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SUMMARY

a,-Adrenergic receptor (AR) subtypes mediate many effects of
the sympathetic nervous system. Although structurally similar,
the three cloned subtypes (a,,-AR, a,,-AR, and a,4-AR) bind a
series of ligands with different relative potencies. This is par-
ticularly true for the a,,-AR, which recognizes a number of
ligands with 10-100-fold higher affinity than the a,, or a4
subtypes. Because ligands are hypothesized to bind to recep-
tor residues that are located in the transmembrane (TM) span-
ning domains, subtype differences in ligand recognition are
likely the result of differences in the binding properties of non-
conserved TM residues. We previously reported on the identi-
fication of two TM residues in the «,,-AR that converted the
agonist binding profile entirely to that of the a,,-AR when
mutated to corresponding a,,-AR residues. We now report on
the determinants of antagonist selectivity between these two
a4-AR subtypes. Construction of a chimera in which the entire
fifth TM and a portion of the putative second extracellular loop
of the hamster a,,-AR was replaced with the corresponding
region of the rat a,,-AR revealed that the chimera accounted
for all of the higher binding affinity (8—29-fold) seen in the

a45-AR for two antagonists, phentolamine and WB4101. Using
site-directed mutagenesis, we further analyzed individual point
mutations making up this chimera. We found that three adja-
cent residues, which were located on the extracellular loop of
the fifth TM, are fully responsible for this higher antagonist
binding affinity in the a,,-AR. These three point mutations
(G196Q, V1971, T198N) in the a,,-AR were additive and suffi-
cient in their effects on changing antagonist-binding profiles to
that of the a,,-AR. Reversal of these three residues in the
a,,-AR to their corresponding residues in the a,,-AR com-
pletely reversed the antagonist affinity to wild-type «,,-AR
values. To aid in molecular modeling, the use of organic chem-
icals that mimic key structures of the antagonists were used in
competitive ligand-binding studies with the mutated receptors.
These results indicated the orientation of both phentolamine
and WB4101 in the a,-AR binding pocket. Together, the data
indicate that a,-antagonists may bind near the surface of the
receptor, much like the peptide hormone receptors, and not
deep within the TM regions, where the ligand-binding pocket
was first proposed and identified for a, agonists.

a,-ARs are members of the G protein-coupled receptor
superfamily that is activated by the neurotransmitter nor-
epinephrine, which is released from sympathetic nerve end-
ings, and by the neurohormone epinephrine, which is re-
leased from the adrenal medulla (1).2 They are related to a
larger subset of catecholamine-binding receptors that in-
cludes the B-ARs (e.g., B;, B2, Bs) and a,-ARs (e.g., as,, agy,
ay.). Three a,-AR subtypes have been cloned and pharmaco-
logically characterized: a,, (2, 3), a;;, (4), and a,4-AR (5, 6).

This work was supported in part by National Institutes of Health Grant
RO1-HL52544 (D.M.P.) and an unrestricted research grant from Glaxo Well-
come (D.M.P.).

1 Current affiliation: Department of Biology and Chemistry, Massachusetts
Institute of Technology, Cambridge, MA 02139.

2 We used the standardized nomenclature system for a;-AR subtypes as
recommended by the International Union of Pharmacology Committee on the
Classification of Adrenergic Receptors. The cloned subtypes are designated
lowercase letters as a;,, a;,, and a,4. The pharmacologically described tissue
subtypes are defined as a,,, a,5, and a,p, respectively (1).

Each «;-AR subtype has a distinct pharmacology that is
recognized through the use of selective ligands. The a,, sub-
type has 10-100-fold higher affinity for a number of agonists,
such as methoxamine, oxymetazoline, and cirazoline, and for
a number of antagonists, such as WB4101, phentolamine,
5-methylurapidil, and (+)-niguldipine, compared with the
a,,, subtype (2). Selective ligands for the a,4 subtype include
the antagonist BMY 7378 (7) and for the a,,;, subtype include
the selective agonist AH 11110A (8) or cyclazosin (9). How-
ever, based on 1000-fold differences in affinity, there are no
useful subtype-selective drugs readily available that can
fully discriminate among the subtypes.

Recent studies have indicated that «, subtypes can medi-
ate important pathways in the development of pathology. In
particular, a,,-AR overstimulation in isolated cardiac myo-
cytes seems to promote cardiac hypertrophy and can be re-
versed through the administration of nonselective «, antag-

ABBREVIATIONS: AR, adrenergic receptor; ['25IJHEAT, 2-[8-(4-hydroxyl-3-['2°lliodophenyl)ethylamineomethyljtetralone; TM, transmembrane;
EGTA, ethylene glycol bis(8-aminoethyl ether)-N,N,N’,N'-tetraacetic acid; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; PCR,

polymerase chain reaction.
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onists (10). In addition, the use of nonselective a, antagonists
for benign prostatic hypertrophy is a current therapy (11)
even though it seems that the «,, subtype controls the pre-
dominant dynamic component in symptomatic benign pros-
tatic hypertrophy (12). Because of a,-AR distribution in the
vasculature, the use of nonselective drugs increases the pro-
pensity for side effects, such as hypotension, which is a com-
mon effect of the nonselective «;-AR blockers. Therefore, the
development of better «;, subtype-selective drugs to either
block or enhance function with a minimum of side effects may
help to combat subtype-related disorders.

