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ABSTRACT. Mutational studies in conjunction with ligand binding assays were used to examine the basis
of oy-adrenergic receptor subtype selectivity for a series of 4-piperidyloxazole antagonists. A set of chimeric
oua receptors were created by systematically substituting individual transmembrane domairesgrom
adrenergic receptors. The oxazole antagonists exhibited significant reductions in affinity against the receptor
constructayap(TM2), and moderate reductions in affinity versus construgigp(TM5), aas(TM5),

and ouan(TM6). Antagonist affinities for these chimeras exceeded those found for wildaypand

oup. Site-directed mutagenesis methods were then used to explore the role that individual residues in
TM2 and TM5 play in ligand binding affinity and selectivity. These studies revealed that mutations at
position 86 in the second transmembrane domain and position 185 in the fifth transmembrane domain of
the a4 receptor have a major impact on receptor subtype selectivity.

os-adrenergic receptorso{-ARs) are a family of G indicate that the binding site is12 A below the extracellular
protein-coupled seven transmembrane biogenic amine recepsurface §). These experiments provide a general picture
tors, which are involved in signaling processes that make for the adrenergic ligand binding site. However, more
them relevant as pharmacological targets for many diseasegletailed studies are necessary to understand how minor
associated with the cardiovascular and nervous systemssequence differences control receptor subtype ligand selec-
Three knownaoy-receptor subtypesyia-AR, ais-AR, and tivity. A mutational study of theS,-adrenergic receptor
a1p-AR, are expressed in a wide variety of tissues. ddn suggested that conserved serine residues in the fifth trans-
AR antagonist, terazosin, has been used for symptomaticmembrane domain form hydrogen bonds with catecholamine
relief of begnign prostatic hypertrophy. However, terazosin ligands ). A subsequent study i, receptors®) suggested
is nonselective among;-ARs and this has led to a number the fifth transmembrane domain was involved in agonist
of undesirable side effects. Therefore, the development of selectivity for differenta; receptor subtypes. Niguldipine,
a1a-AR selective antagonists has received a great deal ofa dihydropyridine analogue, is reported to bexan subtype-
attention. selective antagonist7(8), and we have shown previously

The primary ligand binding site for the natural ligands in that the subtype selectivity of dihydropyridines is determined
the biogenic amine subclass of seven transmembrane recepPy @ single residue at position 86 in the second transmem-
tors is putatively located within the transmembrane region. brane domain ofi;a (9). In the work reported here, we have
Supporting evidence includes a variety of mutagenesis andexplored the correlations betweem receptor subtype
ligand binding studies that implicate various residues of the se€quence variations and antagonist selectivity. A detailed
transmembrane domain interior in direct ligand interactions Understanding of these correlations would be quite useful
(1-3). Energy transfer experiments with a fluorescent ligand for the rational design of subtype-selectixe antagonists.

An exhaustive study involving the synthesis and testing

P . of several different classes af antagonists yielded a novel
i D ork s SuppOted n part by rant NS33290 (T.FL)IOM series of 4-piperidyloxazole analogues (Chart 1) that are
Foundation. highly selective foraia- versusais- and aip-adrenergic

* To whom correspondence should be addressed. receptors 10). Extensive study of the oxazole series

" Department of Structural Chemistry, Galxo Wellcome Research gna10gues indicates that modification at the 4-position of the

Institute. . p . .
s Department of Receptor Biochemistry, Glaxo Wellcome Research 0%azole ring and at the_3' and 4-positions in the phenyl ring
Institute. _ of a phenylethyl-substituted piperidine affect the subtype
!"University of Washington. selectivity by several hundrefdld.

