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Abstract 

Protease (PR) inhibitors uplift the efficiency of the highly activated anti-retroviral 

therapy (HAART) regimen against HIV treatment. However, emergence of drug resistance 

strains against PR inhibitors is the major issue in the treatment of HIV infected patients. The 

present study focuses on to understand the resistance mechanism of ASP30ASN and 

LEU76VAL mutant PR enzyme against second and third-generation PR inhibitors at 

molecular level. The results provided the comprehensive analysis of alterations in 

atazanavir,lopinavir, darunavir and tipranavir interactions with ASP30ASN and LEU76VAL 

mutant PR enzymes at molecular level corresponding with the experimental reports. 

Atazanavir and darunavir interactionwith PR enzyme gets affected by ASP30ASN mutation 

and mutant PR enzyme remains in open conformation during MD simulation. This might 

result in resistance of ASP30ASN protease against atazanavir and darunavir. Whereas, 

lopinavir and tipranavir binding with ASP30ASN mutant PR enzyme becomes strong and 

exhibits high stability. The drugs atazanavir, darunavir and tipranavirmaintains its 

hydrophobic interaction with substrate binding region even in the presence of LEU76VAL 

mutation and exhibits high stability.However, the lopinavir drug was affected by electrostatic 

modifications of the active site created by LEU76VAL mutation and loses its contact with 

substrate binding region. Also, lopinavir binding with LEU76VAL mutant protein increased 

the flap domain dynamics and stabilizes the dimer confirmation of PR enzyme against 

LEU76VAL mutant. As a consequence, resistivity was developed against lopinavir. This 

detailed information obtained from the present study will shed some light for future drug 

designing against HIV PR enzyme. 

 

Key words: HIV-1, wild type, ASP30ASN and LEU76VAL mutant protease enzyme, DFT 

calculations; molecular dynamics simulation; MM-GBSA free energy calculations. 
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1. Introduction 

The human immune deficiency virus (HIV) belongs to the retrovirus family causes 

acquired immune deficiency syndrome (AIDS) that leads to death. In worldwide around 38.4 

million people are living with the virus, most of them avail anti-viral drugs that improves 

their quality of life. These anti-viral drugs can be classified into entry level inhibitors, reverse 

transcriptase (RT), protease (PR) and integrase (IN) inhibitors. These classes of drugs are 

come under the category of highly activated anti-retroviral therapy (HAART) to achieve the 

viral suppression level [1] in HIV infected patients. Especially, introduction of PR inhibitors 

in HAART regimen improves the clinical outcomes of AIDS related treatment [2].                             

These noteworthy drugs were developed based on the structure of PR enzyme. The structure 

and function of PR enzyme was determined in the late of 1980s. The PR enzyme process the 

gag and gag-pol polyproteins into matured proteins during the final stage of viral life cycle. 

Inhibition of HIV protease activity leads to the formation of inappropriate protein 

components which results in the development of impotent HIV virions. For this reason, it was 

quickly recognized that molecules prohibiting the enzyme activity were the outstanding drug 

candidates for the treatment of AIDS. Whereas, the PR enzyme belongs to aspartate protease 

family has simple homodimer structure with each subunit has 99 amino acids. The N-terminal 

β-strands comprises of residues 1-35 including catalytic triad (Asp25-Thr26-Gly27) followed 

by broad loop (36-42). The second half of the enzyme contains β-strands including flap 

regions (43-85) followed by helix (86-94) and c-terminal amino acids (95-99). The catalytic 

triad forms rigid network via the interactions with the neighbouring amino acids and it is 

called as “fireman’s grip” [3]. Further the detailed investigation of flap opening and closing 

mechanism is necessary to understand how the substrate/inhibitors bind with the active site 

and further process takes place. Hence the flap domain poses three states including open, 

semi-open and closed confirmation and vice versa during substrate/inhibitors binding. After 
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the successful completion of PR structural analysis, structure-based inhibitors were 

developed and so far, ten inhibitors have been approved by food and drug administration 

(FDA) of USA. They are classified into three generation of inhibitors based on the treatment 

protocol [4]. However, emergence of drug induced mutation of PR enzyme leads to the 

resistant viral strains’ development against approved drugs but not for viral 

substrates/polyproteins. Hence these mutant PR enzyme causes drug failure and it is a major 

pitfall in HIV-1 treatment. To design the “resistant-repellent” drugs detailed investigation of 

mutant PR enzyme structures is required. Based on resistance, these mutations were classified 

as major and minor which increases the susceptibility to viral poly proteins whereas the PR 

inhibitors almost lost. Therefore, the present study focused on examining the role of second 

and third-generation inhibitors atazanavir, lopinavir, darunavir and tipranavir with respect to 

wild type, ASP30ASN and LEU76VAL mutant PR enzyme. Second line drugs were 

peptidomimetic drugs while atazanavir designed with aza-hydroxyethylene core, phenyl 

pyridyl at P1 and benzyl group at P1′ of substrate; whereas, lopinavir was designed with 

hydroxyethylene core phenoxyacetyl at P2 and cyclic urea in P2′ position of substrate. Third 

line drugs Darunavir is a peptidomimetic drug derived from the first-generation inhibitor 

amprenavir. The substitution of bis-tetrahydrofuran group in the P2-site enhances its 

inhibition activity than amprenavir. Tipranavir is a non-peptidomimetic drug with 

dihydropyrone scaffold.  They were derived based on the strategy that they have reduced 

amount of peptidic backbone features but regaining the central hydroxyl group. Both 

molecules are rich in hydrophobic group to have interaction with the active site hydrophobic 

amino acids and also have polar group to interact with the catalytic residue Asp25. The 

peptide like carbonyl in the earlier inhibitors of PR was replaced by Sulphonamide group [1, 

2]. The ASP30ASN mutation modulates the confirmation of active site and disrupts the 

inhibitor binding. Reports proclaimed that the ASP30ASN mutation has no effect [5, 6] 

whereas, LEU76VAL mutant decrease the susceptibility of lopinavir and increase the same 
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for atazanavir [7]. Initially DFT studies has been carried out to understand the structure, 

stability and reactivity nature of second- and third-line drugs in gas phase. Further, molecular 

docking and molecular dynamics simulation have been carried out to obtain the structure, 

conformational modifications, stability and binding nature of all molecules with wild type, 

ASP30ASN and LEU76VAL mutant PR enzyme complexes. Free energy calculation results 

carry the detailed information about the coulomb, hydrogen bonding, lipophilic and Van der 

Waals binding free energy value of the wild type and mutant complexes. As a consequence, 

the present study provides a clear picture about the role of ASP30ASN and LEU76VAL 

mutant in the binding affinity of the drugs atazanavir, darunavir, lopinavir and 

tipranavirtowards the PR enzyme.   

