
Obligatory heterotetramerization of three previously
uncharacterized Kv channel �-subunits identified
in the human genome
N. Ottschytsch, A. Raes, D. Van Hoorick, and D. J. Snyders*

Laboratory for Molecular Biophysics, Physiology, and Pharmacology, University of Antwerp (UIA) and Flanders Institute for Biotechnology (VIB),
B2610 Antwerp, Belgium

Edited by Lily Y. Jan, University of California School of Medicine, San Francisco, CA, and approved April 12, 2002 (received for review November 20, 2001)

Voltage-gated K� channels control excitability in neuronal and
various other tissues. We identified three unique �-subunits of
voltage-gated K�-channels in the human genome. Analysis of the
full-length sequences indicated that one represents a previously
uncharacterized member of the Kv6 subfamily, Kv6.3, whereas the
others are the first members of two unique subfamilies, Kv10.1 and
Kv11.1. Although they have all of the hallmarks of voltage-gated
K� channel subunits, they did not produce K� currents when
expressed in mammalian cells. Confocal microscopy showed that
Kv6.3, Kv10.1, and Kv11.1 alone did not reach the plasma mem-
brane, but were retained in the endoplasmic reticulum. Yeast
two-hybrid experiments failed to show homotetrameric interac-
tions, but showed interactions with Kv2.1, Kv3.1, and Kv5.1.
Co-expression of each of the previously uncharacterized subunits
with Kv2.1 resulted in plasma membrane localization with currents
that differed from typical Kv2.1 currents. This heteromerization
was confirmed by co-immunoprecipitation. The Kv2 subfamily
consists of only two members and uses interaction with ‘‘silent
subunits’’ to diversify its function. Including the subunits described
here, the ‘‘silent subunits’’ represent one-third of all Kv subunits,
suggesting that obligatory heterotetramer formation is more
widespread than previously thought.

electrically silent subunits � ER retention � heterotetrameric
assembly � KCNG3

Voltage-gated potassium channels are transmembrane pro-
teins consisting of four �-subunits that form a central

permeation pathway. Each subunit contains six transmembrane
domains (S1–S6) and a pore loop containing the GYG-motif, the
signature sequence for potassium selectivity. The fourth trans-
membrane domain (S4) contains positively charged residues and
is the major part of the voltage sensor. Voltage-gated potassium
channels serve a wide range of functions including regulation of
the resting membrane potential and control of the shape,
duration, and frequency of action potentials (1–3).

At present, 26 genes have been described encoding for dif-
ferent Kv �-subunits. These are divided into subfamilies by
sequence similarities: within a subfamily members share �70%
of sequence identity, whereas between different subfamilies this
percentage drops to �40%, reflecting the homology in the core
section S1–S6 (4). The Kv family of potassium channels consists
of nine subfamilies, Kv1 through Kv9, although Kv7 has only
been described for Aplysia (5). The subunits of the Kv1 through
Kv4 subfamilies all show functional expression in a homotet-
rameric configuration. Despite having the typical topology of
voltage-gated potassium channel subunits, the subunits of the
Kv5 through Kv9 families cannot generate current by themselves
(6–10). For instance, Kv6.1 fails to form homotetrameric chan-
nels, but it is able to form heterotetrameric channels with Kv2.1;
expression of these heterotetramers resulted in currents with
clearly distinguishable properties (11). All known ‘‘electrically
silent’’ subunits have been shown to form heterotetrameric
channels with the members of the Kv2 subfamily (8–10). In a

sense, these ‘‘silent’’ subunits can be considered regulatory
subunits—e.g., the metabolic regulation of the Kv2.1�Kv9.3
heteromultimer might play an important role in hypoxic pulmo-
nary artery vasoconstriction and in the possible development of
pulmonary hypertension (8).

In this study we report the cloning and functional properties
of three previously uncharacterized subunits that were identified
in the early public draft version of the human genome. Based on
sequence identity, one of these is a previously uncharacterized
member of the Kv6 subfamily (Kv6.3), whereas the others are the
first members of two unique subfamilies, Kv10.1 and Kv11.1.
Biochemical, microscopic, and functional analysis indicated that
these previously uncharacterized subunits are all ‘‘silent sub-
units,’’ which may explain why they have not been cloned
previously. Through obligatory heterotetramerization they exert
a function-altering effect on other Kv subunits.

