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ABSTRACT
In recent years, Human Immunodeficiency Virus (HIV) remains a significant global health challenge, with millions affected 
worldwide, particularly in Africa and sub-Saharan regions. Despite advances in antiretroviral therapies, the genetic variability 
of HIV, including different subtypes and drug-resistant strains, poses persistent obstacles in the development of universally 
effective treatments. This study focuses on the dynamics of HIV protease, a key enzyme in viral replication and maturation, par-
ticularly targeting subtype C and its double insertion (HL) variant L38HL, in the context of interaction with Darunavir (DRV), 
a second-generation nonpeptidic protease inhibitor approved by the FDA in 2006. Through molecular dynamics simulations, 
structural analyses, dynamic cross-correlation analyses, and binding energy calculations, we investigated differences in the 
binding of DRV to WT and L38HL HIV-1 protease. The findings highlight that the double insertion at the hinge induces varia-
tion in Φ and Ψ angles, leading to increased residue fluctuations, solvent-accessible surface area (SASA), and radius of gyration 
(Rg). This alters the overall structural compactness and the hydrophobic core crucial for drug binding. Subtle structural changes 
result in the loss of hydrogen bond interactions, reducing the binding energy of L38HL HIV-1 protease subtype C bound to DRV, 
leading to drug resistance.

1   |   Introduction

Human Immunodeficiency Virus (HIV) is a viral pathogen that 
causes acquired immunodeficiency syndrome (AIDS), a condi-
tion that severely infects the human immune system [1, 2]. It 
is reported that approximately 3.6 billion people worldwide are 
infected with HIV [3]. Nevertheless, most of the infections hap-
pen among the African and sub-Saharan populations [4]. The 
first case of HIV was reported during the early 1980s, marking 
the beginning of a global health crisis [5]. Since then, its com-
plex and diverse nature has challenged the efforts to combat the 
virus. HIV exhibits considerable genetic variability, resulting in 
the emergence of various subtypes. Among these, subtype B is 
prevalent across different regions [6].

Despite decades of research and advancements in treatment 
strategies, developing effective therapies against HIV remains 
challenging. One of the primary obstacles is the emergence of 
drug-resistant strains [7–9]. Consequently, current treatment 
approaches often rely on combination therapy, such as Highly 
Active Antiretroviral Therapy (HAART). HAART involves 
administering a combination of drugs targeting different 
stages of the HIV life cycle, including reverse transcriptase 
inhibitors, integrase inhibitors, and protease inhibitors [5, 10]. 
Among these therapeutic targets, HIV protease (PR) is crucial 
for viral replication and maturation [11]. HIV PR functions as 
a homodimer, with each monomer composed of 99 amino acids 
[12]. The enzyme's active site, crucial for proteolysis of viral 
polyproteins, is situated at the interface of the homodimer, 
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primarily constituted by Asp25/Asp25′. In addition to the ac-
tive site, various structural elements within the enzyme, such 
as flaps, hinge, cantilever, and fulcrum (Figure  1) regulate 
the effective functioning of the enzyme [13]. Currently avail-
able FDA-approved protease inhibitors primarily target HIV 
protease subtype B [14, 15]. This limitation underscores the 
need for developing novel therapeutic agents that are specific 
to subtypes.

This study aims to understand the dynamics of HIV-1 pro-
tease subtype C and its insertion variant L38HL bound to 
Darunavir (DRV). HIV protease subtype B differs from sub-
type C by 8 distinct mutations [16]. Also, a recently identified 
insertion variant of subtype C, L38HL, characterized by two 
insertions at the 38th position [17], has been known to render 
the existing drugs ineffective [18, 19]. The 38th and 39th posi-
tions of the wild-type (WT) variant are L P, which upon in-
sertion will change to L H L P. In total, the insertion variant 
exceeds the WT by 4 amino acids with two insertions at chains 
A and B each. The 3D structure of WT and L38HL is shown 
in Figure 1A,B.

