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SUMMARY

Molecular cloning and ligand binding studies have shown the a;
class of adrenergic receptor (a>-AR) to be a family of at least
three related subtypes in humans. These studies have not,
however, identified distinct subtype-specific functions for these
receptors in vivo. It should be possible to extend the analysis of
az-AR subtype function to the animal level through the use of
experimental mammalian embryology in mice. To begin this
process, we have isolated two mouse genomic clones encoding
az-AR subtypes and expressed these genes in COS-7 cells for
binding studies. Sequence homology and ligand binding data
allow the assignment of one clone (Ma-4H) as the mouse

homolog of the human «.-C4 subtype. The other clone (Maz-
10H) closely resembles the human «.-C10 subtype in sequence
but binds with significantly lower affinity to yohimbine and rau-
wolscine, members of a distinct class of bulky a.-selective an-
tagonists commonly used to evaluate «,-AR function in vivo. To
define the domain(s) responsible for this unusual binding prop-
erty, we constructed a series of Ma.-10H/human «.-C10 chi-
meric receptors. Analysis of these receptors identified a con-
servative Cys®' to Ser®®' change in the fifth transmembrane
domain of Ma,-10H as being responsible for the low affinity of
the mouse receptor for yohimbine.

ARs are plasma membrane receptors that mediate the phys-
iological actions of the endogenous catecholamines epinephrine
and norepinephrine and are targets for a number of important
therapeutic agents. They are members of a diverse family of
structurally related receptors that contain seven putative mem-
brane-spanning domains and transduce signals by coupling to
heterotrimeric guanine-nucleotide binding proteins. The ARs
can be roughly subdivided into three major classes (a;, oz, and
B), with each class representing a group of related receptor
subtypes.

The «, class of AR has been implicated in a wide range of
physiological processes, including vasomotor regulation, plate-
let aggregation, analgesia, renal fluid and electrolyte balance,
and modulation of norepinephrine release from presynaptic
adrenergic nerve terminals (1, 2). These receptors couple pri-
marily to the inhibition of adenylate cyclase and may, to a
lesser extent, stimulate polyphosphoinositide hydrolysis (3).
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Based on the binding of radiolabeled ligands to a, receptors in
various tissues and cell lines, Bylund et al. (4, 5) have subdivided
the a, class of ARs into a family of three pharmacological
subtypes, termed a»-A, -B and -C. To date, the genes for three
human «, receptor subtypes have been cloned and localized to
different chromosomes (C2, C4, and C10) by somatic cell hybrid
analysis (6-8). Homologs of a,-C2, a,-C4, and «,-C10 have been
cloned from rat (9-12); in addition, an a,-C10 homolog has
been cloned from pig (13). Expression of these subtype genes
in tissue culture cells has demonstrated that they can be differ-
entiated by rank orders of potency for a panel of agonists and
antagonists. The human «,-C10 clone has been assigned to the
a3-A subtype, on the basis of ligand binding and Northern blot
analysis (7, 14). Although the human «a,-C2 receptor exhibits
a,-B-like pharmacological properties, the human genomic clone
for a,-C2 did not hybridize with RNA from neonatal rat lung,
a rich source of the a,-B subtype (14). This surprising hybrid-
ization result is difficult to understand, because the rat a,-C2
homolog (RNG-«;), which shares 82% identity with the human
a,-C2, hybridized strongly to two species (1.3 and 4.0 kb) in
neonatal rat lung RNA (11). Despite this inconsistency, Zeng

ABBREVIATIONS: AR, adrenergic receptor; SDS, sodium dodecy! sulfate; G protein, guanine nucleotide-binding protein; SSC, standard saline

citrate; PCR, polymerase chain reaction; kb, kilobases.
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and Lynch (15) have proposed that both the human «,-C2 and
rat RNG-a, genes encode the a,-B subtype. To date, the un-
ambiguous assignment of the human «,-C4 to one of Bylund’s
pharmacological subtypes has not been possible. The human
a,-C4 shows pharmacological characteristics consistent with
both the a,-B and a,-C subtypes (7). Based on RNA hybridi-
zation data, Lorenz et al. (14) have proposed that the a,-C4
gene encodes an «,-B subtype, and they suggested that the a.-
C subtype defined in OKY opossum kidney cells may simply
represent an interspecies variation of a,-C4. In contrast, Zeng
and Lynch (15) proposed that both the human «,-C4 gene and
its rat homolog, RG10, encode a distinct a»,-C pharmacological
subtype. Clearly, no single classification system for these re-
ceptors has received unanimous acceptance.

The synthetic antagonist and agonist compounds used to
classify the a,-ARs into subtypes play no known physiological
role in vivo. Although the structural features that define the o,
class may predispose a receptor to bind these ligands, direct
selection for a given binding affinity probably does not occur.
This line of argument suggests that significant interspecies
variation in the binding of these synthetic compounds to the
various «, subtypes may limit their usefulness as tools for
general classification. Therefore, physiological studies that de-
pend on these agents to block or stimulate these receptor
subtypes selectively in animal models will be difficult to inter-
pret until the detailed ligand-binding properties of cloned re-
ceptors from the animal in question have been defined.

The physiological significance of the multiplicity of a,-AR
genes is an important question that remains unresolved. Indi-
vidual a,-AR subtypes have unique patterns of tissue distribu-
tion (10, 14, 15), suggesting that they may be functionally
distinct. However, when expressed in tissue culture cells, the
three human subtypes bind with comparable affinity to the
endogenous catecholamines (8). In addition, the human «,-C4
and a,-C10 receptors couple to the same G proteins, with only
slight differences in efficiency (16). Although these methods
have advanced our understanding of a,-AR function, they have
not adequately resolved distinct physiological roles for the three
conserved a,-AR subtype genes.

Modern experimental embryology offers a powerful alterna-
tive approach to probing the physiological significance of a,-
AR diversity in vivo. Recent advances in the manipulation of
mammalian embryos would allow the expression of specific a,-
AR subtype genes to be altered in mice (17-19). These tech-
niques, however, require a detailed knowledge of the endoge-
nous mouse a,-AR genes. To this end, we have sought to
identify and clone genes encoding mouse a,-AR subtypes.

Here we present the nucleotide sequence and pharmacologi-
cal characterization of genomic clones encoding mouse homo-
logs of the human «,-C4 and a,-C10 receptors (Ma.-4H and
Moa.-10H, respectively). In addition, through the construction
of chimeric mouse/human receptors, we have identified Ser*”
in the fifth transmembrane domain of Ma.-10H as being re-
sponsible for an interspecies variation in antagonist binding.

