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ABSTRACT

The minichromosome maintenance (MCM) helicase
complex is essential for the initiation and elongation
of DNA replication in both the eukaryotic and
archaeal domains. The archaeal homohexameric
MCM helicase from Sulfolobus solfataricus serves
as a model for understanding mechanisms of DNA
unwinding. In this report, the displaced 5'-tail is
shown to provide stability to the MCM complex on
DNA and contribute to unwinding. Mutations in a
positively charged patch on the exterior surface of
the MCM hexamer destabilize this interaction, alter
the path of the displaced 5'-tail DNA and reduce un-
winding. DNA footprinting and single-molecule
fluorescence experiments support a previously un-
recognized wrapping of the 5'-tail. This mode of
hexameric helicase DNA unwinding is termed the
steric exclusion and wrapping (SEW) model, where
the 3'-tail is encircled by the helicase while the
displaced 5'-tail wraps around defined paths on
the exterior of the helicase. The novel wrapping
mechanism stabilizes the MCM complex in a
positive unwinding mode, protects the displaced
single-stranded DNA tail and prevents reannealing.

INTRODUCTION

The eukaryotic minichromosome maintenance protein
complex (MCM2-7) is essential for DNA replication ini-
tiation and elongation (1,2) by participating in the
licensing of chromatin (3) and subsequently functioning
as a DNA helicase for unwinding (4,5). The archaeal
MCM helicase generally exists as a homohexameric form
of a single subunit product that is homologous to each of
the six sequence-distinctive subunits in eukaryotes (6,7).
All MCM helicases are members of the AAA+ superfam-
ily (ATPases associated with a variety of cellular activities)

that share common ATP binding motifs (8,9). The archaeal
MCM helicases from Sulfolobus solfataricus (Sso) and
Methanothermobacter thermoautotrophicus (Mth) serve as
simplified models for understanding mechanisms of ATP
hydrolysis, DNA binding and unwinding for these classes
of hexameric DNA replication helicases.

MCM hexamers share a common architecture consist-
ing of a central channel that encircles DNA, an
N-terminal tier and a C-terminal AAA+ ATPase tier
(7,10,11). The unwinding polarity for the MCM helicase
is 3’5", where critical residues at the tips of B-hairpins in
the central channel contribute to DNA binding and ATP
hydrolysis to drive unwinding (12,13). The N-terminal tier
acts to increase the processivity of the helicase by
modulating interactions with DNA throughout the
hexamer (13). The C-terminal AAA+ domain contains
conserved motifs involved in ATP hydrolysis,
demonstrated by a mutation in a lysine residue at the tip
of a B-hairpin that abolishes unwinding activity (12). The
ATP binding site is positioned in trans between conserved
domains from adjacent MCM subunits that couple ATP
binding and hydrolysis to helicase activity (14).
Communication between the N- and C-terminal tiers is
facilitated by a conserved allosteric loop that senses the
presence of bound nucleotide and controls conformational
changes between tiers coupled with ATP hydrolysis
(15,16) and presumably provides the underlying energy
for unwinding.

Upon elucidation of the SsoMCM crystal structure, two
limiting models of unwinding were proposed: steric exclu-
sion and side channel extrusion (7). The extrusion model is
based on homology and similarities in DNA unwinding to
the SV40 large T antigen, which forms a double hexamer
structure where DNA is pumped out of the interface
between the two hexamers (17). In this model, double-
stranded DNA (dsDNA) enters the central channel
where it is separated into single-stranded DNA (ssDNA)
and one strand is extruded out through a side channel.
Interestingly, MthMCM has also been shown to form a
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double hexamer through self-association at the N-termini
(10,18), but the oligomeric state is easily modulated by the
salt concentration, and the active form is thought to be
hexameric, similar to SsoMCM (12,19). In the more clas-
sical representation of hexameric helicases, the steric ex-
clusion model predicts that separation of the DNA strands
occurs prior to entry into the central channel: one strand
proceeds through the central channel, while the other is
displaced away from the exterior surface of MCM (20,21).
In either model, after separation of the two strands, the
excluded or extruded 5'-strand was not known to interact
further with MCM or to play any other role in the un-
winding mechanism. Previously, the close spatial relation-
ship between the ends of each separated ssDNA tail was
observed by single-pair fluorescence resonance energy
transfer (spFRET) (22). It was hypothesized that after
separation, the 5'-tail makes significant contact with the
exterior of MCM, although the role of this putative inter-
action was unknown.

Helicase unwinding models have principally focused on
defining the location and importance of the encircled
DNA strand(s), while the role of the displaced strand has
made relatively minor contributions to current models. In
this study, we demonstrate that the 5'-tail is more than just
a passive structure in the unwinding mechanism. We
provide evidence that SsoMCM binds to and unwinds
DNA using a modified steric exclusion mechanism that
includes wrapping of the 5-tail along specific paths on
the exterior hexameric surface. Mutation of conserved
SsoMCM surface residues alters the path of the 5'-tail
and reduces its unwinding ability. We show that the
length of the 5-tail is important in the stabilization of
the hexameric MCM structure on DNA. Furthermore,
5'-tails that are more than twice the longitudinal length
of the MCM helicase are protected from nuclease degrad-
ation, suggesting that wrapping of ssDNA around the
exterior of the MCM complex occurs during unwinding.
We propose a steric exclusion and wrapping (SEW) model
for MCM helicases, which the hexamer complex is
stabilized by wrapping of the displaced 5-strand around
the exterior surface, resembling a spool of thread.

