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S1. Redox-active amino acids in cytochrome P450 and Ccp1  

 

Fig. S1. Heme domain of flavocytochrome P450 (PDB code: 2IJ2 (1)). The redox-active amino 

acid residues (i.e., Try, Trp, Met, and Cys (2, 3)) are highlighted in red and using the licorice 

representation. The heme (yellow) is also drawn in licorice style. The figure was generated using 

VMD (4). 

 

Fig. S2. Ccp1 (cytochrome c peroxidase) from Saccharomyces cerevisiae (PDB code 1ZBY (5)). 

The heme group is highlighted in yellow and the redox active amino acids are shown in red. The 

figure was generated using VMD (4). 
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S2. Reorganization energies and redox potentials 

Table S1 presents values of the reorganization energy 𝜆𝑠
′  (namely, half the reorganization energy 

𝜆𝑆𝑆′ associated with the self-exchange reaction in the S-S system; see Eq. 3) and of the oxidation 

potential E° for each indicated redox-active group S and specified donor-acceptor (D-A) center-to-

center distance 𝑅𝐷𝐴′. The reaction free energy ∆G° in Eq. 1 is obtained approximately as the 

difference between the E° values of A and D. The reorganization energies at the relevant the center-

to-center distances 𝑅𝐷𝐴 are obtained using Eq. 2 and 3 (6).  

EHPath can also be used to identify charge-transfer routes and to quantify the electron or 

hole travel time in protein-DNA complexes. In these cases (as in our tests on primase-nucleic acid) 

the self-exchange reorganization energy for the S-S nucleobase dimer (S = G, A) is calculated using 

the expression 

𝜆𝑆𝑆 = 𝜆𝑆𝑆
𝑖 + (

1

𝜀𝑜
−

1

𝜀𝑠
) (∆𝑞)2 (

1

𝑅𝑋
−

1

𝑅𝐷𝐴
)            (S1) 

where 𝜆𝑆𝑆
𝑖  is the inner-sphere reorganization energy (Table S1) and 𝑅𝑋 is the effective radius of 

the nucleobase (6). 𝑅𝐷𝐴 is calculated as described in the main text.  

 

Table S1. Reorganization energies and redox potentials for the indicated redox-active species S. 

Each nucleobase (G or A) is associated with an effective radius 𝑅𝑋  (6), and 𝜆𝑆
𝑖  is half the 

reorganization energy 𝜆𝑆𝑆
𝑖 . 

S 𝜆𝑠′ (eV) 𝜆𝑆
𝑖  (eV) 𝑅𝐷𝐴′ (Å) 𝑅𝑋  (Å) E° (V) 

Tyr 1.02(7)    - 12.8(7)    - 0.93(8) 

Trp 0.95(7)    - 12.8(7)    - 1.02(8) 

Met 1.08(7)    - 12.8(7)    - 1.66(9) 

Cys 1.27(7)    - 12.8(7)    - 0.92(10) 

Heme 0.85(6)    - 17.45(6)    - ~1(2) 

[4Fe4S] 0.75(6)    - 14.44(6)    - 0.08(6, 11) 

Gly ~1a    - 12.8a    - 1.9(12) 

G    - 0.373(13)    - 2.10(6) 1.29(14, 15) 

A    - 0.2115(13)    - 2.22(6) 1.42(14) 
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a Since 𝜆𝑠′  is not available in the literature, we use the value 1 eV, which is within the range of 𝜆𝑠′ 

values for the other amino acids listed in Table S1 (0.95-1.27 eV), while 𝑅𝐷𝐴′ is set to 12.8 eV. 

 

S3. Electronic coupling calculations 

The electronic couplings are determined using one of the semiempirical methods described below. 