! Abbreviations: AR, adrenergic receptota, oia-adrenergic . . . .
receptor;ais, cus-adrenergic receptorin, aio-adrenergic receptor: Previously, chimeric receptors and mutant receptors with

ssoup-AR, 0up-AR containing a signal sequence; 4-piperidyloxazole, specific amino acid substitutions have been used to identify

i-m_eth9&(}/—5'-][2#]4-'[]56pheny|-4-[(h§,2,2-tr]2u?g§t)h0|>_<|)|':_)|r;1§tshygl-2(-20>r<]aaolyll- residues responsible for ligand selectivity among different
-piperidinyl]ethyllbenzenesulfonamide ; , 4-(2-hydroxy- _ ;

ethyl)-1-piperazineethanesulfonic acid??[HEAT, (['%9]-2-5-(4- G-protein coupled rgceptor class_es and subtyfés 18).

hydroxyphenyl))ethylaminomethyltetralone; TM, transmembrane; cos- We have adopted this approach in an attempt to understand

7, monkey kidney epithelial cells, GPCR, G-protein-coupled receptor. how substituents in the 4-piperidyloxazole series influence
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Chart 1 Table 1: Summary of Mutant Receptors in This Study &gsl for

4 on [A]HEAT?
no. of Kq for
N TRy location of residues  [*9]HEAT
constructs mutation(s)  mutated (pM)
o
\ / O.lA-AR NA 66+ 15

0
N a1an(TM2) T™2 4 71.3
o azap(TM3) T™3 5 95
) azan(TM4) T™4 11 115
a1ap(TM5) T™M5 9 235+ 64
FaC azap(TM6) T™6 6 30
ouap(TM7) ™7 6 424 40
a1as(TM5) TM5 4 54
a1a85T T™M2 1 21
1: R=OH, R1=H 01286M ™2 1 30
2: R=Et, R1=SO,NH(CH;),NHCOMe a1285T86M T™2 2 272
3: R= (CHj)3Me, R1=H a12185A TM5 1 13
4: R=Me, R1=S0,NH(CH;),NHCOMe 01285 T85Mp(TM5) TM2&5 11 362
5: R=Me, R1=H aap(TM5,6) TM5&6 15 150
6: R=Me, R1=SO,NH, oan(TM5-185V) TM5 10 78+ 15
12: R=Me, R1=SO,NHCH,CONH, auan(TM5-189A) TM5 10 390+ 16
ssap-AR NA 0 63+ 47
aThe first row and the last row are wild-typg-ARs. The exact
locations and amino acids for the chimeric receptors were previously
4 OMe shown Q). The Kgs were measured for each membrane preparation
used. When more than two separate membrane preparations were used,
the average of th&y and standard deviations are shown.
72 I N 3 SOQNHZ
(o] L _ .
X \ / taining a new restriction site Alw21l), GAAGGAGCA-
N CACGGACGAGAAGACAACGTAGCCCGCCTC (con-
R taining a new restriction site Alw21l) forya-185A,
a1an(TM5-185V), andayap(TM5-189A), respectively. The
7. R-CH,0Me alND(TM5-185V) andalA,D(TMS—lB_QA) mutants were cre-
8: R=CH,OFEt ated by in vitro mutagenesis using the Sculptor system
9:R=H (Amersham, IL) witha;ap(TM5) as a template. Thea-
}(1)2 §=g1; OB 185A mutant was created by using PCR and the mutation
I R= 2! u

site was inserted inta;a cDNA by using Eco47l11l and Kpnl.
) o o All the constructs were sequenced. The preparation of crude
the observed ligand binding selectivities fog-receptor membrane and the ligand binding assay were described
subtypes. We have measured binding affinities for these previously ©). The binding assay forlfiJHEAT was

ligands with variousous/oup chimeric receptors andaa performed with a various concentrations of membrane protein
receptor constructs with specific point mutations. The_ resullts and 70 000 cpm/10@L of [124]HEAT. The displacement
are dlscussed in the context of a m_odel of the binding site assay againstPJHEAT was performed with 510 ug of
that provides a consistent explanation for thgreceptor  membrane protein at various concentrations of antagonists.
subtype selectivity and SAR for these compountis).( Crude membranes from Rat-1 fibroblast cells stably express-
ing human ssxa-AR and a;g-AR were also used to
METHODS AND MATERIALS determine Ks (20). Statistical analyses were employed with
Materials. 4-Piperidyloxazoles were synthesized in-house Instat 2.0 (Texas A&M University) to derive the standard
and the synthesis of these compounds is described elsewhergeviation andp values for the Kis of the ligandsl—12
(10). The structures of the compounds tested in this study against each of the constructs. The number of experiments
are shown in Chart 1. These compounds were dissolved inused to compute the standard deviation for thespf the
100% DMSO prior to appropriate dilution for the binding ligands for the various receptors is listed in Table 2.
assays.
Site-Directed Mutagenesis, Transient Expression, and RESULTS AND DISCUSSION

