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1 The structural determinants of catechol hydroxyl interactions with adrenergic receptors were
examined using 12 a,-adrenergic agonists and a panel of mutated human o,s-adrenoceptors. The
osaS5er201 mutant had a Cys— Ser201 (position 5.43) amino-acid substitution, and o,,Ser201Cys200
and 0,2Ser201Cys204 had Ser — Cys200 (5.42) and Ser — Cys204 (5.46) substitutions, respectively, in
addition to the Cys— Ser201 substitution.

2 Automated docking methods were used to predict the receptor interactions of the ligands.
Radioligand-binding assays and functional [*S]JGTPyS-binding assays were performed using
transfected Chinese hamster ovary cells to experimentally corroborate the predicted binding modes.
3 The hydroxyl groups of phenethylamines were found to have different effects on ligand affinity
towards the activated and resting forms of the wild-type a,5-adrenoceptor. Substitution of Ser200 or
Ser204 with cysteine caused a deterioration in the capability of catecholamines to activate the o-
adrenoceptor. The findings indicate that (i) Cys201 plays a significant role in the binding of
catecholamine ligands and UK 14,304 (for the latter, by a hydrophobic interaction), but Cys201 is not
essential for receptor activation; (ii) Ser200 interacts with the meta-hydroxyl group of phenethylamine
ligands, affecting both catecholamine binding and receptor activation; while (iii) substituting Ser204
with a cysteine interferes both with the binding of catecholamine ligands and with receptor activation,

due to an interaction between Ser204 and the para-hydroxyl group of the catecholic ring.
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Introduction

Three amino-acid residues in the fifth transmembrane domain
(TM5) of adrenergic receptors (ARs) (positions 5.42, 5.43 and
5.46 according to the indexing system of Ballesteros &
Weinstein (1995) have been shown to be important for agonist
interactions involving catecholamine ligands. The o- and o, -
AR, and all the three -AR subtypes as well as the a,z-AR
have serine residues at these three positions. The human o,-
and o,c-ARs have a cysteine, and the human o;,-AR an
alanine at position 5.43 (Figure 1). The oy2-AR of rodents
(previously called a,p) has three serine residues at these three
positions; this is reflected in some differences in the ligand-
binding affinities between the rodent and human receptors
(Blaxall et al., 1993). The OH and thiol groups of these
conserved amino-acid residues are thought to be exposed in
the ligand-binding crevices of the receptors, and to form
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hydrogen bonds with the meta- and para-hydroxyl (OH)
groups of catecholamine ligands (Strader et al, 1989).
Mutagenesis studies on f,-AR have indicated that both
Ser204 (position 5.43, corresponding to Cys201 of the human
a:4-AR) and Ser207 (position 5.46, corresponding to Ser204 of
oa-AR) are important for binding catecholamine ligands
(Kikkawa et al., 1997). Ser204 (5.43) of f,-AR has been
suggested to interact with the meta-OH group of catechola-
mine agonists, and Ser207 (5.46) with the para-OH group
(Strader et al., 1989). A recent study indicated that the mera-
OH group of catecholamines also interacts with Ser203 of f3,-
AR (position 5.42, corresponding to Ser200 of o,5-AR) (Sato
et al., 1999). In o;5-AR, the catecholic meta-OH group binds
to Ser188 (position 5.42) and the para-OH group interacts with
Ser192 (position 5.46) (Hwa et al., 1996; Wetzel et al., 1996).

A mutagenesis study on the human a,,-AR indicated that
only Ser204 (5.46) interacts with the para-OH group of the
catecholamine phenyl ring, and that Ser200 (5.42) does not
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Figure 1 Alignment of amino-acid sequences from TMS5 of the
human AR subtypes.

directly participate in receptor—agonist interactions (Wang
et al., 1991). However, in a more recent study with Ser—
Ala200 and Ser— Ala204 mutants, it was suggested that
Ser200 exerts an inhibitory influence on the ability of the
catecholic para-OH group to interact with the receptor. Ser204
had a similar effect on the function of the meta-OH group of
the ligand (Rudling et al., 1999). In addition, position 5.43
appears to be important for interaction with the mera-OH
group of the catechol ring (Strader ez al., 1989).

We have constructed models of the human o,s-AR
(Salminen et al., 1999; Nyrénen et al., 2001), whose
functionality has been verified through experimental studies
that include site-directed mutagenesis (Marjamaki et al., 1999;
Salminen et al., 1999) and ligand-binding assays with modified
catecholamine derivatives (Nyronen et al., 2001). Our o5-AR
model has now been updated using the recently determined
structure of bovine rhodopsin (Palczewski et al., 2000). In the
new model, most of the same residues are located within the
binding cavity, as seen for the previous model that was based
on the a-carbon template of frog rhodopsin (Baldwin et al.,
1997; Nyronen et al., 2001).

In our recent study on the wild-type human o,5-AR (12), we
utilised computer modelling, radioligand binding and func-
tional assays to determine the amino-acid residues important
for catecholamine binding and receptor activation. In addi-
tion, we suggested a molecular-level model for receptor
activation. The charged amine and the S-OH group of
catecholamine ligands were suggested to interact with
Aspl13 (D;3;y) in TM3. The meta- and para-OH groups of
the phenyl ring appeared to be important for catecholamine
binding and receptor activation, and were in close contact with
Ser200, Cys201 and Ser204 of TMS. Docking studies did not
firmly distinguish between the two possible orientations of the
catechol ring, that is, whether the para- or the meta-OH groups
interact, respectively, with Ser200 or Ser204, or vice versa. It

was concluded on the basis of previous mutagenesis results
(Wang et al., 1991; Rudling et al., 1999) that the meta-OH
points towards Ser200 (and Cys 201), and that the
para-OH forms a hydrogen bond with Ser204 (Nyronen et al.,
2001).

The current study examines the structural determinants of
catechol hydroxyl interactions with ARs, using a panel of
mutated human a,5-ARs with Cys— Ser201, Ser — Cys200 and
Ser — Cys204 amino-acid substitutions and 12 o,-adrenergic
ligands: nine phenethylamines and three imidazoles. Auto-
mated docking methods were used to predict the receptor
interactions of these ligands. Radioligand-binding assays and
functional G-protein activation assays were performed using
transfected Chinese hamster ovary (CHO) cells, to test the
predicted binding modes. Both active and inactive receptor
conformations were probed. From an evolutionary point of
view, it is interesting to compare the effects of Ser— Cys and
Cys—Ser substitutions (the o,5- and o,c-AR are the only
human ARs with a cysteine in position 5.43). In a previous
study with f,-AR, Ser— Ala204 and Ser— Ala207 substitu-
tions had similar effects as Ser— Cys204 and Ser— Cys207
substitutions (Ambrosio et al., 2000); therefore, we limited this
study to Ser/Cys substitutions.

Experimental procedures
Materials

2-(2-methoxy-1,4-benzodioxan-2-yl)-2-imidazoline  (PHJRX
821002) was obtained from Amersham (Buckinghamshire,
U.K_; specific activity 52 Cimmol~"). Clonidine, dopamine, R-
noradrenaline (bitartrate), 5-bromo-N-(4,5-dihydro-1H-imida-
z0l-2-yl)-6-quinoxalinamine (UK 14,304) and p-aminoclonidine
were supplied by Research Biochemicals (Natick, MA,
U.S.A.). R-2-amino-1-phenylethanol and S-noradrenaline
(hydrogen L-tartrate) were purchased from Fluka Sigma-
Aldrich (Buchs, Switzerland). (R)-adrenaline was from
Sigma (St Louis, MO, U.S.A.). (R,S)-norphenephrine and
(R,S)-octopamine were obtained from Aldrich (Milwaukee,
WI, U.S.A.).The enantiomers of norphenephrine and octopa-
mine were prepared using Pseudomonas cepacia lipase-
catalysed resolution of the racemates (Fmoc-protected in the
case of octopamine) through enantioselective acylation in
toluene : tetrahydrofurane (3:1); NH; treatment provided the
free R- and S-norphenephrine counterparts (enantiomeric
excess >98%). Candida antarctica lipase B-catalysed
ethanolysis and treatment with piperidine (5% (vv™')) in
tetrahydrofuran provided the free R- and S-octopamine
enantiomers (enantiomeric excess >98 and 91%, respectively).
FH]UK 14,304 (62.5Cimmol~") and [**S]GTPyS (1225Ci
mmol™') were purchased from NEN (Boston, MA, U.S.A)).
Cell culture reagents were supplied by Gibco (Gaithersburg,
MD, U.S.A.). Other chemicals were of analytical or reagent
grade, and were purchased from commercial suppliers.

