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Abstract: Iron-sulfur ([FeS]) clusters are among the most ancient and functionally

Binuclear

diverse cofactors in biology, mediating processes ranging from electron transfer to

substrate activation and catalysis. Within this broad class, non-cubane [FeS] clusters
exhibit outstanding structural flexibility and chemical versatility. This review summarizes
recent computational advances in elucidating the mechanisms of non-cubane [FeS]
cluster-dependent enzymes, focusing on systems containing [2Fe-2S] and distorted [4Fe—
48] clusters. Representative enzymes discussed include biotin synthase (BioB), Rieske

dioxygenases (NDO, BphA, NBDO), heterodisulfide reductase (Hdr), and carbon
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monoxide dehydrogenases (CODHs), that perform diverse chemical transformations such

as sulfur insertion, aromatic cis-dihydroxylation, S—S bond cleavage, and CO-/CO interconversion. Special emphasis is placed

on how quantum chemical cluster modelling and QM/MM simulations have provided insights into transient intermediates, rate-

determining steps, and the roles of metal nuclearity and heterometal incorporation in tuning catalytic reactivity.
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1. Introduction

Iron-sulfur ([FeS]) clusters ancient

bioinorganic cofactors and have played significant roles in the

are among the most

evolution of cellular life [1,2]. They are essential components of a
wide range of proteins and metalloenzymes, including radical S-
adenosylmethionine (RS) enzymes [3], Rieske dioxygenase (RDOs)
[4], carbon monoxide dehydrogenases (CODHs) [5], nitrogenases
[6], and hydrogenases [7,8]. [FeS] clusters serve diverse functions
such as electron transfer [9], catalysis [3], structural stability [10],
sensor [11], and sulfur donation [12]. These versatile functional
roles are closely linked to the structural diversity of [FeS] clusters.
While the cubane-type [4Fe-4S] cluster has been extensively
studied [13], non-cubane [FeS] clusters have attracted increasing
attention for their notable conformational flexibility and high

chemical reactivity.

[FeS] clusters are composed of iron and sulfur atoms and are
generally denoted as “[mFe-¢S]"”, where m, the nuclearity,
represents the number of iron atoms (ranging from 2 to 18), ¢
denotes the number of bridging sulfide ligands (typically 1 to 30),
and n indicates the overall cluster charge [14]. The variability in
nuclearity (m) underpins the remarkable structural diversity of [FeS]
clusters, which in turn dictates their functional and reactive
properties. At low nuclearity (e.g., m = 2), [FeS] clusters commonly
adopt nonlinear configurations in biological systems [15], such as
the rhomboidal geometry of [2Fe-2S] clusters [16]. As the
nuclearity increases, more complex architectures emerge, including
cuboidal (m = 3) [17], cubane (m = 4) [18], prismatic or basket (m
= 6) [19], monocapped prismatic (m = 7) [20], rhombic
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dodecahedral (m = 8) [21], and edge-bridged tetracubane (m = 16)
clusters [21]. Among these, the cubane-type [4Fe-4S] cluster
(Figure 1.A) is the most extensively studied due to its central role
in electron transfer reactions [22]. In this structure, three iron ions
are typically ligated by cysteine residues from the protein, while
the fourth iron serves as a binding site for an additional cysteine or
other cofactors [22].
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Figure 1. Structural diversity of iron—sulfur ([FeS]) clusters. (A)
The canonical cubanetype [4Fe-4S] cluster. (B) Two representative
non-cubane [FeS] clusters with nuclearities of 2 or 4.

Beyond the canonical cubane-type cluster, growing attention has

been directed toward non-cubane [FeS] clusters in living organisms.

This expanding class of [FeS]-dependent enzymes continues to
reveal novel chemical properties and biochemical functions. Recent
studies have shown that non-cubane [FeS] clusters possess diverse
coordination environments and pronounced structural plasticity,
enabling them to participate in functions beyond electron transfer
[23-26]. Due to the vast diversity of [FeS]-containing proteins and
their wide-ranging biological roles, a comprehensive rationalization
remains challenging. Therefore, this review focuses primarily on
non-cubane [FeS] clusters with nuclearity of 2 or 4, the two most
common forms (Figure 1.B) [27].

In binuclear rhomboidal configurations, the [2Fe-2S] core
ligated by four conserved cysteine residues, [2Fe-2S](Cys)s, is the
predominant motif, commonly found in plant-type ferredoxins (Fd)
involved in electron transport chain [28]. An unusual [2Fe-2S]
configuration has also been identified in the RS enzyme
superfamily [22], where the cluster features three cysteine ligands
and one conserved arginine, forming [2Fe-2S](Cys)s(Arg) [29].
This unique cluster acts as a sulfur donor during reaction [22].
Another distinct coordination pattern, [2Fe-2S](Cys)2(His)2, defines
the Rieske-type dioxygenases, which catalyze the dihydroxylation
of recalcitrant aromatic compounds [30] and hold great promise for
bioremediation applications [31].

Table 1. Reactions catalyzed by non-cubane [FeS] cluster-containing enzymes.

Nuclearity Enzyme Reaction [FeS] Function
0 0
HN)KNH HN)KNH
5 3 - _BioB _
BioB nd 7°° H c>_§/\/\/coo Sulfur donor
39 6 4 2 29\3 ()
NADH +H* NAD*
NDO + 0, Electron transfer
NDO
2
NADH + H*  NAD*
o e ()
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o ow
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NBDO Oe * O NBDO N Electron transfer
SN /
& O Ho
2H*, 2e
Hdr CoMvg-S~cog ———» CoMg-H + 1-S<cop  Electron transfer
4 Substrate
binding/activation

