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 1 INTRODUCTION

Potassium channels play a critical role in the func�
tion of excitable cells including the maintenance of the
transmembrane potential, membrane re�polarization,
and the emergence of an action potential. They also
are the cause for the widespread pathologies and many
inheritable diseases in particular [1]. The correct func�
tioning of potassium channels is vital for the neu�
rotransmitters and hormone secretion and support of
heart function. Convincing data exist that show natu�
ral changes occur in the gene expression of some
potassium channels during the malignant cell trans�
formation, and this correlates with the cell ability for
uncontrolled growth and metastasis [2].

Data on the three�dimensional structure of ion
channels are necessary for understanding the mecha�
nism of action and activity changes. Detailed study of
activation/inactivation mechanisms of the channel is
possible if the three�dimensional structure is known
through, for example, methods of molecular model�

 Abbreviations: Kv, voltage�gated potassium channel; cAMP,
cyclic adenosine monophosphate; 3D, three�dimensional
image; FS, three�dimensional Fourier shell correlation; CCD,
Charge Coupled Device; MSA, multivariate statistical analysis;
MRA, multi�reference analysis; PAAG, polyacrylamide gel.

1 Corresponding author: phone: + 7 (495) 938�00�05; fax:
+7 (495) 939�57�38; e�mail: sokolova@mail.msu.ru.

ing, to enable planning of experiments on directed
mutagenesis and new drug design.

Currently, many genes encoding eukaryote ion
channels and their bacterial analogues are cloned.
However, the quaternary structure is unknown for the
majority of ion channels as they are difficult to crystal�
lize. Researchers were able to elucidate the entire
structure of several prokaryote (for example [3, 4]) and
eukaryote channels [5–10]. Extramembranous parts
of the protein (N� and С�termini as a rule) complicate
crystallization due to their flexibility. Protein that does
not have large cytoplasmic domains (as in [3, 9]) or N�
and С�terminal truncated protein (as in [10]) are often
used for crystal formation. At the same time, the com�
bination of electron microscopy of macromolecules
and molecular modeling approaches presents a unique
opportunity to investigate the structure of full�sized
channels.

The recently discovered human voltage�gated
channel heag2 [11] belongs to the family of ether�a�
go�go (according to the accepted nomenclature Kv10)
[12]. It is localized mainly in brain, but is found in
other tissues [13–15]. It has been shown that the heag2
is connected with the processes of tumor emergence
and development [16]. Overexpression of this channel
has been discovered in many tumor types, and its inhi�
bition led to the decline of cancer cell proliferation
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[17], which could be used for the development of new
anticancer agents and diagnostic methods. It is known
that the massive cytoplasmic terminals of this channel
could contain subdomains (PAS and PAC at the N�
terminus; domain that supposedly responsible for
cAMP binding—cNBD—at the С�terminus).

The aim of this work was expression in eukaryotic
cells and purification of the full�sized Kv10.2 (heag2)
ion channel and investigation of its structure by the
method of electron microscopy of macromolecules.
As a result, the three�dimensional structure of the
Kv10.2 channel with 2.5 nm resolution was obtained
for the first time. Folding of the expressed channel was
tested using a neurotoxin from scorpion venom.
Homology modeling using the known crystal struc�
tures of channels and separate domains was used for
the interpretation of the three�dimensional structure
obtained.

RESULTS AND DISCUSSION

Channels of the Kv10 family structurally differ
from the proteins of other families of voltage�gated
potassium channels [12]. They have the PAS�domain
at the N�terminus, and the С�terminus part is struc�
tured with the formation of the cNBD�domain. The
atomic structure of the PAS�domain of the homolo�
gous herg channel of this family is resolved using an
X�ray technique [18]. The structure of the cNBD�
domain is resolved for the hyperpolarization�activated
HCN�channel [19].

Direct structural data for the Kv10.2 channel and
location of its cytoplasmic domains that play an
important role in the channel functioning [1] are not
currently available, probably due to the difficulties of
protein crystallization. Hence, the method of electron
microscopy of macromolecules [20, 21] was used for
determination of the three�dimensional structure of
the full�sized human Kv10.2 channel. As a result, the

three�dimensional structure of the full�sized human
Kv10.2 channels with 2.5 nm resolution was obtained
for the first time, and composition domains were also
identified.

