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Alternative translation initiation in rat brain yields K2P2.1
potassium channels permeable to sodium

Dierk Thomas, Leigh D. Plant, Christina M. Wilkens, Zoe A. McCrossan, and Steve A. N.
Goldstein
Department of Pediatrics and Institute for Molecular Pediatric Sciences, Pritzker School of Medicine,
University of Chicago, 5721 S. Maryland Avenue, Chicago, IL 60637 USA

Abstract
K2P channels mediate potassium background currents essential to central nervous system function,
controlling excitability by stabilizing membrane potential below firing threshold and expediting
repolarization. Here, we show that alternative translation initiation (ATI) regulates function of
K2P2.1 (TREK-1) via a novel strategy. Full length K2P2.1 and an isoform lacking the first 56 residues
of the intracellular N-terminus (K2P2.1 Δ1-56) are produced differentially in a regional and
developmental manner in the rat central nervous system, the latter passing sodium under
physiological conditions leading to membrane depolarization. Control of ion selectivity via ATI is
proposed to be a natural, epigenetic mechanism for spatial and temporal regulation of neuronal
excitability.

Keywords
TREK-1; potassium channel; sodium; ATI; rat brain; central nervous system; leak; background;
resting potential

Introduction
Over the past decade, a superfamily of KCNK genes encoding the two-P-domain potassium
(K2P) channels (now with 15 mammalian members) has been cloned. Their functional analysis
has established unequivocally that leak currents are mediated by dedicated portals and do not
accrue as a by-product of pathways devoted to other functions (Ketchum et al., 1995; Goldstein
et al., 1996; Goldstein et al., 2001; Goldstein et al., 2005). K2P channels are recognized as
highly-regulated pores that stabilize membrane potential of excitable cells below firing
threshold and expedite repolarization. Because membrane potential is fundamental to neuronal
activity, leak current regulation is a primary and dynamic mechanism for control of cellular
excitability. K2P channels are identified by a unique structure of two pore-forming loop
domains in each subunit. The channels assemble from 2 subunits to form a single ion
conduction pathway (Lopes et al., 2001). As expected for key regulators of excitability, K2P
channels are under tight control from a multitude of chemical and physical factors (Goldstein
et al., 2005).
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Expressed robustly in the central nervous system (CNS), especially in the hippocampus, the
prefrontal cortex and the hypothalamus, K2P2.1 (TREK-1) channels are implicated in
physiological processes including, depression, neuromodulation, neuroprotection and
sensation of mechanical stress and temperature (Maingret et al., 2000; Heurteaux et al.,
2006; Honore et al., 2006). K2P2.1 channels are regulated by a plethora of stimuli including
lipids, mechanical stretch, neurotransmitters, and activators of G-protein coupled receptors and
intracellular second messengers (Goldstein et al., 2005). In addition, K2P2.1 leak currents are
targets for compounds in clinical use, such as, neuroprotective drugs, antidepressants and
volatile and local anesthetics (Kindler et al., 1999; Patel et al., 1999; Duprat et al., 2000;
Kennard et al., 2005). Single K2P2.1 channels show dynamic protein kinase A-dependent
versatility: native hippocampal and cloned K2P2.1 channels transform in reversible fashion
from potassium-selective leak conductances to strictly voltage-dependent channels
(Bockenhauer et al., 2001).

Here, full length K2P2.1 and a truncated isoform lacking 56 N-terminal residues (Δ1-56) are
shown to be differentially expressed across the rat CNS. Expression of Δ1-56 leads to decreased
macroscopic outward potassium currents and plasma membrane depolarization, effects that
are explained by decreased open probability and altered selectivity allowing sodium
permeation. Δ1-56 subunits form homomeric channels and assemble with full-length subunits.
Alternative translation initiation (ATI) of K2P2.1 is found to be a natural strategy to alter ion
channel function and neuronal excitability.

RESULTS
ATI yields full-length and truncated K2P2.1 subunits in rat CNS and in vitro

Rat K2P2.1 subunits are predicted from the KCNK2 gene sequence to have 426 amino acids
and a molecular mass of 47 kDa. Analysis of native K2P2.1 protein purified from total rat brain
with antibodies to the channel C-terminus revealed an unexpected finding: a smaller variant
of 41 kDa in addition to the predicted 47 kDa protein, Figure 1A. To confirm the identity of
the lower band as K2P2.1, it was visualized with antibodies to a different epitope on the C-
terminus and shown to be absent on pre-incubation of anti- K2P2.1 antibodies with recombinant
channel protein or when isolation was performed with non-immune IgG, Figure 1A. The
smaller and larger K2P2.1 proteins were revealed to be expressed at different ratios across adult
rat CNS, with high relative expression of the 41 kDa isoform in whole brain, cortex, and
hypothalamus, and low levels in cerebellum and spinal cord, Figure 1B. In contrast, neonatal
rat cerebellum harboured a significant amount of the short variant that was suppressed on
maturation, while cortical expression patterns were similar in neonates and adults, Figure 1C.
Based on regional differences in adults and variation with developmental stage, we
hypothesized that the 41 kDa isoform might confer functional differences on tissues of high
relative expression and so merited further investigation.

To elucidate the nature of the lower molecular weight variant, KCNK2 cDNA was expressed
in COS-7 African Green Monkey fibroblasts. Two bands at 41 kDa and 47 kDa were detected
by Western blot analysis with antibodies to K2P2.1 (Figure 1D) and these were identified by
tandem mass spectrometry (MS/MS) and direct amino-terminal Edman sequencing (Figures
S1 and S2A) to be full-length K2P2.1 protein (47 kDa) and a truncated variant starting at
position M57 and therefore lacking N-terminal residues 1-56 (41 kDa; K2P2.1Δ1-56), Figure
1E. In accord with these identifications, Western blot of K2P2.1 proteins purified from rat brain
revealed both the 41 and 47 kDa isoforms with antibodies to the C-terminus but only the 47
kDa product with antibodies to the channel N-terminus, Figure 1F.

Examination of the K2P2.1 coding sequence revealed the Kozak translation initiation context
(Kozak, 1991) at M1 to be sub-optimal compared to the downstream translation context at M57
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due to a purine at position -3 in the latter case (gca ugc cuc AUG c and auu aau guu AUG a,
respectively). These sequences are shared in rat and human KCNK2 genes (Figure S2B) and
rationalize the basis for production of Δ1-56 channels in rat CNS and tissue culture cells as
ready downstream translation initiation due to “leaky” ribosome scanning of K2P2.1 mRNA.
This recognized mechanism to create protein diversity in prokaryotes has recently been
observed in eukaryotic cells (Fernandez et al., 2003; Touriol et al., 2003; Cai et al., 2006).
Consistent with this, expression in COS-7 cells of the K2P2.1 open reading frame employing
an optimized initiation sequence (Experimental Methods) produced relatively less of the 41
kDa product (Figure 1D, H) than observed in whole rat brain preparations, Figure 1F.

