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Iron-Histidine Coordination in Cytochrome b5: A Local

Vibrational Mode Study

Marek Freindorf’,” Kevin Fleming,”” and Elfi Kraka**"

For a series of cytochrome b5 proteins isolated from various
species, including bacteria, animals, and humans, we analyzed
the intrinsic strength of their distal/proximal FeN bonds and the
intrinsic stiffness of their axial NFeN bond angles. To assess
intrinsic bond strength and bond angle stiffness, we employed
local vibrational stretching force constants k’(FeN) and bending
force constants k*(NFeN) derived from the local mode theory
developed by our group; the ferric and ferrous oxidation states
of the heme Fe were considered. All calculations were
conducted with the QM/MM methodology. We found that the
reduction of the heme Fe from the ferric to the ferrous state
makes the FeN axial bonds weaker, longer, less covalent, and
less polar. Additionally, the axial NFeN bond angle becomes

Introduction

Electron transfer (ET) is essential for fundamental biochemical
processes."”  Metalloproteins are a class of ET-mediating
proteins, and they can be synthetically modified to tune their
redox potentials, which in turn influence the kinetics of the ET
reactions that they are involved in."*?* The synthetic tunability
of the proteins’ redox potentials also makes them of interest in
the field of bioelectrocatalysis,” where they are used in the
development of biosensors,?** biofuel cells”® and artificial
metalloenzymes which have catalytic rates rivaling those of
native enzymes.?”

Cytochrome b5 (Cb5) is a heme-containing metalloprotein
belonging to the class of hexacoordinated hemoproteins where
both the distal and proximal histidine are coordinated to the
central Fe atom, which can be in the ferric (Fe(lll)) or ferrous
(Fe(Il)) oxidation states.*®>% Found in bacteria, fungi, animals,
humans, and plants, Cb5 acts an ET mediator®® in many
biochemical reactions such as fatty acid desaturation and
elongation,*"*? cholesterol biosynthesis,“*’ and methemoglobin
reduction.® Cb5 consists of a hydrophilic head domain
involving the heme group, and a hydrophobic tail connecting
the protein to the microsomal membrane. The standard redox
potential for the Fe(lll/ll) couple is +0.77 mV in acidic aqueous
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stiffer and less flexible. Local mode force constants turned out
to be far more sensitive to the protein environment than
geometries; evaluating force constant trends across diverse
protein groups and monitoring changes in the axial heme-
framework revealed redox-induced changes to the primary
coordination sphere of the protein. These results indicate that
local mode force constants can serve as useful feature data for
training machine learning models that predict cytochrome b5
redox potentials, which currently rely more on geometric data
and qualitative descriptors of the protein environment. The
insights gained through our investigation also offer valuable
guidance for strategically fine-tuning artificial cytochrome b5
proteins and designing new, versatile variants.

solution versus normal hydrogen electrode (NHE);"* thus, Fe(lll)
is spontaneously reduced to Fe(ll). In the Cb5 protein, however,
the Fe(lll/ll) redox potential can vary by nearly 400 mV due to
the protein’s interactions with other redox-active species, sur-
face charge changes, changes to the hydrogen bonding
network of the protein backbone, site-directed mutagenesis,
and changes to conditions of the surrounding protein environ-
ment (i.e, pH, temperature, and ionic strength)."“*" This large
set of influencing factors greatly complicates the computational
evaluation of Cb5’'s Fe(lll/Il) redox potential.

In the past two decades, efforts have been made to
calculate redox potentials for large chemical systems using
MD,”? DFT-MD,* and QM/MM.P*** Recently, machine learning
(ML) approaches to evaluating redox potentials have also been
proposed in the literature; these models are generally trained
on feature data which reflect a given chemical system'’s
geometric structure (i.e., internal coordinate data of optimized/
experimental structures), electronic/bonding properties (i.e.,
bond order, charge/spin distribution, hybridization, dipole mo-
ment, electronegativity, orbital energies, and SCF energies), and
the surrounding chemical environment.***” These ML models
can be further refined during training by providing precise,
continuous descriptors of chemical bonding in lieu of imprecise,
discrete descriptors (i.e., Lewis bond order). Local vibrational
mode analysis (LMA), developed in our group,®? provides
precise bond strength and bond angle stiffness information
based on vibrational spectroscopy data. By training ML models
using datasets that include these holistic second order proper-
ties, which are sensitive to both the geometric and electronic
structure of a given system, the models may provide more
accurate and precise predictions of redox potentials, especially
when applied to ET-mediating proteins like Cb5.
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Changes to both the electronic and geometric structure of
Cb5’s primary coordination sphere occur during the reduction
of the central heme Fe from the ferric state to the ferrous state.
Redox-induced changes to the length and strength of axial
bonds between the heme iron and the coordinated histidine
ligands (i.e., FeN bonds), as well as changes involving the
relative orientation and flexibility of these two ligands (i.e.,
NFeN bond angle), can be indicative of the relative stability of
the ferric and ferrous states of the heme iron. The relative
stability of these two states, in turn, may be related to the redox
potential of the protein, as observed in the case of heme-
containing peroxidases.”” In addition, theoretical and exper-
imental studies have shown that the properties of bis-histidyl-
ligated hemoproteins depend on the axial Fe-histidine linkage
and that different orientations of the histidine imidazole planes
with respect to the heme framework can shift the heme redox
potential.***® Therefore, accounting for FeN bond strength and
NFeN bond angle stiffness data obtained via LMA when training
ML models may lead to more precise and accurate predictions
of the potentials of Cb5/Cb5-like proteins, thereby better
facilitating the design of engineered proteins whose potentials
would be precisely fine-tuned for the use of these proteins in
important bioelectrocatalytic technologies.

