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Control of the single channel conductance of K,p10.1
(TREK-2) by the amino-terminus: role of alternative
translation initiation

Dina Simkin, Eric J. Cavanaugh and Donghee Kim

Department of Physiology and Biophysics, and the Interdisciplinary Neuroscience Program, Rosalind Franklin University of Medicine and Science,
Chicago Medical School, 3333 Green Bay Road, North Chicago, IL 60064, USA

TREK-2 expressed in mammalian cells exhibits small (~52 pS) and large (~220 pS) unitary
conductancelevels. Here we tested the role of the N-terminus (69 amino acids long) in the control
of the unitary conductance, and role of the alternative translation initiation as a mechanism that
produces isoforms of TREK-2 that show different conductance levels. Deletion of the first half
(A1-36) of the N-terminus had no effect. However, deletion of most of the N-terminus (A1-66)
resulted in the appearance of only the large-conductance channel (~220 pS). In support of
the critical function of the distal half of the N-terminus, the deletion mutants A1-44 and
A1-54 produced ~90 pS and 188 pS channels, respectively. In Western blot analysis, TREK-2
antibody detected two immunoreactive bands at ~54 kDa and ~60 kDa from cells expressing
wild-type TREK-2 that has three potential translation initiation sites (designated M;M,M3)
within the N-terminus. Mutation of the second and third initiation sites from Met to Leu
(M;L,Ls) produced only the ~60 kDa isoform and the small-conductance channel (~52 pS).
Mutants designed to produce translation from the second (M,L3) or third (M3) initiation site
produced the ~54 kDa isoform, and the large conductance channel (~185-224 pS). M,L,L;,
M;L; and M; were relatively selectively permeable to K*, as judged by the 51-55 mV shifts
in reversal potential following a 10-fold change in [K*],. Py,/Px values were also similar for
M,;L,L; (~0.02), M,L; (~0.02) and M3 (~0.03). Arachidonic acid, proton and membrane
stretch activated, whereas dibutyryl-cAMP inhibited all three isoforms of TREK-2, indicating
that deletion of the N-terminus does not abolish modulation. These results show that the small
and large conductance TREK-2 channels are produced as a result of alternative translation
initiation, producing isoforms with long and short N-termini, and that the distal half of the
N-terminus controls the unitary conductance.
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TREK-2 (K,p10.1) is a member of the two-pore domain
K" channel family, and is expressed in neurons and glial
cells in various areas of the central nervous system (Bang
et al. 2000; Lesage et al. 2000; Gnatenco et al. 2002; Gu
et al. 2002). In these cells, TREK-2 probably provides
part of the background Kt conductance, and regulates the
resting membrane potential and firing frequency. Because
of its sensitivity to various factors such as lipids, membrane
tension, acid, anaesthetics and G proteins, TREK-2 is likely
to regulate neuronal excitability in response to diverse
physiological and pathological stimuli (Patel et al. 1998,
1999, 2001; Kim, 2005; Honore, 2007). For example,
expression of TREK-2 in dorsal root ganglion neurons and
in the granular cells of the cerebellum suggests a role in
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sensory and pain transduction, and motor coordination,
respectively.

Cloned rat and human TREK-2 expressed in COS-7,
HEK?293, HeLa cells and in Xenopus oocytes show multiple
unitary conductance levels that range from ~52pS to
~220pS (Kang et al. 2007). The 52 pS channel shows
a mild inwardly rectifying current—voltage relationship,
whereas the 220 pS channel shows a linear relationship.
Such a large difference in unitary conductance levels for
a channel is unusual. The finding that TREK-2 mRNA
produces channels with multiple conductinglevels initially
suggested that low conductance levels represent sub-
conductance states of the large conductance level, or that
small and large levels represent different gating modes,
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as also suggested initially for TREK-1 (Xian Tao et al.
2006). However, such mechanisms do not seem likely for
TREK-2, because no switching of the 52 pS and 220 pS
channels has ever been observed in patches containing
only one conductance level. It also seems unlikely that
the 52 pS channels are clustered and gate together to
produce the 220 pS channel, because the open channel
noise of the large-conductance channel is much lower
than that of the small-conductance channel (Kang et al.
2007). Multiple openings of the 52 pS channels with
added open channel noise are often observed in patches,
ruling out the clustered gating mechanism. What other
mechanism could possibly produce channels with such
different conductance levels? In our preliminary studies
to further understand this phenomenon, we observed that
the deletion of the N-terminus of TREK-2, but not the
C-terminus, produced only the large-conductance 220 pS
channel. This finding suggested that the N-terminus
controls the unitary conductance of TREK-2, and led us
to hypothesize that small- and large-conductance levels
may represent different conformation of the TREK-2
with the N-terminus in various locked positions formed
during channel assembly at the plasma membrane, or that
TREK-2 with truncated N-terminus is formed from the
wild-type TREK-2.

During the course of our investigation to further
determine the role of the N-terminus on TREK-2 function,
a study reported that an alternative translation initiation
mechanism produced two isoforms of TREK-1 (Thomas
et al. 2008). This mechanism is thought to occur when the
ribosome skips the first translation initiation site (referred
to as leaky scanning), because of lower than optimal
context of the sequences near the initiation codon AUG,
and moves to the next initiation site to start translation
(Kozak, 1989, 2005). Another important finding was that
the isoform with the truncated N-terminus was permeable
toNat, leading to the idea that one of the TREK-1 isoforms
can be excitatory (Thomas et al. 2008). These observations
in TREK-1 have led us to further explore the possibility
that an alternative translation initiation mechanism also
produces TREK-2 isoforms with long and short N-termini
that produce different conductance levels. In addition
to the role of the N-terminus in the control of unitary
conductance, functional properties of TREK-2 isoforms
were studied.

