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ABSTRACT

Hypertension, mediated by the Angiotensin Il receptor type 1 (AT1R), is still the major cause of premature
death despite the discovery of novel therapeutics, highlighting the importance of an in depth understand-
ing of the drug-AT1R recognition mechanisms coupled with the impact of the membrane environment on
the interaction of drugs with AT1R. Herein, we examine the interplay of cholesterol-lipid-candesartan
and the AT1R using Molecular Dynamics simulations of a model membrane consisting of 60:40 mol%.
DPPC:cholesterol, candesartan and the AT1R, mimicking the physiological cholesterol concentration in
sarcolemma membranes. The simulations of the model membrane of 60:40 mol%. DPPC:cholesterol were
further validated using DOSY NMR experiments. Interestingly, our results suggest a significant role of
cholesterol in the AT1R function imposed through a Cholesterol Consensus Motif (CCM) in the receptor,
which could be crucial in the drug binding process. Candesartan diffusion towards AT1R through incor-
poration into lipid bilayers, appears to be retarded by the presence of cholesterol. However, its direct
approach towards AT1R may be facilitated through the mobility induced on the N-terminus by the
cholesterol binding on the CCM these novel insights could pave the way towards the development of
more potent pharmaceutical agents to combat hypertension more effectively.

© 2020 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and

Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Cardiovascular diseases (CVDs) are responsible for 31% of all
deaths worldwide each year, according to recent studies by the
World Health Organisation (WHO) [1,2]. Understanding of associ-
ated risk factors and promoting prevention based on a healthier
lifestyle are vital population-wide strategies, while at the same
time proper treatment is required for people with already estab-
lished disease. Hypertension is one of the major risk factors leading
to cardiovascular disease and even death if left untreated. There-
fore, the benefits of lowering blood pressure for prevention of CVDs
are well established [3]. Angiotensin II (All) receptor blockers are a
class of drugs used to treat hypertension by blocking the detrimen-
tal action of All in a pathological state to act on AT1 receptor
(AT1R) and propagate abnormal tension to the vessels. Candesar-
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tan is the most potent among the eight marketed drugs belonging
in this class [4,5] Angiotensin II receptor type 1 (AT1R) is a G-
Protein Coupled Receptor (GPCR), the ligand binding site of which
is found to reside in the transmembrane domain of the receptor. In
our recent study [2], we explored the candesartan/AT1R interac-
tions and two mechanisms of drug binding; a membrane-
mediated, where the drug first penetrates the lipid membrane
and then laterally diffuses to the receptor’s ligand binding site
and a direct, where the drug tries to approach the ligand binding
site through the extracellular area. Our results showed that the
membrane bilayer plays an important role with respect to the
candesartan-AT1R interaction, demonstrating that the neutral
form of candesartan approaches the receptor by lateral diffusion
through the lipid bilayer. Based on this finding, herein we study
this process with a more realistic model membrane, using a binary
bilayer of 60 mol.% dipalmitoyl-phosphatidyl-choline (DPPC) lipids
along with 40 mol% of cholesterol, a composition that is consistent
with the sarcolemma membrane [6], which is the cellular mem-
brane where AT1R is mostly expressed [7]. Cholesterol is a sterol
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lipid biosynthesized by all higher vertebrate cells and an essential
structural component of the cell membrane [8]. It consists of a
bulky steroid structure, which is hydroxylated at position C3, as
well as a saturated hydrocarbon tail (Fig. 1).