2. Computational details 

2.1. Molecular optimization and molecular docking 

The molecular structures of second- and third-generation drugs have been obtained 

from pubchem database. Optimization of these molecules was carried out by density 

functional theory (DFT) method using the basis set 6-311G** incorporated in GUASSIAN03 

software package [8-10]. The highest occupied molecular orbital (HOMO), lowest 

unoccupied molecular orbital (LUMO) and molecular electrostatic potential (MEP) maps 

were got from using GaussView6 package [11]. The crystal structures of wild type (4HLA), 

ASP30ASN (2Q64) and LEU76VAL (3PWM) mutant PR enzyme were retrieved from 

protein data bank [12-14]. Further the optimized structures were converted into pdbqt form 

using Auto Dock Tools. In addition, polar hydrogens, united atom Kollman charges, 

solvation parameters and fragmental volume parameters were added to the wild type, 

ASP30ASN and LEU76VAL mutant protein structures and saved in pdbqt form. Auto Grid 

was used for the preparation of the grid map using a grid box. The grid size was set to 

30 × 30 × 30 xyz points with the default grid spacing and grid centre was designated at 

dimensions (x, y, and z): for wild type, ASP30ASN and LEU76VAL mutant PR enzymes 
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were 11.57, -22.14 and 0.294; -12.125, 22.1 and 24.62; 14.8, 12.81 and 18.611, respectively. 

From the ligand, protein pdbqt files and grid box properties configuration files 

AutoDockVina was employed for docking. AutoDockVina provides iterated local search 

global optimizer [15-18]. The results less than 1.0 Å in positional root-mean-square 

deviation (RMSD) was clustered together and represented by the output with the most 

favourable free energy of binding. The pose with lowest energy of binding or binding affinity 

was extracted and aligned with receptor structure was saved as complex pdb file and used for 

further analysis [19]. The lowest binding energy values of thewild type, ASP30ASN and 

LEU76VAL mutant complexes are -9.7, -9.8, -11.3 (atazanavir and darunavir), and -10.2, -

10.4, -12.4 (lopinavir and tipranavir) kcal/mol, respectively.  

2.2. Molecular dynamics and free energy calculations 

MD simulation was completed using OPLS_2005 force field implemented in 

Desmond package implemented in Schrödinger suite [20, 21]. The buffer was set with 

orthorhombic periodic boxes of volume 10 Å3 was constructed using TIP3P water association 

system. Charged ions (Na+/Cl-) were placed isotopically to neutralize the Ewald charge 

summation. Minimization of the system has been carried out by steepest descent and 

conjugated gradient methods and canonical ensemble (NVT) was maintained while heating 

the system from 0 to 300K at 200 ps. Finally, the MD production has been carried out with 

isothermal-isobaric ensemble (NPT), constant temperature (300 K) and pressure (1 bar) up to 

100 ns for all the complex systems were performed in 2 fs time step. RMSD and root mean 

square fluctuation (RMSF) [22, 23] of atazanavir, darunavir, lopinavir and tipranavir-wild 

type, ASP30ASN and LEU76VAL mutant complexes were observed to predict the strength of 

the intermolecular interactions and conformational changes. The principal component 

analysis (PCA), details of cross correlation map (DCCM) plots, solvent accessible surface 

area (SASA) and inter and intramolecular hydrogen bond analysis were created with the 

CPPTRAJ and R-package software [24, 25].The interaction of second- and third-line 
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inhibitors with wild type, ASP30ASN and LEU76VAL mutant were analysed using PyMOL 

software [The Pymol Molecular Graphics System Version 2.0, Schrodinger LLC] and 

Discovery Studio Visualizer [BIOVIA, San Diego, CA, USA].The binding free energy 

(MM/GBSA) of the complex structures were calculated from MD simulation trajectories by 

Prime application available in Schrodinger software package [26-28].In order to obtain the 

free energy landscape (FEL) of the complexes, the free energy value was calculated using ΔG 

= -RT ln (Pij/P0) where Pij is the population of structures and P0 is the maximum 

population.Hence theFELvalues of the complexes were obtained from in-house script. The 

corresponding scatter plots were generated using origin software package. 
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3. Results 
3.1. Global descriptors of molecules atazanavir and lopinavir 

 The MEP and HOMO-LUMO plots of atazanavir, darunavir, lopinavir and tipranavir 

molecules are shown in Figure S1. The corresponding global descriptors of the molecules 

retrieved from HOMO-LUMO energy values are listed in Table 1. 

In MEP plot the electrophilic regions are shown in red colour and the nucleophilic 

regions are in blue colour. Whereas, the electrophilic region designates the reactive regions of 

the molecules. The positive electron density is shown in red colour and the negative electron 

density is shown in green colour of HOMO-LUMO plots. Based on global hardness and 

HOMO-LUMO band gap energy values all the molecules seem stable and atazanavir has the 

lowest chemical reactivity and high kinetic stability than all other molecules. The lower 

LUMO energy of atazanavir and tipranavir, stands for nucleophilic natureprefers to bind with 

positively charged amino acids. Whereas darunavir and lopinavir were electrophilic by 

default and prioritize positively charged amino acids to interact. The chemical potential 

defines the propensity of electrons to escape from the fundamental state, whereas lopinavir 

possess lower energy value than other molecules. Electronegativity is the measure of 

tendency to attract electrons by an atom in a chemical bond, hence atazanavir and darunavir 

has more electrophilic than other two molecules and they might form more number of 

intermolecular interactions. The electrophilicity index is the measure of toxicity of the 

molecule based on the energy flow within the molecule. Tipranavir has more electrophilic 

index (~0.14) than atazanavir (~0.09), darunavir (~0.08) and lopinavir (~0.07). Even though, 

all the values are moderately low and they are less toxic in nature.  
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3.2. RMSD, RMSF, Rg and DCCP plots of second- and third-line drugs in complex with 
wild type, ASP30ASN and LEU76VAL mutant PR enzyme.  

 
 In molecular docking the interaction of the drugs with wild type and mutant 

(ASP30ASN and LEU76VAL) PR proteins are almost similar and did not show notable 

conformational changes in the protein (Data not shown). The RMSD and RMSF plots of all 

the molecules in complex with wild type, ASP30ASN and LEU76VAL mutant PR enzyme is 

shown in Figure S2A and B, respectively. The corresponding RMSD values of all the 

complexes are below 2 Å proposes the high stability of the system. Especially, tipranavir-wild 

type, ASP30ASN and LEU76VAL mutant complexes possess RMSD value in the range of 

~1.5 Å, respectively. Whereas the RMSD value of darunavir-ASP30ASN mutant PR enzyme 

complex after 35 ns MD simulation reached around 2 to 2.3 Å. Further detailed analysis 

indicates that the wild type complexes have RMSD value of the range 1.5 Å. Both 

ASP30ASN and LEU76VAL mutation of PR enzyme plays different role in drug binding 

except tipranavir. Proportionately the RMSD values of atazanavir-ASP30ASN seems lower 

than atazanavir-LEU76VAL mutant PR enzyme complex. For darunavir and lopinavir based 

complexes the ASP30ASN mutation increased the RMSD value whereas, LEU76VAL 

mutation reduced the same.  