The protein of Kv10.2 channel (М 130 kDa) was
expressed in green monkey kidney cells and purified
using affinity chromatography as described before
[22]. The correctness of folding was confirmed by the
method developed earlier using fluorescently labeled
agitoxin from scorpion venom [23] (Fig. 1). The
method is based on the fact that agitoxin binds with the
active Kv channels in the stochiometric ratio of 1 : 1
[24]. Western blot confirmed the protein expression in
the extract of transfected cells (Fig. 2).The observed
bands of different molecular mass indicated N�glyco�
sylation, which is characteristic for the homologous
channel Kv10.1 [25]. It is known that the protein
homology between Kv10.1 and Kv10.2 is 73%, and gly�
cosylated amino acids are fully identical [11]. Protein

10 µm 10 µm(b)(а)

Fig. 1. Expression of the Kv10.2 (heag2) ion channels on the surface of cells investigated by fluorescence method. (a) The distri�
bution of the fluorescence of agitoxin labeled with the Cy�3 dye on the surface of Vero cells; (b) Cells in the transmitted light cor�
responding to the image in (a).

130 kDa

110 kDa

WB PAAG

1 2

Fig. 2. Purification of Kv10.2 channel protein. Lanes:
1, Western blot of the eluate from the BrCN�agarose col�
umn; 2, gel�electrophoresis in PAAG.
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electrophoresis in PAAG followed by the gel staining
with silver nitrate confirmed the purity of the protein
after purification on the affinity column (Fig. 2). As a
result, a sufficient amount of the purified Kv10.2
channel protein was obtained to investigate its struc�
ture by the method of electron microscopy of macro�
molecules using negative staining with heavy metal
salts. Electron micrographs with clear images of the
individual channel molecules are presented in Fig. 3. 

The images of individual molecules were collected
and processed by the computer using the procedures of
classification and alignment, which were followed by
computation of the three�dimensional model of the
full�sized human voltage�gated channel Kv10.2
(Fig. 4). The contour level chosen for the three�
dimensional structure visualization was based on the
average protein density data equaled to 810 Da/nm3

and molecular mass of the protein tetramer ~590 kDa.
These data account for carbohydrate component,
1D4 affinity tag, and bound detergent, approximately
15 kDa per subunit [22].

The obtained three�dimensional structure has a
trapezoidal shape with ~9.5 nm height, and width in
the upper part of ~10, and the lower part, ~12 nm. The
upper part of the channel (marked as 'TM' in Fig. 4)
has a slight ledge with the diameter of ~3 nm, which
we consider being a result of protein N�glycosylation.
This hypothesis is supported by the availability of a
similar ledge on the surface of the membrane domain
of the Kv10.1 channel [22], which also is glycosylated.

Since there is no crystal structure for Kv10.2 avail�
able, docking of the homologous domain structures
(transmembrane domain, PAS�PAC, cNBD) was used
for interpretation of the three�dimensional structure
of the full�sized channel. Homology modeling using
the crystal structures of domains of other ion channels
(MlotiK1, N�terminal domain of the human potas�
sium channel herg, bacterial cAMP�dependent chan�
nel—MloK1) was conducted for this purpose. It is
worth noting that the transmembrane part is, as a rule,
homologous for all eukaryotic Kv channels (more than
20% homology). The highest homology for the inves�
tigated channel corresponded to the structure of the
ligand�dependent bacterial channel MlotiK1 that was
used as a template for the homology modeling. The
model of transmembrane domain obtained corre�
sponded well by size to the upper part of the recon�
struction (Fig. 5a), the ledges of which have a cross�
like shape with slightly rounded blades. Hence, the
upper part of the model is more likely transmembrane
and the lower part, cytoplasmic.