Full-length and Δ1-56 channel subunits co-assemble
To determine the properties of both K2P2.1 isoforms, two mutant KCNK2 genes were
synthesized. One gene yields only full length channel due to mutation of the downstream
methionine to isoleucine producing M57I-K2P2.1 channels (M57I); the second was designed
to produce only the truncated variant Δ1-56-K2P2.1 (Δ1-56) because codons for the first 56
residues are deleted. The predicted topology of both isoforms includes cytoplasmic N- and C-
termini, 4 transmembrane segments and 2 pore-forming P loops. These channels were produced
with a C-terminal epitope tag (1d4) to allow ready visualization on heterologous expression;
as expected, the M57I gene in Xenopus laevis oocytes produced only the 47 kDa channel and
Δ1-56 only the 41 kDa isoform (Figure 1G). While the relative amounts of 41 to 47 kDa
produced from the wild type gene with an optimized initiation motif in COS-7 cells (Figure
1D) resembled protein expression patterns found in rat cerebellum and spinal cord (Figure 1B),
cortex and hypothalamus were better approximated by expression of equimolar amounts of
M57I and Δ1-56 subunits, Figure 1G and 1B, respectively.

Arguing against the idea that Δ1-56 was produced via degradation of full-length channel rather
than ATI, low molecular mass bands were not visualized on expression of M57I in oocytes
(Figure 1G) or COS-7 cells even after affinity purification with antibody to the C-terminus
(Figure S2C). Additionally, the channel N-terminus contains no known selective protease cut
sites and neither control oocytes (not shown) nor COS-7 cells transfected with empty vector
showed K2P2.1 signals (Figure 1D).

Consistent with stable association of full-length and truncated K2P2.1 isoforms, Δ1-56 was not
isolated by antibodies to the “missing” 56 N-terminal residues when this protein was expressed
alone but Δ1-56 was co-purified with full length subunits when the two were co-expressed in
oocytes or in COS-7 cells (Figures 1G and 1H).

Δ1-56 yields smaller outward currents and membrane depolarization
To assess the effect of ATI on K2P2.1 biophysical function, the channels were studied in
oocytes. Compared to cells expressing wild type transcript, M57I full length subunits yielded
potassium currents of slightly greater magnitude whereas Δ1-56 subunits alone and Δ1-56
expressed at equal cRNA levels with M57I had reduced outward currents that remained
distinguishable from basal endogenous currents, Figure 2A-E.

Isoform-dependent effects on current magnitude were accompanied by changes in resting
membrane potential, Figure 2F. Oocytes expressing M57I had a resting potential of -78.2 ±
0.4 mV (n = 21), close to the predicted reversal potential for potassium ions (-81.2 mV). In
contrast, Δ1-56 channel expression depolarized the membrane to -56.1 ± 1.7 mV under the
same conditions (n = 21). Equimolar mixtures of M57I and Δ1-56 cRNA led to an intermediate
value of -72.0 ± 0.9 mV (n = 21) whereas wild type K2P2.1 with an optimized initiation
sequence was not distinguishable from M57I.
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Δ1-56 channels have wild type membrane expression
Small macroscopic currents can be associated in the first instance with failure of the protein
to reach the plasma membrane. To investigate trafficking of K2P2.1 isoforms, the proteins were
studied as fusion products bearing C-terminal fluorescent tags for visualization in live Chinese
Hamster Ovary (CHO) cells; Green Fluorescent Protein (GFP) was incorporated into wild type
K2P2.1 nucleotide sequence (WT); Cyan Fluorescent Protein (CFP) into M57I; and, Yellow
Fluorescent Protein (YFP) into Δ1-56. All 3 constructs alone and M57I with Δ1-56 showed
strong fluorescence at the CHO cell plasma membrane, Figure 3A.

Expression assessed by labeling oocyte surface proteins with a membrane-impermeant
biotinylation reagent similarly demonstrated trafficking of M57I, Δ1-56 and M57I with Δ1-56
subunits to the cell surface, Figure 3B. As expected from functional assessment (Figure 2F),
K2P2 with an optimized initiation sequence yields little of the lower molecular weight subunit
on expression in Xenopus oocytes. Outward currents recorded from the same oocytes that were
later subjected to biochemical analysis demonstrated that whole cell Δ1-56 currents were 5.3-
fold smaller than those passed by full-length M57I subunits (p < 0.01; n = 3) despite similar
amounts of protein on the cell surface (M57I to Δ1-56 surface protein ratio was 1:0.82 (p >
0.05; n = 3), Figure 3C.

Δ1-56 channels show reduced open probability but larger unitary conductance
Reduced macroscopic currents despite normal surface expression must be due to either reduced
open probability and/or smaller unitary conductance. To assess the mechanism for current
reduction on expression of Δ1-56 subunits, single K2P2.1 channels were recorded at −60 and
60 mV in inside-out patches excised from oocytes with symmetrical 150 mM KCl solutions,
Figure 4A, B. Open probability of single M57I channels was found to be 6.4-fold greater than
for Δ1-56 channels at +60 mV with values of 0.051 ± 0.016 (n = 3 patches) and 0.008 ± 0.002
(n = 9), respectively. At −60 mV, M57I channels showed a 6.6-fold higher open probability
(0.046 ± 0.018, n = 6) than and Δ1-56 channels (0.007 ± 0.002, n = 9), Figure 4C. These values
are best estimates because more than one channel in patches cannot be ruled out given such
low open probability.

Changes in unitary currents did not appear to contribute to lower macroscopic Δ1-56 currents.
Δ1-56 single channel conductance was ~30% larger than for M57I channels (83 ± 5 and 60 ±
4 pS at −60 mV, respectively), Figure 4D. Co-expression of Δ1-56 and M57I subunits yielded
patches with low conductance channels, high conductance channels, and patches with both
channel types; we speculate that both M57I and heteromeric channels have the lower
conductance as this was seen more frequently in patches with a single channel (10 versus 5).
Based upon these measurements, channels formed with M57I subunits would be expected to
display ~4.8-fold larger macroscopic currents than Δ1-56 subunits, consistent with
observation, Figure 3C. Despite the characteristic “flicker-burst” pattern of K2P2.1 single
channel openings (Figure 4A) that might make it difficult to discern variation in peak
amplitude, concern is mitigated by invariance of measured peak currents at twice the filter
frequency (5.6 kHz, not shown) and observation that Δ1-56 channels have a smaller Po than
M57I but a larger unitary conductance.