Experimental Procedures
Cloning of Kv2.1, Kv6.3, Kv10.1, and Kv11.1. The coding sequence of
human Kv2.1 was amplified from a human brain library (CLON-
TECH) and cloned into pEGFP-N1. The channel sequences of
Kv6.3, Kv10.1, and Kv11.1 were obtained through a BLAST search
of the high throughput genomic sequence (htgs) database (July
2000). The coding sequences were cloned using PCR amplifica-
tion from a human brain library (CLONTECH) or a human
testis library (TaKaRa, Shiga, Japan) for Kv10.1 and Kv11.1,
respectively. Both coding exons of Kv6.3 were amplified from
human genomic DNA. The BsaMI restriction site at the start of
the second exon was used to join the two coding exons.

Amino Acid Sequence Alignments and Phylogenetic Tree. Computer
analyses were performed using MEGALIGN (DNAstar, Madison,
WI). The phylogenetic tree and the percentage of identity were
obtained by aligning the core S1–S6 sequences (e.g., aa 252–518
in Kv1.5).

Expression Analysis. A cDNA panel from different tissues was
obtained from CLONTECH (cDNA panel I and II). PCR was
performed with primer sets that were selected to ensure the
amplification of the correct subunit, without amplification of
homologous subunits. All reactions were done with 38 cycles and
PCR products were analyzed on a 2% agarose gel.

Transfection. Ltk� cells were cultured and transfected with cDNA
as reported (12). Each subunit was coexpressed with Kv2.1 (10:1

This paper was submitted directly (Track II) to the PNAS office.

Abbreviations: ER, endoplasmic reticulum; GFP, green fluorescent protein.

Data deposition: The sequences reported in this paper have been deposited in the GenBank
database (accession nos. AF348982–AF348984).

*To whom reprint requests should be addressed at: Laboratory for Molecular Biophysics,
Physiology, and Pharmacology, Department of Biomedical Sciences, University of Ant-
werp (UIA), Universiteitsplein 1, T4.21, 2610 Antwerp, Belgium. E-mail: dirk.snyders@
ua.ac.be.

7986–7991 � PNAS � June 11, 2002 � vol. 99 � no. 12 www.pnas.org�cgi�doi�10.1073�pnas.122617999



ratio). At this ratio, less than 0.01% of the channels will be
wild-type Kv2.1. Between 12 and 24 h post-transfection the cells
were trypsinized and used for analysis.

Whole-Cell Current Recording. Current recordings were made with
an Axopatch-200B amplifier (Axon instruments, Union City,
CA) in the whole cell configuration of the patch-clamp technique
(13) as reported (12).

Pulse Protocols and Data Analysis. The applied pulse protocols are
listed in the figure legends. The voltage dependence of channel
opening and inactivation (activation and inactivation curves) was
fitted with a Boltzmann equation according to y � 1�{1 �
exp[�(E � V1⁄2)�k]}, where V1⁄2 represents the voltage at which
50% of the channels are open or inactivated and k the slope
factor. Activation and deactivation kinetics were fitted with a
single or double exponential function by using a nonlinear
least-squares (Gauss-Newton) algorithm. Results are presented
as mean � SEM; statistical analysis was done using the Student’s
t test; probability values are presented in the text.

Yeast Two-Hybrid System and Protein Constructs. The MATCH-
MAKER Yeast Two-Hybrid System 3 (CLONTECH) was used
to assay for protein–protein interactions. The amino termini of
Kv1.5, Kv2.1, Kv3.1, Kv4.3, Kv5.1, Kv6.1, Kv6.3, Kv8.1, Kv9.3,
Kv10.1, and Kv11.1 were cloned into the vector pGBKT7. The

amino termini of Kv2.1, Kv6.3, Kv10.1, and Kv11.1 were also
cloned into the vector pGADT7. AH109 cells were transformed
with the plasmid constructs of interest (100 ng of each) and
plated on �Trp��Leu��X�GAL media to select for cells
containing both vectors and to test for interaction. The degree
of interaction was determined from the speed and intensity of
the blue color development.