The RMSF values of atazanavir, darunavir and tipranavir-wild type, ASP30ASN and 

LEU76VAL mutant PR enzyme complexes are within the range of 2 Å except for darunavir-

ASP30ASN mutant PR complex. Thecorresponding RMSF values of this complex reached 2 

Å to 3.7 Å, around flap region amino acids and substrate binding domain. The active site of 

atazanavir, darunavir lopinavir and tipranavir wild type PR enzyme complexes undergoes low 

fluctuations. Hence, the ASP30ASN and LEU76VAL mutation hikes the RMSF values of 
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active site amino acids present in the atazanavir-PR enzyme complex. Except lopinavir-wild 

type PR enzyme complex the flap domain of all wild type complexes exhibits low RMSF 

values. The ASP30ASN mutation hikes the flap domain RMSF values andon the other hand, 

the LEU76VAL mutation increased the RMSF values of substrate binding region of all the 

complexes. The Rg values of all the complexes are shown in figure S3 about the range of 17-

18 Å, respectively. This stable range denotes the high compactness and low secondary 

structure modifications during MD simulation.  
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3.3. PCA and DCCM plots 

 The PCA and DCCM graphs of second and third-generation drugs-wild type, 

ASP30ASN and LEU76VAL mutant complexes are shown in Figure 1 and S4(A-D), 

respectively. To extract the main concerted and functionally relevant motion from MD 

trajectory PCA plots has been utilized. Using PCA the global and collective motion of a 

ligand-receptor complex can be mined from local and fast motion. The corresponding PC1, 

PC2 and PC3 values of all the wild, mutant-type complexes and apo-form are listed in Table 

2. The first three eigenvectors revealed dominant motion with a higher eigenvalue. The apo-

form of wild type and Leu76Val PR enzyme has higher mobility than ligand bounded form, 

indicates the binding of drug affects the overall mobility of the PR enzyme. The molecules 

atazanavir and tipranavir controls the overall motion of the wild type PR enzyme than 

darunavir and lopinavir in comparison with the apo form. Whereas the molecules darunavir, 

lopinavir and tipranavir controls overall mobility of the Leu76Val mutant PR enzyme than 

atazanavir in comparison with apo-form. On the contrary, Asp30Asn mutation, exhibits lower 

motion than ligand bounded form. In particular atazanavir and darunavir increase the overall 

mobility of the complexes than lopinavir and tipranavir. These changes denote that mutation 

highly disrupts the mobility of PR enzyme during MD simulation. 

The DCCM plots of atazanavir, darunavir, lopinavir and tipranavir-wild type, 

ASP30ASN and LEU76VAL mutant complexes are shown in Figure S4 (A-D). The DCCM 

plots gives the clear picture about the correlation of amino acids with respect to ligand/drug 

molecule. The cyan colour indicates the presence of pair wise correlation residues and the 

pink colour denotes the presence of anti-pair wise correlation residues with respect to drug 

molecule. In the case of atazanavir and darunavir molecules, the ASP30ASN mutation leads 

to the higher occurrence of anti-pair wise correlating residues than the drugs lopinavir and 

tipranavir. The LEU76VAL mutant contributes some impact on the flap domain of atazanavir 

and substrate binding region of both atazanavir and darunavir than all other molecules.  
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3.4. Intermolecular interactions, binding free energy calculations and FEL analysis: 

 The intermolecular interactions between second-generation drugs and wild type, 

ASP30ASN and LEU76VAL mutant PR enzyme complexes are shown in Figure 2-6.The 

corresponding intermolecular distance values are listed in Table 3. In atazanavir-wild type 

and ASP30ASN mutant PR enzyme complexes, atazanavir forms strong hydrogen bonding 

and hydrophobic interactions with the catalytic triad amino acids Asp25 and Gly27; active 

site amino acids Arg8, Ala28 and Asp29; and flap domain residues Ile47 and Gly48. In 

atazanavir-LEU76VAL mutant complex, the drug losses its contact with active site and 

substrate binding region amino acids. As a consequence, the molecule moves towards the flap 

region and causes open confirmation. 

Darunavir formed strong interactions with catalytic domain, flap region and substrate 

binding domain of wild type and LEU76VAL mutant proteins. However, in ASP30ASN 

mutant, darunavir did not interacted with mutated amino acid Asn30 and substrate binding 

region amino acids.  Nevertheless, darunavir formed strong interaction with the flap domain 

residues in ASP30ASN mutant protein. Unlike ASP30ASN, in wild type and LEU76VAL 

mutant PR enzymes it formed strong hydrogen bonding interactions with Asp30. In addition, 

hydrophobic interactions with substrate binding region amino acids Pro81, Val82 and Ile84 

are observed.   

The lopinavir-wild type PR enzyme complex formed strong interactions with active 

site and flap domain amino acids and not with catalytic triad residues.Such effect is reflected 

in RMSD and RMSF plots of the same complex. Whereas, the ASP30ASN and LEU76VAL 

mutant causes reverse effect in lopinavir binding that leads to decrease in RMSD and RMSF 

values.  In ASP30ASN mutant PR, lopinavir formed strong intermolecular interactions with 

catalytic triad, active site and flap domain amino acids whereas these interactions got weaker 

due to LEU76VAL mutation. Especially, in ASP30ASN mutant PR enzyme complex, the 
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intermolecular distances of amino acids Asp25 and Ile50 are around 1.6 and 3.0 Å, and 

inLEU76VAL mutant complex the distances become 2.3 Å with lopinavir.  

Therefore, due to LEU76VAL mutation the molecule lopinavir moved towards flap 

domain from catalytic triad during MD simulation and the flap domain loop structure gets 

modified into energetically less favoured parallel beta sheets. The corresponding secondary 

structure modifications of the complexes during docking and 100 ns MD simulations are 

shown in Figure 5. 

The tipranavir molecule formed similar kind interactions with the amino acids of wild 

type, ASP30ASN and LEU76VAL mutant PR enzyme. However, tipranavir lost its 

interactions with substrate binding domain of ASP30ASN mutant PR enzyme during MD 

simulation. There are no significant changes in interactions with LEU76VAL mutant 

complex. The LEU76VAL mutation weakens the hydrophobic contacts of tipranavir with 

substrate binding region amino acids. 