Ligand Binding Assay.The mutant receptors studied are ~ Transmembrane ChimeradVe reported previously that
illustrated schematically in Figure 1 and the number and each of fiveaa-AR chimeric receptors containing sequences
location of mutations together with th€; values of [231]- from the a;p-AR at the membrane spanning domains had,
HEAT for each receptor is provided in Table 1. The with one exceptionKgs for [L24]HEAT comparable to those
construction of mutant receptor cONAs and transient expres- of wild-type aia-AR (Table 1). The only exception was the
sion in COS-7 cells were described previousy. ( ouan(TM5) which had a similarKy to sseup-AR (9).
Three new receptors with a single point mutatienaf Unfortunately, the chimeric receptor containing the first
185A, a1ap(TM5-185V), andoyapn(TM5-189A)) were cre- membrane spanning domaia;ap(TM1), was poorly ex-
ated by using the oligonucleotides AGCGCTGAGAATAAT- pressed in the membrane fraction of COS cells and could
GCATAGCCCGGCAG (containing a new restriction site not be used for further studies. The binding characteristics
Avalll), GAAGGAGCACACGGCCGAGAAGACAGC (con- of each of the other chimeras were first explored with the
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o 1A-AR o 1A/D(TM2) o 1A/D(TM3)
A, =
« LAIDTMA) o IA/D(TMS) « IW
—m —— I:——’/
a IA/DTMT) o 1A85T86M « 1A85TS s)
a {A/D(TMS,6) @ 1A8ST o 1A86M
[:,_,_/ |:|————/
o 1A185A o 1A/B(TMS) a 1A/D(TM5-185V)
——

o 1A/D(TM5-189A)

Ficure 1: Schematic presentation of chimeric receptors studied. The N-terminus is at the top of each figure and the C-terminus is at the
bottom. The boxes at the N- and C-terminus represent epitope3dgthat were added for immunological detection of the recombinant
proteins. The open ovals represent transmembrane domains witi Aarsequence; the heavily shaded ovals represent transmembrane
domains witha 1D sequence, and the lightly shaded oval indicates transmembrane domaind Biglequence. Site specific mutations are
represented by boxes within the ovals. The lines connecting the ovals represent the loopsadifh sgguence.

nonselective antagonist prazosin (Table 2). Th&s pof
prazosin for auap(TM2), ouan(TM4), ouan(TM5), and
a1an(TM7) were similar to the I of 9.70 foraua-AR, while
the [Kis for ouap(TM3) andayan(TM6) were slightly higher
than those fooa-AR.

Two aya-selective 4-piperidyloxazole analogu@snd3,

differ by only four residuesd;a positions 75, 76, 85, and
86) in the second transmembrane domain (Table 3). We
recently reported that;a residue 86 is the key determinant
for the oy-subtype selectivity of dihydropyridine antagonists
(9). This is of interest since the primary alkylation site of
the antagonigb-(bromoacetamido)benzyl-1-iodocarazolol in

were tested against the six chimeric receptors. The chimerasthef3,-adrenergic receptor was localized to a peptide fragment

ouap(TM3), aiap(TM4), andaan(TM7), exhibited binding

from the second transmembrane doma&it)(and the only

affinities for both compounds comparable to that of the parent nucleophiles present in this peptide segment are Ser92 and

aia receptor (Table 2). In contrasty;ap(TM2) showed

His93, which correspond taya residues 1le85 and Phe86.

