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ABSTRACT: Human immunodeficiency virus type 1 protease (HIV-1 PR) and
renin are primary targets toward AIDS and hypertension therapies, respectively.
Molecular mechanics Poisson−Boltzmann surface area (MM−PBSA) free-energy
calculations and inhibition assays for canagliflozin, an antidiabetic agent verified its
effective binding to both proteins (ΔGpred = −9.1 kcal mol−1 for canagliflozin−
renin; Ki,exp= 628 nM for canagliflozin−HIV-1 PR). Moreover, drugs aliskiren (a
renin inhibitor) and darunavir (an HIV-1 PR inhibitor) showed high affinity for
HIV-1 PR (Ki,exp= 76.5 nM) and renin (Ki,pred= 261 nM), respectively. Importantly,
a high correlation was observed between experimental and predicted binding
energies (r2 = 0.92). This study suggests that canagliflozin, aliskiren, and darunavir
may induce profound effects toward dual HIV-1 PR and renin inhibition. Since
patients on highly active antiretroviral therapy (HAART) have a high risk of
developing hypertension and diabetes, aliskiren-based or canagliflozin-based drug
design against HIV-1 PR may eliminate these side-effects and also facilitate AIDS therapy.

■ INTRODUCTION
Acquired immunodeficiency syndrome (AIDS) is an incurable
and potentially fatal disease with more than 36 million people
affected and over 27 million who have succumbed to it since
1981 (estim. 2009, UNAIDS).1 It is also estimated that more
than 1 billion people worldwide have developed some type of
hypertension.2 The population data suggest that both
conditions present a public health challenge on a global scale.
Extensive research has mapped the biochemical pathways for
both diseases, and potential drug targets have been identified.
Following the recognition of human immunodeficiency virus
type 1 (HIV-1) as the primary cause of AIDS, the choice of
HIV-1 protease (HIV-1 PR) as a target for rational drug design
became apparent since HIV-1 PR plays an essential role in viral
maturation.3 Regarding the treatment of hypertension, the
renin−angiotensin−aldosterone system (RAAS) is of para-
mount importance in regulating blood pressure.4 Renin cleaves
the amide bond between Leu10-Val11 of angiotensinogen,
leading to the production of the decapeptide angiotensin I, a
critical step in RAAS, since this is the rate-determining step for
the entire pathway.5−7 Angiotensin I is finally converted to the
active peptide angiotensin II, which causes increase in blood

pressure. Thus, inactivation of renin would inhibit the rate-
limiting step and may lead to an effective therapeutic strategy
against hypertension.
HIV-1 PR and renin belong to the family of aspartic

proteases, a small group of proteins that share common
features.8−12 A characteristic in this family of enzymes is the
presence of two aspartic acid residues at the active site, as parts
of two conserved catalytic triads (Asp-Thr-Gly). The
mechanism of the cleavage reaction involves proton transfer
between the substrate and the aspartic acids at the catalytic site,
thus leading to hydrolysis of the peptide bond in the substrate.
Another common characteristic of aspartic proteases is that the
catalytic center is located at the bottom of a substrate-binding
cleft.9−13 In 1991, Sharma et al. showed that viral HIV-1 PR is
able to produce angiotensin I at similar levels with human
renin.14 This bioassay offered insight into the cleavage
mechanism of both enzymes and supported the hypothesis
that aspartic proteases have functional similarities. Furthermore,
Zhang et al. used zinc ions to inhibit the function of the two
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proteases; they observed inhibitory action, noncompetitive for
renin and competitive/noncompetitive for HIV-1 PR.15 In both
cases, inhibition occurred in the same way and was pH
dependent, similar to other proteins of the same family (e.g.,
pepsin).
HIV-1 PR possesses a symmetric structure, comprising two

identical chains with 99 amino acids each. The active site
consists of two catalytic regions (Asp25-Thr26-Gly27 in chain
A and Asp25′-Thr26′-Gly27′ in chain B) located at the bottom
of a large substrate-binding cleft.10,11 In the outer part of the
protease and directly exposed to the solvent, two glycine-rich β-
hairpins or flaps (residues 45−55 and 45′−55′) cover the cleft
and control the entrance of substrates into the binding cavity.
Several crystallographic and NMR data, along with computa-
tional studies suggest that the flaps of the apo protein are
significantly flexible and appear in equilibrium among “open,”
“semi-open,” and “closed” states.9−11 While most of the
inhibitor-bound forms of HIV-1 PR display a “closed”
configuration with stable flaps, the flaps of the free protease
primarily acquire “semi-open” conformations, thus resulting in
a more mobile structure.16−18

Renin consists of one polypeptide chain with 340 amino
acids. The active site of the protease (Asp32/215, Thr33/216,
and Gly34/217) is also located inside a deep pocket covered by
a single loop consisting of residues in the vicinity of Ser76.
Similar to the flaps of HIV-1 PR, the Ser76 loop is implicated in
modulating ligand access to the cavity and appears very mobile
in the apo form of renin before it stabilizes in a “closed”
conformation upon binding.19,20 The comparison of HIV-1 PR
and renin structures is given in Figure 1. Alignment of the
amino acid sequences around the conserved catalytic triads
shows great similarity between the two enzymes. The sequence
comparison revealed additional common features such as a
hydrophobic area, which precedes the active site region in both
proteins: Ala-Leu-Leu in HIV-1 PR and Val-Val-Phe/Ala-Leu-
Val in renin. Also, according to experimental and theoretical

evidence, the active site in both proteins appears to be
monoprotonated.15,21−24

Despite the aforementioned approaches and the apparent
observation that renin and HIV-1 PR share common features,
there are no extensive comparisons regarding their mode of
action. Combining computational methodologies with exper-
imental data enables the search through a wide range of
compounds for potential inhibitory activity against HIV-1 PR
and renin. As a continuation of our studies on the binding
patterns and the interactions involving HIV-1 PR25 and renin
complexes,19 we aimed to identify similarities between
proteases with respect to their binding mode and conforma-
tional properties upon binding. Smith and co-workers have
proposed that the common structural and functional features of
the two proteases can help toward the design of potential dual
inhibitors; it was shown that compounds based on the same
scaffold (e.g., pyrrolinone rings) could have inhibitory effects
on both proteases.26 Following this suggestion, an appropriately
selected substance (canagliflozin), along with two commercially
available drugs, darunavir and aliskiren, have been examined as
potential, dual inhibitors of HIV-1 PR and renin. Canagliflozin
is involved in the treatment of type 2 diabetes and as of 2010 it
is still in the phase of clinical trials.27 It was developed by
Johnson and Johnson and is a C-aryl glucoside.28 It inhibits
sodium glucose cotransporter 2 (SGLT2), a 14 trans-
membrane protein.29 Darunavir is the most recently FDA-
approved anti-HIV drug, with a chemical structure designed to
increase favorable hydrogen bonding (HB) interactions with
HIV-1 PR.30−34 It exhibits remarkable enzyme inhibitory
potency (Ki = 16 pM) and antiviral activity (IC90 = 4.1
nM).35 Aliskiren is the first orally active, direct renin inhibitor
to be approved for the treatment of hypertension.13 A highly
potent human renin inhibitor, aliskiren has IC50 in the low
nanomolar range (0.6 nM) and a biological half-life of ≈24 h.36
Molecular dynamics (MD) approaches have been applied to