MATERIALS AND METHODS
Materials

ATP was obtained from Invitrogen. Mung bean nuclease,
T4 polynucleotide kinase (PNK) and terminal transferase
(TdT) were purchased from NEB. Optikinase was pur-
chased from USB. All other materials were from commer-
cial sources and were analytical grade or better. Helicase
buffer is used in all unwinding and binding reactions and
consists of 125 mM potassium acetate, 25 mM Tris acetate
(pH 7.5) and 10 mM magnesium acetate.

Cloning and protein purification

K323A and R440A single and double mutants were
cloned by overlap extension and insertion into pET30a
(Ndel/Xhol). Mutations were confirmed using the DNA
sequencing faculty at the University of Pittsburgh.
Full-length wild-type (WT) and mutant SsoMCM were

purified as previously described using 70°C heat treatment
as well as MonoQ, heparin and gel filtration columns to
isolate the hexameric species (12).

DNA substrates

Oligonucleotides (Supplementary Table S1) were purch-
ased from IDT Corp and gel purified (23). [y->*P]JATP
and [0-**P]dATP were purchased from MP Biomedicals
and used with PNK/Optikinase or TdT to *’P label the
5'- or 3’-ends of DNA, respectively. Fluorescent DNA was
synthesized and HPLC purified by IDT. Complementary
DNA was added in a ratio of 1.2:1. **P-labeled DNA
substrates were heated at 95°C for 5min and then
cooled to room temperature after turning off the heat
block.

Unwinding reactions

Helicase unwinding reactions were incubated at 60°C for
Smin and initiated upon addition of either SsoMCM or
ATP. Final reaction conditions included helicase buffer,
2mM ATP, 15nM radiolabeled DNA and varying con-
centrations of helicase, totaling 10 ul/reaction.

Reactions were quenched with an equal volume of gly-
cerol quench (0.5% w/v SDS, 50% v/v glycerol, 0.1% w/v
bromophenol blue, 100mM EDTA pH 8.0 and 150 nM
trap ssDNA), and then stored on ice until loading.
Denaturing gels [14% acrylamide (29:1 acryl:bisacryl),
8 M urea and 1x TBE buffer] or native gels [20% acryl-
amide and 1x TBE buffer] were used to monitor the un-
winding of fork or tailed DNA, respectively, for enhanced
resolution. The gels were exposed to phosphor screens,
imaged using a Storm 820 Phosphorimager (GE
Healthcare), and the fraction unwound was calculated.

Biotin—streptavidin unwinding assays

Biotin—streptavidin unwinding experiments were con-
ducted as above with the exception that near the duplex re-
gion of the forked DNA, a thymidine residue was
biotinylated on either the 3'- or 5-strand (Supplementary
Table S1). Streptavidin concentrations were 100-fold
higher than the biotinylated forked substrates to ensure
a 1:1 streptavidin:biotin stoichiometry. Unwinding reac-
tions were initiated by addition of SsoMCM and 20-fold
excess biotin to trap the unwound DNA. Background
streptavidin displacement from ssDNA was measure and
corrected as described previously (24).

Nuclease footprinting

Stoichiometric concentrations (6:1) of SsoMCM (540 nM)
were incubated with 90 nM DNA (spiked with **P-labeled
DNA) for 5min at 30°C, followed by addition of mung
bean nuclease for 30 min before quenching with an equal
volume of formamide quench (0.1% w/v SDS, 78% v/v
formamide, 0.1% w/v bromophenol blue, 100mM EDTA
pH 8.0 and 900 nM trap ssDNA). Reactions were boiled
for Smin at 95°C, followed by 2min on ice, before
resolving and imaging as above.
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Fluorescence anisotropy

Anisotropy experiments were performed using a
Fluoromax-3 fluorometer (HORIBA Jobin Yvon) as desc-
ribed previously (25). Cy3-labeled DNA was annealed to
unlabeled DNA, forming forked, 3’- and 5-tailed sub-
strates. Anisotropy values were collected with an integra-
tion time of 0.5s for eight consecutive readings. Final
values from at least three independent experiments were
averaged, normalized and fit to a single binding equation:

Amax X [MCM] 1
' T T KA MCM] D
where A, is the maximal anisotropy and Ky is the
dissociation constant.

Off-rate anisotropy experiments were monitored as a
function of time after addition of 100-fold excess of
salmon sperm DNA to a preformed MCM/fork DNA-
Cy3 complex. Anisotropy values were collected every
~12.6s for 2000s with an integration time of 0.5s.
Results were fit to a double exponential decay equation:

V= AmintA1e 1+ 4pe 7 )

where A,,;, is the final anisotropy value, 4| and A, are the
change in anisotropy, k; and k, are the observed rate con-
stants. The final values are the average of at least three
separate experiments.

Stopped flow fluorescence resonance energy transfer

Stopped flow experiments were performed on an
SX.18MV (Applied Photophysics). SsoMCM was fluores-
cently labeled at the N-terminus with Alexa 488 or Alexa
555 succinimidyl esters (Invitrogen) as previously desc-
ribed (12). Preformed Alexa 488-SsoMCM bound to
fork DNA with various length 5'-tails were rapidly mixed
with Alexa 555-SsoMCM at different concentrations and
the fluorescence sensitization was monitored over time
using a 570 nm cut-off filter. Changes in fluorescence were
fit to single or double exponential equations using the
included software.