Cell culture and transfections

Adherent CHO cells (American Type Culture Collection,
Manassas, VA, U.S.A.) were cultured as reported previously
(Pohjanoksa et al., 1997). Cells were transfected with a
pPMAMneo-based expression construct encoding the human
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wild-type o,2-AR (Kobilka et al., 1987). The pREP4-based
mutant expression constructs were transfected into cells using
the Lipofectin reagent kit (Life Technologies Inc., Grand
Island, NY, U.S.A.). Hygromycin B (Roche Molecular
Biochemicals, Indianapolis, IN, U.S.A.)-resistant (550 ugml~")
cell cultures were examined for their ability to bind the a,-AR
antagonist [’H]JRX821002. The transfected cells chosen for
further experiments were subsequently maintained in
200 ugml~! hygromycin B.

Ligand-binding assays

Saturation- and competition-binding experiments were carried
out with PHJRX821002 in K *-phosphate buffer (Halme et al.,
1995). Competition-binding assays were performed using an
[PH]JRX821002 concentration close to its affinity constant (Ky)
for each receptor variant, and 13—15 concentrations of the
competitor ligands. In some experiments, conditions that
favour the low-affinity receptor conformation were used
(150mm NaCl, 10um GDP, no magnesium). Additional
radioligand-binding experiments were performed with the
agonist ['HJUK14,304 (buffer: 20mm Tris, pH 7.4, 1mm
EDTA and 5mM MgCl,). These assays were carried out with
similar membrane preparations, as used for the [**S]JGTPyS
assay (see below) in Tris-Mg>* buffer (Paris et al., 1989).

[P>S]GTPyS-binding assay

Agonist-induced stimulation of [**S]JGTPyS binding was
measured essentially as described previously (McKenzie,
1992; Tian et al., 1994; Peltonen et al., 1998). The
[**SIGTPyS-binding assay was carried out using a Beckman
Biomek 2000 Laboratory Automation Workstation (Beckman
Instruments Inc., Palo Alto, CA, U.S.A.) and 96-well plates.
Membranes were thawed and resuspended in the reaction
buffer (25mm Tris-HCl, Smm MgCl,, 1mMm EDTA, 1mm
dithiothreitol, 20 mm NaCl, 1 um GDP, pH 7.4). The reaction
was started by adding an aliquot of membrane suspension
(5 ng of membrane protein per well) to microwells containing
the reaction buffer, 0.08—0.15nM [**S]JGTP}S and agonist in a
total volume of 300 ul. The samples were incubated for 25 min

at room temperature. The incubation was terminated by rapid
filtration through glass fibre filters, using a Tomtec Harvester
96 Mach II (Tomtec Inc., Hamden, CT, U.S.A.). The filters
were washed with 3 x 4 ml of ice-cold wash buffer (20 mm Tris-
HCI, 5SmMm MgCl, 1mm EDTA, pH 7.4). The bound radio-
activity was determined in a Wallac 1205 Betaplate liquid
scintillation counter (Wallac, Turku, Finland).

Model building

Receptor and ligand models The o,,-AR receptor model
was created with the program Modeller 4 (Sali & Blundell,
1993). The model is based on a sequence alignment of o;5-AR
with bovine rhodopsin, and uses the crystal structure of bovine
rhodopsin as the template structure (Palczewski et al., 2000).
Models of the receptor mutants o;5Ser201, o;,Ser201Cys200
and o2Ser201Cys204 were made using Sybyl (Tripos Inc., St
Louis, MO, U.S.A)). Ligands (Table 1) were built using the
program Hyperchem (Hypercube Inc., Gainesville, FL,
U.S.A.). Special attention was given to the protonation state
of the ionisable amine and imine groups in the ligands. For
both the receptor models and ligands, Gasteiger—Marsili
charges (required by Autodock, see below) were assigned
using Sybyl. All further modifications of the ligands and
receptor models were done using Sybyl.

Receptor mapping GRID version 16 (Goodford, 1985) was
used to investigate essential interactions in the binding site of
the o,o-AR models. The chemical probes used in this study
mimic charged and neutral amine groups, (phenolic) OH
groups, methyl groups, aromatic carbons and hydrophobic
groups (Figure 2). Probes were placed at positions throughout
a30A x 30A x 30 A cube (3 points A1 27 points A*") centred
at the ay2-AR ligand-binding site, and the interaction energies
were calculated at each point. GRID maps were visualised
using the program gOpenMol (Bergman et al., 1997).

The program Superstar (Verdonk et al., 1999) was used to
map interactions between the receptor models and probes
representing OH oxygens, OH hydrogens, charged and neutral
amine nitrogens and amine hydrogens and aromatic carbons.
Superstar predictions were made within a 15 A radius centred

Table 1 Competition-binding affinities of 12 tested agonists obtained with [PHJRX821002 to the wild-type human o,4-

adrenoceptor and receptor mutants expressed in CHO cells

oo ~WE o4 Ser201 0,4Ser201Cys200 0,45er201Cys204

K; (nm) Ny K; (nm) Ny K; (nm) Ny K; (nm) ny
R-adrenaline 361+38 0.76 15,4004900 0.75 14,3004900 0.67 29,600+ 3300 0.50
R-noradrenaline 16504330 0.15 6520480 1.31 75,100+4500 1.20 18,600+ 1500 1.14
S-noradrenaline 7100+ 80 0.70 141,000+ 11,000 1.24 45,400+11,900 1.18 36,200+ 1400 1.05
R-norphenephrine 8600 +400 2.11 113,000+ 14,000 1.20 91,700+ 20,000 1.18 30,800+3000 1.15
S-norphenephrine 110004400 0.75 169,000+ 7000 0.95 85,200+ 7200 2.50 26,000+ 1900 0.93
R-octopamine 11300+ 800 0.95 64,100+ 7500 1.15 40,000 +4200 0.92 58,000+ 10,200 1.12
S-octopamine 15,000+1000 1.15  323,0004+250,000 1.21 104,000+ 15,000 1.03 71,300+48,500 1.15
Dopamine 4780+ 720 1.03 133,000+ 51,000 1.34 53,500+ 17,000 2.70 12,500+ 3400 1.80
R-2-amino-1-phenylethanol 2720490 1.14 28,700 +2000 1.20 8900+ 2800 0.91 42604280 1.95
UK 14,304 13.0+0.6 0.57 2430+30 1.06 197+2 0.98 29.2+0.7 1.48
p-Aminoclonidine 20.7+0.7 0.70 343404 1.29 104427 0.83 34.0+1.0 0.82
Clonidine 31.5+1.5 0.89 33.2+04 1.20 410423 1.42 42.847.0 1.01

The apparent K; (nMm) is the inhibition constant for a one-site model (mean+s.e.m.). The results are representative of 3—4 similar
experiments, each performed in triplicate. The pseudo-Hill slope (n;;) was obtained from a variable Hill slope model.
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Figure 2 Chemical structures of the a,,-AR ligands examined in
this study.

at the OD2 atom of the side chain of Asp113 (3.32) in each of
the receptor models.

Ligand docking The programs Gold 1.1 (Jones et al., 1997)
and Autodock 2.4 (Morris et al., 1996) were used to dock each
ligand to all receptor models. In Gold, 10 independent genetic
algorithm (GA) runs were made for each ligand. The binding
site in all receptor models was restricted within a 15A radius
centred at the side-chain oxygen OD2 of Aspl13 (3.32). The
default docking parameters were used in Gold. To speed up
the calculations, GA-based docking was stopped if the three
best scoring solutions were within a 1.5 A root-mean-squared
deviation (r.m.s.d.) of each other.

