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Silencing of the Tandem Pore Domain Halothane-inhibited
K* Channel 2 (THIK2) Relies on Combined Intracellular
Retention and Low Intrinsic Activity at the Plasma
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Background: THIK2 does not generate macroscopic currents in heterologous systems.
Results: THIK2 produces K™ currents when mutated in its pore region and/or in its cytoplasmic amino terminus.
Conclusion: Silencing of THIK2 is due to low intrinsic activity and intracellular retention.

Significance: THIK2 is a functional but silent channel.

The tandem pore domain halothane-inhibited K* channel 1
(THIK1) produces background K* currents. Despite 62% amino
acid identity with THIK1, THIK?2 is not active upon heterolo-
gous expression. Here, we show that this apparent lack of activ-
ity is due to a unique combination of retention in the endoplas-
mic reticulum and low intrinsic channel activity at the plasma
membrane. A THIK2 mutant containing a proline residue
(THIK2-A155P) in its second inner helix (M2) produces K*-se-
lective currents with properties similar to THIK1, including
inhibition by halothane and insensitivity to extracellular pH
variations. Another mutation in the M2 helix (I1158D) further
increases channel activity and affects current kinetics. We also
show that the cytoplasmic amino-terminal region of THIK2 (Nt-
THIK?2) contains an arginine-rich motif (RRSRRR) that acts as a
retention/retrieval signal. Mutation of this motif in THIK2
induces a relocation of the channel to the plasma membrane,
resulting in measurable currents, even in the absence of muta-
tions in the M2 helix. Cell surface delivery of a Nt-THIK2-
CD161 chimera is increased by mutating the arginines of the
retention motif but also by converting the serine embedded in
this motif to aspartate, suggesting a phosphorylation-depen-
dent regulation of THIK2 trafficking.

Two-pore domain K* channels (K, channels)? are present
in many cell types, from plants to humans. They produce back-
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ground K" conductances that control the resting membrane
potential and influence cell excitability. K,, channels are
involved in functions as diverse as cell volume regulation, apo-
ptosis, adrenal gland development and primary hyperaldoste-
ronism, vasodilatation, neuronal excitability and altered motor
performance, central O, chemoreception and breathing con-
trol, perception of pain, polyunsaturated fatty acid-mediated
neuroprotection, and mood control (1-3). K,, channels are
active as dimers of subunits containing four membrane-span-
ning helices (M1 to M4) and two pore domains (P1 and P2).
They share the same pore architecture with the other families of
K™ channels (4, 5). The upper part of the pore is constricted
over a narrow span, termed the selectivity filter, that contains
the K* channel signature sequence (GYG). This highly con-
served region plays key roles in K™ selectivity and channel gat-
ing. The rest of the pore is surrounded by the inner helices (M2
and M4 for K, channels) that delineate a large vestibule and
contribute to the channel gating. Of 15 human genes coding for
K, channels, six subfamilies have been deduced from sequence
homology, functional properties, and regulations (1). TWIK1
and TWIK2 form a group of channels with low basal activity
and weak inward rectification. TREK1, TREK2, and TRAAK
form a group of mechanosensitive channels. TASK1 and
TASK3 are inhibited by extracellular acidification, whereas
TALK1, TALK2, and TASK2 are activated by extracellular alka-
linization. TRESK is the unique member of its own group.
Finally, THIK1 (KCNK13, K,;13.1) and THIK2 (KCNK12,
K,p12.1) channels form the last subfamily of K,, channels.
THIK1 produces background K™ currents that are inhibited by
halothane when expressed in heterologous systems (6). THIK2,
as well as TWIK1-related KCNK7 and TASK1-related TASKS5,
are not active in heterologous expression systems (6 —9). These
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spinal cord K* channel; GIRK, G protein-coupled inwardly rectifying K*
channel; SUR, sulfonylurea receptor; C-ter, carboxyl-terminal/C terminus;
N-ter, amino-terminal/amino terminus; COPI, coat protein I; APC, allophy-
cocyanin; MDCK, Madin-Darby canine kidney; EGFP, enhanced GFP.
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“silent” subunits were classified according to their sequence
homology with the other members of the K,;, family.

Multiple reasons can explain the lack of activity of an ion
channel. Channels present at the plasma membrane can require
a stimulatory regulator to be active or be maintained silent by
an inhibitory factor. Such regulatory mechanisms control gat-
ing and activity of K;, channels. For GIRK (K;,3.x) channels, the
binding of G+ is necessary for channel opening (10). On the
contrary, K,p channels (K; 6.x) are maintained closed by a
high ATP/ADP ratio (11). Channel density in the plasma mem-
brane can also be tightly regulated. Once again, GIRK and K, p
channels are good examples of such a control. The GIRK1 sub-
unit cannot reach the cell surface in the absence of other GIRK
subunits (12), and ATP-sensitive K, 6.2 subunits are retained in
intracellular compartment in the absence of their SUR partner
proteins (13). For K, channels, very few examples of such a
control have been reported yet. Surface expression of TASKI1 is
under the control of regulatory proteins, p11, 14-3-3 and COP],
which compete for their binding to the carboxy-terminal region
(C-ter) of the channel (14-17). By combining mutagenesis,
electrophysiology, and immunocytochemistry, we have shown
that the weak expression of TWIK1 in heterologous expression
systems was due to a combination of weak basal activity at the
plasma membrane (18) and intracellular retention in recycling
endosomes (19, 20). Here we have addressed the functionality
of THIK2 by using the same type of approach. By mutating key
residues involved in the gating of other K™ channels or by inves-
tigating other molecular determinants deduced from the
crystallographic structure of TWIK1 and TRAAK (4, 5), we
succeeded in obtaining functional expression of THIK2. Elec-
trophysiological properties and regulations of THIK2 confirm
its close relationship with THIK1. Besides its low activity at rest,
we also show that THIK2 is mainly present in the endoplasmic
reticulum (ER) because of a retention/retrieval motif localized
in the amino-terminal part (N-ter) of the channel.

