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Abstract: In eukaryotic replication licensing, Cdt1 plays a key role by recruiting theMCM2-7 complex

onto the origin of chromosome. The C-terminal domain ofmouse Cdt1 (mCdt1C), themost conserved

region in Cdt1, is essential for licensing and directly interacts with theMCM2-7 complex. We have
determined the structures ofmCdt1CS (mCdt1C_small; residues 452 to 557) andmCdt1CL

(mCdt1C_large; residues 420 to 557) using X-ray crystallography and solution NMR spectroscopy,

respectively. While the N-terminal 31 residues of mCdt1CL form a flexible loopwith a short helix near
themiddle, the rest ofmCdt1C folds into a winged helix structure. Together with themiddle domain of

mouse Cdt1 (mCdt1M, residues 172–368), this study reveals that Cdt1 is formedwith a tandem repeat

of the winged helix domain. Thewinged helix fold is also conserved in other licensing factors including
archaeal ORC and Cdc6, which supports an idea that these replication initiatorsmay have evolved

from a common ancestor. Based on the structure ofmCdt1C, in conjunction with the biochemical

analysis, we propose a binding site for theMCMcomplex within themCdt1C.
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Introduction
Eukaryotic genomic integrity requires complete and

precise duplication of chromosomal DNA during repli-

cation. To maintain genomic stability, DNA replication

must start once and only once per cell cycle, and

eukaryotes achieve such strict regulation of replication

initiation by stepwise assembly of protein complexes

onto replication origins to establish ‘‘licensed’’ ori-

gins.1,2 The origin recognition complex (ORC) first

selects origin DNA and then triggers the binding of

Cdc6 and Cdt1. These two factors then recruit a puta-

tive replicative helicase, the MCM2-7 complex, to form

yBulat I. Khayrutdinov, Won Jin Bae, and Young Mi Yun
contributed equally to this work.

Grant sponsors: National Creative Research Initiatives, 21C
Frontier Functional Proteomics Project, NMR Research Program
of the Korean Ministry of Science and Technology.

Grant sponsor: Top-Brand Research Program of Korea Basic
Science Institute; Grant number: T29220.

*Correspondence to: Young Ho Jeon, The Magnetic Resonance
Team, Korea Basic Science Institute, 804-1 Yangchung-Ri,
Ochang, Chungbuk 363-883, South Korea. E-mail: yhjeon@
kbsi.re.kr or Yunje Cho, National Creative Research Center for
Structural Biology and Department of Life Science, Pohang
University of Science and Technology, Hyo-ja dong, San31,
Pohang, KyungBook, South Korea. E-mail: yunje@postech.ac.kr

2252 PROTEIN SCIENCE 2009 VOL 18:2252—2264 Published by Wiley-Blackwell. VC 2009 The Protein Society



a prereplicative complex (pre-RC) on replication ori-

gins in the G1-cell cycle phase.3–8 The MCM2-7 com-

plex then promotes the unwinding of DNA origins,

and the binding of additional factors such as Cdc45

and GINS complex at pre-RCs to initiate the DNA rep-

lication in S-phase.9–13

The licensing factor Cdt1 is essential for chromo-

somal replication.7,14–16 Several experiments have sug-

gested that the interaction between Cdt1 and MCM2-7

is required to load the helicase on chromatin.7,15,16

Recent studies show that Cdt1 stimulates the binding

and helicase activity of MCM4,6,7 complex in vitro.17

Overexpression of Cdt1 causes re-replication of DNA

within each cell cycle, which ultimately leads to cell

death and tumorigenesis.18–20 Therefore, when the S-

phase starts, the activity of Cdt1 must be down-regu-

lated. Metazoan cells achieve this down-regulation

through the combined activities of cyclin-dependent

kinases (CDKs) and geminin, and by the degradation

of Cdt1 by proteosomes; CDK-dependent degradation

by the SCF complex and PCNA-dependent degradation

by the Cul4-DDB1 complex.21–26

The primary function of Cdt1 is to recruit MCM

helicase onto replication origins,7,15,16 although recent

study suggests that mutants of Cdt1 that do not interact

with MCM2-7 can induce re-replication when overex-

pressed.27 The depletion of Cdt1 abolished the associa-

tion between MCM2-7 and origin DNA, whereas the

addition of recombinant Cdt1 fully restored pre-RC for-

mation.28 The structure of Cdt1 can be largely divided

into three parts based on sequence comparison and

biochemical analyses29: the highly variable N-terminal

region that binds to DNA; the middle geminin-binding

region (Cdt1M), which is conserved in metazoans and

which by earlier structural analysis was shown to adopt

a winged helix fold30; and the C-terminal MCM-bind-

ing region (Cdt1C) which is known to directly interact

with the MCM2-7 helicase and to be essential for the

licensing activity of Cdt1.29,31 Mutational studies of

Cdt1 from various species identified several regions

and/or residues of Cdt1C that are involved in the inter-

action with MCM2-7.17,27,29,31 However, despite the

extensive studies of Cdt1 in replication licensing, our

understanding on the interactions between Cdt1C and

MCM2-7 and the mechanism by which Cdt1 recruits

the MCM2-7 complex to assemble the pre-RC is very

limited because of the lack of the structure of Cdt1C.

Here, we investigated the structure of the C-terminal

region of mouse mCdt1 (mCdt1C), the most conserved

region in Cdt1, and provide an insight as to how

mCdt1C interacts with the MCM2-7 complex.