Δ1-56 channels are permeable to potassium and sodium
In addition to reduced outward currents, expression of Δ1-56 channels led to a depolarizing
shift in resting membrane potential, Figure 2F. Because depolarization might be explained by
passage of ions other than potassium through Δ1-56 channels, ion selectivity was assessed,
first, with oocytes in whole-cell mode by variation of bath potassium via isotonic substitution
with sodium. M57I channels displayed the expected attributes of a potassium-selective leak
(Figure 5A and 5B) operating as a voltage-independent portal showing outward rectification.
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This manifests in a linear current-voltage relationship when potassium concentrations across
the membrane approach symmetry and yields greater outward than inward currents under
physiological ionic conditions of low external potassium. With 4 mM bath potassium, M57I
inward currents were small even at hyperpolarized voltages and the reversal potential (Erev)
was −80 ± 1 mV (n = 16) near EK. Further, as bath potassium was substituted with sodium,
Erev shifted in nearly perfect agreement with values predicted by the Nernst relationship (Figure
5A) indicating high selectivity of M57I channels for potassium over sodium.

In contrast, Δ1-56 channels with 4 mM bath potassium displayed significant inward currents
and showed a reversal potential of −61 ± 1 mV, Figure 5A (n = 16). As external potassium was
varied, a sub-Nernstian relationship between Erev and potassium was revealed, consistent with
permeability for the substituting ion, sodium. Co-expression of M57I and Δ1-56 produced a
depolarizing change in reversal potential (−76 ± 1 mV; n = 16, Figure S3) less than the average
of the two channel types suggesting heteromeric channels are more selective than Δ1-56
channels.

The hypothesis that inward currents and reversal potential changes result from sodium flux via
Δ1-56 was further supported by study of whole-cell currents in the presence of a single
monovalent cation in the bath: potassium, sodium or the impermeant cation, N-methyl-d-
glucamine (NMG). Whereas M57I and Δ1-56 channels both pass potassium and do not pass
NMG, significant inward sodium currents were observed only with the truncated channels,
Figure 5B.

Δ1-56 and full length channels vary in permeability sequence and AMFE
Whole-cell reversal potential measurements with M57I channels revealed relative permeability
similar to an Eisenman type IV series (K+ > Rb+ > NH4

+ > Cs+ > Li+ > Na+; Tables 1 and 2)
with low relative permeability for sodium compared to potassium, PNa/PK ~ 0.02. Conversely,
Δ1-56 channels were not as highly selective for potassium over sodium (PNa/PK ~ 0.18) and
displaying permeability similar to an Eisenman type V sequence (K+ > Rb+ > NH4

+ > Na+ >
Li+ > Cs+; Table 1 and 2). Channel populations formed with equal mixtures of M57I and
Δ1-56 cRNAs exhibited an intermediate relative permeability for sodium (PNa/PK of 0.06s).

Pores that allow multi-ion occupancy can demonstrate an anomalous mole fraction effect
(AMFE) in mixtures of two permeant ions. Channels that hold a single ion at a time or pass
one ion type show currents that rise monotonically with increased mole fraction of permeant
ion, even in mixed solutions, as seen with full-length M57I channels in solutions where
potassium levels are increased by substitution for sodium, Figure 5C and Figure S4. In contrast,
Δ1-56 channels displayed a biphasic course with a minimum near 3 mM with increasing
potassium concentration. This AMFE is consistent with permeation of potassium and sodium,
competition of the two ions for simultaneous occupancy of the conduction pathway, and
decreased current due to potassium block of sodium current as bath potassium increases from
nominally zero to 3 mM.

Decreased length of the N-terminus allows sodium flux
To investigate the requirements for altered sodium permeability with N-terminal truncation,
M57I channels were compared to mutants where progressive portions of the N-terminus were
deleted and relative permeability assessed via reversal potential measurements, Figure 6 and
Table S1. High selectivity for potassium over sodium was maintained when the N-terminus
was shortened by 16 residues (isolate 2), an isoform found in vivo due to mRNA splice variation
(Fink et al., 1996). Indeed, potassium selectivity was maintained even on removal of 52
residues (isolate 7). Although further deletion of amino acids I54, N55, and V56 resulted in
progressive loss of potassium selectivity (isolates 8-10), altering these 3 residues individually
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or as a group to alanine in an M57I backbone yielded high selectivity for potassium as observed
with full-length channels. This suggested that the N-terminus required a critical length rather
than a specific motif to maintain potassium selectivity.

Subunits linked in series
To further interrogate the trafficking and function of homomeric and mixed subunit complexes
4 tandem constructs were studied: M57I–M57I, Δ1-56– Δ1-56, M57– Δ1-56, and Δ1-56–M57I.
All tandem constructs gave rise to ionic currents, suggesting naturally-heteromeric channels
can reach the plasma membrane and function. Dimeric constructs lacking residues 1-56 from
the first channel subunit (i.e., Δ1-56– Δ1-56 and Δ1-56–M57I) showed reduced macroscopic
currents, depolarized resting membrane potential, and less selectivity for potassium over
sodium compared to those with a full length N-termini (M57I–M57I and M57I– Δ1-56),
although changes were less than for channels composed of single Δ1-56 subunits, Table S2
and Figure S5.

Thus, evaluation of tandem channels and the inferred behavior of heteromeric channels suggest
that the N-terminus influences single channel conductance (Figure 4D), sodium permeability
and, thereby, resting membrane potential (Figure S3), that tandem linkage mimics the effects
of a longer N-terminus, and that tandems and mixed complexes are more like 47 kDa and M57I
channels rather than Δ1-56 channels.