explore the conformational diversity of the following systems:
canagliflozin−HIV-1 PR, aliskiren−HIV-1 PR, canagliflozin−
renin, and darunavir−renin. Additionally, binding affinities can
be quantitatively estimated by a variety of free-energy
simulation techniques;37−39 the molecular mechanics Pois-
son−Boltzmann surface area (MM−PBSA) method is a reliable
approach to compute the absolute binding free-energy change
in biomolecular systems.40−42 This method combines molec-
ular mechanics (MM) energies (bond, angle, torsion, van der
Waals, and electrostatic terms) for the solute with the solvation
free energy. The latter is calculated by solving numerically the
Poisson−Boltzmann (PB) equation and approximating the
nonpolar free energy with a simple surface area term. Finally,
the entropic contribution may also be introduced by normal-
mode analysis to estimate more accurately the total free energy.
Our rationale is summarized as follows: (a) canagliflozin has

been selected as the inhibitor, which combined optimal docking
scores in both HIV-1 PR and renin, (b) drugs darunavir and
aliskiren have been mutually exchanged between HIV-1 PR and
renin, respectively, to identify the behavior of each protein
when bound to an inhibitor associated with the other protein.
Discerning any differences or similarities between structural and
binding patterns of the two proteases, it is possible to derive
conclusions regarding the role of canagliflozin, darunavir, and
aliskiren as dual inhibitors of HIV-1 PR and renin.
To validate our results, inhibition assays have been

performed for canagliflozin−HIV-1 PR and aliskiren−HIV-1
PR complexes. Finally, the interaction between aliskiren and a

Figure 1. Top: structural alignment of HIV-1 PR (yellow) and renin
(green) shows common features between proteases. The active site D-
T-G of HIV-1 PR (blue) and of renin (red), along with the flap region
of HIV-1 PR (purple) and of renin (black) are also highlighted.
Bottom: alignment of residues in the vicinity of the catalytic triads for
HIV-1 PR and renin. Dark blue, identical residues; blue, strong
alignment; light blue, weak alignment; white, no alignment.
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dimyristroyl phosphatidyl choline (DMPC) bilayer was studied
through long MD simulations. It is known that drugs have to
cross the water−bilayer regions to exert their biological action
inside the cell,43 and according to previous pharmacokinetic
studies, aliskiren exhibits sufficient membrane permeability that
results in intestinal absorption.36 Thus, we have performed
calculations to test the ability of aliskiren to penetrate into
DMPC bilayers and to identify dominant interactions and
conformational properties of the drug in the interior of the
bilayer. The three key compounds studied and aliskiren
incorporation in the core of the DMPC membrane bilayer
are presented in Figure 2.
The aim of this study was to test the hypothesis of whether

canagliflozin, darunavir, and aliskiren may serve as dual
inhibitors of HIV-1 PR and renin. Then, the linkage among
AIDS, hypertension, and diabetes could be explored at the
molecular level. The use of highly active antiretroviral therapy
(HAART) in AIDS has decreased the mortality rate of HIV-
infected patients. Clinical studies have demonstrated the
relationship among lypodystrophy, hypertension, and diabetes,
as well as among AIDS, hypertension, and diabetes.44,45

According to investigations regarding the latter, HIV-positive
patients who take HIV-1 PR inhibitors are more likely to
develop diabetes, with the risk being three to five times greater
compared to HIV-negative people.46 This intrigued us further
to test the inhibitory potency of canagliflozin against HIV-1 PR.
HIV-1 PR inhibition by canagliflozin may assist AIDS
treatment, and at the same time, the side-effect causing
diabetes could be diminished. Also, HIV-infected patients have
a higher risk of developing hypertension, especially if a protease
inhibitor (PI) has been included in HAART. In a study
concerning 283 patients, the prevalence of hypertension was
21% among 219 patients on HAART and 19% among 64
HAART-naiv̈e patients.47 In another study with 5622
participants, patients on HAART for less than two years did
not deviate in developing hypertension from the general
population, whereas patients continuing HAART for more than
5 years showed a significant increase in developing hyper-
tension.48 The implications of possible dual HIV-1 PR and

renin inhibition by a single compound are direct and may help
the development of new drugs that assist both anti-HIV and
antihypertensive action.

■ METHODS
An extensive literature search through the Web of Science (Thomson
ISI) platform for diverse, recently published studies (years 2010 and
2011) of enzyme inhibitors with biological activity data and with
similar properties (e.g., size and molecular weight) as those of
darunavir and aliskiren resulted in totally 54 compounds (Table S1,
Supporting Information). All compounds were subjected to molecular
docking calculations into the binding sites of HIV-1 PR and renin.
Canagliflozin was selected for further MD and binding free-energy
calculations in HIV-1 PR and renin complexes due to its optimal
combination of docking results into both proteins. Additionally, for
comparison all commercially available HIV-1 PR and renin inhibitors
have been docked into the active sites of both proteins (Table S2,
Supporting Information).

Our methodology included (i) a series of docking calculations for
rapid selection, through a broad database of inhibitors, of the
compound canagliflozin as a candidate inhibitor against both HIV-1
PR and renin; (ii) MD simulations for canagliflozin−HIV-1 PR,
canagliflozin−renin, aliskiren−HIV-1 PR, and darunavir−renin com-
plexes to compare conformational properties and dominant inter-
actions between inhibitors and proteases; (iii) MM−PBSA calculations
to estimate the binding affinities and to decompose the energetic
impact on each complex; (iv) inhibition assays for canagliflozin−HIV-
1 PR and aliskiren−HIV-1 PR complexes to validate our calculations;
(v) MD calculations of aliskiren into DMPC bilayer to identify
principal conformations and interactions between aliskiren and the
bilayer; (vi) MD simulations of apo HIV-1 PR and apo renin to
compare the behavior of the complexes to the unbound proteases.
Combination of (ii), (iii), (iv), and (vi) enabled us to assess the
suitability of specific substances as dual inhibitors of HIV-1 PR and
renin.