Materials and Methods

Cloning and DNA Sequencing

32P.labeled probes were synthesized from the human platelet a.-AR
genomic clone (a;-C10; 0.95-kb Pstl fragment and from the human
kidney cDNA encoding a,-C4 (1.0-kb Ncol/Smal fragment) (7) by
random priming, followed by purification on a Sephadex G-50 column.
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These probes were used to screen a mouse 129/Sv embryonic stem cell
genomic library in EMBL-3 (provided by H. Roelink, Howard Hughes
Medical Institute at Columbia University). Duplicate nylon filters
(Magnagraph; Micron Separations Inc., Westboro, MA) were hybrid-
ized in a solution containing 5 SSC (0.75 M sodium chloride, 0.075 M
sodium citrate, pH 7.0), 5X Denhardt’s solution [0.1% (w/v) Ficoll,
0.1% (w/v) polyvinylpyrrolidone, 0.1% (w/v) bovine serum albumin],
0.05 M sodium phosphate (pH 7.0), 0.1% sodium pyrophosphate, 25 ug/
ml sheared salmon sperm DNA, 0.1% (w/v) SDS, 50% formamide, and
32P.]labeled probe (1 X 10° cpm/ml), at 42°, for 18-22 hr. After hybrid-
ization, filters were washed three times at 60° in 1x SSC (0.15 M
sodium chloride, 0.015 M sodium citrate, pH 7.0), 0.1% SDS, for 45
min. The clones corresponding to the human «,-C10 and a,-C4 could
be differentiated by washing for 45 min at 65° in 0.1x SSC (0.015 M
sodium chloride, 0.0015 M sodium citrate, pH 7.0). A phage hybridizing
to the various probes were plaque purified, and A DNA was prepared.
For Southern blot analysis and subcloning, a 10.5-kb Sall fragment
from phage 22, which hybridized to the human C10 probe (clone Ma,-
10H), and a 6.5-kb EcoRI fragment from phage 13, which hybridized
to the human C4 probe (clone Ma,-4H), were subcloned into the
corresponding polylinker sites of Bluescript SK— (Stratagene Cloning
Systems, La Jolla, CA). Progressive unidirectional deletions were pre-
pared for sequencing with the Erase-A-Base kit (Promega Corporation,
Madison, WI). Nucleotide sequencing of both strands was performed
by the Sanger dideoxynucleotide chain termination method (20), by
primer extension with T7 DNA polymerase on double-stranded DNA
templates (Sequenase version 2.0; United States Biochemicals, Cleve-
land, OH). After the termination reaction and before addition of stop
solution, samples were treated with terminal transferase (Stratagene)
for 30 min (21). Sequence compression artifacts were resolved by the
substitution of dITP for dGTP in the sequencing protocol. Alignment
analysis of protein and nucleic acid sequences was carried out using
the GCG-BESTFIT program, with a gap weight of 3.0 and a gap length
weight of 0.1 (22, 23), (Genetics Computer Group, Inc.).

Southern Analysis

Ten micrograms of BALB/c mouse genomic DNA were digested to
completion with either BamHI, EcoRI, Pstl, or Hindlll and were
separated on a 1% agarose gel. The DNA was depurinated by treatment
twice for 20 min in 100 mM HCI, denatured in 0.5 N NaOH/1.5 M NaCl
for 45 min, neutralized in 0.5 M Tris- HCI (pH 7.4)/1.5 M NaCl for 45
min, and transferred to a nylon membrane (Magnagraph; Micron
Separations Inc.) in a solution of 20X SSC. DNA was covalently bonded
to the membrane by UV irradiation and hybridized to **P-labeled mouse
and human DNA probes, as described previously. The human probes
were described above. The mouse probe used was either a 1.1-kb Ncol/
Xmnl fragment from Ma,-10H or a 1.6-kb Ncol/BamHI fragment from
Ma,-4H. Blots hybridized to the human probes were washed at low
stringency (1x SSC, 0.1% SDS; 60° for 40 min). Blots hybridized to
the mouse probes were washed at high stringency (0.2x SSC, 0.1%
SDS; 60° for 40 min).

Expression

Eukaryotic expression vectors containing the human «,-C4 and a;,-
C10 coding sequences (pBC-Ha,-C4 and pBC-Ha,-C10) were prepared
by cloning into pBC12BI (24), as previously described (7). The expres-
sion vectors for the mouse a,-AR clones were prepared as follows. A
version of pBC12BI containing the 8,-AR was opened by digestion with
Ncol and BamHI. The 8;-AR coding sequence was replaced with either
a 1.6-kb Ncol/BamHI fragment from Ma,-4H (pBC-Ma,-4H) or a 4.9-
kb Ncol/BamHI fragment from Ma,-10H (pBC-Ma,-10H). Both hu-
man and mouse a.-AR clones were transiently expressed in COS-7
cells, using a DEAE-dextran transfection protocol (25).

Construction of Chimeric Mouse Ma.-10H/Human «,-C10
Receptors

Chimera 1. A 2.3-kb Xmnl fragment of the human a,-C10 receptor
(from pBC-Ha,-C10) containing transmembrane domains TM;.; and
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10 CTG CAG CCG GAT GCC GGC AGC AGC TQG ACC GAA GCG cCC
4PLew Gin Pre Asp Ats Gly Ser Sor Trp Giy The Giv Als Pre
58 GGA GGC GAC ACC CGA GCC ACC CCT TAC TCC CTG CAG GTG ACA CTG ACG
20001y Gty Giy Thr Arg Ale The Pre Tyr Ser Lev Gin Vel Thr Lew Thr
106 CTG GTT TGC CTG GCT GGC CTG CTC ATG CTG TYC ACA GTA TTT GGC AAC
36PLew Vol Cys Low Als Gly Lev Lew Met Lew Phe Thr Vol Phe Giy Asn
154 GTG CTG GTT ATT ATC GCG GTG TTC ACC AGT CGC GCG CTC AAA GCT CCC
S20Vet Leu Vol 11e 11e Als Yal Phe Thr Ser Arg Als Leu Lys Als Pre
202 CAA AAC CTC TTC CTG GTG TCC CTG GCC TCA GCG GAC ATC CTG GTG GcC
630G tn Asn Lew Phe Lov Val Ser Leu Als Ser Als Asp Il1e Lew Yai Als
250 ACG CTG GTC ATT CCC TTT TCT TTG GCC AAC GAG GTT ATG GGT TAC TGG
S4PThr Lev Val 1le Pre Phe Sor Lew Als Asn Giv Vel Met Giy Tyr Tep
298 TAC TTT GGT AAG GTG TGG TGT GAG ATC TAT TTG GCT CTC GAC GTG CTC
1000 Tyr Phe Gly Lys Vol Trp Cys Glu Ile Tyr Lou Als Lou Asp Val Lev
346 TTT YGC ACG TCG TCC ATA GTG CAC CTG TGC GCC ATC AGC CTT GAC CaC
116PPhe Cys Thr Ser Sor Ile Voi His Lev Cys Afs Ile Sor Leu Asp Arg
394 TAC TGG TCC ATC ACG CAG GCC ATC GAG TAC AAC CTG AAG CGC ACG CCG
1320Tyr Trp Ser 1le The Gia Ats 11e Giu Tyr Ase Low Lys Arg Thr Pre
442 CGT CGC ATC AAG GCC ATC ATT GTC ACC GTG TGG GTC ATC TCG GCT GTC
148%Arg Arg 1o Lys Als l1e 11e Vol The Vel Trp Vai Ile Ser Als Vel
430 ATC TCC TTC CCG CCA CTC ATC TCC ATA GAG AAG AAG GGC GCT GOC GGC
16471 16 Ber Phe Pre Pre Lev ile Ser 11e Glu Lys Lys Giy Als Giy Oly
538 GGG CAG CAG CCG GCC GAG CCA AGC TGC AAG ATC AAC GAC CAG AAG TGG
180PG 1y Gin Gin Pre Als Glu Pro Sor Cys Lys |ie Asn Asp Gin Lys Trp
59 TAT GTC ATC TCC TCG TCC ATC GGT TCC TTC TTC GCG CCT TGC CTC ATC
1969Tyr Vot 11e Ser Ser Ser 110 Giy Ser Phe Phe Als Pre Cys Low (le
634 ATG ATC CTG GTC TAC GTG CGT ATT TAC CAG ATC GCC AAG CGT CaC
212PMet 110 Lew Val Tyr Vel Arg tie Tyr Gin 1o Als Lys Arg Arg
682 COGC GTG CCT CCC AGC CGC COG OGT CCG GAC GCC TGT TCC GCG CCG CCO
2260 Arg Vei Pre Pre Ser Arg Arg Gly Pre Asp Als Cys Ser Als Pre Pro
730 GGG GAC GCC GAT CGC AGG CCC AAC 0GG CTG GGC CCG GAG CGC 0aC GCG
244PG1y Giy Als Asp Arg Arg Pre Asn Oly Leu Giy Pre Giv Arg Gly Als
778 GGT CCC ACG GGC GCT GAG GCG GAG CCG CYG CCC ACC CAG CTT AAC GGT
26001y Pre Thr Gly Als Giu Als Giv Pro Lev Pre Thr Gin Lev Asa Gly
826 GCC CCG GOG GAG CCC GCG CCC GCC 00G CCC CAC GAT GGG GAT GCG CTG
276PAls Pre Gly Giu Pre Als Pre Als Gly Pre Arg Asp Giy Asp Als Lev
#74 GAC CTA GAG GAG AGT TCG TCG TCC GAG CAC GCC GAG CGG CCC CCG GGG
24:0Aep Lew Glu Giw Ser Ser Ser Ser Giv Mis Als Giu Arg Pre Pre Gly

