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Abstract: The dissimilatory sulfite reductase enzyme has very characteristic active site 

where the substrate binds to an iron site, ligated by a siroheme macrocycle and a thiol 

directly connected to a [Fe4S4] cluster. This arrangement gives the enzyme remarkable 

efficiency in reducing sulfite and nitrite all the way to hydrogen sulfide and ammonia. For 
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the first time we present a theoretical study where substrate binding modalities and 

activation are elucidated using active site models containing proton supply side chains and 

the [Fe4S4] cluster. Density functional theory (DFT) was deployed in conjunction with the 

energy decomposition scheme (as implemented in AMS), the quantum theory of atoms in 

molecules (QTAIM), and conceptual DFT (cDFT) descriptors. We quantified the role of the 

electrostatic interactions inside the active site created by the side chains as well as the 

influence of the [Fe4S4] cluster on the substrate binding. Furthermore, using conceptual DFT 

results we shed light of the activation process, thus, laying foundation for further 

mechanistic studies. 

We found that the bonding of the ligands to the iron complex is dominated by 

electrostatic interactions, but the presence of the [Fe4S4] cubane leads to substantial 

changes in electronic interaction.  The spin state of the cubane, however, affects the binding 

energy only marginally.  The conceptual DFT results show that the presence of the [Fe4S4] 

cubane affects the reactivity of the active site as it is involved in electron transfer. This is 

corroborated by an increase in the electrophilicity index, thus making the active site more 

prone to react with the ligands.  The interaction energies between the ligand and the 

siroheme group are also increased upon the presence of the cubane group, thus, suggesting 

that the siroheme group is not an innocent spectator but plays an active role in the 

reactivity of the dSIR active site.

Introduction

Dissimilatory sulfite reductase (dSir) is an essential enzyme in sulfur-based energy 

metabolism, and is a part of a redox enzyme superfamily of various sulfur- and nitrogen-
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reducing proteins.1 The dSirs reduce sulfite in the terminal redox couple of a respiratory 

electron-transfer chain and are found in bacteria and archaea. In the process of anaerobic 

respiration sulfite/sulfate-reducing prokaryotes use sulfite as a terminal electron 

acceptor.2,3 The six electron reduction happens in a very characteristic active site, in which 

the siroheme macrocycle is covalently bonded to a thiol, complexed with [Fe4S4] (i.e., 

cubane), SO32 - +6e - + 8H + →H2S + 3H2O

Figure 1. 

SO2 ―
3 + 6e ― + 8H + →H2S + 3H2O

Figure 1.  Schematic representation of the dSir active site.

A push-pull mechanism has been proposed wherein the pull from protonated residues 

couples with the push of electrons from the redox-active cofactors to the substrate, and the 

release of a water molecule follows cleavage of an oxygen bond on the substrate. The four 

active site residues, two lysines and two arginines, are essential to the active site structure, 

facilitating substrate binding, and are coordinating proton sources.4 The dSirs enzymes 

comprise two catalytically independent αβ heterodimers with a ferredoxin domain. Each 

domain has one  siroheme-[Fe4S4] center, but only one of them is catalytically active.5-6  

Page 3 of 31 Physical Chemistry Chemical Physics



4

In the resting state of the active site, the siroheme ligates a phosphate anion that is 

displaced upon activation, making room for sulfite to move into the pocket and bind to the 

siroheme iron through sulfur.7 A hydrogen-bonding network consisting of water molecules, 

siroheme carboxylate prosthetic groups, and positively charged residues facilitates S-O bond 

cleavage. X-ray crystal data form Crane and co-workers show a high-spin (S = 5) ferric iron8 

when bound to phosphate, and a low spin (S = 1) ferric iron when bound to sulfite.7 EPR8 

spectra of oxidized dSir and assimilatory sulfite reductase (aSir) exhibited signals due to an S 

= 5 spin state and an S = 29 spin state. Model complex studies also show evidence of high-

spin ferric hemoproteins.10

Resonance Raman spectroscopy and sulfur isotope studies suggest that an electron 

transfer from the [Fe4S4] cluster facilitates the reduction of the substrates.11-12  Recently, Lu 

and co-workers successfully designed a heme-[Fe4S4] metalloenzyme that emulates sulfite 

reductase.13  A [Fe4S4] cluster was inserted proximal to the native heme-b center of 

cytochrome c peroxidase (CcP) and reached sulfite reduction activity comparable to native 

Sir. Both the siroheme and heme centers were able to conduct sulfite reduction, proving 

that siroheme is not essential for sulfite reduction. 

