828 Biophysical Journal Volume 79 August 2000 828-840

Evidence for a Role of the Lumenal M3-M4 Loop in Skeletal Muscle Ca®*
Release Channel (Ryanodine Receptor) Activity and Conductance
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ABSTRACT We tested the hypothesis that part of the lumenal amino acid segment between the two most C-terminal
membrane segments of the skeletal muscle ryanodine receptor (RyR1) is important for channel activity and conductance.
Eleven mutants were generated and expressed in HEK293 cells focusing on amino acid residue 14897 homologous to the
selectivity filter of K™ channels and six other residues in the M3-M4 lumenal loop. Mutations of amino acids not absolutely
conserved in RyRs and IP;Rs (D4903A and D4907A) showed cellular Ca®™ release in response to caffeine, Ca®*-dependent
[*H]ryanodine binding, and single-channel K* and Ca®* conductances not significantly different from wild-type RyR1.
Mutants with an 14897 to A, L, or V or D4917 to A substitution showed a decreased single-channel conductance, loss of
high-affinity [*H]ryanodine binding and regulation by Ca®*, and an altered caffeine-induced Ca®" release in intact cells.
Mutant channels with amino acid residue substitutions that are identical in the RyR and IP;R families (D4899A, D4899R, and
R4913E) exhibited a decreased K* conductance and showed a loss of high-affinity [*H]ryanodine binding and loss of
single-channel pharmacology but maintained their response to caffeine in a cellular assay. Two mutations (G4894A and
D4899N) were able to maintain pharmacological regulation both in intact cells and in vitro but had lower single-channel K*
and Ca®* conductances than the wild-type channel. The results support the hypothesis that amino acid residues in the
lumenal loop region between the two most C-terminal membrane segments constitute a part of the ion-conducting pore of
RyR1.

INTRODUCTION

Ryanodine receptors (RyRs) control diverse cellular funcsite-directed antibodies suggest that the N- and C-termini of
tions by releasing Cd from intracellular stores in the RyR1 are cytoplasmically localized (Marty et al., 1994;
sarco/endoplasmic reticulum. RyRs are composed of fouGrunwald and Meissner, 1995) and show evidence that two
560-kDa RyR subunits and four 12-kDa FK506 binding sarcoplasmic reticulum (SR) lumenal segments are local-
proteins (FKBPs) (Coronado et al., 1994; Meissner, 1994ized between putative transmembrane segments M1 and M2
Sutko and Airey, 1996; Franzini-Armstrong and Protasi,and between M3 and M4 (Grunwald and Meissner, 1995),
1997). They are cation-selective channels that have an urs proposed by Takeshima et al. (1989).

usually high conductance for both mono- and divalent cat- The lumenal loop region between the two most C-termi-
ions and are regulated by various endogenous and exoggal membrane segments of RyRs (M3 and M4) has se-
nous effectors. Cryoelectron microscopy and 3-D imageyuence similarities to segments of the related inositol 1,4,5-
analysis reveal a large, loosely packed 229 X 12 nm  trisphosphate receptors @Rs) and at least two otherwise
cytosolic foot region and a smaller transmembrane domaifynrejated classes of ion channels, the voltage-gated cation
(Serysheva et al., 1995; Wagenknecht et al., 1996). channels and the ligand-gated glutamate receptors (Grun-

Each of the large RyR polypeptides compriseS000 514 1996). Recent x-ray analysis confirmed that the re-
amino acids with four (Takeshima et al., 1989) to as manygiOn between the two membrane-spanning segments of a

as 12 (Zorzato etal., 1990) membrane-spanning SEgmenNts - opannel fromStreptomyces lividansxtends into the

the C-terminal region, which have been predicted to formmembrane to form part of the ion conductance pathway

0 .
the C&" channel pore region of skeletal muscle RyR' Doyle et al., 1998). An important finding was that a con-

(Rler)t' ;jl'hs foiunr Im_er;:brr]inle-rspar:gilr?g Svevgthrr?etPt {inO(fJIrel ' erved VGYG motif comprised the ion selectivity filter of
supported by singie-channe! recordings yptic Trag t[he K" channel. A sequence that is related to thé K

ments (Callaway etal., .1994) an'd dele.t|0n mutants (Bhat echannel VGYG maotif is a highly conserved GGIG motif in
al., 1997a,b). The remaining amino acids of RyRs form the .
large catalytic cytoplasmic foot structure. Studies usingthe M3-M4 lumenal loop of RyRs (Fig. 1).

In this study we tested the hypothesis that the lumenal

loop between M3 and M4 of RyR1 plays an important role
in channel function. We generated 11 single-site mutants,
Received for publication 8 September 1999 and in final form 21 April ZOOO'fOCUSing on one amino acid residue shown to be part of the

Address reprint requests to Dr. Gerhard Meissner, Department of Biochem;z - + ; 897
istry and Biophysics, University of North Carolina, Chapel Hill, NC ”_Eelectlwty filter of K™ channels (Tyr in K channel, lé

27599-7260. Tel.: 919-966-5021; Fax: 919-966-2852; E-mail: meissner@” RYRS, and lle or Val in IERs), and a second residue
med.unc.edu. (Asp*®9 that is highly conserved among the RyR angRP

© 2000 by the Biophysical Society families. The results suggest that the M3-M4 loop is impor-
0006-3495/00/08/828/13  $2.00 tant in determining channel function, particularly with re-




Lumenal Loop of Ca?* Release Channel 829

4894 4899 4907 4917

4897 4903 4913

FIGURE 1 Alignment of putative
pore sequences of RyRs. Shown are thg/ryr1} RKFY.NKSED EDEPDMKCDD MMTCYLFHMY VGVRAGGGIG DEIEDPAGDE YELYRVVFD
putative M3-M4 lumenal loop region
of RyRs, the identical residues between
RyRs, between the RyR and® su-  {ryr3} RKFY .NKSED DDEPDMKCDD MMTCYLFHMY VGVRAGGGIG DEIEDPAGDP YEMYRIVFD
perfamily, and the sequence of the se-

lectivity filter of the K* channel from {celegansRyR} RKFYVQEGEE GEEPDRKCHN MLTCFIYHFY AGVRAGGGIG DELESPYGDD LEYPRMFYD
S. lividans(Doyle et al., 1998). Also
indicated are the residues that were

