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Replicative DNA polymerases are multiprotein
machines that are tethered to DNA during chain
extension by sliding clamp proteins. The clamps are
designed to encircle DNA completely, and they are
manipulated rapidly onto DNA by the ATP-dependent
activity of a clamp loader. We outline the detailed
mechanism ofy complex, a five-protein clamp loader
that is part of the Escherichia coli replicase, DNA
polymerase lll holoenzyme. They complex uses ATP
to open the B clamp and assemble it onto DNA.
Surprisingly, ATP is not needed fory complex to crack
open the B clamp. The function of ATP is to regulate
the activity of one subunit, 8, which opens the clamp
simply by binding to it. The & subunit acts as a
modulator of the interaction between § and B. On
binding ATP, the y complex is activated such that the
&’ subunit permits & to bind B and crack open the ring
at one interface. The clamp loader—open clamp protein
complex is now ready for an encounter with primed
DNA to complete assembly of the clamp around DNA.
Interaction with DNA stimulates ATP hydrolysis which
ejects thery complex from DNA, leaving the ring to
close around the duplex.

Keywords ATPase/clamp loader/DNA polymerase/
processivity/sliding clamp

Introduction

These protein rings are assembled onto DNA by their
respective clamp loaders in an ATP-dependent reaction
(Kelman and O’Donnell, 1995). Unlike sequence-specific
DNA-binding proteins, the circular clamps form a topo-
logical link with DNA and slide along the duplex without
localizing to a specific region. Therefore, when the DNA
polymerase binds its clamp, it is endowed with high
processivity, allowing it to move continuously along the
template during chain extension.

The E.colireplicase, DNA polymerase IIl holoenzyme,
consists of 10 different polypeptide chains (Kornberg and
Baker, 1992; Kelman and O’Donnell, 1995). Within the
holoenzyme are two core polymerasasf]) and a clamp
loader { complex), that are held together bya connector
protein (Onrustet al, 1995a). Both core polymerases
become highly processive when tethered to DNA by
B sliding clamps (Stukenbergt al, 1991). As the holo-
enzyme moves along the replication fork, the processive
polymerase extends DNA continuously on the leading
strand. On the lagging strand, the other polymerase releases
its sliding clamp upon completion of each Okazaki frag-
ment, and is cycled back to the replication fork by targeting
to a new clamp assembled at an upstream RNA primer
by the clamp loader (O’'Donnell, 1987; Stukenberg
et al, 1994).

The E.coli clamp loader,y complex, consists of five
different subunitsy, o, &', x andy (Maki and Kornberg,
1988). Within they complex are two to fouly subunits
and one each ob, &', x and ¢ (Maki and Kornberg,
1988; Onrustet al., 1995b). The proteins are assembled
such that bott®®’ and Y bind directly toy, while d andx
bind thed’ and Y subunits, respectively (Onrust al.,
1995b). Previous studies have shown thgb& complex
is sufficient to loadp onto DNA (Onrustet al, 1991).
The x andy subunits are not essential fBrloading onto
DNA; x binds single-stranded DNA binding protein (SSB)
and facilitates displacement of the primase from RNA
primers, an event that must occur prior to clamp loading

Replicases are efficient DNA-synthesizing enzymes that on the lagging strand (Kelmaeat al, 1998; Yuzhakov
duplicate long chromosomes with high speed and pro- €t al, 1999). Thed subunit is the major contact point
cessivity. These biological machines are comprised of betweeny complex and3, andd binds tightly to in the
three functional components in both prokaryotic and complete absence of the other clamp loader proteins

eukaryotic organisms: (i) a DNA polymerase, (ii) a pro-
cessivity factor or sliding clamp protein and (iii) a multi-

protein clamp loader. Replicases frofscherichia coli

(Naktinis et al., 1995). Whend is part of they complex,
however, it exhibits only a low affinity fo in the absence
of ATP. In the presence of ATP, thecomplex undergoes

Saccharomyces cerevisideumans and bacteriophage T4 a conformational change that now allo&so bind 3 with
have these three components. The DNA polymerases lackan affinity comparable with that of the fréef3 interaction
high processivity alone but upon association with their (Naktiniset al, 1995).y is the only clamp loader subunit
respective sliding clamps, they can replicate several thou-that binds and hydrolyzes ATP (Maki and Kornberg, 1988;
sand bases continuously (reviewed in Kelman and Tsuchihashi and Kornberg, 1989; Onruedt al, 1991).
O’Donnell, 1995). The sliding clamps are ring-shaped Recent studies show that ATP binding powers a change
homo-oligomers that encircle duplex DNA (Stukenberg in y subunit conformation (Hingorani and O’Donnell,

et al, 1991; Konget al., 1992; Burgers and Yoder, 1993;

Krishnaet al., 1994; Gulbiset al., 1996; Yacet al., 1996).
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1998), which may underlie the ATP-induced changey in
complex conformation that leads to tight interaction with
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B (Naktiniset al., 1995; Hingorani and O’Donnell, 1998).
Thus, they subunit transduces the energy from ATP to
expose théd subunit for interaction with th@ ring.

This report describes the mechanics of theomplex-
catalyzed process @ assembly onto DNA. We show that
the energy of ATP binding powers tgegomplex machinery
to bind B and open the circular clamp at one interface.
Oncey complex bindgB, its ATPase activity is supressed
until it binds DNA. The correct DNA substrate stimulates
ATP hydrolysis, which is coupled to the release \of
complex fromf3 on DNA. On DNA, 3 reassumes its
lowest free energy state and forms a closed ring, now
with DNA passing through the center.

The molecular details that underlie the clamp loader
activity have been explored and as a result, specific

functions have been assigned to the three integral com-

ponents of they complex:y is the ‘motor’, d is the ‘ring
opener’ and®’ is the ‘modulator’. They subunits are the
only components of complex to interact with ATP, and
their function is to drive ATP-induced conformational
changes of other subunits in the clamp loader. The
0 subunit contains the intrinsic clamp-opening activity, as
it can open thej ring in the complete absence of ATP
and the other subunits. TR subunit bind and probably
modulates the ability of to gain access td. The ATP-
driven y motor either moves or alters ti# modulator
such that thed clamp opener gains access to fhelamp
and opens the ring. This action requires only ATP binding
to they complex. The resulting clamp loader—open clamp
composite then binds primed DNA with high affinity.
Upon interaction with primed DNA, two or three molecules
of ATP are hydrolyzed, resulting in closure of tBering
around DNA and ejection of complex off the DNA and
back into solution.

Results

The y complex uses energy from ATP binding to

open the B ring

The B sliding clamp is composed of two crescent-shaped
protomers arranged in a tight head-to-tail dimer (Kong
et al, 1992). This circular protein clamp is transferred
onto circular DNA by the ATP-dependent clamp-loading
activity of they complex. How doey complex assemble
thef ring around DNA? How is ATP used in this reaction?
Is ATP binding sufficient, or is hydrolysis necessary?
What is the role of DNA in this process? To begin
addressing these questions, we developed a novel ‘Cys

labeling’ assay to detect and characterize the ring-opening

step in clamp assembly.

Leu273, a buried hydrophobic residue in tfiedimer
interface, was substituted with cysteiffictystal structure;
Kong et al,, 1992). This buried cysteine residue should
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Fig. 1.y complex opens th@ clamp on binding ATP. The scheme
indicates the position of a cysteine residue (S) within the dimer
interface that is accessible for reaction only when the ring is opened.
The structure of the3gP]maleimide reagent used to label cysteine is
also shown. &) B (3 uM) incubated with 2P]maleimide in the
absence or presence ptomplex (3uM), primed oligoDNA (3uM)

or ATP (2 mM), and analyzed by SDS—-PAGEP-labeledB is

indicated by an arrow, showing a 2- and 10-fold increasp labeling

in the presence of complex andy complex+ ATP, respectively.

