
ABBREVIATIONS: EIA, 5-(N-ethyl-N-isopropyl)amilonde; MIA, 5-(N-methyl-N-isobutyl)amilonde; 0GB, 3’ ,4’-dichlorobenzamil; CBDMB, 5-(N-4-
chlorobenzyl)-2’,4’-dimethylbenzamil; A-EIA-AS, 5-[N-2’-aminoethyl-N’-isopropyljamilonde-N-[4”-azidosalicylamidej; ASA-EIA, 5-[N-2’-(4”-azidos-
alicylamidino)ethyl-N’-isopropyl]amiloride; DPBS, Dulbecco’s phosphate-buffered saline; HEPES, N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic
acid; EGTA, [ethylenebis(oxyethylenenitrilo)]tetraacetic acid; MOPS, 3-(N-morpholino)propanesulfonic acid.
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SUMMARY
Two novel amiloride analogs have been synthesized during the

course of efforts to develop a photoaffinity label for the amiloride
allosteric domain on a2-adrenergic receptors. One of these, 5-
[N-2’-aminoethyl-N’-isopropyl]amilonde-N-[4”-azidosalicylam-
ide] (A-EIA-AS), markedly accelerates the rate of dissociation of
[3H]yohimbine from affinity-purified a2-adrenergic receptors, an
assay for allosteric modulation of receptor-adrenergic ligand
interactions. In contrast, this agent does not appreciably inhibit
Na�/H� exchange, measured as 5-(N-ethyl-N-isopropyl)amiloride
(EIA)-inhibitable 22Na� uptake into cultured renal epithelial cells.

A second analog, 5-[N-2’-(4”-azidosalicylamidino)ethyl-N’-iso-
propyl]amilonde (ASA-EIA), does not foster an accelerated rate
of dissociation of [3H]yohimbine binding from the a2 receptor but
does block the ability of A-EIA-AS to do so, suggesting that
ASA-EIA and A-EIA-AS interact at a common binding site. Inter-
estingly, the ability of EIA to accelerate [3H]yohimbine dissocia-
tion is not blocked by ASA-EIA, a finding that may indicate that
EIA and A-EIA-AS allostencally modulate a2 receptor-ligand in-
teractions via distinct or nonoverlapping binding sites.

The a2-adrenergic receptor is one of a family of seven mem-

brane-spanning receptors that are linked to the inhibition of
adenylate cyclase via an inhibitory GTP-binding protein. It has
been demonstrated previously that adrenergic ligand binding
to the a2A and a2B subtypes of this receptor, as well as the D2
dopamine receptor, can be modulated allosterically by mono-
valent cations and amiloride analogs (1-5). Mutagenesis studies
have shown that the allosteric regulatory site on the a2 receptor
for cations is distinct from that for amiloride analogs (6). Thus,

mutation of Asp79 of the a2 receptor to an asparagine results in
a complete loss of allosteric regulation of the receptor by cations

(6), without perturbing the ability of amiloride analogs to
modulate allosterically receptor interactions with adrenergic

agents.
In order to refine our understanding of allosteric modulation

of the a2 receptor by amiloride analogs, we wish to map this
domain of the a2-adrenergic receptor biochemically, as a prel-
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ude to rational mutagenesis studies intended to evaluate the

functional relevance of allosteric modulation of receptor-ligand

interactions by amiloride analogs.

Previous studies have demonstrated that analogs of amiloride

that block Na�/H� exchange, e.g., the 5-amino-substituted

analogs EIA and MIA, also allosterically regulate adrenergic

ligand binding to the ct2-adrenergic receptor, whereas analogs

that do not block Na7H� exchange, e.g., the guanidino-substi-

tuted analog DCB and the guanidino- and 5-amino-substituted

analog CBDMB, are less effective in modulating the a2 receptor,

at equimolar concentrations (1, 2, 7). Unfortunately, many of

the available amiloride analogs that have been used to modify

the epithelial Na� channel covalently (8) are modified on the

guanidino moiety and lack substitution at the 5-amino position.

In addition, 5-amino-substituted analogs that have been used
to modify the renal Na�/H� exchanger either are not radiola-

beled or do not possess a photoactivatable moiety (9, 10).

Consequently, we have attempted to develop a photoactivata-

ble, radioiodinated, amiloride analog to label covalently the
allosteric regulatory site on a2-adrenergic receptors, with the

specificity characteristic of the functional effects elicited by
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amiloride analogs. In the course of developing such a covalent

label, we have synthesized a variety of novel amiloride analogs.

