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A B S T R A C T The effects of  ruthenium red and the related compounds tetraamine 
pal ladium (4APd) and tetraamine plat inum (4APt) were studied on the ryanodine 
activated Ca ~+ release channel reconstituted in planar  bilayers with the immunoaf- 
finity purified ryanodine receptor. Ruthenium red, appl ied at submicromolar 
concentrations to the myoplasmic side (c/s), induced an all-or-none flickery block of  
the ryanodine activated channel. The  blocking effect was strongly voltage depen- 
dent,  as large positive potentials that favored the movement of  ruthenium red into 
the channel conduction pore produced stronger block. The half dissociation 
constants (Kd) for ruthenium red block of  the 500 pS channel were 0.22, 0.38, and 
0.62 p-M, at +100, +80, and +60 mV, respectively. Multiple ruthenium red 
molecules seemed to be involved in the inhibition, because a Hill coefficient of close 
to 2 was obtained from the dose response curve. The  half dissociation constant of 
ruthenium red block of the lower conductance state of the ryanodine activated 
channel (250 pS) was higher (Kd = 0.82 p-M at + 100 mV), while the Hill coefficient 
remained approximately the same (nil ---- 2.7). Ruthenium red block of  the channel 
was highly asymmetric, as t ram ruthenium red produced a different blocking effect. 
The  blocking and unblocking events (induced by c/s ruthenium red) can be resolved 
at the single channel level at a cutoff frequency of 2 kHz. The  closing rate of  the 
channel in the presence of  ruthenium red increased linearly with ruthenium red 
concentration, and the unblocking rate of the channel was independent  of ruthe- 
nium red concentrations. This suggests that ruthenium red block of the channel 
occurred via a simple blocking mechanism. The  on-rate of  ruthenium red binding 
to the channel was 1.32 x 109 M -I s - l ,  and the off-rate of  ruthenium red binding 
was 0.75 x l0  s s -1 at +60 mV, in the presence of  200 nM ryanodine. The  two 
related compounds,  4APd and 4APt, blocked the channel in a similar way to that of 
ruthenium red. These compounds inhibited the open channel with lower affinities 
(Kd = 170 p.M, 4APd; Kd = 656 p-M, 4APt), and had Hill coefficients of close to 1. 
The results suggest that ruthenium red block of  the ryanodine receptor  is due to 
binding to multiple sites located in the conduction pore of the channel. 
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I N T R O D U C T I O N  

In skeletal muscle, excitation of the transverse tubule membranes leads to a transient 
elevation of the myoplasmic calcium concentration ([Ca~+]i), which is followed by 
muscle contraction, a process generally referred to as excitation-contraction cou- 
pling. This transient increase in [Ca2+]i is achieved through opening of the Ca ~+ 
release channel in the sarcoplasmic reticulum (SR) membrane (Smith, Coronado, and 
Meissner, 1985). The Ca 2+ release channel is a large conductance pore, having 
saturation conductances of ~ 1 nS for K + and ~ 100 pS for Ca 2+ (Smith, Imagawa, 
Ma, Fill, Campbell, and Coronado, 1988). The channel in isolation has two proper- 
ties resembling a ligand gated channel: (a) The conduction pore is relatively 
nonselective, with a permeability ratio of P c a / P K  ~ 6; and (b) the activity of the 
channel is controlled by physiologically relevant compounds. Myoplasmic Ca 2÷ 
regulates the opening of the channel through activation and inhibition mechanisms, 
ATP in the millimolar concentration range enhances the channel activity, and 
millimolar Mg inhibits the channel activity (Smith, Coronado, and Meissner, 1986). 

The use of ryanodine as ligand allowed purification of the ryanodine receptor/Ca 2÷ 
release channel (Imagawa, Smith, Coronado, and Campbell, 1987; Inui, Saito, and 
Fleischer, 1987; Lai, Erickson, Rousseau, Liu, and Meissner, 1988), and elucidation 
of the primary structure of  the ryanodine receptor (Takeshima, Nishimura, Matsu- 
moto, Ishida, Kangawa, Minamino, Matsuo, Ueda, Hanaoka, Hirose, and Numa, 
1989; Zorzato, Fujii, Otsu, Phillips, Green, Lai, Meissner, and MacLennan, 1990). 
The purified ryanodine receptors normally exist in a tetrameric complex (Wagen- 
knecht, Grassucci, Frank, Saito, Inui, and Fleischer, 1989; Lai, Misra, Xu, Smith and 
Meissner, 1989), which is similar to the foot structure identified in the triadic junction 
of the intact muscle (Franzini-Armstrong, 1970; Block, Imagawa, Campbell, and 
Franzini-Armstrong, 1988). Planar bilayer recordings identified the ryanodine recep- 
tor as the Ca 2+ release channel (Smith et al., 1988; Lai et al., 1988; Ma, Fill, 
Knudson, Campbell, and Coronado, 1988; Hymel, Inui, Fleischer, and Schindler, 
1988; Williams, 1992). Expression of the cDNA coding for the skeletal muscle 
ryanodine receptor resulted in a functional Ca 2÷ release channel (Penner, Neher, 
Takeshima, Nishimura, and Numa, 1989). 

Although the ryanodine receptor has been purified and cloned, little was known 
about the structure of the channel complex, particularly the number of the 560-kD 
polypeptide that are involved in forming the conduction pore of the channel. The 
interaction of specific blockers at the single channel level has been widely used to 
study the structure and function relationship of ion channel gating (Hille, 1992). 
Drugs of specific actions on the SR Ca 2+ release channel, like ryanodine (Rousseau, 
Smith, and Meissner, 1987; Garcia, Avila-Sakar, and Stefani, 1991) and local 
anesthetics (Endo, 1977; Palade, Dettbarn, Brunder, Stein, and Hals, 1989; Xu, 
Jones, and Meissner, 1993), have proven to be useful tools in understanding the 
molecular mechanism of excitation-contraction coupling in skeletal muscle (Fleischer 
and Inui, 1989; Rios and Pizarro, 1991). 

Ruthenium red has a linear structure consisting of three ruthenium (Ru) atoms 
linked by two oxo-bridges; the Ru atoms serve as a nucleus for a total of 14 amines 
with a bulk valence of six in acidic solution ([(NHs)sRu-O-Ru(NHs)4-O- Ru(NHs)5] 6+, 
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Fletcher, Greenfield, Scargill, and Woodhead, 1961). This compound was first used 
to block mitochondrial Ca 2+ transport (Moore, 1971). Later it was shown to inhibit 
Ca 2+ release from the SR of striated and smooth muscles (Ohnishi, 1979; Miyamoto 
and Racker, 1982; Antoniu, Kim, Morii, and Ikemoto, 1985; Pampe, Konishi, Baylor, 
and Somlyo, 1988). It is capable of  quenching the efflux of 45Ca from the junctional 
SR vesicles within milliseconds after addition (Ikemoto, Antoniu, and Meszaros, 
1985; Meissner, Darling, and Eveleth, 1986; Sumbilla and Inesi, 1987; Calviello and 
Chiesi, 1989). Since the early work of Smith et al. (1985), ruthenium red has been 
widely used as a specific blocker of the SR Ca ~+ release channel. 

The  mechanism by which ruthenium red blocks the ryanodine receptors is 
presently unknown. In ryanodine receptors activated by Ca ~+ or nucleotides, ruthe- 
nium red induces a long term closure that is essentially irreversible on the time scale 
of  the recordings (Smith et al., 1985; 1988). This complete turn-off of  the channel 
made analysis of  the blocking mechanism particularly difficult. 

