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Abstract: The 3'-azido-3'-deoxythymidine, which is termed AZT, was introduced as anti-human
immunodeficiency virus HIV. AZT is supposed to interact with water molecules forming two hydration
shells. In the first shell, five water molecules were surrounding five active sites. Each water molecule
then further interacted with two water molecules forming the second hydration shell. The computational
note is dedicated on the basis of density functional theory (DFT). So that, DFT:B3LYP/6-31G(d,p) was
used to follow up on the changes in AZT as a result of hydration. The DFT was used to calculate total
dipole moment (TDM), HOMO/LUMO bandgap energies, molecular electrostatic potential (MESP),
and IR frequencies.
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1. Introduction

The human immunodeficiency virus (HIV) is a lentivirus, one of the retrovirus
subgroups, which causes viral infection (HIV) and syndrome, namely acquired
immunodeficiency syndrome (AIDS). In a progressive manner, the failure of the immune
system takes place in the condition of AIDS and allows all types of life-threatening infections
to thrive [1]. HIV infection causes severe depletion of CD4 expressing cells, which include T
lymphocytes, monocytes, and macrophages, leading to profound immunosuppression [2].
Antiviral drug azidothymidine 63, also known as AZT and zidovudine, is useful in the
treatment of AIDS as an agent impeding the human immunodeficiency virus replication
process [3]. AZT, the first compound that has been approved by the Food and Drug
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Administration (FDA-USA), was long used as a monotherapy for HIV infection. Zidovudine
is 3’-azido-3'-deoxytimidine (36.1.26), is synthesized from 1-(2'-deoxy-5'-O-trityl-B-d-
lyxosyl)thymine, which is treated with methansulfonyl chloride in pyridine to make the
corresponding mesylate 36.1.24. Replacing the methyl group with an azide group using lithium
azide in dimethylformamide makes the product 36.1.25 with an inverted configuration at C3
of the furanosyl ring. Heating this in 80% acetic acid removes the trityl protection, giving
zidovudine [4]. Zidovudine is an analog of thymidine that inhibits the replication of the AIDS
virus. It also turned into mono-, di-, and triphosphates by the same cellular enzymes that
catalyze the phosphorylation of thymidine and thymidine nucleosides.

Zidovudine-triphosphate is then included in the terminal fragment of the growing chain
of viral DNA by viral reverse transcriptase, thus causing the viral DNA chain to break apart in
cells infected with the virus [4]. This drug belongs to the class of nucleoside reverse
transcriptase (RT) inhibitors. During the clinical studies utilizing zidovudine as monotherapy,
it was apparent that the antiviral effect diminished over time for many patients, and the loss in
activity was ascribed to the acquisition of mutations within the RT sequence. The magnitude
of activity loss generally corresponded to the number of acquired mutations. The RT that has
been sequenced from patients whose virus has become highly resistant to zidovudine contains
four or more mutations at M41L, D67N, K70R, L210W, T215, and K219Q [5]. DSC curve of
AZT shows a sharp endothermic peak that corresponds to melting in the range of 120-124°C.
The IR spectrum of AZT shows the stretching bands in the 3500-3200 cm™ wavenumber
region assigned to vs and vas OH stretching, OH-bending mode at 1630-1600 cm™, a band at
2102 cm ! assigned to v of C=N=N=N (azide group), a band at 1694 cm* assigned to C=0, a
band at 1385 cm ™ assigned to CHz, and 1281 cm ! assigned to C-O—C and C-OH. DSC curves
show an endothermic event at 309°C [6].

Over the past years, the attention of many researchers were paid to AZT-based
therapeutics according to its medicinal properties. AZT properties show wide applications,
including not only an antiviral drug in HIV treatment but also antitumor agents [7], antioxidants
[8], antimalarial agents [9], and AZT prodrugs for anticancer and antiviral effects [10].
Recently, a series of AZT was synthesized then screened them against Gram-negative as well
as Gram-positive strains to act as antibacterial regulating metastasis of breast cancer cells [11].

