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ABSTRACT

Background: As the nicotinamide adenine dinucleotide phosphate (NADPH) is the key natural
electron generator of the alive cells, investigation of the possibility of inactivation or even destruction
of it by hazardous chemical molecules or ions seems to be very important.

Methods: Due to this, in this project, the behavior of NADPH in the presence of some chemical
species containing Fe(I) ion, arsine, phosphoric acid, and some low weight alcohols have been
investigated by using the density functional theory (DFT) method.

Results: Comparison of the results of the potential energy surface (PES) study showed that adsorption
of methanol, ethanol, normal propanol, H3PO4, arsine and Fe(II) ion by NADPH release -23.19 kcal
mol-1, -23.03 kcal mol-1, -23.30 kcal mol-1, -35.04 kcal mol-1, -53.03 kcal mol-1, and -161.59 kcal
mol-1 energy, respectively.

Conclusion: It indicates that absorption, and even destruction of NADPH by a free Fe(Il) ion is
very favorable in view of thermodynamics. Somehow, such energy release could make this process
irreversible. Also, the geometrical results show that during the adsorption of iron ion by the NADPH,
the phosphate bridge breaks and the molecule decompose in two different parts.

* Corresponding Authors:

Seyyed Amir Siadati

Address: Pharmaceutical Sciences Research Center, Hemoglobinopathy
Institute, Mazandaran University of Medical Sciences, Sari, Iran.

Phone: +98 (938) 1098730

E-mail: Chemistry @021@yahoo.com

Copyright © 2024 The Author(s);

Mohammad Ali Ebrahimzadeh, Professor:

Address: Department of Medicinal Chemistry, Pharmaceutical Sciences
Research Center, School of Pharmacy, Mazandaran University of Medical
Sciences, Sari, Iran.

Phone: +98 (911) 1541214

E-mail: MA.Ebrahimzadeh@mazums.ac.ir

This is an open access article distributed under the terms of the Creative Commons Attribution License (CC-By-NC: https://creativecommons.org/licenses/by-nc/4.0/legalcode.en),
which permits use, distribution, and reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes.



http://rmm.mazums.ac.ir/index.php?&slct_pg_id=10&sid=1&slc_lang=en
https://orcid.org/0000-0002-6255-7264
https://orcid.org/0000-0002-8769-9912
https://orcid.org/0000-0002-1044-9157
mailto:Chemistry_%40021%40yahoo.com?subject=
https://doi.org/10.32598/rmm.10.4.11.24
http://rmm.mazums.ac.ir/page/77/Copyright-statement
https://crossmark.crossref.org/dialog/?doi=10.32598/rmm.10.4.11.24
mailto:MA.Ebrahimzadeh%40mazums.ac.ir?subject=
https://creativecommons.org/licenses/by-nc/4.0/legalcode.en
https://creativecommons.org/licenses/by-nc/4.0/legalcode.en

Siadati SS, et al

Introduction

iseases related to iron overload, such as

carly-onset Alzheimer [1], heart failure

[2], and Parkinson [3], have recently been

topics for hot debates among researchers

[4-6]. Recent reports emphasize that al-
though cells need a certain amount of iron, the excess
concentration of this element could result in severe dis-
eases and organ failure. Moreover, the role of excess iron
ions in generating free radical species (which could de-
compose many important biological molecules and de-
stroy tissues) has been investigated [7, 8]. Accordingly,
many scientists worldwide have performed valuable
research to find ways to eliminate excess iron from the
body [9-12].

The nicotinamide adenine dinucleotide phosphate
(NADPH) is a key electron generator in living organ-
isms on our planet. It provides the required electrons for
biological reducing processes that drive numerous ana-
bolic reactions, especially those responsible for the bio-
synthesis of all significant cell molecules [13, 14]. Thus,
NADPH and its functions are essential for the survival
of the complex life of earth, our beautiful, fragile home.