Δ1-56 channels depolarize rat hippocampal neurons
To directly investigate the effects of Δ1-56 channel subunits on excitability in a native
environment, rat hippocampal neurons were studied in primary culture; please note that these
experiments did not report on ATI in tissue culture because they were designed for maximal
subunit expression in a neuronal microenvironment using optimized initiation sequences
(Experimental Methods) that diminish ATI with the wild type K2P2.1 open reading frame
(Figure 1H) or explicitly prevent it via encoding of M57I or Δ1-56 subunits. cDNA encoding
K2P2.1 wild type, M57I, Δ1-56 or an equimolar mixture of the two isoforms were expressed
and cells assessed by voltage-clamp and current-clamp in whole-cell mode (Table 3, Figure
S6). Voltage-clamp recordings demonstrated that relative macroscopic current levels for the
isoforms (normalized to empty vector current amplitudes) were like those in oocytes, M57I >
WT > M57I + Δ1-56 > Δ1-56. Two measures of excitability were considered: resting membrane
potential and membrane input resistance (a measure of change in voltage on current injection
reflecting open channels). Under baseline conditions (EK −90 mV), the neurons had a mean
membrane potential of −62.6 ± 0.7 mV and a mean input resistance of 91.1 ± 1.0 MΩ (n = 10).
Neurons over-expressing M57I channels were hyperpolarized toward EK to −75.4 ± 0.6 mV
and exhibited a mean relative input resistance of 0.86 ± 0.02 (n = 10). Conversely, membrane
potential on expression of Δ1-56 channels was depolarized to −55.9 ± 1.0 mV with a relative
input resistance of 0.96 ± 0.01 (n = 9). On co-expression of the 2 isoforms, membrane potential
was intermediate at −71.0 ± 0.5 mV with relative input resistance of 0.87 ± 0.02 (n = 7). Cells
expressing K2P2.1 wild type channels also displayed intermediate values with membrane
potential of -74.1 ± 0.7 mV and relative input resistance of 0.92 ± 0.01 (n = 4).

DISCUSSION
K2P potassium channels stabilize membranes of excitable cells at hyperpolarized potentials
below the threshold for action potential firing. Since the gradient of ions across membranes is
set by ion pump activity and does not change appreciably during action potentials, membrane
potential is primarily dependent on baseline permeability. Resting potential is often close to
EK because more potassium channels are open at rest than pathways for other ions. Increased
sodium permeability modifies excitable activity by depolarizing cells; small increases shift
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RM toward threshold leading to more ready firing; moderate depolarizations can inactivate
voltage-dependent channels that initiate firing leading to hypo-excitability; excessive sodium
flux leads to apoptosis (Kofuji et al., 1996). Here, we identify alternative mRNA translation
initiation as an unexpected natural mechanism to alter excitability in the CNS. ATI serves to
regulate K2P2.1 function by producing 2 subunit forms at various levels in different CNS
regions and times in development that vary in activity level and selectivity for potassium over
sodium. This leads to depolarizing shifts in resting membrane potential under physiological
ionic conditions in Xenopus oocytes or hippocampal neurons over-expressing the subunits in
primary culture.

In rat CNS, KCNK2 expression is found to produce two K2P2.1 channel variants of 47 and 41
kDa that were identified to be full-length and truncated K2P2.1 polypeptides, respectively. The
expression ratio of the two isoforms is differential across the CNS with high relative expression
of the short form in cerebral cortex and hypothalamus and low levels in cerebellum and spinal
cord, Figure 1. Analysis of KCNK2 genomic DNA and cDNA sequences does not provide
evidence for alternative RNA splicing at this position. Rather, the isoforms arise from
alternative initiation of mRNA translation beginning at either of two initiation codons, M1 and
M57, Figure S1.

ATI is recognized to contribute to protein diversity by expression of two or more proteins from
a single mRNA (Cai et al., 2006). Translation initiation of most eukaryotic mRNAs follows a
linear scanning mechanism where the 40S ribosome is recruited to the 5’ cap structure of the
mRNA followed by downstream movement until an initiation codon is encountered (Kozak,
1999). In these cases, the translation initiation site is the first cap-proximal start codon for
methionine (AUG). However, if the first AUG is within a weak sequence context (Kozak,
1991) it may be used inefficiently and some ribosomes read through the site without
recognition, resulting in “leaky scanning” and translation initiation at a downstream position.
A purine at -3 and guanine at +4 with respect to an AUG make the largest contribution to
initiation efficiency and neither is present at M1 in K2P2.1. Thus, leaky scanning yields
generation of Δ1-56 channels via initiation at M57, an AUG bearing a -3 purine. Functional
analyses of cloned full-length and truncated channel proteins offered a physiological
significance for this phenomenon.

Δ1-56 channels differ from full-length channels in their selectivity for potassium over sodium.
Reversal potential measurements illustrate increased relative sodium permeability in Δ1-56
compared to those with full-length subunits, Table 1. Truncated channels display anomalous
mole fraction behavior (Figure 5), consistent with a single pore that can simultaneously contain
potassium and sodium ions (Ilan and Goldstein, 2001) and competition between the ions for
occupancy in the conduction pathway (Korn and Ikeda, 1995). Under physiological ionic
conditions, Δ1-56 channels depolarize resting membrane potential of oocytes by 22 mV and
hippocampal neurons by 20 mV relative to cells expressing M57I full-length subunits (Figure
S2 and Table 3). Decreased outward currents via Δ1-56 channels compared to M57I channels
appear to result from reduced open probability (Figure 4), as their unitary conductance is larger
(Figure 4) and surface expression intact, Figure 3; indeed, comparing surface and total cellular
content suggests homomeric Δ1-56 channels are delivered more efficiently to the plasma
membrane or turnover more slowly than those formed with M57I, Figure 3B.

The attributes of heteromeric channels were considered by study of linked tandem dimers
(Table S2 and Figure S5) and co-expression of the 2 isoforms. Cautiously recognizing limits
on interpretation because properties of linked Δ1-56 subunits were modified relative to
channels of monomers and natural heteromers were studied in a sea of homomers, we suggest
native M57I + Δ1-56 channels have mixed characteristics including M57I-like unitary
conductance (Figure 4), lower open probability than M57I channels (Figure 2), and are less
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selective for potassium than M57I channels but more discriminating than Δ1-56 channels
(Table 2). Subunit recovery by immunoprecipitation was consistent with expectations for
unbiased subunit synthesis and assembly (Figure S2).

The basis for ion selectivity
Despite opposing roles in cellular excitation, it is perhaps not a surprise that a potassium
channel can be modified to pass sodium ions. Voltage-gated Kv2.1 channels (Korn and Ikeda,
1995), Shaker channels (Starkus et al., 1997) and Kv1.5 channels (Wang et al., 2000) pass
sodium on removal of potassium and under normal ion conditions during transition from the
open to inactivated state (Kiss et al., 1999). Indeed, sodium permeation is measured in small-
conductance calcium-activated potassium channels (Shin et al., 2005), hyperpolarization-
activated cyclic nucleotide-gated pacemaker channels (Macri et al., 2002), and with
monovalent cation permeability ratios change on expression of the accessory subunit MinK
with KCNQ1 to form cardiac IKs channels (Wollnik et al., 1997; Sesti and Goldstein, 1998).
Potassium channels are selective due to pore sites that favor potassium over sodium and they
conduct due to charge repulsion between ions in the transmembrane pathway (Neyton and
Miller, 1988a; Neyton and Miller, 1988b; Doyle et al., 1998; Noskov et al., 2004). As K2P
channels have recognizable selectivity sequences and operate at macroscopic and single
channel level like their voltage-gated brethren (Goldstein et al., 1996; Ilan and Goldstein,
2001; Zilberberg et al., 2001) we presume removal of 56 N-terminal residues, including 3 that
precede the second start methionine and are critical (Figure 6), alters the structure of the ionic
conduction pathway so it is more accommodating of sodium (Noskov et al., 2004; Shi et al.,
2006).

