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Single-channel currentvoltage (IV) relations were measured from the calcium release channel of cardiac
sarcoplasmic reticulum (RyR2) in 21 mixed solutions of 250 mM alkali metal ions, (K&, and Cg) with
sarcoplasmic reticulum lumenal Caranging from 5 to 50 mM and Mg from 1 to 50 mM. The measured

IV relations were analyzed by the extended Poisgdarnst-Planck (PNP) formulation (Chen, D. P.; Xu,

L.; Tripathy, A.; Meissner, G.; Eisenberg, Biophys J. 1999 76, 1346) to give the permeation properties

of Cat and Mg™". The results indicate that applying PNP theory, two adjustable parameters (diffusion
coefficient ©) and “excess” chemical potentiag)] suffice to predict the flow of C&" from the sarcoplasmic
reticulum in cardiac muscle. The fitting parameters for Cand Mg+ areD(Ca)= 8.4+ 0.7 x 108 cm?/s,
a(Ca)= —91+ 6 mV andD(Mg) = 5.4+ 0.7 x 1078 cn?/s andu(Mg) = —53 & 6 mV. The data are used

to predict the calcium ion activity profiles in the RyR2 pore, the calcium ion fluxes in solutions of physiological
interest, and the competitive permeation offCand Mg-.

Introduction The RyR channels are regulated by cytosolic Cand SR
lumenal Cd™*. They are activated by the binding of Caat
cytosolic high-affinity sites and are inhibited by the binding of
Ca™* at low-affinity sites. SR lumenal Cd has been reported

Ryanodine receptors (RyRs) are'Cachannels that control
cellular functions by releasing €& from the sarco/endoplasmic

reticulum. In mammalian cells, three structurally and function- late directly the skeletal and cardi le RVRS b
ally related RyR isoforms are RyR1 predominant in skeletal to regulate directly the skeletal and cardiac muscle RyRs by

muscle, RyR2 predominant in cardiac muscle, and RyR3 that binding to !umenal Ch+ sensing. chgnnel Sit’?slzof inc_iirectl_y

was initially isolated from brain but is found in many tissdes. Y accessing cytosolic Ca activation and inactivation sites
The RyRs have been isolated as 30S protein complexesfollowing passage through the chanft!

composed of four large subunits with a molecular mass of 560 RyR ion channels are cation-selective channels that display
kDa and four associated small 12 kDa FK506 binding proteins a high ion conductance for monovalent cationg$0 pS with
(FKBP). Negative staining, cryo-electron microscopy, and image 250 mM K' as the current carrier) and divalent cationslb0
analysis show that the RyRs are made up of a large, looselypS with 50 mM Cd&*). The existence of a large €a
packed 29x 29 x 12 nm cytosolic foot region and a smaller conductance was originally demonstrated in single-channel
transmembrane region that extendd nm toward the SR recordings with native skeletal and cardiac muscle SR vesicles
lumen?® Fous to as many as Fanembrane-spanning segments fused with planar lipid bilayer&-16and subsequently in studies

in the C-terminal region have been predicted to form thé'€a  with purified RyRs incorporated in lipid bilayet$18RyRs have
channel pore region of RyRs. The four-membrane-spanning a broad selectivity for monovalent cations with permeability
segment model is supported by studies with SR lumenal site-ratios close to 1 for K relative to Li* and Na .118.19Although
directed antibodiésand single-channel recordings with tryptic  RyRs have a higher ion conductance for monovalent cations

fragment8 and by studies with deletion mutadfsThe remain- than Cd™*, they are selectively permeable for CGawith
ing amino acids of the RyRs form the large catalytic cytoplasmic permeability ratios of 57 for Ca' relative to K- and
foot structure. Na*.18.20,.21
* Corresponding author. E-mail: dchen@rush.edu. Tel: 312-942-5312. fl Two models have begn de.scrlbed to .CalCUIat.e deVIdgal ion
Fax: 312-942-6425. uxes through RyRs in mixed solutions. Tinker et?2&l.
T These authors contributed equally to this work. developed a barrier model that consists of four barriers and three
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wells (binding steps) to describe the ionic conductance of the TABLE 1: The Fifteen Solutions of Mixture of Monovalent
cardiac RyR with both monovalent and divalent cations as Alkaline Metal lons With Calcium lons #

