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The two-pore domain K* channel, TRESK (TWIK-related
spinal cord K* channel) is reversibly activated by the calcium/
calmodulin-dependent protein phosphatase, calcineurin. In the
present study, we report that 14-3-3 proteins directly bind to
the intracellular loop of TRESK and control the kinetics of
the calcium-dependent regulation of the channel. Coexpression
of 14-3-3n with TRESK blocked, whereas the coexpression of a
dominant negative form of 14-3-3m accelerated the return of the
K™ current to the resting state after the activation mediated by
calcineurin in Xenopus oocytes. The direct action of 14-3-3 was
spatially restricted to TRESK, since 14-3-3m was also effective,
when it was tethered to the channel by a flexible polyglutamine-
containing chain. The effect of both the coexpressed and
chained 14-3-3 was alleviated by the microinjection of Ser(P)-
Raf259 phosphopeptide that competes with TRESK for binding
to 14-3-3. The y and 7 isoforms of 14-3-3 controlled TRESK
regulation, whereas the 3, {, €, o, and 7 isoforms failed to influ-
ence the mechanism significantly. Phosphorylation of serine
264 in mouse TRESK was required for the binding of 14-3-37.
Because 14-3-3 proteins are ubiquitous, they are expected to
control the duration of calcineurin-mediated TRESK activation
in all the cell types that express the channel, depending on the
phosphorylation state of serine 264. This kind of direct control
of channel regulation by 14-3-3 is unique within the two-pore
domain K* channel family.

Members of the 14-3-3 family are dimeric proteins, and each
subunit possesses a single polypeptide binding groove (1). Pro-
teins that bind these grooves typically encode either the RSX-
pSXP (mode I) or RX(Y/F)XpSXP (mode II) consensus motif
(where X may be any amino acid, and pS denotes phosphoserine
(2, 3). Several different interacting partners of 14-3-3 have been
described, and 14-3-3 proved to be an important constituent of
large protein complexes implicated in such diverse processes as
the initiation of DNA replication, transcription, control of cell
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cycle, intracellular trafficking, and the modulation of ion chan-
nel function (4, 5).

Two-pore domain potassium (2PK™) channels give rise to
background (leak) K™ currents that are pivotal regulators of the
excitability in neurons and other cell types (6). Members of this
potassium channel family attracted particular attention as the
stimulation of their currents essentially contributed to the ther-
apeutically important action of volatile anesthetics (7-10).
Among the 15 2PK™ channels, so far only TASK-1 and TASK-3
subunits have been shown to interact with 14-3-38 and -{
through an unconventional (mode III) C-terminal motif. The
binding of 14-3-3 overrides the endoplasmic reticulum reten-
tion signal and redirects these TASK channels to the cell sur-
face (11-13).

TRESK,? the 15th member of the 2PK™ channel family, was
cloned from human spinal cord (14) and mouse cerebellum
(15). Its mRNA is also expressed in the testis (15), spleen, thy-
mus, placenta (16), and in the cerebrum (9). Recently, TRESK
current was detected with painstaking work at the single chan-
nel level in dorsal root ganglion neurons (17), and others sug-
gested that it was responsible for about 20% of the background
K™ current in these cells (18). However, macroscopic TRESK
current still could not be reliably separated from the current of
other 2PK™ channels in the absence of specific inhibitors.

We have recently demonstrated that TRESK is regulated
in a unique manner. The channel, expressed heterologously
in Xenopus oocytes, is reversibly activated by calcium via the
calcium/calmodulin-dependent protein phosphatase, cal-
cineurin. Serine 276 was identified as the likely target of
calcineurin-mediated dephosphorylation in the channel
(15). In addition to its enzymatic action, calcineurin is also
recruited to a nuclear factor of activated T cells (NFAT)-like
binding motif (PQIVID) of TRESK (19). In the present study
we demonstrate that 14-3-3 proteins also bind directly to the
intracellular loop of TRESK and control the calcium-
dependent regulation of the channel.

EXPERIMENTAL PROCEDURES

Plasmids—The sequences of pXEN and pXEN-pQ108 vec-
tors were deposited to GenBank™ under the accession num-
bers EU267939 and EU267940, respectively. pXEN-pQ108,
coding the flexible, artificial polypeptide chain (LEHQQQQQ-
QQQQ),, was obtained by inserting nine orientationally ligated

2The abbreviations used are: TRESK, TWIK-related spinal cord K™ channel;
PKA, protein kinase A; NFAT, nuclear factor of activated T cells; GST, gluta-
thione S-transferase; PMSF, phenylmethylsulfonyl fluoride; Ni-NTA, nickel-
nitrilotriacetic acid.
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pQ-s/pQ-a 5'-phosphorylated primer dimers into the Eco130I
site of pXEN (see supplemental Table 1 for primer sequences).
The (LEHQ,), polypeptide (approximating a random coil of
108 amino acids with a predicted contour length of about 41
nm) was designed on the basis of the known structure of poly-
glutamine peptides (20, 21) and the N-terminal inactivation
chain of Drosophila Shaker K* channel (22). The coding
regions of mouse TRESK and human 14-3-31 (the latter differs
only in two amino acids from the mouse ortholog) were ampli-
fied by PCR from our pEXO-mTRESK clone (15) and
pcDNA3.1-h14-3-37 (received from Andrey S. Shaw) with the
mTRESK-s/mTRESK-a and h14-3-37-s/h14-3-3m-a primer
pairs, respectively. The 14-3-3 and TRESK products were dou-
ble-digested with Pael/Xhol and EcoRI/Kpn2I, respectively,
and cloned between the corresponding sites of pXEN-pQ108,
resulting in the pXEN-mTRESK-pQ108-h14-3-37 (“chained”)
construct.

Wild type and R57A,R61A mutant human 14-3-37 were sub-
cloned from the mammalian expression vectors to pXEN with
EcoRI/Xhol. The other six 14-3-3 isoforms were amplified with
Pfu polymerase (Fermentas, Vilnius, Lithuania) from mouse
brain RNA after reverse transcription, applying the m14-3-3x-
s/m14-3-3x-a primer pairs (where x stands for 3, y, €, {, cand 7,
respectively). The PCR protocol was 2 min initial denaturation
at 98 °C, 34 cycles of 30-s denaturation at 98 °C, 1 min anneal-
ing, 80-90-s extension at 72 °C, and 5 min final extension at
72 °C; the annealing temperature was 64, 61,59, and 56 °C in the
first 3, second 3, third 3, and final 25 cycles, respectively. The
products were digested at the respective restriction enzyme
sites (see supplemental Table 1) and ligated to EcoRI/XhoI dou-
ble-digested pXEN. The dominant negative versions of these
isoforms (R58A,R62A B; R57A,R61A vy; R57A,R61A ¢
R56A,R60A {; R56A,R60A g, and RA56,R60A 7) were produced
with QuikChange site-directed mutagenesis (see the sequences
of the sense primers in supplemental Table 1). The resulting
clones were verified by automatic sequencing.

