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Splice Variants of the a Subunit of the G Protein G, 
Activate Both Adenylyl Cyclase and Calcium Channels 

Signal transducing guanine nucleotide binding (G)  proteins are heterotrimers with 
different a subunits that confer specificity for interactions with receptors and effectors. 
Eight to ten such G proteins couple a large number of receptors for hormones and 
neurotransmitters to at least eight different effectors. Although one G protein can 
interact with several receptors, a given G protein was thought to interact with but one 
effector. The recent finding that voltage-gated calcium channels are stimulated by 
purified G,, which stimulates adenylyl cyclase, challenged this concept. However, 
purified G, may have four distinct a-subunit polypeptides, produced by alternative 
splicing of messenger RNA. By using recombinant DNA techniques, three of the splice 
variants were synthesized in Escherichia coli and each variant was shown to stimulate 
both adenylyl cyclase and calcium channels. Thus, a single G protein a subunit may 
regulate more than one effector function. 

P URIFIED PREPARATIONS OF G,, the 
stimulatory regulatory component of 
adenplyl cyclase, or a,, the a subunit 

of G,, modulate cardiac and skeletal muscle 
T-tubule Ca2+ channels in the absence of 
cytoplasmic second messengers ( I ) .  This 
finding was surprising for previously there 
was little indication that a single G protein 
regulated more than one effector ( 2 ) ,  and 
the possibility existed that the effect might 
have been due to a contaminating G protein. 
To determine whether G, did indeed regu- 
late more than one effector and whether G 
proteins are potential branchpoints for in- 
formation transfer across membranes, we 
tested whether a, subunits that were spnthe- 
sized by recombinant methods and that are 
known to stimulate adenylyl cyclase (3) 
would also act on ca2+ channels. 

G proteins are a(3y heterotrimers that 
share a common set of py dimers and differ 
in the composition of their a subunits. The 
a subunits are similar yet distinct gene prod- 
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ucts that bind and hydrolyze guanosine tri- 
phosphate (GTP) and act on specific effec- 
tors. Because of their similarities, G proteins 
are often isolated together, and what ap- 
pears to be a single G protein on several 
electrophoretic systems may in fact represent 
more than one. Furthermore, in the case of 
a,, as many as four closely related splice 
variants map be expressed in a single cell (4). 
The a, splice variants comprise a pair of 
shorter and a pair of longer molecules, a,-S 
and a,-L, which differ by a block of 15 
amino acid residues that are encoded by 
exon 3 of the natural gene. Each pair in turn 
is formed by two polypeptides that differ by 
the absence (a,-Sl and a,-L1) or presence 
(a,-S2 and a,-L2) of a single serine residue 
at the insertion-deletion junction (4). The 
relative proportions in which the variants 
with and without serine are represented in 
purified G, is unknown because they cannot 
be separated. Thus, we examined whether a 
single a, polypeptide can activate both 
adenylyl cyclase and ca2+ channels, and 
whether this property is common to all of 
the a, splice variants. 

Previous studies have shown that it is 
possible to synthesize in Escherichia coli bio- 
logically active a, polypeptides as judged by 
their ability to activate adenylyl cyclase (3). 
To determine whether the same molecular 
form of a, that stimulates adenylyl cyclase 
also stimulates caZi channels, we synthe- 
sized in E. coli three of the four splice 

variants cloned previously (4, 5 ) ,  using two 
of the T 7  promoter-based expression sps- 
tems of Tabor and Richardson ( 6 ) ,  pT7-5 
(3) and pT7-7 (7). For some experiments 
the cDNAs that encode a,-S1 and a,-L1 
were subcloned into the Barn HI site of the 
cloning cassette of the pT7-7 vector. This 
led to the expression of hsion polypeptides 
with an amino-terminal extension of nine 
amino acid residues, termed r(+9)aS-S1 and 
r(+9)aS-Ll.  For other experiments, the 
cDNAs that encode a,-S2 and a,-L1. to- 
gether with an appropriate ribosomal bind- 
ing sequence, were inserted into plasmid 
pT7-5 so that ra,-S2 and ra,-L1 were ex- 
pressed with an unaltered amino acid se- 
quence (3). For control, the cDNA of the a 
subunit of another G protein, which does 
not stimulate adenylyl cyclase, human liver 
Gi-3 ( 8 ) ,  was also subcloned into pT7-7 so 
as to direct the expression of the corre- 
sponding r(+9)ai-3 (7). Two methods were 
used to induce expression of the recombi- 
nant proteins (7): infection with a phage 
containing the T 7  RNA polymerase gene 
controlled by the lac promoter (plasmid- 
phage method) or transfection with a sec- 
ond olasmid that carries the T 7  RNA ool17- 

L 3 

merase gene under the control of the left- 
ward A promoter and the temperature-sensi- 
tive c1857 repressor ( t w ~ - ~ l a s m i d  method). 

