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ABSTRACT. Salmeterol is a long-actingy-adrenergic receptoff$AR) agonist used clinically to treat asthma.

In addition to binding at the active agonist site, it has been proposed that salmeterol also binds with very
high affinity at a second site, termed the “exosite”, and that this exosite contributes to the long duration
of action of salmeterol. To determine the position of the phenyl ring of the aralkyloxyalkyl side chain of
salmeterol in thgs,AR binding site, we designed and synthesized the agonist photoaffinity F&B@l [
iodoazidosalmeterol fA]IAS). In direct adenylyl cyclase activation, in effects on adenylyl cyclase after
pretreatment of intact cells, and in guinea pig tracheal relaxation assays, IAS and the parent drug salmeterol
behave essentially the same. Significantly, the photoreactive azide of IAS is positioned on the phenyl
ring at the end of the molecule which is thought to be involved in exosite binding. Carrier-free radioiodinated
[*29]IAS was used to photolabel epitope-tagged huigkR in membranes prepared from stably transfected
HEK 293 cells. Labeling with'f3]IAS was blocked by 1Q«M (—)-alprenolol and inhibited by addition

of GTPyS, and [?9]IAS migrated at the same position on an SEISAGE gel as th@,AR labeled by the
antagonist photoaffinity label{d]iodoazidobenzylpindolol {fA]IABP). The labeled receptor was purified

on a nickel affinity column and cleaved with factor Xa protease at a specific sequence in the large loop
between transmembrane segments 5 and 6, yielding two peptides. While the control antagonist photoaffinity
label [129]IABP labeled both the large N-terminal fragment [containing transmembranes (TM5) 1

and the smaller C-terminal fragment (containing TMs 6 and 7), essentially all of¥gAS labeling

was on the smaller C-terminal peptide containing TMs 6 and 7. This direct biochemical evidence
demonstrates that when salmeterol binds to the receptor, its hydrophobic aryloxyalkyl tail is positioned
near TM 6 and/or TM 7. A model of IAS binding to th#®AR is proposed.

The transmembrane (TMyJomains of the3,-adrenergic to exhibit unusually slow dissociation kinetics for dissociation
receptor §-AR) contain binding determinants for the interac- from the 5,AR (2). The coupling efficiency of salmeterol
tion of antagonists and agonists. A coordinated interaction has indicated that it is a partial agonist with regardste
of the catechol and amino groups of catecholamines with AR-mediated adenylyl cyclase activation in HEK 293 cell
side chains of amino acids in TM 5 (postulated to be Ser membranes which contain overexpressed huf#mr (3),

204 and Ser 207) and TM 3 (Asp 113) has been suggestedas well as in other systems. These studies demonstrated that
as the primary binding determinants for sevedxahralkyl the extent of salmeterol-induced desensitization was greatly
derivatives of agonists and antagonists which bind with high reduced compared to that of epinephrine, which was con-
affinity to the 8.AR. One component of this interaction of  sistent with partial agonist properties and prolonged activa-
ligands in theB,AR binding site may involve molecules in  tion of adenylyl cyclase 3, 4). It was also shown that
folded conformations, as suggested for the antagonist pho-salmeterol binding to the active site was readily reversible
tolabel [#4]iodoazidobenzylpindolol (FA]IABP) (1). and competitive with3,AR ligands and displayed Ky of

Salmeterol, an analogue of albuterol, is a long-acifg ~ 1—2 nM (3, 5).

AR agonist substituted with aN-aralkyl ether that appears In addition to regular catechol binding interactions, it has

* This work was supported by NIH Grants GM33138 (A.E.R.) and begn proposed that salmeterol i?teragts atan fidditional site,
GM21308 (R.B.C.), with additional funding from Glaxo Wellcome Inc. which has been termed the “exosite2) This model
D.S.T. received support from the University of WisconsMadison proposes that salmeterol is tethered via its aryloxyalkyl side
NIHng\?vr;]soor:]egoﬁgserr;lrs]ggn%g)gggu:gtgéfzggrzrszlgén% C;:Zirll-t'aeruoho@(:ham to the exosite with extremely high affinity, and that
facstaff.wisc.edu. Prrl)one: (608) 263-5382. Fax: (608) 262-1257. thls _Slte SEIVES as an anchor to maintain Salmetero,l, in the

# University of Wisconsir-Madison Medical School. binding site or close to the receptor, even after addition of

$ University of Texas Health Science Center at Houston. antagonist reverses the functional effects of salmeterol.

! Abbreviations: TM, transmembrangsAR, 5,-adrenergic receptor; ; ; ;
IABP, iodoazidobenzylpindolol; IAS, iodoazidosalmeterol; PT, proximal Evidence in support of this was recently reported by Green

trachea; DT, distal trachea; AMS, aminosalmeterol; AZS, azidosalme- Et. al_- ©) and involved stu_dies Qfﬁl' and§2AR chimeras.
terol; AlS, azidoiodosalmeterol. Binding and washout studies usifig5. chimeric receptors
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suggested that a 10-amino acid sequence in putative TM 4carried out by exactly following the procedure described
(amino acids 149158) is involved in some fashion in  previously @0).

exosite bllndmg of salmeterol on tlﬁgA_R. An alternatlve _ Synthesis of 4-[4-[(6-Bromohexyl)oxy]butyl]nitrobenzene
hypothesis§) suggested that the quasi-irreversible properties 2 T4 a solution ofl (315 mg, 1 mmol) in dry MeCN (15
of the exosite could be due to the highly lipophilic character mL) at 0°C under nitrogen was added dropwise nitronium
of salmeterol {, 8), and recent kinetic studied)(may tetrafluoroborate (160 mg, 1.2 mmol) in dry MeCN (5 mL).
support this proposal. The study of the molecular recognition The reaction mixture was stirred at°C for 2 h and then
involved in exosite binding is of significant interest and may poured into a mixture of ice and water. The aqueous layer
lead to the design of additional G-protein-coupled receptor a5 extracted with BD (3 x 50 mL); the organic fractions
ligands with long-acting properties. were combined, washed with brine (50 mL), dried (Mg§O

