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abstract

 

To identify regions of the ryanodine receptor (RyR) important for ion conduction we modified the
channel with sulfhydryl-reacting compounds. After addition of methanethiosulfonate (MTS) compounds channel
conductance was decreased while other channel properties, including channel regulation by ATP, caffeine, or Ca,
were unaffected. The site of action was accessible to the MTS compounds from the cytoplasmic, but not the lumi-
nal, side of the channel. In addition, the hydrophilic MTS compounds were only effective when the channel was
open, suggesting that the compounds covalently modify the channel from within the water-filled ion conducting
pathway. The decrease in channel current amplitude occurred in a step-wise fashion and was irreversible and cu-
mulative over time, eventually leading to the complete block of channel current. However, the time required for
each consecutive modification during continuous exposure to the MTS compounds increased, suggesting that
successive modification by the MTS compounds is not independent. These results are consistent with the hypoth-
esis that the channel forms a wide vestibule on the cytoplasmic side and contains a much smaller opening on the
luminal side. Furthermore, our results indicate that the MTS compounds can serve as functional markers for spe-
cific residues of the RyR to be identified in molecular studies.
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i n t r o d u c t i o n

 

The ryanodine receptor (RyR)

 

1

 

 of the sarcoplasmic
reticulum is the primary intracellular Ca-release channel
of cardiac and skeletal muscle and is essential for Ca sig-
nalling in a number of other cell types. Through the
tight regulation of RyR gating of Ca release, these mus-
cle cells contract and relax in response to physiological
demands. Similarly, the RyR in nonmuscle cells re-
leases Ca from intracellular stores in response to a vari-
ety of cellular signals.

The RyR is the largest transmembrane channel iden-
tified to date. From the primary sequence many regula-
tory sites have been proposed, and putative transmem-
brane regions have been identified (Takeshima et al.,
1989; Zorzato et al., 1990). Models of the structure of
the RyR have been constructed from hydropathy plots
(Takeshima et al., 1989; Zorzato et al., 1990), surface
accessibility of cleavable sites (Marks et al., 1990; Calla-
way et al., 1994), biophysical studies (Lindsay et al.,
1994; Tinker and Williams, 1995), and from electron
microscopic images (Radermacher et al., 1994; Sery-
sheva et al., 1995

 

a

 

, 

 

b

 

). Nonetheless, the location of

these regulatory components in the RyR are largely un-
known. In addition, it is unknown how the individual
subunits fold in cellular membranes to form the pore(s)
of the channel, nor is it known how many pores a RyR
has. Two simple possibilities exist; one is that the four
identical subunits come together to form a channel con-
taining a single pore, which is divided into quadrants
and is influenced by the conformation of each of the
subunits. The second possibility is that each subunit
forms a pore, which contributes one-fourth to the uni-
tary conductance of the channel. Single channel analy-
sis has shown four subconductance states of the RyR
each being one quarter of the total conductance of the
channel (Smith et al., 1988). Although this would sug-
gest that there are four equal pores that work together
to produce a unified current flow through the channel,
it is also possible that a single pore exists and the sub-
states reflect shifts in the conformation of the subunits
which surround the pore (Dani and Fox, 1991).

We used the methanethiosulfonate (MTS) compounds
methanethiosulfonate ethylammonium (MTSEA

 

1

 

) and
methylmethane thiosulfonate (MMTS) as tools to probe
the conduction pathway of the RyR. These compounds
were chosen because they are highly specific sulfhydryl-
reacting compounds (Akabas et al., 1992). The hydro-
philic nature of the MTS compounds and the specificity
for attacking cysteine residues have been used to identify
and study the water-filled conduction pathway of a num-
ber of channel types (Akabas et al., 1992; Xu and Akabas,
1993; Kurz et al., 1995; Yang and Horn, 1995; Huynh et
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al., 1996). We hypothesized that covalent interactions
of the MTS compounds with the RyR would alter chan-
nel properties and that the type and degree of effects
would vary depending on the charge of the MTS com-
pound used.