(B) y complex-catalyzed ring opening assayed for varying times in the
presence of ATP (left) or ATR-S (right). C) y complex-catalyzed

ATP hydrolysis compared with ATR-S hydrolysis.y complex

(0.1 pM), incubated withp (0.2 uM), hydrolyzes ATP with & qt =
1.7/min @) and hydrolyzes ATRES with akey = 4X10-3min (M).

modification was made in L273@3-to ensure that only

not be accessible to a thiol-reactive reagent, such as athe interface cysteine residue would be labeled; the reactive

maleimide, when the L273@-ring is closed. When the

Cys333 at the protein surface was changed to serine. The

interface is opened, however, the buried cysteine should modifiedp is a dimer and is fully active in DNA replication
become accessible to the surface and reactive to maleimideassays withy complex and core polymerase (data not

To follow this reaction, we synthesized a radioactive
reagent by linking the N-terminus of*8P-labeled peptide
with an N-hydroxysuccinimide (NHS) ester coupled to
maleimide (Figure 1). If the dimer interface opens, the
interface cysteine residue will react with ttéH]maleim-
ide reagent, resulting in a radiolabel@dlamp. One other
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shown).

The results of the ring-opening assay are shown in
Figure 1A. The $?P]maleimide reagent was incubated
with (3 in the absence or presenceyofomplex, ATP and
DNA, and then the reactions were analyzed on an SDS-
polyacrylamide gel. The autoradiogram of the gel shows



very low reactivity off3 alone (Figure 1A, lane 1). When
B is mixed withy complex, there is a 2-fold increase in
B labeling (Figure 1A, lane 2). However, when both
y complex and ATP are present in the reaction, fhis
10-fold more reactive with the3fP]maleimide (Figure

Mechanics of clamp assembly on DNA

non-reducing SDS—polyacrylamide gel to determine if
disulfide cross-links had formed. Figure 2A shows that in
the absence of dithiothreitol (DTT), more than half of the
BS-Smigrates as an 80 kDa band of cross-linked dimers;
the rest migrates as a 40 kDa band of monomers (lane 1).

1A, lane 4). The results indicate that in the presence of Native 3 migrates as a single band at 40 kDa (lane 2).

ATP, y complex can open th@ ring or at least change

Incubation ofS-Swith DTT reduces the disulfide cross-

the ring conformation enough to expose the cysteine links such that at 2 and 20 mM DTT essentially gftS

residue buried in the dimer interface. When DNA is
present in the reactioffg is labeled to the same extent as

in the absence of DNA (compare lanes 4 and 5), indicating

thaty complex can open thg ring even in the absence
of DNA.

migrates as monomers on the SDS—polyacrylamide gel
(lanes 3 and 4, respectively).

Next we analyzed the cross-linkgg$-S for assembly
around a circular DNA substrate. THéP-labeledS—S
was incubated witly complex and DNA in the presence

Next, the assay was used to examine whether ATP bindingof ATP, and then assayed by gel filtration over a Bio-Gel

or hydrolysis is required to stimulafg ring opening. To
separate the effects of ATP binding from ATP hydrolysis,
we substituted ATP with its analog, ATRS (Figure 1B).
The turnover number for ATP hydrolysis catalyzed by
y complex (in the presence @) is 1.5-2/min at 37°C
(Figure 1C). Therefore, in a 10 min assay, egdomplex
hydrolyzes 15-20 molecules of ATP. Tiigomplex binds
ATP-y-S with similar high affinity as it does ATRK ™" =

2 UM and KATP¥-S = 5 uM, respectively; Hingorani and
O’Donnell, 1998), but the turnover number for AWS
hydrolysis is very low (4—&103min; see Figure 1C).
Sincey complex catalyzes hydrolysis of only one AWFS
every 2—-3 h, ATP¢S can be considered a non-hydrolyzable
analog of ATP within the time frame of the ring-opening
assay.

A-15m column (this large pore resin includes proteins but
excludes the large DNA substrate as well as any protein
bound to it). Figure 2B shows that about half of fB&S

is assembled on DNA in the absence of DBlopn DNA,
fractions 9-13; freef, fractions 18-27). Treatment of
BS-Swith DTT prior to the clamp loading reaction results
in assembly of nearly all thgS—Son DNA (fractions 9—
13), and is comparable with assembly of nafdven DNA
(Figure 2B). Presumably in the absence of DTT the
disulfide cross-links at the interface prevent some (or all)
of the BS-Sdimers from being assembled on DNA.

To determine if theBS-Sclamps assembled onto DNA
in the absence of DTT contain any cross-links, the
column fractions were analyzed on a non-reducing SDS—
polyacrylamide gel (Figure 2C). As expected, non-cross-

The data shown in Figure 1B demonstrate that ATP and linked 35S was assembled onto DNA (monomers in

ATP-y-S facilitate y complex-catalyzed ring opening to

fractions 9-13). However, a large fraction of the cross-

the same extent. Therefore, ATP binding appears sufficientlinked BS-S was also assembled onto DNA (dimers in

to drivey complex-catalyzed opening of tifiering. Other

fractions 9—13), while the remainder eluted as free protein

non-hydrolyzable ATP analogs such as AMP-PNP and (dimers in fractions 18—-27). Presumably &S dimers
AMP-PCP were also tested in the assay, but ring openingon DNA contain only one cross-link, and therefore can
was not detected (data not shown). However, this negativestill be opened at one interface. TR&Sdimers that were

result may be explained by the fact thatomplex binds
these analogs with much lower affinity than ATRy(
~1 mM versus 2uM for ATP), and this binding energy
may be insufficient to support ring opening (H.Xiao and
M.O’Donnell, unpublished data).

not assembled on DNA may contain two disulfide cross-
links that preclude ring opening and assembly onto DNA.
To confirm that cross-linke@®S-> on DNA (dimers in
fractions 9-13; Figure 2C) is cross-linked at only one
interface, the experiment in the absence of DTT was

Next, the ring-opening step was examined in greater repeated and split into two halves. One half was analyzed

detail to determine whether the clamp loader oppret

by gel filtration as described above (Figure 2C), to confirm

both interfaces (e.g. monomerizes the dimer to assemblethat 3S-S was assembled on DNA. The other half was

it around DNA), or if opening thé3 dimer at only one
interface is sufficient to allow entry of DNA into the ring.

