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Abstract

AIM: Functional characterization of ATP1A2 mutations
that are related to familial or sporadic hemiplegic mi-
graine (FHM2, SHM).

METHODS: cRNA of human Na*/K"-ATPase - and pi-
subunits were injected in Xenopus laevis oocytes. FHM2
or SHM mutations of residues located in putative o/p
interaction sites or in the a2-subunit’s C-terminal region
were investigated. Mutants were analyzed by the two-
electrode voltage-clamp (TEVC) technique on Xenopus
oocytes. Stationary K*-induced Na*/K" pump currents
were measured, and the voltage dependence of ap-
parent K* affinity was investigated. Transient currents
were recorded as ouabain-sensitive currents in Na*
buffers to analyze kinetics and voltage-dependent pre-
steady state charge translocations. The expression of
constructs was verified by preparation of plasma mem-
brane and total membrane fractions of cRNA-injected
oocytes.

RESULTS: Compared to the wild-type enzyme, the
mutants G900R and E902K showed no significant dif-
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ferences in the voltage dependence of K*-induced cur-
rents, and analysis of the transient currents indicated
that the extracellular Na* affinity was not affected.
Mutant G855R showed no pump activity detectable by
TEVC. Also for L994del and Y1009X, pump currents
could not be recorded. Analysis of the plasma and
total membrane fractions showed that the expressed
proteins were not or only minimally targeted to the
plasma membrane. Whereas the mutation K1003E had
no impact on K" interaction, D999H affected the volt-
age dependence of K*-induced currents. Furthermore,
kinetics of the transient currents was altered compared
to the wild-type enzyme, and the apparent affinity for
extracellular Na* was reduced.

CONCLUSION: The investigated FHM2/SHM mutations
influence protein function differently depending on the
structural impact of the mutated residue.

© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: Na*/K*-ATPase; Electrophysiology; Voltage
dependence; Familial hemiplegic migraine; C-terminus;
B-subunit

Core tip: Mutations of the human A7P1A42 gene, which
encodes the Na/K"-ATPase o2-subunit, are associated
with familial hemiplegic migraine (FHM2) that is in-
herited in an autosomal dominant fashion. We studied
seven ATP1A2 mutations related to FHM2 or sporadic
hemiplegic migraine by electrophysiological and bio-
chemical methods to characterize functional impair-
ments. The mutations G855R, GO00R, E902K, L994del,
D999H, K1003E and Y1009X were selected according
to their structural importance: in putative interaction
sites between a- and B-subunit and in the a-subunit’
s C-terminal region. Some of these mutations showed
a severe loss of function, and we discuss the functional
and physiological consequences in order to better un-
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derstand the molecular basis for neurological impair-
ments.
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INTRODUCTION

Migraine is a common neurological disease, and the dif-
ferent forms are defined by the International Headache
Society criterial, Familial hemiplegic migraine (FHM)
and sporadic hemiplegic migraine (SHM) are rare auto-
somal-dominant subforms of migraine with aura. These
syndromes are associated with some degree of motor
weakness (hemiparesis) and other neurological symptoms
during the aura phase. FHM is inherited in an autosomal
dominant fashion and genetically heterogeneous. There
are 2 number of mutations related to FHM in three dif-
ferent genes: the CACNATA gene (FHM1) coding for
the neuronal Ca:2.1 calcium channel™ the ATP7.42
gene (FHM2) encoding the qz-subunit of the Na'/K'-
ATPase™, and the SCN7.4 gene (FHM3) encoding the
neuronal Na.1.1 sodium channel®™. The clinical symp-
toms of SHM are identical to those of FHM but without
affected family members.

The Na‘/K'-ATPase is a transmembrane protein
which transports two K" ions in and three Na" ions out
of the cell upon hydrolysis of ATP (Figure 1A). This elec-
trogenic P-type ATPase assumes two principal conforma-
tional changes during its reaction cycle. Upon binding of
three intracellular Na' ions in the ATP-bound Ei confor-
mation, the phosphorylated intermediate with occluded
Na', EiP(3Na"), is formed, followed by a change to the
phosphorylated E2P(3Na") conformation, from which
Na" ions are released to the extracellular medium. Because
of the increased affinity for K" in this configuration, two
K" ions bind subsequently, which triggers the dephos-
phorylation, and binding of intracellular ATP accelerates
the conformational change from Ez to Ei1. At last, the K
ions dissociate to the cytoplasm. The sequential transloca-
tion of Na" and K" ions requires strict cation specificity
of the phosphorylation and dephosphorylation reactions.
According to the 3Na"/2K" stoichiometry of transport,
electrogenic turnover activity of the Na' /K -ATPase cot-
responds to outward movement of one positive charge
per reaction cycle, and the major electrogenic event has
been shown to take place duting extracellular release or
reverse binding of N2, This has been suggested to
arise from passage of Na' ions through a narrow, high-
field access channel or Gon well™".