EXPERIMENTAL PROCEDURES

Constructs—Human THIK1 (KCNK13) was cloned into the
HindIII/Xhol sites of a derivative of the pGEM vector, pLIN
vector for Xenopus oocyte expression, or a pcDNA3.1 vector
(Invitrogen) for expression in mammalian cells. Human THIK2
(KCNK12) was cloned into the HindIII/BamHI sites of the
pLIN and pcDNA3 vectors. Myc (EQKLISEEDL) and HA
(YPYDVPDYA) tags were inserted by PCR at the C-ter of
THIK1 and THIK2, respectively. Site-directed mutagenesis was
carried out by PCR of the full-length plasmid and by using Pfu
Turbo DNA polymerase (Agilent Technologies). The entire
c¢DNA was sequenced. N-ter deletion constructs were gener-
ated by PCR on the HA-tagged version of THIK2. The mouse
TREKI1 sequence containing an extracellular HA tag inserted
between the second pore domain P2 and the transmembrane
segment M4 has been described earlier (21). To construct
pEFGP-IRES2-EGFP, a second EGFP sequence was inserted by
PCR into the pIRES2-EGFP vector (Clontech). Cloning of the
human CD161 into the pIRES2-EGFP vector has been
described in Ref. 22. Wild-type and mutated versions of the
N-ter of THIK2 were fused by overlapping PCR directly to the
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N-ter of CD161 and cloned into EcoRI/BamHI sites of
pIRES2-EGFP.

Oocyte Expression and Electrophysiology—Capped cRNA
was synthesized by using the AmpliCap-Max T7 High Yield
Message Maker kit (Cellscript), and THIK plasmids were lin-
earized by AflIl. RNA concentration was quantified using a
Nanodrop (Thermo Scientific). RNA quality was checked on an
RNA nanochip (Agilent Technologies) using an Agilent 2100
bionalyzer. Stage V-VI Xenopus laevis oocytes were collected,
injected with 1-10 ng of each cRNA, and maintained at 18 °Cin
ND96 solution (96 mm NaCl, 2 mm KCl, 2 mm MgCl,, 1.8 mm
CacCl,, and 5 mm Hepes (pH 7.4)). Oocytes were used 1-3 days
after injection. Macroscopic currents were recorded with a
two-electrode voltage clamp (Dagan TEV 200 amplifier). Elec-
trodes were filled with 3 M KCI and had a resistance of 0.5-2
MQ. A small chamber with a perfusion system was used to
change extracellular solutions and was connected to the ground
by a 3 M KCl-agarose bridge. All constructs were recorded in
ND96, and the pH 7.4 was adjusted with NaOH. Stimulation of
the preparation, data acquisition, and analysis were performed
using pClamp software (Molecular Devices). For ion selectivity
measurements, a series of solutions was prepared starting with
0 mM potassium (98 mm NaCl, 0 mm KCl, 1.8 mm CaCl,, 2 mm
MgCl,, and 5 mm Hepes) and then by progressive substitution
of NaCl by KCl (2, 5, 10, 50, and 98 mm). The pH was adjusted to
7.4 with either NaOH or KOH. For pH sensitivity experiments,
all the recordings were done in standard ND96 solution, adjust-
ing the pH with NaOH to values of 6 —8. For pH 5.5, the solu-
tion was buffered with 5 mm MES, and the pH was adjusted with
NaOH. For halothane sensitivity experiments, the recordings
were done in standard ND96 solution supplemented with 5 mm
halothane as described previously (6). All recordings were done
at 20 °C.

Dot Blot—Channel proteins expressed in oocytes were
extracted by pipetting up and down in 10 ul/oocyte of a lysis
buffer (PBS, 40% (v/v) glycerol, 2% (w/v) CHAPS, 140 mm NaCl,
2 mMm EDTA, and 20 mm Tris (pH 8.8), supplemented with a
protease inhibitor mixture). After centrifugation at 20,800 X g
for 30 min at 4 °C, the supernatant was combined with Laemmli
loading buffer and dot-blotted in triplicate onto a nitrocellulose
membrane. The membranes were blocked in PBS, 0.1% Tween,
and 3% BSA and probed with anti-HA (clone 3F10, Roche,
1/1000), anti-Myc (clone 9E10, Roche, 1/1000), or anti-f tubu-
lin (Sigma, 1/200) mouse antibodies and HRP-coupled goat
anti-mouse antibody (Jackson ImmunoResearch Laboratories).
Chemiluminescent signals were analyzed with FujiFilm fluores-
cent image analyzer FLA-3000 and quantification was realized
using Image] software.