Single-pair fluorescence resonance energy transfer

Cy3 and Cy5 fluorophores were placed on a 30 base
3/-termini and variable length (30, 50 and 70 bases)
5'-termini, respectively, of forked DNA substrates
(Supplementary Table S1). A 5-biotin on the Cy3-
labeled strand was used to immobilize the DNA onto a
PEG-passivated quartz slide as described previously (26).
Experiments were performed on a prism-based total
internal reflection fluorescence microscope (27,28) em-
ploying a 532 nm diode laser. Donor and acceptor emission
signals were separated by a 610 nm dichroic longpass mir-
ror, a 580/40nm bandpass filter and a 660 nm longpass
filter and subsequently imaged using an EM-CCD
camera (Andor Technologies). Images from >10 regions
(~50-200 molecules/region) were acquired at 10 Hz for
several minutes and corrected for thermal/mechanical
drift (29,30). Regions surrounding individual peaks (7x7
pixels) were identified by goodness of fit to a 2D Gaussian,
and time-dependent intensity traces, corrected for local
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background, were extracted. Apparent E (E,,,) was

measured according to:
Ia

Ein =

PP (Ia+Ip)

A3)

where I, and Ip represent acceptor and donor intensities,
respectively. Histograms were produced from manually
identified regions of traces displaying anti-correlated
donor/acceptor signals and single-step dye photobleach-
ing. Imaging buffer included helicase buffer and an
oxygen-radical scavenging system consisting of 0.1 mg/ml
glucose oxidase, 0.02mg/ml catalase, 0.4% wt/v B-D-
glucose and 2mM Trolox. For experiments including
SsoMCM, protein was infused into the flow cell contain-
ing tethered fork substrates and incubated for 5min
before imaging.

RESULTS

The 5'-tail is excluded from the central channel of MCM
during unwinding

We examined the helicase activity of SsoMCM on DNA
substrates with different length 5'-tails (0, 30 or 50 bases).
Consistent with previous results (12,13,31), the presence of
any length 5'-tail resulted in efficient unwinding, while the
absence of any DNA bases on the displaced strand reduced
the unwinding efficiency (Figure 1A and B; Table 1). In
order to differentiate between the two limiting models of
helicase unwinding (steric exclusion and side channel ex-
trusion), we utilized biotin/streptavidin as a physical block
to unwinding that can identify which strand(s) proceeds
through the central channel. Similar experiments have
been performed previously with other hexameric helicases,
Escherichia coli DnaB and yeast MCM4/6/7, and the
results were consistent with the steric exclusion model
for unwinding (32).

Biotin was incorporated on the ssDNA tail two nucleo-
tides downstream of the ssDNA-dsDNA junction.
Binding of streptavidin to this site creates a sizeable steric
block to unwinding. When a biotin/streptavidin block was
included on the 3'-tail, the rate of SsoMCM unwinding
was significantly reduced (Figure 1C). Conversely, an iden-
tical block on the 5-tail did not affect the unwinding rate
(Figure 1D). We also found that SsoMCM was able to back-
ground displace streptavidin from a biotin-labeled ssDNA
template under our experimental conditions, artificially
increasing the unwinding rate when on the 3'-strand
(Supplementary Figure S1). This has already been noted
for other DNA helicases and been suggested as a means to
remove bound proteins from the DNA template during
unwinding (24). The background rate of streptavidin dis-
placement was used to correct the raw unwinding data to
yield the results shown in Figure 1C. These results are con-
sistent with SsoMCM sterically excluding the 5-strand
from the central channel during unwinding.

The 5'-tail stabilizes the MCM hexamer on DNA

We then decided to measure specific kinetic parameters
associated with DNA binding to assess the role of the
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Figure 1. MCM unwinding of DNA with variable length 5'-tails and physical blocks on either the 3'- or 5'-strand. (A) DNA unwinding by WT
SsoMCM (700 nM hexamer) on different length 5'-tail forked DNA substrates with (i) no, (ii) a 30 base or (iii) a 50 base 5'-tail and a constant 30
base 3'-tail. (B) Quantification of the average of three separate unwinding reactions for each DNA substrate in (A). The rates were linear for the first
12min and equal to 0.012 £ 0.001 min~" for Ont 5'-tail (times symbol), 0.027 + 0.002min~" for 30nt 5'-tail (open square) and 0.026 =+ 0.002 min~"
for 50 nt 5'-tail (open triangle). The effect of biotin (open circle) or biotin/streptavidin (SA) (closed circle) blocks on the (C) 3'-tail or (D) 5'-tail
strands on MCM unwinding. Cartoon DNA inset represents the **P-labeled DNA template used for each experiment. Data were from at least three
independent experiments and corrected for experimentally determined streptavidin displacement as described in ‘Materials and Methods’ section and
shown in Supplementary Figure SI.

Table 1. WT SsoMCM unwinding activity, binding affinity and hexamer stability on fork DNA with different length 5'-tails

DNA type Helicase MCM subunit exchange® MCM Off-rate®
Activity® K4 (nM)? kops: (1073871 kopso (1072 571 k_y (1072 s7h ko, (107357
No DNA n/d n/d 192 +£3 23.7+0.2 n/d n/d
ssDNA (661t) n/d 2%+5 n/d n/d 40+ 6 17402
5'-tail-0 nt® ++ 56 £6 196 £ 5 23.8 £ 0.5 14+3 1.9+£0.5
5'-tail-30 nt® +++ 60 + 13 55.6 £ 1.1 3.5+ 0.1 12+2 1.3+£0.2
5'-tail-50 nt® +++ 75+ 13 474 £1.0 3.5+ 0.1 7T+1 0.6 £0.1

“Averaged from at least seven individual stopped flow FRET experiments.