Molecular modeling is a class of computational work widely used for elucidating the
physical and chemical properties of many systems and molecules covering a wide range of
applications [12-14]. It provides data for molecular systems whenever the experimental
techniques are limited and/or unavailable. Some calculated modeling parameters could be
correlated to the reactivity of the studied molecular systems. It is stated earlier that the TDM
and HOMO/LUMO bandgap energy are indicators for the reactivity of a given compound with
its surrounding molecules. As the TDM increase, while the HOMO/LUMO bandgap decreased,
the structure is considered reactive [15-17]. Molecular modeling with different level of theory
show possibilities to investigate molecules of concern in biological as well as medical
applications [18-21]. The MESP is also among important quantities describing the reactivity
of a molecular system. Having MESP maps for various chemical entities is one of the
remarkable benefits of molecular modeling computations [22]. MESP concept becomes
common in the scientific community as it is capable of presenting accurate data regarding the
functional, active areas for these chemical substances [23]. Furthermore, these maps are crucial
in assessing the attitude of chemical addition reactions undergone by these structures, either
electrophilic or nucleophilic chemical addition. Numerous articles were published previously

https://biointerfaceresearch.com/ 9254


https://doi.org/10.33263/BRIAC00.000000
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC00.000000

involving several accounts on the molecular surface [24-26]. One of the well-known terms for
molecular surface considers the constructed MESP maps as the peripheral area around a
chemical entity which results from a collection of intersected spheres whose centers are ranged
toward the nucleus of each one [27-32]; these supposed intersected spheres are yielded via
forces such as van der Waals radii of the investigated atoms [33]. On the contrary, these maps
were viewed [34-35] as the outer contour of electron densities p(r). It is worthy of mentioning
that the latter definition is more preferred than the aforementioned one as it includes more
valuable and informative details concerning the chemical characteristics of the considered
structures, for example, lone pair electrons, c-holes presence, and many more. These contours
have been ensured all the time to inform about 95-98% of the required details about the
electronic density of structures [33, 34]. The calculated electrostatic potentials V(r) of some
structure had been documented as the main part in governing its reactive behavior. Molecular
modeling, together with QSAR, was utilized to elucidate the effect of substitution on the AZT
[36], later extensive attention was paid to the effect of substitution upon the vibrational spectra
of AZT [37]. Solvation describes the interaction of the solvent with dissolved molecules; it
plays an important role in molecular recognition. Water has the power to dissolve more
substances than any other liquid, and, because of this power, water is often referred to as the
universal solvent [38]. The present work is conducted to elucidate the effect of first and second
hydration on the electronic and vibrational spectra of AZT. First, hydration is indicated as five
water molecules interact with AZT forming AZT.5H20, then another 10 water molecules
forming the second hydration shell, which is interacted with AZT.5H20, forming AZT.15H20.
The study is conducted with DFT at B3LYP/6-31G(d,p).

2. Calculations details

All the studied models are subjected to energy optimizations using Gaussian 09 [39]
implemented on the personal computer at the spectroscopy Department, National Research
Centre (NRC), Egypt. AZT and AZT hydrated models are optimized, then vibrational spectra
were calculated at B3LYP/6-31G(d,p) [40-42] level of theory.

3. Results and Discussion
3.1. Building model molecules.

In this work, AZT, which indicated in figure 1, was subjected to energy optimization at
B3LYP/6-31G(d,p) then subjected to vibrational frequency calculations at the same level. AZT
is further subjected to hydration with water molecules.

Figure 1. This Model molecule for the studied AZT.

As indicated in figure 1, there are five possible sites for hydration, the first through the
hydrogen bonding of NH of the ring, as indicated in figure 2(a). Another water molecule is
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interacted in the second site at the hydrogen bonding of the OH of CH20OH to form di-hydrated
AZT, as shown in figure 2(b).
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Figure 2. Model molecule for the studled AZT whereas, a- Water molecule has interacted through hydrogen
bonding with the H-atom of the NH of the ring, b- Water molecule has interacted through hydrogen bonding
with the H-atom of the NH of the ring, another one through the hydrogen bonding of the OH of CH,OH.

For AZT hydrated with three water molecules, figure 3(a) showed that the third water
molecule is added as hydrogen bonding to the N atom of Ns. Two further water molecules
could be added to the N3, as indicated in figures 3(b) and 4(a) to form AZT hydrated with four
and five water molecules, respectively. All the studied five hydrated AZT represent the first
hydration shell of AZT, another attempt to indicate hydration is the model at which AZT shows
the second hydration shell, whereas 15 water molecules were surrounding the AZT molecules.
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Figure 3. Model molecule for the studied AZT whereas, a- Water molecule has interacted through hydrogen
bonding with the H-atom of the NH of the ring, another one through the hydrogen bonding of the OH of
CH,0H, the third one has interacted through one N of the N3,b- Water molecule has interacted through

hydrogen bonding with the H-atom of the NH of the ring, another one through the hydrogen bonding of the OH
of CH,OH the third and fourth have interacted through two N atoms of the Ns.
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Figure 4. Model molecule for the studied AZT whereas, a- Water molecule has interacted through hydrogen
bonding with the H-atom of the NH of the ring, another one through the hydrogen bonding of the OH of
CH,0H, three water molecules have interacted through the N3, b- AZT subject to 15 water molecules 5 through
the first hydration shell and 10 through the second hydration shell.
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As indicated in figure 4(b), each water molecule of the first hydration shell is
surrounded by two water molecules forming the second hydration shell. In such a case, the
AZT is hydrated with 15 water molecules. It is worth to mention that the studied hydrated AZT
is subjected to geometry optimization calculation at B3LYP/6-31G(d,p). A focus will be
pointed into the physical and vibrational parameters of AZT to indicate the effect of hydration.