{rRyR2} RKFY.NKSED GDTPDMKCDD MLTCYMFHMY VGVRAGGGIG DEIEDPAGDE YEIYRIIFD

{lobsterRyR} RKFY..VSEE DDVVDQKCHD MLTCFVFHLY KGVRAGGGIG DEIEAPDGDE YELYRIIFD

mutated (for properties of mutants see {drosRyR} RKFY..IQEE DEEVDKKCHD MLTCFVFHLY KGVRAGGGIG DEIGDPDGDD YEVYRIIFD
Table 1).
{RyR -iden} RKFY----E- ----D-KC-- M-TC---H-Y -GVRAGGGIG DE---P-GD- -E--R---D
{RyR+IP;R-iden} o] c G R GGG G D P R D
{K" chamnel} VGYG

gard to channel conductance, and hence contributes to thevine serum at 37°C and 5% G@nd plated the day before transfection.
ryanodine receptor pore structure. A preliminary report of:_:OFfeiCh '10-cmt'tlss?el ;u{turfsdusch, ;”@ DNA r\:vas ufeéj j; a4 8DEA/ft
this work has been presented in abstract form (Gao et al,Po'ccamine ratio of L.o fo Lo, Lelis were harvested as-a8 h after

1999). transfection.
EXPERIMENTAL PROCEDURES Intracellular Ca2™ release
Materials Cellular C&" release in response to caffeine was measured by intracellular

Rhod-2 fluorescence, using a BioRad MRC-600 confocal microscope.
HEK293 cells were obtained from the Tissue Culture Facility of Transfected cells were grown on no. 1.5 glass coverslips coated with rattail
Lineberger Cancer Center at University of North Carolift]Ryanodine collagen and loaded with ®M Rhod-2 AM in Hanks’ balanced salt
was obtained from Dupont NEN, unlabeled ryanodine from Calbiochemsolution (HBSS) with 2 mM C&" and 1.5 mM Mg@"* for 30 min at 37°C
(La Jolla, CA), and phospholipids from Avanti Polar Lipids (Birmingham, after thorough washing in that same buffer. The loaded cells were washed
AL). All other chemicals were of analytical grade. Expression vector three times with C&"/Mg?*-supplemented HBSS. Images were recorded
pCMV5 was generously provided by Dr. David Russel (University of before and after the addition of 10 mM caffeine to th& Oig®" HBSS
Texas Southwestern Medical Center, Dallas, TX). bath. These images were then translated into pseudocolor with Photoshop
v 5.02 (Adobe, San Jose, CA). In addition to visual analysis of caffeine-
induced C&" release, the confocal images were quantitatively analyzed
Site-directed mutagenesis with Scionimage (Scion Corp., Frederick, MD). Mean pixel values after
) ) . background subtraction for each cell in a given coverslip were determined
The full-length rabbit RyR1 cDNA was constructed as described previfo, jmages recorded before and after the addition of caffeine. The ratio of
ously (Gao etal., 1997). Single and multiple base changes were introducefle mean pixel values before and after the addition of caffeine was then

by pfu polymerase—baseq chain reaction, using mutggenic OligonuCIeOtided;etermined (mean after/mean before) and plotted in a histogram including
and the QuickChange site-directed mutagenesis kit (Stratagene, La Jollg coverslips obtained for each sample.

CA). The C-terminal fragmeniQlal/Xba, 14443/15276) of RyR1 cDNA

cloned into pBluescript vector served as the template for mutagenesis.

Mutated sequences were confirmed by sequencing, and mutated C-terminal

fragments were reintroduced into tBéal and Xba sites of the C-terminal  Preparation of membrane fractions

fragment of RyR1. Mutated full-length expression plasmids were prepared ) ) ) )

by ligation of three fragmentsOfal/Xhd, Xhd/EcaRl, EcaRI/Xbal con- Cells .w.ere washed twice with 4 mI'|c<.e-(':oId phosphate-buffered saline

taining the mutated sequence) and expression vector pCNIN&H/ Kbal) conta\_m_lng 1 mMEDTA a_md protease |nh|b|tors (0.2mM Pefablp(;, 100 nM

as previously described (Gao et al., 1997). aprotinin, 50uM leupeptin, 1uM pepstatin, and 1 mM benzamidine) and
harvested in the same solution by removal from the plates by scraping.
Cells were collected by centrifugation and stored-&0°C. To prepare

Expression of wild-type and mutant RyRs membrane fractions, cell pellets were resuspended in the above solution
and homogenized with a Tekmar Tissumizer $os at asetting of 13,500

RyR1 cDNAs were transiently expressed in HEK293 cells with the Lipo- rpm. Cell homogenates were centrifuged fb h at 35,000 rpm in a

fectamine Plus (Gibco BRL, Grand Island, NY) method, according to theBeckman Ti50 rotor. Membranes were resuspended in a buffer containing

manufacturer’s instructions. Cells were maintained in high glucose Dul-10 mM imidazole (pH 7.0), 0.1 M KCI, 0.3 M sucrose, 20 leupeptin,

becco’s minimum essential medium (DMEM-H) containing 10% fetal and 0.2 mM Pefabloc.
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[®H]Ryanodine binding voltage-regulated K channels was also mutated to three
o _ , ifferent amino acids, altering the charge at this position.

