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Abstract
The aspartate protease of the human immune deficiency type-1 virus (HIV-1) has become a crucial antiviral target in which 
many useful antiretroviral inhibitors have been developed. However, it seems the emergence of new HIV-1 PR mutations 
enhances drug resistance, hence, the available FDA approved drugs show less activity towards the protease. A mutation 
and insertion designated L38L↑N↑L PR was recently reported from subtype of C-SA HIV-1. An integrated two-layered 
ONIOM (QM:MM) method was employed in this study to examine the binding affinities of the nine HIV PR inhibitors 
against this mutant. The computed binding free energies as well as experimental data revealed a reduced inhibitory activity 
towards the L38L↑N↑L PR in comparison with subtype C-SA HIV-1 PR. This observation suggests that the insertion and 
mutations significantly affect the binding affinities or characteristics of the HIV PIs and/or parent PR. The same trend for the 
computational binding free energies was observed for eight of the nine inhibitors with respect to the experimental binding 
free energies. The outcome of this study shows that ONIOM method can be used as a reliable computational approach to 
rationalize lead compounds against specific targets. The nature of the intermolecular interactions in terms of the host–guest 
hydrogen bond interactions is discussed using the atoms in molecules (AIM) analysis. Natural bond orbital analysis was also 
used to determine the extent of charge transfer between the QM region of the L38L↑N↑L PR enzyme and FDA approved 
drugs. AIM analysis showed that the interaction between the QM region of the L38L↑N↑L PR and FDA approved drugs 
are electrostatic dominant, the bond stability computed from the NBO analysis supports the results from the AIM applica-
tion. 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 information that will aid in the design of much 
improved HIV-1 PR antiviral drugs.

Keywords  L38L↑N↑L PR · HIV PR inhibitors · Inhibitor–enzyme interactions · Our own N-layered Integrated molecular 
orbital and molecular mechanics (ONIOM) · Binding free energies · Atoms in molecules (AIM) · Natural bond orbital 
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Introduction

HIV-1 belongs to the group of retroviruses known as len-
tiviruses and has a di-symmetric aspartyl protease [1–4]. 
This protein is one of the most recognized and researched 
enzymes regarding its function and structure and these 
efforts have paved the way for the development of effective 
inhibitors [3, 5]. The protease (PR) is normally composed 
of two identical 99-amino acids in each monomer, in which 
the amino and carboxyl termini combine at the β-sheet dimer 
interface and form a hydrophobic binding site with two 
aspartic acids (ASP25/25′) at the active site [6–8].
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The HIV-1 PR functions by cleaving the gag and pol 
viral polypeptides into building blocks for protein synthe-
sis to create a mature functional HIV virus [9–12]. HIV-1 
protease is one of the principal target for HIV/AIDS drug 
inhibitors since the PR is essential for the development of 
viable progeny [1, 13–15]. The presence of these inhibi-
tors significantly retracts the function of the PR, preventing 
the virus from maturing in the affected individual [10, 16]. 
The nine HIV-1 protease antiretroviral drugs approved by 
the FDA were developed for subtype B which is the more 
common strain found in North America, Western Europe 
and Australia. These drugs exhibit weaker activities against 
subtype C and A found predominantly in sub-Sahara Africa 
and India [17–19].

The development of HIV PR resistance due to mutations 
causes enormous hindrance in attaining long-term suppres-
sion of HIV replication in patients receiving anti-retroviral 
drugs [20]. Alterations in HIV PR were first investigated by 
Hodge et al. [21]. They argued the actual importance of the 
observed changes is unclear since the mutations repeatedly 
occur with extra mutations in the protease and also in the 
viral genome [21]. Accessing the growth properties of the 
mutations and effect of the alteration in the viral genome 
will help in understanding the function of the protease gene 
[22, 23]. Hence, improvements can only be made on the 
newly designed drugs since much cannot be done on the 
genetic source of drug resistance [24–27].

Our research group reported inhibitor synthesis for C-SA 
HIV protease and computational methods to rationalize 
observed experimental data [28–35]. A computational model 
to calculate the binding free energies of HIV PR inhibitors 
against subtype B and C-SA PR utilizing molecular dynam-
ics (MM-GBSA) was developed by our group [36–38]. 
These computational binding free energies revealed that the 
absolute experimental values for the binding free energies 
versus theoretical values differ due to the available param-
eterization implemented in the theoretical model, which is 
an approximation of experimental data [39]. However, the 
calculated results still follow a similar trend with the experi-
mental data for subtype B [36, 37].

