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ABSTRACT Sequence comparison suggests that the ryanodine receptors (RyRs) have pore architecture similar to that of the
bacterial K1 channel KcsA. The lumenal loop linking the two most C-terminal transmembrane spanning segments in the RyRs
has a predicted pore helix and an amino acid motif (GGGIG) similar to the selectivity filter (TVGYG) of KcsA identified by x-ray
analysis. The RyRs have many negatively charged amino acid residues in the two regions linking the GGGIG motif and
predicted pore helix with the two most C-terminal transmembrane spanning segments. We tested the role of these residues by
generating single-site mutants, focusing on amino acid residues conserved among the mammalian RyRs. Replacement of two
acidic residues immediately after the GGGIG motif in skeletal muscle ryanodine receptor (RyR1-D4899 and -E4900) with
asparagine and glutamine profoundly affected ion permeation and selectivity. By comparison, mutagenesis of aspartate and
glutamate residues in the putative linker regions showed a K1 conductance and selectivity for Ca21 compared to K1 (PCa/PK)
close to wild-type. The results show that the negatively charged carboxyl oxygens of D4899 and E4900 side chains are major
determinants of RyR ion conductance and selectivity.

INTRODUCTION

Ryanodine receptors (RyRs) are a family of Ca21 release

channels that play a key role in the regulation of intracellular

Ca21 levels by releasing Ca21 from an intracellular Ca21

storing compartment, the endo/sarcoplasmic reticulum (1–3).

Three genes encode the mammalian RyRs, leading to the

expression of three isoforms. The skeletal type RyR (RyR1) is

predominantly expressed in skeletal muscle and is activated

on depolarization of the cell membrane by a direct interaction

with the L-type Ca21 channel/dihydropyridine receptor. The

cardiac type RyR (RyR2) predominates in cardiac muscle and

is activated by Ca21 ions that enter the cell through voltage-

dependent L-type Ca21 channels. The type 3 RyR (RyR3) is

expressed at low levels in many cell types.

The mammalian RyRs show ;70% overall sequence

identity, with the highest level of identity in the C-terminal

region. In all isoforms, the C-terminal portion of the protein

contains the transmembrane domain. Hydropathy analysis

suggested between 4 and 12 transmembrane segments per

RyR subunit (4,5). More recent studies using green fluo-

rescent protein inserts and protease digestion indicated that

each RyR1 subunit contains six to eight transmembrane

helices (6). The remaining RyR amino acids form the large

catalytic cytoplasmic foot structure. Cryoelectron micros-

copy of the RyRs reveals dimensions of 29 3 29 3 12 nm

for the large cytoplasmic assembly and a 7 nm length and

8 nm diameter for the transmembrane assembly (7).

Sequence comparison suggests that the RyR ion channels

have a pore architecture similar to that of some other ion

channels. The lumenal loop linking the two most C-terminal

transmembrane spanning segments (C-terminal loop) in the

RyRs has a predicted pore helix followed by an amino acid

motif (GGGIG) similar to the selectivity filter (TVGYG)

identified by x-ray crystallography in a bacterial K1 channel

(KcsA; (8); see also Fig. 1). However, there exist important

differences. RyRs have longer linker regions containing

many negatively charged amino acid residues. They also have

a relatively wide selectivity filter ($7 Å diameter, ;10 Å

long; 9–11).Moreover, the RyRs have a high ion conductance

for both monovalent (;800 pS with 250 mM K1 as

conducting ion) and divalent (;150 pS with 50 mM Ca21)

cations, while maintaining high divalent versus monovalent

selectivity (PCa/PK ; 7 (12–14)).

A number of laboratories including our own have used

mutagenesis to identify amino acid residues in the C-terminal

loop of RyR1 (15) and RyR2 (16–18) that are critical for ion

conductance and channel gating. Mutations of amino acid

residues that are conserved in the RyRs showed significant

alterations in channel activity and ion permeation as

compared to wild-type-RyRs. Replacement of isoleucine in

the GGGIG motif with threonine, alanine, valine, or leucine

altered the sensitivity to activating Ca21 and modified K1

and Ca21 ion conductances; substitution of RyR1-G4894

and the corresponding glycine in RyR2 with alanine greatly

reduced the K1 and Ca21 conductances of both RyRs, while

maintaining pharmacological regulation by Ca21, caffeine,

and ryanodine (15,18). Replacement of the conserved

negatively charged aspartate immediately after the GGGIG

segment with a hydrophobic alanine or a polar, but neutral,

asparagine reduced K1 conductance, while maintaining

Ca21 release in a cell-based assay (15,16). Naturally oc-

curring mutations that give rise to central core disease, a
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skeletal muscle associated disease, predominantly reside in

the C-terminal loop (19).