The y complex need open only one interface of the

B dimer for clamp loading

To determine whethey complex needs to open one or
both interfaces of th@ dimer for assembly of the clamp
around DNA, we constructed B dimer in which the

analyzed by gel filtration in the presence of SDS (Figure
2D). If the B3~Son DNA contains one disulfide cross-link,
then SDS denaturation will result in a dimer opened at
the non-cross-linked interface that will dissociate from
DNA during gel filtration. If theBS-S on DNA were to
contain two disulfide cross-links, the protein ring will
remain covalently sealed even after SDS denaturation, and
thus remain topologically linked to DNA in the presence

monomers could be cross-linked at the dimer interface. of SDS. The results show that the cross-linkperSs
Arg103 and 1le305, two residues close to each other but dissociates from DNA during gel filtration in the presence

on opposing sides of the dimer interface, (@oms ~6 A
apart; cyrstal structure; Kongt al., 1992), were substi-

of SDS, indicating that the rings were cross-linked at only
one interface (dimers in fractions 18-27; Figure 2D).

tuted with cysteine. Due to the head-to-tail arrangement Thus, they complex can load clamps that are sealed at
of the B dimer, the two interfaces are identical. It was one interface, and does not need to monomerize the
expected that oxidation would result in formation of [ dimer to load it onto DNA.
disulfide cross-links between the cysteine residues, and
yield B dimers covalently linked at one or both interfaces. § is the ring opener

Initially, the modified B (BS9 was 32P-labeled at an  We performed the Cys-labeling assay described in Figure 1
N-terminal kinase recognition site and analyzed on a with individual subunits and subassemblies of the
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Fig. 2. y complex opens th@ clamp at one interface. Cysteine residues were placed 4 theer interface to design a clamp with disulfide cross-

links at the interface®S. (A) Native B and S-S analyzed on a non-reducing SDS—polyacrylamide gel with no DTT, 2 mM DTT and 20 mM DTT

in the reaction. B) Gel filtration analysis of native’fP]B (®) and f2P]35-S clamps assembled onto DNA tycomplex in the absence of DTTD)

and in the presence of DTTT). The next scheme shows a mix ¥ °rings with two, one or zero cross-links at the interface, assembled on DNA

and analyzed by gel filtration followed by non-reducing SDS-PAGH.Analysis of S~Sfrom a clamp-loading reaction without DTT [as in (B)].

(D) The same reaction analyzed with SDS present during gel filtration. Fraction numbers are indicated beneath the gels. The positions of non-cross-
linked S-S (monomers) and cross-linkgg$~S (dimers) are indicated by arrows.

y complex, to determine the minimal subunit requirement simultaneous presence of all three subunjtsd and &'

for ring opening. The minimal subassembly that tested (Onrustet al., 1991). However, the Cys-labeling assay for
positive for ring opening was the three-subundd’ ring opening does not rigorously exclude the possibility
complex, which, likey complex, needs ATP or ATR-S that a smaller subassembly thgdd’, or even just one

to crack open the} dimer interface (data not shown). subunit, can crack open the dimer interface transiently.
Individual subunits or combinations of two subunits did For example, the assay requires time for 888Jmaleimide
not give a detectable signal. This result implies that more to react with an exposed cysteine residue, and is likely to
than two proteins are needed to detect ring opening in the proceed more efficiently the longer tiedimer interface
Cys-labeling assay, thadd’ is sufficient for ring opening  is held open. To investigate if any one subunit can open
and that the and subunits are not absolutely required the 3 ring at least transiently, we designed a more direct
for the mechanics of this process. This conclusion is assay to detect opening of the dimer interface. This assay
consistent with earlier data showing that efficient stimula- is based on the following rationale: onfeis assembled
tion of processive DNA polymerase activity requires the onto DNA, the—-DNA complex is very stablet{, >1 h
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Fig. 3. A ring-unloading assay reveals th&bpensp. [3?P]3 clamps were assembled onto circular DNA and incubated wyihor &' in the absence
or presence of ATP and analyzed by agarose gel electrophoresis (sch&jn&h gutoradiogram of the agarose gel shows #€]B on DNA
separated from the’fP]B unloaded off DNA. B) The gel stained with ethidium bromide shows that DNA is not degraded during the reaction.

at 37°C; Yacet al.,, 1996). However, if the dimer interface
were to open even for a short time, tBaing could slip
free of DNA. The experiment described below examines
the ring-opening activity of thg, & and &' subunits by
observing the unloading of circular clamps from a circular
DNA substrate.

In this experimentt?P-labeledd clamps were assembled
onto circular DNA byy complex, and the’fP]3 on DNA
was separated from freecomplex and free3gP]B by gel
filtration. The F2P]3B—DNA complex was incubated further
with eithery, & or &', in the absence or presence of ATP.

&' and B compete for access to §

Previous studies identified as the only subunit ofy
complex with a detectable interaction wifh (Naktinis

et al, 1995). Whend is part of they complex, the
interaction with3 is not favorable in the absence of ATP
(Naktinis et al.,, 1995). In the presence of ATP, however,
y complex undergoes a conformational change and binds
B with similar affinity asd alone (Naktiniset al., 1995;
Hingorani and O’Donnell, 1998). These observations sug-
gest thatd is partially buried in they complex and that
the ATP-induced conformational change yncomplex

Following this, the reactions were analyzed on an agaroseresults in exposure 0d for interaction with 3. Which

gel to separate3fP]B trapped on DNA from theS3fP]B
released from DNA. The results in Figure 3A, show that
the & subunit by itself can releasé’P]B from DNA, and
this process does not require ATP. The lack of ATP
dependence is consistent with earlier evidencedhnds

B in the absence of ATP (Naktinist al, 1995; note
neitherd nor B binds ATP). It also verifies that thé?P]B
unloading (mediated b§) observed in this assay is not a
result of ay complex contaminant in thé protein
preparation, sincg complex requires ATP to releage
from DNA (Naktinis et al, 1996). The gel was also
stained with ethidium bromide (Figure 3B), which showed
that the circular DNA remained intact during incubation
with each protein, including. The data confirm thaf8
release from DNA is a result of ring opening and not due
to the ring sliding off linearized DNA, as the circular
DNA substrate is not degraded during the assay.

These results show that clamp opening is actually
performed by only one subunit of thecomplex, and is
the result of a simple protein—protein interaction. It should
be noted that even thoughopensf3 enough to allow it
to slip free from DNA, it cannot loa@ onto DNA. Thus,
the y and &’ subunits play a critical role in assembly of
the open clamp around DNA. The following experiments
examine how thed’ and y subunits function in clamp
loading.

subunit of they complex is responsible for modulating
the access off to 8? Our previous studies have shown
thatd’ binds stably to thé subunit (Onrust and O’Donnell,
1993). Therefore, we examined whet®&might interfere
with the interaction betweed and 3.

In the experiment shown in Figure 4, we examined the
interactions betweed, & and by gel filtration using a
Superose 12 sizing column. Figure 4A, B and C shows
the elution profiles of8 (25 uM dimer), & (5 uM) and &’

(5 uM), respectively. Figure 4D shows th@t (25 pM)
mixed with thed subunit (5uM) forms a dp complex,
and Figure 4E shows that a 1:1 mix &f(5 uM) and &’
(5 uM) results in a stabl®d’ complex. Finally, Figure 4F
shows that wher3 (25 uM) is added to purifieddd’
complex (5uM), the & subunit interacts preferentially
with 3 (to form &), resulting in the displacement &f.
The &3 complex is favored ove®d even when the
reaction contains a 3-fold excess of over B (data
not shown).

These protein—protein interaction studies indicate that
B competes withd' for interaction withd, and provide
some insight into how thg complex subunits may work
during clamp loading. If, within they complex,d’ binds
0 and blocks access d§ to 9, then the ATP-dependent
change iny complex conformation may help remove the
o' block and favod—f3 interaction over th&-0' interaction.
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Fig. 4. 3 and®' compete for binding t®. Protein—protein interactions
were analyzed on a Superose 12 sizing column, and the column
fractions were analyzed by SDS—PAGE. Fraction numbers are
indicated above the gels, and the positionod andd’ are

indicated. A) The elution profile of3 alone (25uM dimer), B)

(5 uM) and (C) &' (5 uM). Protein mixtures were incubated at 25°C
for 15 min prior to analysis.¥) The elution profile of a mixture od

(5 pM) and B (25 pM), (E) the 6’ complex (5pM) and ) the

profile of B (25 uM) mixed with purifieddd’ (5 uM).