Molecular Docking Calculations. Docking scores for all systems
have been calculated using the DOCK 6.4 suite.49,50 Ligands were
prepared with the UCSF Chimera 1.5.2 module,51 and their charges
have been calculated according to the AM1 atomic charge method-
ology with simple additive bond charge corrections (AM1-BCC).52,53

The DockPrep function of Chimera was used to prepare the two
proteins. The molecular surface of the proteins was generated using
the DMS tool with a probe radius of 1.4 Å. The sphgen module54 of

Figure 2. Compounds considered in this study. Aliskiren into DMPC bilayer is colored black.
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DOCK has been employed to create the sphere centers that fill the six-
residue active site of HIV-1 PR and renin. Subsequently, the grid
module55 has been used to generate the scoring grid using a box of 25
Å × 25 Å × 25 Å. Contribution to the energy score was calculated for a
maximum distance of 10 Å between two atoms, and an all-atom model
was used for nonpolar hydrogen atoms. Ligands were considered as
flexible units, whereas proteins were kept rigid during docking. The
number of maximum orientations to be cycled through was set to 107.
Molecular Dynamics Simulations in Water. All-atom, unre-

strained MD simulations in explicit solvent have been carried out for
the four complexes using the SANDER module under the AMBER 11
software package.56 The high resolution protein structures were
obtained from the Brookhaven Protein Databank (PDB codes: 2IEN
and 2V0Z for darunavir−HIV-1 PR and aliskiren−renin complexes,
respectively).57 Crystal water molecules and ligands were removed
from the crystal structures prior the addition of missing hydrogen
atoms, using the tLEaP module of AMBER. After removing the
inhibitors, the apo structures of 2IEN and 2V0Z were also subjected to
MD analysis, to account for the behavior of the unbound proteases.
Aliskiren-bound HIV-1 PR and darunavir-bound renin were
constructed after exchanging inhibitors between 2IEN and 2V0Z;
canagliflozin was also docked into the binding cavities of HIV-1 PR
and renin after removing darunavir and aliskiren from the crystal
structures 2IEN and 2V0Z, respectively. The force field ff99SB was
used to represent the behavior of the proteins.58 Ligand structures
were constructed with the ANTECHAMBER module (using the
GAFF force field with AM1-BCC charges).59 Systems were neutralized
with tLEaP by adding 6 Cl− and 7 Na+ counterions to HIV-1 PR
complexes and renin complexes, respectively. Each system was
solvated using the TIP3P water model60 in truncated octahedral
periodic boundary conditions, with a cutoff distance of 10 Å. Long
range electrostatic interactions were calculated using the particle mesh
Ewald (PME) method.61 According to the aforementioned studies,
both HIV-1 PR and renin were considered monoprotonated.21−24 The
starting step was the minimization of the systems over 5000 steps. For
the first 2500 steps, the steepest descent method was used, while for
the next 2500 steps a conjugate gradient algorithm was employed. The
next procedure involved the gentle heating of each complex under
constant volume, over 50 ps with the gradual increase of the
temperature from 0 to 300 K (time step: 1 fs). An 100 ps constant-
pressure equilibration followed, to observe the gradual increase of the
density, which converged after ≈30 ps. Subsequently, a 20 ns−long
MD production simulation in constant pressure was performed for
each system (canagliflozin−HIV-1 PR, canagliflozin−renin, daruna-
vir−renin, aliskiren−HIV-1 PR, apo HIV-1 PR, and apo renin) using a
Langevin dynamics temperature scaling with a collision frequency of 2
ps−1.62 During the MD simulations, all bonds involving hydrogen
atoms were constrained to their equilibrium distance,63 thus allowing
for a 2 fs time step to be used. Further analysis (distance, rmsd,
fluctuations, and HB calculations) was performed on the resulting
trajectories with the ptraj module under AMBER. A 3.5 Å donor−
acceptor distance cutoff and a cutoff of 120° for the donor−
hydrogen−acceptor angle have been used to define HB interactions.
Computational details on the MD simulations in aliskiren−DMPC

system are provided in the Supporting Information.
MM−PBSA Calculations. MM−PBSA is an end point method

that involves calculations of free energy differences between two states.
The partition of the binding free energy into contributions allows for a
valuable insight into the complex process of association.64 For each
ligand−protein system, the binding free energy change (ΔGbind)
accompanies the binding process:

+ →protein ligand complex

The procedure was applied by considering 2500 snapshots of the
complexes that did not contain any water molecules or counterions.
For every snapshot, the binding free energy for the complex is
calculated using the following equation:

Δ = − +G G G G( )bind complex protein ligand (1)

where ΔGbind is the total binding free energy, Gcomplex, Gprotein, and
Gligand are the energies for the complex, the protein (HIV-1 PR, renin)
and the ligand (canagliflozin, darunavir, aliskiren), respectively. The
binding energy can be also expressed as a combination of enthalpic
and entropic contributions:

Δ = Δ − ΔG H T Sbind (2)

The enthalpy of binding is given by the following equation:

Δ = Δ + ΔH E GMM sol (3)

where ΔEMM defines the interaction energy between the protein and
the ligand computed with the molecular mechanics method, and ΔGsol
is the solvation free energy.

ΔEMM is further divided into

Δ = Δ + ΔE E EMM elec vdW (4)

ΔEelec is the electrostatic interaction energy, and ΔEvdW is the van der
Waals interaction energy. For the calculation of these two terms, no
cutoff point was applied. Furthermore, the solvation energy (eq 3) is
defined by the combination of electrostatic (ΔGPB) and nonpolar
(ΔGNP) contributions:

Δ = Δ + ΔG G Gsol PB NP (5)

The electrostatic (ΔGPB) energy is approximated by the Poisson−
Boltzmann (PB) method64 using the PBSA module of AMBER, and
the hydrophobic contribution to solvation (ΔGNP) is determined via
calculation of the solvent-accessible surface area (SASA):

γ βΔ = +G SASANP (6)

for the surface tension γ and for the offset β, we have considered the
standard values of 0.00542 kcal mol−1 Å−2 and 0.92 kcal mol−1,
respectively. ΔGNP was computed via eq 6, with the linear
combinations of pairwise overlaps (LCPO) method.65 A probe radius
of 1.4 Å has been also used for the SASA calculation.

Following recent studies on the optimal performance of MM−
PBSA for hydrophobic systems, the values for the dielectric constant of
the solvent and the solute were set to 80.0 and 1.0, respectively.66 The
entropic contribution (eq 2) was calculated using the nmode module
of AMBER, over 200 snapshots to save computational time. The
performance of MM−PBSA has been recently evaluated.66 Six
different protein systems have been tested as substrates for 59 ligands.
Various factors, such as the length of the MD simulation and the
values of the solute dielectric constant have been considered to affect
the quality of the results. Particularly, the importance of the
conformational entropy was emphasized, as well as the adequacy of
MM−PBSA to reliably calculate binding free energies. Instead of
modeling the water environment by explicit simulations, MM−PBSA
discards the water molecules and uses a parametrized implicit water
model (PB). Sometimes, this may be a disadvantage that accounts for
differences between predictions and experimental results. However,
the LCPO method for estimating the hydrophobic contribution shows
sufficient performance even for hydrophobic systems, such as the
binding cavities of HIV-1 PR and renin, and it is satisfactorily
reproducing the experimental results.67

Clustering. Clustering calculations for canagliflozin into HIV-1 PR
and renin have been performed with a hierarchical approach from the
MOIL-View 10.0 program.68 As the distance metric for clustering, a
3.0 Å rmsd cutoff was introduced to classify 10000 conformations. The
representative structures produced by the clustering were used for
further analysis.

