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AbstractÐA series of yohimbine dimers was prepared and evaluated at the human a2a- and a2b-adrenergic receptors (ARs)
expressed in Chinese hamster ovary (CHO) cells. All dimers display higher binding selectivities for a2a versus a2b subtype than
yohimbine, and four compounds (3d, 3e, 3g and 3i) represent the most potent and a2a- versus a2b-AR selective ligands identi®ed so
far. # 2000 Elsevier Science Ltd. All rights reserved.

Following the pharmacological classi®cation of the a-
adrenergic receptor (AR) into a1- and a2-ARs,1 the a2-
ARs were further subdivided into a2A(a), a2B(b) and
a2C(c) subtypes based on pharmacological and mole-
cular biological studies.2 a2-ARs belong to the seven-
transmembrane G protein-coupled receptor super-
family.3 The existence of these a2-AR subtypes has sti-
mulated extensive interest in exploring the physiological
relevance of each subtype. Gene targeting strategies
have been applied to all three a2-AR subtypes,4 these
studies have provided some answers to this exploration.
However, the availability of a2-AR subtype-selective
agents, especially antagonists, would greatly help to
advance our knowledge of functions mediated by these
a2-AR subtypes. This knowledge will also help to pre-
dict the pharmacological and therapeutic properties of
a2-AR subtype-selective agents.

Although there have been a number of a2-AR antago-
nists,5 only a small set of compounds have been reported
that have a varied degree of selectivity among the three
subtypes of a2-AR. However, these latter compounds

su�er from either low subtype selectivity or binding to
receptor sites outside the a2-AR subfamily.5a,6

In this paper, we wish to report our preliminary e�orts
toward employing the bivalent ligand approach to
identify a2-AR subtype-selective antagonists. The biva-
lent ligand approach has been successfully utilized in
developing highly potent and selective ligands in a
diverse set of receptor systems,7 such as the opioid and
serotonergic receptors, two members of the seven
transmembrane G protein-coupled receptor super-
family, as well as the growth factor receptor system. In
these studies, it was demonstrated that bivalent ligands
exhibit a higher degree of potency and selectivity than
their monovalent counterparts. This superior activity of
bivalent ligands was shown to result from the bridging
between either vicinal receptors or the pharmacophore
binding site and another accessory site in the same
receptor molecule.7a±d

The following two factors were taken into consideration
in designing our bivalent yohimbines 3a±j. Firstly,
yohimbine (1) is a known potent and selective a2-AR
antagonist, and has been used extensively as a pharma-
cological probe for studying the a2-AR.8 However,
yohimbine does not show selectivity among three a2-AR
subtypes.2c,d Secondly, the point of attaching spacers on
the pharmacophore should be selected so that the ligand
receptor binding interactions would not be impaired.
Our choice of the C-16 carboxyl of yohimbine as the
spacer attaching point was based on the report that the
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yohimbine-agarose conjugate (2) is an excellent a�nity
chromatography matrix for large scale and micro-
puri®cation of multiple a2-AR subtypes.9

The designed yohimbine dimers were prepared by cou-
pling the commercially available yohimbinic acid with
aliphatic a,o-diamines under standard peptide coupling
condition (Scheme 1),10 and were evaluated on human

a2a- and a2b-AR expressed stably in Chinese hamster
ovary (CHO) cells. The binding a�nities of yohimbine
and these dimers are given in Table 1. [3H]Rauwolscine
was used as the radioligand in equilibrium competition
binding experiments. Yohimbine was included as the
monovalent compound against which bivalent yohim-
bines were compared.

Several features are evident from the data in Table 1.
Firstly, all of the yohimbine dimers displayed equal or
lower a�nity than the parent antagonist for the a2a
subtype; a�nity for the a2b adrenoceptor was reduced
to a much greater extent. The lack of enhanced a�nity
of a dimer for either subtype may imply that the spacers
of these bivalent ligands are not long enough to achieve
the bridging of vicinal receptors. This consideration has
been the basis for our preparing further bivalent
yohimbines with longer spacers which are being evaluated

Scheme 1.

