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Abstract--Beta,- and beta,-adrenergic receptor radioligand antagonist binding activities in plasma 
membrane preparations from mammalian lung. as well as amphibian and avian red blood ceils, have 
been shown to be inactivated by agents which specifically alkylate tyrosine. In membrane preparations. 
protection against inactivation was afforded bv both agonists and antagonists. In soluble purified 
preparations, antagonists but not agonists protected against inactivation. These results suggest that 
tvrosinc is located at or near the ligand binding site of both betas- and beta:-adrcnergic receptors. 

In response to agonist binding site occupancy bv 
epinephrine and norepinephrine, beta-adrenergic 
receptors stimulate the enzyme adenylate cyclase 
to produce cyclic AMP [1]. Modulation of enzyme 
activity has been shown to occur bv activation of a 
GTP binding regulatory protein, by agonist occupied 
receptor [2, 3]. Receptors then contain at least two 
functional centers, one to recognize ligands and 
another to communicate with additional cyclase- 
linked components.  

While considerable progress has been reported in 
the isolation and characterization of beta-adrenergic 
receptor proteins [4, 5], little is known of the amino 
acid content or topography of ligand binding or 
functional communication domains. 

Information about protein active centers can be 
obtained by the use of selective amino acid or func- 
tional group alkylating or modifying agents [6, 7]. In 
the study described here, we have examined the 
effects on beta receptor antagonist ligand binding 
activity of agents which alkylate tyrosine. These stud- 
ies provide chemical evidence for the presence of 
an aromatic amino acid, tyrosine, as an integral 
component of the agonist/antagonist binding site of 
beta-adrenergic receptors. 

MATERIALS AND METHODS 

Purified frog erythrocyte membranes were a gift 
from Dr. Marc Caron (Howard Hughs Medical Insti- 
tute, Duke University, Durham, NC). Rat, rabbit, 
and guinea pig lungs were obtained from Hazelton 
Dutchland (PA). Fluorosulfonylnapthoic acid was 
provided by Dr. Kenneth Holden (SKF-Med. Chem- 
istry), p-N~itrobenzylsulfonylfluoride was obtained 
from the Pierce Chemical Co. (Chicago, IL). All 
other materials and reagents were obtained as de- 
scribed [4]. 

* Reprint requests should be addressed to: Dr. Robert 
G. L. Shorr, Molecular Pharmacology, L108, Smith Kline 
& French Laboratories, P.O. Box 7929, Philadelphia, PA 
19101. 

Preparation of plasma membranes. Purified frog 
erythrocyte plasma membranes were prepared in the 
presence of soybean trypsin inhibitor (101~g/ml), 
benzamidine (10 a M), EDTA (10 s M), bacitracin 
(50 ug/ml), and phenylmethylsulfonylfluoride 
(10 -s M) as in Ref. 8. Purified turkey red blood cell 
(RBC) plasma membranes were prepared as in Ref. 
3. Bovine, rat, guinea pig, and rabbit lung plasma 
membranes were prepared by homogenization (30c~ 
w/v: Waring blender) in degassed, ice-cold 75 mM 
Tris-HCl,  pH7.2 ,  25mM MgCI: with 50mM 
EDTA,  10 ug/ml soybean trypsin inhibitor. 10-4M 
benzamidine, 50ug/ml leupeptin, 5 ug/ml chvmo- 
statin and 10 5 M phenylmethylsulfonylfluoride. 
Homogenates were equilibrated (40 rain) at 4 ° with 
800-1000 psi of purified nitrogen in a Parr bomb and 
released to atmospheric pressure. After dilution (3- 
fold) with homogenization buffer and a low-speed 
centrifugation (2000g for 20 min, 4°). plasma mem- 
branes were collected bv centrifugation of super- 
natant fractions at 18,000g for 60 min (4°). Pellets 
were washed with homogenization buffer and finally 
resuspended to 5-10mg/ml protein before being 
frozen in liquid nitrogen and stored at - 7 0  ° until 
u s e .  