In our studies, we have taken a direct biochemical and concentrated on a rotary evaporator. The residue was
approach using photoaffinity labeling to investigate the purified by silica gel column chromatography and eluted with
salmeterol binding site on hum#aAR. A unique synthetic  hexanes/ethyl acetate (10:2) to gj¥@itro compounds (158
scheme for the synthesis of several derivatives of salmeterolmg, 44%) as an oil: IR 1530, 1350 c(NO,); 'H NMR
has been demonstrated on the basis of a newly deviseCDCly) 6 1.30-1.75 (m, 12H), 2.75 (tJ = 7.0 Hz, 2H),
synthetic strategyl(0). A novel agonist photoaffinity label,  3.45 (m, 6H), 7.35 (dJ = 10.0 Hz, 2H), 8.15 (dJ = 10.0
[**¥]iodoazidosalmeterol {PA]IAS), was developed in which  Hz, 2H); MS (/2) 360 (M* + 2), 358 (M).
the photoactive azide group is positioned on the phenyl ring ; TR-TA-(A-Ni :
at the end of the aralkyloxyalkyl chain, which is the part of m;ﬁg:szisng_l\l-r? Eéﬁggrggrj%{?%?ﬁxg )ng(ng:t?gne
the salmeterol molecule that confers exosite binding proper- (360 mg, 1.0 mmol) in DMSO (5 mL) were added benzyl-
ties. IAS was tested to show that it retained the pharmaco-amine (é14 mg, 2.0 mmol), triethylamine (101 mg, 1.0
logical properties of the parent drug, salmeterol. For human mmol), and Nal ’(9_0 mg). Thé mixture was stirred for;15
B2AR expressed in HEK 293 cells, IAS showed similar direct ;¢ |, e;t room temperature, and then ether (50 mL), 10%

adenylyl cyclase activation and caused a similar effect on NaOH (10 mL), and brine (10 mL) were added. The organic
adenylyl cyplase activity following drug pretreatment, as phase was washed with brine. The recovered product was
salmeterol itself. The dosaesponse curves obtained for purified by silica gel chromatography (eluted with 10:1.€H

relaxation of carbachol-contracted guinea pig trachea andCIleeOH) to give the required amiras a yellow oil (338
drug washout times are also similar for salmeterol and IAS. mg, 62%): *H NMR (CDCl) 6 1.25-1.70 (m, 12H), 2.65

Carrier-free }A]IAS has been synthesized and shown to (t, 3= 7 Hz, 2H), 2.75 (tJ = 7 Hz, 2H), 3.45 (m, 4H),

specifically label the,AR. Labeling with [23]IAS was 3.80 (s, 2H), 7.357.40 (m, 7H), 8.15 (dJ = 10 Hz, 2H);
blocked by 1QuM (—)-alprenolol and inhibited by addition  ps (m/2) 384 (M*).

of GTPyS and migrated at the same position on an SDS . :
) ) - Synthesis of 2-Hydroxy-5-[[[6,6-[4-(4-nitrophenyl)butoxy]-
PAGE gel agh-AR labeled with the antagonist photoaffinity hexylbenzyllamino]acetyl]benzaldehydeA solution of 3

label F29]IABP. Labeled receptor was purified by nickel

g . (154 mg, 0.4 mmol) and 5-(bromoacetyl)-2-hydroxybenzal-
affinity ch_rc_)matography_and cleaved with factor Xa protease dehyde (48.6 mg, 0.2 mmol) in MeCN (20 mL) or 2-propanol
at a specific sequence in the large loop between transmem-

brane segments 5 and 6, yielding two peptides. While the (20 mL) was refluxed for 1 h. After addition of 20 mL of

. 7 Et,O, the mixture was chilled and the precipitated solid was
control antagoms? photoaffinity IabéFFI].IA_BP labeled both filtered. The filtrate was evaporated, and the residue was
the large N-terminal fragment (containing TMs-%) and

. - chromatographed on a silica gel column (eluted with,CH
tehses smgl'frEﬁ'grﬁ'gﬁgqgﬁi%mlggtefﬁlo”f;‘;”s'”c?nTthMes fma;"‘g)’ Cl,/MeOH) to give4 (78 mg, 71%) as a yellow oil: IR (film)
C-termina)ll eptide. This direct bioghemical evidence sug- 1650 cn®; *H NMR (CD,OD) 6 1.25-1.75 (m, 12H)

peptiae. ; det 9" 2.53-2.70 (m, 4H), 3.46-3.45 (m, 4H), 3.75 (s, 4H), 6.85
gests that the salmeterol aryloxyalkyl side chain is on the

" ; L (s, 1H), 7.16-7.25 (m, 5H), 7.35 (dJ) = 10 Hz, 2H), 7.95
é’?\'/IAF\; positioned near the region containing TM 6 and/or 8.10 (M, 2H), 8.15 (dJ = 10 Hz, 2H), 9.75 (s, 1H): MS

(FAB) 569 (M* + H + Na), 547 (M + H).