Ryanodine is a specific ligand for the Ca release channel, which induced significant 
conformational changes in the channel structure (Ma, Campbell, and Coronado, 
1990). The  ryanodine activated channels stayed preferentially in the open configura- 
tion under wide range of recording conditions. This long-lived open state permitted 
a kinetic analysis of  the transitions between open and blocked states of  the channel 
induced by ruthenium red. The present work characterized the mechanism of 
ruthenium red block of the purified ryanodine receptor of  rabbit skeletal muscle. The 
experiments were performed with the ryanodine activated channels, and the analyses 
were focused on the kinetics of  blocking at the single channel level. The strong 
voltage-dependent and cooperative inhibition of the channel suggests that ruthenium 
red can physically plug the open channel pore in an all-or-none fashion. Part of  the 
work has appeared in an abstract form (Ma, Kundson, Campbell, and Coronado, 
1989). 

M A T E R I A L S  A N D  M E T H O D S  

Immunoaff~nity Purification of the Ryanodine Receptor 

Ryanodine receptors were purified from rabbit skeletal muscle by immunoaffinity chromatog- 
raphy (Smith et al., 1988). The proteins were kindly provided by Dr. Kevin P. Campbell and 
colleagues at the University of Iowa. Briefly, triad membrane fractions were isolated from a 
young rabbit and the membranes were solubilized with 1% CHAPS detergent. The solubilized 
membranes were applied to an immunoaffinity column prepared with the purified monoclonal 
antibody (XA7), specific against the ryanodine receptor. The ryanodine receptor proteins were 
eluted from the column by KSCN. The purified ryanodine receptor consisted of a single 
polypeptide of approximate molecular weight 450 kD determined by SDS gel electrophoresis 
(Imagawa et al., 1987; Smith et al., 1988). Scatchard analysis indicated a maximum binding 
capacity of Bm,~ = 490 pmol/mg protein, and an affinity for ryanodine binding with a Ka = 7 
nM. 

Planar Bilayer Reconstitution of the Ca 2+ Release Channel 

Planar bilayers were formed across an aperture 0.2 mm in diameter in a delrin cup, with a 
mixture of brain phosphatidylethanolamine and phosphatidylserine in a weight ratio of 1:1 
(Avanti Polar Lipids, Birmingham, AL). The lipids were dissolved in decane (Aldrich Chemical 
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Co., Milwaukee, WI) at a concentration of 20 to 50 mg lipid/ml decane. Single channel currents 
were recorded with a List L/M EPC 7 amplifier (List Electronic, DA-Eberstadt, FRG). Currents 
were filtered through a low-pass Bessel filter (Frequency Devices, Haverhill, MA) at 1.5-5 kHz 
and digitized at 4-31 kHz. Data acquisition and storage were performed on a PC/AT computer 
using Keithley-DAS 570 software (Cleveland, OH). All experiments were performed at room 
temperature (25 +-- 3°C). 

To study the mechanism of ruthenium red block of the ryanodine receptor, I chose to work 
on the ryanodine activated channels. 1-3 ~g of the purified ryanodine receptor were added to 
the c/s solution, that contained 250 mM KCI, 10 p~M free Ca 2+ (buffered with 1 mM EGTA), 10 
mM HEPES-Tris (pH 7.4). The trans solution was identical to the c/s solution. In addition, 200 
nM ryanodine was always present in both solutions, which allowed recording of the ryanodine 
activated Ca ~+ release channel. The ryanodine activated channels were easily identified by their 
characteristic open times which were longer than those of the normal channels (without 
ryanodine). 

The orientation of the channel in the bilayer was cis-myoplasmic/trans-luminal SR, in more 
than 90% of the experiments. This was verified by the asymmetric voltage dependence of the 
channel gating in the presence of ryanodine. At c/s-positive potentials, the ryanodine activated 
channel had faster rate of opening and closing (see Fig. 2). The second independent test was 
based on the present studies, where the blocking effects of ruthenium red were highly 
asymmetric (see results, Fig. 9). 

Eight different preparations of the immunoaffinity purified ryanodine receptor were tested in 
the experiments, of which two did not have channel activities. Of the six preparations used, 
they seemed to give consistent channel activities. 

Single Channel Data Analysis and Curve Fitting 

The programs for data acquisition and analysis were written by Dr. Hubert Affolter (1986, 
University of North Carolina, Chapel Hill, NC) in the laboratory of Dr. Roberto Coronado. The 
initial step in the analysis was to look through the single channel traces under a continuously 
acquired data file to search for the open and closed levels, using an amplitude histogram 
analysis. Fits with Gaussian distributions of the open and baseline levels gave the mean value of 
the open and baseline currents plus their standard deviations. Idealization of the open and 
closed events was obtained by setting the closed discriminator at two standard deviations above 
the baseline level and the open discriminator at two standard deviations below the open level 
(Coronado and Affolter, 1986). The idealized data, containing the duration of each open and 
closed event and the amplitude of each open event, were stored in an ASCII file. All subsequent 
analyses were carried out using this ASCII file. 

Three basic parameters that define the behavior of the channel were calculated routinely: 
single channel current amplitude (io), open probability of the channel (Po), and open ("to) and 
closed ('rc) lifetimes of the channel, io was obtained from the Gaussian distribution of the open 
current amplitude. Po was calculated as the fractional open time during the total recording. 

The mean open and closed lifetimes of the channel were obtained from the open time and 
closed time histograms. Events were binned according to a negative cumulative distribution 
(Ehrenstein, Blumenthal, Latorre, and Lecar, 1974). The number of exponential terms to best 
fit the histogram were determined according to the least squares regression analysis. The open 
time histograms of the normal (in the absence of ryanodine) and ryanodine activated (200 nM 
ryanodine) channels were best fitted with one exponential term. The closed time histograms of 
the channels required a fit with two exponential terms (a fast and a slow component). 

Curve fitting for the dose response titration of the blockers tested (ruthenium red, tetraamine 
palladium and tetraamine platinum) were performed with the Sigma Plot program (Jandel 
Scientific, Corte Madera, CA). 
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R E S U L T S  

The Ca 2+ Release Channel Formed by the Purified Ryanodine Receptor 

Representative single channel currents through the immunoaffinity purified ryano- 
dine receptor are shown in Fig. 1. The  current cartier was symmetrical 250 mM KCI, 
with the free Ca 2+ in both solutions buffered at 10 ~M with 1 mM EGTA. The use of  
K +, instead of Ca ~+, as the charge carrier permitted the buffering of Ca 2÷ to any 
desired level in either solution without affecting the current-voltage relationship. In 
addition, the monovalent cations (K + or Na +) carry larger currents than the divalent 
cations (Ca 2+ or Ba2+), which allows for better time resolution of the single channel 
currents (Smith et al., 1988). 

The channels had large conductances, which exhibited rapid transitions between 
the open and closed state (Fig. 1 A). The amplitude of the single channel currents 
varied linearly with the holding potential (HP), with a slope conductance of 430 +- 12 

A 
+ 8 °  mv 

~ J l ~ L ~ m ~ * ~ ~  i ~  +40 mV 
- - ~ - 4 0  mV 

50 pA 

B iom, 
_ _ ~ ~ ~ d ~ ~ l ~  200 pS 

_ _ ~ 4 0 0  pS 

_ _ ~ 8 0 0  pS 

FIGURE 1. K + currents through the 
purified skeletal muscle ryanodine re- 
ceptor channel. (A) The currents at 
indicated holding potentials were 
measured with symmetrical 250 mM 
KCI, 10 ~M free Ca 2+ and 10 mM 
HEPES-Tris (pH 7.4). The records 
were filtered at 2 kHz. (B) Selected 
currents at HP = + 100 mV were from 
three different bilayer experiments. 
The corresponding conductance val- 
ues were 200, 400, and 800 pS. 

pS. The mean open lifetime of the channel was 0.59 ms at HP = +80 mV (Fig. 4). As 
shown in previous studies (Ma et al., 1988; Smith et al., 1988), the channels formed 
by the purified ryanodine receptor were similar to the Ca 2+ release channel found in 
junctional SR vesicles (Smith et al., 1985), in terms of gating by Ca 2+, ATP, pH and 
particularly the specific effects of ryanodine. 

