THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 283, NO. 45, pp. 31172-31182, November 7, 2008
© 2008 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

Mcm Subunits Can Assemble into Two Different Active

Unwinding Complexes™

Received for publication, June 19, 2008, and in revised form, September 8, 2008 Published, JBC Papers in Press, September 17,2008, DOI 10.1074/jbc.M804686200

Diane M. Kanter', Irina Bruck', and Daniel L. Kaplan“

From the Department of Biological Sciences, Vanderbilt University, Nashville, Tennessee 37235

The replication fork helicase in eukaryotes is a large complex
that is composed of Mcm2-7, Cdc45, and GINS. The Mcm2-7
proteins form a heterohexameric ring that hydrolyzes ATP and
provide the motor function for this unwinding complex. A com-
prehensive study of how individual Mcm subunit biochemical
activities relate to unwinding function has not been accom-
plished. We studied the mechanism of the Mcm4-Mcm6-Mcm7
complex, a useful model system because this complex has heli-
case activity in vitro. We separately purified each of three Mcm
subunits until they were each nuclease-free, and we then exam-
ined the biochemical properties of different combinations of
Mcm subunits. We found that Mcm4 and Mcm?7 form an active
unwinding assembly. The addition of Mcm6 to Mcm4/Mcm?7
results in the formation of an active Mcm4/Mcm6/Mcm?7 heli-
case assembly. The Mcm4-Mcm7 complex forms a ringed-
shaped hexamer that unwinds DNA with 3’ to 5’ polarity by a
steric exclusion mechanism, similar to Mcm4/Mcm6/Mcm?7.
The Mcm4-Mcm?7 complex has a high level of ATPase activity
that is further stimulated by DNA. The ability of different Mcm
mixtures to form rings or exhibit DNA stimulation of ATPase
activity correlates with the ability of these complexes to unwind
DNA. The Mcm4/Mcm7 and Mcm4/Mcm6/Mcm?7 assemblies
can open to load onto circular DNA to initiate unwinding. We
conclude that the Mcm subunits are surprisingly flexible and
dynamic in their ability to interact with one another to form
active unwinding complexes.

The replication fork helicase unwinds parental duplex DNA
to provide single-stranded DNA (ssDNA)? substrates for the
replicative polymerases (1, 2). Unwinding of the replication
fork in eukaryotes is powered by six minichromosome mainte-
nance proteins (Mcm2-7) acting in concert with Cdc45 and the
GINS complex (3—8). There are an estimated 30,000 Mcm mol-
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ecules in Saccharomyces cerevisiae, in vast excess of what is
required to license origins of DNA replication (9-13). Thus, it
is widely believed that Mcm proteins participate in functions
other than DNA replication. There is evidence that Mcm?7 acts
as a transcription factor (14), and Mcmb5 is essential for Stat-1-
mediated transcriptional activation (15). There is also evidence
that Mcm proteins are involved in chromatin remodeling (16 —
21), and Mcms interact directly with histone H3 (16, 22). Mcms
are also important to maintain genome stability (23, 24), and it
has been proposed that dormant origins licensed by Mcms are
required to survive replication stress (25).

During purification of Mcm proteins from yeast, mouse, or
Xenopus, Mcm4, Mcm6, and Mcm?7 are most tightly associated
(22, 26 -32). The Mcm4-Mcm6-Mcm?7 complex has helicase
activity in vitro, as demonstrated by the ability of recombinant
Mcm4/Mcm6/Mcm7 to unwind a duplex DNA substrate that
resembles a replication fork (29, 33-36). The unwinding activ-
ity of Mcm4/Mcm6/Mcm?7 is functionally conserved through-
out eukaryotes, as Mcm4-Mcm6-Mcm?7 complexes from bud-
ding yeast, fission yeast, Drosophila, Xenopus, and mouse
exhibit helicase activity (29, 33-35, 37).

Investigations of ring-shaped helicases have been primarily
focused on homohexameric assemblies (1, 2, 38). The eukary-
otic Mcms are somewhat unusual in this regard, because they
form heterohexamers. It is currently not known how the differ-
ent eukaryotic Mcm subunits function in coordination to
unwind DNA, and a comprehensive study of how individual
Mcm subunit biochemical activities relate to unwinding activ-
ity has not been accomplished.

Study of the eukaryotic Mcms may reveal insight into how
specific components of a hexameric helicase contribute to form
an active unwinding assembly. The Mcm4-Mcm6-Mcm?7 com-
plex is a useful model system in this regard, because the com-
plex purified from recombinant proteins is active as a helicase
in vitro. In the past, Mcm4-Mcm6-Mcm7 was purified as a pre-
assembled complex from partially purified subunits, because
Mcm4, Mcm6, and Mcm?7 subunits were not pure enough to
allow for direct study with DNA (33, 36, 39, 40). In this study,
the production of highly purified, nuclease-free individual
Mcm subunits is used to study how each Mcm subunit contrib-
utes to DNA unwinding. We find that the combination of indi-
vidually purified Mcm4 and Mcm?7 subunits results in a com-
plex that can unwind DNA. Incubation of Mcm6 with Mcm4/
Mcm?7 results in the formation of an active Mcm4/Mcm6/
Mcm?7 helicase assembly. Mcm4/Mcm?7 forms ring-shaped
particles that are likely to be hexameric, and Mcm4/Mcm?7
unwinds DNA with 3’ to 5" polarity in a manner that is consist-
ent with a steric exclusion model. The Mcm4/Mcm?7 and the
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Mcm4/Mcm6/Mcm?7 rings spontaneously open to load onto
circular ssDNA and unwind an annealed oligonucleotide. The
ability of different Mcm mixtures to form ring shapes and
exhibit DNA stimulation of ATPase activity correlates well with
the ability of these Mcm mixtures to unwind DNA. We con-
clude that Mcm subunits are surprisingly flexible and dynamic
in their ability to form active unwinding complexes.