It is evident that, on the one hand, iron is essential for
the survival of the cells, while, on the other hand, it is
highly oxidative and could produce dangerous reactive
oxygen species (in its overload states). In other words,
the range of iron concentration in the cells and biologi-
cal systems is narrow for its optimized beneficial effects
(and minimized toxic behavior). Thus, understanding
the mechanism of controlling iron in the tissues is very
important. In this regard, some previous studies reveal
that the level of ferritin (an iron-storage protein of cells)
between the cell walls rises under conditions of excess
iron [15]. Thus, when the concentration of iron ions rises
in an iron overload system, it is stored in an inert form.
It should be noted that Fe(Il) is active while Fe(III) is in-
ert. When an electron is released from the system, Fe(II)
turns into Fe(IlI), and when an electron is gained, Fe (IIT)
becomes Fe(Il). Also, the ferritin collects iron ions only
in the form of Fe (IIT). Thus, the ferritin level rises to
absorb iron in Fe(Ill) form in an iron-overloaded system.
Therefore, the excess iron does not usually intervene in
generating reactive oxygen [ 16, 17]. However, some key
molecules will be targeted if free Fe(II) ions exist in the
system in high iron overload conditions. The results of
our work indicate that free Fe(II) could decompose the
NADPH agent by breaking its phosphate bridge. Some
reports which could support this result are as follows.
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For example, in an in vitro experiment, Petrat et al. stat-
ed that nicotinamide adenine dinucleotide (NADH) could
be oxidized by Iron ions (probably via its phosphate part)
[18]. The related studies also emphasize that phosphate
could compete with iron ion chelators in making metal
complexes [18-20]. More interestingly, precipitation oc-
curs during the mixing of the phosphate buffer with ferric
phenanthroline [21], which affects the Fe assay (II).

In another work, Minotti and Ikeda-Saito found a mi-
crosomal iron protein that provokes NADPH oxidation
by transferring the electron density from NADPH-cyto-
chrome P450 reductase to the Fe(Ill) bond [22]. They
also revealed that detergents perform the related experi-
ment for Fe(Il) to cease the oxidative incorporation of
iron that did not react with NADPH-cytochrome P450
reductase [23]. Also, Sijmons et al. revealed that the
NADPH species is an electron donor agent for the high
Fe(III) ion reduction found in iron-deficient roots [24].

It is worth saying that the density functional theory
(DFT) method (especially at the B3LYP level of theory)
has widely been used for potential energy surface (PES)
calculation [25-29] and adsorption process estimations
[30-32]. As a closed example, researchers have studied
the structures, UV—visible spectra, and also the oxida-
tion mechanism of NADPH and NADP+ species by
using the DFT method [33]. Also, a group of scientists
have studied on the polystyrene-based eosin-Y as the
photocatalyst agent for light-mediated NADH/NADPH
system by DFT method [34]. Moreover, another group
of scientists studied the hydride transfer of NADPH by
applying this valuable theoretical approach [35].

Thus, due to the key role of NADPH natural electron
generator in the energy cycle of the alive cells on the one
hand and the importance of iron overload diseases on the
other hand, in this work, the behavior of NADPH in the
presence of Fe(Il) ion, as well as some other chemical
species containing arsine, phosphoric acid, and some of
the low-weight alcohols have been investigated by the
DFT approach. This study showed that the adsorption
energy difference of Fe(Il) ion is significantly higher
than all other species (especially those of alcohol). It
confirms that NADPH’s absorption (and even destruc-
tion) by a free Fe(Il) ion is very favorable in view of
thermodynamics. Somehow, such energy release could
make this process irreversible. In addition, the geometri-
cal results show that during the adsorption of iron ions
by the NADPH, the phosphate bridge breaks, and the
molecule decomposes into two parts. It would be another
proof of the toxicity of free iron ions and, perhaps, iron
overload.
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Computational details

