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The minichromosome maintenance (Mcm) 2-7 complex is
the replicative helicase in eukaryotic species, and it plays essen-
tial roles in the initiation and elongation phases of DNA repli-
cation. During late M and early G;, the Mcm2-7 complex is
loaded onto chromatin to form prereplicative complexina Cdt1-
dependent manner. However, the detailed molecular mecha-
nism of this loading process is still elusive. In this study, we
demonstrate that the previously uncharacterized C-terminal
domain of human Mcmé6 is the Cdtl binding domain (CBD)
and present its high resolution NMR structure. The structure
of CBD exhibits a typical “winged helix” fold that is generally
involved in protein-nucleic acid interaction. Nevertheless,
the CBD failed to interact with DNA in our studies, indicating
that it is specific for protein-protein interaction. The CBD-
Cdtl interaction involves the helix-turn-helix motif of CBD.
The results reported here provide insight into the molecular
mechanism of Mcm2-7 chromatin loading and prereplicative
complex assembly.

For the maintenance of genetic integrity, initiation of eukary-
otic DNA replication is tightly controlled to ensure that DNA
replication occurs exactly once in each cell cycle. Replication
begins by the formation of pre-RCs* on replication origins dur-
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ing late M and G, phases (1, 2). For pre-RC assembly, the six-
subunit origin recognition complex first binds replication ori-
gin on newly synthesized chromatin. The origin recognition
complex serves as an origin marker and recruits the initiation
factors Noc3p, Cdc6, and Cdtl to origins for the chromatin
loading of the heterohexameric Mcm2-7 complex (3-5). Once
the Mcm complex is loaded onto chromatin and pre-RC is
formed, the cell is licensed for DNA replication, awaiting addi-
tional signals for the activation of the licensed origins (6).

The Mcm2-7 complex was first identified as a set of genes
required for minichromosome maintenance in budding
yeast (7). The Mcm proteins are members of the highly
diversified AAA+ (ATPases associated with a variety of cel-
lular activities) protein family (8). They are conserved in
eukaryotes and play essential roles in DNA replication initi-
ation and elongation (9 —11). Previous studies suggested that
the majority of Mcm2-7 proteins form stoichiometric het-
erohexamers in vivo (12). The Mcm2-7 complex was shown
to possess helicase activity in vitro and in vivo (13-15). All
eukaryotic Mcm proteins contain a conserved central nucle-
otide binding domain, an AAA+ ATPase domain (MCM
domain), and the N- and C-terminal domains that are unique
to each of the Mcm proteins (12).

Cdtl is a critical member of pre-RC, and its main function
is to load Mcm2-7 helicase onto chromatin to license the
DNA for replication in the subsequent S phase (16). Overex-
pression of Cdtl alone in many types of mammalian cells is
sufficient to induce rereplication (17-19). Previous studies
have broadly defined three functional domains of Cdtl: a
domain in the middle of the molecule containing the major
Geminin interaction site; an N-terminal domain, which is
required for ubiquitin-mediated proteolysis and contains a sec-
ond interaction site for Geminin; and a C-terminal domain,
which is required for association with Mcm proteins (12). Inter-
actions between Cdt1 and individual members of the Mcm2-7
complex have been examined, and Cdtl was found to interact
with Mcm2 and Mcm6 (16, 21-23). The existence of a stoichi-
ometric complex between Cdtl and Mcm2-7 was recently
reported, which is consistent with earlier biochemical and
genetic investigations (24). However, the detailed molecular
mechanism underlying the chromatin loading of the Mcm2-7
complex through Cdtl remains elusive.