CODHs CO+Hy0

CO,+ 2H*+ 2¢ Electron transfer
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For tetranuclear iron-sulfur clusters, a structurally distinct non-
cubane [4Fe-4S] cluster was identified by Shima et al. in the active
site of heterodisulfide reductase (Hdr), an enzyme involved in the
reduction of heterodisulfide (CoM-S-S-CoB) [32]. This cluster
displays a highly distorted geometry compared to typical cubane
structures [32]. Furthermore, incorporation of heterometals into
[FeS] frameworks adds another layer of structural complexity,
exemplified by the [Ni-4Fe-4S] cluster in CODHs [33]. Recently, a
deviant enzyme termed CooS-Vcn was reported, exhibiting high
sequence and structural similarity to CODHs [34]. Despite sharing
the typical CODHs scaffold, CooS-Ven catalyzes the reduction of
hydroxylamine instead of CO oxidation or CO; reduction. This
attributed to  the
interconversion of its active-site cluster between a reduced [4Fe-3S]
form and an oxidized [4Fe-2S-S*-20-2(H20)] form, underscoring
the remarkable evolutionary plasticity of metalloenzyme active

functional switch is redox-dependent

sites. In addition, cubane-type [4Fe-4S] clusters serve as precursors
to more complex metallostructures with higher nuclearities. For
example, the P-cluster in nitrogenase adopts an [8Fe-7S] core,
consisting of two incomplete [4Fe-3S] cubane units linked by a
central hexa-coordinated sulfide (us-S), and is presumed to
originate from the fusion of two cubane-type [4Fe-4S] clusters [14].
This unique cluster architecture plays a pivotal role in relaying
electrons from the [4Fe-4S] cluster (Fe-protein) to the FeMo-
cofactor (MoFe-protein) in nitrogenase [35]. Compared to their
cubane-type counterparts, non-cubane [FeS] clusters exhibit unique
evolutionary origins and structural features. In addition to their
canonical roles in electron transfer, these clusters demonstrate
remarkable  multifunctionality = in  specialized  chemical
transformations, including substrate activation and catalysis [36].

In the studies of [FeS] cluster-containing enzymes, a range of
experimental techniques were employed, including isotope labeling,
kinetic analysis, and various spectroscopic methods such as
electron paramagnetic resonance (EPR), Mdssbauer spectroscopy,
electronic absorption spectroscopy, and X-ray diffraction (XRD)
[37-40]. In parallel, theoretical approaches have emerged as
powerful tools for elucidating catalytic mechanisms at the
molecular level. Two widely adopted computational strategies are
cluster modeling [41-45] and quantum mechanics/molecular
mechanics (QM/MM) hybrid method [46]. Cluster modeling
focuses on the enzyme's active site and is particularly effective for
investigating reaction mechanisms, while the QM/MM approach
treats the active center using quantum mechanics and the
surrounding protein environment using molecular mechanics. Both
methods have been extensively applied across a broad range of
enzymatic systems by numerous research groups [41,47-76].

Understanding the reaction mechanisms of non-cubane [FeS]
cluster-dependent enzymes is of both fundamental and practical
significance. In this review, we focus on the computational studies
of enzymes containing non-cubane [FeS] clusters with nuclearity of
2 or 4, including biotin synthase (BioB) [29], naphthalene 1,2-
dioxygenase (NDO) [77], biphenyl 2,3-dioxygenase (BphA) [78],
nitrobenzene 1,2-dioxygenase (NBDO) [79], heterodisulfide
reductase (Hdr) [32], and carbon monoxide dehydrogenase (CODH)
[5]. The -catalytic reactions facilitated by these enzymes,
Table 1, sulfur insertion [29],
dihydroxylations of aromatic substrates [77-79], S-S bond cleavage
[32], and CO»/CO interconversion [5].
categorized into two major types based on cluster nuclearity:

summarized in include
These enzymes are

binuclear and tetranuclear iron-sulfur clusters. The relationship

between cluster structure and catalytic function is also discussed.
2. Methods and models

As outlined in the Introduction, two computational approaches
have been developed to investigate the mechanisms of iron-sulfur
cluster-dependent enzymes. The first is the quantum chemical
cluster modelling, also referred to as the all-QM approach. This
method involves extracting a small region of the enzyme around
centered on the active site based on X-ray crystallographic data and
applying high-level quantum chemical calculations to this truncated
system. Over time, density functional theory (DFT) has become the
preferred method for studying electronic structures of such models
[80], with the B3LYP functional widely used due to its favorable
balance between computational efficiency and accuracy. Advances
in computational resources have allowed these cluster models to
grow in size, now commonly encompassing 250-300 atoms. The
surrounding protein environment is treated by considering two key
effects: polarization and steric effects [81]. Polarization is
accounted for using continuum solvation models with a dielectric
constant of 4, simulating the electrostatic influence of the protein
matrix [45]. Steric effects are addressed by employing a freezing
scheme that preserves the crystallographic positions of selected
atoms. Typically, the a-carbon atoms of the residues are truncated
and held fixed, which maintains the structural integrity of the
model while allowing flexibility in the side chains [41]. In the
cluster modelling approach, both hybrid functional (e.g., B3LYP-
D3 [82,83] and M06-D3 [84]) and pure functionals (e.g., BP86-D3
[85,86]) have been employed to investigate the mechanisms of the
non-cubane [FeS] cluster-dependent enzymes. To achieve more
accurate energetics, single-point energy calculations are performed
using a high-level triple-{ basis set, following geometry
optimization with a double-( basis set. This approach offers distinct
advantages: it can capture transient species that often inaccessible
to experimental observation, and it provides detailed insights into
the electronic structures and energetics essential for mechanistic
elucidation.

The second approach is the QM/MM method, which is widely used
to study the catalytic mechanisms of metalloenzymes [87-90]. This
hybrid approach divides the system into two regions: an inner
region (typically comprising the active site, substrates, and
cofactors) treated using quantum mechanics (QM) and an outer
region (comprising the surrounding protein environment and
solvent) treated with molecular mechanics (MM). Commonly
employed force fields for the MM region include AMBER [91],
CHARMM [92], OPLS-AA [93,94], and so on. In practice, X-ray
crystal structures often lack complete information, with missing
amino acid residues or substrate molecules. Therefore, before
constructing the computational model, it is necessary to reconstruct
missing atoms, determine the protonation states of ionizable
residues, and add hydrogen atoms based on estimated pK. values,
as crystallographic data typically provide coordinates only for
heavy atoms. The resulting system is then solvated, and molecular
dynamics (MD) simulations are carried out to equilibrate the
structure and generate representative snapshots, which serve as the
starting points for QM/MM calculations. It is important to note that
the total QM/MM energy is not merely the sum of the individual
QM and MM energies. Instead, a coupling term must be included
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to account for interactions at the boundary between the QM and
MM regions, as described in the equation (1) [95].

