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Abstract: Based on experimental data, the anticancer activity of nelfinavir (NFV), a US Food and 

Drug Administration (FDA)-approved HIV-1 protease inhibitor (PI), was reported. Nevertheless, 

the mechanism of action of NFV is yet to be verified. It was hypothesized that the anticancer 

activity of NFV is due to its inhibitory effect on heat shock protein 90 (Hsp90), a promising target 

for anticancer therapy. Such findings prompted us to investigate the potential anticancer activity 

of all other FDA-approved HIV-1 PIs against human Hsp90. To accomplish this, “loop docking” – 

an enhanced in-house developed molecular docking approach – followed by molecular dynamic 

simulations and postdynamic analyses were performed to elaborate on the binding mechanism 

and relative binding affinities of nine FDA-approved HIV-1 PIs against human Hsp90. Due to 

the lack of the X-ray crystal structure of human Hsp90, homology modeling was performed to 

create its 3D structure for subsequent simulations. Results showed that NFV has better binding 

affinity (∆G =-9.2 kcal/mol) when compared with other PIs: this is in a reasonable accordance 

with the experimental data (IC50 3.1 µM). Indinavir, saquinavir, and ritonavir have close binding 

affinity to NFV (∆G =-9.0, -8.6, and -8.5 kcal/mol, respectively). Per-residue interaction energy 

decomposition analysis showed that hydrophobic interaction (most importantly with Val534 

and Met602) played the most predominant role in drug binding. To further validate the docking 

outcome, 5 ns molecular dynamic simulations were performed in order to assess the stability 

of the docked complexes. To our knowledge, this is the first account of detailed computational 

investigations aimed to investigate the potential anticancer activity and the binding mechanism of 

the FDA-approved HIV PIs binding to human Hsp90. Information gained from this study should 

also provide a route map toward the design, optimization, and further experimental investigation 

of potential derivatives of PIs to treat HER2+ breast cancer.

Keywords: binding free energy, loop docking, molecular dynamics, HIV-1 protease inhibitors, 

anticancer

Introduction
Cancer, a heterogeneous disease, is one of the major causes of death worldwide.1 

In 2008, GLOBOCAN estimated the occurrence of ∼12.7 million cancer cases and 

7.6 million cancer deaths (∼21,000 cancer deaths a day); of these, 56% (2.8 million) 

of the cases and 64% (4.8 million) of the deaths occurred in the economically 

developing countries.1 According to the American Cancer Society, it has been 

reported that there remains an expected increase in the cancer incidences in the 

next 20 years, more especially in African regions.2,3
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Cancer is an abnormal proliferation of cells that can 

lead to malignancy and death. These cells have the poten-

tial to elude other normal cells through the process called 

 metastasis.3 Causal factors like tobacco, chemicals, radiation, 

infectious organisms, inherited mutations, and hormones 

may act together to initiate or accelerate carcinogenesis. 

Among the numerous types of cancer, breast cancer is the 

most common cancer diagnosed in women worldwide.4 

Approximately two-thirds of breast cancer tumors are 

 hormone-dependent, requiring estrogens to grow, and estro-

gens are formed in the human body via a multistep route 

starting from cholesterol.5

Estrogen receptor and human epidermal growth factor 2 

(HER2) are familial hormones, which are sensitive recep-

tors of the human epidermal growth factor. HER2 consists 

of four subtypes (HER1–4),6 which are regulated at the 

level of expression by hormones; thus, HER2 is of greatest 

significance as it is a pivotal receptor target for breast cancer 

treatment. Compared with other types of breast cancer, 

HER2+ breast cancer tends to be more aggressive and less 

receptive to hormone treatments. According to published 

data, it was documented that ∼25%–30% of human breast 

cancers overexpress HER2,7,8 in which heat shock protein 

has been reported to play a role.9,10 Therefore, to block HER2 

overexpression, the subsequent step would be to inhibit the 

enzyme responsible for producing this estrogen, Hsp90. 

Hsp90 functions as a molecular chaperone, regulating the 

proper functionality of other proteins in the body.11

Hsp90 is a homodimer consisting of α and β chains. Each 

monomer of Hsp90 dimer contains four domains: 1) a highly 

conserved N-terminal domain (NTD), 2) C-terminal domain 

(CTD), 3) a middle domain, and 4) a charged linker that connects 

the NTD and middle domain12 as shown in Figure 1.