This paper reports our initial characterization of the
interaction between the MTS compounds and the RyR.
Our results show that these compounds will be useful
reagents for mapping the pore-lining regions of the
RyR. We found that addition of MTSEA

 

1

 

 decreased the
current in four increments, and the time increments
between successive steps were unequal, indicating that
the step-wise channel modifications were not occurring
independently. We also found that ryanodine modifica-
tion of the RyR decreased the ability of MTSEA

 

1

 

 to
modify channel conductance. In sum, the nature of the
changes in channel conductance in the presence of the
MTS compounds support models previously described
(Lindsay et al., 1994) in which the RyR makes a single
funnel-shaped pore with the widest region facing the
cytoplasmic domain.

 

m e t h o d s

 

Membrane Vesicle Preparation

 

Microsomes from rabbit skeletal muscle were prepared as de-
scribed previously (Kim et al., 1983), except that the homogeni-
zation buffer contained 20 mM TRIS, pH 7.0. Briefly, rabbit skel-
etal muscle was homogenized and microsomes were separated
from the rest of the cell by differential centrifugation. Samples
were frozen in liquid nitrogen and stored at 

 

2

 

80

 

8

 

C.

 

Bilayer Technique

 

The RyR was incorporated into planar lipid bilayers as described
previously (Ehrlich and Watras, 1988). Bilayers were formed by
painting a lipid mixture of phosphatidylethanolamine: phos-
phatidyl-choline (Avanti Polar Lipids, Alabaster, AL) in decane,
across a 100-

 

m

 

m hole in a teflon membrane which separated two
halves of a lucite chamber. The 

 

cis

 

 solution was a HEPES/Tris
buffer lacking monovalent alkali metal and halide ions (250 mM
HEPES, 125 mM Tris, pH 7.3). Ca on the 

 

trans

 

 side (50 mM
Ca(OH)

 

2

 

, 250 mM HEPES) served as the only permeant ion in
the system. SR vesicles were added to the 

 

cis

 

 side and fusion with
the lipid bilayer was induced by making the 

 

cis

 

 side hyperosmotic
by the addition of 400–500 mM KCl. After the appearance of po-
tassium and chloride channels, the 

 

cis

 

 side was perfused with the
HEPES/Tris buffer. The free Ca concentration on the 

 

cis

 

 side
was adjusted to 5 

 

m

 

M using a Ca-EGTA–buffered solution. Chan-
nel currents were amplified using a bilayer clamp amplifier
(Warner Instruments, New Haven, CT) and recorded on VHS
tapes. Data were filtered to 1 kHz, digitized at 5 kHz, then trans-
ferred to a personal computer and analyzed with pClamp 6.0
(Axon Instruments, Foster City, CA).

To determine single channel amplitudes, openings shorter
than 2 ms were excluded from the analysis. For all other analyses,
events shorter than 0.5 ms were excluded. Open probabilities
were calculated from a minimum of 3 min of continuous record-
ing. Channel openings are shown as upward deflections from the
zero current line (solid line). Dashed lines represent the current
amplitude of channel openings for the untreated RyR. Openings

which appear above the dashed lines represent a second channel.
Differences in the open probability among control recordings re-
flect normal channel to channel variability. Each channel serves as
its own control for any noted differences in channel activity re-
corded after a treatment protocol. Values reported are means 

 

6

 

 SE.

 

Sulfhydryl Compound Treatment

 

The methanethiosulfonate compound MTSEA

 

1

 

 was initially ob-
tained as a gift from Myles Akabas (Columbia University, NY),
and subsequent samples were obtained from Toronto Research
Chemicals Inc. (Ontario, Canada). MMTS was purchased from
Sigma Chemical Co. (St. Louis, MO). After the incorporation of
RyR channels in the bilayer, MTSEA

 

1

 

 at 0.05, 0.1, 0.2, 0.5, or 5
mM, or MMTS at 5 mM were added to the 

 

cis

 

 side of the bilayer.
Control segments are current recordings made before the addi-
tion of the test compounds. In one series of experiments the
compound was added to the 

 

trans

 

 side of the bilayer. A treated
channel refers to a channel that has been treated with the MTS
compound and the compound has been removed. Removal is
achieved by perfusion of 10 vol of compound-free solution.

