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Molecular hydrogen shows antioxidant activity and distinct efficacy towards vascular diseases, but the
understanding of this is not yet satisfactory at the atomic level. In this work, we study the binding
properties of H, to the heme group in relation with other diatomic molecules (DMs), including O,, NO
and CO, and their displacement reactions, using first-principles calculations. We carry out molecular
modeling of the heme group, using iron-porphyrin with the imidazole ligand, i.e., FePIm, and smaller
models of Fe(C,H,:2N»)>,NHs with n = 3 and 1, and of molecular complexes of heme—-DM and —H.
Through analysis of optimized geometries and energetics, it is found that the order of binding strength
of DMs or H to the Fe of heme is NO > O, > CO > H > H, for FePIm-based systems, while itis H > O, >
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Accepted 3rd May 2024 NO > CO > H, for model-based systems. We calculate the activation energies for displacement reactions
of H, and H by other DMs, revealing that the H, displacements occur spontaneously while the H

DOI: 10.1039/d4ra02091] displacements require a large amount of energy. Finally, our calculations corroborate that the rate
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1 Introduction

Recently, molecular hydrogen (or hydrogen gas, H,) has shown
great potential for treating various fatal diseases including
cancer and angiopathy."® H, is the smallest and lightest
molecule, coupled with its non-polar nature, thereby readily
accessing any organ through facile penetration across cell
membranes and fast diffusion into cellular organelles.**
Moreover, hydrogen gas is odorless, colorless and non-toxic,
and hydrogen is abundant on Earth as part of water mole-
cules. At the early stage of therapeutic applications, hyperbaric
H, was applied to treat skin squamous carcinoma in mice,® and
later a clinically viable dose of H, was found to significantly
reduce cytotoxic reactive oxygen/nitrogen species (RONS),’
indicating that hydrogen may be an effective antioxidant in the
clinic. The clinical effects of molecular hydrogen have been
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constants increase with increasing temperature according to the Arrhenius relation.

steadily reported in humans and animals over the past two
decades.>™

In particular, various vascular diseases, such as diabetic vas-
culopathy, atherosclerosis and hypertension, which are mostly
caused by cellular redox dysregulation, can be effectively treated
by inhaling hydrogen gas or drinking H,-rich water."""** When
inhaling hydrogen, the H, concentration in venous and arterial
blood was found to increase in proportion to the applied dose.**
According to Henry’s law, a 2% H, concentration leads to a 15.6
UM H, concentration in the blood. Considering that cellular
redox dysregulation occurs as a result of homeostasis depression
between RONS and self-defense antioxidants, H, may react with
RONS, typically the hydroxyl radical ("OH) and peroxynitrite
(ONOO"), in the presence of catalytic metal cations such as Fe**
and Cu'.*>' Although some enzymes, such as catalase and
superoxide dismutase, may also alleviate RONS-induced cellular
injury,"” their clinical efficacy is little demonstrated because of
their inability to permeate cell-membrane barriers. In addition,
hydrogen has also been applied to treat cerebral ischemia by
buffering the destructive effects of oxidative stress in the brain,
proving its ability to cross the blood-brain barrier.'®*

To explain the efficacy of H, towards vascular diseases, it was
suggested that the effects of H, could be mediated by heme
groups, such as those in catalase,**** peroxidases* and matrix
metalloproteins.* Taking account of the fact that heme is the
active site of hemoglobin (Hb), the main component of blood
cells, we recently carried out the systematic study of hydrogen—
protoheme (Fe-protoporphyrin with an imidazole ligand:
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FePIm) complexes using density functional theory (DFT)
calculations.” We suggested two types of bonding between H,
and the Fe(u) of heme (dihydrogen and Kubas bonding), and
revealed that H, can be dissociated with a relatively low acti-
vation barrier to form an FePIm-H complex, clarifying the key
role of heme as an effective catalyst for antioxidant activity
towards RONS by hydrogen gas. Some previous works also re-
ported dihydrogen-metalloprotein complexes.>?* Meanwhile,
other diatomic molecules (DMs), such as O,, NO and CO, can be
strongly bonded with heme, playing important biological roles
in living organisms. The oxygen molecule O, reacts reversibly
with Hb, allowing the transport and storage of dioxygen in the
respiratory chain. Having a high affinity for the iron of heme,
both NO and CO exhibit medicinal effects, acting as intercel-
lular signaling molecules on one hand, while being poisons on
the other hand. There is considerable previous theoretical work
in the literature on the binding of DMs to heme groups®**~* and
on the geometrical and electronic properties of heme groups
themselves.***” Putting all accounts together, a natural ques-
tion is raised: if hydrogen is bound to heme by inhaling
molecular hydrogen, can DMs such as O,, NO and CO displace
the H, molecule or H atom bound to heme? If so, how high are
the activation barriers for such displacement reactions?

