PHARM

aspet.’

0026-895X/86/030219-09$02.00/0

Copyright © by The American Society for Pharmacology and Experimental Therapeutics
All rights of reproduction in any form reserved.

MOLECULAR PHARMACOLOGY, 29:219-227

Synthesis and Characterization of a High Affinity Radioiodinated
Probe for the a,-Adrenergic Receptor

STEPHEN M. LANIER, HANS-JURGEN HESS, ALEX GRODSKI, ROBERT M. GRAHAM, and CHARLES J. HOMCY
Cardiac Unit, Massachusetts General Hospital, Harvard Medical School, Boston, Massachusetts 02114 (S.M.L., R.M.G., C.J.H.) and Pfizer Central

Research, Groton, Connecticut 06380 (H.-J.H, A.G.)
Received August 27, 1985; Accepted December 18, 1985

SUMMARY

The availability of radioiodinated probes has facilitated the local-
ization and molecular characterization of cell membrane recep-
tors for hormones and neurotransmitters. However, such probes
are not available for the study of the a,-adrenergic receptor. This
report describes the synthesis and characterization of function-
alized derivatives of the selective a.-adrenergic antagonists,
rauwolscine and yohimbine, which can be radiolabeled to high
specific activity with '?1. Following demethylation of rauwolscine
or yohimbine, the resultant carboxylic acid derivatives were
reacted with 4-aminophenethylamine to yield the respective 4-
aminophenethyl carboxamides, 17a-hydroxy-20a-yohimban-
163-[N-4-amino-phenethyl]carboxamide (rau-pAPC) and 17 a-hy-
droxy-20B-yohimban-16a-[N-4-aminophenethyljcarboxamide. In
competitive inhibition studies using rat renal membranes and the
radioligand [*H]rauwolscine, rau-pAPC (K; = 11 £+ 1 nm) exhibited
a 14-fold greater affinity than the corresponding yohimbine deriv-
ative (K; = 136 + 45 nm). The higher affinity compound, rau-
pPAPC, was radioiodinated by the chloramine T method, and the
product, '#l-rau-pAPC [17a-hydroxy-20a-yohimban-168-(N-4-
amino-3-['#lJiodophenethyl)carboxamide], was purified by re-
verse phase HPLC to high specific activity (2175 Ci/mmol) and

its binding characteristics were investigated in rat kidney mem-
branes. Specific binding of '*|l-rau-pAPC was saturable and of
high affinity as determined by Scatchard analysis (Kp = 1.8 +
0.3 nm) or from kinetic studies (K, = ka/ky = 0.056 + 0.013
min~'/4.3 £ 0.2 X 10’ M~ min~" = 1.3 + 0.3 nm). In competition
studies, a-adrenergic antagonists and agonists inhibited the
binding of '?I-rau-pAPC with a potency order consistent with an
interaction at a.-adrenergic receptors (rauwolscine > phentol-
amine > prazosin; clonidine > (—)-epinephrine > (—)-norepineph-
rine > dopamine > (+)-epinephrine). In rat liver and human
platelet membranes, high affinity binding of '?%|-rau-pAPC was
also observed (liver, Ko = 1.2 + 0.4 nwm; platelet, Ko = 3.2+ 1.5
nM). In addition, the density of a,-adrenergic receptors identified
from binding studies with '*|-rau-pAPC in kidney, liver, and
platelet membranes was similar to that observed in parallel
studies with [°H]rauwolscine. These findings indicate that '*I-
rau-pAPC is a high affinity probe that selectively identifies a.-
adrenergic binding sites. Availability of this radioligand should
facilitate the localization and biochemical characterization of this
a-adrenergic receptor subtype.

a- and B-Adrenergic receptors have been classified on the
basis of their relative affinities for a variety of synthetic com-
pounds, both in functional studies and using radioligand bind-
ing techniques (1-3). In addition to a proposed prejunctional
location of a,-adrenergic receptors on sympathetic nerve ter-
minals (4), this a-adrenergic receptor subtype has also been
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identified at postjunctional sites in several organs as well as in
noninnervated tissue (5, 6).

The molecular characterization of adrenergic receptors in
terms of subunit composition and receptor-effector coupling
has been limited by the minute quantities of these receptors
present in most tissues. Nevertheless, much progress has been
made in the purification and structural characterization of 8-,
B2-, and a;-adrenergic receptors from a number of tissues (7).
Similar studies with the a,-receptor have not advanced as
rapidly, although some success has now been reported with the
as-adrenergic receptor in human platelets and rat adrenocorti-
cal 494 tumor cells (8-12). The progress that has been achieved
with the molecular characterization of other adrenergic recep-
tor subtypes has been made possible, primarily by the devel-
opment of subtype-selective, high affinity radioiodinated

ABBREVIATIONS: '%|-rau-pAPC, 17 a-hydroxy-20a-yohimban-168-(N-4-amino-3-['%|)iodophenethyl)carboxamide; EDTA, ethylenediaminetetraacetic
acid; rau-pAPC, 17a-hydroxy-20a-yohimban-168-[N-4-aminophenethyl]carboxamide; yoh-pAPC, 17a-hydroxy-208-yohimban-16a-[N-4-aminophe-
nethyl]carboxamide; HPLC, high pressure liquid chromatography; TLC, thin layer chromatography; DMF, dimethyl formamide.
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probes, which can be used in receptor binding assays or as
adducts for affinity and photoaffinity labeling of the ligand-
binding site (13-18).

To facilitate the identification and characterization of a,-
adrenergic receptors, the development of radioiodinated probes
with high affinity and selectivity for this adrenergic receptor
subtype was undertaken. The synthesis and binding properties
of a radioiodinated derivative of rauwolscine p-aminophen-
ethylcarboxamide, '**I-rau-pAPC, are described.