HIV-1 PR Inhibition Assays. Aliskiren hemifumarate was obtained
from the company SAS ALSACHIM−BIOPARC and canagliflozin
from ShangHai Biochempartner Co., Ltd. HIV-1 PR inhibition was
performed by a spectrophotometric assay using the chromogenic
peptide substrate LysAlaArgValNle·NphGluAlaNle-NH2 as described
by Weber et al.69 Typically, 8−10 pmol of HIV-1 PR (a recombinant
enzyme from Sigma−Aldrich, Milan, Italy) was added to 1 mL of 0.1
M sodium acetate buffer, (pH 4.7), 0.3 M NaCl, and 4 mM EDTA,
containing substrate at a concentration near the Km of the enzyme
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(which is of 15 μM)69 and various concentrations of the inhibitor
dissolved in DMSO (from 0.1 mM to 0.01 nM, in consecutive 10-fold
dilutions). Most inhibition assays were run working at 15 μM
concentration of substrate, which coincided with the half maximal
activity of the enzyme. As all protease inhibitors (PIs) have a free OH
moiety, aliskiren is a competitive inhibitor with the chromogenic
substrate used in the assay. The final concentrations of DMSO were
kept below 2.5% (v/v). Substrate hydrolysis was followed as a decrease
in absorbance at 305 nm using a Cary 3-500 UV−vis spectropho-
tometer (Cambridge, UK). The temperature of the experiments was
kept at 293 K. The HIV-1 PR remained stable over the whole reaction
time. Inhibition data were analyzed using the equation for competitive
inhibition according to Williams and Morrison.70 The IC50 values were
converted to Ki using the Cheng−Prusoff equation:71

= +K KIC /(1 [S]/ )i 50 m (7)

where [S] = substrate concentration; Km = the concentration of
substrate at which the enzyme activity is at half maximal. In this
particular case, [S] = Km and Ki = IC50/2. As standard in the inhibition
assay was used darunavir, which provided a Ki of 0.5 nM.

■ RESULTS AND DISCUSSION

In this section, structural properties and principal interactions
involving complexes of HIV-1 PR and renin are investigated in
detail. To complement our study, binding energies and the
behavior of aliskiren in the aqueous DMPC bilayer have been
estimated as well. Simulation details of the aliskiren−DMPC
system and relevant discussion are provided in the Supporting
Information.
Conformational Properties of HIV-1 PR and Renin in

Complexes with Canagliflozin. The replacement of crystal
inhibitors in each protein by canagliflozin resulted in a
structural change of the proteases upon the beginning of the

simulation. Despite the initial structural rearrangement, the
trajectories eventually converged toward a stable state as
indicated by the Cα-based rmsd values, with respect to their
crystal structures (Figure 3a and b, red). Conformational
changes were observed in the HIV-1 PR complex during the
first half of the simulation, which resulted in a relatively stable
trajectory after 10 ns, while the renin structure did not present
major variations during the simulation. The final rms change
induced in HIV-1 PR appeared slightly more profound than the
one induced in renin (average rmsd ≈2 Å for HIV-1 PR,
average rmsd ≈1.5 Å for renin), and HIV-1 PR displayed
greater mobility than renin. These may be indications of less
efficient binding of canagliflozin to HIV-1 PR than to renin, a
possibility to be investigated during the course of this work. As
expected, the active site region of the two proteases presented
less variation, with average rmsd values for both systems ≈0.6 Å
(Figure 3a and b, blue). Interestingly, the replacement of
darunavir with canagliflozin in HIV-1 PR resulted in an
immediate rms difference ≈1.5 Å for the active site of the
protease, thus denoting an unfavorable rearrangement of the
binding cavity upon insertion of the new substrate. After
analyzing the contribution of individual active site residues to
the total rms deviation of the active site, it was found that this
rearrangement was mainly attributed to the increased flexibility
of Asp25/25′, which reflected upon the whole structure of HIV-
1 PR. However, after ≈10 ns a structural change in the active
site region resulted in a more favorable positioning of
canagliflozin into the binding pocket, and the active site
residues acquired conformations that resembled their daruna-
vir-bound structure.
Compared to the apo form of renin, we observed that the

canagliflozin−renin complex displayed structural characteristics

Figure 3. Rmsd of (a) HIV-1 PR and (b) renin, in complexes with canagliflozin, starting from the structures obtained after equilibration and
overlapped on the corresponding crystal structures. Superpositions of different Cα atoms are displayed: all protease residues are designated in red
and active site residues in blue; (c) Rmsd for all atoms of canagliflozin in HIV-1 PR (black) and renin (green); (d) representative conformations of
canagliflozin in HIV-1 PR (blue) and renin (red). The binding cavities and flap regions of the proteases are represented as surfaces, and the coloring
is according to Figure 1. The active sites of HIV-1 PR (yellow) and renin (green) are also shown.
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that accompany binding (Figure S1, Supporting Information):
unbound renin appeared more flexible (due to the increased
mobility of the flap) and with higher rms deviations, reaching
values up to 2.7 Å. Similar to canagliflozin-bound renin, the
structure of the active site remained practically stable in the apo
form, but it showed greater deviation from the crystal structure
than the bound form. This implied that the active site may
interact with canagliflozin toward effective binding. In
particular, analysis of the contribution of individual active site
residues to the total rmsd of the active site revealed that Gly217
appears practically unchangeable, thus suggesting that it may
play an important role in canagliflozin binding.
Several experimental and computational studies have

associated effective binding in aspartic protein complexes with
a so-called “shift” of the flaps toward the active site.10,17−19 To
investigate this behavior in our systems, we have monitored the
active site−flap distance during the simulation, for both
complexes. Canagliflozin appeared less effectively trapped into
HIV-1 PR than into renin since the one flap (Ile50) in HIV-1
PR is mobile enough to fluctuate in distances ranging from 16
Å to 26 Å away from the Asp25 active site (Figure S2a,
Supporting Information). However, the flap (Ser76)−active site
(Asp32) distance for canagliflozin−renin complex was less
fluctuating, thus denoting a more stable structure of the binding
cavity that may implicate a tighter binding (Figure S2b,
Supporting Information). Despite the more fluctuating active
site−flap distance distribution in HIV-1 PR complex, a
tendency for the distance to decline over time was frequently
observed in both complexes, so that an indication of effective
binding as expressed by the aforementioned shift was evident.

These findings suggest that even though both systems showed
patterns that accompany effective binding, the canagliflozin−
renin complex has more pronounced binding characteristics
than the complex of HIV-1 PR with canagliflozin. Finally,
another observation, which supports the enhanced binding
characteristics of canagliflozin in renin was the increased
stability of the compound inside renin cavity (Figure 3c).
Clustering calculations in canagliflozin−HIV-1 PR and

canagliflozin−renin complexes revealed the dominant con-
formations of the substrate into both cavities (Figure 3d). It
was shown that canagliflozin was able to bind to the two targets
in different conformations: it adopted an extended conforma-
tion when bound to HIV-1 PR, whereas the binding cavity of
renin induced a rather bent structure to canagliflozin. It could
be assumed that this flexibility may also be responsible for
canagliflozin acting as a dual inhibitor of HIV-1 PR and renin.