In general, most of the FDA-approved drugs for the HIV-PR 
belong to the class of peptide-based inhibitors, i.e., they are 
designed based on the HIV PR substrate interactions. In con-
trast, DRV is a second-generation nonpeptidic protease inhibi-
tor. The 2D chemical structure of DRV is shown in Figure 1C. 
It is an N,N-disubstituted benzenesulfonamide bearing an 
unsubstituted amino group at the 4th position. DRV was ap-
proved by the FDA for treating HIV in the year 2006 [20]. 
DRV bound to HIV PR is extensively studied using MD simu-
lations and experiments. However, most of these works focus 
on the subtype B multidrug-resistant (MDR) variants [5]. A 
recent study on DRV bound to HIV PR subtype B from an 
MDR strain showed that the mutations increased the flap-tip 

flexibility due to the reduction of the flap–flap hydrophobic 
interactions [21]. While most of the existing studies are fo-
cused on HIV PR subtype B, this study focuses on understand-
ing the mechanism of drug resistance in WT and the insertion 
variant of HIV protease subtype C bound to DRV using mo-
lecular dynamics simulations. We performed structural anal-
yses, dynamic cross-correlation analyses, and binding energy 
calculations to explore the difference in the binding of DRV 
to WT and L38HL. Our findings emphasize that insertions 
at the hinge induced changes in Φ and Ψ angles, increasing 
residue fluctuations, solvent-accessible surface area (SASA), 
and radius of gyration (Rg). These alterations affect the overall 
structural compactness and the hydrophobic core essential for 
drug binding. Subtle structural modifications disrupt hydro-
gen bond interactions, thereby reducing the binding energy of 
L38HL bound to DRV, ultimately leading to drug resistance.

2   |   Methods

2.1   |   System Preparation

The 3D conformation of WT and L38HL bound to DRV was 
generated through homology modeling. The crystal struc-
ture of HIV protease subtype B bound to DRV (PDB ID 3SO9) 
was used as the template. The sequence corresponding to the 
WT was retrieved from (PDB ID 3U71), while information on 
the L38HL insertion was sourced from previous studies. The 
modeling was performed using MODELLER [22], and the pro-
tonation states were assigned using CHARMM-GUI [23]. The 
AMBER ff14SB force field [24] was employed to parameterize 
the proteins, and parameters for DRV were obtained using the 
general amber force field (GAFF2) [25]. Subsequently, both 
complexes were solvated in TIP3P water and neutralized by 
the addition of chloride counter-ions.

FIGURE 1    |    Initial structure of HIV-1 protease subtype C in both its (A) WT and the (B) L38HL form. Functionally important regions including 
flap, cantilever, fulcrum, and hinge are highlighted in orange, blue, magenta, and red, respectively. The double amino acid insertion of residues (H 
and L) at the hinge region is represented in ball-and-sticks. (C) The 2D molecular structure of DRV.
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2.2   |   Molecular Dynamics Simulations

The solvated PR–DRV complexes were minimized using the 
SANDER module [26]. Initially, each system was relaxed with a 
harmonic restraint of 100 kcal·mol−1 Å−2, followed by 6000 steps 
of minimization (3000 steps each of steepest descent and conju-
gate gradient). This was succeeded by a 4 ns equilibration period 
during which a positional restraint of 10 kcal·mol−1 Å−2 was ap-
plied to the PR–DRV complexes. Subsequently, an unrestrained 
production run was conducted for 300 ns with an integration 
time step of 2 fs, capturing a snapshot for every ps. Long-range 
electrostatics and van der Waals interactions were kept within 
a cut off of 12 Å, and long-range electrostatic interactions were 
managed using the particle mesh Ewald (PME) algorithm [27]. 
Additionally, the SHAKE algorithm [28] was utilized for treat-
ing hydrogen atoms. All the simulations were performed using 
the AMBER18 package [29]. To ensure reproducibility of the re-
sults, two independent simulations were performed for each of 
the WT and L38HL systems with varied initial velocities.