Experimental Procedures’

Materials

Carrier-free Na'?I was purchased from Amersham Corp. (Arlington
Heights, IL). [*H]Rauwolscine (80 Ci/mmol) and [*H]prazosin (15 Ci/
mmol) were obtained from New England Nuclear (Boston, MA); Hy-
drofluor was from National Diagnostics (Somerville, NJ); 24-mm glass
fiber filters (No. 32 glass) were from Schleicher and Schuell (Keene,
NH); and ammonium bicarbonate and sucrose were from Fisher Sci-
entific Co. (Pittsburgh, PA). Phenylmethanesulfonyl fluoride, sodium
azide, soybean trypsin inhibitor, bovine serum albumin, (—)-epineph-
rine, (—)-norepinephrine, (—)-isoproterenol, dopamine, EDTA, Tris-
HCI, and yohimbine were purchased from Sigma Chemical Co. (St.
Louis, MO); guanyl 5’-imidodiphosphate was from Boehringer-Ingel-
heim Ltd. (Indianapolis, IN); Percoll was from Pharmacia (Piscataway,
NJ); and rauwolscine was from Roth (Karlsruhe, Federal Republic of
Germany). Leupeptin and pepstatin were obtained from Transforma-
tion Research (Framingham, MA). The following were gifts: phentol-
amine (Ciba-Geigy, Basel, Switzerland), prazosin (Pfizer, Groton, CT),
(+)-epinephrine and (+)-norepinephrine (Winthrop, Rensselaer, NY),
(—)-alprenolol (Hassle, Molndal, Sweden), clonidine (Boehringer-In-
gelheim), methysergide (Sandoz Inc., East Hanover, NJ), and haloper-
idol (McNeil Pharmaceuticals, Spring House, PA). All other organic
chemicals were purchased from Aldrich (highest grade possible). Rats
(Sprague-Dawley) were obtained from Charles River Breeding Labo-
ratories (Wilmington, MA).

Membrane Preparations

Rat kidney. Purified rat renal membranes were made by modifi-
cations of methods described previously (19, 20). Male Sprague-Dawley
rats (200-250 g) were sacrificed, and both kidneys were rapidly excised,
decapsulated, and placed in ice-cold buffer A (250 mM sucrose, 10 mm
Tris-HCI, 1 mm EDTA, pH 7.5). All subsequent steps were carried out
in a cold room on ice and all buffers used contained the following
protease inhibitors: leupeptin 1 uM; pepstatin, 1.4 uM; phenylmeth-
anesulfonyl fluoride; 100 uM; soybean trypsin inhibitor, 10 BAEE?
units/ml; and benzamidine, 10 uM. The renal cortex was dissected from
the medulla and papilla, minced, diluted with buffer A (20:1, v/w), and
homogenized with 20 strokes of a Teflon-glass homogenizer (setting
10, Wheaton Instruments, Millville, NJ). The membrane preparation
was further disrupted with a Polytron tissue homogenizer (once for 20
sec, setting 9; Brinkmann Instruments, Westbury, NY), after which
the nuclear material and undisrupted membrane aggregates were pel-
leted by centrifugation for 10 min at 2,400 X g (Sorvall RC5B, type
SS34 rotor). The supernatant was decanted and centrifuged at 24,000
X g to obtain a pellet which consisted of a dense dark core overlayed
by a loosely packed fluffy white layer. After discarding the 24,000 X g
supernatant, the fluffy white layer was harvested by gently swirling
two times with 5.5 ml of buffer A.

For preparation of purified membranes by density gradient centrif-
ugation, 13.8 ml of the fluffy white layer was resuspended with 10
strokes of the Wheaton homogenizer and mixed with 1.2 ml of Percoll
(self-orienting colloidol silica medium) and centrifuged at 48,000 X g

! Portions of Experimental Procedures related to synthetic and chemical
characterization data are pr ed in the Suppl t at the end of this paper.
2BAEE, Na-benzoyl-L-arginine ethyl ester.

for 30 min. Visual inspection of the gradient indicated the majority of
membrane protein to be in the bottom 5 ml and in a thin white band
overlaying the bottom membrane layer, representing, respectively, the
brush-border and basolateral membranes of the renal tubular epithelial
cells (20). The gradient was divided into 5-ml fractions, diluted 1:5
with buffer B (100 mM Tris-HC), 5 mmM EDTA, pH 7.4), and centrifuged
at 100,000 X g for 60 min (Beckmann ultracentrifuge, model L5-50B)
to achieve separation of Percoll from the membranes which layered on
top of the glassy Percoll pellet. Fraction I (top 5 ml) contained no
visible protein and was discarded. After aspiration of the supernatant,
fraction II (basolateral membranes) was resuspended in 4-6 ml of
buffer B.

Human platelets. Outdated human platelets were obtained from
the blood bank at Massachusetts General Hospital or from New Eng-
land Red Cross within 1-2 days of the expiration date. Purified human
platelet membranes were prepared as described by Neubig and Szamraj
(21) and resuspended in buffer B at a protein concentration of 1-2 mg/
ml, prior to use in the binding studies.

Rat Liver. Purified rat liver membranes were prepared as described
by Prpic et al. (22) and resuspended in buffer B at a protein concentra-
tion of 1-2 mg/ml, prior to use in the binding studies.

Binding Studies

Membrane binding assays were conducted at 24° as described pre-
viously (23). Briefly, membranes (50-100 ug of protein/50 ul of buffer
B) were added to polypropylene test tubes containing 25 ul of radioli-
gand and 25 ul of buffer B or competing ligand. After a 45-min
incubation, the reaction mixture was diluted with 4 ml of buffer B,
poured onto glass fiber filters, and rapidly washed under vacuum three
times with 4-ml aliquots of buffer B (24°). The radioactivity retained
by the filters was determined in a gamma spectrometer (Micromedic)
at 80% efficiency for '*I samples. For °H samples, 10 ml of Hydrofluor
scintillation fluid were added to the filters before counting in a liquid
scintillation spectrometer (Beckmann, model LS1800) with a counting
efficiency of 50%. Nonspecific binding was determined with 10 uM
yohimbine or 10 uM phentolamine for [*H]rauwolscine and '*I-rau-
pAPC or with 10 uM prazosin for [*H]prazosin. For binding assays with
the radioiodinated probe, the glass fiber filters were presoaked with
10% polyethylene glycol-8000 for 15 min to reduce nonspecific retention
of the radioligand. A blank containing radioligand and buffer without
membranes was included in each experiment with the radioiodinated
probe. These filtration blanks ranged from 0.4 to 0.7% of the total
amount of ligand in each tube.

