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ABSTRACT

Replicative polymerases of eukaryotes, prokaryotes
and archaea obtain processivity using ring-shaped
DNA sliding clamps that are loaded onto DNA by
clamp loaders [replication factor C (RFC) in
eukaryotes]. In this study, we cloned the two genes
for the subunits of the RFC homologue of the eury-
archaeon Archaeoglobus fulgidus. The proteins
were expressed and puri®ed from Escherichia coli
both individually and as a complex. The afRFC sub-
units form a heteropentameric complex consisting
of one copy of the large subunit and four copies of
the small subunits. To analyse the functionality of
afRFC, we also expressed the A.fulgidus PCNA
homologue and a type B polymerase (PolB1) in
E.coli. In primer extension assays, afRFC stimulated
the processivity of afPolB1 in afPCNA-dependent
reactions. Although the afRFC complex showed sig-
ni®cant DNA-dependent ATPase activity, which
could be further stimulated by afPCNA, neither of
the isolated afRFC subunits showed this activity.
However, both the large and small afRFC subunits
showed interaction with afPCNA. Furthermore, we
demonstrate that ATP binding, but not hydrolysis,
is needed to stimulate interactions of the afRFC
complex with afPCNA and DNA.

INTRODUCTION

Replicative polymerases from eukaryotes to prokaryotes
obtain processivity using ring-shaped DNA sliding clamps
that are loaded onto DNA by clamp loader proteins in ATP-
dependent reactions. Although the amino acid sequences and
the protein complex compositions differ between the various
systems, both the overall structure of the clamp/clamp loader
proteins and the molecular mechanisms of the clamp-loading
process appear to be conserved (1). The Escherichia coli g
complex, whose in vivo composition is g3dd¢cy (2), is the most
thoroughly analysed clamp loader. A heteropentamer consist-
ing only of g3dd¢ has been shown to be able to load the dimeric

b sliding clamp onto DNA (3). Crystal structures of the g3dd¢
complex and of the d subunit in a complex with a mutant
monomeric form of b have been published (4,5). Together
with earlier biochemical data (6,7), these crystal structures
showed that the d subunit contacts the b clamp and traps b in a
conformation where one of the two clamp interfaces is open.
ATP binding, but not hydrolysis, is essential for the E.coli
clamp loader to open the sliding clamp and to load it onto a
primer±template junction of DNA (7). Previous biochemical
studies showed that this is also true for the eukaryotic clamp
loader, replication factor C (RFC) (8). Unlike the E.coli
clamp loader, eukaryotic RFC consists of ®ve different
subunits (RFC1±RFC5) (9). However, like the minimal
E.coli clamp loader (g3dd¢), the composition of RFC is
heteropentameric (10).

With sequence identities of 30±40%, the clamp loaders of
Archaea, the third domain of life, seem to be a closely related,
yet simpli®ed, version of their pro- and eukaryotic counter-
parts. Thus, in contrast to the eukaryotic clamp loader, where
each of the ®ve different RFC subunits has been found to be
individually essential (9), only two RFC-like subunits are
found in each of the completely sequenced archaeal genomes
(11). The conserved RFC boxes II±VIII (9) can be found in
both the large and the small subunits that constitute archaeal
clamp loaders (11). The conserved RFC box I, found only in
the large subunit of eukaryotic RFCs (RFC1), is absent in
archaeal clamp loaders. However, this motif has been shown
to be non-essential for clamp loading (12,13). So far, archaeal
clamp loaders from Sulfolobus solfataricus, Methano-
bacterium thermoautotrophicum and Pyrococcus furiosus
have been isolated and shown to stimulate the processivity
of their replicative polymerases in PCNA-dependent reactions
(14±16). The two subunits of both the crenarchaeal
S.solfataricus and the euryarchaeal P.furiosus RFC appear to
form complexes with 1:4 (large to small) stoichiometric ratios
as shown by gel densitometry and native gel ®ltration (14,16).
In contrast, gel densitometric, as well as combined gel
®ltration and glycerol gradient centrifugation, data indicate
a 2:4 (large to small) subunit composition of the
M.thermoautotrophicum RFC (15).

In this study, we isolated and analysed the biochemical
properties of the RFC from Archaeoglobus fulgidus, a
hyperthermophilic euryarchaeote with an optimal growth
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temperature of 83°C (17). The results show that the A.fulgidus
RFC (afRFC) is composed of two different subunits that form
a heteropentamer consisting of one copy of the large subunit
and four copies of the small subunit. In common with the
E.coli, eukaryotic and other archaeal clamp loaders (7,13±16),
afRFC possesses DNA-dependent ATPase activity. The
afRFC ATPase activity is stimulated further by A.fulgidus
PCNA (afPCNA) in the presence of appropriate polynucle-
otide substrates. Furthermore, in the presence of afPCNA,
afRFC signi®cantly stimulates the processivity of A.fulgidus
polymerase B1. In agreement with the E.coli and
eukaryotic clamp loaders (7,8), ATP binding is suf®cient to
stimulate the interactions of afRFC with afPCNA and
polynucleotides.

MATERIALS AND METHODS

Materials

The buffers used and their compositions were: buffer A, 50 mM
Tris±HCl (pH 7.5), 1 mM DTT and 1 mM EDTA; buffer B,
20 mM potassium phosphate (pH 7.5) and 500 mM NaCl;
buffer C, 50 mM Tris±HCl (pH 8.0), 1 mM DTT and 1 mM
EDTA; buffer D, 50 mM MES (pH 5.8), 1 mM DTT and 1 mM
EDTA; buffer E, 50 mM Tris±HCl (pH 8.5), 1 mM DTT and
1 mM EDTA; buffer F, 50 mM HEPES±KOH (pH 7.5), 20 mM
magnesium chloride and 25 mM potassium chloride. Unless
stated otherwise, all chemicals were supplied by Sigma.