Examination of these analogs with respect to their ability to
modulate adrenergic ligand binding to the a2-adrenergic recep-
tor, compared with modification of Na�/H� exchange activity,

has led to two interesting and unanticipated observations. First,

an analog (dubbed A-EIA-AS) was developed that altered ad-

renergic ligand binding to the ct2-adrenergic receptor but did

not block Na4/H� exchange in renal epithelial cells in culture.

This is the first indication that an amiloride analog can mod-

ulate adrenergic ligand binding to the a2 receptor without

having overlapping effects at the Na7W exchanger. Second,
an analog (ASA-EIA) was developed that did not allosterically

modulate binding to the a2 receptor but, nonetheless, was able
to block the allosteric regulatory effects of A-EIA-AS. In con-

trast, ASA-EIA did not block the allosteric regulatory effects
elicited by EIA. These latter observations suggest either that

there is more than one amiloride analog binding site on the a2

receptor or that nonoverlapping sites in one binding pocket

exist for these modulatory agents.

Materials

Experimental Procedures

The synthesis of the novel amiloride analogs A-EIA-AS and ASA-

EIA will be described elsewhere.’ EIA, DCB, and CBDMB were syn-
thesized as previously described (7, 11) and purchased from Dr. E. J.

Cragoe, Jr. The yohimbine-agarose affinity resin was synthesized in

our laboratory as previously described (12). [3H]Yohimbine, p-[’25I]

iodoclonidine, and 22Na�’ were purchased from Du Pont-New England

Nuclear. Cell culture medium was obtained from GIBCO Laboratories.

Fetal calf serum was from Sigma. The porcine kidney cellline LLCPK,/

CL, was generously provided by Dr. Carolyn Slayman (Yale University).

Transwell filter dishes (24 mm) were purchased from Costar.

Methods

Transfection and expression of the a2-adrenergic receptor in
LLCPK,/C14 cells. LLCPKI/C14 cells were co-transfected with an
expression plasmid (pCMV4) containing the a2-adrenergic receptor

gene (13) and a plasmid containing a neomycin resistance gene, using

a standard calcium phosphate transfection protocol (14). Neomycin-

resistant clones were screened for ct2-adrenergic receptor binding with

L:;H]yohimbine and p-[’251]iodoclonidine. A clone that overexpressed

the a2 receptor (referred to throughout the text as the LLCPK,/O-

clone) was selected as a source from which to purify the a2-adrenergic

receptor.

Culture of the LLCPK,/C14 parental cell line and LLCPK1/O-
clone. The parental LLCPK,/Cl4 and transfected LLCPK,/O-clone
cell lines were maintained in a-minimal essential medium with 10%

fetal calf serum, 100 IU of penicillin, and 100 �g of streptomycin, in an

atmosphere of 5% C02/95% air. The parental LLCPK,/C14 cell line

was used for Na�/H� exchange experiments in which the ability of

amiloride analogs to block 22Na uptake was assessed. For these exper-

iments, LLCPK,/Cl4 cells were plated on 0.4-gm Transwell filter

dishes, at a density of 2 x iO� cells/24-mm well (day 0). The medium

was replaced with fresh medium on day 4 and every day thereafter.

The cells were typically used on day 7, 8, or 9.

The LLCPK,/O-clone cells were used as a source for purification of
the porcine brain a2-adrenergic receptor. Cells were plated on 150-mm

dishes, at a density of 1.8 x 106 cells/dish. Cells were typically grown

for 4 days and were intentionally allowed to grow on top of one another,

to conserve plasticware and medium.

Solubilization and purification of the a2-adrenergic receptor.
LLCPK,/O-clone cells were harvested by removal of the medium,
placement of plates on ice, and pipetting of 10 ml of DPBS (2.7 mM