The Na' /K -ATPase consists of at least two manda-
tory subunits (Figure 1B). The large catalytic a-subunit
1s composed of ten transmembrane domains (M1-M10),
which are linked by five extracellular and four intracel-
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lular loops. The smaller regulatory -subunit is a single-
span transmembrane protein (M) with an ectodomain
exhibiting several glycosylation sites. Several isoforms of
both subunits are expressed in human cells in a tissue-
specific manner. In human brain, the o-subunit is mainly
expressed in glial cells (astrocytes), and loss-of-function
of the Na'/K'-ATPase can result in neuronal hyperex-
citability, which is commonly explained as follows. The
Na' /K -ATPase maintains the gradients for K" and Na*
ions, which are essential for the accurate function of
secondary active transporters or ion channels, whose ac-
tivities depend on these gradients. On one hand, changes
of the Na" gradient influence, first, the activity of the
Na'/Ca® exchanger (NCX) which is crucial for, eg., Ca”'
signaling. Second, the ability of the glial Na'/ glutamate
symporter to remove the neurotransmitter glutamate
from the synaptic cleft is affected. On the other hand,
an altered K" gradient impairs the repolarizing activity
of neuronal K channels, which is critical for setting the
threshold of action potential generation. Hyperkalemia is
known to trigger the phenomenon of cortical spreading
depression (CSD), the putatively causal mechanism of
the aura phase during a migraine attack'"".

Up to now, far more than 50 mutations of the AT-
P71.42 gene, which are associated with SHM or FHM2,
have been described in literature >, Yet, most of these
mutations have not been studied by electrophysiological
techniques, which is a prerequisite for a better understand-
ing of the functional consequences on enzyme activity.

In continuation of previous works"""” we studied
seven FHM2 or SHM mutations, which are located in
regions that are putatively critical for transport properties
of the human Na' /K -ATPase g-subunit, (Figure 1B),
with the two-electrode voltage-clamp technique (TEVC)
and biochemical methods to analyze protein expression.
Since mutations in the oe-subunit’s C-terminal region
were shown to have complex effects on enzyme activity,
cation affinities and voltage dependence“()’m], we analyzed
four mutations in the transmembrane segment aM10 and
in the C-terminus (1.994del, K1003E™, D999H"" and
Y1009X"" to further understand structure-function rela-
tionships in the C-terminal region. Furthermore, interac-
tions between the ¢- and -subunit are not satisfactorily
clarified so far. Especially, the highly conserved SYGQ
motif in the aM7/M8-loop is believed to interact with
the B—ectodomain[zz’z‘ﬂ. The FHM2 mutations G90OR™!
and E902K™ are located within this motif and were
functionally analyzed in this work. In addition, Gly852
(oM7) has previously been shown to interact with two
tyrosines of the [3M[26]. In this work, we show that the
FHM2 mutation G855R”" which is located near this
interaction site, has severe consequences on the mutant
protein’s plasma membrane expression.

MATERIALS AND METHODS

Mutagenesis
As described beforem’m, human Na' /K -ATPase op- and
Bi-subunit cDNAs were subcloned into a modified pCD-
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Figure 1 Reaction mechanism and structural detail of the Na'/K’-ATPase. A: Schematic reaction cycle of one Na'/K'-ATPase pump molecule. The cytosolic side
is shown at the bottom of each molecule depicted with an ion pathway to the right, whereas the extracellular side is set at the top. Na* ions are shown as red circles,
and K’ ion are shown as green squares. Blue circles depict the phosphorylated state; B: Simplified structure of the Na'/K’-ATPase indicating FHM2/SHM mutation
positions studied in this work. The o-subunit is composed of ten transmembrane domains (blue). The N- and C-terminus are located intracellularly. The B-subunit
comprises only one transmembrane domain (green) and a large ectodomain with several glycosylation sites. FHM2/SHM mutations are marked in red.

NA3.1 vector. To distinguish the activity of the heterolo- Stationary currents

gously expressed constructs from the endogenous Xerno- K -induced currents were determined as the difference
pus Na'/K'-ATPase, the mutations Q116R and N127D of currents measured in a distinct K buffer and currents
were introduced in the human qz-subunit to reduce the measured in Na' buffer. Oocytes were subjected to the
ouabain sensitivity (ICso in a mmol/L fﬁﬂge)[zs]- This con- following voltage pulse protocol: from -30 mV holding
struct is herein referred to as “RD-WT”. Mutants wete potential, cells were clamped to potentials between +60

designed by introducing mutations into the RD-WT .- mV and -140 mV (in -20 mV decrements) for 200 ms,
construct by site-directed mutagenesis (Quikchange® kit, followed by a pulse back to -30 mV. All currents within

Stratagene). All PCR-derived fragments were verified by one experiment were normalized to the pump current

sequencing (Eurofins MWG Operon, Ebersberg, Ger- amplitude at 10 mmol/I. K" and 0 mV. To determine the

many). apparent affinity for extracellular K, voltage-dependent
Kos(K ) values were determined using fits of a Hill

Two-electrode voltage-clamp equation j _ Tinas

cRNA synthesis was carried out with the T7 mMessage 1+ (K(’i )nﬂ

mMachine kit (Ambion, Austin, TX). 25 ng of oe- and 2.5 (K]

ng of PBi-subunit cRNAs were coinjected into oocytes of to the normalized K'-induced currents at a given mem-

Xenopus laevis. After three days incubation in ORI buffer brane potential (Kos is the concentration at half-maximal

(contents in mmol/L: 110 NaCl, 5 KCl, 1 MgClz, 2 CaClz, current, and nu is the Hill coefficient). nu values from the
5 HEPES, pH 7.4, and 50 mg/L gentamycin) at 18 C, fits were between 1 and 1.5.