Inspired by this promising application, we utilized LMA in
this study to examine redox-induced changes to axial FeN bond
strengths and axial NFeN bond angle stiffnesses in a series of
Cb5s presented in Table 1. This list is based on available X-ray
structures of Cb5s originating from the green alga virus (ALG), a
bacterium (BCB), archaeon (BCC), cattle (BOM and BOV),
chicken (CHK), house fly (FLY), human (HUM), pig (PIG), rat
(RAT), water bear (WBR), and the large roundworm of pig
(WRM). Differences between the structures’ primary coordina-
tion spheres (i.e, FeN bond lengths and NFeN bond angles)
may occur partly due to differences in their secondary
coordination spheres, as previously observed in an infrared
multiple photon dissociation spectroscopy study of various
conformers of a Fe(lll) protoporphyrin IX complex with an
imidazole axial ligand.® The structures also vary significantly in

terms of their experimentally determined redox potentials, as
shown in Table 1. The X-ray structure of the green alga virus
Cb5 (ALG) from Ostreococcus tauri virus 2 was reported at a
resolution of 1.95 A" and shows similarity to those found in
larger eukaryotic cytochrome proteins. However, ALG lacks a
hydrophobic C-terminal anchor, which is required for mem-
brane attachment in contrast to other microsomal Cb5s. The X-
ray structure of the bacterium Cb5 (BCB) from Ectothiorhodo-
spira vacuolata was reported at a resolution of 1.65A2 It
represents cytochrome b558, which is a prokaryotic homologue
of Cb5. The X-ray structure of BCB was the first bacterial
cytochrome b5 to be analyzed, and it differs from other Cb5s by
the presence of a disulfide bridge and a unique arrangement in
front of the distal histidine. The archaeon Cb5 investigated in
this study (BCC) is from Methanococcoides burtonii. The X-ray
structure of BCC was reported at a resolution of 2.1 A% BCC is
an Cb5 M protein related to a membrane-associated progester-
one receptor and shows a specific orientation of the heme
group, which is strongly rotated relative to other Cb5s. The X-
ray structure of the cattle Cb5 (BOM) from Bos taurus
corresponds to a Phe35Tyr protein mutation, reported at a
resolution of 1.8 A Phenylalanine 35 has a hydrophobic side
chain on the Cb5 surface and is in direct Van der Waals contact
with the heme group. The Phe35Tyr mutation introduces
interactions between the side chain of Tyr35 and the heme
group, resulting in increased stability of the mutant. The X-ray
structure of wild-type cattle Cb5 (BOV) from Bos taurus was
reported at a resolution of 1.5 A” The high-resolution structure
confirmed that the ability of Cb5 to form complexes with
different electron-transfer proteins is due to the high flexibility
of surface polar residues, while the polypeptide backbone
remains relatively unchanged. The X-ray structure of chicken
liver sulfite oxidase ((CHK) from Gallus gallus domesticus was
reported at a resolution of 1.9 A.” It shows that each monomer
of this dimeric enzyme consists of three domains, one of which
involves Cb5. The N-terminal domain of CHK resembles bovine
cytochrome b5 and consists of three fS-sheets and a-helices.
The X-ray structure of Cb5 isolated from the housefly, Musca

Table 1. Labels, PDB entries, scientific source names, common source names, and previously reported redox potentials, if available, for the twelve Cb5
structures investigated in this study.

Label PDB entry Scientific name Common name Redox Potential (mV) Ref.
ALG 4B8N Ostreococcus tauri virus 2 Green alga virus - [1]
BCB 1CXY Ectothiorhodospira vacuolata Bacterium - [2]
BCC 6VZ6 Methanococcoides burtonii Archaeon - [3]
BOM 1M20 Bos taurus Cattle -1 [4,5]
BOV 1CYO Bos taurus Cattle —66 [5,6]
CHK 1SOX Gallus gallus domesticus Chicken - [7]
FLY 21BJ Musca domestica House fly —26 [8,9]
HUM 3NER Homo sapiens Human —2.6 [10,11]
PIG 3X32 Sus scrofa domesticus Pig - [12]
RAT 11CC Rattus norvegicus Rat -102 [13,14]
WBR 7BWH Ramazzottius varieornatus Water bear - [15]
WRM 1X3X Ascaris suum Large roundworm of pig +75 [16]
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domestica, FLY, was reported at a resolution of 1.55 A® The
Cb5 FLY has an extended hydrophobic region, including a bulky
side chain at the base of the heme pocket. Additionally, one
a-helix differs substantially in length and packing arrangements
compared to Cb5 from other protein isoforms, providing
greater stability through hydrophobic interactions. The X-ray
structure of human Cb5 (HUM) from Homo sapiens was
reported at a resolution of 1.45 A" HUM is a mammalian type
B Cb5 and shows a significant difference in the packing
arrangement of its five-strand S-sheet relative to rat type B Cb5.
Although HUM allows much greater access of water to the
protein interior than rat Cb5, both proteins exhibit very similar
stability, dynamics, and redox properties. The pig Cb5 PIG from
Sus scrofa domesticus was analyzed, based on its X-ray structure,
reported at a high resolution of 0.83 A"? The heme coordina-
tion in PIG is arranged similarly in both its oxidized and reduced
states. However, structural differences are observed between
the oxidized and reduced forms in the hydrogen-bond network
involving the proximal histidine. The X-ray structure of rat Cb5
(RAT) from Rattus norvegicus was reported at a resolution of
2.0 A" It represents the outer mitochondrial membrane iso-
form of Cb5. NMR spectroscopy and X-ray structure analyses of
(RAT), compared with bovine microsomal Cb5 and rat mito-
chondrial Cb5 mutations, indicated that a residue at position 32
is responsible for the relative stability of the heme group in
RAT. The final two Cb5 proteins investigated in this study are
water bear Cb5 (WBR) from Ramazzottius varieornatus and the
large roundworm of pig Cb5 (WRM) from Ascaris suum. The X-
ray structure of WBR was reported at a resolution of 1.4 A,
and represents the Cb5 structure of a microscopic multicellular
organism (tardigrade) that thrives under extreme conditions in
diverse environments such as high mountains and the deep
sea. Although amino acid sequences of Cb5 proteins are
generally well-conserved, WBR is a unique protein with
relatively low similarity to the amino acid sequences of other
Cb5s, making it responsible for biological processes specific to
tardigrades. The X-ray structure of WRM was reported at a
resolution of 1.8 A" and reveals a unique Cb5 structure that
includes an additional a-helix and positively charged residues
on the surface for interactions with redox partners. WRM also
differs from its mammalian counterparts by possessing a
disulfide bridge that links the head and tail of the protein. The
axial bishistidyl FeN linkage present in all twelve Cb5s is
depicted in Figure 1.

