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SUMMARY
The present studies have tested the hypothesis that agonists at
fi-adrenergic receptors activate the fl-receptors by reducing
them. This was examined by analyzing the interactions of 41 fi-
agonists and antagonists with the receptors. The structural
features which determined binding affinity (K,,) were shown to
be distinct from those which determined intrinsic activity (IA).
The IA was shown to be related to the oxidation-reduction
properties which were determined primarily by the nature of the
substituents on the phenyl ring. Thus, the parent compound
phenylethanolamine, having no phenolic substituent, acted as an
antagonist (IA = 0) and was also redox inactive. All of the
antagonists tested (1 9) exhibited E� (peak potential for the first
oxidative wave) values greater than 0.75 V, suggesting that they
were difficult to oxidize. Agonists, however, exhibited a wide
range of E� (0.25-0.7 V) with values lower than those of the

antagonists. The agonists tested indude catecholamines, cate-
cholamine analogs hearing meta-substituted amino functionaii-
ties (such as amino, methylamino, formanilide, sulfonamide, urea,
and carbamate), resorcinol, and hydroxymethyl congeners. It is
proposed that the oxidizing tendency of the substituent on the
phenyl ring is one of the factors that influences IA. To test the
hypothesis further, we electrolytically oxidized isoproterenol to
adrenochrome or to the o-quinone intermediate and tested for
activity. The 4e-, 4W-oxidation product adrenochrome did not
bind to or stimulate adenylate cyclase, suggesting that the
reducing ability to isoproterenol is important for its agonistic
activity. A cyclic redox mechanism for the action of agonists at
3-adrenergic receptors is presented. We propose that agonist
are electron donors. Their interactions with receptors result in
reduction leading to activation of the receptors.

The effects of the �3-adrenergic agents on adenylate cyclase
have been studied extensively. Agonists, but not antagonists,
favor formation of the hormone-receptor-guanine nucleotide

binding protein ternary complex which is a required interme-
diate step on the pathway leading to activation of adenylate
cyclase (1). Although the structure-activity relationships of

agonists at /3-adrenergic receptors have been thoroughly stud-
ied, there is no satisfactory explanation for the functional
consequence of the structural differences between agonists and

antagonists. Since the presence of a catechol moiety is required
for full intrinsic activity in stimulation of adenylate cyclase
activity (2), and due to the ease of oxidation of the catechol
moiety at physiological pH values, an oxidative reaction is a
possible mechanism. Indeed, in vitro studies (3-6) have impli-
cated oxidative reactions of catecholamines in various enzy-
matic processes.

The involvement of oxidation-reduction reaction in the ac-
tivation of the f3-adrenergic receptors is now becoming appre-

ciated. Recently, a hypothetical model for the action of agonists
at f3-adrenergic receptors has been proposed (7). The essential

features of the model include a reductive activation of receptors
by the agonists which may initiate a series of disulfide-thiol

interchange reactions between �3-adrenergic receptor and a

guanine nucleotide-binding protein (G8). A large body of exper-
imental evidence on the effects of thiol- and disulfide-reactive
agents in �9-adrenergic systems has been reported (8-12). Using
reconstituted phospholipid vesicles that contain purified �-

adrenergic receptor and G5, it has been shown that the reduction
of /3-adrenergic receptor with thiols, particularly dithiothreitol,
causes the functional activation of $-adrenergic receptor to

approximately an equivalent extent to that observed following
activation by an agonist (13). Therefore, the reduced state of
the j3-adrenergic receptor is identified as the active species and

its action appears to be controlled by a thiol-disulfide redox
reaction.

The present studies were undertaken to learn more about the
oxidative electron transfer of the agonists at the fl-adrenergic

receptors which may be involved in the activation of /3-adre-
nergic receptors. By comparing the oxidation-reduction prop-
erties of a series of /3-adrenergic drugs, it was shown that
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antagonists were difficult to oxidize, whereas agonists were

more redox active.

Experimental Procedures

Materials. (-)-Alprenolol hydrochloride, (-)-epinephrine bitar-
trate, (-)-isoproterenol bitartrate, (-)-norepinephrine bitartrate, and

(±)-propranolol hydrochloride were obtained from Sigma Chemical Co.
(St. Louis, MO). Other fl-adrenergic drugs were supplied by Smith
Kline & French Laboratories (Philadelphia, PA). ATP, cAMP, GTP,
MgC12, Na,EDTA, NADPH, sodium acetate, sodium ascorbate, sodium
citrate, sucrose, and Tris were obtained from Sigma Chemical Co.
Acetic acid and hydrochloric acid were purchased from Mallinckrodt
Inc. (Paris, KY). Methanol, HPLC grade, was obtained from J. T.
Baker Chemical Co. (Phillipsburg, NJ). Ready-Solv CP and Ready-
Solv HP/b were purchased from Beckman Instruments, Inc. (Fullerton,
CA). (-)-[3H]DHA (37 and 42 Ci/mmol), [3H]cAMP (1-5 Ci/mmol),
and [a-32PIATP (10-20 Ci/mmol) were obtained from New England

Nuclear (Boston, MA).

Membrane preparations. Purified frog erythrocyte membranes
were prepared as previously described (14).

