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Themolecular modeling studies include quantitative structure activity relationship, IR spectra, and docking calculations, occurring
for novel inhibitors based on chitosan dimer which were tried as HIV protease. The inhibitors were investigated with molecular
modeling calculations at different level of theories. Each compound has phenol with hydroxymethylcarbonyl (HMC) group which
added to chitosan in positions 2, 3, 2󸀠, or 3󸀠. The geometry of studied compounds is optimized with semiempirical PM3 method.
Quantitative structure activity relationship (QSAR) properties of the suggested compounds are calculated at the same level of
theory. Depending on QSAR calculations, the compounds with positions 2 and 2󸀠 are less hydrophilic. The position 2󸀠 compound
makes good docking interaction into HIV protease active site. Calculated IR spectra indicate that the interaction through hydrogen
bonding through the hydrogen of OH at positions 3 and 3󸀠 gives rise to two OH bands one for chitosan and the other for phenol
and HMC group. While at position 3󸀠 CH band starts to appear.

1. Introduction

Early in 1980s, several cases of death in the US were among
patients with Pneumocyctiscarinii pneumonia and Kaposi’s
sarcoma [1]. All available treatments were tried for the
different conditions, but the patients were still passing away.
Research activities lead to isolation of new human retrovirus
from patients, called the acquired immunodeficiency syn-
drome (AIDS) [2, 3]. This retrovirus was known as human
immune deficiency virus type 1 (HIV-1). There are two types
of HIV: HIV type 1 and HIV type 2. Their genetic sequences
are only partially homologous, and they both cause AIDS.
HIV-1 is primarily found in the US, Europe, and Asia, and
HIV-2 ismostly limited to regions of westernAfrica [4]. HIV-
1 carries most of its genetic information in three genes: gag,
pol, and env. These genes are expressed as large polyproteins,
which are processed into the functional proteins by either
the viral protease (gag and pol) or host cellular enzymes
(env) [5–8]. A 12-year longitudinal study was conducted to
assess the effects of maternal HIV/AIDS on child/adolescent

well-being and behavioral outcomes, extending an earlier
published account [9]. A sensitive care is provided for adult
HIV-infected women with a history of childhood sexual
abuse [10]. The risk of spousal violence in Sub-Sahara is
studied [11]. A study is conducted to focus on the effects
of bullying on people living with HIV (PLH), a particularly
at-risk population [12]. A review is carried out to focus
on HIV issues and people with disabilities in more than a
decade [13]. In African countries, there are more than 25
million people stricken by HIV/AIDS, so the World Health
Organization exerts great effort to improve the antiretroviral
therapy and the health care infrastructure [14]. Drugs are
divided into four classes with respect to their therapeutic
target in the HIV-1 replication cycle. Among these classes
are (a) nucleoside reverse transcriptase inhibitors (NRTIs),
(b) nonnucleoside reverse transcriptase inhibitors (NNRTIs),
(c) protease inhibitors (PIs), and (d) fusion inhibitors [15].
The most common form of treatment up to date is cocktail
therapy or highly active antiretroviral therapy (HAART).The
HAART regimens may include combinations of one or more
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of NRTI, NNRTI, and PI [16–18]. One of most challenging
problems in AIDS therapy is that the HIV virus develops
drug-resistant variants rapidly by genetic mutation. The first
pharmacological agent that was developed for treatment of
HIV infection was the antiretroviral drug zidovudine (ZDV),
a nucleoside analog. Some earlier literature refers to ZDV as
azidothymidine (3󸀠-azido-3󸀠-deoxythymidine) or AZT [19].
Additional NTRIs were developed, including didanosine
(ddI), zalcitabine (ddC), stavudine (d4T), lamivudine (3TC),
and abacavir. All of the NRTIs require phosphorylation to an
active triphosphate metabolite [17]. The HIV-1 protease can
recognize Phe-Pro or Tyr-Pro sequences as the retrovirus-
specific cleavage sites, but no mammalian aspartic proteases
are known to have such specificity. These features provided
a basis for the rational design of selective HIV protease-
targeted drugs for the treatment of AIDS [20]. However,
many PIs are lipophilic and poorly soluble. Structural mod-
ifications involving the incorporation of polar and ionizable
groups have been used to improve the aqueous solubility of
these drugs [15]. Another form of antiretroviral therapy is
based upon blocking fusion ofHIVwith the target cell surface
to prevent conformational changes to form a stable complex
required formembrane fusion to target cells.This drug, enfu-
virtide, must be delivered by subcutaneous injection [15, 17].
The HIV-1 protease was structurally characterized by X-ray
crystallography [21].The flap region regulates substrate entry
into the active site by its conformation that is either open,
semiopen, or closed [22]. The two subunits are stabilized
by intermolecular interactions, and the largest part of the
interface is formed by a four-stranded antiparallel 𝛽-sheets
consisting of the N- and C-termini of the proteasemonomers
(residues 1–5 and 95–99) [8]. The active site contains eight
C2-symmetric subsites (S4, S3, S2, S1, S1󸀠, S2󸀠, S3󸀠, and S4󸀠)
[23]. These are the binding sites for the P4, P3, P2, P1, P1󸀠,
P2󸀠, P3󸀠, and P4󸀠 residues of an octapeptide substrate counted
from the bond, which is cleaved during hydrolysis, called the
“scissile” bond [21]. Side effects of HIV-1 inhibitors such as
drug intolerance and drug toxicity are significant problems
for all drugs used to treat HIV and accordingly some kinds
of modifications are needed [24–29]. The side effects and the
clinical emergence of resistant mutants in HIV-1 mean that
new protease inhibitors need to be developed. The cavity of
HIV-1 protease active site is about 10 Å in diameter that is
close to the diameter of fullerene C

