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TABLES 

Table S1: Force field parameters for cobalt(II) sepulchrate adopted from the force constants 

calculated on the energy minimized geometries by Dehayes et al.1 

Bond stretching parameters 

Bond type Force constant (kJ mol-1 nm-1) 

Co – N 885.234 

N – C 2342.558 

N – H 2962.824 

C – C 2709.900 

C – H 2740.010 

Angle bending parameters 

Angle type Force constant (kJ mol-1 rad-2) 

N – Co – N 240.88 

Co – N – C 167.41 

Co – N – H 167.41 

C – C – C 417.92 

C – C – H 292.06 

C – N – H 167.41 

C – N – C 417.92 

N – C – C 417.92 

N – C – H 292.06 

N – C – N 334.22 

H – N – H 251.11 

Dihedral parameters 

Dihedral type Force constant (kJ mol-1) 

H – C – C – H 2.729 

H – C – N – Co 2.729 

H – C – N – C 2.729 

H – N – C – C 2.729 



H – C – N – H 1.807 

H – C – C – C 4.103 

H – C – C – N 4.103 

Co – N – C – C 1.373 

N – Co – N – C 0.000 

N – C – C – N 2.060 

N – C – C – C 2.060 

C – C – C – C 2.060 

 

  



Table S2: Partial charges on cobalt(II/III) sepulchrate calculated by DFT calculations and 

adopted for GROMOS96 43a1 force field.2  

Atom number Atom type Atom name Charge 
group 

Partial charge 
Co(III)Sep Co(II)Sep 

1 CH2 C 1  0.283  0.514 
2 N N 2 -0.154 -0.544 
3 CH2 C 3  0.147  0.149 
4 CH2 C 4  0.147  0.149 
5 N N 5 -0.154 -0.542 
6 CH2 C 6  0.283  0.511 
7 N N 7 -0.379 -0.945 
8 CH2 C 8  0.284  0.639 
9 N N 9 -0.165 -0.785 
10 CH2 C 10  0.120  0.143 
11 CH2 C 11  0.202  0.253 
12 N N 12 -0.287 -0.944 
13 CH2 C 13  0.320  0.697 
14 N N 14 -0.379 -0.947 
15 CH2 C 15  0.284  0.639 
16 N N 16 -0.165 -0.785 
17 CH2 C 17  0.120  0.143 
18 CH2 C 18  0.202  0.253 
19 N N 19 -0.288 -0.944 
20 CH2 C 20  0.321  0.697 
21 CO CO 21  1.043  1.682 
22 H H 22  0.184  0.252 
23 H H 23  0.225  0.381 
24 H H 24  0.199  0.351 
25 H H 25  0.225  0.381 
26 H H 26  0.198  0.351 
27 H H 27  0.184  0.251 
Total Charges     3.0  2.0 
 

 

  



Table S3. Number of different amino acids type with average SASA > 0.35 nm2 calculated in the 

last 50 ns of the three simulations. 

 

 WAT 5CoS (I) 5CoS(II) 5CoS(III) 10CoS 40CoS 

Hydrophobic 37 38 45 36 35 40 

Polar 45 47 40 41 46 47 

Positive charged 45 47 49 46 50 48 

Negative charged 54 58 54 59 55 58 

Aromatic 14 12 16 17 15 12 

Glycine 6 5 7 7 6 9 

TOTAL 207 216 216 213 213 218 

 

  



Table S4. Number of different amino acids type having a number of unique contacts larger than 

6 with Co(II)Sep molecules. The averages have been calculated in the last 50 ns of each 

simulation. 

Amino acid type 5CoS (I) 5CoS(II) 5CoS(III) 10CoS 40CoS 

Hydrophobic 4 3 11 3 22 

Polar 7 10 8 9 45 

Positive charged 3 9 8 5 33 

Negative charged 14 13 17 21 53 

Glycine 0 0 0 0 0 

Aromatic 1 0 4 5 15 

TOTAL 29 35 48 43 168 

 

  



Table S5. List of HEME residues involved in Co(II)Sep binding and pathways of ET rates 

values ≥ 0.1  s-1. Asterisk in column 1 indicates the residues involved in pathways of ET rates 

values ≥10 s-1. Third column reports secondary structure element in which amino acids is 

located. The fourth column report the maximum value of kET observed for the Co(II)Sep bound 

to this residue. Amino acids located in correspondence of HEME/FMN interface are indicated 

with ‘X’ in column 5. Columns 6-10 indicate Co(II)Sep binding to HEME residue. Last column 

indicates amino acid mutation(s) reported in literature for HEME residues involved in Co(II)Sep 

binding.  

