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ABSTRACT The effects of the Ca?*-induced Ca?* release blocker procaine on individual sarcoplasmic reticulum Ca?* release channels
have been examined in planar lipid bilayers. Procaine did not reduce the single channel conductance nor appreciably shorten the mean
open times of the channel; rather, it increased the longest closed time. These results indicated that procaine interacted selectively with a
closed state of the channel rather than with an open state. Gating of the sarcoplasmic reticulum Ca?* release channel was described by
a modified scheme of Ashley and Williams (1990. J. Gen. Physiol. 95:981-1005), including an additional long-lived closed state.
Computer simulations determined that procaine was more likely to interact with this long-lived Ca*-bound closed state of the channel
rather than with other states of the channel. Simulations with the same model were also able to reproduce a prominent Ca2*-sensitive
transition between *“random’ and "“bursting” forms of gating of the channel, variations of which may account for “‘gearshift” behavior

reported in studies with this and other single channels.

INTRODUCTION

The identity of the sarcoplasmic reticulum calcium re-
lease channel (1), also called the ryanodine receptor (2),
as the physiological Ca?* release pathway has been in-
ferred from structural ( 3) as well as pharmacological (4-
6) evidence. Although numerous studies have focused
on the effects of many agonists on this channel at the
single channel level (7-14), there are few reports focus-
ing on the mode of action of Ca?* release channel antago-
nists (15). A number of additional reports mention ef-
fects of certain antagonists (e.g., 1, 11, 16-18), but, with
the possible exceptions of Mg?* and calmodulin, no an-
tagonist extensively used in physiological experiments
has been studied in detail at the single channel level.
Although the main physiological effects of procaine
and other local anesthetics are those exerted at low con-
centrations on sodium channels, thus exerting a local
anesthetic effect on nerves (19) and antiarrhythmic ac-
tions on the heart (20), it has been used widely as a
research tool to study calcium release in muscle due to
the inhibitory action that it exerts on sarcoplasmic reticu-
lum Ca?* release channels. Procaine was one of the first
agents to be identified as an inhibitor of caffeine- and
Ca?*-induced Ca?* release from the sarcoplasmic reticu-
lum (21, 22). Its effects have been noted in skeletal mus-
cle fiber experiments on vertebrates (23-25) as well as
invertebrates (26, 27) and in skinned fiber studies of
Ca?* release (28, 29) as well as in studies on isolated
sarcoplasmic reticulum (22, 30-32). Its actions on exci-
tation—contraction coupling in cardiac muscle also ap-
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pear to involve the block of Ca?*-induced Ca?* release
(33-36).

Despite the widespread usage of procaine as an inhibi-
tor of Ca?* release, very little is known about its mecha-
nism of action on the Ca?* release channel of the sarco-
plasmic reticulum. Incorporation of the Ca?* release
channel into planar lipid bilayers (37) affords an oppor-
tunity to examine the dynamics of the blockade exerted
by procaine on this channel.

Because we anticipated that the blocking action of
procaine might involve rapid, difficult to resolve clo-
sures, we elected to work with cardiac sarcoplasmic retic-
ulum Ca?* release channels (10—12, 38) rather than with
their skeletal muscle counterparts, whose mean open
times under most circumstances are more difficult to
fully resolve within the bandwidth limitations of most
recording systems. Although there are some quantitative
differences in the sensitivity of cardiac and skeletal re-
lease channels toward certain agents (39), the qualita-
tive effects of most substances are the same on both
channels (18).

MATERIALS AND METHODS
General methods

Canine cardiac microsomes were prepared by a minor modification of
the procedures of Harigaya and Schwartz (40). Briefly, canine hearts
were removed under pentobarbital anesthesia, rinsed with chilled 0.9%
NaCl, 10 mM tris( hydroxymethyl)-aminomethane Maleate, pH 7.3,
and the ventricles cleaned of large vessels and connective tissue. The
ventricles were then minced in a small precooled food processor before
Polytron homogenization (probe MPT-20; Brinkmann Instruments,
Inc., Westbury, NY) in 40-g batches with 3 vol of the above saline.
Homogenization was carried out as three 15-s bursts separated by >30-
s rest intervals on ice. The resultant homogenate was then centrifuged
at 4,000 g for 20 min to remove cellular debris and nuclei and then
recentrifuged successively at 8,000 g for 20 min and 40,000 g for 30
min to obtain two crude microsomal membrane fractions that were
resuspended in the above saline supplemented with 10% sucrose and
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FIGURE 2 Cardiac sarcoplasmic reticulum Ca?* release channels can gate both in an apparently random fashion as well as exhibit bursting
behavior. (4) A short example of the change in channel gating mode caused by changing cis-Ca?* concentration. (Upper) Random gating with 5 uM
free Ca?* present on the cis side of the bilayer. ( Lower) Bursting behavior after adding calcium to the cis side of the bilayer to a final concentration of
50 gM. Channel activity was recorded with cis 250 mM CsCH,SO; and trans 50 mM CsCH,SO; at pH 7.4 and 0 mV. (B) Two samples lasting 4 s
each from a bilayer containing only one Ca®* release channel demonstrate random activity (upper) interspersed with apparent bursting behavior

(lower). Conditions as in 4; cis [Ca?*] = 15 uM. Note different time calibration.

frozen in liquid nitrogen or at —70°C. Most experiments were carried
out with the heavier (8,000 g) microsomal fraction despite its greater
mitochondrial contamination and lower ryanodine binding (0.65 vs.
1.1 pmol/mg for the 40,000 g fraction ) since it appeared to yield more
successful incorporations of the calcium release channel.