-5 QGCGTYCATGY

CCC COGC AGA CCC GAC COC GGC CCC CGA GCC AAG GGC AAG ACC CGG GCG

.

1030 Pre Arg Arg Pre Aep Arg Giy Pre Arg Als Lys Giy Lye Thr Arg Ale
970 AGT CAG GTG AAG CCG GGG GAC AGT CTG CCG CGG CAC GGG CCC GGG GCC
3:4%8er Gla Vol Lys Pre Giy Asp Ser Lew Pro Arg Arg Giy Pre Giy Als

1018 GCG GGG CCG GGG GCT TCG GGG TCC GG CAC GGA GAG GAG CGC GAC GAG
WUOPAIs Giy Pre Giy Als Ser Gly Ser Giy Mis Giy Glv Giv Arg Giy Giy
1066 GGC GCC AAA GCG TCG COC TGG COC GGG AQGG CAA AAC CGG GAG AAA cac
3560G1y Als Lya Ale Ser Arg Trp Arg Giy Arg Gin Asn Arg Giv Lys Arg
114 TT TTC GTG CTG GCG GTG GG ATC GAC GTG TTC GTG GIG TGT TGG
3720 Phe Phe Vel Leu Als Val Vel 1le Gly Val Phe Vel Vel Cys Trp
1162 TTT CCG TTC TTT TTC ACC TAC ACG CTC ATA GCG GTC GAC TGC CCG GTG
1880 Phe Pre Phe Phe Phe Thr Tyr The Leu Ile Ale Val Giy Cys Pro Val
1210 CCC AGC CAQ CTC TTC AAC TTC TTC TTC TGG TTC GOC TAC TGC AQGC
404PPre Ser Gin Low Phe Asn Phe Phe Phe Trp Phe Giy Tyr Cys Ser
1258 TCG CTG AAC CCT GTT ATC TAC ACC ATC TTC AAC CAC GAC TTC CGA CaC
4:008er Low Asn Pro Voi I11e Tyr The (1o Phe Asn His Asp Phe Arg Arg
110+ GCC TTC AAG AAG ATC CTC TGC CGT GGG GAC AGA AAA COC ATC GTG TGA
4:PAls Phe Lis Lye I1e Lov Cys Arg Giy Asp Arg Lys Arg tle Vol oo
114 GCACATOAAOCC TTACCC 1066
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Clone Ma2-4H

ATG aca TCC
1PMet Als Ser
10 CCA OCG CTG GCC GCG GCG CTG GCG GCG GCG GCG GCT GAG GAC CC
4PPro Ale Lev Ala Als Als Lew Als Als Als Ala Als Glv Gly Pre
53 GGG AGC GAC OCG GGC GAA TGG GGT AGC GGC GGG GGT GC [acC TCG
200Giy Ser Asp Als Gly Glu Trp Gly Ser Gly Gly Gly Al Ale Seor
106 GGG ACC GAC TGG GTG CCA CCG CCG GGC CAG TAC TCC GCA GGT GCT GTG
360Gly Thr Aep Trp Val Pro Pro Pro Gly Gin Tyr Ser Ala Gly Als Val
154 GCG GGG TTG GCA GCT GTG GTG GAT TTC CTC ATC GTT TTC ACC GTG GTA
S2PAIS Gly Leu Als Ale Vel Val Giy Phe Leu Ile Vel Phe Thr Vel Val
20z OGC AAT GTG CTC GTG GTG ATC GCT GTG TTG ACC AGC CGA GCA CTG CGC
680Gly Aen Vel Leu Vel Vel 11e Als Val Leu Thr Ser Arg Als Leu Arg
250 GCC CCG CAG AAC CTC TTC CTG GTG TCT CTG GCC TCA GCT GAC ATC CTG
84PAIa Pro GIn Asn Leu Phe Leu Vel Ser Leu Als Ser Als Asp 1o Leu
298 GTG GCC ACA CTG GTC ATG CCC TTT TCT CTG GCC AAT GAG CTC ATG GcC
100PVal Als Thr Levw Vol Met Pro Phe Ser Lev Ala Asn Glu Leu Met Als
34 TAC TGG TAC TTC GGG CAA GTG TGG TGT GGT GTA TAC CTG GCA CTG GAC
116PTyr Tep Tyr Phe Gly Gin Vel Trp Cys Gly Val Tyr Leu Als Lev Asp
394 GTG CTC TTC TGC ACC TCG TCC ATC GTG CAC CTG TGT GCC ATT AGT CTG
1120Vel Leu Phe Cys Thr Ser Ser Ile Val Mis Leu Cys Als tle Ser Leu
442 GAC CGC TAC TGG TCG GTG ACG CAA GCG GTA GAG TAC AAC CTG AAG CGC
143PAep Arg Tyr Trp Ser Vol Thr Gin Als Val Glv Tyr Asn Lev Lys Arg
490 ACG CCG CGC CGT GTC AAG GCC ACC ATC GTG GCC GTG TGG CTC ATC TCC
164PThr Pro Arg Arg Vel Lys Als Thr 1le Vel Als Vel Trp Leu tle Ser
%332 GCT GTC ATC TCC TTC CCG CCT CTC GTC TCG TTC TAC CGC CQGG CCC GAC
180PAIs Vel 110 Ser Phe Pro Pro Lew Vel Ser Phe Tyr Arg Atg Pro Asp
586 GGC GCC GCC TAT CCG CAG TGC GGC CTC AAC GAT GAG ACC TGG TAC ATC
1969Gly Als Als Tyr Pro Gin Cys Gly Leu Asn Aep Glu The Trp Tyr e
634 TTG TCC TCC TGC ATA GOC TCC TTC TTC GCG CCC TGC CTC ATC ATG GGC
212PLeu Ser Ser Cys 1le Oly Ser Phe Phe Als Pro Cys Leu (1o Met Oly
682 CTG GTC TAT GCG CGC ATC TAC CGC GTG GCC AAG CTG CQGC ACG COT ACG
2:8PLeu Vel Tyr Ale Arg t1e Tyr Arg Vel Als Lye Leu Arg Thr Arg Thr
730 CTC AGC GAG AAA CGC GGC CCC OCC GGC CCC GAC GOC GCG TCC CCG ACC
243dLeu Ser Glu Lys Arg Gly Pro Als Gly Pro Asp Gly Als Ser Pro Thr
773 ACA GAG AAT GGG CTG GGC AAG GCA OGCG GGG GAG AAC GGG CAT TGC GCG
26€0PThr Glu Asn Gly Lew Gly Lys At Ala Gly Glu Aen Gly His Cys Als
CCC CCG CAC ACT GAA GTG GAG CCG GAT GAG AGC AGT GCG GCC GAG AGG
Pro Pro Arg Thr Glu Vel Olu Pro Asp Glu Ser Ser Ales Als Glv Arg
CGG AGG COC COG GAC GCG CTG COGC AGA GGA GGA CGG CGG CGA GAG GGT
Atg Arg Arg Arg Gly Als Lev Arg Arg Gly Gly Arg Arg Arg Glw Gly
-: GCT GAG GOG GAC ACG GGC AGT GCG GAC GGA CCG GGA CCG GGA CTG GCA
l0ubAle Glu Giy Asp Thr Gly Ser Ala Asp Gly Pro Qiy Pro Gy Lev Ale
970 GCC GAG CAG GGT GCT COG ACG GCG TCT CGG TCC CCA GAC CCC GGA GGG
124PAls Glu Gin Oly Als Arg Thr Als Ser Arg Ser Pro Oly Pro Qly Qiy
1018 CGC CTG TCG CAGG GCC AGC TCG CAC TCC GTC GAG TTC TTIC CTG TCG CGT
40PA rg Leu Ser Arg Als Ser Ser Arg Ser Vsl Glu Phe Phe Leu Ser Arg
10te CGG CGC CGG GCG CGC AGC AGT GTG TGC CGC CGC AAG GTG OGCC CAG GCA
bArg Arg Arg Als Arg Ser Ser Vel Cys Arg Arg Lys Val Als Qin Als
1114 CGC GAG AAG cCOC TT TTC GTO TTG GCG GTG GTC ATG GGC GTG TIC
\7:PArg Glu Lys Arg Phe /Phe Vel Leu Ats Vsl Vel Met Gly Vsl Phe
lir. GTA CTG TGC TGG TTC CCC TTC TTC TTC AGC TAC AGC CTG TAT GGC ATC
viPVel Leu Cys Trp Phe Pro Phe Phe Phe Ser Tyr Ser Leu Tyr Oly Ile
1:10 TGC CGT GAG GCC TOGC CAG TTG CCA GAA CCG CTC TTT AAG TTT TTC TTC
404PCye Arg Glu Als Cys GIn Lev Pro Glv Pro Leu Phe Lye Phe Phe Phe
1:9% TGG ATC GGC TAC TaC AGT TCG CTC AAC CCG GTC ATC TAC ACT GTC
4.00Trp t1e Gly Tyr Cys) 8er Ser Leu Aen Pro Vel ile Tyr Thr Vet
CAG GAC TTC 273G CGC TCT TTC AAG CAT ATC CTC TTT CGA AGG
Gin Asp Phe Atg Arg Ser Phe Lys His tle Lev Phe Arg Arg
11%4 AGG AGA AGG GGC TTC AGG CAA TGA CCCTCTGACCTCCTGGACCTGGACCCACTGA
452PArg Arg Arg Gly Phe Arg Gin « -«
1809 caTCC TCTGAAC