KC1, 1.5 mM KH2PO4, 137 mM NaCl, 8.1 mM Na2HPO4, pH 6.89) into

each dish. The DPBS was then removed, and 10 ml of DPBS containing

1 mM EDTA were added. Cells were gently resuspended with a rubber

policeman, pooled, and transferred to 50-ml Sorvall tubes. The tubes

were centrifuged in an SS 34 rotor at 4’ for 10 mm at 18,000 rpm, in a

Sorvall RC-5B centrifuge. The supernatant liquid was discarded, and

each pellet was resuspended, using a transfer pipet, in 10 ml of 15 mM

HEPES, 5 mM EGTA, 5 mM EDTA, pH 8, iO� M phenylmethylsulfonyl

fluoride. Lysates were then pipetted up and down 20 times through a

20-gauge needle. The particulate preparations were then pooled into

four 50-ml Sorvall tubes and centrifuged as described above. The

supernatant liquid was discarded, and the pellets were resuspended in

5 ml of 25 mM glycylglycine, 20 mM HEPES, 40 mM NaC1, 5 mM

EGTA, pH 8 (membrane buffer), using a transfer pipet, and were then

transferred to a Teflon-glass homogenizer. The tube was then rinsed

with 2 ml of membrane buffer, and the rinse was added to the homog-

enizer. Membranes were homogenized by 10 up and down passes on
ice, in the homogenizer. The membranes were then pooled and assayed

by incubation of 10 �l of the preparation with 7.5 nM [3H]yohimbine

for 30 mm at 25’ . Bound radioligand was separated from free by vacuum

filtration over Whatman GF-B filters. The estimates of binding were

determined in order to optimize the detergent/receptor ratio for solu-

bilization.

Membranes were then placed in 50-ml Sorvall tubes and centrifuged

at 4’ for 30 mm at 18,000 rpm. Each pellet (corresponding to approxi-

mately 400 pmol of a2 receptor binding) was resuspended in 5 ml of

solubilization buffer (1% digitonin, 25 mM glycylglycine, 20 mM

HEPES, 100 mM NaC1, 5 mM EGTA, pH 8). The membranes were

then transferred to a Teflon-glass homogenizer, and a 2-ml rinse of

solubilization buffer was added to each tube. The receptor was extracted

into the digitonin-containing buffer by homogenization with 10 up and

down passes, followed by sonication for 30 mm on ice in a bath

sonicator. Before sonication, the solubilized preparation was diluted to

an approximate receptor concentration of 6.25 pmol/ml. The digitonin

extract was centrifuged at 29,000 rpm (100,000 x g) in a type 30 rotor

for 1 hr at 4’ , in a Sorvall OTD55B ultracentrifuge. The supernatants

of this centrifugation were operationally defined as the “solubilized
receptor preparations.” Soluble a2-adrenergic receptor binding was

assayed as previously described (12).

Purification of a2-adrenergic receptor. Digitonin-solubilized
preparations of the a2-adrenergic receptor (approximately 150 x 106

cpm of [3Hjyohimbine binding activity detected at 7.5 nM radioligand,

i.e., approximately 2 nmol of binding activity) were adsorbed to 4 ml

of yohimbine-agarose, at a flow rate of 10 ml/hr, in a 15- x 0.9-cm

(inner diameter) Pharmacia column, at 4’. It typically took 4 days to

adsorb the entire volume of the receptor preparation. The affinity resin

was then washed with 0.3% digitonin, 50 mM HEPES, 500 mM NaCl,

5 mM EGTA, pH 7.6, for 2.5 days, at a flow rate of 10 ml/hr. The resin

was then washed for 2 hr at 10 ml/hr in 0.2% digitonin, 50 mM HEPES,

5 mM EGTA, pH 7.6, without added sodium. The resin was then

equilibrated with the a2 antagonist phentolamine, under conditions in

which elution in the presence of the adrenergic ligand does not readily

occur (i.e., wash with 0.2% digitonin, 50 mM HEPES, 0 mM NaCl, 5

mM EGTA, iO� M phentolamine, pH 7.6, for 2 hr at 10 ml/hr). The

a2-adrenergic receptor was then eluted from the affinity resin with

0.2% digitonin, 50 mM HEPES, 50 mM NaC1, 5 mM EGTA, 10� M

phentolamine, pH 7.6, at a flow rate of 4 ml/hr. Phentolamine was

removed by exchange over 0.5- x 7-cm Sephadex G-50 columns before

eluates were assayed for [3H]yohimbine binding, to determine receptor

binding activity in the various column eluates (12). For the study of

allosteric modulation ofa2 receptor binding, 2-ml aliquots ofthe column

eluates were exchanged into 0.2% digitonin, 25 mM glycylglycine, 40

mM HEPES, 100 mM N-methyl-D-glucamine, 5 mM EGTA, pH 8, using

1.0- x 30-cm Sephadex G50 columns (12).
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Monitoring of the rate of [3H]yohimbine dissociation. Associ-

ation of 7.5 nM [3H]yohimbine with yohimbine-agarose-purified a2-

adrenergic receptor was performed in 0.2% digitonin, 25 mM glycylgly-
cine, 40 mM HEPES, 100 mM N-methyl-D-glucamine, 5 mM EGTA,
pH 8, for 1 hr at 15�. The incubation temperature was then lowered to