Currently, both computational approaches, cluster modelling
and QM/MM, are being extended to increasingly complex systems.
For example, cluster models now frequently exceed 300 atoms, and
QM regions in QM/MM simulations are growing larger [13]. As a
result, the outcomes of these two methodologies are gradually
converging in terms of accuracy and applicability.

3. Non-Cubane binuclear Iron-Sulfur clusters

3.1 Biotin synthase (BioB)

Biotin synthase (BioB), encoded by the BioB gene, is a member of
the radical S-adenosylmethionine (SAM) superfamily of enzymes
[22]. BioB catalyzes the final step in biotin biosynthesis, inserting
sulfur atoms into the desthiobiotin (DTB) precursor at the C® and
C? carbon positions (Table 1) [29]. In nearly all organisms, the
resulting product, biotin, functions as an essential cofactor in
enzymatic carboxylation, decarboxylation, and transcarboxylation

(Cys)s, [4Fe-asT”

NH.
e Yy
oy oD
n
<
cys)s” r\A*? OH 160
CH; HO
SAM

reactions [96,97].

The BioB from Escherichia coli was among the earliest
members of radical SAM enzymes to be structurally characterized
by X-ray crystallography [22] (PDB: 1r30), as reported by Drennan
and co-workers in 2004 [29]. The crystal structure, resolved at 3.4
A, reveals BioB as a homodimer provides detailed insight into its
the active site, including the bound substrate, key cofactors, and
essential amino acid residues [29]. In the active site, BioB contains
the family-defining radical SAM [4Fe-4S]rs cluster, coordinated by
the conserved CX3CX>C motif (C = Cys; X = any amino acid) [22].
Like most radical SAM enzymes [22], BioB utilizes the reduced
[4Fe-4S]ks cluster to donate one electron to SAM, initiating
homolytic cleavage of the S-C> bond. This reductive cleavage of
SAM generates methionine and a highly reactive 5’-deoxyadenosyl
radical (5'-dAdo’) (Scheme 1), which abstracts a hydrogen atom
from the substrate to drive catalysis. The activation barrier of the S-
C” bond cleavage is calculated to be 16.0 kcal mol! at the QM
(B3LYP/SV(P))/MM (CHARMM) level of theory [98].

(Cys)S, [4Fe-4S]2*

(Cys)§\. | NIEHZ
Z X
N
|/—|/Fe “NH; o <N /N/J
S + .
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Methionine 5'-deoxyadenosyl radical
(Met) (5'-dAdo’)

Scheme 1. A typical radical SAM reaction. SAM: S-adenosylmethionine. Energy barrier (in kcal mol!) calculated in the BioB enzyme is

given.

In addition to the [4Fe-4S]}s cluster, BioB possesses an auxiliary
[2Fe-2S]3" ‘aux cluster coordinated by four conserved residues (Cys97,
Cys128, Cys188, and Arg260) as shown in Figure 2. Despite the
unusual presence of an arginine ligand, Broach and Jarrett
demonstrated that Arg260 is not essential for BioB activity in vitro
or in vivo [99]. It has been proposed that Arg260 may play an
electronic, structural, or mechanistic role, potentially related to its
bidentate coordination or its charged state upon protonated
[99,100].

The substrate, desthiobiotin (DTB), is positioned between
SAM and the [2Fe-2S]au cluster. The C° and C¢ carbons of DTB

are located 3.9 A and 4.1 A, respectively, from the C¥ of SAM [29].

Notably, the shortest distance between a bridging sulfide of the

[2Fe-2S]aux cluster and the C° atom is only 4.6 A, suggesting a
direct role for the [2Fe-2S]aux cluster in facilitating C-S bond
formation.

SAM
DTB Ser283
Cys60 i
Cys57 Ser218
i 4
N

e ﬁ
HFHQ%'/ Cys188

Cys53

Figure 2. Crystal structure of biotin synthase (BioB) and its active
site (PDB: 1r30) [29].

In 2010, due to the limited resolution of the available crystal

structure, Ryde and co-workers performed both QM/MM
calculations and quantum refinement to investigate the structural
properties of BioB [100]. Their QM/MM results indicated that the
Arg260 ligand is deprotonated and coordinates to the iron center
via its NH group, rather than NH>. Moreover, quantum refinement
revealed a significantly shorter Fe-Fe distance within the [2Fe-
2S]aux cluster (approximately 2.7 A) compared to the 3.3 A
crystal

crystallographic model may reflect a mixture of redox states or be

observed in the structure, suggesting that the
distorted due to low resolution. The study concluded that more
accurate structural data, complemented by advanced theoretical

investigations, are required to fully elucidate the enzymatic

mechanism.
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Scheme 2. Proposed reaction mechanism for BioB [100].
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Although current theoretical studies of BioB's catalytic mechanism
remain constrained by the resolution of its structural data, a widely
accepted mechanistic proposal is summarized in Scheme 2. Upon
formation of the 5'-dAdo’ radical, the first hydrogen abstraction
occurs at the C° position of DTB, generating a C°-dethiobiotinyl
radical. This methylene radical subsequently forms a C-S bond
with a bridging sulfide from the [2Fe-2S]aux cluster, producing a
stable (MDTB) intermediate [22].
Completion of the biotin molecule requires a second SAM

9-mercaptodethiobiotin

molecule to abstract a hydrogen from the C° position of DTB. The
resulting C®-centered radical undergoes a second C-S bond-
forming reaction with the same auxiliary sulfide in the [2Fe-2S]aux
cluster, ultimately yielding biotin.

Oxygenase
[2Fe'zs]Rieske

Reductase Ferredoxin

[2Fe-2$] Plant
FAD

Figure 3. Electron transport chain in the multicomponent Rieske
dioxygenases (RDOs).

The origin of the sulfur atom in biotin synthesis has long been a
subject of investigation. A growing body of experimental evidence
[101-103] supports the role of the [2Fe-2S]aux cluster as the direct
sulfur donor in this transformation. As shown in Scheme 2, it is
now widely accepted that the [2Fe-2S]aux cluster donates one of its
bridging sulfides during catalysis, effectively sacrificing itself in
the process. To achieve multiple catalytic turnovers, Jarrett and co-
workers proposed that Fe-S cluster biosynthesis systems such as
ISC or SUF regenerate the [2Fe-2S]aux cluster in vivo, thereby
maintaining catalytic efficiency [29]. Future high-resolution
structural data and advanced computational studies will be essential
for deepening the understanding of the BioB catalytic mechanism.