ATI dynamically regulates function of other mammalian proteins
ATI is a known mechanism to create protein diversity in prokaryotes and has recently been
recognized to function in eukaryotic cells (Touriol et al., 2003; Cai et al., 2006). Tissue-specific
synthesis of proteins harboring different N-terminal domains from a single mRNA has been
shown to alter subcellular localization and function of transcription and growth factors, cell
cycle regulators, hormone receptors, and protein kinases. Ion channels, previously shown to
be regulated by ATI in experimental cells (Fernandez et al., 2003), now join the inventory of
mammalian proteins subject to ATI based on regional expression of distinct K2P2.1 isoforms
in rat central nervous system (Figure 1).

Emerging evidence suggests that ATI is a regulated process although the molecular control
mechanisms are not yet understood. ATI of glucocorticoid and fibroblast growth factor 2
(FGF-2) receptors varies across tissues to yield functionally different isoforms important to
their physiological function (Touriol et al., 2003; Lu and Cidlowski, 2005; Rhen and Cidlowski,
2005). Levels of FGF-2 isoforms vary in vitro with high cell density (Galy et al., 1999), heat
shock and oxidative stress (Kevil et al., 1995; Vagner et al., 1996). Furthermore, ATI has been
implicated in cancers including Burkitt’s lymphoma, T cell acute lymphoblastic leukemia and
retinoblastoma (Hann et al., 1988; Mellentin et al., 1989; Sánchez-Sánchez et al., 2006).

A molecular mechanism to adjust excitability
The findings suggest ATI plays a distinct role in CNS function that could not have been
anticipated. K2P2.1 channels are revealed as tunable mediators of membrane potential through
changes in sodium permeability rather than simply potassium-selective leaks whose activity
moves membrane potential toward EK. Furthermore, ATI of K2P2.1 channels represents
another molecular basis for voltage-insensitive background sodium conductance along with a
recently recognized neuronal channel, NALCN (Lu et al., 2007). The idea that various levels
of the two K2P2.1 isoforms influence normal physiology is supported by their effects in
hippocampal neurons where Δ1-56 subunits induce depolarization toward firing threshold and
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M57I subunits produce hyperpolarization (Table 3). In cortex and hypothalamus high relative
expression of Δ1-56 subunits is predicted to favor depolarization whereas greater expression
of full-length K2P2.1 channels in cerebellum and spinal cord should lead to stabilization below
firing threshold. As a role for voltage-independent leaks that resemble K2P channels has been
suggested in the pathogenesis of some forms of epilepsy (Heinemann et al., 1986), differential
generation of K2P2.1 isoforms may play a role in resistance or predisposition to seizures. The
spatiotemporal influence of K2P2.1 channels on neuronal excitation will depend on their
relative contribution to establishing membrane potential among all pathways active at rest.

METHODS
Molecular biology

cDNA encoding the 426-amino-acid isolate of human K2P2.1 (hK2P2.1) used in this work
(GenBank accession number EF165334) was amplified from a brain cDNA library (Clontech,
Palo Alto, CA), inserted into pCR2.1-TOPO (Invitrogen, Carlsbad, CA) and subcloned into
pMAX, a dual-purpose expression vector containing a CMV promoter for mammalian
expression and a T7 promoter for cRNA synthesis, and containing a modified translation
initiation sequence (GCC GCC ACC) preceding the first start codon. Mutations described in
the text were made with a QuikChange Site-Directed Mutagenesis kit (Stratagene, La Jolla,
CA). N-terminal truncations and introduction of C-terminal 1d4 epitope tags
(RVPDGDPDETSQVAPA, following a proline linker) were achieved using PCR. Enhanced
Green, Yellow and Cyan Fluorescent Protein (eGFP, eYFP, eCFP) sequences were amplified
from pEGFP-C2, pEYFP-C1, and pECFP-C1 vectors (Clontech) and ligated to the C-terminus
of hK2P2.1, hK2P2.1 Δ1-56, and M57I-hK2P2.1, respectively. The region of rat K2P2.1
(rK2P2.1, accession number AF325671) encoding the C-terminal 68 amino acids was amplified
by PCR and subcloned in-frame downstream of the sequence for glutathione S-transferase
(GST) in the bacterial expression vector, pGEX6P-1 (GE Healthcare, Piscataway, NJ). Tandem
dimer constructs (M57I-M57I, Δ1-56-Δ1-56, M57I-Δ1-56, Δ1-56-M57I) were generated by
linking two respective hK2P2.1 open reading frames within the pMAX expression vector. The
short peptide linker (AAGASLSGA) contained both a unique restriction site (HindIII) and a
nucleotide sequence allowing for DNA sequencing.

All cDNA constructs were confirmed by DNA sequencing. cRNAs were transcribed after
vector linearization using T7 RNA polymerase and the mMessage mMachine kit (Ambion,
Austin, TX). Transcripts were quantified by spectrophotometry and integrity assessed by
agarose gel electrophoresis.

Purification of recombinant rK2P2.1 and antibody production and purchase
Recombinant C-terminal rK2P2.1 protein containing 68 amino acids (CT68) was produced in
Escherichia coli BL-21(DE3) competent cells (EMD Biosciences, Darmstadt, Germany) lysed
with a Microfluidizer (Microfluidics, Newton, MA) and purified by solubilization with 1%
TRITON X-100 followed by cleavage from its GST fusion product with PreScission protease
(GE Healthcare). The rK2P2.1 C-terminus was subjected to SDS-PAGE, visualized with
Coomassie blue and excised from the gel. To generate a different specific antibody, a synthetic
26 amino acid peptide (CT26 sequence: GNHNQELTPCRRTLSVNHLTSEREVL),
corresponding to residues 371-396 of rK2P2.1 and displaying 1 amino acid difference compared
to hK2P2.1, was synthesized by the W.M. Keck Biotechnology Resource Laboratory (New
Haven, CT) and fused to keyhole limpet (Megathura crenulata) hemocyanin (KLH;
Calbiochem, San Diego, CA). The rK2P2.1 C-terminus and the CT26 peptide were injected
into different rabbits (Pocono Rabbit Farm and Lab, Canadensis, PA). Immunoglobulin was
purified using Protein A Sepharose beads (GE Healthcare), and specific antibody was affinity-
purified on CT68 or CT26 peptide-loaded Affi-Gel 10 columns (Bio-Rad Laboratories,
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Hercules, CA). No specific bands were detected in untransfected COS-7 cells or in cells
expressing K2P2.1 when probed with the preimmune sera (not shown).

