THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 46, pp. 36040-36048, November 12, 2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

Molecular Mechanisms of EAST/SeSAME Syndrome
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Inwardly rectifying potassium channel Kir4.1 is critical for
glial function, control of neuronal excitability, and systemic K*
homeostasis. Novel mutations in Kir4.1 have been associated
with EAST/SeSAME syndrome, characterized by mental retar-
dation, ataxia, seizures, hearing loss, and renal salt waste.
Patients are homozygous for R65P, G77R, C140R or T1641; or
compound heterozygous for A167V/R297C or R65P/R199Stop,
a deletion of the C-terminal half of the protein. We investigated
the functional significance of these mutations by radiotracer
efflux and inside-out membrane patch clamping in COSm6 cells
expressing homomeric Kir4.1 or heteromeric Kir4.1/Kir5.1
channels. All of the mutations compromised channel function,
but the underlying mechanisms were different. R65P, T1641,
and R297C caused an alkaline shift in pH sensitivity, indicating
that these positions are crucial for pH sensing and pore gating.
In R297C, this was due to disruption of intersubunit salt bridge
Glu?®8_Arg®®”. C140R breaks the Cys'°®-Cys'*° disulfide bond
essential for protein folding and function. A167V did not affect
channel properties but may contribute to decreased surface
expression in A167V/R297C. In G77R, introduction of a pos-
itive charge within the bilayer may affect channel structure or
gating. R199Stop led to a dramatic decrease in surface expres-
sion, but channel activity was restored by co-expression with
intact subunits, suggesting remarkable tolerance for trunca-
tion of the cytoplasmic domain. These results provide an
explanation for the molecular defects that underlie the
EAST/SeSAME syndrome.

Kir4.1 (encoded by gene KCNJ10), a member of the inwardly
rectifying potassium (Kir) channel family, is essential for the
control of glial function and neuronal excitability, systemic K™
homeostasis, and renal salt exchange (1, 2). Kir4.1 subunits
form homotetrameric channels (see Fig. 14) or co-assemble
with Kir5.1 (KCNJ16) in heterotetramers with distinct phys-
iological properties (3—6). In renal tubular epithelia, these
channels are responsible for maintenance of a negative
membrane potential that drives ion pumps and exchangers
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(7, 8). In astrocytic glia, Kir4.1-containing channels account
for the spatial buffering of K™ released by neurons during
action potential propagation (1, 9-12). Kir4.1 is predomi-
nant in Miiller glial cells, where it contributes to normal
retinal physiology (13-18), and in satellite glial cells of sen-
sory ganglia (19). Kir4.1 channels in oligodendrocytes are
critical for myelination (20, 21), and in various cell types of
the inner ear they play arole in K regulation and generation
of the endocochlear potential, essential for normal develop-
ment of the cochlea and audition (22-25).

Polymorphisms in the KCNJI0 gene have been associated
with decreased astrocytic Kir channel currents (26), seizure
susceptibility, and epilepsy (27-30), but biophysical character-
ization of these variants failed to show effects on Kir4.1 channel
properties (31). More recently, two independent studies de-
scribed a novel syndrome, termed EAST or SeSAME, that pre-
sents with a unique set of symptoms including epilepsy, ataxia,
mental retardation, hearing loss, and electrolyte imbalance
related to renal salt loss (32, 33). Genetic screening revealed
that EAST/SeSAME patients are homozygous or compound
heterozygous for novel mutations in KCNJ10 that result in
amino acid substitutions in Kir4.1 (R65P, G77R, C140R,
T1641, A167V, or R297C) or a deletion of the C-terminal half
of the protein (R199Stop; see Fig. 1, A and C). Loss of Kir4.1
function associated with these mutations has been reported
(34, 35). Here, we used radiotracer efflux and electrophysi-
ological measurements to investigate the functional signifi-
cance of EAST/SeSAME mutations expressed heterolo-
gously in COSm6 cells. Our data show that each of these
mutations compromises the function of both homomeric
Kir4.1 and heteromeric Kir4.1/Kir5.1 channels and can
account for the clinical phenotype. Kir4.1 function is
reduced by distinct mechanisms, and collectively our find-
ings provide novel insights into the critical role played by
these residues in Kir4.1 channel function.