Various spectroscopic studies have been conducted in an attempt to characterize iron-

sulfur clusters in dSir enzymes. 1H-NMR resonances and isomer shifts from Mössbauer 

spectroscopy of model complexes reveal an [Fe4S4]2+ core oxidation state with an S = 0 

ground state and a high-spin (S = 5) siroheme Fe(III) center.14-15 Mössbauer spectra of 

[Fe4S4]2+ indicate two equivalent Fe2.5+Fe2.5+ pairs.16  Additionally, EPR studies suggest that in 

model complexes the ferric active site can bind with π-accepting ligands.17

Despite recent progress, there is no clear picture of Sir-substrate bonding modalities and 

the role of the [Fe4S4] cluster with various substrates. The [Fe4S4]2- cluster alone has been 
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the subject of numerous theoretical studies (for example 18-24). The theoretical studies prove 

the cluster to consist of two antiferromagnetically coupled Fe2S2-units, in which the two iron 

centers are coupled ferromagnetically. A theoretical study on the Sir intermediates where 

the model consisted only of heme-Fe-SO2
- has been conducted and gave insight into the 

reduction reaction pathways.25 Due to a lack of theoretical studies describing the [Fe4S4] 

cluster covalently bound to the heme and the substrates, we present a computational 

investigation of the Sir active site in this paper, with as goal to elucidate the effects of the 

[Fe4S4] cluster on the binding properties and electronic structure of the active site. 

This study, motivated by the results of Lu et al.13 aims to investigate sulfite reductase 

binding modalities using siroheme models and to elucidate the role of the [Fe4S4] cluster on 

substrate binding and activation. We will consider the shared domain of aSir and dSir 

containing siroheme-[Fe4S4].  Nitrite and sulfite reductases (Nirs and Sirs) are structurally 

and functionally similar,9 and since the active sites of assimilatory and dissimilatory 

reductases are virtually identical, we consider the reduction of both sulfite and nitrite.26 We 

therefore studied the hydrogen sulfite, sulfite, and nitrite substrates in siroheme models 

with and without the [Fe4S4] cluster. To reveal the bonding patterns and to elucidate the 

role of the [Fe4S4] cluster, we performed density functional theory (DFT) calculations on the 

complexes for high-, intermediate-, and low-spin states, and analyzed the bonding using the 

energy decomposition scheme,27 the quantum theory of atoms in molecules (QTAIM),28-29 

and conceptual DFT (cDFT) descriptors.30-31

Computational Details
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The initial structures for the active site models of the enzyme were taken from the crystal 

structure of the sulfite reducing archaea Archaeoglobus fulgidus (Protein Data Bank32 code 

3MM5).  The models were chosen to mimic the steric hindrance of the protein environment. 

Thus, the closest residues and the second sphere distal ligands were included. Also, water 

molecules present in the crystallographic data are expected to contribute to the reduction 

of the substrate via coordination with the residues; therefore, two water molecules are 

included in the active-site model (Figure S1). Due to the lack of parameters for metals in 

the current classical force fields it was not possible to perform dynamical calculations, 

thus the structural fluctuations of the protein were not taken into account. A more 

detailed description of the active site and the computational modelling can be found in 

section I of the Supporting Information. 

The calculations were performed with the ADF program33-35 version 2019 using density 

functional theory (DFT).36  The models were optimized using the BP86 functional37-38 

combined with a triple-ζ Slater-type basis set (TZ2P).39  The BP86 functional was chosen as a 

compromise between accuracy and speed, while the TZ2P is equivalent to a cc-pVTZ basis 

set, and geometries are usually converged with a triple-ζ basis set (distances are converged 

within 0.01 Å and angles by 0.3 degrees (see for example ref. 40). Additionally, the 

conductor-like screening model COSMO41 ( = 4, to mimic the environment within a 

protein42) and Grimme’s dispersion correction43 were applied to all models.  Once we 

obtained an optimized structure, single-point calculations were performed with the TPSSh44-

45 functional.  

The nature of the bonding interactions in the clusters was analysed using the energy 

decomposition analysis (EDA) as implemented in AMS (TPSSh/TZ2P) for the high-spin, 

intermediate- and low-spin siroheme complexes, and high-spin cubane-siroheme 
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complexes. The TPSSh functional has been chosen as it demonstrates superior performance 

for evaluating energy differences between spin states, with an mean absolute error of only 

2.6 kcal/mol for similar spin crossover complexes.46  As we are interested in the bonding 

between the ligand (HSO3
-, SO3

2-, NO2
-) and the iron active center, the fragments in these 

calculations were defined as a) the ligand and b) the remaining part of the Fe-cluster 

(referred to as the Fe-pre-complex). The cDFT calculations were also performed using ADF 

with the TPSSh functional and TZ2P basis set. The descriptors were calculated using the 

frontier molecular orbital (FMO) approximation.47  The interaction energies between the 

active site and the substrates were also calculated as: Eint=EFe-cluster
opt-[EFe-pre-complex

opt) + 

Eligand
opt].

