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SiR active site models

The siroheme–cubane assembly was extracted from the sulfite reductase crystal 

structure (PDB entry 1AOP). The peripheral substituents found on the siroheme moiety were 

replaced by hydrogen atoms for simplicity. The cysteine residues connecting the cubane with 

the siroheme cofactor and the rest of the protein were modeled as methylthiolate groups 

(Figure 2 in main text). The two single bonds that differentiates siroheme from heme were 

desaturated and giving the heme–cubane system (Figure 2 in main text). The (siro)heme Fe 

ion was modelled in the high-spin ferric state. In terms of magnetic coupling, the two 

cofactors were arranged with both ferro- and antiferromagnetic alignment.
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Figure S1. Left: ribbon diagram of sulfite reductase (PDB code: 1AOP). Right: close view of 

the modeled active site, composed of a siroheme connected to an iron–sulfur [4Fe-4S] cluster 

via a cysteinate sulfur (a). In model (b) the siroheme cofactor is replaced by heme. Fe is 

represented in violet, N in blue, S in yellow, O in red, C in grey and H in white.

Electron-transport device models

The obtained (siro)heme–cubane models, together with the corresponding isolated 

heme, siroheme and cubane components, were used to build electron transport devices. In 

such assemblies, the molecule of interest is treated as a junction that connects two metal 

nanorods. The molecular junction is referred to as the island part of the device, while the 

metal nanorods represent the electrodes.  All electron-transport devices that were build 

consist of gold electrodes (Figure S2) in which the island part of the device is modeled either 

as heme (Figure S2a), siroheme (Figure S2b), heme–cubane (Figure S2c), siroheme–cubane 

Figure S2d). Sulfur is commonly used as the atom that connects the island to the electrode 

part of the device. Likewise, sulfur atoms were added in the axial positions of heme and 

siroheme models, faced towards the electrodes. For the (siro)heme–cubane systems, the distal 

axial position (bound to the (siro)heme iron) was similarly occupied by a sulfur atom, while 

the methyl groups were removed from all methylthiolate residues except for the one 

connecting the two cofactors. Thus, all island parts from each transport device were 

connected to the electrodes via sulfur atoms. The distances between the island part and the 

electrodes were set at 2.5 Å, which represents the experimentally known distance at which 

sulfur is known to adhere to gold electrodes.1



 Figure S2. Heme (a), siroheme (b), heme–cubane (c) and siroheme–cubane (d) as molecular 

junctions connecting two Au electrodes. Au atoms are depicted in dark yellow, Fe in violet, N 

in blue, S in yellow, O in red, C in grey and H in white.



Methods

1. Donor–acceptor treatment

DFT calculations were done on the SiR active site models following a previously 

established protocol.2 Ground-state geometry optimizations3 were performed with the 

resolution-of-identity approximation4,5 using the TPSS6 functional, the double-zeta level 

def2-SV(P) split-valence basis set7 and Grimme’s D3 correction for dispersion interactions8. 

Frequency calculations9 were employed in order to assure that stationary points are true local 

minima. If significant imaginary frequencies were found, the molecular geometry was 

distorted along the coordinate involved the in imaginary vibration and the geometry 

optimization was redone. On each converged structure, single-point calculations were 

employed with the larger triple-zeta def2-TZVP basis set10 using the B3LYP11 functional. 

Solvation free energies were calculated with the COSMO12 approach with optimized radii for 

all atoms13 and 2.0 Å for Fe 14 (and a water solvent radius of 1.3 Å), setting the dielectric 

constant to ε = 4, mimicking a protein environment. The convergence criteria were set at 10–6 

Hartree for the change in energy, 10–3 a.u. for the maximum displacement and maximum 

gradient element, while 5∙10–4 a.u. was set for their corresponding root-mean-square (RMS) 

change. 