When fusion proteins encoded in pT7-7 
constructs were expressed by the plasmid- 
phage method (7) ,  the recombinant poly- 
peptides accumulated within 60 min of in- 
duction and constituted about 5 to 8% of 
total bacterial cell protein. However, only 5 
to 10% of the recombinant a subunits could 
be recovered as soluble proteins after bacte- 
rial lysis with lysozyme and centrifugation 
17'1. When the pT7-5 constructs were used 
\ , 

(3), total expression of the recombinant 
polypeptides was less (about 0.5% of total 
cell protein), but about 50% was soluble. 
Thus, the final yield of activity was similar 
for pT7-7 and oT7-5 constructs. 

Two series of experiments were per- 
formed to evaluate the effects of recombi- 
nant G protein a subunits on Ca2+ channel 
currenti produced by skeletal muscle T- 
tubule vesicles incorporated into planar lipid 
bilayers (9). In the first, r(+9)aS-Sl and 
r i + 9 ) a , - ~ l  were expressed bv either the 
plasAd-phage or the' nvo-plas&d method, 
recovered in lysates, activated with guanosine- 
51-0- (3-thiojtriphosphate (GTP~S), and test- 
ed either directly or &er partial purification 
over DEAE Sephadex (7). In the latter case, 
about 20% of the applied r ( t  9)a, was recov- 
ered with an apparent purity of about 5%, if 
derived from bacteria induced by the plasmid- 
phage method, and less if derived from bacte- ' " 
ria induced by the two-plasmid system. In the 
second series of experiments, ra,-S2 and ra,- 
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L1 (nonksion polypeptides) were expressed 
by the two-plasmid method and purified to 
homogeneity (3). Their effects on ca2+ cur- 
rents were compared with those of r(+9)a,- 
Sl ,  r(+9)aS-L1, and purified human erythro- 
cyte (hRBC) G,. As documented elsewhere 
(3, 7 ) ,  all  forms of recombinant a, are capable 
of activating adenylyl cyclase. 

All measurements of ca2+ channel cur- 
rents were carried out in the presence of the 
dihydropyridine ca2+ channel agonist Bay 
K 8644. In each test, single-channel currents 
were compared for 5 to 10 min immediately 
before and after addition of test fractions. 
Single-channel CaZ' currents occurred sto- 
chastically in bursts and clusters of bursts 
whose details were obscured by the limited 
bandwidth of the planar lipid bilayer (Fig. 
1). These currents were averaged over 2- to 
4-min periods and gave constant values 
when computed over periods of 20 to 30 
rnin, provided the cis chamber was washed 
free of vesicles after their incorporation (1). 
We found that addition of partially purified 
GTPyS-activated r(+B)a,-S1 to the cis 
chamber produced a clear increase in current 
(10). In all cases the increase in current was 
due to an increase in the opening probability 
of the channels; the slope conductance of 
the majority (about 90%) of channels was 

10 pS between - 10 and 10 mV and was 
unchanged by the stimulaton~ r (+9)aS (Fig. 
1). The effect was as)mmetrical and spe- 
cific for a,. Addition of r(+9)aS to the 
trans chamber produced no response and 
r(+9)a,-3 added to either chamber had no 
effect (Figs. 1 and 2). In other experiments 
r(+9)a,-S1 was effective in stimulating car- 
diac single-channel ca2+ currents, obsenred 
after incor~oration of bovine cardiac sarco- 
lernrnal vesicles into phospholipid bilayers 
(11). These experiments prove that a single 
splice variant of a,, r(+9)aS-S1, is capa- 
ble of activating both Ca2' channels and 
adenylvl cyclase. Moreover, the effects on 
Ca2' cha&els are the same as those shown 
previously for Gs purified from hRBC, en- 
dogenous G, coincorporated with skeletal 
muscle T-tubule Ca2+ channels, and endog- 
enous G, coincorporated with iardiac mu;- 
cle ca2+ channels (1). 