MDCK Cell Expression and Immunocytochemistry—Madin-
Darby canine kidney (MDCK) cells were grown in 24-well
plates onto coverslips and transiently transfected with THIK
plasmids using Lipofectamine 2000 (Invitrogen). 24 —48 h after
transfection, cells were fixed and permeabilized, and channels
were labeled with primary anti-HA antibody (clone HA-7,
Sigma, 1/1000) or anti-Myc antibody (clone 9E10, Roche,
1/1000), and secondary anti-mouse or anti-rabbit antibodies
coupled to Alexa Fluor 488 or Alexa Fluor 594 (Invitrogen). To
test for colocalization between THIK channels and the plasma
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membrane or ER compartment, an mCherryFP-PH-PLCS plas-
mid was cotransfected to visualize the cell surface, or the cells
were labeled with anti-calreticulin antibody (catalog no. PA3—
900, Thermo Scientific, 1/1000). Coverslips were mounted in
Mowiol medium onto slides and observed with a confocal
microscope (Leica).

Flow Cytometry—MDCK cells were grown in 35-mm dishes
and transiently transfected with CD161 plasmids using Lipo-
fectamine. 48 h after transfection, cells were gently harvested by
using PBS and 10 mm EDTA, centrifuged for 5 min at 800 X g,
and resuspended in PBS, 0.1% BSA, and 0.05% sodium azide
incubation solution at 5 X 10° cells/ml. 100 ul of the cells was
then incubated for 30 min on ice with APC-conjugated anti-
CD161 antibody (Miltenyi Biotec, 1/40) or APC-conjugated
mouse [gG2A isotype control antibody (Miltenyi Biotec, 1/40).
Cells were washed once with incubation solution and resus-
pended. Quantification was performed on a BD LSR2 Fortessa
using 525/50 band pass (EGFP) and 670/30 band pass (APC)
filter sets. Transfected cells were identified as GFP-positive
cells. Transfection efficiency was comprised between 41 and
49%. The background level of APC fluorescence was determined
by measuring the fluorescence intensity of cells incubated with the
mouse IgG2A isotype control. pEGFP-IRES2-EGFP was used as a
negative control. Cytometry data were analyzed using the BD
CellQuest Pro software (BD Biosciences).

Homology Modeling—The structural model of human THIK2
(UniProt Q9HBI15 (430 amino acids), construct [29-321]), was
generated on the basis of the structure of human TWIK1 that
shares 27% of sequence identity with THIK2. Modeler 9v8 was
used to perform the homology modeling of the open form of the
dimer complex on the basis of the experimental structure (PDB
code 3UKM). The N- and C-ter of THIK2 were removed
because no reliable coordinates are available for these regions.
The final model was chosen on the basis of its low value of the
Modeler objective function, satisfying the Ramachandran plot
(MolProbity) and ERRAT and ProQ scores and by visual inspec-
tion. No further model optimization was performed.

RESULTS

Introduction of a Proline in the M2 Helix of THIK Channels
Enhances K Currents—Despite 62% amino acid identity,
THIK1 and THIK2 behave differently upon heterologous
expression. THIK1 produces currents, whereas THIK2 gives no
measurable current (Fig. 1) (6, 7). Recent crystallographic data
on TWIK1 and TRAAK channels suggest that a proline residue
in the second membrane-spanning segment (M2) might con-
tribute to helix flexibility and channel opening (4, 5). This pro-
line, which is conserved in most K,, channels, is replaced with
a serine in THIK1 (Ser-136) and an alanine in THIK2 (Ala-155)
(Fig. 1, A and E). We tested the possibility that the absence of
proline in the M2 domain of THIK2 may be associated with its
apparent lack of activity. Replacing Ala-155 with a proline in
THIK?2 allowed us to record a current (Fig. 1B). A significant
amount of cRNA (10 ng/oocyte) and 2-3 days of expression
were necessary to obtain a THIK2-A155P current of 0.92 = 0.1
RA, n = 6 at 0 mV, compared with 0.11 = 0.03 pA, n = 7 for
THIK?2 (Fig. 1C). The latter value is not significantly different
from non-injected oocytes (Fig. 2). Ten times less cRNA and a
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single day of expression were sufficient to obtain a 1.4 = 0.13
A, n = 11 current from THIK1-expressing oocytes. Introduc-
ing a proline residue in the M2 helix of THIK1 gives a THIK1-
S136P channel that is more active than its wild-type counter-
part (3.3 = 0.3 pnA, n = 11 versus 1.4 = 0.13 pA, n = 11).
Another parameter consistent with the appearance of a K™ cur-
rent in oocytes expressing THIK2-A155P is the reversal poten-
tial measured at 0 current (E,) (Fig. 1C). Although E ., is not
significantly different between THIK1 (—86 * 1.2 mV) and
THIK1-S136P (—88 * 1.9 mV) currents, E__, shifts from —45 *
3 mV for the THIK2 current to —82 = 2.8 mV for THIK2-
A155P. This indicates that THIK2-A155P, like THIK]1, is able
to drive the membrane potential to values close to the K™ equi-
librium potential (Ey). Interestingly, the current kinetic is dif-
ferent between THIK1 and THIK2-A155P channels (Fig. 1B).
Activation in response to depolarizing voltage steps is almost
instantaneous for THIK1, whereas THIK2-A155P exhibits a
slower activation. This property seems to be independent of the
inserted proline because THIK1-S136P does not exhibit these
particular kinetics. The current increase because of the proline
insertion in THIK1 and THIK?2 is not due to an increase in total
protein synthesis (Fig. 1D) or to a better addressing of the chan-
nel at the plasma membrane (Fig. 5). TREK1 contains a proline
residue in the M2 helix (proline 183, Fig. 14). We replaced this
proline by an alanine as in THIK2. As expected, TREK1-P183A
produces three times less current than TREK1 (1.54 £ 0.2 uA,
n=9at0mV versus 0.55 = 0.14 nA, n = 11). Together, these
results show that a proline residue in the M2 helix is important
for the channel activity of K, subunits.