Methodology and Computational Details

LMA provides a detailed, bond-specific understanding of vibrational
properties by analyzing local vibrational modes rather than normal
vibrational modes, which are generally delocalized in polyatomic
molecules.”®” As such, the use of normal vibrational force
constants (derived from a normal mode analysis””) as a bond
strength measure is limited. Our local vibrational mode analysis,”*"*?
originally developed by Konkoli and Cremer,”*”* has solved this
problem via extracting local vibrational modes and corresponding
local mode force constant from the normal vibrational modes.
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Figure 1. Sketch of the cytochrome b5 axial bishistidyl FeN linkage shown in
blue color. (a) QM part of the cytochrome b5 active site; (b) Gas phase
model.

(b)

A local vibrational mode a, is defined as:

K-'di
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M

The two ingredients needed for LMA, the diagonal normal mode
force constant matrix K in normal mode coordinates Q and the
normal mode vectors d, in internal coordinates, can be obtained
from a vibrational frequency calculation via the Wilson GF
formalism,”*”® which is a routine part of most modern quantum
chemistry packages.” As a consequence, LMA can be applied with
minimal computational costs after a routine quantum-chemical
calculation of vibrational frequencies, optionally adding measured
frequencies as input (a feature which makes LMA accessible to
experimental vibrational spectroscopists), to examine either single
molecules (in gas phase, solution, or in a protein environment) or
periodic/crystalline systems. %2

For each local mode a,, one can derive associated local force
constants k¥ describing the local vibration of the atomic fragment
under consideration,

1

kX = a]LKan =—
d.K'd,

n n

)

local mode frequencies, local mode infrared intensities, and other
local properties can be determined.®>’”

Over the past two decades, we have successfully applied local
mode force constants to characterize the strength of covalent
bonds and non-covalent interactions across the periodic table as
documented in two recent review articles®'*? including bonding
inside the active sites of hemoproteins,”®® as described below.
Another important feature of LMA is the characterization of normal
mode (CNM) procedure, which decomposes each normal vibra-
tional mode into local mode contributions.”"*%%7 CNM has
advanced the interpretation of vibrational spectra to the next level
(e.g., identifying which molecular fragments couple in DNA-base
pairs or assessing the quality of Stark effect probes with a local
probe bond).®"#*% A detailed description of the underlying local
vibrational mode theory has been discussed in our previous
Work.[61'62]

In recent years, our group has investigated a variety of hemopro-
teins (see Figure 2), focusing on the strength of chemical bonds
formed between the metal atom of the heme group and various
molecular ligands on the distal side of the heme pocket, as well as
hydrogen bonds between the ligands and distal residues. Figure 2a

© 2025 Wiley-VCH GmbH

85U8017 SUOWIWIOD BAIIER.1D 8|qeot|dde auy Aq pausenoh ae ssppie YO ‘88N J0 S8|ni 1oy Ariq1T8UIIUO AB|IA UO (SUORIPUOD-PUR-SWBH WD A8 | 1M A 1] 1 BUI|UO//SANY) SUORIPUOD Pue SWIB | 34} 89S *[5202/0T/E0] U0 AriqiauluO AB[IM * AISIBAIUN SIPOYIB I UBYINOS - B3Iy 13 Aq 860T0KZ0Z 04do/Z00T 0T/10p/wioo A8 | Arelqijpuljuo-adoune-Ansiweyd;/sdny wouy pepeojumod ‘2 ‘0z ‘TroL6EVT



Chemistry

Research Article Europe

doi.org/10.1002/cphc.202401098

European Chemical
Societies Publishing

ChemPhysChem

Figure 2. Active sites of hemoproteins investigated in our group; (a) myoglobin with CO;”® (b) neuroglobin with CO;” (c) hemoglobin with H,S;®
(d) bishistidyl hemoglobin;®¥ (e) myoglobin with ONO~; (f) bismethionine hemoglobin. For details see the text.

shows the active site of wild-type sperm whale myoglobin with CO
coordinated to the heme group (MbCO), which was studied along
with 17 protein mutations.” In that work, we presented a
quantitative measure of the FeC and CO bond strengths in MbCO,
as well as of the non-classical hydrogen bonding involving CO--H.
Figure 2b illustrates an experimentally observed process,”" in which
CO dissociates from the heme group of murine neuroglobin (NgCO)
and remains in a docking site within the heme pocket. Inspired by
this effect, we analyzed the strength of interactions between the
dissociated CO and the heme group, as well as between CO and
the surrounding amino acids in the docking site, for wild-type
NgCO and its nine mutations.” There is a clam living in a sulfur-
rich environment,” with the active site of hemoglobin occupied by
H.,S (see Figure 2¢). We also investigated the strength of chemical
bonds formed between Fe and H,S in the wild-type protein and its
nine mutations.®™ Our analysis of the wild-type protein revealed a
double proton transfer occurring between H,S and the distal
residue of the heme pocket, as well as between the distal residue
and one of the propionate groups of the heme. Figure 2d shows
the active site of shark hemoglobin, an example of bishistidyl
coordination in the heme group. In that study, we investigated the
strength of the distal and proximal FeN bonds and the stiffness of
the NFeN bond angle in both ferric and ferrous oxidation states of
bishistidyl hemoproteins from bacteria, animals, humans, and
plants.®™ Figures 2e and 2f show two ongoing projects. The first
(Figure 2e) focuses on analyzing the strength of chemical bonds
between Fe, Mn, and Co of the heme group in modified myoglobin,
and selected molecular ligands such as methanol, water, nitrite,
and azide. In this project, we also analyze the strength of hydrogen
bonds formed between the ligands and the distal histidine of
myoglobin. The second project (illustrated in Figure 2f) examines
the strength of FeS chemical bonds on both the distal and proximal
sides of bismethionine hemoglobin from bacterioferritin in both
oxidation states of Fe.

