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A Point Mutation of the a,-Adrenoceptor 
That Blocks Coupling to Potassium 

But Not Calcium Currents 

Annmarie Surprenant,* Debra A. Horstman, Hamid Akbarali, 
Lee E. Limbird 

The +,-adrenergic receptor (adrenoceptor) was stably expressed in AtT20 mouse pitu- 
itary tumor cells; adrenoceptor agonists inhibited adenylyl cyclase, inhibited voltage-de- 
pendent calcium currents, and increased inwardly rectifying potassium currents. An as- 
partic acid residue (Asp79) highly ~0nsetVed among guanine nucleotide-binding protein (G 
protein)-coupled receptors was mutated to asparagine; in cells transfected with the mutant 
a,-receptor, agonists inhibited adenylyl cyclase and calcium currents but did not increase 
potassium currents. Because distinct G proteins appear to couple adrenoceptors to po- 
tassium and calcium currents, the present findings suggest that the mutant a,-adreno- 
ceptor cannot achieve the conformation necessary to activate G proteins that mediate 
potassium channel activation. 

T h e  a,-adrenergic receptors (a2ARs) be- 
long to the superfamily of G protein-cou- 
pled receptors, specifically to the branch of 
this family consisting of receptors coupled 
to the inhibition of adenylyl cyclase, the 
inhibition of Ca2+ currents, and the acti- 
vation of Kt  currents by pertussis toxin 
(PTX)-sensitive G proteins (1). One or 
both of these latter two effects is responsible 
for the immediate inhibition of neurotrans- 
mitter release and neuronal firing produced 
by activation of presynaptic and postsynap- 
tic a2ARs on mammalian neurons (1). 
Multiple a2AR subtypes have been identi- 
fied by both pharmacological and molecular 
biological approaches, and site-directed 
mutagenesis of a2ARs has identified several 
amino acids in transmembrane regions I1 
through V as sites of interaction for agonist 
binding and for receptor coupling to the 
inhibition of adenylyl cyclase (1, 2). How- 
ever, it is not known whether cloned 

a2ARs, when expressed in a heterologous 
system, can couple to diverse ion channels 
or whether specific domains can be identi- 
fied that participate in coupling to specific 
diverse effector systems. We investigated 
the coupling of a stably transfected aZAAR 
(3) to K+ currents, Ca2+ currents, and 
adenylyl cyclase and the consequences of a 
single amino acid mutation [converting as- 
partic acid to asparagine at position 79 
  AS^^^ a,AR)] on the coupling to these 
three effector systems. 

The AtT20 cell does not express endog- 
enous a2ARs (Table 1) but contains so- 
matostatin receptors that couple to inhibi- 
tion of adenylyl cyclase (4), inhibition of 
Ca2+ currents (5), and activation of an 
inwardly rectifying K+ current (6). Thus, 
we used AtT20 cells to evaluate the func- 
tional properties of wild-type (WT) a2ARs 
or Asn79 a2ARs. We compared somatosta- 
tin-induced alterations in K+ and Ca2+ 
currents (7) with responses to the a,AR 
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es Universitv Portland. OR 97201. nent transformants of AtT20 cells express- 
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Pharmacology, Vanderbilt University, Nashville, TN 
37232. The a2AR agonist UK 14304 increased 
H. Akbarali, Department of Medical Physiology, Unl- the Kt  current in cells expressing the WT 
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(Fig. lA) ,  as would be expected if the 
agonist were opening inwardly rectifying 
K+ channels (9). Somatostatin (100 nM) 
increased this current by two- to tenfold in 
all mock-transfected cells and in cells trans- 
fected with the WT a2AR or Asn79 a2AR 
(Fig. 1, B through E). Maximally effective 
concentrations of UK 14304 or clonidine 
produced a 1.5- to 8-fold increase in K+ 
current in cells expressing the WT a2AR 
(Fig. 1, B through D). Concentrations of 
clonidine and UK 14304 that produced 
half-maximal activation (EC,,) of the K+ 
current were 14 and 30 nM, respectively, in 
cells expressing the WT a2AR (Fig. 2A); 
these are similar to the EC,, values for the 
inwardly rectifying K+ conductance acti- 
vated by pharmacologically characterized 
aZAARs in autonomic enteric and central 
locus coeruleus neurons (1 0). The actions 
of maximally effective concentrations of 
somatostatin and AR agonists were not 
additive (n = 22), which is evidence that 
the transfected WT a2AR couples to the 
same set of K+ channels as does the endog- 
enous somatostatin receptor. In contrast to 
the WT a2AR, the mutant Asn79 a2AR did 
not activate K+ currents (Fig. 1, B, C, and 
E), even in the presence of 10,000-fold 
higher concentrations of clonidine or UK 
14304 (Fig. 2A). 