2. Non-equilibrium Green’s function coupled with DFT (NEGF-DFT).

Based on the description of the electrode parts of the electron transport device, 

NEGF-DFT methods can be referred to as explicit, when the transport properties are 

computed by directly including the electrodes in the mathematical framework, and implicit 

when the electrode’s presence is implied through a parameter (i.e. the Fermi energy of the 

electrode in eq. 5).

2.1 Molecular junction treatment (explicit NEGF-DFT)

Electron transmission was computed using the non-equilibrium Green’s function 

method coupled with DFT (NEGF-DFT). The electronic structure of the island part together 

with the first layer of electrode atoms was treated with standard DFT, while semiperiodic 

DFT15 was employed for the rest of the electrodes. This method is restricted to pure 



functionals; consequently, the PBE functional was employed along with the DNP 3.5 basis 

set (with DFT semi-core pseudopotentials for Fe and Au).  

The electron transmission from the source electrode (S) to the drain (D), TSD, is 

computed as the trace (Tr) of the matrix product of the right-hand side of equation 1:16

          (1)𝑇𝑆𝐷(𝐸) = 𝑇𝑟[Γ𝑆(𝐸)𝐺𝑟(𝐸)Γ𝐷(𝐸)𝐺𝑎(𝐸)]

where  represents the coupling matrix between the source (S) or drain (D) and the Γ𝑆/𝐷(𝐸)

molecular junction and  the retarded (r) respectively advanced (a) Green’s function  𝐺𝑟/𝑎(𝐸)

of the molecular device. The results of this approach emphasize the difference in electron 

transmission capabilities between the two (siro)heme-cubane models. However, a more 

detailed view is obtained with the aid of the implicit approach, which allows the computation 

of the conductance between any two atoms comprising the molecular junction.

2.2 Electron route analysis (implicit NEGF-DFT)

The Green’s function, as discussed in reference,17 is defined as

            (2)[𝐸 ‒ 𝐻(𝑥)]𝐺(𝑥,𝑥') = 𝛿(𝑥,𝑥')

where E denotes the energy of the system, G(x,x’) is the Green’s function and describes the 

electron’s propagation from x to x’, δ(x,x’) is Dirac’s delta function, and H(x) is the 

Hamiltonian operator with its dependence on the mass of electron, m, the position x and the 

potential in that point, V(x), is  given by:

.
𝐻(𝑥) =  ‒

1
2𝑚

∂2
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This equation has two general solutions. The first one is called the retarded Green’s function 

and has the form

           (3)
𝐺(𝑥 ‒ 𝑥',𝐸) =‒

𝑖
𝜗

𝑒𝑖𝑘|𝑥 ‒ 𝑥'|

while the second, referred to as the advanced Green’s function, is given by



             (4)
𝐺(𝑥 ‒ 𝑥',𝐸) =

𝑖
𝜗

𝑒 ‒ 𝑖𝑘|𝑥 ‒ 𝑥'|

with 𝑘 = 2𝑚(𝐸 ‒ 𝑉(𝑥)

and  .
=

𝑘
𝑚

In order to select one of the two solutions one can introduce an infinitesimal quantity, 

η, multiplied by the imaginary unit, i, and make the substitution, , in order to obtain 𝐸→𝐸 ± 𝑖𝜂

the retarded solution for the plus sign and the advanced solution for the negative sign.

Further developments of these equations for applications in the field of single-

molecule electronics has led Yoshizawa18 to use the following form proposed by Beratan19:

           (5)
𝐺(0)𝑅,𝐴

𝑟𝑠 (𝐸𝐹) = ∑
𝑘

𝐶𝑟𝑘𝐶 ∗
𝑠𝑘

𝐸𝐹 ‒ 𝜀𝑘 ± 𝑖𝜂

The left-hand side of this equation is a notation that describes the value of Green’s function at 

the electrode’s Fermi energy level (EF) between an atom located on site r and another located 

on site s. The superscript notes that this is the zeroth order Green function, the order that 

describes the tunneling transmission, while R and A stands for the retarded and advanced 

forms. The right-hand side is a sum over all molecular orbitals (MO) spread over atoms r and 

s. C is the coefficient corresponding to the kth MO, with C* being its complex conjugate and 

εk the energy of the kth MO.