Purchased polyclonal (p) or monoclonal (m) antibodies used include: 1d4 (m, developed in
mouse; National Cell Culture Center, Minneapolis, MN), hK2P2.1 (p, T6448, developed in
rabbit using a peptide corresponding to the N-terminus; Sigma, Saint Louis, MO), K2P2.1 (p,
C-20, developed in goat using a peptide corresponding to the C-terminus; Santa Cruz
Biotechnology, Santa Cruz, CA), K2P2.1 (p, E-19, developed in goat using a different peptide
corresponding to the C-terminus; Santa Cruz Biotechnology). All K2P2.1 antibodies used
recognize both human and rat K2P2.1. Secondary antibodies raised in goat against the relevant
species (rabbit, mouse) conjugated to Alexa-Fluor 680 or to IRDYE800CW were obtained
from Invitrogen and Rockland Immunochemicals (Gilbertsville, PA), respectively.

Immunoprecipitation from rat tissues
Crude membrane fractions were prepared from adult rat brain, cerebral cortex, cerebellum,
hypothalamus, and spinal cord (Pel-Freez Biologicals, Rogers, AR) or from freshly prepared
neonatal cortex and cerebellum using a glass-Teflon tissue homogenizer and buffer A (320
mM sucrose, 5 mM HEPES, pH 7.4). Complete Protease Inhibitor Cocktail (Roche
Diagnostics, Indianapolis, IN) was included in all buffer solutions used for protein preparation.
Following centrifugation at 600 × g for 15 min post nuclear supernatant was centrifuged at
100,000 × g (30 min). The resulting membrane pellet was solubilized for 1 h in buffer B (100
mM NaCl, 40 mM KCl, 1 mM EDTA, 10% glycerol, 1% CHAPS, 20 mM HEPES, pH 7.4)
and centrifuged at 50,000 × g for 30 min. The supernatant was incubated with K2P2.1 antibody
(mixture of C-20 and E-19) or control goat IgG (Sigma) overnight. Immune complexes were
isolated with Protein G Sepharose (GE Healthcare), washed with buffer C (300 mM NaCl, 40
mM KCl, 1 mM EDTA, 0.5% CHAPS, 20 mM HEPES, pH 7.4), eluted with dithiothreitol
(DTT)-containing SDS-PAGE sample buffer and subjected to Western blot analysis.

Cell culture
Transformed African Green Monkey kidney fibroblast (COS-7) and Chinese Hamster ovary
(CHO) cells were cultured in DMEM and alpha-MEM (Invitrogen), respectively,
supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100,000 U/l penicillin, and
100 mg/l streptomycin, and held at 37°C in humidified air with 5% CO2. Cells were obtained
from American Type Culture Collection (Manassas, VA) and the media and supplements were
purchased from Invitrogen. Hippocampal neurons were prepared from embryonic day 18 (E18)
Sprague Dawley rats as described (Marks et al., 2005). Dissociated cells were seeded on poly-
L-lysine coated glass cover slips and maintained in NEURObasal media with 2% (v/v) B27
and 5 mM L-glutamine at 37°C in humidified air with 5% CO2.

Protein expression and purification with COS-7 cells and Xenopus oocytes
cDNA encoding study proteins (18.75 μg cDNA/150 mm dish) was transiently expressed in
COS-7 cells using LipofectAMINE 2000 (Invitrogen). One (Western blot,
immunoprecipitation) or 10-20 plates (protein identification) were harvested 2 days after
transfection. Oocytes were isolated from Xenopus laevis frogs (Nasco, Atkinson, WI) and
treated with collagenase to ease removal of the follicular layer. cRNA encoding study proteins
(15 ng/oocyte in 46 nl sterile water) was injected into 260 Xenopus laevis oocytes. After 2
days, oocytes were homogenized using a glass-Teflon tissue homogenizer. Protein extracts
were prepared by solubilization in buffer B for 1 h and clarified by centrifugation at 50,000 ×
g for 30 min (COS-7 cell lysate) or 5,000 × g for 10 min (oocyte lysate). The resulting
supernatant was either diluted with DTT-containing SDS-PAGE loading buffer and analyzed
by Western blotting or subjected to immunoprecipitation. To perform immunoprecipitation
using small scale preparations, the supernatant was incubated with K2P2.1 antibody (T6448)
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followed by isolation on Protein A Sepharose beads (GE Healthcare) and elution with DTT-
containing SDS-PAGE loading buffer. For small and large scale preparations (protein
identification), the supernatant was incubated with anti-1d4 IgG-coated Sepharose beads for
2 h. Unbound material was removed by washing with buffer C. Bound proteins were eluted
with buffer D (100 mM NaCl, 40 mM KCl, 1 mM EDTA, 0.5% CHAPS, 1 mg/ml 1d4 peptide,
20 mM HEPES, pH 7.4) and diluted with DTT-containing SDS-PAGE loading buffer.

Protein identification
Large scale protein samples were analyzed by tandem electrospray ionization (ESI) liquid
chromatography (LC) time-of-flight (TOF) mass spectrometry (MS) (ESI TOF LC-MS/MS;
W.M. Keck Biotechnology Resource Laboratory), tandem ESI ion trap LC-MS/MS
(Proteomics Core Lab, University of Chicago, IL) followed by NCBI database search using
the Mascot algorithm, amino-terminal (Edman) sequencing (W.M. Keck Biotechnology
Resource Laboratory), and Western blotting.

Western blot analyses
Lysates and eluates prepared in this study were subjected to SDS-PAGE on precast gels (Ready
Gels, BioRad), prior to wet-transfer onto nitrocellulose paper and Western blot analyses using
anti-rK2P2.1 (CT68, 1:400-1:200), anti-rK2P2.1 (CT26, 1:200), anti-rK2P2.1 (T6448, 1:200)
and anti-1d4 (1:5000). Secondary antibodies were used at 1:5000 dilutions. The secondary
labeling of fluorescent conjugates was documented with an Odyssey scanner (Li-Cor
Biosciences, Lincoln, NE), and quantitative analysis of labeling was performed with the
Odyssey application software.

