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Figure S1.  Gold-Standard Fourier Shell Correlation for the final refinements of each structure reported.  A.  Combined 
class 1 particles for all three distinct samples (MCM:T16:MgADP-BeF3, MCM:T20-CTATAG-T20:MgADP-BeF3, 
MCM:T12:MgADP-BeF3).  B.  Combined class 2 particles for all three distinct samples (MCM:T16:MgADP-BeF3, MCM:T20-
CTATAG-T20:MgADP-BeF3, MCM:T12:MgADP-BeF3).  C.  MCM:T16:MgADP-BeF3 class 1.  D.  MCM:T16:MgADP-BeF3 
class 2.  E.  MCM:T20-CTATAG-T20:MgADP-BeF3 class 1.  F.  MCM:T20-CTATAG-T20:MgADP-BeF3 class 2.  G.  
MCM:T12:MgADP-BeF3 class 1.  H.  MCM:T12:MgADP-BeF3 class 2.  

A Merged  Class 1

C MCM:T16 :MgADP-BeF3  Class 1

G MCM:T12:MgADP-BeF3  Class 1

E MCM:T20-CTATAG-T20:MgADP-BeF3  Class 1 MCM:T20-CTATAG-T20:MgADP-BeF3  Class 2

B Merged Class 2

D MCM:T16:MgADP-BeF3  Class 2

H MCM:T12:MgADP-BeF3  Class 2

F



 
Figure S2.  Overall architectures of the two structural classes of MCM:T16:MgADP-BeF3.  Three orthogonal, consistent 
views are illustrated for the two classes.  The illustrated maps were obtained by refinement of the respective classes 
obtained with a 16-mer poly-dT oligonucleotide (see Table 1).  Both Classes consist of a two-tiered hexameric ring that 
binds single-stranded DNA at the larger ATPase tier.  The defined views place the N-terminal tier at the top of the complex 
and the ATPase tier at the bottom.  Each figure panel was prepared with Chimera[1].  A.   The final sharpened map following 
homogeneous refinement of class 1 is colored by subunit proximity to the atomic model coordinate file.  Class 1 has 6 well-
defined domains at both tiers.  The peripheral helical bundle subdomains of the N-terminal tier appear less ordered than 
the other subdomains.  B.  The final sharpened map following homogeneous refinement of class 2 is colored by subunit 
proximity to the atomic model coordinate file.  Class 2 has 6 well-defined domains at the center of the N-terminal tier and 5 
well-defined ATPase domains.  The ATPase domain of the purple subunit is poorly ordered.  Two of the peripheral helical 
bundle domains of the N-terminal tier are poorly ordered.  Maps are displayed by Chimera [1] at contour level 1.4 for class 
1 and at contour level 0.9 for class 2 to emphasize the well-ordered DNA-bound portion.  
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Figure S3.  Overall architectures of the two structural classes of MCM:T20-CTATAG-T20:MgADP-BeF3.  Three orthogonal, 
consistent views are illustrated for the two classes.  The illustrated maps were obtained by refinement of the particles of the 
respective classes obtained with an ”X-shaped” oligonucleotide.  Both Classes consist of a two-tiered hexameric ring that 
binds single-stranded DNA at the larger ATPase tier.  The defined views place the N-terminal tier at the top of the complex 
and the ATPase tier at the bottom.  Each figure panel was prepared with Chimera[1].  A.   The final sharpened map following 
homogeneous refinement of class 1 is colored by subunit proximity to the atomic model coordinate file.  Class 1 has 6 well-
defined domains at both tiers.  The peripheral helical bundle subdomains of the N-terminal tier appear less ordered than 
the other subdomains.  B.  The final sharpened map following homogeneous refinement of class 2 is colored by subunit 
proximity to the atomic model coordinate file.  Class 2 has 6 well-defined domains at the center of the N-terminal tier and 5 
well-defined ATPase domains.  The ATPase domain of the purple subunit is poorly ordered.  Two of the peripheral helical 
bundle domains of the N-terminal tier are poorly ordered.  Maps are displayed by Chimera [1] at contour level 1.4 for class 
1 and at contour level 1.1 for class 2 to emphasize the well-ordered DNA-bound portion.  
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Figure S4.  Overall architectures of the two structural classes of MCM:T12:MgADP-BeF3.  Three orthogonal, consistent 
views are illustrated for the two classes.  The illustrated maps were obtained by refinement of the respective classes 