We next examined the abilitv of other 
splice variants of a, to activate Ca2' chan- 
nels using homogeneous preparations of 
ra,-S2 and ray-L1 (nonfusion proteins) as 
well as a partially purified preparation of 
r(+9)a,-L1. All of these preparations gave 
results that were qualitatively and quantita- 
tively similar to each other or to those 
described above (Fig. 2). Thus, three of the 

Fi . 1. Activation of skeletal muscle T-tubule A 
C 3 +  channels by the recombinant short 379 on , 
amino acid a, fusion polypeptide [r(+9)as-Sl] rW"r 7 '  1 I 'T , ~~ , \ , ~ ,*'I '\J0.5pA 
but not bv the recombinant ai-3 hsion polvpep- ," " 1 0 s  

A , A  . 
\ , 

. . 

tide [r(+'9)ai-31. Ca2+ channels from skeletal \ ,  

muscle T tubules were incor~orated into ~ lana r  + h e  
lipid bilayers and single-channel trans to cls cur- 2 s 

rents were measured at a holding potential of 0 ra; -3 - 7 ~ 7 ~  

mV using Ba2+ as the charge carrier (9) .  Baseline 
currents were recorded for 5 to 10 min Prepara- 
tions of r(+9)aS-S1 and r(+9)ai-3, activatch by ra; 
treatment with GTPyS. ~urified oartiah bv 
DEAE-Sephacel chromatography ( f i ,  and' coi-  
centrated by ultrafiltration (12), or control (Con) 
solutions, were added as 10- to 20-r*1 aliquots to 
the 0.2-&I cis chamber and recording was'contin- B 
ued for an additional 5 to 10 min or until the 
bilayer broke down. (A) Single-channel Ca2+ 
currents displayed at two time resolutions were $ 0.6 
recorded during a control period before addition 
of recombinant a subunits, after the addition of 4 0.3 
nM partially purified GTPyS-activated recombi- 
nant ai-3 protein prepared by the plasmid-phage 
method [r(+9)aF-31, and after addition of 2.4 0 1 2 3 4 5 6 7  

nM partially purified GTPyS-activated r(+9)as- 
S1 protein (28 pM G, equivalents of cyc- recon- 
stituting activity). (6) Average currents from in- 
corporated Ca2+ channels before and after addi- 
tion of 4 nil4 GTPyS-activated r(+9)a,-S1 pro- 15 
tein (equivalent G, activity = 34 plM) prepared by $ 
the two-plasmid method. The probability of an CJ 

opening event, P, produced by any one of N o 
incorporated ords such as channels those shown was calculated in (A) to from give rec- NP 530K 0 1 2 3  

Time (min) 
values. If one assumes the unitary amplitude to be 
constant, which is reasonable because the 10-pS conductance accounts for about 90% of all openings 
(I) ,  NP represents the current. h'P was integrated every 0.5 s to produce the experimental diary sho\vn. 
(C) Cumulative NP values computed from the experiment in (B). The effect of r(+9)a,-S1 shown is 
representative of more than 20 other such experiments. 

four known splice variants of a, could acti- 
vate both Ca2+ channels and adenvlvl cy- . .  . 
clase, leading to the conclusion that regula- 
tion of the specificity of effector interactions 
is not provided by multiple forms of a, 
polypeptides and that contamination of na- 
tive G, was not a factor in our earlier 
experiments ( 1). 

The interactions of ra,-S2 and re,-L1 
with adenylyl yclase and other components 
of this signal transduction pathway have 
been studied (3). These recombinant poly- 
peptides appear to interact normally with 
guanine nucleotides, receptors, and G pro- 