2.3   |   Molecular Mechanics Generalized Born 
Surface Area

The binding free energy of DRV bound to WT and L38HL was 
calculated using MM/GBSA [30, 31]. The binding free energies 
were estimated using Equation (1).

where, ΔGbind is the binding free energy, ΔGcomplex, ΔGreceptor , 
ΔGligand are the free energies corresponding to PR–DRV com-
plex, PR, and DRV, respectively. Further, each of the energy 
components in Equation  (1) were calculated as mentioned in 
Equation (2)

where, ΔH corresponds to enthalpy of the system, and it is cal-
culated as mentioned in Equation (3). − TΔS corresponds to the 
entropy of the PR–DRV complexes, and it was calculated using 
Quasi-harmonic entropy approximation [32].

where, ΔEele, ΔEvdW, ΔGGB, and ΔGSA correspond to electro-
static, van der Waals, polar solvation and nonpolar solvation 
terms, respectively. The enthalpic contribution comes from 
two components; namely, the polar and the hydrophobic inter-
actions. The polar interactions term is computed by the sum 
of electrostatic and polar solvation energies, and the hydro-
phobic interactions term is given by the sum of van der Waals 
interactions and nonpolar solvation free energy. 1000 snap-
shots extracted from the last 100 ns were used for MM/GBSA 
calculations.

2.4   |   Dynamic Cross Correlation

The cross-correlation matrix (Cij) corresponding to the Cα atoms 
of WT and L38HL was obtained using Equation (4).

where, ri and rj represent the displacement vectors from the mean 
position of the α carbons in the ith and jth residues, respectively. 
The angular brackets denote the time average over the simula-
tion trajectory. The numerator captures the correlation given by 
the product of the coordinate shift vectors and the denominator 
corresponds to the normalization factor that limits the correla-
tion, Cij between −1 and +1 [33].

2.5   |   Hydrogen Bond Analysis

The hydrogen bond analysis of the PR–DRV complexes was per-
formed with a cut-off of donor–acceptor distance ≤ 3.5 Å and 
the donor-hydrogen–acceptor angle ≥ 135°. Hydrogen bonds 
between the PR and DRV having a frequency above 0.1 were 
obtained from each replica. Finally, the hydrogen bond frequen-
cies corresponding to the average of the replicas were calculated. 
The residue pairs having an average hydrogen bond frequency of 
more than 10% were used for analyses.

2.6   |   Trajectory Analysis

All the analyses, unless explicitly mentioned, were performed 
using the equilibrated trajectory (last 200 ns) with a snapshot 
frequency of 10 ps. The analyses presented in this work corre-
spond to the average of two replicas, and they were performed 
using the CPPTRAJ module of AMBER Tools [26].

3   |   Results

3.1   |   Structural Stability and Changes due to 
Insertion From RMSD

To comprehensively assess the impact of insertions on the dy-
namics of the HIV PR backbone, the root-mean-squared devi-
ation (RMSD) of Cα atoms relative to the initial conformation 
was computed (Figure 2). Figure 2A illustrates that both the 
WT and L38HL PR complexes reached equilibrium after ap-
proximately 50 and 100 ns, respectively. Notably, the L38HL 
PR complex displayed a noticeable transition until 100 ns, sug-
gesting that the insertion may have prompted structural rear-
rangements. The mean RMSD values for the WT and L38HL 
PR complexes were 1.159 and 1.881 Å, respectively, with devi-
ations ranging between ~0.6 and ~1.4 Å for the WT and ~0.7 
and ~ 2.2 Å for L38HL.

Furthermore, to elucidate the structural modifications in L38HL 
(as indicated in the RMSD), representative structures correspond-
ing to WT and L38HL obtained from the equilibrated region of the 
trajectory were superimposed (Figure  2B). The RMSD between 
the representative structures is ~0.7 Å. As seen from Figure 2B, the 
changes occur in the vicinity of the functionally important regions 
of PR; namely, the hinge and fulcrum. Furthermore, structural 
changes are also visible at the N- and C-terminal regions.

