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An ion channel in the company of a transporter
Eric Accili

Ion channels and transporters share common 3D space on the
surface of cells and within the plasma membrane, and recent evi-
dence points toward physical and functional associations between
them (Manville andAbbott, 2019). In the current issue of the Journal
of General Physiology, Lamothe and Kurata explore the functional
relationship between the Kv1.2 potassium channel, when the Kvβ1.2
β subunit is bound to the interior aspect of the channel, and Slc7a5,
a component of the neutral amino acid transporter LAT1.

Voltage-gated potassium (Kv) channels are found in many, if
not most, cells of the human body. They are tetrameric proteins
that contain a pore through which potassium ions flow selec-
tively (Long et al., 2005). There are 12 families of voltage-gated
potassium channels, each grouped by shared sequences seen
among the genes that code individual subunits (Alexander et al.,
2015). These families share many functional and structural
characteristics, but differences in their coding sequences impart
distinctive features.

The mammalian Kv1 family of channels share a close genetic,
structural, and functional relationship with the Shaker voltage-
gated potassium channel that was discovered in the fruit fly
(Papazian et al., 1987; Tempel et al., 1987; Baumann et al., 1988;
Christie et al., 1989). In mammals, Kv1 channels are found in
various types of cells, such as myocytes of the heart and neurons
of the brain, and they are thought to underlie fast-activating
potassium currents. The Kv1 channel is made up of individual
subunits coded by one of seven specific genes, KCNA1–KCNA7,
that can coassemble to form homo-tetrameric (Kv1.1–Kv1.7) or
hetero-tetrameric structures (Christie et al., 1990; Isacoff et al.,
1990; Ruppersberg et al., 1990). The Kv1 tetramer composition
is likely cell-type specific, determined by select expression of
particular KCNA genes (Sheng et al., 1993; Wang et al., 1993;
Lorincz and Nusser, 2008). This divergent composition likely
explains some of the differences observed in electrophysiologic
behavior of Kv1 channels, seen among cell types.

Interestingly, even cells that do possess the same KCNA genes
may exhibit differences in fast-activating potassium currents. A
clue as to why the same Kv1 channel might behave differently in
different cell types came from studies using dendrotoxin (DTX),
a molecule that inhibits via binding to the external portion of
a fast-activating potassium channel of unknown composition.

Upon purification of the DTX-receptor from the brain, two
proteins were isolated (Scott et al., 1990; Parcej et al., 1992). One
of the proteins was the Kv1 channel subunit. The other was a
protein that is now known to be the Kvβ subunit, which interacts
with the N-terminal domain of the Kv1 subunit (subsequently
referred to as the α subunit; Rettig et al., 1994; Scott et al., 1994).
The β subunit can modify how potassium ions move through the
channel pore formed by the α subunit tetramer, quickly reducing
the flow of ions (called fast inactivation); it also regulates how
efficiently the α subunit localizes to the plasma membrane (Shi
et al., 1996; Accili et al., 1997b). However, not all Kv1 α subunits
were found to be associated with a β subunit upon purification
with the DTX-receptor (Parcej et al., 1992; Shamotienko et al.,
1997). Thus, the variable presence of β subunits with the DTX-
receptor provided early insight as to why differences in the
electrophysiological signature of the Kv1 channel was observed
in cell types that possess the same KCNA genes.

