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Meiosis Activating Sterols 

In 1995, Byskov and co-workers discovered two compounds that we
be important for the development of mammalian germ cells. These 
molecules are intermediates in the biosynthetic pathway of cholest
are called sterols (Figure 1). They were found to exhibit a similar fu
induce immature reproductive cells to complete their development 
al., 1995; Byskov et al., 1998; Byskov et al., 1999; Yding Ander
1999). The molecules represent a class of compounds with novel pha
properties, designated Meiosis Activating Sterols (MAS) or, alte
Meiosis Inducing Substances (MIS). The names of the compounds ar
from their function and the location in the organisms they were iso
Compound 1, 4,4-dimethyl-5α-cholest-8,14,24-triene-3β-ol, in
maturation of human oocytes in ovarian 

re found to 
steroid-like 
erol, which 
nction: both 
(Byskov et 
sen et al., 

rmaceutical 
rnatively, 
e derived 

lated from. 
itiates the 

follicles and is called follicular fluid-
MAS (FF-MAS). Compound 2, 4,4-dimethyl-5α-cholest-8,24-diene-3β-ol, is 
involved in the production of spermatozoa in bull testis and is therefore called 
testicular-MAS (T-MAS). 
 

HO HO
H H

-diene-3β-ol

H H

) and 2 (T-

he possible 
l processes 
ent fertility 
n in either 
ce they are 

not likely to affect the normal hormonal balance. Furthermore, MAS agonists 
may prove valuable in treating problems related to reproductive cell maturation. 
Thus, sperm production in men could be increased and aberrant oocyte 
production in women could be remedied. The work described in this thesis is 
focused on the exploration of structural and physicochemical properties of 
MAS, in particular of FF-MAS and derived compounds. Implications of these 

4,4-dimethyl-5α-cholest-8,14,24-triene-3β-ol
(FF-MAS)

4,4-dimethyl-5α-cholest-8,24
(T-MAS)

Figure 1. Structures of the meiosis activating compounds 1 (FF-MAS
MAS).  
 
The importance of the discovery of the two compounds lies in t
applications of MAS-derived structures. Interference in the biologica
on which the MAS compounds operate can either promote or prev
(Byskov et al., 1999). Thus, MAS antagonists that block MAS actio
sex are attractive alternatives for the contraceptives used to date, sin
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properties on the MAS activity are discussed and where possible, structure-
activity relationships will be derived.  

s with half 
the genetic 
somes and 
 2, consists 
regates the 

lates the 
e necessary 
to replicate 
somes and 
n divisions 
place, after 
 a second S 
tinued and 
id cells are 
of the four 

s into a fully functional ovum, the rest of the genetic material is 
extruded as polar bodies (PB’s). The development of the gametes can be 
arrested at several stages of the meiotic cycle, i.e. at the late G2/early MI phase, 
which is called prophase I and after the oocyte has developed into a fully 
functional egg cell.  
 
 
 

Meiosis 

Meiosis is a reductive division process to produce reproductive cell
the genetic material of the normal cell. During the meiotic process, 
content of a diploid precursor cell, with a single set of chromo
duplicate DNA, is reduced. The meiotic cell cycle, depicted in Figure
of four phases in which the cell grows, replicates DNA, seg
chromosomes and divides. During the G1 phase the cell accumu
enzymes needed to replicate DNA and other material that provides th
resources to complete the cycle. The S1 phase that follows is used 
the genetic material. The resulting cell, with two sets of chromo
therefore four DNA copies, then undergoes two successive reductio
called MI and MII. In mitosis, only one reduction division takes 
which the resulting cells can enter a new division cycle starting with
phase. In meiosis, however, the development of the germ cells is con
no S phase occurs between the reduction phases. In males, four haplo
produced, which all become functional sperm. In females, only one 
haploids develop

S1 Meiotic Division I MII
G1

Prophase I

Second 
arrest

First 
arrest

GV

1st PB 2nd PB

Ovulation

Cell cycle

Oocyte development

FF-MAS Fertilization

Sperm nucleus

FSH, LH

 
Figure 2. Schematic representation of the meiotic cell cycle.  
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In humans, the meiotic principle is the same for both sexes, but th
very different. Male germ cells are arrested in the G1 phase, and me
initiated until puberty. Thereafter, meiosis is continuous and un
Female germ cells develop into primary oocytes during the first meio
fetal life. Their development is arrested a first time in the late proph
before or just after birth. This stage is characterized by a promin
membrane, called the germinal vesicle (GV), which can be seen
microscope. The primary oocytes rest until puberty after which each 
through the MI and MII phases. During this process, called GVBD, t
vesicle breaks down and the first polar body is extruded, which cont
the DNA of t

e timing is 
iosis is not 
interrupted. 
tic phase in 
ase I stage, 
ent nuclear 
 through a 
in turn goes 
he germinal 
ains half of 

he diploid mother cell. Thereafter, meiosis is arrested a second time 
of a sperm cell, after which the second 

in follicles, 
vironment. 
cession by 

d a layer of 
rough gap 
molecular-
 surge of 
stimulating 
s are also 

 present on 
 them the 
al., 2000). 

ulus-oocyte 
vel in the 
ccur when 
or cAMP 

iersma et al., 1998). These findings 
oocyte may 
ins a PDE 

 found that 
phosphodiesterase 3 inhibitors blocked oocyte maturation in rodents, without 
affecting the normal cycle (Wiersma et al., 1998). 

Previously, it was believed that the resumption of meiosis was accomplished 
by withdrawing inhibitory substances from the oocytes, thus releasing it to 
continue meiosis spontaneously (Moor & Warnes, 1979; Dekel, 1995). 
However, after the gonadotropin surge, the hypoxanthine levels in mouse 

and is resumed exclusively by entering 
PB is extruded.  

Regulation of meiosis 

The development of primary oocytes into egg cells takes place 
which are the functional units of the ovary and ensure a unique en
Primary oocytes arrested at the prophase stage are surrounded in suc
an antrum (i.e. fluid derived from serum), a layer of cumulus cells an
mural granulosa cells. All of these cells are in communication th
junctions, which facilitate transportation of hormones and lower 
weight compounds. Meiosis is initiated through a preovulatory
gonadotropins (Yding Andersen et al., 1999), in particular follicle 
hormone (FSH) and luteinizing hormone (LH). The gonadotropin
responsible for ovulation. Receptors for both hormones seem to be
mural granulosa cells and cumulus cells exclusively, which makes
primary target of these gonadotropins (Byskov et al., 1997; Lu et 
After the gonadotropin surge, the cyclic AMP level in the cum
complex increases (Eppig & Downs, 1988), whereas the cAMP le
oocyte itself seems to decrease (Schultz, 1988). Meiosis does not o
phosphodiesterase (PDE) enzymes, which are responsible f
degradation, are inhibited in oocytes (W
indicate that a drop in intracellular cAMP concentration within the 
be important for induction of meiosis. In fact, follicular fluid conta
inhibitor, hypoxanthine, which is important in maintaining meiotic arrest 
(Törnell et al., 1991; Hegele-Hartung et al., 1999). In addition, it was
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follicular fluid levels drop only slightly, indicating that a stimulatory
may override the inhibitory effect of hypoxanthine. The discovery t
able to induce maturation of the oocyte despite the presence of hy
(Törnell et al., 1991; Hegele-Hartung et al., 1999), indicates th
mechanism is in fact present. The notion that MAS compoun
endogenous activating stimulants of resumption of meiosis is con
studies by Leonardsen et al. (2000a) and Lu et al. (2000). They s
inhibition of different proteins involved in the synthesis of MA
meiosis. In addition, it was found that 14

 component 
hat MAS is 
poxanthine 
at such a 

ds are the 
firmed by 

howed that 
S prevents 

α-demethylase, which demethylates 
shida et al., 

 from their 
 al., 1999). 
that FSH is 
plex is still 
t al., 1997; 
sized in the 
rted to the 
y diffusion 

etween both 
n of MAS. 

, but little is 
idate is the 
ing of FF-
vatives can 

le to induce 
it does not 

udy on the 
pled receptor inhibitor, on the 

resumption of meiosis suggests that a G-protein-coupled receptor mechanism is 
 (Grøndahl et al., 2000). Recent studies 

-associated 
-dependent 

Sterols, including the MAS compounds, are intermediates in the post-squalene 
biosynthesis of cholesterol. The discovery of the involvement of MAS 
compounds in the resumption of meiosis (Byskov et al., 1995) was the first time 
that a specific function of a sterol compound, other than cholesterol, was found 
(Jackson et al., 1997). Before discussion of the pathway involved in producing 
cholesterol, a brief description of the nomenclature and notations of sterols is 

lanosterol to give FF-MAS (see below), is important for meiosis (Yo
1996; Strömstedt et al., 1998; Majdic et al., 2000).  

FF-MAS induces the resumption of meiosis in oocytes separated
cumulus and granulosa cells, in contrast to FSH (Yding Andersen et
Thus, FF-MAS exerts in action on the oocyte directly. It was found 
able to induce maturation only if the cumulus-enclosed oocyte com
intact just after the preovulatory surge of gonadotropins (Byskov e
Yding Andersen et al., 1999). This suggests that FF-MAS is synthe
cumulus cells in response to elevated levels of FSH and transpo
oocyte, either through gap junctions, or in a paracrine way, i.e. b
through the extracellular medium (the antrum). Communication b
cumulus cells and the oocyte appears to be necessary for the functio
A receptor protein is believed to mediate the signal induced by MAS
known about the receptor for MAS compounds. One possible cand
orphan nuclear receptor LXRα, which is activated five-fold by bind
MAS (Janowski et al., 1996; Ruan et al., 1998). Oxycholesterol deri
also bind to the LXRα, but they are, in contrast to FF-MAS, not ab
resumption of meiosis in vitro (Grøndahl et al., 1998). Therefore, 
seem likely that LXRα is the endogenous MAS receptor. A st
influence of cholera toxin, a G-protein cou

responsible for the MAS mode of action
suggest that the MAS receptor might be a plasma membrane
molecule (Færge et al., 2001) involved in the cAMP-protein kinase A
signal transduction pathway (Leonardsen et al., 2000b). 

Sterols: nomenclature and biosynthesis 
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given. In Figure 3, the labeling scheme of the atoms of the androsta
is given, as well as the names of the four rings of the sterol 
skeletons. The side above the plane of the paper of Figure 3 is called
the opposite side is called the α-side. Substituents occurring above t
the paper are denoted by a β, those occurring below the plane of the 
α following the atom number at which they occur. Double bonds are
a ∆, with the atom numbers at which they occur as superscripts. If
bond occurs between two consecutive numbered atoms, the higher at
is not given explicitly. However, if this does not apply, the higher
given between parentheses, directly after the lower atom number. 

ne skeleton 
and steroid 
 the β-side, 
he plane of 
paper by an 
 denoted by 
 the double 
om number 
 number is 

If more than 
one double bond is present, the numbers that indicate their positions are 
separated by a comma. Thus, FF-MAS is a ∆8,14,24 and T-MAS a ∆8,24 structure.  
 

the MAS 
ht). The β-

hematically 
lene yields 

rome P450-
d by 14α-

 elimination 
ction steps. 

n of the ∆7 
bond gives 
rogenation 

ogenation of the C5 to C6 single bond 
and subsequent reduction of the double bond at C7 gives cholesterol. The 
synthesis of FF-MAS and T-MAS follows the reverse direction of the 
biosynthetic pathway of cholesterol, starting from desmosterol (∆5,7). During the 
reactions, several intermediate isomers can in theory be formed. It was observed 
that only a limited number could actually be obtained in appreciable yields. 
Apparently, the isomers have different stabilities.  

Figure 3. Numbering of the skeletal atoms in cholesterol and 
compounds (left) and the designation of the four skeleton rings (rig
side is above and the α-side is below the plane of the paper. 
 
The post-squalene biosynthetic pathway of cholesterol is sc
represented in Figure 4 (Schroepfer Jr., 1982). Cyclization of squa
lanosterol, which is subsequently demethylated at C14 by cytoch
14α-demethylase to give FF-MAS. Reduction of the ∆14 double bon
reductase yields T-MAS, which is then converted into zymosterol by
of two methyl groups at C4 through a number of oxidation and redu
The ∆8 bond in zymosterol is converted to a ∆7 bond by a ∆8-isomerase. 
Dehydrogenation of the single bond between C5 and C6 and reductio
double bond gives desmosterol. Reduction of the ∆24 double 
cholesterol. Alternatively, the ∆24 bond may be reduced before dehyd
of the ∆5 bond to give lathosterol. Dehydr

3 5

101
2

7

8
9 14

15

A B
4 6

1312
11

16

17

19

18
2021 22

23
24 25 26

27

C D
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Lanosterol

Zymosterol
FF-MAS

T-MAS

HO
H

HO HO

Figure 4. Schematic represent
HO

HO
H

HO
∆7-cholesterolLathosterol

CholesterolDesmosterol∆7-desmosterol

∆8-isomerase

14α-demethylase

14α-reductase

Squalene

H

HHH

H H

H

H

HH

 
 

ation of the biosynthetic pathway of the 

vesicle that 
rrest. This 

verride the 
ted known 
AS (N.V. 

leton and a 
3β-OH group. The 3β-OH group is mandatory, indicating that the ring A moiety 
plays a major role in binding MAS ligands to their receptor. All compounds 
contain a lipophilic aliphatic chain attached to C17. The double bond between 
atoms C24 and C25 enhances activity compared to compounds with a single 
bond at this position, but it is not mandatory (Byskov et al., 1995; Strömstedt et 
al., 1998; Wenckens et al., 1998). Similarly, two methyl groups at C4 increase 

cholesterol. 
 

Activity of the MAS compounds  

As stated above, primary oocytes contain a clearly visible germinal 
breaks down when meiosis is resumed (GVBD) after the first a
phenomenon is used to determine whether a compound can o
inhibitory action of hypoxanthine in in vitro tests. All FF-MAS rela
agonists and antagonists are structurally very similar to FF-M
Organon, personal communication). They contain an androstane ske
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the activity of the MAS ligands, but do not have to be present. Repl
C22 by an oxygen atom leads to loss of activity for compounds wi
configuration of C20 of FF-MAS (natural configuration). In contrast
is replaced by an oxygen atom in compounds w

acement of 
th a similar 
, when C22 

istry of 

 mimicked 
e holds for 

atic C ring 
 at ring C 

. Other double bond isomers, such as ∆5, ∆5,7, ∆7,9(11) 
and ∆7,14 structures, did not result in active compounds. However, a ∆6,8(14) 

ly active.  

ure-activity 
t of 1α,25-
 found that 
d a higher 

 than those with natural configuration (Midland et al., 
 Yamada et 
rly, 22-oxa 
 were able 

Calcitriol is the endoge VDR). The 
VDR is a member of the  of them a 
crystal structure is availa  al., 1995; 
Brzozowski et al., 1997; N ). It is not 

logy of the 
d the MAS 
e similarity 
relationship 

epimeric 
xhibit a binding 

mode similar to calcitriol and its analogs upon 
binding to their respective receptors. Analysis 
of the binding of calcitriol to its receptor may 
therefore increase insight into the structure-
activity relationships of the C20 
stereochemistry of the MAS compounds.  

 

ith inverted stereochem
C20 (unnatural configuration), compounds can be active.  

The double bond in the side chain of the MAS compounds can be
by a phenyl group, as is observed in a number of structures. The sam
the ∆8,14 double bond system, which can be replaced by an arom
(Grønvald et al., 1997). The presence of a conjugated pi-system
therefore seems mandatory

compound was partial

MAS and Vitamin D3 

The MAS agonists share an interesting feature in the struct
relationships of the stereochemistry at C20 (see above) with tha
dihydroxy-vitamin-D3 (calcitriol, see Figure 5) and its analogs. It was
calcitriol analogs with an unnatural stereochemistry at C20 induce
transcriptional activity
1993; Boullion et al., 1995; Yamamoto et al., 1996; Liu et al., 1997;
al., 1998; Väisänen et al., 1999; Yamamoto et al., 1999). Simila
compounds derived from FF-MAS with inverted C20 stereochemistry
to induce meiosis in vitro.  

nous ligand of the vitamin D receptor (
superfamily of nuclear receptors, for some
ble (e.g. Renaud et al., 1995; Wagner et

olte et al., 1998; Tanenbaum et al., 1998
unreasonable to assume that the topo
receptor active sites of the VDR an
receptors are similar considering th
in side chain structure activity 
(SAR). As a consequence, the C20 
compounds of MAS may e1

H

H

α,25-(OH)2-D3

OHHO

OH

Figure 5. Chemical structure 
of 1α,25-dihydroxy-vitamin 
D3 (calcitriol). 
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Methodologies  

hniques for 
o different 
hanics and 
o methods, 
ple give an 
rived from 

time at the 
chanics. It 
i-empirical 
.  
d become 
ost of the 

th electron-
for systems 
reduce the 
ome of the 
tio method. 
e atoms in 

is approach 
ated to the 
 part of the 
interactions 
ns between 

arameterized using experimental data, hence the 
iffer in the 
d methods 
i-empirical 
istributions 

er, it treats 
pring. The 
 spring are 
ion angles 

other non-bonded intra- and intermolecular interactions. The specific terms and 
parameterization used are called the force field and they determine the accuracy 
of the method. The energies calculated by molecular mechanics are only 
indirectly related to physical values, i.e. energy differences of different 
conformations indicate their relative presence in the system used in the 
modeling process. The fraction of a conformation present in the modeled 

Computational modelling 
Computational methods are in general inexpensive and valuable tec
exploration of conformational behavior of molecules. Basically, tw
methods can be distinguished, which are based on quantum mec
classical mechanics respectively. The first approach, called ab initi
use the quantum-mechanical Schrödinger equation and can in princi
exact solution to a specific problem. Semi-empirical methods are de
the ab initio method, but use parameterization to save computer 
expense of accuracy. The second method is called molecular me
describes a molecule using classical mechanistic equations. The sem
and molecular mechanics methods are discussed in more detail below

Quantum chemical ab initio methods are time consuming an
increasingly expensive with increasing size of the modeled system. M
computer time is needed to calculate energy terms associated wi
electron repulsion terms that occur in the Schrödinger equations 
with more than one electron. Semi-empirical methods aim to 
calculation time and memory space by neglecting or approximating s
two-electron overlap integrals that need to be calculated in the ab ini
Specifically, only integrals associated with the valence electrons on th
the system under consideration are evaluated. The rationale for th
lies in the fact that most molecular properties of interest are rel
behavior of these electrons. The core electrons are considered to be
nuclear core of an atom. The energy contributions related to 
between electrons in the core and the energies related to interactio
core and valence electrons are p
name of the method. Several methods have been developed which d
degree of neglect of the two-electron integrals. The most widely use
are MNDO, AM1 and PM3. One of the applications of the sem
methods is the calculation of partial atomic charges, based on the d
of the valence electrons on the atoms.  

Molecular mechanics does not explicitly include electrons. Rath
atoms as soft spheres connected to each other by a classical s
optimum bond distance and the magnitude of the force constant of the
parameters derived from experimental data. Similarly, bond and tors
are described by energy terms that use experiment-derived parameters, as are 
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environment is related to the energy through Boltzmann statistics. O
interested in the ensemble of conformations that a molecule can adop
of the possible conformations can be achieved via several techniques
such an ensemble is generated by simulation of molecular movement
using a technique called molecular dynamics. The atomic motio
acceleration) and the driving forces of the system are described b
Newtonian equations. Another technique is

ften, one is 
t. Sampling 
. Generally, 
 with time, 
ns (speed, 
y classical 

 stochastic sampling, in which the 
 are modified randomly.  

rmation on 
ray analysis 
orm of the 
and size. A 
unit cell, in 
m it depend 
ughout the 
portant part 
est crystals 

ed solution. 
n between 

catter. As a 
tion of the 
e indicated 
l, which is 
e diffracted 
 cell.  
he electron 
differences 

ure factors. 
xperiment. 
 have been 
 as ‘direct 
to make an 
e Patterson 
intensities. 

electron density in which the position vectors of points with maximum intensity 
correspond to interatomic vectors in the crystal structure. The intensity of a 
Patterson peak is related to the atomic number of the contributing atoms. For 
small molecules, reconstruction of the electron density distribution is nowadays 
straightforward in most cases. The electron density obtained is an average of 
time and over the periodicity of the crystal. Since atoms move and the 

atom positions

X-ray diffraction 
X-ray crystallography is a technique to obtain experimental info
structural and conformational aspects of molecules. A successful X-
gives a structural model of the molecule(s) in the crystal in the f
atomic positions. The method requires crystals of sufficient quality 
crystal can be regarded as a repetition of a building block, called the 
three dimensions. The quality of the crystal and the data obtained fro
on the extent to which translation symmetry of this unit cell thro
crystal is fulfilled. Obtaining good quality crystals is therefore an im
of a crystal structure analysis and has received much attention. The b
are usually obtained by slow growth from a slightly over-saturat
When the crystal is irradiated with electromagnetic waves, interactio
this incident beam and the electron cloud in the crystal cause it to s
result of the periodicity in the crystal, interference results in extinc
scattered beam in all but a few discrete directions. These directions ar
by indices h, k and l and depend on the geometry of the unit cel
defined by three translation vectors a, b and c. The intensities of th
X-ray beams are related to the electron density distribution in the unit

Fourier transformation can in principle be used to reconstruct t
density of the unit cell from the diffraction intensities and the phase 
of the diffracted beams with the incident beam, called the struct
However, information on the phases is lost during the diffraction e
This is known as the ‘phase problem’. Two solutions to this problem
developed in chemical crystallography. One approach, referred to
methods’, uses strong reflections and certain combinations thereof 
educated initial guess of the phases. In the second approach, called th
method, a Fourier transform is calculated using only the observed 
The resulting Patterson map represents the self-convolution function of the 
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periodicity of a crystal is not perfect, the electron density is somewh
out over a limited area. This effect is taken into account by atomic d
factors. The initial model is a rough estimation of the electron density
to be refined to increase the model sophistication. In the refinemen
anisotropic description of the atomic movement is introduced and 
p

at smeared 
isplacement 

 and needs 
t stage, an 
disorder, if 
al structure 
rapher. 
 have been 
Cambridge 
all organic 
nk (PDB, 
 and other 
n valuable 

information on the conformation and intermolecular interactions between 
es are valuable tools in the design and 

ce (NMR) 
olecules in 
an external 
c field, the 
antum spin 
 these spin 
plied to the 
 will occur 
e chemical 
n, because 
nic cloud. 
 once, and 
cay). After 

the NMR spectrum is obtained, in which the 
ncy of the 

ferred to as 
eter used. 

phenomenon called J-coupling. The result of coupling in the NMR spectrum is 
splitting of the signal of a spin system.  

NMR spectroscopy is widely used as an analytical tool for identification of 
small molecular compounds. For this purpose, information on the chemical 
shifts and coupling constants usually suffice, which can be obtained through 
one-dimensional NMR experiments as described above. Derivation of more 

resent, is handled. It is the most time consuming step of a cryst
determination since it requires the personal attention of the crystallog

A large number of crystal structures have been solved so far and
collected in rapidly extending structural databases. These include the 
Structural Database (CSD, ~233.000 structures in April 2001) for sm
and organometallic molecules, the Brookhaven Protein Databa
~15.000 structures in May 2001) for proteins, nucleic acids, DNA
biologically interesting macromolecules. These databases contai

molecules. Therefore, these databas
modeling of new materials and molecular structures. 