All binding studies were performed in fresh membrane preparations
following determination of the protein concentration by the method of
Lowry et al. (26). In competition studies the dissociation constant (K;)
of the competing ligand was calculated as previously described (25).
Saturation binding isotherms were analyzed by the method of Scat-
chard (26) as modified by Rosenthal (27). Values of the derived affinity
constants and receptor densities are expressed as the mean + standard
error.

Results

Synthesis and binding properties of rauwolscine and
yohimbine 4-aminophenethyl carboxamides. The struc-
tures of rau-pAPC and yoh-pAPC are shown in Fig. 1. These
two compounds, as is the case with the parent carboxylic acid
derivatives, are diastereoisomers differing in stereochemistry
at carbons 16 and 20.

The effect of structural modification on the binding proper-
ties of these compounds was investigated in competitive inhi-
bition studies with [*H}rauwolscine. As shown in Fig. 2, rau-
pAPC retained high affinity (K; = 11 + 1 nM; n = 4) for the
renal membrane a,-adrenergic receptor, whereas the p-amino-
phenethyl carboxamide derivative of yohimbine (yoh-pAPC)
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Fig. 1. Synthesis and structure of 17a-hydroxy-20a-yohimban-168-(N-4-
aminophenethyl)carboxamide (Rau-pAPC) and 17a-hydroxy-208-yo-
himban-16a-N-4-aminophenethyl)carboxamide (Yoh-pAPC).
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Fig. 2. Competition by rau-pAPC and yoh-pAPC for [*H]rauwolscine (6
nM) binding to rat kidney membranes. Experiments were performed as
described in Experimental Procedures (Methods). In these studies, spe-
cific binding (inhibited by 10 um rauwolscine) represented 70% of total
counts bound (~1800 cpm). The data are the average of triplicate
determinations and are representative of four different experiments. For
abbreviations and chemical structure, see Fig. 1.

exhibited a 14-fold lower affinity (K; = 136 + 45 nM; n = 4).
These values contrast to affinities of 3.8 + 2.4 and 13 = 3 nM
(n = 5) for the parent compounds, rauwolscine and yohimbine,
respectively (Fig. 2). In competition studies with the selective
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a;-radioligand, [*H]prazosin, rau-pAPC and yoh-pAPC ex-
hibited dissociation constants >1 uM.

Synthesis and characterization of an iodinated analog
of rauwolscine 4-aminophenethyl carboxamide. As rau-
pAPC exhibited a higher affinity for a,-adrenergic receptor-
binding sites than did the corresponding yohimbine derivative,
it was selected for subsequent radioiodination. Prior to ra-
dioiodination, nonradioactive '*’I-rau-pAPC was synthesized
and its structure characterized (Fig. S1, cf. Supplement).

The reaction sequence leading to the synthesis of the radio-
iodinated analog of rau-pAPC is shown in Fig. 3. lodine was
incorporated directly into the phenyl ring of rau-pAPC after
initial protection of the hydroxyl group by acetylation. Reverse
phase HPLC allowed complete resolution of the radiolabeled
product from the starting compound (Fig. 4). Based on the use
of carrier-free Na'®l, a specific activity of 2175 Ci/mmol was
thus assumed for '*I-rau-pAPC. '*I-rau-pAPC and the radio-
iodinated analog, **I-rau-pAPC, eluted with identical retention
times by HPLC (Fig. 4) and also comigrated with TLC (cf.
Supplement). In rat kidney membranes, the nonradioactive
12"].rau-pAPC exhibited a dissociation constant of 3.3 + 0.4 nM
(n = 3) in competition studies with [*H]rauwolscine. This
contrasts with the 1000-fold lower potency (K; = 4.6 £ 2 uM; n
= 3) observed in competition studies with [*H]prazosin in rat
hepatic membranes.

Binding characteristics of '2°I-rau-pAPC. Specific bind-
ing of *I-rau-pAPC to rat kidney membranes increased lin-
early with membrane protein concentrations ranging from 0.2
to 4 mg/ml. Studies were routinely performed with 50-100 ug
of membrane protein/tube; however, specific '*I-rau-pAPC
binding could be detected with as little as 10 ug of membrane
protein.

Saturation binding studies with **I-rau-pAPC demonstrated
that specific binding with this radioligand was saturable and
typically accounted for 80-85% of total binding at a ligand
concentration of 1 nM (Fig. 5). Scatchard analysis (Fig. 5, inset)
indicated that '*I-rau-pAPC binds to an apparent homogene-
ous class of sites with a dissociation constant of 1.8 + 0.3 nM
(n =5).

Kinetic studies with '*I-rau-pAPC demonstrated that, at a
concentration of 2 nM, specific binding of the radioiodinated
probe required 15-20 min to reach equilibrium at 24° (Fig. 6)
and remained stable for up to 90 min. The apparent association
rate constant (k.,) determined from these studies was 0.14 +
0.018 min~! (n = 3).

The dissociation rate constant was determined after elimi-
nation of the forward reaction by dilution with 4 ml of buffer
B at 24°. Specific binding was reversible with a t,, of 9 min. A
dissociation rate constant of 0.056 + 0.013 min~! (n = 3) was
determined and used to calculate k, (k, = ko — ko/['*I-rau-
pAPC])) resulting in a Kp = ky/k, = 1.3 £ 0.3 nM (n = 3) (Fig.
6).

