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Activation and Inhibition of Skeletal RyR Channels by a Part of the
Skeletal DHPR II-11l Loop: Effects of DHPR Ser®®” and FKBP12
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ABSTRACT Peptides, corresponding to sequences in the N-terminal region of the skeletal muscle dihydropyridine receptor
(DHPR) lI-1ll loop, have been tested on sarcoplasmic reticulum (SR) Ca®* release and ryanodine receptor (RyR) activity. The
peptides were: A1, Thr®”"-Leu®®; A2, Thr®”"-Leu®®° with Ser®®” Ala substitution; NB, Gly®8°-Lys"°® and A1S, scrambled A1
sequence. The relative rates of peptide-induced Ca®" release from normal (FKBP12+) SR were A2 > A1 > A1S > NB.
Removal of FKBP12 reduced the rate of Al-induced Ca®" release by ~30%. A1 and A2 (but not NB or A1S), in the
cytoplasmic (cis) solution, either activated or inhibited single FKBP12+ RyRs. Maximum activation was seen at —40 mV, with
10 uM A1 or 50 nM A2. The greatest A1-induced increase in mean current (sixfold) was seen with 100 nM cis Ca®™. Inhibition
by A1 was greatest at +40 mV (or when permeant ions flowed from cytoplasm to SR lumen) with 100 uM cis Ca®*, where
channel activity was almost fully inhibited. A1 did not activate FKBP12-stripped RyRs, although peptide-induced inhibition
remained. The results show that peptide A activation of RyRs does not require DHPR Ser®®”, but required FKBP12 binding
to RyRs. Peptide A must interact with different sites to activate or inhibit RyRs, because current direction-, voltage-, cis
[Ca®*]-, and FKBP12-dependence of activation and inhibition differ.

INTRODUCTION

The ryanodine receptor (RyR) calcium channel mediateamined its effects on RyRs. We also studied possible inter-
ca" release from internal stores in many cell types and isactions between the regulation of RyRs by peptide A and
an essential component of excitation-contraction couplingheir regulation by the FK506-binding protein (FKBP12), a
(ECC) in striated muscle. In skeletal muscle, the L-typeco-protein that coordinates RyR activity. FKBP12 is intrin-
C&* channel (dihydropyridine receptor, DHPR) is the volt- sic to normal RyR function and may be involved in ECC
age sensor for ECC, i.e., it senses T-tubule depolarizatiopAhern et al., 1994, 1997a; Brillantes et al., 1994; Mayrle-
and transmits a signal to the RyR, via a protein-proteinitner et al., 1994; Lamb and Stephenson, 1996). Four
interaction which requires the loop between the second anBK506-binding proteins (FKBP12/, ~12,000) are tightly
third repeats of the skeletal DHP&, subunit (ll-1ll loop;  bound to each RyR monomer (Jayaraman et al., 1992;
Tanabe et al., 1990). The II-1ll loop of the DHPR binds to Timerman et al., 1993; Wagenknecht et al., 1996, 1997).

a 37-amino acid sequence, APG2Asp'**2 in the skeletal The immunosuppressant drugs FK506 and rapamycin bind
muscle RyR (Leong and Maclennan, 1998). _ to FKBP12 and dissociate it from the RyR (Timerman et al.,
The skeletal DHPR II-lIl loop increasesH]ryanodine 1993, 1995). RyRs “stripped” of their FKBP12 co-proteins

binding to sarcoplasmic reticulum (SR) vesicles, and actidisplay increased channel activity at low cytoplasmié Ca
vates purified RyR channels in lipid bilayers (Lu et al., concentrations, with a loss of coordinated channel opening
1994, 1995). Because ryanodine binds preferentially to opety the maximum conductance (Ahern et al., 1997a).

RyR channels, the increase itH]ryanodine binding sug- In this study, the ability of peptide Al (TRf-Leu*9
gests that native RyRs in SR vesicles are activated by thgnd peptide A2 (with S&%7 replaced by AI&®) to release
II-lll loop. The N-terminal part of the II-lll loop (GIE®>  c&* from native FKBP12 terminal cisternae (TC) vesi-

Glu'?9 also activates RyR channels, but fails to do so whengjes and from FKBP12-stripped vesicles was examined, as
Sef®’is either phosphorylated or replaced by alanine (Lu etyell as the actions of the peptides on single native RyR
al.,, 1995). A short peptide Th-Lel**® (peptide A) acti-  channels incorporated into lipid bilayers. The results
vates C&" release from SR, but peptides corresponding tashowed that peptide Al released?Cdrom FKBP12+ and
other segments of the loop do not (El-Hayek et al., 1995pKBpP12-stripped TC vesicles, although release from the
El-Hayek and Ikemoto, 1998). Since the actions of peptidquRS lacking FKBP12 was markedly reduced?Ceelease

A on single RyR channels had not been reported, we eXpy peptide A2 was greater than that by peptide Al. The
peptides had a dual action on RyR channel activity. Acti-
vation at—40 mV was greatest with 100 nbls C& ", while
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sults show that these small DHPR II-1ll loop peptides canCalcium release from TC vesicles
both activate and inhibit single RyR channels and are likely , . _ . .
to act on at least two separate sites on the RVR chann travesicular C&" was monitored at 710 nm with the €aindicator,
. p y 4 tipyrylazo Ill, using a Cary 3 spectrophotometer. Identical release ex-
protein. periments, performed at 790 nm, showed no changes in optical density

(OD) that would alter the rate of €& uptake measured from recordings at
710 nm. A step increase in OD upon addition of ruthenium red was seen

METHODS in recordings at both 710 nm and 790 nm, and was subtracted from the
records shown in Figs. 1 and 2 (see Results). The temperature of the
Materials cuvette solution was thermostatically controlled at 25°C and the solution

was stirred with a magnetic stirrer. €arelease was measured as described
Rapamycin was obtained from Calbiochem and as a gift from Wyeth-by Timerman et al. (1993). TC vesicles (10 protein) were added to the
Ayerst (Princeton, NJ). Other chemicals and biochemicals were fromcuvette, to a final volume of 2 ml, of a solution containing (in mM): 100,
Sigma-Aldrich (Castle Hill, Australia). The DHPR II-lll loop peptides KH,PO, (pH = 7); 4, MgClL; 1, NaATP; 0.5, antipyrylazo Ill). Vesicles
were synthesized using an Applied Biosystems 430A Peptide Synthesisavere partially loaded with Cd by four sequential additions of CaCeach
with purification to 98 to 100% using HPLC and mass spectroscopy.initially increasing the extravesicular [E4 by ~7.5 uM (see Figs. 1 and
Peptide conformation was determined using NMR. Stock peptide solution®). It was necessary to also suppres$'Gllg®*-ATPase activity after
(~2 mM) were prepared in §0 and frozen in 2Qsl aliquots. Precise stock loading (using thapsigargin, 200 nm; Sagara and Inesi, 1991), to allow
solution concentrations were determined (Auspep Pty Ltd) using acicextravesicular [CA'] to increase after activation of the RyR. Peptide or
hydrolysis followed by a standardized PTC (phenylthiocarbamyl) protocolcaffeine were the then added, followed by the RyR blocker ruthenium red
and analyzed by reverse phase HPLC. The following peptides were used ifto a final concentration of M), to determine whether & release
this study. through RyR channels was responsible fo’Caelease from SR. The
C&" ionophore A23187 (31g/ml) was finally added to release the®a
remaining in the TC vesicles. A calibration curve was established at the
start of each experiment by measuring OD changes in response to four

Peptide AT sequential additions of 12.68M CacCl,.

