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Abstract

Since the 1863 discovery of a new green hemoglobin derivative called “sulthemoglobin”, the
nature of its characteristic 618 nm absorption band and formation mechanism has been the subject of
several hypotheses. Many heme-containing proteins with a histidine in the distal E7 (HisE7) position
can form sulfheme in the presence of hydrogen sulfide (H,S) and a reactive oxygen species such as
hydrogen peroxide. For unknown reasons, sultheme derivatives are formed specifically on the solvent-
excluded heme pyrrole B. Here, the use of hybrid Quantum Mechanical/Molecular Mechanical
(QM/MM) methods have permitted characterization of the entire process of sulfheme formation in the
HisE7 mutant of hemoglobin I (Hbl) from Lucina pectinata. This process includes a mechanism for
H,S to enter the solvent excluded active site through a hydrophobic channel to ultimately form a
hydrogen bond with H,O, bound to Fe(Ill). Proton transfer from H.O- to His64 to form Compound
(Cpd) 0 followed by hydrogen transfer from H,S to Fe(Ill)-H,O, complex results in homolytic cleavage
of the O-0O and S-H bond to form a reactive thiyl radical (HS¢), ferryl heme compound II (Cpd II) and a
water molecule. Subsequently, HSe addition to Cpd II followed by three proton transfer reactions
results in the formation of a 3-membered ring ferric sultheme (S,) that avoids the migration of the
radical to the protein matrix in contrast to other peroxidative reactions. The transformation of S to the
S5-membered thiochlorin ring structure (Sc) occurs through a significant potential energy barrier though
both structures are nearly isoenergetic. Both S, and Sc reveal a longer Ng--Fe(IIl) bond than the other
pyrrole nitrogen--Fe(IIl) bonds which would lead to a decreased in oxygen binding. The sultheme
experimental spectra are a function of the observation time, and interplay between two major sultheme
isomer concentrations (Sa and Sc); the latter being the dominant isomer at longer times. Thus, time-
dependent density functional theory (TDDFT) was used to calculate the sulfheme excited states and

visualize the highest occupied molecular orbitals (HOMOs) and lowest unoccupied MOs (LUMOs) of
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both isomers in order to interpret the transitions between them. Formation of the three-membered ring
Sa and Sc isomeric structures decrease the energy of the HOMO a,, and a,, orbitals compared to the
unmodified heme due to the electron-withdrawing sulfur-containing ring. The calculations reveal that
the absorption spectrum within the 700 nm region arises from a mixture of MOs, but can be
characterized as m to m* transitions, while the 600 nm region is characterized by n to d: (d,., d..)
transitions having components of a deoxy like derivative. Overall, these results are in agreement with a
wide range of experimental data and provide fertile ground for further investigations of sultheme

formation in other heme proteins, and additional effects of H,S on cell signaling and reactivity.
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Resumen

Desde el descubrimiento en 1863 de un nuevo derivado de hemoglobina de color verde llamado
"sulthemoglobina", la naturaleza de la banda caracteristica de absorcion a 618 nm y el mecanismo de
formacion ha sido objeto de varias hipotesis. Muchas hemo proteinas con histidina en la posicion distal
E7 (HisE7) pueden formar sulthemoglobina al estas reacionar con una especie de oxigeno reactivo tal
como peroxido de hidrogeno en presencia de sulfuro de hidrogeno (H.S). Por razones desconocidas, la
modificacion al grupo hemo al formarse sulfhemoglobina ocurre especificamente en el pirrol B, el cual
estd dentro de la matriz proteica fuera del contacto con el solvente. En este trabajo se usaron métodos
hibridos Mecénicos Cuanticos / Mecanicos Moleculares (QM / MM) que han permitido la
caracterizacion del proceso de formacion de sulthemoglobina en el mutante HisE7 de hemoglobina I
(HbI) de Lucina pectinata. Se encontrd un mecanismo para que el H,S ingrese al sitio activo a través de
un canal hidrofobico, para finalmente formar un enlace de hidrogeno con H,O, unido al Fe (III). Una
transferencia de protones de H,O, a His64 para formar el Compuesto (Cpd) 0 seguido de transferencia
de hidrogeno del complejo H,S al Cpd 0 da como resultado la escision homolitica del enlace O-O y SH
para formar un radical reactivo de tiillo (HS"), compuesto II (Cpd II) y una molécula de agua.
Posteriormente, la adicion de HS™ a Cpd II seguida por tres reacciones de transferencia de protones da
como resultado la formacion del isdémero de 3 miembros de sulthemoglobina (S4). Este mecanismo
evita la migracion del radical generado a la matriz proteica lo cual contrasta con otras reacciones
peroxidativas. La transformacion de esta estructura de Sx a una estructura de anillo de tioclorina de 5
miembros (Sc) se produce a través de una barrera de energia potencial significativa, aunque ambas
estructuras son casi isoenergéticas. Ambos isomeros revelan un enlace Ny - Fe (III) mas largo que el
observado para los otros enlaces de nitrogeno a Fe (III) lo que podria explicar la reducion de afinidad
con oxigeno de sulthemoglobina comparado con la afinidad por oxigeno de hemoglobina. Los

espectros experimentales de sulthemoglobina dependen del tiempo de observacion y la interaccion
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entre las concentraciones de sus principales isomeros (Sa y Sc); siendo este ultimo el isomero
dominante en tiempos mas largos. Por lo tanto, se us6 la teoria de funcional de densidad dependiente
del tiempo (TDDFT) para calcular los estados excitados de sulthemo y visualizar los orbitales
moleculares ocupados de mas alta energia (HOMO) y los orbitales moleculares (MO) desocupados de
mas baja energia (LUMO) de ambos isdmeros para interpretar las transiciones de ellos. La formacion
de los isoméros S, y Sc disminuyen la energia de los orbitales HOMO a;, y a,, en comparacion con el
hemo. Los calculos revelan que el espectro de absorcion dentro de la region de 700 nm surge de una
mezcla de MO, pero se puede caracterizar como transiciones m a °, mientras que la regiéon de 600 nm
se caracteriza por transiciones de « a d, (dy,, dx,). En general, estos resultados estan de acuerdo con una
amplia gama de datos experimentales y proporcionan un terreno fértil para investigaciones adicionales
en la formacion de sulthemo en otras hemo proteinas, y los efectos adicionales de la reactividad y la

sefializacion celular de H,S.
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1 Sulfheme formation mechanism by homolytic cleavage

1.1 Introduction

1.1.1 Iron and the heme group

Iron evolution in this planet is tightly attached to oxygen and its reactions through in organisms. It
has helped maintaining energy requirements for organism through the reaction with oxidative species,
helping with the modification by oxidation or reduction of carbon compounds. As part of this
evolutionary process, porphyrin groups are synthesized. The final step of iron insertion into the heme
group came to be placed later in the outer zone of mitochondria'. The iron insertion to form the heme
group opens a new array of complex reactions that go from electron transfer reduction to oxygen
molecule transportation. This iron porphyrin group has evolved to form part of different systems as
organisms evolved. The hemoglobin super family have this characteristic organometallic group in their
active site. This protein super family takes advantage of iron availability as the second most abundant
metal in the planet, and irons wide range redox potential which goes from 1 to -550 mV. By exploiting
the oxidation states, electron spin state, and redox potential, biological systems can adjust the chemical

reactivity of iron to suit physiological needs?.

The heme group is widely conserved through the heme protein super family. This family of
proteins takes part in a wide range of physiological reactions that goes from a molecule transfer to an
electron transfer. Hemoglobin is an example of a molecule transportation protein that binds oxygen to
the heme iron at the lungs; then oxygen is released in the tissue to be used by cells in its metabolic
needs. As an electron transfer heme protein there is the cytochrome c system, which is part of the
respiratory chain presented in the mitochondria inner membrane. Figure 1 presents the protoporphyrin

IX heme group usually conserved in many heme families. This large organic heterocyclic is composed



Figure 1: Protoporphyrin IX heme group.



of four pyrroline subunits interconnected via their alpha carbon atoms via methine bridges (=CH-). It
has two vinyls groups, four methyl and two propionates as side chains in the macrocycle. It has a
coordinated iron to the four nitrogen atoms of the pyrroline sub-units. The iron fifth and sixth
coordination positions are free. One of the free coordination positions is used in a covalent bond by an
active site amino acid which attaches the heme group to the enzyme protein matrix. The heme macro-
cycle is a planar system with a delocalized & system. The © systems interact with the d orbitals of the
iron. This creates, in many cases, an open d-shell which allows for various possible electronic
configurations and can support different spin- multiplets (low spin, intermediate, and high-spin states),
resulting in a spin-crossover behavior in many cases’. Interestingly, the chemical properties of the
heme group are mainly dominated by the central transition atom. In reactions of heme proteins with
hydrogen peroxide, the heme side chains play a role in the electronic density distribution through the
reaction. This possibly help minimize the energy of the reaction transient species.

The heme group reactivity in heme protein is fine tuned and tailored for the physiological
necessity by the protein active site amino acids, and the passages created by protein dynamics for
ligand movement from the solution through the protein matrix into the active site. There are different
types of heme groups inside this super family of proteins. The heme groups vary between them only at
the side chains present in the heme group. There are approximately nine variants of heme prosthetic
groups, such as chlorocruoroheme, which has a vinyl changed to an aldehyde. Chlorocruoroheme is
present in chlorocrorins, which are oxygen binding hemoglobins present in annelids. Another example
is heme D present in some catalases which decomposes hydrogen peroxide. Also, heme D is present in
monooxygenases, which insert one oxygen atom from O, to a substrate and forms water. In the end,
there is hemoglobin and myoglobins, which usually are oxygen binding proteins. One exception to this
is Lucina pectinata Hbl, whose its function is to transfer H,S to an autotrophic bacteria with which it

has a symbiotic relationship®. In some cases, it has been found that myoglobin can act as peroxidases,



but in these reactions, it get its iron finish with an oxidation state Fe®, rendering it unable to bind
oxygen anymore. This new peroxidative role and other reactions involving hydrogen peroxide are of
great interest today. Flogel and corroborators have proposed that, in the case of myoglobin, it plays an
influential key role in redox pathways in cardiac muscle to functionally and metabolically protect the

heart from oxidative damage™®.

1.1.2 Heme proteins reactions with hydrogen peroxide

Hydrogen peroxide has a long life because the peroxide bond (O-0O) is relatively strong. The O-O
bond distance in the hydrogen peroxide molecule is approximately 1.47 A and has a bond energy of 51
kcal/mol™ 7. In order to facilitate the breakup of H,O, into water and oxygen, the peroxide bond needs
to be cleaved. This bond cleavage unleashes the oxidizing power of hydrogen peroxide. Hydrogen
peroxide decomposition generates highly unstable and reactive oxidizing agents like superoxide (O )
and hydroxyl radical (OH). The reactivity of hydrogen peroxide and those oxidizing agents can cause
severe damage to macromolecules in biological systems. Hydrogen peroxide is naturally generated as a
byproduct of cellular oxygen metabolism, oxidative stress and other reactive oxygen species (ROS).
Hydrogen peroxide and other ROS damage the DNA, proteins and cell membranes. Mechanisms for

coping with oxidative stress are crucial for the survival of all organisms®.

Peroxidases are hemeproteins that have found a way to cleave the O-O bound in an energetically
favorable way. Peroxidases not only decompose hydrogen peroxide, but also are capable of taking
advantage of its oxidizing power to catalyze a number of oxidative reactions. Peroxidases are found in
plants, bacteria and animals, and it forms an enzyme super family inside the heme protein family. It is
important for the organism to deal with hydrogen peroxide and harvest its oxidation nature for many
cellular metabolic pathways. Some examples of different members of the peroxidase family are going

to be briefly mentioned ahead. One of these members is the haloperoxidase family. Haloperoxidases
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catalyze the halides transformation in the presence of hydrogen peroxide. Haloperoxidases are found in
fungi, bacteria and red algae. Chloroperoxidase is a haloperoxidase that is a glycoprotein which
catalyzes halogenation reactions using hydrogen peroxide. This enzyme has unique aspects but shares
holding a distal polar pocket commonly found in other peroxidases’. Chloroperoxidase exhibits

peroxidase, catalase and cytochrome P450 activity as well to catalyzing halogenation reactivity.

Other peroxidase family member is peroxidase-cyclooxygenase. Members of this family reduce
hydrogen peroxide and oxidize a variety of organic and inorganic compounds. Some representatives of
this family are: Myeloperoxidase, Lacto peroxidase, Eosinophil peroxidase, and Thyroid peroxidase.
Myeloperoxidase uses H,O, and chloride anion to produce hypochlorous acid and a tyrosyl radical,
which are used to kill bacteria. Eosinophil peroxidase is similar to myeloperoxidase and is involved in
combating infections and parasites; it is present in another type of white cell called Eosinophil
granulocytes'’. Lactoperoxidase is a peroxidase present in milk. It has antioxidant and antimicrobial
properties. Lactoperoxidase uses H,O, to oxidate thiocyanate ions (SCN"), producing hypothiocyante
(OSCN") which is considered to be bactericidal. Thyroid peroxidase is expressed in the thyroid, being

responsible of thyroids hormone biosynthesis.

Another group of peroxidases is the non-animal peroxidases group which it is divided in three
major classes. The first class (Class I) of peroxidases is a group of intracellular peroxidases. Three
members of this class are: yeast cytochrome ¢ peroxidase, found in the mitochondria, which serve as a
protection mechanism for peroxides; ascorbate peroxidase, which is the main protection and removes
hydrogen peroxidase in the chloroplast and cytoplasm in plants; and bacterial catalase, which is
responsible for protection of cells under oxidative stress and exhibit both peroxidase and catalase
activities. Cytrochrome C peroxidase is an example of a heme containing oxidoreductase that catalyzes

a two-electron reduction of hydrogen peroxide to water with concomitant oxidation of two equivalents



of cytochrome C. Phylogenetic analysis has demonstrated that it is obvious that a large diversity in the
genes coding for CcPs occurs among fungal genomes. The natural expression of the putative CcP genes
from all three subfamilies of CcP is a response to various forms of oxidative stress in the fungal life

cycle'’.

