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ABSTRACT

Interaction of components of living cells with various nanomaterials in the gas phase has been one of extensive concern since they
become intensively utilized in various life aspects. This work is carried out to investigate the interaction between heme molecule, as the
main component of hemoglobin, with several familiar and non-familiar divalent structures such as O,, CO,, CO, MgO, CoO, NiO, CuO
and ZnO. Geometry optimization processes as well as QSAR descriptors are conducted using semiemprical quantum mechanical
calculations at PM6 level. Results illustrate that adsorbing O, and CO on heme lowers their TDM helping heme in performing its
transportation function and not interacting with other species. On the other hand, when CoO and ZnO interacting with heme the TDM of
the resultant structures increase greatly reflecting high reactivity which may interact with other species more than performing its
function. Therefore, interacting species other than O, may disturb the transportation function of heme structure. QSAR data of IP
regarding interaction of O, with heme ensure the TDM result that reflects lowering its activity. IP of H-CO adsorbed is the lowest
indicating high reactivity while those of H-O,, H-CO,, H-MgO and H-NiO in the complex form are the highest values indicating that it is
difficult to form a complex structure with them. Therefore, heme interactions with structures rather than O, and CO, affects negatively

its function as gas transporter.
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1. INTRODUCTION

Nanotechnology facilitates and even controls the process of
assembling materials at nanoscale materials. It is well recognized
that materials in nanoscale emerge among the focal points of
modem research [1-3]. Developments in nanomaterials are not
limited to techniques for preparations and investigations; different
applications, but also include the theories dealing with interactions
in nanoscale [4-5]. As compared with bulk materials, the
nanoscale materials have increased surface to volume ratio, this in
turn  increases the mechanical strength beside their
physicochemical properties [6]. With the help of nanoscale
engineering, it is possible to design biomaterials with certain
dimensions and organization, which enabling new directions for
manipulating cellular behavior [7-8]. In spite of this applications
there are some reports against nanotechnology, there is a report
about the genotoxicity of fullerene. Some others are reporting the
possible toxicity of nanomaterials especially fullerene which is
reviewed [9].

Also, the influence of nanoscale materials on the
pulmonary system was reported at a molecular level [10].
Furthermore, in vitro as well as in vivo tests of genotoxicity were
determined for fullerene [11]. The reason why researchers are
reporting against nanomaterials is coming from the fact that
nanoscale particles are small as compared with cells and cellular
organelles. With the activity of given nanoscale materials, it could
penetrate then interact with the surroundings causing physical
damage, could induce chemical interaction then a biological effect

may exist and/or harmful inflammatory response. For example,
oxidative stress caused by interacting nanoscale materials with
lipids, carbohydrates, proteins and DNA causing possible
damages. More precisely, the lipid peroxidation is considered as
the most dangerous effects which could alter the properties of cell
membrane as stated earlier [12-15]. It is also stated that high
concentrations of nanomaterials such as metal oxides reveal some
toxicity when used in quite high concentrations [16-18].

As an example of the effect of nanoscale materials on
biological molecules, molecular modeling indicated that heme
molecule is affected as a result of exposure to nanomaterials. The
effect is varied from adsorbing state to complex one [19]. One of
the leading techniques to investigate nanomaterials in different
areas is molecular modeling. Such class of computational work is
successfully providing physical, chemical and biological data
about many systems and molecules in nanoscale [20-25]. The
QSAR (Quantitative Structure Activity Relationships) approach is
a computational tool that quantifies the relationship between a
physicochemical property of a given structure and its biological
activity [26]. It is basic concept is to calculate some molecular
descriptors in terms mathematical equations which then elucidate
directly and/or indirectly the biological activities of the studied
molecules [27-28]. Recently, many researchers continue to
calculate QSAR descriptors to assess the biological activity of
many systems and molecules [29-33]. Based on the mentioned
considerations molecular modeling is conducted to investigate the
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possibility of interacting heme molecule and O,, CO,, CO, MgO,
Co0O, NiO, CuO and ZnO as examples for common and non-
common species. A model molecule of heme molecule (H)