Hsp90 contains a highly conserved ATP-binding site near 

its NTD, as Hsp90 functions are energetically  expensive.14 

This Hsp90-ATP-binding site has been under intense phar-

maceutical investigation, as many designed drugs offer 

competitive inhibition against ATP for this site.12 The design, 

development, and discovery of new cancer chemotherapeutic 

cannot meet the demand and rate at which the disease is 

manifesting. The devastating effects are evident from the 

high mortality rate of inflicted patients, due to progression 

of the disease or inherited infection contracted from having 

a compromised immunity. Recent studies project that a more 

efficient procedure for drug development that reduces costs 

is to find new indications for already approved drugs; this 

process is referred to as “repositioning”.15–17 “Reposition-

ing” takes advantage of available data on existing drugs, 

limits risks and costs to pharmaceutical companies, and 

could advance the evaluation and movement of new cancer 

therapies to the clinic.

Shim et al18 analyzed the proteolytic profile of yeast 

Hsp90 full length for both NTD and CTD. This study identi-

fied five drugs that exhibited significant inhibitory potential 

on cell proliferation with the HER2+ breast cancer lines. 

These include mercaptopurine, nelfinavir mesylate, geftinib, 

triciribine, and 6-α-methylprednisolone. It was reported that 

four of the drugs, excluding nelfinavir (NFV) (IC
50 

=3.1 µM), 

offered negligible to relatively good inhibitory activity 

and were thus discarded as viable therapeutics. Shim et al 

reported the action of NFV in several breast cancer cell 

lines on a collection of yeast strain and identified Hsp90 as 

Figure 1 The crystal structure of hsp90 alpha (blue) and beta chain (gold; PDB code: 2cg9) showing its different domains.
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its target. To establish this fact, the effect of NFV on Hsp90 

and other cochaperones in rabbit reticulocyte lysates, using 

a coimmunoprecipitation assay, was determined in order to 

avoid any chance of changes in protein expression levels by 

drugs. The possibility that NFV had an anticancer effect on 

yeast Hsp90 and rabbit reticulocyte lysates raised the pos-

sibility that Hsp90 is the target of NFV in mammalian cells. 

Shim et al further projected that since NFV has no effect on 

trypsin digestion of NTD and middle domain of the Hsp90, 

it is likely that NFV binds to the Hsp90 CTD and induces 

conformational changes in the protein; which is a different 

mechanism from other Hsp90 inhibitors. The study, however, 

suggests that although NFV seems to interact with Hsp90 

via its CTD such as Novobiocin and induce a conforma-

tional change, however, its binding site differs from that of 

 Novobiocin.18 Another study further affirm this assumption 

that the CTD, which is responsible for maintaining Hsp90 

functional homodimeric state and coordinating interactions 

with several Hsp90 cochaperones, show some promising 

activities at its binding pocket.12 Khalid et al also hypoth-

esized that Hsp90 CTD binding by different drugs can cause 

conformational changes in the NTD, which alters its ATPase 

activity and client protein binding.19

A recent study presented by Srirangam et al reported that 

another protease inhibitor (PI), ritonavir, partially inhibit the 

functions of Hsp90 (K
D 

=7.8 µM).20 Based on the findings 

from the studies performed by Shim et al and Bernstein et al, 

it can be suggested that the US Food And Drug Administra-

tion (FDA)-approved HIV-1 PIs are promising dual inhibitors 

of cancer and HIV-1 protease.18,21

The study performed by Shim et al, however, has some 

limitations. Foremost, the precise mode of interaction between 

NFV and Hsp90 remains a mystery. Second, the objectivity 

and interpretation of experimental outcome on mammalian 

cells were not stated. Third, since NFV is the only HIV-1 PI 

that was investigated in this study, the relative affinities of 

other HIV PIs are missing. This has prompted us to conduct 

this extensive computational investigation in order to explore 

the relative binding affinity, as well as the potential use, of 

other FDA-approved HIV PIs as anticancer agents.

In this work, a homology model for the human Hsp90 

was built, enhanced docking approach was adopted (refer 

“Methods” section for details), and MD simulations for nine 

FDA-approved HIV PIs (Figure 2) at the Hsp90 CTD were 

performed. The 5 ns MD simulations were also performed on 

the docked complexes to validate the docking results.

