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crucial to the more salient processes in energy metabolism, serving as 0.3 {

intermediates in inter- and intramolecular electron transfer pathways. 0.2t 8

The [4Fe-4S] clusters are more prevalent, serving a variety of §,; g"

functions, and can remarkably adopt a surprising range of reduction § . 5
potentials spanning more than 1 V. The characteristics of the 3 | § 058 S
environment, including charge, solvent access, and geometric 501 g Foa s
distortion, finely modulate the reduction potential of iron/sulfur  -02f]| g \ ] 22 %g
clusters. However, prior research has not yet systematically addressed  -0.3 R REY SEr—. 5

cause and effect. In this work, we conducted a thorough theoretical Change in Redox Potential (V)

assessment of how charge distribution and structural distortion

contribute to the full range of reductions exhibited by biological [4Fe-4S] clusters. The work shows that the most significant
contributions can be predicted for electrostatic interactions, which are directionally biased.

ubes composed of four iron ions (Fe*" and Fe’*) and
four sulfide ions (S*~), commonly referred to as [4Fe-4S]
clusters, are present in all life forms, where they play a direct
role in catalysis or electron trafficking in metabolism.' ™ For
the large family of radical S-adenosylmethionine (SAM)-
dependent enzymes, a single [4Fe-4S] cluster is bound in a
site-specific manner, with three Fe ions coordinated by three
cysteine residues, leaving one Fe site available for binding
SAM." In electron trafficking, the Fe ions of [4Fe-4S] clusters
are typically bound to proteins by four cysteine residues in
small (~6 kDa) electron carriers known as ferredoxins or as
part of various redox cofactor-containing complexes, such as
the respiratory complexes of the electron transport chain or in
photosynthetic reactions centers.”” The most common Fe
oxidation states of these clusters are 2Fe** and 2Fe®" or 3Fe’*
and 1Fe3', referred to as [4Fe-4S]** and [4Fe-4S]',
respectively. This reflects the summation of four Fe oxidation
states and four $>~.%° Electrons are delocalized differently
within the [4Fe-4S]** and [4Fe-4S]'* clusters. In the case of
[4Fe-4S]*, delocalization produces two equivalent rhombohe-
dral halves, while in the [4Fe-4S]'* cluster, it encompasses the
entire cubane.”
Coordinated by four cysteines, these simple [4Fe-4S]
clusters are highly conserved in structure.'”™"> The most
significant differences stem from the constraints on the cluster

due to protein coordination and the protein electric field in Received:  February 27, 2025
which they are embedded. Surprisingly, despite this apparent Revised:  April 7, 2025
high level of conservation, the [4Fe-4S] clusters show a variety Acce.pted: April 10, 2025

of reduction potentials that range up to 1 V."* Therefore, the Published: May 1, 2025

subtleties of protein coordination and the surrounding
environment presumably have a significant impact on the
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variability of these reduction potentials."*™'® Given the

differences in charge and electron delocalization of the [4Fe-
4S]** and [4Fe-4S]" clusters, it is intuitive that the charge or
dielectric properties of the protein environment'”'” and the
coordination-mediated geometric distortions of the clusters'®
should influence the reduction potentials.'”
challenging to envision how these factors contribute to the
broad observed potential range. Traditionally, accurately
estimating reduction potentials based on the protein environ-
ment has been difficult”' ~** despite many recent efforts.

We aimed to use an alternative approach to clarify the
influence of the protein environment on tuning the reduction
potentials of [4Fe-4S] clusters. We concentrated on the
reduction potential that describes the biologically relevant
interconversion between the [4Fe-45]** and [4Fe-4S]'* states.
We applied various geometric distortions, charge magnitudes,
and charge positions to identify the key contributors and assess
the extent of differences that may be implicated.

We conducted density functional theory (DFT) calculations
using the broken symmetry framework”” on a simplified
model of cysteine-ligated [4Fe-4S] clusters”**® (Figure 1), in
which cysteine thiolate ligands were represented as methyl
thiols. The initial model possesses D,,; symmetry, characterized

20 .
However, it is
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The arrangement depicted in Figure 1 resembles the two
sets of cysteine pincers found in the [4Fe-4S] clusters of
ferredoxins, which are connected by a 2-fold screw axis or
rotation of 180°. There are subtle differences in electron
delocalization within the molecular orbital configurations of
[4Fe-4S] clusters in the [4Fe-4S]** and [4Fe-4S]* oxidation
states. Certain geometric distortions of the clusters could affect
the orbital conﬁgurations,ZS’29 stabilizing one oxidation state
versus the other, thereby influencing the cluster reduction
potential.

Embedded within the framework of geometric distortions is
the symmetry reduction that occurs when a perfect cubane is
distorted.”® This can be treated systematically through
computation. Minimizing the methyl thiol-coordinated [4Fe-
4S] cluster results in a slightly anisotropic distorted structure
characterized by eight short and four long Fe—S$ distances,*""*
respectively, nearly perpendicular and parallel to the C, axis
(Figure 1). The decomposition of the motion of the [4Fe-4S]
cluster into normal modes and molecular symmetry analyses
indicate that any distortions invariant for the totally symmetric
representation of the subgroup C,, of D,; have the most
significant effect on the redox potential (modes A; and B,,
Figure 2a). These distortions preserve the principal axis C, and
the reflection planes 6, (see Supporting Information). An
example of such motion is the top mode A,, which is localized
on the cubane. As shown in Figure 2b, a slight change in
geometry along this mode leads to significant variations in
redox potential. Distortions along the A; and B, modes
primarily stabilize or destabilize the frontier orbitals. (Figure
2c). These orbitals are mainly localized on the Fe atoms and
primarily originate from the d orbitals of the metal ions.