To rationally design selective drugs, an understanding of
subtype differences in the ligand-binding pockets would be
invaluable. We recently described the «,-AR ligand-binding
pocket for agonists (13). With site-directed mutagenesis, se-
lected putative ligand-binding residues in the a,,-AR were
converted, either individually or in combination, to the cor-
responding residues in the a,,-AR. Mutation of two such
residues (of ~172 amino acids in the TM domain) converted
the agonist-binding profile entirely to that of the a,,-AR.
These two residues in the a;,-AR, Ala204 and Leu314, are
buried within the TM domains along with other key residues
known to interact with the agonist, such as Aspl125 and
Ser207, which are involved in forming the counterion to the
protonated amine and a hydrogen bond to the meta-hydroxyl
of the catecholamine, respectively (14). All of these residues
lay within the same plane of the modeled agonist-binding
pocket. Thus, it seems that the binding site for agonists is
located below the extracellular surface of the receptor, down
into a pocket approximately one third of a TM spanning
domain. This distance was estimated in the B,-AR by fluo-
rescent quenching experiments to be =11 A deep (15).

To expand these types of studies for antagonist binding, we
first generated an a;,,, chimera of the fifth TM domain that
also included a portion of the second extracellular loop. This
a;,-AR chimera displayed all of the higher binding affinity
(8—29-fold) seen in the a,,-AR for two antagonists, phentol-
amine and WB4101. Assessment of eight individual muta-
tions from this region revealed that three residues located in
the second extracellular loop contributed to the higher bind-
ing affinity. The data indicate that a, antagonists may not
bind down within the TM domains and into a ligand-binding
pocket as was previously described for agonists but rather
may be analogous to the peptide hormone receptors that bind
ligands near the surface or in the extracellular loops of the
receptor.

Experimental Procedures

PCR-generated mutagenesis. Generation of the a,,,, chimera
was accomplished through PCR amplification of the rat a,,-AR
cDNA of the region corresponding to amino acids 177-208. Primers
used were 5'-GAT GAG ACC GAA TGC GAG ATC AAT GAG GAG
CCG GGC TAC-3' (sense) and 5'-GGC TAC TAC GTA GAC TCG
ACA GTA CAT AAC CAG AAT GAT-3' (antisense) corresponding to
the second extracellular loop portion of the rat a,,-AR and a portion
of the third intracellular loop, respectively. The sense primer incor-
porated a mismatch (bold) to encode a Bsml restriction site (under-
lined) with correct sticky ends to anneal with the hamster a,, Bsml
overhangs. The antisense primer encoded the native rat a,, Accl
restriction site (underlined). PCR was then performed on 1 pug of rat
a,,-AR cDNA template with 40 pmol of each primer, 10 mM tricine,
pH 8.0, 50 mM KCl, 0.01% gelatin, 200 uM concentrations of dNTPs,
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and 2.5 units of Thermus aquaticus DNA polymerase. The amplifi-
cation profile, run for 40 cycles, consisted of 1 min at 95°, 2 min at
60°, and 3 min at 72°. The resulting DNA (130-bp fragment) was
separated, digested with BsmI and Accl, and cloned into the Bsml/
Accl sites of the hamster a,,-cDNA, replacing the native fragment
previously removed by restriction endonuclease digestion. The re-
sulting construct was cloned into the expression vector pMT2’ (5)
and sequenced to verify the chimera.

Site-directed mutagenesis. The construct used was the ham-
ster a;;,-AR (4) or the rat a,,-AR (2), which included a manufactured
EcoRI restriction site at the 5’ end and a region encoding an octapep-
tide tag (i.d.4) at the end of the coding region that was used to
evaluate membrane expression using a monoclonal antibody (anti-
i.d.4). The attachment of this epitope after the coding region did not
affect protein expression or the functional nature of the receptor. The
construct ends with a stop codon and a Notl restriction site. The
c¢DNAs were divided into two fragments by restriction endonucle-
ases, and each fragment was inserted individually into M13mp19.
This was done to reduce the potential incidence of spurious modifi-
cations in the DNA due to the M13 system as reported with large
constructs (16). Site-directed mutagenesis was performed as previ-
ously described using the oligonucleotide-mediated double-primer
method (16); this involves the use of a 20-25-base mutagenic primer
encoding the codon mismatches to achieve the point mutation and
the universal primer for extension on single-stranded M13 tem-
plates. After transformation of the extended products into DH5aF’
cells, plaques were screened for the mutation on nitrocellulose lifts
by hybridization with the 32P end-labeled mutagenic primer and
then washed off the filter at 5° below the calculated T,. The effi-
ciency of mutagenic incorporation was 5% of total plaques. Positive
plaques were purified, and the DNA was isolated and sequenced by
the dideoxy method (Sequenase, Amersham, Arlington Heights, IL)
to verify the mutation. The replicative form of the DNA was isolated
from the M13, and the insert was removed and subcloned into the
expression vector pMT2'. The full-length plasmid DNA was again
sequenced to verify the mutation.