(1)ΔGbind = ΔGcomplex − ΔGreceptor − ΔGligand

(2)ΔGbind = ΔH − TΔS

(3)ΔH = ΔEele + ΔEvdW + ΔGGB + ΔGSA

(4)
Cij =

⟨

Δri ⋅ Δrj
⟩

√

⟨

Δr2
i

⟩

√

⟨

Δr2
j

⟩
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3.2   |   Comparison of WT and L38HL Fluctuations 
at Residue Level

To understand the influence of the double insertion on structural 
flexibility, root-mean-squared fluctuation (RMSF) of backbone 
atoms in relation to their average coordinates was calculated. 
The purpose of this analysis was to characterize the impact of 
the L38HL mutation on the dynamic behavior of specific resi-
dues within the HIV PR structure. A comprehensive depiction 
of the RMSF profiles for residues of chains A and B, compar-
ing the WT and L38HL PR complexes, is shown in Figure 3A,B. 
The overall trend in fluctuation observed for the L38HL closely 

resembles that of the WT. Notably, residues constituting the 
catalytic active site demonstrate stability, with RMSF values av-
eraging around ~0.5 Å for both the WT and L38HL complexes. 
This suggests that the essential catalytic residues maintain con-
sistent structural integrity despite the double insertion, empha-
sizing their crucial role in enzymatic function.

Conversely, residues within the hinge regions exhibit considerably 
higher levels of fluctuations, as indicated by higher RMSF values. 
The heightened fluctuations in the hinge regions align with the 
result from structural comparison (Figure 3B) depicting structural 
changes at the hinge due to double insertion. Specifically, residues 

FIGURE 2    |    (A) Average RMSD plotted for 300 ns simulation. (B) Superimposed structure of representative conformations from WT and L38HL 
depicting structural changes.

FIGURE 3    |    Root-mean-square fluctuation analysis of (A) chain A and (B) chain B corresponding to WT and L38HL PR complexes. (C) Normalized 
histogram distribution of radius of gyration. (D) Normalized histogram distribution of solvent accessible surface area.
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of both WT and L38HL from chain A exhibit higher fluctuations at 
the hinge. However, in chain B, the hinge residues corresponding 
to WT exhibit very lower fluctuations (~1.0 Å) whereas the hinge 
residues corresponding to L38HL exhibit much higher fluctua-
tions (~2.3 Å). The double insertion at the chain B hinge may have 
triggered the fluctuation in this region, resulting in higher RMSF 
values compared to its WT counterpart. This implies that the dou-
ble insertion mutation can have a potential localized impact on 
specific regions of the PR.

3.3   |   Assessing the Changes in Compactness of WT 
and L38HL

To explore the impact of structural rearrangements on the spa-
tial distribution of PR atoms around their axis, radius of gyra-
tion calculations were performed. The normalized histogram 
distribution of the WT and L38HL PR complexes is presented 
in Figure 3C. This analysis revealed that the WT exhibited rel-
atively higher compactness compared to the L38HL PR com-
plex, with a mean value of ~17.5 Å compared to ~17.8 Å observed 
for L38HL. The time evolution of the radius of gyration for the 
equilibrated trajectories is shown in SI Figure S1. Despite sub-
stantial RMSD deviations from the initial structure, the L38HL 
PR complex was found to maintain a compact nature, indicating 
that the structural rearrangements were localized and did not 
influence the overall compactness of the complex.

3.4   |   Evaluating the Effect of Double Insertion on 
the Overall Shape of the PR

Subtle structural changes will significantly influence the func-
tion of an enzyme. Results from Sections 3.1 and 3.2 revealed 
significant structural perturbations due to the double inser-
tion. Further, to unearth the overall changes in the shape of the 

enzyme, solvent accessible surface area (SASA) analysis was 
performed. The normalized histogram distribution of SASA is 
shown in Figure 3D, and the time evolution of SASA is given 
in SI Figure S2. The peak SASA value of the WT was ~8800 Å2, 
whereas the L38HL had a major cluster of conformations at 
~9200 Å2. The wider curve for WT shows that most of the SASA 
values are between ~8500 and ~9200 Å2. Interestingly, there is 
a significant overlap between the WT and L38HL distributions. 
Nevertheless, the shift in the peak for L38HL clearly suggests 
a change in the overall shape of the L38HL. This observed in-
crement of ~400 Å2 denotes a larger exposed surface area in the 
L38HL, which can be attributed to the double insertion. The in-
crease in SASA in the L38HL structure can be due to heightened 
flexibility or modified interactions due to the insertion.