Specificity of 2°I-rau-pAPC binding. a-Adrenergic an-
tagonists inhibited specific '*I-rau-pAPC binding to rat renal
membranes with a potency order consistent with binding to a,-
adrenergic receptors. Rauwolscine competed with a 10-fold
greater potency than the nonselective a-receptor antagonist
phentolamine, and with a 50-fold greater potency than the «;-
selective antagonist, prazosin (Fig. 7A). As shown in Table 1,
the K; values for these competing ligands are similar to corre-
sponding values obtained in parallel studies with [*H]rauwol-
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Fig. 4. HPLC separation of (left to right) rau-pAPC and '?I-rau-pAPC.
The dashed line represents the elution of '*I-rau-pAPC. Absorbance
was measured at 220 nm.

scine. Reserpine, an alkaloid structurally related to rauwolscine
and rau-pAPC which does not bind to a-receptors, also did not
inhibit the binding of '*I-rau-pAPC in concentrations as high
as 100 uM.

12]_rau-pAPC binding was also inhibited by adrenergic ago-
nists, with clonidine exhibiting greater potency than (—)-epi-
nephrine and (—)-norepinephrine (Fig. 7B, Table 1). (+)-Epi-
nephrine was approximately 50-fold less potent than (—)-epi-
nephrine in competition studies with '*I-rau-pAPC, indicating
that the radioligand binds stereoselectively to the membrane
site (Fig. 7B, Table 1). In contrast to competition curves with
antagonists, which were steep and displayed pseudo-Hill coef-
ficients not significantly different from unity, agonist inhibition
curves with (—)-epinephrine or (—)-norepinephrine were shal-
low with pseudo-Hill coefficients of 0.7-0.8, and could be re-
solved into two components of high and low affinity. In the
presence of the nonhydrolyzable GTP analog, guanyl 5’-imi-
dodiphosphate, and magnesium, the binding could be fitted
best to a one-site model for low affinity sites (28) (data not
shown).

To investigate further the a,-adrenergic specificity of '*I-
rau-pAPC binding, competition experiments were also con-
ducted with the dopamine antagonist haloperidol, the serotonin
antagonist methysergide, and the B-adrenergic antagonist,
(—)-alprenolol. Haloperidol and methysergide competed with a

Fig. 3. Reaction sequence leading to the synthesis of 17a-
hydroxy- 20« - yohimban- 16 8-(4-amino-3-[ 2%l Jiodophen-
ethyl)carboxamide ('2/-Rau-pAPC).
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Fig. 5. Equilibrium binding studies with '*l-rau-pAPC in rat kidney
membranes. Studies were performed as detailed in Experimental Pro-
cedures (Methods), using increasing concentrations of the radioiodinated
probe from 0.05 to 10 nm. Inset, Scatchard analysis of specific ***I-rau-
PAPC binding.

1000-fold lower potency than the selective a,-receptor antago-
nist, rauwolscine. Similar affinities were observed in competi-
tion studies with [*H]rauwolscine (Table 1). (—)-Alprenolol and
the calcium channel antagonist, nifedipine, did not inhibit %I-
rau-pAPC binding at concentrations as high as 10 uM. A
structurally dissimilar calcium channel antagonist, verapamil
(K; = 20 uM), effectively competed with '*I-rau-pAPC binding,
consistent with the results of Motulsky et al. (29), that vera-
pamil but not nifedipine competes for a,-adrenergic receptor
binding sites identified with [*H]yohimbine.

Binding of '2°I-rau-pAPC to rat liver and human
platelet membranes. To investigate the binding characteris-
tics of '*I-rau-pAPC in other tissues known to contain as-
adrenergic receptors, saturation binding isotherms were con-
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Fig. 6. Kinetics of '?|-rau-pAPC binding to rat kidney membranes. For
the association reaction, 50 ug of rat kidney membranes were added to
test tubes containing '#*I-rau-pAPC (2 nm, final) and either 10 um yohim-
bine or buffer B at 24°. At the times indicated, the incubation was
terminated by vacuum filtration as described in Experimental Procedures
(Methods). For the dissociation reaction, after a 45-min preincubation
the reaction mixture described above was diluted with 4 mi of buffer B
and the incubation continued at 24° for the times indicated. The apparent
rate constant (k) for the pseudo-first order association reaction was
calculated from the slope of the line (inset A) relating In[Beq/(Beq—B8:)] and
time (determined by linear regression analysis, r = 0.97), where Beq is
the amount of '?l-rau-pAPC bound at equilibrium and B is the amount
bound at each time, t. The second order rate constant (k,) was calculated
according to the equation ky = (ke — k2)/['#°I-rau-pAPC]), where k. is the
dissociation rate constant. This latter constant (k.) was determined from
the dissociation reaction, where k; is the slope of the line (inset B) relating
In(B,/Beq) and time (determined by linear regression analysis, r = 0.98),
where B, is the amount of specific binding at each time t and B, is the
amount bound at equilibrium prior to dilution.

structed in membrane preparations from rat liver and human
platelets. Specific '*I-rau-pAPC binding was saturable and of
high affinity and, at a ligand concentration of 1 nM, represented
70-75% of total binding. The density of a,-adrenergic receptors
determined in these membranes, as well as in renal membranes,
was similar to the number of binding sites identified with [*H]
rauwolscine (Fig. 8, Table 2).

Discussion

The major goal of this study was to develop high affinity
radioiodinated probes for the a,-adrenergic receptor. Deriva-
tives of the selective a,-adrenergic receptor antagonist, yohim-
bine, and its diastereoisomer, rauwolscine, were synthesized,
and their binding properties were characterized in rat kidney
membranes. Yohimbine and rauwolscine were selected for
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structural modification since they are potent antagonists at a,-
adrenergic receptors. Furthermore, both compounds have been
radiolabeled with tritium and their utility as specific «,-radi-
oligands has been confirmed (2).