Results

Overall structure of mCdt1C

Previous studies have revealed that the MCM complex

binding domain is within the C-terminal domain of

mCdt1.27,29,31 Based on these studies, and our limited

proteolytic digestion analysis, we produced the two

mCdt1 fragments, mCdt1CL (mCdt1C_large; residues

420–557) and mCdt1CS (mCdt1C_small; residues

452–557). We then determined the solution and 1.9 Å

crystal structures of mCdt1CL and mCdt1CS, respec-

tively (Tables I and II). The mCdt1CL structure can be

divided into the two parts; the first 31 residues form

an N-terminal arm (residues 420 to 451), which is

highly flexible [Fig. 1(A)]. The Ca and Cb chemical

shift values and the sequential and medium range

NOEs of the backbone amide protons confirmed that

this N-terminal region also contains a well-defined

helical structure [residues 431 to 442; Fig. 1(B,C)].

Another part of mCdt1CL forms a compact core which

is folded into a winged helix structure [Fig. 1(A,B,D)].

The mCdt1CL core or mCdt1CS consists of four a-heli-
ces (H1 to H4) backed on one side by three b-strands
(S1 to S3). The H3 helix is packed against H1 and H4

helices in a perpendicular manner on one side and

packed against the S2 and S3 strands on the other

side. The middle of helix H1 is notably bent (by 40�)

primarily due to Pro467, which allows its tight interac-

tion with helix H3 [Fig. 1(B,D)]. The flexible linker

between the N-terminal arm and the core of mCdt1CL

allows significant movement of the N-terminal arm

relative to the mCdt1 core and the end to end distance

between the N-terminal ends of solution NMR struc-

tures could move more than 50 Å [Fig. 1(A)].

The structure of the mCdt1CL core was found to

be similar to that of mCdt1CS, with an RMS deviation

values of 2.4–2.8 Å for 107 aligned Ca atoms.

Table I. Statistics of Data Collection and Refinement

Data sets Native Hg-SAD

Diffraction data
Wavelength (Å) 1.0000 1.0064
Resolution (Å) 50–1.9 50–2.2
Measured reflections 313,879 361,298
Unique reflections 11,404 7,433
Completeness (%) 100 (100) 99.9 (99.7)
Average (I/r) 67.1 (12.1) 15.4 (2.2)
Rsym (%) 10.1 (36.9) 10.6 (34.7)

Phasing
Overall figure of merit

(50–2.4 Å)
0.30

Refinement
Resolution range (Å) 30–1.9
Number of reflections 11,126
Rworking (%) 21.7
Rfree (%) 23.8
Number of water molecules 94
RMS deviation bond length (Å) 0.006
RMS deviation bond angles (Å) 1.1

Rsym ¼ RhRi|Ih,i – Ih|/RhRIIh,i, where Ih is the mean intensity
of the i observations of symmetry-related reflections of h.
R ¼ R|Fobs – Fcalc|/RFobs, where Fobs ¼ Fpi and Fcalc is the
calculated protein structure factor from the atomic model
(Rfree was calculated with 5% of the reflections). RMS devia-
tion in bond lengths and angles are the deviations from ideal
values, and the RMS deviation in B factors is calculated
between bonded atoms.
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However, despite the overall structural similarities

between mCdt1CL and mCdt1CS, the two structures

are different in several regions [Fig. 1(E)]. First, the

N-terminal half of helix H1 is directed toward helix H3

in mCdt1CS, whereas the equivalent region is bent in

the opposite direction and points away from helix H3

in mCdt1CL. In the crystal structure, Gln456 forms

hydrogen bonds with the side chains of Glu480 and

Arg493 from symmetry-related molecules. Thus, the

structural differences between the N-terminal half of

the H1 helix of Cdt1CL (NMR) and Cdt1CS (crystal)

could be due to the crystal packing. Second, in

mCdt1CS, the C-terminal end forms a part of the H4

helix and is packed in an anti-parallel manner against

the N-terminal region of helix H1 through hydrophobic

contacts, whereas the equivalent region in mCdt1CL is

loosely folded and directed to helix H3.

Structural similarities with archaeal
licensing factors

A database search using DALI35 revealed that the

structure of mCdt1CS is remarkably similar to the

structures of two archaeal homologues of the eukaryo-

tic replication initiator Cdc6 and Orc2; Pyrobaculum

aerophilum Cdc6 (PaCdc6, Z ¼ 7.3) with an RMSD

value of 4.4 Å for 88 Ca atoms and Aeropyrum pernix

Orc2 (ApOrc2, Z ¼ 6.5) with an RMSD value of 5.1 Å

for 92 Ca atoms, although no significant sequence

similarity (10 to 11%) was observed between mCdt1C

and these proteins (Fig. 2).36,37 These two mammalian

licensing factor homologues possess an AAAþ ATPase

domain and a winged helix domain at their N-terminal

and C-terminal ends, respectively. The AAAþ domains

of Orc2 and Cdc6 hydrolyze ATP to load the MCM2-7

complex onto origin DNA during pre-RC assembly,

whereas their winged helix domains bind to DNA.36,37

The presence of winged helix domains in the C-termi-

nal regions of mCdt1, archaeal PaCdc6, and ApOrc2

provide additional support for the conservation of the

replication licensing factors. Moreover, the fact that

the presence of winged helix domains in archaeal Orc2

and Cdc6 homologues extends to Cdt1, which is

unique to eukaryotes, suggests that the origin selection

systems have diverged to perform more complicated

functions during evolution. The structure of mCdt1C

also similar to that of mCdt1M (Z ¼ 7.1, RMSD of

3.4 Å for 91 Ca atoms), which shares only 9% sequence

identity.30 Thus, a large part of mCdt1 is composed of a

tandem repeat of winged helix domain (Fig. 2).

