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The archaeal minichromosome maintenance protein MCM
forms a homohexameric complex that functions as the DNA
replicative helicase and serves as a model system for its eukary-
otic counterpart. Here, we applied single molecule fluorescence
resonance energy transfer methods to probe the substrate spec-
ificity and binding mechanism of MCM from the hyperthermo-
philic Archaea Sulfolobus solfataricus on various DNA sub-
strates. S. solfataricus MCM displays a binding preference for
forked substrates relative to partial or full duplex substrates.
Moreover, the nature ofMCMbinding to Y-shaped substrates is
distinct in that MCM loads on the 3�-tail while interacting with
the 5�-tail likely via theMCM surface. These results provide the
first elucidation of a dynamic nature of interaction between a
ring-shaped helicase interacting with an opposing single-
stranded DNA tail. This interaction contributes to substrate
selectivity and increases the stability of the forked DNA-MCM
complex, with possible implications for the MCM unwinding
mechanism.

The eukaryotic minichromosome maintenance MCM2–7
complex plays a vital role in replication and is thought to be the
replicative helicase (1, 2).MCM2–7 is involved in various stages
of the replication process, from licensing through initiation,
replication, and termination (3, 4). The MCM2–7 complex
forms a heterohexamer, with a subcomplex (MCM4-6-7) func-
tioning as a 3�–5�-helicase. The six subunits possess sequence
similarity, suggesting a common evolutionary origin (1, 5). The
archaeal replication process represents a simpler form of that
found in the Eukarya (6) and provides an excellent model sys-
tem for studying replication (7, 8). Most archaeal species

encode a single MCM that is homologous to its eukaryotic
counterparts (9) and that forms a homohexamer (10, 11) or a
double homohexamer (12).
The binding, translocation, and unwinding mechanisms of

archaeal and eukaryotic MCM protein, and other replicative
helicases have been the focus of many research efforts (13–15).
MCM4-6-7 DNA unwinding shows a requirement for
Y-shaped DNA substrate (16) or a 3�-tailed DNA with a
5�-bulky attachment (17), leading to the double hexamermodel
and steric exclusion model, respectively. Archaeal MCM pro-
teins also display enhanced unwinding of a forked DNA sub-
strate (18–20). The importance of the opposing strand in effi-
cient DNA unwinding is also evident in 5�–3�-replicative
helicases such as Escherichia coliDnaB helicase (21) and bacte-
riophage T7 helicase (22). Although it is clear that a forked
DNA is the unwinding substrate preferred by replicative heli-
cases, debate exists over the nature and functional role of inter-
actions between the enzyme and the single-stranded (ssDNA)4
and double-stranded DNA components of the substrate, and
many of the subtleties regarding replicative helicase binding,
unwinding, and translocation remain elusive (13, 14, 23).
Single molecule techniques can reveal inner details of bio-

chemical reactions and have been used to studymechanisms of
various helicases (24–30). Herein, we report on themechanism
of DNA binding and substrate selectivity of Sulfolobus solfa-
taricusMCM(SsoMCM) obtained through singlemolecule flu-
orescence resonance energy transfer (smFRET) studies.
smFRET (31, 32) is a powerfulmethod able to unravel biological
events, including helicase activities, without ensemble averag-
ing. smFRET was applied to probe the binding and orientation
of MCM on DNA as well as the conformational changes
induced in DNA upon MCM loading. MCM demonstrates a
specificity of binding to forked DNA over single-tailed and
duplex substrates. This results from a highly dynamic interac-
tion between the 5�-tail andMCM, with amechanistic implica-
tion on replicative helicases.

EXPERIMENTAL PROCEDURES

DNA Substrates and Annealing—Oligonucleotide substrates
were purchased from Integrated DNA Technologies (Cor-
alville, IA). Forked, partial, and duplex substrates were pre-
pared by mixing the biotinylated and non-biotinylated strands
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in a 1:1.5 ratio at 1 �M in buffer containing 10 mM Tris (pH 8)
and 200 mM NaCl. The non-biotinylated strand was added in
excess to minimize the chance of having residual biotinylated
strand in the measurement. The annealing mixture was heated
at 95 °C for 2 min and allowed to cool slowly for 2 h in the
heating block. (For substrates and sequences, see supplemental
“Experimental Procedures.”)
Protein Purification and Protein Labeling—Wild-type