Later in the reaction, when thg complex binds DNA,
the &3 interaction may be severed to allow tReing to
close around DNA. Thusd' may serve as a modulator
during clamp assembly, first by facilitating accesddb

B, allowing it to open the ring, and then by facilitating
the dissociation od from B, thereby allowing the ring to
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Fig. 5. ATP binding toy complex facilitates interaction with DNA.
Interactions ofy complex and3 with DNA were assayed in the
presence of ATP or ATR-S. [*H]y complex (500 fmol)+ B (500
fmol) or [32P]B + y complex were incubated with primed M13mp18
DNA (400 fmol) and 2 mM ATP or ATR¢S at 37°C, and analyzed by
gel filtration. The fraction numbers are indicated beneath the elution
profiles and the fractions corresponding to proteins ‘on DNA" and
‘free’ protein are indicated above the profileA. éndB) The elution
profiles of £2P]3 (@) and FH]y complex @), respectively, in the
absence of nucleotideC(andD) In the presence of ATR-S, 3 (@)
andy complex @) are bound to DNA.E andF) In the presence of
hydrolyzable ATPf is retained on DNA @) andy complex is
released ¢).

strated that energy from ATP binding tp powers the
events leading to ring opening. The next experiment
examines interaction of complex and3 with DNA, and
the role of ATP binding and ATP hydrolysis in the clamp-
loading reaction. Mixtures of3H]B andy complex, as
well as B and PH]y complex, were used to follow their
presence in complex with a primed DNA substrate. In the

close around DNA (see Discussion; see Figure 7). Detailed absence of ATP, no binding ofH]B or [3H]y complex to

studies with modified’ protein constructs are underway

DNA is detectable (Figure 5A and B, respectively). In the

to explore further its role as a modulator in the mechanics presence of ATR-S, both PH]B and PH]y complex co-

of clamp loader activity.

No interaction between thg subunit andd or 3 has
been detected. Therefore,3fwere to completely severe
the d-9&' contact in ydd', the &3 complex would be
expected to dissociate from’. Since this does not occur,
the y or &' subunits presumably maintain some contact
with & and/orf in the ydd'—{3 complex.

ATP binding signals y complex-f8 to bind DNA and

ATP hydrolysis ejects y complex from 3 on DNA

Clamp loading is a multistep process involving more than
simple opening of th@ ring. For example, afted binds

to B and opens the rind3 must be positioned at a primed
DNA site and then closed to form a continuous protein
ring around DNA. The experiment in Figure 1 demon-
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migrate with the DNA (Figure 5C and D, respectively).
B appears essential for stable binding yotomplex to
DNA, as no interaction off complex with DNA can be
detected by gel filtration in the absence®Hfwhether or
not ATP or ATPy-S is present in the reaction (Hingorani
and O’Donnell, 1998). In the presence of ATP, o]
is observed on the DNA, wherea¥3]y complex elutes
as free protein (Figure 5E and F, respectively; see also
Stukenberget al, 1991). These data indicate that ATP
binding toy complex locks the clamp loader, clamp and
DNA in a ternary complex that is stable to gel filtration,
while ATP hydrolysis leads to release of thecomplex,
leaving thef ring on DNA.

The next experiment was designed to measure the
number of ATP molecules hydrolyzed lyycomplex for



Mechanics of clamp assembly on DNA

Table I. ATP hydrolyzed per clamp assembled on DNA Table Il. ATPase activity of the clamp loader
y complex 3 on DNA ATP hydrolyzed ATH3 ratio y complex substrate Keat (P€r min)
(nM) (fmol) (fmol)

None 12
25 446 850 1.9 B 1.7
50 748 1884 25 Primed M13 DNA 55
100 946 2928 3.1 ss M13 DNA 35
200 1405 3640 2.6 B + primed M13 DNA 110

B + ss M13 DNA 25
[32P]ATP hydrolysis and3H]B assembly onto DNA were measured in Primed oligopDNA 72
the same experiment, by TLC and gel filtration, respectively. ss oligoDNA 108
Quantitation of ADP formed anfl on DNA yielded the molar ratio of B + primed oligopDNA 350
ATP hydrolyzed per clamp assembled on DNA. B + ss oligopDNA 120

y complex (0.1uM)-catalyzed ATP (1 mM) hydrolysis was measured

_ - at 37°C, in the absence or presence3qD.2 uM) and DNA
each clamp assembled on DNA. The clamp-loading (0.1-0.5uM). The k¢4t Wwas determined by dividing the rate of

reaction was performed wittH-labeledp in the presence  fomation of ADP byy complex concentration.

of [3?P]ATP. The reactions were analyzed by thin-layer

chromatography (TLC) to determine the amount of ATP

hydrolyzed, and by gel filtration to quantitate the number to minimize futile cycles of ATP hydrolysis unicomplex
of B clamps loaded on DNA. The experiment was repeated interacts with DNA.

at four different concentrations of complex. In each DNA substrates stimulate the ATP hydrolysis activity
case, ~2-3 ATP were hydrolyzed for ea¢h clamp of y complex (Onruskt al, 1991). In the absence @
assembled onto DNA (Table 1). single-stranded DNA and primed DNA increase the

There is some ambiguity regarding the stoichiometry y complex ATPase rate from 12/mig ¢omplex alone) to
of y subunits pely complex. The freg/ subunit can form 35 and 55/min, respectively (Table Il). We have observed
tetramers (Tsuchihashi and Kornberg, 1989; Dallmann andthat y complex dissociates from DNA after hydrolyzing
McHenry, 1995; Onruset al, 1995a); however, withiy ATP (Figure 5). Thus, DNA may hasten the turnover of
complex, the estimates range from two to fqusubunits y complex, such that on binding DNA, the clamp loader
per complex (Maki and Kornberg, 1988; Dallmann and rapidly hydrolyzes ATP and releases DNA to return to its
McHenry, 1995; Onrusgt al,, 1995a,b). A recent analysis  original conformation.
of the molecular mass of complex by multi-angle laser Finally, the ATPase activity of complex was measured
light scattering indicates a molar ratio of 2y5subunits in the presence of both the clamp and DNA. Addition
pery complex (unpublished data). Furthermore, quantitat- of DNA to the reaction containing complex8 resulted
ive ATP binding experiments yield a stoichiometry of two in a large increase ig complex ATPase activity (Figure
ATP molecules pey complex (Hingorani and O’Donnell,  6A; Table Il). Primed single-stranded DNA (ssDNA) is a
1998). These data suggest that even if there are more tharbetter effector of ATP hydrolysis than ssDNA.{ = 110
two y subunits per clamp loader, only two bind ATP, and 25/min, respectively, at 37°C). The above experiments
which is consistent with hydrolysis of 2-3 ATP per were performed with 1 mM ATP in the reaction to ensure
B clamp assembled on DNA as shown above. The resultsmaximum ATPase activityy(complexK,, for ATP ranges
with they complex clamp loader are also consistent with from 10 to 30uM with unprimed ssDNA and primed
an earlier study indicating that two ATP are hydrolyzed ssDNA substrates). Furthermore, to ensure saturating con-

during formation of a processive DNA polymerase Ill centrations of the DNA substrates, we repeated the meas-
holoenzyme complex on primed DNA (Burgers and urements in the presence of an excess of a synthetic
Kornberg, 1982). ssDNA 100mer or a synthetic primed template DNA
(28mer primer/100mer template), which serves as a tem-
Coupling of ATP hydrolysis to clamp assembly plate for B loading (Bloomet al, 1996). Again, the
depends on the DNA structure y complex hydrolyzes ATP at a higher rate in the presence