As the p-aminophenethyl carboxamide derivative of rauwol-
scine retains high affinity for the az-adrenergic receptor, it was
radioiodinated and the binding properties of the '*I-derivative
were characterized in rat kidney membranes. The binding of
this probe is saturable, reversible, stereoselective, and inhibited
by a variety of agonists and antagonists with a rank order of
potency expected for binding to the a,-adrenergic receptor. **I-
rau-pAPC binding is of high affinity as determined by both
kinetic analysis and equilibrium binding studies. These results,
together with the observation that nonradiolabeled '?’I-rau-
pAPC exhibits low affinity in competition studies with the «;-
selective ligand [*H]prazosin, indicate that *I-rau-pAPC is a
selective radioligand for rat renal membrane a,-adrenergic re-
ceptors. Preliminary observations with *’I-rau-pAPC in the
isolated perfused rat kidney also indicate that this compound
is a potent a,-adrenergic antagonist as it produced a 70%
increase in the release of norepinephrine elicited by adrenergic
nerve stimulation,? as would be expected of a prejunctional a,-
receptor blocking agent (30).

The utility of ®I-rau-pAPC as a specific radioligand for the
identification of ay-adrenergic receptors is also apparent from
the studies carried out with human platelet and rat hepatic
membranes. The a,-adrenergic receptor of human platelets has
been studied extensively in terms of its molecular properties
and the mechanisms involved in receptor-effector coupling (8-
11, 31). In both tissues, saturable and high affinity '*I-rau-
pAPC binding was observed. Furthermore, in membranes from
these tissues as well as rat kidney, [*H]rauwolscine and '*I-
rau-pAPC identified comparable numbers of binding sites.

Our studies with the p-aminophenethyl carboxamide deriv-
ative of yohimbine suggest that the spatial orientation of the
p-aminophenethyl substituent influences the ligand’s interac-
tion with the receptor’s binding site. Specifically, yoh-pAPC
was 10-fold less potent than yohimbine in competition studies

3K. U. Malik (Department of Pharmacology, University of Tennessee Center
for Health Sciences), personal communication. '?’I-rau-pAPC did not effect the
basal release of norepinephrine but increased the release of norepinephrine
elicited by adrenergic nerve stimulation. Similar results were obtained with
rauwolscine and yohimbine. The relative potency of these compounds in facili-
tating the nerve stimulation-induced release of norepinephrine is currently under
investigation.

Fig. 7. Inhibition of '*|-rau-pAPC binding

to rat kidney membranes by various ad-
~X renergic antagonists (A) and agonists (B).
3 Rat kidney membranes were incubated
with increasing concentrations of com-
peting antagonists as described in Exper-
imental Procedures (Methods). In these
studies specific binding (inhibited by 10
umM rauwolscine) represented 75% of total
counts bound (~25,000 cpm). The data
represent the average of duplicate deter-
minations and are representative of three
to six different experiments (cf. Table 1).
RAU, rauwolscine; PHENT, phentolamine;
PRAZ, prazosin, ALP, (—)-alprenolol;

-log /dnragonisl/ M

~log [Agonist/M

CLON, clonidine; DA, dopamine; (—)EPI,
(—)-epinephrine; (+)EPI, (+)-epinephrine;
(—)NE, (—)norepinephrine; (+)NE, (+)
norepinephrine.
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TABLE1

Comparison of inhibitory binding constants (K)) for various drugs at

rat renal membrane a.-adrenergic receptors identified with
[*H]Jrauwolscine and '**I-rau-pAPC

Each value represents the mean + SE determined from three to five different
experiments for each compound. K, values were calculated by Cheng-Prusoff

TABLE 2

Comparison of [*H]rauwolscine and '**|-rau-pAPC binding to
ag-adrenergic receptors in rat kidney, rat liver, and human platelet
membrane preparations

Ko and Bmex values of equilibrium binding studies were calculated from nontrans-
formed radioligand binding data (triplicate determinations) with the mass action

analysis (25). law-based, weighted nonlinear curve fitting program, LIGAND (30).
Competing ligand [*H]Rauwolscine K, 25| rau-pAPC K, - [*H]Rauwolscine 125.rau-pAPC

L n e Ko Brmax Ko Brnex
Rauwolscine 38+24 32+05 fmol fmol
Phentolamine 38+ 13 40+ 8.1 Rat kidn 1Be02 276 i"'?M 1Be03 274 f(”'ia
Prazosin 88 +13 172 + 83 7nl3)ey R - R -
Clonidine 73 +38 123 + 47 .,
(<)Epinephrine 225 + 80 375+ 72 Ra:; "Ze:;) 12+04 191+40 12+04 16139
(—)-Norepinephrine NT® 1,190 + 380 N
(+)-Epinephrine NT 25.700 Hu?a_n g)latelet 18+10 224+26 32+15 213+22
(+)-Norepinephrine NT 25,000 n=3
Dopamine 5,410 £ 2,500 9,850 + 3,251 *In each tissue the Kp and Bpmex values for [*H]rauwolscine and '?l-rau-pAPC
Methysergide 4,560 2,800 were not significantly different as determined by the extra sum of squares principle
Haloperidol 2,100 4,900 (30).

“NT, not tested.

0.20

0.15

B/F
0.10

0.05

0 50 100 150 200 250
BOUND (pM)

Fig. 8. Scatchard analysis of equilibrium binding studies with [*H]rau-
wolscine and '®l-rau-pAPC in rat kidney membranes. Studies were
performed as detailed in Experimental Procedures (Methods), using
concentrations of the radiolabeled probes from 0.1 to 20 nm. The data
are the average of triplicate determinations and are representative of
three different experiments. @, [*H]rauwolscine (Kp = 1.5 NM, Bmax = 308
fmol/mg); M, '®I-rau-pAPC (Kp = 1.5 NM, Bmax = 333 fmol/mg).

with [*H]rauwolscine, whereas only a 3-fold decrease in affinity
was observed after similar derivatization of rauwolscine. These
results may reflect the difference in the stereochemistry at
carbon 16 of rau-pAPC and yoh-pAPC, where the p-amino-
phenethyl substituent has been introduced axially in rauwol-
scine and equatorially in yohimbine. To investigate these ob-
servations further, we have synthesized additional carboxamide
derivatives in which the phenyl ring is separated from carbon
16 of the parent molecule by zero, one, or four atoms. The
binding characteristics of these compounds are currently being
determined and, in combination with molecular modeling tech-
niques, these studies should provide insight into the topography
of the receptor’s binding site.