Fig. 2. Stimulation of Ca2+ channel activity by 
individual recombinant a, splice variants. (A) 
Concentration-effect cun7es for stimulation of sin- 
gle-channel Ca2+ currents by GTPyS-activated 
forms of G, and two recombinant splice variants. 
hRBC G:; GTPyS-activated native G, from hu- 
man erythrocytes; ra,-S2, purified; GTPyS-acti- 
vated recombinant 380-amino acid a, prepared 
by the two-plasmid method; r(+9)a$-S1, partial- 
ly purified GTPyS-activated recombinant 379- 
anuno acid a, with 9-amino acid amino-terminal 
extension, prepared by the plasmid-phage meth- 
od. Each point is the average of nvo measure- 
ments, and the points were normalized to the 
maximum value. (B) Relative stimulations of 
incorporated Ca2+ channels by recombinant 
splice variants expressed as ratios of NP after 
addition of the recombinant GTPyS-activated 
polypeptides to NP before their addition (NP 
after/hrP before). Values are geometric means rt 
SEM of the number of experiments shown. The 
concentrations of recombinant subunits used var- 
ied benveen 0.6 and 4 nM of recombinant poly- 
peptides (ra$-S2, raz-L1) or 2 to 10 piM equiva- 
lents of human erythrocyte G, activity [r(+9)a$- 
S l  and r(+9)a$-Ll]. GTPyS-activated r(+9)ai-3 
[r(+9)aF-31 at 0.5 to 4 nM, added in some 
experiments before addition of the recombinant 
a, subunits, was always without effect. 
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tein py complexes. Although they can acti- 
vate adenylyl cyclase maximally (compared 
to liver G,), they appear to have an affinity 
for the enzyme that is reduced to approxi- 
mately one-tenth when tested on soluble 
adenylyl cyclase and to approximately 1150 
when tested on adenylyl cyclase in intact 
membranes (3). We have suggested that this 
defect is due to a failure of the recombinant 
a subunit to undergo a posttranslational 
modification that normally occurs in eukary- 
otic cells (3, 12). The potencies of r(+9)as-  
S1 and of ra,-S2 relative to that of a native 
a, for stimulating Ca2+ channels were there- 
fore estimated. This was done by measuring 
changes in average current produced by 
several concentrations of either subunit. The 
measurements were made benveen 5 and 10 
min after addition of GTPyS-activated G, 
protein or recombinant a, subunits. In most 
experiments, however, only one or two con- 
centrations were tested on each planar bi- 
layer, and these were concentrations expect- 
ed to produce greater than 100% increases 
in currents. For hRBC GTPyS-activated G, 
(hRBC G$) threshold concentrations were 
about 1 pM and maximal effects were ob- 
tained with 10 to 50 pM hRBC G t  (Fig. 
2A). This agrees with the 1 to 2 pM re- 
quired for doubling the activity of adenylyl 
cyclase from cyc- cells, the bioassay that 
defines G, activity. Supermaximal stimula- 
tion of Ca2+ currents by hRBC G$ was 
obtained at 50 to 100 pM [n = 8 (I)]. Thus, 
native hRBC G$ has roughly the same 
potency for activation of Ca2' channels and 
adenylyl qclase. For r(+9)a?-S1, prepared 
by the plasmid-phage method, threshold 
effects on Ca2+ channel activity were ob- 
tained at about 200 pitf of the recombinant 
protein, which corresponds to about 2 pM 
of hRBC Gf activity equivalents. Essentially 
the same result was obtained with the pure, 
nonfusion ray-S2 polypeptide (Fig. 2) .  The 
two classes of recombinant subunits, ra,-S2 
and r(+9)as-S1, gave maximal effects at 1 to 
4 nM (13) (Fig. 2), which corresponds to 40 
to 80 pM G, activity equivalents. 

Additional exueriments were carried out 
with fusion proteins prepared from bacteria 
induced with the nvo-plasmid method in 
which the exact chemical concentration of 
r(+9)as-S1 was not determined, but in 
which the cyc- reconstituting activity in 
terms of native hRBC G$ activity was mea- 
sured reliably. With these preparations stim- 
ulation of Ca2+ channel activity to values 
greater than two times control was obtained 
at 0.5 to 3 p~Zl of hRBC G$ activity equiva- 
lents (n = 7). Thus, ras-S2 and r(i-9)as-S1 
have the same relative ability to stimulate 
both ca2' channels and adenylyl cyclase. 
These data suggest that the interactions of 
a ,  with both Ca2' channels and adenylyl 

cyclase may involve similar domains of the G 
protein a subunit. The fact that the potency 
of ra,-S2 and r( + 9)as-S 1 is very similar is of 
interest for it indicates that the amino-termi- 
nal extension on the a subunit fusion pro- 
tein does not prevent interactions with effec- 
tor molecules. 