SsoMCMand its C642Amutant were purified as described pre-
viously (10). Cy3 and Cy5 N-hydroxysuccinimide esters and
maleimides were purchased fromGEHealthcare. Fluorescence
labeling of SsoMCM was also performed as described previ-
ously (10). Briefly, wild-type SsoMCM was incubated with the
N-hydroxysuccinimide ester in 25 mM HEPES, 150 mM NaCl,
and 10mMMgCl2 at pH6.8 and then quenchedwith 10mMTris
after 1 h (referred to as N-MCM). C642Amutant SsoMCMwas
incubated with the maleimide in the same buffer at pH 7.5 and
then quenched with 10 mM �-mercaptoethanol after 4 h
(referred to as C-MCM). Labeled MCM proteins were spun
through a spin column and dialyzed extensively to remove any
remaining free label. The degree of labeling was determined by
UV spectrometry using the appropriate extinction coefficients
and found to be essentially 1 for all cases.
Single Molecule Spectroscopy—smFRETmeasurements were

performed using a wide-field total internal reflection fluores-
cence microscope (33, 34). Total internal reflection excitation
was done either using a prism or through an objective (Olym-
pus UPlanSApo �100 numerical aperture 1.4 oil). Images were
acquired with a 30-ms time resolution using an electron-mul-
tiplying charge-coupled device camera (iXonDV887-BI, Andor
Technology) and a homemade C�� program. FRET values
were calculated as the ratio between the acceptor intensity and
the sum of the intensities of the donor and acceptor, after cor-
recting for cross-talk between the two detection channels and
subtracting the background (32, 35).
A quartz slide was coated with polyethylene glycol, with

1–2% (w/w) biotin-polyethylene glycol (34, 35). Surface integ-
rity and nonspecific binding were tested by separately adding
Cy3-labeled protein (4 �M) and DNA (1 nM). Once surface
integrity was verified, NeutrAvidin was added as described (32,
35), followed by immobilizing biotinylated DNA (150 pM). All
measurements were performed at room temperature with
buffer 4 from New England Biolabs (Ipswich, MA), which con-
tains 50mMpotassium acetate, 20mMTris acetate, 10mMmag-
nesium acetate, and 1 mM dithiothreitol (pH 7.9). The buffer
also contained 0.8% glucose with an oxygen scavenger system
(0.1mg/ml glucose oxidase, 0.02mg/ml catalase, 1%�-mercap-
toethanol, and 0.4% (w/w) �-D-glucose) (32, 35).
SingleMoleculeMeasurements of LabeledMCMComplex—To

reduce the possibility of FRET between one-donorDNA and an
MCM hexamer labeled with multiple acceptors, wild-type
MCM was mixed with labeled MCM to yield a final labeled/
unlabeled monomer ratio of 1:8. Labeled and unlabeled MCM
proteins were incubated in the dark for at least 1 h at room
temperature.
Surface-attached DNA molecules were incubated with the

reported concentrations of MCM (all given in monomer con-
centration) for 5 min, ensuring sufficient time for binding.

Excess and unboundMCMwas removed by a wash with buffer
4, followed by a wash with imaging buffer.

RESULTS

smFRET Analysis of SsoMCM Fork Binding Orientation—
SsoMCM contains several functional domains with separable
domain-dependent activities. The C-terminal half contains the
AAA� (ATPases associated with a variety of cellular activities)
domain and a helix-turn-helix motif, and the N terminus
includes the Walker A and B motifs (10). Recent studies of
truncated SsoMCM complexes assigned the helicase activity to
the C-terminal half and showed that the N-terminal half gov-
erns substrate selectivity and enzyme processivity (36).
For smFRET measurements, Cy3 was used as the donor and

Cy5 as the acceptor. For DNA-to-MCM FRET analysis, MCM
was labeled with Cy5 at the N terminus (N-MCM) or C termi-
nus (C-MCM), and the various DNA substrates were labeled
withCy3.The activity of purified and labeledMCMwas verified
prior to measurements as described (10). The DNA molecules
were attached to the surface of a flow chamber and incubated
with MCM at a specifiedmonomer concentration, followed by
an extensive wash to remove unboundMCM (see “Experimen-
tal procedures”). The orientation of MCM was measured via
the binding of acceptor-labeledC-MCMorN-MCM(8�Mpre-
wash monomer concentration) to forked DNA substrates that
were donor-labeled at either the 3�-end or the junction. The
normalized relative distance distributions, extracted from
smFRET efficiency histograms, are shown for four different
combinations: N terminus to 3�-end, C terminus to 3�-end, C
terminus to junction, and N terminus to junction (Fig. 1, A–D,
respectively). The data indicate that the N terminus is closer to
the 3�-end (�5.4 nm) than to the junction (�8.2 nm). The dis-
tanceswere calculated using the previously determined value of
�6.3 nm for the Cy3–Cy5 pair (35) and should be considered
only as an approximation because of the relatively large fluores-
cence anisotropy of the protein- and DNA-conjugated fluoro-
phores. Additionally, the C terminus is closer to the junction
(�7.0 nm) than to the N terminus (�8.2 nm). In combination,
our data indicate the MCM orientation illustrated in Fig. 1;
MCM binds to the 3�-tail with the C-terminal AAA� helicase
domain facing the junction and the N-terminal domain, which
includes the substrate selectivity domain, closer to the 3�-end.
These findings are in agreement with the previously reported
organization of MCM on DNA (10) as measured in ensemble
experiments, validating our smFRET assays.
SsoMCM Substrate Binding Specificity—We next aimed to