(d) -50 CGAGGC ‘AGCTC

A

Fig. 1. Sequencing strategy, nucleotide sequence, and deduced amino acid sequence of the mouse a,-AR clones Maz-10H and Maz-4H. a,
Restriction map for clone Ma.-10H and the strategy for sequencing via exonuclease il deletions and synthetic oligonucleotide primers. b, Nucleotide
and deduced amino acid sequences for clone Ma.-10H. ¢, Restriction map for clone Ma-4H and the strategy for sequencing. d, Nucleotide and
deduced amino acid sequences for clone Ma>-4H. Hatched boxes, coding region, with the arrowhead pointing in the sense direction. Small arrows,

direction and extent of

sequencing. Squares, potential sites for N-linked glycosylation; circles, threonines within consensus sites for phosphorylation

by cAMP-dependent protein kinase; underlining, potential ATP/GTP-binding domain in clone ma2-10H.

the carboxyl-terminal tail was spliced into the mouse Ma,-10H clone
at the Xmnl site. This produced a chimeric receptor (PMHCR1)
composed of mouse sequence from the amino terminus to the end of
the third cytoplasmic loop (mouse Met! to Arg*”') and human sequence
encoding TMs_; and the carboxyl terminus (human Phe® to Val*®)
(see Fig. 6).

Chimera 2. To construct pMHCR?2, a three-fragment ligation was
carried out with the following three fragments: 1) a 4.2-kb Bgill/Sall
fragment from chimera 1 containing the amino terminus, TM,_,, and
the first extracellular loop of mouse clone Ma;-10H (mouse Met' to
Glu'”’); 2) a 0.8-kb Bglll/Xmnl fragment from the human a,-C10
expression vector (pBC-Ha,-C10) containing TM;_s and the third cy-
toplasmic loop (human Ile!® to Arg®™); and 3) a 0.4-kb Xmnl/Sall
fragment containing TM;; and the carboxyl tail from the mouse
receptor clone Ma,-10H (mouse Phe* to Val**’; see Fig. 6).

Chimera 3. Plasmid p141B was constructed by subcloning a 1.65-
kb Sacl fragment containing the entire coding sequence of Ma,-10H
into the Sacl site of Bluescript SK—. A unique BamHI site was

engineered, with the PCR, immediately following the termination co-
don. Plasmid pC10/C4/RV1 was constructed by digestion with BamHI
and recircularization to remove all the 3’ untranslated sequence in
p141B. This process removed an Accl site located in the 3’ untranslated
region, of the Ma,-10H gene. Chimera 3 (h)MHCR3) was constructed
by ligating a 0.76-kb Accl/Sall fragment from pC10/C4/RV1 into the
Accl/Sall sites of pMHCR2. This receptor contains Ma,-10H sequence
encoding the amino terminus, TM,_,, and the first extracellular loop
(mouse Met! to Glu'”’"), human a,-C10 sequence encoding TM; s (hu-
man Ile'® to Val**®), and Ma,-10H sequence encoding the third cyto-
plasmic loop through the carboxyl terminus (mouse Tyr?'® to Val**).
Ma,-10H®**", Plasmid pC10/C4/RV1 was digested with BamHI, -

filled in with Klenow fragment, and digested with Ncol. Plasmid p234
was constructed by ligating this 1.6-kb Ncol/blunt fragment into a 2.1-
kb Ncol/Sall vector from pMHCR1 (the Sall site was filled in with
Klenow). p234 represents a wild-type mouse Ma,-10H receptor, in
which the Accl and Sall sites 3’ to the coding sequence have been
removed. To construct Ma,-10H“**”, PCR was used to mutate the



mouse residue at position 201 (serine; codon, TCC) to the corresponding
residue in the human «,-C10 (cysteine; codon, TGC). Ma,-10H*™
contains entirely mouse Ma.-10H sequence, except for this single point
mutation.