oocytes were subjected to a Na' loading procedure pre-

ceding experiments to elevate [Na']in. For this purpose,  Analysis of transient currents

oocytes were incubated for 45 min in Na' loading solu- To obtain kinetic information about extracellular Na"
tion (contents in mmol/L: 110 NaCl, 2.5 sodium citrate, binding/release and the voltage-dependent distribution
5 MOPS, 5 TRIS, pH 7.4) and stored subsequently in Na" of pump molecules between EiP and E:2P states, pre-
buffer (in mmol/L: 100 NaCl, 1 CaClz, 5 BaClz, 2 MgClz steady state currents under Na"/Na" exchange conditions

and 2.5 MOPS, 2.5 TRIS, pH 7.4) for at least 30 min. were recorded. These ouabain-sensitive transient currents

Currents were recorded at room temperature were calculated as the difference between currents mea-
(21 'C-23 'C) using a Turbotec 10CX amplifier (NPI sured in Na" buffer with 10 pmol/I. ouabain (blocking
instruments, Tamm, Germany) and pClamp 10 soft- only the endogenous Na" pump) and in the presence of
ware (Axon Inst., Union City, CA). Solutions used for 10 mmol/L ouabain (to inhibit the RD-mutated enzyme).
measurements were: Na' buffer (in mmol/L: 100 NaCl, Data were fitted by using a monoexponential function,
1 CaClz, 5 BaClz, 2 MgClz, 2.5 MOPS, 2.5 TRIS, 0.01 excluding the first 3-5 ms to eliminate capacitive artifacts,
ouabain, pH 7.4), and K' buffers with distinct K con- yielding time constants T and amplitudes A. The trans-
centrations, which were prepared by adding appropriate located charge QQ was determined from the product A
amounts of KCI to Na" buffer. X1. The resulting Q(V) curves were approximated by a
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Boltzmann function:

B QunasQunin
Q) = Quun * 274 X F(V-Vos3)

1+ exp

whete Qe and Qi are the saturation values of Q(V), 175
is the half-maximal voltage at which equal distribution of
EP and E,P states is achieved, z, the fractional charge, F
the Faraday constant, R the molar gas constant, T the tem-
perature, and [” the membrane potential. After fitting, the
translocated charge values were normalized to saturating
values (Quax - Qumin) after subtracting Q.

Isolation of membrane fractions from oocytes

To assess impairments in plasma membrane targeting
or expression of mutant proteins that showed no pump
current activity in TEVC experiments, plasma membrane
(PM) and total membrane (TM) fractions were isolated
from oocytes injected with cRNA of the constructs as
described before! . All obtained samples were dissolved
in SDS-PAGE sample buffer, and the amount of protein
corresponding to the equivalent of two oocytes was sepa-
rated by 10%SDS-PAGE and blotted on nitrocellulose
membranes. Since oocytes are homogenous in size, the
procedure of loading the equivalent of a certain number
of cells provides an internal loading standard, as shown
previously'”. The or-subunits of Na'/K'™-ATPase were
detected with the specific polyclonal antibody AB9094
(Chemicon, Temecula, CA). Afterwards, blots were incu-
bated with a HRP-conjugated secondary antibody (Dako,
Glostrup, Denmark). Proteins were visualized by an en-
hanced chemiluminescence reaction (Roche, Mannheim,
Germany).

Structural examinations and figures

Structural inspections of the Na'/K'-ATPase (PDB
structure entry 3B8E) were carried out with Swiss PDB
viewer 3.7. Figures were prepared with PyMOL 1.0r1
(http:/ /www.pymol.org). Data analysis and figure presen-
tation were carried out with Origin 7.0 (Originlab Corp.,
Northampton, MA).

Statistical analysis

Statistical analyses were carried out based on the Student’
s +test for independent samples. The significance level P
< 0.05 is indicated in the figures by an “a” above the data
points reaching this significance level.

RESULTS

Stationary K'-induced pump currents and apparent K'ex
affinity

From the investigated ATP1A2 mutants, only G900R,
E902K, D999H and K1003E showed K'-induced cut-
rents with amplitudes that were sufficiently large for elec-
trophysiological analysis (> 10 nA, Figure 2), whereas no
measurable pump activity could be detected for the mu-
tants G855R, 1.994del and Y1009X. For G900R, E902K
and K1003E, the bell-shaped 1(V) curves at different
[K'Jes did not differ significantly from those of the RD-
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WT enzyme. This voltage dependence of currents is due
to the extracellular competition between K and Na" ions
for the two “shared” cation binding sites. With proceed-
ing hyperpolarization of the membrane, reverse binding
of extracellular Na" is stimulated and K" pump activity
inhibited"".

For D999H, in contrast, the voltage dependence of
K -induced currents apparently deviated from RD-WT
behavior (Figure 2C). In general, at negative potentials,
the current amplitudes of the mutant were small com-
pared to RD-WT amplitudes (data not shown), but at
+60 mV, they were in the same range as RD-WT ampli-
tudes (100-200 nA). We suppose that the activity of the
D999H construct was similar to the RD-WT enzyme at
positive potentials. In contrast to the RD-WT enzyme,
the I(V) curves of D999H at high K" concentrations (2, 5,
10 mmol/L) were nearly constant at potentials between
-100 to -40 mV and even increased at hyperpolariza-
tion below -100 mV, indicating that the inhibition of K
pump activity by reverse binding of extracellular Na" is
not as efficient as in the RD-WT enzyme. At potentials
motre positive than -20 mV, the K'-induced currents
started to rise steeply, which shows that positive mem-
brane potentials had a stronger effect on enzyme activity
of the D999H mutant compared to the RD-WT enzyme
in this voltage range.