Since the discovery of the Kvβ subunits, other proteins have
been proposed to associate with Kv1 channels and modify their
behavior. For example, contactin-associated protein (Caspr) is
thought to associate with the Kv1–Kvβ complex and, together, to
localize in regions near the Node of Ranvier in the axons of
nerves (Poliak et al., 1999). More recently, the σ-1 receptor, a
transmembrane protein of the ER, has been proposed to form
complexes with the Kv1.2 channel to modify their behavior and
to influence electrophysiologic activity in the brain (Kourrich
et al., 2013; Abraham et al., 2019). The evidence suggests that
complexes of proteins may be the units that determine the lo-
cation and function of Kv1 channels, and unique associations
may be responsible for the observed variability (Trimmer, 2015).
Kv1-containing complexes may also impact aspects of the chan-
nel life cycle (Deutsch, 2003), such as maturation andmovement
to the cell surface, as is the case for the Kvβ subunit (Shi et al.,
1996), as well as removal from the cell surface and catabolism.
For example, the association of Kv1.2 with the σ-1 receptor has
been proposed to promote forward trafficking of the channel as
well as to modulate its gating (Kourrich et al., 2013; Abraham
et al., 2019), whereas the association of Kv1.2 with cortactin, an
actin binding protein, is thought to increase endocytosis of the
channel (Williams et al., 2007).
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An exciting development from the Kurata group at the Uni-
versity of Alberta has been the discovery of a novel Kv1 channel
association between the transporter subunit Slc7a5 and the
Kv1.2 channel (Baronas et al., 2018). The Slc7a5 protein is
thought to heterodimerize with CD98hc (also known as Slc3a2)
to form LAT1 (or the large amino acid transporter 1; Yan et al.,
2019). LAT1 imports neutral amino acids, such as leucine, in
exchange for intracellular amino acids, such as glutamine, in
a sodium and pH-independent manner (Kanai et al., 1998;
Mastroberardino et al., 1998). The initial discovery of the asso-
ciation between Scl7A5 and Kv1.2 was made by probing for
channel-interacting proteins using mass spectroscopy and sup-
ported by several other high-resolution approaches. Imaging
using antibodies specific to Slc7a5 and to Kv1.2 showed that the
endogenous proteins are in close proximity in cortical neurons.
Electrophysiology in mammalian cell lines that express Kv1.2,
either with or without Slc7a5, showed that channel function was
impacted by the transporter, as evidenced by a negative shift in
the activation curve, promotion of slow inactivation, and slow
closing. Notably, Baronas et al. (2018) also observed that mod-
ulation of Kv1.2 by the Kvβ1.3 subunit, which introduces rapid
current inactivation, occurred in concert with a hyperpolarizing
shift of the activation curve in the presence of the transporter.
These provocative data suggest that the Kv1.2 channel is si-
multaneously associated with both Kvβ1.3 and Slc7a5, and they
raise interesting questions about the nature of this interaction.

In the current issue of the Journal of General Physiology,
Lamothe and Kurata (2020) thoughtfully use the structural and
biophysical insights gained from studies of Kv1 channels and
their interactions with Kvβ subunits to answer key questions
about the association with Slc7a5.

Does Kvβ alter the functional interaction between Slc7a5 and
Kv1.2? Slc7a5 was proposed by Baronas et al. (2018) to inhibit the
Kv1.2 channel by stabilizing a nonconducting state. Inhibition
was inferred from experiments showing that when the cells
were held at a very negative voltage (−120 mV) and depolarized
to a positive voltage (10 mV) for 50 ms every 2 s, the amplitude
of the current becomes larger over time. This growth in current
amplitude suggests that the channel was progressively dis-
inhibited by the voltage protocol. In support of this interpreta-
tion, no increase in current was observed when the same
protocol was used in the absence of Slc7a5 channel.

Lamothe and Kurata (2020) use a parallel approach to show
that disinhibition of Kv1.2 currents by Slc7a5 also occurs with
the full-length Kvβ1.2 (though to a lesser extent), whereas it was
not affected by a β subunit that lacks a region of the N-terminus,
the ball and chain region, that enters the pore and causes the
quick reduction in current (fast inactivation; Gulbis et al., 2000).
Then, when the channel was subsequently held at an even more
negative voltage (−160mV), disinhibition of the Kv1.2 current by
Slc7a5 occurred to a greater extent in the presence of the full-
length Kvβ1.2 subunit; again, no effect was observed with the
N-terminally truncated Kvβ1.2 subunit. Thus, the Slc7a5-induced
inhibition of the Kv1.2 channel was shifted to more negative
voltages by the Kvβ1.2 N-terminus. This shift is reminiscent of
the promotion of C-type inactivation by N-type inactivation in
the Shaker channel, where either its own N-terminus or that of

Kvβ1.2 inhibits the entry of potassium into the pore and a non-
conducting conformation is thought to result more easily (López-
Barneo et al., 1993; Baukrowitz and Yellen, 1995; Rasmusson
et al., 1995; Morales et al., 1996).

Does Slc7a5 alter the interaction between Kvβ and Kv1.2? The
Kvβ1.2 protein, upon binding to the Kv1.2 N-terminus, induces a
pronounced fast reduction of delayed rectifier current (fast in-
activation), inmouse LM cells. However, when all three proteins
were coexpressed in these cells the rate and extent of Kvβ-
induced inactivation were increased. Notably, the greater rate
of inactivation induced by Slc7a5 occurred when this effect of
Kvβ1.2 binding to the Kv1.2 channel was saturated. Thus, a
mechanism other than varying the Kvβ-Kv1.2 stoichiometry,
which may account for altered rates of inactivation (Accili et al.,
1997b, 1997a; Xu et al., 1998; Jing et al., 1999; Schulte et al., 2006),
is probably responsible for the greater rate of Kvβ-induced in-
activation induced by Slc7a5.