In this study, we generated single-site mutants focusing on

negatively charged amino acid residues predicted to be part

of the pore region of the RyRs and conserved among the

mammalian RyRs. We found that mutation of two acidic

residues (D4899 and E4900) immediately after the GGGIG

motif of RyR1 affected ion permeation and selectivity. By

comparison, replacement of aspartate and glutamate residues

with asparagine and glutamine residues in the putative linker

regions bridging the two most C-terminal membrane span-

ning and pore helices showed a K1 conductance and PCa/PK

close to wild-type. The results suggest that the negative

charges associated with the carboxyl oxygens of D4899 and

E4900 are primarily responsible for the high ion conductan-

ces and ion selectivity of RyR1. We have presented a model

that supports this view (20).

EXPERIMENTAL PROCEDURES

Materials

[3H]Ryanodine was obtained from PerkinElmer Life Sciences (Boston,

MA), unlabeled ryanodine from Calbiochem (La Jolla, CA), Fluo-4-AM

from Molecular Probes (Eugene, OR), complete protease inhibitors from

Roche (Indianapolis, IN), and human embryonic kidney (HEK) 293 cells

from ATCC. Phospholipids were from Avanti Polar Lipids (Alabaster, AL).

All other chemicals were of analytical grade.

Construction of mutant cDNA

For construction of RyR1 mutants, the full-length rabbit RyR1 cDNA (Cla1/

Xba1,14443/15276) subcloned into pBluescript vector (21) was used as

template for mutagenesis. Single and multiple base changes were introduced

by Pfu-turbo polymerase-based chain reaction using mutagenic oligonu-

cleotides and the QuickChange site-directed mutagenesis kit (Stratagene, La

Jolla, CA). The complete mutated sequences were confirmed by DNA

sequencing and subcloned back into the Cla1 and Xba1 sites of pCMV5

vector containing the EcoR1/Xba1 fragment of RyR1. Mutated full-length

expression plasmids were prepared by ligation of three fragments (Cla1/

Xho1, Xho1/EcoR1, EcoR1/Xba1 containing the mutated sequence) and

expression vector pCMV5 (Cla1/Xba1) as described (21). In this study,

nucleotide and amino acid numbering are as described (4,22).

Expression of full-length wild-type and mutant
RyRs in HEK 293 cells

RyR1 cDNAs were transiently expressed in HEK 293 cells transfected with

FuGENE 6 (Roche Applied Science) according to the manufacturer’s

instructions. Cells were maintained at 37�C and 5% CO2 in high glucose

Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum

and plated the day before transfection. For each 10-cm tissue culture dish,

3.5 mg of cDNA was used. Cells were harvested 48 h after transfection.

Crude membrane fractions (21) and liposomes containing the purified 30S

wild-type and mutant RyR1 ion channels (23) were prepared in the presence

of protease inhibitors as described.

Ca21 release measurements

Cellular Ca21 release in response to caffeine was determined with the

fluorescence Ca21 indicator dye Fluo-4. HEK 293 cells transfected with

cDNA encoding wild-type or mutant RyR1s were grown for 48 h on glass

coverslips after transfection. Cells were washed three times with phosphate-

buffered saline and loaded with 5 mM Fluo-4-AM for 1 h at 37�C in Krebs-

Ringer-Henseleit (KRH) buffer (125 mM NaCl, 5 mM KCl, 1.2 mM

KH2PO4, 6 mM glucose, 1.2 mMMgCl2, 2 mM CaCl2, and 25 mMHEPES,

pH 7.4). After loading, the cells were rinsed with KRH buffer to remove

nonhydrolyzed fluorophore and kept in KRH buffer for 30 min to complete

de-esterification. For the Ca21 release experiments, cells were transferred to a

recording chamber with KRH buffer, and Fluo-4 fluorescence was recorded

using a Photon Technology International (Lawrenceville, NJ) Deltascan

system attached to an inverted microscope (TE 300; Nikon, Tokyo, Japan).

Caffeine responsiveness of cells was recorded by rapid addition of freshly

made caffeine solution to a final concentration of 10 mM. For analysis,

individual cells were defined as region of interest, and average fluorescence

was measured by using the program ImageMaster (Photon Technology

International).

[3H]Ryanodine binding

Unless otherwise indicated, crude membrane fractions prepared from HEK

293 cells were incubated with 2.5 nM [3H]ryanodine in 20 mM imidazole,

pH 7.0, 250 mM KCl, 150 mM sucrose, 1 mM glutathione (oxidized),

protease inhibitors, and the indicated free Ca21 concentrations. Nonspecific

binding was determined using a 1000-fold excess of unlabeled ryanodine.