The construction of the GST-TRESKloop-TAPtag fusion
protein was described previously (19). The GST-h14-3-37 con-
structs were obtained by subcloning the EcoRI/Xhol inserts of
wild type and dominant negative h14-3-3m (see above) to
PGEX-6P-3 (Amersham Biosciences). The thioredoxin-hexa-
histidine-h14-3-37m (Trx-Hisg,-h14-3-37) plasmids were pro-
duced by ligating the above inserts to the EcoRI/Xhol double-
digested pET32-AKpn vector (pET32-AKpn derived from
pET32a+ (Novagen, Madison, WI) by digesting the plasmid
with Kpnl, polishing its sticky ends with Klenow polymerase,
and religating). To produce the TRESKloop-Hj construct, the
DNA coding for amino acids 185-292 of mouse TRESK was
amplified by two consecutive rounds of PCR with the
mTRloop-s/mTRloop-H8-al and mTRloop-s/mTRloop-H8-
a2 primer combinations. The PCR product (coding also the
C-terminal eight histidines) was double-digested with Ncol/
Xhol and ligated to pET15b (Novagen). The 10 serines and 1
threonine of TRESKloop-Hg were sequentially mutated to ala-
nine in different combinations by QuikChange site-directed
mutagenesis (Stratagene, La Jolla, CA) to obtain the proteins
containing only 1, 2, or 3 serines in the desired patterns (see the
sense primers used for the mutations in supplemental Table 1).
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Animals, Tissue Preparation, Xenopus Oocyte Microinjec-
tion, and Two-electrode Voltage Clamp Measurements—The
tissues for RNA preparation derived from NMRI mouse strain
(Toxicop). The oocytes were prepared, the cRNA was synthe-
sized and microinjected, and two-electrode voltage clamp
measurements were performed as previously described (15, 23).
Oocytes were injected 1 day after defolliculation. Fifty nano-
liters of the appropriate RNA solution was delivered with the
Nanoliter Injector (World Precision Instruments, Sarasota,
FL). Electrophysiological experiments were performed 3 or 4
days after the injection. Low [K™] solution contained 95 mm
NaCl, 2 mm KCl, 1.8 mm CaCl,, 5 mm HEPES (pH 7.5 adjusted
with NaOH). High [K*] solution contained 80 mm K™ (78 mm
Na™ of the low [K™] solution was replaced with K*). All treat-
ments of the animals were conducted in accordance with state
laws and institutional regulations. The experiments were
approved by the Animal Care and Ethics Committee of Sem-
melweis University.

Production and Purification of Recombinant Proteins—The
GST fusion constructs were expressed in the BL21 strain of
Escherichia coli. Bacteria were sonicated in G-lysis solution
containing 50 mm Tris-HCI (pH 7.6), 50 mMm KCI, 50 mm NaCl,
1 mMm EDTA, 1 mwm dithiothreitol, 1 mm PMSF, 0.1 mM benza-
midine. The lysate was centrifuged, and the GST fusion pro-
teins were affinity-purified from the supernatant with glutathi-
one-agarose (Sigma). In the GST pulldown experiments, these
immobilized proteins were used. For other experiments, the
proteins were eluted from the resin with G-lysis supplemented
with 20 mmM glutathione and dialyzed against a solution contain-
ing 10 mm HEPES, 100 mm NaCl, 50 mm KCl, 2 mm MgCl,, 1
mM f-mercaptoethanol (pH 7.4 with NaOH).

The bacteria expressing the thioredoxin-His-tag fusion pro-
teins were lysed in N-lysis solution containing 30 mMm phos-
phate, 200 mm NaCl, 2 mmMgCl,, 1 mm PMSF, 0.2 mm benza-
midine, 5 mMm imidazole, 5.6 mM (-mercaptoethanol (pH 7.8
with NaOH). The proteins were affinity-purified with Ni-NTA
agarose (Qiagen, Chatsworth, CA). The resin was washed 6
times for 5 min with 12 ml of N-lysis solution (in the second and
third pairs of washing steps, the imidazole concentration of
N-lysis solution was increased to 20 and 50 mm, respectively).
The proteins were eluted with N-lysis containing 256 mm imid-
azole and dialyzed against a solution containing 20 mm Tris-
HCI (pH 7.3), 100 mm NaCl, 50 mm KCl, 2 mm MgCl,, 1 mm
EGTA, and 0.1 mM dithiothreitol.

TRESKloop-Hg proteins (wild type and multiple mutants)
accumulated in inclusion bodies; therefore, these proteins were
purified under denaturing conditions. The inclusion bodies
were dissolved at room temperature in IB-lysis solution con-
taining 30 mMm phosphate, 200 mM NaCl, 1 mm PMSF, 0.1 mMm
benzamidine, 5 mm B-mercaptoethanol, 5 mm imidazole, 7000
mM urea (pH 7.8 with NaOH). TRESKloop-H proteins were
purified with Ni-NTA-agarose from this solution. The resin
was washed (at room temperature) 3 times with IB-lysis solu-
tion of increased (50 mM) imidazole concentration, once with
IB-lysis, twice with IB-lysis of pH 5.5, and once again with IB-
lysis. TRESKloop-Hg proteins immobilized on Ni-NTA resin
were stored as a 50% suspension in IB-lysis solution at 4 °C.
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In Vitro Radioactive Phosphorylation—For the preparation
of Xenopus oocyte cytosol, =1 g of ovarian lobes was homoge-
nized in 1 ml of a solution containing 50 mm HEPES, 50 mm
KCl, 10 mm MgCl,, 50 mMm B-glycerol phosphate, 20 mm NaF,
20 mM para-nitrophenylphosphate, 0.2 mM sodium orthovana-
date, 2 mm PMSF, 0.2 mm benzamidine, 2 mm 3-mercaptoeth-
anol, 10 mM imidazole supplemented with cyclosporine A (5
um), FK506 (1 wm), leupeptin (0.5 mg/ml), aprotinin (0.5
mg/ml), and soybean trypsin inhibitor (1 mg/ml, Sigma, type
11S), pH adjusted to 7.2 with NaOH. The lysate was centrifuged
3 times at 16,000 X g for 10 min and always the middle phase
(supernatant above the insoluble pellet and below the lipid layer
at the surface) was taken to the next centrifugation. The cleared
supernatant was incubated with Ni-NTA-agarose (200 ul) to
deplete the proteins binding nonspecifically to this resin.