Lamothe and Kurata (2020) also observed a greater delay in
recovery from inactivation and greater slowing of current deac-
tivation of the Kv1.2/Kvβ1.2 channel complex when in the pres-
ence of Slc7a5. These known effects of Kvβ1 subunits are thought
to be due to the required exit of the N-terminal domain from the
pore before the channel can deactivate and close (England et al.,
1995; Morales et al., 1996; Accili et al., 1997b; De Biasi et al., 1997;
Peters et al., 2009). To explain the altered electrical behavior of
the channel-β subunit when in the company of the transporter,
the authors propose a simple model: a more stable inactivated
conformation of the pore from which the N-terminal domain of
Kvβ1.2 unbinds more slowly. How Slc7a5 might stabilize a non-
conducting state of the pore is not yet clear but one could imagine
that it results from an interaction either direct or indirect that
promotes a pore structure which reflects C-type inactivation.

The temporal and physical nature of the Kv1/Kvβ1.2/Slc7a5
association has yet to be fully understood. Lamothe and Kurata
(2020) show that coexpression of the transporter reduces Kv1.2
protein expression, as well as current density. By contrast,
Kvβ1.2 augments protein expression of Kv1.2 and limits the
reduction in channel protein brought about by Slc7a5. Kvβ1.2
also increases current density as well as the levels of immature
and mature bands, which is consistent with an increase in
protein, surface expression, and number of channels as sug-
gested previously (Shi et al., 1996; Accili et al., 1997b). Kvβ1.2
reverses the drop in current density and in the amounts of
mature and immature bands brought when Slc7a5 is coex-
pressed. This could mean that there is a competition between
Kvβ1.2 and Slc7a5 for binding to the Kv1.2 channel. Kvβ is thought
to associate strongly with the proximal N-terminus of the Kv1.2
channel early in protein biogenesis in the ER, after which the α
and β proteins move to the plasma membrane together (Shi et al.,
1996; Nagaya and Papazian, 1997). Thus, the interaction between
transporter and channel may occur at the same point as the β
subunit and channel during biosynthesis and export, before their
arrival at the plasma membrane (Deutsch, 2002).

The findings of Lamothe and Kurata (2020) show that effects
of Kvβ1.2 and Slc7 a5 are not in direct opposition. Kvβ1.2, unlike
Slc7a5, appears to preferentially increase the mature band with
or without coexpression of Slc7a5. Co-immunoprecipitation
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(co-IP) of Kv1.2 and Kvβ1.2 show that their association may be
stabilized when Slc7a5 is coexpressed. These two findings argue
against a direct competition between Kvβ1.2 and Slc7a5 and
leave open the possibility that their physical and temporal as-
sociation with the channel is not the same. For example, the
transporter may associate with the channel complex initially
and indirectly once they both arrive at the cell surface, which
could then influence events both upstream and downstream.
However, the plasma membrane is thought to be a crowded
space (Ryan et al., 1988) and ion channels and transporters may
not, necessarily, be overrepresented there. Therefore, finding
each other and maintaining a stable interaction may require
direct or indirect associations before arriving at the cell surface
either during or after translation or perhaps even earlier by
association of transcripts as has been proposed for hERG
voltage-gated potassium channels and voltage-gated sodium
channels expressed in myocytes of the heart (Eichel et al., 2019).
Further study will be required to understand when and where
the association between channel and transporter takes place and
the impact of the interaction on the full life cycle of the α–β
channel complex.

The stabilization of the Kv1.2 and Kvβ1.2 interaction by Slc7a5,
as shown by co-IP in Lamothe and Kurata (2020), is consistent
with an altered physical state or structure of the α–β complex and
the resulting changes in its electrical function. Based on these
findings, a physical model could be envisaged whereby the
structure of the regions of the α–β interaction, namely the
N-terminal domains of the channel and the C-terminal domains of
the β subunit, are impacted by Slc7a5. The changes induced in
these regions by Slc7a5 could propagate throughout the channel
complex and ultimately reach domains that influence the un-
binding N-terminal domain of Kvβ1.2 from the Kv1.2 pore and
slow this process. Here, too, moreworkwill be necessary to better
understand the physical basis of how the α–β complex is associ-
ated with Slc7a5 and, importantly, how their association with the
transporter changes their interaction with each other.