MATERIALS AND METHODS Synthesis of Aminosalmeter®l(AMS) NaBH, (11 mg,
0.3 mmol) was added slowly to a solution4{55 mg, 0.1

All solvents were reagent grade, except where indicated. mmol) in MeOH (10 mL) at O'C. After being stirred for 36
Na'?4 (2200 Ci/mmol) was purchased from Du Pont-NEN. h at room temperature, the mixture was acidified with 3 N
Other chemical reagents were obtained from Sigma or HCI (2 mL) and the solvent removed under reduced pressure.
Aldrich. Factor Xa protease was purchased from PromegaThe aqueous phase was adjusted to pH 8 with a 10% Na
(Madison, WI). Centricon concentrators were from Amicon CQ;, solution and extracted with EtOAc. The extract was
(Beverly, MA). IR spectra were recorded on a Perkin-Elmer washed with HO, dried, and concentrated. The residual oil
180 spectrometer. Proton nuclear magnetic resonance spectri@as diluted with MeOH (10 mL) and hydrogenated in the
were recorded on a Bruker 300 MHz spectrometer. Mass presence of 10% Pd-C (5 mg) for 10 h. Removal of the
spectra were obtained on a Kratos MS-80RFA with a DS55/ catalyst and solvent left an amber syrup which was purified
DS90 spectrometer. Preparative thin-layer and analytical thin-py silica gel chromatography (GBH/CH,CL,) to give an
layer chromatography were performed on precoated Merck ojl 5 (26 mg, 60%): IR 33063000 cn? (br); *H NMR
Silica Gel 60F-254 glass-backed plates. (CDCl) 6 1.25-1.75 (m, 12H), 2.56-2.85 (m, 6H), 3.45

Synthesis of 5-(Bromoacetyl)-2-hydroxybenzaldehyde and(m, 4H), 4.61 (br, 4H), 4.75 (s, 2H), 6.60 (d,= 10 Hz,
4-[(6-Bromohexyl)oxy]butylbenzerfe This synthesis was  2H), 6.85 (d,J = 9 Hz, 1H), 6.95 (d,J = 10 Hz, 2H), 7.05
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(s, 1H), 7.12 (dJ = 9.0 Hz, 1H); MS (FAB) 431 (M + Synthesis ofIPA]IAS 10. Methanol containing the*$d]-
H). aminoiodosalmeterol/ was evaporated with a nitrogen
lodination of5 (AMS).The amine5 (43 mg, 0.1 mmol) stream, and 5@L of 3 N AcOH was quickly added to the
in CH3OH (5 mL) was added to 20 mL of 0.5 M sodium reaction vessel. The reaction mixture was cooled on ice for
acetate buffer (pH 3.3). To this were added 16 mg of Nal 15 min. Sodium nitrite (5«L, 0.1 M) was added, and the
(0.12 mmol) in 5 mL of buffer and then 25 mg of chloramine mixture was cooled for an additional 20 min. Sodium azide
T (0.11 mol). The mixture was strirred for 5 min, at which (5 uL, 0.1 M) was added and the mixture left for 30 min at
time the reaction was stopped by the addition of d@&S 0 °C. The reaction was stopped by adding 80 of
(38 mg, 0.2 mmol) in 10 mL of KD. The aqueous mixture  concentrated ammonium hydroxide and extracting with
was then extracted with 4 50 mL of CH,Cl,. The crude chloroform (4x 300uL). The combined chloroform extract
product was subjected to preparative TLC on silica gel GF was washed twice with brine, concentrated under a nitrogen
(20 cmx 20 cm, eluted with 17:4:1 CHEICH;OH/AcOH) stream, and immediately dissolved in 8Q of methanol.
to give the diiodo compoun® (R = 0.55): 'H NMR The radioproduct,*f3]IAS, exhibited a single spot which
(CDClg) 6 1.25-1.85 (m, 12H), 2.452.55 (m, 2H), 2.75 comigrated with the previously characterized nonradioactive
3.00 (m, 4H), 3.45 (m, 4H), 4.65 (s, 2H), 4.95 (br, 4H), 6.60 compoundl0on a TLC plate.
(d,J=9.0 Hz, 1H), 6.90 (dJ = 9.0 Hz, 1H), 7.05 (s, 1H), Membrane Preparation, Adenylyl Cyclase Aation As-
7.45 (s, 1H), 7.55 (s, 1H). Compourgl(R: = 0.29): H says, and Intact Cell Pretreatment with Salmeterol and IAS
NMR (CDClg) 6 1.25-1.75 (m, 12H), 2.452.60 (m, 6H), Membranes containing the humggAR were prepared from
3.45 (m, 4H), 4.60 (br, 4H), 4.75 (s, 2H), 6.60 @= 10 HEK 293 cells stably transfected with double-epitope-tagged
Hz, 2H), 6.95 (d,J = 10 Hz, 2H), 7.05 (s, 1H), 7.55 (s, receptor (N-terminal hemagglutinin or C-terminal hexahis-
1H). Compound? (R = 0.33): 'H NMR (CDCl3) 6 1.25— tidine) by homogenization and a sucrose step gradient as
1.60 (m, 12H), 2.562.75 (m, 6H), 3.45 (m, 4H), 4.60 (br, previously describeddj. Membrane preparations contained
4H), 4.75 (s, 2H), 6.70 (dJ = 10 Hz, 1H), 6.83 (dJ =9 approximately +3 pmol of humans,AR per milligram of
Hz, 1H), 6.98 (dd,J = 10 Hz,J = 3 Hz, 1H), 7.01 (s, 1H), membranes, as assessedBi]jodocyanopindolol binding.
7.12 (d,J = 9 Hz, 1H), 7.50 (d,J = 3 Hz, 1H); MS (FAB) Assays for measuring the extent of adenylyl cyclase activa-