Methods
Transfection in cloned cell lines

Full length rat TREK-2, TREK-1 and TRAAK were cloned
into pcDNA3.1 vector (Invitrogen, Carlsbad, CA, USA).
HeLa and COS-7 cells were seeded at a density of 2 x 10°
cells per 35 mm dish 24 h prior to transfection in 10%
bovine serum in Dulbecco’s modified Eagle’s medium
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(DMEM). Cells were cotransfected with pcDNA3.1 vectors
harbouring full open reading frames of a Kyp channel and
green fluorescent protein (GFP) using Lipofect AMINE
2000 and OPTI-MEM 1 Reduced Serum Medium (Life
Technologies). Green fluorescence from cells expressing
GFP was detected with the aid of a Nikon microscope
equipped with a mercury lamp light source. Cells were
used 1-3 days after transfection.

TREK-2 mutants

Single and double point mutations were done using
QuikChange site directed mutagenesis kit (Stratagene) in
pcDNA3.1. N-terminus deletion mutants were made by
amplification of the desired DNA fragment and cloning
into pcDNA3.1 vector by TA cloning methods. The DNA
sequences of all TREK-2 mutants were sequenced for
confirmation (DNA sequencing facility, University of
Chicago).

Electrophysiological studies

Electrophysiological recording was performed using a
patch clamp amplifier (Axopatch 200, Axon Instruments,
Union City, CA, USA). Single channel current was filtered
at 2 kHz using an 8-pole Bessel filter (—3 dB; Frequency
Devices, Haverhill, MA, USA) and transferred directly
to a computer using the Digidata 1320 interface (Axon
Instruments) at a sampling rate of 20 kHz. Whole cell
currents were recorded after cancelling the capacitive
transients. Channel currents were analysed with the
PCLAMP program (v. 9). For single channel analysis, the
filter dead time was 100 us (0.3/cutoff frequency) such that
events shorter than 52 us in duration would be missed.

Data were analysed to obtain channel activity (NP,,
where N is the number of channels in the patch, and
P, is the probability of a channel being open). NP, was
determined from ~30 s of current recording.

The single channel current tracings shown in the figures
were filtered at 1 kHz. In experiments using cell-attached
and excised patches, pipette and bath solutions contained
(mMm): 140 KCI, 1 MgCl,, 5 EGTA and 10 Hepes (pH 7.3).
In other cell-attached and whole-cell recordings, bath
solution contained (mMm): 135 NaCl, 5 KCl, 1 MgCl,, 5
glucose and 10 Hepes (pH 7.3). A large outside-out patch
was formed from the whole-cell configuration by gently
lifting up the pipette.

For statistics, Student’s t test was used with P < 0.05
as the criterion for significance. Data are represented as
mean = S.E.M. unless specified.

Pno/Px was calculated from ([K*];/[Nat],)
exp(AV o F/RT); where AV, represents the change in
V ev on replacing K™ with Na* in the bath solution, and
F/RT is 0.039 mV~! at 24°C.
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Western blot analysis and reagents

TREK-2 antibody (Santa Cruz) recognizing the
C-terminus of TREK-2 was used to perform Western
blot analysis in cells expressing TREK-2 or its mutants.
Briefly, cells in culture or brain tissues were collected and
solubilized in RIPA buffer containing 52 mm Tris-HCI
(pH8.0), 150mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate and 0.1% SDS. After mixing with sample
buffer, proteins were separated by SDS-PAGE on a
NuPAGE 4-12% gradient gel and transferred to a PVDF
paper. Primary TREK-2 antibody raised in goat and
secondary HRP-conjugated IgG antigoat antibodies were
used to detect TREK-2 isoforms. The filter was exposed
to Supersignal West Pico Chemoluminescent substrate
(Pierce) for 5 min and then exposed imaging film (Kodak)
for detection of HRP.

All other chemicals and enzymes were purchased from
Sigma Chemical Co. Solutions for Western blot analysis
were from Pierce. Antibodies to c-myc and HA epitopes
were from Sigma. Dibutyryl-cAMP, arachidonic acid and
isobutylmethylxanthine were purchased from Sigma.

Results

Small and large conductance levels of TREK-2

Rat TREK-2 is a 538 amino acid polypeptide, and two
subunits are believed to assemble into a homodimer to
form a functional K* channel. When expressed in Hela
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cells and single channels are recorded from cell-attached
and inside-out patches, TREK-2 shows small and large
channel conductance levels, as shown in Fig. 14, as
indicated by S (small; ~52 pS) and L (large; ~220 pS)
recorded at +40 mV (outward current) and —40 mV
(inward current). Channel openings with intermediate
conductance levels (ranging from ~120 pS to ~180 pS)
are also observed at lower frequency. One such opening
with an intermediate conductance level is shown in the
current tracing obtained at —40mV in Fig. 1A (last
opening). No such TREK-2 channels have been observed
in patches from untransfected cells or in cells trans-
fected only with DNA coding for green fluorescent
protein (GFP), which is normally used to visualize cells
expressing TREK-2. Small and large conductance levels
of TREK-2 were also observed in COS-7 and HEK293
cells transfected with plasmid harbouring TREK-2 DNA.
In cell-attached patches of HeLa cells with a low level of
channel expression, channel openings with either small
or large conductance level could be recorded (Fig. 1B).
This allowed an accurate analysis of the current—voltage
relationships for TREK-2-S and TREK-2-L (Fig.1C).
Thus, TREK-2-L has a linear current—voltage relationship,
and TREK-2-S has an inwardly rectifying one. The channel
activity of TREK-2-S was significantly greater than that of
TREK-2-L in cell-attached patches (Fig. 1D).