Cholesterol has two surfaces, the “B-rough surface” in which
two methyl groups attached to the quaternary carbons C18 and
C19 are pointing out of the plane and the “a-smooth surface”,
which is defined by the lack of such methyl groups. The 3p-
hydroxyl group provides amphipathicity to this lipophilic molecule
and is considered as the anchor for its position in the vicinity of the
lipid/water interface, while the rest of its lipophilic core resides
between the hydrophobic alkyl chains of the membrane. Due to
the high lipophilicity of cholesterol, it has been found that it can
also occupy positions buried deep inside the membrane and close
to the bilayer core, while also exhibiting a high flip-flop rate [9-
14]. Moreover, cholesterol forms highly-concentrated areas,
known as “lipid rafts” [15], although its solubility in the membrane
is limited as it produces crystals in higher molar fractions, respon-
sible for modifying physical properties of lipid bilayers [16]. In our
recent review [17], we explored several studies indicating that the
role of cholesterol as a structural component of cellular mem-
branes is indeed vital, as it not only affects the physical properties
of membranes but it also interacts with GPCRs [18,19], modifies
their structure, and actively participates in the drug binding mech-
anism of drugs considered to act by a membrane mechanism. For
example, another sartan drug that acts on AT1R, the prototype
losartan, is likely to be excluded from cholesterol-rich areas, and
is preferentially located in the more fluid plasma membrane
regions [20,21], where it can accumulate and finally reach the
AT1 receptor site. Other studies on the serotonin;, receptor,
another important neurotransmitter of the GPCR family, showed
that it exhibits cholesterol dependent functional modulation in
terms of both ligand binding and G-protein coupling [22]. Further
studies on this receptor indicated that there are several cholesterol
“hot-spots”, i.e. regions in the receptor, where cholesterol concen-
tration is significantly denser than in other parts, both near the
extracellular area and deeper in the transmembrane region [23-
25]. Moreover, molecular docking studies in homology models of
serotonin;a receptor indicated that the binding energies of all
ligands (including serotonin) that were docked under this study,
are stabilized in the presence of cholesterol, indicating that choles-
terol facilitates the drug binding process [25]. In another example
of cholesterol-GPCR functional association, Cherezov et al resolved
two cholesterol molecules at the groove formed by trans-
membrane (TM) helices I, II, Ill and IV of the B2-adrenergic
receptor, and this site in the receptor crystal structure is now char-
acterized as Cholesterol Consensus Motif (CCM) [26,27]. Further
studies showed that the CCM was located on TM helix V of the
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B2-adrenergic receptor as a site of high cholesterol occupancy
and its role as a cholesterol binding motif was confirmed [22].
Moreover, FRET studies on the haemagglutinin of influenza virus
showed that a CCM is required for efficient intracellular transport
and raft association of the receptor [28]. NMR studies on the
peripheral-type benzodiazepine receptor also indicate a CCM
which is important for the receptor’s function [29]. A computa-
tional study by Guixa-Gonzalez et al. [30] indicated that choles-
terol can even compete with orthosteric ligands by entering the
receptor interior from the membrane side instead of the solvent
route. Based on this literature, it is evident that cholesterol may
also play a crucial role in the study of candesartan-AT1R binding,
yet this role remains unknown.

Because cholesterol has been paramount in the binding of drugs
associated with GPCRs, in this study we thoroughly explore the
effects of cholesterol in DPPC lipid bilayers in the presence of
AT1R, and compare the results with our previous study, where sim-
ilar systems were investigated in the absence of cholesterol [2]. We
study the neutral candesartan molecule because our previous
results indicated that the anionic deprotonated form (which
should be the prevalent form in physiological pH due to its very
low pKa values: pKa; = 2.45 for the carboxyl group and
pKa, = 6.70 for the tetrazole ring, according to SPARC, pKa/property
server [32]) does not enter the lipid bilayer. Thus, we assume that
in the vicinity of the membrane, candesartan becomes protonated
and enters the hydrophobic lipid area. Furthermore, in this study
we investigate the concentration effect of candesartan and perform
additional calculations with five and ten neutral candesartan mole-
cules in the presence of AT1R and DPPC/cholesterol bilayers. The
validity of our computational studies was further confirmed by
DOSY-NMR experiments using DPPC-cholesterol (60:40 mol%)
vesicles in the absence of AT1R in order to measure the experimen-
tal diffusion of candesartan freely diffusing in the membrane. NMR
results were compared with control MD experiments of DPPC-
cholesterol (60:40 mol%) bilayers, without the AT1R, containing
26 candesartan molecules. This concentration (12.09 mol%
candesartan) was used for direct comparison to the experimental
concentration of 12.68 mol%.

2. Materials and methods
2.1. Materials

Candesartan cilexitil (Mw = 610.671 g/mol) was donated from
CYPRIA Pharmaceutical Company and hydrolyzed to candesartan

(Mw = 440.45 g/mol) by our lab according to the procedure pub-
lished in Ref. [33]. DPPC (Mw = 734.039 g/mol)) was purchased

________________________

Fig. 1. 2D representation of candesartan, cholesterol, and DPPC molecules used in the molecular simulations of this study.
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from AvantiPolar Lipids Inc. (Alabaster, AL) and cholesterol from
Sigma Aldrich (St Louis, USA).

2.2. Methods

2.2.1. Molecular Dynamics simulations-System preparation

In the present work, three independent systems were studied
with long unbiased Molecular Dynamics (MD) simulations up to
1 ps. The systems studied are presented in Fig. S1. Two additional
runs for each system were conducted up to 300 ns (replica 2 and
replica 3). In all systems, DPPC was the phospholipid used in the
membrane bilayer, because phosphatidylcholines (PCs), especially
those bearing oleic, linoleic or palmitoyl alkyl chains are the most
abundant lipid species found in the plasma membranes, vascular
smooth muscle cells [34] and sarcolemma cardiac membranes,
while 40 mol% cholesterol was added in order to simulate the nat-
ural cholesterol percentage of the sarcolemma membranes, where
AT1R is naturally expressed [35]. In all systems, the inactivated
form of AT1R was used with PDB ID: 4YAY [36]. The rationale of
using the inactivated and not the recently resolved active structure
of the receptor [37] is thoroughly explained in our recently pub-
lished study [2]. In short, according to Wingler et al. [37], who
recently published the crystal structure of the activated ATIR,
there is an incompatibility of the active structure with Angiotensin
I receptor blockers (ARB) binding, due to orthosteric site pocket
constriction in the active receptor. The BRIL apocytochrome that
was used in order to facilitate crystallization was manually
removed from the PDB file and any missing loops or side chains
were filled in, using the homology modelling tool Prime of the
Schrodinger software platform with default parameters [38]. The
appropriate protonation states for the protein were assigned using
Maestro’s protein preparation module [39]. The first system under
study (System A) consists of one neutral candesartan molecule
placed in the aqueous environment over a DPPC/cholesterol lipid
bilayer where AT1R is embedded. The system was hydrated with
31,602 water molecules and 256 DPPC lipids (128 on each leaflet)
and 102 cholesterol molecules in a periodic box of 10.58 x 10.58
% 12.31 nm>. Systems B and C consist of five and ten candesartan
molecules, respectively, placed in the aqueous environment over a
DPPC/cholesterol lipid bilayer where AT1R is embedded. All three
aforementioned systems were neutralized and a 0.15 M concentra-
tion of NaCl was added in order to simulate the physiological salt
concentration.