The previous experiments demonstrated that ATP binding of primed oligoDNA (350/min) than in the presence of ss
drivesy complex to open thg ring and to bind DNA, oligoDNA (120 min; Table 11).

whereas ATP hydrolysis ejectscomplex frompB—-DNA. In Figure 6B, we investigated whether ATP hydrolysis
Next, we examinegicomplex ATPase activity to determine  stimulated by ssDNA leads to assembly btlamps on
the effects of clamp-loading substratgsgnd DNA) on ssDNA. The results show that no loading &H]@ clamps
ATP hydrolysis. The ATPase rate was quantitated in the can be detected on unprimed, single-stranded M13DNA.
absence and presence [bfat 37°C (Table 1l). The data  Thus,y complex ATPase activity is not coupled to clamp
show that they complex ATPase activity is markedly assembly on this substrate. The specificityyafomplex
inhibited by B, dropping from a turnover rate of 12/min  activity for clamp loading on primed DNA reflects the
to 1.7/min, respectively (see also Figure 1C). The need for sliding clamps at primed sites on DNA that can
y complex still binds ATP with high affinity in the presence be extended by the DNA polymerase. The uncoupled
of B (Ky = 2 uM; Hingorani and O’Donnell, 1998).  ATPase activity at unprimed ssDNA may in fact play an
Therefore, this result implies that binding @@ to important role during lagging strand synthesis by helping
y complex stabilizes it in the ATP-bound state, leading to y complex locate primed sites on DNA by scanning
inhibition of ATP hydrolysis. Presumably, inhibition of long stretches of ssDNA via repeated DNA binding and
ATPase activity is important in the clamp-loading pathway release events.
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ssM13 A Onbinding ATP, Y complex changes
B Y complex l,‘_/, + ADP + P; conformation to allow access to the 8 subunit

{

primed
M13

A ATPase activity

35 oYY

f m ssDNA
30F 4 primed DNA

25F

] B The 3 subunit binds B and facilitates
ring opening

20¢ . =110 min? ]

cat

15

[ADP] uM.

10 Kk, =25 min?

1 2 3 4
Time (min)

B clamp loading C

p
on DNA Free B
35 prefrrrtrerh TrrTTTTTT

[ m ssDNA
30F . primed DNA

25

20

15

3H-B (fmol)

10

D When all the correct components are assembled,
5 10 15 20 25 30 35 40 the y complex hydrolyzes ATP and changes
Fraction conformation to release the ring around DNA

Fig. 6. ATP hydrolysis is coupled to clamp assembly at a primed site
on DNA. (A) Primed M13mp18 ssDNA stimulates the ATPase activity
of y complex (in the presence @) from 1.7/min (Table I) to 110/min
(A), while ssDNA stimulates the ATPase rate to 25/nil).((B) A

gel filtration analysis oy complex-catalyzed assembly oH]f on
primed DNA (A) compared with assembly on ssDNH). The

fraction numbers are indicated beneath the elution profile, and the
fractions corresponding t@3‘on DNA' and ‘free 3’ are indicated

above the profile.

Discussion
i i Fig. 7. A model of subunit dynamics duringcomplex-catalyzed
Key elements of the clamp-loading mechanism assembly of3 onto DNA. (A) y is the ‘C’-shaped motor subunit of the

They complex catalyzes assembly of tReclamp onto a  clamp loader that harnesses the energy of ATP for assemifiyoato
circular DNA molecule to form a protein—DNA catenane. PNA- On binding ATP, a conformational change yraffectsd’,

another ‘C’-shaped protein, which leads to exposure ofdthieg
In & process Tue'eP' by ATP, t_he clamp loader opens the opener. B) & bindsB and opens the ring at one interfac€) (The
clamp at the dimer interface, binds DNA, and then releases ATpase activity of this protein complex is suppressed until it binds
the clamp so that it forms a closed ring around DNA. The DNA. (D) An encounter with primed DNA stimulates ATP hydrolysis,
& subunit is the key component gfcomplex that opens which is coupled to release of tifleclamp and DNA. The opefd
thep ring. The interaction betweehandp yields sufficient ~ 9iMer snaps shut to form aring around DNA.
energy to destabilize th@ dimer interface. Therefore,
ring-opening does not require ATP binding or hydrolysis,  Dissociation ofy complex fromf3 is necessary for its
but is a result of a simple protein—protein interaction. catalytic activity and, more importantly, it is a prerequisite
Nevertheless, th&‘ring opener’ cannot facilitate assembly  for processive DNA synthesis, as the clamp loader and
of the openf3 ring onto DNA by itself. This process polymerase compete for the same site ®r(Naktinis
requires the combined activities gfd andd’, indicating et al, 1996). Oncey complex releaseB, the polymerase
that clamp loading is a more complicated process than can bind the clamp and initiate DNA synthesis (Naktinis
simply opening the ring. Thug, complex must perform et al, 1996). In DNA polymerase Il holoenzyme, the
several functions to complete the process of clamp assem-ycomplex and both leading and lagging strand polymerases
bly on DNA. For example, the opefi ring and DNA are held together by mdimer (Onrustet al., 1995a). The
must be positioned correctly for topological linkage, the y complex catalyzes rapid assembly of sliding clamps
ring must be closed and, finallycomplex must dissociate  onto DNA for use by both polymerases (Yuzhaketval.,
from the ring on DNA. 1996). This is particularly significant during lagging strand
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synthesis. On the lagging strand, the polymerase releaseprimed DNA with high affinity to form ay complex—

its B clamp upon finishing an Okazaki fragment; it then
rapidly targets to a ne that has been assembled at a
fresh upstream primed site by thg complex. The

y complex also recycles the usBdatlamps that have been

ATP-open B—-DNA composite (Figure 7C). The DNA
stimulatesy complex ATPase activity which leads to
deposition of thel clamp onto DNA, and ejection of
y complex from3 on DNA (Figure 7D). Two to three

abandoned on completed Okazaki fragments (Naktinis molecules of ATP are hydrolyzed per clamp-loading event.

et al, 1996). Thusy complex and polymerase work in
concert for clamp loading and primer extension, resulting
in rapid and efficient duplication d.coli genomic DNA.

A model for y complex-catalyzed clamp loading
They complex can be described as a ‘switch’ protein that

Accordingly, the model in Figure 7 indicates that both
y subunits hydrolyze ATP and that after hydrolysis (or
upon ADP+ P, dissociation), they return to their original

‘C’ shape. Presumably, at this point, thefl interaction

is disrupted, possibly facilitated by the rebinding&fto

0, thereby facilitating release of complex fromp and

alternates between the ‘on’ state (ATP bound) and the closure of the ring around DNA (Figure 7D).

‘off’ state (either ADP or no nucleotide bound). It is,

The energy from ATP hydrolysis may be used simply

however, more than a simple switch protein because into orchestrate dissociation of the complex from the
each state, and in the transition between these states, thelamp and DNA. Alternatively, ATP hydrolysis may fuel

clamp loader machinery performs multistep functions that
together result in clamp loading. A model summarizing
the current information is presented in Figure 7 and the

a more active process such as closing of the clamp around
DNA. At this time, we favor the former, ‘clamp release’
mechanism, keeping in mind that ATP binding powers

structure—function details are described below. The model assembly of all three componenyssomplex,3 and DNA)

shows only twoy subunits, although estimates of the
stoichiometry ofy in y complex range from two to four
(Maki and Kornberg, 1988; Dallmann and McHenry, 1995;
Onrustet al., 1995a,b).

