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SUMMARY
The interactions between j3-adrenergic receptor (VAR) antago-
nists and the j32AR were studied with the use of photoaffinity
labels. A proteolytic map of the receptor was made and con-
firmed through amino-terminal amino acid sequencing by lo-
cating sites of derivatization. [125l]lodoazidothiophenylalpreno-
lol (IAPTA) is a photoaffinity derivative of the �AR antagonist
alprenolol with a photoactivatable group on the aryloxy end of
the molecule. IAPTA exclusively derivatizes a peptide consist-
ing of transmembrane domains (TM5) 6 and 7 of the hamster
lung �32AR, supporting the contention that TMs 6 and 7 interact
with the aryloxy portion of the �AR antagonist pharmacophore.
The I3AR antagonist photoaffinity labels [‘25l]iodoazidobenzyl-
pindolol (IABP), [1251]iodoazidophenyl CGP-1 21 77A (IAPCGP),
and [1251}iodocyanopindololdiazarene (ICYPdz) are similar in

that their photoactive moieties are attached to the amino end of
the antagonist pharmacophore. IABP derivatized TMs 5-7 and
a peptide containing TM 1 to approximately equal extents.
IAPCGP derivatized TMs 6 and 7 >> TM 5 = TM 4 = TMs 2 and
3 = TM 1 . lCYPdz derivatized TM 1 >> TMs 6 and 7 > TM 4.
We conclude that the aryloxy end of the f3AR antagonist phar-
macophore is highly constrained within TMs 6 and 7, whereas
the amino terminus is much less constrained and able to as-
sume multiple conformations. Molecular dynamics simulations
predict that IABP, IAPCGP, and ICYPdz favor a folded confor-
mation, with both ends close together. Derivatization of TM5 6
and 7 by IABP, IAPCGP, and lCYPdz suggests the folded
conformation of these compounds in the ligand binding pocket.

�AR antagonists are used extensively to treat cardiovas-

cular disorders. A large collection of �3AR antagonists have

been synthesized that bind to the receptor with high affinity

but, unlike agonists, they do not enable the receptor to acti-

vate the heterotrimeric G protein G5. So far, three pharma-

cologically distinct subtypes off3AR (f31, 132, and �3) have been

identified (1-3). All are members of the superfamily of seven-

TM, G protein-coupled receptors (for a review, see Ref. 4).

The ligand binding site of the f32AR has been extensively

characterized through the use of a variety of techniques (5);

deletion mutations (6), fluorescence probe analysis (7), and

photoaffinity labeling experiments (8, 9) have indicated that

the ligand binding site lies within the TMs of the receptor.

Point mutations of the hamster lung fJ2AR have revealed a

key amino acid residue in TM 3 (Asp113) that is essential for
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high affinity binding ofboth agonists and antagonists (10), as

well as residues in TM 5 (Ser�#{176}4 and Ser207) that are critical

for agonist activation ofthe receptor (11). As a result of these

studies, a model has evolved with regard to the interactions

between the basic 3AR agonist pharmacophore, consisting of

an alkylamine, f3-hydroxyl, and catechol hydroxyls, and the

receptor.

Less clear at the present time, however, is the disposition

within the binding pocket of the bulky aryloxy and alky-

lamine moieties common to all high affinity f3AR antagonists.

It has been proposed that the addition ofa hydrophobic group

to the amino end ofthe f3AR ligand pharmacophore can result

in molecules that are capable of existing in either a folded

(both ends closed together) or extended conformation in space

(12). Recently, Blin et al. (13) used molecular dynamics mod-

eling to analyze the three-dimensional structures of com-

pounds such as pindolol, cyanopindolol, and CGP-12177A

(4-(3-(p-azido-m-iodophenyl)-2-hydroxypropoxy)-benzimida-

zol-2-one) with antagonist activity at f3�AR and 132A.R and

partial agonist activity at j3�AR. They concluded that these
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compounds are capable of adopting either extended or folded

conformations and proposed that the folded conformation is

in large part responsible for their P1/132 antagonist activity,

whereas the extended conformation is responsible for the f3�

agonist activity.

In the current study, we used the novel photoaffinity label

IAPTA (Fig. 1), with a photoactive group on the aryloxy end

of the antagonist pharmacophore to probe the interactions of

this antagonist region with the purified hamster p2A.R. We

show that IAPTA photoaffinity labeling of purified hamster

L�2� exclusively derivatized a peptide containing TMs 6 and
7. To assess the disposition of antagonist alkylamine groups

within the �2A’�� we studied the photoaffinity labeling of the

purified hamster (32AR by photoactivatable derivatives of

pindolol (IABP), cyanopindolol (ICYPdz), and CGP-12177A

(IAPCGP) (Fig. 1). These photoaffinity labels contain aro-

matic rings at both ends of the /3AR ligand pharmacophore,

Aryloxy End

1251’

Amino End

/

ICYPdz

Fig. 1. Structures of the photoaffinity labels IABP, IAPCGP, ICYPdz,
and IAPTA.

and molecular dynamics simulations indicated a strong pref-

erence for the folded conformation for all three ligands. Be-

cause the photoactivatable group in all three of these com-

pounds is on the amino end of the pharmacophore, the folded

conformations of the photolabels, if present in the ligand

binding site, should derivatize the same sites within the

receptor as IAPTA. We show here that IABP, IAPCGP, and

ICYPdz each specifically labeled TMs 6 and 7 as well as a

distinct set of other receptor peptides.

Materials and Methods

Chemicals. (±)-ICYPdz and 11251]NaI were purchased from Am-

ersham (Arlington Heights, IL). Thallium trichloride was purchased

from Curtin Matheson Scientific (Houston, TX). The epoxide 2,3-

epoxypropoxybenzimidazole-2-one was a gift from Ciba-Geigy Corp.

(Basel, Switzerland). Receptor-grade digitonin was obtained from

Gallard Schlesinger (Carla Place, NJ). Sepharose 4B, (-)-alprenolol-
(+)-tartrate, Sephadex G-50, soybean trypsin inhibitor, TPCK-

treated trypsin (EC 3.4.21.4)], Staphylococcus aureus V-8 protease

(EC 3.4.21.19), and all antibiotics were purchased from Sigma Chem-

ical Co. (St. Louis, MO). Leupeptin was obtained from Peptides

International (Louisville, KY). Coomassie brilliant blue, 3-cyclohexy-
lamino-1-propanesulfonic acid, 2-mercaptoethanol, PMSF, chloro-

form, acetonitrile, triethylamine, and a-D-methylmannoside were

purchased from Aldrich Chemical Co. (Milwaukee, WI). Con-Alaga-
rose was obtained from Vector Labs (Burlingame, CA). Ex-Cell 400-

defined medium was purchased from JR Scientific (Woodland, CA).

Aldehyde-free glacial acetic acid was obtained from Baker Chemical
(Phillipsburg, NJ). Sequencing grade PVDF membrane, acrylamide,

bisacrylamide, and ammonium persulfate were purchased from Bio-
Rad (Hercules, CA). N,N,N’N’-Tetramethylethylenediamine was ob-
tamed from Boerhringer Mannheim Biochemicals (Indianapolis, IN).