Our results indicate that a particular G 
protein can serve as a branch point in path- 
ways of transmembrane signaling and sug- 
gest that the networks "wired" in the plasma 
membrane may be quite complex. Maguire 
and co-workers (14) have demonstrated that 
the ability of P-adrenergic agonists to inhib- 
it Mg2+ influx in S49 cells depends on both 
receptors and G, but appears to be indepen- 
dent of adenosine 3',5'-monophosphate 
(CAMP) and, presumably, adenylyl cyclase. 
Thus, interactions of G, with effectors may 
not be limited to those with dihydropyri- 
dine-sensitive Ca2' channels and adenylyl 
cyclase. 

REFERENCES AND NOTES 10. 

1. A. Yatani et a/ . ,  Science 238, 1288 (1987); A .  Yatani 
et al., J .  Bioi. Che~n. 263, 9887 (1988); A. IM. 
Brown and L. Birnbaumer, Am. J. Pi~yrioi. 23, 
H401 (1988); Y. Imoto et a / . ,  ibid., p. H722. 

2. R .  Iyengar and L. Birnbaumer, IS1 Aclas o f  Science: 
Phannacoloxy 1,  213 (1987); L. Birnbaumer et a/ . ,  
Kidney Int 3 2  (suppl. 23), S14 (1987); P. J .  Casey 
and A. G. Gilman, 1. Biol. Chem 263,2577 (1988); 
M .  A. Lochrie and M.  I .  Simon, Biochenlistry 27, 
4957 (1988). 

3. M. P. Graziano, P. J. Casey, A. G. G ihan ,  J. B~ol.  
Chern. 262, 11375 (1987); M. P. Graziano, M. 
Freissmuth, A. G. Gilman, ibid., in press. 

4. J. D.  Robishaw, M. D.  Smigel. A. G.  Gihan.  ibid. 
261, 9587 (1986); R. Mattera et a;., FEBS Lett. 
206,36 (1986); T .  Kozasa, H .  Itoh, T .  Tsukamoto, 
Y. Kaziro, Pvoc. .%ti. .4cad. Sci. V . S . A .  85, 2081 
(1988); P. Bray eta/ . ,  !bid. 83, 8893 (1986). 

5. J. D,  Robishaw et a/., Pvoc. ,Vat/. .4cad. Sci. I1.S.A. 
83, 1251 (1986); R. LMattera et a;., in Mechaiiisins oJ 
S&ilal Tvansductiow by Honnones and Gvou~th Factors, 
M .  C. Cabot and W. L. McKeehan, Eds. (Liss, Ic'ew 
York, 1987), pp. 43-64. 

6. S. Tabor. thesis. Haward Universim 11987): - 
and C. 6. Richardson, Pvoc. ~ Y a f l ,  kiad. SL;. C . S . A .  
82, 1074 (1985); S. Tabor, H .  E. Huber, C. C. 
Richardson, 1. Biol. Chern. 262, 16212 (1987). 

7. R. Mattera e; a1 , J .  Biol. Chem., in press. 
8. J .  Codina et a1 , ibid. 263, 6746 (1988); I$', N. Suki 

et a/ . ,  FEBS Lett. 220, 187 (1987). 
9. Rabbit skeletal muscle transverse tubule membranes 

(T tubules) were prepared according to M. Rosem- 
blatt, C. Hidalgo, C. Vergara, and I. Ikemoto [J. 
Biol. Chem. 256, 8140 (1981)], with minor modifi- 
cations, and stored at -80°C until used. The mem- 
brane fractions recovered from the 10 to 20% 
sucrose interface had specific dihydropyridine bind- 
ing activities, assayed at 10 nM [3H]-labeled 11, 
PN200-110, of 10 to 20 pmol per milligram of 
protein, and were stored until used at -70°C In 
0.3.2.lsucrose at 20 to 30 mgofprotein per milliliter. 
Lipid bilayers w ~ t h  capacitances between 100 and 
400 pF were painted over a 100-bm-diameter hole 
in a Lexan partition separating two chambers of 0.2- 
rnl volume. The bilal~ers were made of a 20 mg1ml 
solution containing equ~molar concentrations of 
brain phosphatidylethanolanline and phosphatidyl- 
serine in decane (Avanti Polar Lipids, Birmingham, 
AL). For incorporation of skeletal muscle T-tubule 
vesicles, the trans chamber was filled with 50 mZ.I 
NaC1, 2 mMMgC12, 3 paw Bay K 8644, and 5 mZ.I 12. 
Hepes adjusted to p H  7.0 with tris base (solution 13. 
A), and the cis chamber, to which thc membrane 
vesicles were added, received solution .4 plus 100 

