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Fig. S1. Comparison of the CoblNW/actin complex with the Cordon-Bleu/actin complex (PDB 4JHD). (A,B) The WH2 
peptides with their corresponding OMIT maps. (C) Alignment of CoblNW with the WH2 portion of Cordon-Bleu, 
including an enlargement of the divergent portion of the structures. (D) The CoblNW structure placed in the CoblNW 
OMIT map. (E) The 4JHD structure placed in the CoblNW OMIT map. (F) The CoblNW structure placed in the 4JHD 
OMIT map. (G) 4JHD structure placed in the 4JHD OMIT map. (H,J) 1-RSCC (Real-Space Correlation Coefficient) vs 
residue of 4JHD chains A and C, respectively. (I,K) Representation of the residues framed in H,J. CoblNW, purple 
sticks. 4JHD, green sticks (Cordon-Bleu) and light blue sticks (actin). OMIT maps, grey meshes contoured at 0.5 σ 
(A,B,D-G,I,K). Chain C residues Ser66 – P146 correspond to UniProt accession number Q5NBX1 residues Ser1184 – 
P1264). 
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Comment: On superimposing the CoblNW structure onto the PDB 4JHD structure, we 
observed that the CoblNW structure described the 4JHD electron density better than the 
4JHD structure (Fig S1, compare F and G). Therefore, an EDS analysis was performed 
on 4JHD structure and electron density (1). The real-space correlation coefficient (RSCC) 
confirmed a divergence between the structure and the density (Fig S1J, blue frame and 
Fig S1G). The analysis of the rest of 4JHD showed that the majority of the actin (chain 
A) exhibited a good structure-to-density correlation (Fig S1H), which was confirmed by 
plotting electron density maps as examples (Fig S1I, green frame). Nevertheless, some 
parts of actin showed poor density, and thus poor RSCC (Fig S1H,I, red frames). This 
corresponds to the DNase I binding loop, which is usually disordered in G-actin 
structures. Finally, the Cordon-Bleu (chain C) residues 87 to 103, as well as residues 139 
to 146, showed no significant electron density (Fig S1J,K, red frames). This indicates that 
the linker between the actin-binding WH2 domains is disordered, as is the ATP cleft-
interacting C-terminal tail of the second WH2 domain. Thus, these regions of the 4JHD 
should not be used for extrapolating biological implications. This analysis corroborates 
recent studies that re-analysed a Lmod2 polypeptide bridging two WH2 domains (2) for 
which no electron density was observed for the linker region on re-analysis  (3,4).  
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Organism
UniProt