In this report, we demonstrate that the conserved C-ter-
minal domain of human Mcm6 directly interacts with the
C-terminal region of Cdtl. We also present the solution
structure of the Cdtl binding domain (CBD) of human Mcm6
determined by high resolution NMR spectroscopy. The struc-
ture of CBD adopts a typical “winged helix” fold consisting of
three a-helices and two B-strands. We also mapped the resi-
dues of CBD involved in Cdtl binding by NMR titration and
verified the results by mutagenesis studies. Biochemical char-
acterization and structure determination of the Cdtl binding
domain of Mcmé6 provide a basis for understanding the molec-
ular mechanism of Mcm2-7 chromatin loading and pre-RC
assembly.

JOURNAL OF BIOLOGICAL CHEMISTRY 12469


http://www.pdb.org/pdb/explore/explore.do?structureId=2KLQ
http://www.jbc.org/cgi/content/full/C109.094599/DC1
http://www.jbc.org/cgi/content/full/C109.094599/DC1
http://www.jbc.org/cgi/content/full/C109.094599/DC1

REPORT: Structure-Function of Cdt1 Binding Domains of hMcm6

EXPERIMENTAL PROCEDURES

Expression and Purification of Mcm6-CBD and Cdtl-MBD—
The coding sequence of human CBD of Mcm6, corresponding
to residues 708 — 821 (C721S), was inserted into the expression
vector pET-28a(+)(Novagen). The protein was expressed in
Escherichia coli BL21(DE3) at 37 °C for 5 h. Cell lysates were
subject to affinity purification with the nickel-nitrilotriacetic
acid resin (Qiagen) followed by the cleavage of the hexahisti-
dine tag with thrombin. The resulting product (residues 708 —
821 of Homo sapiens Mcm6 with a 4-residue N-terminal exten-
sion remaining from the thrombin cleavage site) was further
purified on a Mono Q HR 10/10 column (GE Healthcare).
For the NMR studies, CBD samples uniformly labeled with
>N and/or '*C isotopes were expressed and purified as
described above, except that the cells were grown in M9
medium containing [**N]ammonium chloride and p-glucose
(or p-["*Cglglucose) (Cambridge Isotopes), respectively. Resid-
ual dipolar couplings were measured on a sample that was
weakly aligned in the magnet by adding 12 mg/ml filamentous
phage Pf1 (ASLA BIOTECH).

The coding sequence of human Mcm6 binding domain
(MBD), corresponding to residues 410—445 of Cdtl, was
inserted into the pET-32a(+) (Novagen)-derived expression
vector, in which the thioredoxin tag was replaced by the
56-residue B1 immunoglobulin binding domain of Strepto-
coccal protein G (GB1) to increase the solubility and stability of
the fusion protein. The N-terminal GB1-His,-fused Cdt1-MBD
was expressed in E. coli BL21(DE3) at 16 °C for 16 h. Cell lysates
were first purified with nickel-nitrilotriacetic acid resin (Qia-
gen) followed by gel filtration purification with Superdex 75
10/300 GL (GE Healthcare).

GST Pulldown Assay—The prewashed glutathione-Sepha-
rose 4B beads (GE Healthcare) were incubated with lysates of
GST or GST-Mcm6-(708 —821) at 4 °C for 5 h. The beads were
washed three times, and the lysates of Cdtl fragments were
incubated with GST-Mcm6-(708 —821) or GST-coupled beads
at 4 °C for 4 h. Then, the beads were washed three times and
eluted in 50 mMm Tris (pH 7.9) containing 10 mMm glutathione.
One-fourth of the total elute was assayed on a 12% SDS-PAGE
and visualized by Coomassie Blue staining.