Unless otherwise indicated, membranes of 1/12 culture dish were incubate .

with 2 nM [*H]ryanodine at room temperature in 10 of a buffer Iso mutated were Othefr charged residues that are an'

containing 20 mM imidazole (pH 7.0), 0.25 M KCl, 0.15 M sucrose, 0.2 Sérved among the calcium release channel superfamily,

mM Pefabloc, 10uM leupeptin, and the indicated free Taconcentra- R4913 and D4917. Other negatively charged residues were

tions. Nonspecific binding was determined using a 1000-fold excess ofnutated that are not completely conserved (D4903) or are

unlabeled ryanodine. After 20 h, aliquots of the samples were diluted W“hconserved 0n|y among the ryanodine receptor famin and
20 volumes of ice-cold water and placed on Whatman GF/B filters prein- .

cubated with 2% polyethyleneimine in water. Filters were washed with 3 not among the IPreceptor .fam'ly (D4907)'

5 ml ice-cold 0.1 M KCI, 1 mM potassium piperaziheN -bis(2-ethane- Cellular fluorescence microscopy was used to measure

sulfonic acid (KPIPES) (pH 7.0). The radioactivity remaining with the Ca&" release in response to caffeine in transfected human
filters was determined by liquid scintillation counting to obtain bound kidney embryo (HEK293) celIs?[—I]Ryanodine binding and
[*Hlryanodine. single-channel measurements were used as in vitro deter-
minations of mutant channel function, pharmacology, and
conductance.

After the original submission of this manuscript, Zhao et
RyRs from two to four culture dishes were solubilized for 10 min at room al. (1999) published the results of several additional muta-
temperature in 1.5 ml of a buffer containing 5 mg/ml phosphatidylcholinetions in the lumenal loop region linking transmembrane

and 1.45% 3-[(3-cholamidopropyl)dimethylammonio]-1-propane-sulfo- . .
nate (CHAPS) and isolated as 30S RyR complexes by rate density censﬁgments M3 and M4 of the cardiac ryanOdme receptor

trifugation (Gao et al., 1997). To detect the 30S RyR complexes on thd RYR2). The most significant mutation they reported was
gradients, solubilized rabbit skeletal muscle SR vesicles were labeled witthat of G4824A (RyR2 numbering, analogous to G4894 in
2 nM [*H]ryanodine and centrifuged on a parallel gradient. For single- RyR1 numbering), which maintains pharmacological regu-
chann_el measure_ments, pooled RyR gradient peak frac_tions_ were reconsfhtion but has a greatly reduced single-channel conductance.
tlu;gi)mto proteoliposomes by removal of CHAPS by dialysis (Lee et aI.,\Ne mutated this site in RyR1 after the publication of their
' work and have included results obtained with RyR1 mutant
G4894A in the revised manuscript. Another overlapping
Single-channel recordings mutation between the two studies, D4899A, gives compa-

_ _ _ rable results.
Single-channel measurements were made by incorporating expressed RyR

channels in Mueller-Rudin-type lipid bilayers (Tripathy et al., 1995).

Unless otherwise indicated, proteoliposomes containing the expresseghtracellular Ca2* release of RyR1 mutants
RyRs were added to thes chamber of a bilayer apparatus and fused in the

presence of an osmotic gradient (250 nald KCI/20 mM transKCl in 20 The presence of a caffeine-sensitive?Caelease mecha-
. b i, IV, I 5 232, n tact Uansieced HEK293 cells was assessed by
andtupsogphatidylcholine ?50 rr'?g of )tlotal phospholibig/mlrzﬂecaﬁe). momtormg_ _the fluorescence C_hange n thd-Z n r(_ag,ponse
After the appearance of channel activity, further fusion of proteoliposomed© the addition of 10 mM caffeine. Caffeine in the millimo-
was prevented by increasitigins KCI to 250 mM. Thetransside of the  lar concentration range is known to activate RyR1 (Rous-
bilayer was defined as the ground. Unless indicated otherwise, additionsegu et al., 1988) and has little or no effect on the basal
‘r"’erier:“afdﬁ tg\fheiibir']"’r“ﬁ;‘igggbg;’?gat‘éssiﬁge('iraggggﬁoiiogcr;zggr'?oryfluorescence of Ca-sensitive fluorophores in nontrans-
(iggg%g) of?heer:c;’dings (Tripathy etyal., 1995). Unless otherwijse i)r/1di—feCted HEK293 _Ce"S (Du and MacLennan, 199_8)' Fig. 2
cated, electrical signals were filtered at 2 kHz, digitized at 10 kHz, anaShOWs confocal images of Rhod-2 fluorescence in HEK293
analyzed as described (Tripathy et al., 1995). Single-channel recordings d&¥ells transfected with cDNA encoding wild-type and mutant
Ca* current acquired in symmetrical 250 mM KCI withuM cis and 10 RyR1 proteins beforeldft panel3 and 30 s after right
mM trans C&" were filtered at 300 Hz. paneld the addition of 10 mM caffeine. Shown are repre-
sentative images demonstrating the lack of caffeine-induced
Ca" release in nontransfected HEK293 cells (Figh)2and
RESULTS : L .

typical caffeine-induced Ga release in wt-RyR1-trans-
In the present study, we mutated 11 amino acids in RyR1 tdected cells (Fig. 2B). Arrows indicate cells showing an
test the hypothesis that the SR lumenal loop linking transebvious increase in pseudocolor value and hence in cytoso-
membrane segments M3 and M4 (Fig. 1) is important foric calcium. Mutations G4894A, D4899A (representative
channel activity and conductance. One amino acid residuenage shown in Fig. 22), D4899R, D4899N, D4903A,
previously shown to be part of the selectivity filter of K D4907A, and R4913E yielded a caffeine-induced®*Ca
channels (Tyr in K channel, 11%°7in RyR1; Fig. 1) was release similar to that of wt-RyR1. Mutation D4917A
mutated to three different amino acids, maintaining the(Fig. 2D) was completely lacking in caffeine-inducedCa
hydrophobic nature of this position but altering the size ofrelease in these experiments. The time course of caffeine-
the side chain. A second residue (A%p) highly conserved induced C&" release for 14897L was delayed relative to
among the RyR and KR families and found in many that observed for wt-RyR1, with G4 release becoming

Isolation and reconstitution of expressed RyRs
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apparent 30 s after caffeine addition to the bath, as opposed
to the near-immediate &4 release observed in wt-RyR1- .
transfected cells. Mutations 14897A and 14897V had caf- 54
feine-induced C&' release in a small number of cells that
was of very short duration, averaging20 s from onset of
release to restoration of basaldevels. These phenom-
ena are not observed in nontransfected or wt-RyR1-trans-g
fected cells. The spots of high fluorescence intensity in the®*
confocal images represent Rhod-2 intercalation into chro-
matin (J. Lemasters, personal communication).