Binding Assays

Membranes were prepared from COS-7 cells 3 days after transfec-
tion, as described previously (25). Binding experiments were performed
in a 500-ul volume in 75 mM Tris, 12.5 mM MgCl;, 1 mm EDTA, pH
7.4, and incubated for 90 min at room temperature. The bound radio-
activity was separated from free by vacuum filtration through GF/C
filter paper, at 5°. Saturation isotherms were performed by incubating
the membranes with varying concentrations of [°H]yohimbine (72.3
Ci/mmol; New England Nuclear DuPont, Wilmington, DE) or [*H]
atipamezole (50.0 Ci/mmol; Farmos Ltd., Orion, Corp., Turku, Fin-
land). Nonspecific binding was determined by adding 100 uM yohimbine
to radiolabeled binding studies. Competition experiments were carried
out by incubating membranes with varying concentrations of competing
ligand and 2 nM [*H]yohimbine (for human «,-C4 and «,-C10 and
mouse a,-C4) or 0.5 nM [*H]atipamezole (for mouse a,-C10). Nonspe-
cific binding was determined in the presence of 100 uM yohimbine.
Equilibrium dissociation constants were determined from saturation
isotherms and competition curves. Saturation isotherm data were ana-
lyzed by a nonlinear least-squares curve-fitting technique, and the
competition data were analyzed according to a four-parameter logistic
equation, to determine K, and ECs, values, using GraphPAD software
(GraphPAD Software Inc., San Diego, CA).

Results

Isolation of mouse genomic clones. A mouse genomic
library in EMBL3 was screened with the human a,-C4 and a,-
C10 probes described in Materials and Methods. Low strin-
gency hybridization (5x SSC, 42°; wash, 1X SSC, 60°) allowed
the isolation of three unique clones (each containing an insert
of >17 kb), based on restriction analysis. Restriction fragments
from the three clones were selected and subcloned into Blues-
cript SK— for further analysis. Two of these fragments were
later shown to represent independent isolates of one mouse
gene, Ma,-10H; the third was shown to represent another gene,
Ma2-4H.

To determine the copy number of the mouse a.-AR clones,
we compared the pattern of mouse genomic fragments detected
by our cloned mouse fragments at high stringency (Fig. 2 b and
¢) with the pattern detected by the human «,-C10 probe at low
stringency (Fig. 2a). Cross-species hybridization with the hu-
man «a,-C10 probe detected 0.5-, 1.4-, 3.0-, and 5.1-kb PstI, 5.8-
kb HindlIl, 5.5- and 9.8-kb EcoRI, and 2.4- and 5.5-kb BamHI
fragments. The 5.1-kb PstI and 9.8-kb EcoRI fragments repre-
sent the endogenous mouse Ma,-10H gene; the 3.0-kb PstI and
5.5-kb EcoRI fragments represent the endogenous mouse Ma,-
4H gene. The mouse probes recognized a single fragment in all
the lanes at high stringency, suggesting that Ma,-4H and Ma,-
10H represent genes present as single copies in the murine
genome. The 2.4-kb BamHI fragment recognized by the human
a,-C10 probe at low stringency did not hybridize with either of
the mouse genes at high stringency. Subsequent hybridization
of this blot with a 900-base pair PCR product derived from the
human a,-C2 gene (provided by J. Lomasney and R. J. Lefkow-
itz, Howard Hughes Medical Institute at Duke University)
suggests that the 2.4-kb BamHI fragment represents the mouse
homolog to human «,-C2 (data not shown).

Comparison of deduced amino acid sequences. A 5.0-kb
Ncol/BamHI fragment of Ma,-10H contained an open reading
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frame of 1350 bases, encoding a protein of 450 amino acids
(Fig. 1, a and b). A 1.6-kb Ncol/BamHI fragment of Ma,-4H
contained an open reading frame of 1374 bases, encoding a
protein of 458 amino acids (Fig. 1, ¢ and d). In both cases, the
first translated ATG was selected, based on homology both to
the published human a,-AR sequences (6, 7) and to the Kozak
consensus sequence for translational initiation (26).

Hydropathy analysis of Ma,;-10H and Ma,-4H (data not
shown) indicates that they may conform to the previously
postulated structural model for the ARs (27). In this model,
which is based on extrapolations from the structure of bacterial
rhodopsin (28), seven hydrophobic stretches of amino acids
serve as membrane-spanning domains. The homology between
the two mouse clones is highest in these putative transmem-
brane domains (Figs. 3 and 4). Receptor clones Ma,-10H and
Ma,-4H exhibited 58% identity in amino acid sequence overall,
consistent with published comparisons between a;-AR subtype
genes from other species [human «,-C10/a,-C4, 55% (7); rat
RG20/RG10, 56% (9)]). Both receptors have three potential
sites for N-linked glycosylation (Asn-X-Ser/Thr) (two at the
amino terminus and one buried within TM,).

The protein encoded by Ma,-4H (Fig. 3) exhibited 99%
identity to the rat «,-C4 homolog (RG10), 89% identity to the
human «,-C4, 59% to the porcine a,-C10 homolog, 58% to the
human «a,-C10, 56% to the rat a,-C10 homolog (RG20), 55% to
the rat a,-C2 homolog (RNG-a,-AR) (11), and 54% to the
human a,-C2. Based on sequence homology and ligand binding
data (see below), this receptor appears to be the mouse coun-
terpart to the human a,-C4 and its rat homolog, RG10. When
the mouse receptor is compared with the human «,-C4, the
majority of the differences are found in the amino terminus
and third cytoplasmic loop (Fig. 3). Only four changes are
found in the transmembrane domains, as defined by Regan et
al. (7). The mouse receptor is two residues shorter than the
human protein, due to a two-amino acid deletion in the third
cytoplasmic loop. In addition, Ma.-4H shares with its human
homolog a single consensus site in the third cytoplasmic loop
(Arg/Lys-Arg/Lys-X-Ser/Thr; Thr*”") for phosphorylation by
c-AMP-dependent protein kinase.

The protein encoded by Ma,-10H exhibited 96% identity to
the rat a,-C10 homolog (RG20), 92% to the human «,-C10,
92% to the porcine a,-C10 homolog, 58% to the rat «,-C4
homolog (RG10), 56% to the human «a,-C2, 55% to the human
a,-C4, and 54% to the rat a,-C2 homolog (RNG-a;-AR). Based
on the high degree of sequence homology to the rat RG20
receptor and some unusual antagonist binding properties in
common with RG20 (see below), the mouse Ma,-10H clone
appears to be the mouse homolog of the rat RG20. In addition,
we believe that Ma.-10H represents the mouse species homolog
of the human «,-C10 receptor (see Discussion). When compared
with the human receptor, the majority of the changes exist in
the third cytoplasmic loop, although seven differences are found
in the transmembrane domains. Ma,-10H contains two consen-
sus sites (Thr*”” and Thr*”®) for c-AMP-dependent phosphor-
ylation, both in the third cytoplasmic loop. In addition, the
mouse Ma,-10H clone contains a single consensus ATP/GTP-
binding site motif (Gly*'*-Thr®?') in the third cytoplasmic loop.
This so-called “A” consensus sequence (Ala/Gly-X-X-X-X-
Gly-Lys-Ser/Thr) can be found in a wide variety of different
ATP- and GTP-binding proteins, including ATP synthase,
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myosin heavy chain, and the a-subunits of heterotrimeric G
proteins (29).

