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Reaction Mechanism Catalyzed by the Dissimilatory Sulfite

Reductase — The Role of the Siroheme-[4FeS4] Cofactor

Anna Woéjcik-Augustyn,*?

The present work is another part of our investigation on the
pathway of dissimilatory sulfate reduction and covers a
theoretical study on the reaction catalyzed by dissimilatory
sulfite reductase (dSIR). dSIR is the terminal enzyme involved in
this metabolic pathway, which uses the siroheme-[4Fe4S]
cofactor for six-electron reduction of sulfite to sulfide. In this
study we use a large cluster model containing siroheme-[4Fe4S]
cofactor and protein residues involved in the direct interactions
with the substrate, to get insight into the most feasible reaction

Introduction

Dissimilatory sulfate reduction is one of the oldest cellular
metabolic pathways on Earth, occurring for about three billion
years."? This process, in which sulfate constitutes a terminal
electron acceptor, is conducted by sulfate reducing bacteria
(SRB) found in anaerobic, sulfate-rich environments, such as
soil, deep ground water, deep oceans or innards of higher
organisms."*7'% The mechanisms governing sulfate reduction
appear to be important in context of the biogeochemical sulfur
turnover including biodegradation of aromatic pollutants and
disposal of heavy atoms from ground water.®""¥ The
dissimilatory reduction of sulfate to sulfide is catalyzed by three
cytoplasmic enzymes: ATP sulfurylase (EC 2.7.7.4) activating
sulfate to adenosine 5-phosphosulfate (APS);"'*'® adenosine
5’-phosphosulfate reductase (APSR, EC 1.8.99.2), which cleaves
APS and reduces it to sulfite and AMP™”'® and dissimilatory
sulfite reductase (dSIR, EC 1.8.7.1) carrying out further six
electron reduction of sulfite to anionic sulfide."'® Dissimilatory
sulfite reductase (dSIR) utilizes six electrons and six protons to
reduce sulfite to hydrogen sulfide (Figure 1). It is assumed that
electrons required for the dSIR cycle derive from electron
transfer chain including cytochromes, periplasmic hydrogenases
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mechanism and to understand the role of each considered
active site component. In combination with earlier studies
reported in the literature, our results lead to several interesting
insights. One of the most important conclusions is that the
reaction mechanism consists of three steps of two-electron
reduction of sulfur and the probable role of the siroheme-
[4Fe4S] cofactor is to ensure the delivery of packages of two
electrons to the reactant.
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Figure 1. General scheme of sulfite to sulfide reduction catalyzed by dSIR.

and membrane-bound redox enzymes."'® The structure of the
core of dSIR is described as (af), heterotetramer."'” In some
dSIR, the a(50kDa)[(45kDa) heterodimer is associated with one
or two small subunits: y(11kDa), which is proposed to be
directly involved in the reduction of sulfite and J(8kDa)
suspected of having a regulatory role.®*2Y |n the crystal
structure derived from Desulfovibrio vulgaris (PDB code: 2v4j)**?
C-terminus of the y subunit interacts with siroheme-[4Fe4S]
cofactor by its conserved cysteine residue (Figure 2), which is
proposed to deliver two electrons to an intermediate of sulfite
reduction at the active siroheme-[4Fe4S] cofactor.”>*

The reduction of sulfite to sulfide processed by dSIR
enzymes should compensate the cost of sulfate activation
catalyzed by ATP sulfurylase (ATPS), thus it must provide ATP
molecules to ensure growth." The standard Gibbs free energy
change for sulfite to sulfide reduction equals —41.3 kcal/mol,
which allows to cover the cost of formation of two moles of
ATP."™ Two different mechanisms have been proposed for the
reaction catalyzed by dSIR'® The first mechanism is direct

© 2024 Wiley-VCH GmbH
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Figure 2. (A) DsrC protein derived from Archaeoglobus fulgidus (PDB code: 1sau) with two conserved cysteines hypothesized to provide protons and electrons
to dSIR active site; (B) Two DsrC proteins (in grey) bound to a8 dimer of dSIR (in green) derived from Desulfovibrio vulgaris (PDB code: 2v4j); (C) The active site
of dSIR from Desulfovibrio vulgaris (PDB code: 2v4j) with bound sulfite anion and conserved cysteine residue (thickened licorice) from the C-terminus of DsrC

protein (grey cartoon).

reduction of sulfite to sulfide without releasing partially reduced
side products, while the second mechanism is called “the
trithionate pathway” and allows dissociation of S;07” and S,0%"
intermediates. The mechanistic studies performed for dSIR from
A. fulgidus in solution and in crystallo revealed that besides
sulfide dSIR could produce S;02 and S,02”, which also might
be reduced by the enzyme."**?® Based on the results three-step
mechanism was proposed proceeds through three stages of
two-electron and two-proton transfer coupled with the dehy-
dration reactions (Figure 3)."* The formation of trithionate and
thiosulfate as side products depends on the stability of
intermediates of sulfite reduction, whether they lifetime is long
enough to react with another sulfite molecule."*' The activity
of dSIR from D. desulfuricans was measured for three substrates,
i.e. sulfite, trithionate and thiosulfate, at temperature of 83°C
and for pH from 5-8 range.”” All three substrates revealed
maximal activity at pH of 6.0. The activity value determined for
sulfite at pH 7.0 agrees with the values reported for dSIR from
A. fulgidus.”” Activity obtained for thiosulfate (5,027) was
slightly higher than for sulfite, while trithionate (S;027) reveals
lower activity than sulfite under applied conditions.”™ Product
analysis revealed that reduction of sulfite leads to production of
trithionate, thiosulfate and sulfide, trithionate reduction pro-
vides thiosulfite and sulfide, while thiosulfate reduction produ-
ces sulfide. Trials to obtain crystal structures of dSIR in complex
with trithionate and thiosulfate failed, most likely because of
their fast conversion to sulfide or sulfite” The mixture of
sulfide, trithionate and thiosulfate as products of dSIR catalysis
was detected after removal of membrane fraction,”**® in the
whole cell extracts (from D. vulgaris) only sulfide product was
observed.”? Additionally, dSIR purified from the membranes
produces mainly sulfide, while dSIR extracted from the soluble
fraction catalyzes formation of a mixture of three products.””
From the analysis of the invivo and invitro products and
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Figure 3. Catalytic reaction catalyzed by dSIR consisting of three steps of
coupled two electrons and two protons transfer (light blue background). The
scheme includes production of trithionate and thiosulfate as side products
formed as a result of electron deficiency (white background).