A slightly more quantitative analysis of caffeine response

cells

compared the mean pixel value before and after caffeine R *gg" ‘f‘“‘j:‘“’;‘ AR
treatment for individual cells. Control cells, transfected with S = & o & @& & o

. . . . . FcafflFbase
the vector lacking an insert, showed a slight increase in
mean pixel value after caffeine addition with a mean ratio of
pixel value of 1.03= 0.30 (SD) and were distributed in a 80
roughly Gaussian manner (FigA3. A very low frequency .

7 4

of individual cells (eight of 276 total) had a ratio greater
than 1.63; therefore, in further analyzing the mutations, this 60 -+
value was used as a “cutoff” for defining a response to 50
caffeine. Transfection of plasmid DNA encoding the wild-
type RyR1 (Fig. 3B) and mutations G4894A, D4899A, N or
R, D4904A, D4907A, and R4913E in images acquired 30 s = 3¢ T
after caffeine addition to the bath, as well as 14897L in 20 4
images 45 s after caffeine addition resulted in the appear- 44 1
ance of several individual cells with ratios greater than 1.63 o L

(summarized in Table 1). That this population is not dis- ~ = @ © @& 8 w @ -
tributed in a strictly Gaussian manner is not alarming, as ° T T kcafilFbase
there may be cell-to-cell variations in the level of receptor
expression in the transfected cells, and the increase in flu-
orescence will be related to the proportion of the cell within 60
the confocal plane. Transfection with cDNA encoding
14897A or 14897V resulted in the rapid transient appearance
of a small population of cells with ratios greater than 1.63
(two of 226 cells for 14897A and one of 168 cells for
14897V). Transfection with cDNA encoding the mutation
D4917A (Fig. 3C) failed to result in the appearance of any
individual cells with ratios greater than 1.63 (0 of 142 cells).
The results from coverslips with caffeine-induced®€Ca
release indicate that15-50% of the cells were transfected.

# of cells
S
[=]
]
T

#of Cells

@«
[®H]Ryanodine binding to RyR1 mutants FeaffiFbase
The expression of functional RyR1 mutant proteins was als(I‘lLIGURE 3 Semiquantitative analysis of caffeine-inducedCeelease
assessed by determining the?leyanodine—binding Prop-  in HEK-293 cells. Mean pixel values were determined for each cell in all
erties. The highly specific plant alkaloid is widely used as acoverslips used for each mutant receptor before and after the addition of
probe of channel activity because of its preferential binding:aﬁeine to the bath. The data are expressed as the ratio of fluorescence with
to open RyR ion channel states (Coronado et al., 1994caffeine to fluorescence withoutA)Y Vector-transfected cells.Bf wt-

. . RyR1-transfected cellsC) D4917A-transfected cells.
Meissner, 1994; Sutko and Airey, 1996). Membrane frac- Y a

FIGURE 2 Caffeine-induced €a release in HEK293 cells transfected with wild-type and mutant RyR cDNAs. Confocal images were acquired before
(left column) and after (ight columr) the addition of 10 mM caffeine to the bati)(Lack of caffeine response in nontransfected ceB$.liGdividual cells
transfected with wt-RyR1 respond to caffeimerows), indicating cells with caffeine-induced €arelease.) Representative image of D4899A, showing

a typical response for a mutant channel that responds to caffeine stimDju&n(image acquired for D4917A, indicating a lack of response for those
mutants failing to show caffeine-induced Tarelease.
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TABLE 1 Properties of RyR1s mutated in putative pore region
Caffeine-induced Cd o
release in cells [*H]Ryanodine binding to cell membranes  pvaximum K* conductance of ~C&* current 10 mM
(% of cells purified RyRs transCa 0 mV
Name ratio > 2 X SD) Kg (NM) C&" dependence (pS) (pA)

Vector ctrl 2.9 - — - —
wt-RyR1 22.7 12.5- 3.5 (5) + 785+ 6 (14) —2.7+0.3(5)
G4894A 111 6.4 2.4 (3)* as wt-RyR1 21 1 (4)* ~0 (4)*
14897A 0.9 - — 322+ 44 (7)* -0.2* 0.1 (5)*
14897L 7.3 - — 436+ 50 (5)* -0.5+ 0.1 (3)*
14897V 0.6 - — 432+ 24 (6)* -0.2+ 0.1 (3)*
D4899A 25.7 - — 626+ 20 (7)* -0.5*+ 0.1 (3)*
D4899R 14.2 - — 390+ 44 (10)* -0.1+ 0.1 (3)*
D4899N 19.3 6.9 1.3 (3)* as wt-RyR1 87 2 (7)* —-0.4=+ 0.1 (4)*
D4903A 24.6 9.5£ 1.2 (3) as wt-RyR1 796 10 (8) —24+0.1(@4)
D4907A 50.0 11.4+ 1.0 (3) as wt-RyR1 79a 10 (8) —2.4+0.2(4)
R4913E 13.6 — — 297+ 50 (12)* -0.4=+0.1(7)*
D4917A 0 — — 488+ 63 (12)* —-0.1* 0.1 (4)*

—, not detected.
*P < 0.05 when compared to wt-RyR1 by unpaired Studentést.

tions of HEK293 cells transfected with wt-RyR1 cDNA
showed a biphasic G4 dependence off]ryanodine bind-

essentially identical to that of wt-RyR1. Scatchard analysis
showed an affinity of {H]ryanodine binding indistinguish-

ing typical of native receptors (Fig. 4). Mutants with an able from that of expressed wt-RyR1 (Table 1). Among

14897 to A, L, or V substitution all failed to bind®H]ry-

single-site mutations of amino acid residues highly con-

anodine. Among the remaining eight mutants, mutations oserved among the RyR and;Rfamilies, only G4894A and
amino acids not fully conserved (D4903A) among ryano-D4899N showed detectablBH]ryanodine binding (Fig. 4)

dine and IR receptors or identical only among RyRs
(D4907A) showed C& -dependent3H]ryanodine binding