As we have presented before the peroxidases come from various organisms and have a very
important biological role in nature. When these enzymes are structurally compared with each other
some have very similar amino acid sequences while others are different in their amino acid sequences,
thus resulting in a low percent of primary sequence homology. But what all these enzymes have in
common is a highly conserve tertiary structure. This pattern, where the tertiary structure is more
conserved than the primary structure, is rather widespread in many families of enzymes. This structural
similarity of heme peroxidases is reflected around the common 10 helical bundle motifs. All
peroxidases are heme containing enzymes. Figure 2 shows the active site of horseradish
peroxidase(HRP). HRP is a widely studied peroxidase. In its active site the His 170 is coordinated to
the heme iron attaching the heme group to the protein matrix. In the distal side of the pocket we have
the His 42, Arg 38 and Phe 41%. It is attributed to the distal amino acids, which are directly involved in
the reaction of peroxidases with hydrogen peroxide. The distal amino acids interact with the different
intermediates of the peroxidase reaction. Farzana and collaborators have found that HRP can be used as
a biosensor to sense H>O, in neutral phosphate buffer, providing a wide response range towards H»O,
detection with an excellent reproducibility. All peroxidases have a distal and proximal helix loop
close to the heme group. The proximal helix contains a His, which is coordinated to the fifth
coordination position of the iron in the heme group. This is conserved through most peroxidase and

hemoglobins, excluding catalases that provide an example of heme proteins where a proximal Tyr



Figure 2: Horseradish peroxidase active site from 1W4Y pdb with His 42, Arg 38, Phe 41, Phe 152 as
the distal amino acids and His170 in the proximal position.



residue coordinates to the heme iron. Also cytochrome P450 family is coordinated in the fifth position,
by a methionine. Another important member of the peroxidase family is the catalases. Catalases are bi-
functional antioxidant enzymes present in different organisms. Almost all know organism use catalase
in every organ, and is normally found in high concentrations in the liver. Catalases provide protection
against oxidative stress by converting two hydrogen peroxide molecules into water and oxygen. One
example of the use of catalases by nature is the use of catalase as a propellant generator used by the

bombardier beetle.

The bombardier beetle has two sets of chemicals ordinarily stored separately in its paired
glands. The largest of the pairs of storage reservoir contains hydroquinone and hydrogen peroxide,
whereas the smallest of pair of the chambers contains catalases. To activate the spray, the beetle mixes
the contents of the two compartments, causing oxygen to be liberated from hydrogen peroxide
decomposition. The oxygen liberated oxidizes the hydroquinones and also the oxygen acts as a
propellant. The structures founded of catalase have revealed an unusually large number of
modifications unique to catalases. These modifications are a result of the interaction with reactive
oxygen species. Biochemical and physiological characterization of catalases from many different
organisms has revealed a surprisingly wide range of catalytic efficiencies, despite similar sequences'®.
These enzymes are very stable and are more resistant to pH, temperature and proteolysis than other

enzymes. This is attributed to a very rigid structure that is resistant to unfolding structure.

The mechanism proposed for the reaction of hydrogen peroxide and other ROS with the
peroxidase family can be seen in Figure 3. This mechanism describing this reaction was initially
proposed by Poulos and Kraut'®. First the hydrogen peroxide enters to the active site and coordinates
with the heme iron to make the ferric hydroperoxy complex. These short lived species, then with the

assistance of the Histidine (His) in the E7 position, extracts the proton from the oxygen proximal to the
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heme iron generating in the process the compound 0 specie. Then, the His transfers the hydrogen to the
second oxygen in the molecule of hydrogen peroxide. After this, the O-O bond is cleaved, generating
compound I species and releasing water. Afterwards, another molecule of hydrogen peroxide interacts
with compound I, generating two water molecules in peroxidases, and one water molecule and an
oxygen molecule in catalases. For a classic peroxidase, such as HRP, the reaction cycle involves a two-

electron oxidation-reduction'®.

The mechanism proposed for the reaction of hydrogen peroxide and other ROS with the
peroxidase family can be seen in Figure 3. The mechanism describing this reaction was initially
proposed by Poulos and Kraut®. First the hydrogen peroxide enters to the active site and coordinates
with the heme iron to make the ferric hydroperoxy complex. These short lived species, then with the
assistance of the Histidine in the E7 position, extracts the proton from the oxygen proximal to the heme
iron generating in the process the compound 0 specie. Then, the histidine transfers the hydrogen to the
second oxygen in the molecule of hydrogen peroxide. After this, the O-O bond is cleaved, generating
compound I species and releasing water. Afterwards, another molecule of hydrogen peroxide interacts
with compound I, generating two water molecules in peroxidases, and one water molecule and an
oxygen molecule in catalases. For a classic peroxidase, such as HRP, the reaction cycle involves a two-

electron oxidation-reduction'®.

This mechanism appears to be part of the catalitic cycles of heme oxygenase, cytochrome p450,
catalases, super oxide dismutase and hemoglobins with hydrogen peroxide. Because of the short life of
the transient species, it’s been difficult to study using spectroscopic techniques especially for the
species of ferric hydroperoxy and compound 0. The use of fast spectroscopic techniques like stopped-
flow has been used by several research groups. Shintaku et.al. using an optimized stopped-flow device

with a microsecond time scale mixing dead time present data of the reaction of HRP with hydrogen
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peroxide where the absorption soret band characteristic of compound I was detected, yet no compound
O band was detected between the 50-300 ps timescale monitored'’. However, the bands presented

isobestic points, suggesting the presence of a precursor specie to the compound I specie'’.
1.1.3 Mpyoglobin and hemoglobin reactions with hydrogen peroxide.

The globin family of proteins to which myoglobin (Mb) and hemoglobin (Hb) are part of, are
involved in very important biological processes that are diverse, and metabolize important
physiological reactions vital to the life of most organisms, from protist to mammals'®. Some of the
known functions are the transport of diatomic molecules, chemical catalysis, and electron transfer.
Phylogenetic analysis of the globin family suggests that all globins have evolved from a common
ancestor. It was found through phylogenetic analysis that globins are mostly enzymes that transport
oxygen, and its function was developed relatively recently through the emergence of multicellular

organisms'’.

Mb primary function is oxygen transport in the muscle®. Mb is frequently found in muscle cells
and gives meat its typical red color. Figure 4 shows the structure of horse heart met-myoglobin. Over
80% of the polypeptide chain is involved in eight helical segments?'. Its protein matrix is composed of
eight (8) helical motifs compared to ten (10) found in peroxidases. Myoglobin has a heme group in
their active site similar to peroxidases. The free heme group binds CO more strongly than oxygen, but
Mb is capable of discriminating between both. The mechanism for the reaction of hydrogen peroxide
with peroxidases and myoglobin has historical importance. Oxidative processes, which are in many
cases enhanced when modifications are introduced, lower the oxygen affinity and can limit the safety
of hemoglobins for oxygen-carrying therapeutics. The knowledge of the hemoglobins reaction with
hydrogen peroxide can help us to overcome the limit imposed by these reactions in the development of

proteins for oxygen carrying therapeutics.
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Figure 4. Structure of horse heart metmyoglobin from 1YMB pdb (Evans and Brayer 1990).
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Flogel et. al. has suggested that, additionally to the typical function of oxygen carrying capacity
of myoglobin, it also act as NO oxidase>*. Through the comparison of mice hearts with and without
myoglobin, their data shows that the lack of Mb leads to increased vulnerability of cardiac function to
oxidative challenge either pharmacologically induced or endogenously generated. These results suggest
that Mb is a key element influencing redox pathways in cardiac muscle to functionally and
metabolically protect the heart from oxidative damage>*. In the reaction of met-myoglobin with H,O,,
a protein derivative similar to compound I in peroxidases is formed, capable of oxidizing a wide
arrange of substrates®. Ferric myoglobin and hemoglobin undergo a two-electron oxidation in its
reaction with H,O,. In the mechanism proposed by Poulos and Kraut'", this reaction occurs in multiple
steps. Figure 5 shows the mechanism proposed for the reaction of H,O, with HbI of the clam Lucina
pectinata®. Similar to peroxidases and myoglobin, HbI forms ferryl species upon reaction with H,O..
But HbI showed the ability to stabilize the heme ferryl (Fe"V=0) *compound I a thousand times more
than Mb through its unusual heme pocket configuration (GIn64, Phe43, Phe29, and Phe68)*. These
heme ferryl-oxo derivatives play an important role in the design of the heme proteins substitutes of
natural hemoglobin®*?’. The compound I species have been characterized for multiple heme proteins,
but its theoretical precursor is still in debate. On previous studies, it was found that compound I was
formed within the dead time of stop-flow instruments'®. This means that it is a precursor that cannot be
measured in the timescales of rapid mixing techniques. Kiihnel et. al., through the use of cryoradiolitic
reduction, the peroxo-anion species was formed and then protonated to yield compound 0°. They have
found that compound 0 is present in the ferric low-spin doublet ground state and is characterized by a
long O-O bond length of 1.5 A and a Fe-O bond distance of 1.8 A, which is also observed in the crystal
structure’. Binding kinetics of many ligands with myoglobin has been determined using stopped flow
technique or laser flash photolysis. Unlike conventional chemical oxidations performed with mixing

methods that have a dead mixing time of 1 ms, the photochemical approach produces transient species
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Figure 5: Reaction mechanism proposed by for the reaction of Lucina pectinata HbI with hydrogen
peroxide”.
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instantly, and direct measurement of this accumulated transients could be relatively straightforward?.
The characteristic pocket distal amino acids found in Lucina pectinata, which has Gln instead of the
typical His, represents a good model for comparison of the role of the E7 position amino acid in the

formation of the sultheme specie.

1.1.4 Hydrogen sulfide biological relevance

To understand the biological relevance of hydrogen sulfide (H,S) first we have to picture it as
an available molecule in the body. Recent investigations suggest an important physiological and
pathological role of H,S in the human body. H,S is enzymatically generated in the vasculature, heart,
liver, kidney, brain, nervous system, lung, airway tissues, and many other tissues in the body. Another
recently proposed source of H,S is from thiosulfate. Recent study presents a thiosulfate contribution to
the H>S signaling under hypoxic conditions. Likewise, Olson and collaborators suggest that not only
thiosulfate is a source of H,S production, but also serves as means of recycling sulfur and thereby
conserving biologically relevant thiols*. The key role of H,S in health and disease is clearly borne out
by the correlations found to exist between low levels of plasma/tissue endogenous H,S and/or H,S-
generating enzymes in the presence and progression of adiposity, marked endothelial
dysfunction/insulin resistance, hypertension, hyperhomocysteinemia, diabetes, exacerbated cardiac
injury following ischemia-reperfusion injury, Alzheimer disease, cirrhosis, chronic kidney disease, GI
tract irritation, asthma, wound healing and cancer®. Recently, it has been found that the level of H,S
concentration in maternal placenta could influence the development of preeclampsia in women.
However, endogenous H.S is required for healthy placental vasculature, and a decrease in cystathionine
v-lyase (CSE)/H,S activity may contribute to the pathogenesis of preeclampsia.’’ Nonetheless,

exogenous exposure to H,S or compounds which could exogenous generate H,S are related to the
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development of sulfhemoglobinemia.*** This type of anemia results from the reaction of hemoglobin
in the presence of H,S with H,O, or other reactive oxygen specie. The final product of this reaction

results in a heme group modification is named sultheme.

1.1.5 Sulfheme specie formation

Sulfheme specie shown in Figure 6 is a chromophore associated with heme modification in
myoglobin (Mb), hemoglobin (Hb), and some peroxidases and catalases. Formation of sulfheme arises
from the reaction of these particular heme proteins with hydrogen sulfide (H.S) or other thiol
compounds in the presence of hydrogen peroxide (H,O,) or oxygen (O,). Sultheme have been
associated with high concentrations of H,S and various drugs such as acetanilide, metoclopramide,
phenacetin, dapsone, sulfonamide containing drugs, cimeti-dine, paracetamol, ibuprofen, and
naproxen.’'”>**¢Notably, the formation of sultheme complexes at moderate levels and their destruction
by the physiologic turnover of red blood cells has been considered to be the major pathway for H,S
degradation in humans.?® The presence of these sulfheme derivatives has also been used as a marker of

endogenous H,S synthesis.****

The concentration of O, required to saturate half of the sulfmyoglobin (sulfMb) molecules is
approximately 2500 times higher than that for the native protein, indicating a much lower O, affinity
for the former.”** Remarkably, catalases and peroxidases having a distal (ligand-binding site) His in
the active site also generate sulfheme derivatives that exhibit a lower affinity toward O,.*' Sulfheme
derivatives have a sulfur atom incorporated into pyrrole B (Figure 6), with a characteristic optical band
around 620 nm.** The displacement of this band depends on heme Fe oxidation and ligation states, as

well as on the type of the sulfheme isomer.****
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Figure 6: Typical protoporphyrin IX heme group vs sulfheme modified heme group.
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Considerable research efforts have been directed toward the structural and mechanistic
formation of these sultheme proteins. Proton NMR studies of several sulfMb—cyano complexes
revealed that there are at least three isomeric forms of the chlorin structure that may affect O,

43,48

affinity,** named Sa,Sg, and Sc, followed by the abbreviation for the heme-containing protein (Figure
7). Each sulfheme isomer has different physicochemical properties and hence a different reactivity and
stability pattern.**’ As such, the isomer distribution can be controlled by changes in pH, temperature,
and protein concentration. The NMR spectra of all isomers showed symmetry reduction of the
prosthetic group and alteration of the m conjugation of pyrrole B.*” The Sa structure is an episulfide
formed across the C3—C4 double bond (Figure 7), which is rapidly reconverted to the protoheme when
the heme is extracted from the protein, whereas Sg is characterized as a “ring-opened episulfide”, and

finally, Sc is the thiochlorin structure. 44>

SaMb (the Sa form of Mb) is converted into both SgMb and ScMb, although conversion from
SgMb to ScMb has not been observed, indicating that SsMb could be the precursor of both sulfheme
derivatives.”* ScMb is the most stable isomeric form when a vinyl group is bonded to C4 (Figure 7)

and appears to predominate under physiological conditions, implying that this compound may account

for the reduced O; affinity in sulfMb.**!

1.1.6 Density Function Theory

The organization, interaction and movement of electrons to distinguish the internal structure
of atoms and molecules is important in chemistry. Several electronic structure theories try to describe
how the electrons are arranged inside them. Some examples of electronic structure theories proposed
are Hartree-Fock®*>, configuration interaction (CI)*, coupled cluster [63], Mgller-Plesset perturbation

theory™, quantum Monte Carlo*®, and density functional theory (DFT)*""®. The main purpose of these
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Figure 7: (left) Depiction of protoporphyrin IX which binds to Hbl viewed from the distal side of heme.
Important carbons are labeled numerically and with symbols while the pyrroles are labeled
alphabetically (right) Sulfheme derivatives (SA, SB, and SC) showing the experimentally determined
transformation pathways. From http://dx.doi.org/10.1021/acs.jpcb.6b02839
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theories is to achieve the ground state energy calculation of a many electron system found in molecules.
From the several electronic structures theories, the density functional theory (DFT) can determine the
ground state energy in an accurate and efficient manner by representing the many electron system as a

function of the electron p (r) density and not via its many-body wavefunction.