available crystallographic data®® (Figure 2), it can be concluded

that in dSIR reaction y subunit, also called DsrC protein, might
play an important role. DsrC protein (y subunit) with highly
conserved C-terminus containing two cysteine residues is also
considered as separate protein which delivers electrons to
siroheme-[4Fe4S] cofactor. DsrC protein might be reduced by
the DsrMKJOP membrane complex (disulfide/thiol reductase
activity).”?
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Within the (af), core of dSIR, @ and S subunits reveal presence of the iron in the “structural” siroheme-[4Fe4S]
similar tertiary structures, which are divided into three domains  cofactor in dSIR from A. fulgidus in comparison to sirohydro-
A1/B1, A2/B2 and A3/B3.2? A1 and B1 domains consists of four-  chlorins deprived of iron in the corresponding sites of
or five-stranded antiparallel S-sheet, flanked by two a-helices.  D. vulgaris and D. gigas (Figure 4). Both “structural” and “func-
A1 domain contains additionally two helices at N-terminus. The  tional” cofactors are located in the interface between a and
A2 and B2 domains are arranged in five-stranded f-sheet and  subunits. The catalytically active siroheme-[4Fe4S] cofactor is
several a-helices. The A2 and B2 domains bind [4Fe4S] cluster  surrounded by strictly conserved residues: Ra80, Ka215, Ra229,
from siroheme-[4Fe4S] cofactor. In the A2 domain [4Fe4S] is  Ra358, Ra360 in A. fulgidus (Ra83, Ka217, Ra231, Ra376, Ru378
bound in proximity to the catalytically inactive (deprived of iron  in D. gigas and D. vulgaris) interacting with carboxyl groups of
or blocked by tryptophan residue, see Figure 4) siroheme and  siroheme and Ra98, Ra170, Ka211, Ka213 in A. fulgidus (Ra101,
coordinated by four cysteines from the CX;CX,CX;C motif, which ~ Ra172, Ka213, Ka215 in D.gigas and D. vulgaris, Figure 4)
is strictly conserved in known representatives of sulfite engaged in strong electrostatic interactions with oxygen atoms
reductases.””?” Such “structural” siroheme-[4Fe4S] cofactor is  of sulfite. These latter four residues are proposed to deliver
buried in the protein on the interface between a and 3  some of protons required for sulfite reduction.”? It is hypothe-
subunits. The B2 domain binds another [4Fe4S] cluster, which  sized that during sulfite reduction the active site of dSIR does
constitutes “functional” siroheme-[4Fe4S] cofactor, by four not undergo major conformational changes.” Sulfite ion is
cysteines from a different CX,CCX;C motif conserved in most  bound to the siroheme iron as an axial ligand forming trigonal
dSIR enzymes (exception is dSIR from P. aerophilum, which  bipyramidal arrangement and interacts with two arginines and
contains CXsCX,CX;C motif in both « and 8 subunits).*? two lysines, which besides delivery of protons can facilitates

The iron cation within the “functional” siroheme from B  release of water molecules."*? Based on results of experimental
subunit is bound to [4Fe4S] cluster by thiolate group of and theoretical studies, it is proposed that sulfite ion is firstly
conserved cysteine. This exchange-coupled siroheme-[4Fe4S]  protonated by water molecule or it is protonated prior binding
cofactor was found at the active sites of enzymes capable of leading to HSO,™ ion interacting with iron.*" Spectroscopic
sulfite or nitrite reduction.”’¥ The A3 and B3 domains display  and crystallographic studies lead to proposal of mechanism
ferredoxin fold and are inserted within the A2 and B2 domains  presented in Figure 3, for which several key intermediates have
from a and 8 subunits, respectively.”? They are arranged into  been identified so far.253'3437
two two-stranded f3-sheets flanked by three a-helices and bind The siroheme Fe(lll)-sulfite adduct has been observed
another [4Fe4S] cluster. In the 8 subunit this additional [4Fe4S]  spectroscopically and structurally.’**® Sequential reaction steps
cluster is coordinated by four cysteine residues and positioned  involving protons and electrons delivery were proposed to lead
about 6 A from protein surface and about 13 A from catalyti-  through SOOH™/SO,™ to SOH™ ligand, which upon dehydration
cally active siroheme-[4Fe4S] cofactor, which indicates its  process is transformed to the final sulfide product (Figure 3).
possible role in transfer of electrons from external source to the  The exact sequence in which protons and electrons are
catalytic site (Figure 5).”? Comparison of the available crystal  delivered to the active site is debatable, thus DFT calculations
structures of dSIR derived from D. vulgaris, D.gigas and  were performed by Silaghi-Dumitrescu and Makarov to analyze
A. fulgidus revealed that the overall structure of (af3), hetero- the path of sulfite reduction catalyzed by dSIRP* In this
tetramer from A. fulgidus is similar to that of D.vulgaris and  computational study, small model of dSIR active site was used,
D. gigas, with only small difference in the N- and C-terminal  containing siroheme without any lateral substituents, sulfite/
fragment of a and [ subunits and two longer loops in the sulfide ion and methyltiolate ligand coordinating heme and
ferredoxin domains (A3/B3).%? The most important difference is  iron-sulfur cluster. The [4Fe4S] cluster was not included in the