We have also recently investigated an ONIOM [40, 41] 
model to calculate the binding free energies of the nine FDA 
HIV-1 protease inhibitors against subtype B and C-SA PR 
[42], these were compared with the experimental binding 
free energies [43]. It was observed that the obtained theoreti-
cal data follow a satisfactory trend with the reported experi-
mental data for this subtype. However, the applied model for 
the C-SA HIV PR revealed limitations [42].

Several other studies have utilized the ONIOM model 
for calculating binding energies of wild-type HIV PR-1 
with selected commercial inhibitors [44–46]. In all cases, 
the catalytic aspartate residues were treated at a high-level 
theory (DFT), and the rest of the system was modelled 

with MM. The choice of protonation state for the catalytic 
HIV PR aspartates (Asp 25/25′) for ONIOM calculations 
has been studied extensively in literature [28, 33, 47–49]. 
The pKa of one of the catalytic aspartate increases to 5.2 
[3] when bound to the inhibitor and the corresponding 
value is 4.5 [50] when unbound [51]. This implies that one 
of the two catalytic Asp groups should be protonated for 
binding studies, while the other Asp is unprotonated [30].

The C-SA HIV-1 protease mutant consists of two extra 
amino acids, resulting in a C-SA PR mutant (L38L↑N↑L) 
[52] with 101-amino acid residues in each monomer. The 
arrow (↑) before the amino acids shows that asparagine 
and leucine are inserted at position 38 respectively. In 
addition, the following five mutations have also occurred 
in the protease E35D, I36G, N37S, M46L and D60E [52].

This variant was found in a patient that was drug-naïve 
to commercially accessible HIV protease drugs but reacted 
positively to the following reverse transcriptase inhibitors 
(RTIs): d4t (stavudine), 3TC (lamivudine), and efavirenz 
[52] (Fig. 1).

In the present study, a hybrid ONIOM model was 
applied to compute the free binding energies of the nine 
FDA approved HIV-1 protease inhibitors towards a new 
HIV subtype C-SA PR mutant that also experience two 
insertions. To provide deeper insight on the intermolecu-
lar interactions between the QM region of the L38L↑N↑L 
PR and FDA approved drugs, the atom in molecules 
(AIM) [53, 54], was applied to characterize the nature of 
the intermolecular hydrogen bonds. Natural bond orbital 
(NBO) [55], identified the charge transfer between the QM 
region of the L38L↑N↑L PR enzyme and FDA approved 
drugs.

Fig. 1   Schematic representation of super-imposed subtype C-SA 
(blue) and mutant L38L↑N↑L PR (brown), showing the position of 
the mutations (E35D, I36G, N37S, M46L and D60E) in green, inser-
tions (asparagine and leucine) are depicted in red, and Asp25/25′ in 
yellow
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Computational methods

Homology modelling [30, 56–59] was performed to gener-
ate the three-dimensional structure for L38L↑N↑L protease 
by our research group as there was no single crystal X-ray 
structure available for the mutant. The same computational 
model as our recent ONIOM paper on subtype B and C-SA 
was utilized [42]. In this multi-layered approach, the active 
site was treated with a high level density functional theory 
[60, 61] using B3LYP [62, 63]/6-31G(d) [64, 65] basis set, 
while the rest of the protease was treated at a low MM level 
using AMBER [66] force field. Further structural analysis 
to estimate the mode of interactions between the ligand and 
L38L↑N↑L protease will be performed using the Accelrys 
(Discovery) Visualizer [67] and Ligplot [68] software. In 
addition, the AIM2000 software [69] and NBO [55] analyses 
were applied to measure and understand the strength and 
stability of the intermolecular bond interactions.

Structural preparation of inhibitor–enzyme 
complexes

The structures of clinically available FDA inhibitors com-
plexed with the HIV-1 subtype B protease were taken from 
the Protein Data Bank (PDB). The PDB codes are as fol-
lows: 4YOA (DRV) [70], 4L1A (LPV) [71], 4EYR (RTV) 
[27], 3WSJ (IDV) [72], 3S56 (SQV) [73], 3S45 (APV) 
[73], 2PYM (NFV) [74], 4NJU (TPV) [75], 3EM4 (ATV) 
[76] (Figure S1).

Since the X-ray structures for L38L↑N↑L PR complexed 
with the FDA approved drugs have not yet been reported, 
structural preparation input structures for the nine drugs 
complexed to L38L↑N↑L PR, were performed using the 
same overlay method reported previously [36, 37, 42]. The 
3D structures for all the inhibitor–L38L↑N↑L mutant PR 
complexes were generated by superimposing the corre-
sponding subtype B HIV PR–inhibitor crystal complexes 
with the L38L↑N↑L PR using PyMOL [77], in order for the 
inhibitors to maintain the same position as in the subtype B 
PR. PyMOL evaluates the root mean square (RMS), which 
is a helpful measure of how well the inhibitor–enzyme com-
plexes were superimposed. An optimal superimposition is 
considered acceptable if the RMS is less than 2 Å [78–80].