Radioligand binding assays. Frog erythrocyte membranes (0.1

mg of protein/ml) were incubated in a fmal volume of 0.5 ml with

(-)-[3H]DHA (3-4 nM) for 20 mm at 20. Incubations were terminated
by rapid vacuum filtration over GF/C filters using a modified auto-

mated cell harvester (Brandel 24R LKB Instruments, Gaithersburg,
MD). The filters were then rinsed rapidly three times with 4 ml of ice-

cold 75 mM Tris-HC1, 12.5 mM MgCl2, pH 7.4. The entire filtration

procedure required less than 20 sec. Radioactivity trapped on the filter
was determined by scintillation spectroscopy in 5 ml of Ready Solv

HP/b (Beckman) at an efficiency of 40%. Nonspecific binding was
determined from incubations with 100 �cM (-)-isoproterenol included
and was less than 10% oftotal binding. KD values were calculated from
the concentrations of each agent causing 50% inhibition of specific
binding, using the relationship as described by Cheng and Prusoff (15).

All KD values represent the means of values determined in two to three
separate experiments for each agent.

Adenylate cyclase assay. Incubations were performed in a volume
of 50 �cl containing membranes suspended in 75 mM Tris-HC1, pH 7.4,

12.5 mM MgCl2, 1.5 mM EDTA, 250 mM sucrose, 750 �M ATP, 100 �iM

cAMP, and 1 �iCi of [a-�P]ATP (60 cpm/pmol). Enzyme activity was

determined in the presence of increasing concentrations of �-adrenergic
agents (1-100 hiM), in assays containing 100 �M GTP. Incubations were
carried out at 37� for 10 mm and terminated by the addition of 1.0 ml
of stop solution containing 350 �iM ATP, 260 �M cAMP, and [3H]
cAMP (15,000 cpm/ml). The [�PJcAMP formed was determined as

described by Salomon et aL (16). The intrinsic activity of each agonist
was taken as the maximum enzyme stimulation with the agent divided

by maximum enzyme stimulation due to isoproterenol. The ED� was
taken as the concentration of each agent causing half-maximal stimu-
lation of enzyme activity. The KB of antagonists for the fl-adrenergic
receptor-coupled adenylate cyclase was determined by quantitating the

ability of antagonists to cause a parallel rightward shift of the dose-
response curve for ISO. Dose-response curves for ISO (10� to iO� M)

were performed in the presence of two fixed concentrations of each
antagonist, which were equal to the 10- and 100-fold of their binding

constants (I(D). The KB values were calculated from the equation:

[Antagonist]
KB= CR-i

where CR is the ratio of equiactive concentrations of ISO in the
presence and absence of the antagonist. The values shown in various
tables represent the means determined in three to six separate experi-

ments.

Protein was determined by the method ofBradford (17), using bovine

serum albumin as a reference standard.

Electrochemical measurements. Cyclic voltammetric experi-

ment8 were performed with an EC&G model 174 Potentiostat. A carbon

paste electrode, whose surface was renewed for each voltammetric run
to minimize the distortion of electrochemical signal due to adsorption,

was employed as the working (indicator) electrode. All peak potentials

reported are versus an Ag/AgCl reference electrode at a scan rate of 50
mV/sec. The fmal concentration of j9-adrenergic agents was 0.17 mM

in 75 mM Tris-HC1, pH 7.4, containing 12.5 mM MgC12 and 250 mM

sucrose (buffer A).
Electrogeneration of ISO-adrenochrome was performed in buffer A

using a reticulated vitreous carbon electrode, as described by Wong et

aL (18). The applied potential was set at i V and the ISO concentration
was 1 mM. The total volume was 50 ml. The o-quinone intermediate

was generated by electrolyzing 200 �M ISO in 25 ml of 50 mM citrate

buffer, pH 2.2, using a platinum gauge working electrode with an
applied potential of 1 V. Aliquots of the samples obtained at various

times during electrolysis were subjected to spectrophotometric meas-

urements and LCEC analyses. They were also assayed for binding
affinities at the �-adrenergic receptors and activities in stimulating
adenylate cyclase.

For LCEC studies, a 50-id portion of the sample (equivalent to 10
�M ISO was injected into a high performance liquid chromatograph

(Beckman Instruments) equipped with an electrochemical detector

(Bioanalytical Systems, Inc.). The applied potential was set at +0.65

V versus an Ag/AgCl electrode and sensitivity was 50 namp/V full

scale. Separations were carried out on a C-18 iBondapak column
(Waters Associates) eluted with running buffer, pH 4.5 (ii g of sodium

acetate trihydrate, 10.5 g of citric acid monohydrate, 4.9 g of NaOH,
0.335 g of Na2EDTA, 37.5 ml of glacial acetic acid, 40 ml of methanol

in a total volume of 500 ml) at a flow rate of 2.0 ml/min. The amount

of residual ISO was determined by the peak height.
Spectrophotometric measurements. The absorption spectra were

measured with a Beckman DU-7 UV/VIS Spectrophotometer, in i-ml,
1-cm quartz cuvettes. The ISO-adrenochrome samples were diluted
five times with buffer A, whereas the o-quinone samples were measured
undiluted.

