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Abstract:

New compound containing tibolone (TB) and B-CD 1n ratio 1:20 was experimentally
prepared. Its structure could not be determined from X-ray diffraction pattern itself.
With the help of molecular simulations we found that the new entity 1s TB-B-CD
complex and that TB can be mmmersed into the B-CD cavity in two ways, OH group
inside and outside the basket, and that the host-guest interaction energy is in both cases
ncarly the same. We used classical molecular dynamic simulations in NVT ensemble
and cftVl torce ticld to study the stability ot tibolone versus isotibolone at room
temperature and at temperature of 340K, Molecular dynamices showed that 1sotibolone is
more stable than tibolone and that tibolone preters the contormation with negative
mversion angle (angle between the bond C5-C7; and the plane detined by atoms '), €
and (’5). Stability of inclusion complex TB-B-CD was studied tor TB being immersed
into the CD with OH group inside and outside the basket. Model with ¢'>-C, bond 1nside
the basket (OH group outside the basket) was found to be relatively stable whereas the
model with (5-C; bond outside the basket was tound less stable, considering the
statistical inversion angle distribution and its change with temperature.

Keywords: cyclodextrine, complex, contormational behaviour, molecular simulation
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Abstrakt:

/Zmiesanim tibolonu a B-CD v pomere 1:20 sa experimentalne pripravil produkt, ktorého
Struktura sa pouzitim samotn¢ho difraktogramu nedala jednoznac¢ne urc¢it. S pomocou
molekularnych simulacii sme zistili, ze tento produkt tvori TB-B-CD complex. a ze
tibolon moze byt do dutiny B-CD vlozeny dvoma sposobmi, a to OH skupinou smerom
dovnutra a OH skupinou smerom von. V oboch pripadoch je interak¢na energia host-
hostitel' skoro rovnaka. Pre Stadium  stability tibolonu v porovnani so stabilitou
1sotibolonu pri izbovej teplote ateplote 340K sme pouzili klasickti molekularnu
dynamiku so suborom NVT asilovym pol'om c¢ft9l. Vysledky molekuldarne; dynamiky
ukazali, ze isotibolon je stabilnejsi, a ze tibolon preferuje konformaciu so zapornym
inverznym uhlom (uhol medzi viazbou C>-C, a rovinou definovanou atomami '), > a
(’s). Stabilitu inkluzneho komplexu TB-B-CD sme Studovaii pre pripad tibolonu
vlozeného do dutiny CD OH skupinou smerom von a OH skupinou smerom dnu. Model
s vaizbou C>-C, vo vnutri koSika (a teda s OH skupinou smerom von) sa javil ako
relativne stabilny, zatial' ¢co model s vizbou mimo kosika sa javil ako menej stabilny,
bertc v tvahu Statistické rozlozenie inverzného uhlu. ktoré je zavislé na teplote.

KPucové slova: cyklodextrin, komplex, konformac¢né zmeny, molekularne simulécie
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AINTRODUCTION

INTRODUCTION

Drug design 1s an aterative process which begins when a chemist identities a
compound that displays an interesting biological profile and ends when both the activity
profile and the chemical syvnthesis of the new chemical entity are optimized. Traditional
approaches to drug discovery rely on a step-wise svnthests and screening program for
large numbers of compounds to optimize activity profiles. Biological activity 1s
dependent  on the  three-dimensional  placement o specttic  tunctional — groups.
Computational tools arce being successtully used, - conjunction with  traditional
rescarch techniques. to examine the structural properties ot existing  compounds,
develop and quantity a hypothesis which relates these properties to observed activity

and utilize these "rules” to predict properties and activities for new chemical entities. [ 1]

Computational chemistry/molecular  modeling 1s the science ot representing
molecular structures numerically and simulating their behaviour with the equations of
quantum and classical physics. Computational chemistry programs allow scientists to
generate and present molecular data including geometries (bond lengths, bond angles,
torsion angles). energies (heat of formation, activation encergy, ctc.), electronic
properties (moments, charges, ionization potential, electron attinity), spectroscopic
properties (vibrational modes. chemical shifts) and bulk properties (volumes, surtace
arcas, diftusion, viscosity, ctc.). As with all models however, the chemist's intuition and
training 1s necessary to interpret the results appropriately. Comparison to experimental
data, where available, 1s also important to guide both laboratory and computational

work.[1]

[nteraction of B-cyclodextrine with biologically active molecule tibolone has been
studied. In the present work, the experimental data provided by pharmaceutical
company Zentiva have been compared and complemented with the results of molecular
modeling in order to obtain important information about the structure and stability of a
B-cyclodextrine-tibolone inclusion complex as the structure could not have been
identitied only from experimental data itself. New compound might either have been a

new chemical entity or it could have just been a mixture ot already known compounds.

- 10 -



_ INTRODUCTION

All experimental and computational methods used in this study are described in the
theoretical part ot this work. as well as there 1s the information about cyclodextrines and
tibolone. Sccond part of the work describes the strategy and particular steps of
molecular simulations together with the results achieved. The main goal of the work was
to tind out the structure of the new compound and to study contormational behaviour of
tibolone molecule at room temperature and 340K using the molecular dynamics and

both these missions were successtully accomplished.

-11 -



[HEORY o , _ CYCLODEXTRINES

1. THEORY

1.1 CYCLODEXTRINES

1.1.1 General Information about Cyclodextrines

Cvclodextrines,  somcetimes  also named  cyclomaltoses  or - cycloamyloses

arce

macrocyclic oligosaccharides obtained from the enzymatic degradation of starch. When

clucosvltransterase enzyme (CGT) degrades starch, the primary product from the

sphitting of the glycosidic Tinkage undergoes an intramolecular reaction without water

molccule mvolved in 1t. D-glucose units linked by a—(1-> 4) glycosidic bonds are

formed.  Three major  cyclodextrines:  a-cyclodextrine,  f-cyclodextrine  and

cvclodextrine comprises 0.7.8 of these units respectively (see Figure 1),

4 | o [ R -, R e

Figure 1: «-cyclodextrine. P-cyclodextrine and y-cyclodextrine [2]

V-

[

Cvclodextrines were isolated for the first time by Villiers over 100 years ago from a

culture medium of Bacillus macerans. The foundation of the cyclodextrine chemistry

was laid down by Schardinger who discovered their cyclic structure. Therefore

cvclodextrines are sometimes called Schardinger's dextrins. [3]

Commercially, cyclodextrines are still produced from starch, but more specific

enzymes are used to selectively produce consistently pure, or -cyclodextrine, as

desired.[4]

=12 =



[HEORY , CYCLODEXTRINES

1.1.2  Cyclodextrine Inclusion Complexes

[n water the cavity of evelodextrines (CD) can not be considered as an empty space,
as 1t 1s filled with water molecules. When the cavity of evelodextrines i1s occupied by a
molecule(s) ot another substance an inclusion complex is formed. Inclusion complex
alwavs consists of at least two molecules. one being a “host™ molecule (in this case
cvelodextrines) and other(s) being “cuest™ molecules(s). which are partly or totally

mmcluded in the host molecule strictly by physical torces, without covalent bonding.

Chemical tfactors include the character ot the host-guest interaction and mutual
relation between the host-guest and guest-guest interaction energy. The inclusion of
cuest molecule ina CD cavity 1s encrgetically tavoured process. as the water molecules
originally included in hydrophobic CD cavity arc replaced by a less polar guest. The
complex tormation depends on the polarity of the guest molecule. Strongly hydrophilic
molccules, strongly hydrated and 1onized groups arce not, or only very weakly complex
able. That means that only molecules which are less polar than water can be complexed
by cyclodextrines. Consequently the host-guest interaction between the apolar CD cavity
and apolar guest molecule 1s mainly ruled by Van der Waals torces. The ettect of guest-
guest interaction i1s important in case of an excessively strong cohesive forces between
the guest molecules. The strong guest-guest interactions obstruct their separation, which
is a precondition tfor the inclusion. Consequently the crystals with the melting point

higher than 200 °C can not be complexed.[5]

The cavity of cyclodextrines can embrace molecule(s) ot approximate size of two
benzene rings to form crystalline inclusion complexes. The usual stoichiometry of the

inclusion complexes is 1:1, 1:2 and 2:1, depending on the size of the guest molecules.

Figure 2: Example of inclusion complexes with stoichiometry 1:1 (A), 1:2 (B) and 2:1 (C)

- 13 -



[HEORY CYCLODEXTRINES

1.1.3  Structure of Cyclodextrine Inclusion Complexes

Cyvcelodextrine incluston complexes may crvstallize in three  difterent  torms,
depending on the nature and size of guest molecules: Herringbone-type cage: Brick-type
cage and Channel-type with ceither head-to-head or head-to-tail arrangement ot CD
molecules. In the cage-type ervstal structure the cavity of cach CD molecule 1s blocked
on both sides by the adjacent CD molecules. In this type ot arrangement the CD
molecules can be packed crosswise in a herringbone tashion or in a brick-wall fashion.
[n the channel-type crystal structures the CD baskets are stacked i a roll so that the
cavitics form intinite channcls. The guest  molecules are embedded into  endless
channcls. formed by aligned cavities. This alignment can be cither head-to-head or head-

to-tail.Sce Figure 3.[3]

CHANNEL TYPE CAGE TYPE
A B ¢ D
head-to-tail  head-to-head brick herringbone

Figure 3: Channel (A.B) and cage (C.D) alignment ot cyclodexrin molecules in crystal structure

Crystal packing of inclusion complexes in case of a-CD with small guests like
t1odine, methanol to I-butanol i1s cage-type with herringbone motif. With larger guests .-
CD prefers channel-type crystal structure; a-CDs complexes with small aromatic guests
have slightly distorted baskets due to the benzene ring inside the cavity packed in the
brick-type cage structure. B-CD forms herringbone-type cage complexes with small
guests. Larger guests are located within double baskets formed between two CD
molecules. These CD dimmers can be stacked either collinearly to form channel-type

structure, or can be displaced sideways to ditterent degrees. y-CD forms herringbone

- 14 -



[HEORY CYCLODEXTRINES
tvpe cage structure only with water. v-CD complexes with other guests crystallize 1n

channel-type structures.[ 3]

[n some cases. guest molecules are also tound co crvstallized between the €D
molccules. that means guest molecules are not included. but bound by hyvdrogen bonding
to CD hvdroxyvl. torming an non-iclusion “outer sphere complex™ The complex
formation, structure tvpe. stabtlity and solubtlity are the result ot geometrical and
chemical factors which determine the host-guest complementarity. Geometry and size of
the guest molecule 1 relation to the size of CD basket 1s naturally the crucial tactor in
the complex tormation. The «-. - and 7-CDs with difterent internal cavity diameter
(sce Figure 4) are able to accommodate molecules ot ditferent size (-, 3- and y-CD has
6-.7- and 8-membered ring respectivelly). For example naphtalen is too bulky for a-CD
and anthracene fits only into v-CD. The included molecules are normally oriented 1n the
CD basket in such a position as to achieve the maxmmum contact between the
hydrophobic part of the guest and the apolar CD cavity. The hydrophilic part ot the
guest remains as far as possible at the outer face ot the complex. Too small guest
molecules can be statistically disordered 1n the cavity volume, so that 1t 1s sometimes

impossible to locate them properly. [5, 6. 7]
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Figure 4: Cavity volume of «-CD, 3-CD and y-CD respectively.

