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ABSTRACT

Human immune virus subtype C is the most widely spread HIV subtype in Sub-Sahara Africa and South
Africa. A profound structural insight on finding potential lead compounds is therefore necessary for drug
discovery. The focus of this study is to rationalize the nine Food and Drugs Administration (FDA) HIV
antiviral drugs complexed to subtype B and C-SA PR using ONIOM approach. To achieve this, an inte-
grated two-layered ONIOM model was used to optimize the geometrics of the FDA approved HIV-1 PR
inhibitors for subtype B. In our hybrid ONIOM model, the HIV-1 PRinhibitors as well as the ASP 25/25’ cat-
alytic active residues were treated at high level quantum mechanics (QM) theory using B3LYP/6-31G(d),
and the remaining HIV PR residues were considered using the AMBER force field. The experimental bind-
ing energies of the PR inhibitors were compared to the ONIOM calculated results. The theoretical binding
free energies (AGying) for subtype B follow a similar trend to the experimental results, with one exemp-
tion. The computational model was less suitable for C-SA PR. Analysis of the results provided valuable
information about the shortcomings of this approach. Future studies will focus on the improvement of
the computational model by considering explicit water molecules in the active pocket. We believe that
this approach has the potential to provide much improved binding energies for complex enzyme drug

interactions.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

Acquired immune deficiency syndrome (AIDs) caused by the
Human immune virus (HIV) remains a major disease worldwide,
mostly in Africa. The illness was first discovered in the 80’s by Luc
Montagnier [1,2] and further categorized by Gallo et al [3]. The size
of infected population and the number of HIV patients increase
yearly and this has become a major health concern [4]. The human
immune virus is classified into two main types (HIV-type 1 and
HIV-type 2); type 1 is further categorize into ten subtypes [5-7],
of which subtype C-SA is prevalent in South Africa (95%) [5,8-10].
The active form of the HIV-1 protease consists of C2-symmentric,
identical 99-amino acids homodimer, bonded by hydrophobic and
electrostatic forces as well as hydrogen bonds [11,12].
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The HIV-1 aspartic protease active site is composed of Asp25-
Thr26-Gly27 catalytic triads enclosed by an extended two glycine
rich B-sheets hairpins known as flaps [7,13]. The triads are located
at the edge of substrate binding site, and support the catalysis cleav-
age (especially the ASP) of the scissile substrate peptide [10,14,15].

Antiviral inhibitors were developed against HIV-1 protease as
it was considered to be the most eminent target [16,17]. A num-
ber of HIV-1 protease antiretroviral drugs approved by the FDA,
were developed for subtype B, which is the more common strain
found in Australia, Western Europe and North America. These drugs
exhibit weaker activities against subtype C and A found in sub-
Sahara Africa and India [6-8].

The single crystal X-ray structure of the South African HIV-1
protease subtype C (C-SA HIV-1 PR) [18] was resolved and a suc-
cessful modelling of this enzyme based on the peptide sequence
has also been reported by our group [19-21]. Experimental binding
free energies for C-SA HIV PR have previously only been determined
for four of the FDA approved protease inhibitors [8,22]. Recently,
our laboratory determined the binding free energies for all nine
approved HIV PR drugs against C-SA HIV PR [23].
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Fig. 1. Homo dimeric X-ray structure of subtype C-SA protease (PDB code:3U71) [18] adopted in this study, showing the positions occupied by the eight amino acids
polymorphism R41K, L191, T12S, H69K, 193L, 115V, L89M and M36I [8] located outside the active site. This structure was created using chimera [58].

It was demonstrated before [24] that experimental binding free
energies (AGpi,q) represent the most suitable comparative index
for calculated binding free energies [5,25-27].

The inhibitory activities of a selected number of commercial
inhibitors against subtype B/mutants and subtype A, C, and F HIV-
1 PRs were investigated using molecular dynamics simulations
[7,28]. It was suggested that the HIV-1 PR mutations can alter the
energetic and dynamic complexation of the enzyme and this can
affect the binding properties of the inhibitors [7] leading to drug
resistance. The effect of mutations ultimately leads to drug resis-
tance in the HIV-1 PR causing differences in the binding affinities of
the protease inhibitors [28]. Our group also reported the theoret-
ical binding free energies of the FDA approved protease inhibitors
against both subtype B and C-SA HIV PRs using molecular dynam-
ics (MM-GBSA) [5,10]. The observed results show that the absolute
experimental values versus theoretical values differ due to the
available parameterization implemented in the theoretical models
which is an approximate of experimental data [29], but still largely
follow a similar trend with the experiment particularly for subtype
B [5,10].