TRESKloop-Hg proteins immobilized on 12-25 ul of
Ni-NTA resin were washed 3 times with EQ solution contain-
ing 50 mm HEPES, 50 mMm KCl, 1 mm PMSF, 0.1 mm benzami-
dine, 2 mm B-mercaptoethanol (pH 7.2 with NaOH) 20 min
before the phosphorylation reaction. The immobilized proteins
were phosphorylated at room temperature for 40 min in the
presence of 100 ul of Xenopus oocyte cytosol and 1 MBq
[y-**P]ATP with continuous shaking. The proteins were run on
15% SDS-PAGE gels, the gels were stained with Coomassie Bril-
liant Blue, and their radioactivity was detected with phospho-
rimaging (GS-525, Bio-Rad). The phosphorylation with protein
kinase A holoenzyme (protein kinase A (PKA), 1 ug/reaction,
Sigma P5511, 0.7 units/ug) was performed at 37 °C for 30 min
in a solution containing 20 mm HEPES, 80 mm KCI, 10 mm
MgCl,, 25 mm B-glycerol phosphate, 0.5 mm B-mercaptoetha-
nol, 0.1 mm sodium orthovanadate, 1 mm cAMP (pH 7.5 with
NaOH) supplemented with 50 um Na,ATP and 50 kBq
[y-22P]ATP.

GST and His-tag Pulldown Assays—The immobilized GST
fusion proteins were phosphorylated overnight with PKA at
37 °Cin a solution containing 50 mm Tris-HCI (pH 7.5), 50 mm
KCl, 10 mm MgCl,, 50 mm B-glycerol phosphate, 1.3 mm dithi-
othreitol, 0.2 mMm sodium orthovanadate, 1 mm cAMP, and 5
mM Na,ATP supplemented with 1% Triton X-100. The resins
were washed twice with 0.2 ml G-binding solution contain-
ing 50 mMm Tris-HCI (pH 7.5), 50 mm NaCl, 50 mm KCl, 1 mm
PMSEF, 0.1 mm benzamidine, 1 mm EDTA, 1 mm dithiothre-
itol. In the GST pulldown assay (with the Trx-His,-h14-3-37
proteins) the 1-h binding reaction was performed at 4 °C by
rotating the beads in G binding solution containing 1% Tri-
ton X-100. The unbound proteins were removed by two
washing steps (each 1 min) with 1 ml of G binding solution
(+1% Triton X-100 in the first step).

For His-tag pulldown assays, the different immobilized
TRESKloop-Hg proteins were washed 3 times with H-phos
solution containing 50 mm HEPES, 50 mm KCl, 10 mm MgCl,,
50 mm B-glycerol phosphate, 2 B-mercaptoethanol, and 1% Tri-
ton X-100 (pH 7.5 with NaOH). The proteins were phosphoryl-
ated overnight with PKA at 37 °C in H-phos solution supple-
mented with 20 mm imidazole, 5 mm Na,ATP, 1 mm cAMP, and
200 um sodium orthovanadate (pH 7.5 with NaOH). The His-
tag pulldown assays (of the GST-h14-3-37 proteins) were per-
formed in H-binding solution containing 50 mm HEPES, 50 mm
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NaCl, 50 mm KCl, 1 mm PMSF, 0.1 mMm benzamidine, 2 mMm
B-mercaptoethanol, 30 mm imidazole (pH 7.4 with NaOH).

RESULTS

14-3-3 Proteins Determine the Recovery of TRESK Current
from the Calcium-dependent Activation—The intracellular
loop of mouse TRESK contains two putative 14-3-3 binding
sites (IKWRSLP*** and RSNSCP?°¢, identified with Motif Scan).
Assuming that 14-3-3 is really anchored to either of these sites
in TRESK, it is reasonable to expect that 14-3-3 is also involved
in a function related to the background K* channel. Therefore,
we examined whether the experimental manipulation of the
cellular level of 14-3-3 proteins modified the functional prop-
erties of TRESK. Because the coexpression of 14-3-3m with
mouse or human TRESK did not influence the resting TRESK
current (data not shown), we tested whether 14-3-3 modulated
the calcium-dependent regulation of the channel.

We have previously reported (15) that the calcium iono-
phore, ionomycin, induced a large (5-15-fold) activation of
TRESK current expressed in Xenopus oocytes. The calcium-de-
pendent activation was reversible after the cessation of the cal-
cium signal, but the return of the background K* current to its
resting state (decrease in the current, hereafter called “recov-
ery,” Fig. 1A) varied widely among the different oocyte prepa-
rations (e.g. the recovery was 20 * 3% (n = 6) after 5 min in one
oocyte preparation, whereas it was 73 = 6% (n = 8) in another).
These highly different kinetics of recovery may have reflected
different concentrations of endogenous 14-3-3. To detect the
effect of 14-3-3 irrespective of the endogenous expression, we
experimentally manipulated the functional 14-3-3 levels in
both direction for each oocyte preparation. In one of the com-
pared groups of oocytes, the concentration of 14-3-3 was
increased by the coexpression of the human 14-3-3n with
TRESK. In the other group, the functional 14-3-3 level was
reduced by the coexpression of the dominant negative
R57A,R61A mutant form of human 14-3-3n with the K chan-
nel (the literature frequently refers to the dominant negative
mutant as R56A,R60A 14-3-3m, although this numbering does
not apply to the 7 isoform). To illustrate the effect of endoge-
nous 14-3-3, we also show the results from oocytes expressing
only TRESK (gray curves in Fig. 1).

In addition to the conventional normalization of the data to
the resting current (“normalized current,” see the legend to Fig.
1A), the same recordings were also presented in another form;
they were normalized to the value measured at the end of iono-
mycin stimulation (normalized recovery, also defined in the
legend to Fig. 1A4). The latter normalization shows to what
degree the activated current returned to the resting level in a
given time after the withdrawal of ionomycin.