10* for 30 mm before initiation ofthe dissociation phase of the reaction

by the addition of 50 MM unlabeled yohimbine. It was previously

determined that the addition of even more yohimbine did not further

alter the rate of [3Hjyohimbine dissociation, indicating that 50 .tM

yohimbine was sufficient to occupy fully the adrenergic binding pocket

during the dissociation phase. The rate of [3H]yohimbine dissociation

was then monitored in the absence and presence of the various amilor-

ide analogs, at the indicated concentrations. Because the adrenergic

binding pocket was occupied fully by either [3Hjyohimbine or unlabeled

yohimbine during the dissociation phase of the experiment, any influ-

ence of amiloride analogs on the rate of [3Hjyohimbine dissociation
must be due to interaction at another, termed allosteric, site.

Bound radioligand was separated from free [3H]yohimbine by Seph-

adex G50 chromatography (12). Separation times ranged from 12 to 20

mm, depending on the age of the column. Nonspecific binding was

defined as that [3H]yohimbine binding detected in the presence of 10

�M ph�ntol�min�
MunKorlug of blI�*l�r�sl N�t/W ��h�tngt’ In L�LCPK,/Cl4

1441$, Ti�u� �iiltur�-tr�t�d �i�-w@tl Tr�newsll filter dishes (Co�t�ir

(�imhridg� MM w�r� n�4 � ths �ub�tr�te for LL�CPK�/Cl� �ell� W�
e�iimin�d h�ol�ter�l r�th�r ttmn �pi�l N�t/Ht ��h�nge �wtiviiy iii

LI�CPK/Ct4 c@tt� b�c�u�e h�ol�t�r�t @x�h�ing� is 3t)(i-fc44 more �en�

�itiv� to InhIbition by �*milori4e �nd lt� �n�*logs thz�n is tipic�l Na’/J-l’
� �tnd, thus, iiwrs��s ilw �neitivlty for d�t�iitin of ttflecte id

nnv�l �tmilorid� �n�log� on this tr�nthport �tivity (in). Th� celib wt�rt�
pl�it�d �t 11 d�n�lt�v of � � l0� c�ll�/fllt�r In i6-mInlm�l �b�sintli�l
medium under 5% C0�/9#{241}%�ir �n4 were grown in �ultur� for 7 tbiy�,
l4lltU �onflu�n� With Qbt�LIWfI? TIw rn�4it�m w� ch�Rlled flfl titty 4 �*nd
then on every other day A conflu�,u rnonol�y@r w�s oht�in�d i*rotind

(lt*?v 7 (15), For �4N� tipt�k� �1nalysith, filter ins�rt� were tranbf�rred to

(��n tn-ilture weltb, �R4 th� r�m�ning m�C1iLIn� WL�b removed 1w
riU�on Th� Tr�n�well �ultur�s wsr� m�int�irw4 �t 37 dttring �sa�y by

pl�t�m�nt ofth� pt�tes on i* Fs�hsr pl�t� w�irrner To @�wh �tirnp�rtnwn1
w�s �dtLI�t:I 1,5 ml of KMBS huffsr ( if) mM MOPI4I 1�S mM KCI :�
C�ctuI � mM MgCl� �C) mM N-rn�thyl�o-gluciimitw pH 1I�) �ont�niri�
S �M niger�ln Th@ nig�ri�in w� �drled to eqtsilibr�t� e�tr�w�llist�r t�nil
lntr��llular pH �1n4 this s�t intracettul�r p1-I �t p11 6f Th� pbitt* was