SDS was purchased from Bethesda Research Labs (Gaithersburg,

MD), and Sf-9 cells were obtained from American Type Culture
Collection (Rockville, MD).

Synthesis of photolabels. IABP was synthesized according to

the method ofRashidbaigi and Ruoho (14). IAPCGP was synthesized

with the same method using the epoxide 2,3-epoxypropoxybenzimi-

dazole-2-one in the place of 1-(4-indoloxy)-2,3-epoxypropane. The
epoxide was reacted with [12511-1-(4-azido-3-iodophenyl)-2-methyl-2-
propylamine for 4 days at 60#{176}.The product was purified through

silica gel thin layer chromatography (20 cm x 10 cm x 0.25 mm

plate) in 90:10:1 chloroformlacetonitrile/triethylamine, visualized

with the use of autoradiography, and extracted from silica gel with

ethanol (50% yield). The product was radiopure as assessed with silica
gel thin layer chromatography in 90:10:1 chloroform/acetothtrilWtrieth-

ylamine. JAPTA was synthesized as previously described (15).
Synthesis of aiprenolol/Sepharose affinity chromatogra.

phy resin. Sepharose 4B was derivatized with (-)-alprenolol ac-

cording to a modification of the method of Caron et al. (16). In the
final step, the incubation with 1% NaBH4 was omitted. Instead, the

gel was resuspended in 1.5 volumes of 10 mM DTT and 50 mM sodium

phosphate, pH 8.0, and stirred for 1 hr at an ambient temperature.

The DTT-containing buffer was removed, and the gel was washed
with 10 volumes ofwater. The gel was then suspended in 1.5 volumes

of 11 mM iodoacetamide and 50 mM sodium phosphate, pH 8.0, and

N stirred for 3 hr. The iodoacetamide-containing buffer was removed,

� and the gel was washed with 15 volumes of water. The gel was

CF3 resuspended in 1 volume of 0.02% NaN3 and stored at 4#{176}until use.

Cell culture and receptor solubilization. The Spodoptera fru-

giperda-derived cell line (Sf-9) was cultured in Ex-Cell 400-defined
medium containing 2.5 �xg/ml gentamicin, 2.5 �xg/ml streptomycin,

and 2.5 units/ml penicillin G. Cells were maintained in monolayer

culture at 28#{176}in sealed T-flasks and subcultured every 2-3 days.

Cells were grown in 0.5 liter ofsuspension culture before preparative

infection with the receptor-encoding baculovirus. Suspension cul-
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tures were initiated at 500,000 cells/mI and grown in a sealed 1-liter

flask at 28#{176}.When the 0.5 liter of suspension cultures had reached a

density of >1 million cells/ml, it was infected with the receptor-

encoding baculovirus (17) at a multiplicity of infection of 0.2-0.4. At
2-4 days after infection, the cells were collected through centrifuga-

tion at 300 x g for 15 mm at 4#{176}.The cells were resuspended in 100

ml of 1% digitonin, 100 mM NaCl, 10 mM TrisHC1, pH 7.4, 2 mM

EDTA, 1 mM PMSF, 10 pg/ml leupeptin, and 10 jig/mI soybean

trypsin inhibitor and stirred at 4#{176}for 1 hr. The suspension was then
centrifuged at 48,000 x g for 20 mm at 4#{176}.

Soluble receptor binding assay. The 1.0% digitonin extract
was diluted to 0.05% in digitonin with 100 mM NaCI, 10 mM TnsHCl,

pH 7.4. To 300 pJ of the diluted extract we added ICYP to a final

concentration of -0.5 nM. The sample was incubated at 30#{176}for 30

mm, and then 200 �xl ofthe sample was gently pipetted onto a 3.5 ml

Sephadex G-50 column (10 x 0.7 cm; Bio-Rad Econo-column) that
had been equilibrated in LD buffer (0.05% digitonin, 100 mM NaCl,

10 mM TrisHCL, pH 7.4, and 2 mM EDTA). The column was eluted

with 1.8 ml of LD buffer, of which the final 1 ml was collected. The

assay was also performed in the presence of 10 jxM ( - )-alprenolol to

define nonspecific binding. The bound ICYP eluting in the void
volume was quantified with a Packard 800C y counter.

Aiprenolol/Sepharose chromatography. The digitonin extract

of infected Sf-9 cells (100 ml) was chromatographed on (-)-alpreno-

lol/Sepharose. The ( - )-alprenolol/Sepharose was packed in a Phar-
macia 40 x 2.5 cm column, the column was equilibrated with 2

volumes of LD buffer, and the extract was loaded on the column at 3

mi/mm. The column was at ambient temperature and the sample
was on ice during loading. The column was washed with 3 volumes of

0.5% digitonin, 0.5 M NaC1, 50 mM TrisHC1, pH 7.4, and 2 mM EDTA.
The column was next washed with 2 volumes of LD buffer. The

column was eluted with a linear, 0-400 �cM (-)-alprenolol gradient in

4 volumes of LD buffer. The gradient elution was collected in 20-ml

fractions. The fractions were placed on ice immediately after collec-
tion. At the end of the gradient, the column was washed with an

additional 1 column volume of LD buffer, which was collected in
20-ml fractions. The fractions were assayed for ICYP binding activ-

ity, as described above.

Con-A/agarose chromatography. Con-Alagarose (150 ��l; 6 mg
lectin/ml) was washed twice with LLD buffer (1 ml of 0.02% digito-

nm, 150 mM NaCl, 10 mM Tris�HCl, pH 7.4) in a 1.5-ml Eppendorf

tube. Affinity-purified receptor concentrate was added (300 pmol; 1.2
ml), and the suspension was tumbled at 4#{176}for 1 hr. The suspension

was centrifuged at 2000 x g for 5 mm in a Beckman Microfuge, and

the supernatant was removed. The pellet was resuspended and

washed three times with 1 ml of LLD buffer. The Con-A/agarose was

then resuspended in 0.5 ml of 200 nms a-D-methylmannoside in LLD

buffer and tumbled at 4#{176}for 10 mm. The suspension was centrifuged

as before, and the supernatant removed and stored at 4#{176}.The Con-

A/agarose was washed with an additional 0.5 ml of 200 mM ca-D-

methylmannoside in LLD buffer. The supernatant was removed and

pooled with the first a-D-methylmannoside fraction. ICYP binding

assays of the various fractions was performed as described above.
Photoaffinity labeling of purified receptor. The free alpreno-

lol was removed from affinity-purified 132A.R through chromatogra-

phy over a G-50 column as described previously. IABP (in ethanol)

was added to receptor-containing solutions to give the indicated

concentrations, leaving a final ethanol concentration of s2%. Alpre-

nolol (10 1.LM) was added to some samples for assessment of nonspe-

cific labeling. The solutions were incubated at 30#{176}for 45 mm and

then photolyzed for 5 sec at 4#{176}with an AH6 high pressure mercury

lamp at a distance of 10 cm.
Tryptic time course of photolabeled 1J�AR. TPCK-treated

trypsin was added to photolabeled receptor solutions to a final con-

centration of 1 �tg/ml, and the solutions were incubated at 30#{176}.At
indicated times, aliquots (100-200 jxl) were removed, and the proteolysis
was terminated with the addition of 5 �xg of soybean trypsin inhibitor.