EXPERIMENTAL PROCEDURES

Cloning and Purification of Mcm4, Mcm6, and Mcm7—The
full-length open reading frame of S. cerevisiae Mcm4 was
cloned into the Ndel/BamHI sites of the pET-28 vector (EMD
Biosciences). The Mcm4-pET-28 vector was transformed into
Escherichia coli BL-21 DE3 Codon Plus cells (Stratagene), and a
colony from the transformation was inoculated into 60 liters of
LB containing 30 ug/ml kanamycin. When the cells reached an
Ago00£0.6,0.7 mMm isopropyl 1-thio-B-p-galactopyranoside was
added, and the temperature was lowered to 12 °C. 16 h later,
cells were harvested and lysed by French press in 500 ml of
solution containing 10% sucrose, 3.5 g of spermidine, 500 mm
NaCl, and 50 mm Tris-HCI, pH 8.0. The lysate was applied to a
40-ml chelating Sepharose fast flow resin (GE Healthcare) pre-
charged with nickel sulfate. The column was washed with solu-
tion containing 500 mm NaCl, 50 mm Tris-HCI, pH 8.0, and 50
mM imidazole. The Mcm4 protein was eluted in solution con-
taining 10% glycerol, 500 mm NaCl, 50 mm Tris-HCI, pH 8.0,
and 250 mm imidazole, dialyzed into Buffer H (10% glycerol, 20
mMm Hepes, pH 7.5, 0.1 mm EDTA, and 1 mm DTT) containing
50 mm NaCl, and applied to a 30-ml SP-Sepharose column. The
SP column was washed with Buffer H containing 100 mm NaCl,
and Mcm4 was eluted in a 300-ml linear gradient from Buffer H
containing 100 mm NaCl to Buffer H containing 500 mm NaCl.
Peak fractions containing Mcm4 were combined and precipi-
tated with 0.3 g/ml ammonium sulfate, and the pellet was resus-
pended in 22 ml of Buffer H + 500 mm NaCl. 5 ml of this sample
containing 22.5 mg of protein was applied to a 124-ml Superdex
200 column (GE Healthcare) that was pre-equilibrated in Buffer
H + 500 mm NaCl. Peak fractions containing Mcm4 were
pooled and dialyzed against Buffer A (10% glycerol, 20 mm Tris-
HCl, pH 7.5,0.1 mMm EDTA, and 1 mm DTT) containing 50 mm
NaCl and 10 mMm magnesium chloride. The sample was applied
to an ssDNA-cellulose resin, and the flow-through containing
Mcm4 was flash-frozen.

Purification of Mcmé6 was identical to the procedure fol-
lowed previously (27), except the Mcm6 sample was further
purified. The Mcm6 sample was subjected to preparative size-
exclusion chromatography with a 124-ml Superdex 200 column
(GE Healthcare) that was pre-equilibrated in Buffer A + 500
mMm NaCl. Peak fractions containing Mcm6 were pooled and
dialyzed against Buffer A containing 50 mm NaCl and 10 mm
magnesium chloride. The sample was then applied to an
ssDNA-cellulose resin, and the flow-through containing Mcmé6
was flash-frozen.

Purification of Mcm?7 was identical to the procedure fol-
lowed previously (35), except the Mcm?7 sample was further
purified. The Mcm7 sample was subjected to preparative size-
exclusion chromatography with a 124-ml Superdex 200 column
that was pre-equilibrated in Buffer A + 500 mm NaCl. Peak
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fractions containing Mcm?7 were pooled and dialyzed against
Buffer A containing 50 mm NaCl and 10 mM magnesium chlo-
ride. The sample was then applied to an ssDNA-cellulose resin,
and the flow-through containing Mcm?7 was flash-frozen.

Radiolabeling and Annealing DNA—DNA was end-labeled
with T4 polynucleotide kinase (New England Biolabs)
according to the manufacturer’s instructions. To anneal
DNA, 500 nm radiolabeled DNA was incubated overnight at
37 °Cwith 1 uM complementary DNA in 20 mm Tris-HCl, 4%
glycerol, 0.1 mm EDTA, 40 pg/ml bovine serum albumin, 5
mM DTT, and 5 mm magnesium acetate in a final volume of 12
wl. Following the overnight incubation, the reaction was diluted
to a final concentration of 50 nM (concentration of radiolabeled
DNA) with 20 mm Tris-HCI, 0.1 mm EDTA.

Helicase Assay—Each unwinding reaction contained 25.4
mM Tris-HCI, pH 7.5, 9.9 mM magnesium acetate, 23.3% glyc-
erol, 152 uM EDTA, 42.4 ug/mlbovine serum albumin, 5.01 mm
DTT, 4.98 mm ATP, 4.98 mMm creatine phosphate, 19.9 ug/ml
creatine kinase, 1.2 nM 3?P-labeled DNA, and proteins as
detailed in each figure legend, in a final volume of 11 pul. Unless
otherwise indicated, the final concentration of each Mcm sub-
unit was 709 nM, expressed as a monomer (850 ng of Mcm4, 897
ng of Mcm6, and 750 ng of Mcm7). When UvrD was used as a
control, the final concentration was 3.7 ug/ml, or 45 nM mon-
omer. All reaction samples were prepared on ice, and shifted to
37 °C to initiate the reaction. At the end of the reaction, 1 ul of
proteinase K (10 mg/ml) was added, and the sample was incu-
bated an additional 1 min at 37 °C. 5 ul of stop solution (2%
SDS, 80 mm EDTA) was added, followed by 5 ul of 6 X loading
dye (15% Ficoll + 0.1% xylene cyanol), and finally the reaction
was flash-frozen. For DNA containing a biotin moiety, 100 nm
streptavidin was preincubated with the DNA prior to adding
Mcm proteins. For experiments containing T4 gp32, 26 ng (73
nMm) of T4 gp32 (New England Biolabs) was preincubated with
the DNA prior to adding the Mcm proteins.

For experiments with oligonucleotide substrates, samples
were analyzed by an 8% native polyacrylamide gel containing
1X TBE (90 mm Tris-HCl borate, 2 mm EDTA) at 225 V. The gel
was dried for 2 h at 60 °C and exposed to a phosphorimaging
screen overnight. For experiments with M13 circular ssDNA
substrates, samples were analyzed by a 1% native agarose gel
containing 1X TBE at 100 V. The gel was dried for 2 h at 60 °C
and exposed to a phosphorimaging screen overnight.

Analytical Size-exclusion Chromatography—Mcm4, Mcm6,
and/or Mcm?7 in a total volume of 400 ul were incubated at
15 °C for 30 min. For single subunit experiments, 400 ug of each
subunit was analyzed (9.17 um Mcm4 monomer, 8.69 um
Mcm6 monomer, or 10.5 uM Mcm7 monomer); for the binary
complex, 350 ug of Mcm4 and 400 pg of Mcm?7 were analyzed
(8.02 M Mcm4 monomer and 10.5 uM Mcm?7 monomer); and
for the ternary complex, 300 ug of Mcm4, 300 ng of Mcmé6, and
400 pg of Mcm?7 were analyzed (6.88 um Mcm4 monomer, 6.52
uM Mcm6 monomer, and 5.26 uM Mcm?7 monomer). The sam-
ples were applied to a 24-ml Superose 6 column (GE Health-
care) pre-equilibrated in Buffer A + 150 mm NaCl. 250-pul frac-
tions from the column were analyzed by SDS-PAGE followed
by staining with Coomassie Blue. The elution peaks of molecu-
lar weight standards were determined under the same condi-
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tions. 5 pl of each fraction of the elution was further analyzed
for helicase activity.

