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Appendix I: The Predicted Three-Dimensional Structure of the Human
D, Dopamine Receptor and the Binding Site and Binding Affinities for

Agonists and Antagonists
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The predicted 3D structure of the human D2
dopamine receptor and the binding site and
binding affinities for agonists and antagonists
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Ine reumransmitar and He sospiors play & cidol rokiin
tha coll signaling process meporedbk o Infomatkon wanster In
nsurcns funcdoning In the nersow syrism . Dewdopmant of m-
prowsd therapsartcs Tor such oisomders s Parkineons dbsase and
schizophimdnlawoulkd Ba skpificantdy snhancsd @ khtha aaalabil-
Ioy of the 30 stPuure for the dopaming receptors and of tha
bl red Irecg st for chopeemine s red othed agonbns and anizgonists. W
rep o hiers tha 30 struciurs of the kong Boforn of the human [2
dopamning recepoor, predicied From primary sequsnos using fist-
principlss thearathal and computational technkqiss (La., we did
Nt i bkod o rmatk oF col e in enical 30 structurad Info am arton In
pradkdng structures). The kotwed 30 sructure b walidated by
comparkan of the predcted birdng ste and the relathaa Hnding
aftinitles of dopamnine, trks keos n dopam ne sqonsts Eeper-
Rebrisoond @, i recl setagn Krecws i anita Isis (@ artdic) In thia [
Peeptod 1o aipernentily detammined vauss. Thess srTures
cometty precict the citkal redduss for binding dopaning wnd
sewdal antagonists, Mentifked by mutstion studks, and gl red-
aihea Wnding afnites that corrlaie wel w kh supsAnent. Tha
pradiad birding shie for dopaning and sgonbs b oot bs-
Taasn CransmanbransTH) ks 3 4, 5 and 6, whenses the et
anitagonkts Wnd toa ste Irreokdrg TM helloss 2,3, 4.6, ard 7 wiih
mnknal eontacis oo TH helte 5. 'We Hentify charsctarstic oiffer -
wrises berbaraen tha bnding shss of sgonEts and antegonbs.

Iththz impNeaton of G pro e -c oupded) pesepior | GPCR)
In mamy disesmes (1, 2, the nesd oo sobe the Wghe
resalwion 30 gmaue of this chs of imegral membrin:
protEns oo enabde srucwes -hassd dug design 15 an imporian
problemin suau Rl biology. Despiie the imponance of solving,
the strucure of the GPRCRS, the anly expenmencal 30 s rucins
meailable for 3 GPCR b bovine todopsin, This lack ol S uciures
Is bescauss the GPCRs are bound 1o the membrane, making i
difficult o exprress in sullio’ent quanutks for ory=allizacon.
To proeide sctuml and ligand hinding miommation on
GPCRE, we hove been developing fisi-prAncipks compuiaional
wchniques ko predicing the 30 arucres of GPCRs wing only
the amino acid ssuence (MembErmk) and B predicing bind-
Ing = and binding energy of various ligands 10 GPCRE (Hisr-
Dock). Using these iechniques, we have reponed the sruciune
al cdfaciory mcepior i 2, 4% bovine o n 4, 51, and orher
at ctacioey receptors (3, 4} dopein (4, 5
Dopamin: neuroimmsmtier plays a oeikea role in czllubar
signakng prooeses responsible for informaian crnsEr nonse
ForE [UNCLoNIng 0 the nervous mé:.:'.'i.‘]:lupmlm S
pos (IR belong vo thesuperfamily of and oo dans thees
are e reponsd sspences B the uman TR with mukipl
Isoforme: for sach The DRs may b subdivided bassd on ther
phamacaokogical behaviar e the i-like and the D2-liks
subfamilizs, and thes: ane ideal largets for irealing schizoph ren ia
amd Farkireon's diszmee; theekore, devdopment of (mproved
remadieswould be sipnTicanly enhancsd with the availabiliyy of
the 30 maure for the TR and of the dopamine-binding s,
We repon hzre the 2D siruciure of the long koform of human

e, proong gl ded! WL BT p e MR 1 1

D2 TR, kereafier rekrmed 1o o DIDR, prediaed [rom primary
mxpence wEng the MembSiruk {25 and HierDock (%) -
principles theorsical and computaiional tschnigues, The siruc-
ture = valldared ll:""l predicung the Wnding =t and relawve
bHinding alfinhles of dopaming, thre: mown dopamine agonias,
amd zeven known amiagonise. The presfiosd binding =ie for
dopamineand sgonise s locaps d bemysen tANsmembrne { TR
helices 3,4, 5 and &, wheres the bestaniagoni=s bind o a s
imvolving TH helices 2, 3, 4,6 and 7with minima conisces o
T helix 5 The predicied binding siies contam the catical
resldie= for hinding dopamine and severl aniagonisis that have
been (demilfed by mutacion sdiss and give relative binding
arfinhies thar cordae well with xpedment.

Computational Methodk

All cakulawions for the proven wed the DREIDING force Ndd
{FF} (&} with charges Irom CHARMMI? (%) unles specificd
otherwis:. The non-bond inemcuons were cakulaed by using
che cxll mulvipscde methosd (107 in MPSIm{11). The ligands wen:
descAbed with the DRETDING FFusing Gaselgerchangss (123
Fior thi II|I:!H:I.'|“ usisd the DREIDNMG FFwiih QEq cha
{131, All of the cakculnfons created the sobrem (waer ) using L
amalytial volume genemlied born approximation o the Pols-
son-Bolomann sokvation mode (14,

MambStrak Stnctara Prediction Hethad far D20R. The RAdzmbSruk
procefurs (Memb&irukd 5), weed 1o pradio the 20 sirucues of
DIDR, & descrbed inorel 5 Hers we deall the sieps chan ans
rekvan 1o the pradicion of DITE. The varkus 2eps of the
MembEirukd S as applicd 0 DD are as ollows

TH pesdicten. The seven TW boundanes of the human D2ZOR
were prodiced by using the TM2ndS (5 proceduns. Sewen
spenceswith brscors o200 In the meast (15) =2arch ol DR
wWer o d ing muluple squence alignmeni am
u.um[aiml;m;l. 'I'hII;BIII'E_nrrEnI 'nlll‘s usad L-:hrE'Frad.rn ETEITM
reglons using TRInds. It ks showm that the seven T haices in
DIDR are of different lengihe and akeo ars dTferem in length

from the comesponding T heices of hoving mﬂ:jlgdn.
tha of e smbibe baachiba of balbes TH2Znd® akso pre-
diaz the hydrophobic cenieralomg ach helic wsad for oplmizing
the redaive imnskanal posilon of the TM hefos, The sewen
canonical «-helices wers Wil and the helical axes wen posi-
thoned bemsd anthe 754 0 deredy map of frog thodopsin (17)
Relative iranskavional ademacion of the helices was oplimized by
fiuing the hydrophobic cemer of @ach helin prediosd using
T Inds o a plane.
Opthwiratha sl @il sok aatia of the TH gl The rolatonal
orlenawon of the canonical hdlosswas also opimized by using

Mebrevifaer GMF, G predsl n-oca p ledrecspies P boroe Bkl TH, tares embra e O,
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Ay. 1. Ten sqenii s sntsgon st ciudisd forthe hurman deparmins DI recepiorn.

the mulis:quence hpdrophobidly momens of the middie third
of @ch helix about ther maximum hypdrophobic cemer. This
amlyds yeked a cleaar consersus on which residus should
coniact ihe membrane and which resldues shoud faoe the
receplor intedor.

tmlmitey of bala! basdr andklakr. The Kinkes and Bends in each
cancalol hellxwas opimized wih Mew nn-Euler Imves: mes
operaior (HEIMO) torsloml dymamics (18, 197 of Carteslan
dymamics descrbed with the El'ddlrg FF and Charmmz?
chir ges) fof 500 psal 200 Kconsant amperiur e, and we pidced
th: minimum energy conformation rom the dmamics. The
hdical bundle now has hdke with benids and Kinks. The
rolationa orizmation of these noncanonical hellos was funher
npllmlm:lg usng, both the En::uun: in siep £ Tollowsd
enzgy-bassd opimimion called “Rommin” descAbed in rel.
In the energy-bassd romional odemadon opdmizion, we
performed spemalk rotadons on all of the seven heloes over
5 aratime and over a small grid of r@aiion angles =507 (o 507
Al each rotation angle the side chains were added by using the
side chain placement program scwrLss (20) folksyved by poen-
tial energy minimization wsing conjugate gradients 1o 0.1 loalf
mol per A rs deviatkon in fofos ﬁ" alom. Sleps 2, 4, and Gare
pert of a sysematk sarch algorithm for optinum cramsdaconal

AR | wesprosongioglidol fFL T proa (0r T

and mialoml odemalon, and thesege ps allow conformadoml
search and ald in geiting ower large energy bamiers between
vadous conformations of the T barrel.

ey of e sptiied TW bama! The opdmized TH barrel
aruciur: from the previous sep was then aqulibraesd by
immersing it in a bilryer bamre of uluuwpmmamy chaling,
and the full spgem was opdmized with Aghd n:.lﬂ.ernl\:ﬂ
muokscubr dymamics, realing each mub:uk Fo |
for 50 ps al a consant lenperatre of 300 K using |he MPEm
code (113,
Lapastitanand atspimioiian Theinterhalcal oo pswerebuil
by using wHATIF (213, and disulllde bonds wers formed between
Cy3-107 in TM2 mnd Cy=-132 In eximodlular loop 2 This full
sfslem wis then oplimized with the conjugate grdiznt minimi-
Zlkon tzchnkpe 0 0.1 kalmol per A rms i force.

Prediction of Ligand Blading Stes and Binding Enargles. Ligasd
Amcies pagantian The 10 Igndl shown in Fig. 1, wer: buili
with i.'HEHIIEAI' and the 20 siruciure wis comveried 1o 30
ArUCIuRS by usng PoLy GRAF sltware, T hese ligands comsi of
mgonks dopamine, 7-hydroodipropylaminoteiraling apomer-
phine, and bromocripine and antagonias He: dozapine, dom-
peridone, mlopeddol, ec. We have caleporized the iniagonkis
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mudied hers imo two class ({5 das 1, cloopine-lke bulky
amagonises; and (i) class 11 anisgoni=s that have mwo arcmalic
of ring maolketl e oonnaned by a flexble linker with a protonaisd
anine group o5 in halopsAdol Hydropens wers sdded, and
Chastelger chargs were msigned 10 all of he ligands with
appropriae: proonaied sates, We then minimizsd the poezntal
energy of each lgand using conjugae gradienis © an Fme
deviadon in force of 0.1 keal jmal per A.

iy peasialen mathsd fr [E0R. HierDock protocol ks a hier-
archizal = rategy ranging fromecoars: grain un-:l:::lyu fine grain
cptimization (o docking ligands in potdns and dezrnining
their puiative binding s, This methad has besn el for
varous GPCRS (3-3, 23), culer membrane proten A (3), ad
globular protens (24-28). (The proincol s been desribed in
detall in these relerences. The vesion of Hier Dok usad In this
Audy s described in ezl £ In brel, thevarious 22 ps of HizrDock
vardon 1.0 protocol ko folovs

1. Firs we carried oul a coarse grain docking prooedure 1o
generale a set of conformatlons for ligand binding in the
feceptor. Here we used Dockan (29 10 genda: and sofe
SO0 pilormatons, of which 50 { 109 were seleced by ising
1 burled surlace orea cuodl of 909 and energy scoring rom
pcecicdd Tor [uriher amlyss, The opions used in Cockss are
Mexbdz lgand docking with wrslon dive and allowing lowr
huﬂEl'th Lhe protein
The S0best conlommatkns sleced [or cach §gand [rom siep
1weresubjected poall-aom minmizadon keeping the protdn
Mxesd bt the ligand movable. The solvalon energy of each ol
these 50 minimizsd conformations wies caloulaiad by wsing.
andytical volume generaliced bom conunuum sbvacion
metficd | 1£). Then the Mve hest swodng oonformaions beesed
on the poenitial energy of the IE::I in the protdn wees
selectad [rom Ches: S0 confommatks for the nen gep.

3, Hext we opiimizsd the siruowe of the mecepior ligand
complex allowing the sruciure of the prokin 10 amommo-
date the ligand. This wis esenil 1o Kenily the opimum
confommatkns for thecomplex The all-apom re cepior /igand
anergy minimizaonwas perfommesd on the 10sraures from
the previols sep. Using these oplimized @rucires, we
caloulatsd the binding energy (BE) using the equation

HBE = PE {Igand In proisin) — PE (ligand in sobventy  [1]

i the difference beween (he poenial 2ne of the
ligand inihe protein and the pumﬁu mag}ﬁllrjﬁmu in

waber. The energy ofthe ligand inwater Ecakulaied by using
DREIDING FF and amlyucal volume generml bxim
conlinuum solvation mehod,

4. Hemwe szlacied, from the Tive srucires from siep 3, the one
with the meximum number of Mydrogen bonds bewveen lgand
and protein. For this srucure we ussd the scrisas slide chain
replivement program (VWTE, MV, md WAG, unpub-
Lkt valore) o reEsign dl sde dairs for the reddues
within 54 in the binding pocker. (This uses aslde-choin ro@mer
lbraryof 1478 mamerswith 1 A rsolmlon with the allamn
DREIDING aergy lunadibn o smbae the energy Tor the
ligand dncompka) The binding energy of all of the e
q?ﬁmmunph;wul cakulbied Ey mﬂﬁq 1

Liaiiag fe patate Madag sk To locate the binding sive of
dugn'ln:. ciher Q{lnm and m ks, we scned Lhe entlre
DZDR stuoure wkhout amy mowledgs of the binding ske, The
malecular surlace of the allre Feceplor SIFLCILRE W Ma
bryusing autcSudlity of pocksn Spheres wer egenerazd 1o il
up the vold reglomsof the anire recepior 1sEng the sphgen miliny
DOCKAL program Pass (30) wis then sed [0 locs
plausble ceaters of lage yoi! regions in the recepior. The
spheres that werewithind 0.4 of L centers wer e clister ed for

[

Eslurid ot o8

dockng of ligands. For DIDR we obainesd nine reglons wher:
we applied the only steps 1 and 2 of the HierDock protood. The
best energy conformation for exch IIE,and in each reglon was
selected Bised on i) kocation of the Ainding sie ithoée I the
Imracdlular lcop or complenEy inthe exrace llular leop reglones
were omited for DIDR), i) bured surlce are (0% cuoll
value was w=d), and (i) imeraction energy of the Igand wih ihe
protein. II more than one region scnned had similar energles
within a cenain tolerance fanor, then boch thoes regions wins
chomen a5 puiaiive binding regios, & tolerance of 30 koalmol
Wi sl bevaee the minmizadon of the ligand with the Txed
receplof mruciure was done for caly a fmed number of 50
conjugate gradisnt steps. Using this procedun: we found sinllar
putative binding ses for agoniss and chs 1 anisgoni=s
whereas, the predicied binding sk for doss 11 anagoniss wens
difzrent. Class 1 aniagenkas ke threeconliguous regkons wiih
the bhest bound conformation having, ligand-receptor nteracion
energk=mwithin 30 keal fmol of wch other. Henos, [or thes: long
arl.:m:nnlsu: we merged the sphers of thess three regloms
together as the puatve binding siie. Bemise the number of
heresin the merged re glonwas high (2= 300, thesphere desh
a3 thinned o ~ 10 :p%:ru J:-ug'rurur mn]en: e:rg,ls will b
Ished dsswhers,

af hahyg s and Bvahg asargls. Once the puiacke
binding st wer e detemmined for agonisis md amagonkses, all of
the agonisis md amagonises wer: docked imo thelr repeo e
putatiee bindng reglons wsng HisDock prows ol steps 1-4, md
the best five bodn dSirucures for eaxch ligadwas chosen Herdn
we perfomed ilemiive docking: the siruwre with side chaies
rﬂ:mﬂ md minimizsd was s in the genemdon of a new
spher: g1, md the gl ligands wer: redocked 1o this opik-
mized binding srucure by perfoming HisrDock procedurs
seps 1 ThE leraihve HIEDock procedurs opmines the sde
chain conformaton of the reskiues in the hinding slve Ter ligand
binging,

Reeuhs ard Discwesion

H%; 2 shows the ZD sirucure of the human D2 DR prediced by
N MembEruk? S md the predicied binding ste of dopamine
determined by I.HIE_ Hiefack. Durng the umlnﬁpmmdure
1o determing the Hndng sie, only one e was found 1o be
mvorable for binding dopanine and oha agonkas susdied,
Thus, the prediciet bindingsiv: of dopamine ks located in the Lop
third of the 7-TM barrel involving THM domains 2-6. The amino
ackd reddusswiihin 5.5 A of the dopamins binding sie in DR
are shown in Fig. 3. We [ound the [ollowing resddiess o be
asantlal for binding of dopamin: in the man D Fece por.

1. Asp-114 in TM32. The Ttvu::ﬂ group of the aspanate formes
a tight =it bri & A) with the pAmary aminc al
ﬂl:\lpql.hmlne.'l'hl;q.n:lgut u]-:m:am g-rer :|irrr|-: hurrBBh:gH.'l,
as well @ In all human biogenlc amine re Mutaion
sdies have implicatzd thisresdue in the dirscibinding of the
dopamine o DIDE (311
. Ber-192 md Ser-197 in TRS Thess resdldues rgﬂ?m-hmu
10 the metahpdrony] (27 Aj and parahydroxyl (27 &) groups,
respectively, of (he catechiol Ang of dopamine, playing an
ezserial rok: i recognizing dopamine These (wo residues
areconserved over all five luman DRs and have hazn shown
10 be invotved In direct binding of lgand through muiaion
Adies (31). Ser-19<£ & ako conserved over all [ human
DRs, and muiation sies indicate that it is involved in
hinding of the Igand. In olF SITLEIIFE, Ser-158 uh#rcq:n-
bonded 10 the backhone niiragen of reskiue 192 rather than
amine. However, Ser-198 might serve a5 @ aliermie
521-193 In hydrogen bonding 1o the metahydroey] group of
thecatechol for thesightly modifled sruciure of the rece por
that might resul rom adivailon

[ =]
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Fig & Fredicissd birding ks of dopamine phown in ip

3, Phe-L10, Mei-117, Cys- 112 (TM3), Phe-164 THE), Phe-128,
Val-190 (THS), Trp38s, Phe-200, and His-394 (TH&) fom
1 mlymru ohic pocket for in. W [ind Trp-286
and Phe thi oo seryiad FF motl on This 1o b
within the 435-A binding pockel, b Fhe-389 Is 7.2 A away

Irom dofamine.

Thus, the predicied hinding site (imvolving TM domalns 3

Iz In excallznt agreement with the Feddus delermined axperi-
menially 1o be invobved in binding (21-3 1 This providesa good
valdation of the predicied siruwre for DIDOR and of he
predicied binding site of dopamine. We ako carried out [l
Hier Dok predictions [or the bindng siies of Lheee other nosn

niEs apomorphine, Th diproplaninoietmin, and
%mﬂplﬁnanrgmrmnuﬂﬂmﬁ;rguu sies. In parti-
ular, all dopamine agonkas bind tghily 1o both Ser-193 and

Dhepaiiin:

Fhalla i}

Pl B 1l
Wil 199 5 P

Eep il 8
Sapldldd | M

Sorlid (5
ST i
S i
Fig #. PRaaidusa within 554 af the o epearm ire b rechi reg o itk haman
doparire D3 Thes rasr in mrw e TH bl b

TH bak

” Bopr1 14 sl fhes privaany
arvins groupindepar ine b 26 A Sa-150 on THE makes s 27-A hpdregen

beared with e matabnpdroo ared Sae-197 ek 3 2.7-A hpdresgen
b red b the parsbwydeas] 3mi.pmn-plr [ 28

AN | wesprosongioglidol KL T proa (0reT

inike ef huran doparine D2 reoepiorn

Ser-157 In TMS in sdditlon 1o Asp-114 in TM2 |51 & In
dopamine. Thess predicied ruciures can be [rther rsied by
st muiadon of some of the addicional reddoes we have
ideniified in the aciive sie

To lunhervalidie the predicied st for DX0R, we used
the HigrDock procedire 1o predia the binding confomation
and the hinding energy [or seven welksidied anisgonigs. We
Tound o clesses of aniagoniss.

Chiss | amagonks jexempliied by clompine) oooupy the
region between TH3, THIS, TS, and T ithe agonia binding
pockt), This, dtapine makes (112 2a-Asii bridge ip Asp-114
(TR i) @ hydrogen bond 1 S2r-193 (TR (3.2 A) bt oot
10 Sar- 104 or Ser-15; (51 hetzroaom nteraciions with Trp-285
(THE) (2.1 A and (&) a mosly hydrophobic pocker shown in
Ag. 4 [ormed by Val27 and Trp-90 (TR Z), Phe-110, Lew-113,
Val 115, Met- 117, and Cps- 112 (T3, Phe-154 (TM4), Phe- 138,
Val-190, Ser-104, and Sar-197 (TMS), Phe-32 Trp-385, Fhe
30, and Phe300 (TMs), and Thr-412, Trp-413, Tyr-41s, md
Ber-£19 (THT}

Clakapine Pl ii3)
haglld (M Wallll ik
Sl 107 1 53
CyslIEL

Pl e 1

ThrdlI47i
Drr8li g

Yl ¥ 5
o LU
Borl R4l
Serl%T a5

Rg.4 Baaid i within 5.5 & of ¢ brapd re b ured i b an DGDE.
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Fig 5. Rmidsawiihin &5 Bl Fisl eparid ed band e haran D20R.

Ches 1l aniagonkss, exempilist by hopeddol, sooupy the
reglonbstwesn T2, T3, ThS, and THT, with minimal consns
o ThiE and TMS Thie, flopzddol mokes |x a2 5-A =it bridge
e} 114 Lj;iajah bomd (22 A 0o BEr-197 7T
(!-.mbu. Wm]!'&:qllm %Eﬂm;(i%mﬁmlrﬁ:uﬁ
with M) 3122 Aand T (T2 | 30 A mnd &
a ";:I;'ﬁfr k& pockel (3 n'ln Fig. 5} pmﬂueu'b:::'
Yalay, Val-ol, md Leu-0s [TM2L Phe-110, Lew-113, Vall15
Ral-117, and Cys-112 (T, Tep-ls0 and Phe-164 (T4} Phe-
130, Yal 170, md Yalk19% (TS), Tp 285, Phe -2, Phe-290, and
Hi-203 (TH&), and Ser-208, Thr412 Trp<13, Tyr-£16, and Val-
17 (TH L Cnherdass 1 anagonkzs w kh very similar binding shes
Incluide spiperone and sulpieide. Intereingly, many ks 11 anig-
onkas e been shown Loor o eqct with other aminergc rece pors
and otherdmes A CPCRE In same OPCRs, OCR1 [orexample, the
oo vesd T3 E d with a langer-chain G, From
digan rm:ln:ﬁu :m mrdda:urﬁs I oppears that a
II:II'P:rIIrI:EI' alipd chain in the ligand I'q:vl.IHPI.m the proaaied
amino group of the §gand doser 1o the THZ and , md this
walld alevine binding 1o thos: GPCRS wih o conservsd Asp in
this puonon T3, However, this inngeraliod chain Bgand woukd
bind hetier and be speilic 1o OPCRs with Glu in this posion.