EXPERIMENTAL PROCEDURES

Expression of Wild-type and Mutant Kir4.1 Channels in
COSm6 Cells—pEGFP-rKir4.1, in which rat Kird.1 cDNA is
fused to a N-terminal EGFP> tag (36), was used as template into
which EAST/SeSAME mutations were introduced, by means of
the QuikChange II site-directed mutagenesis kit (Stratagene).
The integrity of all of the constructs was verified by sequencing.

2The abbreviations used are: EGFP, enhanced GFP; Mes, 4-morpho-
lineethanesulfonic acid.
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FIGURE 1. Molecular basis of the EAST/SeSAME syndrome. Patients are homozygous for Kir4.1 mutation
R65P, G77R, C140R or T164l; or compound heterozygous for R65P and R199Stop (a deletion of the C-terminal
half of the protein) or A167V and R297C. A, predicted location of modified residues in the Kir4.1 channel,
modeled on the crystal structure of chicken Kir2.2 (42) (Swiss-PdbViewer 4.0.1). Kir4.1 subunits consist of two
membrane-spanning domains (TM1 and TM2) that flank a signature K* -selective pore (F), and functional chan-
nels are formed by the assembly of four subunits. Viewed in the plane of the membrane, only alternate
transmembrane or cytoplasmic regions (uniquely colored) are displayed for clarity. Cyan spheres represent K*
ions. The area missing in R199Stop is shown in gray. B, close-up views showing predicted intrasubunit disulfide
bond between Cys'®® and Cys'° (top) and predicted salt bridge between Glu?®® and Arg®®” from adjacent
subunits (bottom). The side chains are shown as sticks and colored according to atom type: oxygen, red; carbon,
yellow; nitrogen, blue; sulfur, green. C, sequence alignment of human Kir4.1 (SwissProt accession number
P78508.1) with hKir1.1 (ROMK, P48048.1), hKir2.1 (P63252.1), hKir3.1 (P48549.1), hKir5.1 (QINPI9.1), hKir6.2
(Q14654.2), and hKir7.1 (060928.1) reveals different degrees of conservation of the positions mutated in EAST/
SeSAME syndrome throughout the Kir channel family.

COSm6 cells were plated in 6- or 12-well dishes and cultured in
DMEM (Invitrogen) supplemented with 10% FBS, 10° units/
liter penicillin, and 100 mg/liter streptomycin. At 80% conflu-
ency, the cells were transfected with the different plasmids

Relative flux = 1 — exp[—(k; + k,) X time]

tion at a 1:1 Kir4.1 to Kir5.1 ratio,
e.g. 0.5 pug of pEGFP-rKir5.1/well
in 12-well plates. The biophysical
properties of EGFP-tagged wild-
type channels (pH dependence
and rectification; see Figs. 4 and 5)
were identical to those reported
for nontagged channels in na-
tive cells (37) and heterologous
expression systems (5, 6). How-
ever, we cannot discount the pos-
sibility that the fluorescent tag
might affect localization or traf-
ficking. Cells transfected with
empty pEGFP vector (mock trans-
fected) served as controls. Multi-
ple transfections were done in
parallel.

8Rb* Efflux Assays—Cells in
12-well plates were incubated for
18 h in culture medium with 1
uCi/ml #RbCl (PerkinElmer Life
Sciences) and subsequently washed
with Ringer’s solution containing
118 mm NaCl, 2.5 mm CaCl,, 1.2 mm
KH,PO,, 47 mm KCl, 25 mm
NaHCO,, 1.2 mm MgSO,, and 10
mMm Hepes (pH 7.4). The experiment
was initiated by adding fresh Ring-
er’s to the cells, and at selected time
points the medium was collected for
analysis and replaced with fresh
solution. Upon completion of the
assay, the cells were lysed with 2%
SDS and collected. Radioactivity in
the samples was then measured by
liquid scintillation. The raw data are
shown as ®*Rb* efflux relative to
total counts, including all time
points and the cell lysate for each
construct. The rate constant of
Kir4.1- or Kir4.1/Kir5.1-specific
86Rb* efflux k,, proportional to
Kir4.1- or Kir4.1/Kir5.1-dependent
K* conductance, was estimated by