accession 
code

Organism
UniProt

accession 
code

Organism
UniProt

accession 
code

Organism
UniProt

accession 
code

Homo sapiens P60709 Schizosaccharo
myces pombe P10989 Porphyra

umbilicalis A0A1X6PGF9 Xenopus 
tropicalis Q6NVA9

Monodelphis
domestica F6RFW8 Paramecium 

tetraurelia Q867E9 Noctiluca
scintillans A7WQ44 Chlamydomonas 

reinhardtii P53498

Saccharomyces 
cerevisiae P60010 Spironucleus

salmonicida V6LIA4 Trichomonas 
vaginalis A2DCC3 Galdieria

sulphuraria M2XRF6

Toxoplasma 
gondii P53476 Gallus gallus P60706 Arabidopsis 

thaliana P0CJ46 Plasmodium 
falciparum P53476

Strongylocentrot
us purpuratus P53473 Zea mays P02582 Entamoeba 

histolytica P11426 Monosiga
brevicollis A9UR87

Danio rerio Q7ZVI7 Tetrahymena 
pyriformis P10993 Neurospora 

crassa P78711 Dictyostelium
discoideum P07830

Lokiarchaeum A0A0F8XG85
Candidatus

Odinarchaeota
archaeon

A0A1Q9N690
Candidatus

Thorarchaeota
archaeon

A0A1Q9NK04
Candidatus

Heimdallarchaeota
archaeon

A0A1Q9NAD8

E167

S199 T201 E205

Q263 S265

D286 D288

Q354 W356 E361

A

B

E57

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. S2. The actin amino acid sequence is highly conserved in eukaryotes. (A) Sequence Logo of aligned actin 
sequences from different organisms. Residues indicated by arrows indicate the residues highlighted in Fig. 2. The 
colours of the arrows match those of the boxes in Fig. 2 (B) White background; list of organisms with their respective 
UniProt access numbers used for alignments showed in (A). Grey background; list of Asgard archaea actins that show 
amino acid conservation in the E57/167 (stiffness), D288/D286/E205 (polymerization), and W356/E631 sites. This 
suggests an evolutionary conserved role for these sites. (5,6) This suggests an evolutionary conserved role for these 
sites (5,6). Alignments were performed using Clustal Omega (7) and sequences logo was created using WebLogo (8,9). 
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Fig. S3. General analyses of G and F-actin MD simulations. (A) Distance between residues 364 (subdomain 1) to 37 
(subdomain 2). G-actin crystal, distance in native G-actin crystal structure (PDB accession code 3HBT, (10)). F-actin 
cryoEM, distance in latest cryoEM structure (PDB accession 5OOE, (11)). (B) Superimposition of G and F-actin 
models used in morphing analysis (Fig 4, Supplementary videos 1, 2 and 3), indicating the distance shown in Fig. S3A. 
The stability of these distances in Fig. S3A indicates that G-actin remains G-actin, and F-actin remains F-actin, during 
the time course of the simulations. (C) Movement in residues lining the ATP cleft from the average positions in the G-
actin structures to the average positions in the last 50 ns of the F-actin MD simulation under 1 mM MgCl2 and 120 KCl 
buffer conditions. Subdomain 1, yellow. Subdomain 3, blue. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