Results

Stwcture-Activfty Relationships of the Drugs at
fi-Adrenergic Receptors

Studies with catecholamines. Table 1 depicts the struc-
tures of a series of catecholamines with modifications on the
ethanolamine side chain. Compounds 5, 6, and 7, with their

a-carbon substituents incorporated into a ring system, are all
partial agonists and are less potent than ISO. Their binding
affinities appear to be determined by the type of ring structure

formed by the ethanolamine side chain. A piperidine ring (6)
was associated with higher affinity than a pyrrolidine ring (5).
Compound 7, having a fused six-member ring system, exhibits

very low binding affinity. This may suggest that increasing the
conformational rigidity of the ring structure decreases binding
affinity. It has been shown that the presence of /3-carbon

hydroxyl is important in determining both affinity and IA (2).
Accordingly, a larger substituent, such as the hydroxymethyl
group at the /3-carbon (9), was associated with a decrease in

binding affinity as well as IA.
Studies with the 3-amino-substituted agonists. Studies

with 3-amino and substituted amino analogs indicate that such
modifications lead to high affinity agonists. All of the com-

pounds in Table 2 have a KD value � 1.7 zM. They also exhibit
a wide range of lAs. The order of IA is methylamino ( 1 1) >

amino ( 10) > formanilide ( 12) > sulfonamide ( 13, 15) >

urea ( 16) �. carbanilates (17, 18, 19). The secondary meth-
ylamino analog ( 1 1) has the highest IA of the series which is

equal to that of norepinephrine. The 3-amino derivative (10),
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TABLE 1
Comparisons of the binding affinities to �9-adrenergic receptor (K,,),
EDse of adenylate cyclase activation, lAs, and oxidation peak
potentials (Es) of the catecholamine agonists
The assays for K,,, EDse, IA, Wld E� of each agent were performed as described in
Experimental Procedures. The K,,, EDse, and IA values represent the means of
values determined in two to three separate experiments which agree within 8%. E.,,

yalues are within 1%.

less potent and has lower binding affinity as well as IA than

soterenol. As with the catecholamine agonists, modification of
the ethanolamine side chain affects affinity. Thus, (14), with

l.)_

()Ep�.pv�H.

2

3

4 .H �‘
5 ‘H

6

7

8

9

TABLE 2

Comparisons of the K,,, ED�, IA, and E,of the catecholamine
analogs bearing 3-substituted amino functionalities
The K,,, EDse, &�d IA values represent the means of vaiues determined in two to
three separate experiments wh�h agree within 8%. E,, values are within 1%.

Comparisons of the K,,, ED�, IA, and E� of the metacatechol and 3-
hvdroxvmethvl-substftuted analoos

370 Wong et al.

Compound (.)-[3H1.DHA Adenylate Cyclase Oxidation Peak
P40. Binding K0

(PM)
ED,. (�M) Intrinsic

Activity
Potential (V)

its a-carbon substituents incorporated into a six-member ring,

has lower affinity for the receptor as compared to soterenol.

Carbuterol ( 16), an ureido derivative, is a potent, high affinity
partial agonist and so are the carbanilate derivatives ( 17, 18,
19). For the latter group, the methyl ( 17) and isopropyl (18)

carbanilates have lAs slightly higher than the ethyl (9) deriv-
ative. Their binding affinities, however, are very much similar.

Studies with the metacatechol- and hydroxymethyl-
0.1 0.3 1.00 037 #{149} .. substituted agonists. Metaproterenol (2 1 ), an isomer of ISO

containing hydroxyls in positions 3 and 5, is a weak agonist
1.0 1.2 0.90 0.40 . . .

with low binding affinity (Table 3). Another meta-hydroxyl
congener, terbutaline (20), which has a tert-butyl substituent

10 13.5 0.77 0.44 on the amino nitrogen, exhibits higher binding affinity but

equal LA to that of metaproterenol. In agreement with the
2.5 3.0 0.60 0.25

findings of Grunfeld et al. (19), the 3-hydroxymethyl analog

salbutamol (22) displayed high affinity but only low IA.
3.0 4.5 0.60 0.33 Studies with antagonists. The antagonists shown in Table

7 4 are all phenylethanolamine derivatives, as are the /3-adrener-
1. 1.4 0.62 0.38 gic agonists described above. However, modification of the

30 11 4 0 50 substituents on the 3-position led to a complete loss of intrinsic. . 0.30 activity. None of the compounds shown in Table 4 stimulated

4 5 1 8 0 34 0 32 adenylate cyclase in concentrations up to 100 �sM. The nature. . . . of the substituents on the phenyl ring had variable effects on

2 0 1 0 0 28 0 43 affmity measured by inhibition of the binding of [3HJDHA. For. . . . compounds with monohydroxyl and no substitution on the

phenyl ring, their binding affinities were 3-hydroxyl (25) >4-

hydroxyl (24) no substitution (23). Although it has been

reported that compounds having a 3-substituted sulfonyl or
sulfonalkyl group are effective /32-agonists in the in vivo guinea

pig tracheal chain assay (20), they were found to be inactive in
the stimulation of adenylate cyclase in the frog erythrocyte
membranes. For drugs in this series, their binding affmities

are affected by the length of the alkylene bridge between
the substituted sulfonyl group and the phenyl ring. The order

of affinities is CH3SO2CH2 (27) >> CH3SO2 (26)
� CH3SO2CH2CH2 (28). Compounds 30 and 31, which con-
tam rneta-sulfonamide substituents attached to the phenyl ring

through the sulfonyl residues, were antagonists. However, the
other compounds ( 13, 14, 15) which also contain meta-

sulfonamide substituents but attached to the phenyl ring

Co mpound �
No � � � NH S

. �Ho �

3 R

(-)-(3H1-DHA
Binding K0

(MM)