Hopfield’s equation is used for the couplings between redox-active amino acid residues (16): 

𝑉𝐷𝐴 =
2.7

√𝑁𝐷𝑁𝐴
𝑒−0.72𝑅𝑒𝑒            (S2) 

where ND and NA are the numbers of atoms identifying D or A, respectively, and Ree is the edge-

to-edge distance between D and A (16). The electronic coupling is calculated between the initial 

and final diabatic electronic states that describe the hole localized on D and A, respectively. Eq. 

S1 allows us to calculate approximate VIF values using the heterocyclic groups (Tyr, Trp) or sulfur 

p-orbitals (Met, Cys) of the redox-active groups involved. For Trp, Tyr, Met, and Cys we used N 

values of 9, 7, 3, and 2 respectively (6) (in particular, the beta carbon and sulfur atom are retained 

in the cysteine residue (Ncys = 2)). Only one atom is used to represent Gly. 

The electronic couplings between a heme cofactor and an amino acid residue acceptors 

(Vheme-A) are calculated using Eq. S18 of ref. (6), with the iron-sulfur cluster replaced by the heme 

group, namely, 𝑉ℎ𝑒𝑚𝑒−𝐴 = √𝑉ℎ𝑒𝑚𝑒−ℎ𝑒𝑚𝑒𝑉𝐴−𝐴. Vheme-heme is estimated using the equation (17) 

𝑉ℎ𝑒𝑚𝑒−ℎ𝑒𝑚𝑒 = 𝑉0𝑒−
𝛽(𝑅𝑐𝑐−16.5)

2             (S3) 

where 𝑉0 = 8.0, 𝛽 = 2.6 Å–1, and Rcc is the heme center-to-center distance. These 𝑉0 and 𝛽 values 

correspond to parallel heme dimers with coplanar imidazole ligands (17). While the systems 

studied do not contain heme dimers, one should take into account the heme orientation with respect 
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to the nearest redox-active group in a given pathway. Even within a protein, such orientations 

depend on the pathway under consideration. We made the simple choice of using the above values 

of V0 and β for all orientations, since these values are approximately in the middle of the ranges of 

values obtained for the different D-A orientations in ref. (17). To implement Eq. S3, we use two 

heme groups at the same edge-to-edge distance Ree as the actual heme-A redox couple and add 

twice the effective radius of the heme (~3.63 Å) (6).  VA-A is calculated using Eq. S1. 

The electronic coupling between a (high-potential) [4Fe4S] cluster and a protein residue is 

calculated similarly as 𝑉[4Fe4S]−𝐴 = √𝑉[Fe4S]−[Fe4S]𝑉𝐴−𝐴 . 𝑉[Fe4S]−[Fe4S]  is estimated using the 

equation (18) 

log 𝑉[4𝐹𝑒4𝑆]−[4𝐹𝑒4𝑆] = 1.73 − 0.42𝑅𝑐𝑐            (S4) 

where, similarly to the above, Rcc is obtained as the sum of Ree (between [4Fe4S] and A) and twice 

the effective radius of heme (~1.87 Å) (6). 

S4. Description of EHPath 

The EHPath program uses python libraries (pandas and networkx) for data processing and directed 

graph analysis. The program first requires the user to provide the input CSV (MS-Dot format) files 

donor.csv, bridge.csv, and acceptor.csv (sample files can be seen on GitHub). Therefore, one needs 

to define the charge (electron or hole) donor, bridge(s), and acceptor(s). The charge donor is easily 

identified as a protein active site or cofactor. The bridge.csv file is created using the grep command 

to extract the redox-active Cys, Met, Tyr and Trp residues from the original PDB file: 

$ grep -E 'CYS|MET|TRP|TYR' input_PDB.pdb > bridge.pdb 

The output file will contain all redox-active residues in the protein, but only those in the 

bridging protein medium (between D and A) can contribute to the relevant pathways. The 
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bridge.pdb file is then converted to the CSV format using tools like Excel or Convertio. Note that 

the redox-active amino acid residues that are part of the protein active site (or bound to the 

cofactor) working as charge donor or acceptor are neither the start point of a charge hopping 

pathway nor part of the bridge. For example, if the donor is a [4Fe4S] cluster, Cys residues bonded 

to the Fe atoms of the cluster should be removed from both donor and bridge lists. For hole hopping 

pathways as oxidative damage escape routes in biological systems, the potential acceptor residues 

are solvent-exposed surface residues. For users with no prior information about these surface 

residues pertaining to their proteins of interest, tools such as PyMOL, which calculate the solvent 

accessible surface area, help to identify the relevant terminal residues at the protein surface. 