557 (Mt + H), 579 (M" + H + Na). tion and the effect of pretreating cells with 10 nM salmeterol
Synthesis of Azidosalmeter®l(AZS) and lodoazdosal- or IAS were also performed as previously describ&d (
meterol 10 (IAS). Compound5 or 7 (0.04 mmol) was Guinea Pig Trachea DoseResponse and Drug Washout

dissolved in 5 mL 63 N acetic acid and the mixture treated Assays Albino female guinea pigs (O’'Brien Hybrids,
with NaNG; (5 mg, 0.08 mL) in 3 mL of HO at 0°C for Brooklyn, WI) weighing 456-950 g were housed at the
30 min. NaN (5 mg, 0.08 mmol) in 3 mL of KO was then School of Veterinary Medicine in accordance with guidelines
added, and the reaction mixture was left for 30 min &c0 approved by the American Association for Accredited
The reaction was halted by neutralization with concentrated Laboratory Animal Care. Guinea pigs were sacrificed using
NH4OH (1.0 mL) and the mixture extracted with @El, (4 sodium pentobarbital (50 mg/kg, intraperitoneally) Tracheas
x 10 mL). The crude product was purified by preparative were removed and cleaned of extraneous tissue while
TLC (20:4:1 CHCYCH3;OH/AcOH) to give6 (14 mg, 77%, immersed in a physiological salt solution (pH 7.4) with the
R = 0.61) or10 (14 mg, 82%R: = 0.78). For6: IR 2100 following composition: 119 mM NaCl, 4.7 mM KCI, 1.0
cm ! (Ng); 'H NMR (CDCl) 6 1.25-1.60 (m, 12H), 2.60 mM NaHPO,, 0.9 mM MgCh, 2.5 mM CaC}, 25 mM
(m, 6H), 3.45 (m, 4H), 4.65 (br, 4H), 4.75 (s, 2H), 6.95 (d, NaHCQ, and 11 mM glucose. Physiological salt solutions
J =9 Hz, 1H), 6.95 (dJ = 10 Hz, 2H), 7.30 (s, 1H), 7.20  used throughout the experiments were aerated with a mixture
(m, 3H); MS (FAB) 457 (M + H). For10: IR 2100 cnt of oxygen (95%) and carbon dioxide (5%). Proximal trachea
(N3); 'H NMR (CDCl) 6 1.25-1.75 (m, 12H), 2.562.75 (PT) segments consisting of three to four cartilage rings were
(m, 6H), 3.43 (m, 4H), 4.55 (br, 4H), 4.80 (s, 2H), 6.80 (d, removed from trachea adjacent to the larynx. Distal trachea
J =10 Hz, 1H), 6.80 (dJ = 9 Hz, 1H), 7.02 (s, 1H), 7.10  (DT) segments consisting of three to four rings were removed
(d, 3 = 10 Hz, 1H), 7.15 (ddJ = 9.0 Hz,J = 3 Hz, 1H), either from an area adjacent to the PT of the same trachea
7.85 (d,J = 3 Hz, 1H); MS (FAB) 583 (M + H). or from an area approximately 1 cm distant from the end of
Radioiodination of5 (AMS).To 10uL of 0.1 N NaOH the PT. Cartilage rings were suspended in water-jacketed
were added 4 mCi of N& (2200 Ci/mmol) in 20uL of (37—38°C) 10 mL tissue baths containing the physiological
0.1 N NaOH and 3Q:L of 0.1 N HCI, 60uL of sodium salt solution. Mechanical responses were recorded on a Grass
acetate buffer (0.5 M, pH 3.3), 20 of 5 (3 mM in MeOH), polygraph (model 70, Grass Instruments, Quincy, MA) via
and 5uL of chloramine T (5 mM) in sodium acetate buffer. force-displacement transducers (FT-03). The resting tension

The reaction was halted after 2 min with 20 of Na;S;0s was adjusted todand maintained at the same level during
(10 mM in H0O) and the mixture neutralized with 1Q of equilibration and drug incubation periods. Rings were
5% NaCQ. The solution was transferred to a thick-walled allowed to equilibrate prior to any drug addition, during
conical tube and extracted four times with 500 of which time the solutions in the baths were replaced with

chloroform. The combined chloroform extract was evapo- fresh solution about every 10 min.

rated under a nitrogen stream. The residue was dissolved in PT and DT segments from two guinea pigs were used
20 uL of chloroform and purified by TLC on silica gel  simultaneously in four tissue baths in each of the experi-
(eluted with 17:4:1 methanol/chloroform/acetic acetate) with ments. Following equilibration of all of the segments
autoradiography to givé. The isolated radioactive product connected to the polygraph, the maximum contraction of the
comigrated on TLC with the previously characterized tissues was obtained by addition of carbachol to a final
nonradioactive compound. concentration of 0.£1 «M. Final maximum responses for
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all drugs were taken to be the effects occurring when A~
additional increases in drug concentration failed to elicit a oS °
further response. The time required to obtain complete-elose g LN i
response effects varied with the drug and tissue segment that

were used. Cumulative doseesponse relaxing effects of 1 NO ii@
salmeterol (on the PT segments) and IAS (on the DT

segments) were obtained by increasing concentrations of the 0 Bz /\/\/@mﬁw
added drugs while the previous doses remained in contact OH':D/“\/N\/\/\/\O

with the tissues. Tracheal rings were assumed to be in a Lo 4

maximally relaxed state when further drug addition did not
generate more relaxation and after treatment of the tissues

X

with 10 uM papaverin. " OH W /\/\/@f vi
In a second series of experiments, desesponse experi- ij/k/ o

ments were repeated with a slight modification of the HO v (8 XN (AMs)

procedure described above. Tissues from these experiments 6 X=N3 (AZS)
were subsequently used for salmeterol and IAS washout

. . . . . . . OH OH H NH,
studies following equilibration at their respective maximally ' /\/\/@(
N0 v
HO

X=Br
X=NHBz

relaxed state. Starting at time zero and at 5 min intervals

until 30 min, while the tissues were still connected to the 7 X=H, Y=1 %)

polygraph, the 10 mL physiological salt solutions contained X 8 X=1 (%), Y=H (AIS)

in each of the tissue baths were replaced with 10 mL of fresh 9 =1 (*%), v=1 %9

solution containing kM carbachol. Differential contractions OH oH H N
were measured at the end of each 5 min interval, and the v - /\/\/@[
results were calculated as the percentage change relative to T M0 =
the steady state. HO 10 ('B-1a)