NMR Structure Determination—NMR spectra were acquired
at 37 °C on 750- and 500-MHz Varian NMR spectrometers. All
spectra were processed using NMRPipe (25-26) and analyzed
using Sparky 3 (47). The 'H, *°N, and **C chemical shifts were
assigned by standard methods (27-29). Distance restraints
were obtained from '°N- or '*C-edited three-dimensional NOE
spectroscopy spectra and two-dimensional NOE spectroscopy.
Chemical shift perturbations (A8 = [(ASH)? + (0.16 ASN)?]",
in parts per million) were monitored from two-dimensional
'H-'""N-HSQC spectra. NOE assignment and structure calcu-
lations were performed using the CANDID (30) module of the
program CYANAZ2.1 (31). Unassigned resonances were repre-
sented by appropriate proxy residues (32). Dihedral restraints
were generated from TALOS (33). Water refinement was per-
formed by using CNS (34) and following the RECOORD proto-
col (35). Structures were validated using WHATCHECK (36)
and PROCHECK (37) and analyzed by MOLMOL (38) (sup-
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plemental Table S1). The solvent accessibility was calculated by
NACCESS (39). All of the figures representing the structures
were generated by PyMOL. For further details, see the
supplemental Experimental Procedures.

RESULTS

The Conserved C-terminal Domain of Human Mcmé6 Binds
with Cdt1—We conducted an extensive search to identify the
Cdt1 binding domains in human Mcm2-7 complex by the yeast
two-hybrid method and found that the interaction between
human Mcm6 and Cdtl is much stronger than that between
Mcm?2 and Cdt1, which is consistent with mouse study (21). To
identify the binding domain of human Cdt1 and that of human
Mcmé, different fragments of Mcm6 and Cdt1 were used in the
yeast two-hybrid analysis. Our results showed that the C termi-
nus of Mcm6 spanning residues 708 — 821 (the CBD) could bind
with residues 392—471 of Cdtl. The direct physical interaction
between these two domains was confirmed by pulldown assays
in which GST-fused Mcm6-CBD and thioredoxin-fused Cdt1-
(392-471) were used (Fig. 1A). The physical and functional
interactions between binding domains of Cdt1 and Mcm6 were
also verified by co-immunoprecipitation and dominant nega-
tive assays in human cells.”

As we observed that the Cdt1-(392—471) was unstable and
unsuitable for structural study, several truncation mutations of
this Cdtl fragment fused with GB1 tag (40, 41) were con-
structed in an attempt to make them suitable for NMR analysis.
We found that the region of Cdt1 spanning residues 410 — 445 is
the core MBD, which is sufficient to interact with CBD (Fig.
1B). The interaction was also confirmed through a yeast two-
hybrid assay. A recent investigation reported that mouse Cdt1
with alanine substitution of two lysines, Lys-441 and Lys-445
(corresponding to human Cdt1 Lys-429 and Lys-433), failed to
form a complex with Mcm2-7 (23) and also confirms the
importance of the 410-445 region of human Cdtl in the
Mcm6-Cdtl interaction. Taken together, our data demonstrate
that the conserved C-terminal domain of human Mcm6 (resi-
dues 707-821) physically interacts with Cdtl (residues 410—
445), the MBD.

Three-dimensional Structure of the Cdt1 Binding Domain of
Mcm6—The three-dimensional structure of the CBD of human
Mcmé6 (residues 708 -821) was determined by the standard
multidimensional heteronuclear NMR spectroscopy and well
defined (27-29) (supplemental Table S1; see also “Experimen-
tal Procedures”). A superimposed ensemble of the 20 water-
refined NMR structures and the ribbon plot of the lowest
energy structure are shown in Fig. 1C. The Ramachandran plot
of the superimposed ensemble showed that 81.7% of the mean-
ingful residues fell into the most favorable regions of torsion
angle space, and 16.5% of the residues were in other allowed and
generously allowed regions. The remaining 1.8% of the resi-
dues, all of which were in the disordered terminal and loop
regions of the protein, fell in the so-called disallowed region of
the Ramachandran plot. The structure of CBD adopts a winged
helix-turn-helix fold, which is a typical DNA binding motif and
may also participate in protein-protein interaction (42). Resi-

