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Abstract AT, antagonists (SARTANS) constitute one of
the most successful classes of antihypertensive agents. These
molecules interfere with the renin angiotensin system by
preventing the vasoconstrictive hormone angiotensin II from
binding onto the AT, receptor. It is proposed that SARTANs
exert their biological action by inserting into the lipid
membrane and then diffuse to the active site of AT, receptor.
In this article, the conformational properties of telmisartan
are analyzed both in solution and in the active site of the AT,
receptor using conformational analysis, molecular docking,
molecular dynamics (MD) simulations, and in silico Ala-
scanning mutagenesis studies. Combined results reveal tel-
misartan’s crucial structural characteristics and classify the
importance of receptor’s amino acids for ligand binding.
Since telmisartan is exerting its activity on a transmembrane
receptor, Differential Scanning Calorimetry was applied to
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study the drug effects in lipid bilayers mimicking the bio-
logical membrane environment. Of paramount importance,
the finding is that telmisartan exerted similarities but also
significant differences with other AT, antagonists on the
basis of their interaction with lipid bilayers and subsequent
docking into the active site. This could in part explain their
similar mode of action and in parallel their distinct phar-
macological profile.

Keywords Telmisartan - AT, antagonists - Sartans -
MD simulations - Molecular docking - DSC -
Conformational analysis

Introduction

Angiotensin II (AIl) is an octapeptide derived from angi-
otensinogen through a cascade of biochemical conversions
in the renin angiotensin system (RAS). This peptide elicits
potent vasoconstrictive effects when interacts with the AIl
subtype-1 (AT;) receptor, a G-protein-coupled receptor
(GPCR), already cloned from rat, pig, and human libraries
(De Gasparo et al., 2000).

In the last two decades, several orally active non-peptide
angiotensin II receptor antagonists have received approval
for the regulation of blood pressure. The intense interest for
developing novel AT; antagonists is illustrated by the
approval of another benzimidazole derivative named azil-
sartan (Edarbi) (White et al., 2011). These drugs are also
used to manage congestive heart failure and diabetic
nephropathy (Burnier and Brunner, 2000). All AT, antag-
onists share a common molecular basis of action. They
selectively block the AT, receptor and prevent All to exert
its vasoconstrictive effect. However, these antagonists
differ significantly in their pharmacological profile and
consequently in their efficacy (Timmermans ef al., 1991).
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Telmisartan is a substituted benzimidazole derivative,
potent AT, antagonist with higher bioavailability and half
lifetime than the first beneficial drug of this category losartan
(Nixon et al., 2009; Rodgers and Patterson, 2001; Idris,
2010; Schwocho and Masonson, 2001). In addition to its
vasodilatory properties, telmisartan appears to exert anti-
hypertensive effect by directly modulating renal excretory
function (Wienen and Schierok, 2001). Apart from that,
telmisartan was found to act as a partial agonist of peroxi-
some proliferators-activated receptor-y (PPAR-y). PPAR-y
influences the gene expression involved in carbohydrate
metabolism, and its ligands pioglitazone and rosiglitazone
improve insulin resistance in diabetic patients (Yamagishi
and Takeuchi, 2005). For this reason, telmisartan is consid-
ered as a promising “cardiometabolic sartan” which targets
both diabetes and cardiovascular diseases in hypertensive
patients. Furthermore, several trials showed that treatment
with telmisartan also improved lipid metabolism by reducing
low-density lipoprotein and triglyceride levels while
increasing high density lipoproteins in hypertensive patients
(Takagi and Umemoto, 2012).

Although telmisartan can be considered as a derivative
of the prototype non-peptide AT, antagonist losartan, it has
structural differences summarized to: (a) alkyl chain: tel-
misartan possesses a propyl chain while losartan a butyl

Fig. 1 Structures of AT,
antagonists telmisartan,
valsartan and losartan

T1 = C22-C23-C24-C=0
1= C19-C18-C15-C16
T3=C17-C12-C11-N1
T4=C12-C11-N1-C5
T5=(C26-C27-C29-N30
Te= N3-C2-C8-B9
T7=C10-C9-C8-C2

@ Springer

chain; (b) heterocyclic segment: telmisartan possesses
two benzimidazole rings instead of the imidazole ring of
losartan; (c) acidic group: telmisartan possesses a carbox-
ylate group, while losartan the bioisosteric tetrazole ring
(Fig. 1). Telmisartan adopts as other sartans polymor-
phism. In particular, it presents two anhydrous forms
(A and B) and one solvated form (C) as they have been
depicted by electron microscopy, Differential Scanning
Calorimetry (DSC), IR and FTIR spectroscopy, and finally
X-ray powder diffraction (Dinnebier et al., 2000).