The coexpression of the wild type or the dominant negative
14-3-3 with mouse TRESK had significantly different effects on
the activation of the K* current in one oocyte preparation. The
activation was 9.4 = 0.7-fold (n = 5) at the end of the applica-
tion of ionomycin in the cells coexpressing the wild type 14-3-3,
whereas it was 19.1 = 2.8-fold (n = 5) in the cells coexpressing
the dominant negative 14-3-3 with mouse TRESK (p < 0.02 at
276 s (¢ test), Fig. 1B), indicating that 14-3-3 inhibited the acti-
vation of mouse TRESK. However, in another oocyte prepara-
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FIGURE 1. The coexpression of wild type 14-3-3n with TRESK inhibits,
whereas the dominant negative 14-3-37) accelerates, the recovery of
TRESK current from the calcium-dependent activation. A, currents of a
representative Xenopus oocyte expressing mouse TRESK were measured at
the ends of 300-ms voltage steps to — 100 mV applied every 3 sfrom a holding
potential of 0 mV. Extracellular [K*] was increased from 2 to 80 mm, and the
oocyte was then challenged with benzocaine (B, 1 mm) and ionomycin (lono.,
0.5 uMm) as indicated by the horizontal black bars (the initial resting state of
TRESK was verified by the application of benzocaine, which inhibits the rest-
ing and calcineurin-activated channel by 10-15 and 50-60%, respectively
(19). For normalized current, the current measured in 2 mm EC [K*] (1. gray
arrow) was normalized to 0, and the currentin 80 mm EC [K*] (2. gray arrow) to
1. For normalized recovery, the current at the 2. gray arrow was normalized to
0, and the current at the end of ionomycin stimulation (3. gray arrow) to 1.
B and C, normalized currents and recoveries of three groups of oocytes
expressing mouse TRESK (gray curve) coexpressing wild type human 14-3-37
or the dominant negative R57A,R61A 14-3-37 with TRESK, respectively (n =
3 X 5). D and E, the same experiment as in B and C was performed with
another oocyte preparation (n = 3 X 6). Fand G, the same experiment asin B
and C was performed with oocytes expressing (or coexpressing) human
TRESK (n = 3 X (5-7)) (ionomycin also caused a slow, calcium-independent
inhibition of the human channel in addition to the calcineurin-dependent
activation). The error bars represent S.E.

tion no significant change in mouse TRESK activation was
observed (Fig. 1D). As was also verified by the microinjection of
14-3-3 protein or the immobilization of 14-3-3 to the channel
(see below), the activation of mouse TRESK was undoubtedly
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suppressed by high concentration of 14-3-3. Perhaps this inhib-
itory effect was not apparent in every coexpression experiment,
because it also depended on the level of overexpression of
14-3-3. The activation of human TRESK was not modified by
the coexpression of the wild type or the dominant negative
14-3-3n with the channel (Fig. 1F).

The recovery of mouse TRESK (see the end of the recordings
in Fig. 1, C and E) was reduced to 5 = 6 and 15 = 6% in the first
and second oocyte preparation (n = 5 and 6), respectively, by
the coexpression of wild type 14-3-3n with the channel. In the
cells coexpressing the dominant negative 14-3-3 with mouse
TRESK, the recovery was 46 = 1and 45 £ 4% (n = 5,p < 10°*
and n = 6, p < 0.003) in the two preparations, respectively (Fig.
1, Cand E). In general, care must be taken when evaluating the
recovery if the activation is also different in the compared
groups (as in the first oocyte preparation, see Fig. 1, B and C).
However, in this case the rate of recovery in the cells coexpress-
ing the dominant negative 14-3-3 was substantially higher than
that in the cells coexpressing the wild type 14-3-3. At the end of
the measurement, neither the currents (11.6 = 1.9 pA in the
wild type and 10.0 = 1.6 pA in the dominant negative group)
nor the normalized currents (9.3 * 0.8- and 11.0 * 1.8-fold,
respectively, at 591 s in Fig. 1B) were significantly different.
Despite this, the rate of recovery (estimated by the slope of the
normalized currents at the end of the measurement in Fig. 1B)
was about 5-fold higher in the dominant negative than in the
wild type group (3.9 = 1.1 versus 0.8 = 0.2% of the resting
current per second, p < 0.03). Because TRESK expression was
nearly equal in the different oocytes in this experiment, the
rates calculated even from the original current recordings were
significantly different at the end of the measurement (26.3 = 9.0
and 5.7 £ 3.1 nA/s, p < 0.05, respectively). This clearly indi-
cates that 14-3-3 inhibits the recovery of mouse TRESK in addi-
tion to its effect on the activation of the channel. This result
was also confirmed by the data obtained in the second oocyte
preparation, where the activation was not significantly influ-
enced (Fig. 1D), but the recovery was robustly inhibited by
14-3-3 (Fig. 1E).

Although the degree of activation of human TRESK was not
affected by 14-3-3, its recovery was inhibited. The recovery was
12 * 4% in the cells coexpressing the wild type (n = 7), whereas
itwas 52 = 6% in the group coexpressing the dominant negative
14-3-37 with the channel (n = 7, p < 0.002 at 483 s, Fig. 1G).

In summary, 14-3-37m suppressed the calcium-dependent
activation of mouse TRESK (this effect was not significant in all
of the examined oocyte preparations). However, the major
effect of 14-3-3 was statistically significant in all of our experi-
ments; 14-3-37m inhibited the recovery of both human and
mouse TRESK currents.

The Effect of 14-3-3m Is Acute and Spatially Restricted to
TRESK in the Cell—14-3-3 proteins are known to affect a pleth-
ora of cellular functions including the regulation of the cell
cycle and gene expression. In the above experiments, a high
amount of coexpressed 14-3-37m was present in the oocytes for
days (see supplemental Fig. S1). To exclude that gene expres-
sion changes or other long term alterations were responsible for
the effects of 14-3-3n on TRESK regulation, we examined
whether the microinjection of a recombinant 14-3-3 protein
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FIGURE 2. The microinjection of recombinant GST-h14-3-37) protein
inhibits the activation of mouse TRESK and delays the recovery from
activation of both human and mouse TRESK channels. A, normalized cur-
rents of two groups of oocytes microinjected with 50 nl of GST-h14-3-37 (wild
type, wt., black curve) or R57A,R61A mutant GST-h14-3-3n fusion protein (gray
curve). The cells were coexpressing mouse TRESK with R57A,R61A 14-3-37 (in
both groups). Extracellular [K™] was increased from 2 to 80 mwm, and the
oocytes were challenged with ionomycin (lono., 0.5 um, as indicated by the
horizontal black bar) 108 -248 min after the microinjection of the proteins.
B, normalized recovery was calculated from the same recordings as repre-
sented in panel A. C and D, a similar microinjection experiment as in A and B
was performed with human TRESK in another oocyte preparation. The pro-
teins were microinjected 188-236 min before the application of ionomycin.

also inhibited TRESK recovery similarly to the coexpression of
14-3-3.