Adenylate
ED,.(�M)

Cyciase
ntnns�c

Activity

Oxidation
Peak

Potential
(V)

10 NH3 .C(CH3)3 1.7 1.8 0.64 0.38

11 CH3NH .C(CH3)3 0.5 0.6 0.78 0.23

12 HCONH -C(CH3)3 0.1 0.2 0.53 0.60

S.w’v.v CH3SO,NH .CH(CH3)2 0.19 0.1 0.25 0.46

14 cH)�::i I � � �
0.8 1.2 0.29 0.45

15 (CH3)2NSO,NH .C(CH3)3 0.45 0.8 0.18 0.45

16 NH2CONH -C(CH3)3 0.3 0.5 0.21 0.48

17 CH3OCONH .C(CH3)3 1.0 1.2 0.22 0.53

18 (CH3)3CHOCONH -C(CH3)3 1.3 1.2 0.22 0.54

19 CH3CH3OCONH .C(CH3)3 0.8 0.8 0.17 0.52

however, has IA (=0.6) comparable to some of the catechol-
amines (4, 5, 6, 7). The presence of 3-formanilide in (12)
conferred a potency equal to that of ISO. A methanesulfon-
amide in position 3 produces agent soterenol ( 13) which has

high affinity and medium IA. The sulfamide derivative ( 14) is

TABLE 3

The KD, EDse, and IA values represent the means of values determined in two to
three separate expetiments which agree within 8%. E� values are within 1%.

Compound � OH NHR (-)-13H1.DHA Adenylate Cyclase Oxidation
No. � � Binding K0 ED,0(�M) Intrinsic Peak

4 (PM) Activity Potential

3 4 5 R (V)

T#{149}H�� OH H OH -C(CH3)3 5.0 1.0 0.34 0.70

21

H=,,� OH H OH .CH(CH3)2 10 2.5 0.33 0.70

22
� CH2OH OH H -C(CH3)3 0.85 1.0 0.34 0.70
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TABLES

4

5

6

S

0)
C

�0
C

4
I

0

0

0)
0-j

7

. Agonists �‘ � A
0 Antagonists �o �

29 4.2!.5
9 0 d� 024
S 6 ,-.�A3 �

26
0

3

2�)S 0
/,,1 15 25

34/�5
i3�Z ,�

5/’ 027

/55
12

38

T
36/

8

through the amino groups were partial agonists. The salicylic
acid derivative (33), i.e., congener bearing a 3-COOH group,
is described as “inactive” since it does not bind to the receptor

or stimulate the adenylate cyclase.

The antagonists depicted in Table 5 are derivatives of ary-
loxypropanolamine. They are potent /3-adrenergic antagonists

with binding affinities 6-20 times higher (3-18 nM) than the

8 7 6 5
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TABLE 4

Comparisons of the Kr,, K8of inhibiting adenylate cyclase, and E� of
the phenyipropanolamine antagonists
The K,, and K8 values represent the means of values determined in two to three
separate expetiments which agree within 8%. E� values are within 1%. The assays
for K8 were performed as described in Expetimental Procedures.

Compound
No.

OH

� � � � HH�
. �

3 4 R

(.)..I3HIDHA
Binding K0

(NM)

Adenylate
Cyclase KB

(,�M)

Oxidatiot.
Peak

Potential
(V)

23 H H .C(CH3)3 3.0 4.7 �1

24 H OH -C(CH3)3 2.5 7.9 0.76

25 OH H -CH(CH3), 0.5 2.5 0.76

26 CH3SO, OH -C(CH3)3 1.0 0.3 0.93

H-

27 CH3SO,CH, OH -C(CH3), 0.18 0.25 0.81

28 CH350,CH,CH, OH -C(CH3), 1.6 2.7 0.75

29
c,�cv

27 17 075

30 NH,S02 OH -CH(CH3), 0.6 0.67 0.87

31 CH3NHSO2 OH .CH(CH3), 2.5 4.5 0.87

32 HOCH,CHOH OH -C(CH,)3 2.0 1.9 0.75

33 COOH OH .C(CH3)3 > 200 - 0.98

34 NH2CO OH -C(CH3), 0.25 013 0.82

35 NO2 OH .CH(CH3), 8.5 5.8 0.86

Comparisons of the K1,, K�of inhibiting adenylate cyclase, and E� of
the aryloxyethanolamine antagonists
The values represent the means of values determined in two to three separate
experiments which agree within 8%. E,, values are withki 1%.