fitting the data to the following single exponential equation,

(Eq. 1)

using FUGENE 6 transfection reagent (Roche Applied Sci-
ence). Typically, 1 ug of DNA was mixed with 3 ul of
FuGENE 6, and the cells were incubated in the presence of
the transfection mixture for 18 -24 h. Heterozygous states
were attained by transfecting cells with equal amounts of the
relevant DNAs, while keeping the total amount of DNA con-
stant at 0.5 png/well in 12-well plates or 1 pg/well in 6-well
plates. For experiments with heteromeric Kir4.1/Kir5.1
channels, pEGFP-rKir5.1 was added to the transfection reac-
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where the apparent rate constant for nonspecific efflux k; was
obtained from control cells. SigmaPlot 10.0 (Systat Software)
was used for curve fitting.

Electrophysiology—One day after transfection, the cells in
six-well plates were trypsinized and plated overnight onto ster-
ile glass coverslips. Cells expressing the different EGFP-Kir4.1
fusion proteins fluoresced under ultraviolet light and were
selected for patch-clamp analysis. The experiments were per-
formed at room temperature in an oil gate chamber that
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allowed the solution bathing the exposed surface of the isolated
patch to be changed rapidly (38). Micropipettes were prepared
from nonheparinized hematocrit glass (Kimble-Chase) on a
horizontal puller (Sutter Instrument Co.) and filled with a solu-
tion containing 140 mm KCl, 1 mm K-EGTA, and 10 mm Hepes
(pH 7.5) to a typical electrode resistance of 1 M{). The mem-
brane patches were voltage-clamped using an Axopatch one-
dimensional amplifier (Molecular Devices), and the currents
were recorded at —100 mV (pipette voltage, +100 mV) in on-
cell and inside-out excised patch configuration. In other exper-
iments, a pulse protocol was applied in which membrane
potential (V,,,) was held at 0 mV and stepped first to —100 mV
for 30 ms and then to a test value for 140 ms before returning to
the holding potential for an additional 30 ms. The test potential
varied from —100 to +100 mV in 10-mV increments. Steady-
state currents were measured at the end of 140 ms. The data
were filtered at 2 kHz, and the signals were digitized at 5 kHz
with a Digidata 1322A (Molecular Devices). pClamp and Axo-
scope software (Molecular Devices) was used for pulse protocol
application and data acquisition. Bath solutions (Kj.) con-
tained 140 mm KCl, 1 mm K-EGTA, 1 mm K-EDTA to prevent
channel rundown (39) and 10 mm Hepes (pH 8.5 or 7.5) or 10
mM Mes (pH 6.5, 6, or 5.5).

Cell Surface Biotinylation and Protein Fractioning—The cells
plated in 100-mm dishes were transfected at 60% confluency
with 4 pg of wild-type or mutant Kir4.1, as described above.
After 48 h, cell surface protein biotinylation and extraction of
cytosolic and surface membrane fractions were performed,
using the Pierce cell surface protein isolation kit (Thermo Sci-
entific). Briefly, the cells were washed in ice-cold PBS and incu-
bated in Sulfo-NHS-SS-Biotin solution (0.25 mg/ml) at 4 °C for
30 min. At this time, the reaction was quenched, and the cells
were collected and incubated for 30 min in lysis buffer; during
the incubation, the reaction was sonicated to help disrupt the
cells. The lysate was centrifuged, and the supernatant was
added to columns containing immobilized neutravidin gel for
biotin binding and incubated for 1 h at room temperature. The
columns were centrifuged (1000 X g, 1 min), and the flow-
through was collected as the cytosolic protein fraction and
mixed with SDS-PAGE sample buffer (62.5 mm Tris/HCI, pH
6.8, 1% SDS, 10% glycerol) containing 5% mercaptoethanol.
Subsequent to washing with a buffer containing 10% protease
inhibitor mixture (Sigma), 400 ul of SDS-PAGE buffer with 50
mM DTT was added to the columns. After 1 h of incubation at
room temperature, the columns were centrifuged, and the flow-
through was recovered as the cell surface membrane protein
fraction. Trace amounts of bromphenol blue were added to the
membrane and cytoplasmic fractions before analysis by West-
ern blot.