This work is a continuation of our effort to obtain infor-
mation on the regiochemical and stereochemical require-
ments for effective binding at the AT; receptor. Several
conformational analysis studies have been performed toward
this aim including Angiotensin II (Preto et al., 2005;
Matsoukas et al., 1994) synthetic peptides (Matsoukas et al.,
1995; Polevaya et al., 2001; Roumelioti et al., 2002; Rou-
melioti et al., 2000), losartan (Mavromoustakos et al., 1999;
(Fotakis et al., 2009; Zoumpoulakis et al., 2003a, b), val-
sartan (Potamitis er al., 2009) as well as other synthetic
analogs (Theodoropoulou et al., 1996; Zoumpoulakis ef al.,
2002; Mavromoustakos et al., 2004a; b; Zoumpoulakis et al.,
2003a, b; Moutevelis-Minakakis et al., 2003; Zoumpoulakis
et al., 2006; Mavromoustakos et al., 2006). These studies
have resulted to the following common conformational

Telmisartan
Cl

Losartan
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features for AT, antagonists: (i) the aromatic rings of the
biphenyl system are oriented at about 45° relatively to each
other; (ii) the alkyl chain, attached to the heterocyclic ring is
flexible and can point either toward the biphenyl tetrazole or
biphenyl carboxylate system, probably by maximizing van
der Waals interactions or away from it to adopt the ener-
getically favorable all-trans conformation. The preference of
the alkyl chain’s orientation depends on the heterocyclic
segment and its substituents, as well as the environment; (iii)
the tetrazole moiety plays the role of an isosteric carboxylate
and its conformation relatively to the biphenyl system is not
restrained.

Knowledge of the 3D structure of the AT, receptor is
essential for understanding antagonist’s interaction with
the active site and consequently the rational design of novel
more specific ligands. Unfortunately, human AT, receptor
as a membrane-bound protein has not been crystallized yet
and rational design may be performed based on its
homology model, which is constructed based on the tem-
plates of the resolved structures of either bovine rhodopsin
(Tuccinardi et al., 2006) or the B-adrenergic receptor
(b2AR) which is one of the best characterized members of
the GPCR family (Wacker et al., 2010). The b2AR was the
first non-rhodopsin GPCR to be cloned and has been one of
the most extensively studied members of this large receptor
family (Rosenbaum et al., 2007).

An additional aspect of this work is to examine the effects
of telmisartan in lipid bilayers. In our previous studies, we
have put forward a two-step model in which the AT prototype
antagonist losartan first inserts into the bilayer core and dif-
fuses toward the active site (first step), and then anchors to the
active site (second step) (Zoumpoulakis et al., 2003a, b). In
this article, the conformational properties of telmisartan using
a combination of NMR spectroscopy and molecular modeling
techniques, are discussed. Furthermore, the effects of telmi-
sartan in liposomal formulations are examined and compared
with losartan, valsartan, and candesartan CV in an attempt to
explain their drug efficacies.

Materials and methods

Materials

DMSO-dg and ultra precision NMR tubes (Norell 509-UP-7,
5 mm) were used for the NMR experiments. Telmisartan was
donated by the Boehringer Ingelheim pharmaceutical company.
Nuclear magnetic resonance spectroscopy

Telmisartan was dissolved in DMSO-ds and a series of

experiments were performed using Varian INOVA 600 MHz.
All data were collected using pulse sequences and phase-

cycling routines provided in Varian libraries of pulse pro-
grams. Data processing including Fourier transformation,
phasing, baseline correction, and integration were performed
using MestReNova software. The DQF-COSY, g3
HSQC, and "H-"*C HMBC experiments were performed with
gradients (Rance et al., 1983; Bodenhausen and Ruben, 1980;
Bax and Summers, 1986; Bermel et al., 1989). The ROESY
experiment was recorded using standard pulse sequence in the
phase-sensitive mode and was measured at 150 ms mixing
time using a spin-locking field of 3000 Hz. The 'H sweep
width was 9820 at 600 MHz (Jeener et al., 1979). Typically,
the homonuclear proton spectra were acquired with 4096 data
points in #,, 16-64 scans, 256-512 complex points in ¢; and a
relaxation delay of 1-1.5 s. The 'H-">C HSQC spectrum was
recorded with 1,024 data points in #,, 16 scans per increment,
128 complex pints in #; and a relaxation delay of 1 s. The
'H-'3C HMBC spectrum was recorded with 4096 data points
in t,, 64 scans per increment, 512 points in #; and a relaxation
delay of 1s (Bax and Summers, 1986; Bermel et al., 1989).
The '"’C spectral width was 20000 and 30000 Hz for the
HSQC and HMBC experiments, respectively.

Molecular modeling

Geometry optimization, conformational analysis, ligand
preparation, and QikProp calculations were performed with
Schrodinger Suite 2011 molecular modeling package
(Maestro, 2011).

Conformational analysis

Telmisartan was initially minimized using Molecular
Mechanics with OPLS_2005 force field and a dielectric
constant (&) equal to 45 simulating the DMSO environment
of the NMR solvent. Minimization was performed with
truncated newton conjugate gradient (TNCG) algorithm
using 1000 iterations and an energy tolerance of
0.01 kcal mol~" A™", to reach a local minimum. To gener-
ate random conformers, the 3D model of telmisartan fol-
lowing its optimization was subjected to Conformational
Search (Macromodel) using the Mixed torsional/Low-mode
sampling. This method uses a combination of the random
changes in torsion angles and/or molecular position from the
torsional sampling (MCMM) method, together with the low-
mode steps from the LMOD method, which is highly effi-
cient and has the advantage that ring structures and variable
torsion angles do not need to be specified. Maximum number
of steps was set to 1000 using 100 steps per rotatable bond,
the energy window was set equal to 100 kJ mol~' and the
RMSD cut-off equal to 0.5 A.