Binding sites for the MCM complex
within Cdt1C

Sequence comparison analysis of the Cdt1C domains

from various species reveals that conserved residues

are clustered in both the N-terminal arm and mCdt1

core regions [Fig. 3(A–C)]. In N-terminal arm, most of

the conserved residues are clustered in the H0 helix

and the loop connecting the H0 and H1 helices (H0-

H1 loop), which are fully exposed to solvent. Previous

yeast two hybrid and GST pull down analyses with

mouse Cdt1 suggested that residues between 407 and

477 of mCdt1 are important for binding to MCM6.29

In particular, mutation of Lys441 and Lys445 signifi-

cantly reduced the affinity toward MCM4,6,7 and fails

to stimulate DNA binding and helicase activities of the

MCM4,6,7 complex (Table III).17 Lys441 and Lys445

are located in the H0 helix and the H0-H1 loop,

respectively [Fig. 4(A)]. In addition to these two lysine

residues, several conserved residues in the H0 helix

and the H0-H1 loop are charged, including Glu436,

Arg437, and Arg439 [Fig. 3(A)].

Figure 4(B) shows the plot of the accessible sur-

face area of each residues of Cdt1CL. The mCdt1C core

is primarily formed with two hydrophobic patches, in

which a number of conserved residues are tightly

packed [Fig. 3(B)]. One patch is formed with Leu463,

Leu466, Leu473 (helix H1), Leu514 and Leu517 (H3),

Leu518 and Trp521 (loop H3-S2), and Leu544

and Leu548 (H4). Another hydrophobic patch consists

of Leu473, Phe477, Val485, Val490, and Leu511. While

Table II. NMR Structural Statistics and Atomic
RMS Differences

Parameters
mCdt1C

(420–557)

Structure statistics
Completeness bb/sc assign,a % 99/99
Consensus NOE assign,b % 64
Total NOE peaks assigned,c

(N/Caliphatic/Caromatic)
3513

(1389/2019/105)
NOE constraints 3295
Short range 2451
Medium range 473
Long ranged 371
No. dihedral angle constraints,e //w 94/98
No. hydrogen bond constraints 86
CYANA target function, Å2 2.04 � 0.28
RMSDs backbone RMSD to mean,f Å 0.55 � 0.14
RMSDs heavy atom RMSD to mean,f Å 0.99 � 0.11

CNS solve calculation:
RMSDs backbone RMSD to mean,f Å 0.41 � 0.07
RMSDs heavy atom RMSD to mean,f Å 0.92 � 0.05

Ramachandran plot
Residues in most favored regions, % 82.7
Residues in additional allowed regions, % 13.7
Residues in generously allowed regions, % 2.7
Residues in disallowed regions, % 0.9g

a For backbone (bb); the assignment yields was calculated by
excluding N-terminal NHþ

3 , Pro 15N, and 13C0 shifts of resi-
dues preceding Pro residues. For side-chains (sc); excluding
side-chain OH, 13C0 and aromatic quaternary 13C shifts, and
Lys NHþ

3 , Arg NH2.
b Obtained from parallel run using CYANA32 and AutoAssign.33
c CYANA32 assigned results.
d Short-range (|i – j| � 1), medium-range (1 < |i – j| � 5),
long-range (|i – j| � 5) assignment with NOE connecting res-
idues i and j.
e Calculated by using TALOS.34
f RMSDs for well-folded domain, residues 469 to 544.
g This result produced with the residues from flexible part.
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the conserved hydrophobic residues are clustered in

the helices to provide the stability to the mCdt1C core,

majority of conserved polar residues are at the surface

of the three-stranded sheet [Fig. 3(A,C)]. These

include Arg481 and Lys482 (loop H1-S1), Thr486

(strand S1), Ser523 and His525 (S2), Tyr532 and

Lys534 (S3). In addition, central region of the H1 helix

and the H3 helix contain a few conserved polar resi-

dues including Arg465, Arg471, Glu508, and His510

[Figs. 3(A) and 4(A)].

Previous mutational studies showed that replace-

ment of some of these conserved residues abrogates

the interaction between Cdt1 and the MCM complex

(Table III).27 For instance, the human Cdt1 (hCdt1)

multiple mutant protein, in which Glu496, His498,

and Leu502 (equivalent to Glu508, His510, and

Figure 1. Overall structure of mCdt1CL. (A) Backbone (Ca, N, and CO) superposition of 20 low-energy calculated structures

of mCdt1CL. (B) Ribbon representation of a selected structure of mCdt1CL, which is closest to the mean. (C) Primary

sequence of mCdt1CL with the summary of the NOE data. For the short- and medium-range NOEs, the line thickness is

approximately proportional to NOE intensity (classified as weak, medium, or strong). The red square marked for the residues

from helix H0 in the flexible N-terminal part. (D) Crystal structure of mCdt1CS in two different views. (E) Stereodiagram of the

superimposed structures of mCdt1CS (blue) and mCdt1CL (orange). N-terminal region (420 to 450) of mCdt1CL was removed

for clarity.
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Figure 2. Domain structure of mCdt1, indicating functional regions (top). Overall structure of mCdt1C, which is compared

with three homologs: mCdt1M (PDB 2ZXX),30 PaCdc6 (1FNN),36 and ApOrc2 (1W5T).37

Figure 3. (A) Primary and secondary structure of mCdt1C showing identity with orthologues from human, frog, fly, worm, and

yeast (1: Schizosaccharomyces pombe and 2: Saccharomyces cerevisiae). Highly conserved residues are colored with yellow

bar and absolutely conserved residues are colored with green. (B) Conserved hydrophobic residues in mCdt1C are shown in

yellow stick. (C) Conserved exposed residues in the mCdt1C core are clustered in three b-strands.