The protonation state of the L38L↑N↑L PR structure 
was assigned using PROPKA [81, 82] based on the pKa 
values at pH 7 as presented before [42]. This depicts that 
the catalytic aspartate at the active binding site in both 
chains Asp25 and Asp25′ are deprotonated and protonated 
respectively. It is notable that the carbonyl and amino ter-
minus as well as the Asp, Gly, Arg, Lys amino acids were 
charged, while His is kept in its neutral form.

The structures of all inhibitor–enzyme complexes were 
refined afterwards by manually removing the ions and crys-
tallographic water that are present from the protein from the 
PDB file using a text editor. Thereafter, protons were added 
to the required catalytic aspartate using Gauss View [83]. The 
catalytic Asp25/25′ residues and the inhibitors that consti-
tute the smallest part of the system were considered at a high 
level (QM/DFT [60, 61]—Beck3LYP [62, 63]/6-31G(d) [64, 
65]) and the remaining larger part of the system at low layer 
(MM—AMBER) [66] for subsequent ONIOM [40, 41] cal-
culations. Details about the preparation of the ONIOM start-
ing structures were presented before [42]. The method used 
follows an ONIOM mechanical embedding conformation, as 
the interaction between the Asp25/25′ residues along with the 
inhibitors (QM) and MM layer is described by the MM cal-
culations [84].

All the 3D inhibitor–protease complex structures are cre-
ated using PyMOL [77] software and are provided in sup-
plementary material Figure S2. The ONIOM (Gaussian) 
input files as well as the optimized output files of all inhibi-
tor–enzyme complexes are also provided with the supplemen-
tary material.

ONIOM binding free energies

An ONIOM [40, 85–87] computational model was used to 
calculate the binding free energies of the various PR inhibi-
tors with the L38L↑N↑L PR. Preceding studies showed that 
the DFT level theory at the high level is the most common 
approach due to its popular balance of accuracy and efficiency 
[62, 63, 88], and B3LYP method provides good energies and 
are in excellent agreement with ab initio high level results 
[89–91]. Therefore, the geometry of the various nine FDA 
approved drugs complexed with the L38L↑N↑L PR were 
optimized using the two-layer ONIOM approach [B3LYP/6-
31G(d):AMBER] QM:MM level of theory in Gaussian 09 [92] 
developed version. The extrapolated energy EONIOM2 [93, 94] 
is defined as:

Where ∆Ereal is the energy of the entire (real) system and 
∆Emodel is the energies of the model system calculated at the 
high and low level respectively. A schematic representation 
of the ONIOM2 model is presented in Fig. 2.

The Gibbs binding free energies (∆G) for the systems was 
achieved from frequency calculations of the optimized com-
plexed structures using the two-layer ONIOM algorithm as 
discussed above. Thus, the change in free energies of the cor-
responding complex systems is expressed as:

(1)ΔEONIOM2 = ΔEreal,low + ΔE mod el,high − ΔE mod el,low

(2)ΔGONIOM ≈ ΔGbind = Gcomplex − Gligand − Gprotein
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Atoms in molecules (AIM) theory

The vital role of hydrogen bonding in various chemical and 
biological process has become an interesting area of research 
[95–97]. Hydrogen bond in drug design is of utmost impor-
tance due to the type of interaction that occur between the 
protein and their corresponding inhibitors. These intermo-
lecular interactions not only dictate the orientation of a drug 
binding into its receptor but also contribute to the binding 
affinity [95, 98].

Bader and Popelier’s theory of AIM [53, 54] is a widely-
employed approach to analyse and understand hydrogen 
bond types. AIM theory is based on a set of proposed crite-
ria via topological analysis including; molecular electronic 
charge density, ρ(r), Laplacian of the electron density, ∇2ρ(r) 
and the ellipticity, ε, which are calculated at the bond critical 
points (BCP) between the hydrogen donor atom and accep-
tor [99–101]. Generally, the intermolecular hydrogen bond 
for the electronic charge density and its Laplacian ranges 
between 0.002–0.040 and 0.024–0.139 a.u, respectively 
[101, 102]. When the value of ∇2ρ(r) is negative at BCP, 
the ρ(r) is locally concentrated (covalent interaction), while 
a positive ∇2ρ(r) value depicts a closed shell (electrostatic) 
interaction and ρ(r) are locally depleted [95, 103–105].