Planar lipid bilayers consisting of 5:3:2 phosphatidyl ethanolamine/
phosphatidyl serine/phosphatidyl choline (Avanti Polar Lipids, Bir-
mingham, AL) were formed across a 150 um diameter aperture in a
Teflon chamber using a 50 mg/ml mixture of the phospholipids in
decane (Gold label, Aldrich Chemical Co., Milwaukee, WI). Both
sides of the aperture were initially bathed with 50 mM CsCH,SO,, 5
mM CsMOPS (3-(N-morpholino)-propane sulfonic acid), pH 7.4, 5
uM Ca?* (this concentration was high enough for membrane stabiliza-
tion). After bilayer formation, 200-500 ug of sarcoplasmic reticulum
microsomal protein was added to the cis side ( 1.5 ml solution volume)
and gently stirred for 5 min. Then CsCH,SO; from a concentrated
stock solution was added to the cis side of the bilayer to achieve a final
concentration of 250 mM and induce vesicle incorporation into the
bilayer. By convention, the cis side of the bilayer is defined as the side to
which microsomal vesicles and higher salt concentrations are added.
We have grounded the bath on the cis side and applied potential steps
of varying duration to the trans side, opposite to the convention used in
most laboratories, as in our hands it increased the stability of the bilayer
to solution additions to the cis side. To maintain conventions, the
potentials given throughout this article are those experienced at the cis
(cytoplasmic) side relative to the trans (lumenal) side.

The calcium concentration in experimental solutions (contaminat-
ing level = 2-3 uM) was adjusted using 2 mM calcium methanesulfon-
ate or 2 mM Cs,ethyleneglycol-bis(S-aminoethyl ether)- N, N'-tetra-
acetic acid (EGTA). Calculations of the necessary amount of EGTA
were performed according to Fabiato and Fabiato (41). In all experi-
mental solutions the calcium concentration that was actually achieved
was measured by a Ca-ion selective electrode (Orion Research Inc.,
Cambridge, MA) calibrated with the use of commercial standard solu-
tions (WPI Inc., Sarasota, FL).

Bilayer measurements and analysis

The bilayer amplifier was based on the design described in Hamilton et
al. (42). Bilayer recordings were stored on VCR tape using a modified
Sony PCM 501ES digital audio processor (Unitrade, Inc., Philadel-
phia, PA); replayed data were filtered with a low pass 8-pole Bessel
filter (902LPF, Frequency Devices, Haverhill, MA) at 2 kHz and digi-
tized at 5 kHz using a TL-125 interface with pPCLAMP software (pro-
grams CLAMPEX and FETCHEX, Axon Inst., Foster City, CA). Anal-
ysis and simulations were carried out on an IBM AT clone using
pCLAMP (FETCHAN and pSTAT), IPROC and CSIM software
(Axon Inst.) and MathCAD 2.50 (Mathsoft, Cambridge, MA). For
determination of conductance, I-V curves were measured with 1-slong
pulses to —50- - + +50 mV (in 10-mV steps). Amplitudes of all fully
resolved open events were measured using CLAMPEX or FETCHAN,
and their mean was used. For testing possible amplitude differences

FIGURE 1 Cs*-conducting canine cardiac microsomal membrane channels incorporated into planar lipid bilayers display all the properties
expected of sarcoplasmic reticulum Ca?* release channels. All recordings were obtained at pH 7.4 with 250 mM CsCH,SO; on the cis side of the
bilayer and 50 mM CsCH,SO; on the trans side of the bilayer at a holding potential of 0 mV. All openings are upward. Numbers to the right of the
traces indicate the open probabilities calculated for longer stretches of data under each condition. (4) Reversible activation of the channel by
increase in cis (cytoplasmic) free [Ca®* ] from 3 to 50 uM, followed by a decrease of channel activity after addition of EGTA to reduce free [Ca?* ] to
0.06 uM, as indicated. ( B) Activation of channel activity by ATP. Activity of a single channel in the presence of 15 uM cis Ca* alone (above) and
after subsequent addition of 2 mM Na,ATP. (C) Inhibition of channel activity by millimolar cis Mg?*. Activity of a single channel in the presence .
of 15 uM cis Ca** alone (above) and after addition of 3 mM MgSO, (below). (D) Inhibition of channel activity by micromolar cis ruthenium red.
Activity of a single channel in the presence of 10 xM Ca?* alone (above ) and after addition of 2 uM ruthenium red (below). ( E) Effect of ryanodine.
Activity of a single channel in the presence of 10 uM cis Ca®* alone (above) and shortly after addition of 10 xM ryanodine (below). Note different
time calibration.
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between channels under control conditions and after adding procaine,
event amplitudes were measured at —50 and 0 mV. Data segments
lasting 60-200 s were used for analysis of open probability and single-
channel kinetics. The number of openings was 5,000-13,000 under
control conditions and proportionally less after adding procaine. Open
and closed times were measured by IPROC after digital filtering at
1,500 Hz with the discriminator level set at 50% of the current ampli-
tude. As events shorter than twice the dead time, which equals 120 us
for a Gaussian filter set at 1,500 Hz, are underestimated with 50%
detection (43), events shorter than 400 us (two sample intervals) were
not included in the analysis. Open probability P, was measured as the
sum of all open times divided by the total time. The events lists gener-

