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Mcm10 plays a key role in initiation and elongation of eukary-
otic chromosomal DNA replication. As a first step to better
understand the structure and function of vertebrate Mcm10, we
have determined the structural architecture of Xenopus laevis
Mcm10 (xMcm10) and characterized each domain biochemi-
cally. Limited proteolytic digestion of the full-length protein
revealed N-terminal-, internal (ID)-, and C-terminal (CTD)-
structured domains. Analytical ultracentrifugation revealed
that xMcm10 self-associates and that the N-terminal domain
forms homodimeric assemblies. DNA binding activity of
xMcm10 was mapped to the ID and CTD, each of which binds to
single- and double-stranded DNA with low micromolar affinity.
The structural integrity of xMcm10-ID and CTD is dependent
on the presence of bound zinc, which was experimentally veri-
fied by atomic absorption spectroscopy and proteolysis protec-
tion assays. The ID and CTD also bind independently to the
N-terminal 323 residues of the p180 subunit of DNA polymerase
a-primase. We propose that the modularity of the protein archi-
tecture, with discrete domains for dimerization and for binding
to DNA and DNA polymerase a-primase, provides an effective
means for coordinating the biochemical activities of Mcm10
within the replisome.

Eukaryotic DNA replication is carried out by large multipro-
tein machines that coordinate DNA unwinding and synthesis at
the replication fork. Initiation of replication involves ordered
assembly of the replisome and local denaturation of duplex
DNA at the origin followed by replisome activation. Screens for
mutants defective in minichromosome maintenance (Mcm)*
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and DNA replication in yeast identified a number of factors
essential for replication (1—4). Pre-replicative complexes com-
posed of the origin recognition complex, Cdc6, Cdtl, and the
hexameric Mcm2-7 helicase are assembled in G, (for review,
see Ref. 5) and converted into active replication forks at the
onset of S phase. Mcm10 loads onto chromatin after pre-repli-
cative complex assembly (6, 7) and stimulates phosphorylation
of Mcm2-7 by Dbf4-Cdc7 kinase (8). Once Mcm10 is present,
Cdc45 and GINS are loaded onto chromatin (6, 9, 10) and form
a Cdc45/Mcm2-7/GINS helicase complex (11-14). Cyclin-
and Dbf4-dependent kinases together with Sld2, Sld3, and
Dpb11 in budding yeast (15, 16) stimulate origin unwinding,
which is signified by recruitment of replication protein A to single-
stranded DNA (17, 18). Mcm10, Cdc45, and replication protein A
facilitate subsequent loading of DNA polymerase a-primase (pol
«) onto chromatin (7, 9, 19, 20). The association of proliferating
cell nuclear antigen, RFC, and replicative DNA polymerases 6 and
€ with the origin completes the replisome (for review, see Ref. 21).

A number of interactions have been observed between Mcm10
and proteins found in the pre-replicative complexes and at the
replication fork. Mcm10 is a component of active replication com-
plexes in Xenopus and budding yeast (12, 14) and is associated with
chromatin throughout S-phase (7). Mcm10 interacts genetically
with Mcm2-7, DNA pol 8 and ¢, origin recognition complex, and
Dpb11 (2, 22—24). In vitro, interactions of Mcm10 with initiation
factor origin recognition complex, Mcm2-7, Cdc45, and Cdc7/
Dbf4 have been observed by co-immunoprecipitation from cell
extracts (8, 22, 24, 25). Importantly, Cdc45 and replication protein
A cannot load onto chromatin in Mcm10-depleted Xenopus egg
extracts, preventing DNA unwinding (6). Thus, the essential role
of Mcm10 in initiation links the pre-replicative complexes with
origin unwinding.

Several lines of evidence suggest that Mcm10 migrates with
the elongating replication fork through association with DNA
polymerases and DNA. Schizosaccharomyces pombe Mcm10
(spMcm10) affects chromatin binding and subnuclear distribu-
tion of pol a (19, 26), and Saccharomyces cerevisiae Mcm10
(scMcm10) has been shown to interact with and stabilize the
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nal domain; CTD, C-terminal domain; FL, full-length; GST, glutathione
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MBP, maltose-binding protein; aa, amino acids; GINS, SId5 (go), Psf1 (ichi), Psf2
(nii), Psf3 (san).
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catalytic subunit of pol « in vivo (7, 27). In vitro, spMcm10
interacts with and stimulates the activity of the catalytic (poly-
merase) subunit of pol « (28) and has been shown to contain
primase activity (29). Additionally, an interaction between diu-
biquitinated scMcm10 and proliferating cell nuclear antigen is
essential for replication in budding yeast (30). Finally,
spMcm10 binds to single (ss)- and double-stranded (ds) DNA
in vitro, and DNA binding activity is localized in the N-terminal
300 residues of the protein (28). The interactions between Mcm10,
DNA, and pol « have led to the suggestion that Mcm10 helps to
recruit pol « to the replisome and may regulate its activity. Studies
in Xenopus extracts have demonstrated that when an elongating
fork stalls, Mcm10 and DNA polymerases «, 6, and € are uncou-
pled from the Cdc45/Mcm2-7/GINS helicase (12).

Sequence alignments of Mcm10 from divergent eukaryotes
show stretches of consecutive residues that are phylogenetically
conserved (Fig. 1A), suggesting that these regions may be
important to the structure and function of the protein. Mcm10
from Metazoa contains ~100-300 residues not present in the
yeast proteins, and conservation from yeast to human is limited
to ~200-amino acids in the middle of the protein. Consistent
with Mcm10 DNA binding activity, the conserved central
region contains an invariant CCCH zinc binding motif (22, 23,
31) and a putative oligonucleotide/oligosaccharide binding fold
(27).