The energetic topological parameters of two bonded 
atoms at BCP [95, 105] can be defined as follows:

While,

(3)
1

4
∇2�

(

rBCP
)

= 2G
(

rBCP
)

+ V
(

rBCP
)

(4)HBCP = G(rBCP) + V(rBCP)

Where H, G, and V represent the total electronic energy den-
sity, the kinetic electronic energy density and the potential 
electronic energy density, respectively. When the electronic 
charge density (H) at BCP is positive, it indicates an elec-
trostatic interaction and its negative value depicts a covalent 
interaction [106, 107].

The bond ellipticity, ε is used for measuring the stability 
of two bonded atoms at BCP, hence, a low ellipticity value 
shows a more stable bond [95, 101]. This can be defined as 
follows [108]:

Where λ1 and λ2 denotes the two negative curvatures of the 
density at the BCP with respect to the X and Y principal 
axes.

Natural bond orbital (NBO) theory

The NBO analysis [109] provides a robust mathematical 
method to investigate charge transfer between hydrogen bond 
atoms through a set of filled Lewis and unfilled non-Lewis 
localized structural orbitals [110–112]. The delocalization 
strength (stabilization energy) is E(2) estimated by the second-
order perturbation between a proton donor (i) and receptor 
(j) and is simply represented by the following equation. [95, 
99, 101]:

(5)� =

(

�1

�2
− 1

)

(6)E(2) = ΔEij = qi
F(i, j)2

ej − ei

Fig. 2   Schematic diagram of the calculated two-layered ONIOM theoretical levels [B3LYP/6-31G(d): AMBER] of L38L↑N↑L PR complex with 
APV
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Where qi is the occupancy number of the donor orbital, ej 
and ei are orbital energies (diagonal elements), and F(i, j)2 
is the off-diagonal elements of Fock matrix.

Results and discussion

To ascertain the efficiency of the FDA approved drugs 
against this subtype, the binding free energy calculations 
were performed on all the inhibitor–protease complexes 
with the ONIOM computational model. The average RMS 
values of the aligned inhibitor–L38L↑N↑L PR complex is 
0.7 Å, which indicates that the complexes were correctly 
superimposed [78–80]. The calculated results for L38L↑N↑L 
PR were ranked with the experimental data (that is yet to be 
published), and also with our previously reported computa-
tional data for C-SA HIV PR [42] (Table 1). As it is expected 
and described earlier, the parameterization available in theo-
retical models which is an approximate of experimental data 
creates a considerable difference between the experimental 
values and theoretical values [39]. Likewise, the same differ-
ence 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 experi-
mental data are similar and informative.

The experimental results of the FDA approved drugs 
exhibit reduced binding free energies for the L38L↑N↑L 
PR mutant compared to the subtype C-SA HIV PR. Only 
APV possesses a reasonable binding affinity for the mutant 
protease in comparison to the rest of the inhibitors.

The trends of the calculated binding free energies 
for the FDA drugs towards C-SA HIV PR has been dis-
cussed in our previous work [42]. Here, the ONIOM 

(B3LYP/6-31G(d): AMBER) binding free energies of 
L38L↑N↑L PR demonstrate the same general trend as the 
experimental Gibb’s free energy data but exhibit reduced 
theoretical binding affinities compared to subtype C-SA 
PR (Table  1). However, there were two exemptions 
(outliers); TPV shows much better binding free energy 
(− 61.2  kcal/mol) than other drugs complexed to the 
mutant enzyme. Although NFV exhibits the weakest bind-
ing affinity in both experimental and theoretical results for 
L38L↑N↑ L PR, the computed result appears significantly 
smaller than the other inhibitors (Table 1).

As it was argued in our previous study [42], the reason 
for these can potentially be attributed to the simplified com-
putational model (the omission of water in the active site 
of the protease), rendering the model less accurate and this 
possibility will be interrogated further.

The insertions and mutations of amino acids residues is 
expected to change the structure of the mutant PR having 
an impact on the binding interactions between the inhibi-
tors and the protease. Hence, detailed hydrogen bond inter-
actions of the inhibitor–enzyme complexes were measured 
using Accelrys (Discovery) Visualizer [67]. The change 
in hydrogen bond distances were measured between both 
catalytic aspartates Asp25/25′ in the binding site and the 
hydroxyl group of the FDA approved inhibitors before and 
after optimization (Fig. 3). In all cases, the hydroxyl group 
of the inhibitors form similar hydrogen bond interactions 
with the Asp25/25′ of L38L↑N↑L PR (Figure S3, supple-
mentary material). For the inhibitors exhibiting slightly bet-
ter binding affinities with the L38L↑N↑L PR (APV, RTV, 
IDV and LPV), a large reduction in the average hydrogen 
bond distance 0.7 Å was observed after optimization. While 
inhibitors with weaker binding affinities (SQV, DRV, and 