swirlad gently for tha flr�t �0 � o mintuas 1 �, and 3 and was kapt
at 37’ for a total of TO mm At�er thi� tinw tha KMB�ni�ariCin htiftar
waa ramoverl by aapiration and repla�ad with l?fi � #{231}ifKMB� butter
�nntainln� 0,5% bovine aeruns albumin, to hind any residual nillericin
and ISOt) �M ouabain to inhihil Nat/1(’ Al1Pasa a�tivify before the
2�Nat uptake phaae of the e�periment The plate was again swirled
gently for the firat �0 se� of minutes I � and 3 and wa� kept al ;ir
for a total of S mm For measurement of �Nat uptake on i he hasolateral
aide of the polar�ed LL�CPK,/Cl4 �ells the TransweU rnen�hrane was
gently lifted fto)tfl the well and pla�e4 in another well containinli 1.�
ml of the �2Nat uptake buffer The �omposiIion of the ��Na’ ulltake
butTer was it) ruM MOP1� 1’�0 mM N-methyl-n-glucaruine, lii mM

NaCI #{241}mM KC1 � mM (‘aCl2 2 mM MgCl� p11 7�4 Wit) �M ouahain
arid I Ht’i/ml 22Na� � When evaluated amiloride analogs were added
dire�ily to the � uptake buffer before transfer of the Transwell
filter Io the vulture well The plate was then swirled conminniusly for
e�a.�tlv ;� mm The buffer was then aspirated from each .�ompartment
and the fllter unit was genily washed three iimes in ice-cold 0.1 M

M�Cl2 The cells were then soluhiliit*d with tf� ml nt ()f�#{176}�sodium
dodecyl sulfate that waa placed in each compartment and swirled for
45 se� The resulting liquid was removed and analy�ed for radioat�mivity
in a Beckman (lamma 4000 �, counter, Nat/l-lt e�t1hange a#{149}’Iivilywas
defined as amiloride�sensitive �4Na� uptake detected on the hasolateral
surfaCe of polarized LI4CPK,/(�l4 �ells whwh based on the well char-

acterized transport properties of the Cl4 clonal cell line, is an appropri-

ate operational definition for Na7H� exchange (15).

Results and Discussion

It has been shown previously that amiloride analogs that are
substituted at the 5-amino position of the parent compound

amiloride, such as EIA and MIA, accelerate the rate of [:IH]

yohimbine dissociation from the a2-adrenergic receptor. In
contrast, DCB, a guanidino-substituted analog, and CBDMB,
an analog substituted on both the 5-amino and guanidino

moieties, do not appreciably accelerate dissociation when used

at equimolar concentrations (1-3). The structures of the newly

synthesized amiloride analogs (A-EIA-AS and ASA-EIA) are

shown in Table 1 and are compared with the structures of the
parent compound, amiloride, and of analogs previously char-

acterized for their effects on the a2-adrenergic receptor. The

ability of amiloride analogs to alter the rate of [3H]yohimbine

dissociation from partially purified a2-adrenergic receptors is

utilized in our laboratory as a measure of the ability of regula-

tory agents (ci moclulete &loflteridahly iulrenergic ligand hinding

to thti (42 receptor (see ExPerimental Proctidurea), Interestingly
A-EIA�AS1 tin analog that �s substituted tin both the 5-muiiino
and guanidino moieties of the pm�renl t�ompound amiloride,
acce1�rnt� the rate of dissociation mtivh more dramatically
thtln does EtA, wh�ch to date had been the most ett�ctive
am�1or1de �irsttlog tillosterk modulator of the � receptor (Fig,
IA) (l-:i)� The effect ofA-l�IA-4S to accelerate the rate of I HI
yohlmbine di�ocitttion from the ii� receptor apjmars to he very
rapid, Approximately $0’� of the tritiated antagon�at is
dated from the recejitor, �n the t1�persn�ents depicted in Fig

IA by the 2Ornirt time point Although it would he desirable
to consider time jitlints earlier than � rain it is technically
unreasonable to do �o, based tn the limitation inijosecl by the
time required to separate hound from free radioligand by Gfd)
chromatography (aee ExPerimentlil PrOctidUrt3a) In any case,
the effect of A-EIA-AS appears to he qualitatively greater in
rate and extent than previously observed Icir any amiloride
analog modulation of the � receptor (�oncentrattt1n-rt�sj)onse
curves for the ability itt A�ElA-AS EtA and ASA-KIA to
accelerate the rate of f Hlyohimhine dissociation art’ shown in
Fig 2 The EC� values (hr A�EIA-AS and EtA appear to he
very similar (approximately 4(1 �M mind fit) j�tM respettively),
but A�EIA�AS appears to he mure etticacious, because it elicits
a greater maximal response, The concenlration-reaptinsti curve
for A-EIA�AS also is particularly steep and may reflect a
ct)operattve Interact ion md t he amilmiride analog-binding doinain
with th� adr�norgic ligand�hinding pocket, In contrast to the
effects of A�EIA-ASl, AMA-EtA, an analog substituted solely at
the 5-amino po�i1ion of amiIor�de, does not detectably alter the
rate of I Ulyohimbine (lissociation (rum the receptor. Ii ahould
he noted that both A-EIA-AS and ASA-EIA l)#{176}ssessthe a�ti-