ChemPhysChem 2025, 26, 202401098 (4 of 12)

In this work, we evaluated the force constant k*(AB), which reflects
the intrinsic strength of the bond/weak interaction between two
atoms A and B, for the four axial FeN bonds labeled as Fe, Ny
FeuNoox: FeiNgy, and FeN,.,, where dist and prox indicate the
distal and proximal histidine, respectively. Images of the QM/MM
optimized geometries of the protein active sites are shown in the
Supplementary Material (Figures S1-S4). For easier comparison, we
transformed the local mode force constants k*(FeN) into relative
bond strength orders (BSO) according to the generalized Badger
rule derived by Cremer, Kraka, and coworkers®®' via a power
relationship in the form of BSO=A(K*)®. Two reference molecules
with known BSO and force constants are utilized to obtain the
parameters for A and B, with the constraint that a zero value for the
force constant k*(AB) yields a zero BSO value. For the metal-ligand
bonds such as FeN bonds we utilized Mayer bond orders®®
instead of defining BSO=1 for single and BSO=2 for double
bonds. In past studies involving transition metal bonding, Mayer
bond orders have turned out to be a better choice.*"%278%2%, Using
Mayer bond orders for the single bond in FeH (BSO=0.8711, k=
1.967 mDyn/A) and the double bond in FeN (BSO=1.9288, k=
3.393 mDyn/A) evaluated at the PBE0/6-31G(d,p) level of theory, we
obtained values of 0.3247 and 1.4584 for parameters A and B,
respectively.

We complemented LMA with features of the analysis of the electron
density p(r) via Bader's QTAIM theory."®"%? The covalent character
of the FeN bonds, in particular, was determined via the Cremer-
Kraka criterion,"®'* which is based on the local electron density
H(r) =G(r) +V(r), where the kinetic energy density is G(r) (positive,
destabilizing) and the potential energy density is V(r) (negative,
stabilizing). For bond critical point r, of p(r) between two bonded
atoms AB, if H(r,) is negative, the character of the AB bond is
predominantly covalent, whereas a positive H(r,) value indicates a
predominantly electrostatic character. In addition we analyzed the
atomic NBO charges of the Fe and N atoms involved in FeN
bonding.[105,106]
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All Cb5 geometry optimizations and normal vibrational mode
analyses were based on the hybrid QM/MM methodology,"*”'%
where starting coordinates were taken from the X-ray structures of
these proteins (see Table 1) using the following procedure. For X-
ray structures with two or more two polypeptide chains, only chain
A was used. Missing hydrogen atoms of the experimental structure
were added using AMBER"® and the molecular complex was
neutralized by counter-ions. The heme group of the protein was
surrounded by a sphere of TIP3P water molecules"'” extending to
16 A, and the initial minimization of the protein was performed at
the molecular mechanical (MM) level of theory using AMBER. The
minimized structure was then divided into a QM part which
included the heme group and both the distal and proximal
histidine side chains (Figure 1a, average number of QM atoms: 100),
whereas the MM part included the remaining atoms (average
number of MM atoms: 2020). Chemical bonds between QM and
MM parts were cut and free valences of the QM part were filled
with hydrogen atoms. QM/MM geometry optimizations were
performed without any constraints at the PBE0/6-31G(d,p)/AMBER
level of theory"""? with the ONIOM method applying scaled
electronic embedding."™ All subsequent frequency calculations
terminated without imaginary frequencies, identifying all optimized
protein complexes as local minima. In order to analyze the effects
of the protein environment, we calculated for comparison gas
phase models GAS of the bishistidyl hemoproteins active site (see
Figure 1b) at the PBE0/6-31G(d,p) level of theory. The PBEO func-
tional was used in our investigations because of its good perform-
ance for transition metals complexes”"""*"'® supported by the fact
that the calculated FeN bond length of 1.965 A of the ferric state
gas phase model almost matched the corresponding X-ray value of
1970 A in  [Fe(lll)(meso-tetraphenylporphyrin)>~  (1-methyl-
imidazole),]ClO,.""”

QM/MM and gas phase calculations for the ferric (Fe,) and the
ferrous (Fe,) oxidation states were performed with Gaussian."'® The
QM/MM Hessians from the protein the QM Hessians from the gas
phase calculations were used as input for subsequent LMA analyses
utilizing our LModeA program.'™ The QTAIM analysis was
performed with the AIMALL program™® and NBO charges were
calculated utilizing the NBO analysis implemented in Gaussian16.