Table 1   The binding free 
energiesa (kcal/mol) for FDA 
HIV PIs against C-SA and 
L38L↑N↑L PRs [reported 
experimental results [44] and 
calculated ONIOM (B3LYP/6-
31G(d):AMBER) results]

The ONIOM (Gaussian) input files as well as the optimized output files of all inhibitor–enzyme complexes 
are also provided with the supplementary material
a HIV PR inhibitors with respect to their binding energies
b Experimental data for wildtype C-SA HIV PR and L38L↑N↑L PR carried out by our group respectively 
[44]
c Calculated binding energies of wild type C-SA HIV PR previously reported by our group [43]
d Calculated binding energies for L38L↑N↑L PR

Inhibitors ∆Gbind (Exp)b

C-SA
∆Gbind (Exp)b

L38L↑N↑L
∆Gbind (Calc)c

C-SA
∆Gbind (Calc)d

L38L↑N↑L

APV − 13.9 − 13.1 − 69.0 − 56.9
RTV − 13.9 − 12.9 − 62.9 − 56.4
IDV − 14.0 − 12.1 − 64.0 − 52.1
LPV − 13.2 − 11.6 − 56.5 − 51.8
SQV − 13.4 − 10.1 − 57.1 − 45.8
DRV − 13.8 − 9.88 − 62.8 − 43.9
ATV − 14.4 − 9.69 − 66.9 − 43.3
TPV − 13.2 − 9.47 − 78.9 − 61.2
NFV − 13.5 − 9.38 − 38.6 − 24.8
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ATV) revealed a smaller reduction of the average hydrogen 
bond distance 0.1 Å.

For the outliers; TPV and NFV, a comparison of the 
hydrogen bond distances (Fig. 3) reveals that TPV (1.6 Å; 
− 61.2 kcal/mol) has a stronger HB interaction than NFV 
(1.9 Å; − 24.8 kcal/mol), explaining the difference in theo-
retical binding free energies for these two outliers.

In an attempt to further understand the binding environ-
ment within the L38L↑N↑L PR, electrostatic and hydrogen 
bond interactions were plotted for all inhibitor–enzyme 
complexes (Figure S4 in the supplementary material) with 
Ligplot [68]. The two exemptions; TPV and NFV are shown 
in Fig. 4. The plot for TPV reveals hydrogen bond and elec-
trostatic interactions between the inhibitor and other side 

chain residues (NH–OH, NH–NH) in the protease, which 
most likely contribute to the improved binding calculation 
result. For NFV hydrogen bond interactions occur with the 
catalytic aspartates and one side chain (mainly OH–OH) 
resulting in weaker binding affinity.

As previously discussed, the calculated binding free ener-
gies (∆G) for the various FDA approved inhibitors com-
plex with L38L↑N↑L PR follow the same trend with the 
corresponding experimental data (Table 1), except for TPV 
and NFV. The thermochemical properties can be used to 
rationalize these outliers, since ∆G is a function of both 
enthalpy (∆H) and entropy (∆S). The calculated energies 
of the various drugs complexed with L38L↑N↑L PR are 
depicted in Table 2.

Fig. 3   Hydrogen bond distances between the hydroxyl groups of TPV 
and NFV drugs with the catalytic ASP25 and ASP25′ residues of a 
L38L↑N↑L―TPV PR, b L38L↑N↑L―NFV PR before and after 
optimization. Detailed comparative plots for all inhibitor–enzyme 

complexes are provided in supporting information Fig S3. [The 
ONIOM (Gaussian) input files as well as the optimized output files 
of all inhibitor―enzyme complexes are also provided with the sup-
plementary material]
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The enthalpy contribution of TPV (∆H − 82.3 kcal/mol) 
is the highest of all cases, explaining why this drug binds 
better in theory than the other inhibitors (the enthalpy con-
tribution is far greater than entropy to the Gibbs free binding 
energies). As argued before (see discussion around Fig. 3), 
this is most likely the result of our simplified computational 
model, where the interaction between the TPV hydroxyl 

group and the Asp25/25′ residues are over emphasized. On 
the other hand, NFV reveals a much-reduced enthalpy con-
tribution ∆H = − 42.1 kcal/mol in comparison to the other 
inhibitor–enzyme complexes, explaining the weak calculated 
binding free energy (∆G − 24.8 kcal/mol).