The wide cytoplasmic part is divided in subdo�
mains (“P” and “D” in Fig. 4), which are formed by
N� and C�terminal domains. The characteristic “win�
dows” are visible between two parts of the channel
(“O” in Fig. 4) bounded by linkers. The similar “win�
dows” were observed for majority of the Kv�channel

10 nm

Fig. 3. Micrograph of the channels stained with uranyl
acetate. The separate molecules marked with white circles.
Scale bar, 10 nm.
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Fig. 4. Three�dimensional reconstruction of the Kv10.2 channel. From left to right: top, side, and bottom views. Scale bar is
10 nm. TM is the membrane domain; P and D, the cytoplasmic domains; O, “window”.
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structures obtained with low resolution [22, 26–28];
they serve for the channel inactivation by the N�termi�
nal peptides. The sizes of “windows”, bounded by
linkers, are approximately 0.25 × 0.3 nm2 in our
model, which is in agreement with the previous data
for the Shaker channel [22].

The docking of several homologous domains of N�
and С�terminal domains was conducted to interpret the
structure of the cytoplasmic part of the channel
(Figs. 5d–5f). Two crystal structures, human cAMP�
dependent channel HCN4 crystallized in the presence

of AMP (PDB code 3OTF) and bacterial cAMP�
dependent channel MloK1 (PDB code 2KXL), were
used for the docking of the cNBD domain. Docking of
the cNBD tetramer with cAMP resulted in the structure
not corresponding to the reconstruction (Fig. 5c).
However, the move of a separate monomer in the direc�
tion indicated by arrows in Fig. 5c makes it possible to
build them into the area of D subdomains. The relative
correspondence of volumes of subdomains and cNBD
monomers supports this variant (Fig. 5d). Hence, the
cNBD domains in the composition of the channel pro�

(а) (b)
90°

TM

90°

P

(c)

TM

VS

(d)

cNBD

PAS

TM

PAS

90°

(e) (f)

TM

cNBDcNBD

Fig. 5. Interpretation of the Kv10.2 channel reconstruction. (a) Docking of the transmembrane domain in the upper part of
Kv10.2 channel reconstruction, top view. TM is the transmembrane domain; P, the channel pore; VS, the voltage�sensor domain;
(b), the same, side view; (c), docking of the cNBD�domain tetramer modeled by the homology with the crystal structure of the
human cAMP�dependent channel HCN4 (PDB ID: 3OTF), bottom view; (d), the bottom view: docking of the cNBD�domain
in the “P” area subdomain; (e), side view: docking of the PAS�PAC domains and cNBD in the cytoplasmic part; (f), bottom view,
designations as in Fig. 5e.
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tein are probably located at a larger distance than in the
isolated crystal structure (Figs. 5c, 5d).

Docking of the N�terminal domains (PAS�PAC) in
the area of P subdomains results in the placement of
these domains farther from the central axis of the
channel in direct contact with С�terminal domains
(Figs. 5e, 5f). This location corresponds to the earlier
hypothesis suggesting the location of the compact
cNBD tetramer in the center of the cytoplasmic part
of the channel, and PAS�domains in contact with
them closer to periphery. The data obtained in the
paper refine this hypothesis. The possible re�grouping
of the С�terminal domains could be suggested as our
structure of the Kv10.2 channel was determined in the
absence of ligands.

The interaction with toxin confirmed the correct�
ness of folding in the investigated protein molecules of
the channel, which was also illustrated by the success�
ful docking of the tetrameric structure of the trans�
membrane domain in the upper part of the reconstruc�
tion (Figs. 5a, 5b). Docking of the atomic structure of
transmembrane domain suggested the location of
important structures in the channel composition, such
as channel pore and voltage�sensing domains (Fig. 5a)
that were indistinguishable at 2.5 nm resolution.

The membrane domain of Kv10.2 channel is dis�
tinctive in respect of the availability of non�structure
loops both in cytoplasmic and periplasmic areas that
do not fit the reconstruction (Fig. 5b). It should be
noted, though, that flexible parts of the protein chain
are impossible to detect, not only by electron micro�
scope, but by the X�ray method as well. It is worth
mentioning also that the fixed sited of the loops in the
periplasmic area could partly form the ledge on the
extracellular channel surface described above in addi�
tion to N�glycans. The loops in the cytoplasmic area
could form linkers between the transmembrane part
and “hanging gondola” formed by the cytoplasmic
domains (Fig. 4). The similar structure is characteris�
tic of the majority of investigated potassium channels
[6, 22, 26–28]. The so�called “tetramerization”
N�terminal domain [22] responsible for the folding is
located in the center of “gondola” surrounded by the
С�terminal domains in the channels belonging to the
families Kv1.x–Kv9.x [27]. Based on the experimental
data of scanning mutagenesis and investigation of the
PAS�PAC oligomeric state, it was suggested earlier
that the N�terminal domain of Kv10 channels is
located outside of the C�terminal [1]. The location of
this structure relative to the transmembrane domain
was unknown.