DFT is mainly imputed to Hohenberg, Kohn, and Sham in 1964-1965°"**, but DFT theoretical
framework can be trace back to Thomas®, Fermi, and Dirac®. Thomas, Fermi, and Dirac were the first
ones to suggest a theory for electronic structure description using only the system total electron density
p(r). Though this approach was very simple and roughly estimates of atomic properties, and it failed
to describe the bonds between atoms which is important in chemistry. Although Thomas, Fermi, and
Dirac theory was not useful for chemical description, but it served as an foundation to Hohenberg,
Kohn, and Sham DFT theory®'. In Hohenberg and Kohn (HK) all ground state properties can be known
from knowing the total electron density p*’. The HK second theorem establishes that there is an
universal functional of the density who's global minimum value is the exact ground state energy of the
studied system. The ground state density minimizes this functional®’**. The universal functional is

expressed as shown next

F(p)=To(p)+J(p) (1.1)

where T,(p) first term is the total kinetic energy for non interacting particles which is equal to

To(p)=—1/22fw?(p)VZwi(p)dp (1.2)

and the J(p) is the classical Coulombic energy of electrons
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J(p)=1/2 ff wdldz (1.3)

12

To adjust and include the energy of interacting particles the exchange-correlation energy (Exc)
was added to the universal functional. The Exc have components of kinetic and potential energy. The

universal functional on equation 1.1 with the Exc included will be seen next

F(p)=T,(p)+J(p)+E,.(p) (1.4)

To give a precise description of a condensed matter system it is important to have an accurate
Exc functional®. The most widely used approximation to calculate the Exc are the local density
aproximation (LDA) and the general gradient approximation (GGA). Moreover Exc can be expressed

as follows
E,=E +E, (1.5)

in which we divide th Exc into exchange and correlation parts. The Ex depicts the exchange energy of
the Slater determinant of the KS orbitals, and the Ec portrays anything else from particle interactions®.
Because of the integration form of Ex and E¢, Ec < Ex, therefore the unknown correlation effects are
moved into an even smaller part of the KS total energy®. The the local density aproximation (LDA) is

simple model proposed by Kohn and Sham™® to describe the Exc. A general Exc LDA equation is

EP= [ o(r)elS(p)dr= [ p(r) (=34 22 ) gr 1.6

where exc (p) is the Exc for uniform electron gas density (UEG). The LDA for pure exchange is

shown in equation 1.7
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The Ec correlation energy is calculated at two scenarios. It is calculated for the regions were the
density limits are low and high. This is related to an infinite weak and infinite strong correlation. The

form is presented in the next to equations®.

EHighdenstt — 0 1np —c,+c,rIn ri—cs+...(rs>0) (1.8)
: d, d

EéowdenSIty:—r—O+T}2+_”(r‘s—)oo) (1.9)
s T

N

Accurate values for the correlation energy at intermediate density values, a quantum Monte
Carlo (QMC) simulations for the UEG is needed. In practice most LDA interpolate the values for the
correlation energy from QMC simulations while achieving the exactly known limiting behavior. Some
of the different approaches to calculate the correlation energy at intermediate density values for local
density approximations are Vosko-Wilk-Nusair(VWM), Perdew-Zunger (PZ81), Cole-Perdew(CP) and
Perdew-Wang (PW91)°'.

The GGA functionals can be seen as an adjustment of the LDA presuming an a infinite order
gradient expansion®.

Another option for Exc functional is to include a hybrid functional into Exc functional where a
part of the exchange is replaced with a nonlocal Hartree-Fock exchange. An example of this is the next

one proposed by Becke®.
Efe "' =Ext +a(Ey —Ex’ J+bAEY +c AEC"™ (1.10)
where a = 0.20, b =0.72, ¢ = 0.81. There are a variety of Excfunctionals which help to computationally

study the chemical nature of molecules through the use of DFT with accuracy and computational

efficiency.
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1.2 Methods

1.2.1 Model construction

Atomic coordinates for construction of the HisE7Hbl model were obtained from the 1.9 A
resolution X-ray structure of Hemoglobin I from Lucina pectinata with H>S bound to the Fe atom
(PDB entry /moh)®. Model construction was performed with CHARMM version ¢36b2%. Glu64 was
mutated to a neutral histidine residue. The proximal oxygen of H,O, replaced the sulfur atom bound to

Fe. The final solvated system contained ~20,000 atoms.

The CHARMM?27 force field® with CMAP corrections™ and the TIP3P water model”" were used
to describe the protein and solvent, respectively. The remaining atoms were described based on a
CHARMM modified force field for the heme group’™. One thousand steps of energy minimization were
performed using the steepest descent (SD) algorithm. Periodic boundary conditions were applied, and
the Particle Mesh Ewald method” (~1 grid point A?) was used to describe long-range electrostatic
effects. The SHAKE algorithm was used to constrain all bonds to hydrogen™. Because molecular
dynamics (MD) simulations of this heme protein using force field produced unphysical distortions in
the planarity of the heme, therefore, just the energy minimized structure was used as the initial structure

for subsequent simulations with a hybrid QM/MM method.

1.2.2 Parameterization Method 6 PM6/MM Molecular Dynamics

Hybrid QM/MM simulations were performed with pDynamo version 1.5.51 The QM region
was composed of the entire heme, the Arg99, the proximal His96, and H,O, (Figure 8) for a total of
108 QM atoms using the PM6 method”. Arg99 forms hydrogen bonds with one of the propionate
groups of heme. All residues were modeled in their canonical protonation states. A force switch was

used to describe the electrostatic and van der Waals interactions, with an inner cutoff of 8.0 A and an
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Figure 8: Depiction of lucina pectinana HbIGInE7His mutant with the entire heme, the distal His 64,
Phe 29, Phe 43, the proximal His96, the Arg99,and H-O,.
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outer cutoff of 14.0 A. Hydrogen link atoms were used to describe the QM/MM boundary, and these
were automatically placed 1.0 A away from CP along the Ca-Cp bond axis for side chains in the QM
region by pDynamo. The QM region multiplicity was set to the lowest energy spin state (doublet). The
MM region was described by the same CHARMM force field mentioned previously and will be
referred to as PM6/MM. The systems were simulated for 3 ps (1 fs time-step), during which the
velocities were scaled every 100 steps until a temperature of 300 K was reached. The systems were
then simulated for 1.4 ns in the NVT ensemble under periodic boundary conditions. The dimensions of
the system were 79.7 x 67.9 x 60.0 A°. The final structure was used for subsequent investigations with
DFT/ MM methods. Visualization of the structures and analysis were performed with the visual

molecular dynamics (VMD) program’.

1.2.3 DFT/MM investigations of sulfheme formation

A water molecule that penetrated into the active site was replaced by H.S in order to model a
mechanism of sultheme formation. This H>S molecule was always treated within the QM region with
Lennard Jones parameters obtained from the literature’”’. The hybrid DFT/MM calculations were
performed using pDynamo interfaced with the ORCA program version 37%. All water molecules with an
oxygen atom greater than 30 A from the Fe atom were deleted to create a spherical boundary model of
the system, a common approach that has been shown to yield good accuracy in investigations of
enzymatic reactions’*’. The entire enzyme was contained within the 30 A solvent sphere with an atom
count of ~11,300. All water molecules and protein residues containing an atom greater than 20 A from
the Fe atom of the heme were held fixed. The QM region was composed of the entire heme group, the
proximal His96 that binds to the Fe atom, the distal (ligand-binding side) His64, three distal
phenylalanines (Phe29, Phe43, and Phe68), H,O,, and H.S for a total of 149 QM atoms. The three

distal phenylalanines create a hydrophobic “cage” that surrounds any bound ligand.
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The QM region during the PE scans was described with the gradient-corrected BP86
functional®*** with an Ahlrichs split-valence basis set augmented with polarization (SVP)¥*!. The
resolution-of-the-identity (RI) or RIJCOSX approximation with the SVP/J or TZV/] Coulomb fitting
basis was applied in all cases when pure or hybrid functionals were used, respectively®*®. The
Stuttgart-Dresden ECP10MDF energy-consistent small-core effective core potential and basis set were

used to describe Fe®’®

. Hereafter, we refer to the combination of this DFT approach and the
CHARMM molecular mechanics potential as DFT,/MM. Single-point DFT/MM energies were
computed with the B3PW91 functional®* and the Ahlrichs TZV(P) basis set for the QM region.
Hereafter, we refer to the combination of this DFT approach and the CHARMM molecular mechanics
potential as DFT,/MM. The calculations were performed in the doublet, quartet and sextet states.

The initial structure for the PE scans was obtained from a PM6/MM simulation snapshot,
followed by a 100-step DFT,/ MM geometry optimization using the SD algorithm. The proton transfer
from the proximal oxygen of H,O, to His64 to form Cpd 0 was investigated by performing a series of
constrained geometry optimizations along a reaction coordinate defined as the mass-weighted distance
difference between NO(His64)-H(H.O,) and O(H,0,)-H(H,0,) divided into 21 windows. A harmonic
restraint potential of 475 kcal mol'A? was used on this and all the other reaction coordinate PE scans
while each window was always minimized for 50 steps using the SD algorithm. The formation of Cpd
I, H,O and the thiyl radical was investigated by performing a series of constrained geometry
optimizations along the hydrogen peroxide O-O bond distance divided into 24 windows. DFT,/MM
single points were then performed on the DFT,/MM-optimized structures to obtain a more accurate PE
profile. Thiyl radical insertion into various points within the heme macrocycle was investigated by
performing a series of constrained geometry optimizations along a reaction coordinate defined as the
distance between S(HS)-Cx(macrocycle). These explorations of thiyl radical insertion mechanisms

were computationally demanding, requiring thousands of geometry optimization steps, and so were
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performed using the more efficient DFT,/MM method. We report only on the additions to C2 (pyrrole
A) and C3 (pyrrole B) (Figure 7) because they were the only ones shown to be favorable and sufficient
to demonstrate the cause of specificity for sultheme formation on pyrrole B. Surprisingly, the products
of thiyl radical addition to C2 or C3 were only metastable. Once a hydrogen bond forms between the
thiol and the intermediate water molecule (which is also hydrogen bonded to Fe"V=0), DFT,/MM PE
scans along the reaction coordinate for (1) proton transfer from the thiol to the intermediate water
molecule and (2) from the water molecule to Fe™'=0 and (3) from His64 to Fe""=0 all occur without
any PE barrier, leading to the formation of SA\HisE7HbI, the three-membered episulfide ring

Sulfheme derivative S,HisE7HbI (Figure 7, three-membered ring structure) was further
geometry-optimized for 200 SD steps by the DFT;/MM method and then for 50 additional SD steps by
the DFT,/MM method. The transformation from SsHisE7HbI to ScHisE7HDbI (three- to five-membered
ring structure) was investigated through a DFT,/MM PE scan using the distance difference between
S—C4(pyrrole B) and S— C(terminal vinyl) as a reaction coordinate. Sultheme derivative ScHisE7HbI
was further geometry-optimized for 200 SD steps with the DFT,/MM method and then for 50
additional SD steps with the DFT>/MM method. Spin-density plots and structural representations were

created with VMD version 1.97°.
1.2.4 Mossbauer Calculations

The Mossbauer parameters, AE, (quadrupole splitting) and Jr. (proportional to the electron
density around Fe) were calculated using the ORCA program, and a previously developed calibration
method®'. 8. is calculated using the following formula: 8. = o(po — C)B, where a, B and C were
determined by linear regression fit to experimental data with values of -0.298, 1.118 and 11580
respectively. The calculations used the hybrid functional B3PW91 with the Ahlrichs TZV(P) basis set

and the DFT,/MM geometry optimized structures.
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1.3 Results and Discussion

1.3.1 PM6/MM MD Simulations

The PM6/MM MD simulation of HisE7HbI in the doublet state resulted in trajectories with only
minimal heme distortion (Figure 9, average root- mean-square deviation (rmsd) = 0.36 + 0.04 A),
without the addition of artificial restraints. MM MD simulations without restraints on the heme resulted
in severe distortions of the heme from planarity. In addition, attempts to geometry- optimize such
structures with DFT/MM methods in the doublet state result in the unpaired electron being delocalized
over the heme instead of correctly centered on the Fe(Ill) atom. In addition, these severe distortions
could propagate to other parts of the protein, creating channels for water penetration where none exist.
The PM6/MM simulations (Figure 9, average rmsd = 0.94 = 0.13 A) did not show these discrepancies.
Only minimal deviation of the heme from planarity is observed, even in the crystal structure of

Hb121’67’92.

The most drastic deviation in the heme (rmsd = 0.58 A) results from the y-meso carbon
fluctuating above the plane of the heme, with an adjacent d-meso carbon fluctuating below the plane
(Figures 7 and 9). The y-meso carbon is located between the propionates of the heme, which are
exposed to bulk solvent and have larger fluctuations than the rest of the heme. Thus, the fluctuations of
the propionates likely propagate to this part of the heme. Although the PM6/MM method is not
appropriate for investigating heme chemistry, the method may be used to accurately simulate the

structural dynamics of heme-containing proteins on the nanosecond time scale in the doublet state.

Most interestingly, the simulations reveal the penetration of a single water molecule through
what has been termed the Xe4 pocket™™ by a gating motion of Phe29 (the B10 residue). The water
molecule equilibrates to a location proximal to the site of sulfur insertion (Figure 10). This water

molecule that enters the active site is one of the 97 identified in the electron density maps®’. This water
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Figure 9: (A) Root mean square deviations in the coordinates of the heme (left) and in the Co of the
protein (B) compared to those in the model determined from X-ray crystallography®. From
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Figure 10: Representation of the HisE7HbI active site showing the progression (from red to blue) over
1.4 ns of a water molecule through Xe4 hydrophobic tunnel caused by the gating motion of Phe29
(closed state depicted in green, open state in aqua). (inset) Time series plot showing the side chain
dihedral angle of Phe29 going from closed to open and finally a complete dihedral rotation®. From
http://dx.doi.org/10.1021/acs.jpcb.6b02839
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molecule occupies a hydrophobic pocket and is hindered from accessing the active site by Phe29.
However, a change in the Phe29 Ca—CB—Cy—Cd dihedral at around 370 ps opens up a passage to the
active site where the water molecule then acts as the acceptor and hydrogen bonds with bound H,O..
The water molecule then approaches closer to the heme at around 430 ps and equilibrates in this

general location while remaining hydrogen bonded to H,O,.