Other Mutations in the M2 Inner Helix Stimulate THIK
Channel Activity—Besides proline, M2 contains other residues
involved in the gating of K, channels. Three glycines are pres-
ent in the highly active K, channels KCNKO and TREK1 that
are replaced by larger hydrophobic residues in TWIK1 (Fig.
1A). We have shown that the replacement of these residues by
glycines induced a 3-fold increase of current amplitude of
TWIK1 (18). The replacement of the first of these hydrophobic
residues by an aspartate (L146D) produced a 16-fold increase of
the current amplitude (18). In THIK2, residues at these posi-
tions are large hydrophobic residues (Ile-158, Leu-163, and
Leu-165). Replacing them with glycines was not sufficient to
produce measurable currents. However, replacing isoleucine
158 with an aspartate (THIK2-1158D) allowed us to record a
current of 0.96 * 0.01 pA, n = 11 at 0 mV (Fig. 2A4). With
THIK2-A155P and THIK2-1158D, we were now able to detect
THIK?2 currents produced by two different mutant channels.
The current increase is comparable between the two mutants,
giving a 7-fold increase for THIK2-A155P and a 6-fold increase
for THIK2-1158D when compared with currents recorded from
non-injected or THIK2-expressing oocytes. Combining both
mutations in THIK2-A155P-1158D results in a 19-fold increase
of the current amplitude (3.07 = 0.04 pA at 0 mV, n = 18). In
addition to its stimulating effect, 158D mutation dramatically
affects current kinetics (Fig. 2, B and C). Currents generated by
THIK2-1158D and THIK2-A155P-1158D are not typical for K,
channels. In ND96 solution, the current amplitude at the steady
state increases with voltage depolarization until reaching a pla-
teau around 0 mV, from where current amplitude ceases to
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increase. This property gives to these channels an I-V relation-
ship that is not linear but saturates upon strong depolarization.
E.., for these mutants (—79 mV = 4, n = 10 for THIK2-1158D
and —93 mV = 1, n = 11 for THIK2-A155P-1158D) are nega-

A

tive as E, for THIK2-A155P (—81 mV * 2,n = 11), suggesting
that K™ selectivity is not affected by introducing an aspartate
residue in the M2 helix. THIK1 mutant channels containing an
aspartate mutation at the equivalent position in M2 (THIK1-

*
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FIGURE 2. Effect of mutations in the M2 inner helix of THIK2. A, steady-state current amplitude at 0 mV measured from non-injected (NI) and THIK2
channel-expressing oocytes (mean = S.E., n = 10 to 18 oocytes/condition as indicated). Inset, electrophoresis gel profile of injected cRNAs. B, current-voltage
relationships. Mean currents were measured at the steady state of the depolarization pulses. C, currents elicited by voltage pulses from —120 to +60 mV in
10-mV increments from a holding potential of —80 mV.

1139D) also produce currents that saturate upon strong depo-
larization (Fig. 3C). THIK1-1139D and THIK1-S136P-1139D
I-V curves display a rectification that is not observed for THIK1
(Fig. 3B). S136P and 139D mutations in THIK1 have a signifi-
cant effect on the current amplitude but have no additive
effects. This difference with THIK2 may be related to the
already high channel activity of THIKI in basal conditions.
Ion Selectivity and Regulation of Proline-containing THIK
Channels—We next characterized ion channel selectivity of
THIK2-A155P and its regulation by external acidification and
halothane. We evaluated the potential effect of the proline
mutation on these regulations by comparing THIK1 and
THIK1-S136P in the same conditions. The currents were
recorded in different concentrations of external K* (Fig. 44).
The value of E,, was plotted against the K* concentration,
giving linear regression fits comparable between the different
channels. A 10-fold change in external K* concentration leads
toa —51 £ 3 mV, n = 5 shift for THIK2-A155P, consistent with
highly selective K* channels and not significantly different

from —56 = 2mV, n = 6 for THIK1-S136P or =49 * 5mV,n =
5 for THIK1. In contrast to most of the other K, channels (2,
18, 23, 24), THIK1 is insensitive to extracellular pH changes (6).
We found that proline-containing THIK1 and THIK2 channels
are not affected by changing the external pH of the ND96 solu-
tion from pH 8 to 5.5 by 0.5-unit steps (Fig. 4B). The most
salient property of THIKI is its inhibition by the volatile anes-
thetic halothane. THIK2-A155P is also inhibited by halothane,
at all depolarization steps, in a range similar to THIK1 and
THIK1-S136P (Fig. 4C). For comparison, application of 5 mm
halothane reduced the current amplitude by 60 = 7%, n = 6 at
+30 mV for THIK1-S136P and 58 = 2%, n = 6 for THIK2-
A155P, a degree of inhibition comparable with what we and
others have reported for human (Fig. 4C, inset) and rat (6)
THIK1 in oocytes (43 * 3% and 56 * 5%, respectively).