With Autodock, 500—800 separate docking simulations were
performed for each ligand. Each simulation consisted of 100
constant temperature cycles with 8000 steps accepted or
rejected. The flexibility of the ligand was considered by
allowing ligand torsion angles to rotate. The docked structures
were clustered into similar groups that were within 1 Armsd.
of each other.

Binding mode selection In creating the representative
binding modes for each of the ligands, we (i) selected the
optimal docked conformations to the receptor (i.e., binding
modes) found by Gold and Autodock; (ii) visualised on a
graphics station the binding modes superimposed with the
GRID and Superstar maps, choosing the binding mode that
correlated best with these maps; and (iii) considered how well
our model complexes correlated with the existing o,a-AR
ligand-binding and receptor activation data. Binding modes
chosen using this protocol were subjected to energy minimisa-
tion. In all, 300 minimisation cycles were calculated using the
MMFF94 force field and MMFF94 charges in Sybyl, allowing
all ligand atoms and all atoms in the amino-acid side chains in
the receptor-binding site within 6 A from the ligand to relax
during the minimisation procedure.

Results
Radioligand-binding assays

We established four CHO cell lines expressing wild-type and
mutated orx-ARs with amino-acid substitutions at residues
Cys201, Ser200 or Ser204 (positions 5.43, 5.42 and 5.46). The
oaSer201 mutant had a cysteine-to-serine substitution (null
mutation with respect to the presence of a cysteine residue
in the investigated region). ay2Ser201Cys200 and o, Ser201
Cys204 had Ser—Cys200 and Ser— Cys204 substitutions,
respectively, in addition to the Cys— Ser201 substitution.

The receptor densities (Bnax) were 1300+200 (s.e.m.)
fmolmg™" of protein for CHO-uyawt, 4740+ 230 fmolmg™
for CHO-0,,Ser201, 2150+ 310 fmol mg™" for CHO-a,4Ser201
Cys200 and 4010+ 120 fmolmg~" for CHO-u,4Ser201Cys204.
The equilibrium dissociation constants (Kp) of the radioligand
PHIRX821002 were 0.89+0.27, 0.42+0.08, 3.344+0.51 and
2.714+0.12nM, respectively. Binding affinity constants (K-
values) were determined for a panel of a,-adrenergic agonists
at the wild-type ass-AR and the three o,,-AR mutants in
competition-binding assays with whole-cell homogenates and
[PH]RX821002 as the radioligand (Table 1). The overall trend
was that the affinities of the agonist ligands to the receptor
were decreased by the amino-acid substitutions. As the R-
enantiomers of catecholamines are more potent activators of
o>-ARs than the S-enantiomers (Hoffman & Lefkowitz, 1995;
Airriess et al., 1997), we will concentrate on the results of the
R-enantiomers.

The affinities of the nonphenethylamine reference com-
pounds UK14,304, p-aminoclonidine and clonidine were not
affected to the same extent by the mutations as those of the
phenethylamines (Tables 1,2). An exception to this trend was
UK 14,304, whose affinity was clearly lower with the o, Ser201
mutant than with the other mutants or the wild-type receptor.
The affinities of UK14,304, clonidine and p-aminoclonidine
were also 10—12-fold lower with the a,,Ser201Cys200 mutant
than with the other receptor species.

In order to examine the presence of a population of agonist
high-affinity receptors in the membrane preparations used
for the functional [**S]JGTPyS-binding assay (see below),
additional radioligand-binding assays were performed with
the agonist [PHJUK14,304. The saturation-binding experi-
ments with [PHJUK14,304 revealed high-affinity receptor
densities (Bmax) of 1.1 pmolmg~"' of protein for CHO-u,zWt,
7.4pmolmg~! for CHO-0,,Ser201 and 5.5pmolmg~! for
CHO-0,4Ser201Cys204 (means of two to four independent
determinations). The Kp-values were 0.4, 0.8 and 0.7nm,
respectively. In the CHO-a,,Ser201Cys200 mutant, the affinity
of this radioligand was too low to obtain reliable estimates of
receptor density and affinity. The affinities of all phenethyl-
amine compounds and UK 14,304 were 1.5—4-fold lower with
the CHO-2,,Ser201 mutant compared to the wild-type
receptor, but clonidine did not seem to lose its affinity. The
Ser — Cys204 substitution caused a 148-fold loss in affinity for
R-adrenaline, a 236-fold loss for R-noradrenaline, a 40-fold
loss for dopamine and a 10-fold loss for R-octopamine
compared to the CHO-o2Ser201 mutant. However, R-
norphenephrine retained its affinity for this mutant.

Another set of competition-binding experiments was carried
out using [PH]JRX821002 as the radioligand and membrane
preparations used for the [**S]JGTPyS-binding assay, under
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Table 2 Competition-binding affinities of agonists obtained with [PHJUK14,304 to the wild-type human os-

adrenoceptor and receptor mutants expressed in CHO cells

Apparent K; (nm) 0o 4-Wi
R-adrenaline 1.440.2
R-noradrenaline 4.6+1.0
S-noradrenaline 105+23
R-norphenephrine 130435
S-norphenephrine 2716+ 659
R-octopamine 432+55
Dopamine 34+6
R-2-amino-1-phenylethanol 675+99
UK 14.304 0.33+£0.09
p-Aminoclonidine 0.9+0.1
Clonidine 1.5+0.04

o Ser201 0245er201Cys204
3.8+1.1 563+263
10.7+0.9 25304330
233+38 11,970+ 1670
520+ 150 477433
5670+ 680 5300+ 1100
960+312 9600+2140
123+4.7 4970+236
10104113 817+94
1.34+0.1 1.74£0.3
1.1+£0.2 0.5+0.1
1.4+0.2 0.440.1

The apparent K; (nM) is the inhibition constant for a one-site model (mean +s.e.m.). The results are representative of at least three similar

experiments, each performed in duplicate.

Table 3 Competition-binding affinities of seven tested agonists obtained with ['H]JRX821002 to the wild-type human o4-
adrenoceptor and receptor mutants expressed in CHO cells, under experimental conditions that favour the low-affinity
receptor conformation (150 mm NaCl, 10 um GDP, no magnesium)

Apparent K; (nm) 0o q-WE
R-adrenaline 3240+ 390
R-noradrenaline 13,9004-1080
R-norphenephrine 6920+ 340
R-octopamine 34,000+ 2600
Dopamine 43,500 + 2400
R-2-amino-1-phenylethanol 52304450
UK 14,304 224+16

o, 4Ser201 0,48er201Cys200

57,400+ 10,000
152,000 + 32,800
116,000+ 12,300

59,000+2000
313,000 441,000
223,000+ 30,000

152,000 + 15,000 144,000 + 17,400
310,000 + 35,700 419,000+91,000
29,900 + 3800 45,900+950
1395 (two experiments) 1770+ 95

The apparent K; (nM) is the inhibition constant for a one-site model (mean +s.e.m.). The results are representative of at least three similar

experiments, each performed in duplicate.

experimental conditions that favour the low-affinity receptor
conformation (150mm NaCl, 10um GDP, no magnesium)
(Table 3). The Bp..-values determined in saturation-binding
experiments were 1.3pmolmg~' of protein for CHO-azWt,
54.0pmolmg™"' for CHO-x;,Ser201 and 3.3pmolmg™" for
CHO-0,,4Ser201Cys200. The Kp-values were 0.51, 1.27 and
2.4nM, respectively. These experiments were not carried out
for the CHO-0,,Ser201Cys204 mutant. All compounds tested
appeared to have 4.5—18-fold lower affinity with the CHO-
oaSer201 mutant compared to the wild-type receptor.
R-noradrenaline, R-norphenephrine and R-2-amino-1-phenyl-
ethanol had 1.5-2.1-fold lower affinities towards the CHO-
o:45er201Cys200 mutant, compared to CHO-0,,Ser201. The
affinities of R-adrenaline, dopamine and UK14,304 were not
significantly changed by the Ser— Cys200 substitution, and
R-octopamine even gained some affinity.