3.2. Structural and vibrational analyses.

Table 1 presents the B3LYP/6-31G(d,p) calculated physical parameters for AZT as
well as hydrated AZT. Based on frontiers energies, reactivity and many other physical
characterizations are determined, such as optical band gap, electron tendency (A), ionization
energy (1), hardenability (n), chemical potential (p), electrophilicity indicator (y), plasticity ()
and finally overall dipole moment.

IR Spectrum IR Spectrum
4000 [-2500 2500 | 1600
3500 | AZT = AZT-H20 [y Z
12000 ~ 4 plle=,
3000 = F1200 o
525007 1500 & Ejgu[p, - 1000 3
-ézm— w2 Fso @
CEel | S Lo &,
7 Lsoo 2 500 :490 [+]
500 2 Fao 3,
ol sk A Lo —
T T T [T T [ T o T [ T e T [ I T T e LR R R Ll L LR L L LN LR LR LR R
500 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000 3500 4000
Frequency (cm™) Frequency (cm™)
IR Spectrum IR Spectrum
3000+ 2000
3500 (- 2500
3000 AZT-2H0 Lo 2 2500 AZT-3H20 .
2500 3 _ 2000 Ei
< 000 1500 &
g iggg = %15997 1000 °
@ 1500 Looo 3 2 i
& 1000 - &, W 100 L 50 o
500 4 e o 500 g
3 o
04 0 0+ Lo~
e T o]
500 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000 3500 4000
Frequency (cm™) Frequency (cm™)
IR Spectrum
3000 AZT-4H,0 2500
-4H>
2500 —2000 =
(=]
§ 40007 Lisoo &
‘g'ISDD— E
1000 1000 £
(2]
500 | 500 i\,
0 b g
e el L ki
500 1000 1500 2000 2500 3000 3500 4000
Frequency (cm™)
IR Spectrum IR Spectrum
3000 3000 o 6000 300 O
2500 AZT-5H:;0 Losn = 5000 AZT-15H20" |30~
< 2000 Lo % £ 4000 [
<] s9 2000 =
1500 1500 @ ‘i 3000 L1500 ©
e 2 & om0 g
W 1000 F1000 S, W 1000 "~
500 Lspp § 1000 500 3
) L5 U i : LU
LR R LR RN LR LN AR ARy ERRR AR ERRE R AR RN L LR RN LR LR AL RN LR LN RRLLE LAR
500 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000 3500 4000
Frequency (cm™) Frequency (cm™)

Figure 5. B3LYP/6-31G(d,p) calculated IR spectra for AZT, AZT.H,0, AZT.2H,0, AZT.3H,0, AZT.4H,0,
AZT.5H,0, and AZT.15H,0.

Among all such parameters, the dipole moment is highly affected by adsorption. The
hydration procedure for AZT molecules has been checked by well-tested DFT:B3LYP/6-
31G(d,p) level to see the impact of adsorption of water molecules on AZT characteristics. The
https://biointerfaceresearch.com/ 9257
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additive water molecule’s impact has been investigated gradually from single, double, triple,
and quadruple adsorption interplays' point of view.

In the first case, the water molecule is brought close to aromatic NH flake giving rise
to OH stretching mode appearance at 3596 cm. It is remarkable that NH stretching has been
lowered from 3599 to 3313 cm™ for unhydrated AZT. Then, another water molecule is located
close to OH terminal in addition to previously adding to NH flake. A blue shift is noticed all
over OH stretchings from 3596 to 3883~3703 cm™™.