permeant species. A limitation of the barrier model is that the cis side trans side

data c_ff;mnot bfe fi[tted at high_ a}[pp]liedt;ransmer?]brane potegtiil\s, XCl CaCh XCl CaCh,
even if a prefactor appropriate for the gas phase is used. An

increase in the number of barriers (peaks and wells) improved ggg mm izm %gg mm g’:nMM
the fits; however, it also required the introduction of a large 250 mM 4uM 250 mM 10 mM
number of free parameters. The flow of monovalent cations 250 mM 4uM 250 mM 50 mM
through the cardiac RyR has been also modeled using an 250 mM 4uM 0 25mMm

extension of the Poisson-Nernst-Plank formulation of electro-  ax stands for Na, K, or Cs.
diffusion?2 The theory fits all the data over a wide range of . ‘ .
applied voltages with the following few adjustable parameters: TABLE 2: The lonic Solutions of Mixture of K *, Mg*™,

the diffusion coefficient of each ion species, an average effective 1d Ca"*

charge distribution on the wall of the pore, and an offset in cis side trans side
chemiqal potgntial which describgs the chemical 'interaction' of kcl MgCl,  CaCh KCl MgCl,  CaCh
the cations with the pore wall. This offsgt |n'chem|cal poFentlaI 250 mM 0 Y 250 mM 5mM 4uM
reflects the energy difference for an ion in bulk and in the 550 mm 0 4uM 250 mM 10mM  4uM
channel pore environment. Using the fitted values of excess 250 mm 0 4uM 250 mM 50 mM 4uM
chemical potential and the fixed charge distribution, the theory 250 mM 0 4uM 0 25mM  4uM
predicts a high alkali metal ion concentratior4 M) in the 125mM  1mM  4uM 125 mM ImM  4uM

channel filter (7 A diameter, 10 A long) at bath concentrations 22™M  1mM  4uM  125mM ImM  2mM

as low as 25 mM, and thereby offers an explanation for the
high monovalent cation conductances of the RyRs. The theory
also explains the discrepancy between “selectivities” defined

formulation was performed as descridedin the extended PNP
formulation, the chemical potential of an ion is given by

by conductance sequence and selectivities determined by the 1;=ksTInC +zeW + (1)
permeability ratios (i.e., reversal potentials) in bi-ionic condi- ! ! !
tions. Conductance selectivity arises mostly from friction: |5 5qdition to the concentration and electrical potential terms

different species of ions have different diffusion coefficients in  ihat are described by the Poissdyernst equation, an “excess”
the channel. Permeability selectivity of an ion is determined cpemjcal potentialf) is added. The excess chemical potential
py its e_IectrqchemlcaI potential gradient and local cheml_cal (@) represents the free energy needed for an ion to occupy a
interaction with the channel. The extended PNP formulation space in the restricted environment of the channel’s pore, and
offers a successful combined treatment of selectivity and it describes the intrinsic local chemical interactions of an ion
permeation. with its environment, in addition to the electrostatic interaction.

In the present study, we extend the PNP theory to mixed ionic The extended PNP formulation reads after substituting the above
solutions containing Ca~ and Mg'*. The currentvoltage definition of chemical potential into the flux formufe*
relationships of single cardiac RyRs were determined in

solutions of Ca*, Mg**, and monovalent cations and fitted 2¢,

by an extension of the Poissehlernst-Plank formulation of V'@ =——1-ZL)A+¥(@) — VY, (L)] +
electrodiffusion. The results indicate that the PNP theory R In RIL

requires only two adjustable parameters to predict the flow of zqeq(z) + P2 (2)