Photoaffinity Labelir_lg of HumafizAR in HEK 293 Cell FicurRe 1: Synthesis of salmeterol derivatives an@9[IAS.
MembranesPhotolabeling of the huma#AR in membranes  Reaction conditions were as follows: (i) B¥O, MeCN: (ii)

from stably transfected HEK 293 cells was performed by 5-(bromoacetyl)-2-hydrobenzaldehyde; (iv) (a) NaBMeOH, (b)
incubating membranes at 3C for 30 min in the dark with ~ H2/Pd-C; (v) NaNQ/NaNg; (v), Na'?4, chloroamine T.

radioligand in the presence or absence of [ (—)-
alprenolol protector The membranes were at a proteln Table 1: Effect of Buffer pH on the Product Isomer Distribufion

concentration of approximately 3 mg/mL and were suspended ratio of product’ overall
in 100 uL of buffer containing 20 mM HEPES and 1 mM buffer pH 7,8, and9 % yield
EDTA. [**M]IAS was added to a final concentration which 8.6 (1.0 M KHPOy) 0:1.0:1.7 56
was between 0.7 and 1.0 nM. Following incubation, mem- 7.3 (1.0 M KHPQ,) 0:1.0:1.3 43
branes were diluted in 5 mL of ice-cold degassed buffer [10 g:g gg:g m “2828 igigig gg
mM Tris, 100 mM NaCI, and 2 mM EDTA (pH 74)] 2.1 (1.0 M HOAc) 1.3:1.0:1.0 47

Immediately following dilution, the membranes were pho- —; , , - s

tolyzed at 4°C through a 2 mmthick Pyrex tube fo5 s at on r\ll:?é/tcj:rhelolrémme T/aminosalmeterol ratio of 1:1°IFor products,
a distance of 10 cm frm a 1 kW mercury lamp. The
membranes were then pelleted by ultracentrifugation at
10000@ in a Beckman type 70.1 Ti rotor. The membranes
were solubilized in a buffer containing 10 mM Tris (pH 6.8), _ -
2% sodium dodecy! sulfate, 10% glycerol, 5% 2-mercapto- €!uted using 4 mL of buffer containing 0.1% dodegyb-

ethanol, and 0.05% bromphenol blue dye and subjected toMaltoside, 250 mM imidazole, 500 mM NaCl, and 20 mM
SDS-PAGE on a 12.5% gel. Results were usually obtained 'S (pH 8.0). The eluate was concentrated using a Centricon

with a 48 h autoradiogram using a Quanta Il intensifier concentrator, and the_residue was eluted inI00f a buffer
screen. The molecular mass of the receptor was estimateOntaining 20 mM Tris (pH 7.4) and 250 mM NaCl. Factor
using the following molecular mass standards: bovine Xa protease was added to the purified photolabeled receptor

erythrocyte carbonic anhydrase (29 kDa), egg albumin (45 solutions to a final concentrat?on of ;L@/ml_l and incubate(_j
kDa), bovine plasma albumin (66 kDa), rabbit muscle at 30°C for 12 h. Proteolysis was terminated by adding

phosphorylasé (97 kDa), Escherichia coli-galactosidase ~ Sa@mPple buffer containing 10 mM Tris (pH 6.8), 2% sodium
(116 kDa), and rabbit muscle myosin (205 kDa). dodecyl sulfate, 10% glycerol, 5% 2-mercaptoethanol, and
Purificat,ion and Proteolysis ofifsl]IAS-Labeled Human 0.05% bromphenol blue dye and the solution electrophoresed

BAR.Following photolysis, the membranes were completely Vi@ 12% SDS-PAGE, followed by autoradiography.
extracted with 40Q:L of solubilization buffer [1% dodecyl RESULTS

fB-D-maltoside, 500 mM NacCl, 20 mM Tris (pH 8.0), 6 M

urea, and 5 mM imidazole]. The extract was loaded onto a  Synthesis of the Photoaffinity Lab&J]IAS. The synthetic
column of 0.5 mL of nickel affinity resin. The resin was scheme and structure offi]JIAS are shown in Figure 1.
then washed with 10 mL of buffer containing 0.1% dodecyl The product was prepared first in a nonradioactive form and
p-p-maltoside, 10 mM imidazole, 500 mM NacCl, 20 mM then in a carrier-free form with?9. The nonradioactive
Tris (pH 8.0), ad 6 M urea, and then again with 5 mL of compounds were used for chemical characterization and

buffer containing 0.1% dodecyp-p-maltoside, 10 mM
imidazole, 500 mM NacCl, and 20 mM Tris. THBAR was
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Ficure 2: Comparison of salmeterol and IAS activity in multiple assay systems. (A) ComparigiyhBfmediated salmeterol and IAS
stimulation of adenylyl cyclase in HEK 293 membrane preparations. The-tlesponse experiment of adenylyl cyclase stimulation for
salmeterol and IAS was performed as described in Materials and Methods. Assays were performed in triplicate, and the standard error of
the mean of triplicates did not exceed 10%. Incubations with agonists were for carried out 10 mitCat(B) Effect of pretreatment of

HEK 293 cells with salmeterol or IAS on epinephrine activation of adenylyl cyclase. HEK 293 cells were pretreated for 5 min with carrier
(controls), 10 nM salmeterol, or 10 nM IAS in complete growth medium at@7washed six times with phosphate-buffered saline, and
homogenized, after which membranes were isolated on sucrose step gradients. Adenylyl cyclase assays were performed with various
concentrations of epinephrine as indicated. Thg&@®r epinephrine activation were 7.1, 48, and 44 nM for control, salmeterol-pretreated,

and IAS-pretreated conditions, respectively. Assays were performed in triplicate, and the given values are the means from one experiment.
(C) Dose-response curves for the relaxation of carbachol-contracted guinea pig tracheal segments with salmeterol and IAS. Data that are
shown are the average from eight separate experiments and are expressed as a percentage of relaxation relative to full relapudtion by 10
papaverin. (D) Comparison of the relaxation recovery of carbachol-contracted guinea pig trachea with salmeterol and IAS as a function of
washing time (“drug washout experiment”). Salmeterol€1®1) and IAS (10> M) were shown to be equally resistant to drug washout,

and by this measure to have equivalent exosite binding properties.