\ / “functional” cofactor \

sirohydrochlorin

siroheme siroheme

Cal75 A. fulgidus

=N

Figure 4. The binding sites of “structural” (red frame) and “functional” (green frame) siroheme-[4Fe4S] cofactor within the crystal structures of dSIR from
Desulfovibrio gigas and Archaeoglobus fulgidus.
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Figure 5. (A) The structure of (af3), tetramer derived from Archaeoglobus fulgidus (PDB code: 3MM5) with marked structural domains: A1 (yellow), A2 (red), A3
(orange), B1 (light blue), B2 (green), B3 (magenta), binding sites of “structural” (red frames) and “functional” (green frames) siroheme-[4Fe4S] cofactors and
[4Fe4S] clusters in A3/B3 ferredoxin domains (purple frames); (B) Relative position of the “functional” siroheme-[4Fe4S] cofactor and ferredoxin [4Fe4S] cluster

within the structure from Figure (A).

considered QM model according to the assumption that its role
is limited to channeling electrons to the siroheme iron. The DFT
study revealed several possible pathways. The proposed
mechanism starts with Fe(lll)-HSO;~, which by protonation and
dehydration is transformed to Fe(ll)-SOY. The subsequent steps
include one electron reduction to Fe(lll)-SO,”, which after
delivery of two protons and release of water molecule is
transformed to Fe(lll)-SO*. Afterwards, the Fe(lll)-SO™ accepts
three electrons and Fe(ll)-SO™ is formed, from which after
delivery of three protons Fe(IV)-SH is formed.?

The spectroscopic EPR experiments indicated that the
resting state of sulfite reductases has high-spin ferric (S=5/2)
form of siroheme, which might be reduced to high spin ferrous
state (S=2).%%* The electronic structure of the [4Fe4S] cluster
was determined by Modssbauer spectra; two Fe ions forming a
cubane face are ferromagnetically coupled (S=9/2) and two
such pairs interact antiferromagnetically.“” Moreover, theoret-
ical study performed for the models of the siroheme-[4Fe4S]
cofactor revealed that states with antiferromagnetic coupling
between siroheme iron and the closest [4Fe4S] iron are more
stable than those where these iron ions are ferromagnetically
coupled.® The DFT study was performed to evaluate the role
of [4Fe4S] cluster in control of spin state of siroheme iron, the
effect of replacement of siroheme by heme moiety, and the
impact of cysteine bridging siroheme iron and [Fe454] cluster.?¥
The obtained results showed that siroheme ring stabilizes high-
and intermediate-spin state of central iron. Moreover, the
siroheme-[4Fe4S] cofactor provides more negative reduction
potential in comparison to heme. The interaction between

ChemPhysChem 2024, 25, e202400327 (4 of 13)

siroheme Fe(ll) and bridging cysteine was stronger than
corresponding heme Fe(Il)-Cys, while the opposite effect was
observed for models containing Fe(lll) siroheme/heme species.
Importantly, the presence of the [4Fe4S] cluster in the model
significantly strengthens this bond in the models containing
ferric siroheme/heme state. The model containing Fe(ll) siro-
heme/heme iron and [4Fe4S] cluster revealed the weakest iron-
Cys interaction. It was found that the most stable states have
opposite spins on siroheme iron and the closest iron from iron-
sulfur cluster. Summarizing, presence of siroheme instead of
heme was found to be crucial for SIR activity. Ligand field
interactions between iron and coordinating atoms are de-
creased in systems containing siroheme, which causes stabiliza-
tion of the high spin states. In a recent theoretical study it was
found that the presence of the [4Fe4S] cluster in the dSIR active
site influences the electronic properties of siroheme by
increasing its electrophilicity, which in turn strengthens the
interaction between the siroheme group and the substrate.”"

The theoretical study performed so far on the dSIR reaction
mechanism® applied a small model, which did not include
[4Fe4S] cluster and active site residues; the latter most likely
play an important role as proton donors and reaction
regulators. The results indicated several possible reaction path-
ways for sulfite reduction and did not provide any information
about the source of required protons and electrons.

The QM cluster approach is the main theoretical method
used to study reaction mechanisms catalyzed by metalloen-
zymes. Its application has enriched our knowledge about many
redox processes and enabled the interpretation of spectro-
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scopic, crystallographic and mutagenic results.**™*¥ Nowadays,

it is possible to effectively use large models (over 200 atoms),
which if designed appropriately, show very good accuracy in
reproduction of the results of experimental studies.” In the
present study, we explored the reaction energy landscape with
the use of a more complete active site model, which provided
insight into the structure of the most stable dSIR reaction
intermediates. We also learned about the role of [4Fe4S] cluster
in the catalysis and checked which active site residues might be
directly involved in sulfite reduction as proton donors.

Models and Methods

Three cluster models of dSIR active site were constructed based on
the crystal structure of Archaeoglobus fulgidus dSIR in complex with
sulfite ion (PDB code: 3MMD5), i.e. small model, medium model and
large model (Figure 6, Supplementary Data). The mechanism of
dSIR reduction was modeled using the medium model, while the
small and large models were applied to understand the properties
of the siroheme-[4Fe4S] cofactor and its sensitivity to the protein
environment. Small model (99 atoms) contains only siroheme with
its propionates replaced by methyl groups, [4Fe4S] cluster and its
four cysteine ligands (C5140, C5177, C5178, C3182) with their Ca
atoms replaced by hydrogens. The medium model (184-190 atoms,
Figure 7), which is considered to be sufficiently large to preserve
key properties of the active site, contains HSO;™ anion, three water
molecules, siroheme with propionate moieties replaced by methyl
groups, [4Fe4S] cofactor, Ra98, Ra170, Ka211, Ka213 from «
subunit and C3140, C4177, C5178 and C3182 from S subunit with
their Ca carbons replaced by hydrogen atoms. The large model
(255 atoms) in addition to the components of the medium model
also contains seven residues from the [4Fe4S] cluster surroundings,
belonging to the ( subunit, i.e. T$134, Q3135, GS136, Wj137,
TB142, P3143, NB180. For the T3134-W[137 fragment, the protein
backbone and the side chain of T134 were included, whereas side
chains of Q3135 and WS137 were replaced with hydrogen atoms.
In the case of T134 its amino group and for W3137 its carbonyl
group from protein backbone were replaced by hydrogen atoms.
For T3142-P(143 dipeptide, the amino group of T$142 and the
carbonyl group of PB143 from protein backbone were replaced
with hydrogen atoms, while N3180 was included with Ca replaced

by hydrogen atom. In the large and medium models, the sulfite
anion was protonated on the oxygen facing the water channel
(Figure 7). During geometry optimization of all models constraints
were imposed on Cf carbons, hydrogen atoms replacing Ca, Cf
carbons, CO and NH moieties from protein backbone and carboxyl
groups in siroheme. The protonation states of the residues included
in the models were estimated based on the pKa evaluation
performed with the Propka 3.1 program.“®*”! Thus in physiological
conditions (pH=7.0), Ra98 (pKa=12.97), Ra170 (pKa=11.33),
Ka211 (pKa=9.67) were fully protonated (positively charged), while
Ka213 (pKa=6.59) was included in its neutral state. Since Ka213
and Ka211 interact with each other, within this study, we tested
structures containing either Ka211 or Ka213 deprotonated to
present the most stable geometries in this manuscript. Some fully
protonated models were also tested in order to model a proton-
rich environment.