®Averaged from at least three separate fluorescence anisotropy off-rate experiments.
‘+++ represents full activity, ++ and + are 2-fold and 4-fold decreases, respectively.
9Measured from equilibrium fluorescence anisotropy. Fits are shown in Supplementary Figure S2A.
“Using a 30-mer 3'-tail. n/d, not determined.

5'-tail, including a measure of SsoMCM subunit exchange
and the off-rate (k_;) of the SsoMCM complex from
DNA. Previously, individual MCM subunits labeled at
the N-terminus with fluorescent dyes were used to examine
the subunit arrangement of the SsoMCM helicase on

DNA assembled from a subunit exchange mechanism (12).
We took advantage of the ability of individual SsoMCM
subunits to exchange in solution to kinetically monitor
the stability of the SsoMCM hexamer on DNA templates
with various 5'-tail lengths using stopped-flow FRET.
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Rapid mixing of acceptor-labeled SsoMCM with pre-
formed donor-labeled SsoMCM on fork DNA resulted
in an exchange of subunits and an increase in FRET
(Figure 2A). The first exponential rate was concentration
dependent and therefore attributed to the direct exchange
of SsoMCM subunits. Doubling the concentration of
acceptor SsoMCM while holding donor SsoMCM and
30-mer 5-tail fork DNA constant gave observed rates
of 0.125 + 0.005min~" and 0.0039 =+ 0.0004 min~', while
halving the concentration of acceptor SsoMCM resulted
in observed rates of 0.031 + 0.002min""' and 0.0029 +
0.0003 min~". The second exponential was unchanged with
concentration and likely results from a conformational
rearrangement between subunits to form the final
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Figure 2. The presence of a 5-tail stabilizes the MCM hexamer.
(A) Stopped flow FRET experiments were performed to detect an
exchange of donor (Alexa488) and acceptor (Alexa555)-labeled MCM
subunits on DNA forks with different length 5'-tails through an
increase in FRET. Concentrations of SsoMCM (1.2uM) and DNA
(200nM) were stoichiometric and were held well above the Ky value
to promote the DNA-bound state. The increase in FRET was fit to two
exponentials for no DNA, 5'-tail, Ont; 5'-tail, 30nt; and 5'-tail, 50nt;
reported in Table 1, and attributed to the exchange of MCM subunits
from solution. The cartoon shows the result of the exchange of a
donor-labeled MCM bound to DNA with a free acceptor-labeled
MCM complex giving rise to a mixed donor and acceptor MCM
hexamer and an increase in FRET. (B) Kinetic anisotropy experiments
monitoring the off-rate of the MCM complex from the fluorescently
labeled DNA templates with different length 5'-tails upon addition of
excess unlabeled DNA. The data was fit to Equation 2, and the indi-
vidual rates are reported in Table 1. The cartoon shows the result of
the dissociation of the MCM complex after trapping with unlabeled
DNA leading to a decrease in the fluorescence anisotropy.
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hexameric state. Interestingly, as the 5'-tail length incr-
eased from 0 to 30 to 50 nucleotides while holding the
MCM concentration constant, the subunit exchange rate
decreased (Table 1). DNA substrates lacking 5'-tails had
very similar and more rapid subunit exchange kinetics to
that of SsoMCM alone.

Analogous experiments were performed to monitor the
dissociation (k_;) of the entire SsoMCM complex from
DNA substrate with variable 5'-tail lengths after addition
of a high concentration of unlabeled DNA trap using
fluorescence anisotropy. Again, the presence of a longer
5'-tail reduced the off-rate of the MCM complex from
DNA (Figure 2B and Table 1). As above, the change in
anisotropy with time also fit better to a double exponential
equation and is indicative of at least a two-step process,
whereby faster dissociation of multiple subunits precedes
the slower removal of any remaining MCM subunits. The
second exponential rate was roughly 10-fold slower than
the first rate (Table 1). Comparing the first and second
observed off-rates between substrates with or without a
50 base 5'-tail shows that there is an equal 2- to 3-fold
reduction for each rate. Therefore, stabilization of the
SsoMCM hexamer on DNA through interaction with
the 5'-tail is a concerted process that affects both steps
and includes subunit dissociation as a mechanism for
disassembly.

Mutations of conserved external residues on the surface of
MCM abrogate unwinding

The recent availability of the SsoMCM crystal structure
(7) allowed us to identify several conserved residues
(Figure 3A) on the exterior surface that could interact with
the displaced 5'-tail to stabilize the complex. Mutation of
K323 and/or R440 to alanine resulted in a reduction of
unwinding activity (Figure 3B and C; Table 2). These
residues make up a positively charged patch on the
exterior waist of the SsoMCM hexamer. K323 resides on
the exterior of a previously identified exterior hairpin
(EXT-hp) proposed to be involved in contacting DNA
during unwinding (33). Consistent with previous results
(33), mutation of K323A resulted in reduced unwinding
over a variety of concentrations (Figure 3C). R440 is pos-
itioned on the external surface at the base of the
presensor-1 hairpin (PS-1hp). Alanine mutations of the
lysine at the tip of the PS-1hp have been shown to
reduce DNA binding affinity, and eliminate unwinding
(12). Both the R440A mutation and the double mutant
(K323A/R440A) reduced unwinding activity similar to
K323A (Figure 3B and C; Table 2).