Cloning of A.fulgidus genes

afRFC large subunit, afRFC small subunit, afPCNA and
afPolB1 genes (AF1195, AF2060, AF0335 and AF0497,
respectively; 17) were ampli®ed by polymerase chain reaction
from A.fulgidus genomic DNA. The primers for the ampli®-
cation of the afRFC large subunit (AF1195fw 5¢-TCGCGA-
GCATATGCTGTGGGTTGAGAAGTATC-3¢ and AF1195rv
5¢-CGCTACAGAGCGGCCGCTTACTAGGAAAAGAAGG-
AATCGAGAGTT-3¢) contained NdeI and NotI restriction
sites which were used for insertion into pET28a (Novagen).
Expression of this construct resulted in 20 additional
N-terminal amino acids, which are not present in the native
AF1195. Among these amino acids are six consecutive
histidines and residues forming a thrombin cleavage site.
The primers for the ampli®cation of the afRFC small subunit
(AF2060fw 5¢-TGGAGCGCATATGGAGAACTTCGAAAT-
CTGG-3¢ and AF2060rv 5¢-AAACATTATGCGGCCGCTT-
ACTACTTCTTGGCCAAAGTGGAGAG-3¢) contained NdeI
and NotI restriction sites which were used for insertion into
pET22b (Novagen). The primers for the ampli®cation of
afPCNA (AF0335fw 5¢-CCGATCGACATATGATAGACG-
TCATAATGACC-3¢ and AF0335rv 5¢-CAGCAAGCTTCT-
ATTACTCCGACTCTATGCGCGGAGC-3¢) contained NdeI
and HindIII restriction sites which were used for insertion into
pET22b (Novagen). The primers for the ampli®cation of
afPolB1 (AF0497fw 5¢-CATGCCATGGAAAGAGTTGAG-
GGCTGGC-3¢ and AF0497rv 5¢-AAGAATCGGCCGTTAC-
TAGCTGAAGAATGAATCCAGGCTC-3¢) contained NcoI
and EagI restriction sites which were used for insertion into
pET28a (Novagen).

Cloning of Thermotoga maritima pyruvate kinase and
lactate dehydrogenase genes

For the determination of the afRFC ATPase activity in a
continous spectrophometric assay, heat-stable pyruvate kinase
and lactate dehydrogenase had to be prepared. The genes
encoding the pyruvate kinase (TM0208) and lactate dehydro-
genase (TM1867) from the thermostable eubacterium
T.maritima MSB8 (optimum growth temperature of 80°C)
were ampli®ed by polymerase chain reaction from T.maritima
genomic DNA. The primers for the ampli®cation of the
pyruvate kinase (TM0208fw 5¢-GGAATTCCATATGCGAA-
GTACAAAGATCGTATG-3¢ and TM0208rv 5¢-CCCAAG-
CTTACTAATCCACCTTCAACACCCTTATGG-3¢) and of
the lactate dehydrogenase (TM1867fw 5¢-GGAATTCCA-
TATGAAAATAGGTATCGTAGG-3¢ and TM1867rv 5¢-
CCCAAGCTTACTAACCGCTGGTGTTCTGGTGC-3¢) con-
tained NdeI and HindIII restriction sites which were in each
case used for insertion into pET22b (Novagen).

