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ABSTRACT

In this thesis, we utilized an array of biophysical techniques to characterize in atomic level
the interactions formed in small molecules and their receptors along with inclusion
complexes. A special emphasis was given to complement the specific studies with in silico
studies. The conformational properties of olmesartan and its methylated analogue were
charted using a combination of NMR spectroscopy and molecular modeling. For the
molecular docking calculations three different types of angiotensin II type 1 receptor
(AT R) have been used: (a) the crystal structure; (b) a homology model based on the
structure of CXCR4 and (c) a homology model based on the structure of rhodopsin. The
aim of this study was to possibly explain the differences between the experimental findings
derived from mutagenesis studies on this receptor and the crystal structure of the AT;R-
olmesartan complex. Molecular Dynamics (MD) experiments were performed to show the
stability of the AT;R-inverse agonist complex and the most prominent interactions during
the simulated trajectory. The obtained results showed that olmesartan and its methyl ether
exert similar interactions with critical residues justifying their almost identical in vitro
activity. However, the docking and MD experiments failed to justify the mutation findings
in a satisfactory matter, indicating that the real system is more complex and crystal
structure or homology models of AT;R receptors cannot simulate it sufficiently. Various
conformations of olmesartan and olmesartan methyl ether were simulated to provide
chemical shifts. These were compared with the experimental NMR results. Useful
information regarding the putative bioactive conformations of olmesartan and its
methylated analogue has been obtained. Finally, comparative data regarding the binding
poses and energies of olmesartan, olmesartan methyl ether and three derivative compounds
of olmesartan (R239470, R781253, R794847) were acquired using Prime/MM-GBSA

calculations.

In silico studies, have been also utilized in an effort to determine the architecture of
inclusion complexes of natural products and hosts. As host we used both different
cyclodextrin derivatives as also calixarens. Specifically, the interaction between the
hepatoprotectant drug silibinin and the host 2-hydroxypropyl-B-cyclodextrin (HP-B-CD)
has been elucidated at the molecular level. The complexation product of silibinin with HP-
B-CD has been characterized by Differential Scanning Calorimetry, solid and liquid high
resolution NMR spectroscopy. The chemical shift changes using '*C CP/MAS on the



complexation of the guest with the host provided significant information on the molecular
interactions and they were in agreement with the 2D NOESY results. These results point
out that both in solid and liquid forms, the drug is engulfed and interacts with HP-B-CD in
identical manner. Molecular dynamics calculations have been conducted to explore the
thermodynamic characteristics associated with the silibinin-HP-B-CD interactions and to
study the stability of the complex. To approximate the physiological conditions, the
aqueous solubility and dissolution characteristics of the complex at pH states simulating
those of the upper gastrointestinal tract have been applied. To evaluate and compare the
antiproliferative activity of silibinin—HP-B-CD complex with respect to the parent silibinin,

MTT assays have been conducted in MCF-7 human cancer cells.

Furthermore, p-sulphonatocalix[4]arene has been used as complexing agent for the poorly
water soluble quercetin to enhance its solubility and bioavailability. The 1:1 complex
formed between p-sulphonatocalix[4]arene and quercetin was confirmed by Job’s plot,
solid state NMR and molecular modeling. A gold nanoparticle was then established on the
basis of this architectural scaffold which presented enhanced potency against cancer cell

lines.

Parts of the present thesis were published in the following journals: Molecules
[20(3):3868-3897, 2015], Molecular Pharmaceutics [12(3), 954-965, 2015], Expert
Opinion in Therapeutic Patents [25(11), 1305-1317, 2015], Current Medicinal
Chemistry, [23(1), 36-59, 2016] and Arabian Journal of Chemistry [doi:
http://dx.doi.org/10.1016/j.arabjc.2016.11.014]. In addition, I have participated in other
scientific projects that have been published in the following journals: BBA-
Biomembranes, Comb. Chem. High Throughput Screen., Carbohydrate Res., BBA-
General Subjects, Chemico-Biological Interactions, MedChemComm, Int. J. Pharm., J.
Agr. Food Chem., J. Biomol. Struct. Dyn., Bioinformatics, J. Mol Str.,
Arzneimittelforschung-Drug Research, Platelets.



INEPIAHYH

Xmv mopovoo SwtpiPr, Ol OUOPPOTIKEG 1O0TNTEG TNG OAUECHPTAVNG KOl TOV
peBLMOUEVOL  TTOPAYDYOL NG €YOLV  HEAETNOEL YPNOUOTOUOVTIOS £€VO GLUVOLAGUO
ooopotookomicg NMR kot poplokng poviehomoinong. T ta mepdpote poplokng
npdcsdeong ypnoomomnkay Tpeilg OPOPETIKEG TPIOOACTATESG OOUES TOVL VLITOJOYEN
tomov 1 ¢ ayysotacivng II (AT R): a) kpvotaiiikn doun, B) opdAoyo povtéro pe Bdon
™ tpeddototn doun tov vmodoyéa CXCR4 xor y) opodloyo poviého pe Pdom
podoyivn. Xkomog TG SLYKEKPWEVNG JTpIng Ntav n mbavy eERynon TovV dlapopmV
HETOED TOV  TEPAUOTIKOV —OTOTEAECUATOV TOV UEAETOV UETOAALAELYEVEONC OTOV
GLYKEKPIUEVO VTTOOOYEN KOl TNG KPLOTAAAIKNG doung Tov cvumidkov AT R-oApecaptdvn.
AeEqyncav mepdpoto poplokng Suvapkng yw va peietmfel n otabepdtnta Tov
ocvunddkov AT |R-avTioTpo@ov aymvioth Kot Tig KUPLEG AAANAETIOPACELS KOTA TN S1dpKELDL
™G mopeiag poplakng mpocopoioons. To amoteAéspata delyvouv OTL 1| OAUECOPTAVN Kol
t0 peBulmpévo Tapdymyo g £x0VV TOPOUOLES OAANAETIOPACELS LE TO KPIGIUO OUIVOEED
eEnyodvrog €16t TV oxedOV TAVOUOLOTLTN dpacTikdTTa TOVG in vitro. Ilap’ 6o avtd
HEG® TOV VTOAOYICUAOV LOPLOKNG TPOGOECTG KOl LOPLOKTNG OVVAUIKNG OEV NTAV EPIKTO VoL
eEnynbodv 1o omoteléopoto petaAraSiyéveonc, delyvoviag €tol OTL TO TPAYHATIKO
oUOTNUO Eivol OPKETA TEPIMAOKO KO TMG 1| KPLGTOAAIKT dOUN Kol TO OHOAOYO, LOVTEAQ
dgv dLVOTOL VO TPOGOUOLDOVOVV TO TOAVTAOKO avtd mepiPdilov emapkag. Ilepdpata
HOPLOKNG KPOVTIKNAG XPNOHOTOMONKoY Yo vo. VTOAOYIGO00V Ol YNUKEG UETOTOTIGELS
NMR y1o 116 d1490opeS SAUOPPADGELS TNG OAUEGAPTAVNG Ko TOL HEBVMOUEVOL TAPAYDYOV
™me. Ot Tipég avtég ovykpinkav He TIC TEWPOUOTIKEG TIUEG €EAYOVTOG YPNOULES
TANPOPOpPies Yo TIG PLOSPACTIKEG SIAUOPPADCELS TNG OAUECAPTAVIG KOt TOV HeBLAIOUEVOD
Tapoy@yov tg. Emmiéov péow vroroyiopmv Prime/MMGBSA cuykpifnkayv ot moleg kot
EVEPYEIEG TTPOGOEONG TNG OAUEGOPTAVIG KOl TOL peBvAabBépa NG oApecapTdvng GTOV

ATiR pe tpia mapdymya e odpesaptavng (R239470, R781253, R794847).

210 0e0TEpO UEPOC NG OwtpPng €ytve exteTapuévn ypnomn HeEBOOOAOYUDV HOPLOKNG
OLVOUIKNG KOl LOVTELOTTOINGNG GE JLPOPETIKA PLGIKA TPOIGVTA GTNV TPOSTAOELL LOG VO
avéndel 1 ProdiabdectudmTd Kot 1 VIUTOSEAVTOTNTAE TOVG e EVOGELS EYKAEIGUOV KOl VL
YOPOKTNPICOVUE TNV OPYLTEKTOVIKN TOV OAANAETOPACE®V GTO. CUUTAOKO EYKAEIGHOD.
YuyKkeKPEVO LEAETONKAY GE LOPLOKO EMIMESO O1 AAANAETOPAGELS TG SIAMUTIVIVIG, EVOG

QOPUAKOV 7OV TPOCTOTEVEL KATA TNG MNTOTOTOSIKOTNTOC, HE TNV 2-VOPOELTPOTLAO--



kukAodeEtpivn (HP-B-CD). To odumhoko gykieiocpov g otaumwviving pe v HP-B-CD
yopakpiomke pe Atapopikny Oepuidopetpio Ldpwong, kot gacpatocskonioo NMR vypng
Kol otepeng katdaotaons. Ot petaforés otic yNUKEG HETOTOTICES TOL GUUTAOKOU
EYKAEICUOD OV YOPTOYPOUPN|COLE, YPTCULOTOUDVTIOG BC CP/MAS, TOPEYOVY GNUOVTIKES
TANPOPOPIES YO TIG HOPLOKES OAANAEMOPACELS Kol NTAV GE GPIGTN CLUEOVIN UE TO
amoteléopato 2D NOESY. Ta amotedéopato ovtd emionpoivouy mwg 10 poplo €xet
evoopatmbel evtog g kotkottag g HP-B-CD kot aAAniemidopd pe mapdpoto tpoémo o€
vyp1 Kot otePEN Pope1]. Ta BeprodLVOLKA YOPOKTNPLOTIKE TOV GUUTAOKOV GLAMUTIVIVNI-
HP-B-CD kot 1 otafepdtnro Tov peletiOnKov HEGm VTOAOYICU®Y HoPloKnG dvvakne. H
SWAVTOTNTO TOV GLUTAOKOL G VEPO KAOMG KOl TO YUPOKTNPIOTIKA TG SOAVTOTNTOG
vroloyicOnkav oe pH moOv TPOCOUOIDOVEL TO AV® YACTPEVTEPIKO GUGTNHA, YO VO
npoceyylsfodv ot guoloroyikég ovvOnkes. H  ovtimollomAloclooTiky €nidpactn Tov
ovumAokov ctuumivivii—HP-B-CD ocvykpifnke pe exeivn g octmpmvivng oe avOpomiva

kapkwikd kottapa MCF-7 péow dokipumv MTT.

Eniong, mpog v idwa katevbuvon, ypnoiponombnke 10 p-covipovato kalE[4]apévio wg
TOPAYOVTOG EYKAEIGUOD Y10 TV ahHENGCT TNG VOATOIAAVTOTNTOG Kot BlodtabesindTnTo TG
kepketivng. H otoyeopetpia tov cvpmidkov kal&apeviov-kepketiving emPePorddnke
g eivor 1:1 pe v ypnon dwpopetikdv pebddmv (pacuatockonioo UV, Job plot,

oaopotookonic NMR otepeng Katdotaomng Kot Loplakng LOVIEAOTOINGNG).

Mépog ¢ mapovoag S1daKTopikng datpiPng Exel dnuoocievbel ota meprodikd: Molecules
[20(3):3868-3897, 2015], Molecular Pharmaceutics [12(3), 954-965, 2015], Expert
Opinion in Therapeutic Patents [25(11), 1305-1317, 2015], Current Medicinal
Chemistry, [23(1), 36-59, 2016], Arabian Journal of Chemistry [doi:
http://dx.doi.org/10.1016/j.arabjc.2016.11.014]. Emiong mapdAinia cvpueteiyon oe dAlo
EPELVNTIKA TPOYPAUUATO KOTE TN OpKED TOV OmoiMV ONUOGIELGH GTA MO KAT®
neplodikd: BBA—Biomembranes, Comb. Chem. High Throughput Screen., Carbohydrate
Res., BBA-General Subjects, Chemico-Biological Interactions, MedChemComm, Int. J.
Pharm., J. Agr. Food Chem., J. Biomol. Struct. Dyn., Bioinformatics, J. Mol. Str.,
Arzneimittelforschung-Drug Research, Platelets.
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1 Chapter 1: Introduction-Theoretical Framework

The main scope of the present thesis is the in silico study of guest-host interactions of
bioactive compounds. In the first chapter is summarized the theoretical framework of the
principles governing the in silico study (see Scheme 1-1). The objectives and scope of the
thesis dissertation are explained in the second chapter. The methodologies applied are
described in the third chapter. Chapter 4 is devoted to the results of the interactions
between olmesartan and its derivatives with AT R. In the last two subsequent chapters are
discussed the results of the interactions between silibinin and cyclodextrin (chapter 5) and

quercetin with calixarene (chapter 6).

In silico study of
guest-host interactions

[ |
Computational study of the interactions between

(a) silibinin and cyclodextrin and
(b) quercetin and calixarene
Theoretical framework: Chapters 1.7-1.8
Objectives and scope: Chapters 2.2-2.3
Methodology: Chapters 3.2-3.3
Results: Chapters 5 and 6

Computational study of the interactions
between olmesartan and its derivatives with AT R
Theoretical framework: Chapters 1.1-1.6
Objectives and scope: Chapter 2.1
Methodology: Chapter 3.1
Results: Chapter 4

Scheme 1-1: Organization of the thesis.

1.1 The angiotensin II type 1 receptor and its antagonists

The renin angiotensin system (RAS) is the main target for regulating the body’s blood
pressure '. This is a bioenzymatic system where angiotensinogen, through the two enzymes
renin and angiotensin converting enzyme (ACE), produces the octapeptide hormone
angiotensin II (Ang II: a compound word of Greek origin composed of the words «ayyeio»
(vessel) and «tdom» (tension)) that in pathological conditions causes vasoconstriction.
ACE inhibitors were the first drugs designed and synthesized to block the detrimental
effects of Ang II (Figure 1-1) °.
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Figure 1-1. The RAS and representative drugs that target this system °.

Recently, the efforts to design and synthesize renin inhibitors were met with success with
the discovery of the drug aliskiren *. Today, more knowledge has been gained on RAS.
First, it is known that more biochemical pathways are affecting the conversion of
angiotensinogen to Ang II; second, although Ang II affects mainly two GPCR receptor
subtypes, namely AT|R and AT;R, at least four different subtypes have been identified
(designated as AT|R, AT,R, AT3;R and AT4R 5). Also, the different metabolites of Ang II,
which are formed after proteolytic degradation of the parent molecule, exert biological
activities. In addition, Ang II has high binding affinity to neurolysin which in turn may affect
significantly the activity on RAS ®®. The action of Ang II on AT,R was the first to be
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studied in detail, while the mode of action of AT,R remained elusive for a long time owing
to the lack of ligands that selectively target this receptor as also due to its low expression -
12 The recent discovery of novel ligands that selectively target these receptor subtypes has
paved the way to deconvolute the functions of AT;R and AT,R. Furthermore, new
functions of the two receptors have been revealed. It is now shown that AT|R and AT,R

present opposing biological functions, e.g., AT,R has anti-proliferative properties > ',

while AT|R facilitates angiogenesis and cellular proliferation ' '°

. Furthermore, besides
the classical functions mediated by the AT;R like vasoconstriction, proliferation of
vascular smooth muscle and cardiac cellular growth, a direct correlation has been
identified between the up-regulation of AT;R and the immunosuppression and
invasiveness state in many cancer types, establishing AT|R as a potential cancer drug
target '°2°. Respectively, the discovery of new ligands that selectively target AT-R has
encouraged the scientific community to explore in detail functions orchestrated and

associated by AT,R. For instance, AT,R adopts a protective role in pathological conditions

2 23

such as tissue injury and inflammation ', diabetic neuropathy *, stroke damage >,
diabetes type 2 **, spinal cord injury * and cancer ** *’. The accumulating body of
evidence highlights the enhanced potential of both AT;R and AT,R to act as important
pharmaceutical targets for a diverse array of pathologies. In light of this, it is worth
collating the principles that govern selectivity on these two subtype receptors and utilize
these to design and develop the new generation of more selective compounds.

As with renin and ACE inhibitors, extensive rational design plans had to be implemented
by researchers working both in industry and academia to discover AT;R antagonists.
Initially, efforts were mainly focused on peptides, but owing to the known disadvantages
that peptides encounter they could not enter clinical trials or the market as drugs. However,
these studies provided valuable SAR knowledge. From peptides, the scientists have been
led to small organic molecules that mimicked the C-terminal segment of Ang II (Figure 1-
2).

The first AT|R antagonist that entered the market was losartan [ICso = 5.5 nM ** (binding
to human AT,R using as radioligand '*I[Sar'-Ile*]Ang II), 150 nM % (inhibition of ['*I]Ang
I (0.2 nM) binding to bovine adrenal cortical membranes), 6.7 nM 30 (displacement of
['*1]Sar' Ile®-Ang II specifically bound to AT|R in rat hepatic membranes)]. The success of

losartan followed eight more derivatives constituting the class of SARTANS or angiotensin

receptor blockers (ARBs) (Figures 1-3).
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Figure 1-2. (top, left) A 3D proposed model of Ang II. (top, right) A 3D structure of
losartan. Circled or squared segments of the two molecules illustrate common
pharmacophores. Circled common pharmacophores are shown for the 2D structures of Ang
11 (top, left) and losartan (bottom, right) °.

1.2 Structural and conformational properties of AT{R receptors and ATR
antagonists

Angiotensin II (Angll) is an octapeptide hormone generated in the Renin Angiotensin

System (RAS), through a biocascade of enzymatic reactions and it is responsible for the

regulation of the blood pressure. AT R antagonists are molecules that antagonize the action

of peptide hormone Angiotensin II that is implicated in causing hypertension in the case of

RAS overexpression, by acting on the AT;R "% 3137,

The ATR belongs to family A of G-protein coupled receptors (GPCRs) and, like other

GPCRs, is consisted of an amino terminal extracellular region, a carboxy-terminal



intracellular tail and seven, mostly hydrophobic, membrane-spanning segments (TMs),
connected by alternating intracellular (IL) and extracellular loops (EL) *_ The intracellular
regions of AT|R are most likely involved in receptor/G-protein coupling, whereas the
extracellular regions interact with Angll and its analogues. The interaction of AnglIl with
AT;R induces conformational changes that are associated with the receptor activation.
These conformational changes are transmitted through the TMs of AT;R to its intracellular
regions and are responsible for receptor interaction and stimulation of G-proteins, thus
eliciting a biological effect. Combining molecular dynamics (MD) simulations and a

L 41, illustrated that activation of AT R is associated

mutagenesis approach, Cabana, ef a
with a reorientation of D74*° in the second TM (TM2) and N29574¢ in the seventh TM
(TM7) of ATR from the third TM (TM3) toward the first TM (TM1). The superscripts
refer to a generalized numbering system that indexes TM residues of family A GPCRs
relative to the most conserved amino acid in the TM in which it is located **. Specifically,
in the inactive AT R, the D74*% in TM2 interacts with the N111°*° in the TM3 and
N295"% in TM7 through a H-bond network. Receptor activation is associated with a
reorientation of these residues, and the formation of a new H-bond network involving
D74%°, N29576 and N46'*°. These conformational changes are associated with a change
in the water accessibility within an area of AT;R, which is located between the upper
portions of TM3 and TM7, approximately up to two helical turns above N29574¢. This area
contains a hydrophobic cluster consisted of V108°*® and L112°2® in TM3, 12887,
A2917* and Y292"* in TM7, and F77*> in TM2. These residues form a tight
hydrophobic core, which is disrupted during AT;R activation. Specifically, there is a gain
in water accessibility during receptor activation, which is associated with TM movements
that result in a 3A increase in the average distance between portions of TM3 (V108> to
L112*%%) and TM7 (12887 to Y2927*%). The receptor activation-associated disruption of
the hydrophobic cluster and the increase of the solvent accessibility in that area of AT;R,
possibly influences the orientation of the side chain of W253%*® in the sixth TM (TM6) of
receptor *'. The W253%*®, a conserved tryptophan residue in family A GPCRs, also known
as the “rotamer toggle switch”, has been shown to play a key role in the activation of
GPCRs ** *. Interestingly, the recent crystal structure of the AT|R in complex with an
antagonist, and a thorough mutagenesis study *>*’, have shown that along with Argl67 in
the second extracellular loop of the AT1, V108>~ and Ser109°** in the TM3, GIn257%** in
the TM6, as well as, Tyr292”* and Asn2957“ in the TM7 interact with AT ;R antagonists.
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It is therefore tempting to speculate that the molecular mechanism underlying AT;R
antagonism involves ligand interaction with these residues and stabilization of the tight
hydrophobic network between TM3 and TM7, thus impeding the TM movements that are
responsible for the increase in the distance between TM3 and TM7 during receptor

.. 4748
activation .

The crystal structures of commercially available AT;R antagonists that provide
information on the conformational properties in the solid state was studied. In addition,
literature will be reported referring to the conformational properties of AT;R antagonists in
solution using mainly high resolution NMR spectroscopy and in silico calculations using

molecular and quantum mechanics approaches.

The human receptor AT|R in complex with its selective antagonist ZD7155 at 2.9 A
resolution was crystallized in 2015 by applying the recently developed method of serial
femtosecond crystallography at an X-ray free-electron laser *°. AT,R antagonists are
structurally similar to the prototype losartan. At the moment in the market there are eight
molecules, whose structures are shown in Figure 1-3. These molecules that were originally
developed to illustrate therapeutic potential for hypertension were recently found to exert a
broader therapeutic window for many other diseases °. Valsartan and telmisartan are
among the top 30 blockbuster drugs in 2013 with sellings of $3.5 and $3 billion

respectively *.

The interesting conformational properties of commercially available AT;R antagonists are
attributed to the fact that they bear the following structural features:

(a) aromatic segments suitable to form n-m stacking interactions. Such aromatic segments
include biphenyl tetrazole or biphenyl carboxylate and various heterocyclic rings;

(b) acidic moieties as tetrazole or carboxylate groups that can be ionized and form various
complexes with metals;

(c) alkyl aliphatic chain responsible for its hydrophobic interactions with the active site of
the AT R;

(d) other groups such as hydroxyl or halogen that are also essential for specific interactions

with the AT R;
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All the above signalizations pinpoint that these molecules encompass flexible regions and
the molecular basis of their action, at the target site, is directly linked to their

conformational properties that consequently set the basis for the rational drug design.

1.3 Comparison of conformational properties in different environments

The conformational properties of drugs are not only important to be studied in isolation
(solid state, solution state or in silico) but it is of paramount importance to reveal their
architecture in a simulating or the real biological environment, that is the active site of the
AT R receptor. Thus, the conformational properties of the AT ;R antagonists in lipid
bilayers as also in their bound state to the AT;R receptor (derived from homology
modeling or the crystal structure), will be exploited and compared with those structures
that have been determined from in silico studies, from crystal structures or structural

studies in organic solvents **>*,

As the AT R antagonists target the transmembrane region of AT|R, lipid bilayers are
considered to play a judicious role in the molecular basis of their action. Hitherto, it is not
known if AT;R antagonists approach directly the AT;R receptor or they are embedded first
in the lipid bilayers and through diffusion reach the active site of the ATR.
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zilsartan

Eposartan

Fimasartan ZD-7155

Figure 1-3. Structures of AT R antagonists. Almost all of them contain three structural
features: biphenyl tetrazole or acidic bioisostere (colored in blue), heterocyclic segment
(colored in green) and small alkyl chain (colored in red) .

1.4 Homology models of AT;R

Three dimensional experimental structures of GPCRs (either derived from NMR studies or
X-ray crystallography) are limited in number ** *’. As a result, homology modeling, the
prediction of the 3D structure of a protein based on templates with very similar amino acid
sequences, is an important tool for drug design and discovery **. The process of homology
modeling includes: the selection of one or more templates, the structural alignment and

model building, the refinement, and in the end the validation and assessment of the model
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>’ The predictive ability of the model and as a result the success of the method depends on
the similarity between the templates and the target sequence . The conformations and
binding modes of the AT|R antagonists in the X-ray crystal structure are compared with

those provided by two representative homology models.