The lack of sequence similarity outside of the central region
raises a question of whether the function of Mcm10 is con-
served from yeast to Metazoa. In the present study we report
the first structure-function analysis of vertebrate Mcm10 using
the Xenopus laevis protein (xMcm10). Limited proteolytic
digestion of xMcm10 revealed the protein to be composed of at
least three structural domains, an N-terminal domain (NTD)
that forms homodimers in solution and highly conserved inter-
nal (ID) and C-terminal domains (CTD) that bind to ssDNA,
dsDNA, and to the p180 subunit of pol a. Our results confirm
and extend previous work from yeast and suggest that verte-
brate Mcml0 contains a CTD not present in the yeast
orthologs.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification of xMcml0—The
c¢DNAs encoding full-length xMcm10 (FL, 1- 860) and deletion
fragments 1-145, 1-230, 230-427, 427-860, and 596 —860
were PCR-amplified from a previously described plasmid
encoding a GST-xMcm10 fusion (6). The FL-xMcm10 PCR
product was ligated into a modified pMAL-c2x vector (New
England Biolabs) to generate an maltose-binding protein
(MBP)-xMcm10-His, fusion protein, and xMcm10 fragments
were ligated into a modified pET-32a plasmid (Novagen) to
generate N-terminal thioredoxin (Trx)-His, fusion proteins.
Protein was overexpressed in Escherichia coli BL21(DE3) cells
in Luria-Bertani medium supplemented with 100 wg/ml ampi-
cillin, 5 um ZnSO,, and 0.5 mM isopropyl 1-thio-B-p-galactopy-
ranoside. Proteins were overexpressed at 22 °C for 4 h (FL) or at
16 °Cfor 16 h (fragments). The cells were resuspended in 50 mm
Tris-HCI, pH 7.5, 500 mm NaCl, 10% glycerol, and lysed under
pressure (25,000 p.s.i.) using an EmulsiFlex-C3 homogenizer
(Avestin, Inc.). FL-xMcm10 was purified by tandem nickel-ni-
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trilotriacetic acid and amylose affinity chromatography, cleav-
age of the MBP tag, and SP-Sepharose cation exchange. Protein
was concentrated and stored in FL buffer (20 mm Tris-HCI, pH
7.5, 500 mm NaCl, 1 mMm dithiothreitol, and 5% glycerol).
xMcm10 fragments were purified by nickel-nitrilotriacetic acid
affinity chromatography followed by cleavage of the Trx-His,
tag. The cleaved proteins were further purified by cation
exchange (fragments 230-427, 427860, 596 —860) or anion
exchange (1-145 and 1-230) chromatography followed by gel
filtration on a Superdex ™ 200 preparative column (GE Health-
care) that had been equilibrated with S-200 buffer (20 mm Tris-
HCl, pH 7.5, 100 mm NaCl, 5% glycerol, 4 mm -mercaptoeth-
anol. Structural integrity of fragment proteins was verified by
circular dichroism spectroscopy.

Limited Proteolysis and Fragment Identification—Proteolysis
experiments were carried out in S-200 buffer, in which 5-20 um
xMcm10 was incubated with 1-200 ng of protease (trypsin,
a-chymotrypsin, elastase, or endoproteinase-Glu-C) in a 10-ul
reaction at 37 °C for 30 min. Proteolysis protection reactions
contained 10 mMm EDTA. Proteases were inactivated by adding
10 pl of SDS-PAGE sample buffer (63 mm Tris-HCI, pH 6.8, 700
mM f3-mercaptoethanol, 2% w/v SDS, 0.03% w/v bromphenol
blue, and 10% glycerol) and heating for 5 min at 95 °C. Proteo-
lytic fragments were separated by SDS-PAGE and visualized by
Coomassie Blue staining.

Proteolytic fragments from MBP-xMcml0-His, were
excised from the SDS-PAGE gel and subjected to in-gel diges-
tion with Trypsin Gold (Promega) using standard procedures
(32). The resulting peptides were analyzed by matrix-assisted
laser desorption/ionization, time-of-flight mass spectrometry
(MALDI-TOF MS) and TOF/TOF tandem MS using a Voyager
4700 (Applied Biosciences, Framingham MA). Peptide ion
masses (M+H) were accurate to within 20 ppm after internal
calibration using either trypsin autolytic peptides or xMcm10-
derived peptides confirmed by TOF/TOF MS.

Molecular masses of xMcm10 domains resulting from pro-
teolysis of deletion mutants Al, A2, and A3 were obtained by
MALDI-TOF mass spectrometry of the proteolysis reactions
before SDS-PAGE. Reactions were concentrated in 0.1% triflu-
oroacetic acid, mixed with 3 ul of saturated sinapinic acid in
60:40 (v/v) acetonitrile:1% trifluoroacetic acid/distilled H,O,
and 1 ul was deposited onto a gold 100-well plate. Mass spectra
were acquired on a Perceptive Biosystems Voyager Elite TOF
spectrometer equipped with a laser desorption ionization
source and an extended-path ion reflector. Protein standards
from Sigma (MSCAL1-1KT) were used for mass calibration.
For N-terminal sequencing of xMcm10 domains, intact proteo-
lytic fragment proteins were transferred from SDS gel to a poly-
vinylidene difluoride membrane, stained with Ponceau S,
extracted from the membrane, and subjected to Edman degra-
dation chemistry using an Applied Biosystems Model 492HT
Protein/Peptide Sequencer equipped with an on-line phenyl-
thiohydantoin-derivative analyzer.

Zinc Quantitation—Quantitative analysis of zinc bound to
xMcm10 was performed using graphite furnace atomic absorp-
tion (GFAA) spectroscopy. Analyses were performed using a
PerkinElmer Life Sciences HGA SIMAA 6000 graphite furnace
equipped with an AAnalyst 800 GFAA/FLAA spectrophotom-
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eter. xMcm10 domains were quantified by absorbance spec-
troscopy at 280 nm using extinction coefficients of 0.092
(NTD), 1.09 (ID), and 0.524 (CTD) ml'mg '«cm ™.

Gel Filtration Chromatography and Analytical Ultra-
centrifugation—Size exclusion chromatography of FL-xMcm10
was performed on a Superose 6 column (GE Healthcare) equil-
ibrated with 20 mm Tris-HCI, pH 7.5, 500 mm NaCl, 5% glyc-
erol, and 1 mwm dithiothreitol. xMcm10 domains were eluted
from an analytical Superdex™ 200 column (GE Healthcare)
equilibrated with S-200 buffer. 50-ul solutions of either
xMcm10 (~1-2 mg/ml) or molecular weight standards were
eluted at 0.5 ml/min. The standard curve was generated from
thyroglobulin (670 kDa), aldolase (158 kDa), albumin (67 kDa),
chicken ovalbumin (44 kDa), equine myoglobin (17 kDa), and
vitamin B, (1.4 kDa).