Preparation of puro~ed beta-adrener~ic receptor. 
Purified beta-adrenergic receptors were obtained 
from the plasma membranes of turkey red blood 
cells as in Refs. 4 and 9. Briefly, digitonin-solubilized 
receptor was affinity chromatographed using alpren- 
olol-Sepharose. Bound receptors were eluted with 
alprenolol. Receptor ligand binding activity was con- 
centrated by ultrafiltration using Amieon PM-30 
membranes and desalted free of eluting ligand by 
Sephadex G-50 chromatography [4, 8, 9]. Turkey red 
blood cell plasma membrane beta-receptors are 
exclusively of the betal-adrenergic subtype [4 I. 

Assays. Particulate preparations of frog and turkey 
red blood cells, and rat, rabbit, and bovine lung 
plasma membranes were assayed for beta-adrenergic 
receptor ligand binding activity with [~25I]cyano- 
pindolol ([125I]CYP) or [3H]dihydroalprenolol 
([3H]DHA) as in Ref. 4. Bound ligands were sep- 
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arated from free ligands by vacuum filtration over 
Whatman Gf/C glass fiber filters, and bound radio- 
activity was determined using a Beckman GP-5500 
gamma counter or an LS 7500 liquid counter with 
HP/b counting fluor. Protein concentrations were 
estimated by the method of Bradford [10] using 
bovine serum albumin as standard. 

Solubilized receptor was assayed with [~25I]CYP 
or [~H]DHA as in Refs. 4 and 8 with bound ligand 
separated from free ligand by Sephadex G-50 
chromatography [41. 

Reaction of particulate receptor preparations with 
alkylating agents. Membranes were equilibrated with 
75 mM Tris-HC1, pH 8.0, 25 mM MgCI: by dilution 
and centrifugation. Alkylating agents were prepared 
as stock solutions from 0,025 to 0.1 M in isopropyl 
alcohol and diluted by direct addition to receptor 
membrane preparations as follows: to each tube was 
added approximately 1 mg of plasma membrane pro- 
tein and 500 ul of 75 mM Tris-HC1, 25 mM MgCI2 
(pH 8) and alkylator to the appropriate final con- 
centration. Controls received equal volumes of iso- 
propyl alcohol only. After a 30-rain reaction at room 
temperature, 50-/4 samples of the reaction mixture 
were transferred to duplicate tubes containing 
[tzsIJCYP (200 pM) in the presence or absence of 
10-~M alprenolol. Incubations with radioligand 
were for 1 hr at 25 °, after which bound was separated 
from free radioligand by filtration as described 
above. Alternatively, alkylating agent was removed 
by repeated centrifugation and resuspension 
(Beckman Microfuge, 10 min at 25 °) prior to assay. 

Reaction of particulate receptor preparations with 
alkylating agents in the presence of adrenergic agents. 
Protection experiments were performed essentially 
as described above except that membranes (frog 
red blood cell) were preincubated with 10 4M 
(±)alprenolol. ( -) isoproterenol,  ( + )isoproterenol 
or buffer for 15 rain at room temperature prior to 
the addition of alkylating agent. After an additional 
30 rain (25°), excess adrenergic agents and alkvlator 
were removed by dilution to 1.5 ml with 75 mM'Tris - 
HCI, pH 7.4, 25 mM MgCI2, 10 4 M Gpp(NH)p and 
centrifugation in a Beckman microfuge. This pro- 
cedure was repeated four times with final pellets 
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Fig. 1. Molecular structures of pNBSF (A) and FSNA (B). 

resuspended in 100 ul of washing buffer. Receptor 
binding activity was measured by assay with 
[125I]CYP of a 20-ul aliquot of each reaction 
condition. 

Reaction of soluble purified receptors with alkvl- 
ating agents. Purified soluble betaz-adrenergic recep- 
tors were obtained from turkey red blood cell plasma 
membranes as described in Ref. 9. Time-course 
estimations of receptor inactivation were constructed 
by addition of fluorosulfonylnapthoic acid (10 3 M) 
to tubes containing 300-500 fmoles of ligand binding 
activity in the presence or absence of 10 -~ M iso- 
proterenol or 10 -5 M alprenolol. After incubation 
for various times, aliquots were desalted, to remove 
the alkylator and adrenergic agent by Sephadex G- 
50 chromatography, and assayed with [tzsI]CYP as 
described in Ref. 3. Similar experiments were per- 
formed with epinephrine and propranolol. All 
buffers contained 10 -3 M digitonin, 100 mM NaC1, 
10 mM Tris, pH 8.0. 