We believe that the compilation of the computational and 

molecular modeling tools presented in this study could serve 

as powerful tools to answer the question about the reposi-

tioning of HIV-1 PIs as anticancer agents. Although this is 

coming from a computational perspective, this study could 

open a new gateway to further experimental evaluations of 

these drugs as anticancer agents.

Computational methodology
homology modeling of human hsp90 
protein structure
Due to the absence of a full human crystal structure of 

Hsp90 that comprises of both the NTD and CTD, the 

crystal structure of the human Hsp90 was modeled using 

the protein sequence obtained from Uniprot (Uniprot ID: 

P08238). The full human Hsp90 homolog was modeled by 

using three crystal structures of Hsp90 as templates: Hsp90 

from Saccharomyces cerevisiae (PDB Code: 2CG9), which 

contained the ATP bound in its active site; Hsp90 MD from 

Homo sapiens (PDB Code: 3PRY); and Hsp90 CTD from 

Leishmania major (PDB Code: 3HJC). Homology modeling 

was performed using the Modeller Software version 9.122 

add-on in chimera.23 Multiple sequence alignment was 

performed on CLUSTALW (Figure S1).24 The active-site 

residues were determined using Chimera Multi-align Viewer 

and validated using the SiteHound-web program.25 The 

homology model of the human Hsp90 was energy minimized 

and equilibrated via molecular dynamics (MDs) simula-

tions (refer “Molecular Dynamics Simulations” section) 

and then used for subsequent simulations. The sequence of 

the target protein was uploaded unto PSIPRED V3.326,27 in 

order to obtain a predicted 3D secondary structure of the 

enzyme. Comparing the homolog to the predicted 3D struc-

ture and assessment of the bond angles and torsional strain 

show the validation of the homology model. Ramachandran 

plot (Figure S2) for the analyses of bond angles and torsional 

strain was generated using Maestro.28 MolProbity29 results 

show that 98% of all residues are in the favored regions and 

.99.8% of all residues are in the allowed regions, which 

leaves a list of 20 outliers. The list shows that none of the 

active-site residues are part of these outliers.

Defining the active-site residues in the 
hsp90 homology model
Due to the lack of information on the active-site residues 

for the human Hsp90 CTD, the active-site residues were 

obtained from the Site-Hound web software.25 Closest active 

residues to the binding pocket were selected and used for 

further modeling studies. The identified active site residues 

for the human Hsp90 homolog CTD were Gln523, Val534, 
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Figure 2 a schematic representation of 2D structures of the nine FDa-approved hiV-1 Pis.
Abbreviations: 2D, two dimensional; FDa, Us Food and Drug administration; Pi, protease inhibitor.

Ser535, Lys538, Thr595, Tyr596, Gly597, Trp598, and 

Met602. The positions of these active-site residues were 

mapped in the corresponding human Hsp90β homolog to 

identify the CTD active-site pockets for further docking and 

MD simulations.

Building hiV-1 Pis–hsp90 complexes
loop docking
“Loop docking” protocol is an automated docking process, 

which was developed “in house”,30,31 in order to improve 

reliability and validity of docking results. The main idea of 

“loop docking” is based on performing consecutive runs of 

docking calculations starting from pre-docked poses with 

lower binding energy to ensure that the final docked pose 

has the lowest binding energy (highest binding affinity) over 

all runs. The total number of run (n) is defined by user. We 

found that 20 runs are enough to produce the lowest energy 

docked structure in most cases. “Loop docking” protocol 

is depicted in Figure 3. For example, if the initial docking 

produces a docked conformation with ∆G
x
 =-9.0, the second 
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run will automatically start from this conformation produced 

from the first run. If the second run produces a conformation 

with better ∆G value (lower binding energy, for example, 

∆G
x+1

 =-10.3), the third run will select this conformation and 

leave out the one produced from the previous run and so forth 

until the total number of run (n) is exhausted.

system preparation and docking parameters
The nine HIV-1 PIs were retrieved from ZINC database32 

and energy minimized using Avogadro software.33 To ensure 

thorough conformational sampling of the ligands, the low-

energy conformations were generated for each molecule 

using Omega v1.8b.34 For each compound, the lowest energy 

conformers were docked into the CTD active sites of Hsp90 

homolog using Autodock Vina software.35 The grid box was 

defined with the grid parameters being X =16, Y =22, and 

Z =28 for the dimensions and X =-81, Y =-54, and Z =56 

for the center grid box at the CTD. All docked human 

Hsp90–HIV-1 PI complexes were subjected to subsequent 

MD simulations.