The aim of this work is to answer these questions. We
perform DFT calculations and ab initio molecular dynamics
(AIMD) simulations of FePIm complexes with DMs to estimate
the binding energies and activation energies for substitution.
We organized the paper as follows. After describing the
computational methods, we briefly explain the binding features
of the complexes together with their molecular vibrations and
electronic structures. Then we present the results regarding the
energetics of substitution of O,, NO and CO for a H, molecule or
H atom bound to heme.

2 Computational methods

DFT calculations were carried out with the NWChem (version
6.6) package,*® using the hybrid B3LYP exchange-correlation
(XC) functional®* and the basis set combination described
below. For the systems with odd numbers of electrons, a spin-
unrestricted open-shell formalism was utilized throughout. In
all the DFT calculations, the 6-311G basis was used for the non-
metallic elements C, O, N, and H, while the standard effective
core potential (ECP) was used for Fe(n) with the standard
LANL2DZ_ECP basis.** After the geometry optimizations, we
performed frequency calculations on all the molecular systems.
We considered the thermal correction (TC) and the zero-point
correction (ZPC) to the total DFT energy. The basis set super-
position error (BSSE) was corrected for binding energy calcula-
tions using the counterpoise method.*” For the geometry
optimizations, the DRIVER module was used based in the quasi-
Newton algorithm with the convergence criteria of “tight”,
being the highest accuracy for geometry optimization among
the possible selections in the NWChem package. The nudged
elastic band (NEB) method was applied to estimate the activa-
tion energy for substitution reactions using 10 NEB beads, fol-
lowed by a zero-temperature string calculation with 10 beads.*
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For the AIMD simulations, the cutoff radius was set to 2.8 nm,
the constant-temperature ensemble using Berendsen’s ther-
mostat at T = 300 K was used, with a temperature relaxation
time of 0.05 ps, and the time step and duration were set to 1 fs
and 1 ps, respectively.

Our calculations were performed on three molecular systems
to mimic the heme group, as shown in Fig. 1. The first system is
Fe(u)-porphyrin-imidazole ligand (FePIm), being the largest and
most realistic system in the present work (Fig. 1a), and which
has been widely used to study the reactions of small molecules
with heme groups in DFT calculations.'>****** Since FePIm is
too large to be used for calculation of the rate constant with
direct dynamics for variational transition state theory (DIR-
DYVTST), the smaller models 1 and 2 were also considered. The
chemical formulae of models 1 and 2 can be expressed as
[Fe(C,H,+2N,),NH;], where n = 3 and 1, respectively. Small
models similar to 1 and 2 but with different ligands have been
proved previously to reproduce some features of the FePIm
model.>* In these models, the two ligands of vinylogous ami-
dine C;Hs;N,~ or amidine CH;3N,  are located symmetrically
around the Fe centre, having the same bonding geometry and
charge as the full porphyrin ring. They are distinct from the
FePIm system in their conjugation properties because there is
no cyclic ring. The larger model1 is more similar to the FePIm
system than model2, due to it having the same number of C
atoms between the N atoms and thus a more similar bond angle
to the porphyrin of FePIm. The ammonia molecule in the two
models, having a small size, high symmetry and single lone-pair
donated to Fe, was selected to mimic the imidazole group.

The chemical reaction rates were calculated for only model2
because of the quite heavy computational load for the FePIm
system and modell. The calculations were carried out by con-
necting the NWChem and Polyrate packages.*** Using the
optimized geometries of reactants, products and saddle points
determined by the NEB calculations, we applied the DIRDYVTST
module included in the NWChem package at B3LYP/6-31G and

FePIm ¢

(b) (©
RSt
‘ S

Model1"~ ? Model2 5) '

Fig. 1 Molecular structures of (a) Fe-porphyrin with the imidazole

ligand (FePIm), (b) modell, Fe(CszHsN2),NHz, and (c) model2,
Fe(CHgNz)ZNH}

© 2024 The Author(s). Published by the Royal Society of Chemistry
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LANL2DZ level to carry out the electronic structure calculations.
We selected the Page-Mclver corrected local quadratic approxi-
mation (CLQA) for the integration method to follow the reaction
path. The resultant energies, gradients, and Hessians were
merged into file30, which is the input file for Polyrate. In using
the Polyrate package, we selected reaction-path variational
transition-state theory (RP-VTST),* in which the canonical vari-
ational theory (CVT) forward rate constant was obtained by
minimizing the generalized transition (GT) state theory rate
constant with respect to the reaction coordinate s as follows:

KVT(T) = minkST(T,5) = k(T 56T) (1)

/e Y
HOMO -4.94115

FePlm-H,

S8R 8
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where s is defined as the distance between two pivot points
along the minimum energy path (MEP). In Polyrate, the reverse
reaction rates and equilibrium rate constants were also
calculated.