The first model was developed by Tuccinardi et al. ®°, using the bovine rhodopsin crystal
structure as a template (PDB ID: 1U19). Losartan was docked in the AT;R using as
important residues the ones defined from mutagenesis data. The model was refined using
molecular dynamics in DPPC bilayers. The second model was built by Matsoukas et al. *',
using as a template the Chemokine Receptor type 4 (CXCR4) (PDB ID: 30DU). Angll
was docked in the model using Glide and the Induced Fit Protocol. The model was refined
using molecular dynamics in POPC lipid bilayers. As can be seen in Figure 1-4A the
transmembrane domains of the two homology models with the crystal structure are in good
alignment. The alignment of the second extracellular loop (EL2) reveals that while the
homology model based on the CXCR4 structure has a good alignment with the crystal
structure, the homology model based on rhodopsin has a different secondary structure
(Figure 1-4B). Another major difference between the two homology models is the position
of Argl67. While in Tuccinardi’s model Argl67 is positioned at a great distance from the
binding site, in the CXCR4 model Argl67 is introduced in the binding site. Other key
residues such as Lys199, Tyr35 and I1e288 are placed in the homology models very near to
their actual site in the crystal structure (Figure 1-4C). These differences will be further

analyzed in the following sections.
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Figure 1-4. A) Superimposition of the crystal structure (green) with the homology model
derived from the rhodopsin structure (blue) and the homology model derived from the
CXCR4 structure (red). B) The second extracellular loop in the two homology models
(blue and red) and the crystal structure (green). C) Superimposition of the four key
residues Argl67, Lys199, Tyr35 and 11e288 (in green are shown the residues in the crystal
structure, in blue the residues in the rhodopsin homology model and in red the residues in
the CXCR4 homology model) *°.

1.5 Olmesartan

The crystal structure of olmesartan *

and its low energy conformers using NMR and
theoretical data are shown in Figure 1-17. As it can be seen one of the low energy NMR
conformers resembles that of the crystal structure. Thus, tetrazole, carboxylate group and
alkyl chain are located in the same side, although there are some differences in torsion

angles with those in the X-ray structures.

1.5.1 Docking of olmesartan to the AT,R

Miura et al. ©

, reported the docking of olmesartan to a homology model of ATR based on
the rhodopsin structure. The tetrazole moiety was shown to interact with the key
aminoacids His256, Lys199 and Glu257. Another key polar interaction referred in the
model was that between the hydroxymethyl group of olmesartan and that of the phenyl
hydroxyl group of Tyr113. The docking results were imposed to be in harmony with the

mutation studies ** ®. Olmesartan was also docked in the homology model of AT|R based
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on the CXCR4 structure ®'. The tetrazole moiety interacts with Argl67 predicting correctly
the importance of this residue. Other key interactions include hydrogen bonding with
Lys199, Tyr184 and Pro192 (Figure 1-18A). The conformation of olmesartan in these
docking studies deviates from that observed by X-ray crystallography and NMR studies.
The alkyl chain in both X-ray and NMR results, points towards the biphenyl tetrazole
system, while in the docking experiments a similar interaction is not observed. An
extended conformation of olmesartan was observed in the newest reported docking study
based on the crystallographic data of AT;R. In addition the crucial interactions differ
considerably. The key interactions of olmesartan in the crystallized receptor are those

between its tetrazole and carboxylate groups with Arg167 * (Figure 1-18B).

Figure 1-5. A) Crystal structure of olmesartan (CSD reference code: ZOGSOD); B) Low
energy conformers of olmesartan in methanol optimized using the HF/6.31G** basis set
(RMSD between the crystal structure A and Bis 0.2 A.) >
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Figure 1-6. A) Docking of olmesartan in the homology model of AT R based on CXCR4.
Blue lines represent hydrogen bonds, cyan lines represent m-cation interactions and green

lines represent n-m interactions. B) Docking of olmesartan in the crystal structure of AT|R
55

1.6 The Role of Membrane Bilayers in the Binding of drugs to the AT Receptors

AT;R antagonists act on the transmembrane region of the receptor site while Ang II
interacts with both extracellular and intracellular sites. The way that AT,R antagonists
interact with their active site, however, remains uncharted. A critical question is whereas
they directly approach the receptor or they are intercalated into the membrane core and
then diffuse to the active site of the receptor (Figure 1-7B). How crucial is the membrane
bilayer core for their action? Drug-membrane interactions along with drug-AT;R
interactions are investigated to dissect the roles of these two components. The drug-
membrane interactions show subtle but distinct differences between the thermal and
dynamic properties of AT;R antagonists. The data suggest that each AT;R antagonist has a

578 In the following figure, the interactions of candesartan

unique action on the membrane
cilexetil and olmesartan are illustrated as revealed from a combination of NMR
spectroscopy, molecular modeling, Raman spectroscopy and Differential Scanning

Calorimetry ”°. The study of the mechanism of losartan as it embeds in the lipid bilayers
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and approaches the AT|R has been recently studied *. Further work is needed to elaborate
the issue of the preference of losartan into the two sites by using new models of AT;R as
the one described by Matsoukas *'. In our recent study, the application of 2D NOESY
experiment led to the finding of the localization of AT;R antagonists (Figure 1-7A).

Molecular modeling enhances and promotes the field since it offers a better understanding
of the interactions of drugs with AT;R and AT,R. The non-crystallized receptors demand
the use of modeling to generate 3D low energy conformers of AT;R and AT:;R. New
approaches in the modeling of these receptors have recently been reported. Molecular
Dynamics simulations are used to differentiate between the two step mechanism for drugs
to reach the transmembrane active site of AT ;R. The role of lipid bilayers in the AT,R

antagonism is also studied using various biophysical methods.
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Figure 1-7. A. Candesartan cilexetil (left) and olmesartan (right) positioned in one leaflet
of membrane bilayers. As it can be observed candesartan cilexetil is positioned deeper in
membrane bilayers owing to its more hydrophobic nature. However, both molecules as
they are amphipathic adopt polar and non-polar interactions. B. Two step mechanism of
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action for ARBs. In the first step ARBs are postulated to embed themselves in the lipid
matrix and in the second step are laterally diffused to the active site of
ATIR °.

1.7 The use of cyclodextrins and calixarenes in pharmaceutical formulations
1.7.1 Cyclodextrins

1.7.2 A brief history of the cyclodextrins

The history of cyclodextrins (CD) begins with the work of the pharmacist and chemist
Antoine Villiers who first described cellulosines. In 1891, in the Proceedings of the
Académie des Sciences, Villiers observed that potato starch can ferment to mainly yield

. 8284
dextrins

. The term dextrins had already been used at the time to describe the
degradation products and/or the intermediate decomposition products of starch (note that
the production of dextrins by the degradation of starch through heating was discovered in
1821 %),
The Austrian chemist and bacteriologist Franz Schardinger, in 1903, discovered that a type
of extremely heat resistant microorganism was able to dissolve starch and form crystalline
byproducts remarkably similar to the cellulosine reported by Villiers ***’. He distinguished
two types of polysaccharides, and named them crystalline dextrin A and crystalline dextrin
B. The B form resembled Villiers’ cellulosine. Schardinger gave the first description of the
preparation, separation, and purification of the two cellulosines first described by Villiers
88-90
In 1942, French and Rundle, using the X-ray diffraction technique and crystal density
measurements, determined the molecular weights of a- and B-dextrins and discovered the
exact number of glucose units per dextrin, that is, six and seven, respectively (Figure 1-8)
°. They demonstrated that molecular weights were integral multiples of the value 162.1 for
a glucose residue *.
In 1967, Professor Friedrich Cramer showed that the inclusion complex between sodium p-
nitrophenolate and o-CD and was able to detail the mechanism of formation of this
inclusion complex giving the first scientific explanation **. He noted that the formation of a
CD/substrate inclusion complex includes five elementary steps:
(1) the guest molecule approaches the cyclodextrin. Afterwards, water molecules
escape from the inside cavity of the host. The van der Waals interactions and the
number of hydrogen bonds decrease, whereas the degrees of freedom of translation

and rotation of the freed water molecules increase.
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(2) the guest molecule becomes released from the layer of water that envelops it and
also acquires a different state; the layer of water becomes dispersed and rearranges;

(3) the guest molecule, considered to be in a perfect gas state, enters the cavity, and the
complex formed is stabilized by van der Waals forces and/or hydrogen bonds;

(4) the expelled water molecules are rearranged and form hydrogen bonds between
each other;

(5) the structure of the water is restored around the part of the substrate that remains in
contact with the solvent and that is integrated into the hydration shell around the
CD %3 %

In the mid-1970s, the German biochemist and crystallographer Wolfram Saenger
demonstrated that CDs are macrocyclic structures that form a cavity shaped like a
truncated cone *> °°. In 1976, Saenger gave three explanations for the formation of an
inclusion complex with a-CD in aqueous solution:

(1) the guest molecule directly replaces the water molecules in the cavity;

(2) the CD molecules absorb the energy of the water molecules retained in the cavity
and take on a relaxed conformation (in this state the water molecules can be easily
substituted by another guest);

(3) the guest becomes associated with the outer surface of the CD and only enters the
cavity once it has absorbed the activation energy (transfer of the conformation from
a state of high energy of the CD—water complex to a state of lower energy of the
CD—guest molecule complex).

Saenger mentions the release of the tension energy within the CD molecule upon formation
of the complex. The same year, Bergeron and Rowan, ' performing an NMR study,
showed that the London forces and the release of high-energy water molecules from the
cavity are the main contributors to the inclusion of p-nitrophenolate into a-CD and B-CD
without demonstrating the involvement of Saenger’s tension energy. Saenger’s description
(like that of Bender two years later) of the formation of an inclusion complex mainly

involved hydrophobic interactions.
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Figure 1-8. (Top) The structures of a-CD, B-CD and y-CD. (Middle) Geometric
dimensions of the cyclodextrins. (Bottom) The glycopyranose unit and a spacefilling
model of B-CD.

1.7.3 Cyclodextrins in pharmaceutical formulations

Formulation is a complex process in which the active pharmaceutical components along
with the excipients are targeted together towards the organ or the cell for exerting
beneficial effects in the human health. Formulations constitute compositions that can be
prepared in a capsule, tablet, an emulsion, or other form according to a specific procedure
% Drug formulations are very important since they are essential to ensuring that the active
ingredient is spatiotemporally delivered at the correct rate, concentration and part of the
body *°. Optimized pharmaceutical formulations are essential to be established since they:
(1) enhance the drug delivery process helping the drug to pass the physiological,
biochemical and chemical barriers; (ii) improve the drug’s solubility, stability and
dissolution rates; (iii) establish a controlled delivery rate; (iv) provide improved
therapeutic outcome; (v) exhibit more favorable side effect profile, (vi) foster patient

compliance through ease of use or by reducing the dosing *°.
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The chemical structure of the drug reflects its physicochemical properties and therefore the
proper formulation is required for its effective spatiotemporal delivery and optimal action.
Several general formulations have been proposed for drug delivery, suitable for various
classes of drug molecules. None of the formulations provide a universal platform to control

drug release as none of these are devoid of problems **.

CDs have been used as drug delivery systems to enhance efficacy of hydrophobic drugs,

by entrapping them '°*'*

. Due to the chair structure of the glucopyranose rings, CD
molecules are shaped like cones with secondary hydroxy groups extending from the wider
edge and the primary groups from the narrow edge (Figure 1-8). This gives the CD
molecule a hydrophilic outer surface. The central cavity is lipophilic '®. Although the
natural CDs and their complexes are hydrophilic, their aqueous solubility can be rather
limited, especially in the case of B-CD. This is thought to be due to relatively strong
binding of the CD molecules in the crystal state (i.e. relatively high crystal lattice energy)
14 Random substitution of the hydroxy groups, even by hydrophobic moieties like
methoxy functions, will result in dramatic improvements in their solubility. The main
reason for the solubility enhancement is that the random substitution transforms the
crystalline cyclodextrins into amorphous mixtures of isomeric derivatives '*>. Most CDs
are hydrophilic and, due to their bacterial digestion, high molecular weight, large number
of hydrogen donors and acceptors, and high hydrophilicity (logKo/w between -8 and -12),

their oral bioavailability is generally below 4% '°*

. The oral bioavailability of 2-
hydroxypropyl-cyclodextrin (HP-B-CD) in humans is between 0.5 and 3.3%, with 50-65%
of the oral dose excreted intact in the faeces and the rest is mainly metabolized by bacteria
in the colon. CD absorbed intact is rapidly excreted in the urine. Toxicological studies have
demonstrated that orally administered CDs are practically nontoxic due to lack of

absorption from the gastrointestinal tract '.

The first CD-related patent was issued in Germany in 1953 '°. In this patent, the basic
properties of the natural a-CD, B-CD and y-CD are described and how, through complex
formation, these CDs can enhance aqueous solubility and chemical stability of biologically
active compounds. The marketed drug prostaglandin E2/B-CD in the form of sublingual
tablets (Prostarmon E, Ono), was the first one to be an inclusion complex with cyclodextrin
and was sold in Japan in 1976. Worldwide there are currently about 35 different CD

containing drug products on various world markets (Table 1-1).
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Table 1-1: List of CD containing drug products with their tradenames

102, 104

cyclodextrin sodium salt

Drug/cyclodextrin Trade name Formulation Company
(country)
o-CD
Alprostadil Caverject Dual Intravenous solution Pfizer (Europe)
Cefotiam-hexetil HCI1 Pansporin T Tablet Takeda (Japan)
Limaprost Opalmon Tablet Ono (Japan)
PGE1 Prostavastin Parenteral solution Ono (Japan); Schwarz
(Europe)
B-CD
Benexate HCI Ulgut, Lonmiel Capsule Teikoku (Japan);
Shionogi (Japan)
Cephalosporin Meiact Tablet Meiji Seika (Japan)
Cetirzine Cetrizin Chewable tablet Losan Pharma
(Germany)
Chlordiazepoxide Transillium Tablet Gador (Argentina)
Dexamethasone Glymesason Ointment, tablet Fujinaga (Japan)
Dextromethorphan Rynathisol Synthelabo (Europe)
Diphenhydramine and Stada-Travel Chewable tablet Stada (Europe)
chlortheophylline
Ethinylestradiol  and Yaz Tablet Bayer (Europe, USA)
drospirenone
Todine Mena-Gargle Solution Kyushin (Japan)
Meloxicam Mobitil Tablet and suppository Medical Union
(Egypt)
Nicotine Nicorette Sublingual tablet Pfizer (Europe)
Nimesulide Nimedex Tablets Novartis (Europe)
Nitroglycerin Nitropen Sublingual tablet Nihon Kayaku
(Japan)
Omeprazole Omebeta Tablet Betafarm (Europe)
PGE2 Prostarmon E Sublingual tablet Ono (Japan)
Piroxicam Brexin, Flogene, Tablet, suppository Chiesi (Europe); Aché
Cicladon (Brazil)
Tiaprofenic acid Surgamyl Tablet Roussel-Maestrelli
(Europe)
HP-B-CD
Cisapride Propulsid Suppository Janssen (Europe)
Indometacin Indocid Eye drop solution Chauvin (Europe)
Itraconazole Sporanox Oral and intravenous Janssen (Europe,
solution USA)
Mitomycin MitoExtra, Mitozytrex Intravenous infusion Novartis (Europe)
Sulfobutylether B-

Aripiprazole Abilify Intramuscular solution Bristol-Myers Squibb
(USA);
Otsuka Pharm. (USA)

Maropitant Cerenia Parenteral solution Pfizer Animal Health
(USA)

Voriconazole Vfend Intravenous solution Pfizer (USA, Europe,
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Japan)

Ziprasidone mesylate Geodon, Zeldox Intramuscular solution Pfizer (USA, Europe)

1.7.4 Characterization of drug:CD complexes

A variety of techniques have been employed to confirm the formation and utility of CD
complexes. Selecting the most appropriate technique to use depends on the complexation
process as well as the inherent properties of the drug, CD molecule, and their resultant
complex. It is important for characterization to be able to distinguish between formed
complexes and any “free” drug or CD. Drug-CD complexes may be characterized in the
solid state or in solution. Both a simple physical mixture of the raw materials (drug and
CD) as well as the raw materials independently subjected to processing conditions need to
be simultaneously characterized in most instances in order to conclusively confirm

complex formation.

1.7.4.1 Thermo-Analytical Methods
Thermo-analytical methods are commonly employed to characterize inclusion complexes

"7 Differential Scanning Calorimetry (DSC) or differential thermal analysis (DTA) may
be used to compare thermal profiles of drugs before and after CD complexation.
Molecular changes such as melting, oxidation, or decomposition are manifested as

characteristic peaks or troughs on the derived thermograms '

. Peak shifts and/or the gain
and loss of features on the thermogram can confirm complex formation. Various
therapeutics including salbutamol and famotidine have demonstrated the loss of
characteristic peaks on thermograms when complexed with CD molecules '* '%.
Thermograms may be further used to quantitatively determine the extent of drug
complexation '”’. Such characterization requires a comparison of the area under the DSC
curve of a physical mixture of drug-CD with that under the DSC curve of a formed
complex. The proportional change in area can be correlated with the apparent degree of

complex formation.

1.7.4.2 Microscopic Methods
Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) can be

used to image the crystalline state of the raw materials and the final product following

101 "The observed differences in structure can be used to indicate the

complexation
formation of inclusion or non-inclusion complexes. Although the methods have been

routinely used to characterize CD complexes, they are considered inconclusive in
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confirming complexation and should only be used as adjuncts to more robust

characterization techniques.

1.7.4.3 Wettability/Solubility Studies
In wettability studies, powdered drug-CD complex is analyzed with regard to its contact

angle and sedimentation and dissolution rates when exposed to water. While simple CD
addition to a powder can enhance its cumulative wettability, the conduction of dissolution
studies of the powder can give a better indication of whether drug-CD complexation has
indeed occurred ''*'*. Solid CD formulations may be pressed into tablets and subjected to
a dissolution test. Following collection of media at preset intervals and subsequent analysis
of drug content within the media, one can determine whether the CD complexation has
improved a drug’s dissolution property. Dissolution rates of complexes prepared via
different methods can be compared to determine which method is most efficient at
enhancing drug dissolution. Solubility studies using varying CD concentrations may also
be assessed. If drug solubility is increased with increasing CD concentration, this can be

taken as a clear indication of CDs interaction resulting in enhanced drug solubility.

1.7.4.4 Spectroscopic Methods
Spectroscopic characterization via 'H-NMR is a robust technique for confirming the

formation of inclusion complexes. The technique can also assist in determining the precise

114
. For

molecular groups of the drug and CD that are interacting during complex formation
example, spectra of hydrogen atoms located on the interior of the CD molecule show
significant shifts when inclusion complexation occurs. The spectrum of the included
molecule may also change, with relevant hydrogen peaks shifting to indicate their
involvement in the interaction. When varying ratios of drug and CD are used, the extent of

peak shift can help determine the ratio at which complexation is at a maximum.

1.7.4.4.1 Solid state NMR
Conventional utilization of solution phase NMR data acquisition techniques on solid

samples yields broad, featureless spectra. The broad nature of the signal is due primarily to
dipolar interactions which do not average out to zero in the solid state, and chemical shift
anisotropy (CSA), which again is a function of the fact that our compound of interest is in
the solid state. The principal interaction developed by a nucleus with a magnetic moment

with a magnetic field in the solid state is the Zeeman interaction (H).
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Dipole-dipole interaction is the direct magnetic coupling of two nuclei through space. This
interaction may involve two nuclei of equivalent spin, or nonequivalent spin, and is
dependent upon the internuclear distance and dipolar coupling tensor. The total interaction,
labeled Hp is the summation of all possible pairwise interactions (homo- and
heteronuclear). It is important to note that the interaction is dependent on the magnitude of
the magnetic moments which is reflected in the magnetogyric ratio and on the angle (8)
that the internuclear vector makes with By. Therefore, this interaction is significant for spin
1/2 nuclei with large magnetic moments such as 'H and "’F. Also, the interaction decreases
rapidly with increasing internuclear distance (7), which generally corresponds to
contributions only from directly bonded and nearest neighbor nuclei. Equation 1-1

describes the dipolar interaction for a pair of nonequivalent, isolated spins / and S.

1 Sh > A
y:g IDS Equation 1-1

IS _
Hp =

Since the dipolar coupling tensor, D, contains a (1-3 cos’) term, this interaction is
dependent on the orientation of the molecule. In solution-phase studies where the
molecules are rapidly tumbling, the (1-3cos’0) term is integrated over all angles of 6 and
subsequently disappears. Within solid-state NMR, the molecules are fixed with respect to
By, thus the (1-3cos’0) term does not approach zero. This leads to broad resonances within
the solid-state NMR spectrum since dipole-dipole interactions typically range from 0 to
105 Hz in magnitude. In the case of pharmaceutical solids which are dominated by carbon
and proton nuclei, the dipole-dipole interactions may be simplified. The carbon and proton
nuclei may be perceived as "dilute" and "abundant" based upon their isotopic natural
abundance, respectively. Homonuclear *C-"C dipolar interactions essentially do not exist
because of the low concentration of °C nuclei (natural abundance of 1.1%). On the other
hand, "H-">C dipolar interactions contribute significantly to the broad resonances, but this
heteronuclear interaction may be removed through simple high-power proton decoupling
fields, similar to solution phase techniques.

The three-dimensional magnetic shielding by the surrounding electrons is an additional
interaction that the nucleus experiences in either the solution or the solid state. This
chemical shift interaction (H.) 1s the most sensitive interaction to changes in the
immediate environment of the nucleus and provides the most diagnostic information in a
measured NMR spectrum. The effect originates from the small magnetic fields that are

generated about the nucleus by currents induced in orbital electrons by the applied field.
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These small perturbations upon the nucleus are reflected in a change in the magnetic field
experienced by the nucleus. Therefore, the field at the nucleus is not equal to the externally
applied field and hence the difference is the nuclear shielding, or chemical shift interaction
[Eq. (1-2)].
> —
HCS = thI 0 - BO Equation 1-2

It is important to note the orientation dependence of the shielding constant, g, and the fact
that shielding is proportional to the applied field, hence the need for chemical shift
reference materials such as tetramethylsilane. Solution-state NMR spectra yield "average"
chemical shift values which are characteristic of the magnetic environment for a particular
nucleus. The average signal is due to the isotropic motion of the molecules in solution. In
other words, By "sees" an average orientation of a specific nucleus. For solid-state NMR,
the chemical shift value is also characteristic of the magnetic environment of a nucleus, but
normally, the molecules are not free to move. It must be kept in mind that the shielding
will be characteristic of the nucleus in a particular orientation of the molecule with respect
to By. Therefore, a specific functional group oriented perpendicular to the magnetic field
will give a sharp signal characteristic of this particular orientation. Analogously, if the
functionality is orientated parallel to By, then a sharp signal characteristic of that
orientation will be observed. For most polycrystalline pharmaceutical samples, a random
distribution of all orientations of the molecule will exist. This distribution produces all
possible orientations and is thus observed as a very broad NMR signal. The magnitude of
the chemical shift anisotropy is typically between 0 and 105 Hz. Two additional
interactions experienced by the nucleus in the solid state are spin-spin couplings to other
nuclei and quadrupolar interactions, which involve nuclei of spin greater than 1/2. Spin-
spin (Hy.), or J coupling, originates from indirect coupling between two spins by means of
their electronic surroundings and are several orders of magnitude smaller (possibly 0-10*
Hz, typically only several kHz) than dipole interactions. Summarizing the interactions, the
isotropic motions of molecules in the solution state, yield a discrete average value for the
scalar spin-spin coupling and chemical shift interactions. For the dipolar term, the average
obtained is zero, and the interaction is not observed in solution-phase studies. In sharp
contrast, interactions in the solid state are orientation dependent, subsequently producing a

more complicated spectrum, but one that contains much more information. In order to
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yield highly resolved, "solution-like" spectra of solids, a combination of three techniques is

116, 11 e 118
-7 "and cross-polarization ''*,

used: dipolar decoupling ''°, magic-angle spinning
Dipolar Decoupling

High-powered proton decoupling fields can eliminate the heteronuclear "H-">C dipolar
interactions that may dominate a solid-state NMR spectrum. The concept of decoupling is
familiar to the solution-phase NMR spectroscopist but needs to be expanded for solid-state
NMR studies. In solution-phase studies, the decoupling eliminates the scalar spin-spin
coupling, not the dipole-dipole interactions. Irradiation of the sample at the resonant
frequency of the nucleus to be decoupled (B, field) causes the z component of the spins to
flip rapidly compared to the interaction one wishes to eliminate. Scalar interactions usually
require 10 W of decoupling power or less. In pharmaceutical solids work, decoupling is
used primarily to remove the heteronuclear dipolar interactions between protons and
carbons. The magnitude of the dipolar interaction (-50 kHz) usually requires decoupling
fields of 100 W and subsequently removes both scalar and dipole interactions. Even with
the use of high-power decoupling, broad resonances still remain, due principally to
chemical shift anisotropy.