Western Blotting—Cytosolic and surface membrane protein
fractions were separated by SDS-PAGE on 8% gels and trans-
ferred to PVDF membranes. These membranes were stained
with India ink and analyzed by densitometry to determine the
total protein (40). The various EGFP-Kir4.1 fusion proteins
were detected with a mouse monoclonal anti-GFP antibody
and an HRP-conjugated goat anti-mouse secondary antibody
(Santa Cruz Biotechnology), using the SuperSignal® West Dura
extended duration chemiluminescent substrate (Pierce). The
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FIGURE 2. K* conductance is reduced in EAST/SeSAME mutants. A and B,
time course of relative ®Rb™ efflux in mock transfected control cells and in
cells expressing WT or mutant Kir4.1 channels, in homozygous or compound
heterozygous configuration (white symbols, A) or co-transfected with WT
(gray symbols, B). Control and WT data are shown in both A and B to facilitate
comparison. C, flux data were fitted to Equation 1 to obtain the rate constants
for Kir4.1-dependent 8Rb™ efflux k,. Nonspecific k, was estimated in control
cells at 0.009 + 0.0003 min~' (n = 12), assuming k, = 0. The data represent
the means = S.E. of 4-12 experiments, each in triplicate. *, p < 0.05 as com-
pared with the WT (one-way analysis of variance and Kruskal-Wallis test).
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intensity of the signal was normalized to protein density. Den-
sitometry and fluorescence detection were performed using a
gel documentation system (Versa Doc model 1000; Bio-Rad).

Data Analysis—The data were analyzed using Clampfit 10.1
(Molecular Devices) and Excel (Microsoft). SigmaPlot 10.0 and
Prism 5.03 (GraphPad Software) were used for statistics and
figure preparation. The results are presented as the means *
S.E. (standard error of the mean). Where indicated, one-way
analysis of variance and Kruskal-Wallis test or paired Student’s
t test were applied to evaluate statistical differences between
groups.

RESULTS

EAST/SeSAME Mutations Reduce Kird.1-mediated K*
Conductance—It has been suggested that EAST/SeSAME
mutations (Fig. 1) compromise the activity of the Kir4.1 chan-
nel and contribute to the phenotypic manifestation of the syn-
drome (32, 33). To test this hypothesis, we first investigated the
effect of these mutations on macroscopic K™ conductance, by
means of radiolabeled Rb™ efflux assays in cells expressing
homomeric Kir4.1 channels (Fig. 2). The efflux of **Rb* over
time in mock transfected control cells and in cells transfected
with WT or mutant Kir4.1 channels, independently and com-
bined, is presented in Fig. 2 (A and B). The data were fitted to
Equation 1 to obtain nonspecific and Kir4.1-mediated rate con-
stants k; and k,, respectively (Fig. 2C). k, decreased significantly
in cells expressing mutant channels (Fig. 2, A and C, white sym-
bols and bars). We simulated the genetic composition of
asymptomatic carriers of EAST/SeSAME mutations by co-ex-
pressing WT and mutant alleles (Fig. 2, B and C, gray symbols
and bars). k, increased to almost WT levels in WT/R65P,
WT/R199Stop, and WT/T164I and to a lesser extent in WT/
G77R, WT/C140R, and WT/R297C. Intriguingly, A167V
reduced k, by ~40% in both homozygous and heterozygous
conditions (Fig. 2C). This mutation thus appears benign on
its own when in homomeric Kir4.1 channels but is found in
heterozygous combination with R297C in the patient, where
it could contribute to the phenotype.