Our Own N-layered Integrated molecular Orbital and molecular
Mechanics (ONIOM) method was developed by Morokuma [30-32].
In this multi-layered approach, the active site is treated with a high
level of theory (Density Functional Theory or Ab Initio) while the
rest of the system/enzyme is treated at a lower level (AMBER). This
hybrid approach allows for treatment of large molecular systems
in different research areas [33-36]. Several studies have utilized
the ONIOM model for calculating interaction energies of wild-type
HIV PR-1 with selected commercial inhibitors [37-39]. In all cases,
the catalytic aspartate residue was treated at high level of theory,
B3LYP/6-31G(d,p) and the rest of the system was modeled at MM
level of theory. The binding free energies derived from the ONIOM
model were compared with other binding energies derived by dif-
ferent computational approaches. It was concluded from the results
obtained that the choice of the protonation state of the Asp dyad
has an effect on the dynamic behavior of the enzyme [37-39]. The
choice of protonation state for the catalytic HIV PR aspartates (Asp
25/25') for ONIOM calculations has been studied extensively in lit-
erature [20,21,40-42]. It can be concluded that the pKa of one of
the catalytic aspartate increases to 5.2 [15] when bound to the
inhibitor; the corresponding value is pKa 4.5 [43] when unbound
[44]. This implies that one of the two catalytic Asp groups should be
protonated for binding studies, while the other Asp is unprotonated
[24].

In other enzymatic studies, the ONIOM approach was exten-
sively used to calculate the binding free energies of ligand—protein

interactions at the B3LYP/6-31G(d):MM level of theory [34,45,46].
Comparison of the computed ONIOM results of the high and low
potent inhibitors (—111.7 and —112.3 kcal/mol) with the reported
K4 experimental dissociation constants (1.1-29 nM) indicated that
the two-layer ONIOM binding energies are not always supported
by experimental findings [35]. The inconsistency in the calcu-
lated ONIOM energies and experimental dissociation constants was
attributed to the selected layer for the QM region in the two-layer
ONIOM calculations [35].

In this study, a QM:MM two-layer ONIOM hybrid method was
adopted to investigate the binding affinity of the FDA approved pro-
tease drugs against subtype B and C-SA HIV-1 protease. For further
analysis of the obtained ONIOM binding free energies, we investi-
gated the thermodynamic parameters, electrostatic and hydrogen
bonding interactions for these inhibitor—enzyme complexes.

2. Materials and methods

The X-ray crystal structures for the nine commercial protease
drugs complexed with subtype B HIV PR have been reported: 4YOA
(DRV) [47],4L1A (LPV) [48], 4EYR (RTV) [49], 3WS] (IDV) [50], 3556
(SQV) [51], 3545 (APV) [51], 2PYM (NFV) [52], 4NJU (TPV) [53],
3EM4 (ATV) [54] (Fig. 2). C-SA HIV PR (PDB code: 3U71) [18] is
different at eight point amino acids residue mutations with respect
to subtype B (PDB code:THXW) [55]: R41K, L19], T12S, H69K, 193L,
115V, L89M and M36I [8] (Fig. 1). Structural preparation of subtype
C-SA HIV PR complexed with the nine drugs were performed as
reported before [5,10], since the X-ray structures for C-SA PR com-
plexed with the FDA approved drugs have not yet been recorded in
the Protein Data Bank (PDB). Further structural analysis were per-
formed on these complexes to evaluate the mode of interactions
between the ligands and the corresponding subtype B and C-SA
HIV PRs using Ligplot [56] and Accelrys (Discovery) Visualizer [57]
software.

Based on the reported protonation state [20,21,40-42] of the
HIV PR, a mono-protonated Asp 25/25’ state was induced in the
binding site at physiological pH 7. The protonation state of both
HIV enzymes adopted in this study were assigned using PROPKA
[59,60] based on standard pKa values at pH 7. It is notable that all
the Asp, Glu, Lys, Arg amino acids with the C and N-terminal groups
were also charged, whereas His was kept in its neutral form [39].