Ca' from the sarcoplasmic reticulum. We thus provide a simple T
model for future studies of the €a conductance of the RyRs
and other channels. J=-D— ()

Materials and Methods _ dc(2 d¥(2) N (&1¢4] %

e
- ——C.(Z ,

Lipid Bilayer Recordings. Single-channel measurements | az %kBT 97 keT dz
were performed by fusing proteoliposomes containing purified forj=1..N
cardiac RyR with Mueller-Rudin type bilayers containing . -
phosphatidylethanolamine, phosphatidylserine, and phospha-With boundary conditions
tidylcholine in the ratio 5:3:2 (25 mg of total phospholipid per
mL n-decanef? The two sides of the bilayer are defined as cis W(0) = Wy(0) + Vopp (4)
(cytosolic) and trans (SR lumenal), and the trans side is W) =W, (L) (5)
electrically grounded. Unless otherwise indicated, single chan- !
nels were recorded in solutions of 0.25 M NaCl, 0.25 M KCI, ¢ (0)= C(l )e 2*"@%T  forj=1..N, atz=0 (6)
or 0.25 M CsCl (with 2 mM KHepes at pH 7.5) containing 4 ! !
uM Ca™ on the cis side to activate the channels. Different C(L) = C,(r)e—ée‘l’bi(L)/kBT, forj=1..N, atz=L (7)
CaCl, from 4 uM to 50 mM were added to the trans side. The ! !
ionic solutions used for measuring IV curves and obtaining whereL is the length of the channeR is the radiusP(2) is the
extended PNP parameters are listed in Tables 1 and 2. Electricakharge distribution of the channel protein defined in the domain
Signals were filtered at 0.5 or 2 kHZ, dlgltlzed at 10 kHZ, and [O, L], C:J(l) is the concentration in the left bath aﬂ;{r) the
analyzed by pClamp software (Axon Instruments). concentration in the right batla, is the dielectric constant of

Data Analysis. Analysis of the permeation data of mono- the aqueous porey, is the dielectric constant of the channel
and divalent cations through the RyR2 by the extended PNP protein and the lipid membran&appi is the applied voltage,
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A = Vappi + Whi(0) — Wyi(L), and Wy, is the usual Donnan
potential?>27 f; is the excess chemical potential, and the
subscriptf denotes the ion species. The electric current is then
| = AYjezJ;, whereA is the channel cross sectional area.

In eq 2, the first term on the right-hand side is a dielectric
polarization charge. The second term is the charge carried by
the mobile ions, and the third term is the charge on the channel
protein. The first two terms in the extended flux formula (see
eq 3) are the usual flux components from the concentration
gradient and another component of flux driven by electric field.
The extension is in the third term, which originates from the
gradient of the excess chemical potential due to a different local
chemical interaction. The above coupled equations are solved
numerically, and the procedure to solve the above equations
has been describéd.

In the calculation, the bath concentrations in eqs 6 and 7 are
replaced with activities. The activitg is defined as

a=yC

where C is the ionic concentration angt is the activity
coefficient. The activity coefficient in the baths is taken from
Table 19 of ref 28, and assumed to be 1 inside the RyR2
selectivity filter (i.e.,C = a). Once the concentrations are
replaced with the activities in the boundary conditions (at the
two openings of the channel), the concentration inside the pore
is found by integrating eq 3.

In the extended PNP theory, the channel protein and lipid
membrane are described as dielectric medid (ith a fixed
charge distribution?(z). Each ion species is described by three
parameters: valenceg), diffusion coefficient D;), and the
excess chemical potentiak). In the calculation, the function
form of the excess chemical potential is simply assumed to be
a step function, with different value in the baths than in the
pore. It has been showrthat the exact smoothing of the
discontinuity of the excess chemical potential is not critical,
and it will only perturb the numerical value a little.