The crystal structure of th® subunit has been solved
recently (Guentheet al,, 1997). The protein is composed
of three domains organized in the form of the letter ‘C’.

The top and bottom domains are barely connected through

in close proximity, and that the lowest free energy state
of the free clamp is a closed ring. Therefore, whis
released, it should be capable of closing around DNA
without further input of energy from ATP hydrolysis. Pre-
steady-state studies of clamp loading apdcomplex
ATPase activity are underway to define more precisely
the role of ATP hydrolysis in clamp loading.

a small domain that may function as a hinge. The sequence

identity betweend’ andy predicts thaty also has a ‘C’
shape (Guenthest al., 1997). The structure of modeled
after &', predicts that the ATP-binding region lies very

Clamp assembly in vivo
DNA polymerase Ill holoenzyme contains two copies
each ofy andt (Onrustet al., 1995a). They subunit is

domains of they ‘C’. This central position suggests that
ATP binding toy may perturb the ‘C’ shape, perhaps

and it is created by a frameshift during protein expression
from the dnaX gene (Tsuchihashi and Kornberg, 1989;

resulting in movement of the top and bottom domains, as Blinkova and Walker, 1990; Flower and McHenry, 1990).

speculated in Figure 7A. Recent reports of an ATP-
induced conformational change in and iny complex,
are consistent with perturbation of th&C’ shape (Naktinis

et al, 1995; Hingorani and O’Donnell, 1998).

The ATP-induced changes jnsuggest that it functions
as a ‘motor’, using the energy of ATP binding to power
the conformational change incomplex that takes from
a buried position into one that is exposed and allows
interaction with thep ring (Naktinis et al, 1996). The
present study indicates that may be the subunit that
preventsd from binding in the absence of ATP. Hence,
ATP binding toy may re-positiond’ and/or affect the ring
openerd, such that it prefers binding 1 rather thand'.

In Figure 7A, this is depicted as a change in &hsubunit

The frameshift allows addition of one unique amino acid
to vy, followed by a stop codonin vitro, both y and
T subunits can be assembled into functional clamp loaders
with the 8, &', X and § subunits (Onruset al,, 1995b).
In addition, T has the unique ability to bind the core
polymerase (McHenry, 1982; Studwell-Vaughan and
O’Donnell, 1991) as well as the DnaB helicase with high
affinity (Kim et al,, 1996; Yuzhako\et al., 1996). These
properties require the extra 213 amino acidg,iwhich
are absent iny. Specifically at dimer, noty, dimerizes
the two core DNA polymerases in the holoenzyme and
contacts the DnaB helicase during DNA replication.
Which protein,y or 1, functions as the motor subunit
for the clamp loader within the holoenzyme, or do bgth

‘C’ shape in response to the ATP-induced change in the and T form the clamp loader (i.e. gt complex)? This

y subunit ‘C’ shape (i.e. th®’' conformation is guided by
V). The resulting arrangement leawesomplex in the ‘on’
state in whichd can bind the3 clamp and open the ring
at one interface (Figure 7B). The resultizgcomplex—
ATP—openf ring composite is stabilized by the decrease
in ATPase activity of they complex (Table Il). If ATP
were hydrolyzed, the clamp loader would release the
clamp and ‘turn over'. Thus the inhibition of ATPase
activity probably maintains the integrity of tiyeomplex—
ATP—openp ring composite for an encounter with a DNA
substrate.

The y complex—ATP-openf ring composite binds

guestion has been addressed in a previous study of the
andTt proteins. ATP-binding site mutants gfandt were
constructed which, when constituted into eit@omplex
or T complex withd, &', X andys, were unable to hydrolyze
ATP and were inactive in DNA replication assays with
core polymerase anfl (Xiao et al, 1995). The mutant
proteins were also assembled into DNA polymerase Il
holoenzymes. The holoenzyme containing mutgnt-
wild-type 1t was inactive in DNA replication. The holo-
enzyme containing mutant + wild-type y was as active
as the wild-type DNA polymerase Il holoenzyme. These
results demonstrate that the ATP siteyois needed for
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holoenzyme function, and thug is the clamp loading
motor in the holoenzyme.

In normal cells, the holoenzyme contains bgthndt
(Maki et al, 1988). However, if the frameshift signal in
dnaX is mutated such thay is not produced, the cells
remain viable (Blinkovaet al, 1993). Presumably the
holoenzyme in thesgless cells contains four subunits,
where twot subunits dimerize the polymerases and the
other two substitute fory as the clamp loader motor.
However, even though the subunit can substitute foy,
its ATPase activity and clamp-loading activity is not
essential when the subunit is present in the holoenzyme,
as demonstrated by the ATP site mutant study (Xiao
et al, 1995).

The T complex has the unique ability to utilize ATP-
v-S to provide the core polymerase wiffrdependent
processivity for DNA synthesis, although the level of

DNA polymerased requires contact with the same face
of PCNA as RF-C. Hence RF-C must release PCNA for
the polymerase to gain access to the ring. Studies of
human RF-C have shown that a three-subunit subassembly
(36, 37 and 40 kDa subunits) as well as the 40 kDa
subunit alone is capable of removing PCNA clamps from
DNA in the absence of ATP (Cagt al, 1997). These
observations indicate that the RF-C clamp loaders may
utilize a similar modular design and mechanism for
assembly of rings around DNA as tkecoli clamp loader.
They complex subunits also provide ancillary functions;
for example theg subunit binds SSB and is necessary for
displacement of the primase from RNA primers (Kelman
et al, 1998; Yuzhakovet al, 1999). It is tempting to
speculate that eukaryotic clamp loader subunits may also
provide additional functions at the site of DNA synthesis,
other than clamp assembly on DNA.

synthesis is much lower than in the presence of ATP; the The bacteriophage T4 clamp loader contains two differ-
y complex does not function in this capacity (Dallmann ent subunits (gp44 and gp62), and a circular sliding clamp
et al, 1995). This phenomenon is interesting since neither (gp45), which is a loosely associated trimer that lacks the
y complex nort complex hydrolyze ATR-S significantly, stability of the B and PCNA rings (Yaoet al, 1996).
and ATP hydrolysis is required by both clamp loaders for Recent studies on the role of ATP in gp45 assembly on
the completion of clamp assembly onto DNA (Hingorani DNA suggest that ATP hydrolysis is needed to open the
and O’Donnell, 1998; unpublished data). The results of this gp45 ring (Lathamet al, 1996; Sextonet al, 1996;
report offer a new insight into the molecular mechanism by Pietroniet al,, 1997). In contrast, ifE.coli, ATP binding
which thet complex plus core, or the holoenzyme, may is sufficient for ring opening, and ATP hydrolysis is used
use ATPy-S for processive DNA replication. In as much to ejecty complex from the3 ring on DNA. The unstable
astT andy are closely related, and ATRS inducesy nature of the trimeric gp45 ring compared with the
complex to bind3 and open the ring, it may be presumed [ dimer may account for this significantly different role
that ATPy-S has the same effect ancomplex. Since, for ATP hydrolysis in the T4 system compared whtcoli.
unlike y, can bind the core polymerase, it may form a For example, gp44/62-catalyzed opening of the gp45
bridge between the polymerase and the clamp, resultingtrimer may enhance dissociation of the protomers and
in an enzyme assembly that can function processively. preclude reclosure of the clamp around DNA. Therefore,

The inability of y to bind core would prevent formation
of such an assembly, and, therefoyecomplex cannot
facilitate B-dependent DNA synthesis by the core in the
presence of ATR+S. Thus, even though thg complex

appears to be the primary clamp loader in DNA polymerase

[Il holoenzyme, under artificial conditions, such as in the
presence of ATR-S (Dallmannet al, 1995) or wherny

is absent from the holoenzyme (Blinkoea al., 1993),t

is eminently capable of supporting clamp assembly, in
addition to dimerizing the polymerases and maintaining
contact with the helicase during DNA replication

A common mechanism for clamp loading?

it is possible that the T4 system has evolved to allow
assembly of the clamp loader and closed clamp on DNA
before ATP hydrolysis, which powers both ring opening
and loading of the ring onto DNA at the same time.