T he reskdues we [ound 1o be important for binding, of agonkss
and aniagonids are comsdstent with all avalloble daa Irom
A=l cpaeine: aocesiblily method, mdiclabeing and
mulakon expeAments (31 on these recepuors. All seven anisg-
onbss make a tight contac i Aspe112 0 TR, bt pone foemes
Arong coniac s 10 both Ser resdues inTHS, In contre wih o
ctezrvation thatal agonises have sirong coupling Lo Asp in TR
and both Ser inTME This nrn1|rq_nrf;fsutﬁurueimgguuplrg
between TM2 and TMS k eemial for dopamine s -
Lion jronskent with experimens showing that hydrogen bonds
1o both comserved sednes of TMS ore essenial for dopamine
aclivation) (31-38) The predicisd sruciurs for anagonis
lead 1o a weakening of the |:\\:v|.||:llrF, bziwezn T2 and TS and
{pariculady for dis 11 anisgoni=s) prevelt motion bemeen
T3 and THE

Baszd on the aierl that a |l eidge 0 TM2 md wo
mragen bond coniaces 10 THS are both essanual Tor acivation,

reisLhe sl bridge and one hydrogen bond are: imponant for

amagoniss, we can cavzgonze all ligands as agonkts and anisg-
mufnnu aiieria n;egcn} pradE the n?ﬁfu of all igands
gudied here. Recently, an agonist in the dipropylaminoiemin
srles (30 has been reponed with no hydroxyl group,. This
Tinding may indicate 3 mor: complicated eriterion Tor agonkss
and will b= mudied lacer.

Fig. & shows the miulasd Hnding energles jrdative 1o
dopaming, for the nine ligandswith expeAmenial dissodation
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the D2rscepion. Hers, amors poatiive srengy | raiosd sy dron ger b reli rg, He
gy, dynar-

] q ke F

K, o sirepsy.

cofstanis, It s ckar [rom Fig 6 that the experimental dissock
atkon consian varks oeerseveral of dersof mogniide for a given
ligand. How ever, we ound that the cakulaed Wnding energles
always fall within the range of experimental binding corsians,
Taking Ine N acoount, the besm correlidon fooor
cakulaed s 0,92, wikhbromocriptine as an outlier o this 0. This
gocdd correltinn provldes addiioml valkiation Tor the predicied
aruciur: and uncion

In summary, the prediced [rsiprindpls arocre of DR
leads 10 correct prediclions of the cAtoml reddues Tor binding
dopamine and several mg&unm (s Idemifed by muiation
gudies) and gives relaive Hnding afinides tha conda: Tarly
wall wihih expeimems. It shoukd be poted that, given ihe
approximaiicns in the cakulaed binding energks, one can
diginguish a very good binder Inom a very weak binder bul
camol disinguish IE:HI with similar hinding aMnides. We
fourd that the predined binding sie of dopamine and cther
mgonks i oonied beveen TM haloes3, 4, 5 and 6 but that the
:r-:-nrn. binding aniasgonkEsbind 1o a st invotving T hdioes
2,3,4,8,amnd 7, with minimal conm@mas o TMS3. We ldenily the
charanerkic differences baween the bnding skes of agonks
and aniagonkes, becais: agoniEs imeolve tght lnding baween
helices ¥ and 5 wheress aniagonias iovoke Ugh Mnding of
ligand between TH hadices 3 md 6.

The validation of the predictions for 02 sllrE::rr}Irg ol
similar studies vo predict the srucures and ligand binding 1o the
ociher four human DRs, We hope Chat this study will provide a
basks for designing sgonkes and animgonisis skiive 1o binding
toust one of the v DR subtypes, which could be of iremen-
dolsvalue in ireating dopamine-rebisd disseses while minimiz-
Ing, side eMacis,

"L, T. B S, P O fee Mol 8 e I, ok iabuin,
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Appendix I1: Predicted 3-D Structure for Human 32
Adrenergic Receptor and the Binding Site for Agonists and

Antagonists



PINAS _PNAS PNAS PNAS _PNAS _PNAS PN A

Predicted 3D structure for the human 2 adrenergic
receptor and its binding site for agonists

and antagonists

Patar L. Frackdoline, M. Yashar 5. Kalanl, Hagarajan Valdehl, "Waly B. Florlans, Sparecar E. Hall, Rans ). Trabanire,

Wichor Wal Tak Mam, ared Willam &, Goddard 111+
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Contributa=] by "Wl Ram A God card B, Jen sy =, 2300

'Wa rapor the 30 Scur of hunian 522 sdrenengc Rcapior (R
me b Lesinig this Mam bE Uk Pies princples mathicd. Towalkats
hies STRUCIURG, "W Usa e Hik Dok principles method o precict
thea g and-breding dies forepiniepheine and nompinephinng and Tor
alghtother lganc Induding sgonists and antagonks © B2 AR and
liganiads: niot o s fesed 10 bind 0 B28 R The bincineg ke agres wal
i ih acalable mutigeneds dat, and tha celoulated ralaea blrding
nrurg:Lcumhu muru wilth meceursd I:-ln-:llﬁ affinltke. n
Fas] i findd chiaractartddc cfarenies In the pred it binding
shies of kmown sqonbts and ancagonias that alos & o ks tha
Ikl acthlty of crtteer Bgands. The peed ki ligand b nding proper-
the validate the method: Bl 1o ct the 30 stucture and
funicticn. This valklation B & 5 Hap DA Appking thess
provecure o predict the 30 souciurs and functlon of the of e
n hit subiypss of AR, which shoull enable the davdo af
il amtagonisi: and agonbs with red ued dia offacis

The adrenergc rozplors (ARS) am the dis of G poein
ooupled receplors (GPCR ) reporsible for mediaing the e
(4] unh:-:mmuhm‘nﬁ epinephring ind norepinephrine Thers
are currenily ning known human ARs, mnkioned nio thee:
subdassess ol jthree subiypes locaosd in vasoular smocth musde,
thie digesaive traa, lver, and poessprespuoally in the CHE ) 2 §thes
subaypes located pee-and pestsrrapiically inthe CHE, and in awids
varizty of per:glheru sy and 8 qthres subppes locaed
primarly in candise, vascular, and adiposs tksues, respacirayl.
The membezrs of this rcepior clee mediae 3 wide warkty of
physlokogicl s ncluding viessdilawon and vascon e k-
won, hean rae modulaton, reguladon of lipokpss, and bicod
doning. These divers: and imponan funcions maks the adren-
Ergic 4 tem amaceuial 1a b amEmpis 1o
u'?.a.e ellenrve lnu:';u?lgldﬂg aing on :E'ﬂ' rﬂxptmm
been sl owed down by the bekol a 30D@Arwaure Brony GRCR other
than the bovine pholorse por hodopsan. The T of this pipe
Is the SYAR, which ks gl by Ist therapy in the Creaiment
ol @hma. Unfonumaiey, 82 agonkas ako exhibin cross aokb iy
wlth the cther ARs, cusing slde oMoz such o ineresed hear
rane and Moo presuns | 1), Theee-dimeedoml mods of the ARs
woukd be exiremely wseful in che dedpn of subtypespecific
phammicsulical compounds In addiion, the ARS hove besn
thoroughly sisdied expzimenally =0 tha there ar: ample daia
for vafdaiing the smour praficwons, which may in tum
provelde improved underg anding, for the superfimily of GPCRE,
We repon hers the predicied A0 rwrurs of 824 1, which we
usi o predio demilzd binding sles of agonise and aniagoniss
1o AZAR. This s an excellznn case Brvalidaron becauss thers
Is @ wealth of experimznial dua on lgand-binding == and
muiational amalysis with which 10 compare our resulis (2, 2.
Wiz use the MembSiruk compuiaioml method Lo predia the
alomic levd riary siruciure of GPORS wEng only the primary
sequence, and we e the HisrDock method o predia che
binding sl and binding energy of ligands binding vo the procein
£, 5). Theme methods ave been walidarsd for bovine thodopsin
(5 &) whens the predios d binding s i n gond agrszment with

ITE-ITIT | PHAS | Hechd B6d | owel 100 | o9

the expedmental resulis. In addilon, reoent reile for human
D2 dopaming receplor (mpublehed daa) lead o prediosd
bBinding =ie and @nergles for dopamineg and D7 agon s and
animggonkas chat ane in pood agreement with expermental dac.

Matariak: and Mathsk

Structure FredicHon of GPCRs: The HombStrue Mathod. The Memb-
Aruk meihod [::m:-n 15} I'ur rediciing, the aruciure of tRons-
membrneE prok n:h:\rmﬂme owing e 5, &L Al e gy and
Force evaluations use the DEEIDTHRG Torce Mdd, CHARRMZ
i 7] charges Tor the prowdn, and QM changes or the g e
Toanrmemboass (TM) predldian (TMIsr 5L Flea, we predict the sewen
TH domaire by using hydropathicily anak=® combinsd with
imformackon from sequence allgmmens, The exiamn ol @ch Th
reglon /= predicisd by using ssquence aligpnmenis of L& mpul
lﬂ:rl:ﬂ having ssquence Kenives ranging rom 0% 1o over
Then, we l:Hﬂ.IIHIE the meerage Wpdrophobicly kr every
resldie poshion over all thess ssquences in the muhiple se-
quence algnment while averagng over a window =z 12 10 20
resldies. The bazding for (s prafils s:rves o che theeshold
value Tor deerminig the T rgiore
Ezshlan Hfmantyn s ech T reglon, we Idenu'fy
lipld-socemsible residues from che ssquence algnmens (les
oonseresd resldues) and from ambgsis of the hydrophobioly
mexima in the ssquence. This pedtion of magmum hydrophin-
By s sl 1o eima e the ranive tramedaloml odemacion of
the halfces, W wss the Elsenberg scale Tor pdrophaobiciny (81
o B helh bundfe aa aptmimtlan of the Laarhtta !
arlaniaitan of the Raloal T he helical mes are orinisd aocopding 1o
the 754 deciron density map of frog, rhm:lul:dn (L The (il
relatlve tramslatonal odenamon of 2ach helix & opimized on
placing o the same o plane all afche hydrophobik cenees
obiainsd [rom mep 2
tha & halal bands and ks We corsrucl canonkcal
helices for the predicosd TH sspmens and optimize the siewe-
tures of the individual helices using energy minimization fol
lowed by la|m wrsoml Hewion-Euler imvers: miass operaior
mithod | HEIMOY dy namics (10, 11) for 500 ps. This proce dun:
opiimizes che bends and lnks in each har
Male Lyl aptnlmba of srtaaa! sdes i oF B beloar The
mitial rommtiomal orizn@ifn of each helix (atu.u 14 i:h] s
detemminad by =euing the diraabon of the na ﬁ
moment of the middls oneLhind of @ach hdrx [abmu'l.'l ydro-
phobk cener). Beoe: mokoulir dynamis & ool lkdy o
surmouni the barders thar migh sepa mie one good rolailoml
=ate from anather, we carry oul 3 spsiemake search in which
cach helix ks rodared |hrq:-ug1 1 gad ol raloml anges, for sach
valus ol which the other siv helloes ars opumizsd sspenially.

Mobreganc AL =2 1 ™,

basrac CFAE et i alphy st
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This sampding allows the spsiem (o surmount raawona @nergy
b iz 1o nn'qlﬂe wanous pesdhl: rotadonal minima for esch
hekx This miatlonal op tlanls carmad out for each helixin
tum {over the mme gad) umil thees 15 no longer a change.
Dpbwimtha of B asembled balba! bade Wi 3 r;,-u'
aneksamast The opimized helie bundle ks urthersqulibaed by
Immerang the proein imo a lUpid bilyer and periorming rigld
body molecular dynamics (12 13). The hellx bundle surrounded
a lipid hilayer was opimized by using r bu% dynamics.
Hup Hdlgp . "I::e cm:lr‘u:. thiz ull GI&HI?: b!;,-“ad.d.lrg
Interhelical loopes and diulfde bridges o the hdix bundle sing
wWHANF (141 In A2AR, the second Inmcellular loop (60 reskdues
bawesn and Thda was iruncasd by 13 pslduesin the middl
al the kop jregdues 240-264) hecaws much kg |oops ar quis
[lembilz, kading 10 8 mulupliaty of conformaions wih simalar
energles, Boomus: chit delaron s In the middle of 3 S0-residue koop
region and becawss this loop i on the inRcdlobr sde, hess
changesshould have Hule ko on the srocre of the T rglon
Curmrenily, we omil modeling the lrrl'rn:-an-:l.uftm‘{l terminl reghodes,
O talma b o Dhs P! wensel. We optimize the fimal siruciine by
using conjugate gredient minimizaldon of all @ome in che
struciure but with lipid ifeed.
Vallfatha § meches Par bawlng sragepda The only GPCR
with an expedmental 30 orymal S e i bovine hodopsin
?5. 151, making this the bem siruciure for validalng Rdemb-
truk. Trabaning e ad (&) showsd char the TH rglons of the
ElembSiruk-pratiaed siruciures [or rhodopsin agess with Che
crysal S e Lo 285 ACHME i rmedevlacion inalpha carbon
m-ufulrulughrarall ol the main chain aome This good agree-
mint with the crpsal siruce: indivales that the MembSuk
procedur: predices che helical regions remonably well, withou
using any knowledge of the ory=al sirucre

Fuscional Pradiction of GRIRE The HierDock Protacol. The Hizr-
Diock ligand-screzning provccal fodlows @ hierrchical sirac: gy
for examining lgandbinding conformations and caloulaving
their Wnding energies. The seps are a5 Blovs,
Somakg. We carry oul 4 coars: grmin docking procedure 1o
generile a s of conformackons for ligand binding (o Che
Fecepiar, Here, we use DoCK 40 (L7) 10 genemie and sooane 1,00
oonfiguratlons, of which 10% wens sdecied by using a burksd
surfmce: area culoll of 25% and by using @nergy =ooing [rom
Dk 4, for funher andyss.

shuattsn. The 100 hest conformations ssleed Tor each
ligand fram siep 1 are subpsced o allsaom minimizackon,
kesping the proven [ixed burthe ligand movable. The solvanon
aleach ol chess 100 minimics d sirucureswas cabkoubaes d by using
the analyical volume gensralizsd bom (AVGE) comimum
sabation method (12). The I:-Inulrﬁlenergu [E.a were caku-
laisd by weng BE = [FE {lgand in solveni) — PE {ligand In
proten]] where FE s the potemilal @nergy. Then, the 10 2roe-
tures beed both on hlrﬂ.h&:m@lu and bufed surbice areas
wens ssleied Irom thes: 100 aruciures [or che next aep.
Camptan mlanatha. We oplimize the sructure of the receplor)
ligand complex alowing the s of the proein o aocom-
modie the ligand. This relimtion @ essmilal w idenily che
opimumconformaions for thecomplex. The all-aiom receplory
ligand energy minimizaion wis periomsd on the 10 arocmres
[rom the previows mep. Using thess Irsd Bmoures, we
cakulne the binding energy & che difzeence bawsen the
energy of th: lgand inthe prozin and the energy of the ligand
In water, The ener_g;Flﬂ the ligand in waver s caloulaied by uslrﬂ_
DREIDING force Nekd and the analyica volum: genemliz:
bam (A GHE) comimum sobacion methed (1E).
Sige-chals agtinimtien. We selea, romehe 10 stucunes from Che
previous step, the one with the magmum number of ydrogen
bands bziwesn Vgand and peoten. For this seao e, we e Che
SREAM sdechain ephcemEn program o ressign all side.

Frasddoline ot s

chain Folamers for the reskiuswithin 4 A inthe binding pocket
[scnriu e o ddechaln roamer "hmE?EIiME rlamerswith
a4 Li-A resoludon with the dl-aom DEEIDMNG @ney unc-
tion 1o evalua che energy for the ligand—probsin complex]
Smaalyg te et respiar far bialig sles To locaie the bnding
slve,we moan the envire proten for pocenial binding regions. The
amire mokcular sufsce of (he prediasd arecwre of QAR &
mapped, md spheres rprsening the smply volume of the psoepe
LoF e genenlsd by g the min Lhe Doy 4o sl
of progrime. The anuee s ol recepior sphe e (s divided ino s
overdapping reglons, and epinephring s used 1o scan for a
putaiye binding we. This e pas fecareisd our by perlorming
only the firg 2 geps of the HisrDook protooo] desribed above,
e lemifiaten of Bhaliy O 300 bladleg anegy T a8 Maadr Tnihe
socond wethen mks a 10 = 10 = 1A aibe surrcunding
the puiaiive Wnding she and perform all of the sieps of the
HigrDock protoocd & deseabesd aboes Torall ligands in the sy,
Vallfatlan far Pnctlen peediilen pesdscal The HisrDook proiocol
hi besn walidasd by using i oo predia the binding = Tor
aminoacyl -FRA syntheass (19, @ 37 other oo-crymals
of giobular proteins 21, 2. We = valldad HierDock Tor
binding ala ligand toa GPCR by docking 11-ch-retinal o bovine
thidopein (5, &), The CRME berwesn aymaal siruciurs and Che
docked siruciure for ch-raiml B 06 A, which 5 emcelizn
n:-n!ﬂcrquilrm no informawon of the blnﬂ::lF_!lewI:ammﬂd.
W have dlso umsd HigrDock o predict binding o slfaciory
roEpnrs and oo ocher GPORS (4, 5.

Rasults

Presdkcied Structera of Human S2AR. Cur predicied 824 R sirucns
shows the same genenal wopology = bovine thodopsin. There ar:
kinks at the conzerved prodines of TMZ and TMS and minor
bends in seveml other helices The overall S1AR siruciure
deviaies [rom thostopsin by 396 A coondinate ms in the alpha
carbons (CRMS, ) ol the T region (2,49 A CRME, over the
aniie: smcue) We siespect thal this 30 s represnis
the Imacive siate of the recepor bevaws: It sseme 1o predicl
binding of agonim and amagonia squally well.

Predkcied Birding Hta of Eplesphrise In g 28R, From the HizrDock
prowocal descrbied above, the predicied binding sie ol @pinsph-
Ane Is shown in Fig, 1 where epnephrein 15 me=mbked berwssn
T, & 5, and & ax shown in the op view (Fi. 18, This Tigure
aleo shows the deiall of the 5.0-4 binding site of epnephring,
which suggess thar the following reskiues are okl in Wnding
the epinsphine
Sep- 11 3{THEL Asp-113 forms a salibeldge with the amine (2.5 &)
of epinephine and scoepis a ydmgen bond fram che alkpl OH
Elrmp E.l:l AL The Asp ai this position s conserved acres all
ngenk amine mozplors (whose mdogenous ligands all includs
a similar amine j, and numesrous binding = udies have shown than
this r=idue nzmazwith the amine in epnesphine (), walidai-
ing our prediced binding she The =swond oxppgen of the
carbomylie of Asp-113 & 3.2 A from the amine, making the
imzmaron with this part of the S'de cham much weaker.
Spr 263, 3o, and DT (TMSL W e Iind thaall three sernes [orm a
hydrogen-bonding nerwork with the rwocachal OH groups of
epinephing & shown in I The Tour hydrogen bond dis-
Lances are 3.1 A (Ser-203-meta o) L0 A (Ser2id-mea OH ),
A0 A S-203parm OH), md 3.1 r- 207 para OH. Dealled
muiational Budie have shown than S2e-204 inerce speafically
with th: meta hydromyl wheres S2p-207 (nemas speafically
wiLh the par raxyl {Z), validating cur predioned Wnding she
In addifon, @ recenl |udy indicaes tha S=e-207 (previousy
I.I'IDI.I?I'I. ol 10 be imoolved in binding) r:aulle Imporiam o
agonlst Wnding, intzraceing with the mem OH of epinephrine
{23, Owr resule indicae: thar See-202 inierces with both the
mizia and para OH groups 1o form the ekegant hydrogen - onding
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Fig 1. Fhe-angriror pradicisd I'spinsf Iriths pradicad

Tor @ 2AFL mrire sk k T e ol s b 40 e
e (8 e cnly o bde chislre are shown in D). Fr cdsin medsl fgursn
g raied by ual reg rveecs sorbecars T

nemork shown in Fig 2. The Ser203-maa OH Inersilon i
oonserved acros all agoni=s in our sudy whensas the Ssp. 200
pam OH ineracaion was nod, indicaling thar the mea imezrmeuon
Is probably funciomally imporiant whereas the nework includ-
Ing the n OH w nod b wiial 1o agonia recogniilon. This
oondus hmuialan d1a indicaung cha binding of
phm:ﬂ-:phrln-: (zpinzphrine withour the para OH) (= no sub-
sl.:nlllII:. alfetd by muiaon of Bar-200 (233
#rn 283 {THSL This rsrdue donates a hydrogen bond r.u:uk. 0]
the aliyl CH of epinephring, which (s ok coupled oo Asp-112,
Recenly, point mixa .:Inu-:luh}mlr. . [24) showed that
.ﬂ.md':lj ks imporian for bWnding, and it has bezn Sp-bcul.:lltd 0]
ecgnire the .:I? O'H ol epinephine { 24). A deialed pieirs
c-r the konic and fiydrogen ond inemeiions berween Agp-113,
Amn-203, mnd the Iigand s shown (n Fig, 28,
Ma-16E FMA] This residue prowides 3 ydmphobe inpemewan
with the M-mayd group af @pinephrine. I is smblished exper-
Imentally that tph-aphrln-: hinds more sirongly 10 A2A4R than
norepinephane, and this meihyl group B the only diffeeno:
beween thes owo liginds Ths, It k= pliosible chan 1e-1509 1
respomelbl: Tor (his sflakiy
Val- 387 (T3] anEike- 200 (THISL Thess resddues proveide hydopho-
bk Imiersciions (faenmbk van der Wadls Interacilons) with the
ring ol epinephane. Fhe-200 ks ina yd rophobic region that also
Includes Phe-282 and Trp-2185, collen I'ld:. tzrmed the WXKFF
molll. This mouT Is coreervesd theoughour the blogenk: amine
recEplors (245 In our smaure, only Phe 10 s:eme o b
dirzcly imrobved in binding the lgand, bar the ocher owo redus
may ac o postion it property whike concdbuling vo the hydro-
phobfoly of this region of the bnding pocke.

Bindny St of Othor Ligards. Prediosd Wnding shies ofall ather
ligani®: in the sidy ar: shown in Fig 7 (which Is published as

ITE | e proong ool doy! WL 10T pam BETEL 10

Fig. & bored I thee pr o o
-I-FI'I-PI‘I‘hI i Frrani @ 25K (&5 The h]lta?n-mdld nEfwork Tormad be-

oyl greupn withi sl ih ghly TS e rem
{30, 5304, wred 50T (BT h v beoraed 3 ths Highly
m}nﬂ-dTHllplﬂt:ledhmimHﬂhgln-hl.'r]uqllhl-lpd.

supponing informatlon on the PHAS web siie). The pradiazd
binding sie of each ligand (5 desceibesd bxlow; the sirucres of
hes=s ligands are shown in Fig. 2.