3 Results and discussion
3.1 Geometrical and binding features

The aim of this work is to study displacement reactions of H, or
H bound to heme with DMs such as O,, NO and CO. Therefore,
the molecular systems to be considered were heme-DM and -H,
where heme was modeled using FePIm, modell and model2,

LUMO -0.206 -3.0747
8§36 9648 ¢
HOMO -3.959 | -4.680 1 -4.773
Model1-H, Model1-H Model1-O, Model1-NO Model1-CO

LUMO 0.183 ¢&

HOMO -4.193 ~ 5156 A

Model2-H, Model2-H

Model2-O,

-4.879 > -4.748 A

Model2-NO Model2-CO

Fig. 2 Optimized geometries of heme—DM and —H compounds, where heme is modeled by FePIm, modell and model2, and the DMs are H,,
O,, NO and CO. The highest occupied molecular orbitals (HOMOs) and the lowest unoccupied molecular orbitals (LUMOs) are presented with
the MO levels in eV units. The DFT method with B3LYP/6-311G and LANL2DZ_ECP was utilized.
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and the DMs were H,, O,, NO and CO, resulting in 15 molecular
systems in total. To begin with, the geometries of these 15
molecular systems were optimized at the B3LYP/6-311G and
LANL2DZ_ECP level. Fig. 2 shows their optimized geometries,
together with the frontier molecular orbitals including the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO). As already clarified both
in experiment*® and theory,** the DMs O,, NO and CO were
bound to ferrous iron, forming a new chemical bond. As such,
molecular hydrogen and the hydrogen atom were also bound to
the iron of heme, which has been confirmed in our previous
work." Table 1 lists the typical bond lengths and bond angles,
mostly around the Fe atom, for all the molecular systems.

The binding geometries of O,, NO and CO molecules to
heme were confirmed to reproduce those clarified previously
with DFT calculations.?***** That is, these DMs were bound to
heme in the asymmetric mode by forming a chemical bond
between one atom of the DM and the Fe of heme, such as Fe-O,
Fe-N and Fe-C, and the other atom of the DM was not bonded,
resulting in the formation of a bond angle between Fe and DM.
The typical bond lengths and bond angles around Fe, calculated
in the present work, were in overall agreement with the

Table 1 Typical bond lengths d (unit: A) and bond angles « (unit:
degrees), and binding energies E,, (unit: kcal mol™) of heme—H,, —H, —
05, -NO and —CO compounds, where heme is modeled with FePIm,
modell and model2. Geometries were optimized with the B3LYP/6-
311G and LANL2DZ_ECP methods. N, represents the nitrogen atom of
porphyrin or heme, and Ng for the cases of NO indicates the nitrogen
atom of the NO molecule

FePIm

This Prev. Model1 Model2
H, dpent 1.952 1.71¢ 1.839 1.827
Ayt 0.755 0.73% 0.754 0.767
dpe,Np 2.023 2.03% 1.978 2.064

Opetin 78.8 77.7° 79.1 77.9

Ey 4.8 5.8 8.2
H dpent 1.694 1.54% 1.500 1.524
dren, 2.014 2.02° 1.938 1.999

Ey —10.6 —44.9 —44.1
0, dre-o 1.794 1.81%, 1.89¢ 1.784 1.782
do-o 1.317 1.24%1.35¢ 1.328 1.334
dren, 2.019 2.02%, 2.09° 1.970 2.015

Qre-0-0 122.3 122, 118.1° 123.0 121.8

Ey —27.3 —32.6 —38.4
NO drex, 1.821 1.82° 1.818 1.815
dn, o 1.203 1.20° 1.217 1.225
dre-n, 2.026 2.06° 1.965 2.033

ren, 0 1411 142° 136.4 139.8

Ey —28.2 —259 _20¢ —24.9 —35.6
co dpec 1.810 1.80° 1.786 1.792
deo 1.163 1.17° 1.169 1.168
dre-n, 2.027 2.05° 1.986 2.056

dpeco 180.0 179.9° 180.0 180.0

Ey —16.7 —23.3" —20.2 —31.3
“ PBE/DZP DFT supercell calculation.”® ? Experiment.”* ¢ B3LYP/