ated by IPROC were analyzed using the program pSTAT, which cre-
ated and fitted noncumulative histograms of dwell times. The number
of exponential components in the distributions of event durations was
determined by comparing x 2 of fits with sequentially increasing num-
ber of components. The larger number of components was judged to
improve the fit significantly if x> was decreased =10 times by increas-
ing the number of components ( the usual values were 20-1,000 times).
The areas and time constants of individual exponential components
resulting from this analyses are corrected for missed events.

For illustration purposes, records longer than 5 s per trace were plot-
ted after digital refiltering at 500 Hz and resampling at 1 kHz, which
had no adverse effects on record appearance.
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Modeling channel open probab“ities TaBLE 1 Kinetic parameters of calcium release channels
and kinetics

The equilibrium open probabilities P, for individual models were cal-

Parameters of time distributions

culated as analytical functions of calcium and procaine concentration Open time distribution Closed time distribution
using the law of mass action. The equilibrium constants were chosen so
that maximal open probability at 100 uM activating Ca?* was P5* = Procaine 7 Area pe Area
0.15 — 0.25 (1, 44). Activation by calcium was considered to be a 1:1
reaction of Ca?* with the resting state, so that mM ms % ms %
= pmax 2+ 2+ 0(n=15) 0.44 + 0.05 67+7 0.82 £ 0.09 35+4

Fo = P& X 1G]/ ke, + [C271), () 1.56 £ 0.14 33+£7 4.02 £047 39+6
and its rate constant was adjusted to give an effective binding constant 22+3 26+ 6
Kc, = 3 uM. Inhibition by procaine was considered tobe a 1:1 reaction  0.5(n=4)  0.42 £ 0.05 74 + 12 0.84 £ 0.1t 177
with one or more of the states. Results were expressed as P,,, the open 147+020 2612 490+068 276
probability of the channel at a given calcium concentration in the pres- 78 + 35 56 £ 13
ence of procaine relative to that in the absence of procaine underother-  1.5(n=35) 044004 748 0.69 £ 0.11 2+6
wise the same conditions. Depending on the model used, the inhibi- 1.09 £ 0.10 26x38 4.63 £ 0.52 3210
tion was independent of Ca’* at certain limiting conditions 549 54+9

(either [Ca®*] = oo or [Ca?*] = 0). Under these limiting conditions, .
the procaine concentration dependence of the inhibitory reaction can ~ Values are means + SEM. Data pooled from experiments at 5, 15, and
be expressed as 100 uM Ca?*.

Proy = Kproe/ (Kproe + [Proc]). (2)
Hz) were generated. The simulated files were analyzed with IPROC
The rate constant(s) for the reaction(s) with procaine were chosen so and pSTAT using the same parameter settings as for the experimental
that the effective binding constant Kp,,. was equal to the value observed data.
experimentally. The calculations were performed using the program
MathCAD.
The equilibrium probabilities of individual states and proposedopen ~~ RESULTS AND DISCUSSION

and closed time constants of the channel under control conditions . . . . 24
(without procaine ) were chosen in approximate accordance with pub- Canine cardiac sarcoplasmic reticulum Ca®" release

lished data (1) and with our experimental data. They were used to channels readily incorporate into planar lipid bilayers
build a set of equations, describing the equilibria between channel  even from relatively crude unpurified cardiac micro-
states as ratios of transition rates and the time constants as sums of  gomal preparations. Under the recording conditions uti-
transitions rates (45) for the models examined. The set of equations lized, other kinds of channels do not appear to contrib-

was solved using the program MathCAD. All combinations of assign- . ]
ing channel states to time constants were tested. The matrices of transi- ute to the records obtained, prObably because sarcoplas

tion rates corresponding to individual gating models were then usedin ~ MiC reticulum K* and CI~ channels as well as
two ways. First, the effects of procaine binding to individual channel ~ sarcolemmal Na*, K*, and C1~ channels are poorly per-
states on the observed time constants at different calcium concentra- meable to Cs* and CH,SO,™ (47). Contributions due to
tions were theoretically calculated by means of eigenvalue analysis (45, Cs™* flux through either T- or L-type sarcolemmal Ca?*

46) using MathCAD. Second, channel kinetics were simulated with the . . . ..
program CSIM. Data files lasting 2-5 min with parameters close to the channels are likely to be minor due to (a) inactivation of

experimental ones (conductance of 400 pS, reversal potential of —40 these channels at a 1‘101ding potential of 0 mV (48), (b)
mV, 1.5 pA r.m.s. noise, sampling frequency 5 kHz, filtering at 1,500  the much smaller single channel conductance of these