A change in the Phe29 dihedral around 490 ps closes the passage once again. The Phe29 side
chain ultimately undergoes a flip, demonstrating the significant conformational freedom available to
side chains within the active site. No other water molecules penetrate the H,O, bound active site during
the simulation through this or any other route. Experiments performed on sperm whale Mb and
neuronal Hb from Cerebratulus lacteus demonstrated that the dominant pathway was through the E7
gate”. Opening and closing of the E7 gate would be defined by fluctuations of His64 that allow water
molecules from the adjacent bulk solvent to penetrate the active site. However, the MD simulations
suggest that once H,O, is bound in the active site of HisE7HbI the strong hydrogen bonding of the
proximal hydrogen of H,O, with His64 effectively keeps the E7 gate closed on the simulation time
scale. MD simulations with classical force fields on Mb’s and Hb’s indicate that passage through the

HisE7 gate is a minor route though this result could be due to inaccuracies in the force field””,

Although both HisE7HbI and Mb are in closer proximity to the bulk solvent than horseradish
peroxidase, cytochrome c¢ peroxidase, and P450s, the active sites are much more hydrophobic,
primarily due to the lack of a distal Arg residue. H,S, which is less polar than H,O (dipole moments:
H,S = 0.97 D, H,O = 1.85 D), may be even more likely to traverse the Xe4 hydrophobic pocket.
Interestingly, the rate of sulfMb formation decreases 250 fold at basic pH values, at which the
predominant species is the hydrosulfide anion, HS™ *°. This rate decrease may arise, in part, because

HS is less likely to enter the hydrophobic active site of Mb, most Hb like HisE7HDbI, through any of
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the hydrophobic channels. Therefore, these PM6/MM simulations provide, in part, an explanation for
why the site of sulfur insertion is on the side of the heme removed from bulk solvent. Interestingly,
alkyl radicals react with the more solvent-exposed y-meso carbon in Mb'”, clearly indicating that auto

catalytic modifications of heme proteins'”' will be a function of the ligand-binding path.

1.3.2 Structure of H;O; Bound to HisE7Hb1 and Cpd 0

DFT./MM PE scans of proton transfer from H,O, to His64 show a minimum for the proton
located on His64 (Cpd 0) in the doublet state but located on H,O, for both the quartet and sextet states
(Figure 11). The minimum energy structures for the quartet and sextet states are 1.9 kcal mol™ lower in
energy than that of the minimum energy structure for the doublet state. During these calculations, H,S
was not hydrogen bonded to H,O,, showed only minor movements during the proton transfer, and, from
this position, most likely had little effect on the results. This admixture of spin states with similar
energies in the resting state is similar to that observed in the electron paramagnetic resonance spectra of

HRP'.

These PE scans suggest that formation of Cpd 0 occurs through a spin-crossing event, moving
from the lowest energy quartet/sextet state to the doublet state, with a barrier of ~4 kcal mol™. Because
the exact nature of this spin-crossing event is not critical to our investigation, it was not investigated
further. The existence of this barrier to the formation of Cpd 0 suggests that a proton/hydrogen
donating molecule entering the active site would be most likely to encounter a Fe(III)— H,O, resting
state. When H,S hydrogen bonds with the distal oxygen of H,O,, the lowest energy structures are not
altered except for the sextet state. In the sextet state, hydrogen bonding between H.S and H,O, results
in the formation of Cpd 0 (i.e., the proximal proton on H,O, is transferred to His64), as shown in

Figure 11.
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Figure 11: (4) DFT-/MM minimum energy paths for proton transfer from H>O- to His64 using geo-
metries optimized with the DFT,/MM method. The reaction coordinate is the mass weighted distance
difference between His64N--H(proximal) and O-H(proximal). (B) DFT./MM geometry optimized struc-
tures of the reactive complex in all three spin states. The H,O, O-O bond length is 1.44 A for all three
spin states®’. From htip.//dx.doi.org/10.1021/acs.jpch.6b02839
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1.3.3 Formation of the Thiyl Radical and Cpd II.

DFT>/MM PE scans using the H,O, O—O bond distance as a reaction coordinate were used to
investigate possible mechanistic routes to the formation of a reactive sulfur moiety. The complex,
modeled on the results of PM6/MM MD simulations (see the Method), is very different from the
model used in other theoretical studies investigating the role of water molecules in HRP catalysis'®'*
In those studies, a water molecule assisted the peroxidase activity by positioning between HisE7 and
H,0O, whereas in our studies, the analogous H,S molecule is positioned in the space between H,O, and
the interior of the heme active site. The lowest DFT,/MM energy structure for the reactant complex
indicates that hydrogen bonding between H,S and the distal oxygen of H,O, lengthens the O—O bond
from 1.46 to 1.65—-1.70 A. This result clearly demonstrates the connection between hydrogen bonding
to the distal oxygen of H,O, and the strength of the O—O bond. The DFT,/MM calculations indicate
that the reaction would first occur through the formation of Cpd 0 in the doublet state, followed by
0O—0 homolysis concerted with hydrogen transfer from H,S to the developing water molecule (see the
reaction scheme in Figure 12) because this pathway has a much lower PE barrier, 5.4 kcal mol™. In
contrast, the quartet and sextet states have much higher calculated barriers of 20.1 and 21.1 kcal mol ™,
respectively. In the quartet state, there are two large decreases in the PE scan (Figure 13), one at an
O—O0 bond distance of 2.05 A, associated with proton transfer from H,O, to His64, and another at an

0-0 bond distance of 2.15 A, associated with proton transfer from H,S to the distal oxygen of H,O,. In

the sextet state, this latter proton transfer occurs at an O—O bond distance of 2.20 A.

The homolytic cleavage product was further geometry- optimized with the DFT,/MM method.
The quartet state is clearly favored for the product of this reaction, being 10.2 kcal mol™' lower in
energy than that of the doublet state and 12.5 kcal mol™" lower in energy than that of the sextet state.

Thus, the DFT,/MM calculations indicate a spin-crossing event from the doublet to quartet state,
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Figure 12: Reaction pathways leading to formation of a reactive sulfur moiety. Reactions could be
initiated from either the Fe(Ill)-H:O: bound state or Cpd 0 with homolytic or heterolytic bond cleavage

leading to either Cpd II or Cpd I respectively. The formation of Cpd 0 could be concerted with these
reactions®. From hittp://dx.doi.org/10.1021/acs jpcb.6b02839
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occurring past the transition state for O—O homolysis. The formation of a thiyl radical through O—O
homolysis rather than heterolysis agrees with the findings on heme oxygenases that demonstrate that
weak hydrogen bonding to the distal ligand will result in homolytic cleavage rather than heterolytic
cleavage'®. Finally, although the DFT»/ MM PE scan along the O—O bond distance does not show a
minimum along this reaction coordinate, the thiyl radical likely exists within a “minimum energy cage”
made up of Phe28, Phe29, Leu32, Phe33, Phe43, Phe68, Alal09, and the heme. Thus, the thiyl radical
is more likely to react instantly with proximal sites on the heme rather than escape the active site.
Analogous calculations performed on OH formation within a heme oxygenase indicated that the radical
was bound by 11 kcal mol™ '%, Representative products are shown in Figure 13. As previously
mentioned, a primary objective of this study was to determine whether the breaking of the O—O bond
in the presence of H,S hydrogen bonding to the distal oxygen would be through heterolytic or
homolytic cleavage of the O—O and S—H bonds (Figure 12). The DFT,/MM PE scans in all three spin
states result in the formation of H,O, HS" (thiyl radical), and a ferryl heme, as shown in Table 1 and
Figure 14. DFT,/MM spin-density distribution of the homolytic cleavage product in the doublet and
quartet states is shown on Figure 14. The doublet state is anti ferromagnetic, with three unpaired
electrons (two a and one ). The spin of the electron centered on sulfur is flipped in the quartet state,
whereas the higher- energy sextet shows two additional unpaired electrons centered Figure 14. Green
surfaces show areas of a spin density, whereas yellow surfaces show areas of B spin density. Table 1
provides the spin-density values from the Mulliken population analysis on the Fe atom and a small
increase in the a spin density on the pyrrole nitrogens (Figure 14 and Table 1). The catalytic cycle of
peroxidases often produces a Cpd I species (the Fe porphyrin radical cation) in which an unpaired
electron is delocalized over the pyrrole nitrogens. Significant spin density over the porphyrin ring is not
observed from our calculations for this intermediate in all three spin states, suggesting that Cpd II

(Fe™=0") is the product of this reaction as shown in Figure 12. The calculated Mossbauer parameters
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Figure 14: DFT.,/MM spin-density distribution of the homolytic cleavage product in the (A) doublet
and (B) quartet states. Green surfaces show areas of a spin density, whereas yellow surfaces show

areas of [ spin density. Table 1 provides the spin-density values from the Mulliken population
analysis®. From http://dx.doi.org/10.1021/acs.jpch.6b02839
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Table 1: Spin density values from Mulliken population analysis for all relevant structures along the
reaction path of sulfheme formation®. From http://dx.doi.org/10.1021/acs.jpcb.6b02839

Fe Ol 02 N S
(bonded to Fe) (pyrroles)
HisE7HbI with H,O, bound to Fe(III)
Cpd 0-Doublet 1.05 0.06 0.00 -0.12 0.00
Hydroperoxy-Quartet 2.98 0.09 0.01 -0.26 0.00
Hydroperoxy-Sextet 4.37 0.14 0.02 0.23 0.00
Thiyl radical, H,O and Cpd 11
Doublet 1.62 0.47 -0.10 -0.09 -0.90
Quartet 1.64 0.50 0.12 -0.14 0.92
Sextet 3.54 0.29 0.10 0.14 0.93
3-membered episulfide ring
Doublet 1.10 0.02 0.00 -0.13 0.00
Quartet 3.05 0.06 0.00 -0.27 0.00
Sextet 4.43 0.07 0.00 0.25 0.00
Thiochlorin
Doublet 1.09 0.02 0.00 -0.13 0.00
Quartet 3.07 0.05 0.00 -0.28 0.00
Sextet 4.43 0.06 0.00 0.24 0.00
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for the ferryl complex in the doublet and quartet states are similar to other experimental Cpd II values'”’

(Figure 15 and Table 2).
1.3.4 Formation of the Three-Membered Episulfide Ring.

The selectivity of sulfur insertion into pyrrole B of the porphyrin system is not immediately
apparent, although experimental studies of sulfHb and sulfMb have demonstrated that the process is
specific for pyrrole B (presumably through addition to C3; Figure 7)*. The penetration of the sulfur
source, H»S, into this specific region of the heme (near pyrroles A and B as opposed to pyrroles C and
D) provides a partial explanation for the selectivity toward the part of the heme most separated from
bulk solvent. Yet, once the thiyl radical is formed, it appears entirely possible that it could react with
other parts of the heme as well. Here, we will focus our discussion on the results that distinguish thiyl
radical addition to C3 (pyrrole B) and to C2 (pyrrole A) because these two positions were energetically
most favorable. Additional PE scans were performed for thiyl radical addition to other positions on the
heme, but the PE barriers and thermodynamics of these additions were highly unfavorable and
therefore have not reported.

DFT,/MM PE scans along the "S—C3(pyrrole B) bond distance in all three spin states indicated
no PE barrier for this addition step, whereas PE barriers of 12—15 kcal mol™' were observed for PE
scans along the ‘S—C2(pyrrole A) bond distance in all three spin states (Supporting Information). The
thiyl radical is positioned between Phe68/C2 on one side and Phe43/C3 on the other (see Figure 10 for
locations of Phe43/68). Yet, Phe68 is in closer proximity to C2 than that of Phe43 to C3. This
differential placement of the Phe residues is most likely the basis of the difference in PE barriers.
Phe68 is displaced during thiyl radical addition to C2 (rmsd = 0.48 A between the starting and ending
structures), whereas a much smaller displacement of Phe43 occurs (rmsd = 0.23 A) during thiyl radical

addition to C3. These differential barriers provide another reason for the specificity of sultheme
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Figure 15: Experimental Mossbauer spectra values plotted vs the values obtained from B3PW91 calcu-
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Cpd II*°. From http.//dx.doi.org/10.1021/acs.jpch.6b02839
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Table 1: Mossbauer parameters, or. and AE,, for all relevant structures along the reaction path of
sulfheme formation. or. is calculated using the following formula: or. = o(po— C)p, a, p and C were
determined by linear regression fit to experimental data with values of -0.298, 1.118 and 11580
respectively”.  p, is  proportional to the electron density around Fe. From

htip://dx.doi.org/10.1021/acs.ipchb.6b02839

SFe AEQ
Thiyl radical, H;O and Cpd 11
Doublet 0.02 1.46
Quartet 0.02 1.57
Sextet 0.02 1.57
3-membered episulfide ring
Doublet 0.29 2.32
Quartet 0.38 1.70
Sextet 0.35 0.74
Thiochlorin

Doublet 0.30 2.31
Quartet 0.39 1.91
Sextet 0.36 0.81
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formation at pyrrole B. Significant spin density is transferred into the vinyl moieties of pyrrole A/B
upon thiyl radical addition to C2/C3 and into the pyrrole moieties (Figure 16). Calculated Mossbauer
parameters indicate that the projection of spin density onto the heme results in a species similar to Cpd
I but with the spin density anisotropically distributed toward pyrrole B.

Yet, both of the ring-opened episulfide structures, on C3 and C2, are only metastable along this
particular reaction coordinate (see the Method). This lack of stability is in agreement with NMR
experiments that do not detect any intermediate of this type*!'®. Extensive DFT/MM geometry
optimizations and PE scans along different reaction coordinates and in all three spin states all lead to
the formation of the three membered ring (SaHisE7HbI) sulfheme. This result indicates that only the
final product is stable (Figure 17). Interestingly, these calculations indicate that once the thiyl radical
reacts with pyrrole B, the thiyl proton is transferred to the intervening water molecule and two protons
are transferred to Fe™=0, one from His64 (as observed in the geometry optimization with no
restraints) and another from the intervening water molecule. The final product is the Fe"™—H,O resting
state and SAHisE7HbI. Thus, the calculations suggest a compelling mechanism, as shown in Figure 18.
The overall reaction may appear concerted, although most likely asynchronous, given the results of our
unrestrained geometry optimizations in which only one proton transfer occurred spontaneously (Figure
17). The mechanism determined through these calculations has similarities to another proposed
mechanism for the covalent modification of myeloperoxidase by thioxanthine in which the ligand
donates a proton to Cpd I/II as part of the covalent binding process to regenerate the Fe(IIl) resting
state'”. The Mulliken population analysis indicates that one unpaired electron is centered on the Fe
atom in the doublet state, verifying the Fe(IIl) assignment (Figure 19). An electron must be transferred
from the vinyl moiety of pyrrole B to Fe through a coupling of the n/d. orbitals to reduce the Fe from
the ferryl to the ferric state.