120
e wtRyR1
A G4894A
4 v D4899N
100 m  D4903A
& D4907A

80 -

60

40

Bound fH]Ryanodine (% max)

20 4

pCa

FIGURE 4 C&" dependence off]ryanodine binding to wild-type and
mutant RyR1s. Specific®H]ryanodine binding to membranes from cells
transfected with wt-RyR1®) and mutations of G4894A4(), D4899N {¥),
D4903A @), and D4907A @) was determined in 250 mM KCI, 20 mM
imidazole (pH 7.0) media containing 2 nN¥H]ryanodine and the indicated
concentrations of free Ga. Cells transfected with the expression vector
alone or with the other mutant RyRs did not show specii]fyanodine
binding. Data are the meah SD of three to five experiments.

with an approximately twofold increase ifHJryanodine
binding affinity relative to that observed for wt-RyR1 (Ta-
ble 1), while D4899A, D4899R, R4913E, and D4917A
resulted in loss of detectable high-affinitfH]ryanodine
binding. Absence of3H]ryanodine binding was not due to
lack of expression of the mutant proteins, as immunoblots
indicated similar expression levels for all constructs
(Fig. 5). Cells transfected with the expression vector alone
did not show specific3H]ryanodine binding.

Single-channel recordings

The presence of an ion conducting activity in the mutant
RyR1s was determined in single-channel measurements

Cell
] wt-RyRI
] G4894A
J 14897A
§ 14807L
] 14s97v
] rR4913E

B D4907A
" 1 D4917A

B D4903A

] D4899R

] D4899A
L] D4899N

.
e
[

FIGURE 5 Western Blot analysis of protein expression. Transfected
cells grown on a 10-cm plate were harvested in 5 ml phosphate-buffered
saline. Ten microliters of this sample was loaded into a single lane of a 5%
acrylamide gel. After overnight transfer to polyvinyl pyrrolidine fluoride
(PVDF), the membrane was blocked in 5% milk with 0.1% Tween-20 and
exposed to a monoclonal antibody raised against RyR1 (mAb RyRD110).
The secondary antibody was horseradish peroxidase-conjugated anti-
mouse.
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with the planar lipid bilayer method. In these studies weconcentrations. In the upper trace of Fig. 6, a single partially
took advantage of the fact that RyRs ar€Gaated chan- activated wt-RyR1 was recorded in the presence oft®D
nels that are impermeant to Cland conduct monovalent free cytosolic C&" at a holding potential of-40 mV. In
cations more efficiently than G& (Coronado et al., 1994; symmetrical 250 mM KCI, wt-RyR1 channels had a mean
Meissner, 1994; Sutko and Airey, 1996). The use df K conductance of 785 6 pS (+ SE,n = 14), which was
instead of C&" as the current carrier therefore afforded aessentially identical to that of native skeletal muscle RyR1
higher resolution of single-channel events. (Tripathy et al., 1995). Reduction of cytosolicCao ~70

Fig. 6 shows representative current traces of single wildnM and the increase to 10 mM by adding EGTA and Ga
type and mutant RyR1 ion channels with Kas the current  respectively, to theis chamber decreased channel activities
carrier. Proteoliposomes containing the purified 30S chanto near zero. Thus the purified wt-RyR1 exhibited & K
nel complexes were fused with planar lipid bilayers, andconductance and &4 dependence indistinguishable from
single channels were recorded in symmetrical 250 mM KClthat of native receptors (Tripathy et al., 1995).
that contained micromolar activatings (cytosolic) C&* Channels with 14897 mutated to A, L, or V exhibited an
altered K" conductance and displayed several intermediate
conductance states (Fig. Baces 3-5 and Table 1). The
two mutants with an amino acid substitution not absolutely

wt-RyR1 ‘ “:I M'I’! H } ”‘IIHMN‘ W“[ HINM ‘l’ l m’” conserved in RyRs and JRs (D4903A) or only identical
o - TI SEIVEH. AU . Ly ‘!*ii A ] among RyRs (D4907A) had a*Kconductance and dis-
G4894A . played a gating behavior essentially identical to that of
wt-RyR1 (Fig. 6,traces 9and10, and Table 1). Mutation of
the conserved G4894 to A (Fig. Bace 2 and D4899 to N
14897A (Fig. 6, trace 8 resulted in greatly reduced single-channel
conductances (Table 1). The two channels did show several
4oL incompletely resolved openings due to filtering at 300 Hz;
these do not represent subconductance states. The remain-
ing mutants exhibited an altered’kKconductance and gating
14897V behavior markedly different from those of wt-RyR1 (Fig. 6,
traces 6—7and11-19. These mutants showed segments in
D4899A which the channel fluctuated between subconductance
- states and failed to close completely for long periods. Mu-
tations of 14897 (A, L, and V), D4899 (A and R), R4913E
D48I9R | (shown in Fig. 7A), and D4917A were open in the presence
of mM EGTA in the cis chamber (nMcis C&"), and
D4899N single-channel open channel probabilitié%’'$) were not
significantly affected by changes iois C&" for these
mutations. Likewise, none of these mutations were modified
D4903A

by cis ryanodine at concentrations up to 10M.
‘ Figs. 8—10 show three of the four mutations that retain
pasora T ‘MH“"\‘[‘[ 'HY ! ‘V\ {"H | I"“‘”U”‘ Il "‘l X pharmacological regulation: the unconserved D4903A and
) il AP0 TR T i) the highly conserved G4894A and D4899N, respectively.
The results for D4903A are identical to those of D4907A as
well as wt-RyR1, and therefore these are not shown. Panel
A in Figs. 8-10 indicates that all three channels show
regulation bycis C&" in a manner similar to that of native
RyR1 and to that seen irfHiJryanodine binding (Fig. 4),
with very low P, in nM cis C&", increasing to a peak at
~100uM cisCa* before decreasing back to Id®y in mM