Magic-Angle Spinning

Molecules in the solid state are in fixed orientations with respect to the magnetic field. This
produces chemical shift anisotropic powder patterns for each carbon atom since all
orientations are possible. It was shown as early as 1958 that rapid sample rotation of solids
narrowed dipolar broadened signals ''°. A number of years later, it was recognized that
spinning could remove broadening caused by CSA yet retain the isotropic chemical shift
"% The concept of magic-angle spinning arises from the understanding of the shielding
constant, ¢ [Eq. (1-2)]. This constant is a tensor quantity and, thus, can be related to three
principal axes where o; is the shielding at the nucleus when B, aligns along the it principal

axis, and 0; is the angle this axis makes with B,.

Oy = Yo q10;€08%0 Equation 1-3

Under conditions of mechanical spinning, this relationship becomes time dependent and a
(3cos”0-1) term arises. By spinning the sample at the so-called "magic angle" of 54.7°, or
54°44', this term becomes zero and thus removes the spectral broadening due to CSA,
providing that the sample rotation (kHz) is greater than the magnitude of the CSA (kHz).

CSA may range from 0 to 20 kHz so our spin rates must exceed this value or spinning side
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bands are observed. Although fast enough spin rates may not be achieved to remove CSA
totally for specific compounds, slower than optimal rates will still narrow the resonances.
Spinning side bands, at multiples of the spin rate, will complicate the spectrum, but they
can be easily identified by varying the spin rate and observing which signals change in
frequency. In addition, specific pulse sequences may be used to minimize the spinning side
bands. While increasing the magnetic field strength increases the signal to-noise ratio
(Zeeman interaction), it also increases the CSA, since this interaction is field dependent.
Utilizing today's high-field spectrometers (>4.7 T), spinning side bands may exist but can
be identified and used to gain additional information or be potentially eliminated if
necessary. The techniques of magic-angle spinning and heteronuclear dipolar decoupling
produce solid-state NMR spectra which approach the linewidths and appearance of
solution phase NMR spectra. Unfortunately, there is an inherent lack of sensitivity in the
general NMR experiment because of the nearly equivalent population of the two spin states
for spin 1/2 nuclei. In addition, the sensitivity of the experiment is decreased with
pharmaceutical compounds since they are composed primarily of carbon atoms where the
C observable nuclei have a natural abundance of only 1%. The long relaxation times of
specific carbon nuclei also pose a problem since quick, repetitive pulsing cannot occur.
The technique of cross-polarization provides a means of both signal enhancement and
reduction of long relaxation times.

Cross-Polarization

The concept of cross-polarization as applied to solid state NMR was implemented by Pines
et al. ""*. A basic description of the technique is the enhancement of the magnetization of
the rare spin system by transfer of magnetization from the abundant spin system.
Typically, the rare spin system is classified as °C nuclei and the abundant system as 'H
spins. This is especially the case for pharmaceutical solids and the remaining discussion of

cross-polarization focuses on these two spin systems only.

1.7.4.4.2 The application of solid state NMR in characterizing cyclodextrin
complexes
Although solid state NMR is not as widely used technique as liquid state NMR, X-Ray

crystallography or Raman spectroscopy in the investigation and characterization of
cyclodextrin complexes, it has been implemented more often in the recent years. One of
the most recent applications is presented in the article by Inoue et al. in which °C CP

MAS NMR was used to characterize the complex between limaprost and a and p-CD ',
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The differences that were detected in solid state NMR spectra between the complexes in a-
and PB-cyclodextrin brought them to the conclusion that the small cavity of a-CD
predominantly included the ®-chain of limaprost, whereas B-CD included the five-
membered ring in the solid state '"’. Li et al. used solid state NMR in order to explore the
effect of the preparation processes on the physicochemical properties of inclusion
complexes between p-CD and bisacodyl '*°. Arrta et al. have elucidated the guest-host
interactions between praziquantel and p-CD and its derivatives using °C CP MAS and °N
solid state NMR '*'. These experiments provided evidence that most complexes have a 2:1
host-guest molar ratio '*'. The interactions of benznidazole and methyl B-CD or HP-B-CD
have been evaluated by Priotti et al. '** The *C CP MAS data showed that the benzene
ring of the benznidazole is positioned inside the cuclodextrin cavity while the imidazole of

the drug molecule interacts with hydroxypropyl groups of the CD '*

. Karoyo et al. have
used °C and ""F MAS solid state NMR in order to investigate the inclusion complex of
sodium perfluorooctanoate with B-CD '#'%°. 3C and "N solid state NMR studies have
also been used by Ferreira ef al. in order to study the complexes of albendazole, an
anthelmintic agent, with p-CD '*°. Pajzderska et al. used 'H solid state NMR in order to
characterize the mixture and complex of diazepam with B-CD '*’. *C CP MAS, 'H and "’F
NMR experiments were conducted by Koito et al. in order to study the hydrofluoroether/f-

CD inclusion complex '**.

Abbate et al. characterized the complexes that are formed
between cyclic siloxanes and o-, p-, y-CD using °C CP MAS NMR '¥. Hasegawa et al.
used a combination of molecular dynamics and *C solid state NMR in order to study the

complex polyaniline/B-CD '*°.

1.7.4.5 X-Ray Techniques
X-Ray diffraction (XRD) involves identifying complex formation by analyzing the crystal

structure of a formed complex. Complex formation leads to changes in diffraction peaks
based on the impact of formation on drug and CD crystallinity "*'. A decrease in peak
sharpness on the diffractogram corresponds with a loss in crystallinity. Molecules
including warfarin, quercetin, and celecoxib all demonstrate losses in crystalline peaks
following complexation with various CDs, which indicates the amorphous nature of these
complexes *'"**. The crystal structures of some common CD molecules and the guest-CD

complexes have appeared in the Cambridge Structural Database.
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1.7.5 Computational studies of drug:CD inclusion complexes

Molecular modeling is a characterization strategy which employs the use of computational
methods to mimic the behavior of molecules. The distinguishing feature of the technique is
its ability to characterize molecular systems at the atomic level '**. Currently there are

hundreds of reports describing theoretical calculations of drug-CD complexes.

1.7.5.1 Quantum Mechanics
QM mathematically describes the spatial positions of all electrons and nuclei. It is able to

predict the structural and electronic characteristics of molecules. Recently the orientation
and the developed interactions between cinnamic acid and B-CD were characterized using
ONIOM '*°. The inclusion mechanism and the formation constants of chalcone and 2',4'-

dihydroxychalcone with p-CD were also determined using QM methods "*°.

1.7.5.2 Molecular Dynamics
Molecular dynamics is a simulation of the time dependent behavior of a molecular system,

such as vibrational motion or Brownian motion. It requires a way to compute the energy of
the system, most often using a molecular mechanics calculation. This energy expression is
used to compute the forces on the atoms for any given geometry *’. The first step in every
MD simulation is the choice of the initial positions for the atoms. The system should be in
an optimized geometry in order to avoid clashes. For solvent+solute systems, the solute is
often placed in the center of a collection of solvent molecules, with positions obtained
from a simulation of the neat solvent. An initial set of atom velocities is then chosen. The
velocities usually obey to a Boltzmann distribution for some temperature. The momentum
of each atom and then the forces on each atom are calculated from the velocity, the mass
and the chosen MM force field. New positions for the atoms are then computed a short
time later, called the time step, along with new velocities and accelerations. This is a
numerical integration of Newton's equations of motion using the information obtained in
the previous steps. The iterations are repeated long enough for the system to reach
equilibrium. Equilibrium is not the lowest energy configuration; it is a configuration that is
reasonable for the system with the given amount of energy. Once the system has reached
equilibrium, the atomic coordinates are saved every few iterations. This list of coordinates
over time is called a trajectory. At the end the trajectories are analyzed in order to obtain

information on the system.
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In order for this system to work, the force field must be designed to describe
intermolecular forces and vibrations away from equilibrium. If the purpose of the
simulation is to search conformation space, a force field designed for geometry
optimization is often used. For simulating bulk systems, it is more common to use a force
field that has been designed for this purpose, such as the AMBER, GROMOS or OPLS
force fields. There are several algorithms available for performing the numerical
integration of the equations of motion. The Verlet and velocity Verlet algorithms are
widely used because they require a minimum amount of computer memory and CPU or
GPU time. It uses the positions and accelerations of the atoms at the current time step and
positions from the previous step to compute the positions for the next time step. The Verlet
algorithms often have a step in which the velocities are rescaled in order to correct for
minor errors in the integration, thus simulating a constant-temperature system. The choice
of a time step is important. A time step that is too large will cause atoms to move too far
along a given trajectory, thus poorly simulating the motion. A time step that is too small
will make it necessary to run more iterations, thus taking longer the simulation run. One
general rule of thumb is that the time step should be one order of magnitude less than the
timescale of the shortest motion (vibrational period or time between collisions). This gives
a time step on the order of tens of femtoseconds for simulating a liquid of rigid molecules

and tenths of a femtosecond for simulating vibrating molecules.

1.7.5.2.1 Applications of MD simulations in studying CD complexes
The binding free energy between CD and guest molecule can be calculated by the

MM/PBSA, free energy perturbation and thermodynamic integration methods. A recent
example is the calculation of the formation constant of the complex between quercetin and
HP-B-CD using the MM-PBSA method '**. Examples of the usage of molecular dynamics
in the investigation of guest-host complexes involving cyclodextrins are shown in Table 1-
2.

Table 1-2: Examples of recent literature involving MD simulations of cyclodextrin
complexes.

Authors Application Reference

Nutho et al. QM and MM-PBSA/GBSA methods and molecular dynamics are used in | '
order to establish the binding mode and the system stability of the
fisetin/B-CD complex.

Sangpheak et al MD and free energy calculations based on MM- and QM-PBSA/GBSA | '*
were applied in order to study the naringenin/pB-CD or 2,6 dimethyl 3-CD
(DM-B-CD) complex. The study suggested that the phenyl ring of
naringenin preferentially dipped in the hydrophobic cavity of the
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cyclodextrins. The free energy calculations showed that the complex
naringenin/DM-B-CD is more stable than the one with f-CD.

Nagaraju and
Sastry

The guest host inclusion complexes of small molecules such as H,O,
NH;, NH,", C¢H,, and bisimidazolyl compounds with a-, f- and y-CDs
were investigated using both ab initio methods and MM-PBSA. The
stoichiometry of the complexes is provided. The study also shows that
QM and molecular dynamics show that benzene forms a more stable
complex with 3-CD than a- or y-CD.

141

El-Barghouthi et
al.

The complexes of benzanilide, benzoin, phenyl benzoate, benzilic acid,
diphenylacetic acid with B-CD are explored using free energy
perturbation, thermodynamic integration and MM-PBSA methods.

142

143

Oda and Kuroda | The inclusion complex of glycyrrhizic acid with -, and y-CD was studied
using molecular dynamics and isothermal titration calorimetry.
Mayer et al. The complexes of B-CD with four fentanyl-based compounds were | '*

studied using NMR and MM-GBSA. The
complexation is determined using Job plot.

stoichiometry of the

Kicuntod et al.

The inclusion complex of pinostrobin with various B-CD derivatives
(DM-B-CD, HP-B-CD) are explored using QM and MM-PBSA/GBSA.

145

146

Zhang et al. The encapsulation of satraplatin inside B-CD is studied using analytical
and biophysical methods as well as molecular modelling. Molecular
docking and binding energy calculations were used in order to rationalize
the geometry of the supramolecular complex.

Shi et al. The inclusion mechanism of the S- and R-ketoprofen in B-CD was | ¥

investigated using molecular dynamics simulations. The binding free
energy was calculated using MM-GBSA.

Tidemand et al.
Schoénbeck et al.

The complexation of glycoldeoxycholate and glycochenodeoxycholate
with B-CD and HP-B-CD was investigated using ITC and molecular
dynamics.

148,

Gannimani et al.

The inclusion complex of antipyrine with a-, B- and y-CD was explored
using MD simulations and the binding free energies for the complexes
were calculated using the MM-PBSA method.

150

Figueiras et al.

In this study is investigated the complexation of fenbufen with methyl -
CD. The conformational space of the complex was studied using MD
simulations with the GROMOS forcefield.

151

Ali et al.

The complexation of (RS)-benzhexol was studied using MD studies in
vacuo with Allinger’s force field.

152

Uccello-Barretta
et al.

The encapsulation of the two enantiomers of methyl-2-chloroproprionate
with Lipodex E [octakis (3-O-butanoyl-2,6-di-O-pentyl)-y-cyclodextrin)]
was explored using both MD and steered MD simulations. Binding
energy was calculated using the MM-GBSA method in AMBER 12.

153

Nascimento et al.

The orientation of the two enantiomers of 4-hydroxypropranolol in
carboxymethyl B-CD using MD simulations with the AMBER force field.
The energetic parameters for the inclusion complexes at a molecular level
were found to be in good agreement with the experimental findings
concerning the elution order of guest 4-hydroxypropranolol enantiomers.

154

Fernandes et al.

MD simulations were used in order to establish the preferred
conformation of cyanidin-3-O-glucoside with B-CD. The simulations
were run in AMBER 10.0 with the GLYCAM2004 force field for the CD
and GAFF for the small molecule.

155

Liu et al.

The study aims to provide evidence that CDs can form stable complexes
with polychlorinated biphenyls. In particular, MD simulations were run
for the complex 3,3’,4,4’,5-pentachlorobiphenyl/3-CD using GROMACS
and the GROMOS force field. The calculated results have showed that the
guest molecule forms a stable 1:1 inclusion complex with the CD.

156

Jana et al.

In this study the atomistic MD simulations of the 1:1 inclusion complex
formed between B-CD and the zwitterionic form of phenylalanine using
GROMACS and the general GROMOS force field are presented.

157

Troche-Pesqueira

The inclusion complex of resveratrol with B-CD was studied using MD

158
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et al. simulations in AMBER 11 with the GAFF and GLYCAMO6g force field.

Ali et al. The structure elucidation of the complex xylazine/B-CD is achieved using | '
'H-"H ROESY and MD simulations.
Martini et al. The interactions between 1-indanone-thiosemicarbazone/5,6-dimethoxy- | '

1-indanone-thiosemicarbazone and HP-B-CD are explored using MD
simulations in GROMACS with the GROMOS96 force field.

Minea et al. The inclusion complexes between propiconazole nitrate (an antifungal | "'

pesticide) with sulfobutylether-pB-CD, sulfated-p-CD, and
monochlorotriazinyl-f-CD are investigated using MD simulations in
GROMACS.

1.7.5.3 Docking Studies
Docking is a simulation method for the prediction of one “ligand” molecule binding to a

“receptor” molecule to form the “ligand-receptor” complex by scoring the functions with
the association or binding affinity between two molecules. In rational drug design, docking
is a popular approach for predicting the spatial orientation of drug candidates to their target
protein or predicting the binding affinity between them. Recently the inclusion mechanism
between phloridzin and HP-B-CD was investigated by Zhang et al. '®>. The use of
Autodock concluded that the substitution distribution of HP-B-CD influences both the
orientation and the binding constant of the drug. The inclusion complexes between luteolin
and five variants of CD molecules were previously studied using docking techniques '®.
Experimental results showed that the 1:1 luteolin/GBCD complex had the highest stability

constant. Molecular docking results were in agreement with the experimental data ',

1.8 Calixarenes

Calix[n]arenes (CAs) constitute a fascinating class of macrocycles that have found a broad
spectrum of applications in supramolecular chemistry and molecular recognition '®*'%%,
They are cyclic conjugated oligomers of phenolic groups and are characterized by
conformational plasticity (Figure 1-9). For instance, the calix[4]arene has four “up-down”
conformers which have been designated as partial cone, cone, 1,3-alternate and 1,2-

alternate '¢%17°

, as illustrated in Fig. 1-10. Their conformational flexibility is attributed to
the rotation around a-bonds of the Ar-CH,-Ar groups ''’. Calixarenes can offer building
blocks that can be exploited both as receptors, for guest-host type interactions, and
catalysts via suitable functionalization of the two available characteristic upper and lower
rim edges. The feasibility to customize the architectural orientation of the ligating arms of
calixarenes, by shaping their scaffold conformation, offers the possibility to be explored as

scaffolds for the construction of multivalent ligands. Calixarenes can be functionalized
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following electrophilic substitutions either to the lower rim side through Williamson-type

OH- modifications or to the upper rim side (see Fig. 1-9).

Calixarenes provide a unique category of macrocycles broadly used in supramolecular
chemistry. They are synthesized through base or acid catalyzed electrophilic aromatic
substitutions via condensation of formaldehyde with p-substituted phenols (Fig. 1-9).
Through selection of appropriate reaction conditions (i.e. temperature, catalytic amount of
base) a specific number of phenolic units (tetrameric, hexameric and octameric) can be
selectively linked with methylene (-CH,-) spacers. Their cyclo-oligomeric scaffold enables
them to operate as host molecules due to the formed hydrophobic cavities '”'. The diverse
structures adopted by calixarenes make them extremely useful in the study of molecular

o 172,173
recognition and supramolecular processes .

By fine tuning different reaction parameters and the appropriate utilization of molar ratios,
bases, solvents, of protecting groups, reactants, etc., it is feasible to synthesize in a

164. 1 o . .
64,165 that can be utilized in diverse

selective way an array of different calixarene variants
applications. For instance, calixarenes have become ideal scaffolds for complexation
studies, especially for the sequestration of inorganic ions '*°. Modification of the lower or
upper rims has led to the construction of appropriate hosts able to transferring cationic,

. . . 174
anionic and/or neutral molecules from aqueous to the organic layer '’*.

&N N

4 el A Y— Em

Figure 1-9. Structural representation of p-tert-butylcalix[n]arene ',
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Partial Cone

R
\
OH

1.3 Alternate 1,2 Alternate

Figure 1-10. The four limiting conformations of calix[4]arenes (cone, partial cone, 1,3-
alternate and 1,2-alternate). For R = Methyl or Ethyl, conformational interconversion takes
place even at room temperature, whereas when the R groups are larger than ethyl, the
structure is fixed by the conditions used during lower rim (phenolic oxygen)
functionalization process. Pure conformers of calix[4]arene can be isolated only in case of
sterically hindered rotation around the bridging methylene group like in the case of p-tert-
butylcalix[4]arenes and is generally unknown for n>4 ",

Supramolecular host-guest inclusion complexes were formed by hydrophobic interactions,
hydrogen bonding, p—p stacking, charge-transfer, and others, which have provoked lots of
interest because of their reversible nature (complexation and decomplexation) "%,
Numerous research groups have reported Calixarene-based drug delivery systems by
loading drugs in different inclusion complexation forms. In 2009, Wheate et al. '*!
constructed a vehicle for anticancer drug delivery based on p-sulphonatocalix[4]arene and
dinuclear platinum compound by side-on binding of the two parts. The system would
release dinuclear platinum upon in vivo administration, due to high content of blood serum
existing in body. In order to amplify the applicability of water-soluble CAs in complex
systems, Liu et al. "** '® reported the complexation of topotecan and irinotecan with p-

sulphonatocalix[4]arene under 1:1 molar ratio, and the inclusion modes were confirmed by

means of '"H NMR, DSC, 2D NMR and UV-vis spectroscopy. And then Song et al. '**
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constructed the inclusion complex using p-sulphonatocalix[6]arene and vitamin B6 in
acidic and alkaline media. The complex systems could release cargo through
disaggregation of the inclusion complexes under certain conditions, which means they can
act as an excellent candidate for drug delivery. For the sake of loading larger cargo, such as

norfloxacin and ciprofloxacin, calix[8]arene was chosen as host macrocyclic compound to

185, 186 5

encapsulate drug into its cavity . Luo et al. "* reported a smart delivery system,
which was composed of p-sulfocalix[8]arene and antimicrobial agent in aqueous solutions

and could respond to competitive agent, i.e., bovine serum albumin.
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2 Chapter 2: Objectives and Scope of the Thesis

The objectives and scopes of the thesis are presented in this chapter. These include: (a)
study of the conformational properties of olmesartan in solution and receptor site; (b)
exploration of the host guest interactions between silibinin and cyclodextrin and quercetin

with calixarene. A detailed analysis of the objectives and scopes follows.

2.1 The dynamic properties of angiotensin II type 1 receptor inverse agonists in
solution and in the receptor site
Olmesartan (Figure 2-1) exhibits potent inverse agonist activity and is the latest drug

appeared in the market before azilsartan. It possesses a unique structure, bearing a
hydroxyl group in the imidazole ring and a carboxyl group. For this reason it has received
a considerable interest for its pharmacological and biophysical properties. In particular,
studies have been already conducted in order to clarify olmesartan’s thermal, dynamic and
structural properties in lipid bilayers and comprehend its distinct pharmacological profile
187188 11 addition, olmesartan’s impurities and degradation products were identified '*'%%.

Recently, the crystal structure of the human AT;R in complex with olmesartan was

reported by Zhang et al. '*>.

71: N*-C2-C21-0?
72: C2-C3-C22-C23
13: C3-C22-0°-H (on -OH)
14: N*-C1-C4-C5
15: C1-C4-C5-C6
17 16: C1-N*-C7-C8
17: N-C7-C8-C9
78: C10-C11-C14-C15

N N 19: C14-C15-C20-N¢
Olmesartan Medoxomil Olmesartan Olmesartan methyl ether
HW?M HO, /
9 °
\\N/NH
R239470 R781253 R794847

Figure 2-1. Chemical structures of olmesartan medoxomil, olmesartan and olmesartan
methyl ether as well as their critical dihedral angles and the derivatives of olmesartan
R239470, R781253, and R794847.
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The in situ formation of olmesartan methyl ether from olmesartan, when the latter is
dissolved in methanol was identified using various spectroscopic methodologies and its

% In the same study ',

mechanism of formation was explored using theoretical studies
olmesartan methyl ether demonstrated in vitro equal AT R inverse agonism with that of the
prototype drug of this class of molecules, losartan.

It is reported that conformations based on NMR spectroscopy explain better the coherent

biological activities of the drug molecules *> '*

. This statement is examined in the present
study for the cases of olmesartan and its methyl ether analogue. The Nuclear Overhauser
Effect (NOE) effect was utilized to acquire distance constraints. The recent literature on

the role of methyl groups in medicinal chemistry 196, 197

urged us to compare the
conformational properties of olmesartan and its methyl ether analogue.

Miura et al. ® have reported that mutations in the AT;R such as Y113F, K199Q, H256A
and Q257A lower the binding affinity of olmesartan 25, 15, 16 and 103 —folds,
respectively. Moreover the Y113A mutation did not exert any impact on the binding
affinity of olmesartan. In marked contrast these mutations did not affect the binding of
olmesartan for the AT;R in a recent study in which different experimental conditions and
different expression systems of receptor have been used '*°. These residues did not appear
to develop direct interactions with the ligand in the cryo-cooled crystal structure of the

AT;R-olmesartan complex 193

. Docking and MD studies for olmesartan have been
performed in an effort to project a putative explanation of its biological effects and to
interpret the impact of the mutations in its binding affinity. Crystallographic data of co-
crystallized selective AT R antagonist ZD7155 with AT|R *° and the more recent crystal
structure of AT|R with olmesartan '**> were used for the in silico calculations. Induced fit
docking calculations were also performed in two homology models of the AT;R in order to
evaluate if these models provide a better explanation of the biological data. New
theoretical approaches to study the molecular docking of drug molecules in the active site

198, 199
of the receptor

allow further accuracy in the results. In addition, comparisons have
been conducted with olmesartan derivatives presenting different biological profiles:
olmesartan methyl ether, R239470 (a neutral antagonist ®> ?*°), R781253 (a new inverse

299y and R794847 (a weak partial agonist '**2°°). All these compounds were docked

agonist
in the AT R and then MD simulations were performed in dipalmitoylphosphatidylcholine

(DPPC) bilayers.
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Finally, statistical treatment of experimental '“C NMR chemical shifts of
olmesartan/olmesartan methyl ether and the calculated isotropic shielding constants of their
respective conformers has been carried out. This was performed in order to assess whether
calculated chemical shifts can predict which conformers are the major ones in the

- il 201,202
conformational equilibrium = 7.