N. Res. 
No. 

 

Res. 
Name 

Secondary 
Structure 

Max 
kET(s-1) 

Heme
/FMN 
Inter. 

5CoS  
(I) 

5CoS  
(II) 

5CoS 
(III) 

10CoS 40CoS Reported 
mutations 

1 23* ASP coil-loop: 
lc1 

174.8      30, 35, 
38 

 

2 34 ASP α-helix: A 7.7 
  

3 
    

3 38 GLU b-sheet: 1.1 0.3     2, 6 26, 30, 
31, 36 

 

4 
46 

 
coil-loop: 

lc1' 
0.6 

  
1 

    

5 53 SER coil-loop: 
lc2 

0.6  1 
3 

 2 36  

6 54 SER coil-loop: 
lc2 

1.5  1   2   

7 55 GLN αLNop: 
lc2 

2.7  1   2   

8 62 CYS coil-loop: 
lc5 

6.4  1   6 19 ALA3 
SER4 

9 63* ASP coil-loop: 
lc5 

10.8      19  

10 71* LEU coil-loop: 
lc6 

406.1      10  

11 76* LYS αYS.1: 
lcB' 

971.8      10 SER5-6 

12 80* ASP αSPDIN 
EN.C 

1146.3      10 PRO5-6 

13 84* ASP coil-loop: 1706.5     1 6 THR5-6 



lc7 
14 95* ASN αSNDIN E 

C 
3027.6     1   

15 96* TRP αRP7.6 E 
C 

398.3      5 ALA/ 
PHE/ 

TYR4, 7-8 
16 100* HIS αIS*-8 

EN. 
34950.4 X     5 ARG9-10 

17 105* PRO 310-helix: a 470.2 X    5   
18 106* SER 310-helix: a 46.9     5 12 ARG10 
19 109 GLN coil-loop: 

lc8 
4.0 X    5 37 LEU9 

20 110 GLN coil-loop: 
lc8 

2.1 X     12 HIS9 

21 143 GLU αLUDIN E 
E 

0.1  4   4,  10 3, 9, 
16, 25, 

37 

GLY9 

22 147 ARG αRGDIN 
E E 

0.1     4 7  

23 
159 ASN coil-loop: 

lc10 
5.0 

  
4 

   
ASP7 

24 182 ASP α-helix: F 0.2  3    27, 29 VAL9 
25 

208 ASP α-helix: G 0.3 
   

1 
   

26 
217 ASP α-helix: G 0.5 

   
3 

  
VAL11 

27 231 ASP coil-loop: 
lc12 

0.8  3, 5 4  3, 7, 9 2, 11, 
12, 13, 
18, 21, 
22, 27, 
37, 39 

GLY9 

28 
236 HIS α-helix: H 0.8 

  
4 

   
ARG11 
GLN12 

29 243 PRO coil-loop: 
lc13 

1.4 X     8, 12, 
22 

 

30 244* GLU coil-loop: 
lc13 

297.3 X     5, 8  

31 247 GLU coil-loop: 
lc13 

0.1      8  

32 251 ASP αSPop: l I 1.1    
3 

 40 GLY13 

33 253* ASN αSN*IN E 
I 

259.6     1 6  

34 267 GLU αLU.6N E 
I 

0.2      29 GLN14 



35 319 ASN αSNDIN E 
K 

0.7 X     4, 17, 
20, 23, 

32 

SER13 

36 337 GLU coil-loop: 
lc18 

0.4     8 17, 24, 
31 

 

37 
338 ASP coil-loop: 

lc18 
0.5 

   
4 

  
GLY15 

38 
348 GLU coil-loop: 

lc20 
1.4 

  
1 4 

   

39 
349 LYS coil-loop: 

lc20 
0.6 

  
1 

   
ASN16 

40 351* ASP coil-loop: 
lc20 

27.7   
1 

 6 14, 35  

41 
359* GLN α-helix: K' 156.3 

  
3 

    