At the main time, NH stretching continues red-shifted to 3293 cm™. An additive water
molecule is adsorped to a centered N3 group proposing a high humidity condition. OH
overtones are assigned at 3539 cm™, whereas NH stretching moves upward to 3312 cm™. Once
more, the water molecule is dropped outside mid-Ns, offering over-humidified behavior. As
before, the latest OH overtone is scanned at 3442 cm™, whereas NH stretching has remained
unaffected. The calculated IR spectra for adsorption of water molecules on AZT are shown in
figure 5.
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Figure 6. B3LYP/6-31G(d,p) ca(l?ulated HOMO (lower) and LUMO (uppe(r) molecular orbitals of (a) pure AZT
structure, (b) AZT interacting with one water molecule, (c) two water molecules, (d) three water molecules, ()
four water molecules, (f) five water molecules and (g) 15 water molecules through H-bonding with the H-atom
of the NH of the ring, the OH of CH,OH, one, two and three N atoms of the N3 and 15 water molecules 5
through the first hydration shell and 10 through the second hydration shell, respectively at B3LYP/6-31G(d,p).

3.3. Toal dipole moment and HOMO/LUMO bandgap energy.

Geometry optimization calculations are carried out for investigating the impact of
hydration of the AZT compound via one as well as two shell water molecules on its physical
and electronic features. Such computations are conducted via DFT level at B3LYP/6-31G(d,p)
method. Figure 6 presents the calculated HOMO/LUMO band gap energies (AE) for the
proposed structures and their orbitals configuration, as well.

It is well known that the HOMO/LUMO band gap represents the amount of energy
required for exciting some electron from the highest occupied molecular orbital (HOMO) to
the lowest unoccupied molecular orbital (LUMO). Hence, it reflects the ease of having a
conductive material. Therefore, bandgap can reflect the electrical activity of a substance. The

resultant bandgap of AZT molecule equals 0.1313 eV, which is lowered as a result of adding
https://biointerfaceresearch.com/ 9259
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both one and two water molecules for 0.1309 and 0.1302 eV, respectively. This reflects an
increment in their electrical conductivity upon the addition of two water molecules. The
addition of three water molecules has no significant effect on the calculated HOMO/LUMO
bandgap. However, further addition of water, either in one or two shells, increases the obtained
values. Hence, the addition of more than two water molecules to AZT affect its conductivity
negatively. Moreover, figure 6 illustrates the mapped HOMO and LUMO orbitals for pure AZT
structure as well as its hydrated forms. It is worthy to note that the LUMO orbitals are
homogenously concentrated in the vicinity of the pyrimidine part of the AZT structure and its
hydrated forms, as well. Similarly, the LUMO orbitals are shown to be distributed
asymmetrically around both the deoxyribonucleoside portion as well as the terminal azido
substituents (three N atoms). Both HOMO and LUMO orbitals distribute far away from the
added water molecules except for the LUMO orbitals, which are found to be around water
molecules making H-bonding with two N atoms of the terminal azido substituents.

Figure 7 presents a comparison between the B3LYP/6-31G(d,p) calculated TDM and
HOMO/LUMO bandgap energy for AZT, AZT.H20, AZT.2H20, AZT,3H20, AZT.4H20,
AZT.5H20, and AZT.15H20. It is clear that increasing the water molecules increases the
calculated TDM, as indicated in the figure. While the bandgap energy is slightly decreased as
the number of water molecules increased. The water molecule is a polar molecule, which shows
a great effect upon the TDM, which is affected by the polarity of the water molecule. Increasing
the TDM is an indication of the increase in the reactivity of AZT as a result of increasing water
molecules.
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0.00
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—&— Dipole Moment Energy Gap

Figure 7. Comparison between B3LYP/6-31G(d,p) calculated TDM and HOMO/LUMO bandgap energy for
AZT, AZT.H,0, AZT.2H,0, AZT,3H,0, AZT.4H,0, AZT.5H,0, and AZT.15H,0.

3.4. Molecular electrostatic potential.

MESP maps are constructed for the studied pure and hydrated AZT structures at the
DFT method using B3LYP/6-31G(d,p). They are always proving their ability to present both
simple and quite well-established way for illustrating the distribution of electrical charges over
a chemical structure and its most probable active sites.

Figure 8 shows the calculated MESP maps for AZT in the gaseous state and its hydrated
structures with both first and second hydration shells. MESP maps usually composed of a wide
range of rainbow colors go from red toward dark blue colors.
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() (9)
Figure 8. Calculated MESP maps of (a) pure AZT structure, (b) AZT interacting with one water molecule, (c)

two water molecules, (d) three water molecules, (e) four water molecules, (f) five water molecules, and (g) 15

water molecules through H-bonding with the H-atom of the NH of the ring, the OH of CH,OH, one, two and

three N atoms of the N3 and 15 water molecules 5 through the first hydration shell and 10 through the second
hydration shell, respectively DFT using B3LYP/6-31G(d,p) method.