The binding free energy values of all the complexes are listed in Table 4. The ASP30ASN 

mutation affects the total binding free energy of all the complexes. In order to evident the 

other results the darunavir-ASP30ASN mutant PR enzyme complex has the highest binding 

free energy (-51.5 kcal/mol). The coulomb and hydrogen bonding interaction energy of 

atazanavir and lopinavir based complexes gets increased in the order of wild type, 

ASP30ASN and LEU76VAL mutant PR enzyme complexes. In special case, the coulomb 

interaction energy value of lopinavir-LEU76VAL mutant PR enzyme complex is excessive 

which is about 1.3 kcal/mol. The total binding free energy of tipranavir-LEU76VAL mutant 

complexes seems to be the lowest among all other complexes(-93.3 kcal/mol). This 

phenomenonattributes that the molecule binding may not be affected by the 

LEU76VALmutation.Overall, the total binding free energy value of darunavir ASP30ASN 

mutant complex seems higher than other complexes. Despite that, the LEU76VAL mutant 

decreases the covalent interaction energy of darunavir-PR enzyme complex than all other 
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LEU76VAL mutant complexes. Interestingly, the ASP30ASN mutation causes low covalent 

interaction energy in darunavir-ASP30ASN mutant complex than all other complexes.  

 The FEL plots of apo form and all the complexes are shown in Figure 7. The 

minimum free energy values of apo form wild type, ASP30ASN and LEU76VALPR enzyme 

structures during MD simulation indicates the LEU76VAL mutation increase the overall 

energy of PR enzyme and the agreeing values are 3.2, 3.0 and 4.0 kcal/mol, respectively.In 

the case of wild type PR enzyme, the minimum free energy value of apo form and ligand-

based complexes are almost similar except darunavir and lopinavir. Whereas, these two 

molecules reduced the free energy value of the enzyme. The relative values of apo form, 

atazanavir, darunavir, lopinavir and tipranavir-PR enzyme complexes are 3.2, 2.6, 3.2, 2.8 

and3.1 kcal/mol, respectively. The minimum free energy value of ASP30ASN mutation in 

apo form and the ligand-based complexes are 3.0, 3.2, 2.9, 3.0 and 3.9 kcal/mol, respectively. 

This value signifies that binding tipranavir with this mutant PR enzyme requires more energy. 

The minimum free energy values of LEU76VAL mutant PR enzyme gets reduced more due to 

binding of drugs. The corresponding values are 4.0, 3.2, 3.3, 3.4 and 3.2 kcal/mol, 

respectively.
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3.5 SASA and hydrogen bonding analysis 

 SASA is a key metric in MD simulations used to measure how much of a molecule's 

surface is exposed to the solvent. It is often used to study protein folding, binding 

interactions, and conformational changes. High SASA value indicates the complex undergoes 

more exposure towards solvent and low SASA denotes less revelation. 

 The apo form of wild type PR enzyme has low SASA value than ligand bounded form 

and mutated case. The value indicates that, ligand binding and mutation affects the overall 

conformation of the PR enzyme. In addition, SASA values of each drug molecule has been 

investigated and the corresponding plots are shown in Figure S5. The SASA value of 

atazanavir, darunavir and lopinavir wild type PR enzyme complexes are in the range of 

10800-11200 Å2and for tipranavir based complex the value ranges around 10400 to 11000 

Å2, respectively. Similarly, SASA values of apo form, atazanavir and darunavir ASP30ASN 

PR enzyme complex shares similar solvent exposure region, 10800-11600 Å2, respectively.                  

The lopinavir based complex shows less solvent exposure than others whereas, tipranavir 

based complex has an uneven exposure during MD simulation. The drug binding reduces the 

SASA values of LEU76VAL PR enzyme, the molecules darunavir, lopinavir and tipranavir 

displays compact form and the values ranges between 10000-10600 Å2, respectively. For 

atazanavir based complex the molecule displays slightly increased area (10750-11000 Å2).  

 The intramolecular hydrogen bonding analysis plot shown in figure S6, reveals that 

mutation and drug binding disrupt the network of interaction within the protein.                                

The LEU76VAL mutation, impacts less on intramolecular network than ASP30ASN 

mutation.  

The intermolecular hydrogen bonding between drugs and wild, ASP30ASN and LEU76VAL 

mutant PR enzyme complexes are shown in figure S7. In wild type PR enzyme complexes, 

atazanavir exhibits more interactions than other three molecules. In the case of ASP30ASN 

mutant PR enzyme complex, atazanavir and lopinavir molecules displays more interactions 
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than others. The tipranavir-LEU76VAL mutant PR enzyme complex exhibits less interactions 

than other three complexes.  

4. Discussion       
4.1. Atazanavir-wild type, ASP30ASN and LEU76VAL mutant PR enzyme complexes 

 Atazanavir has low toxicity than all other protease inhibitors. Although, high 

ionization potential value and electrophilic index of atazanavir was reflected in its EC50 

which is in the range of 2.6 to 5.3 nM. Whereas, the drug darunavir has the EC50 value of 17 

nM and the respective ionization potential and electrophilic index values seems low [29-31].                               

The ASP30ASN mutation increased the fluctuations of active site and flap domain amino 

acids in atazanavir-PR enzyme complex and does not affect the substrate binding region. As a 

consequence, anti-pair wise cross correlating residues are prominently present in the same 

complex that leads to the increase in motion of the system and causes less stability of the 

complex. Further, the less stability may accompany with the declination of susceptibility of 

atazanavir towards ASP30ASN mutant PR enzyme. In atazanavir-wild type PR enzyme 

complex the central hydroxyl (OH) group formed strong hydrogen bonding interaction with 

Asp25 (2.8 Å) and for ASP30ASN (3.6 Å) however inLEU76VAL mutations the interaction 

got weaker. However, atazanavir formed hydrophobic interactions with the substrate binding 

regions of wild type, ASP30ASN and LEU76VAL mutant PR enzyme.  

Reports proclaim that LEU76VAL mutant causes hyper susceptibility of atazanavir 

towards PR enzyme [32-34]. Nevertheless, the underlying mechanism is not yet recognised. 

The unknown mechanism of high susceptibility of atazanavir towards LEU76VAL mutant PR 

enzyme has been revealed in the present study using 100 ns MD simulation of atazanavir-

LEU76VAL mutant complex and is as follows: Leu76, forms Van der Waals interactions with 

Asp30, Thr74, and with the side chains of Lys45 and Ile47 in the first β-strand of the two-

stranded flap and behaves as a central component of flap-substrate binding region interface. 

Also, it connects the flap and active site residues via exclusive hydrophobic interaction 
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network. The major goal of LEU76VAL mutation is to reduce the hydrophobic contacts 

between substrate binding region and flap domain to lead the open conformation formation 

and dissociation of dimer [35-39]. Yet, atazanavir betrays the LEU76VAL mutational effects 

via strong hydrogen and hydrophobic bonding with the flap domain residues Gly48, Gly49 

and Ile50; and hydrophobic interaction with the substrate binding region amino acids Thr80, 

Pro81 and Val82. Such interactions result in lower hydrophobic interaction energy for 

atazanavir binding with the LEU76VAL mutant PR enzyme (Table 4). In this way atazanavir 

retains the dimer stability and closed conformation; subsequently the susceptibility of 

atazanavir becomes high in the case of LEU76VAL mutant PR enzyme. 