Coimmunoprecipitation. Kv2.1 was c-myc-tagged at the C terminus
and cotransfected with green fluorescent protein (GFP)-tagged
Kv2.1, Kv1.5, Kv6.3, Kv10.1, or Kv11.1 into HEK293 cells. The
next day the cells were solubilized on ice with a PBS buffer
supplemented with 5 mM EDTA, 1% Triton X-100, and a
complete protease inhibitor mixture (Roche Diagnostics). For
the immunoprecipitation Protein G Agarose beads and 2 �g of
anti-GFP (CLONTECH) were added. The samples were incu-
bated overnight at 4°C with rocking. Beads were then washed
with ice-cold solubilization buffer. Proteins were eluted from the
beads by boiling in SDS sample buffer and analyzed on 8%
SDS�PAGE. Proteins were transferred to a polyvinylidene
difluoride (PVDF) membrane (Amersham Pharmacia Biotech)
and the blot was blocked. The blot was incubated with anti-c-myc
(CLONTECH); afterwards, anti-mouse IgG (Amersham Phar-
macia Biotech) was added, followed by ECL detection (Amer-
sham Pharmacia Biotech).

Fig. 1. Sequence alignment, phylogenetic tree, and percent sequence identity of Kv6.3, Kv10.1, and Kv11.1. (A) The amino acid sequences of Kv2.1, Kv6.1, Kv6.2,
Kv6.3, Kv10.1, and Kv11.1 were aligned using MEGALIGN. For convenience, only the first 460 aa of Kv2.1 are shown. Gaps (indicated by dashes) were introduced
in the sequence to maintain the alignment. Conserved amino acids are shaded in gray. The six putative transmembrane domains and the pore region are indicated
by an overline. (B) The phylogenetic tree for the Kv family. (C) The percent sequence similarity based on the S1–S6 core.
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Confocal Imaging. Kv6.3, Kv10.1, and Kv11.1 were tagged with
GFP at their carboxy terminus. HEK293 cells were cultivated on
coverslips. For cotransfections, a 1:10 ratio of channel DNA
versus Kv2.1 was added. The endoplasmic reticulum (ER) was
visualized with the DsRed ER localization vector. This was
constructed starting from the pDsRed vector (CLONTECH).
The first 17 aa from calreticulin were amplified from brain
cDNA and cloned in frame with the DsRed sequence of pDsRed.
The KDEL sequence was inserted behind DsRed by using a
mutagenesis PCR. Transfections and cotransfections (ratio 1:10
GFP-labeled channel DNA versus unlabeled Kv2.1 DNA) were
done using the lipofectamine method (see above). Confocal
images were obtained on a Zeiss CLSM 510, equipped with an
argon laser (excitation, 488 nm) for the visualization of GFP and
DsRed.

Results
Cloning of Kv6.3, Kv10.1, and Kv11.1. A search of the GenBank high
throughput genomic sequence (htgs) database revealed genomic
contigs containing exons coding for three previously uncharac-
terized homologues of Kv channels. The sequences of the
genomic contigs were analyzed using GENEFINDER to determine
the full coding sequences of the genes. The predicted proteins
displayed the typical topology of a Kv subunit: six transmem-
brane segments (S1–S6), with an array of five to six positive
charges in S4, and the potassium selectivity motif ‘‘GYG’’ in the
P-loop between S5 and S6 (Fig. 1). Each gene was predicted to
consist of two coding exons, without evidence for alternate
splicing.

One of the predicted proteins consisted of 519 aa and shared
more than 70% sequence identity with Kv6.1 and Kv6.2 (Fig. 1).
Therefore, this protein has to be regarded as a previously
uncharacterized member of the Kv6 subfamily, Kv6.3 or
KCNG3. The other two proteins were composed of 436 and 545
aa and shared only �40% sequence identity with any of the
previously identified Kv subunits. Therefore, we classified them
as the first members of two previously uncharacterized subfam-
ilies, Kv10.1 and Kv11.1.