In those patches in which only TREK-2-S or TREK-2-L
was present, no conversion of the conductance levels
occurred during ~30 min of recordings, suggesting that
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Figure 1. Different conductance levels of TREK-2 expressed in HelLa cells

A, current recordings from cell-attached patches. Pipette potential was held at +40 (cell membrane potential
of ~—40mV) or —40mV. S and L indicate small and large conductance levels indicated by dotted lines. B,
current recordings from cell-attached patches containing only the small (TREK-2-S) or large (TREK-2-L) conductance
channel. C, plot of the mean current amplitude at +40 and —40 mV (n = 5; mean =+ s.e.M.). Asterisk indicates a
significant difference (P < 0.05). D, relative channel activity of TREK-2-S and TREK-2-L measured from cell-attached
patches (n = 10; mean = s.t.Mm.). Asterisk indicates a significant difference from other bar (P < 0.05).
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TREK-2-S is not a subconductance state of TREK-2-L,
and that they do not represent different gating modes that
can switch. Also, treatment of patches with arachidonic
acid (10 uM), pressure (—60 mmHg) or acid (pH 5.8) all
activated the channels as reported previously, but did not
switch the gating mode (n = 6). Altering the temperature
of the perfusion solution from 24°C to 35°C also did not
alter the unitary conductance level of either TREK-2-L
or TREK-2-S (n=4, P> 0.05). These results suggest
that TREK-2-L or TREK-2-S shows the properties of a
preformed channel that does not undergo changes in
gating mode or conformational switch.

Analysis of N-terminal deletion mutants

To identify channel regions that determine the unitary
conductance of TREK-2, the effects of deletions of the
cytoplasmic domains were tested. Our previous work
showed that deletion of the C-terminus or substitution
with the C-terminus with that of TASK-3 did not alter the
unitary conductance level (Kim et al. 2001). Therefore,
the effect of deletion of the N-terminus (69 residues)
was examined. Based on secondary structure prediction
programs (see figure legend), the N-terminus of TREK-2
consists of three domains (Fig. 2). The first domain
consisting of residues 1-47 is predicted to be a random
coil. The second domain consisting of residues from ~48
to ~56 (indicated by a line above the sequence) is predicted
to be a short a-helix. The third domain is a short random
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coil consisting of ~10 amino acids which connects to the
first transmembrane «-helical segment. To test the role of
these regions in controlling the unitary conductance level,
six deletion mutants were constructed, and their single
channel properties were studied.

The wild-type TREK-2 showed mainly small and
large-conductance levels, with a few intermediate levels
when recorded at +40mV, as shown in the top
tracing of Fig. 2. Deletions of up to ~half of the
N-terminus (A1-21:A22M, A1-32:A33M (not shown),
and A1-36:H37M) did not affect the conductance levels,
and both small and large levels were still present. Deletion
of most of the N-terminus (A1-54 and A1-66) produced
the large-conductance channel (ranging from 180 pS to
220 pS at +40 mV), and channels with small conductance
levels were not observed. Deletion of the first 44 amino
acids (A1-44:145M) led to the appearance of a ~90 pS
channel that has less open channel noise than TREK-2-S
in all 14 patches in both cell-attached and inside-out states
(Fig. 2). This shows that the region encompassing residues
37-45 that is located before the putative a-helix is also
necessary for producing the small-conductance (~50 pS)
channel. No large-conductance channel was observed with
the A1-44:145M mutant in all 14 patches tested. Together,
these results provide further evidence that the entire distal
half of the N-terminus controls the unitary conductance
of TREK-2. The largest increase in unitary conductance
(from ~90 pS to ~200 pS) occurs when the deletion is
from residue 45-55, suggesting that the putative a-helical
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Figure 2. Deletion of the N-terminus on the conductance level

The amino acid sequence of the N-terminus (residues 1-69) is shown at the top. The region containing the
residues 48-56 indicated by the line has a predicted a-helical structure, and the regions on either side of the
a-helix are predicted random coil, based on secondary structure prediction programs (DPM, HNNC, Predator,
nnPredict and PHDsec). Current tracings show single channel recordings from wild-type TREK-2 and deletion
mutants, as indicated. For all deletions, the beginning amino acid was changed to methionine. Membrane potential
was +40 mV. Small and large conductance levels are indicated by dotted lines (S and L).
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region is an important part of the channel that regulates
the conductance level.

To test whether TREK-2-S can be switched to TREK-2-L
by cleaving off the N-terminus, a thrombin cleavage site
consisting of six amino acids (LVPRGS) was engineered
into the position between residues 60 (Glu) and 61 (Gly).
Unfortunately, no channels could be recorded from the
mutant containing the six amino acids, suggesting that
the proper length of the distal region of the N-terminus is
important for formation of functional channels. Insertion
of the same residues (LVPRGS) at a position between
45 (Ile) and 46 (Ser) led to normal small and large
conductance channels (data not shown). These results
further suggest that the proper conformation of the
distal N-terminus is important for regulation of TREK-2
function and conductance.