Samples were routinely frozen and stored at - 20#{176}until they were

analyzed with SDS-PAGE on 0.75-mm 10-18% polyacrylamide gradient

gels accorthng to the system of Fling and Gregerson (18).

Preparation of tryptic peptides for sequence analysis. Al-
finity-purified P2� (200 pmol; 0.8 ml) was photoaffinity labeled
with IABP (5.5 aM) as described previously. The labeled receptor was

combined with 1 nmol of affinity-purified 132AR and incubated with

150 �xl of Con-A/agarose for 80 mm at an ambient temperature with

stirring. After centrifugation for 5 mm in a Beckman microfuge, the

supernatant was removed. The Con-Alagarose was washed three
times with LLD buffer. The Con-Alagarose was next incubated with

1 ml of 50 mM a-methylmannoside in LLD buffer for 5 mm at

ambient temperature. The supernatant was removed, and the Con-
A/agarose was washed with an additional 1 ml of 50 mM a-methyl-

mannoside. Halfofthe second a-methylmannoside LLD fraction was

pooled with the entire first a-methylmannoside fraction (- 1.5 ml

total). TCPK-treated trypsin (3 �xg; 36 units) was added to the pooled
a-methylmannoside LLD fractions, and the solution was incubated

at an ambient temperature for 48 hr. Proteolysis was terminated by

the addition of PMSF (1 mM final concentration). The solution was

concentrated to 100 �tl with an Amicon Centricon 3 ultrafiltration

device (centrifuged for 3 hr at 6800 x g at 4#{176}).

Preparative SDS.PAGE of tryptic peptides and transfer to

PVDF membrane. The method of Fling and Gregerson ( 18) was

used with the following modifications. In all cases, the SDS used was

recrystallized according to the method of Hunkapiller et al. ( 19). The

glycerol used in the sample buffer was of analytical grade. The
polymerized, resolving gel was aged for 8 hr and the stacking gel was

aged for 4 hr before use. The resolved peptides were transferred from

the polyacrylamide gel to PVDF membrane with the use of 10 mM

3-cyclohexylamino-1-propanesulfonic acid, pH 1 1, and 10% methanol
in a Hoefer model TE 50 Transphor electrophoresis unit at 70 V for

30 mm. The PVDF membrane was stained for 5 mm in 0.025%

Coomassie blue in 40% methanol and then destained for 15 mm in

45% methanol and 10% aldehyde-free acetic acid. The membrane

was air dried and subjected to autoradiography with Kodak X-Omat
film. The Coomassie blue-stained peptides, which corresponded to

radioactive bands on the autoradiogram, were excised from the mem-
brane with a razor blade and subjected to amino-terminal amino acid

analysis.

Purification of IABP-labeled 30-kDa tryptic peptide. Recep-
tor (100 pmol) was photoaffinity labeled with IABP (0.75 nM) and

combined with an additional 1.94 nmol of affinity-purified �2AR. To

this solution containing 2.04 nmol of �2AR, we added 10 �xg (120

units) of TPCK-treated trypsin in 10 pi of water. The solution was

incubated at an ambient temperature for 20.5 hr, and proteolysis

was terminated with the addition of PMSF (1 mM final concentra-

tion). The solution was adjusted to 0.05% in recrystallized SDS and
divided into six aliquots. Each aliquot was incubated with 150 �xl of

Con-Aiagarose at ambient temperature for 1 hr with stirring and

then centrifuged for 5 mm in a Beckman Microfuge, and the super-
natant was removed. Each Con-A/agarose aliquot was washed three

times with 1 ml of LLD buffer and then stirred for 15 mm at an

ambient temperature with 0.5 ml of 200 mM ca-methylmannoside in
LLD buffer. The supernatants were removed and pooled. Each ali-
quot was washed with an additional 0.5 ml of 200 mM ca-methyl-
mannoside. The supernatants from this wash were pooled with the

first six fractions containing a-methylmannoside, and a small sam-

ple (300 �xl) was removed for assessment of the purity of the 30-kDa

tryptic peptide. The remaining 5.7 ml was concentrated to 2 ml with
the use of an Amicon Centricon 30 ultrafiltration device.

Cleavage of 30-kDa IABP-labeled tryptic peptide with S.
aureus V-S protease. To the 30-kDa peptide prepared as described

above (2 ml), we added 100 �xg (7 units) of S. aureus V-8 protease

preparation. The solution was incubated at an ambient temperature
for 52 hr. After 100 pJ of the solution was removed, the remainder

was concentrated to 100 �cl with the use of a Centricon 3 ultrafiltra-

tion device as described above. The concentrate was lyophilized to

dryness and subjected to electrophoresis, and the resolved peptides
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were transferred to PVDF membrane as described above. Peptides

excised from the destained PVDF membrane were subjected to ami-
no-terminal amino acid sequence analysis.

Preparation of 4.5-kDa IABP-labeled, V.8-cleaved peptide

for radiosequencing. The IABP-labeled 4.5-kDa peptide was pre-
pared as described above except that 1.11 nmol of 132AR was pho-
toaffinity labeled with IABP (2.1 nM) and combined with another

1.66 nmol of affinity-purified f32AR. The first four cycles of amino-

terminal amino acid sequencing were performed for chemical se-

quence, and then radiosequencing was continued with 1:1 butyl
chloride/ethylacetate as the solvent for the extraction of phenylthio-
hydantoin amino acid derivatives. The phenylthiohydantoin amino

acids from each cycle were collected, and the radioactivity in each

cycle was quantified through scintillation counting.

Con-A/agarose chromatography of V.8-cleaved 30-kDa pep-

tide. Purified 30-kDa peptide (prepared as described above, 0.5 ml)

was chromatographed on 4-mi Sephadex G-50 columns to remove

ca-methylmannoside. The 30-kDa peptide was then cleaved with V-8
protease in a 1-ml volume, as described above. The digest was then

subjected to Con-A/agarose chromatography, as described, except
that the digest was adjusted to 5 mM dithiothreitol before being

incubated with the Con-A/agarose. The polypeptides that were not

retained by the Con-Alagarose as well as the polypeptides that were

specifically eluted with 200 mM a-methylmannoside were subjected
to SDS-PAGE on a 10-18% acrylamide gel. The gel was dried, and the
radioactive peptides were made visible through autoradiography.