5 Z.Wei, C. Liu, X. Wy, N. Xu, B. Zhou, C. Liang, and G. Zhu, unpublished data.
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FIGURE 1. In vitro interaction of Mcm6-CBD with Cdt1-MBD and solution structure of CBD of human
Mcmé. A, the C terminus of Mcm6 interacts with the C-terminal region of Cdt1. Thioredoxin (Trx)-Cdt1-(392-
471) was pulled down by GST-Mcm6-(708-821) and visualized by Coomassie Blue staining. The asterisk indi-
cates the Cdt1 degradation product. B, the minimal region of Cdt1 required for Mcm6 interaction. GB1-Cdt1-
(410-445) was pulled down by GST-Mcm6-(748-821) or GST-Mcm6-(708-821) and visualized by Coomassie
Blue staining. C, the left panel shows the backbone superposition of the 20 lowest energy NMR structures of
Mcm6-CBD. Secondary structural elements are indicated by color coding: a-helices (red), B-strands (green), and
loops (cyan, gray). N-terminal and C-terminal ends are indicated as N and C. The right panel shows a ribbon
representation of the same structure of CBD using the coordinates of the lowest energy structure. D, the
{"H}-">N heteronuclear NOEs of each amino acid are depicted. Secondary structural elements are indicated
with color coding as in B on the top of the figure. E, the structure of the hydrophobic cage of CBD is shown with
the side chains of important residues such as Leu-726 and Leu-748 presented in green and residues lle-723,

lle-772, and lle-773 shown in red.

dues 718 -736 (1), 745-756 (a2), and 763781 (a3) constitute
the canonical three-helix bundle, which is packed against two
short antiparallel B-strands denoted as B1 (residues 787-790)
and B2 (residues 810—813). The N terminus (residues 708 —
715), the region between B1 and B2 (residues 791-809), and the
C terminus (residues 814 —821) are flexible based on hetero-
nuclear NOE data and are less well defined in the NMR ensem-
ble due to high internal mobility (Fig. 1D). By contrast, loop 1
(residues 737-744) and loop 2 (residues 757—-762) appear to be
appreciably rigid because the three-helix bundle is tied with the
B-sheet through loop 1. The rigidity is confirmed by the {"H}-
15N heteronuclear NOE results (Fig. 1D) and is consistent with
the calculated Random Coil Index (43, 44). The helix a1 and the
helix-turn-helix (HTH) motif («2-loop 2-a3) establish the sta-
ble helix bundle by creating a hydrophobic core through the
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The C terminus of CBD, including the
antiparallel stranded B-sheet and
the conserved Tyr-817, contributes
significantly to the fold of CBD as
deletion or substitution of these res-
idues led to precipitation in solution
or no expression of CBD in E. coli.
To validate the three-dimensional
structural fold of CBD in solution, we
measured 'HN-'°N residual dipolar
couplings (RDCs) (46) with CBD
protein weakly aligned in Pfl. The
52 experimental RDCs (not used
in the structure calculations) of
the well resolved resonances of the
amino acids in the secondary struc-
tural elements agreed nicely with
the values back-calculated from
the structure that was determined
based on the NOEs and the dihedral
angle constraints, with the quality
factor equal to 0.32. The surface res-
idues and hydrogen-bond network
exhibited in the NMR structures
were confirmed from a paramagnetic
mapping experiment® and hydrogen
exchange data obtained from solvent-
exposed amides-HSQC experiment
(45). Taken together, data from the
backbone dynamics study, RDC, and
amide hydrogen exchange measure-
ments demonstrate that the first few
turns of the helix a1 are not as tightly
packed as the remaining secondary
structural elements in CBD.
Mapping Cdtl Binding Sites of the CBD Domain—T o identify
the binding sites, we conducted an NMR titration experi-
ment on CBD with GB1-tagged MBD. Remarkably, the addi-
tion of MBD induced significant chemical shift perturbations.
As shown in Fig. 24, signals that display large chemical shift
changes (A8 > 0.12 ppm) correspond to amino acids in the
helix-turn-helix region formed by helix a2 (residues Trp-751,
Lys-754, Glu-755, and Ile-756), loop 2 (residues Glu-757 and
Ser-758), and helix a3 (residues Glu-764, Glu-765, and Arg-
771) (Fig. 2, B-D). This observation is consistent with the pull-
down results shown in Fig. 1B. Residues Leu-753, Glu-763, and
Leu-766 completely disappeared due to line broadening after the
CBD was titrated by MBD at a ratio of ~1:2. The solvent accessi-
bility calculated from NACCESS 2.1 and the amide exchange
measurements from the SEA-HSQC experiment (45) indicate that
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spectra showed similar patterns and
line widths, indicating that the
structural folds were not disrupted
by mutations. These observations
are consistent with the fact that
these residues are on the surface of
the protein.