3.2 Rieske dioxygenases (RDOs)

Rieske dioxygenases (RDOs) are non-heme iron-dependent
enzymes that play crucial roles in the bioremediation of polluted
environment [31]. The currently known RDOs primarily catalyze
the initial step in the degradation of aromatic compounds via regio-

Cys s His e Cys His
e 3O 4 Nea3d ONp o4
/F \+S/Fe\+ +  Fe? ;» /F \+ /Fe\J{ .

Cys s His

. .
/\Fea\+ >Fe3\+
Cys S His

and stereospecific cis-dihydroxylation, producing dihydrodiols.
The RDO family is characterized as a multi-component enzyme
system composed of an oxygenase, a reductase, and a ferredoxin
[104,105]. The oxygenase component carries out the catalytic
function and contains both a Rieske-type [2Fe-2S] center and a
non-heme mononuclear iron center [104]. The reductase and
ferredoxin components form the electron transport chain (ETC)
[104], which includes plant-type [2Fe-2S] clusters and Rieske-type

[2Fe-2S] clusters, respectively (Figure 3). The specific roles of
these rthombic [2Fe-2S] clusters within the RDO system will be
discussed in detail in the following sections.

His213

His208

Figure 4. Crystal structure of naphthalene 1,2-dioxygenase (NDO)
and its active site (PDB: 107G) [77].

3.2.1 Naphthalene 1,2-dioxygenase (NDO)

Naphthalene 1,2-dioxygenase (NDO) is one of the most extensively
studied RDOs. It initiates the catabolism of naphthalene by
converting it into cis-dihydrodiol (Table 1). The crystal structure of
NDO (PDB: 107G) was resolved by Ramaswamy’s group in 2003
(Figure 4) [77]. The reaction mechanism of NDO involves five key
steps (Scheme 3). Initially, an additional electron is preferentially
transferred to the iron atom coordinated by two histidines in the
[2Fe-2S]Rrieske cluster [104]. Upon binding of O, and H*, a reactive
Fe'-OOH species is formed, marking the onset of dioxygen
activation. To elucidate the preferred reaction pathway, the
subsequent steps following the substrate attacked by Fe(III)-OOH
have been investigated by theoretical calculations.

.
Oz+H Cys His OH
Fe? NEe3F TNt . o7
e A !
cfs ST s Fe®*
17.5

Scheme 3. Proposed mechanism of aromatic cis-dihydroxylation catalyzed by NDO [104,105]. Energy barrier is given in kcal mol-!.
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In 2004, Siegbahn and co-workers performed DFT calculations to
figure out the reaction mechanism of NDO, using a chemical model
derived from the crystal structure [104,105]. Their study proposed
a concerted mechanism, as illustrated in Scheme 3. The
calculations indicate that the Fe-OOH species oxidizes the
substrate directly via an epoxide intermediate. This involves
heterolytic cleavage of the O-O bond in the Fe"-OOH hydroperoxo
ligand, concurrent with the formation of two new C-O bonds. This
step constitutes the rate-limiting stage of the reaction, with an
associated energy barrier of 17.5 kcal mol™. Following epoxide
ring opening, the resulting carbocation is attacked by the hydroxy
ligand, leading to the formation of cis-dihydrodiol. They also
examined the possibility of an alternative pathway involving the
formation of a high-valent iron(V)-oxo species (HO-FeV=0) prior
to substrate hydroxylation. However, this route was ruled out due
to the significantly higher energy barrier for O-O bond cleavage
(26.5 kcal mol™).

Figure 5. Crystal structure of biphenyl 2,3-dioxygenase (BphA)
and its active site (PDB: Saew) [78].

In 2014, Pappalardo and co-workers conducted MD and docking
simulations to explore NDO mutants with high degradation
capabilities [106]. They modeled eleven NDO variants, focusing on
modifications to the active site cavity to better accommodate high-
molecular-weight polycyclic aromatic hydrocarbons (PAHs), while
preserving the enzyme's hydrophobic and electrostatic properties.
MD trajectories (20 ns per mutant) confirmed structural stability,
with secondary structure deviations remaining below 5% relative to
wild-type NDO. Docking studies revealed that mutants with
expanded active site volume exhibited favorable interactions with

Cys His € Cys g His
Nen3dON N VR UNp 2t
/Fe\*s/Fef +  Fe? v e\"s/Fe\*

Cys His Cys His

Cys s His Cys s His
/\Fe3\* >Fe3\/+ + Pl -— /\Fea\" >Fe3\ﬁ'
Cys S His Cys S His

bulky PAHs. This study provides valuable insights for the rational
design of more effective bioremediation enzymes and highlights
the potential of computational approaches to guide experimental
optimization under extreme environmental conditions.

In 2022, Reiher and co-workers further investigated the role of
the substrate in the catalytic cycle of RDOs using a combination of
quantum chemical methods, including DFT, coupled -cluster
(DLPNO-CCSD(T)), and CASSCF calculations [107]. Using NDO
as a model system, they systematically evaluated the influence of
substrate binding on key elementary steps involved in O> activation.
Specifically, they examined the transition of the non-heme Fe'!
center from a hexa- to penta-coordinate state, O, binding, and
electron transfer from the Rieske cluster. Their results indicate that
while substrate presence does not significantly affect the initial
stages of O, activation, it plays a crucial role after oxidation of the
Rieske cluster, facilitating electron transfer and promoting O
activation through allosteric control. The findings suggest strategies
for optimizing biocatalysts for environmental pollutant degradation
by enhancing substrate-mediated activation pathways.