Results and Discussion

This section starts with an individual discussion of distal and
proximal FeN bond properties for the ferric and ferrous states
(Figure 3 and Figure 4). Tables S1-54 of the Supporting Material
summarize the corresponding bond properties including bond
length R, local mode force stretching constant k*(FeN) and
corresponding bond strength order BSO, local mode frequency
o, energy density at a bond critical point H, and the Fe and N
atomic charge difference AQ. This is followed by the analysis of
overall trends of the FeN distal and axial bond properties in
ferric and ferrous states (Figure 5). In the final part of this
section, the axial NFeN bond angles for ferric and ferrous states
(Figure 6) are analyzed. The corresponding data, collecting axial
NFeN bond angles «, local mode force constants k*(NFeN) and
corresponding local mode bending frequencies w? for the ferric
and ferrous states can be found in Table S5 of the Supporting
Material. Images or the active sites of the twelve Cb5s are
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Figure 3. FeN bond properties in the ferric state. (a) Bond strength order BSO as a function of local mode force constant k*(Fe;,N4,); (b) BSO as a function of
k*(FeyNyrox; (€) correlation between bond length R and k(Fe;Ng,); (d) Correlation between R and local mode force constant k’(Fe,N,); () Correlation
between energy density H,, and k*(Fe;Ng;); (f) Correlation between H, and k’(Fe;N,); (g) Correlation between charge difference AQ and k’(Fe;Ng,);

(h) Correlation between AQ and k*(FeN,,). For protein labels see Table 1.
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Figure 4. FeN bond properties in the ferrous state. (a) Bond strength order BSO as a function of local mode force constant k’(Fe,Ng); (b) BSO as a function of
k*(FeyN, o (c) Correlation between bond length R and k*(FeyNg;); (d) Correlation between R and local mode force constant k*(Fe;N,,); (€) Correlation
between energy density H,, and k’(Fe;Ng;,); (f) Correlation between H, and k’(Fe;N,); (g) Correlation between charge difference AQ and k*(Fe;Ng,);

(h) Correlation between AQ and k*(FeN,,). For protein labels see Table 1.

shown in Figures S1-S4 as well as additional correlations
between local stretching and bending force constants are
depicted in Figure S5 of the Supporting Material. This is
followed by optimized QM/MM coordinates of all heme groups.

FeN Distal Bonds in the Ferric State

According to Figure 3a and Table S1, the weakest Fe, Ny, bond
(k*=1.468 mDyn/A) is observed for WRM from the large round-
worm of pig, which adapts a unique structure with an
additional a-helix and a disulfide bridge linking the head to the
tail part of the protein. This sets WRM apart from the other
eleven Cb5s investigated in this work. On the other side of the
spectrum, BCB exhibits the strongest Fey Ny, bond (k=
1.813 mDyn/A) in this series. The average k’(Fe,N) value for
the twelve Cb5s of our study is 1.662 mDyn/A, which is lower
than the corresponding gas phase value of k*=1.782 mDyn/A,
reflecting the influence of protein effects on the FeN bond
strength. According to Figure 3c the Fe,Ng. bond strengths
correlate with the corresponding bond lengths (R*=0.9450),
following the rule that stronger bonds are generally shorter
bonds, which is not always the case, as documented in the
literature.?'? Figure 3e illustrates the relationship between
the local mode force constant k’(Fe,Ng,) and the energy
density H,. Although no significant correlation is observed (R*=
0.4006), stronger Fe, Ny, bonds tend to be more covalent, as
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reflected by more negative H, values. Along the same lines, as
illustrated in Figure 3g, there is some trend between k*(Fe;,Ng;)
and the charge difference AQ(FeN) between the Fe and N atom
involved in this bond (R*=0.5973) indicating that stronger
Fe, N4 bonds are less polar.

FeN Proximal Bonds in the Ferric State

As reflected by Figure 3b and Table S2 the weakest FeyN,
bond is observed for BCC (k*=1.269 mDyn/A), which has also
the second weakest BCC distal bond ((k*=1.501 mDyn/A). The
strongest Fe, N, bond is found for ALG from the Green Alga
Virus (k*=1.964 mDyn/A), which is the strongest FeN bond
among all Cb5s investigated in this study. The average strength
of the FeyN,,, bonds (k’=1.728 mDyn/A, excluding the BCC
value) is close to the gas phase value of 1.781 mDyn/A. It is
interesting to note that the proximal BCC k* value of
1.269 mDyn/A is significantly smaller than the average value of
1.728 mDyn/A, suggesting a specific orientation of the heme
group of BCC, i.e, a strongly rotated heme group compared to
those of the other Cb5s of this study, as indicted in Figures S1-
S4 (Supplementary Material). According to Figure 3d, the
FeuNyox bond strength correlates (R*=0.9789) with the bond
length. As reflected in Figure 3f and Figure 3h, respectively,
there is no signifiant correlation between bond strength and
covalency (R*=0.7589) and between bond strength and the
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Figure 5. Comparison of axial FeN bonds in the ferric and ferrous states. (a) Bond length as a function of local mode force constant k’(Fe,,,Ng); ferric state
(red color) and ferrous state (blue color); (b) Bond length as a function of k*(Fe;;N,.); ferric state (red color) and ferrous state (blue color); (c) Box-and-whisker
plot of the distal bond lengths; ferric state (red color) and ferrous state (blue color); (d) Box-and-whisker plot of the proximal bond lengths; ferric state (red
color) and ferrous state (blue color). textbf(e) Bond order BSO as a function of local mode force constant k’(Fe,;Ng;,); ferric state (red color) and ferrous state
(blue color); (f) BSO as a function of k*(Fey,;N,); ferric state (red color) and ferrous state (blue color); (g) Box-and-whisker plot of k*(Fey;;Ng,); ferric state (red
color) and ferrous state (blue color); (h) Box-and-whisker plot of k*(Fey;;N,); ferric state (red color) and ferrous state (blue color).

charge difference AQ(FeN) (R*=0.6069). Overall, we observe
the same general trend reflected in the properties of the
FeuNgox bonds as in their distal counterparts, namely that a
stronger FeN bond is also shorter, more covalent, and less
polar.