lacv3p**+ DFT cluster calculation.* ¢ Experiment.” ¢ B3LYP/CCSD(T)
DFT cluster calculations.”? B3LYP/CCSD(T) DFT cluster calculations.®
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available experimental and theoretical data, as shown in Table
1. In contrast, the H, molecule preferred the symmetric mode to
the asymmetric mode when binding to the heme, forming two
Fe-H bonds, as found in our previous work with a different DFT
method.” In the heme-H compounds, which could be formed
by dissociation of an H, molecule adsorbed on heme with
a relatively low activation barrier, to act as an antioxidation
catalyst, the hydrogen atom was bonded to Fe in a vertical line
to the porphyrin ring.”® When comparing the different heme
groups, the newly formed bond lengths of Fe-H, Fe-O, Fe-N
and Fe-C were slightly decreased, while the intramolecular
bond lengths of H-H, O-O, N-O and C-O were increased going
from FePIm to the models. These indicate that the interaction
between Fe and the DM can be enhanced while the interaction
between the atoms within the DM can be reduced by using
smaller models for the heme group. Compared with those in
FePIm, the Fe-N, bond lengths (Np; nitrogen atom of porphyrin
or heme) were decreased in modell and increased in model2.
The Fe-DM bond angles were more or less similar among the
three heme models.

To evaluate the binding strength, the binding energy E}, was
calculated as Ey, = Eneme-pm(H) — (Eheme T Epmm), Where Ey, is the
DFT total energy of the s species. For the heme-DM(H)
compounds, the BSSE correction was considered. For all the
species, ZPC and TC at T = 298.15 K were considered for the
BSSE-corrected DFT total energy by performing calculations of
vibrational frequencies (see Table S1}). For the three heme-H,
models, E}, was found to be positive, indicating an endothermic
reaction of heme and H, binding. However, the heme-H
systems showed negative values of Ey,, namely —10.6, —44.9 and
—44.1 keal mol ™" for FePIm, model1l and model2, respectively.
This means that once the H, molecule is dissociated on heme,
the product of the heme-H compound exists in a stable state.
For other DMs of O,, NO and CO, the values of E}, were negative
for the three heme models. For the case of FePIm-NO, the
calculated value of —28.2 kcal mol ' agreed well with the
experimental value of —25 kcal mol '*° and the previous theo-
retical value of —20 kcal mol™*.>® For the case of FePIm-CO, our
value of Ey, was 6.7 kcal mol™" higher than the previous calcu-
lation using the B3LYP/CCSD(T) method.* It should be noted
that the binding structures and energies in these molecular
systems depend strongly on the choice of XC functional and
basis sets, thus giving a very wide spread of values, and the
hybrid XC functionals like B3LYP predict much more accurate
binding energies than the pure XC functionals for O, and CO.*
Harvey and co-workers**** found that the B3LYP functional
underestimated the bond strength of NO to heme and thus
extensive large basis set CCSD(T) calculations should be per-
formed. Alternatively, a multi-configurational method like the
complete active space SCF (CASSCF) method can be applied to
get more accurate electronic structures with much heavier
computational load, as performed by Radon ef al.** In general,
the models 1 and 2 showed E, values that were larger in
magnitude than those of FePIm, except for the heme-NO
systems, but the differences were not so great.

The order of binding strength was NO > O, > CO > H > H,, for
the FePIm-based systems, while it was H > O, > NO > CO > H, for

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the model-based systems. Such binding characteristics can be
explained by performing the analysis of the frontier molecular
orbitals (FMOs) and the atomic charges. Fig. 2 shows the FMOs,
such as the HOMO and LUMO, proving the quite strong cova-
lent interaction between the Fe d orbitals and DM 7* orbitals,
especially for the O, and NO cases. In fact, the 7w* orbital of O, is
closer in energy to the Fe d,: orbital than the Fe ©* orbitals,
thereby obtaining more energy by bending and increasing the
overlap.®* In previous work,* it was found via B3LYP calcula-
tions that FePIm has a triplet ground state with a +2 oxidation
state of iron. When binding of O, to Fe(u)-heme occurs, the
resultant [Fe"0,] system is isoelectronic with a total of 8 elec-
trons in the d orbitals of iron and 7* orbital of O,, leading to
a singlet ground state. When binding of NO to Fe(un)-heme
occurs, the interaction between three Fe d orbitals (d,, d,., and
d) and two NO T, , orbitals with a total of 7 electrons induces
two bonding orbitals (dy, T, »)p two antibonding orbitals
(dyz,n;y)a and one nonbonding orbital (d,:,T}),,* leading to
a doublet ground state and larger bending angle (141°) than
that of O, (122°). The energy difference between the Fe d,
orbital and the CO 7* orbital is larger than those for O, and NO,
and stabilization is not gained by bending, leading to the
almost straight geometry in the three models.** The FMOs of the
heme-H, and -H compounds looked similar to those of heme-
CO compounds, implying similar binding features. From the
Mulliken charge analysis (see Table S27), it was revealed that the
ligands, i.e., the side ligand (porphyrin, vinylogous amidine,
and amidine) plus the Im or NH; ligand, accept electrons, and
iron donates electrons, when forming the heme-DM or -H
molecular systems. Among the adducts, H,, H and CO act as
electron donors, whereas O, and NO act as electron acceptors.
Although the absolute amount of transferred electrons upon
binding tends to decrease going from FePIm to modell and to
model2, the variation tendencies of the Mulliken charges
according to the adducts look quite similar.