Additionally, five control systems were run fo for 300-500 ns
with the same conditions, in order to test the validity of our col-
lected data and specify the effects of the different components act-
ing on the system. In particular, a pure DPPC, a DPPC/ATIR, a
DPPC/cholesterol, a DPPC/cholesterol/AT1IR and a DPPC/choles-
terol/26 candesartan molecules (12.09 mol%) system were simu-
lated. More details about the simulation times for each system
are presented in Table S1.

2.2.2. Simulation protocol

All MD simulations were conducted with the computational
chemistry software GROMACS 2018.1 [40]. The parameters for
AT1 receptor, ions, DPPC and cholesterol molecules were described
by the CHARMMS36 force field [41-43], while the CHARMM36-
specific TIP3P model was used for water [44]. The topology of can-
desartan was acquired by the SwissParam server program [45] that
provides topology files in GROMACS format, based on Merck
molecular force field (MMFF) [46] in a compatible form with the
CHARMM36 force field. The input files were prepared using the
charmm-gui interface [47]. In particular, a DPPC/cholesterol lipid
bilayer with a 60:40 ratio was constructed and equilibrated. After
an energy minimization using the steepest descent method with
maximum 1,000,000 steps, equilibration of the system took place
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in the NPT ensemble. At first, an 1 ns run was conducted with
position-restrains in the protein, using the V-rescale thermostat
at T = 323 K and a time constant of 1 ps (in order to ensure that
the lipid bilayers are in a liquid state) as well as the Berendsen
barostat, with a time constant of 5 ps and compressibility of
4.5 x 10™ bar~. Pressure was kept constant at 1 bar with semi-
isotropic coupling. This short equilibration was followed by a lar-
ger equilibration run of 100 ns, using the Nosé-Hoover
thermostat at T = 323 K and a time constant of 1 ps, and the
Parinello-Rahman barostat with the same time constant, com-
pressibility and pressure value as mentioned before. The conver-
gence of the equilibration procedure is monitored through the
stability of the average pressure and temperature plots presented
in Fig. S2. The production runs were performed in the NPT ensem-
ble and the equations of motion were integrated with a time step
equal to 2 fs. The temperature was kept constant at 323 K using
the Nosé-Hoover thermostat [48,49] with a coupling time constant
equal to 1 ps. The Parrinello-Rahman barostat [50] was used in
order to keep the pressure constant at 1 bar, with semiisotropic
pressure coupling, with a time constant of 5 ps and compressibility
of 4.5 x 10 bar~!. Long-range electrostatics were treated with the
particle mesh Ewald (PME) method. Coulomb interactions were
calculated with a 1.0 nm cut-off radius and the Lennard Jones
interactions were calculated using a 1.2 nm cut-off radius and
the force-switch cut-off scheme. Most of the computational analy-
ses were performed with GROMACS modules. In particular, deu-
terium order parameters, Scp, were calculated using the
gmx_order module, hydrogen bonds with gmx_hbond, distances
with gmx_distance, partial densities with gmx_density, the diffu-
sion coefficients with gmx_msd and the conformational analysis
with gmx_cluster. Statistical analyses were performed with gmx
analyze and excel worksheets. Error bars have been included in
all relevant plots based on the three replica simulations. The aver-
ages are either replica averages or time averages, if the presented
data are calculated versus time. For instance, the standard devia-
tion included in Table 2 has been computed by averaging the
hydrogen bonds over time and then averaging these data over
the three replicas of each system. Error bars were computed based
on the standard deviation of each set. For the Scp, root mean square
fluctuations, RMSF, and mean square displacements, MSD(t) plots,
the error bars represent standard deviations calculated by block
averaging. Additionally, the FATSLiM analysis tool [51] was used
for bilayer thickness, and area per lipid calculations. VMD [52]
was used for structure alignment, visualization and visual trajec-
tory analysis.

