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Coupled Gating Between 
Individual Skeletal Muscle Ca2 + 

Release Channels (Ryanodine 
Receptors) 

Steven O. Marx, Karol Ondrias, Andrew R. Marks* 

Excitation-contraction coupling in skeletal muscle requires the release of in
tracellular calcium ions (Ca2+) through ryanodine receptor (RyR1) channels in 
the sarcoplasmic reticulum. Half of the RyR1 channels are activated by voltage-
dependent Ca2+ channels in the plasma membrane. In planar lipid bilayers, RyR1 
channels exhibited simultaneous openings and closings, termed "coupled gat
ing." Addition of the channel accessory protein FKBP12 induced coupled gating, 
and removal of FKBP12 uncoupled channels. Coupled gating provides a mech
anism by which RyR1 channels that are not associated with voltage-dependent 
Ca2+ channels can be regulated. 

Intracellular Ca2+ release channels, present 
in the endoplasmic (or sarcoplasmic) reticu
lum of virtually all cells, are integral to di
verse signaling pathways that require transla
tion of electrical or biochemical extracellular 
signals into intracellular activation of Ca2+-
dependent molecules. The Ca2+ release chan
nels in skeletal muscle comprise four 565-kD 
type 1 RyR subunits and four molecules of 
the 12-kD protein FKBP12 (1). FKBP12, 
which stabilizes the RyRl complex and en
ables the four subunits to open and close 
coordinately (2), is a member of the immu-
nophilin family of cis-trans peptidyl-prolyl 
isomerases that serve as cytosolic receptors 
for immunosuppressant drugs including rapa-
mycin and FK506 (3). 

Recombinant RyRl expressed in insect 
(Sf9) cells in the absence of FKBP12 forms 
channels with multiple subconductance 
states, consistent with a defect in coordina
tion of the activity of the four channel sub-
units (2). Addition of FKBP12 to recombi-
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nant RyRl stabilizes the channel complex, 
resulting in the formation of channels with 
full conductance (2). This stabilizing effect is 
reversed by treating the channels with rapa-
mycin or FK506 to remove FKBP12 from 
RyRl (2). 

The cytosolic domain of RyRl projects 
into the space that separates the transverse 
tubule (T-tubule) and the sarcoplasmic retic
ulum (SR). A cytosolic domain of the a l 
subunit of voltage-dependent Ca2+ channels 
(VDCCs) in the T-tubule is required for ac
tivation of RyRl during excitation-contrac
tion (E-C) coupling (4). Fragments of this 
domain can activate or inactivate RyRl (5-
7), indicating that E-C coupling may involve 
a protein-protein interaction between the 
two types of Ca2+ channels. Clusters of 
four VDCCs in the T-tubule overlie only 
every other RyRl channel (8). Thus, a cy
tosolic loop from a VDCC is directly ap
posed to each subunit of only half of the 
RyRl channels. 

Recombinant RyRl coexpressed with 
FKBP12 iii Sf9 cells formed Ca2+-activated 
Ca2+ channels that exhibited stable openings 
to 4 pA in planar lipid bilayers (Fig. 1 A) (2). 
A current amplitude histogram (Fig. ID) re
vealed two discrete peaks corresponding to 
closed channels (0 pA) and openings to the 
full amplitude of a single channel (4 pA). In 
some experiments (9 of 44), two channels 
opening and closing (gating) independently 
in the same bilayer were observed (Fig. IB). 
In these experiments, one channel opened to 

the 4-pA level and a second channel was 
clearly apparent, opening independently of 
the first. A current amplitude histogram (Fig. 
IE) revealed three discrete peaks correspond
ing to closed channels (0 pA) and openings to 
the full amplitude for one channel (4 pA) or 
for two channels (8 pA). 

The single-channel properties of recombi
nant RyRl coexpressed with FKBP12 were 
identical to those of native RyRl from SR 
vesicles (2). The native RyRl exhibited the 
typical current amplitude of 4 pA (Fig. 2, A 
and B). In some experiments (12 of 56), two 
channels were observed in the bilayer (Fig. 
2B); channel openings to the 4-pA level and 
a second channel opening to 8 pA were ap
parent. A current amplitude histogram (Fig. 
2E) revealed three discrete peaks correspond
ing to closed channels (0 pA) and openings to 
4 and 8 pA. 