To predict the calcium ion conductance in solutions contain-
ing Ca"* ions as conducting ions, the diffusion coefficient and
the excess chemical potential of Caare needed as described
above, because they are the input parameters to the extende
PNP theory. The permeation parameters of Cans can be
obtained by a least-squares fit of the extended PNP theory to
the single-channel currenvoltage relations in mixtures of
monovalent salts with C&. The measured single-channel
current-voltage relations, in solutions listed in Table 1, are fitted
by the extended PNP formulation to obtain (extract) the
permeation properties of Ca. All the other parameters in the
extended PNP theory, except those offCaare taken from
the literature: The literature values were not adjusted to improve
the fit. Specifically, the geometry of the selectivity filter i
=3.5A,L=10A, and the dielectric property is defined &y
= 2, e, = 80. The average charge distribution along the filter
region isP(z) = —4.1(*0.2)M. The parameters of monovalent
cations (Nd, K*, and Cg) are taken (again as they are without
change) from Table 3 of ref 1, and they are as followgNa)
= 7.8(0.9) x 1077 cn¥/s, @(Na) = —25(2) mV; D(K) =
1.3(0.2) x 1078, i(K) = 0 mV; D(Cs)= 8.3(%0.8) x 1077,
#(Cs) = 1.3(x0.1) mV; andD(Cl) < 4.1 x 1076, a(Cl) = 0
mV. D(CI) is set to 4.1x 107? in the calculation, but it can be
set to a value up to 4.% 1076 without affecting the numerical
result significantly. Once the diffusion coefficient and excess
chemical potential of Ca" are obtained by the least-squares
fit (using the experimentally measured IV's in the salt solutions
of monovalent cations with 4M cis Ca"*), the single-channel
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PNP fit to the RyR2 IV Relations

KCl and CaCl,
150.0
u [KCI] =[KCl],,,,=250mM
® [KCI] =[KCI],,,,=250mM, [CaCL}],,, =5mM
100.0 A [KCIL=[KCl,,,.=250mM, [CaCl,},,,.=10mM

+ [KCI], =[KCI],,,,=250mM, [CaCl],.,.=50mM

[KCI],=250mM, [CaCL}], =25 mM

Single—Channel Current (pA)

=150

.0
-150.0 =-50.0 +50.0

Membrane Potential (mV)

Figure 1. Extended PNP fits to currenwvoltage relations in mixtures

of KCl and CaC}. Single-channel ionic currents were measured in the
indicated solutions in the cis and trans chambers of the lipid bilayer
setup. The symbols show the experimental data and the lines the PNP
fits. The cis and trans solutions contaipM Ca™™, if the concentrations

of CaCl are not explicitly indicated.

+150.0

Barrier model, PNP, and experiment
in solutions of KCI with CaCl,

150.0
4 [KCI|,=[KCl],.,,=250mM, [CaCl,},,,.=10mM ki
¥ [KCI],=250, [CaCl,}, ;=25 mM
PNP o
100.0 |B=-8Barrier Model X4

@ — -0 Barrier Model

50.0

Single-Channel Current (pA)

d

-100.0

-150.0 -50.0 50.0

Membrane Potential (mV)

Figure 2. Comparison of the fits of the barrier and extended PNP
models with experimental data in mixtures of KCI and GaGingle-
channel ionic currents were measured in the indicated cis and trans
solutions. The solid symbols show the experimental data, the solid lines
the extended PNP fits, and the broken lines with the open symbols the
barrier model fits.

150.0

calcium ion fluxes can be predicted in ionic solutions of any
calcium concentration by the extended PNP theory. We make
some of these predictions here.