Using the HOMO levels (Egomo) and LUMO levels (Epumo),
we further estimated the chemical stability and reactivity of the
molecules, such as the ionization potential (I = —Eyomo),
electron affinity (A = —Erymo), electronegativity (X = HTA>,

global hardness (np = I — A), and electrophilicity index

2
(w = :—) Note that the electronegativity is the negative of the
n

chemical potential (x = —u) and the electrophilicity index () is
a measure of the energy stabilization of the molecule caused by
maximal electron flow from the environment.>® As listed in
Table 2, the heme-O, complexes have the lowest hardness
(1.760, 1.699, and 2.332 eV for FePIm, modell and model2,
respectively) and the highest electrophilicity (5.092, 4.530, and
3.504 eV), indicating that they are the most soft and reactive.
The second-lowest hardness and highest electrophilicity were
found in NO-based compounds. Meanwhile, the heme-H
complexes showed high values of hardness, especially in
modell and model2. Such analysis of global stability parame-
ters is in accord with the findings from the analysis of binding
features. It should be noted that the general tendencies of these

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The HOMO level (Enomo) assigned to the negative of the
ionization potential (| = —Eomo). LUMO level (E ymo) assigned to the
negative of the electron affinity (A = —E ymo), electronegativity

I+A
(X = %) global hardness (n =/ — A), and electrophilicity index

2
(u} = ;(—n) in the heme—-DM and —H compounds (units: eV)

Compound Enomo Evrumo X n ®

FePIm —5.039 —1.965 3.502 3.074 1.995
FePIm-H, —4.941 —1.957 3.449 2.983 1.994
FePIm-H —4.747 —2.075 3.411 2.672 2.178
FePIm-0O, —5.114 —3.354 4.234 1.760 5.092
FePIm-NO —5.013 —2.172 3.592 2.842 2.271
FePIm-CO —4.998 —2.085 3.542 2.913 2.153
Model1 —3.897 —0.212 2.054 3.684 0.573
Model1-H, —3.959 —0.206 2.082 3.752 0.578
Model1-H —4.680 —0.365 2.522 4.315 0.737
Model1-0O, —4.773 —-3.074 3.924 1.699 4.530
Model1-NO —4.507 —2.397 3.452 2.110 2.823
Model1-CO —4.432 —-0.471 2.451 3.961 0.759
Model2 —4.126 —0.095 2.110 4.031 0.552
Model2-H, —4.193 0.183 2.005 4.376 0.459
Model2-H —5.156 —0.145 2.650 5.011 0.701
Model2-0O, —5.208 —2.876 4.042 2.332 3.504
Model2-NO —4.879 —1.912 3.396 2.968 1.943
Model2-CO —4.748 0.012 2.368 4.760 0.589

parameters according to adducts in models 1 and 2 resemble
the FePIm systems.

3.2 Energetics for displacement reactions

Then, the work proceeded to the next stage of studying
displacement reactions between H, or H and other DMs,
namely O,, NO and CO, binding to the heme groups. Firstly, the
proper initial configurations were prepared by putting one DM
on the FePIm-H, and -H complexes, and were optimized to
produce the initial states (IS) of FePIm-H,---DM and FePIm-
H---DM complexes, where the distance between the DM and H,
or H was controlled to not form a chemical bond. For these
optimized structures, we performed AIMD simulations at T =
300 K, confirming that the temperature, starting from 0 K,
arrived at ~300 K within about 0.3 ps and then fluctuated
around 300 K after that (see Fig. S1t). For the FePIm-H,---DM
(DM = O,, NO) complexes, it was observed that H, was detached
while O, or NO was attached to the FePIm group after about 0.5
ps. In contrast, the CO molecule was observed to be hardly
attached to the FePIm group, in accordance with the tendency
of the binding energies as discussed above. These results indi-
cate that O, and NO molecules can easily displace a H, molecule
bound on the heme, but CO cannot do so at room temperature.
Meanwhile, it was found from the AIMD simulations of the
FePIm-H---DM complexes that none of the molecules of O,, NO
and CO could displace the H atom attached to FePIm at room
temperature. Therefore, there should be activation barriers for
the displacement reactions of H by DMs.