In this experiment R57A,R61A 14-3-3m was coexpressed
with TRESK to reduce the effect of endogenous 14-3-3 pro-
teins. Before the ionomycin application, the cells were micro-
injected either with wild type GST-14-3-37 or (as a control)
with R57A,R61A mutant GST-14-3-37 protein. The activation
of mouse TRESK was smaller in the wild type (10.1 = 1.3-fold,
n = 6) than in the R57A,R61A group (19.5 = 1.2-fold activation
(m = 5), p < 0.001 at 213 s, Fig. 24). The microinjection of
GST-14-3-3nalso inhibited the return of TRESK current to the
resting state (1 * 10% recovery in the GST-14-3-3n-injected
and 41 *= 2% in the GST-14-3-31-R57A,R61A-injected cells,
p < 0.01 at 429s, Fig. 2B). The rate of recovery was also signif-
icantly different at the end of the measurement in the two
groups (2.8 = 0.3 and 5.1 * 0.4% of the resting current per
second, respectively, p < 0.01, Fig. 24; at this time the currents
and the normalized currents were not different in the two
groups (data not shown)). The same microinjection experiment
was also performed with oocytes expressing only mouse
TRESK, and the activation and the recovery were also signifi-
cantly attenuated by the microinjection of wild type GST-14-
3-37 in these cells (results not shown).

The same proteins were tested on human TRESK in another
oocyte preparation (Fig. 2, C and D) (the dominant negative
14-3-3m was coexpressed with TRESK also in these oocytes to
suppress the effect of endogenous 14-3-3). The activation of the
K* current was not different after the microinjection of the
wild type or the R57A,R61A mutant GST-14-3-3n (Fig. 2C). In
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FIGURE 3. The 14-3-3 inhibitor Ser(P)-Raf259 accelerates the recovery of
TRESK and the chained construct. A, normalized currents of oocytes micro-
injected with the phosphopeptide (pS-Raf259, 50 nl, 10 mm, 37-112 min
before the application of ionomycin) or with water (control). The cells were
coexpressing mouse TRESK with 14-3-37) (experimental protocol and current
normalization were described in the legend to Fig. 1). B, schematic topology
of the chained construct. TRESK was connected to 14-3-37 via the custom-
designed, flexible polypeptide chain (gray). The NFAT-like calcineurin bind-
ing motif (PQIVID), serine 264, and 276 were also depicted. The chained
14-3-3m (black) is shown to be dimerized with another 14-3-3 subunit
(gray) deriving from the other chained construct (of the functional TRESK
dimer; not shown) or from the endogenous pool of the oocyte. C and D,
normalized currents and recoveries of the oocytes expressing wild type
TRESK (wt. TRESK, gray) or the chained construct. The cells expressing the
chained construct were microinjected with the phosphopeptide (+pS-
Raf259, 50 nl, 10 mm, 37-156 min before the application of ionomycin) or
with water (chained).

contrast, the recovery was clearly different. The K* current did
not recover in the cells injected with the wild type, whereas it
rapidly recovered in the cells injected with the R57A,R61A
mutant protein (—20 = 12 and 48 * 7% recovery (n = 11 and
12), respectively, at 644 s in Fig. 2D, p < 10 % the negative
recovery in the wild type group indicated that TRESK current
was even larger at the end of the washout period than at the end
of the ionomycin stimulation). Thus, the microinjection of
GST-14-3-3m protein inhibited the recovery of both human
and mouse TRESK but suppressed the activation of only the
mouse channel. These results verified the identical conclusion
derived from the coexpression experiments.

As an alternative approach to demonstrate the acutely
reversible nature and specificity of the 14-3-3 action, a phos-
phopeptide ligand, Ser(P)-Raf259 (LSQRQRSTpSTPNVHA (2,
24)), competing with TRESK for binding to 14-3-37 (see the
supplemental material), was microinjected into the oocytes. In
the oocytes coexpressing 14-3-3n and TRESK, the inhibition of
the recovery was promptly eliminated by the microinjection of
Ser(P)-Raf259. In these peptide-injected cells, the recovery
of the current after ionomycin stimulation accelerated dra-
matically (88 = 14% compared with —1 * 11% in the water-
injected control oocytes (n = 2 X 6, p < 0.001), Fig. 34).
Thus, the elimination of the functional (endogenous and over-
expressed) 14-3-3 proteins by saturating their peptide binding
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grooves with Ser(P)-Raf259 rapidly alleviated the inhibition of
TRESK recovery. This indicates that the 14-3-3 action is imme-
diate and specific and not attributable to chronic alterations in
the molecular environment of TRESK (e.g. induced by second-
arily modified protein expression).