2.2 Investigation of the interactions of silibinin with 2-hydroxypropyl-p-
cyclodextrin through biophysical techniques and computational methods
Milk thistle has been used since ancient times to treat a range of liver and gallbladder

disorders, such as hepatitis, cirrhosis, as well as other gastrointestinal problems 2% The
bioactive phytochemical of this plant is silymarin, which is composed of a mixture of four
isomeric flavonolignans, namely silibinin, isosilibinin, silidianin and silichristin, their
diastereoisomers and one flavonoid **”-*!%*!% The flavonolignan silibinin or silybin (SLB)
is the main active component of silymarin complex, which is derived from silymarin
extract as an approximately 1:1 mixture of two diastereoisomers, namely, silybin A
(SLBA) and silybin B (SLBB) 2" ?!! (Figure 2-2). Silybin A, silybin B, isosilybin A, and
isosilybin B have been distinguished and assigned using quantum mechanical driven 'H

iterative Full Spin Analysis *"*
Silibinin (SLB)

23
a O 10 gaCHaOH

11

HO, %a (g w""”
@ C
G on

on Sllybm A (SLBA)
10 4CHOH
8 O, OMe

C

4
OH | Silybin B (SLBB)

OH

7 8
K OCHCHEH;

HP--CD

L J7
D-glycopyranose unit

Figure 2-2. Structure of SLB (top, left) and the cyclic HP-B-CD (right) consisting of seven
D-glycopyranose units (bottom, left). Numbers correspond to those referred in the NMR
tables.
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Nowadays, SLB has been widely used in the treatment of hepatic disorders of varying

origin 207209 Moreover, in recent studies, SLB has shown strong anticancer efficacy

207, 214, 215 207, 216

against advanced human PCA cells , intestinal carcinogenesis , colorectal

207,217,218
h > >

cancer growt and lung tumors 2 *"°. Also, the hypocholesterolemic *°’ and the

cardioprotective effect of silymarin and its constituents in the context of the established

. .. . . 220
mechanisms of preconditioning have been discussed .

The therapeutic properties of SLB are associated with different mechanisms of action at

the cellular level: (a) it acts as a radical scavenger **"* **%; (b) it possesses cell-regenerating

activity associated with its ability to activate protein synthesis by stimulation of DNA-

dependent RNA-polymerase I 2*® ?*; (c) it is a potent inhibitor of human intestinal B-

205, 206

glucuronidase that contributes to neonatal jaundice.

Intestinal absorption of SLB is rapid but incomplete and its oral bioavailability from

silymarin extract is very low and variable 2°> 20% 224 223

, mainly due to its limited aqueous
solubility ° (430 mg/L), leading to incomplete in vivo dissolution and poor intestinal
absorption. In conjunction to the extensive first pass metabolism from the liver, these are
the two limiting factors for the oral use of silibinin in therapeutics. About 10-50% of
silibinin contained in silymarin standardized extract (Legalon) is absorbed following oral
administration in humans and about 80% is excreted in the bile, while about 10% enters the

enterohepatic circulation 2°>20% 224

. However, apart from the observed rapid but incomplete
SLB intestinal absorption, the systemic exposure to silymarin extract components was
found linear and dose proportional *** ***. Most of the SLB present in plasma, after
administration, is in its conjugated form, consisting mainly of sulfates and glucuronides ***
% In the recent study by Jancova et al. **’, the predominant formation of the 7-O-p-D-
glycuronides and the preferential glucuronidation of silybin B were confirmed in vitro
while, the contribution of specific UDP-glucurotransferases to the metabolism of SLB
diastereomers was also identified.

Cyclodextrins (CDs), as described in chapter 1.8, have been widely used to protect drugs

228-230

against conjugation and metabolic inactivation as well as to enhance the aqueous

solubility and hence to ameliorate the oral bioavailability of sparingly soluble drug

231-238
molecules .

Therefore, the complexation of SLB with CD can solve the
abovementioned two problems regarding the use of SLB as a drug. SLB is known as a
drug that complexes with B-cyclodextrins (see Figure 1), but detailed physicochemical

studies on the SLB—CD interactions at the molecular level were lacking **°.
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In the present work, a lyophilized SLB-HP-B-CD complex was prepared and evaluated
in vitro. Differential Scanning Calorimetry and mass spectrometry have been used for the
complex characterization. 2-hydroxypropyl-p-cyclodextrin (HP-B-CD) is a water soluble
derivative of the parent B-cyclodextrin (B-CD). It has been approved by the European
Medicine Agency (EMA) and the American Food and Drug Administration (FDA) as safe
for both oral and intravenous (i.v.) administration to humans, since it is not associated with
the serious adverse effects (e.g., irreversible nephrotoxicity) of the parent B-CD after i.v.
administration. For the first time, both solid state and high resolution liquid NMR
spectroscopy have been applied to detect the molecular interactions of silibinin with HP-3-
CD. 2D NOESY spectra showed correlations between the host and guest molecules. In
addition, chemical shift changes on the complexing of the guest with the host, provide
significant information on their molecular interactions. The aqueous solubility and
dissolution characteristics of the complex at pH conditions simulating those of the upper
gastrointestinal tract have been applied.

Finally, molecular dynamics (MD) calculations have been performed (a) to reveal the
thermodynamic characteristics associated with the drug interactions with HP-B-CD and (b)
to study the stability of the drug upon complexation with HP-B-CD.

Investigation of the SLB-HP-B-CD effect in MCF-7 cancer cells growth was carried out
using the MTT assay. From these assays it became evident that the SLB—HP-B-CD

complex pinpointed superior attributes with respect to the free silibinin.

2.3 Cancer delivery of quercetin through pH responsive calixarene—gold
nanoparticles
Quercetin (Qrc), a flavonoid, has been extensively studied and its efficacy has been

evidenced in a broad therapeutic window of diseases probably due to its ability to
orchestrate a polypharmacology profile. Recently the direct binding of quercetin to the
BH3 domain of Bcl-2 and Bcel-xL proteins has been revealed, thereby inhibiting their
activity and promoting cancer cell apoptosis >*. To take advantage of the full therapeutic
capacity of quercetin in tumors one has to enhance its solubility as also to achieve a
selective and spatiotemporal controlled release in cancer cells. To succeed this, tumor
microenvironment characteristics have to be exploited. Tumor sites create gaps or defects
in the tumor vessels architecture that supply nutrients and oxygen to these tissues (Figure
2-3A) **!' and result to the accumulation of high-molecular weight compounds to the tumor

site, the so-called enhanced permeability and retention (EPR) effect ***. Circulating
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nanoparticles can thus passively accumulate in tumor tissue once they extravasate through
these large vascular pores. We therefore targeted to construct gold (Au) nanoparticles
(AuNPs) due to their unique ability to combine chemical, electronic, optical, physical
properties with respect to other biomedical nanotechnologies. However, deeper penetration
and delivery of the nanoparticles within the tumor mass is hampered due to malformed
lymphatic system as also due the dense extracellular matrix found in most tumors. In our
design strategy and in order to overcome such deficiencies and to achieve a deeper tumor
penetration through an independent release and diffusion of the therapeutic drug cargo we
took advantage of the acidic extracellular pH found in tumor tissue (Figure 2-3B) **. This
happens mainly due to lactate secretion from anaerobic glycolysis ***. We thus aimed to
obtain a pH responsive and acidic release of the drug cargo from the nanoparticle. To this
we therefore decorated the gold nanoparticle with appropriate calixarene derivative onto
which quercetin was engulfed-loaded (Figure 2-3C). We selected calixarene due to their
exceptional advantages in the construction of molecular recognition systems with variety

of steric structure, and the diversity of functioning and relative availability ***2*. W,

e
especially used the water soluble p-sulfonatocalixarene (Calix) due to their high solubility
in water, stability and lower toxicity with a number of potential biological activities and

. . . 247, 248
inclusion behavior “*"

. To achieve the characterization of the calixarene-quercetin
complex as also of the Quercetin-calixarene-AuNP we recruited an array of different
techniques including in silico studies, solid state and solution NMR, fluorimetry, Dynamic
- TEM - Electrophoretic Light Scattering, FTIR, DSC. To assay the mechanism of cell
entrance we used FACS and confocal microscopy and we also assayed the cytotoxic

activity.
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Disorganised angiogenic
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Cytosol
pH=7.4

Lysosome

Release of quercetin
in acidic environment

C Quercetin

p-sulfonato-calix[4]arene

Figure 2-3: A) Tumor sites create larger gaps in the endothelium. Disorganised angiogenic
tumor vessels are developed that supply nutrients and oxygen. The EPR effect causes the
accumulation of molecules of high molecular weight. The cancer cells create an acidic
environment around them. B) The anionic gold nanoparticle enters the cell through a
process of endocytosis. Quercetin is mainly released in the acidic environment of the
liposome. C) The structures of quercetin, p-sulfonato-calix[4]arene, the Calix-Qrc complex
and the Calix-Qrc-Au nanoparticle.
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3 Chapter 3: Methodology

3.1 Computational methods for investigating the dynamic properties of olmesartan
Materials. Olmesartan was kindly provided by Daiichi Sankyo Pro Pharma. CD;CN

99.80% was purchased from Euriso-Top, Gif-sur-Yvette, Essone, France and CD;OD
(99%+) from Sigma Aldrich, St. Louis, MO.

NMR spectroscopy. 2 mg of olmesartan were dissolved in CD;OD and 2 mg of
olmesartan methyl ether were dissolved in either CD3;0D or CD3;CN. The high-resolution
NMR spectra were obtained on a Bruker Avance III spectrometer (Bruker Biospin GmbH,
Reinsteten, Germany) operating at 600.11 MHz for 1H and at 150.11 MHz for 13C, with a
5 mm inverse detection probe. The residual 1H signals (3.33 ppm for CD;OD and 1.94
ppm for CD3;CN) were used as internal standards. 1D and 2D NMR spectra were acquired

using the pulse sequences included in the Bruker library of pulse programs.
Experimental data were processed using MestReC software.

The complete NMR data (lH, B3¢, cosy, HSQC, HMBC) have been assigned for both,
olmesartan (in CD3;OH) and olmesartan methyl ether (in CD;CN). It must be pointed out
that in case of olmesartan methyl ether, dissolved in CD;OD, the signal of the methoxy
group protons overlaps with the residual solvent peak. This necessitated the recording of
1D 'H and 2D NOESY NMR experiments for olmesartan and olmesartan methyl ether in
CD;0OD and CD;CN solvents.

The NOEs signals observed (for olmesartan in CD3;OD and for olmesartan methyl ether in
CDsCN and CD;OD) were quantified. The proton distances (Table 1) were calculated via

the mathematical formula (3-1):

R = RREF6’VI:/EF (Equation 3-1)

Vrer, Rrer represent the reference volume and the reference distance, respectively and V,
R, the volume and the distance for each signal. The average distance between the
hydrogens H4-H5 (=2.80 A) was implemented as Rrgr. Upper and lower limit values of

constraints were allowable (15% of tolerance).
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Software. All the computational studies were performed in the Schrodinger 2015.2 suite.
The starting structures were sketched in Maestro 10.2 and subsequently ionized at a pH of
7.4 using Epik 3.2, as implemented in Ligprep 3.4 **°. Calculations were performed for
both neutral and ionized forms. A schematic representation of the computational workflow

is shown in Scheme 3-1.
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Scheme 3-1. Computational workflow

Conformational Analysis. The Macromodel 10.8 module *°, was used for the
conformational analysis of olmesartan and olmesartan ether. The dielectric constant (&)
was set at 35.85 for the simulations in acetonitrile and 33.62 for methanol (at 298 K). The
conformational search was performed with distance constraints. The ten distances derived

from the NOE (shown in Table 3-1) were used as constraints during the simulations for
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olmesartan in methanol. In addition, thirteen distances shown in Table 1 were used as
constraints during the simulations for olmesartan ether in methanol. Fourteen distances
were used as constraints for the simulation of olmesartan methyl ether in acetonitrile. To
account for NOE-derived distance flexibility, a margin of £ 0.5 A was used for every
constraint and a force constant of 10 kJ mol'A™. All the conformational searches were
carried out using the torsional sampling method (a Monte Carlo multiple minimum
method). A 21 kJ mol” energy cutoff was used to remove the highest energy conformers.
Every conformer was minimized using the Polak—Ribiere conjugate gradient (PRCG)
method for a maximum of 2000 steps, to a convergence threshold for the gradient of 0.001
kI mol'A" and the OPLS3 force field **" *** since it provides accurate energy
minimization potential functions for small molecules. In order to work with a manageable
set of representative conformers, the resulting structures were clustered using the
conformer_cluster.py script. The atomic RMSD matrix was calculated using all the heavy

atoms, while the clustering was calculated using an average linkage method.

Table 3-1: NOE derived distances obtained after integration of the cross-peaks obtained
from 2D NOESY spectra.

Olmesart Olmesartan ~ methyl
an ether

Solvents

CD;OD | CD;OD | CDiCN
Olmesartan/olmesartan  methyl  ether | NOE derived distance (A)

protons

H5-H4 2.8 2.8 2.8
H9-H4 3.6 3.5 33
H5-H7 43 3.9 3.6
H4-H7 3.0 3.3 2.6
H6-H4 3.5 3.3 3.1
H6-HS 2.8 2.7 2.6
H7-H9,H13 2.8 2.6 2.6
H19-H10,H12 2.8 2.3 2.6
H19-H18 2.2 1.9 2.3
H16-H17 2.3 1.8 2.4
H5-H9,H13 3.8 3.7
H6-H9,H13 4.5
H9,H13-H23,H24 5.5
H25-H23,H24 3.4
H10,H12-H23,H24 4.9
H9,H13-H10,H12 2.5
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Geometry Optimization. The lowest energy conformers of olmesartan in methanol and
olmesartan methyl ether in methanol and acetonitrile were then subjected to further
geometry optimization. The optimization was carried out using the Jaguar 8.8 module *>°.
The DFT/B3LYP level of theory and the 6-31G** basis set were used for the geometry
optimization, while the Poisson—Boltzmann model (PBF) was used as solvent % The SCF
accuracy level was set to ultrafine. NMR chemical shieldings were calculated for all the
representative conformers of olmesartan and olmesartan ether and the crystal structure of

olmesartan using the GIAO method *** **>. The chemical shifts were then calculated using

the following formula:

O_Gx

&* _o -0

calculated = o0
1 /106

Equation 3-2

where 6%,cuiateq 18 the calculated shift for nucleus x (in ppm), 6" is the shielding constant
for nucleus x and ¢’ is the shielding constant for the carbon or proton nuclei in
tetramethylsilane (TMS), which was obtained from a B3LYP/6-31G** calculation on
TMS.

Dihedral scan. In order to estimate the flexibility of the T8 dihedral angle a relaxed
conformational scan was performed using both molecular mechanics and ab initio
methods. The coordinate scan was achieved in MacroModel 10.8 using the OPLS3 force
field and setting the dielectric constant to 35.85 for acetonitrile and 33.62 for methanol.
The structures were minimized using the Polak Ribiere Conjugated Gradient method with a
convergence threshold of 0.05. The initial coordinate was set at 0° and the final at 360°

with an increment of 1°.

The relaxed potential energy surface (PES) scan was performed using the Jaguar 8.8 2>
module of Schrodinger for the T8 dihedral angle for both olmesartan and olmesartan
methyl ether. The dihedral was incremented by 5 degrees in each step. The DFT level of
theory and the B3LYP/6-31G** hybrid functional were used for the optimization of the
structures during the coordinate scan for all the intermediate steps. The calculations were
performed in vacuo and in methanol or acetonitrile solvents for olmesartan and olmesartan
methyl ether respectively using the Poisson—Boltzmann finite element solvent model.
Vibrational frequencies and IR intensities were calculated for all the intermediate

conformations.
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Docking procedure. The crystal structures and two homology models of the AT|R were
used for the docking procedure. The first model was kindly provided by Prof. T.
Tuccinardi and was generated using the bovine rhodopsin crystal structure as template
(PDB ID 1U19) . The second model, kindly provided by Dr. M. Matsoukas, was based on
the CXCR4 crystal structure with PDB ID 30DU °" % The crystal structures (PDB IDs
4YAY (XFEL structure with resolution 2.9 A) % and 4ZUD (resolution 2.8 A) %) and the
homology models were prepared using the Protein Preparation Wizard *°’, were ionized at
a pH of 7.4 using PROPKA®®, and were minimized using the OPLS3 force field *'.
Receptor grids for the homology models were generated centroid of the residues Tyr113,
Lys199, Tyr253 and His256. The receptor grid for the crystal structure was generated
centroid to the co-crystallized ligand ZD7155. The four important mutations according to
Miura et al. ®, for each 3D structure of the protein (Y113F, K199Q, H256A, Q257A) were
generated using the “Residue and Loop mutation” facility in Bioluminate 1.9. All residues
within 5 A of the mutation were minimized. Firstly, Schrodinger’s docking algorithm
Glide was used to predict the binding geometries for the ligand-receptor complexes. The

docking calculations were performed with GlideXP (extra precision mode) *°* 2%

, using
standard van der Waals scaling of 0.8. All the resulting poses were used as starting
conformations for the QM-Polarized Ligand Docking approach (QPLD) 2*" %2, In this
workflow, accurate quantum mechanical charges are generated from the electrostatic
potential energy surface of the ligand using the density functional theory (DFT), the
B3LYP/6-31G* basis set and the ultrafine SCF accuracy level within the Jaguar module.
Ligands were redocked using GlideXP. The final selection was based on the Emodel score.
Since Emodel combines the GlideScore and the internal energy of the ligand conformation,
it is a more suitable score to rank the best poses of the same ligand. The five QPLD
conformers with best Emodel scores were submitted as starting geometries for the Induced
Fit Docking calculations with implicit membrane 2**2%*, At the initial stage of docking side
chains of residues that are within 5 A of the ligand were trimmed. Three residues that are
within 5 A of the ligand and have the highest B-factors (above 40) were refined using
Prime 4.0 *®*. The ligands were redocked using the extra precision mode. The implicit
membrane is a low-dielectric slab-shaped region, which is treated in the same way as the
high-dielectric implicit solvent region. Hydrophobic groups, which normally pay a
solvation penalty for creating their hydrophobic pocket in the high dielectric region, do not

pay the same penalty while in the membrane slab. Conversely, hydrophilic groups lose any
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short ranged solvation energy from the high dielectric region when moving into the low
dielectric region. The implicit membrane model is intended for use with proteins that span

2 2
the membrane 2> 2%

MD simulations : The poses in the two crystal structures with best Induced Fit Score were
subjected to molecular dynamics simulations using Desmond 4.2 **°. The receptor was
immersed in the DPPC bilayer. The SPC solvent model was used with an orthorhombic
box shape. The OPLS3 force field was used during the building of the system *°'. The
system was minimized using steepest descent for 2500 maximum iterations until a gradient
threshold of 25 kcal mol’ A" was reached. The simulation time for the molecular
dynamics was set at 300 ns in the NPT ensemble class. The temperature and the pressure
were set at 325 K and 1.01325 bar correspondingly. The RESPA integrator was used with
a timestep of 2.0 fs **’. The thermostat method used was the Nose-Hoover chain ***| while
the Martyna-Tobias-Klein method was used as barostat ***. The cutoff radius was set at 9.0
A. MD simulations were run for olmesartan in both crystal structures (4YAY and 4ZUD)
and the four mutated structures, while for olmesartan methyl ether and the compounds
R239470, R781253 and R794847 MD simulations were run in both crystal structures and

repeated twice.

MM-GBSA calculations: The MM-GBSA calculations were performed using Prime. The
water and DPPC molecules were removed from the trajectories using the delete atoms.py
utility. The binding energy was calculated for a total of 4151 frames of the MD trajectory
starting from the 100™ ns until the end of the trajectory at the 300" ns. The binding free

energy was calculated by equation (3-3).

AGgind = AEvm + AGsoly + AGsa Equation 3-3

where AEyy is the difference in the minimized energies between the protein—ligand
complexes. AGs,y 1s the difference in the GBSA solvation energy of the protein—ligand
complex and sum of the solvation energies for the protein and ligand. AGsa is the
difference in the surface area energies for the complex and sum of the surface area energies

in the protein and ligand.

Prediction of the chemical shielding constants of olmesartan and olmesartan methyl ether
in their binding sites: From the MD trajectories of olmesartan and olmesartan methyl ether

in the receptor, a snapshot closest to the calculated average structure for each trajectory of
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the protein-ligand complex was created. Chemical shielding constants were calculated

1 The QM region consisted of the ligands which were treated using the

using QSite
DFT/B3LYP/6-31G** basis set. The rest of the protein was treated using molecular
mechanics and the OPLS-2005 force field with the maximum number of iterations set to
100 cycles and all calculations were converged before this limit using the conjugated
gradient algorithm. The NMR shifts were calculated from the shielding constants using the

formula (2).

3.2 Materials and Methods for the investigation of the interactions of silibinin with
HP-B-CD
Silibinin (MW = 482.44), and HP-B-CD (MW ~1540) were purchased from Sigma

Aldrich (Steinheim, Germany, purity > 99%). We determined the percentage of the two
diastereoisomers present in silibinin on the basis of solution 'H-NMR spectroscopy after
following a recent report by Napolitano et al. 213 On the basis of this report a fingerprint
has been extracted for the two diasteromers A and B of silibinin that present minor
alteration on their 'H chemical shifts. Through our solution '"H-NMR studies we were able
to determine the presence of the two diastereomers (resonances of the H13 protons of
silybin A and silybin B) which after integration resulted to a 1:1 molar ratio for the two
diastereomers of silybin A and silybin B, respectively.

Preparation of the lyophilized SLB—HP-S-CD product. A freeze-drying procedure was
applied for the preparation of SLB-HP-B-CD lyophilized product. For the preparation of
SLB-HP-B-CD aqueous solutions for freeze-drying in a molar ratio of 1:2, optimized in
preliminary experiments, the neutralization method was used *''. More specifically, 0.300
g of SLB and 1.860 g of HP-B-CD were weighed accurately, transferred in a 300 mL
volumetric flask and suspended with 200 mL of water. Small amounts of ammonium
hydroxide were then added under continuous stirring and pH monitoring until complete
dissolution and pH adjustment to a value between 9 and 10 has been obtained. The
resulting solution at molar ratio of 1:2 was thereafter freeze-dried using a Kryodos-50
model Telstar lyophilizer. SLB-HP-B-CD aqueous solutions for freeze-drying in molar
ratio of 1:1 and 1:4 were similarly prepared for comparative purposes using 0.930 g and
3.720 g of HP-B-CD, respectively.

Differential scanning calorimetry. The samples were obtained as described above, and
were transferred to stainless steel capsules obtained from Perkin-Elmer and sealed.

Thermal scans were obtained on a Perkin-Elmer DSC-4 instrument (Norwalk, CT).
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Samples (ca. 5-10 mg) were scanned from 40 to 230 °C using a scanning rate of 10 °C/min
under nitrogen atmosphere. The following diagnostic parameters were used for the study of
drug:CD complexation: 7}, (maximum position of the recorded heat capacity), Tonset (start
of the phase transition), and the enthalpy change, AH.

MS studies. Mass spectrometry was performed using an ESI-LTQ-ORBITRAP XL unit
(Thermo Fisher Scientific) at the full scan positive mode. The ESI LTQ ORBITRAP XL
unit was operated with a spray voltage of 3.4 kV. The sheath gas flow rate and auxiliary
gas flow rate were adjusted to 30 and 8 arbitrary units. The capillary voltage and the tube
lens voltage were set to 40 and 110 V, respectively. The mass resolution was set to 60000,
while the scan ranged from m/z: 150 up to m/z: 1200. The MS data were analyzed by the
Xcalibur 2.1.0 software.

NMR studies. Pure SLB and HP-B-CD, a physical mixture of SLB and HP-B-CD and the
SLB-HP-B-CD lyophilized product were prepared as described above, and were analyzed
by both solid state and high resolution liquid NMR spectroscopy to detect the molecular
interactions of SLB with HP-B-CD.