dosalicylamide moiety In AMA�l�lA this moiety ic attached at
the fl-amino position whereas in A-l�IA�AS it is attached to
the guanidino moiety ‘l’hus it probably is not only I he a�.idoa-
alicylamide attachment of A-EtA-AS that makes it an et’ltuiive
alloster(c modulator ut the � receptor; the site of attachment
of the azidosalicytamide moiety �s also crit�eal.

Given the previous (lading that amiloride analogs that nibs-
tericabby regulate t he it-adrenergit’ receptor also I)Iock Na ‘

exchange and that analogs that do not modulate the � receptor
are not effective blockers of Na/H’ exchange (1 :i, 7), ii was
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Fig. 1. Amiloride analog structures
Amilonde backbone

H

A-EIA-AS 5-[N-2’-Aminoethyl-N’-isopropyl)amilonde-
N-[4”-azidosalicylamide]

ASA-EIA 5-[N-2’-(4”-Azidosalicylamidino)ethyl-N’-iso-

propyl]amiloride

EIA 5-(N-Ethyl-N-isopropyl)amiloride

H2N� -CH2_Q_Cl DCB 3’ ,4’-Dichlorobenzamil

Cl__Q_-CH2-NH�’ -CH2_Q_CH3

CM3,-

CBDMB 5-(N-4-Chlorobenzyl)-2’ ,4’-dimethylbenza-
mil)

0

z

0

w

z

0

C)

C)

:: o 20 40 60 00 100

TIME, m5utes

Fig. 1. A-EIA-SA allosterically modulates ligand binding to the a2-adre-
nergic receptor but does not block Na’/W exchange. A, The rate of [3H]
yohimbine dissociation from the a2-adrenergic receptor was evaluated
as described in Experimental Procedures. The data shown represent the
means ± standard errors from three experiments, each performed in
triplicate, in which the ability of 100 �M A-EIA-AS, ASA-EIA, EIA, DCB,
and CBDMB to alter the rate of [3Hjyohimbine dissociation from the a2-

adrenergic receptor was determined. B, The ability of A-EIA-AS (#{149}),EIA
0’ ASA-EIA (A), and DCB (�) to block 22Na uptake in LLCPK1/Cl4 cells
at the indicated concentrations was evaluated (see Experimental Proce-
dures). These data represent the means ± standard errors of three
experiments. DMF, dimethylformamide.

of interest to examine A-EIA-AS and ASA-EIA with respect to

their ability to block Na�/H� exchange. Surprisingly, A-EIA-
AS does not significantly block Na�/W exchange, as monitored

in the porcine kidney LLCPK,/C14 cell line, whereas ASA-EIA

does, although not as potently as does EIA (Fig. 1B). The

differential quantitative effects of A-EIA-AS for allosteric mod-
ulation of the a2-adrenergic receptor versus blockade of Na�/
W exchange are significant, because this is the first example

of an amiloride analog that markedly modulates a2 receptor-

[AMILORIDE ANALOG], pM

Fig. 2. A-EIA-AS and EIA have similar potencies, but A-EIA-AS is more
efficacious with respect to its ability to modulate the a2-adrenergic
receptor allosterically. The ability of A-EIA-AS (S), EIA (B), ASA-EIA (A),
DCB (Li), and CBDMB (0) to accelerate the rate of [3H]yohimbine
dissociation from the a2-adrenergic receptor was evaluated, with the
indicated concentrations of analog, 60 mm after the initiation of the
dissociation phase of the reaction (see Experimental Procedures). Data
shown represent the means ± standard errors of three experiments
performed in triplicate. The data are not normalized but, rather, are
plotted as percentage of [3H}yohimbine dissociated in the absence of
amilonde analog (control). In this series of experiments, the extent to
which [3H]yohimbine dissociated from the receptor in the presence of
100 �iM A-EIA-AS was slightly greater than that observed for the data
shown in Fig. 1 (e.g., an average of 98% versus 91 % dissociated at 60
mm).