FIGURE 3 Effect of procaine on single cardiac sarcoplasmic reticulum Ca?* release channels. Channel activity was recorded with cis 250 mM
CsCH;380; and trans 50 mM CsCH,SO; at pH 7.4 and 0 mV. Refiltered at 500 Hz; resampled at 1 kHz. (4) Channel exhibiting random openings
with 5 uM Ca?* present on the cis (cytoplasmic) side of the bilayer. The first row demonstrates control channel activity before procaine addition; the
second row demonstrates activity in the presence of 0.5 mM procaine added to the cis side of the bilayer. ( Third row) Histograms of channel open
times in control (open bins) and in the presence of 0.5 mM procaine ( hatched bins). The theoretical distributions of opening frequency are as
follows: control, fus™'] = 1.99 exp(—£/0.45) + 0.18 exp(—¢/2.30); procaine, fTus™'] = 1.44 exp(—1/0.45) + 0.044 exp(—t/2.30). (Fourth row)
Histograms of channel closed times in control ( open bins) and in the presence of 0.5 mM procaine (hatched bins). The theoretical distributions of
closing frequency are as follows: control, f[us™'] = 0.29 exp(—¢/0.85) + 0.053 exp(—t/5.8) + 0.013 exp(—1t/34); procaine, f[us~'] = 0.038
exp(—1/0.85) + 0.013 exp(—1/5.8) + 0.005 exp(—¢/75). (B) Another channel exhibiting bursting channel activity with 100 uM Ca?* present on
the cis side of the bilayer. The first row demonstrates control channel activity before procaine addition; the second row activity in the presence of 0.5
mM procaine. ( Third row) Histograms of channel open times in control (open bins) and in the presence of 0.5 mM procaine (hatched bins). The
theoretical distributions of opening frequency are as follows: control, f[us™'] = 5.99 exp(—1/0.52) + 0.081 exp(—t/1.90); procaine, f[us™'] =
2.75 exp(—1/0.52) + 0.076 exp(—t/1.90). ( Fourth row) Histograms of channel closed times in control (open bins) and in the presence of 0.5 mM
procaine (hatched bins). The theoretical distributions of closing frequency are as follows: control, f [us™'] = 1.03 exp(—t/
0.82) + 0.53 exp(—1/3.45) + 0.018 exp(—¢/13.7); procaine, f[us™'] = 0.62 exp(—¢/0.82) + 0.16 exp(—1/3.45) + 0.001 exp(—t/176). In both
examples procaine reduced the number of openings. (C) Procaine dependence of channel open times and the two shorter closed times. Individual
points are means + SEM of four to five experiments. Continuous lines are linear regressions. Note that two separate ordinates apply to each panel,
the left for the open circles and the right for the filled circles, with maximal values in 1/ms indicated above the circles. (Left) Open circles, short
open time, R = 0.19; closed circles, long open time, R = 0.75. ( Right) Open circles, short closed time, R = 0.21; closed circles, medium closed time,
R =0.26.
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channels even when conducting monovalent cations ( 30
pS, skeletal t-tubule L-type channels [49]; 45-100 pS,
cardiac L-type Ca channels [50, 51]; 26 pS, cardiac T-
type Ca channels [52]), and (¢) the presence of suffi-
cient Ca?* (=3 uM) on the cis side of the bilayer to

A

reduce passage of monovalents through such channels
(53-55). We did frequently experience large sudden
shifts in the baseline of our recordings that might have
been due to incorporation of relatively nonselective mi-
tochondrial VDAC channels (56); when any additional
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non-Ca?* release channel gating was observed, experi-
ments were terminated.

Typical recordings of cardiac Ca?* release channels
are shown in Fig. 1. Short openings in these and other
records appear clipped due to filtering. Under our record-
ing conditions the channels exhibit a v, of 441 + 12 pS
(n = 22), similar to that reported for skeletal Ca2* re-
lease channels under similar ionic conditions (rabbit,
500 = 12 pS [2]; normal pig, 438 + 34 pS; malignant
hyperthermic pig, 383 + 24 pS [47]) and practically
equal to the value reported for sheep cardiac Ca?*-re-
lease channels in symmetrical 210 mM CsCl (440 + 8 pS
[57]1). The channels recorded under these conditions
(Fig. 1) are clearly Ca?* release channels, as evidenced
by their pharmacological sensitivity: cis activation by
micromolar {Ca2*] and by ATP, block by millimolar
Mg?* or micromolar ruthenium red, and induction of a
long-lived substate by ryanodine (A to E, respectively).

We routinely observed two types of kinetic behavior,
which we have termed “random” and ‘““bursting,” on the
part of the Ca?* release channel. We have observed a
tendency toward what we refer to as ‘“random” gating
(Fig. 2 A, upper trace) when the cis free [Ca?* ] islow and
a greater likelihood of observing ‘“bursting” behavior
when the cis free [Ca?* ] is elevated (Fig. 2 A4, lower trace;
both records are from the same channel ). Both forms of
gating can be seen in a single channel bilayer at moderate

cis [Ca?*] (15 uM, Fig. 2 B, no multiple openings ob-
served during 4 min of continuous recording). More
commonly, we have observed each type of behavior sepa-
rately at low or high [Ca?*] in single channel bilayers or
both forms of gating together at intermediate [Ca?*] in
multichannel bilayers (not shown).