Expression and puri®cation of recombinant proteins

afRFC, afRFCsm, afRFCla, afPCNA, afPolB1, tmPK and
tmLDH were overexpressed as follows: 2 l of E.coli cells,
harboring the different plasmids, were grown at 37°C in
Luria±Bertani (LB) medium in the presence of the appropriate
antibiotics. afRFC large and small subunits were both co-
expressed and expressed separately in BL21-CodonPlus-
(DE3)-RIL cells (Stratagene). afPCNA and afPolB1 were
overexpressed in B834(DE3)pLysS cells (Novagen) carrying a
plasmid (pSJS1240, gift from S. J. Sandler) to express low
abundance tRNAs (18). tmPK and tmLDH were over-
expressed in BL21(DE3) cells (Novagen) carrying the
pSJS1240 plasmid. When the cultures reached optical
densities at 600 nm of 0.6, protein expression was induced
by incubation in the presence of 1 mM IPTG for 3 h after
which time the cells were harvested. Bacterial lysates were
prepared by sonication (®ve 30-s pulses using a Soni®er 250,
Branson) in 30 ml of buffer A containing 200 mM NaCl, 20%
(w/v) sucrose, 1 mM 4-(2-aminoethyl)benzenesulphonyl-
¯uoride (Calbiochem), 140 ng/ml Pepstatin and 400 ng/ml
Leupeptin. Cell debris was removed by centrifugation at
20 000 g for 30 min, and the supernatants were heated at 65°C
for 15 min. This heat step was left out for the preparation of
the afRFC large subunit, since the isolated large subunit
proved to be heat sensitive. After centrifugation at 20 000 g for
30 min to partially remove denatured E.coli proteins,
ammonium sulfate was added to the supernatants to 80%
saturation and the precipitates were collected by centrifuga-
tion. For the puri®cation of the afRFC complex and the afRFC
large subunit, the precipitates were resuspended in buffer B
containing 50 mM imidazole and loaded in three batches onto
a 5-ml HiTrap Chelating HP column (Amersham Biosciences)
previously charged with NiCl. After washing with 30 ml of
buffer B containing 50 mM imidazole, bound proteins were
eluted with buffer B containing 500 mM imidazole.
Ammonium sulfate was added to the eluates to 80% saturation
and the precipitates were collected by centrifugation. The
precipitates were resuspended in 2 ml buffer A containing
500 mM NaCl and applied to a Superdex 200 gel ®ltration
column (Amersham Biosciences) equilibrated with buffer A
containing 500 mM NaCl. For the puri®cation of afRFCsm,
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the precipitate was resuspended in buffer A to obtain a
conductivity approximately corresponding to 100 mM NaCl
and loaded in two batches onto a 5-ml HiTrap Heparin HP
column (Amersham Biosciences). The column was washed
with 30 ml of buffer A containing 100 mM NaCl and
developed with a 50-ml linear gradient of NaCl from 100 mM
to 1 M in buffer A. The pooled protein peak, which eluted at
~250 mM NaCl, was diluted 2-fold with buffer A and loaded
in two batches onto a Mono Q HR 10/10 column (Amersham
Biosciences) equilibrated with buffer A containing 100 mM
NaCl. The column was washed with 50 ml of buffer A
containing 100 mM NaCl and developed with a 64-ml linear
gradient of NaCl from 100 to 500 mM in buffer A. The pooled
protein peak, which eluted at ~300 mM NaCl, was concen-
trated to 2 ml using a Centricon YM-10 device (Millipore) and
applied to a Superdex 200 gel ®ltration column (Amersham
Biosciences) equilibrated with buffer A containing 500 mM
NaCl. For the puri®cation of afPCNA, the precipitate was
resuspended in buffer C to obtain a conductivity approxi-
mately corresponding to 100 mM NaCl and loaded onto a
15-ml SOURCE 30 Q column (Amersham Biosciences)
equilibrated with buffer C. The column was washed with
90 ml of buffer C and developed with a 160-ml linear gradient
of NaCl from 0 to 500 mM in buffer C. The protein peak,
which eluted at ~300 mM NaCl, was pooled, adjusted to 1 M
ammonium sulfate, and applied to a 10-ml SOURCE 15 ISO
column (Amersham Biosciences) equilibrated with buffer C
containing 1 M ammonium sulfate. After washing with 60 ml
of buffer C containing 1 M ammonium sulfate, the column
was developed with a 100-ml linear gradient of ammonium
sulfate from 1 to 0 M in buffer C. The pooled protein peak was
diluted with buffer C to a conductivity corresponding
approximately to 200 mM NaCl and loaded onto a Mono Q
HR 10/10 column (Amersham Biosciences) equilibrated with
buffer C. The column was washed with 50 ml of buffer C,
developed with a 64-ml linear gradient of NaCl from 0 to
500 mM in buffer C, and the protein peak, which eluted at
~300 mM NaCl, was pooled. For the puri®cation of afPolB1,
the precipitate was resuspended in buffer D to obtain a
conductivity corresponding to 100 mM NaCl and loaded onto
a 5-ml HiTrap Heparin HP column (Amersham Biosciences)
equilibrated with buffer D containing 100 mM NaCl. The
column was washed with 30 ml of buffer D containing 100 mM
NaCl and developed with a 50-ml linear gradient of NaCl
from 100 mM to 1 M in buffer D. The pooled protein peak,
which eluted at ~500 mM NaCl, was concentrated to 2 ml
using a Centricon YM-50 device (Millipore) and applied to a
Superdex 75 gel ®ltration column (Amersham Biosciences)
equilibrated with buffer A containing 200 mM NaCl. After
puri®cation, 10% (v/v) glycerol was added to the proteins,
which were subsequently stored in small aliquots at ±80°C and
only thawed immediately before use. For the puri®cation of
tmPK, the precipitate was resuspended in buffer E to obtain a
conductivity corresponding to 50 mM NaCl and loaded onto a
15-ml SOURCE 30 Q column (Amersham Biosciences)
equilibrated with buffer E. The column was washed with
90 ml of buffer E and developed with a 200-ml linear gradient
of NaCl from 0 to 500 mM in buffer E. The protein peak,
which eluted at ~100 mM NaCl, was pooled and applied to a
30-ml F3GA-blue Sepharose column pre-equilibrated with
buffer E containing 100 mM NaCl. The protein was eluted

with buffer E containing 1 M NaCl, followed by concentration
to 5 mg/ml using an ultra®ltration cell equipped with a YM-30
ultra®ltration membrane (Millipore). For the puri®cation of
tmLDH, the precipitate was resuspended in buffer C to a
conductivity corresponding to 50 mM NaCl and applied to a
30-ml F3GA-blue Sepharose column pre-equilibrated with
buffer C containing 50 mM NaCl. The protein was eluted with
buffer C containing 2 mM NADH and 50 mM NaCl, the pH of
the eluate was adjusted to 8.5, and the protein was loaded onto
a 15-ml SOURCE 30 Q column (Amersham Biosciences)
equilibrated with buffer E. The column was washed with 90 ml
of buffer E and developed with a 200-ml linear gradient of
NaCl from 0 to 500 mM in buffer E. The protein peak, which
eluted at ~200 mM NaCl, was pooled and dialysed against
buffer E containing 100 mM NaCl and 1 g/l (w/v) charcoal.
Ammonium sulfate was added to the puri®ed tmPK and
tmLDH proteins to 80% saturation and the proteins were
stored at 4°C. For use in the continous spectrophometric
ATPase assay, on the same day of use the tmPK and tmLDH
precipitates were collected by centrifugation, resuspended in
50 mM HEPES±KOH (pH 7.5), 7 mM MgCl2 and 100 mM
KCl and concentrated using Centricon YM-10 devices
(Millipore) to obtain ®nal concentrations of 1.2 mg/ml tmPK
and 0.8 mg/ml tmLDH.

Denaturing gel ®ltration of afRFC

Gel ®ltration under denaturing conditions was used to
determine the afRFC complex stoichiometry. afRFC (2 nmol)
was mixed with an equal volume of column buffer containing
50 mM potassium phosphate (pH 7.5), 2 mM DTT and 6 M
guanidinium hydrochloride. The protein was applied in a ®nal
volume of 200 ml to a Superdex 200 HR10/30 gel ®ltration
column (Amersham Biosciences) equilibrated with column
buffer. The column was connected to an AÈ KTApuri®er system
(Amersham Biosciences). Peak quanti®cation of the elution
pro®le obtained at 280 nm was completed according to the
supplier's instructions. The obtained values, 68.71 mAU for
the peak representing the afRFC large subunit or 101.06 mAU
for the peak representing the afRFC small subunit, were
divided by the respective extinction coef®cients, 66 570 for
afRFCla or 23 140 for afRFCsm, which were calculated using
ProtParam software (19). 250 ml of the collected 500 ml
column fractions were buffer exchanged against buffer B,
concentrated to 10 ml using Microcon YM-10 devices
(Millipore) and separated on a 12.5% SDS±PAGE gel.