Electron Microscopy—Samples for electron microscopy con-
tained 20 mMm Tris-HCI, pH 7.5, 200 um DTT, 5 mm magnesium
acetate, 5 mM ATP, and Mcm proteins, each at a concentration
of 709 nMm (monomer), which is 77.3 ug/ml Mcm4, 81.5 pg/ml
Mcmé6, and 67.4 ug/ml Mcm?7. The sample was allowed to incu-
bate at 37 °C for 16 min. For samples containing glutaralde-
hyde, 0.04% glutaraldehyde was added after the initial incuba-
tion, and the sample was incubated at 37 °C for an additional
30 s as described previously (41). The reaction was quenched by
the addition of 50 mm EDTA. The reactions were kept on ice
until they could be fixed by negative staining. After 100-fold
dilution into helicase reaction buffer, 20 ul of sample was
applied to a copper mesh 300 grid for 30 s and wicked away, and
20 pl of 1% uranyl acetate was applied to the grid for 30 s and
then wicked away. Images were taken with a Philips CM-12
transmission electron microscope at a voltage of 80 kV with a
magnification of X140,000. Scion Image software was used to
create an average of selected images. Scion Image was also used
to measure the outer distance of the observed ring particles.

ATP Hydrolysis Assay—The ATP hydrolysis assay in a total
volume of 11 ul contained 25.4 mm Tris-HCI, pH 7.5, 9.9 mm
magnesium acetate, 23.3% glycerol, 152 um EDTA, 42.4 pg/ml
bovine serum albumin, 4.98 mm DTT, 4.98 mm ATP, 0.73 nCi
of [y-**P]ATP (PerkinElmer Life Sciences BLU002Z00), and
709 nMm (monomer) of each Mcm subunit (850 ng of Mcm4, 897
ng of Mcmé6, and/or 750 ng of Mcm?7). The samples were incu-
bated at 37 °C, and 2 ul were removed at 0-, 5-, 10-, and 30-min
intervals. The reaction was quenched with 2 ul of stop solution
(2% SDS, 80 mm EDTA), and then 1 ul of each sample was
spotted on thin layer chromatography plates (PEI-Cellulose F,
EMD Chemicals, Inc.) Each TLC plate was developed in 1 M
formic acid and 0.5 m LiClL. The plates were allowed to dry and
exposed to phosphorimaging cassettes for 30 min. For reactions
containing DNA, 1 uM of a 60(dT) oligomer was added to the
reaction.

RESULTS

Mcm4 and Mcm?7 Form an Active Helicase Assembly—Previ-
ously, the Mcm4-Mcm6-Mcm?7 complex was studied by puri-
fication of the intact hexameric assembly (29, 35, 40, 42, 43). To
study how the individual subunits assemble to form a func-
tional helicase, we improved the production and purification of
individual Mcm subunits, and SDS-PAGE analysis of the puri-
fied subunits is shown (Fig. 14). The new preparations of Mcm
subunits were incubated with one another and examined for
helicase activity (Fig. 1, B and C). The DNA substrate used in
this unwinding assay is duplex DNA bearing a single strand
extension at a 3’ end and a biotin-streptavidin group attached
to the 5" end. The 3’-single strand extension serves as a loading
strand for the helicase, whereas the biotin-streptavidin is a
bulky group that blocks helicase translocation along dsDNA.

Previously, only the Mcm4-Mcm6-Mcm?7 complex has been
shown to unwind DNA, and we fully expected helicase activity
to require the presence all three Mcm subunits. When studied
alone, Mcm6 or Mcm?7 exhibited practically no unwinding
activity (Fig. 1B, lanes 5 and 6, and Fig. 1C), whereas Mcm4
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exhibited very weak activity (Fig. 1B, lane 4, and Fig. 1C). We
then mixed the proteins in binary combinations to study if any
of these complexes exhibit unwinding function. Surprisingly,
Mcm4 in combination with Mcm?7 exhibited helicase activity
(Fig. 1B, lane 8, and Fig. 1C). In contrast, no unwinding was
observed when Mcm4 was mixed with Mcm6 or Mcm6 was
mixed with Mcm?7 (Fig. 1B, lanes 7 and 9, and Fig. 1C). These
results suggest that Mcm4 and Mcm?7 can assemble to form an
active, multimeric helicase complex. Furthermore, the concen-
tration of Mcm4/Mcm?7 used in our assays (77.3 ug/ml Mcm4
and 67.4 ug/ml Mcm?) is likely to be physiologic, because even
higher concentrations of Mcm4 and Mcm7 (344 ng/ul) are
present in yeast cells (9, 44). The addition of Mcm6 to Mcm4
and Mcm?7 resulted in a slight increase in activity compared
with Mcm4 with Mcm7 (Fig. 1B, lane 10, and Fig. 1C).

We next analyzed the time course of Mcm helicase action
(Fig. 1, D and E). As expected from our previous observations,
Mcm4 added to Mcm?7 resulted in an active unwinding com-
plex. We also added Mcm6 to Mcm4 and Mcm?7 to determine
the effect on helicase action. The addition of Mcm6 to Mcm4
and Mcm?7 resulted in a slight increase in the unwinding rate
compared with Mcm4 with Mcm?7 (Fig. 1E, compare filled dia-
monds with open squares). Thus, we can recapitulate the obser-
vation that Mcm4/Mcm6/Mcm?7 is an active helicase by adding
the three individual components together and incubating them
directly with DNA. Surprisingly, the Mcm4/Mcm7 mixture is
nearly as active as Mcm4/Mcm6/Mcm?7.

The observation that DNA is unwound by Mcm4 in combi-
nation with Mcm?7 suggests that the two proteins are function-
ing as a helicase complex. An important characteristic of an
active helicase is the hydrolysis of a nucleotide triphosphate to
power DNA unwinding. To test if unwinding of DNA by the
Mcm4 and Mcm?7 proteins is dependent upon ATP hydrolysis,
the unwinding reaction was performed in the presence of dif-
ferent nucleotide analogs (Fig. 1F). Mcm4 in combination with
Mcm7 unwound DNA in the presence of ATP but not in the
presence of the nonhydrolyzable analog AMP-PNP. Further-
more, no unwinding was observed in the presence of ADP or in
the absence of nucleotide. These data demonstrate that the
Mcm4 and Mcm?7 proteins require a hydrolyzable nucleotide
triphosphate to unwind DNA.