significantly reduced affinity for both selective antagonists The analogous residues inp are Thr155 and Met156. To

while o;4p(TM5) showed moderately reduced affinity for
these antagonists (Table 2). The. and sseuip receptors

define more precisely the role of TM2 residues in subtype
selectivity for the 4-piperidyloxazole compounds, we con-
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9.43(0.05,4) 8.83(0.26,3) 8.13(0.31,3) 8.95(0.13,3) 8.59(0.14,4) 9.20(0.05,4) 8.31(0.04,3) 8.56(0.24,3) 9.47(0.82,83,39.86.15(0.23,4) 8.55(0.02,3
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9.70(0.26,4)
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Table 2: Summary of Is reported in this study

ND
ND
ND

ND
ND
ND

ND
ND
ND

ND
ND
ND

ND
ND
ND

ND
ND
ND
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ND
ND
ND

6.83(0.01,3) 6.97(0.01,3) ND
8.73(0.03,3) 8.03(0.01,3) ND
8.53(0.03,3) 7.85(0.01,3) ND

o1an(TM2) 9.50(0.38,2) ND

(11A/D(TM3)
(11A/D(T|V|4)

10.75(0.01,3) ND

10.29(0.71,3) ND
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Table 3: Sequence Data for Regions of the Second and Fifth
Transmembrane Domains of the HumanAdrenergic Receptors

™2
69 86
s A VAD LLTS TVLPFSAI F EV
Op - - - - - -SA - - - - - TM- -
T™5
185 189
waP GYV LFSA LGSFYLAII L
opA--A V--8S VC=-=-=-M-V- V
g - F - A - - - S - - - - . V- -

structed the double mutant; x85T86M. As shown in Table
2, this double mutant exhibits low affinities for botha
selective compounds, with{s comparable to those observed
for o.lA/D(TMZ).

Double Domain ChimerasPrevious studies have shown
that Val185 in the fifth transmembrane domain and Met292
in the sixth transmembrane domain of tg, receptor are
critical for subtype selectivity of agonists and, in some cases,
have additive or cooperative effects on binding affiny. (

In this study we observed that the chimeric receptor
o1ap(TM5) showed an 8- to 11-fold reduction in affinity
versus aua for compounds2 and 3, while oyap(TM6)
exhibited a 3- to 5-fold reduction in affinity for these
selective antagonists (Table 2). To determine if the effects
of TM5 and TM6 on binding affinity were independent and/
or additive, we constructed a chimeric receptafyp(TM5,

6), which contained the sequences of both the fifth and sixth
transmembrane domains fromas;. The chimeric receptor
ouan(TM5, 6) exhibited only a 6- to 7-fold reduction in
affinity for the selective compoundsand3 (Table 2). Thus,

we cannot conclude from these data alone that the effects of
TM5 and TM6 are independent or additive for this series of
4-piperidyloxazole compounds. The binding affinities ob-
served foroaap(TM5, 6) may merely reflect conformational
changes in the receptor due to altered packing between the
fifth and sixth transmembrane domains.

Residues in the fifth transmembrane domain are important
for ligand binding in some biogenic amine GPCRs 6,
22—28). Since theoyan(TM5) chimera showed reduced
affinities for the oxazole antagonists (Table 2) compared to
ouan(TM6), we decided to examine in more detail the effects
of the fifth transmembrane domain on receptor subtype
selectivity. We constructed a chimeric receptatyp(TM5),
that also contains two mutations in TM2 at positions 85 and
86. This chimeric recepto;485T86Mp(TM5), was ex-
amined for additive or cooperative effects of both TM2 and
TM5 on antagonist binding. Ten of the 4-piperidyloxazole
antagonists were tested against this chimera and the results
are shown in Figure 2, together witlKis for aya and ss-
oyp for comparison. Thelg for each antagonist was lower
for a;485T86M andayap(TM5) relative tooa and higher
compared to ssyp. The double domain chimera,
01a85T86Mp(TM5), exhibited binding affinities for all
antagonists comparable to aég. These values were sig-
nificantly lower than the observed binding affinities fofa-
85T86M, a1ap(TM5), or aua. These results suggest that
selectivity for this series of antagonists is determined by
residues in both the second and fifth transmembrane domains
and that the contributions of TM2 and TM5 are independent
and additive.
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FiGure 2: Representation of the averagkp of 10 4-piperidy-
loxazole analogues against three chimeras85T86M, o an(TM5),

and a;485T86Mp(TM5), compared against;, and ssap. The
compounds are ordered based on increasiig for oua. The

standard deviations (SD) and the number of experiments used to

determine the values of theKpfor each ligand are provided in
Table 2.