6 
 

F-actin G-actin
0.00

0.01

0.02

0.03

0.04

C
um

ul
at

iv
e 

pr
ob

ab
ili

ty

F-actin G-actin
0.00

0.10

0.20

0.30

C
um

ul
at

iv
e 

pr
ob

ab
ili

ty

F-actin G-actin
0.00

0.50

1.00

C
um

ul
at

iv
e 

pr
ob

ab
ili

ty
F-actin G-actin

0.00

0.05

0.10

0.15

C
um

ul
at

iv
e 

pr
ob

ab
ili

ty

F-actin G-actin
0.00

0.25

0.50
C

um
ul

at
iv

e 
pr

ob
ab

ili
ty

F-actin G-actin
0.00

0.50

1.00

C
um

ul
at

iv
e 

pr
ob

ab
ili

ty

G-actin F-actin 

D11 

Q137 

D154 

ATP 

D11 

Q137 

D154 

ATP 

K 

A 

ATP 

J 

B 

E 

H 

>150° 

<4 Å 

D 

ATP 

Q137 

>150° 

>140° 

G 

ATP 

Q137 

>150° 

<4 Å 

>140° 

5.88 Å 
4.51 Å 

F-actin 
Outer Mg 

D11 

Q137 

D154 

ATP 

L 

4.99 Å 

C 

F 

I 

0.826 

0.655 

0.353 

0.134 

0.096 

0.665 

0.539 

0.251 

0.006 

0.000 0.000 

0.030 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. S4. MD analysis of water molecules close to the ATP γ-phosphorus and Gln137 in high 150 mM MgCl2 
conditions. (A,D,G) Representation of analysis conditions applied around ATP and Gln137. (B,C,E,F,H,I) Cumulative 
probability of water molecules with applied conditions from A,D,G. (B,E,H) Starting model included the ATP 
magnesium ion. (C,F,I) Starting model included the ATP magnesium ion and the surface bound magnesium ions from 
Figure 2, labeled “outer Mg”. (J) G-actin model, resulting from the combination of actin-DNaseI structure (PDB 
accession code 1ATN, (12)) and ATP and ATP-bound magnesium of PDB accession code 2V52 (13). (K,L) Typical 
snapshots of MD simulation frame satisfying all conditions from (G). ATP and actin, sticks. Water, blue, green and 
purple spheres. Simulations were performed in 150 mM MgCl2 conditions. Chemical sketches were created using 
ACD/ChemSketch version 2016.2.2, Advanced Chemistry Development, Inc., Toronto, ON, Canada, 
www.acdlabs.com. 
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Table S1. Data collection and refinement statistics. Each crystallographic asymmetric unit contains 2 copies of the 
complex. The ordered residues of actin comprise amino acids Thr5-Gly36 and Ser52-Arg372, consistent with other 
reported actin crystal structures, where the N-terminus (residues 1-4) and DNase I binding loop (residues 37-51) are 
disordered and the C-terminus (residues 373-375) is sometimes not observed. The ordered region of the WH2-motif 
peptide comprises the entire peptide (Ser1184-Val1205). 

 
 
 

  Oryctolagus cuniculus Actin−CoblNW‡ 
Data collection 

       Space group C 2 
      Cell dimension 

            a, b, c (Å) 174.9, 40.8, 109.0 
           α, β, γ (°) 90.0, 101.8, 90.0 
      Resolution (Å) 29.8  - 2.0 (2.07  - 2.00)* 
      Rmerge (%) 11.3 (52.2)* 
      Rmeas (%) 13.3 (63.0)* 
      Mean I/sigma(I) 7.6 (1.4)* 
      Completeness (%) 97 (98)* 
      Redundancy 3.6 (3.1)* 
      CC1/2 0.995 (0.806)* 
Refinement 

       No. of reflections 50,252 (4,115)* 
      Rwork/Rfree 19.9/24.2 (27.7/29.6)* 
No. of atoms 

       Actin 5,601 
      mCoblNle-WH2 334 
      ATP, Ca2+ 62, 7 
      Waters 615 
B factors (Å2) 

       Actin/mCoblNle-WH2 29.5 
      ATP, Ca2+ 19.1 
      Water 35.3 
RMSD 

       Bonds (Å) 0.010 
      Angles (°) 1.40 
Molprobity statistics 

       Clashscore, all atoms 3.31 
      Poor rotamers (%) 1.42 
      Ramachandran outliers (%) 0.0 
      Ramachandran favored (%) 97.97 
      Molprobity score 1.24 (99th percentile) 
      Cβ deviations > 0.25Å (%) 0.0 
      Bad backbone bonds (%) 0.0 
      Bad backbone angles (%) 0.0 
‡ PDB ID code 5YPU 

 * Values in parentheses are for the highest resolution shell 



 
 

8 
 

 
 
 

 

Table S2. Actin crystal structures reveal G-actin bound divalent cations 
 
 
 
 
 
 
 
 
 
 
 

Number PDB ID Site identified Actin Ligand Cation Nucleotide Resolution (Å) Ref 

1 4PKH E167 Alpha skeletal muscle Nterm Tropomodulin-1 Gelsolin 
chimera Ca2+ ADP 2.15 (14) 

2 4PKI E167 Alpha skeletal muscle Cterm Tropomodulin-1 Gelsolin 
chimera Ca2+ ATP 2.3 (14) 

3 4CBU E167 Plasmodium falciparum actin I Gelsolin Ca2+ ATP 1.3 (15) 

4 4CBW E167 Plamodium berghei I with D-loop 
from muscle actin Gelsolin Ca2+ ATP 2.5 (15) 

5 4K41 Q263/S265 Alpha skeletal muscle Kabimaride C Ca2+ ATP 1.4 (16) 

6 1T44 E167 Alpha skeletal muscle Chimera of Gelsolin G1 and C-
term Tb4 Ca2+ ATP 2.0 (17) 

7 1MDU E167 Chicken actin Gelsolin G1 Ca2+ ATP 2.2 (18) 
8 4CBX E167 Plasmodium berghei actin II Gelsolin Ca2+ ATP 2.2 (15) 