Although the kinetics of TRESK recovery was determined by
the functional 14-3-3 levels in a short timescale, the coex-
pressed (or microinjected) 14-3-3m may have affected different
regulatory proteins acutely. This raised the question of whether
the action of 14-3-3 was direct or was based on a distant signal-
ing component. Therefore, we examined how TRESK recovery
was regulated if the K* channel and 14-3-3 protein were inte-
grated into a single polypeptide chain. The N terminus of
14-3-37 was tethered to the C terminus of mouse TRESK via a
flexible polypeptide linker (LEHQy), (chained construct, Fig.
3B, see“Experimental Procedures” for details). Both the calcium-
dependent activation (4.3 £ 0.5-fold) and the recovery (—47 =
22%, n = 6) of this construct were reduced compared with wild
type TRESK (7.4 = 0.7-fold activation and 23 * 3% recovery
(n = 5); p < 0.01 for the activation at 213 s (Fig. 3.C); p < 0.02
for the recovery at 429 s (Fig. 3D)). Thus, the effects of the
coexpressed 14-3-31 were completely reproduced by the
chained protein (compare the gray control and +wt. h14-3-37m
curves in Fig. 1B to the gray control and chained curves in Fig.
3C). To verify that the altered kinetics of regulation was the
consequence of the protein-protein interaction between
TRESK and the tethered 14-3-3, the competing 14-3-3-binding
ligand, Ser(P)-Raf259 phosphopeptide, was also tested on the
chained construct. In the oocytes microinjected with Ser(P)-
Raf259, the recovery of the chained construct completed within
5 min (99 = 9%, n = 6). This was in sharp contrast to the near
absence of recovery in the control (water-injected) cells over
the same time period (p < 10~ >* at 429 s, Fig. 3D), confirming
that the reduced recovery of the chained construct was induced
by the specific binding of tethered 14-3-3 to TRESK. The effi-
ciency of chained 14-3-3 indicates that 14-3-3 modulation of
recovery kinetics is mediated by a direct interaction with
TRESK or through a signaling complex which contains TRESK
rather than through a distant regulatory element.

The Binding of 14-3-3m Depends on the Phosphorylation of
Serine 264 of Mouse TRESK—Phosphorylation of mode I motifs
is generally required for 14-3-3 binding; therefore, we exam-
ined whether the potential phosphorylation sites in the intra-
cellular loop sequence of TRESK could be phosphorylated. The
loop region of TRESK was produced as TRESKloop-Hg recom-
binant protein containing amino acids 185-292 of mouse
TRESK extended with eight C-terminal histidines. This wild
type construct had 10 serines and 1 threonine. Several mutant
versions of TRESKloop-Hg were also produced by repeated
site-directed mutagenesis, each retaining only one, two, or
three serines in different combinations (the eliminated serines/
threonine were replaced by alanine). TRESKloop-Hg, attached
to Ni-NTA-agarose, was phosphorylated by Xenopus oocyte
cytosol in the presence of [y->**P]ATP. All the TRESKloop-Hg
mutants containing serine 264 were also phosphorylated (Fig.
4A), indicating that this residue was the target of an active
oocyte kinase. PKA phosphorylation of the TRESKloop-Hg
substrates exhibited the same phosphorylation pattern as did
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FIGURE 4. Serine 264 of mouse TRESK is phosphorylated in vitro by Xeno-
pus oocyte cytosol and protein kinase A. A, TRESKloop-Hg proteins were
phosphorylated with Xenopus oocyte cytosol in the presence of [y->>P]ATP.
The mutant proteins contained only the serines indicated by the numbers
above the lanes. The upper panel shows the SDS-PAGE gel stained with Coo-
massie Blue, whereas the autoradiogram of the same gel is on the lower panel.
wt, wild type. B, a similar experiment as in A was performed with PKA (note
that the protein containing only serine 264 was phosphorylated by both the
cytosol and PKA).

the cytosol (Fig. 4B). Therefore, PKA was used to phosphorylate
serine 264 in our further in vitro experiments.

GST pulldown assays were performed to demonstrate that
serine 264 was required for the phosphorylation-dependent
binding of 14-3-3. In these experiments the interaction of GST-
TRESKloop-TAPtag, containing the entire intracellular loop of
mouse TRESK (amino acids 164 —-292), and Trx-His,-h14-3-37
(thioredoxin-His-tag fusion protein of human 14-3-37) was
tested. GST-TRESKloop-TAPtag bound Trx-His,-h14-3-37
only if the GST fusion protein was previously phosphorylated
with PKA (compare lanes 3 and 4 in Fig. 5A4). 14-3-3 attached
specifically by its phosphopeptide binding groove, since the
binding of the R57A,R61A mutant Trx-His,-h14-3-31 was
strongly reduced (compare lanes 4 and 6 in Fig. 5A) (in this
mutant two phosphoserine-interacting, positively charged
amino acids of the peptide binding groove are neutralized
(25). The specificity of the interaction was also confirmed by
the application of Ser(P)-Raf259. Increasing concentrations
of the phosphopeptide displaced the PKA-phosphorylated
GST-TRESKloop-TAPtag from the peptide binding groove
of 14-3-3, preventing the pull down of Trx-His,-h14-3-37
(Fig. 5B).

Next we examined which predicted mode I motif in GST-
TRESKloop-TAPtag was required for the interaction. The
S192A mutant of GST-TRESKloop-TAPtag pulled down Trx-
Hise-h14-3-37m like the wild type, but the S264A mutation
almost completely eliminated the binding (compare lanes 2, 4,
and 6 in Fig. 5C). The diminished binding of the S264A mutant
unequivocally indicated that serine 264 (in contrast to Ser-192)
was indispensable for the interaction, and the other regions of
the entire intracellular loop could not compensate for its loss
regardless of the phosphorylation state.

In the tag-reversed case, His-tag pulldown experiments were
performed with the TRESKloop-Hg constructs and GST-h14-
3-3nfusion protein. GST-h14-3-31 bound to wild type TRESK-
loop-Hg specifically, since the binding was phosphorylation-
dependent, and it was diminished by the R57A,R61A mutation
of GST-h14-3-37n (Fig. 5D). The addition of Ser(P)-Raf259
phosphopeptide also inhibited this binding in a concentration-
dependent manner (Fig. 5E). All the TRESKloop-Hg mutants
containing serine 264 bound GST-h14-3-37 and all the others
which did not contain this residue failed to do so (Fig. 5F). Most
importantly, the PKA-phosphorylated mutant, in which Ser-
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FIGURE 5. The RSNSCP2%° motif of mouse TRESK binds 14-3-37. A, GST pulldown assays with GST-TRESKloop-TAPtag or GST, phosphorylated with PKA or
not, in the presence or absence of wild type (wt.) or R57A,R61A mutant (m.) Trx-Hiss-h14-3-37, as indicated at the bottom of the panel. In lanes 1 and 2, only
Trx-Hisg-h14-3-3nand GST-TRESKloop-TAPtag were loaded, respectively. Incompletely translated/degraded products were also present in lane 2, one of them
being especially abundant at the size of GST. This was also marked as GST in B and C. B, the binding of Trx-Hiss-h14-3-31) to PKA-phosphorylated GST-
TRESKloop-TAPtag was tested in the presence of different concentrations of Ser(P)-Raf259 phosphopeptide. In lane 6 no Trx-Hiss-h14-3-371 was added. C, The
pulldown of Trx-His-h14-3-371 was tested with wild type, S192A, or S264A mutant GST-TRESKloop-TAPtag, phosphorylated with PKA or not, as shown at the
bottom of the panel. D, His-tag pulldown assays with TRESKloop-Hg phosphorylated with PKA or not in the presence or absence of wild type (wt.) or R57A,R61A
mutant (m.) GST-h14-3-37.In lanes 6 and 7, only wild type and R57A,R61A GST-h14-3-31 were loaded, respectively. The barely visible TRESKloop-Hg bands are
marked with an asterisk (as in Eand F). E, the binding of GST-h14-3-37 to PKA-phosphorylated (wild type) TRESKloop-Hg was tested in the presence of different
concentrations of Ser(P)-Raf259 phosphopeptide. In lane 7 only GST-h14-3-3m was loaded (as in F). F, His-tag pulldown assays with the same (wild type and
mutant) TRESKloop-Hg proteins as in Fig. 4A (all phosphorylated with PKA) in the presence of GST-h14-3-37. SDS-PAGE gels were stained with Coomassie Blue.