All calculations were done using the Gaussian 03
chemical quantum package [36]. The structural geome-
tries for each critical structure were optimized by apply-
ing the DFT approach at the B3LYP/6-311G(d, p) level
of theory [37-39]. The same techniques were recently
used to study the mechanical aspects of several adsorp-
tion processes [40-42]. In addition, the global electron
density transfer (GEDT) [43] has been extracted by the
Equation 1:

1. GEDT=[Zq,,

where q, is the net Mulliken charge and the sum of
all the atoms of the adsorbed species before the adsorp-
tion process. Also, A () is the total charge transfer of the
small chemical agent, calculated by the Equation 2:

2.A(e)=GEDT, ,-GEDT,_,

where GEDT, , is the GEDT of adsorbed species, and
GEDT, is the GEDT of adsorbed species in its isolated
form (before adsorption).

The chemical potential of each system, or the Fermi
level (E,), has been calculated by the Equation 3 [44]:
3. E~(E,,,,cTE

HOMO LUMO)

/2,
where E, - and E = are the energy content of
HOMO and LUMO, respectively. Moreover, the energy
gaps E s were calculated by applying the Equation 4
[45]:

4. Eg:(ELUMO'EHOMO)‘

In addition, the energy of adsorption (E_, ) has been cal-
culated by the Equation 5:

5.E,~E_-E

sys sorbent+EIAS)’

where E is the potential energy of the system, Es
is the potential energy of the isolated sorbent, and E , is
the potential energy of the isolated adsorbed species be-
fore the adsorption process. Also, the natural bond orbit-
al [46] was used to support the results of the GEDT data.
Moreover, the key reactivity descriptors for NADPH
molecule were calculated by the Equations 6, 7, 8 and
9 [47-50]:

orbent

6. Global hardness (m)=(I-A)/2;

7. Softness (S)=1/2n (7);
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8. Electronegativity (y)=(1+A)/2;
9. Electrophilicity index (w)=p?/2n,

where I refers to the negative of the HOMO energy lev-
el (-E,,ou0)> A denotes the negative of the LUMO energy
level (-E, ), and also p is the chemical potential which
is defined as (Equation 10):

10. p=(1+A)/2.
Results

Each of the considered species containing NADPH,
Fe(Il), arsine, H,PO,, methanol, ethanol, and normal
propanol were prepared as input files and then placed
under the optimization step to the B3LYP/6-311G(d, p)
level of theory to give the relatively more stable geom-
etries. Next, each considered species containing Fe(II),
arsine, H,PO,, methanol, ethanol, and normal propanol
were put in different positions near the NADPH to give
the most reliable local energy minima. The results of the
calculation process showed that in the case of alcohols,
the difference in the energy of adsorption E , is much
lower than those of other considered cases (especially
lower than the Fe(II) case). Considering thermodynam-
ics, it shows that the adsorption (and destruction) of
Fe(IT) with NADPH is more favorable than those of al-
cohols.

Figure 1 shows the optimized structures of the isolated
NADPH and its complex, with each mentioned species
containing alcohols, phosphoric acid, arsine, and Fe(Il)
ions. This figure shows that the isolated NADPH con-
tains a nicotinamide part linked to an adenosine-like seg-
ment via the phosphate bridge. The local energy minima
for the isolated NADPH reached from the optimization
processes show that this molecule has a stable twisted
structure due to its polar atomic interactions and hydro-
gen bonding between the two heads of the molecule. For
example, the distances of the hydrogen bonding between
O(57)-H(28) and O(58) -~H(26), which link the two
heads of the NAPDH, are 1.64 and 1.77 A, respectively.
On the other hand, the distances between the Na(77)
atom of the phosphate and the O(25) and O(27) atoms
of the nicotinamide part are 2.42 and 2.44 A, respec-
tively, indicating the strong interactions between the two
heads of NADPH, leading to its twisted structure. Also,
the degree of the dihedral angle of the two arms of the
phosphate bridge is about 21.9" for O(32)-P(33)-P(37)-
0(40), which indicates its closed angle. Perhaps these
atomic links have stabilized such a wrapped molecular
system. In the case of the methanol-NADPH system, it