Expression and ligand binding studies. The two mouse
clones (Ma,-10H and Ma,-4H) were subcloned into the euka-
ryotic expression vector pBC12BI and transiently expressed in
COS-7 cells. Equilibrium dissociation constants (either K, or
K;) for several a,-AR agonists and antagonists are given in
Table 1. Representative saturation curves for the mouse clones
Ma,-10H and Ma,-4H are included (Fig. 5) for both yohimbine
and atipamezole, along with their molecular structures. Binding
studies were done simultaneously on mouse and human a,-ARs
expressed in COS-7 cells, to facilitate comparison between the
mouse and human receptor subtypes.

The mouse receptor encoded by clone Ma,-4H exhibited
binding affinity very similar to that of the human «,-C4 for all
antagonists and agonists tested (Table 1; Fig. 5b). These data,
combined with the strong degree of sequence homology, support
the definition of Ma,-4H as the mouse homolog of the human
a,-C4 receptor subtype. The affinity of the various ligands for
human a,-C4, in our hands, was comparable to previously
published results (7). Atipamezole, a high affinity a.-selective
antagonist (30), was also screened, because its structure differs
significantly from the class of bulky antagonists that includes
yohimbine and its diastereomer, rauwolscine (Fig. 5).

Although the protein encoded by mouse clone Ma,-10H
exhibited 92% homology to human a,-C10, its pharmacological
profile differed from that of human «,-C10 in one major aspect.
The «.-selective antagonist yohimbine, which does not display
subtype selectivity for the human a,-ARs, bound with a signif-
icantly lower affinity (K; = 53.6 nM) to mouse clone Ma,-10H
than to clone Ma,-4H (K; = 3.8 nM) or either of the human
receptor subtypes (a.-C10, K; = 3.4 nM; a,-C4, K, = 3.1 nM;
see Fig. 5). A similar binding profile has been observed in the
rat, where the RG20 receptor (a receptor most closely homolo-
gous to the human a,-C10) binds yohimbine with an affinity of
61 nM (9). Rauwolscine, a diastereomer of yohimbine, also

bound with lower affinity to the mouse Ma,-10H clone (K; =
53.3 nM) than the human «,-C10 (K; = 4.6 nM). In contrast,
the antagonist atipamezole bound with high affinity to all
mouse and human «,-ARs screened. Both yohimbine and rau-
wolscine belong to a class of polycyclic ligands with a rigid L-
shape, whereas atipamezole has a smaller, potentially more
flexible structure (Fig. 5). Because of the low affinity of Ma,-
10H for yohimbine, [*H]atipamazole was used for all competi-
tion assays with clone Ma,-10H. Competition data generated
using this ligand were comparable to results with [*H]yohim-
bine (data not shown). Prazosin, an antagonist whose affinity
differs between the human receptor subtypes (a;-C4, K; = 121.1
nM; a,-C10, K; = 2034 nM), also showed a higher affinity for
the mouse a,-C4 homolog (Ma;-4H) (K; = 97.3 nM) than the
mouse a,-C10 homolog (Ma,-10H) (K; = 2157 nM). In addition,
the mouse Ma,-10H exhibited a slightly lower affinity for WB-
4101 (K; = 261.2 nM), an antagonist that binds to both the
human receptors with high affinity (a.-C4, K; = 4.6 nM; a»-
C10, K; = 7.8 nM) Finally, Ma,-10H bound all the agonists
tested with affinities similar to those of the human a,-C10.

Both the human «,-C10 and porcine a,-C10 homolog bound
to yohimbine with high affinity (human, K, = 3.4 nM; porcine,
ECs = 7.5 nM) (13), whereas the rodent a.-C10 homologs
exhibited an affinity almost 20-fold lower [rat RG20, K; = 61
nM (9); mouse Ma,-10H, K; = 53.6 nM]. It should be possible
to identify key “candidate” residues common to both rodent
receptors yet different from the human and porcine sequences,
which might result in low affinity for this class of antagonists.
In Fig. 4, these candidate residues are highlighted. Only four
candidate residues are found within the putative transmem-
brane domains, as defined by Guyer et al. (13).

Expression and ligand binding of chimeric receptors.
We were interested in identifying domains in the mouse Ma,-
10H receptor that might be responsible for its low affinity for
yohimbine. To accomplish this, four recombinant mouse (Ma.-
10H)/human («,-C10) chimeric receptors were constructed
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Fig. 3. Sequence comparison of the mouse Ma,-4H receptor with the human a-C4 (7) and rat a-C4 homolog (RG10) (9). Amino acid sequences
(one-letter codes) were pairwise aligned using the GCG-BESTFIT and GCG-LINEUP programs (as described in Materials and Methods). Underlining,
the seven putative transmembrane domains [TM,_;, as defined by Regan et al. (7). A consensus sequence is included in which upper case letters
denote a residue found in all the receptors, lower case letters denote a residue found in two of three receptors, and a period denotes a residue not
found in more than one receptor.
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Fig. 4. Sequence comparison of the mouse Maz-10H receptor with the human a,-C10 (6), porcine a>-C10 (13), and rat RG10 (9) receptors. Amino
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TABLE 1
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Equilibrium dissociation constants of various AR ligands for human and mouse a.-AR subtypes and mouse (Ma.-10H)/human (a2-C10)

chimeric receptors expressed in COS-7 cells

Binding assays were performed as described in Materials and Methods. Equlibﬂundiésodaﬁonmmtsmatuemukede,;a!omersareK,.Vamesrepresmtan
average of three independent binding assays. Human and mouse receptor subtypes were assayed simultaneously, for comparison purposes.

Ki(or Ks)
Human aC4 Mouse Ma-4H Human a-C10 Mouse Ma-10H MHCR1 MHCR2 MHCR3 Mo 10HOP™
W
Antagonists
Atipamezole 36+04 1.6 £ 0.02 29+0.2 086 +020" 13+02° 84+13" ND? ND
Yohimbine 3.1+0.1° 38+0.8 34+06° 536+73 370+1.0" 84+05 48+02° 108+09
Rauwolscine 1.7+0.2 08+0.1 4607 53.3 + 4.1 ND ND ND ND
Prazosin 1211+ 104 97.3+17.7 2034 £350.4 2157 +216.0 ND ND ND ND
wB-4101 46+0.7 78+25 27+1.8 261.2+17.9 ND ND ND ND
Idazoxan 523177 98+0.7 122+ 3.7 95+19 ND ND ND ND
Agonists
Dexmedetomidine 84+08 72+04 8.8+0.2 118+ 0.6 ND ND ND ND
p-Aminoclonidine 204 + 248 102+155 774+7.2 76.8 £ 10.2 ND ND ND ND
(=)>-Norepinephrine 342 + 75.2 648 + 90.2 2471 +546.7 5759 + 550.8 ND ND ND ND
(=)-Epinephrine 218 £17.7 494 £ 109 1170+ 1455 2512 +160.2 ND ND ND ND
Oxymetazoline 2059+ 389 1086+22.1 128+3.8 326+14 ND ND ND ND
® ND, not done.
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Fig. 5. Representative yohimbine and atipame-
zole saturation curves for mouse and human a-
AR subtypes. a, Yohimbine saturation curve for
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(Fig. 6), expressed in COS-7 cells, and analyzed by binding
assays (Table 1).

Chimera 1 (MHCR1) consists of a mouse Ma,-10H receptor
in which five residues have been changed to their corresponding
residues in the human «,-C10 (one in TM;, one in extracellular
loop EL;, and three in TM;). All the residues were candidate
residues, as defined above. This receptor bound atipamezole
with an affinity comparable to that of both the mouse and
human receptors (K, = 1.3 nM) but did not show an appreciably
higher affinity for yohimbine than did the wild-type mouse
receptor (K, = 37 nM).