adenylate cyclase assays, whereas the the radioiodinatedact that the saliginin ring is much more reactive to iodination
compound was used for photolabeling. The synthetic protocol than the aminophenyl ring. As shown in Table 1, a range of
for AMS (compound5) was similar to that for salmeterol  pH values from 8.6 to 2.1 were tested, and an acidic condition
described previously1Q), except for preparation of nitro  was found which slightly favors formation of. The
compound?2 (11). Treatment of compound proceeded  radioiodinated amin& was isolated and purified by TLC.
smoothly with nitronium tetrafluoroborate to giyenitro The purified compound was shown to comigrate on TLC
compound?2 and theo-nitro isomer. Para produ@ was with the identical nonradioactive compound. Conversion of
separated from it-nitro isomer by silica gel column the aminobenzyl group in the salmeterol derivatives to the
chromatography. corresponding azide compourid ([*?9]IAS) proceeded
The iodination of AMS5 proved to be complicated. From  readily via the diazonium salt intermediate prepared in 3 N
the structure of compouns, illustrated in Figure 1, there  acetic acid. Carrier-free¢1]IAS was stable in methanol at

are two phenyl rings which are both activated by either —20 °C for at least 3 weeks.

hydroxyl groups or an amino group and can be accessed by Cell-Free Actvation of Adenylyl Cyclase in HEK 293 Cell
iodine. Three iodinated products were isolated and identified Membranes by Salmeterol, IAS, and Related &zdies.The

as the two monoiodinated compoundsand 8 and the characteristics of salmeterol activation of adenylyl cyclase
diiodinated produc® from their spectral properties. We have previously been reporte@, (4). IAS was tested to
found that the isotopomer distribution was directly controlled determine whether it would exhibit the same activation
by the reaction buffer pH (Table 1). The difficulty in properties as the parent drug, salmeterol. Figure 2A shows
generating the desired compouiddn which the iodine is that the doseresponse curves fgi,AR-mediated cyclase
located on the aminophenyl ring as a major product is the activation by salmeterol and IAS were similar, displaying
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Ficure 3: Activation of adenylyl cyclase by salmeterol and various 20 KDa -

analogues (compounds6, 8, and10 shown in Figure 1). Adenylyl =

cyclase assays were performed as described in Materials and Mpeancll  + = * :

Methods. Assays were performed in triplicate, and the values that [125}ABP - 3 " &

are shown are the meahnthe range of two separate assays. All of [-125piAE & + . .

the compounds were assayed at a concentration of 10 nM. . . .
P y FicUrRe 4: Photolabeling of thg,AR in HEK 293 membranes with

. . [*9]IAS and the,AR antagonist photolabel$]IABP. HEK 293
ECses of 2 _?nd 5 nM, reSpeCtWe'Y_- Figure 3 demf)nStrates membranes (2.2g/uL) were incubated with®3]IAS (1 nM) or
that, in addition to IAS, salmeterol-like agonist activity could [125]IABP (30—60 pM) for 30 min at 30°C in the presence (A

also be demonstrated with AMS (compouBfdand AZS  and C) or absence (B and D) of M (—)-alprenolol. The resuits
(compoundb). In the experiment whose results are depicted show both agonist and antagonist photoaffinity labeling offike
in Figure 3, all agonists were at a concentration of 10 nM AR (the broad band around 780 kDa).
and no additional activation was observed with 100 nM drug. A B cC D
The iodinated isomer AI8 which contained the iodine on
the saligenin ring had approximately 50% of the activity of
salmeterol. The reduced activity of the iodinated saligenin
derivative 8 (AIS) is not surprising since the bulky iodine
atom is likely to interfere with interaction of the saligenin 865 KDa ™
head with theg,AR catechol binding site.

Comparison of the Effect of Pretreatment of HEK 293
Cells with Salmeterol or IAS on the Subsequent:atitn
of Adenylyl Cyclase with the Full Agonist Epinephriie.

B0 KD& ==

an assay in which the effect of agonist pretreatment on the 36 KDA o

subsequent ability of epinephrine to stimulate fhAR was - -
being measured, both salmeterol and IAS behaved essentially

the same (Figure 2B). The activity with no added epinephrine 20 KD8 o

represents the amount of drug carried over from the pre-

treatment which is not readily removed by the washes and Alprenlal  + . * -
membrane purification procedure, and was identical for both [-125]-A5  + * * *
salmeterol and IAS. The increased &5@nd decreaseWmax GTPyS L = * *

for epinephrine stimulation are caused by a combination of figure5: Guanyl nucleotide sensitivity off]IAS photolabeling.
drug-induced desensitization from the pretreatment and [22%]IAS (1 nM) was incubated in the presence (A and C) or

competition of salmeterol or IAS for the active site due to absence (B and D) of{)-alprenolol (10° M). The incubation time
residual drug from exosite binding and/or partitioning into With [**9]IAS was 30 min. The addition of GTS (10*M) (C
the lipid. The properties of both salmeterol and IAS in this Iar;)%ﬁ)gresulted in significant reduction of the extent of specific
assay are the same as those previously reported for salmetero?1 '
(4). photoaffinity labeling experiments using partially purified
Guinea Pig Trachea Relaxation DosResponse and HEK 293 cell membranes (Figure 4), alprenolol-protectable
Washout AssayTissue segments from adult guinea pig photolabeling of the3,AR could readily be demonstrated
tracheas were used to compare dose responses when th@road glycosylated band seen at approximately&@kDa;
guinea pigs were treated with various concentrations of see lanes A and B of Figure 4). To further confirm that the
salmeterol and IAS (Figure 2C). Tissues were also used tobroad band at 7680 kDa was indeed thg,AR, photo-
compare washout experiments when salmeterol and IAS werdabeling of a separate aliquot of the same membranes was
used. Pooled data showed no significant differences in thealso performed using the high-affiniffs antagonist photo-
resistance to washout of these two compounds (Figure 2D),label, [?4]IABP (12) (see lanes C and D of Figure 4). The
indicating that salmeterol and IAS have equivalent exosite extent of labeling of the3,AR with [*]IAS is greatly
binding properties. reduced by the presence of GJ® (see Figure 5; compare
Photoaffinity Labeling of the3,AR in HEK 293 Cell lanes C and D relative to control lanes A and B). The
MembranesA facile synthesis of carrier-free radioiodinated reduction of the extent of{3]IAS photolabeling by addition
IAS is outlined in Figure 1. When'PJ]IAS was used in of GTPyS suggests a decrease in agonist affinity caused by
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dissociation of the G-proteifreceptor complex. This cor-