mM BaC12 (solution B). Skeletal muscle T-tubule 
membrane vesicles are inside-out with respect to the 
orientation of their cytoplasmic face and incorporate 
into bilayers exposing their extracellular face to the 
trans chamber. After incorporation both chambers 
were washed and the composition of the solutions 
was exchanged so that the cis chamber contained 
solution A and the trans chamber contained solution 
B. This removed membrane vesicles, preventing 
further incorporation during the course of the ex- 
periment, and reduced possible interference of high 
concentrations of Ba2- with G protein stability or G 
protein regulation of ion-channel activity. Inward 
(trans to cis) Ba2' currents gave dounu~ard deflec- 
tions. The currents u7ere filtered at 50 to 100 Hz 
with a four-pole Bessel filter and digitized at rates 
that were at least four times the Nyquist frequency. 
Single-channel currents were detected by a half- 
amplitude detection method [J. Colquhoun and F. J. 
Sipvorth, in Single Channel Recordint, B .  Sakmann 
and E. Neher, Eds. (Plenum, New York, 1983), pp. 
191-2631 and were converted to idealized events in 
which transitions from closed to open and vice versa 
were treated as instantaneous. Further analys~s was 
done with interactive programs and a PDP-11173 
computer [H. D. Lux and A. M. Brown, J. Gen. 
Phyriol. 83, 727 (1984)l in which idealized events of 
any given amplitude could be compiled into separate 
files. Nonlinear least squares and maximum likeli- 
hood criteria were used to estimate parameters for 
Gaussian distributions of amplitude frequency histo- 
granls. 
For electrophysiological assays, fractions of GTPyS- 
activated r(+9)a,-S1 eluting from the DEAE col- 
umn with highest cyc- reconstituting act~vity ( 7 )  
were pooled, mixed with ["SIGTPyS (100,000 
cpm/kl), and concentrated benveen 10- and 15-fold 
in Amicon Centricon concentrators. The concen- 
trates u7ere diluted in 10 mM MgC12, 1 m.M EDTA, 
20 mi4 P-mercaptoethanol, 10 mM sodium Hepes 
(pH 8.0): and 30% (viv) ethylene glycol (buffer A) 
lacking the ethylene glycol and reconcentrated five 
times, after nrh~ch time the sample was again made 
30% in ethylene glycol. In this way the added 
GTPyS was reduced to no more than 3 nM. Activa- 
tion of Ca2- channels by GTPyS was not detected at 
concentrations below 20 n1M. Aliquots were ana- 
lyzed for reconstitution of GTPyS-stimulated aden- 
ylyl cyclase activity in cyc- membranes by using 
purified hRBC Gf as standard and, for mass of 
recombinant a subunits by SDS-polyacnlamide gel 
electrophoresis (PAGE), Coomassie blue staining 
and densitometric scanning. Vaying amounts of 
bovine serum albumin (BSA) were coelectrophor- 
esed to allou~ for quantification of the recombinant 
subunits in each lane. Typically, concentrated pools 
of GTPyS-activated r(+9)aS-S1 or r(+9)a,-L1 con- 
tained 200 to 300 nM of recombinant protein 
(!LI, = 42,000) and a cyc- reconstituting equivalent 
to 2 to 4 nkf hRBC Gt(; pools of GTPyS-activated 
r (+9)a , -3  preparations contained between 1000 
and 2000 nM of the recombinant proteln 
(M, = 40,000). GTPaS-activated r (+9)a  prepara- 
tions u7ere kept in buffer A at -70°C until used. 
GTPyS-activated ra,-S2 and ra,-L1 were prepared 
as in (3) and kept at On to 4°C in 20 mM tris, 1 mM 
EDTA, 1 mkf dithiothreitol ( D m ) ,  5 mM MgCI?, 
and 100 m;M NaCl until used. Protein samples \$,ere 
then diluted with solution A in the cold and added 
to the 200.~1 cis (or trans) chamber in 1 0 . ~ 1  
aliquots. 
Bovine cardiac sarcolemmal \csicles were prepared 
from ventricle muscle [S. Slaughter, J. L. Sutko, J .  P. 
Reeves, J. Biol. Chern. 258, 3183 (1983)l and 
stored at -80°C. Vesicles were added to the cis 
chamber to a final concentration of 5 to 10 pg of 
protein per milliliter. Unlike skeletal n~uscle T- 
tubule vesicles, these vesicles were right-side out ( 2 )  
and the solut~on in the trans chamber represented 
the intracellular solution. Cardiac Ca2+ channels are 
not continuously active at depolarized potentials and 
were activated by depolarization to -10, 0, and 
+10 mV for 1 to 1.5 s from holding potentials of - .  
-70 or -40 mlT at 2 Hz ( 1 ) .  
J. Olate et a/ . ,  J. Biol. Ciie~n. 263, 10394 (1988). 
The Ca" channel assaL7 involves many fewer mole- 
cules than the cyc- r;constitution assay, and the 
Ca2' single-channel currcnts are hlghly stochastic. 