1.1.4  p-cyclodextrine

B-cyclodextrine (B-CD) is also known as cycloheptaamylose, betadex, kleptose or
Schardinger B-dextrin. Its seven glucopyranose units form a truncated cone with a
hydrophilic pherifery and hydrophobic cavity in the center. Ali secondary hydroxyl

groups are situated at the wider edge of the ring. and all the primary hydroxyl groups at

-15 -



[HEORY ) CYCLODEXTRINES
the other one. The rotation of primary hvdroxyvl groups decreases the cettective diameter
ot the narrower side ot the cavity. The structure and approximate dimensions ot B-CD

are shown i Figure 3.

6-7.5 /o\

Figure S: Structure and dimensions of BCD |8, 9]

The C>-OH groups of the glucose units can form a hydrogen bond with the C3-OH
groups of the adjacent glucose unit. [60] These hydrogen bonds make p-CD a ngid

structure with the lowest solubility i water of all cyclodextrine.

Clean B-CD was discovered to crystallize only in herringbone cage type fashion.
Hydrated B-CD has 2 crystal torms: B-CDI1IH->O (known from X-ray) and B-DI12H-O
(known from necutron dittraction studies). These two forms ditter mainly in the
distribution of water molecules inside the cavity. Small ditferences in crystal lattice
parameters arc also being observed. B-CDI11TH>O contains 11 water molecules (6.12 1n
the cavity and 4.88 in the interstices). They are distributed together over 16 positions (8
in the cavity, 8 in the interstices). Cavity water forms only two hydrogen bonds to the
host B-CD, and 6 contacts to neighbouring (3-CDs. Positions of these molecules are
more ordered than those of crystal water® (water in the interstices). p-CDI12H-O
contains 12 water molecules (6.5 in the cavity and 5.5 in the interstices).[ 0]

Characteristics of B-CD are summarised in table 1.

* Cyclodextrines crystallised from water are not pure but contain water molecules.
Some water molecules become integral parts of the crystal structure (known as crystal

water) and others are placed inside the cavity of cyclodextrine.[6]

- 16 -



[HEORY CYCLODEXTRINES

The intensity of retlections in the X-ray powder diagrams of cvelodextrines 1s very
dependant on number and posttion of water molecules. Elimination of water by drying
decrcases the mtensity ot retlections, finally resulting i an amorphous structure. The
change 1 crystallinity of B-CD as a funcion of dehvdration and mechanical grinding 1s

retlected i the N-ray dittraction pattern.

The degree of hvdration of 3-CD 1s dependant on relative humidity (RH). While at
1000 RH the degree of hvdration 1s 11 water molecules molecule of 3-CD. below 20%

RH 1t 1s only about 4 molecules of water molecule 3-C'D. [60]

No. of glucose units 7
Mol. wt. 1135
Solubility in water ¢ 100 ml " at room temp. |.85
(o] 162.5+-0.5
Cavity diameter A 6.0-0.5
Height of torus A 7.9+-0.1
Diameter of outer periphery A [5.4+-0.4
Approx. volume ot cavity A’ 262
Approx. cavity volume in I mol CD (ml) 157

il gCD (ml) 0.14
Crystal tforms (from water) Monoclinic

parallelograms

Crystallographic parameters:

(- O4- Cyangle [17.7°
Do/ e 169°/-172°
O,4...0"4 distance A 4.39
0-...0"5 distance A 2.86
Crystal water wt. % 13.2-14.5
Dittusion constant at 40 °C 3.223
Partial molar volumes in solution (ml mol ') 703.8
Adiabatic compressibility in ageuous solutions (ml mol ' x 10%) 0.4

Table 1: Characteristics of 3-CD,[6]

-17 -
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I.1.5 L se of f-cyclodextrine

Controlled release - BCD can be used to control the release ot active ingredients,
such as drugs. tflavors and so on.

Stabilization - Many active mgredients such as tlavors are sensitive to light, heat or
air. Encapsulation of a 'guest’ substance i cvelodextrine provides protection, resulting
i increased shelt-lite and a reduced lToss of active ingredients owing to degradation or
cvaporation.

Increased solubility - BCD 15 itselt soluble m water, and can greatly increase the
solubthity of highly water insoluble substances.

Protection against volatilization - Volatilization causes products to lose flavour
and other qualities over time. When complexed with BCD. the volatile components
display high stability.

Taste modification - BCD can mmprove the taste ot toods or drugs by masking

unpleasant odors through complex tformation.

B-CD Application in pharmaceuticalindustry - A drug substance has to have a
certain level of water solubility to be readily delivered to the cellular membrane, but it
needs to be hydrophobic enough to cross the membrance. The majority of pharmaceutical
active agents do not have sutticient solubility in water and traditional formulation
systems tor msoluble drugs involve a combination of organic solvents, surfactants, and
extreme PH conditions, which otten cause irritation or other adverse reactions. BCD 1s
not irritant and offer distinct advantages such as the stabilization of active compounds,

reduction in volatility ot drug molecules, and masking malodors and bitter tastes. [10]
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1.2 BIOLOGICALLY ACTIVE MOLECULES

1.2.1  Choice of the Biologically Active Molecules

The biologically active molecules tor this study were chosen in cooperation with
the pharmaccutical company (Zentiva). The choree was done according to the
avatlability ot the expermmental measurements, problems raised  during  structure
determination and according to the usctulness in the tuture production ot this drug tor

human usec.

1.2.2  Tibolone as the Biologically Active Molecule

What is tibolone?

Tibolone (tigure 6. 7 and 8) 1s a synthetic sterotd that combines progestogenic and
androgenic properties as well as oestrogenice etfects. These three groups ot hormones are

naturally produced by the ovaries (the female gonads).

What is tibolone used for?

Tibolone 1s a compound that can be sclectively metabolized by individual tissues to
1ts estrogenie, progestogenic, or androgenic metabolites and hence exhibits  tissue-
spectfic hormonal ettects. Women treated with tibolone report significant reductions in
vaginal dryness and dysparcunia, eftects that may be sccondary to both estrogenic and

androgenic actions.

OH I?IH
o

‘\\“ romsropsres.

0 . '{, ~
Tibolon O/J\ -
3

Figure 6: Structure of tibolone [11] Figure 7: Structure of tibolone [12]
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[1tbolone 1s hicensed tor the treatment of menopausal symptoms ¢.¢. hot flushes and
also tor decrcased hibido at this ume. Sinee March 199701t has been licensed to be used
N the prevention of osteoporosis 1 post menopausal women. Sinee tibolone does not
stimulate endometrial tissue at any site. 1t 1s particularly usetul in patients with a past

history of endometriosis. | 13]

Figure 8: Pictures of tibolone made in Cerius

1.2.5 Tibolone and its Metabolites

Tibolone itselt does not have the typical characteristics for estradiol receptor
bonding and theretfore it 1s not responsible for the estrogenic impacts on bones. vagina.
ete. Tibolone first has to metabolise in the woman’s body before it takes this effective

form (figure 9).

After oral administration tibolone quickly metabolises with the help of 3a and 3f3
hydroxysteroiddehydrogenase (HSD) into 3u— and 3p—hydroxy-tibolone (-OH-
tibolone). Both metabolites have the half life of about 7 hours however 4 times more
>a-hydroxy-tibolone than 3B3—hydroxy-tibolone is found in the circulation. These two

metabolites are responsible for the estrogenic activity.
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Kloosterhoer HJ Journal fur Menopause 2003; 10 (Sonderheft 3): 2 8. (Ausgahe fur Osterreich) ©

Figure 9: Schematie illustration of tibolone, active enzyvmes and metabolites produced. |11

During the activity of 3P-HSD- 1somerase the third metabolite Delta-4-1somer
(At isomer. isotibolone) dircetly from tibolone is formed. The potential substrate tor it is
also 3P-hydroxy-tibolone. In this casc it can not be overseen that the OH metabolites
tormation 1s reversible process apart tfrom double bond overleaping on 4" and 5" carbon
atom. Delta 4 [somer 1s from circulation quickly eliminated and its halt lite can not be

measured. [11]
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1.3 MOLECULAR SIMULATIONS

[1.3.1  Molecular Mechanics and Energy Minimization

Molecular mechanies can be considered to arise from the Born-Oppenheimer
approximation, which assumes that the motions of the nucler of a molecule are
mdependent of the motions of the electrons. In molecular mechanies calcutations, the
arrangement ot the clectrons s assumed to be fixed and the positions ot the nucler are
calculated. Molecular mechanies 15 a mathematical  tormalism which attempts to
reproduce molecular gecometries energies and other features by adjusting bond lengths,
bond angles and torsion angles to cquilibrium values that are dependent on the
hvbridization ot an atom and 1ts bonding scheme. Rather than utilizing quantum physics,
the method relies on the laws of classical Newtonian physies and experimentally derived
parameters to calculate gecometry as a tunction of sterie energy. The general torm of the

molecular mechanics equation 1s

total

Ui =S \E +E,+ B, + B, v E+E, +E,) O

where Z/;‘,’ Is the total bond deformation cnergy, ZIL}, the total valence angle
detformation energy (sometimes a supplemental term /2, , Urcy Bradley potential i1s
calculated), Z/:'L,) the total torstonal angle deformation energy, Z/:’”,, the total non-
bonded (van der Waals) interaction energy, Zl:‘(, the out-of-planc bending component
of the steric energy, Z L., the electrostatic interaction energy and Z I, the hydrogen

bonding interaction cnergy. The individual energy terms were calculated using simple

functions. [ 1]

Bonds were modelled as springs that obey Hooke’s law (eq. 2), where k, 1s the
force constant or spring “strength™ and r, is the idecal bond length or the length the

spring wants to be. Anharmonicity can be included using cubic or higher terms (eq 3), or
Morse potential (eq 4). Figure 10 shows the harmonic, cubic and Morse potential

functions.
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\ 2D,

Harmonic potential f., = ko (r —»r )
o . l , ;
C'ubic term B == klr=rY +xlr-+)
. . | |k, ]
NMorse potential by = 10X — = be. = 11—1 |
‘ * ; [
‘ ]

Figure 10: Harmonic. Cubic and Morse potential

Valence angles were modelled ina similar way (¢q 5, ¢q 0), where £, 1s the

strength of the spring™ holding the angle at its ideal value of' 0.