Results and Discussion

The two different oxidation states of the active center namely ferrous (Fe2+) and ferric 

(Fe3+), multiple spin states (S value ranging from 0 to 5/2) are considered in this study to 

elucidate the binding trends of HSO3
-, SO3

2-, and NO2
- to the active site.  Selected geometric 

parameters (Tables S6-S7) for the optimized siroheme species (without the cubane cluster), 

together with the interaction energy between the substrate and the complex are presented 

in Table 1.

Table 1.  Geometric parameters (distances (d) in Å) of the siroheme species with substrates 

(without the cubane cluster) optimized at BP86/TZ2P level of theory, together with 

substrate interaction energies (Eint in kcal/mol) of the species at TPSSh/TZ2P//BP86/TZ2P .
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Compound Spin State S dFe-S/N Average dS-O/N-O dS-OH Eint

HSO3
- 0 1.506 1.774

Siro-Fe2+-HSO3
- 0 2.134 1.525 1.718 -54.3

Siro-Fe2+-HSO3
- 1 2.347 1.515 1.646 -45.6

Siro-Fe2+-HSO3
- 2 2.908 1.520 1.717 -38.6

Siro-Fe3+-HSO3
- 1/2 2.329 1.536 a -91.7

Siro-Fe3+-HSO3
- 3/2 2.809 1.553 a -83.7

Siro-Fe3+-HSO3
- 5/2 3.016 1.518 1.702 -61.8

SO3
2- 0 1.558

Siro-Fe2+-SO3
2- 0 2.238 1.550 -120.7

Siro-Fe2+-SO3
2- 1 2.431 1.540 -104.2

Siro-Fe2+-SO3
2- 2 3.129 1.559 -109.7

Siro-Fe3+-SO3
2- 1/2 2.392 1.535 -133.8

Siro-Fe3+-SO3
2- 3/2 3.166 1.555 -144.8

Siro-Fe3+-SO3
2- 5/2 3.007 1.553 -123.2

NO2
- 0 1.277

Siro-Fe2+-NO2
- 0 2.396 1.312 -36.6

Siro-Fe2+-NO2
- 1 2.453 1.345 -42.5

Siro-Fe2+-NO2
- 2 2.452 1.327 -28.8

Siro-Fe3+-NO2
- 1/2 3.066 1.266 -56.9

Siro-Fe3+-NO2
- 3/2 3.182 1.268 -53.6

Siro-Fe3+-NO2
- 5/2 3.565 1.263 -54.4

aDuring the optimization, the H-atom of HSO3
- moved to one of the carboxylic groups of the 

siroheme.

Page 8 of 31Physical Chemistry Chemical Physics



9

For the complex with substrate HSO3
-, the distances of the S atom from the active site 

iron ranges from 2.134 to 3.016 Å where the low spin state (S = 0) has the shortest distance 

compared to the intermediate and high spin state species. However, in some of the 

geometry optimizations, the hydrogen atom of the HSO3
- group was transferred to one of 

the COO- groups of the siroheme group.  A similar trend is noticed for the complex with 

SO3
2- as well as the low spin (S = 0) forms the shortest bond distance (2.238 Å) and the 

intermediate and high spin (S = 3/2, 2) have larger Fe-S distances (3.166 Å and 3.129 Å, 

respectively).  

For the case of the complex with NO2
-, the molecular bonding prefers the Fe2+ oxidation 

state of the active site based on dFe-N, and the Fe-N bond distance has a range of 2.396 to 

2.453 Å (Table 1).  For all spin states of the siroheme-Fe3+ complexed with NO2
-, Fe-N bond 

distances are between 3.066 to 3.565 Å suggesting that the substrate NO2
- is not strongly 

bound to the active site.

For the heme species, the substrate HSO3
- follows a similar pattern to the siroheme 

species where the high spin species (S = 2, 5/2) have a larger Fe-S distance (3.233 Å and 

3.448 Å, respectively) compared to the low spin cases and the shortest bond distance (2.176 

Å) is found for the S = 0 spin state (Table S1).  For the substrate SO3
2-, the Fe-S bond distance 

is slightly longer than the case of the substrate HSO3
- and the smallest bond distance is 

found at 2.277 Å for S = 0 spin state.  Once again, the high spin species (S = 2, 5/2) have 

larger Fe-S bond distances (3.475 Å and 3.167 Å, respectively).  However, for the substrate 

NO2
- with the heme system, all the spin states from Fe2+ and Fe3+ have shorter bond 

distances compared to the siroheme species.  The shortest bond distance is 1.824 Å that 
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belongs to the S = 0 spin state.  For other spin states, the Fe-N bond distances are in the 

range of 1.824 to 2.052 Å.  