We then determined the effect of EAST/SeSAME mutations
in heteromeric Kir4.1/Kir5.1 channels (Fig. 3). In cells co-trans-
fected with WT Kir4.1 and Kir5.1, K* conductance was notably
more sensitive to acidification than in cells expressing homo-
meric Kir4.1 channels (supplemental Fig. S1), consistent with
the recognized properties of heteromeric Kir4.1/Kir5.1 chan-
nels (5, 6). As shown in Fig. 3, the function of Kir4.1/Kir5.1
channels was also compromised by EAST/SeSAME mutations
(Fig. 3, A and C, white symbols and bars) to a similar extent to
that seen in Kir4.1 homomers (Fig. 2) and was partially restored
by co-transfection with WT Kir4.1 subunits (Fig. 3, B and C,
gray symbols and bars). Collectively, the data show that all
EAST/SeSAME Kir4.1 mutations decrease K™ conductance in
both Kir4.1 homomers and Kir4.1/Kir5.1 heteromers and sug-
gest that G77R, C140R, and R297C act as dominant negative
subunits in the tetrameric complex when co-expressed with
WT, resulting in decreased heterologous channel function.
However, the absence of clinically relevant symptoms in the
carrier parents and siblings of EAST/SeSAME patients indi-
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FIGURE 3.Impaired Kir4.1 function is not rescued by Kir5.1 in heteromeric
channels. A and B, time course of relative ®*Rb™ efflux in control cells, in cells
expressing Kir5.1 (5.1), and in cells co-expressing Kir5.1 and WT or mutant
Kir4.1 channels, in homozygous or compound heterozygous configuration
(white symbols, A) or co-transfected with WT Kir4.1 (gray symbols, B). Control
and WT data are shown in both A and B to facilitate comparison. C, flux data
were fitted to Equation 1 to obtain the rate constants for Kir4.1/Kir5.1-depen-
dent #Rb™* efflux k,. Nonspecific k, was estimated in control cells at 0.007 +
0.001 min~" (n = 8), assuming k, = 0. k, was negligible in cells transfected
with only Kir5.1, consistent with the inability of Kir5.1 subunits to assemble in
functional homotetrameric channels (6). The data represent the means = S.E.
of 3-12 experiments, each in triplicate. *, p < 0.05 as compared with the WT
(one-way analysis of variance and Kruskal-Wallis test).
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FIGURE 4. Kir4.1 currents are decreased in intact cells expressing mutant channels. A, representative
on-cell currents measured in mock transfected control cells and in cells expressing WT or mutant Kir4.1. The
pulse protocol is shown in the top left panel. Pipette and external solution were K, buffer at pH 7.5. The dotted
lines indicate zero current. B, steady-state current-voltage relationships from experiments as in A, normalized
to the value at =100 mV (I_;00 mv)- G /_100 myv @S @ measure of current density. Circles represent data from
individual patches (n = 10-70); bars indicate the means = S.E. of all experiments. *, p < 0.05 as compared with

the control (one-way analysis of variance and Kruskal-Wallis test).

cates that the residual activity of the heterozygous channels is
sufficient to avoid a clinical phenotype.

Next, we used patch-clamp analysis to evaluate the impact of
EAST/SeSAME mutations on the properties of Kir4.1 currents
(Figs. 4 and 5). Characteristic inward rectification of Kir4.1
channels was observed in cells expressing WT and mutant
channels (Fig. 4, A and B). On average, on-cell WT I_, oo ...,y Was
1.6 = 0.1 nA; individual measurements varied from 0.35 to 3.5
nA but were at least 20-fold higher than in mock transfected
control cells (0.020 = 0.003 nA; Fig. 4C). R65P/R199Stop, R65P,
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near WT levels upon excision into
pH 8.5. Each of these channels was
markedly inhibited at physiologi-
cal pH, and recovery from acidic
pH was much slower than in WT
(Fig. 5 and Table 1). Consistent
with a failure to generate func-
tional channels, currents in G77R, C140R, or R199Stop were
indistinguishable from those in mock transfected control cells at
all pHs (Fig. 5).