In order to explore the preferred torsion angles that
correspond to the lowest energy conformers and energy
barriers of telmisartan, Coordinate Scan (Macromodel) was
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implemented. This method initiates a coordinate scan
search that generates conformations by varying specified
torsion angles. Intervals of 5° were applied for single bond
rotation and 10° of two bond rotation. During the Con-
formational Search and the Coordinate Scan procedures,
OPLS_2005 Force Field with Dielectric Constant equal to
45 and normal cut-off were used for the potential param-
eters and PRCG algorithm with 1000 iterations and con-
vergence threshold equal to 0.001 were used for the
minimization of the produced conformers.

Ligand preparation (LigPrep)

LigPrep was used for the preparation of the 3D minimized
structures of telmisartan, valsartan, losartan, and cande-
sartan CV and the generation of their protonated states.
LigPrep is a robust collection of tools designed to prepare
high quality, all-atom 3D structures for large numbers of
drug-like molecules, starting with 2D or 3D structures in
Maestro format. LigPrep also uses Epik to generate tau-
tomers of selected molecules by employing protonation
and tautomerization state adjustment consistent with a
specified pH range. The tautomerization facility of Epik
relies on a database of tautomeric templates. Tautomers in
the database are assigned probabilities to assist in focusing
on the most highly populated tautomeric forms (Epik,
2011; Shelley et al., 2007; Greenwood et al., 2010).

QikProp

QikProp predicts physically significant descriptors and phar-
maceutically relevant properties of organic molecules. It rap-
idly analyses atom types and charges, rotor counts, and the
sample molecule’s volume and surface area. QikProp then uses
this information, along with the physical descriptors calculated
using algorithms, which mimic the full Monte Carlo simula-
tions and produce comparable results with experimentally
determined properties, in regression equations. This procedure
results in an accurate prediction of a molecule’s pharmaco-
logically relevant properties (Qikprop, 2011). All the proton-
ated states derived from LigPrep for the molecules under study
were imported for QikProp calculations.

MD simulations

MD simulations have been used to examine the stability of
ligand inside the binding pocket, and optimize the binding
interactions between receptor and ligand. The system
includes drug at the binding site of the receptor surrounded
by the dipalmitoylphosphatidylcholine (DPPC) lipid bilayer
environment and solvent molecules. DPPC lipid bilayer for
the MD simulations was obtained from Dr. M. Karttunen’s
web page (Karttunen, 2007) (128 DPPC lipids and 3655

@ Springer

water molecules after 100 ns) (Patra et al., 2003, 2004). The
lipid extended by 4 x 4 x 1 in xyz to have enough area of
lipid for the protein merging. The MD simulations were
performed with GROMACS 3.3.1 software package (Jones
et al., 1997); using GROMOS96 force field (Van Gunsteren
et al., 1996). Simulations were run in the NPT ensemble at
300 K and 1 bar with periodic boundary conditions. During
equilibration, the Berendsen barostat and thermostat algo-
rithms (Berendsen et al., 1984); were applied. Electrostatic
interactions were calculated using the particle mesh Ewald
method (Essmann et al., 1995). Cut-off distances for the
calculation of Coulomb and van der Waals interactions were
1.0 and 1.4 nm, respectively. Prior to the dynamics simula-
tion, energy minimization was applied to the full system
without constraints using the steepest descent integrator for
2,000 steps with the initial step size of 0.01 A (the minimi-
zation tolerance was set to 1000 kJ mol~'. The system was
then equilibrated via 250 ps simulations with a time step of
2 fs. Finally,a2.5 nssimulation was performed at 300 K and
1 bar with a time step of 2 fs using Berendsen thermostat and
Parrinello-Rahman barostat (Parrinello and Rahma, 1981);
algorithms. All bonds were constrained using the LINCS
algorithm (Hess et al., 1997).

In silico mutagenesis studies

Refined AT, receptor model from MD simulations was
used in the mutation studies. Receptor’s amino acids at the
active site (13 critical amino acids were used) were
mutated to Ala with Schrodinger’s Maestro module
(Maestro, 2011) and subsequently refined to remove the
bad contacts with protein preparation algorithm (using 0.30
RMSD cut-off) under Schrodinger molecular modeling
package (Maestro, 2011). Therefore, 13 different derived
mutated AT, receptors were used in the docking studies.

Molecular docking studies

Molecular Docking studies were performed using GOLD
docking program (v4.1.1) (Verdonk et al., 2003); under
Linux operation system. The binding interactions are
derived using the genetic algorithm and GoldScore scoring
function. Active site is constructed with 15 A radial cavity
from Lys199 (a well-known active site residue). Since
telmisartan is a relatively bulky molecule, 10 amino acid
residues at binding site (Ser109, Phe182, Tyr184, Lys199,
Asn200, Trp253, His256, GIn257, Thr287, 11e288) were
selected as flexible rotamers to avoid problems with host-
ing the ligand at the binding site of receptor. The default
generic algorithm parameters were used (populations size
100, selection pressure 1.1, number of islands 5, migrate
10, mutate 95, crossover 95, niche size 2, and number of
operations 107000).
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DSC