Clamp loaders in cell cycle regulation

Recently, a number of clamp loader or clamp loader-like
proteins have been implicated in cell cycle checkpoint
pathways (reviewed in Elledge, 1996; Mossi and Hubscher,
1998). Classical checkpoint proteins sense particular
aspects of a cell’'s environment or condition and ‘decide’
whether to restrict or promote cell cycle progression from
one phase to the next. For example, some checkpoint

Clamp loaders of three other well studied systems include proteins monitor the integrity of DNA prior to and after

the gp44/62 complex from bacteriophage T4, yRF-C from

replication. If DNA is damaged, the cell cycle can be

S.cerevisiaand hRF-C from humans. These clamp loaders arrested in G phase, slowed in S phase and arrested in
use ATP to assemble their respective circular clamps, T4 G, phase, to allow repair of the DNA prior to, during and

gp45, yeast proliferating cell nuclear antigen (PCNA) and
human PCNA, onto DNA.

after DNA replication, respectively. Similarly, if DNA
synthesis is incorrect or incomplete, DNA replication

Like ycomplex, both the yeast and human clamp loaders checkpoints can inhibit transition of the cell cycle (e.g.

are five-protein machines (O’'Donneilt al., 1993). Earlier
studies have shown that ATYS leads to formation of an
RF-C—PCNA-DNA composite, but this is not competent
for extension by DNA polymerasd in the absence of
hydrolyzable ATP (Lee and Hurwitz, 1990; Burgers, 1991).
A possible interpretation of this result is that RF-C
functions similarly toy complex, in that ATP binding is
sufficient for ring opening and interaction with DNA, but
ATP hydrolysis is needed to eject RF-C, allowing the
PCNA ring to close around DNA. As in the.coli system,
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from G, to mitosis) until the specific problems are fixed.
Three of the five subunits of th8.cerevisiaeclamp
loader, RF-C1, RF-C2 and RF-C5, are now thought
participate in cell cycle checkpoint pathways involving
DNA metabolism (Cullmanmt al,, 1995; Sugimotet al.,
1996; Noskovet al, 1998). Although the underlying
mechanism by which these proteins regulate the cell cycle
is not yet understood, it is possible that the regulatory
pathways involve loading of PCNA onto DNA. For
example, a clamp loader is crucial at an early stage in DNA
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replication for initiation of processive DNA synthesis; treatment results in ~30 primers per DNA circle (assuming an average
therefore, a shutdown of its clamp-loading activity can primer length of 25 nucleotides). Synthetic ssDNA 100mer and synthetic
! . . primed template DNA were prepared as described (Hingorani and
prevent entry into S phase. The large subunit of human 5.p el 1998).
RF-C (p140) has several putative phosphorylation sites Buffer A is 20 mM Tris=HCI pH 7.5, 0.1 mM EDTA and 10%
for protein kinase A, protein kinase C and tyrosine kinases, glycerol. Superose 12 gel filtration buffer is 20 mM Tris—HCI pH 7.5,
and this has led to speculation that the PCNA loading g-lﬁm'\" EDTA, 10% g'ycelro" 5 mM DTT and 100 mM Na?'- Re?a'oc?
L _ - uffer is 20 mM Tris—HCI pH 7.5, 0.1 mM EDTA, 4% glycerol an
activity .Of RF-C m.ay be regulated by _phOSphoryIauon 8 mM MgCl,. Bio-Gel A-15m gel filtration buffer is reaction buffer
events in che(_:kpomt pathways (Mossi and HUbS_Cher, plus 100 mM NaCl. Loading buffer is 50 mM Tris=HCI (pH 6.8),
1998). Alternatively, clamp loaders may serve as signal 100 mM DTT, 2% SDS, 0.1% bromophenol blue and 10% glycerol.
sensors in checkpoint pathways through recognition of
specific DNA structures produced during DNA replication Proteins
and/or repair processes. For example, recent evidenceTheycomplex was constituted from puyed, &', X andy, followed by
suggests that RF-C5 may interact with Spkl (Rad53/ isolation from the free subunits on a MonoQ column (Pharmacia) as

- P ... described (Onrustet al, 1995b). Purification ofy (Studwell and
Mec2/Sadl), an essential protein kinase for the transition O'Donnell, 1990),5 and & (Dong et al., 1993),x and b (Xiao et al,

of S phase to mitosis (Sugimotd al,, 1996). 1993) was performed as described earlier. Thand B proteins were

Structural homologs of clamp loader subunits are also *H-labeled by reductive methylation as described (Kelegal., 1995a).
known to participate in cell cycle regulation. RAD24 in  The catalytic subunit of cAMP-dependent protein kinase produced in
S.cerevisiag which is homologous tcE.coli y and & E:coll Vée:) the gift of Dr S.Taylor (University of California, San

. A . iego, .

proteins as well as all the RF-C subunits, is required for T%e modified versions off were constructed by Perimmune, Inc.
DNA damage checkpoint pathways, and its homolog in using a DNA oligonucleotide site-directed method. The mutmaN
Schizosacchammyces pomB&sADl?, is required for both genes were placed into vectors encoding an N-terminal hexa-histidine
DNA replication and damage checkpoints (Elledge, 1996). tag and a kinase recognition sequence (pHK vector; Kelmaal,

. - 1995b). The specifi@ modifications are described in detail later. Below
Perhaps RAD24 and RAD17 interact with RF-C and is a summary of the purification protocol. Modifi@dvas overexpressed

regulate its clamp-loading activity, or they may be subunits i E.coli BL21(DE3) pLysS cells by inducing cultures at @9 = 0.6
of other protein loaders that play a role in checkpoint with 0.4 mM isopropylB-p-thiogalactopyranoside (IPTG). The cells
pathways. A recent study has shown that Cdc6p, anwere harvested, and heat lysed by the method of Wickner (1976). The

e ; ; : cell lysate was precipitated sequentially with 35 and 70% ammonium
S.cerevisia@rotein essential for entry of cells into S phase, sulfate and the pellet was resuspended in 20 mM Tris—HCI (pH 7.9)

also shares homo'qu W|th_ prokaryopc and eukaryotic 509 mm NaCl and 5 mM imidazole. The protein was loaded onto a
clamp loader subunits (Perkins and Diffley, 1998). It has 5 ml chelating Sepharose resin (Pharmacia) charged with )iS®

also been suggested that Cdc6p may be involved inbound proteins were eluted with a linear gradient of imidazole (60—
assembly of Mcm proteins onto chromatin, and thereby 500 mM) in the above buffer. Fractions were mixed immediately with

. - EDTA (50 mM final) to chelate any nickel in the eluate that tends to
serves a function analogous to that of a clamp loader in precipitate proteinf3 was identified by SDS—-PAGE, and peak fractions

assembling PrOteinS onto DNA (Perkins and I_Difﬂ_ey. 1_998)- were pooled and dialyzed against buffer A. The pool was loaded onto
Although quite speculative in nature, these findings imply an 8 ml MonoQ column equilibrated in buffer A, and the bound protein
that the use of clamp loaders and their underlying mechan-\fNas eluted with a "Iniaf Nda? gradient (700_5c00EmNr|1) " b#ffef Adge;k
: : . fractions were pooled and frozen at —70°C. Each of the modibie
|s_m_s may generahze to other processes bEyond IoEmlngsubunits had replication activity levels comparable with wild-tfpe
sliding clamps onto DNA.