To further confirm the impor-
tance of residues Glu-757 and Leu-
766 in the Mcm6-Cdtl interaction,
we co-transfected HA-tagged wild-
type or alanine substitution mutants
of full-length Mcm6 and full-length
Cdtl into 293T cells. As shown in
supplemental Fig. S1, HA-wtMcm6
and Myc-Cdtl co-localized in the
nucleus of 293T cells, whereas HA-
Mcm6 mutants, such as E757A and
L766A, failed to co-localize with
Myc-Cdtl, although they still re-
mained in the nucleus. As muta-

o
AR

FIGURE 2. NMR and mutation studies of the interaction between Mcm6-CBD and Cdt1-MBD. A, a part
of the overlaid "H-">N-HSQC spectra of '°N-labeled CBD in free form (black) with that titrated with non-
labeled GB1-Cdt1 410-445 (red) at a molar ratio of 1:4. Residues that undergo significant changes in
chemical shifts upon formation of the complex with Cdt1-MBD are highlighted by arrows and labeled with
peak assignments. B, chemical shift differences between the free-form and MBD saturated CBDs. C, chem-
ical shift perturbations in the presence of MBD are colored onto the structure of CBD in ribbon represen-
tation. Residues with chemical shift perturbations ranging from 0.04 to 0.12 ppm are colored in green,
whereas residues with chemical shift perturbations larger than 0.12 ppm are shown in red. Key residues,
Glu-757, Glu-763, and Leu-766, are shown in the stick model. D, surface presentation of CBD with residues
showing chemical shift perturbations as described in B. E, the effect of a single-point mutation in Mcm6-
CBD on in vitro Cdt1-MBD interaction. The upper panel indicates a relatively equal amount of GST-Mcm6-
CBD mutant proteins used in the GST pulldown assay. The immunoblot with anti-His antibodies shows the
binding of GB1-His-MBD to the wild-type (wt) or mutant CBD (lower panel). Mutants of CBD highlighted in

tions on Glu-757 and Leu-766 dis-
rupted Mcm6-Cdtl co-localization
without influencing the nuclear
import of the Mcm6 mutants, the
results indicate that these 2 residues
were specific and pivotal for the
Mcm6-Cdtl interaction.

DISCUSSION

red exhibited a significant reduction in binding to Cdt1-MBD.

either the main chain or the side chain of residues Lys-754, Glu-
755, Glu-757, Ser-758, Glu-763, Glu-764, Glu-765, and Leu-766 is
found to be on the surface of CBD (Fig. 2, Cand D). These solvent-
exposed residues form an MBD binding site. All available chemical
shift perturbations were quantitatively analyzed to derive the dis-
sociation constant, K, which is about 10™* M.