60
[30]. Later on, fullerene

derivatives were studied as HIV-1 protease inhibitors [31–38]
on the basis of molecular modeling using different level of
theories. PM3 was conducted to study novel HIV-1 protease
inhibitor based on chitosan dimer and applying QSAR and
thermodynamic calculations. The inhibition interaction and
its mode were confirmed by docking calculation at MM3.

2. Computational Details

2.1. Building and Optimized Structures. The novel suggested
compounds are built by adding phenol with hydroxymethyl-
carbonyl (HMC) group to different positions to two units
of chitosan as indicated in Figure 1. The SCIGRESS 3.0
molecular modeling software is used to build investigated
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Figure 1: The general structure of suggested compounds. Both
phenol and HMC group are added at positions 2, 3, 2󸀠, or 3󸀠.

compounds [39]. The geometries suggested that compounds
are defined by performing geometry optimization calcula-
tions using MO-G at PM3 level of theory.

2.2.The Infrared Transitions Spectra. The infrared transitions
of the geometry optimized compounds are calculated using
MO-G at PM3 level of theory in order to confirm that
the investigated compounds are optimized corresponding to
energy minimum.

2.3. QSAR Properties. Depending on the optimized com-
pounds, the electronic, QSAR, and thermodynamics proper-
ties are calculated at PM3 level. All these calculations are also
carried out by SCIGRESS 3.0 molecular modeling software.

2.4. Docking Calculations. Thedockingmolecular simulation
is performed at MM3 molecular mechanics method using
SCIGRESS 3.0 program. The origin of HIV protease used
in this calculation is the Protein Data Bank (PDB code:
4DJO) [40]. After adding the hydrogen atoms, the optimized
geometry of HIV protease is calculated usingMM3 force field
[41]. The conserved catalytic triad residues of HIV protease
active sites Asp25, Thr26, and Gly27 (for first monomer of
HIV protease) and Asp25󸀠, Thr26󸀠. and Gly27󸀠 (for second
monomer of HIV protease) are selected as group. Performing
genetic algorithm, FASTDOCK, and PMF scoring function
[42–44] was used to fit the ligand into the selected HIV
protease active site residues. The optimization is recalculated
for docking systems at MM3 force field.

3. Results and Discussion

3.1. The Optimized Structures. As stated earlier, AIDS is
considered one of the most widely spread diseases in the
world. Until now, the HIV needs new and good inhibitors.
The HIV protease enzyme is the most important target to
inhibit the AIDS disease.