Rekne g the Mg el The predioed binding sie s broadly
smilar 1o that of epinephring, with two excepuons. k-1
impzras with the Ang of norpinephane because ther: B no
Memethy 1_%In:nu pin norepineph Ane; this change allows the cal of
narepin:pheing o hove o "ighily diTferem shaps: than in 2pi
nephAne Addiionally, in Wnding 1o norepinephrine, Aspel13
inpzrmasonly with the amine group noewith the pdroey] group
in the alicyl chain of norepinephrine), bul both coygens -:-nlI
carbomy bt of Asp-112 ars smngly Imeabeed .dm lnnrl: ar e
and 12 A). Fig. £ compares Che binding confommations of
-tplntphﬂn-: and norépinzphAng along with the locacion of

1 I e 1L o s
|..ﬂ..'.,\ I.-' = Ll
A
Lo [EIT LETLIETE e Uhigiadilar [P TS LRTHTEY
g F i T
A& i . TH A
| i L,
(YT e o | Mleinpralod Femrpmaplrine
L. "
o :'"_'\"'" 11 A L)
L ~+a _ L
Prigralsl ol i vl Namsiteral

Ag i Zinxciure of ol llgereh docked o ke @ 28R inthinaiody,
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Fig 4 Comparison of the predicked birding i of spinephrine iHus) snd
i A2AR. Epig i Pl
FireH ik vy CTamkdneg o vwosah < ondar L

Ser-20d, Wi mee chat epinephrine haes o sirenger imeraccion with
thisserne than norepinephrne, b g counierd codovis: mianon
of helix 5 by =207 could improws the imeracion with bath
ligands, Tt is posside that our prediced arucire assmall emors
In raatkional odencation of the helices, ortha this parential for
rotation I idicackee of domain-erd mosements thar ooour
during activation, s will be dieusssd below.

ey fesan ] (B apastdl All ineraccions found i the bind-
Ing of epinephrne are ako found in the Wnding =S o
Isoproizrenal However, lsoproternol has 3 liger alkyl groo
LI'BPrI epneph Hne.'lmh:hIlﬁmlsmhld.dllmnl?eﬂd.ur{larmg
Trp-10F2 has a direct iydrophobic inpemorion with this 1sopropyl
(Al wheress Tie-160 s eme o imeria mone sireagly. Addhion-
ally, Trp-173 (BC2 = eme tocke: overchs popof the Wnding s
1o dmerac with che fmpropyl geoup of soproiernol.

S alatamsl (RIAR- e apa L Salbiamol se2ms o form e
actlones simiar oo thome of @pinephane and feoprocerenal. How-
ever, then: b sullioienn spece in che binding caviy [or che byl
group of salbuamad oo 1 in the same kecatlon as the mehyl of
epinephane, imeracring wih 1le- 169, His-1 72, and Trp-173. The
bulkey hydrophobic iaiks of ches: three lgands causs Chem o bWnd
In o "ighity difkrent conbxmmation than norpinephane and
dopamine, which may coninbue 1o 2AR mibype specificbie md
dizrencesin aMiniry betwesen sdreneiic and dopamine e
Iupm.:.um.l.pg hﬁpﬁ!ﬂ?ﬂﬁ%‘m{fwmm
The pradicsd Wndng she of dopamine ssme broadly similr 1o
tha ol norepinsphAn:, wih o imponan excepi'one. Fe, the
cabschol COVHS of dopaming ss:m i intemct only with See-202 md
Ser-207 (Ser-204 b over 43 A awary L This resul may be due o the
lack of a hpdrogen bond with Asn- 203, which woukd othe ravss pull
the Hgand in the drecion of Ser-204 Sscond, becauss chees i
no alkyl OH, Asn-203 does not intzract with chis par of che
ligand and (nsiead seems o iniemcl weakly with the amine.
Fasgranalsl (gmtiel aabapalell Fropranolol binds In the sime
pocker = the other ligands, but in 3 =submancially differsni
confomacion. kest ponable (5 thar the lgand pdroxd group
[onms a bifurcaved ydmgen bond with Ser-202 and Ser-202, bul
ther feno inemoion with Se-207. Inaddidon, ires=mes tharche
8 of Ber-10% s aleo Imrabeed Ina pdrophobic intemaron with
the backhone and Ang symem of propranpclol. The aming of
proprnciol szems oo fMeemct with Asp-1132 (a5 do the other
ligande), bur her: the aromaic ring spsen of che lgand shis
much clomsr 1w TS, As @ reull the aromaik ring Inlercs
stromgly with Phe-2B2, Phe-200, and Tk-204, The Isopropyl all
SEEME 10 be in the same conformalon o for Eoproenen,
Inperzciing with Trp-10, Tle-169 zsems 10 be imrobsd inoa
hydreophobic interscilan with che alld beckbone of che lgand.

Frashdal ires oot o

Fig.%  Critksl In ik (]

wred spiresph s (B b 3ZAR H ot tht oo re doss n ok conbsct 5267 (6
hm rirong Eord (34 contacil

.4 T r

Evisaamisg (Alrabste aabpakl Buomming bndsin @ confor-
mation almost el o that of proprnokd, with an armaic
sysiem imeracting with TRAE and & ;-buy group on the amine:
thar binds (n eamcily the =ame poslifon @5 the same panion of
sbunamad. Oopgens on bupcommine are imabesd n mgEn-
banding Imeracions with Ser-202 and Ser-204, b thers (5 no
inpErmoion hErwesn buoraming and Ser-207. Although thene (s
no imeracion with Asn-223 inour inhally prediosd srucure,
we find that 3 1807 miaton of the asparigine side chain allows
a srang e don beowsen Lhe aspamgine amine and a meilyl
ather oxygen of bulcammine. This nEmaion improves the
binding ene #2535 bcal /meal. The B ol e
o ma |h?1£rm InERCioE o= Lmﬁm?ha C EII'IS af
sibuiama and Isopraerencd.

Mzinpratal gl ratadle pbgaaldl Maopmlol bind: wothe SIAR
in a conformanon than alloews n= amin: F_raup 1o (nizrc with
Axpe 113, whils allowing a pair of oxygens [nihe ligand 1o iner
with Bzr-203 and Bar-208, A thind oxygen n meoprolal e s
with the aming of Trpe 109 whersae hydrophobie portlons of the
Ifgand herve nrmg Imeracions with Phe-200 and le-189, AL
though meroprolod /s markeed as 3 specilc S1AR blocker, lis
sde ellect profle indicars I coukd have some amagonisie
crosraciivity wih A2AR, as will be disussad bdow.
Namats ool cpdralec i 2wt Alpwels) (B L raledles anlapm L
The predicied binding siies are shown in Fig. 7, but our caku-
laons showed that they do not bind appraciably o 8ZAR.
Hsoussion
DifRmncaingyonistand Avtagonist Bndny 5Hes. O the eightmost
sramgly bound mokoulis in ourcakulacions, some arE known o
ac1 a5 agonis whereas others 301 as miagon s We nd tha
the bindling sl of the mown monsand amagoniEs decibed
abowve show comlsienly differm pamerns in the Wnding ske
Thie, the agonises epdnephrine, norpinephane, slbwamal, and
feoproberenal all fen hydeogen bonids with boch Ser-204 and
SEr-107, and (he an@agodisis thar bind sirongly 1o (he receplar
kxmm hydrogen bonids anly with Ser-202 o Ser-200 and Ser-204
o buommins ), buinever Ser- 207, This dierence beiwesn Lhe
binding arTInq:hrlne and hurcxamin: i shown In Fig 5. Baith
agonise md aniEonise mve a siong bond to the ASp-113 af
T2 Bamed on thes: resulis, we suggest thal an gonksi must
oouplesirongly o TS with bath S2p-204 and Ser-207 while ako
banding 1o T2 through Aspell3. On the other hand, the
anigonkEs neal 1o reoognice the =same sire (10 block che
agonisty b kod 103 mar: Texible coupling of TR and TS
= that they do non mduce the crandtion o the aaivaed s
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Ligand Exparimental | Precicted | grogr | pr1a sx1 | sau | soer | news
e S

A ponis Agoni Ll ol ELil 1# 1BS | 438
Aponis |Agoni P03 LES 5ED 1w, Ao 03 104 104
Agroie (133 |Agani 4| LEL AT LIy, ALK 10 1.48 143
Wik g | Wk Agaiid ST LS LIB LEL 118 182 492 1.8
Antagonid (I} |Anisgoenst 4711 AL i EN] ] LA |
Ao Agank EELET  EIT] LET L1N 418 T T
Anlaponid (BID | Anisgores 1853 1L LEe 3 i ]
Arbigarrd A grenst 1T LE i 4 % A
Antagania (HIY |h='A. ETCET T an 447 % 5
Aponis (B WA t 577 £T1 11 L] L]

Bind 4

Figa |

ared kankl Tor ibe llgarek of Fig. 4 £ 28R (all diiare s wrs beasy siom—twey

mﬁmﬂpnﬂhwigiﬂl:lmlglrurdrg. hl-d-cmthlTHE-crHlilducmdhimmlulﬂmdmﬂ-iﬁmqwﬁlw.ﬂlph

lengtha ard hs
M‘mﬂﬂm“ihpﬂmmle-ﬂmﬁwﬂlh{lsﬁq]lrlmmlnbﬂd.ﬁn: The fyinag

riby wikh ihe o de che

DiFerasca In AgoktBmdleg Sks. Among the agon ks in this
study, we find two sligily difkrent binding conkommatione
Eopeoerendl, silbuamal, md epinephrine (the Smnger igo-
niss fr A2AR) Wndin @ conformatan charallows them o fom
a mrong hpdrogen-bonding nawaork with all thes: of the con-
sepved TS sednes (o shown in Fg. 2. In coniret, the weaker
monke norepinephAne and dopamin: Torm SroNg Coniacs
anly with Ser-202.and Se2r-207, fping rather far from Ser-204. On
the other hand, fr both cases, only o small rocacion of TS
woukl being Ser-204 Imo an @xcellzn hydrophilic miEmcron
with the ligand, whiks also impmowing che pdrogen bond angles
o the other two pesldues, Thes: reuls suggest thar 82AR
aciteaion may be mediaesd by 3 ronmion of TMS 10 opimiz:
hydrogen bonding with agonra ligands, A small counierdock-
wise (as wiewed Tram the emmoelular sde) roacon of TS
woukl gready improve the Imemcions of noepinephring and
dopamin: with Ser-20d (and al= Ser-207 for dopamins). Tt
woukd also improve the inerion of slbaams with Ser207
and Lhat of Isoprmierznol with Ser204, Alth the -
banding Irl.::?n.h:-n: with epinephrin: sﬂeﬂmaprmr;ﬁﬁm
docksd confommanian, i ks doms 1o Ser-202% thar i he 2 minoe
van der Waals dash with the C8 hydrogens of ihis slde chair a
slight rotawon of THMS couldrellew: thischshwhik akoallowing
some improvement in the pdrogen bond angles 1o Ser- 203, The
undertying rend behind chess meEmcions 6 chac ol of the
moniss seem o Wnd with tha'rcaee chol yd moods much dossr
1o the baa carbon poedtion of Ser-202 than thos: of Ser-204 o
Ser-107, even in casss (such as eplnephring) whers hydrogen
bond digances 1o Ser-2d and Ser207 are optimal in chess
siFLCIuRs, This confomadon & pesible bemise the roamens of
Ser-204 mnd Ber-207 are [ully exiended wowand the ligand whenas
tha of B=r-203 /s more pamlkl wih the Ang of the lignd

dicular 1o the bemic plane). This f=ames makes i
preatie ot inieraciors i i

e tlons with all q:-nr:u 1o be impeoved by a
rotation of TMS 1o improve the lydrogen bonding nework that

they formwkh the sednesol TS This TR momcon willi

thi binding 1o lgand with inle or no matlon of the lgand, alkwing
th binding imiERaiore: wih TM? and THMG o be rezd
through this miacion (we beVevs that anchorng (niemaroe with
TR and TRE may b what s the lgnd o Bl ints a dighily
noncpimal confomaon with respss) o TS comaas L

wi posiulak thar al 8 adrensrglc agonias Wnd smmgly o che
thress oonsersed sednes m TRAS and exerl aoivaing elece by
Inducing a roalon of TRAS thar may have broad-reaching elTans
elerwhers in the protsin. In conre, aniagoniss 4o nol [omm

IT80 | e prowong/col dol! KL K7 pRm O RETE] 101

Hior e ik Ter sch

bored Ini

I of FESGH ipps o 180 Trom the ol

this nawork affnimaions wih che TS serne, making them
incapablk: of indudng the conbmaioml changs kEading o
aclivalan.

Recem experimenial sudles indicar: thar aaacion of the
AXAR involves a movement of TRAE relaove o TS and T3
(5], causing disruption of an lonk ook bawsen the cyroplamic
andsol TR and THE (261 Demled imehekcaldinkags audies
ofl the S2AR e shown thar modificalons thar mainian doss
oonaa bawem the cyloplasmic ends of T2 md Thi6 com-
pleErdy hlock recepior aciraton (273 These reulis, combin:d
with Ghanouni's Muorscenos experiments (25), e lsd oo the
oondusion that, on acivation, THé dther maesslghily coun-
epclockowrss {asviewsd rom the extracellular region) of tlis s
mercelular end poward THE T ks possible that o small ro@rion
of THS Is the critical siep in casing the protein 1o tramEnon o
the acchaied sare. ClEady, thelinkage of THS and Ths by Lhe
LL-2 loop must play some key rale in this A recent sy on
baciedahodopan showed tha 3 pocentlalk-besad changs in che
oonfomation of the LL-2 loop mesy be direaly rsponshble for an
ourvard tlung of Thé coourdng @ the ad of the M szgment of
the photooyd e (28], Ahotgh the Linciion of baaz Rorhodopsh
quise diftzrent from thar of the A2ZAR, this sxperiment dlsmaes
thrmanipulating the confomaion of 1L-2 in & seven-TH proien
can cuss a meaningil spahl movemen of THME A dmiar
mechanism may b nvolesd noaaivaion of the S1AR (ad
potEnilally ather GPCRsm wel ), with theagonis-inducsd miaikon
of THS cawsng thee -3 Ia-cr 1o change conformalon, and thus
leading & |rlns|l|.h:-n THE and a Tul transidon o the
activaisd gars. Mors detaled sudawill b required o dasr-
ming the sxs ralonship beawsen these aakagon svais

Bluding Esergles and lnbaractkire of tha Vardous Liganis. Jagiicattss
ar ppalrier abgeald. The amalysis ol ydrogen-bonding contacis
demcabed ahows o desily gn:h I:llhn:-':l.l'ng ligand as %III‘IEF an
agonist o miagon b leads 1o the cled loaw'ons shown In Fg &
This cAeron corracily dassiles all ligands is efther agonlses or
animonias We chsify dopamine o a weak sgonist becaus: i
muakes the appmpriale serns conaos, b b oonEo po 523048 0
quite weak, and thus dopaming may not he as dfecive in
inducing Lhe poibeaing confomationalchangs | described aboee)
& the aiher sgonises in this sy,

e & T pedls el il afecir wEY anps dmanta
dafa The binding energre for all liginds in chis sudy are shown
in FR. & Them psuis are in cualimive agreemen with
cxpedment. Thie, it s kncwn that lsopmierenol @xhibis che

Fracdolies o s
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siranges binding alfinky amang the common s2onises o 82AR
and that epinephrine binds more = than norepinephrine
2, all Inq:grihmml. with our cakula “5'“ W aﬁ?nﬁhmm
silbuiamed (kncown 1o be a S2apecific agonis) binds cuine
stromgly, on parwih otherstrong agonisis forchis receproe. With
umm: excepifon, the resules forche agonitis, and the'r relave

ring, are perlecily In socord wih experimemal affinies
L2, Only fordopamine 15 chere g deviaron bzrwesn our resulis
and the known relaive allin s for S2ZAR. Dopamine & known
1o hind ks sirongly than narepinzphreing, bur we prada i m
bined mare siromgly. Woe do nol hirve an explanaion for this resul
becaus: we Mnd m almea idenilcal binding mosde

W should emphasize that the binding ensies reponed hers
oome from ensrgy minimizaion, corresponding 1o the I:\inulrg
enthalpy at K jgxepd tharws donol inclide zero poinens
The callanons do ndude sskagon efhecs (kassd on
properies of warsr ot 3 K, b they do nol inclide explici
ENROPAC [EATS of (he [EmpeRieE oo sLons i che nhalpy.
Fevenhzles, these rsulis prowide valubl: nkomakon aboun
the acilve sz, Including an Mmzpea acion of diferenc: bErwesn
monise of aniagoniss, and indesd the caloulaesd bnding
ensrgles show o very good correlidon with expzrimenial disso-
aalon consianes, partoula dy when sgoni=s and aniagonisis are
amlyzsd separely. A graph companng our cakoularsd binding,
enzlewith expzrimenial @nergles is Incuded in Fig. 2 (which
Is publishad & supponing Informauon on the PRLAE web siig).

ur resules suggest that both propranaskol and bulsmmine st
= antagonrEs for this receplor. Bulnmming ks known 1o b 3
sdacive anugonis) for S2AR whersas proprandol i an uns-
elcuve 8 amagonis. The other three ligmds considersd here
imeoprokd, alemolol, and zamoleml) were desmed o be
spEaThe for B1AR. O these ligands, we lind that only mioprolol
bindz appraciably 1o A2AR, and, bsrause i do e ol ma with
Ser-207, we epstl mEloprolol 1o 3o = an anigonks. This
inding i'= conskaent wih the slde sl profle for mewoprolal,
which indizatss the cocumenoe of breaching peob s mecons=zni
with A2AR anagonism (20}

Full ama ol the subiype =skscivily of (hess oompounds
[agonias and anisoniseE) muE gwalicomplion ol similar sidles
for S1AR, bur the cument m=ulis ars promidng, both becauss:
sbuamol (a amng sdaikve 52 agonia) wis found 10 b smnghy
acuhe: and becass o 8 ke T oo mpoun ds wers Tound moim bind.
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Appendix III: The Predicted Structure of the Human D,

Dopamine Receptor
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The Predicted Structure of the Human D, Dopamine Receptor
M. Yashar S. Kalani **, Nagarajan Vaidehi® & William A. Goddard III""

* Materials and Process Simulation Center, Beckman Institute, California Institute of Technology,
Pasadena, CA 91125

§ Johns Hopkins University School of Medicine, Baltimore, MD 21205

**To whom correspondence should be addressed (e-mail: wag@wag.caltech.edu)

Results:

We have predicted the structure and binding site of 11 agonists and antagonists
(Shown in Figure 3-1) in D,DR using the methods detailed in the Methods and Materials
section. Figure 3-2 shows the 3D atomic resolution structure of the human D,DR
modeled based on the predicted D, structure using the Membstruk procedure and the
predicted binding site of dopamine determined using the HierDock procedure. We refer
to this predicted structure as D,DR. Using the D,DR structure, we have identified the
agonist and antagonist-binding sites for a library of 11 ligands (Figure 3-1), calculated
their binding energies, and the criteria for agonist and antagonist activation of the
receptor. The antagonists studied in this publication are divided into two classes: 1) class
I antagonists that are bulky and bind in a similar location as agonists, exemplified by
Clozapine, and 2) class II antagonists that consists of two aromatic moieties connected by
a flexible linker chain exemplified by Haloperidol. In this paper we give details of the
residues in the binding site of all the 11 ligands and analyze the similarities and

differences in their binding sites.
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Figure 3-1. 10 agonists and antagonists studied for the human Dopamine D, receptor.
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Figure 3-2. Predicted binding site of Dopamine (shown in sphere) in the predicted
structure of human dopamine D, receptor.

In the preliminary studies, we have validated these methods for bovine rhodopsin,
human B-2 adrenergic receptor, human s1p (sphingolipid) and Ipa (lysophosphatidic acid)
receptors, the human D, dopamine receptor (Kalani 2003), and 10 mouse olfactory
receptors (Vaidehi 2002, Floriano 2000, Floriano 2003, Hall 2003). The results are in
good agreement with available experimental data, indicating a good description of the

binding site and relative binding energies of various ligands.



229

Prediction of the Structure of Human D;DR:

The Membstruk procedure used to predict the structure is detailed in Vaidehi
2002. The homology modeling procedure used to model the structure of the D, receptor
based on the D, (MS) structure is outlined elsewhere. The TM2nDs procedure (Vaidehi
2002, Trabanino 2003) was utilized to identify the transmembrane (TM) spanning regions
based on a hydrophobic analysis of the sequence. A seven helical motif was identified
(below) ranging from 19-29 residues per helix. The highlighted residues represent TM
helices, while the intervening sequences are loop regions. The same transmembrane
predictions were used in the alignment to the human D, structure to perform homology

modeling.

MRTLNTSAMDGTGLVVERDFSVRILTACFLSLLILSTLLGNTLVCAAVIRFRHLRS
KVTNFFVISLAVSDLLVAVLVMPWKAVAEIAGFWPFGSFCNIWVAFDIMCSTASI
LNLCVISVDRYWAISSPFRYERKMTPKAAFILISVAWTLSVLISFIPVQLSWHKAK

PTSPSDGNATSLAETIDNCDSSLSRTYAISSSVISFYIPVAIMIVTYTRIYRIAQKQIR
RIAALERAAVHAKNCQTTTGNGKPVECSQPESSFKMSFKRETKVLKTLSVIMGV

FVCCWLPFFILNCILPFCGSGETQPFCIDSNTFDVEVWEFGWANSSLNPITY AFNADF
RKAFSTLLGCYRLCPATNNAIETVSINNNGAAMFSSHHEPRGSISKECNLVYLIPH

AVGSSEDLKKEEAAGIARPLEKLSPALSVILDYDTDVSLEKIQPITQNGQHPT

Scheme 5-1. Predicted transmembrane regions are highlighted below in the human D,
dopamine receptor. (the N-termini are not completely clear)
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The TM prediction was utilized in building seven canonical a-helices and
optimized using the procedure described in Vaidehi 2002. The helices were bundled in
explicit bilayer of dilaurylphosphatidylcholine lipid molecules to mimic the biological
membrane. The structural factors such as helical bend, helical tilt etc., of the predicted
structure of D,DR (homology) structure compared to the crystal structure of rhodopsin

are summarized in Table 3-1.

™ Helical Plane HPM HPM HPM Fit PlaneCM PlaneCM CM Fit
Helix Bend Tilt Angle Mag. Dist. Angle
1 9.3 40.7 9.3 1.1 -0.8 15.6 0.0 2.7662
2 12.2 37.9 55.8 3.5 -2.9 10.0 36.3 0.5758
3 4.6 123 -36.1 2.0 -0.6 4.5 120.3 2.2851
4 31.5 21.3 133 1.8 24 14.0 116.5 -4.5510
5 10.3 5.7 -68.9 1.4 -0.8 14.8 183 5.4926
6 233 11.1 -166.3 4.3 -5.0 11.5 238.5 2.6714

7 31.9 18.9 -31.3 20 9.7 13.0 295.9 -9.2401
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Centered Comparison Table

™ HPM HPM Helical P. Face
Helix Angle Mag. Bend Deg.
1 61.2 2.2 8.7 251
2 31.9 4.2 5.6 151
3 11.0 2.6 2.0 59
4 8.1 2.8 8.9 244
5 -69.0 4.9 20.8 223
6 -159.7 4.9 18.2 174
7 -44.5 2.1 39.4 145

Table 3-1. Comparison of the D,DR with the crystal structure of bovine rhodopsin.

RMS height of TMR: 31.2

RMS radius of TMR: 12.4

From Table 3-1 it is clear that the helical bends are very different for D,DR
compared to rhodopsin. The volume of the TM barrel for D,DR is 15111.9 A°. There is
one disulfide bond between Cys96 and Cys186 in EC2. Rhodopsin has a volume of

11,807.7 A°. The calculated RMS in the coordinates of the C, atoms of the D,DR
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structure compared to the crystal structure of rhodopsin is 4.78 A and a total residue RMS

of 6.32A (all atoms).

Prediction of the putative binding site for dopamine in D,DR: The Hierdock2.0
procedure (Vaidehi 2002) was utilized to scan all the D,DR models as described in
Materials and Methods section. We discuss the details of the predicted binding site in
D,DR (homology) model for all the 11 ligands studied in this paper to capture the same
binding as those identified in the D, (MS) for comparison reasons and explanations of

receptor specificity in future chapters.