In contrast, for the case of NO2
-, the bare substrate has an average N-O bond distance of 

1.277 Å.  When NO2
- interacts with the heme/siroheme center, a substantial elongation of 

the N-O bonds (ranging from 1.312 to 1.345 Å) is found. This elongation is due to the π back 

donation from the heme/siroheme moiety to the π orbitals of NO2
-. Overall, an inverse 

correlation between Fe-N and N-O bond distances is noticeable, i.e., a shorter Fe-N distance 

corresponds to a longer N-O distance (Table 1 and Table S1).

The relative energies of the species and the interaction energies of the substrate with the 

active site were evaluated using the TPSSh functional. The full table of the relative energies 

is presented in the Supporting Information (Table S3). In case of siroheme TPSSh results 

suggest the low spin iron configuration in both oxidation states Fe2+ and Fe3+ being 

substantially more stable for both HSO3
- and SO3

2- substrates, in line with previous results7 

(Table S3 ). The energy differences of 16.5 and 13.5 kcal/mol for HSO3
- and 11.2 and 8.9 

kcal/mol for SO3
2- are predicted to separate the spin states. In case of the heme group, the 

situation is very different. All iron spin configurations are very close in energy (within 3 

kcal/mol) except for heme-Fe3+-SO3
2- which is 19 kcal/mol above the ground state. The NO2

- 

substrate shows the lowest energy in the intermediate spin Fe2+ configuration in both 

siroheme and heme cases. The Fe3+ on the contrary stays in the low-spin state for both 

siroheme and heme separated by 6 and 7.4 kcal/mol, respectively (Table S3).  The 

differences in spin state energies between the heme and siroheme compounds may 

presumably be caused by the fact that the siroheme group is less rigid and more twisted 

than the heme group, hence it can lead to different ligand field splittings.
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In order to gain more insight into the nature of the bonding interactions in the clusters, 

an energy decomposition analysis (EDA) was performed. Here, at first, we present a 

comprehensive discussion of the EDA analysis for the high-spin species. Then, for a 

comparison, EDA analyses of the low- and intermediate spin siroheme systems are provided 

in Table S2. The fragments in these calculations were defined as the ligand (HSO3
-, SO3

2-, 

NO2
-) and the remaining part of the Fe-cluster (the Fe pre-complex). The most important 

components of the bonding energy, together with the bonding energy at the optimized 

cluster geometry and the bonding energy where relaxation of the fragments is included are 

listed in Table 2. 

Table 2.  Results of the EDA analysis (in kcal/mol) for the high-spin compounds.  EPauli is the 

Pauli repulsion, Eel is the electrostatic interaction, Eorb is the orbital interaction, ΔEsolv is the 

difference in solvation energy between the molecule and the fragments, Etotal is the total 

bonding energy at the optimized geometry of the cluster, Eint is the bonding energy in which 

the relaxation of the individual components has been taken into consideration.

Compound EPauli Eel Ea
steric Eorb ΔEsolv Etotal Eint

Siro-Fe2+-HSO3
- 147.2 -263.7 -116.5 -75.0 130.3 -61.2 -38.6

Siro-Fe3+-HSO3
- 133.6 -308.8 -175.2 -66.6 165.9 -75.9 -61.8

Siro-Fe2+-SO3
2- 195.8 -462.3 -266.4 -132.4 267.2 -131.6 -109.7

Siro-Fe3+-SO3
2- 197.4 -567.3 -369.9 -127.2 339.3 -157.8 -123.2

Siro-Fe2+-NO2
- 184.5 -269.4 -84.9 -135.7 134.5 -86.1 -28.8

Siro-Fe3+-NO2
- 75.2 -269.7 -194.5 -41.7 160.0 -76.1 -54.4

aEsteric = EPauli + Eel
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The large difference between Etotal and Eint indicates that a considerable relaxation of the 

individual fragments takes place. The relaxation energy ranges from 69.5 kcal/mol for Siro-

Fe2+-NO2
- to 29.2 kcal/mol for Siro-Fe3+-NO2

-. For the other compounds, the relaxation 

energy is in the order of 40-50 kcal/mol. This relaxation is concerned with especially the 

rearrangement of the environment around the iron centre that has now a vacant 

coordination site. It is striking that in the case of ligands with a long Fe-L bond, the 

interaction energy between the ligand and the Fe-complex is still considerable, and in some 

cases even larger than the interaction between ligand and Fe-complex when the ligand is at 

a closer Fe-L distance. 