Figure 1 represents the general structure of the suggested
compounds. These compounds are designed to inhibit the
HIV protease. The studied compounds are built from mainly
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Figure 2: The geometry of optimized investigated compounds calculated at PM3 level of theory.

three parts. The first part is two units of chitosan. The two-
chitosan selection is due to many reasons. The first reason
is that the chitosan is considered natural biopolymer. It is
one of the most functional polysaccharides owing to its NH

2

group. The second reason is that the two units of chitosan
are nearly suitable to the diameter of HIV protease active
site. The cavity of HIV-1 protease active site is about 10 Å
in diameter. From elementary calculations, it is found that
the best is two units of chitosan. This is because one unit
of chitosan is too small for HIV protease active site and
the three units of chitosan were found to be larger than
that for HIV protease active site. Finally, the biodegradable
nature of chitosan makes it nontoxic and could be safely
used in pharmaceutical purposes. In our previous research, a
number of modified fullerene based systems were introduced
and a new fullerene derivative is suggested as HIV-protease
inhibitors [35–37]. The most annoying problem with the
synthesis of fullerene-based systems was the coproduction of
stool, requiring tedious, expensive, and wasteful procedures
for purification [45]. It also can be noticed that the toxicity
and insolubility of the fullerene derivatives challenge their use
as HIV inhibitors [46, 47], so that in this study the fullerene
problems are solved by replacing it with chitosan.The second
part of suggested compound is phenol. From our previous
study, the compounds have phenyl ring with oxygen atom
which are better promising HIV protease inhibitors than
those having phenyl ringwith sulfur or selenium [35–37].The
third part is the addition of hydroxymethylcarbonyl (HMC)
group to phenol. The HMC group showed that it interacted
excellently with the catalytic aspartic acid carboxyl groups of
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Figure 3: Calculated PM3 spectra for the studied structures.

the HIV protease active site [23]. The second and third parts
are added to chitosan at position 2, 3, 2󸀠, or 3󸀠.

The molecular modeling calculations are performed to
the suggested compounds. The semiempirical PM3 opti-
mized geometry of investigated compounds is shown in
Figure 2.

3.2. Infrared Spectra. Thecalculated vibrational spectra could
be a good indicator for the given structures. The calculated
spectra as indicated in Figure 3 show positive frequencies
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Table 1: Some of the calculated QSAR properties of the suggested compounds according to PM3 semiempirical method.

Structure
(position)

Total energy
[kcal/mol]

Heat of
formation
[kcal/mol]

Dipole
moment
[Debye]

Δ𝐸 [eV]
Ionization
potential
[eV]

log𝑃 Polarizability
[A3]

Surface area
[A2]

Volume
[A3]

2 −181131 −478.205 2.327 9.527 −9.834 −2.142 29.883 423.370 407.740
3 −179376 −435.532 4.569 9.401 −9.626 −2.584 30.012 427.290 413.950
2󸀠 −181123 −474.336 2.025 9.536 −9.587 −2.142 29.859 423.210 405.930
3󸀠 −179376 −431.279 0.694 9.443 −9.675 −2.584 30.245 427.890 413.210
Charge [e] = 0 for all the studied compounds.

which indicate that all the studied structures are correspond-
ing to energy minimum; this is one of the tests for the
optimization and validity of the calculations.

The spectrum of chitosan was assigned in our previous
work [48, 49], so that the assignment is not the goal of the
present work. The effect of phenol and HMC group upon the
chitosan in the positions 2, 2󸀠, 3, and 3󸀠 will be assigned.

The calculated spectra indicate the existence of OH (3871
and 3862 cm−1 for positions 2 and 2󸀠, resp., and at 3864 and
3896 cm−1 for positions 3 and 3󸀠, resp.) of chitosan followed
by another one for phenol HMC group corresponding to 3
and 3󸀠 positions at 3759 and 3777 cm−1.