—
217
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Figure 1. The geometrical structures of the isolated NADPH and its complexes with the considered species, optimized at
B3LYP/6-311G(d, p) level of theory
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Table 1. The key thermodynamic and structural parameters of each isolated or complex system

Species NADPH NADPH-Fe(l) ~ NADPH-AsH,  NADPH-MeOH  NADPH-EtOH  NADPH-ProOH  NADPH+H,PO,
AE - -161.59 -53.03 -23.19 -23.02 -23.30 -35.04
Afe) - -0.56 018 -0.22 0.07 0.07 0.00
DM (D) 13.28 6.22 834 7.93 7.71 7.56 10.8
Q, - 1.44 -0.06 1.26
X-NADPH - 1.56 3.11 226 226 226 162

Note: AE (kcal/mol): Energy difference; A (e): Total charge transfer of the small chemical agent, DM (D): Dipole moment; Q_
(e): Atomic charge of the metal; X-NADPH (A): Distance between the small chemical species and the NADPH.

could be observed that the interaction between the oxy-
gen atom of methanol (O 83) and the sodium atom of
NADPH (Na 75) (with a distance of 2.26 A) has made a
stable local energy minimum. The dihedral angle of the
two arms of the phosphate bridge in this system is about
13.5" for O(32)-P(33)-P(37)-0(40), which shows a slight
deviation from the dihedral angle of the isolated system.
Moreover, the lengths of the hydrogen bonds for O(57)
‘H(28), and O(58) ~~H(26), which link the two heads of
the NAPDH, are 1.62 and 1.86 A, respectively. Thus, the
distance between the two heads of the molecule has not
deviated from the isolated structure.

In the cases of the two remaining alcohols contain-
ing ethanol and normal propanol, their distances with
NADPH equal 2.26 A. Also, as shown in Figure 1, most
of the atomic distances, especially the O(57)-H(28),
and O(58) ~~H(26) (which are related to the distances
between the two heads of the NADPH molecules) are
very closed to the methanol-NADPH system. These ob-
servations agree with the outcome of the PES calcula-
tions, which reveal the very closed energy release values
during the adsorption processes of each of the three al-
cohols by NADPH.

However, in the case of H,PO,, the interactions are
more complicated than the alcohols. Somehow, there
are two intermolecular hydrogen bonds and two NaO
gravitations. More precisely, after adsorption of H,PO,
by NADPH, two H bonds containing O(34)H(82) (1.65
A), and O(38)~H(36) (1.63 A), and two polar atomic
interactions containing Na(74)-0(83) (2.37 A), and
Na(75)0(85) (2.40 A) are formed. Moreover, the value
of the dihedral angle of O(32)- P(33)-P(37)-O(40) reach-
es 47.9" which is higher than that of alcohols. However,
the lengths of O(57)-H(28) and O(58)-~H(26) hydrogen
bonds reach 1.64 and 1.92 A, which have no significant
differences with the alcohol cases. The formation of four

Res Mol Med, 2022; 10(4):215-224

strong interactions in the H,PO,-NADPH system, com-
pared to only one intermolecular interaction in each of
the alcohols, is the reason for a higher amount of its en-
ergy release during the adsorption.

The process of adsorption of arsine chemical species
(AsH,) by NADPH is somewhat different from the pro-
cesses mentioned above (containing the alcohols and
H,PO,). To be more precise, the distance between As(79)
and Na(75), which represents the intermolecular space
between arsine and NADPH, is about 3.11 A (Table 1).
Moreover, like the previously mentioned systems, in
the geometrical structure of the local energy minimum
of this case, the pathogen species is near the phosphate
bridge. Also, replacing arsine with the other mentioned
species has not affected the distances of two heads of
NADPH. In this system, the hydrogen bond lengths of
O(57)H(28), and O(58) -~H(26) are 1.63 and 1.87 A,
respectively, which are very close to the other mentioned
systems. Interestingly, the dihedral angle of O(32)-
P(33)-P(37)-O(40) is about 12.6", which shows a slight
deviation from the isolated system.