The Cytoplasmic N-ter of THIK2 Controls Its Cell Traffick-
ing—THIK?2 activity is limited by its unique M2 sequence. We
also tested the possibility that low current expression may also
be due to a restricted amount of channels present in the plasma

FIGURE 1. Introducing a proline residue in the M2 inner helix of the silent THIK2 subunit produces active channels. A, sequence alignment of human K,
channels. The conserved glycine residue proposed as a hinge is shown in italics and indicated with an asterisk. The proline residue conserved among all K,p
channels, except THIK1 and THIK2, is underlined and shown in boldface. Glycine residues in TREK1 and the corresponding larger hydrophobic residues in TWIKT,
THIK1, and THIK2 are also shown in boldface. B, currents elicited by voltage pulses from —120 to +60 mV in 10-mV increments from a holding potential of —80
mV. G, current-voltage relationships. Mean currents were measured at the end of voltage pulses (steady-state). Insets, mean steady-state currents at 0 mV.
Electrophoresis gel profiles of injected cRNAs are shown. D, after recording, oocytes in C were solubilized, and lysates were spotted on membrane in triplicate.
HA-tagged THIK2 and Myc-tagged THIK1 channels were detected using anti-HA and anti-Myc antibodies. Total protein expression was normalized to the
endogenous tubulin content using anti-tubulin antibody and quantified using ImageJ software. NI, non-injected oocytes. E, structural modeling of a THIK2
dimer. Shown is a side view of the selectivity filter and of the transmembrane segments M1 and M2 surrounding the inner cavity. The cytoplasmic N- and C-ter
domains, transmembrane segments M3 and M4, and the extracellular domains of THIK2 are not depicted.
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FIGURE 3. Effect of mutations in the M2 inner helix of THIK1. A, steady-state currents measured at 0 mV from Xenopus oocytes expressing THIK1, THIK1-
S136P, THIK1-1139D, and THIK1-5136P-1139D (mean = S.E., n = 10). Inset, electrophoresis gel profile of injected cRNAs. B, current-voltage relationships. Currents
are measured at the end of the depolarization pulse (mean = S.E, n = 10). C, currents elicited by voltage pulses from —120 to +60 mV in 10-mV increments

from a holding potential of —80 mV.

membrane. We expressed THIK channels in MDCK cells and
followed their distribution by immunofluorescence. Although
THIK1 is largely present at the cell surface of transfected
MDCK cells, THIK2 is mainly distributed in intracellular com-
partments in a fine reticular network extending through the
cytoplasm (Fig. 5). Colocalization with plasma membrane
(mCherryFP-PH-PLCS) or ER (calreticulin) markers demon-
strates that THIK1 channels are mostly localized in the plasma
membrane, whereas THIK2 channels are predominantly
retained in the ER (Fig. 5). Trafficking motifs being often
located in the cytoplasmic regions of membrane proteins, we
compared the N-ter of THIK1 and THIK?2 (Fig. 6A). Because
this alignment did not show any sequence homology, we pro-
gressively deleted the N-ter of THIK2, 10 amino acids at a time,
and followed cell distribution of these mutants (Fig. 6B). The
THIK2-A10 channel has the same ER distribution as THIK2,
whereas a large part of THIK2-A20 and THIK2-A30 channels is
relocated at the cell surface (Fig. 6B). These results suggest that
an ER retention/retrieval signal is present in the cytoplasmic
N-ter of THIK2 between residues 11 and 20. Arginine-based ER
retention/retrieval signals have been identified in membrane
proteins (13, 25-27). THIK2 N-ter contains 10 arginine resi-
dues and, among them, five are clustered between residues 11
and 16 in a motif (RRSRRR) that resembles the RXR motif
responsible for the ER retention of K, channel subunits
(K;,6.2 and SUR1), glutamate receptor subunits GluN1 and
KA2, and the GABAy R1 subunit (13, 25-27). We mutated
arginines that might constitute two possible motifs in THIK2
(RSRR or RRR according to the database of eukaryotic linear
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motifs, ELM). As expected, the mutant THIK2-R11A-R12A-
R14A-R15A-R16A (named THIK2-5RA), redistributes to the
plasma membrane (Fig. 6B). This effect shows that an arginine-
based motif is involved in the control of THIK2 trafficking.
Moreover, adding the N-ter of THIK2 to TREK1 completely
abolishes its localization at the plasma membrane (Fig. 6C).
This demonstrates that this region of THIK2 contains a reten-
tion signal that is dominant over possible forward signals.
Finally, we tested the effect of the deletion of the N-ter alone
and in combination with M2 mutations (Fig. 6D). THIK2-A30
generates currents of 0.42 * 0.03 pnA, n = 8 compared with
0.08 £ 0.01 pA, n = 8 in oocytes expressing THIK2 (Fig. 6D, left
panel). THIK2-A30 currents are limited but 5-fold higher than
THIK2, a result in good agreement with the relocation of
THIK2-A30 to the plasma membrane in transfected cells. We
then compared the amplitude of THIK2-A155P and THIK2-
A155P-1158D currents with THIK2-A30-A155P and THIK2-
A30-A155P-1158D currents (supplemental table). Once again,
the deletion of the N-ter induces a current increase that is addi-
tive to the effect of the M2 mutations. THIK2-A30-A155P-
1158D produces 143 times more current than THIK2, 11.5 =
1.4 pA, n = 6 versus 0.08 = 0.01 uA, n = 8 at 0 mV (Fig. 6D,
right panel). The same types of results were obtained by mutat-
ing the arginine residues to promote THIK2 expression in the
plasma membrane (supplemental table). THIK2—-5RA-A155P-
1158D gives 12 times more current than THIK2-A155P-1158D
(8.7 = 1.3 wA, n=4at0mV versus 0.7 = 0.1 uA, n = 4) and 174
times more than THIK2 (0.05 * 0.007 wA, n = 4).
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mV in 10-mV increments from a holding potential of —80 mV.