We determined the activation barriers for these reactions by
applying the NEB method, which yielded the transition state

RSC Adv, 2024, 14, 16629-16638 | 16633
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(TS) structures lying on the MEP. To do NEB runs, the proper
final states (FS) were also prepared by putting a H, molecule or
H atom on the heme-DM complexes and were optimized,
resulting in heme-DM:--H, or ---H complexes. Since the NEB
method constructs an approximate MEP between the initial
(reactant) and final (product) structures, the TS structures were
further refined by performing a saddle-point search using the
Driver module, so that the TS had only one imaginary
frequency. The displacement reactions of heme-H, by O,, NO
and CO were first considered.

Fig. 3(a)-(c) show the calculated energy profiles and the
optimized geometries corresponding to the IS, TS and FS for
displacement reactions of H, by O,, NO and CO on FePIm,
modell and model2. The final states, being the complexes
composed of the heme group with an attached DM and
detached H, molecule, were found to be energetically lower
than the initial states of the heme-DM---H, complexes for all
the cases. When replacing H, with O,, the final states were 26—
32 kcal mol™" lower in energy than the initial states, and the
reaction barriers were calculated to be 3, 7, and 8 keal mol ™ for
FePIm, modell, and model2, respectively (Fig. 3a). For those
reactions with NO, the energy reductions of the final states were
found to be 5-8 kcal mol *, being much smaller than those for
the O, and CO cases, and the activation barriers were 2, 3, and
6 kcal mol ' for FePIm, modell, and model2, respectively
(Fig. 3b). The final states of heme-CO---H, were also found to
have lowered in energy by 25-28 kcal mol~* compared with the
initial states of heme-H, --CO. For these displacement reac-
tions, the activation barriers were calculated to be 3, 1, and
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11 kcal mol™' for FePIm, modell, and model2, respectively
(Fig. 3c¢).

From the optimized structures of the molecular complexes
corresponding to the IS and FS for the FePIm cases (Fig. 3a—c), it
was found that the adsorbed structures of H, and DMs onto
FePIm were almost preserved, even in the presence of another
molecule, for the initial and final states. The shortest distances
between the adsorbed H, and DM in the initial states were
found to be 2.27, 3.34, and 3.22 A for O,, NO, and CO, respec-
tively. In the final states, the distances between the adsorbed
DM and H, were 2.83, 3.99, and 3.52 A for O,, NO, and CO.
Meanwhile, the transition states were observed at a distance
over FePIm, and the distances between the H, and DM were
2.03, 2.79, and 2.42 A for O,, NO, and CO. Similar findings were
obtained for models 1 and 2 (see Fig. S27).

As found in this work, the activation barriers for displace-
ment reactions of H, by O,, NO, and CO on heme were quite
small, ranging from 1 to 11 kcal mol ™', indicating that these
reactions can occur spontaneously at finite temperature, as
verified through AIMD simulations. Therefore, one can suppose
that molecular hydrogen absorbed onto Hb in a blood cell can
be readily displaced by other DMs, especially O,, thereby with
no expected harmful influence on the storage and transport of
oxygen in the respiratory chain. The same reasoning was also
applied to other DMs, such as NO and CO, which exhibit
a medicinal effect of propagating intercellular signals. When
compared between the three DMs, the energy lowering of the
final state was found to be the smallest for the case of NO, while
those of O, and CO were more or less comparable to each other
and much larger than that of NO, but the activation barriers
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Fig. 3 Energy profiles (bottom panels) for displacement reactions of a H, molecule (a-c) or H atom (d—f) bound to heme modeled using FePIm,
modell and model2. The optimized geometries (top panels) of molecular complexes composed of FePIm, H, or H, and a DM, namely O, (a and
d), NO (b and e), and CO (c and f) are shown, corresponding to the initial state (IS), transition state (TS) and final state (FS).
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were found to be in a similar order. This indicates that O, and
CO can be more favourable for replacing H, than NO. Inter-
estingly, although they are very simplified structures, models 1
and 2 resembled the displacement reaction paths on FePIm for
the three DM cases, in accordance with the binding tendencies.