[P S]GTPyS-binding assay

Agonist-induced binding of [**SJGTPyS to isolated cell
membranes was measured in the presence of 20mm NaCl
and lum GDP, in order to monitor functional receptor
activation. These conditions favour the discrimination between
partial and full agonism. ECs,- and E,..-values were
determined for 12 oy-adrenergic ligands.

The maximal stimulation of [**S]JGTPyS binding was 247%
over the basal level for the Ser201 mutant (R-noradrenaline),
102% for the Ser201Cys200 mutant (p-aminoclonidine and

R-norphenephrine) and 65% for the Ser201Cys204 mutant
(p-aminoclonidine). With the wild-type o,5-AR, the maximal
stimulation was 140% over the basal level (R-adrenaline).
However, these efficacy values are not directly comparable as
the receptor expression levels in the four clones were different.

The R-enantiomers of the phenethylamines (adrenaline,
noradrenaline, octopamine and norphenephrine) appeared to
be more potent and efficacious on the wild-type receptor than
the S-enantiomers, which was expected according to previous
studies (Airriess et al., 1997). Catecholamine derivatives with
two catechol hydroxyl groups (adrenaline, noradrenaline and
dopamine) lost part of their efficacy on the ¢,,Ser201Cys200
receptor, and acted as partial agonists compared to p-
aminoclonidine. The phenethylamine derivatives with one
catechol hydroxyl group (octopamine and norphenephrine),
in contrast, appeared to retain their efficacy with the
0545er201Cys200 mutant receptor. All phenethylamine deri-
vatives, except R-noradrenaline and R-2-amino-1-phenyl-
ethanol, completely lost their efficacy with the a,,Ser201
Cys204 mutant receptor.

UK 14,304 appeared to act as a full agonist with the wild-
type receptor, and as a partial agonist with all of the mutants.
para-Aminoclonidine was a partial agonist with the wild-type
and a,,Ser201 receptors, but emerged as the most efficacious
agonist with the o,,Ser201Cys200 and a,,Ser201Cys204
receptors. Clonidine was a partial agonist with all receptors.
As a rule, all of the tested imidazoline compounds retained
their efficacy in all receptor mutants.

British Journal of Pharmacology vol 140 (2)



352 J.M. Peltonen et a/

Ligand -receptor interactions in TM5 of «2A-AR

The potencies of the phenethylamines (expressed as ECsy-
values) were in general highest with the wild-type receptor and
axaSer201, the potencies being approximately equal for both
receptors. The potencies were clearly lower with the
0,45er201Cys200 mutant, and most compounds appeared
inactive with the a;,Ser201Cys204 mutant (Table 4).

The potencies of the imidazoline reference compounds
UK 14,304, p-aminoclonidine and clonidine were not affected
to the same degree by the amino-acid substitutions as those
of the phenethylamines, although the potency of UK14,304
was clearly lowered in the o;,Ser201Cys200 mutant. The
potency of p-aminoclonidine was 10-fold higher in the
oaSer201  and  a;4Ser201Cys204 mutants compared to
the wild-type receptor.

Ligand docking

Amino-acid residues that form the ligand-binding cavity in our
receptor models are shown in Figure 3. The charged amine and
imine groups of the ligands were optimally coordinated to one
side-chain oxygen of Aspl13 (D;3,) in TM3. The -OH group
of the R-isomers formed a hydrogen bond with the other side-
chain oxygen of Aspll3 (Ds;i,). Also, Cysl17 (C;36) and
Thr118 (Ts37) at the bottom of the ligand-binding cavity were
in close proximity to the amine end of the docked ligands. The
phenyl rings were packed with one ring face against the
conserved aromatic residues in TM6: Phe390 (Fy5,), Phe391
(Fs.52), Tyr394 (Ye.5s5) and possibly Phe205 (Fs4;7) in TMS5, and
with Vall14 (V;33) in TM3 and Leul60 (L, s3) in TM4 packing
against the other face of the ring (12). The a,4-AR-binding site
is rich in aromatic residues: the side chains of Phe205 (Fs47) in
TMS5, Phe390 (Fgs51), Phe391 (Fys,), Tyr394 (Ye.ss) and Trp387
(We.4g) in TM6, and Phe411 (F;35) and Phe412 (F;39) in TM7
are accessible to the ligands in the binding cavity of our
receptor model. As indicated by previous studies (Rudling
et al., 1999; Salminen et al., 1999), Cys201, Ser200 and Ser204
in TM5 of a,4-AR also have important roles both in orienting
and binding ligands. Models of the docked conformations of
R-phenethylamines and UK 14,304 in the wild-type a,5-AR are
shown in Figure 4.

Discussion

Several previous investigations have proposed that the binding
of catecholamine ligands to ARs involves the formation of
hydrogen bonds between the catecholic OH groups and two or
three conserved amino-acid residues in the TMS5 of the
receptor protein. When these findings have been applied to
the a,4-AR, it has generally been assumed that the meta-OH
group would interact with Ser200 and Cys201, and the para-
OH group with Ser204. In this study, we have (i) employed
separate assays to explore the agonist high- and low-affinity
conformations of the receptor, and (ii) used mutant receptors
with amino-acid substitutions in TMS5 to test whether cysteines
and serines can subserve similar roles in TMS5 in binding
catecholamine ligands. Our o,,Ser201 mutant receptor had a
cysteine-to-serine substitution (null mutation), and the
0245er201Cys200 and o,4Ser201Cys204 mutants had Ser—
Cys200 and Ser — Cys204 substitutions, respectively, in addi-
tion to the Cys— Ser201 substitution. The ligand-binding and
activation properties of each mutant receptor were compared
to those of the wild-type axa-AR, with a cysteine in position
201. Radioligand competition-binding and functional agonist
activation assays were performed for 12 o,-AR agonists (nine
phenethylamine derivatives and three nonphenethylamine
reference compounds). Computer modelling was used to create
models of the wild-type o,2-AR and  o,,Ser201,
0,45er201Cys200 and a,,Ser201Cys204 mutant receptors,
using the bovine rhodopsin crystal structure (Palczewski
et al., 2000) as the template. Each ligand listed in Figure 2
was docked to all receptor models using procedures described
in Materials.

OH groups preferentially interact with other OH groups
rather than with SH groups. This notion is based on the
analysis of nonbonded interactions in the Cambridge Struc-
tural Database (CSD) and the Isostar Database. Interactions
between OH- and SH-groups are much less common than
OH-OH interactions in all crystal structures present in the
CSD. Theoretical ab initio calculations stored in the CSD
indicate that SH—OH interactions have two possible favour-
able orientations, whereas in OH—OH interactions only one
favourable nonredundant orientation can be found: the SH-

Table 4 Efficacy and potency results from [**SJGTPyS-binding assays

oo -Wi o Ser201 o54Ser201Cys200 0,4Ser201Cys204
ECs | . ECs | . ECs E s ECs Eax

R-adrenaline 179 140 76 210 19,500 44 n.d. 0
R-noradrenaline 211 102 126 247 105,000 52 1600 11
S-noradrenaline 4000 91 4320 174 n.d. 0 n.d. 0
R-norphenephrine 2990 29 2420 108 n.d. ~25 n.d. 0
S-norphenephrine n.d. 0 10,100 16 n.d. 0 n.d. 0
R-octopamine 23,300 49 7480 78 44,100 81 n.d. 0
S-octopamine 495,000 31 118,000 35 n.d. ~20 n.d. 0
Dopamine 19,500 96 1330 210 n.d. 0 n.d. 0
R-2-amino-1-phenylethanol 802 7 1510 27 17,800 73 3180 15
UK 14,304 8.2 133 10 161 643 87 31 46
p-Aminoclonidine 30 46 2.9 125 41 102 2.9 65
Clonidine 176 30 6.1 118 10 60 10.5 43

Half-maximal effective concentrations (ECsy, nM) of agonists are shown for the wild-type and mutant o,,-ARs in transfected CHO cell
lines. The E... values for the different agonists indicate the maximal % change in the binding of the guanine nucleotide analogue over the
basal level in the absence of agonists. Values are means from at least three separate experiments performed in duplicate. n.d., not

determined.
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Phe3a0 (651)

Figure 3 Stereo view of the superposition of the osa-wt, 0:4Ser201, o2Ser201Cys200 and o2 Ser201Cys204 binding sites after
flexible docking of R-noradrenaline. Amino-acid residues that form the binding cavity in our models are shown. Atom colour codes:

grey = carbon, red = oxygen, blue = nitrogen, yellow = sulphur.