Liquid State NMR: Diffusion ordered NMR spectroscopy (DOSY) spectra were recorded
using a Bruker AV-500 spectrometer equipped with a pulsed field gradient unit capable of
producing magnetic field pulse gradients in the z-direction of 53 Gem ', at room
temperature. Samples were dissolved in 0.5 mL D,O and transferred to 5 mm NMR tubes.
The NMR system was controlled by the software TopSpin 2.1. All spectra were acquired
with an acquisition time of 1.09 s and relaxation delay 4 7). T values were determined by
the inversion recovery time pulse sequence and were calculated from 2 to 3.5 s *’>. DOSY
experiments were performed with the bipolar pulse longitudinal eddy current delay
(BPPLED) pulse sequence. More specific, 16 BPPLED spectra with 16 K data points were
collected and the eddy current delay (Te) was set to 5 ms. The duration of the pulse field
gradient, J,, was optimized in order to obtain 5% residual signal with the maximum
gradient strength. The pulse gradient was increased from 2 to 95% of the maximum
gradient strength using a linear ramp. After Fourier transformation and baseline correction,
the diffusion dimension was treated with the Topspin 2.1 suite.

Solid State NMR. 850 MHz 'H experiments were performed on a Bruker 850WB Avance
IIT spectrometer equipped with a 3.2 mm MAS HCN probe. 23 kHz magic angle spinning
was applied and the temperature was set to 310 K. 600 MHz 'H and "°C experiments were

performed on a Bruker 600WB Avance I spectrometer equipped with an HX 4 mm MAS
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probe. 12 kHz magic angle spinning was applied and the temperature was set to 310 K.
Cross polarization was used for °C excitation using an 80% linear ramp *"**”°. During "*C
detection, 100 kHz Spinal-64 [Fung 2000] proton decoupling was applied.

All samples were referenced to the CH group “C signal in natural abundance
adamantane at 38.48 ppm. 'H was referenced indirectly from "°C.

High resolution NMR spectroscopy.: 2D NOESY experiments have been performed using
a Bruker 400 MHz Avance spectrometer and a BBI z-gradient probe at ambient
temperature and using CD3;0D solvent. The relaxation delay used during the experiment
was 1.5 s and the mixing time was 400 m:s.

Solubility studies: Solubility studies for SLB and the SLB-HP-B-CD lyophilized product
were performed using a thermostated shaking bath (Unitronic orbital J.P. Selecta) with
adapted thermostating unit, while a Shimadzu UV-1700 Pharma Spec UV/VIS
spectrometer was used for spectrophotometric measurements. Measurement of the
solubility of pure SLB and that of SLB obtained from the lyophilized SLB-HP-B-CD
product was conducted at pH 2.0, 4.5, and 6.8 at 37 °C. An excess amount of SLB or SLB—
HP-B-CD lyophilized product was added to 10 mL of phosphate buffer pH 2.0, 4.5 or 6.8.
After equilibration for 0, 3, 6, 15, 24 and 48 h at the thermostated shaking bath (37 £ 0.5
°C, 50 rpm) suspensions were filtered through regenerated cellulose syringe filters of 0.45
um pore size and the SLB concentration was determined spectrophotometrically after
dilution with mixed MeOH-aqueous medium solution (50:50 v/v).

Dissolution experiments: Dissolution experiments for SLB and SLB-HP-B-CD
lyophilized product were performed using a USP dissolution apparatus I (Pharma test Type
PTW S III). All experiments were performed in triplicate at pH 2.0, 4.5 and 6.8, at 37 °C
and 100 rpm. An accurately weighed amount of SLB (25 mg) or an equivalent amount of
the lyophilized SLB-HP-B-CD product was placed into an empty capsule (in triplicate).
The filled capsules were placed in the vessels of a USP dissolution apparatus II (Pharma
test Type PTW S III) and were kept at the bottom with the help of metal spirals. The
dissolution medium was 500 mL phosphate buffer pH 2.0, 4.5 or 6.8 and dissolution was
performed at 37 + 0.5 °C and at 100 rpm rotation speed. Samples (2.5 mL) were withdrawn
at appropriate time intervals (5, 10, 15, 20, 30, 45, 60, 120 and 180 min) after the
beginning of the experiment, they were filtered through regenerated cellulose syringe

filters (pore size 0.45 mm), and were assayed spectrophotometrically for SLB.
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Molecular modeling. The initial structures of SLBA and SLBB were sketched in the
Maestro utility of the Schrodinger Suite 2012.2 >, A crystal structure of p-CD (CSD
reference code BUVSEQO02 *’") was modified in the same utility to HP-B-CD. The OPLS-
2005 force field *”® was used to minimize the structure of SLBA, SLBB and HP-B-CD.
Docking programs have been used to predict the binding modes and the affinities between

cyclodextrins and drugs 27

. In our case, GlideXP, which is an algorithm that identifies
binding poses for ligands inside a macromolecule, was used **’. HP-B-CD was considered
as the receptor and SLBA or SLBB as the ligand. The resulting initial structure was
thoroughly checked using the data given by the NOE and solid-state NMR. Next, the
complex was subjected to MD simulations. Since, docking and MD results for the one
diastereomer were very similar to the other the analysis in the results and discussion
section will be only referred to the SLBA diastereomer.

The MD simulations were carried out with the PMEMD module from the AMBER 12

- . 283, 284
simulation package “

. The geometry of the drug was optimized with the HF/6-31G*
basis set (Gaussian 09) **. The general AMBER force field (GAFF) was used to obtain
force field parameters for silibinin with RESP charges *** **’. The force field
GLYCAM._ 06i-12SB ** was utilized to represent the behavior of the cyclodextrin part of
the host molecule, while GAFF was used for the 2-hydroxypropyl groups. Overall, RESP
charges were calculated for the modified cyclodextrin. The system-was next solvated using
the TIP3P water model ** in a truncated octahedron with 3841 water molecules. The
minimum distance between the edge of the periodic box and each atom of the system was
set at 18 A. The minimization of the complex was carried out for 5000 steps, using a
nonbonded cutoff of 18 A in constant volume. The solvated complex was then heated
under constant volume for 100 ps. The temperature was gradually increased from 0 to 300
K using a Langevin thermostat **°. Restraints of 10 kcal mol” A were applied to HP-f-
CD SLBA. Next, the system was equilibrated under constant pressure in two steps of 100
ps each. In the first one, constraints of 10 kcal mol™ A were applied to the complex, while
in the second step all restraints were removed. Two independent MD calculations of 190
and 250 ns were run at 300 K under constant pressure. The bonds involving hydrogen

21 The collision

atoms were constrained at their equilibrium distance using SHAKE
frequency (y) was set at 2 ps’'. The analysis of the trajectories was done with the ptraj

module of AMBER %
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MM-PBSA. The molecular mechanics Poisson—Boltzmann Surface Area (MM-PBSA)
method was used for the calculation of the binding energy between the modified
cyclodextrin and SLBA **2%,

25000 MD snapshots from each MD run of the complex were considered for the
calculation of the enthalpy contribution (AH). 6250 snapshots (equally spaced in the last
125 ns of the MD simulation) were used for the calculation of the entropy contribution (-
TAS). The entropy term (eq. 2) was calculated by normal-mode analysis using the NMODE
module of AMBER.

Topology files for the complex (stripped of water), the ligand, and HP-B-CD were
created using the ante-mmpbsa utility. For each snapshot, a free energy for the complex,
silibinin, and 2-hydroxypropyl-cyclodextrin is calculated, and the total binding free energy
(AGhing) 1s computed using the following equation:

AGying = Geomplex — (GsLa T GHp--cD) Equation 3-4

Geomplexs Grp-p-cp and Gsipa are the free energies for the complex, the receptor (2-
hydroxypropyl-B-cyclodextrin in this case), and the ligand (silibinin), respectively. The
binding free energy can be expressed as a combination of enthalpy and entropy
contributions:

AGpinga = AH — TAS Equation 3-5

The enthalpy term in eq. (3-5) is calculated as:

AH = AEgs + AGgoly, Equation 3-6

where AEg, is defined as the molecular mechanical (MM) free energy change upon
complexation of HP-B-CD with SLBA in the gas phase, while AGs,y is the solvation free
energy. AEg, 1s further divided into Coulomb interactions (AE.) and van der Waals
interaction terms (AEyqw):
AEgs = AE¢c + AE\qw Equation 3-7

The solvation term of eq. 3-6 is defined as a sum of polar (AEpg) and nonpolar (AEcayity)
contributions:
AGsory = AGpp + AGcavity Equation 3-8

MTT assay. MCF-7 human breast cancer line was cultured in DMEM high glucose,
supplemented with 10% FBS, antibiotics Penicillin/Streptomycin (100 U/mL Penicillin and
100 pg/mL Streptomycin), non-essential aminoacids (1x) at 37 °C in humidified

atmosphere of 5% CO,, Silibinin and complex stock solutions were prepared in MeOH.
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20000 cells were plated in each well at a 96-well plate and after 24 h were treated with
various silibinin and complex concentrations (0-100 puM). 24 h after the induction, MTT
solution (from 5 mg/1 mL in PBS) was added in each well and incubated for additional 3 h.
The supernatant from each well was removed and cells were washed with PBS buffer. Stop
mix solution (20% SDS in 50% dimethyl formamide in water) was then added (100 pL in
each well) and remained in darkness for 2 h. The absorbance of each well was measured at
550 nm with a microplate ELISA reader (Awareness Technology Inc), with a reference at
650 nm. Results from two independent experiments in triplicates were counted in and the

final value was calculated with the respective standard deviation.

3.3 Material and methods for the investigation of the interactions between
quercetin and p-sulphonato[4]calixarene

Materials: All starting materials and reagents used were of standard analytical grade from
Merck or Aldrich and used without further purification. Quercetin (Qrc) (purity 98%) was
purchased from Sigma—Aldrich (St. Louis, MO, USA). All commercial grade solvents
were distilled, and then stored over molecular sieves. All reactions, unless otherwise noted,
were conducted under a nitrogen atmosphere. TLC was performed on DC
AlufolienKieselgel 60 F,s4 (Merck). All aqueous solutions were prepared with deionized
water that was obtained via a Millipore milli-Q Plus water purification system and
100/ATR Sampling Accessory. Melting points were determined on a Gallenkamp
apparatus in a sealed capillary glass tube and are uncorrected. pH was measured through
Orion 410A+ pH meter. CEM-MDS 2000 closed vessel microwave system was used in
this study to prepare real and certified samples. Shimadzu 1700 UV-Vis spectrophotometer

was used for absorbance measurement.

Methods

Binding constant: Binding constant for p-sulphonatocalix[4]arene-quercetin (Calix-Qrc)
complex was determined via UV spectroscopy through titrating a fixed concentration of p-
sulphonatocalix[4]arene with varying concentrations of quercetin at pH 7.5. The value of
the binding constant (K,) of Qrc with Calix was evaluated with the aid of the Benesi—

Hildebrand equation **’.
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(D], ( 1 1) 1

. + .
Abs (4], )\ &k, c Equation 3-9

Where [D], is the concentration of quercetin, Abs is the absorbance of complex at
wavelength, [A], is the concentration of p-sulphonatocalix[4]arene, K, is the equilibrium
constant for complex and ¢ is the molar absorptivity of complex at . A plot of 1/[A], vs

[D]o/Abs gives a intercept (1/€) and slope (1/K,¢) from which value of k, was calculated.

Stoichiometric ratio of the p-sulphonatocalix[4]arene and QRC complex: Job’s method
(continual variation method) was used to determine the stoichiometric ratio between the p-
sulphonatocalix[4]arene and the quercetin for their complexation by mixing solutions of
both components of equimolar concentration (1x10"* M) in different ratios varying from

1:9 to 9:1.

Solid State NMR spectroscopy: 'H and °C NMR spectra were recorded on a 600 MHz
Varian system equipped with a 3.2 mm Varian Double Resonance HX MAS probe. Larmor
frequencies were 599.556 MHz for 'H nuclei and 150.744 MHz for ">C nuclei. Chemical
shifts were reported relatively to the signals of 'H and °C nuclei in tetramethylsilane. 'H
echo MAS spectra were recorded at 20 kHz sample rotation frequency with 50 s of
relaxation delay. 'H-C CPMAS spectra were recorded at 16 kHz sample rotation
frequency with 20 s of relaxation delay. Polarization transfer was achieved with RAMP
cross-polarization (ramp on the proton channel) with contact time of 5 ms. High-power

XiX heteronuclear proton decoupling was applied during acquisition.

High Resolution Transmission Electron Microscopy Study: HR-TEM imaging was realized
with a JEOL JEM-2100 instrument operating at 200 KV. Samples were prepared by
casting a minute dropof a 0.1% w/v gold nanoparticle (GNP) dispersion onto carbon coated

grids followed by gentle solvent evaporation under ambient conditions.

Light Scattering Study: Dynamic and Electrophoretic Light Scattering measurements were
performed using a Malvern Instruments Zetasizer Nano ZS in order to assess the colloidal
stability and determine the mean hydrodynamic diameter and surface potential of the

organic modified GNPs.

Molecular Modeling

67



Building of the initial complex: The structure of para-sulphonatocalix[4]arene was
downloaded from the Cambridge Structural Database (CSD reference code PEMYUC 298)
while that of quercetin was sketched in Maestro 10.2 **°. The initial docking of quercetin in
the calixarene was accomplished using the standard protocol in Glide (a module in the
Schrodinger Suite that predicts the binding poses of a ligand within a macromolecule). All

results were optimized using molecular mechanics and the OPLS3 force field »°'.

Quantum mechanics study: In order to assess the stability of the complex and the binding

energy ab initio calculations were performed using the Jaguar 8.8 %

program as
incorporated in the Schrodinger 2015.2 suite. The Hydrogen Bond workflow was used to
calculate the accurate binding energy >°. The geometry optimizations for quercetin,
calixarene and the complex were carried out using X3LYP/6-31G** since this density
functional gives very good geometries for hydrogen bonded complexes. The energy
calculations were then carried out using LMP2 with the cc-pVTZ(-f) and cc-pVQZ(-g)
basis sets *>°.

Molecular Dynamics: The optimized geometry of the complex from the QM step was then
used as starting structure in the molecular dynamics simulations. The geometries of
quercetin and calixarene were optimized using Gaussian 09 and the HF/6-31G* basis set
5 Force field parameters and RESP charges were determined using the General Amber
Force Field (GAFF) *°'. The quercetin-calixarene complex was solvated using the TIP3P
water model in a truncated octahedron **°. The distance between the edge of the box and
the atoms of the system was set at 18 A. The system was minimized using 2000 steps of
steepest descent minimization followed by 2000 steps of conjugate gradients minimization.
Constraints of 10 kcal mol’ A were applied to the complex. The temperature of the
system was gradually increased in 5000 steps from 0 to 300 K using a Langevin thermostat
2% The system was then equilibrated in constant pressure. The SHAKE algorithm *** was
applied to all hydrogen bonds. A 2 fs time step was used and a cutoff of 9 A. The PMEMD
Molecular Dynamics engine available in AMBER14 was used. Three independent MD
simulations of 400 ns were run under constant pressure. The analysis of the trajectories
was performed using ptraj 2°>. The molecular mechanics Poisson Boltzmann surface area

(MM-PBSA) methodology was used to evaluate the relative interaction energies for the

complex using an ionic strength of 150 mM and implicit solvation constants of € = 1.0 for
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dielectric solute and ¢ = 80 for the solvent “°. 40000 snapshots were used for the

determination of the binding energy.
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4 Chapter 4: The dynamic properties of angiotensin II type 1 receptor

inverse agonists in solution and in the receptor site
In the present chapter are presented the conformational properties of olmesartan and
olmesartan methyl ether in solution. Furthermore, are described the results of the induced
fit docking calculations and the molecular dynamics simulations. These results were
compared with those obtained by the olmesartan derivative compounds R239470,

R794847, and R781253. Finally, concluding remarks are made in the end of the chapter.

4.1 Conformational analysis of olmesartan and olmesartan methyl ether in solution
using NMR and theoretical calculations

'"H NMR spectra of olmesartan in CD;0D and olmesartan methyl ether in CD;CN have

been previously reported '**. The "H NMR spectrum of olmesartan methyl ether in CD;0D

is illustrated in the Figure 4-1.

Distance NOE constraints are reported in Table 3-1 and were obtained after integration of

the contour cross-peaks from the three 2D NOESY spectra.
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Figure 4-1. "H NMR spectra for a) olmesartan dissolved in CD;0D b) olmesartan methyl
ether dissolved in CD;OD and ¢) olmesartan methyl ether dissolved in CD;CN **.

The representative conformations of olmesartan in methanol, derived using NOE
constraints described in Table 3-1 are shown in Fig. 4-2a. In the article by Musafia and
Senderowitz '* it is stated that NMR derived structures were more appropriate for ligand
based drug design. We have evaluated this hypothesis by applying conformational analysis
on olmesartan and its methyl ether by considering the NOE data and compare the resulted
conformations with those obtained without implementing NOE constraints. We are aware
that the use of NOE constraints for structure determination has limitations on the basis that
flexible molecules adopt a plethora of conformations that are projected on the finally
recorded NOEs. However, if all NOEs are counted together, this dynamic process of the
various conformations is lost. As can be observed by comparing the conformations in
figure 4-2 and the ones in figures 4-3, 4-4 and 4-5, conformational analysis with and
without NOE constraints provided almost identical results. Five of the eight representative
conformations are syn, thus the tetrazole and imidazole moieties adopt the same orientation
with respect to the ring plane of phenyl A. Half of the representative conformations of
olmesartan methyl ether, in both solvents, are anti, thus the tetrazole and imidazole
moieties adopt the opposite orientation with respect to the A phenyl ring plane (Fig. 2b and
2¢). In order to understand which conformation (syn or anti) possesses a lower energy a
relaxed PES (Potential Energy Surface) scan was performed around the T8 dihedral using
both force field and ab initio methods (Fig. 4-6 and 4-7). Both techniques showed that for
olmesartan in methanol the syn conformation is more stable (by 0.3 kcal/mol) while for

olmesartan methyl ether the anti conformation is more stable (0.18 kcal/mol).
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Figure 4-2. Representative low energy conformations of (a) olmesartan in methanol and

olmesartan methyl ether in: (b) methanol and (c) acetonitrile as derived from MacroModel
303

Figure 4-3. Representative low energy conformers of olmesartan in methanol without
using constraints.
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Figure 4-4. Representative low energy conformers of olmesartan methyl ether in methanol
without the use of constraints.
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Figure 4-5. Representative low energy conformers of olmesartan methyl ether in
acetonitrile.

olmesartan
olmesartan methyl ether

Energy (keal/mol)

50 100 150 200 250 300 350
Coordinates

Figure 4-6. Coordinate scan for the dihedral 18 using molecular mechanics and the OPLS3
force field
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Olmesartan in methanol

s (Jlmesartan methyl ether in methanol
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Figure 4-7. Potential energy surface scan of the dihedral t8 using DFT level of theory and
the B3LYP/6-31G** hybrid functional

The optimized low energy structure of olmesartan using NOE constraints is compared with
the crystal structure of olmesartan crystallized from ethanol by Yanagisawa et al.* (CSD
reference code: ZOGSOD). The RMSD between the crystal structure and the lowest
energy conformer in olmesartan was found to be 0.2 A (Fig. 4-8a and b). Another low
energy structure was found for olmesartan which is the conformational enantiomer of the
lowest energy conformer. The optimized lowest energy structure of olmesartan methyl
ether in methanol as shown in Fig. 4-8c adopts an anti conformation as opposed to that of
olmesartan that adopts a syn conformation in the same solvent. Olmesartan methyl ether in
acetonitrile adopts a syn conformation (Fig. 4-8d). These results indicate that the syn-anti

interconversion in the two solvents is achieved without a significant energy cost.
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Figure 4-8. a) Crystal structure of olmesartan (CSD reference code: ZOGSOD); b) Low
energy conformers of olmesartan in methanol optimized using the HF/6.31G** basis set; c)
Optimized lowest energy conformer of olmesartan methyl ether in methanol; d) Optimized
lowest energy conformer of olmesartan methyl ether in acetonitrile ***.
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4.2 Induced Fit Docking calculations

Olmesartan docked in the crystal structure 4YAY: As it can be predicted, most
interactions of olmesartan are developed with Argl67. Both the tetrazole and the carboxyl
moiety of the molecule develop hydrogen bonds with Argl67. Furthermore, m-cation
interactions are developed between Argl67 and the A phenyl group of olmesartan. The
hydroxyl group and the imidazole group of olmesartan develop hydrogen bonds with
Tyr35 (Fig. 4-9a left). The imidazole group is also implicated in m-n interactions with
Trp84. Polar interactions are also observed between the tetrazole group and Ser105, Ser109
and Lys199. The alkyl group develops hydrophobic interactions with 11e288, Phe77and
Tyr292. The RMSD between the docked structure of olmesartan in the crystal structure
4YAY and the crystallized structure of olmesartan in the AT;R receptor (PDB ID 4ZUD)
was found to be 0.3 A. This pinpoints that the crystal structure 4YAY produces reliable
poses and that the selected virtual workflow is suitable. As can be observed in Fig. 4-10a,
b, c and d and Table 4-1 the mutations Y113F, K199Q, H256A and Q257A do not modify
the binding mode of olmesartan at the ATR receptor. Olmesartan in all these cases adopts
an anti configuration. Occasionally, the tetrazole moiety develops hydrogen bonds with
Ser105 (Y113F, K199Q and Q257A). Also the hydroxyl group occasionally develops
hydrogen bonds with Thr88 (Y113F, H256A).
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Figure 4-10. Most energetically favorable poses of olmesartan in the ATIR crystal
structure 4ZUD (in three dimensions and two dimensions) after the induced fit docking in
a) mutant Y113F; b) mutant K199Q; ¢) mutant H256A and d) mutant Q257A.

Olmesartan in two homology models: Although the mutations reported by Miura et al. ©°
cause significant effects on the biological activity of olmesartan and were explained based
on the bovine rhodopsin crystal structure, they do not result in important differences in the
Induced Fit Docking scores. In their reported findings, olmesartan was manually docked in
the model and then the system was minimized using the CHARMM force field. The
tetrazole moiety was suggested to interact with GIn257, the carboxyl group to interact with
Lys199 and the hydroxyl group to interact with Tyr113 . Miura et al. in a more recent
model based on the CXCR4 structure (PDB ID 30E0) * found that both His256 and
GIn257 develop hydrogen bonds with the tetrazole moiety, Lys199 develops hydrogen
bonds with both the tetrazole and carboxyl groups and Tyr113 develops a hydrogen bond
with the hydroxyl group. In order to evaluate if AT;R homology models based on
rhodopsin and CXCR4 explain in a more optimized way the impact of these mutations,

IFD calculations were performed in two reliable models already published **2°°,

(a) Olmesartan in the CXCR4 homology model: The most remarkable feature observed is
the fact that the predicted binding pose of olmesartan in the homology model is very
similar to the one that olmesartan adopts in the crystal structure. Olmesartan adopts the
anti configuration. The tetrazole moiety develops hydrogen bonds with Argl67, Ser105,
Ser109 and Lys199 and =m-m interactions with Phel82. One of the differences with the
crystal model is the crucial role that Lys199 plays in this model. Lys199 develops
hydrogen bonding with the carboxyl group and cation-m interactions with the A phenyl
group. Hydrogen bonds are also observed between the hydroxyl group of olmesartan and
Pro192 and the imidazole group and Asp263 (Fig. 4-9b left). The mutations here also do
not cause modification in the binding pose of olmesartan in the homology model (Fig. 4-
11a, b, ¢, d). Even the mutation K199Q, that was expected to have a great impact on the
binding mode due to the importance of Lys199 in this model, does not affect drastically the
binding mode. A hydrogen bond is developed between GIn199 and the tetrazole moiety.
The application of unconstrained IFD calculations did not reveal the pose reported by
Miura et al. ®*. Since in this model, Argl67 has been located in the ligand binding site

olmesartan consistently forms hydrogen bonds with it.