Compound � (.)[3H)DHA Adenylate Oxidation
No. � Binding KD CycIase K9 Peak

(nM) (nM) Potential(v)
R1 R,

36 [Zj1: �CH(CIt�)2 3.0 1.1
Alprenolol CH CH-CN

37 I :: .cH(cH�), 3.0 2.4 � 1
Propranolol � I

38 � �C(CH3)3 18 5.6 � 1

Timotol N

39 CH CNCH -CH(CH�)2 7.2 3.4 � 1

Oxprenolol �: I

40 sN .CH(CH�)2 5.0 2.6 0.82
Pindolol � I

41 “#{176}�T�( �C(CH3)3 13 7.2 0.8

prototype phenylethanolamine isoproterenol. None of them
stimulated adenylate cyclase in concentrations up to 100 �zM.

Correlations between the Binding Affinity, Potency, and K,,

Fig. 1 is a plot of KD values versus the EDro and KB, including

values for all of the agonists and antagonists listed in Tables 1

to 5. The KD values of the agents were in good agreement
(correlation coefficient r = 0.956) with their ED36 or KB. These

data agree with the studies of Mukherjee et cii. (2) in that all of

the drugs tested react with /3-adrenergic receptors to affect
activity of adenylate cyclase, and both agonists and antagonists

share the same set of binding sites.

Cyclic Voltammetric Study on the /3-Adrenergic Agents

The /3-receptor agonists and antagonists can be separated
into four different groups according to their electrochemical
functionalities. The representative voltammograms from each

of the four groups are shown in Fig. 2. The peak potentials

(Es) for the first oxidative waves (peak IA) are listed in Tables

1-5. In all cyclic voltammetric measurements, the starting
potential was 0.0 V and the initial scan was always in the
negative direction. This was to ensure that redox couples such

as peaks ‘IA and lIc are truly products of chemical reactions
that are obtained after the initial oxidation (peak IA).

Group I: Catecholamines. Fig. 2 shows that, for com-
pounds with a catechol functionality, on the first sweep toward
positive potentials, a single oxidation peak (IA) was observed.

Upon scan reversal, a new reduction peak (IIc) was obtained at
around -0.25 V, and on the second positive sweep, a reversible

oxidation peak (hA) appeared. The group I compounds exhibit
two common electrochemical properties. First, they are easily
oxidized, as indicated by the low oxidation peak potentials (Er,

0.25-0.44 V). Peak ‘A (Fig. 2A) corresponds to the 2e, 2W

-Log [ED,, or K8 Adenylate cyclase] (M)

Fig. 1. !(� values of /3-adrenergic agents determined by (-H3H]DHA
binding versus � or K,, determined by adenylate cyclase assays. Data
were Obtained from Tables 1-5. The correlation coeffic�nt was 0.956,
calculated by the method of least squares. The line was drawn by
regression analysis.
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C
4

4

C
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C.)
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C
4

Potsntlal (V vs Ag/AgO)

+0.4 0

Potential (V vs Ag/AgCI)

Fig. 2. Cydic Voltammograms of: A, isoproterenol (1); B, 3-amino, 4-hydroxy-phenylethanol-N-tert-butylamine (10); C, soterenol (13); D, salbutamol
(22); E, 4-hydroxy-phenylethanol-N-tert-butylamine (24); and F, phenylethanol-N-tert-butylamine (23) in 75 m� Tns-HCI, 12.5 m� MgCl�, 1.5 m�
EDTA, 250 mM sucrose. The drug concentration was 0.17 m�. COnditionS are: Ag/Agcl reference electrode, carbon paste working electrode, scan
rate, 50 mV/sec.
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oxidation of the catechol to the o-quinone. The E� decreases
with decreasing bulkiness of the terminal nitrogen. Therefore,
the order of E� is NEP > EP > ISO > 4, and 6 > 7. Compound
9 is an exception probably due to the different substitution on

the /3-carbon. A second feature is that the oxidized product of
peak IA is unstable at pH 7.5 and is quickly converted to a new

redox active component (peaks llc and ‘IA) which can be
oxidized at a more negative potential (more easily oxidized than
the parent compound). Based on existing knowledge about the
oxidative pathway of epinephrine (21), this newly formed redox
couple is most likely the initial cycization (i.e., intramolecular

1,4-Michael addition) product of the open-chain quinone (Fig.
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o�qu�none
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0 � CHCH,NHCH(CH3)2
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HOX�c7’ Leukoadrenochrome

CH(CH3)3

‘j�‘ OO��-�.J�HCHZ�HCH(CH3)S

� o-quinone
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� � � CHCH,NHCH(CH3)2

O��N2 HO’%�
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Fig. 4. E� VaIU0S of partial agonists at /3-adrenergic receptors versus IA
VaIUBS. Data were Obtained from Tables 1-3. The correlaton coefficient
was 0.56, calculated by the method of least squares. The line was drawn
by regression analysis.
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Fig. 3. Proposed mechanism for the electrochemical oxidation of ISO.