4.2. Darunavir-wild type, ASP30ASN and LEU76VAL mutant PR enzyme complexes:  

The lower HOMO energy value of darunavir indicates the large reactive nature of the 

molecule when react with electrophiles. Therefore, darunavir is more favour for catalytic 

amino acid Asp25 and other negatively charged amino acids present active site. Darunavir 

has no observed cytotoxicity up to 1000 μM concentration [3]and the respective 

electrophilicity index is also quite low. Electrophilicity value predicts that energy flow within 

the molecule, whichwas low in darunavir in comparison to atazanavir and tipranavir, 

indicates the lower toxicity of the molecule [4]. The changes in RMSD and RMSF values of 

Darunavir-ASP30ASN complex indicates conformational modifications in the complex 

system. Especially the RMSF value of amino acids Gly48-Phe53 and Pro81 of both subunits 

seems higher than other amino acids. These amino acids fall around flap region and substrate 

binding region specifies the effect of ASP30ASN mutation disturbing the binding of 

darunavir. The ASP30ASN mutation modifies the orientation of Asp30 to face away from the 

binding pocket and hinders its access to PR inhibitors [5]. The DCCM plots represent that 

ASP30ASNand LEU76VAL mutant PR enzyme encourages formation of anti-pairwise 

correlation. This denote the higher resistivity of both mutant PR enzymeover darunavir and 

supports the experimental reports[6, 7]. The ASP30ASN mutation causes the shrinking of 
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active site pocket volume and that contribute to the movement of darunavir towards the flap 

domain [8]. Further investigating these phenomena in detail via intermolecular interaction 

analysis explores that darunavir almost lost its contact with catalytic and substrate binding 

site that leads to semi-open conformation of flap domain and prohibits the access of darunavir 

to the catalytic domain of ASP30ASN mutant protein. The MM-GBSA free energy studies 

also confirmed that the rise of electrostatic and van der Waals interaction energy values refers 

to the resistive mechanism of ASP30ASN against darunavir [9]. Further, by analysing the 

intermolecular contacts of darunavir-LEU76VAL mutant PR complex from MD simulation 

studies confirmed that the LEU76VAL mutation disrupted the hydrogen bonding network of 

Leu76 with the binding pocket amino acids especially, Asp25, Asp30/Lys45, Asp30, 

Thr31/Thr74 and lowered the internal hydrophobic contacts [10]. The hydrophobic 

interactions of darunavir with the substrate binding region was dislocated and it was 

confirmed by the presence of anti-pairwise correlating residues and changes in hydrophobic 

and van der Waals interaction energy of the darunavir-LEU76VAL mutant complex. 

4.3. Lopinavir-wild type, ASP30ASN and LEU76VAL mutant PR enzyme complexes:  

The lopinavir drug has higher chemical reactivity and chemical potential than 

atazanavir. Also, lopinavir is nucleophilic in nature. The RMSD of lopinavir-ASP30ASN 

mutant PR enzyme gets increased and the corresponding value gets decreased for LEU76VAL 

mutant complex with respect to wild type. The high RMSD value of earlier one is due to the 

high fluctuations of active site and flap domain residues whereas the low RMSD value of 

later is due to nominal fluctuations of the same than wild type. Occurrence of anti-pair wise 

cross correlating residues is nearly same for wild type and ASP30ASN mutant PR enzyme 

and less for LEU76VAL mutant. In relationship with the RMSD, RMSF and DCCM plots 

ASP30ASN mutant complex have higher mobility and less stability than wild type and 

LEU76VAL mutant complexes.Despite, the intermolecular interaction between hydroxyl 
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group of lopinavir with Asp25 becomes stronger (~1.6 Å) than wild type and LEU76VAL 

mutant complexes. By this way lopinavir is stable against ASP30ASN mutation.  

According to reports the LEU76VAL mutant was developed to resist lopinavir, 

however binding of lopinavir with the LEU76VAL mutant active site was found to be not 

affected by the mutation in the earlier study [35]. Also, it has been postulated that the 

decrease in potency of lopinavir might be due to altered flap opening and closing dynamics. 

Due to reduced hydrophobic interaction and higher dimer dissociation constant, the 

LEU76VAL mutant enzyme was found to be less stable [14]. Insights in the structural 

properties through intermolecular interactions reveals that due to LEU76VAL mutation the 

large side chain of leucine has been modified with small side chain of valine. Owing to the 

emergence of free space in that region; the side chains of charged residues Asp30, Lys45 and 

Gln58 are shifted towards the binding pocket and alters the electrostatic properties of the 

active site [7, 40-44]. In accordance, in the present study, coulomb interaction energy of 

lopinavir-LEU76VAL mutant PR enzyme complex was found to be elevated than all other 

complexes (Table 4). Although such interaction energy barrier occurs, the interaction of 

lopinavir with active site and flap domain region might rescue the dimer stability and flap 

movement. From this present study the proposed drug resistance mechanism is as follows: 

The α-helix secondary structure conformation of substrate binding region (B-chain: Arg87-

Leu89) has been converted into more stable loop confirmation [45]. By this way lopinavir 

might rescue the dimer stability. Consequently, the loop conformation of flap domain (A-

chain) visualized in docking studies was changed into energetically less favoured β-sheets 

during MD simulation in the presence of lopinavir. This may lead to altered flap opening and 

closing dynamics in the presence of lopinavir [46]. Further, flap opening may cause substrate 

binding inside the active site and drug inhibition failure may occur.  Overall, the LEU76VAL 

mutation might counterfeit the lopinavir inhibition by altered flap mobility as well as 

lopinavir binding might decrease the dimer instability of the LEU76VAL mutant [35].  
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4.4. Tipranavir-wild type, ASP30ASN and LEU76VAL mutant PR enzyme complexes:  

The electrophilicity index of tipranavir is higher than all other drugs of the present 

study. There is no observed cytotoxicity concentration of tipranavir up to 100 µM [11] which 

is very low in comparison with darunavir (~1000 µM). While lower LUMO energy value of 

tipranavir denotes molecular reaction with nucleophiles. Hence the drug forms strong 

intermolecular interaction with the residue Arg8 during MD simulation. The RMSD and 

RMSF values were also quite low than other drugs investigated in the present study. This 

indicates that tipranavir is one of the strong inhibitors among the second and third generation 

drugs and remains stable even in the presence of ASP30ASN and LEU76VAL mutant PR 

enzyme. The DCCM plots also confirms that the development of anti-pairwise correlation 

residues towards tipranavir was very less than other drugs (Figure S4). The PCA plots and the 

corresponding PC values of tipranavir-wild type, ASP30ASN and LEU76VAL mutant 

complexes were also seems to be smaller (Table 2). Hence the mobility of the tipranavir 

based complex was low during MD simulation and suggest the higher stability of the same. 