There  were differences between the purified ryanodine receptor and the native 
Ca 2+ release channel. One such difference is shown in Fig. 1 B. These single channel 
currents were all recorded at HP = + 100 mV, but each trace represents separate 
experiments. The  current amplitudes were 20 +- 0.8 pA, 43 +_ 1.1 pA, and 78 - 2.6 
pA, corresponding to conductance values of ~ 200, 400, and 800 pS, respectively. 
The  400-pS channel was the most frequently observed conductance state (in 41 out of 
54 experiments analyzed). Although the native Ca 2+ release channels (from junc- 
tional SR vesicles) exhibit multiple subconductance levels, one rarely observes 
channels with lower conductance alone in an independent experiment (Ma, Zhou, 
and Rios, unpublished data). 
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FIGURE 2. Single channel cur- 
rents of the ryanodine activated 
channel at various holding po- 
tentials. The  channel was mea- 
sured in the presence of 2 0 0  

nM ryanodine (both c/s and 
trans solutions). The recording 
solutions were 250 mM KCI, 10 
v.M Ca 2+, 10 mM HEPES-Tris 
(pH 7.4). The characteristic 
long open lifetimes indicated a 
channel bound to ryanodine. 
The selected records at the in- 
dicated potentials were from 
the same channel. Marks at 
right indicate the closed state. 
The slope conductance of  the 
channel was 509 pS, see Fig. 5. 

Gating Properties of the Ryanodine Activated Ca 2+ Release Channel 

Previous studies showed that ryanodine, as a specific ligand for the Ca 9+ release 
channel, locked the channel into a long-lived open state and reduced the single 
channel conductance by 40-50% (Rousseau et al., 1987). The effects of ryanodine are 
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Holding Potentiol (mV) 
FIGURE 3. Voltage dependence of  the ryanodine activated channel. (,4) The  mean open 
lifetimes ('to) of the ryanodine activated channel decreased monotonically, as the holding 
potentials became more positive. -to was 24 ms at - 100 mV, and "to was 4.6 ms at + 100 mV. (B) 
Open probabilities (Po) of the ryanodine activated channel had a bell shaped dependence on 
the holding potential. The  maximum open probability was 0.94 (at 0 mV). 
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irreversible  and  the onset  o f  act ion is r a the r  slow, due  to the slow on- ra te  o f  
ryanod ine  b ind ing  to the  r ecep to r  p ro te in  (Chu, Diaz-Munoz,  Hawkes, Brush, and  
Hami l ton ,  1990). 

T o  overcome this slow process,  the  expe r imen t s  were s tar ted with ryanod ine  
p resen t  in the  r eco rd ing  solut ion before  the  channels  were i nco rpo ra t ed  into the 
bi layer  membranes .  Fig. 2 shows records  at various m e m b r a n e  potent ia ls  with 200 
nM ryanod ine  p resen t  in both  the  c/s and  t r a m  solutions. C o m p a r e d  with the  no rma l  
channel  (Fig. 1), the  ryanod ine  act ivated channel  had  a long lived o p e n  state. T h e  

Ld 
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U 
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Open Time HisLogram 

RYANODINE 

10 
TIME (ms) 

lo 
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FIGURE 4. Open time and 
closed time histogram analyses. 
Events were collected at +80 
mV from the same channel be- 
fore (control) and after (ryano- 
dine) the onset of the kinetic 
change induced by ryanodine. 
The control channel had con- 
ductance of ~400 pS, and the 
ryanodine activated channel 
had conductance of ~500 pS. 

"~ The histograms represented 
, ~ 1,745 control events and 574 

20 events of the ryanodine acti- 
vated channel. The shaded area 
of each histogram represents 
the overlap between the control 
and +ryanodine. The open 
time histograms (top) can be 
fitted by a single exponential 
decay, with time constants of 
• o = 0.59 -+ 0.06 ms (control) 
and "to = 8.61 -+ 0.54 (ryano- 
dine). The  closed time histo- 
grams had two exponential 
terms. The corresponding time 
constants were Tcl = 1.42 -+ 
0.21 ms, ~c2 = 8.82 -+ 1.20 ms 

, J (control); and "rcl = 1.20 -- 0.56 
20 ms, "re2 = 3.66 --- 0.62 ms (rya- 

nodine ). 

channel  had  mean  open  l ifetime o f  8.6 ms at  + 8 0  mV (Fig. 4), which is ~ 20-fold 
g rea te r  than  that  observed in the absence of  ryanodine .  T h e  closed lifetimes o f  the 

ryanod ine  act ivated channel  were also different  f rom the no rma l  channel ,  but  to a 
lesser extent .  Both closed lifetimes exhibi t  b i -exponen t ia l  dis tr ibut ions.  For  the 

no rma l  channel ,  "rcl = 1.42 ms and  re2 = 8.82 ms, whereas  for the ryanod ine  
act ivated channel ,  ~cl = 1.20 ms and  ~c2 = 3.66 ms (Fig. 4). 

A character is t ic  vol tage d e p e n d e n c e  o f  the ryanod ine  act ivated channel  was 

observed (Fig. 2). At negat ive  ho ld ing  potent ials ,  the re  t e n d e d  to be silent pe r iods  o f  
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channel  closings, that  resulted in a net  reduction o f  channel  open  probability (Fig. 3). 
At positive potentials, the open  channels were interrupted by frequent closings, which 
resulted in a decrease o f  the channel  open  lifetime at positive voltages (Fig. 3 A). 
Open  probability o f  the channel  as a function o f  holding potential displayed a bell 
shaped curve (Fig. 3 B). Such voltage dependence  was not  seen with the normal  
channels. 
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FICURE 5. Multiple conduc- 
tance states of the ryanodine 
activated channel. (A) The se- 
lected traces (at HP = +80 mV) 
represent the different conduc- 
tance states of the ryanodine 
activated channels, identified in 
independent experiments. The 
actual conductance values were 
given below. (B) The circles, 
triangles, and squares repre- 
sent the three observed con- 
ductance states of the ryano- 
dine activated channel. The 
current carriers were all 250 
mM symmetrical KCI. The cor- 
responding slope conductances 
were 509 -+ 44 pS (circles), 
224 -+ 32 pS (triangles) and 
132 -+ 24 pS (squares). 

Fig. 2 represents the most  frequently observed conductance state o f  the channel  in 
the presence o f  200 nM ryanodine.  The  slope conductance o f  the channel  was 509 -+ 
44 pS in 250 mM symmetric KCI (Fig. 5), which is significantly larger than that o f  the 
normal  channel  (430 pS, the most  frequently observed state). In the present  studies, 
the reduct ion in the conductance state o f  the channel u p o n  binding of  ryanodine was 
not  seen in all the experiments,  especially starting with the 400 pS normal  channel. 
Sometimes I saw a reduct ion o f  conductance from 400 pS to 250 pS after addit ion of  
ryanodine, other  times I saw an increase o f  conductance by ~ 15% (to ~ 500 pS). 



MA Ruthenium Red Block of the Ca 2+ Release Channel 1039 

This  a p p a r e n t  d iscrepancy was due  to the  p resence  o f  mul t ip le  conduc tance  states 
associated with the  ryanod ine  act ivated channel  (Fig. 5). Distinct conductances  of  
500, 250, and  125 pS were observed in i n d e p e n d e n t  exper iments .  T h e  n u m b e r  o f  
observat ions  o f  each conduc tance  state were summar ized  in Table  I. T h e  500-pS 
channel  was seen more  frequently in expe r imen t s  in i t ia ted with ryanod ine  a l ready 
p re sen t  in the  r eco rd ing  solution. T h e  250-pS channel  was the  of ten encoun te red  
state after  add i t ion  of  ryanod ine  to a no rma l  channe l  in the bilayer.  T h e  125 pS 
channel  was mostly seen with 3 mM Ca 2+ p resen t  in both  r eco rd ing  solutions. 