This study might be more interesting when investigat-
ing the Fe(I)-NADPH complex. Because, in this case,
most of the focused parameters change. The most impor-
tant change that occurs during the adsorption of Fe(Il) is
the breaking of the phosphate bridge of NADPH. Some-
how, Fe(Il) ion breaks the O(36)-P(37), O(34)-P(33),
and O(39)-P(37) bonds on the one hand and forms the
0(34)-Fe(77) (1.55 A), O(35)-Fe(77) (1.76 A), O(36)-
Fe(77) (1.78 A), and O(39)-Fe(77) (1.55 A) bonds, on
the other hand. By these changes, the dihedral angle
of O(32)-P(33)-P(37)-0O(40) does not exist anymore.
Moreover, the system’s dipole moment (DM) changes
from 13.28 in the isolated NADPH to 6.22 in the Fe(Il)
contaminated system. Also, the amount of DM in Fe(II)-
NADPH complex is less than all of the other systems
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Figure 2. The related PES of the interaction between NADPH with the considered species at B3LYP/6-311G(d, p) level

containing AH, (DM=8.34), H,PO, (DM=10.8), MeOH
(DM=7.93), EtOH (7.71), and ProOH (7.56), which
show considerable changes on the NADPH system after
absorption of free Fe(Il) ion. In addition, the Q_ (total
charge of the metal) in the Fe(II)-NADPH is about 1.44,
which indicates this atom has received a -0.56 electron
charge from NADPH, and thus, this ion has oxidized that
molecule.

Figure 2 and Table 1 show that during the adsorption
interaction of methanol, ethanol, and normal propanol
by NADPH, -23.02, -23.19, and -23.30 kcal/mol ener-
gies are released from the system, respectively. It shows
that changes in the alkyl chain of those alcohols do not
alter the adsorption energy compared to the other cas-
es. Also, the same distances between the O atoms of
the considered alcohols and the sodium atoms of the
NADPH (about 2.26 A in Figure 1) would confirm such
closed E . In the case of adsorption of H,PO,, a -35.04
kcal/mol energy is released, and its energy difference
is about -12 kcal/mol, bigger than those of alcohols. It

could probably be related to duplication of O-...Na* in-
termolecular interactions between H,PO, and NADPH.

Also, in the case of absorption of AsH, species by
NADPH, the energy difference is -53.03 kcal/mol (about
-30 kcal/mol bigger than alcohols), which makes this
process very favorable given thermodynamics (com-
pared to the alcohols and H,PO,). It indicates that AsH,
might form a powerful complex system with NADPH
that turns off its cycle. Finally, in the case of free Fe(II)
ion, this species could be absorbed by NADPH with an
absorption energy of -161.59 kcal/mol (approximately
-131 kcal/mol bigger than alcohols). On the one hand,
such absorption energy might be favorable (thermody-
namically) and could make this process nearly irrevers-
ible. On the other hand, the results of the geometrical
studies show that during the absorption of Fe(II) ion, the
phosphate bridge breaks, and NADPH splits into two
separate parts. In this case, such significant energy re-
lease could be logical.

Table 2. The reactivity descriptors of NADPH molecule at B3LYP/6-311G(d, p) level of theory

Reactivity Descriptor Reactivity Descriptor Energy (a.u.)
Electron affinity (A) 0.06
lonization potential (1) 0.19
Global hardness (n) 0.06
Softness (S) 7.74

Reactivity Descriptor Reactivity Descriptor Energy (a.u.)
Electronegativity (N) 0.15
Electrophilicity index (w) 0.11
HOMO energy -0.18595
LUMO energy -0.05686

Res Mol Med, 2022; 10(4):215-224
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Figure 3. The fFMOs of the isolated NADPH and its complexes with the considered species