probe the substrate binding preference of MCM. The fluores-
cence of surface-tethered donor-labeled DNA, either forked or
with a 3�-tail (Fig. 2B), wasmeasured after incubationwith 3�M
acceptor-labeled C-MCM. Fig. 2A shows donor (panel I) and
acceptor (panel II) single molecule fluorescence images of
MCM bound to forked DNA (panel I) and the single 3�-tailed
partial duplex (panel II). The fraction of DNA bound by MCM
was determined from the resulting smFRET histograms (see
supplemental “Experimental Procedures”). MCM displayed a
nearly 2-fold enhanced binding to forked DNA substrate over
the 3�-tailed partial duplex substrates (Fig. 2B). We considered
the following three explanations at to why MCM prefers a

Mechanism of MCM Substrate Specificity
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forked DNA: 1) MCM loads on the free 3�-tail while externally
grabbing the 5�-tail, possibly through surface bindingmodes; 2)
MCM preferentially encircles both the 3�- and 5�-tails in its

central channel; and 3) as proposed
previously for MCM (37), two hex-
amers are arranged in an eccentri-
cally stacked double hexamer and
bind separately to the 3�- and
5�-tails, each with its own polarity
such that binding is improved when
both tails are present.
To distinguish among these bind-

ing modes, we determined the effi-
ciency of binding of MCM to other
substrates. Five different donor-la-
beled substrates were measured: an
18-bp full duplex, a 5�-tailed partial
duplex, and three forked substrates
labeled in different locations (Fig.
2C). Binding efficiency was low for
the full duplex and 5�-tailed duplex
substrates and was significantly
higher for the forked substrates (Fig.
2C). The low binding of MCM to
duplex substrates disfavors the sec-
ond loadingmechanism. Hence, the
observed MCM preferred loading

on forked substrates may be either due to external binding of
the 5�-tail or through a double hexamer binding both strands.
To further probe the loading mechanism, we designed three

forked substrates labeled with a donor and an acceptor on
opposing tails (Fig. 3), enabling us to investigate the behavior of
the forked tails upon MCM loading. The DNA substrates were
tethered to the surface, and unlabeled MCM at the indicated
concentration was added (see “Experimental Procedures”). Fig.
3A shows the smFRET efficiency histograms of a forked DNA
substrate with a donor at the 3�-tail end and an acceptor at the
5�-tail end as a function of MCM concentration. DNA showed
only low FRET efficiency values (Fig. 3A, upper panel) because
of a large separation of flexible ssDNA. With increasing MCM
concentrations, higher FRET efficiency populations emerged,
indicating that the 3�- and 5�-tails are being brought closer
together. This effect was also observed with two other forked
substrates with similarly labeled 5�-tails, but with longer and
internally labeled 3�-tails (Fig. 3, B and C). The existence of a
high FRET efficiency population even at an MCM concentra-
tion as low as 150 nM is indicative of a single MCM hexamer
bound on the forked substrates, not double hexamers, because
previous stoichiometric analyses showed that SsoMCM assem-
bles on a forkedDNAonly as a hexamer at concentrations up to
5 �M (10, 18). In addition, double hexamer loading would yield
low FRET because the DNA tails would be spatially separated
by the proteins. These results led us to propose that the 3�-tail
of the forked DNA substrate is accommodated in the central
channel of the MCM hexamer, whereas the DNA 5�-tail binds
externally (Fig. 3D).
MCM Fork Binding and Interactions with the Opposite

Strand—Wenext examined the dynamic nature ofMCMbind-
ing to the forked DNA. To test the stability of the DNA-MCM
complex, forked DNA (Fig. 3, substrate 1) was incubated with 4
�MMCM, washed, and monitored for �1 h (supplemental Fig.