264 was the only serine residue, also pulled down GST-h14-3-
3m, indicating that serine 264 was not only necessary but also
sufficient for the binding of 14-3-3.

The Interaction of TRESK with 14-3-3 Is Isoform-specific—
We have cloned the cDNAs of the six other 14-3-3 isoforms
(B, v, € ¢, 0, and 1) from mouse brain and also prepared their
double-mutant, dominant negative versions (analogous to
R57A,R61A of 14-3-37m). These twelve 14-3-3 proteins were
coexpressed with mouse TRESK, and the activations and
recoveries were measured (see supplemental Fig. S2). The
coexpression of wild type vy isoform with TRESK diminished
the activation (4.5 * 0.4-fold, » = 5) and eliminated the
recovery (—8 * 14%, both p < 0.001, compared with the
corresponding dominant negative form (16.1 *+ 2.7-fold activa-
tion and 45 *= 3% recovery, n = 5), analysis of variance, and
Tukey honestly significant difference post hoc test). The effects
of the B, €, {, 0, and 7 isoforms were not significantly different
(wild type versus dominant negative). In the wild type 3, €, and
{ groups, the averages of both the activation and the recovery
were smaller than those in the oocytes coexpressing the respec-
tive dominant negative form with TRESK. However, even if the
differences of these averages reflected an existing interaction, their
small extent suggested that the overexpressed wild type B, €, and {
isoforms influenced TRESK weakly or these isoforms were com-
pletely ineffective, and only their dominant negative forms atten-
uated the action of the endogenous Xenopus 14-3-3s by hetero-
merization. Therefore, the o-and Tisoforms are ineffective; the 3, €,
and { proteins may evoke only a mild effect, whereas the y and i
isoforms are the major controllers of TRESK regulation.
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14-3-3 Inhibits the Recovery of TRESK Current after the Stim-
ulation of M ; Muscarinic Receptor—The stimulation of G pro-
tein-coupled receptors activates a complex machinery of signal
transduction, and the calcium signal is only one important con-
sequence of this activation. Because the receptor-mediated reg-
ulation of TRESK depended on the calcium signal (15), iono-
mycin was applied in all of the above experiments to elevate the
cytoplasmic calcium concentration independently of the other
signaling mechanisms, which would have been triggered by
receptor stimulation. Thus, the question was raised of whether
the inhibitory effect of 14-3-3 on the recovery of TRESK current
could be reproduced after the more physiological (but at the
same time more complex) receptor stimulation. Therefore, we
coexpressed M; muscarinic receptor with human TRESK and
dominant negative R57A,R61A 14-3-31. We used human
TRESK because the activation of the human channel was not
influenced by 14-3-3 in the above experiments, and thus, it was
anticipated that the recovery of the current could be more easily
evaluated. R57A,R61A 14-3-31 was coexpressed to reduce the
effect of Xenopus 14-3-3. These (triple coexpressing) oocytes
were microinjected with GST-14-3-3m or R57A,R61A mutant
GST-14-3-3m protein and subsequently stimulated with carba-
chol (1 um, Fig. 6). The receptor-mediated activation was iden-
tical in the two groups (10.9 = 1.2-fold (n = 7) in the GST-14-
3-3m-injected and 10.5 = 1.1-fold (n = 8) in the R57A,R61A
GST-14-3-3m-injected group at the end of carbachol-stimula-
tion (336 s); see Fig. 6A4). However, the K" current recovered
more slowly in the GST-14-3-37-injected cells (41 = 4% recov-
ery at 644 s in Fig. 6B) than in the R57A,R61A GST-14-3-37-
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FIGURE 6. 14-3-3 inhibits the recovery of TRESK current after the stimula-
tion of M, muscarinic receptor. A, normalized currents of two groups of
oocytes microinjected with 50 nl of GST-h14-3-37 (wild type, wt., black curve)
or R57A,R61A mutant GST-h14-3-37) fusion protein (gray curve). The cells were
coexpressing M, muscarinic receptor with human TRESK and R57A,R61A
14-3-37 (triple coexpression in both groups). Extracellular [K*] was increased
from 2 to 80 mm, and the oocytes were stimulated with carbachol (Carb., T um,
asindicated by the horizontal black bar) 200-233 min after the microinjection
of the proteins. B, normalized recovery was calculated from the same record-
ings as represented in panel A.

injected oocytes (77 *+ 4% recovery, p < 10~ *). This indicates
that the return of human TRESK current to the resting state was
also blocked by 14-3-3 after the stimulation of M; muscarinic
receptor.

DISCUSSION

Several members of the two-pore domain potassium (2PK™)
channel family are regulated by calcium-mobilizing hormones
and neurotransmitters (for review, see Ref. 26). It is well docu-
mented that the most extensively examined channels of the
TASK and TREK subfamilies (TASK-1, TASK-3, TREK-1, and
TREK-2) are inhibited in response to the activation of the G
protein subunit, Gey,. Although the signaling pathway is still
debated (the breakdown of membrane phosphoinositides (27,
28), the direct binding of Ge, to the channel (29), the produc-
tion of diacylglycerol (28), and the phosphorylation by protein
kinase C (30, 31) were all suggested as possible mechanisms for
the different channels), there is a general consensus that the
formation of inositol-1,4,5-trisphosphate and the following cal-
cium signal are not involved in the inhibition of TASK and
TREK subfamily members.

