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The dopamine subtype 3 receptog)® a promising therapeutic target for the treatment of cocaine addiction,
schizophrenia, Parkinson’s disease, and other disorders, but little is known about the binding of ligands to
D3 at the atomic level. In the present study, binding of 29 known ligands to thred2ptor was modeled
computationally using four Preceptor models which were obtained from homology modeling. The predicted
binding models were validated with experimental data from site-directed mutagenesis, stractivigy
relationship studies, and affinity labeling studies. Docking scores calculated for these 29 ligands correlate
reasonably well with the experimentally determined binding affinities. A pharmacophore model is proposed
that describes the binding of ligands at a singler&eptor binding site and offers insights into the binding

of structurally diverse Bligands to this receptor.

Introduction experimental data from site-directed mutagenesis, structure

The dopamine-3 () receptor, cloned in 1990, has 52% activity relationship studies, and affinity labeling studies.
sequence homology to the: Beceptor and a similar, but distinct, Analysis of these results suggests a pharmacophore model that

pharmacological profilé.Compared to the Pand D receptors, d_escribes _the binding of ligands at a singlerBeeptor binding .
the Ds receptor is much less abundant and concentrated aImosls'te' I_Docklng scores fpr thege .29 Ilgqnq§ corre!ate well with
exclusively in limbic brain regions such as the nucleus accum- e'xperllme.ntally determlneq binding afflnltles.. This study pro-
bens, olfactory tubercle, and islands of CalRja.These are vides insights into the binding of structurally dlversg_llgands _
regions associated with emotions, motivated behaviors, cognitiveto the D receptor, an_d our results may be used to aid the design
functions, and reward mechanisfd? and implicated in of potent and selective figands.

schizophrenid?—16 Parkinson’s diseasé and drug addictiof?-2° Methods

The D receptor is therefore considered to be a promising
therapeutic target for the treatment of such disoréietsand

_selectlve L2 _I|gands may have Fherapeu_hc potentl_al. Accord- receptor was homology-modeled using the crystal structure of
ingly, there is strong research interest in the design of potent i, 4opsigs at 2.8 A resolution as the template. The sequence
and selective pligands?-2> alignment used was based on sequence analysis of 493 members
Accurate three-dimensional (3D) structural information for of the rhodopsin family of GPCR proteidsThe membranewater

the dopamine receptors is not available, and the structural basisenvironment is important for structure and folding of these
of ligand binding and selectivity to thesDeceptor is poorly proteins?® so for modeling, the receptor was inserted into a
understood. The dopamine receptors are membrane-bound?-paimitoyl-2-oleoylsr-glycero-3-phosphatidylcholine membrane
proteins, and experimental determination of their 3D structures Modef” in a water environment. After equilibration, an MD

is an extremely difficult task. The lack of accurate structural smg;atl_on run of 2.0 ns was performed using CHARMM (version
information on @ and other dopamine receptors is a significant 21) with an all-atom representation except for the hydrocarbon

. di t to the devel t of hiahl lectivel d tails of lipid molecules for which a united atom representation was
impediment to the development of highly selectiveligands. used. Coordinates were saved every picosecond. Receptor confor-

Dopamine receptors belong to the family of G-protein coupled mations saved during the last 1.5 ns of the simulation were clustered
receptors (GPCRs), whose structures are characterized by sevepn the basis of the kink angles of helices TM5 and TM6 and the
transmembrane helices (TMTM?7). In our previous study? side chain dihedral angles of residues implicated in ligand binding
we employed a computational homology modeling approach to various GPCR proteirf8-3° These were; for V78, D110, V111,
to model the 3D structure of thesDeceptor based upon a high-  C114, S192, S193, S196, and T369 andy, for the side chains
resolution crystal structure of another GPCR, rhodopsiktith of F197, W342, F345, F346, and Y373. In this way, these protein
modeled structures for thesBeceptor, we discovered a number conformers fell into four major clusters{#4), containing respec-