To prepare the samples for DSC experiments, appropriate
amounts of DPPC, telmisartan, and cholesterol were diluted in
chloroform, dried under stream of nitrogen and then stored
under high vacuum overnight. Distilled and deionised water
was added to the dried mixtures of DPPC—telmisartan and
DPPC-cholesterol-telmisartan to produce a 50 % (w/w)
mixture/water preparation. The samples were transferred to
stainless steel capsules obtained from Perkin—Elmer and
sealed. Thermal scans were obtained on a Perking-Elmer
DSC-7 instrument (Norwalk, CT). All samples were scanned
from 10 to 60 °C at least three times until identical thermal
scans were obtained using a scanning rate of 2.5 °C min .
The temperature scale of the calorimeter was calibrated using
indium (7;,, = 156.6 °C) and DPPC bilayers (T}, = 41.2 °C).
The following diagnostic parameters were used for the study
of drug to membrane interactions: T,,, (maximum position of
the recorded heat capacity), T, (the starting temperature of
the phase transition) and ATy, ., (the full width at half maxi-
mum of the phase transition), and the respective parameters
concerning the pre-transition. An empty pan for the base line
and a sample containing double-distilled water were run for
the temperature range of 10-60 °C as a reference for the

14/16
28 26

22 32, 21 19

35 33 34

13/17

background. This background was subtracted from each
thermal scan of the samples. The area under the peak, repre-
sents the enthalpy change during the transition (AH). The
mean values of AH of three identical scans were tabulated.

Drug concentrations used for the different experiments
were x = 0.05 (5 mol% telmisartan), x = 0.10 (10 mol%
telmisartan) and x = 0.20 (20 mol% telmisartan). For ter-
nary mixtures, a fixed DPPC/cholesterol ratio was kept
(15 mol% cholesterol), and either 5 mol% telmisartan or
15 mol% telmisartan were added.

Results and discussion
Structure elucidation of telmisatan

Figure 2 depicts the "H NMR spectrum of telmisartan
obtained in DMSO-d;. This solvent was used as it provides
an amphiphilic environment mimicking the physiological
conditions at the receptor binding site. Nevertheless, there is
no doubt that the present studies are performed in “artificial”
biological conditions and may not reflect the real biological
processes (Van der Spoel et al, 2005). Telmisartan’s

775 770 765 760 755  7.50

745 740 735 730 725 720 715 7.0

6
10
11 8
9
ll‘ ds-DMSO )l
LBl |
..................................... T B B R AR g s e s B T s R e RS e P e o B Y N K R A R
75 7.0 6.5 6.0 55 5.0 45 40 35 30 25 20 15 10
Fig. 2 'H NMR spectrum of telmisartan in DMSO-dg solvent and expansion of the aromatic region
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Table 1 'H and '>C assignment

Table 2 Critical ROEs and calculated interatomic distance constraints

Proton 'H Chemical 13C Chemical HMBC with Protons Calculated Upper limit Lower limit
shift (ppm) shift (ppm) distance (+10 %) (=10 %)
10 1.00 13.88 HO, HS8 8-11 245 2.70 221
9 1.83 20.74 H10, H8 8-13/17 2.93 3.22 2.64
8 2.93 28.76 H10, H9 9-11 3.80 4.18 342
7 3.81 31.80 - 10-8 3.67 4.04 3.30
6 2.63 16.47 H26 11-13/17 2.85 3.14 2.57
11 5.62 46.10 H13/17 11-28 2.28 2.51 2.05
13/17 7.18 126.38 HI11, H13/17 13/17-28 2.92 321 2.63
14/16 7.28 128.72 H14/16 7-28 3.11 342 2.80
19 7.33 130.34 H21 7-26 3.25 3.58 2.93
20 7.53 130.85 H22
21 7.43 127.34 HI19
22 7.7 129.10 H20
26 7.47 123.17 H6. H28 (A) and the aromatic ring (C); (iii) the relative orientation
8 771 109.31 H26 of the benzimidazoles (A) and (B); (iv) the relative orien-
3 758 110.40 H34 tation 9f the aromaFi.c rings (C) and (D);.and (v) the con-
33 797 12211 H35 formation and~ mobility of the propy.l chain. . .
4 72 121.87 H32 The. follgwmg strategy was applied to. get 1nf0@at10n
35 767 118.69 33 rebga.rdu(lig f1ts co;lf;rrggg);?l features. First, the mgga(lis
4 3 128.27 Heé. H28 g talng hrom e spectrum wle?r?i quanti 1e .
23 ~ 132.20 H19, H21 econd, t eore.tlca calculations were app e to explore
5 13471 il the conformational space. These calculations include
' random and systematic searches (for dihedrals 7,—1;) and
12,25 - 135.96 HI11, H14/16 . -
Monte Carlo analysis to study the mobility of the alkyl
31 - 136.61 H7, H33, H35 . . .
chain of telmisartan. Low energy conformers consistent
15 - 140.17 H13/17, H19 : . .
with experimental data were considered for further
18 - 140.49 H14/16, H20, H22
36 142.37 H32, H34 7 ment-
N ’ ’ The critical ROEs which govern the conformational
27 - 142.69 H26, H28 . . . .
properties of telmisartan are transformed into distance
29 - 154.01 H7, H26, H28 constraints and are presented in Table 2. Thus, the propyl
2 B 156.21 HE, Qg™ chain is spatially restricted by ROEs between H8, H9 with
24 - 169.47 H22

structure elucidation has been based mainly on previous
reported work with other AT, antagonists (Mavromoustakos
et al., 1999; Zoumpoulakis et al., 2002, 2006).1H NMR,
homonuclear 2D DQF-COSY, and ROESY spectra provided
unambiguous assignment of the protons shown in Table 1
associated with their chemical shifts. Verification of the
carbon chemical shifts was obtained through '*C NMR, 2D
heteronuclear HSQC and HMBC spectra.