The ER Retention/Retrieval Signal in THIK2 May Be Regu-
lated by Phosphorylation—To identify relevant residues in the
ER retention motif, we grafted the first 30 amino acids of
THIK2 to the N-ter of human CD161, a type II transmembrane
protein unrelated to ion channels (22). This approach has been
used extensively to study forward and endocytic trafficking sig-
nals in various channels and receptors (13, 28 —=30). To quantify
the surface expression of CD161 and chimeric Nt-THIK2-
CD161, we performed flow cytometry on transfected MDCK
cells labeled with anti-CD161 antibody conjugated to the fluo-
rescent dye APC. All sequences were cloned into pIRES2-EGFP
to quantify CD161 fluorescence only from transfected GFP-
positive cells. Cells expressing pEGFP-IRES2-EGFP were used
as a negative control for anti-CD161 antibodies (Fig. 7A), and
cells labeled with APC-conjugated mouse IgG2A isotype con-
trol antibody were used to evaluate the background signal (Fig.
7, filled histograms). As reported in other cell lines, CD161 dis-
played strong surface expression in MDCK cells (22). The dot
plot of fluorescence for CD161-transfected cells illustrates the
coexpression of GFP and CD161 in the upper right quadrant
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(Fig. 7A), giving a fluorescence intensity median value of 382 for
CD161 labeling (B, red line). We then compared the histograms
and median values of CD161-transfected cells with cells
expressing the Nt-THIK2-CD161 chimera. A strong shift was
observed toward lower surface fluorescence intensity, the
median value shifting from 382 (red line) to 81 (blue line) (Fig.
7C). This indicates that the fusion of the THIK2 N-ter to
CD161 restricts Nt-THIK2-CD161 trafficking to the plasma
membrane. Mutating arginines of the ER retention/retrieval
motif (Nt-5RA-THIK2-CD161) almost restored normal sur-
face trafficking (median value of 269, Fig. 7C, blue line). In
the different experiments, transfection efficiency was simi-
lar. These results demonstrate that the N-ter of THIK?2 is
sufficient to limit surface expression of membrane proteins.
Embedded in the five-arginine sequence of the ER retention
motif is a serine residue (RRS;;RRR) that forms a consensus
site (RXS/T) for phosphorylation by PKA. In the PHOSIDA
posttranslational modification database, serine 13 displays a
high accessibility for phosphorylation. On the other hand, in
HeLa cells, the peptide corresponding to the surrounding
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FIGURE 5. Colocalization of THIK channels with markers of the plasma membrane and endoplasmic reticulum. A, MDCK cells were cotransfected with
plasmids for expression of a plasma membrane marker, mCherryFP-PH-PLCS (red), and THIK1-Myc- or HA-tagged THIK2 and THIK2 mutant constructs. 24-48
h after transfection, cells were fixed, permeabilized, and labeled with primary anti-Myc antibody or anti-HA antibody and secondary antibodies coupled to
Alexa Fluor 488 (green). B, cells expressing THIK1-Myc or HA-tagged THIK2 and THIK2 mutants were labeled with primary anti-Myc antibody or anti-HA antibody
and anti-calreticulin and secondary antibodies coupled to Alexa Fluor 488 (channels in green) or to Alexa Fluor 594 (calreticulin, red).

sequence (PRPPPRRS,;RRRLPRP) is phosphorylated, suggest-
ing that THIK?2 is phosphorylated at position 13 (31, 32). We
mutated this serine to alanine (SI3A in Nt-S13A-THIK2-
CD161) to prevent any potential phosphorylation or to aspar-
tate (S13D in Nt-S13D-THIK2-CD161) to mimic phosphor-
ylation. Flow cytometry quantification of CD161 surface
expression showed that Nt-S13A-THIK2-CD161 was detected
atalowerlevel in the plasma membrane compared with CD161,
as shown by a shift in the median value from 382 to 49, a value
even lower than that of Nt-THIK2-CD161 (81; Fig. 7, Cand D).
This suggests that basal phosphorylation of serine 13 in THIK2
could be responsible for the modest but measurable current
expression of THIK2-A155P and THIK2-A155P-1158D in the
absence of any mutations in the retention signal (Fig. 6D).
Nt-S13D-THIK2-CD161 protein is detected at higher levels at
the plasma membrane (median value of 173) than Nt-S13A-
THIK2-CD161 and Nt-THIK2-CD161 (Fig. 7D), demonstrat-
ing that mimicking phosphorylation of serine 13 by introducing
a negatively charged residue promotes cell surface delivery.
This effect is not as strong as mutating surrounding arginines
but suggests that trafficking of THIK2 from the ER to the
plasma membrane is regulated in a phosphorylation-depen-
dent manner (Fig. 7E). Finally, we tested the effect of mutating
serine 13 on THIK2 current density in oocytes. The S13A and
S$13D mutations were introduced into the active THIK2-A155P
channel, and currents were recorded 2 days after injection of 10
ng of cRNA. Interestingly, no significant difference in current
density was observed between THIK2-A155P and THIK2-
S13A-A155P, whereas a 30% increased was obtained with
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THIK2-S13D-A155P (Fig. 7F and supplemental table). This
current increase associated with the S13D mutation suggests
that phosphorylation of serine 13 affects the retrieval/retention
signal and helps THIK2 to exit the ER and to reach the plasma
membrane.