As for the entropy results (∆S) of the various drug-
complexes, it should be noted that a more negative entropy 

Fig. 4   Electrostatic and hydrogen bond interactions plot of 
L38L↑N↑L PR complexed with TPV and NPV. The plot were created 
after optimization of each complex system using Ligplot [1]. Detailed 
plots showing the electrostatic and hydrogen bond interactions are 

provided in supporting information Figure S4. [The ONIOM (Gauss-
ian) input files as well as the optimized output files of all inhibitor–
enzyme complexes are also provided with the supplementary mate-
rial]

Table 2   The binding free 
energies, enthalpies and entropy 
of the various FDA approved 
HIV PIs against L38L↑N↑L PR

HIV protease inhibitors (HIV PIs) are ranked in terms of their binding free energies (ΔG)
The ONIOM (Gaussian) input files as well as the optimized output files of all inhibitor–enzyme complexes 
are also provided with the supplementary material
a Calculated binding free energies using ONIOM for L38L↑N↑L PR from Table 1

Inhibitors ∆G (kcal mol−1)a ∆H (kcal mol−1) ∆Stotal (cal 
mol−1 K−1)

∆Strans (cal 
mol−1 K−1)

∆Svib (cal 
mol−1 K−1)

∆Srot (cal 
mol−1 K−1)

APV − 56.9 − 80.6 − 79.4 − 44.5 2.8 − 37.7
RTV − 56.4 − 80.5 − 80.7 − 45.5 4.7 − 39.9
IDV − 52.1 − 80.6 − 95.7 − 45.0 − 11.3 − 39.4
LPV − 51.8 − 79.9 − 94.1 − 45.0 − 10.1 − 39.0
SQV − 45.8 − 72.5 − 89.4 − 44.8 − 5.2 − 39.4
DRV − 43.9 − 68.8 − 83.4 − 44.5 0.5 − 39.4
ATV − 43.3 − 72.0 − 94.1 − 44.8 − 11.1 − 38.2
TPV − 61.2 − 82.3 − 70.7 − 45.0 13.6 − 39.3
NFV − 24.8 − 42.1 − 57.9 − 44.8 25.3 − 38.4
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indicates greater restrictions of movement for the ligand in 
the active site, due to steric restrictions as well as stronger 
non-covalent inhibitor–enzyme interactions for certain parts 
of the inhibitor [113]. Such cases result in higher entropy 
penalties. The translational and rotational entropy contribu-
tions are in a close approximate range (− 40 and − 30 cal/
mol K respectively) for all the inhibitors and only vary in the 
residual vibrational entropy ∆Svib (Table 2).

The level of consistency attained by our theoretical 
method with the experimental data (Table 1) in this study 
suggests the computational model can be used to rationalize 
the different drugs–mutant PR binding interactions. How-
ever, the movement of the inhibitors closer to the Asp25/25′ 
residues during optimization, imply that omission of water 
molecules in the model is an over-simplification [42] and 
should be addressed in future studies to further improve the 
computational model.

AIM analysis

To characterize and classify the hydrogen bond forma-
tion between the QM region of the L38L↑N↑L PR and 
FDA approved drugs, the topological parameters using the 
AIM [53, 54] analysis was applied. The intermolecular HB 
for the charge density and its Laplacian ranges between 
0.002–0.040 and 0.024–0.139 a.u, respectively [101, 102]. 
The negative value of ∇2ρ(r) at BCP indicates a covalent 

interaction, while a positive ∇2ρ(r) value depicts an elec-
trostatic interaction [95, 103–105 The AIM topological 
indices computed at various BCPs for all the studied QM 
region of the L38L↑N↑L PR and FDA approved drug opti-
mized at the DFT B3LYP/6-31G(d) are reported in Table 3

To classify the hydrogen bonds at BCP two topologi-
cal values are usually applied [53, 101]. In all cases, the 
QM region of the L38L↑N↑L PR and FDA approved drugs 
form similar hydrogen bond interactions. The inhibi-
tors exhibiting slightly better binding affinities with the 
L38L↑N↑L PR (Table 1), an average values of 0.075 and 
0.129 a.u were observed for the electron density, ρ(r) and 
Laplacian of electron density, ∇2ρ(r) respectively. While 
inhibitors with weaker binding affinities (Table 1) showed 
average values of 0.062 a.u for the electron density, ρ(r) 
and 0.158 a.u for Laplacian of electron density. Hence, 
these values indicate the presence of intermolecular hydro-
gen bond as per Bader and Popelier’s criteria [53, 54]. It 
can be noticed that the better HIV PR binder, TPV has 
an average electron density value of 0.084 a.u and aver-
age Laplacian value of 0.064 a.u. Whereas, the weakest 
PR inhibitor, NFV has an electron density and Laplacian 
of electron density values of 0.027 and 0.070 a.u respec-
tively from a single HB interaction (Table 3; Fig. 5). Also, 
the ellipticity value for TPV has an average of 0.066 a.u, 
while, NFV was computed to be 0.001 a.u, hence, TPV is 
observed to be more stable than NFV.