The conductance expressed in eq. (5) can be further connected to the rate constant of 

the electron transfer reaction (ket) by the expression developed by Nitzan:20

           (6)
𝐺 =

8𝑒2

𝜋2Γ𝐷Γ𝐴𝐹
𝑘𝑒𝑡

where G is the conductance, e the charge of the electron, ΓD the coupling between the 

electrode and the donor part of the junction, ΓA the coupling between the electrode and the 

acceptor part of the junction, and F the thermally-averaged Franck–Condon-weighted density 

of states. By assuming typical experimental values for the couplings and the Franck–Condon 

factor it was further shown that the conductance and rate constant can be approximated as:

       (7)𝐺 ≈ 10 ‒ 17𝑘𝑒𝑡



When implemented in the Multiwfn21 quantum chemical software package, the ±iη 

term of equation (5) is neglected. For this reason, positive and negative values may both be 

computed. In this case, one sign corresponds to the direction from site r to s and the opposite 

sign corresponds to the opposite direction, from s to r. Thus, only the absolute value of the 

computed numbers is of importance.  Furthermore, the current implementation in Multiwfn is 

limited to closed-shell systems. For this reason, the electron-route analysis was restricted to 

the ferrous (siro)heme–cubane systems and approximated as a closed-shell system. 

Nevertheless, the high-spin states were indirectly treated by taking extra MO in the 

summation part of eq. (5) up to LUMO+2. Although being approximative, the investigation 

does not focus on exact numerical values of the particular systems, but is rather concerned 

with the differences between the two variants of SiR active site, for which significant error 

cancelation can be expected. 

For this treatment, the computations were performed at the B3LYP level of theory 

with the 6-311G(d,p) triple-zeta basis set for all atoms except Fe, for which the SDD basis set22 

was employed. This triple-zeta basis set was used due to technical limitations of the wave-

function analysis program.  

All calculations were performed with the use of Turbomole23, Gaussian0924 and 

DMol325 as implemented in Materials Studio26, while wave-function analyses were done in 

Multiwfn19 and Chemissian.27 Protein visualizations were performed with the aid of Chimera.28

Explicit NEGF-DFT

Computed transmissions reveal crucial differences between the two (siro)heme–

cubane models in terms electron transfer mechanism (Figure S3a). Thus, when computing the 

transmission probabilities for the clusterless models, it is observed that the broad peaks found 

in the –1.6 to 1 and 1–2 eV regions are higher in the siroheme case. This suggests a higher 

transmission between the island part (i.e. the molecular junction) and the electrode. At the 

Fermi energy, the opposite is valid, with heme possessing higher electron-transport 

capabilities. The sharp peaks present in the –2 eV region are much higher in the siroheme 

case, emphasizing a higher intra-molecular electron-transfer capability.

Proceeding to the (siro)heme-cubane systems (Figure S3b), it is observed that the 

peaks found in the –2 to –1.1 eV region are lowered when heme is replaced be siroheme, 



while the peak associated with the state found in the –2.1 eV region becomes higher. The 

sharpness of these peaks suggests that these states are mostly localized on the island part of 

the device and, thus correspond to intramolecular charge transfer. Interestingly, these peaks 

reveal that some states involved in the intramolecular electron transfer process are inhibited 

while one of them is tuned such that the transmission of the electrons is increased. The broad 

peaks associated with the island–electrode charge transfer become lower in the –1.1 to –0.6 

eV region and near the Fermi region when siroheme replaces the heme cofactor. The opposite 

effect is found in the –0.6 to –0.2 eV region and for all peaks situated above 0.1 eV. Again, 

siroheme increases the transmission of electrons in several states associated with the island–

electrode charge transfer and decreases the transmission of other states. Overall, when 

siroheme instead of heme is connected to the cubane cofactor, some states involved in charge 

transfer process are inhibited while others become more favorable.