DISCUSSION

Xenopus oocytes are widely used for studying ion channels in
a controlled in vivo environment. Oocytes do not express a lot
of endogenous ion channels, and currents from injected RNAs
are usually much larger than endogenous currents. In addition,
the oocyte system is particularly well suited for the character-
ization of mutations because injection and electrophysiology
can be carried out rapidly and in a semi-automated fashion.
Another advantage is to get an excellent control of the expres-
sion level by combining time of expression and quantity of
injected cRNAs. Here, it was particularly important to compare
the very different expression levels of THIK1, THIK2 and
mutant THIK channels. However, because of its large size and
autofluorescence in the green, oocytes cannot be used for traf-
ficking studies by imaging methods. For this reason, we used
MDCK cells, which have proven to be a good model for cell
biology, particularly to study the trafficking of membrane
receptors and ion channels. However, these cells are not really
good for electrophysiological characterization of recombinant
channels because they express endogenous currents, including
K™ currents. Also, it would have been very difficult to control
the expression levels in these cells by using transfected plas-
mids. We combined electrophysiology in oocytes and traffick-
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FIGURE 6. The cytoplasmic N-ter of THIK2 contains an ER retention/retrieval signal. A, alignment of the THIK2 and THIK1 N-ter domains. M1 is the first
membrane-spanning helix. Arginine residues in the retention motif are shown in boldface. B, confocal images of transfected MDCK cells. Expressed channels
are labeled in green. C, confocal images of MDCK cells expressing HA-tagged TREK1 or HA-tagged TREK1 containing the N-ter of THIK2 (THIK2Nt-TREKT).
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THIK2 channels (mean = S.E., n = 6-8). Insets, electrophoresis gel profiles of injected cRNAs.

ing studies in MDCK cells to keep only the advantages of both
expression systems. Trafficking in oocytes and MDCK cells is
certainly not identical but very similar, the vertebrate Xenopus
oocyte using the same overall cell machinery than mammalian
cells. There are many examples of studies showing that the
trafficking of membrane proteins are regulated in a same way in
oocytes and mammalian cells, in particular for control of ER
retention by basic motifs, for example with ATP-sensitive K™
channels (13) and GABAj receptors (25). By combining oocytes
and MDCK cells, we have demonstrated previously that
TWIKI activity was regulated by a combination of intracellular
recycling and low activity at the plasma membrane (18, 20).
Together, our results indicate that THIK2 is a functional chan-
nel and that its apparent lack of function is due to low channel
activity and intracellular retention.

Molecular Determinants of THIK Channel Gating—For K,
channels, a proline-based motif (PXP), located in the S6 inner
helix, is essential for channel opening upon depolarization (33,
34). For K;, channels, a conserved glycine in the M2 inner helix
has been proposed as a hinge, allowing the spreading of the
inner helices and the opening of the lower part of the pore (35,
36). Proline and glycine residues in the M2 and M4 inner helices
are also conserved in K, channels and might contribute to
channel opening. In the x-ray structure of TWIK1, the M2
inner helix is kinked by ~20° at proline 143 (5). The same holds
true in TRAAK, in which the two M2 helices project laterally
after the kink at proline 155, leaving the vestibule open to the
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cytoplasmic solution (4). Here we found that introducing a pro-
line residue at an equivalent position in THIK channels
increases THIK activity. However, the presence of this proline
is not a prerequisite to channel opening because THIK1 (Fig.
1B) and THIK2-A30 (Fig. 6D) also generate currents, despite
the absence of a proline in M2. The importance of glycine res-
idues in M2 varies between K, channels. KCNKO and TREK/
TRAAK channels have three glycines, whereas TASK and
TALK channels have only one glycine conserved (the third one,
Fig. 1A). THIK and TWIK channels have no glycine but larger
hydrophobic residues. Introducing glycines in TWIK1 stimu-
lates channel activity (18), but this has no effect on THIK chan-
nels. However, introducing a negative charge in TWIKI,
THIK1, and THIK?2 at the equivalent position of the first glycine
in KCNKO increases current amplitude. The mechanism of
activation in TWIK and THIK channels is not known, but intro-
ducing an aspartate at a homologous position in KCNKO and
K;,3.2 channels increases open channel probability (37, 38).
Alternatively, this residue is facing the conduction pathway,
and the presence of rings of negative charges along the perme-
ation pathway of other K* channels has been shown to dramat-
ically affect K channel conductance (39). This effect is due to
an electrostatic mechanism, the negative charges altering the
electrical potential, thus increasing local K* concentration.
THIK Channel Trafficking—Trafficking of membrane pro-
teins is influenced by ER retention/retrieval, ER export, and/or
endocytosis signals. This has been shown for TASK1 and
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FIGURE 7. Mutation of serine 13 in THIK2 N-ter affects surface expression of the Nt-THIK2-CD161 chimera. MDCK cells expressing CD161 and various
Nt-THIK2-CD161 chimeras were labeled with anti-CD161 antibody and analyzed by flow cytometry. A, viable and singulet cells transfected with pCD161-IRES2-
EGFP were separated into four distinct populations according to their level of total protein expression (GFP) and surface protein expression (CD161). B, C, and
D, CD161 expression was analyzed on gated GFP-positive cells using anti-CD161-APC (empty histogram) against isotype control APC (filled histogram) on
CD161-(B), Nt-THIK2-CD161- or Nt5RA-THIK2-CD161- (C), and Nt-S13A-THIK2-CD161- or Nt-S13D-THIK2-CD161-transfected (D) MDCK cells. The red vertical line
indicates the median value of CD161 fluorescence and serves as reference to compare with the median value of each chimera (blue vertical line). E, histogram
combining data from four independent experiments. F, expression of THIK2-A155P, THIK2-S13A-155P, and THIK2-S13D-A155P channels in Xenopus oocytes.

