.

DnaX Complex Activity Assay—The specific activity of the
DnaX complexes was determined using a holoenzyme recon-
stitution assay as described (8). The assay contained 40 nm pol
111, 10 nM fB,, 540 pmol M13Gori (as nucleotide), 0.9 um SSB,,
and 60 units of DnaG primase. The unit definition for DnaX
complex is defined as the amount of complex required to cata-
lyze the incorporation of 1 pmol of total deoxyribonucleotide
per min at 30 °C.

Titration of B and DnaX—Titrations of B and DnaX were
performed using the pol III HE reconstitution assay (7) with the
following differences. The assay was performed in the absence
of primase. Instead, M13Gori single-stranded circular DNA
(425 pmol of total nucleotide/assay) primed with a 30-mer oli-
gonucleotide (3'-TCTAATGAGAACTACTTCCAGTCGGT-
CGGA-5') was used. The primer was annealed to M13Gori by
mixinga 1:1 molar ratio of primer to template in the presence of
0.1 m NaCl and 10 mm HEPES (pH 7.5) and then heating to
75 °C and slowly cooling to room temperature. The assay con-
tained 40 nm pol II1, 0.9 um SSB,, and 200 um ATP. In B titra-
tions, DnaX complex was set at 0.8 nM (sufficient to be at the
upper end of the linear range). In DnaX complex titrations, for
complexes containing two or three vys (see Fig. 2A4), 3, was used
at 210 nm (6 X K|, 5 determined for the weakest binding com-
plex (Ty™,),* see Table 1). For complexes containing two or
three 7s, B, was set at 140 nM, (9 X K, 5 determined for the
weakest binding complex (7™,7), see Table 1).

Estimation of K,, s for the B Interaction with DnaX—To deter-
mine from our functional assay an apparent dissociation con-
stant for the interaction between 3 and DnaX complexes, Prizm
software was used to perform nonlinear regression analysis.
Hyperbolic data obtained from titration experiments were fit
with the following equation: Y=Y . X X/(X + K, 5), where Y
represents the amount of DNA synthesis (pmol of nucleotides)
at a given concentration of the protein being titrated, X. The
two constants that are obtained from the nonlinear regression
are K, s and Y, ., the latter of which is the plateau amount of
DNA synthesis reached at high concentrations of protein X.

ATPase Assay—This assay was based on a modification of a
published procedure (12). The DNA template (50-mer/70-mer
complementary synthetic oligonucleotides) was mixed with
DnaX complex and B (20 ul) in ATPase reaction buffer. The
reaction was initiated by adding 5 ul of ATP dissolved in
ATPase assay buffer and incubating at 37 °C. The incubation
time varied from 5 to 60 min as required to keep the response in
a range that was proportional to the amount of DnaX complex
added. After incubation, 65 ul of 27.5 mM ammonium molyb-
date in 2 M H,SO, was added followed by 160 ul of water and 50

#In 7,9™, the superscript m designates a DnaX subunit containing the K51E
mutation.
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TABLE 1

Properties of DnaX complexes with various combinations of
wild-type and K51E DnaX protomers

DnaX  No. of active

Specific activity ATPase (units/pmol

Complex DnaX B: Ko of replicase of DnaX_ )"
nm units/mg X 10°
T 3 15 4.1 520
Vs 3 1.2 96 400
T,y 3 0.4 19 470
TY, 3 14 24 230
Y™ 2 11 15 21
™, 2 6.6 13 7.9
™,y 1 15 1.0 3.3
™", 1 37 1.2 4.4
™, 0 ND? 0.04 -1.2
b 0 ND? 0.03 0.2

“Unit = pmol of ATP hydrolyzed/min. Assays represent the average of three or
more assays.
» ND, not detectable.

wl of 0.72 mm malachite green in 0.35% polyvinyl alcohol. Next,
290 pl of the reaction was transferred onto a transparent
96-well microplate. The plate was incubated in the dark for
5 min and read at 645 nM on a SpectraMax Plus microplate
spectrophotometer. For assays where the final concentration
was above 0.25 mMm orthophosphate, dilutions were made with
EDTA-containing buffer prior to the addition of molybdate to
bring the final reading into photometric linearity. The primer
template used as an effector of the ATPase activity was made by
annealing a 70-mer (5'-TAA AAA AAA AAA AAA AAA AAG
GAT TAC TGG ATC CGA AGG TCA GCC AGC CTA TGC
GCC TTC ATC TGA ACA A-3') with a complementary
50-mer (5'-TTG TTC AGA TGA AGG CGC ATA GGC TGG
CTG ACC TTC GGA TCC AGT AAT CC-3') (6 um final
concentration).