Nuclear Magnetic Resonance spectroscopy 
Where crystallographic structure determinations yield molecular models in the 
solid phase, high-resolution solution Nuclear Magnetic Resonan
experiments provide structural and conformational details of m
solution. The spin states of atomic nuclei are degenerate when 
magnetic field is absent. In the presence of an external magneti
degeneracy between spin states is removed for nuclei with a qu
number of a ½ or higher. The energy differences associated with
states lie in the range of radio waves (RF). When an RF pulse is ap
sample in the external magnetic field, resonance of the nuclear spins
at discrete frequencies. These resonance frequencies depend on th
environment around the nucleus, i.e. the electron density distributio
the external magnetic field is shielded by the presence of the electro
During acquisition of the data, all these frequencies are measured at
the resulting collected data is referred as a FID (Free Induction De
Fourier transform of this FID, 
intensity of the signal is given as function of the resonance freque
nucleus. The latter is often given in parts per million (ppm), also re
chemical shift, which is independent of the NMR spectrom
Magnetization on spins can be transferred through bonds, which gives rise to a 
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detailed structural information on molecules requires the use
sophisticated NMR techniques. In general, multi-dimensional NMR e
are applied for these purposes. The discussion here will foc
experiments, with two frequency axes. A two-dimensional NMR 
involves four stages. During the first stage, the preparation stage, ma
is transferred to a certain spin. During the following evolution stage
shift evolution occurs over the period of the first time variabl
incrementing t

 of more 
xperiments 
us on 2D 
experiment 
gnetization 
, chemical 
e (t1). By 

mical shifts 
the second 
te the spin 
ent. In the 
ne spin to 

emical shift 
le (t2) and 
l matrix of 
fter Fourier 
e evolution 
xperiments. 
COSY) and 

n from one 
sfer results 

D spectrum 
lved. From 
identify the 
rinciple of 
nuclei can 

 space. The 
d with nuclei at a short distance r, which is usually 

 and their intensities are proportional to r-6. From the intensities 
ated. These 
formations 
formations 

Some of these proteins are involved in mechanisms that are associated with 
diseases. These proteins constitute interesting targets for the development of 
new drugs and structural information is often of great assistance in the 
development of new pharmaceutical agents. To remedy the fact that the structure 
of such a protein is not known, a structural model can be obtained if structural 
information is available on proteins that are evolutionary related. Related 

1 in a series of measurements, modulation of the che
occurs, which enables the detection of the various nuclei in 
dimension of the 2D spectrum. The third stage is used to manipula
system in some way, the details depend on the type of experim
experiments described below, magnetization is transferred from o
another, which is called mixing. During the final detection stage, ch
evolution occurs over the duration of the second time variab
magnetization on the labeled spins is detected. A two-dimensiona
resonance data is acquired as a result, which gives the 2D spectrum a
transformation in both dimensions. Magnetization transfer during th
time can be achieved in various ways, leading to different types of e
Two of those will be discussed here, called correlated spectroscopy (
nuclear overhauser enhancement spectroscopy (NOESY).  

The key concept of the COSY methods is transfer of magnetizatio
spin to another via 3J coupling, which occurs through bonds. The tran
in cross peaks that appear above and below the diagonal line of the 2
at the intersections of the frequencies of the two spin systems invo
the cross peaks, atom connectivity’s can be deduced and used to 
molecular structure. In NOESY techniques and its variants, the p
magnetization transfer is comparable, but the mechanism differs: 
exchange magnetization via cross-relaxation, which occurs through
cross peaks are associate
smaller than 5 Å,
of the cross peaks, the inter-nuclear distances can be approxim
distances are averages over time and over the ensemble of con
present in the solution. From these distances the conformation or con
of a molecule can be derived.  

Homology modeling 
For most proteins, experimental information on the structure is not available. 
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proteins often have a high percentage of identical or similar residu
sequences. Since the fold of a protein is largely determined by the 
sequence, one can assume that proteins with a high sequence hom
similar folds. A sequence of the protein with known structure can th
as a template onto which the residues of the protein with unknown 3
are matched. This process, called ‘alignment’, becomes increasing
errors with decreasing homology. As a consequence, the model d
quality when the ho

es in their 
amino acid 
ology have 
en be used 
D structure 
ly prone to 
ecreases in 

mology decreases. After optimal alignment, at least forty 
structure to 

f the model 
 the loops 
al residues 

n as in the 
constructed 
in the PDB 
onstruction 
occur most 
ops, which 

e built and one is 
selected after the model is complete. Finally, the selected protein model is 

ed using a mild procedure, to relieve strain caused by atomic clashes. A 
g modes of 
ds. 

f the target 
the protein 
ns and an 
loped with 

echanics. 
f molecules 
gies. Other 
mental data 
r & Dean, 

 One such a 

SuperStar locates favorable interaction sites of a chemical functional group 
near a molecule. The method uses intermolecular interaction information stored 
in a database called IsoStar (Bruno et al., 1997, 1999). The IsoStar database 
consists of geometrical distributions of one chemical group, called the contact 
group, around another, called the central group. The distributions are derived 
from the crystal structures of the CSD and protein-ligand complexes from the 

percent of the residues should be identical to those of the template 
ensure a reliable model.  

The homology model is built by first constructing the backbone o
protein using the coordinates of the template protein, excluding
between α-helices and β-sheets. Thereafter, the side chains of identic
in the sequence alignment are included with similar conformatio
template. The side chains that do not match those of the template are 
using statistical information on side chain conformations present 
database (see above). The loops present the largest challenge in the c
of a homology model because deletions, insertions and mutations 
often there. Several methods have been developed to model these lo
will not be discussed here. Often, several protein models ar

minimiz
homology model can yield valuable information on potential bindin
molecules and on structural and conformational requirements of ligan

SuperStar 
The design of new drugs is helped greatly if the tertiary structure o
protein has been solved. The design of new, potent ligands using 
structure requires a good understanding of molecular interactio
adequate model to describe them. Several approaches have been deve
this goal. The most widely used methods are based on molecular m
These methods calculate energies of interaction for a given system o
and evaluate the binding potency of a ligand based on these ener
methods have been developed which rely more directly on the experi
on molecular interactions present in structural databases (Danzige
1989a,b; Böhm, 1992a,b; Clark et al., 1995; Laskowski et al., 1996).
method is SuperStar (Verdonk et al., 1999, 2001). 
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PDB. For a SuperStar run, a set of distributions with identical contac
used. The central groups of the distributions are superposed on
molecular fragments in the molecule, thereby transforming the dis
the contact group accordingly. After matching of all structural frag
studied molecule is surrounded by the separate contact groups di
some of which overlap. In the final step, SuperStar combines th
distributions to give a composite propensity distribution for a con
From these composite distributions, favorable interaction sites fo
group in the vicinity of a mole

t groups is 
 matching 

tribution of 
ments, the 
stributions, 
e separate 
tact group. 
r a contact 

cule (e.g. in a protein active site) can be 
identified. These hot-spots can then be used to find the binding mode of a 

design new ligands.  

ent of the 
-MAS and 
nalogs are 
 Heats of 

ed for this 
formational 
died using 
 chapter 3, 
e presented 
elationships 
three MAS 
nformation, 
s compared 
re reported 

-MAS and 
riol and its 

urpose. The 
rived from 
ractions in 

non-bonded 
s occur in a protein environment, as has been suggested by Verdonk 

et al. (1999). Therefore, the method may benefit from the use of interactions 
between proteins and ligands as source data taken from the Brookhaven Protein 
Database (PDB) and present in the IsoStar database. The implementation and 
validation of SuperStar based on PDB data is described in chapter 5. The 
homology model of the VDR and the docking results by SuperStar are described 
in chapter 6.  

known ligand and to 

Outline of this thesis 

The main purpose of the work described in this thesis is the improvem
understanding of MAS structure and conformation, in particular of FF
its analogs. In addition, the relative stabilities of isomers of MAS a
studied to gain insight into the synthesis of these compounds.
formation, based on molecular mechanics methods, are calculat
purpose. This work is reported in chapter 2. Structural and con
aspects of the side chains in the MAS structures are stu
crystallographic structure determinations and NMR spectroscopy. In
the crystal structures of several active and inactive MAS analogs ar
and the conformations and their implication on structure-activity r
are discussed. In addition, the conformations of the side chains of 
analogs in solution are discussed in this chapter. In addition to the co
the molecular electrostatic potential of several double bond isomers i
using semi-empirical calculations. The results of these calculations a
in chapter 4.  

In an attempt to exploit the analogy in the SAR of side chains of FF
calcitriol, a homology model of the VDR was built, to which calcit
C20 epimer were docked. SuperStar is particularly suited for this p
set of geometrical distributions used in SuperStar were initially de
CSD structures. It can be argued that the nature of non-bonded inte
crystal structures of small molecules may differ from the way 
interaction
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Abstract 

Heats of formation of five series of diene sterol isomers were cal
compared with synthetic yields of acid-catalyzed isomerisation reacti
from ∆

culated and 
ons starting 
, using the 
unds, three 
ation were 
ers. Similar 
nd to have 
ered within 
ately yield 

nt of time. 
each series. 
is chapter, 
formed in 

dentified as 
ared to the 

reactions were carried out at low temperature, isomers with less favorable heats 
of formation could be trapped. We show that calculated heats of formation 
correspond well with synthetic yields and we suggest the calculation of heats of 
formation can be a useful tool in planning syntheses.  
 

5,7 isomers. Calculations were based on molecular mechanics
MM3 program package. For each of the five ∆5,7 starting compo
possible reaction paths were considered, in which heats of form
calculated for theoretically possible intermediate double bond isom
results are found for all five series. The starting compounds are fou
unfavorable heats of formation compared to all other isomers consid
one series. In general, isomerisation reactions of diene sterols ultim
spiro compounds when allowed to proceed for a sufficient amou
These compounds are found to have lowest heats of formation in 
However, they were not formed in the reactions considered in th
because the reactions were stopped after the desired isomer was 
excess, before the spiro compounds could occur. Most compounds i
products in the syntheses have a favorable heat of formation comp
isomers preceding the (most stable) spiro compounds. However, when the 
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Introduction 

Acid-catalyzed isomerisation of ∆5,7 sterols to yield, among others, ∆
compounds, occurs through a pathway involving a sequence of protonation and 
deprotonation steps. During the reaction, other isomers are formed a
the crude product usually is a mixture, which is undesirable. I
convenient to be able to predict which isomers will most likely be for
control the relative yields of the isomers by changing reaction cond
knowledge about the stability of the different isomers. In this cha
from syntheses of sterol double bond isomers, taken from literature a
by us, are compared with calculated heats of formation of a range 
isomers. Heats of formation were calculated with MM3 (Allinger e
Lii & Allinger, 1989), using the standard force field parameters. The
is we

8,14 or ∆7,14 

s well and 
t would be 
med and to 
itions using 
pter, yields 
nd obtained 
of possible 
t al., 1989; 
 force field 

ll parameterized for hydrocarbon compounds and has been shown to 
a standard 
 Allinger, 

during the 
the heat of 
ative of the 

me way as has been reported for global steric-energy 
 molecular 

c effects by 
. These are 

eme 1 is a 
t series (1) 
cond series 
 of ring A. 
ent of the 
ostane side 

yntheses of 
) and 5α-∆8,14 isomers respectively) 

are reported here. Other authors reported synthetic data on a subset of structures 
from series 1 (Dolle et al., 1988; Wilson & Schroepfer, 1988), 4 (Dolle et al., 
1988; Dolle & Kruse, 1986) and 5 (Dolle & Kruse, 1986). The latter are of 
significant biological and pharmaceutical interest, as they are related to FF-
MAS, a signaling molecule that induces resumption of meiosis of the human 
oocyte, the immature egg cell (Byskov et al., 1995).  

calculate heats of formation for a number of hydrocarbons with 
deviation of 0.41 kcal/mole compared to experimental values (Lii &
1989).  

Since the reactions are reversible, the isomers that are formed 
reaction are assumed to be in equilibrium. As a consequence, 
formation differences between double bond isomers should be indic
isomer stability, in the sa
minima of steroids and their occurrence in geological sediments as
fossils (Liu et al., 1996). In principle, it is possible to include kineti
calculating formation enthalpies for carbocations (Van Duin, 1998)
not considered in this chapter.  

Five compound series (1, 2, 3, 4 and 5) are considered here. Sch
key to the structural formulas of compounds of those series. The firs
consists of structures derived from 3-benzoyl-∆5,7-cholesterol. The se
is analogous to series 1 with two extra methyl groups attached to C4
Series 3 consists of 3β-hydroxy analogs of series 2. Replacem
cholestane side chain of the compounds from series 1 and 2 by an erg
chain gives the compounds for series 4 and 5, respectively. The s
compounds 2f, 3f and 2h, 3h (the 5α-∆6,8(14
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Three reaction paths were considered for each series (A, B and C in
Path A leads to isomers containing (conjugated) double bonds in ring
path B to 5α-isomers with conjugated double bonds in rings B, C
path C to the corresponding 5β-isomers of path B. Depending on th
reaction conditions within each series, isomers f, g, h, and p were fo
products. In general, isomerisation reactions yield spiro compounds analogous 

 scheme 1). 
s B and C, 

 and D and 
e particular 
und as end 

to i and q when allowed to progress for a considerable amount of time (Liu et 

dology 

The synthetic route used to prepare the 5α-∆6,8(14) and 5α-∆8,14 isomers of the 
3β-OH and benzoylated sterol cholestane series (2f,h and 3f,h) is shown in 
scheme 2.  

 PhC(=O)-), 
n, shown in 

,20R)-4,4-
-dimethyl-
l), toluene 

reflux for 2 
 solution of 

rated under 
reduced pressure. The crude product (3.69 g) was purified by column 
chromatography to yield a mixture of 3h and 3f (2.83 g, ratio 6:1). 3h: 1H NMR 
(CDCl3): δ 5.35 (m, 1H), 3.24 (m, 1H), 2.43-0.80 (m), 1.04 (s, 3H), 1.02 (s, 3H), 
0.93 (d, 6.2 Hz, 3H), 0.88 (s, 3H), 0.85 (s, 3H), 0.83 (s, 3H), 0.81 (s, 3H); 3f: 1H 
NMR (CDCl3): δ 6.23 (dd, J = 10.0 and 3.0 Hz, 1H), 5.61 (dm, J = 10.0 Hz, 1H), 
3.30 (m, 1H), 2.34 (m, 2H), 2.00 (m, 1H), 1.90 (m, 2H), 1.79-0.97 (m), 1.08 (s, 

al., 1996).  

Metho

Syntheses 

R1O

R2

H
R1O

R2

H

+

R1O

∆2a
3a

2f
3f

R2

conc. HCl
EtOH, Toluene

2f:2h 1:5 (21 h.)
3f:3h 1:6 (2 h.)

2h
3h

5α−∆6,8(14) 5α−∆8,14∆5,7

Scheme 2. Synthesis and relative yields of compounds 2f, 2h (R1 =
3f and 3h (R1 = H). R2 corresponds to the cholestane side chai
scheme 1. 
 
 
(3β,5α,20R)-4,4-Dimethyl-cholest-8,14-dien-3β-ol (3h) and (3β,5α
dimethyl-cholest-6,8(14)-dien-3β-ol (3f). A mixture of (3β,20R)-4,4
cholest-5,7-dien-3β-ol (3a, 2.32 g, 5.63 mmol), ethanol (96 %, 42 m
(6 ml), and concentrated hydrochloric acid (6 ml) was heated under 
h. After cooling, the mixture was poured into a saturated aqueous
NaHCO3. The product was extracted into diethyl ether. The combined organic 
phases were washed with brine, dried over Na2SO4 and concent

 



 22

3H), 0.94 (d, J = 8.6 Hz, 3H), 0.89 (s, 3H), 0.88 (s, 3H), 0.86 (s, 3H), 0.83 (s, 

(2h) and 
 A mixture 

.58 g, 5.0 
ydrochloric 
as worked 

, ratio 1:5). 
 3:2 (5 h 

), 7.61-7.40 
NMR (CDCl3): δ 

, 3H), 6.27 (dd, J = 10.4 and 3.0 Hz, 1H), 5.62 (dd, J 
 (m). 

nt method. 
ded by the 

e atom type and substitution number of the atoms 
that nds on 
conformation and electronic configuration. These are taken into account as 

 [1] 

 molecular 
ated system 
that system 
luded with 
corrections 
 When this 
spect to the 
ergy levels 
 harmonic 

l correction 
 kcal/mole 

TORS nd Gwinn 
(1942). In the calculations described here, the heats of formation were corrected 
by adding the ETORS term multiplied by the number of rotations for which the 
harmonic approximation was not valid (five times the above mentioned 
correction term for series 1,2,4 and 5, three times for series 3). EPOP represents 
the energy contribution originating from the fact that higher energy 
conformations are present. It is calculated using a Boltzmann weighted 

3H), 0.68 (s, 3H). 
(3β,5α,20R)-4,4-Dimethyl-cholest-8,14-dien-3β-ol benzoate 
(3β,5α,20R)-4,4-dimethyl-cholest-6,8(14)-dien-3β-ol benzoate (2f).
of (3β,20R)-4,4-dimethyl-cholest-5,7-dien-3β-ol benzoate (2a, 2
mmol), ethanol (96 %, 70 ml), toluene (20 ml), and concentrated h
acid (10 ml) was heated under reflux for 1 h. The reaction mixture w
up as described above to produce a mixture of 2h and 2f (2.61 g
Prolonged reaction results in a shift in ratio between 2h and 2f via
heating) to 5:1 (21 h heating). 2h: 1H NMR (CDCl3): δ 8.06 (m, 2H
(m, 3H), 5.38 (m, 1H), 4.75 (m, 1H), 2.48-0.75 (m); 2f: 1H 
8.06 (m, 2H), 7.61-7.40 (m
= 10.4 and 2.0 Hz, 1H), 4.82 (dd, J = 10.8 and 5.0 Hz, 1H), 2.48-0.75

Heat of formation calculations 
MM3 calculates heats of formation based on a bond-energy increme
For each bond appearing in the structure, a fixed contribution is ad
program, which depends on th

form the bond. However, the formation enthalpy also depe

much as possible using formula [1]. 
 
 ∆Hf = ΣEbonds + Est + ESCF + ET/R + ETORS + EPOP    
 
The ΣEbonds term represents the bond and structural increments of the
structure. Est represents the steric energy of the molecule. If a conjug
is present in the structure, the self-consistent field energy (ESCF) for 
has to be included as well. Translation and rotational energy are inc
the ET/R term that is taken to be 4RT. The ETORS term represents the 
needed in case wide torsional motions are possible in the molecule.
occurs, the harmonic approximation for the potential energy with re
internal coordinate is no longer valid. Therefore, the differences in en
in the potential well will be smaller than those calculated using the
approximation. The MM3 program does not calculate the torsiona
terms. However, Wertz and Allinger (1979) proposed a value of 0.42
for the E  term, based on theoretical considerations by Pitzer a
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summation of the heats of formation for an ensemble of conformers g
298 K. The ensemble was generated by randomly changing the atom 
the molecule 200 times using the stochastic search algorithm

enerated at 
positions in 

 in MM3. The 
conformations found were minimized and only unique ones were retained.  

 in Table 1, 
 taken from 
compounds 

. However, it was stated that similar results were obtained as for the 
rted in the 

T eat o ion kca nd r ields (Yr, in % 
mp  enot y tt ac n to scheme 1) of 

ive isomer series. 
 eries   Serie      Ser      S       Series 5 

Results & Discussion 

Calculated heats of formation for compound series 1 to 5 are given
along with the available relative synthetic yields obtained by us and
the literature. Dolle et al. (1988) do not give explicit yields for the 
of series 1
synthesis of the 17-ergostane-3β-benzoylated series (series 4), repo
same article. 
 

able 1. H f format  (∆Hf in l/mole) a elative y
where possible) of the co ounds (d ed b  le er cordi g 
the f

       S 1     s 2   ies 3    eries 4 
 Yr

+ Hf ∆ f
$ ∆Hf Yr

$∆Hf Y *
r ∆Hf Y #

r ∆ Y #
r H Y +

r Yr

a 0  1 0.3 101.7 - 2.9 -100.8   -113.  - 2  -  9   
Path A 
b 7  1  3.6 - 6.0 -103.1   -115.  - 22.4  -10  9   
c 1 0.3 101.3 -  -101.0   -113.1   - 2  -  93.6   
d 1  5.1 -  -104.5   -118.2   - 24.2  -10  98.6   
e 9  1 9.8 100.7 - 4.1 -100.1   -113.  - 1  -  9   
Path B 
f 7  107.6 -100.2 -106.6  -119. 3 -127.5 20 - 15   
g -119.2 Tra e 1 4.3 105.7 - 9.5  -104.7 75 c 48 - 2  -  9 4 75
h -121.8 Major 27 -127.6 80 -108.7 85 -102.4 72 25 -107.5 25 
i 5  1 5.2 116.3 -108.0 -114.1  -128.  - 3  -    
j 1 0.9 103.1 - 6.6 -102.3  -114.7   - 2  -  9   
k 1 3.6 105.9 - 9.5 -105.2   -117.8   - 2  -  9   
l 9  1 4.7 105.4 - 8.2 -104.0  -117.  - 2  -  9   
m 7  1 3.0 113.3 -108.0 -113.3   -124.  - 3  -    
Path C 
n -120.4   -128.3   -109.4  -108.8  -98.4  
o -117.5   -122.9  -103.9  -94.9   -102.5  
p -122.9 Minor 22 -127.4  -107.9  -102.5 23  -107.7  
q -130.2   -135.0  -115.4  -108.7   -113.8  
r -117.7   -121.5  -101.3  -97.4   -101.7  
s -125.7   -124.5  -109.5  -103.3   -109.6  

+ Reported by Dolle et al. (1988)
* Reported by Wilson & Schroepfer (1988) 

# Synthesis according to scheme 2 
$ Reported by Dolle & Kruse (1986) 

 
The heat-of-formation calculations were consistent for all five series with 

respect to the relative stabilities of the different isomers within a series. The 
starting compounds (1a-5a) were found to have the most unfavorable heat of 

 



 24

formation compared to almost all other isomers within a series. Com
path A (scheme 1) generally have a more unfavorable heat of form
those of paths B and C for each series. Given the finding that the iso
in path A are not formed in appreciable yields in any of the syn
calculation results are in agreement with the synthetic data. For e
spiro compounds 1i-5i and 1q-5q were found to have the lowes
formation in paths B and C, respectively. It is known that is
reactions, such as those described in this chapter, yield spiro compou
5i and 1q-5q when the reactions are allowed to proceed for longer
(Liu et al., 1996). However, the reactions described in this chapte
reported in literature (Dolle et al., 1988; Wilson & Schroepfer, 198
Kruse, 1986) were stopped after the desired isomer was formed in 
the other isomers. In all syntheses, the isomer of interest occurred ‘up-stream

pounds in 
ation than 
mers (b-e) 
theses, the 
ach series, 
t heats of 

omerisation 
nds like 1i-
 time spans 
r and those 
8; Dolle & 
excess over 

’ 
. Therefore, 
ich in most 

Dolle et al. 
 and 1p,4p 
er isomers 

 isomers m 
e syntheses 
8,14 isomers 
tion in path 
see above). 
olle et al. 

s of heat of 

compounds 
 yield ratio 
enon is not 
able loss of 
mpound 2f 

 has a lower 
is probably 
 has to be 
ound.  

The synthesis of compounds in series 1 described by Wilson & Schroepfer 
(1988) yields the 5α-∆7,14 isomer (1g) as the major product. As was the case in 
the syntheses described by Dolle et al. (1988), the 5α-∆8,14 and 5β-∆8,14 isomers 
(1h and 1p) were also formed in considerable amounts. However, the 5α-∆7,14 
isomer (1g) has an unfavorable heat of formation compared to both 1h and 1p, 
but is isolated in highest yields. Similar results are found for the syntheses of 

from the spiro compounds in the reaction paths B and C (scheme 1)
the spiro compounds and the 5α- and 5β-∆14,16 isomers m and s, wh
cases also have favorable heats of formation, are not formed.  