S
[:z/ - t)‘/\// ((}///\ ~U())

—

| ,
E, = --—/(,(cos(}A —Cos(/ )
{ ,) { 7l ()

Eq 7 shows Urey Bradle potential between two atoms 7 and j bonded to atom 4.
1-]

¢ j

5

I
Eog = ;/"(/;‘, (",, "’])) +k, B ("/,' _"u)

Figure 11: Atoms / and / bonded to atom A [5]

(7)

Torsion or dihedral angles could not be modeled in the same manner since a

periodic function is required (Eq 8), where &, is the height of the barrier to rotation
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about the torsion angle ¢
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m 1s the periodicity and ¢
energy trom a staggered arrangement.

1s the ottset ot the minimum

_ L /\‘, IR cn_\'[m(()_h. o )]: (8)
, *— . -
N\,

Figure 12: Schematic tllustration of torston angle ¢

between two planes detined by atoms 7k and JA7 [ 5]

Nonbonded mteractions are calculated using a function that includes a repulsive and

an attractive (London dispersion) component as Buckingham (¢q 9) or Lenard-Jones

* )‘3

potential (¢q 10) where  is the distance between the two nucler and AL B and € are
atom-based constants.

JE—
E

" 1 y 6
5 = A —Cd
1h i
——

(9)
_ E I, =Ad,

|2 Y 6
1nh o ( (///
freet o
- < qify
/

(T £ SPTR

Figure 13: [ enard-Jones potential curve

Out-ot-planc deformation terms £ have been included in models of aromatic or
sp” hybridized systems (Eq 11), where o'is the angle between the plane defined by three

atoms and the vector from the centre of these atoms to a fourth bonded atom, and £ 1s
the corresponding force constant.

(1)
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[here are three difterent types ot out-ot-plane detormation:

AMBER:
]
|
i | ‘ l 5
v I . =—k cn.\‘[n(u U/ )] (12)
BE—— - ® D)
]
N
Figure 14: Schemate illustration ot angle 17
between two planes detined by atoms /il and kil | 3]
UMBRELLA:
I
. l ! ,
iy = | /(4,(&‘0.\'(') cnsm“) (13)
Figure 15: Schematie tllustration of angle 2 between
the bond // and the plane detined by atoms /& [5]
~ i ] ')
CHARMM: £, = ;/\',r/(:// ) (14)

Electrostatic interactions are modelled based on the Coulomb law (eq 15), where ¢,
and ¢, arc the partial charges on atoms 7 and /. ¢ is the diclectric constant and . 1s the
Inter-atomic separation.

(
ik (15)

‘ Coul
d, &

Hydrogen bonding interactions are generally modelled using a function of the type
given in (eq 16), where /7 and G are empirically derived constants that reproduce the

energy of'a hydrogen bond and d is the donor-acceptor distance.

E,=Fd, "~ -Gd, " (16)
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The torce constants and equilibrium values are atomic parameters which are
cxpermmentally derived from N-rav, NMRL IR microwave. Raman spectroscopy and ab
initio calculations on a given class of molecules. The set of tunctions together with the
torce constants 1s referred to as the toree ficld. The energy terms describing the valence
mteractions and torcee tield parameters may difter in vartous foree tields and it 1s evident
that the chotce and test of the foree ficld belong to the most important part ot the
modcling strategy. Once a model and a torce ticld have been chosen tor a particular
problem. the goal of molecular mechanies 1s to find the geometry with the minimum

stram energy. [ 1. 14]

[.3.2  Molecular Dynamics

Molcecular dynamics combines cenergy calculations from torce ficld methodology
with the laws of Newtonian mechanies. The simulation 1s pertormed by numerically

. . . R . ] . . IS
itegrating Newton s equation ot motion over a small time steps (usually 107 sec or |
tsece). The simulation is initialised by providing the location and assigning a torce vector

tor cach atom n the molecule. The acceleration of cach atom 1s then calculated
Newton's equation of motion: m "=F, i=1...N (17)

where mois the mass of the atom and /- the negative gradient of” the potential energy
function (the mathematical description ot the potential energy surtace).  The Verlet
algorithm 1s used to compute the velocities ot the atoms from the forces and atom
locations. Once the velocities are computed, new atom locations and the temperature of
the assembly can be calculated. These values then are used to calculate trajectorices, or

time dependant locations, tor cach atom. [ 1]

The temperature and the distribution of atomic velocities in a system are related

through the Maxwell-Boltzmann equation:

3 .
| m )2 ==
f(v)dv = = e " 4mvidy (18)
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where /(v) 1s a probability that a molecule ot mass m has a velocity ot v when it 1s at
temperature /. Frgure 16 shows the Maxwell-Boltzmann - distribution  at - various

temperatures.| 15]

3
100K
)
(@)
2 2f
* |
>
= &00K
5
0 ; ‘]OOOK
& ;‘
o} ; e
0 L \__‘*— —
0 1000 2000
speed (M s

Figure 16: Maxwell-Boltzmann distribution at various temperatures [ 15]

Temperature and kinetie energy of the system are linked together by the tollowing
D)

formula: [ = \;i/- Zm,\'/ " (19)

!

where NV 1s number of degrees of treedom.

Molecular dynamics  has proved to be an optimum numerical recipe applicable to
problems with many degrees of treedom trom quite difterent tields ot science. The
knowledge of the energy or potential landscape of interacting particles, like clectrons

and atoms, cnables one to calculate the torces acting on the particles and to study the

cvolution of the system with time. [16]

1.3.3  Algorithms Used in Molecular Simulations

Charge Equilibration (QEq)

Knowledge of the charge distribution within molecules is essentials for determining
the electrostatic energies in molecular mechanics and molecular dynamics calculations
QEq 1s a general method for calculation of charge distribution on different types of

molecules. The main characteristic of this method is the charges reliance on geometry of
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molecules, which can change during the simulation. The approximation 1s based on the
cxpression of energy ot 1solated atom as a tunction of 1ts charge. The energy ot isolated
atom 1 as a tuncton ot charge O can be expressed through second order ot Tavlor
cxpansion as follows:

o NI
F— Q== | e (20)

For O = 0.0.-1 the equation (20) takes the tollowing torms:

E A0)=E, (21)
Vi IO )
EArD)=1, +|- b= — (22)
Q) B 2\ cO J‘
| Yo 1O F )
I(-1)=1 H\ 4 (\ J (23)
L OO ) 20 O

Adding and subtracting (22) and (23) lcads to

(fﬁ] l( ‘ "
| ==, 4+, )= (24)
L‘ F’Q . > : [ A
)
[(«)‘ =1, L, (25)
G 7 1

where 7 is the atom clectronegativity (ability of atom to attract ¢lectrons), 1, is the

onization cnergy (the energy needed tor separation of an clectron from an isolated
atom), £ 1s the clectron affinity (the energy released when an anion from an

clectroneutral atom 1s created).

E
To understand the physical signiticance of the sccond-derivative quantity = J

consider the simple case ot a neutral atom with a single occupied orbital, ¢, that 1s
empty tor the positive 1on and doubly occupied for the negative ion. The difterence
beiween the /, and £, for this system is

. 70 »
I, -E, =J,, (26)

A

where J', is the Coulomb repulsion between two electrons in the ¢, orbital.
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[ sing (24) and (26) Teads to

. , l
EAQ)= .+ 7.0, ¢ " (27)
The total energy of the svstem s caleulated as tollows
¢k .
70 .0 20 J >0, (28)
0 S Rl

where 7, 1s a tunction ot the charges on all the atoms. For equilibrium 1t s required
that the atomic chemical potentials be equal. leading to N 1 conditions
. N N Y
POy T (2]

Adding the condition on total charge

O, >0 (30)

lcads to a total of NV simultancous cquations for the equilibrium sclt-consistent charges
that are solved one tor a given structure. [ 17]

Newton’s equations of motion

For numerical integration of Newton's equations of motion  Leap Frog variant of
Verlet algorithm 1s used. The equation (17} can be rearranged mto (31).(32) in order to

get all the atomic posttions r,in times 7, and all velocities v times ¢

nt

N .
N(1y=a() " (31)
dt m

ar /+A,J~v(/+m) (32)

i 2 .2

¢ vartant of Verlet algorithm got its name from specitic calculation of

Leap Frog
atomic positions and velocities, which are determined by overleaping cach other as it 1s

shown in the algorithm beneath:

. . : o At
[. Generate the initial positions (in 1 = 0 ) and velocities (in £ =0 — . )
2. According to the actual position calculate the force /7 1n time ¢
. At . : : .
3. Calculate the velocity in time | 1 + | using the following equation:

)
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AY; AYREE XT3 .
RS V| ¢ f i (33)
] J M
4. Calculate the posttion using the velocity from step 3 as tollows:
7
r(r+ \t)=rlr)+ v+ . A7 (34)

5. Change thetime v 7+ A7 and go to step 2

I'here are certam disadvantages ot this method hike that the tme and velocetty are not
known at once what can be a problem while gencrating velocities and calculating
cnereyv. The toree can not rely en veloctties as they are not known n cach step. In this
case the clacie Verlet method can be used. The advantage 1s that tor derivation ot a

. . o , Y , A7 .
function 1 time 7 both values calculated in ¢ X and o7t are used with the same

account (werght), [ 18]

NVT ensemble

[ntegrating Newton's cequation ol motion allows exploring the constant-encrgy
surtace of a system. However, most natural phenomena oceur under conditions where a
svstem 1s exposed to external pressure andior exchange heat with the environment.
Under these conditions, the total cnergy of the system is no longer conserved, and
extended forms of molecular dynamics are required. Scveral methods arce available for
controlling temperature and pressure. Depending on which state variables are kept fixed,
difterent statistical ensembles can be generated. A variety of stuctural, energetic. and
dynamic propertices can then be calculated trom the averages or the tluctuations of these

quantities over the ensemble generated.

The constant-temperature, constant-volume ensemble NVT, also referred to as the
canonical ensemble, 1s obtained by controlling the thermodynamic temperature. This 1s
the appropriate choice when conformational searches of molecules are carried out in

vacuum without periodic boundary conditions.[15]
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4. Calculate the position using the velocity from step 3 as tollows:

At

)

r(r+ Ar)=r(r)+ v e+ |Ar (34)

5. Change the time ¢ =7+ Ar and go to step 2

There are certain disadvantages ot this method like that the time and velocity are not
known at once what can be a problem while gencrating velocities and calculating
energy. The torce can not rely on velocities as they are not known in cach step. In this
case the clacic Verlet method can be used. The advantage 1s that tor derivation of a

. . . . At . At .
function 1n time ¢ both values calculated in 7 — and in 1+ ; are used with the same

account (weight). [ 18]

NVT ensemble

[ntegrating Newton's equation of motion allows exploring the constant-energy
surface of a system. However, most natural phenomena occur under conditions where a
system 1s exposed to external pressure and/or exchange heat with the environment.
Under these conditions, the total energy of the system i1s no longer conserved, and
extended forms ot molecular dynamics are required. Several methods are available for
controlling temperature and pressure. Depending on which state variables are kept fixed,
different statistical ensembles can be generated. A variety of stuctural, energetic, and
dynamic properties can then be calculated from the averages or the fluctuations of these

quantities over the ensemble generated.