The chromosomal locations of the genomic contigs containing
Kv6.3, Kv10.1, and Kv11.1 are 16q24.1, 2p21, and 9p24.2,
respectively. The complete cDNA sequences have been submit-
ted to the GenBank database under accession nos. AF348982,
AF348983, and AF348984 for Kv10.1, Kv11.1, and Kv6.3,
respectively.

Tissue Distribution of Kv6.3, Kv10.1, and Kv11.1. The search of the
GenBank EST database yielded several hits for all three se-
quences, indicating that their mRNAs are indeed expressed.
PCR analysis was used to assess the expression of Kv6.3, Kv10.1,
and Kv11.1 mRNA in various human tissues (Fig. 2). Kv6.3
showed strong expression in brain and low expression in liver,
small intestine, and colon. Kv10.1 was strongly expressed in
pancreas and testis and weakly in brain, lung, kidney, thymus,
ovary, small intestine, and colon. Kv11.1 gave a strong signal in
pancreas and testis and a weaker signal in lung, liver, kidney,
spleen, thymus, prostate, and ovary.

Functional Expression of Kv6.3, Kv10.1, and Kv11.1 in Ltk� Cells. The
coding sequences of Kv6.3, Kv10.1, and Kv11.1 were cloned into
mammalian expression vectors for transient transfection in Ltk�

cells. The subunits Kv6.3, Kv10.1, and Kv11.1 each failed to
generate current above background in these cells, as shown in the
top sections of each panel in Fig. 3 (n � 10 cells, for at least two
independent transfections for each clone). Previously discovered
silent subunits can form heterotetrameric channels with the Kv2
subfamily (6–10). To test whether this could also be the case for
the previously uncharacterized subunits, we performed coex-
pressions with Kv2.1.

Expression of the human Kv2.1 subunit alone resulted in a
typical rapidly activating delayed outward rectifier K� current
with functional properties as described (14, 15). The bottom
sections of each panel in Fig. 3 show that coexpression with
either previously uncharacterized subunit resulted in currents
with distinct properties. For the cotransfection of Kv2.1 with
Kv6.3, the threshold for activation was shifted by approximately
20 mV in hyperpolarizing direction compared with Kv2.1 alone

Fig. 2. Expression of Kv6.3, Kv10.1, Kv11.1, and Kv2.1 in human tissues. A PCR
analysis was performed on a cDNA panel of the indicated human tissues with
gene-specific primers for the subunits indicated on the left.

Fig. 3. Whole-cell current recordings of Kv6.3, Kv10.1, and Kv11.1, and the
cotransfections with Kv2.1. The top sections in each panel show typical re-
cordings for untransfected Ltk� cells (A), or for cells expressing Kv6.3 (B),
Kv10.1 (C), and Kv11.1 (D). The holding potential was �80 mV and cells were
depolarized in 20-mV increments from �80 mV to �60 mV, 500 ms in duration,
followed by a repolarizing pulse at �25 mV, 850 ms in duration. The bottom
sections of each panel show typical recordings from Ltk� cells expressing Kv2.1
(A), Kv2.1 � Kv6.3 (B), Kv2.1 � Kv10.1 (C), and Kv2.1 � Kv11.1 (D). The holding
potential was �80 mV and cells were depolarized by 10-mV increments from
�60 mV to �70 mV, 500 ms in duration. Deactivating tails were recorded at
�25 mV or �35 mV for 850 ms.

7988 � www.pnas.org�cgi�doi�10.1073�pnas.122617999 Ottschytsch et al.



(Fig. 4A). In addition, V1⁄2 (Table 1) was significantly (P � 0.001)
shifted toward hyperpolarizing voltages, and the slope decreased
as well (P � 0.001). Cotransfection of Kv2.1 with Kv10.1 had no
significant (P � 0.05) effect on the activation curve, whereas with
Kv11.1 a small but consistent (P � 0.05) �5 mV shift was
observed.

Co-transfection of Kv2.1 with Kv6.3 also markedly changed
the C-type inactivation (Fig. 4B): the cotransfection resulted in

a 40-mV hyperpolarizing shift in the voltage dependence of
inactivation (P � 0.001). Cotransfection of Kv10.1 had no
significant effect on the voltage dependence of inactivation (P �
0.05), whereas Kv11.1 gave a small �5 mV shift (P � 0.05).