Results and Conclusions

The 21 current voltage relatiord5 measured in symmetrical
K* (Figure 1), Nd (not shown), and Cs(not shown) salts at
0.25 M with various C&" concentrations, along with five more
measured in K solutions containing Mg" (Figure 3) and one
containing Ca™ and Mg'* (Figure 4)—are fitted simultaneously
by the extended PNP. All parameters stay the same from solution
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PNP fit to Mg data least-squares fit (LN3,5,(1F"—1,)9) is 2.9 pA, which is
equivalent to 8% error.
1250 ‘ Figure 1 shows the fits to five current voltage curves in

Cl]=[KCl = . -
:{ﬁc:}“s:{ﬁc:}:::}gggm,[Mgc.zlmzm.v. / symmetric KCI without added trans (SR lumenal) CaCl
A

is

A [KCI],=[KCll ,;=250mM, [MGCL,},,,;=10mM A (squares) and with 5 mM (circles), 10 mM (triangle up) ,and
750 b sonr (o maam ™ 50 mM (diamonds) CaGladded to the trans side of the bilayer,
and with 250 mM KCI on the cis side and 25 mM CaGh the
trans side but without trans KClI (triangle down). The extended
25.0 S — PNP—solid lines—fits the experimental data very well, with
some deviations at high negative and positive holding potentials.
The fits to the corresponding IV relations in the mixtures of
-25.0 ¥ Y e NaCl and CsCl with CaGlare similar to the fits in the KCI
solutions (not shown).

Figure 2 compares experimental data in two mixtures of KClI
-75.0 / and CaCl with fits from the extended PNP and the classical

Jans

Single-Channel Current (pA)

barrier model. The fits for the barrier model were calculated
using the four barrier and three binding site modél efith a
prefactor for an ideal gas and a computer program kindly
provided by Dr. AlvareZ? The up-triangles are IV points
) ) o measured in symmetrical 250 mM KCI with 10 mM Ca®©h
Figure 3. Current-voltage relations in mixtures of KCl and Mgl = w0 yranq side, and the fit by the barrier model for this ionic
Single-channel ionic currents were measured in the indicated cis and L ’ . . .
trans solutions, both containingM Ca**. The symbols show the  Solution is the dash line with open squares. The down-triangles
experimental data and the lines the extended PNP fits. are the measured IV points in the bi-ionic solution of 250 mM
KCI on the cis side and 25 mM Cagbn the trans side, and
PNP fit to Mg data the dash line with open circles is the fit by the barrier model
for this ionic solution. The solid lines are the fit from the
100.0 ‘ extended PNP. The PNP model fits the experimental data well
:{ﬁg;}:::l:f;lxgﬂfmﬂmJWmﬂmM at hoIdi_ng potentials_. ranging fr_on=r150_ to +150 mV. By
A[KCIL,,,=125mM, [MgCL, ,.=1mM, [CaCl,,..=2mM comparison, the barrier model failed to fit the experimental data
B at holding potentials more negative thartbO mV or more
50.0 g positive than 50 mV. Similar fits by the extended PNP
formulation and deviations by the barrier model were obtained
when these were applied to mixtures of NaCl or CsCl with GaCl
(not shown).
The free M@ ™ concentration in cardiac muscle has been
reported to range from 0.7 to 1.0 m¥MThe extended PNP fits
to the currentvoltage relations in KCI solutions with Mg
present on the trans side are shown in Figure 3. The experi-
mental data are well fit by the extended PNP formation at
holding potentials from-50 to +50 mV. At higher voltages,
the fits deviate from the data in symmetric KCl solutions
-100.0 s 1 containing 5 and 50 mM MgGl The extended PNP fits well
-150.0 -50.0 50.0 150.0 the experimental data in the bi-ionic solution containing 250
Memobrane Potential (mV) mM cis KCI and 25 mM trans MgGlat positive but not at
Figure 4. Extended PNP fits to currentoltage relations in mixtures negative holding potentials. Figure 4 shows the extended PNP
of KCI, CaCb, and MgC}. Single-channel ionic currents were measured  fits tg the current-voltage relations to symmetric 125 mM KCl
in the indicated cis and trans solutions. The symbols show the 541 1\ MgCl, solutions without (circles) and with (triangles)
experimental data and the solid lines the extended PNP fits. The cis n . - .
and trans solutions containgM Ca*, if the concentrations of Cagl 2 MM Ca"" on the trans-side. The data are fit well with some
are not explicitly indicated. deviations observed beyond the/5 to +75 mV range.
Figure 5 shows the excess chemical potentials for the cations
to solution and from voltage to voltage. For example, the ysed in fitting the data in Figures—% as well as those in
parameters of Clare the same in the calculation of IV'sin all  mixtures of NaCl or CsCl with Ca. The data for the

twenty-one solutions. The details of the least-squares fit have monovalent cations are taken from ref 1. The excess chemical