Test of alternative translation initiation for TREK-2

A recent study reported that two isoforms of TREK-1
with different conductance levels are generated via an
alternative translation initiation mechanism (Thomas
et al. 2008). In this mechanism, the ribosomal complex
can skip the first translation initiation site because of
the suboptimal context of the sequences surrounding
the starting codon (AUG), and start translating from
the second initiation site. Therefore, it seems plausible
that such a mechanism also accounts for the different
conductance levels of TREK-2. The N-termini of TREK-1
and TREK-2 share 36% amino acid identity and 52%
similarity, and have slightly different lengths (59 versus
69 residues). In TREK-2, there are three potential trans-
lation initiation sites at the N-terminus, as compared to
two such sites for TREK-1. Theoretically, three isoforms
can be produced for TREK-2 via the alternative trans-
lation initiation mechanism. The last two initiation sites
are only 12 residues apart, and therefore the expected
protein products from these initiation sites would be very
close in molecular mass (~53 and ~54 kDa). If alternative
translation initiation occurred, two protein products of
~60kDa and ~53/54 kDa would be detected, based on
translation from the first and second/third initiation
sites.

To test the generation of TREK-2 isoforms via
alternative translation initiation, HeLa cells were trans-
fected with TREK-2 DNA, and the expressed proteins
were detected by Western blot analysis. As shown in
Fig. 3A, two distinct immunoreactive bands were observed
at the predicted molecular mass using an antibody directed
against the C-terminus of TREK-2. No immunoreactivity
was detected with cells expressing TREK-1 and TRAAK.
Functional expression of TREK-1 and TRAAK in the
cells was confirmed by single channel recording. Two
bands at the same positions were also obtained when

© 2008 The Authors. Journal compilation © 2008 The Physiological Society
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COS-7 and HEK293 cells expressing TREK-2 were used
(Fig.3A). The expression level of the ~60kDa isoform
was always greater than that of the ~54kDa isoform.
The relative density of the immunoreactive signals varied
in different cultures, presumably due to different trans-
fection efficiency of each plasmid at different times of
transfection, as well as different efficiency of alternative
translation (leaky scanning). Therefore, we focused only
on the relative molecular sizes of the immunoreactive
bands (isoforms). In HeLa cells expressing TREK-2
tagged with HA epitope at the N-terminus, the anti-
body to HA recognized only a single band at ~60 kDa, as
predicted.

For further test of the alternative translation initiation,
mutants were constructed such that only one specific
initiation site could be used. The wild-type TREK-2
will be referred to as M;M,Mj3, because it has three
initiation sites at the N-terminus, indicated by the sub-
scripts. First, the N-terminus up to either the second or the
third initiation site was deleted to produce M,M; (same
as Al1-54) and M; (same as A1-66), respectively. The
second and third initiation sites (M, and M3;) were also
mutated to leucine (or threonine) to generate M,L,L;
(or MT,T;) and M,L; (or M,T3) to prevent initiation
from those sites. Western blot analysis again showed
two immunoreactive bands at expected positions from
HelLa cells expressing wild-type TREK-2. M; and M,M;
produced only the smaller isoform, as predicted. M, T, T3
and M, L,L; produced only the ~60 kDa isoform, whereas
M,T; produced the ~54kDa isoform (Fig.3B). M,T;
and M3 are close in molecular mass, and thus appeared
similar in size. In cells transfected with both M,M; and
M, T,T; DNAs, both isoforms were detected at predicted
molecular sizes. The results show that leaky scanning
occurs during translation of TREK-2, leading to the
formation of the ~60 kDa isoform and the ~54 kDa iso-
forms. We were unable to separate the low molecular mass
band to check for leaky scanning at the second initiation
site. To show that TREK-2 isoforms are generated in
brain tissues that express TREK-2 mRNA, cerebellum,
trigeminal ganglia and hypothalamus were dissected from
rat brain and subjected to Western blot analysis. In two
separate experiments, no clear immunoreactive signals
were obtained with the TREK-2 antibody. This suggests
that the level of TREK-2 expression in these tissues
may be relatively low for immunodetection, although
single channels of TREK-2 can clearly be recorded
from these tissues (Gnatenco et al. 2002; Han et al
2002).

Single channels recorded from cell-attached patches
of HelLa cells expressing M;L,L;, M,L; or M3 show
that M;L,L; produces only the small conductance
channel (52pS), whereas M,L; and M; produce
the large-conductance channel (185-220pS; Fig.2C).
These results explain the presence of small- and
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large-conductance channels produced by TREK-2, and
support the mechanism of alternative translation
initiation. Amplitude histograms show a small difference
in conductance between M,L; and Mj; at +40mV.
At +40 mV, the conductance levels of M,L; and M; were
188 + 9 pS and 222 £ 8 pS, respectively. At —40 mV, the
conductance levels were not different (216 £ 7 pS and
220+ 6 pS; P < 0.05; n = 3). Therefore, M,L; showsavery
small inward rectification that is not present in M.

