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SUPPORTING MATERIAL 

 

1. System setup and MD Simulations. The structure of cytochrome b5 

was taken from the PDB entry 1CYO (1). One non-crystallographic water 

molecule was added using the DOWSER program (2). For each simulated 

system geometry (i.e., for each combination of a porphyrin angle and a distance 

between rings), the cytochrome b5 molecules were solvated in a TIP3 water box 

with a 7 Å distance between the molecule and the box surface using the Solvate 

plugin (3) for the program VMD (4). Sodium and chlorine counter-ions were 

added to an ionic strength of 0.2M using the Meadionize plugin (5, 6), a modified 
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version of the Autoionize plugin (7) for VMD. The ions were placed at the minima 

of the electrostatic potential map, maintaining a minimum distance of 5 Å 

between any ion and protein as well as between any two ions (5). Each system 

was minimized for 1,000 steps and equilibrated for 200ps using the Charmm27 

forcefield (8), NpT ensemble, periodic boundary conditions, and particle-mesh 

Ewald full electrostatics calculations (9). Atomic partial charges on the heme 

group in the oxidized state were modeled assuming that the additional positive 

charge is uniformly distributed over the heme iron ion and six nitrogen atoms in 

contact with it (10). In order to maintain the orientation and distance between the 

porphyring rings, the MD simulations were performed using harmonic restraints 

imposed on the heavy atoms of the porphyrin rings and on the protein backbone. 

The NAMD2 molecular dynamics program (11) was used. 

Water density in the inter-protein space was monitored during the MD 

simulations. For each system conformation in each simulation, the density was 

estimated by counting the number of water molecule oxygen atoms located in a 

cylinder with the axis on the line connecting the two iron ions in the hemes, 

length from one heme group to the other, and radius of 4, 7, or 10 Å (to eliminate 

possible dependence of the estimated density on the cylinder radius used). The 

results are shown in Fig. S6, where the data points represent the average 

densities over the MD trajectories, and the error bars represent the sampling 

error estimated using the renormalization group-based approach (17). To 

estimate whether the water distribution during the simulations was equilibrium, 

regression analysis was used to compute the overall change in the water density 

 2



 

over entire length of the MD simulations. This change turned out to be random in 

sign and small in magnitude: average over all donor-to-acceptor distances 

change was only about 3, 7, and 19% of the RMS fluctuations of the density for 

porphyrin angles of 0o, 45o, and 90o, respectively. The overall change in TDA
2 was 

estimated in the same way and turned out to be 8, 19, and 10% of the RMS 

fluctuations of TDA
2 for porphyrin angles of 0o, 45o, and 90o, respectively. The fact 

that the overall changes in water density and TDA
2 over the entire length of the 

simulations are much smaller than the RMS fluctuations of these quantities 

indicates that the simulations were done in the equilibrium regime. 

 

2. Electronic coupling calculations. The donor-acceptor electronic 

coupling  was computed in the superexchange ET regime (12) using an 

extended Hückel-level Hamiltonian parameterized from density functional 

calculations (13): 

DAT
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tunE  is the electron tunneling energy, S and H are the overlap and Hamiltonian 

matrices, respectively, the index D (A) refers to the donor (acceptor) orbitals, and 

Greek indices refer to bridge orbitals. Following (14), the To incorporate effects of 

the protein thermal motion on the donor (acceptor) orbitals, the latter were 

defined for each snapshot of the MD trajectory as the HOMO’s computed for 

truncated heme groups (not including the histidine ligands, propionates, methyl 

groups, and hydrogen atoms) and were dominantly localized on the Fe ions. 

tunneling energy was set to –9.9eV. To account for mixing of the initial and final 
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states with the bridge, the coupling was scaled using the method described in 

refs. (15, 16). The sampling error in the  calculations was estimated using a 

renormalization group-based method described in ref. (18).  

DAT

Since the autocorrelation time of TDA has recently been found to lie in the 

tens of femtoseconds range (ref. 18 in the report), the TDA values computed with 

the 1ps interval were assumed independent. 

The short distance coupling decays (Figs. S1-S3) are smaller than one 

would expect for pure vacuum tunneling.  This likely arises because the dominant 

protein-mediated portions of the tunneling pathways change as the proteins 

separate.  As such, increasing the distance between proteins does not lead to a 

simple linear increase in the vacuum tunneling distance and, therefore, produces 

a tunneling distance decay intermediate between pure through-bond and pure 

values.   