After 20 h at 24�C, aliquots of the samples were diluted with 8.5 volumes of

ice-cold water and placed on Whatman (Clifton, NJ) GF/B filters

preincubated with 2% polyethyleneimine in water. Filters were washed

with 3 3 5 ml ice-cold 0.1 M KCl, 1 mM KPipes, pH 7.0. Radioactivity

remaining on the filters was determined by liquid scintillation counting to

obtain bound [3H]ryanodine.

Single-channel recordings

Single-channel measurements were performed using Mueller-Rudin type

planar lipid bilayers containing a 5:3:2 mixture of bovine brain phos-

phatidylethanolamine, phosphatidylserine, and phosphatidylcholine (25 mg

of total phospholipid/ml n-decane). Proteoliposomes containing the purified

RyRs were added to the cis (satcoplasmic reticulum (SR) cytosolic side)

chamber of a bilayer apparatus and fused in the presence of an osmotic

gradient (250 mM cis KCl/20 mM trans KCl in 20 mM KHepes, pH 7.4, 2–

20 mM Ca21 with or without 1 mM ATP). After appearance of channel

activity, trans (SR lumenal side) KCl concentration was increased to 250

mM to prevent further fusion of proteoliposomes. The trans side of the

bilayer was defined as ground. The large cytosolic regulatory region of the

channels faced the cis chamber in a majority (.98%) of the recordings (24).

Electrical signals were filtered at 2 kHz (0.5 kHz for Ca21 currents at 0 mV),

digitized at 10 kHz, and analyzed as described (25).

To determine permeability ratios, single-channel activities were recorded

in symmetrical 250 mM KCl solution with 10 mM Ca21 on the trans side,
and the reversal potential (Erev) was measured. The permeability ratio of

Ca21 versus K1 ions (PCa/PK) was calculated using a modified form of the

Goldman-Hodgkin-Katz equation

Erev ¼ �RT

F
Ln 4

PCa

PK

½Ca�1 ½K�
� �

½K�
� �1=2

(

3 4
PCa

PK

½Ca�1 ½K�
� ��1

)
;

where [Ca] is the concentration of Ca21 ions on trans side, and [K] is the

concentration of K1 on the cis and trans sides.
The permeability ratio of ethylamine1 versus K1 (PE/PK) was determined

by perfusing the cis chamber with 5 chamber volumes of 250 mM ethyla-

mineCl in 10 mM TrisHepes, pH 7.4, 20 mM Ca21, and 1 mM ATP.
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Biochemical assays and data analysis

Free Ca21 concentrations were obtained by including in the solutions the

appropriate amounts of Ca21 and EGTA as determined by using the stability

constants and computer program published by Schoenmakers et al. (26).

Free Ca21 concentrations of $1 mM were verified with the use of a Ca21-

selective electrode.

Results are given as mean 6 SE. Significance of differences in the data

(p , 0.05) was determined using Student’s t-test.

RESULTS

Fig. 1 shows the amino acid sequences of the pore-forming

regions of the K1 channel, KcsA, and the skeletal muscle

ryanodine receptor, RyR1. Crystallographic analysis of the

KcsA channel (Fig. 2) provides a basis for understanding the

mechanism of rapid K1 ion transport. The KcsA channel has

four subunits with two transmembrane helices, a pore helix,

the signature sequence TVGYG, and two linker regions per

subunit. The interaction of the K1 ions with the backbone

carbonyl oxygen atoms of the signature sequence determines

the selectivity of the KcsA channel (27).

The lumenal loop linking the two most C-terminal trans-

membrane spanning segments in RyR1 has a predicted pore

helix and an amino acid motif (GGGIG) similar to the signa-

ture sequence (TVGYG) of KcsA (Fig. 1). A distinguishing

feature is the many negatively charged amino acid residues

in the two RyR1 regions linking the predicted pore helix and

the two most C-terminal transmembrane spanning segments.

In this study, we focused on the role of these residues in

RyR1 ion permeation and selectivity. We removed by muta-

genesis negative charges of amino acid residues conserved

among the three mammalian RyRs (indicated in bold in Fig.

1). In the linker regions, we substituted glutamate with

asparagine and aspartate with glutamine to determine the

effect of both a change in side-chain length and charge. We

also introduced one negative charge near the selectivity filter

by substituting Ile 4901 with a glutamate residue. The ex-

pression levels and functional properties of the mutants were

determined by immunoblot analysis, cellular fluorescence

microscopy, and [3H]ryanodine binding. Single-channel

recordings determined the ion permeation properties of the

mutants.