3.5   |   Analyzing the Changes in Cross-Correlation 
Between WT and L38HL

The analysis of dynamic cross-correlation aims to elucidate cor-
relation in the inter-atomic movements. Due to the complexity 
of simulations involving all atoms, the analysis is performed on 
only the Cα atoms, resulting in an N × N cross-correlation ma-
trix, where N represents the total Cα atoms in the PR. In this 
study, the value of N is 198 and 202 for WT and L38HL, respec-
tively. A heatmap of the cross-correlation matrix is shown in 
Figure 4. Continuous numbering of residues between the chains 
is followed for easy comparison. In WT (Figure  4A), residues 
from 1 to 99 belong to chain A, and residues from 100 to 198 
belong to chain B. Similarly, in L38HL (Figure  4B) residues 
1–101 correspond to chain A, and residues 102–202 correspond 
to chain B.

In Figure  4, region R1 depicts the cross-correlation between 
residues from the hinge to the binding site; R2 encompasses 
the cross-correlation between the hinge, binding site, and the 

FIGURE 4    |    Heatmap from dynamic cross-correlation analysis (A) WT (B) L38HL with continuous numbering (WT chain A: 1–99; WT chain B: 
100–198; L38HL chain A: 1–101; L38HL chain B: 102–202). R1—residues encompassing the hinge to the binding site, R2—residues from the hinge, 
binding site, and C-terminal, R3—chain A –chain B hinge, R4—chain A–chain B flap. The scale of the heatmap is set based on the minimum value 
observed (−0.4) in terms of negative correlation.
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C-terminal regions of chain A. Further, regions R3 and R4 cor-
respond to chain A–chain B hinge and chain A–chain B flap. 
In the WT, region R1 exhibits a negative correlation, which is 
lost in L38HL, suggesting that the fluctuations are no longer 
correlated. Further, the residues near the protease's active site 
show a slight decrease in positive correlation in the L38HL as 
compared to the WT. On the other hand, region R2 in L38HL 
shows a slight increase in positive and a slight decrease in neg-
ative correlations. Additionally, in L38HL, a positive correla-
tion is observed at the flap interface (R4). This illustrates that 
the fluctuations of the flap residues are in the same direction. 
Furthermore, a loss in the negative correlation is observed be-
tween chain A–chain B hinge residues. In essence, the insertion 
of residues at the hinge has triggered structural perturbations, 
which in turn may alter inter- and intra-molecular interactions 
owing to drug resistance in L38HL.

3.6   |   Evaluating the Hydrogen Bond Interactions 
Between WT/L38HL PR and DRV

Hydrogen bond interactions are critical for governing the dy-
namics of the protein structure. Moreover, in the case of pro-
tein–ligand complexes, they are instrumental in determining 
the affinity of the ligand towards the target protein. Thus, the 
hydrogen bond interactions between WT/L38HL and DRV 
were computed (as described in Section  2.5) from the simu-
lation trajectory. The average frequency of key atom pairs in-
volved in hydrogen bonding corresponding to WT and L38HL 
is given in Tables  1 and 2, respectively, and a representative 
snapshot depicting the hydrogen bond interactions is shown 
in Figure 5. The O18 atom of DRV, in both WT and L38HL, is 
hydrogen bonded with the catalytic residues Asp25 and Asp25′ 
throughout the entire equilibrated trajectory. Functionally, this 
interaction is crucial for protease activity [5]. However, a differ-
ence in the frequency of hydrogen bonds was observed with the 
other active site residues. The frequency of interaction between 
atom N1 of DRV and the backbone oxygen of Asp30′ decreased 
by ~10% in L38HL. Subsequently, a decrease in frequency was 
witnessed between the backbone nitrogen of Asp29 and O28 
of DRV. Further, the interaction between O28 and Asp30 was 
hindered in L38HL. The reduced frequency of interactions in 
L38HL may be attributed to the increased flexibility and alter-
ations in the overall shape and compactness of L38HL, which is 
evident from the radius of gyration and SASA analyses.