The constant-temperature, constant-volume ensemble NVT, also referred to as the
canonical ensemble, 1s obtained by controlling the thermodynamic temperature. This is
the appropriate choice when conformational searches of molecules are carried out in

vacuum without periodic boundary conditions.[15]
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Berendsen Thermostat
Molecular dynamics methods are temperature dependant. For maintaining  the
constant temperature in simulations the Berendsen thermostat is used. This method
corrects the difference between the temperature ot the simulated system and  the
temperature required. The deviation trom  required temperature 7, is  corrected
according to the tollowing equation:
dir 1, -T
dt - T
The temperature drops exponentially with the time constant 7. T characterizes the
exchange rate between the heat and the heat bath. The advantage ot this method 1s that
the time constant can be changed according to the requirements. For fast equilibrium
establishment the time constant can be 0.01 ps. tor more accurate equilibrium
establishment the time constant has to be greater, appoximately 0.5 ps. The atomic

velocity 1s 1n each step scaled by the tactor A

At /
A= 1+ v =1 (30)
T, o, At i
-2
where 7, 1s proportional to the time constant
2C, 1,
= ‘ (37)
/V, k

where € 1s heat capacity of the system, & is the Boltzmann constant and N is the

number of degrees ot freedom of the system. [ 18]
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1.4 X-RAY DIFFRACTION

1.4.1  X-ray Crystallography

X-rays are clectromagnetic radiation discovered in 1895, It occurs in the part of the
electromagnetic spectrum between the ultraviolet and gamma rays. X-rays have energices
in the range of approximately 100 ¢V — 100 keV that corresponds to the wavelength of
approximately several angstroms to 0.1 angstrom. X- rays are produced generally by

either x-ray tubes or synchrotron radiation.| 19]

1.4.2 X- ray Diffraction

Diftraction occurs as the X- rays iiteract with crystals which have regularly
repeating atomic structures. Typical inter-atomic distances in crystalline solids are few

angstroms theretore the wavelengths comparable to the size ot atoms are used.

Diftracted waves trom ditterent atoms intertere with cach other and the resultant
intensity distribution is strongly modulated by this interaction. Positions and intensities
of interterence maxima (peaks) are strongly related to the distribution of atoms.
Measuring the diftraction pattern theretore allows us to deduce the distribution of atoms

In a material.

X- rays scattered trom a crystalline solid can constructively interfere producing a
diffracted beam only when certain geometric requirements are met. In 1912 W. L. Bragg

recognized a predictable relationship among several factors.

) The distance between atomic planes in a mineral (the inter-atomic spacing)

which we call the d-spacing and measure in angstroms (Figure 17)

2) The angle of diffraction which we call the theta angle and measure in degrees.

For practical reasons the diffractometer measures an angle twice that of the theta

angle. Not surprisingly, we call the measured angle *“2-theta™ (Figure 18)
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3) The wavelength ot the incident N-radiation. svmbolized by the Greek letter

lambda 2 (Figure 18)

\\\\ 2dsin0 A .
~ rd
b \\ P - *
oo
Lattice Planes Bragg's Law
Figure 17: Lattice planes [20] Figure 18: Bragge's Law [20]

These factors are combined in Bragg's Law

M ]

0/ =2dsin0 (38)

|
|
J

where n = an integer. A (lambda) = wavelength in angstroms, d (d-spacing) = inter-

atomic spacing in angstroms, 0 (theta) = dittraction angle in degrees.[ 19, 20, 21

1.4.3 Powder X ray Diffraction

Powder XRD (X-ray dittraction) 1s perhaps the most widely used X- ray diftraction
technique ftor characterizing materials.  Each crystalline  solid has its  unique
characteristic X- ray powder pattern which may be used as a “fingerprint™ for its
identification. Once the material has been identitied, X- ray crystallography may be used
to determine its structure, i.¢. how the atoms pack together in the crystalline state and
what the inter-atomic distance and angle are etc. As the name suggests, the sample is
usually in a powder torm, consisting of tine grains of single crystalline material to be

studied.

The term powder really means that the crystalline domains are randomly oriented in
the sample. Therefore when the 2D diffraction pattern is recorded, it shows concentric
rings of scattering peaks corresponding to the various d-spacings in the crystal lattice.
The positions and the intensities of the peaks are used for identifying the underlying
structure (or phase) of the material. For example, the diffraction lines of graphite would

‘be different from diamond even though they both are made of carbon atoms. This phase

-33 .



THEORY . X-RAY DIFFRACTION

identification is important because the material properties are highly dependent on

structure.

Powder diffraction data can be collected using either transmission or reflection
geometry. Because the particles in the powder sample are randomly oriented, these two

methods will yield the same data (Figure 19). [20)]

ne gec!
J. A ¥

‘ . A
N Q?{_}ka Trangmitted

Heam

Refecten T ansm:ss:on

Figure 19: Schematic tllustration of detecting reflected and transmitted beams [20)]

1.4.4  Evaluation of Diffraction Data

[n a diffraction experiment the intensitics and the position ot retlections are
measured. From the position ot the retlection its index triple (4,4,/) can be determined
and the appropriate intensity assigned to it. This intensity 1s proportional to the square of

the structure factor — amplitude diftracted by oncunit cell #, , . 1,,, = F, , , F), .,

The structure tactor £, , ,, tor a retlection A,k [ itselt is a complex number derived

quite straightiorward as follows :

atoms

Flois) = 2/ 6Xp[27[ ' i(hx(./) TRy +iz (./))] (39a)
j=l

This i1s a simple summation which extends over all atoms j, with x,y, and z their
fractional coordinates. The [, is the scattering factor of atom ;j and depends on the

kind of atom and the ditfraction angle of the corresponding reflection (4,k,[). For hk,[

=(), / equals the atom's number of electrons. It can be immediately seen that the
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dimension of /7, then must be electrons. The exponent is complex  with x.v.z the
fractional coordinates of cach atom in the summation. and 4. k. / the three indices of the
corresponding reflection. Formula (39a) shows that if the structure is known, structure
factors can be casily calculated. Structure factor can be expressed also using electron
density in unit cell p(#) (eq 39b). where /1 = ha™ +kb" + ¢ is a reciprocal lattice
vector.

- )Z,W'/)): r
Fows = J-/)(’ l dl (39b)

Fotunitceell

Ste aphic studies arc in tact dealing wi ¢ nverse problem, structure
The crystallographic studies arc in fact dealing with the inverse problem, structure
factors (or. to be precise, their amplitude or magnitude only trom the measured

intensities) are known and the structure need to be determined.. How to do that?

Fourier transformation

The complex exponential function 1s periodic, and with the above parameters it 1s
l[imited between -1,1 for its real part and -1, 1 for the imaginary part (its elementary
strip). In such cases ot periodic tunctions a Fourier transtormation (F'T) can be applied

and tor formula (1) the tollowing FT obtained, which has now the /1, , s as its Fourier

coetticients:

| .
Fie p2) = 7 51 y 51 F(/z,/\,/) CXp[— 27 - ’(hx +hy + /Z)] (40)
Wk

From looking at the dimensions can be seen that the result of the transtormation,

£, . .. must be an electron density: F{, ;) is in units of electrons (see above) and the

sum is divided by the cell volume V. Note also the minus sign now preceding the
exponent: In fact an inverse space (the Ak /['s are actually derived from fractional
numbers (//h, 1/k, 1/) designating where corresponding lattice planes intersect the unit
cell) is being transtormed into a real or direct space (the electron density at a real point
x,v,z in space). It is a general feature of the FT to transform from one space into its
inverse space and vice versa. So the diffraction pattern (an image of the reciprocal
space) it transtormed back into the real space of electron density. This transformation is

accurate and in principle complete. It the structure factors are known (inverse space
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from diffraction by electrons) the actual real structure (the density ot the electrons in
real space) can be caleulated. As tormula (40) is essentially a summation over all

structure tactors. 1t is also referred to as a Fourier synthesis or Fourier summation.

Unfortunately. a closer look at tormula (40) reveals a small but bothersome detail

[n order to perform the FT. the complex structure factors /7, ,, are needed but only

their magnitude /';‘m‘/)‘ 1s known. In terms of physics this means that only the absolute

value of the complex vector /4, , ) 1s known but not its phasc. «,, . Consequently,

this nuisance is called the Phase Problem. Formula (40) can be reformulated and split up

so that the phase term «, , ,, becomes evident

1
lL)(,\'..\‘.:) - _I—/— y 5: 51
h k /

[;;/I./\./) GXp[— 2'7T . l.(h'\‘ + /\'.1‘ + /: o (I(//./\./) )] (4] )

Hauptman and Jerome Karle won a Nobel prize in 1985 tor their work in the late
1940s and early 1950s on "the direct method" -- a mathematical approach that makes it
possible to glean phase data trom the diftraction intensities. The key insight behind the
direct method derives trom the "atomicity” of molecules -- 1.¢., atoms are small, discrete
points relative to the spaces between them -- which limits the possible relationships

between phase and intensity to a range ot probabilities.

The direct method has made it relatively routine to determine structure for
molecules of 100 or fewer atoms. As molecular size increases, however, the probability
relationships become weaker, and the direct method breaks down for molecules larger
than about 150 non-hydrogen atoms. Another method, based on inserting heavy metal
atoms into the crystal structure, has worked reasonably well ftor very large molecules --
more than about 600 atoms. But for molecules in-between, ranging from about 200 to
500 atoms, structure determination remains a hit-and-miss proposition that takes months

or years if it succeeds at all.[22, 23]
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1.4.5  Some of the Facts and Settings Affecting the Diffraction
Pattern

Preferred orientation/Texture

Preterred orientation usually occurs with rod or plate-like crystallites. For example,
plate-like crystallites tend to lic flat on the sample holder: very tew will have a
perpendicular orientation. As there is no longer a random orientation of crystallites some
of the x-ray reflections that would be expected are unusually weak or missing
altogether.[24] In general powder diftraction data, preferred orientation is probably the
most common cause of deviation of experimental diffractometer data from the ideal
intensity pattern for the phase(s) analysed. Preferred orientation can be recognised and
compensated for when identitying crystalline phases in a specimen, but s much more
difficult to deal with when attempting to do quantitative analysis or precise unit cell

calculations. [25]

Speed of rotation of detector and time constant

Speed of rotation ot detector and time constant of integrator arc two parameters that
have to be chosen caretully in order to prevent trom distortion of peaks™ profiles and
positions in diffraction pattern. Examples ot dittraction patterns made with difterent

settings of these parameters are shown in figure 20 and 21.