Cell culture and transfection. COS-1 cells (American Type
Culture Collection, Rockville, MD) were grown in Dulbecco’s modi-
fied Eagle’s medium supplemented with 10% fetal bovine serum.
c¢DNAs encoding the wild-type a,-ARs and various mutants were
subcloned into the mammalian expression vector pMT2', as de-
scribed previously (5). Plasmid DNA, purified by CsCl gradient cen-
trifugation and Biogel A-50m (BioRad, Hercules, CA) column chro-
matography, was used to transfect cells. Transient expression in
COS-1 cells was accomplished by the diethylaminoethane-dextran
method (16). Cells were harvested at 60 hr after transfection.

Membrane preparation. COS-1 membranes were prepared as
described previously (5). Membranes were prepared by washing the
culture plates twice with warm Hanks’ balanced salt solution. One
milliliter of Hanks’ balanced salt solution was added, and the plates
were scraped and transferred to a 50-ml centrifuge tube. The intact

" cells were centrifuged at 1,000 X g in a Sorvall RT6000B rotor for §

min, and the pellet was resuspended in 5 ml of 0.25 M sucrose. The
cell suspension was centrifuged again at 1,000 X g for 5 min, and the
pellet was resuspended in 10 ml of 0.25 M sucrose containing the
following protease inhibitors: 20 ug/ml aprotinin, 20 ug/ml leupep-
tin, 20 pg/ml bacitracin, 20 ug/ml benzamidine, and 17 pg/ml phen-
ylmethylsulfonyl fluoride. The cells were disrupted by N, cavitation
and then homogenized in a Dounce homogenizer by 10 strokes with
a tight-fitting (B)-type pestle. The mixture was then centrifuged at
1,260 X g for 5 min. Buffer (20 mm HEPES, pH 7.4, 12.5 mM MgCl,,
1.4 mM EGTA) was added to the supernatant fraction, which was
then centrifuged at 30,000 X g for 15 min. The resulting pellet was
resuspended in 50 ml of buffer and recentrifuged for 15 min. The
resulting pellet was resuspended in 1 ml of buffer containing 10%
glycerol and stored in aliquots at —70°. The protein concentration
was measured according to the method of Bradford (17).
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Radioligand-binding. The ligand-binding characteristics of the
expressed receptors were determined in a series of radioligand-bind-
ing studies using the «, antagonist radioligand [*?IIHEAT as de-
scribed previously (5). Competition reactions (total volume, 0.25 ml)
contained 20 mM HEPES, pH 7.5, 1.4 mm EGTA, 12.5 mM MgCl,, 200
pM [*2°TJHEAT, COS-1 membranes, and increasing amounts of un-
labeled ligands known to interact with a;-ARs. Nonspecific binding
was determined in the presence of 10 M phentolamine. Reactions
were stopped by the addition of cold HEPES buffer and were filtered
onto Whatman GF/C glass-fiber filters with a Brandel cell harvester.
Filters were washed five times with HEPES buffer, and bound ra-
dioactivity was determined using a Packard Auto-gamma 500
counter (Packard, Meriden, CT). Binding data were analyzed by the
iterative curve-fitting program LIGAND (provided by Dr. Peter J.
Munson, National Institutes of Health, Bethesda, MD). Hill coeffi-
cients were determined from the slope of the log-logit curve. For
saturation binding studies, [*2’TJTHEAT concentrations of 25-800 pM
were used. Saturation curves were obtained by incubating cell mem-
branes with increasing amounts of [2TJTHEAT in the same buffer
system used for the competition studies. To reduce interassay vari-
ation, binding assays were performed simultaneously with all con-
structs.

Molecular modeling. The coordinates of the a-carbon positions
were determined by an overlay of the putative a;-AR TM residues
with the TM coordinates of bacteriorhodopsin (18) using data files
generated using the Insight II molecular modeling software (Biosym
Technologies, San Diego, CA). The boundaries of the putative TM
domains were determined with an algorithm based on the weighted
pairwise comparisons of adjacent residues (19). The a;-AR model
was then minimized, and conflicts were adjusted as described previ-
ously (20). Loop regions were generated separately and minimized
after space-fixing the two amino acids at the TM boundaries. As-
sumptions of key amino acids involved in ligand binding, such as
Aspl25, are based on previous mutagenesis research and proposed
models for the B-AR (21). Other a;-AR residues shown (e.g., Ser207,
Ser211) are based on previous mutagenesis work and the resulting
models of the a;-AR (14).