Functional properties of RyR1 pore mutants

Immunoblot analysis showed that all RyR1 mutants tested

in this study were expressed in HEK 293 cells at a level

comparable to wild-type (not shown). The fluorescence

change of Fluo-4 was measured to detect Ca21 release in

response to 10 mM caffeine in wild-type (WT) and mutant

RyR1s expressed in HEK 293 cells. Millimolar caffeine

activates the purified RyR1 (28). Fig. 3 shows four

representative Ca21 release curves for vector (control),

WT-RyR1, RyR1-D4899Q, and RyR1-E4900N transfected

HEK 293 cells. Essentially identical time courses and peak

amplitudes of Ca21 release were observed for WT and

mutant RyR1s, whereas vector transfected cells showed no

caffeine response. Table 1 summarizes the caffeine response

of 18 single-site mutants including four mutants (D4899N,

D4903A, D4907A, D4917A) previously described (15). The

mutants showed cellular Ca21 release in response to 10 mM

caffeine comparable to WT-RyR1, with the exception of

D4873Q and D4917A, which displayed a background signal

comparable to vector transfected cells.

The expression of functional RyR1 mutant proteins was

also assessed by a [3H]ryanodine binding assay. Ryanodine

binds with high specificity to the RyRs and is widely used as

a probe of channel activity because of its preferential binding

to the open channel state (2,29). A majority of the mutants

FIGURE 1 Pore-lining sequences

of KcsA and RyR1 ion channels.

Shown are the KcsA and putative

RyR1 pore helix, selectivity filter,

and linker regions. Bold indicates

negatively charged amino acid

residues identical in mammalian

RyRs. Underlined amino acids in-

dicate residues analogous to the

selectivity filter of KcsA channel

from Streptomyces lividans (8).

Helical probability of putative

RyR1 pore-lining region (lower

panel) was calculated using a pro-

tein sequence analysis program

(bmerc-www.bu.edu/psa/ (42)).
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bound [3H]ryanodine (Table 1) and showed Ca21 de-

pendence of [3H]ryanodine binding close to the one shown

for WT-RyR1 in Fig. 4. For two mutants immediately after

the GGGIG motif (D4899E and D4899N), significantly

lower binding values were observed at [Ca21]# 1 mM, com-

pared to WT-RyR1 (Fig. 4). Two mutants (D4873Q and

D4917A) that failed to show a caffeine response also ex-

hibited a loss of high-affinity [3H]ryanodine binding. RyR1-

I4901E exhibited a caffeine response but failed to bind

[3H]ryanodine, which indicated a loss of function during

membrane isolation. The results of Figs. 3 and 4 suggest that

a majority of the mutations investigated in this study did not

introduce major global changes in protein conformation.

K1 conductance of RyR1 mutant channels

To determine the ion permeation properties of the mutant

RyR1 ion channels, single-channel measurements were

performed using the planar lipid bilayer method. Proteoli-

posomes containing the purified 30S channel complexes

were fused with planar lipid bilayers, and single channels

were recorded in 250 mM KCl on both sides of the bilayer

with K1 as the current carrier. The cis (cytosolic) bilayer

chamber contained micromolar activating Ca21 (2–20 mM).

In some recordings, 1 mM ATP was added to the cis cham-

ber to increase single-channel activity. To ascertain retention

of pharmacological regulation, cytosolic Ca21 concentra-

tions were reduced to 0.1 mM and increased to 100 mM. We

found that all single-site mutants that both retained a caffeine

response and bound [3H]ryanodine exhibited a Ca21 de-

pendence similar to that of WT-RyR1 (not shown). RyR1-

D4873Q, -I4901E, and -D4917A did not respond to a change

in Ca21 concentration and were not analyzed further.

The two mutations closest to the GGGIG sequence

(D4899Q, D4899N) exhibited a greatly reduced K1

conductance. In symmetrical 250 mM KCl, WT-RyR1 had

FIGURE 2 Hypothetical model for ion pore of RyR1.

Secondary structure of potassium channel KcsA pore (left)

and RyR1 pore (right). The RyR1 pore model, which was

obtained by modifying by ‘‘hand’’ the published structure

of KcsA (8), shows an extended C-terminal linker and the

putative position of RyR1 amino acid residues D4899,

E4900, and E4902. The two transmembrane spanning

segments in RyR1 are analogous to S5 and S6 in 6TM K1

channels (such as Shaker and KvAP) and M1 and M2 in

2TMK1 channels (such asKcsA andKir).Note only two of

the four pore-forming segments are shown.