To ensure that the selected inhibitors maintains the same pose
inside the binding site of the subtype C-SA as the subtype B pro-
tease, the C-SA PR were superimposed with the subtype B HIV
PR—inhibitor crystal complexes using PyMOL [61]. The PyMOL
measures the root mean square (RMS) of the superimposed struc-
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Fig. 2. The structures of HIV-1 FDA approved protease inhibitors [5,10,74,75].

tures, which indicates how well the inhibitor—enzyme complexes
were superimposed. An optimal superimposition is recognized if
the RMS is less than 2 A [62-64].

The structures of all inhibitor—enzyme complexes were refined
afterwards by removing the ions and crystallographic water, that
are present from the protein manually from the PDB file using a
text editor. Thereafter, protons were added to the required catalytic

aspartate using GaussView [65]. The active Asp25/25’ residues and
the inhibitors were considered at a high level (QM/DFT [66,67] -
B3LYP [68,69]/6-31G(d) [70,71]) and the remaining part of the sys-
tem at low layer (MM - AMBER [72]) for subsequent ONIOM [32,73]
calculations.

Superimposed structures of all the subtype C-SA HIV
PR—inhibitor complexes are provided with the Supplementary
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Fig. 3. Schematic diagram of the two-layered ONIOM model (B3LYP/6-31G(d):AMBER) of subtype C-SA—NFV HIV PR complex.

material Fig. S1. The ONIOM input files as well as the optimized
output files of all inhibitor—enzyme complexes are also provided
in PDB format with the Supplementary materials.

2.1. ONIOM binding free energies

A two-layer ONIOM [31,76,77] approach was applied to cal-
culate the binding free energies of the different PR drugs with
the subtype B and C-SA HIV PR. Preceding studies showed that
the Becke3LYP method gives better relative energies and are in
agreement with high level ab-initio methods [45,78,79]. Hence, full
optimization calculations were carried out on both the ligands and
inhibitor—enzyme complexes with Gaussian09 package [80], using
ONIOM (B3LYP/6-31G(d):AMBER) for the QM:MM level of theory.
A schematic illustration of the ONIOM2 model is depicted in Fig. 3.

The total interaction energy attained from the ONIOM2 calcula-
tions [81,82] is defined as:

AEONIOM = AEmor:!el,high + AEreal,low - AEmodel,low (1)

Where, AEqe iS the energies of the model system calculated at
the high and low level respectively and AE, presents the energy
of the entire (real) system.

The relative standard Gibbs free energies (AG) of all reactions,
were derived from the frequency calculations at ONIOM (B3LYP/6-
31G(d):AMBER) QM:MM level of theory. Thus, the corresponding
binding free ONIOM energies of the complex systems are calculated
from:

AGONIOM ~ AGbind = Gcomplex — Uprotein — Gligand (2)

The thermodynamics quantities (enthalpy and entropy) changes
were also obtained from the ONIOM calculation within the enzyme
system for C-SA HIV PR. The entropy (AS) of all the reactions is
estimated by a thermodynamic equation [83].

AStotal = ASsurroundings + ASsystem 3)

AStotal = Astranslational + Asvibrational + Asrotational (4)
3. Results and discussion

The RMS values of the superimposed inhibitor—enzyme com-
plexes observed were in the range of 0.5-0.8 A for all the 18 systems
set up for this study (Fig. 4), which shows a reasonably good super-
imposed prediction [62-64]. Visual inspection was also performed

to compare the initial inhibitor—enzyme complex conformation
before and after optimization. In each optimization process, it was
observed that the selected inhibitors remained inside the active
pocket of the individual subtype B and C-SA HIV PRs as the starting
X-ray structures.

The ONIOM binding free energies for subtype Band C-SAHIV PRs
with the various FDA approved drugs are reported in Table 1. The
experimental Gibbs energies for the aforementioned complexes
[22,25-27] were used to evaluate the accuracy of our theoretical
model. It was stated above, that the parameterization available in
theoretical models which is an approximate of experimental data
creates a considerable difference between the experimental values
and theoretical values [29]. This fact was also observed in earlier
studies where the binding free energies derived by MD/MM-GBSA
method was compared with the experimental data [5,9,10]. Like-
wise, the same difference with respect to the experimental data
was also observed in our calculated results using the two-layer
ONIOM model, however, the observed trend in the theoretical and
experimental data are similar and informative.