Procaine effect on the Ca2* release
channel

Procaine affected both forms of gating of the channel but
not its conductance; no high frequency flicker block was
observed at 0 mV. As seen in Fig. 3 4 with a “randomly”
gating channel, procaine reduces the number of open-
ings per unit time without a marked change in the ap-
pearance of individual openings at this time resolution.
The decrease in open probability from Py = 0.03 in the
control (first panel) to Py = 0.01 in the presence of 0.5
mM procaine (second panel) clearly appears to be due
primarily to a decreased frequency of channel openings.
A similar effect of procaine is observed on channels that
exhibit bursting behavior (Fig. 3 B, from Py = 0.18 to P,
= (0.06). The number of openings is reduced and the
duration and frequency of long closures increases.

To examine more quantitatively the characteristics of
the blocking events produced by procaine, we have per-
formed standard kinetic analysis of open and closed
times on both forms of Ca?* release channel gating be-

FIGURE 4 Dose-response relationship for procaine reduction of cardiac sarcoplasmic reticulum Ca?* release channel open probability. The open
probability is normalized to that in the absence of procaine. (4) Summary of experimental dose-response behavior in channels activated by different
cis free Ca?* concentrations, 5 uM (diamonds), 15 uM (squares), and 100 uM (circles), and exhibiting random (open symbols) or bursting ( closed
symbols) behavior. Where brackets are given, these represent SEM of three or more experiments. The X symbol at 0.17 mM procaine represents
pooled data from four experiments at a cis-[Ca?*] of 5 and 15 uM. The continuous curve represents a fit of pooled data to the equation: P, =
1/(1 4 ([Proc)/ Kproc)), With Kpo. = 0.30 £ 0.10. (Inset) Pooled dose-response curve obtained by averaging the data at all conditions. Theoretical
curve is identical with the above one. (B) Simulated effects of procaine on relative open probability as a function of free [Ca?*] for a model in which
procaine binds only to one of the Ca?*-bound closed states of the channel (C). Simulations are normalized to the open probability of the channel
under the same conditions but in the absence of procaine (as in 4). Inset at lower left shows schematically the gating scheme (R = resting, Ca-free
state; C = closed, Ca-bound state; O = open, Ca-bound state; P = closed, procaine-bound state ); inset at upper right shows the same data as absolute
values of open probability. Simulated Ca?* concentrations are as follows: dot, 5 uM; small dash, 15 uM; long dash, 50 uM; solid line, 100 uM. The
apparent binding constants for activation by Ca and inhibition by procaine are, respectively, K¢, = 3 uM and Kp,. = 0.3 mM. The small shift in
sensitivity is due to increasing availability of state C3 to procaine at higher [Ca?*]. The following relationship holds for the dependence of open
probability on the concentrations of Ca?* and procaine:

Po = PR X [Ca] x

Kpro
[Cal + Ko [ Proc]

Keoroe
Kp,o + [Proc]’ (5)

(C) Simulated effects of procaine on relative open probability as a function of free [Ca*] for a model in which procaine binds to the resting state of
the channel (R), the same state to which Ca2* binds. Simulations are normalized as in 4 and B. Inset at lower left shows schematically the gating
scheme; inset at upper right shows the same data as absolute values of open probability. Simulated Ca2* concentrations are designated as in B. The
apparent binding constants for activation by Ca and inhibition by procaine are, respectively, K., = 3 uM and Kp,. = 0.3 mM. In this case the
relationship between open probability of the channel and the concentrations of Ca?* and procaine are:

[Ca]

Kpro. + [Proc]
KProc

Po = PR x (6)

[Ca] + K, ¥

Note that the former model leads to noncompetitive behavior between procaine and Ca?*, whereas the latter model predicts strictly competitive
behavior in which high {Ca?*] reduces the sensitivity toward procaine. Note that there is no relationship to be made between the insets at the upper
right of the three panels.
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fore and after application of procaine. As seen in Fig. 3
A, two open times (third panel, open bins) and three
closed times (fourth panel, open bins) are required to fit
the data of a randomly gating channel in the absence of
procaine. In the presence of 0.5 mM procaine, there was
no measurable change in channel mean open times in
this experiment, although the areas of both exponential
components were reduced (Fig. 3 A, third panel, hatched
bins), indicating that fewer openings occurred. Simi-
larly, the short channel closed times remained un-
changed in the presence of procaine (Fig. 3 A, fourth
panel, hatched bins), whereas the very slow closed time
constant was increased (Fig. 3 4). The increase in the
proportion of long closed times and resulting reduction
in the number of openings per unit time contributes sig-
nificantly to the reduction in open probability exerted by
procaine on randomly gating Ca?* release channels.

A similar analysis was performed on a bursting Ca?*
release channel in Fig. 3 B before and after procaine ap-
plication. As with randomly gating channels, the effect
of procaine on open time distribution is primarily to re-
duce the number of openings without affecting their du-
ration (third panel). Similarly, the effects on the mea-
sured closed time distribution were to decrease the num-
ber of short and medium closures (fourth panel). The
duration of long closures seems to be significantly pro-
longed (Fig. 3 B). Since neither the two open times nor
the two shorter closed times are appreciably changed, the
effects of procaine on bursting as well as random channel
gating appear to be nearly entirely mediated by a de-
crease in the number of short openings and closures per
unit time at the expense of an increase in the number
and duration of very long closures.