In contrast to their effects on K+ cur- 
rents, a2AR agonists were effective in in- 
hibiting Ca2+ currents in AtT20 cells ex- 
pressing WT a2ARs or a2ARs (Fig. 
3). In either case, the inhibition of Ca2+ 
currents by AR agonists was not quantita- 
tively different from the inhibition of Ca2+ 
currents by somatostatin acting at endoge- 
nous receptors (Fig. 3, A and B). Somato- 
statin inhibits two high-voltage-activated 
(HVA) Ca2+ currents in AtT20 cells, a 
dihydropyridine-sensitive (HVAL-type) 
current and a dihydropyridine-insensitive 
(HVA/N-type) current (5) ; a2AR agonists 
similarly inhibited HVAL- and HVA/N- 
type Ca2+ currents in cells expressing either 
WT or Asn79 a2ARs (Fig. 3, C and D). 
Somatostatin inhibited the Ca2+ current in 
92% of mock-transfected cells examined 
but inhibited Ca2+ currents in only 50% of 
cells expressing WT a2ARs or Asn79 a2ARs 
(Fig. 3B). The percentage of cells in which 
somatostatin inhibited the Ca2+ current 
was not correlated with the cell cycle nor 
the time after cell passage. The explanation 
for this observation is unclear because the 
percentage of cells responding to somato- 
statin with an increase in K+  current was 
similar in all cells (Fig. 1C). 

There were no apparent differences in 
the concentration-response curves for clo- 
nidine-induced inhibition of the Ca2+ cur- 
rent in cells expressing WT or Asn79 a2ARs 
(Fig. 2B) or the norepinephrine-mediated 
responses (measured in the presence of pro- 
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pranolol to block endogenous P-ARs). 
Cells expressing WT or Asn79 a2ARs 
showed no obvious differences in their re- 
sponses to the a2AR antagonist idazoxan; 
idazoxan (100 nM) inhibited the maximum 
response to UK 14304 by 49 + 8% (n = 8) 
in WT a2AR cells and by 54 + 6% (n = 
10) in Asn79 a2AR cells, and 1 FM ida- 
zoxan inhibited responses to agonists by 95 
to 100% in both cell types. However, cells 
expressing the Asn79 a2AR were one-sixth 
as sensitive to inhibition of the Ca2+ cur- 
rent by UK 14304 as cells expressing the 
WT a2AR (Fig. 2C). These data suggest 
that the clonidine analog UK 14304 may 
behave as a partial agonist for Ca2+ current 
inhibition in comparison to clonidine or 
norepinephrine in these cells. 

Modulation of K+ or Ca2+ currents by 
a2AR agonists or by somatostatin was me- 
diated by means of PTX-sensitive G pro- 
teins. Incubation of AtT20 cells with PTX 
(100 ng/ml for 12 to 24 hours before record- 
ing) blocked agonist actions on both K+ 
and Ca2+ currents. In PTX-treated cells, 
somatostatin (300 nM) increased K+  cur- 

rents in only l of 10 mock-transfected cells, 
1 of 18 WT a2AR cells, and 2 of 36 Asn79 
a2AR cells. Neither clonidine nor UK 
14304 (1 to 10 FM) altered K+ currents in 
any of these cells. Clonidine inhibited the 
Ca2+ current in only 1 of 35 WT a2AR 
cells and 2 of 29 Asn79 a2AR cells that had 
been treated with PTX. 