The EDA analysis shows the different components to the bonding energy. The 

electrostatic component is in all cases the largest contributor: the electrostatic interaction 

between the negatively charged ligand and the positive charged Fe-pre-complex dominates. 

This is further corroborated by maps of the electrostatic potential (Figure 4), which indicate 

a positively charged area that can accommodate the negatively charged ligand. The total 

steric interaction, which is the sum of the Pauli repulsion and the electrostatic interaction, is 

in most cases the largest component of the total bonding energy. Only in the case of Siro-

Fe2+-NO2
-, the orbital interaction contribution is larger.  The next most important 

contribution is the orbital interaction contribution. A considerable polarization of the 

density occurs upon formation of the complex: for example, for Siro-Fe2+-NO2
-, electron 

density is pushed away from the iron center towards the cysteine sulfur atom (Figure 2 (a)).  

Rearrangement of the density of the ligand also occurs.  The changes in the density upon 

formation of the complex for the Siro-Fe3+ structure is similar (Figure 2 (b)), although in this 

case a decrease of electron density at the bridging sulfur atom is found.
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Figure 2.  Density difference between the density of a) Siro-Fe2+-NO2
- and the fragments 

(ρ(Siro- Fe2+-NO2
-)-(ρ(Siro-Fe2+)+ρ(NO2

-))) and b) Siro-Fe3+-NO2
- and the fragments (ρ(Siro-

Fe3+-NO2
-)-(ρ(Siro-Fe3+)+ρ(NO2

-))).  Blue is positive, red negative.

The change in solvation energy is also considerable and counteracts the steric and orbital 

interactions. Although these cases with weakly bound ligands, the steric interaction and 

polarization of the electron density results in a negative bonding energy and a stabilization 

of the ligand when the ligand is interacting with the iron-pre-complex and its environment. 

The closed-shell nature of the interaction is further corroborated by the Laplacian of the 

density at the bond critical point between the iron atom and ligand (

Table 3).  In all cases that a bond critical point was located, a positive value of the 

Laplacian was found, together with a low density value, indicating that the interaction 

between the iron atom and the ligand is mainly of closed-shell character (non-covalent).28

Table 3.  The density and the Laplacian of the density at the bond critical point between Fe 

and the ligand. N/A denotes that no bond critical point was found between Fe and the 

ligand.
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Compound ρ ∇2ρ

Siro-Fe2+-HSO3
- 0.0210 0.0572

Siro-Fe3+-HSO3
- 0.0182 0.0452

Siro-Fe2+-SO3
2- 0.0148 0.0370

Siro-Fe3+-SO3
2- 0.0197 0.0449

Siro-Fe2+-NO2
- 0.0332 0.0985

Siro-Fe3+-NO2
- N/A N/A

Upon addition of the (ferromagnetic) cubane moiety, the bonding energy for some of the 

compounds is remarkably similar to the one obtained without the cubane (Table 4 and Table 

S3). However, the decomposition of the bonding energy of the different compounds reveals 

that all contributions are different. The orbital interaction energy is in all cases larger, while 

the steric interaction is smaller except for the Fe2+/Fe3+-SO3
2- compounds. 

Table 4.  Results of the EDA analysis (all in kcal/mol) for the high-spin compounds with the 

cubane.

Compound EP

auli

Eel Ea
st

eric

Eor

b

ΔE

solv

Etot

al

Cub-Siro-Fe2+-

HSO3
-

16

8.2

-

243.4

-

75.2

-

103.6

11

4.9

-

63.8

Cub-Siro-Fe3+-

HSO3
-

16

2.1

-

294.1

-

132.0

-

97.9

14

4.5

-

85.4

Cub-Siro-Fe2+- 18 - - - 23 -
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SO3
2- 4.8 410.9 226.1 130.2 6.3 120.0

Cub-Siro-Fe3+-

SO3
2-

19

0.7

-

488.1

-

297.4

-

115.5

27

4.5

-

138.4

Cub-Siro-Fe2+-

NO2
-

17

6.2

-

244.9

-

68.7

-

170.5

13

5.9

-

103.2

Cub-Siro-Fe3+-

NO2
--

18

3.9

-

301.5

-

117.6

-

139.1

16

4.7

-

92.0

aEsteric = EPauli + Eel

Changes in the density upon formation of the complex are depicted in Figure 3 (and 

