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The Cdc6-1 and -2 proteins from the archaeon Methanothermobacter thermautotrophicus were previously
shown to bind the minichromosome maintenance (MCM) helicase. It is shown here that Cdc6-2 protein
dissociates the MCM complex. This observation supports the hypothesis that the Cdc6-2 protein functions as

a helicase loader.

The minichromosome maintenance (MCM) helicase is
thought to function as the replicative helicase in archaea. All
archaeal species that have been sequenced contain at least one
homologue of the MCM helicase. Biochemical studies of a
number of archaeal MCM proteins demonstrated that the en-
zyme possesses an ATP-dependent 3'—5" helicase activity and
the ability to bind and translocate along single-stranded DNA
(summarized in references 1 and 11). Studies with Methano-
thermobacter thermautotrophicus and Thermoplasma acidophi-
lum MCM proteins showed that the enzymes could also bind
and translocate along duplex DNA (8, 18). It was proposed
that double-stranded DNA translocation plays an important
role during the initiation (and perhaps elongation) process (13,
22). In addition, the M. thermautotrophicus MCM complex can
displace proteins from DNA (18, 20) and unwind DNA-RNA
hybrids while translocating along the DNA strand (19).

The mechanism of MCM helicase assembly at the archaeal
origins of replication is currently unknown. It was suggested,
however, that the Cdc6 proteins play a major role in the as-
sembly process, functioning as a helicase loader. This is based
on the similarity between the archaeal and eukaryal Cdc6
amino acid sequences (Cdc6 protein is the putative helicase
loader in eukarya) (6). In addition, the Cdc6 proteins from
several archaea were shown to interact with MCM and to
regulate its helicase activity (5, 8, 10, 17). It was found that the
interactions between a Cdc6 protein from 7. acidophilum and
its MCM protein stimulated helicase activity, while interaction
between Cdc6 proteins from M. thermautotrophicus or Sulfolo-
bus solfataricus and MCM protein inhibited the helicase (5, 8,
17). The inhibition of helicase activity is similar to the obser-
vation made with the Escherichia coli helicase loader DnaC,
which inhibits DnaB helicase activity on an artificial substrate
(23, 24).
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There are two main mechanisms used by the helicase load-
ers. They function either as a “ring breaker,” where the loader
opens the hexameric ring of the helicase (e.g., E. coli) (Fig.
1A), or as a “ring maker,” where it builds the hexameric ring
from monomers on the DNA (e.g., phage T4) (Fig. 1B) (sum-
marized in reference 4).

The archaecon M. thermautotrophicus contains two Cdc6 ho-
mologues, referred to as Cdc6-1 and Cdc6-2. Previous bio-
chemical studies suggested that Cdc6-1 may function in origin
recognition (2, 9, 15) while Cdc6-2 acts in helicase loading. If
Cdco6-2 is involved in helicase assembly at the origin, it may
have an effect on the oligomeric state of the MCM helicase and
function as a ring breaker or ring maker.

In this study, the effect of the Cdc6-2 protein on MCM
protein oligomeric structure was examined.

The Cdc6-2 protein can dissociate MCM multimers. Al-
though the Cdc6-1 protein was thought to function in origin
recognition and Cdc6-2 in helicase loading, it is not clear
whether Cdc6-1 is also involved in helicase loading. Thus, the
effects of both proteins on MCM oligomerization were evalu-
ated using size exclusion chromatography. Four hundred nano-
molar MCM helicase (as a monomer) in 250 wl buffer (20 mM
Tris-HCI [pH 7.5], 25 mM NaCl, and 10% glycerol) was incu-
bated in the absence or presence of 8§ uM Cdc6 (as a mono-
mer) at 25°C for 1 h, followed by fractionation on a Superdex
200 gel filtration column. The column was preequilibrated with
buffer containing 20 mM Tris-HCI (pH 7.5), 25 mM NaCl, 1
mM EDTA, and 10% glycerol. Five-hundred-microliter frac-
tions were collected, and 100 pl of each was fractionated by
10% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and analyzed using Western blotting
with rabbit anti-M. thermautotrophicus MCM helicase poly-
clonal antibodies.