Quantification of photolabel derivatization of peptides.
Proteolytic digests oflabeled receptor were separated with the use of

SDS-PAGE as described above. Autoradiographs of the dried gels
were made with the autoradiograph as a template, and the gels were

cut into strips corresponding to each lane. Each strip was cut into
3-mm slices, and the 1251 in each slice was measured with a Packard

800C -y counter.
Amino-terminal sequence analysis. Amino-terminal amino

acid sequencing was performed directly on samples from PVDF

membranes at the Michigan State Macromolecular Structure Facil-
ity (East Lansing, MI), using an Applied Biosystems 477A amino

acid sequencer.
Molecular dynamics simulations. The conformations available

to the photoaffinity ligands were simulated with the use of molecular

dynamics. A variation ofthe simulated annealing strategy was used,

with high temperature dynamics allowing the molecules to overcome

any energy barriers and to sample a large range of conformational
space. The dynamics calculations were performed with the Discover
2.9 package (Biosym, San Diego, CA). All simulations were carried

out in vacuo with Biosym’s CVFF force field without charges. The
time steps of the dynamics were 1.0 fsec.

The photolabels were built in an extended conformation and sub-
jected to 100 cycles of molecular mechanics to relieve bad contacts.

The molecular dynamics simulation was initiated by equilibrating
each molecule for 50 psec at 300#{176}K. The temperature in the simu-

lation was then raised to 700#{176}K, and the system was equilibrated for
10 psec at this temperature. The simulation proceeded for 200 psec

at 700#{176}K to allow the molecule to sample different conformations.
Every 0.5 psec, a conformation was recorded for further analysis.

Each of 400 high temperature structures were cooled to 300#{176}K over
1 psec and allowed to relax at the lower temperature for 2 psec.

These 400 structures were saved for analysis, and the lowest energy

conformation directly accessible to each conformer was determined
through molecular mechanics.

Results

Purification of hamster lung �J�AR from Sf-9 cells. The

model in this study was the guinea pig lung /32AR (2) ex-

pressed in the Spodoptera frugiperda cell line Sf-9 via a

baculovirus vector. The baculovirus expression system pro-

duced � 10 nmol/O.5 liter of cells, allowing purification on a

scale of several hundred micrograms. The affinity of the

recombinant receptor for ICYP was measured in Sf-9 cell

membranes through equilibrium binding and Scatchard

analysis. The recombinant f32AR was found to bind ICYP in a

saturable and alprenolol-protectable manner with a Kd of 83

�M (data not shown). The �2A.R expressed in this manner was

solubilized with digitonin and purified by affinity chromatog-

raphy over alprenolollSepharose and Con-A/agarose. The pu-

rity of the recombinant 13�AR after alprenolollSepharose

chromatography was assessed with the use of saturation

ICYP binding and quantification of the amount of protein

according to the method of Peterson (20) or of Schaffner and

Weissmann (21). The specific ICYP binding activity of the

affinity-purified 132AR determined with these methods

ranged from 5.5 to 8.3 nmol receptor/mg protein, indicating

that the purity of the preparations was 30-45%. The yields at

this step ranged from 40% to 70%. The purity of �32AR prep-

arations after both alprenolollSepharose chromatography

and Con-A/agarose chromatography was assessed through

Coomassie blue staining of samples subjected to SDS-PAGE.

Preparations eluted from Con-A/agarose by a-methylmanno-

side migrated as a single-stained species with an apparent

molecular mass of 53 k.Da (Fig. 2A, lane 1), which is consis-

tent with the original description of Sf-9 cell/baculovirus-

expressed receptor (17).

Peptide mapping of purified �3�AR with trypsin and
V.8 protease. The purified receptor (molecular mass, 53
kDa; Fig. 2A, lane 1) was cleaved with trypsin (2 �tg/ml for 48

hr at an ambient temperature). After this treatment, recep-

tor peptides of 20-kDa and 8-kDa peptides were visible after

SDS-PAGE, electroblotting to PVDF membranes, and Coo-

massie blue staining (Fig. 2A, lane 2) along with trypsin (24

kDa). The Coomassie blue-stained 20-kDa and 8-kDa pep-

tides were excised from the membrane and subjected to ami-

no-terminal sequence analysis directly from the PVDF. Anal-

ysis of the 8-kDa tryptic p2A�R peptide (Fig. 2A, lane 2)

revealed the amino-terminal sequence as H2N-S G K F Y L K

E (Fig. 2B), corresponding to residues 261-268 ofthe hamster

lung p2A.R (2). The cDNA sequence, however, indicates a

serine at position 262 and a cysteine at position 265. The

misreading of Ser262 as glycine may be due to glycine con-

tamination and trailing of serine from the previous cycle. The

misreading of Cys265 as tyrosine could be due to derivatiza-

tion of the cysteine sulfhydryl during purification of the

8-kDa peptide. The sequence suggests cleavage of the recep-

tor by trypsin at the carboxyl-terminal side of � The

apparent molecular mass and amino-terminal sequence iden-

tify a tryptic fragment that includes TMs 6 and 7 and a

probable carboxyl-terminal cleavage site for trypsin at either

Arg343 or Arg344 (Fig. 3).

Analysis of the 20-kDa peptide indicated an amino-termi-

nal sequence of N2H-D V T E X X D E A X V V G M A I L M

S V, corresponding to residues 23-42 of the hamster lung

P2� Cleavage occurred on the carboxyl-terminal side of
His22. Less extensive tryptic cleavage of the receptor (5 pg

trypsin/nmol �3�AR, 20.5 hr at 30#{176})resulted in an additional

peptide of 30 kDa. The 30-kDa tryptic fragment bound to,

and was specifically eluted from, Con-A/agarose, reflecting

the presence ofN-glycosylation. This character was exploited

to purify the 30-kDa peptide from all other tryptic fragments

of the receptor (Fig. 2A, lane 3).
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A
I 2

53K-.- ii
..-20K

I

Tryptic Peptides

30 kDa I L2��
V-8 Peptides

8kDa6 #{149} 7

B Tryptic Peptides

BK SGKFYLKE

20 K DVTEXXDEAXVVGMAILMSV

V�.8 Peptides

4.5 K TCCDFFTNQAYAIASSIVSFYVPL
VIMVFVSRVFQVAKRQ

7 K TLX VIA VDRYIA
Fig. 2. Tryptic and V-8 protease peptides of the 132AR. A, Lane 1,
Coomassie blue staining of 75 pmol (4 jxg) of receptor purified through
sequential alprenolol/Sepharose and Con-A/agarose chromatography
and resolved with the use of SOS-PAGE on a 12% polyacrylamide gel.
Lane 2, purified receptor (1 .2 nmol; 64 �xg) was cleaved with trypsin,
resolved with the use of SOS-PAGE on a 10-20% polyacrylamide
gradient gel, transferred to PVDF membrane, and stained with Coo-
massie blue. Lane 3, purified 30-kDa tryptic peptide (4 �cg) was resolved
with the use of SOS-PAGE on a 10-20% polyacrylamide gradient gel
and stained with Coomassie blue. Lane 4, Purified 30-kDa tryptic
peptide (30 �.Lg) was cleaved with V-8 protease, resolved with the use of
SOS-PAGE on a 10-20% acrylamide gradient gel, transferred to PVDF
membrane, and stained with Coomassie blue. B, Amino-terminal se-
quences of the tryptic and V-8 protease peptides of the 132AR.