Materials. WB4101 and 5-methylurapidil were obtained from
Research Biochemicals (Natick, MA); (+)-niguldipine was from Byk
Gulden (Germany); (—)-epinephrine, methoxamine, oxymetazoline,
phentolamine, and imidazole were from Sigma Chemical (St. Louis,
MO); 2-aminomethylbenzodioxan was from Ryan Scientific (Colum-
bia, SC); ['**IJHEAT was from DuPont-New England Nuclear (Bos-
ton, MA); and Biogel A-50m resin was from BioRad.

Results and Discussion

The a,,-AR and the a,,-AR, although structurally similar
in their TM domains, have some significant differences in
their ligand-binding affinities for a number of agonists and
antagonists. Determination of the critical amino acids re-
sponsible for these differences may assist in the design of
better subtype-selective drugs. Previous work exploring the
determinants of agonist selectivity between these two recep-
tor subtypes revealed two amino acids in the TM spanning
domains that accounted for the higher binding affinity seen
in the a,,-AR for three a, ,-selective agonists: oxymetazoline,
cirazoline, and methoxamine (13). None of the eight initial
mutations used in that study displayed changes in antago-
nist binding. To explore the determinants of antagonist bind-
ing, we first constructed a chimera (Fig. 1, fop) between these
two receptor subtypes to detect whether the fifth TM domain
was involved. a, Antagonists are structurally diverse and are
longer molecules compared with agonists but also have chem-
ical similarities to a number of agonists. We rationalized that
at least part of the antagonist structure would overlap with

B 196,197,198 202 204 208 214 218
Human (o1b) [vr] eEP [F|¥[A] LFs [s]LesFy [1] TLVMYCR
Hamster (a1p) GVT, F|Y|A LPs|s|LGSFY |1|P ILVMYCR
Canine (a1p) Gvr| EEP |F|v| Al LFs|s|LesFY |1 ILVMYCR
Rat (a1b) GvT| EEP |F|c| A LFs|s|LGSFY [T ILVMYCR
Human (aa) QIN| EEP [G|Y|V] LFS|A|LGSFY |T ILVMYCR
Bovine (a1q) Qggl EEP |G |¥| V| LFS |A|LGSFY |v|PLT I ILVMYCR
Rat (at14) QIN| EEP [G|Y|V] LFS |A|LGSFY [V |P! ILVMYCR
Human (o14) GIT| EEA |G|Y| A| VFS|S|vesFY |L|P ILVMYCR
Rat (014) GIT| EEV |G |Y| | IFS|S|VGSFY |L|P ILVMYCR
! t
Bsml ™V Accl

Fig. 1. Top, fifth TM domain of the rat a,,-AR inserted into the hamster
a, primary sequence. Highlighted residues, nonconserved between
the two a, subtypes. Bsml and Accl, restriction sites within the hamster
a4, DNA sequence. Bottom, sequence alignment of the fifth TM do-
mains of known a,-ARs. Boxed, nonconserved amino acids not the
result of species variation; dotted line, fifth TM spanning domain as
predicted by an algorithm described in Experimental Procedures; num-
bering of the amino acids, based on the hamster a,,-AR sequence; wt,
wild-type.

the agonist binding site. Because many residues (e.g.,
Ser188, Ser192, Val185) in the a,,-AR fifth TM domain were
found to interact with agonists (13, 14), we began our antag-
onist studies with this particular helix.

Analysis of the chimera. The a,,, chimera consists of
the a;,-AR with the fifth TM replaced with the corresponding
region of the a,,-AR (Fig. 1, top). Additional amino acids that
represent a portion of the second extracellular and third
intracellular loops were also replaced due to the convenience
of restriction sites in those regions. The chimera was ana-
lyzed by its ability to bind a panel of agonists and antago-
nists. K; values are shown in Table 1 and Fig. 2. The chimera
had a 8-29-fold increased binding affinity for the a,,-selec-
tive antagonists phentolamine and WB4101, a ligand-bind-
ing profile exactly like that of the wild-type a,,-AR. 5-Methy-
lurapidil, another a,,-selective antagonist, also showed a
significant 4-fold increased binding affinity with the chimera.
However, because the chimera accounted for only a small
fraction of the 17-fold selectivity in the a,,-AR for 5-methy-
lurapidil, we concentrated our studies on the two antagonists

2102 ‘T Joqwiadaq uo Ausianiun Buellayz ye Bio sjeuinofiadse wreydjow woiy papeojumoq


http://molpharm.aspetjournals.org/

ay-Adre ,
¢ Receptor
Anta

a
Spet..