873 Thr Ser Ala GIn Lys Ala Lys Ala Glu Glu Arg Lys Arg Arg Lys Met Ser

Arg Gly Leuf®®.
ey e Lipid bilayers

Experiments were carried out at 20—25°C. The techniques are described in
Peptide A2 Ahern et al. (1994) and Laver et al. (1995). Bilayers were formed from
phosphatidylethanolamine, phosphatidylserine, and phosphatidylcholine
®"*Thr Ser Ala GIn Lys Ala Lys Ala Glu Glu Arg Lys Arg Arg Lys MetAla  (5:3:2 w/w) (Avanti Polar Lipids, Alabaster, AL) across an aperture with a
Arg Gly Leu*®. diameter of 200-25Qum in the wall of a 1.0-ml Delrin cup (Cadillac
Plastics, Australia). In some experiments (e.g., Fig. 7) bilayers contained
only phosphatidylethanolamine and phosphatidylcholine (8:2 w/w). In
Peptide NB these experiments the negatively charged phosphatidylserine was left out to
remove possible effects on channel activity of bilayer surface potential
8%Gly Leu Pro Asp Lys Thr Glu Glu Glu Lys Ser Val Met Ala Lys Lys changes during changes in ionic composition.
Leu Glu GIn Lys®® TC vesicles (final concentration, 1@/ml) and drugs were added to the
cis chamber. The bilayer potential was controlled, and single channel
activity recorded, using an Axopatch 200A amplifier (Axon Instruments,
, Foster City, CA). For experimental purposes, thechamber was held at
Peptide A1S ground and the voltage of theans chamber controlled. Bilayer potential

Thr Arg Lys Ser Arg Leu Ala Arg Gly GIn Lys Ala Lys Ala Lys Ser Glu is expressed in the conventional way 8§V Vians (i-., Veytopiasm ~
Met Arg Glu. Viumen-

Bilayer solutions

Vesicle preparation i o i i =
Bilayers were formed and vesicles incorporated into the bilayer usaig a

SR vesicles were isolated from the back and leg muscles of New Zealansolution containing 250 mM CsCl (or 230 mM cesium methanesulfonate
White rabbits using methods described by Saito et al. (1984) with minoMS) plus 20 mM CsCl), 1 mM CagGJ and 10 mMN-tris[hyroxymethyl]
modifications (Ahern et al., 1994, 1997a). Native FKBR1ZC vesicles methyl-2-aminoethanesulfonic acid (TES, pH 7.4 with CsOH) atrduas
were obtained from the 38%/45% sucrose interface after sucrose gradiesblution containing 50 mM CsCI (or 30 mM CsMS plus 20 mM CsCl), 1
centrifugation. FKBP12 was “stripped” from TC vesicles by incubating the mM CaCl,, and 10 mM TES (pH 7.4). To prevent incorporation of multiple
vesicles with 20uM rapamycin for 20 min at 37°C, followed by centrif- channels into the bilayer, thas solution was replaced by perfusion of the
ugation at 540,00 g (and then resuspension) to remove rapamycin andcis chamber as soon as channel activity was observed ciEhgerfusion

the FKBP12-rapamycin complex. The amount of FKBP12 remainingsolution was identical to the initiadis solution, except that the [4] was
bound to the TC vesicles was assessed by immunostaining Western blots eéried (107 M or 10~ M) as required. C& was buffered to 10’ M or

the vesicles with anti-peptide antibodies raised against peptides corret0"®> M using 1 mM BAPTA; 200 mM CsMS was added to th@ans
sponding to the N-terminal sequence of FKBP12. The incubation proceehamber after channel incorporation to give symmetrical solutions.

dure with rapamycin removed all detectable FKBP12 from each of the 14 In experiments examining RyR channel activity over a range of peptide
preparations used in the present experiments. “FKBRIzubated” ves-  concentrations and &40 mV and—40 mV, bilayer potential was changed
icles, incubated for 20 min at 37°C in the absence of rapamycin, retaine@very 30 s over a 2-min period after each addition of drugs or peptides to
an amount of FKBP12 similar to that seen in native B4 vesicles. Details ofthe cis chamber. Control activity was recorded for 2 min after addition of
the FKBP12 “stripping” procedure, production of anti-peptide antibodies,200 mM CsMS to theéranschamber. Activity was then recorded for 2 min
electrophoresis, and Western blotting are given in Ahern et al. (1997a). after cis additions of 2 MM NaATP, 4 mM MgCl, or 2 mM MgCl, and
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then after each aliquot of peptide (three to eight different peptide concen-

trations were examined in each channel). Peptides were perfused out of the,

cis chamber, and the channels were reexposed @Na plus MgCl, and 19 UM NB

then finally to ruthenium red (10—8QM). In some experiments 5 mM ’r T
Ca* and 250 mM or 500 mM mannitol were added to tesolution to T T

aid vesicle incorporation.
B 36 uM A18

Recording and analysis of single channel activity ()

Currents were filtered at 1 kHz (10-pole low-pass Besse3, dB) and T T
digitized at 5 kHz. Analysis of single channel records (usGtzgannel 2, C
developed by P. W. Gage and M. Smith) yielded channel open probability
(P,), frequency of eventd), open times, closed times, and mean open or
closed timesT, or T.) as well as mean currerit). The event discriminator T /I\
was set above the baseline noise-@0% of the maximum current, rather T4
than the usual 50%, so that openings to both subconductance and maximu 29 uM A2 ri
conductance levels were included in the analysis. Channel activity was
analyzed over two 30-s periods of continuous activity-d0 mV and two 10uM Ca*
30-s periods of continuous activity at40 mV. * ok &% P H

Values for the peptide concentration required for 50% activationsgAC t P
and for 50% inhibition (IGy) of mean currentl() were obtained from
graphs ofl” as a function of peptide concentration, [P] (Figs. 5 and 6).
Some data were fitted with the equation

36 uM A1 11

1min

100 T
A2
1" = (I¢ + 1hal (1 + ACs/[PD)/(1 + ([PVICs0)") < 75} 1
£ g
wherel’_ is the controll’, I}, is the maximum current during activation, g 50 P’
and H is the Hill coefficient. = *
c 25
B — -8 ——8 NB
Statistics %0 10 20 30 40 0 10 20 30 40
[peptide] (uM) [peptide] (uM)

Average data are given as mearSEM. The significance of the difference

between control and test values was tested 1) using a Stutiéess either  FIGURE 1 Peptides A1S, A1, and A2 releaséCiiom partially loaded
one- or two-sided and either for independent or paired data, as appropriatggtive FKBP12- TC vesicles. £)—(D) Records of OD changes at 710 nm,
or 2) using the nonparametric “sign” test (Minium et al., 1993). Differencesith changes in extravesicular [£4, measured using antipyrylazolll (500
were considered to be significant whpn= 0.05. M) as the C&" indicator. In each record, extravesicular fChincreased
when TC vesicles were added to the cuvett§ and then declined as €a
was sequestered by the TC vesicles. The next four positive deflectipns (
RESULTS indicate addition of each aliquot of CaQ7.5 uM, final concentration).

) P . . The first arrow f) indicates addition of 200 nM thapsigargin to block the
Peptide A1 releases Ca®" from terminal cisternae SR C&" ATPase. The second arrow)(indicates addition of4) 19 uM

. . . NB; (B) 36 uM A1S; (C) 36 uM Al; (D) 29 uM A2. Ruthenium red (10
The ablhty of pept|de Al to release €afrom native rM) was added at the third arrow)( before the ionophore A2318Taét

FKBP12+ TC vesicles was examined. As preV'OUS|y re- arrow, i, 3 ug/ml). The vertical calibration is iwM Ca?* (addition of 10
ported (El-Hayek et al., 1995; El-Hayek and lkemoto, uM extravesicular C&', increased OD by 0.2 units)E Maximum rate of
1998), Al released G4 from TC. In the present experi- Ca" release ("M/mg of TC vesicles/min) induced by peptides M @8,
ments, extravesicular [éé] increased when 200 nM thap- filled circles or A1S (1 = 6; filled square$. (F) Maximum rate of C&"

sigargin was added to the cuvette after loading the SR witlﬁe'iasé (nM/mg/min) induced by peptide A2+ 11 filed circles) or NB
n = 3; filled square$ as a function of peptide concentration. The rates

+ e
ca (F|g- 1A an+d D)- ) ) ) shown are the maximum rate of release with peptide minus the preceding
The rate of C&" release with thapsigargan, just before rate with thapsigargin. Data points are averageSE, using TC vesicles

adding the peptide, was55 nM/mg/min. Addition of pep- from three different SR preparations.

tide NB did not alter the rate of G4 release, A1S induced

a small increase in G4 release, and Al caused a larger Activation by A1S suggests that peptides containing pos-
increase (Fig. 1A-C). Ruthenium red (1QuM) stopped itively charged residues in any sequence can induce Ca
Ca&" release, if added while extravesicular fChwas release from SR, via activation of RyRs. This observation is
increasing (Fig. 1,A and D), suggesting that the &4  consistent with the ability of polylysine to release*Ca
release after addition of thapsigargin (FigD}, and acti- from SR (El-Hayek and Ikemoto, 1998).

vated by peptides Al and A1S (FigAl), was through RyR
channels. The rate of &a release induced by peptide Al
(maximum rate after Al addition minus the rate in the
presence of thapsigargin) af8 nmol/mg/min with 36uM

Al (n = 8) was significantly greatemp(= 0.007) than the Surprisingly, and in contrast to results obtained with the
56 = 10 nmol/mg/min with 36uM A1S (n = 6, Fig. 1E).  full-length II-1ll loop peptide (Lu et al., 1995), the S&f

Ser®® is not essential for peptide activation of
Ca®* release from SR
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Ala substitution increased the ability of peptide A to acti-
vate C&" release from native FKBP#2TC vesicles. C&"
release induced by A2 was significantly € 0.05) greater
than that induced by peptide Al and increased to 1938
nM/mg/min (W = 11) with 29 uM peptide {illed circles
Fig. 1 F). As with A1, the A2-induced Cd release from
SR was substantially reduced by &M ruthenium red (Fig.