Dopamine: Dopamine is the endogenous ligand of the dopamine receptors. It binds in the
putative agonist binding site located between TM3, 4, 5, and 6. There are two main
contacts that energetically stabilize dopamine in this docked conformation; 1) salt bridge
between the TM3 Asp103 (bidentate, 2.8 A and 2.9 A), and 2) a network of hydrogen
bonds to the TM5 Ser198, Ser199, and Ser202. In our structure Ser198 and Ser202 both
have 3.2 and 3.1 A interactions with the catechol hydroxyls. Ser199 is ~ 5 A away and
the interactions it has with the catechol hydroxyls are too far to be considered hydrogen
bonds, although a rotation of TMS5 will allow Ser199 to form excellent interactions with
the catechol of dopamine. Under no circumstance can all three serines in TMS5 form
hydrogen bonds with reasonable distances and angles; at no time can there be more than
2 hydrogen bonds to the sequence of serines in TMS5. Interaction between Ser198 and
Ser199 may result during steps leading to or resulting from activation. Other residues in

the binding pocket provide mostly hydrophobic packing for the ligand. These residues
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include Trp99, and Ser107 (TM3), Phel156 (TM4), Tyr194, and Alal195 (TMS5), Trp285,
Phe289, and Asn292 (TM6). The first phenylalanine of the conserved WXXFF motif,
Phe288 is slightly greater than 5.5 A away from dopamine. Asn292 in TM6 is providing
a very strong component of the binding energy of dopamine to the receptor. Assuming
Aspl103 forms a bidentate salt bridge, or a salt bridge and a hydrogen bond to the amino
group of dopamine, the interaction with Asn292 fulfils the ability of the amino group to

form favorable interactions with any other residues. It must be noted, however, that the

Trp99 (3)

Asp103 (3)
Ser199 (5)

fonlony
mz (5)  Trp285(6) Ser107 (3)
Dopamine

Figure 3-3. The 5.5 A binding site of dopamine to the human D, dopamine receptor. The
numbers in the brackets indicate the TM helices to which the residues belong to.

presence of Trp99 (3) may be the reason why dopamine exhibits reduced binding to the
D, subtype of the receptor compared to the D, receptor. The presence of the Trp99 (3)
provides Asp103 (3) an alternate hydrogen bond donor, meaning the aspartate will share

its electron density between the protonated amino group and the indole and will not
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interact as efficiently with the primary amino group. Interestingly, I predict that tertiary
amino groups should have enhanced binding to this receptor since the presence of a

single proton will not cause for competition for the aspartate electron density.

7-OH DPAT: The ligand binds in putative agonist binding site located between TM3, 4,
5, and 6. The protonated amino group of 7-OH DPAT is salt bridged to the TM3 Asp103
(2.9 A). The other major polar contacts are to the conserved TMS5 serines 198, 199 and
202. There are two hydrogen bonds, one 3.3 A to Ser198 and 2.9 A to Ser202. The
interaction to Ser199 is ~ 6 A and is too long to be considered a hydrogen bond. The
remainder of the residues in the cavity are mainly hydrophobic residues that provide
stabilization for the aromatic and aliphatic rings of the ligand. The residues in close
hydrophobic contact of the ligands are Trp99, Phel102, Cys106, Ser107 (all in TM3),
Trpl48 (TM4), Tyr194, 11e201 (both in TMS5), Trp285, Phe288, Phe289, Asn292 (all
TM6), Val317, Trp321 (both in TM7) (Figure 3-4) which provide a mainly hydrophobic

pocket.
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Trp99 (3)
Phel02 (3)
) Aspl03 (3)
B Cys106 (3)
l A { Ser107 (3)
Tyr194 (5) @ a2 /.
Ser198 (5) ol &
Ser199 (5) Val317 (7)
11e201 (5) Trp321 (7)
Ser202 (5)

Trp285 (6)
Phe288 (6)
Phe289 (6)
Asn292 (6)

70H DPAT

Figure 3-4. The 5.5 A binding site of 7-OH DPAT to the human D, dopamine receptor.
The numbers in the brackets indicate the TM helices to which the residues belong to.

Apomorphine: The ligand binds in the putative agonist binding site located between
TM3, 4, 5, and 6. The protonated amino group of Apomorphine is salt bridged to the
TM3 Aspl03 (2.9 A). The other major polar contacts are to the conserved TMS5
serines198, 199 and 202. There are as previously two hydrogen bonds to Ser198 (3.8 A)
and Ser202 (3.1 A) both to the lone hydroxyl group on Apomorphine. The contact to
Ser199 is ~ 6 A apart. Other residues form a most hydrophobic pocket around the ligand;
these residues include: Trp99, Phel02, Cys106, Ser107, Ile111 (all TM3), Trp148,

Phel56 (both TM4), Tyr194, 11e201 (TMS5), Trp285, Phe288, Phe289, Asn292 (all TM6),
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Val317 (TM7) (Figure 3-5). Mutational experiments have shown that Phe288Ala and
Phe289Ala mutants show substantial reduction in binding constants for Apomorphine

(Cho et al 1995). This shows that these residues are important in ligand recognition.

Trp148 (4) Trp99 (3)
Phel56 (4) Phel02 (3)
Cys106 (3)
Ser107 (3)
Telll (3)

Tyr194 (5)
Ser198 (5)
Ser199 (5)
11e201 (5)

Ser202 (5)

Val317 (7)

FTNm Trp285 (6)
Phe288 (6)
Phe289 (6)
Asn292 (6)

Apomorphine

Figure 3-5. The 5.5 A binding site of Apomorphine to the human D, dopamine receptor.
The numbers in the brackets indicate the TM helices to which the residues belong to.

Clozapine: Clozapine is a class I antagonist, meaning it binds in the putative agonist
binding site located between TM3, 4, 5, and 6. There is, as always, an amino group salt
bridged to the TM3 Asp103 (2.8 A). As is the case for all antagonists studied, there is a
lone hydrogen bond to the sequence of TM5 serines. Although the hydrogen bond may be
to either Ser198 or Ser202, in our structure, the more reasonable distance and angle are

for the interaction between Ser198 and the heteroatom (3.3 A). There is a third
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interaction, which although cannot be categorized as a hydrogen bond, is energetically
significant; this is a 3.1 A interaction between Trp285 in TM6 and the hydrogen of the
ring in Clozapine. Ser107 is 4.9 A apart from the other nitrogen in the Clozapine ring.
The remainder of the residues provide a mostly hydrophobic pocket for the ligand. There
residues in close proximity of the Clozapine ligand are Trp99, Phe102, Cys106, Ser107
(TM3), Phel56 (TM4), Tyr194, Alal95 (TMS5), Phe281, Phe288, Phe289, Asn292,

(TM6), Val317, Trp321 (TM7) (Figure 3-6).

Trp99 (3)
Phe102 (3
Phel56 (4) ) As;103 ((3))
5\‘ — Cys106 (3)
Y an % Serl07 (3)
Tyr194 (5) ) \ %

Alal95 (5)

Ser198 (5) a— 1
Ser199 (5)
Ser202 (5)

/ o

,; \ Val317 (7)

5 y / Trp321 (7)
% Phe281 (6) |

Trp285 (6)
Phe288 (6)
Phe289 (6)
Asn292 (6)

Clozapine

Figure 3-6. The 5.5 A binding site of Clozapine to the human D, dopamine receptor. The
numbers in the brackets indicate the TM helices to which the residues belong to.

Fenoldopam: Fenoldopam is an agonist, meaning it binds in the putative agonist binding
site located between TM3, 4, 5, and 6. There is a bidentate salt bridge between Asp103
(TM3) with and the amino group with distances of 2.6 and 2.8 A. Ser107 (TM3) is

hydrogen bonded to heteroatom with a length of 3.3 A. The catechol portion is hydrogen
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bonded to the TM5 serine networks of Ser198, Ser199, and Ser202 (TMS5). There is a 3.1
A interaction and a 2.8 A interaction to the catechol by Ser198 and Ser202, respectively.
Ser199 is too far to form a hydrogen bond to the ligand. Interestingly, it is possible for
the phenol group to be pi stacked between Phe288 and Phe289 (TM6) and for its
hydroxyl group to interact via a hydrogen bond with Asn202 (TM6). The remainder of
the residues in the cavity provide a mostly hydrophobic pocket for the drug. These
residues include: Trp99, 1le104, Ile111 (TM3), Trp148 (TM4), Alal95, 1le201 (TM5),

Phe281, Trp285 (TM6), Val317 (TM7) (Figure 3-7).

Alal95 (5) ,// V Trp99 (3)

Serl98 (5) Aspl03 (3)

Ser199 (5) ¢ @W Tle104 (3)

11e201 (5) éf = Gl ser107 )
| e

Ser202 (5) Ilell1 (3)

Trp148 (4)

\ Phe281 (6)

P Trp285 (6)
) Phe288 (6)

Phe289 (6)

Asn292 (6
2920 Fenoldopam

Figure 3-7. The 5.5 A binding site of Fenoldopam to the human D, dopamine receptor.
The numbers in the brackets indicate the TM helices to which the residues belong to.

Haloperidol: The ligand binds in the putative antagonist-binding site located between

TM2, TM3, TM4, TMS5, TM6, and TM7. Class 1I antagonists such as Haloperidol are
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composed of two aromatic domains connected by a linker domain, which has a
protonated amino group. The protonated amino group of Haloperidol is salt bridged to the
TM3 Aspl03 (2.8 A). There are several heteroatom contacts that are typically too weak
to be considered hydrogen bonds. There is a long hydrogen bond between the hydroxyl of
Haloperidol and TM6 Trp285 (4.2 A). Haloperidol and other class II antagonists are
predicted to have low affinities to the D, receptor; and, indeed experimental studies are in
accordance with this prediction. The presence of Phe102 (TM3) blocks the cavity usually
occupied by the linker and the second aromatic domain. The blocking of the cavity
causes the ligand to contort on itself and not fit properly in the cavity. As a result the
interaction with the serine network is absent. The absence of contacts with the serine
network is deemed unimportant for the function of the antagonist, and as a result
haloperidol would continue to function as an antagonist, but it would have significantly
reduced affinity to this receptor. The class I antagonist, apparently, would bind with a
greater affinity to this receptor. Other residues form a mostly hydrophobic pocket around
the ligand; these residues include: Trp80 (2), Lys81 (2), Trp99 (3), Cys106 (3), Ser107
(3), Trp148 (4), Vall152 (4), Phel56 (4), Tyr194 (5), Ser198 (5), Ser199 (5), 1le201 (5),
Ser202 (5), Trp285 (6), Phe288 (6), Phe289 (6), Asn292 (6), Asp314 (7), Val317 (7),

Trp318 (7), Trp321 (7) (Figure 3-8).
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Trp148 (4) Ttp99 (3)
Vall52 (4) Phel02 (3)
Phe156 (4) Cys106 (3)

Trp80 (2)

Tyr194 (5)
Ser198 (5)
Ser199 (5)
11e201 (5)

Ser202 (5)

Asp314 (7)

Val317 (7)
Trp318 (7)
Trp321 (7)
Trp285 (6)
Phe288 (6)
Phe289 (6)
Asn292 (6)
Haloperidol
‘\ p f%//
@ J Phel02 (3)
&
P

Trp321 (7)

N\ !

Figure 3-8. (a) The 5.5 A binding site of Haloperidol to the human D, dopamine
receptor. The numbers in the brackets indicate the TM helices to which the residues
belong to. (b) The binding cavity without the ligand is presented on the left, and the
cavity with the ligand present on the right. The presence of the TM3 Phe102 blocks the
cavity for the class II antagonist to occupy the void between TM2 and TM7.
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Raclopride: Raclopride binds in the class I antagonist-binding site, although it begins to
extend to the TM2, and 7 aromatic micro-domain. The critical contact points are the salt
bridge between TM3 Asp103 and the protonated amino group of the ligand (3.0 A), and
interactions with the TM3 Ser107 (3.9 A) and Ser202 (4.0 A), the latter of which is too
long to be considered a hydrogen bond. Tyr194 in TMS5 forms a hydrogen bond with the
heteroatom on the ligand (3.3 A). The remainder of the residues provide a mainly
hydrophobic pocket for the remainder of the ligand. The residues in close proximity of
the ligand include: Trp99 (3), lle111 (3), Trp148 (4), Val152 (4), Phel156 (4), Ser197 (5),
Ser198 (5), Ser199 (5), Trp285 (6), Phe288 (6), Phe289 (6), Asn292 (6), and Val317 (7)
(Figure 3-9). Raclopride fits nicely into the cavity and does not clash with Phe102 in
TM3. It is predicted that the shorter antagonists, Clozapine and the likes, will have higher

affinity than the class II antagonists to this class of the receptors.
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Trp148 (4)
Vall52 (4)
Phel56 (4)

Trp99 (3)
Aspl03 (3)
Ser107 (3)
Tlel11 (3)

Tyr194 (5)
Ser197 (5)
Ser198 (5)
Ser199 (5)
11e201 (5)

Ser202 (5) Val317 (7)

|\ 7 Trp285 (6)
Y‘A Phe288 (6)
=~ Phe289 (6)
Asn292 (6)

Raclopride

Figure 3-9. The 5.5 A binding site of Raclopride to the human D, dopamine receptor.
The numbers in the brackets indicate the TM helices to which the residues belong to.

SCH-23390: SCH-23390 is a class I antagonist. It forms a salt bridge with the TM3
Asp103 with a distance of 2.9 A. There are two hydrogen bond contacts with the 5"
transmembrane domain. There is a 3.0-A interaction Tyr194 (5) and a 3.4 A interaction
with Ser202 (5). The remainder of the residues create a mostly hydrophobic pocket for
the ligand, with Phe288 (6) and Phe289 (6) forming excellent Van der Waals interactions
with the phenyl substituent of the ligand. Other amino acids in the cavity include: Trp99
(3), Phe102 (3), Ser107 (3), Trp148 (4), Vall52 (4), Phel156 (4), Alal195 (5), Ser198 (5),
Ser199 (5), Trp285 (6), Asn292 (6), Cys293 (6), and Val317 (7) (Figure 3-10). There is
no clash between the ligand and Phel02 (3) since the ligand does not extend into the

domain between TM?2 and TM7.
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Trpl48 (4)
Vall52 (4)
Phel56 (4)

) Q R Tep99 (3)

y 4 R v (l Phe102 (3)

[ e Aspl03(3)

\% } L ¢ 7/7/ Serl07 (3)
e, 2

Tyr194 (5)
Alal95 (5)
Ser198 (5)
Ser199 (5) Val317 (7)
Ser202 (5)
Trp285 (6)
Phe288 (6)
Phe289 (6)
Asn292 (6) SCH-23390
Cys293 (6)

Figure 3-10. The 5.5 A binding site of SCH-23390 to the human D, dopamine receptor.
The numbers in the brackets indicate the TM helices to which the residues belong to.

SKF-38393: SKF-38393 is an agonist. It forms a bidentate salt bridge with Asp103 with
a distance of 2.8 A. There are two hydrogen bonds to Ser198 (3.1 A) and Ser202 (3.5 A).
The phenyl substituent is pi stacked between Phe288 (6) and Phe289 (6). The remainder
of the residues form a pocket around the ligand; these residues include: Trp99 (3), Ser107
(3), Phel56 (4), Tyr194 (5), Alal95 (5), Ser199 (5), 1le201 (5), Trp285 (6), Asn292 (6),

and Cys293 (6) (Figure 3-11).
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Phel56 (4)

Tyr194 (5)
Alal95 (5)
Ser198 (5) \
Ser199 (5) ; . p
11e201 (5) ! /. ’ / 99 &)
Ser202 (5 Y J
€202 O)Q L *"\ Aspl03 (3)
‘%0900 . Ser107 (3)
Trp285 (6)
Phe288 (6)
Phe289 (6)
Asn292 (6)
Cys293 (6) SKF-38393

Figure 3-11. The 5.5 A binding site of SKF-38393 to the human D, dopamine receptor.
The numbers in the brackets indicate the TM helices to which the residues belong to.

Spiperone: Spiperone is a class II antagonist; meaning, it binds with its aromatic
domains to the voids between TM2 & 7 and TM4 & 6, and it forms a salt bridge to TM3
and weak non-ionic interactions to TMS5 and 6. The protonated amino group of the ligand
is salt bridged to the TM3 Asp103 (2.9 A). Since class II antagonists are too large to bind
into the D, class of dopamine receptors, the interaction with the TMS serine network is
not possible. The ligand clashes with Phe102 (3), which blocks the cavity, and as a result,
the heteroatom is not in a position to interact with the serine networks. The remainder of
the residues in the cavity form a mostly hydrophobic pocket for the ligand. The residues
in the cavity include: Leu76 (2), Val77 (2), Trp80 (2), Lys81 (2), Trp99 (3), Val100 (3),

Cys106 (3), Ser107 (3), Trp148 (4), Tyr194 (5), Ser198 (5), Ser199 (5), 11e201 (5),
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Ser202 (5), Trp285 (6), Phe288 (6), Phe289 (6), Asn292 (6), Asp314 (7), Val317 (7),

Trp318 (7), Phe319 (7), Gly320 (7), and Trp321 (7) (Figure 3-12).

Trp99 (3)
Val100 (3)
Phe102 (3)
Cys106 (3)
Trpl48 (4) Ser107 (3)

Leu76 (2)
Val77 (2)
Trp80 (2)
Lys81(2)

Tyr194 (5) '
Ser198 (5) A
Ser199 (5) "
11e201 (5) /}/
Ser202 (5)
Asp314 (7)
» Val317 (7)
: 7R Tmp318 ()
Trp285 (6) <\:_ Phe319 (7)
Phe288 (6) Gly320 (7)
Phe289 (6) Trp321 (7)
Asn292 (6)
Spiperone

Figure 3-12. The 5.5 A binding site of Spiperone to the human D, dopamine receptor.
The numbers in the brackets indicate the TM helices to which the residues belong to.

Sulpiride: Sulpiride is a class I antagonist meaning it binds in the putative agonist
binding site with minimal extension into the TM2, and 7 aromatic micro domain.
Sulpiride has a salt bridge to the TM3 Asp103 (2.8 A). Interestingly, the same aspartate is
also hydrogen bonding to the amide hydrogen of Sulpiride (3.0 A). This interaction is
also found in all the Sulpiride-like ligands. Although the addition of the amide was
introduced to decrease the lipophilicity of these drugs, the addition seems to fair well due

to the interactions it has with the Asp103 in TM3. The sulfonamide portion of the ligand
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interacts well with the sequence of Serines in TMS. There are two hydrogen bonds of 2.8
A and 3.6 A to Ser198 and Ser202, respectively. There is also a hydrogen bond between
Tyr194 (5) and the sulfonamide group; this interaction is 3.3 A long. The strength of
these hydrogen bonds is, however, a different issue. The remainder of the residue provide
a mostly hydrophobic pocket. The residues in close proximity include: Trp99 (3), Phe102
(3), Ser107 (3), Trp148 (4), Vall52 (4), Phel56 (4), Alal95 (5), Ser199 (5), 1le201 (5),

Trp285 (6), Phe288 (6), Phe289 (6), Asn292 (6), Asp314 (7), Val317 (7) (Figure 3-13).

Trp148 (4) Tip99 (3)
Vall52 (4) Phel02 (3)

Phel56 (4) Aspl03 (3)
‘% wsmm 3)
\ ¥ %
/ OV, -
e v O/ Ly,

Tyr194 (5) Asp314.(7)

Alal95 (5)
Serl98 (5) Val317 (7)
Ser199 (5)
11e201 (5)
Ser202 (5)
y 7 Trp285 (6)

Phe288 (6)

Phe289 (6)

Asn292 (6)

Sulpride

Figure 3-13. The 5.5 A binding site of Sulpride to the human D, dopamine receptor. The
numbers in the brackets indicate the TM helices to which the residues belong to.

Comparisons of Binding Site of Agonists vs. Antagonists: Experimental studies have
outlined the binding site for agonists and antagonists. The putative agonist-binding site is

located between TM3, 4, 5, & 6, and some residues in the EC2 loop (assuming this loop
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closes during the process of activation). We have classified antagonists into two
categories: Class I & II. Class I antagonists, such as Clozapine bind in the putative
agonist binding pocket meaning they occupy the void between TM3, 4, 5 and 6. Class 11
antagonists, such as Haloperidol consists of two aromatic domains connected by a linker,
which possess a protonated amino group. These antagonists bind in the cavity between
TM2, 3,4, 5, 6, and 7. There are two aromatic micro domains (pictures of aromatic micro
domains goes here). The first aromatic micro-domain is located in TM4 and TM6, which
is composed of the very symmetric Trp148 (4), Phel156 (4), Trp285 (6), Phe288 (6), and
Phe289 (6). This aromatic micro-domain stabilizes one of the aromatic rings of the class
IT antagonists. TM3 provides the salt bridge to TM3 Asp103, which stabilizes the ligand
in place. TMS provides weak interactions with heteroatom functionalities such as
halogens on the rings of class II antagonists. These interactions are weak but important in
recognition of the correct aromatic domain for docking into the cavity. The second
aromatic micro-domain composed of Trp90 (2), Trp318 (7), and Trp321 (7) stabilize the
second aromatic ring group of the class II antagonists. It must be noted, however, that due
to the presence of Phel02 (3) which blocks the cavity and does not allow for the longer
ligands in class II to access the second aromatic micro-domain. Class II antagonists are

not predicted to bind to this class of receptors.

Comparison of agonists binding site: There is very little difference in the putative
agonist-binding site of different agonists. The agonists studied, (dopamine, 7-OH DPAT,
and Apomorphine) all possess protonated amino groups, which are salt bridged to TM3

Asp103. All of these ligands studied form favorable hydrogen bonding interactions to a
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network of TMS5 serines, although this is not an absolute necessary for agonism. There is,
in every case studied, favorable interaction from the first aromatic micro-domain located
in TM4 and TM6. A residue that has not been appreciated in drug design is Asn292 (6).
The presence of this residue contributes greatly to ligand binding, yet it appears that there
few agonists utilize this residue effectively. It is important to note that the agonists
studied effectively interact with both Ser198 and Ser202 in TMS. The interactions to
Ser199, the third TMS serine, are too long to be considered a hydrogen bond (on the
order of ~ 5 A). Under no circumstance, due to structural constraints, can all three serines
effectively interact with the agonists studied. It appears that there could at most be two
hydrogen bonds to the TMS5 serines. Although in our structure Ser198 is not participating
in any interactions, it is possible that in a slightly different structure, perhaps one
resulting from activation, there could be interactions to Ser199 and Ser202 as opposed to
Ser198 and Ser202. All agonists studied cause strong coupling of TM3 and 5. None of
the agonists studied block TM3 and 6 motions. Based on structural studies of rhodopsin,
it has been established that a motion between TM3 and 6 are essential for activation. The
coupling of TM3 and 6 by agonists causes a decrease in distance between TM3 and 5

while allowing for motion between TM3 and 6.

Comparison of antagonists binding site: The antagonists studied were classified into
two categories: Class I antagonists (exemplified by Clozapine), which bind in the
putative agonist binding pocket; and class II antagonists (exemplified by Haloperidol),

which bind in the cavity between TM2, 3,4, 5, 6, and 7.
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Class I Antagonists: the Clozapine-like antagonists salt bridge to the TM3 Asp103
with their protonated amino group. They do not have two aromatic rings and therefore
only utilize the first aromatic micro-domain between TM4 and 6. As is the case with both
Class I and class II antagonists, they form only one weak interaction with the TMS5 serine
network. In our models the interaction may be with Ser198 or Ser202. At first glance, it
appears that both the number of and strength of the interactions with the TMS5 serines
may be important for activation. Interestingly, however, the situation is more complicated
than it appears; Strange et al. have identified agonism from a non-hydroxylated form of
the DPAT series. The critical distinguishing feature of an agonist vs. antagonist appears
to be its relative position to TM6. Class I antagonists burry their aliphatic domain deep
into the conserved TM6 WXXFF motif. Experimental studies of rhodopsin suggest that
motion of TM3 and 6 is necessary for activation. The binding of antagonists at the TM6
WXXFF would prevent any motion, specifically the hinge motion between TM3 and
TMG6 that is necessary for activation. It appears that the presence of one hydroxyl/one
hydrogen bond donor/acceptor is not an absolute necessity for antagonism. The class I

antagonists are further stabilized by Trp99 in TM3.