Mcm4 and Mcm?7 Assemble to Form a Hexameric Helicase
Complex—We next isolated an active Mcm4-Mcm?7 complex
by size-exclusion chromatography to approximate the size of
the helicase assembly (Fig. 2, A and B). Mcm4 alone, Mcm6
alone, or Mcm?7 alone had a peak elution consistent with a sub-
unit monomer or dimer (Fig. 24). When Mcm4 and Mcm?7
were mixed together and then subjected to size-exclusion chro-
matography, there was a peak elution of Mcm4/Mcm?7 at a
Stokes radius that matched that of thyroglobulin, a 669-kDa
protein (Fig. 2A). Fractions from the Mcm4/Mcm7 size-exclu-
sion fractions were then analyzed for unwinding activity using a
DNA substrate bearing a 3'-ssDNA extension and a 5'-biotin-
streptavidin (Fig. 2B). Peak unwinding activity was observed at
an elution volume that is consistent with a single hexamer of
Mcm4/Mcm?7 (Fig. 2B). These data suggest that a single hex-
amer of Mcm4/Mcm?7 functions as a helicase.
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FIGURE 1. Purified Mcm subunits can assemble into two different active unwinding complexes. A, purified
Mcm4, Mcmé6, and Mcm?7 subunits were analyzed by SDS-PAGE and Coomassie Blue staining. The migration
position of molecular weight standards is shown to the right of the gel. B, purified proteins were added to
radiolabeled DNA substrate in the presence of ATP at 37 °C, and unwinding was determined by native gel
analysis as described under “Experimental Procedures.” The DNA substrate is *2P-labeled duplex DNA bearing
a60(dT) 3'-single strand extension and a 5’-biotin bound to streptavidin. The radiolabeled DNA was incubated
with no protein (lanes 1 and 2), UvrD (lane 3), or individually purified Mcm subunits (lanes 4-10) at 37 °C for the
times indicated. DNA oligonucleotides used in these studies are described in supplemental Table 1, and the
position of the radiolabel is indicated with an asterisk. DNA species in the gel were identified by comparison
with standards analyzed in the same gel, and the mobility of each standard is indicated to the left of the gel. The
streptavidin-bound oligonucleotides migrate in two different positions on the gel because streptavidin can
form multimers. C, data from experiments similar to that shown in B were quantified, averaged, and plotted as
mean * S.E. (n = 6). D, Mcm4, Mcm7, or an equimolar mixture of Mcm4/Mcm7 was incubated with radiolabeled
DNA substrate for the time points indicated, and unwinding was monitored by native gel electrophoresis.
E, data from experiments similar to that shown in D were averaged and plotted as mean = S.E. as a function of
time, and for each condition the data were then fit with a logarithmic or linear equation. The filled diamonds
represent data with Mcm4, Mcmé6, and Mcm7; the open squares are Mcm4 and Mcm7 data; the filled squares are
Mcm4 data; the open circles are Mcm7 data; and the filled triangles are Mcm6 data. F, Mcm4, Mcm7, or an
equimolar mixture of Mcm4/Mcm7 was mixed with the radiolabeled substrate in B for 16 min at 37 °C in the
presence of different nucleotides. The fraction of substrate DNA unwound was determined and plotted as the
mean = S.E. for each condition (n = 3).

When mouse or Schizosaccharomyces pombe Mcm4/Mcm6/
Mcm7 is copurified as a pre-assembled complex, an Mcm hex-
amer containing all three subunits is active as a helicase (29, 33).
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To determine whether mixing S.
cerevisiae Mcm6 with Mcmé4 and
Mcm?7 results in the formation of a
hexameric helicase assembly con-
taining all three Mcm subunits, we
subjected the Mcm4/Mcm6/Mcm?7
mixture to size-exclusion chroma-
tography analysis (Fig. 2, A and C).
The proteins eluted as a complex
containing all three Mcm subunits
(Fig. 2A). The elution volume of the
assembly exhibited an activity peak
that matched that of thyroglobulin
(Fig. 2C), suggesting that mixing the
three Mcm subunits results in a sin-
gle hexameric helicase assembly
that contains all three subunits.

To study how rapidly the Mcm4
and Mcm?7 proteins interact with
one another to form an active heli-
case complex, we next studied how
preincubating the Mcm subunits
with one another affects the
unwinding rate (Fig. 2, D and E). In
this experiment, Mcm4 was prein-
cubated with Mcm?7 for varying
times to allow the formation of an
active complex. The Mcm4-Mcm?7
complex was then incubated with
radiolabeled DNA substrate, and
the fraction of unwound DNA was
determined by native gel electro-
phoresis. As the preincubation
time varied from 0 to 90 min, the
fraction of unwound DNA prod-
uct did not change (Fig. 2, D and
E). Thus, Mcm4 assembles with
Mcm?7 rapidly relative to the
unwinding time, and extended
preincubation does not further
promote complex formation.

We next studied how rapidly
Mcmé6 interacts with Mcm4/Mcm?7
to form an Mcm4-Mcm6-Mcm7
complex (Fig. 2F). First, Mcm4 was
mixed with Mcm?7 to form Mcm4/
Mcm7. Mcm6 was then preincu-
bated with Mcm4/Mcm?7 for vary-
ing times to allow for the formation
of a ternary complex. The proteins
were then incubated with DNA sub-
strate for 16 min, and DNA unwind-
ing was monitored. The data indi-
cate that the fraction of unwound
DNA did not vary as a function of

preincubation time (Fig. 2F). Furthermore, at every time point,
the unwinding percentage was significantly greater than in a
control experiment, in which buffer was added instead of
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FIGURE 2. Mcm4 and Mcm7 assemble to form a hexameric helicase complex. A, Mcm4, Mcm6, and/or Mcm7
were mixed, incubated, and analyzed by Superose 6 size-exclusion chromatography as described under
“Experimental Procedures.” 5 ul of each 250-ul fraction was then subjected to SDS-PAGE followed by staining
with Coomassie Blue. The elution peaks of molecular weight standards are shown below the gels. B, 5 ul of
Mcm4/Mcm?7 fractions from the Superose 6 column shown in A were analyzed for helicase activity using the
DNA substrate and methods described in Fig. 1B. Percent DNA unwound is plotted as a function of elution
fraction number. The elution peaks of molecular weight standards are shown at the top of the graph. C, same
as B, but for Mcm4/Mcm6/Mcm?7. D, 850 ng of Mcm4 (709 nm monomer) and 750 ng of Mcm7 (709 nm mono-
mer) were preincubated with one another at 15 °C for varying times up to 90 min. The Mcm4/Mcm7 mixture
was then incubated with the DNA substrate at 37 °C for 16 min, and unwinding was monitored by native gel
electrophoresis. The DNA substrate is composed of duplex DNA bearing a 3'-60(dT) ssDNA extension and a
5'-biotin. E, data from D were quantified and plotted as a function of preincubation time. F, 850 ng of Mcm4 and
750 ng of Mcm7 were first mixed with one another at 15 °C for 30 min. 897 ng of Mcm6 was then preincubated
with Mcm4/Mcm?7 for varying times up to 90 min. (The final concentration of each Mcm subunit is 709 nm.) The
Mcm4/Mcm6/Mcm7 mixture was then incubated with the DNA substrate at 37 °C for 16 min, and unwinding
was monitored by native gel electrophoresis. The DNA substrate is composed of duplex DNA bearing a
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Mcm6. Therefore, the addition of Mcm6 to Mcm4/Mcm?7
results in the rapid formation of an active Mcm4-Mcm6-Mcm?7

complex.