TWIK1 K, channels (for a review, see Ref. 40). TWIK1 con-
tains a di-isoleucine motif in its cytoplasmic C-ter that restricts
its localization at the cell surface and redistributes the channel
to the recycling endosomes by a rapid and constitutive endocy-
tosis (20). Mutation of this motif stabilizes the channel at the
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cell surface, resulting in a 3-fold increase of the current
recorded in oocytes. Here, we found that THIK2 contains an ER
trafficking signal in its cytoplasmic N-ter that limits its expres-
sion in the plasma membrane by maintaining the channel in the
ER. Progressive deletions and mutations narrowed the signal to
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a six- amino acid motif (RRSRRR) that resembles arginine-
based ER retention motifs described in several ion channels and
receptors (13, 25-27). Those motifs retain newly synthesized
proteins in the ER, probably by binding to resident chaperone
proteins. Stable assembling or reversible binding to other pro-
teins that mask the retention signal can relieve this block, allow-
ing exit from the ER and trafficking to the plasma membrane.
ER retention can also be the consequence of a retrieval of the
protein from the Golgi to the ER, notably via a COPI-depen-
dent vesicular transport. Because it is difficult to distinguish
between the two mechanisms, those signals are named ER
retention/retrieval motifs (for a review, see Ref. 41). Looking for
THIK2 protein partners may provide a better understanding of
the mechanisms used by cells to regulate surface expression of
THIK2. Phosphorylation-dependent surface targeting can also
enable the regulation of surface expression of channels and
receptors (for a review, see Ref. 41). ER retention of an alterna-
tively spliced isoform of the GluN1 subunit of N-methyl-p-as-
partate receptors is regulated by PKA and PKC phosphoryla-
tions (29, 42). Also, PKA-dependent phosphorylation of a
serine in the N-ter of ROMK1 (K, 1.1) suppresses an ER reten-
tion signal located in the C-ter, increasing channel delivery to
the cell surface (43). For TASK1 channels, binding of 14-3-3,
which promotes channel forward trafficking to the plasma
membrane, depends on the phosphorylation by PKA of a serine
located in a dibasic motif situated in the cytoplasmic C-ter of
the channel (44). The arginine-based motif in the N-ter of
THIK2 contains a serine residue that is a potential site of phos-
phorylation by PKA. Preventing phosphorylation reduces sur-
face expression of a chimera containing the N-ter of THIK2,
whereas mimicking constitutive phosphorylation promotes
trafficking to the cell surface (Fig. 7E). Moreover, introducing a
mutation mimicking phosphorylation in THIK2 (S13D) leads
to an increase of the current density in oocytes (Fig. 7F). The
effect of the mutation is less important than in the CD161
fusion protein containing only the N-ter of THIK2, suggesting
that other sites may be involved in the trafficking of THIK2.
Such a regulatory mechanism, by altering the efficiency of
THIK2 channel surface expression, may influence cellular
excitability on a more dynamic basis by providing the cells with
a pool of releasable channels.

Perspectives—THIK1 and THIK2 have different patterns of
expression in the kidney and the brain (6, 45). In the cerebellum
and several specific nuclei (amygdala basolateral nuclei, thala-
mus ventral posterior nuclei, oculomotor nucleus, and so forth)
where THIK1 is not detected, THIK2 is highly expressed (6).
Native background K* conductance with characteristic similar
to THIK channels (including inhibition by halothane and
insensitivity to pH) has already been identified in a specific
neuronal population, such as respiratory neurons, Purkinje
cells, and rat trigeminal ganglion neurons (46 —49). By demon-
strating that THIK2 is a functional channel, this work suggests
that THIK?2 plays a role in these neurons, acting alone or in
combination with THIK1 to regulate resting membrane
potential and cell excitability. THIK2 might require either an
accessory subunit or specific intracellular regulations, nota-
bly via phosphorylation, to reach the plasma membrane. Using
THIK2-A155P-1158D, which produces more current than
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THIK? in the plasma membrane, should help to study the reg-
ulation of THIK2 forward trafficking by following current vari-
ations at the plasma membrane. The weak activity of THIK2 in
the plasma membrane also suggests that, in native systems,
other regulatory mechanisms are necessary to directly stimu-
late THIK?2 activity when the channel reaches the plasma mem-
brane. Expression of a THIK2 mutant that is less retained in
the ER, such as THIK2-5RA, should help to test such signal-
ing pathways by dissociating current increases related to
channel stimulation from current increases related to chan-
nel trafficking.
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