of structurally diverse Dligands?” suggesting that our modeled G T e T ST TR S R G contor
stru_ctures may be used to study the interaction between Othermational clusters was used for docking studies, and the coordinates
Ds I|gands and the preceptor. ) ) . of these four models are available in Supporting Information.
In this study, we performed computational docking studies 2. [ jgand Binding Model Predictions. The structure of each
to investigate the interaction of the;Beceptor with 29 known ligand 1-29 was built using Quanta (version 2000), energy-
D3 ligands with diverse chemical structures (Figurel£29). minimized using 1000 steps of the Adopted-Basis Newton Raphson
Predicted binding models for these ligands were validated with method and then further optimized by the application of semi-
empirical energy minimization using Mopac (version 6.0) PM3 as
* To whom all correspondence and request for reprints should be sent. Implemented in Insight It The resulting structures were used in
(734) 615-0362 (phone), (734) 647-9647 (fax), shaomeng@umich.edu (e- the docking experiments. Thesimodels represent the inactive state
mail). of the D; receptor? It is known that full agonists bind to the active

1. Modeling of the D; Receptor. Modeling and refinement of
the D; dopamine receptor have been reported previotisine D;
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Figure 1. Compoundsl—29.
Table 1. Binding Affinities Obtained from Literature of 29 Compounds to theReceptor
ligand Ki (nM) ref ligand Ki (nM) ref ligand Ki (nM) ref
1 0.61+ 0.052 (1.6+ 0.4) 51 (72) 11 112+ 18 51 21 3.66+ 0.36 70
2 132+ 16 51 12 79.9+5.0 22 777+ 39
3 16.6+ 3.8 74 13 867+ 130 23 1328+ 57
4 13.0£0.7 75 14 7.90+1.8 24 139+ 12
5 35.0+4.9(70+7) 51 (16) 15 2.95+ 0.60 25 1414+ 202
6 3.0+0.7 72 16 142+ 24 26 86+ 10
7 22+03 75 17 597+ 140 27 1305+ 249
8 8.0+ 0.6 72 18 0.89+ 0.051 28 92+ 10
9 3.5+0.7 71 19 10.0+ 3.2 29 1759+ 92
10 0.57+0.14 51 20 11.1+1.1

receptor conformation significantly more effectively than to the

3. Docking Models. Binding models of compound4d—9

inactive conformation, and partial agonists are less discriminatory predicted by Ligandfit or Autodock were evaluated using the
while antagonists bind both states with similar affinitfés'> We following considerations. Fdt, [R-(+)-7-hydroxy-2-(din-propyl-
thus selected antagonists and partial agonists but not full agonistsamino)tetralin,R-(+)-7-OH-DPAT], the predicted binding model
in the present docking studies. The experimentally determined was validated against experimental data. For compoRn@sthere
binding affinities for these ligands are provided in Table 1. being insufficient experimental data to support a specific binding
Ligands were docked into each of the fous 2ceptor models model, the following criteria were used to select the most plausible
using the Ligandfit module in Cerigigversion 4.63% or Autodock binding models from those predicted. Each of these ligands contains
(version 3.0)t"8 Ligands were allowed to be flexible during a protonated amine. It has been propd&3#tat a salt bridge forms
docking. Definition of the binding site grid was based on the shape between this amine in ligands and the highly conserved D110 in
of the protein with default parameters. All atoms were assigned a TM3. We have set the distance between the cationic nitrogen in
radius of 2.0 A. Previous experimental and computational studies the ligand and an oxygen in D110 to be less than 4.0 A and used
have strongly suggested that for dopamine receptors, the ligandthis as an acceptance criterion; binding models that lacked this
binding site is located in the transmembrane region near the common salt bridge were excluded.
extracellular sid&%-3%4° Thus, for our docking studies, we have Structures of the recepteligand complex predicted by Ligandfit
excluded the cytoplasmic side or loops that, from our calculations, were ranked with built-in scoring functions in Cert8 Each
are not part of the binding site. scoring function may rank binding models differently, and so a
The CFF force field (version 1997) implemented into Cerius consensus scoring approach was used with six different scoring
was used. The number of Monte Carlo-based conformational functions: (i) Dock score; (ii) Ligscore; (iii) Plpl; (iv) Plp2; (v)
searching trials was set to 0.99 1(f. Clustering of ligand Potential mean force; and (vi) Ludi. Each predicted binding model
conformations was accomplished with default parameters. A united was selected for further consideration in the next step if it was
atom representation was applied in Autodock to the protein with ranked in the top 10% by at least three of the six scoring functions.
polar hydrogen atoms added and Kollman united-atom partial Models selected by Ligandfit in this way were compared to those
charges were assigned. A Lamarckian genetic algorithm method predicted by Autodock. With a singlesPeceptor model, the docked
was chosen with a maximum number of energy evaluations of 25 structure obtained by Ligandfit was compared to that from
x 10°. A total 10 docking simulations were performed for each Autodock. If the root-mean-square-deviation (RMSD) between the
ligand using each receptor model. corresponding heavy atoms for the ligand in two predicted binding
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Figure 2. Predicted binding models for compountis9. Only the
most populated Pcluster center conformer is displayed. Only heavy
atoms for ligands are displayed for clarity. Ligand atoms are colored
by atom type: carbons green, oxygens red, nitrogen blue, sulfur yellow.
The same coloring scheme is used for ther€ceptor as the ligands
except that carbons and backbone ribbon are colored pink.

