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Multi-Receptor Binding Profile of Clozapine and Olanzapine: A Structural
Study Based on the New f3, Adrenergic Receptor Template

Jana Selent, Laura Lépez, Ferran Sanz, and Manuel Pastor*

Schizophrenia is a devastating mental disorder that has a large
impact on the quality of life for those who are afflicted and is
very costly for families and society." Although the etiology of
schizophrenia is still unknown and no cure has yet been
found, it is treatable, and pharmacological therapy often pro-
duces satisfactory results. Among the various antipsychotic
drugs in use, clozapine is widely recognized as one of the
most clinically effective agents, even if it elicits significant side
effects such as metabolic disorders and agranulocytosis. Cloza-
pine and the closely related compound olanzapine are good
examples of drugs with a complex multi-receptor profile;?
they have affinities toward serotonin, dopamine, o adrenergic,
muscarinic, and histamine receptors, among others.
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Experimental evidence suggests that a complex binding pro-
file is linked to the clinical efficacy of antipsychotic drugs, and
indeed, some of the latest efforts in the development of novel
antipsychotic drugs™ are aimed at obtaining compounds with
clozapine-like binding affinities for a certain number of recep-
tors: D,, D;, 5-HT,, 5-HT,, 5-HT,. Unfortunately, our current
understanding of which receptors are relevant for the clinical
efficacy of antipsychotic agents is based only on the study of a
handful of drugs. At this stage, a clear discrimination between
clinically useful receptors and those responsible for adverse ef-
fects is not possible, as this would require a more thorough
understanding of subtle modulating effects, and this is still ob-
scure. Even if the ideal multi-receptor binding profile was
known, the problem of how to obtain ligands with such bind-
ing specificity would still remain open. A good starting point is
to improve our understanding of the structural features associ-
ated with binding profiles, thus leading to clinically useful
drugs.
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In this work, we made use of the recently reported structure
of the human {3, adrenergic receptor as a template to build
models for a set of receptors that are putatively important for
the pharmacological properties of antipsychotic drugs. The
aim of this study is to identify characteristics of the complexes
of such receptors with clozapine and olanzapine that can ex-
plain the excellent clinical behavior of these two drugs. Re-
markably, docking studies with homology models based on
the new template reveal a binding complex that is different
from previously reported complexes for clozapine-like li-
gands.™ In the first step, we studied the binding affinities of
both olanzapine and clozapine for all the receptors in order to
identify their common binding profile and the structural fea-
tures associated with this profile. We then studied the structur-
al differences between the drug-receptor complexes for both
antipsychotic drugs that could be responsible for the observed
differences in their pharmacological behavior.

For this, structural models for a set of 14 receptors that are
potentially involved in the pharmacological profile of antipsy-
chotic drugs (Table 1) were generated by homology modeling,
using the recently reported structure of the human
B, adrenergic receptor (PDB code: 2RH1)®” as a template (Fig-
ure 1a). This new structure presents many advantages over the
structure of bovine rhodopsin (PDB code: 1F88),® the only
structural template available until recently for homology mod-

Table 1. Monoaminergic receptors studied in this work.

Receptor Rhodopsin 3, Adrenergic Res. pK; pK;
homology®™ homology® 3.36 olanzapine™ clozapine!™

5-HT,, 10.7 60.7 S 88 8.3

5-HT 10.7 571 S 82 8.5

5-HT,c 10.7 60.7 S 83 8.1

M, 17.8 25 S 80 8.2

M, 17.8 25 S 79 7.9

H, 14.2 46.4 S 82 8.1

5-HT;, 17.8 53.5 C 5.0 7.0

5-HTg 14.2 60.7 c 81 8.1

5-HT, 10.7 535 c 71 7.7

D, 14.2 57.1 c 77 6.9

D, 14.2 535 c 77 7.0

D, 14.2 53.5 c 77 74

o, 14.2 571 cC 76 8.0

o, 14.2 50 C 6.5 (6.55)° 7.1 (7.82)%

[a] Percentage of pairwise sequence identity for the binding site residues
(4.5 A radius). [b] Inactive compound; a value of 5.0 was arbitrarily as-
signed for the computation of the Student t test and the box plot repre-
sentation shown in Figure 3. [c] Binding data obtained for the D, variant
(short form) of the D, receptor. [d] Binding data obtained for the D,, var-
iant of the D, receptor. [e] Binding data obtained for the rat receptor,
which differs in primary sequence from the human isoform in the active
site; in brackets: binding data for the human receptor taken from the
PDSP database."
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Figure 1. a) Superimposition of the 14 GPCR homology models with a consistent arrangement of the side chains
lining the binding site. b) Superimposition of the conserved docking positions of clozapine obtained for the 14

receptor-ligand complexes.