Tyr394 (6.55)

oo

Phe412 (7.39) Y o
T oys201 (5.43)

= .
Asp113(3.32) ..
(

Ser200 (5.42)

! Ser204 (5.46)

Val114 (3.33) cysi17 (336)
3 | l\
Thr118 (3.37)
b
Phe412 (7.39) |
\
Asp113 (3.32).

Val114 (3.33) ll

Figure 4 Binding mode models (see Experimental procedures for
details) of superposed R-isomers of adrenaline, noradrenaline,
octopamine, norphenephrine and 2-amino-I-phenylethanol (a),
and UK14,304 (b). Some key amino acids that line the ligand-
binding cavity model are shown. The yellow surface depicts the
solvent-accessible surface of these residues, and the blue surface
depicts the solvent-accessible surface of the ligand. Hydrogens are
not shown for clarity, but were included in the calculation of the
solvent-accessible surface. Atom colour codes: grey =carbon, red-
=oxygen, blue=nitrogen, yellow=sulphur, brown=bromine
(only in UK14,304).

group can act as a proton donor to the OH-group, or as a
hydrogen bond acceptor from the OH-group. The orientation
of the latter is indicated to be energetically more favourable
(=11.4kJmol™"), with a longer nonbonded interaction length
2.7 A). The interaction in which the SH-group acts as a
hydrogen bond donor is slightly shorter and higher in energy
(=7.8kImol™!, 2.3 A). The interaction length of the most
favourable OH—OH orientation is notably shorter (1.9 A), and
the interaction energy is much lower (—21.8 kI mol™").

The active and resting forms of the wild-type o,4-AR

In our previous report, we suggested a model for a,o-AR
activation Nyronen et al., 2001. The new results presented in
this article clarify the role of catecholamine ligand determi-
nants that affect the affinity of the ligand towards the active
and resting receptor conformations. In competition-binding
experiments carried out under conditions that favour the
resting receptor conformation (high sodium and GDP
concentrations, no magnesium) (Table 3), the f-OH group
appears to increase the agonist affinity somewhat (cf.
dopamine vs R-noradrenaline). The catechol para-OH group
decreases the affinity significantly (cf. R-octopamine vs R-2-
amino-1-phenylethanol), whereas the meta-OH has a much
smaller or no effect (cf. R-norphenephrine vs R-2-amino-1-
phenylethanol). R-noradrenaline had higher affinity than R-
octopamine, maybe because the decrease in the affinity caused
by the para-OH group is moderated by the possibility to form
an intramolecular hydrogen bond with the meta-OH group.
In order to examine the affinities of the agonists towards the
active receptor conformation, additional radioligand-binding
assays were performed with the agonist radioligand
PH]JUK 14,304 (Table 2). The B-OH group increases the
affinity somewhat (cf. dopamine vs R-noradrenaline), as is
the case in the resting receptor conformation. R-2-amino-1-
phenylethanol had a higher affinity towards the activated
receptor compared to the resting receptor, that is, part of the
affinity gain for all compounds on the high-affinity receptor
appears to be built into the phenethylamine core, and is
independent of the catechol hydroxyls. However, the gain in
affinity for R-2-amino-1-phenylethanol is one to two orders of
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magnitude less than what can be achieved with the aid of the
catechol hydroxyls, that is, by far the largest part of the
affinity gains on the activated receptor are due to the catechol
hydroxyls. Interestingly, the data also indicate that the affinity
gain provided by both catechol hydroxyls being present at the
same time is based on a synergistic action. While the para-OH
group (cf. R-octopamine vs R-2-amino-1-phenylethanol)
slightly increases the affinity towards the active receptor
conformation and the meta-OH group significantly increases
this affinity (cf. R-norphenephrine vs R-2-amino-1-phenyl-
ethanol), the gain in affinity for R-noradrenaline vs R-2-
amino-1-phenylethanol is considerably larger than the
combination of the isolated meta- and para-OH effects.
Overall, this synergistic effect on the affinity towards the
agonist high-affinity form of the receptor clearly represents the
largest effect of the catechol hydroxyls in any of the binding
interactions.

The role of Cys201 in ligand-binding and receptor
activation

The human o,4- and o,c-ARs have a cysteine at position 5.43
(201 in o34-AR), whereas the f5,- and a,5-ARs have a serine at
the corresponding position. It has been previously suggested
that the meta-OH group of the catecholic ring interacts with
position 5.43 (Strader et al., 1989). The importance of Cys201
for UK 14,304 binding in the o,4-AR has also been previously
reported (Cockcroft et al., 2000). To experimentally verify the
contribution of Cys201 to catecholamine binding, we tested a
human receptor with an engineered Cys — Ser201 substitution,
thus making this binding site resemble f,-AR, o,5-AR and the
rodent o,x-AR. Moreover, we wanted to test how this amino-
acid replacement would affect receptor activation. The amino-
acid substitution significantly reduced the binding affinities of
all catecholamine ligands in competition binding with
[PH]RX821002 (Table 1). The affinity of R-norphenephrine
(having only the meta-OH) was decreased more than that of R-
octopamine (only para-OH), possibly indicating a stronger
interaction between Cys201 and the meta-OH as opposed to
the para-OH, which is in agreement with previous reports. In
contrast to catecholamine ligands, the affinities of the
imidazoline reference compounds clonidine and p-amino-
clonidine were not affected, but the apparent affinity of
UK14,304 was reduced. This reduction in affinity was
restricted to the agonist low-affinity conformation of the
receptor.

In [PHJUK 14,304 saturation-binding experiments, the affi-
nity of this radioligand towards the o,,Ser201 mutant was only
to a minor extent different from the affinity observed towards
the wild-type receptor (0.8 nM vs 0.4 nm). Competition-binding
studies with [’H]JUK 14,304 as radioligand were performed in
order to examine the affinities of the agonists towards the
agonist high-affinity form of the receptor, which supposedly
corresponds to the active receptor conformation. The affinities
of all phenethylamine compounds and UKI14,304 were
1.5-4 fold lower in the CHO-a,,Ser201 mutant compared to
the wild-type receptor, while the affinities of clonidine and
p-aminoclonidine were unaffected. In competition-binding
experiments carried out under conditions that favour the
resting receptor conformation (150 mm NaCl, 10 um GDP, no
magnesium), all compounds tested appeared to lose affinity
compared to the wild-type receptor.

The agonist potencies did not decrease uniformly by the
amino-acid substitutions in the functional GTPyS-binding
assay (Table 4). The different effects of the Cys— Ser201
mutation on the binding affinities and functional potencies of
agonists imply that the cysteine residue at position 201 has an
important role in the binding of catecholamine ligands and
UK14,304, but that a serine at the corresponding position can
subserve its role in receptor activation.

Cys201 (Cs43) probably has an important role in UK 14,304
binding, because the quinoxaline ring can favourably coordi-
nate with this residue by a hydrophobic interaction. UK 14,304
is a longer molecule than the other agonists used in this study,
and can more easily reach across the binding site from Asp113
(Ds3,) to the serine and cysteine residues in TMS. In the
computer-modelling studies, the mutation of Cys201 (Csy43)
into a serine causes an unfavourable interaction between the
serine OH group and the hydrophobic carbons in the
quinoxaline in UK14,304. The two unprotonated nitrogens
in the quinoxaline ring can, however, act as hydrogen bond
acceptors. According to our hypothesis, Ser200 and Ser204
participate in this interaction between o,,-AR and UK14,304
in the active receptor conformation. Interestingly, the func-
tional potency of dopamine was increased by a factor of 15 by
the Cys— Ser201 mutation. This may indicate the importance
of this serine residue in the recognition of dopamine by the
active receptor conformation. Dopamine has conformational
flexibility in comparison with the other phenethylamines due
to the lack of the -OH group Nyronen et al., 2001, and all
human dopamine receptor subtypes have a serine at the
corresponding position.