DFT>/MM geometry-optimized structures of S\HisE7HbI showed that the sultheme formed on
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episulfide. We have different multiplicities PE scans where the (A) belongs to the Doublet, the (B) for
the Quartet, and the (C) for the Sextet. On (D) is shown the scans positions over the heme. The green

for the C2(pyrrole  A) and blue  for the C3(pyrrole B)*. From
http://dx.doi.org/10.1021/acs.jpcb.6b02839
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Figure 17: (A) Change in potential energy upon a conformational change that leads to hydrogen
bonding between —C3-S-H and the water molecule that is, in turn, hydrogen bonded to Fe(IV)=0 and
subsequently proton transfer from His64 to Cpd II. Upon completion of this scan, the model is aligned
for two more proton transfers. One from —C3-S-H to the water molecule and one from the water
molecule to Fe(IV)=0 to form the 3-membered episulfide ring and the Fe(Ill) resting state. (B)
Change in distances (4) associated with the conformational change. BP86/MM PE scans along the
reaction coordinates for proton transfer did not indicate any PE barrier”. From
http://dx.doi.org/10.1021/acs.jpcb.6b02839
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Figure 18: The complex mechanism for the formation of SAHisE7HbI (three-membered ring) in pyrrole
B once the thiyl radical (see Figure 14) has added to C3 involves (A) sulfur addition to C4, (B) proton
transfer from R-S—H to the intervening water molecule, and (C) two proton transfers to the ferryl

oxygen, one from the intervening water molecule and the other from His64”. From
http.//dx.doi.org/10.1021/acs.jpcb.6b02839
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Figure 19: Spin density distribution of BP86/MM structure of the metastable ring-opened episulfide in
doublet (A) and quartet (B) states. View is looking down on heme from the distal side. Significant spin

density is projected into the porphyrin ring and the vinyl group attached to pyrrole B*’. From
http.//dx.doi.org/10.1021/acs.jpch.6b02839
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pyrrole B is more stable than the one formed on pyrrole A in each respective spin state (Figure 20).
The PE differences between the two structures in the doublet, quartet, and sextet states are 3.2, 3.1,
and 3.7 kcal mol™, respectively. The sextet state was the lowest in PE for SAHisE7HbI on pyrrole B,
being favored by PEs of 2.7 and 3.7 kcal mol™ over those of the doublet and quartet states. Thus, the
DFT,./MM results suggest that a spin-crossing event from the quartet to the sextet state would occur at
some point between the creation of the thiyl radical/Cpd II and the formation of S,HisE7HbI. A
decrease of 55.7 kcal/mol™ in the DFTo/MM PE is observed for progressing from the thiyl radical/Cpd
IT quartet complex to the sextet form of SAHisE7HbI.

The SAHisE7HDI structures on pyrrole B (Figure 20) reveal a lengthening of the pyrrole
NB-Fe"™ bond relative to the length of the other pyrrole nitrogen—Fe™ bonds and to that of these
bonds seen in the Fe"™—H,0, complex. Thus, formation of Sy\HisE7HbI is likely to cause a reduction in
O, affinity, as experimentally found for sulfheme derivatives in Mb. The calculated Mdssbauer
parameters, 0Fe and AEQ, for SA\HisE7HbI in the quartet state are most similar to those reported for
ferric met-aquo (Table 2). The Fe values are larger than those calculated for ferryl Cpd II, suggesting
weaker o bonds around the iron due to a decrease in the total s-electron density. This weakening of the

o bonds leads to increased Fe—N(pyrrole) bond lengths.
1.3.5 Formation of the Thiochlorin Ring Structure.

A DFT,/MM PE scan along a reaction coordinate connecting SAHisE7HbI (three-membered
ring) to SCHisE7HbI (five membered ring) indicates that a significant PE barrier of about 28 kcal mol ™
must be traversed in all three spin states (Figure 21). Yet, it has been observed in many mechanistic
studies that PE barriers are often much higher than free-energy barriers obtained through umbrella-
sampling MD simulations'”. In addition, entropic effects not accounted for in PE scans would be

favorable for transforming SAHisE7HbI to SCHisE7HbI, because SCHisE7HbI is much less
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Figure 20: DFT- /MM geometry-optimized structures of the three-membered episulfide ring
(S4HisE7HbI) in the doublet (A), quartet (B), and sextet (C) states, annotated with selected bond
lengths (4), including the distances of the pyrrole nitrogens from Fe(Ill). (D) DFT./MM energy- level
diagram of S:HisE7Hb1 in pyrrole B vs pyrrole A*°. From http.//dx.doi.org/10.1021/acs.jpcb.6b02839
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Figure 21: DFT.,/MM geometry-optimized structures of the thiochlorin (ScHisE7HbI) in the doublet
(A), quartet (B), and sextet (C) states, annotated with selected bond lengths (A), including the
distances of the pyrrole nitrogens from Fe(Ill). (D) DFT-/MM PE profile along the reaction coordinate,
described by the distance difference between S—C4 and S—C* (see Figure 18 for atom names), using
geometries optimized with the DFT /MM method. The energy of S:HisE7HbI in the sextet state is set to
zero®. From http://dx.doi.org/10.1021/acs jpch.6b02839
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strained than S,HisE7HbI. Thus, with significantly more computationally intensive methods, we would
expect to calculate a lower free-energy barrier. The DFT,/MM PE differences between the three-
membered episulfide and five-membered thiochlorin ring structures were 6.2, 3.1, and 2.9 kcal mol™ in
favor of SAHisE7HbI for the doublet, quartet, and sextet states, respectively. Finally, the high-spin
sextet state is favored by PEs of 2.9 and 7.0 kcal mol™' over those of the quartet and doublet states,
respectively, for ScHisSE7HbI. The favorably high-spin state is in agreement with NMR experiments'®.

Formation of ScHisE7HbI results in a heme that is much more planar than SAHisE7HbI. The
formation of ScHisE7HDbI causes a distortion from planarity not only evident mostly in pyrrole B but
also evident to some extent in pyrrole A. Val39 and Leul06 rotate slightly to accommodate the
formation of ScHisE7HbI. The Fe™—OH, bond lengthens by only 0.02 A. The pyrrole nitrogen—Fe"
bond lengths are within 0.01A of the values seen for the S,HisE7HbI structure. Thus, both sultheme
species would be expected to decrease the affinity for O, by approximately the same magnitude. The
crystal structure of cyanomet-ScMb (PDB code 1YMC)''? also shows that the pyrrole NB—Fe"™ and
ND-Fe™ bond lengths of 2.10 and 2.07 A, respectively, are longer than the NA,C—Fe™ bond length
of 2.00/2.01 A. The S—C3/C* bond distances are the same (1.87 A) in all three spin states but
asymmetric in the crystal structure (1.77/1.89 A). Here, refinement of the mid- range resolution data is
most likely the cause of the difference because DFT,/MM calculated bond lengths are unlikely to have
such a large error.

The calculated Mossbauer parameter, oFe, is practically identical for S, HisE7HbI and
ScHisE7HDI in each respective spin state (Table 2). Some small differences in AE, are observed
between the two isomers in the quartet and sextet states (0.21 and 0.05, respectively). The Mossbauer
parameter, AEq, is sensitive to the surrounding environment and thus the small differences in AEq are
likely due to the small differences in Fe—N and Fe—O bond lengths observed in the optimized structures

(Figure 20 and 21).
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1.4 Concluding Remarks

PM6/MM molecular dynamics simulations suggest that a small molecule like H,O or H,S could
enter the most solvent excluded section of the HisE7Hb1 active site through the experimentally-
determined Xe4 channel, forming a hydrogen bond with bound H,O,. The penetration of a water
molecule in the simulations was mediated by the gating motion of Phe29 (B10). In addition, the DFT/
MM quartet and sextet states in the HisE7Hb1-H,O, complex appear slightly more stable than the
doublet state (Cpd 0) and thus would be less likely to react until a “co-substrate” like H,O or H,S were
present in a catalytically relevant configuration. These calculated models observations argue for a
mechanism of sultheme formation involving the concerted interaction between His64, Fe(III)-H,O, and

H,S through the formation of a thiyl radical.

DFT/MM calculations also revealed the basis for specificity of sultheme formation on pyrrole
B. Phe68 acts as a steric barrier for thiyl radical addition to C2 (pyrrole A) though other
physicochemical properties may also contribute. C3 (pyrrole B) is bonded to two sp* carbons and a sp’
carbon making it slightly more electrophilic than C2 (pyrrole A) that is bonded to three sp* carbons.
These factors could be tested by mutating Phe68 to a smaller hydrophobic residue and or chemical
modification of pyrroles A and B. Steric arguments have been used extensively to explain the results of
heme modifications'"'.

Finally, the calculations on S\HisE7HbI and ScHisE7HbI reveal a lengthening of the Ng-Fe
bond, breaking the symmetry of the pyrrole rings around Fe™ . Furthermore, the heme 7 orbital
coupling to the iron d. orbitals may facilitate electronic withdrawal from the iron caused by the sulfur
insertion. These structural and electronic changes will lead to a reduced oxygen affinity. A more in-
depth molecular orbital analysis on these features is required along with the substitution of aqua met-

HisE7HbI by HisE7HbI-O, models for a fuller understanding of the reduced oxygen affinity. In
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summary, our DFT/MM calculations have led to a mechanism of sulfheme formation involving the
concerted action of His64 in the E7 position and H,S as well as the basis for specificity towards pyrrole
B. Additionally, these simulations provide a mechanistic route where the generated radical avoids
migration to the protein matrix in contrast to other peroxidative reactions. Finally, the calculations are
in agreement with many experimental observations and suggest further experiments to verify the

mechanism in this and other heme proteins.
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2 Sulfheme Charge Transfer and n to ©° Transitions in the Visible
Spectra

2.1 Introduction

2.1.1 Sulfheme spectroscopy characteristics

The idea to understand the H,S reaction phenomena in proteins started to be explored in the 19™
century with the discovered “hemoglobin”, in particular, Hoppe-Seyler, by presenting the first
hemoglobin absorption spectrum in 1862'2. In the year 1863 with the aid of the spectroscope,
oxyhemoglobin was first studied while in the presence of H,S and called this new green hemoglobin

»113  Thus, he was able to describe that sultheme had a characteristic 618

derivative “sulthemoglobin
nm absorption band which was located in the red region of the spectrum, slightly displaced toward the
blue from the 635 nm methemoglobin band'?. The work was extensively followed by Keilin''* and
Michel'®. In 1933, Keilin showed that oxygen was essential for the formation of these sulfheme

14 While, Michel demonstrated the formation of an analogous compound upon interaction

derivatives
of oxymyoglobin (oxyMb) with H,S and termed the complex sulfmyoglobin (sulfMb)'®. Both,
hemoglobin (Hb) and myoglobin (Mb) in the presence of O, or H,O, and H,S generate sulfHb and

sulfMb, respectively. Anaerobically H,S binds to the heme reaction center and it can reduce the heme

as function of the H,S concentration and heme electronic environment!'>'*°,

Considerable research efforts have been directed toward the structural and mechanistic
formation of sulfHb, sulfMb and other sultheme proteins, which supported the modification of the
heme chromophore by H,S. The experiments reaffirm the characteristic transitions around 620 nm and
717 nm regions for the ferrous (deoxy) and ferric (met) sultheme, being the electronic displacement

41,115-117

function on heme oxidation and ligation states Vibrational analysis of the

carbomonoxysulfmyoglobin (CO-SMb) complex showed, relative to carbomonoxymyoglobin (CO-
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Mb), an increase in the CO stretching frequency suggesting a charge transfer process associated to a
decrease in electron density from d iron orbitals to the antibonding n” orbital of carbon monoxide®.
Radioactive sulfide species demonstrated that a single sulfur atom is integrated per mole of Mb to form
sulfMb. The sulfur insertion resulted in a covalent heme modification of the pyrrole ring bearing the 4-
vinyl group across the B-f3 double bond, removing electron density from the ferrous iron towards the

periphery of the new chlorin ring'"*.

Subsequent studies demonstrated that oxygen binding to sulfMb and to sulfHb decreased by
~2,500 and ~135 times, respectively in relation to the normal heme proteins***!''"!"8, The presence of
an analogous sulfur chlorin ring in sultheme has been supported by the X ray three-dimensional
structure of cyanomet-sulfmyoglobin''’, resonance Raman**'"?, NMR*#48>1120 "hemoglobin I(HbI), and
HbI mutants from Lucina pectinata’*"'*, Catalase*"'*, and lactoperoxidase (LPO)'**. The relative fast
reaction of sulfMb formation (2.5£0.1x10° M™'s™)'® relative to the reaction between H,S with Mb
(1.6£0.3x10* M's™") and Hb (3.2 x10° M's")*!2% indicates the important role of peroxide species for the
formation of the sultheme species. At the same time, there is an inverse relationship between this
increase rate and the decrease in pH supporting the crucial role of distal E7 His in the site plays in the
mechanism of sulfheme formation'?*'*. However, there are heme proteins that do not form the
sultheme complex, for example, Hbl from L. pectinata, which has GIn64 in the E7 position.
Nonetheless, when glutamine (Gln) in the 64 position was site directed mutated to His64, an optical
band at 624 nm attributed to sultheme was observed. The results supported the unique function of E7

126,127

His in sulfheme formation'?*!>}, These observations and the tautomeric nature of distal His are in

agreement with the importance of His protonation toward formation of Compound 0 and the ferryl

heme O—O bond cleavage under two different scenarios dominated by O, and H,O,, respectively'*.

NMR of several sulfMbCN complexes revealed the presence of three isomeric forms of sulfMb
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named SA\Mb, SgMb, and ScMb (Figure 22)**°'2° The S, structure is an episulfide formed across the
C3-C4 double bond, Sg is characterized as a “ring opened episulfide”, and Sc is a thiochlorin
structure™*"'*°, Each sulfheme isomer has different physicochemical properties and hence, different
reactivity and stability patterns. The NMR spectra of all isomers showed symmetry reduction of the
prosthetic group and alteration of the m conjugation of pyrrole B that can be correlated with the
electronic spectra*”'. Isolated deoxy sulfheme isomers SaMb, SgMb and ScMb showed electronic
transitions at 618 nm, 618 nm and 636 nm, while the met sultheme isomers presented electronic bands
at 718 nm, 720 nm and 736 nm, respectively’’. Moreover, at pH=8 the deoxy sulfheme visible
spectrum of the 600 nm region containing a 75% of ScMb is red shifted in relation to the sultheme
species containing 87% of SsMb. In the met sulfheme derivatives this changes are smaller and
observed in the 700 nm region where the species containing 80% ScMb is also red shifted relative to
the sulfheme species containing 85% S Mb**!. Therefore, the sulfheme UV-Vis electronic transitions
are a function of the heme oxidation, spin, and coordination state, moreover, the nature of the sulfur
isomer structure stabilized in the process. Furthermore, the sulfheme mechanism* presented on Figure
23, indicates a hydrogen transfer from H,S to Fe(III)-H,O, complex resulted in the homolytic cleavage
of the O-O and S-H bond to form a reactive thiyl radical (HS")**'*°, ferryl heme compound II, and a
water molecule. Subsequent addition of HS" to pyrrole B in compound II specie leads to a metastable
ring-opened episulfide (Sg) and a decrease of 64.9 kcal/mol™ in the PES. This species become a met-
aquo Fe(III) 3-membered thiochlorin ring (Sx) upon further decreasing of 73.3 kcal/mol™ in the PES.
Finally, the 5-membered thiochlorin structure is formed (Sc) upon a total favorable energy drop in the
PES of approximately 140 kcal/mol” *. Under these circumstances, the formation and stability of
sultheme isomers S, and Sc are both kinetically as well as energetically preferred. Overall, these
theoretical results are in agreement with a wide range of experimental NMR data***"'% The sulfheme

group has a modified m electron distribution where the number of double bond is reduced in
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Figure 22: Porphyrin group and the three sulfheme pyrrole B isomers from top to bottom are
sulfheme, S, S 4, and S¢ . From hitps.//pubs.acs.org/doi/abs/10.1021/acs jpcb.7b12393
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relation to a normal heme group. At the same time, a reduction in symmetry from a D4, to a Cyy

environment is acquired.