FIGURE 6 Single-channel recordings of wild-type and mutant RyR1s in + . .
symmetrical 250 mM KCI solution. Single-channel currents, shown asca‘2 - However, the abSOIUtEO values varied greatly with

downward deflections from closed levels, (solid ling to a maximum ~ MaximumP, (at 100uM Ca’™"), ranging between 0.10 and
conductance leveb stippled ling, were recorded in 250 mM KCI, 100mM  0.94 for these mutants witR, ., = 0.38 + 0.23 f = 3)
KHEPES (pH 7.4) media containing 4—-2(M free C&". Traces were  for G4894A,P, .= 0.52+ 0.1 (0 = 6) for D4899N, and
acquired at-40 mV and filtered at 2 kHz, with the exceptions of G4894A Po, max = 0.26 (1 = 2) for D4903A. By comparison, at 4

and D4899N, which were acquired-aZ0 mV and filtered at 300 Hz. The . +
scale bars are 100 ms and 10 pA for all channels except G4894A anU‘M cytosolic c& » Po values for G4894A (0.18= 0.07,

D4899N, which are 200 ms and 2.5 pA and 200 ms and 5 pA, respectively = 5), D4899N (0.22n = 2), and D4903A (0.1G= 0.03,
Maximum K* conductance values are given in Table 1. n = 10) are lower than th@, .,.at 100uM Ca®". Panel

R4913E

D4917A
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FIGURE 7 Single-channel recordings for mutant R4913E. Single-chan+|GURE 8 Single-channel recordings for mutant D4903A. Single-chan-

nel currents were recorded at35 mV in symmetrical 250 mM KCI and
are shown as downward inflections from a closed statp (A) Effect of
varied C&" in the cis (cytosolic) chamber and the addition of 1M

nel currents were recorded at35 mV in symmetrical 250 mM KCI and
are shown as downward inflections from a closed stetp (A) Effect of
varied C&" in the cis (cytosolic) chamber.B) Single-channel recordings

ryanodine. B) Current-voltage relationship of the expressed channel in 250yjth 4 wM symmetrical C&*; the addition of 1QuM ryanodine locks the
mM symmetrical KCI @) and with the subsequent addition of 10 MM channel in a~50% conductance stateCY Single-channel currents re-

transCa* (O).

B in Figs. 8—10 shows the results of adding A®! ryano-

corded at 0 mV in 250 mM KCI with 10 mMrans C&* and 4uM cis
C&™". (D) Current-voltage relationship of the expressed channel in 250
mM symmetrical KCl @) and with the subsequent addition of 10 mM
transCa* (O).

dine to activated channels. Ryanodine locked both D4903A

(Fig. 8) and D4899N (Fig. 10) in a 50% conductance state,

while G4894A (Fig. 9) was locked into &85% conduc- trans (SR lumenal) C&" as the current carrier. Fig. 1A

tance state bygis ryanodine. shows traces of single-channel currents measured at 0 mV
The ability of the mutants to conduct €awas deter- in 4 uM cisand either 4uM (top) or 10 mM (otton) trans

mined by measuring single-channel currents at zero mV irfC&" for wt-RyR1 and mutant 14897L. An increasetmans

symmetrical 250 mM KCI solutions containing 10 mM C&" resulted in a clearly discernible €a current of
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FIGURE 9 Single-channel recordings for mutant G4894A. Single-chan-FIGURE 10 Single-channel recordings for mutant D4899N. Single-
nel currents were recorded a&90 mV in symmetrical 250 mM KCl and  channel currents were recorded-850 mV in symmetrical 250 mM KClI
are shown as downward inflections from a closed state (A) The effect and are shown as downward inflections from a closed staje (@) Effect

of varied C&" in the cis (cytosolic) chamber.R) Single-channel record-  of varied C4" in the cis (cytosolic) chamber.B) Single-channel record-
ings with 4uM symmetrical C&"; the addition of 1QuM ryanodine locks ings with 4uM symmetrical C&"; the addition of 1QuM ryanodine locks

the channel in a~85% conductance stateC) Single-channel currents the channel in a~50% conductance stateC) Single-channel currents
recorded at 0 mV in 250 mM KCI with 10 mNtans C&* and 4uM cis recorded at 0 mV in 250 mM KCI with 10 mNtans C&* and 4uM cis
Ca*. (D) Current-voltage relationship of the expressed channel in 250C&*. (D) Current-voltage relationship of the expressed channel in 250
mM symmetrical KCI @) and with the subsequent addition of 10 MM mM symmetrical KCI @) and with the subsequent addition of 10 mM
transCa* (O). trans C&* (O).

—2.7 = 0.3 pA for wt-RyR1 (Table 1). 14897L showed a and D4907A showed a calcium current similar to that of
greatly reduced Ga current of —0.5 = 0.1 pA after the wild type (—2.4 = 0.1 pA for D4903A and-2.4 + 0.2 pA
addition of 10 mMtrans C&*. D4903A (Fig. 8,C andD) for D4907A; Table 1). G4894A did not show a measurable
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FIGURE 11 Single-channel re-
cordings for wt-RyR1 and 14897L C“WWMWMMWMWWWWW Cmmr A A gt ek krinbting
with K* and C&" as charge carriers. : __11pA
(A) Single-channel currents were 100 ms
measured in symmetrical 250 mM
KCl and 4 pM Ca®* in 20 mM B 60 — 30 -
KHEPES (pH 7.4) at 0 mV tfp o
trace) for wt-RyR1 (eft) and 14897L
(right) and after the addition of 10 —_ 40
mM trans C&* (bottom tracg. (B) <
I-V relationships for wt-RyR1 ft) = o0 0
and 14897L (ight) before @) and o) (9]
after ©O) the addition of 10 mMrans a o)
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Ca" current under these conditions, presumably because d@fiduce a detectable rightward shift in reversal potential.
very low conductance (Fig. €). D4899N, another mutant R4913E (Fig. 7B) or 14897L (Fig. 11B) did not exhibit a
channel with a low K conductance, showed a greatly significant shift in reversal potential or the magnitude of K
reduced C&" current of—0.4 + 0.1 pA at 0 mV (Fig. 1C  currents after the addition of 10 mMans C&*. Results
and Table 1). Mutations of 14899 (A, L, and V), D4899 (A similar to those for R4913E and 14897L were observed for
and R), R4913E, and D4917A all showed greatly reducedhe remaining mutations 14897A and V, D4899A or R, and
C& " currents after the addition of 10 miMansCa&¢* at 0  D4917A.
mV relative to wt-RyR1 (Table 1) and had/ relationships
similar to that shown for 14897L in Fig. 1B.