 

r e s u l t s

 

Modification of the Current Amplitude of the RyR after
MTS Treatment

 

The ability of the MTS compounds to modify the char-
acteristics of the RyR was tested on native skeletal RyR
incorporated into planar bilayers. Untreated control
channels (Fig. 1 

 

A

 

) appeared as described previously by
many investigators (Smith et al., 1988; Bezprozvanny et
al., 1991; Tinker and Williams, 1992). Addition of MTS
compounds to the 

 

cis

 

 side of the RyR caused a decrease
in the current amplitude. Upon addition of the neutral
MMTS (5 mM) channel current was reduced by half
(Fig. 1 

 

A

 

, 

 

top right trace

 

). If a positively charged MTS
compound (MTSEA

 

1

 

, 5 mM) was added to the 

 

cis

 

 side
of the RyR, the channel was completely blocked (Fig. 1

 

A

 

, 

 

middle right trace

 

). This effect was observed at all volt-
ages tested (Fig. 1 

 

B

 

). The slope conductance of the
MMTS-modified channel was approximately half of the
untreated channel (48 

 

6

 

 6 vs. 108 

 

6

 

 5 pS, 

 

n

 

 

 

5

 

 3).
When lower concentrations of MTSEA

 

1

 

 were applied
(i.e., 0.2 mM, Fig. 1 

 

A

 

, 

 

bottom right trace

 

), full block did
not occur and intermediate conducting states were
seen. The MTSEA

 

1

 

- induced reduction in current am-
plitude by half occurred more rapidly when higher con-
centrations of MTSEA

 

1

 

 were applied (Fig. 2); 2.2 

 

6

 

 0.4
min (

 

n

 

 

 

5

 

 3) at 0.5 mM MTSEA

 

1

 

, 6.7 

 

6

 

 1.2 min (

 

n

 

 

 

5

 

 3) at
0.05 mM MTSEA

 

1

 

, and 

 

.

 

20 min at 0.01 mM MTSEA

 

1

 

(

 

n

 

 

 

5

 

 1). At concentrations 

 

$

 

0.1 mM MTSEA

 

1

 

, extended
incubation times eventually resulted in a full block of
channel current. In every experiment, change in chan-
nel conductance remained after removal of the MTS
compounds. In one case, an extensive washout of
MTSEA

 

1

 

 (

 

.

 

30 chamber vol) still did not return chan-
nel currents to control levels. Modification of channel
conductance from either MMTS or MTSEA

 

1

 

 treatment
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persisted as long as the channel remained active in the
bilayer, sometimes as long as 2 h.

The maximum effect of MMTS was reduction of the
current amplitude to half of the control value (see Fig.
1), even when concentrations above 5 mM MMTS were
applied to the channel. If a channel was modified first
with MMTS to the half conducting state, subsequent
additions of MTSEA

 

1

 

 did not change the current am-

plitude. Similarly, if the channel was treated first with
MTSEA

 

1

 

 then MMTS, the channel openings were in-
hibited as in experiments where only MTSEA

 

1

 

 was
added.

Many properties of the channel were unchanged by
MTS treatment. Although the MTS compounds caused
activation of the channel, the effect disappeared upon
removal of the compounds. The only irreversible effect
caused by the MTS compounds was the decrease in
channel conductance. The mean open and closed
times and the open probabilities were unaffected by
MTSEA

 

1

 

 compared to the untreated channels: open
times (

 

t

 

o

 

 

 

5

 

 11 

 

6

 

 5 vs. 12 

 

6

 

 2 ms, 

 

n

 

 

 

5

 

 3; Fig. 3), closed
times (

 

t

 

c

 

 

 

5

 

 13 

 

6

 

 8 vs. 16 

 

6

 

 4 ms, 

 

n

 

 

 

5

 

 3), open probabil-
ity (

 

P

 

o

 

 

 

5

 

 0.43 

 

6

 

 0.19 vs. 0.39 

 

6

 

 0.05, 

 

n

 

 

 

5

 

 3). Com-
pounds traditionally used to activate the RyR (e.g.,
ATP, Ca, and caffeine) also activated the MTS-treated
channel and did not reverse any of the MTS com-
pound’s effects on channel current amplitude. Addi-
tion of 

 

cis

 

 ATP induced channel activation in both the
untreated (Fig. 4 

 

A

 

, 

 

left

 

) and MTSEA

 

1

 

-treated RyR (Fig.
4 

 

A

 

, 

 

right

 

) without altering the current amplitude in the
control or MTSEA

 

1

 

-modified channel. The concentra-
tion of ATP required for half-maximal activation of the
channel was 0.5 mM for both untreated and treated
RyRs (Fig. 4 

 

B

 

). Similarly, a RyR modified by MTSEA

 

1

 

still responded to 

 

cis

 

 Ca, where half-maximal activation
by Ca occurred at pCa 6 as in our control experiments
and in Ca release experiments (Meissner et al., 1986).
Also, caffeine activated the MTSEA

 

1

 

-modified channel
as in untreated channels (not shown).