Once the CSV files are generated, one can run the EHPath.py program. The user is asked 

to enter the names of the donor, bridge, and acceptor CSV files. EHPath.py and the CSV files need 

to be in the same directory. The program asks for the residue number associated with the donor, a 

cutoff number (where cutoff number + 1 is the maximum number of nodes in any pathway 

considered by the program), the number of pathways to be printed in the results section, the types 

of donor and acceptor (type just ‘electron’ for electron transfer and ‘hole’ for hole transfer), and 

the value of a parameter  (0 ≤  ≤ 1). The cutoff number helps one limit the pathways under 

consideration to the most direct ones between the terminal charge donor and acceptor. We chose 

a cutoff number of 4 as a good compromise between computational cost and probability that an 

efficient pathway contains more than 5 nodes. In fact, our results show that the top-ranked hopping 

pathway contains less than 5 nodes for each of the systems investigated. The  parameter allows 

the user to change the reorganization energy  for each charge-transfer step in a hopping route 

between the value 𝜆𝐷𝐴 calculated using Eq. 2-3 and the value of 0.8 eV used in ref. 3.  is defined 

as follows: 
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 = 0.8 + (𝜆𝐷𝐴 − 0.8)   (in eV)            (S5) 

Therefore,   = 1 gives  = 𝜆𝐷𝐴, while   = 0 gives  = 0.8 eV.  

The program ranks the hopping pathways according to both the approximate and exact 

mean residence times (based on our kinetic model (6)). An option in the program allows the user 

to define a hopping pathway, by specifying the residue numbers involved, and to calculate the 

exact mean residence time for such pathway. Here is an example of a successful run that finds and 

analyzes the hole hopping pathways between a heme donor with residue number 999 and an amino 

acid residue acceptor (the maximum number of nodes in any computed pathway is 5, the number 

of pathways printed in the output is 5, and  = 1). 

___________________________ 

***************************************** 
Welcome! EHPath is able to analyze and rank electron/hole hopping 
pathways between an electron/hole donor and an electron/hole acceptor 
according to the overall mean residence time. 
***************************************** 
  
Please enter the name of donor file (eg: donor.csv): 
Donor_Node_2IJ2.csv 
Please enter the name of bridge file, (eg: bridge.csv): 
Bridging_Nodes_2IJ2.csv 
Please enter the name of acceptor file, (eg: acceptor.csv): 
Acceptor_Nodes_2IJ2.csv 
Please enter residue number of donor: 999 
Please enter cutoff_num (cutoff_num + 1 = maximum number of nodes in 
the pathway, Warning: A larger cutoff_num will cost more memory and 
leads to longer computation time): 4 
Please specify the number of pathways to be printed: 5 
Please enter the type of donor/acceptor (electron or hole): hole 
Please specify the value for α: 1 
  
Start calculation........ 
  
Top 5 pathways ranked according to the approximate mean residence 
time: 
[999, 96, 90, 334] 0.011699829537750969 
[999, 115, 305] 0.05850237678612136 
[999, 156, 115, 305] 0.08403832975022704 
[999, 96, 334] 0.13273387470162293 
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[999, 115, 156, 305] 14.437926968672322 
  
Top 5 pathways ranked according to the exact mean residence time: 
[999, 96, 90, 334] 0.0367530800137136 
[999, 115, 305] 0.060844981316308985 
[999, 156, 115, 305] 0.13910192575395705 
[999, 96, 334] 0.42140415862323116 
[999, 156, 305] 15.103972122225027 
  