Conformational Properties of Darunavir−Renin Com-
plex. Following the structural investigation of canagliflozin into
HIV-1 and renin proteases, an analogous study on the
darunavir−renin complex has been attempted. Considering
the structural stability of the complex, it was observed that the
trajectory converged smoothly after a period of ≈10 ns.
Darunavir is a strong HIV-1 PR inhibitor; however, the
presence of the drug induced very minor changes to renin (as
expressed by the rmsd values in Figure 4a), thus indicating the
possibility of effective renin inhibition as well. A similar
behavior was observed for the rms deviations of the active site
of renin, where the initial conformational change rapidly
converged to low values around 0.7 Å. Another structural
change at 7−10 ns may have resulted from an HB

Figure 4. (a) Darunavir−renin and (b) Aliskiren−HIV-1 PR complexes: Cα-rmsd of protease residues (red) and of active site residues (blue); Cα
atomic fluctuations for protease residues in (c) canagliflozin−renin (red) and darunavir−renin (black); (d) canagliflozin−HIV-1 PR (red) and
aliskiren−HIV-1 PR (black).
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rearrangement between the inhibitor and the active site of
renin. A flap shift toward the active site induced by the presence
of darunavir inside renin was also observed after 6 ns and
eventually resulted in a relatively stable flap−active site distance
(Figure S2c, Supporting Information).
Additionally, rms fluctuations for darunavir in renin provided

support of effective binding since the inhibitor appeared
significantly stable inside the cavity. In Figure S3a (Supporting
Information), the converged rms values for darunavir into renin
are given.
Conformational Properties of Aliskiren−HIV-1 PR

Complex. The last part of the conformational study involved
the elucidation of features induced by the presence of aliskiren
inside HIV-1 PR. Similarly to darunavir’s behavior in renin,
aliskiren displayed promising results when bound to HIV-1 PR:
the protease underwent very minor structural changes upon
aliskiren binding, indicating the possibility of significant HIV-1
PR inhibition. Relevant conformational features are presented
in Figure 4b. Rmsd values for HIV-1 PR were even lower and
less fluctuating than the corresponding values of HIV-1 PR
when bound to canagliflozin.
Further support was provided by the observation of a

stabilized aliskiren structure inside HIV-1 PR. The average
displacement of the inhibitor was 1.7 Å, being tightly settled
close to the binding site (Figure S3b, Supporting Information).
Flap−active site distance in aliskiren−HIV-1 PR was initiated at
≈14 Å and gradually increased during the first 5 ns of the
simulation to eventually converge to an average value of 16.5 Å
(Figure S2d, Supporting Information). The structure of the

complex remained stable during the simulation with the flaps
covering aliskiren in a tight conformation.

Structural Flexibility of HIV-1 PR and Renin. Cα atomic
fluctuation calculations for each residue of HIV-1 PR and renin
upon binding to canagliflozin, darunavir, or aliskiren provided
additional information on the ability of each ligand to induce
effective binding. Canagliflozin induced a slightly higher
flexibility to HIV-1 PR compared to aliskiren: especially,
flapA (Ile50) appeared increasingly mobile (Figure 4d). Despite
the flap flexibility in canagliflozin−HIV-1 PR, the protein
retained an overall stable structure upon binding with either
aliskiren or canagliflozin. Particularly, the active site residues
appeared very stable in both complexes. Renin residues were
equally flexible when the protease was bound to either
darunavir or canagliflozin with fluctuations ranging from 0.5
Å to 1.5 Å (Figure 4c), although specific regions of renin varied
in flexibility: Glu277 and Ala49 appeared increasingly flexible
when renin was bound to canagliflozin and darunavir,
respectively. However, the most important regions such as
the active site and the flap of renin were very stable in both
complexes.

Hydrogen Bonding Analysis. The next step toward the
investigation of enhanced binding modes between the
inhibitors and the proteases was the identification of HB
interactions that stabilize the complexes. Dominant hydrogen
bonds involving the three ligands bound to the proteases are
shown in Figure 5. Interactions (as % occurrence during the
simulation time) are presented in Table 1. The structural
investigation performed above was well complemented by the
HB calculations as there was additional support on the effective

Figure 5. Principal hydrogen bonding interactions between (a) canagliflozin and renin; (b) canagliflozin and HIV-1 PR; (c) aliskiren and HIV-1 PR;
a hydrogen bond between HIV-1 PR flaps is facilitated by a water molecule (inlaid schematic); and (d) darunavir and renin.
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binding of aliskiren to HIV-1 PR. From Table 1, it can be
concluded that aliskiren formed permanent HB with flap
residues (Gly48) and residues near the active site, such as
Asp29. This is in agreement with interactions observed for
darunavir in HIV-1 PR, thus suggesting an analogous binding
mode.35 The role of a water molecule to mediate the two flaps
of the protease via HB interactions was of further support
regarding effective aliskiren binding (Figure 5c): previous
studies have denoted the importance of a water molecule to
induce a stable structure of the HIV-1 PR flaps that lead to
effective substrate binding into HIV-1 PR.72 In the darunavir−
renin complex, darunavir appeared to interact frequently with
the pocket-covering loop of renin (Thr77), as well as with the
active site residues Asp215 and Gly217. Therefore, it was
suggested that darunavir is also involved in significant HB
interactions that may lead to effective binding since similar
interactions have been observed between aliskiren and renin.19

The HB between darunavir and Asp215 lasted approximately

for the first 10 ns and was eventually replaced by an interaction
involving the drug and Gly217. This HB rearrangement has
probably accounted for the structural change of renin’s binding
cavity mentioned above. Finally, canagliflozin participated in
extended HB networks when bound to either renin or HIV-1
PR, with similar interactions to darunavir and aliskiren
complexes. Its constant interaction with the Thr77-loop residue
along with a less frequent interaction with active site residues
(Gly217 and Ser219) stabilized the complex of renin in a tight
conformation. It is worth noting that the great stability of
Gly217 mentioned in the structural analysis previously was well
justified by its involvement in HB with canagliflozin. Also, the
canagliflozin−HIV-1 PR complex, even though it lacks
significant interactions involving active site residues, presented
hydrogen bonds between canagliflozin and flap residue Gly49,
Pro79′, and Arg6′.
While renin complexes with darunavir and canagliflozin

involved active site residues (Asp215 and Gly217) in direct
interactions with the ligand, it was interesting to observe that all
HIV-1 PR complexes showed hydrogen bonds between ligands
and non-active site residues, with the exception of aliskiren−
HIV-1 PR, where the drug was associated with the (near-active
site) residue Asp29. This is consistent with previous
observations on several PIs bound to HIV-1 PR that relate
strong binding effects with enhanced backbone interactions
between drugs and close to the active site (or flaps) protease
residues, not necessarily with the catalytic triplet.73

Positional variations for the side chains of residues directly
interacting with the ligands have been estimated by atomic
fluctuation calculations. It was interesting to observe that side
chain atoms in all complexes appeared relatively stable with
fluctuations <1.5 Å, comparable to the very stable side chains of
the catalytic residues (Table S3, Supporting Information).
Since it was suggested that darunavir participates in

significant interactions with renin leading to a strong binding
effect, the possibility of renin inhibition via similar interactions
by other PIs naturally arises. First-generation HIV-1 PR
inhibitors (saquinavir, ritonavir, indinavir, and nelfinavir;
Table S2, Supporting Information) are peptide-like PIs with
large hydrophobic groups.73 High affinity for HIV-1 PR is

Table 1. Occurrence of Hydrogen Bonds between HIV-1/
Renin Proteases and Canagliflozin, Aliskiren, and
Darunavira

HIV-1 PR Complexes

residues in H-bonds canagliflozin aliskiren

Gly49 35.17
Pro79′ 13.63
Arg6′ 13.74 10.15
Gly48 94.46/66.92/10.06b

Asp29 52.70/47.18/44.46/42.01/27.52b

Renin Complexes

residues in H-bonds canagliflozin darunavir

Thr77 80.98/36.68/23.98b 78.80
Gly217 43.44 41.67
Ser219 12.70
Asp215 45.54/19.46/11.00b

aOccurrence is defined as the percentage of simulation time that a
specific interaction exists; interactions occurring less than 10% of the
simulation are not shown. bMultiple hydrogen bonds are formed
between different atoms of the inhibitor and the specific residue.