As for the apparent K affinity in Na" containing buf-
fers, Kos(K") values were determined from K -induced
currents at different [K']ex and plotted as a function
of the membrane potential (Figure 3). For G900R,
E902K, K1003E and RD-WT, the voltage dependence
of Kos(K") values can be approximated by a parabolic
function. The minimal Kos(K') values were similar, with
values between 1.09-1.25 mmol/L (Table 1). For the
RD-WT enzyme, the apparent K" affinity decreases at
negative potentials because the reverse binding of ex-
tracellular Na' is stimulated. In contrast, the Kos(K")
values determined for mutant D999H did not increase at
hyperpolarization, but were nearly voltage-independent
between -140 mV and -40 mV (Figure 3C). The minimal
Kos(K") value was 0.67 mmol/L and shifted to negative
potentials. Apparently for D999H, extracellular Na" does
not compete as efficiently with K" as for the RD-WT
enzyme, which indicates a reduced affinity of the mu-
tant for extracellular Na" (or destabilization of the Na'-
bound Ez state). To further investigate this question, the
electrogenic Na"/Na" exchange mode was examined.

Electrogenic Na'/Na' exchange

To investigate changes in apparent Na'e affinity, we
measured transient currents under Na'/Na" exchange
conditions (ouabain-sensitive currents, 0 mmol/L K").
Representative transient currents of the RD-WT enzyme
are shown as inset in Figure 4E, and the reciprocal time
constants of the charge translocation are shown in Fig-
ure 5. Basically, the voltage dependence of the reciprocal
time constants determined for mutants G900R, E902K
and K1003E conformed to that of the RD-WT protein.
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Table 1 Minimal Ko.s values from [K*]ex dependence of pump currents and parameters of

Boltzmann fits to Q(V) curves derived from transient currents (means + SE)

Minimal Ko.s (K*)/mmol/L Membrane potential at minimum/mV Vo.s/mV

q

RD-WT 1.12+0.01 -62+1.5
G900R 1.09 +0.04 02+47
E902K 1.25 +0.03 -152+23
D999H 0.67 £ 0.08 -97.6+4.4
K1003E 1.10 £ 0.03 6.6+33

09+13
03+3.1
21+21
-67 +14
-11.3+4.3

0.77 £0.02
0.76 £ 0.02
0.81 £0.02
0.33 £0.11
0.75 £ 0.06

However, kinetics of charge translocation was slightly
faster for these mutants compared to the RD-WT en-
zyme. Especially for G900R and E902K, the rise of the
reciprocal time constants (') at hyperpolarizing poten-
tials was enhanced.

The voltage dependence of charge translocation is
shown in Figure 4 and provides information about the
distribution of pump molecules between EiP and E2P
states” . For the mutants G900R and E902K, the Q(V)
curves are similar to that of the RD-WT protein, and the
Vos values in particular did not differ (Table 1). The Vos
value of mutant K1003E was shifted by -5 to -15 mV.
This hints at a slightly reduced apparent Na e affinity of
this mutant' ), which, however, does not seem to impair
function in terms of the voltage dependence and the am-
plitudes of K'-induced currents (Figure 2D).

The D999H mutation had more severe consequences
on Na'/Na" exchange. In general, the transient current
signals were fast and small compared to the RD-WT en-
zyme (data not shown). In addition, the Q(V) curve of
translocated charge was linearly dependent on membrane
potential, and saturating values were not cleatly detect-
able within the investigated voltage range (Figure 4C).
Hence, the approximation with a Boltzmann function and
determination of Vos proved to be difficult. For fitting,
the zq value (Table 1) was reduced until the fitted function
superposed the Q values. For this reason, the determined
zq can only be regarded as an upper limit, and with a value
of 0.33, zq was very small compared to the RD-WT en-
zyme (0.77). Since Vos also directly depends on the quality
of the fit, it is likely that the shift of Vos by about -70 mV
is only a rough estimate for the lower limit of the actual
shift. Nonetheless, this strong negative shift shows that
D999H has a considerably reduced affinity for extracel-
lular Na* since very strong hyperpolatization is required
to force Na' jons into the binding sites and to enable the
subsequent conformational change to EP". This is in
good agreement with the simultaneously reduced Kos(K")
values at negative potentials. Furthermore, kinetics of
the D999H transient currents was less voltage-dependent
than for the RD-W'T protein (Figure 5C). 1" values varied
between 200 and 300 s at potentials below 0 mV and in-
creased up to 400 s at depolarization. These results show
that the apparent affinities for Na' and K" (or stabiliza-
tion of the cation-occluded state) as well as charge trans-
location and kinetics of the Na'/Na" exchange reaction
were significantly affected by this mutation.
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Plasma membrane protein expression

Since the constructs G855R, 1.994del and Y1009X did
not yield measurable Na' /K" pump currents in TEVC
experiments, it was necessary to examine whether or not
these proteins were expressed in oocytes and properly
targeted to the plasma membrane. For this purpose,
plasma membrane (PM) and total intracellular membrane
(TM) fractions were prepared using oocytes that had been
injected with cRNA of these constructs. Representative
Western blots with TM and PM fractions of G855R,
1994del (Figure 6C) and Y1009X (Figure 6B) are shown
in Figure 6. Densitometric analysis of four Western blots
prepared from independent cell batches indicated a dis-
turbed expression pattern of these mutants (Figure 6C).
By trend, larger amounts of mutant proteins could be
detected in the TM fraction than for the RD-WT pro-
tein, which in turn was highly concentrated in the PM
fraction. However, analysis of the PM fractions showed
that the mutants were not or only minimally expressed
in the plasma membrane. The band intensities of PM
fractions were only 10%-20% of RD-WT values. Thus,
G855R, L994del and Y1009X accumulate in cytoplasmic
membranes, and targeting to the plasma membrane was
disturbed by these mutations.