3.2.2 Biphenyl 2,3-dioxygenase (BphA)

Biphenyl and its chlorinated derivatives, such as polychlorinated
biphenyls (PCBs), are persistent organic pollutants with serious
environmental and health consequences [108]. Extensive efforts
have been devoted to investigate their toxicological effects and
environmental behavior. Among various remediation strategies,
biodegradation has attracted growing attention due to its
environmental sustainability and cost-effectiveness. The aerobic
degradation of biphenyl and PCBs is proposed to involve four key
enzymes, including biphenyl 2,3-dioxygenase (BphA), cis-2,3-
dihydro-2,3-dihydroxybiphenyl dehydrogenase (BphB), 2,3-
dihydroxybiphenyl 1,2-dioxygenase (BphC), and 2-dydroxy-6-
phenyl-6-oxohexa-2,4-dienoate  hydrolase (BphD) [109,110].
Among these, BphA catalyzes the initial step in the aerobic
degradation pathway of biphenyl and PCBs (Table 1). BphA is a
prototypical RDO enzyme composed of three components: an
oxygenase, a ferredoxin, and a reductase. The crystal structure of
BphA (PDB: 5aew), determined by Kumar and co-workers in 2016
[78], provides a valuable structural framework for subsequent
mechanistic and computational investigations.

Cys His OH
Fe?t /\Fe:‘\+ SFed Q;
cys S His Fe®
17.6
4
o
Fe®*—OH

Scheme 4. Proposed mechanism of aromatic cis-dihydroxylation catalyzed by BphA [108]. Energy barrier is given in kcal mol!.

In 2020, Zhang and co-workers employed a QM/MM approach to
elucidate the BphA-catalyzed cis-dihydroxylation pathway of
biphenyl and 4,4’-dichlorobiphenyl [108]. Due to the absence of

substrate in the original crystal structure, they utilized MD
simulations and molecular docking to model the binding
conformations of biphenyl-hydroperoxo-iron(Ill) complexes and
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PCB-hydroperoxo-iron(IlI) complexes. The QM/MM model
comprised a QM region containing the substrate, the hydroperoxo-
iron(Ill) species, and key coordinating residues, while the MM
region represented the surrounding protein environment. Like NDO,
the reaction mechanism of BphA mainly involves formation of an
epoxide intermediate, conversion to a carbocation species, and final
hydroxylation yielding the cis-diol products (Scheme 4). The rate-
determining epoxide formation exhibited energy barriers of 17.6
19.8 kcal mol! for 4,4-
[111].
Electrostatic interaction analysis identified key residues involved in

kcal mol! for biphenyl and
dichlorobiphenyl, consistent with experimental data
modulating catalytic efficiency, highlighting their roles in substrate
binding and transition-state stabilization. These findings suggested
potential targets for future site-directed mutagenesis. Notably,
chlorine substitution in PCBs slightly increased the reaction barrier,
indicating substrate-dependent catalytic challenges. This study
underscores the utility of QM/MM in deciphering enzyme
mechanisms difficult to access experimentally and provides
actionable insights for engineering BphA variants with enhanced
PCB-degrading capabilities. These findings contribute to advancing
bioremediation removal

strategies  for the of persistent

environmental contaminants.

3.2.3 Nitrobenzene 1,2-dioxygenase (NBDO)

Nitroaromatic compounds are widely utilized in industrial
processes, including pharmaceutical synthesis, dye production, and
explosives manufacturing [112]. However, many of these
compounds are toxic and carcinogenic, and persist as recalcitrant
environmental pollutants [112]. An effective strategy for their
degradation involves the use of bacteria isolated from nitroarene-
contaminated environments. In the Comamonas sp. JS765 strain,
nitrobenzene is converted into cis-diol product, catalyzed by
nitrobenzene 1,2-dioxygenase (NBDO) (Table 1) [79]. In 2005,
Friemann and co-workers resolved the crystal structure of NBDO
(PDB: 2BMQ) [79] (Figure 6), revealing a hetero-hexameric
architecture characteristic of the RDO family.

-
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Figure 6. Crystal structure of nitrobenzene 1,2-dioxygenase
(NBDO) and its active site (PDB: 2BMQ) [79].

In 2014, Paneth and co-workers employed DFT calculations to
investigate the mechanism of nitrobenzene cis-dihydroxylation
catalyzed by NBDO [113]. The chemical models were built based
on the crystal structure of NBDO with the substrate bound in the
active site. Four models of varying size were constructed to explore
both concerted and stepwise mechanisms. The results indicated that

formation of the high-valent iron(V)-oxo species (HO-FeV=0) is
energetically favorable and likely precedes substrate oxidation.
This species arises via heterolytic cleavage of the O-O bond in the
ferric hydroperoxo intermediate (Fe''~-OOH). The calculated Gibbs
free energy barriers for this step ranged from 14.6 to 16.7 kcal mol
!, depending on the model, supporting its feasibility in the
enzymatic context.

Paneth et al.’s study [113] evaluated potential reaction
pathways initiated by either the HO-FeV=0 or Fe'-OOH species
attacking the aromatic ring. Three potential pathways for substrate
oxidation by HO-FeV=0 were considered, including the attack of
the hydroxyl on the C? atom, and the attack of the second oxygen
of the hydroperoxo on either the C! or C? atoms (Figure 7). The
most plausible pathway involves initial hydroxyl attack on the C?
position, generating a substrate radical that ultimately leads to the
formation of the cis-dihydrodiol product (Scheme 5). This
mechanism aligns with experimental '®0-labeling studies, which
confirm incorporation of oxygen into the product [114].

FeV—OH

Figure 7. Three proposed pathways for the initial attack of HO-
FeY=0 on the substrate during the cis-dihydroxylation reaction
catalyzed by NBDO.

Alternative mechanisms involving direct attack of the Fe'-OOH
intermediate on the aromatic ring were also explored by Paneth et
al [113]. These include both concerted and stepwise pathways
targeting the C-C double bond to form epoxide intermediates.
However, these pathways were found to be less favorable than the
mechanism mediated by HO-Fe¥=0. The calculated activation
barriers for epoxide formation were significantly higher, ranging
from 20.6 to 38.7 kcal mol !, depending on the model and specific
site of attack. Moreover, unlike in the NDO enzyme, the resulting
epoxide intermediates in NBDO were dissociated from the
mononuclear iron center, with extended distances between the
arene oxide and the iron atom, likely preventing subsequent
transformation to the final cis-dihydrodiol product.