3- and 4-Phenyl Substituent Effects on Sel@gti Six
compounds,1-6, with various modifications at the 3- and
4-position of the phenethyl ring were tested againgt ss-
o4p, and the two chimerasy:a85T86M andaap(TM5).

These initial results revealed no clear relation between the
substitution patterns and the selectivity. To facilitate a

Hamaguchi et al.

“atA
7 alA85T
alA86M

ss-alD

Compound

discussion of the results, the antagonists are shown ordered 1

by increasing K for aia in Figure 3A. Botho;a85T86M
and a1ap(TM5) had significantly reduced affinity toward

Ficure 3: Representation of the averag€of 4-piperidyloxazole
analogued —6 which differ only in the substituents at the 3- and/

the six ligands (Figure 3A), in comparison to that observed or 4-positions of the phenylethyl ring. The compounds are ordered
for aza. However, each receptor construct exhibited different ased on increasingkgs for aia. (A) The Kis for 1-6 against

responses to the substituent variations at the 3- or 4-positio

of the phenethyl ring. Likexia, the chimeraoyap(TMS5)

was relatively insensitive to the presence of bulky groups,

014, 01485T86M, a1ap(TM5), and ssa;p are shown while in (B)

Nihe [Kis againsioya, 01a85T, 03486M, and ssy;p are portrayed.

oua at position 86 9). In this current study, the selectivity

e.g., the sulfonamide on the phenylethyl ring in compound found in the 4-piperidyloxazole antagonists also appears to

2. In contrast,a;1a85T86M and ssx;p were much more

be governed primarily by the residue at position 86. In fact,

sensitive to modifications of these substituents. For example,the mutantop156F Q), which contains Phe at the position

the change from an ethoxy to a methoxy at the 4-positon (
versusd) resulted in increases in affinity that were significant
for ssaup andaua85T86M, but not foroya or ouan(TM5).

corresponding to 86 imya, shows significantly increased
affinity for compound2, pK; 7.41+ 0.03 (not in Table 2),
and slightly increased affinity for compourd] pK; 6.56 +

These results suggest that the determinant(s) for selectivity0.04 (not in Table 2). Multiple sequence alignment data for

relative to modifications at the 3- or 4-position of the phenyl
ring reside within the second transmembrane domain.

To further characterize the basis of this selectivity, two
mutant receptors with single point mutationsxat positions
85 or 86 were constructed. The mutant receptgr86M,
was found to have significantly lower affinities for four of
the antagonists (compoun@s-5) versusoia, Whereas the
same four compounds exhibited significantly higher affinities
versusu; n85T86M when compared tma. The mutantua-
86M showed a similar trend as asp for compoundsl—6,
but with overall higher affinities and the same relative

adrenergic receptors show that the position analogous to
position 86 inaa is different in each subtype (e.@uaPhe,
ousleu, a;pMet) and strictly conserved among speci#8)(

By contrast, there is sequence variation among species for
the position analogous to position 85adn, (e.g., Thrin rat

oug and Ala in humaroyg). Since subtype selectivity for
the oxazole analogues is indeed conserved between human
and rat (data not shown), it seems probable that position 86
in aza plays an important role in determining binding
selectivity for these ligands, quite possibly via a direct ligand
interaction. Furthermore, position 85 ina clearly has a

increase in binding brought about by the substituent changeless significant effect on ligand binding selectivity, and its

from ethoxy @) to methoxy #4) (Figure 3B). A parallel to
the latter trend for compounds-6 was also observed for
a1ap(TM2). The mutant receptor had comparable affinities
to aua (Figure 3B) against the antagonist det6, which
are significantly higher than is observed vereys85T86M.
Previously we found the a;a-subtype selectivity of

effect is likely an indirect one (e.g., local helix packing
effects).