The time-course of activation of Kv2.1 was fitted with a
monoexponential function and resulted in time constants shown
in Fig. 4 C and D. Upon cotransfection with Kv6.3, activation was
accelerated (P values at all voltages �0.001) and the time course
of activation was approximated better with a double exponential
function (Fig. 4C). The acceleration of activation was less
pronounced for the cotransfection of Kv10.1 or Kv11.1 (Fig. 4D),
but still statistically significant (P � 0.05 at all voltages).
Deactivation was fitted with a mono- or double-exponential
function as appropriate. Cotransfection of Kv6.3 slowed deac-
tivation significantly (P value at all voltages �0.001), whereas
Kv10.1 and Kv11.1 had no significant effect (P value at all
voltages �0.05). A summary of the electrophysiological param-
eters is given in Table 1.

Tissue Distribution of Kv2.1. To test whether the previously un-
characterized subunits could be regulatory subunits for Kv2.1 in
vivo, we determined the expression of Kv2.1 with the same
cDNA panels as we did for Kv6.3, Kv10.1, and Kv11.1 (Fig. 2).
Kv2.1 showed very high expression in brain, skeletal muscle,
pancreas, and small intestine and moderate to high expression in
heart, placenta, lung, liver, kidney, spleen, thymus, prostate,
testis, ovary, and colon, consistent with previous reports (6, 16,
17). These results show that Kv6.3, Kv10.1, and Kv11.1 are
expressed in several tissues in which Kv2.1 is also expressed,
indicating that at least in some tissues these subunits could
indeed interact with Kv2.1 to form heterotetrameric channels.

Biochemical Evidence for Selective Interaction with Kv Subunits. To
explore in a more unbiased manner the potential interactions of
the three previously uncharacterized subunits with subunits of
the known subfamilies, we used a yeast two-hybrid approach.
Given the limitations of this method, we screened with the
intracellular amino terminal segment, which contains the NAB
domain that regulates coassembly (18–21). Kv6.3, Kv10.1, and
Kv11.1 each did not show interactions with themselves, nor with
each other, Kv1.5, Kv4.3, Kv8.1, and Kv9.1 (Fig. 5). In contrast,
a strong interaction with Kv2.1, Kv3.1, and Kv5.1 was seen. For
each of the previously uncharacterized subunits this interaction
was as strong as the interaction of Kv2.1 with itself (positive

Fig. 4. (A) Voltage dependence of activation. The activation curves of Kv2.1,
Kv2.1 � Kv6.3, Kv2.1 � Kv10.1, and Kv2.1 � Kv11.1 were obtained from the
normalized initial tail amplitude recorded at �25 mV for Kv2.1, Kv2.1 �
Kv10.1, and Kv2.1 � Kv11.1 or at �50 mV for Kv2.1 � Kv6.3 after 500-ms
prepulses ranging from �60 mV to 70 mV in 10-mV steps. The solid line
represents the Boltzmann function fitted to the experimental data (see Ex-
perimental Procedures). (B) Voltage dependence of inactivation. The inacti-
vation curves of Kv2.1, Kv2.1 � Kv6.3, Kv2.1 � Kv10.1, and Kv2.1 � Kv11.1
were obtained from the normalized peak currents recorded during a 250-ms
test pulse to 50 mV as a function of the 5-s prepulse ranging from �50 mV to
10 mV for Kv2.1, Kv2.1 � Kv10.1, and Kv2.1 � Kv11.1 and from �80 mV to �20
mV for Kv2.1 � Kv6.3. Experimental data were fitted with a Boltzmann
function (solid lines). (C) Kinetics of activation and deactivation of Kv2.1 and
Kv2.1 � Kv6.3. Mean time constants � SEM of activation and deactivation are
plotted as a function of the test potential. To obtain the time constants for
activation, test pulses were applied ranging from �10 mV to 70 mV for Kv2.1
and �30 mV to 70 mV for Kv2.1 � Kv6.3 in 10-mV steps, 500 ms in duration.
To obtain the time constants for deactivation, a 200-ms prepulse to 50 mV was
followed by test pulses ranging from �20 mV to �100 mV in 10-mV steps, 850
ms in duration. The experimental data were fitted with mono- or double-
exponential functions, as appropriate. The slow component of activation and
deactivation are shown as triangles, whereas the fast components are shown
as circles. WT Kv2.1 gating kinetics are connected with a solid line. (D) Kinetics
of activation of Kv2.1, Kv2.1 � Kv10.1, and Kv2.1 � Kv11.1. Mean time
constants � SEM of activation are shown as a function of the step potentials
(�10 mV to 70 mV). The pulse protocol for Kv2.1 � Kv10.1 and Kv2.1 � Kv11.1
is the same as for Kv2.1 alone in C.