All quantum mechanical (QM) calculations were performed with
Gaussian 16 program.”® Geometries of considered stationary points
were optimized using DFT/B3LYP (hybrid exchange-correlation
functional) method combined with D3 Grimme's correction for van
der Waals interactions®®* computed with the Becke-Johnson
damping®™ and def2-SVP basis set.”” This method was suggested
for models containing siroheme-[4Fe4S] complex by Branzanic et
al.”® The final energies of optimized geometries were computed as
a combination of DFT-B3LYP-D3/def2-TZVP energies computed
with the polarisable continuum model (PCM) of protein environ-
ment (the integral equation formalism variant with dielectric
constant of 4.0 and radius probe of 1.4%%) and zero-point energy
corrections computed from vibrational analysis performed on the
DFT-B3LYP-D3/def2-SVP level of theory.

Results and Discussion

Multi-sequence alignment for subunit a revealed that two
arginine (Ra98 and Ra170 in A. fulgidus) and two lysine (Ka211
and Ka213 in A. fulgidus) residues directly interacting with
sulfite anion (Figure 7C,D), as well as the following residues:
Ra80, Ta133, Ya210, Ka215, Ka314, Ra358, Ra360 (numbering
from A. fulgidus) interacting with the “functional” siroheme are

® Important spin SMALL MEDIUM LARGE
HO Ral170 @ populations ox- red- 0x- red- ox- red- 0x- red-
H.O 2 Ko211 empty empty = empty empty = HSO; | HSO;y | HSO; = HSOy
2~ H,0 73@ aais SRM | Fe(SRM) 377 3.77 3.72 372 3.73 3.72 3.75 373
— o
HO—gV=0 i 0.15 0.12 0.16 0.17 0.15 0.14 0.14 0.13
Ra98® | siroheme | 7 Lo | ' 4
Fel 3.88 3.70 3.87 3.87 3.88 371 3.90 3.68
(si:;eh'me) Fe2 3.72 -3.69 -3.76 -3.75 -3.75 -3.77 -3.70 -3.74
s—cp182 [4Fe4sS] Fe3 -3.67 -3.72 -3.64 -3.65 -3.65 -3.67 -3.69 -3.66
| Fed 3.87 3.74 3.86 3.86 3.86 3.78 3.89 3.84
S /S—/Fes 0.42 0.10 0.20 0.26 0.28 0.19 0.20 0.17
Cp140~ \Felz—,—s | NB180 | 45 : Rl S I e I s
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TB142 o a7
B 03178/ s—Fet—>~cp177 ( TR134 of | CBI7ZS) 030 016 | 03 03 | 03 | 014 | 025 | 008
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Cp182(S)  -0.09 -0.04 0.02 -0.01 -0.01 0.03 0.05 0.00
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other Ral70 - - 0.00 091 0.00 0.00 0.00 0.00

Figure 6. The diagram showing the contents of the small (on white background), medium (on white and blue background) and large (on white, blue and
green background) models and the table with important spin populations gathered from optimized geometries of the following versions of dSIR active site:
“ox-empty” - oxidized siroheme-[4Fe4S] deprived of the sulfite; “red-empty” — one-electron reduced siroheme-[4Fe4S] deprived of the sulfite; “ox-HSO;™" -
oxidized siroheme-[4Fe4S] with the sulfite ion bound; “red-HSO; ™" — one-electron reduced siroheme-[4Fe4S] with the sulfite ion bound.
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Figure 7. Optimized structures of the medium model: (A) with oxidized siroheme-[4Fe4S] and deprived of the sulfite; (B) with one-electron reduced siroheme-
[4Fe4S] and deprived of the sulfite; (C) with oxidized siroheme-[4Fe4S] and the sulfite ion bound; (D) with one-electron reduced siroheme-[4Fe4S] and the

sulfite ion bound.

strictly conserved in the dSIR sequences derived from Archae-
oglobus fulgidus, Desulfovibrio gigas, Desulfovibrio vulgaris and
Desulfomicrobium norvegicum. Multi-sequence alignment for
subunit in turn confirmed the conservation of four cysteines
(CB140, CB177, CB178 and CPB182 — Figure 7) coordinating
[4Fe4S] cluster. The most extensive crystallographic data are
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available for dSIR derived from Archaeoglobus fulgidus. For
A. fulgidus are available dSIR crystal structures with substrate:
sulfite, final product: sulfide, as well as with molecules, i.e. CN7,
CO, NO,~, NO;~, which may simulate intermediates of sulfite
reduction and their interactions with active site residues). The
multi-sequence alignments revealed that the most important
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residues within dSIR active site are strictly conserved in
sequences of all crystal structures available in the PDB database,
thus we chose crystal structure of dSIR in complex with sulfite
anion (PDB code: 3MM5, resolution of 1.80 A)**! derived from
Archaeoglobus fulgidus for QM study focused on the mechanism
of sulfite reduction.