2.2.3. Sample preparation of candesartan incorporated in
DPPC/cholesterol unilamellar vesicles

Samples were prepared by dissolving 27 mg of dry DPPC with
9.54 mg cholesterol and 4.05 mg candesartan (DPPC:cholesterol
ratio = 6:4 and candesartan:DPPC ratio = 1:4) in chloroform. The
mixture was then evaporated at room temperature and thereafter
placed under vacuum for 24 h in order to form a thin lipid film on
the bottom of glass vials. The obtained mixture was further fully
hydrated in 1 mL D,0 and sonicated for 15 min in Branson sonica-
tor (4/7 power) in order to form unilamellar vesicles. The sample
was then transported to a 600 nL NMR tube.

2.2.4. DOSY NMR experiments

Diffusion-ordered spectroscopy (DOSY) NMR experiments were
performed using a Bruker AV 500 MHz spectrometer (Bruker Bios-
pin, Rheinstetten, Germany), using the Topspin 2.1 suite. A pulse
field gradient unit capable of producing magnetic field pulse gradi-
ents in the z-direction of 53 G cm™! was used to record DOSY NMR
experiments. Samples were dissolved in D,0 and then DOSY exper-
iments were recorded. The probe temperature was adjusted to 50
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°C and the samples were subjected to DOSY. The parameters uti-
lized for acquisition time and relaxation delay were 1.09 s and
4 T, respectively. Afterwards, the T; values were determined by
the inversion recovery time pulse. Specifically, T, values were cal-
culated using the null point method and were proven to be in a
range between 0.2 and 0.35 s for the different aromatic and alipha-
tic peaks. So, the T; value that was used for all the 'H and DOSY
experiments was set to an average value of 0.3 s. The DOSY exper-
iment pulse sequence was the bipolar pulse longitudinal eddy cur-
rent delay (BPPLED). Thus, 16 BPPLED spectra containing 16 K data
points were collected and the eddy current delay, (Te) was set to
5 ms. Finally, the duration of the pulse field gradient, 55, was opti-
mized in order to obtain 5% residual signal with the maximum gra-
dient strength. The pulse gradient was increased using a linear
from 2 to 95% of the maximum gradient strength and a linear
ramp. The diffusion dimension after Fourier transformation and
baseline correction were determined using the suitable option of
the Topspin 2.1 suite and the Diffusion Coefficient values were cal-
culated using the Topspin 2.1 software. Through the Analysis tab,
and the T,/T, relaxation option, the 2D DOSY spectrum was con-
verted into an 1D 'H spectrum. After phase and baseline correction
in the 1D spectrum, a manual integration to all the peaks related
was conducted. The relevant integrals were exported into relax-
ation mode. After the “Fitting Function” command, the “Starting
Calculation” command was conducted, resulting to the calculation
of the diffusion coefficient values for each peak. An average value
was calculated, so the final diffusion coefficient was determined.

3. Results and discussion
3.1. Bilayer properties

Lipid bilayers can exist in several phases, among which liquid-
ordered (L,) and liquid disordered (L4 or L) phases are considered
to be the most relevant for biological membranes [53]. Addition of
cholesterol in some lipids, such as DPPC, induces the thermody-
namically stable L, phase, with characteristics in between the gel
and Lq phases [54]. In this work, the deuterium order parameters
for DPPC molecules, Scp, were computed, which are a measure of
the orientation of the C-H bonds of the hydrocarbon chains with
respect to the membrane normal. Deuterium order parameters
are usually expressed as the average over the angle 0§ between
the C-H bond and the bilayer normal using the second Legendre
polynomial:

Sep :%(3 <cos?h > -1)

As illustrated in Fig. 2, the increase of the order parameter of the
sn1 and sn2 DPPC chains induced by the addition of cholesterol is
in agreement with experimental results, which suggest that adding
cholesterol in lipid bilayers provokes the transformation from Ly to
L, phase [55].

In particular, addition of 40 mol% cholesterol to a pure DPPC
bilayer increases the ordering of the bilayer significantly, inducing
an average difference of 0.17 and 0.16 for the snl and the sn2
chains, respectively, with respect to the pure DPPC bilayer, while
the embedding of the AT1R does not cause disordering in the pure
DPPC bilayer but provokes disordering in the order of 0.02 on aver-
age, when incorporated in the DPPC-cholesterol system (Fig. 2).
The incorporation of one candesartan molecule in the DPPC:choles-
terol bilayer) does not show a statistically significant change in
ordering, but a more pronounced disordering effect is observed
when five candesartan molecules are added, with an average dif-
ference of 0.01 for both phospholipid chains. Doubling the can-
desartan concentration to ten molecules induces a significant
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increase in the disordering effect on the DPPC:cholesterol mem-
brane with average differences of 0.09 for both phospholipid
chains, indicating that there is a critical candesartan concentration
above which the disordering is more pronounced. The computed
order parameters for the pure DPPC bilayer and DPPC/cholesterol
bilayers are in very good agreement with experimental NMR val-
ues [56-60] as shown in the comparative plot with data found in
Ref. [56] and our computed data, which is presented in Fig. S3.