Cells bearing either the WT or mutant 
Asn79 a2AR coupled to inhibition of aden- 
osine 3 ' ,5 '-monophosphate (CAMP) accu- 
mulation ( I  I )  through a PTX-sensitive 
pathway in AtT20 cells. Unlike the inhibi- 
tion of Ca2+ currents, the potency of UK 
14304 inhibition of cAMP accumulation 
was not reduced in cells with mutant a2ARs 
(Table 1). Our observation that WT and 
Asn79 a2ARs couple to inhibition of cAMP 
accumulation and suppression of Ca2+ cur- 
rents through a PTX-sensitive pathway im- 
plies that these receptors can productively 
interact with G proteins mediating these two 
effector responses. However, when receptor 
coupling to G proteins was evaluated by gua- 
nine nucleotide modulation of agonist bind- 
ing (12), this coupling was less for Asn79 

Fig. 1 .  Activat~on of K+ 
currents by transfected 5mM Q 150rnM K: 

a,ARs and endoge- Control UK 14304 UK 14304 + Ba2+ 
nous somatostatin re- 

. . ,  
and after Ba2+ (1 mM) 
was added to the U K  
14304-containing solu- 
tion. Holding potential 
in 5 mM K,C was -70 
mV, and in 150 mM K,f 
it was 0 mV (the KC 
equilibrium potential); 
large downward tran- 
sient seen in 5 mM K,+ 
is the fast Na+ current. 

ceptors in AtT20 cells. 
(A) Depiction of super- 
imposed traces of KC 
currents elicited by four 

D +' Potential 

200 rns 

+R r200 Potential 

sequentially increasing 
depolarizing pulses, six - C 
similar hyperpolarizing wr+R %AR 
pulses applied in 5 mM 
external K+ (K,+) and 
after switching from 5 Clon Sorn 
mM K,+ to 150 mM K,C I 

q som clan UK MUK , ,som Clan UK 
(control) after addition = Mock WT %AR +R 
of U K  14304 (1 uM) 8 

(B) K+ currents evoked 4: 

by a 40-mV hyperpolar- 
[-800 

izing pulse from 0 mV in 150 mM K,+ solution in cells expressing WT a 8 R s  and a8Rs ;  each 
set of traces consists of superimposed currents recorded in control (C) solution in the presence of 
agonist and after washout (W). Somatostatin (Som, 100 nM) and clonidine (Clon, 100 n M )  were 
added to WT a 8 R  cells; these agonists were added at a final concentration of 100 nM and 10 pM 
in a 8 R  cells. Calibrations are as in (A). (C) Percent of cells that exhibited an increased K +  
conductance in response to application of somatostatin (Som), clonidine (Clon), or U K  14304 (UK) 
in mock-transfected, WT a8R-expressing, and a8R-expressing cells; numbers above 
each bar are numbers of cells examined. (D and E) Summary of agonist-induced K+ current 
recorded in AtT20 cells transfected with the WT a 8 R  (D) and the a 8 R  (E) mutant. Currents 
recorded in high-concentration K,+ solution (control) were subtracted from currents recorded in 100 
nM somatostatin (closed circles) and 1 kM clonidine or U K  14304 (open circles). Each point in (D) 
is mean 2 SEM from 14 experiments; points in (E) are from nine experiments. 

a,ARs than for WT a,& (Table 1). 
These data are cogsistent with dbserva- 

tions for the a2AR (2, 3) that suggest that 
mutation of Asp79 perturbs G protein-de- 
pendent agonist interactions but not G pro- 
tein-independent antagonist interactions 
with the a,AR. Perturbation of G protein- 

A 
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B -- Agonist (nM) 

O: ' = ' ?o-O4 
Clonidine (nM) 
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01 . . a a s c * n '  . /--,,.I * , , a a m . . '  a s L n a a . l  - 