As shown in Fig. 2, and as previously reported (3, 12, 16),
the MCM protein forms multimers in solution. When the
Cdc6-2 protein is added to MCM helicase, the multimeric
helicase is dissociated. Cdc6-1 protein, on the other hand,
does not affect the oligomeric state of MCM helicase. It is
important to point out that the concentrations of MCM
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FIG. 1. Models for the mechanism of helicase assembly at the or-
igin by various helicase loaders. Gray circles, helicase; black circles,
helicase loader. See the text for details.

protein in all experiments were the same. These data suggest
that Cdc6-2 protein may function as a helicase dissociater
and also support its role as a helicase loader. The data are
compatible with the notion that Cdc6-1 protein may be
involved in origin recognition but not in helicase loading.
ATP binding to Cdc6 is required for MCM helicase disso-
ciation. The Cdc6 proteins belong to the AAA™ family of
ATPases. Therefore, ATP binding and/or hydrolysis may play
a role in MCM helicase dissociation. Although the results
described above (Fig. 2) were obtained in the absence of ATP,
this does not exclude the possibility that nucleotide binding by
Cdc6-2 is required for MCM helicase dissociation. It was pre-
viously shown that purified archaeal Cdc6 proteins are tightly
bound to ADP and only denaturation in urea or guanidinium
can remove the bound nucleotides (7, 14, 21). Thus, to deter-
mine whether ATP binding is required, the Cdc6-2 protein was
denatured in buffer containing 6 M urea and 50 mM Tris-HCl
(pH 7.5), followed by dialysis with buffer containing 20 mM
Tris-HCl (pH 7.5), 25 mM NaCl, 1 mM EDTA, and 10%
glycerol to refold the protein. Then, the effect of the Cdc6-2
protein without bound nucleotide (7) on MCM helicase oligo-
meric structure was determined. The experiment was per-
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FIG. 2. Cdc6-2 protein dissociates the MCM helicase. MCM pro-
tein (400 nM as a monomer) was incubated in the absence or presence
of Cdc6-1 or Cdc6-2 protein (8 wM as a monomer) for 1 h at 25°C,
followed by fractionation on a Superdex 200 gel filtration column.
Five-hundred-microliter fractions were collected, and 100 pl was sep-
arated on 10% SDS-PAGE gel, followed by Western analysis with
MCM helicase polyclonal antibodies, and visualized by autoradiogra-
phy. Lane 1 represents the gel filtration load-on sample, lane 2 repre-
sents no sample, and lanes 3 to 15 represent the different fractions.
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FIG. 3. ATP binding by Cdc6-2 protein, but not by MCM helicase,
is required for MCM helicase dissociation. MCM protein (400 nM as
a monomer) was incubated with Cdc6-2 protein (8 M as a monomer)
for 1 h at 25°C, followed by fractionation on a Superdex 200 gel
filtration column. Five-hundred-microliter fractions were collected,
and 100 pl was separated on 10% SDS-PAGE gel, followed by West-
ern analysis with MCM helicase polyclonal antibodies, and visualized
by autoradiography. Lane 1 represents the gel filtration load-on sam-
ple, lane 2 represents no sample, and lanes 3 to 15 represent the
different fractions. (A) MCM protein was incubated with Cdc6-2 pro-
tein (8 uM as a monomer, which was denatured in 6 M urea, followed
by refolding) in the absence or presence of 5 mM ATP. (B) MCM
protein was incubated in the absence or presence of Cdc6-2(K71E) or
Cdc6-2(D148N) mutant protein. (C) MCM mutant protein (K325A)
was incubated in the absence or presence of Cdc6-2 protein.

formed under one of two conditions, in the absence or pres-
ence of 5 mM ATP. Both assays included 10 mM MgCl, and
were performed as described above.

As shown in Fig. 3A, the refolded Cdc6-2 protein could not
dissociate MCM helicase unless ATP was added to the reac-
tion. No dissociation could be observed when ATP was omitted
from the reaction. These results suggest that ATP (or ADP)
binding by Cdc6-2 is required for MCM helicase dissociation.