As shown in Fig. 2, deletion of ~half of the N-terminus
(A1-36:H37M) still allowed leaky scanning, as both small
and large-conductance channels were present. However,
additional deletion of eight residues (A1-44:145M)
resulted in the generation of a channel exhibiting only
the ~90 pS channel, although A1-44:145M has a sub-
optimal sequence at the first initiation site. It may be that
the first initiation site of the A1-44:145M mutant is now
too close to the second and third sites for ribosomal escape
to occur efficiently to elicit alternative initiation. We did
not investigate this issue further.
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Functional studies of TREK-2 isoforms: ion
permeability to Na* and K+

One of the findings with TREK-1 was that deletion of
the N-terminus resulted in increased Nat permeability
(Thomas et al. 2008). To test whether the TREK-2 isoform
with a short N-terminus also exhibits such a phenomenon,
ion permeability studies were carried out using solutions
containing varying ratios of Kt and Na™ concentrations.
Large outside-out patches containing many channels were
formed from HeLa cells expressing M;L,L;, M,L; or
M3, and macroscopic currents were recorded at various
membrane potentials ranging from —160 mV to 440 mV.
The initial bath and pipette solutions contained 140 mm
K*/0 Na*, and then the bath solution switched to that
containing 5mM K*/135mM Na't, 10 mm K/130 mm
Na™, 30 mM K7/110 mm Nat, or 70 mm K+/70 mm Nat.
The current levels recorded at different voltages were
plotted, and the reversal potentials were determined. As
shown in Fig. 4A, lowering bath [K*] shifted the reversal
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Figure 3. Western blot analysis and single channel recordings of TREK-2 and its mutants

A, cells expressing TREK-2, TREK-1, TRAAK or TREK-2 tagged with HA epitope were prepared for Western blot
analysis. Two immunoreactive bands were detected using the TREK-2 antibody, whereas only one band was
detected with the HA antibody. B, TREK-2, various mutants designed to elicit translation of initiation at specific
sites were expressed in Hela cells, and immunoreactive proteins were analysed with TREK-2 antibody. In cells
expressing c-myc-tagged TREK-2, antibody to c-myc was used. C, single channel currents from cell-attached
patches from Hela cells expressing TREK-2 mutants, and the corresponding amplitude histograms (+40 mV) are

shown.
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potential (E,,) to the left as predicted of a K™ -permeable
channel. At a given [K™],, the E,., values were generally
similar for M;L,L;, M,L; and M3 ranging from 75 mV
to 82 mV. Plot of the E,., as a function of [K*] showed
that the slope of the curves for M;L,L;, M,;L; or M;
were 55+ 2,54+ 2 and 51 =2 mV (P < 0.05; n=3) per
10-fold change in [K*],, indicating that M, L,L;, M,L; or
M; have similar ion selectivity and permeability properties
(Fig. 4B). These results obtained using TREK-2 are clearly
different from the ~20mV shift in E,., reported for

A m 5mMK/135mM Na'
® 30mMK /110 mM Na’
A 140 mM K'/O mM Na’

pAi
100
M 1L2L3 Py
-160
S -en/./ 40 mV
£100
pA
M_L 50s
. " ,.9‘[
-160s—+— -804 40 mV
-50
pA

40 mV
*-100
B .
100 B Theoretical
8ol o ® TREK-2MLL
> A TREK-2 ML
@ 60 v TREK-2ZM
ul 40
20
0
10 i 100
K]

Control of unitary conductance of TREK-2

5657

TREK-1 after deletion of the N-terminus (Thomas et al.
2008).

To further confirm that Na™ permeability is relatively
unchanged in isoforms with short N-terminus, currents
from HeLa cells expressing M;L,Ls;, M,L; or M3 were
recorded with 140 mm Na' in the bath and 140 mm K*
in the pipette solution, and then the bath solution was
switched to that containing only 140 mm K*. Currents
typical of those obtained following ramp voltage pulses
ranging from —140 mV to 0 mV are shown in Fig.4C.
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Figure 4. Permeability properties of TREK-2 isoforms to K* and Na*

A, large outside-out patches were formed from cells expressing TREK-2 mutants each designed to produce one
type of isoform. Pipette solution contained 140 mm K*, and the bath solution contained different ratio of K* and
Na™ as indicated. Arachidonic acid (5 uM) was added to the pipette to activate the channels. Macroscopic currents
were determined at various membrane potentials and plotted as shown for M1L;L3, MLz and M3. B, shifts in
reversal potential (Erey) are plotted as a function of external [K™], and fitted to a linear line. Dotted line indicates
the calculated values from the Nernst equation. C, large outside-out patches with pipette that has 140 mm K*.
Bath solution contains 140 mm Na™. D, the bar graph shows the reversal potentials for MyL;L3, MzL3 and M3
from experiments in C (n = 4; mean = s.t.M.). No significant difference was present (P > 0.05).
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The three isoforms of TREK-2 showed E,., ranging from
—86 mV to —96 mV (Fig. 4D). When Na™ in the bath was
replaced with equimolar K*, the reversal potential was
always zero in all trials (not shown). The calculated mean
Px./Px values were 0.02, 0.02 and 0.03 for M;L,Ls, M,L;
or M3, respectively. These results show that the deletion
of the N-terminus does not greatly alter the permeability
properties of TREK-2 to Nat and K*, although a small
increase in Na™ permeability is seen with M; compared
with M,L,L;, M,L;. Again, this is different from the
~10-fold increase in Py,/Px following removal of the
N-terminus of TREK-1 (Thomas et al. 2008).

Functional studies of TREK-2 isoforms; activators and
inhibitors

Having TREK-2 mutants each expressing only one iso-
form allowed us to directly test the effect of activators and
inhibitors on the behaviour of each isoform. Therefore,
inside-out patches from HeLa cells expressing M;L,L;,
M,L; or M; were obtained, and arachidonic acid (10 um),
negative pressure (—60 mmHg) and acid (pH 5.8) were
applied, and changes in channel activities determined
before and after applications. As shown in Fig.5A, all
three activators strongly increased the channel activities
of M L,L; from the basal level. Similarly, all three
activators produced large increases in channel activity of
M; (Fig. 5B). Unlike M L,L; and M3 whose basal activity
is relatively low, the basal activity of M,L; was relatively
high (open probability, ~0.4). Because of this high basal
activity, the increase in channel activity produced by
application of the activators was relatively small, but the
increase was clearly present (Fig. 5C). Comparison of the
results obtained with M;L,L; and M3 show that removal
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of the N-terminus does not affect the overall sensitivity of
the channels to various activators.