s8
Ex 88X
33 |2 3828
§§g’ " sedd 288
£ ‘| 3353 Waag
= =
§§§ Sda E%;;&
S: |B ge5y 8 )
L 5 35338 328
g; 38{?’% “H:?
£ é“h sgadg
2fs & 853 3
282 |8 938 888
E’iv = gggz +I+°Q
4 pi 1 I 4
é@ ‘°.Q g‘ov-'-'g
gﬁg ogqm
£ 23 ®
%Eg 2 co Antagoni
25 5| #6338 S e
3E QQZZ QQQQ
28 ~ z2r
g
33% 3 gé Fig. 2.
ig SBZZ qdd the init sts. x-axi: nities
£ES ~ zZZ &0 seq ial chi s, the for th
l58> < zv—'N @ 'l;eelnoe batgem(b/a Ca1b'AR(eW7%b/- chi
Ei§ 8 ~39 tha ectiv kbone himera )and'm
g ¢ 3 8L at wer e a"“Egogﬂhh th )cx”"POse;he on a
ce |2 Soo values e signi ists, e insert: a,-AR 1a-AR-
53 H 4+ (=] N det ificant| . Z-axi ed of the (WT selectiv
%3 g HHH 66 ewman ermined y diff is, bind'ata hamst a) alon: o
a"g v';v—w .ng or foul -Keuls byan ‘erent froi iﬂga"f?ﬁfthm er a. gwith
338 APIIC Z222-9 re""e“mer:"mple-cgnma'ysis om the ey as K“m;‘;p""‘a’y
5 2 that ts perform: pa:isof:"a"ianc are ral (-bg)'\};'a)(fs'
38 2 35 (+)- showed full ed in du test. R;;°“°wedp’°s°"t;d alues
8253 8 So 4 niguldip selectivi plicate its are bYaStuasp
gE§ [ +l +|D.d . aIb.AR pme vlty An .WT, wild: based dent-
£55 3522 gdg als .Pharm’shOWed' oth oo O three
38 N zZz Qo o did acol no s er o
§83 © S~ a n not ch: ogy (Fi o signifi 1a-selecti
§ te onselecti ange fi g. 2) cant ve an
Eilz g sted (Lo, o1y D e vadioliga changes from
s E £(8 =P o) the (i.e., 0 a; an radioli; affini ges fro st,
P z 8 |F +|° . Qg" 5‘10_' Xymetazo! f’agoni gand 125ty of th m an
400 S ) © our fold i lin. st. Th [2251) e chi
g g QQZZ' “3601 re previous mcreasede’meth € (a" HEAT (T era
§’§ ~o oo HRQ .glonw results affini oxalninla selecti 'able 1
£ E ".og"’ tivity as on (12) ty, whi e) (T ve agoni ),
g 2 ~ 6O o betw e of thy that Va hich able 1) di onists
§§3 = c8 agonis een th e resid al185 i was co displ
Eﬂ MBS =X-1 o © th t (—)-epi ese twi ues in th nsiste; ayed
§ -8 <|z| M aa 828 e chim pine o rece: responsi e a nt wi
.%235 4808 SoSo Our era phrine dis ptor nsible f 1a-AR fifth th
L35 Sg §§ZZ‘ YRYIE ] th result's. Playedsubtypes or agonis ™
3}5@5 @ 8‘;.“-‘*tn'ig b.atarecri,mdicate n°chan'Theno t selec-
K 2% RS indin; tical that th ges in nselecti
s-gaﬁé .| &8 o3 %-ARgP“ket and suffi e chi affinity ve
g 885 gl 9% 8r8 to be and th for phe cient i era contains with
§ 3, g2 ’ 8§§§ vy that 'selectivee ala'ARntolaminem defining amin
gz2t ~o ‘3’3“38 thel intetact and the The °han:ndWB4 the ant:gzdds
gL 88" nd not th e o nd WBA101 betw nist
LR 8 ©6 e since th e resul y with of diff pharm een
g§ g2 % 3338 nists ebindingt of glob both ph erence -a°°10 the
3 'ﬁg ;"g +|°dd 85: were n aﬂinialchanp entol: 8lllamnfyseen.l
S §gﬁ N'H H 4 P = Analysi ot affe ty for ges in amine an o acids
358 8838 H o+ a,,-AR is of ted othe ecepto: d WB4
883253 AR nnudg au-AR to th single r"‘Hago-‘""%fo 101
2 2 " gggc’ tom) ¢ acids betu AR, mutati nists andmatiOn
.E?ggég ” ;:gz)tllat 811:xn“”;exl The Chi:;oums in antago-
g - cific amin: not the « era co; conv
. - = ity o aci due to n-ARs ntains erting
v-g ogg 2 2% .% : andfortheanmdsthat species and a eight diff the
Iy H E £8 £ 5, | % and analyz tasonist;‘?wunwd fvariaﬁ(,;;'ARs ht different
382 g8=33 £o8 S| E 101 ed b , indivi or th ns. To g. 1, bo
Q : 3532 o £ P g th . Rati y th dual e hi find t-
= ig gg.-g E:g X e TM tionali 'elr abili m gher . the
§g-° o Bz% E§38 3 g domai alizing ility utati binding spe-
e¢ gi;i?ﬁgﬁg- g generated mein 2 th that the a asions wers affin-
R So‘as = < & d resid d anal ey did f amino Phenbol ge-nerated
< w2 25 o] ve m ues in yzed or agoni acids amine
u. a > dem: utatio: the fifth only th nist bin .may la and
X onstr ns (F2 helix e fiv ding y within
for ated 02G, . As € Nnon , we ini
ARphento] no s‘ ,’ A204V shown . conserv: lmtian
. amine gnifican: , S20 in Fj ed : y
or WB4 e . 2.3, top, these
101 from th 1214V, p, th
lffOIn,thnce in bi& ?Iui‘VQIfse
atofthewg;nzamnfl)
d- ty
ype ay,-

2102 "

T Jsqu
3360

uo Ays
ISIBAIU
un Bue
ilo
yz 1e Bio'sjeun
ofads
I owe
ydjow
wiouy
papeo|
JuMo

a


http://molpharm.aspetjournals.org/

PHARM

aspet..