Conformational analysis of telmisartan

The most important conformational features of telmisartan
are: (i) the conformation of the biphenyl scaffold and the
orientation of the carboxylate relative to the benzimidazole
rings; (ii) the orientation between the benzimidazole

@ Springer

HI11, and H8 with H13/17 and the benzimidazole group
(A) by ROEs between H7 with H26 and H28. ROEs
observed between H11 and H13/17 with H28, determine
the spatial vicinity between aromatic ring (C) and benz-
imidazole ring (A).

From the systematic search on the dihedral angle 15, we
noticed that the distance constraint between the H7 in the
methyl group of benzimidazole (B) and H26 of benz-
imidazole (A) can be fulfilled. In order to be consistent
with the experimental ROE, an energy minimization was
applied under distance constraint of the experimental val-
ues using a force of 24 kcal mol ™' A2, The resulted
conformer has a total energy value E = 33.47 kcal mol "
The components of the total energy are Egrecn =
2.20 keal mol ™", Epeng = 6.33 keal mol™", Eiorsiona = 11.35
kcal mOI_la Eimproper torsional = 0.03 kcal m01_17 Evan der
Waals = 13.54 keal mol™!,  Ejecyrost = —0.04 keal mol ™!,
and Eonsirainis = 0.18 kcal mol™'. The interatomic dis-
tances of the conformer are presented in Table 3.
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Table 3 Calculated interatomic

o 2:22
9-11 3.83
10-8 3.81
11-13/17 2.78
11-28 2.34
13/17-28 2.98
7-28 3.51
7-26 3.67

In silico docking and mutational studies of telmisartan

Due to lack of crystallization of the AT, receptor, a 3D
homology model was used (Patra et al., 2004). More spe-
cifically, we have used a pre-refined losartan-AT; receptor
complex by means of 1 ns of molecular dynamics (MD)
simulation using the critical amino acids of the active site
determined in a previous publication (Wacker et al., 2010).
In this work, we implemented GOLD docking (v.4.1.1)
(Jones et al., 1997) and GROMACS (v.3.3.1) MD simu-
lations (Van der Spoel et al., 2005) to obtain comple-
mentary data regarding docking interactions of telmisartan
at the active site of the AT, receptor models, explicitly
solvated and embedded in lipid bilayers together with
solvent molecules. GOLD docking software uses a genetic
algorithm and gives the possibility of full flexibility for the
ligand and partial flexibility of the receptor (side chains of
amino acids). On the other hand, MD simulations leave
both ligand and receptor fully flexible (Durdagi et al.,
2010; Durdagi et al., 2011; Politi et al., 2010).

In previous publications, it has been reported that the
carboxylate or its bioisosteric tetrazole groups of AT,
antagonists interact with Lys199 or Tyrl84 (Tuccinardi
et al., 20006).

Application of GOLD with flexible amino acid residues
increased the correct localization of ligand at the binding
site of the receptor as it is depicted by the obtained high
fitness binding scores for telmisartan and valsartan (101.80
and 77.53 respectively). In order to further refine the AT,
receptor complexes, we proceeded with MD simulations in
a fully hydrated phospholipid bilayer environment com-
prised of DPPC solvated with water molecules. A repre-
sentation of the system used in the MD simulations is
presented in Fig. 3.

This simulation examines the stability of ligand inside
the binding pocket, and optimizes the binding interactions
between receptor and ligand. The coordinate files of ligand
and receptor, as derived from the GOLD docking software,
were used as input at the MD simulations. The MD sim-
ulation showed that electrostatic interactions (in most cases
hydrogen bonds) exist between the oxygen atoms of the

Fig. 3 Representation of the system used in MD simulations.
Telmisartan is embedded in the active site of AT receptor surrounded
by 128 hydrated DPPC bilayer with 3,655 molecules of water. The
lipid is extended by 4 x 4 x 1 in xyz to have enough area of lipid for
the protein merging

carboxylate group of the ligand and the side chain of
Lys199, Ser109, Ser105, His256 as well as the backbone
carboxylate of Phel82 (Fig. 4).

Recently, a unique binding mode of telmisartan to the
AT, receptor was proposed through a “delta lock™ struc-
ture by Ohno et al. (2011). According to this, His256 forms
salt bridge and Lys199 forms cation—n interaction with
telmisartan. In our study, telmisartan can form hydrogen
bond with Lys199 and polar interactions with His256.
Hydrophobic interactions are observed with amino acids
Phe204, Phe208, Phel82, and Trp253 in accordance to
Ohno et al. (2011). Trp253 and Tyr184 appear to induce —
7 interactions; the first with the aromatic ring (C), and the
second with the aromatic ring (B) as well as with the
imidazole of telmisartan (Fig. 5). However, Ser109 and
Ser105 form hydrogen bonds with the carboxylate group of
telmisartan, while Ohno et al. observe hydrogen bonds with
Tyr184, Tyr113 and GIn257.

In order to further examine the role of the amino acids
which constitute the binding site of AT; receptor, we
performed Ala-scanning as an in silico mutagenesis tool.
Through this study, we performed several docking calcu-
lations for telmisartan and valsartan (for comparison) each
time by mutating critical amino acids with Ala.