Analytical ultracentrifugation

Sedimentation equilibrium experiments were carried out in a
Beckman XL-A analytical ultracentrifuge (Beckman, Palo
Alto, CA) using an AnTi 60 rotor. Samples were exhaustively
dialysed against a buffer containing 50 mM Tris±HCl (pH 7.5),
500 mM NaCl and 10% (v/v) glycerol, and loaded into a six-
channel centrepiece. Equilibrium was attained at 5000, 7000
and 8500 r.p.m. Buffer density and partial speci®c volume was
calculated according to the method of Laue et al. (20). Data
from each channel were excised and analysed using the
software provided with the centrifuge.

Nucleic Acids Research, 2002, Vol. 30 No. 20 4331



Elongation of a singly primed M13 DNA template by
afPolB1

afPolB1 catalysed elongation of singly primed M13 single-
stranded circular DNA was carried out in reaction mixtures
(20 ml) containing 40 mM Tris±HCl (pH 7.5), 0.5 mM DTT,
10 mg/ml BSA, 7 mM magnesium chloride, 200 mM NaCl,
2 mM ATP, 250 mM each of dATP, dTTP and dGTP, 10 mM
dCTP, 2.5 mCi [a-32P]dCTP (6000 Ci/mmol), 25 fmol of
singly primed M13 DNA (primed with 5¢-CAAGCTTGC-
ATGCCTGCAGGTCGACTCTAGAGGATCCCCGGGTAC-
CGAGCTCGAATTCGTAATCATGG-3¢), and other proteins
as indicated in the ®gure legend. Reaction mixtures were
incubated for 30 min at 65°C, stopped with 10 mM EDTA, and
separated in a 1.2% (w/v) alkaline agarose gel followed by
autoradiography.

ATPase assays

Generally, the ATPase activity of afRFC was determined
using a continuous spectrophotometric assay. This assay
measures the loss of NADH absorbance at 340 nm (eM =
6250 cm±1M±1) as ADP is converted to ATP through the
coupled action of pyruvate kinase and lactate dehydrogenase
in the presence of phosphoenolpyruvate (21). 150 pmol afRFC
were allowed to equilibrate at 55°C for 5 min in 1 ml of buffer
F containing 2 mM phosphoenolpyruvate, 1 mM D-fructose
1,6-bisphosphate, 125 mM NADH, 50 mg tmLDH and 85 mg
tmPK. When indicated, 450 pmol afPCNA or 30 mg DNA
were added. The reactions were started by adding ATP
(5 mM to 2 mM) and monitored at 340 nm for 15 min. Because
of the limited thermal stability of phosphoenolpyruvate, D-
fructose 1,6-bisphosphate and NADH the ammonium
molybdate±malachite green assay was used to determine the
temperature optimum of the afRFC ATPase activity (22).
Reactions were carried out in buffer F containing 2 mM ATP.
When ATPase rates <0.02 s±1 had to be determined, the
turnover of radioactively labelled ATP was analysed. The
20 ml reaction mixtures contained buffer F, 5 mM to 2 mM ATP,
40 pmol afRFC and, where indicated, 50 pmol afPCNA. After
various time points of incubation at 55°C, 1 ml aliquots were
spotted onto polyethyleneimine±cellulose thin layer plates
which were developed in 0.15 M formic acid±0.15 M LiCl
(pH 3.0) as the liquid phase and analysed by phosphorimaging.

Determination of afRFC±afPCNA interactions

Pull-down assays and gel ®ltration were used to determine
interactions between afRFC proteins and afPCNA. In the pull-
down assays 150 pmol of afRFC or 20 mg of afRFCla were
incubated with 400 pmol of afPCNA in a buffer containing
20 mM potassium phosphate (pH 7.5), 500 mM NaCl, 20 mM
magnesium chloride, and nucleotides in concentrations
ranging from 1 to 10 mM. After 20 min at room temperature,
the reaction mixtures were supplemented with 40 ml of Ni-
CamÔ HC Resin (Sigma) pre-equilibrated in the same buffer.
After 15 min of further incubation at room temperature, the
beads were pelleted (30 s, 5000 g) and washed four times with
200 ml of a buffer containing 20 mM potassium phosphate
(pH 7.5), 2 M NaCl, 20 mM magnesium chloride and, where
indicated, nucleotides. Captured proteins were eluted by
boiling in SDS sample buffer and aliquots of the reactions
were analysed by SDS±PAGE on 15% gels. Coomassie

brilliant blue-stained protein bands were quanti®ed using
Image Scanner Software (Amersham Biosciences).

Nucleic acid binding assays

Nucleic acid binding reactions were done in a ®nal volume of
10 ml containing 20 mM Tris±HCl (pH 7.5), 20 mM
magnesium chloride, 2 mM DTT, 100 mM EDTA, 5% (v/v)
glycerol, 50 fmol of nucleic acid substrate, and afRFC proteins
in the range of 0.25±5 pmol. Where indicated 10 pmol of
afPCNA and 2 mM ATP, ATPgS or AMP-PNP were added.
Binding mixtures were left at room temperature for 15 min,
adjusted to 5% glycerol and 0.1% (w/v) bromphenol blue, and
loaded onto non-denaturing 8% polyacrylamide±0.83 TBE
gels. The gels were electrophoresed at 70 V for 90 min, dried
under vacuum and analysed by phosphorimaging.

RESULTS

Expression and puri®cation of afRFC individual
subunits, the two-subunit afRFC complex, afPCNA and
afPolB1

The aim of this study was to analyse the biochemical
properties of the A.fulgidus clamp loader. We chose to express
the large subunit of the dimeric afRFC as an N-terminally His-
tagged fusion protein in E.coli to allow us to separate
complexes containing both large and small subunits from
those consisting only of afRFC small subunits. The genes
encoding the afRFC large (AF1195; 17) and afRFC small
subunits (AF2060; 17) were inserted into E.coli expression
vectors. The co-expression of large (57 675 Da) and small
(35 994 Da) subunits, as well as the separate expression of the
small subunit, resulted in soluble proteins. In contrast, the
expression of the large subunit on its own resulted in mostly
insoluble protein. In addition, unlike the complex or the small
subunit alone, the isolated large subunit was also sensitive to
heat denaturation (15 min, 65°C). However, we were able to
purify the soluble fraction of the E.coli expressed large
subunit, subsequently designated afRFCla, by Ni-chelating
chromatography and gel ®ltration.