1122 Zhao et al.

A Tl s

10.5 | I |
10

? 9.5 |
9

¥ 85
8 ®8 | Antagonists
7.5 =
7 = J
= | WB 4101
S R e S Phentolamine
E g = = g ]
g ® ¥ E %
g S
¥
Mutations
B1ﬂ.5" | ________'|
|
10 i |
g 9.5 |
0 ) | |
Z a5 |
8.5 I
8 | Antagonists
7.5+ {1 Y/ weat01
I e Phentolami
o B 28 B AT "
s> F E g
£
§ &
§ 3
]
Mutations

Fig. 3. Top, effects of the a,,-AR fifth TM point mutations on the
binding affinities for WB4101 and phentolamine. Bottom, effects of the
a,,-AR second extracellular loop point and combined mutations on the
binding affinities for WB4101 and phentolamine. a,,-AR mutations
represent changing the amino acid in the a,,, at the designated amino
acid number to the corresponding residue in the a,,-AR subtype.
A204V/S208A, double mutant in the fifth TM domain. G196Q/V197I/
T198N, triple mutation in the a,,-AR. Values that were significantly
different from the WTb are represented as p values determined by an
analysis of variance followed by a Student-Newman-Keuls multiple
comparisons test. Results are based on three or four experiments
performed in duplicate.

The remaining three point mutations located in the extra-
cellular loop were then generated and analyzed. As shown in
Fig. 8, bottom, all three point mutations (G196Q, V197,
T198N) individually increased in their binding affinity for
both phentolamine (2-3-fold) and WB4101 (3-5-fold) toward
that of the a,,-AR. Thus, it seems that residues located near
the surface of the receptor and likely in the second extracel-
lular loop are responsible for some selective antagonist bind-
ing in the a,,-AR.

Analysis of the triple «,, mutation. A combination of
the three point mutations that conferred antagonist selectiv-
ity were then combined into a single receptor (triple mutant,
G196Q, V1971, T198N) to assess whether the individual mu-
tations were independent and additive in their affects on
changing the binding profiles to that of the a,,-AR. As shown
in Fig. 3, bottom, the triple mutation displayed similar affin-
ities to both the a,,,, chimera and the wild-type a,,-AR for
both phentolamine and WB4101. The three point mutations
are synergistic in binding affinity when combined and thus

likely represent three separate binding contacts with the
antagonists. The increased affinity in the triple mutant fully
accounts for all of the selective binding seen in the a,,-AR for
phentolamine (6-fold) and WB4101 (43-fold). All of the indi-
vidual and combined a,,-AR mutations produced changes in
affinity for only phentolamine and WB4101. Three agonists
tested [(—)-epinephrine, oxymetazoline, and methoxamine;
the latter two are a,, selective] did not change in their
affinity for the 196, 197, and 198 point, or triple, mutation
(Table 1), thus indicating the selectivity of these residues in
antagonist binding is not due to aberrant folding/expression
of the receptor as a result of mutational modification.

Reversing the mutations in the «,.-AR. We performed
the equivalent reverse mutations in the a,,-AR to confirm
that the three a;, mutations G196Q, V197I, and T198N
indeed define the critical residues differentiating the a,,-AR
and a,,-AR antagonist binding pocket for phentolamine and
WB4101 (Fig. 4). The results showed that the corresponding
triple mutation in the a,, (Q177G, 1178V, N179T) completely
reversed the binding affinity for phentolamine and WB4101
toward that of the a,,-AR. Reversal of these mutations sup-
ports our hypothesis that these three residues located in the
extracellular loop are the most critical determinants of the
differences in antagonist binding between these two receptor
subtypes.

Chemical mimicry in defining the antagonist-bind-
ing site. As a means of confirming our modeling and to
discriminate between alternate approaches of docking the
ligands in the receptor, we used smaller chemical mimics of
discrete pharmacophores (i.e., imidazole, 2-aminomethylben-
zodioxan; Fig. 5, top) in both phentolamine and WB4101 in
separate competition ligand-binding studies with each indi-
vidual mutation. Binding as a result of nonspecific sites is
controlled by performing the competition studies jointly with
the two wild-type and mutant receptors; thus, only binding
that is due to selective interactions is apparent. As shown in

W 95
= o
E 8.5 |
. g ’ Antagonists
?,5| .
7k g, / wB4101
§ 5 z R / Phentolamine
- (-3 ;
€ c E
E 5 &
3 2 3
E 3
° o
Mutations