81



MET

GIn257 &

VAL
108 SER ThP
= 105 24
100 -
Ny . r 157
——
N “/ \"“""'-“N__ e
199 N .-"'I| /
\

TRP
253
LEU
112
TYR
92
PR
285
ILE
HE
56 288

L5 105 e MET
c. J 4 ! %5

| i Ala256 .
GIn257 r‘\ a <

-l aEn Ol O Ol Ol Ol Ol E G G G G G G G G a O O O O O O O A G aED aEn T
o

TRP
84
MET
284
nE
288
2 Asp
1
12 4
TR
202
i
25 N
|
|
HIS |
5 ALA |
181
HE




Figure 4-11. Most energetically favorable poses of olmesartan (in three dimensions and
two dimensions) after the induced fit docking in implicit membrane in the AT;R homology
model based on CXCR4: a) mutant Y113F; b) mutant K199Q); ¢) mutant H256A; and d)
mutant Q257A.

(b) Olmesartan in the rhodopsin homology model: In this homology model the residues
GIn257, His256, Phel82, Tyrl84, Thr260 and Asn200 play a crucial role while the
residues Lys199 and Tyrl13 are in the vicinity of the binding site. More specifically, the
tetrazole moiety develops hydrogen bonds with the residues GIn257, Thr260 and Asn200.
The carboxyl group develops hydrogen bonds with Tyr184 and Phel82. The imidazole and
hydroxyl groups develop hydrogen bonds with His256 (Fig. 4-9c left). The mutations
Y113F and K199Q do not modify the binding mode of olmesartan or the Induced Fit
Scores (Fig. 4-12a, b). The mutation H256A seems to cause some changes in the
interactions developed by olmesartan. The hydrogen bond between GIn257 and Ser109 is
interrupted. The two hydrogen bonds developed by His256 (Fig. 4-9¢) are substituted by
one hydrogen bond with Ala256 (Fig. 4-12c). Changes are also observed with the mutation
Q257A. The tetrazole moiety develops hydrogen bonds only with Asn200. In addition the
carboxyl group of olmesartan develops hydrogen bonds with Phel82, Tyr184, Ser109 and
Tyr113. Although the interactions seem to change for olmesartan in these two mutations,

the binding conformation is always the anti-.
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Figure 4-12. Most energetically favorable poses of olmesartan (in three dimensions and
two dimensions) after the induced fit docking in the AT;R homology model based on
rhodopsin: a) mutant Y113F; b) mutant K199Q); ¢) mutant H256A and d) mutant Q257A.

Olmesartan methyl ether in the crystal structure and the two homology models.

Olmesartan’s methyl ether adopts a very similar conformation to that of olmesartan inside
the crystal structure. The anti conformation is favored. Both the tetrazole and carboxyl
moieties of the molecule form hydrogen bonds with Argl67. n-m interactions are
developed between tetrazole and the residue Phel82 and between the imidazole group and
Trp84. The imidazole group also forms a hydrogen bond with Tyr35 (Fig. 4-9a right). The
methyl ether moiety of olmesartan develops hydrophobic contacts with the residues

Pro285, Tyr35, lle31 and 11e288 (Table 4-2).

The homology model based on CXCR4 predicts the anti conformation of olmesartan
methyl ether. The residue Argl67 forms hydrogen bonds with both the tetrazole and the
carboxyl groups. The tetrazole moiety develops multiple hydrogen bonds with Tyr87. The
carboxyl group develops a hydrogen bond with Lys199. The imidazole group forms a
hydrogen bond with His256 and the oxygen of the methyl ether group develops a hydrogen
bond with Tyr292 (Fig. 4-9b right).

The homology model based on the rhodopsin structure predicts the formation of hydrogen
bonds between tetrazole and Asn200 and GIn257 (Fig. 4-9¢ right). The carboxyl group is
predicted to develop hydrogen bond with Tyr184. The imidazole moiety forms =n-m
interactions with His256 and Phel82.

Table 4-1: Interactions of olmesartan with the residues of AT;R in the crystal structures
and the two homology models

Interactions

Rhodopsin Phe261, Tyr184, Phel82, Tyrll3, | GIn257x4, Thr260, Asn200, | Tyr184

model Alal81, Phel71, Vall08, Vall79, | Tyr184, Phel82, His256x3

Cys180, 1Ile288, 1Ile254, Leull2,
Phe204, Valll6, Prol92, Vall69,
Ile193, Leul97, Val264

CXCR4 Pro192, Trp84, 1Ile193, Leul95, | Lys199x3, Ser109x2, | Lys199,
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model

Val280, Phe259, Met284, Vall08,
Tyr292, Trp253, 11e288, Leul12

Ser105x2, Argl67, Asp263

Phel82,
Tyr292

Crystal

structure

Phel82, Alal63, Vall08, Alal04,
Tyr35, Pro285, Tyr92, Ile31, Tyr87,
Trp84, 11e288, Phe77, Tyr292, Leu8l,
Leull2, Trp253

Argl67x3, Tyr35x2

Argl67, Trp84

Table 4-2: Interactions of olmesartan methyl ether with the residues of AT ;R in the crystal
structure and the two homology models.

Interactions | Hydrophobic H-bonds T-T/T-cation
Rhodopsin Phe261, Tyr184, Phel82, Alal81, Vall08, | Asn200, GIn257, Tyr184 | Phel82x2,
model Tyr292, Phel71, 11e288, Cys180, Vall79, His256

Phe204, Valll6, Trp253, Tyrl13, Leull2,

Vall69, Prol192, 1le193, Val264
CXCR4 Alal81, Vall79, Tyr87, Trp84, Phel82, | Tyr87x4, Argl67x2, | Trp84
model Tyr292, Vall08, Leull2, Trp253, 11e288, | Lys199, Tyr292, His256

Phe259, Met284, Phe259, Ile31, Pro285,

Tyr35, 11e27, Thr88
Crystal Vall08, Trp84, Tyr92, Tyr87, Ile3l, | Argl67x3, Tyr35 Trp84, Phel82
structure Pro285, Tyr35, Tyr292, 11e288, Leusl,

Cys289, Phe77, Trp253, Leul12, Tyrl13,
Phel82, Alal63

4.3 Molecular Dynamics Simulations

MD simulations have been performed as it is well established that calculations are affected

by the environment surrounding the studied system. The following reasons favoured the

use of DPPC bilayers exclusively in this computational study: (a) DPPC’s partition

coefficient with respect to its aqueous environment, especially in the fluid state, resembles

that of natural plasma membranes of the vasculature 304.305. () Phosphatidylcholines (PCs)

are the most abundant lipid species in the plasma membranes of the vascular smooth

muscle cells

304

and sarcolemma cardiac membranes °%. The RMSDs for the Ca of the

receptor (in blue) and for the ligand (in red) are shown for: (i) olmesartan in the crystal
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structure (Fig. 4-13a), (ii) the four mutations (Fig. 4-13b-¢) and (iii) olmesartan methyl
ether in the crystal structure (Fig. 4-13f). As can be seen after 100 ns the protein’s structure

has been stabilized.
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Figure 4-13: Protein and ligand RMSD during the time of simulation for: (a) olmesartan in
the crystal structure with PDB ID 4ZUD; (b) olmesartan in the Y113F mutant; (c)
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olmesartan in the K199Q mutant; (d) olmesartan in the H256A mutant; (¢) olmesartan in
the Q257A mutant and (f) olmesartan methyl ether.

Olmesartan’s interactions in the crystal structure 4ZUD: As can be observed in Fig. 4-
14a olmesartan develops hydrogen bonds with Argl67 during the trajectory time of the
simulation. Hydrogen bonds between Argl67 side chain and the carboxyl group of
olmesartan occur 95% of the simulation time, while those with tetrazole occur 35% of the
simulation time. Interactions such as m-cation occur for 89% of the time with the second
phenyl group and 42% of the time with the tetrazole group. lonic interactions are also
developed with the carboxyl group for 41% of the simulation time. The other key residue
in the interaction diagram is Lys199. Hydrogen bonds are formed between Lys199 side
chain and two nitrogen atoms of the tetrazole group for 11% of the simulation time.
Hydrophobic interactions such as m-cation are also developed between Ly199 and the first
phenyl group. Water bridges are formed by Lys199 as well as ionic interactions with the
negatively charged nitrogen atom in tetrazole. Another important residue is Trp84. It
develops m-cation interactions with the positively charged nitrogen atom of the imidazole
aromatic ring for 66% of the simulation time. The residue Tyr35 is mainly involved in
water bridges establishing connections with the imidazole ring. The residue Phel82
develops mainly n-m interactions with the tetrazole moiety of the drug as well as water
bridges that connect it with the carboxyl moiety. The residues Cys180, Tyr184, Tyr92 and
Tyr87 are implicated in water bridges that allow them to interact with the carboxyl group
(although these contacts are only observed for 10-15% of the simulation time importantly
they occur periodically). The residues Leu81, Vall08, Leul12, Tyr113, Met284, 11e288
and Tyr292 develop hydrophobic interactions with olmesartan.
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Figure 4-14: Protein-ligand interactions during the whole simulation time for: (a)

olmesartan; (b) olmesartan methyl ether *.

In order to reveal the preferred conformation of olmesartan in the receptor, the torsional
angles of olmesartan were analyzed (Fig. 4-15). The dihedrals 16, t7, T8 constrain the
molecule to an anti conformation during the whole time of simulation. This is probably
due to three important interactions: (i) cation — 7w interaction of tetrazole with Lys199 and
Argl67 that constrains the dihedral T8, (ii) salt-bridge between the carboxyl group with
Argl67 and (iii) n-m interactions of the imidazole group with Trp84 that forces the

dihedrals 6 and 17 to adopt a narrow range of values.
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Figure 4-15. Modification of olmesartan’s dihedral angles as a function of time during MD
simulations in the crystal structure 4ZUD surrounded by DPPC bilayers.
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The results obtained from the MD calculations have been compared with those obtained
with the most important experimental NOEs (H9-H4 and H19-H12) (Fig. 4-16). The
average values for the distance H9-H4 was found to be 4.07 A and for the distance H19-
H12 2.70 A. These values are in accordance with those obtained from the NOE.
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Figure 4-16. a) Distances between H9 and H4 (blue) and H19-H12 (red) for olmesartan b)
Distances between H19-H12 (blue), H9-H4 (red), H9-H5 (green) in olmesartan methyl
ether ¢) Distance between H9-H23 (blue), H10-H23 (red) in olmesartan methyl ether

Olmesartan’s interactions in the mutated crystal structures Y113F, Y113A, H256A,
Q257A: The protein ligand interactions of olmesartan in the receptor mutants Y113F,
H256A and Q257A are shown in Fig. 4-17a, ¢ and d, respectively. These three mutations
do not seem to affect the conformation of the drug inside the active site or the developed

interactions with the key residues.
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Figure 4-17. Protein-ligand interactions during the whole time of simulation for (a)
olmesartan in the Y113F mutant (b) olmesartan in the K199Q mutant (c) olmesartan in the
H256A mutant (d) olmesartan in the Q257A mutant.

More specifically, in these three mutations the most important interactions with residues
such as Argl67, Lys199, Tyr35, Trp84, Tyr87, Thr88, Tyr92, Vall08, 11e288 and Tyr292
remain intact. The same interactions were observed for the mutated structure Y113A

(Figure 4-18).
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Figure 4-18. RMSD of the backbone and interactions fraction for the mutation Y113A.

For all critical dihedral angles that define olmesartan only T8 has been useful for further
elaboration. All other dihedral angles remained constant during the trajectory in both the
wild type and the mutated form. In order to show this fact, the evolution of the critical
dihedral 18 for all the simulations is shown in Fig. 4-19b (Y113F), 4-19d (H256A), 4-19¢
(Q257A) and 4-19f (Y113A).

L L 1 L
-180°  -90° 0° 90° 180°

.1éo° .glgo Ole 90° 180° -180° -90° 0° a0° 180°

il

1 |
-180° -90° 0° 90° 180°

-180°  -90° 0° 90° 180°

-180° 0° 90° 180°

Figure 4-19. Modification of 8 during the trajectory for (a) olmesartan; (b) olmesartan in
the Y113F mutant; (c) olmesartan in the K199Q mutant; (d) olmesartan in the H256A
mutant; (e¢) olmesartan in the Q257A mutant; (f) olmesartan methyl ether and (g)
olmesartan in the Y113 A mutant.

Olmesartan’s interactions in the mutated crystal structure K199Q: While in the

previous cases the critical dihedrals remained the same, in the case of K199Q the values
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for the torsional angle T8 change drastically (Fig. 4-19c). It is clear that this mutation
causes the greatest effect in the ligand orientation inside the receptor. Seemingly, it
stabilizes the position of the tetrazole moiety of the molecule through hydrogen bonding
and m-cation interactions. Also the interactions that are lost due to the replacement of Lys
with Gln are not balanced by any other residue. This shows that a change to this particular
residue causes simultaneously a substantial change in the conformation of olmesartan and

the loss of critical interactions that could explain the reduction of its biological activity.

Olmesartan methyl ether in the crystal structure: Olmesartan methyl ether develops the
same interactions as olmesartan (Fig. 4-14b). The carboxyl group forms hydrogen bonds
with Argl67 for 90% of the simulation time, as well as ionic interactions. This moiety also
develops water bridges with residues such as Tyr87, Cys180, and Phel82. The tetrazole
group develops: hydrogen bonds with Argl67 (11% of the time) and Lys199 (13%), water
bridges with Ser109 (14%), and m-cation interactions with Lys199 (47%) and Argl67
(37% of the time). The imidazole group interacts with Trp84 with n-n interactions (12%)
and m-cation interactions (46%) and with Tyr35 mainly forming water bridges (25%). The
residue Argl67 also develops m-cation interactions with the A phenyl group. The

conformation that olmesartan methyl ether adopts in the binding site is always anti.

Also in this case, the distances H19-H12, H9-H4, H9-H5 H9-H23 and H10-H23 were
monitored (Fig. 4-16). The average values were found to be 2.7 (+/- 0.3) A, 4.0 (+/- 0.5) A,
5.0 (+/- 0.5) A, 5.6 (+/- 0.6) A and 6.0 (+/- 0.6) A in accordance with the NOEs.

4.4 Comparison between NMR data and predicted *C NMR chemical shifts

The comparative values between experimental NMR data and predicted chemical shifts of
the representative low energy conformations of olmesartan in methanol and olmesartan
methyl ether in methanol and acetonitrile as derived from MacroModel are presented in
Tables 4-3, 4-4 and 4-5. Also, in Table 4-3, olmesartan’s NMR data are compared with the
predicted chemical shifts of the structure of olmesartan crystallized from ethanol by

Yanagisawa et al.*.

In the case of olmesartan two low energy conformations (conformations 3 and 4 in Figure
4-1) and the conformation of the crystal structure led to acceptable comparative results
(Table 4-3) using as a criterion the deviation of >10% from the experimental values (Table

4-8). Furthermore, in the case of olmesartan methyl ether only conformation 10 in
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methanol and conformation 16 in acetonitrile led to acceptable comparative results. Jaguar
algorithm had the most deviations from the experimental values of olmesartan carbons C4-
C6 of alkyl chain and C18 of the aromatic ring B. For olmesartan methyl ether Jaguar
algorithm had the most deviations from the experimental values at C2 and C3 of the

imidazole ring and C5 of the aromatic ring B.

On the other hand, the predicted chemical shifts for the binding poses of olmesartan and
olmesartan methyl ether in the two crystal structures of AT R resulted in not acceptable
comparative values (Tables 4-6 and 4-7). Based on the latter result, it is obvious that there
are a lot of differences between the binding conformation on the receptor and the low

energy conformations in the solvents (both for olmesartan and its methylated analogue).
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Table 4-3: Predicted chemical shifts for olmesartan’s eight representative conformations and the crystal structure (CSD reference code ZOGSOD).

Exp. NMR | Conf. 1 | % Conf.2 | % Conf. 3 i Conf. 4 | % Conf.5 | % Conf.6 | % Conf.7 | % Conf. 8 i ZOGSOD
shifts in
CD;0D
Cl 148.80 | 140.04 5.88 142.14 447 140.24 5.75 144.52 2.87 | 135.40 9.01 136.39 8.34 | 141.52 4.89 141.25 5.07 138.90 6.65
C2 124.78 | 127.70 -2.34 127.40 -2.10 127.36 -2.07 126.62 -1.47 129.17 -3.52 129.30 -3.62 | 128.34 -2.85 129.54 -3.81 127.50 -2.18
C3 146.92 | 138.36 5.82 136.57 7.05 137.76 624 | 142.64 291 137.96 6.10 | 137.47 6.43 | 135.96 7.46 136.30 7.23 138.41 5.79
C4 28.29 17.22 39.12 15.06 46.78 28.77 -1.69 16.02 | 43.39 1578 | 44.24 15.18 | 46.36 14.62 48.30 15.09 46.68 28.76 -1.66
C5 22.44 28.73 -28.04 30.66 -36.63 26.11 -16.34 32.66 | -45.56 2945 | -31.24 29.35 | -30.79 28.71 -27.94 32.62 -45.38 23.56 -5.01
C6 13.97 26.33 -88.49 21.95 -57.14 17.50 -25.25 2473 | -77.06 24.86 | -77.99 25.61 | -83.29 21.03 -50.54 2091 -49.68 13.99 -0.17
C7 49.13 49.97 -1.70 49.43 -0.61 50.76 -3.32 49.44 -0.63 51.70 -5.23 51.57 -4.97 49.90 -1.57 50.52 -2.83 50.16 -2.10
C8 137.43 | 129.50 577 129.49 5.78 129.47 579 | 133.67 2.73 126.41 8.02 | 126.07 8.27 | 127.64 7.13 127.45 7.26 129.63 5.68
C9 127.77 | 119.71 6.31 123.05 3.69 119.40 6.55 123.61 3.25 120.41 576 | 121.35 5.02 | 12443 2.61 124.08 2.88 120.73 5.51
C10 130.66 | 130.67 -0.01 128.57 1.60 130.82 -0.12 122.36 6.35 132.76 -1.61 130.15 0.39 | 127.86 2.14 127.70 2.27 122.90 5.94
Cl11 140.48 | 144.09 -2.57 142.93 -1.75 144.85 -3.11 141.59 -0.79 | 147.23 -4.80 | 146.02 -3.94 | 142.55 -1.48 143.54 -2.18 144.74 -3.04
Ci2 130.66 | 122.93 5.91 123.60 5.40 122.90 594 | 126.24 339 | 122.84 5.98 12431 4.86 | 125.19 4.19 126.18 3.43 130.95 -0.22
C13 127.77 | 120.83 5.43 123.73 3.16 120.93 5.35 125.31 1.93 122.09 444 | 12278 3.90 | 122.01 451 121.15 5.18 120.47 5.71
Cl4 142.93 | 133.67 6.48 135.80 4.99 133.79 6.39 | 136.94 4.19 | 131.19 8.21 131.23 8.18 | 13543 5.25 135.40 5.27 133.63 6.50
C15 124.71 | 134.02 -7.47 135.29 -8.48 134.20 -7.61 134.02 =147 134.45 -7.81 134.91 -8.18 | 135.23 -8.43 13522 -8.42 133.80 -7.29
Cle 131.85 | 125.40 4.89 125.65 4.71 125.08 5.14 | 125.63 472 | 125.53 4.80 | 126.05 440 | 126.12 435 125.23 5.02 125.25 5.01
C17 129.12 | 120.42 6.74 120.37 6.78 120.20 6.91 120.17 6.93 120.54 6.64 | 120.53 6.65 | 120.36 6.78 120.41 6.75 120.31 6.82
C18 13245 | 115.75 12.61 116.14 12.32 115.56 12.76 | 116.96 11.70 | 114.20 13.78 114.90 1325 | 116.49 12.05 115.96 12.45 115.90 12.50
C19 131.70 | 123.73 6.05 122.10 7.29 124.08 5.78 122.58 6.92 | 12549 472 | 12541 478 | 122.36 7.09 122.07 7.31 124.38 5.55
C20 157.04 155.59 0.93 155.85 0.76 155.51 0.98 156.04 0.64 154.71 1.48 155.16 1.20 | 156.46 0.37 155.65 0.89 155.49 0.99
C21 16429 | 150.72 8.26 152.33 7.28 150.71 827 | 154.15 6.17 | 149.72 8.87 | 150.38 8.47 | 152.18 7.37 151.49 7.79 150.96 8.11
C22 70.30 67.37 4.17 67.29 4.29 67.79 3.57 67.92 3.39 67.56 3.90 67.23 437 67.07 4.60 66.99 4.71 67.05 4.63
C23 29.70 26.98 9.15 30.35 -2.19 30.55 -2.86 29.82 -0.40 27.12 8.70 27.28 8.16 30.69 -3.34 27.11 8.73 27.23 8.33
C24 29.70 31.04 -4.52 27.01 9.07 27.26 8.22 27.74 6.61 30.84 -3.84 30.28 -1.95 27.24 8.29 30.90 -4.04 30.84 -3.84

I [(Experimental values-Calculated values)/Experimental values] x100
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Table 4-4: Predicted chemical shifts for olmesartan methyl ether’s four representative conformations in CD;OD.

Experimental NMR chemical shifts | Conf. 9 I Conf. 10 i Conf. 11 I Conf. 12 i
(olmesartan ether in CD;0D)
Cl 149.59 135.55 9.39 142.73 4.58 145.80 2.54 135.86 9.18
C2 121.94 140.63 -15.33 129.67 -6.34 135.17 -10.85 131.37 -1.73
C3 147.44 121.88 17.33 134.02 9.10 128.51 12.84 131.27 10.97
C4 27.96 28.82 -3.07 32.48 -16.17 32.92 -17.75 29.33 -4.90
C5 22.04 30.09 -36.52 24.46 -11.00 25.17 -14.18 25.46 -15.50
Co6 13.65 15.40 -12.79 16.12 -18.07 16.23 -18.95 15.54 -13.81
C7 49.36 53.78 -8.96 50.43 -2.17 51.90 -5.15 52.18 -5.72
C8 136.11 126.06 7.39 133.42 1.97 134.02 1.53 126.83 6.82
C9 128.23 120.45 6.07 123.24 3.89 123.26 3.87 121.49 5.26
C10 130.80 129.98 0.63 122.72 6.18 121.90 6.80 130.76 0.03
Cl1 140.87 146.45 -3.96 142.32 -1.03 142.12 -0.89 145.65 -3.39
C12 130.80 125.02 4.42 125.77 3.85 126.58 3.23 124.54 4.78
C13 128.23 124.16 3.17 125.98 1.76 126.83 1.09 121.39 5.33
Cl14 142.56 131.64 7.66 135.85 4.71 136.80 4.04 131.39 7.83
Cl15 125.26 134.49 -7.38 133.32 -6.44 133.74 -6.77 134.61 -7.47
Cl16 131.67 125.78 4.48 124.52 543 125.19 4.92 125.78 4.48
C17 129.19 120.32 6.87 119.88 7.21 120.01 7.16 120.36 6.83
Cl18 131.51 114.86 12.66 116.32 11.55 116.66 11.29 114.89 12.63
C19 131.42 125.68 437 122.90 6.48 122.76 6.59 125.46 4.54
C20 157.41 155.07 1.49 155.89 0.97 155.52 1.20 155.13 1.45
C21 163.79 148.40 9.40 152.20 7.07 153.12 6.51 148.37 9.42
C22 76.00 73.40 3.42 76.97 -1.27 73.74 2.97 80.08 -5.37
C23 25.62 22.44 12.40 30.62 -19.52 31.30 -22.18 29.65 -15.73
C24 25.62 30.09 -17.45 21.95 14.32 23.24 9.28 22.25 13.15
C25 49.84 50.60 -1.53 52.65 -5.64 51.96 -4.26 50.82 -1.97

1 [(Experimental values-Calculated values)/Experimental values] x100
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Table 4-5: Predicted chemical shifts for olmesartan methyl ether’s four representative conformations in CD3CN.