TABLE 1 Properties of RyR1 mutants

Name

Caffeine-induced

Ca21 release binding [3H]Ryanodine K1 conductance I21Ca at 0 mV Erev PCa/PK

(pS) (pA) (mV)

Vector � �
WT-RyR1 1 1 801 6 7(17) �2.8 6 0.1(7) 9.5 6 0.2(6) 7.0

E4867N 1 1 790 6 6(4) �2.3 6 0.1(3)* 9.2 6 0.4(3) 6.7

D4868Q 1 1 814 6 4(3) �2.4 6 0.2(3) 8.5 6 0.3(3)* 6.0

D4870Q 1 1 813 6 7(4) �2.6 6 0.1(4) 9.6 6 0.2(4) 7.1

D4873Q � �
D4877Q 1 1 810 6 14(4) �2.3 6 0.1(3)* 9.5 6 0.3(4) 7.0

D4878Q 1 1 800 6 9(6) �2.4 6 0.1(4)* 10.2 6 1.0(3) 7.8

D4899E 1 1 904 6 3(16)* �1.6 6 0.3(4)* 10.0(2) 7.6

D4899Nyz 1 1 �0.4 6 0.1(4)* 5.5 6 1.2(4)* 3.4

D4899Q 1 1 164 6 4(10)* �0.4 6 0.1(4)* 1.9 6 0.1(4)* 1.0

E4900D 1 1 719 6 8(7)* �2.4(2) 10.0(2) 7.6

E4900N 1 1 505 6 3(3)* �2.0 6 0.2(7)* 6.8 6 0.4(5)* 4.5

E4900Q 1 1 450 6 15(10)* �1.4 6 0.2(4)* 5.2 6 0.9(4)* 3.2

I4901E 1 �
E4902Q 1 1 782 6 4(11) �2.3 6 0.1(5)* 9.0 6 0.1(5) 6.5

D4903Ay 1 1 796 6 10(8) �2.4 6 0.2(4) 10.0(2) 7.6

D4907Ay 1 1 790 6 10(8) �2.4 6 0.2(4) 10.1(1) 7.6

E4910N 1 1 772 6 8(5) �2.1 6 0.5(3) 9.0 6 0.6(3) 6.5

D4917Ay � �
(1) Caffeine-induced Ca21 release and [3H]ryanodine binding activities comparable to WT-RyR1.

(�) No activity.
yGao et al. (15), z145 6 3 pS (10)* at 150 mV and 92 6 3 pS (8)* at �50 mV, *p , 0.05.
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a mean conductance of 801 6 7 pS (Fig. 5), which was

essentially identical to that of native skeletal muscle RyR1

(30). Removal of the negative charge in RyR1-D4899Q (Fig.

6) and -D4899N (15) significantly decreased K1 conduc-

tance to 164 6 4 and 145 6 3 (at 150 mV), respectively

(Table 1). The K1 conductance of E4900Q and E4900N

decreased to a lesser extent than those in the corresponding

D4899 mutants (Table 1). By comparison, mutants farther

from the GGGIG sequence (with either an aspartate to

glutamine or glutamate to asparagine substitution) showed

a K1 conductance close to wild-type (Table 1). The K1 cur-

rents measured in symmetrical 250 mM KCl at potentials

ranging from �50 mV to 150 mV showed a linear voltage

dependence similar to that of wild type (Fig. 5 C), with the

exception of D4899N, which exhibited a nonlinear voltage

dependence (15). We conclude that the two negatively

charged amino acid residues D4899 and E4900 support the

high rates of RyR ion flux.

Given the importance of D4899 and E4900 in determining

the K1 conductance of RyR1, we further analyzed the effects

of a change in the length of their side chains and neutraliza-

tion of their charges. Chain length was altered by substitution

of D4899 with glutamate (Fig. 7) and E4900 with aspartate

(not shown). In both positions, the longer side chain sup-

ported an ;10% higher K1 conductance. Substitution of

D4899 with a glutamate residue increased K1 conductance

from 801 6 7 pS to 904 6 3 pS, whereas replacement of

E4900 with an aspartate residue decreased K1 conductance

to 719 6 8 pS (Table 1). Measurement of conductance and

concentration relationships showed that the K1 conductance

of wild-type, D4899Q, and E4900N reached a plateau with

the ion concentration increase (Fig. 8). The data could be

reasonably fit assuming a single binding site. The apparent

KD value of 98 mM for D4899Q was significantly higher

than the KD values of 23 mM and 28 mM for E4900N and

WT-RyR1, respectively. The results indicate that the

negative charge of D4899 strongly interacts with K1. A

change in apparent binding affinity, however, cannot fully

explain that the mutant channels maintain a much reduced

K1 conductance at elevated K1 concentrations.

RyR1-D4899Q is a cation-selective ion channel

To determine whether the mutations created an anion-

conducting channel, we measured the reversal potentials for

RyR1-D4899Q in asymmetric KCl solutions. Fig. 9 shows

the current-voltage relationships of recordings with 250 mM

KCl on both sides of the bilayer and in two asymmetric

solutions containing 250 mM cis KCl and 20 mM or 50 mM

trans KCl. In the asymmetric KCl solutions, the measured

reversal potentials matched the calculated reversal potential

within the error of the measurements, as determined by the

Nernst equation. The result suggests that like WT-RyR1,

RyR1-D4899Q forms a cation-selective ion channel.