In the synthesis of compounds in series 1 and 4, reported by 
(1988), the major products are the 5α- and 5β-∆8,14 isomers (1h,4h
respectively). These isomers are more stable than any of the oth
within path B and C respectively, except for the 5α- and 5β-∆14,16

and s and spiro compounds i and q (see discussion above). Th
reported in this chapter (series 2 and 3) yield the 5α-∆6,8(14) and 5α-∆
f and h as major products. These isomers have lowest heats of forma
B, with the exception of the ∆6,8(14) isomer m and spiro compound i (
So, for the syntheses shown in scheme 2 and those reported by D
(1988), the major products are the more stable compounds (in term
formation) occurring in the first part of the formation paths B and C, which lead 
to the 5α- and 5β-∆8,14 isomers h and p. It is interesting to note that 
2f and 2h have quasi identical calculated heats of formation, yet their
changes from 5:1 after one hour to 1:5 after 21 hours. This phenom
caused by selective decomposition of compound 2f, since no appreci
total product mass was observed (data not shown). It follows that co
is converted into compound 2h and that the latter compound actually
heat of formation. The relatively slow conversion of 2f into 2h 
caused by a kinetic barrier between the two compounds which
overcome to reach the lower heat of formation well of the latter comp
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compounds in series 4 and 5, reported by Dolle & Kruse (1986). T
and 5α-∆8,14 isomers are found in a 3:1 yield ratio (4g:4h and 5g
comparing reaction temperatures of the syntheses that yield the g iso
& Kruse, 1986; Wilson & Schroepfer, 1988) with those that yield th
in highest yields (Dolle et al., 1988, and the syntheses reported in th
we found that the former are considerably lower (-60 to -40 ºC) tha
(25-80 ºC). We therefore hypothesize that at low temperature, t
formed sequentially in the reaction path B are not in equilibrium during t
formation. Thus, at low temperature, the reaction is slowed down c
and the isomers are trapped. Dolle et al. (1988) describe the te
dependent formation of compounds 4g and 4h, and report that at -30 º
isomer 4g was predominant, whereas the ∆8,14 isomer (4h) was forme
when raising the reaction temperature to 25 ºC. In addition, 
Schroepfer (1988) report increased formation of 1h at the expense 
raising

he 5α-∆7,14 
:5h). When 
mer (Dolle 
e h isomer 
is chapter), 
n the latter 
he isomers 

heir 
onsiderably 
mperature-
C, the ∆7,14 
d in excess 
Wilson & 
of 1g after 

 the reaction temperature from -55 ºC to 15 ºC. These findings support 
ed and the 
 B can be 

f calculated 
hereas the 

nd 1p (5α-
 (5α-∆6,8(14) 
ds are more 
pter 4). The 
towards the 
 molecule, 

n of C5 will 
of formation 

B could be 
n unknown 

pound was in first instance thought to be the 5α-17α-∆8,14 isomer 4j. 
 that this isomer was in fact the 5β-

α-∆8,14 isomer (4p), which is more obvious when comparing the heats of 
formation of these isomers. Knowledge of the relative stabilities of the different 
isomers that can occur during synthesis may therefore help to identify products 
with unknown structure.  

 
 
 

our hypothesis that at low temperature, equilibrium is not reach
isomers preceding the stable 5α-∆8,14 isomer (h) occurring in path
trapped. 

In some cases, the 5β-isomers of path C are more stable in terms o
heats of formation than the corresponding 5α-isomers of path B, w
latter are formed in higher yields. This holds for isomer pairs 1h a
∆8,14 and 5β-∆8,14), 2f and 2n (5α-∆6,8(14) and 5β-∆6,8(14)), 3f and 3n
and 5β-∆6,8(14)). It is well known that double bond sterols and steroi
susceptible to reactions on the α-side than to the β-side (see also cha
C19 methyl group and the methyl group attached to C4 projecting 
β-side of the molecule shield the ∆5 double bond at this side of the
while the α-side is far less sterically hindered. Therefore, protonatio
occur in preference at the α-side of the molecule, even if the heats 
of the 5β isomers are more favorable.  

According to the reaction mechanism, the 17α-isomer j in path 
formed from isomer i. In the article by Dolle et al. (1988), a
com
However, crystal structure analysis showed
17
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Conclusion 

sidered are 
tly, the ∆5,7 
n compared 
h A, which 

pounds in 
e found for 
s of sterol 
opped at an 

le heats of 

apter, and 
988), yield 
f formation 
tes leading 
 reaction is 
 which was 

 series 1, 

orrelate well with 
synthetic yields of isomerisation reactions. When used for predictions, they may 
lead to new insights when planning a synthesis. Thus, it can be a useful tool for 
synthetic chemists designing a new experiment. In addition, the calculated 
stabilities of the different isomers can help to identify unknown products. 

Calculated heats of formation of the sterol isomer compounds con
consistent with the formation of these compounds in syntheses. Firs
starting compounds (1a-5a) have most unfavorable heats of formatio
to all other compounds within a series. Secondly, compounds in pat
were found to have unfavorable heats of formation compared to com
paths B and C, are not formed. Most favorable heats of formation ar
spiro compounds i and q, which are well known end product
isomerisation reactions. These are not formed if the reactions are st
isomer occurring up-stream in the formation pathways B and C. The same holds 
for the ∆14,16 isomers m and s, which are also found to have favorab
formation. 

Syntheses of compounds in series 2 and 3, described in this ch
syntheses of compounds in series 1 and 4, reported by Dolle et al. (1
isomers f, h and f, h, p, respectively, as major products. The heats o
of these compounds are the most favorable in the reaction rou
towards spiro compounds i and q. When the temperature during the
lowered, it is possible to trap the more unstable 5α-∆7,14 isomer (g),
the case in the syntheses reported by Wilson & Schroepfer (1988), i.e.
and those reported by Dolle & Kruse (1986), i.e. series 4 and 5.  

The calculated heats of formation for isomeric compounds c
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Abstract 

The crystal structure conformations of five analogs of Follicle Flu
Activating Sterols (FF-MAS) are described, as well as th
conformations of three of these. The molecular models derived f
experiments are used to evaluate the importance of the skeleton and
conformations for activity. The skeleton conformations in the
presented in this chapter are compared to those of crystal structur
from the Cambridge Structural Database of compounds with an 
skeleton containing a varying number of double bonds at different po
found that the conformation of the skeletal rings as induced by the d
system is probably not the determinant factor for activity. The confo
the side chains of the three compounds that were studied both in solu
as in the solid state are very similar for each compound, respecti
(active) compound with natural side chain stereochemistry is pro
present in a second conformation in solution, which resembles the
and solution conformation of an active analog with inv
stereochemistry. The crystal structure conformation found for ste
with unnatural configuration of C20 is therefore a likely candidate fo
conformation, as is the bound conformation of the en

id-Meiosis 
e solution 
rom these 

 side-chain 
 structures 
es retrieved 
androstane 

sitions. It is 
ouble bond 
rmation of 

tion as well 
vely. One 
bably also 
 solid state 
erted C20 
rol analogs 
r the active 

dogenous ligand of the 
Vitamin D3 Receptor (VDR), observed in the crystal structure of its complex 
with the VDR. It is likely that the side chain conformation responsible for 
activity is not the fully extended conformation found in crystal structures of 
sterols with natural configuration of the side chain chiral centers.  
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Introduction 

Maturating human egg cells are arrested several times during develo
MAS (compound 1 in Figure 1) is able to induce resumption of meiosis during 
one of these arrests and is therefore an interesting candidate for the de
of novel contraceptive agents. Several MAS derived compounds 
synthesized and tested on arrested mouse oocytes. Special emph
design of these MAS analogs was put on the modification of the sid
variation of the number of double bonds and their position in th
skeleton. Knowledge of the side chain conformational behavior is im
understanding the relation between structure and the resulting ac
study of t

pment. FF-

velopment 
have been 

asis in the 
e chain and 
e four-ring 
perative for 
tivity. The 

he conformational behavior of the skeleton and side chains of these 
analogs is expected to aid in the rational design of more potent agonists and 
antagonists.  
 

Figure 1. Molecular structures of compounds 1-6. 
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In this chapter, experimentally determined conformations of five
analogs (compounds 2-6 in Figure 1) are presented for this p
compounds all have a ∆8,14 double bond configuration and all but 6
OH moiety. Compounds 2-4 are active, 5 and 6 are inactive in in vitr
inactivity of compound 6 is most likely caused by the absence of the
3β-OH group. Very few double bond isomers of FF-MAS were fou
active compounds. Those that are active have double bonds at positio
or an aromatic C ring (Grønvald et al. 1997). Sterols with ∆5, ∆5,7, ∆7,9(11)

∆8(14) double bond configurations gave inactive compounds. Thus, 
a

 FF-MAS 
urpose. The 
 have a 3β-
o tests. The 
 mandatory 
nd to yield 
ns 8 and 14 

, ∆8 and 
the position 
for activity, 
activity and 
guration.  
tivity with 
xy-vitamin 
und that a 
('unnatural 
citriol with 
nal activity 
rly, analogs 
ce meiosis, 
plifies this. 
AS are in 
rminations 

xperiments may provide insight into 
tional behavior of the side chains of the compounds under study. 
rystal structures of five FF-MAS derived sterols, compounds 2-6 in 

conformations of 3-5 in solution were determined 
using NOESY and ROESY NMR experiments.  

y analysis 
3 N. Crystals 

formed after several days. Colorless, single crystals of compound 4 and 6 were 
obtained by slow evaporation of ethanol solutions. 

Data was collected on Nonius KappaCCD device using COLLECT (Nonius, 
1998). Cell refinement of compounds 2, 4 and 5 was done with DiRaX 
(Duisenberg, 1992), data reduction with EVAL14 (Duisenberg, 1998). Cell 
refinement and data reduction of 3 and 6 was done with Denzo 1.11.0 

nd number of double bonds appear to be an important determinant 
which leads to the question whether there is a correlation between 
the conformation of the skeleton as induced by the double bond confi

FF-MAS and related sterols have a similar structure-dependent ac
respect to the stereochemistry of C20 as calcitriol (1α,25-dihydro
D3), the endogenous ligand of the vitamin D receptor. It was fo
derivative of calcitriol with inverted stereochemistry at C20 
configuration') has similar affinity to the Vitamin D Receptor as cal
'natural configuration' at C20, and even has an increased transcriptio
(Boullion et al. 1995, Liu et al. 1997, Väisänen et al. 1999). Simila
of FF-MAS with unnatural C20 stereochemistry are able to indu
provided that C22 is replaced by an oxygen atom. Compound 4 exem
In contrast, 22-oxa sterols with the C20 configuration as in FF-M
general inactive, as is the case for compound 5. Crystal structure dete
and Nuclear Magnetic Resonance (NMR) e
the conforma
We present c
Figure 1. In addition, the 

Methodology 

Crystal structure determinations 
 
Colorless, single crystals of compounds 2, 3 and 5 suitable for X-ra
were obtained by vapor diffusion of a pyridine solution against CH C
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(Otwinowski & Minor, 1997). All structures were solved by direct m
SHELXS-97 (Sheldrick, 1997b) and the structures were refined o
SHELXL-97 (Sheldrick, 1997a). The material was prepared for 
using PLATON (Spek, 2001). Details on the structure solution and
are given in Table 1. Figure 2 shows the ORTEP drawings of compounds 
For each structure, the ORTEP drawing of one of the indepe

ethods with 
n F2 using 
publication 
 refinement 

2-6. 
ndent molecules is 

 1. Crystallographic and refinem a und
3 4 5 6 

given. If disorder occurred in a structure, the major component is shown. 
 
Table ent dat for compo s 2-6. 
Compound 2 
Formula C31H O C30H O C H O 2(C H C29H46O44 42

a
28 44 2 30

½H O 
42O2). 

2
Molecular weig a 410.66
Space Group P212121
Cell dimensio (

c=35.98(2) Å 

β (40

85(9) Å
0(3) Å

c=19.080(7) Å

ht 432.66 418.64
C2

412.63 1756.56 
P21 P62 C2 

ns a=7.271
b=9.733(

3) Å 
5) Å 

a=23.7
b=13.61

 
=93.280 )° 

 

 
β=121.93

a=24

c=7.232(10) Å

=64.902(4) Å 
b=7.293(1) Å 
=11.145(1) Å

β=9

a=10.574(1) Å
b=20.941(2) Å
c=23.694(2) Å

(3)°

.66(1) Å a

c  
 

6.06(1)° 
 

Z 
Densit

4 
-3 

8
-3 a

6
 M -3

4 
1 -3

8
y (calc.) g Mg 79 1.1 1.040 Mg m-3

Radiation o K Mo K Mo Kα
λ 71073 Å 0.71073 0.710 0.71073 Å

5° 25.25 24.7 2 25.25°
8 to 8 
1 t

l: -43 to 41 

-28 to 2
-15 

l: -22 to 22

: -28 to
k: -2

l: -8 to 6

h: -64

l: -13 to 13 

h: -12 to 12
k: -25 to 25
l: -28 to 28

 measured refl. 1 29708 132 1 37782
nique refl. 4842 4917 23 5260

.0477 0.0487 0.045 0.0 0.0990
150 K 0 2 293 K

i  6 0 0.060 mm-1

0.046 0.075 0.045 0.052
0.113

571
1.019

.12≤ρ≤ 0.16

1.130 M m 1.061  m 1.0 g m 2 Mg m  
M α α Mo Kα Mo Kα 

Wavelength 0.71073 Å 0.  Å 73 Å 
θmax 25.2 °

8
7° 5

 
.25° 

hkl limits h: -
k: -1 o 9 k: 

h: 
to 15

h  18
8 to 28

to 77 
k: -8 to 7 

# 1522 33 7152 
# u 43 5110 
Rint
Temperature

0 4 4
93 K 

78 
 

. coeffic
150 K

2 mm-1
15

.062 mm-1
 K

Abs ent 0.066
µ 
R1 0.044 

mm-1 0.0 0.068 mm-1 

wR2 0.116 0.119 0.140 0.106 
Nr. of parameters 590 559 275 596 
Goodness of fit 1.097 1.093 1.046 1.034 
Residual density  
(e Å-3) 

-0.15≤ρ≤ 0.17 -0.29≤ρ≤ 0.27 -0.36≤ρ≤ 0.52 -0.12≤ρ≤ 0.12 -0

a without disordered solvent contribution 
 
Due to the absence of significant anomalous dispersion, the absolute structure 
cannot be determined reliably from the diffraction experiment. The 
configuration was chosen such that for each compound the skeleton 
stereochemistry corresponds to those of other androstanes. Friedel pairs were 
merged. H atoms were introduced at calculated positions, riding on their carrier 
atoms. The methyl groups were refined as rigid groups, allowing for rotation 
around the C-C bonds. The hydroxyl hydrogens were also treated as rigid 

 



 32

groups. Their initial positions were determined from a circular resid
map. H atoms were refined with a fixed isotropic displacement param
to the value of the equivalent isotropic displacement parameter of
atom by a factor of 1.5 for the methyl and hydroxyl H atoms and 1.2 
H atoms. The structure of compound 3 contains a disordered solvent
electrons, 170 Å3), which could not be interpreted. The contribut
electron density to the structure factors was taken into account fo
Bypass procedure (Van der Sluis & Spek, 1990), implemented in P
the SQUEEZE option. The two independent molecules in the crystal 
5 are disordered. A flip of ring A from a chair to a twist-boat conf
one of the independent molecules causes, through intermolecular con
rota i

ual density 
eter related 
 the carrier 
for all other 
 region (15 
ion of this 
llowing the 
LATON as 
structure of 
ormation in 
tacts, a 30° 

on over the C24 to C25 dihedral in the other independent molecule. The 
occupancy factors of the disorder components in both molecules were therefore 
linked. 

 

t

 
Figure 2. ORTEP drawings of one independent molecule from e
crystal structures of 2-6 at probability levels of 50%. If disorder is p

ach of the 
resent, the 

drawing of the major component is shown. The displacement parameters of the 
other independent and disordered molecules are similar to those shown here. 

 
 

The skeletal conformations of compounds 2-5 and that of compound 6 are 
compared to those of double bond sterol isomers taken from the Cambridge 
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Structural Database (CSD version October 2000, 224400 entries
Kennard, 1993). The CSD was searched for error-free structur
crystallographic R1 factor lower than 0.1, containing the four-
topology with androstane stereochemistry, with a varying number
bonds at different positions. Through-bond connections between at
fragments other than those defined were not allowed. The skel
divided into classes according to their double bond configurations
combination of two classes, the individual skeleton fragments of one
superposed 

, Allen & 
es with a 
ring sterol 
 of double 
oms in the 
etons were 
. For each 
 class were 

on the individual skeleton fragments of the other class using 
inimum and maximum RMS-deviations of the superpositions 

 

n a Bruker 
 thesis). The 

e Labeling 
avis, 1985) 
, in phase-
d 3, an off-
d using an 
Hz, with a 

sitive mode 
adjusted to 
nd NOESY 
4, a COSY 
ing time of 

ompound 5 
PI. 

for internal 
n distances 
uctures of 
itions. The 

NOE intensities of the cross peaks for compound 4 were translated into 
n distances using the H3α-H5α distance as found in the crystal 

ound noise 
 devoid of 

cross peaks. A cut-off cross-peak intensity is defined as 1.5 times this 
background level, from which the cut-off distance was determined (see below). 

Assignment 
The signals of the skeleton protons and those attached to the C20, C21 and 
olefinic protons in the side chains of all three compounds could be assigned 

InsightII. The m
were recorded. 

NMR experiments 
One- and two-dimensional 1H NMR spectra were obtained at 25° o
DRX500 (500.1 MHz for 1H) spectrometer (see the appendix of this
sterols were dissolved in CDCl3, purchased from Cambridge Isotop
Inc. For compound 3 and 5, two TOCSY NMR spectra (Bax & D
were measured with mixing times of 7 and 100 ms, respectively
sensitive mode using echo/antiecho gradient selection. For compoun
resonance ROESY spectrum (Desvaux et al., 1995) was measure
adiabatic shaped spin lock pulse with a power corresponding to 8.4 k
mixing time of 300 ms. The spectrum was measured in phase sen
using States-TPPI. The carrying frequency during spin-lock was 
obtain an average spin lock angle <θ>=45°. In this way, ROESY a
type transfer are equally present in the spectrum. For compound 
spectrum with 40 ms mixing time and a NOESY spectrum with a mix
300 ms were measured. A NOESY spectrum was measured for c
with a mixing time of 500 ms in phase sensitive mode using States-TP

Chemical shifts are expressed in ppm downfield from the signal 
Si(Me)4. NOE cross-peak intensities were translated into interproto
using the distance between H15 and H16α in the crystal str
compounds 3 and 5, after normalization of the X-ray hydrogen pos

interproto
structure, after normalization of the hydrogen positions. A backgr
level for all NMR spectra was estimated by integration of regions
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unambiguously using the TOCSY, ROESY and NOESY NM
However, the signals of the diastereotopic protons at C23 of compou
and those of C22 of compound 3 could not be assigned on the b
TOCSY NMR spectra alone. Assignment was based on consiste
observed NOESY or ROESY cross peak intensities. Thus, accor
ROESY spectrum of compound 3, one of the protons attached to C22
to H17, while the other was found to be closer to H16α. The intensit
peaks can be satisfied if the assignment is such that H22R is the pro
H17, while H22S is the proton close to H16α. However, it could 
cross peaks originate from different conformations present in solut
had been the case, one of the H22 cross peaks with H20 would be 
have higher intensity than the other. In the measured NMR spe
intensities are similar, implying that the cross peaks with H17 are p

R spectra. 
nds 4 and 5 
asis of the 
ncy of the 
ding to the 
 was closer 
ies of these 
ton close to 
be that the 
ion. If this 
expected to 
ctra, these 

redominantly 
determined by one conformation. As a result, the initial assignment given above 

. Similarly, the H23R and H23S assignments for 
spectra. 

ains under 
. Preferred 

from the 
InsightII (v. 
s C13-C17-
°, -60° and 
was set to       

5 was set to 
-C20-C22-
3-C24 was 
ized while 
conformers 

 attached to 
luded in the derivation of the side chain 

conformations. In cases where overlap occurred of chemical shifts (e.g. in 
methyl groups), the protons responsible for the signals were grouped into a 
single set. The cross-peak intensities of all possible combinations of each of 
these proton sets were determined from the NOESY and ROESY NMR spectra. 
Calculated intensities of interactions between proton sets are derived from the 
modeled conformations using formula [1].  

 
 

was considered to be correct
compounds 4 and 5 were derived from their respective NOESY NMR 

Model generation and comparison 
Because the number of degrees of freedom of the side ch
consideration is relatively small, a systematic search was applied
orientations of the phenyl groups and the olefinic group were derived 
CSD. Conformations were generated using the CFF91 force field in 
98.0, MSI, San Diego, USA). For compounds 4 and 5, torsion angle
C20-O22, C17-C20-O22-C23 and C20-O22-C23-C24 were set to 180
60°. In addition, torsion angle O22-C23-C24-C25 of compound 4 
-100° and 100°, and torsion angle O22-C23-C24-C25 of compound 
90° and -90°. For compound 3, torsions C13-C17-C20-C22 and C17
C23 were set to 180°, -60° and 60°. The torsion angle C20-C22-C2
set to 90° and -90°. The resulting conformations were minim
constraining the side-chain torsions. For compounds 4 and 5, 54 
were generated. For compound 3, 18 conformers were generated.  

The protons attached to carbons on the side chains as well as those
C12, C16, C17 and C18 were inc
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⎟⎟
⎠

⎞−6)⎜⎜
⎝

⎛
∑ ∑=
k l

kl
calc
ij nrSnA (*)(       [1] 

 
 and )(nAcalc

ij  is the calculated intensity between the proton sets i  j  for 
conformer n , S  is the scale factor determined by ration (see abcalib ove), k  and 
l  represent the protons in group i  and j  respectively, and )(nrkl  is
between two protons

 the distance 
 k  and l  in conformer .  

Conformers were mixed using formula [2], up to combinations of four non-
identical conform
 

d 

n

ations.  

∑=
n

calc
ijn

calc
ij nAf )(*        [2] 

 
calc
ijA  is the calculated intensity of interaction of proton sets i  an

A

j  for a 
ction of conform  . For each 

rmers were 
t 

gave an optimum value for r (see below) was retained. 
For each of the conformers or conformer combinations, an R-factor based on 

distance criteria was calculated (Gonzalez et al., 1991), similar to that used as 
quality measure of crystal stru
 

combination of conformers and nf  is the fra er n
combination of conformers, the fractions of the individual confo
incremented with 0.1 in a stepwise fashion. The combinations of fractions tha

R

ctures, as shown in [3].  

( ) ( )
( )

2/12

  is the 
tally deter ty 

3/1

6/16/1

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
=

∑∑ −

−−
∑ ∑ −

i j

exp
ij

i j

exp
ij

calc
ij

A

AA

rR
     [3] 

 
rR  is quality measure for a certain combination of conformers and

experimen mined NOE intensi for proton sets i  and 

exp
ijA

j . If a NOE 
wo sets of 

 two proton 
cross peak was not observed for a particular interaction between 
protons, exp

ijA  was set to the cut-off intensity. If the distance between
sets i  and 

t

j  was larger than the cut-off distance, ( ) ( ) 6/16/1−
−calc

ij AA  was set to zero. 
In case the calculated distance between tw
off distance, 

−exp
ij

o proton sets was smaller than the cut-
( ) ( ) 6/16/1 −−

− exp
ij

calc
ij AA  was determined with  set to the cut-off intensity. 