The purified 30-kDa peptide was further cleaved with S.

aureus V.8 protease, yielding two peptides of 4.5 and 7 kDa

(Fig. 2A, lane 4). Analysis of the 4.5-kDa peptide established

the amino-terminal 41-amino acid sequence to be H2N-T C C

DFFTNQAYAIASSIVSFYVPLVIMVFVYS

R V F Q V A K R Q, corresponding to residues 189-229. The

4.5-kDa fragment includes all of TM 5 of the hamster lung

P2� (Fig. 3). The sequence is consistent with cleavage of the
receptor at Glu188. This experiment was repeated four times

with equivalent results. These data suggest that the 30-kDa

tryptic peptide includes TMs 1-5 (Fig. 3). Under the conditions

used, the preferred site oftryptic cleavage is between TMs 5 and

6, not between TMs 4 and 5 as reported previously (22).

The amino-terminal sequence of the 7-kDa peptide was

established as H2N-T L X V I A V D R Y I A, corresponding

to residues 123-134 of the hamster lung f3AR. The sequence

suggests cleavage of the receptor on the carboxyl-terminal

side ofGlu’22 by V-8 protease. Under the conditions used, V-8

protease selectively cleaves at glutamyl bonds. Both peptides

that were sequenced were cleaved at glutamyl bonds al-

though they also contained aspartyl bonds that were not

cleaved. The amino-terminal sequence and size of the 7-kDa

peptide, as well as the known V-8 protease cleavage as

25 kDa

Fig. 3. Summary of tryptic and V-B protease peptides of the 132AR.
Bundles of diagonal lines, membranes spanning helices (numbered
from amino to carboxyl terminal). Branched lines on the amino-terminal
tall, sites of N-linked glycosylation. The molecular mass was deter-
mined with SOS-PAGE for each peptide (in kOa).

Glu’88, identify a fragment composed of residues 123-188,

the carboxyl-terminal third of TM 3 and all of TM 4 (Fig. 3).

The identities of the 8-kDa tryptic peptide as well as 4.5-

and 7-kDa fragments of the 30-kDa tryptic peptide were

established through amino-terminal sequence analysis.

Other V-8 protease digest products of the 30-kDa peptide,

whose identity could not be confirmed through amino-termi-

nal sequence analysis, can be readily identified. V-8 protease

is selective for Glu” over Asp’� bonds under any condition and

under some conditions will exclusively cleave glutamate. Un-

der the conditions that we used (0.02% digitonin, 150 mist

NaCl, 10 mM TrisHCl, pH 7.4), Glu’� bonds are cleaved pref-

erentially as both the 7- and 4.5-kDa peptide displayed un-

cleaved AspX bonds in their sequences. If cleavage occurred

only at G1uX bonds, there are only five cleavage sites possible

in the 30-kDa peptide. The first is Glu’67, generating the

4.5-kDa peptide. The second is Glu122, generating the 7-kDa

peptide. These cleavages were confirmed through sequence

analysis of the peptides. The third cleavage site is Glu’#{176}7,

which would give rise to a 14-amino acid peptide from TM 3.

Cleavage at this site, however, seems unlikely as the bond is

a glutamate-phenylalanine bond, which is cleaved at a lesser

rate than other Glu’� bonds (23). The fourth possible site is

Glu62, generating a 6-kDa peptide, consisting of TMs 2 and 3

(assuming no cleavage at Glu’#{176}7) as well as a glycosylated

15-kDa peptide consisting of TM 1 and the amino terminus.

The fifth site is G1u30, releasing the amino terminus and

N-linked carbohydrate; however, no evidence for cleavage at
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Glu3#{176}was detected. The observed cleavage sites are outlined

in Fig. 3.

Peptide mapping of IAPTA-labeled f3�AR. IAPTA la-

beling ofthe �2A’� was completely protectable with the use of

10 �.tM (-)-alprenolol (Fig. 4, lanes 1 and 2). At 1 hr (Fig. 4,

lane 5) after the addition of trypsin, the receptor was largely

cleaved to a 23-kDa radioactive peptide that was subse-

quently cleaved, after 16 hr, to an 8-kDa radioactive frag-

ment (Fig. 4, lane 6). The 30-kDa tryptic peptide containing

TMs 1-5 was not labeled to a significant extent. The exquisite

selectivity of IAPTA photolabeling for the 8-kDa tryptic pep-

tide made up of TMs 6 and 7 suggests that the aryloxy

portion of this alprenolol derivative is highly constrained

within this region of the receptor.

Peptide mapping of IABP-labeled fi�AR. IABP was

shown to specifically label the partially purified, digitonin-

dispersed receptor (Fig. 5A, lanes 1 and 2). Time courses for

digestion with trypsin of IABP-labeled /32A.R (Fig. 5A, lanes 3

and 4) revealed a radioactive 30-kDa fragment that was

resistant to further cleavage. IABP was also found to label a

23-kDa intermediate fragment (not shown) that was cleaved

subsequently to an 8-kDa peptide. The two peptides dis-

played a 2:1 labeling ratio, favoring the 30-kDa peptide. As

detailed above, the 30-kDa peptide is the amino terminus

including TM 5, and the 8-kDa peptide is TMs 6 and 7.

On Con-Alagarose chromatography in the presence of SDS,

the 30-kDa peptide was retained, whereas the 8-kDa peptide

was not, indicating that the 30-kDa peptide was glycosylated.

The purified, IABP-labeled 30-kDa peptide (Fig. 5A, lanes 5

and 6) was cleaved subsequently by V-8 protease. This pro-

123456

Alprenolol + - - - - -

Time 0 0 0.5’ 5’ 60’ 16 hr

Fig. 4. Tryptic time course on IAPTA-labeled �2AR. !32AR (1 0 pmol in
1 ml) was photolabeled with IAPTA (0.1 nM); trypsin (1 mg/mI) was
added; and the solution was incubated at 30#{176}.At 0 mm (lane 2), 0.5 mm
(lane 3),5 mm (lane 4), 1 hr (lane 5),and 16 hr (lane 6) after the addition
of trypsin, 1 00-mI samples were removed, and soybean trypsin inhibitor
(5 mg) was added. Lane 1 , 132AR photolabeled with IAPTA in the

presence of 10 ,xM (-)-alprenolol. Numberedarrows on theleft, position
of molecular mass standards (in kDa).

tease cleaves the 30-kDa-labeled peptide into radiolabeled

peptides of 25, 21, 15, and 4.5 kDa (Fig. 5A, lanes 7 and 8).

These peptides are all site-derived, specifically labeled pep-

tides, as 10 ,�M (-)-alprenolol suppressed photolabeling of all

four receptor fragments (Fig. 5A, lanes 2, 4, 6, and 8). Thus,

IABP derivatizes TM 5 (4.5-kDa peptide). Radiosequencing of

the 4.5-kDa LABP-labeled peptide revealed a single peak of

radioactivity, released at cycle 19. This position corresponds

to Ser207 of the hamster lung I32AR (Fig. 5B). Approximately

50% of the radioactivity that was incorporated by IABP into

the 30-kDa tryptic peptide was in the 4.5-kDa peptide (TM 5).