models was less than 2 A, these two binding models were

Hobrath and Wang

Table 2. Pharmacophore Model Based on Predicted Binding Modes of
Ligands
average deviations
of atom groups

distance between site centers (A)

from site center (A) sites Ar  Non-Ar Hb-1 Hb-2 Hb-3
1.67+0.92 Ar 2.92 2.61 3.46 10.00
1.65+ 0.66 Non-Ar 495 280 7.18
1.454+ 0.69 Hb-1 6.08 11.54
0.45+ 0.00 Hb-2 8.64
0.40+ 0.00 Hb-3
1.76+ 0.89 N-s 5.03 2.18 6.70 4.40 5.09
65
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considered to be in good agreement and retained for further Figure 3. Pharmacophore of the dopamine Eeceptor. Ar is the

evaluation.

Docking studies were carried out with compou@s-21, related
to R-(+)-7-OH-DPAT (1) and compound®22—29, analogues of
S(—)-3-(3-hydroxyphenyl)N-(n-propyl)piperidine &(—)-3-PPP)
(2). The D; conformer used was that which showed optimum
binding with eitherl or 2. All docking was with Ligandfit under
the same protocols used for compoutéd®. The predicted binding

models for these ligands must meet two criteria to be accepted:

preferred site for an aromatic ring, non-Ar for an alicyclic ring, three
hydrogen bonding (Hb) centers and a salt bridging site gN

with every ligand while residues F346, Y373, C114, S192, S196,
V111, and T369 make contact with some but not all of the
ligands examined. Some of the binding interactions, for example
in 7 and8, are similar to interactions seen at thg l®ceptor’®

(1) the salt bridge is observed between a ligand and D110 residue Our docking studies suggest that there are five important

in TM3 of the receptor; (2) the binding model is ranked on the top
10% based on Cerig®ock scores.

For evaluation of the interaction between the receptor and ligands,

we used simple distance criteria as follows. The cutoff for hydrogen
bonding/salt bridge wa4 A between the donor and acceptor heavy
atoms. For hydrophobic contacts involving a group consisting of
three carbons or fewer in the ligand, the cutoff distance was 5 A

and for larger groups, 6 A. Distances were calculated between
centers of mass of heavy atoms of the specified interacting groups

in the predicted models. For compourids9 for which two binding
models were obtained using CefAusnd Autodock methods, the

features in the pharmacophore: a salt bridge, an aromatic and
a nonaromatic pharmacophore site, and donors/acceptors for
three hydrogen bonds (Figure 4). A hydrogen bond, Hb-1, is
found between the ligands and S192 and S196 in TM5. The
two other hydrogen bonding centers are Hb-2 near the H349
and F345 backbone atoms in TM6 and Hb-3, which is close to
Y373 in TM7. The salt bridge interaction with D110 in TM3 is
formed via a protonated amine in all the ligands. A partial view
of the receptor emerges from these data and is summarized in
Table 2, which lists the distances between each of the five

average distance was used in evaluation of the interactions betweerbinding points of the receptor. These binding points are mapped

two groups.