It is possible that the reduced helicase activity observed
with these mutations is a consequence of reduced DNA
binding ability. In fact, the K323A mutation has been
shown previously to have slightly reduced binding
affinity as determined from EMSA experiments (33). We
instead chose to use fluorescence anisotropy assays to
more accurately quantify the binding affinities of
wild-type (WT) and mutant SsoMCMs under equilibrium
solution conditions. The measured binding affinity for WT
SsoMCM is slightly tighter than previously measured
(7,12,33,34), perhaps owing to our more quantitative
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Figure 3. External mutations on the surface of MCM disrupt unwinding and protection of the 5'-tail. (A) Alignment of proposed exterior surface
residues on MCM that interact with ssDNA using CLUSTAL W2 (http://www.ebi.ac.uk/Tools/clustalw2). Aligned are MCM exterior surface
residues proposed to bind ssDNA from Sulfolobus solfataricus (Sso), Methanothermobacter thermoautotrophicus (Mth), Xenopus laevis MCM2
(xMCM2) and human MCM2 (hMCM2). (B) DNA unwinding assays comparing wild-type and mutant MCM activities at 700nM hexamer.
Fork DNA with 30 base 3'- and 5'-tails were examined for unwinding at 60°C for 30 min as described in ‘Materials and Methods’ section. (C)
Quantification of fraction unwound in (B) for WT at 700nM and the three mutants at four separate concentrations (350, 700, 1400 and 2800 nM)
from at least three independent experiments. (D) Nuclease assays were performed in the presence and absence of SsoMCM with different length
5'-tails as described in ‘Materials and Methods’ section. DNA was labeled at the 3'-end with [0->’P]JdATP. DNA markers (M) are shown in lane 1.
The length of the 5'-tail was varied from 20, 30, 40, 50 and 80 bases. The duplex region (36 bases) and 3'-tail (30 bases) were identical for lanes 2-9.
The duplex region for lanes 10-11 were 20 bases and 3'-tail were 30 bases. (E) Quantification of the fraction protected from at least three independent
mung bean nuclease assays comparing WT SsoMCM to mutants (K232A, R440A and K323A/R440A) with 30, 50 or 80 base 5'-tails and shown and
reported in Supplementary Table S2.

fluorescent experimental approach. Changing the length since it is a single-strand-specific DNA endonuclease.
of the 5'-tail from 0 to 30-50nt did not significantly We designed forked DNA substrates with a constant
change the binding affinity of WT SsoMCM (Table 1 30 base 3'-tail and 5-tails ranging from 20 to 80nt
and Supplementary Figure S2A) suggesting that the major- (Supplementary Table S1). The 3’-end of the 5'-tail was
ity of binding energy results from encircling the 3'-strand.  Jabeled with [0-**P]JdATP to visualize the length of the
Interestingly, we detected only slight decreases in the digested 5'-tail.

DNA blndlng affinities of the mutants Compared to WT In Figure 3D’ a mung bean nuclease mapplng experi-
SsoMCM using a forked DNA substrate with a 30 base ment was performed in the absence and presence of WT
3"-tai1 and a 50 base 5-tail (Table 2 and Supplementary SsoMCM. Varying lengths of the 5'-tail (20, 30, 40, 50 and
Figure S2B). 80 nucleotides) were probed for protection from nuclease
digestion. The stoichiometry of protein and DNA were
carefully controlled to allow for 1:1 binding. To be
The stability of the interaction of the 5'-tail on the exterior certain, a titration of WT SsoMCM (270-1080 nM) with
of the SsoMCM hexamer was probed using a nuclease constant DNA (90 nM) was examined using these nuclease
footprinting assay. Mung bean nuclease was selected assays (Supplementary Figure S3A). In the absence of

Long 5'-tails are protected from nuclease digestion
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Table 2. SsoMCM mutant DNA unwinding and binding parameters

SsoMCM Helicase® K4 (nM)° Oligomeric
state
WT +++ 75 + 13 Hexamer
K323A + 93 £ 10 Hexamer
R440A + 92 £ 13 Hexamer
K323A/R440A + 90 +9 Hexamer

“+++ represents full activity, ++ and + are 2-fold and 4-fold decreases,
respectively.

®Measured using fork DNA with a 30-mer 3'- and 50-mer 5'-tail. Fits
are shown in Supplementary Figure S2B.

protein, there are digested bands of varying sizes down to
the ssDNA-dsDNA junction (either 20 or 36 nt), whereas
in the presence of protein, the DNA becomes almost fully
protected (Figure 3D and Supplementary Figure S3). A
limited amount of digestion of the 5'-tail occurred at the
ssDNA-dsDNA junction in all cases when SsoMCM was
bound.

We also measured the protection of the 5'-tail with the
external ssDNA binding site mutants (K323A, R440A,
K323A/R440A) in identical assays (Supplementary
Figure S3B). The fraction of mung bean digested 5'-tail
was quantified and compared between WT and mutant
SsoMCMs for 30, 50 and 80 base 5'-tails (Figure 3E and
Supplementary Table S2). There is a significant increase in
5'-tail digestion for each of the SsoMCM mutants
compared to WT. The change in the digestion pattern is
most significant for the 50 base 5'-tail. In other cases, there
is a more distributed nuclease digestion pattern observed
along the length of the 5'-tail for the mutants.

External surface mutations disrupt the path and stability
of binding the 5'-tail

In order to characterize the 5'-tail binding path on the
SsoMCM exterior in the absence of ensemble averaging,
we utilized spFRET. Previous results from spFRET ex-
periments indicated a dynamic interaction of the 5'-tail
with the exterior of the SsoMCM hexamer (22), but the
roles of 5-tail length or specific SsoMCM residues
involved in this interaction were not investigated. Based
on the perturbation of unwinding by K323A/R440A
shown above, we predicted that the path of the 5-tail
would be altered compared to that of WT. Here, we
report results from experiments in which we monitored
spFRET from the free ends of DNA with variable
length 5'-tails in complex with WT or K323A/R440A
SsoMCM.