FeN Distal Bonds in the Ferrous State

According to Table S3 and Figure 4a the weakest Fe Ny, bond
(k*=1.153 mDyn/A) is found for WRM, which is also the weakest
axial FeN bond among all Cb5 structures investigated in this
study. The strongest Fe,Ng, bond (k*=1.586 mDyn/A) is that of
ALG. The average strength of the Fe Ny, bonds is with a k*
values of 1.433 mDyn/A, similar to the strength of this bond of
the gas phase model (k*=1.449 mDyn/A). According to Figur-
es 4¢, 4e and 4g, k(Fe,N;,) correlates with bond length R (R*=
0.9649) and to a lesser extent with the bond covalency (R>=
0.7971). There is no correlation between bond strength and the
charge difference AQ(FeN) (R*=0.3422). Overall, the properties
of the Fe,Ng, bond show the same trend as observed for the
Fey Ny and FeyN,,. bonds, i.e., stronger bonds are shorter and
tend to be more covalent.

ChemPhysChem 2025, 26, €202401098 (7 of 12)

FeN Proximal Bonds in the Ferrous State

According to Table S4 and Figure 4b, BCC has the weakest
FeyN,.x bond in this series with a k* value of 1.196 mDyn/A,
whereas the strongest FeN bond is found for ALG (k=
1.629 mDyn/A). The average strength of this bond comes with a
k* value of 1.405mDyn/A close to the strength of the
corresponding gas phase FeN bond (k*=1.448 mDyn/A). k>
(FeyN,o,) correlates with bond length R (R*=0.9055, Figure 4d),
and to some extent with H, (R°=0.8299, Figure 4f), and the
charge difference AQ(FeN) (R*=0.7121, Figure 4h).

Overall Comparison of FeN Distal and Axial Bonds in Ferric
and Ferrous States

Figure 5a and 5b illustrate the overall correlation between FeN
bond length R and local mode force constant k* for the distal
and proximal bonds in both the ferric (red color) and the
ferrous (blue color) states, respectively, and Figure 5c¢ and 5d
the corresponding statistics of the bond properties in the form
of the box-and-whisker plots. As discussed above, bond length
changes among the twelve Cb5s are only marginal for both
distal and proximal FeN bonds, with a slightly larger bond
length range for the proximal bonds. Compared to hexacoordi-
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nate myoglobin-CO complexes (average R=1.75 A, BSO range:
1.2-1.5)"® and neuroglobin-CO complexes (average R=1.77 A,
BSO range: 0.85-1.0)"" both with a single FeN linkage via the
proximal histidine, the proximal cytochrome b5 linkage exhibits
considerably larger R values, reflecting that the logistics of a
bishistidyl linkage is more complex and prevents a more tighter
FeN approach. Figure 5a reveals a concentration of the ferric
bond lengths on the smaller side for the distal FeN bond,
whereas, as obvious from Figure 5b ferric bond length values
for the proximal FeN bond also stretch in to the larger bond
length side.

According to Figure 5¢, the median of the distal FeN bond
lengths in the ferric state (red color) has a value of 1.976 A,
which is close the median in the ferrous state (blue color) with
a value of 1.983 A. However, the range of the distal FeN bond
length values n the ferric state is smaller than that of the
ferrous state (0.036 and 0.051 A, respectively). Similarly, the
interquartile range (IQR, displaying a difference between the
75th and 25th percentiles of the data) of this bond in the ferric
state) is smaller than that of the ferrous state (0.013 and
0.025 A, respectively), which indicates on a larger concentration
of the bond length values around its median for the distal bond
length in the ferric state. For the proximal FeN bond (see
Figure 5d), the median of the bond length in the ferric state is
smaller than that in the ferrous state (1.972 and 1.996 A,
respectively), reflecting that the change from the ferric to
ferrous state makes the FeN proximal bond overall longer. In
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contrast, the bond length range in the ferric state is much
greater than in the ferrous state (0.080 and 0.054 A, respec-
tively), which is opposite to the IQR values of this bond (0.017
and 0.025 A, respectively), indicating on a larger concentration
of the bond length around its median value, similar as for the
distal bond.

Based on the LMA results depicted in Figure 5e-5 h we can
draw the conclusion that overall the ferric Fe(ll)N Cb5s bonds
are stronger than their ferrous Fe(l)N counterparts for both
distal and proximal bonds for all Cb5s investigated in this work,
independent of their origin. The change of the Fe oxidation
state from ferric to ferrous makes both the distal and the
proximal FeN bonds weaker as illustrated in Figures 5e and 5f.
This is also reflected by the corresponding average k* values of
1.662 mDyn/A (Fe, Ny bonds), 1.689 mDyn/A (Fe,N,,, bonds),
1.433 mDyn/A (Fe,Ny,, bonds), and 1.405mDyn/A (Fe,N,,,
bonds, respectively. In comparison, the corresponding gas
phase values are 1.782mDyn/A for the Fe Ny, bond,
1.781 mDyn/A for the FeyN,,, bond, 1.449 mDyn/A for the
Fe,Ngi: bond, and 1.448 mDyn/A for the Fe, Ny, bond.

The box-and-whisker graphs of k* for the distal FeN and
proximal FeN bonds in both oxidation states (Figure 5g and
Figure 5h) provide further details about the distribution of the
bond strength data. k’(Fe,Ng) values range from 1.468 to
1.813 mDyn/A, covering a range of 0.35 mDyn/A. k*(Fe, N,
values range from 1.269 to 1.964 mDyn/A covering a signifi-
cantly larger range of 0.80 mDyn/A primarily caused by the
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small k* of 1.269 mDyn/A for BCC, which as discussed above
results from the unique placement of the heme co-factor in the
protein. In comparison, k*(Fe,Ng,) values range from 1.153 to
1.586 mDyn/A covering a range of 0.43 mDyn/A. k*(Fe,N,,)
values range from 1.196 to 1.629 mDyn/A covering the same
range of 0.43 mDyn/A. The median values of 1.669 mDyn/A and
1.449 mDyn/A of the distal FeN bonds for ferric and ferrous
states, respectively as well as the median values of 1.709 mDyn/
A and 1.398 mDyn/A of the distal FeN bonds for ferric and
ferrous states, respectively clearly identifies the FeN bonds of
the ferric state as the stronger ones. The distal ferric FeN bonds
have a smaller IQR value of 0.091 mDyn/A, i.e, a tighter
concentration of values than the distal ferrous FeN bonds with
an IQR value of 0.229 mDyn/A. It is interesting to note that for
the proximal FeN bonds the opposite holds, where the ferrous
FeN bonds show a somewhat larger spread with an IQR value of
0.138 mDyn/A compared to the ferrous IQR value of
0.085 mDyn/A. As revealed by Figure 5e and 5f, distal bonds
(ferric and ferrous) cover a BSO range from 0.400 (see also
Table S3) to 0.773 (see also Table S1) and proximal bonds (ferric
and ferrous) from 0.442 (see also Table S4) to 0.869 (see also
Table S2), which comes close to a single bond.