It is evident from the compiled experimental data that the sec-
ond generation protease inhibitors (DRV, TPV, ATV, and LPV) show
better binding affinities compared to the first generation (APV, SQV,
RTV, NFV, IDV) against subtype B protease. However, for subtype
C-SA PR the only second generation inhibitor that demonstrates an
improved binding free energy is ATV.

Likewise, our calculated ONIOM (B3LYP/6-31G(d):AMBER)
binding free energies for subtype B reveal better binding affini-
ties for the second generation inhibitors. The calculated energy
for ATV is considerably more negative (—85.3 kcal/mol) than other
inhibitors complexed to the enzyme and the reasons are discussed
afterwards. The rest of the theoretical binding free energies for sub-
type B follow the same trend as the experimental energies (Table 1).

For C-SA HIV PR there are two exemptions (outliers): TPV
(—=78.9 kcal/mol) and NFV (—38.6 kcal/mol), unlike for subtype B,
there appears to be no clear correlation between the trend of the
calculated binding free energies and the reported experimental
energies [23]. In the previous report for a two-layer ONIOM model,
it was realized that the general trend for theoretical binding ener-
gies does not always correlate with experimental data [35]. Despite
the uncertain correlation, the following more general observation
was made for both experimental and computed binding energies
for C-SAPR. ATV, APV, IDV, RTV, and DRV exhibit comparable better
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Fig. 4. Super-imposed inhibitor—enzyme complex of subtype B—NFV (blue) with C-SA PR (brown). This structure was created using PyMOL [61]. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1

The binding free energies (kcal mol~') for HIV PIs against Subtype B and C-SA obtained by ONIOM (B3LYP/6-31G(d):AMBER).

Inhibitors AGping values for Subtype B kcal/mol

AGping values for Subtype C-SA kcal/mol

First generation Pls

Exp® Theory®

RTV -13.7 -62.8
APV -13.2 -56.4
SQv -13.0 -54.0
NFV -12.8 —46.2
IDV -12.4 —45.8
Second generation Pls

DRV -15.2 -65.9
LPV -15.1 —65.7
TPV -14.6 -63.1
ATV -14.3 -85.3

Exp‘ Theory”
-13.9 —-62.9
-13.9 —69.0
-134 -57.1
-13.5 —38.6
-14.0 —-64.0
-13.8 —62.8
-13.2 -56.5
-13.2 -789
-14.4 —66.9

Note: HIV protease inhibitors are ranked in terms of their binding free energies. The ONIOM (Gaussian) input files as well as the optimized output files of all inhibitor—enzyme

complexes are also provided in PDB format with the Supplementary material.

3 Experimental binding Gibbs free energies taken from literature against subtype B PR [5,22,25-27].
b Calculated binding free energies using ONIOM for subtype B and C-SA PR respectively.
¢ Experimental binding Gibbs free energies taken from literature against subtype C-SA PR [23].

binding affinities, while SQV, LPV and NFV revealed weaker binding
affinities.

Several factors can potentially contribute to the different results
for the two enzymes adopted in this study. First, there are eight
point mutations in C-SA compared with subtype B HIV PR [8]. The
experimental study for subtype B and the first resolved crystal
structure for subtype C-SA protease divulge that polymorphisms
at residue 36 of the C-SA HIV PR have a significant influence on the
stability of the enzyme hinge region. Also, the lack of the E35-R57
salt bridge results in reduced stability of the hinge region; the latter
contributes to increased flaps flexibility [ 18] and the flap movement
plays a major role in the complexation event and thus the binding
free energies[84-86].

Subsequently, an attempt was made to achieve further
insight into the detailed hydrogen bond interactions of the
inhibitor—enzyme complexes. The hydrogen bond distances were
measured between both catalytic aspartates in the active pocket
and hydroxyl group of the selected FDA approved inhibitors. All the
inhibitor—enzyme interactions were plotted using Accelrys (Dis-
covery) Visualizer [57] before and after optimization.

Comparison of the average hydrogen bond (HB) distances
between active residues of subtype B and C-SA PR with the selected
ligands, shows that in all cases, the hydroxyl group of the inhibitors
form hydrogen bonding with Asp25/25’ of HIV proteases (Fig. 5).