The intermolecular interactions reveal that tipranavir forms strong hydrogen bonding and 

hydrophobic interactions with the active site, flap domain and substrate binding domain 

residues of both ASP30ASN and LEU76VAL mutant PR enzyme up to 100 ns MD 

simulation. Whereas, other third line drug darunavir loosed its contact with active site due to 

ASP30ASN mutation. Reports proclaimed that LEU76VAL mutation increases the 

susceptibility of tipranavir towards PR enzyme[7]. In order to support the experimental 

results, the tipranavir-LEU76VAL mutant PR enzyme complex has very less anti-correlation 

residues, least mobility in PC analysis, strong intermolecular interactions with active site, flap 

domain and substrate binding domain residues, lowest binding free energy and van der Waals 

interaction energy, respectively. As a consequence, tipranavir rigidify the flap domain of wild 

type and mutant PR enzyme than other second and third line drugs and supports the 
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experimental results [12]. Hence the drug shall not move away from the active site of wild 

type, ASP30ASN and LEU76VAL mutant PR enzyme and may prohibits the enzyme activity.  

5. Conclusion 

The molecular level resistance mechanism of some second and third-generation PR 

inhibitors has been investigated using DFT, molecular docking, MD simulation and free 

energy calculations.The ASP30ASN mutation interferes the binding of atazanavir and 

darunavir with the active site, flap domain and substrate binding region to cause open 

confirmation therefore may results in resistivity of PR enzyme. In MD simulation for 100 ns, 

RMSD and RMSF plots indicates that ASP30ASN mutation highly impacted darunavir 

interaction. Especially the flap domain undergone more fluctuations and led to semi-open 

conformation in darunavir-ASP30ASN mutant PR complex. The intermolecular interactions 

and free energy values also confirmed that darunavir gets affected by mutation, which is due 

to the higher reactivity of darunavir as calculated from global descriptors. Hence the new 

drug should be highly hydrophobic to regain these contacts to make the complex more stable. 

However, the ASP30ASN mutation tightens the binding of lopinavir and tipranavir with the 

above said regions and influenced theirhigher susceptibility towards PR enzyme. LEU76VAL 

mutant plays differently in the binding of second and third-generation drugs atazanavir, 

lopinavir, darunavir and tipranavir with PR enzyme. The mutation causes hyper susceptibility 

for atazanavir, darunavir and tipranavir and resistivity for the lopinavir. The above said three 

drugs betrays the effect of LEU76VAL mutant PR enzyme via strong bonding with the flap 

domain and substrate binding region amino acids. This leads to stable atazanavir, darunavir 

and tipranavir-LEU76VAL mutant PR enzyme complex and improves drug activity. While, in 

lopinavir-LEU76VAL mutant PR enzyme complex; the electrostatic properties of the active 

site have been altered due to mutation and it was confirmed via high coulomb interaction 

energy for lopinavir.Also, lopinavir binding may altered the flap mobility dynamics and 

increase the dimer stabilization of LEU76VAL mutant PR enzyme thereby would increase the 
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resistance of LEU76VAL mutant towards lopinavir. Hence these evidences of resistance 

mechanism obtained from present study is crucial for further drug designing strategy. 

  

ISSN NO : 0363-8057

PAGE NO: 671

GRADIVA REVIEW JOURNAL

VOLUME 11 ISSUE 7 2025



References  

[1] S.Y. Lokpo, P.J. Ofori-Attah, L.S. Ameke, C. Obirikorang, V.N. Orish, G.E. Kpene, E. 
Agboli, G. Kye-Duodu, J.G. Deku, B.K. Awadzi, Viral suppression and its associated 
factors in HIV patients on highly active antiretroviral therapy (HAART): a retrospective 
study in the HO municipality, Ghana, AIDS Research and Treatment 2020 (2020) 1-7. 

[2] P.W. Hruz, H. Murata, M. Mueckler, Adverse metabolic consequences of HIV protease 
inhibitor therapy: the search for a central mechanism, American Journal of Physiology-
Endocrinology and Metabolism 280(4) (2001) E549-E553. 

[3] A. Wlodawer, J. Vondrasek, Inhibitors of HIV-1 protease: a major success of structure-
assisted drug design, Annual review of biophysics and biomolecular structure 27(1) 
(1998) 249-284. 

[4] A.K. Ghosh, H.L. Osswald, G. Prato, Recent Progress in the Development of HIV-1 
Protease Inhibitors for the Treatment of HIV/AIDS, Journal of medicinal chemistry 
59(11) (2016) 5172-5208. 

[5] S. Mehandru, M.J.E.o.o.i.d. Markowitz, Tipranavir: a novel non-peptidic protease 
inhibitor for the treatment of HIV infection, Expert opinion on investigational drugs 
12(11) (2003) 1821-1828. 

[6] Y. Koh, H. Nakata, K. Maeda, H. Ogata, G. Bilcer, T. Devasamudram, J.F. Kincaid, P. 
Boross, Y.-F. Wang, Y. Tie, Novel bis-tetrahydrofuranylurethane-containing nonpeptidic 
protease inhibitor (PI) UIC-94017 (TMC114) with potent activity against multi-PI-
resistant human immunodeficiency virus in vitro, J Antimicrobial agents 47(10) (2003) 
3123-3129. 

[7] S.-Y. Rhee, M. Boehm, O. Tarasova, G. Di Teodoro, A.B. Abecasis, A. Sönnerborg, A.J. 
Bailey, D. Kireev, M. Zazzi, G. EuResist Network Study, Spectrum of Atazanavir-
Selected Protease Inhibitor-Resistance Mutations, Pathogens 11(5) (2022) 546. 

[8] S.-Y. Rhee, J. Taylor, W.J. Fessel, D. Kaufman, W. Towner, P. Troia, P. Ruane, J. 
Hellinger, V. Shirvani, A. Zolopa, HIV-1 protease mutations and protease inhibitor 
cross-resistance, Antimicrobial agents and chemotherapy 54(10) (2010) 4253-4261. 

[9] T. Bastys, V. Gapsys, H. Walter, E. Heger, N.T. Doncheva, R. Kaiser, B.L. de Groot, O.V. 
Kalinina, Non-active site mutants of HIV-1 protease influence resistance and 
sensitisation towards protease inhibitors, Retrovirology 17(1) (2020) 1-14. 

[10] J.K. Labanowski, J.W. Andzelm, Density functional methods in chemistry, Springer 
Science & Business Media2012. 

[11] R.G. Parr, W.J.A.r.o.p.c. Yang, Density-functional theory of the electronic structure of 
molecules, Annual review of physical chemistry 46(1) (1995) 701-728. 

[12] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R. Cheeseman, 
J.A. Montgomery, T. Vreven, K.N. Kudin, J.C. Burant, Pople. Gaussian 03, Revision C. 
02. Wallingford CT: Gaussian, Inc, 2004. 