Possible small effects on the two open and the two
shorter closed times were analyzed from five channels
with procaine concentrations up to 1.5 mM (Table 1).
Both open and closed times are shorter than reported by
Ashley and Williams (1), possibly because of a higher
bandwidth (1,500 Hz) of our recordings and/or use of
Cs™ as a conducting ion. As plotted in inverse form in
Fig. 3 C, the two shorter closed times tend to increase
(left) and the two open times tend to decrease (right) as
[procaine] is increased. Both effects would decrease the
channel open probability. For both closed times 7, and
7¢2 and the short open time 7, the effect was not signifi-
cant (the correlation coefficient R for the equation 1/
7; = A + [Proc]/B was R < 0.3). The longer open time
constant does seem to vary as a function of the procaine
concentration, but the changes are relatively small (1/
To2 = 0.55 + [Proc]/Kpoc; Kproe = 4.3 mM, R = 0.75).
Procaine is almost 15 times less effective in reducing the
longer open time than in reducing the open probability.
Shortening of channel openings can contribute at most
19% to the total effect in 1.5 mM procaine and only 12%
to the total effect in 0.5 mM procaine.

The long closed times are significantly prolonged in
the presence of procaine. However, the precision of the

long closed time is very low (Table 1), and, without a
commercially available program for maximum likeli-
hood analysis, we were not able to improve it by any
changes in the way of binning the histograms. Since
none of the other more measurable time constants was
appreciably affected, the decrease in Pg induced by pro-
caine appeared due to long closures, which accounted for
most of the time the channel was closed (Table 1).

In Fig. 4 A, P, data as a function of [procaine] from a
total of 13 channels were divided into four categories
according to their cis Ca?* concentration and random or
bursting behavior (different symbols). The theoretical
curve is a fit to pooled data ( Kp,. = 0.30 £ 0.10, mean +
SD of the fit). Although the data do indicate a substan-
tial scatter in the results, there does not appear to be any
overall trend to the data that would suggest that the sensi-
tivity of the channel to procaine is markedly affected by
variation in cis [Ca?*] from 3 to 100 uM or whether the
channel exhibits a random or bursting form of gating.
Were the sensitivity to procaine affected by either of
these factors, we would have expected points involving
those conditions to fall either all substantially to the right
or all substantially to the left of the curve fitted to all the
data as a simple 1:1 inhibitory effect. There were no sta-
tistically significant differences between the relative
open probabilities of random and bursting groups (six
channels in the presence of 0.5 and 1.5 mM procaine) or
between groups with cis Ca?* concentration of 3 and 15
uM (five channels in the presence of 0.5 mM procaine).
When all four categories are pooled together, the scatter
of the data is reduced (see inset, Fig. 4 4).

Modeling the Ca?* release
channel-procaine interaction

Previous analyses of the cardiac sarcoplasmic reticulum
Ca?* release channel kinetics have suggested a minimal
gating model (1) that is summarized in Eq. 3:

. 70N
Ca’* +R= Cl C2. 3)
No2?

Ashley and Williams (1) identified three closed time com-
ponents with time constants that were dependent on
Ca?* concentration, but their relative areas were found
to be only weakly dependent on Ca?* in the range 0.01-
100 uM Ca?** (short, 45-65%; intermediate, 29-42%;
long, 6-14%). They found that the states C1 and C2
have lifetimes on the order of 1-10 ms and can be related
to the two shorter closed time components.

From the gating scheme shown in Eq. 3, it can be
inferred that at low Ca?*, the lifetime of the resting state
R is long, and the channel spends most of the time in it.
As Ca?" is increased, both the population and the life-
time of state R should decrease to very low values. To
account for long closures at higher Ca* concentrations
(when the lifetime of state R decreases dramatically), an
additional closed state that contributes to the long closed
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time component has to be postulated. For this reason we
included a third closed Ca?*-bound state C3 into the
above scheme:

791N

Ca¥*+R=Cl C2=0C3. 4)
N02Z

The interaction of procaine with the channels mani-
fests itself mainly as prolongation of long closures at
both low and high c¢is [Ca®*] and as a large increase in
their relative number at low cis [Ca?*]. These closures
probably do not originate by binding of procaine to the
open Ca?* release channel (sites O1 and O2), because
the effect of procaine on channel open times contributes
<20% to the total effect (Fig. 3 C, left), and the open
time is almost 15 times less dependent on procaine con-
centration than is the open probability.

Thus, interaction with closed states predominates in
the action of procaine on Ca?* release channels. The
short-lived closed states C1 and C2 appear little affected
(Fig. 3 C). The remaining closed states R and C3 are
both likely candidates at first consideration. At low
[Ca?*](Fig. 3 4), both of these states are long lived, and
their interaction with procaine would result in affecting
the duration of long closures and an increase in their
proportion. At high [Ca?*] (Fig. 3 B), the small number
and long duration of the long closures could be attrib-
uted to either long-lasting procaine binding to state R
(which is accessible only rarely) or to procaine binding
to the long-lived state C3.