3). The initial cyclization products were identified as adreno-

chrome and leukoadrenochrome. Although structural studies
were not performed on the follow-up products of other /3-

receptor agonists, their cyclic voltammetric behavior was sim-
ilar to that of ISO. This suggests that the same type of cycli-

zation reaction may occur.
Group II: Catecholamine analogs bearing 3-substi-

tuted amino functionalities. In general, this group of com-

pounds behaves much like the catecholamines. In Fig. 2, B
((10)) and C ((13)), the initial oxidations occurred at 0.38 V

and 0.46 V, respectively, which correspond to the formation of
an open-chain quinone-imine structure. A rapid intramolecular

cydization ofthe quinone-imine is evidenced by the appearance
of a new redox couple at 0.1 V. The E� for the initial oxidation
ranged from 0.23 V to 0.60 V (Table 2), depending on the type

of substitution on the 3-amino function. Although all com-
pounds showed “follow-up” redox components in their cyclic
voltammograms in the general potential region from -0.4 to

0.1 V, they differed considerably in the relative peak heights
and chemical reversibilities. This suggests that the rate of

cyclization and the stability of the cyclized products vary as a
result of the substituent on the 3-amino group.

Group ifi: Metacatechol and 3-hydroxymethyl-substi-

tuted catecholamine analogs. Group III compounds include

terbutaline (20), metaproterenol (21), and salbutamol (22).
The voltammogram in Fig. 2D (22) has only one irreversible

oxidation wave at around 0.70 V. Similar voltammetric behavior
was observed in (20, 21). It appears that peak IA corresponds
to the oxidation of the phenolic hydroxyl. Voltammetric oxi-

dation of phenols in aqueous solution is complicated by the
highly irreversible electrochemical behavior and severe poly-
meric filming on the electrode surface (22). Therefore, the E�

values cannot be determined precisely.
Group IV. Group IV compounds include (24 to 35), as well

as (40, 41). They exhibit voltammetric behavior similar to

that of the Group III compounds, except that the irreversible

oxidation peak was obtained at a higher potential region (0.75-

OH

HO -��-��-CHCHINHCH(CH3),

HO)�)

isoproterenol

0.98 V). Fig. 2E shows the voltammogram of a representative
compound of this group ((24)). The E� values for Group IV

compounds are about 300-400 mV more positive than their
catecholamine congeners.

Group V. There is practically no difference between the
voltammogram for the Group IV compounds (Fig. 2F) and

blank (buffer A). These include (23, 36, 37, 38, 39). No

electrochemical activity can be observed within the limits of
the electrolytes and solvents employed (1.0 to -0.6 V).

Correlations between the Oxidation Peak Potentials and
Intrinsic Activities of the Partial Agonists

Fig. 4 is a plot of E� values versus the IA, including values
for all the partial agonists ((4) to (22)) in Tables 1-3. A

marginal correlation (r = 0.54) between the two variables was
obtained.

Effects of Adrenochrome and o-Quinone on Receptor
Binding and Stimulation of Adenylate Cyclase

The 4e, 4W-oxidation product, ISO-adrenochrome, was

generated by controlled potential electrolysis of ISO in buffer

A, pH 7.4. LCEC studies showed that ISO-adrenochrome was

the only oxidation product obtained (data not shown). The

electrogenerated adrenochrome was stable at 4#{176}in buffer A for
at least 2 hr. Fig. 5 shows that when ISO-adrenochrome was

assayed for its binding affmities to the receptors, a KD of 40
�zM was obtained. The KD of ISO, however, was determined as

0.1 tiM. Thus, oxidation of ISO to adrenochrome resulted in

approximately a 400-fold decrease of binding affinity to /3-

receptor. No effect on adenylate cyclase stimulation could be
detected with concentrations of adrenochrome up to 100 zM

(data not shown).

o-Quinone is the 2e, 2W electro-oxidation of ISO. Since o-

quinone is stable only in citrate buffer, pH 2.2, it was prepared

by electro-oxidation of ISO in this medium. The concentration

of ISO used was 200 �M, low enough to prevent dimerization
of the generated o-quinone. When the electrochemically gen-

erated o-quinone was added to the frog erythrocyte membranes,
both receptor binding and stimulation of cyclase activity were

obtained (data not shown). Half of the o-quinone was imme-

diately oxidized to adrenochrome � = 3,400), as calculated
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Fig. 6. Inhibition of intramolecular cydization of ISO by ascorbic acid and
NADPH. Cyclic voltammograms were measured immediately after the
addition of 0.8 ml of 0.75 M Tns buffer, pH 7.5, alone (A), containing 500
�M ascorbic acid (B), or containing 500 �M NADPH (C), into 0.2 ml of
200 �M o-quinone in 50 m� citrate buffer, pH 2.2.

Discussion

In the present report, we propose that /3-adrenergic agonists
act by “reductive activation” of the /3-receptors. Two lines of

evidence support this concept. First, by studying the oxidation-
reduction properties of a series of /3-adrenergic drugs, it was
shown that agonists were better reducing agents than antago-

nists. Second, when ISO was oxidized to adrenochrome, it lost
the ability to stimulate adenylate cyclase.