Table 1. Binding a�nities (Ki) of bivalent yohimbines on human a2a- and a2b-AR expressed in CHO cellsa

Ki�SEM (nM)c a2a/a2b

Compound n Formulab a2a-AR a2b-AR Selectivityd

Yohimbine 0.42�0.04 2.01�0.29 4.8
3a 2 C42H52N6O4

.2HCl.2.5H2O 26.4�7.3 1510�262 57.2
3b 3 C43H54N6O4

.2HCl.2H2O 52�3.2 990�85.2 19.0
3c 4 C44H56N6O4

.2HCl.2H2O 15.3�6.2 188.6�38.1 12.3
3d 5 C45H58N6O4

.2HCl.1.8H2O 1.73�0.26 134.3�38.1 77.6
3e 6 C46H60N6O4

.2HCl.3H2O 1.35�0.27 166.2�56.7 123.1
3f 7 C47H62N6O4

.2HCl.3H2O 0.87�0.18 27.6�4 31.7
3g 8 C48H64N6O4

.2HCl.2.2H2O 0.76�0.12 46�7.6 60.5
3h 9 C49H66N6O4

.2HCl.2.5H2O 1.25�0.29 44.7�1.9 35.8
3i 10 C50H68N6O4

.2HCl.2.5H2O 0.39�0.08 18.6�1.6 47.7
3j 12 C52H72N6O4

.2HCl.2.5H2O 1.18�0.38 18.5�0.57 15.7

aData represent the mean�SEM of four to nine experiments. [3H]Rauwolscine (2.54 nM) was used as the radioligand in the equilibrium competition
binding assays, and the nonspeci®c binding was measured in the presence of 10 mM of yohimbine.
bC, H, N analyses were within 0.4% of theory.
cKi (nM) was calculated according to the Cheng±Pruso� equation Ki � IC50=�1� �L�=Kd�16 from determined IC50 values. Kd values for [3H]rau-
wolscine at human a2a- and a2b-AR expressed in CHO cells were from ref. 6d.
da2a/a2b Selectivity=

Ki�a2b�
Ki�a2a�.

628 W. Zheng et al. / Bioorg. Med. Chem. Lett. 10 (2000) 627±630



at the a2-AR subtypes. Our decision to prepare the
dimers with longer spacers was also facilitated by recent
reports showing that receptor cluster formation was
observed immunomicroscopically for the a2a-AR,11 and
that a2a- and a2c-AR can exist as dimers.12 Secondly,
lower binding a�nities were observed for all bivalent
yohimbines on the a2b than on the a2a subtype. The
highly divergent extracellular loops between the a2a and
a2b subtype, in contrast to their highly homologous
seven transmembrane regions, may have imparted the
di�erential a�nities of yohimbine dimers on the a2a and
a2b subtypes.3,13 One prominent feature of this extra-
cellular loop diversity between a2a- and a2b-AR is the
di�erential distribution of acidic and basic amino acid
residues in these loops. Basic residues are in a pre-
ponderance over acidic residues at a2b-AR, compared to
their distributions at the a2a-AR. If we assume that the
extracellular loop amino acid residues have the same
pKa values when they are in the loop microenvironment
and when they are free in the solution, the extracellular
loops of the a2b-AR are more positively charged than
the extracellular loops of the a2a-AR under our biolo-
gical evaluation condition (pH=7.4). Therefore, the
binding of one protonated yohimbine moiety of the
bivalent yohimbines at the receptor active site, which is
within the seven transmembrane regions,2c,3a will inevi-
tably place the second protonated yohimbine moiety in
an environment where strong electronic repulsion
between the protonated yohimbine moiety and the
highly positively charged extracellular loops of the a2b-
AR is expected. This destabilizing electronic e�ect is
expected to disturb the binding process of the yohim-
bine at the a2b-AR active site, thus, lower binding
a�nities were observed. However, on the a2a-AR, the
weak electronic repulsion between the much less posi-
tively charged extracellular loops and the protonated
yohimbine moiety is not expected to strongly disturb the
binding of the yohimbine at the receptor active site.
Furthermore, a2A(a)-AR from both native tissues and
model cell lines are highly glycosylated at the extra-
cellular N-terminal region,9b,14 whereas a2B(b)-AR is
not.15 It is likely that the complex carbohydrate trees of
the a2a subtype shield the exposed charge, and thus
further attenuate the electronic repulsion between
extracellular loops and protonated yohimbine. A higher
binding a�nity was thus observed for a yohimbine
dimer on the a2a than on the a2b subtype.

In conclusion, all yohimbine dimers in this study display
binding selectivities for human a2a- versus a2b-ARs
expressed in CHO cells, with peak selectivity occurring
for 3e (n=6). To our knowledge, four of these dimeric
compounds, i.e. 3d (n=5), 3e (n=6), 3g (n=8), 3i
(n=10) represent the most potent and selective (48-fold
to 123-fold) ligands identi®ed so far for human a2a-
versus a2b-ARs expressed in CHO cells. The functional
studies for the above four compounds are in progress,
and we plan to evaluate these dimers on human a2c-AR
expressed in CHO cells. The results from these studies
will be reported in due course.
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