3.7   |   Binding Free Energy Analyses

To understand the effect of double insertion on the HIV-1 sub-
type C PR, binding energies of DRV to WT and L38HL were 
computed using MM/GBSA. The binding free energies of WT 
and L38HL were found to be −22.06 and − 21.168 kcal/mol, re-
spectively. The lower binding free energy indicates the weaker 
binding of DRV to the L38HL PR variant. This could be due to 
the reduced frequency of hydrogen bond interactions between 
the DRV and L38HL resulting from two atomic pairs; namely, 
Asp30′—DRV N1 and DRV O28—Asp30. These changes may 
contribute to a less stable binding interface, leading to a lower 
binding free energy. Further exploration of the dynamic behav-
ior of hinge residues could yield valuable insights into the mech-
anistic disparities in the binding of DRV between the WT and 
the L38HL PR variant.

To facilitate a comparison with other drugs, docking calcula-
tions were carried out for 10 FDA-approved HIV PIs. Table  3 
presents the docking scores for 10 drugs docked against the 
HIV protease WT subtype C. The docking score for DRV was 
−6.72 kcal/mol. Saquinavir (SQV) and Indinavir (IDV) showed 
higher docking scores relative to the other drugs, indicating en-
hanced interactions. Conversely, Ritonavir (RTV) showed the 
lowest docking score at −5.33 kcal/mol.

3.8   |   Effect of Insertion on the Dynamics of Leu38 
Backbone

Structural changes can occur at both global and local levels 
due to variations in the protein. All the above-performed anal-
yses underscore the global structural changes in the L38HL 
structures. To effectively assess the impact of the double inser-
tion on the backbone sampling, the dihedral angles at the site 
of insertion, Leu38/Leu38′, were explicitly analyzed. Figure 6 
displays the histogram distribution of Φ and Ψ angles corre-
sponding to Leu38. In the WT, the Φ values for both chain A 
and chain B are distributed between −160° and −50°, indicat-
ing a similar sampling of Φ angles in both chains (Figure 6A). 
However, notable differences were observed between chain 
A and chain B for L38HL. A single peak distribution of Φ 
angle between −80° and −40° in L38HL chain A suggests re-
stricted sampling, whereas a much broader distribution (be-
tween −180° and −40°) was observed for chain B (Figure 6B). 

TABLE 1    |    Hydrogen bond interactions observed between WT and 
DRV during the simulation, along with their frequency of occurrence.

Acceptor Donor

Frequency
Residue 
name Atom

Residue 
name Atom

Asp 25′ OD2 DRV O18 0.99

DRV O18 Asp 25 OD2 0.92

Asp 30′ O DRV N1 0.76

DRV O28 Asp 29 N 0.47

DRV O28 Asp 30 N 0.13

TABLE 2    |    Hydrogen bond interactions observed between L38HL 
and DRV during the simulation, along with their frequency of 
occurrence.

Acceptor Donor

Frequency
Residue 
name Atom

Residue 
name Atom

Asp 25′ OD2 DRV O18 0.99

DRV O18 Asp 25 OD2 0.95

Asp 30′ O DRV N1 0.67

DRV O28 Asp 29 N 0.42
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Also, chain B exhibited a distribution similar to the WT, with 
considerable overlapping regions. Overall, in both WT and 
L38HL, chain B exhibited a consistent distribution of Φ an-
gles, with significant overlap (Figure 6B). However, there was 
a notable disparity in the sampling of Φ angles in chain A be-
tween the two (Figure 6A).