Mcm4/Mcm7 Unwinds DNA with 3' to 5" Polarity by a Steric
Exclusion Mechanism—We next characterized how Mcm4/
Mcm7 unwinds various DNA substrates to gain insight into its
mechanism of action (Fig. 34). It was previously observed that
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the Mcm4-Mcm6-Mcm?7 complex
requires duplex DNA bearing a
3'-ssDNA extension to observe
unwinding, suggesting that Mcm4/
Mcm6/Mcm?7 unwinds DNA with
3’ to 5’ polarity (29, 33, 42). Similar
to Mcm4/Mcm6/Mcm7, Mcm4/
Mcm7 unwound a DNA substrate
with a 3’'-ssDNA extension and
biotin-streptavidin positioned at
the 5’ end (Fig. 3A, filled squares,
and Fig. 1). However, Mcm4/Mcm?7
did not unwind DNA with a reverse
arrangement, because no activity
was observed with DNA bearing a
5'-ssDNA extension and biotin-
streptavidin positioned at the 3’
end (Fig. 34, filled triangles). These
data suggest that Mcm4/Mcm?7, like
Mcm4/Mcm6/Mcm?7, unwinds DNA
with 3 to 5" polarity.

A key feature of many ring-
shaped helicases is that they unwind
DNA by a steric exclusion mecha-
nism. For example, Mcm4/Mcm6/
Mcm7 unwinds DNA only if it bears
a 3'-single strand extension and a
bulky group, such as ssDNA or bio-
tin-streptavidin, attached to the 5’
end (35, 40). Mcm4/Mcm6/Mcm?7
will not unwind DNA bearing only a
3'- or 5'-single strand extension. To
test if Mcm4/Mcm7 unwinds DNA
with a similar requirement for DNA
substrate as Mcm4/Mcm6/Mcm7
and other ring-shaped helicases, the
Mcm subunits were incubated with
ATP and various DNA substrates
(Fig. 3A). Mcm4 in combination
with Mcm7 unwound DNA with a
5'- and 3'-single strand extension
(Fig. 34, open squares), but it did not
unwind DNA bearing only a 5'- or
3'-single strand extension (open
diamonds or open circles). Thus, the
requirement of Mcm4/Mcm?7 for a
bulky group attached to the 5" end
of duplex DNA is very similar to that
observed for Mcm4/Mcm6/Mcm?7,
suggesting a similar mode of action.
The Mcm from the archaeal orga-

nism Sulfolobus solfataricus exhibits a similar preference for
forked DNA substrates (45), suggesting a similar unwinding

mechanism between the yeast and archaeal Mcms.

It was previously shown that Mcm4-Mcm6-Mcm?7 com-
plexes from S. pombe and S. cerevisiae can translocate along
dsDNA with no unwinding (35, 40). In these previous studies,
Mcm4/Mcm6/Mcm?7 was incubated with the tandem duplex
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FIGURE 3. The Mcm4/Mcm7 assembly unwinds DNA substrates with 3'- to
5'-polarity in a manner consistent with a steric exclusion mechanism.
A, equimolar mixture of Mcm4/Mcm7 was incubated at 37 °C with various
DNA substrates for the time points indicated, and unwinding was monitored
by native gel electrophoresis as described under “Experimental Procedures.”
The DNA oligonucleotides used in these experiments are detailed in supple-
mental Table 1. The time course data for each DNA substrate were fit with a
logarithmic or linear equation. Each substrate is composed of identical
dsDNA sequence bearing the following extensions: a 3'-60(dT)-ssDNA exten-
sion and a 5'-biotin-streptavidin (filled squares), a 3'-60(dT) ssDNA extension
and a 5’-60(dT) ssDNA extension (open squares), a 5'-60(dT) ssDNA extension
and a 3’-biotin-streptavidin (open diamonds), a 5’-60(dT) extension (filled tri-
angles), and a 3'-60(dT) ssDNA extension (open circles). B, model of how
Mcm4/Mcm6/Mcm?7 unwinds a tandem duplex DNA substrate by a steric
exclusion mechanism (35). The bottom strand is continuous, and the top
strand bears a nick, creating two DNA duplexes in tandem. The left duplex
bears a 3'-60(dT) ssDNA extension, and the right duplex bears a 5’-60(dT)
ssDNA extension. Mcm4/Mcm6/Mcm7 unwinds only the right strand of this
tandem duplex substrate. C, equimolar mixture of Mcm4/Mcm7 was incu-
bated with a tandem duplex substrate and ATP at 37 °C for the time points
indicated (lanes 3-6). The left duplex bears a 3'-60(dT) ssDNA extension, and
the right duplex bears a 5'-60(dT) ssDNA extension. UvrD was used as a SF1
helicase family control (lane 2), and a no protein control is also shown (lane 7).
D, data from experiments similar to C were quantified and plotted as a func-
tion of time. Data are shown for the tandem duplex substrate bearing a
3’-ssDNA extension (diamonds) and for a similar substrate that lacks the
3'-ssDNA extension (squares). For each DNA product, the time point data
were fit to a linear equation. E, this experiment is similar to C, except a differ-
ent strand is radiolabeled. F, data from experiments similar to E were quanti-
fied and plotted as a function of time for each DNA product.

substrate shown in Fig. 3B. In this tandem substrate, the bottom
strand is continuous, whereas the top strand bears a nick to
create two duplexes in tandem. The duplex on the left bears a
3'-single strand extension for Mcm loading and no bulky group
attached to the 5’ end. The duplex on the right bears a long
5'-single strand extension to promote steric exclusion of this
strand. When Mcm4/Mcm6/Mcm?7 is incubated with this tan-
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dem duplex DNA, the protein complexes load on the 3'-single
strand extension and then move in the 3’ to 5" direction toward
the duplex (Fig. 3B). The Mcm4-Mcm6-Mcm7 complex does
not unwind the duplex on the left, but it does unwind the duplex
on the right. Based on these results, it was postulated that
Mcm4/Mcm6/Mcm?7 encircles two strands while translocating
along the left duplex, and unwinding of the right duplex occurs
by steric exclusion (35).