R E S U L T S  

Two reagents that alkylate tyrosine, p-nitro- 
benzylsulfonylfluoride (pNBSF) and fluorosulfo- 
nylnapthoic acid (FSNA) (Fig. 1), were examined 
for their effects on the abilities of particulate prepa- 
rations of betas- and beta,-adrenergic receptors to 
bind the radioligand antagonist [t25I]CYP. Frog RBC 
plasma membranes contain beta receptors exclu- 
sively of the beta: subtype [8]. As shown in Fig. 
2A, for these preparations, both reagents inactivated 
[125I]CYP binding in a dose-dependent fashion 
although FSNA appeared to be more potent. The 
effects of FSNA were also examined on plasma mem- 
brane preparations obtained from mammalian lung 
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Fig. 2. Inactivation of beta-adrenergic receptor by tyrosine-directed agents. (A) Purified frog red blood 
cell plasma membranes were incubated with pNBSF (/~) and FSNA (O) at the concentrations shown, 
After reaction, aliquots of each incubation mixture were assayed in duplicate with the antagonist [P'I]- 
CYP as in Refs. 4 and 8. Radioligand binding activity expressed on the ordinate axis is defined as 
percent of control incubations that received no alkylating agents, (B) Equal amounts of purified plasma 
membrane protein from frog red blood cell (O), rat lung (Z). rabbit lung (It), and guinea pig lung (11) 
werc reacted with FSNA as in panel A, and assayed for receptor radioligand binding activity. Frog red 
blood cell = 100¢/~ beta:, guinea pig lung and rat lung = 80% beta:, and rabbit lung = 80G beta~ [111. 
For both panels, N = 2 where the distance between the bars is the range with the data point at the 

center of it./ 
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Fig. 3. Protection against fluorosulfonylfluoride inac- 
tivation by adrenergic agents. Purified frog red blood cell 
plasma membranes were incubated with 10 4 M (-)iso- 
proterenol (D), (-+)alprenolol ( • ) ,  (+)isoproterenol (A) 
or buffer (O), 15 min (25 °) prior to addition of FSNA to 
the concentration shown and a further 30-rain reaction. 
Alkylating and adrenergic agents were then removed by 
extensive washing as described in Materials and Methods, 
and aliquots of each incubation mixture were assayed in 
duplicate for receptor binding activity with [125I]CYP. Data 
are expressed as percent of controls which received drug 
but no alkylator. N = 2 where the distance between the 
bars is the range with the data point at the center of it. 

Data are representative of four experiments. 
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Fig, 4. Saturation binding isotherms of control and alkyl- 
ated beta-adrenergic receptor. Purified frog red blood cell 
plasma membranes were reacted with FSNA under con- 
ditions to produce an apparent 50% (A) and 75% (©) loss 
of binding sites relative to controls (0). Saturation binding 
isotherms with [tZel]CYP were then constructed. Each point 
was determined in duplicate. Dissociation constants (Kt~) 
were determined by computer analysis. Kd values are shown 
next to each curve. N = 2 where the distance between the 
bars is the range with the data point at the center of it. 

Data are representative of two experiments. 

tissues, which contain both beta1- and beta2-adre- 
nergic receptors in varying ratios [11]. Turkey red 
blood cells contain beta  receptors  exclusively like 
the beta1 subtype. As shown in Fig. 2B, inactivation 
of receptors  with F S N A  occurred with both beta1 
and beta2 part iculate receptor  preparat ions obtained 
from either mammal ian  lungs or  frog and turkey 
(data not shown) red blood cells. Similar results were 
obtained with pNBSF.  Both agonist ( isoproterenol)  
and antagonist  (alprenolol)  prevented  the loss of 
radioligand antagonist  binding sites when mem- 
branes (frog RBC)  were pre t reated with agonist 
or antagoinst,  and then t reated with the alkylating 
agent. The weakly active dextro isomer of iso- 
proterenol  did not  prevent  inactivation of receptor  
radioligand binding in frog R B C  plasma membranes  
by F S N A  (Fig. 3). Similar results were obtained with 

plasma membranes  prepared from mammalian lungs 
and turkey red blood cells. 