Figure S3). As in the siroheme case, upon complex formation, the density at the central Fe-

atom decreases and is pushed towards the sulfur atom attached to it. However, further 

shifts of the density at the cubane moiety occurs, indicating that the cubane moiety is not 

unaffected by the formation of the bond. Furthermore, the density and the Laplacian of the 

density at the bond critical point between the Fe atom and the ligand (

Table 5) indicate that, just like in the case of the siroheme compounds, the bond is of 

closed-shell nature.
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Figure 3.  Density difference between the density of a) Cub-Siro-Fe2+-NO2
- and the fragments 

(ρ(Cub-Siro-Fe2+-NO2
-)-(ρ(Cub-Siro-Fe2+)+ρ(NO2

-))), and b) Cub-Siro-Fe3+-NO2
- and the 

fragments (ρ(Cub-Siro-Fe3+-NO2
-)-(ρ(Cub-Siro-Fe3+)+ρ(NO2

-))).  Blue is positive, red negative.

Table 5.  The density and the Laplacian of the density at the bond critical point between Fe 

and the ligand. N/A denotes that no bond critical point was found between Fe and the 

ligand.

Compound ρ ∇2ρ

Cub-Siro-Fe2+-

HSO3
-

0.0

181

0.0

496

Cub-Siro-Fe3+-

HSO3
-

N/

A

N/

A

Cub-Siro-Fe2+-

SO3
2-

0.0

196

0.0

506

Cub-Siro-Fe3+-

SO3
2-

0.0

311

0.0

774

Cub-Siro-Fe2+-

NO2
-

0.0

167

0.0

455

Cub-Siro-Fe3+-

NO2
-

0.0

514

0.1

636

As mentioned before, the interaction between the ligand and the Fe-pre-complexes is 

mainly of closed-shell nature (non-covalent), and strong bonding energies are found, even 

though in some cases the Fe-ligand bond is rather long.  Maps of the electrostatic potential 
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(Figure 4, and Figures S6, S7) show that the negatively charged ligand is positioned in a 

positively charged environment. This positively charged environment is created by the 

positively charged amino acids forming the cavity and the iron atom. Little differences are 

observed between the cavity formed for the siroheme and the cubane-siroheme complexes. 

This explains the strong interactions between the ligand and the pre-complex, and that the 

bonding energies between the siroheme and cubane-siroheme complexes are very similar.

Figure 4.  Maps of the electrostatic potential, plotted at a density isosurface (isovalue 0.03) 

for the pre-complexes.

Further insight into the chemistry of these complexes is provided by conceptual DFT. 

Isosurface plots of the dual descriptor for the pre-complexes of the Fe2+/3+-(SO3
2-) siroheme 

and cubane-siroheme compounds within the frontier molecular orbital (FMO) approach are 
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shown in Figure 5, and selected cDFT descriptors are listed in Table 6 (full list of plots, 

Figures S4, S5, and cDFT descriptors Table S4). Comparison of the plots of the dual 

descriptor for the three consecutive pre-complexes differ significantly, i.e., the plots differ 

for the pre-complexes of Siro-Fe2+-(L), Siro-Fe3+-(L), Cub-Siro-Fe2+-(L), and Cub-Siro-Fe3+-(L), 

while these pre-complexes are the same for the different L ligands. This variation is also 

discernible in the cDFT descriptors. However, as the geometry of the pre-complex is taken 

from the optimized geometry of the complex with the ligand, the differences in the 

geometry of the parent compound (Cub-)Siro-Fen+-(L) and the embedding environment are 

responsible for these differences between the pre-complexes. It should be mentioned that 

the variations due to changes in the environment and geometry are larger than changes due 

to the addition of the cubane. The global descriptors do show some trend upon the addition 

of the cubane moiety: the hardness decreases slightly, and concomitantly the softness 

increases, and the electrophilicity index increases, except for the Fe2+-SO3
2- complex, where 

it remains virtually the same. This trend is more pronounced for the Fe3+ complexes, and 

upon oxidation the electrophilicity index increases further, indicating the larger electron 

deficiency of the oxidised species. Other changes are minor, and not chemically significant.

The local descriptors are more difficult to interpret, and are more influenced by the 

geometry and environment than by the absence or presence of the cubane moiety. This is 

likely caused by the fact that in the FMO approach, the local descriptors are dependent on 

the HOMO and LUMO of the complex, and the HOMO is one of the singly occupied d-

orbitals, from the manifold of singly occupied d-orbitals.  

The ligands in all three cases are negatively charged ions, thus they behave like 

nucleophiles, and are expected to bind to the electrophilic regions of the pre-complex 

(indicated in blue in Figure 5). However, the dual descriptor plots (Figure 5) are not so 
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straightforward to interpret for the same reason as for the local descriptors. For the Siro-

Fe2+-(SO3
2-) and Siro-Fe2+-(NO2

-) pre-complexes, an electrophilic region above the iron atom 

is created by the (positively charged) environment. Upon oxidation to Fe3+, the iron center 

itself becomes electrophilic, indicating that the negatively charged ligand can favourably 

interact with the complex.