Forked DNA substrates with Cy3 on the end of a 30
base 3'-tail and Cy5 on the 5 end of different length
S'-tails (30, 50 and 70 bases) were attached to the
surface of a flow chamber through a biotin—streptavidin
interaction. As expected, the FRET values of the forked
substrates alone decreased with increasing 5'-tail length
(Figure 4A). Subsequently, WT or K323A/R440A
SsoMCM was flowed into the chamber containing
tethered fork substrates. In all instances, FRET values
dramatically increased after SsoMCM was added,
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consistent with the 3’- and 5-tails coming together in
closer proximity. In complex with WT SsoMCM, different
length 5'-tails (30, 50 and 70 bases) displayed a consistent
high FRET state (~0.95) (Figure 4A and Supplementary
Figure S5). The complex with the 50-mer 5'-tail exists
almost entirely in this high FRET state, with most traces
rarely or never visiting the medium FRET state (high-
lighted in Figure 4B by a brief excursion to the medium
state), whereas this high FRET state is transiently, but
stably visited during the course of the trajectory for the
case of the WT SsoMCM bound to 30- and 70-mer 5'-tail
forked substrates (Figure 4B). Deconvoluted Gaussian fits
for each FRET population are shown in Supplementary
Figure S5.

In contrast, in the presence of K323A/R440A
SsoMCM, the FRET states were shifted to either medium
or lower, more broadly distributed FRET states, suggest-
ing conformations different from those seen for WT
(Figure 4A). In all cases, the extremely stable high
FRET conformation observed with WT SsoMCM is com-
pletely absent when the external binding site is mutated.
The FRET states of the surface mutations for each of the
forked substrates showed a dramatically different dynamic
behavior between WT- and K323A/R440A-bound com-
plexes (Figure 4B and C; and Supplementary Figure S5).
Lifetimes of the FRET populations for each experiment
also show that mutation of an external binding site in
SsoMCM alters the kinetics and dynamics of 5'-tail
binding (Supplementary Table S3). The bimodal switching
behavior between high and medium states observed with
30-mer 5'-tail in complex with the WT SsoMCM collapses
to a stable, unimodal medium FRET state when com-
plexed with K323A/R440A. Furthermore, the stable
high FRET state observed with the 50-mer 5'-tail and
WT SsoMCM is shifted to a broadly distributed state
upon addition of the double mutant. Addition of
K323A/R440A MCM to the 70-mer 5'-tail forked sub-
strate resulted in a bimodal distribution between a low
and medium FRET state, in contrast to the highly
dynamic FRET state observed with WT SsoMCM.

DISCUSSION

SsoMCM sterically excludes the 5'-strand during
unwinding

Homohexameric MCMs from archaea serve as models for
more complex eukaryotic MCMs for determining enzym-
atic mechanisms of DNA binding, ATP hydrolysis and
DNA unwinding. Several models for DNA unwinding
by hexameric helicases have been proposed (21,35,36).
Although steric exclusion models for unwinding by
hexameric helicases have been supported by results from
E. coli DnaB and Yeast MCM4,6,7 (37), SV40 Large T
antigen is proposed to operate as a dSDNA pump display-
ing ‘rabbit ear’ like protrusions of DNA out of a double
hexamer complex (17,38,39). Support for the DNA extru-
sion model of unwinding for MCM helicases is based on
homology to the SV40 large T, visualization of side
channels that can accommodate ssDNA (7,40) and the
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Figure 4. Single-pair FRET experiments monitoring the change in position of the 3’- and 5'-tails upon binding wild-type SsoMCM or external
surface mutant SsoMCM (K3232A/R440A). (A) Shows the single-molecule distributions of the FRET populations of DNA alone (open circle), DNA
bound to WT SsoMCM (filled circle) or DNA bound to SsoMCM (K323A/R440A) (open square) for a constant 30-mer 3’-tail and variable length
S'-tails (30, 50 or 70 bases). For all histograms, points represent binned data and solid lines represent composite Gaussian fits. Colored panes denote
the high (red), medium (blue) and low (green) states as discussed in the text. Representative kinetic single-molecule fluorescence and FRET traces for
each DNA substrate for (B) WT SsoMCM or (C) SsoMCM (K323A/R440A), indicated as donor (green), acceptor (red) and FRET (black).

functional characterization of B-hairpins that are import-
ant for DNA binding and unwinding (7,12,13,33).

Our biochemical experiments show a deceleration of
DNA unwinding only when a biotin—streptavidin block
is included on the encircled 3'-strand and not on the
displaced 5'-strand. SsoMCM was able to displace some
background amounts of streptavidin from the template
similar to other non-hexameric DNA helicases (41,42),
perhaps owing in part to our elevated reaction tempera-
tures. Nevertheless, there is clear reduction in the unwind-
ing by SsoMCM when a biotin-streptavidin block is
included on the 3'-strand suggesting that only the 3'-tail
enters the central channel and the 5'-tail is excluded.