Sedimentation velocity analysis was conducted at 20 °C and
55,000 rpm using interference optics with a Beckman-Coulter
XL-I analytical ultracentrifuge. Double sector synthetic bound-
ary cells equipped with sapphire windows were used to match
the sample and reference menisci. FL-xMcm10 was prepared in
FL-buffer, and NTD and CTD were prepared in S-200 buffer.
The data were initially analyzed using the program DCDT+,
which computes the apparent sedimentation coefficient distri-
bution function g(s*) using the time-derivative method (33, 34).
For CTD, the molecular weight and sedimentation coefficient
of the main component was obtained by global fitting of the
data sets collected at multiple concentrations to a hybrid dis-
crete-continuous model with Sedphat (35). For NTD, the data
were fit to a monomer-dimer equilibrium model using the pro-
grams Sedanal (36) and Sedphat. Molecular masses, partial spe-
cific volumes, and solvent densities were calculated using the
SEDNTERP program (37).

Fluorescence Anisotropy—DNA binding was measured by
following an increase in fluorescence anisotropy as protein
(MBP-xMcm10-Hisg, NTD, ID, or CTD) was added to oligonu-
cleotide d(TGACTACTACATGGTTGCCTACCAT) contain-
ing a 6-carboxyfluorescein moiety at the 3'-end either alone
(ssDNA) or annealed to an excess of the complementary strand
(dsDNA). Forked DNA substrate tested against full-length
Mcm10 was generated from two 50-mer deoxyoligonucleotides
in which dC, was added to the 3'-end of the sequence above
and to the 5'-end of the complementary sequence. For
Mcm10-ID and -CTD, forked and bubble DNA substrates were
generated from the sequences d(GGTAGGCACGAACCATG-
TAGTAGTA)/d(AACCATGTAGTAGTACGTGCCTACC)
and d(GGTAGGCACGAACCATGTAGTAGTAGGCAATC-
AGC)/d(GCTGATTGCCAACCATGTAGTAGTACGTGC-
CTACC), respectively, in which the boldface denotes duplex
regions. Protein was added over the concentration range of
0.05-50 um to a solution containing 25 nM DNA in S-200
buffer. For EDTA titrations, the buffer was supplemented with
0.1, 1, 10, and 25 mm EDTA. Polarized fluorescence intensities
using excitation and emission wavelengths of 495 and 515 nm,
respectively, were measured for 30 s (1/s) and averaged. Anisot-
ropy (r) was calculated using the equation r = (I,,, = I,e,p)/ (I, +
21,.,,), where I, and I, are the observed fluorescence
intensities recorded through polarizers oriented parallel and
perpendicular, respectively, to the direction of vertically polar-
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ized light. Dissociation constants (K,) were derived by fitting a
simple two-state binding model to data from three experiments
using Kaleidagraph 3.6 (Synergy Software).

Mcm10-Pol a Binding Assay—Recombinant DNA polymer-
ase a-primase was purified by immunoaffinity chromatography
from extracts of Hi-5 insect cells co-infected with four recom-
binant baculoviruses as previously described (38). The p180
subunit was prepared identically except only one recombinant
baculovirus was used for infection. p180N (aa 1-323) was
amplified by PCR on a ¢cDNA template pBR322-p180 and
cloned into the BamHI/EcoRI sites of a pGEX-2T expression
vector (GE Healthcare). GST fusion proteins were expressed
and purified by glutathione-agarose affinity chromatography as
described previously (39).

For the binding experiments, a total of 7 ug of purified poly-
merase a-primase or p180 was incubated with SJK132-20 anti-
bodies covalently coupled to Sepharose-4B beads (GE Health-
care), or 7 pg of purified pl80N was incubated with
glutathione-agarose beads (Sigma-Aldrich) in binding buffer
(30 mm HEPES-KOH, pH 7.8, 10 mm KCl, 7 mm MgCl,) con-
taining 2% nonfat dry milk for 1 h at 4 °C with end-over-end
rotation. Reactions contained either 5 or 15 ug of Trx-His,-
xMcm10-domain proteins. The beads were washed once with
binding buffer, three times with wash buffer (30 mm HEPES-
KOH, pH 7.8, 75 mm KCl, 7 mm MgCl,, 0.25% inositol, 0.1%
Nonidet P-40), and once with binding buffer (rotated for 10 min
during each wash). The beads were resuspended in 30 ul of 2X
SDS-PAGE loading buffer and heated at 100 °C for 5 min. Half
of each sample was analyzed by 10% SDS-PAGE and immuno-
blotting with monoclonal antibody 2CT25, specific for the p180
subunit of polymerase a-primase, rabbit anti-GST (Invitrogen)
for p180N, and H-15 anti-His (Santa Cruz Biotechnology) for
xMcm10 domains. Trx-only control experiments were per-
formed to confirm that pol «, p180, and p180N did not interact
with the Trx affinity tag.

DNA Primase Assay—Oligoribonucleotide synthesis activity
was measured as previously described for spMcml0 (29).
Briefly, 2— 8 pmol of purified xMcm10 or 0.6 —2.4 pmol of puri-
fied polymerase a-primase were incubated at 37 °C for 40 min
with 1.0 um dTs,, 25 uCi of [@-**P]ATP, and 0.1 mm ATP in a
10 uM reaction containing 40 mm Tris-HCI, pH 7.4, 10 mm
magnesium acetate, 1 mm dithiothreitol, and 100 wg/ml bovine
serum albumin. Reactions were treated with 1 unit of calf
intestine phosphatase at 37 °C for 40 min. After the addition
of 3 ul of sequencing gel running buffer (98% formamide, 10
mM EDTA, pH 8.0, 0.1% xylene cyanol, 0.1% bromphenol
blue), samples were heated to 98 °C for 5 min and separated
ona 25% polyacrylamide, 7 M urea gel. RNA was visualized by
autoradiography.