Similar to Φ angles, the WT displayed a similar distribution 
in chains A and B for the Ψ angles (Figure  6C). A compari-
son of the WT chain A Ψ distribution with L38HL revealed a 
shift in the peak (Figure 6C). Interestingly, no overlaps were 
observed, indicating a completely different sampling of Ψ an-
gles. In L38HL Chain A, the angles were in the range of −80° 
to 100° and 100° to 150° for WT. A similar trend was observed 
in the Ψ angles of L38HL chain B (25–170). However, the dis-
tribution showed two peaks (at 50° and 150°), with the sec-
ond peak having a partial overlap with the WT distribution 
(Figure 6D).

3.9   |   Examining the Conformational Changes in 
DRV due to Insertion

The ligand RMSD showed a significant difference between 
the L38HL and WT PR structures. The insertion induced a no-
ticeable change in the protease's shape, affecting its binding to 
DRV. In Figure 7A, the RMSD shift between WT and L38HL is 

illustrated. The time evolution of RMSD for WT and L38HL is 
given in SI Figure S3. The change in RMSD was calculated by 
subtracting the RMSD value of WT from that of L38HL. A posi-
tive change in RMSD indicates an increase in RMSD of DRV in 
L38HL relative to the WT. Based on the RMSD analysis of the 
L38HL protease, significant changes in the protease structure 
in the R1–R3 region were observed. A distinct shift in the R3 
structure may have resulted from the twisting of the R2 region 
(Figure  7B), which could be attributed to reduced hydrogen 
bonding with DRV in L38HL. These structural changes have 
impacted the dynamics of the ligand, leading to a decrease in 
hydrogen bonds between L38HL and DRV and, consequently, a 
diminished binding affinity.

4   |   Discussion

HIV protease serves as a crucial target in combating AIDS. The 
selection pressure, together with the dynamic nature of viral 
replication, has led to different subtypes of HIV [5]. The PR sub-
type, which is most prevalent in the sub-Saharan and African 
regions, is the HIV-PR subtype C [4]. Further, an insertion 
variant of subtype C has been reported [17]. However, the exist-
ing FDA-approved drugs are designed for targeting subtype B. 
Hence, this study focuses on effectively understanding the PR 
ligand interactions between second-generation FDA-approved 
drug DRV and the relatively less explored HIV PR subtype C 
using molecular dynamics simulations.

HIV PR functions in a concerted fashion. Thus, the overall 
dynamics of the enzyme are critical for its effective function-
ing. However, the insertion in L38HL has led to significant 
perturbations in the structural dynamics, as evidenced by the 
change in RMSD (Figure  2A,B). Further comparison of the 
representative conformations from WT and L38HL revealed 
an RMSD of ~0.7 Å caused by substantial structural changes 
at the hinge and fulcrum regions. Nevertheless, the change in 
RMSD could also lead to effective binding of the drugs. Thus, 
RMSF analysis was performed to examine the impact of such 
structural changes at the functionally important regions such 
as the hinge and the fulcrum on the overall structural flexibil-
ity [34]. While the core catalytic residues maintain stability, 
increased fluctuations were observed for residues at the in-
sertion site. Moreover, the fluctuations at the site of insertion 
were more in chain B than in chain A, indicating that, despite 
being a homodimer, the insertion has a different impact on 
both the chains.

FIGURE 5    |    Representative conformations of hydrogen bond interactions in (A) WT and (B) L38HL. DRV is shown in ball-and-stick represen-
tation, and the interacting residues are represented in sticks. The hydrogen bonds between atoms of the binding site residues and those of DRV are 
indicated by dashed lines.

TABLE 3    |    Docking scores of 10 FDA-approved drugs.