Results and Discussion

1. Binding Models of Compounds 9. Nine ligands 1—
9) were docked on each of the four conformers of the D
receptor. For each ligand except foand9, there was only a

onto the model of the Pbinding site, as shown in Figure 3. It
should be noted that not all the ligands use all five of the
pharmacophore sites in interacting with the fi@ceptor.

2. Binding Models of Analogues of R)-7-OH-DPAT
(compounds 16-21). Docking of compoundsl0—21, all
analogues ofR)-7-OH-DPAT (1), was studied in the same way.

single binding pose in good agreement between Ligandfit and These DPAT analogues have binding affinities betweers 1
AutoDock methods, which was selected as the predicted bindingnM and >0.8 uM (Table 1! and were grouped according to

model for the specific ligand. For compoui@nd9, there were

four predicted binding poses that were in good agreement

their Ds binding affinities.
Compoundsl, 10, and 18 all have sub-nanomolar binding

between these two docking methods. For these two ligands, eactaffinities and are the most potent ligands in this series (Table
of the predicted binding poses was validated using available 1). The docked structures for these three ligands possess a
experimental data. The binding pose that had the best agreememumber of common features. All form a salt bridge involving
with experimental data was selected as the predicted bindingD110. In the models of and10 bound to the receptor (Figure

model for the ligand.

The predicted binding models for these nine ligands are
shown in Figure 2. All the ligand4—9 occupy the same D
binding site formed by TM3, TM5, TM6, and TM7. Residues
D110, F345, and H349 in the receptor were found to interact

4), there is a hydrogen bond between the phenolic hydroxyl of
the ligands and S192. Indeed, mutagenesis ré8aitsnbined
with SAR dat&! strongly support a hydrogen bonding interaction
betweerl and S192. For ligandl8, a hydrogen bond is predicted
to form between the ligand hydroxyl and H349. The tetralin
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Figure 5. Predicted binding models of compouénd its analogues
22-217.

F106

Upon the basis of our predicted binding models, the 3-phenyl
Figure 4. Predicted binding models for compountignd 10. Same  gybstituent of the phenylpiperidine occupies a cavity formed
color schemes are used as those in Figure 3. by the D; side chains V111, H349, C114, and F346. Thus, a
small nonpolar phenyl substituent, as2d and 26, may be
ring of each compound lies in approximately the same plane accommodated favorably in such a cavity. If the side chain of
and participates in nonpolar interactions with F345, F346, and H349 is unprotonated, then hydrogen bond donors such as the
H349. hydroxyl group of2 will be more favorable than hydrogen bond
Ligands 12, 14—16, and 19-21 have binding affinities  acceptors, e.g. those 28, 25, and27, which may explain why
between 1 and 100 nM (Table 1). Their docked structures 2 is more potent tha23, 25, and27. The predicted binding
occupy approximately the same space in thedzeptor ligand models for several compounds in this series are shown in Figure
binding pocket as the more potent ligands, but their tetralin rings 5-
do not all lie in a single plane. Compountl, 13, and17, the 4. Validation of Binding Model Predictions. Our docking
least potent analogues, while forming the salt bridge with D110, studies allowed the identification of a set of residues in the D
lack the favorable interactions with F345, F346, and H349, receptor involved in ligand binding, which are listed in Table
which were seen with the more potent ligands. In addition, none 3. We have attempted to validate these predictions using
of these three compounds shows any hydrogen bonding withexperimental data.