 Figure S3. Electron transmission as a function of the energy associated with the electronic 

states involved in the charge transfer. The energy of the molecular state is expressed with 

reference to the electrode’s Fermi energy. The blue line represents heme and the red line 

siroheme in a), and heme–cubane and siroheme–cubane in b). Transmissions are computed 

by the NEGF-DFT formalism at the PBE level with the DNP 3.5 basis set.



Intrinsic properties of the cubane cofactor

The Fe4S4 cubane behaves as an electron transmitter due to the high electron-

transmission capabilities and to the non-bonding nature of its frontier orbitals with respect to 

the Fe–S bonds:29 the HOMO orbitals (alpha and beta) are predominantly of metallic 

character (cf. Figure S4) while the LUMOs are of antibonding character with respect to the 

Fe–Fe interaction and possess high amplitudes also on the sulfur atoms (nonbonding 

character). Thus, by preserving its geometry upon the successive reduction and oxidation 

processes associated with the electron transfer, the cubane induces steric tension neither on its 

electron-providing residues nor on the siroheme system.

 Figure S4. The HOMO (left) and LUMO (right) orbitals of the cubane cofactor computed at 
the B3LYP/def2-TZVP/COSMO(ε=4) level of theory. 

Implicit NEGF-DFT

The conductance of the investigated routes was computed in several different 

orientations of the (siro)heme cofactor relative to the cubane (cf. Figure S5):

1) The geometry of active site as found in the crystal structure (pdb 1AOP) was used.  

This conformation is dubbed “Crystal, vertical geometry” in Figure S5.  Models are 

depicted in Figure S6 and results are given in Table S1.

2) The geometry of the active was optimized. This conformation is dubbed “Crystal, 

relaxed geometry” in Figure S5. Models are depicted in Figure S7 while the results 



are collected in Table S2. This geometry was further employed in the calculations 

reported in the main body of the article.

3) The geometry of the active site (as found in the crystal structure) was changed by 

orienting the two siroheme-specific saturated bonds towards the cubane cofactor. 

This conformation is dubbed “Facing, vertical geometry” in Figure S5. The 

distances between the two cofactors were kept as in the crystal structure. Models 

are depicted in Figure S8 and results are in Table S3.

4) The geometry of 3) was optimized. This conformation is dubbed “Facing, relaxed 

geometry” in Figure S5. Models are depicted in Figure S9 and results are collected 

in Table S4.

 Figure S5. Scheme of the conformers used. 



 Figure S6. Heme–cubane (left) and siroheme–cubane (right) models in the “Crystal, vertical 
geometry” conformation.

Table S1.   Computed conductance (G) for the investigated routes in the (siro)heme–cubane 
systems in the “Crystal, vertical geometry” conformation. Atom numbers are given in Figure 
S6, d represents the distance (in Å) between the two atoms. 

Heme-cubane Siroheme-cubane
Atoms d Atoms dRoute

 
#1 #2 (Å)

G
#1 #2 (Å)

G

Fe1 Sbridge 2.2 2.2 Fe1 Sbridge 2.2 2.3bridged Sbridge Feheme 2.8 1.6 Sbridge Feheme 2.8 0.9
CMC 3.6 0.3 CC4 4.3 0.3
CD1 3.6 0.5 CMC 3.6 0.3S1
CD2 3.8 0.5

S1
CD1 3.8 0.3direct

Total 1.3 Total 0.8
CD3 3.8 0.2 CD3 4.5 0.1
CD4 3.6 0.3 CD4 4.1 0.2S2
CMD 3.7 0.4

S2
CMD 4.1 0.2direct

Total 0.8 Total 0.5
CD2 3.8 0.1 C D2 4.2 0.0Fe2 CD3 3.9 0.1

Fe2 C D3 5.0 0.1direct
Total 0.2 Total 0.1

Total direct routes 2.3 Total direct routes 1.4



 Figure S7. Heme–cubane (left) and siroheme–cubane (right) models in the “Crystal, relaxed 
geometry” conformation.