2.1.2 Heme molecular orbitals (MO) transitions

80132 model, the electronic transitions of a D4y symmetry aproximation

According to Gouterman
porphyrin arises from the a;, and a,, orbitals to a degenerate e, orbitals. The heme a,, and a,, orbitals
are the HOMO orbitals, and the e, orbitals represent the LUMO orbitals. The electronic transitions
from HOMO to LUMO gave rise to one permitted transition of higher intensity called the Soret band,
and a lower transition visible bands called the Q-bands. Figure 24 presents the porphyrins HOMO
(bottom orbitals) and LUMO (top orbitals). The experimental spectrum for porphyrins are
characterized by m to © transitions with the presence of a strong Soret band and two weak visible
bands'*. In heme the a,, orbital is unable to mix directly with the iron orbitals and is less affected by
axial ligands but the a,, orbital with its density dwelling around the pyrroles nitrogens (see Figure 24)
is affected by them. Ligands above and below the central metal may have subtle influences, but may
not affect the main features of the 7 to " porphyrin transitions in the visible and near UV experimental
spectrum of porphyrins'*®. Therefore, upon sulfheme formation, there is a change to a C,, symmetry
similar to a chlorin, where the a,, and a,, orbitals become a, and a; while the degenerate e, orbitals split
into a set of b; plus b, orbitals. From this orbital rearrangements caused by the change in system
symmetry we suggest could be a change of the main characteristic of the porphyrins transitions
exhibited by sultheme. It is suggested that charge transfer behavior in the porphyrin transitions could
results from a shift of electronic density from one part of the heme to heme iron**'*'33, Thus, still is
unclear the relationship between the electron withdrawing character of the sulfur in the three isomers,

the nature of the transitions between the iron d orbitals, and the integrated heme porphyrin systems

responsible from the electronic bands in the 600 nm and 700 nm region. It is suggested that the extra
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Figure 24: Porphyrin frontier orbitals. HOMOs orbitals (bottom) and LUMOs orbitals (top).
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visible bands are due to the (X,y) polarized charge transfer transitions. Zerner predicted that these
charge transfer transitions should heavily mix with the m to n° porphyrin transitions'*. Possibly, the
role of the heme iron oxidation state, and the effects of the D4y to C,y symmetry reduction in the
electron density distribution of the HOMO and LUMO sultheme orbitals are responsible for the

experimental UV-Vis spectra.

2.1.3 Time-Dependent Density Functional Theory (TDDFT)

As presented before DFT had proven it is possible to describe all the ground state properties of
a many body system from functionals dependent of the electron density. Otherwise, DFT can not
predict excited state properties. It is needed to determined excited states properties if we want to be
capable to predict spectra. To be able to explain correlated electron motion observed in physical
phenomena, and help provide theoretical description of observed transitions it was need a ab initio
theoretical ground work which will help to solve the non-relativistic time-dependent Schrodinger

equation. Equation 2.1 shows the time-dependent Schrédinger equation

/\ .

H(t)W(t)=i S (2.1)
and the Hamiltonian H(t) generally is represented as shown next

AN A A A

H(t)=T+V +V,(t) (2.2)

In the Hamiltonian the first term represents the kinetic energy and the second term the electron-
electron repulsion. Next equation shows the kinetic energy and electron-electron repulsion,

respectively.

and V== (2.3)
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A
The last term in the hamiltonian is  V,,(t) represents the potential experimented by the system which

includes any external field applied and the Coulombic potential between the electrons and the nuclei. If

A
the external field for a system is a laser beam ilumination the dipole aproximation for Veelt)  will

be as follows

A N

Nn
V)= Veurist)  where v, (r,,t)=Ef (t)sin(wt)r-a-3
v=1

i=1

ZV
|r_Rv|

(2.4)

The time-dependent Schrodinger equation proves to be a daunting task to solve. Furthermore,
solving it through the use of wave function methods consumes a lot of computational resources
making it exponentially expensive with the system size . In 1984 20 years after Kohn and Sham (KS)
DFT theorem’” , Runge and Gross"** expanded DFT many body description to time-dependent systems.
Time-dependent density functional theory (TDDFT) showed that all observable properties of a many-
electron system, beginning in a given initial state W(0), may be extracted from the one-body time-

dependent density alone'®.

TDDFT has shown to reduce the system size exponential scaling to a more computationally
affordable N’ scaling'*®. TDDFT theorem proves there is a one to one correlation between the
electronic one body density and the external potential of a system evolving from a fixed intial sate
Y(0). Assuming as in DFT ground state that the KS system exist we calculate the density of a

interacting system using the next equation
N
2
n(r,t)=2 |o,(r,r) (2.5)
j=1

The KS system conforms to the time-dependent Schrodinger equation as follows

i D(rt)=Hyslr () ®(r,t) 2.6)
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The KS hamiltonian is defined by the next equation
A
Hys=———+vi[n](r,t) (2.7)

Similar as in DFT in this new TDDFT formalism de vks can be represented as sum of threee

terms'® as seen next

vl (r, )=V, (r,0)+ (')

! +ch[n;lP0:(I)O](r:t) (28)
r—r

In the first term we have the external potential described in equation 2.4. The second term
belongs to the time-dependent Hartree potential which describes the electron-electron interactions, and
the last term in equation 2.8 is the exchange-correlation potential that as in ground state DFT accounts
for all the nontrivial many-electron effects. As in DFT the xc is approximated using physical and
mathematical arguments*®. TDDFT uses an adaptation of the LDA and GGA aproximations. The
simplest approximation used in TDDFT is the adiabatic aproximation . The “adiabatic” implies that the

1135

density at time ¢ is tied to a ground state functional . This approximation is shown in the next equation

adiabatic

Vxc [m,m](ht)=ch[n¢,m]d3m(r) (2.9)

In the previous equation the ¥, [n,,n,] is the ground state xc functional. The most widely

used TDDFT xc funtional is adiabatic local density approximation (ALDA). We can encounter the
same problems with ALDA as with LDA. We can change LDA for a GGA or MGGA, but at regions
where the electrons are pushed to far from the nuclei, the TDDFT xc functional suffers the same

incorrect asymptotic behavior as the DFT functionals.
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2.2 Methods

2.2.1 Model construction

As previously reported, we performed a PM6/CHARMM molecular dynamics (MD) simulation
for a model of the HbI GInE7His mutant®®. This Hbl mutant has an active site and experimentally
determined properties very similar to myoglobin (Mb). A snapshot from the 1.4 nanosecond (ns) PM6/
MM MD simulation was used as a starting model for investigation into the mechanism of sultheme
formation using a hybrid B3PW91/MM potential energy function. The final sultheme isomer models
were obtained from extensive geometry optimization steps and then used to calculate the electronic
transitions for interpreting UV-Vis spectra. The S, and Sc sultheme models contained 11,320 atoms.
The QM region for the met-aquo sultheme structures was composed of the entire heme group, the
proximal His93, the distal His64, Phe29, Phe43, Phe68, two water molecules and the sulfur atom
inserted into the heme group for a total of 144 QM atoms. The QM region was chosen as such to
remain consistent with our past studies. Calculations were performed in the lowest energy sextet state

in agreement with experimental observations™.

2.2.2 TDDFT calculations

TDDFT calculations were performed using the geometry optimized sultheme structures. The
size of the QM region for the TDDFT calculations was reduced after performing ZINDO/S"7-'** which
revealed that the three phenylalanine (Phe) residues did not have an impact on the calculated results
and thus these residues were represented with the MM force field (see Tables 3 and 4). The TDDFT
calculations were performed using the hybrid B3PW91 functional®**'"" and the Ahlrichs def2-TZVP(-
f) basis set®* which has shown to provide accurate results when compared to experimental spectra'*-

41 The RIJCOSX approximation with the def2-TZVP/J Coulomb fitting basis set were used®>**'"" for

all models and functionals. MO6L, M062X, TPSS0, and B3PW91 (with 50% Hartree
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Table 3: QM region size effect on excited states calculations for S,sulfheme From https.//pubs.acs.org/
doi/abs/10.1021/acs.jpcb.7b12393

ZINDO/S (QM 144 atoms) ZINDO/S (QM 102 atoms)
754.4 754.2
623.4 621.4
543.9 539.1
516.6 515.7

Table 4: QM region size effect on excited states calculations for Sc sulfheme. From
https://pubs.acs.org/doi/abs/10.1021/acs.jpcb.7b12393

ZINDO/S (QM 144 atoms) ZINDO/S (QM 102 atoms)
805.8 796.5
638.7 642.8
587.2 583.6
554.5 553.1
550.1 552.6
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Fock exchange) functionals were also examined. B3PW91 was shown to be in better agreement with
the experimental spectral region of interest (Figure 25 and 26). A total of 90 roots were calculated to
cover the entire spectral window of interest. Molecular orbitals (MO) with the highest contribution for
the electronic transitions were plotted using the Orca's orca_plot program’!**'*, The molecular orbitals
were plotted using VMD version 1.97°. The sign of the plotted molecular orbitals is represented in two

colors; red for positive, blue for negative.

2.2.3 Sulfheme Complex Formation and Ultraviolet-Visible Spectroscopy

UV-Vis spectroscopy provides information about the concentration, complex formation, and
purity of the protein sample based on the heme group. The Mb protein sample was titrated with
potassium ferrocyanide to form the met-aquo Mb complex which was monitored through the formation
of its characteristic absorption bands at 407, 505, and 633 nm using an Agilent 8453 UV-Vis
spectrophotometer. The experimental Mb protein concentration was 2 mM. Then the protein Mb
sample, buffer, hydrogen peroxide solution, Na,S salt, and Na,S,0;, salt were each transferred to small
vials (ranging from 300 pL to 1.5 mL) and tightly sealed with a rubber septum. The samples were
degassed and then, purged for 15 minutes with 99.0% nitrogen gas (N,; from Linde) to remove the
oxygen present in the sample. H>O, was added to the met-aquo Mb protein to form the ferryl species
with subsequent addition of H,S to form the sultheme isomers, all performed in anaerobic conditions.

The [protein:H»O,:H>S] concentration ratio was [1:3:5].

The sulfMb formation was monitored by evaluating the characteristic absorption bands at 620
and 720 nm at 1, 5 and 30 min'**. The stopped-flow experiments were carried out with the same sample
[1:3:5] concentration ratio using a Olis RSM 1000 UV/Vis[NIR] rapid scanning spectrometer. The

stopped-flow spectra were performed from 10 - 500 ms time window with 10 ms time intervals.
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Figure 25: Met-S, sulfheme TDDFT calculations with different functionals. From https.//pubs.acs.org/
doi/abs/10.1021/acs.jpcb.7b12393
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Figure 26: Met-Sc sulfheme TDDFT calculations with different functionals. From https://pubs.acs.org/
doi/abs/10.1021/acs.jpchb.7b12393
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2.2.4 Sulfheme Complexes UV-Vis Spectra Simulation and Fit.

All of the UV-Vis absorption bands consist of multiple one-electron transitions with varying
degrees of orbital mixing. Absorption bands were simulated and fitted to experimental spectra using the
Orca's Advance Spectroscopic Analysis (orca asa) program'*>'*'%> Thus, the experimental spectra at
450 ms, 1 min, 30 min times with a spectral window between 540 to 760 nm were used for spectra

fitting.