 

3. Cytochrome b5 self-exchange rate calculation. The bimolecular rates 

were computed using the Brownian dynamics approach of Northrup and co-

workers (18).  The single-exponential decay model used in (18) was replaced 

with a three-exponent model (Fig. S4, eq. 3): 
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rings when the proteins are in the contact. The three decay exponents were 

estimated by averaging the XH coupling data over the corresponding distance 

ranges, leading to 1β ~1.5 Å-1 for the direct contact regime (for co-planar 

porphyrin rings). The ET rates in the structured water mediated regime were 

assumed distance-independent. In the bulk water regime, 2β  was dependent on 

the protein orientation, varying from 2.5 to 3.6 Å-1. However, these variations only 

cause a 20% change in the computed bimolecular rate, indicating that the latter 

is predominantly controlled by the structured water ET regime. We used 2β = 2.5 

Å-1 in the bimolecular ET rate calculations. 

Following (19),  is defined as 0
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where the reorganization energy λ  is set to 1.2eV (20), and the temperature T is 

300K. For self-exchange, the driving force  is zero. The squared electronic 

coupling  at contact is estimated to be about 1.69

0G∆

2
DAT ×10-3 eV2 (s-Fig. 1, curve 

A), and the corresponding ET rate  is 2.40
etk ×108 s-1. All bimolecular rate 

constants were calculated using the modified Brownian dynamics program SDA 

(21) as described in ref. (22). 
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Figure Captions: 

Figure S1. The mean square electronic coupling dependence on the distance 

between the two porphyrin rings (90º angle between porphyrin rings): XH(P,W) - 

proteins and water, extended-Hückel (XH) calculations; XH(P) - proteins only, XH 

calculations; PW(P,W) - proteins and water, Pathways model analysis; PW(P) - 

proteins only, Pathways model analysis; PD(P,W) - proteins and water, packing 

density estimates; PD(P) - proteins only, packing density estimates. The three 

distance ranges correspond to the direct contact regime, structured water 

mediated regime, and bulk water mediated regime, respectively. The error bars 

show the sampling error estimated using a renormalization group based method 

(17). 

Figure S2. The mean square electronic coupling dependence on the distance 

between the two porphyrin rings (0º angle between porphyrin rings): XH(P,W) - 

proteins and water, extended-Hückel (XH) calculations; XH(P) - proteins only, XH 

calculations; PW(P,W) - proteins and water, Pathways model analysis; PW(P) - 

proteins only, Pathways model analysis; PD(P,W) - proteins and water, packing 

density estimates; PD(P) - proteins only, packing density estimates. The three 

distance ranges correspond to the direct contact regime, structured water 

mediated regime, and bulk water mediated regime, respectively. The error bars 

show the sampling error estimated using a renormalization group based method 

(17). 
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Figure S3. The mean square electronic coupling dependence on the distance 

between the two porphyrin rings (45º angle between porphyrin rings): XH(P,W) - 

proteins and water, extended-Hückel (XH) calculations; XH(P) - proteins only, XH 

calculations; PW(P,W) - proteins and water, Pathways model analysis; PW(P) - 

proteins only, Pathways model analysis; PD(P,W) - proteins and water, packing 

density estimates; PD(P) - proteins only, packing density estimates. The three 

distance ranges correspond to the direct contact regime, structured water 

mediated regime, and bulk water mediated regime, respectively. The error bars 

show the sampling error estimated using a renormalization group based method 

(17). 

 

Figure S4. A schematic view of the three-exponential model derived from the 

extended- Hückel analysis of the solvated proteins.  

 

Figure S5. The mean square electronic coupling dependence on the distance 

between the two porphyrin rings (90º angle between porphyrin rings) for different 

donor and acceptor orbitals, extended-Hückel calculations. XH(P,W,H) - proteins 

and water, extended-Hückel (XH) calculations, donor and acceptor orbitals on 

the heme porphyrin ring; XH(P,H) - proteins only, XH calculations donor and 

acceptor orbitals on the heme porphyrin ring; XH(P,W,I) - proteins and water, 

extended-Hückel (XH) calculations, donor and acceptor orbitals on the iron ion; 

XH(P,I) - proteins only, XH calculations donor and acceptor orbitals on the iron 

ion. The three distance ranges correspond to the direct contact regime, 
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structured water mediated regime, and bulk water mediated regime, respectively. 

The error bars show the sampling error estimated using a renormalization group-

based method (17). 

 

Figure S6. Interprotein water density vs. interprotein distance for porphyrin 

angles of 0o (top panel), 45o (middle panel), and 90o (bottom panel),  

respectively.  
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Figure S4. 
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Figure S5. 
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Figure S6.   
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