Where  inactivation did not proceed to 100% 
(presumably  due to rapid hydrolysis of F S N A  and 
pNBSP in aqueous solution),  complete  inactivation 
could be achieved by addition of fresh reagent.  That 
decreases in antagonist  binding site number  are due 
to a loss of binding sites rather than a change in 
receptor  affinity for radioligand is shown in Fig. 4 
where saturation binding isotherms show a reduction 
in B m a  x with little change in KD (inset). 

Of  the compounds  tested, pNBSF has been 
repor ted  to be specific for tyrosine [12]. F S N A  how- 
ever,  might display some reactivity towards cysteine 
or lysine. To exclude the possibility that loss of 
receptor  antagonist  binding sites might be due to 
alkylation of these residues as well as tyrosine, frog 
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Fig. 5. (a) Interaction of beta receptors with fluorosulfonylnapthoic acid and sulfhydryl-directed 
reagents. Frog red blood cell plasma membranes were incubated with n-cthylmaleimidc and iodoacetic 
acid (/& and • respectively), and receptor binding activity was assayed with [~2~I]CYP. In addition, 
membranes were preincubated with n-ethylmaleimide prior to addition of FSNA and a further 30-rain 
incubation (0).  Aliquots of each reaction mixture were assayed in duplicatc with []2~I}CYP. Data arc 
presented as percent controls which received buffer only. (b) Inactivation of beta receptor by lysine- 
directed reagents. Purified frog red blood cell plasma membranes were incubated with increasing 
amounts of Bolton Hunter reagent, in the absence ( , t )  or prescnce of agonist (0) or antagonist (D) at 
10 ~ M concentration. Membranes were then washed and assaycd in duplicate with [L~5I]CYP. Data arc 
expressed as percent of controls which received no alkylator. For both panels, N - 2 where the distance 

between the bars is the range with the data point at the center of it. 
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Fig. 6. FSNA inactiwition of soluble purified turkey red 
blood cell beta~-adrcnergic receptors. Purified betaL-adrcn- 
ergic reccptors (3(}{} lmotes) obtained from turke\ red blood 
ccll plasma membranes {1{}] were incubated vdth 1(} ~M 
FSNA in the presence of buffer only' (0),  10 ~ M alprenolol 
(11) or 1{} ~ M i s o p r o t e r e n o l  ( A ) .  At each time point indi- 
cated, aliquots werc &salted free of alkylator and drug by 
Sephadex G-5{} chromatography. Receptor binding actMty 
was  assayed with I~>I]CYP in duplicate and is shown as a 
percent of control (buffer or drug only) incubations. N 
2 where the distance between the bars is the range with 
the data point at tile center of it. Data arc representative 

of three experiments. 

RBC plasma membranes  were incubated with n- 
e thylmaleimide and iodoacetic acid. These mem- 
branes were chosen since their response to sutf+hydryl 
reagents is \\,ell documented .  As reported elsewhere 
[13], in this system these compounds  at the con- 
centration used did not inactivate particulate beta- 
receptor  antagonist  binding activity. Moreover ,  pre- 
incubation with n-ethylmaleimide had no effect o n  
the receptor  inactivation induced by FSNA (Fig. 
5 a ) .  Lysine (or amino) directed reagents,  however ,  
such as Bolton Hunte r  reagent  [14] were found to 
inactivate receptor  binding activity. This inactiva- 
tion could not be prevented  by preincubation with 
adrenergic agents (Fig. 5 b ) .  

When soluble purified receptor  (turkey RBC:  
betat subtype) was reacted with FSNA or pNBSF 
a n d  examined in a t ime-course  experiment ,  illac- 
fixation of radioantagonist  bmding activity \~as also 
observed.  Antagonists  \,,'ere found to protect against 
this inactivation, whereas agonists did not (Fig. ++). 
As was the case for menlbrane preparations,  satki- 
ration binding isotherms showed a loss of sites rather 
than a change in receptor  affinit\ for [t251]CYP. In 
these time course experiments ,  inactivation typically 
proceeded to 71V~ and. as was observed for par- 
ticulate tnetnbrane preparat ions,  renla in ing receptor 
ac tMtv could bc reactivated by addition of fresh 
FSNA {data not shown). 