Another important membrane property studied in this work is
the area in the cholesterol-containing membranes upon candesar-
tan penetration. The average area occupied by a lipid molecule in
the bilayer can be expressed as:
< A[ipid >=< % >
where Vjpiq is the volume of the lipid molecule and h is the bilayer
thickness. For complex systems consisting of DPPC, cholesterol,
AT1R and candesartan molecules, the membrane system is divided
into polygons, using Voronoi tessellation. For each lipid, there is a
corresponding Voronoi cell, the area of which is calculated and used
as an approximation of the lipid accessible area. In systems where a
AT1R is present, at first the calculation of the Voronoi cell is con-
ducted as described before (i.e. as if there was no protein) and then
the protein atoms are projected on the same plane as the lipids and
the ones that are inside a Voronoi cell of a proximal lipid are taken
into account. The center of geometry corresponding to these protein
atoms is added to the Voronoi points, leading to an updated cell for
the reference lipid. The area of this modified cell is then used as an
approximation of the lipid’s accessible area. For a more thorough
description of the area per lipid and the FATSLIM analysis algo-
rithms see ref. [51].

In this study, addition of 40 mol% cholesterol induces a reduc-
tion of 27.2% in the area per lipid as shown in Table 1, compared
to the pure DPPC system, which has an area per lipid of 0.61 % 0.
01 nm?, in very good agreement with the experimental value of
0.63 + 0.00 nm? [61]. The bilayer condensation caused by choles-
terol addition is in agreement with previous experimental and
computational studies [54,61-65]. On the contrary, when AT1R is
embedded in a pure DPPC bilayer, the area per lipid increases, as
a result of the disordering effect induced to the bilayer by the pro-
tein penetration. However, when cholesterol is added to the DPPC/
AT1R bilayer, the area per lipid is decreased again, indicating a con-
sistency in the condensation that it induces. No significant increase
in the area per lipid is induced when one or five candesartan mole-
cules are embedded in the bilayer (Table 1). A disordering effect
takes place inducing an increase of 0.04 nm? in the area per lipid,
when ten candesartan molecules penetrate the DPPC:cholesterol
membrane. Moreover, the bilayer thickness was also investigated.
The results presented in Table 1 show that the incorporation of 40
mol% cholesterol induces an increase of 13.28% in the bilayer thick-
ness compared to the pure DPPC bilayer, which has a thickness of
4.02 + 0.05 nm, in very good agreement with the experimental
value of 3.90 nm[61]. On the contrary, the embedded AT1R causes
a reduction up to 3%, which is consistent with the disordering it
induces in the bilayer. Eventually, the addition of cholesterol to
the DPPC/AT1R bilayer increases the thickness by counteracting
the thinning induced by ATIR, yielding a final DPPC/cholesterol/
AT1R bilayer thickness of 4.65 + 0.06 nm. Penetration of candesar-
tan reduces the thickening induced by cholesterol, which is consis-
tent with the disordering that it induces (Fig. 3).

Cholesterol addition in the DPPC bilayer results in a more
ordered, more condensed and thicker bilayer, which exhibits a
decreased fluidity compared to the pure DPPC bilayer. In contrast,
the addition of one candesartan molecule causes a small disorder-
ing effect and a small increase of this effect is observed when five
candesartan molecules are included. However, the addition of ten
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Fig. 2. MD computed deuterium order parameters for both sn1 (up) and sn2 (down) DPPC chains. The pure DPPC system is depicted in black, DPPC/AT1R in red,
DPPC/cholesterol (CHL) in green, DPPC/CHL/AT1R in blue, DPPC/CHL/AT1R and one CAN molecule in yellow, DPPC/CHL/AT1R and five CAN molecules in brown and DPPC/CHL/
AT1R and ten CAN molecules in silver. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Average thickness and area per lipid for each system. The areas are averaged over the

two leaflets.

Area per lipid (nm?)

System Average Thickness (nm)

DPPC 4.02 £ 0.05 0.61 £ 0.01
DPPC, AT1R 3.89+0.14 0.69 + 0.02
DPPC/CHL 4.63 + 0.06 0.45 £ 0.01
DPPC/CHL, AT1R 4.65 + 0.06 0.50 + 0.01
1 CAN, DPPC/CHL, AT1R 4.62 + 0.06 0.51 £ 0.01
5 CAN, DPPC/CHOL, AT1IR  4.59 + 0.06 0.51 £ 0.01
10 CAN, DPPC/CHL, AT1IR  4.27 + 0.04 0.55 £ 0.01