Mutagenesis Studies of the Interaction between MBD and
CBD—The sequence alignment reveals that the CBD contains a
series of acidic residues that form a negatively charged region
encompassing a2-loop 2-a3, where the residues experienced
major chemical shift changes in the NMR titration experiments
(Fig. 2, A-D). A series of point mutants in CBD were con-
structed to evaluate the contributions of these residues to the
CBD-MBD interaction. These point mutants, Y752E, K754A,
E755A, 1756A, E757A, E757Q, E757D, E763A, E763Q, E763D,
E764A, E765A, and L766A, were expressed and purified to
homogeneity. Pulldown assay results (Fig. 2E) indicated that
the highly conserved residues, Glu-757, Glu-763, and Leu-
766, make major contributions to the interaction between
MBD and CBD. The electrostatic surface potential of CBD
shows that these residues may bind MBD through charge-
charge interactions and hydrophobic interactions. To assess
whether point mutations affect the structure of CBD, we
recorded two-dimensional 'H-">N-HSQC spectra of mutants
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In all eukaryotic cells, a highly
conserved regulatory mechanism
ensures that genomic DNA repli-
cates exactly once in each cell cycle. Cdt1-mediated loading of
the Mcm2-7 onto chromatin is a critical and accurately regu-
lated event during the initiation of replication. The Mcm2-7
complex chromatin loading might be achieved through direct
interaction between Cdtl and subunits of Mcm2-7 complex.
The newly reported results showed that single heptamers of
Cdt1-Mcm2-7 are loaded onto DNA cooperatively (24). How-
ever, the detailed domains of Cdt1l and Mcm2-7 involved in the
cooperative binding are missing. To fill this missing link, we
have applied the yeast two-hybrid method to map the interact-
ing domains between human Cdtl and human Mcm2-7. We
have characterized the C terminus of Mcm6 as the CBD and
determined the high resolution NMR structure of CBD. We
also identified and verified the binding surface and key residues
of Mcm6-CBD involved in the Cdtl interaction.

Structural studies showed that the CBD contains a winged
helix fold, which consists of an HTH motif and a wing (8-
loop-B) motif. The core structure of the CBD spans residues
Ser-718 —His-782. The NMR titration experiment showed that
the Cdtl binding sites are located in the HTH region (helix
a2-loop 2-helix a3). The GST pulldown assay with CBD
mutants confirmed that Glu-757 in conjugation with Glu-763
and Glu-766 form a small cluster of residues in &2, loop 2, and
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a3 of CBD whose single-point mutation disrupts the interac-
tion with Cdt1-MBD.

A DALI search using CBD as input rendered more than
500 structurally related proteins (z-score > 2.0). Most
closely related protein structures are those having nucleic
acid binding activity, including the transcription factor E2F-4
(1CF7; z-score = 6.0), the penicillinase repressor (1XSD;
z-score = 4.2), and the putative AphA-like transcription factor
(2RKH; z-score = 4.8). The analysis of structural homologs sug-
gests that CBD could potentially bind with double-stranded-
DNA through the short sequence (KRIIEK) in the third helix.
We therefore examined whether or not CBD binds DNA with
the use of electrophoretic mobility shift assays and an NMR
titration experiment using 16-bp double-stranded-DNA and
single-stranded-DNA with low and high salt concentrations.
However, we failed to observe any shift change in either exper-
iment (data not shown). This may be explained based on the
analysis of surface charge distributions of CBD, E2F-4, and pen-
icillinase repressor. The surface charge distribution of CBD
does not have the characteristic positively charged patches
required for DNA binding (42). The third helix (a3) of CBD is
less positively charged than the DNA binding regions of E2F-4
and penicillinase repressor (supplemental Fig. S2), probably
making its binding with DNA impossible.

To summarize, we have identified and characterized the
Cdtl-interacting domain in the subunits of the human
Mcm2-7 complex and the Mcm6 binding domain of Cdtl.
We also determined the high resolution solution structure of
the Mcm6-CBD. The results here represent an important pro-
gress toward the understanding of the molecular mechanism of
chromatin loading of the Mcm2-7 complex by Cdt1, which is a
critical step during eukaryotic DNA replication initiation.
Structural and functional studies on the CBD-MBD complex
currently in progress will provide more details of the molecular
mechanism for Cdtl-mediated Mcm2-7 complex chromatin
loading.

Acknowledgment—We thank Feng Rui for helping to set up the NMR
experiments.
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