Molecular dynamics simulations
MD simulations were performed using the graphics proces-

sor unit (GPU) version of the PMEMD engine provided 

with the AMBER 12 package.36,37 General amber force field 

(GAFF) parameters were calculated by antechamber module 

of AMBER 12 package. Hydrogen atoms of the proteins were 

added using the LEaP module in AMBER 12.37 The com-

plexes were obtained using Chimera and were solvated in an 

octahedron box of TIP3PBOX water with buffering distance 

of 8 Å between the protein surface and the box boundary;38 

assuming normal charge states of ionizable groups corre-

sponding to pH 7, sodium (Na+) counter-ions were added 

to achieve charge neutrality and to mimic biological envi-

ronment more closely. Cubic periodic boundary conditions 

were imposed and the long-range electrostatic interactions 

were treated with the particle-mesh Ewald method imple-

mented in AMBER 12 with a nonbonding cut-off distance 

of 10 Å. The partial atomic charges for the ligand were 

obtained using “antechamber”39 module of AMBER 12.  

Initial energy minimization, with a restraint potential of 

500 kcal/mol Å2 applied to the solute, was carried out 

with the aid of the SANDER module of the AMBER 12  

program using the steepest descent method in AMBER 12 

for 1,000 steps followed by conjugate gradient protocol 

for 2,000 steps. Due to the lack of parameters needed for 

the ligand in the Cornell et al force field,40 the missing 

parameters were created. Optimization of the ligands were 

first performed at the HF/6-31G* level with the Gaussian 

03 package.41 The standard AMBER force field for bioor-

ganic systems (ff03)42 was used to define the topology and 

parameter files for the enzyme and PIs using “gaff”43 based 

on the atom types of the force field model developed by 

Cornell et al.36 The entire system was freely minimized for 

1,000 iterations. Heating was performed for 50 ps from 0 K 

to 300 K with harmonic restraints of 5 kcal/mol Å2 using 

a Langevin thermostat with a coupling coefficient of 1/ps. 

The entire system was then equilibrated at 300 K with a 2 fs 

time step in the NPT ensemble for 500 ps, and Berendsen 

temperature coupling44 was used to maintain a constant pres-

sure at 1 bar. The SHAKE algorithm45 was employed on all 

atoms so as to constrain the bonds of all hydrogen atoms. 

With no restraints imposed, a production run was performed 

for 5 ns in an isothermal isobaric (NPT) ensemble using a 

Berendsen barostat with a target pressure of 1 bar and a 

pressure-coupling constant of 2 ps for analysis of the energy 

stabilization and root mean-square deviation (RMSD) values 

of the complex. The coordinate file was saved every 1 ps, 

and the trajectory was analyzed every 1 ps using the PTRAJ 

module implemented in AMBER 12.

Results and discussion
human hsp90 homology model
Due to the lack of a human Hsp90 that comprised of the 

middle domain, CTD, and NTD, a homology model of 

the human Hsp90β was generated. Using the Hsp90 from 

Figure 3 a schematic representation for loop docking protocol.
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Figure 4 (A) superimposed structures of the 2cg9 (gold), 3PrY (purple), and 3hgc (blue) and the generated human homolog sequence (green), and (B) generated 
homology model of the human hsp90β.

 S. cerevisiae (PDB Code: 2CG9), crystal structure of 

Hsp90 MD from H. sapiens (PDB Code: 3PRY), and a 

crystal structure of Hsp90 CTD from L. major (PDB Code: 

3HJC) as structural templates, a human Hsp90 homolog 

was constructed using software “Modeller” 9.1.22 Structural 

similarity between the three proteins showed good identity 

in and around the active site, NTD, middle domain, and 

CTD, with the majority of active-site residues having nearly 

identical positions (Figure 4A). The sequences shared a 

64.11% (2CG9), 97.39% (3PRY), and 60.14% (3HJC) 

similarity according to the Multi-align Viewer tool in 

Chimera, and the model had a zDOPE score of 0.25 after 

modeling (Figure 4B).