Figure 20: Two diffraction

2

L ; W - patterns, both made with the
RO S S SN WO S S Y P ¥ N same time step 4 seconds but
: g b R = s with difterent speed of rotation
g %‘ ﬁ ' of detector, the one on the left
X 4 i ’* %‘ with 2°/min and the one on the
; % : NiRt f 5, : right with 0,5°/min.[26]
e a2t s R A (NN | o
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Figure 21: Two  diftraction ’ : : * l 4
patterns, both made with the . '

same speed  of rotation of -,
detector 0.5°/min  but with i ! ‘ ' A

the different time step, theone ~ 9 P l

L A ——

on the left with 10 s and the ! vt : ' -+

one on the right with 0.1 s = -~ « § - bt re oo

f \
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Crystallite size

For crystallites of large size (i.c., thousands ot unit cclls), the nature dittraction will
produce dittraction peaks only at the precise location ot the Bragg angle. This 1s because
of the canceling of diffraction by incoherent scattering at  other angles by the lattice
planes within the large crystal structure. [t the particle size 1s smaller (such that there are
insutticient lattice planes to ettectively cancel all incoherent scattering at angles close to
the Bragg angle the net result will be a broadening ot the diftraction peak around the

Bragg angle.
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strumental Broadening
| 1 ] J { |
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Figure 22: Line width as a function of particle dumension [24]
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This phenomenon of widening of ditfraction peaks is related to incomplete
“canceling” of small deviations from the Bragg angle in small ervstallites is known as
particle size broadening. Particle size broadening is ditferentiated from the normal

width of diftraction peaks related to instrumental  effects. In most cases. particle size

broadening will not be observed with crystallite sizes larger than 1 um. [23]

Strain/Stress

Strain 1n a material can  produce CRYSTAL LATTICL DIFFRACTION

e . : LINE
two types of diftraction cftects. It the ;

strain 1s  uniform (either tensile  or

compressive) it 1s called macrostress and -

the unit cell distances will become cither {
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larger or smaller resulting in a shift in the
diffraction  peaks in  the  pattern. o
Macrostrain causes the lattice parameters
to change in a permanent (but possibly

reversible) manner resulting in a peak /,

STV |

Piniiatircsscsss
Bitinimgrmasnd
.,
e

shift. Microstrains are produced by a &
distribution of tensile and compressive UNIFURM STHAIN
forces resulting in a broadening of the
ditfraction peaks. In some cases, some i
i § g 5
N y 4 f "/ 2
peak asymmetry may be the result of L T A A / \
‘;“(* b : H{g A ’ e,
microstrain. Microstress in  crystallites NONUNIFURM STHAIN T IE—
may come from dislocations, vacancies, (<)

' Figure 23: Example of shifting and distortion of
shear planes, etc; the ettect will  diffraction peaks due to residual stress and strain
generally be a distribution of peaks around
the unstressed peak location, and a crude
broadening of the peak in the resultant

pattern. See tigure 23.[25]
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2.

RESULTS AND DISCUSSION

2.1 TIBOLONE-B-CD COMPLEX

2.1.1  Modelling Strategy

The host-guest complementarity in case of cycelodextrine inclusion complexes is

mainly

given by the size factors, 1.c. mutual relationship between the size of the guest

molecule and CD cavity. This is the first task for molecular modeling in prediction of

complex formation. In order to reach the global minimum of potential energy we use the

grid search strategy creating the scries of initial models with systematic rotation and

translation of the guest molecule in CD basket. Our modeling strategy worked out for

CD inclusion complexes consists ot the tollowing gradual steps:

The choice of the host structure: comparing the experimental X-ray ditfraction
pattern ot the B-CD host structure used for complexation with calculated
patterns for the B-CD structures presented in structural database.

The choice and test ot the torce ticld using similar known structure ot 3-CD
complex tfrom structural database.

Modeling of one molecule of tibolone- B-CD complex: the systematic grid
search 1s used to generate initial models for various positions and orientations of
tibolone in [B-CD basket. Preliminary energy minimization is carried out to
search for the lowest energy structure. (Energy minimization with tixed 3-CD
basket and variable translation and rotation of tibolone molecule.)

Modeling of crystal structure of tibolone - 3-CD complex. Energy minimization
under following conditions: variable lattice parameters, variable all atomic
positions of guest molecule — tibolone, variable orientation of the CD-OH
groups, variable positions and orientations of CD baskets.

Refinement of the calculated structure. Comparison of the calculated and

measured dittraction pattern ot tibolone - 3-CD complex.
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2.1.2  Bcyclodextrine as a Host Structure

The pharmaceutical company used for experimental preparation of” tibolone f3-CD
inclusion complex certain tvpe of B-cvelodextrine. It was found out that in case of -
cyclodextrine all clean structures are herring-bone cage tvpe with space group P21, and
with approximately the same amount of water molecules. (see chapter ..) However. the
cell parameters may be ditterent for cach structure. as well as the water molecules may
occupy different positions. The diffraction pattern for one structure may theretore vary a

lot from the diffraction pattern of another strucuture.

The search for the crvstal structure of” B-CD provided us with four c¢lean -CD
structures and consequently with four diftferent sets ot lattice parameters. All four
structures. named BCDO3. BCDO4. BCDOS and BCD10 were found in the Cambridge
database [27] and all have the same space group P21, all are herringbone cage type and
all have approximately the same amount of water molecules. The ditterence between

these structures is. as shown in tigure 24 and in table 2. in the positions of water

molecules and in the cell parameters.

parI:;tinfers BCDO3 ~BCDO4 BCDO5 ~ BCD10
a(A) | 21283 21161 21233 21290
p(A) | 10322 10254 10294 10330
c(A) | 18092 15110 15103 15100
B (°) 112 .41 | 111.91 } 112.22 112 .30

Table 2: Comparison of lattice parameters for different 3-CD structures

Figure 24: Picture of unit cells of BCDO03, BCD04, BCDO05., BCD10 and of all of them overleaping each

other (in this order).
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Dittraction patterns were caleulated tor all four structure models (see figure 25) and
compared with the diffraction pattern measured for the B3-CD sample used for

experimental complexation.

Different BCD from the Cambridge database

70 —_BCDO3
- BCDO4
BCDO5

50 3 —__ BCD10
2 40 /\
w f
- n |
2 30 | \ \ \‘

20 | | ﬁ \

a .
10 \ V)
y \
O -~
17 18 19 20 21 22 23 24 25 26 27

2 theta

Figure 25: Diftraction pattern ot tour B-CDs from Cambridge database

The diftraction pattern obtained for the B-CD used in the pharmaceutical company
was measured on Seifert 3000 XRD with graphite monochromator, radiation CoKa (A =
1.790 A) with the tfollowing settings parameters: range 4° - 40° 2 theta. step 0.06°. time

Is. speed 0.1.

The simulated diftraction pattern was done on Material Studio (Cerius2). The
settings were adjusted (assimilated) to the real conditions and settings used in
experimental measurements in order to get a diffraction pattern fultilling (meeting) the

majority positions of maxima and minima and intensities.

The best agreement between the measured and calculated diffraction pattern has
been found for the structure BCDO4 (see tigure 26) and this structure was used for the

building ot tibolone--CD initial models.
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Comparison of Zentiva BCD and BCD04
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Figure 26: Ditfraction patterns of BCDO4 and B-CD used tor experimentally made complex

2. 1.3 Tibolone and the Initial Models

The search for the crystal structure provided us with no result. As we did not find
any tibolone crystal structure in the accessible database we did not have the Cerius2
pdb format input file. For molecular simulations it was neccessary to build the tibolone
molecule in Cerius2 (Material Studio) 3D builder. The molecule was build according to

the structure found in the .... and on the internet (www.medscan.com). see tigure 7.

Modeling of one guest molecule in B-CD basket 1s the first step in structure
investigation. analyzing the host guest complementarity: t.e. geometrical factors like the
mutual relationship between the size and shape of host and guest molecules and the
host-guest interaction energy. The series of initial models were systematically generated

to cover all the mutual positions and orientations of the guest molecule tibolone (TB) in

the B-CD basket.

The preliminary energy minimization was carried out with the rigid B-CD basket
(only OH groups were variable) and variable bonding geometry and positions and

orientation of the TB molecule. This modeling gave us the first information about the
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ability of guest molecule to form a complex. Two criteria were used for this purpose: (1)
The guest molecule should have fitted into the CD basket cavity and (2) Van der Waals

energy must have been negative.

[n the case of TB-B-CD the result of the analysis is in the table 3. where we can see:
A) the host-guest interaction including tibolone intramolecular energy. B) the host-guest
interaction energy and its components (Van der Waals and clectrostatic) for the two
types of minimized models: (1) tibolone with the OH group on the top and (2) tibolone
with the OH group in the bottom of the basket. as shown in tigure 28. The lowest energy

structures for both models are energetically nearly the same.

Energy A) Energy calculated for 3-CD as | B) Energy calculated for both 3-
calculated | arigid unit and variable tibolone | €D and tibolone molecule as rigid
in[kcal/mol] molecule Ui
Total van Der Coulombic Total wan Der Coulombic
B! ener INTES ener ener asls ener
9 energy gy 9 energy 9y
()OHtop | -479 99  -136 353 | -305 50
| |
Q)OH 483 116 127 336 | -30.1 35
pottom 1 | 1

Table 3:Interaction energy and its components tor two models of TB-B-CD complex, calculated using

torce tield ¢ftol

!

Figure 27: Picture of one tibolone molecule encapsuled by 2 B-CD baskets forming dimers.

The stoichiometry 1:2 was also studied. One tibolone molecule was encapsuled by 2
B-CD baskets ending up in dimer creation. as shown in figure 27. Again many initial

models were created and minimized and the energy calculated. However as the
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experimentally prepared complex was made approximately in the ratio of 1 tibolone
molecule to 20 B-CD baskets and in this ratio it is not very likely that the dimers will be

formed. we did not continue in modeling using these models.

Figure 28: Picture of tibolone immersed into the -CD basket, made in Cerius2. A, B- tibolone with OH

aroup on the top. above the basket: C. D — tibolone with OH group in the bottom of the basket

2.1.4 Force Field Test

Every force field (FF) is described with simple energy expressions with a set of
unique parameters. Different force fields are created for different groups of atoms. In
order to get a valuable result in molecular modeling 1t 1s important to find the right force

tfield for each set ot molecules (atoms).

Some types ot torce fields expect charges to be calculated before the actual use of

the torce field. It this is the case there are two available methods for charge calculations
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in Cerius2 (charge cquilibration (Qeq) and Gasteiger). Foree fields developed for

modeling the biological set of atoms are designed so to include the charges calculations

in their design.

Force fields from Cerius™ librarv were tested using B-CD structure from  the
database BCDO4. Encergy minimization of BCDO4 structure was carried out under
following conditions: variable all lattice parameters a. b, ¢. B (i.¢. in space group P21)
for various force fields and various set of atomic charges.We tested both universal and
biological sets of torce ficlds. namely Universal torce field with charges calculated by
both Qeq and Gasteiger and two biological torce tields ¢t 91 and ¢vit 950. The results

are shown 1n table 4.

cel | BCDO4 [FFtype | cff91 | cvff950  Universal

parameters | qatabase | charges| included in FF Qeq IGasteiger

a (A) 21.16 2113 | 2107 2107 = 2439 |

| b(A) | 1025 1075 | 1058 1054 1039

[ c(A) 1511 | 1583 | 1657 | 1660 | 1602

B (°) 111.91 106.04 11352 10489 11139 |
Energy (kcal/mol) 1063 | -547° | -472* | +317

Table 4: Comparison of lattice parameters of BCDO4 crystal strucutre taken tfrom the database before
i )
minimalization and after minimalization in different force tields and using different methods tor charge

calculations.