A sum of Gaussian functions was used for band convolution using the excited state calculated
frequencies as reference. UV—visible spectra were convoluted using Gaussian functions with half-
widths ranging from approximately 200 cm™ to 1800 cm™. Because the UV-vis spectrum contains
unresolved vibrionic structure which can significantly vary depending on the nature of transition, the
assumption of unequal Gaussian bandwidths seems to be a physical one'**!'4*!4146 The smallest number
of bands which would give a satisfactory fit to the experimental spectra envelope'’’ were used. The
values for the band width and transition probability, before and after the fit, are shown in Tables 5 to 8.
The fits have a calculated mean weighted absolute difference (MWAD) value of 0.00821, and an
absolute MWAD of 1x10™"". The area after 715 nm shows an increase spectral noise. This noise does

not affect the fit because it is outside of the visible bands of interest.
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Table 5: Table of the calculated excited states bands used from S, sulfheme isomer to fit experimental
spectra at 450ms (before fit). Values for T(x,y,z) as calculated by TDDFT. Values modified by program
for data fit. From https://pubs.acs.org/doi/abs/10.1021/acs.jpcb.7b12393

Abs Spectrum via electronic transition electric dipole moments (before fit)
Calculated | Wavenumber | Wavelength Band width
State (em™) (nm) (cm™)sigma T(x) T(y) T(z)
1 14266.0 701.0 1.000 -0.4105 0.0986 0.0919
2 15320.9 652.7 1.000 -0.1337 0.1001  0.0579
3 15825.9 631.9 1.000 0.1132  -0.1309 0.0284
4 16539.0 604.6 1.000 0.0979 -0.0182 -0.0802
5 16940.7 590.3 1.000 0.0707 -0.1973 0.1687
6 16995.0 588.4 1.000 -0.0134  0.1006 -0.0760
7 17185.5 581.9 1.000 0.0312  -0.0562 0.2224
8 17958.9 556.8 1.000 0.0960 0.1266  0.2245
9 18208.8 549.2 1.000 0.0968 0.0104 -0.0332
10 18382.5 544.0 1.000 -0.1038  0.1301 -0.0904
11 18456.7 541.8 1.000 -0.1992  0.0398 0.0115
12 18476.8 541.2 1.000 -0.2017 0.0549  0.0688
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Table 6: Table of the calculated excited states bands used from S, sulfheme isomer to fit experimental
spectra at 450ms (after fit). From https.//pubs.acs.org/doi/abs/10.1021/acs.jpcb.7b12393

Abs Spectrum via electronic transition electric dipole moments (after fit)
Calculated | Wavenumber | Wavelength | Band width
State (ecm™) (nm) (cm™)sigma T(x) T(y) T(z)

1 14433.32 692.8 218.87 0.0015 -0.0012 -0.0001
2 16414.32 609.2 1244.67 -0.0027 -0.0007  0.0001

3 16121.92 620.3 249.04 -0.0031 -0.0005 -0.0013
4 16565.34 603.7 2073.2 -0.0012  0.0012  0.0004
5 16992.59 588.5 601.94 0.002 0.0019  -0.0005
6 17983.75 556.1 1568.1 0.0009  0.0000  -0.0003
7 15086.31 662.9 2840.07 0.0011  0.0002  -0.0002
8 18296.22 546.6 1325.98 0.0016  0.0010  -0.0007
9 20467.72 488.6 1394.21 -0.0014  0.0013  0.0007
10 20112 497.2 1929.22 0.001 0.0048  0.0004
11 19991.38 500.2 819.78 -0.0032  0.0018  -0.0003
12 18102.67 552.4 2140.11 -0.0001  0.0016  0.0006
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Table 7: Table of the calculated excited states bands used from Sc sulfheme isomer to fit experimental
spectra at 30min (before fit). Values for T(x,y,z) as calculated by TDDFT. Values modified by program
for data fit. From https.://pubs.acs.org/doi/abs/10.1021/acs.jpcb.7b12393

Abs Spectrum via electronic transition electric dipole moments (before fit)
Calculated | Wavenumber | Wavelength | Band width
State (cm™) (nm) (cm™)sigma T(x) T(y) T(z)
1 13503.9 740.5 1.000 0.1372  -0.1366  -0.0297
2 14741.0 678.4 1.000 -0.0582  0.0652  -0.0440
3 15398.0 649.4 1.000 0.0896  -0.1266  0.1195
4 15968.4 626.2 1.000 0.0118  -0.0626  0.0498
5 16353.3 611.5 1.000 0.0074  -0.0871  0.0428
6 16419.3 609.0 1.000 -0.0106  0.1243  -0.289%4
7 17347.7 576.4 1.000 0.1138  0.1167  0.2181
8 17741.7 563.6 1.000 -0.0951  0.1448 -0.1102
9 17975.7 556.3 1.000 -0.0166  0.0107  0.0408
10 18259.6 547.7 1.000 -0.5809  0.2765  0.1976
11 19636.6 509.3 1.000 0.2744  -0.0802  0.0804
12 19743.5 506.5 1.000 -0.0969  -0.1012  0.1173
13 19862.1 503.5 1.000 -1.0450  0.2696  0.4329
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Table 8: Table of the calculated excited states bands used from Sc sulfheme isomer to fit experimental
spectra at 30min (after fit). From https://pubs.acs.org/doi/abs/10.1021/acs.jpcb.7b12393

Abs Spectrum via electronic transition electric dipole moments (after fit)
Calculated | Wavenumber | Wavelength | Band width
State (cm™) (nm) (cm-1)sigma T(x) T(y) T(z)
1 13917.1 718.5 295.1 -0.0008  0.0001  0.0001
2 14575.1 686.1 736.0 0.0000  -0.0011  0.0002
3 15917.9 628.2 806.9 0.0009  -0.0004 0.0004
4 19303.0 518.1 662.9 0.0002  0.0002  0.0002
5 16414.3 609.2 941.6 -0.0007  -0.0006  0.0013
6 16845.9 593.6 410.1 0.0010  -0.0005 0.0006
7 17554.3 569.7 1023.9 -0.0005  -0.0007 -0.0005
8 18826.4 531.2 4474.2 0.0001  0.0010  0.0001
9 18032.7 554.5 599.2 -0.0009  -0.0005 -0.0002
10 20366.0 491.0 1254.4 0.0000  -0.0004 -0.0003
11 20440.8 489.2 1119.4 -0.0008  -0.0002 -0.0001
12 22326.9 447.9 1135.3 0.0001  -0.0018 0.0002
13 19297.84 518.2 1669.0 -0.0012  0.0031  -0.0007
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2.3 Results and Discussion

2.3.1 Sulfheme electronic ground state molecular orbitals

The electronic structure of the highest occupied molecular orbitals (HOMO) for the S, and Sc
sulfheme isomers provides insight into the nature of their electronic properties. Figure 27 shows the
classical electron density of the a;, and a,, HOMO orbitals for the heme molecule under a Duy
symmetry described by the four orbital model**'*? and the analogous HOMO orbitals for the Sa
sulfheme isomer (three-membered ring). In the heme and S. isomer, the a;, orbital density
symmetrically dwells around the pyrrole rings carbons, while the a,, orbital density distribution is
delocalized over the pyrrole nitrogen atoms and the meso carbons. The a,, orbitals in both cases have a
similar pyrrole orbital density while the differences center on pyrrole B in the S isomer at the site of
sulfur insertion. An increase in electron density around this pyrolytic structure was observed.
Nevertheless, the a;, orbital of the sultheme isomer reveals a contribution from a sulfur p orbital which
is conjugated with the heme n system and influences the HOMO energies. Figure 28 shows the
calculated HOMO a;, and a,, orbital energies for the met-aquo heme (-6.501 eV, -6.453 eV), met-aquo
Sa(- 6.520 eV, -6.812 eV), and met-aquo Sc (-6.316 eV, -6.683 eV) species. The heme contains an a,,
orbital with 0.048 eV higher energy than the a,, orbital**'*>. Changes to the a;, and a;, HOMO ordering
and energies results from the sulfur insertion into the heme pyrrole B. In both Sx and Sc sulfheme
isomers, there is a substantial decrease in the energy of the a,, orbitals when compared to the

unmodified heme group.

The energy of the a,, orbitals are -0.291 eV and -0.368 eV lower in energy than the a,, orbitals
for S, and Sc, respectively. Compared to the heme group, the energy of the a;, orbital energy is lower in
both S, and Sc complexes but the a,, orbital is always higher in energy. The formation of the S isomer

decreases the a;, and a, orbitals energy by -0.020 eV and -0.359 , compared to the unmodified heme,
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SulfHeme

Heme

Figure 27: Heme and Sufheme HOMO (aj,, and ay,) orbitals. Orbital sign represented by red and

blue colors. Red  for  positive sign, and blue  for negative. From
https://pubs.acs.org/doi/abs/10.1021/acs.jpcb.7b12393
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Figure 28: HOMO (aj, and ay,) orbitals energy for the Heme and Sulfheme A and C. From
https://pubs.acs.org/doi/abs/10.1021/acs.jpch.7b12393
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respectively. The energy decrease of these orbitals is due to the electron-withdrawing effect of the
sulfur insertion which stabilizes these orbitals. In addition, the overlap of the sulfur p orbital with the
heme 7m system increases the energy difference between the a,, and the a,, molecular orbitals. The
electron density pull out away from the iron center suggests a reduction of the back-bonding effects.
SulfMb experiments show an affinity for CO about 1,500 times lower than the unmodified heme, and
increases the CO normal mode frequency (stronger C-O bond) by 10 cm™ *°. The decrease in O, and CO
affinity of sulfmyoglobin when compared to myoglobin is suggested to be assigned to the electron-
density withdraw from the heme iron®. The decrease in the a,, orbital energy is similar to the effect of

withdrawing groups of pyrrole beta substitution in metal meso-tetraphenylporphyrins'*,

Interestingly, calculations indicate that the a,, and a,, orbital energies of Sc are higher than those
of Sa by 0.205 eV and 0.129 eV, respectively. This increase in energy is due to the formation of a more
planar sultheme structure going from the three-membered to a five-membered ring that incorporates the
4-vinyl group and creating an abduct that is now electron-donating. Furthermore, the increased
planarity of the sulfheme facilitates a stronger coupling between the sulfur p orbital and the heme n
system. NMR experiments indicate that the 4-vinyl group of the heme is not necessary for the initial
formation of the S sultheme isomer, though clearly this group is required for formation of the Sc
sulfheme isomer* *>#748:96.120 Thyg  the electronic properties of the sulfheme adduct, specifically, the
changes in the pyrrolic  ring have a considerable effect on the energy of the heme HOMO orbitals

modulating the separation energy between the ay, and a,, orbitals'*.

2.3.2 84 Ss, and Sc sulfheme electronic excitations

Given a heme with D4, symmetry, the electronic excitations from the HOMO a,, and a,,
molecular orbitals to the e, LUMO molecular orbitals give rise to what is termed the B and Q bands.

However, due to the degenerate nature of these former states, the @ to n* (a/a. to e,) excitations
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produce two doubly degenerate excited states that undergo configuration interaction to give the
corresponding B and the Q bands"*""'* Yet, the electronic sulfheme absorption spectrum more
closely resembles those of a metallochlorin structure which has a lower C,, symmetry and an increase
in the number of visible electronic bands. The sulfur insertion changes the heme group symmetry to a
C,y symmetry. This symmetry modification results in the a;, (1) HOMO changing to a,(), and the a,,(m)
changing to a;(m). In addition, the e, LUMO changes to a combination of b,(n* and d..) and b.(d,.)

orbitals.

The MO energy diagram shown in Figure 29 describes the calculated 740/615/619 nm (Sg),
701/631/605 nm (Sa), and 741/649/626 nm (Sc¢) electronic transitions for the sultheme structures. For
each Sg, Sa, and Sc¢ isomer model, the energies associated with transitions in the 600 nm and 700 nm
regions are calculated based on a set of MOs, shown in Tables 9 to 17. The Sg electronic transitions
reflect the higher oxidation state of the transient HS-Fe(IV)=0 intermediate (Figure 23). The higher
oxidation state decreases the energy of the la,/a, MOs and increases the energy of the 2a, MO
compared to the ground state 1 MOs in the Fe(Ill) Sx and Sc derivatives (Figure 29). The electronic
transitions in the transient Sp intermediate are classified as © to n* and & to d, (d\. and d,.) excitations.
In addition, the ordering of the d.. and d,- LUMOs in the Sy intermediate are reversed when compared
with the S, and Sc derivatives suggesting that the differences in iron oxidation states [(Fe(IV) versus
Fe(Ill)] and structure are the cause. Upon ring closure in the Sa and Sc sultheme structures, the m Sg
HOMO orbitals (1a, and 2a,) collapse into the degenerate m a, orbital, while the m a, orbital remains
unchanged. As discussed earlier, the differences between the calculated 701, 631 and 605 nm (S4), and
741, 649, and 626 nm (Sc) absorption peaks for the sultheme structures are due to whether the abduct is
electron-withdrawing or electron-donating and is in good agreement with the experimental sulfheme

spectra.

78



, Sysulfheme "\ S sulfheme S_sultheme (s
740 nm o - 701 nm — 22; nm -
615 nm ~ 631 nm g nm BTN
619 nm - f 605 nm b!"v. 626 nm ;
7* (b,) 7* (2b)) a* (2b,)
d, (b))
d‘w_(bz) d},z(bz}
n%(b,) + d,,(b,) d,(1b,) d_(1b,)
=] LUMO LUMO LUMO
T (232) —
= m(a,)
T (a,) —
S p— 7(a,)
n (1a,) —( ) n(a,) .
m(a \!
: HOMO KEEHISS
HOMO

Figure 29: Sulfheme species excited state MO admixed transitions. MOs inside the green square are
the HOMO orbitals and the MOs inside the red square are the LUMO orbitals. On top of the red
square are the calculated excited states visible region transitions wavelengths for each sulfheme
isomer. In parenthesis is the MO symmetry following the C,, point group symmetry approximation for
the sulfheme specie. From https.//pubs.acs.org/doi/abs/10.1021/acs.jpcb.7b12393
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Table 9: Molecular orbitals contributions for the S, sulfheme isomer calculated 701 nm band. From

https://pubs.acs.org/doi/abs/10.1021/acs.jpch.7b12393

Sa Transition energy= 14266 cm™ (701 nm)
HOMO | LUMO MO transition contribution
224a 225a 0.57608589
223a 226a 0.01935947
222a 227a 0.00196298
221a 228a 0.00086651
220a 229a 0.00049331
219a 230a 0.00021193
219b 220b 0.36699871
218b 221b 0.02736797
217b 222b 0.00178218
216b 223b 0.00153716
215b 224b 0.00068584
214b 225b 0.00044714
213b 226b 0.00028528
212b 227b 0.00023077
211b 228b 0.00018380
210b 229b 0.00014370
209b 230b 0.00012406
208b 231b 0.00011410
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Table 10: Molecular orbitals contributions for the S, sulfheme isomer calculated 631 nm band. From

https://pubs.acs.org/doi/abs/10.1021/acs.jpch.7b12393

S Transition energy= 15825.9 cm™ (631 nm)
HOMO | LUMO | MO transition contribution
224a 225a 0.24081286
223a 226a 0.03634291
222a 227a 0.00216056
221a 228a 0.00072595
220a 229a 0.00053617
219a 230a 0.00018082
218a 231a 0.00011741
219b 220b 0.57394365
218b 221b 0.11979362
217b 222b 0.01261573
216b 223b 0.00795755
215b 224b 0.00155223
214b 225b 0.00088177
213b 226b 0.00045407
212b 227b 0.00031309
211b 228b 0.00021045
210b 229b 0.00019229
209b 230b 0.00015802
208b 231b 0.00011461
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Table 11: Molecular orbitals contributions for the S, sulfheme isomer calculated 605 nm band. From

https://pubs.acs.org/doi/abs/10.1021/acs.jpch.7b12393

Sa Transition energy= 16539 cm™ (605 nm)
HOMO | LUMO | MO transition contribution
224a 225a 0.37831522
223a 226a 0.02154356
222a 227a 0.00129827
221a 228a 0.00027620
220a 229a 0.00019906
219a 230a 0.00018069
219b 220b 0.23522525
218b 221b 0.16863265
217b 222b 0.15748805
216b 223b 0.03415830
215b 224b 0.00071819
214b 225b 0.00041861
213b 226b 0.00025285
212b 227b 0.00012190
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Table 12: Molecular orbitals contributions for the Sc sulfheme isomer calculated 740 nm band. From
https://pubs.acs.org/doi/abs/10.1021/acs.jpcb.7b12393