42 363 ASP coil-loop: 
lc21 4.3 

  
3 

 2 31, 33, 
36 

HIS17 

43 372 GLU coil-loop: 
lc22 

0.3     8 17, 28, 
33 

CYS18 

44 383 SER 310-helix: f 0.2      28  
45 386 PRO coil-loop: 

lc22 
0.1      28 SER19 

46 388* HIS coil-loop: 
lc22 

468.6 X     19  

47 397* GLN Cys-pocket: 
p1 

1321.9 X     5  

48 407 LEU αEU1.9t: L 0.5      32  
49 408 HIS αIS1.9t: L 1.5      32 GLN9 
50 436 THR b-sheet: 4.1 0.3     8 4, 17, 

29, 34 
 

51 440* LYS b-sheet: 4.2 31.3      29 ASN20 

 

 
  



Table S6a. ET pathways with kET > 10 s-1 obtained from the 5CoS simulations 

No. of ET 

Pathway 
Co(II)Sep Unique ET Pathways 

Average kET 

(s-1) 
Occurrence 

1 1 D351àE352àL353àL333àS332à

HEME 

256.75 4 

2 D351àA335àY334àL333àS332

àHEME 

195.68 9 

3 3 D363àL360àH361àI351àHEME 15.01 1 

4 A34àE359àP358àI357àHEME 11.15 1 

5 A34àA335àP358àI357àHEME 18.52 2 

6 4 D231àS106àF107àHEME 10.13 1 

7  D231àS106àF107àS108à I401à 

C400àHEME 

108.92 1 

8  D159àL155àC156àT152à 

I153àHEME 

11.34 1 

 
 
 
Table S6b. ET pathways with kET > 10 s-1 obtained from the 10CoS simulation 
 

No. of ET 

Pathway 
Co(II)Sep Unique ET Pathways 

Average kET 

(s-1) 
Occurrence 

1 1 N253àN95àW96àHEME 70.19 1 

2 N95àD84àG85àL86àHEME 32.85 1 



3 N95àW96àHEME 4025.80 3 

4 D84àN95àW96àHEME 2418.40 1 

5 D84àG85à L86àHEME 1595.48 17 

6 D84àG85à L86àF87àHEME 11.12 1 

7 5 Q109àS108àF107àQ404àQ403

à 

G402àI401àC400àHEME 

37.47 1 

8 P105àL104àQ403àI401àC400à 

HEME 

470.23 3 

9 S106àF107àI401àC400àHEME 70.76 15 

 

 
 
Table S6c. ET pathways with kET > 10 s-1 obtained from the 40CoS simulation 
 

No. of ET 

Pathway 
Co(II)Sep Unique ET Pathways 

Average 

kET (s-1) 

Occurrence 

1 5 Q397àR398àA399àC400àHEME 1321.85 1 

2  E244àN101àH100àHEME 564.53 4 

3  H100àHEME 11135.08 11 

4  H100àI401àC400àHEME 78611.77 6 

5  W96àHEME 398.33 2 

6 6 N253àN95àW96àHEME 188.94 2 



7  N253àQ257àL86àHEME 342.20 4 

8  D84àG85àL86àHEME 1852.15 18 

9  D84àG85àT88àF87àR398àHEME 3658.27 1 

10 10 D80àK76àS72àHEME 1146.29 2 

11 L71àS72àHEME 406.14 5 

12 K76àF77àQ73àS72àHEME 62.69 1 

13 K76àS72àHEME 1025.27 17 

14 14 D351àA335àY334àL333àS332àS7

2àHEME 

43.71 15 

15 19 D63àS65àE64àQ397àR398àA399

à 

C400àHEME 

32.93 2 

16  C62àG396àN395àG394àF393àC40

0àHEME 

19.93 1 

17  H388àN395àG394àF393àC400àH

EME 

733.73 7 

18 38 D23àQ73àS72àHEME 141.22 18 

19  D23àK24àD23àQ73àS72àHEME 497.18 4 

 

  



Table S7a: Co(II)Sep unbound/bound interaction energies for 5CoS and 10CoS simulations. The 

values in bold highlight the Co(II)Sep molecules involved in the pathways reported in Table S5 

and Figure S5. All energies are given in kJ/mol. The binding energy (DE) is defined as the 

difference between the average potential energy for the Co(II)Sep ion in the bound and unbound 

state. 