SCIENCE, VOL. 243 



The average response was, therefore, difficult to L.B., HL-39262, HL-37044, and NS-23877 to 
measure and the shape of the concentration-re- A.M.B., EY-02423 and EY-02608 to D. Lam, GM- 
sponse curves is less reliable. 34497, American Cancer Society grant BC-5551, 

14. M. E. Maguire and J. J .  Erdos, J .  Biol. Chem 255, and the Raymond and Ellen Willie Chair of Molecu- 
1030 (1980). lar Neuropharmacolgy to A.G.G., and the NIH 

15. We thank V. Pirrotta for bringing the T 7  polymer- Diabetes and Endocrinology Center grant DK- 
ase-promoter expression system to our attention and 27685 to Baylor College of Medicine (J. B. Field, 
to S. Tabor for making pT7-7, mGP1-2, pGP1-2, director). 
and their documentation available to us. Supported 
in part by NIH grants DK-19318 and HL-31164 to 29 June 1988; accepted 23 November 1988 

Stretch-Inactivated Ion Channels Coexist with 

channel-bearing membrane is drawn against 
the inner wall of the pipette, amplitude 
histograms were examined for the presence 
of attenuated events. Under conditions 
where suction sharply decreased the open 
probability (Po)  for SI channels, the distri- 
bution of single channel amplitudes was 
unchanged (Fig. 2). Calcium-related arti- 
facts (for example, Ca2+ inactivation in- 
duced bv inward leak of ca2+)  are ruled out 
by the o'bservation of SI evenis in Ca2+-free 
conditions (Fie. 3). Even with such artifacts 

\ "  i 

Stretch-Activated Ion Channels eliminated, do membranes in fact encoun- 
ter tensions comparable to those applied 
through the patch pipette? Probably they 

CATHERINE E. MORRIS AND WADE J. SIGURDSON do; for a semipermeable membrane, a mere 
1 mosM equals 18 rnmHg. Moreover, at the 

Stretch-activated ion channels of animal, plant, bacterial, and fungal cells are implicat- advancing tip of crawling cells, motility gen- 
ed in mechanotransduction and osmoregulation. A new class of channel has now been erates forces ranging from to 
described that is stretch-inactivated. These channels occur in neurons, where they dynelpm (9) ,  so that experimental tensions 
coexist with stretch-activated channels. Both channels are potassium selective. The [on the order of to dynelpm for 
differing stretch sensitivities of the two channels minimize potassium conductance over - 10 mmHg in a typical patch (I)]  are not 
an intermediate range of tension, with the consequence that, over this same range, excessive. 
voltage-gated calcium channels are most readily opened. Thus, by setting the relation For the SI channel, as for the SA channel 
between membrane tension and transmembrane calcium fluxes, stretch-sensitive (4, analysis of single-channel current-volt- 
potassium channels may participate in the control of calcium-dependent motility in age relations indicates that I<+ is the physio- 
differentiating, regenerating, or migrating neurons. logically permeant species. With normal sa- 