DISCUSSION

a/B-interactions
Several studies have shown that the C-terminal ectodo-
main of the B-subunit is important for modulation of
cation transport by the Na“/ K'-ATPase”™. A motif of
eight amino acids (Asp897-Tyr905, amino acid sequence
DSYGQEWTY) in the aM7/M8-loop seems to be of
special importance. Interactions of the B-subunit with
this sequence element that encompasses a highly con-
served SYGQ motif were identified as crucial for correct
folding of newly synthesized a-subunits in the endoplas-
mic reticulum, and furthermore, it is suspected that an
hypothetical sequence motif for proteolytic degradation
is masked by these interactions™ . Four FHM2/SHM-
associated mutations have been identified in the extra-
cellular oM7/M8-loop so far: W887R, G900R, E902K
and R908Q"**** W887R and R908Q, which are not
directly located in the SYGQ motif, have already been
analyzed[%’m.

The W887R construct was found to be correctly

0
targeted to the plasma membrane of Xengpus oocytesl4 J,
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Figure 2 Voltage and [K']ex dependence of stationary currents for ATP1A2 RD-WT, G900R, K902E, D999H and K1003E. A-E: Dependence of K'-induced
stationary currents of the RD-WT enzyme (E) and the mutants G900R (A), E902K (B), D999H (C) and K1003E (D) on the extracellular K* concentration and on mem-
brane potential. [K'Je-dependent currents were calculated as the difference between currents induced by voltage steps first in presence of different [K'Jex and then at
[K'Jex = 0. The amplitudes at [K'Jex = 10 mmol/L and 0 mV were used for normalization. Different [K'Jex are indicated by symbols. The RD-WT curve at 10 mmol/L K is
superimposed as dotted line for comparison. Data are means + SE obtained from 5-15 cells of at least three batches.

but this mutation caused a complete loss-of-function and
a strongly reduced ouabain affinity. Koenderink ez a/*”
argued that Trp887 might rather have an influence on
Arg880, which is critical for ouabain sensitivity, than on
targeting-relevant interactions between q- and 3-subunits.
However, the loss of catalytic function might be due to
disturbed o./B-interactions during ion transport. The
R908Q mutation, which is very close to the SYGQ mo-
tif, indeed affected targeting, since plasma membrane
expression in Xenopus oocytes was reduced compared
to the RD-WT protein, which easily explains the dimin-
ished pump currents”. The highly conserved residues
Gly900 and Glu902 are located directly in the SYGQ
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motif and are presumably important for interactions with
the B-ectodomain. It was expected that the mutations
G900R, which substitutes the small unpolar glycine with
a large positively charged arginine, and E902K, where the
negatively charged glutamic acid is replaced by a posi-
tively charged lysine, would have a strong effect on func-
tion. However, both constructs showed no differences
compared to the RD-WT enzyme, neither regarding
pump activity (Figure 2A, B) nor the apparent affinities
for extracellular K (Kos(K") values in Figure 3A, B) and
for extracellular Na" (Q(V) curves and Vos values in Fig-
ure 4A, B). Presumably, either these amino acids are not
directly interacting with the B-subunit, or the positively
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Figure 3 Apparent K" affinity. A-E: Kos values for the [K'Jex dependence of stationary currents at different membrane potentials for the RD-WT enzyme (E) and the
mutants GI00R (A), E902K (B), D999H (C) and K1003E (D), as calculated from fits of a Hill function to the data in Figure 2, respectively. Data were approximated with
polynomial functions of second or third (D999H) grade to determine the minimum. The curve derived from RD-WT data is superimposed as dotted line for comparison.
An “a” indicates that the data point was significantly different from the RD-WT data (°P < 0.05 vs RD-WT, Student's t-test). Data are means + SE obtained from 5-15

cells of at least three batches.

charged side chains of arginine and lysine do not inter-
fere with o/B-interactions, at least under the conditions
of our study.

According to the crystal structure of the Na'/K'-
ATPase"? Tyr39 and Tyrd3 of BM can directly interact
with residues at positions 848-856 in aM7 (Figure 7A).
Especially, interactions between Gly852 (M7) and both
aforementioned tyrosines of the [3-subunit seem to stabi-
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lize the E2 conformation, and, as confirmed by mutagen-

. . 2641
esis studies™*"!

, not only are hydrogen bonds involved,
but also the aromatic ring system of the tyrosines. The
[B-subunit stabilizes the orientation of qM7 and, conse-
quently, also the position of aM5 because Tyr851 (oM7)
can interact with Asn780 in aM5. These interactions are
relevant for conformational stabilization during K" trans-

port™
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Figure 4 Voltage dependence of translocated transient charge. A-E: Normalized Q(V) curves from ouabain-sensitive transient currents for the RD-WT enzyme (E),
and for the mutants G900R (A), E902K (B), D999H (C) and K1003E (D). Fits of a Boltzmann function to the data are superimposed. Qmin and Qmax determined by the
fit were used for normalization. The Boltzmann curve of the RD-WT enzyme is shown as a dotted line for comparison. Transient current signals are shown in a box for
the RD-WT enzyme in panel (E). An “a” indicates that the data point was significantly different from the RD-WT data (°P < 0.05 vs RD-WT, Student's t-test).