Table 3   The topological parameters in a.u, electron densities, ρ(r), their Laplacians, ∇2ρ(r), ellipticity (ε) at O⋯H BCPs and energetic param-
eters V(r), G(r), H(r) in kcal/mol between the QM region of the L38L↑N↑L PR and FDA approved drug at the B3LYP 6-31G(d) level of theory

HIV protease inhibitors (HIV PIs) are ranked in terms of their binding free energies (ΔG)
HB represents the hydrogen bonds; where O1 and O2 corresponds to the oxygens of the un-protonated catalytic Asp (25); O4 corresponds to the 
oxygen of the protonated catalytic Asp (25ʹ); O5 corresponds to the oxygen of the HIV PR inhibitors

Inhibitors HB number HB-interac-
tion

Electron 
density ρ(r)

Laplacian 
∇2ρ(r)

V(r) G(r) H(r) Ellipticity (ε)

APV HB1 O1⋯HO5 0.0496 0.1310 0.0396 0.0362 0.0034 0.0252
HB2 O5⋯HO4 0.0606 0.1705 0.0537 0.0482 0.0055 0.0406

RTV HB1 O1⋯HO5 0.1486 − 0.1486 0.2021 0.0825 0.1196 0.0127
HB2 O5⋯HO4 0.0960 0.1668 0.1029 0.0723 0.0306 0.0360

IDV HB1 02⋯HO5 0.0602 0.1673 0.0518 0.0468 0.0050 0.0149
HB2 O5…HO4 0.0529 0.1524 0.0451 0.0416 0.0035 0.0440

LPV HB1 O2⋯HO5 0.0749 0.2219 0.0751 0.0653 0.0098 0.0210
HB2 O5⋯HO4 0.0558 0.1685 0.0506 0.0464 0.0042 0.0479

SQV HB1 O1⋯HO5 0.0449 0.1176 0.0353 0.0324 0.0030 0.0238
HB2 O5⋯HO4 0.0553 0.1579 0.0477 0.0436 0.0041 0.0402

DRV HB1 O2⋯HO5 0.0762 0.1808 0.0704 0.0578 0.0126 0.0162
HB2 O5⋯HO4 0.0587 0.1706 0.0520 0.0474 0.0047 0.0500

ATV HB1 O2⋯HO5 0.0858 0.1740 0.0830 0.0632 0.0198 0.0197
HB2 O5⋯HO4 0.0505 0.1499 0.0432 0.0403 0.0028 0.0446

TPV HB1 O1⋯HO5 0.1330 0.0284 0.1715 0.0893 0.0822 0.0173
HB2 O5⋯HO4 0.0341 0.0992 0.0281 0.0264 0.0016 0.0487

NFV HB1 O2⋯HO5 0.0266 0.0701 0.0213 0.0194 0.0019 0.0013
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Fig. 5   a Molecular plot of the interaction in the TPV complexed with 
the catalytic Asp25/25ʹ of the enzyme. Small red dots correspond to 
the hydrogen interactions at the bond critical points (BCPs). b Molec-

ular plot of the interaction in the NFV complexed with the catalytic 
Asp25/25ʹ of the enzyme. Small red dots correspond to the hydrogen 
interactions at the bond critical points (BCPs)
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The Laplacian, ∇2ρ(r) and the total energy density, H(r) 
values for all the hydrogen bond interactions are generally 
both positive, which indicates an electrostatic dominant 
interaction. Although, the HB1 in RTV is negative and 
positive respectively, and can be group as partially cova-
lent-partially electrostatic bond [101, 114]. Figure 5 and S5 
represent the intermolecular bond interaction at the BCP as 
red dots between the hydrogen atom donor and acceptor.

NBO analysis

The stabilization energies of the hydrogen bonds obtained 
at the DFT B3LYP/6-31G(d) calculation for all the 
investigated QM region of the L38L↑N↑L PR and FDA 
approved drug are analysed using the NBO theory and this 
is reported in Table 4. The hydrogen bond formation in the 
studied complexes indicates that a certain transfer of elec-
tronic charge occurs mostly from the bonding orbital (BD) 
to the unoccupied lone pair orbital (LP*). The intensive 
interaction of the hydrogen bond is directly proportional 

to the value of the E(2), i.e. the higher the value of E(2), the 
more stable the interaction [95, 101].