Bulkier substituents at the 4-position of the phenylethyl
ring appear to result in decreased affinity for bot and
ssoup, With sseup showing greater sensitivity (Figure 3;
Table 2). However, a substitution from ethoxy to methoxy

dihydropyridines was determined solely by the residue in (2 to 4) is significant if a methionine is present at position
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Ficure 4: Plots of the variation of the averag&p of 4-piperidy-
loxazole analogue6—10 which differ only in the substituent at
the 4-position of the oxazole ring. Solid bars depict resultsdar
and open bars are for s§p. The compounds are ordered, from

Biochemistry, Vol. 37, No. 16, 199&735

affinity and size of the 4-oxazole substituent was less
straightforward foraua, as methyl, hydrogen, and trifluo-
romethoxymethyl §) substituents resulted in the highest
affinities, followed by methoxymethyl, ethoxymethyd)(and
butyloxymethyl (L1) substituents, which all had comparable,
lower affinities. Although smaller substituents such as
methyl and hydrogen resulted in the highest affinities for
oua andayp, selectivity fora,a versusa;p was optimized
with the introduction of a trifluoromethoxymethyl grou@)(
The smallest difference in selectivity was observed with a
methoxymethyl substituen?). Clearly, there is no simple
correlation between substituent size and subtype selectivity.
To study the contribution of the fifth transmembrane
domain fora;-subtype selectivity in greater detail, another
oua chimeric receptor,aias(TM5), containing the fifth
transmembrane domain fromyg, was constructed. The
chimeraso as(TM5) andaap(TM5) had similar affinities
for compounds modified at the 4-position of the oxazole ring
(Table 2). With respect taa, oiap(TM5) has nine amino

left to right, based on the increasing size of the 4-substituents. The acid substitutions anduas(TM5) has four substitutions

pKis for aiia, 014a85T86M, oi14p(TM5), and sse;p are shown.

86 in aua (e.9.,a4p Or 01a86M), but there is no change in
affinity with a phenylalanine at this position (e.@ua or
a1485T). The presence of an lle or Thr at position 85 in

a4 does not affect this result. This suggests that methionine

at position 86 in; 4 may exhibit lower binding affinity due
to diminished hydrophobic contact.

Comparing the K;s for 1 and 5, a simple change from
hydroxy to methoxy at the 4-position in the phenethyl ring
reduced the affinities toward s$sp as well ason;485T86M
by 15- to 30-fold, while the affinity foroua was reduced

(Table 3). Three of the four substitutions foundiss(TM5),
V185A, A189S, and 1199V, were also presentiiap(TM5).
Sinceaas(TM5) andayap(TMS5) exhibited similar affinities

for the oxazole compounds, we assumed that the determinant
for selectivity resides in one or more of these three residues
(Table 2). The residue atua position 199 was not
considered further as it has been predicted to lie near the
cytoplasmic end of helix 5. The residue at position 185 in
oia has been predicted to lie at the top of TM5 near the
extracellular surface and has been shown to affect subtype
selectivity ofa, agonists §). It has also been reported that
the residue analogous to Val185 in the neurokinin-1 receptor

only 2-fold. These data may indicate that there is a larger (His197 based on sequence alignmertdata not shown)

hydrophobic pocket near residue 86dm, relative tooyp.

It is possible that phenylalanine at position 86 may provide
a more hydrophobic environment as well as being more rigid
than methionineZ9). Alternately, a phenylalanine residue
at position 86 may alter helix packing, leading to a larger
pocket in this region of the ligand binding site. This would
allow bulkier substituents at the 3- and 4-positions of the
phenethyl ring to be accommodated more readily.