eling of G-protein-coupled receptors (GPCRs). In the first place,
the sequence homology of the studied receptors with the new
template is much higher than with bovine rhodopsin. As listed
in Table 1, for most of the receptors considered, the sequence
identity within the binding site is as high as 60% and more
than fourfold higher than the identity with bovine rhodopsin.
Secondly, the newly available structure contains a noncovalent-
ly bound ligand, carazolol, which bears structural similarity to
antipsychotic drugs. Because the aim of this study is to obtain
structural models suitable for comparing the binding sites of
diverse receptors, we developed a modeling protocol particu-
larly oriented to produce consistent results for all the recep-
tors. An initial inspection of the binding site structures ob-
tained for the receptor set allows identification of some
common structural features (Figure 2): 1) the well-known as-
partic acid residue at position 3.32 (D3.32), essential for agonist
and antagonist binding; 2) conserved hydrophilic regions in
TM3 and TM5; and 3) hydrophobic regions such as the aromat-
ic cluster in TM5 and TM6 (probably involved in the receptor
activation process) and the aliphatic residues in TM1 and TM2.
Among all these regions, the conserved hydrophilic regions of

™3

TM4

35

™™

D, C
5-HT,, ShG

Figure 2. Homologous residues in the binding site of the studied receptor set (at left): conserved D3.32 in TM3
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TM3 and TM5 show high se-
quence variability, suggesting
their preeminent role in binding
selectivity. Indeed, position C/
S3.36 in TM3 was previously de-
scribed as important for modu-
lating ligand binding affinity.””
The diversity present at TM5 po-
sitions 5.42, 5.43, and 5.46 was
also suggested to play a major
role in binding selectivity toward
the aromatic moieties of endog-
enous ligands (phenol, catechol,
imidazole, indole)."”  Further-
more, mutagenesis data corrob-
orate that position 6.55 is involved in altering agonist/antago-
nist binding affinity."'?

Table 1 lists experimentally measured binding affinities of
clozapine and olanzapine for the receptors studied.>' A
close inspection of these affinity values shows that they are
significantly higher for the receptors with a serine residue at
position 3.36 than those with cysteine at the same position
(Student t test, p<0.001), as shown in Figure 3. For clozapine,
the average decrease in affinity associated with the S$3.36C
substitution is 0.8 log units, whereas this decrease is 1.0 for
olanzapine. A particularly relevant receptor couple belonging
to these families is the 5-HT,, (53.36 family) and D, (C3.36
family) couple. The ratio between the binding affinities for
both receptors (5-HT,,/D, pK; ratio, called the Meltzer index)
takes values consistently greater than 1.12 as those of ‘atypical’
antipsychotic drugs (such as clozapine and olanzapine); this
has become such a stable characteristic that its use has been
suggested as a criterion for the classification of antipsychotic
drugs as 'typical’ or ‘atypical’™ Interestingly, the binding sites
of D, and 5-HT,, are highly conserved, and only three positions
show variability: 3.36 (C/S), 5.42 (G/S), and 6.55 (H/N)
(Figure 2). The docking of cloza-
pine and olanzapine into the
binding sites of our D, and 5-
HT,, receptor models results in a
ligand arrangement very similar
to the co-crystallized inverse ag-
onist carazolol present in the
[, adrenergic receptor template
and different from previously re-
ported complexes with similar
compounds.** The main differ-
ences observed in the binding
position of our complexes seem
to be a consequence of the
slightly narrower binding site of
the new template (PDB code:
2RH1) produced by the displace-
ment of TM5 toward the recep-
tor’s main axis.
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(orange); hydrophobic regions (green): aromatic cluster in TM5, TM6, and aliphatic residues in TM1, TM2; hydro-

philic regions (blue): positions 3.36 and 3.37 (TM3), and 5.42, 5.43, and 5.46 (TM5). Sequence alignment of the
putative binding site of 5-HT,, and D, receptors (at right): conserved residues are highlighted in red.
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a) 9.0 olanzapine . b) 9.0 clozapine the tricyclic system and W6.48.