End of calculation 
 
Would you like to find the exact mean residence time of a specific 
pathway? (Yes/No): Yes 
  
Please specify the pathway with their residue numbers (for example, 
999, 156, 115, 112, 305): 999, 156, 115, 112, 305 
  
Exact mean residence time:  3956.3190955084924 
  
***************************************** 
If you have any questions or suggestions about EHPath, please contact 
Mr. Ruijie Teo (rt131@duke.edu) or Dr. Ruobing Wang 
(ruobing.wang@operasolutions.com). 
Citation: Teo, R. D.; Wang, R.; Smithwick, E.; Migliore, A.; Therien, 
M. J.; Beratan, D. N. Proc. Natl. Acad. Sci. U.S.A., 2019. 
***************************************** 
 
Copyright (C) 2019  Teo, R. D.; Wang, R.; Smithwick, E.; Migliore, A.; 
Therien, M. J.; Beratan, D. N. 
  
This program is free software: you can redistribute it and/or modify 
it under the terms of the GNU General Public License as published by 
the Free Software Foundation, either version 3 of the License, or (at 
your option) any later version. 
  
This program is distributed in the hope that it will be useful, but 
WITHOUT ANY WARRANTY; without even the implied warranty of 
MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the GNU 
General Public License for more details. 
  
You should have received a copy of the GNU General Public License 
along with this program. If not, see 
https://www.gnu.org/licenses/gpl.html. 
  
Press Enter to exit EHPath. 

__________________________ 
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Steps to define a new charge donor in EHPath (for example, FAD) 

Step 1. In the donor.csv file, identify the atoms that are relevant to the charge hopping (that is, the 

atoms that would be involved in the excess charge distribution, which can be predetermined by 

means of first-principles computations or based on simple chemical grounds). We consider here 

the case of FAD, which consists of 53 heavy atoms (atom IDs 5811-5863 in the PDB file with 

code 5JFC (19)). From the literature (e.g., see ref. (20) and refs. therein), we know that the frontier 

molecular orbitals (which describe the excess charge distribution in a single-particle picture) are 

essentially localized on the flavin moiety, which thus defines the donor group. The atom names in 

the PDB file 5JFC (19) are as follows:  

… 

HETATM 5833  N1  FAD L 503     -65.192  51.052  14.932  1.00 11.62           N 

HETATM 5834  C2  FAD L 503     -65.736  49.843  14.641  1.00 14.53           C 

HETATM 5835  O2  FAD L 503     -66.679  49.424  15.348  1.00 12.41           O 

HETATM 5836  N3  FAD L 503     -65.304  49.076  13.624  1.00 12.20           N 

HETATM 5837  C4  FAD L 503     -64.301  49.452  12.822  1.00 12.11           C 

HETATM 5838  O4  FAD L 503     -63.921  48.718  11.884  1.00 14.33           O 

HETATM 5839  C4X FAD L 503     -63.650  50.762  13.071  1.00 10.38           C 

HETATM 5840  N5  FAD L 503     -62.631  51.215  12.308  1.00 12.16           N 

HETATM 5841  C5X FAD L 503     -62.057  52.414  12.560  1.00 14.30           C 

HETATM 5842  C6  FAD L 503     -61.011  52.859  11.761  1.00 13.12           C 

HETATM 5843  C7  FAD L 503     -60.416  54.090  12.014  1.00 11.87           C 

HETATM 5844  C7M FAD L 503     -59.282  54.570  11.147  1.00 15.21           C 

HETATM 5845  C8  FAD L 503     -60.898  54.934  13.140  1.00 11.74           C 

HETATM 5846  C8M FAD L 503     -60.252  56.267  13.412  1.00 14.02           C 

HETATM 5847  C9  FAD L 503     -61.944  54.493  13.941  1.00 11.78           C 

HETATM 5848  C9A FAD L 503     -62.539  53.262  13.689  1.00 12.61           C 

HETATM 5849  N10 FAD L 503     -63.600  52.807  14.496  1.00 10.19           N 

HETATM 5850  C10 FAD L 503     -64.173  51.556  14.205  1.00 11.83           C 

… 

Therefore, the following line needs to be added under the ‘Section for truncating redox groups’ of 