Gly855 is sepatated by three positions from Gly852,
but due to the o-helical structute, it is oriented towards
aM5 rather than to M (Figure 7A). Two mutations at
this position have been identified in patients with hemi-
plegic migraine forms: G855R (FHM2)"" and G855V
(SHM)" with G855R presumably having a stronger
effect on Na'/K'-ATPase function. Our study indeed
shows that the G855R mutant protein is not correctly tar-
geted to the plasma membrane of Xengpus oocytes (Fig-
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ure 6A, C) although it could well be detected in the total
intracellular membrane fraction. However, disruption of
o/ B-interactions would cause degradation of the protein
already in the ER. It is conceivable that the long side chain
of the introduced arginine might disturb the structure in
a way that transmembrane domains (especially M7 and
aM5) ate not correctly positioned. Here, we cannot clarify
if the integration in the plasma membrane of G855R is
affected because of deficient o/B-interactions or because
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Figure 5 Reciprocal time constants of transient currents. A-E: Voltage dependence of reciprocal time constants 1-1 from ouabain-sensitive transient currents of
RD-WT enzyme (E) and the mutants G900R (A), E902K (B), D999H (C) and K1003E (D) under K'-free Na'/Na* exchange conditions. The fit of a polynomial function
to RD-WT values is superimposed as a dotted line. An “a” indicates that the data point was significantly different from the RD-WT data (°P < 0.05 vs RD-WT, Student's

t-test). Data are means + SE from 5-21 oocytes of at least three batches.

of misfolding, but Gly855 seems to be a ctitical position.
In this context, the effect of Y1009X and 1.994del,
which are not targeted to the plasma membrane either
but are present in the TM fraction (Figure 6), might be of
interest. As shown in Figure 7A, the flexible C-terminus
(orange) of the a-subunit is oriented towards a region be-
tween M and aM7, in interaction distance to Lys770 in
oaM5 (Figure 7B). It was suggested that Tyr998 in aM10
directly interacts with BM*”. The Y1009X mutant protein

JBaishideng® W]BC I WWW.ngnet.COm

lacks the 11 C-terminal residues, and in 1.994del, the 25
C-terminal amino acid residues are shifted N-terminally
by one position. These modifications in the C-terminus
might affect the orientation of @M7 and auM5 and there-
by, correct protein folding. To what extent o/f-interac-
tions are influenced cannot be clarified in this study.

C-terminal region
A number of functional studies imply that the C-terminus
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Spiller S et a/. Functional analysis of FHM2 mutations

A ™ PM B ™ PM
= K} [ K} = x = x
2 2 B F 3 £ 3 2 e % & 2 5 8
ka5 2 8 & & 88 3 5 ka 5§ g ¢ 5 g F
; - g 100 s .
. ———— -
, 70
2 »
70 pas——" it 4
Cc25
2.0
m ™
z O PM
815
£
o
S
81,0
5
=2
0.5
a
a a
00 Il Il Il I}
. N e
S ¥ S
& S

Figure 6 Protein expression of the constructs G855R, L994del and Y1009X. A, B: Representative Western blots for the constructs G855R, L994del (A) and
Y1009X (B) compared to the RD-WT enzyme and non-injected cells. Samples of total intracellular membrane (TM, left) and plasma membrane (PM, right) fractions
corresponding to the protein amount of two oocytes were loaded in each lane (the number of cell equivalents serves as internal loading standard); C: Densitometric
analysis of band intensities from at least four Western blots of G855R, L994del, Y1009X and RD-WT. The program ImageJ 1.440 (Wayne Rasband, United States)
was used for analysis. In each experiment, signals were normalized to the intensity of the RD-WT signal from PM samples. An “a” indicates that the data point was
significantly different from the RD-WT data (°P < 0.05 vs RD-WT, Student's t-test). Data are means + SD.

is intimately involved in the stabilization of the third
Na" binding st
which are suspected to trigger neurological diseases.
Elongation of the C-terminus provoked different func-
tional abnormalities. Investigations on a mutation found

|, including analyses of mutations

in a patient with rapid-onset dystonia parkinsonism,
where the gs-subunit’s C-terminus is extended by one
tyrosine, implied a direct participation of the C-terminus
in Na" binding™. Another C-terminal mutation X1021R
(mutation of the stop codon resulting in an elongation
of the C-terminus by 28 amino acids) was analyzed elec-
trophysiologically in Xengpus oocytes' !, Interestingly,
this mutation affected the apparent Na'e affinity of the
enzyme in a similar way as the D999H mutation. The
Q(V) curve of transient currents of X1021R was com-
parably shallow, as for D999H (Figure 4C), and linear in
the tested potential range. The zq value was reduced to 0.3
for both mutations, which implies that Na" release and
rebinding is less voltage-dependent. Furthermore, the
reciprocal time constants of transient currents showed
inverse voltage dependence compared to the RD-WT
enzyme (kinetics accelerated with increasing potentials,
Figure 5C). Similar curves were also detected for other
C-terminally mutated enzymes like AYY or AKE(S/T)YY
(deletion of the last two or five amino acids, depending
on species isoform)"”"". The transient currents corre-
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late with the movement of the third Na" ion through a
substantial fraction of the membrane dielectric, which
reaches its bindings site through a high-field access chan-
nel"™. The 1'(V) curve measured for D999H (Figure
5C) or AYY™ corresponds to a voltage dependence that
is predicted by Vasilyev ¢z al™*" for a reaction cycle in
which the intra- and extracellular access for Na' to its
binding sites is facilitated. In conclusion, the C-terminus
stabilizes the Na'-occluded state. This argumentation is
also shated by Vedovato and Gadsby, who atgued that
the C-terminally deleted mutations increase the free en-
ergy for EiP(3Na")"". This destabilization manifests in a
faster conformational change or in a faster access/telease
of intracellular Na" ions, which means that the function
of the EiP(3Na") state is impaired and correct closure of
an intracellular occlusion gate for Na' ions is not assured.