Figure 1. Effect of MTS compounds on current amplitude of
the RyR. Single channel recordings are shown for RyR in lipid bi-
layers. (A) MMTS (5 mM, top trace) and MTSEA1 (5 mM, middle
trace, and 0.2 mM, lower trace) were added to the cis side of the bi-
layer for 5 min and was subsequently removed. The traces on the
left show the current before treatment and the traces on the right
show the current after treatment. The solid line is zero current.
Voltage was held at 0 mV. One of three (MMTS) or four
(MTSEA1) similar experiments is shown. (B) MMTS altered chan-
nel current at all voltages tested. Slope conductance was 108 6 5
pS for untreated and 48 6 6 pS for treated channels (n 5 3).

Figure 2. Time-dependent effect of MTSEA1 on current ampli-
tude and channel activation of the RyR. MTSEA1 was added at
concentrations shown on the x-axis. Channel currents were contin-
ually monitored before and after the addition of the compound
and during the entire incubation period, up to 30 min. After addi-
tion of the compound, the time required to achieve a drop in
channel conductance to half of the control levels was monitored.
Except for the value for 0.01 mM MTSEA1 which is from one ex-
periment, each value represents the mean 6 SEM of at least three
similar experiments.



258 Sulfhydryl Compounds Alter RyR Channel Conductance

Location of the Sites for Covalent Modification by MTSEA1

To localize the effect of MTSEA1 and to test for non-
specific effects on the lipid bilayer, responses to appli-
cation of MTSEA1 to either the cis or trans side of the
channel were compared. We found that addition of
MTSEA1 to the trans side of the channel had no effect
on the current amplitude (Fig. 5). Channel behavior
was observed for at least 15 min, in the presence of ei-
ther 0.25 mM MTSEA1 (Fig. 5, left traces) or 5 mM
MTSEA1 (Fig. 5, right traces). When MTSEA1 was added
to the cis compartment, the current amplitude was re-
duced to half within 3 min at 0.25 mM (Table I) and
was completely inhibited within 30 s in the presence of
5 mM MTSEA1. Thus, no effect of trans addition of
MTSEA1 was seen even after waiting 30 times the dura-
tion required to see an effect from the cis side. Experi-
ments were also done where MTSEA1 was added first to
the trans side with no effect, and subsequently added to
the cis side, resulting in a reduction of the current am-
plitude as when MTSEA1 was added cis only.

Next, the ability of MTSEA1 to modify the channel,
maintained in either the closed or actively opening

Figure 3. Mean open time of the RyR before and after MTSEA1

treatment. The upper histogram shows the distribution of open
times for the untreated channel. The lower histogram shows the
same data for the channel following treatment with 0.1 mM
MTSEA1 (10 min, cis addition). One of three similar experiments
is shown.

Figure 4. Effect of ATP on channel activation in untreated con-
trols and MTSEA1-treated RyRs. (A) The traces on the left show an
untreated channel. The traces on the right show a channel after
treatment with 0.1 mM MTSEA1 (5 min, cis addition). The bottom
traces show the respective channels after treatment with 0.5 mM
ATP (cis addition). These results show that ATP activates the RyR
in both the absence and presence of MTSEA1 treatment. One of
three similar experiments is shown. (B) The graph on the top
shows the ATP-response curve of an untreated RyR (n 5 7). The
values shown are the channel’s open probability at corresponding
concentrations of ATP. The graph on the bottom shows the ATP-
response curve of a RyR after treatment with 0.2 mM MTSEA1 (5
min, cis addition, n 5 3). The data points of both graphs were fit by
the Michaelis Menten equation (dashed lines). The Km for ATP in
both the untreated and the treated channels was 0.5 mM.
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state, was assessed. The channel was either maintained
closed during treatment by the addition of 1 mM cis
CaCl2 (Fig. 6, upper left), (Meissner and Henderson,
1987; Bezprozvanny et al., 1991), or the channel was
maintained in the actively opening state by the pres-
ence of 5 mM cis Ca (Fig. 6, upper right). Both channels
were incubated with 0.1 mM MTSEA1 (cis side) for 5
min, the MTSEA1 was removed, the channels were re-
activated, and channel currents were observed (Fig. 6,
bottom). If the channel was closed during exposure to
MTSEA1, the current amplitude was unaltered (Fig. 6,
bottom left). However, when MTSEA1 was added to the
actively opening channel, current amplitude was re-
duced (Fig. 6, bottom right). Similar experiments were
conducted at a very high concentration of MTSEA1 (5
mM, n 5 3); no effect of MTSEA1 occurred if the chan-