Then, the displacement reactions of a H atom adsorbed onto
heme by other DMs were considered. Fig. 3(d-f) present the
energy profiles and optimized geometries of the molecular
complexes obtained via NEB runs. In contrast to the H, cases,
the final states of heme-DM:--H were found to be energetically
higher than the initial states of heme-H---DM, except in the
cases of FePIm-NO and -CO. Furthermore, the activation
barriers were calculated to be much higher compared to the
cases of H,, indicating that the displacement reaction of a H
atom adsorbed on heme could require energy from external
sources. This might be related to the stronger binding of H to
the Fe of heme compared with that of H,. For the cases of O,,
the final states were 35, 27, and 23 kcal mol ™" higher in energy
than the initial states, and the activation barriers were calcu-
lated to be 55, 35, and 40 kcal mol™* for FePIm, model1l and
model2, respectively. When displacing H with NO, the energy
differences between the final and initial states were —6, 16, and
15 kcal mol™!, and the activation barriers were 5, 46, and
38 kecal mol ™ for FePIm, model1 and model2. For the CO cases,
the energy differences of the final states from the initial states
were —15, 61, and 58 kcal mol ™, and the activation energies
were calculated to be 11, 35, and 45 kcal mol™" for FePIm,
model1 and model2. It is distinctive for models 1 and 2 that the
relative energies of the transition states are lower than those of
the final states and relatively flat plateaus are observed in the
energy profiles.

The optimized geometries corresponding to IS and FS were
also shown to be well-reproduced compared with the adsorbed
structures of H and DM without another molecule or atom. The
distances between O, and H were found to be the smallest (2.20,
1.82 and 2.79 A in the IS, TS and FS; Fig. 3d) among the three
DMs, indicating a strong interaction between O, and H.
Meanwhile, the distances between CO and H were observed to
be the largest (3.37, 3.31 and 4.29 A in the IS, TS and FS; Fig. 3f),
proving the weak interaction between CO and H. Similar find-
ings were observed for models 1 and 2 (see Fig. S3t). Such
strong and weak interactions between the adsorbates may cause
higher and lower activation barriers for the displacement
reactions.

In most of the cases, the activation barriers were higher, over
30 kcal mol ™", compared with the H, displacement reactions,
indicating that the H displacement could not occur readily but
H and a DM could coexist on heme for a long time. Such
coexistence of H and O, or CO was verified through AIMD
simulations carried out at room temperature. Therefore, one
can surmise that a H atom adsorbed on heme may disturb the
regular respiration of cells with hemoglobin or myoglobin.
However, the activation energy for H, dissociation on proto-
heme was found to be as high as about 64 kcal mol™" in our
previous work.”® Exceptionally, the activation energy for the
reaction with NO on FePIm was found to be very low
(5 keal mol "), indicating the spontaneous displacement of H

© 2024 The Author(s). Published by the Royal Society of Chemistry
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by NO, as confirmed by AIMD simulation. This might be asso-
ciated with the unique interaction between NO and heme,
which have unpaired electrons and thus make lone-pair elec-
trons forming a dative chemical bond.

3.3 Kinetics for reactions based on model2

Finally, we calculated the rate constants (k) of H, or H
displacement reactions with DMs on model2 by applying the
CVT and RP-VTST formalisms, as implemented in Polyrate
using the output of a DIRDYVTST run of NWChem. The equi-
librium constants (K) were derived from the calculated rate
constants. The backward as well as forward reactions were also
considered. The temperature T was changed, ranging from 250
to 1010 K with a step of 30 K.

Fig. 4 illustrates the calculated &(7) and K(T) for the H,
displacement reactions. It was confirmed that the calculated
rate constants, both for the forward and backward reactions,
satisfied the general trend of an exponential increase with
increasing temperature according to the Arrhenius equation
k(T) = Aexp(—E./RT), where R = 8.31 ] mol " K is the gas
constant and E, is the activation energy. Table 3 lists the
determined fitting parameters. For the forward reactions of
model2-H, + DM — model2-DM + H,, the activation energies
were determined to be 11, 3, and 8 kcal mol™* for O,, NO, and
CO respectively, which are in reasonable agreement with those
(8, 6, and 11 kcal mol™ ') from the NEB calculations. The rate
constants for the O, reaction show the highest values in
magnitude while those for CO exhibit the lowest values among
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Fig. 4 Rate constants (k; black colour) and equilibrium constants (K;
blue colour) of H, displacement reactions with O,, NO and CO on
model2 in the (a) forward and (b) backward directions as functions of
temperature. Red-coloured solid lines indicate the regressions into the
Arrhenius equation.
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Table 3 Parameters A (units: cm® per molecule s) and B (units: K)
obtained by fitting the rate constants into the Arrhenius equation k(T) =
Aexp (—B/T) and the determined activation energy E, = RB
(units: kcal mol™) for displacement reactions on model2