Validation of the cTD-binding site
Due to the fact that there is no available crystal structure for 

the human Hsp90, a homology model was built up using 

several crystal structures as templates. The active site in the 

Hsp90 model was primarily identified based on alignment of 

the active site of the template structures (with known active-

site residues; refer “Homology modeling of human Hsp90 

protein structure” section). This gives us a rough guide on 

the approximate positions of the corresponding active-site 

residues in the homology model. However, this is further 

validated using SiteHound-web program.25 In fact, we further 

tested the SiteHound-web program25 with several proteins 

with known active sites (such as HIV-1 protease and Hsp90 

NTD; data presented in Figure S3) to see if the results could be 

trusted. Surprisingly, we found that SiteHound-web software, 

to a great extent, precisely predicts these protein active sites. In 

addition to the earlier validation, we opted to run a relatively 

long MD simulations (5 ns) in order to allow the ligands to 

evolve naturally in the enzyme pocket over time; this will 

ensure that the ligands adjust their position/orientation in the 

enzyme pocket even if the SiteHound-web and/or docking 

software were not very accurate in their predictions.

Docking results and validation via MD 
simulations
From our previous experiences with molecular docking, we 

found that in most cases, docking results could be artifacts and 

unreliable, and even the best docked conformation may fly away 

from the protein’s active site pocket within a few picoseconds 

on MD simulations. Therefore, to enhance the reliability of 

docking calculations, we embarked on an enhanced “loop 

docking” approach (refer “Loop docking” section) followed by 

relatively long MD simulations to ensure that the docked com-

plexes are quite stable in the protein active site over a reasonable 

time scale. To this end, all ligand Hsp90 complexes from “loop 

docking” were further subjected to 5 ns MDs simulation.46–48 

Systems stability and overall convergence (ie, RMSD and 

potential energy) were monitored over the MD trajectories to 

ensure that the simulated systems are well equilibrated (RMSD 

and potential energy plots for all simulated systems are provided 

as Figures S4 and S5, respectively).

Binding affinities and per-residue 
interaction footprints
Table 1 shows the relative binding affinities of the nine drugs 

toward Hsp90. NFV showed the highest binding affinity fol-

lowed by SQV and RTV. As shown in Table 1, all PIs, except 

Atazanavir (ATV), have better binding affinity compared with 

Novobiocin, a known human Hsp90 CTD inhibitor. The reason 

for this could be due to the fact pointed out in Shim et al study 

that Novobiocin and NFV binds at the CTD, but their binding 

sites are different. The binding mode of NFV to the Hsp90 CTD 

is shown in Figure 5. The ligand interaction of Novobiocin to 

the human Hsp90 homolog is depicted in Figure 6. The 3D 
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Figure 5 (A) nFV docked into the active site of the human hsp90 homolog at the C-terminal domain. (B) The zoomed-in representation of the nFV-hsp90 binding.
Notes: Oxygen and Oh groups are depicted in red text; nitrogen in blue text. residues in black text show the different intramolecular and intermolecular interactions with 
respect to the ligand.
Abbreviation: NFV, nelfinavir.

Table 1 Binding energy results for the human hsp90 homolog 
cTD selected drugs

Inhibitors ΔGbind (kcal/mol)

Nelfinavir -9.2
indinavir -9.0
saquinavir -8.6
ritonavir -8.5
lopinavir -8.4
Tipranavir -8.3
Darunavir -8.2
amprenavir -7.4
atazanavir -5.9
novobiocin -6.1*

Note: *novobiocin is used as a positive control since it is a known human hsp90 
cTD inhibitor.
Abbreviation: cTD, C-terminal domain.

coordinates of all docked complexes of the studied systems 

(nine in total) are provided as Supplementary material.

As evident from Figure 5 (refer Figure S6 for the plots 

of all complexes), all ligands showed a similar interaction 

pattern with the active-site residues; however, the magnitude 

of interaction may vary. Generally, hydrophobic interac-

tions with the active site residues Trp598, Met602, Tyr596, 

Val522, Met620, and Leu533 and hydrogen bonding interac-

tion with the active site residues Gln523 and Tyr596 seem to 

play a major role in the ligand-enzyme binding.

As shown in Figure 6, the binding site of Novobiocin 

to the human Hsp90 homolog is distinct from that of NFV. 

This is a confirmation of the findings in the study carried out 

by Shim et al18 about the different binding sites of NFV and 

Novobiocin to the Hsp90 CTD.

To estimate the variation of binding affinity from one 

ligand to another, per-residue interaction decomposition 

analysis was performed.