Drugs Docking score (kcal/mol)

Darunavir (DRV) −6.72

Atazanavir (ATV) −6.63

Amprenavir (APV) −5.71

Saquinavir (SQV) −8.36

Fosamprenavir (FPV) −5.57

Indinavir (IDV) −8.11

Ritonavir (RTV) −5.33

Tipranavir (TPV) −7.00

Nelfinavir (NFV) −7.50

Lopinavir (LPV) −6.22
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A plausible explanation for the increase in fluctuations at the 
hinge may stem from the Φ and Ψ angles. These increased 
fluctuations could perturb the overall dynamics [34], lead-
ing to a loss of compactness which is witnessed by the pro-
portionate increase in SASA and Rg for the L38HL variant 
(Figure 3C,D). This further supports the notion that the inser-
tion at the hinge profoundly impacts the overall PR dynam-
ics. The observed increase in SASA and Rg for L38HL could 
be attributed to the loss in hydrophobic compactness, which 
may in turn influence the drug binding landscape of L38HL 
[35]. These changes in HIV PR have been suggested to be one 
of the mechanisms by which the secondary mutations (mu-
tations away from the active site) induce drug resistance [5]. 

These results agree with our prior study on HIV PR subtype 
C, which delved into the structural effects of L38HL insertion 
when bound to SQV [36].

Dynamic cross-correlation analyses revealed a shift in the direc-
tion of movement of residues at the insertion site. Specifically, a 
positive correlation between the flap residues in L38HL (absent 
in WT) suggests that in L38HL, the directionality of atomic co-
ordinate fluctuation of these residues is the same. The RMSF 
and cross-correlation results distinctly indicate that insertion 
impacts the internal dynamics of the protease. Further, the al-
teration impacts the directionality of motion and the correlated 
movement of residues at the flap and hinge regions [37].

FIGURE 6    |    Normalized distributions of Φ angles (A) chain A, (B) chain B, and Ψ angles (C) chain A, (D) chain B corresponding to WT and 
L38HL.

FIGURE 7    |    (A) Change in ligand RMSD between WT and L38HL (excluding hydrogens). (B) Representative structures of DRV highlighting the 
conformational differences between WT (blue) and L38HL (pink).

 10970134, 2025, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/prot.26817 by U

niversity O
f W

itw
atersrand, W

iley O
nline L

ibrary on [11/08/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



1434 Proteins: Structure, Function, and Bioinformatics, 2025

Previous studies have demonstrated that intrinsic changes in 
HIV may alter the molecular interactions leading to drug resis-
tance [38]. Analysis of the hydrogen bond interactions between 
the PR and DRV indicates the loss of interactions in L38HL 
between Asp30 and DRV. The loss of interactions can be at-
tributed to the conformational changes that occur in L38HL and 
DRV (Figure  7B). These changes consequently result in lower 
binding energy in L38HL, leading to drug resistance. The re-
sults from the docking analyses align with our previous study 
[39], in which the binding free energy of ATV was found to be 
−12.91 kcal/mol, which is significantly lower than that of DRV. 
These results emphasize the necessity of focusing drug develop-
ment specific to subtype C.

Based on our simulation study, it was observed that the insertion 
of residues at the hinge induces variations in Φ and Ψ angles. 
These variations lead to increased residue fluctuations at the 
hinge, resulting in increased SASA and Rg of the PR structure. 
The alterations in overall structure compactness signify changes 
in the hydrophobic core, which is crucial for drug binding. Given 
that the functioning of PR relies on coordinated movements of 
flaps, hinge, fucrum and cantilever, subtle structural changes 
also lead to the loss of hydrogen bond interactions, ultimately 
reducing the binding energy between L38HL and DRV, thereby 
causing drug resistance.

5   |   Conclusions

The molecular dynamics study on HIV PR subtype C WT and 
L38HL bound to DRV shed light on the change in drug suscepti-
bility due to secondary mutations. We investigated the structural 
changes and intermolecular interactions of both proteases to as-
sess the potential emergence of drug resistance caused by inser-
tion. Notably, the L38HL variant showed heightened flexibility 
in the hinge resembling drug-resistant mutations documented 
in previous studies. Furthermore, the results from binding free 
energy values revealed that the L38HL insertion reduced the 
protease's affinity for DRV. The subtle change in the binding af-
finity arises from the loss of hydrogen bond interactions, which 
in turn was affected by the change in the overall compactness 
and increased residue level fluctuations caused by altered dihe-
dral angles due to the insertion. These findings provide insights 
into the potential development of a drug for HIV PR subtype C.
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