The change in hydrogen bond distances between the inhibitor
—OH group and Asp 25/25’ were calculated (Fig. S3, Supplementary
material) for all the inhibitor—enzyme complex structures before
and after optimization. For subtype B, the first generation inhibitors
(with weaker binding energies) experience a slight reduction in the
average hydrogen bond distance of 0.1 A. While, the second gen-
eration inhibitors (with better binding energies) revealed a larger
reduction with an average hydrogen bond distance of 0.5 A upon
optimization of the inhibitor—enzyme complex. When the opti-
mized inhibitor —OH and Asp25/25’ hydrogen bond distances for
subtype B/TPV (3.3 A; —63.1 kcal/mol) are compared to that of the
outlier subtype B/ATV complex (1.7 A; —85.3 kcal/mol). It is clear
that ATV experiences a much stronger hydrogen bond interaction,
most likely leading to the increased theoretical binding free energy.

In the case of the subtype C-SA PR outliers: For TPV, compari-
son of the hydrogen bond distances with ATV reveal that TPV (3.1 A;
—78.9 kcal/mol) has a stronger hydrogen bond interaction than ATV
(4.4 A; —66.9 kcal/mol). This also explains the difference in calcu-
lated binding free energies of these two complexes. For the other
C-SA outlier: NFV, a comparison with SQV that has a similar exper-
imental binding free energy, the corresponding hydrogen bond
distance for NFV (4.4 A; —38.6 kcal/mol) is longer than that of SQV
(4.1 A; —57.1 kcal/mol). This greater distance for NFV corresponds
to a weaker theoretical binding free energy.
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Fig.5. Hydrogenbond distances between the hydroxyl groups of the TPV and ATV drugs with the catalytic ASP25 and ASP25’ residues of a: subtype B—TPV PR, b: subtype B—ATV
PR before and after optimization using Accelrys (Discovery) visualizer. Detailed comparative plots for all inhibitor—enzyme complexes are provided with the Supplementary
material Fig. S3. (The ONIOM (Gaussian) input files as well as the optimized output files of all inhibitor—enzyme complexes are also provided in PDB format with the

Supplementary material.).

To further probe the nature of these differences in calculated
binding free energies, the electrostatic and hydrogen bond inter-
actions for both subtype B and C-SA HIV-1 PRs complexed with
the various FDA approved inhibitors were plotted using Ligplot
[56] and depicted in Fig. 6 (for subtype B—ATV) and in the Sup-
plementary material (Fig. S2). The plots show hydrogen bonding
and electrostatic interactions occurring between the inhibitors, cat-
alytic aspartate and other residues in both proteases. However, the
mode of interaction differs from subtype B and C-SA PR, this may
be due to the polymorphism occurring in C-SA HIV PR which causes
the enzyme to be more flexible [18].

The calculated thermochemical properties [binding free interac-
tion energy (AG), enthalpy (AH) and entropy (AS) contributions]
of the various drugs complexes with subtype B (Table 2) and C-SA
HIV PR are provided in Supplementary material (Table S1).

The calculated binding free energies (AG) for the various FDA
approved inhibitors complexes with subtype B follow the same
trend as the experimental data (Table 1), except for ATV, while the
C-SA HIV PR has two outliers (TPV and NFV) as discussed earlier.
The thermochemical properties can be used to explain these out-
liers since AG is a function of both enthalpy (AH) and entropy
(AS).

For the subtype B outlier, ATV: the AH value (—104.2 kcal/mol)
(Table 2) suggests a better binder than the rest of the drugs com-
plexed to the enzyme. As demonstrated before, this may arise from

stronger hydrogen bond interactions between the ATV hydroxyl
group and the catalytic aspartate residue, which translates into a
larger binding free energy AG (—85.3 kcal/mol).

For the two C-SA, outliers TPV and NFV (Table S1, Supplementary
material), it is noticeable that the AH (—129.3 kcal/mol) for TPV also
suggests better binding energy than the rest of the drugs in complex
with the enzyme. While AH (—59.3 kcal/mol) for NFV indicates a
weaker contact. These enthalpy values are attributed to the nature
of the hydrogen bond interaction between the inhibitor —OH group
and the catalytic aspartate (Fig. 5 and subsequent discussion). Thus,
it reflects a stronger binding free energy AG (—78.9 kcal/mol) for
TPV and a weaker binding free energy AG (—38.6 kcal/mol) for NFV.