2256 PROTEINSCIENCE.ORG Structure of the Cdt1 C-terminal Domain
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Leu514 of mCdt1) in the H3 helix or Arg453, Glu456,

Leu457, Ala458, and Arg459 (Arg465, Glu468,

Leu469, Ala470, and Arg471 of mCdt1) in the H1 helix

are simultaneously mutated, fails to interact with the

MCM complex. The positions of these residues are

shown in Figure 4(A).

We used cross-saturation transferred measure-

ments to identify the interface between mCdt1CL and

the MCM complex [Fig. 5(A)]. In this method, satura-

tion in the MCM complex caused by selective irradia-

tion is transferred to the residues of bound mCdt1CL

at the interface. The contact residues of mCdt1CL are

identified by observing decreases in the peak inten-

sities of 1H–15N shift correlation spectra. A plot of the

intensity ratios of peaks determined during the cross-

saturation transferred experiment are shown in Fig-

ure 5(A). We also show the surface of Cdt1, in which

the residues found to interact with MCM by the cross

saturation in Figure 5(B). The transferred cross-satura-

tion experiment showed that the H3 helix of mCdt1C

is involved in the interaction with the MCM2-7 com-

plex, which supports the mutational analysis of Teer

and Dutta.27 Residues near Cys491 and Cys498 in the

H2 helix were not accounted in our cross-saturation

transferred analysis due to a possible artifact caused

by the irradiation of protons of cysteine residues. Pre-

viously studies using human and Xenopus Cdt1 pro-

teins showed that deletion of the C-terminal region

(equivalent to residues 510 to 557 in mCdt1) contain-

ing the S2 and S3 strands and the parts of H4 and H5

helices prevents the interaction between Cdt1C and

MCM, which suggests that the region spanning

residues 510 to 557 of mCdt1 is required for the inter-

action with the MCM2-7 complex.27,31 Although this

C-terminal region does not contain many conserved

polar residues, Ser523, His525, and Asp540 are well

conserved and Arg529, Tyr532, Arg547, and His550

are conserved in metazoan Cdt1 proteins. In addition,

Yanagi et al. reported that deletion of residues 407 to

477 of mCdt1 abolished the MCM binding activity of

mCdt1. Together, these data implicate that the MCM

binding region of mCdt1 may not be confined to the

limited region, and instead more broad regions of

mCdt1C are involved in the MCM binding.

Based on our structural information including ac-

cessible surface area of mCdt1C, sequence conserva-

tion, and cross-saturation transferred analysis, we also

generated a series of Cdt1 mutant proteins, and then

analyzed whether these mutations on Cdt1MþC (resi-

dues 177-557) affect interactions between the Cdt1 pro-

teins and MCM2,4,6,7 complex [Figs. 3(B,C) and

4(A)]. The surface around the three strands in mCdt1C

contains several conserved polar residues, and thus,

we selectively mutated these residues in the three b-
strands and surrounding loops in mCdt1 to either

Figure 4. MCM complex binding interface of mCdt1C.

(A) Residues that affected the MCM binding in this and

previous studies17,27 are shown in green and yellow,

respectively. The putative residues of Cdt1C which we

proposed to interact with MCM are shown in orange.

Please see Table III for the details of each mutated

residues. (B) Bar graphs showing the accessible surface

area of each residue of mCdt1CL.

Table III. Summary of the Point Mutant Proteins Used
in This and Other Studiesa

Residues
MCM
binding Re-replication

K441A, K445Ab � NDc

P504T,E508A,H510A,L514Ad � þ
R465A,E468A,L469A,A470S, R471Ae � þ
R368K,P467H,L473E,V476A, F477Af � þ
R481S (K543S)g þ þ
K482S (K544S)g � þ
T486A (T548A)g þ þ
R481S, K482S, T486Ah � -
S523Ag þ þ
H525Sg þ þ
R528Sg þ þ
S523A, H525S, R528Sh � �
V512Ag þ ND
L513Ag þ ND
E516Ag þ ND

a Residues number is based on mCdt1.
b From You and Masai.17
c Not determined.
d Originally residues of human Cdt1 (hCdt1) were mutated,
but mCdt1 residues equivalent to hCdt1 (P492T, E496A,
H498A, L502A) were listed for convenience.27
e mCdt1 residues equivalent to hCdt1 (R453A, E456A, L457A,
A458S, R459A) were listed for convenience.27
f mCdt1 residues equivalent to hCdt1 (R356K, P455H,L461E,
V464A, F465A) were listed for convenience.27
g Mutations from this study. Residue number inside paren-
thesis is for the Xenopus Cdt1.
h Mutations from this study. Both mCdt1 and Xenopus Cdt1
mutant proteins were used.
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alanine or serine. Because we wanted to observe clear

mutational effects, we mutated single or multiple resi-

dues in mCdt1. First, we simultaneously replaced resi-

dues Arg481, Lys482, and Thr486 in M1 mutant, and

mutated residues Ser523, His525, and Arg528 in M2

mutant [Figs. 3(C) and 4(A)]. We also construct three

additional mutants in helix H3, that is, V512A (M3),

L513A (M4), and E516S (M5).