line (NS) in the pipette (Fig. 3), the zero- s TRETCH-ACTIVATED (SA) CHANNELS membrane area of several square micro- current potential for the SI channel was near 
have been studied in diverse cell types meters. the resting potential and, as expected for a 
(1-4). In snail neurons, under condi- To exclude the possibility that suction channel with negligible Na+ and intracellu- 

tions used to study SA K+ channels (5, 6), inhibits channel activity not because of in- lar anion permeability, the channel did not 
some membrane patches were observed in creased membrane tension but because the pass inward current. When Na+ was re- 
which suction through the recording pipette 
not activated the ubiquitous Fig. 1. Currents inhibited and activated by mem- A B 
riels, but simultaneously inhibited a class of brane stretch coexist. (A) Activity of SI channels 
lower conductance, spontaneously active in a cell body patch abolished by application of 
channels. In a single-channel recording about -40mmHg. NS plus 1 mquin id ine  (18) - 
where SA channel activity was abolished by in pipene; membrane potential, = +70 mV. D 

(6) SA channel activity stimulated by -40 C 
quinidine, spontaneous currents (multiples m m ~ g ,  NS in pipette; I / ,  = +70 m ~ .  sustained . 
of -1 PA) were evident in the absence of responses in (A) and (B) were typical; note 
external membrane tension and were abol- different amplitude calibration. (C) SA channel 
ished by suction (Fig. 1A). By contrast, (arrowhead) and SI channel activity in the same 

patch, - 70 mmHg, NS in pipette, V,,, = + 70 typical patches of membrane did not mV, (D) Higher resolution trace of SA channel E 
exhibit stretch-inactivated (SI) currents (7)  SI events from a growth cone, 0 
but were nearly quiescent until stretch mmHg, 50 mA4 K+ in pipette, patch Vm = 
evoked SA channel activity (Fig. 1B). We Vrest + 120 mV (the resting potential, Vrest, was 
suspect that wen with the pipette tip tension ri'zg iF: ~ ~ : k  ~ ~ ~ ~ ~ a ! ~ ~  ;iC''' fk -25 

at zero, there was sufficient millimeters of mercury) is indicated adjacent to -55 0 

residual suction (from capillarity) to inacti- each segment of record; at the arrowheads, suc- 
vate the SI channels. This would explain tion was abruptly released. Note that between 
why it was sometimes possible to stimulate about -20 and -50 mmHg, neither type L was active. Fiftj millimolar KC1 in the pipette; activiti; to mmHg of posi- patch held at Calibration: (A) 1 pA, 2 s; 
tive pressure; this activity subsided with (B) 4 p ~ ,  2 ,; (c) 2 p ~ ,  1 s; (D) 2 p ~ ,  40 ms; (E) 
further positive pressure, as expected for an 4 pA, 2 s. Traces (A), (B), (D), and (E) filtered at 
SI channel. The occurrence of SI and SA ( 8 )  1 kHz, (C) at 500 HZ. Solid bars below traces (here and in Fig. 3) indicate suction. Lyrnnaea stagnaiis 

currents together ( ~ i ~ .  1, C, D, and E) in a neurons were isolated from circumesophageal ganglia (45 min in 0.25% protease), plated on glass cover 
slips, and used for up to 4 days after dissociation. Cells were maintained in NS (50 mM NaCI, 1.6 mM sing1e patch from bodies Or growth KCI, 3.5 mA4 CaC12, 2 mM MgC12, 5 mA4 Hepes, pH 7.6) supplemented with 5 mM glucose, 50 IU of 

cones demonstrates that distinct populations penicillin per milliliter, and 50 pg of streptomycin per milliliter. AU recordings were made on cells 
of channels with reciprocal responses to bathed in this solution (exception noted in Fig. 3) at room temperature. Patch-clamp recordings of 
mechanical tension can coexist within a single-channel activity were made with standard cell-attached gigaseal techniques (19); pipettes were 

made from Corning 7052 glass. Suction, applied through a port in the microelectrode holder, was 
measured and controlled with a Bio-tek transducer. Cell body membrane potentials are calculated on the 

Deparunent of Biology, 30 Somerset Street East, Uni- assumption of V,,,, = -50 mV [from intracellular recordings, V,,,, = -51 r 1.9 mV (SEM), 
versity of Ottawa, Ottawa, Ontario, Canada K l N  6N5, n = 321. 
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