1 D) and was thus through RyR channels.

A FKBP12+incubated B FKBP12-stripped

Ca®* release with A1 is less after
FKBP12 removal

The experiments were repeated with FKBR1ihcubated 160

and with FKBP12-stripped TC vesicles. FKBP12-stripped
vesicles required longer loading times than native or
FKBP+-incubated vesicles (12 of 12 preparations) as ex- 0
pected from the greater RyR activity after FKBP12 removal
(Ahern et al.,, 1994, 1997a; Table 4). Since the rate of
depletion of extravesicular 4 is equal to the rate of & D
uptake minus the rate of €arelease, load time increases if
release increases. The time allowed for loading was in-
creased to-4 min between each addition of Cg@br both
FKBP12+-incubated and FKBP12-stripped TC (prepared
in parallel from the same native TC preparation). Data were
obtained from vesicles from at least three different prepa-
rations. The amount of G4 loaded, determined from the [peptide] (umoles)
difference between the OD after the last load step and the ) ) )
OD & mi after AZ3187 aciton, was S4:00.36 1 —25) e 2 "o st € e o puahy s
of the C&" added to the extravesicular solution for bated TC. A) and B) show records of OD changes at 710 nm, with
FKBP12+-incubated and 93.1= 0.7% ( = 22) in  changes in extravesicular [€4, using antipyrylazolll (500uM) as a
FKBP12-stripped vesicles. Peptide Al (@81) was signif- C&" indicator. The C&" loading procedure is the same as in Fig. 1. The
icantly less effective at releasing Tafrom FKBP12- first arrow ¢) in each rgcc_)rd indicate_s_ the addition of 200_nM thapsigargin.
stipped TC (Fig. ) than from the FIKBP12-incubated 11 32500 Suel dcates sadtn o 3y of pepte M 1o 0)
TC (Fig. 2A) at all peptide concentrations (Fig.Q. nium red ¢hird arrow, r, 10 uM) was added before the ionophore A23187

The reduced Cd release from FKBP12-stripped vesi- (last arrow, i 3 ug/ml). The vertical calibration is ipM of Ca?* (adding
cles might have been due to factors other than the absend@ uM extravesicular C&" increased OD by 0.2 units)Cf Histograms of
of FKBP12. For example, the number of vesicles containing}*:ce i”i“t?gl raflozgég 6re|\|/|e)asfeo(r:]1M|ér}](1§{D “li;"_fnzcb‘;‘i:idc'g) in ghed%re;‘znce

. . eptiae - , 1T -Incu = b, u
active RyR channels mlghF have, t_)?en reduced a‘ftegroKs]s!Ohatched ba)so:LFKBPlz-strippedr( = 6; cross-hatched bajs
FKBP12 removal. To test this possibility, the amount of Rates are the maximum rate with peptide minus the preceding rate with
Ca* that could be released through RyR channels (“releasapsigargin.C, inse} Rate of C3* release after adding peptide NB minus
able Cé*”) was measured by adding 5 mM caffeine after the preceding rate with thapsigargim € 2). (D) Initial rate of release as
thapsigargin, and expressing the increase in extravesicul§pction of the releasable Ca rather than [C&'] per se (see text descrip-
[Ca2+] after 6 min as a fraction of the 4 loaded. Re- gpn). Data points ar_e averagesSEM using TC vesicles from three

. . ifferent SR preparations.

leasable C& was 64+ 10 5% in FKBP12--incubated TC
and 54+ 4% in the FKBP12-stripped TC (each number is
the average from two different preparations). The effect ofFKBP12+-incubated and FKBP12-stripped TC (FigDJ.
FKBP12 removal on the ability of the TC to releaséCin~ The Al-activated Cd release from the FKBP12-stripped
general was examined by looking at the release in respond®yRs remained significantly less than that from FKBR12
to 0.5 mM caffeine (a submaximal concentration). Theincubated RyRs at all peptide concentrations. The smaller
maximum rate of C&" release in response to caffeine was peptide-induced Ga release from the FKBP12-stripped
expressed as a fraction of the releasablé'C&he rates vesicles suggests that FKBP12 facilitates the activation of
were 13+ 3%/min (W = 2) for FKBP12+-incubated TC RyRs by the lI-lll loop peptides.
and 12+ 1%/min (h = 2) for FKBP12-stripped TC. Thus Addition of peptide NB to one pair of stripped and
the rates of release in response to caffeine were not influFKBP12+-incubated vesicle preparations did not evoke
enced by FKBP12 removal. Ca" release (Fig. T, insej; the apparent negative release

Rates of Al-activated G4 release were adjusted for is due to the fact that the release in the presence of thapsi-
differences in the amounts of releasable?Cadetween gargin became slower with time, so that subtraction of the
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latter part of the record from the initial part gave a negativeat +40 mV, with fewer openings to the maximum conduc-

rate.

Effects of peptide A1 on single RyR channels at
different cytoplasmic [Ca®*]

Single RyR activity

Peptide A1l (6.5 nM to 32.5uM) was added to theis
chamber, with 250/250 mM Cs(cis/trang, a [C&*] of
10~ 'M, 10 M, or 10 *M (cis) and 10 3 M (trans), 2 mM
cis Na,ATP, and 2 or 4 mM MgCJ, with bilayer potentials
of —40 mV or +40 mV. Al had excitatory and inhibitory
effects on FKBP12 native channels (Fig. 3).

RyR activity at—40 mV with 100 nM or 100uM cis
Ca" increased with 650 nM to 32.5M cis A1, with no
change in the maximum open channel conductance (Fig.
A andB). Inhibition by 6.5uM Al (Fig. 3 A) was apparent

-40 mV +40 mV
A

100 nM ¢is Ca®
control

________ I ]]l_—t'_l— _ AN ol

6.5 UM A1
SR R
32.5uM A1
_____ ! _' e
washout
UITORET NI | B A T
‘ 15pA
B 100 uM cis Ca®* 25
control

L L [ ' v

650 nM A1
32.5 uM A1
W .
washout
k bk, L

FIGURE 3 Biphasic action of peptide Al on single native FKBR12
RyR channels. Al at 6.aM or 32.5uM increases the activity of recorded
at —40 mV, and reversibly depresses activitytat0 mV, with 100 nMcis
Ca&™" (A) or 100 uM cis Ca&* (B). The first records in each panel were
obtained under control conditions with 2 mM MaP and 2 mM MgC}

tance. There were substantially fewer openings 40 mV
during strong inhibition by 32..M Al and long openings
(>1 s) to low submaximal conductance levels (FigBg3
Channels recovered from the inhibitory effects of the pep-
tide within 15 s after perfusion of theis chamber with
peptide-freecis solution. Channel activity remained higher
than control, especially at-40 mV, for 3-7 min after
washout. Activity declined at longer times after washout.
Thus inhibition by peptide Al is rapidly reversible, while
activation is less reversible.

Effect of peptide A on the mean current
through RyRs

31 increased mean current through native FKBPIRyR
channels at-40 mV in 17 of 17 bilayers (100 nM, 1AM,
and 100uM cis C&"). The greatest average peptide Al-
induced increase~(6-fold) in mean currentl() through
RyRs occurred at-40 mV with 100 nMcis C& (Fig. 4 A
and Table 1).