To determine whether Mcm4/Mcm?7 unwinds DNA by a
similar mechanism as Mcm4/Mcm6/Mcm7, Mcm4 and Mcm7
were incubated with the tandem duplex substrate (Fig. 3, C and
E). The only difference between the substrates in Fig. 3, Cand E,
is the position of the radioactive label, and the rate of tandem
duplex unwinding is plotted (Fig. 3, D and F). Mcm4/Mcm?7 did
not unwind the left duplex of the tandem duplex substrate (Fig.
3, Cand E, lanes 3— 6, and Fig. 3, D and F, open diamonds), but
it did unwind the right duplex (Fig. 3, C and E, lanes 3— 6, and
Fig. 3, D and F, filled diamonds). This result contrasts with that
of UvrD, an SF1 helicase that efficiently unwound both DNA
strands of this tandem duplex (Fig. 3, C and E, lane 2). Thus,
Mcm4/Mcm?7 appears to have the ability to translocate along
dsDNA with no unwinding, similar to Mcm4/Mcm6/Mcm?7.
Furthermore, the data suggest that Mcm4/Mcm?7 may unwind
DNA by a steric exclusion mechanism.

It was previously observed that Mcm4/Mcm6/Mcm7 does
not unwind tandem duplex DNA when the 3'-loading strand is
absent (35, 40), and we next examined if Mcm4/Mcm7 requires
the 3'-single strand extension to load onto the tandem sub-
strate. When the 3'-single strand extension of the tandem sub-
strate was removed, the Mcm4/Mcm7 unwinding rate of the
right duplex decreased by roughly one-half (Fig. 3, D and F,
compare filled diamonds with filled squares), whereas the left
duplex was still not unwound (Fig. 3, D and F, open squares).
Thus, the 3'-single strand extension promotes the loading of
Mcm4/Mcm7 onto duplex DNA, but it is not absolutely
required. These data suggest that the Mcm4-Mcm?7 complex,
unlike the Mcm4-Mcm6-Mcm?7 complex, has a weak ability to
load directly onto dsDNA.

Mcm4/7 Forms Ring-shaped Particles—Mcm4/Mcm6/
Mcm?7 forms a ring-shaped hexamer that is a dimer of trimers,
and it has been proposed that the ring-shaped nature of this
protein may be important for unwinding (29, 33, 46). Thus, the
observation that Mcm4/Mcm?7 exhibits similar substrate
dependence for DNA unwinding as Mcm4/Mcm6/Mcm?7 led
us to speculate that Mcm4/Mcm?7 may assemble into a ring-
shaped particle. The concentration of Mcm protein used in our
unwinding assays (1.6 pug of Mcm4/Mcm?7 in 11 ul total vol-
ume) was higher than that routinely used in electron micros-
copy studies. Therefore, we diluted the Mcm4/Mcm?7 particles
100-fold prior to imaging by negative stain electron micros-
copy. Using this approach, we detected ring-shaped images of
Mcm4/Mcm?7 of a size and shape that is similar to that of
Mcm4/Mcm6/Mcm7 (Fig. 4A). The Mcm4/Mcm7 rings were
sparsely populated on the microscopy grid, and we postulated
that upon dilution and deposition on the grid, many of the
Mcm4/Mcm?7 rings may disassemble. Thus, we cross-linked
the Mcm4/Mcm?7 sample with glutaraldehyde and then imaged
the assembly with negative stain electron microscopy (Fig. 44).
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FIGURE 4. Mcm4-Mcm7 complex is ring-shaped. A, Mcm4 was incubated
with equimolar Mcm7 in the absence and presence of glutaraldehyde as
described under “Experimental Procedures.” The Mcm4-Mcm7 complex was
then diluted and analyzed by negative stain electron microscopy. The boxed
area is enlarged to show detail. For comparison, an equimolar mixture of
Mcm4/Mcm6/Mcm?7 was diluted and analyzed by negative stain electron
microscopy using the same procedures. B, selected Mcm4/Mcm7 rings from
experiments described in A were averaged using Scion Imaging software.
G, outer diameters of 100 ring-shaped Mcm4/Mcm?7 particles from experi-
ments described in A were measured and plotted.

This technique has been used in the past to identify ring-shaped
particles of T7 gp4 helicase (41). Using this approach, a dense
array of particles appeared that are very similar to those of
Mcm4/Mcm6/Mcm?7 (Fig. 4A) (47). We next used the identical
technique that was successful in visualizing Mcm4/Mcm?7 ring-
shaped particles to examine particles of Mcm4 alone, Mcm6
alone, Mcm7 alone, Mcm4/Mcm6, and Mcm6/Mcm7. We
were unable to detect hexameric or ring-shaped particles in any
of these experiments, either in the presence or absence of glut-
araldehyde (not shown).

Mcm4/Mcm?7 particles that appeared to be ring-shaped were
selected for averaging, and the averaged image appears to be
that of a single hexamer (Fig. 4B). We also measured the outer
diameter of 100 of these ring-shaped particles, and we found
that the mean diameter, 12.4 nm, is similar to that reported
previously for Mcm4/Mcm6/Mcm?7 (Fig. 4C) (46, 48). Double
hexamers of Mcm4/Mcm7 or Mcm4/Mcm6/Mcm?7 were not
observed. Taken together, the data suggest that Mcm4/Mcm?7
forms single hexameric rings at a concentration that is active in
unwinding DNA.
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ssDNA Stimulates Mcm4/Mcm?7 Hydrolysis of ATP—One
hallmark of helicase activity is DNA-dependent stimulation of
ATP hydrolysis, because helicases use the energy derived from
ATP binding and hydrolysis to power unwinding. We first
mixed individual Mcm subunits and measured the rate of ATP
hydrolysis in the absence of DNA (Fig. 5, A and B). We found
that combining Mcm4 with Mcm?7 resulted in a dramatic
increase in ATP hydrolysis (Fig. 5, A and B), similar to a previ-
ous report (27). However, we also found low levels of ATP
hydrolysis for other binary combinations of Mcms (Fig. 5B,
inset). Mcm6 in combination with Mcm7 resulted in an
increase in ATP hydrolysis compared with Mcm6 or Mcm?7
alone. A current model of Mcm2-7 architecture proposes that
Mcm6 does not interact with Mcm?7 (27, 49). Thus, the Mcm
subunits may have an ability to productively interact with one
another in vitro in a manner that is not currently modeled for
the Mcm2-7 complex.

We also found that upon mixing Mcm6 with Mcm4 and
Mcm?7, lower levels of ATP hydrolysis are observed com-
pared with Mcm4/Mcm?7 (Fig. 5B). These data suggest that
Mcm4/Mcm6/Mcm?7 hydrolyzes ATP at a slower rate com-
pared with Mcm4/Mcm7. We then added linear ssDNA to
each of the Mcm subunit mixtures. We found that ssDNA
substantially stimulated the ATP hydrolysis of Mcm4/Mcm7
and Mcm4/Mcm6/Mcm7, with a 1.9-fold and a 2.1-fold
increase, respectively (Fig. 5, A and B). In contrast, the effect
of DNA on ATP hydrolysis of other Mcm mixtures was mod-
est (Fig. 5B, inset). Thus, the ability of DNA to stimulate ATP
hydrolysis correlates with the ability of certain mixtures of
Mcm components to unwind DNA.