Modification at 4-Position of the Oxazole Rind/arious

interacts directly with the aromatic groups of a non-peptide
antagonist30). Thus,a;a Vall85 was selected as a single
point mutation site. The mutant receptona185A, was
tested against 10 4-piperidyloxazole compounds and the
results are presented along withp for oya, oup, and
ouap(TMB) in Figure 5. For the six compounds containing
a trifluoromethoxymethyl group at position 4 of the oxazole
ring, 0ua185A displayed reduced affinities versog, and
comparable affinities touan(TM5). Thus, the approximate

modifications at the 4-position of the oxazole ring were also 10-fold difference in affinity among these six compounds
studied to probe their effects on subtype selectivity. Oxazole appears to be related to direct or indirect contacts between
ring substitutions had less dramatic impact on receptor the trifluoromethoxymethyl group and Val185 ina. To
binding and selectivities versus the phenylethyl ring substitu- examine this position in more detail, Ala185 in the chimeric

tions discussed above. Five compour@s10, with various
modifications at the 4-position of the oxazole ring were tested
against the chimeric receptots,ap(TM5) anda;485T86M
(Figure 4). The relative affinities of these compounds for
a1ap(TM5) and sse;p were similar. The relative affinities
of the compound§—10 for 0,a85T86M andoua were also

receptora,ap(TM5) was mutated to determine if the high
affinity of a,a could be recovered by substituting a valine
at position 185¢3a4p(TM5-185V). This A185V substitution

in a1ap(TM5) enhanced binding affinity to levels comparable
to, and in some cases exceeding, thosewqaf (Table 2).
These results also suggest that Vall85 interacts with the

comparable. However, there were no clear trends in receptortrifluoromethoxymethyl substituent at position 4 on the
subtype selectivity versus 4-oxazole substituents for theseoxazole ring.

compounds.

For compounds without a trifluoromethoxymethyl sub-

These data suggest that the oxazole end of the ligandsstituent ¢, 8, 9, and 10), the mutant receptoo;4185A

interact with residues in TM5, but the relationship between
the substituents and their effects on selectivity is complex.
For asp, the highest binding affinities were achieved with
small substituents such as methi) or hydrogen 9), while
methoxymethyl 7) and larger substituents resulted in reduced
affinities (Table 2; Figure 4). The relationship between

exhibited significantly higher affinities versus an(TM5),

with no clear trends in comparison ¢qa (Table 2). These
results suggest the determinant of selectivity for these four
compounds may not be related to the residug aposition
185. However, the substitution of valine at position 185 in
the chimeric receptan;an(TM5—185V) (Figure 5) resulted
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various oxazole compounds, we will need to study the agonist
binding and constitutive activity ofiyap(TM5-185V) in
more detail.

The serine at position 189 of the chimeric receptor
ouan(TM5) was also mutated in order to determine if the
high affinity of oua could be recovered by substituting an
alanine at position 18%;p(TM5-189A) (Table 2). The
substitution of Ala189 irx;an(TM5-189A) did not produce
any increase in affinity relative ta;ap(TM5), suggesting
that position 189 is not a determinant of selectivity. Residue
189 in aya is equivalent to Ser204 in thg, adrenergic
receptor, which was found to be involved in a hydrogen bond

B uf
with various ligands%). In a recent study, three serines in
b | 31:11:% the fifth transmembrane domain (Ser188, Ser189, and Ser192
Compound | i LS L ianas) in aya) iN g were mutated_ to alanineﬁ,_(32). _ It was

il observed that a single mutation at these sites did not have a

M significant effect on agonist binding. However, the mutant

FiGURES: Representation of the averagépof 4-piperidyloxazole ~ containing alanines at positions 188 and 192 showed
analogues1—10 measured against;a185A and ayap(TM5) decreased affinity, suggesting that serines at 188 and 192,

compared to those obtained agaimst and sseyp. The compounds byt not at 189, can provide a hydrogen bond sufficient for
are ordered based on increasirigspfor o agonist binding. The results of our study are consistent with
in affinities that exceeded for both 7 and8, suggesting  this result and the result of others in suggesting that position
that Val185 may interact with methylmethoxy or ethyl- 189 (alanine or serine) in; receptors does not contribute

methoxy substituents at position 4 of the oxazole. to subtype-selective interactions with ligands.
Compounds with small substituents at the 4-oxazole Clearly, there are no simple patterns observed for ligand
position @, 10) showed the highest binding affinity fara selectivty for substituents at the 4-position of the oxazole