All of these interactions are in

T —— gl == —— agreement  with  site-directed

mutagenesis data.”'®?" In the

- - modeled structures, one of the

AL 6 B e major differences between the
=l g .

binding of clozapine and olanza-

6.0+ 6.0 pine with the 5-HT,, and D, re-

ceptors is the interaction with

5.0 ° 5.0 the residue at position 3.36. In

T T T T . .

C3.36 33.36 C3.36 $3.36 the 5-HT,, receptor the cyclic ni-

Figure 3. Box plot summarizing the binding affinities of a) olanzapine and b) clozapine for receptors with C3.36
(D, D3, Dy, 5-HT, s, 5-HTg, 5-HT,, ,, and a,) and for receptors with S3.36 (5-HT,,, 5-HT,5, 5-HT,, M;, M,, and H;,).

trogen atom (N10) of clozapine
and olanzapine forms a strong
H bond with serine 3.36, which

For both compounds, the binding affinities are higher for the $3.36 family of receptors than for the C3.36 recep-

tors.

perpendicular to the plane of the membrane, and the position
of the piperazine ring is nearly parallel (Figure 4). The following
key interactions were found for both the D, and 5-HT,, recep-
tors: 1) a salt bridge between the protonated ligand nitrogen
atom and D3.32, 2) a hydrophobic sandwich of the ligand be-
tween F6.52 and V3.33, 3) a hydrogen bond between N5 and
S5.46, and 4) an aromatic interaction (edge to face) between

V3.33

$5.43 85?

F6.52

Figure 4. a) Clozapine-5-HT,, receptor complex and b) clozapine-D, recep-

tor complex, for which X’ highlights the weaker or missing hydrogen bond

to C3.36. Key interactions: 1) a salt bridge between the protonated nitrogen
atom of clozapine with D3.32, 2) a hydrophobic sandwich of the ligand be-

tween F6.52 and V3.33, 3) a hydrogen bond between N5 and S5.46, and

4) an aromatic interaction (edge to face) between the fused tricyclic system
and W6.48.
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is replaced by cysteine 3.36 in

the D, receptor, producing a

much weaker Hbond as sup-
ported by previous studies.”? This finding is in agreement with
the experimental binding affinities, which are higher for 5-HT,,
than for D,, suggesting that the missing or weaker H bond be-
tween (C3.36 and the ligand is responsible for the observed
lower affinity toward D, than for 5-HT,,. This supports the val-
idity of the proposed structures for the ligand-receptor com-
plexes. Moreover, provided that the clozapine and olanzapine
binding positions are conserved in the entire receptor set, as
supported by the docking studies (Figure 1b), the effect of the
aforementioned H bond between the ligand and the residue at
position 3.36 can be extended to other receptors and not only
to 5-HT,, and D, (Table 1), thus helping to explain the multi-re-
ceptor profile of clozapine and olanzapine.

To rationalize the observed differences in the binding affinity
of clozapine and olanzapine toward different receptors, we an-
alyzed the structural differences observed for both complexes.
Olanzapine and clozapine are closely related atypical antipsy-
chotic drugs, with rather similar chemical structures and bind-
ing affinity profiles. The main structural difference between
olanzapine and clozapine is the bioisosteric replacement of the
phenyl ring by a thiophene ring in the fused tricyclic system.
The differences in binding affinity for all the receptors studied
are shown in Figure 5. The analysis of the structural differences
of the binding complexes was focused on the receptors that
exhibit the greatest differences in binding affinity (ApK;> 0.3).
From these, 5-HT,,, D,, D;, and D, make up cluster 1, having
higher affinity for olanzapine, whereas a,, a, 5-HT;, 5-HT,,
and 5-HT, form receptor cluster 2, showing higher affinity for
clozapine. The multiple sequence alignment of the residues
present in the binding site (determined by proximity <4.5 A
from the ligand) for all aforementioned receptors shows re-
markable commonalities within the clusters, and marked differ-
ences between clusters. As shown in Figure 5, receptors in
cluster 2 lack a conserved double-serine at positions 5.43 and
5.46, suggesting that these residues modulate the differential
affinity for clozapine or olanzapine. Moreover, a residue with
H bond acceptor/donor properties (asparagine N or histidine
H) is conserved at position 6.55 for receptors in cluster 1,
which show preference for olanzapine.