Siroheme-[4Fe4S] Cofactor and Substrate Binding

Theoretical studies began with optimizing the enzyme-sub-
strate (ES) complex using models of various sizes and establish-
ing a size sufficient to model the reaction catalyzed in the
active site of the dSIR representatives. The ES complex was
optimized for medium (Figure 7C,D) and large (Supplementary
Data) models with two versions of siroheme-[4Fe4S] cofactor
(Figure 6): oxidized (formally Fe(lll)-siroheme-[4Fe4S]) and one-
electron reduced (formally Fe(ll)-siroheme-[4Fe4S]). For the
small and medium models siroheme-[4Fe4S] cofactor was
optimized in the absence of substrate in order to investigate
how the binding of sulfite substrate affects the siroheme-
[4Fe4S] spin distribution. For the small model the oxidized and
reduced siroheme-[4Fe4S] cofactor was optimized with and
without the constraints imposed on the hydrogen atoms
replacing propionates from siroheme and the Ca of [4Fe4S]
ligands to check whether the geometry of the siroheme-[4Fe4S]
cofactor determined by the dSIR active site affects its electronic
configuration. The results obtained for the small model showed
that regardless of whether the positions of the siroheme and
cysteine ligands were constrained or not, similar spin distribu-
tions were obtained for the oxidized and reduced siroheme-
[4Fe4S]-cofactor.

Oxidized siroheme-[4Fe4S] cofactor was characterized as
containing siroheme high spin iron in oxidation state between
Fe(ll) and Fe(lll) (Fe(SRM) in Figure 6 and Figure 7A,C), and
[4Fe4S] containing two high spin Fe(lll) (Fe1 and Fe4 in Figure 6
and Figure 7A,C), one high spin Fe(ll) (Fe3 in Figure 6 and
Figure 7A,C) and one iron ion in state between Fe(ll) and Fe(lll)
(Fe2 in Figure 6 and Figure 7A,C). The spin distribution for
oxidized cofactor observed in the small model was preserved in
the medium model deprived of HSO;™ anion, as well as in the
medium model and large model including HSO;~ (Figure 6).
This result indicates that the oxidized state is a stable state of
siroheme-[4Fe4S] cofactor, which is supported by the EPR
spectroscopy results.?** The QM calculations revealed addi-
tionally that spin distribution within the oxidized siroheme-
[4Fe4S] cofactor is preserved regardless of the size of the
considered model (insensitive to the interactions with protein
surroundings) or even substrate binding.

One-electron reduction of oxidized siroheme-[4Fe4S] cofac-
tor provides more varied results for electronic configuration in
the models considered. In the small model, spin population is
almost evenly distributed among all the iron cations in reduced
siroheme-[4Fe4S] cofactor taking values from 3.69 (Fe2) to 3.77
(Fe(SRM) in Figure 6). Interestingly, optimization of medium
model without HSO;™ results in a structure containing oxidized
siroheme-[4Fe4S] cofactor and a radical formed on Ra170
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(Figure 6 and Figure 7B) suggesting that an electron delivered
to the active site cannot reduce the siroheme-[4Fe4S] cofactor
until the substrate is bound. The optimization of medium model
with HSO;~ bound (Figure 7D) revealed reduced siroheme-
[4Fe4S] cofactor containing the lowest spin population on Fe3
(3.67) and the highest on Fe4 (3.78). Such tendency in spin
distribution within reduced siroheme-[4Fe4S] cofactor is main-
tained in the large model (Figure 6), i.e. the lowest spin
population on Fe3 (3.66) and the highest on Fe4 (3.84).

Summarizing, the obtained results revealed that one-
electron reduction of siroheme-[4Fe4S] cofactor is only possible
after substrate binding and what is more important the delivery
of an electron does not affect the spin population on siroheme
iron, which is maintained in Fe(ll)/(lll) state (spin population of
3.72-3.75 in oxidized and reduced versions of cofactor), but
influences the spin populations within the [4Fe4S] cluster
(Figure 6). Moreover, preliminary studies have shown that the
medium model seems to be sufficient to model the reduction
reaction, as it qualitatively reproduces the distribution of the
spin population in the oxidized and reduced siroheme-[4Fe4S]
cofactor observed in the large model.

The Concept of the Sulfite Reduction Mechanism

Based on the crystallographic studies it has been suggested
that the electrons necessary for the reduction of sulfite to
sulfide are provided by oxidation of two conserved cysteines
from the C-terminus of the DsrC protein, which is also
considered as a y subunit of dSIR (Figure 2).*? The DsrC protein
in turn acquires electrons and protons through interaction with
DsrMKJOP membrane complex with disulfide/thiol reductase
activity.®* The crystallographic studies revealed that DsrC binds
to the (af), heterotetramer of dSIR, positioning C-terminal
conserved cysteine in the vicinity of functional siroheme ring.
This fact was taken into account in the present consideration of
dSIR mechanism by checking the energy needed to oxidize two
cysteines, leading to the formation of a disulfide bond and
release of two hydrogen atoms. In order to calculate the energy
of two-electron oxidation of the two conserved cysteines
present at the C-terminus of the DsrC protein, a small QM
model containing only these two cysteines was constructed.
Computations were performed using the same level of theory
as applied to the models of dSIR active site. The results revealed
that the release of the first hydrogen atom costs 82.1 kcal/mol,
while the binding energy of the second hydrogen atom is only
27.5 kcal/mol (thus releasing two hydrogen atoms requires
109.6 kcal/mol). This result indicates that the release of a proton
and an electron initiates the transfer of the remaining proton
and electron and leads to the formation of a disulfide bond.
This is consistent with the observation from the previous
section that the supply of one electron to the active site of dSIR
leads to a change in the oxidation state of the [4Fe4S] cofactor,
while the sulfur atom from the reactant can only be reduced by
delivery of two electrons. In conclusion, it seems reasonable to
investigate the dSIR mechanism as three steps of two-electron
reduction of sulfite to sulfide, as it reflects the stability of sulfur
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compounds at even oxidation states of S. This approach
significantly reduces the number of possible intermediates that
need to be tested; in subsequent studies it can be further
expanded by considering elementary one-electron reduction
steps.