obtained with a 12-mer poly-dT oligonucleotide.  Both Classes consist of a two-tiered hexameric ring that binds single-
stranded DNA at the larger ATPase tier.  The defined views place the N-terminal tier at the top of the complex and the 
ATPase tier at the bottom.  Each figure panel was prepared with Chimera[1].  A.  The final sharpened map following 
homogeneous refinement of class 1 is colored by subunit proximity to the atomic model coordinate file.  Class 1 has 6 well-
defined domains at both tiers.  The peripheral helical bundle subdomains of the N-terminal tier appear less ordered than 
the other subdomains.  B.   The final sharpened map following homogeneous refinement of class 2 is colored by subunit 
proximity to the atomic model coordinate file.  Class 2 has 6 well-defined domains at the center of the N-terminal tier and 5 
well-defined ATPase domains.  The ATPase domain of the purple subunit is poorly ordered.  Two of the peripheral helical 
bundle domains of the N-terminal tier are poorly ordered.  Maps are displayed by Chimera [1] at contour level 1.4 for class 
1 and at contour level 0.9 for class 2 to emphasize the well-ordered DNA-bound portion.  
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Figure S5.  The core ATPase domain is a contiguous 152-amino acid segment with strong sequence conservation in all 
archaeal and eukaryotic MCM proteins.  Of 58 sequences, 52 possess this 152-amino acid configuration.  Six have a one-
residue deletion (magenta boxes) for a 151-amino acid core ATPase.  See Figure 2.  Sso=Saccharolobus solfataricus; 
Pf=Pyrococcus furiosus; Mt=Methanothermobacter thermautotrophicus; Ap=Aeropyrum pernix; Sc=Saccharomyces 
cerevisiae; Dm=Drosophila melanogaster; Xl=Xenopus laevis; Hs=Homo sapiens; At=Arabidopsis thaliana; 
Sp=Schizosaccharomyces pombe; Dr=Danio rerio; Gi=Giardia lamblia; Ec=Encephalitozoon cuniculi.    
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Figure S6.  DNA-binding in the two structural classes of MCM:T16:MgADP-BeF3.  The illustrated maps and models were 
obtained by refinement of the respective classes obtained with a 16-mer poly-dT oligonucleotide.  A.  Three orthogonal 
views of class 1 with the ssDNA portion of the map depicted in cyan and the protein model in ribbon representation.  The 
two DNA-binding hairpins of each subunit are shown in opaque, and the other protein features are partially transparent.  
The panel view is identical to Fig. 1A-B.  B.  Zoom-in view of the class 1 model illustrating the DNA-binding hairpins and 
ssDNA.  All 4.0-sigma density within 2.5 Å of the modeled DNA shown in mesh.  Eleven nucleotides of ssDNA are observed 
for class 1.  C.  An identical view to panel B illustrating all MCM:DNA hydrogen bonding interactions (< 3.5 Å) in dashed 
magenta with density mesh removed for clarity.  D.  Cartoon summarizing the sequential interactions of MCM DNA-binding 
hairpins with the 11 DNA nucleotides, each represented by a bead on a string.  E.  Three orthogonal views of class 2 with 
the ssDNA portion of the map depicted in cyan and the protein model in ribbon representation.  The two DNA-binding 
hairpins of each subunit are shown in opaque, and the other protein features are partially transparent.  The panel view is 
identical to Fig. 1A-B.  F.  Zoom-in view of the class 2 model illustrating the DNA-binding hairpins and ssDNA.  All 4.0-sigma 
density within 2.5 Å of the modeled DNA shown in mesh.  Nine nucleotides of ssDNA are observed for class 2.  G.  An 
identical view to panel B illustrating all MCM:DNA hydrogen bonding interactions (< 3.5 Å) in dashed magenta with density 
mesh removed for clarity.  H.  Cartoon summarizing the sequential interactions of MCM DNA-binding hairpins with the 9 
DNA nucleotides, each represented by a bead on a string.  The poorly ordered purple subunit is represented with gradient 
shading.  Panels A and E were prepared with Chimera [1], and panels C, D, F and G were prepared with Pymol [2].  
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Figure S7.  DNA-binding in the two structural classes of MCM:T20-CTATAG-T20:MgADP-BeF3.  The illustrated maps were 