Con-A/agarose chromatography of the V-8 protease digests

of the 30-kDa IABP-labeled tryptic fragment was performed

to determine whether any or all of the 25-, 21-, and 15-kDa

fragments contained N-linked carbohydrate. The heavily ra-

diolabeled 4.5-kDa peptide was not retained by the lectin in

the presence of 0.05% SDS and 5 mi�i DTT. The larger 25-,

21-, and 15-kDa radiolabeled peptides were all retained by

the lectin and eluted with 200 mrvi a-methylmannoside, es-

tablishing the presence ofcarbohydrate on each peptide (data

not shown). Because the N-linked glycosylation is proximal to

the amino terminus, the 25-, 21-, and 15-kDa peptides are

likely successive cleavage products of the 30-kDa peptide by

V.8 protease at Glu167, Glu’22, and Glu62, respectively. The

size and carbohydrate content of the 15-kDa peptide are

consistent with proteolytic cleavage at Glu62, with IABP de-

rivatization at TM 1 (Fig. 3). The derivatization ofTMs 5-7 by

IABP is consistent with the results of Wong et al. (8), who

labeled the turkey erythrocyte 3AR with IABP and deter-

mined that tryptophan 330 in TM 7 was derivatized as well

as an undetermined site or sites in TMs 3-5.

The results indicate that IABP, in contrast to IAPTA, la-

bels both TMs 6 and 7 and TMs 1-5. The position of the

photolabel in the amino end of the antagonist molecule may

place it in a position to react with both sides of the receptor

binding pocket. To examine this point further, we mapped

the sites of covalent labeling of two additional antagonists

with photolabels in the amino end of the molecule.

Peptide mapping of IAPCGP- and ICYPdz-labeled

j32AR. IAPCGP (2.0 nM) labeling of �2A.R was protectable

I 30 K with 10 j.tM (-)-alprenolol (Fig. 6A, lanes 1 and 2). At 16 hr

after the addition of trypsin (Fig. 6A, lanes 3 and 4), the

receptor was cleaved to two prominent radioactive peptides

of 8 and 30 kDa. The ratio of radioactivity covalently bound

to the 30- and 8-kDa peptides by IAPCGP was found to be

1:2. Thus, IAPCGP photolabels TMs 6 and 7 preferentially

I 8 K over TMs 1-5. Cleavage of the IAPCGP-labeled, 30-kDa tryp-
tic peptide with V.8 protease resulted in radiolabeled pep-

tides of 25, 21, and 15 kDa (see above and Fig. 3), as well as

7, 6, and 4.5 kDa (Fig. 6A, lanes 5 and 6), with the radioac-

tivity distributed equally among all of the peptides.

ICYPdz labeling ofthe receptor was completely protectable

with the use of 10 �M (-)-alprenolol (Fig. 6B, lanes 1 and 2).

At 16 hr after the addition of trypsin, the receptor was

cleaved to a 30-kDa radioactive peptide and an 8-kDa radio-

active peptide (Fig. 6B, lanes 3 and 4). The ratio of radiolabel

covalently bound to the 30- and 8-kDa peptides by ICYPdz

was established as 3:1, respectively. Thus, ICYPdz photola-

bels sites in TMs 1-5 preferentially over TMs 6 and 7. V-8

cleavage of ICYPdz-labeled 30-kDa tryptic peptide resulted

in specifically radiolabeled peptides of 25, 21, and 15 kDa

(see above and Fig. 3) and 7 kDa (Fig. 6B, lanes 5 and 6). The
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44

45
44

A

B

��4

-�

. + + - +

2 9 � � K � 425 K Fig. 5. Specificity of IABP photolabeling of the J32AR, tryptic
44 peptides, and V-B protease peptides and radiosequencing of

421 K IABP-labeled 4.5-kOa peptide A. Affinity-purified 132AR (150
18.4

44 pmol) was photolabeled with IABP (0.5 nM) in the absence (-)

I 4 .3 � 18 K 415 K or presence (+) of 10 j.tM (-)-alprenolol. Lanes 1 and 2,
44 uncleaved receptor. Lanes 3 and 4, trypsin-cleaved receptor
6.2
44 � 44.5 K (1 �.tg/ml trypsin for 16 hr at 30#{176}).Lanes 5 and 6, purified
3.0 � 30-kDa tryptic fragment. Lanes 7 and 8, V-B protease cleav-
44

age products (7 units in 2 ml for 52 hr at ambient temperature)
- + - of the purified 30-kOa tryptic fragment. Autoradiogram of an

SOS-PAGE gel. B, IABP-labeled 4.5-kOa peptide (see Fig. 2B)
prepared as described in Materials and Methods except that
1 .1 1 nmol of �2AR was photoaffinity labeled with IABP (2.1
nM) and combined with another 1 .66 nmol of affinity-purified
j32AR. The first five cycles of amino-terminal amino acid Se-
quencing were chemically analyzed to confirm the identity of
the peptide; then, sequential cleavage was continued with 1:1

1�o � butyl chloride/ethylacetate as the solvent. The entire cleavageproducts from cycles 6-25 were collected, and the radioac-tivity in each cycle was quantified through scintillation count-

ing.7
OT��

Aml�Aiid ‘ � � s-f � y � Q A v * s * #{149}#{149}s v s � v v p � v
cysls#{149} I � #{149}4 � 6 ! #{149}S
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12 34 56 78

21�, �itnt l��kD�* pt�pti4�, � �i groups wt�r� pr�ftrt�tfli�11y
r�uJiolnbolod �it � ratIo of W;1 with ro�po�t to tht 7�kPi�

p�ptkk�,
Summtsry of Li�PTA1 1MW, IAPCOP, isnd ICYPd� In’

s�rtIon sIts�s, A siimni�iry �f th� r�u1t� th�UiiItd �tbovc� I�
givs�n in T�tbk� 1 JAPTA l�btls TMs 6 �nd 7 tx�1u��v�i1y 1MW
hIbt31� TM �, TM� 8 i�tnd 7, �rnd ptptid� of2�, 21� i�ind th
M 4i�u�t�4 �4bov�, th� hwg�r, g1y��yli�ted piptith� 25, 2i�
�rnrl 15 kP�i) �orr�pond to th� �mino1�rmin& fr�gm�nt� of
th� �O�kP�t trypti� p�pti4e �loi�v�d �tt Ql&”, Ulu’�, �rn4
GlUt�i re�pe�tiv�1y B�iu�t IABP do� not ltibt�t TM 4 or