The Mcm4/Mcm7 and Mcm4/Mcm6/Mcm?7 Helicases Can
Disassemble to Load onto Circular ssDNA—Mcm4/Mcm?7 and
Mcm4/Mcm6/Mcm7 can unwind DNA oligonucleotides that
are annealed to one another provided the duplex bears a 3'-sin-
gle strand extension and a bulky group positioned at the 5" end
(Fig. 1). Furthermore, these Mcm complexes are ring-shaped,
and they may unwind DNA by a steric exclusion mechanism.
There are two likely modes whereby ring-shaped particles can
assemble onto the 3’-single strand extension of these DNA
duplexes (50). In one model, the ring-shaped particle remains
intact, and the single-stranded DNA is inserted into the heli-
case ring, much like the threading of a needle. In a second
model, the helicase ring opens or disassembles, and the sub-
units then reassemble into a ring to surround the DNA strand.

To determine which of these two models is more likely for
Mcm4/Mcm?7, the complex was incubated with circular ssDNA
with an annealed radiolabeled oligonucleotide, and unwinding
was monitored (Fig. 6, A, B, and C). The annealed oligonucleo-
tide contains a 5'-single strand extension to prevent the heli-
case from encircling two DNA strands. Mcm4/Mcm?7 rapidly
unwound the radiolabeled oligonucleotide, suggesting that the
complex efficiently loads onto circular ssDNA (Fig. 6, Band C).
To determine whether ssDNA binding is required for the heli-
case activity observed, the DNA was preincubated with gp32
from T4 phage, a protein that binds tightly to ssDNA. Preincu-
bation with T4-gp32 markedly inhibited the unwinding activity
of the Mcm4-Mcm?7 complex, suggesting that the Mcm4-
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FIGURE 5. Mixtures of Mcm4, Mcm6, and Mcm7 catalyze the hydrolysis of ATP. A, Mcm proteins were
incubated with [y->2P]ATP at 37 °C for the time points indicated, and the reaction products were then analyzed
by thin layer chromatography. The experiments were conducted in the absence (—DNA) and presence (+DNA)
of 1 um 60-dT ssDNA. B, data from experiments in A were quantified, and the rates of ATP hydrolysis were
determined by a linear fit of the data. Data for time 0 were subtracted as background, and the data shown are
the calculated ATP hydrolysis rates + error. The inset allows the comparison of Mcm mixtures with slower ATP
hydrolysis rates. Striped bars indicate the absence of DNA, and open bars indicate the presence of 60(dT) ssDNA.

Mcm7 complex requires loading onto ssDNA to unwind the
annealed oligonucleotide.

To determine whether Mcm4/Mcm?7 loading onto the
5'-single strand extension was required for unwinding of the
annealed oligonucleotide, a biotin-streptavidin group was sub-
stituted for the 5'-single strand extension (Fig. 6D). Mcm4/
Mcm?7 unwound this oligonucleotide as well, and this unwind-
ing was largely blocked by preincubation with T4 gp32. These
data suggest that the Mcm4/Mcm?7 ring likely can open or dis-
assemble and then reform on circular ssDNA. Similar results
were found with the Mcm4-Mcm6-Mcm? complex (Fig. 6E).
Thus, one feature of these Mcm helicase complexes is the abil-
ity of these ring-shaped particles to assemble around circular
ssDNA.

DISCUSSION

In this study we find that the addition of Mcm4 with Mcm7
results in the formation of an active hexameric helicase com-
plex at physiologically relevant concentrations. The addition of
Mcm6 to Mcm4/Mcm?7 results in the formation of an active
Mcm4/Mcm6/Mcm7 helicase. The Mcm4-Mcm7 complex
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and then load onto the circular
DNA.

What Makes an Active Mcm
Helicase?—One feature that Mcm
helicases have in common is that
they form ring-shaped structures.
Other replication fork helicases are
ring-shaped, including eukaryotic
viral helicases such as SV40 T anti-
gen, papillomavirus E1 helicase, the
bacterial DnaB helicase, and T7 and
T4 phage helicases (51-58). The ability of these protein com-
plexes to form rings may be critical for the capacity of these
complexes to function as helicases. In our study of Mcm4,
Mcm6, and Mcm?7, the ability of different mixtures to form
rings correlated with their ability to unwind DNA. The ring-
shaped nature of these complexes may be important for
unwinding DNA by steric exclusion, as has been previously pro-
posed (59). Additionally, the ring-shaped nature may be impor-
tant for these helicases because they act through a cyclic mech-
anism to translocate along DNA. Different models for DNA
translocation have been proposed for the ring-shaped helicases,
including the “bucket brigade” mechanism for T7 gp4 (55) and
the “concerted escort” model for papilloma E1 (56). In both of
these models, the ring-shaped architecture enables the heli-
cases to bind and hydrolyze ATP in a cyclic manner, and this
activity is critical for DNA translocation and hence DNA
unwinding.

Although formation of a ring-shaped particle correlates
nicely with unwinding activity in this study, the hydrolysis of
ATP is more complex. For example, we found that Mcm6 with
Mcm?7 hydrolyzes ATP at a greater rate than the sum of both
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FIGURE 6. Mcm4/Mcm7 and Mcm4/Mcm6/Mcm?7 helicase assemblies can
load onto circular ssDNA. A, schematic for experiments to determine
whether Mcm assemblies can load onto circular ssDNA. A radiolabeled DNA
oligonucleotide is annealed to M13 circular ssDNA. The radiolabeled oligonu-
cleotide bears a 5'-single strand extension to promote steric exclusion, and
unwinding of the radiolabeled strand is monitored by native gel electro-
phoresis. The experiment is also performed in the presence of T4 gp32 to coat
the free ssDNA with a nonspecific protein. B, equimolar mixture of Mcm4/
Mcm7 was incubated with DNA substrate for the time points incubated at
37 °Cin the absence (lanes 3-6) and presence (lanes 7-10) of T4 gp32. The
position of free ssDNA and DNA annealed to M13 were determined by stand-
ards analyzed on the same gel (lanes 11 and 12). UvrD was also tested (lane 2),
as well as a no protein control (lane 1). C, data from experiments similar to B
were quantified and plotted as a function of time in the absence (filled
squares) and presence (open squares) of T4 gp32. The data in the absence of
T4 gp32 were fit to a logarithmic equation, and the data in the presence of
T4 gp32 were fit to a linear equation. D, experiment is similar to that
shown in C, except the radiolabeled oligonucleotide bears a 5'-biotin-
streptavidin in the place of the ssDNA extension. Unwinding rates were
determined in the absence (filled squares) and presence (open squares) of
T4 gp32. E, experiment is similar to that shown in D, except Mcm4/Mcm6/
Mcm7 replaced Mcm4/Mcm?7.