The best agreement between calculated and experimental structure parameters has
been found tor the torce ftield c¢tt91. Before the correct concentration (ratio) of
experimentally prepared inclusion complex was known we veritied this force field on a
model of inclusion complex, containing 3-CD. trom the database (fiure 29). The results

are shown 1n table 3.

I |
benzyl e | )
alcohol-p-CD | -parameters | a (A) b(A) c(A) y ()
complex, from | database 1536 | 10,1 21,29 112,8
SiaiRkEse cff 91 1567 = 1038 | 2126 | 1127

Table 5: Comparison of lattice parameters of benzyl alcohol-B-CD crystal structure taken from the

database before and after minimalization in cff 91 force field.
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Figure 29: Benzyl alcohol on the left and the benzyvl alcohol-p3-CD ervstal structure on the right. taken

from the database. [3]

Once we got to know the correct concentration we verified the ¢ft 91 foree tield by
minimizing the supercell with 40 B-CD baskets (20 cells built from original cell in ratio
2x3x2). Energy minimization of BCDO4 supercell structure was carried out under
following conditions: variable all lattice parameters a. b. ¢. «, B. v (1.c. In space group

P1) and no constrains. The result 1s shown 1n table 6.

Supercell 2x5x2 cell | | | | " Energy
created from parameters | 2 (A) | b (A) | C(A) [ | @ (°)y | v(°)y | (kcal/mol
BCDO04 from | | | | | )

Galianase, database | 4232 5127 3022 11191 90 | 90 NA

measured and % T L

minimized cff 91 l 40.83 53.85 31.16 1 11196 90 90 -21065

Table 6: Comparison of lattice parameters of BCDO4 super cell built from the crystal structure of BCD04
taken from database (cell parameters, apart the angles, are just multiples of unit cell parameters) before

and after minimalization.

This force tield. c¢tt 91, has been chosen for modeling of tibolone-B-CD structure.
The important result of this test was that in the force field cft91 the structure preserves
the space group P2, (angles o and vy remain 90°) and the differences between
experimental and calculated parameters are acceptable within the empirical force field

accuracy.
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2.1.5 Tibolone-B-CD Crystal Structure; Supercell 2ax5Sbx2c¢

[nitial models of supercell were built according to the real guest concentration. The
mass ratio tibolone : B-CD in experimentally prepared complex was 2.5 mg @ 200 mg.
The corresponding molar ratio is T molecule of tibolone (I'B) per 22 molecules of -
CD. To create the host structure supercell of reasonable size and 3D arrangement for
calculation with realistic guest distribution we built the supercell 2a x 5b x 2¢ (figure

50). Two molecules of tibolone were placed into this supereell ensuring the ratio of one

tibolone molecule per 20 molecules of B-CD.

Around 380 water molecules were nserted into the supercell corresponding to the
experimentally estimated water content in real samples. Positions of water molecules
were overtaken from the database. Tibolone molecules were placed into the CD baskets
in crystal into the same positions. which have been tfound by energy minimization with
one complex molecule in the vacuum. Water molecules in the baskets where tibolone

molecules were placed were deleted so that the tibolone molecules could casily fit in.

Figure 30: Two views on supercell built from unit cell in ratio 2x5x2. CD baskets are in blue and green,

water molecules in red and white.
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Figure 31: Five models with various arrangement of tibolone molecules. Red cross signities in which

basket the tibolone molecule was immersed.

As figure 28 shows. there are two ways of immersing tibolone molecule into the f3-
C'D basket and both of them seem to be energetically equal. We used both of these
structures in fturther modeling.  Ten ditterent models. tfive models with various

arrangements of tibolone molecule in supercell (tigure 31) tor each structure. were built

~
~

keeping the guests evenly distributed. The results as to the total sublimation energy and

g

lattice parameters were nearly the same, therefore we present only one example of TB-
(3-CD supercell crystal structure in the figure 32 and fragment of this structure in figure
33.

The strategy of energy minimization was based on the diftraction data. Comparing
the diftraction patterns for -CD host structure and TB-3-CD complex measured in
Zentiva (figure 34) we can see that the retlections common for both samples did not
change their positions after complexation. That means in real samples the crystal lattice

was not significantly expanded due to the insertion of the TB molecules into the

- 49 -



RESULTS AND DISCUSSION [TBOLONE-B-CD COMPLEX

structure.  Theretore in the first step we minimized the enerey with fixed lattice
parameters. CD baskets and water molecules were movable rigid bodies. TB bonding
geometry was set vartable and molecules of tibolone were not set as rigid units in order

to move freely to obtain the lowest energy possible.

Figure 32: Picture of one of the supercells with two tibolone molecules placed inside two of the 40 3-CD

baskets

-~

Figure 33: Fragment of the structure shown in figure 32 showing in detail the arrangement of TB in -CD

crvstal structure: 3 views
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Comparison of Zentiva BCD, tibolon, complex
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Figure 34: Comparison ot diftraction patterns measured in Zentiva tor the host structure 3-CD and the
TB-B-CD complex. The main retlections common tor both samples have the same positions in both
diftraction patterns indicating that the insertion of ITB does not change the lattice parameters. The
rearrangement of CD baskets in the vicinity of guest molecules and the variable water content caused the

changes in intensities.

10 make the simulations as realistic as possible the OH groups on all B-CD baskets
were set to be free to move. As there exists no model for such settings in Cerius2 all 21
OH groups on all 40 BCD baskets had to be set to move freely manually by unmarking

them when setting baskets as rigid units (cca 1000 hits).

Lattice parameters a (A) b (A) c(A) | w®) B(°) (%)
Lirigingt B=LLs 42322 | 51270 | 30220 90 | 11191 | 90
supercell
TB-3-CD complex
after energy 42.61 52.665 @ 31.186 | 90.01 113.54 90
minimization |

Table 7: Comparison of lattice parameters for the supercell 2a x 5h x 2¢ for the host structure 3-CD

(from database) and for the calculated model of TB-3-CD complex.
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[n the second step the energy was minimized with fixed lattice parameters and all
atomic positions in supercell were variable. The diffraction pattern remained nearly the
same as in the first step. In the third step energy minimization was carried out with
variable lattice parameters and variable all atomic positions in the superceell. Table 7
shows only slight changes in lattice parameters atter insertion of tibolone into the 3-CD
host structure. No rearrangement of” the host B-CD structure has been observed after

complexation,

Comparison of calculated and Zentiva complex
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Figure 35: Comparison of the calculated diftraction pattern for the model structure from the figure 31

(blue) and measured diffraction pattern for TB-p-CD Zentiva (red).

Figure 35 shows the comparison of measured and calculated diffraction pattern of
TB-B-CD complex. As we can see the calculated diffraction line positions fit reasonably
well the corresponding experimental lines. The intensities ratio 1s slightly modified.

There can be several reasons for this change:

e Intensities are very sensitive to water content and to arrangement of water

molecules in the supercell.

e [.ocal disorder in the vicinity of the guest molecule TB.
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e Sample effects like preferred orientation of ervstallites in powder sample.
crystallite size (coherent domain size) and surface absorption (surtace roughness
ettect).

e Instrumental effects: like divergeney of X-ray beam. too large angle step and too

short time step and consequently bad counting statistics.

2.1.6 Acetone in the Tibolone-3-CD Crystal Structure

[Looking caretully at the tibolone-f3-CD complex preparation technique we can see
that there are some residues ot acetone in the final complex. Allowed acetone presence
1s only around 0.3%. There are couple of techniques for determining the acetone
presence in complexes however the objective was to find out whether it 1s possible to

detect the acetone presence in tibolone-(-CD complex by X-rav diftraction.

We have done couple of calculations for determining the number of acetone
molecules corresponding to presence ot 1%. We chose this amount as the reference. It
the presence of this amount would have been visible on the diffraction pattern we would

have lower 1t to 0.3%.

The amount of 1% corresponds to about 6 molecules of acetone per supercell. We
implemented these molecules randomly into the tibolone-B-CD complex. Some into the

B-CD baskets. some into the space between them (figure 36).

The diftraction pattern ot tibolone-B-CD complex structure with 1% acetone seem
to be identical with the diffraction pattern of crystal structure without acetone. As figure
37 shows. neither this amount of acetone. and therefore nor the amount of 0.5% acetone,
is determinable by X-ray diffraction. Other methods have to be used to prove the

presence of acetone in such a small amount.
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Figure 36: Tibolone -CD complex supercell with 1°6 acetone: CDs in blue and green. water molecules
displayed as small red-and-white sticks, 2 tibolone molecules in the right bottom corner displayed in van

der Waals mode and 6 acetone molecules displayed in the same mode scattered in the supercell.

Comparison of tibolone-BCD complex with and without 1% acetone
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Figure 37: Comparison of calculated diffraction patterns of tibolone-3-CD complex with and without 1%

acetone.
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2.1.7  “Water problem" Encountered in Modeling Tibolone-p-CD
Crystal Structure

During the initiation part of this study it was tound out that water molecules
strongly affect the intensity and peaks appearance in ditfraction patterns. Not only the
amount of water molecules is important but also their positions with respect to 3-
cvelodextrine baskets. It is proved by the calculated diftraction patterns that some peaks

can even disappear and some new appear as a result of this “water problem™ (figure 38).

Comparison of crystal structures with and without water
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Figure 38: Comparison of calculated diffraction patterns of BCD crystal structure with and without water

molecules.

Due to the above stated facts it was very important to be careful while
implementing the water molecules into the supercell. The amount of implemented water
molecules had to be very similar to the amount of water molecules in the experimentally
prepared complex. Only the percentage of water content was known so the number of
water molecules per supercell had to be calculated. Positions of water molecules in the
experimentally prepared complex are not known so they were overtaken from the
database structures. as already stated in paragraph 2.1.5 Tibolone-p-CD crystal

structure: supercell 2ax 5h x 2c.
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2.2 CONFORMATIONAL BEHAVIOUR OF
TIBOLONE

2.2.1  Stability of Tibolone Versus A’ isomer (Isotibolone)

The stability of both tibolone and isotibolone were studied using the molecular
dynamics. The NVT ensemble was used for this purpose as it is the most competent

ensemble for determining the contormational behaviour of molecules.

Dynamic simulations were done under the tfollowing conditions: time step of 1fs.
duration of dynamic trajectory 100 000 steps (100 15). quench dynamics with 200
minimization steps after cach 200 steps of dynamics. thermostat — Berendsen. Quench
dynamics means that the structure is in between the dynamic calculations minimized by

selected number of minimization steps. The frequency of minimization is also optional.