Decreased Surface Expression Contributes to Loss of Function
in R199Stop, A167V, and R297C—Finally, we explored the pos-
sibility that the observed effect of EAST/SeSAME mutants in
Kir4.1 channel function may result from or be complicated by
impaired surface expression. To this effect, we performed
quantitative Western blot analysis of purified cytosolic and sur-
face membrane protein fractions from untransfected cells and
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FIGURE 5. R65P, R297C, and T1641 form channels with increased pH sensitivity. A, representative current
traces. Membrane potential was held at —100 mV, and inward currents were recorded continuously on cell and
in inside-out excised patches exposed to K at pH 8.5-5.5; arrowheads mark the point of excision. The base-
line current was determined at pH 5.5. The time constant of channel reactivation after acidic inhibition 7, was
obtained by fitting the time course of recovery at pH 8.5 with a single exponential (Table 1). B, currents
measured on-cell (yellow bars) and after exposure to pH 8.5-5.5 from experiments as in A. An asterisk denotes
a significant difference (p < 0.05) between the currents measured on-cell and after excision into pH 8.5,
as determined by paired Student’s t test. The results are the means * S.E. from 6-10 patches.

from cells expressing WT or mutant
Kir4.1 (Fig. 6). Representative ex-
periments are presented in Fig. 6A.
In transfected cells, both fractions
yielded a single band at ~280 kDa,
which corresponds to the predicted
mass of EGFP-Kir4.1 tetramers; no
signal was detected in untransfected
cells. Fig. 6B shows the fluorescence
intensity (proportional to Kir4.1
protein density) in internal (white
bars) and surface (gray bars) mem-
brane fractions of cells expressing
mutant channels, relative to WT.
Intracellular and cell surface fluo-
rescence were normal in R65P,
2-fold increased in G77R and
C140R, and over 3-fold increased in
T1641. On the other hand, the sig-
nals decreased 40% in the cytosol,
over 90% in the membrane of
R199Stop, and 70% in both fractions
of A167V. Relative surface expres-
sion was 60% in R65P/R199Stop,
50% in A167V/R297C, and 70% in
R297C, whereas cytosolic levels
were normal. These results indicate
that, at least in our expression sys-
tem, the reduced K* conductance
observed in channels containing
R199Stop, A167V, and R297C sub-
units may partly result from defects
in protein synthesis, stability, or
expression at the surface. The rela-
tive absence of R199Stop in the
surface membrane fraction pro-
vides validation for the biotinylation
technique and indicates that there is
relatively little, if any, contamina-
tion by the cytoplasmic fraction.

DISCUSSION

Loss of Kir4.1 Function Is Respon-
sible for the EAST/SeSAME Phe-
notype—Kird.1 channels are es-

sential for brain, ear, and kidney physiology (1, 2, 22). Missense

TABLE 1

pH sensitivity of WT and mutant Kir4.1 channels

Currents at pH 7.5 and 6.5 from Fig. 5B are shown relative to the current at pH 8.5.
The time course of current recovery at pH 8.5 following exposure to pH 5.5 as in Fig.
5A was best fitted to a single exponential relationship to obtain the time constant of
channel reactivation ;. The results are the means = S.E. from # patches.

and nonsense mutations in KCNJ10, the gene encoding Kir4.1,
have been identified in EAST/SeSAME syndrome patients (32,
33). Individuals affected by this disorder present with an array
of neurological and renal symptoms, including seizures, ataxia,
mental retardation, sensorineural deafness, and electrolyte

Ls/ls s Los!lss o " imbalance. Identified patients are homozygous for R65P, G77R,
© C140R, or T164I or compound heterozygous for R65P/