Average normalized’ at —40 mV increased with Al
between 6.5 nM and 32.aM, reaching a maximum with
~6.5 uM peptide with half-maximum concentration be-
tween 65 and 650 nM at eacis [Ca?*]. I” at +40 mV also
increased with [A1] at 100 nM and 30M cis C&™" (Fig. 4,

A andB), but fell below control with A1> 6.5 nM whercis
[Ca&"] was 100uM, where inhibition depresseld below
control values with a half-maximum [A1] of0.65 uM. It

is likely that the decline in activation at higher peptide
concentrations under the other conditions can be attributed
to inhibition.

Activation by Al overcame Mg inhibition of RyRs.
Data for 100 nM and 10Q.M cis C&" were obtained in the
presence of 2 mM NATP and 2 mM MgCl, with a free
Mg?" of 0.6 mM, which inhibits RyRs by>50% (Laver et
al., 1997a, b). Data for 1AM cis C&" were obtained with
either 2 mM MgC}, (n = 5) or 4 mM MgC}, (n = 3, with
afree Mg" of 2.1 mM, which inhibits skeletal RyRs by
90%). Since 6.5uM Al caused similar 2.9+ 0.9-fold
increase with 2 mM MgGlor 3.2 = 1.3-fold increase with
4 mM MgCl,, data for the two experiments were pooled for
Fig. 4. Al-induced activation was seen in 13 other bilayers
(data not shown) with 4 mM MgGl 2 mM NaATP, and
100 uM cis C&™.

Single channel characteristics of
A1i-activated RyRs

During the strongest activation by 6.8V A1 at —40 mV
with 100 nMcis C&*, the open probabilityR,) and open

in the cis solution. The second and third sets of records show activityfrequency F.) were significantly greater than normal, and

recorded after 10 s exposure to @bl or 32.5uM Al, respectively. The
final records were obtained4 min after removing peptide Al from thes
chamber by perfusion with 5 valis solution plus 2 mM NgATP and 2

mean closed timeT() was significantly reduced (Table 1).
P, andF, at —40 mV were similarly increased by 6,8\

B . 2+ .
mM MgCl,. The continuous line in each record shows the closed c:hanneli)eF?“d(f«l whencis [Ca ] was 100 MM-. In contrast, with
current. The broken line shows the maximum open channel conductanc@ctivating 10uM cis C&f ", mean open timel(,) at —40 mV
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-40mV +40mV wherel’ was double that before 32/M Al washout and
~13-fold greater than control. This result suggests that

A . 100 nM Ca‘l2+’ Al peptide A is rapidly removed from the blocking site after
o A washout, but that it remains bound to the activation site.
3 4 ' Furthermore, the increase in channel activity with Al re-

moval suggests that the degree of activation in the presence
of A1l was suppressed by the simultaneous inhibitory action
of the peptide. Data at40 mV for the threecis [Ca?*]s
were pooled to more clearly see the effects of activation or
inhibition by peptide Al and peptide washout (Table 2).

There was a significant increase, with 6.5 uM Al
(reflecting activation), whileF, fell with 32.5 uM Al
(reflecting inhibition). Washout of 32.aM A1l resulted in
significant increases iff, P, F,, andT,, and a significant
decrease inT, (reflecting recovery from inhibition). This
result remains consistent with the hypothesis that peptide A
is rapidly removed from its blocking site, but not from its
activation site, after washout.

B 4 10 M Ca®, A1
1|

2 2 M/—"

.Q' :

= oo ____

C 3, 100uMCa>, Al 4

I'p/l'c

D 3 Neither scrambled A1 (A1S) nor NB
2 2 activates RyRs
£ 1 - o o .
0 0 The strong activation and inhibition of RyR channels in-
012345 012345 duced by peptide A1 were not seen with A1S (FigD}%
log A1 (nM) Similarly, I” was 0.79+ 0.24 under control conditions and

0.92 = 0.26 ( = 6) after addition of 9.3.M of NB to the
FIGURE 4 Average effects of peptides A1 and A1S on the relative mearcis side of RyRs at-40 mV with 100uM cisC&". P,, T,
current flowing through native FKBP#2RyRs at—40 mV and+40 mV. T., andF, were also unaffected by NB. Curiously, a small
Relative mean current’'p/l’c, wherel'pis |’ in the presence of peptide and inhibition of channel activity was seen with A18. (+40
I’c is I’ under control conditions) is plotted against the logarithm of . . . .
[peptide A] in nM. Symbols show averadg&/l’'c and vertical bars show mV) was less than control in S.IX of seven b"ayers W'th 62
+SEM where this is greater than the dimensions of the symbol. Results fofM and 620 nMcis A1S, and in seven of seven bilayers
Al were obtained with4) 100 nMcisC&*, 2 mM Na,ATP, 2 mM MgCl, with 6.2 uM cisA1S. A fall in 1" at —40 mV was also seen
(n = 5); (B) 10 uM cisC&", 2 mM NaATP, 2mM MgCL (n= 6) or 4 in four of seven bilayers after adding 62V A1S. The

mM MgCl, (n = 3); (C) 100 uM cis C&", 2 mM NaATP, 2 mM MgCl, ;
(n = 6). (D) Data for peptide A1S were obtained with &M cis C&*, 2 average data in Table 3 show that @Bl ALS causes a

mM Na,ATP, 2 mM MgCl, (n = 8). significant reduction ifT, at —40 mV as well as significant
reductions inP,, F,, andT,, or increase inT, at +40 mV
(Table 3).

It is likely that interactions between the positively
ecsharged residues in Al and negative charges in the channel
pore cause the strong channel block by Al (see Discussion

mV were in the same direction as those-a40 mV. the below). The clustered positive charges in the C-terminus of
average changes were significant only withdN cis C'az+ Al presumably provide a high positive charge density that

(Table 1). Since inhibition by A1 was strongest:a40 mV is effective in blocking the channel. The more diffuse

(Figs. 3 and 4 above), it presumably reduced the degree 51harges in A1S may interact less effectively with the same
activation at this potehtial negatively charged sites in the channel pore to give the

weak channel block seen in Fig. 4 and Table 3.

increased, whil&, was unaffected and indeed fell in two of
the five channels. Although the changes in parameter valu
(I", Py, Fy, To, @andT,) for most individual channels at40

Removal of peptide A1 enhances RyR activity
Peptide A2 activates and inhibits native

Activity often increased further after A1 was perfused out OfFKBP 12+ channels

the cis chamber. Averagd’ and P, were significantly
greater than control (Table 1) after peptide removal, with allThe Sef®” Ala substitution did not alter the overall ability
cis [Ca?*]s at —40 mV, while I’, P,, F,, and T, were  of peptide A to activate or inhibit native FKBP12RyRs.
significantly greater than control, arnid significantly less, However, A2 activated RyRs at considerably lower peptide
at +40 mV with 100 nM or 10uM cis C&* (Table 1). As  concentrations (Ag, between 3.6 and 7.25 nM, Fig. 5),
in the presence of Al, the greatest relative increaskg in than those required for activation by Al (Agof 65—-650
after perfusion was at-40 mV with 100 nMcis C&™, nM, Fig. 4 above).
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TABLE 1 Average single channel parameters for native FKBP12+ RyRs at —40 or +40 mV exposed to peptide A1

—40 mV +40 mV

I” (pA) Po Fo(s) To(ms)  Tc(ms) I” (pA) Po Fo(s) To(ms)  Tc(ms)

100 nM C&* (n = 5)
Control 0.17+0.03 0.006+ 0.005 3*2 1.6+0.4 1317+429 0.22+0.04 0.001+ 0.001 1+1 1.1+0.2 1907+ 1046
6.5uM Al 1.04% 0.03* 0.043+ 0.02F 22+9* 1.6+0.2 363+287* 0.48+0.14 0.018-0.011 7+5 1.7+03 396+ 116
Washout 2.11=+ 0.17* 0.190x 0.126° 40+ 10* 3.4*1.6 257" 0.74x0.17* 0.050+ 0.016* 23+ 8* 2.3%0.3* 65 24*
10 uM Ca&* (n = 6)
Control 1.92+0.74 0.289+ 0.138 47+ 19 3.6+ 1.7 350+283 0.30+ 0.06 0.018+ 0.006 16+5 1.3+0.3 120+ 53
6.5uM Al 3.56% 0.71* 0.445+0.166 84+ 18 59x26* 11+7  0.98= 0.18* 0.097+ 0.030* 53% 10* 1.7+ 0.4* 24+ 10*
Washout  4.97+ 1.32* 0510+ 0.190* 78+ 16 8.6+4.9* 6+2  1.19%0.21* 0.131%+ 0.041* 72+ 22* 1.8+ 0.1* 22+ 12*
100 uM C&* (n = 6)
Control 1.13+ 0.17 0.099+ 0.028 39+7 25+05 26+14 0.59+0.10 0.052+0.018 26+8 23+0.5 89+ 51
6.5uM Al 2.43% 0.26* 0.282% 0.051* 93+ 12* 2.8+ 0.2 8+2  0.45+0.22 0.071+0.067 22+ 17 1.7+05 574+ 243
Washout  2.82+ 0.39* 0.392+ 0.089* 106+ 24* 3.9+0.8 26*+19 1.14+ 054 0.113+0.096 25+ 11 2.5+1.3 209+ 151

Data are shown as meanSE. The number of RyRs is shown in parentheses. Values are shown for control activity (with 2 JAVMINand 2 mM MgCl),
in the presence of 1M Al, and after washout of Al by perfusion witlis solution and addition of 2 mM NATP and 2 mM MgC}. Data in bold are
significantly different from the control data in the same experimental series.