Mutated receptors were slightly minimized to remove
the bad contacts (see the Materials and Methods section).
As expected, the binding score was reduced after muta-
tions, proportionally to the role of the mutated amino acid
in binding process. Table 4 shows that Lys199 with a
binding score reduction of 53.28 % is the most crucial
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Fig. 4 Binding interactions of
telmisartan after subjected to
MD simulation. Hydrogen
bonds are formed between side
chain amine hydrogen of
Lys199 and the oxygen atoms of
the carboxylate group of the
ligand; between side chain
hydroxyl hydrogens of Ser105
and Ser109 and oxygen atoms
of carboxylate group of ligand
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Fig. 5 The interactions of telmisartan with receptor’s amino acids.
Residue colors denote the residue type. Hydrogen bonds are shown as
dashed pink lines and m—n interactions are shown as green lines.
Green circles show hydrophobic interactions, brown circles present
glycine interactions, blue circles present polar interactions, and indigo
circles presents electrostatic (positively charged) interactions. The
text size of residues represents their depth: the small font is far away
while the large font is closer to the viewer (Color figure online)

amino acid from those reported in MD simulations, fol-
lowed by Ser109 with 45.01 % reduction. Phe182, Ser105,
and His256 are still reducing the binding score (39.33,
39.22, and 29.8 %, respectively) showing a smaller

@ Springer

contribution to overall binding. Furthermore, Vall08
(55.3 % reduction) and Trp253 (44.59 % reduction) seem
to be critical for hydrophobic interactions with the ligand.
Surprisingly, Gly196 and Phe204 (76.98 and 83.65 %
reduction, respectively) seem to be very critical for telmi-
sartan binding. Their importance is attributed to the
geometry of the active site rather than interactions with the
molecule of telmisartan. As shown in Fig. 6, mutation of
Gly196 with Ala results in a completely different orienta-
tion of the docking pose of telmisartan. Mutational study
with the molecule of valsartan, has shown that in addition
to the critical amino acids found for telmisartan, Phel82
(49.72 % reduction) also contributes in the binding score.
Moreover, as in the case of telmisartan, mutation of Gly196
reduced significantly the binding score (97.24 %), while it
did not form any strong binding interaction with the ligand
(Potamitis et al., 2009). The comparison of relative dock-
ing scores (based on the difference between wild AT; and
mutated ones) have shown very similar profiles between
valsartan and telmisartan (Fig. 7).

Comparative conformational studies of telmisartan
in various environments

For comparison reasons, Fig. 8 presents the molecular
conformations of the different crystalline forms of telmi-
sartan together with the conformation produced by
molecular modeling combined with NMR data and finally
the conformation after applying docking and MD simula-
tions at the active site of the AT, receptor. The dihedral
angles 73 and t4 for crystalline forms (CFA, CFB, CFC),
the conformation in DMSO-ds solution (derived by NMR
data) and the docked conformation are presented in
Table 5. The two rings of the biphenyl moiety of
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Table 4 In silico mutagenesis studies with Ala-scanning

Telmisartan Valsartan Telmisartan Valsartan
Gold score Gold score G.S.wip — G.S.mur. G.S.wip — G.S.mur-
(reduction %) (reduction %)
WILD ATl 101.8 77.53
Mutation
MUT His256Ala 71.51 46.83 30.29 (29.8 %) 30.70 (39.60 %)
MUT Lys199Ala 47.56 37.77 54.24 (53.28 %) 39.76 (51.28 %)
MUT Lys199Ala + His256Ala 66.65 46.46 35.15 (34.52 %) 31.07 (40.07 %)
MUT Ser109Ala 55.9 24.92 45.90 (45.01 %) 52.61 (67.86 %)
MUT Phel82Ala 61.76 38.98 40.04 (39.33 %) 38.55 (49.72 %)
MUT Tyrl184Ala 63.38 64.59 38.42 (37.74 %) 12.94 (16.69 %)
MUT Serl105Ala 61.87 54.63 39.93 (39.22 %) 22.90 (29.54 %)
MUT GIn257Ala 68.46 46.21 33.34 (32.75 %) 31.32 (40.40 %)
MUT Vall08Ala 45.5 20.35 56.30 (55.30 %) 57.18 (73.75 %)
MUT Trp253Ala 56.41 28.84 45.39 (44.59 %) 48.69 (62.80 %)
MUT Asn200Ala 59.90 54.65 41.90 (41.16 %) 22.88 (29.51 %)
MUT Gly196Ala 2343 2.14 78.37 (76.98 %) 75.39 (97.24 %)
MUT Phe204Ala 16.64 35.78 85.16 (83.65 %) 41.75 (53.85 %)

Fig. 6 Telmisartan in the WILD-AT1 receptor; (green) Mutation of
Gly196 with Ala results in an opposite binding mode (Color figure
online)

telmisartan were found to prefer a twisted conformation.
Such a conformation is consistent with a subsequently
reported crystallographic structure of EXP7711, an o-car-
boxyl acid analog of losartan (Bradbury et al., 1992). If two
lines are drawn connecting the centers of rings A, B and C,
D (Fig. 8) an angle is formed (V shape). This angle is
increased progressively from crystal structure to the
docked one and finally to the one in solution. The obtained
result is expected since the conformation of the crystal
structure is more compact than the docked conformation in
the active site probably due to increased space in the
cavity. The structure in the DMSO solvent is more
“opened,” since no forces are applied for restraining the
molecule in a compact conformation.