Three Steps of Two-Electron Reduction

The starting point for the modeling of the dSIR catalytic
reaction is the geometry optimized for the medium model for
the ES complex labeled as R and presented in Figure 7C. It
contains HSO;~ anion, oxidized siroheme-[4Fe4S] cofactor,
positively charged Ra98, Ra170, Ka211 and neutral Ka213,
since according to the results of pKa predictions Ka213 (pKa=
6.59) prefers its deprotonated state. In the available crystal
structures, Ka211 and Ka213 interact with each other, thus the
ES complex was also optimized in a version containing neutral
Ka211 and positively charged Ka213, but during geometry
optimization proton transfer occurred from Ka213 to Ka211
leading back to R structure. The proton located on the HSO;~
ion is directed towards a 15 A long water channel that connects
the active site with the protein surface (Figure 7C,D).

The QM calculations revealed that proton transfer within R
structure from Ka211 or Ra170 to HSO;™ ion, leading to H,SO,
is unlikely, because H,SO; is unstable and proton returns to the
donor. It was possible to optimize the SO,-Fe(lll)-siroheme-
[4Fe4S] intermediate formed as a result of proton transfer from
Ra98 to HSO;™ coupled with the release of a water molecule,
but it is by 27.4 kcal/mol less stable than R, therefore its
formation was excluded from the consideration of feasible
mechanism. However, the SO,-Fe(lll)-siroheme-[4Fe4S] inter-
mediate was tested en route to SOOH-Fe(lV)-siroheme-[4Fe4S]
or SOOH -Fe(V)-siroheme-[4Fe4S] intermediates formed by
proton transfer from Ka211 or Ra170, but in all tested versions
they were unstable (geometry optimizations led back to the the
SO,-Fe(lll)-siroheme-[4Fe4S] intermediate), which indicates that
sulfur reduction requires delivery of electrons from external
source, i.e. electrons available within the Fe(lll)-siroheme-
[4Fe4S] cofactor are not sufficient.

In the rest of the manuscript, for the sake of readability, the
names of the intermediates will appear according to the
following key: superscript ™" indicates X additional protons,
while ” indicates Y additional electrons introduced into the
system with respect to R.

Delivery of the First Packet of Two Electrons and Two Protons

Delivery of two electrons and two protons to the R structure
with oxidized siroheme-[4Fe4S] binding HSO;~ (S(IV)), leads
directly to formation of SOOH-Fe(lll)-siroheme-[4Fe4S] with ~O-
S-OH containing S(Il) and release of a water molecule. The QM
results indicate that the most stable SOOH™-Fe(lll)-siroheme-
[4Fe4S] structure (**'117 in Figure 8) contains, similarly to R,
positively charged Ra98, Ra170, Ka211 and neutral Ka213. We
tested also structures with protonated Ka213 and deprotonated
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either Ra98, Ra170 or Ka211, but all of them turned out to be
less stable than *#11% by 13.3, 6.9 and 1.2 kcal/mol, respec-
tively. This result shows that Ka213 and Ka211 can exchange
proton during reaction and are the most likely mediators for
the transport of protons to HSO;™. In all tested scenarios, the
two electrons are transported directly to the sulfur atom,
leading to its reduction from S(IV) in HSO;™ ion (R) to S(Il) in
SOOH™ (**'11%), while two protons are delivered to the oxygen
atom of sulfite, causing dissociation of the water molecule.
Coupled delivery of two electron and two protons does not
change the oxidation state of the [4Fe4S] cluster, whose spin
distribution resembles that for the oxidized state of ES complex
(R in Figure 7CQ).

The *#11? containing SOOH™ can be further converted to a
complex containing the S(OH), intermediate (HO-S-OH) by
proton transfer either from Ka211, Ra98 or Ra170. The results
revealed that the most likely scenario is a proton transfer from
Ka211 leading to 2127 (Figure 8) containing deprotonated
Ka211 and Ka213, which is only 1.4 kcal/mol less stable than
*+2H112 This proton transfer occurs with a negligible barrier, and
thus in the case of electron deficiency "2712? is a feasible
intermediate in the mechanism of trithionate (S;07") formation
(Figure 3). The other scenarios of the formation of S(OH), were
also tested but the modeled intermediates were unstable
(proton returns to the donor) or characterized by significantly
higher energy (by 9.9-20.6 kcal/mol than *?/1%, details in
Supplementary Data). All scenarios of further reduction of sulfur
S(I) from SOOH™ or S(OH), to sulfur S(I) in SOH or sulfur S(0) in
SOH™ have been tested and excluded due to the instability of
the SOH-Fe(lV)-siroheme-[4Fe4S] and SOH™-Fe(V)-siroheme-
[4Fe4S] complexes.

Delivery of the Second Packet of Two Electrons and Two
Protons

Subsequent delivery of a set of two electrons and two protons
to 1% containing SOOH™ (“O-S(I)-OH) leads directly to a
two-electron reduction of sulfur, release of a water molecule
and formation of the SOH™ intermediate (S(0)-OH") labeled as
+#1% in Figure 8. The results of QM calculations show that
among all optimized SOH™-Fe(lll)-siroheme-[4Fe4S] structures,
the most stable (**/1%) contains positively charged Ra98,
Ra170, Ka213 and neutral Ka211. The other complexes
containing SOH™ intermediates are by 7.2-10.4 kcal/mol less
stable than **/1% (details in Supplementary data). Interestingly,
SOH™-Fe(lll)-siroheme-[4Fe4S] structure containing deproto-
nated Ka213 is by 8.8 kcal/mol less stable than **//1%, which
indicates that Ka211 may be involved in the delivery of proton
to SOOH™ and/or dissociation of water molecule. As in the
previous reaction step, transfer of two electrons and two
protons to the “#/1¥ complex does not affect the spin
populations observed on siroheme-[4Fe4S] cofactor, which
remains oxidized like R in Figure 7C.