the serines in TM5. Several residues are implicated in the binding for the majority
3. Binding models of 3-substitute®phenylpiperidine ana-  of the 29 ligands, including D110, C114, F345, F346, and H349.
logues (compound22—29). Although there is no experimental data to directly support the
These compounds are all analogues of comp@uetroduc- involvement of D110 in the Preceptor for ligand binding, site-
tion of various substituents at position 3 of the phenyl ring in directed mutagenesis study for the corresponding aspartate
these compounds modulates the binding affinities of lig&ads residue in the Rreceptor has provided clear evidence for the
29 as follows. The unsubstituted analog@®)(has aK; value importance of this highly conserved aspartate residue in the
of 777 nM. Compoundg, 24, 26, and28 have better affinities binding of dopamine receptors to their ligarté§345 and F346
than22 (K; <150 nM) while compoundg3, 25, 27, and29 all in TM6 are very close to ligands with which they have
haveK; > 1.3uM. Thus, with reference to compou22, these hydrophobic interactions. Mutation of the corresponding residue
ligands may be grouped into a more potent grop24, 26, for F345 in the D receptor has indeed established its importance
28) and a less potent grougg, 25, 27, 29). in ligand bindingt2 The possible involvement of F346 in ligand

Table 3. Residues Found to Interact with Ligands Based upon Predicted Models and Direct or Indirect Experimental Supporting Evidence

binding models that

D3 contain the interactio(?)

residue helix type of interaction 1-9 10-21 22-29 all experimental evidence

F106 T™M3 hydrophobic/steric 11 10 11 11 mutation data of the correspondinesiue>®

D110 T™M3 salt bridge 100 100 100 100 mutation data of the correspondingsi2iue>®

V111 T™3 nonpolar 22 19 44 27 mutations of the correspondipgeBidue®?

Cl14 T™M3 steric/nonpolar 56 48 100 62 mutation data of C114 to Sering®t D

S192 TM5 hydrogen bonding 22 14 0 11 mutation data at tharld SAR datep?.58-61

S196 TM5 hydrogen bonding 33 10 11 16 mutation data of the correspondiregidue>6-58.61.62

F345 TM6 hydrophobic 100 100 100 100 - tations of the corresponding Besidues?
TM6 backbone hydrogen bonding 11 5 0 5 '

F346 TM6 hydrophobic 89 86 78 84 mutation data of the corresponding residues in other
TM6 backbone hydrogen bonding 0 14 0 8  GPCR member& 6465

H349 TM6 steric/nonpolar 100 100 100 100 mutation data of the correspondiresidue®®
T™M6 hydrogen bonding 22 48 11 32 Mutation datef’

V350 T™M6 steric/nonpolar 11 5 0 5 cysteine substitution of the corresponding

residue at the Preceptor

Y365 'IT'I\’XI; ﬁ;%rr'ggneonngglrfgmg 8 8 ﬁ g mutation data of the corresponding Esidue>®

T369 T™7 steric 22 14 0 14 mutation défa.

Y373 T™7 steric/nonpolar 56 0 22 16

37 i
T™7 hydrogen bonding 11 14 0 11 SCAM?" and mutation data atd¥
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@ 1507 we have attempted to improve the reliability of the predicted
§ 125 1 " . binding models for these 29 ligands in the following ways.
% 100 1 s Y The receptor models we used in our study were refined in an
8 751 2 - 3 4 explicit lipid bilayer—water environment throdga 2 ns MD
% s* . simulation. Refinement of P receptor structures via MD
2 9507 simulation leads to structures in which the distances between
8 2571 D110 in TM3 and the three residues S192, S193, and S196 in
0 . . . . . TM5 are less than in the rhodopsin crystal structure. Many of
5 6 7 8 9 10 the ligand models include interactions with these residues and
PK; thus the closer TM3TM5 distances could make an important
"1-9 *10-21  422-29 difference in ligand docking predictions. Evidence presented

Figure 6. Calculated Dock scores for compouniis29 using the
predicted binding models and experimentally determined binding
affinities (pKi). The Pearson’s correlation coefficient is 0.61.

in the case of 5-HIx%2 suggests that the distances between these
residues are crucial for the binding of neurotransmitters.