Table S2.  Computed conductance (G) for the investigated routes in the (siro)heme–cubane 
systems in the “Crystal, relaxed geometry” conformation. Atom numbers are given in Figure 
S7 and d represents the distance (in Å) between the two atoms. 

Route Heme-cubane Siroheme-cubane
Atoms d Atoms d

 #1 #2 (Å)
G

#1 #2 (Å)
G

bridged Fe1 Sbridge 2.4 2.0 Fe1 Sbridge 2.3 1.9
 Sbridge Feheme 2.2 0.7 Sbridge Feheme 2.4 1.0

CMC 3.4 0.9 CC4 3.6 0.2
CD1 3.3 1.3 CMC 3.2 0.1S1
CD2 3.4 1.5

S2
CD1 3.4 0.1direct

Total 3.6 Total 0.4
CD3 3.4 0.9 CD3 3.7 0.3
CD4 3.4 0.9 CD4 3.7 0.1S2
CMD 3.4 0.3

S1
CMC 4.0 0.2direct

Total 2.2 Total 0.6
C D3 3.7 0.2 CD2 4.0 0.2Fe2 C D2 3.7 0.1 Fe2 CD3 3.9 0.1direct

Total 0.3 Total 0.3
Total direct routes 6.1 Total direct routes 1.4



 Figure S8. Heme–cubane (left) and siroheme–cubane (right) models in the “Facing, vertical 
geometry” conformation.

Table S3. Computed conductance (G) for the investigated routes in the (siro)heme–cubane 
systems in the “Facing,vertical geometry” conformation. Atom numbers are given in Figure 
S8 and d represents the distance (in Å) between the two atoms. 

Route Heme-cubane Siroheme-cubane
Atoms d Atoms d

 #1 #2 (Å)
G

#1 #2 (Å)
G

Fe1 Sbridge 2.2 2.2 Fe1 Sbridge 2.2 2.4bridged
Sbridge Feheme 2.8 1.5 Sbridge Feheme 2.8 0.6

CC2 3.8 0.2 CC2 4.8 0.1
CC3 3.5 0.6 CC3 3.9 0.1S1

CC4 3.6 0.6
S1

CC4 3.8 0.6direct

Total 1.4 Total 0.8
C D1 3.7 0.5 CD1 3.8 0.4
C D2 3.7 0.3 CD2 3.7 0.4S2

C D3 4.2 0.2
S2

CD3 4.8 0.1direct

Total 1.0 Total 0.9

direct Fe2 CMC 4.0 0.2 Fe2 CMC 4.4 0.1

Total direct routes 2.6 Total direct routes 1.8



 Figure S9. Heme–cubane (left) and siroheme–cubane (right) models in the “Facing, relaxed 
geometry” conformation.

Table S4. Computed conductance (G) for the investigated routes in the (siro)heme–cubane 
systems in the “Facing, relaxed geometry” conformation. Atom numbers are given in Figure 
S9 and d represents the distance (in Å) between the two atoms. 

Route Heme-cubane Siroheme-cubane
Atoms d Atoms d

 #1 #2 (Å)
G

#1 #2 (Å)
G

Fe1 Sbridge 2.3 1.9 Fe1 Sbridge 2.3 2.2bridged
Sbridge Feheme 2.4 0.9 Sbridge Feheme 2.3 0.8