We then tested if these mutant proteins bind to

MCM using GST-pull down assay. Figure 6(A) shows

that while GST-mCdt1 M1 mutant protein (residues

177–557) failed to interact with the MCM complex,

GST-mCdt1 M2 protein interacted weakly. We also

assayed mouse Cdt1-mediated MCM loading on the

chromatin by Western blotting. Cdt1-depleted Xenopus

egg extract and sperm chromatin were incubated with

mutant proteins, and MCM4 loading was then

detected [Fig. 6(B)]. While M1 mutant protein of

mCdt1C failed to recruit the MCM complex to chroma-

tin as compared with wild-type Cdt1, the M2 mutant

protein loaded only a small amount of the MCM com-

plex onto chromatin. In contrast to M1 and M2 mu-

tant proteins, the binding affinities of the M3, M4,

and M5 mutants on MCM complex were comparable

to that of wild type Cdt1. We wished to identify which

specific residues of the six mutated residues from M1

and M2 proteins are involved in the MCM-loading and

DNA replication. We have used Xenopus Cdt1 (resi-

dues 239–620) instead of mCdt1MþC to analyze the

activities of the single point mutant proteins as Xeno-

pus Cdt1 protein might more accurately reflect

the activities of Cdt1 in Xenopus egg extract system

(Table III). These point mutant proteins of Xenopus

Cdt1 include Lys543Ser (M11, equivalent to Arg481 of

mCdt1), Lys544Ser (M12, Lys482 of mCdt1),

Thr548Ala (M13, Thr486 of mCdt1), Lys543Ser-

Lys544Ser-Thr548Ala (M1), Ser585Ala (M21, Ser523

of mCdt1), His587Ser (M22, His525 of mCdt1),

Arg590Ser (M23, Arg528 of mCdt1), and Ser585Ala-

His587Ser-Arg590Ser (M2). The mutated residues of

the M1 and M2 proteins of Xenopus Cdt1 (residues

239–620) are equivalent to those of mCdt1MþC. Again,

we have used Cdt1-depleted system for theMCM-loading

and replication activity analyses [Fig. 6(C,D)]. Interest-

ingly, as shown in Figure 6(C,D), all of the single point

mutant proteins of Xenopus Cdt1 (residues 239–620)

showed MCM-loading and replication activities similar

to that of the wild type, while the M1 and M2 triple

mutant proteins showed significantly reduced activ-

ities. These data suggest that the decreased activities of

the M1 and M2 triple mutant protein are due to the

additive effects of each single point mutated residues,

and the MCM binding interface might not be restricted

to certain confined region within mCdt1. We analyzed

if the decreased MCM-loading and DNA synthesis

activities of the M1 and M2 mutant proteins of Cdt1C

are due to the overall structural perturbation of triple

mutation. Because GST-M1 and M2 mutant proteins of

mCdt1MþC could not be purified more than 95% pu-

rity, we used M1 and M2 mCdt1CL mutant proteins

(residues 420 to 557) for circular dichroism analysis

[Fig. 6(E)]. The M1 and M2 mutant proteins of

mCdt1CL exhibit virtually identical curves on circular

dichroism analysis compared to that of wild-type

mCdt1CL, which suggests that the mutational effects

on MCM-loading and DNA synthesis activities of the

mCdt1C mutant proteins are unlikely due to the pertur-

bation of the overall structure of mCdt1C. Overall, our

studies suggest that the strand region appears to be im-

portant for MCM complex binding, and together with

previous studies, residues in the H0-H1 loop, the H0,

H1 and H3 helices, and the S2 and S3 strands from

mCdt1 contribute to the interactions with the MCM

complex.

Discussion

In this study, we determined the atomic structure of

the mCdt1C by X-ray crystallography and NMR spec-

troscopy and identified the MCM binding site within

Figure 5. Plots of the intensity ratios of the peaks in the

transferred cross-saturation experiments. (A) The intensity

ratios of the peaks originating from the backbone amide

groups with irradiation to those without irradiation

measured in 10% H2O/90% D2O. Residues near Cys491

and Cys498 in helix H2 were not accounted due to the

possible artifact from the irradiation of c protons of the

cysteine residues. The saturation time used was 3 s. (B) A

ribbon diagram of mCdt1C which are colored based on the

cross saturation experiment. Residues of the H1 and H3

helices with the best signal are colored with orange and the

residues with the second best signal are colored with

yellow.
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mCdt1C. Our analyses in conjunction with previous

studies show that the primary licensing factors

required to recruit the MCM complex, that is, Orc1,

Orc2, Cdc6, and Cdt1,30,36–39 all possess the winged

helix fold, which suggests that these proteins may have

evolved from a common ancestor, and that during evo-

lution the winged helix domain may have fused with

other domains to form distinct replication licensing

factors in eukaryotes.

Because the initiation of DNA replication is a cru-

cial event in life, it is not surprising that the mechanis-

tic elements of the replication initiation process are

conserved in prokaryotes and eukaryotes. Neverthe-

less, available structural evidence on the conservation

of the replication machinery is limited to the AAAþ
domain, which is shared by bacterial DnaA, archaeal

Cdc6 and Orc2 homologues, and eukaryotic ORC.36–40

In this study, we provide an additional evidence of

conservation in eukaryotic licensing factors by showing

that the winged helix domain is present in the C-ter-

minal region of archaeal Cdc6 and Orc2 homologues

and eukaryotic Cdt1.