*Significant according to Studentistest.

#Significant according to the “sign” test.

Although the affinity for A2 was higher than that for A1, stripped RyRs at-40 mV was only slightly greater than
the degree of activation induced by the two peptides wasormal after exposure to 0.6oM or 32.5 uM peptide Al
similar (~2.5-fold with 10uM or 100 uM cis C&"). These  with 100 nMcis C&* (Fig. 6A), and did not increase after
results are consistent with the ability of peptide A2 to peptide addition with 1M cis C&™, at either—40 mV or
release C& from native FKBP12 SR vesicles (above). +40 mV (Fig. 6B).

A2 also overcame inhibition of RyRs by 0.6 mM free fig The control activity of the FKBP12-stripped channels
(with 2 mM MgCl, in the 10uM cis C&" solution,n = 6),  (Fig. 6,A andB) was greater than that of native FKBP#4.2

or 2.1 mM free Mg" (with 4 mM MgCl, in the 100uM cis  channels (e.g., Fig. 3 above) as expected (Ahern et al.,
C&" solution,n = 12). 1994). More than one channel was active in most bilayers

The affinity of the peptide for the inhibition site was also containing FKBP12-stripped RyRs (Fig. 8, and B) and
increased by the S& Ala substitution. The IG, at +40  long openings to low submaximal conductance levels were
mV was~360 nM with 10uM and 100uM cis C&*. The  apparent, particularly at40 mV (Fig. 6A). I (the mean
cis [Ca®*]-dependence of peptide A2-inhibition differed current through the bilayer divided by the number of chan-
from that with A1. A2 inhibited at-40 mV with 10uM cis  nels in the bilayer) during control activity at eacis [Ca®"]
Ca™" (dropping !’ to ~28% of control, Fig. 5A), and  was greater in FKBP12-stripped RyRs than in FKBR12
weaker inhibition at 10QuM cis C&*, with I" falling only ~ RyRs (Table 4).
to control levels (Fig. B). An increase in activity at-40 mV was seen in 7 of 10
FKBP12-stripped RyRs with 65 nM to 32/&6M Al with
100 nMcis C&", but was seen in only 3 of the 10 RyRs at
+40 mV. On averagel’ at —40 mV (100 nMcis C&™)
showed a significant 21% increase after addition of 65 nM
In contrast to strong activation of native FKBPAZhan-  to 32.5uM Al (Fig. 7 A), compared with the 600% increase
nels by peptide Al (Figs. 3 and 4), activity of FKBP12- seen in native FKBP12 RyRs.

Minimal peptide A-induced activation in
FKBP12-stripped RyRs

TABLE 2 Average single channel parameters at +40 mV for pooled data obtained with 100 nM, 10 uM, and 100 uM cis Ca?*

+40 mv
n I” (PA) Po Fo(s™) To (ms) T (ms)
Control 17 0.40= 0.06 0.023+ 0.007 14= 4 1.5+0.3 669= 372
6.5 uM Al 17 1.04+0.03 0.062+ 0.025 53 = 10* 1.7+04 331+ 115
32.5uM Al 10 0.38+ 0.12 0.032+ 0.026 12+ g 1.3+03 1097+ 462
Washout 13 1.02: 0.18* 0.100 0.03¢ 39 = 10* 22%05 107 £ 59*

Data are shown as mean SE with the numbers of channels in parentheses. Data in bold are significantly different from the preceding condiftgn, i.e.,
with 6.5 uM Al is greater than controk, with 32.5uM Al is significantly less than with 6.5M A1, andF, after washout is significantly greater than
with 32.5uM Al.

*Significant according to Studentistest.

#Significant according to the “sign” test.
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TABLE 3 Average single channel parameters for seven native FKBP12+ RyRs exposed to scrambled A1 (A1S) at +40 mV and
—40 mV

—40 mV +40 mV
I” (pA) P, Fo(s) To(ms) T (ms) I” (pA) Po Fo(s) To(ms) T (ms)
10 uM Ca*
Control 1.77+0.69 0.293+ 0.146 56+ 19 3.8+0.2 8761 0.60+0.12 0.044*+0.010 40*+12 1.3+0.3 34*+10

6.2 uM A1S 1.97+0.58 0.289+ 0.138 47+ 19 3.6+ 1.7 345+ 283 0.53+0.07 0.018% 0.006* 16%5* 1.3+ 0.4 121+ 53*

Values are shown for control activity (with 2 mM BETP and 2 mM MgC}) and in the presence of 62M A1S. Data are shown as meanl SE and
values in bold are significantly different from the control data.

*Significant according to Studentistest.

#Significant according to the “sign” test.

Activity fell in all bilayers when=65 nM Al was added and show that activation of native RyRs by peptide Al
with 10 uM cis C&* (n = 7) or 100uM cisC&" (n=3)  depends on the presence of the FK506-binding protein.
and average normalizétwas less than control at bothd0
mV and at—40 mV (Fig. 7,B andC). The fall inl" at —40
mV and +40 mV was significant when 32.6M A1 was Peptide A block of FKBP+ and
added with 1QuM cis C&" and when [A1] was=0.65uM  FKBP-stripped RyRs
with 100 uM cis Caf+. In contrast to FKBPlZ—strippeq Effects of ATP and Mg?*
channels, FKBP12-incubated RyRs were strongly acti-
vated by Al at+40 mV and—40 mV, with 100 nMcis  The block of RyRs by peptide A was unexpected because
c&" (Fig. 7 D). Therefore, the loss of activation in =6.5uM of the peptide caused significant ruthenium red-
FKBP12-stripped channels was not due to the incubatioensitive C&" release from TC vesicles. The recording
procedure. Inhibition without activation was seen in anotheconditions were varied to ascertain whether, in addition to
seven FKBP12-stripped RyRs when 65 nM to 328 A1 depending oreis [Ca®"], channel block by peptide A was
was added with 10uM cis C&*, 2 mM NaATP, and 4  influenced by cytoplasmicc(s) ATP or Mg?". Block was

mM MgCl,. The results confirm the G4 release studies Seen with 10QuM cis C&" in the absence of ATP or Mg
(n = 11) or with 2 mM ATP (without Mg", n = 6). Thus

channel block appeared to be independent of ATP of Mg
-40mvV +40mV in the cis solution.

A 10 uM Ca?, A2
Effect of permeant ions on the inhibition of RyRs by
peptide A1

Inhibition of RyR activity by peptide A was stronger-at0
mV than at—40 mV (Figs. 3 and 4). This apparent mem-
brane potential-dependence might have been due to an
effect of membrane potential per se on peptide binding and
channel block, or it could be due to permeant cations
entering the pore from the opposite side of the channel (i.e.,
thetransbath). The latter possibility would suggest a block-
ing mechanism in which the peptide binds within the chan-
nel pore and is displaced by ion flow from ttrans cham-
ber. To explore this possibility, we measured the effect of
varying the concentration of permeant ions in tinans
chamber (at constant membrane potential) on the inhibition
001 2 3 4 5 of native FKBP12- RyR channels byis peptide. In these
log [A2] ("M) gx_periments the biIayers.V\_/er_e co.mposed of only negtral
lipids (see Methods) to minimize bilayer surface potentials
FIGURE 5 Peptide A2 activates native FKBPARyRs at—-40mvand ~ and possible effects of theans solution ionic strength on
inhibits the RyRs at-40 mV. Relative mean current'p/l’c, wherel’pis ~ surface potential and peptide binding. If charged lipids were
I”inthe presence of peptide aHd is1” under control conditions) is plotted  ysed, changes in the ionic composition of tihens bath
against the logarithm of peptide A2 concentration (log[A2]) in nM. Sym- 4 |¢f alter peptide binding even if the binding site was not
bols show averag€p/l'c and vertical bars show-1 SEM where this is . . .
greater than the dimensions of the symbol. Results for A2 were obtaine!:rl the pore. Therfansconcemrat'qn of the permeant Ca_tlon'
with (A) 10 uM cis Cz*, with 2 mM NaATP and 2 mM MgCl (n = 6);  CS', but not the impermeant cation, cholinehad a major
(B) 100 uM cis C&* with 2 mM Na,ATP and 4 mM MgC} (n = 12). effect on the strength of peptide inhibition (Fig. 8).