Interaction between the N�terminal PAS�domains
and the transmembrane part of the channel was pre�
dicted for the other voltage�gated channels [29–31].
Our data confirmed the availability of linkers between
the transmembrane and cytoplasmic parts of the
Kv10�channel with the length of approximately
0.1 nm (Fig. 4), which is sufficient for the contact of

С�terminal cNBD domains with N�terminal PAS�
domains. PAS�domains in our reconstruction are
located 0.1 nm closer to the transmembrane part than
cNBD domains, which is sufficiently close to interact
with S4�S5 linker and by this means to affect the chan�
nel deactivation [30, 31].

EXPERIMENTAL

Expression of the voltage�gated channel. Eukaryote
cell line of the green monkey kidney from the collec�
tion of OOO Biolot (Russia) was used for potassium
channel expression. The production of pMT3Kv10.2
was conducted in the TG1 strain. Plasmids for tran�
sient eukaryote cell transfection were isolated using
HiSpeed Plasmid Maxi kit (QIAGEN, Netherlands).

Vero cells were grown in Petri dishes in DMEM
medium containing high glucose content (HyClone,
USA) and supplemented with 10% fetal bovine serum.
Cells were transfected with pMT3 plasmid encoding
the full�sized Kv10.2 channel using Metafecten™ PRO
transfection agent (Biontex, Bulgaria) according to
manufacturer instructions.

For confocal microscopy cells were grown on the
round 24�mm coverslips in the 6�well plates (30 ×
103 cells per well) for 22–24 h in 2 mL of medium (see
above) followed by the transient transfection. The
medium was changed for the fresh 24 h after transfec�
tion. The expression level of channel proteins was
tested after 48 h of growth using labeled agitoxin [23].

Purification of the voltage�gated potassium channel
protein. Cells were cultivated for 48 h after transfec�
tion, washed by the cold PBS�buffer with pH 7.4,
scraped from the dish surface and frozen at –80°С for
further use. The protein purification was performed
using affinity chromatography on the activated BrCN�
agarose with the attached 1D4 antibodies as described
in [22]. The extent of purity of the purified prepara�
tions was determined by electrophoresis with the silver
nitrate staining of polyacrylamide gels.

The purified protein (3 µL) was immediately
loaded onto the mesh for electron microscopy, covered
with carbon film for 30 s, the excess liquid was aspi�
rated by filter paper, and 1% uranyl acetate solution
(50 µL) was placed onto the drops for staining (2 times
for 30 s).

Electron microscopy. Images were taken by elec�
tron microscope Tecnai G�12 (FEI, Netherlands)
with acceleration voltage of 120 kV at the condition of
low electron dose per square angstrom to prevent the
sample damage by the electron beam. The images were
taken using CCD camera Eagle (FEI, Netherlands)
with magnification of 52000 and defocus 1.4–3 µm.

The image selection of separate molecules of ion
channel proteins for further three�dimensional (3D)
reconstruction was performed manually using Signa�
ture software [32]. The further processing was per�
formed using IMAGIC software [20]; the standard
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protocol described in [33] was used for this purpose.
The selected images of separate channels were filtered
from noise, normalized and center aligned by using
image rotation, and their movement compared with
the averaged image.

The following sequence of steps was used for image
classification: (1) The aligned images were subjected
to multivariant statistical analysis (MSA) [20, 21],
where each image was presented as a point in a multi�
dimensional space. MSA determines the new coordi�
nate system, where each aligned image can be pre�
sented as a linear combination of independent images.
(2) The images processed with the help of MSA were
divided into classes. The channel images in one orien�
tation were assigned to one class. (3) The best quality
classes, comprised of multiple images, are used after as
a reference point in the multireference analysis
(MRA) [20]. Ten cycles of MRA, MSA and classifica�
tion were conducted. (4) The obtained images were
divided by the repeated cycles of MSA and classifica�
tion. (5) The 3D structure of the channel was calcu�
lated using angle reconstruction [34] with supplemen�
tation of the four�sided symmetry [35]. (6) The reverse
projections of the 3D�reconstruction were further
used for the subsequent MRA. The stable classes were
obtained after six iterations of alignment and recon�
struction.