components. Nevertheless, this complex is not active in
unwinding DNA. Furthermore, Mcm4/Mcm6/Mcm?7 hydro-
lyzes ATP more slowly than Mcm4/Mcm?7, even though the
Mcm4-Mcm6-Mcm? complex exhibits a faster unwinding rate.
Thus, whereas the hydrolysis of ATP is necessary for the for-
mation of an active helicase complex, it is not sufficient. We
found a tighter correlation between helicase activity and DNA-
stimulated ATPase activity, as only the Mcm4-Mcm?7 and
Mcm4-Mcm6-Mcm7 complexes exhibited DNA-dependent
stimulation of ATP hydrolysis. Nevertheless, although it may be
necessary for a helicase to couple DNA binding with ATP
hydrolysis, this property is unlikely to be sufficient for helicase
activity.
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The Mcm4-Mcm?7 and the Mcm4-Mcm6-Mcm7 complexes
unwind DNA that is annealed to circular ssDNA. These data
suggest that the Mcm protein rings can open or disassemble
and then reassemble to load onto circular ssDNA. This prop-
erty reflects the dynamic nature of these ring-shaped helicases;
they are not static rings. The dynamic nature of these Mcm
rings is also reflected by the observation that the addition of
Mcm6 to Mcm4/Mcm7 results in the formation of an active
Mcm4/Mcm6/Mcm?7 helicase.

Mcm Proteins Have a Surprising Ability to Interact with One
Another to Form Different Architectures—The Mcm2-7 and
Mcm4-Mcm6-Mcm?7 complexes both form ring-shaped hex-
amers, and they therefore represent two different protein hex-
amers that arise from similar parts. We have now extended this
observation to find that in the absence of Mcm6, Mcm4 and
Mcm?7 can form ring-shaped particles that are likely to be hex-
americ. This observation indicates that the Mcm proteins have
considerable flexibility in their ability to interact with one
another to form ring-shaped hexamers. Furthermore, Mcm4/
Mcm6/Mcm7 and Mcm4/Mcm?7 are both active as helicases,
suggesting that the different architectures are biochemically
functional. We also find in this study that Mcm6 and Mcm7 can
interact with one another to hydrolyze ATP. According to the
best available models, Mcm6 and Mcm?7 do not contact each
other within the Mcm2-7 ring (27). Thus, the ability of Mcm
subunits to productively interact with one another is surpris-
ingly flexible, and not strictly dictated by their arrangement in
the Mcm2-7 ring.

Because only the Mcm2-7 complex is thought to act at a
cellular replication fork, why do Mcm proteins exhibit a high
degree of flexibility to form different complexes? One possibil-
ity is that Mcm4/Mcm6/Mcm?7 and/or Mcm4/Mcm?7 act in the
cell in a process that is presently not known, as described below.

Possible in Vivo Roles of Mcm4/Mcm?7 and Mcm4/Mcm6/
Mcm7 Helicases—There is substantial evidence that the
Mcm2-7 complex is the active replication fork helicase in
eukaryotic cells (3, 4, 7, 8, 60). However, there is a 100-fold
excess of Mcm proteins relative to replication origins in the cell,
raising the possibility that Mcm proteins are involved in func-
tions aside from DNA replication. Furthermore, it has been
demonstrated that Mcm proteins function in activities other
than DNA replication such as transcription (14, 15), chromatin
remodeling (16, 17, 20, 21), and genome stability (23, 24).
Intriguingly, a hypomorphic mutation in Mcm4 causes chro-
mosome instability and mammary adenocarcinomas in mice
(24), and deregulated minichromosomal maintenance protein
MCM?7 contributes to oncogene-driven tumorigenesis (23).
These data suggest that Mcm4 and Mcm?7 proteins may have
roles in genome maintenance aside from their role as part of the
replicative helicase. Thus, it is possible that the Mcm4-Mcm?7
complex may function as a helicase in a process in the cell that
maintains genome stability, such as DNA repair. Moreover, the
Mcm4-Mcm6-Mcm?7 complex is an active helicase in vitro
using proteins from mouse, Drosophila, Xenopus, S. pombe, and
S. cerevisiae (3, 29, 33, 35, 37). The observation that Mcm4/
Mcm6/Mcm?7 activity is conserved across species suggests that
the complex may act as a DNA helicase in an important cellular
process such as genome maintenance.
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Potential Role of Eukaryotic Mcm Subunit Specialization in
DNA Unwinding—Most replication fork helicases that have
been studied are homohexameric. Because each subunit of the
homohexamer is identical in its covalent structure, some mod-
els for activity attribute equivalent functional roles for each of
the six subunits. For example, in both the bucket brigade model
for T7 gp4 and the “coordinated escort” model for papilloma E1
virus, each subunit of the hexamer binds and hydrolyzes ATP in
a sequential manner, and each subunit binds and later releases
DNA in a sequential manner (55, 56). Thus, each subunit is
functionally equivalent.

The Mcm helicase system is different from these homohex-
americ systems, in that each of the six subunits of the Mcm2-7
complex has a unique amino acid sequence. The high degree of
sequence conservation across species for Mcm subunits sug-
gests that each subunit has evolved for a particular function.
There have been numerous reports ascribing specific biological
functions to particular Mcm subunits. However, an important
question that arises is whether different subunits within the
Mcm2-7 complex function equivalently in unwinding DNA,
consistent with the bucket brigade or coordinated escort mod-
els, or whether specific subunits within the Mcm complex are
designated to perform particular functions as part of an
unwinding machine.

In this study, we find that different Mcm subunits have dis-
tinct biochemical properties, in particular with regard to the
ability of various mixtures to unwind DNA, form ring-shaped
particles, and hydrolyze ATP. These observations extend the
current literature that demonstrates specific functions for Mcm
subunits. However, we also find that Mcm4/Mcm?7 and Mcm4/
Mcm6/Mcm?7 function as active helicases. Although we do not
know how the Mcm4, Mcm6, and Mcm?7 subunits are arranged
within these two complexes, the subunits are arranged differ-
ently, because one complex contains Mcm6 and the other does
not. Because the position of the Mcms can be varied in different
ways and still yield active complexes, we propose that the par-
ticular arrangement of the Mcm subunits is not essential for
unwinding activity. In one sense, the eukaryotic Mcms may be
functioning in a manner similar to the archaeal homohexamer,
in which each subunit is identical. This idea is consistent with
the evolution of the eukaryotic Mcms, because they share a
common ancestor with the archaeal Mcms. It is also of interest
that of the six eukaryotic Mcms, Mcm4 is most closely related
to the archaeal Mcm, and Mcm4 is also present in each of the
active unwinding complexes. However, one important differ-
ence between the archaeal and eukaryotic Mcms is that the
archaeal Mcm readily forms double or single hexamers (61—
65), whereas the eukaryotic Mcms form only single hexamers.
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