RESULTS

xMcm10 Contains Three Structural Domains—In the cur-
rent study experiments to characterize the domain architecture
of vertebrate Mcm10 were carried out using the X laevis
ortholog because of previous investigations of the function of
the protein using Xenopus egg extracts (6, 40). Homology exists
in three distinct regions of the protein (Fig. 14, supplemental
Fig. S1). The internal region (aa 240 —430) is highly conserved
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FIGURE 1. Domain architecture of Mcm10. A, schematic alignment of Mcm10 sequences from Homo sapiens
(Hs), X. laevis (XI), Drosophila melanogaster (Dm), Caenorhabditis elegans (Ce), S. cerevisiae (Sc),and S. pombe (Sp).
Light and dark gray bars indicate moderate and high sequence conservation, respectively, and hatched boxes
represent invariant cysteine/histidine clusters likely involved in zinc coordination. A full sequence alignment is
available as online supplemental data. B, limited proteolytic digestion of xMcm10. 50 pmol MBP-xMcm10 (lane
1) was subjected to proteolysis by trypsin (25 and 100 ng, lanes 2 and 3), chymotrypsin (c.trypsin) (100 and 200
ng, lanes 4-5), and elastase (10 and 25 ng, lanes 6 and 7) and visualized by Coomassie Blue-stained SDS-PAGE.
Major proteolytic fragments marked with black arrowheads were unambiguously identified by MALDI-TOF and
TOF/TOF tandem mass spectrometry and are shown schematically to the right. Bands marked with white
arrowheads contained several co-migrating Mcm10 fragments. The full peptide coverage map used to identify
fragment endpoints is available as online supplemental data. C, three truncation fragments (A7, A2, A3) of
xMcm10 were purified and subjected to limited proteolysis to reveal stable domains NTD, ID, and CTD. Proteo-
lytically sensitive sites identified in panel B are highlighted with arrows on top of the full-length protein sche-
matic. Molecular masses and N-terminal sequences shown for each proteolytic fragment were identified by
mass spectrometry and Edman degradation. D, Coomassie-stained SDS-PAGE of purified full-length xMcm10,

NTD, ID, and CTD used in this study.

among all known Mcm10 orthologs, with an overall similarity
of 21.3% (39.0% for non-yeast Mcm10). Likewise, the C termi-
nus contains a region of high (aa ~700 —860) and moderate (aa
510-700) similarity among higher eukaryotes. However, this
region is not present in the yeast proteins (23.3% similarity for
metazoan as compared with 3.6% for all eukaryotes). Moderate
sequence similarity also exists at the N terminus (10% similarity
for aa 1-130 in non-yeast sequences). This sequence analysis
immediately suggested the presence of at least three domains
tethered by disordered linkers. Consistent with this, no second-
ary structure was predicted in regions 130-230 and 575- 624
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ions that were present in the full-

length protein but absent in the
S fragment under study, and in some
™ . .
cases the end point was confirmed

Sihiemian s with tandem MS on unique pep-
95— 55- tide(s) that were generated by chy-
Ly e motrypsin cleavage on one side
45— 29- @  (from limited proteolysis) and tryp-

.. W sin cleavage on the other (from in-

29- 20- gel digestion). Peptides analyzed in
this way revealed proteolytic-resis-

20- 14- tant domains separated by cleavage

sites at amino acids 159, 241, 425,
484, 525, 566, and 599 (Fig. 1B and
supplemental Fig. S2).

Using the proteolytically sensitive
regions as a guide, three deletion
constructs encompassing the entire
protein were designed to define the
domain boundaries more accurately:
xMcm10'23° (A1), xMcm10>3°~*27
(A2), and xMcml10*?7-8%0 (A3),
Each of these proteins were
expressed in bacteria, purified, and
subjected to limited proteolysis by
trypsin (supplemental Fig. S3). Pre-
cise endpoints of tryptic fragments were identified by Edman
degradation and MALDI mass spectrometry (Fig. 1C). Chymo-
trypsin, elastase, and endoproteinase-Glu-C digestion was also
performed (data not shown). Despite the unique specificities of
each protease tested, the resulting cleavage patterns were sim-
ilar for each Mcm10 deletion mutant. Proteolysis of each dele-
tion mutant revealed the presence of smaller fragments that
were resistant to digestion and that were consistent with the
cleavage pattern of the full-length protein (Fig. 1B) and with
regions of sequence conservation (Fig. 14). Cleavage of the
C-terminal ends of Al and A2 yieldled xMcm10'~*** and
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FIGURE 2. Self-association of xMcm10. Shown are overlays of normalized
g(s*) plots from sedimentation velocity experiments at different concentra-
tions of xMcm10-NTD (A), CTD (B), and full-length enzyme (C). NTD and CTD
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xMcm10%3°~*7 ) respectively. For A3, ~170 residues were
cleaved from the N terminus, yielding xMcm10°°°~8¢°, The
resistance of xMcm10' %, xMcm10%*°~ %7, and xMcm 10776 ~8¢°
to further degradation indicates the presence of stable tertiary
folds that sterically preclude protease access to their cleavage sites.
To prepare for further characterization, regions 1-145 (NTD),
230-417 (ID), and 596-860 (CTD) were subcloned, overex-
pressed, and purified (Fig. 1D). The anomalous electrophoretic
mobility of the NTD can be rationalized on the basis of the pre-
dicted pl (4.2) and elongated shape of the protein (see below). The
NTD, ID, and CTD were relatively stable to further proteolytic
digestion, and circular dichroism spectra confirmed the presence
of secondary structure in each domain (data not shown).

Dimerization of xMcml0-NTD—Purified scMcm10 and
spMcm10 have been reported to oligomerize in solution (8, 29,
31), and human Mcm10 was recently reported to form hexam-
eric assemblies (41). Before a rigorous analysis of xMcm10 oli-
gomerization, we first investigated the hydrodynamic proper-
ties of the full-length, NTD, ID, and CTD proteins by gel
filtration chromatography (supplemental Fig. S4). The elution
volumes of full-length and NTD proteins were considerably less
than expected for globular, monomeric proteins. Similarly, the
CTD showed a modest decrease in retention volume as com-
pared with that of a 30-kDa protein standard. The elution pro-
file of the ID, on the other hand, corresponded exactly to that of
a 22-kDa protein, indicating that this domain does not self-
associate. These results raised the question of whether xMcm10
oligomerizes in solution or whether the shape of the protein
significantly deviates from a globular fold.