Using the scheme of Eq. 4, we modeled the effects of
permitting procaine to interact at these two sites (Fig. 4,
Band C). The first model (Fig. 4 B) assumes interaction
of procaine (P) with state C3; in the second model (Fig.
4 C) procaine interacts with state R. The open probabil-
ity relative to P, in the absence of procaine is plotted as a
function of procaine concentration in the same fashion
as for the experimental data in Fig. 4 4 for different lev-
els of activating Ca?* (the different curves). The model
was calculated as a chemical equilibrium according to
Eq. 4, with the equilibrium constants chosen so that
P3* = P(O1)™* 4+ P(0O2)™=* = (.2 at maximal activat-
ing Ca?*. The values of K, and Kp,,., the effective bind-
ing constants for Ca?* and procaine, were set to 3 uM
and 0.3 mM, respectively.

In Fig. 4 B, selective interaction of procaine with
closed state C3 generates curves of procaine inhibition of
the channel that are nearly insensitive to [Ca?*] at acti-
vating Ca2* concentrations ([Ca?*] = 5 uM), as experi-
mentally observed (Fig. 4 4). If procaine interacted selec-
tively with state R (Fig. 4 C), then increasing [Ca?*]
would shift the sensitivity of the channel to procaine in a
competitive manner, contrary to the experimentally ob-
served Ca?* insensitivity.

The lack of interaction between procaine and Ca?*
also suggests that nonspecific screening of membrane
phospholipid surface charge (e.g., McLaughlin and Whi-

taker [58]) is unlikely to play a significant role in the
inhibitory effects of procaine on the Ca?* release chan-
nel. However, a nonspecific interaction between pro-
caine, the hydrophobic core of membrane phospho-
lipids, and the channel protein, similar to the interaction
of some class III antiarrhythmic drugs and dihydropyri-
dine receptors (59), cannot be ruled out unequivocally.

We also wished to determine whether the scheme of
Eq. 4 with procaine binding to C3 could reproduce our
basic kinetic findings, including different forms of gating
equally sensitive to procaine. Using the time constants
and area ratios determined in the experiments (Table 1,
Fig. 3) as an approximate starting point, we simulated
channel activity (using the program CSIM ) according to
the basic scheme outlined above. We did not attempt to
create a model that exactly reproduced the observable
open and closed times but rather one that followed the
trends observed experimentally. The “pattern” charac-
teristics were determined visually from the traces plotted
in the same way as experimental data; open probabilities
and kinetic characteristics were determined as in the case
of experimental data. The basic criteria that were met by
the model included the following.

(a) At low [Ca?*], appearance of random openings
with Py < 0.05 and only rare and very short bursts (Fig.
5 A, upper trace).

(b) At high [Ca?*], appearance of long clusters of
bursts separated by long gaps, with P, < 0.2 (Fig. 5 A4,
second trace).

(¢) At intermediate [Ca?*], appearance of both ran-
dom openings and bursts, with strongly varying propor-
tion of bursts from one 1-min segment to another (Fig.
5 B).

The rate constants used for the simulations are given
in Table 2. Several basic prerequisites for generating gat-
ing that approximated the one observed experimentally
(cf. Fig. 2 experiment with Fig. 5, 4 and B model) had to
be met. The rate of Ca** dissociation kg had to be
sufficiently high (100 s~! or more) to create the random
pattern at low calcium concentrations (Ca?* = 5 uM).
The transitions between states Ol and C2 and between
states O2 and C1 had to be slow (on the order of s7').
The fastest transitions, experimentally observable in the
histograms as 7, and 7, had to connect states O2 and
C2. The C3 state had to be connected to C2 to produce
the correct gating pattern. If the three closed, Ca?*-
bound states C1, C2, and C3 were arranged in any other
way than in Eq. 4, then the resulting channel activity
either did not show both (random and bursting ) types of
gating or the calcium dependence of this behavior was
altered. The transition between states C2 and C3 had to
be slow, with the equilibrium shifted to the side of C3.

At low and medium calcium concentrations, bursts
consist of sojourns in states O2 and C2, and during a
stretch of random openings the channel flips between
states R, C1, and Ol. Bursts are sparse and relatively
short at low Ca?*. Long closures into the state C3 are
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FIGURE 5 Simulated single channel behavior according to the model presented in the text. (4) Channel activity at different activating Ca**
concentrations. (Upper) 5 uM Ca?*; (lower) 50 uM Ca?*, Bursting behavior is more apparent at higher Ca®* concentrations. Filtered at 1500 Hz.
(B) Two samples lasting 3 s each from a simulation of the activity of one Ca?* release channel at 15 uM Ca?* demonstrate gearshifting between
random activity ( upper) interspersed with apparently bursting behavior (lower). Filtered at 1,500 Hz. (C) Channel activity with 5 uM cis [Ca?*]in
the absence of procaine (upper) and in the presence of 0.5 mM procaine (/ower). The rate constants for the reaction C3 & P were kcyp = 30.1
M~ -s7" and kpey = 557" Filtered at 500 Hz; resampled at 1 kHz. (D) Channel activity with 100 uM cis [Ca?*] in the absence of procaine ( upper)
and in the presence of 0.5 mM procaine (/ower). The rate constants for the reaction C3 2 P were kczp = 30.1 M ™' -s7'and kpc; = 557 Filtered at

500 Hz; resampled at 1 kHz.

also relatively rare. At high Ca?* the occupancy of state
R is very low, and all sojourns in states O1, C1, 02, or C2
appear as bursts, which are separated by longer closures
after entering state C3.