obtained by refinement of the particles of the respective classes obtained with an ”X-shaped” oligonucleotide (see Table 1).  
A.  Three orthogonal views of class 1 with the ssDNA portion of the map depicted in cyan and the protein model in ribbon 
representation.  The two DNA-binding hairpins of each subunit are shown in opaque, and the other protein features are 
partially transparent.  The panel view is identical to Fig. 1A-B.  B.  Zoom-in view of the class 1 model illustrating the DNA-
binding hairpins and ssDNA.  All 4.0-sigma density within 2.5 Å of the modeled DNA shown in mesh.  Eleven nucleotides 
of ssDNA are observed for class 1.  C.  An identical view to panel B illustrating all MCM:DNA hydrogen bonding interactions 
(< 3.5 Å) in dashed magenta with density mesh removed for clarity.  D.  Cartoon summarizing the sequential interactions of 
MCM DNA-binding hairpins with the 11 DNA nucleotides, each represented by a bead on a string.  E.  Three orthogonal 
views of class 2 with the ssDNA portion of the map depicted in cyan and the protein model in ribbon representation.  The 
two DNA-binding hairpins of each subunit are shown in opaque, and the other protein features are partially transparent.  
The panel view is identical to Fig. 1A-B.  F.  Zoom-in view of the class 2 model illustrating the DNA-binding hairpins and 
ssDNA.  All 4.0-sigma density within 2.5 Å of the modeled DNA shown in mesh.  Nine nucleotides of ssDNA are observed 
for class 2.  G.  An identical view to panel B illustrating all MCM:DNA hydrogen bonding interactions (< 3.5 Å) in dashed 
magenta with density mesh removed for clarity.  H.  Cartoon summarizing the sequential interactions of MCM DNA-binding 
hairpins with the 9 DNA nucleotides, each represented by a bead on a string.  The poorly ordered purple subunit is 
represented with gradient shading.  Panels A and E were prepared with Chimera [1], and panels C, D, F and G were 
prepared with Pymol [2].  
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Figure S8.  DNA-binding in the two structural classes of MCM:T12:MgADP-BeF3.  The illustrated maps were obtained by 
refinement of the respective classes obtained with a 12-mer poly-dT oligonucleotide (see Table 1).  A.  Three orthogonal 
views of class 1 with the ssDNA portion of the map depicted in cyan and the protein model in ribbon representation.  The 
two DNA-binding hairpins of each subunit are shown in opaque, and the other protein features are partially transparent.  
The panel view is identical to Fig. 1A-B.  B.  Zoom-in view of the class 1 model illustrating the DNA-binding hairpins and 
ssDNA.  All 4.0-sigma density within 2.5 Å of the modeled DNA shown in mesh.  Eleven nucleotides of ssDNA are observed 
for class 1.  C.  An identical view to panel B illustrating all MCM:DNA hydrogen bonding interactions (< 3.5 Å) in dashed 
magenta with density mesh removed for clarity.  D.  Cartoon summarizing the sequential interactions of MCM DNA-binding 
hairpins with the 11 DNA nucleotides, each represented by a bead on a string.  E.  Three orthogonal views of class 2 with 
the ssDNA portion of the map depicted in cyan and the protein model in ribbon representation.  The two DNA-binding 
hairpins of each subunit are shown in opaque, and the other protein features are partially transparent.  The panel view is 
identical to Fig. 1A-B.  F.  Zoom-in view of the class 2 model illustrating the DNA-binding hairpins and ssDNA.  All 4.0-sigma 
density within 2.5 Å of the modeled DNA shown in mesh.  Nine nucleotides of ssDNA are observed for class 2.  G.  An 
identical view to panel B illustrating all MCM:DNA hydrogen bonding interactions (< 3.5 Å) in dashed magenta with density 
mesh removed for clarity.  H.  Cartoon summarizing the sequential interactions of MCM DNA-binding hairpins with the 9 
DNA nucleotides, each represented by a bead on a string.  The poorly ordered purple subunit is represented with gradient 
shading.  Panels A and E were prepared with Chimera [1], and panels C, D, F and G were prepared with Pymol [2].  