This way, the final quality measure includes distances that are expected to give a 
cross peak in the NOESY and ROESY NMR spectra but that are not observed 
(referred to as lacking NOE’s). 

exp
ijA
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Results & Discussion 

Crystal structure conformations 
Examination of the skeleton structure of the different sterol double bo
is focused on comparison of double bond configurations that can y
compounds with those that did not result in active compounds. Thu
classes are compared instead of individual molecules. The R
superposition of skeletal fragments of ∆8,14 structures (7 fragments) w
∆5 (120 fragments), ∆5,7 (2 fragments) and fully saturated sterols (60
range from 0.23-0.49, 0.23-0.39 and 0.15-0.47, respectively. These v
the same range as the RMSd of the superposition of fragments take
same class of double bond isomers, which are 0.14-0.47, 0.19-0.42 a
for the ∆5, the ∆5,7 and the fully saturated structures respectively. Th
superposition of skeletal fragments of ∆8,14 (7 fragments) and an arom

 ranges from 0.21-0.26. It can be
tween the ∆8,14 structures and the

tude as those between the ∆8,14 struc
skeletons that have so far n
active compounds, i.e. the
fully saturated fragme
finding indicates that, al
positions of the doubl

nd isomers 
ield active 
s, skeleton 
MSd’s of 

ith those of 
 fragments) 
alues lie in 
n from the 
nd 0.0-0.44 
e RMSd of 
atic C ring 

2)  concluded 
e  aromatic C 
i tures and 

ot yielded 
 ∆5, ∆5,7 and 
nts. This 
though the 

e bonds in 
e skeleton 
the double 

iminating 
le bond FF-

 structure 
ies the 
activity 

ound is not 
s therefore 
 chemical 
 In order to 
 chain 
cules in all 

five crystal structures, the skeletons 
of all independent molecules were 
superposed. A stereo view of the 
superposition of the skeleton atoms 
of crystal structures 2-5 is given in 

compound (Ferguson et al. 198
that differences in conformation b
ring structure are of similar magn

skeletons are important, th
conformation induced by 
bond system is not the discr
factor for activity of doub
MAS isomers. 

Although the skeleton
and conformation of 5 satisf
conditions required for 
discussed above, the comp
active. Its lack of activity i
probably related to the
structure of the side chain.
compare the side
conformations of the mole
 of 
red 
 of 
17-
23, 

les
de
es
C
C

3-C -C2 rim indic
  e m ule
re an e n s 
in n a sorde

id
T4

Table 2. Side chain torsion ang
the independent and disor
molecules in the crystal structur
2-6. T1 corresponds to C13-
C20-X22, T2 to C17-C20-X22-
T3 to C20-X22-C23-C24 and T4
X2 2

 to 
ate 
 if 
the 
red 

 

2-C 24 5. P es 
a second indep ndent olec
p sent,  ast risk i dicate
m or compone t of di
s e chain. 
 T1 T2 T3 
2 179.2 59 -8.0 168.7 0.7
2' 3 7 -9

 7 0 - 
4 0 - 

 9 14
4* -72.2 163.0 -154.1 -13
5 175.4 -161.7 156.3 127.5
5' 179.8 -159.5 168.3 173.0
6' 178.5 -179.5 179.1 171.0
6 -178.8 -174.7 179.2 169.2
6* -178.8 -174.7 179.2 -160.1

172.7 6 .7 -1 9.9 1.4

7.2
2.3

3 179.4 -17 .7 -1 0.9 
3' 174.3 -17 .0 -1 0.3 
4 -32.7 -7 .4 169.7 
Figure 3. Rings A, B and C were 
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included in the fit but are omitted from the Figure for clarity. Table
successive torsion angles in the side chains of the five structures for
independent molecules and for all disorder components. The orienta
side chains correspond to those found for other sterols with both an R
stereochemistry (Nes et al., 1984). Compounds 2, 3 and 5, w
configuration at C20 (see above), crystallize with the side chain in a
conformation pointing away from ring D (the so-called 'north-east' o
The orientation of the side chain in the structure of 4, which has un
stereochemistry, has been called the 'north-west' orientation and poin
in the plane of the paper of Figure 1. It can be seen from Figure 3 tha
rings of the side chains of compound 2 occupy the same region in s
of the inactive compound 5. The side chains of the active compoun
occupy different regions in space. The finding that the side chains of t
compounds 2-4 are pointing in different directions and that the side c
inactive compound 5 overlaps with that of the active compound 2, in
in this case the active conformation(s) cannot be distilled from 
structure conformatio

 2 gives the 
 each of the 
tions of the 
 and S C20 
ith natural 
n extended 
rientation). 

natural C20 
ts upwards 

t the phenyl 
pace as that 
ds 2 and 3 
hree active 
hain of the 
dicates that 
the crystal 

ns. Either the active conformation of the side chain of 
compound 2 is a conformation present in solution but not in the crystal structure, 
or the side chain of compound 5 is mainly present in another, inactive, 
conformation in solution.  
 
 

 
Figure 3. Stereo picture of the side chains in the crystal structures of 
2-5 after superpositioning of the skeletons. Compound 5 is shown in
compounds 2-4 are shown in dark gray. The primes indicate the i
molecules in the structures. 
 

compounds 
 light gray, 
ndependent 

 
An interesting aspect of the aromatic C ring structure mentioned above is the 
orientation of the side chain with respect to the skeleton. The C17-C20 bond of 
the aromatic C ring structure points upwards with respect to the plane through 
the skeleton rings (Figure 4). This is also found for calcitriol bound to its 
receptor (Rochel et al., 2000). By rotation of the C17-C20 torsion angle, the 
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conformation of the side chains of compounds 1-6 can change such that the 
direction is similar to the side chain of the aromatic C ring structure.  
 
 

 
Figure 4. Stereo picture of the side chains of in the crystal s
compounds 2-4 (dark gray) and the side chain of the aro

tructure of 
matic C ring structure 

(22α,23α-dibromo-18-nor-12-methyl-5α,17β-ergosta-8,11,13(14)-triene-3β-t-
ther, Ferguson et al. 1982, CSD reference code: BIBGOI), 

 spectra of 
ach of the 
 the crystal 
e given as 
ose in the 

), which is 
 the crystal 
 two of the 

o the other 
tions, one 

mer in each 
fore differs 
erimentally 
nsequence, 
tinguished. 

For both compounds, the modeled conformations that resemble those found in 
the crystal structures have lowest Rr-values. The most populated component of 
the disordered molecule in the crystal structure 4 is very similar to the model 
conformer that gives the lowest Rr-value. The less populated crystal structure 
component gives a higher Rr-value. Probably, the crystal packing imposes a 
conformational change in the side chain of the minor component upon 

butyldimethylsilyl e
shown in light gray. 
 

Solution conformations 

Table 3 gives the chemical shifts of the protons in the 1H NMR
compounds 3 to 5. Figures 5A-5C give the potential energy of e
generated conformers with respect to the Rr-values. The Rr-values of
structure conformations, for which no energies were calculated, ar
well. The independent molecules in the crystal structure of 3 and th
structure of 5 have similar conformations, respectively (see Figure 3
reflected in the similarity in Rr-values. The conformations found in
structures of 3 and 5 give the lowest Rr-values. For both compounds,
model conformers give substantially lower Rr-values compared t
modeled conformations. For each of these pairs of conforma
corresponds to that found in the crystal structure. The second confor
pair differs in the torsion angle at the end of the side chain and there
only in the orientation of the phenyl ring. The number of exp
observed cross peaks that involve the phenyl protons is small. As a co
the two orientations of the rings of compounds 3 and 5 cannot be dis
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crystallization. It appears that the crystal structure conformations of 3 and 5 and 
the most populated component of 4 are also present in solution. 
 

fts of 1H signals of com -5 in ppm, relative to an 
al s rd, 3)4

*

tom 3 4 A 5 

 
Table 3. Chemical shi  

 
pounds 3

intern tanda Si(CH .
A 5 tom 3 4 

H1α .85 1.37 1. H  3 5.40 1  84 15 5.41 5.3
H1β .33 1.25 1. H  3 2.58 1  32 16α 2.54 2.0
H2α .73 1.76 1 H  0 2.30 1  .72 16β 2.23 2.2
H2β 1.63 1.65 1 H  9 1.88  .60 17 1.60 1.8
H3α 3.25 3.27 3 M  7 0.79  .24 e-18 0.84 0.8
Me-4α .02 1.04 1 M  6 1.03 1  .02 e-19 1 4.0 1.0
Me-4β .82 0.86 0. H 1 1 .57 3.60 0  83 20 .9 3
H5α .23 1.25 1 Me- 1  7 1.27 1  .22 2 0.84 1.1
H6α .78 1.80 1. H22    1  77 R 2.93  
H6β .57 1.5 1. H2     1  8 56 2S 2.11
H7α .33 2.3 2 H23R  .85 4.64 2  4 .33 3
H7β .21 2.24 2 H23S 5 4.41 2   .20  4.1
H11α 2.17 2.21 2.21 H24  5.40 + +  
H11β 2.17 2.18+ 2.14+ Me-26  1.77  
H1  1.40 1.43 1.40 Me-27  1.70  2α
H12  2.02 2.18 1.94 Phenyl 7.27  β + 7.35 
* Chemical shifts given to two decimals are generally accurate to ±
values that are marked by + are accurate to about ±0.02 ppm. 

 
 

The conformations derived from the NOE cross peaks are corroborat
coupling constants determined from the 1D NMR spectra. The
constants of side chain protons attached to consecutively bonded ca
are given in Table 4, as well as the expected torsion angles values de
the coupling constants using the Karplus relation (Friebolin, 199
torsion ang

0.01 ppm, 

ed by the 3J 
 coupling 

rbon atoms 
rived from 
3) and the 

le values of the conformer with lowest Rr-value. For 3J-coupling 
constants larger than 6 Hz, the model torsion angles are larger than those 
expected. Apparently, the molecules in solution do not adopt this conformation 
during the full duration of measurement. A second conformation may exist in 
which the molecules spend a sufficient amount of time for detection using 
through-space chemical exchange as measured in the ROESY and NOESY 
NMR spectra. 
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Figure 5A-5C. Scatter plots of the relative potential energies of the single 
conformers as function of the Rr-values for compounds 3-5, respectively. The 
diamonds represent modeled conformers. Open diamonds represent conformers 
with similar conformation as the crystal structures. The arrows indicate the Rr-
values of the crystal structure conformations.  
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Table 4. Selected 3J coupling constants in Hz of protons bound to 
carbon atoms in the side chains of compounds 3-5. Torsions estimate
generalized Karplus relation (T

consecutive 
d using the 
ell as the 

corresponding torsion angles of the m eled co f rmer w  best R -value (Texp).  
3  5  

lit, Friebolin, 1993) are given as w
od n o ith r

   4   
 3J T p t exp Tlit Texplit Tex

3J Tli T 3J 
H17:H20 nd* - -178° 8.6 130 60 -179 9.3 135°-165° -176°°-1 ° °
H20:H22R nd  - - - - - 

S 3.1 5°-7  - - - - 
5.5 30°-60° -43° - - - 

- - 

 * 178° - - 
H20:H22   4 5° 63° - - 
H23R:H24 - - - 
H23S:H24 - - - 6.1 120°-145° -159° - 
* Coupling constants were not determined. 
 
The Rr-value as a function of the number of mixed conformers for co
5 is given in Figure 6. In the two-conformer combinations fo
compounds, the single conformer with the lowest R

mpounds 3-
r all three 
nt with the 
r adding a 

 fall within 
drop in Rr 

Rr-value is 
f a conformer with torsion angles of -60° for 

torsion C13-C17-C20-C22, 180° for torsion C17-C20-C22-C23 and 180° for 
torsion C20-C22-C23-C24, with a ∆E of 3.21 kcal/mol compared to the 
conformer with lowest potential energy. This conformation corresponds to the 
conformation of the active compound 4.  

Figure 6. Rr-values given as a function of the number of conformer 
combinations of compounds 3-5. 

r-value was prese
highest fraction. For compounds 4 and 5, the drop in Rr-value afte
second conformer to the single conformer is small and expected to
the error of the intensities of the cross peaks. For compound 3, the 
going from 1 to 2 conformers is more pronounced. The drop in 
caused by addition (fraction 0.2) o

0.00
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R
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It appears that active compounds 3 and 4 are both present in a similar 
nd 5. This 
ever, it is 
s receptor 
 phases, as 
 its natural 

bited by the 

odate both 
ation is not 
 at C20 as 

pounds. 

Conclusions 

ers that can 
ield active 
 the double 
formations 
ity. It was 

abundant in 
 a second 

on for the 
endogenous 

ceptor in the bound state, which resembles the 
conformation of the aromatic C ring structure. It seems likely that the extended, 

ation observed in the crystal structures of compounds 2-3 and 

Paul Erbel and Bas Leeflang are gratefully acknowledged for their help in the 
measurement and the interpretation of the NMR spectra. Alexandre Bonvin is 
acknowledged for the useful discussions in deriving the solution conformations 
from the spectra. 

conformation in solution that is not found for the inactive compou
conformation might therefore be the active conformation. How
possible that interaction of compounds 3-5 with their endogenou
stabilizes other conformations than those present in solid and solution
is the case in the crystal structure of the complex of the VDR and
ligand, calcitriol (see also chapter 6). This conformation is also exhi
aromatic C ring structure and is a candidate for the active conformation as well. 
It is also possible that the putative receptor of MAS can accomm
conformations. In any case, it seems likely that the active conform
the extended conformation of compounds with natural configuration
found in known crystal structures of this class of com

The skeleton conformations in crystal structures of double bond isom
yield active compounds are very similar to those that do not y
compounds. Therefore, the conformation of the skeleton induced by
bond system does not seem to determine activity. The side chain con
in the crystal structures are not discriminative with regard to activ
found that the crystal structure conformations of sterols 3-5 are most 
solution. Probably, the active compound 3 exists in solution in
conformation that is very similar to that of the active compound 4. Therefore, 
the conformation of compound 4 is a candidate active conformati
compounds described here, as is the conformation exhibited by the 
ligand of the vitamin D re

north east conform
5-6 is not the active conformation.  

Acknowledgement 
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Abstract 

Follicular Fluid-Meiosis Activating Sterol (FF-MAS) is a compound
for maturation of gametes in mammals. Therefore, it may serve
compound for a novel method of contraception. We studied the
Electrostatic Potential of a series of active and inactive analogs of FF
found that double bond configurations required for activity result
negative electrostatic potential which is larger as well as denser co
those of inactive molecules. We therefore hypothesize that the 
energy of the double bond system of the MAS compounds with 
substantially contributes to the overall interaction energy. This
supported by interaction studies of the electrostatic potential origin
the double bonds in crystal structures of chol

 important 
 as a lead 
 Molecular 
-MAS. It is 
 in a local 
mpared to 
interaction 

its receptor 
 notion is 
ating from 

esterol and four MAS-derived ∆8,14 
structures synthesized and crystallized by us. In addition, we were able to derive 
a pharmacophore model that relates the local average ESP and its distance to the 
3β-OH oxygen atom to the activity of the molecules.  
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Introduction 

Recently, two 4,4-dimethyl-∆8,24-sterols were found to have a 
function in meiosis (Byskov et al., 1995) and were called follicular flu
activating sterol (FF-MAS) and testicular-MAS (T-MAS), r
(compounds 1 and 2 in Figure 1). Because of their involvem
production of reproductive cells, their putative receptors are promi
for the development of more tissue specific contraceptives. As 
molecular target(s) of the MAS compounds have not been identified
some evidence exists that the putative FF-MAS receptor is a membr
p

regulatory 
id-meiosis 

espectively 
ent in the 
sing targets 
of yet, the 
, although 

ane protein, 
of lack of 
bject has to 

lated sterol 
ure-activity 
 the double 
 chapters 1 
ity, but are 
ink activity 
s. For this 

f the double 
nged, at the same time allowing only minor changes in the rest of 

structure. Activity data on such a series is presented in this chapter. The 
compounds are derivatives of cholesterol, 4,4-dimethyl-cholesterol and 
desmosterol and contain one or two double bonds in the skeleton (compounds 3-
11 in Figure 2).  
 

Figure 1. Molecular structures of FF-MAS (1) and T-MAS (2). 

ossibly G-protein coupled (Grøndahl et al., 2000). Because 
information on the MAS-receptors, any drug design work on this su
be based on activity data of FF-MAS or T-MAS derived compounds.  

The derivation of structure-activity relationships of FF-MAS re
compounds has been the focus of our research. Preliminary struct
studies showed that the 3β-OH group, the type of side chain and
bond configuration within the skeleton determine activity (see also
and 3). In addition, two methyl groups attached to C4 enhance activ
not mandatory. The aim of the work described in this chapter is to l
with the double bond configuration within the skeleton of the sterol
purpose, a series of compounds is required in which the positions o
bonds are cha

HO H

1

H

HO H

2
H
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Figure 2. Molecular Structures of double bond sterol isomers 3-11.  
 
The observed diversity of the skeletal structure of known ac
compounds is relatively small compared to that of the side chain
structures presented in this chapter are ∆8,14 sterols. The skeletal con
of these compounds in crystal structures are very similar to thos
compounds with double bond configurations that are known to imp
(see chapter 3). Therefore, differences in activity of double bond ste

HO H

9
H

HO H

10
H

HO H

11
H

tive sterol 
. All active 
formations 
e of sterol 
air activity 
rol isomers 
ic potential 

pirically 
ouble bond 
 active and 

xperimental 
onds in the 
lecule than 
than the 5β 
use, 1986; 

result of an 
el side than at 
the β-side of the sterol isomers. The MEP’s should be consistent with these 
findings. Secondly, crystal structure contacts made in the vicinity of the double 
bond(s) are examined to answer the question whether differences in activity can 
be explained by differences in the electrostatic potential (ESP) dependent 
interaction behavior of the molecules. We determined crystal structures of five 
∆8,14 sterols (compounds 13-17 in Figure 3), as described in chapter 3. Two 

are most probably caused by differences in the molecular electrostat
in vicinity of the double bonds. Subsequently, we compared semi-em
derived molecular electrostatic potentials (MEP’s) caused by the d
systems in order to derive a concept that distinguishes between
inactive double bond configurations. 

To validate this concept, the calculated MEP’s are compared to e
data in two ways. Firstly, it is known that sterols containing double b
skeleton are more susceptible to protonation on the α-side of the mo
on the β-side: 5α isomer products are found in much higher yields 
isomers as described in chapter 2 (Dolle et al., 1988; Dolle & Kr
Wilson & Schroepfer, 1988; Boer et al., 2000). This is probably the 

ectrostatic effect, causing a larger attraction on the proton at the α-
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crystal structures of cholesterol (12), a ∆5 isomer, were retrieved fro
(reference codes CHOLES20 and CHOLEU01). To explore inte
interactions, a MEP was calculated for each independent molecule
molecules) in the crystal structures of the ∆5 and ∆8,14 isomers
reference molecule, a contact molecule was identified that interacts w
of the surface of the reference molecule in the vicinity of the d
system. The part of the surface of the contact molecule (contact surfa
the MEP surface in vicinity of the double bonds of the reference m
determined. The s

m the CSD 
rmolecular 
 (reference 
. For each 
ith the part 

ouble bond 
ce) close to 
olecule was 

ign and size of the ESP of the relevant part of the MEP surface 
of both reference and contact molecule is then evaluated and compared for the 
∆5 and ∆8,14 isomers.  
 

ecular structures of compounds 12-17. 

 and 3-11, 
 side chain 

ed for all 
keeping all 
on isolated 

 induction effects are neglected. DelPhi 
(Honig & Nicholls, 1995), as implemented in GRASP (Nicholls & Honig, 
1991), was used to calculate the MEP at the solvent-accessible grid surface 
using the MOPAC ESP charges. The inner and outer dielectric constants were 
set to unity. To study interactions in crystal structures, the ESP was calculated at 
a Connolly surface nearer to the molecule, at a distance of approximately 1.4 Å. 
ESP values are expressed as energies in kJ/mol. 

HO

12
H

HO

O

H

13
H

HO H

14
H

HO

O

H

H

HO

17
H

15
H

16

HO H

Figure 3. Mol

Methodology 

ESP calculations 
ESP charges were calculated in vacuo using the semi-empiric
implemented in MOPAC v6.00 (Stewart, 1990). For compounds 1
ESP charges were calculated using minimized conformations with the
extended. For compounds 12-17, ESP charges were calculat
independent molecules in the crystal structures after minimization, 
torsion angles fixed. Since the ESP charges were calculated 
molecules in vacuo, charge-transfer and

al method 
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The ESP’s near the double bonds were negative and approximately 
flat. Therefore, they will be referred to as a ‘patch’. The most negativ
of a patch was defined as its center point. d

circular and 
e grid point 
ance of this 
e patch, the 
id points in 
 fraction of 
ll. The grid 
l cases, that 
t a certain 

he radius of 
oints were 
Rp distance 
 in a patch 
p, which is 
tem of the 

he patch, A , was calculated by multiplying the number 
ided by the 
hich side of 

de patches 
ontact with 
termined as 

n the surface of the contact molecule was 
ontact patch is defined as all grid points of the contact 

atch. An 
ndependent 

nce of the 
ent (Downs 

n® treated 
he oocytes 
m cumulus 

ce of the studied compounds, in 
hypoxanthine containing medium to exclude spontaneous GVBD. At the end of 
a 22 h culture period the percentage of GVBD, which is a measure of MAS 
activity, is calculated. The activities of compounds 1, 3-4 and 6-17 are 
determined in this way (see Table 1). A compound is considered to be active 
when it induces a 100% GVBD at 10 µM or lower concentrations. Compound 5 
was inactive (N.V. Organon, personal communication). 
 

OH is defined as the dist
center point to the 3β-OH oxygen atom. To determine the size of th
fraction of negative ESP points with respect to the total number of gr
(planar) circular shells around the center point was calculated. This
negative ESP points was plotted against the outer radius of each she
points in the shells closest to the center point were all negative in al
is, the fraction of negative ESP points in those shells was unity. A
shell radius, the fraction dropped to a value of approximately 0.3. T
a patch, Rp, was defined as the distance at which 50% of the grid p
negative. The number of grid points on the molecular surface within 
of the patch center point was counted. The total ESP of all points
divided by the number of points gives an averaged ESP, <ESP>
indicative of the electrostatic potential near the double bond sys
molecules. The area of t p
of points in a patch with the area of the total molecular surface div
total number of points thereof. Superscripts are used to indicate on w
a molecule the patch occurs.  

In the crystal structures of molecules 12-14 and 15-17, the α-si
(reference patch) originating from the double bond system made c
other molecules in the crystal structure. Using the patch size, Ap, de
described above, a contact patch o
constructed. The c
molecular surface within 0.7 Å of the surface points of the reference p
average ESP on this contact patch, <ESP>cp, was determined for all i
molecules in each of the crystal structures.  