Table 1. Electrophysiological parameters

Voltage dependence Time constants, ms

Activation Inactivation Activation at 0 mV Deactivation at �40 mV

V1/2, mV k, mV n V1/2, mV k, mV n Fast Slow n Fast Slow n

Kv2.1 12.2 � 1.4 9.5 � 0.6 11 �15.9 � 1.2 7.2 � 0.6 5 167 � 12 N.A. 9 21.4 � 2.1 110 � 15 5
� Kv6.3 �4.2 � 0.7 15.1 � 0.7 5 �55.6 � 1.1 6.6 � 0.8 6 58.2 � 4.9 200 � 38 8 40.1 � 9.2 295 � 34 5
� Kv10.1 9.3 � 2.0 9.8 � 0.7 9 �19.8 � 1.2 6.4 � 0.2 5 127 � 8 N.A. 9 18.0 � 1.2 115 � 6 6
� Kv11.1 7.0 � 1.3 9.8 � 0.7 11 �21.2 � 1.7 5.2 � 0.2 7 127 � 18 N.A. 10 18.8 � 1.2 89.6 � 3.1 7

Values are given as mean � SEM; n � number of experiments. V1/2 and k obtained from Boltzmann fit (see Experimental Procedures). N.A., not applicable.

Fig. 5. Interaction of Kv6.3, Kv10.1, and Kv11.1 with representative subunits
of all Kv subfamilies. The intracellular N-terminal segment that contains the
subfamily-specific NAB domain was used as bait (B) and�or target (T) in a yeast
two-hybrid analysis.
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control). Kv2.1 failed to interact with Kv1.5, consistent with the
known lack of heterotetramerization between Kv1.5 and Kv2.1
(18, 22). The interaction of Kv2.1 with the previously unchar-
acterized subunits was confirmed with coimmunoprecipitation,
using the full-length proteins (Fig. 6).

Subcellular Localization of Kv6.3, Kv10.1, and Kv11.1. Although the
lack of N-terminal tetramerization might explain the lack of
current, it is known that Kv2.1 can generate current when the
NAB domain is removed (18). Therefore, we also determined
the subcellular localization of the previously uncharacterized
subunits by using confocal microscopy. To visualize the subcel-
lular protein distribution, GFP was fused to their carboxy
termini. Transfected cells expressing only Kv6.3, Kv10.1, or
Kv11.1 showed a punctated intracellular appearance without
staining of the plasma membrane (Fig. 7, column 1). This
indicates that the full-length protein was made, because GFP was
added on the C-terminal end. To test whether this pattern
reflected retention in the ER, we performed cotransfections
with a vector (DsRed-ER) containing the cDNA from the red
fluorescent protein DsRed, fused with the ER targeting signal
from calreticulin and the ER retention signal, KDEL (Fig. 7,
column 2). The localization of the red and green fluorescence
overlapped completely, resulting in a yellow-orange color indi-
cating that each of the three subunits were retained in the ER
when they were expressed alone (Fig. 7, column 3). When Kv2.1
was coexpressed with these subunits, a redistribution of the
green fluorescence was observed. In each case, prominent GFP
staining was evident at the plasma membrane with minimal
intracellular staining (Fig. 7, column 4). Potassium currents
obtained with the GFP-tagged subunits were similar to those
shown in Figs. 3 and 4. The intracellular staining was a nearly
pure DsRed-ER fluorescence, showing hardly any overlap (Fig.
7, column 5). These results indicate that Kv2.1 promotes traf-
ficking of Kv6.3, Kv10.1, and Kv11.1 to the cell surface mem-
brane, presumably by forming heterotetrameric channels with
these subunits.