DSC

The recorded calorimetric scans from DPPC multilamellar
vesicles in excess of water are presented in Fig. 9 for
telmisartan fractions of 0, 5, 10, and 20 mol%. For all
samples, two characteristic endothermic peaks are
observed corresponding to the pre- and the main transi-
tion, respectively. Below pre-transition temperature (7pre)
the lamellar gel phase (Lp) exists, in which all lipid
chains are in all-frans conformation and are tilted with
respect to membrane. Above the main phase transition
(T}, the fluid lamellar phase (Lo appears. Between Tpp.
and T),, an intermediate phas (Pg) is observed. In this
phase, the bilayers are modulated by a periodic ripple
phase (Katsaras et al., 2000). The obtained T,,, and AH for
the pure DPPC bilayers are in a good agreement with the
reported literature values (Koynova and Caffrey, 1998).
The presence of telmisartan modulates the thermal event,
preferentially of the pre-transition, proposing that it acts
mainly at the head-group region. At 5 mol%, it lowers
Tore and it also decreases its AH as well as it increases its
breadth. At 10 mol%, it causes further lowering of T
and AH which is even more pronounce at 20 mol%. The
presence of telmisartan causes only insignificant changes
in T, values, the breadth of the phase transition and the
AH. The thermal effects of telmisartan on DPPC/choles-
terol bilayers (85:15 molar ratio) are shown in Fig. 10. A
15 mol% cholesterol is well known to abolish the pre-
transition of DPPC bilayers and somewhat broadens the
main phase transition while it slightly decreases T,, (Vist
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Fig. 7 Plot of the docking 0
score differences after the TELMISARTAN  —VALSARTAN
mutation of several amino acids -10
crucial for binding of
telmisartan and valsartan -20 _ .
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Fig. 8 (Top) Molecular conformations of the different crystalline
forms of telmisartan (CFA crystalline form A, CFB crystalline form
B, CFC crystalline form C); (down left) conformation produced using

and Davis, 1990). Moreover, it causes a significant low-
ering of AH (Table 6). In this case, the addition of tel-
misartan (5 mol%) does not appear to modify
significantly the thermal effects. Thus, it does not cause

@ Springer

&

CFB CFC

Docked

a combination of NMR data and theoretical calculations; (bottom
right) conformation derived after applying docking and molecular
dynamics simulations at the active site of the AT receptor

any significant changes in T},, AT,1» and only gradually
decreases AH (Table 6). The thermal behavior of telmi-
sartan in DPPC/cholesterol bilayers provides less evidence
that the drug molecule exerts its action on the head-group.

Journal : Large 44
Article No. : 464

-
>

MS Code :

Dispatch :  23-1-2013 Pages : 16
O LE O TYPESET
¥ cp * DIsK

545
546
547
548



549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567

568

569

570
571

Med Chem Res

Since cholesterol by itself abolishes the pre-transition any
additional effect attributed to the drug telmisartan is
obscured.

These thermal effects are similar to those observed by
candesartan CV and distinct from those of losartan and
valsartan (Fotakis et al., 2011; Potamitis et al., 2011; Tian
et al.,2011). The similarities and differences of telmisartan
with other ARBs can be interpreted as follows: both tel-
misartan and candesartan CV allow similar chain packing
in the lipid bilayers, since they have no extensive alkyl
chains and both have condensed aromatic rings. On the
contrary, losartan possesses a butyl alkyl chain and val-
sartan a pentanamido butanoic acid segment, both charac-
terized by high flexibility, as shown in our previous
publications (Mavromoustakos et al., 1999, 2004a, b; Tian
et al., 2011). Such an observation is in agreement with
reported results published recently by Makriyannis et al.
(Tian et al., 2011) using deuterium solid state NMR
spectroscopy.

Prediction of molecular properties
In order to give a possible explanation of the observed

thermotropic properties of telmisartan in comparison with
other already studied sartans (losartan, valsartan, and

Table 5 Dihedralangles 73 and 74 of crystalline forms, NMR and
docked conformations

Crystalline forms 73(°) 74(°)

CFA 93.0 91.0
CFB 42.0 52.0
CFC —145.3 57.0
NMR 118.8 105.9
Docked 146.7 87.0

Fig. 9 The recorded
calorimetric scans from DPPC
multilamellar vesicles in excess
of water for telmisartan

candesartan CV), their physically significant descriptors
and pharmaceutically relevant properties were predicted
using a fast and accurate prediction software QikProp
(Maestro—Schrddinger). Since, this category of drugs have
to cross the biological membrane during their way to the
receptor, their bioavailability will depend on the pH of the
environment in which biomembranes are located and on
their pKa values. Thus, it is important to know the lipo-
philicity profile of the studied AT, antagonists, a key factor
for the control of the pharmacokinetic and the pharmaco-
dynamic phases of their action (Tosco et al., 2008). Since
sartans contain ionizable groups characterized by a small
difference between equilibrium constants (small differ-
ences in pKa values), they exist in several different states
depending on the pH. For this reason, LigPrep was used as
a first step for the preparation of the 3D minimized struc-
tures of telmisartan, valsartan, losartan, and candesartan
CV and the generation of their protonated states at physi-
ological pH = 7 + 1 (considering the blood pH from 7.35
to 7.45). From the predicted properties (Table 7), the

x=0.00

\_/M
‘__,/ML

30 32 34 36 38 40 42 44 46 48 50
Temperature (°C)

Heat flow (mW)