candesartan molecules results in significantly more pronounced
disordering compared to the lower concentrations of candesartan.
Thus, we conclude that there is a critical concentration above
which, the effects of candesartan are more accented. The same
trend is observed in the average bilayer thickness, where adding
one or five candesartan molecule does not induce a significant
change in thickness \ while the addition of ten candesartan mole-
cules induces a more dramatic decrease to 4.27 nm + 0.04 nm
compared to 4.65 + 0.06 nm of the DPPC:cholesterol with the
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embedded AT1R (Table 1). These effects result from a non-ideal
mixing behaviour and are of great importance, since they indicate
that the widely heterogenic cellular membranes will have a
significantly different structure than ideal one-lipid type models,
which may affect the functioning of transmembrane proteins
[66]. A similar disordering effect was also observed for olmesartan
in DPPC/cholesterol bilayers [67]. Candesartan also interacts with
cholesterol molecules and provokes a 25.9 + 14.8 degrees tilt in
cholesterol orientation compared to being perpendicular (90+0.8)
to the bilayer in the pure DPPC:cholesterol system, as illustrated
in Fig. 3. The time evolution of cholesterol angle to the bilayer
plane averaged for systems A-C is presented in Fig. S4, showing a
large deviation in the tilt angles.

3.2. Cholesterol - AT1R interactions

Significant interactions of cholesterol with GPCRs have been
previously reported in the literature [17,68,69]. Hence, there is a
growing interest of the cholesterol role in drug binding mecha-
nisms when GPCRs are involved.

Trajectories of 300 ns containing a pure DPPC or a 60:40 mol%
DPPC/cholesterol bilayer, with AT1R embedded (control systems
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Tl e |

I \

r B

Fig. 3. Characteristic snapshots of cholesterol tilt in the proximity of candesartan
(top) with respect to its vertical arrangement in the bulk membrane (bottom). The
main axis vector of cholesterol (a vector connecting O and C,3) is depicted with a
red arrow. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

2 and 4, as presented in Table S1) were analyzed into clusters,
using the gmx_cluster module and the linkage method, where a
structure is added to a cluster when its distance to any element
of the cluster is less than a cutoff distance set to 0.1 nm. The RMSD
was calculated using the AT1R backbone atoms. The most probable
cluster, i.e. the cluster containing most of the simulation frames for
each of the systems was used as an input for the RMSD calculation.
Thus, the average structure of AT1R, when embedded in a pure
DPPC bilayer, was compared to the average structure of the recep-
tor embedded in a 60:40 mol% DPPC/cholesterol bilayer. The RMSD
of the two structures is 4.2 A (Fig. 4). In fact, the inclusion of
cholesterol in the lipid bilayer, where AT1R is embedded, induces
significant structural changes with respect to the crystallographic
inactivated structure. In particular, transmembrane helices VI
and VII are affected the most, by being shifted 4-5 A, as illustrated
in Fig. 4-left. Moreover, as presented in Table 2, cholesterol
engages in 1.16x0.9 hydrogen bonds with AT1R on average.

In all systems A-C and in all of their replicas, a cholesterol mole-
cule is located in the hydrophobic groove formed between helices
[I-11I-IV-V and stays there for almost all of the simulation time.
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Time evolution of the cholesterol carbon atom C,5 distance from
the carbon of the terminal methyl group of ILE!>! of the putative
CCM is presented in Fig. S5, while the average distances over time
are presented in Table S2 and are 1.1 nm for all three simulated
systems, indicating a strong and stable binding of cholesterol in
this novel binding site of AT1R.

Moreover, comparative RMSF plots for ATIR embedded in a
pure DPPC and in a 60:40 mol%. DPPC/cholesterol bilayer are pre-
sented in Fig. 5. It is clear that when AT1R is embedded in a choles-
terol rich bilayer its overall flexibility is increased. In particular, the
N-terminus (residues 1-26), which blocks the extracellular
entrance to AT1R orthosteric site, is significantly more flexible
and could potentially lead to a more accessible entrance. The
increase in the receptor flexibility indicates a strong allosteric
effect of cholesterol binding to the putative CCM. In fact, although
the ordering of the bilayer induces a slower diffusion of candesar-
tan towards the receptor through the bilayer, the flexibility
induced on the receptor and in particular the mobility induced
on the N-terminus may result in a more accessible extracellular
entrance of candesartan to the receptor orthosteric site.

The steroid core of cholesterol rests in the non-polar environ-
ment created by residues Ile'>! (I***-according to Ballesteros-
Weinstein numbering scheme), Trp'>® (W*>%) and Phe®® (F?58).
The cholesterol hydroxyl group rests in a polar area of this groove,
while it engages in hydrogen bonds with Arg'3” of Intracellular
Loop 2 (ICL2).

A schematic representation of this region is demonstrated in
Fig. 4-right. The binding of cholesterol in this site is consistent with
the description of CCM suggested by Hanson et al [27] for the class
A GPCR, and might actually serve as a putative CCM for AT1R. In
fact,

the CCM is an area in the TM helices of GPCRs where cholesterol
binds, consisting of the following residues, according to the
Ballesteros-Weinstein numbering scheme: [4.39-4.43(R,K)]—[4.5
0(W,Y)]—[4.46(L,V,L)]—[2.41(F,Y)]. Although not identical, the
observed cholesterol binding residues serve as a similar pattern
and could be suggested as a CCM for AT1R, which, to the best of
our knowledge, has not yet been identified.