The resolution of the structure obtained was mea�
sured with the help of the Fourier shell correlation
coefficient (FSC) [35], where the resolution limit is
determined as a point with the FSC of 0.5 [36].

The production of fluorescently labeled agitoxin 2
for channel expression test. The correctness of folding
of channels expressed in Vero cells was tested using the
labeled ligand agitoxin 2. Plasmid vector pCSP105 was
kindly provided by K. Miller (Brandeis University,
USA). Agitoxin expression and purification was con�
ducted as described earlier in [24] with the changes
described in [23].

Agitoxin was labeled with fluorescent dye Cy3
(GE Healthcare, USA) according to manufacturer’s
recommendations with minor changes. The Cy3 ali�
quot was dissolved in PBS buffer (pH 8.0), added to
the protein solution and incubated overnight at +4°С.
The excess of the unbound dye was removed using
3YM Microcon filter (Millipore).

To test the channel expression on the cell surface,
the fluorescently labeled agitoxin (10 nM) was added
directly to the nutrient medium with the serum, incu�
bated for 30 min at +4°С followed by washing with the
medium without serum.

Confocal microscopy. Digital images were obtained
using LSM�510 Meta microscope (Carl Ziess AG, Ger�
many). Images with resolution of 1024 × 1024 pixel
were recorded using Plan�Apochromat 100×/1.4Oil
Ph3. Helium�neon laser (emission wavelength
543 nm) was used for excitation of Cy3 label, a band�
pass filter with the passband 565–615 nm was used for

fluorescence registration. According to manufac�
turer’s instructions, the diaphragm was set to 1.74 Airy
units for the image acquisition with time resolution to
increase focus depth in order to obtain images with
high resolution. Zeiss LSM 510Meta, version 3.2 soft�
ware was used for image processing.

Homology modeling. SWISS�MODEL server [37]
was used to identify templates. The SWISS�MODEL
search identified the most homologous templates for
the Kv10.2 channel sequence in the structure database.
The highest homology percent for the Kv10.2 channel
corresponded to the Mloti1 structure (PBD ID:
2ZD9, C�subunit). Hence, the structure of the trans�
membrane part of cAMP�dependent bacterial chan�
nel MlotiK1 [38] (PBD ID 2ZD9, C�subunit) was
chosen as a template for the construction of the model
of the membrane part of Kv10.2 channel.

Amino acid sequences were aligned using T�COF�
FEE software [39]. The fragment 144–549 (with the
exception of loops 64–150 and 349–402 that have
weak homology with MlotiK1 structure) was isolated
from the entire amino acid sequence of the Kv10.2
channel. Amino acids of the Kv10.2 channel from 12th
to 90th and from 91st to 143rd were used for the model
construction of the N�terminal domains of PAS and
PAC, respectively. The homologous structure of the
N�terminal domains of the human potassium channel
herg (PBD ID: 2LOW, A subunit) was chosen as a tem�
plate, a template search procedure was also performed
through the SWISS�MODEL server [39].

For the C�terminal domain, the 550–667 fragment
of the initial Kv10.2 channel sequence was aligned
with the bacterial cAMP�dependent channel MloK1
(PBD ID: 2KXL) as a template. The model construc�
tion based on the alignment of the homologous amino
acid sequences was conducted using MODELLER
software [40].

Model of the quaternary structure was constructed
with the symmetry matrix consideration in the UCSF
Chimera software [29]. Parameters of the symmetry
matrix in the pdb�file were selected in correspondence
with proteins homologous the proteins with the PBD
ID: 1ORQ (KvAP voltage�gated potassium channel),
3OTF (cAMP�dependent human channel HCN4–
tetramer in complex with cAMP ligands). The model
docking was performed in a semiautomatic mode
using UCSF Chimera software [29].
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