Insight into the physical and function interactions between
Kv1.2 and Slc7a5, together with evidence of their co-localization
in hippocampal neurons, opens a window into how this novel
associationmight influence electrophysiologic behaviour in vivo.
Such an association could help to explain the variability of cur-
rents that arise from the Kv1.2 channel, and of resulting electrical
activity, between individual neurons (Baronas et al., 2015). Also,
reciprocal regulation of amino acid transport by the association
with Kv1.2 may be of relevance in vivo given that, to form LAT1,
Slc7a5 associates with CD98hc (Slc3a2). This single-pass trans-
membrane protein does not appear to partner with Kv1.2 on its
own, but it reduces the impact of Slc7a5 on the Kv1.2 channel,
perhaps by competing with the channel for their common
partner (Baronas et al., 2018). Finally, this association will likely
yield significant insight into the precise roles of these proteins in
the body and how they cause disease when they do not work
properly, which remains difficult to ascertain (Murphy et al.,
2004; Brew et al., 2007; Syrbe et al., 2015). Indeed, gain-of-
function missense mutations in Kv1.2, which are linked to epi-
lepsy, are more sensitive to Slc7a5 while missense mutations in
Slc7a5 (Baronas et al., 2018), which are associated with autism

spectrum disorder and motor delay (Tărlungeanu et al., 2016),
diminish its effects on the Kv1.2 channel.

The discovery of the interaction of the Kv1.2/Kvβ1.2 channel
complex with Slc7a5 is among a growing number of channel-
transporter associations and may represent a common mode of
signaling in cells (Manville and Abbott, 2019). These associations
may help to explain how variable electrophysiologic phenotypes
can be bestowed upon different cells expressing the same ion
channel gene. They will also help to understand the role of
transporters and how that may vary between cells that do and do
not express their ion channel partner. Sophisticated analyses of
how interactions between ion channels and transporters influ-
ence the function of individual components, as realized here by
Lamothe and Kurata (2020), are necessary to understand their
significance.
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Eichel, C.A., E.B. Rı́os-Pérez, F. Liu, M.B. Jameson, D.K. Jones, J.J. Knickelbine,
and G.A. Robertson. 2019. A microtranslatome coordinately regulates
sodium and potassium currents in the human heart. eLife. 8. e52654.
https://doi.org/10.7554/eLife.52654

England, S.K., V.N. Uebele, H. Shear, J. Kodali, P.B. Bennett, and M.M.
Tamkun. 1995. Characterization of a voltage-gated K+ channel beta
subunit expressed in human heart. Proc Natl Acad Sci USA. 92:
6309–6313. https://doi.org/10.1073/pnas.92.14.6309

Gulbis, J.M., M. Zhou, S. Mann, and R. MacKinnon. 2000. Structure of the
cytoplasmic beta subunit-T1 assembly of voltage-dependent K+ chan-
nels. Science. 289:123–127. https://doi.org/10.1126/science.289.5476.123

Isacoff, E.Y., Y.N. Jan, and L.Y. Jan. 1990. Evidence for the formation of
heteromultimeric potassium channels in Xenopus oocytes. Nature. 345:
530–534. https://doi.org/10.1038/345530a0

Jing, J., D. Chikvashvili, D. Singer-Lahat, W.B. Thornhill, E. Reuveny, and I.
Lotan. 1999. Fast inactivation of a brain K+ channel composed of Kv1.1
and Kvbeta1.1 subunits modulated by G protein beta gamma subunits.
EMBO J. 18:1245–1256.

Kanai, Y., H. Segawa, K.Miyamoto, H. Uchino, E. Takeda, and H. Endou. 1998.
Expression cloning and characterization of a transporter for large
neutral amino acids activated by the heavy chain of 4F2 antigen (CD98).
J. Biol. Chem. 273:23629–23632. https://doi.org/10.1074/jbc.273.37.23629

Kourrich, S., T. Hayashi, J.Y. Chuang, S.Y. Tsai, T.P. Su, and A. Bonci. 2013.
Dynamic interaction between sigma-1 receptor and Kv1.2 shapes neu-
ronal and behavioral responses to cocaine. Cell. 152:236–247. https://doi
.org/10.1016/j.cell.2012.12.004

Lamothe, S.M., and H.T. Kurata. 2020. Slc7a5 alters Kvβ-mediated regulation of
Kv1.2. J. Gen. Physiol. 152. e201912524. https://doi.org/10.1085/jgp.201912524

Long, S.B., E.B. Campbell, and R. Mackinnon. 2005. Crystal structure of a
mammalian voltage-dependent Shaker family K+ channel. Science. 309:
897–903. https://doi.org/10.1126/science.1116269

López-Barneo, J., T. Hoshi, S.H. Heinemann, and R.W. Aldrich. 1993. Effects of
external cations and mutations in the pore region on C-type inactiva-
tion of Shaker potassium channels. Receptors Channels. 1:61–71.