Despite the high sequence similarity between NBDO and
NDO, their reaction mechanisms differ significantly. In NDO, the
formation of an epoxide intermediate is a plausible step toward
product formation. In contrast, for NBDO, the epoxide intermediate
is unstable and does not progress to the final product. This
divergence is attributed to the nitro substituent in NBDO substrates,
which affects the stability of the intermediates and alters the
reaction pathway. These findings highlight the importance of
mechanistic insights into NBDO-catalyzed transformations for
advancing bioremediation strategies.

It can be seen that Rieske-type iron-sulfur clusters play a
crucial role in transferring electrons to the mononuclear iron active
center. Different research groups employed a variety of theoretical
approaches to investigate the catalytic mechanisms of RDOs. Both
cluster modelling and QM/MM approaches have proven effective
in identifying key intermediates, short-lived radicals, transition
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states, and dynamic changes in iron-sulfur clusters throughout the
reaction cycle. The mechanistic diversity among RDO family
members can largely be attributed to differences in substrate
structure, which can be broadly categorized into non-substituted
aromatic compounds and substituted aromatic compounds. NDO
and BphA catalyze reactions involving non-substituted aromatics
and typically proceed via epoxide intermediates, wherecas NBDO

O, 1
- 2 e Cys His
Cys His i
. / S . /
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acts on substituted aromatics, following a distinct pathway that
involves the formation of a high-valent iron(V)-oxo species (HO-
FeV=0). In addition, while Rieske-type [2Fe-2S] clusters are well
established as initial electron donors to the catalytic center, their
potential role in subsequent stages of the reaction remain an
intriguing area for further investigation.
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/ \S N\, A
Cys His Fed*
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Scheme 5. Proposed reaction mechanism for NBDO based on DFT calculations [113]. Energy barrier is given in kcal mol .

4. Non-cubane tetranuclear Iron-Sulfur clusters

4.1 Heterodisulfide reductase (Hdr)

Heterodisulfide reductase (Hdr) is a key enzyme in the Wolfe cycle
of methanogenic archaea, responsible for the reduction of
heterodisulfide (CoM-S-S-CoB) to coenzyme M (CoM-SH) and
coenzyme B (CoB-SH) (Table 1) [115,116]. This reaction is
essential for methane production from CO, and H», a process
central to the global carbon cycle [117].

The crystal structure of Hdr reveals the presence of two non-
cubane [4Fe-4S] clusters (HB1 and HB2) in its active site [32].
Unlike the common cubane [4Fe—4S] clusters, these non-cubane

clusters possess a distinct architecture consisting of interconnected
[3Fe-4S] and [2Fe-2S] subunits that share one Fe and one S atom.
This unusual structural arrangement is stabilized by five cysteine
ligands per cluster, i.e., Cys153, Cys193, Cys194, Cys231, and
Cys234 for HB1, while Cys9, Cys41, Cys42, Cys78, and Cys81 for
HB2 (Figure 8).

Cys41

CoM-8
v w2 fres\ _

Cys81
W CysT8

Figure 7. Crystal structure of heterodisulfide reductase (Hdr) and
its active site (PDB: SODR) [32].

Recently, Chen and co-workers used DFT calculations to
investigate the detailed mechanism of Hdr-catalyzed reduction of
CoM-S-S-CoB [118]. They proposed three possible pathways,

classified according to the initial addition of proton/electron pairs
(H/e’) to the enzyme-substrate complex. Under H*/e-deficient
conditions, characterized by slow proton-coupled electron transfer
(PCET), the Hdr reaction starts with the S-S bond cleavage of
CoM-S-S-CoB, facilitated by two [4Fe-4S]?" clusters (mechanism
A in Scheme 6). This step has an energy barrier of 18.7 kcal mol!
and is identified as rate-limiting. The resulting intermediates, HB1
[4Fe-4S)**-S-CoM and HB2 [4Fe-4S]**-S-CoB, are subsequently
reduced through two PCET process, ultimately yielding the
coenzymes M and B. Meanwhile, the two [4Fe-4S]*" clusters are
regenerated to their original [4Fe-4S]?*" state.

Under H'/e-sufficient conditions, characterized by fast PCET),
the Hdr reaction preferentially proceeds via the addition of either
one (mechanism B summarized in Scheme 6) or two pairs of H/e"
(mechanism C in Scheme 6) to the active site.

In Mechanism B, the initial addition of one pair of H*/e" to the
enzyme-substrate complex leads to reduction of the HB1 [4Fe-
4S]*" cluster to [4Fe-4S]*, accompanied by protonation of the
sulfur atom of Cys234. Consequently, the two clusters adopt
different oxidation states (HB1: [4Fe-4S]*; HB2: [4Fe-4S]*).
Protonation of Cys234 disrupts its coordination with Fel, inducing
a significant geometric distortion in the HB1 cluster, , as evidenced
by an increase in the Fel-S2-Fe3 bond angle from 79.4° to 99.2°.
From this intermediate, featuring neutral cysteine (Cys234-H), the
proton can be transferred either to the Cys231 sulfur (mechanism
B-a) or to the S1 sulfur of HB1 (mechanism B-f). Mechanism B-a
is characterized by a low barrier, indicating a rapid proton transfer.
Mechanism B-f involves a slightly higher but still favorable
activation barrier of 4.7 kcal mol! and a slight exothermicity of 3.0
kcal mol™!. The next step involves cleavage of the S-S bond in
CoM-S-S-CoB, with a barrier of 8.7 kcal mol’!
This
surmountable and represents the rate-determining step in the

and an

exothermicity of 3.3 kcal mol. barrier is readily

pathway where the proton is transferred from Cys234 to Cys231
(mechanism B-a). In mechanism B-f, S-S bond dissociation
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proceeds with a slightly higher barrier of 11.1 kcal mol”,
suggesting that protonation of the HB1 cluster helps maintain its
catalytic activity during this critical step. Importantly, in both
pathways, S—S bond dissociation following the addition of a single
H'/e pair exhibits lower energy barriers than in mechanism A (18.7
kcal mol!), indicating that formation of a monovalent non-cubane
[4Fe-4S]*  cluster disulfide
Subsequently, in mechanism B-a, the proton from Cys231 is
transferred to the sulfur atom of the CoB-S- fragment, with an

facilitates bond dissociation.

energy barrier of 3.3 kcal mol! and an exothermicity of 3.3 kcal
mol!. Finally, another pair of H'/e" is delivered to the CoM-S
fragment, forming CoM-SH and regenerating the HB1 [4Fe-4S]**
cluster from its oxidized [4Fe-4S]** state. In the B-B pathway,
following S-S bond cleavage, a proton is transferred from the HB1
S1 atom to the sulfur of coenzyme M, also accompanied by another
H*/e" pair addition. Overall, mechanism B illustrates the enzyme’s
ability to utilize available proton-electron pairs to reduce activation
barriers and accelerate the reaction rate, highlighting the functional
versatility and redox adaptability of the non-cubane [4Fe-4S]
cluster in facilitating catalysis.