Not only are the two terminal tyrosines involved in
this stabilization, but also the residues Atrg937 (M8/M9-
loop), Asp999 (M10) and Argl002 (M10) are part of
a network of interactions with these tyrosines (Figure
7B). The FHM2/SHM mutations R937P, R1002Q"” and
D999H, as well as the AYY or AKE(S/T)YY sequence
variants have similar effects on transient currents (kinetics
and Q(V) distribution). The functional studies all show
that the C-terminus not only regulates the apparent Na e
affinity in the F2P conformation, but also the Na'in affin-
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Figure 7 Structural details of the C-terminal region and o/pB-interactions. A: Structural details (PDB structure entry 3B8E) of putative interactions between the
o~ and B-subunit. Interacting residues are shown as sticks. Tyr39 and Tyr43 in the B-transmembrane domain (green) can interact with aM7 (purple). The a-helix is
unwound at residue Gly952 (atM7). Tyr851 can form hydrogen bonds to Asn780 in M5 (marine), which is part of the K binding site 1 and II . Also shown is aM10 (light
blue) with the C-terminus (orange) of the a.-subunit; B: Structural details of the C-terminal region viewed from the intracellular side. Possibly interacting residues are
shown in sticks. The C-terminal Tyr1019 and Tyr1020 (orange) can interact with Arg1002 in aM10 (light blue), Arg937 (c.M8/M9-loop in purple) and Lys770 in aM5
(marine). Asp999 (a:M10) can form hydrogen bonds to Arg1002. Lys1003 («M10) is not involved in the C-terminal network.

ity in the E1 conformation'™"”*. Based on molecular dy-
namics simulations of the wild-type enzyme and C-termi-
nally mutated oz-subunits, it was proposed that the amino
acids Arg937, Asp999, Argl1002 and Tyr1019/1020
form an intracellular ion pathway with Asp930 at its end,
which controls the access to the third Na™ binding site
depending on the protonation state of Asp930™*?, Our
study confirms that Asp999 is at least indirectly involved
in the stabilization of Na" binding because its substitu-
tion by a histidine affected electrogenicity and kinetics of
Na' charge translocation in a similar fashion. In contrast,
the overall electrophysiological data of K1003E did not
show severe functional abnormalities, and with regard
to the crystal structure of the Na*/ K+-ATPase, we con-
clude that Lys1003 (aM10) is not directly involved in the
C-terminal network (Figure 7B).

Functional consequences
Dysfunction of the Na' /K -ATPase affects excitatory
processes in the CNS, especially in patients suffering
from hemiplegic migraine. How do the mutations studied
in this work affect the physiological processes in neuronal
signaling cascades, since the oe-isoform in human brain
is mainly expressed in astrocytes and not in neurons? The
CSD phenomenon is discussed as pathophysiological
mechanism of the migraine aura. It is promoted by hy-
perexcitability caused by insufficient removal of K" and
neurotransmitters such as glutamate from the synaptic
cleft, which is the primary function of astrocytes. The
glial Na"/K'-ATPase is directly involved in K transport,
and it indirectly influences glutamate and Ca”" transport
by regulating the Na" gradient, which is the energy source
of the glutamate transporter (EAAT) and the Na'/Ca”'-
exchanger (NCX).

GI00R, E902K and K1003E did not show significant
functional abnormalities compared to the RD-WT en-
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zyme, at least under the conditions tested here. It is pos-
sible that these mutations impair the enzymatic function
in human cells e.g. due to different temperature condi-
tions (37 “C as opposed to oocytes, which need to be kept
at room temperature), as shown previously for another
FHM2 mutation P979L". Furthermore, the constructs
G855R, 1.994del and Y1009X exhibited strongly reduced
expression in the plasma membrane (Figure 6). This hints
at an incomplete or improper folding of the protein so
that these mutants could not be correctly targeted to the
plasma membrane. In patients with such mutations, the
pump enzyme is seriously damaged, and cannot contrib-
ute to the maintenance of ion gradients or to the removal
of K'. As a consequence, hyperexcitability is probable.
Compared to all other mutants in this study, which
gave rise to measurable Na'/K' pump currents, the
D999H mutation had the largest impact on pump func-
tion. The voltage dependence of Na'/K" pump activity
was shifted to positive potentials compared to the RD-
WT enzyme (Figure 2C). We suppose that K transport
of this construct is only effective at around zero or posi-
tive membrane potentials. Since the ae-isoform is domi-
nant in astrocytes with resting potentials at -85 to -90 mV,
this mutant exhibits a severe loss-of-function. K cannot
be removed efficiently from the synaptic cleft at negative
potentials, which lowers the excitation threshold and may
trigger CSD. Furthermore, regarding the negative shift
of the Q(V) curve (Na'/Na" exchange conditions, Fig-
ure 4C) and the low Kos(K") values at hyperpolarization
(Figure 3C), we conclude that the apparent affinity for
extracellular Na" is reduced in the D999H mutant. As ex-
plained above, Asp999 is part of the C-terminal interac-
tion network which plays a role in Na" binding (especially
concerning stabilization of the third Na" binding site,
Figure 7B). Mutations at positions Arg937 and Tyr1019/
Tyr1020, which are also part of this network, affected the
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affinity for both, intra- and extracellular Na "% The
ATP1A2 gp-isoform (expressed in non-excitable cells of
the CNS) has a slightly increased Na'in affinity compared