T A B L E  I 

Mult~ C o ~ e  S~tes ~ ~ ~an~ineMc~vated C~nne~ 

Date 500 pS 250 pS 125 pS 

10/87 3 2 0 
11/87 1 3 0 
12/87 0 1 0 
03/88 1 2 1 
04/88 2 1 0 
05/88 6 1 3 
06/88 4 3 1 
07/88 8 1 1 
08/88 1 0 0 
11/88 1 0 0 

Totals 27 14 6 

Note: of the 27 observations of the 500 pS channel, 14 were pretreated with 
tyanodine. Of the 14 observations of the 250 pS channel, four were pretreated with 
ryanodine. Of the six observations of the 125 pS channels, four were measured with 
3.5 mM CaCI~ present in both solutions and two were measured with 10 ~M free Ca ~+. 

Voltage Dependent Block of Ryanodine Activated Ca 2+ Release Channel 
by Ruthenium Red 

T h e  long-l ived open  state o f  the  ryanod ine  act ivated Ca 2+ release channe l  al lowed for 
easy ident i f icat ion o f  the  blocking and  unblock ing  events of  r u then ium red.  

Addi t ion  o f  submic romola r  concent ra t ions  o f  ru then ium red  to the c/s solut ion 
p r o d u c e d  a fast flickery block o f  the ryanod ine  act ivated channel  (Fig. 6). Selected 
records  at +60,  +80,  and  + 100 mV ho ld ing  potent ia ls  were from one  channel  with a 
single conduc tance  state o f  500 pS, with symmetr ical  250 mM KCI in 10 ~M free 
[Ca2+], 10 mM HEPES-Tris  (pH 7.4). The  currents  were f i l tered at  2 kHz cutoff  
frequency. O p e n  times o f  the reference  channel  (top rows) were i n t e r rup t ed  by a 
relatively small  n u m b e r  o f  closing events, ref lect ing the slow gat ing  o f  the ryanod ine  
act ivated channel .  T h e  records  in the  midd le  and  bo t t om rows were r e c o r d e d  after  
add i t ion  o f  0.5 and  1.2 ~M ru then ium red  to the myoplasmic  side o f  the channel ,  
respectively.  T h e  increased  n u m b e r  of  fast t ransi t ions between open  and  basel ine 
cur ren t  levels ind ica ted  that  ru then ium red  b locked  the open  channel  th rough  a fast 
react ion.  Ampl i tude  h is tograms (not  shown) showed that  the  fast t ransi t ions  d id  not  
resul t  in the  fo rmat ion  o f  new conductance  states, o the r  than  the open  and  basel ine  
levels. T h e  block of  the open  conduc tance  was therefore  a l l -or-none.  T h e  records  
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shown are representative of six experiments performed. The blocking effects of 
ruthenium red were reversible, as washing out of  ruthenium red from the c/s solution 
fully recovered the channel activity (two experiments). 

Ruthenium red increased the frequency of transitions from open to closed levels (at 
intermediate concentrations, 0.5 p~M) and decreased the tendency of transitions from 
closed to open states (at high concentrations, 1.2 wM), that contribute to a 
concentration-dependent decrease in the overall open probability (Po) of the channel 
(Fig. 6). 

100 mV 80 mV 60 mV 

,IJtt, J.lL. J dla l.a.I . . . .  

0 ,u.M 

0.5 /.zM 

~ 1 . 2  ~M 

50 pA 

20 ms 

FIGURE 6. Voltage dependent block of the ryanodine activated channels by ruthenium red. 
The ryanodine activated channels were obtained at a ryanodine concentration of 200 nM 
(present in both solutions). The single channel currents were measured in symmetrical 
solutions consisting of 250 mM KC1, I0 mM HEPES-Tris (pH 7.4), and 10 p,M Ca z+ buffered 
with 1 mM EGTA. The channel had a slope conductance of 500 pS. The indicated concentra- 
tion of ruthenium red was added to the cis solution, the myoplasmic side of the channel. The 
represented holding potentials were cis minus trans. 

The blocking events produced by ruthenium red were strongly voltage dependent.  
Addition of 0.5 p~M ruthenium red reduced the open probability of the channel by 
80% (from 0.76 to 0.15) at +100 mV, by 60% (from 0.90 to 0.33) at +80 mV, and by 
40% (from 0.96 to 0.56) at +60 mV, respectively (Fig. 7A). The  voltage-dependent 
block can also be seen clearly at 1.2 v~M ruthenium red, in which the channel had a 
measurable open probability of 0.25 at +60 mV, while it decreased to essentially zero 
at + 100 mV. 

The dose response titration of Po vs [ruthenium red] is shown in Fig. 7 A, at +60 
mV (circles), +80 mV (squares), and +100 mV (triangles). The figure showed that 
ruthenium red blocked the ryanodine activated channel in a narrow concentration 
range; 0.1 p~M ruthenium red did not produce significant block, whereas 2 p~M 
ruthenium red completely inhibited the channel openings. This suggested that the 
binding reaction of ruthenium red to the channel could be cooperative. The smooth 
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curves in Fig. 7 A were fits o f  the da ta  accord ing  to the Hill  equat ion:  

Po = Pmax/[1 + (XIKd) n"] (1) 

where  X is the ru then ium red  concent ra t ion ,  Kd is the  half  dissociat ion constant ,  nit is 
the Hill coefficient, and  Pmax is the open  probabi l i ty  o f  the channe l  before  add i t ion  o f  
r u then ium red.  T h e  best  fit pa r ame te r s  were as follows: Kd = 0.22 ----. 0.01 t~M, 0.38 -+ 
0.02 I~M, 0.62 -+ 0.03 p,M a n d n H  = 2.05 ---- 0.08, 2.18 ---- 0.13, 2.12 ---- 0.15, at +100,  
+80,  and  + 6 0  mV, respectively.  T h e  ha l f  dissociat ion constants  decreased  at h ighe r  

A B 

100~ 

_5 

21 
O.Ol o.1 1 lO - o  25 510 715 100 

Ruthenium Red (uM) Membrane Potential (mY) 
FIGURE 7. Dose-dependent block by ruthenium red of the ryanodine receptor. (A) Open 
probability (Po) of the channel was measured at each ruthenium red concentration at a given 
holding potential (circles, +60 mV; squares, +80 mV; triangles, + 100 mV). The smooth curves 
represent the fit according to the Hill equation (Eq. 1). The best fit parameters were Kd = 
0.62 --+ 0.03 p~M, nH -- 2.12 -+ 0.15 at +60 mV; Ka = 0.38 -+ 0.02, nH= 2.18 _ 0.13 at +80 
mV; and Ka = 0.22 +-- 0.01, nH= 2.05 - 0.08 at + 100 mV. (B) Half dissociation constants (Kd) 
were plotted against the holding potential, on a common log scale. The line through the data 
points was the fit according to Eq. 2. Kd(0) = 2.93 p.M, and 8z = 0.79. 

ho ld ing  potent ia ls ,  conf i rming  the vol tage d e p e n d e n t  block shown in Fig. 6. T h e  Hill 
coefficients a re  all close to nH = 2, sugges t ing  tha t  at  least  two ru then ium red  
molecules  are  involved in the inhibi t ion of  the  channel .  

T h e  plot  o f  Log(Kd) vs m e m b r a n e  potent ia l  appea r s  to have a l inear  re la t ionship  
(Fig. 7 B ). T h e  affinity o f  ru then ium red  block (Kd(V)) at a given m e m b r a n e  potent ia l  
can be descr ibed  by the following equat ion:  

Kd(V) = Kd(0 ) exp  ( - ~ z F / R T )  (2) 

where  Kd(0) is the  ha l f  dissociat ion constant  at 0 mV, and  ~z the effective valence o f  
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ruthenium red binding to the channel. The extrapolated Kd(0) at 0 mV was 2.9 ~M, 
which is in close agreement with the affinity obtained from [~H]ryanodine binding 
experiment. Displacement of [3H]ryanodine from the immunoaffinity purified ryano- 
dine receptor by ruthenium red had an ICs0 of 2-3 p~M (Imagawa, Smith, Coronado, 
and Campbell, 1987). The slope of the fitted line was -0 .028 mV-l, this corresponds 
to a ~z value of 0.79. Given the valence of +6 for ruthenium red, the binding sites for 
ruthenium red should be located a distance equivalent to 0.13 of the membrane field 
from the myoplasmic side of the channel. 