Class 2

Class 1
Bottom Side Top

Bottom Side Top

B

A

C

F

E

G

D

H

90˚ 90˚

90˚ 90˚



 
Figure S9.  Comparison of the structures of the Cryo-EM Class 1 structure with the crystal structure of the complex (PDB 
6MII [3].  Both structures bind encircled ssDNA in an equivalent spiral staircase mode.  The central channel of the crystal 
structure is slightly more constricted, principally because the ATPase domains colored orange and red are slightly closer to 
the channel center.  Figure panels were prepared with Pymol [2].  
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Figure S10.  Stereoviews of the subunit interfaces of the two structural classes of MCM:T16:MgADP-BeF3.  The illustrated 
maps and models were obtained by refinement of the respective classes obtained with a 16-mer poly-dT oligonucleotide 
(see Table 1).  For each view, the subunit containing the Walker-A and -B residues is depicted in yellow, and the neighboring 
subunit with the arginine finger is depicted in cyan.  Interactions involving Mg/ATP are depicted with green dashes.  
Interacting side-chains are shown in stick and labeled:  T344, K346, and S347 of Walker-A; D404 and E405 of Walker-B; 
N448 of Sensor-1; R560 of Sensor-2; R473 arginine finger; and Q423.  The magnesium ion in magenta has an octahedral 
coordination sphere derived from an oxygen of the b-phosphate, a fluoride of the BeF3 moiety, the conserved oxygen side-
chain of S347, and three water molecules.  Although functionally critical, the side-chain for Walker-B E405 is not well-
ordered.  A.  The illustrated maps and models were obtained by refinement of the particles of class 1.  Density above 5.0-
sigma is shown in grey mesh with density within 2.5 Å of the modeled Mg/ATP also illustrated in purple transparent surface.  
Five interfaces show strong nucleotide density that do not strongly differ from each other.  The sixth interface (F/A) is more 
open and does not show significant nucleotide density.  B.  The illustrated maps and models were obtained by refinement 
of the particles of class 2.  Density above 5.0-sigma is shown in grey mesh with density within 2.5 Å of the modeled Mg/ATP 
also illustrated in purple transparent surface.  Four interfaces show strong nucleotide density that do not strongly differ from 
each other.  The ATPase domain of chain A is poorly ordered for class 2, and hence two of the interfaces (A/B and F/A) do 
not have a well-ordered Mg/ATP site.  



 

A AB B

D404 D404

E405 E405

T344 T344

K346 K346

N448 N448

S3
47

S3
47

Q423 Q423

R473 R473

R560 R560

B BC C

D404 D404

E405 E405

T344 T344

K346 K346

N448 N448

S3
47

S3
47

Q423 Q423

R473 R473

R560 R560

C CD D

D404 D404

E405 E405

T344 T344

K346 K346

N448 N448

S3
47

S3
47

Q423 Q423

R473 R473

R560 R560

D DE E

D404 D404

E405 E405

T344 T344

K346 K346

N448 N448

S3
47

S3
47

Q423 Q423

R473 R473

R560 R560

E EF F

D404 D404

E405 E405

T344 T344

K346 K346

N448 N448

S3
47

S3
47

Q423 Q423

R473 R473

R560 R560

F FA A

D404 D404

E405 E405

T344 T344

K346 K346

N448 N448
S3
47

S3
47

Q423 Q423

R473 R473

R560 R560

A



 