Class II Antagonists: this class of antagonists is predicted to not bind effectively
to this receptor. The Haloperidol-like antagonists salt bridge to TM3 Asp103 with their
protonated amino group. Due to the presence of Phe102 (3) in the third transmembrane
region, the ligands are not able to extend into the cavity between TM2 and 7 and
therefore will not bind to this receptor. In most cases, only one of the aromatic rings is

halogenated, and this is the ring that binds to the first aromatic micro-domain, with the
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second ring would bind to the second aromatic micro-domain but Phe102 (3) does not
allow for this binding in the second aromatic micro-domain. Since the ligand has little
room to bind in the putative cavity, it fails to form adequate contacts to the TMS5 serine
network and is also expected to have lower efficacy as an antagonist. In some cases
Asn292 (6) may also stabilize the class II antagonists. As is the case with the class I
antagonists, class II antagonists prevent motion between TM3 and TM6 by burying their
aliphatic portion between TM3 and TM6, thereby preventing interaction of these helices.
There is very little difference between the binding sites of the class II antagonists,

although some utilize the cavity better than others.

Ligand B.E. (Kcal/mol)
70HDPAT -48.7
Apomorphine -47.8
Clozapine -41.8
Dopamine -48.3
Fenoldopam -48.8
Haldol NA
Raclopride NA
SCH -60.6
SKF -45.1
Spiperone NA
Sulpiride NA

Table 3-2. Binding energies in kcal/mol for a library of 11 ligands to the human D,
dopamine receptor. Haldol and Raclopride do not bind this class of dopamine receptors
due to the presence of TM3 Phe102 blocker.

D, Receptor Experimental Ranking:

SCH23390~SKF38393~Fenoldopam>Clozapine~Haldol~Spiperone~Apomorphine~Dop

amine~7OHDPAT>Sulpiride~Raclopride
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D, Receptor Ranking Theory:

SCH23390>SKF38393~Fenoldopam~Dopamine~Apomorphine~7OHDPAT~Clozapine>

Haldol~Raclopride~Spiperone~Sulpiride
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Appendix IV: The Predicted Structure of the Human D;

Dopamine Receptor
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The Predicted Structure of the Human D; Dopamine Receptor

M. Yashar S. Kalani **, Nagarajan Vaidehi® & William A. Goddard III""

* Materials and Process Simulation Center, Beckman Institute, California Institute of Technology,
Pasadena, CA 91125

§ Johns Hopkins University School of Medicine, Baltimore, MD 21205

**To whom correspondence should be addressed (e-mail: wag@wag.caltech.edu)

Results:

We have predicted the structure and binding site of 10 agonists and antagonists
(Shown in Figure 4-1) in D;DR using the methods detailed in the Methods and Materials
section. Figure 4-2 shows the 3D atomic resolution structure of the human D,;DR
predicted based upon the model of the D,DR obtained using the Membstruk procedure
and the predicted binding site of dopamine determined using the HierDock procedure.
We refer to this predicted structure as D;DR. Using the D;DR structure, we have
identified the agonist and antagonist-binding sites for a library of 10 ligands (Figure 4-1),
calculated their binding energies, and the criteria for agonist and antagonist activation of
the receptor. The antagonists studied in this publication are divided into two classes: 1)
class I antagonists that are bulky and bind in a similar location as agonists, exemplified
by Clozapine; and, 2) class II antagonists that consists of two aromatic moieties
connected by a flexible linker chain exemplified by haloperidol. In this paper we give
details of the residues in the binding site of all the 10 ligands and analyze the similarities

and differences in their binding sites.
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Figure 6-1. 10 agonists and antagonists studied for the human Dopamine D, receptor.
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Figure 6-2. Predicted binding site of Dopamine (shown in sphere) in the predicted
structure of human dopamine D, receptor.

In the preliminary studies, we have validated these methods for bovine rhodopsin,
human B-2 adrenergic receptor, human s1p (sphingolipid) and Ipa (lysophosphatidic acid)
receptors, and 10 mouse olfactory receptors (Vaidehi 2002, Floriano 2000, Floriano
2003, Hall 2003). The results are in good agreement with available experimental data,
indicating a good description of the binding site and relative binding energies of various

ligands.
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Prediction of the Structure of Human D,DR:

The Membstruk procedure used to predict the structure is detailed in Vaidehi
2002. The TM2nDs procedure (Vaidehi 2002, Trabanino 2003) was utilized to identify
the transmembrane (TM) spanning regions based on a hydrophobic analysis of the
sequence. A seven helical motif was identified (below) ranging from 19-29 residues per
helix. The highlighted residues represent TM helices, while the intervening sequences are

loop regions.

MASLSQLSSHLNYTCGAENSTGASQARPHAYYALSYCALILAIVEGNGLVCMAV
LKERALQTTTNYLVVSLAVADLLVATLVMPWVVYLEVTGGVWNFSRICCDVFV
TLDVMMCTASILNLCAISIDRYTAVVMPVHYQHGTGQSSCRRVALMITAVWVL
AFAVSCPLLFGFNTTGDPTVCSISNPDFVIYSSVVSFYLPEGVTVLVYARIYVVLK
QRRRKRILTRQNSQCNSVRPGFPQQTLSPDPAHLELKRYYSICQDTALGGPGFQE
RGGELKREEKTRNSLSPTIAPKLSLEVRKLSNGRLSTSLKLGPLQPRGVPLREKKA
TQMVAIVLGAFIVCWLPFFLTHVLNTHCQTCHVSPELYSATTWLGY VNSALNPVI

YTTFNIEFRKAFLKILSC

Scheme 4-1. Predicted transmembrane regions are highlighted below in the human D,
dopamine receptor.

The TM prediction was utilized in building seven canonical a-helices and

optimized using the procedure described in Vaidehi 2002. The helices were bundled in
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explicit bilayer of dilaurylphosphatidylcholine lipid molecules to mimic the biological
membrane. The structural factors such as helical bend, helical tilt etc., of the predicted
structure of D;DR structure compared to the crystal structure of rhodopsin are

summarized in Table 4-1.

™ Helical Plane HPM HPM HPM Fit PlaneCM PlaneCM CM Fit
Helix Bend Tilt Angle Mag. Dist. Angle
1 13.9 51.2 4.0 8.2 0.0 15.9 0.0 2.2527
2 8.8 329 109.5 5.8 0.0 10.0 345 0.4490
3 5.9 11.3 63.0 2.8 0.0 4.2 119.9 2.1168
4 2.1 11.4 -9.2 9.1 0.0 14.5 125.3 -2.0740
5 11.1 7.8 -21.8 7.0 0.0 14.1 187.7 2.2381
6 22.1 12.9 -157.9 9.6 0.0 11.7 2444 2.2205
7 8.5 20.9 72.3 53 0.0 10.1 301.1 -6.3052

Centered Comparison Table

™ HPM HPM Helical P. Face

Helix Angle Magnitude Bend Deg.
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1 76.5 32 4.4 242
2 108.1 3.4 9.3 150
3 17.7 2.5 0.0 57
4 5.7 3.6 4.7 245
Helix 5 -17.0 33 17.2 219
Helix 6 -126.7 59 17.4 201
Helix 7 11.2 4.1 2.7 157

Table 4-1. Comparison of the D;DR with the crystal structure of bovine rhodopsin

RMS height of TMR: 29.5

RMS radius of TMR: 12.1

From Table 4-1 it is clear that the helical bends are very different for D;DR
compared to rhodopsin. The volume of the TM barrel for D,DR is 13471.1 A°. There is
one disulfide bond between Cys103 and Cys181 in EC2. Rhodopsin has a volume of

11,807.7 A°. The calculated RMS in the coordinates of the C, atoms of the D;DR
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structure compared to the crystal structure of rhodopsin is 7.10 A and a total residue RMS

of 7.74 A (all atoms).

Prediction of the putative binding site for dopamine in D;DR: The Hierdock2.0
procedure (Vaidehi 2002) was utilized to scan all the D;DR models as described in
Materials and Methods section. We discuss the details of the predicted binding site in

D,;DR model for all the 10 ligands studied in this paper.

Dopamine: Dopamine is the endogenous ligand of the dopamine receptors. It binds in the
putative agonist binding site located between TM3, 4, 5, and 6. There are two main
contacts that energetically stabilize dopamine in this docked conformation: 1) salt bridge
between the TM3 Asp110 (bidentate, 2.8 A and 2.8 A), and 2) a network of hydrogen
bonds to the TMS5 Ser192, Ser193, and Ser196. In our structure Ser192 and Ser196 both
have 2.8 A interactions with the catechol hydroxyls. Ser193 is ~ 5 A away and the
interactions it has with the catechol hydroxyls are too far to be considered hydrogen
bonds, although a rotation of TMS5 will allow Ser193 to form excellent interactions with
the catechol of dopamine. Under no circumstance can all three serines in TMS5 form
hydrogen bonds with reasonable distances and angles; at no time can there be more than
2 hydrogen bonds to the sequence of serines in TMS. Interaction between Ser193 and
Ser196 may result during steps leading to or resulting from activation. Other residues in
the binding pocket provide mostly hydrophobic packing for the ligand. These residues

include Phel06 (3), Met113 (3), Cys114 (3), Phel62 (4), Phel88 (5), Vall89 (5), Trp342
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(6), Phe346 (6), His349 (6), and Thr369 (7). The first phenylalanine of the conserved
WXXFF motif, Phe345 is slightly greater than 5.5 A away from dopamine. His349 in
TM6 is providing a very strong component of the binding energy of dopamine to the
receptor. Assuming Aspl10 forms a bidentate salt bridge, or a salt bridge and a hydrogen
bond to the amino group of dopamine, the interaction with His349 fulfils the ability of the

amino group to form favorable interactions with any other residues.

Phel06 (3)
His349 (6)

f Asp110 (3)

Phel62 (4)

Val189 (5)!
—r £

Ser192 (5 D

w T aaleel WA .7}

| Ser193 (5) e Cysl14 (3)

Phe346 (6)
Ser196 (5) Met113 (3)
Trp342 (6)

Dopamine

Figure 4-3. The 5.5 A binding site of dopamine to the human D, dopamine receptor. The
numbers in the brackets indicate the TM helices to which the residues belong to.

7-OH DPAT: The ligand binds in putative agonist binding site located between TM3, 4,
5, and 6. The protonated amino group of 7-OH DPAT is salt bridged to the TM3 Asp110
(2.8 A). The other major polar contacts are to the conserved TMS5 serines 192, 193 and

196. There are two hydrogen bonds, one 2.9 A to Ser192 and 3.1 A to Ser196. The
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interaction to Ser193 is 5.8 A and is too long to be considered a hydrogen bond. The
remainder of the residues in the cavity are mainly hydrophobic residues that provide
stabilization for the aromatic and aliphatic rings of the ligand. The residues in close
hydrophobic contact of the ligands are Phe106 (3), Leul09 (3), Met113 (3), Cys114 (3),
Phe162 (4), Asn185 (EC2), Vall89 (5), Trp342 (6), Phe345 (6), Phe346 (6), His349 (6),

Thr369 (7), and Tyr373 (7) (Figure 4-4) which provide a mainly hydrophobic pocket.

Phe106 (3)
Leul09 (3)

Asp110 (3)

Asnl8s (Eczr k Phel62 (4 Metl13 (3)
Val189 (5) (= Cys114 (3)

Ser192 (5) %
Ser193 (5)
Ser196 (5)

Thr369 (7)
Tyr373 (7)
Qe
Trp342 (6)
Phe345 (6)
Phe346 (6)
His349 (6) 70H-DPAT

Figure 4-4. The 5.5 A binding site of 7-OH DPAT to the human D, dopamine receptor.
The numbers in the brackets indicate the TM helices to which the residues belong to.

Apomorphine: The ligand binds in the putative agonist binding site located between
TM3, 4, 5, and 6. The protonated amino group of Apomorphine is salt bridged to the

TM3 Aspl110 (2.9 A). The other major polar contacts are to the conserved TMS5 serines
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192, 193 and 196. There are as previously two hydrogen bonds to Ser192 (3.0 A) and
Ser196 (3.2 A) both to the hydroxyl groups on Apomorphine. The contact to Ser193 is ~
6 A apart. Other residues form a most hydrophobic pocket around the ligand; these
residues include: Phel06 (3), Met113 (3), Cys114 (3), Trp158 (4), Phel62 (4), Phe188
(5), Vall189 (5), Phe338 (6), Trp342 (6), Phe345 (6), Phe346 (6), His349 (6), and Thr369
(7) (Figure 4-5). Mutational experiments have shown that Phe345Ala and Phe346Ala
mutants show substantial reduction in binding constants for Apomorphine (Cho et al

1995). This shows that these residues are important in ligand recognition.

Phe106 (3)

Aspl10 (3)

g}rlpizg (j) o Metl13(3)
e162 (4) _}1 Cys114 (3)

Phel88 (5)
Vall89 (5)
Ser192 (5)
Ser193 (5)
Ser196 (5)

\ Thr369 (7)

Phe338 (6)
Trp342 (6)
Phe345 (6)
Phe346 (6)
His349 (6)

Apomorphine

Figure 4-5. The 5.5 A binding site of Apomorphine to the human D; dopamine receptor.
The numbers in the brackets indicate the TM helices to which the residues belong to.
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Clozapine: Clozapine is a class I antagonist, meaning it binds in the putative agonist
binding site located between TM3, 4, 5, and 6. There is, as always, an amino group salt
bridged to the TM3 Asp110 (2.8 A). As is the case for all antagonists studied, there is a
lone hydrogen bond to the sequence of TM5 serines. Although the hydrogen bond may be
to either Ser192 or Ser196, in our structure, the more reasonable distance and angle are
for the interaction between Ser192 and the heteroatom (3.2 A). There is a third
interaction, which although cannot be categorized as a hydrogen bond, is energetically
significant; this is a 3.4 A interaction between Trp342 in TM6 and the hydrogen of the
ring in Clozapine. Cys114 is ~5 A apart from the other nitrogen in the Clozapine ring.
The remainder of the residues provide a mostly hydrophobic pocket for the ligand. The
residues in close proximity of the Clozapine ligand are Trp85 (2), Phe106 (3), Leul09
(3), Met113 (3), Cys114 (3), Phe162 (4), Phel88 (5), Vall189 (5), Phe338 (6), Phe345 (6),

Phe346 (6), His349 (6), Thr369 (7), and Tyr373 (7) (Figure 4-6).
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Trp342 (6)
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His349 (6)

Clozapine

Figure 4-6. The 5.5 A binding site of Clozapine to the human D, dopamine receptor. The
numbers in the brackets indicate the TM helices to which the residues belong to.

Fenoldopam: Fenoldopam is an agonist, meaning it binds in the putative agonist binding
site located between TM3, 4, 5, and 6. There is a bidentate salt bridge between Asp110
(TM3) with and the amino group with a distances of 2.6 and 2.8 A. Cys114 (TM3) is
hydrogen bonded to heteroatom with a length of 3.4 A, although the strength of this
hydrogen bond is much weaker than that present when serine in a similar position in the

D,-Like receptors interacts with this ligand. The catechol portion is hydrogen bonded to
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the TMS5 serine networks of Ser192, Ser193, and Ser196 (TM5). There is a 3.2 A
interaction and a 2.9 A interaction to the catechol by Ser192 and Ser196, respectively.
Ser193 is too far to form a hydrogen bond to the ligand. Interestingly, it is possible for
the phenol group to be pi stacked between Phe345 and Phe346 (TM6) and for its
hydroxyl group to interact via a hydrogen bond with His349 (6), although this interaction
is again weaker than that present in the D,-like receptor when there is an asparagine
present. The remainder of the residues in the cavity provide a mostly hydrophobic pocket
for the drug. These residues include: Phe106 (3), Vallll (3), Metl113 (3), Cys114 (3),
Trp158 (4), Phel62 (4), Vall89 (5), Vall95 (5), Phe338 (6), Trp342 (6), His349 (6),

Thr369 (7), and Tyr373 (7) (Figure 4-7).
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His349 (6)

Fenoldopam

Figure 4-7. The 5.5 A binding site of Fenoldopam to the human D, dopamine receptor.
The numbers in the brackets indicate the TM helices to which the residues belong to.

Haloperidol: The ligand binds in the putative antagonist-binding site located between
TM2, TM3, TM4, TMS5, TM6, and TM7. Class 1I antagonists such as Haloperidol are
composed of two aromatic domains connected by a linker domain, which has a
protonated amino group. The protonated amino group of Haloperidol is salt bridged to the
TM3 Aspl110 (2.8 A). There are several heteroatom contacts that are typically too weak
to be considered hydrogen bonds. There is a weak interaction between the chlorine atom
and TMS5 Ser196 (3.2 A). There is also a hydrogen bond between the hydroxyl of
Haloperidol and TM6 Trp342 (3.4 A). There is a third weak interaction between the
fluorine atom on the second aromatic portion of Haloperidol and TM2 Trp85 (2.9 A).
Other residues form a mostly hydrophobic pocket around the ligand; these residues

include: Val82 (2), Leu89 (2), Phel06 (3), Leul09 (3), Met113 (3), Cys114 (3), Trp158
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(4), Phel62 (4), Phel88 (5), Vall89 (5), Vall95 (5), Trp342 (6), Phe345 (6), Phe346 (6),

His349 (6), Ser366 (7), Ala367 (7), Thr369 (7), Trp370 (7), and Tyr373 (7) (Figure 4-8).
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Leul09 (3)
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Val195 (5) Y | £

Ser196 (5) Xf |

Ser366 (7)
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Thr369 (7)
Trp370 (7)
Tyr373 (7)

Trp342 (6)

Phe345 (6)

Phe346 (6) .

Hi:349 (6) Haloperidol

Figure 4-8. The 5.5 A binding site of Haloperidol to the human D, dopamine receptor.
The numbers in the brackets indicate the TM helices to which the residues belong to.

Raclopride: Raclopride binds in the class I antagonist-binding site, although it begins to
extend to the TM2 and 7 aromatic micro-domain. The critical contact points are the salt
bridge between TM3 Asp110 and the protonated amino group of the ligand (2.8 A), and
interactions with the TM3 Cys114 (3.6 A) and Ser192 (3.8 A) and Ser196 (3.9 A), the
latter of which is too long to be considered a hydrogen bond. The remainder of the

residues provide a mainly hydrophobic pocket for the remainder of the ligand. The
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residues in close proximity of the ligand include: Phel106 (3), Vall07 (3), Metl113 (3),
Cys114 (3), Trp158 (4), Phe162 (4), Asn185 (EC2), Phel88 (5), Vall89 (5), Trp342 (6),

Phe345 (6), Phe346 (6), His349 (6), Ser366 (7), and Thr369 (7) (Figure 4-9).

Phel06 (3)
Vall07 (3)
Aspl10 (3)
Metl13 (3)

m Cysl14 (3)

Trpl58 (4)
Phel62 (4)

Asn185 (EC2)

Phe188 (5)

Val189 (5)

Ser192 (5)

e

4 )

Trp342 (6)
Phe345 (6) .
Phe346 (6) Raclopride
His349 (6)

Figure 4-9. The 5.5 A binding site of Raclopride to the human D, dopamine receptor.
The numbers in the brackets indicate the TM helices to which the residues belong to.

SCH-23390: SCH-23390 is a class I antagonist. It forms a salt bridge with the TM3
Asp110 with a distance of 2.8 A. There are two hydrogen bond contacts with the 5"
transmembrane domain. There is a 3.0-A interaction with Ser192 (5) and a 3.6 A
interaction with Ser196 (5). The remainder of the residues create a mostly hydrophobic
pocket for the ligand, with Phe345 (6) and Phe346 (6) forming excellent Van der Waals

interactions with the phenyl substituent of the ligand. Other amino acids in the cavity
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include: Phel06 (3), Met113 (3), Cys114 (3), Trp158 (4), Phel62 (4), Asnl185 (EC2),
Phel88 (5), Vall89 (5), Ser193 (5), Trp342 (6), His349 (6), Val350 (6), Thr353 (6),

Thr369 (7) (Figure 4-10).

Trpl58 (4)

Phe162 (4)
Phe106 (3)
Aspl10 (3)
Met113 (3)

Cysl14 (3)

i Thr369 (7)

Asnl185 (EC2)
Phel88 (5)
Vall89 (5)
Ser192 (5)
Ser193 (5)
Ser196 (5)

Trp342 (6)
Phe345 (6)
Phe346 (6)
His349 (6)

Val350 (6)
Thr353 (6) SCH-23390

Figure 4-10. The 5.5 A binding site of SCH-23390 to the human D, dopamine receptor.
The numbers in the brackets indicate the TM helices to which the residues belong to.

SKF-38393: SKF-38393 is an agonist. It forms a bidentate salt bridge with Asp110 with
a distance of 2.8 A. There are two hydrogen bonds to Ser192 (3.0 A) and Ser196 (3.8 A).
The phenyl substituent is pi stacked between Phe345 (6) and Phe346 (6). The remainder
of the residues form a pocket around the ligand; these residues include: Phel06 (3),
Met113 (3), Cys114 (3), Trp158 (4), Phel62 (4), Asn185 (EC2), Phel88 (5), Vall89 (5),

Ser193 (5), Trp342 (6), His349 (6), Val350 (6), Thr353 (6) (Figure 4-10).
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Phel06 (3)
Asp110 (3)
Met113 (3)
Cysl14 (3)

Asnl85 (EC2)

Phel88 (5)
Vall89 (5)
Ser192 (5)
Ser193 (5)
Ser196 (5)

1 Trp342 (6)

5 [ ™ Phe345 (6)

éf L Phe346 (6)

N bwe  His349 (6)

Trp158 (4) - — Val350 (6)

Phel62 (4) Thr353 (6)

SKF-38393

Figure 4-11. The 5.5 A binding site of SKF-38393 to the human D, dopamine receptor.
The numbers in the brackets indicate the TM helices to which the residues belong to.

Spiperone: Spiperone is a class Il antagonist; meaning, it binds with its aromatic
domains to the voids between TM2 & 7 and TM4 & 6, and it forms a salt bridge to TM3
and weak non-ionic interactions to TMS5 and 6. The protonated amino group of the ligand
is salt bridged to the TM3 Aspl110 (2.9 A). There is a hydrogen bond between the
fluorine of the ligand and Ser192 (2.8 A). Another weak, non-ionic interaction is to the
TM6 Trp342 (3.0 A). The remainder of the residues in the cavity create a mostly
hydrophobic pocket for the aliphatic portions of the ligand. Residues present in the cavity
include: Leu81 (2), Trp85 (2), Vall05 (3), Phel106 (3), Val107 (3), Thr108 (3), Leul09
(3), Met113 (3), Cys114 (3), Trp158 (4), Phe162 (4), Vall189 (5), Trp342 (6), Phe345 (6),
Phe346 (6), His349 (6), Ser366 (7), Thr369 (7), Trp370 (7), Leu371 (7), Gly372 (7),

Tyr373 (7) (Figure 4-12).
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Leul09 (3)  Vall05 (3)
Aspl10 (3)  Phel06 (3)
Metl13 (3)  Vall07 (3)
Cysl14 (3)  Thrl08 (3)

Trp158 (4) .
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3 o _ Trp85 (2)
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Vall89 (5)
Ser192 (5)
Ser193 (5)
Ser196 (5)

Ser366 (7)

Thr369 (7)
Trp370 (7)
Leu371 (7)
Trp342 (6) Gly372 (7)
Phe345 (6) Tyr373 (7)
Phe346 (6)
His349 (6)
Spiperone

Figure 4-12. The 5.5 A binding site of Spiperone to the human D; dopamine receptor.
The numbers in the brackets indicate the TM helices to which the residues belong to.