The small subunit (subsequently designated afRFCsm) and
the afRFC large/small complex (subsequently designated
afRFC) were puri®ed to near homegeneity as described in
Materials and Methods. However, afRFCsm eluted from the
Superdex 200 gel ®ltration column as an apparently hetero-
genous complex (data not shown). The elution volume
corresponded, when compared with globular molecular weight
standards, to a molecular mass of between 200 000 and
105 000 Da. In contrast, afRFC eluted from native gel
®ltration columns as a single, symmetrical peak with an
elution volume of the peak fraction which corresponded, when
compared with globular molecular weight standards, to a
molecular mass of 270 000 Da (data not shown). This native
gel ®ltration data would suggest a hexameric (expected
molecular mass of two large and four small subunits is
259 326 Da) and not a heteropentameric (expected molecular
mass of one large and four small subunits is 201 651 Da)
composition of afRFC. However, since the native conform-
ation of afRFC is most likely not globular, we sought to
analyse the stoichiometry of afRFC further. We carried out a
gel ®ltration under denaturing conditions as described in

4332 Nucleic Acids Research, 2002, Vol. 30 No. 20



Materials and Methods. Denaturing of afRFC by 6 M
guanidinium hydrochloride resulted in a good separation of
the afRFC large and small subunits (see elution pro®le in
Fig. 1A and compare lane L with lanes 3±8 in Fig. 1B). Peak
quanti®cation of the elution pro®le obtained at 280 nm and
dividing by the respective extinction coef®cients as described
in Materials and Methods resulted in a 1 large:4.2 small afRFC
subunit ratio, which favoured a heteropentameric afRFC
complex composed of 1 large and 4 small subunits.

In order to obtain a different and more precise evaluation of
the stoichiometry we employed analytical ultracentrifugation.
Sedimentation equilibrium gives molecular weight informa-
tion in a rigorous, thermodynamic method without the need for
standards, as used in gel ®ltration. Figure 2 shows the results
of such an experiment: molecular weight versus absorbance
plots were calculated from the data at three concentrations at
7000 r.p.m. It can be seen that the plots are ¯at and are at a
value of ~200 000 Da: this is consistent with single species
corresponding to a stoichiometry of 1 large to 4 small subunit
complex. Globally ®tting the sedimentation equilibrium data
from three loading concentrations, taken at three speeds,
yields a molecular weight of 202 496 Da with limits of
201 337 and 203 659 quoted at the 67% con®dence limit.
This result is again consistent with a subunit stoichiometry of
1 large:4 small (201 651 Da).

afRFC strongly stimulates the processivity of afPolB1 in
the presence of afPCNA

To determine whether the puri®ed afRFC was functional, we
also expressed and puri®ed the PCNA homologue (AF0335;
17) and a type B polymerase (PolB1, AF0497; 17) from
A.fulgidus. Both proteins were overexpressed in E.coli and
puri®ed as described in Materials and Methods. Using primed
closed circular M13mp18 DNA and mixtures of afRFC,

afPCNA and afPolB1, we tested the functionality of the
puri®ed proteins in primer extension assays. As shown in
Figure 3, in the presence of afPCNA, afRFC strongly
stimulated both the amount of overall synthesis and the
processivity of afPolB1 compared with reactions containing
only afPolB1 (compare lane 1 to lanes 5±7). When used in
separate reactions, neither 4 pmol of afPCNA (Fig. 3, lane 3)
nor 4 pmol of afRFC (Fig. 3, lane 4) signi®cantly stimulated
DNA synthesis by afPolB1. However, at a 3-fold higher
afPCNA concentration, some stimulation of DNA synthesis
could be observed (Fig. 3, lane 2). The reactions shown in

Figure 1. Gel ®ltration of afRFC under denaturing conditions. (A) Elution
pro®le. Shown is the trace at 280 nm, the fraction numbers are indicated at
the x-axis. (B) Coomassie brilliant blue-stained 12.5% SDS±PAGE gel.
Lane M, molecular mass marker; lane L, 5 ml of the 100 ml loaded sample;
lanes 3±8, 20 ml each of column fractions 18±23.

Figure 2. Plots of molecular weight versus concentration for data taken at
7000 r.p.m. The data show a ¯at pro®le, distributed around a molecular
weight of ~200 000 Da. This is consistent with a subunit stoichiometry of 1
large:4 small. This result was con®rmed by globally ®tting the data taken at
three concentrations and three speeds (see Results). The loading concentra-
tions were A280 = 0.2 (squares), A280 = 0.4 (black circles) and A280 = 0.6
(grey circles). Molecular weight versus absorbance plots were generated
using the software provided with the centrifuge.

Figure 3. Effects of afRFC and afPCNA on DNA synthesis catalysed by
afPolB1. Reaction mixtures (20 ml) were as described in Materials and
Methods and contained 200 mM NaCl. All reactions contained 25 fmol of
singly primed, closed circular M13mp18 DNA and 12 pmol of afPolB1.
Where indicated, 4 pmol (lanes 3 and 5) or 12 pmol (lanes 2, 6 and 7) of
afPCNA and 4 pmol (lanes 4, 5 and 6) or 12 pmol (lane 7) of afRFC were
added. Reactions were incubated for 30 min at 65°C, precipitated and ana-
lysed by alkaline gel electrophoresis. An autoradiogram of a dried gel is
shown.
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Figure 3 contained 200 mM NaCl since at NaCl concentra-
tions <150 mM, afPolB1 alone showed considerable
processivity even in the absence of afPCNA. This phenom-
enon has already been described for other archaeal family B
polymerases (23).