___/25 pA 
c o n t r o l  lo r,. 

0.2 /~M "~ 
75 

8 
_ ' I I F  ~llrlnTV'lWl"3"~ll"l' lPrlll '" 17"""1'~ o_ 

50 ¢.- 
0.7/~M e 

Q. 

1.2/,t,M c 0 
,,., M,,IJt.,.~&, .*. ~,- t i ,  ip~ ~LaMa~J, ; .  llh~i j ~- 

Im, l d  ~1 Ja'hL ... , I , . . . , . la ,., " " U l d a J . l ~ k . & ~  

0 
0.01 0.1 1 10 

R u t h e n i u m  Red (uM)  

FIGURE 8. Ruthenium red block of the 250-pS conductance channel. The represented single 
channel currents were at + 100 mV holding potential, from a 250-pS channel in the presence of 
200 nM ryanodine. The indicated ruthenium red concentrations were added to the c/s solution. 
The records shown are representative of two other experiments performed. The dose response 
curve was fitted according to Eq. 1, with the following parameters: Kd = 0.82 -- 0.04 p.M and 
nH= 2.77 + 0.42. The curve without data points was the same as Fig. 7 at +100 mV, for the 
500-pS channel. 

Ruthenium Red Block of the 250-pS Conductance State 

Ruthenium red caused a flickery block of all conductance states of the ryanodine 
activated channels. Fig. 8 shows selected single channel currents at + 100 mV of a 
250-pS channel activated by ryanodine before and after exposure to different 
concentrations of ruthenium red (left). The corresponding dose-response curve is 
shown in the right panel of the same figure. As in the case of 500-pS channels, 
submicromolar ruthenium red (c/s) induced a fast block of  the 250-pS channel that 
was concentration-dependent. There was also a clear decrease in channel current at 
1.2 ~M ruthenium red presumably due to fast unresolved open-closed transitions (at 
cutoff frequency of 2 kHz). 

The major difference between ruthenium red block of the 250-pS channel and the 
500-pS channel lies in the dissociation constant (Kd). The concentration dependence 
of block of the 250-pS channel had a Kd = 0.82 + 0.04 ~M, which is nearly fourfold 
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larger than that of  the 500-pS channel (Kd = 0.22 wM). The  best fit Hill coefficient 
was nn = 2.74, indicating a cooperative inhibition of ruthenium red of the 250-pS 
channel. The  same dose response curve of the 500 pS channel (at + 100 mV) was 
drawn in Fig. 8, for comparison. 

No systematic studies were performed with ruthenium red block of the smallest 
conductance state (125 pS) of the ryanodine activated channel, because resolution of 
the fast blocking and unblocking events was more difficult for the smaller currents. In 
two experiments, higher concentrations of  ruthenium red (10 p.M) were required to 
completely inhibit the 125-pS channel. Therefore,  the affinity of  ruthenium red block 
of the ryanodine receptor seems to correlate inversely with the conductance state of  
the channel. 

Sidedness of Ruthenium Red Block of  the Ryanodme Activated Channel 

The blocking effect of  ruthenium red was remarkably dependent  on the side of  the 
membrane  to which it was added. The effect of ruthenium red applied to the trans 
side of  the channel is shown in Fig. 9. Single channel traces were taken at - 8 0  mV of 
a 500 pS ryanodine activated channel. It is clear that trans ruthenium red created a 
different blocking phenomenon from that ofc/s ruthenium red. Instead of the flickery 
block that reduces the open probability of  the channel (Fig. 7), here ruthenium red 
attenuated the single channel currents from the luminal SR side of  the channel. The  
overall open probability of  the channel was not altered significantly. 

The dose response relationship for the effects of  ruthenium red applied to the 
tram side is given in Fig. 9 (right). The decrease in single channel currents as a 
function of ruthenium red concentration was fitted by a Hill equation of the following 
form: 

I = Io/[1 + (X/Kd) nn] (3) 

The best fit parameters  were Kd = 0.51 - 0.07 ~M, nn = 1.32 -+ 0.20, and Io = 
35.2 + 2.0 pA. Thus, trans ruthenium red block of the ryanodine activated channel 
had similar affinity to that of  c/s ruthenium red, but had a Hill coefficient close to 1. 
This probably indicates that a simple binding site can be approached by ruthenium 
red from the luminal SR side of  the Ca 2+ release channel. 

A voltage dependent  blocking effect was also observed for trans ruthenium red 
titration, such that trans ruthenium red only reduced the current flow from tram to cis 
(at negative potentials), whereas the current flow from c/s to tram (at positive 
potentials) was not affected (data not shown). The reduction of single channel 
currents induced by tram ruthenium red indicates fast on- and off-rates of  ruthenium 
red binding to the channel. A net negative surface charge exists on the luminal side 
of the Ca release channel, based on the studies of Tu, Velez, and Fill (1993). This 
negative charge could concentrate ruthenium red near the binding sites, and be 
responsible for the observed faster rate of ruthenium red interaction from the trans 
side of  the channel. 

This highly asymmetric block of the ryanodine receptor by ruthenium red provides 
an additional way of identifying the orientation of the channel in the bilayer. A 
normally c/s-myoplasmic tram-luminal SR orientated channel will respond to addition 
of submicromolar concentration of ruthenium red to the c/s side with a fast flickery 
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gating,  an inversely o r i en ta t ed  channel  will r e spond  with a reduc t ion  in single 
channel  cur ren t  ampl i tude .  

Blocking and Unblocking Rates of  Ruthenium Red 

To kinetically analyze the blocking and  unblocking  events p r o d u c e d  by ru then ium 
red  (app l ied  to the  c/s side) at the  single channel  level, the open  and  closed t ime 
h is tograms were constructed.  T h e  h is tograms shown in Fig. 10 represen ts  distr ibu- 
tions o f  o p e n  and  closed t imes for a single 500 pS channel  in the presence  of  0.5 oLM 
and  1.2 v.M ru then ium red  at + 8 0  mV ho ld ing  potent ia l .  The  fit o f  the exponen t i a l  
d is t r ibut ions  was descr ibed  by the smooth  lines r unn ing  th rough  the b inned  data.  
T h e  f igure shows that  ru then ium red  decreased  the mean  open  t ime in a concentra-  

control 
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FIGURE 9. Ruthenium red block of the ryanodine activated channel from the luminal SR side. 
The selected single channel currents were at - 8 0  mV holding potential. The indicated 
ruthenium red concentrations were added to the tram side of the channel. The records shown 
are representative of three other experiments. The dose response of the single channel 
currents at a given ruthenium red concentration (right) was fitted with Eq. 3. The parameters 
were: Io = 35.2 -+ 2.0 pA, Kd = 0.51 --+ 0.07 v.M, and nH= 1.32 --+ 0.20. 

t i o n - d e p e n d e n t  manner .  T h e  mean  open  t ime of  the channel  before  exposure  to 
ru then ium red  was 10.3 ms; this was r educed  to 1.03 ms and  0.43 ms at 0.5 wM and  
1.2 ~M ru then ium red,  respectively. 