We can apply the normal mode decomposition to investigate
the effects of dilations along the C, axis and the pseudo-C;
identified by the Fe atoms and their opposing inorganic S
atoms, two distortions observed in synthetic models.'"*”
These distortions are mostly a linear combination of the top
two A, and B, modes. Consequently, our model forecasts a
significant impact on the redox potential. For instance,
consistent with experimental reports, compression along the
C, long axis™® results in changes to more reducing or negative
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Figure 2. Effect of structural distortions on the redox potential of
(Fe,S;)(SCH;),. Panel a: Change in redox potential for atomic
displacements up to +3¢ along a given normal mode of vibration,
where ¢ is the root-mean-square deviation of a harmonic oscillator at
298 K. The dark color shades demark +1¢ displacements. The normal
modes are labeled according to their symmetry. Panel b: Change in
redox potential for displacements along the top A; mode. The shaded
area indicates displacements between +0, while the full range
corresponds to displacements between +30. The root-mean-square
deviation of the atomic displacements at 16 and 3¢ are also reported.
Panel c: Correlation between the change in redox potential and the
energy of the Fe’s d orbitals caused by the displacements in panel b.

potentials in a shallow curve.'” In contrast, elongation along
the same axis results in changes to more oxidizing or positive
potentials in a much steeper manner (see Supporting
Information). The magnitude of these differences is substantial
and corresponds with the observed variations in the geometries
of various ligated [4Fe-4S] cluster model complexes. One
would expect a range greater than 100 mV. While the changes
in reduction potential introduced by geometric distortions
seem significant, they do not explain the differences seen in
[4Fe-4S] clusters in natural and synthetic systems, where the
range surpasses 1 V.’

We then assessed the electrostatic continuum and the
influence of point charges near the cluster. A proximal charge is
expected to affect the stabilization or destabilization of
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Figure 3. Effect of a positioned unitary positive charge on the reduction potential. Panel a: Dependence of the average and spread of the redox
potential values as a function of the distance of the probe charge q = +1e from the van der Waals (vdW) surface of the cluster expressed in terms of
vdW radii. The horizontal bars indicate the range of values of the redox potential rolling the probe charge on vdW isosurfaces, where red and blue
indicate a negative and positive change from the average redox potential (circles). A vertical dashed line shows the limiting value of the redox
potential (E,) when the charge is at an infinite distance. For each vdW surface, the average distance from the cluster’s center is also provided. Panel
b: Change in redox potential from the average by positioning the probe charge at different locations on the vdW = 2 isosurface. Panel c:
Correlation between redox potential and energy of the LUMO of the oxidized cluster for vdW = 2.

different oxidation states signiﬁcantly.?’z_34 For instance, a
positive charge is expected to stabilize reduced states and favor
more positive potentials.'' Similarly, a nearby negative charge
is expected to stabilize the oxidized state compared to the
reduced state and promote more negative potentials.
Introducing a point charge significantly influences the
reduction potential, as expected. The extent of the shift
depends greatly on both the magnitude and location of the
charge. The data presented in Figures 3a and 3b demonstrate
that at short distances, variations in the location of the charge
lead to significant changes in the redox potential (Figure 3b).
Beyond approximately 17 A from the center of the cluster, the
positioning of the charge becomes irrelevant (Figure 3a) as the
field exerted by the charge becomes uniform within the cluster
region. The anisotropy of the field generated by the charge at
short distances introduces a strong positional dependence. A
positive charge causes the most significant negative shift when
it is located near the individual $*~ of the [4Fe-4S] cluster and
the most positive shift when the charge is outside the van der
Waals space of one of the coordinating cysteines. For charges
positioned at a distance twice the van der Waals distance from
the cluster, varying locations of the charge alter the redox
potential by nearly 1 V per unit charge (Figure 3b). These
results reflect the stabilization of the reduced state and an
increase in the ease of cluster reduction by stabilizing the
LUMO of the oxidized state and the HOMO of the reduced
state (Figure 3c). The introduction of a negative charge
mirrors the shift in the opposite direction. The perturbation
caused by the point charge varies linearly with the magnitude
of the charge, featuring an expected 1/¢ screening effect due to
the polarizable dielectric between the charge and complex.
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In summary, we have conducted a thorough computational
and theoretical assessment of the impact of geometrical
distortions and point charges positioning as factors influencing
the complete range of reductions associated with [4Fe-4S]
clusters. The results indicate that geometric distortions within
the limits of rational chemical bonding constraints offer
important but limited control over reduction potentials. In
contrast, electrostatic interactions in simulations across the full
dielectric spectrum from gas to liquid water replicate the range
observed experimentally for materials derived from biological
systems. These effects were examined with greater detail by
introducing a point change on van der Waals surfaces of
increasing size. This analysis revealed that anisotropic
electrostatic effects are most pronounced when the charge is
closest to the cubane sulfides compared to the cysteinyl
thiolates and that there is a linear relationship between charge
magnitude and ionization potential. The observed range of
ionization potentials was accompanied by notable differences
in the coupling constants of Fe, indicating the overall tuning of
reduction potentials caused by the offsetting charge of sulfides
through these electrostatic interactions. The ability to model
how charge and geometric distortion influence the tuning of
reduction potentials in [4Fe-4S] clusters opens possibilities for
treating computational reduction potential estimations in a
formulaic manner. These findings can be conceptually applied
to other redox cofactors. The results have broad implications
for understanding the key features that govern the electronic
properties and oxidation—reduction reactions of [4Fe-4S]
clusters. These are the most ubiquitous and abundant examples
of inorganic electron-transferring prosthetic groups essential to
energy metabolism in all life forms.
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