Studies oft.coli DNA replication have been a guide to . .
. L . . Ring-opening assay
_under_Standmg S'm”ar_meChamsms_ n comple>_< eukarymeS’TheB clamp was modified by changing Leu273 to cysteine and Cys333
including humans. This report provides a detailed mechan- to serine. The resulting Cys273 residue is buried in the dimer interface
ism for the function of they complex clamp loader, a  (L273C), and the highly reactive surface Cys333 is removed. The
multiprotein enzyme that assembles sliding clamps onto remaining three cysteine residuesfnwere found unreactive to thiol-

. . g labeling reagents and were left unchanged. The reagent used to probe
DNA for processive and rapid DNA replication. The the interface cysteine was prepared by labeling 300 nmol of peptide

structural and functional homology betwegrcomplex,  (NH;-LRRASVP-COOH; Chiron mimotopes) with 0.03 U of CAMP-
RF-C and other important cell cycle regulatory proteins dependent protein kinase catalytic subunit ag?P]ATP 200 pCi
suggests that insights gleaned from the molecular mechan+(3000 Ci/mmol) in 150ul of reaction buffer (30 min at 37°C). Then,

; ; ; ; ATP was added to a final concentration of 10 mM and the mixture was
ism of they complex will generallze to eUkaryOtIC clamp incubated for an additional 30 min. The mixture was incubated with

loaders, and _perhaps to yet other critical processes Ng mg of sulfosuccinimidylc 4#§l-maleimidomethyl] cyclohexane-1-

DNA metabolism. carboxylate (Sulfo-SMCC; Pierce) at 25°C for 1 h, and fR-labeled
maleimide was purified on a 24 ml Superdex-Peptide column (Pharmacia)
equilibrated in 0.1 M sodium phosphate (pH 7.2), 0.15 M NacCl, using

Materials and methods the Pharmacia SMART system. Aftea 7 ml void volume, 500ul
fractions were collected. The peak (fractions 17—18) contairfRjfa-
Materials leimide was identified by the co-incidence of the radioactive peak

Radioactive nucleotides were purchased from Dupont-NEN. M13mp18 and the peak of absorbance at 305nkp, for N-ethylmaleimide).
ssDNA was prepared by phenol extraction of purified M13mp18 phage [32P]maleimide concentration was determined at 305 nm, using a molar
that had been banded twice in CsCl gradients as described (Turner andextension coefficient of 620/M/cm for maleimide, and was typically at
O’Donnell, 1995). Nicked circular DNA was prepared by incubating 400 uM.

200 pg of doubly CsCl-banded supercoiled Bluescript plasmid (pBS) The ring-opening assay was performed in (l50f reaction buffer
with 100 U of mung bean nuclease (NEB) for 15 min, followed by containing 3uM (3, 3 uM y complex, 2 mM ATP and 3iM primed
phenol extraction and ethanol precipitation. Mung bean nuclease is a oligopDNA. Proteins were mixed on ice and the reaction was initiated
single strand-specific nuclease that nicks supercoiled DNA once, and by with 5 pl of [32P]maleimide and a shift to 37°C. The reactions were
relaxing the plasmid precludes further nicking. The DNA was ~90% quenched after 12 min with fl of loading buffer+ 5 pl of 1 M
nicked. Multiprimed DNA was prepared by incubating &1 DnaG DTT. Samples were analyzed on a 10% SDS—polyacrylamide gel that
primase and 0.4M DnaB helicase with 1 mM NTPs for 30 min at subsequently was dried and analyzed on a Phosphorimagey. ddm-
37°C, followed by phenol extraction and ethanol precipitation. This plex subunits exhibit some background labeling ByP[maleimide;
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however, they are easily resolved fr@drduring SDS-PAGE and do not
interfere with the detection ¢ ring opening.

In experiments using ATR-S, 5uM each ofy complex and3 were
incubated in 3Qul of reaction buffer with either 20@M ATP or ATP-
y-S. Reactions were initiated by adding L0 of [32P]maleimide, and
4 pl aliquots were removed and quenched at 0, 0.5, 1, 2, 5 and 10 min,
and analyzed as described above.

Cross-linked B loading assay

For this experiment, Arg103 and lle305 fhwere changed to cysteine

to create a disulfide-linke (35-9. Native 8 andBS-Swere radiolabeled

with the catalytic subunit of cAMP-dependent protein kinase and

[y-32P]ATP as described (Kelmaet al., 1995a), except that DTT was

omitted in order to maintain the disulfide cross-links f&~S The

y complex used in this assay was constituted in the absence of DTT.
The assembly reaction was performed in B0of reaction buffer

containing 500 fmol of pBS DNA, 19 pmol ¢, 5.4 pmol ofy complex

and 500uM ATP, in the absence or presence of 20 mM DTT. The

reaction was allowed to proceed for 10 min at 37°C and then loaded

onto a 5 ml Bio-Gel A-15m gel filtration column (Bio-Rad), equilibrated

in A-15m buffer in the presence or absence of 1% SDS. Fractions

(200 pl) were collected and 4@l aliquots were quantitated by liquid

scintillation counting or analyzed on a 12% SDS—polyacrylamide gel

under non-reducing conditions (no DTT). The gels were dried and

exposed to film or analyzed on a Phosphorlmager (Molecular Dynamics)

Clamp-unloading assay

B (1.6 uM), 32P-labeled at a C-terminal kinase site (Naktiwit al.,
1996), was incubated with 3}3M y complex and 5 pmol of pBS DNA

in 75 pl of reaction buffer containing 50QM ATP for 10 min at 37°C.
The reaction was applied to a 5 ml A-15m gel filtration column and
eluted with A-15m buffer. Peak fractions, containifigon DNA, were
pooled, and 25l aliquots (containing 0.21M 3) were incubated with
1pMy, 6 ord" with or without 500uM ATP. After 10 min, each sample
was mixed with glycerol (15% final) and analyzed on a 1% agarose gel
(89 mM Tris—borate buffer with 10 ng/ml ethidium bromide). After

assembled onto DNA. ATP hydrolysis was quantitated by TLC on PEI
cellulose F sheets (EM Science), using 0.6 M potassium phosphate
buffer, pH 3.4. The TLC sheet was dried and the molar amount of ADP
+ P, formed was determined by analysis on a Phosphorimager.
ATPase assays (or AT{RSase assays) measuripgomplex turnover
rate were performed at 37°C with OuIM y complex, with or without
0.2 uM B and with 1 mM ATP+ [a-32P]ATP (or 0.5 mM ATPy-S +
[y-3°S]ATP+-S). At various times, Sl aliquots of the reaction were
guenched with equal volumes of 0.5 M EDTA and analyzed as described
above. To compare the effect of primed and ssDNAyooomplex—
B-catalyzed ATP hydrolysis, similar reactions were performed, except
with 0.1 uM M13 ssDNA coated with 14uM SSB or with 0.1uM
primed M13 DNA coated with SSB in the reaction (or Qi ss-
oligoDNA and primed oligopDNA). The molar amounts of products
formed were plotted versus time of reaction, and the slope of each
time course was divided by complex concentration to yield the
turnover number.
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