A less p r o n o u n c e d  effect was observed in the dis t r ibut ions o f  closed times. T h e  
closed t ime h i s togram of  the reference  channels  was best  f i t ted by two exponent ia ls ,  
with t ime constants  of ' rc  1 = 1.1 ms and  "rc2 = 3.1 ms. Both exponen t ia l s  are  drawn 
separa te ly  in Fig. 10 (top right) to indicate  that  ~ 78% of  closed events were fit by the 
fast closed time, "rcl. Addi t ion  o f  ru then ium red  changed  the dis t r ibut ion of  closed 
times, mainly by chang ing  the p r o p o r t i o n  o f  the closed events in ~c2. T h e  occurrence  
of  closed events in -rc2 was increased f rom 0.22 to 0.40 with 0.5 I~M ru then ium red,  
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FIGURE 10. Effects of ruthenium red on the open and closed time distributions of the 
ryanodine activated channel. Distributions of open (left) and closed (right) times are shown at 
+80 mV before (control) and after addition of 0.5 I~M and 1.2 IxM ruthenium red. For 
comparison, the number of open or closed events was normalized in the y-axis. The number of 
open events were 244 (control), 1575 (+0.5 p,M ruthenium red), and 388 (+ 1.2 p~M ruthenium 
red). The control channels had open time constant of To = 10.3 ms, and closed time constants 
of Tcl = 1.1 ms and ~c2 = 3.1 ms. At 0.5 p.M and 1.2 ~M ruthenium red, the open time 
constants were 1.03 ms and 0.43 ms; and closed time constants were "rcl = 0.8 ms, ~'c2 = 2.6 
ms, and Tcl = 1.2 ms, ~c2 = 2.8 ms, respectively. 

and 0.86 with 1.2 IxM ru then ium red. T h e  t ime constants of  the two exponent ia l  

distributions did not  seem to be al tered by ru then ium red. At 0.5 txM ru then ium red, 

"rcl = 0.8 ms, "rc2 = 2.6 ms, and "rcl - 1.2 ms, ~c2 = 2.8 ms at 1.2 ~M ruthenium red. 

T h e  blocking events induced by ru then ium red  did not  have a un ique  exponent ia l  

c o m p o n e n t  that could be identif ied and separated f rom the spontaneous  closures of  

the ryanodine activated channel ,  because the closed t ime his tograms in the presence  

of  ru then ium red could be adequately fit by two exponent ia l  distributions (Fig. 10, 

lower right). A possible explana t ion  is that the unblocking rate of  ru then ium red  is 
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FIGURE 11. Voltage and  con- 
centra t ion dependence  of  open  
times. T h e  reciprocal of the 
mean  open  time was plot ted as 
a function of  the ru then ium red 
concentra t ion  at +60  mV 
(circles), +80  mV (squares), and 
+100  mV (triangles). The  solid 
lines th rough  the data  points 
were the best  fits, with slope 
factors of  2.63 - 0.12 ~M -I 
ms -1 (circles); 3.93 - 0.24 p,M -1 

ms -1 (squares), and 4.85 - 0.17 
wM -1 ms -l  (triangles). 

n u m e r i c a l l y  s i m i l a r  to  "rc2 -1, b e c a u s e  in  t he  p r e s e n c e  o f  r u t h e n i u m  r e d  t h e  p r o p o r -  

t i o n  o f  c l o s e d  e v e n t s  in  ~c2 i n c r e a s e d .  

T h e  d e p e n d e n c e  o f  t h e  o p e n  t i m e s  o n  r u t h e n i u m  r e d  c o n c e n t r a t i o n  is s h o w n  in  

Fig. 11, a n d  t h a t  o f  t h e  c l o s e d  t i m e s  is s h o w n  in  Fig. 12. T h e  t h r e e  sets  o f  d a t a  in  b o t h  

f i gu re s  c o r r e s p o n d  to  m e a s u r e m e n t s  a t  + 6 0  m V  (circles), + 8 0  m V  (squares), a n d  + 100 
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FIGURE 12. Vol tage-dependence and  concent ra t ion- independence  of  closed times. The  recip- 
rocal of the two closed time constants,  fast componen t  ('rcl) and  slow componen t  ("rc2), were 
plot ted as a function of the ru then ium red concentra t ion at +60  mV (circles), +80  mV (squares), 
and  + 100 mV (triangles). The  mean  values of  l / ' rc l  were: 2.58 + 0.32 ms -j  (circles); 1.41 --!- 0.05 
ms -I (squares); and 0.95 - 0.08 ms -1 (triangles). The  mean  values of ' rc2 are: 0.75 +- 0.11 ms -t  
(circles), 0.34 - 0.05 ms - l  (squares), and 0.16 _+ 0.02 ms -l  (triangles). 
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mV ( tr iangles) .  The data were plotted in units of reciprocal milliseconds (1 Pro, 1/'rcl, 
and 1/'rc2). The figure showed that the reciprocal open time increased linearly with 
concentration (Fig. 1 1), whereas the two closed times did not vary significantly with 
concentration (Fig. 12). 

This concentration-dependence of open times (1/~'o) (Fig. 11), and the concentra- 
tion-independence of closed times (Fig. 12) suggests that ruthenium red blocks the 
ryanodine activated channel vis a simple blocking mechanism: 

RR 

~2ko, [x] 
C k÷. O -- B (4) 

k_ 

The scheme shown above predicts that ruthenium red, by randomly entering and 
leaving the open channel, should increase the closing rate of the open channel but 
the lifetime of the blocked state should be unchanged. This is according to the 
following equations (Neher and Steinbach, 1978): 

¢ o  = 1/(k_ + ko.[X]) ( 5 )  

"rb = 1 /ko~  (6) 

where k_ is the closing rate in the absence of ruthenium red, ko. and kofr are first 
order rate constants for association and dissociation of ruthenium red to the 
ryanodine receptor. 

The slope of the l / t o  vs [ruthenium red] plot (Fig. 11) should gave an estimation 
of the on-rate (kon) of ruthenium red binding to the ryanodine receptor. Taking into 
consideration that two ruthenium red molecules are required to block the open 
channel (Fig. 7), the on rate should be equal to the slope divided by 2 (the Hill 
coefficient). The  corresponding values of kon, obtained from the linear fit of  the data, 
were 1.32 ~ M  -1 ms -1, 1.97 ~zM -1 ms -1, and 2.43 ~M -1 ms -1 at +60, +80, and +100 
mV, respectively. These rates were numerically close to the diffusion limited rate of 
1010 M -1 s -1 that governs many reactions in solution (Weston and Schwartz, 1972). 
Estimation of the dissociation rate of ruthenium red from the open channel (kofr) can 
be obtained from the averaged value of 1/'rc2 (the slow closed time constant), because 
the increase in the proportion of the slow closed events (Tc2) seemed to correlate well 
with the ruthenium red concentration. At +60 mV, kon = 0.75 ms -1. The affinity of  
ruthenium red binding to the ryanodine activated channel can be calculated as Ka = 

ko~/kon = 0.57 ~M, this is in close agreement with the number obtained from the 
dose-response relationship (Fig. 7). 

It should be noted that both the on rate and off rate of ruthenium red binding to 
the ryanodine activated channel were dependent  on the membrane potential. Part of 
the voltage dependence may be due to the voltage-dependent binding of ryanodine 
to the purified ryanodine receptor channel, which changes the conformation of the 
channel structure (Fig. 2). 
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FIGURE 13. Tetraamine palladium (4APd) and tetraamine platinum (4APt) block of the 
ryanodine activated channel. The effects were tested on the 500-pS ryanodine activated 
channel. Separate experiments are shown for 4APd and 4APt. The indicated concentrations 
were added to the c/s solution. The holding potential was +80 inV. The records shown are 
representative of two other experiments with 4APd and of three other experiments with 4APt. 

Flickery Block by Tetraamine Palladium and Tetraamine Plat inum 

T h e  compl ica ted  structure of  ru then ium red, [(NH3)5Ru-O-Ru(NH3)4-O- 

Ru(NH~)5] 6+, may be responsible for the cooperat ive  inhibit ion o f  the ryanodine 

activated channel.  To  fur ther  unders tand  the mechanism of  ru then ium red block of  
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FIGURE 14. Dose dependence 
of 4APd, 4APt, and ruthenium 
red block of the ryanodine acti- 
vated channel. The squares 
were 4APd titration, the tri- 
angles were 4APt titration, and 
the circles were ruthenium red 
titration. The corresponding 
parameters were: Kd = 170.8 ---+ 
44.8 I~M, nu = 0.94 - 0.18 
(squares); Kd = 655.7 +-- 82.7 
I~M, nn = 1.60 -+ 0.33 (tr/- 
angles); Kd = 0.377 - 0.015, 
nH= 2.18 _+ 0.13 (circles). 
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the channel, Dr. Coronado (my Ph.D thesis advisor) asked me to test compounds with 
simpler structure. I chose tetraamine platinum [(NH~)4Pt] 2+ (4APt) and tetraamine 
palladium [(NH3)4Pd] 2+ (4APd) for two reasons, first these compounds contain one 
end of the ruthenium red molecule, and second pentaamine ruthenium was not 
available. 