and sseup (Figure 4). For9 and 10, a1a185A exhibited ring relative to specific amino acid substitutions in TM5.
significantly higher binding affinities versusiap(TM5) and The ligand binding data (Table 2; Figures 4,5) suggest that
comparable or higher affinities versusa. These data  oua Vall85 does interact with the substituent at position 4
suggest Val185 does not determine the selectivity of theseof the oxazole ring, directly or indirectly, and indicate that
two compounds, but there may be other residues in TM5 the greatest selectivity betweean, andop is achieved with
that do affect selectivity. Vall85 has been reported to be a a trifluoromethoxymethyl group at this position. The specific
recognition site forua-subtype selective agonists, and the ligand—receptor interactions in this region of the binding
point mutation A204V ing (position 185 inaa) resulted site are either more complex than can be identified with
in increased affinities for some agonists compared with both simple chimera and mutagenesis experiments, or else the
wild type aua andayp (6). It was proposed that a valine at  correlation between subtype selectivity and oxazole position
oua position 185 increases affinity by making hydrophobic 4 substituents depends on factors other than substituent size,
contacts with phenyl groups in the agonists phenylephrine, e.g., substituent hydrophobicity, polarizability, etc.
epinephrine, and norepinephrine. This increase in affinity  In summary, our experimental results and recepligand

by valine substitution was reversed by introducing a second complex models suggest that the 4-piperidyloxazole com-
mutation from leucine to methionine ajg position 314 in pounds bind to thet; receptors with the phenyl substituent
the sixth transmembrane domain (position 292xin). It of the 1-phenylethylpiperidine near the second transmem-
was observed that the combination of valine and leucine in brane domain and the oxazole ring near the fifth transmem-
the neighboring positions of the fifth and sixth membrane brane domain. In particular, 4-phenyl substituents are
domains (which does not occur in any wild-tygereceptors) probably positioned close to residue 86 in thg receptor,
resulted in affinities for agonists that exceeded those of wild- which appears to be a key determinant @f-subtype
type receptors. The chimeric receptar,p(TM5-185V) had selectivity. Substituents at position 4 of the oxazole ring
the same combination of valine and methionine in the fifth appear to interact with residues in the fifth transmembrane
and sixth membrane domains as found dp. yet still domain. The selectivity of the 4-piperidyloxazole com-
exhibited higher affinities versus s (Table 2). The contacts pounds was increased for;4 Over a;p by introducing a

in this region of the binding site may be more complex for trifluoromethoxymethyl substituent at the 4-oxazole position.
this series of 4-piperidyloxazole antagonists than can be This increase in selectivity appears to be attributable to the
explained by only one or two amino acids. However, we presence of Vall85 iy versus an alanine at the corre-
must also be careful in interpreting these data as two residuessponding position ix;p.  The specific interactions between
may interact differently due to differences in helilelix Vall85 in aya and the trifluoromethoxymethyl substituent
packing in a chimera such asap(TM5—185V), versus a  are not completely clear, and residues in the fifth and sixth
receptor with a single or a double point mutati@. (It has transmembrane domains will need to be examined in more
also been reported thaig with a valine at position 204 - detail to gain a better understanding of the determinants of
185) was constitutively active3(), again suggesting that any  o;-subtype selectivity in this region of the receptor.
structural changes introduced by mutagenesis must be Although the first high resolution structure has been
considered with the dynamic nature of the receptors in mind. obtained for bacteriorhodopsiBd) it is likely to be some

To better understand the increased affinities observed withtime before high-resolution structures become available for
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other 7-transmembrane receptors such asxtheeceptor-

antagonist complexes. Until then, detailed mutational studies

and biophysical experiments coupled with three-dimensional
model construction will be critical to enhance our knowledge

of these important receptors. Studies such as those outlined

Biochemistry, Vol. 37, No. 16, 199&737
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here can provide information that may be useful for the 16. MacKenzie, R. G., Steffey, M. E., Mannelli, A. M., Pollock,
development of more selective therapeutic agents.
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