Characterisation of the afRFC ATPase activity

All clamp loader proteins analysed to date possess intrinsic
ATPase activity that can be stimulated both by various nucleic
acids and by their clamp protein partner (7,13±16). As shown
in Table 1, we investigated the ATPase properties of afRFC in
the presence or absence of various nucleic acid substrates, and
of afPCNA. Using the ammonium molybdate±malachite green
assay, we determined 70°C and a magnesium concentration of
20 mM as optimal for the afRFC ATPase activity (data not
shown). Even in the presence of saturating concentrations of
ATP (2 mM) the rate of ATP hydrolysis was very slow for
afRFC alone (kcat = 0.01 s±1 at 55°C, Km for ATP of 10 mM)
and could only be determined by using [g-32P]ATP, the
hydrolysis products of which were analysed by thin layer
chromatography followed by quanti®cation of released Pi on a
phosphorimager. Using a continous coupled ATPase assay we
determined that, in the presence of various DNA substrates,
kcat was increased at least 50-fold, with a slightly increased Km

for ATP of 25 mM. However, we did not ®nd major differences
in the ability of various DNA substrates to stimulate the
ATPase rate of afRFC. Thus, single-stranded DNA oligo-
nucleotides, double-stranded DNA, 5¢- or 3¢-tailed DNA
substrates, single-stranded or primed M13mp18 DNA, as well
as an RNA/DNA heteroduplex gave essentially the same
results. However, we could not observe signi®cant stimulation
using a single-stranded RNA 21mer. Generally, if afPCNA
was added to DNA-containing reactions, a further 2±3-fold
increase of the ATPase rate of afRFC was observed.
Interestingly, while we observed this afPCNA-dependent
increase in the ATPase rate in the presence of both tailed
and single-stranded DNA, we did not observe it in the absence
of DNA or in the presence of the closed circular M13mp18
DNA. This result suggests that the presence of a non-
covalently linked DNA end is essential to obtain the PCNA-
dependent afRFC ATPase stimulation. Inhibition of the clamp

loader ATPase activity by its clamp in the absence of DNA has
also been described for the E.coli g complex (7,24) and for the
human RFC (25), but contrasts with data obtained for yeast
RFC (8).

We could not detect a signi®cant ATPase rate of afRFCla
and the rate of ATP hydrolysis of afRFCsm was very slow
with a kcat = 0.02 s±1 at 55°C in the presence of DNA that
increased 2±3-fold in the presence of afPCNA (data not
shown).

ATP binding, but not hydrolysis, is essential for
afRFC±afPCNA interactions

In light of the stimulation of the afRFC ATPase activity by
both DNA and afPCNA, we sought to analyse these
interactions further. First, we investigated the interaction
between afRFC and afPCNA using both pull-down assays and
gel ®ltration. For the pull-down assays, afRFC was coupled to
Ni±agarose beads via the His-tag located at the N-terminus of
the large subunits. This complex was incubated with a molar
excess of afPCNA in the presence or absence of ATP, ADP, or
the ATP analogues AMP-PNP or ATPgS. Because of its imido
bond, AMP-PNP is a completely non-hydrolysable analogue
of ATP, whereas ATPgS can be hydrolysed by some enzymes.
However, we could not detect any ATPgS hydrolysis by
afRFC even after prolonged incubation (data not shown) and
therefore regard ATPgS as non-hydrolysable in our studies. To
determine the level of non-speci®c binding, afPCNA was
incubated with the beads in the absence of afRFC (Fig. 4C,
lanes 5±8). The observed amount of non-speci®cally bound
afPCNA (Fig. 4C, lanes 7 and 8) was then subtracted from all
reactions. The amount of afPCNA bound in the presence of
afRFC and 1 mM ATP was taken to be 100% and all other
values were normalised to this value. As shown in Figure 4A,
only about one-quarter (27%) of the amount of afPCNA that
binds to afRFC in the presence of 1 mM ATP also binds in the
absence of nucleotide (Fig. 4A, compare lanes 3 and 4 with 7
and 8). The non-hydrolysable analogues ATPgS and AMP-
PNP supported the interaction between afRFC and afPCNA,
albeit to differing extents. Hence, whereas 1 mM ATPgS was
able to substitute for ATP (88%; Fig. 4B, lanes 7 and 8), 1 mM
AMP-PNP stimulated the interaction between afRFC and
afPCNA only marginally (36%; Fig. 4B, lanes 3 and 4).
However, at 10 mM AMP-PNP, the highest concentration
analysed, this value increased to 72% (data not shown),
indicating that 1 mM AMP-PNP was not saturating under our
assay conditions. In contrast, ADP did not stimulate the
interaction between afRFC and afPCNA at concentrations
ranging from 1 mM (27%; Fig. 4C, lanes 3 and 4) to 10 mM
(data not shown). We sought to verify these results by a
different method. Since gel ®ltration is a non-equilibrium
technique, only tight interactions are detected. We incubated
afRFC and afPCNA in buffers containing no nucleotide, 1 mM
ATP or 1 mM ADP and ran the mixtures on 24-ml gel ®ltration
columns at room temperature (data not shown). Signi®cant
afRFC±afPCNA co-elution could only be detected when ATP
was present in the running buffer, but not in the presence of
ADP or in the absence of nucleotide. Since afRFC has only
very low ATPase activity at room temperature (kcat = 0.02 s±1

in the presence of ssM13), this gel ®ltration data favours
the conclusion drawn from the pull-down assays, that
ATP binding rather than hydrolysis drives formation of

Table 1. Stimulation of afRFC ATPase activity by different DNA effectors
and by afPCNA

DNA kcat

(per s)
kcat in the
presence of
afPCNA (per s)

None 0.01 0.003
ssM13 0.50 0.37
Primed ssM13 1.03 2.96
Random ss 30mer 0.74 2.06
Random ds 30mer 0.48 2.59
Random ss 60mer 1.04 2.08
5¢-tailed 60mer 1.03 2.60
3¢-tailed 60mer 0.99 1.96
RNA (21mer) 0.01 0.02
RNA/DNA heteroduplex (21mer/60mer) 0.94 1.94

afRFC-catalysed ATP (2 mM) hydrolysis was measured at 55°C, in the
absence and presence of afPCNA (450 pmol) and DNA (30 mg). The kcat

was determined by dividing the rate of ADP generation by afRFC
concentration.

4334 Nucleic Acids Research, 2002, Vol. 30 No. 20



afRFC±afPCNA complexes. When ATP was present only in
the initial sample, but not in the running buffer, the interaction
with afPCNA was lost on the column, indicating that the Kd of
afRFC for ATP was too high to keep ATP bound during the
gel ®ltration run.