In competing mechanism C, the reaction begins with two
PCET events, leading to the reduction of both [4Fe-4S]** clusters.
Simultaneously, protons are added to Cys234 and the HB1 cluster,
respectively. The proton on Cys234 is then transferred to Cys231,

(A) Deficient H*/e

HB1 [4Fe-4S]2* HB2 [4Fe-4S]?*

with an energy barrier of 5.0 kcal mol!. This is followed by
cleavage of the S-S bond, which proceeds with a barrier of 4.4 kcal
mol !,
energetically accessible under conditions involving two PCET

suggesting that the S-S bond dissociation is more

events. Finally, product formation occurs via two proton transfer
processes: one proton is transferred from Cys231 to CoB-S,
forming CoB-SH, and the other from the HB1 cluster to CoM-S,
yielding CoM-SH.

The overall barriers in mechanisms B and C are lower than
that in mechanism A (18.7 kcal mol'), suggesting that although
mechanism A is feasible, it becomes less favorable under
conditions of efficient PCET.

Comparison of these mechanistic pathways reveals the unique
catalytic properties of non-cubane [4Fe-4S] clusters. These clusters
exhibit greater geometric flexibility and enhanced reactivity
compared to the classic cubane [4Fe-4S] cluster. Notably, the
monovalent [4Fe-4S]" cluster displays higher activity than the
divalent [4Fe-4S]** form in promoting S-S bond dissociation in
CoM-S-S-CoB. This detailed mechanistic investigation underscores
the critical role of non-cubane iron—sulfur clusters in catalysis and
highlights their evolutionary adaptation
challenging chemical transformations, such as S-S bond cleavage,
through their highly distorted architectures.

toward facilitating
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Scheme 6. Proposed reaction mechanisms for the S-S bond dissociation catalyzed by Hdr under different oxidation states of non-cubane
[4Fe-4S] clusters: (A) Two [4Fe-4S]?* clusters; (B) one [4Fe-4S]"and one [4Fe-4S]*" cluster; (C) two [4Fe-4S]'* clusters. Energy barriers

are given in kcal mol!.
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4.2 Carbon monoxide dehydrogenases (CODHs)

The structural and functional evolution of tetranuclear non-cubane
iron-sulfur clusters has become a cornerstone in the understanding
of biological redox catalysis. Undoped non-cubane [4Fe-4S]
clusters, typified by distorted geometries and asymmetric ligand
coordination, exhibit remarkable electronic flexibility that supports
their roles within enzymes. However, their catalytic capacity is
often limited by the redox properties of the single-metal center. The
introduction of heterometals (e.g., Mo, V, or Ni) into an iron-sulfur
frameworks represents a significant advancement in bioinorganic
catalysis [14]. A representative example of this evolutionary

innovation is found in the nickel-containing carbon monoxide
which

dehydrogenases  (CODHs), feature  heterometallic

tetranuclear iron—sulfur clusters.

Figure 8. Crystal structure of nickel-containing carbon monoxide
dehydrogenase (Ni-CODH) and its active site (PDB: 3B52) [4].
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Scheme 7. Proposed mechanism for the reversible reduction of
COs to CO by Ni-CODH, based on DFT calculations [125]. Energy
barrier is given in kcal mol!.

CODHs are enzymes that catalyze the reversible reduction of CO;
to CO (Table 1), a reaction of fundamental importance in microbial
metabolism and global carbon cycling [119]. CODHs can be
divided into two types [120]: (i) Ni-CODH, which contains a
tetranuclear metal cluster, and (i) Mo/Cu-CODHs [121]. This
review focuses primarily on Ni-CODH, which feature a non-

cubane iron-sulfur cluster at the active site. The atypical active site
in Ni-CODH, known as the C-cluster ([Ni-4Fe-4S]), consists of a
[Ni-3Fe-4S] unit along with an unusual iron atom positioned
outside the cubane framework. Identified by Madssbauer
spectroscopy as a ferrous component Il (FCII), This extra iron, also
referred to as the unique iron (Fe,) or pendant Fe, is bridged to the
cluster via a sulfide ligand [122].

In 2011, Amara and co-workers used QM/MM calculations to
study the mechanism of Ni-CODH [123]. This enzyme functions
through multiple redox states, with the Crq1 and Crea2 states being
particularly well-studied. The Crq1 state, characterized by a
distinctive EPR signal, is proposed to contain a bridging hydroxide
ligand between Ni! and Fe,. This state is crucial for the initial
binding of CO, which is subsequently oxidized to CO>. In addition,
the more reduced Crq2 state, involving two additional electrons, is
suggested to include a Ni-H- species within the catalytic cycle.

In 2015, Dobbek and co-workers employed DFT calculations
to elucidate how CO: binds to and is activated by the C-cluster
[124]. They study revealed the electronic and geometric changes
accompanying CO; coordination. The results emphasize the critical
role of a strongly nucleophilic Ni center in the Cra state, whose
finely tuned electronic structure facilitates CO; reductive activation
and stabilizes the two-electron-reduced intermediate via =
geometry of bound CO;
significantly deviates from that of free CO,, exhibiting elongated

backbonding interactions. The

C=0 bonds and a bent configuration. The O-C-O bond angle was
measured at 117.8°, markedly reduced from the linear geometry of
free CO,. These findings underscore the unique electronic and
structural features of the [Ni-4Fe-4S] cluster that enable efficient
CO; activation, reflecting a “bifunctional catalysis” mechanism
involving a juxtaposed electrophilic Fe center and a nucleophilic Ni
center.