Discussion
This study reports the cloning and characterization of three
previously uncharacterized �-subunits of voltage-gated potas-
sium channels: Kv6.3, Kv10.1, and Kv11.1. The conventional
methods to clone potassium channels include homology and
expression cloning (14, 23). The disadvantage of both techniques
is their dependence on expression level or on a functional
signature: genes with very low expression levels or lacking a
functional signature are not (easily) picked up by these tech-
niques. The human genome project does allow to detect and
clone such genes, as is demonstrated here for Kv6.3, Kv10.1, and
Kv11.1.

When expressed in mammalian Ltk� cells each of the three
subunits was unable to elicit any current, indicating that they
belong to the ‘‘silent’’ subunits (6–10). The lack of functional
current can be explained by retention in the ER, as was
demonstrated with confocal microscopy, comparable with ob-

servations for Kv8 and Kv9 subunits (9, 16, 24). Such retention
can have various causes such as ER retention signals or improper
folding and�or assembly. Investigation of the sequences of
Kv6.3, Kv10.1, and Kv11.1 did not reveal known ER retention or
export signals, suggesting an assembly problem. For the confocal
imaging we used a C-terminal GFP tag, which could interfere
with trafficking. Indeed, C-terminal sequences can control effi-
cient cell surface expression and clustering (25, 26). However,
the three subunits reported here do not display such sequences
and the GFP tag did not effect the currents recorded after
coexpression. Inefficient assembly of channel subunits might
originate from the aminoterminal ‘‘NAB’’ domain that directs
and restricts subunit assembly within Kv subfamilies (18–21).
Indeed, the aminotermini of Kv6.3, Kv10.1, and Kv11.1 did not
interact with themselves, as was demonstrated with a yeast
two-hybrid analysis. Therefore, to the extent that the NAB
domain facilitates homotetrameric assembly, these subunits
would appear incapable of efficient homotetramerization, which
might explain ER retention.

However, these incompatible amino termini may not be the
only reason for the lack of functionality for these and other silent
Kv channels. Indeed, distinct currents were observed for a
chimera between the N terminus of Kv8.1 in a Kv1.3 background
(7). However, a chimera with S6 from Kv8.1 in a Kv1.3 back-
ground (and vice versa) was not functional, which indicates that
part of the nonfunctionality resides in the S6 segment. The
alignment of this segment (Fig. 8) demonstrates that the three
subunits reported here, as well as previously cloned silent
subunits, all lack the second proline of the conserved P–X–P
motif of the Kv1–Kv4 subunits. This points to a major structural
difference in the S6 segments between the functional and silent

Fig. 7. Subcellular localization of the channel-GFP fusion proteins assessed
by confocal imaging. The rows show images with GFP fusion proteins of Kv6.3,
Kv10.1, and Kv11.1, respectively. The first three columns show the fluores-
cence of the channel subunits, the DsRed-ER localization vector, and the
overlay of both, respectively. The last two columns show cells cotransfected
with Kv2.1, DsRed-ER, and each of the subunits; the surface staining of the
GFP-tagged subunits (fourth column) is obvious with minimal overlap with the
DsRed-ER fluorescence (overlay of both in the fifth column). (Scale bar, 10 �m.)

Fig. 8. Alignment of the S6 segment of the Kv potassium channels. One
member of each subfamily is represented. Conserved amino acids are shaded
in gray. Sequence numbering of Kv2.1 is shown on top.

Fig. 6. Co-immunoprecipitation of Kv6.3GFP, Kv10.1GFP, and Kv11.1GFP
with Kv2.1c-myc. Immunoprecipitation was done with anti-GFP antibodies,
Western blot was performed with anti-c-myc. Lanes 3–5 show that Kv2.1c-myc
was coprecipitated with Kv6.3GFP, Kv10.1GFP, and Kv11.1GFP. GFP-tagged
Kv2.1 (lane 1) and Kv1.5 (lane2) were used as positive and negative controls,
respectively.
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subunits. However, when P406 and V409 of Kv2.1 were mutated
to the corresponding residues of Kv8.1, altered but functional
currents were observed, indicating that these residues alone do
not explain the nonfunctional S6 chimera (24). However, P406
is the second proline in the highly conserved P–X–P motif from
the functional Kv channels and might be responsible for a sharp
bend in the S6 helical structure involved in gating (27). All of the
silent subunits lack the second proline of the P–X–P motif,
indicating a structural difference of the S6 segment between the
functional and the silent subunits, which is apparently compen-
sated in the heterotetrameric configuration.