Using the gel ®ltration assay, we also detected ATP-
dependent afRFCsm±afPCNA interactions. However, when
afPCNA binding of the same amounts of afRFC small subunit
present on its own or in the large/small subunit complex were
compared, only about one-®fth of afPCNA that bound to the
afRFC complex also bound to afRFCsm (data not shown).

As Figure 5 shows, using the pull-down technique, we
could also detect signi®cant interaction between afRFCla
and afPCNA. However, unlike the afRFC±afPCNA and
afRFCsm±afPCNA interactions, this complex formation was
not stimulated by ATP (Fig. 5, compare lanes 3 and 4 with 7
and 8).

In¯uence of nucleotides on afRFC±DNA±afPCNA
interactions and speci®city of afRFC±afPCNA for
DNA versus RNA substrates

We analysed the in¯uence of ATP and its non-hydrolysable
analogues AMP-PNP and ATPgS on the interaction between
afRFC and DNA in the absence or presence of PCNA. Clamp
loaders are believed to load their clamp onto the free 5¢ single
strand of primer±template substrates (26). Therefore, in the
experiments shown in Figure 6, we used a DNA substrate that
consisted of a 30-nt duplex and a (dT)30 tail attached to one of
the 5¢ ends. If afPCNA was not present in the reactions
(Fig. 6A) and at 2 mM ®nal concentration of nucleotide, ATP
(triangles) resulted in the greatest amount of shifted DNA,
followed by ATPgS (circles) and AMP-PNP (diamonds).
Using afRFCsm, we did not detect signi®cant amounts of
shifted DNA in these assays (data not shown), suggesting that
the main DNA interacting domain of afRFC resides in the
large subunit. afPCNA stimulated the interaction of afRFC
with DNA signi®cantly, both in the absence and presence of
nucleotide. However, in the presence of afPCNA, ATPgS
resulted in the highest amount of shifted DNA (Fig. 6B,
circles). It has been shown in other systems that clamp loaders
are released from ternary clamp loader±clamp±DNA com-
plexes after ATP hydrolysis, leaving the clamp assembled on
DNA (7,8,27,28). Since the substrate we used in our gel shift
assays was not circular, once loading of afPCNA was
completed, afPCNA should be able to slip off the free ends
of the DNA substrate. Therefore, the result that ATPgS gave a
higher amount of shifted DNA compared with ATP indicates
that the loading of afPCNA by afRFC was stalled in the
presence of ATPgS.

After synthesising an RNA±DNA hybrid primer of 35±50
residues (29), the eukaryotic polymerase/primase, Pol a, is
replaced by Pol d in a process that involves RFC±PCNA
(30,31). Therefore we also investigated the interaction of
afRFC±afPCNA with RNA and RNA/DNA heteroduplexes.
As shown in Figure 7, in the presence of ATPgS, we observed
comparable amounts of shifted single-stranded DNA (circles)
and 5¢-tailed DNA duplex (diamonds). In comparison, slightly
more RNA/DNA heteroduplex (triangles) and signi®cantly
less single-stranded RNA (squares) were bound.

Figure 5. ATP does not stimulate afRFCla±afPCNA interactions. Aliquots
of 20 mg of afRFCla were incubated with 400 pmol of afPCNA in the
absence (lanes 1±4) or presence of ATP (lanes 5±8). AfRFCla±afPCNA
complexes were captured and analysed as described in Materials and
Methods and in the legend to Figure 4. Lane M, molecular mass markers;
lanes 1 and 5, 10% of reaction mixtures; lanes 2 and 6, 10% of supernatants
after incubation with Ni±agarose beads; lanes 3 and 7, 30% of eluates; lanes
4 and 8, 70% of eluates.

Figure 4. ATP binding, but not hydrolysis, is needed to stimulate
afRFC±afPCNA interactions. 150 pmol of afRFC were incubated with
400 pmol of afPCNA in the presence of magnesium and various nucleotides.
afRFC±afPCNA complexes were captured by incubation with Ni±agarose
beads as described in Materials and Methods. Captured proteins were eluted
by boiling in SDS sample buffer and aliquots of the reactions were analysed
by SDS±PAGE on 15% gels followed by staining with Coomassie brilliant
blue dye. To improve quanti®cation, 30% as well as 70% of the eluates were
run on the gels. Where indicated above the respective lanes, nucleotides
(ATP, AMP-PNP, ATPgS or ADP) at ®nal concentrations of 1 mM were
added to both the reaction mixtures and the washing buffers. After correc-
tion for non-speci®cally bound afPCNA [(C), lanes 7 and 8], the amount of
afPCNA bound to afRFC in the presence of ATP was taken to be 100% and
all other values were normalised to this value. The results of these calcula-
tions are shown below the respective lanes. Lanes M, molecular mass
markers; lanes 1 and 5, 10% of reaction mixtures; lanes 2 and 6, 10% of
supernatants after incubation with Ni±agarose beads; lanes 3 and 7, 30% of
eluates; lanes 4 and 8, 70% of eluates.
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DISCUSSION

The process by which replicative DNA polymerases obtain
processivity has been conserved among prokaryotes,
eukaryotes and archaea both mechanistically and in terms of
the participating proteins (see 1 for a recent review). Thus,
generally, replicative DNA polymerases are tethered to DNA
by ring-shaped proteins, called sliding clamps. To overcome
the problem of loading a toroidal protein onto DNA, sliding
clamps depend on multisubunit protein complexes, called
clamp loaders. Both the clamp loader of eukaryotes, RFC, and
the minimal clamp loader of E.coli, the g3dd¢ complex, are
heteropentamers (3,10). Deletion analysis in yeast showed that
each of the ®ve different subunits of RFC is essential (9). In
contrast, in all archaea analysed to date only two different
proteins constitute the RFC-like clamp loader (14±16).