An alternative approach to determining whether nucleotide
binding by the Cdc6-2 protein is required for MCM helicase
dissociation is to use Cdc6 proteins with mutations in the ATP
binding or hydrolysis sites (7, 17). One mutant protein,
Cdc6(K71E), carries a mutation in the Walker-A motif and
cannot bind ATP (7). A second mutant protein, Cdc6(D148N),
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has a mutation in the Walker-B motif and can bind ATP but
has very limited ATPase activity (7). Tests performed with the
two mutant proteins determined that ATP binding by Cdc6-2 is
required for MCM helicase dissociation, as Cdc6(K71E) can-
not dissociate the helicase, while Cdc6(D148N) can (Fig. 3B).

The requirement for ATP binding by the putative loader
in dissociating the helicase is reminiscent of the observation
made with E. coli in which the DnaC protein has to be in the
ATP-bound form in order to interact with and assemble the
DnaB protein at the origin (25). The results are also con-
sistent with the observation that ATP binding by the Cdc6-2
protein is required for the inhibition of MCM helicase ac-
tivity (17).

MCM helicase does not require ATP binding for dissocia-
tion. Like Cdc6, MCM helicase belongs to the AAA™ family
of ATPases. The experiments whose results are shown in
Fig. 2 and 3A and B were performed in the absence of ATP,
suggesting that ATP binding by MCM helicase is not re-
quired for its dissociation. However, to address this question
more directly, the experiments with Cdc6-2 were repeated as
described above but with the substitution of a mutant MCM
protein [MCM(K325A), previously shown to be devoid of
ATP binding (3, 7, 16)] for the wild-type enzyme. As shown
in Fig. 3C, Cdc6-2 protein dissociates the mutant MCM
complex, demonstrating that ATP binding by the helicase is
not required for its dissociation. These results are also sim-
ilar to the observation made with the E. coli system in which
ATP binding by the DnaB protein is not needed for its
interaction and loading onto the origin by DnaC.

M. thermautotrophicus Cdc6-2 protein may function as a
helicase loader. The archaecal MCM helicase loader has not yet
been identified. However, the data presented here, together
with past observations, suggest that the M. thermautotrophicus
Cdc6-2 protein may play an important role in helicase assembly
at the origin. The Cdc6-2 protein possesses several biochemical
properties similar to the E. coli helicase loader, DnaC. When
Cdc6-2 protein binds to MCM helicase, it inhibits helicase
activity, similar to the observation made with E. coli. Like
DnaC, Cdc6-2 protein needs to bind ATP for efficient inhibi-
tion of MCM activity, but ATP hydrolysis is not required.
These similarities in the biochemical properties of the DnaC
and Cdc6-2 proteins lead to the proposal that Cdc6-2 may load
the helicase similarly to DnaC.

However, the data shown here suggest some differences be-
tween E. coli and M. thermautotrophicus. While a stable com-
plex between hexamers of DnaB and DnaC (forming a DnaBg-
DnaC, complex) can be readily detected (25), the data
presented here show that the Cdc6-2 protein dissociates the
MCM multimers. These observations may suggest a new mech-
anism for helicase loading that combines the properties of the
ring breakers and makers. The Cdc6-2 protein may work as a
ring dissociater (Fig. 1C).

It is not clear, however, how the MCM helicase assembles at
the origin. One possibility is that another protein(s) assembles
MCM helicase at the origin after its dissociation by Cdc6-2.
Alternatively, Cdc6-2 protein may cooperate with the origin
recognition protein Cdc6-1 in the assembly process. A similar
situation, where the DnaC and DnaA proteins are both needed
for helicase loading, occurs in E. coli.

It must be noted, however, that different archaea may pos-
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sess different helicase loading mechanisms. As described
above, in M. thermautotrophicus and S. solfataricus the Cdc6
protein inhibits helicase activity (5, 17) but in 7. acidophilum it
has a stimulatory effect (8). Thus, it is possible that in some
cases, e.g., that for M. thermautotrophicus, the helicase loader
works as a ring dissociater, while in other cases it functions as
a ring maker or breaker. Only further studies with different
archaea will shed light on the similarities and differences be-
tween the processes.

The mechanism of eukaryotic MCM helicase assembly is
also not yet known. However, as many replication and initia-
tion proteins, including Cdc6 and MCM helicase, are similar in
archaea and eukarya, it is possible that one of the proteins
involved in the loading process in eukarya (i.e., Cdc6) also
dissociates the hexameric MCM helicase ring.
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