The voltage dependence of wt-RyR1 and five represen:
tative mutations are compared in Fig. Bfor wt-RyR1 and DISCUSSION
14897L and in Figs. 7-10panel D for R4913E, D4903A, The results of this study suggest that the putative lumenal
G4894A, and D4899N, respectivelirV curves were re- loop linking transmembrane domains M3 and M4 of RyR
corded under two conditions in the presence of 250 mMplays a crucial role in determining at least three of the most
symmetrical KCI 1) with 4uM symmetrical C&" (filled characteristic properties of the ryanodine receptor?*Ca
circles) and 2) with 4uM cisand 10 mMtransC& " (empty  activation, ryanodine binding, and ion conductance. More-
circles). The potassium currents measured in symmetricabver, our results indicate that these three functions are not
Cca* were linear and showed ohmic voltage dependencegxplicitly linked. One model (Balshaw et al., 1999) that can
similar to that of the wild-type RyR1, with the exception of explain all of these results is illustrated in Fig. 12. The
D4899N (Fig. 10D), which showed nonohmic voltage model suggests that a portion of the lumenal loop linking
dependence at positive potentials; the conductance reportdd3 to M4 in the RyR reenters the membrane, forming a
for the D4899N mutation in Table 1 was obtained, there-P-segment analogous to those observed for many voltage-
fore, at negative potentials only. The addition of 10 mM gated ion channels. The mutations did not appear to inter-
trans C&" reduced the current and induced a rightwardfere with RyR tetramer formation, as all showed a sedimen-
shift of the reversal potential of~10 mV for wt-RyR1 tation behavior comparable to that of wt-RyR1 during
(Fig. 11B), D4903 (Fig. 8D), and D4899N (Fig. 1@). The  purification.
addition of 10 mMtrans C&* reduced the K current of The most direct test of the model of Fig. 12 involved
G4894A at negative and positive holding potentials. Beresidue 14897, where three conservative mutations to A, L,
cause of the very low conductance, this mutant failed tcand V yield channels with an altered ion conductance. The
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ryanodine (Zhao et al., 1999). Mutation of this residue to
Ala in RyR1 also results in a channel, which maintains
pharmacological regulation but shows a greatly decreased
K™ conductance (Fig. 9). G4894A in RyR1 fails to show a
detectable C& current at 0 mV, although the Kconduc-
tance is reduced after the addition of an asymmetrical Ca
gradient, suggesting that the lack of current and relatively
low percentage of cells responding to caffeine may be due
to a very low C4" conductance rather than a total lack of
- ( / Da917 permeation by C& ions.
The recent report by Lynch et al. (1999) of a mutation
FIGURE 12 Proposed C-terminal arrangement for RyR, showing fourresultirlg in malignant hyperthermia and_central core disease
transmembrane segments and a lumenal loop between M3 and M4. G4gé¥SO suggests that the lumenal domain of the ryanodine
and D4917 indicate, respectively, the most N-terminal and C-terminal€ceptor plays a role in determining the*Casensitivity of
amino acids mutated in this study. the skeletal muscle RyR. It was found that a Mexican
pedigree possesses a single mutation of 14898T (same res-
idue as 14897 in rabbit RyR1), which sensitizes the RyR to
crystal structure of th8. lividansk * channel indicates that, C& " activation, resulting in a channel that is partially
within the pore-forming loop, there is an ion selectivity activated at physiological cytosolic €a concentrations
filter formed by a conserved GYG motif (Doyle et al., and is, therefore, “leaky.” Our results, in contrast, suggest
1998). This motif is mimicked in the less ion selective RyRsthat the Thr mutation at this position is unique, as mutations
with the sequence GIG and in the;M, in which the 1'is  to Ala, Val, and Leu all eliminate or greatly decrease the
replaced by a V. Mutations of | in the GIG motif and sensitivity to activating C&.
flanking residues would therefore be expected to alter the Mutation of a conserved Arg at position 4913 to a Glu
channel conductance, as is the case. The mutant condukesulted in a channel that was capable of releasirfg @a
tances do not correspond to one-half of that of wild typeresponse to caffeine in intact cells, but which failed to bind
and, therefore, likely do not represent a subconductanceyanodine. This mutation displayed greatly reducedafd
often observed for native channels. Mutation of*i  C&* conductances, despite the replacement of a positively
yields channels that lack & dependence, fail to bind charged residue with a negatively charged residue. One
ryanodine, and have atypical €arelease in response to explanation for this is that the change in charge destabilized
caffeine in a cell-based assay, in addition to altered iorthe channel structure, thereby effecting global conforma-
conductance. One possibility we cannot rule out, thereforetjonal changes during receptor isolation that are associated
is that global conformational changes account for the alterewith receptor conductance and regulation.
ion conductance and function of the 14897 mutants. Mutation of the absolutely conserved Asp at position
Mutations of amino acid residues that are identical in all4917 to Ala resulted in a channel with a greatly decreased
types of RyRs and Rs sequenced to date show significantCa" current, a lack of ryanodine binding, as well as caf-
alterations in channel activity as compared to wt-RyR1. Afeine-induced C&' release. This residue is the final pre-
conserved residue flanking the GIG motif of the RyRs isdicted amino acid of the lumenal loop before the beginning
D4899. Replacement of the negatively charged aspartatef the M4 transmembrane domain loop (Takeshima et al.,
with a hydrophobic alanine or positively charged arginine1989) and may play a role in directing the Cainto the
results in channels that are capable of releasing"Ga  conduction pathway. Alternatively, the loss of the hydro-
response to caffeine in a cell-based assay, but which displaghilic character at this position may result in global confor-
an altered K conductance and fail to bind ryanodine, mational changes that are associated with a loss of receptor
suggesting that these three properties may not be implicitlyegulation in intact cells.
linked. Alternatively, the mutant channels could be main- In contrast to the mutations of conserved residues, two
tained in a “native” conformation in cells but undergo mutants involving amino acid residues not highly conserved
conformational changes during isolation that result in anamong the RyR and HR families show no significant
altered K" conductance and pharmacology. A third muta-changes in channel conductance and function. Mutation of
tion at this position to Asp, maintaining a polar side chainD4903 (to A), which not is conserved @. elegangSer) or
while losing the negative charge, yields a channel withlobster (Ala) RyRs and is a basic amino acid in most IP
properties very similar to those of the wild-type channel butreceptor subtypes, had no apparent effect on RyR activity.
with decreased conductances and an atypical gating beha®imilarly, mutation of D4907 (to A), which is well con-
ior. G4894, also flanking the GIG motif, has recently beenserved as either an Asp or Glu in all RyR ogRPsubtypes
reported to affect the K conductance of RyR2 while main- except inPan ArgusiP;R, in which it is a Lys, was without
taining pharmacological regulation by €a caffeine, and apparent effect on RyR activity.
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Our mutations can therefore be grouped into four cateand MacLennan, 1998), as well as the high-affiniy]fy-
gories. The first of these are the two mutations (D4903Aanodine binding site (Callaway et al., 1994; Witcher et al.,
and D4907A) with no apparent defect, maintaining full 1994), have been localized to the C-terminal one-fourth of
single-channel conductance, as well as caffeine-induceRyR1. However, protein conformational changes mediated
calcium release, ryanodine binding, and single-channeby the N-terminal portion have been shown to affect RyR1
pharmacology. The second category contains two residudsnction. Unlike the full-length RyR1, a truncated RyR1
(G4894A and D4899N) likely to be specifically reducing (A1-3660) failed to close at high [€4], suggesting that the
channel conductance, as indicated by the maintenance of-terminal foot structure has a role in €aregulation (Bhat
pharmacological regulation. The third category includeset al., 1997b). Consistent with this finding, single amino
those that appear to be functional ryanodine receptors, a&cid mutations in the N-terminal and central regions of
evinced by caffeine-induced caffeine release, but whiclRyR1 link to a rare muscle disorder known as malignant
have an altered single-channel conductance and fail to shotwperthermia, which is characterized by elevated‘Og-
pharmacological regulation in vitro (D4899A and D4899R lease from SR (Phillips et al., 1996). In support of a long-
and R4913E). These channels may be structurally unstablange control of {H]ryanodine binding is that replacement
outside of the intact cellular environment or require someof RyR1 regions with corresponding RyR2 regions not
cofactor, which is present in the cells but is lost uponinvolving the C-terminal one-fourth of the receptor results
isolation, to stabilize them in a pharmacologically activein the loss or reduction ofH]ryanodine binding (Nakai et
state. The final category contains mutations (14897 A, L,al., 1999). Therefore, it is likely that interactions between
and V, and D4917A) that have altered pharmacologicaboth the N- and C-terminal portions of the ryanodine recep-
regulation in both cellular and in vitro assays but maintaintor are crucial for all aspects of channel*Calependence.