In this study, we describe the biochemical characterisation
of a clamp±loader complex from the euryarchaeon A.fulgidus
(afRFC). Our analysis showed that afRFC, like the eukaryotic
and the minimal E.coli clamp loader, is a heteropentamer,
consisting of one large and four identical small subunits. In
primer extension assays, afRFC stimulated the processivity of
puri®ed A.fulgidus polymerase B1 in afPCNA-dependent
reactions. We were also able to purify the small afRFC
subunit and, albeit only to a limited extent, the large afRFC
subunit on their own. Both subunits interact individually with
afPCNA. However, unlike the afRFC small subunit and the

afRFC complex, the afPCNA interaction of the large subunit
was not stimulated by nucleotides. Multiple contact sites
between the clamp loader and the sliding clamp have also been
shown for human RFC (32) and have been suggested in the
E.coli system (4). We could not detect signi®cant DNA
binding of afRFCsm, indicating that the main DNA-interact-
ing domain of afRFC resides in the large subunit. In human
RFC only the large subunit, but none of the small subunits,
could be crosslinked to DNA (26). The DNA binding activity
of the small human RFC subunits analysed so far (p40, p37
and p36) is very weak and could only be detected at low ionic
strength (32). For the A.fulgidus RFC, like in the E.coli and
eukaryotic systems (7,26,33), only ATP binding, but not
hydrolysis, proved to be essential to stimulate clamp loader±
clamp interactions as well as clamp loader±clamp±DNA
interactions.

The interaction of afRFC±afPCNA with RNA was signi®-
cantly lower than the interaction detected with DNA or RNA/
DNA substrates. To date, the length of the predicted RNA/
DNA primers generated during initiation of DNA replication
is not known for archaea. However, archaeal primases show
similar in vitro activities as eukaryotic primases (34,35). Thus,
like the eukaryotic primase/Pol a (29), archaeal primases
might generate a similar RNA/DNA primer of ~40 nt in
length, including ~10 nt of RNA. Assuming a similar
recognition of primer±template junctions as eukaryotic
RFC±PCNA (26), afRFC±afPCNA might rather contact the
DNA than the RNA moiety of RNA/DNA primers generated
during the initiation of DNA replication.

The afRFC ATPase activity depended strongly on the
presence of DNA (at least 50-fold stimulation was observed).
However, as described for other clamp loaders (7), we could
not detect a signi®cant preference for any of the DNA
substrates. The ATPase activity of afRFC was a further 2±3-
fold stimulated by afPCNA. Interestingly, in the absence of
DNA, we detected a 3-fold inhibition of the already very low

Figure 7. Comparison of afRFC±afPCNA binding to single-stranded DNA,
single-stranded RNA, a 5¢-tailed DNA duplex or an RNA/DNA hetero-
duplex. Increasing amounts of afRFC (0.25±5 pmol) were incubated as
described in Materials and Methods with 50 fmol of the polynucleotides in
the presence of 10 pmol afPCNA and 2 mM ATPgS. The single-stranded
DNA substrate (circles) was a 30mer (5¢-CTGACCGTCGAGCACCGCTG-
CGGCTGCACC-3¢), the RNA substrate (squares) was a 21mer (5¢-GAG-
CACCGCUGCGGCUGCACC-3¢), and the RNA/DNA heteroduplex
(triangles) consisted of the RNA 21mer annealed to the DNA 60mer already
used for the generation of the 5¢-tailed DNA substrate of Figure 6. Thus, the
RNA/DNA heteroduplex was composed of 21 bp attached to a 5¢ (dT)30 tail
and a 3¢ tail of nine deoxyribonucleotides. The data for the 5¢-tailed DNA
duplex (diamonds) was obtained from Figure 6B. Reaction products were
separated by native gel electrophoresis in 8% polyacrylamide gels. The
amount of shifted polynucleotide (fmol) was quantitated by phosphorimager
analysis and plotted against the amount of afRFC (pmol) in the reactions.Figure 6. Effects of nucleotides on afRFC±DNA interactions in the absence

(A) or presence of 10 pmol afPCNA (B). Increasing amounts of afRFC
(0.25±5 pmol) were incubated as described in Materials and Methods with
50 fmol of a 5¢-tailed DNA substrate consisting of a 30mer (5¢-
CTGACCGTCGAGCACCGCTGCGGCTGCACC-3¢) annealed to a 60mer
(5¢-T30GGTGCAGCCGCAGCGGTGCTCGACGGTCAG-3¢). In addition,
the reactions either contained 2 mM ATP (triangles), 2 mM ATPgS
(circles), 2 mM AMP-PNP (diamonds), or were carried out in the absence
of nucleotide (squares). Reaction products were separated by native gel
electrophoresis in 8% polyacrylamide gels. The amount of shifted DNA
(fmol) was quantitated by phosphorimager analysis and plotted against the
amount of afRFC (pmol) in the reactions.
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afRFC ATPase activity (kcat = 0.01/s at 55°C), if afPCNA was
added to the reactions (kcat = 0.003/s at 55°C). This result is in
agreement with a previous study of human RFC (25), in which
it was suggested that the ATPase activity of RFC is stalled in
RFC±PCNA complexes and the stalling is only released when
PCNA is loaded onto DNA. Furthermore, we also determined
a slight inhibition of the afRFC ATPase activity in the
presence of single-stranded closed circular M13 DNA. This
result provides additional evidence for the model presented by
Shiomi et al. (25), since an unprimed closed circular DNA
should not support RFC-dependent PCNA loading. A similar
inhibition of the E.coli g complex ATPase activity in the
presence of unprimed ssM13 DNA by the b sliding clamp has
been described (7).

Low- and high-resolution structures of E.coli, P.furiosus
and human clamp loader proteins have provided fundamental
insights into the function of these ATP-driven molecular
machines (4,5,25,36,37). Overall, they showed a high extent
of conservation, which is in good agreement with the observed
similar biochemical properties. The biochemical data, how-
ever, also pinpoint important differences between the different
systems. For example, whereas the E.coli clamp loader is
released from the clamp±DNA composite after ATP
hydrolysis (7), this is apparently not the case for the human
RFC (31). Moreover, the individual roles that the ®ve different
eukaryotic RFC subunits play during the clamp loading
process, for example which of them hydrolyse nucleotide and
which are only essential for nucleotide binding, remains
elusive at the moment. The similar, yet simpli®ed, two-subunit
archaeal clamp loader should provide a good model system to
address these questions.
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