This is because phenol and HMC group are added as
hydrogen bonding of NH

2
at positions 2 and 2󸀠 which in

turn broaden the OH. While interaction through hydrogen
bonding in the hydrogen ofOH at positions 3 and 3󸀠 gives rise
to two OH bands one for chitosan and the other for phenol
and HMC group, the phenol and HMC group at position 3󸀠
gives rise to CH band, and other vibrational features are the
same. Phenyl group exhibits CH band at 3037 cm−1 which is
clearly indicated in case of 3󸀠. There are two respective OH
bands for 2, 2󸀠, and 3 positions at 365, 355, and 360 cm−1,
respectively. Position 3󸀠 indicates the coupling between two
respective OH to form broad band at 344 cm−1.

3.3. QSAR Descriptors. Table 1 lists some calculated QSAR
properties of studied compounds at PM3 level. These QSAR
parameters are charge, total energy, heat of formation, total
dipole moment, frontier molecular orbital energy gap Δ𝐸
(calculated as LUMO–HOMO energy difference), ionization
potential, log𝑝, polarizability, surface area, and volume. All
suggested compounds are in ground state not in exited ones.
Therefore, the charge of compounds equals zero. The total
energy of compounds with positions 2 and 2󸀠 is nearly the
same and is equal to −181131 Kcal/mol and −181123 Kcal/mol
for position 2 and 2󸀠, respectively. While the total energy
of compounds with positions 3 and 3󸀠 is typically the
same, the value of this total energy is −179376Kcal/mol.
The compounds with positions 2 and 2󸀠 are more stable
than compounds with positions 3 and 3󸀠. The third QSAR
parameter listed inTable 1 is the heat of formation.Theheat of
formation is known as the change in enthalpy accompanying
the formation of one mole of a compound from its elements
in their natural and stable states, under standard conditions
of one atmosphere at a given temperature [50]. The final
heat of formation of studied compounds is varying from

−478.21 Kcal/mol to −431.28 Kcal/mol. The compound with
position 2 has the lowest heat of formation and needs small
change in enthalpy to form one mole of this compound,
while the compound with position 3󸀠 has the highest heat of
formation and needs large change in enthalpy to form one
mole of this compound.

Table 1 represents three parameters as indicators of the
reactivity of suggested compounds.These parameters areΔ𝐸,
ionization potential, and total dipole moment. Δ𝐸 is the
frontiermolecular orbital energy gap.The smaller the frontier
molecular orbital energy gap (Δ𝐸) of a molecule is, the
more reactive the molecule with its surrounding medium is.
According to Table 1, Δ𝐸 of the compounds with positions 3
and 3󸀠 has lowerΔ𝐸 value than that of compounds with 2 and
2󸀠. This indicates that the compounds with positions 3 and
3󸀠 are more reactive with the surrounding system andmay be
reacting well with theHIV protease active site.The ionization
potential (i.e., the electron detachment energy) is the energy
required to remove an electron from the molecule to a
practically infinite distance. The lowest ionization potential
value is −9.83 eV for the compoundwith position 2 compared
to compounds with position 3 and 3󸀠. The highest ionization
potential value is −9.59 eV for the compound with position
2󸀠. The compounds with position 2 can easily remove an
electron, while the compound with position 2󸀠 can hardly
remove an electron and interact with other compounds. On
the contrary of Δ𝐸 and ionization potential values, there
is large difference in total dipole moment values for the
investigated compounds. The values of dipole moment are
varying from 0.69 Debye to 4.57 Debye. It is stated that if
the total dipole moment of certain structure increases, then
its molecular reactivity increases as well, and accordingly the
given structure becomes more interacting with other systems
strongly in solution [51]. The compound with position 3 has
the highest value of total dipole moment and may have more
reactivity and attractiveness than the surrounding structures
in biological system. The compound with position 3󸀠 has
the lowest total dipole moment value and is considered less
reactive than the surrounding system.

The logarithm of the partition coefficient Log𝑝 gives
information about the compound whether it is hydrophilic
or hydrophobic molecule. If the log 𝑝 value is positive, the
moleculewill be hydrophobic andmore soluble in the organic
solvents. If the log𝑝 value is negative, the molecule will be
hydrophilic andmore soluble in aqueous buffer. FromTable 1,
the compounds with positions 3 and 3󸀠 are more hydrophilic
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Table 2: Calculated heat of formation, heat capacity, enthalpy, entropy, and free energy for the different positions of the structure calculated
at PM3 semiempirical quantum mechanical method at 298 Kelvin.