Table 6.  Selected cDFT descriptors for the Fe2+/3+-(SO3
2-) pre-complex, the Cub-Fe2+/3+-(SO3

2-

) pre-complex, and the ligands.

Siro-Fe2+-

(SO3
2-)

Cub-Siro-Fe2+-

(SO3
2-)

Siro-Fe3+-

(SO3
2-)

Cub-Siro-

Fe3+-(SO3
2-)

Hardness 0.042 0.044 0.053 0.026

Softness 23.792 22.681 18.769 38.799

Electrophilicity index 0.236 0.216 0.380 0.630

f+(Fe) 0.116 0.003 0.556 0.057

f-(Fe) 0.656 0.160 0.002 0.631

f0(Fe) 0.386 0.082 0.279 0.344

f(2)(Fe) -0.540 -0.157 0.554 -0.575

Mul. ch. (Fe) 0.746 0.754 0.811 0.764

Spin pop (Fe) 3.741 3.779 4.023 3.821

HSO3
2- SO3

2- NO2
-

Hardness 0.229 0.260 0.156

Softness 4.376 3.850 6.424

Electrophilicity index 0.007 0.006 0.012
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f+(L) 0.249 0.393 0.500

f-(L) 0.337 0.364 0.346

f0(L) 0.293 0.378 0.423

f(2)(L) -0.088 0.029 0.155

Figure 5.  Isosurface plots of the dual descriptor of the pre-complexes, using the FMO 

approximation, of a) Siro-Fe2+-(SO3
2-), b) Cub-Siro-Fe2+-(SO3

2-), c) Siro-Fe3+-(SO3
2-), d) Cub-

Siro-Fe3+-(SO3
2-) pre-complexes.  Blue is positive (electrophilic regions), red negative 

(nucleophilic regions).
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When the cubane is attached to the complex, the picture changes: the cubane is involved 

in the dual descriptor, and provides areas for both electrophilic and nucleophilic attack. The 

iron atom is in most cases neither electrophilic nor nucleophilic. In the Cub-Siro-Fe2+-(NO2
-) 

pre-complex, the side chains create a more nucleophilic environment, whereas the iron 

atom is electrophilic. In the Cub-Siro-Fe3+-(L) pre-complexes, the iron atom is (slightly) 

nucleophilic, which is indicative for the HOMO being localized on the iron (d-) orbitals.

The trend in bonding is better explained by the descriptors of the ligands. The softness of 

the NO2
- ligand is the largest, and for this ligand, the bond, although dominated by 

electrostatic interactions, has the largest orbital interaction energy, suggesting that this 

bond may have some covalent character.

Thus, upon addition of the cubane moiety, the interaction energy between the ligand and 

the pre-complex increases, and concomitantly, the electrophilicity index is increased. The 

interaction between the ligand and the iron center is mainly ionic, but upon binding of the 

ligand, shifts in electron density are still observable in the cubane moiety, indicating that 

this moiety can play a role in transferring electrons from and to the reduction site.

Table 7.  Selected cDFT descriptors for the Fe2+/3+-SO3
2- complex, and the Cub-Fe2+/3+-SO3

2- 

complex.

Siro-Fe2+-

SO3
2-

Cub-Siro-

Fe2+-SO3
2-

Siro-Fe3+-

SO3
2-

Cub-Siro-Fe3+-

SO3
2-

Hardness 0.042 0.027 0.057 0.022

Softness 23.746 36.423 17.691 45.208

Electrophilicity index 0.100 0.195 0.212 0.467
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f+(Fe) 0.121 0.005 0.623 0.355

f-(Fe) 0.661 0.668 0.028 0.338

f0(Fe) 0.391 0.336 0.325 0.347

f(2)(Fe) -0.541 -0.663 0.595 0.017

Mul. ch. (Fe) 0.710 0.703 0.712 0.672

Spin pop (Fe) 3.759 3.793 4.054 3.993

As the complex can react further in the catalytic cycle, the cDFT descriptors for the final 

complexes are reported and they show similar, but more pronounced, trends (

Table 7 and Table S5): the softness and the electrophilicity index increases upon addition 

of the cubane moiety, and both increase upon oxidation. No clear trends in the local 

descriptors are discernible. Furthermore, the electrophilicity index of these complexes is 

smaller than that of the pre-complexes, because the complexation has taken place.