Cation selectivity of RyR1 mutants

RyRs have a higher ion conductance for monovalent than

divalent cations, yet they permeate the physiologically more

FIGURE 4 Ca21 dependence of [3H]ryanodine binding to WT-RyR1 and

RyR1 mutants. Specific [3H]ryanodine binding for cells transfected with

WT-RyR1 (d), RyR1-D4899E (s), and RyR1-D4899N (;) was de-

termined as described under ‘‘Experimental Procedures’’ in 250 mM KCl,

150 mM sucrose, 20mM imidazole, pH 7.0, and 1 mM glutathione (oxidi-

zed) media containing 2.5 nM [3H]ryanodine and the indicated concen-

trations of free Ca21. Data are mean 6 SE of four experiments. *, p , 0.05

compared with wild-type.

FIGURE 3 Caffeine-induced Ca21 release in HEK 293 cells expressing

WT-RyR1 and RyR1 mutants. HEK 293 cells were transfected with pCMV5

vector, WT-RyR1, RyR1-D4899Q, and -E4900N cDNA. The fluorescence

intensity of Fluo-4 loaded cells was measured before and after addition of

10 mM caffeine. Arrows indicate the addition of caffeine. Representative

traces are shown.
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relevant Ca21 with a higher selectivity than K1 (12–14). To

determine the Ca21 selectivity of the RyR1 mutants, current-

voltage curves were recorded in 250 mM symmetrical KCl

with and without 10 mM Ca21 in the trans (SR lumenal)

bilayer chamber. The single-channel currents and current-

voltage relationships of wild-type (Fig. 5), RyR1-D4899Q

(Fig. 6), and RyR1-D4899E (Fig. 7) are shown in the

presence (open circles) and absence (filled circles) of 10 mM

trans Ca21. The potassium currents were linear in the

absence of 10 mM trans Ca21. Addition of 10 mM Ca21 to

the trans chamber reduced single-channel gating (Figs. 5 B,
6 B, and 7 B) and channel currents at elevated positive and

negative potentials. At 0 mV, a current of �2.8 pA for WT-

RyR1 and reduced currents of �1.6 and �0.4 pA for RyR1-

D4899E and RyR1-D4899Q were measured (Table 1).

Addition of 10 mM trans Ca21 greatly reduced D4899Q

(Fig. 6 B), D4899E (Fig. 7 B), and RyR1-E4900D (not

shown) single-channel activities. Channel openings were

only observed over the whole voltage range in ;1 of 5

RyR1-D4899E and RyR1-E4900D recordings, limiting the

number of Erev determinations. Single-channel currents of

some of the remaining mutants were also reduced at 0 mV,

with the greatest reduction being observed, in addition to

D4899E and D4899Q, for D4899N followed by E4900Q and

E4900N (Table 1). The reversal potentials (Erev) for WT-

RyR1 and RyR1-D4899Q were shifted to 19.5 and 11.9

mV with the addition of Ca21, respectively, from which,

applying constant field theory, permeability ratios of Ca21

over K1 (PCa/PK) of 7.0 and 1.0 were calculated. Compared

to wild-type, lower PCa/PK ratios were also calculated for

RyR1-D4899N, E4900N, and E4900Q. By comparison, re-

placement of aspartate and glutamate residues with gluta-

mine and asparagine residues in the linker regions bridging

the twomost C-terminal membrane spanning and pore helices

showed only small changes in PCa/PK values compared to

wild-type.

The permeability properties of the mutant receptors were

also examined, using an organic cation (ethanolamine) with

a size approaching that of the diameter of RyR2 selectivity

filter (9). We determined whether our mutations affected the

permeability of ethylamine1 relative to that of K1 (PE/PK)

for WT-RyR1, RyR1-D4899E, -D4899N, -D4899Q,

-E4900N, and -E4900Q by replacing K1 with ethylamine1

in the cis bilayer chamber. Representative recordings of the

current-voltage relationships of WT-RyR1 and RyR1-

D4899Q are shown in Fig. 10. WT-RyR1 and all mutants ex-

hibited a greatly reduced conductance at 150 mV compared

to �50 mV (Table 2), suggesting a reduced conductance for

FIGURE 5 Single-channel recordings of

WT-RyR1. (A) Single-channel currents were

recorded at �35 mV in symmetrical 250 mM

KCl with 2 mM Ca21 and are shown as down-

ward inflections from the closed state (c–). (B)
Single-channel currents recorded at 0 mV in

symmetrical 250 mM KCl with 10 mM trans

Ca21 and 20mM cis Ca21 plus 1 mMATP. (C)

Current-voltage relationship in 250 mM sym-

metrical KCl (d, n ¼ 17) and with the subse-

quent addition of 10mM transCa21 (s, n¼ 7).