Surface expression assay for K2P2.1
Oocytes were injected with cRNA encoding study proteins, as described above. For surface
expression assays, cells were incubated with 0.7 mg/ml Sulfo-NHS-SS-Biotin (Pierce,
Rockford, IL) for 2 h at room temperature prior to homogenization. Following biotinylation
of lysine-exposing surface proteins, oocytes were rinsed and proteins were solubilized as
described. Biotin-labeled proteins were isolated form oocyte lysate by incubation with
Streptavidin beads (Pierce) for 1.5 h at 4°C and liberated by incubation with DTT-containing
SDS-PAGE loading buffer.

Electrophysiology
For two-electrode voltage clamp (TEVC) recordings, defolliculated Xenopus oocytes were
injected with 2-24 ng cRNA (depending on the experimental approach) encoding study
channels in 23 nl of sterile water. Whole cell currents were measured 2 or 3 days after injection
with an Oocyte Clamp amplifier (Warner Instruments, Hamden, CT) using pCLAMP9 (Axon
Instruments, Foster City, CA) and Origin 6 (OriginLab, Northampton, MA) software for data
acquisition and analysis. Data sampled at 2 kHz and filtered at 1 kHz. Electrodes filled with 3
M KCl and had tip resistances of 0.2-1 MΩ Recordings were performed under constant
perfusion at room temperature. The standard, physiological extracellular solution was (in mM):
96 NaCl, 4 KCl, 1.1 CaCl2, 1 MgCl2, 5 HEPES (pH 7.4). All ionic changes were made by
substitution with a chloride salt (RbCl, NH4Cl, CsCl, LiCl) or N-methyl-D-glucamine (NMG)
methanesulfonate. For recordings at 0-3 mM KCl, the extracellular NaCl concentration was
100 mM. At higher KCl concentrations, KCl was substituted for equimolar concentrations of
NaCl. pH was adjusted to 7.4 where appropriate with NaOH, KOH, Tris or 2-[N-morpholino]
ethanesulfonic acid (MeS). Currents evoked by step depolarization from -140 to +60 mV (500
ms) in 20 mV increments at 2 s intervals from the individually adjusted zero current holding
potential (-80 mV for physiological solutions).
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For inside-out patch-clamp studies, oocytes were injected with 12-24 ng cRNA and currents
recorded 1-4 days after injection using an EPC-9 amplifier (HEKA Elektronik, Lambrecht,
Germany). Data were stored on videotape. For off-line analysis, patch records were sampled
at 20 kHz with pCLAMP9 software and digitally filtered at 2.8 kHz. Amplitude levels and
open probabilities (assessed in single channel patches) were obtained by all-points histograms
(0.05 pA bin size). Pipette and batch solutions contained 150 mM KCl, 1 mM EGTA, 10 mM
HEPES (pH 7.4 with KOH). Recordings were performed at -60 or 60 mV holding potential.

Plasmid cDNAs (2 μg total channel cDNA or empty vector and 0.5 μg pEGFP/35 mm dish)
were transfected into hippocampal neurons cultured for 7 days in vitro (DIV) using
LipofectAMINE 2000 (Invitrogen) according to the manufacturer’s instructions.
Electrophysiological experiments were performed 24 to 48 h after transfection in a bath
solution comprising 1.3 mM CaCl2, 0.5 mM MgCl2, 0.4 mM MgSO4, 3.56 mM KCl, 0.44 mM
KH2PO4, 139.7 mM NaCl, 0.34 mM Na2HPO4, 5.5 mM glucose, 10 mM HEPES (pH 7.4 with
NaOH). Electrodes were fabricated from borosilicate glass (Clark, Kent, UK), coated with
Sigmacote (Sigma) prior to use, and had a tip resistance of 3-5 MΩ when filled with a solution
containing 136 mM KCl, 1 mM MgCl2, 2 mM K2ATP, 5 mM EGTA, 10 mM HEPES (pH 7.2
with KOH). Whole-cell patch clamp was performed as previously described (Plant et al.,
2006) using an Axopatch 200B amplifier (Molecular Devices, Union City, CA) and pCLAMP9
software at filter and sampling frequencies of 5 and 25 kHz respectively for voltage-clamp
experiments and 1 and 10 kHz respectively for current-clamp recordings. Linear changes in
membrane potential either side of resting value were used to calculate the input resistance.
Voltage-clamp errors were minimized with 80% series resistance compensation. Liquid
junction potentials were measured on the Axopatch 200B at room temperature according to a
method (Neher, 1992). Briefly, the patch electrode and recording chamber were filled with
ND96 solution and voltage errors were corrected. Liquid junction potentials were determined
for each test solution by perfusion into the recording chamber and measured as the offset
required to maintain a zero current potential in I = 0 mode followed by a reperfusion test with
ND96 to confirm the reversibility of each offset potential within 1 mV; measured values are
in Table S3. Currents were elicited by step depolarization from -120 to +60 mV (500 ms) in
20 mV steps every 2 s (holding potential, -80 mV).

Live cell imaging
cDNA (1.5 μg cDNA per subunit type/35 mm dish along with an equal concentration of empty
vector) transiently expressed in CHO cells grown on glass coverslips using LipofectAMINE
2000 (Invitrogen). Cells were analyzed 1 day after transfection. Fluorescence imaging of live
cells performed by Metamorph software (Molecular Devices, Downington, PA) and an
automated Olympus IX81 fluorescence microscope (Center Valley, PA). Images captured
using a CCD camera and analyzed offline with ImageJ software (NIH).