ChemMedChem 2008, 3, 1194 - 1198
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6.9 Cluster 1: pK; olanzapine > pK; clozapine
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Figure 5. Differences in clozapine and olanzapine binding affinities for the receptors studied (£ greatest SD). Receptors showing differences of >0.3 log units
were assigned to one of the following clusters: cluster 1 (D,, D;, D,, 5-HT,,) contains receptors with pK; olanzapine > pK; clozapine; cluster 2 (a,, o, 5-HT;,, 5-
HT.g, 5-HT,) contains receptors with pK; olanzapine < pK; clozapine (left); multiple sequence alignment of cluster 1 and cluster 2 (right). *The ApK; olanzapi-
ne—clozapine value of —0.7 shown was determined using rat a, receptor. Therefore, slight sequence differences present in the binding site with respect to
the human receptor render this value not directly comparable, but data from other sources (ApK; olanzapine—clozapine for the human receptor found at the

PDSP K; Database'") suggest even greater differences.

In our complexes, olanzapine and clozapine are located ap-
proximately in the same position, with the olanzapine inserted
slightly deeper owing to the absence of the chloro group at
position 8. Interestingly, the three positions mentioned above
that represent the main sequence differences between mem-
bers of clusters 1 and 2 (55.43, S5.46, N/H6.55) are very close
to the thiophene ring of olanzapine which constitutes the
main structural difference between olanzapine and clozapine
(Figure 6). Based on the structures of the complexes, we can
interpret the results as follows: in the case of olanzapine, the
receptors in cluster 1 place S$5.46 just in front of the ligand N
and S heteroatoms located in the distal border of the tricyclic
system thus producing favorably polar interactions. In this way,
S5.43 interacts with the H-bond donor residue (N/H) at posi-
tion 6.55 which forms additional polar interactions with the
thiophene ring of olanzapine, stabilizing this conformational
arrangement. Moreover, the slightly deeper insertion of olanza-
pine in the binding site probably makes a more favorable
forked interaction with the more polar TM5 residues (the con-
served double serines S5.43 and S5.46). Conversely, receptors
in cluster 2 have at most one serine group at this location, are
less polar, and as a consequence they interact better with the
phenyl moiety of clozapine than with the slightly more polar
thiophene moiety present in olanzapine.

In conclusion, the binding profiles of both clozapine and
olanzapine are highly influenced by the interaction between
the N at position 10 and S3.36, mediating a tight ligand bind-
ing. The analysis reported herein of the differences between
the binding profiles of the closely related olanzapine and clo-
zapine structures is a good example of how small structural
differences can produce relevant pharmacological changes. In
this latest analysis, we were able to define two clusters in the
set of receptors which bind both compounds on the basis of

ChemMedChem 2008, 3, 1194 - 1198
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N6.55

Figure 6. Complex of a) clozapine and b) olanzapine with the 5-HT,, recep-
tor. The residues of the SSH/N motif, characteristic for cluster 1, are labeled.

common elements in their sequence and three-dimensional
features. According to the obtained complexes, binding differ-
ences between olanzapine and clozapine can be ascribed to
diversity in TM5 and TM6. These results also emphasize the im-
portance of multi-receptor treatment. Any structural changes
in the ligands are likely to affect their ability to bind multiple
receptors, some associated with therapeutic effects and others
responsible for adverse side effects. This fact cannot be ignor-
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ed in drug-design methodologies. This work represents a fur-
ther step in our efforts to gain a deeper understanding of the
therapeutic effect of antipsychotic drugs at a molecular level.
We hope that the recent availability of better structural tem-
plates and more reliable experimental data will lead, with the
help of appropriate analytical tools, to the design of more
useful and safe antipsychotic drugs.