Comparison of the wild-type human o,,-AR and
0548er201Cys200

In our previous study (Nyronen et al., 2001), we proposed a
model for o,-AR ligand-binding and receptor activation.
According to the model, structural rearrangements take place
when the receptor is activated. This agonist-associated
structural change could be described as a rotation of TMS
which exposes residues Ser200 and Ser204 to the binding
cavity. According to previous studies, Ser200 interacts with the
meta-OH group of the catecholamine ring, which helps to
stabilise the active receptor conformation. Thus, substituting
Ser200 with a cysteine might affect the affinity of this residue
to the meta-OH group or influence the capability of agonists to
stabilise the active receptor conformation.

In competition-binding studies with [PH]RX821002, the
Ser — Cys200 substitution (0,4 Ser201Cys200) clearly had
different effects on the affinities of R-noradrenaline, R-
norphenephrine and R-octopamine. When compared to the
wild-type receptor, the affinity of R-noradrenaline was 45-fold
lower, probably reflecting weakened interactions between the
meta-OH group and the receptor presenting Cys200. This
notion is supported by our docking simulations, where the
meta-OH group is in close contact with Ser200. The affinity of
R-octopamine (possessing only the para-OH group) was only
slightly decreased compared to the wild-type receptor,
indicating that there are no significant interactions between
Ser200 and the para-OH group. On the contrary, the affinity of
R-norphenephrine was 10-fold lower than in the wild-type
receptor, again caused by the weaker interaction between
Cys200 and the meta-OH group. Catecholamine interactions

British Journal of Pharmacology vol 140 (2)



J.M. Peltonen et al

Ligand -receptor interactions in TM5 of «2A-AR 355

with the o,,Ser201Cys200 mutant receptor would, according
to our model, involve interactions between catechol OH-
groups and the SH-group of the cysteine. The Isostar
database indicates that SH—OH interactions are not as
favourable as OH—OH interactions that are formed between
catechol hydroxyls and Ser200 (Ss4,) in the wild-type a2-AR,
and this is supported by the statistical analysis of protein—
ligand and protein—protein interactions in known crystal
structures (Rantanen et al., 2001). This result is also
reflected in the docked conformations of R-noradrenaline,
R-norphenephrine and R-octopamine to the o,,Ser201Cys200
mutant, which were not as well defined as in the wild-type
receptor.

The [**S]IGTPyS-binding assay results for the Ser201Cys200
mutant are also in line with the proposal of residue 200 (Ss4,)
interacting with the meta-OH of catechol ligands. Cys200
causes a dramatic rearrangement in the agonist efficacy orders
compared to the wild-type and the Ser201 mutant receptor.
The most efficacious agonist among the phenethylamine
ligands on Ser201Cys200 is R-octopamine, followed closely
by R-2-amino-1-phenylethanol, which shows a large gain in
agonist efficacy over the wild-type as well as the Ser201
mutant. In contrast, clearly, the efficacies of phenethyla-
mines possessing an OH in the meta-position (R-adrenaline,
R-noradrenaline, R-norphenephrine and dopamine) have
suffered. These results obviously imply an unfavourable
interaction between meta-OHs and Cys200, relative to the
interaction of meta-OHs and Ser200. A possible explanation
for the impressive gain in agonist efficacy for R-2-amino-1-
phenylethanol on the Ser201Cys200 mutant could be that
Cys200 can form a productive hydrophobic interaction with
the aromatic ring of the ligand, unencumbered by the presence
of any OH substituent.

The Ser— Cys200 mutation also affected the functional
[**SIGTPyS binding results for the imidazolines UK 14,304,
clonidine and p-aminoclonidine. The clearest effect observed
was on the agonist potency of UK14,304, which was some
65—75-fold lower than on the wild-type o,2-AR or the Ser201
mutant. To some extent, UK14,304, p-aminoclonidine and
clonidine could be regarded as analogues of catecholamines
with nitrogen instead of oxygen atoms in the meta- and para-
positions on the aromatic ring. However, obviously,
this perspective is too simplistic, because, while it might
offer an explanation for the effects of the mutation on the
activity of UK14,304 in terms of the presence of a ‘meta-
nitrogen’, there is no comparable efficacy gain for cloni-
dine relative to para-aminoclonidine, as observed for R-2-
amino-1-phenylethanol relative to R-octopamine. All in all,
the set of imidazoline compounds is certainly too small to
allow for any definitive conclusions. However, it is worthwhile
to point out that the marked reduction in the potency of
UK14,304 (643nM) compared to the wild-type receptor
(8.2nM) is in line with our inability during [PHJUK 14,304
saturation-binding assays to detect an agonist high-affinity
binding site for this radioligand within experimentally feasible
concentrations.

Comparison of the wild-type human o,,-AR and
o,4Ser201Cys204

It has been proposed previously that Ser204 interacts with the
para-OH group of the catechol ring in the active receptor

conformation. Therefore, it would be expected that the Ser —
Cys204 substitution should decrease the affinity and potency
of catecholamine ligands containing a para-OH group. Such a
preferential reduction in the binding affinities for phenethyl-
amines was indeed observed in the agonist high-affinity
binding sites probed with [PH]JUK14,304. Compared to the
wild-type o4-AR, the affinities for the catechol compounds
dopamine, R-adrenaline and R-noradrenaline on the
Ser201Cys204 mutant were reduced by 145-550-fold. For
the para-OH compound R-octopamine, the loss in affinity was
22-fold, while the meta-OH compound R-norphenephrine
suffered a 3.7-fold reduction in affinity, and the affinity of
the meta,para-unsubstituted R-2-amino-1 phenethylamine was
essentially unchanged. While these results are largely in line
with the expectation formulated above, they also hint at a
minor involvement of OH substituents in the meta position.
The three compounds with an OH in that position in addition
to the para-OH (dopamine, adrenaline and noradrenaline)
suffered greater losses than R-octopamine; R-norphenephrine
also showed some loss, and only the completely unsubstituted
R-2-amino-1-phenethylamine appeared truly unaffected. The
influence of the phenethylamine hydroxyl substitution pattern
was in a similar, but less distinct manner also observed in the
competition-binding assay with [PH]RX821002, for which the
data are compiled in Table 1. The more diffuse picture in this
assay is presumably due to the fact that it reflects a mixed
population of agonist high-affinity and low-affinity binding
sites. As has been mentioned above, the main effect of catechol
hydroxyls consists in a synergistic increase in the interaction
with the agonist high-affinity form of the receptor. Not
surprisingly, therefore, it appears that where possible, such an
effect is more easily monitored by directly measuring the
interaction of ligands with the agonist high-affinity binding
site.

The Ser — Cys204 substitution not only affected the affinity
of most phenethylamine ligands, but also essentially obliter-
ated the agonist responses towards catechol compounds. With
the exception of some minor receptor activation by R-
noradrenaline and R-2-amino-1-phenylethanol, all other
compounds were inactive. This observation highlights the
importance of Ser204 in the activation of the receptor by
catecholamine ligands. A cysteine at this position may impair
the capacity of the receptor to attain or retain an active
conformation that is dependent on catecholamine agonists. In
this regard, there seems to be a qualitative difference between
Ser204, which appears to have a mandatory role, and Ser200,
which appears to be more auxiliary or permissive in nature.

In contrast to the phenethylamines, the imidazoline ligands
were still capable of forming ‘productive’ interactions with the
Ser201Cys204 receptor mutant, albeit with possibly reduced
efficacy. As a matter of fact, it is only through the agonist
responses caused by the imidazoline compounds that this
receptor mutant can be judged to be at least partly functional.
Even though UK14,304 appeared to be less efficacious than
para-aminoclonidine, the existence of an agonist high-affinity
conformation for the Ser— Cys204 receptor variant was
confirmed by the [PHJUK 14,304 saturation-binding assays.