adrenergic ligand interactions but does not similarly inhibit
Na�/H� exchange. These data suggest that it is possible to
design compounds that interact selectively with the amiloride

analog binding site of the a2 receptor while not having overlap-
ping effects at the Na�/H� exchanger, as a first step to evalu-
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amiloride analogs on a2-adrenergic receptor-mediated functions

without confounding effects due to blockade of Na� transport

systems. In much the same way, the ability of ASA-EIA to
block allosteric effects of A-EIA-AS provides a tool to examine

the possible role of endogenous substances at this site as
allosteric modifiers of a2-adrenergic receptors, or of other re-

ceptors previously demonstrated to be allosterically modulated

by amiloride or its analogs, such as D2 dopamine receptors (4).
Finally, the novel amiloride analogs described, A-EIA-SA and

ASA-EIA, are both azido derivatives of amiloride and, thus,

can be exploited to modify covalently the a2-adrenergic recep-
tor, for mapping of the amiloride regulatory domains and for

exploration of whether, as suggested by ASA-EIA protection

data, more than one modulatory binding pocket exists for

amiloride analogs on the a2-adrenergic receptor.

ating the effects of these compounds on a2-adrenergic receptor-

mediated functions.

The data in Fig. 3 suggest that the different effectiveness of

A-EIA-AS and EIA for eliciting allosteric modulation of adre-
nergic ligand binding to the a2 receptor may result from the
ability of these two agents to interact with different allosteric

sites on the receptor. Thus, although ASA-EIA does not accel-
erate the rate of [3H]yohimbine dissociation, it can completely

block A-EIA-AS-mediated acceleration of dissociation. ASA-

EIA does not, however, alter the effect of EIA on a2 receptor-

ligand interactions. This differential protection by ASA-EIA

from the effects of A-EIA-AS, but not of EIA, on allosteric

modulation of a2 receptor-ligand interactions suggests that A-
EIA-AS and ASA-EIA interact with a site that is distinct from

the EIA binding site. However, simultaneous addition of EIA

and A-EIA-AS does not further enhance the effects of A-EIA-
AS (data not shown). This apparent nonadditivity of EIA and

A-EIA-AS may mean that nonoverlapping sites for differing
amiloride analogs exist within a single binding pocket or that

two allosteric modulatory sites do exist for amiloride analogs

on the a2 receptor but, once maximal conformational changes

have been activated by A-EIA-AS, the independent but less
dramatic effects of ETA cannot be detected.
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Fig. 3. ASA-EIA blocks the ability of A-EIA-AS but not EIA to modulate
the a2-adrenergic receptor allostencally. The rate of [3H]yohimbine dis-
sociation from the a2-adrenergic receptor was evaluated (see Experi-
mental Procedures) at the indicated times, in the presence of 50 �M A-
EIA-AS, 200 �M ASA-EIA, or 50 �M A-EIA-AS and 200 �M ASA-EIA in
combination (A) or 50 �zM EIA, 200 �zM ASA-EIA, or 50 �M EIA and 200
�uM ASA-EIA in combination (B). Data shown are the means ± standard
errors of three experiments performed in triplicate. Because the data in
the presence of EIA alone and EIA plus ASA-EIA are superimposable,
only one line can be drawn (&). A, Standard errors are shown. B,
Standard error bars do not exceed the symbol size. Note that the ranges
of the ordinates in A and B are different. DMF, dimethylformamide.

Conclusions

The present findings demonstrate that a novel amiloride
analog, dubbed A-EIA-AS, is able to accelerate markedly the

dissociation of [3H]yohimbine binding from the a2-adrenergic

receptor, an assay for allosteric modulation of adrenergic li-
gand-receptor interactions, without perturbing Na�/H� ex-

change activity. These findings are important because the

ability to modulate a2-adrenergic receptor-ligand interactions

without perturbing Na�/H� exchange (Fig. 1B) or Na7Ca2�

exchange2 provides an opportunity to examine the effects of

2 The ability of A-EIA-AS to inhibit Na�/ca2� exchange was evaluated by Dr.

Fred Mandel, The Upjohn Co., in sarcolemmal preparations; A-EIA.AS was
found to have no effect, when evaluated at concentrations up to 100 �M (unpub-
lished observations).
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