Chimera 2 (MHCR2) is a mouse Ma,-10H receptor in which
27 individual residues have been changed to their human coun-
terparts, although only 14 fit the category of candidate residues
(three in EL,, one in TM;, and 10 in cytoplasmic loop CL;).
This receptor bound yohimbine (K, = 8.4 nM) with an affinity
much more similar to that of the human «,-C10, suggesting
that one or more of the 14 candidate residues replaced is

10 20 30 4 S0 6 70
[H-YOHIMBINE], rM

the mouse Ma,-10H (A) and human a2-C10 (O)
receptors. b, Yohimbine saturation curve for the
mouse Maz-4H (A) and human a2-C4 (O) recep-
tors. ¢, Atipamezole saturation curve for the
mouse Maz-10H (A) and human a-C10 (O) re-
ceptors. In all cases, both receptors on each

graph were assayed si . The struc-
N tures of yohimbine and atipamezole are included
<~ for reference.

Atipamezole

responsible for the low affinity of the wild-type mouse receptor
for yohimbine. Interestingly, this chimera bound atipamezole
with an affinity 10-fold lower than that of the wild-type Ma,-
10H receptor (MHCR2, K, = 8.4 nM; wild-type Ma,-10H, K,
= 0.86 nM). This suggests that, despite the improved affinity
for yohimbine, the fusion of mouse and human sequence in
MHCR?2 resulted in some incompatibility, which compromised
atipamezole binding.

The majority of the candidate residues changed in MHCR2
reside in the third cytoplasmic loop, a region that has not been
directly implicated in the determination of ligand-binding spec-
ificity. To evaluate whether the human third loop sequence in
MHCR2 was responsible for the high yohimbine affinity of this
receptor, we replaced the human third loop sequence in
MHCR2 with wild-type mouse sequence. This receptor,
MHCRS3, represents a mouse Ma,-10H protein in which only
four candidate residues (three in EL, and one in TM;) have
been changed to their human counterparts. MHCR3 bound
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yohimbine (K; = 4.8 nM) with an affinity almost identical to
that of the wild-type human «,-C10 (K, = 3.4 nM).

Of the four candidate residues mutated in MHCR3, only one
(residue 201) is contained within a transmembrane domain.
We surmised, therefore, that this residue was most likely re-
sponsible for the high affinity of MHCR3 for yohimbine. To
test this possibility, we mutated the serine at this position in
Ma,-10H to a cysteine, the residue found at position 201 in the
human «,-C10. This mutant, Ma,-10H***", bound yohimbine
with an affinity higher than that of the wild-type mouse recep-
tor [Ma,-10H' ™), K, = 10.8 nM; Ma,-10H, K, = 53.6 nM] but
slightly lower than that of MHCRS3 (K, = 4.8 nM). To facilitate
direct comparison, binding assays were performed simultane-
ously on the mouse Ma,-10H, the human «,-C10, and the Ma,-
10H " point mutant, using the same ligand stocks. A rep-
resentative [*H]yohimbine competition curve from these exper-
iments is shown in Fig. 7.

Fig. 6. Model for the structure of wild-
type Ma>-10H and chimeric mouse (Maz-
10H)/human a,-C10 receptors. White cir-
cles, mouse Ma,-10H sequence; black
circles, sequence from human «»-C10;
grey squares, candidate residues in the
mouse sequence potentially responsible
for the low affinity of this receptor for
yohimbine. These candidate residues are
found in both the Ma,-10H and rat RG20
receptors but are different from residues
in these positions in the human «-C10
and porcine a.-C10 homolog (see Results
and Fig. 4). The affinities of these chimeric
receptors for yohimbine and atipamezole
are given in Table 1.

Discussion

The cloning and expression of «a,-AR genes from human, rat,
and porcine sources have demonstrated that this class of AR is
composed of multiple, closely related, subtypes (6-9, 11-13).
We have identified and expressed two genes encoding a;-AR
subtypes, the first to be cloned from the mouse genome.

Based on sequence homology and binding data, the mouse
Ma,-4H receptor appears to represent the mouse homolog of
the human «a,-C4 subtype (with which it shares 89% homology).
The mouse Ma,-10H receptor exhibits a much higher sequence
homology to the human «,-C10 subtype (92%) than to either
the human a,-C4 (56%) or a»-C2 (54%). This suggests that
Ma,-10H represents the mouse a,-C10 homolog. Its pharma-
cological characterization, however, differs from that of the
human «,-C10, because the mouse Ma,-10H binds the yohim-
bine/rauwolscine class of antagonists with significantly lower
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Fig. 7. Representative [*H]yohimbine competition curves for the mouse
Maz-10H, human a,-C10, and Ma,-10H®**" point mutant, assayed
simultaneously. B, Wild-type Ma.-10H; A, human a,-C10; O, the Ma,-
10H™" point mutant. For comparison purposes, binding assays for all
three receptors were carried out simultaneously, using the same ligand
-stocks.

affinity. Another receptor, the rat RG20, also exhibits low
yohimbine affinity, despite its high degree of sequence homol-
ogy to the human «,-C10. Lanier et al. (9) have invoked a new
pharmacological class to contain the RG20, the «,-D, into which
the mouse Ma,-10H receptor would seem to fit.

Because Ma,-10H diverges from the human a,-C10 in its
pharmacological properties, it is possible that this receptor
represents a mouse a;-AR subtype unique from the a,-C10 and
that another gene exists that encodes the true a,-C10 homolog.
Our Southern blot data do not support this hypothesis, because
the 5.1-kb PstI and 9.8-kb EcoRI fragments that hybridize most
strongly to the human «,-C10 probe also hybridize to clone
Ma,-10H at high stringency. It appears, therefore, that no
other gene exists that has a higher degree of similarity to the
human a,-C10 than does Ma,-10H. For this reason, we believe
that Ma,-10H represents the mouse homolog of the human a;-
C10 receptor. Differences in binding for the synthetic antago-
nist yohimbine may simply represent an interspecies variation
that has no functional significance in vivo and does not justify
assignment of the Ma,-10H as a receptor subtype unique from
the a,-C10. Because the amino acid sequence of RG20 is 96%
identical to that of Ma,-10H and no rat a,-AR with a higher
degree of homology to human «,-C10 has been cloned, we
suspect that the RG20 receptor may represent the rat homolog
of human «,-C10.

The identification of two receptors, the mouse Ma,-10H and
rat RG20, which bind relatively poorly to a single class of a,-
specific antagonist has general implications for the structure
of the ligand binding pocket. Both yohimbine and rauwolscine
are large, planar, L-shaped molecules composed of interlocked
aliphatic rings, features that suggest a rigid structure. In con-
trast, atipamezole and prazosin lack the L-shape and have
potentially more flexible structures. The observation that the
Ma,-10H and RG20 receptors, which bind yohimbine poorly,
bind these other antagonists with high affinity suggests three
possibilities; either 1) the rodent receptors lack one or more
critical residues that interact specifically with yohimbine in
human «,-C10, 2) the rodent receptors have one or more
residues that directly sterically inhibit the binding interaction
of this large rigid molecule, or 3) yohimbine, due to its inflexi-
bility, is more sensitive than smaller or more flexible antago-
nists to residue changes in the rodent receptors that result in
subtle conformational reorientations within the binding pocket.
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These subtle changes may be caused by residues far removed
from the actual binding pocket.