Activity determinations 
Induction of maturation is histologically visualized by disappeara
oocyte nuclear envelope or germinal vesicle (GV) after MAS treatm
et al., 1985; Guoliang et al., 1993). Oocytes from immature, humego
mice are used to study this germinal vesicle breakdown (GVBD). T
were harvested from the antral follicles in the ovaries and freed fro
cells. The oocytes are cultured, in the presen
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Table 1. Activities for compounds 1, 3-4 and 6-17 expressed as the
of germinal vesic

 percentage 
le breakdown (GVBD) with respect to the concentration in the 

culture medi
und BD (%, ± .) c (µM) 

um (c).  
Compo GV  s.d
1: FF A-M S 100 5 
3: Desmosterol 14 (5) 10 

-∆5,7 18 (5) 10 
68 (3) 10 

: 4,4-H-∆7 27 (8) 10 
∆7,9(11) 35 (24) 10 

8 24 (9) 10 
15 (3) 10 
84 (9) 10 

erol 35 (10) 10 
8799 100 10 
9823 100 10 

15: ORG 39097 100 10 
RG 38580 1.5 (2) 10 

4: 4,4-H
6: ∆6,8(14) 
7
8: 4,4-H-
9 ∆:  

8(14)10: ∆  
11: ∆8,14 
12: cholest
13: ORG 3
14: ORG 3

16: O
17: ORG 38899 16 (7) 10 

Results & Discussion 

As expected, calculations show that two negative ESP region
occurred on the α- and β-side of the solvent accessible surfaces in vic
skeletal double bond(s), originating from the π-electron density. The size of the 
α- and β-side patches and their precise location with respect to t
atoms depend on the number of double bonds and their position  th
For nds 1, 3-11 and 13-16 the area, A

s (patches) 
inity of the 

he skeleton 
in e structure. 

compou P>p, of 
well as the 

 and 
ring. In all 

as con r than . 
Also, 

p, and average ESP, <ES
the patches on both the α- and β-sides are given in Table 2, as 
distance of their centers to the 3β-OH group, dOH. As expected, d
increase with migration of the double bond system towards the D-
compounds except one (compound 3), β

pA  w siderably smalle
β
pESP ><  is in general equal to or smaller than α

pESP >

α
OH

β
OHd  

 α
pA

< , ex
compounds 3 and 5. For compound 3, this can be explained by th
effect caus the C19 and the C4β 

cept for 
e shielding 

β-
side. The presence of the methyl groups causes the mol surface to occur at 
a larger distance from the double bonds and 
the methyl groups. Both eff n

ed by methyl groups projecting towards the 
ecular 

leads to charge relocalization over 
ects lead to a decrease i  β

pESP ><  with respect to 
. In the structure of compound 3, the ∆5 double bond is less shielded 

-side of the molecule because the C4 methyl groups are not present. For 
5,  is more negative, but  is smaller than . Therefore, 

α
pESP ><

on the β
compound β

pESP >< β
pA α

pA

 



 50

the integrated ESP will be smaller on the β-side of the molecule than on the α-
side. 

 patches of 
. The distances between the pat

H oxyge m is lso giv
  (Å ) ><   (Å)

 
Table 2. Area and average ESP (in kJ/mol) of the α- and β-side ESP
sterol isomers 1, 3-11 and 13-16 ch centers and 
the 3β-O n ato  a en.  
Molecule α

pA 2) < αp>ESP
 

α
OHd  (Å) β  (Å2

pA β
pESP β

OHd

1: FF-MAS 64 -7. 7. 5 9.1 5 4 24 -5.
3:4,4-H-∆5,24 5.2 -3.5 5.14 2 5.0 36 -8.
4:4,4-H-∆5,7 39 -7.7 5.6 2 5.8 23 -7.
5:∆  5,7 54 -6.9 5.3 2 6.9 16 -7.
6:∆6,8(14) 43 -8.9 8.0 9 7.2 23 -6.
7:4,4-H-∆7 21 -5.2 8.1 7 6.8 2.4 -0.
8:4,4-H-∆7,9(11) 48 -6.4 8.1 7 6.2 9.8 -3.
9: ∆8 17 -3.7 5.2 0 5 8.2  .93 -0.
10: ∆8(14) 29 -5.0 8.2 2 8.9 1.7 -0.
11: ∆8,14 49 -9.4 8.7 5 8.3 25 -5.
13:ORG 38799 29 -6. 8. 6 8.6 1 1 7 -2.
14:ORG 39823 42 -8. 7. 5 9.1  1 3 28 -5.
 40 -8.1 7.4 5 9.1 20 -4.
15:ORG 39097 38 -10.0 8.1 25 -4.9 8.5 
 38 -9.3 7.8 27 -5.9 8.8 
16:ORG 38580 47 -10.7 7.6 17 -5.4 8.6 
 74 -16.6 7.1 14 -3.0 8.8 

 
In Figure 4, the ESP patches at the solvent accessible surface on th
sides of the ∆5,7 isomer 5 are shown. The small spheres represent the
within the patch. The ESP patch on the α-side of the molecule is 
times as large as that on the β-side (54 Å2 and 16 Å2 respectively), 
a

e α- and β-
 grid points 
about three 
whereas the 
h synthetic 
 5α isomer 
2 and Dolle 
ck than the 
olecules in 

solution.  
The size and average ESP of the α-side patches of the molecules depend 

roughly on the number of double bonds in the skeleton. In general, structures 
containing one double bond gave smaller patches compared to those with two 
double bonds (see Table 2). E.g.,  of a ∆8 structure (compound 9) is 
approximately half the size compared to that of the ∆8,14 structure (compound 

verage ESP is similar for both sides. This finding is consistent wit
results found for isomerisation reactions starting from ∆5,7 isomers:
products are found in higher yields than the 5β isomers (see chapter 
et al., 1988), because the α-side is more susceptible to protonic atta
β-side. Thus, it appears that the calculated ESP’s are transferable to m

α
pA
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11). In addition, α
pESP ><  is more negative for the latter compound.

that this property will influence the contacts that the patch makes
molecules. Patches of compounds containing two double bonds wil
interact with ESP contact regions that are more positive ed to contact 
regions for structures containing on e bond. Table 3 gives th
and the pA  of the reference patch and the cpESP >

 We expect 
 with other 
l preferably 

compar
e doubl e α

pESP ><  
<  of the contact p

independent molecules in the crystal structures of compounds 12-14
The double bond system

atch for all 
 and 16-17. 

15 interacts with a 
be interpreted and is therefore excluded 

from
 

the α-side 

ructures of 
cture of 12 
 molecular 
12) crystal 
 a negative 
s. Figure 5 
res, as well 
es overlap 

atches and 
ghtly repulsive interaction. However, it is 

conceivabl energy of the cholesterol molecules in 
ensate for this repulsion because the patch sizes 

ely small. In contrast, interactions 
ce patches originating from the ∆8,14 double 

bonds with contact patches with negative ESP probably result in more 

 in the structure of compound 
disordered solvent region that could not 

 Table 3.  

Figure 4. ESP patches on the solvent accessible surface at the α- and
compound 5. The view is on the β-side of the molecule, showing 
patch in dark gray and the β-side patch in light gray. 

 
The ESP reference patches of the molecules in the crystal st
compounds 13-14 and 15-17 are larger than those in the crystal stru
and make contacts with positive or neutral ESP regions on the
s

 β-sides of 

urfaces of other molecules. For the two cholesterol (compound 
structures from the CSD, which all have smaller reference patches,
ESP in the contact patch was found in five out of sixteen interaction
shows the crystal packing of the cholesterol molecules in both structu
as the α-side ESP patches of the molecules. Some of the patch
considerably. 

It is reasonable to assume that close vicinity of the ∆5 reference p
negative contact patches results in a sli

e that the overall interaction 
the crystal structures could comp
and the resulting repulsive energy are relativ
between the larger ESP referen
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unfavorable interaction energies and therefore a larger repulsion.
unfavorable interactions cannot as easily be compensated for by 
occurring elsewhere in the crystal structure, and in fact they do no
summary, the ESP patches of ∆8,14 compounds, which in general are
have a more negative α

pESP ><  than those of cholesterol, do not in
negative contact ESP regions, in contrast to what is observed in 
structures of cholesterol. In addition, the ESP patches of ∆8,14 compo

ar rings C and D, whereas the patches of the ∆5 compounds o
vicinity of ring B. Th α

 The latter 
interactions 
t occur. In 
 larger and 
teract with 
the crystal 
unds occur 

ne ccur in the 
the pESP >e fact that  <  is in general more negative and 

 is larger for potentially active molecules suggests that these parameters α
OHd

(partly) determine activity. 
 
 
Table 3. Average ESP of the α-side patches, α

pESP ><  in kJ/mol, of all 
ent molecules in the crystal structures of compounds 2-14 and 16-17, 

 in Å of the corre ing contact patch ESP’s, 
in kJ/mol, at the contact surface of the interacting molecu
Molecule  

independ 1
their radius A 2 and spond cpESP ><  p

le. 
α
pESP >< pA  cpESP ><  

12: CHOLES20  -11.4 12.2 1.1 
 -13.4 18.2 -1.0 
 -9.4 12.2 0.9 

-14.9 18.9 1.0 
-11.9 19.4 0.3 

 -12.4 15.4 -2.2 
 -10.7 16.0 2.1 
 -13.9 14.9 -0.2 
12: CHOLEU01 -14.1 17.7 0.7 
 -7.4 14.5 -11.4 

-13.1 16.4 -5.5 
-12.4 15.9 -13.9 

 -8.7 16.0 9.7 
-9.9 9.2 5.5 

 -11.4 21.6 4.2 
-9.4 10.7 0.2 

13: ORG 38799 -13.6 27.5 5.0 
14: ORG 39823 -16.4 32.2 1.0 
 -16.6 30.6 2.5 
16: ORG 38580 -21.6 40.0 6.2 
 -18.8 43.0 1.5 
17: ORG 38899 -18.6 24.0 21.8 
 -19.1 23.7 12.6 
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Figure 5. of cholesterol molecules (com
12 in Figure 3) in two crystal structures present in the CSD. The to
from CHOLES20, the lower from CHOLEU01. In six of the sixte
interactions, the spheres overlap considerably, as do the patches. 
 
In Figure 6, α

pESP ><  is plotted against α
OHd  for compounds 1, 3-11

Compound 17 was excluded from the plot, because the lack of act
compound is related to alterations in the 3β-OH group that was f
mandatory for activity. In the plot, clusters emerge which contain i
active compounds only. As can be seen, the active compounds (repre
square) are clustered together and have an average ESP of about –
approximately 8 Å from the hydroxyl oxygen. The outcome for co
which is partially active, is close to thos  active compounds. 
independent molecules in the crystal structure of 16 has an ESP 

 Interactions of the ESP patches pound 
p Figure is 
en possible 

 and 13-16. 
ivity of this 
ound to be 
nactive and 
sented by a 
9 kJ/mol at 
mpound 6, 

the One of the 
patch with 

similar  compared to that of active compounds, but is not 
active. This lack of activity is most probably due to the chemical structure of its 

natural configuration of C20 were shown 
to be inactive as well er 1). For the other independent molecules in the 

pound 16, 

e of 

α
OHd  and α

pESP ><

side chain: other 22-oxa analogs with a 
 (see chapt

crystal structure of the inactive com α
pESP ><  was about twice as 

large as those of the active compounds. This is due to overlap between the ESP 
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around the side chain oxygen atom and that near the double bonds. As a result, 
the ESP in the vicinity of the double bonds becomes more negative.  

 

verage ESP at the α-side patch of the double bonds 
against the hydroxyl oxygen to patch center distance of compounds 1, 3-11 and 

s by circles 
 are placed 

tch position 
 interaction 

ggests that a 
AS related 
the double 

comparable 
ts. Such an 
E)-ergosta-
rence code 

. This compound also contains a ∆8,14 double bond system, which 
interacts with the edge of a phenyl ring in the side chain (see Figure 7). It is an 
example of how the patch may interact with an aromatic amino acid when MAS 
compounds bind to their receptor. The molecules in the crystal structures of 
compounds 14-16 do not give similar interactions, although the side-chains 
contain a phenyl ring for both structures. Crystal packing probably prevents such 
interactions. 
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Figure 6. Plot of the a

13-16. Active compounds are represented by squares, inactive one
and the partly active compound 6 by a cross. Compound numbers
close to corresponding points. 
 
From Figure 6, it appears that a correlation between activity and pa
and the magnitude of the ESP exists. This finding, together with the
studies in the crystal structures of compounds 12-14 and 16-17, su
specific interaction occurs between the putative receptor of FF-M
compounds and the double bond system in rings C and D. Since 
bonds form a conjugated π-system, an interaction is feasible that is 
with the edge-face or face-face stacking found for phenyl ring contac
interaction in fact occurs in the crystal structure of (3β,5α,17β,22
8,14,22-trien-3β-ol benzoate (Dolle et al., 1988), with CSD refe
GAKFON
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Figure 7. Interaction between two molecules in the crystal structure
8,14,22-trien-3β-ol benzoate (Dolle et al., 1988). The edge of the ph
interacts with the negative ESP patch of the double bond system. 
 
A pharmacophore model emerges from the results shown in Figure 6
that a hydroxyl group is needed, attached to one end of a rod-shaped
scaffold, at approximately 8 Å from a negative ESP region. In additio
requires an unpolar side chain attached to the other end of the 
approximately 11 Å from the OH group and 5 Å from the ESP patch.
way interaction topology provided by the negative ESP patch 

 of ergosta-
enyl group 

. It appears 
 molecular 
n, activity 

scaffold, at 
 The three-

and the two 
molecular moieties, i.e. the OH group and the side chain, offers a 

ore model that can be used to evaluate in advance whether a 
be searched 
ented here, 
ach entry. 

ntal data in 
two ways. Firstly, calculated ESP patches above and below the double bonds of 
the double bond system of sterol compound 5 are consistent with respect to its 
reactivity in acid-catalyzed protonation reactions. The patch at the α-side is 
about twice as large as the patch at the β-side of the molecule and is the 
preferred side of proton-attack in isomerisation reactions starting from ∆5,7 
isomers. The fact that the calculations in vacuo provide an explanation for a 

pharmacoph
compound is possibly active. Furthermore, molecular databases can 
for novel lead compounds using the pharmacophore model pres
provided that the electrostatic field information can be generated for e

Conclusions 

The calculations of the MEP’s of sterols give results that fit experime
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phenomenon in solution is encouraging, since it implies that we can u
studying interactions in crystal structures. Furthermore, patches in
structures of ∆8,14 compounds 13-14 and 16-17, with a large size an
low negative average ESP, interact with positive or neutral ESP regio
molecules. In contrast, in crystal structures of cholesterol, we find 
between the (smaller) α-side patches with contact regions of negativ
This relation suggests that a specific interaction of the double bond
related to activity. The observed correlation between the activity 
hand and the position and average ESP of the α-side patches o
compounds on the other hand supports this assumption. In active 
the α-side patch is located at 8 Å from the hydroxyl group, with an a
of approximately –9 kJ/mol. The crystal structure of (3β,5α,17β,22
8,14,22-trien-3β-ol benzoate, with unkn

se them for 
 the crystal 
d relatively 
ns on other 
interactions 
e potential. 
 system is 

on the one 
f the sterol 
compounds, 
verage ESP 
E)-ergosta-

own activity, represents a clue as to how 
an interaction between the double bond system and a protein possibly may 
occur. The pharmacophore model presented here can help to identify potentially 
active molecules in further lead development.  
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Abstract 

SuperStar is an empirical method for identifying interaction sites 
based entirely on the experimental information about non-bonded i
The original version of SuperStar was based entirely on scatterplo
CSD. Here, scatterplots based on protein-ligand interactions are imple
SuperStar, and validated on a test set of 122 X-ray structures of pro
complexes. In this validation, propensity maps are compared
experimentally observed positions of ligand atoms of compar
Although non-bonded interaction geometries in small molecule str
similar to those found in protein-ligand complexes, their relative fre
occurrence are different. Polar interactions are more common in the f
structures, while interactions between hydrophobic groups are more 
protein crystals. In general, PDB and CSD-based SuperStar maps app
successful in the prediction of protein-ligand interactions. PDB-base
more suitable to identify hot-spots in hydrophobic pockets, and inhe
into account the experimental uncertainties of protein 

in proteins, 
nteractions. 
ts from the 

mented in 
tein-ligand 
 with the 
able types. 
uctures are 
quencies of 
irst class of 
common in 
ear equally 
d maps are 
rently take 

atomic positions. If the 
protonation state of a histidine, aspartate or glutamate protein side chain is 
known, specific CSD-based maps for that protonation state are preferred over 
PDB-based maps that represent an ensemble of protonation states. 
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Introduction 

The identification and prediction of favorable protein-ligand interac
important step in any drug design project. A number of approaches
introduced and developed to aid in the design of more promising lea
potent drugs. Some methods focus on predicting the binding mode of
a protein (Miller et al., 1994; Jones et al., 1995, 1997; Rarey et al., 1
al., 1999). Other methods aim to identify favorable interaction sites
chemical fragments, often referred to as probes, within a bindin
Goodford, 1985; Kellogg et al., 1991; Wireko et al., 1991; Miranker
1991; Caflisch et al., 1993). All these approaches need some sort of
function that ranks interactions between probe or ligand and the prot
site residues according to how favorable they are. Some use force 
potential energies as a measure of interaction propensity. Alternative
exponential growth of structural databases such as the Cambridg
Database (CSD, Allen & Kennard, 1993) and the Protein Data B
Berman et al., 2000), methods were developed that extract the 
information from these databases and use them to predict favorable protein-

tions is an 
 have been 
ds or more 
 a ligand to 
996; Liu et 

 for smaller 
g site (e.g. 
 & Karplus, 
 evaluation 
ein binding 
field based 
ly, with the 

e Structural 
ank (PDB, 
interaction 

hat predict 
proach (e.g. 
_LIGAND: 

ions, based 
base, non-

h show the 
nother (the 

ral group). These distributions can be transformed into propensity maps, 
, 1999) 

ed contacts 
rved in the 

. 1999, 
ned in the 
ein binding 
al group (a 

'probe') to bind at different positions around a template molecule (e.g. a binding 
site). The original version of SuperStar only uses CSD-based scatterplots, which 
has several important advantages: e.g. there is more data in the CSD, it contains 
hydrogen atoms and the data is more precise. But the use of CSD data also has 
an important disadvantage. When a ligand binds to a protein binding site, both 
have to be stripped of the water molecules around them. This causes a driving 

ligand binding interactions. Several programs are now available t
ligand binding or dock ligand groups using a knowledge-based ap
HSITE: Danziger & Dean, 1989a,b; LUDI: Böhm, 1992a,b; PRO
Clark et al., 1995; X-SITE: Laskowski et al., 1996).  

Recently, we compiled a knowledge base of non-bonded interact
on crystallographic data: IsoStar (Bruno et al., 1997). In this data
bonded interactions are presented in the form of scatterplots, whic
distribution of one functional group (the contact group) around a
cent
which can then be viewed as contoured surfaces. IsoStar 1.2 (Bruno et al.
contains information on 301 central groups, combined with up to 43 contact 
groups. The library contains 17,051 scatterplots based on non-bond
from the CSD, and 3,608 based on protein-ligand interactions obse
PDB. 

Recently, we introduced a program called SuperStar (Verdonk et al
2001), which makes use of the non-bonded contact data contai
scatterplots in IsoStar to generate composite propensity maps for prot
sites. SuperStar maps estimate the propensity of a given function
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force towards forming hydrophobic interactions between protein an
contrast, in most cases, this effect will be absent during the formation
molecule crystal (e.g. because the crystal is formed from an apolar s
did correct for this effect by applying a hydrophobic correction on
based SuperStar maps for hydrophobic probes. However, there ma
differences between non-bonded interactions in CSD and PDB, w

d ligand. In 
 of a small-
olvent). We 
 the CSD-
y be more 
hich make 
to describe 

PDB-based 
r both the 
cies. Also, 
 glutamate 
 sites, by 
plemented 

d them in the same way 
as we validated the CSD-based SuperStar maps, i.e. using a test set of 122 

d complexes from the PDB. Validation results are compared with 
those obtained for the original, CSD-based, version of SuperStar. 

library was 
ch the CSD 

nd B. M s in moieties A 
finition of a 
, which are 
oups more 
ct between 

CSD-based scatterplots less appropriate than PDB-based scatterplots 
protein ligand interactions. 

Here, we describe a systematic comparison of CSD and 
scatterplots from the IsoStar database. The analysis was done fo
geometries of the interactions and for the relative interaction frequen
an attempt was made to assign protonation states to aspartate and
carboxyl groups and histidine ring nitrogens in protein binding
comparing CSD-based propensity maps with PDB-based ones. We im
PDB-based propensity maps in SuperStar, and validate

protein-ligan

Methodology 

Scatterplots and propensity maps 

IsoStar scatterplots 
A full description of the methodologies used to build the IsoStar 
given by Bruno et al. (1997). The QUEST package was used to sear
for contacts between two functional groups, A a ost atom
and B were defined to be target atoms, which are important in the de
contact (see below). The remaining atoms are the backbone atoms
used only to define the chemical connectivities of the functional gr
precisely. A 'contact' in IsoStar is defined as an intermolecular conta
any pair of target atoms in groups A and B, shorter than Å5.0+vdwd , where vdwd  
is the sum of the Van der Waals radii of the atoms involved. The se
were transformed into an easily visualized form by overlaying the 
This results in a 3D distribution (scatterplot) showing the ex
distribution of B (the contact group) around A (the central group). Th
of the overlaid A moieties are averaged and displayed as a single g

arch results 
A moieties. 
perimental 
e positions 
roup in the 

scatterplots. 
All PDB-based scatterplots were generated especially for this study. For 20 

central groups (the protein groups, see Table 1), mimicking the most common 
functional groups that occur in proteins, scatterplots were generated for 6 
contact groups (the ligand groups): NH, alcohol OH, water, C=O, aliphatic CH 
and aromatic CH. For the CSD-based SuperStar calculations presented in this 
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study, all scatterplots were taken directly from IsoStar 1.2 (Bruno et
Some of the CSD-based scatterplots that were used for the CSD
comparison, however, were newl

 al., 1999). 
 vs. PDB 

y generated to allow for a better comparison 
ot. 

ed probe. A 
. methyl carbon. For a scatterplot j, 

each probe k contributes to the densities at its surrounding grid points. The probe 
density d(i,j) at each grid point i is calculated from: 

with the corresponding PDB-based pl
Converting scatterplots into density maps 

From each scatterplot, a density map can be calculated for a select
probe is an atom in the contact group, e.g

∑
=

=

)(

),
jN p

ji

 where  is the number of probes in scatterplot j, w(i,j,k) is the contribution 
sity at grid point i, and ∆ is the grid-spacing (see Verdonk et 

To scale the densities of different maps, we calculate an average density, i.e. the 
density that is expected by chance. At each grid point the probe density is 

∆
1

1 ),,(( 3

k

kjiwd

)( jN p

of probe k to the den
al., 1999). 
 

Normalizing the maps 

divided by the average density, yielding the propensity: 

)(
),(),(
jd
jidjip

av
=

 where )( jdav  is the average density for scatterplot j. The propensity p(i,j) 
indicates whether the density at a grid point is higher or lower than is expected 

e, a propensity of 2.0 implies that contacts at that grid 
point are twice as frequent as is expected. Propensities of grid points outside the 

 ra f the targ 0. 

by chance. For exampl

Å5.0+vdwd nge o et atoms in the central group are set to 1.
The average densities for CSD-based plots are defined as follows: 

∑=
)( ),(),(

)(
jN

contactcentral
c jcNjcN

jd
=1 )(c cell

av cV

 where  and  are the number of unique central groups and 
the total num ectively, in the unit cell of crystal 
structure c.  is the volume of the unit cell of crystal structure c and 
is the number of the crystal structures contributing to scatterplot j. 
 

),( jcN central ),( jcN contact

ber of contact groups, resp
)(cVcell )( jNc  
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Table 1. List of the 20 central groups that were selected to represent
moieties. The fragmen

 the protein 
t names, structures and the protein moieties in which the 

fr ts oc sted
Name Structure Amino 

ac
Name Structure Amino 

acids 

agmen cur are li . 

ids 
Aliphatic OH C(H2)

O(H)  
Ser, Thr Secondary 

aromatic NH 
N(H)

 

Trp 

Aromatic OH 

O(H)  

Tyr Aromatic 
ondary CH sec

C(H)

 

Trp, His 

Aliphatic NH3
+ C(H2)

N(H3)+  
L condary S ys Se S

 
Met, 

Guanidino Ν(Η)

N(H2)

N(H2)+

 

Arg primary SH 
S(H)  

Cys 

Carbamoyl 

N(H2)  

Asn enyl ring , Gln Ph

 

Ο Tyr, Phe, 
Trp 

Aliphatic 
tertiary CH 

C(H)
N(H3)+  

Cα Aromatic 
tertiary carbon 

 

Cγ in His 
and Trp 

methylene C(H2)

 
side chains Peptide link 

N(H)

O

 

All amide 
bonds 

methyl 
C(H3)  

Ala, Leu
Ile, Val 

Proline peptide 
link 

, 

N

O

 

amide 
bonds in 
proline 

δ-ring nitrogen Ν(δ)

 link 
His Disulphide S

S  
S-bridges 

ε-ring nitrogen Ν(ε)

 
His Carboxyl 

group 
O

O(H)  

Asp, Glu 

 
For PDB-based plots, we feel that this approach is not appropriate because the 
ligand (and therefore the contact group) atoms are not distributed throughout the 
entire unit cell of the protein structure. Instead, they are confined to the protein 
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binding site. Therefore we decided to use an alternative method t
PDB-based plots, also used by Laskowsk . (1996) in the X-site program. In 
this approach, an expected number of contacts, ),( yxne , is calculat
combination of central group

o scale the 
i et al

ed for each 
 x and contact group y, based on the total numbers 

of contacts these two groups form: 

∑∑
= =1' 1'

)','(
x y

o yxn
 

where ),( yxno  is the observed number of contacts in the scatterplo
groups y around central group x. The summation over '

∑∑
===

20 6

6

1'

20

1'

)',(),'(

),( y
o

x
o

e

yxnyxn

yxn

t of contact 
x  is over all

groups used to describe p
 20 central 

rotein functional groups (see Table 1); the summation 
over  is over the six contact groups defined above. We can now define the 

, as the propensity of central group x to form 
contacts with contact group y: 

'y
contact propensity, ),( yxPc

),(
),(

),(
yxn
yxn

yxP
e

o
c =

 The expected number of contacts in scatterplot j, , is equal to x 
and y representing the central and contact group, respectively, in scatterplot j. 

 can

)( jne ),( yxne , 

)( jne  be translated into the average density for scatterplot j: 

)(
)(

)(
jV

jn
jd

acc

e
av =

 where )( jVacc  is the volume in scatterplot j accessible to the contact group. It is 
calculated using stochastic sampling techniques, based on the Van
radii of the target atoms in the central group and that of the probe 
contact group. Using this average density, PDB-based density m
scaled in the same manner as the CSD-based plots (see above). 