During evolution, bacterial genes whose products

function as dimers are frequently duplicated and fused

to form single-chain multidomain proteins in eukar-

yotes. Moreover, each domain is specialized to diverge

in sequence and possibly function.41 In addition, it has

been suggested that duplicated proteins evolve more

quickly than nonduplicated proteins.42 It is possible

that the winged helix domain in archaea was used as a

prototype fold in the early replication system, and that

it was duplicated and fused to result in two repetitive

domains that may have evolved to gain novel func-

tions, such as geminin binding (by the Cdt1M domain)

and the MCM complex binding (by the Cdt1C domain),

and ultimately to control replication licensing. Our

Figure 6. Interaction between mCdt1 and the MCM complex. (A) The association between mCdt1 and MCM complex.

Purified MCM2,4,6,7 complex was incubated with various GST-mCdt1 mutant proteins (residues 177–557), and detected by

Western blot using anti-MCM6. In M1 and M2 mutants, clusters of three residues (Arg481, Lys482, Thr486) and (Ser523,

His525, Arg528) were simultaneously mutated, respectively. For M3, M4, and M5, the mutatons are V512A, L513A, and

E516S, respectively. (B) The MCM loading activities of mCdt1 mutant proteins (M1 to M5: see text) onto chromatin were

measured at 23�C, and compared to that of wild-type mCdt1. Normal extracts were used instead of Cdt1-depleted extracts

for a sample applied on the lane ‘‘normal extract.’’ The data includes results of three independent experiments. Histone H3

was used for a loading control to show that equal amounts of chromatin were recovered in all lanes. (C) The MCM loading

activities of Xenopus Cdt1 mutant proteins. The protocols are basically same as those in (B). M11, Lys543Ser; M12,

Lys544Ser; M13, Thr548Ala; M1, Lys543Ser-Lys544Ser-Thr548Ala; M21, Ser585Ala; M22, His587Ser; M23, Arg590Ser; M2,

Ser585Ala-His587Ser-Arg590Ser. (D) DNA synthesis activities of various Cdt1 mutant proteins. Values are indicated as

percentages compared to that using buffer and normal extracts instead of Cdt1-mutant fractions and geminin extracts,

respectively, after every values are subtracted by background value when buffer was used for Cdt1-fraction. Error bars

indicated standard error of three independent experiments. (E) Analysis of conformational differences between the WT and

mutant mCdt1CL proteins by circular dichroism. The spectra for mutant proteins, M1, and M2, are compared with that of a

WT Cdt1CL protein. Because of the difficulties of obtaining mutant proteins with high purity (over 95%), we used Cdt1CL M1

and M2 (residues 420–557) mutant proteins to compare the conformational difference with the wild-type Cdt1CL.
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hypothesis that the duplication of a winged helix do-

main was an early event that was followed by later de-

velopment for geminin binding on Cdt1M is supported

by the facts that (i) simple eukaryotes such as yeasts

do not contain geminin; (ii) the yeast Cdt1 sequence

differs remarkably from mammalian Cdt1 (�20%

sequence identity); (iii) in the geminin-mCdt1M struc-

ture, the primary geminin binding site is formed by

residues 177 to 190, which lie outside the winged helix

domain in mCdt1M.30

The winged helix protein family is a structural

motif commonly used to bind specific sequence of

DNA, with the recognition helix inserted into the

major groove and the wing reaching across adjacent

minor groove43 [Fig. 7(A)]. Previous studies have

shown that Cdt1 can associate with single stranded or

double stranded DNA.29 Interestingly, the N-terminal

(residues 1–130) and the geminin-binding (176–293)

regions of Cdt1 contribute to DNA binding, whereas

the Cdt1C domain does not bind to DNA.29,30 This is

interesting because (i) the helix-turn-helix (HTH) and

b-hairpin motifs of mCdt1C generate highly basic sur-

face as shown in Figure 7(B) and the basic surface

around these motifs appears to interact with the

MCM2-7 complex rather than binding to DNA. The

structure of mCdt1C explains why the winged helix do-

main of Cdt1C does not interact with DNA. In general,

the orientations of helices H1 and H3 in the winged

helix domain are known to critical for DNA binding.43

In Cdt1C, helix H1 is significantly longer and the mid-

dle portion of H1 is notably kinked. As a result, when

the structure of Cdt1C was superimposed onto the

winged helix domains of other structures, such as,

Orc1-DNA, Cdc6, and E2F1-DNA, the H1 helix of

mCdt1C would collide with DNA [Fig. 7(A)].36–39,44

Moreover, the H3 helix which is a DNA recognition

helix in the winged helix domain has only one basic

residue, while others have typically more than three

basic residues.

Our NMR and mutation analyses in conjunction

with previous studies by other groups provide insights

into the binding site for the MCM complex. According

to the recent mutational studies on the MCM-Cdt1C

interface, the H0 and H1 helices and intervening loop,

and the H3 and H4 helices of mCdt1C would form a

binding surface of MCM, and our transferred cross-

saturation experiment supports the involvement of the

H3 helix of Cdt1 in MCM binding17,27,31 [Fig. 5(A,B)].

The cluster of the conserved and charged residues in

the H0 helix and the H0-H1 loop suggest that H-

bonds and/or electrostatic interactions might play an

important role for the interaction between the N-ter-

minal arm of Cdt1C and MCM2-7. Our structure

reveals that Ala546, Ala549, His551, and Val552 from

the H4 helix are directed to this binding surface,

which suggests that these residues might be involved

in the interaction with MCM [Fig. 4(A)]. In addition,

our finding on the significantly reduced MCM-binding

activity of M1 and M2 triple mutants of mCdt1 pro-

teins suggests that the binding site for MCM within

mCdt1C is unlikely to limited to a confined region. The

M1 and M2 sites are formed with Arg481 and Lys482

(loop H1-S1), Thr486 (strand S1), Ser523 and His525

(strand S2), and Arg528 (loop S2-S3) [Fig. 7(B)]. As

the linker that connects the N-terminal arm and the

mCdt1C core is highly flexible, it is possible that

Figure 7. (A) Structural superposition of Cdt1CS (blue and yellow) onto the E2F-DP1-DNA complex (PDB 1CF7). Residues

from the H1 and H3 helices of Cdt1CS (or E2F or DP1) form a primary binding to DNA. These regions would collide with the

modeled DNA. (B) Surface potential of mCdt1C. The positively and negatively charged surface areas are colored blue and

red, respectively. Some of the MCM complex binding residues are marked and labeled. The region equivalent to the DNA

binding region in the E2F-DNA complex is marked with a dotted circle.