 Simulations 

 5CoS I 5CoS II 5CoS III 10CoS 

Unbound:  

-270±15 

Unbound: 

-276±14 

Unbound: 

-280±16 

Unbound: 

-278±13 

CoSep Bound DE Bound DE Bound DE Bound DE 

1 −349±19 -79±24 −338±21 -68±25 −360±17 -90±23 −350±18 -80±22 

2 −335±20 -65±25 −367±19 -97±24 −343±17 -73±25 −380±16 -110±20 

3 −366±16 -96±22 −389±15 -119±20 −371±15 -101±21 −348±19 -78±22 

4 −330±17 -60±23 −338±20 -68±25 −366±15 -96±21 −402±19 -132±22 

5 −370±17 -100±23 −355±28 -85±31 −414±16 -144±22 −343±15 -73±20 

6       −346±17 -76±21 

7       −328±17 -58±21 

8       −367±17 -97±21 

9       −342±17 -72±21 

10       −353±18 -83±22 

 

 

 



Table S7b: Co(II)Sep unbound/bound interaction energies for 40CoS simulation. The values in 

bold highlight the Co(II)Sep molecules involved in the pathways reported in Table S5 and Figure 

S5. The energies are given in kJ/mol. The binding energy (DE) is defined as the difference 

between the average potential energy for the Co(II)Sep ion in the bound and unbound state. 

 

 CoSep molecule  

Unbound state energy: -276±13 

No. 1-10 11-20 21-30 31-40 

 Bound DE Bound DE Bound DE Bound  DE 

1 −276±16 -6±20 −333±21 -63±25 −382±19 -112±22 −327±35 -57±37 

2 −323±24 -53±27 −369±20 -99±24 −351±18 -81±22 −356±17 -86±21 

3 −316±17 -46±21 −295±26 -25±29 −366±15 -96±20 −326±24 -56±27 

4 −349±17 -79±21 −347±16 -77±20 −325±16 -55±20 −366±16 -96±20 

5 −344±18 -74±22 −283±22 -13±26 −346±22 -76±26 −336±19 -66±22 

6 −349±18 -79±22 −334±18 -64±22 −346±18 -76±22 −367±16 -97±20 

7 −387±16 -117±20 −376±15 -106±20 −335±18 -65±22 −331±19 -61±22 

8 −336±20 -66±24 −342±20 -72±24 −368±16 -98±20 −351±17 -81±21 

9 −365±19 -95±22 −357±18 -87±22 −343±19 -73±22 −284±22 -14±26 

10 −344±16 -74±20 −319±16 -49±20 −320±18 -50±22 −362±15 -92±20 

 
 
  



FIGURES 
 

 

Figure S1: Radius of gyration and backbone root mean square deviation with respect to crystal 

structure as a function of time for HEME in water and at 12.5 mM (I-III), 25.0 mM and 100.0 

mM Co(II)Sep concentrations in black, red, green, blue, cyan and orange color, respectively.   

 
   



 

Figure S2: Minimum distance between P45Cα and A191Cα (1.61 nm in crystal structure) as a 

function of time for the simulations of HEME in the water (black color) and the water-Co(II)Sep 

solutions at 12.5 (I-III) mM, 25.0 mM and 100 mM concentrations in red, green, blue, cyan and 

orange color, respectively. 

 

  



 

Figure S3a: Diagram of contact occurrences (number of contacts > 6) of the Co(II)Sep 

molecules (color coded) with the HEME residues in the last 50 ns simulation of (a) 5CoS (I-III) 

and (b) 10CoS. Only the residues with a percentage number of contact occurrence along the 

trajectory larger than 80% are reported. 

 



 

Figure S3b: Diagram of contact occurrences (number of contacts > 6) of the Co(II)Sep 

molecules (color coded) with the HEME residues in the last 50 ns simulation of 40CoS. Only the 

residues with a percentage number of contact occurrence along the trajectory larger than 80% are 

reported. 

 



 

Figure S4: Upper triangular matrix shows the backbone RMSD matrix between the 

conformations in the combined trajectory formed by taking 25 conformations sampled every 2 ns 

frame from the last 50 ns of the four simulations. Lower triangular matrix has the clusters 

obtained from the cluster analysis of the conformations.  



 
 
Figure S5: Combined representation of ET pathways with kET ≥ 10 s-1 and occurring more than 

one time obtained from 5CoS, 10CoS and 40CoS simulation. The pathways are indicated using 



different colors and line thickness that represents the number of conformations in which the 

pathway was observed. The color of ellipse around the amino acids names reflects the chemical 

nature of the amino acid (red: polar, brown: charged, blue: hydrophobic and aromatic; yellow: 

glycine). 
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