The DnaX complexes were titrated under conditions of
saturating DNA, B,, and ATP. For 3, and DNA, saturating
conditions were 1 and 0.5 uM, respectively. ATP concentra-
tions were 1.5 and 2 mm for wild-type complexes and com-
plexes containing mutant K51E subunits, respectively. Specific
activities (pmol of ATP hydrolyzed per min/pmol of DnaX
complex) were determined over ranges where the response was
linearly proportional to DnaX complex added (0.4—1.6 pmol/
25-ul assay).

RESULTS AND DISCUSSION

Purification of 10 DnaX Complexes Containing Various Com-
binations of Wild-type and K51E T and y Subunits—To inves-
tigate the role of ATP binding and hydrolysis in the pol III HE
reaction, we constructed plasmids carrying dnaX genes that
express y and 7 with the critical lysine in the Walker A box
mutated to glutamate (K51E). It would be expected that muta-
tion of a positively charged phosphate-binding residue to a neg-
atively charged residue would lead to severe defects in ATP
binding and abolish the ability of the affected subunit to hydro-
lyze ATP. We purified both wild-type and K51E forms of Tand
v and used them to reconstitute DnaX complexes. Because
DnaX complexes contain three DnaX subunits and the com-
plexes formed in vitro can contain any proportion of y or T
subunits, 10 different DnaX complexes resulted (listed in Table
1). Each of the 10 complexes were purified using high resolution
Mono S chromatography (Fig. 1). The separation procedure
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FIGURE 1. High resolution chromatographic separation of DnaX complex
forms. Mono S chromatography was used to separate DnaX complexes
based upon their T content as described under “Experimental Procedures.”
Shown is a separation of DnaX complexes reconstituted from K51E y and
wild-type 7.

exploits the presence of the basic domain IV present in Tbut not
in vy, permitting purification of complexes based on their 7 con-
tent. Rechromatography of the purified complexes was con-
ducted to ensure that they were free of other contaminating
DnaX complexes that might confuse analysis (supplemen-
tal Fig. 1). This procedure provided the reagents necessary to
determine the minimal number of ATP binding/hydrolysis-
competent subunits required to support processive DNA rep-
lication by the pol III HE.

DnaX Subunits Containing a Walker A KS51E Mutation Do
Not Bind ATP—We would expect a mutation of the lysine
residue in the Walker A motif, normally involved in phos-
phate binding and hydrolysis, to lead to charge repulsion and
loss of binding when changed to a glutamate residue. To
confirm this effect, we performed nitrocellulose filter bind-
ing experiments, using [>*>SJATP7S. We observed binding to
wild-type y and T complexes with affinities (1-2 um) consis-
tent with published results (13). However, the corresponding
complexes containing K51E DnaX subunits failed to bind
ATP%S (supplemental Fig. 2).

DnaX Complexes Containing Only One DnaX Subunit Com-
petent for ATP Binding Support Activity of Reconstituted pol Il
HE—We analyzed each of the 10 DnaX complexes for their
ability to support processive DNA replication on singly primed
single-stranded circular templates coated with SSB. Titration of
DnaX complexes to saturating levels showed at least two-thirds
of the maximal level of synthesis by all complexes that con-
tained at least one wild-type DnaX subunit (Fig. 2). Thus,
although ATP hydrolysis by multiple subunits might enhance
the clamp loading and initiation complex assembly reactions,
these results show that hydrolysis of more than one ATP is not
essential for basic processive replication by pol III HE.