The oligomeric states of the NTD, CTD, and full-length pro-
teins were determined using sedimentation velocity experiments
(Fig. 2). Fig. 2A shows an overlay of the normalized g(s*) sedimen-
tation coefficient distributions for four concentrations of the
NTD. The distributions shift to the right with increasing concen-
tration, indicating reversible self-association. The best fit to the
data were obtained using a monomer-dimer equilibrium model.
The sedimentation coefficient for the monomer could not be
accurately determined due to the fact that the protein is predom-
inantly dimeric over the concentration range tested. Thus, the sed-
imentation coefficient ratio s(dimer)/s(monomer) was fixed at
1.45, which is the value predicted for a monomer-dimer system
(42). The best fit parameters are s, ,, (monomer) = 1.22 S, s,
(dimer) = 1.77 S, a dissociation constant of K, = 3.1 um, and a root
mean square error of 0.0048 mg/ml. The corrected sedimentation
coefficients of the monomer and dimer can be used to calculate
frictional ratios, f/f;,, of 1.8 and 2.0, respectively, indicating that the
NTD is highly asymmetric.

The normalized g(s*) profiles for the CTD superimpose over the
concentration range tested (0.17—1.5 mg/ml), indicating that the
system does not undergo reversible association under these con-
ditions. The molecular weight obtained from a global fit of the
data to a single species model is 31.0 kDa, which agrees closely
with the predicted monomeric value of 30.1 kDa. The frictional

were prepared in 20 mm Tris, pH 7.5, 100 mm NaCl, 3.5 mm B-mercaptoethanol,
and 5% glycerol, and full-length enzyme was prepared in 20 mm Tris, pH 7.5,
500 mm NaCl, T mmdithiothreitol, 5% glycerol. Conditions: rotor speed, 55,000
rpm; temperature, 20 °C; interference optics.
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FIGURE 3. Effect of EDTA on the stability of xMcm10-ID and -CTD. A, sequence alignment of ID and CTD regions containing invariant (black triangles) and

conserved (gray triangles) cysteine and histidine residues likely involved in Zn?* coordination. B, SDS-PAGE of elastase-catalyzed proteolysis of ID (lanes 1-5)
and CTD (lanes 6-10) in the presence (lanes 4, 5, 9, and 10) and absence (lanes 2, 3, 7, 8) of 10 mm EDTA. 100 pmol of each Mcm10 domain was incubated with

10 ng (lanes 2,4, 7,and 9) and 100 ng (lanes 3, 5, 8, and 10) elastase.

ratio (f/f,) of 1.89 indicates that CTD is also quite asymmetric,
consistent with its gel filtration behavior.

Fig. 2C shows the normalized g(s*) distributions for the full-
length enzyme. Like NTD, the distributions shift to the right with
increasing concentration, indicating mass-action association. In
this case, the presence of lower- and higher-S contaminants pre-
cludes further analysis of these data. However, the limiting sedi-
mentation coefficient of ~2.6 S at low concentration indicates that
xMcm10is predominantly monomeric at low concentrations with
flfe ~ 2.2. Assuming an alternative model where the s = 2.6 S
species is a dimer yields an unreasonably high f/f; ~ 3.5.

Zinc-dependent Stability of xMcml10-ID and CTD—Se-
quence alignments show clusters of highly invariant cysteine
and histidine residues in both the ID and CTD (Fig. 3A4), sug-
gesting that these domains contain zinc binding motifs. Strong
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TABLE 1
Molar equivalents of Zn?* in xMcm10 domains

Zn>" concentration determined by atomic absorption spectroscopy. TAG,
3-methyladenine DNA glycosylase .

Protein Zn**/xMcm10
XxMcm10-NTD 0.16
xMcm10-ID 1.3*+0.3
xMcm10-CTD 1.8 0.5
TAG (control)” 0.98

“ Refs. 43 and 44.

evidence has been provided for the presence of a zinc motif in
scMcml0 internal region (31), although zinc binding by the
CTD has not yet been reported. To verify the presence and
determine the stoichiometry of Zn>" in xMcm10 domains, we
analyzed each of the domains by GFAA spectroscopy. Molar
ratios of Zn>"/xMcm10 for the NTD, ID, and CTD were deter-
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mined tobe 0.16,1.3 £ 0.3,and 1.8 = 0.5, respectively (Table 1).
As a positive control, 3-methyladenine DNA glycosylase I
(TAG), which has been shown previously to contain 1 Zn*"/
molecule (43, 44), was analyzed by GFAA and returned a value
of 0.98 Zn>*/TAG. We, therefore, conclude that the NTD,
CTD, and ID contain 0, 1, and 2 Zn>" ions, respectively. In
support of the GFAA data, x-ray fluorescence emission spectra
of xMcm10-ID single crystals, which were grown in the absence
of Zn®" in the crystallization buffer, revealed a strong peak at
9.6 keV corresponding to the Zn>" absorption edge (data not
shown).

The importance of bound zinc on the tertiary folding of the
ID and CTD was investigated by limited proteolysis protection
assays. The ID and CTD were subjected to proteolysis by elas-
tase in the presence and absence of EDTA, a known Zn>" che-
lator. Both domains were more readily degraded in the pres-
ence of EDTA (Fig. 3B), suggesting that in the absence of bound
Zn>", the ID and CTD were at least partially unfolded and, thus,
more susceptible to protease cleavage. Similarly, when the ID
and CTD were incubated at room temperature for 10 days in
the presence or absence of EDTA, spontaneous degradation
was increased in the presence of EDTA (supplemental Fig. S5).
These results suggest that the zinc motifs in xMcm10-ID and
-CTD play a key role in maintaining the overall structural integ-
rity of these domains.