For the various FDA approved drugs, it should be noted that more
negative entropies (higher entropy penalty) is indicative of greater
restrictions of movement for the ligand in the active site, due to
stronger non-covalent inhibitor—enzyme interactions for certain
parts of the inhibitor [87]. The translational and rotational entropy
contributions are in close range for both subtype B and C-SA HIV
PRs (Table S1), it can be seen that the major entropy contribution is
from the vibrational energy component. LPV demonstrates a larger
entropy penalty ASiy (—113.2 cal/mol K) for the subtype B than
any of the other inhibitors. An entropy penalty is normally paid
upon restriction of the inhibitor [87] and in this case most possibly
due to stabilization of the ligand side chains. Hydrogen bond inter-
actions occur for two side chain residues of LPV with amino acids
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Fig.6. Electrostaticand hydrogen bond interactions plot of HIV subtype B PR complexed with ATV and LPV. These plots were created after ONIOM optimization of each complex
system using Ligplot [56]. Detailed plots showing the electrostatic and hydrogen bond interactions for the remaining complexes are provided with the Supplementary material
Fig. S2. (The ONIOM (Gaussian) input files as well as the optimized output files of all inhibitor—enzyme complexes are also provided in PDB format with the Supplementary

material.

Table 2

The binding free energies, enthalpies and entropy of the various FDA approved HIV PIs against subtype B PR.

Inhibitors AG? kcal mol~! AH kcal mol—! ASioral cal mol=1 K1 ASgrans calmol~! K1 AS,ip, calmol~—' K1 AS;or calmol~1 K1
First generation Pls
RTV -62.8 -70.5 -25.1 —43.9 56.8 -38.1
APV -56.4 -81.8 -85.4 —44.5 -33 -37.6
SQv -54.0 -70.1 -533 —-45.3 313 -393
NFV —46.2 —58.5 -414 —44.8 41.6 —38.2
IDV —-45.8 —-67.8 -71.4 —45.0 129 —-39.3
Second generation Pls
DRV —-65.9 -76.8 -37.2 —43.1 42.1 -36.3
LPV —65.7 -99.7 -113.2 —43.5 -32.5 -37.2
TPV —63.1 -75.1 -39.9 —43.4 41.2 -37.6
ATV —-85.3 —-104.2 -63.3 —43.2 16.3 -36.5

HIV protease inhibitors (HIV PIs) are ranked in terms of their binding free energies (AG), the thermodynamics values for subtype C-SA are provided with Supplementary
material (Table S1). The ONIOM (Gaussian) input files as well as the optimized output files of all inhibitor—enzyme complexes are also provided in PDB format with the

Supplementary material.

2 Calculated binding free energies using ONIOM for subtype B PR (taken from Table 1).

in the active site of the enzyme (Fig. 5), which explain the observed
increase in entropy value for LPV (Table 2). These restrictions were
not observed to the same extend for the other inhibitors.

The calculated binding free energies of the FDA approved drugs
against subtype B in comparison to C-SA HIV PR, reveals that the
model works better for subtype B. The outlier results for subtype
B and C-SA PR appears to be due to the approximations applied
in our ONIOM model. Movement of the inhibitors closer to the
Asp25/25’ residues during optimization, suggest that omission of
water molecules in the model is an over-simplification and should
be addressed in future studies.

4. Conclusion

In this study, the binding free energies of the nine selected
HIV-1 PR inhibitors were investigated using a two-layered ONIOM
(B3LYP/6-31G(d):AMBER) model. The difference in binding affini-
ties of the PIs with the two proteases seems to relate to the insertion

and mutants experienced by the mutant and the extent of binding
interactions between the catalytic aspartates, Asp25/25’, and the
inhibitors.

The calculated binding free energies for subtype B HIV PR show
a satisfactory trend with the experimental data with one exception.
For subtype C-SA HIV PR, some discrepancies occur in terms of the
trend with the experimental data, which means that the existing
model requires further optimization before it can be used for C-SA
PR.

It is known that water molecules facilitate the catalytic interac-
tions of the substrate with the Asp 25/25’ residues, therefore the
level of accuracy of the two layer ONIOM model can be improved
by adding explicit water molecules to the active site of the HIV
PR and in the least treated at a semi-empirical level (PM6). The
information obtained from this research is helpful to improve the
computational model for the potential design of more potent C-SA
HIV PR inhibitors.
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