LMA properties are sensitive to subtle differences in the
protein geometry, as reflected by the pronounced variations in
local stretching force constant values across various Cb5
structures. According to our LMA results, in the ferric state, the
weakest FeN bond observed in our calculations is that of BCC at
the proximal side (k*=1.269 mDyn/A) due to the rotated
orientation of the protein’s heme group,” which is unusual for
classical Cb5 proteins. The rotation of the heme group inside
the heme pocket changes the non-bonded interactions with
the side chains of the amino acids in the heme pocket, which
can lower the strength of chemical bonds between Fe and both
axial histidines. BCC's distal FeN bond is also relatively weak
(k*=1.501 mDyn/A). In contrast, the strongest FeN bond in the
ferric state is found for ALG at the proximal side (k®=
1.964 mDyn/A); the distal FeN bond is relatively strong as well
(k*=1.669 mDyn/A). ALG is a viral version of Cb5, and in
contrast to all other microsomal cytochrome Cb5s, it lacks a
hydrophobic C-terminal anchor™ In the ferrous state, the
weakest FeN bond is observed for WRM at the distal side (k=
1.153 mDyn/A), whereas its proximal FeN bond is relatively
stronger (k®=1.444 mDyn/A). WRM, a Cbs5 isolated from the
large roundworm of pig, has an additional a-helix and positively
charged residues on the surface domain which are capable of
interacting with redox partners. Unique to WRM, the additional
a-helix rotates the heme group; this rotation of the heme group
is essential for interactions with other reaction partners"® and
also appears to be responsible for a relatively weak FeN bond at
the proximal side - similar to what was observed in our
calculations of the BCC protein. The strongest FeN bond in the
ferrous state is observed for ALG at the proximal side (k®=
1.629 mDyn/A); ALG’s distal FeN bond is also relatively strong
(k*=1.586 mDyn/A). It is interesting to note that those two axial
FeN bonds are also relatively strong in the ferric state as well, as
discussed above. Although the differences between the FeN
bond lengths of the BCC, ALG, and WRM are on the order of
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1072 A, these small variations between the Cb5 structures’
geometries are highlighted by the corresponding yet more
pronounced variations in the local mode force constants, which
are on the order of 10~ mDyn/A.

The differences in axial FeN bond strengths between the
two oxidation states of the investigated Cb5s are also reflected
in other bond properties. According to Figure 3¢ and 3d as well
as Figure 4c and 4d, the average Fe,Ng bond length is smaller
than the average Fe,Ny bond length (R=1.977 and 1.987 A,
respectively), and the average Fe,N,.x bond length is smaller
than the average Fe N, bond length (R=1.972 and 1.987 A,
respectively). Similarly, according to Figure 3e and 3f as well as
Figure 4e and 4f, the Fe;Ng, bond is more covalent than the
Fe Ny bond (average H,=—0.0118 and —0.0031 Hartree/Bohr?,
respectively); along the same lines the Fe,N,, bond is more
covalent than the FeN,. bond (average H,=-0.0128 and
—0.0030 Hartree/Bohr’, respectively). In other words, Fe(ll)N
bonds are generally more covalent than their Fe(ll)N counter-
parts.

Overall, these results confirm recent results for a series of
other bishistidyl hemoproteins from bacteria, animals, human,
and plants, which involved two cytoglobins, ten hemoglobins,
two myoglobins, six neuroglobins, and six phytoglobins®!
where we also found that the axial FeN bond length varies only
marginal, with a slightly broader range covered by the proximal
FeN bonds, and that the change of the protein oxidation state
from ferric to ferrous state generally makes the FeN bond
weaker, whether proximal or distal.

Axial NFeN Bond Angle in Ferric and Ferrous States

In addition to local bond stretching force constants LMA
provides also local bond angle force constants reflecting the
bond angle stiffness (larger values) or flexibility (smaller
values).B*1#*1%1 |n this study we utilized the local angle force
constants k’*(NFeN) for both oxidation states as a tool to assess
the axial angle stiffness/flexibility in the Cb5 active site and to
monitor changes in the axial heme framework caused by
different protein environments. Table S5 collects axial NFeN
bond angle «, local mode force constant k*(NFeN) and
corresponding local mode bending frequency w“ data for both
the ferric and ferrous states. Figure 6a shows the correlation
between force constant k*(NFe(ll)N) and NFe(ll)N bond angle
and Figure 6b shows the correlation between force constant
k?(NFe(I)N) and NFe(I)N bond angle. Figure 6c summarizes the
correlation between force constant k’(NFeN) and NFeN bond
angle for both the ferric state (red color) and ferrous state (blue
color) in a more compact form. There are no correlations
between these two properties. As revealed by Figure S5 of the
Supporting Material, for both the ferric and ferrous oxidation
states, we do not observe any significant correlation between
local mode stretching force constants k?(NFe) and bending
force constants k%NFeN); we also do not observe any
correlations between the k*(NFe(ll)N) and k*NFe(l)N) bending
force constants.
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According to Figure 6c and the data in Table S5, there is
only a marginal deviation of the axial NFeN bond angle from
linearity for all members of both the ferric state (bond angle
range: 179.2° BOM-175.2° BCB) and the ferrous state (bond
angle range: 179.7° FLY-174.78° BCB). In comparison the gas
phase NFeN bond angles are 179.1° and 179.9° for the ferric
and ferrous states, respectively. Bis-histidyl coordination of the
heme co-factor does not lead to significant NFeN bending, i.e,
no significant structural changes compared to the gas phase
model for both ferric and ferrous state. On the other hand,
there are noticeable differences in the angle stiffness as
reflected by the bending force constants k?(NFeN). As previously
mentioned, the local mode bending force constant k is a
second order property in contrast to the bond angle, which is a
first order property. As such, local mode force constants k* are
generally more sensitive to electronic environment than geo-
metric descriptors; as shown by our data, this sensitivity is seen
especially for bond angle stiffness/flexibility. Figure 6¢ shows
that the range of the ferric local mode force constants
k*(NFe(lll)N) is twice as large as that of the ferrous local mode
force constants k*(NFe(Il)N) (0.257 versus 0.110 mDyn/A, respec-
tively, with the ferrous bond angles leaning more towards
larger k*(NFeN) values, i.e., stiffer bond angles). On the average
the axial NFeN bond angle in the protein is stiffer than that in
the gas phase (average k®=0.294 versus 0.178 mDyn/A,
respectively, for the ferric state; average k®=0.347 versus
0.288 mDyn/A, respectively for the ferrous state), which indi-
cates that the protein environment of Cb5 generally makes that
bond angle less flexible, because in the protein both histidine
side chains are chemically bonded to and confined by the
protein backbone.