xMcm10-ID and CTD Are DNA Binding Domains—To
quantitatively characterize the DNA binding activity of purified
xMcm10, the change in fluorescence anisotropy was monitored
as the protein was added to a fluorescein-labeled 25-mer oligo-
nucleotide (Fig. 4). Binding isotherms for MBP-xMcm10-Hisg
show that the full-length Xenopus protein bound to both
ssDNA and dsDNA with the same affinity (K, ~ 0.1 um) (Fig.
4A, Table 2). To determine whether Mcm10 might bind to the
replication fork at the ss/dsDNA junction, a forked substrate
containing both ssDNA and dsDNA regions was also tested and
did not show a difference in binding affinity (K, = 0.08 = 0.06
uM) compared with ssDNA and dsDNA (Table 2). Interest-
ingly, in the presence of EDTA, binding of xMcm10 to dsDNA
was abolished, whereas the affinity for ssDNA remained
unchanged (Fig. 4A, Table 2). The overall anisotropy change for
ssDNA binding was different between EDTA and non-EDTA
titrations, indicating that a change in the tumbling rate of the
complex occurred, likely as a result of EDTA-induced local
unfolding of the zinc motifs (Fig. 3). These results establish that
zinc-dependent structural integrity of xMcm10 is important for
the dsDNA binding activity.

Binding of DNA to the NTD, ID, and CTD was then meas-
ured to determine the DNA binding domain of xMcm10. No
anisotropy change was observed in the presence of the NTD,
indicating that this domain does not interact with DNA (Fig.
4B). Unexpectedly, both the ID and CTD showed robust bind-
ing to both ssDNA and dsDNA (Fig. 4B). The affinity of each
domain for DNA was roughly the same and was an order of
magnitude less than that of the full-length protein (Table 2).
Unlike full-length xMcm10, the affinity of each domain for
ssDNA was ~2-fold greater than for dsDNA. To test the effect
of the Zn®" motifs, binding experiments for each domain were
again carried out in the presence of EDTA (Fig. 4C). Both
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FIGURE 4. DNA binding of xMcm10. Binding was monitored as a change in
fluorescence anisotropy as full-length (A) and isolated domain (B and C) pro-
teins were titrated into a solution containing fluorescently labeled DNA. Error
bars represent the S.D. from the average values from three independent
measurements. A, binding isotherms for full-length MBP-xMcm10-Hisg bind-
ing to ssDNA (filled symbols) and dsDNA (open symbols) in the absence (black)
and presence (gray) of EDTA. A control in which buffer without protein was
added to the DNA is shown as black Xs. B, binding curves for each xMcm10
domain against ssDNA (closed circles) and dsDNA (open circles), and for buffer-
only controls (Xs). C, the dissociation constants (K,) for xMcm10-ID and -CTD
binding to ssDNA (black bars) and dsDNA (gray bars) derived from the anisot-
ropy data are plotted as a function of EDTA concentration. The K, for
xMcm10-ID/dsDNA binding in 25 mm EDTA is =300 uMm, the limit of detection
for this assay.

TABLE 2
Dissociation constants for DNA binding

K, (uMm) for xMcm10 binding to deoxyoligonucleotides determined using
fluorescence anisotropy. ND, not determined.

ssDNA“ dsDNA“ Fork? Bubble®
xMcm10? 0.12 = 0.02 0.09 +0.03 0.08 + 0.06 ND
xMcm10? + 10 mm  0.14 + 0.04 =300 ND ND
EDTA
xMcm10-NTD =300 =300 ND ND
xMcm10-ID 339+049 7.83+144 3.09+099 521+ 1.86
xMcm10-CTD 141 =024 221+020 267 =034 4.77 =257

“25-mer ssDNA and dsDNA substrates.

?Forked DNA = (dsDNA),; — 2x(ssDNA),5 for full-length and (dsDNA),, —
2x(ssDNA), 5 for domains.

¢ Bubble DNA = (dsDNA),, — 2x(ssDNA);5 — (dsDNA),.

4 Binding data for full-length xMcm10 were measured using MBP-xMcm10-Hisg.

xMcm10-ID and -CTD exhibited a dramatic decrease in
dsDNA binding affinity as a function of increasing EDTA con-
centration, whereas the ssDNA affinity was only moderately
affected under the same conditions (Fig. 4C). Interestingly,
EDTA had a greater affect on ssDNA binding to the CTD than
the ID, suggesting that ssDNA is able to bind to the ID in the
absence of a folded zinc motif.
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FIGURE 5. Binding of xMcm10 to the p180 subunit of DNA pol «. A, Coomassie Blue-stained SDS-PAGE gel of purified pol a.. B-D, affinity capture experiments
between xMcm10-NTD (left panels), -ID (center panels), or -CTD (right panels) and pol « (B), p180 (C), or p180N (D). Amounts of protein added to each binding
reaction are shown above the Western blots. B, the intact pol & complex was mixed with xMcm10 domains NTD, ID, or CTD as indicated and immunoprecipi-
tated on Sepharose beads coupled to SJK132-20 antibodies against the p180 subunit as indicated. Bound xMcm10 domains were detected by Western
blotting with an a-His antibody. C, the purified catalytic p180 subunit of pol « was mixed with xMcm10 domains and immunoprecipitated as in B. Bound
xMcm10 domains were detected by Western blotting with an a-His antibody. D, GST fused to the N-terminal 323 residues of p180 (p780N) was adsorbed on
glutathione beads and mixed with xMcm10 domains as indicated. Bound xMcm10 was detected by Western blotting with an a-His antibody.

xMcm10 Binding to DNA Polymerase a-Primase Is Localized
to the ID and CTD—We investigated whether vertebrate
Mcm10 can undergo direct, physical interactions with pol «,
and if so, these interactions can be mapped with the xMcm10
domains. Because purified recombinant human pol « has been
shown to substitute functionally for the X. laevis protein in in
vitro Xenopus replication assays (45), human pol a was chosen
for these experiments (Fig. 54). The first experiment examined
the ability of the purified four-subunit human pol a-primase
complex immobilized on beads to capture His-tagged xMcm10
domains from solution. After incubation with purified
xMcm10-NTD, ID, or CTD and extensive washing, xMcm10
domains remaining bound to the beads were detected by dena-
turing gel electrophoresis and anti-His Western blot. Fig. 5B
shows the results of the pol a-Mcm10 affinity capture, in which
both the ID and CTD, but not the NTD, bound to the polymer-
ase complex. The experiment was repeated using only the puri-
fied catalytic pol a-p180 subunit in the absence of p48, p58, and
p68. Again the NTD was not detected in the bound fraction,
and both the ID and CTD bound to p180 (Fig. 5C). This result
demonstrates that the pl80 subunit is sufficient to bind
xMcm10-ID and CTD.