B ke

I=

Figure 39: Schematic illustration of tibolone molecule with positive (A) and negative (B) inversion angle
between the bond i/ (C'--C'y) and the plane defined by atoms ijk (C'5, C), C's)and comparison of these two
conformations (C).




RESULTS AND DISCUSSION CONFORMATIONAL BEHAVIOUR OF TIBOLONE MOLECULE

The first dyvnamic simulation of the tibolone molecule at room temperature was
done in order to get the overview of the molecule behaviour and to identify which
factors are changing and should be measured and monitored. It was tound out that the
two most changing parameters in tibolone conformation are: 1) rotation of the O-H bond

around the C-O bond and 2) the inversion angle shown in figure 39.

) The rotation of O-H bond was cxpected and the appearance of  this
conformational change only confirmed the general assumption. The torsion angle C-C-
O-H (see figure 40) was measured during the dyvnamic trajectory and the statistical
distribution of the measured torsion angle tor both tibolone and isotibolone is shown in

figures 41 and 42.

Figure 40: Schematic illustration of torsion angle C-C-O-H, shown in red

[t can be seen that there 1s one main region (in graphical illustration this region is
divided into two regions: 507 to 180° and -130° to -1807) and one minor region (around
-50°) where the torsion angle for most of the conformations lies. This minor region is in
case of tibolone seen mainly at higher temperature (340K) what is probably due to the
higher thermal energy available. The interesting fact is that isotibolone seems to behave
exactly the opposite way to tibolone; at room temperature the minor region is
represented more than at higher temperature therefore the assumption of higher thermal
energy fails. Further and more detailed studies are needed to discover the justification of

this conformational behaviour however they are not part of this present work.
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Conformational changes of torsion angle C-C-O-H were studied also for tibolone
immersed into the B-CD cavity. While in the case of tibolone immersed into the 3-CD
with O-H bond inside the cavity no major deviations trom behaviour of torsion angle of
free tibolone were observed (figure 43). in case of tibolone immersed into the B-CD
with O-H bond outside the cavity the conformational behaviour of torsion angle seems
to be the same tor both the room temperature and the temperature ot 340K (figure 44) so
it can be assumed that this kind of encapsulation stabilizes the contformational behaviour

of tibolone.

2) As the conformational behaviour and change ot the inversion angle might have
something to do with the non-stability of tibolone and crecation of its metabolite
isotibolone by overleaping the double bond we have made two initial models of both
tibolone and isotibolone, one with negative angle and one with positive angle (as shown

in figure 39).

All four models were studied both at room temperature (RT) and at the temperature
ot 340K. The graphs representing the conformational behaviour of the inversion angle
of tibolone and 1sotibolone are extracted from the dynamics trajectory and are shown in
figure 45 and 47 respectively, where the course of inversion angle along the dynamic

trajectory can be seen.

[t was found out that, as shown in table 8, the isotibolone molecule has in both
conformations lower total bond energy and consequently higher stability than the
tibolone molecule. The difterence in energies for negative and positive inversion angle
is very small in case of 1sotibolone, however in case of tibolone this difference is bigger.
[t can be concluded that the tibolone molecule 1s less stable than its metabolite

1sotibolone.

Analysis of the dynamics trajectory shows that at room temperature as well as at the
temperature of 340K the tibolone molecule prefers the conformation with negative
inversion angle as can be seen also at the histograms (figure 46) showing statistical
distribution inversion angle. This result is in agreement with the calculation of total

bond energy, see table 8, where the conformation with negative inversion angle exhibits
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lower total bond energy and therefore higher stability than the conformation with

positive inversion angle.

[n case of 1sotibolone. higher contormational stability in comparison to tibolone can
be observed at both room temperature and the temperature ot 340K. Isotibolone is stable
in both conformations and even at higher temperatures the tfrequency of contormational
changes of mnversion angle 1s very low. This 1s probably due to very high potential
barrier between energetical stages corresponding to positive and negative inversion

angle contormation.

Total bond energy in kcal/mol

positive angle negative angle
Isotibolone -26,6 -26,8
tibolone -15,4 -16,3

Table 8: Total bond energy calculated in ctt 91 force field for tibolone and isotibolone; both

conformations of inversion angle were taken into account.

2.2.2  Stability of Tibolone Immersed into the p-CD

As cyclodextrines serves also as stabilizers the stability of tibolone immersed into
the B-CD cavity was studied. Contormational changes of inversion angle were studied
as 1t was tound out that apart this angle only the position of OH group changes, what
was expected. Two initial models tor each contformation (tigure 39) were built, tibolone
with the OH group both inside and outside the cavity. Minimized models from

molecular mechanics studies were used.

All ot the above mentioned four models were studied at room temperature and at
temperature ot 340K, again the NVT ensemble was used and the same settings as in the
previous dynamics simulations. The graphs representing the conformational behaviour
of the inversion angle of tibolon being immersed into the 3-CD cavity with OH group

upwards (angle of interest being inside the cavity) and tibolon being immersed into the
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B-CD cavity with the OH group downwards (inversion angle being outside the cavity)

are shown in figure 48 and 50 respectively.

[t was discovered that tibolone immersed into the 3-CD cavity with the OH group
being upwards and the inversion angle being inside the cavity statistically preters the
conformation set in the initial models (see figure 49) what indicates that tibolone
conformation 1s in some way stabilised by immersion into the 3-CD cavity. Higher
stability of tibolone inside the B-CD basket is supported by comparison of histograms
showing inversion angle distribution for tree tibolone and tibolone inside the B-CD
cavity (tigures 46 and 49 respectively). For tree tibolone the distribution of inversion
angle depends on temperature (300K and 349K), whercas the distribution of inversion
angle for tibolone being immersed into the B-CD cavity with OH group upwards 1s the

same for both temperatures.

Tibolone being immersed into the B-CD cavity the other way, OH group inside the
cavity and inversion angle outside, 1s netther less nor more stable than tibolone alone
and 1t can be seen that the preferred contormation ot tibolone with OH group inside the

B-CD cavity is that one with negative inversion angle (tigure 51) as tor tree tibolone.

As 1n the real crystal structure the molecules ot tibolone can be immersed into the
cavities ot B-cyclodextrine randomly, as none of the two possibilities (OH group outside
and OH group inside the B-CD basket) 1s more tavoured, it can be concluded that the
complexation of tibolone with B-CD does contribute to the conformational stability of
tibolone to a certain extent. It should be noticed that there can be also certain eftect of
neighbouring CD molecules on the conformational behaviour of tibolone immersed into

the CD basket with, anyway this effect was not studied in present work.

- 60 -



RESULTS AND DISCUSSION  CONFORMATIONAL BEHAVIOUR OF TIBOLONE MOLECULE

Tibolone. positive initial angle. RT
w 0 .20
9 n
10
n no; P % v
-200 100 ( 100 200
Tibolone. positive initial angle. 340K
20 |
P
& 9,05
3
; ) 10
y
D Q
Q . 00, | > .
-200 100 0 100 200
Torsi1on/Degrees
R A A A Ao e A
Tiholone. negative initial angle. R7T
1.2
e 0 .21
’—f 0.1
v 0. 1f
0
0 .00 WO e RUPE———— ; y
-200 -100 0 100
Torsion/lDegrees
i
| . i
Tibolone, negative initial angle, 340K
0 f —_— . . ;
0.23
F 0 20
? 0. 1%
g .1
0.05
0 .00} : T S
~200 100 0 100 200
| Torsion/Degrees
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Figure 48: Conformational changes of inversion angle in two tibolone models (positive and negative
initial inversion angle) at room temperature (RT) and at temperature of 340K immersed into the B-CD
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3 CONCLUSION

The aim of the present work was to solve two main problems linked to the drug
design based on the inclusion of pharmacologically active molecule tibolone into the 3-
cyclodextrine: (1) The ability of tibolone to tform the complex and (2) the
conformational stability ot tibolone. Both problems have been solved using combination
of modelling with available experimental data. The results are brietly summarized 1n

following two paragraphs.

3.1 TIBOLONE-B-CD COMPLEX

Ability of tibolone to form complex with B-CD was confirmed by present study.
[nitial models in 1:1 ratio were created and minimum energy was found. These
minimized models were then used ftor the concentration 1:20 (tibolone:CD). Results of
modeling show that tibolone molecule is able to be inserted into the B-CD basket and to
form the energetically tavored tibolone-B-CD complex. For the given host-guest
concentration ratio tibolone molecules do not cause any cxpansion ot the host crystal
structure, only local distortions in basket arrangement in the vicinity of the guest

molecule. Results of modeling are in good agreement with the powder dittraction data.

3.2 CONFORMATIONAL BEHAVIOUR OF
TIBOLONE

Using molecular dynamic simulations the conformational behaviour of tibolone and

1sotibolone was studied and the results ot this study can be summarised as follows:
) Isotibolone is more stable than tibolone

2) Both molecules tibolone and isotibolone exhibit certain common features in
conformational behaviour. For both molecules we can observe conformational
changes 1n inversion angle describing the departure from planarity of the

terminal ring (see tigure 39) and in orientation of the OH group.
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3) There is difference between tibolone and isotibolone is in the trequency of

conformational changes (jumps between two inversion angles)
4) Tibolone pretfers the negative inversion angle contormation

[sotibolone can exist in both conformations with approximately the same

N
S

probability

6) Complexation of tibolone with f-CD results in higher conformational stability of

tibolone

Present work contirmed the complexation ability of tibolone with $-CD and stabilizing

cftect of complexation on the contormation of tibolone.
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MODELING OF CYCLODE\TRIVE DR[ G COMPLEXES

Pavig Capkovd?, Miroslava Frarnovd®, Jiri d Miroslav Kuchar

"Faculty of Mathematics and Physics, Charles University Prague, Ke Karlovu 3,
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bZentiva, a.s., U kabelovny 130, 10237 Praha 10

‘Zentiva VUFB, a.s., U kabelovny 130, 10201 Praha 10

The preparation of inclusive complexes «f bioactive compounds including
drugs with cyclodextrinesis one of the important tools for the modification of thei
pharmacokinetic profile. These complexes are very promising for the specifically
argeted pharmaceutical forms influencing dramatically the lipophilicity of
compounds under consideration, determining their bioavailability. The effect of
mentioned complexes on the biotransformation velocity of drugs and their stability
in pharmaceutical forms is also of high importance. The cyclodextrine-drug
complex formation is a result of interplay of many factors like size and geometry
of guest molecules, the charge distribution on the host and guest molecules, the
host-guest interaction energy and the mutual relations between the host-guest
and guest-guest interaction energy etc... Molecular modeling using empirical
force field represents very efhicient tool in design of new cyclodextrine-drug
complexes, as it enables to analyze all these factors affecting the complexability, to
predict the structure and to characterize the disordered crystal structures when

the conventional diffraction analysis fails.