responded with previous results which showed that salmetero
displays a GTP shift, consistent with it being a very weak
partial agonist. These data indicate that IAS interacts with

the receptor as an agonist and that exosite photolabeling in

the receptor binding site occurred primarily as the ternary
IAS—receptor-G-protein complex.

Purification and Proteolysis of th&,AR.1AS-labeleds.-
AR from HEK 293 membranes was purified by nickel
affinity chromatography as described in Materials and
Methods. Thef,AR was specifically photolabeled in an
alprenolol-protectable manner by botf[]IABP (Figure 6,
lanes A and B) and]IAS (Figure 6, lanes C and D). In
the large intracellular loop Ill of humafi;,AR, the amino
acid sequence SEGR is cleaved by factor Xa proteb3e (
A proteolytic cleavage at this site in tjf}eAR generates two
fragments; one fragment includes the glycosylated N-
terminus and first five TM segments, and the other fragment
(approximately 21 kDa) contains TM segments 6 and 7 and
the C-terminus (Figure 6). Factor Xa digestion of the control
[*3]IABP-labeled receptor generated two radiolabeled pep-
tides: a highly glycosylated peptide containing helice$1
(broad, glycosylated band around-580 kDa; Figure 6, lanes

Rong et al.

125148

B0 HD0
B8 HDE

E and F) and a smaller peptide containing TMs 6 and 7 (sharp

band around 21 kDa; Figure 6, lanes E and F) consistent

with previous results1, 14). In contrast, however, factor
Xa cleavage of the'f™]IAS-derivatized receptor revealed
essentially all of the label only on the smaller C-terminal
peptide containing TMs 6 and 7 (Figure 6, lanes G and H).
This was further confirmed by showing that this small
C-terminal polyhistidine-tagged peptide bound to a nickel
affinity column following proteolysis and could be eluted
with 300 mM imidazole (Figure 6, lanes-N). Considering
that the photoactive azide moiety is positioned on the ring
at the end of the long hydrophobic portion of salmeterol
which confers long functional activity, and which is hypoth-
esized to be involved in exosite binding, we conclude that
if there is a high-affinity exosite on the receptor, and at least
a portion of this may be contributed by the fragment which
contains TM segments 6 and 7.

DISCUSSION

Salmeterol and certain other long-chain antagonists and
agonists of thgs,AR have unusual properties. These proper-
ties involve a prolonged agonist action on the receptor even
after removal of excess salmeterol, which can be inhibited
by antagonists but recovers its agonist properties following
removal of antagonist2( 15, 16). Salmeterol possesses a
very high coefficient for partitioning between the hydropho-
bic and agueous environments which has led to the hypoth-
esis that the long-acting properties of salmeterol are due to
access to thg,AR binding site from within the bilayerg
7), and recent kinetic studies may support this propd3al (
However, support for the presence of a specific exosite found
on the5,AR is suggested by two lines of evidence. First,
salmeterol exosite binding is specific to tfieAR. When
recombinant humag, 52, andf; receptors were transfected
into CHO cells, the only receptor which demonstrated
persistent, exosite binding salmeterol kinetics was/he
AR (16). Second, exosite binding cannot be entirely a
function of the lipophilic character of salmeterol. A series
of salmeterol-like molecules were synthesized in which the

-
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Ficure 6: (I) Factor Xa cleavage of'fd]IABP- and [**3]IAS-
labeled humap,AR. Polyhistidine-taggef,AR expressed in HEK
293 cell membranes was photolabeled wiiJIABP and [*24]-

IAS and purified using nickel affinity resin (lanes-D). The
labeled,AR was then treated with factor Xa protease. Lanes E
and F contained the two radioactive peptides frdf¥]JABP-
labeleds,AR. In lanes G and H, only the smaller C-terminal peptide
was labeled byA]IAS. (Il) The C-terminal, IAS-photolabeled
peptide can bind to and be eluted from a nickel column. Shown is
factor Xa-cleaveqi,AR that had been previously photolabeled in
the presence (lane I) or absence (lane J) of alprenolol protector.
These were loaded onto nickel resin and washed with 20 column
volumnes of low-imidazole buffer. No labeled peptide eluted in
the washes (lanes K and L). The columns were then eluted with
300 mM imidazole (lanes M and N), and the alprenolol protectably
labeled peptide was recovered. (Il1l) Diagram of fhAR showing

the location of the factor Xa cleavage site, and the size of the two
fragments generated after cleavage.

position of the ether oxygen was moved along the long-chain
saturated hydrocarbon tail. Within the saturated hydrocarbon
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tail, salmeterol has six methylene groups on one side of the
ether oxygen and four methylenes on the other (“6 and 4”).
The salmeterol-like molecules had the same number of
methylenes, but the position of the ether oxygen was different
(“4 and 67, “5 and 5”, “2 and 8", “8 and 2", or “9 and 1").
All of these molecules had the very same partition coefficient,
but their reported duration of action varied widely. Salmeterol
("6 and 4”) had the longest duration of action{20 min),
while the shortest acting molecule was the “2 and 8"
compound (2.7 min)3). Specificity in both the receptor and
the position of the ether oxygen suggests distinct exosite
binding determinants, i.e., an exosite which is contained at
least in part within the specific sequences of hAR.