[13] R. Dennington, T.A. Keith, J.M. Millam, GaussView, version 6.0. 16, J Semichem Inc 
Shawnee Mission KS  (2016). 

[14] R.S. Yedidi, K. Maeda, W.S. Fyvie, M. Steffey, D.A. Davis, I. Palmer, M. Aoki, J.D. 
Kaufman, S.J. Stahl, H.J.A.a. Garimella, chemotherapy, P2′ benzene carboxylic acid 
moiety is associated with decrease in cellular uptake: evaluation of novel nonpeptidic 
HIV-1 protease inhibitors containing P2 bis-tetrahydrofuran moiety, Antimicrobial 
agents 57(10) (2013) 4920-4927. 

[15] M. Kožíšek, J. Bray, P. Řezáčová, K. Šašková, J. Brynda, J. Pokorná, F. Mammano, L. 
Rulíšek, J.J.J.o.m.b. Konvalinka, Molecular analysis of the HIV-1 resistance 
development: enzymatic activities, crystal structures, and thermodynamics of 
nelfinavir-resistant HIV protease mutants, Journal of molecular biology 374(4) (2007) 
1005-1016. 

ISSN NO : 0363-8057

PAGE NO: 672

GRADIVA REVIEW JOURNAL

VOLUME 11 ISSUE 7 2025



[16] J.M. Louis, Y. Zhang, J.M. Sayer, Y.-F. Wang, R.W. Harrison, I.T.J.B. Weber, The L76V 
drug resistance mutation decreases the dimer stability and rate of autoprocessing of 
HIV-1 protease by reducing internal hydrophobic contacts, Biochemistry 50(21) (2011) 
4786-4795. 

[17] J. Baxter, Local optima avoidance in depot location, Journal of the Operational Research 
Society 32(9) (1981) 815-819. 

[18] C. Blum, A. Roli, M. Sampels, Hybrid metaheuristics: an emerging approach to 
optimization, Springer2008. 

[19] J. Eberhardt, D. Santos-Martins, A.F. Tillack, S. Forli, AutoDock Vina 1.2. 0: New 
docking methods, expanded force field, and python bindings, Journal of chemical 
information and modeling 61(8) (2021) 3891-3898. 

[20] S.S. Azam, S.W. Abbasi, Molecular docking studies for the identification of novel 
melatoninergic inhibitors for acetylserotonin-O-methyltransferase using different 
docking routines, Theoretical Biology and Medical Modelling 10(1) (2013) 1-16. 

[21] S. Vijayan, C. Loganathan, P. Sakayanathan, P.J.J.o.B.S. Thayumanavan, Dynamics, In 
silico and in vitro investigation of anticancer effect of newly synthesized nonivamide-s-
allyl cysteine ester, Journal of Biomolecular Structure and Dynamics 40(22) (2022) 
11511-11525. 

[22] K.J. Bowers, E. Chow, H. Xu, R.O. Dror, M.P. Eastwood, B.A. Gregersen, J.L. Klepeis, 
I. Kolossvary, M.A. Moraes, F.D. Sacerdoti, Scalable algorithms for molecular 
dynamics simulations on commodity clusters, Proceedings of the 2006 ACM/IEEE 
Conference on Supercomputing, 2006, pp. 84-es. 

[23] P. Johnson, C. Loganathan, A. Iruthayaraj, K. Poomani, P.J.B. Thayumanavan, S-allyl 
cysteine as potent anti-gout drug: Insight into the xanthine oxidase inhibition and anti-
inflammatory activity, Biochimie 154 (2018) 1-9. 

[24] P. Sakayanathan, C. Loganathan, S. Kandasamy, R.V. Ramanna, K. Poomani, 
P.J.I.j.o.b.m. Thayumanavan, In vitro and in silico analysis of novel astaxanthin-s-allyl 
cysteine as an inhibitor of butyrylcholinesterase and various globular forms of 
acetylcholinesterases, International journal of biological macromolecules 140 (2019) 
1147-1157. 

[25] N. Ashraf, A. Asari, N. Yousaf, M. Ahmad, M. Ahmed, A. Faisal, M. Saleem, M. 
Muddassar, Combined 3D-QSAR, molecular docking and dynamics simulations studies 
to model and design TTK inhibitors, Frontiers in chemistry 10 (2022) 1003816. 

[26] D.R. Roe, T.E.J.J.o.c.t. Cheatham III, computation, PTRAJ and CPPTRAJ: software for 
processing and analysis of molecular dynamics trajectory data, Journal of chemical 
theory 9(7) (2013) 3084-3095. 

[27] J. Li, R. Abel, K. Zhu, Y. Cao, S. Zhao, R.A.J.P.S. Friesner, Function,, Bioinformatics, 
The VSGB 2.0 model: a next generation energy model for high resolution protein 
structure modeling, Proteins: Structure, Function, 

and Bioinformatics 79(10) (2011) 2794-2812. 
[28] E. Wang, H. Sun, J. Wang, Z. Wang, H. Liu, J.Z.H. Zhang, T. Hou, End-point binding 

free energy calculation with MM/PBSA and MM/GBSA: strategies and applications in 
drug design, Chemical reviews 119(16) (2019) 9478-9508. 

[29] S. Genheden, U. Ryde, The MM/PBSA and MM/GBSA methods to estimate ligand-
binding affinities, Expert opinion on drug discovery 10(5) (2015) 449-461. 

[30] A. Dakshinamoorthy, A. Asmita, S. Senapati, Comprehending the Structure, Dynamics, 
and Mechanism of Action of Drug-Resistant HIV Protease, ACS omega 8(11) (2023) 
9748-9763. 

[31] N. Chouchène, A. Toumi, S. Boudriga, H. Edziri, M. Sobeh, M.A.O. Abdelfattah, M. 
Askri, M. Knorr, C. Strohmann, L. Brieger, Antimicrobial activity and DFT studies of a 

ISSN NO : 0363-8057

PAGE NO: 673

GRADIVA REVIEW JOURNAL

VOLUME 11 ISSUE 7 2025



novel set of spiropyrrolidines tethered with thiochroman-4-one/chroman-4-one 
scaffolds, Molecules 27(3) (2022) 582. 

[32] F. Wiesmann, J. Vachta, R. Ehret, H. Walter, R. Kaiser, M. Stürmer, A. Tappe, M. 
Däumer, T. Berg, G. Naeth, The L76V mutation in HIV-1 protease is potentially 
associated with hypersusceptibility to protease inhibitors Atazanavir and Saquinavir: is 
there a clinical advantage?, AIDS research and therapy 8(1) (2011) 1-9. 

[33] S. Alcaro, A. Artese, F. Ceccherini-Silberstein, F. Ortuso, C.F. Perno, T. Sing, V. Svicher, 
Molecular dynamics and free energy studies on the wild-type and mutated HIV-1 
protease complexed with four approved drugs: mechanism of binding and drug 
resistance, Journal of chemical information and modeling 49(7) (2009) 1751-1761. 