To calculate a specific activity of each of the purified DnaX
complexes, we examined the overall level of DNA synthesis
at low DnaX complex concentrations, where the observed
activity was proportional to DnaX complex concentration
(Table 1). Complexes containing a single K51E DnaX sub-
unit (and two fully active DnaX subunits) exhibited 50 — 80%
of the activity of their all wild-type counterparts. Complexes
having only one active DnaX subunit show a lower specific
activity than complexes containing two active DnaX pro-
teins. The DnaX complex containing two K51E 7 subunits
(7™, y88x) exhibits 2-fold lower activity than its wild-type
counterpart (7,7y88xys). A complex containing two K51E -y sub-
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FIGURE 2. DnaX complexes containing at least one DnaX subunit compe-
tent for ATP binding support processive DNA replication. DnaX was
titrated into replication reactions containing singly primed single-stranded
circular templates as described under “Experimental Procedures.” A, titration
curves for a series of DnaX complexes containing two or three y subunits.
B, titration curves for a series of DnaX complexes containing two or three
subunits. Error bars indicate S.E.

units (Ty™,88’ xi) suffers an additional 4-fold drop in specific
activity (relative to 7,y86x), yet at increased concentrations,
it supports nearly the same level of synthesis as wild-type DnaX
complexes (Fig. 24).

Comparison of the activities of all complexes reveals that
those that have two or more active y subunits show a higher
level of activity than species that possess two or more active 7
subunits (Table 1). The activity of y; complex has been rou-
tinely observed to have much higher levels of activity in simple
SS — RF replicative assays (where SS is single-stranded DNA
and RF is duplex replicative form DNA), presumably because it
is not part of the final initiation complex and can cycle off to
catalyze the formation of additional initiation complexes.
7-Containing complexes remain bound to pol III in initiation
complexes and therefore are not available to support the for-
mation of additional initiation complexes (14). Accordingly, in
this study, y; complex exhibits a 23-fold higher specific activity
than 7; complex. The higher activities of 7y, complex relative to
7,7y complex and ™7y, complex relative to 7,y™ complex (13-
and 9-fold, respectively) may be due to a similar cycling activity.

One ATP Binding-competent DnaX Subunit Is Sufficient to
Promote a DnaX Complex State with High Affinity for B, but
Three Are Required for Maximal Affinity—ATP binding to
DnaX complex markedly increases its affinity for 8, (15), so 3,
was titrated against the 10 forms of DnaX complex to deter-
mine whether the absence of ATP-binding sites in some of the
DnaX subunits influenced B, binding. Using our processive
replication assay as a functional readout of 3, binding, we
determined an apparent K, (termed K|, ;) for binding to 3, for
each of the DnaX complexes (Table 1). Complexes composed of
entirely wild-type T and/or y subunits exhibited K|, ; values of
0.4-1.5 nMm, consistent with reported values (15). Complexes
containing only two wild-type subunits bound S, less tightly
(Kys = 7-11 nm), and complexes having only one wild-type
subunit bound S, even more weakly (K, ; = 15-37 nm).
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Together, these results are consistent with the model that
ATP binding to the DnaX complex favors a conformation with
high affinity for 8,. Our results show that binding of a single
ATP is sufficient to significantly stabilize a high affinity confor-
mation because the observed K|, 5 of =37 nm is significantly less
than the K, of 135 nMm for DnaX complex binding to B, in the
absence of ATP (15). However, all three ATP-binding sites are
required for the highest 3, affinity, even at high ATP concen-
trations. This argues that in addition to a global conformational
change, presumably exposing the 8,-binding site of 6 as pro-
posed (13), there are additional, possibly local, conformational
changes. These local changes might be promoted by binding of
the second and third ATPs that increase 3, binding, presum-
ably through additional interactions within the DnaX complex,
as proposed (16).

A Lys — Glu change in the Walker A box could drastically
decrease ATP binding but not completely ablate it. Thus, we
performed ATP titrations under two conditions to determine
whether high concentrations of ATP resulted in the allosteric
effects of ATP binding that would normally occur at low um
concentrations. In the first approach, performed with a repre-
sentative subset of DnaX complexes, the concentration of the
DnaX complex was set at the level that gave 50% maximal syn-
thesis. This would permit detection of a stimulation of DnaX
replication activity as ATP concentration was increased. Vary-
ing ATP up to 1 mm did not result in any additional stimulation
of activity (supplemental Fig. 3A).

In a second set of experiments, 3, was set at the K, ; deter-
mined for each DnaX complex (Table 1), ATP was varied, and
processive elongation was monitored. This approach would
permit an increased affinity for 3, at high ATP concentrations
to be detected. Again, varying ATP up to 1 mm did not result
in any further stimulation of the pol III HE reaction
(supplemental Fig. 3B).