The results obtained from the NBO analysis demon-
strate no significant difference in the second-order pertur-
bation for all the investigated complexes. Large stabiliza-
tion energy of 1.54 kcal/mol was observed as an average 
value for inhibitors with slightly better binding affinities 
(Table 1). Whereas, inhibitors with weaker binding affini-
ties (Table 1) revealed a smaller reduction of 1.16 kcal/
mol. On the hand, the better HIV PR binder, TPV has an 
average stabilization energy, E(2) of 2.43 kcal/mol and the 
weakest PR inhibitor, NFV has a stabilization energy, E(2) 
of 0.17 kcal/mol from a single HB interaction (Table 4). 
Hence the hydrogen bond strength is greater in TPV than 
in NFV.

Although, RTV exhibits high stabilization energy of 
5.71 kcal/mol, this could be due to its existence of partially-
covalent and partially-electrostatic bond (Table 3). These 
analyses are the same as the AIM study where the better 
binding inhibitors exhibits more stability than the weaker 
binders and, TPV exhibits more stability than NFV. It is 
important to emphasise that all the observed intermolecular 
hydrogen bond energy predicted using the NBO analyses 
correlates well with the above AIM discussion.

Conclusion

This study involves the testing of a computational two-lay-
ered ONIOM computational model (QM:MM) to calculate 
the binding free energies of the nine FDA approved HIV-1 
PIs. The calculated binding free energies for L38L↑N↑L 
HIV PR show a satisfactory trend with the experimental data 
with two exceptions. Two outliers, namely, TPV and NFV 
were observed, and analysis of hydrogen bond interactions 
and enthalpy contributions explained the observed anoma-
lies. AIM analysis on the QM region of the L38L↑N↑L PR 
and FDA approved drugs justified the nature of the hydrogen 
bond interactions between the drugs and the active residues. 
The hydrogen bond interactions derived by AIM topological 
indices [ρ(r), ∇2ρ(r) and ε values] and the extent of charge 
transfer between the selected drugs and the active residues 
in close contact with drugs derived by second-order per-
turbation theory of NBO analysis can support the differ-
ent binding affinities of the drugs against L38L↑N↑L PR. 
It is notable that our ONIOM [B3LYP/6-31G(d): AMBER] 
model can be further improved by the addition of water in 
the active pocket of the protease. Explicit water molecules 
should at least be treated at a semi-empirical level (PM6). 
These results will assist to systematically improve our com-
putational model for the potential design of more potent HIV 
protease inhibitors.

Table 4   Second-order perturbation E(2) in kcal/mol conforming to the 
most important charge transfer (donor→acceptor) at the B3LYP/6-
31G(d) level of theory between the QM region of the L38L↑N↑L PR 
and FDA approved drugs

HIV protease inhibitors (HIV PIs) are ranked in terms of their bind-
ing free energies (ΔG)
HB represents the hydrogen bonds. Where O1 and O2 corresponds to 
the oxygens of the un-protonated catalytic Asp (25); O4 corresponds 
to the oxygen of the protonated catalytic Asp (25ʹ); O5 corresponds to 
the oxygen of the HIV PR inhibitors

Inhibitors HB number Donor NBO 
(i)

Acceptor 
NBO (j)

E(2) kcal/mol

APV HB1 BD(1)C–O1 LP*(1)H5 1.07
HB2 BD(1)C–O5 LP*(1)H4 0.76

RTV HB1 BD(1)C–O1 LP*(1)H5 5.71
HB2 BD(1)C–O5 LP*(1)H4 0.96

IDV HB1 BD(1)C–O2 LP*(1)H5 1.08
HB2 BD(1)C–O5 LP*(1)H4 0.31

LPV HB1 BD(1)C–O2 LP*(1)H5 1.53
HB2 BD(1)C–O5 LP*(1)H4 0.88

SQV HB1 BD(1)C–O1 LP*(1)H5 0.80
HB2 BD(1)C–O5 LP*(1)H4 0.39

DRV HB1 BD(1)C–O2 LP*(1)H5 1.86
HB2 BD(1)C–O5 LP*(1)H4 0.72

ATV HB1 BD(1)C–O2 LP*(1)H5 2.96
HB2 BD(1)C–O5 BD*(1)

O4–H4

0.24

TPV HB1 BD(1)C–O1 LP*(1)HO5 4.63
HB2 BD(1)C–O5 BD*(1)

O4–H4

0.22

NFV HB1 BD(1)C–O2 BD*(1)
O5–H5

0.17
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