I 101 1 0 2  1 0 3  lo4 
UK 14304 (nM) 

Fig. 2. Actions of AR agonists on K+ currents 
( I , )  and Ca2+ currents (I,,) in AtT2O cells 
transfected with WT a 8 R s  (filled symbols) or 

QRs (open symbols). (A) U K  14304 
(circles)- and clonidine (squares)-induced in- 
crease in K+ current in response to a 60-mV 
hyperpolarizing command (Fig. 1B); we nor- 
malized results by expressing them as a per- 
centage of response produced by somatostatin 
(100 nM). Each point is mean i SEM from six to 
eight cells for those expressing WT a 8 R s  and 
four to five cells for those expressing 
a8Rs.  Somatostatin EC,, values were 15 nM 
and 22 nM in cells expressing WT and 
aARs, respectively, and these values were not 
significantly different (student's t test). (B and 
C) Concentration-response curves for inhibition 
of I,, by clonidine (B) and U K  14304 (C); 
inhibition was measured as percent ~nhibition of 
the current elicited by depolarizing the cell from 
-70 mV to +20 mV. Each point is mean -t SEM 
[n  = 15 for each point in (B); in (C), n = 12 for 
each point from WT aAR cells, and n = 8 to 10 
for each point from a f i R  cells]. EC,, 
values for somatostatin inhibition of I,, were 30 
and 52 nM in WT a 8 R  and a 8 R  cells, 
respectively, and these values were not signif- 
icantly different (student's t test). 
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dependent agonist binding has also been 
reported for the P-AR (13, 14) and the 
muscarinic M1 receptor (15) after mutation 
of the topologically shared aspartate residue. 
Our results suggest either that receptor cou- 
pling to Ca2+ channel- and adenylyl cy- 
clase-associated G proteins, but not to K+ 
channel-associated G proteins, is preferen- 
tially retained by the Asn7' a2AR mutant or 
that the apparently reduced receptor-G pro- 
tein coupling manifest in binding studies of 
the Asn79 a2AR mutant is still sufficient to 

inhibit Ca2+ currents and adenylyl cyclase 
but not to activate K+ currents. 

Inhibition of adenylyl cyclase, inhibi- 
tion of Ca2+ currents, and increase of K+ 
currents are three consequences of activat- 
ing a2ARs and other related receptors (1, 
16). All three effects were produced in the 
same cell by a single molecular species of 
the a2AR. Although each effect involves a 
PTX-sensitive G protein, each appears to 
represent an independent signal transduc- 
tion pathway (1 7). Distinct G protein sub- 

A ~g 
W q R  %AR m .- 

uu&t+%J CNV C/W ~ 4 5 0 ~ ~  $ [ 
100 ms 7 Som Clon UKl LSom Clon UK I Som Clon UKl 

Mock WT ap lR ~ s n ' ~  a2AR 

CNV 
loo PA 

Potential 

1 1  

0 
1-200 

Fig. 3. lnhibition of Ca2+ currents by transfected a 8 R s  and endogenous somatostatin receptors in 
AtT20 cells. Abbreviations are as in Fig. 1 .  (A) Whole-cell recordings of Ca2+ currents evoked by 
depolarizations from a holding potential of -70 mV to +20 mV; each set of superimposed traces is 
as in Fig. 1 B [before, during, and after application of agonist, somatostatin (100 n M ) ,  and clonidine 
(1 )LM)]. These agonist concentrations elicited maximum inhibitions in each cell shown. (B) Percent 
of cells in which agonists inhibited Ca2+ current; numbers above each bar are numbers of cells 
examined. (C) Ca2+ currents evoked from a holding potential of -70 mV or -30 mV in one cell 
transfected with the a 8 R  mutant. In this cell, the dihydropyridine antagonist nifedipine (1 pM) 
inhibited the current evoked from -70 mV and -30 mV by 41% and 85%, respectively, and 
o-conotoxin (3 pM) inhibited these currents by 58% and 22%, respectively. This indicates that the 
current recorded from holding potential of -30 mV is predominantly HVNL-type, whereas that 
evoked from -70 mV is both HVNL- and HVNN-type. (D) Summary of current-voltage relation of 
Ca2+ curient evoked from -70 mV in control (open circles) and in 1 pM clonidine or U K  14304 
(closed Circles) in AtT20 cells transfected with the WT a 8 R ;  each point is mean ? SEM of six 
experiments. Similar inhibition was observed when the holding potential was -30 mV (n = 4). 