9 3M6G 
E205,  

Q354/W356/E361, 
V30 

Alpha skeletal muscle Lobophorolide Mg2+ ATP 2.0 (19) 

10 2HMP E125, E125/N128, 
V30 Alpha skeletal muscle Cleaved with ECP32 Sr2+ ATP 1.9 (20) 

11 2VYP D286/D288, E167, 
Q354/W356/E361 Alpha skeletal muscle Myxobacterial rhizopodin Ca2+ ATP 2.32 (21) 

12 1EFH S271 Acanthamoeba actin Spir domain D Ca2+ ADP 2.48 (22) 

13 1C0G E167 Dictyostelium/Tetrahymena 
chimera actin Gelsolin G1 Ca2+ ATP 2.0 (23) 

14 1DEJ E167 Dictyostelium/Tetrahymena 
chimera actin Gelsolin G1 Ca2+ ATP 2.4 (23) 

15 1EQY E167 Alpha skeletal muscle Gelsolin G1 Ca2+ ATP 2.3 (24) 
16 1C0F E167 Dictyostelium actin Gelsolin G1 Ca2+ ATP 2.4 (23) 
17 3A5O E167 Dictyostellium actin Gelsolin G1 Ca2+ ATP 2.4 (25) 
18 3A5N E167 Dictyostellium actin Gelsolin G1 Ca2+ ATP 2.36 (25) 
19 2FF6 E167 Alpha skeletal muscle Gelsolin G1, Ciboulot D2 Ca2+ ATP 2.05 (26) 
20 1ESV E167 Alpha skeletal muscle Gelsolin G1, Latrunculin Ca2+ ATP 2.0 (27) 
21 2FF3 E167 Alpha skeletal muscle Nterm WASP V2 Ca2+ ATP 2.0 (26) 
22 3A5L E167 Dictyostellium actin Gelsolin G1 Mg2+ ADP 2.4 (25) 
23 3UB5 S199/T201/E205 Cow cytoplasmic 1 Profilin (open) Ca2+ ATP 2.2 (28) 
24 3U4L D288 Cow cytoplasmic 1 Profilin Ca2+ ATP 2.4 (28) 

25 2FXU Q263/S265 & 
D286/D288 Alpha skeletal muscle Bistramide A Ca2+ ATP 1.35 (29) 

26 1J6Z E205 & 
Q354/W356/E361 Alpha skeletal muscle Rhodamine Ca2+ ADP 1.54 (30) 

27 2ASP Q263/S265 Alpha skeletal muscle Reidispongiolide C Ca2+ ATP 1.64 (31) 
28 2ASM Q263/S265 Alpha skeletal muscle Reidispongiolide A Ca2+ ATP 1.6 (31) 
29 2Q0R Q263/S265 Alpha skeletal muscle Pectenotoxin-2 Ca2+ ATP 1.7 (32) 
30 2Q0U Q263/S265 Alpha skeletal muscle Pectenotoxin-2, Latrunculin B Ca2+ ATP 1.45 (32) 
31 2HF3 Q263/S265 Drosophilia Actin 5C  Ca2+ ADP 1.8 (33) 
32 3EKS Q263/S265 Drosophilia Actin 5C Cytochalasin D Ca2+ ATP 1.8 (34) 

33 1NWK Q263/S265 & 
Q354/W356/E361 Alpha skeletal muscle  Ca2+ AMPNP 1.85 (35) 

34 2HF4 Q263/S265 Drosophilia Actin 5C  Ca2+ ATP 1.8 (33) 
35 3EKU Q263/S265 Drosophilia Actin 5C Cytochalasin D Ca2+ ATP 2.5 (34) 
36 3EL2 Q263/S265 Drosophilia Actin 5C Anti-parallel dimmer Ca2+ ATP 2.5 (34) 
37 2A5X Q263/S265 Alpha skeletal muscle Cross-linked actin dimer Ca2+ AMPNP 2.49 (36) 