Finally, the effect of the spin state of the cubane moiety on the cDFT descriptors and the 

binding energy has been studied. It is known from literature14-15 that the iron centers in the 

cubane moiety are antiferromagnetically coupled. We therefore performed the energy 

decomposition analysis also for the Cub-Siro-Fe2+/3+-SO3
2- compounds, together with a 

calculation of the cDFT descriptors. The cDFT descriptors were calculated for the six 

different possibilities of the spin distribution in the pre-complex, and the EDA was 

performed for the lowest energy configuration (Table 8). The binding energies for both the 

Fe2+ and Fe3+ complex with an antiferromagnetically coupled cubane moiety, are very similar 

to those obtained with a ferromagnetically coupled cubane system. The spin state of the 

cubane clearly does not play an important role here. However, the global cDFT descriptors 

for the Fe3+ pre-complex change, in particular the softness increases and the electrophilicity 
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index. The local descriptors only marginally change in this case, in contrast to the Fe2+ pre-

complex, where the global descriptors are similar, and the local descriptors change. For the 

final Fe2+ complex, the global descriptors change and a decrease in the softness is 

discernible, together with a decrease of the electrophilicity index. The local descriptors are 

remarkably similar in this case. For the final Fe3+ complex, the softness is considerably 

larger, and so is the electrophilicity index. The local descriptors also changed considerably. 

These changes in cDFT descriptors are most likely caused by the fact that they were 

evaluated using the FMO approach, thus, they are derived from the frontier molecular 

orbitals and their energies. As there are many, nearly degenerate, orbitals around the 

HOMO-LUMO gap, relatively small changes in orbital energies can change the cDFT 

descriptors significantly. The large changes in descriptors in this case most likely do not 

correspond to large changes in reactivity.

Table 8.  The energy decomposition analysis and cDFT descriptors for the Cub-Siro-Fe2+/3+-

(SO3
2-) pre-complexes, and the Cub-Siro-Fe2+/3+-SO3

2- complexes.

Cub-Siro-

Fe2+-(SO3
2-)

Cub-Siro-

Fe3+-(SO3
2-)

Cub-Siro-

Fe2+-SO3
2-

Cub-Siro-Fe3+-

SO3
2-

Spin distribution    

EPauli 184.6 190.6

Eel -413.6 -484.5

Ea
steric -229.0 -293.9

Eorb -129.3 -123.8

ΔEsolv 237.6 283.2
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Etotal -120.8 -134.5

Hardness 0.046 0.033 0.055 0.011

Softness 21.548 30.501 18.039 88.475

Electrophilicity index 0.193 0.451 0.074 0.795

f+(Fe) 0.104 0.000 0.110 0.015

f-(Fe) 0.001 0.651 0.685 0.662

f0(Fe) 0.052 0.326 0.397 0.338

f(2)(Fe) 0.102 -0.651 -0.575 -0.647

Mul. ch. (Fe) 0.746 0.746 0.692 0.631

Spin pop (Fe) 3.732 3.729 3.733 3.717

Conclusions

In this study we explain in detail the interaction of the substrates with the active site in dSir. 

Our EDA analysis for the models without the [Fe4S4] cubane showed that the electrostatic 

component in all cases is the largest contributor. However, upon the addition of the [Fe4S4] 

cubane the decomposition of the bonding energy of the different compounds changes:  the 

orbital interaction energy is in all cases larger, while the steric interaction is smaller except 

for the Fe2+/Fe3+-SO3
2- compounds. The bond critical point analysis revealed, that upon 

substrate complex formation, the density at the central Fe-atom decreases as well as the 

density at the cubane moiety is pushed towards the sulfur atom attached to it. The density 

and the Laplacian of the density at the bond critical point between the Fe atom and the 

ligand indicate that the bond is of closed-shell nature. Thus, our results suggest that for 
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dSirs substrate binding electrostatics plays a major role, but the presence of the [Fe4S4] 

cubane leads to substantial changes in electronic interaction. 

Furthermore, conceptual DFT results show that the presence of the [Fe4S4] cubane 

affects the reactivity of the active site as it is involved in electron transfer. This is 

corroborated by an increase in the electrophilicity index, thus making the active site more 

prone to react with the ligands. The interaction energies between the ligand and the 

siroheme group are also increased upon the presence of the cubane group, thus, suggesting 

that the siroheme group is not an innocent spectator but plays an active role in the 

reactivity of the dSIR active site. The bonding of the ligands to the iron complex is 

dominated by electrostatic interactions, and the spin state of the cubane affects the binding 

energy only marginally. Upon addition of the cubane moiety, the interaction energy 

between the ligand and the pre-complex increases, and concomitantly, the electrophilicity 

index is increased.  
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