Table 1. Biochemical properties of WT and agARs in permanent transformants of AtT20 cells. 
Modulation of [3H]cAMP production by U K  14304 was measured in the WT @R-expressing clone 66N 
or the mutant agAR clone 32-8. The ability of maximally effective concentrations of U K  14304 to 
decrease [3H]cAMP production in response to 40 nM isoprenaline was measured as described (25). The 
EC?, values for U K  14304 inhibition of adenylyl cyclase cannot be compared directly with those for 
act~vating K+ currents or inhibiting Ca2+ currents because the position of the a@R agonist curve for 
inhibition of isoprenaline-stimulated [3H]cAMP accumulation is dependent on the concentration of 
isoprenaline added to activate adenylyl cyclase. The effect of U K  14304 was eliminated when cells were 
treated first with PTX (100 nglml for 18 hours, n = 2). We evaluated the interactions of a8Rs  with G 
proteins by testing the ability of Gpp(NH)p to suppress binding of the partial agonist ["51]PIC (26). N D ,  
not detected. 

Inhibition of stimulated EC,, for UK 14304 Agon~st binding 
Cell line CAMP production (%) inhibition (nM) modulated by 

GPP(NH)P (%) 

Untransfected 0 N D N D  
WT agAR 28 -+ 3.7 (n = 4) 6 5 k 1 5  ( n = 4 )  80 ? 3 (n = 4) 
 AS^'^ a 8 R  30 -t 2.2 (n = 4) 14-c 5 . 8 ( n = 3 )  4 ? l O ( n = 4 )  

units appear to specify the coupling of 
receptor to different effectors (18); a2ARs, 
dopamine D,, muscarine M2, and somato- 
statin receptors couple to inhibition of 
Ca2+ currents through Go proteins and can 
activate K+ currents through one or more 
of the G, subunits (1 9). AtT20 cells con- 
tain three G,, and at least one Go, subunits 
(20). The endogenous somatostatin recep- 
tor appears to be linked to G,,,, G,,, and 
Go,, and inhibition of adenylyl cyclase is 
mediated by G,,, (20); the relative abun- 
dance of these G proteins in AtT20 cells is 
not known. In other cells. inhibition of 
adenylyl cyclase by endogenous a,-adrener- 
gic and opiate receptors is transduced by the 
G,,, protein (21). It is not known which G 
protein subunits are coupled to the trans- 
fected WT or mutant a2ARs in AtT20 
cells. However, if K+ currents couple to a 
G protein with low concentrations in 
AtT20 cells, one interpretation of our re- 
sults mav be that the Asn7' aqAR mutation 
reduces coupling efficiency to all G proteins 
to the same extent, with the result that the 
blockade of K+ current transduction would 
be most apparent. 

An aspartate in the topological position 
of Asp7' is conserved among almost all G 
protein-coupled receptors cloned to date; 
mutation of this aspartate to asparagine 
reduces agonist affinity (2, 13-1 5) and pre- 
vents the modulation of agonist binding by 
cations (22) and nonhydrolyzable guano- 
sine triphosphate analogs (Table 1) (1 4). 
This implies that the carboxylic acid side 
chain can bind cations and contribute to a 
conformational state of the receptor that 
functions in receptor-G protein interac- 
tions, either by influencing efficacy of inter- 
action with a given G protein or by allow- 
ing preferential interaction with particular 
G protein subunits. If distinct G protein a 
subunits couple the a2AR to these three 
effectors (23), our results suggest that these 
a subunits may bind in different ways to the 
receptor and that the requirements for con- 
ferring G protein specificity may be subtle. 
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