I'p/l'c
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-40 mV +40 mV TABLE 4 Average control mean current (I') through
A 100 nM cis Ca?* FKBP12+ (native or incubated) or FKBP12-stripped RyRs at
control each of the three cis Ca?* concentrations listed

100 nM 10uM 100 uM
cis [Ca?"] 1" (pA) 1" (pA) 1" (pA)

FKBP12+ native

-40mVvV  0.17+£0.03 1.77+ 0.69 1.13+ 0.17

+40mV  0.22+ 0.04 (6) 0.63+ 0.17(7)  0.59*+ 0.10 (6)
FKBP12-stripped

—-40 mvV  1.23% 0.36* 3.85% 0.64* 4.02+ 1.28*

+40 mV  1.53% 0.30%(10) 2.54% 0.58*(8) 2.14z 0.84*(3)
FKBP12+ incubated

—40mV  0.48+0.11%

+40 mV  0.46% 0.06* (4)

I” is the mean current across the bilayer divided by the number of RyR
channels in the bilayer. Data are shown as meah SE with the number
of bilayers given in parentheses.

control *Significantly greater (Student's-test) than values obtained in native
FKBP12+ RyRs at the same potential aois [Ca®"].
- - #FKBP12+ incubated values are also significantly less than the equivalent
650 nM A1 FKBP-stripped data.
g ul - vl el
32.5 uM A1 sixfold increase in the concentration of Al required for.500./o
block of the RyR. In contrast, there was a 40% reduction in
RS | | L S T the [A1] required for half-maximum block in the presence
washout of 1000 mM cholin€ (see also Fig. 8), possibly because the

trans Cs" concentration was reduced to 30 mM.

Channel openings to submaximal conductances

FIGURE 6 FKBP12-stripped RyRs are not significantly activated by are resistant to inhibition by peptides A1 and A2
peptide Al. A) Records from a bilayer with 100 nlis C&2*. (B) records
from a second bilayer with 1M cis C&*. Thecissolution also contained FKBP12+ channels

2 mM NaATP and 2 mM MgCl. The first records in each panel were o :
obtained under control conditions. The second and third records shovsThe reduced channel activity (arhb) prOduced by addmg

activity after 10 s exposure to 68V or 32.5uM AL, respectively. The ~—4 #M Al was due to fewer channel openings (Table 2), to
final records were obtained4 min after removing Al by perfusion with & reduction in the number of openings to the maximum
cis solution plus 2 mM NATP and 2 mM MgCJ. Two RyR channels  conductance in native FKBP#2(Fig. 3; Figs. 8 and 9), and
were present in each bilayer. The continuous line shows the zero currefy, FKBP12+-incubated channels. The native FKBP12
I(?i‘r’g'"Iz)eo?r&‘grzsgr;ﬁiér:?r:;fﬁarfeI';ax'mum open conductance of ongyy p i Fig. 9 showed long openings (lasting fa20 ms) to
the maximum conductance and to several submaximal con-

ductance levels under control conditionstst0 mV (Fig. 9
A). When 6.5uM peptide was added, there were only

ccasional brief openings to the high conductance levels,

[though long openings to submaximal conductance levels
remained and were longer than those in the control record
(Fig. 9 B). Channel openings to the maximum conductance
recovered when the peptide was perfused out of dise
chamber (Fig. £). The maximum conductance and three of
the submaximal levels (at11, 33, and 67% of the maxi-
mum conductance) that could be seen under all conditions
are shown by the broken lines on the records and by the
arrows on the histograms. Similar effects of peptide block

L : . o
phohne was ad@edt to trlﬁatns iglcl;(t)lonl\(/ltooglvse al\:zwrz\nlar on openings to the maximum conductance were seen at all
Increase in ionic strength to m > S n cis [Ca®"] tested, and were seen to a lesser extent at
blocked the RyR in the usual way (Fig.B trace 3. The —40 mV

effect of the cation composition of theans solution on the
half-inhibiting concentrations of A1 are summarized in Ta-
ble 5.

Increasing the concentration of the permeant catiofYCs The effect of peptide A in preferentially blocking channel
in the trans solution from 50 mM to 1000 mM caused a openings to maximum conductance levels was also apparent

RyR activity at 0 mV was not altered by dM cisAl, but
was strongly inhibited by &M Al (Fig. 8 A, trace 3.
Channel activity recovered when the bilayer was perfuse
with solution lacking the peptide and the current direction
reversed when the Csconcentration in thérans chamber
was increased from 50 mM t61000 mM (at 0 mV, Fig. 8
A, trace 4. The channel became relatively insensitive to A1
block and remained active with 32M Al (Fig. 8 A, trace
5). A similar reduction in peptide block after increasing
trans Cs" to 1000 mM was seen in four of four experi-
ments. In contrast, in two experiments where 1000 mM

FKBP12-stripped channels
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-40mV +40mV A trans 50 mM Cs*
control
A FKBP12- 100 nM Ca*

Al
3 > TSR MM o lh..w‘"'!' Ay

B

control trans 1000 mM Cs

trans 30 mM Cs* + 1000 mM choline®

00123450012345 Bcontrol

log A1 (nM)
6 WMMJMMMAMM‘

FIGURE 7 Average effects of peptide A1 on the mean current flowing

through FKBP12-stripped RyRs and FKBPA2ncubated RyRs at-40
mV and —40 mV. Relative mean current’p/l’c, wherel’p is I’ in the 7 MMWMMMW

presence of peptide attt is I’ under control conditions) is plotted against

the logarithm of [peptide Al] in nM. Symbols show averdge/l'c and 500 ms
vertical bars showt1 SEM where this exceeds the dimensions of the
symbol. Results with FKBP12-stripped RyRs were obtained with 2 mM 2pA

Na,ATP and 2 mM MgC}, and @) 100 nMcis C&* (n = 10); (B) 10 uM
cis C&" (n = 8); (C) 100 uM cis C&* (n = 4). (D) Data for FKBP12-
incubated RyRs were obtained with 100 i Ca2*, 2 mM NaATP, and
2 mM MgCl, (n = 3).

FIGURE 8 Inhibition of RyR activity at 0 mV by peptide Al in thes
solution is relieved by increasing the permeant ion concentration in the
transsolution. Bilayers contained 80% phosphatidylethanolamine and 20%
phosphatidylcholine. Theis solution contained (in mM): 230 CsMS, 20
CsCl, 0.1 CaCJ, 2 Na,ATP, and 2 MgCl. (A, Traces 1-3Channel activity
with 50 mMtransCs" (30 mM CsMS+ 20 mM CsCl) so that Csflowed

in FKBP12-stripped channels that demonstrated considefrom thecis to trans bath. Addition of 8uM Al almost abolished RyR
able submaximal conductance activity in the absence odctivity. Traces 4and 5 were from the same channel at 0 mV after
peptide. As previously reported for FKBP12-stripped chan-perfusion with Al-free solution and increasitrgns[Cs*] to 1000 mM by