2260 PROTEINSCIENCE.ORG Structure of the Cdt1 C-terminal Domain

http://firstglance.jmol.org/fg.htm?mol=PDB1CF7


binding of the MCM protein could significantly alter

the position of the N-terminal arm such that the N-

terminal arm could form a MCM-binding site with the

b-sheet region. The two putative MCM binding sites

formed by several helices and b-sheet are over 20 Å

apart. However, because the MCM complex is expected

to form a large hexameric ring (�300 kD), it is possi-

ble that the MCM binding covers these two regions in

Cdt1C through bipartite interactions.

Previously, we showed that mCdt1M most resem-

bles Bacillus subtilus replication terminating protein

(BsRTP).30 mCdt1C also shares high structural similar-

ity with BsRTP, although the degree of similarity

decreased compared to that of mCdt1M (Z ¼ 5.4,

RMSD of 6.5 Å for 87 Ca atoms). In particular, helices

H2 and H3 and the three stranded b-sheet are very

similar in mCdt1C and BsRTP, whereas the lengths

and orientations of their N- and C-terminal helices are

different [Fig. 8(A,B)]. In addition to the structural

similarity, mCdt1 and BsRTP share some similar fea-

tures: (i) both proteins interact with the ring-shaped

replicative helicases, MCM complex and bacterial

DnaB that function via hexamerization (Kaplan and

Odonnell).45 RTP arrests DNA unwinding by specifi-

cally interacting and inhibiting the DnaB helicase.46

(ii) Both mCdt1 and BsRTP share the conserved bind-

ing sites for the replicative helicase—a three-stranded

b-sheet. In BsRTP, Tyr33 from the S1 strand plays a

critical role in maintaining a contrahelicase activity by

binding DnaB.46 Although no tyrosine residue is posi-

tioned in strand S1 in Cdt1, a conserved Tyr532 resi-

due in strand S2 is closely located and might replace

the role of Tyr 33 of BsRTP in recruiting replicative

helicase [Fig. 8(B)]. Thus, it is possible that the

winged helix domain may have evolved to form bacte-

rial replication termination factors, and mCdt1 may

bind to the MCM2-7 complex using a similar strategy,

whereby BsRTP interacts with DnaB helicase.47

In summary, by demonstrating that Cdt1 is

formed with two winged helix repeats, we provide

additional structural and biochemical evidence that

eukaryotic licensing factors have evolved from the

common ancestor. Interestingly, the winged helix

motif of the mCdt1C is used to interact with the MCM

complex rather than DNA. Detailed understanding of

the molecular mechanism for the Cdt1-mediated MCM

recruitment would require the Cdt1-MCM complex

structure. Nevertheless, the X-ray and solution NMR

structure of mCdt1C presented here would allow more

systematic approaches to elucidate the interaction

between Cdt1 and the MCM2-7 complex.

Materials and Methods

Cloning, expression, and purification
His-tagged mCdt1CS and mCdt1CL were synthesized

by PCR, and products were digested with NdeI-XhoI

and inserted into a PET28a vector. Each protein was

purified using a nickel column followed by a cation

exchange (Mono-S column) and gel filtration (Super-

dex 75 column) equilibrated with 50 mM Tris-HCl,

200 mM NaCl, 5 mM dithiothreitol (DTT) at pH 6.8.

Mouse MCM2,4,6,7 complex was purified from High5

insect cell (Invitrogen) using baculovirus system at

>95% homogeneity as previously described.48

Crystallization and structure determination

Crystals of mCdt1CS were grown at room temperature

by hanging drop vapor diffusion from 3.8M sodium

chloride, 100 mM sodium citrate, 5 mM dithiothreitol

(DTT), pH 5.5. The crystals formed in space group

P41212 with a ¼ 52.57, b ¼ 52.57, c ¼ 96.04 Å and

contained one molecule in an asymmetric unit. Dif-

fraction data were collected at �170�C with crystals

flash frozen in crystallization buffer containing 30%

glycerol. A single-wavelength data (SAD) set was col-

lected using a Hg-bound crystal on beamline 4A at

Pohang Acceleratory Laboratory (PAL). Integration,

scaling, and merging of the diffraction data were done

with the HKL2000 suite of programs. Two sites and

initial phases were determined using the CNS pro-

gram.49 After density modification, the electron den-

sity map calculated to 2.5 Å was of excellent quality

and allowed us to trace most of the chains. Successive

rounds of model building using the program Coot,50

simulated annealing refinement with the CNS49 pro-

gram and phase combination allowed the complete

building of the structure.