Finally, simulations of the effects of procaine binding
to the long-lived closed state C3 when the channels were
respectively gating randomly or in bursting fashion are
shown in Fig. 5, Cand D, for comparison with the experi-
mental results shown in Fig. 3, 4 and B. The open proba-
bilities were in complete accord with the experimental
data if sufficiently long (=100 s) data files were simu-
lated. The time constants and areas of individual open
and closed time components after analysis with IPROC
and FETCHAN were in qualitative agreement with the
experimental data: only three closed time components

could be resolved, the slowest one having the lowest pre-
cision.

We also compared the effect of procaine binding with
either of the three closed states on the observable closed
times. The rate constant of procaine unbinding was set
to 557!, as in the simulations shown in Fig. 5, and the
forward rate constant kq;p (1 = 1, 2, 3 for procaine bind-
ing to states C1, C2, or C3, respectively) was calculated
to give an effective binding constant Kp,. of 0.3 mM
(keip =63 X 104 M s kepp = 1.5 X 10 M 571
kesp = 3.0 X 10* M ™! s71), The eigenvalue problem for
the three respective submatrices of the matrix of transi-
tion rates (45) was solved using MathCAD as a tool.
Procaine binding to C1, C2, or C3 induced the appear-
ance of a very slow closed time component in the range

1000 Biophysical Journal

Volume 64  April 1993



TABLE2 The rate constants used for the simulation of Ca®* -
release channel activity

Rate constant* Value
kret*t (M7Hs7'] 17.6 X 10°
keyw [s7'] 200
keior [s7'] 100
keioa [s7'] 1
keaes [s7'] 5
keaor [s7'] 1
keaoa Is7'] 500
kesez [s7'] 1
koyer [s7'] 600
koica [s7'] 2.52
kot [57'] 10
koacz [s7'] 2,100

* According to Eq. 4.

¥ The value of kgc, was chosen to be of the same order of magnitude as
the analogous rate constant in the Ca®*-activated K channel model
67).

of seconds. Selective procaine interaction with states C1
or C2 always produced, in addition, a marked shortening
of the corresponding shorter closed times (not shown)
that was not observed experimentally, whereas binding
of procaine to state C3 did not change the duration of the
two shorter closed times.

On the basis of these results, we conclude that the most
likely state to which procaine binds to the channel and
produces the majority of its inhibitory effects on the
channel activity is C3. The basic suitability of the model
we have used appears to be confirmed by its remarkable
ability to account for two novel forms of its gating behav-
ior reported here: a Ca?*-dependent transition or “‘gear-
shifting” between two apparently different forms of
channel gating and the influence of procaine on both
forms of gating. That both these results could be ob-
tained by only a one-state expansion of a kinetic scheme
that was previously utilized to account for this channel’s
gating on a shorter time scale (1) further attests to its
uniqueness. The ability of such a scheme to account for
commonly observed nonstationary gearshift behavior is
of great significance, in that phosphorylation or other
slow modifications of this and other channels need not
be invoked as explanations for such behavior.

We hasten to point out that notwithstanding our con-
clusion that the bulk of procaine’s inhibitory effects on
the Ca?* release channel are exerted on state C3, our
results do not preclude other forms of interaction be-
tween procaine and the channel. Clearly our own results
indicating a small but significant effect on channel open
times would suggest that other modes of interaction are
possible. Our experiments have been carried out for the
most part in the absence of adenosine triphosphate
(ATP) or Mg?", ligands of great physiological signifi-
cance. Thus, our scheme for the channel states is clearly
a very simplified one relative to the states possible in situ.

Consequently, it may be premature to conclude that
procaine’s effects on the Ca?* release channel are Ca*-

insensitive under physiological conditions. Prior reports
on this subject (28, 32, 60, 61) have arrived at mixed
conclusions.

At neutral pH, procaine exists mainly in a charged
form that appears responsible for its inhibitory effects on
Ca?* release (23, 31, 62). Since the affinity of the chan-
nel to procaine is low, we had anticipated that its effects
would more likely be manifest as a high frequency flicker
block similar to the action of local anesthetics on end
plate channels (63) or Cd?* on L-type Ca?* channels
(64). Our results suggest that procaine does not primar-
ily interact with open channels and probably instead in-
teracts preferentially with closed states of the channel. If
the preferred closed state of the channel was an inacti-
vated state as in the modulated receptor model for local
anesthetic block of sodium channels (19), then this
might also explain the decreased contracture durations
observed by Heistracher and Hunt (24) on snake skele-
tal muscle fibers. The long-lived C3 state could be a
likely candidate for such an inactivated state.

Thus, there clearly is no simple correlation between
drug affinities and their mode of interaction with ion
channels, even if such correlation may exist with certain
blockers and certain channels (65). These results then
clearly indicate that the on rate of interaction of procaine
with the channel is considerably slower than diffusion
limited. Had the on rate been diffusion limited, thermo-
dynamic constraints also would have dictated that its
dwell time on the channel would have been much
shorter than observed. Whether the block can be modu-
lated by cycling of the channel through different states,
similar to the use-dependent block of sodium channels
by local anesthetics (66), remains to be explored.
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