I ) I S { ' U S S I ( ) N  

Although it has been postulated that the agonist 
binding site of the beta-adrenergic  receptor  includes 
an aromatic amino acid [15, 16], direct chenfical con- 
lh-mation has becn lacking. In studies presented here, 
we have demonst ra ted  that two txiosii le directed 

alkylating reagents mhibit the binding ot radio- 
labeled beta-adrenergic receptor  antagonists and 
that inactivation can be prevented b\' adrenergic 
agents. That tile inhibition of bindmg was due to 
inactivation of receptors rather than alteration in 
affinit\  \~as shown by the generat ion of siituration 
binding isotherms and calculat ion of  af l in i t \  con- 
stants and [J . . . . .  (Fig. 4). ( 'ontrol  cxperinlenis al',o 
demonst ra ted  that the alk)lating agents emph}ycd 
did not interact with the radiolabelcd antagoniq 
used: excluding this potential explanation for the 
duta. Of the two compounds,  pNBSF reacts excius- 
ivelx with tvrosine I12]. while FSNA might weakl\  
interact w itin cvsteine or lvsine. 

That the inactivation of the beta-adrenergic recep- 
tors is due to interactions \~ith tvrosine and not 
cvsteine residues is suggested bv several ob:,el- 
vations. First, previous studies have shoun that 
sulfhx drvl residues, while important  to receptor fruit- 
lion. are probably not present in the agonist 'antag-  
onist binding site [121. Possible interactions with 
cysteine, however ,  were explored by examining the 
effects of cysteine directed compounds  both on radi- 
olabeled antagonist binding as well as on the abilitx 
of FSNA to inacti\ ate sites. Thus. as reported earlier 
for the frog red blood cell s\ 'stcm, prctrcii tmcnt {)i 
membranes  ,aith sulfhvdrvl reagents did not reduce 
binding activity [13] nor di-d preincubation with these 
agents block F S N A  inactivation of receptor.  There-  
fore, the results obtained are unlikely to be duct{} 
alkvlation of cvsteine residues. We haxe also exanl- 
ined the effect on antagonist binding of Ivsinc or 
amino directed go l t on  f tun te r  reagent. Al th{mgh 
this reagent reactivated receptor,  inacti \at ion could 
not be prevented b \  incubation with agonist or antag- 
onist. While this does not preclude the presence {+t 
]\sine at tile receptor  ligand binding site. it does 
support the content ion that FSNA effects arc limited 
to tvrosine alkv lat ion.  As both FSNA and pNBSF 
showed similar effects in several model  systems con- 
taining different receptor  subtypes, tile data also 
suggest that iilkylation of t\rosille_ residue(s) results 
in inactivation of antammist binding in both b e t a -  
and beta--adrenergic receptor subtypes. This is p ie-  
\ el)ted by preincubctt ion of  par t ic t l la tc rcceptcq,, x\ ith 
ei ther agonist or antagonist l igands. ()he cxplanatioil 
for  this obserxat ion is that there t,, Lit least one 
tvrosine at the agon is t  antagonist b inding site. A I k \ -  
lat ion of  this tvrosinc reactivates the beta-adrcncrgic 
receptor,  and pre incubat ion wi th agotlist,, or corn 
pct i t ixc  antagonists pre \ents  this prcsumabl}  I~\ 
excluding the a lk \ la to r .  This \ \ou ld  sUggCM their :tn\ 
accessible tvrosinc* \\hich might bc distul t~+ the 
agonist antagonist binding site,; arc not alkvlatcd or 
that their a lk \ la t ion has no effect tm the binding 
activity of the receptor.  As the beta-:ldrenergic 
receptor  has appr{+ximately cj t \ ros inc t-csiduc ~, ;tlld 
14 lvsines l<Jl. this also SUggests thut the bitRling site 
I l l i i \  be less sensit i\ e to a lkv lat ion of  tin\ t\ tosinc', 
distal to the binding site than l\sincs. + iX second 
possibilit 3 is that both agonist atld ~lntagonists induce 
c o n | o r n l a t i o l l a l  c h u l l O C  ~, i l l  the receptor that p r o t e c t  