FIGURE 6 Single-channel recordings of

RyR1-D4899Q. (A) Single-channel currents

were recorded at �35 mV in symmetrical 250

mM KCl with 2 mM Ca21 and are shown as

downward inflections from the closed state

(c–). Note the long channel closings that are

absent from WT-RyR1 (Fig. 5). (B) Single-

channel currents recorded at 0 mV in symmet-

rical 250 mMKCl with 10 mM trans Ca21 and

20 mM cis Ca21 plus 1 mM ATP. (C) Current-
voltage relationship in 250 mM symmetrical

KCl (d, n ¼ 10) and with the subsequent

addition of 10 mM trans Ca21 (s, n ¼ 4).
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ethylamine1 compared to K1. The reversal potential (Erev)

and PE/PK ratio of the mutants did not significantly differ

from that of WT-RyR1 (Table 2), with the exception of

D4899Q. The Erev was shifted to the right for D4899Q,

resulting in a significantly lower PE/PK ratio. The changes in

the permeability ratio of D4899Q are indicative of a decrease

in the radius of the pore although other factors cannot be ruled

out (31). Notably, the same permeability ratio was obtained

when the charge was retained (WT and D4899E) but was

different when the charge was taken away (D4899Q and

D4899N). This indicates the predominance of charge in

determining the ion permeability properties of the RyRs.

DISCUSSION

In this study, the known structure of the bacterial K1 channel

KcsA was used as a guide to neutralize by mutagenesis the

negative charge of 10 conserved aspartate and glutamate

residues in the predicted pore region of the RyRs. Although

the pore region of the RyR ion channels has a predicted

architecture similar to that of K1 channels (15,16,32–34),

there exist significant functional and sequence differences.

First, the physiological role of K1 channels is to selectively

conduct K1 ions. In comparison, SR Ca21 release is not

dependent on a highly selective Ca21 channel because ions

on both sides of the sarcoplasmic reticulum are at equilibrium

in resting cells with the exception of Ca21 (35). Second, RyR

has a high ion conductance for both monovalent cations

(;800 pS with 250 mM K1 as conducting ion) and divalent

cations (;150 pSwith 50mMCa21). Third, the RyR pore has

a minimum radius of 3.5 Å as estimated from the relative

permeability of organic cations (9), as compared to a radius of

;1.5 Å for the KcsA channel (27). Fourth, the RyRs have

a conservedDEmotif in close proximity to the GGGIGmotif.

In contrast, the aspartate residue in the K1 channels

immediately after the TVGYG motif is not fully conserved,

and the residue after the aspartate residue is a neutral or

positively charged amino acid (8). These differences suggest

FIGURE 7 Single-channel recordings of

RyR1-D4899E. (A) Single-channel currents

were recorded at �35 mV in symmetrical

250 mM KCl with 2 mM Ca21 and are shown

as downward inflections from the closed state

(c–). Note the long channel closings that are

absent from WT-RyR1 (Fig. 5). (B) Single-

channel currents recorded at 0 mV in symmet-

rical 250 mMKCl with 10 mM trans Ca21 and

20 mM cis Ca21 plus 1 mM ATP (C) Current-

voltage relationship in 250 mM symmetrical

KCl (d, n ¼ 16) and with the subsequent

addition of 10 mM trans Ca21 (s, n ¼ 2).

FIGURE 8 Conductance �K1 activity relationships of WT-RyR1 and

RyR1 mutants. Shown are the effects of increasing K1 activity on single-

channel conductances of WT-RyR1 (d), RyR1-E4900N (:), and RyR1-

D4899Q (s). Data are the mean of at least three experiments6 SE. The KD

values and maximum conductances (gmax) obtained by nonlinear regression

analysis are 28 mM and 934 pS for WT-RyR1, 23 mM and 607 pS for

E4900N, and 98 mM and 280 pS for D4899Q.

FIGURE 9 Current-voltage relationships of RyR1-D4899Q. Single

channels were recorded in 250 mM KCl cis/250 mM KCl trans (d), 250

mM KCl cis/50 mM KCl trans (:), 250 mM KCl cis/20 mM KCl trans (n).

The measured and calculated reversal potentials in the two asymmetric KCl

media were 32 and 34 mV (:) and 50 and 48 mV (n), respectively. One of

two recordings is shown.
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that the two ion channel families may use different principles

in controlling the rates of ion translocation.

This study shows that the DE motif plays a critical role in

RyR1 ion permeation and selectivity. We found that charge

neutralization of two RyR1 residues (D4899, E4900) imme-

diately after the GGGIG motif (TYGYG in KcsA) reduced

the ion conductance and selectivity for Ca21 compared to

K1. Charge neutralization of acidic amino acids farther from

the GGGIG motif showed only small changes in ion con-

ductance and selectivity. The results show that the negative

charges on the side chains of D4899 (and to a lesser extent,

E4900) determine the majority of RyR ion conductance and

selectivity. The DDDD motif in the selectivity filter of the

tetrameric RyR1 is not without precedence. A DDDD/EEEE

motif has a critical role in ion selectivity and permeation of

L-type Ca21 channel (36) and glutamate (37) and vanilloid

(38) receptor ion channels.