Fig. 13 showed that 4APt and 4APd blocked the ryanodine activated channel in a 
manner  similar to that of  ruthenium red. Both compounds inhibited the open 
channel by inducing fast flickery transitions into the closed state of the channel. 
Similar to ruthenium red, lower doses of both 4APd and 4APt increased closing 
transitions, while higher doses (1 raM) decreased opening transitions. Millimolar 
concentrations of  both compounds caused a reduction in open channel amplitude, 
due to the limited bandwidth of recording which left the fast blocking events 
unresolved. A complete block of channel activity occurred at a concentration of ~ 10 
mM (not shown). 4APd seemed to be a more effective blocker of the ryanodine 
activated channel than 4APt (see records at 1 mM concentration). This could be due 
to the closer approximity of Pd to Ru, in terms of atomic structure according to the 
periodic table. 

T A B L E  II  

Blocking Parameters of Ruthenium Red and Related Analogues in Ryanodine 
Receptors of Skeletal Muscle 

Ruthenium red Tetraamine palladium Tetraamine platinum 

affinity (Kd, I~M) 0.38 -+ 0.02 170.8 -+ 44.8 655.7 -+- 82.7 
Hill coefficient (nn) 2.12 -+ 0.13 1.04 -+ 0.11 1.43 -+ 0.53 

Note: the parameters were fits according to the Hill equation, The  data represented 
titrations of the 500 pS ryanodine activated channels at holding potential of  +80 inV. 

Dose-response curves for the block by 4APd (squares), 4APt (triangles), and 
ruthenium red (circles) are shown in Fig. 14. The concentrations of single pen- 
taamines required to block the channel were in the submillimolar range, rather than 
in the submicromolar range as in the block by ruthenium red. In addition, both 
compounds produced an inhibition that was less steeply concentration-dependent 
than that of ruthenium red. The blocking parameters were summarized in Table II. 
The Hill coefficients for the block by the single pentaamines were close to one, and 
the affinity of  block by the pentaamines was lower than that of  ruthenium red by two 
orders of magnitude. 

D I S C U S S I O N  

This study showed that ruthenium red inhibits the ryanodine receptor Ca 2+ release 
channel at submicromolar concentrations. Ruthenium red block of the channel was 
highly asymmetric and strongly voltage dependent.  Acting on the ryanodine activated 
channel, ruthenium red increases the closing rate of  the channel while leaving the 
unblocking rate unchanged. This is consistent with a simple blocking scheme of 
ruthenium red, working as an open channel blocker. 
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Multiple Conductance States of the Ryanodine Receptor 

The purified ryanodine receptors formed cation selective channels which can exist in 
multiple conductance states. In the present studies, three distinct conductance states 
were found in both the normal channel (in the absence of ryanodine) and the 
ryanodine activated channel (200 nM concentration). The normal channels had 
conductance values of  800, 400, and 200 pS in 250 mM KCI, with 400 pS state being 
the most frequently encountered state. The  ryanodine activated channels had 
conductances of  500, 250, and 125 pS, the occurrence of which depends on the 
experimental procedure and the Ca 2+ concentration in the recording solution (Table 
I). The conductance values of the ryanodine activated channels were ~ 40% less than 
the corresponding values for the normal channels. This is consistent with the 
previous work of Rousseau et al. (1987), in which it was shown that ryanodine caused 
~ 40% reduction of the conductance levels of  the native Ca 2+ release channel. 

This multiplicity of  the conductance states is consistent with the multimeric 
structure of  the ryanodine receptor Ca 2+ release channel complex (Lai et al., 1989; 
Wagenknecht et al., 1989). The  multiple conductance states of the ryanodine 
receptor have also been observed in other preparations (Liu, Lai, Rousseau, Jones, 
and Meissner, 1989). The  existence of multiple conductance states of the ryanodine 
activated channels were reported in more recent studies of  Buck, Zimanyi, Abramson, 
and Pessah (1992). 

It should be noted that the observed conductance states were not equally spaced in 
the present studies. For example, a 600-pS normal channel was never observed in 
any independent experiments. In addition, most closing transitions were always to 
baseline level, rather than to the intermediate subconductance level. This would 
suggest that the 560-kD monomers  do not gate independently in forming the 
channel conduction pore. 

Cooperative Inhibition of the Ryanodine Receptor by Ruthenium Red 

The fast blocking and unblocking rates of  ruthenium red suggests that ruthenium red 
can easily access the binding sites located on the ryanodine activated channel. The 
strong voltage dependence of block indicates that the binding sites can sense the 
voltage changes across the membrane.  Therefore, the binding sites must be located 
within the membrane  field, probably in the pore of  the channel (8 = 0.13, Fig. 7 B ). 
The highly asymmetric effect (c/s vis trans block) suggests that ruthenium red could 
not permeate  through the open channel. 

Ruthenium red block of the ryanodine activated channels was cooperative, because 
a Hill coefficient of 2 was required to account for the dose-dependent inhibition. The 
actions of  ruthenium red on the ryanodine receptor are similar to those of the local 
anesthetics, such as tetracaine and procaine. Xu et al. (1993) found that the drugs 
inhibits the open probability of the purified ryanodine receptor Ca 2+ release channel 
through cooperative interaction with the channel. 

The model presented in Eq. 4 represents an over simplified scheme of ruthenium 
red block of the channel. Due to the time resolution of the bilayer system, further 
quantitative analyses were not attempted. The 2 kHz cut-off frequency used in the 
single channel measurements could only resolve open and closed events with 
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durations of 0.1 ms or larger (Colquhoun and Sigworth, 1983), the fast blocking 
events in the submillisecond durations (< 0.1 ms) could not be resolved. Cooperative 
interaction of  ligands with ion channels can be found in many other physiological 
systems. For example, two acetylcholine molecules are required to activate the cation 
channels formed by the acetylcholine receptor. Katz and Thesleff (1957) interpreted 
the cooperative activation of the acetylcholine receptor channel using a model that 
assumed sequential binding of acetylcholine to two independent binding sites on the 
channel. Similarly, ruthenium red inhibition of the Ca release channel could occur via 
independent binding of two ruthenium red molecules to the multiple binding sites on 
the ryanodine receptor. 

k+ ~ ko~ [xl k~, [xl 
C - " O - 1" B1 - - B 2 .  ( 7 )  

k_ ko~ 2 ko~ 

The scheme shown above will produce an apparent cooperative inhibition of the 
open channel by ruthenium red. In addition, it predicts that the blocking events will 
have two exponential distributions, one of which will have a time constant that varies 
with ruthenium red concentrations (the closed time of state B1). This component, if 
exist, is likely to be missed in the bilayer recording system at a cut-off frequency of 2 
kHz. 

According to the model (Scheme 7), one ruthenium red molecule is sufficient to 
block the channel, and additional binding of ruthenium red will further keep the 
channel in the closed state. The two analogues of ruthenium red, 4APd and 4APt, 
have simpler molecular structure, with only one tetraamine-metal complex. The fact 
that these two compounds produced similar blocking effect suggests that Ru alone is 
not sufficient for high affinity block, rather the complexes with the amine groups are 
important. In addition, 4APd and 4APt block of the channel had Hill coefficients of 
close to 1 may suggest that the two compounds could have different interactions with 
the channel than ruthenium red does, or alternatively, the two binding sites for 4APd 
(or 4APt) could exhibit negative cooperativity, such that only one blocker molecule 
can reside in the channel at a given time. 