To test the effect of phosphorylation, cell-attached
patches were formed and 500 um dibutyryl cAMP
and 0.1 mM isobutylmethylxanthine (IBMX; inhibitor of
phosphodiesterase) were applied to the bath solution to
increase protein kinase A activity, which phosphorylates
TREK-2 (Kang et al. 2006). Dibutyryl-cAMP and IBMX
decreased the activity of M;L,L;, M,L; and M; — to
36 4+ 8%, 44 4+9% and 42 + 8% of the control level,
respectively (n=4; data not shown). However, unitary
conductance levels were not affected (P < 0.05), and
no switching of gating modes between small and large
conductance levels was observed. Thus, deletion of the
N-terminus did not alter the general behaviour of the
TREK-2 channel in response to various modulators.

Intermediate conductance levels are sublevels of the
large-conductance channel

So far, we have focused on the molecular identity of small
and large conductance levels of TREK-2. As described
in an earlier study and in the first section of results,
intermediate conductance levels are also observed with
the wild-type TREK-2 (Kang et al. 2007). Single channel
recordings from two cell-attached patches of HeLa cells
expressing TREK-2 (M;M;M3) are shown in Fig. 6A.
One can often observe channel openings that range from
~120 pS to 150 pS (labelled as intermediate) along with
the small (~52 pS) and large (200-220 pS) conductance
channels. In the middle of the second tracing of Fig. 6A,
an intermediate level is present along with the large level,
suggesting that the ~150 pS channel is most likely a sub-
conductance state of the ~220 pS channel. However, it is

Figure 5. Responses of TREK-2 isoforms to three
activators

A, inside-out patches expressing M1L,L3 were formed,
and three activators (pH 5.8), suction (=80 mmHg) or
arachidonic acid (20 um) was applied briefly. Membrane
potential is held at —40 mV. B, same experiments as A
except that patches express Ms. C, channel activities
before and after activation are plotted for MqL,L3,
M>L3 and M3s. Each bar is the mean =+ s.e.m. of 4-5
determinations. All three activators produced significant
increases in activity from the corresponding basal level
(P < 0.05).
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difficult to know clearly whether the ~150 pS channel is
a subconductance level of the ~220pS channel, as the
~150 pS channel could be a functional correlate of a
different TREK-2 isoform.

While studying TREK-2 mutants in more detail, we
observed that homomeric channels made up of M,L;
frequently exhibit an intermediate level of ~120 pS, in
addition to the main conductance level ranging from
~185pS to ~200pS, as shown in the two tracings of
Fig. 6B. To better assess the differences in conductance
levels of large and intermediate conductance channels,
two open levels (shown by dotted lines L and In) were
used to obtain amplitude histograms. An amplitude
histogram obtained from the second tracing in Fig. 6B
where the intermediate levels are present frequently shows
a population of channels with a mean conductance of
~120 pS. For M3, the ~120 pS intermediate conductance
level was not observed, but the ~150 pS level was present
when two open levels (6.5 pA and 9 pA) were used to
obtain the amplitude histogram (Fig.6C). The rapid
current fluctuation between the main ~220pS level
and intermediate levels (~150 pS to 200 pS) is typically
observed in Msj, and represents short-lasting sub-
conductance levels as reported previously (Kang et al.
2007). M;L,L; did not show any switching of the gating
mode from the small to the intermediate level. Multiple
openings of M;L,L; showed greatly increased open
channel noise and therefore could be clearly distinguished
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from the genuine intermediate levels observed with M,L;
and M. These observations suggest that the ‘intermediate’
conductance levels (120 pS to 150 pS) observed with
wild-type TREK-2 correspond to the subconductance
levels of the low molecular mass isoforms of TREK-2.
The appearance of subconductance levels produced by
K" channels has been explained by a mechanism of
heteromeric pore conformations in which different sub-
units of the channel contribute differently to the pore
function (Chapman & VanDongen, 2005), and such a
mechanism probably applies to TREK-2 as well.

Discussion

TREK-2, a two-pore domain K% channel, exhibits
small and large conductance levels when expressed in
mammalian cells. Because a typical ion channel produces
mainly one open level with small differences in amplitude
at a given membrane potential, the large difference
in conductance levels (52 pS to 220 pS) observed with
TREK-2 was very puzzling. Our studies here on the
N-terminal deletion of TREK-2 and immunodetection
of two forms of TREK-2 provide an explanation for
the generation of small and large conductance levels
by different isoforms produced by alternative trans-
lation initiation mechanism. Our findings in TREK-2 also
support the recent observation of a similar mechanism
that produces two isoforms of TREK-1 with different
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Figure 6. Intermediate conductance levels of TREK-2 and its deletion mutants (M;L3; and M3)

Current recordings are from cell-attached patches at a holding membrane potential of

~ +40 mV. A, channel

openings of wild-type TREK-2 show small, intermediate and large conductance levels indicated by dotted lines.
B, channel openings of M;L3 show large and intermediate levels. Amplitude histogram obtained from the second
tracing shows the ~120 pS subconductance level. C, channel openings of M3 show mainly the large conductance
level. Amplitude histogram shows the ~150 pS subconductance level.
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conductance levels (Thomas et al. 2008). However, clear
functional differences are found between TREK-1 and
TREK-2 isoforms with respect to Nat permeability. The
key finding of this study is that the high molecular iso-
form produced by translation from the first initiation
site generates the small-conductance channel, whereas the
small molecular isoform produced by translation from the
second and/or third sites generates the large-conductance
channel. Thus, the N-terminus where all the initiation sites
are located controls the channel conductance of TREK-2.