Lorincz, A., and Z. Nusser. 2008. Cell-type-dependent molecular composition
of the axon initial segment. J. Neurosci. 28:14329–14340. https://doi.org/
10.1523/JNEUROSCI.4833-08.2008

Manville, R.W., and G.W. Abbott. 2019. Teamwork: Ion channels and trans-
porters join forces in the brain. Neuropharmacology. 161. 107601. https://
doi.org/10.1016/j.neuropharm.2019.04.007

Mastroberardino, L., B. Spindler, R. Pfeiffer, P.J. Skelly, J. Loffing, C.B.
Shoemaker, and F. Verrey. 1998. Amino-acid transport by heterodimers
of 4F2hc/CD98 andmembers of a permease family.Nature. 395:288–291.
https://doi.org/10.1038/26246

Morales, M.J., J.O. Wee, S. Wang, H.C. Strauss, and R.L. Rasmusson. 1996. The
N-terminal domain of a K+ channel beta subunit increases the rate of
C-type inactivation from the cytoplasmic side of the channel. Proc. Natl.
Acad. Sci. USA. 93:15119–15123. https://doi.org/10.1073/pnas.93.26.15119

Murphy, G.G., N.B. Fedorov, K.P. Giese, M. Ohno, E. Friedman, R. Chen, and
A.J. Silva. 2004. Increased neuronal excitability, synaptic plasticity, and
learning in aged Kvbeta1.1 knockout mice. Curr. Biol. 14:1907–1915.
https://doi.org/10.1016/j.cub.2004.10.021

Nagaya, N., and D.M. Papazian. 1997. Potassium channel alpha and beta
subunits assemble in the endoplasmic reticulum. J. Biol. Chem. 272:
3022–3027. https://doi.org/10.1074/jbc.272.5.3022

Papazian, D.M., T.L. Schwarz, B.L. Tempel, Y.N. Jan, and L.Y. Jan. 1987.
Cloning of genomic and complementary DNA from Shaker, a putative
potassium channel gene from Drosophila. Science. 237:749–753. https://
doi.org/10.1126/science.2441470

Parcej, D.N., V.E. Scott, and J.O. Dolly. 1992. Oligomeric properties of alpha-
dendrotoxin-sensitive potassium ion channels purified from bovine brain.
Biochemistry. 31:11084–11088. https://doi.org/10.1021/bi00160a018

Peters, C.J., M. Vaid, A.J. Horne, D. Fedida, and E.A. Accili. 2009. The mo-
lecular basis for the actions of KVbeta1.2 on the opening and closing of

the KV1.2 delayed rectifier channel. Channels (Austin). 3:314–322.
https://doi.org/10.4161/chan.3.5.9558

Poliak, S., L. Gollan, R. Martinez, A. Custer, S. Einheber, J.L. Salzer, J.S.
Trimmer, P. Shrager, and E. Peles. 1999. Caspr2, a new member of the
neurexin superfamily, is localized at the juxtaparanodes of myelinated
axons and associates with K+ channels. Neuron. 24:1037–1047. https://
doi.org/10.1016/S0896-6273(00)81049-1

Rasmusson, R.L., M.J. Morales, R.C. Castellino, Y. Zhang, D.L. Campbell, and
H.C. Strauss. 1995. C-type inactivation controls recovery in a fast in-
activating cardiac K+ channel (Kv1.4) expressed in Xenopus oocytes.
J. Physiol. 489:709–721. https://doi.org/10.1113/jphysiol.1995.sp021085

Rettig, J., S.H. Heinemann, F. Wunder, C. Lorra, D.N. Parcej, J.O. Dolly, and O.
Pongs. 1994. Inactivation properties of voltage-gated K+ channels al-
tered by presence of beta-subunit.Nature. 369:289–294. https://doi.org/
10.1038/369289a0
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