. . ransaddition d 4 M CsMS, so that C§ flow wastransto cis. Under these
nels (Ahern et al., 1994, 1997a), three major SmeaXImaionditions, 32uM Al produced relatively little inhibition.B) In separate

conductance levels were apparent in the FKBP12-strippegyperiments, 1000 mM cholifie (an RyR impermeant cation) was added
channels. In the channel shown in Fig.[3;F, these levels to the trans solution initially containing 50 mM CS. Adding choling
were at~17, 33, and 67% of the maximum conductance diluted thetrans [Cs*] to 30 mM, reducing RyR conductance and current
Only very brief openings<1 ms) to the maximum conduc- 3$pr:';lt“::aangogérriis;éo':fg?o?k"?;‘;igs'.the 1000 mMranscholine
tance were seen under control conditions, although long
openings to the 67% level were apparent. Fewer, briefer

openings to the 67% level were observed with @Sl

peptide, although long openings to the 17 and 33% level§'cidental observations: RyR activation by ATP and

remained (Fig. &E). Openings to the 67 and 100% levels Pition by Mg

recovered when the peptide was perfused out ofdise Addition of 2 mM ATP induced the expected increase in
chamber (Fig. &). Similar conductance levels and peptide- averagd’ through native FKBP12 channels at botk-40
induced block of openings to the maximum conductancemV and—40 mV with 100uM cis C&" (n = 20, Fig. 10).
were seen in FKBP12-stripped channels-at0 mV, and  Addition of 4 mM MgCl (2.1 mM free Mg ") then reduced
with 100 nM and 10QuM cis C&™". I” at positive and negative potentials, but to levels that
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TABLE 5 The effect of the permeant ion concentration in the release through the channel in resting muscle (Lamb and

trans chamber on the ability of peptide A to block RyR Stephenson, 1991). Peptide A activated RyRs in the pres-

channels from the cis side ence of~0.6 mM free Mg" in C&" release experiments,
[A1] For Half-Maximum  or 0.6 mM to 2.1 mM free M§" in single channel exper-

trans [cation] n Inhibition iments (with 107 to 10°* M Ca2"). Thus, peptide A-in-
50 mM Cs" 6 5.0+ 0.4uM duced activation mimics ECC insofar as it can overcome
1000 mM Cs 4 24.0=5.0uM Mg?*-inhibition of RyR activity.
30 mM Cs" + 1000 mM choling 2 2.8+ 0.2uM

The degree of activation of the RyR by peptide A was not
Experimental conditions and protocols are described in the text and in thgis large as expected for the primary trigger of RyR opening
legend to Fig. 8. during ECC. Channel open probabilitP ) with 0.65—6.5
uM peptide remained well below 1.0 (Table 1), while the
remained higher than those before addition of ATP. Therate of C&* release from TC in our experiments, and in the
response to both ATP and 4 mM MgGhkas similar in the  faster release in stop-flow experiments (El-Hayek and Ike-
20 normal and 16 FKBP12-stripped channels, althoughmoto, 1998), remain slower than Tarelease during ECC
channel activity fell to levels that were not significantly (Melzer et al., 1987). The lower-than-expected activation
different from control when 4 mM MgGlwas added to the could indicate that a conformational change in the II-IIi
FKBP12-stripped channels &40 mV (Fig. 10B). If2mM  |oop occurs during ECC, but does not occur when the
MgCl, was added simultaneously with 2 mM MeTP (with  peptide is isolated from the remainder of the DHPR and is
0.6 mM free Md*), channel activity remained at levels that not under the influence of the T-tubule membrane potential.
were not significantly different from control or greater than Alternatively (or in addition), the relatively small increase
control (Table 6). in 1" andP, could be due to the strong concurrent inhibition.
Since 2 mM ATP alone activated the channels (Fig. 10) Although inhibition per se was not apparent in SR*Ca
channel activity with 2 mM NgATP plus 2 mM MgCL  release, inhibition could have reduced the degree of activa
must have been depressed from the ATP-activated levefion (as indicated by the increased activity after removal of
The reduction in activity with 0.6 mM free [Mg] does not peptide A from thecis chamber).
appear to be significantly less than the block with 2.1 mM |t is likely that peptide A activation of the RyR depends
Mg®*, and the block with either Mg concentration is  on the highly positively charged residues in the C half of the
considerably less in the presence of ATP than it is wherpeptide. A smaller II-11l loop peptide containing these ar-
ATP is absent (Laver et al., 1997a), confirming previousginine and lysine residues (Arg Lys Arg Arg Lys Met Ser
observations in cardiac RyRs (Xu et al., 1996). No consisarg Gly Leu), increasesH-ryanodine binding and releases
tent differences were noted between 1) the ndfiKBP12+ Cc&" from SR (El-Hayek and Ikemoto, 1998; Dulhunty et
and FKBP12-stripped channels, or 2) between the effects f|., 1999). Thus it is likely that it is this segment of the 111l
ATP and Mg at differentcis C&* concentrations. loop that binds to skeletal RyRs at residues 1076-1112
(Leong and Maclennan, 1998). Skeletal type ECC also
requires region D3, residues 1872-1923 (Nakai et al.,
DISCUSSION 1998a), and perhaps region D2 (1342-1403, Yamazawa et
We show here that peptide A (corresponding to the Nal., 1997) of the RyR. The involvement of these diverse
terminal of the DHPR II-Ill loop), at concentrations from 65 regions of the RyR indicates a complex transduction path-
nM to 32.5uM, activates native RyR channels-a#0 mV  way through the channel protein between its interaction
with cis [Ca®"]s of 100 nM, 10uM, and 100uM. The  with the DHPR and the ion channel pore. This is not
peptide also inhibited channel activity in native RyRs and,surprising, given the size and complex structure of the
at>4 uM, reduced the mean current-a80 mV to less than  protein (Radermacher et al., 1994; Orlova et al., 1996;
control levels whereis [Ca?*] was 100uM. Activation by ~ Wagenknecht and Radermacher, 1997; Wagenknecht et al.,
peptide A was expected because it has been shown that th997).
peptide increases’fi]ryanodine binding to, and releases
Ca* from, SR vesicles (El-Hayek et al., 1995). The block-
ing action of the peptide was not expected from previousi
single channel studies on longer segments of the II-lll |Oopmportance of Ser
(Lu et al., 1995), although a decline in the rate of peptide—Of RyRs
activated C&" release from SR is apparent with higher In our studies, enhanced peptide-inducedQelease from
concentrations of a fragment of the peptide (El-Hayek andrC and activation of single RyRs at lower peptide concen-
Ikemoto, 1998). trations were seen with the $&fAla substitution. This is in
contrast to the abolition of activation seen with the same
substitution in the full II-111 loop (Lu et al., 1995). However,
Sef®” Ala substitution in the entire DHPR, subunit does
Peptide A activation overcame Mg block of RyR activity.  not alter the ability of the DHPR to support skeletal-type
Mg?" block reduced RyR activity and suppressed?Ca ECC (Nakai et al., 1998b). The reasons for these conflicting

%87 in 1111l loop activation

Peptide A activation of the skeletal RyR
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FIGURE 9 Effects of block by peptide A1 on conductance levels in single native FKBRA2C) and FKBP12-strippedd—F) channels at-40 mV,

in the presence of 1M cis Ca&*. The upper records’y(andD) show control activity, the middle recordB GndE) were obtained after adding 68M

Al to thecissolution, and the lower record€ @ndF) show recovery of high conductance activity after A1 perfusion out ofihehamber. The continuous
lines show the zero current for each channel. All-points histograms, showing the probability of activity to current levels (in pA), are showadbeside e
record. The arrows on the histograms point to current levels [identifiddiiyhe recordsltfroken line$ and as peaks or discontinuities in the histograms
(arrows)], that are common to all conditions. These are the maximum conductance and three submaximal conductance levels for the dHeBRAR

and the FKBP12-stripped channel.