-125.0 ! !
-150.0 -50.0 50.0 150.0

Membrane Potential (mV)

0.0

Single-Channel Current (pA)

-50.0

been describetl. _ potential of —91 mV for Ca* and —53 mV for Mg+ are

The obtained permeation parameters for Cand Mg™* are determined from the data of the present study. The values of
as follows: D(Ca) = 8.4(t0.7) x 108 cn¥/s, u(Ca) = excess chemical potentials are assigned from @ A in the
—91(6) mV; D(Mg) = 5.4(0.7) x 10°® cn¥/s, i(Mg) = selectivity filter region (the entire region is 10 A). No attempt
—53(&6) mV. For referenceD(Ca)= 1.1 x 107°in 100 MM \yas made to vary the length of the region of the excess chemical
CaCl, bulk solution. D(Mg) in bulk is very similar. potential profiles, because the exact location has been shown

The 21 IV's have a total of 616 measured IV points. The {5 pe unimportant.

rms current value of the IV points is 40.0 pAwfs = Figure 6 shows the effects of the excess chemical potential
«/l/NziZjlijz, j denotes each IV point in the same ionic on the fits of voltage-dependence of single-channet"Ca
solution,1 denotes different ionic solutions, amdis the total currents and the distribution of Ca within the channel
number of IV-points in all solutions). The rms deviation of the selectivity filter. Data are shown for a bi-ionic solution of 250
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potential of 6.9 mV; the experimental 1V relation is fit by a

00 HKKpemomomom oo 8 ememememems cubic spline, and then the reversal potential is found with the
fit spline). No attempt was made to correct this discrepancy,
= because it would require that the weight of the least-squares
E 200} Na fits near the reversal potential be enhanced.
2 Figure 6B plots the activity profiles of Ca and K" at an
2 —a00 | ] applied transmembrane potential of 0 mV. Comparison of the
‘—; ) dash and solid lines with the solid circles shows that, as a
o Mg Lo o .
g ' i consequence of strong binding, the activity (concentration) of
£ 0ol ! — u(K')y=omv . Ca'* is elevated in the binding region (assumed to range from
2 ' S et | 1 to 9 A in Figure 6B) of the 10 A long selectivity filter. The
=2 E == (s ! two peaks in the Ca" activity profile (dash line with solid
00 ' ™ HMg =53 ' circles) are the direct consequence of jumps in the excess
. ca___ i chemical potentials at 1 &r® A (Figure 5, where it is assumed
that excess chemical potential is a step function and it only has
-100.0 L L : . two discontinuities from bulk from each side. More complicated
0.0 0.2 0.4 0.6 0.8 1.0 . . . i,
L functional shape of excess (_:hem|cal pqtentlal will intruduce
Figure 5. Excess chemical potentials used in the extended PNP more free parameters, and it IS not_used n present s_tudy). They
calculations. The excess chemical potentials fot‘Cand Mg are reflect an attractive local chemical interaction of'Cawith the

obtained from least-square fits. The values of the monovalent cations selectivity filter, mimicking the effect of a binding site in the
are taken from 1. In the calculations, the 10 A pore region from 1 to filter region of RyR2. The physical origin of such binding

9 A'is assigned a different excess chemical potential than the bulk (attractive short-range local interaction) needs to be investigated
solution, where it is zero. In the calculation, the exact region assigne