2. MATERIALS AND METHODS

All calculations were conducted at semiemprical quantum
mechanical calculations at PM6 level [34] via SCIGRESS 3.0.
Software that is implemented at Spectroscopy Department,
Physics Division, National Research Centre, NRC [35]. Model
molecules of pristine heme molecule (H) and heme interacted with
many common and non-common species via both adsorption and
complex formation are built up. The interaction between the heme
molecule and the added structure is always carried out through the
Fe atom of heme. The selected entities are O,, CO, and CO as

3. RESULTS
3.1. Building Model Molecules.

The built heme molecule (H) depends on our previous work
in [19]. Figure 1 presents the heme structure as well as its
suggested interactions with several species as adsorbing and
complex states. Heme molecule is composed of porphyrin that is a
ring-like organic structure and has a central Fe atom. This atom
represents the active site of heme where it can attach to either
oxygen or carbon dioxide gases in a reverse physical manner in

interacting with each of the chosen molecules using PM6 quantum
mechanical calculation is proposed as both adsorb and complex
states.

common species and MgO, CoO, NiO, CuO and ZnO as non-
familiar ones. The considered valence here is the divalent form of
all the interested molecules. Then, they are geometrically
optimized at PM6 level. Physical parameters such as charge (C),
total dipole moment (TDM) and HOMO/LUMO band gap energy
(AE) are considered. Finally, QSAR descriptors such as Final heat
of formation (FF), Ionization potential (IP), Log P, Molar
refractivity (MR), Surface area (A) and Volume (V) are also
calculated at the same level.

order to satisfy its transportation function. Figures (b-p) show the
interaction of heme and O,, CO,, CO, MgO, Co0O, NiO, CuO and
ZnO through its Fe active site, respectively.
3.2. Geometry Optimization.

The geometry of all the proposed structures is optimized at
PM6 theoretical level. Table 1 demonstrates some of the
calculated physical parameters such as charge (C), total dipole
moment (TDM) and band gap energy (AE).

(b)H ....0,(A)

(¢) H----0,(C)
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h)H...... CuO (A) (1) H----CuO (C)
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(m)H ......NiO (A) (n) H -—-NiO (C)

Page | 4840



Effect of nano metal oxides on heme molecule: molecular and bimolecular approaches

()H ....... ZnO (A)

(p) H ----ZnO (C)

Figure 1. PM6 optimized (a) heme molecule (H), and its interaction with O,, CO,, CO, MgO, CoO, NiO, CuO and ZnO as adsorb state
(A) on the left hand side and complex state (C) on the right hand side.

Table 1. PM6 calculated charge (C) as au, total dipole moment (TDM) as Debye and band gap energy (AE) as eV for heme molecule and
its interaction structures with O,, CO,, CO, MgO, CoO, NiO, CuO and ZnO as adsorb and complex states.

Structure C (au) TDM (Debye) AE (eV)

H 0 6.704 6.156
Interaction as adsorption

H-0, 0 6.099 6.414
H-CO, 0 7.558 7.256
H-CO 2 5.483 4.686
H-MgO 0 7.195 6.545
H-CoO 0 36.171 1.739
H-NiO 0 9.609 6.329
H-CuO 0 8.606 4.955
H-ZnO 0 7.896 6.519
Interaction as complex

H-0, -1 2.697 6.414
H-CO, -1 5.346 7.256
H-CO 1 4.453 4.686
H-MgO -1 1.766 6.545
H-CoO -1 71.053 1.739
H-NiO -1 7.847 6.329
H-CuO -1 2.759 4.955
H-ZnO -1 75.109 6.519