against t \ l os i i l c  a lkx la t ion al sites distal to the biiRI- 
ing center. Ti l ls \ \o t l ld  Iequirc :igc)llists ;.tlld ~iilt~ie 
onists to i t lduce compi i rah lc  confor t l l i i t io l la l  c'haI/gC',. 
Ftlrthcrnlore. the confol+lllatic+llat change ~, \ \o t t ld  bc 
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required not to protect  against lysine alkvlation. This 
would, therefore ,  seem less likely. 

In contrast to particulate receptors,  purified prep- 
arations were protected against inactivation by 
antagonist but not agonist. Identical results were 
obtained for both isoproterenol  and epinephrine (no 
protection) and alprenolol  and propranolol  (pro- 
tection) el iminating the potential  of an effect limited 
solely to synthetic agonists. One explanation for 
these observat ions is that solubilization exposes tyro- 
sine residues normally obscured by the cell mem- 
brane and that agonists p romote  conformational  
changes which allow a greater  extent of tyrosine 
alkvlation by exposing these residues. Alternat ively,  
agonists might enhance the reactivity of a key tyro- 
sine residue(s). Antagonis t  may protect  by site occu- 
pancy as proposed  for particulate preparat ions or by 
induction of conformat ional  changes which make 
tyrosine(s) exposed on solubilization unavailable. 
Definitive discrimination between these possibilities 
will require careful titrations with purified receptor  
and comparison of alkylated peptides with peptides 
that bind agonists and antagonists. 

A c k n o w l e d g e m e n t s - - W e  would like to thank Dr. Carl 
Kaiser and Dr. Kenneth Holden for helpful suggestions 
and for supplying the compounds used. We would also like 
to acknowledge the expert secretarial assistance of Ms. 
Judy Seaman and Ms. Belinda Proctor. 

REFERENCES 

1. E. W, Sutherland and T. W. Rail, Pharmae. Reu. 12, 
265 (1960). 

2. E. M. Ross and A. G. Gilman, A. Rev. Biochem. 49, 
533 (1980). 

3. J. M. Stadel, R. G. L. Shorr, L. Limbird and R. J, 
Lefkowitz. J. biol. Chem. 256. 8718 (1981). 

4. R. G. L. Shorr, M. W. Strohsacker, T. N. Lavin, R. 
J. Lefkowitz and M. G. Caron, J. biol. Chem. 257, 
12341 (1982). 

5. J. L. Benovic. R. G. L, Short, M. G. Caron and R. J. 
Lefkowitz, Biochemistry 23, 4510 (1984). 

6. T. E. Hugh and W. H. Stein, J. biol, Chem. 23, 7191 
(1971). 

7. A. E. Annamalai and R. F. Colman, J. biol. Chem. 20, 
10276 (1981). 

8. R. G. L. Shorr, R. J. Lefkowitz and M. G. Carom J. 
biol. Chem. 256, 5820 (1981). 

9. R. G. L. Shorr, D. McCaslin, G. Alianell, J. M. Stadel 
and S. T. Crooke. Biochemistry 24, 6869 (1985). 

i0. M. Bradford, Analyt. Biochem. 72,248 (1976). 
11. K. Dickinson, A. Richardson and S. R. Nahorski. 

Molec. Pharmac. 19, 194 (1981). 
12. T. H. Liao, J. biol. Chem. 257, 5637 (1982). 
13. J. M. Stadel and R, J. Lefkowitz, Molec. Pharmac. 16, 

709 (1979). 
14. A. E. Bolton and W. M. Hunter, Biochem. J. 133,529 

(1973). 
15. B. Belleau, Ann.  N .Y .  Acad. Sci. 139,580 (1967). 
16. D. J. Triggle, Neurotransrnitter-Receptor Interactions. 

p. 226. Academic Press, New York (1971). 