In 2019, Liao and co-workers employed a quantum-chemical
cluster modelling method to further investigate the reaction
mechanism of Ni-CODH [125]. The model was built based on the
X-ray crystal structure (PDB: 3b52), with CO; bound in the active
site [4]. Their calculations indicate that the catalytic cycle of CO;
reduction by Ni-CODH comprises several key steps, including CO>
binding, C-O bond cleavage, and successive reduction steps
(Scheme 7). Initial CO; binding at the Ni site of the [Ni-4Fe-4S]
cluster is stabilized by hydrogen bonding interactions from nearby
residues such as Lys563 and His93. The C-O bond cleavage, a
crucial mechanistic step, was calculated to have an energy barrier
of 21.8 kcal mol?!, aligning reasonably with experimental rate
measurements (~ 18.0 kcal mol) [126,127]. This step yields an
intermediate featuring a CO molecule bound to Ni and a hydroxide
ion coordinated to Fe.. The first reduction involves the transfer of
one electron and one proton, producing water and a Ni(I) state. The
second electron/proton transfer results in a Ni(I) center
accompanied by a protonated Asp219-His93 pair, with an
endothermicity of 2.7 kcal mol'. Overall, the CO. reduction
process is nearly thermoneutral, with a net energy change of only
0.6 kcal mol'. CO oxidation, the reverse of CO: reduction, is a
critical part of the enzyme’s catalytic cycle and is experimentally
observed to proceed more rapidly than CO; reduction, consistent
with Liao et al.’s theoretical results. The proposed mechanism for
CO oxidation mirrors the CO: reduction pathway, reinforcing the
overall reversibility and mechanistic symmetry of the catalytic
cycle. Liao et al.’s study also assessed the reliability of various
DFT functionals by adjusting the proportion of exact exchange,
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determining that 15% provided the most accurate results.

In 2021, Greco and co-workers also employed DFT
calculations to investigate the mechanism of CO; binding and
release at the C-cluster, using an expanded cluster model [128].
Their study emphasized the critical role of the protein environment
in modulating the reaction pathway. Notably, they found that the
protonation state of His93 significantly affects the direction of the
CO»/CO interconversion. When His93 is protonated, CO; binding
is energetically favored. Additionally, their calculations revealed
that the redox state of the C-cluster strongly influences the
energetics of CO; binding and dissociation. The most plausible
pathway begins with the Crq> state, in which CO> bridges the Ni
and Fe, ions.

Collectively, these findings demonstrate that incorporation of
Ni into tetranuclear non-cubane iron-sulfur cluster expands their
catalytic capabilities by enabling substrate binding and activation.
This functional diversification through heterometal incorporation
highlights the evolutionary significance of metal doping in
expanding the reactivity of [FeS] cluster-based cofactors.

5. Summary and outlook

In this review, we have systematically examined recent
computational advances in elucidating the catalytic mechanisms of
non-cubane iron-sulfur ([FeS]) cluster-dependent enzymes. These
clusters, characterized by their extensive range of nuclearity and
diverse coordination environments, exhibit remarkable structural
plasticity and chemical versatility that enable a wide array of
biological functions. Focusing on two major structural forms, [2Fe-
2S] and non-cubane [4Fe-4S]) clusters, we highlighted
representative enzymatic systems and how theoretical studies have
deepened our mechanistic understanding.

Binuclear [2Fe-2S] clusters, which often adopt planar or
rhomboidal geometries, are exemplified by enzymes such as biotin
synthase (BioB) and the Rieske dioxygenases (RDOs). These
clusters exhibit coordination variability, including (Cys)s,
(Cys)2(His)2, and (Cys)s(Arg) motifs, and are involved in functions
ranging from electron transfer to substrate hydroxylation and sulfur
atom donation. Computational studies have successfully captured
key reactive intermediates and helped elucidate how subtle
differences in coordination environment and substrate identity
influence reactivity and selectivity.

Non-cubane tetranuclear [4Fe—4S] clusters exhibit three-
dimensional architectures with enhanced conformational flexibility.
Two representative enzymes were discussed, including
heterodisulfide reductase (Hdr), which contains highly distorted
tetranuclear  [4Fe—4S] clusters, and carbon monoxide
dehydrogenase (CODH), which features a heterometal-doped iron-
sulfur cluster, the [Ni-4Fe—4S] C-cluster. These systems illustrate
how increasing nuclearity and incorporating heterometals expands
the functional repertoire of iron—sulfur clusters, enabling substrate
binding, redox tuning, and bifunctional catalysis. Importantly, these
structural modifications allow such cofactors to mediate more
complex transformations, including S-S bond cleavage and
CO2/CO interconversion. Therefore, we propose that increased
nuclearity in iron-sulfur clusters enhances their structural diversity
and equips them with adaptive strategies for catalytic engagement.
This highlights the importance of further exploring the properties
of these structurally complex and functionally versatile systems.

From a computational perspective, both cluster modelling and
QM/MM simulations have proven indispensable in capturing key

intermediates, transition states, and transient oxidation states that
are often elusive to experimental detection especially in
complicated [FeS] cluster-dependent enzymes. These methods offer
molecular-level insight into reactivity trends and guide rational
enzyme engineering for environmental and synthetic applications.

Despite significant progress, several challenges remain. First,
accurately modeling the influence of the protein environment,
including long-range electrostatics, hydrogen bonding, and
dynamic fluctuations, remains difficult, especially for large and
flexible metalloclusters. Second, the complex electronic structures
and spin-state diversity of iron—sulfur clusters often lead to near-
degenerate states that are demanding to resolve with high precision.
Third, reliable prediction of redox potentials, which are crucial for
understanding electron transfer processes, continues to be
challenging.

Moving forward, several promising directions can be
anticipated. The development of more advanced quantum chemical
methods with improved treatment of electron correlation and spin
states, integration with enhanced sampling and polarizable force
fields, and multiscale QM/MM dynamics will be essential to
capture the full complexity of these catalytic systems. Additionally,
better integration of experimental data (e.g., spectroscopy,
crystallography, redox titrations) with computational models will
enhance the accuracy and interpretability of theoretical predictions.

In summary, non-cubane [FeS] clusters represent a frontier in
metalloenzyme catalysis, with their structural diversity, electronic
tunability, and catalytic flexibility offering exciting opportunities
for future biochemical discovery and synthetic design. Continued
collaboration between experimental and theoretical efforts will be
vital to fully harness the potential of these remarkable cofactors.
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