Sulpiride: Sulpiride is a class I antagonist meaning it binds in the putative agonist
binding site with minimal extension into the TM2 and 7 aromatic micro-domain.
Sulpiride has a salt bridge to the TM3 Asp110 (2.8 A). The sulfonamide portion of the
ligand interacts well with the sequence of Serines in TMS. There are two hydrogen bonds
of 2.9 A and 3.5 A to Ser192 and Ser196, respectively. The strength of these hydrogen
bonds is, however, a different issue. The remainder of the residue provide a mostly
hydrophobic pocket. The residues in close proximity include: Trp85 (2), Phel06 (3),

Leul09 (3), Met113 (3), Cys114 (3), Trp158 (4), Phel62 (4), Phel88 (5), Vall89 (5),
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Ser193 (5), Trp342 (6), Phe345 (6), Phe346 (6), His349 (6), Ser366 (7), Thr369 (7),

Trp370 (7), and Tyr373 (7) (Figure 4-13).

Phel06 (3)
Leul09 (3)
Aspl10 (3)
Met113 (3)
Cysl14 (3)

Trp85 (2
Trp158 (4) 8> @)

- % Phel62 (4)

Phe188 (5)
Vall189 (5)
Ser192 (5)
Ser193 (5)
Ser196 (5)
Ser366 (7)

Thr369 (7)

Trp370 (7)

~ Tyr373 (7)

-4
Trp342 (6)
Phe345 (6)
Phe346 (6)
His349 (6)
Sulpiride

Figure 4-13. The 5.5 A binding site of dopamine to the human D, dopamine receptor.
The numbers in the brackets indicate the TM helices to which the residues belong to.

Comparisons of Binding Site of Agonists vs. Antagonists: Experimental studies have
outlined the binding site for agonists and antagonists. The putative agonist-binding site is
located between TM3, 4, 5, & 6, and some residues in the EC2 loop (assuming this loop
closes during the process of activation). We have classified antagonists into two
categories: Class I & II. Class I antagonists, such as Clozapine bind in the putative
agonist binding pocket meaning they occupy the void between TM3, 4, 5 and 6. Class 11

antagonists, such as Haloperidol consists of two aromatic domains connected by a linker,
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which possess a protonated amino group. These antagonists bind in the cavity between
TM2, 3,4, 5, 6, and 7. There are two aromatic micro domains (pictures of aromatic micro
domains goes here). The first aromatic micro-domain is located in TM4 and TM6, which
is composed of the very symmetric Trp158 (4), Phel62 (4), Trp342 (6), and Phe346 (6).
This aromatic micro-domain stabilizes one of the aromatic rings of the class II
antagonists. TM3 provides the salt bridge to TM3 Asp110, which stabilizes the ligand in
place. TMS provides weak interactions with heteroatom functionalities such as halogens
on the rings of class II antagonists. These interactions are weak but important in
recognition of the correct aromatic domain for docking into the cavity. The second
aromatic micro-domain composed of Trp85 (2), Phe106 (3), Trp370 (7), and Tyr373 (7)

stabilize the second aromatic ring group of the class II antagonists.

Comparison of agonists binding site: There is very little difference in the putative
agonist-binding site of different agonists. The agonists studied, (dopamine, 7-OH DPAT,
Apomorphine, and) all possess protonated amino groups, which are salt bridged to TM3
Asp110. All of these ligands studied form favorable hydrogen bonding interactions to a
network of TMS5 serines, although this is not an absolute necessary for agonism. There is,
in every case studied, favorable interaction from the first aromatic micro-domain located
in TM4 and TM6. A residue that has not been appreciated in drug design is His349 (6).
The presence of this residue contributes greatly to ligand binding, yet it appears that there
few agonists utilize this residue effectively. It is important to note that the agonists
studied effectively interact with both Ser192 and Ser196 in TMS5. The interactions to

Ser193, the third TMS serine, are too long to be considered a hydrogen bond (on the
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order of ~ 5 A). Under no circumstance, due to structural constraints, can all three serines
effectively interact with the agonists studied. It appears that there could at most be two
hydrogen bonds to the TMS5 serines. Although in our structure Ser193 is not participating
in any interactions, it is possible that in a slightly different structure, perhaps one
resulting from activation, there could be interactions to Ser193 and Ser196 as opposed to
Ser192 and Ser196. All agonists studied cause strong coupling of TM3 and 5. None of
the agonists studied block TM3 and 6 motions. Based on structural studies of rhodopsin,
it has been established that a motion between TM3 and 6 are essential for activation. The
coupling of TM3 and 6 by agonists causes a decrease in distance between TM3 and 5

while allowing for motion between TM3 and 6.

Comparison of antagonists binding site: The antagonists studied were classified into
two categories: Class I antagonists (exemplified by Clozapine), which bind in the
putative agonist binding pocket; and class II antagonists (exemplified by Haloperidol),

which bind in the cavity between TM2, 3,4, 5, 6, and 7.

Class I Antagonists: the Clozapine-like antagonists salt bridge to the TM3 Asp110
with their protonated amino group. They do not have two aromatic rings and therefore
only utilize the first aromatic micro-domain between TM4 and 6. As is the case with both
class I and class II antagonists, they form only one weak interaction with the TM6 serine
network. In our models the interaction may be with Ser192 or Ser196. At first glance, it
appears that both the number of and strength of the interactions with the TMS5 serines

may be important for activation. Interestingly, however, the situation is more complicated
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than it appears; Strange et al. have identified agonism from a non-hydroxylated form of
the DPAT series. The critical distinguishing feature of an agonist vs. an antagonist
appears to be its relative position to TM6. Class I antagonists burry their aliphatic domain
deep into the conserved TM6 WXXFF motif. Experimental studies of rhodopsin suggest
that motion of TM3 and 6 is necessary for activation. The binding of antagonists at the
TM6 WXXFF would prevent any motion, specifically the hinge motion between TM3
and TM6 that is necessary for activation. It appears that the presence of one hydroxyl/one
hydrogen bond donor/acceptor is not an absolute necessity for antagonism. The class I

antagonists are further stabilized by Phe106 in TM3.

Class II Antagonists: the Haloperidol-like antagonists salt bridge to TM3 Asp110
with their protonated amino group. They possess two aromatic ring units. In most cases,
only one of the aromatic rings is halogenated, and this is the ring that binds to the first
aromatic micro-domain, with the second ring binding in the second aromatic micro-
domain. The halogenated ring binds effectively into the cavity between TM4 and 6 and
forms weak interactions with either Ser192 or Ser196 in TMS. It gains stability from the
presence of TM4 Trp158 and Phel62 and TM6 Trp343 and Phe346. In some cases
His349 (6) may also stabilize the class II antagonists. The non-halogenated aromatic
domain is located in the void between TM2 and TM?7. It gains stabilization from Trp85
(2), Phel06 (3), Trp370 (7), and Tyr373 (7). As is the case with the class I antagonists,
class II antagonists prevent motion between TM3 and TM6 by burying their aliphatic
portion between TM3 and TM6, thereby preventing interaction of these helices. There is
very little difference between the binding sites of the class II antagonists, although some

utilize the cavity better than others.
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Ligand B.E. (Kcal/mol)
70HDPAT -95
Apomorphine -107.4
Clozapine -79.8
Dopamine -91.9
Fenoldopam -92.2
Haldol -123.5
Raclopride -108.4
SCH -102.3
SKF -96.9
Spiperone -121.2
Sulpiride -107.9

Table 4-2. Binding energies in kcal/mol for a library of 11 ligands to the human D,
dopamine receptor.

D, Receptor Experimental Ranking:

Raclopride~Spiperone~7-OHDPAT>Haldol~Sulpiride~Dopamine~Apomorphine>

Clozapine~SCH23390~SKF38393

D, Receptor Ranking Theory:

Haldol~Spiperone~Raclopride~Apomorphine~Sulpiride>SCH23390~SKF38393~7-

OHDPAT~Fenoldopam~Dopamine~Clozapine
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Appendix V: The Predicted Structure of the Human D,

Dopamine Receptor
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The Predicted Structure of the Human D, Dopamine Receptor
M. Yashar S. Kalani **, Nagarajan Vaidehi® & William A. Goddard III""

* Materials and Process Simulation Center, Beckman Institute, California Institute of Technology,
Pasadena, CA 91125

§ Johns Hopkins University School of Medicine, Baltimore, MD 21205

**To whom correspondence should be addressed (e-mail: wag@wag.caltech.edu)

Results:

We have predicted the structure and binding site of 10 agonists and antagonists
(Shown in Figure 5-1) in D,DR using the methods detailed in the Methods and Materials
section. Figure 5-2 shows the 3D atomic resolution structure of the human D,DR
modeled from the predicted structure of D,DR using the Membstruk procedure and the
predicted binding site of dopamine determined using the HierDock procedure. We refer
to this predicted structure as D,DR. Using the D,DR structure, we have identified the
agonist and antagonist-binding sites for a library of 10 ligands (Figure 5-1), calculated
their binding energies, and the criteria for agonist and antagonist activation of the
receptor. The antagonists studied in this publication are divided into two classes: 1) class
I antagonists that are bulky and bind in a similar location as agonists, exemplified by
Clozapine; and, 2) class II antagonists that consists of two aromatic moieties connected

by a flexible linker chain exemplified by Haloperidol. In this paper we give details of the
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residues in the binding site of all the 10 ligands and analyze the similarities and

differences in their binding sites.
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N
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Apomorphine SKF38393

Figure 5-1. 10 agonists and antagonists studied for the human Dopamine D, receptor.
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Figure 5-2. Predicted binding site of Dopamine (shown in sphere) in the predicted
structure of human dopamine D, receptor.

In the preliminary studies, we have validated these methods for bovine rhodopsin,
human B-2 adrenergic receptor, human s1p (sphingolipid) and Ipa (lysophosphatidic acid)
receptors, and 10 mouse olfactory receptors (Vaidehi 2002, Floriano 2000, Floriano
2003, Hall 2003). The results are in good agreement with available experimental data,
indicating a good description of the binding site and relative binding energies of various

ligands.
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Prediction of the Structure of Human D,DR:

The Membstruk procedure used to predict the structure is detailed in Vaidehi
2002. The TM2nDs procedure (Vaidehi 2002, Trabanino 2003) was utilized to identify
the transmembrane (TM) spanning regions based on a hydrophobic analysis of the
sequence. A seven helical motif was identified (below) ranging from 19-29 residues per
helix. The highlighted residues represent TM helices, while the intervening sequences are

loop regions.

MGNRSTADADGLLAGRGPAAGASAGASAGLAGQGAAALVGGVLLIGAVLAGN
SLVCVSVATERALQTPTNSFIVSLAAADLLLALLVLPLFVYSEVQGGAWLLSPRL
CDALMAMDVMLCTASIFNLCAISVDRFVAVAVPLRYNRQGGSRRQLLLIGATW
LLSAAVAAPVLCGLNDVRGRDPAVCRLEDRDYVVYSSVCSFFLPCPLMLLLYW
ATFRGLQRWEVARRAKLHGRAPRRPSGPGPPSPTPPAPRLPQDPCGPDCAPPAPG
LPRGPCGPDCAPAAPGLPPDPCGPDCAPPAPGLPQDPCGPDCAPPAPGLPRGPCG
PDCAPPAPGLPQDPCGPDCAPPAPGLPPDPCGSNCAPPDAVRAAALPPQTPPQTR
RRRRAKITGRERKAMRVLPVVVGAFLLCWTPFFVVHITQALCPACSVPPRLVSA

VITWLGYVNSALNPVIYTVENAEFRNVFRKALRACC

Scheme 5-1. Predicted transmembrane regions are highlighted below in the human D,
dopamine receptor.
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The TM prediction was utilized in building seven canonical a-helices and
optimized using the procedure described in Vaidehi 2002. The helices were bundled in
explicit bilayer of dilaurylphosphatidylcholine lipid molecules to mimic the biological
membrane. The structural factors such as helical bend, helical tilt etc., of the predicted
structure of D,DR structure compared to the crystal structure of rhodopsin are

summarized in Table 5-1.

™ Helical Plane HPM HPM HPM Fit PlaneCM PlaneCM CM Fit
Helix Bend Tilt Angle Mag. Dist. Angle
1 10.1 323 -89.0 9.1 0.0 15.9 0.0 1.3762
2 14.6 33.0 -12.1 7.3 0.0 10.2 37.0 0.6935
3 39 13.4 9.0 2.8 0.0 39 124.1 2.7529
4 4.5 4.5 -81.7 8.2 0.0 14.5 127.0 -2.9960
5 8.7 10.4 -110.0 7.3 0.0 14.1 189.6 2.6744
6 21.8 15.5 87.4 7.9 0.0 11.7 246.8 1.9452

7 4.0 18.9 -39.2 6.0 0.0 9.6 304.8 -6.4462
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Centered Comparison Table

™ HPM HPM Helical P. Face

Helix Angle Mag. Bend Deg.
1 -65.7 3.1 21.8 238
2 332 3.8 10.8 165
3 5.5 3.0 0.0 68
4 -69.1 4.1 3.5 242
5 244 3.8 15.3 221
6 -153.4 5.5 152 202
7 -11.6 3.9 2.3 141

Table 5-1. Comparison of the D,DR with the crystal structure of bovine rhodopsin.

RMS height of TMR: 30.4

RMS radius of TMR: 12.0

From Table 5-1 it is clear that the helical bends are very different for D,DR

compared to rhodopsin. The volume of the TM barrel for D,DR is 13810.2 A°. There is



284

one disulfide bond between Cys108 and Cys185 in EC2. Rhodopsin has a volume of
11,807.7 A°. The calculated RMS in the coordinates of the C, atoms of the D,DR
structure compared to the crystal structure of rhodopsin is 6.81 A and a total residue RMS

of 7.39 A (all atoms).

Prediction of the putative binding site for dopamine in D4DR: The Hierdock2.0
procedure (Vaidehi 2002) was utilized to scan all the D,DR models as described in
Materials and Methods section. We discuss the details of the predicted binding site in

D,DR model for all the 10 ligands studied in this paper.

Dopamine: Dopamine is the endogenous ligand of the dopamine receptors. It binds in the
putative agonist binding site located between TM3, 4, 5, and 6. There are two main
contacts that energetically stabilize dopamine in this docked conformation; 1) salt bridge
between the TM3 Aspl15 (bidentate, 2.8 A and 2.9 A), and 2) a network of hydrogen
bonds to the TMS5 Ser196, Ser197, and Ser200. In our structure Ser196 and Ser200 have
3.0 and 3.2 A interactions with the catechol hydroxyls, respectively. Ser197 is ~ 5 A
away and the interactions it has with the catechol hydroxyls are too far to be considered
hydrogen bonds, although a rotation of TMS will allow Ser197 to form excellent
interactions with the catechol of dopamine. Under no circumstance can all three serines in
TMS form hydrogen bonds with reasonable distances and angles; at no time can there be
more than 2 hydrogen bonds to the sequence of serine in TMS. Interaction between

Ser196 and Ser200 may result during steps leading to or resulting from activation. Other
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residues in the binding pocket provide mostly hydrophobic packing for the ligand. These
residues include Leul13 (3), Leul18 (3), Cys119 (3), Val193 (5), Trp407 (6), Phe411
(6), His414 (6), lle415 (6), and Thrd34 (7) (Figure 5-3). The first phenylalanine of the
conserved WXXFF motif, Phe410 is slightly greater than 5.5 A away from dopamine.
His414 in TM6 is providing a very strong component of the binding energy of dopamine
to the receptor. Assuming Aspl15 forms a bidentate salt bridge, or a salt bridge and a
hydrogen bond to the amino group of dopamine, the interaction with His414 fulfils the
ability of the amino group to form favorable interactions with any other residues. It is
essential to know that a Phe-Alal64 mutation in TM4 has removed the stabilization of the
aliphatic/aromatic portions of the ring. Additionally, Trp160 (4), usually present in the

binding site of dopamine and other ligands is absent in this bound conformation.

Leulll (3

Ile415 (6)§

‘ Vall93 (5)
Phed11 (6)

Ser196 (5)

/ Asp115 (3)

Cys119 (3)

Dopamine

Figure 5-3. The 5.5 A binding site of dopamine to the human D, dopamine receptor. The
numbers in the brackets indicate the TM helices to which the residues belong to.
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7-OH DPAT: The ligand binds in putative agonist binding site located between TM3, 4,
5, and 6. The protonated amino group of 7-OH DPAT is salt bridged to the TM3 Asp115
(2.8 A). The other major polar contacts are to the conserved TMS5 serines 196, 197 and
200. There are two hydrogen bonds, both 3.0 A to Ser196 and 200. The interaction to
Ser197 is 5.2 A and is too long to be considered a hydrogen bond. The remainder of the
residues in the cavity are mainly hydrophobic residues that provide stabilization for the
aromatic and aliphatic rings of the ligand. The residues in close hydrophobic contact of
the ligands are Leulll (3), Met114 (3), Leul18 (3), Cys119 (3), Val193 (5), Trp407 (6),
Phe410 (6), Phe411 (6), His414 (6), lle415 (6), Thrd34 (7), and Tyr438 (7), (Figure 5-4)

which provide a mainly hydrophobic pocket.

Leulll (3)
Metl14 (3)
Aspl15 (3)
Leull8 (3)
Cys119 (3)

Vall93 (5)
Ser196 (5)
Ser197 (5)

Ser200 (5)

&

Thr434 (7)
Tyr438 (7)

Trp407 (6)
Phe410 (6) | i
Phe411 (6) / ! Q@ -
His414 (6)
Tle415 (6)
7O0H-DPAT

Figure 5-4. The 5.5 A binding site of 7-OH DPAT to the human D, dopamine receptor.
The numbers in the brackets indicate the TM helices to which the residues belong to.
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Apomorphine: The ligand binds in the putative agonist binding site located between
TM3, 4, 5, and 6. The protonated amino group of Apomorphine is salt bridged to the
TM3 Aspl15 (2.9 A). The other major polar contacts are to the conserved TMS5 serines
196, 197 and 200. There are as previously two hydrogen bonds to Ser196 (3.1 A) and
Ser200 (3.2 A) both to the hydroxyl groups on Apomorphine. The contact to Ser197 is ~
6 A apart. Other residues form a most hydrophobic pocket around the ligand; these
residues include: Leulll (3), Leul18 (3), Cys119 (3), Trp160 (4), Val193 (5), Phe403
(6), Trp407 (6), Phe410 (6), Phe411 (6), His414 (5), Ile415 (6), Trp434 (7) (Figure 5-5).
Mutational experiments have shown that Phe410Ala and Phe411Ala mutants show
substantial reduction in binding constants for Apomorphine (Cho et al 1995). This shows

that these residues are important in ligand recognition.

Leulll (3)
Aspl15 (3)
Leull8 (3)
Cys119 (3)

Vall93 (5) S
Ser196 (5)
Ser197 (5)
Ser200 (5)
Thrd34 (7)
Trp160 (4)
Phe410 (6)
Phe411 (6)
His414 (6) )
Tle415 (6) Apomorphine

Figure 5-5. The 5.5 A binding site of Apomorphine to the human D, dopamine receptor.
The numbers in the brackets indicate the TM helices to which the residues belong to.
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Clozapine: Clozapine is a class I antagonist, meaning it binds in the putative agonist
binding site located between TM3, 4, 5, and 6. There is, as always, an amino group salt
bridged to the TM3 Asp115 (2.8 A). As is the case for all antagonists studied, there is a
lone hydrogen bond to the sequence of TM5 serines. Although the hydrogen bond may be
to either Ser196 or Ser200, in our structure, the more reasonable distance and angle are
for the interaction between Ser196 and the heteroatom (3.2 A). Cys119 is 4.2 A apart
from the ring nitrogen in the Clozapine ring. The remainder of the residues provide a
mostly hydrophobic pocket for the ligand. The residues in close proximity of the
Clozapine ligand are Leu90 (2), Leull1 (3), Metl14 (3), Leul18 (3), Cys119 (3), Ser122
(3), Tyr192 (5), Val193 (5), Phe403 (7), Trp407 (7), Phe410 (7), Phe411 (7), His414 (6),

Thr434 (7), and Tyr438 (7) (Figure 5-6).

Leulll (3)
Metl14 (3)
Aspl15 (3)

Leul18 (3)
W, Cys119(3) p &
7 serl22 (3) > =Ry

Leu90 (2)
Tyr192 (5)
Val193 (5)
Ser196 (5)
Ser197 (5)
Ser200 (5)

Thrd34 (7)
Tyr438 (7)

Phed03 (6) o
Trp407 (6) &
Phed10 (6) l‘"’
Phed11 (6) [|

His414 (6)

Clozapine

Figure 5-6. The 5.5 A binding site of Clozapine to the human D, dopamine receptor. The
numbers in the brackets indicate the TM helices to which the residues belong to.
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Fenoldopam: Fenoldopam is an agonist, meaning it binds in the putative agonist binding
site located between TM3, 4, 5, and 6. There is a bidentate salt bridge between Asp115
(TM3) with and the amino group with distances of 2.6 and 2.8 A. Cys119 (TM3) is
hydrogen bonded to heteroatom with a length of 3.5 A. The catechol portion is hydrogen
bonded to the TM5 serine networks of Ser196, Ser197, and Ser200 (TMS5). There is a 3.2
A interaction and a 2.9 A interaction to the catechol by Ser196 and Ser200, respectively.
Ser197 is too far to form a hydrogen bond to the ligand. Interestingly, it is possible for
the phenol group to be pi stacked between Phe410 and Phe411 (TM6) and for its
hydroxyl group to interact via a hydrogen bond with His414 (TM6). The remainder of the
residues in the cavity provide a mostly hydrophobic pocket for the drug. These residues
include: Vall16 (3), Leul18 (3), Trp160 (4), Val193 (5), Cys199 (5), Phe403 (6), Trp407

(6), and Thr434 (7) (Figure 5-7).
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Aspl15 (3)
Valll6 (3)
Leull8 (3)

Vall93 (5)
Ser196 (5)
Ser197 (5)
Cys199 (5)
Ser200 (5)
Thr434 (7)

Trpl60 (4) N
N b B “’f :
Phe403 Q

Trp407 (6)
Phe410 (6)
Phe411 (6)
His414 (6)

Fenoldopam

Figure 5-7. The 5.5 A binding site of Fenoldopam to the human D, dopamine receptor.
The numbers in the brackets indicate the TM helices to which the residues belong to.

Haloperidol: The ligand binds in the putative antagonist-binding site located between
TM2, TM3, TM4, TMS5, TM6, and TM7. Class 1I antagonists such as Haloperidol are
composed of two aromatic domains connected by a linker domain, which has a
protonated amino group. The protonated amino group of Haloperidol is salt bridged to the
TM3 Aspl15 (2.8 A). There are several heteroatom contacts that are typically too weak
to be considered hydrogen bonds. There is a weak interaction between the chlorine atom
and TMS5 Ser200 (3.2 A). There is also a weak interaction between the hydroxyl of
Haloperidol and TM6 Trp407 (4.1 A). There is a third weak interaction between the

fluorine atom on the second aromatic portion of Haloperidol and TM2 Ser431 (2.9 A). In
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cases where there is a TM2 trypthopan, the interaction with the fluorine is provided by
the tryptophan. Other residues form a mostly hydrophobic pocket around the ligand;
these residues include: Leu90 (2), Phe91 (2), Ser94 (2), Leulll (3), Metl114 (3), Leul18
(3), Cys119 (3), Trp160 (4), Val193 (5), Cys199 (5), Trp407 (6), Phe410 (6), Phe411 (6),
His414 (6), Ile415 (6), Val430 (7), Serd431 (7), Alad32 (7), Thrd34 (7), Trp435 (7),

Tyr438 (7) (Figure 5-8).