As with the previous oxidation states of the active site,
evolution of the **/1% by providing a proton to SOH™ from
adjacent positively charged residues (Ra98, Ra170, Ka213) was
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Figure 8. Scheme of the dSIR catalytic reaction considered as three steps of two-electron reduction, obtained on the basis of the performed QM calculations.

also tested. The QM calculations reveal that proton transfer
from Ra170 to S(0)-OH™ in *11% leads to the formation of S(-lI)
bound to the siroheme-[4Fe4S] cofactor (**'12* in Figure 8) and
the release of water molecule. The *#12% contains positively
charged Ra98, Ka213 and deprotonated (neutral) Ka211 and
Ra170. Spin populations observed for “*12* (see Supplemen-
tary data) indicate that it can be written as S™%-Fe(IV)-siroheme
radical-[4Fe4S], thus the two electrons used for sulfur reduction
come from siroheme iron and siroheme ring. Interestingly, in
the *12% structure the [4Fe4S] cluster maintains the distribu-
tion of spin populations observed in all intermediates described
so far and reported for R in Figure 7C. The S™%-Fe(IV)-siroheme
radical-[4Fe4S] is only by 0.5 kcal/mol more stable than *#/1%,
but its formation is associated with a relatively high energy
barrier of 15.1 kcal/mol due to the dissociation of an S—O bond
and the associated change of oxidation state of sulfur.
Protonation of S>~ by Ka213 leads from *12* to the *#/p¥
structure containing sulfide anion (SH™) bound to the Fe(IV)-
siroheme radical-[4Fe4S], deprotonated Ra170, Ka211, Ka213
and positively charged Ra98. The formation of **P*, which is
by 5.9 kcal/mol less stable than “*12%, is connected with a
barrier of 7.0 kcal/mol (TS3 in Figure 8). The remaining scenarios
for the formation of S™>-Fe(IV)-siroheme radical-[4Fe4S] and
SH™-Fe(lV)-siroheme radical-[4Fe4S] were energetically less
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favorable, so they were omitted from this description (Supple-
mentary Data).

Delivery of the Third Packet of Two Electrons and Two Protons

The final step of sulfite to sulfide reduction is delivery of the
third set of two electrons and two protons to the **#11¥
complex containing neutral Ka211 and S(0)-OH~, which leads to
the two-electron reduction of sulfur atom, release of a water
molecule and production of the sulfide anion (HS™). The most
stable enzyme-product (EP) complex, labeled as ***P® (Figure 8)
contains, similarly to **/1%, neutral Ka211 and positively
charged Ra98, Ra170 and Ka213. The other versions of EP
complex containing neutral Ka213 or Ra98 are characterized by
very similar final energies, which are by 0.1 and 1.8 kcal/mol
higher than **P%, respectively. The least likely intermediary in
proton transfer to SOH™ is Ra170, because the EP structure
containing deprotonated Ra170 is by 7.0 kcal/mol less stable
than +61p°’ Similarly to the previous reaction step, transfer of
two electrons and two protons to the **/1% complex does not
affect the spin populations on siroheme-[4Fe4S] cofactor, which
maintains the oxidation state observed in the ES (Figure 7C).
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Summary of the Considered dSIR Mechanism

Summarizing, the performed QM studies showed that the
reduced form of siroheme-[4Fe4S] can only be obtained if one
electron is supplied from an external source to the ES complex.
Moreover, the electronic configurations of RO’ (Figure 7B) and R’
(Figure 7D) indicate that the presence of sulfite bound to the
siroheme is necessary for the one-electron reduction of the
siroheme-[4Fe4S] cofactor. This observation is consistent with
the conclusion drawn from EPR experiments that oxidized
siroheme-[4Fe4S] is the resting state of dSIR active site.**** The
present study revealed that progress of the catalytic reaction
associated with sulfur reduction is only possible when two
electrons are available, thus we suspect that reduced siroheme-
[4Fe4S] cofactor can be observed only during in vitro experi-
ments in conditions of deficiency of electrons. Under electron-
deficiency conditions the reaction stops at the stage of the ES
complex, which in turn made it possible to obtain its crystal
structures, which are available in the Protein Data Bank. The
results of QM studies carried out for the mechanism of coupled
transfer of two electrons and two protons in three sets support
the hypothesis formulated based on crystallographic studies
that the siroheme-[4Fe4S] site does not undergo major geo-

metric rearrangements™®' and presumably retains its electronic
configuration throughout the main intermediates defining the
reaction mechanism.

dSIR Catalytic Cycle

The energy diagram presented in Figure 9 was constructed
according to the method proposed by Per Siegbahn and
Margareta Blomberg®™ and includes the final energies of the
most stable stationary points of dSIR cycle corrected for the
energetic costs of substrates binding (HSO,~, 6H*, 6e”) and
releasing of products (3H,0, HS™). Therefore, the following data
were used to estimate the final energies presented in Figure 9
of the states of active sites involved in the dSIR catalytic cycle:
i) final zero-point corrected electronic energies of the presented
stationary points optimized using the medium model; ii) elec-
ctronic energies (computed with the same method as final
energies of the stationary points) of the following species:
hydrogen atom, water molecule, sulfite (HSO;") and sulfide
(HS™) anions; iii) the hydration energy computed using SMD
model® for water molecule, sulfite (HSO;7) and sulfide (HS")
anions; iv) the energy required for two-electron oxidation of
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Figure 9. Energy diagram presenting dSIR catalytic cycle considered according to the mechanism, where three sets of two electrons and two protons are

delivered to the dSIR active site.
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two cysteines from DsrC protein (provides the electrons end
protons required for catalytic reaction of dSIR), formation of
disulfide bond and dissociation of two hydrogen atoms. It was
computed that energy required for this process to occur equals
109.6 kcal/mol (82.1 kcal/mol for the first hydrogen atom and
27.5 kcal/mol for second H atom).