nel was maintained in a closed state for as long as 5
min. A high Ca concentration alone does not inhibit
MTSEA1 reacting with the RyR because in four experi-
ments, where 1 mM Ca was unable to maintain the
channel in a closed state, MTSEA1 decreased the cur-
rent amplitude.

Step-wise Reduction Over Time

When a lower concentration (0.05 mM MTSEA1) was
used, the current decreased in a step-wise fashion, and
the steps did not reverse (Fig. 7 A). 4 min after the ad-
dition of 0.05 mM MTSEA1, channel openings reflect-
ing approximately three-quarters of the control current
amplitude appeared (Fig. 7 A, second trace). Because
there is a period of time required for mixing and equil-
ibrating compounds in the cis chamber, the actual time
between the equilibration of the MTSEA1 in solution
and its covalent modification of the channel could ac-
tually be much less than 4 min. As the incubation con-
tinued, channel openings to approximately half of the
control value appeared at 7-min (Fig. 7 A, third trace)
and at 20-min openings to one-quarter of the control
value appeared (Fig. 7 A, bottom trace). Transitions be-
tween substates in one experiment are shown after
treatment with 0.05 mM MTSEA1 (Fig. 7 B). It was pos-
sible to capture a record of all three transitions in a sin-
gle experiment only when very low concentrations of
MTSEA1 were used. At higher concentrations initial
transitions occurred rapidly, usually while stirring. The
exact moment of a transition was often difficult to de-
termine when the open time of the channel was short.

t a b l e  i

Time Required for MTSEA1-induced Transitions in the
Current Amplitude

Concentration
of MTSEA1

Transition from 3/4
to 1/2 of the

control amplitude

Transition from 1/2
to 1/4 of the

control amplitude

0.05 mM 2.8 6 0.23 min, n 5 3 13.8 6 3.6 min, n 5 3

0.2 mM 1.5 (0.5, 2.5) min, n 5 2 5.5 6 2.5 min, n 5 4

Channels, incorported into planar lipid bilayers, were treated with either
0.05 or 0.2 mM MTSEA1 (cis addition). Channel currents were monitored
and the time (in minutes) required for a change in the current amplitude
is shown for each concentration. Values are mean 6 SEM. For n 5 2 the
value is mean (range).

Figure 5. Effect of adding MTSEA1 to the trans or cis side of the
RyR. MTSEA1 was added at 0.25 mM (left, one of three similar ex-
periments is shown) or 5 mM (right, one of six similar experiments
is shown) to the trans side (middle traces) or cis side (bottom traces) of
the channel. The current recording shows that MTSEA1 treatment
had no effect when added to the trans side for up to 15 min, at ei-
ther concentration, but affected the current amplitude when added
to the cis side in 3.1 6 0.8 min at 0.25 mM, and ,30 s at 5 mM.

Figure 6. Effect of adding MTSEA1 to an open or closed RyR.
MTSEA1 was added at 0.1 mM (10 min) to the RyR maintained in
either the closed state (by the addition of 1 mM CaCl2 to the cis
buffer) or stimulated to open (by adjusting the cis buffer to con-
tain 5 mM free Ca). MTSEA1 treatment had no effect when added
to the closed channel (left traces, one of three similar experiments
is shown), but in the presence of an actively opening channel, de-
creased the current amplitude (right traces, one of four similar ex-
periments is shown).
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Channel openings at the full, three-quarters and half
substates had slope conductances of 95 pS (n 5 5), 80
pS (n 5 4), and 57 pS (n 5 7; Fig. 7 C). The one-quar-
ter substate is not included on Fig. 7 C as channel am-

plitudes were small relative to the noise, making analy-
sis less reliable.