In our previous reports,47,49–53 per-residue interaction 

energy decomposition analysis using MolDock scoring func-

tion54 has proved an efficient and feasible tool to estimate 

the  interaction energy contribution from each amino acid 

interacting with the ligands.

In the present work, we took one step further to improve 

the reliability of per-residue interaction energy decomposition 

www.dovepress.com
www.dovepress.com
www.dovepress.com
https://www.dovepress.com/get_supplementary_file.php?f=87653.pdf
https://www.dovepress.com/get_supplementary_file.php?f=87653.pdf


Drug Design, Development and Therapy 2015:9submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

6062

arodola and soliman

Figure 6 ligand interaction of novobiocin docked into the active site of the human hsp90 homolog at the C-terminal domain.
Notes: Oxygen and Oh groups are depicted in red, nitrogen in blue, and chlorine or other halogen families are in green. Different atoms or group of atoms have their 
respective color-coded representation. The residues in black text show the kind of intramolecular or intermolecular interaction they have with respect to the ligand.

results. Instead of calculating the energy contribution using 

one ligand enzyme complex conformation obtained from dock-

ing, which is the conventional approach, we opted to take the 

average interaction energies over ten conformations extracted 

evenly from the MD trajectory. The following flowchart 

(Figure 7) summarizes the docking and per-residue interaction 

energy decomposition protocols adopted in this work.

As shown in the interaction energy decomposition plot for 

NFV (Figure 8; refer Figure S7 for plots of the remaining com-

plexes), the active site amino acids Tyr596, Val534, Lys526, 

Lys538, Gln523, and Trp598 contributed the best toward NFV 

binding. Figures 5 and S7 highlight the nature of the binding 

forces between these amino acids and the ligand.

The small difference in the binding affinities of NFV and 

Indinavir might be due to the fact that Indinavir interacted 

with the enzyme via hydrogen bond with Gly597, whereas 

NFV showed hydrogen bond, as well as hydrophobic inter-

action with the amino acids Tyr485, Gln523, and Lys526. 

As stated earlier, with exclusion of ATV, all inhibitors 

showed almost the same binding affinity toward Hsp90. It 

was interesting to observe that ATV has the lowest binding 

affinity when compared with all other inhibitors. This could 

be explained based on two assumptions: 1) the amino acid 

residues that contributed to ATV binding via hydrophobic 

interaction are fewer when compared with other PIs and 

2) ATV seems to be located slightly out of the active site 
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Figure 7 Flowchart describes the docking and per-residue interaction energy decomposition analysis applied in this work.
Abbreviation: MD, molecular dynamic.

pocket, when compared with other ligands. This might be due 

to the presence of ter-butyl and ester groups, which might 

cause steric conflict with the active-site residue side chains, 

which leads to a slight displacement of the ligand from the 

active-site pocket. APV exhibited strong interaction with 

Gln523 and Tyr596 via hydrogen bonding interaction and 

hydrophobic interactions, respectively.

We believe that the robust computational tools imple-

mented in this work provide a platform that could assist 

medicinal chemists in optimizing the activity of studied 

inhibitors as anticancer as well as designing potential drug 

candidates against other biological targets.

Conclusion
In this study, the mechanism of binding of nine HIV-1 PIs 

to the human Hsp90β homolog was investigated in order 

to gain insight into their potential use as anticancer agents. 

Enhanced in-house developed molecular docking protocol, 

“loop docking”, was applied to estimate the relative bind-

ing affinities of HIV-1 PIs against Hsp90. MDs simulations 

were also performed to validate the docking results and 

ensure the stability of docked inhibitors in the enzyme active 

site pocket at the CTD. An improved per-residue energy 

decomposition analysis was performed in order to estimate 

the contribution of each amino acid toward drug binding. 

This provides a useful tool in designing and optimizing of 

more potent inhibitors.

However, the answer for the question we initially imp-

osed, “Could the FDA-approved anti-HIV-1 PR inhibitors 

be promising anticancer agents?” is based purely on, how-

ever validated, silico assumptions and tools. We strongly 

believe that this report will prompt researchers from different 

Figure 8 amino acid residues’ contribution to nFV binding at the human hsp90 binding pocket.
Abbreviation: NFV, nelfinavir.
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 scientific domains to further investigate the potential use of 

the current FDA-approved HIV-1 PIs as dual anti-HIV-1 and 

anticancer drugs.
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