FIGURE 1. Orientation of MCM bound on forked DNA. The average relative distance (R/R0) was calculated
from smFRET efficiency histograms (see supplemental “Experimental Procedures”) obtained following the
incubation of 8 �M MCM and extensive washing. FRET was measured between the following pairs: 3�-end and
N terminus (N-term) (A), 3�-end and C terminus (C-term) (B), junction and C terminus (C), and junction and N
terminus (D). The organization of MCM on the fork is illustrated on the left.

FIGURE 2. MCM showing preferences for forked substrates. A, representa-
tive single molecule acceptor-donor fluorescence images of the binding of
acceptor-labeled MCM to the donor-labeled forked (panel I) and single
3�-tailed (panel II) DNAs. The green spots in each image correspond to donor
molecule fluorescence (Cy3-DNA 3�-tail), and the red spots correspond to
acceptor (Cy5-MCM). B, binding efficiency of the forked and single 3�-tailed
substrates calculated from smFRET efficiency histograms. C, binding effi-
ciency for the five other substrates, as shown below, calculated from smFRET
efficiency histograms.

Mechanism of MCM Substrate Specificity
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1). No significant dissociation of MCM from the DNA was
observed, ensuring that ourmeasurements were not influenced
by protein dissociation.
Individual DNA molecules bound by MCM displayed tem-

poral fluctuations in FRET efficiency in the absence of free
MCM in solution (Fig. 4A, panel I), likely representing distance
changes between the two ends of the forked substrate. Such
continual fluctuation in distance with no apparent regularity
was observed for themajority ofmolecules with all three forked
substrates (81, 82, and 74% for substrates 1–3, respectively, in
Fig. 3) and was still detected after ATP was added (supplemen-
tal Fig. 2). Similar behavior was observed for FRET efficiency
between the donor at the 5�-tail and the acceptor at the N ter-
minus of MCM (Fig. 4A, panel II), indicating a dynamic inter-
action of the 5�-tail with MCM. Furthermore, such complex
interaction with MCM is unique to the 5�-tail, as we did not
observe similar fluctuations in FRET between a donor at the
3�-tail and an acceptor on MCM.
To further analyze this phenomenon, having no apparent

regular fluctuation period or amplitude, we applied an autocor-
relation analysis, in which, by self-correlating the values of a
FRET efficiency time trace at different time periods, the char-
acteristic relaxation times and behaviors can be extracted (see
supplemental “Experimental Procedures”). The autocorrela-
tion functions of individual smFRET traces were calculated and
averaged over many molecules, ranging from 20 to 100 mole-
cules for each experiment, to extract the characteristic time

scales (Fig. 4B). Both the MCM-in-
duced tail/tail interactions (Fig. 4B,
panels I–III) and the 5�-tail/MCM
interaction (panel IV) yielded aver-
age autocorrelation functions of
similar shapes and times scales. The
autocorrelation fitted poorly with
an exponential decay function (Fig.
4B, panel I, blue curve), whereas a
stretched exponential type function
(Fig. 4B, red curves), modeled previ-
ously for subdiffusion phenomena
(38–40), provided a good fit. The
relaxation time was in the second
range but with stretch coefficients
of �0.5, indicating a wide range of
time scales for the dynamics, rang-
ing from 60 ms to 5 s (Fig. 4B and
supplemental “Experimental Proce-
dures”). Subdiffusion is an anoma-
lous diffusion phenomenon in
which the mean square displace-
ment has sublinear dependence on
time, in contrast to regular diffusion
with linear dependence on time (38,
40, 41). Our analysis therefore indi-
cates that the interaction between
the 5�-tail and MCM surface can
occur in many conformational
states, each with a unique trapping
and relaxation time, resulting in an

interaction governed by subdiffusion kinetics.

DISCUSSION

Using smFRET, we found thatMCMpossesses specificity for
forked DNA substrates over single-tailed and duplex sub-
strates. Furthermore, MCM loads on the forked DNA 3�-tail,
with its C terminus facing the junction and N terminus toward
the 3�-end, and externally binds to the 5�-tail. Previous ensem-
ble FRET analysis of SsoMCM deduced the same binding ori-
entation; however, a recent crystal structure of another hexam-
eric AAA� helicase, papillomavirus E1, shows binding to an
ssDNA with opposite polarity (42). Our smFRET result further
supports the apparent difference in DNA binding polarity
between SsoMCM and papillomavirus E1.
The interaction between the 3�-tail-bound MCM complex

and the 5�-tail was found to be dynamic, with fluctuations
occurring on wide distance and time scales. This suggests that
the 5�-tail does not simply bind the MCM surface and fall off,
but instead experiences an intricate interaction landscape.
Assuming there exists at least one external binding site in each
monomer, the MCM hexamer would involve at least six such
binding sites, with many possible conformations of the 5�-tail
onto these sites. We propose that the external 5�-tail/MCM
interaction is weak per binding site, enabling the 5�-tail to break
off and diffuse between different sites. The diffusion steps
between the different binding sites will therefore depend on the
5�-tail conformation and its arrangement on the various sites,