Structure-activity relationships of the /3-adrenergic agents

have been used to obtain information on the complementary
/3-receptors. The two basic parameters, affinity and intrinsic
activity, are determined by distinct structural features of the
/3-adrenergic agents. According to Easson and Stedman (24),

adrenergic drugs ofthe phenylethanolamine series interact with
three different binding sites on the receptor: the aromatic, the
/3-hydroxyl, and the amino nitrogen. Since the drugs we have

tested satisfy these three requirements, with the exception of

(33), they all bind to the receptors. Several generalizations

can be made for the structure-activity relationship for binding
affinity. 1) Substitution of a sulfur atom at the meta-position

may increase binding affinity. These include compounds sub-
stituted with methanesulfonamide ( 13, 14), sulfamide (15),

sulfonylalkyl (26, 27), and sulfonamide (30), all exhibiting

KD values � 1 �M. 2) The presence of a hydroxyl group at C4

increases binding affinity while a hydroxyl group at C5 is
unfavorable for binding. Therefore, ISO, having hydroxyl
groups at C3 and C4, exhibits a 5-fold increase in binding affmity
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Fig. 5. (-H3H]DHA competftion dose-response curves for ISO (#{149})and
ISO-adrenochrome (A). Each point is the mean of triplicate determina-
tions. The experiment was re�ated tw�e. Standard devia�on is in&-
cated by bars where significant.

from the absorbance at 480 nm. The other half of o-quinone

was re-reduced back to ISO, as measured by LCEC (data not

shown). LCEC studies also showed that the same quantities of

adrenochrome and ISO were obtained in the presence or ab-

sence of membranes. Thus, the cyclization of o-quinone was

not affected by the presence of membranes. Moreover, no

nucleophilic addition of o-quinone by the membrane-sulfhydryl

groups as reported by Maguire et al. (23) could be detected.

Therefore, because of the short half-life of o-quinone at neutral

pH, it was completely cyclized before initial contact with the

membranes. The observed effects of o-quinone on receptor

binding and stimulation of adenylate cyclase activity were

produced by the regeneration of ISO (data not shown). No

direct interaction of the exogenous o-quinone with the /3-adre-
nergic receptors could be detected under the conditions em-

ployed. However, our studies do not determine the fate of o-

quinone if it is generated by the interation between agonists

and receptors.

Re-reduction of o-Quinone to Isoproterenol. O-Qui-

none, if generated at the receptor site, can be cyclized to form

adrenochrome, or re-reduced to the original ISO by the receptor

or by some redox cofactors which may be present at the receptor

site. As ascorbic acid and NADPH are common redox cofactors,

their abilities to reduce o-quinone and compete with the cycli-

zation process were examined. A freshly prepared solution of

reducing agent (0.8 ml in 0.75 M Tris-HC1 buffer) was quickly

mixed with o-quinone (0.2 ml in pH 2.2 citrate buffer). A final

pH of 7.0 was obtained and the concentrations of the reducing

agents were 10 times in excess of that of o-quinone. The

solution was subjected to cyclic voltammetric measurements.

When o-quinone was mixed with Tris buffer that contained no

reducing agent, cyclization occurred as indicated by the ap-

pearance of a redox couple at -0.25 V (Fig. 6A). However, in

the presence of ascorbic acid, the formation of this redox couple

was greatly suppressed (Fig. 6B). As estimated by the difference

in peak heights, ascorbic acid produced an approximately 80%

decrease in the occurrence of adrenochrome-leukoadreno-

chrome couple. Therefore, ascorbic acid rereduced o-quinone
to ISO before cyclization could occur. In similar experiments,

NADPH also effectively prevented the cyclization reaction (Fig.

6C).
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compared to (25), which contains a single hydroxyl at C3. By

contrast, metaproterenol, having hydroxyl groups at C3 and C5,
shows a 20-times lower affinity than (25). 3) Binding affinity
is not affected by the bulkiness or chain length of the meta-

substituting groups. Therefore, the three carbanilate deriva-
tives ( 17, 18, 19), having o-methyl, ethyl, or isopropyl, have
similar binding affinities. Similarly, sulfonterol ((27)) has a

CH2 between the sulfonyl group and the phenyl ring binds with
higher affinity than (26) and (28), which have no alkylene

bridge or have a CH2CH2 residue, respectively.

A number of hypotheses have been proposed in an attempt
to explain the agonism of the /3-adrenergic agents. It was
suggested that meta-substituted analogs bearing labile protons

attached to an 0 or N had agonist activities (19). However, in

our studies, compounds having mobile protons in their meta-

substituents attached either directly (25) or indirectly (30,

31, 32, 33, 34) to the atom joined to the phenyl ring were
ineffective in stimulating adenylate cyclase.

A purely chemical explanation for the agonism of /3-adrener-
gic agents was advanced by Larsen (25). A quinone methide
was suggested to form between the /3-agonists and a nucleophilic
center in the receptor. However, the rapid onset of the cyclase

stimulation by /3-agonists and the reversibility of the drug

effects are difficult to reconcile with the proposed complex

reaction pathway. In the present studies, we propose another
chemical explanation, a redox cycling mechanism. The rate of
electron transfer reactions is fast enough to explain the rapid
onset of cyclase stimulation.