In —10% of experiments with either re
combinant (4 of 44) (Fig. 1C) or native (5 of 
56) (Fig. 2C) RyRl, channels were observed 
that opened to 8 pA, twice the normal current 
amplitude. Current amplitude histograms 
(Figs. IF and 2F) revealed two discrete peaks 
corresponding to closed channels (0 pA) and 
openings to 8 pA. RyRl channels exhibit a 
conductance of —100 pS when Ca2+ (50 
mM) is the current carrier at 0 mV (9). The 
conductances were 93 ± 18 pS for the single-
amplitude openings and 180 ± 20 pS for the 
double-amplitude openings (Fig. 1G). 

If both the 4-pA and the 8-pA openings 
represented activity of two independent 
RyRl channels in the bilayer, then the bino
mial distribution of open probabilities would 
provide a calculated open probability (Plcalc) 
for the 4-pA current equal to the experimental 
value PI. The probability of the 4-pA open
ings in Fig. IB predicted by a binomial dis
tribution (Plcalc) equalled the experimentally 
observed value PI (P > 0.05, Student's t 
test). The same analysis applied to the open 
probabilities of currents in Fig. 1C showed 
that Plcalc did not match the experimentally 
observed value for PI (P < 0.001, Student's 
t test). The failure of a binomial distribution 
based on the open probability of the 8-pA 
currents (P2) in Fig. 1C to predict the open 
probability of the 4-pA currents (PI) indi
cates that the 8-pA currents did not result 
from openings of two independent channels 
(10). Thus, the gating of two channels in Fig. 
1C was likely coupled. Application of the 
binomial distribution is limited by the fact 
that it cannot distinguish between the pres
ence of two interdependent cooperative chan
nels each exhibiting a 4-pA current only, and 
that of a single channel with current ampli
tudes of 4 and 8 pA. However, if the actual 
current amplitude for RyRl is 8 pA, the 
conductance of the channel would be exactly 
twice that measured for RyRl in previous 
studies (2, 11, 12). Moreover, the 8-pA cur-
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Fig. 1. Coupled gating of channels formed from A _ B 
recombinant skeletal muscle RyRl coexpressed 
with FKBP12. (A) A single recombinant RyRl 1- - fik/k@i,$bbpyh I % - F4r u r n  
channel with openings to 4 PA. Liposomes (22) -. 
were fused to planar lipid bilayers (23), and 
channels were activated with 1 mM caffeine. z m  - 
(B) Recording from two independent channels. 
(C) RyRl channels opening to 8 PA. The time - 8 PAL 
scales are expanded in the top two traces in (A) 1 !.Ulkwa~~~~1,11?1 10 ms 

300 mo through (C) and compressed in the bottom 
trace in (A) and (C). Recordings were made at 0 
mV, channel openings are in the upward direc- D d 

C 
E F 

tion, and the arrows at the Left of the traces in 
(A) through (C) indicate (from bottom to top, 
respectively) the 0-, 4-, and 8-pA current Levels. C 

0 
(D through F) Current amplitude histograms of 
channels shown in (A) through (C), respectively. 
(C) Current-voltage relations for the channel in 0 2 4 6 8  0 2 4 6 8  

z 
(A) (m) and the coupled channels in (C) (0). Current (PA) Current (PA) Current (PA) 

Data are means 2 SD. (H and I) Physical asso- 
ciation between RyRl CaZ+ release channels G 
was demonstrated by centrifugation of high 
density SR from skeletal muscle, after incuba- 
tion with [3H]ryanodine and solubilization with 
CHAPS detergent, through 10 to 32% (wlv) 
Linear sucrose density gradients (2) for 17 or 10 
hours, respectively. In (H), the 25% sucrose 
fraction contained the 305 RyRl complex (ar- o 10203040 50 15 20 2s a0 

row), and -605 complexes were in the pellet. Voltage (mV) Sucrose (%) Sucrose (%) 
In (I), the 305 complex (arrow) was present in 
the 20% sucrose fraction, and an -605 complex (arrowhead) was present in the 24% sucrose fraction. The inset in (I) shows immunoblot analysis of 
samples from the 20% (305) and 24% (605) sucrose fractions with specific antibodies to RyRl (9). Coomassie staining showed that these fractions 
contained a single high molecular weight protein (17). Only the bottom portion of each gradient is shown, fraction 1 being the top of the gradient. 
Data are representative of six similar experiments. 

rents showed the same biophysical properties 
(including dwell times and open probabili- 
ties) and responded to pharmacological mod- 
ulators of RyRl in exactly the same manner 
as did the 4-pA currents (13). 