B A AB B

Q423 Q423

R473 R473

R560 R560

B BC C

D404 D404

E405 E405

T344 T344

K346 K346

N448 N448

S3
47

S3
47

Q423 Q423

R473 R473

R560 R560

C CD D

D404 D404

E405 E405

T344 T344

K346 K346

N448 N448
S347 S347

Q423 Q423

R473 R473

R560 R560

D DE E

D404 D404

E405 E405

T344 T344

K346 K346

N448 N448

S3
47

S3
47

Q423 Q423

R473 R473

R560 R560

E EF F

D404 D404

E405 E405

T344 T344

K346 K346

N448 N448

S347 S347

Q423 Q423

R473 R473

R560 R560

F FA A

D404 D404

E405 E405

T344 T344

K346 K346

N448 N448S3
47

S3
47



Figure S11.  Stereoviews of the subunit interfaces of the two structural classes of MCM:T20-CTATAG-T20:MgADP-BeF3.  
The illustrated maps and models were obtained by refinement of the particles of the respective classes obtained with an ”X-
shaped” oligonucleotide (see Table 1).  For each view, the subunit containing the Walker-A and -B residues is depicted in 
yellow, and the neighboring subunit with the arginine finger is depicted in cyan.  Interactions involving Mg/ATP are depicted 
with green dashes.  Interacting side-chains are shown in stick and labeled:  T344, K346, and S347 of Walker-A; D404 and 
E405 of Walker-B; N448 of Sensor-1; R560 of Sensor-2; R473 arginine finger; and Q423.  The magnesium ion in magenta 
has an octahedral coordination sphere derived from an oxygen of the b-phosphate, a fluoride of the BeF3 moiety, the 
conserved oxygen side-chain of S347, and three water molecules.  Although functionally critical, the side-chain for Walker-
B E405 is not well-ordered.  A.  The illustrated maps and models were obtained by refinement of the particles of class 1.  
Density above 5.0-sigma is shown in grey mesh with density within 2.5 Å of the modeled Mg/ATP also illustrated in purple 
transparent surface.  Five interfaces show strong nucleotide density that do not strongly differ from each other.  The sixth 
interface (F/A) is more open and does not show significant nucleotide density.  B.  The illustrated maps and models were 
obtained by refinement of the particles of class 2.  Density above 5.0-sigma is shown in grey mesh with density within 2.5 
Å of the modeled Mg/ATP also illustrated in purple transparent surface.  Four interfaces show strong nucleotide density that 
do not strongly differ from each other.  The ATPase domain of chain A is poorly ordered for class 2, and hence two of the 
interfaces (A/B and F/A) do not have a well-ordered Mg/ATP site.  
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Fig. S12.  Stereoviews of the subunit interfaces of the two structural classes of MCM:T12:MgADP-BeF3.  The illustrated 
maps and models were obtained by refinement of the respective classes obtained with a 12-mer poly-dT oligonucleotide 
(see Table 1).  For each view, the subunit containing the Walker-A and -B residues is depicted in yellow, and the neighboring 
subunit with the arginine finger is depicted in cyan.  Interactions involving Mg/ATP are depicted with green dashes.  
Interacting side-chains are shown in stick and labeled:  T344, K346, and S347 of Walker-A; D404 and E405 of Walker-B; 
N448 of Sensor-1; R560 of Sensor-2; R473 arginine finger; and Q423.  The magnesium ion in magenta has an octahedral 
coordination sphere derived from an oxygen of the b-phosphate, a fluoride of the BeF3 moiety, the conserved oxygen side-
chain of S347, and three water molecules.  Although functionally critical, the side-chain for Walker-B E405 is not well-
ordered.  A.  The illustrated maps and models were obtained by refinement of the particles of class 1.  Density above 5.0-
sigma is shown in grey mesh with density within 2.5 Å of the modeled Mg/ATP also illustrated in purple transparent surface.  
Five interfaces show strong nucleotide density that do not strongly differ from each other.  The sixth interface (F/A) is more 
open and does not show significant nucleotide density.  B.  The illustrated maps and models were obtained by refinement 
of the particles of class 2.  Density above 5.0-sigma is shown in grey mesh with density within 2.5 Å of the modeled Mg/ATP 
also illustrated in purple transparent surface.  Four interfaces show strong nucleotide density that do not strongly differ from 
each other.  The ATPase domain of chain A is poorly ordered for class 2, and hence two of the interfaces (A/B and F/A) do 
not have a well-ordered Mg/ATP site.  



Movie Captions 
Movie 1.  Translocation mechanism.  Left:  Oscillation between DNA-engagement/DNA-
disengagement illustrated by the maps of the two classes of structure reported here.  The structure is 
colored by subunit proximity and viewed from the bottom of the complex (ATPase tier side).  These 
oscillations were sequentially permuted around the ring to illustrate a sequential rotary mechanism.  
Images were prepared with Chimera [1] and converted to a movie with Adobe Premiere Pro.  Right:  
Cartoon representation of the translocation depicting the two hairpins of each subunit and individual 
nucleotides of DNA as beads on a string.  The poorly ordered ATPase domain is in gradient shade.  
Please view as a loop. 
 
Movie 2.  Three orthogonal views of the translocation mechanism.  The EM density for the two 
classes was morphed in Chimera [1] to illustrate the transitions between DNA-engagement and DNA-
disengagement revealed by the cryo-EM density.  The transitions were sequentially permuted around 
the ring to illustrate a sequential rotary mechanism as in Movie 1.  Images were rendered with 
Chimera [1] and converted to a movie with Adobe Premiere Pro.  Please view as a loop. 
 
Movie 3.  The core MCM ATPase domains of eukaryotes are archaea are highly similar in structure.  
Left, the 152-amino acid core ATPase domain structures are superimposed and colored by subunit.  
HsMcm2-7 subunit structures are from PDB 6XTX [4].  The core structure is highly conserved in 
structure with the most prominent variability in the helix-2-insert hairpins of HsMcm2 and HsMcm5, 
which occupy the “top” and “bottom” positions of the staircase (see Figure 6A) and are thus 
anticipated to be more mobile.  Right, the superimposed structures are colored according to their 
DNA-binding and ATPase motifs (see Figure 6 and Figure S5).  Images were rendered with Pymol [2] 
and converted to a movie with Adobe Premiere Pro.  Please view as a loop. 
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