Fig. 4. Effects of reversing the mutations in the a,,-AR on the binding
affinities of WB4101 and phentolamine. Q177G/I178V/N179T, an
a,-AR triple mutation in which amino acids were correspondingly
mutated to a,,-AR residues. G196Q/V197I/T198N, corresponding triple
mutation in the a,,-AR. Values that were significantly different from the
WTb are represented as p values determined by an analysis of variance
followed by a Student-Newman-Keuls multiple comparisons test. Re-
sults are based on three or four experiments performed in duplicate.
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Fig. 5. Top, chemical structures of phentolamine, WB4101, and the
chemical mimics imidazole and 2-aminomethylbenzodioxan. Middle,
binding affinity of imidazole on the wild-type receptors and the a,,-AR
point mutations. Competition binding studies were used to determine
K, values as described in Experimental Procedures using ['2°l]HEAT as
the radioligand and membranes prepared from COS-1 cells expressing
the wild-type receptors or a,,-AR point mutations. All competition
binding isotherms were best fit to a single-site model. Bottom, binding
affinity of 2-aminomethylbenzodioxan on the wild-type and mutated
receptors. G196Q/V197I/T198N, triple mutation in the a,,-AR. *, p <
0.01, significantly different from the WTb (B and C); determined by an
analysis variance followed by a Student-Newman-Keuls multiple com-
parisons test. Results are based on three or four experiments per-
formed in duplicate.
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Fig. 6, middle, the imidazole compound that mimics part of
the structure of phentolamine can directly compete with
[*2IJHEAT binding with a homogeneous population of bind-
ing sites. The imidazole compound shows selectivity (6-fold)
for the wild-type a,,-AR compared with the wild-type a,,-
AR, suggesting that more than half of the selectivity seen in
the a,,-AR for phentolamine is due to this chemical moiety.
Imidazole also selectively binds to only one of the a,,-AR
point mutations, G196Q, suggesting that this residue is sig-
nificantly involved in its binding. A chemical mimic of
WB4101, 2-aminomethylbenzodioxan (Fig. 5, top), was also
selective (3-fold) for the G196Q and T198N mutants (Fig. 5,
bottom). No significant differences from the wild-type a,,-AR
were seen for the V1971 mutant. The triple a,,-AR mutant
and b/a chimera showed no significant differences from the
wild-type a,,-AR or the 196 and 198 mutant receptors. Al-
though both these chemical mimics display low affinity for
these receptors because of their size and thus do not display
synergism of binding that is apparent in the triple mutation
compared with the individual mutations for the intact antag-
onists (Fig. 3, bottom, versus Fig. 5, bottom), there still is
selective binding with particular mutations that is consistent
with expected interactions; i.e., 2-aminomethylbenzodioxan
shows selectivity for the a,, versus a,, wild-type receptors as
well as the triple-mutant and chimeric receptor consistent
with WB4101 selectivity. This suggests that the use of these
chemical mimics is a valid approach to discriminating alter-
native dockings, although it is not certain whether these
smaller molecules bind in a similar orientation as the intact
antagonist. However, the data suggest the importance of the
196 residue position and its interaction with the imidazoline
group of phentolamine. The 196 and 198 residue positions
interacted with functional moieties on the benzodioxan por-
tion of WB4101.

Modeling the antagonist binding site for phentol-
amine and WB4101. Previous analysis of the subtype spec-
ificity between the B,- and B,-AR using an extensive number
of chimeras expressed in Escherichia coli (22) suggested that
each of 11 selective ligands (both agonists and antagonists)
binds to its own subsite. Similar studies between these 8-AR
subtypes localized selective agonist binding to the fourth TM
(23). However, no single residue substitution seemed to be
capable of altering the subtype specificity of the receptor. No
extracellular loop residues were mutated in these receptors,
especially in determination of antagonist selectivity. In con-
trast, the a,-ARs may have more discernible and distinct
binding interactions that are capable of resolving to specific
amino acid residues. Our previous study of agonist selectivity
between the a;,- and a,,-ARs identified two critical amino
acids that accounted for all of the selectivity differences for
available agonists (13). In our current study, we focused on
antagonist selectivity, which also indicated discreet amino
acid interactions.