Structure
(position)

Heat of formation
(Kcal/mol)

Heat capacity
(cal/mol/Kelvin) Enthalpy (Kcal/mol) Entropy

(cal/mol/Kelvin)
Free energy
(Kcal/mol)

2 −478.205 127.305 21.187 211.767 −303.852
3 −435.505 128.232 21.361 214.734 −257.868
2󸀠 −474.336 128.479 21.573 214.923 −300.924
3󸀠 −431.279 128.250 21.197 209.766 −252.162

Table 3: Calculated heat of formation, heat capacity, enthalpy, entropy, and free energy as a function of temperate for the studied structure
in position 2 calculated at PM3 semiempirical quantum mechanical method.

Temperature Heat of formation
(Kcal/mol)

Heat capacity
(cal/mol/Kelvin) Enthalpy (Kcal/mol) Entropy

(cal/mol/Kelvin)
Free energy
(Kcal/mol)

200 −488.912 91.383 10481 168.676 −363.278
250 −483.890 109.564 15503 191.013 −332.432
300 −477.950 128.044 21443 212.621 −302.683
350 −471.090 146.259 28303 233.735 −274.002
400 −463.340 163.551 36053 254.407 −246.365
450 −454.757 179.507 44636 274.606 −219.750
500 −445.414 193.979 53979 294.281 −194.133

and soluble in biological system than the compounds with
positions 2 and 2󸀠. Surface area and volume of investigated
compounds are shown in Table 1. The surface area of the
compoundswith positions 2 and 2󸀠 has nearly the same values
of surface area and volume. In addition, the surface area and
volume of compounds with positions 3 and 3󸀠 have nearly
the same values. As a result of the presence of NH

2
group

in compounds with positions 3 and 3󸀠, the surface area and
volume of these compounds are larger than the surface area
and volume of the compounds with positions 2 and 2󸀠. The
polarizability values are volume dependent. Therefore, the
polarizability of the compounds with positions 3 and 3󸀠 is
more than those with positions 2 and 2󸀠.

3.4. Thermodynamics Properties. Table 2 presents the calcu-
lated heat of formation, heat capacity, enthalpy, entropy, and
free energy of the different positions of the studied struc-
tures which were calculated at PM3 semiempirical quantum
mechanical method at 298Kelvin.

Thermal parameters are considered very important
parameters to describe the physical behavior of chemical
and/or biological system interacting with its surroundings in
the presence of heat. Thermal parameters are indicators for a
given structure for its ability, behavior when it is subjected
to heat, or even exchange heat from its surroundings. For
example, the heat of formation is the heat evolved or absorbed
when one mole of a compound is formed. Heat capacity is
representing the amount of energy required to produce a unit
temperature rise. Enthalpy is a measure of the total energy
while entropy is a measure of the number of specific ways in
which a systemmay be arranged. Free energy is the energy in
a physical system that can be converted to dowork [52]. From
the table, one can see that the calculated heat of formations of

position 2 and position 2󸀠 is−478.205 and−474.336Kcal/mol,
while position 3 and position 3󸀠 have a little bit higher
heat of formations which is −435.505 and −431.279Kcal/mol,
respectively. The same behavior is observed for the free
energy where position 2 and position 2󸀠 have free energy
(−303.852 and −300.924Kcal/mol, resp.) a little lower than
position 3 and position 3󸀠 (−257.868 and −252.162Kcal/mol,
resp.). Heat capacity, enthalpy, and entropy show nearly no
change in the different four positions. This means that the
structure is thermally stable at room temperature.

Table 3 presents the calculated heat of formation, heat
capacity, enthalpy, entropy, and free energy as a function of
temperature in the range 200 to 500 Kelvin for the studied
structure in position 2 calculated at PM3 semiempirical
quantummechanical method. From the table, all the thermal
parameters increase with increasing temperature.