Fig. 10 The thermal effects of telmisartan on DPPC/cholesterol
bilayers (85:15 molar ratio) for telmisartan fractions x = 0.05 and
x =0.15

fractions of x = 0, x = 0.05,
x = 0.10, and x = 0.20
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Table 6 Diagnostic parameters AH, Ty, Tonser and AT, of the DSC experiments

0 mol% telmisartan 5 mol% telmisartan

10 mol% telmisartan 20 mol% telmisartan

Pre-transition Main transition Pre-transition Main transition

Pre-transition Main transition Pre-transition Main transition

AH (J/g) 59 443 3.1 43.5
Tm (°C) 368 40.9 358 41.2
Tonset(°C)  35.55 39.9 34.1 40.3
AT 1.25 1.0 1.7 0.9

29 41.8 2.1 41.4
35.6 41.1 34.5 40.6
33.7 40.3 32.6 39.8

1.9 0.8 1.9 0.8

DPPC/cholesterol/telmisartan

0 mol% telmisartan
Main transition

15 mol% telnisartan
Main transition

5 mol% telmisartan
Main transition

AH (J/g) 21.6
T (°C) 40.1
Tonset (°C) 39.3
AT 0.8

17.5 18.6
39.5 38.7
38.5 37.2

1.0 1.5

following were selected, as they can be correlated to the
presented DSC results. (a) PISA: m component of the total
solvent accessible surface area; (b) QPlogPo/w: octanol/
water partition coefficient; (c) CIQPlogS: conformation-
independent predicted aqueous solubility; (d) IP(ev): PM3
calculated ionization potential.

The obtained results show that telmisartan and cande-
sartan CV, both sharing condensed aromatic rings, are
characterized by higher PISA values, increased lipophil-
icity (octanol/water partition coefficient) and therefore
decreased aqueous solubility compared to losartan and
valsartan. Furthermore, telmisartan and candesartan CV
have lower ionization potential than losartan and valsartan.
As stated before, the thermal effects of telmisartan are
similar to those observed by candesartan CV and distinct
from those of losartan and valsartan. These findings can
explain the preference of telmisartan and candesartan CV
for the lipophilic environment of the lipid bilayers rather
than their polar head-groups.

Conclusions

In an effort to comprehend the steric and electrostatic
properties which govern the antihypertensive efficacy, we
continue exploring the conformational features of AT,
antagonists including approved molecules for the regula-
tion of blood pressure as well as novel synthetic com-
pounds. This study revealed the conformational properties
of the bioactive molecule telmisartan in solution and at the
active site of the AT, receptor. A random and systematic
search was performed to investigate the conformational

@ Springer

features of the molecule and provide its preferred confor-
mation in DMSO solution which may partially simulate the
biological environment. In silico docking studies revealed
high affinity poses which were subjected to MD simula-
tions together with the natural environment of lipid bilay-
ers. Similarities and differences between the AT,
antagonists telmisartan and valsartan using mutagenesis
studies explain the crucial role of Tyrl84, which is
embedded in the active site of AT, receptor and appears to
interact differently with the two antagonists. This may
partially explain the difference in their pharmacological
profile. Moreover, mutation of Gly196 resulted in a com-
pletely different orientation of the docking pose of telmi-
sartan and reduced significantly the binding score of
valsartan. Since Gly196 did not form any interaction with
the ligand, it is assumed to be critical for the geometry of
the active site. Such an observation is missing from other
reported studies.

DSC results have also shown similarities and differences
between telmisartan and previously studied AT; antago-
nists. Telmisartan and candesartan CV affect mainly the
pre-transition, while valsartan and losartan affect both the
pre- and main transitions. This signifies the different per-
turbation they cause in lipid bilayers. The thermal effects
of telmisartan are similar to those observed by candesartan
CV and distinct from those of valsartan and losartan which
have structurally flexible moieties and less extended aro-
matic rings. This finding is also supported by the predicted
higher values for PISA and lipophilicity for telmisartan and
candesartan CV. Such behavior in lipid bilayers can justify
the preference of telmisartan and candesartan CV for the
lipophilic core of the lipid bilayers rather than the hydro-
philic head-groups.
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Table 7 Predicted properties from QikProp of the protonated states of valsartan, losartan, candesartan CV, and telmisartan at pH = 7 + 1

Molecule PISA QPlogPo/w CIQPlogS 1P(eV)
;) 235.18 3.386 —5.215 9.211
A
Valsartan_a
*;;J 242.73 3.469 —5.215 9.56
.r\=:
Valsartan_b
252.58 4.083 —6.594 9.059
W) !-Iq‘/”‘
Losartan_a
254.50 4.13 —6.594 9.096
\(’L‘\; L)
Losartan_b
O’@ 353.13 4.376 ~7.070 8.857
e |
— Y
/"\}_ N My
Candesartan CV_a
>O 361.42 4228 —~7.070 8.719
I ’(..4
Candesartan CV_b
. 2 — \? 371.65 4.446 —7.070 8.649
J.r"“%. j
/\', >_ ray, /"
"
Candesartan CV_c
i) 460.68 7.785 —9.513 8.430
/*Q
Telmisartan_a
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Table 7 continued

Molecule PISA QPlogPo/w CIQPlogS 1P(eV)
i 460.94 7.766 —-9.513 8.363
- L} AY
~Y 3
e
O~
Telmisartan_b
463.48 7.767 —9.513 8.402

) él? —
G

O~

Telmisartan_c
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