High-/low-affinity ratio vs efficacy

According to multistate receptor models, the differences in the
affinities of agonists towards resting and activated receptor
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conformations correspond to the intrinsic activity of com-
pounds, that is, the more a compound discriminates in favour
of the activated receptor, the stronger its agonist efficacy is
expected to be. This correlation is shown for the wild-type
receptor in Figure 5a, and for the o,,Ser201 mutant in
Figure 5b. The results are in line with the above hypothesis: R-
adrenaline, R-noradrenaline, dopamine and UK14,304 have
700—3000-fold higher affinities towards the activated wild-type
receptor, and they are strong agonists. R-norphenephrine, R-
octopamine and R-2-amino-1-phenylethanol have 7-80-fold
higher affinities towards the activated wild-type receptor, and
they are partial agonists. A similar correlation can also been
seen for the o2Ser201 mutant, where the high-/low-affinity
ratio ranges between 1000 and 15,000 for full agonists, and
between 30 and 200 for partial agonists. The difference
between R-norphenephrine and R-octopamine is small, but
the rank orders of the affinity ratios and efficacies appear to be
consistent for both the wild-type and the o,,Ser201 mutant
receptors. Another interesting point is that the somewhat
larger affinity ratio for R-2-amino-1-phenylethanol in the
aaSer201 mutant (30 vs 7 in the wild-type receptor) also
appears to translate into a higher agonist efficacy (27% over
the basal level compared to 7% in the wild-type receptor).
Finally, it is noteworthy to point out that the rectangular
shape of the affinity ratio vs efficacy curves in Figure 5 is in
line with other predictions from multistate models. The
rectangular character of these curves indicates that there are
upper limits of efficacy that can be achieved, and that, for
these two receptors, these limits are defined by the endogenous
o,-AR agonists R-adrenaline and R-noradrenaline.

Conclusions

The OH groups of phenethylamine ligands seem to play
different roles in the activated and resting forms of the wild-
type axa-AR. The f-OH group of phenethylamines appears to
increase ligand affinity towards the resting form of the wild-
type oa-AR, whereas the catecholic para-OH group decreases
the affinity significantly. In the activated receptor, the
catecholic para-OH group slightly and the meta-OH group
significantly increases agonist affinity.

The mutation of Ser200 (Ss4») or Ser204 (S,u) into a
cysteine causes dramatic deterioration in the capability of
catecholamines to activate o,,-AR. Our previous studies
suggested that alkylating reagents of different molecular sizes
capable of reacting with engineered cysteines at positions 200
and 204 recognised two different conformations of the human
oa-AR (Marjamiki et al., 1999). This argues that a rotation of
TMS is likely to be involved in receptor activation (Salminen
et al., 1999). Computer modelling and analysis of small
molecule, protein—ligand and protein—protein crystal struc-
tures indicate that interactions of the catecholic OH groups
with Ser200 and Ser204 in TMS are favoured energetically over
interactions with the corresponding cysteine mutants.

SH groups of cysteine residues can form interactions over
longer distances than OH groups, but SH—OH interactions are
much less frequent than OH—OH interactions. The cysteine
side chain also frequently forms important hydrophobic
interactions with aliphatic and aromatic groups. It has been
shown that Cys201 (C,43) is exposed in the binding cavity
(Marjamiki et al., 1998), and that it is important for ligand
binding (Marjamaki et al., 1999; Salminen e? al., 1999). Thus,
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Figure 5 The correlation between the low-/high-affinity competi-
tion-binding K;-ratio and the efficacy for seven agonists in the wild-
type 2,4-AR (a) and the o,,Ser201 mutant (b). The K; (high affinity)
values are presented in Table 2 and the K; (low affinity) values are
presented in Table 3. The agonists are numbered: 1 — R-2-amino-1-
phenylethanol, 2 — R-norphenephrine, 3 — R-octopamine, 4 —
UK14,304, 5 — dopamine, 6 — R-adrenaline, 7 — R-noradrenaline.

it seems possible that the relative disposition of TMS35, thought
to be coupled to the activation of the receptor by phenethyl-
amines, could be tuned by complex interactions that are
formed between the catecholic ring, the catecholic OH-groups
and Cys201, Ser200 and Ser204 of the receptor.

Cys201 of aya-AR appears to play a significant role in the
binding of catecholamine ligands and UK 14,304, but it is not
essential for receptor activation. The present results imply that
the meta-OH group of the phenethylamines is oriented towards
Cys201 in the inactive receptor conformation. Ser200 seems to
interact with the meta-OH group, and affects both catechola-
mine binding and receptor activation. Substituting Ser204 with
a cysteine interferes with both the binding of catecholamine
ligands and receptor activation, indicative of interactions
between Ser204 and the para-OH group of the catecholic ring.
The docking results agree with the experimental data.

British Journal of Pharmacology vol 140 (2)



J.M. Peltonen et al

Ligand -receptor interactions in TM5 of «2A-AR 357

We thank Ms Erja Katainen for assistance in the separation of
norphenephrine and octopamine enantiomers. A computational
grant from the Center for Scientific Computing (Espoo, Finland)
is gratefully acknowledged. We thank Peter Goodford (Oxford
University, U.K.) for providing the program GRID, Garret
Morris (The Scripps Research Institute, La Jolla, CA, U.S.A.) for
the program Autodock and the Cambridge Crystallographic

References

AIRRIESS, C.N., RUDLING, J.E., MIDGLEY, J.M. & EVANS, P.D.
(1997). Selective inhibition of adenylyl cyclase by octopamine via a
human  cloned  ass-adrenoceptor. Br. J. Pharmacol.,
122, 191-198.

AMBROSIO, C., MOLINARI, P., COTECCHIA, S. & COSTA, T. (2000).
Catechol-binding serines of f,-adrenergic receptors control the
equilibrium between active and inactive receptor states. Mol.
Pharmacol., 57, 198-210.

BALDWIN, JM., SCHERTLER, G.F. & UNGER, V.M. (1997).
An o-carbon template for the transmembrane helices in the
rhodopsin family of G-protein-coupled receptors. J. Mol. Biol.,
272, 144—-164.

BALLESTEROS, J.A. & WEINSTEIN, H. (1995). Integrated methods for
the construction of three-dimensional models and computational
probing of structure-function relations in G protein-coupled
receptors. In: Receptor Molecular Biology, ed. Sealfon, S.C. pp.
366—427. San Diego: Academic Press, Inc.

BERGMAN, D.L., LAAKSONEN, L. & LAAKSONEN, A. (1997).
Visualizations of solvation structures in liquid mixtures. J. Mol.
Graph. Model., 15, 301-303.

BLAXALL, H.S., HECK, D.A. & BYLUND, D.B. (1993). Molecular
determinants of the o,p-adrenergic receptor subtype. Life Sci., 53,
255-259.

COCKCROFT, V., FRANG, H., PIHLAVISTO, M., MARJAMAKI, A. &
SCHEININ, M. (2000). Ligand recognition of serine-cysteine
amino acid exchanges in transmembrane domain 5 of «,-
adrenergic receptors by UK 14,304. J. Neurochem., 74,
1705-1710.

GOODFORD, P.J. (1985). A computational procedure for determining
energetically favorable binding sites on biologically important
macromolecules. J. Med. Chem., 28, 849—857.

HALME, M., SJOHOLM, B., SAVOLA, J.M. & SCHEININ, M. (1995).
Recombinant human o,-adrenoceptor subtypes: comparison of
[PH]rauwolscine, [*H]atipamezole and [*H]RX821002 as radio-
ligands. Biochim. Biophys. Acta, 1266, 207—-214.

HOFFMAN, B.B. & LEFKOWITZ, R.J. (1995). Catecholamines,
sympathomimetic drugs, and adrenergic receptor antagonists.
In: Goodman & Gilman’s The Pharmacological Basis of
Therapeutics, 9th edn., ed. Hardman, J.G., Goodman
Gilman, A. & Limbird, L.E. pp. 199-249. New York:
McGraw-Hill.