Ultrastructural studies of skeletal muscle 
have shown that RyRl channels are tightly 
clustered square structures arrayed in regular 
rows, and that the corners of adjacent chan- 
nels contact one another (14, 15). Coupled 
gating was observed in - 10% of experiments 
with either recombinant or native RyRl chan- 
nels. Electron micrographs of purified RyRl 
homotetramers show that -10% of these 
structures are physically connected to form 
contacting pairs (14). We incubated high den- 
sity SR with [3H]~anodine and, after solubi- 
lization, subjected the preparation to sucrose 
density gradient centrifugation under condi- 
tions designed to separate individual 30s 
RyRl homotetramers from dimers of two 
physically associated channels that sediment 
at -60s (16). Approximately 10% of the 
RyRl channels from high density SR prepa- 
rations sedimented at -60S, corresponding to 
two physically associated RyRl channels 
(Fig. 1, H and I). Specific [ 3 H ] ~ o d i n e  
binding was also detected in fractions with 
sedimentation coefficients of >60S, suggest- 
ing that more than two RyRl homotetramers 
can remain physically connected during pu- 
rification. We have observed 12-, 16-, and 
20-pA openings, indicative of coupled gating 
of three, four, and five channels, respectively 

(I  7). The physical association of RyRl chan- 
nels was not affected by removal of FKBP12 
(1 7). 

In experiments in which RyRl was ex- 
pressed in insect cells in the absence of 
FKBP12 (Sf9 cells do not contain FKBP12), 
subconductance states (openings to <4 PA) 
(2) were observed. In some of these experi- 
ments (3 of 44), both subconductance states 
and rare openings with currents of >4 pA 
were observed (Fig. 3A). A current amplitude 
histogram (Fig. 3E) revealed a distribution of 
events with currents from 1 to 8 PA, consis- 
tent with the presence of two uncoupled 

channels. Addition of FKBP12 eliminated 
subconductance states and induced stable 
openings to 8 pA (Fig. 3B). A current ampli- 
tude histogram (Fig. 3F) revealed two dis- 
crete peaks corresponding to closed channels 
(0 PA) and openings to 8 PA, consistent with 
coupled gating of two channels. 

Amplitude histograms (Fig. 3, E and F) 
showed that the probability of 8-pA openings 
increased markedly in the presence of 
FKBP12. Effective removal of FKBP12 by 
the addition of rapamycin (2 pM) induced 
two coupled RyRl channels (Fig. 3, C and G) 
to uncouple (Fig. 3, D and H). The low 

Fig. 2. Coupled gating 
between native skeletal 
muscle RyRl channels 
(23). (A) High density 
SR vesicles were fused 
to planar lipid bilayers, 
and RyRl channels 
opening to 4 pA were 
activated with 1 rnM 
caffeine. (B) Two inde- 
pendent 4-pA RyRl 
channels active in the 
bilayer. (C) RyRl chan- 
nels opening to 8 PA. 
(D through F) Current 
amplitude histo~rams 
of channels shown in 
(A) through (C), respectively. Recording were made at 0 mV, and 
channel openings are in the upward direction. The arrows at the left 

j,! --,,-d ti\,& 
f $1 

of the traces in (A) through (C) indicate 0,4, and 8 pk 0 2 4 6 8  

Current (PA) 
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probability of 8-pA openings in the absence 
of FKBP12, compared with the high prob- 
ability of eight such openings in its pres- 
ence, suggests that coupled gating is a func- 
tion of FKBP12. These data indicate that 
FKBP12 has two effects: (i) it permits the 
four subunits of the RyRl channel to gate 
coordinately, thereby eliminating subcon- 
ductance states, and (ii) it enhances func- 
tional coupling between two RyRl chan- 
nels, resulting in 8-pA openings. Indeed, a 
recent study of mice lacking FKBP12 dem- 
onstrated subconductance states and no ev- 
idence of coupled gating for both RyRl 
channels from skeletal muscle and RyR2 
channels from cardiac muscle (18). Addi- 
tion of the channel blocker ruthenium red 
(5 pM), which is often used to establish the 
identity of RyRl channels, to 8-pA chan- 
nels resulted in a marked decrease in chan- 
nel activity (Fig. 4). Despite the evidence in 
favor of coupled gating, it was possible that 
the 8-pA openings were mediated by pre- 
viously unidentified type of channel, a rare 
mode of the normal 4-pA RyRl channel, or 
a partially degraded form of the normal 
channel. These possibilities were rendered 
less likely by the fact that coupled gating 
was not observed in 10 experiments with 
30s RyRl channels isolated by sucrose 
density gradient centrifugation, but it was 
observed in four experiments with purified 
RyRl channels reconstituted from the 60s  
complex (1 7). 