Structure of cyclodextrine inclusion complexes
Cyclodextrine (CD, Fig.1) inclusion complexes may crystallize in three
different forms, depending on the nature and size of guest molecules [1,2]: (i)
Herringbone-type cage (Fig.2a); (ii) Brick-type cage (Fig.2b) and (iii) Channel-
type with head-to-head or head-to-tail arrangement of CD molecules (Fig.2c). In’
the cage-type crystal structure the cavity of each CD molecule is blocked on both
sides by adjacent CD molecules. In this type of arrangement the CD molecules
can be packed crosswise in a herringbone fashion (Fig.2a) or in a brick-wall
fashion (Fig.2b). In the channel-type crystal structures the CD baskets are stacked
in a roll so that the cavities form infinite channels [3,4]. The guest molecules are
embedded into endless channels, formed by aligned cavities. This alignment can
be either head-to-head or head-to-tail. In some cases, guest molecules are also
found co crystallized between the CD molecules, that means guest molecules
are not included, but bound by hydrogen bonding to CD hydroxyl, forming a
non-inclusion ,,outer sphere complex® The complex formation, structure type,
stability and solubility are the result of geometrical and chemical factors, which
determine the host-guest complementarity. Geometry and size of the guest
molecule in relation to the size of CD basket is naturally the crucial factor in the
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Chemical factors incluc
mutual relation between the host-guest and guest-guest interaction energy. The

inclusion of guest molecule in a CD cavity is energetically favored process, as the
water molecules originally included in hydrophobic CD cavity are replaced by
a less polar guest. The complex formation depends on the polarity of the guest
molecule. Strongly hydrophilic molecules, strongly hydrated and ionized groups
are not, or only very weakly complex able [2]. That means only molecules, which
are less polar than water, can be complexed by CD.

Figure 2: Three different crystal forms, of cyclodextrine inclusion complexes (a)

Herringbone-type cage; (b) Brick-type cage and (c) Channel-type with head-to-
head arrangement of CD molecules.



Consequently the host-guest interaction between the apolar CD cavitv and
apolar guest molecule is mainly ruled by Van der Waals forces. The effect ofgucst-
guest interaction is important in case of an excessively strong cohesive forces
between the guest molecules. The strong guest-guest interactions obstruct their
separation, which is a precondition for the inclusion. Consequently the crystals
with the melting point higher than 200°C cannot be complexed.

Crystal packing of inclusion complexes in case of @-CD with small guests like
iodine, methanol to 1-butanol is cage-type with herringbone motif. With larger
guests a.-CD prefers channel type crystal structure; a-CDs complexes with small
aromatic guests have slightly distorted baskets due to the benzene ring inside
the cavity packed in the Brick-type cage structure. 3-CD forms herringbone-
type cage complexes with small guests. Larger guests are located within double
baskets formed between two CD molecules. These CD dimers can be stacked
either collinearly to form channel-type structure, or can be displaced sideways to
different degrees. y-CD forms herringbone cage-type structure only with water.
v-CD complexes with other guests crystallize in channel-type structures.

Modeling in structure analysis and prediction
Molecular modeling is a method of optimization of the structure and
bonding geometry using minimization of the total potential energy of the
crystal or molecular system. The energy of the system in molecular mechanics
is described by the empirical force field. That means the total potential energy of

system is expressed as the sum of bond interaction energy £, and nonbonding
interaction energy E bondt Eiot = Epond T B onpong - 1he bond term describes the
covalent bonding geometry for two, three and four atoms by bond stretching E,_,

bond angle E_ _and torsion angle E__deformations and departure from planarity

E_ (inversion terms).

E
my

5= Ebs + Eang +E_+E (1)

bond

In empirical force field all energy terms are expressed by simple analytical
expressions using bond distances, bond angles and torsion angles etc..., where
the force constants for individual atoms are empirical force field parameters.
The nonbonding energy E__ . comprises the Coulombic, Van der Waals and

hydrogen bond contributions.

— 4+ (F
ponbond E(Ioul > EVDW i C"HB) (2>
Van der Waals interactions are described using Lennard-Jones potential
. -12 -6 )
E w=A I = B (3)

or the exponential term:



E...=Aexp(-Br)-Cr

r ] 141 Toeie Gaqinman | 2558 ©idey s
Hydrogen bonds are modeled by similar way:

E, = Fd - Gd

Where A,B,C, are empirical parameters, d_is the distance donor-acceptor.

This simplified description of the crystal energy enables us to model large

o

supra-molecular systems, which cannot be treated using ab-initio calculations.
The energy terms describing the valence interactions and torce field parameters
may differ in various force fields and it is evident that the choice and test of the
force field belong to the most important part of the modeling strategy. -

Classical molecular dynamics calcuiates the dynamic trajectory of the system
solving the classical equations of motion for a system of interacting atoms. The
temperature and the distribution of atomic velocities in the system are related
through the Maxwell-Boltzmann equation. The use of temperature and pressure
controlled molecular dynamics enables to study temperature dependent processes

and to explore the local conformational space.

Host-guest complementarity, complex formation and crystal structure

The host-guest complementarity in case of cyclodextrine inclusion complexes
is mainly given by the size factors, i.e. mutual relationship between the size of
the guest molecule and CD cavity. This is the first task for molecular modeling
in prediction of complex formation. In order to reach the global minimum of
potential energy we use the grid search strategy creating the series of initial
models with systematic rotation and translation of the guest molecule in CD
basket. An example of the lowest energy structure for thé benzyl alcohol-B-CD
inclusion complex is in the figure 3. The total host-guest interaction energy,
i.e. the intermolecular interaction energy between the guest molecule - benzyl

alcohol and the host

Figure 3: The side and top view of the lowest energy structure of the benzyl
alcohol-B-CD complex.
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molecule - B-CD is =19.4 kcal/mol. The Van der Waals contribution to the total
host-guest interaction energy is predominant, as one can see in the table 1. The
inclusion of benzyl alcohol in B-CD is energetically favored. Anvway in general
the value of the host-guest interaction energy cannot be used as the universal
criterion of the complex ability, as the second important factor ruling the
complexation is the guest-guest interaction energy, which can prevent the guest

molecules separation.,

Total H-G interaction VDW Coulombic 1
(kcal/mol) (kcal/mol) (kcal/mol)
-20.2 -19.4 -0.8

Table 1: The total host-guest interaction energy and its Van der Waals (VDW) and
Coulombic components for the benzyl alcohol-B-CD complex, i.e. the interaction
energy between one benzyl alcohol and one 3-CD basket.

CD complexes with small guest molecules can be arranged in the same crystal
structure as the original host structure of cyclodextrine. The large guest molecules
and guests, which are not very deeply included in the CD basket, cause the
rearrangement of the CD crystal structure. Figure 4 shows two guest molecules of
different size and the two crystal structures of theit CD complexes. In upper layer
of the fig.4 (right corner) is the view of the crystal structure of 3-CD (monoclinic,
space group P2). The large guests with less favorable shape for inclusion form the

dimeric structure of CD complexes (see fig. 4a lower layer).

Figure 4: Two guest molecules of different size and crystal structure of their 3-CD
complexes. Host structure B-CD is in the upper right corner,
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Molecular modelling s very useful tool in prediction of complexation,
analyzing the sterical conditions and energy characteristics. In addition modeling
is very helpful in structure analysis of CD complexes. These structures are very
often more or less disordered and then the conventional diffraction analysis
fails. In such a case modeling provides us with the structure model including the
character and degree of disorder and with energy characteristics describing the
structure stability.

It is evident that by the use of empirical force field one has to pay special
attention to the modeling strategy. That includes the choice and test of the force field
using a known related structure. Table 2 shows the comparison of experimental
and calculated structure parameters for benzyl alcohol-B-CD. Anyway, it should
be especially emphasized, that modeling strategy must be based on the available
experimental data, usually the comparison of diffraction patterns and IR spectra

for inclusion complex, host and guest structures.

parameter f a (A) l b(A) c(4) JL ) y
experiment [5.36 1( 10.10 21.29 l 112.8

[ ey
calculated 1567 | 10.38 21.26 1 112.7

Table 2: Experimental structure parameters (overtaken from databaze) and
calculated using empirical force field cff 91 (from Cerius® force field library [7]) for
benzyl alcohol-B-CD.
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APPENDIX 2

Miroslava Franova: Determining the crystal structure and
conformational behaviour ot tibolone, its metabolites and
tibolone-pB-cyclodextrin (TB-B-CD) complex using molecular

simulations, Pharmaceutical Sciences Fair & Exhibition, 2005



Following abstract was admitted to the conference “Pharmaceutical Sciences Fair &
Exhibition™ as a short communication. The quotation of the acceptance letter is written below.,

Determining the crystal structure and conformational behaviour of tibolone, its
metabolites and tibolone-f-cyclodextrin (TB-p-CD) complex using molecular
simulations

Franova, M': Capkova. P': Petrickova. H": Dohnal. J°

'Charles University. Faculty of Mathematics and Physics. Prague. Czech Republic: “Zentiva, Prague. Czech

Republic

New compound containing tibolone (TB) and B-CD in ratio 1:20 was experimentally
prepared. Its structure could not be determined tfrom X-ray dittraction pattern itselt. With the
help of molecular simulations we tfound that the new entity 1s TB-3-CD complex and that TB
can be immersed into the 3-CD cavity in two ways, OH group inside and outside the basket,
and that the host-guest interaction energy is in both cases nearly the same. We used classical
molecular dynamic simulations in NVT ensemble and cttVl ftorce tield to study the stability
of tibolone versus isotibolone at room temperature and at temperature ot 340K. Molecular
dynamics showed that 1sotibolone is more stabile than tibolone and that tibolone prefers the
conformation with negative inversion angle (angle between the bond C2-C4 and the plance
defined by atoms C1, C2 and C5). Stability ot inclusion complex TB-B3-CD was studied tfor
TB being immersed into the CD with OH group inside and outside the basket. Model with
('2-C4 bond inside the basket (OH group outside the basket) was tound to be stabile whereas
the model with C2-C4 bond outside the basket was found not stable, that means jumps
between two torsion angles have been observed during dynamics trajectory.

Fromming KH, Szejthi J. 1994. Cyclodextrins in pharmacy.Kluwer Academic Publishers

Cerius2 User Guide, Molecular Simulations Inc., San Diego

“Dear Dr/ Professor Miroslava Franova

On behalf of the PharmSciFair Planning Team we are pleased to inform you that your
abstract entitled:

Determining the crystal structure and conformational behaviour of tibolone, its metabolites
and tibolone-<beta>-cyclodextrin (TB-<beta>-CD) complex using molecular simulations

has been accepted for a short communication presentation at the Pharmaceutical Sciences
Fair & Exhibition, on June 12-17, 2005 in Nice. The abstract will be published on a CD,
circulated at the PharmSciFair and on the PharmSciFair Online, two weeks prior to and two
weeks after the event. In addition, some of the PharmSciFair Programme Providing Partner
Societies indicated that they might make a selection of abstracts submitted under their domain
for publication in their (own) scientific Journal. If your abstract would be selected for such
publication, they will approach you.”
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