Table 2. Contributions to the Binding Free Energy (ΔGbind) for Proteases’ Complexes Computed with the MM−PBSA Methoda

HIV-1 PR renin

energetic analysis aliskiren canagliflozin darunavir canagliflozin

ΔEelec −32.16 ± 0.09b −30.57 ± 0.08 −29.23 ± 0.10 −31.76 ± 0.08
ΔEvdW −55.75 ± 0.08 −37.13 ± 0.08 −34.47 ± 0.08 −45.63 ± 0.07
ΔEMM −87.91 ± 0.08 −67.70 ± 0.06 −63.70 ± 0.07 −77.93 ± 0.07
ΔGNP −8.59 ± 0.07 −6.35 ± 0.09 −3.62 ± 0.06 −1.07 ± 0.09
ΔGPB 58.95 ± 0.09 40.08 ± 0.11 37.53 ± 0.11 51.54 ± 0.09
ΔGsol 50.36 ± 0.09 33.73 ± 0.09 35.15 ± 0.08 50.47 ± 0.09
ΔGelec(tot) 26.79 ± 0.08 9.51 ± 0.06 8.30 ± 0.07 19.78 ± 0.08
ΔH −37.55 ± 0.09 −33.97 ± 0.09 −28.55 ± 0.09 −27.46 ± 0.09
−TΔS 28.11 ± 0.29 24.50 ± 0.24 19.72 ± 0.27 18.34 ± 0.29
ΔG bind −9.44 ± 0.30 −9.47 ± 0.39 −8.83 ± 0.30 −9.12 ± 0.33
ΔGdocking

c −10.12 −10.91 −11.01 −10.34
Ki 76.5d 628d 261e 159e

ΔGexp
f −9.55 −8.32

aExperimental Ki values and docking results are also presented. Units in kcal/mol; MM−PBSA analysis is based on the last 10 ns of the simulation.
bStandard error (SE) values: SE = standard deviation/N1/2, where N is the number of trajectory snapshots used in MM−PBSA calculations (N = 100
for entropy/ΔGbind calculations, N = 1250 for everything else). cΔGdocking has been calculated with DOCK6. dExperimental Ki values in nM.
ePredicted Ki values in nM, calculated at 293.15 K. fΔGexp has been calculated from experimental Ki values at 293.15 K via ΔGexp = RTln Ki.
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achieved via interactions such as hydrogen bonds between the
drugs and the backbone of the protease as well as via
hydrophobic contacts. Moreover, these inhibitors possess a
central hydroxyl group that interacts with the active site. Since
this HB interaction also exists between darunavir and renin
(Figure 4d), it is reasonable to deduce that other PIs may also
inhibit renin. Second-generation inhibitors, such as lopinavir,
atazanavir, (fos)amprenavir, and tipranavir (Table S2, Support-
ing Information) may have even more profound effects on
renin inhibition since they resemble darunavir more. Indeed,
these PIs were designed to have reduced peptidic characteristics
by replacing a carbonyl group with a sulfonamide group
(amprenavir, tipranavir) to overcome several shortcomings of
the previous inhibitors. Also, tetrahydrofuran (THF) and bis-
tetrahydrofuran (bis-THF) groups were added to amprenavir
and darunavir, respectively, to introduce nonpeptidic HB
candidates. Especially, amprenavir may induce very “daruna-
vir-like” interactions in renin since it also possesses an amino
phenyl moiety that in the case of darunavir forms two hydrogen
bonds with Asp215 of renin (Figure 4d). To summarize, the
presence of a hydroxyl group in all PIs, along with the
sulfonamide group in amprenavir and tipranavir and the amino
phenyl moiety in amprenavir render these PIs possible
candidates for renin inhibition too.
Inhibition Assays and MM−PBSA Analysis. To estimate

the energetic contributions of binding in a reliable and detailed
fashion, the MM−PBSA method has been applied to the four
complexes. Convergence has been achieved for each system
almost after 8 ns from the beginning of the simulations (Figure
S4, Supporting Information); therefore, we chose to report
calculations on the last 10 ns of each trajectory. The MM−
PBSA results are summarized in Table 2. The binding energy
calculations rationalized our previous findings as all three
compounds presented adequate binding to HIV-1 PR and
renin. More specifically, darunavir was implicated in less

efficient binding when associated with renin (ΔGbind = −8.8
kcal mol−1) than when aliskiren is associated with HIV-1 PR
(ΔGbind = −9.4 kcal mol−1). Following the previous structural
analysis, this was something to be expected since structural
rearrangements in aliskiren−HIV-1 PR were slightly less
profound than the corresponding changes in darunavir−renin.
Additionally, HB analysis supported such an observation as
aliskiren was involved in more HB interactions when bound to
HIV-1 PR (the role of water to bridge the flaps may also be
important) than darunavir when bound to renin (Table 1). It is
also important to note that canagliflozin presented relatively
high affinity to both proteins as is reflected by the free energies
of binding for its complexes: ΔGbind = −9.5 kcal mol−1 and
ΔGbind = −9.1 kcal mol−1 for HIV-1 PR and renin, respectively.
Despite indications for greater structural stability of canagli-
flozin−renin instead of canagliflozin−HIV-1 PR, the binding
free energy calculations implicated canagliflozin as a potential,
dual inhibitor of the proteases. Energy decomposition to
individual contributions revealed that van der Waals and
electrostatics act most favorably toward effective binding for all
complexes. The nonpolar contribution to solvation further
contributes to the total binding energy.
Finally, energy partition for individual residues of the

proteases has been attempted to identify the source of principal
contributions to the total binding energy. The majority of them
belong to either the binding cavity or the flap region of each
protease (Figure S5, Supporting Information). Interestingly,
active site residues of HIV-1 PR and renin contribute
significantly to the binding energy of both canagliflozin−
protease complexes, thus implicating that interactions between
canagliflozin and the active site acted very effectively toward
binding. Similarly, Ile50 further enhanced binding, despite the
increased flexibility of the flap in the canagliflozin−HIV-1 PR
complex. Darunavir in renin as well as aliskiren in HIV-1 PR
displayed analogous behavior, as the active site residues