Experimental Section

A detailed description of all computational procedures, including
homology modeling and docking simulation, is provided in the
Supporting Information. The homology models of the GPCRs were
generated using a recently published protocol® designed to
ensure consistency and comparable results for all receptors. The re-
ceptor models were built starting from the new template (PDB
code: 2RH1),*” by applying the MODELLER suite of programs.?”
Optimization of the receptor structures was based on the Amber99
force field® as implemented in the molecular modeling suite MOE
(Molecular Operating Environment; Chemical Computing Group).
PROCHECK software® was used to assess the quality of the mini-
mized structures. The binding mode of clozapine and olanzapine
with the structural models obtained for 5-HT,, and D, were ex-
plored by using docking simulations with the GOLD 3.1.1 pro-
gram.?’

Acknowledgements

We thank the Spanish Ministerio de Educacion y Ciencia (project
SAF2005-08025-C03) and the Instituto de Salud Carlos Il (Red
HERACLES RD06/0009) for financial support and grants for two
of the authors (J.S. and L.L.).

Keywords: antipsychotic agents binding selectivity
G-protein-coupled receptors - homology modeling - multi-
receptor profile

[1] E. Q. Wu, H. G. Birnbaum, L. Shi, D. E. Ball, R. C. Kessler, M. Moulis, J. Ag-
garwal, J. Clin. Psychiatry 2005, 66, 1122-1129.

[2] B.L. Roth, D.J. Sheffler, W. K. Kroeze, Nat. Rev. Drug Discovery 2004, 3,
353-359.

[3] V. Garzya, I.T. Forbes, A.D. Gribble, M.S. Hadley, A.P. Lightfoot, A. H.
Payne, A.B. Smith, S.E. Douglas, D.G. Cooper, I.G. Stansfield, M.
Meeson, E. E. Dodds, D. N. C. Jones, M. Wood, C. Reavill, C. A. Scorer, A.
Worby, G. Riley, P. Eddershaw, C. loannou, D. Donati, J.J. Hagan, E. A.
Ratti, Bioorg. Med. Chem. Lett. 2007, 17, 400-405.

4]
5]

S

[10]
[11]

[12]

[13]

[14]

[15]

[16]

[17]

[22]

[23]

[24]
[25]

[26]

[27]

E. Hjerde, S. G. Dahl, I. Sylte, Eur. J. Med. Chem. 2005, 40, 185-194.

M. Y. Kalani, N. Vaidehi, S. E. Hall, R. J. Trabanino, P. L. Freddolino, M. A.
Kalani, W. B. Floriano, V. W. Kam, W. A. Goddard Ill, Proc. Natl. Acad. Sci.
USA 2004, 701, 3815-3820.

V. Cherezov, D. M. Rosenbaum, M. A. Hanson, S.G. Rasmussen, F.S.
Thian, T. S. Kobilka, H. J. Choi, P. Kuhn, W. I. Weis, B. K. Kobilka, R. C. Ste-
vens, Science 2007, 318, 1258-1265.

D. M. Rosenbaum, V. Cherezov, M. A. Hanson, S.G. Rasmussen, F.S.
Thian, T. S. Kobilka, H. J. Choi, X. J. Yao, W.I. Weis, R. C. Stevens, B. K. Ko-
bilka, Science 2007, 318, 1266-1273.

K. Palczewski, T. Kumasaka, T. Hori, C. A. Behnke, H. Motoshima, B. A.
Fox, I. Le Trong, D. C. Teller, T. Okada, R. E. Stenkamp, M. Yamamoto, M.
Miyano, Science 2000, 289, 739-745.

N. Almaula, B. J. Ebersole, D. Zhang, H. Weinstein, S. C. Sealfon, J. Biol.
Chem. 1996, 271, 14672-14675.

B. Kobilka, Mol. Pharmacol. 2004, 65, 1060-1062.

K. Lundstrom, M.P. Turpin, C. Large, G. Robertson, P. Thomas, X.Q.
Lewell, J. Recept. Signal Transduction Res. 1998, 18, 133-150.

R. Woodward, S.J. Daniell, P.G. Strange, L.H. Naylor, J. Neurochem.
1994, 62, 1664-1669.

J.H. Lange, J.H. Reinders, J. T. Tolboom, J.C. Glennon, H.K. Coolen,
C. G. Kruse, J. Med. Chem. 2007, 50, 5103-5108.