X ) ha - > d by a detailed molecular theory, such as the mean-spherical-
with the value of excess chemical potential is not critical and will only imation theo} detailed lecular d ic simul
affect the numerical values. approximation theof} or a detailed molecular dynamic simula-

tion with an appropriate force field, combined with the specific
mM KCI at the cis side and 25 mM Caght the trans side of  knowledge of the RyR2 structure. The dash line shows the K

the bilayer. Figure 6A compares experimental data with two activity profile with z(Ca) = —91 mV. The K' occupancy is
predicted IV curves obtained witly(Ca) = —91 mV or reduced because of electrostatic repulsion when the*Ca
i#(Ca) = 0. Strong “binding” of Ca* to the RyR2 pore is  occupation is increased, due to a strongerGzhemical binding
necessary to match the measured and predicted IV curves. Evetiocally. The solid line is the K activity profile whenz(Ca) =
though the experimental data fit reasonably well the predicted 0. A nearly linear profile is calculated from a high potassium
curve assuming strong €abinding, the reversal potential was ion activity on the cis side (left) to zero activity on the trans
offset by 5.4 mV (1.5 mV as compared to a measured reversal side (right). This is a case of simple diffusion from high to zero

75.0 T T T 5.
A Lo B — K, u(Ca™)=0
— p(Laz{)—*‘)lmV o o Caz', u(Caz‘)=0
- wca’)=0 -==- K, u(Ca’)=—91mV
A experiment ®--0Ca’, u(Ca’)=—91mV
4. -
Z 500} )
2 \
- 1 -~
5 \ #e
3 3. F ‘\ / \
% =3 \ / \
2 250} > \ . /,' \
S = V N\we *
6 g \‘ II \\
L 2t y
g) XY
& 00} AN
! \
Y
1 s
1 \‘
4 .
BATH ' ~ BATH
-25.0 ) . ) ! Seel
-100.0 -50.0 0.0 50.0 100.0 RSN
Membrane Potential (mV) leo e S.O 100 20.0
z (A)

Figure 6. (A) Predicted current voltage relations in the absence and presence of an excess chemical potential. The predicted IV relations with
250 mM KCI at the cis side and 25 mM CagGlt the trans side. Triangles are the experimental data. Solid line is the IV relation calculated with
Z(Ca)= —91 mV, and the broken line is predicted by the extended PNP wf@a)= 0 mV. The data show that it is necessary to have a strong
chemical interaction of Ca with the RyR2 pore to fit the data. No(K) = 1.1 x 1076 cn¥/s is used in this figure. (B) Predicted activity profiles

in the absence and presence of an excess chemical potential. The activity profiles' afndakK™ in the same bionic solution as that in panel A,
without (solid lines) and with (broken lines) a chemical interaction of OQaith RyR2, at applied membrane potential of 0 mV. The solid line is

the activity profile of the K in the absence of Cd chemical interaction with RyR2. It rises due to the surface Donnan potential from the cis bath.
Inside the pore, it has the profile of a nearly linear gradient from cis side (left) to zero concentration (right). This is the case of simple diffusion
from a high to zero concentration, with a small nonlinear effect from the interaction ‘of ®&h the permanent charge along the RyR2 pore. A
similar Ca™* activity profile is obtained when there is no chemical interaction (solid line with filled circles). It rises from the trans side bath,
follows a nearly linear line, and falls to zero on the cis side bath. The situation is very different when there is a strong chemical interaction of Ca
with the RyR2 pore, described by an excess chemical potentiaBdf mV. The strong binding of Cd elevates the activity of Cd (dash line