Figure 6. Significant electrostatic interactions (double dotted lines) and van der Waals contacts formed between ligands (red areas) and critical
residues of the proteases (blue areas).
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presented high contributions. Additional pairwise energy
decomposition revealed the main energy contributions between
each ligand and the proteases (Table S4, Supporting
Information). The van der Waals contacts and electrostatic
interactions that contribute most to the total binding energy in
the four complexes are highlighted in Figure 6. It was observed
that active site residues of renin (Asp215 and Gly217) present
enhanced van der Waals and electrostatic interactions with both
canagliflozin and darunavir. Also, the Gly49 flap residue and
Asp29 of HIV-1 PR formed favorable van der Waals
interactions with canagliflozin and aliskiren, respectively. It is
interesting to note that in the canagliflozin−renin complex
despite the fact that Asp215 is not involved in hydrogen bonds
with the ligand, it participates in strong van der Waals and
electrostatic interactions. Similarly, in aliskiren−HIV-1 PR the
electrostatics between the active site Asp25/25′ and the drug
contribute favorably to binding.
Inhibition assays to aliskiren−HIV-1 PR and canagliflozin−

HIV-1 PR complexes further supported our MM−PBSA
calculations: undoubtedly, aliskiren appeared to be an effective
HIV-1 PR inhibitor (Ki = 76.5 ± 5 nM, ΔGbind = −9.6 kcal
mol−1 at 293 K), in agreement with our results (percent error
between experiment and prediction = 1.2%) even if it is less
effective than darunavir (Table 2). Canagliflozin also presented
adequate inhibitory action, with Ki = 628 ± 16 nM and ΔGbind
= −8.3 kcal mol−1, approximately 1 kcal mol−1 higher than the
MM−PBSA predicted value. A plausible explanation for this
difference may be attributed to the scaffold of canagliflozin that
may prevent the extensive formation of hydrogen bonds with
HIV-1 PR, in contrast to aliskiren (Table 1). MM−PBSA
calculations for darunavir−HIV-1 PR showed a strong
inhibitory effect as expected (Ki = 2.86 nM, ΔGbind= −11.46
kcal/mol), in agreement with inhibition assay’s values (Ki = 0.5
nM, ΔGbind= −12.48 kcal/mol). The MM−PBSA results
reasonably reproduce the experimental data, with a linear
correlation coefficient (r2) of 0.92 for the complexes of HIV-1
PR with the three inhibitors and of renin with aliskiren (Figure
S6).
Implications on Dual Inhibition of Additional Aspartic

Proteases and SGLT2. In an attempt to further validate our
findings by generalizing the dual inhibition of aspartic
proteases, we have also considered five additional members of
the family [pepsin, β-secretase 1 (BACE-1), human T-cell
leukemia virus protease (HTLV-1), plasmepsin 2, and
memapsin 2]73 to perform docking calculations with darunavir
and aliskiren. Docking results indicated that both compounds
inhibit the proteases, in support of a hypothesis of non-
specificity among the members of the family (Table S5,
Supporting Information). Particularly, BACE-1, plasmepsin 2
and memapsin 2 were inhibited by each compound with similar
strength as HIV-1 PR and renin did. However, it was observed
that renin-like proteins, such as pepsin and BACE-1 are more
profoundly inhibited by aliskiren than darunavir, while HTLV-1
which resembles HIV-1 PR has a stronger inhibitory effect
upon darunavir binding than aliskiren. Although most of the
aspartic proteases, such as HIV-1 PR and memapsin 2, have a
broad specificity, it has been indicated that few proteins
involved in the regulation of physiological processes (e.g., renin,
pepsin) present a highly narrow specificity that hinders the
development of potent inhibitors.73 Our study partially justified
the aforementioned statement (especially in the case of pepsin,
which appeared highly specific toward aliskiren binding), and it
was interesting to observe the nonspecificity of darunavir and

aliskiren against the other members of the family. Significantly,
the nonspecificity of the two drugs was also apparent in the
case of renin, which is characterized by very high specificity. It
has been suggested that the flexibility of the binding pockets of
aspartic proteases determines the specificity, with a broad
specificity to accompany the reshaping of binding cavities in
response to different ligands.73 Such substrate-specificity
studies, along with the targeting of structurally conserved and
backbone regions of the protease, may lead to the design of
potent inhibitors. For example, memapsin 2 possesses a
relatively extended substrate binding-site; therefore, effective
drug design should focus on a well-filling inhibitor to achieve
potency and specificity. Future drug design may be guided by
the search for candidate inhibitors that match the specificity
pockets of the protease in terms of their shape, charge,
hydrophobicity, and HB interactions.
SGLT2 is a transmembrane protein involved in Na+/glucose

transport. As predicted by experimental and in silico studies,
vibrio SGLT (no human SGLT2 crystal structure has been
reported to date) has 14 membrane-spanning helices with
extracellular amino and carboxy termini. vSGLT binds galactose
into a channel consisting of residues such as Trp264, Lys294,
Tyr87, Glu88, Ser91, Tyr69, Glu87, and Asn260. The channel
of vSGLT bears no similarity with the catalytic site of either
HIV-1 PR or renin. We have also performed docking
calculations for two vSGLT complexes, after replacing galactose
from the crystal structure with aliskiren/darunavir. Binding
energies of −6.4 and −6.2 kcal/mol for aliskiren and darunavir,
respectively, were estimated. Therefore, despite the absence of
a catalytic Asp-Thr-Gly sequence, a weak inhibitory effect may
be observed in the case of vSGLT.

■ CONCLUSIONS
Two aspartic proteases, HIV-1 PR and renin, possessing several
structural characteristics in common have been compared
regarding their mode of action and conformational properties
upon binding. Molecular docking calculations suggested that
canagliflozin, an antidiabetic, SGLT2 inhibitor may be also an
efficient inhibitor for both proteases. Additionally, darunavir
and aliskiren, two potent drugs associated with HIV-1 PR and
renin, respectively, were exchanged between proteases to
investigate whether the structural similarities of the proteases
result in similar conformational changes upon binding to the
same inhibitor. Twenty nanosecond MD simulations for the
four complexes (canagliflozin−HIV-1 PR, canagliflozin−renin,
darunavir−renin, and aliskiren−HIV-1 PR) have been
performed to observe the stabilization of all structures into
inhibitor-bound conformations with reduced flexibility. Cana-
gliflozin induced structural changes that accompany binding to
both proteins. The darunavir−renin complex resulted in a
stable structure and presented a strong hydrogen bonding
network involving the drug and mainly loop residue Thr77 and
active site residues Asp215 and Gly217. Similarly, the
aliskiren−HIV-1 PR complex was involved in frequent HB
interactions between aliskiren and flap residues (Gly48), as well
as with active site residues (Asp29). Furthermore, a water
molecule bridged the flaps of the protease via hydrogen bonds.
These findings implicated canagliflozin, aliskiren, and darunavir
as effective, dual inhibitors of both protein systems.
Additionally, MM−PBSA free energy calculations described