CC2 3.6 0.2 CC2 3.4 0.2
CC3 3.4 0.4 CC3 3.4 0.3S1

CC4 3.4 0.3
S1

CC4 3.3 0.6direct

Total 0.9 Total 1.1
CD1 3.3 0.5 CD1 3.3 0.6
CD2 3.4 0.4 CD2 3.4 0.1S2

CD3 4.0 0.5
S2

CD3 3.6 0.1direct

Total 1.3 Total 0.8

direct Fe2 CMC 3.6 0.4 Fe2 CMC 3.8 0.1



Total direct routes 2.6 Total direct routes 2.0
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 Figure S 10. Conductance in direct routes: 1= crystal, vertical geometry, 2= crystal, relaxed 
geometry, 3=facing, vertical geometry, 4= facing relaxed geometry
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 Figure S 11. Conductance in bridged route: 1= crystal, vertical geometry, 2= crystal, relaxed 
geometry, 3=facing, vertical geometry, 4= facing relaxed geometry.



Table 5.  Energies of SiR active site different possible adopted geometries.

Energy
System Geometry

kcal/mol
crystal vertical 0.0
crystal relaxed -74.0
facing vertical -78.1

Siroheme–Cubane

facing relaxed -80.2

SiR active site as a donor–acceptor molecule

The two cofactors present in the SiR active site can be regarded as a donor–acceptor 

system that transfers electrons from the cubane moiety (the donor) to the siroheme moiety 

(the acceptor). In the resting state of SiR, both cofactors are in their oxidized state, i.e. with 

siroheme in the ferric state and the cubane cluster in the oxidised [Fe4S4]2+ state. Before 

electron transfer, the cubane cluster needs to be reduced to the [Fe4S4]+1 state. In the 

(siro)heme(ox)–cubane(red) state, the HOMO is located on the cubane cofactor and the 

LUMO on the (siro)heme cofactor (cf. Figure S13). However, the HOMO–LUMO gap (cf. 

Table 6) is increased when siroheme is used – apparently detrimental to internal electron 

transfer.

Treated separately, the LUMO of the donor fragment has to be located at a higher 

energy than the LUMO of the acceptor fragment such that, when a HOMO–LUMO excitation 

occurs, the transferred electron will end up on the acceptor fragment. According to the 

molecular orbitals in Figure S12, the LUMO of the isolated cubane is 2.64 eV above its 

HOMO, while the heme and siroheme LUMOs are at 0.30 and 0.41 eV above it, respectively. 

Upon changing from heme to siroheme, the LUMO is only slightly destabilized, whereas the 

HOMO is strongly destabilized, leading to a decrease of the HOMO–LUMO gap from 2.41 

eV in heme to 1.95 eV in siroheme. However, the smaller difference between the heme 

HOMO and the cubane LUMO suggests that charge transfer associated with a HOMO–

LUMO transition would be diminished in the siroheme–cubane variant.



 Figure S12. MO diagram of the isolated heme, cubane and siroheme fragments, computed at 

the B3LYP-D3/def2-TZVP level of theory for the ferric high-spin (siro)heme species and the 

dicationic form of the cubane cluster (reduced state). Occupied MOs are indicated in green 

lines while the virtual MOs in magenta.



 Figure S13. Frontier orbitals of the high-spin antiferromagnetically aligned heme–cubane 

and siroheme–cubane systems in the (siro)heme(ox)–cubane(red) state. Orbitals are computed 

at the B3LYP-D3/def2-TZVP/COSMO ε=4 level of theory.



Table 6.  HOMO and LUMO levels and gaps. Values are computed at the B3LYP-D3/def2-
TZVP/COSMO ε=4 level of theory.

HOMO LUMO Gap
System

(eV) (eV) (eV)

Cubane -3.28 -0.64 2.64

Heme -5.39 -2.98 2.41

Siroheme -4.82 -2.87 1.95

ferromagnetic -2.93 -0.94 1.99
Heme(ox)-Fe4S4(red)

antiferromagnetic -2.93 -0.92 2.01

ferromagnetic -2.95 -0.70 2.25
Siroheme(ox)-Fe4S4(red)

antiferromagnetic -2.91 -0.88 2.03
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