Figure 6d and 6e show the box-and-whisker plots of bond
angles and bending force constants, respectively, for the ferric
and ferrous oxidation states. The median values of the axial
NFe(ll)N and NFe(l)N bond angles are 177.8 and 177.9,
respectively, indicating that the heme-coordinated histidine
ligands slightly deviate from a perfectly linear orientation within
the protein, as previously mentioned. The distribution of angles
across Cb5 species is also relatively tight, with small IQR values
of 2° for the ferric state and 2.2° for the ferrous state. In
contrast, there are pronounced differences between the
bending force constants of the ferric and ferrous states. The
median bending force constants of the ferric and ferrous states
are 0.25 mDyn/A and 0.34 mDyn/A, respectively; thus, the bond
angles become stiffer and less flexible upon reduction of the
heme iron. In addition, as reflected by the IQR values, we find a
significant tighter concentration of k*(NFe(Il)N) values compared
to the K*NFe(llDN) values, a difference which points to a
decrease in the variation of bond angle stiffness/flexibility upon
reduction.

Conclusions and Outlook
Using LMA combined with the QM/MM methodology, we

analyzed in this study the iron-histidine coordination in a series
of twelve Cb5s isolated from different species with a focus on
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the strength of the FeN distal/proximal bonds and the stiffness

of the axial NFeN bond angle. The investigation was augmented

by the topological analysis of the electron density and NBO
analysis for each Cb5 structure. This led to the following major
findings:

e FeN bonds: Bond length variations across species are
relatively small, although proximal bonds cover a slightly
larger range of bond lengths than distal bonds. For both
distal and proximal bonds, we observe that ferric bonds tend
to be slightly shorter than ferrous bonds. This difference in
bond lengths, albeit small, is correlated with a pronounced
difference in local stretching force constants. Examining the
influence of the protein environment on bond strength, we
observed that the protein environment of the investigated
Cb5s, across all species, alters the strength of both the FeN
distal and proximal bonds in both oxidation states — relative
to the strength of their counterparts in the gas phase models.
Overall, we found that the distal and proximal FeN bonds
become weaker, longer, and less covalent upon reduction of
the heme iron for all Cb5s investigated in this work.

e NFeN bond angles: The axial NFeN bond angles deviate only
slightly from a perfectly linear orientation of the two heme-
coordinated histidine ligands. While we found a correlation
between FeN bond length and bond strength for both heme
iron oxidation states, we did not find a correlation between
NFeN bond angle and angle stiffness. In addition, the
stiffness of the NFeN bond angle does not correlate with the
strength of the individual FeN bonds. Overall, the reduction
of the heme iron stiffens the NFeN bond angle, and the
protein environment, due to space confinement, also stiffens
the NFeN bond angle (compared to the gas phase models).
These changes effectively reduce the flexibility of the
histidine ligands within the investigated Cb5 structures.

e (b5 species of origin: LMA is a sensitive probe for detecting
differences between the FeN bond strengths of Cb5
structures from varying species of origin, reflecting differ-
ences in the protein structure, as demonstrated through the
comparison of FeN stretching force constants for the WRM,
BCC and ALG structures.

The LMA bond strength and bond angle stiffness, as second
order properties, were sensitive to the redox-induced changes
to both the electronic and geometric structure of the heme
group and may therefore serve as useful feature data for the
training and refinement of future ML models designed to
predict the redox potentials of Cb5 and Cb5-like proteins. If
successful, this approach would demonstrate how LMA data
could complement the aforementioned feature data (i.e., geo-
metric structure, electronic/bonding properties, and descriptors
of the surrounding protein environment) currently used in the
development of such models. Furthermore, such work could be
even further extended by incorporating relevant LMA data for
other metalloproteins as well during model training, thereby
potentially paving the way for generalized and better-trained
ML models which could inform the design of synthetically
enhanced metalloproteins whose redox potentials are fine-
tuned for various bioelectrocatalytic applications. In future
studies, it would also be of interest to evaluate the changes in
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the redox potential of the Cb5 protein due to synthetic
modifications of the FeN bond strength and NFeN bond angle
stiffness. To the best of our knowledge, the influence of
modifications to these two descriptors on the redox potential of
the Cb5 protein has not been previously examined in the
literature. A combined experimental and computational analysis
of this question would provide critical insights into how the
modification of the protein’s primary coordination sphere may
alter its redox potential and, by extension, its ET properties.
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