Based on our data, we are able to suggest models of the two
a, subtype differences in their antagonist-binding pockets. In
the a,,-AR for phentolamine binding (Fig. 6A), GIn196 seems
to form a hydrogen bond with the imidazoline nitrogen.
GIn196 was positioned in this manner to concur with the
chemical mimicry studies. Based on this interaction, the
other two amino acids positioned themselves consistently as
follows. I1e197 forms a hydrophobic interaction with the
methyl substituent of the phenyl ring. Ile197 may, however,
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Fig. 6. A, side-view model of the a,,-AR showing the docking of phentolamine in the mutated second extracellular loop. GIn196 seems to form
a hydrogen bond with the imidazoline nitrogen. lle197 forms a hydrophobic interaction with the methyl substituent of the phenyl ring. lle197 may,
however, interact with the ring itself. Asn198 is in a position to hydrogen bond with the nitrogen atom that links the three ring structures. B,
top-view model of the a,,-AR showing the docking of WB4101 in the mutated second extracellular loop. GIn196 forms a hydrogen bond with the
dioxan oxygen, lle197 forms a hydrophobic contact with the methoxy group from the other phenyl ring, and Asn198 from below hydrogen bonds
with the nitrogen linker. C, full-view model of the «a,,,-AR showing the position of phentolamine in the extracellular loops and its relationship to the
TM surface. D, alternate full-view model of the a,,-AR showing the possible position of WB4101 and its relationship to the TM surface. Part of
the antagonist structure would be located within the TM spanning domains if the second extracellular loop folds down close to the surface of the
receptor. The fourth TM has been removed to allow better visualization of the binding pocket. Asp125, Ser207, and Ser211 represent the position
of the critical point contacts involved in agonist binding in the a,-ARs as described previously (14). Asp125 forms a counterion to the protonated
amine of catecholamines, whereas the serine residues are involved in agonist binding with the catechol hydroxyls. Only Ser207 of the two serine
residues, however, is sufficient in receptor activation.

interact with the ring itself. Asn198 is in a position to hydro- the 2-aminomethylbenzodioxan competition studies. For
gen bond with the nitrogen atom that links the three ring WB4101 binding (Fig. 6B), GIn196 forms a hydrogen bond
structures. WB4101 was likewise positioned to concur with with a dioxan oxygen, Ile197 forms a hydrophobic contact
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with the methoxy group from the phenyl ring, and Asn198
from below hydrogen bonds with the nitrogen linker. These
three residues in combination differentiate the antagonist-
binding pocket of the a;,- and a,,-AR for these particular
ligands. Other conserved residues between the two a, sub-
types (in particular, aromatic residues) located in the extra-
cellular loops or at the TM surface may interact with the
aromatic rings of these antagonists and account for the re-
mainder of the high binding affinity that is nonselective for
these ligands.

It seems likely that these three residues are indeed located
in the extracellular loop and are not part of the TM domain.
Although the boundaries of the hydrophobic helices in the
membrane are uncertain, an algorithm that predicts the
boundaries has placed these residues in the extracellular
loop (19). In addition, these three residues are also located on
the extracellular side of a glycine and proline residue fol-
lowed by two glutamic acid residues in the putative second
extracellular loop (QINEEPG-TMYV). The glycine and proline
would likely terminate the a helix, and the three critical
residues are located in a hydrophilic area of the loop.

Because the structures, if any, of the extracellular loops
themselves are unknown, the position of the antagonist-bind-
ing pocket is still speculative but has essentially two scenar-

ios. If the second extracellular loop is folded away from the
TM domains and out into the hydrophilic environment, the
binding of phentolamine and WB4101 as represented in Fig.
6C, may be exclusively in the extracellular loops and posi-
tioned well above the TM surface. However, it is possible that
the second extracellular loop is folded down toward the TM
surface (Fig. 6D), in which case, part of the antagonist binds
with other TM residues located near the extracellular surface
of the receptor. Proline residues are located on both termini
of the second extracellular loop at the TM boundaries and
may affect the folding pattern. It seems unlikely that the
second extracellular loop is folded down toward the surface in
the unliganded state because this would block accessibility to
the agonist-binding pocket located within the TM domains.
More likely, the loop may move or fold during the process of
antagonist docking. Experiments to differentiate these po-
tential binding modes are currently under way.

We have defined three important residues that are critical
and sufficient in differentiating the ligand-binding pocket for
phentolamine and WB4101 between the two a,-AR subtypes.
We are able to model the interaction and in doing so provided
a rational basis for the design of better subtype-selective
drugs based on these known antagonists. It is interesting
that these residues involved in selectivity are located in an

2102 ‘T Joqwiadaq uo Ausianiun Buellayz ye Bio sjeuinofiadse wreydjow woiy papeojumoq


http://molpharm.aspetjournals.org/

aspet.’

1126 Zhao et al.

extracellular loop and may be the mode by which some an-
tagonists bind in the biogenic amine receptors. Although
previous work in the B-AR has suggested that antagonists
bind in a similar pocket to agonists, many of these antago-
nists were designed or synthesized from agonist structures.
a,-AR antagonists are quite diverse in structure, and each
may bind uniquely and in a dissimilar mode than agonists.
The antagonist-binding mode may be similar to that ob-
served in the peptide hormone receptors, such as angiotensin
(24), endothelin (25), and neurokinin (26), that have critical
binding determinants located on extracellular loops or at the
extracellular surface of the receptor. Specifically, the neuro-
kinin receptor binds a nonpeptide antagonist at the fifth TM
surface, a residue positioned only three or four amino acids
away from our model. Although «, antagonists are not as
large as the peptide hormones, they are similar in size to the
nonpeptide antagonists. Thus, it may seem that some antag-
onists of the a,-ARs bind the receptor in the extracellular
loops or near the surface of the receptor and not down into a
pocket formed by the TM domains, as was previously deter-
mined for the «, agonists.
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