DnaX Complexes Containing a Single KS51E DnaX Subunit
Are Severely Deficient in ATP Hydrolysis—In contrast to the
high levels of activity observed for complexes containing a mix-
ture of wild-type and K51E DnaX subunits, K51E-containing
complexes are severely deficient in ATPase activity when
assayed under similar conditions (Table 1). Inclusion of a single
K51E subunit reduces hydrolytic activity 28-fold, on average,
relative to the average activity of the wild-type DnaX com-
plexes. Inclusion of two K51E DnaX subunits drops activity
further, reducing it to near background (100-fold reduction rel-
ative to wild-type complexes).

Our results demonstrate that binding of a single ATP can
drive B, loading onto DNA and the formation of processive
replication complexes. These findings are inconsistent with
models where a wave of hydrolysis by three coupled ATPases is
required for B, loading (17). Our observations do not preclude
multisite hydrolysis affording significant kinetic or other
advantages, but they do demonstrate that this is not essential
for initiation in vitro. Thus, ATP hydrolysis enhances 3, load-
ing but is not an intrinsically fundamental part of the 3, loading
process.

The ATP hydrolysis defects caused by inclusion of one or two
K51E subunits within a DnaX complex are much more severe
than defects for initiation complex formation and ensuing pro-
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cessive replication. This difference in effects is consistent with
other observations that ATP binding is more important than
ATP hydrolysis in initiation complex formation. ATP+yS, which
is not hydrolyzed by the DnaX complex, supports the initiation
complex formation provided that the 7 form of DnaX is present
(4, 5). Recently, we have demonstrated that 7, complexes chap-
erone the associated pol III onto a newly loaded B, with the
kinetics and affinity required to support rapid sequential Oka-
zaki fragment synthesis (5). That study supported a model in
which pol I, if bound to 7, could participate in initiation com-
plex formation in the presence of ATP+yS by attacking tran-
siently loaded 3, and driving initiation complex formation to
completion. This suggests that the pathway taken for 3, loading
could be different in the presence and absence of polymerase.

This study demonstrates that only one active, ATP-binding
DnaX subunit must be present within a DnaX complex to sup-
port efficient initiation complex formation on the timescale of
our assay. The fact that a drastic drop in ATPase activity in
K51E DnaX-containing complexes greatly exceeds the modest
drop in replication activity, coupled with previous observations
that the nonhydrolyzed ATP analog ATP+yS supports initiation
complex formation catalyzed by 7-containing DnaX complexes,
suggests that the presence of a binding site for an allosteric
effector (ATP) is more important than hydrolysis per se. Our
findings do not diminish a potential critical role for ATP
hydrolysis to accelerate the rate of Bloading and initiation com-
plex formation, DnaX complex regulation, or other undiscov-
ered functions that may be essential for cellular replication.
ATP hydrolysis could be critical for 3, loading in the absence of
pol III bound and positioned for 3, binding by 7, as in the 7y,
complexes typically employed in most previous studies of the
B,-loading mechanism. However, our results do suggest either
that ATP hydrolysis occurs in reaction steps separate from the
mechanistically essential (as opposed to rate-enhancing or aux-
iliary) steps for 3, loading or that the hydrolysis steps can be
bypassed through alternative pathways.

Our results also impact previously proposed models for
ordered ATP hydrolysis during 3, loading. Based on ablation of
ATPase activity in arginine finger mutants that are part of the y
ATPase sites 2 and 3, but not 7y site 1 that is provided by &', it
was proposed that ATP hydrolysis must occur first in site 3 and
then site 2 before hydrolysis occurs in site 1 (17). In our DnaX
complexes containing a single K51E DnaX protomer, two-
thirds of the complexes should have active DnaX subunits in
positions 2 and 3. The 16-fold or greater drop in ATPase activ-
ity that we observe for single mutants is not consistent with the
expected 33% reduction in the single mutant. More likely, a
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conformation with all three sites occupied by ATP promotes
hydrolysis most effectively.

Our result that initiation complex formation does not
require hydrolysis by each ATPase subunit is analogous to pre-
vious results for the bacteriophage T4 gp44/62 clamp loader
(18). In that work, it was argued that ATPase activity observed
in simple model clamp loading reactions may not reflect the
true activity required for formation of authentic, full processive
replication complexes. It was proposed that in authentic T4
replication, initiation complex formation requires hydrolysis of
as few as one ATP to destabilize the clamp loader/loaded clamp
interaction and enable return to a ground state conformation
with decreased affinity for primed DNA. In the T4 system, like
our E. coli system, full occupancy of all ATP-binding sites was
required for maximal affinity for the clamp protein.
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