Since, the considered valence for all the chosen
molecules is the divalent form, hence not all the built structures
are electrically neutral and some own charge either positive or
negative. All the added compounds in the adsorb state have no
electric charge except for the heme linked to carbon monoxide
(H...CO) which has two positive charges. In the same manner for
those in the complex state have negative charge except that
attached to carbon monoxide (H---CO) that has positive charge.
The negative charge on each of them results from gaining an
electron so that they can form a strong covalent bond with Fe atom
of the heme structure. Both total dipole moment (TDM) and
HOMO/LUMO band gap energy ( A E) are good physical
references for structure reactivity. The calculated TDM for heme
is 6.7 Debye. Adsorbing both O, and CO on heme decreases the
TDM of their structures relative to heme, however adsorbing CoO
increases greatly the resultant TDM where it reaches 36.2 Debye

indicating a very reactive structure that may disturb the
transportation function of heme molecule as it would be concerned
to interact with further chemical structures more than performing
its function. Adsorbing other species increases the resultant TDM
with respect to pristine heme that would also affect negatively the
transportation function of heme.

Formation of complexes between heme and O,, MgO and
CuO lowers greatly the TDM of the products reflecting lowering
their activity that may lead to blocking the active site of heme
which is responsible for gases transfer processes. However,
forming a complex with CoO and ZnO elevates the TDM
incredibly to 71.1 and 75.1 Debye, respectively. The
HOMO/LUMO band gap of heme structure is 6.2 eV that
decreases when adsorbing or complexing with CO, CoO and CuO
reflecting higher reactivity for these structures. This would
elevates their electrical conductivity that is characterized by
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having several charged species. Adsorbing or complexing heme
with O, has no impact on the band gap energy of both structures
which reflects the suitability of heme structure for transferring
processes of O, gas through the body.

3.3. QSAR Descriptors.

Quantitative structure-activity relationship QSAR offered simple
and quite accessible scheme for investigating activities of

biological compounds. It continues to be a topic of research work
whereas someone would like to judge the biological activity [36-
38]. QSAR parameters are conducted for the proposed structures
at PM6 level in both adsorb and complex states. Table 2 lists the
calculated QSAR descriptors such as final heat of formation (FF),
ionization potential (IP), Log P, molar refractivity (MR), surface
area (SA) and volume (V).

Table 2. PM6 calculated QSAR descriptors including final heat of formation (FF) as kcal/mol, ionization potential (IP) as eV, Log P, molar refractivity
(MR), surface area (SA) as A? and volume (V) as A? for heme molecule and its interaction structures with O,, CO,, CO, MgO, CoO, NiO, CuO and

ZnO as adsorb and complex states.

Structure FF (kcal/mol) IP (eV) SA (AY)
H -52.745 -7.452 9.091 158.932 535.55 512.29
Interaction as adsorption
H-0, -10.171 -7.217 -1.221 161.618 558.13 532.6
H-CO, -139.748 -7.574 -1.150 165.117 565.27 541.1
H-CO -126.106 -0.591 -0.869 160.175 544.87 538.74
H-MgO -116.089 -6.895 -0.700 158.321 535.550 536.49
H-CoO -7.684 -6.514 8.740 160.375 598.66 569.62
H-NiO 18.991 -7.014 -0.869 160.175 561.8 545.65
H-CuO 56.705 -5.570 -0.869 160.175 562.75 547.28
H-ZnO -77.746 -7.913 -0.869 160.175 558.89 544.39
Interaction as complex
H-0, -29.111 -0.512 -1.221 161.525 545.22 536.08
H-CO, -189.163 -0.482 -1.150 165.118 548.4 544.13
H-CO 52.362 -8.232 -0.869 163.674 543.9 528.21
H-MgO -161.976 -0.742 -0.700 157.910 562.45 544.3
H-CoO -124.657 -6.795 8.740 160.175 616.69 581.89
H-NiO -38.839 -0.512 -0.869 160.175 561.6 549.49
H-CuO -77.303 -0.482 -0.869 159.316 575.4 551.08
H-ZnO -124.729 -8.232 -0.869 160.175 615.61 581.18