Alternative translation initiation mechanism
for TREK-2

Many years of work by Kozak shows that ATG codons
can be in an optimal or a suboptimal context (Kozak,
1989, 2005). According to Kozak’s scanning model of
translation, several independently initiated proteins can
be produced from one mRNA by context-dependent leaky
scanning. The most optimal sequence for translation
initiation is G>*CCATGG " or A—*CCATGG ™ where A in
ATG is position 1. More generally it is (GCC)RCCATGG
where R is a purine (A or G). The purine (G or A)
at position —3 and G at position +4 are believed to
be critical. Any change from this sequence leads to a
weak context and < 10-fold efficiency in translation.
Our study on TREK-2 and the recent work on TREK-1
clearly show that the alternative translation initiation
mechanism accounts for the generation of isoforms with
different unitary conductance levels for both channels.
The TREK-2 clone used here has both intact 5'- (132
bases) and 3'-untranslated (~600 bases) regions, as it
was cloned from a rat brain cDNA library. In TREK-2,
there are three potential initiation sites located at positions
1, 55 and 67 at the N-terminus, and the first ATG site
(G3CAATGA™) is in a suboptimal context for trans-
lation initiation, according to the formulation of Kozak
(1989). Therefore, this may be one of the factors that cause
ribosomal skipping to occur. The initiation sequence at
the second translation site is of optimal context, and
therefore one would expect minimal ribosomal skipping
to the third initiation site. Therefore, we predicted that
the low molecular isoform of TREK-2 represents mainly
the translation product from the second initiation site,
although we do not have biochemical evidence supporting
this interpretation. Regardless of whether the trans-
lation occurs from the second and/or third initiation
site of TREK-2, our results show that the channels
produced from these two initiation sites both show mainly
the large-conductance levels, compared to the channel
produced from the first initiation site.

One interesting observation was that M, Ls, the product
translated from the second initiation site, was more
active than those of M,L,L; and M3 in cell-attached
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patches. We also observed high basal activity with
M,T3, indicating that replacement of methionine with
leucine or threonine is not the cause of high basal
activity. Such high basal activity of the large-conductance
channel is not commonly observed in patches expressing
wild-type TREK-2, although a few patches do show
active large-conductance phenotype. Although the reason
for the high basal activity of M,L; and M,T; is not
clear, it suggests that the kinetic behaviour of the
~220 pS TREK-2-L observed from the wild-type TREK-2
is more similar to M3 than to M,L;. Furthermore,
M,L; has a slightly inwardly rectifying current—voltage
relationship (188 pS at +40 mV and 222 pS at —40 mV),
whereas TREK-2-L and M3 show a linear current—voltage
relationship. This would suggest that ribosomal skipping
also occurs at the second initiation site, and trans-
lation from the third site occurs to produce the large
~220pS channel. Therefore, the lower molecular mass
form detected by Western blot analysis may consist of two
immunoreactive bands generated by initiation from both
second and third sites. This will need to be confirmed in
the future by direct sequencing of the isoforms.

The intermediate conductance levels of TREK-2
(~120 pSto ~150 pS) that are observed with the wild-type
TREK-2 are likely to be the subconductance levels of
lower molecular mass isoforms, as M,L; and M3 show
such intermediate levels. It is possible that heteromeric
isoforms of TREK-2 made up of MM,M;—M,M3,
M;M,M;—M; and M;M;—M; also form to produce
intermediate conductance levels. Future studies to identify
all heteromeric forms of TREK-2 isoforms and their
kinetic behaviour in heterologous and native systems
will be necessary to better understand the biophysical
properties of TREK-2.