We next sought to map the specific Mcm10-binding region
of p180. The p180 subunit has a modular organization with an
~300-residue N-terminal region dispensable for polymerase
activity, an extended core region containing the conserved po-
lymerase motifs, and a C-terminal region that complexes with
the other subunits (46). Only the N-terminal region of p180
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binds to SV40 T antigen, an interaction essential for viral DNA
replication (47). Based on this information, an N-terminal con-
struct encompassing p180 residues 1-323 (p180N) was tested.
GST-tagged pl80N immobilized on glutathione-Sepharose
was able to capture both the ID and CTD, but not the NTD,
consistent with the pol a-primase and p180 pulldown assays
(Fig. 5D). Thus, p180N is sufficient for Mcm10 interaction.
These results also show that as for binding DNA, the ID and
CTD function in a coordinated manner.

xMcm10 Does Not Contain Primase Activity—Based on the
recent report that spMcm10 contains primase activity (29), we
examined the ability of full-length xMcm10 to synthesize an
oligoribonucleotide in the presence of a DNA template. Puri-
fied xMcm10 that contained no MBP tag (Fig. 1D) was incu-
bated with dT., template and [a->?P]ATP, and product RNA
was visualized by denaturing PAGE. No radiolabeled products
were apparent when compared with a no-enzyme control reac-
tion (Fig. 6). Under identical conditions, pol a-primase showed
robust, concentration-dependent formation of oligoribonucle-
otides ~12 nucleotides in length. This result indicates that a
purified preparation of xMcm10 is not capable of priming
DNA.

DISCUSSION

Modular Architecture of Mcml10—The present work pro-
vides new insight into the role of Mcm10 in initiation and
elongation complexes by carrying out the first structure-func-
tion analysis of the protein. We have determined using limited
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FIGURE 6. xMcm10 does not contain primase activity. A, oligoribonucleotide
synthesis was assayed in reaction mixtures containing dTs, template, [a->2P]ATP,
and increasing amounts of xMcm10 (lanes 2-5) or pol a-primase (lanes 6 -9). Lane
10, negative control lacking xMcm10 and pol a-primase. Radiolabeled products
were analyzed by electrophoresis on a 25% denaturing polyacrylamide gel con-
taining 7 murea. nt, nucleotides. B, quantitation of the autoradiogram shown in A.
Primase activity is expressed in arbitrary units, with the reaction containing no
protein set to zero. Relative protein concentration corresponds to 0.2,0.4,0.6,and
0.8 uMm xMcm10 and 0.06, 0.12, 0.18, and 0.24 um pol a-primase.
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FIGURE 7. Vertebrate Mcm10. The schematic summarizes the domain orga-
nization and functional regions of xMcm10 identified in this study. The NTD,
ID, and CTD are shaded gray, and conserved cysteine/histidine clusters pre-
dicted to chelate Zn*" are shown as cross-hatched strips. Predicted structural
motifs are shown as black bars above the protein. Listed below each domain
are the oligomerization states, number of zinc ions bound, and binding
partners.

proteolysis that purified preparations of xMcm10 contain at
least three structural domains located from residues 1-145
(NTD), 230417 (ID), and 596860 (CTD) (Fig. 7). The
extreme proteolytic sensitivity of regions 146230 and 418 —
596 suggests that these are exposed flexible linkers connecting
each independently folded globular domain. It is likely that
these flexible regions become more structured or protected
from proteolytic cleavage when Mcm10 is part of the larger
multiprotein replisome assembly. Nevertheless, the present
work suggests that Mcm10 is at least able to adopt multiple
conformations in which each globular domain can move rela-
tive to the other two. Such a flexible protein architecture would
be necessary for the multiple protein and DNA transactions at
an inherently dynamic replication fork. Indeed, many replica-
tion proteins have evolved modular architectures with distinct
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domains that are able to act independently or cooperatively to
perform a common task (for review, see Refs. 48 and 49). For
example, separate structural domains often provide multiple
binding sites that increase the affinity for one ligand or that
enable the protein to contact multiple ligands in a concerted or
sequential fashion (50).

Structural Features of Mcm10-ID and -CTD—Motifs pre-
dicted within the ID and CTD provide a rationale for their
interactions with DNA and pol « (Fig. 7). The protein structure
prediction Protein Homology/analogY Recognition Engine
(PHYRE) program (51) and manual inspection of the xMcm10-
CTD primary sequence identified two putative Zn>" binding
motifs (aa 692-755 and 768 —821) and a three-helical bundle
from the winged helix superfamily (aa 692—755) (supplemental
Fig. S1). These motifs were not identified in yeast Mcm10 pro-
teins. Previously identified motifs in the conserved ID were also
found by this method, including an oligonucleotide/oligosac-
charide binding fold (aa 286 -346) and zinc motif (391-406)
(22, 23, 27). Consistent with the ability of the ID and CTD to
bind both DNA and pol «, oligonucleotide/oligosaccharide
binding folds, winged helix bundles, and zinc motifs have each
been shown to mediate protein-protein interactions in addition
to their role in nucleic acid recognition (52—54).

The zinc binding motifs are essential to the structure and
function of Mcm10. Mutations in the putative CCCH-type zinc
finger within the conserved ID have been shown to disrupt the
association of scMcm10 with chromatin (22), to cause growth
defects in yeast, and to disrupt the NMR chemical shift disper-
sion of purified scMcm10 (31). Our atomic absorption data
show conclusively that 1 molar eq of zinc is present in the ID
and reveal two additional zinc atoms bound to the CTD (Table
1). The effect of Zn>* chelation on Mcm10 DNA binding activ-
ity and protein stability (Figs. 3B and 4, A and C; Table 2) helps
to explain the dissociation of Mcm10 from chromatin in the
S. cerevisiae mcm10-43 (C320Y in the ID) mutant (4, 22).