Ruthenium red has been used in previous studies of intact muscle fibers to block 
intraceUular Ca 2+ release (Baylor, Hollingsworth, and Marshall, 1989; Csernoch, 
Pizarro, Uribe, Rodriguez, and Rios, 1991). It was found that by blocking the SR 
Ca 2+ release channel, ruthenium red affected the behavior of the intramembrane 
charge movement through inhibition of the positive feedback between the SR Ca 2+ 
release channel and the voltage sensor (Csernoch et al., 1991). A complication in the 
interpretation of these results is that a large fraction of the ruthenium red was bound 
to intracellular organelles. Alternatively, one could use the two analogues (4APd and 
4APt) to substitute for ruthenium red. They could prove to be more useful in future 
cellular studies. 

Comparison with Biochemical Binding Assays 

The binding characteristics of [3H]ryanodine to the ryanodine receptor have been 
widely used to monitor the open conformation of the Ca 2+ release channel (Mitcha- 
lak, Dupraz, and Shoshan-Barmatz, 1988; Chu et al., 1991). Factors that favor 
opening of the Ca 2+ release channel, such as millimolar ATP and micromolar Ca 2+, 
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enhance [3H]ryanodine binding, and those that inhibit the channel activity, such as 
nanomolar Ca ~+ and millimolar Mg, decrease [3H]ryanodine binding. Ruthenium red 
is a specific blocker of the Ca 2+ release channel because it decreases the [SH]ryano- 
dine binding to the receptor protein at micromolar concentrations. The ICs0 of 
ruthenium red displacement of bound [3H]ryanodine from the purified ryanodine 
receptor was 3 o.M (Imagawa et al., 1987), which is very similar to the extrapolated 
Kd of ruthenium red block of the single ryanodine activated Ca 2+ release channel 
(Kd = 2.9 p~M at 0 mV, Fig. 7 B). 

If tetraamine palladium and tetraamine platinum are true blockers of the Ca 2+ 
release channel, one would predict that these two compounds should inhibit 
[3H]ryanodine binding to the receptor. To verify this point, the [~H]ryanodine 
binding experiments were performed. The experiments were carried out by Dr. 
Hector Valdivia in the laboratory of Dr. Roberto Coronado. With the ryanodine 
receptor purified through the sucrose density gradient centrifugation (Lai et al., 
1988), he found that 4APd and 4APt were indeed able to displace the bound 
[~H]ryanodine from the receptor. The measured ICs0 was 163 and 1,900 p~M for 
4APd and 4APt, respectively. Therefore, these measurements confirm the single 
channel studies, which indicate that 4APd and 4APt are true blockers of the Ca 2+ 
release channel. 

Block of Ryanodine Receptors and Their Relation to Channel Structure 

There are currently few clues about the number of  560-kD ryanodine receptor 
monomers assembled together to form a functional channel. A tetramer is a likely 
aggregate size because it is a morphological unit recognized in freeze-fractured 
muscle and in purified preparations (Block, Imagawa, Campbell, and Franzini- 
Armstrong, 1988). However, it is not known whether tetramers of ryanodine 
receptors actually represent functional Ca 2+ channels. 

Inferences about a possible oligomeric structure of the channel can be made from 
an analysis of the conductance states. This has been shown for the channel formed by 
the dodecapeptide alamethicin (Boheim, 1974; Hall, Vodyanoy, Balasubramanian, 
and Marshall, 1984). The alamethicin pore exhibits up to six conductance states, 
each formed by aggregation of dodecapeptide monomers. Transitions to the higher 
or lower conductance levels occur by uptake or release of one monomer at a time 
(Boheim, 1974). Given the physical size of the ryanodine receptor monomer and the 
fact that tetramers survive solubilization in zwitterionic detergents (Lai et al., 1988; 
Block et al., 1988), it is unlikely that ryanodine receptors are physically pulled in and 
out of an aggregate to open or close the channel. More likely, it is the loosening or 
tightening of subnnits along their lines of  contact in a stable aggregate that makes 
possible the opening or closing of a large oligomeric channel. In gap junctions, it was 
suggested that the 30-kD monomers forming part of a stable cylinder-shaped 
hexamer may render the channel open or closed by a tilt and a slide of each subunit 
(Unwin and Zampighi, 1980). It is reasonable to assume that the same sliding- 
cylinder model may apply to the gating of the Ca 2+ release channel, especially 
considering the fact that the gating properties of the Ca  2+ release channel share 
similarity with those of the gap junctions (Ma et al., 1988). 

When conductance states were analyzed under identical bandwidth conditions, 



MA Ruthenium Red Block of the Ca 2+ Release Channel 1053 

there was an inverse relationship between open lifetime and conductance value for 
the three frequently encountered states (800, 400, and 200 pS, in 250 mM KCI). The 
800-pS channel had the shortest open lifetime of 0.13 ms, and the 200 pS channel 
had the longest open lifetime of 3.36 ms (Ma, 1989 [Ph.D. thesis]). This observation 
suggests that each monomer  in the tetrameric receptor may have a unitary conduc- 
tance, and each of the higher conductance levels may represent an integral of the 
monomeric conductances, resulting from the simultaneous opening of two or more 
(up to four) monomers.  

If  there are multiple conductance levels within the ryanodine receptor, how does 
ruthenium red molecules block all of the states at the same time? Ruthenium red is 
an open channel blocker based on the concentration dependence of on rate (Fig. 11) 
and concentration independence of off rate (Fig. 12) of ruthenium red binding to the 
ryanodine activated channel. Furthermore, ruthenium red and the two related 
compounds (4APd and 4APt) induced a flickery and complete block (Figs. 6 and 13) 
of  the highest conductance level (500 pS of the ryanodine activated channel). This 
suggests that all four open monomers  in the tetramer were blocked and unblocked 
simultaneously. 

There  are two possible explanations for the observed results. First, ruthenium red 
is a competitive inhibitor of ryanodine binding to the ryanodine receptor protein, 
based on the biochemical binding assays (Imagawa et al., 1987). Displacement of  
ryanodine from the receptor protein by ruthenium red led to the inhibition of 
channel activity. This hypothesis has the problem of accounting for the complete 
inhibition of channel activity by ruthenium red (Fig. 7), because even in the absence 
of ryanodine, the channel has a measurable open probability of  10-15% (Ma et al., 
1988). Second, if ruthenium red is an open channel blocker, then how can it block all 
subconductance states simultaneously? The  unique structural feature of the ryano- 
dine receptors may provide a possible answer. Tetramers of  ryanodine receptors have 
a characteristic square shape with an apparent  central pore (Inui et al., 1987; Lai et 
al., 1988; Block et al., 1988). The ultra-structural analysis by Wagenknecht et al. 
(1989) and Radermacher, Wagenknecht, Grassucci, Frank, Inui, Chadwick, and 
Fleischer (1992) showed that the central channel, originating in the lumen of the SR, 
branches off into four radial channels leading to the myoplasmic surface of the SR. 
Although the t ransmembrane region was not resolved, it is reasonable to think that if 
a tetramer has one or more t ransmembrane channels, they would all collect into the 
central channel before separating into the radial channels. This central channel is 
likely to be the site where a single blocker can interrupt ion flow in an all-or-none 
manner.  This region appears to be wide enough (5-nm diam, Wagenknecht et al., 
1989) to accommodate the 2-nm rod shaped ruthenium red or its smaller analogues 
(4APd and 4APt). It is interesting that the affinity of ruthenium red block of the 
ryanodine activated channels correlated inversely with the conductance state of the 
channel. The channels with higher conductance level is more sensitive to block by 
ruthenium red. A possible explanation is that the multiconductance pores allow easy 
access of ruthenium red to the binding sites. 

The data presented were partial results of the author's Ph.D. work at the Baylor College of Medicine 
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