The availability of high affinity radioiodinated probes, which
have been chemically modified for use as affinity adducts, have
proven invaluable in structural studies of receptors for a variety

of hormones and neurotransmitters (7, 32-34). Similar probes
with specificity for a,-adrenergic receptors are not yet available.
The radioiodinated derivative of rauwolscine described herein
can be readily converted to a photolabile arylazide analog which
should prove useful as a photoaffinity adduct for the identifi-
cation of the hormone-binding subunit of the a,-adrenergic
receptor protein. Studies aimed at investigating this potential
are currently in progress.
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Supplement: Experimental Procedures

Methods and Syntheses

Synthesis of rauwolscine and yohimbine 4-amino-
phenethylamine carboxamides. The carboxylic acid deriv-
atives of rauwolscine and yohimbine were prepared by alkaline
hydrolysis of the parent compound, as previously described (35,
36). The carboxamide derivatives shown in Fig. 1 were then
prepared as follows.

17a- Hydroxy-20a-yohimban-163-(N-4-aminophenethyl)car-
boxamide (rau-pAPC). To a stirred solution of 4-aminophene-
thylamine (0.059 g, 0.433 mmol) in 10 ml of CH,Cl; under an
N, atmosphere was added triethylamine (0.053 ml, 0.423 mmol).
17a-Hydroxy-20a-yohimban-163-carboxylic acid hydrochlo-
ride monohydrate (0.15 g, 0.38 mmol) was added, followed by
1-hydroxybenzotriazole (0.077 g, 0.57 mmol). The resulting
mixture was stirred for 15 min and 1-cyclohexyl-3-(2-morpho-
linoethyl)carbodiimide metho-p-toluene sulfonate (0.169 g, 0.38
mmol) was added, followed by 2.0 ml of DMF. The reaction
was stirred for 18 hr and evaporated to dryness. The residue
was dissolved in 20 ml of CHCl;/EtOH (7:3), washed with H,0
(twice in 10 ml), dried over anhydrous MgSO,, filtered, and
evaporated to give 0.217 g of crude product. Chromatography
of the crude product on Brinkmann silica gel (230-400 mesh),
eluting with a gradient of CH,Cl,/MeOH, gave the desired
material (0.07 g, 40.0%). For analysis, a sample was further
purified on a 15-cm C,s reverse phase silica gel column eluting
with a 15/85 gradient of CH;CN/pH 3.0 potassium phosphate
buffer (0.01 M); m.p. 283° (dec).
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C2sHsN,O-1/2H,0

% Calculated: 71.92% C, 7.54% H, 11.98% N
% Found: 72.17% C, 1.67% H, 11.68% N

IR (KBr): 1660 cm™ (C = 0), 3520 cm™' (OH)

MS m/z: 458.2656 (M*) Calculated 458.2678

UV (MeOH): \yp6 (e = 37,942), Aosz (¢ = 8,069),
Aase (€ = 7,127)

NMR (CD;0D): 7.37 (d,1, CsH), 7.3 (d,1, C,oH), 7.05 (d,2, p-
aminophenyl H), 7.02 (s,1, NH), 6.97 (m,2, C,, C,,H), 6.68
(d,2, p-aminophenyl H), 3.95 (m,1, C,7H), 3.1 (m,1, C;H), 3.08
(d,l, OH), 2.35 (m,l, C]sH), 2.2 (m,l, ClsH), 1.9, 1.6 (m,2,
C.H).
TLC (E. Merck Silica Gel 60): toluene/isopropanol/NH,OH
(85:15:1) R, = 0.16
[a]p®* = +41.0 (¢ = 0.4, MeOH)
17a-Hydroxy-208-yohimban-16a-(N-4-aminophenethyl)car-
boxamide (yoh-pAPC). yoh-pAPC was synthesized by the same
reaction scheme described for rau-pAPC utilizing yohimbine
carboxylic acid (35, 36) as the starting material (Fig. 1) with a
final yield of 58%.

C2sH3N,O,-1/4CH;0H

% Calculated: 72.71% C, 7.56% H, 12.01% N
% Found: 72.68% C, 7.44% H, 11.97% N

m.p. 229-232° (dec)
uv (MeOH): )\220(6 = 37,849), A273 (( = 7,108), Azs]
(e = 7,368), Asgo (¢ = 6,528)

MS m/z: 458.2659 (M*) Calculated 458.2682

TLC (E. Merck Silica Gel 60): toluene/isopropanol/NH,OH
(85:15:1) R, = 0.14

[a]p® = +4.46 (¢ = 0.41, MeOH)

Synthesis of rauwolscine 4-amino-3-iodophenethyl
carboxamide. The four-step reaction sequence leading to the
synthesis of 17a-hydroxy-20a-yohimban-163-[ N-4-amino-3-io-
dophenethyl]carboxamide (*?’I-rau-pAPC) is shown in Fig. S1.

HO,C

OH

Raouwolscine carboxylic acid

B — N

I
HN @ (H,C).—HN(E
(o]

27| -Rou-pAPC

(111)

¢
o
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The first step involved acetylation of the hydroxy group at
carbon 17 to parallel the reaction sequence leading to the
radioiodinated analog (see below). The next step entailed iodi-
nation of 4-aminophenethylamine which was then coupled
(step 3) to the protected derivative of rauwolscine carboxylic
acid (I) to yield acetylated rauwolscine 4-amino-3-iodophen-
ethylamine carboxamide (III). The presence of an acetate group
at carbon 17 reduced the affinity of this series of compounds,
necessitating deacetylation (step 4) as described below.