to the g-isoform!™*

, which is expressed in neurons.
This is advantageous because enzyme activity in astro-
cytes presumably depends mainly on the increase of the
intracellular Na* concentration. In other words, [Na']i
is the important factor determining the sensitivity of the
Na' /K -ATPase towards increasing extracellular K
For instance, the intracellular Na™ concentration increases
upon glutamate uptake by EAAT, and this stimulates
pump activity and K transport. Accordingly, a reduced
Na'in affinity would constrain forward pumping with seri-
ous consequences for the recovery of the neuronal rest-
ing potential.

In effect, K™ and glutamate removal from the synaptic
cleft not only depends on Na' /K -ATPase activity, but
other transporting enzymes are also involved. Further-
more, the penetrance of ATP1A2 mutations can be low
or heterogenous because of a large diversity of pheno-
typic expression depending on genetic and environmental

conditions**”

. In consequence, physiological impacts of
oz-mutations vary and provoke clinical symptoms of dif-
ferent severity.

In conclusion, this study shows that the investigated
FHM2/SHM mutations influence protein function dif-
ferently depending on the structural impacts of the
mutated residue, and thereby, the spectrum of molecular
phenotypes of ATP1A2 mutations is widened. We have
identified at least two positions that are critical for correct
protein function, with Asp999 being involved in Na'-
binding and with Gly855 being essential for plasma mem-
brane targeting. The functional analysis of FHM2/SHM
mutations are mandatory to elucidate structure-function
relationships of the Na /K -ATPase and, furthermore,
to identify biochemical linkage between impairments of
protein function and neurological diseases. Our results
may help to understand molecular mechanisms in order
to develop a basic approach for future therapeutic strate-
gies.

ACKNOWLEDGEMENTS

The authors thank Dr. Neslihan Tavraz and Dr. Kirstin
Hobiger for valuable discussions; and the German Re-
search Foundation (Cluster of Excellence “Unifying

Concepts in Catalysis”) for financial support.

COMMENTS

Background

The Na'/K'-ATPase is a very important transmembrane protein in the signaling
cascade and it has been investigated for over 50 years. There are still open
questions concerning details of the reaction mechanism and structure-function
relationships. In patients suffering from a genetically inherited subform of mi-
graine with aura (familial hemiplegic migraine), mutations of the ATP1A2 gene,
which codes for the or2-subunit of the Na'/K'-ATPase, have been identified.

Research frontiers

To clarify structure-function relationships of the Na'/K'-ATPase, different meth-
ods have to be applied like molecular dynamics simulations, crystallography,
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mutagenesis studies together with biochemical assays or electrophysiology. Es-
pecially, interactions between the two mandatory enzyme subunits, the role of
the a-subunit's C-terminus and the detailed mechanism of Na” binding remain
unclear. This study analyzed ATP1A2 mutants functionally by electrophysiologi-
cal and biochemical methods to clarify some of these questions.
Innovations and breakthroughs

More than 50 mutations of the ATP1A2 gene associated with familial hemiplegic
migraine have been identified, but many of them have not been functionally
analyzed. This study identifies critical structure elements of the Na'/K'-ATPase
and discusses their impact on correct protein function. After publication of the
first crystal structure, many efforts were made to clarify the role of the ai-subunit’
s C-terminus and its structural interaction. The authors show in this study that
Asp999 is indeed part of the C-terminal network and is critical for Na" binding.
Furthermore, the authors have identified Gly855 to be a very critical position for
correct protein function.

Applications

This study helps to elucidate structure-function relationships of the Na'/K"-
ATPase and its correlation with neurological diseases. It is mandatory to un-
derstand the molecular basis of genotype-phenotype relations and to develop
therapeutic approaches and future therapeutic strategies.

Terminology

The Na'/K*-ATPase is an ion pump. This transmembrane protein maintains the
electrochemical gradients for sodium and potassium ions, which are necessary
for the transmission of stimuli in neurons or muscle cells. The Na'/K"-ATPase
can be inhibited by ouabain, a cardiac glycoside which was used for the treat-
ment of heart diseases. Xenopus oocytes are the eggs of the African Clawed
Frog. They are used for the expression of proteins like ion channels or ion
pumps to study ion transport by electrophysiological methods. The two-electro-
de voltage-clamp technique is used to measure changes in conductivity and ion
currents over the cell membrane. With this method, it is possible to control the
membrane potential of the cell and to analyze current-voltage relationships of
jon-transporting membrane proteins.

Peer review

This paper represent a very good piece of scientific information, it provides in-
formation on the consequences of mutations in the Na,K-ATPase alpha subunit,
measured by voltage clamp.
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