WT 098 =001  0.92*0.05 3004 10 .
ALETV 097 1001 093+ 0.00 s6t07 - R199Stop or A167V/R297C (Fig. 1). Here, we show that all of
R65P/R199Stop  0.82+0.01  041+006  17.6 =57 8 these mutations disrupt channel function in Kir4.1 homomers and
R65P 0.69+004 017005 173%15 6 . . . .
A167V/R297C 069 £ 0.06 046+ 0.00 o706 10 K1r4:1/K1r5.1 heterom‘e%rs, in agreem?nt with two other recent
R297C 0.35+007  0.19 +0.09 11+02 8 studies (34, 35). In addition, we investigate the molecular mecha-
T1641 0.15+001 004001 173*46 6
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nisms responsible for the loss of Kir4.1 function in each case.
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FIGURE 6. Differential expression of EAST/SeSAME mutants in cytosolic and surface membrane frac-
tions. A, representative Western blots in untransfected cells and in cells expressing WT or mutant Kir4.1
channels, following cell surface biotinylation. The EGFP-Kir4.1 fusion proteins were detected at 280 kDa
with antibody against GFP. B, fluorescence intensity in cytosolic (white bars) and surface membrane (gray
bars) fractions. The data were normalized to WT and are represented as the means =+ S.E. of 3-8 experi-
ments. An asterisk denotes a significant decrease with respect to WT (p < 0.05; one-way analysis of

variance and Kruskal-Wallis test).

In COSm6 cells transfected with mutant channels, Kir4.1-
mediated K* conductance was significantly reduced, but in
most cases not completely abolished (Figs. 2—5). Cells express-
ing the allele combinations found in patients retained up to 21%
of the function as indicated by the rate of homomeric and het-
eromeric Kir4.1-dependent #*Rb™ efflux k, (Figs. 2C and 3C),
but seemingly this residual activity is insufficient to prevent the
disease. On the other hand, 30—50% activity remained in cells
co-expressing WT and C140R, R297C, or G777 (Fig. 2, Band C,
and 3, B and C), and this corresponds to the expected function
in heterozygous relatives of EAST/SeSAME patients who are
reportedly asymptomatic. Taken together, these findings sug-
gest a threshold of residual activity below which individuals will
manifest the disorder and above which they will remain asymp-
tomatic; in our expression system, this corresponds with a cut-
off between 20 and 30% of residual activity. In turn, this may
help predict the outcome of as yet unreported genotypes. For
example, homozygotes for R199Stop or R297C should be symp-
tomatic, because k, was only up to ~1 and ~20% of WT in cells
expressing these mutants in homozygous configuration (Figs.
2C and 3C). On the other hand, k, was ~60% of WT in cells
expressing A167V (Fig. 2C) but only ~18% in cells expressing
A167V/Kir5.1 (Fig. 3C). This raises the possibility that homozy-
gotes for A167V present with a milder or intermediate form of
the syndrome as a result of compromised heteromeric Kir4.1/
5.1 channel activity but not homomeric Kir4.1 activity.

Arg®®, Thr'®*, and Arg®®” Are Implicated in pH Sensing—Al-
though they all led to the same clinical phenotype, each muta-
tion affected channel properties in distinct ways, and this may
help in understanding the role played by the relevant residues in
Kir4.1 function. Gly’” is located halfway through TM1 (Fig. 14),
and in other Kir channels this position is conserved or occupied
by uncharged residues such as Cys, Val, or Leu (Fig. 1C). In
G77R, the positively charged side chain of Arg in the middle of
the bilayer may significantly affect pore structure or gating. On
the other hand, K™ conductance was decreased in cells express-
ing channels formed by R65P, T1641, A167V, and R297C, but
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arises from the increased pH sensi-
tivity conferred by R297C and R65P,
respectively (Fig. 5 and Table 1).
Arg®” is conserved in Kir channels
and is predicted to form a salt bridge
with Glu?®® in the adjacent subunit
(Fig. 1B, bottom panel) that controls
pH gating (43, 44). Consistent with this, we found that k, was
7% of WT in cells expressing E288C and 17% in cells expressing
the double mutant E288C/R297C in homomeric Kir4.1 chan-
nels (supplemental Fig. S2, A and C, white bars), and only 4 and
2% of WT in heteromeric Kir4.1/Kir5.1 channels (supplemental
Fig. S2, B and C, gray bars). Neutralization of the equivalent
residues in Kirl.1 and Kir2.1 causes Bartter’'s and Andersen’s
syndrome, respectively, because of increased pH sensitivity
(45—47). Arg®® is relatively conserved throughout the Kir fam-
ily, but intriguingly it corresponds to a proline at the equivalent
residues in ATP-sensitive Kir6.1 and Kir6.2 subunits (Fig. 1C),
and K, 1p channels are less sensitive to intracellular pH (48).
Mutations that neutralize Arg®?, the equivalent residue in
Kir2.1 (KCNJ2), result in a complete loss of function (45)
through unknown mechanisms. Here we provide evidence that
this arginine at the base of TM1 may be part of the pH sensing
and gating machinery in Kir channels. Accordingly, an alkaline
shift in pH sensitivity has been observed in HEK293 cells and
Xenopus oocytes expressing R65P (35).