NMR spectroscopy and structure calculation

NMR measurements were performed at 25�C on 1 mM
13C, 15N-labeled mCdt1C samples in 20 mM MES

hydrate (pH 6.7), 80 mM NaCl, 10 mM b-mercapto-

ethanol with 10% D2O on DRX800 and DRX900 spec-

trometers (Bruker). All NMR spectra were processed

with NMRPipe and analyzed with SPARKY 3.110. 1H,
15N, and 13C resonance assignments were obtained

from the following 3D heteronuclear correlation

Figure 8. Structure of BsRTP. (A) Overall structure of

BsRTP is shown in same orientation as that of mCdt1C in

Figure 2. (B) DnaB binding region of BsRTP. The residues

in the three-stranded sheet are important for DnaB binding

are colored in yellow.

Khayrutdinov et al. PROTEIN SCIENCE VOL 18:2252—2264 2261



experiments: CBCA(CO)NH, CBCANH, HN(CA)CO,

HNCO, HN(CO)CA, HNCA, HBHA(CO)NH, H(CCO)NH,

C(CCO)NH, HCCH-COSY, CCH-TOCSY, and HCCH-

TOCSY. Steady-state 15N {1H}-nuclear Overhauser

effects (NOEs) of 13C, 15N-labeled mCdt1C were meas-

ured following the methods.51 3D 15N-heteronuclear

single quantum coherence (HSQC)-NOESY (100 ms

mixing time), 3D 13C-HSQC-NOESY for aliphatic (100

ms mixing time) and aromatic carbons (120 ms mixing

time) were recorded for obtaining interproton distance

restraints. Spectra were referenced by external calibra-

tion on 2,2-dimethyl-silapentane-5-sulfonic acid (DSS).

The chemical shift assignments for mCdt1C were

obtained with the aid of the fully automated NMR

structure analysis system FLYA,52 and by interactive

methods. The program CYANA32 was used for the

automated assignment of NOE distance restraints33

and for the structure determination using torsion angle

dynamics. For residues located in regular secondary

structure segments, / and w backbone dihedral angle

restraints were derived from chemical shifts using the

program TALOS.34 Restraints for 21 hydrogen bonds

were used. CYANA structure calculations were started

with 100 random conformers. The 20 conformers with

the lowest target function values were selected.

Restrained energy minimization was performed with

the program OPALp using the AMBER force field.

Transferred cross-saturation experiment

between Cdt1 and MCM complex

NMR experiments were carried out at 298 K on a

Bruker DRX900 spectrometer. After purification of

mouse MCM2,4,6,7 complex, we mixed it with

mCdt1CL (1:50 molar ratio) at the low concentration

(1 mg/mL of the MCM complex and 2.5 mg/mL of

mCdt1CL) and concentrated to 0.5 mM mCdt1CL and

10 lM MCM complex in the buffer containing 10%

H2O/90% D2O, 20 mM MES, 80 mM NaCl, 10 mM b-
mercaptoethanol, pH 6.8. Measurements were made

using a sample of 0.5 mM 2H, 15N-labeled mCdt1CL in

complex with the unlabeled 10 lM MCM complex. The

cross-saturation experiments were performed using

the pulse scheme made by Takahashi.53 Saturation of

the aliphatic protons of the MCM fragment was done

using the HypSec decoupling scheme. The saturation

frequency was set at 1.5 ppm with �1 ppm saturation

spectrum width. The measurement times were 23 h

with 3.0 s for the saturation time. All spectra were

processed and analyzed with the program nmrPipe

and Sparky.

The MCM complex binding assay

Four hundred nanograms of GST-tagged mCdt1CL

proteins and 100 ng of full-length MCM2,4,6,7 com-

plex were mixed with glutathione-Sepharose (Amer-

sham Biosciences) in 100 lL of NET-gel buffer con-

taining 50 mM Tris-HCl (pH 7.5), 100 mM NaCl, 0.1%

Nonidet P-40, 0.25% gelatin, and protease inhibitor

cocktail (Roche) for 4 h at 4�C. After washing with

NET-gel buffer, precipitates were dissolved with 30 lL
of 2� Laemmli sample buffer and then subjected to

SDS-PAGE and Western blotting using anti-MCM6

(Santa Cruz Biotechnology) antibody.

MCM complex loading assay

Xenopus egg extracts, Xenopus demembranated sperm

nuclei, and Cdt1-depleted extracts were prepared as

previously described.23 GST-tagged mCdt1MþC or

Xenopus Cdt1 (residues 239–620) proteins were used

for the reaction. Cdt1 fraction (1 lL, final conc. 10 nM)

and sperm nuclei (75 ng) were incubated for 20 min

at 23�C with 5 lL of Cdt1-depleted extracts. Chromatin

fractions were then isolated and Mcm4 in the fractions

was detected by immunoblotting. Histone H3 was also

visualized for a loading control.

Replication activity assay

Wild-type or mutant Xenopus Cdt1 proteins (1 lL)
were added into Cdt1-depleted extracts (1 lL) contain-
ing sperm nuclei (18 ng) and incubated for 20 min at

23�C. Concentration of Xenopus Cdt1 is 1 nM (white)

or 10 nM (gray) at this stage. Then, geminin-extracts

(6 lL) was added and further incubated for 90 min to

allow DNA replication. Values are indicated as percen-

tages compared to that using buffer and normal

extracts instead of Cdt1-mutant fractions and geminin

extracts, respectively, after every values are subtracted

by background value when buffer was used for Cdt1-

fraction.

Structural changes of mutant proteins

Structural changes of mutant proteins (10 lM) com-

pared with wild type were monitored by a circular

dichroism (CD) spectrometer (Jasco J-715) at various

wavelengths (200–250 nm). All the samples used here

were prepared in the buffer containing 25 mM Tris-

HCl, pH 7.5, 150 mM NaCl, and 7 mM b-
mercaptoethanol.
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