These colors are utilized to represent regions of different electronegativity, where red
corresponds to extreme negative areas and dark blue for positive ones. The full range of this
rainbow colors consists of red, orange, yellow, green, light blue, and dark blue, where red is
more electronegative than orange and yellow and so on. Hence, green may reflect regions of
neutral potentials. MESP color distribution can be interrelated in some way with the
electronegativity of the linked atoms where wide color distribution is obtained when atoms of
significant difference in their electronegativity are bonded and vice versa. Therefore, MESP
maps can be utilized as a physical characteristic in pointing out the nature of the chemical
interaction in which structures may undergo (either nucleophilic or electrophilic).

https://biointerfaceresearch.com/ 9261
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The constructed MESP maps of AZT pure and hydrated structures are composed of
three main colors of the previously mentioned spectrum; red, light blue, and dark blue. This
may be attributed to having four main atom types constructing the proposed structures; C, H,
N, and O, where O and N atoms are more electronegative with respect to both C and H ones.
This creates maps of well color distributions. Red color regions present where O atoms are due
to their high electronegativity, and their binding to less electronegative atoms, e.g., C and H.
These terminal O atoms have a negative charge of more than -0.8 C while their bonded C atoms
own positive charges of more than 0.85 C. This ensures the ability of AZT structure to undergo
nucleophilic interactions through its terminal O atoms. Light blue sites are the most
predominant in all of the constructed maps. They are found around C and internal H atoms,
while terminal H ones appear in dark blue color because of their presence in the vicinity of the
electronegative O atoms. Although N is one of the most electronegative species in the periodic
table, they are colored here with light blue color. This may be attributed to the presence of three
N atoms bonded with each other, which would cancel their high electronegativity effect. This
assumption can be supported by revising the values of charges on those N atoms, as indicated
in figure 8. The internal and outer N atoms have nearly the same negative charges of -0.546
and -0.435 C, respectively while the intermediate one has a positive charge of 0.870 C. This
ensures that the two terminal N atom successes in attracting the electrons away from the middle
one causing the appearance of the light blue color. Such behavior indicates the capability of
AZT to undergo electrophilic interactions through its terminal azido substituents, especially
the middle N atom. The hydration of the AZT compound does not have a significant impact on
the previously mentioned color or charge distribution until completing the first hydration shell.
The addition of water accompanied by the appearance of additional red regions around O atoms
of water molecules and dark blue color around their hydrogens where their charges are about
~-0.9 and ~0.4 C, respectively, reflecting the huge difference in their electronegativity. This
may support the ability of AZT to go through both nucleophilic and electrophilic interactions.
However, the formation of the second hydration shell significantly affects the original charge
distribution in AZT.

Table 1. B3LYP/6-31G(d,p) calculated physical parameters for studied hydrated AZT.

AZT AZT- AZT- AZT- AZT- AZT- AZT-
H,O 2H,0 3H,0 4H,0 5H,0 15H,0
ELumo -1.09 -1.18 -1.40 -1.20 -1.35 -1.41 -1.64
Enomo -6.61 -6.63 -6.52 -6.64 -6.63 -6.55 -6.81
Energy Gap 5.52 5.45 5.12 5.45 5.28 5.14 5.17
A = -Enomo 1.09 0.04 1.40 0.04 0.05 141 1.64
I =-ELumo 6.61 0.24 6.52 0.24 0.24 6.55 6.81
n=1/2(ELumo—Enomo) 2.76 2.72 2.56 2.72 2.64 2.57 2.59
p=1/2(ELumo* Enomo) -3.85 -3.91 -3.96 -3.92 -3.99 -3.98 -4.23
W =p?2y 2.68 2.80 3.06 2.82 3.02 3.07 3.46
C=1/m 0.36 0.37 0.39 0.37 0.38 0.39 0.39
Dipole Moment 0.77 1.22 3.76 2.20 4.39 5.53 9.12

The second added shell converts all the red regions to yellow or reddish yellow ones,
which results from a significant reduction in the negative charge on some O atoms. Though the
O atoms of the added water molecules have nearly the same negative charges of those of the
first layer, they also appear in yellow. This may be due to their presence close to each other,
canceling their electronegative effects.
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4. Conclusions

AZT is hydrated through the first hydration shell (5 water molecules) and the second

hydration shell (15 water molecules). DFT:B3LYP/6-31G(d,p) calculated results indicated that
TDM s increased by increasing water molecules in contradicting HOMO/LUMO bandgap
energy, which almost unchanged. Finally, the vibrational characteristics are also not changed
as a result of hydration. The application of DFT for studying such a drug molecule proves that
this method is an important computational tool for understanding molecular properties for
many systems. This finding is in good agreement with the previous findings [43- 50].
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