The critical region of the N-terminus that controls
unitary conductance

Studies using deletion mutants with different N-terminal
lengths provide a clue as to which region may be
critical in controlling the unitary conductance of TREK-2.
Secondary structure prediction analysis of the N-terminus
suggests that a short a-helix is located close, but not
adjacent, to the beginning of the first transmembrane
segment. The rest of the N-terminus has the properties
of a random coil and therefore has little or no stable
structure. The crystal structure of the N-terminus of
KirBacl.1 also has a short a-helix located in a similar
position (Kuo et al. 2003). This short «-helix in KirBac1.1
is referred as the Slide helix, and is also found in
other inwardly rectifying K™ channels. Our mutational
analysis of the TREK-2 N-terminus indicates that the
conductance level is controlled by the distal half of the
N-terminus that contains the ‘@-helical’ region. Deletion
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of the N-terminus up to residue 37 (proximal half) has
no effect, but deletion of seven additional residues (up
to residue 44 that is located just before the «-helical
region) results in a significant increase in conductance
level from ~52 pS to ~90 pS. Deletion up to residue 55,
which is at the end of the «-helical region, results in a
185-200 pS channel. Further deletion up to residue 67
results in ~220 pS channel. Therefore, the entire distal
half of the N-terminus is involved in the regulation of
unitary conductance of TREK-2. The largest change in
the conductance level (~90 pS to ~200 pS) occurs after
the removal of the a-helical region, suggesting that this
region is important for producing the small-conductance
channel. This could potentially be accomplished by its
interaction with other regions of the channel that affects
the pore structure and function. In KirBacl.1, it has been
speculated from the crystal structure that the slide helix
region interacts with the proximal C-terminus, as well as
with the first transmembrane segment (Kuo et al. 2003).
It is also possible that the «-helix itself causes stabilization
of the channel to produce a conformation that produces
the small-conductance level by an interaction with the
lipid membrane. In fact, such an interaction has been
reported for the KirBacl.1 (Enkvetchakul et al. 2007),
and altering the strength of interaction was found to
increase the channel open probability. Whether channel
conductance was also affected was not reported. In Kir2.1,
mutations within the ‘slide helix’ region were found to
cause one type of Andersen syndrome that is associated
with periodic paralysis and cardiac arrythmia (Decher
et al. 2007). Mutations within the slide helix region of
Kir channels also produce inherited disorders (Schulte
et al. 1999; Plaster et al. 2001; Gloyn et al. 2004). The
interaction between the slide helix and a specific domain
of the C-terminus facing the membrane was found to
be important for normal gating of the channel. Perhaps,
the proper conformation of the ‘slide helix’ region of
TREK-2 is critical for the normal function of the channel,
although its complete removal does not affect formation
of a functional channel. This could explain why inserting
six residues before, but not after, the «-helical region,
produces a non-functional channel in TREK-2. Under-
standing of exactly how the N-terminus affects the pore
conformation and the conductance levels of TREK-1 and
TREK-2 will require further mutational analysis and the
crystal structure of these channels.

TREK-2 isoforms have similar sensitivity to
modulators, and similar ion permeability

Isoforms of a protein are generally produced to provide
additional regulation to cell function. Therefore, a
potential difference in sensitivity of the isoforms to
activators or inhibitors of TREK-2 was initially suspected.
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However, our finding that all TREK-2 isoforms are
similarly activated and inhibited by various modulators
shows that modulation of TREK-2 does not require the
presence of the N-terminus, but does not help us to under-
stand why cells produce both forms of TREK-2. It is not
surprising that the responses of the isoforms are similar,
as all the activators and inhibitors act at the C-terminus
of the channel (Honore et al. 2002; Murbartian et al.
2005; Honore, 2007). It has been suggested from the X-ray
structure of KirBacl.1 that modulation of the channel by
factors that act at the C-terminus could occur partly via
interaction with the N-terminus (Kuo et al. 2003). Our
results in TREK-2 show that the N-terminus is clearly
unnecessary for such modulation. We have not studied in
detail the difference in the level of expression of TREK-2
isoforms, but have noted that the channel expression of
the isoform producing the small conductance channel
(M,L,L;) in cell-attached and inside-out patches is always
greater than the isoform producing the large, 220 pS
conductance channel (M3). Therefore, it is conceivable
that the background K* current would be high in cells that
express a higher ratio of M;M; M3 : M; than in cells with a
lower ratio. No such evidence has yet been obtained in the
native tissues. We have not been able to detect TREK-2
expression by Western blot analysis in brain tissues
presumably due to a low level of protein expression.
However, both small- and large-conductance channels
could be recorded in the same patches from dorsal root
ganglion and cerebellar granule cells, indicating that
alternative translation initiation occurs in these tissues
(Han et al. 2002; Kang & Kim, 2006).

In our earlier study, phosphorylation of TREK-2
produced by activation of protein kinase A and C reduced
the channel activity of small, intermediate and large
levels of TREK-2 (Kang et al. 2007). Due to multiple
conductance levels of TREK-2, it was not possible to
clearly show whether phosphorylation caused a decrease
in the frequency of opening and/or a shift in conductance
level. Our results show that phosphorylation decreases
the channel activity of each isoform, but does not affect
the conductance levels.

In a recent study, the isoform of TREK-1 with truncated
N-terminus was reported to be more permeable to Na™
than the isoform with the longer N-terminus (Thomas
et al. 2008). This finding has led to the speculation
that TREK-1 may be excitatory under certain conditions,
and indeed cells expressing the TREK-1 isoform having
a short N-terminus were more depolarized than cells
expressing TREK-1 with long N-terminus (Thomas et al.
2008). TREK-2 isoforms did not show such behaviour,
suggesting that the regulation of the pore function by
the N-terminus is different for TREK-1 and TREK-2.
Although TREK-1 and TREK-2 belong to the same
subfamily of two-pore domain K* channels and show
similar responses to activators (arachidonic acid, acid and
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pressure) and inhibitors (Kim, 2003), the control of pore
functions by the cytoplasmic domains may be different.
Except for the proximal region of the C-terminus,
the rest of the C-termini of TREK-1 and TREK-2
share very low amino acid identity, and could serve
different functions in the regulation of ion permeability.
Further studies are necessary to better understand the
differences between TREK-1 and TREK-2 with respect
to their pore function. The physiological significance of
cells expressing two isoforms of TREK-2 with similar
properties is difficult to know at this time. It is possible
that the alternative translation initiation mechanism
for TREKs is developmentally regulated to help with
cell excitability during metabolic stress (which activates
TREKS), such that large conductance channels are needed
for fast inactivation, for example. Although many cells
express different K™ channels with similar function (i.e.
TASK1—3,IRK1—3), the precise role of each K channel in
the regulation of cell excitation is still poorly understood,
and is a topic of great interest and importance.
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