3.3. Candesartan localization and interactions

The computed mass densities indicate a well-structured mem-
brane, where the cholesterol molecules lie 2 nm deep inside the
DPPC bilayer, and the DPPC phosphate groups are in contact with
the water interface. In System A, as illustrated in Fig. 6, the can-
desartan molecule is located at 1.1 + 0.1 nm of the bilayer center,
which is in agreement with our previous study [2]. Thus, the pres-
ence of cholesterol does not seem to affect the preferred candesar-
tan localization inside the cellular membrane in spite of the
significant bilayer condensation discussed previously. In cases
where more than one candesartan molecules are present, such as
System B with five and System C with ten molecules, respectively,
all candesartan molecules enter the membrane and reside at dis-
tances from 1.1 to 1.8 nm of the bilayer center. In particular, all five
molecules of system B and 8 out of 10 molecules of system C are
located between 1 and 1.5 nm from the bilayer center, while two
molecules are near the polar headgroups, as depicted in Fig. S6.
Time-dependent distances from the bilayer center for each system
averaged over 3 replicas, are illustrated in Figs. S7-S9. The average
distances for each system and each candesartan molecule are pre-
sented in Table S3. Our results are in agreement with previous MD
and umbrella sampling studies with the neutral form off irbesar-
tan, which is also located at 1 nm off the bilayer center [70].

Given the complexity of the studied system, the diffusion of
candesartan in the lipid bilayer was studied employing a combina-
tion of computational and experimental approaches, in order to
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@ A:LEU*S distance:4.9A
@ B: ARG?*distance:4.5A

Fig. 4. AT1R after structure clustering of 300 ns MD simulation in a pure DPPC (blue) and in a mixed 60:40 DPPC:cholesterol bilayer (yellow). The transmembrane helices
notation and several characteristic distances are presented (left). The RMSD of the two structures was 4.2 A. The most deviating points are indicated with black dots: point A is
a 4.9 A tilt of TM helix VI measured at LEU?®® and point B is a 4.5 A tilt of TM helix VII measured at ARG?”>. A cholesterol molecule (represented in liquorice) is resting in the
hydrophobic cavity between TM helices II-III-IV-V, interacting with residues Ile'>!, Phe®® and Arg'3’, which could serve as putative CCM (right). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Average number of hydrogen bonds between candesartan-AT1R, candesartan-DPPC, candesartan-cholesterol and AT1R-cholesterol for each of the simulated systems.

System Hydrogen BONDS
Candesartan-protein Candesartan-DPPC Candesartan-cholesterol PROTEIN-cholesterol
A 0.00 £ 0.03 0.80 £ 0.69 0.02 £0.12 1.58 + 0.98
B 0.03 = 0.03 1.18 £ 0.27 0.07 £ 0.11 0.91 £ 0.78
C 0.00 £ 0.03 1.00 £ 0.02 0.04 + 0.07 0.98 + 0.94
RMS fluctuation
R I B L L L B N B B L BN B
[ a el St it =
12-26: N-terminus |
5 27-57:TMI |
i 58-61:1CL1 :
62-89: TMIl |
- 90-97: ECL1 1
= 98-131: TMIll !
g It 132-137:1CL2 :
% 3 f";' 138-166:TMIV |
E 167-193:ECL2 |
5 194-221:TMV :
222-235:CL3 |
3 236-268: TMVI |
b 269-273: ECL3 :
274-308: TMVII .
308-317: C-terminus 1
| I I Ly sy ey ey s ey by ey by === = 4
20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
residue

Fig. 5. RMSF plot for AT1R embedded in a pure DPPC (blue) and a 60:40 DPPC:cholesterol bilayer (orange). The legend on the right indicates the characteristic AT1R areas as
per residue number. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

from DOSY NMR experiments with 60:40 DPPC/cholesterol ratio
is in excellent agreement with the diffusion coefficient that was
calculated computationally (9.00 + 0.2 x 1072 m?/s) for the control

confirm the validity of our model and gain further insight on the
way candesartan interacts with the lipid membrane. The candesar-
tan diffusion coefficient of 6.44 x 107'> m?/s that was calculated
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Fig. 6. Mass densities (kg/m?) for systems A (top), B (middle) and C (bottom). The densities of CAN (green), cholesterol (orange), DPPC (red), protein (purple dashed) and
water (black) are presented with respect to the corresponding moiety’s relative position to the bilayer’s center (left). CAN is also depicted alone for clarity (right). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