HWA, J., GRAHAM, RM. & PEREZ, D.M. (1996). Chimeras of ;-
adrenergic receptor subtypes identify critical residues that modulate
active state isomerization. J. Biol. Chem., 271, 7956—7964.

JONES, G., WILLETT, P., GLEN, R.C., LEACH, A.R. & TAYLOR, R.
(1997). Development and validation of a genetic algorithm for
flexible docking. J. Mol. Biol., 267, 727—-748.

KIKKAWA, H., KUROSE, H., ISOGAYA, M., SATO, Y. & NAGAO, T.
(1997). Differential contribution of two serine residues of wild type
and constitutively active f,-adrenoceptors to the interaction with
Pr-selective agonists. Br. J. Pharmacol., 121, 1059—1064.

KOBILKA, B.K., MATSUI, H., KOBILKA, T.S., YANG-FENG, T.L.,
FRANCKE, U., CARON, M.G., LEFKOWITZ, R.J. & REGAN, J.W.
(1987). Cloning, sequencing, and expression of the gene coding for
the human platelet a,-adrenergic receptor. Science, 238, 650—656.

MARJAMAKI, A., FRANG, H., PIHLAVISTO, M., HOFFREN, A.M.,
SALMINEN, T., JOHNSON, M.S., KALLIO, J., JAVITCH, J.A. &
SCHEININ, M. (1999). Chloroethylclonidine and 2-aminoethyl
methanethiosulfonate recognize two different conformations of
the human a,s-adrenergic receptor. J. Biol. Chem., 274,
21867-21872.

Data Centre (CCDC, U.K.) for providing a test version of the
program Superstar. We are also grateful to Anna-Mari Pekuri, Ulla
Uoti and Sari Kalliokoski for skilful technical assistance, and to Ville
Rantanen for his analysis of molecular interactions involving the
cysteine thiol group. The study was funded by grants from the
Academy of Finland and the National Technology Agency of Finland
(TEKES).

MARJAMAKI, A., PIHLAVISTO, M., COCKCROFT, V., HEINONEN,
P., SAVOLA, J.-M. & SCHEININ, M. (1998). Chloroethylclonidine
binds irreversibly to exposed cysteines in the fifth membrane-
spanning domain of the human a,a-adrenergic receptor. Mol.
Pharmacol., 53, 370-376.

MCKENZIE, F.R. (1992). Basic techniques to study G-protein
function. 1In: Signal Transduction: A Practical Approach, ed.
Milligan, G. pp. 31-56. New York, NY: Oxford University Press.

MORRIS, G.M., GOODSELL, D.S., HUEY, R. & OLSON, A.l. (1996).
Distributed automated docking of flexible ligands to proteins:
parallel applications of AutoDock 2.4. J. Comput. Aided Mol. Des.,
10, 293-304.

NYRONEN, T., PIHLAVISTO, M., PELTONEN, J.M., HOFFREN, A.M.,
VARIS, M., SALMINEN, T., WURSTER, S., MARJAMAKI, A.,
KANERVA, L., KATAINEN, E., LAAKSONEN, L.,
SAVOLA, J.M., SCHEININ, M. & JOHNSON, M.S. (2001). Molecular
mechanism for agonist-promoted a,a-adrenoceptor activation
by norepinephrine and epinephrine. Mol. Pharmacol., 59,
1343 -1354.

PALCZEWSKI, K., KUMASAKA, T., HORI, T. BEHNKE, C.A.,
MOTOSHIMA, H., FOX, B.A., LE, T.I, TELLER, D.C., OKADA,
T., STENKAMP, R.E., YAMAMOTO, M. & MIYANO, M. (2000).
Crystal structure of rhodopsin: a G protein-coupled receptor.
Science, 289, 739—745.

PARIS, H., GALITZKY, J. & SENARD, J.M. (1989). Interactions of full
and partial agonists with HT29 cell o,-adrenoceptor: comparative
study of [P’HJUK-14,304 and [*H]clonidine binding. Mol. Pharma-
col., 35, 345-354.

PELTONEN, J.M., PIHLAVISTO, M. & SCHEININ, M. (1998). Subtype-
specific stimulation of [**SJGTPyS binding by recombinant o,-
adrenoceptors. Eur. J. Pharmacol., 355, 275-279.

POHJANOKSA, K., JANSSON, C.C., LUOMALA, K., MARJAMAKI, A.,
SAVOLA, J.-M. & SCHEININ, M. (1997). a,-Adrenoceptor regula-
tion of adenylyl cyclase in CHO cells: dependence on receptor
density, receptor subtype and current activity of adenylyl cyclase.
Eur. J. Pharmacol., 335, 53—63.

RANTANEN, V.V., DENESSIOUK, K.A., GYLLENBERG, M., KOSKI,
T. & JOHNSON, M.S. (2001). A fragment library based on Gaussian
mixtures predicting favorable molecular interactions. J. Mol. Biol.,
313, 197-214.

RUDLING, J.E., KENNEDY, K. & EVANS, P.D. (1999). The effect of
site-directed mutagenesis of two transmembrane serine residues on
agonist-specific coupling of a cloned human a,s-adrenoceptor to
adenylyl cyclase. Br. J. Pharmacol., 127, 877—886.

SALI, A. & BLUNDELL, T.L. (1993). Comparative protein
modelling by satisfaction of spatial restraints. J. Mol. Biol., 234,
779-815.

SALMINEN, T., VARIS, M., NYRONEN, T., PIHLAVISTO, M.,
HOFFREN, A.M., LONNBERG, T., MARJAMAKI, A., FRANG, H.,
SAVOLA, J.-M., SCHEININ, M. & JOHNSON, M.S. (1999). Three-
dimensional models of a,5-adrenergic receptor complexes provide a
structural explanation for ligand binding. J. Biol. Chem., 274,
23405-23413.

SATO, T., KOBAYASHI, H., NAGAO, T. & KUROSE, H. (1999). Ser203
as well as Ser204 and Ser207 in fifth transmembrane domain of the
human f,-adrenoceptor contributes to agonist binding and recep-
tor. Br. J. Pharmacol., 128, 272—274.

STRADER, C.D., CANDELORE, M.R., HILL, W.S., SIGAL, LS. &
DIXON, R.A. (1989). Identification of two serine residues involved
in agonist activation of the f-adrenergic receptor. J. Biol. Chem.,
264, 13572—13578.

British Journal of Pharmacology vol 140 (2)



358 J.M. Peltonen et al Ligand -receptor interactions in TM5 of «2A-AR

TIAN, W.N., DUZIC, E., LANIER, S.M. & DETH, R.C. (1994).
Determinants of oy-adrenergic receptor activation of G proteins:

evidence for a precoupled receptor/G protein state. Mol. Pharma-
col., 45, 524-531.

VERDONK, M.L., COLE, J.C. & TAYLOR, R. (1999). SuperStar: a
knowledge-based approach for identifying interaction sites in
proteins. J. Mol. Biol., 289, 1093—1108.

WANG, C.D., BUCK, M.A. & FRASER, C.M. (1991). Site-directed

WETZEL, J.M., SALON, J.A., TAMM, J.A., FORRAY, C., CRAIG, D.,
NAKANISHI, H., CUI, W., VAYSSE, P.J., CHIU, G., WEINSHANK,
R.L., HARTIG, P.R., BRANCHEK, T.A. & GLUCHOWSKI, C.
(1996). Modeling and mutagenesis of the human «;,-adrenoceptor:
orientation and function of transmembrane helix V sidechains.
Receptors Channels, 4, 165—177.

. . . o . (Received February 12, 2003
mutagenesis of a,s-adrenergic receptors: identification of amino .

L C . LS LS . Revised May 7, 2003
acids involved in ligand binding and receptor activation by agonists. Accepted June 30, 2003)
Mol. Pharmacol., 40, 168179, P ’

British Journal of Pharmacology vol 140 (2)