We have identified 21 candidate residues in the mouse Ma,-
10H receptor that may be involved in the interactions outlined
above. These residues are found in both the mouse Ma,-10H
and rat RG20 receptors (yohimbine K; > 50 nM) but are not
found in either the human or porcine a,-C10 receptors (yohim-
bine K, < 10 nM). By constructing mouse Ma,-10H/human a;-
C10 chimeric receptors, we have eliminated candidate residues
that do not affect yohimbine binding.

The domains involved in determining antagonist binding
specificity have been investigated through the construction of
chimeric human a,-C10/human 8, receptors (25). These studies
have shown that the residues that distinguish between g,-
selective and a.-selective antagonists were found predomi-
nantly within the seventh transmembrane domain (25). More
recently, a single point mutation in TM; (Phe*'>—Asn) of the
human «,-C10 reduced the binding affinity of yohimbine 350-
fold and increased the affinity for alprenolol, a S-selective
antagonist, 3000-fold (31). Two candidate residues (GIn**® and
Asn*®) are found in TM; of the mouse Ma,-10H receptor, and
another (Pro*”) is found at the junction between EL; and TM..
In light of this, we attempted to repair yohimbine and rauwol-
scine affinity in the mouse Ma,-10H receptor by replacing
these residues with the corresponding residues from TM; in
the human «,-C10. Interestingly, MHCR1 (a chimeric Ma,-
10H receptor containing TMs ; from the human «,-C10) did
not show a substantially higher affinity for yohimbine (K, =
37.0 nM) than did the wild-type mouse receptor (K; = 53.6 nM).
Atipamezole affinity was unchanged (K, = 1.3 nM). It appears,
therefore, that the seventh transmembrane domain does not
contain the determinants responsible for reduced yohimbine
affinity in the mouse receptor.

A second chimera was constructed (MHCR2), which was
composed of mouse Ma,-10H sequence from the amino termi-
nus to the end of EL,, human «,-C10 sequence for TM; through
the end of CL; and mouse Ma,-10H sequence from TM;
through the carboxyl terminus. This represents a mouse recep-
tor in which 27 individual residues have been changed to their
human counterparts, although only 14 fit the category of can-
didate residues (three in EL,, one in TM;, and nine in CLj).
This receptor bound yohimbine with affinity comparable to
that of the wild-type human a,-C10 (K, = 8.4 nM). In addition,
MHCR?2 bound atipamezole with an affinity (K, = 8.4 nM)
more comparable to that of the wild-type human receptor (K;
= 2.9 nM) than the wild-type mouse receptor (K, = 0.86 nM;
10-fold higher). It appears, therefore, that one or more of these
14 residues are responsible for the unusual antagonist binding
properties of the mouse receptor.

Nine of the 14 candidate residues are found in the third
cytoplasmic loop, a region that has been implicated in receptor
interactions with G proteins but not in antagonist binding
specificity (32). Specific differences in this cytoplasmic loop
could have general conformational significance, through their
effect on the orientation of hydrophobic domains in the mem-
brane. It is possible that yohimbine, due to its size and inflex-
ibility, might be more sensitive to slight reorientations of
residues within the ligand-binding pocket than smaller and
more flexible ligands such as atipamezole. To investigate the
role of candidate residues in the third loop, we constructed a
third chimera (MHCR3) by replacing the human third loop
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sequence in MHCR2 with the wild-type mouse third loop.
MHCRS3 contains mouse Ma,-10H sequence from the amino
terminus to the end of EL,, human «,-C10 sequence for TM,
through the end of TM;, and mouse Ma,-10H sequence from
the start of CL; through the carboxyl terminus. As expected,
MHCRS3 bound yohimbine with an affinity comparable to that
of MHCR2 and the wild-type human «,-C10 (MHCRS3, K, =
4.8 nM; MHCR2, K, = 8.4 nM; ,-C10, K, = 3.4 nM). These
results show that residues in the third loop are not responsible
for the low yohimbine binding affinity of the mouse Ma.-10H
receptor. In addition, MHCR3 bound yohimbine with higher
affinity than did MHCR2, even though MHCR2 contains more
human sequence. These results suggest that some form of subtle
incompatibility exists between the transplanted human third
loop and wild-type mouse sequences present in MHCR2.

MHCR3 represents a mouse Ma,-10H receptor in which only
four residues have been converted to their human counterparts.
Three of these residues are found in EL,. Only one of the four
residues, Ser?"', is found in a transmembrane domain (TM;),
as defined by Guyer et al. (13). Based on the important role of
the transmembrane domains in defining the ligand-binding
pocket, we considered Ser*"' as potentially responsible for the
low yohimbine affinity of the mouse receptor. A cysteine is
found at the corresponding position in the human and porcine
a,-C10 receptors, both of which bind yohimbine with high
affinity. To test our hypothesis, we generated a point mutation
at position 201 in the mouse Ma,-10H receptor, converting the
serine to a cysteine. This single point mutation resulted in a 5-
fold increase in the yohimbine binding affinity for the mouse
Ma.-10H receptor [Ma,-10H*™", K, = 10.8 nM; wild-type
Ma,-10H, K; = 53.6 nM]. It is also interesting that the point
mutant does not bind yohimbine as well as does MHCR3 (K,
= 4.8 nM). This suggests that the three candidate residues
present in the second extracellular loop of the mouse receptor
might also play a minor role in conferring a lower yohimbine
affinity on this receptor. Perhaps the mouse extracellular loops
interact in some way to impede the access of the large yohim-
bine molecule to the ligand-binding pocket.

A serine for cysteine mutation is considered very conserva-
tive, because the two amino acids are similar in molecular size.
This residue exchange might block the formation of a disulfide
bond, but changes in ligand binding affinity due to such a
drastic perturbation in structure would probably not be limited
to a single class of antagonists. Serine and cysteine also differ
in pK,, hydrophobicity, and hydrogen bonding characteristics.
Yohimbine contains a series of interconnected hydrocarbon
rings, which are very hydrophobic. A water molecule hydrogen-
bonded to a serine residue might require displacement for
yohimbine to enter the binding pocket. In contrast, the hydro-
phobic side chain of cysteine could interact more favorably with
this hydrophobic ligand, translating into a subtle increase in
binding affinity for the human receptor. An alternative hypoth-
esis is that yohimbine, due to its large size, must break a
hydrogen bond between adjacent transmembrane helices to
enter the ligand-binding pocket of the mouse receptor. The
hydrogen bonding capacity of the sulfur-containing amino acids
(methionine and cysteine) remains unclear (33). It is possible,
therefore, that such an obstructive hydrogen bond does not
exist at this position in the human receptor. The energy barrier
for yohimbine binding might, consequently, be slightly lower,
resulting in a higher affinity interaction.

In conclusion, the cloning of two mouse a,-AR subtypes has
confirmed that the subtype diversity observed in humans also
exists in mice and that the mouse receptors share subtype-
specific structural features with their human homologs. These
genomic clones should also serve as valuable reagents for the
study of a,-AR function in transgenic animals. The identifica-
tion that the mouse Ma,-10H binds the yohimbine/rauwolscine
class of antagonists with lower affinity than does its human
homolog (a,-C10) has general implications for the use of these
compounds to study a,-AR function in mice. Finally, through
the construction of chimeric mouse/human a,-C10 receptors,
we have provided evidence that Ser? in the mouse Ma,-10H
is responsible for the low yohimbine binding affinity of this
receptor.
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