the binding modes of HIV-1 PR and renin in a quantitative way.
The total free energy of binding for all complexes was predicted
to be adequate, with canagliflozin serving as a very effective dual
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inhibitor (ΔGbind = −9.5 kcal mol−1 and ΔGbind = −9.1 kcal
mol−1 for canagliflozin−HIV-1 PR and canagliflozin−renin,
respectively). This finding is of paramount importance since it
is well-known that AIDS patients who follow traditional therapy
eventually develop diabetes. Thus, canagliflozin-based drug
design may lead to the elimination of this problem. Darunavir−
renin and aliskiren−HIV-1 PR binding energies were calculated
to be −8.8 kcal mol−1 and −9.4 kcal mol−1, respectively. The
most favorable contributions to the binding energy were mainly
due to van der Waals and electrostatic interactions involving
active site and flap residues. Importantly, experimental
confirmation of our calculations has been offered by inhibition
assays for canagliflozin−HIV-1 PR and aliskiren−HIV-1 PR
complexes. Finally, the interaction between aliskiren and
DMPC bilayer was investigated through long MD simulations
to reveal that the drug was accommodated in the interior of the
bilayer, in an S-shaped conformation, which was stabilized via
HB interactions with the lipids and water molecules (see
Supporting Information). This suggested also the ability of
similar compounds to penetrate the bilayer, a finding of direct
biological significance.
This study strongly suggested that particular drugs currently

used for the treatment of AIDS, hypertension, and diabetes
could serve as dual inhibitors of HIV-1 PR and renin. Examples
include the aliskiren-related hypertension treatment that may
also help against AIDS and the use of canagliflozin to induce
pronounced effects toward proteases’ inhibition. Importantly,
since the development of diabetes is associated with AIDS and
hypertension, the design of new HIV-1 PR and renin inhibitors
based on antidiabetic drug scaffolds would be particularly
beneficial.
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Fleury, V.; McCort, G. Discovery and optimization of a new class of
potent and non-chiral indole-3-carboxamide-based renin inhibitors.
Bioorg. Med. Chem. Lett. 2010, 20, 6268−6272.
(21) Tokarski, J. S.; Hopfinger, A. J. Prediction of ligand-receptor
binding thermodynamics by free energy force field (FEFF) 3D-QSAR
analysis: application to a set of peptidometic renin inhibitors. J. Chem.
Inf. Comput. Sci. 1997, 37, 779−791.
(22) Hou, T.; McLaughlin, W. A.; Wang, W. Evaluating the potency
of HIV-1 protease drugs to combat resistance. Proteins 2008, 71,
1163−1174.
(23) Hyland, L. J.; Tomaszek, T. A., Jr.; Meek, T. D. Human
immunodeficiency virus-1 protease. 2. Use of pH rate studies and
solvent kinetic isotope effects to elucidate details of chemical
mechanism. Biochemistry 1991, 30, 8454−8463.
(24) Pietrucci, F.; Marinelli, F.; Carloni, P.; Laio, A. Substrate binding
mechanism of HIV-1 protease from explicit-solvent atomistic
simulations. J. Am. Chem. Soc. 2009, 131, 11811−11818.
(25) Tzoupis, H.; Leonis, G.; Durdagi, S.; Mouchlis, V.;
Mavromoustakos, T.; Papadopoulos, M. G. Binding of novel fullerene
inhibitors to HIV-1 protease: insight through molecular dynamics and
molecular mechanics Poisson−Boltzmann surface area calculations. J.
Comput.-Aided Mol. Des. 2011, 25, 959−976.
(26) Smith, A. B., III; Hirschmann, R.; Pasternak, A.; Akaishi, R.;
Guzman, M. C.; Jones, D. R.; Keenan, T. P.; Sprengeler, P. A. Design
and synthesis of peptidomimetic inhibitors of HIV-1 protease and
renin. Evidence for improved transport. J. Med. Chem. 1994, 37 (2),
215−218.
(27) Diabetes Pipeline: Intense Activity to Meet Unmet Need;
InsightPharma: Langhorne, PA, 2010; p. vii.http://www.
insightpharmareports.com/uploadedFiles/ExecutiveSummary.pdf.;
http://clinicaltrials.gov/ct2/show/NCT01064414.
(28) Zhou, H.; Danger, D. P.; Dock, S. T.; Hawley, L.; Roller, S. G.;
Smith, C. D.; Handlon, A. L. Synthesis and SAR of Benzisothiazole-
and Indolizine-β-D-glucopyranoside Inhibitors of SGLT2. ACS Med.
Chem. Lett. 2010, 1, 19−23.
(29) Goodwin, N. C.; Mabon, R.; Harrison, B. A.; Shadoan, M. K.;
Almstead, Z. Y.; Xie, Y.; Healy, J.; Buhring, L. M.; DaCosta, C. M.;
Bardenhagen, J.; Mseeh, F.; Liu, Q.; Nouraldeen, A.; Wilson, A. G. E.;
Kimball, S. D.; Powell, D. R.; Rawlins, D. B. Novel L-xylose derivatives
as selective sodium-dependent glucose cotransporter 2 (SGLT2)
inhibitors for the treatment of type 2 diabetes. J. Med. Chem. 2009, 52,
6201−6204.
(30) De Meyer, S.; Azijn, H.; Surleraux, D.; Jochmans, D.; Tahri, A.;
Pauwels, R.; Wigerinck, P.; de Bethune, M. P. TMC114, a novel HIV-1
protease inhibitor active against protease inhibitor-resistant viruses,
including a broad range of clinical isolates. Antimicrob. Agents
Chemother. 2005, 49, 2314−2321.
(31) Koh, Y.; Nakata, H.; Maeda, K.; Ogata, H.; Bilcer, G.;
Devasamudram, T.; Kincaid, J. F.; Boross, P.; Wang, Y. F.; Tie, Y.;
Volarath, P.; Gaddis, L.; Harrison, R. W.; Weber, I. T.; Ghosh, A. K.;
Mitsuya, H. Novel bis-tetrahydrofuranylurethane-containing non-
peptidic protease inhibitor (PI) UIC-94017 (TMC114) with potent
activity against multi-PI-resistant human immunodeficiency virus in
vitro. Antimicrob. Agents Chemother. 2003, 47, 3123−3129.
(32) Kovalevsky, A. Y.; Liu, F.; Leshchenko, S.; Ghosh, A. K.; Louis,
J. M.; Harrison, R. W.; Weber, I. T. Ultra-high resolution crystal
structure of HIV-1 protease mutant reveals two binding sites for
clinical inhibitor TMC114. J. Mol. Biol. 2006, 363, 161−173.

(33) Lefebvre, E.; Schiffer, C. A. Resilience to resistance of HIV-1
protease inhibitors: profile of darunavir. AIDS Rev. 2008, 10, 131−142.
(34) Tie, Y.; Boross, P. I.; Wang, Y. F.; Gaddis, L.; Hussain, A. K.;
Leshchenko, S.; Ghosh, A. K.; Louis, J. M.; Harrison, R. W.; Weber, I.
T. High resolution crystal structures of HIV-1 protease with a potent
non-peptide inhibitor (UIC-94017) active against multidrug-resistant
clinical strains. J. Mol. Biol. 2004, 338, 341−352.
(35) Ghosh, A. K.; Chapsal, B. D.; Weber, I. T.; Mitsuya, H. Design
of protease inhibitors targeting protein backbone: an effective strategy
for combating drug resistance. Acc. Chem. Res. 2008, 41, 78−86.
(36) Wood, J. M.; Maibaum, J.; Rahuel, J.; Grütter, M. G.; Cohen, N.
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