EHPath.py: 
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donor = donor[~(donor['atomtype'].isin(['N1','C2','O2','N3','C4','O4','C4X','N5','C5X','C6','C7', 

'C7M','C8','C8M','C9','C9A','N10','C10']) & (donor['residuetype'].isin(['FAD'])) )] 

Step 2. Define the new residue type, starting with the line 

if self.Residuetype=='FAD': 

and inserting the pertinent reorganization energy and redox potential. The reorganization energy 

can be obtained from a variety of methods: from simple approaches that use Marcus’ expression 

for the reorganization energy (21) and exploit available theoretical/experimental data in the 

literature (6) to accurate methods that use classical molecular dynamics (22, 23) or QM/MM (24). 

Step 3. Insert the line to calculate the electronic coupling under the sections ‘Donor-Bridge’ and 

‘Donor-Acceptor”. 

S5. Hole-transfer steps in cytochrome P450 

Table S2. Hole-transfer steps in Pathways 1 and 2 through cytochrome P450, classified according 

to the values of the pertinent forward hole-transfer rate constants kDA (see Eq. 1 in the article). The 

corresponding k'SBT values (Eq. 4) calculated using the free energy parameters of ref. (3) are also 

reported. 

Hole donor-acceptor kDA
 (s–1) kSBT (s–1) 

HEM-W96 5.0  103 4.5  106 

W96-W90 8.7  101 1.2  107 

W90-Y334 3.9  105 5.2  109 

HEM-C156 2.1  101 - 

C156-Y115 8.7  104 - 

Y115-M112 2.1  10-2 - 

M112-Y305 1.4  109 - 
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S6. Most effective hole hopping pathways in Ccp1 

Table S3. The 20 fastest hole hopping pathways in Ccp1, with terminal hole acceptors identified 

in ref. (25) (PDB 1ZBY), are ranked based on their computed τM values (Eq. 5). The corresponding 

τM,approx values (Eq. 6) are also reported.  

Hole Hopping Pathways τM
 (s) τM,approx (s) 

HEM-W191-Y229 2.5  10-3 7.9  10-4 

HEM-W191-W211 2.5  10-3 7.9  10-4 

HEM-Y36 1.2  10-2 1.2  10-2 

HEM-Y187-W191-Y229 6.1  10-2 3.1  10-2 

HEM-Y187-W191-W211 6.1  10-2 3.1  10-2 

HEM-W191-Y236-W223  9.4  10-2 3.0  10-2 

HEM-W191-Y236-W211  9.4  10-2 3.0  10-2 

HEM-Y51-W191-Y229  1.0  10-1 3.2  10-2 

HEM-Y51-W191-W211  1.0  10-1 3.2  10-4 

HEM-Y187-W223  1.2  10-1 1.1  10-1 

HEM-W191-Y187-W223  1.2  10-1 1.1  10-1 

HEM-Y51-W57  2.2  10-1 6.9  10-2 

HEM-Y51-W191-Y236-W223 2.2  10-1 6.1  10-2 

HEM-Y51-W191-Y236-W211  2.2  10-1 6.1  10-2 

HEM-Y51-W191-Y187-W223  2.3  10-1 1.4  10-1 

HEM-W191-W223  2.6  10-1 8.3  10-2 

HEM-W191-Y51-W57 3.9  10-1 1.0  10-1 

HEM-Y51-W191-W223  4.5  10-1 1.1  10-1 

HEM-Y153-Y187-W191-Y229  6.1  10-1 5.0  10-1 

HEM-Y153-Y187-W191-W211 6.1  10-1 5.0  10-1 
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