Step 1: 17a-Acetoxy-20a-yohimban-168-carboxylic acid (I).
To a stirred solution of 17a-hydroxy-20a-yohimban-168-car-
boxylic acid hydrochloride monohydrate (0.5 g, 1.27 mmol) in
5 ml of DMF was added triethylamine (0.18 ml, 1.27 mmol)
followed by acetic anhydride (0.13 g, 1.27 mmol). The reaction
was stirred for 18 hr and then evaporated to dryness. Water
(12.5 ml) was added to the residue and the precipitated product
was filtered to give 0.408 g (84%). A portion of the crude
product (0.259 g) was recrystallized from isopropanol to give
0.171 g, m.p. 232-235° (dec).

CzeHasO4N2

% Calculated: 69.09% C, 6.85% H, 7.32% N
% Found: 69.23% C, 7.01% H, 7.14% N

MS m/z: 382.1897(M*) Calculated 382.1910

UV (MeOH): Az2(e = 33,142), Aga(e = 6,981), Agsi(e = 7,131),
Am(( = 5,968)

TLC (E. Merck Silica Gel): n-butanol/water/acetic acid
(9:1:1) R, = 0.2

[a]p® = —8.02 (¢ = 0.44,MeOH)

Step 2: 4-Amino-3-iodophenethylamine hydrochloride (II).
To a stirred solution of 4-aminophenethylamine (2.0 g, 14.68
mmol) in 1 N hydrochloric acid (35.2 ml, 35.2 mmol) was added
0.5 M sodium acetate buffer (pH 5.6) (293.6 ml, 146.8 mmol).
The pH of the solution was adjusted to 5.6 with 1.0 M sodium
hydroxide, and then solid sodium iodide (5.04 g, 33.6 mmol)
was added. To the resulting solution was added, dropwise, a
solution of chloramine T (7.6 g, 33.4 mmol) in 10 ml of water.

OAc

1
uu,—(cu.),@nu, Fig. S1. Reaction sequence leading to the
synthesis of 17a-hydroxy-20«-yohimban-
168-(N-4-amino-3-iodophenethyl)carboxa-
(1) mide (*7I-rau-pAPC).

6Ac
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During the chloramine T addition, the pH of the reaction was
kept at 5.6 by the addition of 1 N hydrochloric acid or 1 M
sodium hydroxide as needed. The reaction was stirred for 2 min
after completion of the chloramine T addition, and then solid
sodium metabisulfite (6.4 g, 33.6 mmol) was added. The reac-
tion pH was adjusted to 8.5 with 1 M sodium hydroxide and the
reaction was extracted with chloroform/ethanol (7:3) (three
times for 10 ml). The combined extracts were dried over an-
hydrous MgSO,, filtered, and evaporated to give 4.63 g of crude
product. The crude product was purified on an Amberlite CG-
50 ion-exchange resin column eluting with a gradient of meth-
anol/dilute hydrochloric acid. The fractions containing product
were combined and evaporated to give 1.2 g of product (27%),
m.p. 202-204° (dec).

CsH1iN.I-HC1

% Calculated: 32.18% C, 4.05% H, 9.38% N
% Found: 31.99% C, 4.08% H, 9.30% N

MS m/z: 261.9955 (M*) Calculated 261.9967

NMR (CD;0D): 7.53 (d,1, C, aromatic), 7.04 (m,1, C¢ aromatic)
6.78 (d,1, Cs aromatic), 3.08 (m,2, methylene)
2.78 (m,2, methylene)

TLC (E. Merck Silica Gel): toluene/isopropanol/ammonium

hydroxide (85:15:1) R, = 0.1

Step 3: 17a-Acetoxy-20a-yohimban-168-( N-4-amino-3-iodo-
phenethyl)carboxamide (III). To a stirred suspension of 4-
amino-3-iodophenethylamine hydrochloride (0.078 g, 0.261
mmol) in 2.3 ml of methylene chloride under a nitrogen atmos-
phere was added triethylamine (0.036 ml, 0.26 mmol) followed
by 2.3 ml of DMF. The mixture was stirred for 15 min until a
complete solution was obtained. 17-a-Acetoxy-20a-yohimban-
168-carboxylic acid (0.089 g, 0.233 mmol) was added, followed
by 1-hydroxybenzotriazole (0.047 g, 0.35 mmol). The resulting
solution was stirred for 15 min and then a solution of 1-
cyclohexyl-3-(2-morpholinoethyl)carbodiimide metho-p-tolu-
enesulfonate (0.99 g, 0.234 mmol) in 1.0 ml of methylene
chloride was added. The reaction was stirred for 18 hr and then
diluted to 25 ml with methylene chloride. The resulting solution
was washed with water (twice for 10 ml) dried over anhydrous
MgSO,, filtered, and evaporated to dryness to give 0.181 g of
crude product. The crude product was chromatographed twice
on Brinkmann silica gel (230-400 mesh) eluting with a gradient
of methylene chloride/methanol. The fractions containing
product were collected and evaporated to give 0.049 g (34%).
Further purification on a 15-cm C,s reverse phase silica gel
column, eluting with a 40/60 gradient of acetonitrile/pH 3.0
potassium phosphate buffer (0.01 M), afforded 0.019 g of prod-
uct, m.p. 175° (dec).