38 4Z94 E167/G90/D85 Alpha skeletal muscle Tropomodulin-1 and Leiomodin-1 
chimera Ca2+ ATP 2.4 (37) 

39 5UBO E167 Mical oxidized Alpha skeletal 
muscle Gelsolin G1 Ca2+ ATP 2.39 (38) 

40 5YPU D187, D286/D288, 
D363 Alpha skeletal muscle 

Cordon-Bleu MET1190NLE WH2-
motif peptide 

 
Ca2+ ATP 2.0 - 
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PDB ID Cation Nucleotide Resolution (Å) 13Cα 11Cα 137Cα 108Cα 74Cα 161Cα 159Cα 154Cα 137OE 

4PKI Ca2+ ATP 2.3 4.59 9.87 9.7 8.44 5.06 9.29 5.09 7.90 6.09 

4CBU Ca2+ ATP 1.3 4.58 9.84 9.69 8.36 5.12 9.33 5.13 8.17 6.12 

4CBW Ca2+ ATP 2.5 4.62 9.65 9.59 8.12 5.15 9.20 5.35 7.99 5.7 

4K41 Ca2+ ATP 1.4 4.61 9.90 9.45 8.34 5.17 9.36 5.07 8.07 5.93 

1T44 Ca2+ ATP 2.0 4.59 9.89 9.6 8.45 5.15 9.57 5.18 8.17 6.06 

1MDU Ca2+ ATP 2.2 4.62 9.95 9.78 8.4 5.29 9.32 5.12 8.06 6.15 

1MDU Ca2+ ATP 2.2 4.54 10.02 9.82 8.43 5.25 9.31 4.96 8.05 6.28 

4CBX Ca2+ ATP 2.2 4.63 9.94 9.85 8.49 5.16 8.97 5.10 8.13 6.16 

3M6G Mg2+ ATP 2.0 4.78 9.92 10.19 8.28 5.31 9.12 5.07 7.97 5.91 

3M6G Mg2+ ATP 2.0 4.74 8.77 9.51 8.17 5.22 9.22 5.20 8.09 5.97 

2HMP Sr2+ ATP 1.9 4.66 10.06 9.97 8.54 5.27 9.30 5.36 8.08 6.49 

2HMP Sr2+ ATP 1.9 4.64 9.97 9.85 8.45 5.17 9.42 5.23 8.15 6.39 

2VYP Ca2+ ATP 2.32 4.52 9.79 9.28 8.13 5.19 9.40 5.15 8.03 5.84 

2VYP Ca2+ ATP 2.32 4.82 10.05 9.60 8.28 5.38 9.21 5.21 7.79 6.12 

1C0G Ca2+ ATP 2.0 4.46 9.82 9.61 8.28 5.12 9.38 5.14 8.2 5.92 

1DEJ Ca2+ ATP 2.4 4.59 9.88 9.63 8.33 5.16 9.40 5.17 8.18 5.95 

1EQY Ca2+ ATP 2.3 4.53 9.78 9.50 8.56 5.22 9.51 5.01 8.15 5.68 

1C0F Ca2+ ATP 2.4 4.63 9.97 9.69 8.35 5.10 9.34 5.09 8.22 6.11 

3A5O Ca2+ ATP 2.4 4.59 10.00 9.93 8.52 5.12 9.49 5.07 8.14 6.12 

3A5N Ca2+ ATP 2.36 4.54 9.96 9.89 9.13 5.16 9.33 5.04 8.15 6.28 

2FF6 Ca2+ ATP 2.05 4.57 9.84 9.59 8.28 5.06 9.38 5.06 8.13 6.05 

1ESV Ca2+ ATP 2.0 4.47 9.63 9.54 8.37 4.92 9.45 5.03 8.18 6.02 

2FF3 Ca2+ ATP 2.0 4.53 9.90 9.75 8.36 5.14 9.35 5.13 8.08 6.25 

3UB5 Ca2+ ATP 2.2 5.39 11.33 11.17 9.36 5.58 10.88 6.58 9.88 7.91 

3U4L Ca2+ ATP 2.4 4.37 9.49 9.17 7.97 5.36 9.34 5.66 7.95 5.56 

2FXU Ca2+ ATP 1.35 4.61 9.85 9.49 8.30 5.07 9.36 5.10 8.05 5.96 

2ASP Ca2+ ATP 1.64 4.60 9.91 9.86 7.25 5.12 9.47 5.22 8.18 5.98 

2ASM Ca2+ ATP 1.6 4.65 9.92 9.47 8.37 5.15 9.37 5.15 8.11 6.04 

2Q0R Ca2+ ATP 1.7 4.51 9.77 9.37 8.32 5.16 9.46 5.20 8.15 5.83 