3.5. Docking Simulation. The docking calculation of sug-
gested compounds into the HIV protease active site is
performed at MM3 force field. Figure 4 represents the mode
of interaction between studied compounds andHIV protease
active site. From Figure 4, the left and right figures of docking
interaction with position 2 compound illustrate the mode
of interaction with chitosan dimer and HMC group, respec-
tively. The chitosan dimer of the compound with position
2 forms seven hydrogen bonds with Thr80, Ala28󸀠, Gly27󸀠,
Asp25󸀠, and Asp25, while the HMC group of the compound
with position 2 forms only one hydrogen bond with Gly27.
The interaction of position 3 compound is through the
chitosan dimer only by forming three hydrogen bonds with
Asp25. About position 2󸀠 compound in Figure 4, the left and
right figures show the mode of interaction with chitosan
dimer and HMC group, respectively. The chitosan dimer of
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Figure 4: The docking systems and mode of interaction between ligands and HIV protease. The cylinder molecule is considered the studied
compound and the ball and rod molecule is considered the amino acids of protein. The dashed lines represented the hydrogen bond
interaction. The symbol (󸀠) represents the residues in second monomer of HIV protease.
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Table 4:The total energy, docking score, and the number of hydro-
gen bonds between the ligand and protein of docking (interaction)
systems via MM3 force field method.

Structure
(position)

Total energy
(Kcal/mol)

Docking
score

Number of H
bonds

2 60.06 2786.48 8
3 −45.61 2708.13 3
2󸀠 −123.57 1638.50 4
3󸀠 13.73 9433.26 5

position 2󸀠 compound interacts with Asp25 and Asp25󸀠 to
form three hydrogen bonds. The HMC group of position 2󸀠
compound interacts with Thr26 by forming one hydrogen
bond. The docking of position 3󸀠 compound into HIV
protease active site produces two sites of interactions. The
first is by forming three hydrogen bonds between chitosan
dimer and Ala28󸀠 and Asp25. The second is by forming two
hydrogen bonds betweenHMCgroup and Leu24󸀠 andThr26.

Table 4 shows the total energy and docking score of
docking systems molecular mechanics MM3 force field. Also
this table represents the number of hydrogen bonds formed
between the compounds and theHIVprotease active site.The
total energy of docking system with position 2󸀠 compound is
the lowest and is equal to −123.57 Kcal/mol. But the highest
total energy value of docking system is 60.06Kcal/mol for
position 2 compound. From docking score results in Table 4,
there is similar relation between the total energy and docking
score. The lowest total energy of docking interaction system
is for compound with positions 2󸀠, then 3, then 3󸀠, and then 2
which has highest total energy value. Also the lowest docking
score value is for compound with position 2󸀠, then 3, then 3󸀠,
and then 2 which has highest value. As shown in Figure 4 and
Table 4, the compounds with positions 2, 3, 2󸀠, and 3󸀠 form 8,
4, 3, and 5 hydrogen bonds with HIV protease, respectively.

4. Conclusion

Biodegradable polysaccharides such as chitosan dimer could
be modified to carry out phenol and HMC group in order
to own hydrogen bonding with suitable geometry to act as
HIV protease inhibitor. All the investigated compounds may
be used more safety as HIV protease inhibitor than fullerene
derivatives. From the point of view of total energy and heat of
formation, the compounds with positions 2 and 2󸀠 are more
stable. However, from the standpoint of reactivity parameters
(Δ𝐸, ionization potential, and total dipole moment) and
solubility (log𝑝), the compounds with positions 3 and 3󸀠 are
more soluble and reactive. In addition to the compoundswith
positions 2 and 2󸀠 which make masking to the NH

2
group

which gives the chitosan its properties and functionality,
the studied thermal parameters indicate that the proposed
structures are thermally stable in terms of the calculated
thermal parameters.

According to the docking simulation, there is competition
between the chitosan dimer and HMC group to form the
hydrogen bonds with HIV protease but the winner is the

chitosan dimer. Most of forming hydrogen bonds in docking
interaction are through the chitosan dimer. Due to the HIV
protease, active site residues are hydrophobic except Asp 25
and Asp 25󸀠, and the compounds with high polarity will
not form good interaction with HIV protease, so that the
docking simulation with position 2󸀠 compound which is
less hydrophilic makes most stable interaction and acts as
promising HIV protease inhibitor.
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