Unfortunately, the above methodolo

 der Waals 
atom in the 
aps can be 

gy cannot be used to scale CSD-based 
density maps. The method requires that there is no overlap between central 
groups, or between central and contact groups. In the PDB-based scatterplots, 
overlap does not occur, because the central and contact groups originate from 
different molecules, i.e. a protein and its ligand. For the CSD-based scatterplots, 
such a distinction cannot be made, and as a consequence, central and contact 
groups may originate from the same molecule. 
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Similarity calculations 
Each PDB scatterplot was compared with the corresponding scatterpl
CSD, i.e. containing identical central and contact groups. PDB base
which the central group protonation state is ambiguous, i.e. the hi
and tele-nitrogens and carboxyl groups, were paired with CSD cen
with different numbers of hydrogens. As the PDB based plots do 

n atoms, all hydrogens were removed from the central a
groups of

ot from the 
d plots for 

stidine pro- 
tral groups 
not contain 

hydroge nd contact 
 the CSD plots. Contact groups for which the probe atom is outside 

m the CSD 

imal grid spacing was derived from the 
average number of probe atoms per grid cube, 

Å5.0+vdwd  of a target atom of the central group were removed fro
scatterplots. 

Next, for each pair of CSD and PDB scatterplots, the central groups were 
aligned, and propensity maps were constructed using methodology described 
above. For each scatterplot pair, the opt

>< )( jnp , of the less dense 
scatterplot:  
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 where )( jno  is the number of contacts in scatterplot j (see above). >< )( jnp  is 
cluding 1.5 calculated for grid-spacing (∆) values ranging from 0.5 up to and in

Å. The minimum grid spacing for which >< )( jnp  is greater than or equal to 4.0 
is used. If )( jnp  is less than 4.0 for a grid spacing of 1.5 Å, no similarity 
calculation was performed. 

To quantify the similarity of two propensity maps A and B, we used two 
similarity indices: the Carbó index and the Hodgkin index: 
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),( Aip  and ),( Bip  
, respectivel

represent the propensities at grid point i in propensity maps 
A and B y. The summations are over all  grid points in the maps. 
The Carbó index is a scaling independent measure of the geometrical similarity 

gN
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of the maps. The Hodgkin index also takes into account the overall intensities of 

y, we defined a weighted average similarity index for two central 
groups as: 

the propensity maps. 
Finall

∑ ⋅=
6

=

)()( jSjwS

ined in the 
index for contact group j, and  is a 

which is proportional to the number of contacts in the less 
j. 

 based on 
 described 
nk et al., 
atom types 
 hydrogen 

es. For PDB-based propensity maps the 
only used for the 2D fragment matching (see below). 

 in an 
ure is 

 fragments 

olecule, it is 
uperStar fragment library. For each atom 

responding 
 atoms are 
 the above 
 below). 

Selection and superimposing of scatterplots 
First, the entire template molecule is placed on a 3D grid. For each fragment 
match in turn, the best 3D match of the corresponding IsoStar central group is 
found, using the methodology described by Verdonk et al. (1999). Then, 
applying the resulting transformation matrices, each scatterplot in turn is 
superimposed onto the corresponding part of the template molecule. 

1j
Carbó w

 where the summation is over all six contact groups (probes) def
previous section. )( jSCarbó  is the Carbó )( jw
normalized weight, 
dense of the two scatterplots for contact group 

SuperStar methodology 

The overall methodology used to calculate SuperStar maps
protein-ligand interactions from the PDB is virtually the same as
earlier for CSD-based maps (Verdonk et al., 1999; Verdo
submitted). The template molecule is prepared such that all the 
and protonation states are set correctly. This also involves adding
atoms with the correct geometri
hydrogen atoms are 
Next, a probe is selected by the user. A probe is usually an atom
IsoStar contact group, e.g. carbonyl oxygen. The rest of the proced
fully automated and is described below. 

Selection of fragments 
The template molecule is built up automatically from 2D structure
from a library, using the methodology described by Verdonk et al. (1999). To 
select the optimal set of fragments to describe the template m
matched against all fragments in the S
in the template, the fragment that matches it best is used and the cor
atom in that fragment is then defined to be a target atom. Target
important when scatterplots are superimposed on the template (see
section on IsoStar scatterplots, and that on superimposing scatterplots,
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Calculation of individual propensity maps 
After a scatterplot has been superimposed on the relevant part of th
molecule, a propensity map is calculated for a selected probe,
methodology described above. In all SuperStar calculations presen
chapter, we used a grid spacing of Å7.0=∆ . To prevent imprecise 
having a detrimental effect on the final m

e template 
 using the 
ted in this 

propensities 
ap, these propensities are set to 1.0 (see 

 individual 
ted using the methodology described above. Where maps 

from different central groups overlap, we multiply their propensities, to obtain 
the overall propensity, i.e.: 

Verdonk et al., 1999). 
Combining different maps 

For every grid point i in the 3D grid, the propensity p(i,j) in each
scatterplot j is calcula

∏
=

)( =
sN

j
o jipiPP

1
),()(

 where s

i

N  is the number of scatterplots contributing to the composit
map. )(iPo  origin es from the propensity map 

e SuperStar 
at that accounts for template atoms, 

tar calculation. These atoms are treated 
i where the probe is within dd −  of a 

other than those selected for the SuperS
as hard spheres. For all grid points vdw

hard-sphere atom, 0)( =iPo . For all other grid points, 1)( =iPo . The
penetration distance, told , is set at 0.4Å. 

Hydrophobic correction 
To correct for fr

tol

 maximum 

the lower equency in the CSD of interactions between 
hydrophobic groups, relative to that in the PDB, we used the methodology 

k et al. (1999): for hydrophobic probes, the propensities at 
all grid points closest to a hydrophobic group in the template molecule were 

perStar calculations presented in 

described by Verdon

multiplied by a factor P(hydro). In all the Su
this chapter, we used 10)( =hydroP . 

Results & Discussion 

Comparison of CSD and PDB based propensity maps 
20 central groups were selected to represent the protein moieties (see Table 1). 
Six chemically different contact groups were used to represent ligand moieties, 
i.e. OH, C=O, NH, water, aliphatic CH and aromatic CH. Thus, 120 scatterplots, 
based on protein-ligand interactions observed in the PDB, were generated using 
only protein groups as central groups and ligand groups as contact groups. Each 
PDB-based scatterplot was paired with a CSD-based scatterplot with similar 
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central and contact group. Then each CSD/PDB scatterplot pair was
into a pair of propensity maps, and the similarity of these two 
assessed. For histidine ring nitrogens and glutamate and aspartat
groups, the protonation state is ambiguous. Therefore, these gr
excluded from the similarity assessments described in the two sect
Also, p

 converted 
maps was 

e carboxyl 
oups were 

ions below. 
airs for which (one of) the scatterplots contained insufficient data were 

excluded. 
 

 
Figure 1. Histogram of Carbó indices (left) and Hodgkin indices 
CSD-PDB propensity map comparisons. Pairs for with insufficien
excluded from the analysis. 

Non-bonded interaction geometries 
The Carbó index is used as an indicator of the geometrical similarity
propensity maps. The distribution of the Carbó indices of the pairs o
PDB propensity maps is given in Figure 1 (left panel). The bulk of
a

(right), for 
t data were 

 of a pair of 
f CSD and 

 the indices 
ta we may 
scatterplots 
ometries of 
non-similar 
ghtly more 

significant. 
ith a Carbó 

index of only 0.54. In the CSD plot (left panel in Figure 2), there are two 
favorable regions for a carbonyl group in the vicinity of the carbamoyl nitrogen, 
corresponding to the two hydrogen atoms bonded to that nitrogen. In the 
corresponding PBD plot (right panel in Figure 2), the ‘side-on’ interaction is 
hardly observed at all, and the plot is dominated by the ‘head-on’ interaction. 
This difference can be attributed to the fact that the asparagine and glutamine 

re higher than 0.6, with an average of 0.76 (0.11). From these da
conclude that the geometry of the interactions in the CSD and PDB 
are similar for most scatterplot pairs. In some cases, however, the ge
the CSD and PBD contact distributions differ. For most of these 
pairs, at least one of the scatterplots contains very little data (only sli
than the threshold). 

For some scatterplot pairs, however, the differences appear to be 
One such case is the carbamoyl to carbonyl contact (see Figure 2), w
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side chains are surrounded by other protein moieties. At protein bind
‘side-on’ interaction side is often difficult to access for ligand functi
and, as a result, is frequently occupied by water molecules or by ot
hydrogen bond acceptors. In small-molecule crystal structures, thi
interaction side often is available for intermolecular interactions wi
groups. This particular discrepancy between the CSD and PDB-ba
unlikely to have a negative effect on the use of CSD-based plots in S
a specific binding site, a glutamine residue may be exposed so that th
interaction side is readily accessible to a

ing sites the 
onal groups 
her protein 
s ‘side-on’ 
th carbonyl 
sed plot is 

uperStar: in 
e ‘side-on’ 

 ligand carbonyl. In that case the CSD-
based plot would provide an even better representation of the hydrogen-bond 
donating properties of that glutamine side chain. 
 

 
Figure 2. Density maps for interactions between carbamoyl grou
group) and NH groups (contact group), derived from the CSD (left) a
(right). 

Non-bonded interaction frequencies 
It may not be surprising that interaction geometries in the CSD an
similar, since the underlying chemical principles of the interactio
same. However, in a previous study (Verdonk et al., 1999), we foun
relative interaction frequencies of certain interactions can be differen
molecule crystal structures and protein-ligand interfaces. More spec
found that contacts between two methyl groups are more common
ligan

ps (central 
nd the PDB 

d PDB are 
ns are the 
d that the 

t for small-
ifically, we 
 in protein-

d interfaces than in the CSD, when compared with carbonyl-methyl 
contacts. This difference was attributed to the hydrophobic effect caused by the 
aqueous environment around protein and ligand in vivo, which drives 
hydrophobic groups in ligands to form interactions with hydrophobic protein 
groups. Having normalized the PDB-based density maps to give propensity 
maps, we can now compare the relative interaction frequencies for all scatterplot 
pairs. 
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First, we used the Hodgkin similarity index to assess the similar
scatterplot pair. Apart from the geometries of the two propensity 
Hodgkin index also takes into account their overall intensitie
magnitudes of the propensities. The distribution of the Hodgkin ind
pairs of CSD and PDB propensity maps is given in Figure 1 (right p
Hodgkin similarity indices are clearly lower than the Carbó indices,
that the intensities of the propensity maps differ considerably.
calculated the contact propensities, c

ity of each 
maps, the 

s, i.e. the 
ices of the 
anel). The 
 indicating 

 Next, we 
P , for each PDB and CSD-based 

and compared the values for each CSD/PDB scatterplot pair. c

scatterplot, 
P  

relative propensity of interaction for a particular central and con
combination. In Figure 3, the contact propensity of each CSD-based
is plotted against that of the corresponding PDB-based scatterplot.
from this Figure that hydrophobic interactions (the filled circles) 

uencies) in the protein-ligand

in a previous study (
al., 1999). But the reverse
true: hydrophilic contact
open circles) are more co
the CSD than in pro
interfaces. This 
hydrophobic effect’ 
reflects the fact that 
bonding groups in a pr
form hydrogen bonds t

hydrogen-bonding grou
the driving force 
hydrogen bonds betwe
and ligands is not as 

e.g., in a situation whe
(small) molecule crysta
an

reflects the 
tact group 
 scatterplot 
 It is clear 

have higher 
contact propensities (interaction freq  interfaces 
than in the CSD. This is a confirmation of the hydrophobic effect we observed 

Verdonk et 
 is also 
s (the 

mmon in 
tein-ligand 

‘reverse 
probably 

hydrogen-
otein can 

o the water 
environment or to ligand 

ps. Hence 
to form 

en proteins 
strong as, 

re a pola
llizes from 

 apolar solvent. On average, 
contacts between hydrophilic and 

he crosses 
to be as 

common, or uncommon, in the 

W
g

r  
 
 
 hydrophobic groups (t

in Figure 3), seem  
 

 

Figure 3. Contact propens cPities ( ) of
instCSD propensity maps plotted aga

and mixed contacts by crosses. 

those of corresponding PDB propensity
maps. Hydrophobic interactions are
represented by filled circles,
hydrophilic interactions by open circles
CSD as they are in protein-ligand 
interfaces. 

Protein groups with ambiguous protonation states 
e concluded that interaction geometries in protein-ligand interfaces are 

enerally quite similar to those in small molecule crystal structures. Hence, we 
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attempted to use Carbó similarity indices to derive the ‘average’ 
state of carboxyl groups and histidine ring nitrogens in protein bindin
aspartate and glutamate carboxyl groups, we paired the PDB-based 
for carboxyl groups with the CSD-based plots for (charged) carbo
(uncharged) carboxylic acid. For each of the six contact groups, 
similarity indices were calculated: one comparing the PDB-based
with the CSD-based plot for (charged) carboxylate, the other com
PDB-based plot with the CSD-based plot for (uncharged) carboxyli
Carbó indices are averaged over all six probes to give wei t
similarity indices, w

protonation 
g sites. For 
scatterplots 
xylate, and 
two Carbó 
 scatterplot 
paring the 

c acid. The 
gh ed average 

S . 81.0=wS  for the PDB-carboxyl vs. CSD-c
and 63.0=w

arboxylate, 
S  for the PDB-carboxyl vs. CSD-carboxylic-acid comparisons. wS  

is clearly higher for the comparison with the CSD-carboxylate plots t
the comparison with the CSD-carboxylic-acid plots, which indica
protein-ligand in

han it is for 
tes that, in 

terfaces, most aspartate and glutamate side chains are charged. 
imated that 
tures in the 

 nitrogens 
 nitrogens: 

This is in agreement with the results of Hooft et al. (1996), who est
only 0.2% of all aspartate and glutamate side chains in protein struc
PDB are protonated. 

The PDB-based scatterplots for the histidine pro- and tele- ring
were compared to CSD-based plots for three different types of ring
unprotonated, protonated (uncharged) and protonated (charged). wS  values for 

e nitrogen 
on state of 
state is for 

both pro- and tele- ring nitrogens were calculated for each of the thr
types (see Table 2). Compared to the assignment of the protonati
carboxyl groups, it is less clear what the predominant protonation 
either of the two histidine ring nitrogens. If we use the w

e

S  values as 
for the fraction of nitrogens in each of the three protonation states, 
order of these fractions would be unprotonated > protonated (un
protonated (charged), for both the pro- and tele- nitrogens. This roug
with the results of Hooft et al. (1996), who estimated that the fractio

an indicator 
the relative 
charged) > 
hly agrees 

ns are about 
value for the comparison of the PDB-

er than any 
40:40:20% for both ring nitrogens. The wS
based plots for the pro- and tele- ring nitrogens is 0.85, which is high
of the wS  values for comparisons with CSD-based plots. Again, th
that both nitrogens oc  more

is suggests 
ne p n state, and that the 

distributions over the th tonati s are r both ring nitrogens. 
 
Table  for DB his  pro- and tele- nitrogen comparisons 
with CSD nitrogens with different numbers of protons (i.e. uncharged, 
uncharged protonated and charged protonated).  

 C-N-C 
(CSD) 

C-NH-C 
(CSD) 

C=N+H-C 
(CSD) 

cur in
ree pro

 than o
on state

rotonatio
similar fo

 2. wS  values the P tidine

Pro-N (PDB) 0.77 0.73 0.67 
Tele-N (PDB) 0.81 0.74 0.71 
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PDB-based SuperStar maps 
For all SuperStar maps presented in this section, the ligand and all
molecules were removed from the binding site, except wher
differently. The protein binding sites (and ligands) were set up as d
Jones et al. (1995), i.e. hydrogen atoms were added with appropriate 
taking account of protonation states. For the PDB-based SuperStar maps, the 

 the water 
e indicated 
escribed by 
geometries, 

d for the 2D fragment matching. 

a carbonyl 
try 1GLP). 
as removed 
 are clearly 
nd bind. At 
he binding 
ond amide 
act solvent 
 accurate 

oms in the 
though not a true carbonyl) overlaps with a high-propensity region in 

the SuperStar map. The remaining sulfonate oxygens, again, are solvent 
exposed. In fact, one of them forms a hydrogen bond to a water molecule in the 
binding site (not shown in Figure 4), which was not included in the SuperStar 
calculation. 
 
 

hydrogen atoms were only use
Example: Glutathione transferase 

Figure 4 (right panel) shows the PDB-based propensity map of 
oxygen probe for the glutathione transferase binding site (PDB en
The ligand, glutathione sulfonic acid, is also shown, although that w
during the calculation of the propensity map. High-propensity areas
observed in the regions where the two carboxylate groups of the liga
the position of the amide oxygen that interacts deep in the pocket of t
site, a strong peak is observed in the propensity map. For the sec
oxygen, however, no peak is observed. This oxygen atom is in f
accessible, which makes it impossible for SuperStar to make
predictions in this region. One of the terminal sulfonate oxygen at
ligand (al

 
Figure 4. Superstar propensity maps of a carbonyl oxygen probe in the active 
site of a glutathione transferase complex (PDB entry 1GLP), based on CSD data 
(left) and on PDB data (right). The protein surface is shown in white, the ligand 
is represented by sticks. Contours are shown at propensity levels 2.0, 4.0 and 
8.0. 
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ethodology 
lds in the 

comparison 
est set that 

., 1999), i.e. 122 
ss criteria. 
s: a 

 oxygen (a 
ptor) or a 
be referred 
, 1999) we 
the solvent 

 
1 matching 
atoms with 

s for four 
, iphatic CH 

 use probes 
n, carbonyl 
data in the 

general NH 
nit used three 

r which the 
om were a 

bonyl oxygen probe would be used) is 
ection); (ii) 
, that have 

ma ii) , the 
e matching 

es. Like we 
observed for the CSD-based SuperStar maps, there is a clear correlation between 
the <P> values and the strength of the interactions these groups generally form 
(Verdonk et al., 1999). Table 3 also lists  and . The results are clearly 
better for solvent-inaccessible ligand atoms than for solvent-accessible ones, just 
like we observed in the CSD-based validation. The reason for this is obvious: 
SuperStar has no knowledge about water molecules or bulk water, so it cannot 

 
Validation 

The PDB-based maps were implemented in SuperStar (see M
section) and the performance of these PDB-based interaction fie
prediction of ligand atoms was evaluated. To enable an accurate 
between PDB and CSD-based SuperStar maps, we used the same t
was used in the original validation of SuperStar (Verdonk et al
protein-ligand complexes from the PDB, and used the same succe
First, we check whether the ligand contains one of four types of atom
nitrogen (a pure hydrogen bond donor), a carbonyl or carboxylate
pure hydrogen-bond acceptor), a hydroxyl oxygen (a donor/acce
methyl carbon (a hydrophobic group). These atoms in a ligand will 
to as "matching ligand atoms". In previous work (Verdonk et al.
found that the validation results are strongly dependent on 
accessibility of the ligand at

+
3NH  

om involved. Therefore, all validation results are
presented for two sets of ligand atoms, one set that contains all 43
ligand atoms and another set that contains the 127 matching ligand 
solvent accessibilities less than 2%. 

For each matching ligand atom, we calculated SuperStar map
probes: NH nitrogen carbonyl oxygen, hydroxyl oxygen and al
carbon. In the validation of the CSD-based SuperStar maps, we could
that exactly match the four ligand atom types, i.e. +

3NH  nitroge
oxygen, hydroxyl oxygen and methyl carbon. There is insufficient 
PDB-based plots for the +

3NH  and methyl probes, hence the more 
rogen and aliphatic CH carbon probes were used instead. We 

success criteria: (i) 1>Pf , the percentage of matching ligand atoms fo
propensity of the matching probe (e.g. if the matching ligand at
carbonyl oxygen, the propensity of the car
greater than its random expectation value of 1.0 (see Methodology s

PPf <' , the average percentage of grid points, accessible to the probe
lower propensities than that at the tching ligand atom position; (i
percentage of matching ligand atoms for which the propensity of th
probe is higher than that of the other three probes. 

Table 3 lists the averaged propensities, <P>, for each of the prob

 corrf

1>Pf PPf <'
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be expected to make reliable predictio igand atoms that 
exposed. For solvent-inaccessible ligand atoms, 81%1

ns for l are solvent 
=>Pf , slightly

for the CSD-based validation, indicating that a smaller number of
toms are found in regions of propensities above 1.0.
%79' =<PPf , which means that the matching ligand atoms are still f

densest 20% of the relevant

 lower than 
 matching 

ligand a  However, 
ound in the 

 SuperStar map, which is able to CSD-based 

Table 3. Propensities at the positions of  PDB-based 
r map

 liga atom lvent- cessible atoms 

compar
validation results. 
 
 

 matching ligand using
SuperSta s 

 All nd s So inac
Atom type <P> N f P  1 fP’<PP>1 fP’< N fP>

C=O 81 72 63 28 89 87 10.2 
C=O (anionic) 42.1 10  0  84 

11.7 98 72 61 29 93 84 
7 78 69 3 87

OH 
NH3

+ 19.0 20 85 82 6 100 100 
 57 58 

79 
CH3 3.5 125 57 34 56 
Overall  431 70 63 127 81 
 
 
It is interesting to note that for methyl groups, %751 ≈>Pf  is conside
than we observed for CSD-based maps (80%). This indicates that w
overcorrected the CSD-based maps for the hydrophobic effect, a
optimum hydrophobic correction factor should be lower than 
Methodology section). On the other hand, %58'

rably lower 
e may have 
nd that the 

10.0 (see 
≈< PPf , compared to 

CSD-based validation. This means that PDB-based plots seem
50% for the 

 more selective in 
below). This 

ich drophobic 
r for ligand 

directional 
es. 

th solvent-
 , are 

ined in the CSD-based validation, 79% vs. 82% 
for solvent-inaccessible atoms. We note that the  values for ligand methyl 
groups are considerably lower then what was found in the CSD-based 
validation, again indicating that we may have overcorrected the CSD-based 
maps for the hydrophobic effect (see above). On the other hand, the success 
rates for hydroxyl groups are much higher for the PDB-based plots than we 
observed in the CSD-based validation. 

the identification of hydrophobic areas in protein binding sites (see 
is not surprising, considering the rather crude way in wh  the hy
correction is applied on the CSD-based maps. Still, PPf <'  is lowe
methyl groups, than for all the other groups, which reflects the less 
nature of hydrophobic interactions, compared to hydrogen-bonding on

Table 4 lists the results for the atom type predictions for bo
accessible and inaccessible ligand atoms. Overall success rates,
marginally lower than those obta

corrf

corrf
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Table 4. Atom type predictions for matching ligand atoms using PDB-based 
SuperStar maps 

 Predicted pr   obe 
Observed probe C=O OH NH CH fcorr (%) 
A. Ligand atom type predictions for all atoms 
C=O 114 36 8 30 61 

H 17 57 12 12 58 O
NH3

+ 0 3 16 1 80 
CH 3 14 18 90 72 

64 
      

igand atom type edictio for sol t-inacce
 47 8 1 81 

4 23 1 1 79 

3
Overall     
 

.B  L
O

 pr n  s ven ssible atoms 
2 C=

OH 
NH3  0 0 6 0 100 
CH3 0 4 6 24 71 

  79 

+

Overall   
 
 

CSD-based vs. PDB-based SuperStar maps 
Generally, PDB and CSD-based SuperStar maps for protein bindin
quite similar. An example of a direct comparison of a PDB-based Sup
with a CSD-based one is given in Figure 4. It shows the bind
glutathione transferase, complexed with glutathione sulfonic acid (
1GLP, see above), and the propensity maps of a carbonyl oxygen p
on CSD data (left panel) and b

g sites are 
erStar map 
ing site of 
PDB entry 
robe, based 

ased on PDB data (right panel). The propensities 
presumably 
ll the same 
ilarities of 
f CSD and 

PDB-based 
 functional 
use there is 
responding 
onsiderably 

faster, apparently without a loss of predictivity.  
However, it is not in all cases preferable to use PDB-derived scatterplots. 