Forward Backward

Displacement

reaction A B E, A B E,
0,-H, 2.5 x 107° 5545 11 5.0 20774 41
NO-H, 2.7 x 1071 1537 3 4.5 x 10? 9254 18
CO-H, 3.8 x10°° 3761 8 3.3 x10 19234 38
0,-H 0.2 19753 39 12x1077 9618 19
NO-H 6.0 x 10" 19918 40 1.0x 10 % 11720 23
CO-H 3 x 108 21763 43 0.9 11488 23

the three DMs, indicating that the O, displacement reaction has
the slowest rate and the NO reaction has the fastest rate
(Fig. 4a). The equilibrium constants exhibit a decreasing
tendency with increasing temperature. In accordance with the
tendency of the rate constants, the equilibrium constants of the
0O, reaction have the lowest values while those of the CO reac-
tion show the highest values in the whole range of tempera-
tures. The rate and equilibrium constants of the NO reaction
have moderate values, but the lowest value of the activation
energy. For the backward reactions, the activation energies were
calculated to be higher than those for the forward reactions, 41,
18, and 38 kcal mol ™" for the O,, NO, and CO cases, respectively,
in agreement with the NEB calculations. In contrast to the
forward reactions, the equilibrium constants for the backward

k (cms/molecule-s)

(un "qre) y

k (cms/molecule-s)

(1un -qie) y

25 3 35 4
1000/T (K™

Fig. 5 Rate constants (k; black colour) and equilibrium constants (K;
blue colour) of H displacement reactions with O,, NO and CO on
model2 in the (a) forward and (b) backward directions as functions of
temperature. Red-coloured solid lines indicate the regressions into the
Arrhenius equation.
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reactions show an trend with
temperature.

The calculated rate and equilibrium constants for the H
displacement reactions of model2-H + DM — model2-DM + H
are presented in Fig. 5. As listed in Table 3, the activation
energies for the forward reactions were determined to be 39, 40,
and 43 kecal mol ™~ for the O,, NO, and CO cases, respectively, in
agreement with the NEB calculations (40, 38, and
45 kecal mol ). For the backward reactions, the activation
energies were found to be lower at 19, 23, and 23 kcal mol " for
the O,, NO, and CO cases, respectively. The H displacement
reaction with CO might occur most rapidly among the DMs,
whereas the reaction with NO might occur most slowly, due to
them having the highest and lowest values of rate constants. For
the backward reactions, the CO reaction also occurs most
rapidly, while the O, reaction progresses most slowly among the
DMs. The equilibrium constants for the forward reactions show
an increasing trend as temperature increases, but those for the
backward reactions show a decreasing tendency.

increasing increasing

4 Conclusions

In this work, we have studied the binding properties of molec-
ular hydrogen to heme in competition with DMs, and their
displacement reactions, using DFT and VTST calculations. The
heme group was modeled using FePIm, modell and model2,
while various molecular complexes were constructed by
combining DMs, namely H,, O,, NO and CO, or a H atom with
the modeled heme groups. From the analysis of the structures
and energetics of the molecular complexes, heme-DM and -H,
which were optimized using the B3LYP/6-311G and LANL2D-
Z_ECP method, it was found that the Fe-DM bond angles were
similar among the three heme models and the O, complexes
have the lowest hardness and the highest electrophilicity for the
three models. Moreover, the general tendencies of the structural
properties and reactivity in models 1 and 2 resemble those of
FePIm, indicating that the simplified models can be used for
further calculations. The difference was in the order of the
binding strength of DMs or H to the Fe of heme, being NO > O, >
CO > H > H, for the FePIm-based complexes but H > O, > NO >
CO > H, for the model-based complexes. Through AIMD
simulations of FePIm-H,---DM and FePIm-H2---DM
complexes, it was observed that on FePIm, H, could be readily
replaced by O, and NO but not by CO, whereas H could be
displaced by NO but not by O, and CO at room temperature. The
activation energies for H, or H displacement reactions with
other DMs were determined by applying the NEB method,
revealing that the H, displacement by O,, NO and CO could
occur almost spontaneously due to the very low activation
energies of below 11 kcal mol™!, but H-atom displacement
should require a large amount of energy, due to the high acti-
vation energies of over 30 kcal mol " for the three heme models.
Finally, we calculated the rate and equilibrium constants as
functions of temperature for the displacement reactions based
on model2, confirming that the rate constants satisfy the
general tendency of increasing with increasing temperature and
the activation energies determined by fitting into the Arrhenius

© 2024 The Author(s). Published by the Royal Society of Chemistry
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equation agreed well with those from the NEB calculations.
With these findings, we believe that the present work can
contribute to the understanding of the efficacy of molecular
hydrogen towards vascular diseases and the development of
enhanced medicine.
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