During continuous exposure to MTSEA1 it took
longer to reduce the current from the half state to the

Figure 7. Step-wise reduction in channel current after treatment with
MTSEA1. If MTSEA1 at 0.05 mM was used, a greater number of sub-
states could be detected over the course of exposure. (A) After 4 min,
the current amplitude was approximately three-quarters of the control
value (second trace). After 6 min, the current amplitude was half of the
control level (third trace), and after 18 min, the current amplitude was
one-quarter the control value (bottom trace). (B) Step changes in chan-
nel currents are shown as they occurred. All records are from a single
experiment. The top record shows a transition from a control state to a
current amplitude approximately three-quarters of the control. The
middle trace shows the same channel as it changes from the three-quar-
ters state to a half state. The bottom record shows the current ampli-
tude transition from the half to the quarter state. (C) Current-voltage
relationships for the untreated, three-quarter, and half substates are
shown. The slope conductances for the control, three-quarter, and half
states were 95 pS (circles, n 5 5), 80 pS (squares, n 5 4), and 57 pS (trian-
gles, n 5 7).



261 Quinn and Ehrlich

one-quarter state than to go from the three-quarter
state to the half state (Table I). When experiments us-
ing two concentrations of MTSEA1 were compared, the
same relationship held, but the absolute times were
shorter at higher MTSEA1 concentrations (Table I).
Assuming independent sites and a time of 2.8 min to go
from the three-quarter to the half state (Table I), it
should take the same time to then go to the one-quarter
state. In contrast, this transition took 13.8 min, a result
inconsistent with independent sites for modification.

Ryanodine Restricts Access of MTS Compounds to
Their Reaction Sites in the Channel

The order of addition of MTSEA1 and ryanodine influ-
enced the results. After a 5-min incubation with 0.2 mM
MTSEA1 (cis addition) and removal of excess com-
pound, the amplitude of the current was half of the
control (Fig. 8, top trace). Addition of 10 mM ryanodine
to the MTSEA1-modified channel locked the channel
into a sub-conducting state between the half conduct-
ing state and ground (Fig. 8, middle trace). This remain-
ing current was immediately inhibited by 500 mM ru-
thenium red (Fig. 8, bottom trace).

If the ryanodine and MTSEA1 were added in the re-
verse order, the observed effect was different (Fig. 9).
In a ryanodine-modified channel MTSEA1 (0.05–0.5
mM) had no effect on channel conductance when ob-
served for up to 30 min. However, the addition of high

MTSEA1 (5 mM) altered the current amplitude only af-
ter 20–30 min (Fig. 9, middle trace).

d i s c u s s i o n

In this paper we investigated the effects of sulfhydryl-
reactive compounds on the RyR. Ca current through
the RyR was altered without affecting the other channel
properties, including activation by ATP, Ca, and caf-
feine, suggesting that the sites of MTS modulation are
different from other regulatory sites. We also found
that the channel current was modified in four steps,
but the time between successive modifications by these
compounds increased with each step. This result, com-
bined with the effects of ryanodine on the modified
channel, suggests that the four sites are not indepen-
dent and that the MTSEA1 molecules are interacting at
four sites, very close together, within the conduction
pathway.

The MTS compounds were chosen because they are
highly specific sulfhydryl-reacting compounds which
react with thiol-containing amino acid residues (i.e.,
cysteines). MTSEA1 has been used to block ion con-
ductance because it reacts with cysteine residues thought
to be in the water-filled conduction pathway. MTS com-
pounds have been used to map out pore-lining cysteines
in the acetylcholine receptor (Akabas et al., 1992), the

Figure 8. Effect of adding ryanodine to a MTSEA1-modified
RyR. Channels were treated first with MTSEA1 (0.2 mM for 5
min). There was an irreversible decrease in the current amplitude
(top trace) to approximately half of the untreated channels. The
channels were then treated with ryanodine (10 mM, one of three
similar experiments is shown). After z10 min the current was de-
creased further to approximately one-quarter of the control cur-
rent (second trace). To substantiate that the remaining current was
due to the RyR, ruthenium red (500 mM) was added (bottom trace).