a low potassium conductance. These mutations are likely tdhe present study suggests that the M3-M4 lumenal loop
have a major impact on the structure of the channel or on theffects these interactions, directly or indirectly, as amino
conformational changes linking ligand binding to functional acid substitutions in this region cause the loss of ‘Ca
response. The mutations at 14897 may only weakly interacactivation and high-affinity ryanodine binding, in addition
with a hydrophobic cleft normally occupied by the branchedto an altered ion conductance.

side chain of the lle residue, placing the backbone carbonyls In conclusion, our results suggest that single amino acid
into the pore, where they contribute to the ion conductionresidue changes in the lumenal M3-M4 loop affect local
pathway. D4917, being the final residue at the lumenal en@vents (channel conductance) as well as more global events
of transmembrane domain 4, may be directly involved in(C&" dependence and ryanodine binding). The data that are
stabilizing the transmembrane arrangement of the channemost consistent with our hypothesis that the M3-M4 lume-

The use of confocal microscopy for analysis of caffeine-nal loop contributes to the structure of the pore come from
induced CA&" release, while providing a means of identify- the changes we observe in ion conductance. The fact that
ing individual cells responding to the drug, has severamutation of several conserved residues in close proximity to
limitations. Foremost among these is that the images areach other has such profound effects on ion conductance,
limited to a plane through the cells ef1 wm; therefore while mutations of less conserved residues in the same
cells that are not in that focal plane will have a lower region result in no detectable defect, lends credence to our
fluorescence, and the fluorescence intensity may responebnclusion. Nonetheless, further studies are necessary that
differently to the drug. This technique also has a limitedare beyond the scope of this work. These include the pos-
temporal resolution, making kinetic analysis of the caffeinesibility of scanning cysteine mutagenesis, as has been ap-
release difficult to interpret. Nonetheless, it is our opinionplied to examination of the pore structure of voltage-gated
that the technique does allow for a qualitative determinatiorand ligand-gated ion channels (Dart et al., 1998; Yamagishi
of caffeine-induced Cd release. This is supported by the et al., 1997), as well as a more detailed investigation of
fact that several of our mutations (G4894A, D4899,channel permeation, selectivity, and gating.

D4903A, D4907A) maintain apparently normal caffeine-
induced CA" release and Ca dependence of3[—i]ryano- We thank Dr. John Lemasters and the Cell and Molecular Imaging Facilit
dine binding and single-channel activities, while Others’atthe University of North Carolina at Chapel Hill for the useoftghengioRady

with S|gn|f|car+1t apparent defe_Cts in in vitro assays, display\rc-600. The help of Daniel Pasek in purifying the ryanodine receptors
an altered C&' release. As pointed out above, the apparents gratefully acknowledged.

disagreement b?tween the results of cellulaf ‘Ceelease This work was supported by National Institutes of Health grant AR18687.

and those of in vitro pharmacology may be due to a decrease
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