The arrangement of the invariant Cys/His clusters in the
xMcm10-CTD into a CX,CX,,CX,HX,;CXCX,,CX,C con-
sensus sequence (Fig. 3A) raises several possibilities for the pre-
cise role of the CTD zinc motifs. On one hand, the sequences of
each CCCH or CCCC cluster do not deviate significantly from
the classical DNA sequence-specific CX,CX,,HX;H zinc fin-
ger (55). However, there was no difference in binding affinities
between either the ID or CTD tested against three different
oligonucleotide sequences (data not shown), suggesting that
Mcm10 does not recognize DNA in a sequence-specific man-
ner. On the other hand, the two tandem cysteine-rich clusters
in the CTD are remarkably similar in sequence to LIM domains
and RING finger motifs, which provide protein-binding inter-
faces important for a variety of cellular functions (for review,
see Ref. 56 and 57). It is noteworthy that the CTD zinc motif is
immediately adjacent in the primary sequence to a putative
winged helical bundle, which was predicted based on its simi-
larity to that of the SCF ubiquitin ligase (58). The globular
assembly formed from the RING protein Rbx1, and the winged
helical of Cull in the SCF complex is an interaction integral to
the cullin-RING ubiquitin ligase machinery (59, 60). Thus, the
zinc motif in xMcm10-CTD might stabilize the protein fold
through a winged helical-RING interaction.
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Structural and Functional Differences between Vertebrate
and Yeast Mcm10—The lack of sequence conservation within
the C-terminal region helps to reconcile differences in DNA
binding activities of spMcm10 and xMcm10. The DNA binding
affinity for spMcm10 N-terminal (1-303) and C-terminal
(295-593) fragments, which are truncated between the putative
oligonucleotide/oligosaccharide binding fold and zinc finger of
the ID, was the same as that of the full-length protein (28).
Full-length xMcm10, on the other hand, bound to DNA with
10-fold greater affinity than xMcm10-ID or -CTD alone (Table
2). Additionally, spMcm10 exhibited a 20-fold preference for
ssDNA over dsDNA (28), whereas xMcm10 bound to ssDNA
and dsDNA with the same affinity. Although the domain struc-
ture of yeast Mcm10 is unknown, these results are consistent
with a second DNA binding domain in vertebrate xMcm10-
CTD that is not present in the yeast proteins.

The sequence divergence and different DNA binding activi-
ties between vertebrate and yeast Mcm10 suggest that these
proteins have evolved subtly different functions. An additional
DNA binding domain may have evolved in response to the
greater complexity of the genome and the lack of specific nucle-
otide sequences at origins of replication. Alternatively, the
additional DNA and pol « binding domain and the lack of
detectable primase activity in xMcm10 suggest that vertebrate
Mcm10 evolved a means to recruit pol a-primase in lieu of itself
priming DNA. Structural studies will be required to determine
whether the ID and CTD are classical DNA binding domains, or
if they form versatile structural scaffolds commonly observed in
replication proteins (46, 61— 63).

Perspectives on the Mcml0 Role at the Replication Fork—
Structural arrangement of Mcm10 domains together with their
macromolecular interactions provides insight into Mcm10
function. Our results are consistent with the notion that
Mcm10 recruits pol « to origins of replication (7, 27, 28). With
each of two separate domains encompassing DNA and pol «
binding activities, Mcm10 might mediate a hand-off mecha-
nism between pol @ and DNA. Domain rearrangement to facil-
itate a handoff between replication proteins and DNA has been
proposed for SV40 T antigen-mediated replication protein A
loading onto DNA (64).

Evidence is provided here for NTD-mediated dimerization of
vertebrate Mcm10 (Fig. 2). Analytical ultracentrifugation
clearly showed dimerization of the NTD with a K, of ~3.1 um.
The full-length enzyme is predominantly monomeric at low
concentration but also self-associates, and by analogy to NTD it
is likely also a monomer-dimer system. We observed that the
NTD of mammalian and yeast Mcm10 contains a predicted
coiled-coil (supplemental Fig. S1), a highly asymmetric motif
that would explain protein dimerization and the anomalously
short gel filtration retention times of Mcm10 constructs con-
taining the NTD. Indeed, frictional ratios calculated from the
sedimentation data are indicative of a highly asymmetric pro-
tein. These data are consistent with glycerol gradient sedimen-
tation results showing spMcm10 dimerization and suggesting
an elongated scMcm10 structure (8) and are intriguing in light
of the recent report that human Mcml0 forms a globular
homohexameric assembly (41).
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NTD-mediated dimerization raises the interesting possibil-
ity that Mcm10 interacts with both leading and lagging strand
polymerases at a replication fork. Direct physical interactions
between Mcml10 and pol @ have now been observed in
scMcm10, spMcm10, and xMcm10 (27, 28), and genetic studies
raise the possibility that Mcm10 also interacts with replicative
polymerases 6 and €. The coiled-coil interaction would orient
both subunits of the Mcm10 dimer in the same direction and
consequently provide the polarity needed for the individual
subunits to associate with co-directional leading and lagging
strands.

The fact that xMcm10 did not preferentially bind to forked
DNA substrates (Table 2) suggests that Mcm10 does not reside
directly at the fork but, rather, some distance behind the
unwinding DNA. On the other hand, interactions between
Mcm10 and Mcm2-7 subunits have been observed by yeast
two-hybrid (23). Our data suggest that Mcm10 travels with pol
a by association with the N-terminal end of p180. This region is
dispensable for polymerase activity of p180 (46), suggesting that
Mcml10 is capable of interacting with pol a during DNA syn-
thesis. The p68 subunit of pol a has been reported to interact
with SV40 T antigen, tethering pol a to the viral replication fork
(65, 66), but p68 did not interact with xMcm10 (data not
shown). In addition, we were unable to detect a direct interac-
tion between xCdc45 and pol a or between xMcml0 and
xCdc45 (data not shown). In summary, the structural studies
begun here provide a framework for future studies to elucidate
the spatial arrangement of vertebrate Mcm10 and its binding
partners and to develop a model for the action of these proteins
within the replisome.
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