Figure 9. Effect of adding MTSEA1 to a ryanodine-modified
channel. Channels were treated first with ryanodine (10 mM). Ry-
anodine modified the untreated channel by locking it into a sub-
state (top trace). The channels were then treated with a relatively
high concentration of MTSEA1 (5 mM, 25 min, cis addition, one
of 3 similar experiments is shown). There was a single-step drop in
the amplitude of the current to baseline levels (middle trace). Ru-
thenium red (500 mM) was added to show that no additional chan-
nel current remained (bottom trace).
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GABAA receptor (Xu and Akabas, 1993), a voltage-gated
K1 channel (Kurz et al., 1995), and the channel made
by diphtheria toxin (Huynh et al., 1996). Modification
by the MTS compounds creates both stearic and elec-
trostatic barriers to ion movement through the conduc-
tion pathway (Akabas et al., 1992).

Effects of MTS Compounds on the RyR

In our experiments with the RyR the MTS compounds
irreversibly altered channel conductance. Although the
MTS compounds initially activated the RyR, the in-
crease in open probability did not persist after removal of
the MTS compound suggesting that this effect is not re-
lated to sulfhydryl modification of the channel protein.

The positively charged compound (MTSEA1) was far
more effective at blocking channel current when com-
pared to the neutral compound (MMTS). These find-
ings support a permeation model (Tinker and Will-
iams, 1992) where the lining of the mouth of the RyR
contains fixed negative charges to concentrate cations
within the channel pore in order to increase cation
conduction. If surface charges in the conduction path-
way of the RyR were made more positive (via the inser-
tion of MTSEA1), the concentration of cations within
the channel should be reduced, resulting in a decrease
in channel current. The data presented in this paper
are consistent with this model.

The MTS compounds were only effective when
added to the cis side and not to the trans side of the bi-
layer. This suggests that the structure of the channel
near the cis side contains a wide vestibule providing lit-
tle resistance against the entry of MTS molecules to
their sites of action, whereas the opening of the chan-
nel on the trans side may be small creating a high resis-
tance to the entry of the MTS compounds. A funnel-
like structure has been proposed previously for K1

channels (Kurz et al., 1995) and the RyR (Lindsay et
al., 1994; Tinker and Williams, 1995) using different
experimental paradigms. It was deduced that the
length of the RyR pore was 10.4 Å from the start of the
voltage drop on the cis side to the selectivity filter on
the trans side and the diameter of the pore on the trans
side was 7 Å (Lindsay et al., 1994). Most MTS deriva-
tives, including MTSEA1, fit into cylindrical spaces 6 Å
in diameter by 10 Å in length (Akabas et al., 1992).
Therefore, the selectivity filter proximal to the trans
side of the RyR pore is barely wide enough to fit an
MTS molecule, such that entry at the trans side would
be possible but less likely. In contrast, regions within
the membrane-spanning domain proximal to the cis
side of the pore may be as wide as 25 Å, as suggested by
electron cryomicroscopy (Radermacher et al., 1994;
Serysheva et al., 1995b), and may provide little resis-
tance against MTS molecules entering and modifying
exposed cysteines. Even if the MTS molecules are able

to pass the selectivity filter on the trans side, the result-
ing local concentration of compound near to the reac-
tive site(s) may be too low for a reaction to take place.

Location of the Interaction between MTSEA1 and the RyR

The most likely sites where covalent modification is oc-
curring is within the conduction pathway of the RyR.
Although it is possible for the MTS compounds to in-
teract with exposed cysteines in the large foot region of
the RyR, such interactions are not expected to lead to
changes in channel conductance seen in this study for
two reasons. First, we found that the compounds were
only effective at reducing channel conductance when
the channel was actively opening and were ineffective
when the channel gate was closed. This result suggests
that potential MTS binding sites on the large cytoplas-
mic domain of the channel would have to be available
only when the channel was in the open configuration.
Second, after ryanodine modification, the ability of the
MTS compounds to decrease current was greatly re-
duced, suggesting that not all open conformations of
the channel expose the reactive sites. The simplest ex-
planation for these results is that the sites are within the
conduction pathway.

These results also support the hypothesis that the
MTSEA1 molecules are occupying the conduction path-
way sequentially and in close proximity with one another,
creating a step-wise decrease in current flow through
the channel. The evidence that the MTSEA1 molecules
are modifying the RyR at sites close to one another
comes partially from the observation that the time re-
quired for successive modifications is longer with the
progression of each substate. If the molecules were in-
teracting with independent sites outside the range for
stearic or electrostatic interactions between the mole-
cules, then subsequent modifications would be spaced
equally in time. Instead, successive modifications took
longer to achieve than would be expected for indepen-
dent sites. Although it is possible for the interaction of
a MTSEA1 molecule with one subunit to induce a con-
formational change in adjacent subunits, there was not
any change in channel function to support this claim.