In contrast to TASK and TREK channels, TRESK is activated
by the G, protein-coupled receptor pathway. We have previ-
ously demonstrated that both human and mouse TRESK chan-
nels, expressed in Xenopus oocytes, were activated by the stim-
ulation of the endogenous lysophosphatidic acid and the
heterologously expressed M; muscarinic or AT, angiotensin
receptors (15). It has been recently reported that TRESK,
expressed in dorsal root ganglion neurons, is activated by G
protein-coupled receptor agonists (32). In cell-attached mem-
brane patches, the lamotrigine-sensitive component of the K*
current (attributed to TRESK) was activated by 30-100% in
response to the application of acetylcholine, glutamate, or his-
tamine. In the same study acetylcholine activated TRESK by
80% when the channel was coexpressed with M, muscarinic
receptors in COS-7 cells. These reported levels of activation in
the mammalian cells were robust enough to be biologically
important although smaller than the severalfold activation in
the Xenopus expression system. The difference could be due to
variations in the phosphorylation state of TRESK, the expres-
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sion of calcium-mobilizing receptors, and the properties of the
calcium signal.

In two previous papers (15, 19), we elucidated the mecha-
nism of TRESK activation; TRESK was shown to be activated by
calcineurin. Moreover, we demonstrated that the susceptibility
to calcineurin-mediated activation is hardwired to TRESK; it is
specifically defined at the protein sequence level. Whereas scaf-
folding proteins may be required for the localization of the
phosphatase to other substrates (33), the intracellular loop of
TRESK contains an NFAT-like docking motif for calcineurin
(PQIVID in mouse and PQIIIS in human TRESK). To our
knowledge this kind of motif (34 —-36) has not been reported in
any other ion channels so far. We have shown that the anchor-
ing of calcineurin to this motif is absolutely required for TRESK
activation (19). Because the ability to bind calcineurin is an
inherent property of TRESK protein, this background K™ chan-
nel is expected to be generally activated by the calcium signal if
calcineurin expression in the cell and the basal inhibitory phos-
phorylation of the channel are sufficient.

In the present study we report a novel and direct protein-
protein interaction of TRESK subunit. Our biochemical data
indicate unequivocally that 14-3-3 adaptor protein directly
binds to the RSNSCP motif, conserved in the intracellular loop
region of both human and mouse TRESK. The phosphorylation
of the second serine residue in the motif (Ser-264 in mouse
TRESK) was required for the interaction. The RSNSCP motif is
located between the PQIVID calcineurin docking site (amino
acids 210-215) and the putative regulatory serine of channel
activation (Ser-276 in mouse TRESK). The close proximity of
the 14-3-3 binding motif to these functionally important
regions suggested that the binding of 14-3-3 may be implicated
in the calcineurin-dependent regulation of the channel.

Indeed, experimental manipulation of the functional 14-3-3
levels (by the coexpression or microinjection of wild type or
dominant negative 14-3-3 or the application of the competing
phosphopeptide) profoundly influenced TRESK regulation in
the Xenopus oocyte expression system. The most substantial
effect of 14-3-3 was the inhibition of the return of TRESK cur-
rent to the resting state after the calcineurin-mediated activa-
tion. In addition to this, 14-3-3 also evoked a mild auxiliary
effect on mouse TRESK; the adaptor protein also inhibited the
calcineurin-dependent activation of the mouse channel. 14-3-3
controlled TRESK regulation identically, even if it was tethered
to the channel with a flexible polypeptide chain, and thus, the
chained 14-3-3 could not reach the multitude of its other dis-
tant binding sites in the cell. This result indicates that 14-3-3
functions within the signaling complex of TRESK (of which the
only other known element is calcineurin at present). Although
it cannot be excluded that the dimeric 14-3-3 also binds to
another component of this signaling complex (to an unknown
component as calcineurin does not bind 14-3-3, to our knowl-
edge), it is highly unlikely that the canonical 14-3-3 binding
motif is present in TRESK only by chance and at the same time
14-3-3 acts exclusively somewhere else within the signaling
complex. Instead of this, the presented data strongly support
the conclusion that 14-3-3 also binds directly to TRESK in the
living cell (as in vitro), and this is the reason that the recovery of
the background K™ current becomes decelerated.
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What is the mechanism by which the binding of 14-3-3 decel-
erate TRESK recovery? We have previously demonstrated that
both the docking of calcineurin to the NFAT-like motif and the
enzymatic activity of the phosphatase are required for the
calcium-dependent activation (19). It logically follows that
TRESK is inhibited by a kinase acting at the same residue that is
dephosphorylated by calcineurin. Although the identification
of this “TRESK kinase” is beyond the scope of the present study
(the region of Ser-276 does not match the consensus sequence
of any known kinase, and under our basic experimental condi-
tions it was not phosphorylated by the oocyte cytosol), it is
feasible to assume that the recovery depends on this kinase.

We postulate that the binding of 14-3-3y and -7 interferes
with the interaction of TRESK kinase and TRESK (perhaps by
steric hindrance). This would explain why the overexpression
of 14-3-3 substantially attenuated the recovery, whereas the
suppression of 14-3-3 function (by the coexpression of a dom-
inant negative form or the application of the competing phos-
phopeptide) accelerated the return of the K* current to the
resting state. (As an additional minor effect, 14-3-3 also
reduced the activation of mouse TRESK, suggesting that (when
overexpressed) 14-3-3 could also interfere with the action of
calcineurin). The postulated inhibition of TRESK kinase (by the
binding of 14-3-3 to the phosphorylated Ser-264) would hinder
the re-phosphorylation of the regulatory residue of TRESK
(probably Ser-276) and, thus, decelerate the recovery of the
channel from the calcium-dependent activation.

The binding of 14-3-3 extends the period of enhanced
TRESK activity after the calcium signal. The activation of the
background K™ current stabilizes the resting membrane
potential at negative values and reduces the excitability in
the cells that express TRESK abundantly. Therefore, the
phosphorylation-dependent binding of 14-3-3y and -7 iso-
forms is expected to adjust the period of time after which
the hyperpolarization and the reduced excitability cease.
Because 14-3-3 proteins are ubiquitous and their interaction
with TRESK is determined by a well defined binding motif,
14-3-3 is envisioned to be a standard constituent in TRESK
signaling complexes and to regulate the duration of reduced
excitability after the calcium signal.
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