C30Ha503N;1

% Calculated: 57.51% C, 5.63% H, 8.94% N
% Found: 57.12% C, 5.65% H, 8.77% N

MS m/z: 626.1793 (M*) Calculated 626.1832
UV (MeOH): A\:15(e = 52,257),
Aes3(e = 8,950), Axgo(e = 8,423)

TLC (E. Merck Silica Gel 60): toluene/isopropanol/
ammonium hydroxide, (85:15:1) R; = 0.55, methylene
chloride/methanol (20:1) R, = 0.13

[a]p?* = +19.4 (¢ = 0.21, MeOH)

Step 4: 17a-Hydroxy-20a-yohimban-168-(N-4-amino-3-io-
dophenethyl)carboxamide (**’I-rau-pAPC). To asolution of 17a-
acetoxy-20a-yohimban-168-(N-4-amino-3-iodophenethyl)car-
boxamide (0.0635 g, 0.1 mmol) in 10 ml of methanol at room
temperature under a nitrogen atmosphere was added a 1 M
solution of potassium hydroxide in methanol (0.2 ml, 0.2 mmol).
The reaction was stirred for 18 hr and then evaporated to
dryness. To the residue was added 15 ml of saturated sodium
chloride, and the resulting solution was extracted with ethyl
acetate (three times in 10 ml). The organic extract was dried
over anhydrous MgSO,, filtered, and evaporated to give 0.055
g of crude product. The crude product was purified on a 15-cm
C,s reverse phase silica gel column, eluting with a 40/60 gra-
dient of acetonitrile/pH 3.0 potassium phosphate buffer (0.01
M) to give 0.031 g of (563%) product, m.p. 150° (dec).

C2sH530,N,I

% Calculated: 57.54% C, 5.69% H, 9.58% N
% Found: 57.57% C, 5.87% H, 9.83% N

MS m/z: 584.1569 (M*) Calculated 584.1644

UV (MeOH)Z Azn(( = 52,744), )\233(( = 8,768), )\290
(e = 8,268)

TLC (E. Merck Silica Gel 60): methylene chloride/
methanol (17:3) R, = 0.35

[a]p? = +43.0 (¢ = 0.26, MeOH)

Synthesis of 2°I-rau-pAPC. The three-step reaction se-
quence leading to the synthesis of 17a-hydroxy-20a-yohimban-
168-(N-4-amino-3-['*I])iodophenethyl)carboxamide (*I-rau-
pAPC) is shown in Fig. 2. The hydroxy group at carbon-17 of
rau-pAPC was first acetylated to avoid oxidation during the
chloramine T reaction. In the next step, the protected deriva-
tive of rau-pAPC was radiolabeled using chloramine T and
carrier free Na'?1. The radiolabeled product was deacetylated
(step 3) prior to purification by reverse phase HPLC.

Step 1: 17a-Acetoxy-20a-yohimban-168-(N-4-aminophen-
ethyl)carboxamide (IV). Compound IV was synthesized by the
same reaction scheme described above for the synthesis of
compound III except that 4-aminophenethylamine hydrochlo-
ride was used in place of 4-amino-3-iodophenethylamine hy-
drochloride, m.p. 272-275° (dec).

C3H360;N,-H,0

% Calculated: 69.47% C, 7.38% H, 10.80% N
% Found: 69.68% C, 7.21% H, 10.75% N

UV (MeOH): \y6(e = 43,309), Aasole = 9,094), Aoss
(e = 8,012)

MS m/z: 500.2767 (M*) Calculated 500.2787

TLC (E. Merck Silica Gel 60): toluene/isopropanol/
ammonium hydroxide (85:15:1) R, = 0.3

[a]p?* = 27.1 (c = 0.1, MeOH)

Step 2: Radioiodination of 17a-acetoxy-20a-yohimban-168-
(N-4-aminophenethyl)carboxamide (IV). Carrier-free Na'*I (3
mCi in 30 ul of dilute NaOH) was added to 17a-acetoxy - 20« -
yohimban-168-(N-4-aminophenethyl)carboxamide (42 nmol)
dissolved in 30ul of 0.5 M sodium acetate buffer (pH 5.2). The
reaction was initiated by the addition of 6 ul of chloramine T
(1 mg/ml of H;O, 21.5 nmol). After 1 min the reaction was
quenched by the addition of 8 ul of sodium metabisulfite (1
mg/ml of H,0, 42 nmol). The radiolabeled products as well as
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the starting material were extracted into ethyl acetate (three
times in 300 ul), concentrated, and applied to a TLC plate
(Silica Gel 60, 5 X 20 cm, EM Reagents). The plate was
developed in toluene/isopropanol/ammonium hydroxide
(85:15:1), and the radiolabeled product (V), which comigrated
with nonradioactive acetylated '*’I-rau-pAPC, was scraped
from the TLC plate, eluted from the silica with methanol (three
times in 300 ul), and subsequently concentrated under nitrogen.
Separation of compound V from unreacted starting material
by TLC was not complete and thus further purification utilized
reverse phase HPLC as described below.

Step 3: 17a-Hydroxy-20a-yohimban-168-(N-4-amino-3-['%I]
iodophenethyl)carboxamide ('?’I-rau-pAPC). Acetylated *°I-
rau-pAPC (V) was deprotected in 1 N NaOH in methanol for
3 hr at room temperature. The deacetylated product was ex-
tracted into ethyl acetate, concentrated, and then purified by
HPLC on an ODS 5-um C,s reverse phase column (Altex),
eluting with a 25/55 gradient of acetonitrile/0.1 M ammonium
bicarbonate (Fig. 4). Fractions of the eluate from HPLC con-
taining the radiolabeled product were concentrated by lyophi-
lization, and '*I-rau-pAPC was subsequently stored under vac-
uum in methanol containing 0.1 mM phenol at 4°. The final
yield of '®I-rau-pAPC was 200-300 uCi. **I-rau-pAPC and
nonradioactive **’I-rau-pAPC comigrated by TLC analysis in
two different developing solvent systems [toluene/isopropanol/
ammonium hydroxide (85:15:1) R; = 0.4; methylene chloride/
methanol (17:3) R, = 0.35].

Instrumentation

NMR spectra were recorded on a Bruker WM250 spectrom-
eter, IR spectra were recorded on a Perkin-Elmer 283B record-
ing infrared spectrometer, and UV spectra were recorded on a
Hewlett-Packard 8450A array spectrometer. The Beckmann
model 420 system was attached to a variable wavelength spec-
trophotometer (Hewlett-Packard model 8450A), computer
(Hewlett-Packard model 85), and data plotter (Hewlett-Pack-
ard model 7225B).
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