Besides the results mentioned above, it should be men-
tioned that the DFT approach is a trustable method to
provide valuable insights into the substrate selectivity
and chemical reactivity in terms of chemical concepts
like the chemical potential (), softness(S), electronega-
tivity (), electrophilicity index (®), and chemical hard-
ness (1). Moreover, using the Koopmans’ theorem, ion-
ization potential (I), electron affinity (A), hardness (1),
electronegativity (%), and softness (S), which are func-
tions of the energy of HOMO and LUMO, some of the

Res Mol Med, 2022; 10(4):215-224

physiochemical properties of the molecules are predict-
able. The results in Table 2 show the reactivity param-
eters for the NADPH molecule. The results indicate that
the HOMO-LUMO energy gap (Eg) is about -0.12909
a.u. which is relatively low. In detail, its low E, results in
low kinetic stability and, thus, high chemical reactivity.

NADPH’s low ionization energy (I) (about 0.19 a.u.)
shows that it is a highly reactive molecule. Moreover,
the softness descriptor is applied to measure the chemi-
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cal reactivity, which measures the capacity of an atom or
a molecular fragment to gain electrons. The softness of
NADPH (7.74 a.u.) reveals that it could be soft enough
to give electron density to different types of atomic frag-
ments (Table 2). Thus, it might be predicted that the soft-
ness of NADPH would be a parameter for increasing
its reactivity for reducing chemical species. In addition,
some of the recent reports confirm that decreasing the en-
ergy gaps could lead to easy transfers of electrons from
HOMO to LUMO, which is very important for their mo-
lecular reactivity. Since the decrease in electronegativ-
ity index is related to an increase in inhibitive abilities
[47], it has a higher inhibitory effect regarding its lower
electronegativity. The smaller energy gap, lower electro-
negativity, and higher dipole moment, which might be
required for the bioactivity effect of a molecule [47, 48],
were observed in this case. In addition, previous reports
have shown that electrophilicity (Table 2) is a suitable
descriptor of biological activity [49, 50].

Given the frontier molecular orbitals (FMO) theory
(Figure 3), it is observed that except for Fe(Il) case, both
the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) of the sys-
tems are localized on the nicotinamide part of NADHP.
However, in the Fe(II)-NADPH system, both HOMO
and LUMO are localized on the phosphate bridge. It
shows that significant changes occur in this system dur-
ing the absorption of Fe(Il) by NADPH. The electron
exchange site is transferred from the nicotinamide part
to the phosphate bridge. This issue would be another
proof of destruction or at least considerable changes in
the structure of NADPH after interaction with free Fe(II)
compared to the other considered species.

Conclusion

In conclusion, the results of the PES studies indicate
that adsorption of methanol, ethanol, normal propanol,
and H,PO, by NADPH release -23.19, -23.03, -23.30,
and -35.04 kcal/mol energy, respectively, while, adsorp-
tion of arsine by this natural electron generator releases a
-53.03 kcal/mol energy. Also, the free Fe(II) ion could in-
teract with NADPH with an absorption energy of -161.59
kcal/mol (about -131 kcal/mol bigger than alcohols).
Such absorption energy would be thermodynamically
favorable enough to make this process approximately
irreversible. Moreover, the results of the geometrical in-
vestigations indicate that during the absorption of free
Fe(II) ions, the phosphate bridge of NADPH splits this
molecule into two separate fragments. The free Fe(II)
ion could destroy the NADPH molecule.

Research in Molecular Medicine

Finally, the results of the FMO calculations show that
during the absorption of free Fe(I) ion by NADPH, both
HOMO and LUMO are replaced from the nicotinamide
part to the phosphate bridge (unlike most of the other
cases containing alcohols and phosphoric acid). It could
be considered another proof of significant changes in
NADPH structure after its interaction with free Fe(II).
Thus, free Fe(Il) ions could turn off the NADPH natural
electron generator and destroy its structure.
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