SsoMCM has been shown to be more efficient at un-
winding fork substrates than 3'-tail only substrates (12).
The presence of any 5'-tail, regardless of length, increases
the unwinding ability of SsoMCM. Tails as short as 9nt
have been shown to be just as efficient as longer 30nt
S'-tails (31). Longer 5-tails (50 versus 30nt) used did
not elevate the unwinding efficiency. On the contrary,
the side channel extrusion mechanism should be almost
as efficient at unwinding substrates without 5'-tails as ef-
ficiently those with tails if separation occurs within the
central channel. Clearly, the unwinding efficiency is pri-
marily determined by the ability to preseparate DNA
before entry into the central channel. DNA templates
without a 5'-tail will consequently end up encircled
in the central channel of the MCM complex in a futile
unwinding attempt.

External surface residues on MCM direct the binding of
the displaced 5'-tail

We have identified two universally conserved residues
(K323 and R440) on the exterior of SsoMCM that signifi-
cantly contribute to its unwinding efficiency. These
residues reside in close proximity on the external MCM
surface and contribute to the structure at the base of
separate B-hairpins. They are not directly adjacent to the
side channels identified in the crystal structure (7) but are
roughly 20 A away. Collectively, they create a positively
charged patch that likely directs binding of the displaced
5'-strand and contributes to unwinding. We measured an
6-fold decrease in unwinding activity for the K323A
mutation but did not observe a decrease in binding
affinity as detected previously (33). Instead, we utilized a
fluorescent anisotropy DNA binding assay and found that
the Ky is similar for WT and mutant MCMs (Table 1).
Thus, the decrease in unwinding ability of the mutants is
most likely due to a reduced stabilization of the separated
S'-tail on the exterior surface. This external stabilization
does not significantly add to the binding affinity in an
equilibrium state, but instead contributes to strand stabil-
ization to promote unwinding. Conserved DNA hairpins
in the central channel involved in coupling ATP hydrolysis
to unwinding (12) would then act in concert with the
exterior interactions to direct the helicase forward.
Single-pair FRET experiments performed with the
K323A/R440A mutant showed an increase in the distribu-
tion spread of the FRET signal between the 3’- and



S'-tails, reflecting a change in 5-tail binding dynamics.
This observation was most prevalent when a 50-mer
5'-tail was used, where the surface mutations caused the
distribution to change from a fairly discrete high FRET
state (0.95) that was stable on the order of 100 s to a more
diffuse population that visited a broad range of FRET
states. We consider medium (~0.8) and lower (~0.4-0.7)
FRET states to represent alternate surface-bound and free
conformations dependent on the 5'-tail length. Collapse of
the bimodal peak observed for the WT complex with the
30-mer 5'-tail to a medium peak with the double mutant
suggests that the 5-tail is in an unbound, displaced con-
formation. Upon mutation, the stronger surface inter-
actions observed with the 50-mer 5'-tail, afforded by an
ideal binding path are weakened, causing a metastable
interaction of the 5'-tail with the surface.

Although the 70-mer 5'-tail complexed with WT MCM
occasionally visited the stable, high FRET state, it also dis-
played a wide range of FRET states that were unstable
and displayed both rapid and slower transitions, possibly
representing free Brownian motions of the unbound 5'-tail
and dynamic 5'-tail interactions with the surface, respect-
ively. The decreased stability observed with the 70-mer
5'-tail may indicate a competition between the free energy
of solvation and that of surface binding. For K323A/
R440A, the surface binding energy is diminished, resulting
in a free tail that rapidly switches between two extended
conformations.

The 5'-tail stabilizes the hexameric MCM complex
on DNA

Single-stranded DNA wrapping around the exterior also
stabilizes the MCM hexamer complex. The off-rate (k_;)
of the hexamer from DNA is reduced in the presence of a
5'-tail. Shorter (30-mer) 5'-tails still allow for dissociation
to occur by sliding off the end of the DNA. This off-rate
reduction is seemingly in contradiction to the similar
binding affinities measured for different length tails,
however, a slower on-rate (k) of binding due to increased
complexity of organization for 5'-tailed substrates would
compensate for the overall dissociation constant (Kyq =
k_1/ki). As an aside, we measured the fastest off-rate
(k_;) for ssDNA, which also possessed the tightest bind-
ing. The ease with which ssDNA can bind in multiple
conformations, either on the exterior surface or in the
interior channel of SsoMCM, can be explained by a fast
on-rate (ky).

Subunit exchange of MCM subunits from solution also
provides a possible assembly mechanism, especially on
pre-separated DNA substrates with single-stranded
regions. Once loaded into a competent complex with
DNA, further assembly or exchange of MCM subunits
would be reduced through interactions with the 5'-tail.
We suspect that binding of the 5'-tail propagates conform-
ational changes throughout the hexamer creating a tighter,
more efficient DNA unwinding complex that restricts
subunit exchange. The increased stability of the MCM-—
DNA complex would result in a more competent helicase,
able to more efficiently unwind DNA. We speculate that
initial binding to fork DNA is directed by a subunit
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exchange mechanism primarily centered around the
3’-tail, while more subtle exterior interactions with the
5'-tail stabilize the hexamer complex to promote MCM
towards an active unwinding state.

Novel SEW model of DNA unwinding for SsoMCM

Previously, it was shown that the displaced 5'-strand dy-
namically interacts with the exterior surface of SsoMCM
(22). This result helped distinguish between the steric ex-
clusion and side channel extrusion models of unwinding,
confirming that a 5'-tail can interact in a way only possible
with an external binding event. For this study, we used
different 5'-tail lengths to more specifically map the
exterior binding site using spFRET. Discrete high FRET
populations (~0.85 and ~0.95) exist that are present with
all 5'-tail lengths. If the 3'-tail is fixed within the central
channel of MCM, then the distance to the 5'-tail must be
identical for 30, 50 and 70 base 5'-tails for those FRET
states. Though a stable high FRET state could also be
consistent with side channel extrusion, we consider it
unlikely, since the 5'-tail dynamics for the 30-mer sub-
strate would be more restricted due to the displaced
strand first passing through the central channel and then
out a side channel.