We have shown that the current-voltage relationships of

RyR (native and mutants D4899N and E4900Q) are well

reproduced by an ion permeation model that exclusively

models the negatively charged carboxyl oxygens of D4899

and E4900 (20). The Poisson-Nernst-Planck/Density Func-

tional Theory model (39) describes the electrodiffusion of

hard-sphere ions down their chemical potential gradients.

The occupancy of the channel is a result of the ions’ attraction

to the channel by the negative charges of the channel protein

(specificallyD4899 and E4900) and the competition for space

inside the very small selectivity filter. The model differs from

others in that it uses the mutant data to construct the RyR

selectivity filter instead of data fitting critical channel

parameters (40,41).

We present a hypothetical model for the ion pore of RyR1

in Fig. 2. The model proposes that the RyR1 pore (right) has
architecture similar to that of KcsA (left), with three

important differences. The RyR model has an extended

C-terminal linker, the pore is wider, and the eight negative

charges of D4899 and E4900 (only two are shown for each)

are placed in and near the selectivity filter. In a recent article,

molecular dynamic simulations identified several kinetically

important residues that slowed the velocity of K1 and Ca21

movement through the RyR2 pore (34). At variance with the

experimental results of this study, RyR2-D4830 (equivalent

to RyR1-D4899) was not identified as a major kinetic barrier

that reduced the rates of ion translocation.

Besides its role in ion permeation and selectivity, this

study also confirms results of previous studies that indicated

mutations at the 4899 position affect RyR channel function

and stability. In two studies, RyR1-D4899A and -D4899R

(15) and the equivalent RyR2-D4830A (17) showed loss of

high-affinity [3H]ryanodine binding but maintained caffeine-

induced Ca21 release in HEK cells, indicating a loss of

function during membrane isolation. In another study,

FIGURE 10 WT-RyR1 and RyR1-

D4899Q conductances in 250 mM trans

KCl and 250 mM cis ethanolamineCl

media. WT-RyR1 (A) and RyR1-D4899Q

(C) single-channel currents were recorded

in 250 mM cis ethylamineCl with 20 mM

Ca21 plus 1 mMATP cis and 250 mMKCl

trans at �50mV (upper trace) and 150

mV (lower trace). WT-RyR1 (B) and

RyR1-D4899Q (D) current-voltage rela-

tionships in 250 mM symmetrical KCl (d)

and after perfusion of the cis chamber with

five chamber volumes of 250 mM ethyl-

amineCl (s).

TABLE 2 Wild-type and mutant RyR1 ion conductances in

250 mM trans K1 and 250 mM cis ethanolamine1 media

WT-RyR1 and

mutants

Conductance at

�50 mV 150 mV Erev PE/PK

(pS) (pS) (mV)

WT-RyR1 567 6 12(4) 91 6 9(4) 18.3 6 0.7(4) 0.48

D4899E 673(2)* 101(2) 17.9 6 0.3(4) 0.49

D4899N 73(2)* 39(1) 22.2 6 1.9(3) 0.41

D4899Q 94(2)* 18 6 2(4)* 30.0 6 1.7(5)*y 0.30*y

E4900N 355(2)* 64 6 6(3) 16.8 6 0.6(7) 0.51

E4900Q 313 6 8(5)* 58 6 6(5)* 17.2 6 1.4(5) 0.51

*p , 0.05 compared with WT-RyR1.
yp , 0.05 D4899Q compared with D4899N.

RyR Amino Acids in Ion Permeation 263

Biophysical Journal 89(1) 256–265



RyR2-D4830A exhibited increased rates of [3H]ryanodine

binding/dissociation and a reduced single-channel conduc-

tance of 160 pS (16).

In this study we found that D4899E has a reduced Ca21

dependence of [3H]ryanodine binding at low [Ca21],

indicating that even a fairly benign substitution affects

some functional aspects of RyR1. D4899N had a similar

reduction in Ca21 dependence of [3H]ryanodine binding at

low [Ca21], and both D4899E and D4899Q had a significant

decrease in open probability in the presence of trans Ca21.
Furthermore, RyR1-D4899N differed from that of the similar

D4899Q mutation by having a nonlinear current-voltage

relationship. D4899E also had a slightly higher conductance

than WT. Taken together, these results indicate that D4899 is

also involved in the Ca21 dependence of both [3H]ryanodine

binding and gating and that substitutions at this site may

cause some conformational changes.
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