[34] T.P. Young, N.T. Parkin, E. Stawiski, T. Pilot-Matias, R. Trinh, D.J. Kempf, M. Norton, 
Prevalence, mutation patterns, and effects on protease inhibitor susceptibility of the 
L76V mutation in HIV-1 protease, Antimicrobial agents and chemotherapy 54(11) 
(2010) 4903-4906. 

[35] A. Wong-Sam, Y.-F. Wang, Y. Zhang, A.K. Ghosh, R.W. Harrison, I.T.J.A.O. Weber, 
Drug resistance mutation L76V alters nonpolar interactions at the flap–core interface of 
HIV-1 protease, Acs Omega 3(9) (2018) 12132-12140. 

[36] D.A. Ragland, E.A. Nalivaika, M.N.L. Nalam, K.L. Prachanronarong, H. Cao, R.M. 
Bandaranayake, Y. Cai, N. Kurt-Yilmaz, C.A. Schiffer, Drug resistance conferred by 
mutations outside the active site through alterations in the dynamic and structural 
ensemble of HIV-1 protease, Journal of the American Chemical Society 136(34) (2014) 
11956-11963. 

[37] H. Heaslet, R. Rosenfeld, M. Giffin, Y.C. Lin, K. Tam, B.E. Torbett, J.H. Elder, D.E. 
McRee, C.D. Stout, Conformational flexibility in the flap domains of ligand-free HIV 
protease, Acta Crystallographica Section D: Biological Crystallography 63(8) (2007) 
866-875. 

[38] J. Agniswamy, J.M. Louis, J. Roche, R.W. Harrison, I.T. Weber, Structural studies of a 
rationally selected multi-drug resistant HIV-1 protease reveal synergistic effect of distal 
mutations on flap dynamics, PloS one 11(12) (2016) e0168616. 

[39] I.T. Weber, J. Agniswamy, HIV-1 protease: structural perspectives on drug resistance, 
Viruses 1(3) (2009) 1110-1136. 

[40] M. Ahsan, C. Pindi, S. Senapati, Electrostatics plays a crucial role in HIV-1 protease 
substrate binding, drugs fail to take advantage, Biochemistry 59(36) (2020) 3316-3331. 

[41] E. Lefebvre, C.A. Schiffer, Resilience to resistance of HIV-1 protease inhibitors: profile 
of darunavir, AIDS reviews 10(3) (2008) 131. 

[42] R. Parr, V.J.J.A.C.S. Laszlo, Szentpály & S. Liu, Electrophilicity Index, J. Am. Chem. 
Soc 121 (1999) 1922-1924. 

[43] J.C. Clemente, R. Hemrajani, L.E. Blum, M.M. Goodenow, B.M. Dunn, Secondary 
mutations M36I and A71V in the human immunodeficiency virus type 1 protease can 
provide an advantage for the emergence of the primary mutation D30N, J Biochemistry 
42(51) (2003) 15029-15035. 

[44] I.J. dos Santos Nascimento, M. De Souza, D.C. Medeiros, R.O. de Moura, Dynamic 
Cross-Correlation Matrix (DCCM) Reveals New Insights to Discover New NLRP3 
Inhibitors Useful as Anti-Inflammatory Drugs, Medical Sciences Forum, MDPI, 2022, 
p. 84. 

[45] A. Tartaglia, A. Saracino, L. Monno, C. Tinelli, G. Angarano, Both a protective and a 
deleterious role for the L76V mutation, Antimicrobial agents and chemotherapy 53(4) 
(2009) 1724. 

[46] P. Laville, M. Petitjean, L. Regad, Structural Impacts of Drug-Resistance Mutations 
Appearing in HIV-2 Protease, Molecules 26(3) (2021) 611. 

ISSN NO : 0363-8057

PAGE NO: 674

GRADIVA REVIEW JOURNAL

VOLUME 11 ISSUE 7 2025



[47] J. Chen, S. Zhang, X. Liu, Q. Zhang, Insights into drug resistance of mutations D30N 
and I50V to HIV-1 protease inhibitor TMC-114: free energy calculation and molecular 
dynamic simulation, Journal of molecular modeling 16 (2010) 459-468. 

[48] E.S. Margerison, M. Maguire, D. Pillay, P. Cane, R.C. Elston, The HIV-1 protease 
substitution K55R: a protease-inhibitor-associated substitution involved in restoring 
viral replication, Journal of antimicrobial chemotherapy 61(4) (2008) 786-791. 

[49] V. Svicher, F. Ceccherini-Silberstein, F. Erba, M. Santoro, C. Gori, M.C. Bellocchi, S. 
Giannella, M.P. Trotta, A.d.A. Monforte, A. Antinori, Novel human immunodeficiency 
virus type 1 protease mutations potentially involved in resistance to protease inhibitors, 
Antimicrobial agents and chemotherapy 49(5) (2005) 2015-2025. 

[50] K. Champenois, A. Baras, P. Choisy, F. Ajana, H. Melliez, L. Bocket, Y. Yazdanpanah, 
Lopinavir/ritonavir resistance in patients infected with HIV‐1: two divergent resistance 
pathways?, Journal of medical virology 83(10) (2011) 1677-1681. 

[51] M. Nijhuis, A.M.J. Wensing, W.F.W. Bierman, D. de Jong, R. Kagan, A. Fun, C.A.J.J. 
Jaspers, K.A.M. Schurink, M.A. van Agtmael, C.A.B. Boucher, Failure of treatment 
with first-line lopinavir boosted with ritonavir can be explained by novel resistance 
pathways with protease mutation 76V, The Journal of infectious diseases 200(5) (2009) 
698-709. 

[52] A.e. Tavşanlı, B. Balta, Conversion of Helix 1 into a Loop in Prion Protein Misfolding, 
ACS omega 8(7) (2023) 7191-7200. 

[53] A. Perczel, Z. Gáspári, I.G. Csizmadia, Structure and stability of β‐pleated sheets, 
Journal of computational chemistry 26(11) (2005) 1155-1168. 

[54] M. Stefanik, J.J. Valdes, F.C. Ezebuo, J. Haviernik, I.C. Uzochukwu, M. Fojtikova, J. 
Salat, L. Eyer, D. Ruzek, FDA-approved drugs efavirenz, tipranavir, and dasabuvir 
inhibit replication of multiple flaviviruses in vero cells, Microorganisms 8(4) (2020) 
599. 

[55] J.W. Heal, J.E. Jimenez-Roldan, S.A. Wells, R.B. Freedman, R.A. Römer, Inhibition of 
HIV-1 protease: the rigidity perspective, Bioinformatics 28(3) (2012) 350-357. 

 

ISSN NO : 0363-8057

PAGE NO: 675

GRADIVA REVIEW JOURNAL

VOLUME 11 ISSUE 7 2025