Leulll (3)
Metl14 (3)
Aspl15 (3) Leu90 (2)

Trp160 (4) /' Leull8 (3) Phe9l (2)
| - Cys119 (3) Ser94 (2)
‘ : - | I
§ \ 0 G

T Vald30 (7)

> : Ser431 (7)

Ser196 (5) Ala432 (7)
Ser197 (5) Thrd34 (7)
Cys199 (5) Trp435 (7)

Ser200 (5) Trp407 (6) Tyr438 (7)
Phe410 (6)
Phe411 (6)
His414 (6) Haloperidol
Ile415 (6)

Figure 5-8. The 5.5 A binding site of Haloperidol to the human D, dopamine receptor.
The numbers in the brackets indicate the TM helices to which the residues belong to.
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Raclopride: Raclopride binds in the class I antagonist-binding site, although it begins to
extend to the TM2 and 7 aromatic micro-domain. The critical contact points are the salt
bridge between TM3 Aspl15 and the protonated amino group of the ligand (2.9 A), and
interactions with the TM3 Cys119 (4.3 A) and Ser200 (3.8 A) both of which is too long
to be considered a hydrogen bond. The remainder of the residues provide a mainly
hydrophobic pocket for the remainder of the ligand. The residues in close proximity of
the ligand include: Leulll (3), Metl112 (3), Leul18 (3), Trp160 (4), Alal164 (4), Phe192
(5), Val193 (5), Trp407 (6), Phe410 (6), Phe411 (6), His414 (6), Ile415 (6), and Thr434

(7) (Figure 5-9).

Leulll (3)
Met112 (3)
Aspl15 (3)
< Leull8 (3)
\Q wsl 19 (3)
Tyr192(5) N &2 N S YIRS
Vall93 (5) ;
Ser196 (5)  _# Syl
Ser200 (5)  ° 4 i.a) ’)’
Tpl60 (4) Thr434 (7)
Alal64 (4)
Phe410 (6)
Phed11 (6)
His414 (6)
Tle415 (6)
Raclopride

Figure 5-9. The 5.5 A binding site of Raclopride to the human D, dopamine receptor.
The numbers in the brackets indicate the TM helices to which the residues belong to.
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SCH-23390: SCH-23390 is a class I antagonist. It forms a salt bridge with the TM3
Aspl15 with a distance of 2.9 A. There are two hydrogen bond contacts with the 5"
transmembrane domain. There is a 3.1-A interaction with Ser196 (5); there is a second
interaction, which is too weak to be considered a hydrogen bond with Ser200 (5) with a
distance of 3.8 A. The remainder of the residues create a mostly hydrophobic pocket for
the ligand, with Phe410 (6) and Phe411 (6) forming excellent Van der Waals interactions
with the phenyl substituent of the ligand. Other amino acids in the cavity include: Leul11
(3), Met112 (3), Leul18 (3), Cys119 (3), Phe192 (5), Val193 (5), Ser197 (5), Trp407 (6),

His414 (6), 1le415 (6), and Thr434 (7) (Figure 5-10).

Leulll (3)
Met112 (3)
Q Aspl15 (3)
F£ ™ fiLeul18 (3)
Tyr192 (5) i .7 Cys119 (3)
Val193 (5) <R
Ser196 (5) - 3 ’
Ser197 (5) Thr434 (7)

Ser200 (5)

Phe410 (6)
Phed11 (6)
His414 (6)
Tle415 (6)

SCH-23390

Figure 7-10. The 5.5 A binding site of SCH-23390 to the human D, dopamine receptor.
The numbers in the brackets indicate the TM helices to which the residues belong to.
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SKF-38393: SKF-38393 is an agonist. It forms a bidentate salt bridge with Asp115 with
a distance of 2.8 A. There are two hydrogen bonds to Ser196 (3.0 A) and Ser200 (3.3 A).
The phenyl substituent is pi stacked between Phe410 (6) and Phe411 (6). The remainder
of the residues form a pocket around the ligand; these residues include: Leulll (3),
Leull8 (3), Cys119 (3), Phel92 (5), Val193 (5), Ser197 (5), Trp407 (5), His414 (6), and

Ile415 (6) (Figure 5-11).

Leulll (3)
Aspl15 (3)
Leull8 (3)
Cys119 (3)

Tyr192 (5)
Vall93 (5)
Ser196 (5)
Ser197 (5)
Ser200 (5)

Trp407 (6)
Phe410 (6)
Phed11 (6)

His414 (6)
ed 15 (6) SKF-38393

Figure 5-11. The 5.5 A binding site of SKF-38393 to the human D, dopamine receptor.
The numbers in the brackets indicate the TM helices to which the residues belong to.
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Spiperone: Spiperone is a class Il antagonist; meaning, it binds with its aromatic
domains to the voids between TM2 & 7 and TM4 & 6, and it forms a salt bridge to TM3
and weak non-ionic interactions to TMS5 and 6. The protonated amino group of the ligand
is salt bridged to the TM3 Aspl15 (2.9 A). There is a hydrogen bond between the
fluorine of the ligand and Ser196 (2.9 A). Another weak, non-ionic interaction is to the
TM6 Trp407 (3.0 A). The remainder of the residues in the cavity create a mostly
hydrophobic pocket for the aliphatic portions of the ligand. Residues present in the cavity
include: Leu86 (2), Val87 (2), Leu90 (2), Phe91 (2), Ser94 (2), Leulll (3), Met112 (3),
Metl114 (3), Leul18 (3), Cys119 (3), Trp160 (4), Val193 (5), Ser197 (5), Ser200 (5),
Trp407 (6), Phe410 (6), Phe411 (6), His414 (6), Ser431 (7), Thr434 (7), Trp435 (7), and

Tyr438 (7) (Figure 5-12).

Leulll (3)
Met112 (3)
Metl114 (3)
Aspl15 (3) Leu86 (2)
Leull8 (3) Val87 (2)

Trp160 (4)  Cys119(3)  Leud0(2)
of Phe91 (2)
%—( . o Ser94 (2)
Val193 (5) % s \z’{
Ser196 (5) — ) =
Ser197 (5) . ?‘ ) »
Ser200 (5) = 2 - -~ i
{?;w
Ser431 (7)
Thr434 (7)
Trp407 (6) Trp435 (7)
Phe410 (6) Tyrd38 (7)
Phe411 (6)
His414 (6)
Spiperone

Figure 5-12. The 5.5 A binding site of Spiperone to the human D, dopamine receptor.
The numbers in the brackets indicate the TM helices to which the residues belong to.
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Sulpiride: Sulpiride is a class I antagonist meaning it binds in the putative agonist
binding site with minimal extension into the TM2 and 7 aromatic micro-domain.
Sulpiride has a salt bridge to the TM3 Asp115 (2.9 A). The sulfonamide portion of the
ligand interacts well with Ser196 in TMS5. There are two hydrogen bonds of 2.8 A and 3.1
A. Cysl19 is interacting with the ligand; the hydrogen bond is 3.3 A. The strength of
these hydrogen bonds is, however, a different issue. The remainder of the residue provide
a mostly hydrophobic pocket. The residues in close proximity include: Leulll (3),
Metl114 (3), Val416 (3), Leul18 (3), Cys119 (3), Trp160 (4), Tyr192 (5), Vall193 (5),
Ser197 (5), Ser200 (5), Trp407 (6), Phe410 (6), Phe411 (6), His414 (6), lle415 (6), and

Thr434 (7) (Figure 5-13).
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Leulll (3)
Metl114 (3)
Aspl15 (3)
Val416 (3)
Leull8 (3)
Cys119(3) %

Tyr192 (5)
Vall93 (5)
Ser196 (5)
Ser197 (5)
Ser200 (5)

Thr434 (7)

Trp407 (6)
Phe410 (6)
Phe411 (6)
His414 (6)
Tle415 (6) Sulpiride

Figure 5-13. The 5.5 A binding site of Sulpiride to the human D, dopamine receptor. The
numbers in the brackets indicate the TM helices to which the residues belong to.

Comparisons of Binding Site of Agonists vs. Antagonists: Experimental studies have
outlined the binding site for agonists and antagonists. The putative agonist-binding site is
located between TM3, 4, 5, & 6, and some residues in the EC2 loop (assuming this loop
closes during the process of activation). We have classified antagonists into two
categories: Class I & II. Class I antagonists, such as Clozapine bind in the putative
agonist binding pocket meaning they occupy the void between TM3, 4, 5 and 6. Class 11
antagonists, such as Haloperidol consists of two aromatic domains connected by a linker,

which possess a protonated amino group. These antagonists bind in the cavity between
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TM2, 3,4, 5, 6, and 7. There are two aromatic micro domains (pictures of aromatic micro
domains goes here). The first aromatic micro-domain is located in TM4 and TM6, which
is composed of the very symmetric Trp160 (4), Alal64 (mutated in this receptor) (4),
Trp407 (6), and Phe411 (6). This aromatic micro-domain stabilizes one of the aromatic
rings of the class II antagonists. TM3 provides the salt bridge to TM3 Aspl115, which
stabilizes the ligand in place. TMS provides weak interactions with heteroatom
functionalities such as halogens on the rings of class II antagonists. These interactions are
weak but important in recognition of the correct aromatic domain for docking into the
cavity. The second aromatic micro-domain composed of Phe91 (2), Leull1l (mutated in
this receptor) (3), Trp435 (7), and Tyr438 (7) stabilize the second aromatic ring group of

the class I antagonists.

Comparison of agonists binding site: There is very little difference in the putative
agonist-binding site of different agonists. The agonists studied, (dopamine, 7-OH DPAT,
Apomorphine) all possess protonated amino groups, which are salt bridged to TM3
Aspl15. All of these ligands studied form favorable hydrogen bonding interactions to a
network of TMS5 serines, although this is not an absolute necessary for agonism. There is,
in every case studied, favorable interaction from the first aromatic micro-domain located
in TM4 and TM6. A residue that has not been appreciated in drug design is His414 (6).
The presence of this residue contributes greatly to ligand binding, yet it appears that there
few agonists utilize this residue effectively. It is important to note that the agonists
studied effectively interact with both Ser196 and Ser200 in TMS. The interactions to

Ser197, the third TMS serine, are too long to be considered a hydrogen bond (on the
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order of ~ 5 A). Under no circumstance, due to structural constraints, can all three serines
effectively interact with the agonists studied. It appears that there could at most be two
hydrogen bonds to the TMS5 serines. Although in our structure Ser197 is not participating
in any interactions, it is possible that in a slightly different structure, perhaps one
resulting from activation, there could be interactions to Ser197 and Ser200 as opposed to
Ser196 and Ser200. All agonists studied cause strong coupling of TM3 and 5. None of
the agonists studied block TM3 and 6 motions. Based on structural studies of rhodopsin,
it has been established that a motion between TM3 and 6 are essential for activation. The
coupling of TM3 and 6 by agonists causes a decrease in distance between TM3 and 5

while allowing for motion between TM3 and 6.

Comparison of antagonists binding site: The antagonists studied were classified into
two categories: Class I antagonists (exemplified by Clozapine), which bind in the
putative agonist binding pocket; and class II antagonists (exemplified by Haloperidol),

which bind in the cavity between TM2, 3,4, 5, 6, and 7.

Class I Antagonists: the Clozapine-like antagonists salt bridge to the TM3 Asp115
with their protonated amino group. They do not have two aromatic rings and therefore
only utilize the first aromatic micro-domain between TM4 and 6. As is the case with both
Class I and II antagonists, they form only one weak interaction with the TM6 serine
network. In our models the interaction may be with Ser196 or Ser200. At first glance, it

appears that both the number of and strength of the interactions with the TMS5 serines
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may be important for activation. Interestingly, however, the situation is more complicated
than it appears; Strange et al. have identified agonism from a non-hydroxylated form of
the DPAT series. The critical distinguishing feature of an agonist vs. an antagonist
appears to be its relative position to TM6. Class I antagonists burry their aliphatic domain
deep into the conserved TM6 WXXFF motif. Experimental studies of rhodopsin suggest
that motion of TM3 and 6 is necessary for activation. The binding of antagonists at the
TM6 WXXFF would prevent any motion, specifically the hinge motion between TM3
and TM6 that is necessary for activation. It appears that the presence of one hydroxyl/one
hydrogen bond donor/acceptor is not an absolute necessity for antagonism. The class I

antagonists are further stabilized by Leul11 in TM3.

Class II Antagonists: the Haloperidol-like antagonists salt bridge to TM3 Asp115
with their protonated amino group. They possess two aromatic ring units. In most cases,
only one of the aromatic rings is halogenated, and this is the ring that binds to the first
aromatic micro-domain, with the second ring binding in the second aromatic micro-
domain. The halogenated ring binds effectively into the cavity between TM4 and 6 and
forms weak interactions with either Ser193 or Ser197 in TMS. It gains stability from the
presence of TM4 Trpl60 and Alal64 and TM6 Trp407 and Phe411. In some cases
His414 (6) may also stabilize the class II antagonists. The non-halogenated aromatic
domain is located in the void between TM2 and TM7. It gains stabilization from Phe91
(2), Leulll (3), Trp435 (7), and Tyr438 (7). As is the case with the class I antagonists,
class II antagonists prevent motion between TM3 and TM6 by burying their aliphatic

portion between TM3 and TM6, thereby preventing interaction of these helices. There is
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very little difference between the binding sites of the class II antagonists, although some

utilize the cavity better than others.

Ligand B.E. (Kcal/mol)
70HDPAT -38.8
Apomorphine -50.1
Clozapine -33.1
Dopamine -47
Fenoldopam -33.9
Haldol -65.5
Raclopride -39.5
SCH -46.6
SKF -35.7
Spiperone -56.5
Sulpiride -49.8

Table 5-2. Binding energies in kcal/mol for a library of 10 ligands to the human D,
dopamine receptor.

D, Receptor Experimental Ranking:

Spiperone~Haldol~Apomorphine>Clozapine~Sulpiride~Dopamine~Fenoldopam>

Raclopride~SCH23390~7-OHDPAT~SKF38393

D, Receptor Theory Ranking:

Haldol~Spiperone~Apomorphine>Sulpiride~SCH23390~Dopamine>Fenoldopam~

SKF38393~Clozapine~Raclopride~7-OHDPAT
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Appendix VI: The Predicted Structure of the Human Ds

Dopamine Receptor
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The Predicted Structure of the Human Ds Dopamine Receptor
M. Yashar S. Kalani **, Nagarajan Vaidehi® & William A. Goddard III""

* Materials and Process Simulation Center, Beckman Institute, California Institute of Technology,
Pasadena, CA 91125

§ Johns Hopkins University School of Medicine, Baltimore, MD 21205

**To whom correspondence should be addressed (e-mail: wag@wag.caltech.edu)

Results:

We have predicted the structure and binding site of 10 agonists and antagonists
(Shown in Figure 6-1) in D;DR using the methods detailed in the Methods and Materials
section. Figure 6-2 shows the 3-D atomic resolution structure of the human D;DR
modeled from the predicted D,DR structure obtained using the Membstruk procedure and
the predicted binding site of dopamine determined using the HierDock procedure. We
refer to this predicted structure as D;DR. Using the D;DR structure, we have identified
the agonist and antagonist-binding sites for a library of 11 ligands (Figure 6-1),
calculated their binding energies, and the criteria for agonist and antagonist activation of
the receptor. The antagonists studied in this publication are divided into two classes: 1)
class I antagonists that are bulky and bind in a similar location as agonists, exemplified
by Clozapine, and 2) class II antagonists that consists of two aromatic moieties connected

by a flexible linker chain exemplified by haloperidol. In this paper we give details of the
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residues in the binding site of all the 10 ligands and analyze the similarities and

differences in their binding sites.

OH
OH E

Cl Cl

Dopamine Haloperidol Raclopride

S //%@\%ﬁ A
|09 S | @M @

Sulpiride .
7-Hydroxy-DPAT P Spiperone
/
Cl OH
O O oy Q on
- - ®
. O u
Clozapine SCH-23390 Apomorphine SKF38393

Figure 6-1. 10 agonists and antagonists studied for the human Dopamine D; receptor.
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Figure 6-2. Predicted binding site of Dopamine (shown in sphere) in the predicted
structure of human dopamine D; receptor.

In the preliminary studies, we have validated these methods for bovine rhodopsin,
human B-2 adrenergic receptor, human s1p (sphingolipid) and Ipa (lysophosphatidic acid)
receptors, the human D2 dopamine receptor (Kalani 2003), and 10 mouse olfactory
receptors (Vaidehi 2002, Floriano 2000, Floriano 2003, Hall 2003). The results are in
good agreement with available experimental data, indicating a good description of the

binding site and relative binding energies of various ligands.
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Prediction of the Structure of Human D.DR:

The Membstruk procedure used to predict the structure is detailed in Vaidehi
2002. The homology modeling procedure used to model the structure of the D5 receptor
based on the D, (MS) structure is outlined elsewhere. The TM2nDs procedure (Vaidehi
2002, Trabanino 2003) was utilized to identify the transmembrane (TM) spanning regions
based on a hydrophobic analysis of the sequence. A seven helical motif was identified
(below) ranging from 19-29 residues per helix. The highlighted residues represent TM
helices, while the intervening sequences are loop regions. The same transmembrane
predictions were used in the alignment to the human D, structure to perform homology

modeling.

MLPPGSNGTAYPGQFALYQQLAQGNAVGGSAGAPPLGPSQVVTACLLTLLIIWT

LLGNVLVCAAIVRSRHLRANMTNVFIVSLAVSDLEFVALLVMPWKAVAEVAGYW
PFGAFCDVWVAFDIMCSTASILNLCVISVDRYWAISRPFRYKRKMTQRMALVMV
GLAWTLSILISFIPVQLNWHRDQAASWGGLDLPNNLANWTPWEEDFWEPDVNA

ENCDSSLNRTYAISSSLISFYIPVAIMIVTYTRIYRIAQVQIRRISSLERAAEHAQSCR
SSAACAPDTSLRASIKKETKVLKTLSVIMGVEFVCCWLPFFILNCMVPFCSGHPEGP
PAGFPCVSETTFDVEFVWEFGWANSSLNPVIYAFNADFQKVFAQLLGCSHFCSRTPV
ETVNISNELISYNQDIVFHKEIAAAYIHMMPNAVTPGNREVDNDEEEGPFDRMFQ

IYQTSPDGDPVAESVWELDCEGEISLDKITPFTPNGFH

Scheme 6-1. Predicted transmembrane regions are highlighted below in the human D,
dopamine receptor. (the n-termini are not completely clear).
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The TM prediction was utilized in building seven canonical a-helices and
optimized using the procedure described in Vaidehi 2002. The helices were bundled in
explicit bilayer of dilaurylphosphatidylcholine lipid molecules to mimic the biological
membrane. The structural factors such as helical bend, helical tilt etc., of the predicted
structure of D;DR (homology) structure compared to the crystal structure of rhodopsin

are summarized in Table 6-1.

™ Helical Plane HPM HPM HPM Fit PlaneCM PlaneCM CM Fit
Helix Bend Tilt Angle Mag. Dist. Angle
1 6.2 39.0 73.5 10.1 0.0 15.5 0.0 3.1251
2 9.9 36.1 29.4 6.8 0.0 9.9 31.9 0.0536
3 4.8 13.8 15.3 3.6 0.0 4.4 120.6 2.0260
4 31.2 23.4 72.3 11.3 0.0 14.1 114.9 -4.1285
5 10.5 8.1 -99.6 9.3 0.0 14.9 182.7 5.0534
6 24.9 12.5 -177.4 7.5 0.0 11.7 236.5 1.9978

7 35.1 24.9 169.9 4.7 0.0 12.6 296.0 -8.1273
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Centered Comparison Table

™ HPM HPM Helical P. Face

Helix Angle Mag. Bend Deg.
Helix 1 92.6 4.1 32 252
Helix 2 51.9 4.0 9.1 151
Helix 3 -16.2 2.5 0.0 69
Helix 4 -89.4 2.4 10.5 243
Helix 5 -65.3 4.9 21.5 222
Helix 6 -158.7 5.0 19.7 174
Helix 7 -26.0 1.6 29.2 147

Table 6-1. Comparison of the D,DR with the crystal structure of bovine rhodopsin.

RMS height of TMR: 30.8

RMS radius of TMR: 12.4

From Tables 6-1 it is clear that the helical bends are very different for D;DR
compared to rhodopsin. The volume of the TM barrel for D;sDR is 14857.9 A°. There is

one disulfide bond between Cys113 and Cys217 in EC2. Rhodopsin has a volume of
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11,807.7 A°. The calculated RMS in the coordinates of the C, atoms of the D,DR

structure compared to the crystal structure of rhodopsin is 6.94 A and a total residue RMS

of 7.74 A (all atoms).

Prediction of the putative binding site for dopamine in D;DR: The Hierdock2.0
procedure (Vaidehi 2002) was utilized to scan all the D;DR models as described in
Materials and Methods section. We discuss the details of the predicted binding site in
D;DR (homology) model for all the 11 ligands studied in this paper to capture the same
binding as those identified in the D, (MS) for comparison reasons and explanations of

receptor specificity in future chapters.

Dopamine: Dopamine is the endogenous ligand of the dopamine receptors. It binds in the
putative agonist binding site located between TM3, 4, 5, and 6. There are two main
contacts that energetically stabilize dopamine in this docked conformation: 1) salt bridge
between the TM3 Asp120 (bidentate, 2.8 A and 2.9 A), and 2) a network of hydrogen
bonds to the TM5 Ser229, Ser230, and Ser233. In our structure Ser229 and Ser233 both
have 2.9 A interactions with the catechol hydroxyls. Ser230 is ~ 5 A away and the
interactions it has with the catechol hydroxyls are too far to be considered hydrogen
bonds, although a rotation of TMS5 will allow Ser230 to form excellent interactions with
the catechol of dopamine. Under no circumstance can all three serines in TMS5 form
hydrogen bonds with reasonable distances and angles; at no time can there be more than

2 hydrogen bonds to the sequence of serines in TMS. Interaction between Ser229 and
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Ser230 may result during steps leading to or resulting from activation. Other residues in
the binding pocket provide mostly hydrophobic packing for the ligand. These residues
include Trp116, and Ser124 (TM3), Phel73 (TM4), Tyr225, and Ala226 (TMS5), Trp309,
Phe313, and Asn316 (TM6). The first phenylalanine of the conserved WXXFF motif,
Phe312, is slightly greater than 5.5 A away from dopamine. Asn316 in TM6 is providing
a very strong component of the binding energy of dopamine to the receptor. Assuming
Asp120 forms a bidentate salt bridge, or a salt bridge and a hydrogen bond to the amino
group of dopamine, the interaction with Asn316 fulfils the ability of the amino group to
form favorable interactions with any other residues. It must be noted, however, that the
presence of Trp116 (3) may be the reason why dopamine exhibits reduced binding to the
D, subtype of the receptor compared to the D, receptor. The presence of the Trp116 (3)
provides Asp120 (3) an alternate hydrogen bond donor, meaning the aspartate will share
its electron density between the protonated amino group and the indole and will not
interact as efficiently with the primary amino group. Interestingly, I predict that tertiary
amino groups should have enhanced binding to this receptor since the presence of a

single proton will not cause for competition for the aspartate electron density.
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Tyr225 (5
: ©) Phel73 (4) Trpl16 (3

Asn316 (6)

Ser229 (5)

Asp120 (3)

Phe313 (6
Ser124 (3)

Ser233 (5)

Trp309 (6) Dopamine

Figure 6-3. The 5.5 A binding site of dopamine to the human D5 dopamine receptor. The
numbers in the brackets indicate the TM helices to which the residues belong to.