results are not clear. However, the $érAla substitution ~ Wagenknecht et al., 1996, 1997). The II-lll loop binding
could well produce a structural change that prevents the fullomain must be located on the same surface of the RyR to
II-111 loop from activating the RyR, but that enhances acti- enable the DHPR to bind to the RyR. Since skeletal muscle
vation by the shorter peptides. Enhanced activation may ndbHPRs are clumped into tetrads, which oppose every sec-
have been detected within the resolution of the ECC studiesnd RyR (Block et al., 1988), each subunit of every second
(Nakai et al., 1998b). RyR is likely to interact with the IlI-Ill loop of one of the
DHPRs in a tetrad. The T-tubule opposing surface of each
i . subunit of the RyR must contain an FKBP12 binding site
The FK506 binding protein and a lI-lll loop binding site. An interaction between
The ability of peptide A to activate RyRs was substantiallyFKBP12 binding and activation of RyRs by the II-lll loop
reduced in FKBP12-stripped RyRs. The removal ofhas been suggested by the fact that FK506 can disrupt
FKBP12 reduces the number of RyR openings to the maxdepolarization-induced €4 release from the SR (Lamb
imum conductance, but does not alter the regulation of th@nd Stephenson, 1996).
channel by C&" (Ahern et al., 1997b), ATP, Mg, or
caffeine (see Results). The influence of FKBP12 on channel
activation by Al is unique among these Ilgands,_whlch hysiological interactions between the DHPR and
supports suggestions that FKBP12 plays a role in Ry he RyR during ECC
activation during ECC (Ahern et al., 1994, 1997a; Brillantes
et al., 1994; Mayrleitner et al., 1994; Lamb and Stephensonif is not known whether the 11l loop is bound to the RyR
1996). in vivo or binding occurs only during ECC. In the latter
The putative FKBP12 binding domain at 2407-2520case, binding alone could be sufficient to activate the RyR
(Cameron et al., 1997) is located on the surface of the RyRithough, as mentioned previously, the activation produced
that opposes the T-tubule membrane (Wagenknecht et aby peptide binding is not as strong as might be expected.
1997). Four FKBP12 molecules bind to each RyR, i.e., oné¢However, there is evidence that a complex can be formed
per subunit (Jayaraman et al., 1992; Timerman et al., 1993)etween the RyR and DHPR (Marty et al., 1994; Murray
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FIGURE 10 Histograms compare the effects of,N&P and MgC} on the mean current through native FKBR12nd FKBP12-stripped channels.
Control channel activity was recorded in the presence of M Ca?* (black bard. Activity after adding 2 mM ATP is shown in the gray bars and activity
with 2 mM NaATP plus 4 mM MgC}, is shown in the cross-hatched bars. Data are given as tmeaB. The asterisks:§) indicate that the mean value
is significantly different from that for the preceding conditign< 0.01. The cross-hatch symbols (##) indicate that mean current with 2 miM¥aplus

4 mM MgCl, is significantly different from the that under control conditiopss< 0.01.

and Ohlendieck, 1998). If there is a stable II-1ll loop-RyR etal-type ECC proceeds when the A portion contains either
complex, then RyR activation during ECC could depend orthe cardiac or skeletal sequence (Nakai et al., 1998b). Skel-
a conformational change in the IlI-1ll loop being transmitted,etal ECC has an absolute requirement for the skeletal se-
through the DHPR/RYR interaction site, to the RyR. quence in residues 725-742 (encompassed in the C portion
Although studies with synthetic peptides and RyRs inof the IlI-Ill loop according to El-Hayek et al., 1995). Lu et

bilayers or vesicles clearly show that peptide A can activatel. (1994, 1995) found that both the cardiac and skeletal
the calcium release channel, apparently conflicting result$l-Ill loops increased ryanodine binding to SR vesicles and
have been obtained from ECC studies with dysgenic myoactivated RyR channels, suggesting that both the cardiac
tubes expressing chimeric DHPRs. It is clear that the skeland skeletal II-11l loops bind to the skeletal RyR, and in
etal ECC (independent of external T requires the skel- agreement with the ECC studies. The II-1ll loops presum-
etal 1l-11l loop and will not proceed if the loop contains the ably bind to the RyR at the A region, which contains several
cardiac sequence (Tanabe et al., 1990). However, whearginine and lysine residues in both the skeletal and cardiac
chimeras are constructed with parts of the Il-1ll loop, skel-isoforms.

TABLE 6 Average control mean current (/') through FKBP12+ (native) or FKBP12-stripped RyRs at each of the three cis Ca%*
concentrations listed

100 nM 10uM 100 uM
cis [Ca®'] I” (PA) I (pA) I (pA)
FKBP12+ native
+40 mV Control 0.34+ 0.04 (6) 0.75+ 0.04 (7) 0.45+ 0.08 (6)
ATP/Mg 0.22+ 0.04 0.63+ 0.17 0.59+ 0.10
—40 mV Control 0.15+ 0.04 0.64+ 0.17 0.72+ 0.16
ATP/Mg 0.17+ 0.03 1.77+ 0.69 1.13+ 0.17
FKBP12-stripped
+40 mV Control 1.19+ 0.17 (8) 1.87+ 0.46 (8) 2.03* 0.56 (3)
ATP/Mg 1.37+ 0.25 2.53+ 0.58* 2.14+ 0.84
—40 mV Control 1.68+ 0.55 2.86+ 0.73 2.65+ 0.52
ATP/Mg 1.41+ 0.40 3.85+ 0.64* 4.02+ 1.37

I is the mean current across the bilayer divided by the number of RyR channels in the bilayer. Data are shownta$ Bavith the number of bilayers
given in parentheses.
*Significantly greater (Student'stest) than control values.
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One hypothesis that could explain most observations isnal conductances intact. The blocking mechanism must
that the positively charged A region of the II-lll loop binds differ from ryanodine block, which causes equal depression
to the RyR, causing an increase in RyR activity. Full acti-of all conductance levels (Ahern et al., 1997a). The sensi-
vation of the RyR requires a conformational change at theivity of peptide inhibition to direction of flow of permeant
binding site, which is initiated by the voltage sensor in theions may account for the fact that inhibition was not appar-
S4 segment of the DHPR and is transmitted through the @nt in vesicle experiments, since Calow from the lumen
region (725-742) of the II-lll loop. Either the skeletal or to cytoplasm ffans to cis) would reduce peptide-induced
cardiac sequence of the II-1ll loop binds to (or interactsinhibition. Thecis [Ca?*]-dependence of inhibition would
with) the skeletal RyR. However, skeletal-type ECC re-also reduce the efficacy of inhibition in the vesicle experi-
quires transmission of T-tubule depolarization to the II-1ll ments since the extravesicular fChwas considerably less
loop/RyR interaction site, and this can only proceed ifthan 100uM during maximum rates of release. Although
residues 725-742 contain the skeletal DHPR sequence. inhibition dominated the effect of peptide A on RyRs in
bilayers, it might not reflect a physiological action of the
DHPR, since the lI-lll loop in vivo is physically constrained
by the DHPR'’s location in the T-tubule membrane and may
not be free to enter the channel pore. However, inhibition
The peptide inhibition site is distinct from the II-lll loop must be considered when studying the action of the II-1lI
activation site because 1) inhibition is greatest at 400  loop, or loop peptides, on Garelease from SR or on single
cisCa", while activation is greatest at 100 ndisCa#"; 2)  RyR channels.
inhibition, but not activation, depends on the direction of In conclusion, we have shown that peptides correspond-
current flow; and 3) unlike activation, inhibition is not ing to an amino acid sequence in the N-terminal region of
disrupted by removing FKBP12. The fact that inhibition by the II-1ll loop of the skeletal muscle DHPR activate ryan-
cispeptide A was reduced when C8ows fromtranstocis  odine-sensitive Cd release from SR vesicles and activate
is consistent with the peptides blocking by binding to thesingle RyR channels incorporated into lipid bilayers. Study
pore or vestibule of the RyR, since Csould enter the pore of RyR channel activation by the peptide is complicated by
from the trans bath and compete with the peptide for its a competing strong inhibitory action of the peptide. The
binding site. This hypothesis is supported by the fact thatesults show that activation of RyRs by the peptide is not
high trans [choline], which does not pass through RyR dependent on S&’ in the DHPR II-lll loop and that
channels, did not affedis peptide inhibition. The sensitiv- activation of the RyR by the peptide is facilitated when
ity of peptide block to the flow of permeant cations may FKBP12 is bound to the RyR. These observations suggest
also account for its voltage-dependence, since at negativbat activation of the RyR by the DHPR II-11l loop requires
potentials the electric field in the pore will favor cation a complex sequence of signals passing from the IlI-1ll loop
permeation from thérans side, whereas positive potentials binding site to the RyR channel pore. The inhibitory action
will oppose it. of peptide binding could provide a useful tool to probe the

In contrast to peptide A, the full-length DHPR II-lll loop RyR pore, but inhibition is unlikely to be relevant to RyR
has not been reported to inhibit RyR activity (Lu et al., function in vivo.

1994, 1995). Failure of the full-length II-1lI loop to block

can be explained if the blocking site is in the channel pore,

since the bulk of the longer peptide could restrict its acces3he authors are grateful to Joan Stivala, Glen Whalley, and Bernie Keys
to the blocking site. The observation is consistent with thefor their assistance.

hypothesis that there are separate inhibition and activatioRrofessor Gallant was supported by grants from the National Institutes of
sites. Health and National Science Foundation. Dr. D. R. Laver was supported by

Permeant ions flowing from the opposite side of a chan? 9rant from the Australian National Health and Medical Research Council.
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