The longitudinal length of the SsoMCM hexamer is
roughly 100 A (43), approximately equal to 24 bases of
linear ssDNA (4.1 A/base). If the encircled 3'-tail follows
a helical conformation similar to that detected for the
hexameric papillomavirus El helicase binding to ssDNA
(44), this would place the 3’-end towards the N-terminal
end of SsoMCM, but not exposed (12). Similar vertical
displacement of the 30-mer 5'-strand on the exterior sur-
face would position the donor and acceptor fluorophores
in a similar location. However, if the longer 50-mer 5'-tail
were to take the same longitudinal path, then the 5-Cy3
would project past the N-terminal tier of the MCM
complex. The 70-mer 5'-tail would project even further
and would display an even smaller FRET value. Clearly,
the linear length of the 50- and 70-mer 5'-tails precludes
the appearance of such identical high FRET signals if the
5'-strand was traversing along a linear path on the MCM
hexameric exterior.

Only a model that includes some wrapping of the 5'-tail
around the exterior of the MCM complex could explain
similar FRET states for different length 5'-tails. Complete
wrapping of the 5'-tail around the exterior surface would
produce an identical, unimodal high FRET state irrespect-
ive of the length. In addition to this state, we also observed
similar discrete FRET states for each 5-tail. The
symmetry of the hexameric SsoMCM helicase dictates that
identical repeating structural features make up the exterior
surface. Therefore, wrapping of the ssDNA could interact
with one, two, or more subunits before exiting past the
N-terminal tier. In support of a wrapping model, electron
microscopy studies have identified an external MCM
hexamer binding site for dsDNA that is also proposed
to wrap DNA around the exterior surface of the hexa-
meric MCM complex (45). Although this dsDNA
binding path resides along a helix—turn—helix motif in
the N-terminal tier, it is possible that the unwound
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ssDNA 5'-tail may transverse the waist and also interact
along this dsDNA binding path before being released
from the helicase.

Wrapping of the displaced 5'-tail would also provide a
structural mechanism to prevent reannealing. The
wrapped strand would include a larger number of DNA
bases interacting with SsoMCM than the encircled strand.
The resulting displacement in complementary sequence
between the two strands would act to prevent reanneal-
ing behind the helicase. A significant fraction of even the
longest 5'-tail (80-mer) is protected from nuclease diges-
tion when WT SsoMCM is bound. Some specific cleavage
can be detected at the 5'-single-strand/double-strand
junction, liberating ssDNA with a length equal to the
tail. Other low-level, non-specific cleavage sites can be de-
tected along the length of the 5'-tail. Therefore, the majority
of the 5'-tail resides are in a locally protected environment
on the external surface of the MCM hexamer. Presumably,
rapid fluctuations between high FRET (bound) and low
FRET (unbound) states would not provide a stable
enough substrate for nuclease digestion.

Mutations in the positive binding patch on the surface
of the MCM hexamer result in a more disperse nuclease
digestion pattern suggesting a more loosely bound 5'-tail.
This is also consistent with the spFRET experiments that
displayed a much broader FRET distribution with the
mutant MCM. It is therefore likely that the K323A and
R440A mutations at each MCM subunit reduce the bind-
ing affinity of the 5'-tail, indicating these residues probably
serve as positively charged guides for wrapping negatively
charged DNA on the MCM surface. Other external bind-
ing patches are most likely present, as suggested from in-
complete total 5'-tail digestion and the presence of distinct
FRET states for the K323A/R440A mutant, which can
loosely bind the 5'-tail.

Figure 5. Proposed Steric Exclusion and Wrapping (SEW) model for
DNA unwinding. At least two paths for wrapping ssDNA on the
exterior surface of MCM are highlighted. Shown is the surface electro-
static potential representation of SsoMCM (PDBID:3F9V), where blue
and red patches, respectively, represent positive and negatively charged
residues, highlighting ssDNA binding residues (K323 and R440) that
direct the path of the 5'-tail around a ssDNA protection channels in the
waist (solid line) before exiting past the N-terminal tier (dashed line).

Based on these results, we have developed a new model
for DNA unwinding by MCM termed the SEW model,
resembling a spool of thread for wrapping the 5'-tail
around the exterior surface (Figure 5). This model
includes steric exclusion and subsequent wrapping of the
5'-tail around the exterior of the MCM hexamer, which
promotes DNA unwinding, MCM-DNA stabilization,
protection of ssDNA, and strand separation. There are
distinct channels on the external surface of the MCM
hexamer dotted with positive charge that could direct
the displaced 5'-strand around the hexamer. After signifi-
cant wrapping of the 5-tail has occurred, further DNA
bases will proceed past the N-terminal tier and be released
from the hexamer.

The displaced 5'-tail cannot wrap the MCM complex
too tightly; it must be allowed to slide over the external
surface of the hexamer for efficient unwinding. The
spFRET dynamics for binding the 5'-tail detected here
provides the basis for this dynamic binding mechanism.
Therefore, binding of the 5'-tail is a compromise between
adequate protection of the ssDNA, efficient stabilization
of unwound DNA that contributes to the unwinding
mechanism, and stabilization of the entire hexameric
MCM complex.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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