Coupled gating, modulated by FKBP12, is 
compatible with previous observations sup- 
porting a role for Ca2+-induced Ca2+ release 
in skeletal muscle (19-21). The movement of 
Ca2+ through one RyRl channel should in- 

crease the Ca2+ concentration on the cyto- 
plasmic side of neighboring channels and 
might play a role in activating channels that 
are not associated with a VDCC. However, 
coupled gating is observed in the absence of 
luminal Ca2+, such as when Ba2+ is the 
current carrier (17), suggesting that Ca2+ 
cannot be the only signal required for coupled 
gating. 

Taken together, our data show that phys- 
ical and functional association between RyRl 
channels in skeletal muscle can be preserved 
during isolation. The physical association be- 
tween RyRl homotetramers is not dependent 
on FKBPl2 (17). Two or more physically 
connected RyRl channels can open and close 

simultaneously. The functional association 
between RyRl channels, which we have 
termed coupled gating, is enhanced by 
FKBP12. In skeletal muscle, the T-tubule-SR 
junctions are discontinuous such that each 
junction forms a discrete subset of all of the 
RyRl channels in a skeletal myotube. 
Through coupled gating, activation of one 
RyRl channel might activate all of the RyRl 
channels in a junction. In skeletal muscle, the 
T-tubule-SR junctions are discontinuous 
such that each junction forms a discrete sub- 
set of all the RyRl channels in a skeletal 
myotube. Through coupled gating, activation 
of one RyRl channel might activate all of the 
RyRl channels in a junction. Coupled gating 
provides a mechanism for the concerted acti- 
vation of RyRl Ca2+ release channels during 
skeletal muscle E-C coupling. 
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Role of Phosphorylation in 
Regulation of the Assembly of 

Endocytic Coat Complexes 
Vladimir I. Slepnev, Gian-Carlo Ochoa, Margaret H. Butler, 

Detlev Grabs, Pietro De Camilli* 

Clathrin-mediated endocytosis involves cycles of assembly and disassembly of 
clathrin coat components and their accessory proteins. Dephosphorylation of 
rat brain extract was shown to  promote the assembly of dynamin 1, synap- 
tojanin 1, and amphiphysin into complexes that also included clathrin and AP-2. 
Phosphorylation of dynamin 1 and synaptojanin 1 inhibited their binding to  
amphiphysin, whereas phosphorylation of amphiphysin inhibited its binding to  
AP-2 and clathrin. Thus, phosphorylation regulates the association and disso- 
ciation cycle of the clathrin-based endocytic machinery, and calcium-depen- 
dent dephosphorylation of endocytic proteins could prepare nerve terminals for 
a burst of endocytosis. 

Clathrin-mediated endocytosis plays a key 
role in the recycling of synaptic vesicles in 
nerve terminals, and several components of 
the molecular machinery involved in this pro- 
cess have been identified ( I ) .  These include, 
in addition to clathrin and the clathrin adap- 
tors, the guanosine triphosphatase dynamin 1, 
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the amphiphysin dimer, and synaptojanin 1. 
Dynamin 1 oligomerizes into collar structures 
at the neck of deeply invaginated clathrin- 
coated pits, and its conformational change is 
thought to be an essential step leading to 
vesicle fission (2). Synaptojanin 1 is a pre- 
synaptic inositol 5-phosphatase enriched on 
endocytic intermediates (3). The amphiphy- 
sin dimer (4- 6) binds to both dynamin 1 and 
synaptojanin 1 through the COOH-terminal 
SH3 domains of its two subunits (4, 7, 8). 
Disruption of SH3-mediated interactions of 
amphiphysin blocks clathrin-mediated endo- 
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Fig. 1. A macromolecular complex comprising several endocytic proteins can be affinity-purified 
from a Triton X-100 brain extract by the PRD of dynamin (73). (A) Schematic drawing of the CST 
fusion proteins used for affinity chromatography (8). (B) Coomassie blue staining of the starting 
rat brain extract and of the material affinity purified by the four constructs shown in (A). (C) 
lmmunoblot analysis of the material shown in (B). (D) lmmunoblot analysis of the material 
affinity-purified by the PRD in the absence and presence of the indicated amounts of amphiphysin 
1, SH3 domain of amphiphysin 1, and central fragment of amphiphysin 1 (amino acids 262 to 435). 
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