National Institutes of Mental Health Psychoactive Drug Screening Pro-
gram, PDSP K; Database: http://pdsp.med.unc.edu/; access to this inter-
active links box is free.

H. Y. Meltzer, Z. Li, Y. Kaneda, J. Ichikawa, Prog. Neuro-Psychopharmacol.
Biol. Psychiatry 2003, 27, 1159-1172.

M. R. Braden, J.C. Parrish, J. C. Naylor, D.E. Nichols, Mol. Pharmacol.
2006, 70, 1956-1964.

B. A. Cox, R.A. Henningsen, A. Spanoyannis, R.L. Neve, K. A. Neve, J.
Neurochem. 1992, 59, 627-635.

J. A. Javitch, J. A. Ballesteros, H. Weinstein, J. Chen, Biochemistry 1998,
37, 998-1006.

J. A. Javitch, D. Fu, J. Chen, A. Karlin, Neuron 1995, 14, 825-831.

A. Mansour, F. Meng, J. H. Meador-Woodruff, L. P. Taylor, O. Civelli, H.
Akil, Eur. J. Pharmacol. 1992, 227, 205-214.

H. A. Muntasir, M. A. Bhuiyan, M. Ishiguro, M. Ozaki, T. Nagatomo, J.
Pharmacol. Sci. 2006, 102, 189-195.

L. M. Gregoret, S.D. Rader, R.J. Fletterick, F. E. Cohen, Proteins Struct.
Funct. Genet. 1991, 9, 99-107.

C. Dezi, J. Brea, M. Alvarado, E. Ravina, C. F. Masaguer, M. |. Loza, F. Sanz,
M. Pastor, J. Med. Chem. 2007, 50, 3242-3255.

A. Sali, T. L. Blundell, J. Mol. Biol. 1993, 234, 779-815.

W. D. Cornell, P. Cieplak, C. . Bayly, I. R. Gould, K. M. Merz, D. M. Fergu-
son, D. C. Spellmeyer, J. Am. Chem. Soc. 1995, 117, 5179-5197.

R. A. Laskowski, M. W. MacArthur, D.S. Moss, J. M. Thornton, J. Appl.
Crystallogr. 1993, 26, 283-291.

M. L. Verdonk, J. C. Cole, M. J. Hartshorn, C. W. Murray, R. D. Taylor, Pro-
teins Struct. Funct. Genet. 2003, 52, 609-623.

Received: March 5, 2008
Revised: April 16, 2008
Published online on May 8, 2008

1198

www.chemmedchem.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ChemMedChem 2008, 3, 1194 - 1198


http://dx.doi.org/10.1016/j.bmcl.2006.10.036
http://dx.doi.org/10.1016/j.ejmech.2004.10.010
http://dx.doi.org/10.1073/pnas.0400100101
http://dx.doi.org/10.1073/pnas.0400100101
http://dx.doi.org/10.1126/science.1150577
http://dx.doi.org/10.1126/science.1150609
http://dx.doi.org/10.1126/science.289.5480.739
http://dx.doi.org/10.1124/mol.65.5.1060
http://dx.doi.org/10.3109/10799899809047741
http://dx.doi.org/10.1021/jm070516u
http://dx.doi.org/10.1016/j.pnpbp.2003.09.010
http://dx.doi.org/10.1016/j.pnpbp.2003.09.010
http://dx.doi.org/10.1124/mol.106.028720
http://dx.doi.org/10.1124/mol.106.028720
http://dx.doi.org/10.1111/j.1471-4159.1992.tb09416.x
http://dx.doi.org/10.1111/j.1471-4159.1992.tb09416.x
http://dx.doi.org/10.1021/bi972241y
http://dx.doi.org/10.1021/bi972241y
http://dx.doi.org/10.1016/0896-6273(95)90226-0
http://dx.doi.org/10.1254/jphs.FP0060610
http://dx.doi.org/10.1254/jphs.FP0060610
http://dx.doi.org/10.1021/jm070277a
http://dx.doi.org/10.1006/jmbi.1993.1626
http://dx.doi.org/10.1021/ja00124a002
http://dx.doi.org/10.1107/S0021889892009944
http://dx.doi.org/10.1107/S0021889892009944
www.chemmedchem.org