Sc Transition energy= 13503.9 cm™ (740 nm)
HOMO | LUMO | MO transition contribution
224a 225a 0.57567534
223a 226a 0.01438562
222a 227a 0.00221065
221a 228a 0.00106437
220a 229a 0.00038724
219a 230a 0.00033440
218a 231a 0.00015456
219b 220b 0.38052266
218b 221b 0.01601190
217b 222b 0.00279476
216b 223b 0.00210511
215b 224b 0.00165211
214b 225b 0.00051126
213b 226b 0.00026313
212b 227b 0.00020330
211b 228b 0.00018292
210b 229b 0.00015555
209b 230b 0.00013678
208b 231b 0.00012576
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Table 13: Molecular orbitals contributions for the Sc sulfheme isomer calculated 626 nm band. From
https://pubs.acs.org/doi/abs/10.1021/acs.jpcb.7b12393

Sc Transition energy= 15968.4 cm™ (626 nm)
HOMO | LUMO | MO transition contribution
224a 225a 0.19608358
223a 226a 0.00458550
222a 227a 0.00135390
221a 228a 0.00040313
220a 229a 0.00033886
219a 230a 0.00013970
218a 231a 0.00012703
219b 220b 0.44703798
218b 221b 0.27952384
217b 222b 0.06575867
216b 223b 0.00150112
215b 224b 0.00092323
214b 225b 0.00050136
213b 226b 0.00033482
212b 227b 0.00020869
211b 228b 0.00010368
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Table 14: Molecular orbitals contributions for the Sc sulfheme isomer calculated 612 nm band. From
https://pubs.acs.org/doi/abs/10.1021/acs.jpch.7b12393

Sc Transition energy= 16353.3 cm™ (612 nm)
HOMO | LUMO | MO transition contribution
224a 225a 0.04951839
223a 226a 0.00408431
222a 227a 0.00079414
221a 228a 0.00017953
219b 220b 0.71349161
218b 221b 0.17062127
217b 222b 0.05593718
216b 223b 0.00249174
215b 224b 0.00136979
214b 225b 0.00038627
213b 226b 0.00022740
212b 227b 0.00019011
211b 228b 0.00010661
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Table 15: Molecular orbitals contributions for the Sg sulfheme isomer calculated 742 nm band. From
https://pubs.acs.org/doi/abs/10.1021/acs.jpcb.7b12393

Ss Transition energy= 13481.7 cm™ (742 nm)
HOMO | LUMO | MO transition contribution

223a 224a 0.51448474
222a 225a 0.01823352
221a 226a 0.00194716
220a 227a 0.00124938
219a 228a 0.00077796
218a 229a 0.00058481
217a 230a 0.00029862
216a 231a 0.00022319
215a 232a 0.00018395
214a 233a 0.00016523
213a 234a 0.00014548
212a 235a 0.00014025
21la 236a 0.00010342
220b 221b 0.36947748
219b 222b 0.07336438
218b 223b 0.00841428
217b 224b 0.00352258
216b 225b 0.00150088
215b 226b 0.00085403
214b 227b 0.00059467
213b 228b 0.00040014
212b 229b 0.00026496
211b 230b 0.00023454
210b 231b 0.0001985

209b 232b 0.00018906
208b 233b 0.00017441
207b 234b 0.00014121
206b 235b 0.00010586
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Table 16: Molecular orbitals contributions for the Sy sulfheme isomer calculated 619 nm band. From

https://pubs.acs.org/doi/abs/10.1021/acs.jpch.7b12393

Sg Transition energy= 16153.5 cm™ (619 nm)
HOMO | LUMO | MO transition contribution
223a 224a 0.05742923
222a 225a 0.01521334
221a 226a 0.00414337
220a 227a 0.00342812
219a 228a 0.00056707
218a 229a 0.00038074
217a 230a 0.00014789
216a 231a 0.00011549
220b 221b 0.59203805
219b 222b 0.23257271
218b 223b 0.08051981
217b 224b 0.01010287
216b 225b 0.00083838
215b 226b 0.00055893
214b 227b 0.00035458
213b 228b 0.00025575
212b 229b 0.00016413
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Table 17: Molecular orbitals contributions for the Sg sulfheme isomer calculated 615 nm band. From
https://pubs.acs.org/doi/abs/10.1021/acs.jpch.7b12393

Sg Transition energy= 16251.8 cm™ (615 nm nm)
HOMO | LUMO | MO transition contribution

223a 224a 0.91587685

222a 225a 0.00446121

221a 226a 0.00148241

220a 227a 0.00030341

219a 228a 0.00022116

220b 221b 0.03792554

219b 222b 0.02594335

218b 223b 0.01144494

217b 224b 0.00148446

216b 225b 0.00024469

215b 226b 0.00010994
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2.3.3 Molecular orbitals that contribute to the absorption spectra for S, Sg, Sc isomers

The general HOMO to LUMO transitions representing the Sa, Sg, and Sc isomers in Figure 29
are described more quantitatively in Figures 30, 31 and 32, respectively, as HOMO alpha (HOMOA)
to LUMO alpha (LUMOA), HOMO beta, (HOMOB) to LUMO beta (LUMOB) and next-HOMO to
next-LUMO. The MOs responsible for the electronic transitions of the Sa sulfheme are shown in
Figure 30. The « HOMO (HOMOA) and § HOMO (HOMOB) primarily differ in sign. Both MOs
reveal the presence of the sulfur p orbital, but next-HOMO lacks this contribution. The & system of the
heme and the iron d../d,. orbitals constitute the o LUMO (LUMOA), § LUMO (LUMOB) and next-
LUMO, respectively. The calculations indicate that the most prominent electronic excitations are
associated with the 701, 631, and 605 nm absorption bands. The 701 nm absorption band is primarily a
combination of (HOMOA - LUMOA) (0.57) + (HOMOB-LUMOB) (0.37). Therefore, the 701 nm
band has characteristics of a classical & to ©* transition coupled to charge transfer from the porphyrin
ring to the iron atom. The 631 nm absorption band is composed by (HOMOA-LUMOA) (0.24) +
(HOMOB-LUMOB) (0.57) + (netxHOMOB-nextLUMOB) (0.11). This transition is associated with
charge transfer from the porphyrin ring to the d.. and d,, orbitals of the iron atom with a relatively small
contribution of the © to ©* transition. Finally, the 605 nm band arises from a combination of (HOMOA-
LUMOA)(0.37) + (HOMOB-LUMOB)(0.24) + (nextHOMOB-nextLUMOB)(0.16), which also
involves charge transfer from the porphyrin ring to the d orbitals, d.. and dy,, of the iron atom with a

relatively small contribution of the © to * transition.

The MOs responsible for the electronic transitions of the S isomer are shown in Figure 31 for
the most prominent bands at 740, 626 and 601 nm. The 740 nm absorption band is characterized by the
transitions (HOMOA - LUMOA) (0.58) + (HOMOB-LUMOB) (0.38), which is very similar to the 701

nm band of Sa. The 626 nm band is defined by the transitions (HOMOA-LUMOA) (0.20) + (HOMOB-
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Figure 30: Met-S 4 sulfheme MO involve in the transitions of the 701 nm, 631 nm band and 609 nm.

The 701 nm band transition is primarily from (HOMOA -LUMOA)(0.57) + (HOMOB-LUMOB)(0.37).
The 631 nm band is formed of transitions (HOMOB-LUMOB)(0.57) + (HOMOA-LUMOA)(0.24) +
(nextHOMOB-next LUMOB)(0.11). The 605 nm band is formed of transitions (HOMOA-LUMOA)

(0.37)+(HOMOB-LUMOB)(0.24) + (nextHOMOB-nextLUMOB)(0.16). From https.//pubs.acs.org/doi/
abs/10.1021/acs.jpch.7b12393
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Figure 31: Met-S¢ sulfheme MO involve in the transitions of the 740 nm, 626 nm and 612 bands. The

740 nm band characterize (HOMOA - LUMOA) (0.58) + (HOMOB-LUMOB) (0.38), The 626 nm band
transitions include (HOMOB-LUMOB(0.44))+(next-HOMOB-next-LUMO(0.28)) +(HOMOA-
LUMOA(0.20). Finally, the 612 nm transitions include (HOMOB-LUMOB(0.34))+(nextHOMOB-
nextLUMOB(0.27))+(HOMOA-LUMOA(0.28)). From
https://pubs.acs.org/doi/abs/10.1021/acs.jpch.7b12393
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LUMOA LUMOB next-LUMOB

HOMOA HOMOB next-HOMOB

Figure 32: Compll-Sg sulfheme MO involve in the transitions of 742 nm, 619 nm and 615 nm. The 742

nm band is formed of transitions (HOMOB-LUMOB)(0.37) + (HOMOA -LUMOA)(0.51). The 619 nm
band is formed of transitions (HOMOB-LUMOB)(0.59) + (next HOMOB-next LUMOB)(0.23). 615

nm band is primary composed of a transition of (HOMOA -LUMOA)(0.92). From https://pubs.acs.org/
doi/abs/10.1021/acs.jpcb.7b12393
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LUMOB) (0.44) + (nextHOMOB-nextLUMOB) (0.28). The 601 nm band is formed by the transitions
(HOMOA-LUMOA (0.28) + (HOMOB-LUMOB) (0.34) + (next-HOMOB-next-LUMOB) (0.27),
which is also associated with a charge transfer from the porphyrin ring to heme iron the d, orbitals (d..
and dy,) with a relatively small contribution of the x to *. Figure 32, shows the MO transitions for the
transient HS-Fe(IV)=0 or Sg sulfheme structure, which in principle can be detected directly only at
times shorter than nanoseconds. The HOMOA (a,) orbital is similar in shape to those of other sultheme
structures and also contains a contribution to this MO from a sulfur p orbital. The relevant contrast
between Sg (characterized as a ring opened episulfide) and the S, and Sc structures (episulfide three
member and five ring, respectively) is the lack of a strong charge transfer from the heme and sulfur p
orbitals to the metal d, system suggesting that ring closure in S, and Sc structures is necessary for such

process.

2.3.4 Experimental and theoretically generated sulfheme (S 4 and S¢) visible spectra.

The frequency of the characteristic visible Q band depends on the structure of the sultheme
isomer, the iron oxidation state, pH, and reactant concentrations. For example, isolated deoxy sultheme
SaMb, SgMb and ScMb showed electronic transitions at 618, 618 nm and 636 nm while the met
sulfheme derivatives showed electronic transitions at 718, 720 nm and 736 nm, respectively*’. In real
time experiments, broad bands are observed whose shape, intensity and frequency depends on the time
of reaction. The observable experimental transitions of sulfMb after 450 ms and 1, 5, and 30 minutes
are shown in Figure 33. The dynamic nature of the spectra complicates assigning the contribution from
each sulfheme isomeric structure. Due to this complex spectra, the SAMb, SgMb and ScMb isomeric
structures have only been identified by NMR spectroscopy in their isolated Fe(III)CN complexes?’.
Thus, to determine the contribution of each stable S\Mb and ScMb product to the observable visible

spectra, the calculated theoretical spectrum was fitted to the experimental transition for each isomer
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Figure 33: Sulfheme visible region experimental and simulated fitted spectra. Experimental sulfheme
formation spectra (black solid line), S, simulated spectrum (red-dotted line), and Sc simulated spectrum
(blue-dotted line). (A) Spectra at 450 ms , (B) after 1 min, (C) after 5 min, and (D) after 30 min. From
https://pubs.acs.org/doi/abs/10.1021/acs.jpcb.7b12393
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using the calculated frequencies from Tables 5 to 8. The experimental sulfMb spectrum 450 ms after
the chemical reaction and the fitted S theoretical spectrum is shown in Figure 34A. Three predominant
transitions at 693, 620 and 588 nm fit with the experimental absorption peaks at 693, 619 and 580 nm.
The UV-Vis absorption spectra indicate that at times shorter than one second, the S, isomer dominates

then after that time it is followed by an increase in signal from the Scisomer.

The absorption spectrum after 30 min along with the S¢ calculated theoretical spectrum is
shown in Figure 34B. Two predominant and sharp transitions are observed at 718 and 593 nm, together
with a group of very broad bands at 613, 626 and 682 nm that fit with the experimental bands centered
at 720 nm and 593 nm. Taken together, the absorption spectrum is best characterized as coming from a
mixture of Sa and S¢ isomers with the dominant electronic transitions associated with « to * and = to

d. molecular orbitals (Figure 33C).
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Figure 34: S 4 (A) and S¢ (B) sulfheme simulated spectra fitted to experimental spectra. Experimental

wavelength in black and fitted complete spectrum in dotted red. Calculated individual excited state
bands in colored solid lines. From https.//pubs.acs.org/doi/abs/10.1021/acs.jpcb.7b12393
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2.4 Conclusions

The reactions of Mb or Hb with H,O, and H,S generates sultheme isomers S, and Sc which are
responsible for the characteristic visible absorption spectra present in the 600 and 700 nm regions. The
TDDFT/MM calculations reveal that the ground state orbitals of sultheme isomers are modulated by
the interplay between the electron withdrawing and electron donating properties of the peripheral

groups controlling the separation energy between the a;, and a,, orbitals.

Table 18 summarizes the experimental, calculated, and fitted wavelengths for the S, and Sc
isomers associated with the HOMO-LUMO transitions and characterized by & to n* excitations and by
charge transfer (CT) from = to d. (d,., d..) orbitals. These results provide clear indications of sultheme
formation: (1) Experimentally, the absorption maxima are function of the observation time and
interplay between the S, and Sc isomers concentrations, the Sc isomer dominating at longer
observation times (2) the 700 nm region of the spectrum is dominated by a mixture of MOs
characterized by m to w* transitions, while 600 nm region is dominated by the mixture of MOs
characterized by charge transfer from & to d: (d,., d..) transition and indicating that the S, and Sc
isomers have components of a deoxy-like derivative. This result also suggests that oxidation state
changes from Fe(IIl) met-sulfMb to Fe(Il) deoxy-sulfMb would place the additional electron into the d,

(d,., d..) MOs leading to the appearance of an unique 620 nm band for the deoxy sultheme derivatives.
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Table 18: The band frequency change between the S 4 sulfheme and S sulfheme isomers. 1. Principal

contribution 2. Secondary contribution * Experimental isolated sulfheme visible bands from chatfield
et al.”’ From https://pubs.acs.org/doi/abs/10.1021/acs.jpchb.7b12393

Exp. Exp.
Wavelength | Wavelength | Wavelength | Wavelength | Wavelength | Wavelength
(nm) (nm) (nm) (nm)
693 (718%*) 701 693 720 (736*) 741 718 l. m-m*
CT(n-dy)
619 (618%) 631 620 649 682 1. CT(n-dyy)
n-m*
613 605 604 618 (636*) 626 626 1. CT(n-d)
2. m-m*
580 590 588 593 612 613 1. CT(n-dp)
2. n-m*
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