On the basis of the initial observation that, unlike fhe
AR, the 81AR does not exhibit salmeterol exosite binding
behavior, Green et al.5( addressed the question of the
molecular basis of the salmeterol exosite by substituting
portions of thes; receptor into thes, receptor and testing
for exosite binding activity in drug washout experiments.
They identified a sequence of amino acids in TM 4 that had
some effect on exosite binding. When thesequence was
placed into thes, receptor, the extent of exosite binding was
diminished by approximately two-thirds. In the reverse

chimera, when the3, sequence was placed into tifk _ o
receptor, a degree of exosite binding activity was recovered._'lz_'r?URE 7: Speculative model of the binding of IAS to tgAR.

: . o e3.AR TM helices are from the model of Donnelly et al8f
While those authors did not specifically suggest that any gpained from the EMBL G-protein-coupled receptor databa8e (
other particular sites on thg>AR contribute to exosite  Elements incorporated in this model include the catechol hydroxyls
binding, they recognized the fact that there may be other within hydrogen bonding distance of serines 205 and 207 in TM
sites on the receptor which contribute to exosite interactions. Shtrt]e ?fmi_?el ifl‘)telfami;)”t V‘gth afkl?_a”ic acid 1h13hi3 ™ 3:taf;d ttr?et

We chose o take a biochertical approach to locating the Fr\0ay abelng deta fom (s paper, wich demonsirate tha
salmeterol binding site. Since the exosite binding behavior
of salmeterol is attributed to the long-aryloxyalkyl side placed into af;-adrenergic receptor background), a large
chain, it was logical to identify the position of the phenyl measure of the high-affinity binding was regained. This
ring at the end of this long chain by placing a photomoiety molecular biological evidence for important salmeterol
at this location in the molecule. A novel salmeterol-based binding determinants existing in TM 7 is consistent with the
photolabel (f?3]IAS) with the photoactivatable azide group biochemical data for iodoazidosalmeterol photolabeling
positioned on the exosite binding portion of the molecule presented in this report. Kurose et al. further introduced
was synthesized and used to label fa&R, and the labeled = mutations of 10 amino acids in TM 7 that were different
receptor was cleaved at a unique known site into a large between these two adrenergic receptor subtypes, and found
N-terminal and a small C-terminal peptide. All of the IAS that mutation of the single amino acid tyrosine 308 (in the
label was only on the portion of the&;AR which contains JB2-adrenergic receptor) to alanine led to an approximate 100-
TMs 6 and 7, and not on the larger fragment, which includes fold decrease in salmeterol affinity, but not the entire 1500-
TM 4. As in the case of the sequence identified by Green et fold change seen in the chimera when the entire transmem-
al. in the cytoplasmic half of TM 4, there are also a number brane segment was replaced. This suggests that multiple
of amino acid differences between tAhAR and thes,AR residues in TM 7 contribute to salmeterol binding affinity
in the extracellular halves of TM 6 and TM 7, and these and is consistent with the IAS photoaffinity labeling results.
may also contribute to the differences in the exosite binding The possibility exists that multiple regions of the receptor
activity between these two receptors. Recently, it has beenand also some component of lipid bilayer interaction may
demonstrated by construction of chimeric receptors and site-contribute to exosite binding interactions with salmeterol and,
directed mutagenesis that residues in TM 7 do in fact more specifically, that the interaction of the salmeterol
contribute to salmeterol high-affinity binding. Kurose et al. hydrophobic tail with TM 6 and/or TM 7 may contribute
(17) took advantage of the great difference in salmeterol incrementally to the binding affinity, and hence serve
binding affinities between thg;-adrenergic receptor (2200 minimally as an exosite. With the IAS photolabel as a tool,
nM) and thes-adrenergic receptor (1.5 nM) by constructing we are now in a position to assess directly whether IAS
chimeric receptors and testing salmeterol binding affinity to remains “tethered” at th&,AR in the presence of a function-
determine which portions of the receptor were responsible blocking concentration of antagonist, and these experiments
for the difference in binding affinity. After TM 7 of thg,- are now underway.
adrenergic receptor was replaced with the corresponding It is widely accepted that serines 204 and 207 in TM 5
segment from the3;-adrenergic receptor, the affinity for and aspartic acid 113 in TM 3 interact with the hydroxyl
salmeterol changed completely from beifiglike (high- groups and the amine, respectively, AR ligands,
affinity) to being fi-like (low-affinity). When the reverse including salmeterol. Recently, it has been proposed that the
chimera was constructed (TM 7 of tfig-adrenergic receptor  ether oxygen of th&l-aryloxyalkyl side chain of salmeterol
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may interact with tyrosine 316 in TM 71.7). The photoaf- In summary, we have developed a novel photoaffinity
finity labeling data presented in this paper demonstrate thatprobe [?3]IAS, in which the photoactivatable azide is at the
the iodoazidophenyl ring of IAS photoincorporates into either extreme end of the salmeterstaryloxyalkyl chain which
T™M 6, TM 7, or both. When this information is taken confers the very long-acting properties to this compound. A
together, a model of the manner in which salmeterol may specific region of thg,AR containing TM 6 and 7 is labeled
bind to the 5,AR can be hypothesized (Figure 7). The by this compound in an alprenolol-protectable manner. These
Donnelly model for the humaf,AR TM segments18) was results expand the current view of the salmeterol binding
obtained from the EMBL G-protein-coupled receptor data- site and suggest a method for the future work of directly
base 19). Modeling was carried out on a Silicon Graphics testing the exosite hypothesis using this novel photolabel.
O, computer using the program Sybyl (Tripos, St. Louis, These results may provide useful information concerning the
MO). We have modeled the iodoazidophenyl ring of IAS as manner in which other G-protein-coupled receptor ligands
interacting with Trp 313, which was found to be the could be rendered long-acting agonists or antagonists.
photoincorporation site for the antagonist photoaffinity label,
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