The energy diagram revealed that reduction of sulfite to
sulfide produces an energy of 38.2 kcal/mol, which is reasonably
consistent with the experimental standard Gibbs free energy
change for the reduction of sulfite to sulfide (AG°=—36.4 kcal/
mol"®) and gives an error of 1.8 kcal/mol. The rate limiting step
of the thus far recognized reaction mechanism is formation of
the *2"11? (SOOH™-Fe(lll)-siroheme-[4Fe4S]) intermediate as a
result of the delivery of the first set of two electrons and two
protons from the DsrC protein. Therefore, this reaction step was
tested in more detail and decomposed into two steps of
coupled electron and proton transfer. For this purpose, we
optimized various variants of intermediates resulting from the
acceptance of one electron and one proton by the ES complex
(R). Among all optimized structures, the most stable is
intermediate labeled as ™11 and containing neutral Ka213, SO,
bound to the Fe(ll) of siroheme and the [4Fe4S] cluster with the
distribution of spin populations observed in R (Supplementary
Data). For comparison, structure "R, obtained from R by
protonation of Ka213 and reduction of siroheme-[4Fe4S]
cofactor is by 8.6 kcal/mol less stable than ™/1". However,
taking into account the energy of the release of the first
electron and proton from the DsrC protein (82.1 kcal/mol)
makes /1" 39.6 kcal/mol less stable than R, which argues
against this intermediate. Interestingly, the observation of the
enzyme in vitro shows that dSIR extracted from the soluble
fraction catalyzes formation of the mixture of sulfide (SH"),
$;02" and 5,037 ”” which may indicate the existence of an
internal electron source in the dSIR enzyme, independent of the
presence of membrane proteins. The internal electron source
can also support the reaction path leading from *11% to *"p*
(Figures 8 and 9) by making up for the electron deficiency
appearing on the siroheme ring in **12% intermediate (Fig-
ure 8). The presence of the additional [4Fe4S] cluster within
ferredoxin domain® in close vicinity of the siroheme-[4Fe4S]
site (13.5 A, Figure 5) makes such support of the catalysis by
supplying an electron from an internal source possible.
Unfortunately, the redox potential of [4Fe4S] cluster from A3/B3
ferredoxin like domains is unknown, thus, we are not able to
include it in computational results as an alternative source of
electrons for the dSIR reaction. Considering the generally low
redox potentials for [4Fe4S] in ferredoxins,”® we suspect that a
single electron is easier to obtain from ferredoxin [4Fe4S] than
from the DsrC protein, while protons are accessible through
four protonable residues (Ra98, Ra170, Ka211, Ka213). The
present QM results revealed that during dSIR catalysis sulfur can
be only reduced through two-electron steps, thus delivery of
one electron is connected with reduction of siroheme-[4Fe4S]
cofactor, which in turn, according to the EPR experiments, is
less stable in its reduced form.®*¥ Therefore, the acceptance of
a single electron by an active site containing a reduced
siroheme-[4Fe4S] cofactor with bound sulfur intermediate
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appears to be more energetically favorable than the delivery of
a single electron to the same complex with oxidized siroheme-
[4Fe4S] cofactor. Following this line of reasoning, it seems
tempting to hypothesize that the [4Fe4S] cluster from the B3
ferredoxin domain supports or initiates the supply of electrons
from the DsrC protein.

Conclusions

Summarizing, the results obtained from QM calculations in
combination with the available literature data lead to several
interesting conclusions regarding the course of the reaction of
sulfite to sulfide reduction catalyzed by dSIR. The QM
calculations were performed to test the mechanism of dSIR
reaction assuming the delivery of six electrons and six protons
in three packets of two electrons and two protons. Importantly,
the QM results showed that the two-electron packets delivered
to the active site go directly to the reactant, which means that
the electronic configuration of the siroheme-[4Fe4S] cofactor
does not change for the main reaction intermediates formed
during the catalytic cycle. Moreover, the results revealed that
among four protonable residues interacting with HSO;™ ion,
Ka213 and Ka211 are the best mediators in transport of protons
required for sulfite reduction. The computed energy of catalytic
reaction (—38.2 kcal/mol) is in a good agreement with exper-
imental standard Gibbs free energy change for the reduction of
sulfite to sulfide (—36.4 kcal/mol)."™ Each major reaction step is
initiated by delivery of two protons and two electrons, and
leads from HSYO,~ (R) through S'OOH™ (**11?) and S°OH-
(*11%) to ST"H™ (*%'PY). After delivering each two-electron and
two-proton package, possible evolutions of the system were
considered and the most energetically favorable paths are
presented in Figures 8 and 9. The remaining intermediates are
gathered in the Supplementary Data. The results revealed that
in all stable intermediates sulfur occurs only in the following
oxidation states: IV, II, 0, -Il. Considering the mechanism leading
from *#11% to *"P* (modeled as occurring after delivery of the
second packet of two-electron and two-proton), it is energeti-
cally more favorable for the system to take second electron
from the siroheme ring, causing the formation of a siroheme
radical, than to allow one-electron reduction of sulfur (+*/12%
and “#P* in Figure 8), which supports hypothesis of reduction
of sulfur in two-electron steps. However, it should be borne in
mind that although sulfur in the considered system tends to
undergo two-electron reduction, the active site can be reduced
sequentially in one-electron steps. In this case, the electron will
be stored within the siroheme-[4Fe4S] cofactor, which was also
tested in the present study for the ES complex. In the ES-
complexes resulting from the delivery of one electron and one
proton, the [4Fe4S] cluster from siroheme-[4Fe4S] is reduced,
while the spin populations on siroheme remains maintained in
the range of 3.71-3.73 in both oxidized and one-electron
reduced siroheme-[4Fe4S] cofactors. Interestingly, in /1’
containing S"0, bound (formed from *"R' by proton transfer
from Ka213 and dissociation of water molecule), the stored
electron is transferred within siroheme-[4Fe4S] cofactor from
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the [4Fe4S] cluster to siroheme iron decreasing its spin
population from 3.71 in "R’ to 3.43 in """ (Supplementary
Data). In this case, the supply of another electron through the
ferredoxin domain would enable a two-electron reduction of
s"0.,.

The presented theoretical study show that the mechanism
of sulfite to sulfide reduction catalyzed in the dSIR active site
feasibly occurs in three steps of two-electron sulfur reduction.
However, this does not involve the need to deliver two-electron
and two-proton packets to the active site because the cofactor
can store an electron until another electron is delivered to the
system to ensure two-electron reduction of the reaction
intermediate. Therefore, to obtain a full picture of the reaction
catalyzed by dSIR, the here proposed major two-electron/two-
proton steps with their stable reaction intermediates should be
supplemented in future with a description of chemical trans-
formations/electronic structure changes elicited by single
electron/single proton transfer steps.
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