system DPPC/cholesterol/26 candesartan molecules, i.e. 12.09 mol Moreover, the intermolecular interactions between candesar-
%. concentration. The Mean Square Deviation (MSD) plot for can- tan, DPPC, cholesterol and AT1R were studied, by calculating the
desartan is presented in Fig. S10. The diffusion coefficient was cal- average hydrogen bonds between them and also by observing
culated using the Einstein relation while fitting was performed in the trajectory. As presented in Table 2 and also observed through-
linear regime of the MSD(t) plot, i.e. between 75 and 250 ns as out the trajectory video, candesartan molecules do not interact sig-
illustrated in the log-log plot of Fig. S10. nificantly with the AT1R, however, they diffuse inside the
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membrane and form hydrogen bonds with the DPPC molecules.
These results are in contrast with the results from our
cholesterol-free simulations [2], where candesartan approaches
the protein through membrane diffusion and tries to enter the
orthosteric site through the transmembrane opening between the
transmembrane helices IV & V. The inability of candesartan to
approach the receptor through the membrane bilayer in the pres-
ence of cholesterol, although the simulation time was doubled
compared to the cholesterol-free simulations (1 ps versus
500 ns), could be attributed to the fact that cholesterol enhances
the bilayer ordering, induces slower diffusion of candesartan
(644 x 1072 in the presence of cholesterol, compared to
2.03 x 107" m?/s in pure DPPC bilayers [2], as per our NMR exper-
iments) and thus decreases the possibility of the candesartan-AT1R
encounter in a given time. The slower diffusion in the more
ordered, cholesterol rich bilayers is also observed by the computa-
tionally derived self-diffusion coefficients for the DPPC molecules,
presented in Fig. S11. In fact, the DPPC self-diffusion coefficient in
the cholesterol rich bilayers is one order of magnitude lower than
in pure DPPC, indicating slower diffusion for DPPC as well.
Conformational analysis in all simulations showed that can-
desartan adopts two different conformations depending on its sur-
rounding environment. The first, which is the starting
conformation in all simulations, is when the benzimidazole and
tetrazole rings are in opposite sides with respect to the biphenyl
bond and is denoted as trans. The trans conformation is prevalent
when the molecule is hydrated, but when it enters the lipid bilayer
it flips to a cis conformation, with both the benzimidazole and
tetrazole rings in the same side. The two conformations are illus-
trated in Fig. 7 and the results are in agreement with our previous

Computational and Structural Biotechnology Journal 19 (2021) 110-120

study [2], where pure DPPC bilayers were employed, thus leading
to the assumption that cholesterol does not affect the cis/trans con-
formational equilibrium.

4. Conclusions

The drug binding process to a GPCR protein is a complex proce-
dure, depending among others on the membrane environment in
which the receptor is embedded. In this study, we conducted a
thorough investigation of DPPC, cholesterol, AT1R and candesartan
interactions, taking into account different candesartan concentra-
tion effects in a 60:40 mol% DPPC/cholesterol bilayer. Our mem-
brane model is validated by DOSY NMR experiments, which
show a very good agreement with our computationally derived dif-
fusion coefficients. The same applies with lipid order parameters,
area per lipid and bilayer thickness, when compared to available
experimental data. Cholesterol increases the ordering of the
bilayer, resulting in L, phase lipids and a more condensed bilayer.
The role of cholesterol in the AT1R function is also highlighted, not
only by the structural differences that it imposes on the receptor,
but also by the observation of a putative CCM in the groove formed
by transmembrane helices II-IlI-IV-V. In particular, it interacts
strongly by residues Ile’!, Trp'>® and Phe®® of TM Il and TM IV
for the whole simulation time of 1 ps, for all the independent sim-
ulations that were conducted. In fact, a different AT1R conforma-
tion was observed, which resulted from cholesterol interactions
with the receptor and cholesterol binding in a putative CCM. This
CCM could serve a novel allosteric role in affecting the flexibility
of AT1R regions crucial for drug binding. The present study also

trans conformation: tetrazole and benzimidazole are in opposite sides of the biphenyl bond

s

cis conformation: tetrazole and benzimidazole are in the same side of the biphenyl bond

e I
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Fig. 7. Candesartan trans (top) and cis (bottom) conformation when both tetrazole and benzimidazole moieties are in the opposite or the same side of the biphenyl bond,

respectively.
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pinpoints that candesartan does not form any hydrogen bonds
with cholesterol. Previous X-ray scattering studies [20] have
shown that losartan avoids cholesterol rich areas in the bilayer. A
similar behavior of candesartan could explain our findings, which
show no hydrogen bonding between the two molecules. NMR
and X-ray studies will be performed in the future in order to inves-
tigate this behavior in a more detailed fashion. Additionally, fur-
ther studies are needed to validate experimentally the novel
indication that was observed in this work, i.e. the CCM on AT1R,
which could serve a significant role in the drug binding process.

Moreover, additional computational studies comparing the
kinetics of the direct and indirect binding mechanisms will shed
light upon the most probable binding pathway. As shown in the
present study, the more ordered bilayer provokes a slower mem-
brane diffusion for candesartan, which may favor the direct instead
of the indirect membrane-mediated, drug binding mechanism. The
understanding of the AT1R:drug binding mechanism can lead to
the design of much more potent drugs treating hypertension, one
of the most widespread diseases of our times.
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