FIGURE 3. Binding of MCM on forked substrates and interaction with the 5�-tail. The three forked substrates
1–3 are shown. A, smFRET efficiency histograms of substrate 1 as a function of MCM concentration. Peaks at
FRET � 0 are due to inactive or missing acceptor molecules. B, same as A but for substrate 2. C, same as A but for
substrate 3. D, illustration of MCM loading on fork DNA. In the absence of MCM, the donor and acceptor are far
apart, whereas upon MCM loading, the tails are brought closer together, resulting in FRET increase. Norm.,
normalized.

Mechanism of MCM Substrate Specificity

34232 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 282 • NUMBER 47 • NOVEMBER 23, 2007

 at N
Y

U
 S

chool of M
edicine Library, on D

ecem
ber 2, 2012

w
w

w
.jbc.org

D
ow

nloaded from
 

http://www.jbc.org/


with additional contributing factors such as ssDNA strain and
the location of MCM on the 3�-tail. The net result would be a
shallow but rugged energy landscape with many possible local
minima, which would increase the stability of MCM on the
replication fork and determine the distinctive selectivity of
MCM for forked substrates.
The architecture of replicative helicases at the replication

fork during DNA unwinding has been the subject of much
debate. Some of the various suggested models are passive
unwinding, in which the helicase translocates on one ssDNA
and awaits the opening of the junction to translocate forward;
and several dynamic models, in which the helicase directly
destabilizes the junction (3, 13, 14, 26, 43). For MCM, diverse
models have been proposed, including steric exclusion, rotary
pump, T-antigen, and Ploughshare (23, 37, 44), suggesting an
interaction with either single- or double-stranded DNA. In the
steric exclusion model, the opposing strand (5�-tail) prevents
the helicase from encircling and translocating along the duplex
DNA and does not play an additional role once the helicase
starts unwinding the DNA. In contrast, our data show that
SsoMCM dynamically interacts with the 5�-end, which should
also be the case during duplex unwinding. Such dynamic inter-

action between a ring-shaped helicase and an opposing ssDNA
tail has not been elucidated previously.
In light of our findings, we propose the following “opposite

strand interaction” model for MCM/replication fork associa-
tion. MCM loads with the 3�-tail accommodated in its central
channel, and the 5�-tail binds and diffuses on its surface. This
interaction would regulate the binding specificity for forked
substrates and aid in the long-term stability of the MCM-rep-
lication fork complex and replication fidelity. It should be noted
that theweak interaction ofMCMwith the opposite strandmay
be beneficial in preventing tangling of ssDNA or stalled repli-
cation by ensuring that the interaction is local, whereas it is
possible that a single strand binding protein (single-stranded
DNA-binding protein or replication protein A) also aids in pre-
venting theMCM surface from binding to ssDNA at a distance.
Additionally, as a 3�–5�-helicase MCM will translocate along
the leading strand template (3�-tail), its dynamic interaction
with the unwound lagging strand template (5�-tail) may facili-
tate coordination of leading and lagging strand synthesis
events. In this regard, it may be relevant that the DNAprimase-
binding archaeal GINS complex interacts with the trailing
N-terminal domains of SsoMCM (45). Additionally, this type of
interaction may be incorporated into the unwinding mecha-
nism ofMCM, inwhich uponATP hydrolysis,MCMwill trans-
locate forward on the ssDNA while drawing the 5�-tail. This
combined forward translocation and opposite strand binding
may result in sufficient destabilization of the junction, facilitat-
ing double-stranded DNA unwinding. Finally, we should also
consider the possibility that the observed interaction may have
inhibitory effects on the helicase activity (46), which may be
lifted if another protein such as the DNA polymerase occupies
the opposing strand (47, 48).
Our smFRET study has revealed unique information about

dynamic interaction betweenMCM and the opposite strand in
the context of replication fork association with MCM. These
findings likely bear relevance to the mechanism of replication
fork binding and unwinding by MCM and other replicative
helicases.
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