Concerning FF that is usually defined as the heat change
following the formation of a certain substance from its
components [39]. It is 52.7 kcal for heme molecule while it
reaches its lowest value for CO, and CO in the adsorb state with
values -139.7, -126.1 kcal, respectively. While it has positive
values for both NiO and CuO in the adsorb state indicating that
their binding to heme in the adsorb state requires high amount of
energy. For the calculated complex states, FF has its highest value
for also heme bonded to O, with 29.1 kcal and smallest values for
heme liked to CO, and MgO. On contrary, FF of heme attached to
CO has a positive value of 52.36 kcal. Ionization potential (IP) is
one of the QSAR descriptors that refer to structure reactivity. It is
known as the energy required for ionizing a chemical structure.
The resultant IP of heme is -7.5 eV and adsorbing CO, and ZnO
decreases it to its minimum values of -7.6 and -7.9 €V,
respectively. IP increases slightly as a result of adsorbing O,
while it reaches its lowest value for adsorbing CO. Forming a
complex structure with O,, CO,, MgO and NiO results in
structures of the highest IP values indicating that it is difficult to
form a complex structure with them. On the other hand, forming
complex structures with CO and ZnO has the lowest IPs indicating
they can complex with heme and block its site inhibiting it from
performing its transportation function. Log P is abbreviation for
the logarithm of the partition coefficient that used as
hydrophilicity indicator. It equals to the ratio of a substance
dissolved in organic solvent to that dissolved in aqueous solvents,
hence positive Log P values refer to hydrophobic structures and
negative ones indicate hydrophilic compounds. However, heme

molecule seems to be hydrophobic, based on its positive Log P
value, its interaction with the interested entities either in the
complex or the adsorbed state results in hydrophilic structures
except for that bonded to CoO in both cases referring that it's
binding to heme is not preferred in the aqueous media. Heme
attached with both O, and CO, in either adsorb or complex states
produces the most hydrophilic structures among the calculated
ones facilitating their attachment with heme in the biological
aqueous environment. The interaction of heme with most of the
other proposed compounds yields structures of nearly the same
degree of hydrophilicity reflecting no preference for one of them
to the others when binding to heme in the biological media. The
calculated molar refractivity (MR) of heme equals 158.9 and its
values when interacting with the chosen compounds in both
adsorbed and complex states range from 157.9 for heme---MgO in
a complex state to 165.1 for heme---CO, in both cases. Both of the
calculated surface area and volume are among the geometrical
QSAR parameters that are usually considered to assess the impact
of bonding heme to the different species either in adsorb or
complex states. The surface area and volume of heme molecule
are calculated to be 535.6 A® and 512.3 A’, respectively. The
surface area of all the proposed structures either in adsorb or
complex states is greater than that of heme except for MgO
binding to heme through weak interaction that has nearly the same
area. The calculated areas for the proposed structures can be
categorized into three groups. Firstly, the surface area of some of
them in the adsorbed state is higher than those in the complex
form and it includes H-O,, H-CO, and H-CO structures. Secondly,

Page | 4842



Effect of nano metal oxides on heme molecule: molecular and bimolecular approaches

a group includes structures whose areas in adsorb case is lower
than in the complex and it involves H-MgO, H-CoO, H-CuO and
ZnO compounds. Finally, H-NiO whose area does not affect by
changing the connection type with heme. Regarding the variation
in the volume, all the calculated volumes in the adsorbed state are

4. CONCLUSIONS

The present work studied the physical properties as well as
the QSAR descriptors of heme molecule and heme interacted with
familiar and non-familiar divalent structures using semiemprical
quantum mechanical calculations at PM6 level. The interaction
between the heme molecule and the added structure carried out
through the Fe atom of heme as adsorb and complex states.
Geometry optimization processes illustrate that adsorbing O, and
CO on heme lowers their TDM helping heme in performing its
transportation function and not interacting with other species. On
the other hand, when CoO and ZnO interacting with heme the
TDM of the resultant structures increase greatly reflecting high
reactivity which may interact with other species more than
performing its function. Therefore, interacting species other than
O, may disturb the transportations function of heme structure.
Electrical conductivity of heme increases at binding to CO, CoO
and CuO that may affect negatively its performance, however
interacting heme with O, have no impact on the band gap energy
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