2Q0U Ca2+ ATP 1.45 4.52 9.76 9.26 8.22 5.11 9.51 5.19 8.14 5.69 

3EKS Ca2+ ATP 1.8 4.50 9.80 9.66 8.51 5.19 9.55 5.40 8.37 6.88 

2HF4 Ca2+ ATP 1.8 4.63 9.99 9.69 8.43 5.33 9.40 5.26 8.14 6.08 

3EKU Ca2+ ATP 2.5 4.65 9.91 9.71 8.30 5.49 9.40 5.21 8.27 6.62 

3EL2 Ca2+ ATP 2.5 4.56 9.88 9.75 8.26 5.44 9.33 5.17 8.13 6.83 

4Z94 Ca2+ ATP 2.4 4.51 9.77 9.53 8.41 5.04 9.30 5.11 8.03 6.16 

5UBO Ca2+ ATP 2.39 4.55 9.85 9.63 8.37 5.06 9.39 5.06 8.00 6.04 

   AVERAGE 4.61 9.88 9.69 8.36 5.19 9.40 5.20 8.15 6.14 

F-actin MgOuter MD  
(1mM MgCl2, 120mM KCl) Mg2+ ATP - 4.00 7.86 8.30 8.35 7.13 11.28 8.43 9.45 5.17 

   DIFFERENCE 0.61 2.02 1.39 0.01 -1.94 -1.88 -3.23 -1.3 0.97 

Table S3. Distances in G-actin crystal structures from ATP Pg to different atoms. AVERAGE, 
average of distances in crystal structures. DIFFERENCE, difference between the crystal structure 
average and the MD average distances.   
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Movie S1. Morphing from G to F-actin, overall view. Actin subdomains 1 and 2, light blue 
ribbons. Actin subdomains 3 and 4, yellow ribbons. Actin subdomains 1 and 3 interface α-helix, 
cyan cartoon. ATP, sticks. Magnesium, grey sphere. The MD initial model was used for G-actin. 
For F-actin, a typical snapshot of an MD frame bearing all the conditions from Fig. 4E was 
selected. The LSQMAN software package was used to generate the morphs 
(http://xray.bmc.uu.se/usf/). 
 
Movie S2. Morphing from G to F-actin, overall side-view. Actin subdomains 1 and 2, light blue 
ribbons. Actin subdomains 3 and 4, yellow ribbons. Actin subdomains 1 and 3 interface α-helix, 
cyan cartoon. ATP, sticks. Magnesium ion, grey sphere. 
 
Movie S3. Morphing from G to F-actin, close-up around ATP. ATP, sticks. Magnesium ion, grey 
sphere. Asp11, light blue sticks. Gln137, cyan sticks. Asp154, yellow sticks. Water, blue, green 
and purple spheres.   
 
 

Additional Dataset PDB S1 (separate file) 
Initial model for the F-actin MD simulations including ATP and magnesium ions. 

Additional Dataset PDB S2 (separate file) 

F-actin after completion of the MD simulation (t=0 ns). Conditions of 1 mM MgCl2 and 120 mM 
KCl were used. 

Additional Dataset PDB S3 (separate file) 

F-actin after completion of the MD simulation (t=100 ns). Conditions of 1 mM MgCl2 and 120 
mM KCl were used. 
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