In the present studies, cyclic voltammetric techniques were

used to delineate the oxidation and follow up chemical reactions
of the /3-adrenergic agents. E� values were used to compare the
tendencies of the drugs to be oxidized. Results in Tables 1-5

show that both the intrinsic activity and the oxidation-reduc-
tion properties were determined primarily by the nature of the
meta-substituents on the phenyl ring. Thus, the parent com-

pound, phenylethanolamine ((23)), is an antagonist (IA = 0)

and is also redox inactive (E� � 1). All ofthe antagonists tested

exhibited single oxidation peaks at E� � 0.75 V, suggesting that

they were difficult to oxidize. In contrast, agonists exhibited

lower E� values (s0.6) and displayed “follow-up” reactions.
Compounds (20, 21, 22) are the exception. They showed
cyclic voltammetric behavior similar to that of the antagonists

and their E� values were relatively high (0.7 V). Thus, with two

experimentally determined parameters, affinity and E�, we can
predict whether a compound is a /3-agonist or antagonist. Ago-
nists must have reasonable affinity and an E� � 0.75 V.

Antagonists must have reasonable affinity and an E� � 0.75 V.

However, only a marginal correlation between the E� and IA

values of the partial agonists was obtained. This is certainly
not unexpected, as a number of physical properties other than
redox characteristics such as hydrophobicity, and electronic
and steric effects ofthe substituting groups may also contribute
to the efficacy of a drug (26). They may influence the ability of

agonists to interact with the complementary sites of the recep-
tors. Moreover, cyclic voltammetric measurements do not take

into account the involvement, if any, of cofactors (NADPH or

metal ions) or amino acid residues that are present in the

ligand-binding sites.
The most direct route to prove the redox mechanism is to

assay for the /3-receptor-produced adrenochrome. To achieve

this, we incubated frog erythrocyte membranes (0.1 mg of

protein/mi) with 1 mM ISO for 10 or 60 mm at 37#{176},with or

without the addition of 10 �tM alprenolol. Results showed that

at 10 mm of incubation, 2 �M adrenochrome was produced, and

was increased to 30 �iM at 60 mm. Addition of alprenolol did
not affect the production of adrenochrome. This is not surpris-

ing as the ISO is oxidized in air and easily oxidized in mem-

branes by many factors such as metal ions and enzymes. Thus,

the contribution of 30-fmol receptors (determined by [3H]DHA

binding assay) to the total oxidation of ISO is trivial and we
were unable to measure it.

Several possible fates of oxidized ISO-i.e., isoproterenol o-

quinone-if it is generated in the receptor site after its inter-
action with the receptors can be distinguished. There are three

reaction pathways of o-quinone which may be important: 1)

intracyclization yielding adrenochrome, 2) addition of external

nucleophils, and 3) reduction to the original catechol by endog-

enous reductants before either reaction 1) or 2) has time to

occur. The relative rates of these reactions will determine the
fate of the oxidized ISO. Since, at the receptor site, the etha-

nolamine side chain of ISO interacts with a negatively charged

site of receptor, it is unlikely that adrenochrome is formed

during stimulation by catecholamines. Alternatively, nucleo-
philic addition to the C6 position could take place with the
nucleophilic substituents (SH, OH, NH2) of amino acids. Free

sulfhydryl group will react most rapidly (27). However, if no
proximal nucleophil is available at the ligand-binding site,
reduction to the original isoproterenol by endogenous reduc-

tants may occur. Since reducing cofactors, such as NADPH
(Fig. 6), and ascorbic acid can reduce o-quinone and prevent
the formation of adrenochrome, it is reasonable to consider
that the agonists, with the involvement of cofactors associated

with the receptor, may undergo an oxidation-reduction cycle at

the ligand-binding sites.
An alternative to the receptors having associated cofactors,

such as NADPH, is that /3-adrenergic receptors may be metal-

loenzyme-like. The metal may participate in the formation of

an agonist-metal-receptor ternary complex and may facilitate
a redox cycle between the agonist and receptor. At present,

such a concept is highly speculative. However, the proposal

that iron is involved in the mediated-biological response of

catechoiamines (28) and the fact that catecholamines are effec-

tive metal chelators are consistent with this possibility. Also,
some di- or tn-positive metal ions may form chelate complexes

with the o-semiquinone and o-quinone intermediates of the

catecholamines (29-31). Consequently, these intermediates are
kineticaliy stabilized by the metal ions. Therefore, it is tempting

to consider that metal ions may play a role in determining the

half-life of the oxidized intermediates which may be important
in the regulation of receptor function.

Our studies showed that electrolytically generated o-quinone
is unstable at the pH employed for binding and cyclase studies,

with half being regenerated to ISO. Thus, the binding and

cyclase stimulation by exogenous o-quinone may be due to ISO

regenerated from the o-quinone. However, if o-quinone is gen-

erated by interactions of agonists with receptors, our studies

do not allow a precise determination of its fate. It may be re-
reduced while bound to receptor, re-reduced after dissociation

from receptors, or oxidized to adrenochrome after dissociation
from receptors. Moreover, we are unable to determine the
possible role of receptor-guanine nucleotide-binding protein

interactions in the stability of the o-quinone receptor complex.
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Based on our studies we propose that agonists are electron
donors. The interaction with receptor results in 2e donation

to receptor and activation of the receptor. The reduced receptor
may then interact with the guanine nucleotide-binding protein

and reduce it. Consequently, the guanine nucleotide-binding
protein is activated and the receptor is reoxidized and ready
for activation by new agonist molecules.
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