Four distinct 3 receptor structures were used in this study.
Each of these is representative of a cluster of receptor structures.

binding is supported by site-directed mutagenesis studies of theSuch use of multiple receptor structures accounts at least
corresponding residues in other GPCR members, including thepartially for protein flexibility and generally gives results
Vla vasopressin recept®tthe serotonin 5His receptos4 and superior to those obtained by docking with a single rigid protein
the histamine 1 recepté%.The residue H349 has been impli- conformer2>4
cated in ligand binding based upon the site-directed mutagenesis We used two different docking methods, Ligandfit and
analysis of the corresponding residue in ther@eptof®57and Autodock, in our study. We felt that the use of two different
C114 has been directly implicated in ligand binding by mutation docking methods may provide a validation to each other, and
of this residue to serine in thezDeceptorr’ we required agreement between these methods when selecting
Our modeling studies also indicate that S192 and S196 may binding models.
play a role in ligand binding for a subset of ligands, through  In addition, we have validated the predicted binding models
hydrogen bonding. The involvement of S192 has been strongly using available experimental data. Finally, we have shown that
suggested through extensive mutation studies at gred@ptor there is a good correlation between the calculated docking scores
and structure-activity relationship studies of ligandg3058-61 and experimentally determined binding affinities for these 29
and the importance of S196 in ligand binding has been indirectly ligands.
suggested by mutation studies of the corresponding serine
residue at the Preceptor®56:58.61.62The involvement of other

residues in ligand binding also finds experimental support, as |n this study we have performed binding model predictions
indicated in Table 3. for 29 antagonist and partial agonist ligands to theézeptor.

It should be noted that many of the mutagenesis analysesFour different @ receptor structures obtained from our previous
were performed on the Dreceptor. The Pand D; receptors  homology modeling and MD refinement in an explicit lipid
are highly homologous proteins and most ligands bind to thesewater environment were each used for docking. Selection of
two receptors with no or very little selectivity, suggesting very ‘best' binding models was based on scoring functions and
similar 3D structures for these two receptors. Nevertheless, directagreement between different docking methods. The obtained
site-directed mutagenesis studies with the€eptor are clearly  binding models for ligands were validated using experimental
needed to confirm these predictions which are based upondata wherever available. The results lead to a proposed
molecular models. pharmacophore model, consisting of an aromatic region, a

5. Calculated Scores and Experimental Binding Affinities. nonaromatic area, three hydrogen bonding sites, and a salt
Figure 6 shows a plot of the calculated CetiD®ck scores for bridging interaction site. However, not all the; Dgands use
compoundsl—29 against ;. The docking scores for com-  all the five pharmacophore sites. The docking score for these
pounds1—29 correlate reasonably well with ligand binding 29 ligands correlates reasonably well with experimentally
affinities, giving a correlation coefficient of 0.61. Although the determined ligand binding affinities. This study provides an
correlation coefficient of 0.61 appears to be lower than those improved understanding for the structural basis of ligand binding
obtained from ligand-based modeling approaches, it is importantto the D; receptor, which may be used for the structure-based
to note that our study includes structurally diverse ligands. In design of potent and novelsDigands.
addition, various assay conditions were used in the determination

Summary

of the binding affinities for these ligands. The reasonable

Acknowledgment. We would like to thank Dr. G. W. A.

correlation between the calculated docking scores and theMilne for careful reading and editing of this manuscript.

experimentally determined binding affinities for these ligands

further suggests that our predicted binding models may be useful

for the understanding of ligand binding to the Eceptor and
for the design of new Pligands.

6. Reliability and Quality of Ligand Binding Model
Predictions. The reliability and quality of binding model

predictions depend on many factors, including the correctness

of the protein structure(s), knowledge of the binding site,
reliability of the docking method, quality of the force field
employed, accounting of the flexibility of both protein and

ligand during docking, and accuracy of the scoring functions
used for ranking and selection of binding models. In this study,

Supporting Information Available: Coordinates of the four
dopamine 3 receptor models used in this study are included. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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