Statistical analyses
Statistical significance assessed with Student’s t tests using Origin 6.1 software (OriginLab,
Northampton, MA). Multiple comparisons were performed using one-way ANOVA followed
by Bonferroni post hoc testing.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Two K2P2.1 isoforms in rat brain and experimental cells
Full-length K2P2.1 and Δ1-56 subunits are produced in rat central nervous system and
experimental cells and form stable homomeric and mixed complexes. Markers correspond to
apparent molecular weights: upper, 50 kDa; lower, 37 kDa.
(A) Isolation of two K2P2.1 isoforms from rat brain membranes using a mixture of C-20 and
E-19 antibodies directed against the C-terminus (K2P) and control with non-specific IgG (Ig)
as visualized by Western blot analysis with CT68, a third antibody to the K2P2.1 C-terminus;
specificity demonstrated by pre-treatment of CT68 with recombinant K2P2.1 C-terminal
peptide as indicated.
(B) K2P2.1 isoform expression ratios by Western blot analysis as in panel a with CT68 antibody
to the K2P2.1 C-terminus in total adult rat brain (B), cerebral cortex (C), cerebellum (CB),
hypothalamus (HT), and spinal cord (SC); plot is ratio of 41 / 47 kDa, mean ± SEM from 4-7
independent purifications; ** indicates difference from cortex (p < 0.01) whereas B and HT
were not significantly different versus cortex (p > 0.05).
(C) K2P2.1 variants isolated from neonatal rat brain and studied as described in panel a (C;
cerebral cortex, CB; cerebellum). * indicates CB difference from C (p < 0.05).
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(D) Western blot of COS-7 cells expressing empty vector (lane 1) or wild type human K2P2.1
with an optimized initiation motif (lane 2) as in panel a with CT68 antibody to the C-terminus
shows production of two K2P2.1 isoforms.
(E) Topology of K2P2.1 isoforms. Mass spectrometry and direct protein sequencing identify
the two K2P2.1 isoforms in COS-7 cells from the human gene to be full-length and Δ1-56
proteins, arising from translation initiation at positions M1 and M57, respectively (Figures S1
and S2A).
(f) K2P2.1 protein isolated from rat brain and studied as described in panel a visualized with
antibody to the channel N-terminus (NT; T6448) or C-terminus (CT; CT68).
(g) Western blot analysis of oocytes expressing M57I-1d4 (lane 1, M), truncated Δ1-56-1d4
(lane 2, Δ), or M57I-1d4 + Δ1-56-1d4 (lane 3, M+Δ). K2P2.1 subunits visualized with anti-1d4
antibody. Left panel, total lysate; right panel, after immunoprecipitation with the N-terminal
anti-K2P2.1 antibody T6448 showing stable assembly of the two isoforms.
(h) IP lane demonstrates stable assembly of the two subunits in COS-7 cells by their co-
immunoprecipitation with T6448 antibody to the N-terminus.
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Figure 2. Δ1-56 yields small outward currents and membrane depolarization
Indicated subunits studied in Xenopus oocytes by two-electrode voltage clamp with
physiological ionic conditions 3 days after injection of 2 ng total cRNA.
(A)-(D) Representative current families; scale bars, 4 μA and 200 ms.
(E) Mean outward currents at steady-state evoked by steps to 0 mV for groups of 21 cells
injected with K2P2.1 mRNA as follows: wild type (WT); M57I (M); Δ1-56 (lΔ); M57I +
Δ1-56, 1 ng each (M+Δ); un-injected oocytes (Ø).
(F) Mean resting membrane potentials (RM) of cells studied in panel e. ***P < 0.001 versus
M57I; WT not different from M57I (p > 0.05). Error bars represent SEM.

Thomas et al. Page 18

Neuron. Author manuscript; available in PMC 2009 June 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Δ1-56, M57I and heteromeric channels reach the plasma membrane
(A) Surface expression of WT-GFP, M57I-CFP, Δ1-56-YFP or mixtures in CHO cells with
visualization by live cell microscopy. Scale bars, 20 μm (upper row) and 2 μm (lower).
(B) Western blot analysis of oocyte lysate (left) and surface protein isolated by biotinylation
and purification on streptavidin beads (right), probed with anti-1d4 antibody and cells
expressing: un-injected cells (lane 1, Ø); M57I-1d4 (lane 2, M); Δ1-56-1d4 (lane 3, Δ);
M57I-1d4 + Δ1-56-1d4 (lane 4, M+Δ); WT-1d4 (lane 5, WT). Upper marker, 50 kDa; lower,
37 kDa. Three independent assays with similar results were performed.
(C) Mean (± SEM) outward currents evoked by depolarization to 0 mV (n = 12 cells each) for
oocytes expressing channels indicated in panel b. ***P < 0.001 versus M57I.
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Figure 4. Δ1-56 channels have lower open probability and larger unitary conductance than M57I
Studies of indicated channels in patches excised from oocytes in inside-out mode with
magnesium-free symmetric 150 mM KCl solution.
(A) Representative channel openings are shown at -60 or +60 mV with open (O) and closed
(C) state levels indicated. Scale bars, 10 pA and 200 ms; sampled at 20 kHz, digitally filtered
at 2.8 kHz.
(B) All-points histograms for openings at -60 mV (right) and +60 mV (left) of indicated
subunits.
(C) Mean (± SEM) open probability (n = 3-9 single channel patches) were determined as
indicated in Methods.
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(D) Mean single channel conductances (± SEM) calculated from all-points histograms in
symmetrical KCl at -60 and +60 mV (n = 5-14), were 60 ± 4 and 54 ± 1 pS for M57I channels
and 83 ± 5 and 80 ± 4 pS for Δ1-56 channels, respectively. The two levels for subunit mixtures
at -60 and +60 mV were 53 ± 3 and 93 ± 3 pS and 51 ± 3 and 87 ± 3 pS, respectively. *P <
0.05, **P < 0.01, ***P < 0.001 versus M57I.
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Figure 5. Δ1-56 channels pass sodium and show anomalous mole fraction behavior
Mean (± SEM) currents in oocytes expressing Δ1-56 or M57I channels as in Figure 2.
(A) Perfusion with 4 mM (squares), 20 mM (inverted triangles), and 100 mM KCl (diamonds),
n = 16. Reversal potential in 4 mM KCl condition indicated by arrows.
(B) Perfusion with 100 mM KCl (diamonds), 100 mM NaCl (circles), or 100 mM NMG
(triangles), n = 6. Arrow notes inward current with NaCl and no KCl in bath.
(C) Perfusion with various mole fractions of potassium and sodium (external KCl
concentrations in mM). Plots show macroscopic inward current at -120 mV (mean ± SEM; n
= 6-8. **P < 0.01, ***P < 0.001 versus 0 mM KCl; Δ1-56 was not significantly different at 0
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and 25 mM KCl (p > 0.05). At 0 to 3 mM KCl, extracellular NaCl was 100 mM. At higher
concentrations, KCl was substituted isotonically for NaCl.
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Figure 6. Molecular determinants of ion selectivity in K2P2.1 variants
Relative permeability for sodium calculated from reversal potential measurements (PNa/PK;
mean ± SEM; n = 10-33 cells) for various truncated K2P2.1 channels indicated by number in
the lower portion of the panel: 1, M57I; 2, Δ1-15/V16M-M57I; 3, Δ1-33/R34M-M57I; 4,
Δ1-40/P41M-M57I; 5, Δ1-50/D51M-M57I; 6, Δ1-51/T52M-M57I; 7, Δ1-52/T53M-M57I; 8,
Δ1-53/I54M-M57I; 9, Δ1-54/N55M-M57I; 10, Δ1-55/V56M-M57I; 11, Δ1-56; 12, I54A-
M57I; 13, N55A-M57I; 14, V56A-M57I; 15, INV54-56AAA-M57I. ***P < 0.001 versus
M57I; all other values were not significantly different from M57I.
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