TM� 2 tind 3� zill of�h� r�diot�tivity in�orpor�ttd into th� 25��

21�� �nd 1��kDft pt3Jnia� l� dtw to li�bt1ing ofTM 1, Li?�b�ling
of th�� thr�#{248}�ite� by IABP w� t�pproxinuttoIy �qu�t1 Tht�

mii.jor �it� of d�riv�I�tIon by IAPCGP wt�rt TM� 6 in4 7,
whs�r�t� TM� 1, 4� �n�i 5 lind �t 8�kD�t p�aptidt� wt�r� 1�bt�1td to
1o�or tixtt�nt�, A�ordin� to tho idontifl�tion of poptklo�

do�rihod �thovo, tho 6�kD�t poptido htbolod by IAPCUP �or�
r�pond� to TM� 2 �nd 3 (�m1no �kl� 63422) In �ontr�t to
IABP iina IAPCQP, tho m�ijor �ito of ICYPdx doriv�iti�ition
W�4� TM 1, with TM� 6� 7, find 4 boing minor �itos,

Dlscuulon
Sito�diro�tod mut�gono�I� �ttidio� of tho (.�AR h�ivo rt��

v�ii1od �omo oftho �riti�ftl binding dotormin�tt� th�it inter�t
with �igoni�ts �nd i�ntiigoni�ts, � w�1I � tho �onor& orion�
t�flion of tho�o ngonist� within th� r�&�ptor, Tho sovon TM�

thought to form t ligund binding povkot with TM� 1 nnd
7 �t tho open ond iind TM� 4-6 �*t tho �1o�od ond, imntlogous to

tho str�wttiro ofb�wtoriorhodop�n (24) Tho iilkyl nmino �om-
mon to both �1n�es of�ompotind� hn� boon �hown to Intot’�t
with A�p”� in TM 3 1 10), whoro� tho �‘iitochol hydroxy1�

roqt�tirod for �igonist �tivity iiro thought to hyd,’ogon bond to
Sorut�4 �4flfj Sor4’ �n TM � I 1 1 ) Tho�o finding� lond to tho
�orw1ti�ion that �tgoni�t� � oriontod with tho nmlno group
tow�tr4 tho opon ond of tho ligirnd binding ptwkot notr TM �i
gina the �to�ho1 group towi�trd tho �1o�od ond norn’ TM 5,

Although Asp’ ‘� �n TM 3 htis il�o bonn shown to ht� �,‘iti�il
fo,’ �tnUtgonist bindings �evor& l4no� ofovidont�o �uggost thitt
tho �iryloxy end of t�nt�sgoni�t� intor�wt� with TM� 6 lind 7
r�ithor thi�n wIth TM 5 t� is tho �i�o for i�gonI�t� DIxon et ol
(8) �howod thut tho dolotion of TM� 6 ttnd 7 from the (J�AR

rtsultta in th� loss ofboth agonist �n�l �rntiigon�t bInding, In
�tthIitIon, Kobilk� es� o/, (25), using �himorIe �t�/(� odt’onerg4�
ro�optor�, domon�tr��tod thiit TM� 6 ttnd 7 nro �rit1�nI for

4ot�rminiit1on of �nt�sgon�t �po�ifl�1ty Moro rovt�ntIy1 Sury�
�n�r�iy�nii �tnd KobIlk�i (28) �howo�I that high Rfflnity �rntl�g�

oni�t binding in tho �AR i� �iboli�hoa ifAsp11� in TM 7 of th�
(�AJ( i� mut�*tod to ph�rnyhiliinino or Rl�tnIno but i� ro�toroI

�fi�mino �fl!�4$ �tro �ub�tituto�I thtit itro hydrogon bond dono,’s,
Thoy propo�od thifl Asp1”� form� t hydrogon bond with tht�

�ryloxy oxygon of tho �nt�igont�t ph�rm�wophoi’o Ths� ox�1u�

�ivo h�ht’ling of TM� 6 �na 7 by IAPTA provided diroet ovi-

th�n�o thftt th� �iry1oxy moloty � highly �on4�’�ned in th�
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Fig. 6. Peptide mapping of IAPCGP- and ICYPdz-labeled
132AR. A, Lanes 1 and 2, J32AR (1 50 pmol in 1 ml) labeled with
IAPCGP (2 nM). Lanes 3 and 4, trypsmn cleavage of J32AR labeled
with IAPCGP. Lanes 5 and 6, V-B protease cleavage of Con-N
agarose-purified, IAPCGP-labeled 30-kDa tryptic fragment.
Photolabeling was performed in the absence (lanes 1, 3, and 5)
or presence (lanes 2, 4, and 6) of 1 0 �cM (-)-alprenolol. Num-
bered arrows, molecular mass standards (in kOa). B, Lanes 1 and
2, 132AR (1 50 pmol in 1 ml) labeled with lCYPdz (1 nM). Lanes 3
and 4, trypsin cleavage of 132AR labeled with lCYPdz. Lanes 5
and 6, V-8 protease cleavage of Con-Nagarose-purified,
lCYPdz-labeled 30-kOa tryptic fragment. Lanes 7 and 8, Con-N
agarose-purified ICYPdz-labeled 30-kDa tryptic fragment. Pho-
tolabeling was performed in the absence (lanes 1, 3, 5, and 7) or
presence (lanes 2, 4, 6, and 8) of 10 �cM (-)-alprenolol. Num-
bered arrows, molecular mass standards (in kDa).

Summary of the sites and relative intensity of derivatization of the 13�AR by IAPTA, IABP, IAPCGP, and ICYPdz
The 1251 content of the photolabeled peptides was determined as described in Materials and Methods.

Compound Site of label
Site of derivatization

TM1 2and3 4 5 6and7

IAPTA Aryloxy + + + +

IABP Alkylamine + + + + + +

IAPCGP Alkylamine + + + + + + + +

ICYPdz Alkylamine + + + + + + +

vicinity of TMs 6 and 7 and strong support of the proposal of

Suryanarayana and Kobilka (26).

The photolabeling of the receptor by the amino end deri-

vatizing compounds was complex and dependent on the par-

ent antagonist. The multiple sites of receptor derivatization

by all three of these probes suggest that the alkylamino

groups on these compounds are relatively free for testing of

different conformations within the ligand binding site. How-

ever, two sites were labeled by all three of these compounds,

albeit to differing extents: TM 1 and TMs 6 and 7. The

observation that TMs 6 and 7 can be derivatized by LABP,

IAPCGP, and ICYPdz as well as IAPTA suggests that IABP,

IAPCGP, and ICYPdz can assume folded conformations

within the ligand binding site that bring the amino alkyl

groups into close proximity to the aryloxy groups and conse-

quently, TMs 6 and 7. Molecular dynamics analysis of IABP,

IAPCGP, and ICYPdz indicated lowest energy conforma-

tions, with inter-ring distances ranging from 4.0 to 6.5 A (Fig.

7, A-C). Although these models do not imply that the photo-
labels must exist in a folded conformation, they make the

point that the folded conformation is a potentially favorable

one. Indeed, the derivatization of TM 1 by these compounds

would be difficult to explain in the context of the folded

conformation.