When the channel was first modified with MTSEA1

to a half substate and then treated with ryanodine, an
interesting effect occurred. The channel became locked
in a quarter state and not the half state that typically oc-
curs in the presence of ryanodine. Therefore, ryanodine
is still able to elicit an effect on channel conductance,
although ryanodine modification of the MTSEA1- treated
channel differs from its effects on the untreated chan-
nel. If the channel was modified first with ryanodine and
then treated with MTSEA1, another effect was seen. It
took 10 times the normal concentration of MTSEA1 and
20 times the normal incubation time to elicit any effect,
suggesting that ryanodine hindered access of MTSEA1
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to its reactive site(s) within the channel’s conducting
pathway. Previous experiments showed (Tinker and Will-
iams, 1993) that ryanodine modification reduced the
capture radius at the cis side of the channel such that
access to the conduction pathway for impermeant cat-
ions was now restricted. The diminished ability of
MTSEA1 to affect the ryanodine modified channel also
supports the hypothesis that ryanodine reduces chan-
nel conductance by shifting the orientation of the sub-
units.

Putative Location of the Cysteine Residues

The evidence presented thus far suggests that MTSEA1

is covalently modifying cysteine residues in the con-
ducting pathway. One of the putative membrane span-
ning regions (M2 [Takeshima et al., 1989] or M6 [Zorzato
et al., 1990]) contains three cysteine residues, making
it the most likely candidate for the MTS-reactive sites.
Other putative membrane spanning regions contain
one or zero cysteines. An a helix structure of the M2 re-
gion would vertically align the cysteines on the hydro-
philic face of the helix. Using Takeshima’s model, cys-
teines No. 4663 and No. 4657 could be located approx-
imately 1 Å and 10 Å, respectively, from the cytoplasmic
side, putting two residues per subunit near the cis en-
trance within reach of the reactive end of MTSEA1. In
addition, an MTS molecule has a diameter of 6 Å (Aka-
bas et al., 1992), which is approximately one-quarter
the diameter of the 25 Å vestibule (Radermacher et al.,
1994; Serysheva et al., 1995b). Therefore, it would be
possible for four MTS molecules to react with four anal-
ogous sites within the pore. Although the presence of
four MTS molecules would not block the pore area, the
additional electrostatic hindrance caused by the charges
on the MTSEA1 could be responsible for the complete
block of channel current.

The Structure of the RyR

The findings presented here suggest that the RyR con-
tains a conducting pathway that is occupied by the MTS

compounds in a step-wise manner. Although it is possi-
ble that these molecules could be reacting with inde-
pendent sites on four separate conducting vestibules,
the data presented here supports the single-pore model
for the RyR. In a single-pore model each of the four
subunits participates in the formation of a central pore.
Computer simulations have demonstrated that a single-
pore model could still yield long-lived subconductance
states induced by slight alterations in the structure of
the pore or in the electrostatic properties of the pore/
mouth of the channel (Dani and Fox, 1991). Long-lived
changes in the conformation of subunits could occur
by modulation by phosphorylation, or by the addition
of compounds such as ryanodine or MTSEA1. Indepen-
dent evidence in support of a single pore model comes
from the observation that the RyR contains a single
binding site for cations (Tinker and Williams, 1992; Lind-
say et al., 1994), and that three-dimensional images of
the RyR show a single central pore formed by the join-
ing of the four subunits (Serysheva et al., 1995b).

Summary

In conclusion, the MTS compounds were able to alter
RyR channel Ca current without affecting other aspects
of channel function. This initial study demonstrates
that MTS compounds are useful tools which interact
with pore lining regions of the RyR which leads to dis-
tinct changes in the functional properties identified at
the single channel level. The MTS compounds only
worked from the cis side and when the channel was in
the open state, suggesting that the site of action was
within the pore of the channel and was only accessible
through the wide, funnel-shaped vestibule on the cyto-
plasmic-facing side of the channel. The MTS-induced
changes in channel conductance suggests that the RyR
consists of a single conduction pathway. Further tests of
the RyR structure will come from microscopic and mo-
lecular studies.
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