There are situations where PDB-based SuperStar maps are more valuable, but in 
other cases it is better to use CSD-based maps. The advantages and pitfalls of 
both types of maps balance out to give similar overall success rates in our 
validation exercise. In protein X-ray structures, the standard deviations in the 

in the CSD-based map are higher, compared to the PDB-based map, 
because of the ‘reverse hydrophobic effect’ discussed above. But a
interaction sites are identified in both maps, reflecting the sim
interaction geometries we observed in the systematic comparison o
PDB-based scatterplots (see above). 

The validation results demonstrate that, on average, CSD and 
SuperStar maps are equally successful in predicting how ligand
groups bind to proteins. This result is remarkable, particularly beca
much less data in most PDB-based scatterplots than there is in the cor
CSD-based plots. The use of PDB data makes the calculations c
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atomic positions are generally considerably larger than in small-molec
structures, which causes a higher level of noise in the PDB-b
compared to the CSD-based ones. This means that CSD-based plot
provide more accurate distributions, but at the same time are more 
(small) experimental errors in the positions of protein atoms. The 
maps inherently contain these positional uncertainties, and hence m

ule crystal 
ased plots, 
s generally 
sensitive to 
PDB-based 
ay identify 
d on CSD-

spartate or 
n. In these 
 have no 
eak for an 

sity maps are available for ring 
, allowing different protonation states of 

histidine rings to be distinguished. 
 
 

interaction sites in pockets that are simply considered too tight, base
based maps. 

In certain protein binding sites, the protonation state of an a
glutamate carboxyl group, or that of a histidine ring, may be know
cases, PDB-based SuperStar maps are not very useful, as they
knowledge of protonation states. A PDB-based map will still give a p
amino probe close to a histidine nitrogen, even if that nitrogen is known to be 
protonated. Separate CSD-based propen
nitrogens of different protonation states

 
Figure 5. Superstar propensity maps of a methyl carbon probe in the
of a fibroblast collagenase complex (PDB entry 1HFC), based on
(left) and on PDB data (right). The protein surface is shown in white
is represented by sticks. Contours are shown at propensity levels 2
8.0. 

 

 active site 
 CSD data 
, the ligand 
.0, 4.0 and 

We concluded that PDB-maps appear to be more selective in the identification 
of hydrophobic interaction sites (see above). This is illustrated in Figure 5, 
which shows the binding site of a fibroblast collagenase complex (PDB entry 
1HFC). This binding site contains a pocket that is quite hydrophobic, although it 
can contain a water molecule at the bottom. In this particular complex, an 
isopropyl group of the ligand occupies this pocket. The CSD-based propensity 
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map for a methyl carbon probe (left panel in Figure 5) clearly show
propensities in this region, but also identifies various other 
hydrophobic. The PDB-based map for an aliphatic CH carbon probe 
in Figure 5) is much more selective and clearly identifies the h
pocket. This finding illustrates that, unsurprisingly, the hydrophob
accounted for more effectively in the PDB-based maps than in the 
maps. Finally, CSD-based maps can be calculated for a wider rang
than PDB-based ones. We only have sufficient data for 6 co

s elevated 
regions as 
(right panel 
ydrophobic 
ic effect is 
CSD-based 
e of probes 

ntact groups to 
calculate statistically significant PDB-based maps. CSD-based SuperStar maps 

uding groups like nitro and chlorine. 

eveals that 
ctures are 
he relative 

e different. 
tein-ligand 
ule crystal 

and and a 
efore they 
 of small-
s are quite 
tein-ligand 

hydrophobic 
pockets, i.e. using aliphatic or aromatic CH probes, and inherently take into 
account the experimental uncertainties of protein atomic positions. If the 
protonation state of a histidine, aspartate or glutamate side chain is known, 
specific CSD-based maps for that protonation state are preferred over PDB-
based maps that represent an ensemble of protonation states. 

are available for 23 contact groups, incl

Conclusions 

The systematic comparison of PDB and CSD-based scatterplots r
non-bonded interaction geometries in small-molecule X-ray stru
generally similar to those observed in protein-ligand interfaces. T
frequencies of different types of interactions, however, are quit
Interactions between hydrophobic groups are more common in pro
interfaces, polar interactions are more common in small-molec
structures. These differences are probably caused by the fact that a lig
protein binding site are stripped of a shell of water molecules b
interact, a scenario that does not normally apply to the formation
molecule crystals. In general, PDB and CSD-based SuperStar map
similar, and are equally successful in the prediction of pro
interactions. PDB-based maps are more suitable to identify 
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Abstract 

The follicular fluid-meiosis activating sterol (FF-MAS) has similar
activity relationships concerning the side chain stereochemistry a
(1α,25-dihydroxyvitamin D

 structure-
s calcitriol 
modes of 

ain of the 
structure of 
sults of this 
VDR-LDB 
lignment is 
und to give 
alone. The 
 the crystal 
minus. The 
s are well 

ations with 
l structures 
alogs, the 

n the VDR-
uld not be 
one of the 
δ structure 
and its 20-
tively. It is 

at MAS and its analogs bind to their putative receptor in a 
similar fashion as calcitriol and its analogs to the VDR. The side chains of the 
MAS analogs are in that case directed to the β-side of the steroid skeleton 
perpendicular to the hypothetical plane through the skeletal ring, which is 
different from the conformation found for MAS analogs in crystal structures and 
solution (see chapter 3).  
 

3). To gain insight into the binding 
calcitriol and its analogs and therefore possibly into the binding modes of FF-
MAS and analogs, a homology model of the ligand binding dom
human vitamin D receptor (VDR-LBD) is built based on the crystal 
the human peroxisome proliferase activating receptor gamma. The re
modeling study are evaluated using three crystal structures of a 
construct complexed with calcitriol and two analogs. The sequence a
supported by secondary structure prediction techniques, which are fo
improvement compared to alignment based on sequence homology 
tertiary structure of the homology model compares well with that of
structure, except for the loop region before helix 3, at the N-ter
binding modes of calcitriol and its analogs in the crystal structure
reproduced in the binding pocket of the homology model by calcul
the program SuperStar (see chapter 5). In agreement with the crysta
of the VDR-LBD complexes with calcitriol and its 20-epimer an
SuperStar results indicate that only one binding site is available i
LBD pocket. For the same reason, the binding mode of gemini co
derived. It may bind at a similar position in the VDR-LBD as 
disordered components of eicosapentaenoic acid to the PPAR-
through an induced-fit mechanism. The conformations of calcitriol 
epimers are accessible to FF-MAS and its 22-oxo-20-epimer, respec
therefore possible th
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Introduction 

The follicular fluid-meiosis activating sterol (FF-MAS, compound 1 
shares an interesting structure-activity relationship with the endogen
of the human Vitamin D receptor (VDR), calcitriol (compound 3 in
For both classes of structures, compounds with inverted stereochem
first atom of the side chain can be active, exemplified by the 22-oxo
analog of FF-MAS (2) and the 20-epimer analog of calcitriol (4). 
the hormonally active form of Vitamin D and effects biological pr
regulation of gene transcription and via non-genomic pathways (Bou
1995). Many of the genomic actions of calcitriol are mediated t
Vitamin D Receptor (VDR), a member of the nuclear receptor (NR) f
similarity between the effects of the side chain structure of MAS 
and calcitriol derivatives suggests that the bi

in Figure 1) 
ous ligand 
 Figure 2). 
istry of the 
-20-epimer 

Calcitriol is 
ocesses via 
illon et al., 
hrough the 
amily. The 
compounds 

nding pockets of the VDR and the 
putative receptor of MAS are topologically similar. Therefore, it may be 
possible to extrapolate the results of a study on the active conformations of 
calcitriol and its derivatives to the MAS compounds.  
 
 

Figure 2. Molecular structures of calcitriol (3), its 20-epimer (4), a 20-oxo-20-
epimer (5) and an analog with two side chains (gemini, 6).  
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Figure 1. Chemical structures of FF-MAS (1) and its 22-oxo-20-epimer (2). 
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At the start of the work described in this chapter, no structural model of the 
ligand-binding domain (LBD) of the VDR was available. Therefore, a homology 
model was built in order to study possible binding modes of the ligands 3-6. The 
homology model of the VDR-LBD was based on the crystal structure of the 
human peroxisome proliferator activating receptor (PPAR-γ). Recently, two 
other models were published (Norman et al., 1999a; Yamamoto et al., 2000). 
We used different approaches in the derivation of our homology model and the 

to the two 
econdary structure-prediction 

techniques were applied for the alignment of the sequences of the ligand binding 
was used to 
er discusses 
the binding 
he meiosis 

of calcitriol 
ructures of 
165-P215, 

the 22-oxo-
2001). The 
 example of 
 proliferase 

8), the estrogen receptor (Brzozowski et 
illiams & 

 al., 2000; 

thers, been 
ly, both in 
 contains a 
ix 3 of the 
rs. 

 leads to a 
 1995). The 
F-2), which 
erization of 

VDR with the retinoid X receptor at a dimerization surface near helices 10 and 
11. The dimerization enhances the complexation of the DNA binding domain of 
the VDR to DNA and thereby affects gene activation or repression (Bouillon et 
al., 1995). As mentioned above, an interesting aspect of the structure-dependent 
activity of calcitriol concerns the stereochemistry at C20. The 20-epimers 4 and 
5, with inverted stereochemistry at C20 compared to calcitriol, increase 
transcriptional activity of the VDR (Liu et al., 1997) and are therefore called 

determination of the binding modes of the ligands compared 
homology models published earlier. Firstly, s

domains of the VDR and PPAR-γ. Secondly, the program SuperStar 
find the binding modes of the ligands shown in Figure 2. This chapt
the results obtained with these two approaches. The implications of 
modes of calcitriol and its analogs on the active conformations of t
activating sterol compounds will be discussed. 

Our homology model and the derivation of the binding modes 
and its analogs are evaluated using three recently published crystal st
a VDR-LBD construct, a deletion mutant missing residues S
complexed with calcitriol (Rochel et al., 2000), its 20-epimer 4 and 
24,25,26-tri-homo-20-epimer analog 5 (Tocchini-Valentini et al., 
crystal structure of the ligand-binding domain of the VDR is another
an LBD structure of a nuclear receptor. Those of the peroxisome
activating receptor γ (Nolte et al., 199
al., 1997; Tanenbaum et al., 1998), the progesterone receptor (W
Sigler, 1998; Matias et al., 2000), the androgen receptor (Matias et
Weinmann et al., 2001), the retinoic acid receptor γ (Renaud et al., 1995) and 
the thyroid hormone receptor (Wagner et al., 1995) have, among o
solved. The N-terminal sequence of the NR-LBD’s is highly variab
sequence and structure. The VDR is not different in this respect: in
long loop between the well defined DNA binding domain and hel
LBD with no sequence homology to any of the known nuclear recepto

Calcitriol induces a conformational change in the VDR, which
cascade of processes that result in the genomic response (Peleg et al.,
conformational change occurs in the so-called activating factor 2 (A
consists of helix 12 and the preceding loop, and induces heterodim
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superagonists. Compound 6, containing both side chains (called gemini), was 
peragonist 

tro studies 
have been 

s. Calcitriol 
androsterol 

njugated π-
lished that 
triol and its 
Liu et al., 

formational 
nd C have 

size of the 
ositions in 
e too much 
 one would 
d aliphatic 
ployed the 
99, 2001). 

f chemical 
rom the SuperStar maps, 

ups can be 
gands. The 
 the crystal 
 the actual 
 calculated 

gned to that 
t al., 1994). 
sed to find 

 of the PPAR-γ-LBD 
template were retrieved from the Protein Data Bank (entry 2PRG). Twenty 
alternative models were built with MODELER (v5.0, Šali & Blundell, 1993) and 
fully optimized, after which the best model was selected based on the objective 
function implemented in MODELER. This model was optimized with 
CHARMm force field in Quanta (version 1998, Molecular Simulations Inc., 
Cambridge), using steepest descent for 25 steps followed by Newton Raphson 
minimization for 500 steps. During minimization, a distance dependent 

found to have a similar affinity as calcitriol and has similar su
properties as the 20-epimers (Norman et al., 2000). In compu
designed to determine the active conformation of the ligands 
performed in an attempts to explain the behavior of these compound
is a more flexible ligand than other NR ligands, (e.g. progesterone, 
and estradiol) with respect to the aliphatic side chain and the co
system between ring A and C. Several studies have been pub
attempted to find the active conformation of the side chains of calci
20-epimer analogs (Midland et al., 1993; Yamamoto et al., 1996; 
1997; Yamada et al., 1998; Yamamoto et al., 1999). The con
behavior of ring A and the conjugated π-system between rings A a
also been studied (Mosquera et al., 1988; Norman et al., 1999b). 

Because of the high flexibility of the natural ligand and the large 
VDR binding pocket, the number of possible conformations and p
which a ligand can be docked in the active site is large. It would tak
time to consider all of the possible binding modes separately. Rather,
like to find regions in the binding pocket in which the hydroxyl an
groups of compounds 3-6 preferably bind. For this end, we em
program SuperStar described in chapter 5 (see also Verdonk et al., 19
This program calculates propensity grid maps for a variety o
functional groups in the binding pocket of a protein. F
high-propensity regions (called hot-spots) for the functional gro
derived, which may provide clues on the binding modes of the li
SuperStar maps are calculated for the homology model as well as
structures. Since the homology model is a crude approximation of
structure of the VDR-LBD, it will be interesting to compare the maps
for the homology model to those obtained for the crystal structures. 

Methods 

The sequence of the human VDR-LBD (residues S119-S427) was ali
of the LBD of the PPAR-γ using CLUSTALW, v. 1.74 (Thompson e
The secondary prediction server JPRED (Cuff et al., 1998) was u
secondary structural elements. The atomic coordinates
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electrostatic potential was used (ε=4R), the backbone atoms were fixed and a 

y maps for 
of both the 
es with the 

 the crystal 
idues were 
ambridge, 
mented in 
 of 0.7 Å. 

 was 33% 
omology is 
equence to 
DR crystal 

structure. The N-terminus of the VDR-LBD has low sequence homology with 
 therefore not be aligned properly. Since this part of the 

structure may interact with the ligand, it is important to model the amino acid 
is purpose, we used secondary 

134, T142-
 secondary 
ues G164-

s left out of 
uence with 
taining the 

lix 1 occurs 
 model and 

 part of the 
 the thyroid 

 (2000) 
were able to align the VDR sequence to that of the retinoic acid receptor-γ 
correctly using multiple sequence alignment. This shows that secondary 
structure prediction methods can help the alignment of two sequences in case the 
homology between template sequence and the aligned sequence is low. A 
slightly higher level of homology would be required than that existing between 
the sequences of the LBD’s of the VDR and PPAR-γ, because the observed shift 
of seven residues is too large to correctly predict the involvement of Y143 in 

harmonic restraint was applied to the Cβ atoms.  
SuperStar, based on PDB data, was used to calculate propensit

hydroxyl and aliphatic CH functional groups in the binding pockets 
homology model and the crystal structures of the VDR-LBD complex
ligands 3-5. All water molecules and ligands were removed from
structures, after which hydrogen atom positions for the protein res
calculated using InsightII (version 98, Molecular Simulations Inc., C
UK) at a pH of 7.4. The binding cavity search algorithm imple
SuperStar was applied. The maps were calculated with a grid spacing
The SuperStar propensity maps were analyzed using InsightII. 

Results & Discussion 

Model building and comparison to the crystal structure 

The sequence homology between the PPAR-γ receptor and the VDR
similarity for residues I131-S427. For residues M226-S427, the h
higher, i.e. 53% similarity. In Figure 3, the alignment of the VDR s
that of the PPAR-γ template is given, as well as the sequence of the V

the PPAR-γ and can

stretch before helix 3 where possible. For th
structure prediction methods. These show that amino acids Q128-I
S148 and C151-Q152 are likely to adopt α-helix conformations. The
structure of the residues following the predicted helices, i.e. resid
L221, could not be assigned and therefore this amino acid stretch wa
the model. Using residual sequence homology of the VDR-LBD seq
that of the PPAR-γ template, the N-terminal sequence stretch con
predicted α-helices was aligned to the template.  

As can be seen in Figure 3, a shift of 7 residues for the start of he
in the alignment of the sequences of helices 1 and 2 of the homology
the crystal structure of the VDR. The prediction of the N-terminal
sequence is better than that based on alignment of the sequence with
hormone receptor (Norman et al. 1999a). However, Yamamoto et al.
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binding calcitriol, as observed in the crystal structure of the VDR-LBD complex 
tra tool for with calcitriol. We suggest that structure prediction is a useful ex

alignment. 
 
 
PPAR: -------------ESADLRALAKHLYDSYIKSFPLTKAKARAILTGKTTDKSPFVIYDMNSLMMGEDKIKFKHITP 
VDR : -------SEEQQRIIAILLDAHHKTYDPTYSDFCqfrppvrvndggGSHPSRPNSRHTPSFSGDSSSSCSDHCITS
XRAY: --LRPKLSEEQQRIIAILLDAHHKTYDPTYSDFCQFRPPVRVNDGGGSHPSRPNSRHTPSFSGDSSSSCSDHCITS
        |    H1   |         |       H2|         |         |         |    
        120       130       140       150       160       170       180 
 

     | 
      190 

PPAR: LQEQSK---------------------EVAIRIFQGCQFRSVEAVQEITEYAKSIPGFVNLDLNDQVTLLKYGVH 
VDR : SDMMDSSSFSNLDLSEEDSDDPSVTLELsqlsMLPHLADLVSYSIQKVIGFAKMIPGFRDLTSEDQIVLLKSSAI 
XRAY: SDMMDSSSFSNLDLSEEDSDDPSVTLELSQLSMLPHLADLVSYSIQKVIGFAKMIPGFRDLTSEDQ
            |         |         |     H3  |         |         |     H4/5
            200       210       220       230       240       250       
 

IVLLKSSAI 
| 
260 

PPAR: EIIYTMLASLMNKDGVLISEGQ-GFMTREFLKSLRKPFGDFMEPKFEFAVKFNALELDDSDLAIFIAVIILSGDR 
VDR : EVIMLrsnesftmddmswtcgnqdykyrvsdvtkaghsleliEPLIKFQVGLKKLNLHEEEHVLLMAICIVSPDR 
XRAY: EVIMLRSNESFTMDDMSWTCGNQDYKYRVSDVTKAGHSLELIEPLIKFQVGLKKLNLHEEEHVLLM
       | 
       27

AICIVSPDR 
        |         |      H6 |   H7    |         |       H8|         | 
0       280       290       300       310       320       330       340 

 
PPAR: PGLLNVKPIEDIQDNLLQALELQLKLNHPE--SSQLFAKLLQKMTDLRQIVTEHVQLLQVIKKTETDMS-LHPLL 
VDR : PGVQDAALIEAIQDRLSNTLQTYIRCrhpppGSHLLYAKMIQKLADLRSLNEEHSKQyrclsfqpecsmklTPLV 
XRAY: PGVQDAALIEAIQDRLSNTLQTYIRCRHPPPGSHlLYAKMIQKLADLRSLNEEHSKQYRCLSFQPECSMKLTPLV 
            |H9       |         |         |H10/11   |         |         | 

    410                    350       360       370       380       390       400   
 
PPAR: QEIYKDLY 
VDR : LEVFGNEIS 
XRAY: LEVFG---- 
    H12| 
       420 

Figure 3. Alignment of the PPAR-γ (top), VDR homology model (middle) and 
α-helices are 

ere not present 
trike-through. 
by JPRED are 
he homology 

 low structural similarity compared to the X-ray structure are shown 
s. 

 the crystal 
ure 4. The 

logy typical 
e cavity is 
nd binding 

domains of VDR and other NR’s. Mutation studies showed that residues S237 
and H397 were found to be important for ligand binding (Väisänen et al., 1998; 
Yamamoto et al., 2000). In our homology model, these residues are located near 
the binding pocket region. The interface between helix 3 and helix 12, which 
packs against helix 3 upon ligand binding, consists of a hydrophobic core 
surrounded by several charged residues. Several charged groups are scattered 
over the dimerization surface. In conclusion, the topology and distribution of the 

the VDR X-ray structure (bottom) sequences. Ιn all sequences, 
indicated by white letters on black background. Residues that w
in the homology model or in the X-ray structure are indicated by s
Residues that were predicted to adopt and α-helical conformation 
made italic in the sequence of the homology model. Residues in t
model with
in small cap
 
An overlay of the cartoon representations of our homology model and
structure of the VDR-LBD complex with calcitriol is given in Fig
homology model consists of antiparallel helical triple sandwich topo
for the nuclear receptor family. In the center of the model, a larg
situated, at a similar position as in the crystal structures of the liga
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amino acid side chains were therefore in accordance with experimental 
biological data.  
 

 
Figure 4. Overlay of the cartoon representation of our homology model and the 
crystal structure of the VDR. The model is shown in dark gray, the crystal 
structure in light gray. A ball-and-stick representation of calcitriol as bound in 
the crystal structure complex is shown as well. 
 
Differences between the VDR-LBD homology model and the crystal structure 
occur in helix 2 and the β-strands between helices 5 and 6, which are 
neighboring the N-terminal loop region. These differences are associated with 
the low homology of the loop in the N-terminal sequence of the VDR-LBD with 
the PPAR-γ. The loop of the activation factor (AF-2), which is located at the C-
terminus, also has low structural homology to the crystal structure. However, 
these differences occur far away from the ligand-binding pocket and are not 
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expected to impair the docking studies, in contrast to the region close to the β-
strands.  

Examination of the binding pockets  
The SuperStar propensity maps of the aliphatic CH and OH groups, calculated 
for the binding pocket of the crystal structure of the VDR-LBD complex with 
calcitriol, are given in Figure 5. The CH and OH SuperStar maps calculated for 
the binding pockets of the VDR-LBD complexes with the analogs 4 and 5 are 
similar to those obtained from the crystal structure of the complex with 
calcitriol. The CH map (left panel in Figure 5) shows high propensities at the 
position the diene system. The OH map (right panel in Figure 5) shows high-
propensity regions near, but not at the positions of the ring A hydroxyl groups of 
calcitriol. These hydroxyl groups form hydrogen bonds to water molecules that 
are present in the binding pocket of the crystal structures. The positions of these 
water molecules correspond to the high-propensity regions close to the β-strands 
and their positions are correctly predicted. The water molecules cannot at 
present be included as protein moieties in SuperStar. As a consequence, 
SuperStar has no knowledge on the presence of these mediating water 
molecules, which is why the hydroxyl groups are not predicted. The 25-OH 
group of calcitriol makes interactions with the protein directly and a region with 
very high propensity is indeed found in the SuperStar map at the corresponding 
position.  
 