Experimental NMR chemical | Conf. 13 i Conf. 14 i Conf. 15 i Conf. 16

shifts (olmesartan ether in

CD;CN)
Cl 153.37 143.98 6.12 134.96 12.01 137.86 10.11 139.49 9.05
Cc2 151.36 128.75 14.94 130.74 13.62 124.00 18.07 133.75 11.63
C3 119.41 135.59 -13.55 131.90 -10.46 136.53 -14.33 127.74 -6.97
Cc4 29.70 32.98 -11.02 29.50 0.68 28.66 3.51 28.67 3.47
Cs 21.76 25.36 -16.52 24.77 -13.85 24.19 -11.19 26.37 -21.17
Co 14.11 16.03 -13.58 15.78 -11.81 14.72 -4.36 16.69 -18.26
Cc7 48.62 51.34 -5.60 52.33 -7.64 51.44 -5.80 49.70 -2.22
C8 138.37 134.12 3.07 127.59 7.79 128.92 6.83 130.11 5.97
C9 127.1 127.29 -0.15 120.14 5.48 120.96 4.83 122.33 3.75
C10 130.43 126.11 3.32 132.41 -1.52 126.60 2.94 129.02 1.08
Cl1 139.64 141.73 -1.50 146.77 -5.10 144.88 -3.76 144.93 -3.79
Cl12 130.43 122.05 6.42 122.46 6.11 125.49 3.79 122.81 5.84
C13 127.10 123.04 3.19 121.56 4.36 126.43 0.53 120.85 4.92
Cl4 142.35 137.52 3.39 131.75 7.45 134.52 5.50 134.29 5.66
C15 125.80 133.60 -6.20 134.71 -7.09 133.70 -6.28 133.70 -6.28
Cl6 131.73 125.77 4.53 125.59 4.66 125.71 4.57 124.67 5.36
C17 128.91 120.04 6.88 120.30 6.68 120.19 6.76 120.16 6.79
C18 132.03 117.09 11.32 114.43 13.33 115.95 12.18 115.30 12.67
C19 131.79 122.71 6.89 125.58 4.72 124.53 5.51 123.90 5.99
C20 156.57 155.99 0.37 154.82 1.11 155.46 0.71 155.09 0.95
C21 161.02 151.31 6.03 148.87 7.55 149.05 7.43 149.74 7.01
C22 79.24 75.68 4.50 80.22 -1.24 73.94 6.68 79.20 0.05
C23 26.40 23.93 9.34 22.14 16.13 23.27 11.84 22.68 14.08
C24 26.40 31.02 -17.50 29.80 -12.88 30.04 -13.79 22.43 15.03
C25 49.98 49.48 1.00 50.70 -1.44 49.25 1.46 49.09 1.78

I [(Experimental values-Calculated values)/Experimental values] x100
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Table 4-6: Predicted NMR chemical shifts for olmesartan in the two receptors (PDB ID codes 4YAY and 4ZUD) as were calculated using QSite.

Experimental NMR chemical Calculated NMR chemical shifts for | § Calculated NMR chemical shifts for |
Shifts (olmesartan in CD;0D) olmesartan docked in the 4YAY crystal olmesartan in the 4ZUD crystal
structure structure
Cl 148.80 136.00 8.60 132.88 10.70
Cc2 124.78 137.10 -9.87 134.90 -8.11
C3 146.92 138.77 5.55 125.20 14.79
c4 28.29 29.68 -4.91 26.81 5.25
Cs5 22.44 20.49 8.71 25.80 14.98
Co 13.97 16.97 -21.48 15.33 -9.76
Cc7 49.13 51.47 4.76 47.70 2.92
C8 137.43 144.56 -5.19 125.58 8.62
C9orCl13 127.77 122.88 3.82 115.17 9.87
C9orCl13 127.77 124.57 2.51 118.84 6.99
Cl10or C12 130.66 118.72 9.14 125.89 3.65
Cl0orCl12 130.66 123.40 5.55 132.21 -1.19
Cl11 140.48 134.43 431 145.60 -3.64
Cl4 142.93 135.81 4.98 136.05 4.82
C15 124.71 130.03 -4.27 136.23 -9.23
Cl16 131.85 126.35 4.17 127.58 3.24
C17 129.12 119.71 7.29 120.23 6.88
C18 132.45 120.97 8.67 117.16 11.55
C19 131.70 127.20 3.53 124.26 5.648
C20 157.04 159.90 -1.82 159.48 -1.55
C21 164.29 157.49 4.16 152.18 7.37
C22 70.30 69.91 0.55 71.47 -1.66
C23 or C24 29.70 33.55 -12.96 30.53 -2.80
C23 or C24 29.70 25.83 13.02 28.78 3.09

I [(Experimental values-Calculated values)/Experimental values] x100
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Table 4-7: Predicted NMR Chemical Shifts for olmesartan methyl ether in the two receptors (PDB ID codes 4YAY and 4ZUD) as were calculated using QSite.

Experimental NMR | Calculated NMR chemical shifts | i Calculated NMR chemical | i

chemical shifts for olmesartan docked in the shifts for olmesartan in the

(olmesartan  ether  in | 4YAY crystal structure 47ZUD crystal structure

CD;CN)
Cl 153.37 129.89 15.312 136.53 10.98
C2 119.41 136.56 -14.361 133.50 -11.80
C3 151.36 129.91 14.169 127.13 16.01
C4 29.70 26.58 10.295 25.47 14.23
C5 21.76 19.81 8.975 23.70 -8.90
Cé6 14.11 16.97 -20.277 16.31 -13.50
c7 48.62 52.13 -7.219 49.08 -0.95
C8 138.37 130.05 6.012 127.42 7.92
C9 or C13 127.10 119.29 6.141 116.00 8.73
C9orCl13 127.10 121.22 4.626 114.28 10.09
Cl0or C12 130.43 126.44 3.061 133.62 -2.44
Cl0or C12 130.43 123.56 5.268 124.90 4.24
Cl1 139.64 140.08 -0.313 146.06 -4.40
Cl4 142.35 135.29 4.96 137.99 3.07
Cl15 125.8 130.83 -4.002 137.97 -9.67
Cleé 131.73 123.76 6.052 120.69 8.38
Cl17 128.91 122.20 5.209 117.30 9.01
C18 132.03 118.84 9.992 114.23 13.48
C19 131.79 127.46 3.284 124.84 5.27
C20 156.57 154.61 1.25 156.60 0.00
C21 161.02 150.13 6.762 143.52 10.87
C22 79.24 76.79 3.097 75.18 5.13
C23 or C24 26.40 34.62 -31.138 21.48 18.63
C23 or C24 26.40 24.73 6.344 28.26 -7.03
C25 49.98 54.18 -8.404 48.92 2.45

T [(Experimental values-Calculated values)/Experimental values] x100
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Table 4-8: % deviations of various conformers in the '*C chemical shifts versus the experimental for olmesartan and its methyl ether.

Conformations Percentage of atoms that deviate from | Percentage of atoms that deviate from | Percentage of atoms that deviate from
the experimental NMR data >10% the experimental NMR data 5-10% the experimental NMR data <5%
Olmesartan
Conformation 1 16.6 50 333
Conformation 2 16.6 333 50
Conformation 3 12.5 50 375
Conformation 4 16.6 25 58
Conformation 5 16.6 45.8 37.5
Conformation 6 16.6 333 50
Conformation 7 16.6 29.2 54.16
Conformation 8 16.6 41.66 41.66
ZOGSOD 4.1 54.1 41.6
Olmesartan methyl ether in methanol
Conformation 9 28 28 44
Conformation 10 24 32 44
Conformation 11 28 28 44
Conformation 12 24 36 40
Olmesartan methyl ether in acetonitrile
Conformation 13 28 32 40
Conformation 14 32 32 36
Conformation 15 28 28 44
Conformation 16 24 32 44
Olmesartan docked in the 4YAY crystal structure 12.5 333 54.1
Olmesartan in the 4ZUD crystal structure 16.7 37.5 45.83
Olmesartan methyl ether docked in the 4YAY crystal 24 40 36
structure
Olmesartan methyl ether docked in the 4ZUD crystal 36 36 28

structure
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4.5 The interactions of R239470, R794847 and R781253 with the crystal structure
47ZUD

Zhang et al.'”® supposes that the carbamoyl moiety of R239470 forms additional hydrogen
bond interactions with Tyr87 and Tyr92. In the MD simulation of R239470 a very stable
intramolecular hydrogen bond is formed between the -NH; moiety of the carbamoyl group
and the hydroxyl group of the molecule (Fig. 4-20a). This interaction seems to “lock™ the
structure in a slightly different position compared to the one that olmesartan adopts, and
results in forming an additional stable interaction between the imidazole moiety and Tyr92
for 42% of the simulation time. The rest of the developed interactions are the same for both
molecules of olmesartan and R239470. In the case of R794847 this intramolecular hydrogen
bond does not occur. The -NH; group of the carbamoyl moiety forms a hydrogen bond with
Tyr87 for 72% of the simulation time. The 4-hydroxybenzyl moiety develops interactions
mainly with Thr260 (hydrogen bond for 81% of the simulation time), Lys199 (m-cation
interactions for 68% of the simulation time), GIn257 (hydrogen bond for 20% of the
simulation time) and Trp253 (n-m interactions for 15% of the simulation time) (Fig. 4-20b).
On the other hand, the hydroxyl group of the 4-hydroxybenzyl moiety of R781253 forms
stable hydrogen bonds with GIn257 (80% of the simulation time) and Trp253 (17% of the
simulation time) and m-cation interactions with His256 (37% of the simulation time). The rest
of the interactions that are developed by these molecules at their binding site on the AT|R
follow the same pattern of olmesartan and olmesartan methyl ether and need no further
discussion (Fig. 4-20c¢).

Table 4-9: Prime MM-GBSA energies for olmesartan, binding at the wild type AT;R and its

four mutated structures Y113F, K199Q, H256A and Q257A, olmesartan methyl ether,
R781253, R794847 and R239470 binding at the wild type of AT,R.

AG Coulomb | Covalent Hbond Lipo Packing Solv.GB | vdW Kq(nM)
Binding
Olmesartan -94.94 -8.82 11.33 -7.05 3772 | -4.62 6.58 -34.63 22+07%
Wild Type
Olmesartan -96.35 3.93 11.24 722 3948 | -5.36 -2.01 -57.44 52+7%
Y113F
Olmesartan -101.40 238 9.92 -7.15 -40.46 | -4.75 -1.55 -55.02 33£6%
K199Q
Olmesartan -84.23 37.69 9.92 -7.11 -38.03 | -5.28 -26.38 -55.02 36£4%
H256A
Olmesartan -83.49 -16.18 8.35 -7.15 3152 | -3.34 16.87 -50.51 226+4%
Q257A
Olmesartan -82.75 37.72 8.54 -6.40 44030 | -4.10 22.14 -56.07 | pICso = 8.44 =+
methyl ether 0.04 * 14
R781253 -121.48 -17.82 8.09 -7.87 -51.07 | -3.32 20.57 -70.06 21+10°®
R794847 -110.63 -51.99 8.91 372 47.04 | -4.03 57.06 -69.80 48 +12°%°
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R239470 | -80.03 | 9.78 | 7.22 |-2.94 | -31.84 |-3.62 | -8.57 |-50.05 |0.8iO.3 306

Coulomb: Coulomb energy; Covalent: Covalent binding energy; vdW: Van der Waals
energy; Lipo: Lipophilic energy; Solv.GB: Generalized Born electrostatic solvation
energy; Hbond: Hydrogen-bonding energy; Packing: Pi-pi packing energy

*In reference '** is mentioned only the pICs value.

From the MM-GBSA calculations the most favored binding was exerted by R781253
showing highly favored VdW and Coulombic interactions (Table 4-9). The favored binding
of R794847 is attributed also to Coulombic and VAW interactions. Olmesartan shows similar
binding to wild type and mutated Y113F and K199Q receptors. However, it shows less
favored binding with the mutated receptors H256A and Q257A. In H256A the coulombic
interactions are disfavored and in Q257A the Solv. GB. Coulombic interactions are

responsible for the low binding of olmesartan methyl ether.
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4.6 Conclusions

In a previous publication we found that olmesartan in a methanolic solution even at low
temperatures is converted to its methylated ether analogue '**. The in vitro experimental
results showed that this methylated analogue possesses equipotent activity with AT;R
antagonist olmesartan. This finding triggered our interest to study the conformational
properties both of olmesartan and its olmesartan methyl ether in the new co-crystallized
ATR receptor with ZD7155. Indeed, the molecular docking and dynamics results can

provide a plausible explanation for the in vitro results.

Miura ef al. * have reported that mutations in the AT;R such as Y113F, K199Q, H256A and
Q257A lower the binding affinity of olmesartan. It is possible that these residues do not
contact the ligand and their mutation affect ligand binding indirectly, by altering the overall
conformation of AT;R. This could be supported by the fact that mutation of Y113F reduced
olmesartan affinity, whereas the mutation Y113A substitution for this residue, did not affect
ligand binding. Alanine mutation is a well-tolerated substitution that does not significantly
affect receptor conformation **’. Alternatively the inconsistency between the results from
mutagenesis studies and the crystal structure of AT;R-olmesartan complex could be due to a
possible conformational heterogeneity of Y113, K199, H256 and/or Q257 and to the fact that
the crystal structure of a receptor represents only one single “snapshot” conformation. In
specific, the crystal structure of the inactive B2 adrenergic receptor revealed the absence of an
electrostatic interaction between the intracellular ends of TM3 and TM6, which has been
shown in mutagenesis and molecular modeling studies to stabilize the inactive state of this
receptor and in the inactive crystal structure of rhodopsin **. Dror et al. have suggested that
the inactive B2 adrenergic receptor exists in equilibrium between conformations with the
electrostatic interaction formed and broken, and that the crystal structure of this receptor
represents one single conformation **. Interestingly, a previous study has shown that even
different copies of the same crystal structure of the D3 dopamine receptor had different
structures, thus highlighting particular areas of conformational flexibility. In specific the
second intracellular loop of D3 dopamine receptor formed a 2.5 turn alpha helix in one copy
whereas in the other was unstructured *'°. The presence of multiple conformations of a single
receptor is further supported by the fact that even a single agonist could stabilize different
conformations, and thus activating different signaling pathways. For example, the
corticotropin releasing factor-related agonist, sauvagine, stimulated the adenylate cyclase

activity in a bell-shaped manner, which could be partially due to that at subnanomolar
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concentrations, the cAMP production was raised after activation of Gs, whereas at higher
concentrations, the cAMP production was inhibited through the stimulation of Gi *''. The
concept of the presence of different receptor conformations that bind differentially the same
agonist and activate differentially various signaling pathways has also been introduced by

312 Different ATR conformations

Maggi and Schwartz, based on their experimental findings
stabilized by arrestin types 1 and 2 could be responsible for the 9-fold difference in the
binding affinities of SII-Ang II to these entities °'>. The complexity in the formation of
different conformations of a receptor bound with the same ligand is further increased by the
ability of ligands to change their conformations in their unbound and bound states. A
previous study has shown that hydrophobic ligands unfold during binding *'*. More
interestingly, Stockwell ef al. have shown that three of the most ubiquitous biological ligands
in nature, ATP, NAD and FAD bind to proteins in widely varying conformations. *'°. This is
further supported by the fact that the retinal bound to rhodopsin upon light absorption is
transformed from the 11-cis form into the all-trans retinal. During this process the receptor is

transformed to its active state metarhodopsin, passing through several intermediate

conformations, such bathorhodopsin and lumirhodopsin.

The above discussion brings to the point that the crystal structure and homology models of
AT;R do not simulate adequately the real environment of AT|R. ATR is incorporated in the
lipid bilayer which may interfere in the binding of AT R antagonists. Mutation of AT ;R may
break the communication of the lipid bilayer core and AT;R and thus affects significantly the
binding of the AT R. The absence of a real lipid bilayer environment in docking and MD
calculations make these inaccurate to simulate the biological results. An effort is under
progress to increase the complexity of the study systems in order to examine if we can

reconcile the discrepancy between the experimental and in silico results.

Prime MM-GBSA calculations for the five molecules studied (olmesartan, olmesartan methyl
ether, R781253, R794847 and R239470) revealed similarities and differences in their binding
energies and its components. Olmesartan methyl ether has less favoured AGuyinging. This 1is
attributed to its disfavored Coulombic interactions. The interactions of olmesartan in the
crystal structure of AT;R (PDB ID 4ZUD) did not provide a certain trend. For example the
interactions of olmesartan at the wild type and mutated type K199Q do not differ
significantly. R239470 shows higher AG due to disfavored Coulombic interactions. In
contrast R781253 and R794847 have more favored Coulombic interactions than olmesartan

and this results in a better binding energy in respect to olmesartan. Thus, their favored
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Coulombic interactions compensate successfully their Generalized Born electrostatic

solvation energy.

The program Jaguar was used to compare the simulated chemical shifts obtained from
different conformations with experimental NMR data. Such comparisons are useful to trigger

the interest for using more accurate quantum mechanical calculations.

The ideal situation would be to study the interactions of drugs in a real environment. NMR
methodologies applied also to AT R even in its crystal structure would be also very beneficial
for the advancement of the field *'®. There are currently in literature several discrepancies,
especially in the field of membrane proteins, on defining their real structure (as was the case
of the EmrE protein). Herein, we illustrated that a ligand-based approach can be used and is
able to lead to logical results on the interaction of a ligand with its GPCR. Indeed, methods
such as paramagnetic relaxation enhancement (PRE) and residual dipolar couplings (RDCs),
could be utilized, however, as has been capitalized in a recent (2016) perspective in Nature

317 «although membrane proteins constitute more than half

Structural and Molecular Biology
of all drug targets, STD so far has seen only limited use for membrane proteins, probably
because of the complicating presence of the membrane mimetic.” In the very same paper it
was pinpointed that “nonphysiological constraints imposed by the crystal lattice rather than
the micelle environment are problematic for these proteins.” The associated problems due to
the presence of the membrane mimetic are not only due to the huge difficulties in the sample
preparation (every batch could be different) but also that the recorded effects based on the
technique suggested by the reviewer could be mediated due to complicated interactions of the
ligand with the membrane mimetic, or the membrane proteins or both. Furthermore,
saturation transfer difference (STD) or saturation transfer double difference (STDD) NMR,
works best for weakly bound ligands, but not for tightly bound ligands. The message of this
article to the scientific community is simple. Due to the fact that membrane proteins are a
very important field of drug development, the suggested workflow, following appropriate

validations, could assist on the determination of the ligand binding interaction poses.
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5 Chapter 5: Interactions of silibinin with 2-hydroxypropyl-p-

cyclodextrin

In this chapter are described the different analytical techniques and computational methods
utilized to determine in molecular level the architecture of the silibinin-2-hydroxypropyl-p-
cyclodextrin complex. In particular, DSC, high resolution solid state and liquid 2D NOESY
and DOSY, MD simulations, MTT assays and solubility/dissolution rate experiments are

applied.

5.1 DSC analysis to characterize the SLB-HP-$-CD complex.

DSC was used to characterize the SLB-HP-B-CD complex. In Table 5-1, the DSC values
for SLB, HP-B-CD, a 1:1 mixture of SLB and HP-B-CD, and complexes of HP-B-CD with
decreasing concentration of silibinin are shown. The DSC scan of HP-B-CD consists of a
broad peak with T, = 114.66 °C being in agreement with the reported data *'®. Thermal scan
of SLB shows a sharper peak with a higher T}, value of 173.93 °C (see Figure 5-1B). The
mixture shows two distinct endothermic melting peaks of SLB and HP-B-CD (see Figure 5-
1C) whereas only a single broad peak is observed in the lyophilized complex (see Figure 5-
1D). This confirms the inclusion of the guest molecule into the cavity of the host ** %

The DSC scan of the mixture shows AH values for each component to be less than those of
the components obtained separately. For the three different complexes, an increase in AH is
observed with the increase in the concentration of silibinin. This is expected because more
interactions or displacement of water occurs as the concentration increases. The increase in

AH 1s more evident between molar ratios 1:4 to 1:2 and less eminent between the ratios 1:2 to

1:1. This is an indication that complexation occurs at a ratio of 1:1.

Table 5-1: T}, Tonset and AH values for the samples SLB, HP-B-CD, the mixture SLB-HP-3-
CD 1:1 and the complexes SLB-HP-B-CD using ratios 1:1, 1:2 and 1:4. (Values are subjected
to 5% error for the three consecutive runs.)

Samples T (°C) Tonset (°C) AH (cal/g)
SLB 173.93 166.65 9.98
HP-B-CD 114.66 76.37 25.80
Mixture SLB-HP-B-CD 1:1 171.95 162.54 4.84
114.66 88.66 20.72
Complex SLB-HP-B-CD 1:1 83.16 46.82 39.57
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Complex SLB-HP-B-CD 1:2 91.90 51.94 38.20
Complex SLB-HP-B-CD 1:4 94.06 49.85 35.78

A) Silibinin

B) 2-hydroxypropyl-p-cyclodextrin

C) Mixture of SLB and HP-$-CD

Heat flow (mW/g)

D) Complex SLB-HP-3-CD

,/\

10 30 50 70 90 110 130150 170 190

Temperature (°C)

Figure 5-1: Thermal scans of A) SLB, B) HP-B-CD, C) their mixture (molar ratio 1:1) and
D) the complex with the same ratio *"°.

5.2 BC solid state CP/MAS NMR spectra

The *C CP/MAS spectra of the solid silibinin, HP-B-CD, the mixture and the inclusion
complex SLB-HP-B-CD are shown in Figure 5-2 and their chemical shifts are given in Table
5-2. Solid state NMR assignments were based on published high resolution NMR data in
liquids 213.320.321 (5o Table 5-2).
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Table 5-2: °C chemical shifts of SLB, HP-B-CD, mixture of SLB and HP-B-CD, and

complex SLB-HP-B-CD.

A. chemical shifts of SLB

Carbon DMSO-dg (CD;),CO CD;0D Solid State NMR Mixture Complex
atoms of 900 MHz 300 MHz 400 MHz 600 MHz
SLB 298 K * 320 303 K *! 298 K
OMe 55.65 55.71 56.76 56.81 56.75 not observed
C23 60.15 61.01 62.37 62.65 nr nr
C3 71.35 72.32 73.94 72.58 nr nr
Cl1 75.84 76.51 77.97 75.37 nr nr
C10 78.08 78.88 80.29 81.65-83.55 nr nr
C2 82.54 83.37 84.98 84.98 or 87.27 nr nr
C8 95.09 96.51 96.82 98.7 nr not observed
C6 96.04 95.54 97.83 100.05 nr nr
Cda 100.43 100.50 101.95 103.66 nr nr
C18 111.63 111.41 112.36 113.50 113.51 barely
observed
C21 115.28 115.17 116.57 118.21-120.11 118.6-120.7 118.00-123.00
C13 116.28 116.74 117.84 118.21-120.11 118.6-120.7 118.00-123.00
Cl6 116.53 116.71 118.10 118.21-120.11 118.6-120.7 118.00-123.00
C22 120.51 120.89 121.98 124.22 nr 118.00-123.00
C15 121.37 121.38 122.50 127.59 nr 118.00-123.00
C17 127.44 128.45 129.71 130.37 130.00-130.85 128.99-132.28
Cl4 130.04 130.51 131.84 130.37 130.00-130.85 128.99-132.28
Cl2a 143.24 144.00 145.41 146.25-146.78 146.00-147.00 146.52
Cl6a 143.64 144.40 145.75 146.25-146.78 146.00-147.00 146.52
C19 146.98 147.94 149.49 148.07-149.25 148.09-149.43 150.53
C20 147.59 147.37 148.64 148.07-149.25 148.09-149.43 150.53
C8a 162.47 163.29 165.58 166.15-167.01 165.83-167.62 163.17-167.52
C5 163.27 164.06 164.65 166.15-167.01 165.83-167.62 163.17-167.52
C4 197.80 197.12 198.35 199.35 198.28-200.19 198.58-201.69
C7 nr 168.03 169.59 171.08 171.00-171.75 163.17-167.52
“nr = not resolved
B. Chemical shifts of HP-B-CD
Carbon atoms Solid CD;0D Mixture Complex
of HP-B-CD HP-B-CD 250 MHz
298 K
9 22.0190 20.92 21.98 barely observed
6 63.2987 63.11 62.893 62.78
8 69.1813 69.22 69.15 not observed
2 75.0652 74.51 75.147 75.09
5 75.0652 74.79 75.147 75.09
3 75.0652 75.63 75.147 75.09
7 78.55-84.51 79.50 80.00-87.00 81.41-86.60
4 78.55-84.51 83.21 80.00-87.00 81.41-86.60
1 104.3476 102.93 104.02 104.63

The chemical shifts of the mixture are almost identical to those of its components in

contrast to the inclusion complex. The first eminent difference between the mixture of SLB—

HP-B-CD and the complex of SLB-HP-B-CD is the absence of C8 and barely observable C9
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of HP-B-CD in the complex. This indicates that C8 and C9 participate in the complexation.
Furthermore, the absence of SLB peak attributed to the methoxy group in the spectrum of the
complex SLB-HP-B-CD suggests that this structural segment of the drug participates in the
complexation. C18 is barely seen in the complex and C7 and C4 are shifted upfield in
comparison with the mixture. Once more, this evidences that the phenolic hydroxyl group
region is participating in the complexation. An eminent feature of the aromatic region is that
all peaks of the complex are broader in comparison to the corresponding ones observed for
the mixture. This may be attributed to the complexation that imposes slower motions of the
aromatic segment of SLB. From this analysis, *> it is evident that inclusion of the drug
occurs either through ring A or E as in these rings the most prominent chemical shift changes

are observed.
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Figure 5-2: C CP/MAS spectra of (A) silibinin, (B) HP-B-CD, (C) mixture of SLB—HP-3-
CD and (D) complex of SLB-HP-B-CD *".