The profound effects of Kv6.3 on Kv2.1 gating properties
suggest an important role for these heterotetramers: the latter
would be inactivated at potentials close to resting potential (V1⁄2

for inactivation is �56 mV) in contrast to the homotetrameric
Kv2.1 channels (V1⁄2 � �16 mV). Because both subunits are
expressed in the brain (Fig. 2) functional heterotetramers could
exist (6, 17). Previous studies on the sustained delayed rectifier
component of hippocampal neurons showed properties that are
comparable with those of Kv2.1 and Kv6.3 heteromultimers (28,
29). At �5 mV the two time constants for activation for the
current in those neurons were 53 ms and 190 ms, which is
comparable with heterotetrameric channels of Kv2.1 and Kv6.3
(Table 1). In addition, the midpoint of inactivation was more
negative (�96 mV), which is at least closer to �56 mV for Kv2.1
and Kv6.3 compared with �16 mV for Kv2.1 alone. Further-
more, the pharmacological profile for homomeric Kv2.1 chan-
nels did not correspond completely with that of the sustained
delayed rectifier component: the TEA sensitivity depended on
the cell type under investigation (29) and differed from Kv2.1.
Thus native channels that are considered to contain Kv2 subunits
may well be heterotetramers, although it will be a challenge to
assign the proper heterotetrameric combination.

In neurons, Kv2.1 is thought to have a role in controlling the
membrane potential and in the electrical signaling of cells (30,
31). Using antisense oligonucleotides it was demonstrated that
somato-dendritic excitability was regulated by Kv2.1 in hip-
pocampal neurons (32). The down-regulation of the Kv2.1
protein (�90%) was associated with action potential broadening
and an increase in intracellular calcium at high-frequency stim-
ulation. The gating properties were not reported in this study but
the 90% down regulation of the Kv2.1 protein was associated

with only a 50% reduction of the sustained delayed rectifier
component. Although the molecular nature of the sustained
current remains to be elucidated, a heterotetrameric subunit
composition could be compatible with such dominant negative
results.

Within the Kv1, Kv3, and Kv4 families, functional diversity is
achieved by the different properties of each subunit, and by the
heteromeric (intrafamily) assembly of �-subunits resulting in
channels with distinct biophysical properties. The Kv2 subfamily
contains only two members that have very similar biophysical
properties. While Kv2.1 and Kv2.2 are capable of heteromul-
timerization, the resulting currents are functionally similar to
those of their homotetramers (33). It has been suggested that the
functional diversity within this family is achieved through het-
eromeric assembly with other subfamilies of silent subunits (34).
Our results now add three more subunits that can expand further
the functional diversity in different types of tissue or during
development.

Thus far, 19 functional Kv �-subunits had been discovered and
only 7 silent subunits. Our results enlarge this last group to 10
subunits. Despite the large number of these subunits, their exact
physiological role is still poorly understood mainly because of the
difficulty in recognizing a silent subunit in isolated cells or in
tissue. Thus far, heterologous expression studies have led to the
hypothesis that the silent subunits must interact with other Kv
subunits from the Kv2 and Kv3 subfamilies to regulate their
function. If each of the silent subunits can interact with the two
members of the Kv2 subfamily and the four members of the Kv3
subfamily, then at least 60 different heterotetramers are possible
(each with one to three silent subunits). Thus, this growing group
of silent subunits considerably expands the potential for molec-
ular diversity of the native K� channels. Thus, future experi-
ments will be necessary to reveal the true interaction partners
and the physiological importance of the silent subunits.

Note Added in Proof. While this paper was under review, another group
(35) reported cloning of “Kv6.3,” which corresponds to Kv10.1 in our
analysis (see Fig. 1).
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