7-OH DPAT: The ligand binds in putative agonist binding site located between TM3, 4,
5, and 6. The protonated amino group of 7-OH DPAT is salt bridged to the TM3 Asp120
(2.8 A). The other major polar contacts are to the conserved TMS5 serines 229, 230 and
233. There are two hydrogen bonds, one 4.3 A to Ser229 and 2.9 A to Ser233. The
interaction to Ser230 is ~ 6 A and is too long to be considered a hydrogen bond. The
remainder of the residues in the cavity are mainly hydrophobic residues that provide
stabilization for the aromatic and aliphatic rings of the ligand. The residues in close
hydrophobic contact of the ligands are Trp116, Phel19, Cys123, Ser124, Ile128 (all in

TM3), Trpl165 and Phel73 (TM4), Tyr225, 11e232 (both in TMS), Trp309, Phe312,
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Phe313, Asn316 (all TM6), Val345, Trp349 (both in TM7) (Figure 6-4) which provide a

mainly hydrophobic pocket.

Trpl65 (4) Trpl16 (3)

Phel73 (4) Phel19 (3)
Asp120 (3)

Tyr225 (5) ™™, » (S:grslljj ((33))

Ser229 (5) ‘ Tle128 (3)

Ser230 (5) Y

11e232 (5) E 3

Ser233 (5) N ‘ -

)y Val345 (7)
J Trp349 (7)

Trp309 (6)
Phe312 (6)
Phe313 (6)
Asn316 (6)

Figure 6-4. The 5.5 A binding site of 7-OH DPAT to the human Ds dopamine receptor.
The numbers in the brackets indicate the TM helices to which the residues belong to.

70H-DPAT

Apomorphine: The ligand binds in the putative agonist binding site located between
TM3, 4, 5, and 6. The protonated amino group of Apomorphine is salt bridged to the
TM3 Aspl120 (2.8 A). The other major polar contacts are to the conserved TMS5 serines
229, 230 and 233. There are three hydrogen bonds: Ser299 (4.1 A) and Ser233 (3.1 and
2.8 A) to the hydroxyl groups on Apomorphine. The contact to Ser230 is ~ 6 A apart.
Other residues form a most hydrophobic pocket around the ligand; these residues include:

Trpl16, Phel19, Cys123, Ser124, Ile128 (all in TM3), Trp165 and Phel73 (TM4),
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Tyr225, 11le232 (both in TMS5), Trp309, Phe312, Phe313, Asn316 (all TM6), Val345
(TM7) (Figure 6-5), which provide a mainly hydrophobic pocket. Mutational
experiments have shown that Phe312Ala and Phe313Ala mutants show substantial
reduction in binding constants for Apomorphine (Cho et al 1995). This shows that these

residues are important in ligand recognition.

Trpl165 (4) Trpl16 (3)
Phel73 (4) Phel19 (3)
Asp120 (3)
Cys123 (3)
Ser124 (3)
Tyr225 (5) Ile128 (3)
Ser229 (5)
Ser230 (5)
Me232 (5)
Ser233 (5)

i\ P Trp309 (6)

U Phe312(6)
7 Phe313 (6)
Asn316 (6)

Apomorphine

Figure 6-5. The 5.5 A binding site of Apomorphine to the human Ds dopamine receptor.
The numbers in the brackets indicate the TM helices to which the residues belong to.

Clozapine: Clozapine is a class I antagonist, meaning it binds in the putative agonist

binding site located between TM3, 4, 5, and 6. There is, as always, an amino group salt
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bridged to the TM3 Asp120 (2.8 A). As is the case for all antagonists studied, there is a
lone hydrogen bond to the sequence of TM5 serines. Although the hydrogen bond may be
to either Ser229 or Ser233, in our structure, the more reasonable distance and angle are
for the interaction between Ser229 and the heteroatom (3.2 A). There is a third
interaction, which although cannot be categorized as a hydrogen bond, is energetically
significant; this is a 3.2 A interaction between Trp309 in TM6 and the hydrogen of the
ring in Clozapine. Ser124 is ~5 A apart from the other nitrogen in the Clozapine ring. The
remainder of the residues provide a mostly hydrophobic pocket for the ligand. There
residues in close proximity of the Clozapine ligand are Trp116, Phel19, Cys123, Ser124,
[le128 (all in TM3), Trp165 and Phel73 (TM4), Tyr225, 11e232 (both in TMS5), Trp309,
Phe312, Phe313, Asn316 (all TM6), Val345, Trp349 (both in TM7) (Figure 6-6) which

provide a mainly hydrophobic pocket.
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Trpl16 (3)

Phel19 (3)

Phel73 (4) Asp120 (3)
& Cys123 (3)

3 Ser124 (3)
T \ Ser127 (3)

Tyr225 (5)
Ala226 (5)
Ser229 (5)
Ser230 (5)
Ser233 (5)

Phe305 (6)
Trp309 (6)
Phe312 (6)
Phe313 (6)
Asn316 (6)

Clozapine

Figure 6-6. The 5.5 A binding site of Clozapine to the human Ds dopamine receptor. The
numbers in the brackets indicate the TM helices to which the residues belong to.

Fenoldopam: Fenoldopam is an agonist, meaning it binds in the putative agonist binding
site located between TM3, 4, 5, and 6. There is a bidentate salt bridge between Asp120
(TM3) with and the amino group with distances of 2.6 and 2.8 A. Ser124 (TM3) is
hydrogen bonded to heteroatom with a length of 3.2 A. The catechol portion is hydrogen
bonded to the TM5 serine networks of Ser229, Ser230, and Ser233 (TMS5). There is a 3.1
A interaction and a 2.8 A interaction to the catechol by Ser229 and Ser233, respectively.
Ser230 is too far to form a hydrogen bond to the ligand. Interestingly, it is possible for

the phenol group to be pi stacked between Phe312 and Phe313 (TM6) and for its
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hydroxyl group to interact via a hydrogen bond with Asn316 (TM6). The remainder of
the residues in the cavity provide a mostly hydrophobic pocket for the drug. These
residues include: Trp116 (3), lle121 (3), 1le128 (3), Trp165 (4), lle169 (4), Phel73 (4),

Tyr225 (5), Ala226 (5), 11e232 (5), Phe305 (6), Trp309 (6), and Val345 (7) (Figure 6-7).

Trpl165 (4) Tiol16 (3
Te169 (4) p116 (3)

Phel73 (4) 3211)5(23()3)
V Ser124 (3)
: . Tlel128 (3)

Tyr225 (5)
Ala226 (5)
Ser229 (5) o
Ser230 (5) &
T1e232 (5)

Val345 (7)
Ser233 (5)

V)’ Phe305 (6)
Trp309 (6)

Phe312 (6)
Phe313 (6)
Asn316 (6) Fenoldopam

Figure 6-7. The 5.5 A binding site of Fenoldopam to the human Ds dopamine receptor.
The numbers in the brackets indicate the TM helices to which the residues belong to.

Haloperidol: The ligand binds in the putative antagonist-binding site located between
TM2, TM3, TM4, TMS, TM6, and TM7. Class 1I antagonists such as Haloperidol are
composed of two aromatic domains connected by a linker domain, which has a
protonated amino group. The protonated amino group of Haloperidol is salt bridged to the

TM3 Aspl120 (2.9 A). There are several heteroatom contacts that are typically too weak
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to be considered hydrogen bonds. There is a long hydrogen bond between the hydroxyl of
Haloperidol and TM6 Trp309 (4.0 A). Haloperidol and other class II antagonists are
predicted to have low affinities to the D, receptor; and, indeed experimental studies are in
accordance with this prediction. The presence of Phel19 (TM3) blocks the cavity usually
occupied by the linker and the second aromatic domain. The blocking of the cavity
causes the ligand to contort on itself and not fit properly in the cavity. As a result the
interaction with the serine network is absent. The absence of contacts with the serine
network is deemed unimportant for the function of the antagonist, and as a result
Haloperidol would continue to function as an antagonist, but it would have significantly
reduced affinity to this receptor. The class I antagonist, apparently, would bind with a
greater affinity to this receptor. Other residues form a mostly hydrophobic pocket around
the ligand; these residues include: Trp97 (2), Lys298 (2), Trp116 (3), Cys123 (3), Ser124
(3), Trp165 (4), 1le169 (4), Phel73 (4), Tyr225 (5), Ser229 (5), Ser230 (5), 11e232 (5),
Ser233 (5), Phe312 (6), Phe313 (6), Asn316 (6), Asp342 (7), Val343 (7), Val345 (7),

Trp346 (7), Trp349 (7), Ala350 (7) (Figure 6-8).
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Trpl16 (3)
5“?6695(4(:)‘) Phel19 (3)
e Asp120 (3)
Phel73 (4) Cys123 (3) E;;;Z; ((g

Ser124 (3)

il

Tyr225 (5)
Ser229 (5)

1e232 (5)
Ser233 (5)

Asp342 (7)

Val343 (7)
Val345 (7
Trp309 (6) Tfp346 57;
Phe312 (6) Trp349 (7)
Phe313 (6) Ala350 (7)
Asn316 (6)
Haloperidol

Figure 6-8. The 5.5 A binding site of Haloperidol to the human Ds dopamine receptor.
The numbers in the brackets indicate the TM helices to which the residues belong to.

Raclopride: Raclopride binds in the class I antagonist-binding site, although it begins to
extend to the TM2 and 7 aromatic micro-domain. The critical contact points are the salt
bridge between TM3 Asp120 and the protonated amino group of the ligand (2.8 A), and
interactions with the TM3 Ser124 (3.9 A) and TM5 Ser299 (3.8 A) and Ser233 (3.8 A),
the latter of which are too weak to be considered a hydrogen bond. Tyr225 in TMS is in
proximity of heteroatom of the ligand and may form weak hydrogen bonds with the
ligand. The remainder of the residues provide a mainly hydrophobic pocket for the
remainder of the ligand. The residues in close proximity of the ligand include: Trp116
(3), Ser127 (3), lle128 (3), Trp165 (4), 1le169 (4), Phel73 (4), Tyr225 (5), Ser229 (5),

Ser230 (5), 11e232 (5), Ser233 (5), Trp309 (6), Phe312 (6), Phe313 (6), Asn316 (6),
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Asp342 (7), and Val345 (7) (Figure 6-9). Raclopride fits nicely into the cavity and does
not clash with Phe119 in TM3. It is predicted that the shorter antagonists, Clozapine and
the likes, will have higher affinity than the class II antagonists to this class of the

receptors.

Trpl65 (4) Trpl16 (3)
Tle169 (4) Aspl120 (3)
Phel73 (4) Ser124 (3)

Ser127 (3)

1le128 (3)

Tyr225 (5)
Ser229 (5) Asp342 (7)
Ser230 (5) Val345 (7)
11e232 (5)
Ser233 (5)

Trp309 (6)

Phe312 (6)

Phe313 (6)

Asn316 (6)

Raclopride

Figure 6-9. The 5.5 A binding site of Raclopride to the human Ds dopamine receptor.
The numbers in the brackets indicate the TM helices to which the residues belong to.

SCH-23390: SCH-23390 is a class I antagonist. It forms a salt bridge with the TM3
Asp120 with a distance of 2.8 A. There are two hydrogen bond contacts with the 5"

transmembrane domain. There are two 3.3 A interaction with Ser2229 and Ser233 (5).

Tyr225 (5) is in close proximity of ligand heteroatom and can hydrogen bond with them.
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The remainder of the residues create a mostly hydrophobic pocket for the ligand, with
Phe312 (6) and Phe313 (6) forming excellent Van der Waals interactions with the phenyl
substituent of the ligand. Other amino acids in the cavity include: Trp116 (3), Phel19 (3),
Ser124 (3), Phel73 (4), Ala226 (5), Ser230 (5), Trp309 (6), Asn316 (6), Cys317 (6),
Val345 (7) (Figure 6-10). There is no clash between the ligand and Phe119 (3) since the

ligand does not extend into the domain between TM2 and TM7.

Phel73 (4)

Tyr225 (5) W> >
Ala226 (5) 9?\
Ser229 (5) 24
Ser230 (5)
Ser233 (5) = '

Trpl16 (3)
Phel19 (3)
Asp120 (3)
Ser124 (3)

g % Val345 (7)
dhadn
¢ Trp309 (6)
7% Phe312 (6)
Phe313 (6)
Asn316 (6)
Q27O SCH-23390

Figure 6-10. The 5.5 A binding site of SCH-23390 to the human Ds dopamine receptor.
The numbers in the brackets indicate the TM helices to which the residues belong to.

SKF-38393: SKF-38393 is an agonist. It forms a bidentate salt bridge with Asp120 with
a distance of 2.8 A. There are three hydrogen bonds to Ser229 (3.1 A) and Ser233 (3.0
and 3.4 A). The phenyl substituent is pi stacked between Phe312 (6) and Phe313 (6). The

remainder of the residues form a pocket around the ligand; these residues include: Trp116
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(3), Ser124 (3), Phel73 (4), Tyr225 (5), Ala226 (5), Ser230 (5), 11e232 (5), Trp309 (6),

Asn316 (6), Cys317 (6), Val345 (7) (Figure 6-11).

Phel73 (4) ~

Trpl16 (3)
Tyr225 (5) Asp120 (3)
Ala226 (5) Ser124 (3)
Ser229 (5)
Ser230 (5)
116232 (5)
Ser233 (5)

Trp309 (6)
Phe312 (6) 4
Phe313 (6) =
Asn316 (6)

Cys217 (6)

SKF-38393

Figure 6-11. The 5.5 A binding site of SKF-38393 to the human Ds dopamine receptor.
The numbers in the brackets indicate the TM helices to which the residues belong to.

Spiperone: Spiperone is a class II antagonist; meaning, it binds with its aromatic
domains to the voids between TM2 & 7 and TM4 & 6, and it forms a salt bridge to TM3

and weak non-ionic interactions to TMS5 and 6. The protonated amino group of the ligand
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is salt bridged to the TM3 Asp120 (2.9 A). Since class II antagonists are too large to bind
into the Dy class of dopamine receptors, the interaction with the TMS serine network is
not possible. The ligand clashes with Phe119 (3), which blocks the cavity, and as a result,
the heteroatom is not in a position to interact with the serine networks. The remainder of
the residues in the cavity form a mostly hydrophobic pocket for the ligand. The residues
in the cavity include: Trp97 (2), Lys298 (2), Trp116 (3), Cys123 (3), Ser124 (3), Trp165
(4), Tyr225 (5), Ser229 (5), Ser230 (5), 11e232 (5), Ser233 (5), Trp309 (6), Phe312 (6),
Phe313 (6), Asn316 (6), Asp342 (7), Val345 (7), Trp346 (7), Phe347 (7), Gly348 (7),

Trp349 (7) (Figure 6-12).

Trpl16 (3)
Vall17 (3)
Phel19 (3)
Aspl120 3)
Trp165 (4) Cys123 (3)
Ser124 (3) 97 ()
&
< Lys98 (2)
Tyr225 (5) TN %
Ser229 (5) . . TS = / 4
Ser230 (5) 9 R T ™
116232 (5) : aR
Ser233 (5) o
9
Asp342 (7)
Val345 (7)
Trp346 (7)
Phe347 (7)
Gly348 (7)
119309 6) Tip349 (7)
Phe312 (6)
Phe313 (6) .
Asn316 (6) Spiperone

Figure 6-12. The 5.5 A binding site of dopamine to the human Ds Spiperone receptor.
The numbers in the brackets indicate the TM helices to which the residues belong to.
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Sulpiride: Sulpiride is a class I antagonist meaning it binds in the putative agonist
binding site with minimal extension into the TM2 and 7 aromatic micro-domain.
Sulpiride has a salt bridge to the TM3 Asp120 (2.8 A). There is also the potential for a
hydrogen bond between Asp120 and the amide hydrogen of the ligand. This interaction is
also found in all the Sulpiride-like ligands. Although the addition of the amide was
introduced to decrease the lipophilicity of these drugs, the addition seems to fair well due
to the interactions it has with the Asp120 in TM3. The sulfonamide portion of the ligand
interacts well with the sequence of serines in TMS. There are two hydrogen bonds of 2.8
A and 3.8 A to Ser229 and Ser233, respectively. There is also a hydrogen bond between
Tyr225 (5) and the sulfonamide group; this interaction is 3.3 A long. The strength of
these hydrogen bonds is, however, a different issue. The remainder of the residue provide
a mostly hydrophobic pocket. The residues in close proximity include: Trp116 (3),
Phel19 (3), lle121 (3), Ser124 (3), lle128 (3), Trp165 (4), lle169 (4), Phel73 (4), Tyr225
(5), Ser230 (5), 11e232 (5), Trp309 (6), Phe312 (6), Phe313 (6), Asn316 (6), Asp342 (7),

Val345 (7) (Figure 6-13).
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Trpl16 (3)
Trpl165 (4) Phel19 (3)
[le169 (4) Asp120 (3)
Phel73 (4) Tle121 (3)

Ser124 (3)
Tle128 (3)

Tyr225 (5)
Ser229 (5)
Ser230 (5) Asp342 (7)
11e232 (5) Val345 (7)
Ser233 (5)

Trp309 (6)

Phe312 (6)

Phe313 (6)

Asn316 (6)

Sulpiride

Figure 6-13. The 5.5 A binding site of Sulpiride to the human D5 dopamine receptor. The
numbers in the brackets indicate the TM helices to which the residues belong to.

Comparisons of Binding Site of Agonists vs. Antagonists: Experimental studies have
outlined the binding site for agonists and antagonists. The putative agonist-binding site is
located between TM3, 4, 5, & 6, and some residues in the EC2 loop (assuming this loop
closes during the process of activation). We have classified antagonists into two
categories: Class I & II. Class I antagonists, such as Clozapine bind in the putative
agonist binding pocket meaning they occupy the void between TM3, 4, 5 and 6. Class 11
antagonists, such as Haloperidol consists of two aromatic domains connected by a linker,
which possess a protonated amino group. These antagonists bind in the cavity between
TM?2, 3,4, 5, 6, and 7. There are two aromatic micro-domains. The first aromatic micro-
domain is located in TM4 and TM6, which is composed of the very symmetric Trp165

(4), Phel73 (4), Trp309 (6), Phe312 (6), and Phe313 (6). This aromatic micro-domain



325

stabilizes one of the aromatic rings of the class II antagonists. TM3 provides the salt
bridge to TM3 Asp120, which stabilizes the ligand in place. TMS5 provides weak
interactions with heteroatom functionalities such as halogens on the rings of class II
antagonists. These interactions are weak but important in recognition of the correct
aromatic domain for docking into the cavity. The second aromatic micro-domain
composed of Trp97 (2), Trp346 (7), and Trp349 (7) stabilize the second aromatic ring
group of the class II antagonists. It must be noted, however, that due to the presence of
Phe119 (3) which blocks the cavity and does not allow for the longer ligands in class II to
access the second aromatic micro-domain. Class II antagonists are not predicted to bind

to this class of receptors.

Comparison of agonists binding site: There is very little difference in the putative
agonist-binding site of different agonists. The agonists studied, (dopamine, 7-OH DPAT,
and Apomorphine) all possess protonated amino groups, which are salt bridged to TM3
Asp120. All of these ligands studied form favorable hydrogen bonding interactions to a
network of TMS5 Serines, although this is not an absolute necessary for agonism. There is,
in every case studied, favorable interaction from the first aromatic micro-domain located
in TM4 and TM6. A residue that has not been appreciated in drug design is Asn316 (6).
The presence of this residue contributes greatly to ligand binding, yet it appears that there
few agonists utilize this residue effectively. It is important to note that the agonists
studied effectively interact with both Ser229 and Ser233 in TMS. The interactions to
Ser230, the third TMS serine, are too long to be considered a hydrogen bond (on the

order of ~ 5 A). Under no circumstance, due to structural constraints, can all three serines
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effectively interact with the agonists studied. It appears that there could at most be two
hydrogen bonds to the TMS5 serines. Although in our structure Ser229 is not participating
in any interactions, it is possible that in a slightly different structure, perhaps one
resulting from activation, there could be interactions to Ser230 and Ser233 as opposed to
Ser229 and Ser233. All agonists studied cause strong coupling of TM3 and 5. None of
the agonists studied block TM3 and 6 motions. Based on structural studies of rhodopsin,
it has been established that a motion between TM3 and 6 are essential for activation. The
coupling of TM3 and 6 by agonists causes a decrease in distance between TM3 and 5

while allowing for motion between TM3 and 6.

Comparison of antagonists binding site: The antagonists studied were classified into
two categories: Class I antagonists (exemplified by Clozapine), which bind in the
putative agonist binding pocket; and class II antagonists (exemplified by Haloperidol),

which bind in the cavity between TM2, 3,4, 5, 6, and 7.

Class I Antagonists: the Clozapine-like antagonists salt bridge to the TM3 Asp120
with their protonated amino group. They do not have two aromatic rings and therefore
only utilize the first aromatic micro-domain between TM4 and 6. As is the case with both
class I and II antagonists, they form only one weak interaction with the TMS serine
network. In our models the interaction may be with Ser229 or Ser233. At first glance, it
appears that both the number of and strength of the interactions with the TMS5 serines

may be important for activation. Interestingly, however, the situation is more complicated
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than it appears; Strange et al. have identified agonism from a non-hydroxylated form of
the DPAT series. The critical distinguishing feature of an agonist vs. an antagonist
appears to be its relative position to TM6. Class I antagonists burry their aliphatic domain
deep into the conserved TM6 WXXFF motif. Experimental studies of rhodopsin suggests
that motion of TM3 and 6 is necessary for activation. The binding of antagonists at the
TM6 WXXFF would prevent any motion, specifically the hinge motion between TM3
and TM6 that is necessary for activation. It appears that the presence of one hydroxyl/one
hydrogen bond donor/acceptor is not an absolute necessity for antagonism. The class I

antagonists are further stabilized by Trp116 in TM3.

Class II Antagonists: this class of antagonists are predicted to not bind effectively
to this receptor. The Haloperidol-like antagonists salt bridge to TM3 Asp120 with their
protonated amino group. Due to the presence of Phel119 (3) in the third transmembrane
region, the ligands are not able to extend into the cavity between TM2 and 7 and
therefore will not bind to this receptor. In most cases, only one of the aromatic rings is
halogenated, and this is the ring that binds to the first aromatic micro-domain, with the
second ring would bind to the second aromatic micro-domain but Phel19 (3) does not
allow for this binding in the second aromatic micro-domain. Since the ligand has little
room to bind in the putative cavity, it fails to form adequate contacts to the TMS5 serine
network and is also expected to have lower efficacy as an antagonist. In some cases
Asn316 (6) may also stabilize the class II antagonists. As is the case with the class I
antagonists, class II antagonists prevent motion between TM3 and TM6 by burying their

aliphatic portion between TM3 and TM6, thereby preventing interaction of these helices.
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There is very little difference between the binding sites of the class II antagonists,

although some utilize the cavity better than others.

Ligand B.E. (Kcal/mol)
70HDPAT -153
Apomorphine -176.2
Clozapine -146
Dopamine -165.7
Fenoldopam -154.6
Haldol NA
Raclopride NA
SCH -169.3
SKF -159.2
Spiperone NA
Sulpiride NA

Table 6-2. Binding energies in kcal/mol for a library of 10 ligands to the human D;
dopamine receptor. Due to the presence of the TM3 phenylalanine, long class II
antagonists are unable to bind to this class of receptor.

D, Receptor Experimental Ranking:

SCH23390~SKF38393~Fenoldopam>Clozapine~Haldol~Apomorphine~Dopamine>Spip

erone~Sulpiride

D, Receptor Theory Ranking:

Apomorphine~SCH23390~SKF38393~Fenoldopam~Dopamine~7-OHDPAT~Clozapine
>Haldol~Raclopride~Spiperone~Sulpiride