5.3 'H-'H 2D NOESY spectra of the complexes.

The NMR 'H-'H 2D NOESY spectra of the complex 1:1 of SLB-HP-B-CD showed that
the critical NOE was between the aromatic H22 of SLB and H7 of HP-B-CD (see Figure 5-
3). This NOE complements the solid state NMR spectra proposing that SLB enters the
hydrophobic core of HP-B-CD cavity through the A ring. Docking experiments of SLB into
the HP-B-CD cavity confirm that the A ring is located in the vicinity of H3 and HS in the
hydrophobic core of HP-B-CD while the E ring interacts with the B-hydroxypropyl group as
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well as with H2 and H4 protons. This NOE was used to build the initial complex for the MD
experiment in order to get detailed information on the stability of the interactions between the
two molecules. The 'H-'"H 2D NOESY spectrum of the mixture showed no intermolecular

correlations, as expected.
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Figure 5-3: 2D NOESY of the complex of SLB—HP-B-CD using mixing time of 150 ms.

We have considered the mode of incorporation of various drugs in HP-B-CD, in an attempt
to compare the bibliographic results with those obtained from our study. Sildenafil contains
piperazine and an aromatic ring possessing a methoxy group. It was found that the
hydrophobic core of HP-B-CD preferentially engulfed piperazine ***. These results are in
agreement with ours, which show that the aromatic ring of SLB possessing a methoxy group
is situated close to the HP-B-CD hydroxypropyl group. The aromatic ring of caffeic acid,
which possesses two phenolic hydroxyl groups is found to locate itself in the interior core of
HP-B-CD as depicted by 2D ROESY experiments *>>. The more polar —COOH group is
oriented outside, towards the hydroxypropyl group. These results are again compatible with

324
L.

ours. Wang et a studied scutellarein inclusion into HP-B-CD. They showed that its more
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polar aromatic ring oriented outside of the core while the less polar aromatic ring possessing

only one phenolic hydroxyl group was situated inside the hydrophobic core.

5.4 Solubility experiments

Results derived from solubility experiments for pure SLB and SLB/HP-B-CD lyophilized
product at pH 2.0, 4.5 and 6.8 are presented in Figure 5-4. The solubility of pure SLB was
0.0033+0.0018 mg/mL at pH 2.0, 0.005+0.0008 mg/mL at pH 4.5 and 0.0023+0.0003 mg/mL
at pH 6.8. It is obvious that the interaction of SLB with HP-B-CD resulted in approximately
10 to 100 fold increase in SLB solubility with the solubilization effect being the most
pronounced at pH 6.8.

5.5 Dissolution rate experiments

Results from dissolution studies are shown in Figure 5-5§ for SLB-HP-B-CD lyophilized
product at pH 2.0, 4.5 and 6.8. Dissolution of pure SLB in the same dissolution media should
be considered negligible, since the measured UV absorbance values were lower than 0.005.
At pH 4.5 and 6.8, dissolution of SLB from its SLB—HP-B-CD lyophilized product is rapid
and the percentage of SLB dissolved reached 70-80% within 1 h. At pH 2.0, dissolution is

slower reaching 50% of SLB dissolved within 3 h with no obvious trend for plateau.
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Figure 5-4. Solubility of SLB-HP-B-CD complex (top) and pure SLB (bottom).

100
90
80
70

50
40
30
20
10

SLB % Dissolved

60 -

®pH2.0 WpHA4.5 ApH6.8

o 8 i

s ¢ %

50 100 150
Time (min)

200

Figure 5-5. pH effect on SLB dissolution from the SLB-HP-B-CD lyophilized.
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5.6 Diffusion Ordered NMR Spectroscopy.

Diffusion-ordered spectroscopy (DOSY) is a sensitive NMR technique that allows the
determination of self-diffusion coefficients **> *2°. Thus, it provides information about the
physical properties of the given molecular species like size, shape, and weight and,
furthermore, allows determination of proton exchange rate, detection of intermolecular
interactions, aggregation, and conformational changes. To study further the formation of the
inclusion complex, in aqueous solution, between HP-B-CD and SLB we used DOSY NMR.
The superposition of a selected DOSY region of the free HP-B-CD, colored in red, with the
relevant DOSY region of the SLB-HP-B-CD lyophilized product, colored in black is
illustrated In Figure 7. The diffusion coefficient of free HP-p-CD is 3.66 x 107" m’s™. The
complex, as was expected, migrates as a single species (black dotted line). The SLB-HP-f-
CD inclusion complex showed a decrease in diffusion rate, with respect to the free HP-B-CD,
with a diffusion coefficient of 2.55 x 10" m’s™, clearly indicating the formation of a

complex (Figure 5-6).

H HP-B-CD H HP-B-CD

H HP-B-C] ”
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SLB-HP-B-CD lyophilized product

....... ’ |

free HP-B-CD
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Figure 5-6. Overlapping of the same spectral region from a DOSY spectrum of 0.5 mM of
SLB-HP-B-CD lyophilized product (in black), and free HP-B-CD (1.8 mM) (in red). The
spectra were recorded in D,O at room temperature.
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5.7 MD Simulations.

The MD simulation performed on the complex of HP-B-CD with SLBA and SLBB showed
a relatively stable system. During the 250 ns of the run, SLBA remains inside the ring of HP-
B-CD. The RMSD values of cyclodextrin and SLBA during the simulation are shown in
Figure 5-7. Despite the significant stability of the system, a conformational change for SLBA
was observed at ~50 ns of the simulation. This change lasted for 90 ns before the drug
stabilized its structure during the last part of the run. Analysis of the trajectories showed that
the drug does not form any stable hydrogen bonds with HP-B-CD during the simulation.
Instead, the system seems to be stabilized mainly through hydrophobic interactions.

Theoretical calculations, such as the MM-PBSA method have been used to calculate the
binding energies of drugs inside cyclodextrin **’**. The total binding energy of the SLB—
HP-B-CD complex, as it was calculated using equations 1-5 for the complete trajectory, was -
4.2 kcal/mol, while the enthalpy of the system was -24.8 kcal/mol. This analysis (summarized
in Table 5-3) shows that the binding of SLBA to HP-B-CD is energetically favorable.
Moreover, it was shown that binding is mostly driven by van der Waals interactions, while
the nonpolar solvation term also contributes favorably. A comparison with data reported in

328, 330

the literature shows that the values reported herein are in qualitative agreement,

however predicting less efficient binding than other studies.
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Figure 5-7. RMSD values versus trajectory time of the modified cyclodextrin (red), and all
atoms of silybin (in blue).

Representative poses of the SLBA-HP-B-CD complex during the MD run are presented in
Figure 5-8.
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Figure 5-8. The SLBA-HP-B-CD complex: A) as predicted initially by GlideXP (hydrogen
bonds are shown in green), B) after 100 ns of MD simulation, C) after 200 ns, and D) at the
end of the simulation.

Table 5-3: Binding free energy analysis for the SLBA-HP-B-CD complex as obtained by the
MM-PBSA calculations.

Energy Component Average value +SEM'
(kcal/mol)
AE gy -46.74 0.02
AEciee -13.86 0.04
AGpp 39.09 0.04
AGeayity -3.29 0.00
AEgs -60.60 0.04
AGsoly 35.80 0.04
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AH=AE g, +AG,q, (cq. 2) -24.80 0.023
“TAS a1 -20.58 0.023
AGhinding -4.22 0.023>

'Standard error of the mean (SEM): SEM = Standard deviation/AN. N is the number of
trajectory frames used during the MM-PBSA calculations (6250 frames for entropy and

25000 frames for everything else). “Pooled standard error of the mean.

5.8 MTT assay.

Recent publications have highlighted that silibinin induces cell death in MCF-7 human breast
cancer cells either by activating caspase-8 and leading to apoptosis through mitochondrial
pathway 31 or by inhibiting phospho-ERK and phospho-Akt through the downregulation of
Notch-1 **. It has, also, been reported the ICsy of silibinin on MCF-7 cells (105 uM=18.5)
but not a direct comparison with the SLB-HP-B-CD complex ***. In the present work, MCF-
7 cells have been exposed to various concentrations of SLB-HP-B-CD, free silibinin and drug
free HP-B-CD in order to assess differences in their effect to cells’ viability by MTT assay.
Both silibinin and the complex decreased proliferation in a dose-dependent manner, with a
higher reduction observed in those cells, which were treated with the complex, as shown in
Figure 5-9. Cells treated with HP-B-CD showed an absorbance value equal to 96% of control,

indicating that it’s not toxic to cells.
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Figure 5-9. Effects of SLB-HP-B-CD (in green) and SLB (in blue) on cell proliferation
determined by MTT assay. Data are the result of 2 independent experiments performed in

triplicates. The standard error of each measurement is also presented *"°.
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5.9 Conclusions

The DSC, mass spectrometry, DOSY and solid state ’C CP/MAS results confirmed the
complexation of SLB with HP-B-CD. High resolution 2D NOESY NMR spectroscopy
combined with MD studies showed detailed information on the interactions of silibinin with
HP-B-CD. This information was in agreement with solid state ’C CP/MAS spectra utilizing
the chemical shift changes during the complexation. The two condensed rings of SLB were
incorporated in the lipophilic segment of HP-B-CD while the aromatic ring bearing a free
phenolic hydroxyl and being methylated at ortho position is oriented outside the HP--CD,
thus interacting with the hydroxypropyl segment. Examples of encapsulation of drugs from
the literature possessing various aromatic rings are discussed and are in harmony with results
obtained in the present study.
The observed 10 to 100 fold increase in SLB solubility upon interaction with HP-B-CD
compared to pure SLB, as well as the rapid and more than 50% dissolution of SLB from the
lyophilized SLB-HP-B-CD product at the entire pH range studied, suggest the possibility of
enhanced in vivo dissolution and increased bioavailability of the SLB—HP-B-CD lyophilized
product after oral administration. The observed enhanced cytotoxicity presented in the human
breast cancer cell line MCF7 of the SLB-HP-B-CD with regards to the parent compound

highlights the activity amplification that can be achieved with relevant formulations.
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6 Chapter 6: Cancer delivery of quercetin through a pH responsive
calixarene—gold nanoparticle

In the present chapter are reported the different analytical techniques and computational
methods to investigate in molecular level the architecture of the quercetin-calixarene

complex.

6.1 Determination of the Binding constant of the quercetin —calixarene complex

From the equation 3-9, plotting the values of [Calix]/abs versus 1/ [Qrc], a straight line was
obtained from which the binding constant and correlation coefficient were obtained (Figure
6-1). The calculated binding constant (K,) obtained from the ratio of the intercept to the slope
is K= 8.89x10° 1 mol '. High value of binding constant suggests p-sulphonatocalix[4]arene
possesses a compact framework and high n-electron density in the cavity leading to effective

n-stacking interactions with guests and then forms stable complexes with Qrc.
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Figure 6-1 Benesi-Hildebrand plot for the complex formation of p-
sulphonatocalix[4]arene/Quercetin.

6.2 Job’s plot

Validation of the stoichiometric composition of Calix-Qrc complex was carried out by Job’s

method ***. Figure 6-2 shows the relevant plot between the absorbance (274 nm) and the mole
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fraction (X). The maximum absorbance was observed at 0.5, confirming the 1:1

stoichiometry for the complex.
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Figure 6-2. Job’s plot for p-sulphonatocalix[4]arene-quercetin complex (Conc. 1x107* M)

6.3 Solid State NMR spectroscopy
'H-"*C CPMAS NMR spectra of Qrc, p-sulphonatocalix[4]arene sodium salt (Calix), mixture

of Qrc and Calix with a molar ratio of 1:1, complex of Qrc and Calix with a molar ratio of 1:1
(Qrc:Calix complex), and complex of Qrc, Calix and Au-NPs (Qrc:Calix: Au-NPs complex)
were recorded at 20 °C (Figure 6-3). The obtained spectrum for quercetin is in agreement

333 using a 300 MHz spectrometer. The

with the one recorded by Wamer and Zielinski
spectrum obtained with our 600 MHz spectrometer and with faster sample rotation is
characterized by better resolution and absence of many spinning bands interfering with the
isotropic peaks. In both spectra, however, the multiplicity of the isotropic peaks indicates that
quercetin either exhibits polymorphism or crystallizes with a crystallographic asymmetric
unit that contains several quercetin molecules. The spectrum of Calix is almost identical to
the one reported in the literature **°. The spectrum of a simple mixture of the two compounds,

Qrc and Calix, corresponds to a simple sum of two individual spectra of the two substances.

This indicates that interactions among Qrc and Calix particles are negligible in the mixture.

The complexing of Qrc and Calix results in tremendously different spectrum compared to the

spectrum of the simple mixture. All peaks in the spectrum of the complex are broadened, but
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do not exhibit significant shifts in the resonance positions. The broadening can be attributed
to the strong interactions between the two molecules leading to the formation of a less
ordered (amorphous) material. The broadening is not localized to specific structural segments
of the two molecules, suggesting the presence of amphipathic interactions. It is expected that
the aromatic segment of quercetin is incorporated into the hydrophobic core of calixarene
exerting aromatic-aromatic interactions, while the phenol hydroxyl groups of quercetin point
to the phenolic and sulphate groups of calixarenes. Such entrapment of drug molecules is
common and it has been observed for many amphiphilic drugs in other supramolecular
structures such as cyclodextrins **’. The broadening is so severe in the region of cca 80-100
ppm that assignment of quercetin peaks is no longer possible. Severe broadening is also
observed in the region of ca 140-190 ppm and precludes the differentiation of the quercetin

and the calixarene peaks.

Quercetin was also complexed with Au-NPs. Again, the complexation leads to broadening of
the peaks in the 'H-""C CPMAS NMR spectrum. Additional peaks in the region of 50-80 ppm
can be assigned to HSCH,CH,O- and —CH,O peaks. Quercetin’s peaks in the region of 80-
100 ppm are no longer observable, which is most probably due to very strong interactions
with the gold nanoparticles. Calixarene peaks attributed to carbons 3 and 5 are no more
resolved, thus indicating that the interactions between quercetin and calixarene are also
stronger. The signals at about 180 ppm are narrower than the corresponding signals in the
spectrum of the Qrc:Calix complex. They are also shifted to higher resonance frequencies.
Overall, the differences between the spectra of the two different complexes (Qrc:Calix versus
GNPs@Calix-Qrc) suggest that the interactions in the complexes with nanoparticles differ
from the interactions in the Q:C complexes and show that there is specificity in the different

supramolecular complexes.
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Figure 6-3. 'H-">C CPMAS (a) and '"H MAS (b) NMR spectra of quercetine (Q), calixarene
(C), simple mixture of Q and C, Q:C complex, and GNPs@Calix-Qrc complex.

"H MAS NMR spectra (Figure 6-5b) provide some evidence of the hydrogen bondings in the
samples. Hydrogen bonds can be clearly detected in the Q sample in the region of 12-15 ppm
and in the C sample between 15 ppm and 20 ppm. In the Q:C complex only hydrogen bonds
due to quercetin are preserved and in the GNPs@Calix-Qrc complex no hydrogen bonding is

detected.

6.4 Molecular modeling
In Figure 6-4A is shown the result of the docking between calixarene and quercetin, while

Figure 6-4B shows the optimized structure of the complex using the X3LYP/6-31G** density
functional. As predicted by the solid state NMR data the complex is stabilized by both
hydrogen bonds and m-m interactions. Quercetin is partially included within the host since it
does not cross the calixarene ring. The BSSE-corrected cc-pVTZ(-f) binding energy was
found to be -55.84 kcal/mol (cc-pVTZ(-f) BSSE correction: 3.49) while the cc-pVQZ(-g)
binding energy was found to be -65.52 kcal/mol (cc-pVQZ(-g) BSSE correction: 1.75). The
extrapolated binding energy was calculated at -72.11 kcal/mol. These values are in good
agreement with those of found by Barroso-Flores ef al. *** in their work on guest-host

complexation of drugs with calixarenes and show a stable complex ***. During the MD
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simulations quercetin was for most of the time partially included in the calixarene and, fewer
times, completely included within the calixarene (Figure 6-4C). In one of the simulations
quercetin is detached from the calixarene molecule but still remains close developing mainly
n-m interactions with the host. Analysis of the trajectories using ptraj shows that although
quercetin develops many hydrogen bonds during the simulation with calixarene they do not
tend to last long. The results from the MMPBSA calculations are shown in table 6-1. The
binding energy of the complex was found to be -6.20 kcal/mol. The binding is driven mainly
by van der Waals and electrostatic (Coulombic) interactions. This analysis shows that the
complex is energetically favorable. The value of the binding constant between calixarene and
quercetin in this study was determined to be K= 8.89x10° 1 mol . If this value is used to find
the molar Gibbs free energy of the complex via the equation AG=-RTInK, (where R is the
ideal gas constant and T the temperature set at 300K), the binding affinity of the complex is
found to be -5.42 kcal/mol. A comparison of the experimental value and the one predicted

using the MMPBSA method shows that they are quite close to each other.

Table 6-1: Binding free energy analysis for the quercetin-calixarene complex as obtained by
the MM-PBSA calculations.

Energy Component Average +SEM'
value
(kcal/mol)
AEgw -12.06 0.22
AEciec -8.31 0.06
AGpp 14.08 0.06
AGeavity -1.13 0.00
AV -20.37 0.22
AGsoly 12.95 0.06
AHioa=AE g2t A Go1y -7.42 0.21
-TASiotal -1.22 0.10
AGhinding -6.20 0.21

'Standard error of the mean (SEM): SEM = Standard deviation/YN. N is the number of
trajectory frames used during the MM-PBSA calculations
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Figure 6-4: The quercetin-calixarene complex: A) as predicted initially by GlideXP
(hydrogen bonds are shown in blue and n-m interactions in cyan), B) after the optimization
using the X3LYP/6-31G** basis set, C) quercetin completely included in the calixarene, and
D) quercetin detached from the calixarene but still interacting with it.

6.5 Electrophoretic light Scattering and TEM
The charge shape and size of the GNPs@Calix-Qrc Complex was also evaluated with

dynamic & electrophoretic light Scattering and TEM. The mean hydrodynamic diameter (Dy)
and surface charge of the GNPs@Calix-Qrc Complex was investigated in aqueous
dispersions at pH=7 at a concentration of 0.4% w/v. The Number Averaged distribution of
Dy (Figure 6-5) follows a monomodal profile with peak mean diameter at ~ 4.8 nm. Results
are in very good agreement with images obtained from TEM. Electrophoretic mobility
scattering allowed for the determination of zeta potential which in turn provides an estimate

339

of the surface charge characteristics of the GNP°”". The value of -13.9 mV corresponds to a

negative surface charge and is ascribed to the sulfonic groups of the calixarene moiety
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physisorbed on the GNPs@Calix-Qrc Complex surface, thus validating the successful
organic modification. Furthermore, the presence of surface charge has been found to prolong

the colloidal stability of the suspended GNPs through electrostatic repulsion mechanism.

Figure 6-5: A) HR-TEM Image of finely dispersed GNPs@Calix-Qrc Complex and B) ultra-
high magnification image of an isolated particle where the distance between two successive
200 crystal planes is highlighted **.
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7 Conclusions
In the present thesis computational methods including molecular docking, induced fit

docking, molecular dynamics and MM-PBSA calculations were used to characterize guest-

host interactions.

In the first part of the thesis the conformational properties of both olmesartan and olmesartan
methyl ether were studied in solution and in the receptor’s site. The molecular docking and
dynamics results provided a plausible explanation for the in vitro results. Mutations in the
AT;R such as Y113F, K199Q, H256A and Q257A lower the binding affinity of olmesartan.
It is possible that these residues are not in direct contact with the ligand and their mutation
affect ligand binding indirectly, by altering the overall conformation of AT;R. Prime MM-
GBSA calculations for the five molecules studied (olmesartan, olmesartan methyl ether,
R781253, R794847 and R239470) revealed that olmesartan methyl ether has less favored

AGhinding than olmesartan. This is attributed to its disfavored Coulombic interactions.

SLB-HP-B-CD complex was confirmed by DSC, mass spectrometry, DOSY and solid state
>C CP/MAS. High resolution 2D NOESY NMR spectroscopy combined with MD studies
showed detailed information on the interactions of silibinin with HP-B-CD. This information
was in agreement with solid state °C CP/MAS spectra utilizing the chemical shift changes
during the complexation. The two condensed rings of SLB were incorporated in the lipophilic
segment of HP-B-CD while the aromatic ring bearing a free phenolic hydroxyl and being
methylated at ortho position is oriented outside the HP-B-CD, thus interacting with the
hydroxypropyl segment. Examples of encapsulation of drugs from the literature possessing
various aromatic rings are discussed and are in harmony with results obtained in the present
study. MM-PBSA calculations showed that the binding energy of the complex is a favorable
one. All these results show that the complex SLB-HP-B-CD complex could be used as a new
formulation for silibinin after Silipide (Siliphos®), a formulation of silibinin with
phosphatidylcholine. In a recent study by Christodoulou et al. **' pharmacokinetics and
pharmacodynamics studies as well as in vivo experiments were performed. The results were
quite promising and showed that the lyophilized product can overpass both solubility and

absorption problems of pure silibinin.

The complexing agent p-sulphonatocalix[4]arene has been used to enhance the solubility and
bioavailability for the poorly water soluble quercetin. The 1:1 complex formed between p-

sulphonatocalix[4]arene and quercetin was confirmed by Job’s plot, solid state NMR and
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molecular modeling. A gold nanoparticle was then established on the basis of this
architectural scaffold which presented enhanced potency against cancer cell lines. The
nanoparticle was characterized to be of spherical shape, negative charge and bears a size of
4.8 nm. These facts show that natural products can be embedded on programmable drug

delivery systems that can both enhance their aqueous solubility as also bioactivity.
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8 Abbreviations

ACE Angiotensin converting enzyme

AMBER Assisted Model Building with Energy Refinement
Ang II Angiotensin II

ARBs Ang II receptor blockers

B3LYP Becke, three-parameter, Lee-Yang-Parr Hybrid functionals
BPT Biphenyltetrazole

Calix p-sulphonatocalix[4]arene

CD Cyclodextrin

CXCR-4 C-X-C chemokine receptor type 4

DFT Density functional theory

DOSY Diffusion-order spectroscopy

DPPC Dipalmitoylphosphatidylcholine

DMSO Dimethyl sulfoxide

DSC Differential Scanning Calorimetry

EL Extracellular loops

GAFF General AMBER force field

GIAO Gauge Including Atomic Orbital

GNP Gold Nanoparticles

GPCR G-protein coupled receptor

HF Hartree-Fock

HP-B-CD 2-hydroxypropyl-B-cyclodextrin

IFD Induced fit docking

IL Intracellular loops

MD Molecular Dynamics

MM Molecular mechanics

MM-GBSA Molecular mechanics generalized Born surface area
MM-PBSA Molecular mechanics Poisson-Boltzmann surface area
MS Mass Spectrometry

NOE Nuclear Overhauser effect

OPLS Optimized Potentials for Liquid Simulations

PES Potential Energy Surface

PMEMD Particle Mesh Ewald Molecular Dynamics
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PRCG Polak—Ribiere conjugate gradient
QM Quantum mechanics

QPLD QM-Polarized Ligand Docking
Qrc Quercetin

RAS Renin angiotensin system

RESP Restrained electrostatic potential
RMSD Root mean square deviation
ROE Rotating Frame Overhauser Effect
SLB Silybin/silibinin

TMs Membrane-spanning segments
XRD X-Ray Diffraction

XRPD X-ray Powder Diffraction
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