with filled circles) to a higher concentration than when there is no binding in the pore (solid line with filled circles).
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A . . . . B -500 . . . .
— — K, when [KCI],.=[KCl},,,,=150mM, [CaCl,],.=[CaCl,],,..=4uM —— [KCI]=[KCl],,,,;=150mM, [CaCl,];;=[CaCl,], 4, =4uM
—— K. when [KCI],.=[KCI], .=150mM, [CaCL],.=4uM, [CaC —— [KCI],=[KCl],,,,,=150mM, [CaCl,], =4uM, [CaCL)},,, =1mM
I, i, - == [KCI],,=IKCI],,,.=150mM, [CaCl,]  =4uM, [CaCl,),,, =5SmM
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Figure 7. (A) Activity profiles in the absence and presence of €Ca&Shown are the activity profiles of the permeating iong @6d Cd™) at zero
membrane potential in symmetric 150 mM KCI without added Ga@d with 1 mM and 5 mM Caglat the trans side. The bath profiles are
omitted for clarity. The profiles for Clare omitted because they are negligible. The dash and solid lines without symbols are(fondcdash
line without Cd™* ions; solid line with 1 mM C&*; short-dash with 5 mM C&). The solid line with filled circles is for 1 mM C&d trans, and
the dash line with the open circles is for 5 mM‘Carans. The profiles show that €astrongly competes with Kin the RyR2 pore region. (B)
Electrical potential profiles in the absence and presence &f.Cahown are the electrical potential profiles for three symmetric 150 mM KCI
solutions without added Cagf{long-dash lines) and with 1 mM (solid line) and 5 mM (short-dash line) €a@dled to at trans side.
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Figure 8. (A) Comparison of predicted and measured electric currents at zero applied membrane potantials. lonic currents are measured in symmetric
150 mM KCl in the absence of symmetric 1 mM Mg@hd the indicated concentrations of trans GaSblid points indicate the experimental data,

and the solid line is predicted by the extended PNP and the long-dash lines by the barrier model. The short-dash line was obtained assuming single
site kinetics as described by the Michaelis-Menten equation. Experimental data are the ®darof 4-5 experiments. (B) As Figure 8A but the

presence of 1 mM symmetric MgLIExperimental data are the meanS.E. of 3 experiments.

concentration. The small nonlinear effect arises from the which can introduce extra energy to accommodate such devia-
repulsion of K by Ca™* and from the attraction of Cd to tion from charge neutrality.

the RyR2 pore. (The curve would have been linear in the  The SR membrane is freely permeable to monovalent3®ns,
absence of calcium ions because it would be a case of a simplewhich suggests a SR membrane potential near zero. Figure 7
self-diffusion.) Wheri(Ca) = 0, the potassium ion occupancy shows the predicted activity profiles and electrical potential

(Ox* = ar? NAfEC(KﬂC) d¢, whereN, is Avogadro’s number profiles in two ionic solutions of physiological interest at an

andL is the length of the channel) is 0.4. The occupancy of applied transmembrane voltage of 0 mV. The two solutions are

Ca™ is 0.28. The two kinds of cations together neutralize the symmetrical 150 mM KCI with 1 mM CaC] and with 5 mM

overall charge in the pore region if the electrostatic interaction CaCh added to the trans side, compared to the case in a

is the only interaction. Whepn(Ca) = —91 mV, however, an symmetrical 150 mM KCI without added CaClIFigure 7A

extra short-range local chemical interaction must be included. shows the activity profiles of K and Ca™. The profiles for

In this case, the potassium ion occupancy is 0.2 (reduced becaus€l~ are omitted because they are negligible. The long-dash line

of the preference in Ca binding) and C&" occupancy is the K' activity profile in the symmetric 0.15 M KClI solution
increases to 0.5. Note that overall charge neutrality is violated without added Ca*. The solid and short-dash lines are for K

because of the extra short-range local chemical interaction, with 1 mM and 5 mM CaGlat the trans side, respectively, and
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the lines with the circles are for €&a. The profiles show that SR lumenal Ca' concentration. The results show that the
1 mM (solid line) and 5 mM (short-dash line) €astrongly extended PNP formulation accurately predicts th&'Gaurrents
compete with K to occupy the selectivity filter region of RyR2  under physiological relevant conditions and thus can provide
channel pore. The occupancy of ks significantly reduced by ~ important information on the function of the RyR2.

i+ ; ; PR S
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raised from 1 mivi to 5 m (soli ' Vs short das ine). Figure ASAP on 7/26/2003. Several changes have been made to the
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