T1641 channels were inhibited at physiological intracellular
pH (Figs. 2-5), and this was a consequence of a sharp alkaline
shift in pH sensitivity (Fig. 5 and Table 1) that can entirely
account for the clinical phenotype. Thr'®*is located at the bun-
dle crossing in TM2 (Fig. 14) and has been proposed to form a
hydrogen bond with Lys®” in TMI1, equivalent to the Lys*—
Ala'”” pair in Kirl.1 that stabilizes the closed state at low pH
(43, 49). Our data highlight the importance of the Lys®”—Thr'¢*
intrasubunit interaction in Kir4.1 channel pH sensing and gat-
ing. Accordingly, neutralizing mutations in Lys®® reduce the
pH sensitivity in Kirl.1 channels, whereas A177T results in
increased pH sensitivity and is associated with Bartter’s syn-
drome (43, 50).

The Disulfide Bond between Cys'® and Cys'*° Is Indispensa-
ble for Kir4.1 Channel Function—Kir4.1-mediated K con-
ductance was severely compromised in C140R (Figs. 2-5), and
this was not due to decreased surface expression (Fig. 6). Cys'*°
forms an intrasubunit disulfide bridge with Cys'®® (Fig. 1B, top
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panel) that is absolutely conserved throughout the eukaryotic
Kir channel family. Biochemical and structural data in Kir2
channels indicate that the disulfide bond between the equiva-
lent residues (Cys'**~Cys'°) is essential for proper folding and
function (51-53). In additional experiments, we observed that
ky, was only 2% of WT in cells expressing C108E, 5% of WT in
cells expressing the double mutant C108E/C140R in Kir4.1
homomers (supplemental Fig. S3, A and C, white bars), and only
3and 2% of WT in Kir4.1/Kir5.1 heteromers (supplemental Fig.
S3, B and C, gray bars). Our results suggest that this disulfide
bond is critical to Kir4.1 function and cannot be effectively
replaced by less stable interactions such as a salt bridge.

The C-terminal Domain of Kird.1 Is Essential for Surface
Expression, but Is It for Channel Activity?>—R199Stop introduces
a premature termination codon that deletes the C-terminal half
of the protein, i.e. most of its cytoplasmic domain (Fig. 1). Com-
plete loss of function in R199Stop corresponded with a dra-
matic drop in surface expression (Fig. 6), which may arise from
defective protein synthesis, targeting, or insertion. In accord-
ance with our findings, PDZ-binding and di-hydrophobic
sequence motifs have been identified in the C terminus of
Kir4.1 that are essential for cell surface retention and basolat-
eral localization in renal tubular cells (54, 55). R199Stop is not
dominant; k, was 80% of WT in cells expressing WT/R199Stop
and 80% of R65P in cells expressing R65P/R199Stop (Fig. 2C).
This may be a consequence of higher expression levels of intact
WT or R65P subunits under our experimental conditions.
Intriguingly, however, it is also consistent with tetrameric
channels containing up to two R199Stop subunits being active
(based on binomial distribution). Further study may help eluci-
date whether truncated R199Stop subunits not only may be
stabilized in the membrane by their intact counterparts but
may contribute to functional channels.

In summary, Kir4.1 mutations R65P, G77R, C140R, T164I,
R65P/R199Stop, and A167V/R297C led to a loss of function in
homomeric Kir4.1 and heteromeric Kir4.1/Kir5.1 channels and
contributed to the EAST/SeSAME phenotype. The mecha-
nisms involved in each case are different, and our findings pro-
vide feed-forward genetic insights into the structural basis of
pH sensing, gating, surface expression, and channel stability.
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