 
Figure 5. SuperStar propensity maps of CH (left panel) and OH (r
contact groups in binding pocket of the crystal structure of the VDR
to calc

ight panel) 
 complexed 

itriol. The CH grid maps are contoured at level 4.0 (shown in dark gray) 
and the OH grid maps are contoured at level 2.0 (shown in gray). 
 
The SuperStar maps of the CH and OH groups calculated for the binding pocket 
of our homology model are given in Figure 6. In these Figures, the calcitriol 
ligand is in the same orientation as in the superposition of the homology model 
and the crystal structure as shown in Figure 4. A high-propensity peak is found 
in the CH map (left panel in Figure 6), close to the C21 methyl group. The OH 
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map (right panel in Figure 6) shows three regions where an OH group is likely 
ed in helix 
ology and 
 care. The 
ered more 

sed and the 
ot is located 
ng calcitriol 
asonable to 
ition to the 
f the VDR 
g., S237 is 
my et al., 
tation data 

n the VDR 
structures. 

to occur. Two of these are associated with a glutamate that is position
1. The model in this region is less reliable because of low hom
therefore this part of the SuperStar map should be interpreted with
third high-propensity region was found near helix 11 and is consid
reliable, because this part of the binding pocket is not solvent-expo
alignment in this region was of sufficient quality. This OH hot-sp
close to H397, which was identified as an important residue in bindi
by mutation studies (Yamamoto et al., 2000). Thus, it would seem re
position one of the three hydroxyl groups onto this hot-spot. In add
anchors derived from the SuperStar calculations, mutation studies o
provide additional clues on specific interaction sites of calcitriol. E.
very likely to interact with the ligand (Väisänen et al. 1998; Swa
2000). Using the high-propensity region in SuperStar maps, the mu
and the overall shape of the pocket, it would reasonable to positio
ligands as shown in Figures 4-6, i.e. the position found in the crystal 
 

 
Figure 6. SuperStar propensity maps of CH (left panel) and OH (
contact groups in the binding pocket of the homology model. The 
the crystal structure is shown, after superpositioning the homology m

right panel) 
ligand from 

odel and 
own in dark 

es, a rough 
tails of the 

conformation that the ligand adopts in the binding pocket remain to be 
determined. Previous computational studies on the side chain conformations of 
calcitriol in vacuo indicate that in low energy conformations, the side chain of 
the natural isomer is extended and points away from the skeleton. In this side 
chain orientation, the 25-OH group is located in a region designated EA. This 
orientation corresponds to that found in the crystal structure of calcitriol 
(Suwinska & Kutner, 1996). In low energy conformations of the 20-epimer 4, 

the X-ray structure. The CH grid maps are contoured at level 4.0 (sh
gray), the OH grid maps are contoured at level 2.0 (shown in gray). 

Conformation of bound calcitriol and its analogs 
With the information provided by SuperStar and the mutation studi
binding mode of calcitriol can be established. However, the de
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the 25-OH group is found in a region near the edge of ring C, calle
The EA conformation corresponds to the crystal structure confor
several FF-MAS analogs with natural configuration at C20, the A co
with that found in the crystal structure of compound 2.  

In contrast to the computational analysis of the ligands, the side c
crystal structures of the VDR-LBD complexes are pointing upwards w
to the skeleton, towards the β-side, at an angle of 90° with respect t
through the skeleton rings. This conformation was not identified
molecular mechanics studies and is somewhat in between the 
conformations. Apparently, this high-energy conformation is sta
interactions with the receptor. In contrast to what was expected fro
and protein digestion studies upon binding of calcitriol and the 20-epimers 

d region A. 
mations of 
nformation 

hains in the 
ith respect 

o the plane 
 from the 

A and EA 
bilized by 

m mutation 

(Peleg et al., 1995; Liu et al., 1997; Väisänen et al., 1998; Väisänen et al., 
1999b), the binding of the latter is not accompanied by a substantial 
conformational change in the crystal structure of the complexes (Tocchini-
Valentini et al., 2001). In accordance with these crystal structures, the SuperStar 
calculations do not provide an alternative binding site for the 20-epimers, since 
no additional hydroxyl hot-spots were found in either the homology model or 
the crystal structures.  

The fact that gemini binds to the VDR-LBD and induces a higher 
transcription level compared to calcitriol cannot be explained by the crystal 

vide a clue 
 calculated 
mplex with 

as on the binding of the 
gemini. The hydrophobic tail of bound eicosapentaenoic acid is disordered over 

onents is bound similar to the way 
n the same 
ws helix 3 
n the VDR 
anism. The 
e shape of 
be used by 

The bound conformation of calcitriol and its 20-epimers 4 and 5 to the VDR-
LBD construct sheds new light on the possible binding conformation of FF-
MAS. As shown in chapter 3 (see also Nes et al., 1984), the crystal structures 
and solution conformations of MAS analogs with either natural or unnatural C20 
configuration correspond to what was named the north-east and north-west 
orientations respectively (the EA and A regions in the discussion above). One 

structures of the VDR-LBD complexes. SuperStar also does not pro
since additional hot-spots for hydroxyl groups are not found in the
maps. However, the crystal structure of the LBD of the PPAR-δ co
eicosapentaenoic acid (Xu et al., 1999) provokes new ide

two pockets. One of the disorder comp
calcitriol binds to the VDR. The other component partly binds i
pocket as the first component, but is bent such that it partly follo
towards its N-terminus, a region that is occupied by protein residues i
structure but which may be accessible through an induced-fit mech
Y-shaped pocket in the PPAR-δ structure is complementary to th
compound 6. The region unoccupied in the VDR complex may 
gemini to accommodate one of its side chains. 

Implications on FF-MAS binding to its receptor 
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would expect calcitriol to adopt the conformation found in its crystal structure 
 the VDR. 
rmation of 
nds, which 

 its crystal 
in 

of the C17-
ow that the 
an the 180° 

-epimer 2 
 of MAS is 
ation found 
low to be 

y protein-ligand interactions.  
ctivity for 

pimer have 
 binding to 
-20-epimer 

through the 
ide of the 
ction have 
3. It is not 
nformation 
ouble bond 
on in space 
nce on the 

drophobic contacts are of a less specific 
nature as the hydrogen bond network formed by the 25-OH group of calcitriol 

 its analogs 
res of the 
e calcitriol 
bind in a 

conformation in which the side chain is oriented perpendicular to the 
hypothetical plane through the skeletal rings. Only one conformation would then 
be responsible for the activity of the MAS compounds. This would be at odds 
with the observed conformations of MAS analogs in their crystal structures, 
which suggest two different conformations. For calcitriol and its analogs, the 
bound conformation, which is higher in energy, is probably stabilized by 

upon binding and not the conformation in which it is found in
Apparently, the protein environment stabilizes the bound confo
calcitriol. The same feature could apply to the MAS compou
crystallize with the side chain in a similar conformation as calcitriol in
structure, when they bind to their receptor. Molecular mechanics calculations 
vacuo using the CFF91 force field in InsightII on different rotamers 
C20 torsion, keeping the side chain in an extended conformation, sh
+60° and –60° conformations were 1.2 kcal/mole higher in energy th
conformation. A similar analysis of the rotamers of the 22-oxo-20
shows that the conformation corresponding to the +60° conformation
1.9 kcal/mole higher in potential energy than the northwest conform
in its crystal structure. These energy differences are sufficiently 
compensated for b

The analogy in the relation of side chain structure and resulting a
MAS and the VDR ligands, suggests that MAS and its 22-oxo-20-e
similar conformational behavior of calcitriol and its analogs upon
their respective receptors. If this is the case, FF-MAS and its 22-oxo
bind with their side chains perpendicular to the imaginary plane 
skeletal rings of the steroid skeleton, pointing towards the β-s
molecules. Constricted analogs that direct the side chain in this dire
been synthesized and were found to be active, as shown in chapter 
unlikely that the 22-oxo-20-epimer of FF-MAS binds in a similar co
as compound 5 due to the 22-oxo moiety in the side chain. The ∆24 d
in the side chain of the 22-oxo-20-epimer cannot reach the same regi
as that of FF-MAS itself, but this is expected to be of minor influe
affinity of the compound, since the hy

and its analogs. 

Conclusions 

FF-MAS might bind to its receptor in a similar way as calcitriol and
bind to the VDR-LBD construct as found in the crystal structu
respective complexes. Extrapolation of the bound conformation of th
and its 20-epi derivatives suggests that MAS and its analogs 
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binding to the VDR, a feature that could also apply to the MAS ana
binding to their receptor.  

Secondary structure prediction is helpful as an additional tool in th
of the sequences of the model and template proteins. Our homolog
the VDR-LBD has similar over-all topology and tertiary structure as
in the crystal structures. SuperStar was quite powerful in the pr
interaction hot-spots in the homology model, which can be conside
approximation of the crystal structure. It has correctly located the 25-
C21 methyl groups, which are valuable anchoring points for 
calcitriol and its analogs. In addition,

logs when 

e alignment 
y model of 
 determined 
ediction of 
red a rough 
OH and the 
positioning 

 the SuperStar maps did not provide 
l structures 

odate one 
by bound 

.  

evidence for a second binding site, in accordance with the crysta
available for the VDR-LBD complexes. Finally, gemini may accomm
of its side chains in a pocket analogous to a site occupied 
eicosapentaenoic acid in the crystal structure of the PPAR-δ complex
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Summary 

Meiosis Activating Sterols (MAS) are key regulatory factors in the meiotic cell 
cycle. Two compounds in this family, Follicular Fluid-MAS (FF-MAS) and 
Testicular-MAS (T-MAS), have been isolated and identified. FF-MAS was 
found to initiate the resumption of the arrested development of immature egg 
cells (i.e. primary oocytes), whereas T-MAS regulates the continuous generation 
of sperm cells. The biological function of these molecules makes them 
promising leads in the development of novel contraceptive agents as well as 
drugs that remedy fertility problems that are related to the processes in which 
the MAS compounds are involved. The work described in this thesis aims to 
explore the structural and physicochemical properties of MAS, in particular of 
FF-MAS and derived compounds and the implications of these properties on the 
MAS activity. 

The syntheses of MAS analogs often yield a mixture of double bond isomers. 
The relative abundancies of isomer products vary and are expected to depend on 
the stabilities of the intermediate isomers that are formed during the reactions. In 
chapter 2, the stabilities of these isomers are evaluated using molecular 
mechanics. Heats of formation were calculated for series of isomers that could 
in principle be formed during synthesis. It was found that the relative synthetic 
yields of double bond isomers of MAS analogs correspond well with the 
calculated heat of formation differences.  

The side chain conformations of several active and inactive synthetic MAS 
analogs were studied in the solid phase and in solution. Five crystal structures of 
FF-MAS derivatives were solved. For three of these, NOESY and ROESY 
NMR experiments were performed. This work is described in chapter 3. The 
crystal structures reveal that the conformations of side chains of MAS analogs 
are analogous to those of other sterols with similar side chain structure retrieved 
from the CSD. After superposition of the skeletal carbon atoms of the molecules 
in the X-ray structures determined by us, the positions of the side chains of an 
active and an inactive compound are found to overlap, whereas the side chains 
of two other active compounds are located in different regions in space, 
respectively. It is clear that conclusions on the active conformation cannot be 
drawn from the crystal structures. The solution conformations of the side chains 
of three compounds, two of which are active and one is inactive, are similar to 
those found in the corresponding crystal structures. For one of the active 
compounds, two conformations appear to exist in solution. The less abundant 
conformation corresponds to the conformation found for the other active 
compound and it is therefore a candidate for the active conformation. Aromatic 
C ring analogs of FF-MAS have also been shown to be active. The side chain in 
these compounds is directed towards another region of space with respect to the 
skeleton. This conformation may also be able to induce FF-MAS activity. The 
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protonation states, such as histidines and carboxylates. 
The construction of a homology model of the VDR and its use in the 

prediction of the binding modes of calcitriol and several of its analogs is 
discussed in chapter 6. The position of calcitriol and two 20-epi analogs as 
found in the X-ray structure of the VDR-calcitriol complex, which was 
published after the homology model was built, could be well reproduced using 

MAS compou

conformation. 
The crystal structure conformations of skeletons of different MAS d
isomers are very similar. A conformational change induced by the di
double bond positions is therefore not likely to be the determining
activity. Evaluation of the electrostatic potential (ESP) on the solvent
surfaces of several FF-MAS isomers show a distinct local negative 
near the double bond system, as shown in chapter 4. The average 
the local ESP and the distance of the center of this region to th
oxygen atom required for activity appear to be to –9 kJ/mol 
respectively. In conclusion, activity differences of sterol double bo
appear to be related to electrostatic effects, rather than steric effects. 

The analogy of the side chain structure-activity relationship
compounds to calcitriol analogs was exploited by building a homolo
the Vitamin D Receptor (VDR). Possible binding sites for calcitr
analogs were analyzed using SuperStar, a program that predicts fav
of interaction around molecules. SuperStar initially used int
interaction data derived from the Cambridge Structural Database
knowledge base. For the prediction of hot-spots in a protein bind
protein data bank (PDB) source data are considered to represent t
ligand binding properties better than CSD data.  

The implementation of PDB source data and the comparison o
CSD source data are discussed in chapter 5. It was found that n
interaction geometries in X-ray structures of low molecular weight 
(CSD) are generally very similar to those observed in protein ligan
(PDB). However, hydrophobic contacts are more likely to occur i
crystal structures compared with those in crystal structures from
whereas hydrophilic contacts are more likely to occur in CSD crysta
Non-bonded intermolecular interactions from the PDB are ther
appropriate as source data for the prediction of favorable interact
hydrophobic binding pockets of a protein. Another advantage of P
data is that the uncertainty of the atomic positions of the protein cryst
model is inherently included in the source data. In some cases, howe
be worthwhile to use CSD based data, because CSD structures often
positions of the hydrogen atoms, which is not the case in for PDB d
An example is the prediction of hot-spots near residues with
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side chain of calcitriol bound to the VDR corresponds to that of the
ring structure retrieved from the CSD, as described in chapter 3
expected that FF-MAS binds to its receptor in a similar way as calc
the analogy in side-chain structure and the resulting activity found fo
both compounds. As such, the bound conformation of calcitriol 
second indication that the side-chain conformation of the aromatic C ring 
structure may be able to bind to the MAS receptor. The conformatio
by bound calcitriol and the rigidified aromatic C ring structure is a
FF-MAS and its 22-oxo-20-epimer.  

From the work described in this thesis, a pharmacophoric model fo
compounds starts to emerge. Apparently, a rod-shaped molecule is n
a 3β-OH group attached to one end and an unpolar side chain atta
other. A negative electrostatic potential on the rod-shaped skeleton is 
a distance of 8 Å from the hydroxyl group and at 5 Å from the s
aliphatic chain. Two conformations of this side chain are possibly 
for the activity of the MAS compounds. Evidence for one of these 
from studies of the conformation of MAS compounds in the solid s
solution. The other conformation is implicated by the conformation
the bound state of calcitriol and from the crystal structure of an ar
structure. Thus, it appears that the conformation of MAS comp
natural side-chain stereochemistry found in crystal structures is not 
for activity. Rather, the studies presented in this thesis indicate that e
conformations discussed above, or perhaps both of them, are able
MAS action. 
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Samenvatting 

Meiose activerende sterolen (MAS) reguleren de celcyclus gedurende meiose. 
Tot dusver zijn twee verbinding geïsoleerd en gekarakteriseerd. Een ervan is 
afkomstig uit de follikel (FF-MAS), de ander uit de testes van de stier (T-MAS). 
Uit onderzoek blijkt dat FF-MAS de ontwikkeling van nog niet volgroeide 
eicellen initieert en dat T-MAS de continue spermatogenese reguleert. Vanwege 
hun biologische functie zijn deze twee verbindingen veelbelovende leads voor 
de ontwikkeling van nieuwe typen anticonceptiva en farmaceutica die 
vruchtbaarheidsproblemen verhelpen die gerelateerd zijn aan de processen 
waarin de MAS verbindingen een rol spelen. Het onderzoek beschreven in dit 
proefschrift heeft als doel de structurele en fysisch-chemische eigenschappen 
van MAS, in het bijzonder FF-MAS, te bestuderen en de hun implicaties op 
activiteit in kaart te brengen.  

De syntheses van MAS en analoge verbindingen resulteren vaak in een 
mengsel van isomeren met dubbele bindingen op verschillende posities. De 
relatieve opbrengsten van de isomere producten verschillen van reactie tot 
reactie en zijn naar verwachting gerelateerd aan de stabiliteiten van de 
intermediaire isomeren die gevormd worden tijdens de reacties. In hoofdstuk 2 
wordt de berekening van de stabiliteiten van deze intermediairen met behulp van 
moleculaire mechanica beschreven. Voor een reeks van isomeren, welke in 
principe gevormd kunnen worden tijdens de reacties, zijn vormingsenthalpieën 
berekend. De relatieve opbrengsten van de isomeren blijken sterk gerelateerd te 
zijn aan de verschillen in berekende vormingswarmten. 

De zijstaartconformaties van verscheidene actieve en inactieve 
gesynthetiseerde MAS analoga zijn bestudeerd, zowel in de vaste toestand als in 
oplossing. Vijf kristalstructuren van MAS derivaten zijn bepaald. Voor drie van 
deze verbindingen zijn NOESY en ROESY NMR experimenten uitgevoerd. Dit 
werk is beschreven in hoofdstuk 3. Uit vergelijking van de skeletconformaties 
in de kristalstructuren van de vijf MAS analoga met kristalstructuren van 
sterolen, opgenomen in de Cambridge Structural Database (CSD), blijkt dat deze 
conformaties voor isomere sterolen sterk overeenkomen. De koolstofatomen in 
de skeletten van de vijf MAS analoga, waarvan de structuren zijn opgehelderd, 
zijn gesuperponeerd. Uit deze superpositie blijkt dat de oriëntatie van de 
zijstaarten ten opzichte van het skelet van één van de actieve verbindingen 
overeenkomt met één van de inactieve analoga. De zijstaartposities van de 
andere actieve verbindingen verschillen van deze oriëntatie en van die van 
elkaar. Het moge duidelijk zijn dat uit de kristalstructuuranalyses geen 
conclusies getrokken kunnen worden betreffende de actieve conformatie van de 
MAS verbindingen. De zijstaartconformaties zoals bepaald uit de NMR analyses 
van drie van de verbindingen, waarvan er één inactief is en twee actief zijn, 
komen overeen met de conformaties in de kristalstructuren. Één van de actieve 
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acten zijn 
waarschijnlijker in de PDB, terwijl hydrofiele contacten waarschijnlijker zijn in 
de CSD. Intermoleculaire interacties afgeleid uit de PDB zijn daarom beter 
geschikt voor het voorspellen van gunstige interacties in hydrofobe 
bindingsplaatsen. Een tweede voordeel van PDB brondata is dat de onzekerheid 
in de atoomposities in kristalstructuren van eiwitten impliciet aanwezig is in de 
gegevens. In sommige gevallen is het echter de moeite waard om CSD brondata 

schijnlijk voor in t

molecuul. Deze conformatie is een mogelijke kandidaat voor 
conformatie. De positie van de zijstaarten van verbindingen met een a
C-ring, waaronder ook actieve verbindingen zijn gevonden, verschill
conformatie. De zijstaartconformatie van deze verbindingen 
verantwoordelijk zijn voor de activiteit van de MAS verbinding
onwaarschijnlijk dat de gestrekte conformatie van MAS verbindinge
natuurlijke configuratie van C20, zoals gevonden in hun respe
kristalstructuren, de actieve conformatie is. 

De skeletconformaties van de isomeren van MAS, met verschillen
van de dubbele bindingen, verschillen weinig. Daarom is het niet wa
dat deze conformatie de bepalende factor is voor activiteit. Analy
electrostatische potentiaal (ESP) op het oplosmiddel-toegankelijke
van verscheidene FF-MAS isomeren gaf aan dat een lokaal nega
aanwezig is dichtbij de dubbele bindingen, zoals beschreven in ho
Een gemiddelde potentiaal van de lokale ESP van -9 kJ/mol en een 
het centrale punt van dit gebied tot het zuurstofatoom van de hydroxy
ongeveer 8 Å zijn nodig voor activiteit. Hieruit blijkt dat verschillen 
van MAS isomeren met verschillende posities van de dubbele bind
gerelateerd zijn aan electrostatische dan aan sterische effecten. 

De analogie in structuur-activiteitsrelaties van de zijstaartketens van
verbindingen enerzijds en die van calcitriol en analoga daarvan and
de aanleiding om een homologiemodel te bouwen van de vitamine
(VDR), de endogene receptor van calcitriol. Om de bindingspositie v
en analoga te vinden in het homologiemodel, is gebruik gemaakt van
een programma dat gunstige posities voor interacties probeert te v
buurt van moleculen. SuperStar gebruikte in eerste instantie inter
interactiegegevens uit de CSD als basis. Voor het voorspellen v
interactieposities in een eiwitbindingsplaats wordt het geb
interactiegegevens uit de Protein Data Bank (PDB) gepreferee
verwacht wordt dat deze de eiwit-ligand interacties beter kunnen repre

De implementatie van gegevens afgeleid uit de PDB en de vergelijk
PDB en CSD brongegevens worden bediscussiëerd in hoofdstuk 
vergelijking bleek dat de interactie geometriëen in PDB en CSD stru
het algemeen goed overeenkomen. De relatieve frequenties van de ve
typen interacties verschillen daarentegen. Hydrofobe cont
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te gebruiken, omdat in CSD structuren de posities van de waterstofat
bepaald zijn, wat niet het geval is in PDB structuren. Een voorb
voorspellen van gunstige interactieposities in de buurt van re
onbekende protonatietoestand, zoals histidine en carboxylaten. 

De constructie van een homologie model van de VDR en het geb
voor de voorspelling van de bindingsmotieven van calcitriol en enke
is beschreven in hoofdstuk 6. De positie van calcitriol and tw
homologen in de kristalstructuren v
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na de constructie van ons homologiemodel, kon nauw gereproduce
met behulp van de SuperStar berekeningen aan de ligandbindingsp
VDR en mutatiestudies van aminozuren rond dit gebied. De oriënt
zijstaart van gebonden calcitriol komt overeen met de conforma
zijstaart van de aromatische C-ring structuur waarvan een kris
aanwezig is in de CSD, zoals beschreven in hoofdstuk 3. Gegeven de
zijstaartstructuur en de resulterende activiteit van MAS en
verbindingen kan verondersteld worden dat FF-MAS aan zijn endoge
bindt op gelijke manier als calcitrol. In die hoedanigheid is de
conformatie van calcitriol een tweede indicatie dat de zijstaartconfo
de aromatische C-ring structuur mogelijk de actieve conforma
conformatie van gebonden calcitriol en de gerigidiseerde aromatis
structuur is energetisch toegankelijk voor FF-MAS en de correspon
oxo-20-epimeer. 

Uit het werk beschreven in dit proefschrift begint een farmacofoor
de MAS verbindingen uit te kristalliseren. Een cylindervormig m
nodig als uitgangspunt, met een 3β-OH groep en een alifatische
gebonden de twee uiteinden. Een negatieve elektrostatische potenti
afstand van 8 Å van de hydroxyl groep en 5 Å van het begin van d
een tweede voorwaarde. Twee conformaties van de zijstaa
verantwoordelijk zijn voor de acitiviteit. Aanwijzingen voor één h
afgeleid uit studies van MAS verbindingen in vaste vorm en in op
kristalstructuurconformatie van calcitriol gebonden aan de VDR en di
aromatische C-ring structuur impliceren de tweede conformatie. Het is 
waarschijnlijk dat de zijstaartconformatie van MAS verbind
natuurlijke zijstaartconfiguratie niet verantwoordelijk is voor de acti
onderzoek beschreven in dit proefschrift duidt er juist op dat é
zijstaartconformaties hierboven genoemd, of wellicht beide, MAS fu
kunnen induceren. 
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Appendix 

 
 
 
 
 

NOESY and ROESY NMR spectra of three FF-MAS analog
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