The extent of derivatization of TM 1 varied widely among

IABP, IAPCGP, and ICYPdz. IABP and IAPCGP, which are

identical in the alkylamine end, derivatized TM 1 to an equal

and lesser extent, respectively, than other sites. For ICYPdz,

on the other hand, TM 1 was the predominant site of deri-

vatization. The alkylamine structure of ICYPdz, which dif-

fers substantially from those of IABP and IAPCGP, contains

an amide bond. We propose that the presence of potential
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Fig. 7. Inter-ring distances from molecular dynam-
ics simulation of IABP, IAPCGP, and lCYPdz. The
distances between the photoreactive group and the
1 -nitrogen on the opposite nng of IABP (A), IAPCGP
(B), and lCYPdz (C) are plotted for the initial high
temperature simulation (dotted line), the conformers
re-equilibrated at 300#{176}K (dashed line), and the final
energy-minimized conformation for each (solid line).
Insets, bundles of the final lowest energy conforma-
tions.

hydrogen bond participants in the alkylamine region of
ICYPdz may lead to interactions with the receptor that sta-
bilize a conformation that favors derivatization of TM 1.

Supporting evidence for this scenario can be found in a
previous study that used the affinity label pBABC (27). pB-
ABC is structurally similar to ICYPdz and also contains an

amide bond in the alkylamine region. Dohlman et al. (9)

reported derivatization of a site within amino acids 83-96
(TM 2) of the hamster lung f32AR and evidence for a minor
site of derivatization in TM 4. It is interesting to note that

both ICYPdz and pBABC seem to greatly favor derivatization
of adjacent sites (TM 1 and TM 2, respectively) within the
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Fig. 8. Illustrative model for the interaction
of two IABP conformers with the �32AR. The
transmembrane region of the 13�AR was
modeled using the Insight II package (Bio-
sym Technologies, San Oiego, CA). The
seven TM segments were built as a helices.
The helices were initially aligned with the
structure of bacteriorhodopsin and were ro-
tated about their helical axes to bring the
known functional groups (Asp113, Ser�#{176}4,
Ser�#{176}7)into the core of the molecule. Rep-
resentative folded and extended conforma-
tions of IABP were chosen from the molec-
ular dynamics simulations. These were
positioned in the model so that the alky-
lamine was within bonding distance Asp113
and the indole amine was within hydrogen
bonding of Ser�#{176}4and Ser�#{176}7.Trp313, a
probable site of derivatization (B), was also
included. Numbers in green, distances (in
A). Top, hypothetical interactions allowing
labeling of Ser�#{176}7by IABP. Bottom, hypo-
thetical interactions allowing labeling of TM
1 by IABP. A hydrogen bond between the
indole amine and Ser�#{176}4is shown, but a
hydrogen bond between the the aryloxy ox-
ygen and Asn312 (not shown), as proposed
by Suryanarayana et al. (26), is also possible.

ligand binding site. Dohlman et al. concluded that the site of

derivatization by pBABC in TM 2 is most likely His93. If so,

Ser92 could form a hydrogen bond with the amide of pBABC,

which is directly adjacent to the reactive bromoacetyl group.

The derivatization ofTM 1 by ICYPdz is consistent with such

an interaction as the photoactive diazarene moiety is several

Angstroms removed from the amide (see Fig. 1).

The unique properties of salmeterol are one indication that

the alkylamine moieties of �3AR ligands can have pharmaco-

logical significance. The extremely long duration of action of

this /32AR agonist is dependent on the presence of an ether

oxygen in the alkylamine group (28). It is tempting to spec-

ulate that the interactions that favor derivatization of TM 1

by ICYPdz and of TM 2 by pBABC are analogous to those

that contribute to the unique properties of salmeterol.

The differences in the labeling patterns of IABP and

IAPCGP are more difficult to interpret. These two com-

pounds differ only slightly in the aryloxy end (indoloxy ver-

sus benzimidazolonoxy) and are otherwise identical (see Fig.
1). Therefore, the differences in labeling patterns cannot be
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dictated based on differences in the alkylamino end of these

photoaffinity labels. Both ofthese compounds derivatized TM

5, but only IAPCGP derivatized TMs 2 and 3 and (along with

ICYPdz) TM 4. One interpretation ofthe derivatization of TM

5 by both compounds is that the aryloxy ends of IABP and

JAPCGP interact to some extent with TM 5, and folded con-
formations ofthese molecules enable them to label TM 5, just

as we proposed for TMs 6 and 7.

The selectivity of IABP for Ser207 in TM 5 over other sites

in the 30-kDa tryptic peptide may be due to a conformation-

stabilizing hydrogen bond between Ser204 and the indole

amine of IABP. The similarity between the inter-ring dis-
tance predicted for IABP (4.0-5.5 A, Fig. 7A) and the rise of

three residues (Ser204207) along an a helix (4.5 A) supports

this possibility. A model for this interaction is shown in Fig.

8. Such an interaction has been proposed as a mechanism for

the partial agonist properties of pindolol in some tissues and

mutant receptors (29). A similar interaction between TM 5

and IAPCGP via a benzimidazole-2-one nitrogen could ac-

count for IAPCGP derivatization of TM 5. Likewise, derivat-

ization of TM 4 by IAPCGP and ICYPdz could reflect inter-

actions between the aryloxy ends of these molecules with TM

4. The observation that both IAPCGP and ICYPdz include

polar substituents (carbonyl and cyano, respectively) at the 2

position on the heterocyclic aryloxy ring suggests a molecular

basis for TM 4 labeling by IAPCGP and ICYPdz but not

IABP. The discovery that some I3AR antagonists are also

inverse agonists (30) suggests a possible pharmacological

role for different interactions with the receptor by structur-

ally similar compounds.

IAPCGP also derivatizes TMs 2 and 3 to a small extent.

Because IABP, which is identical to IAPCGP in the alky-

lamino end, does not derivatize TMs 2 and 3, it seems likely

that some intrinsic property of the benzimidazole-2-one moi-

ety of IAPCGP is responsible for this difference. Because the

6-kDa peptide for TMs 2 and 3 contains the counter ion for

the ligand amino nitrogen (Asp’13), labeling of this peptide

implies that IAPCGP can assume a conformation that holds

the aryl azide moiety in close proximity to the amino nitrogen

and away from the aryloxy end. Molecular dynamics analysis

of IAPCGP predicts a small population of IAPCGP conform-

ers with an inter-ring distance of 12-13 A, which is not

predicted for IABP (Fig. 7, A and B). Thus, these conforma-

tions meet the two criteria for agreement with LAPCGP la-

beling of TMs 2 and 3: they are unique to IAPCGP, and they

bring the photoactive group away from the aryloxy end of the

molecule and close to the amino nitrogen.

We have shown, using the unique photoaffinity label

IAPTA, that the aryloxy end of the a-antagonist pharma-

cophore is highly constrained within the vicinity of TMs 6

and 7. With the 13-antagonist photoaffinity labels IABP,
IAPCGP, and ICYPdz, we showed that the amino end of the

a-antagonist pharmacophore is able to assume several con-
formations within the ligand binding site. Heterogeneity in

the location and intensity of derivatization were dictated by

minor structural differences in both the alkylamino and ary-

loxy moieties of the photolabels studied. Experiments with

site-directed mutagenesis of the �2AR could further resolve

which amino acids permit the distinctive labeling patterns

observed with these photoaffinity labels in the wild-type re-

ceptor.
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