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Abstract Voltage-gated potassium Kv2.1 channels are wide-
ly distributed in the central nervous system, specifically in
neuroendocrine and endocrine cells. Their cytoplasmic C-
termini are large and carry out many important functions. Here
we provide the first direct structural evidence that each C-
terminal part within the Kv2.1 ion channel is formed by two
distinct domains (Kv2 and CTA). We expressed and purified
two C-terminal truncation mutants of a rat Kv2.1 channel,
lacking the entire C-termini or the CTA domain. Single parti-
cle electron microscopy was used to obtain three-dimensional
reconstructions of purified C-terminal Kv2.1 mutants at 2.0
and 2.4 nm resolution. Comparison of these structures to each
other and to the low-resolution EM structure of the full-length
Kv2.1 channel revealed the exact locations of cytoplasmic
Kv2 and CTA domains within the tetramer. Four Kv2 domains
envelop the N-terminal T1 domain. The tetramer of the CTA
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domains underlies the Kv2-T1 complex and may also affect
the channel’s surface expression. Subsequent molecular dy-
namics simulation and homology modeling produced open
and closed structural models of the membrane part of the
Kv2.1 channel.

Keywords Kv2 channel - Single particle electron
microscopy - Cytoplasmic domains - Kv2 - CTA - Molecular
homology modeling - Conformational changes

Abbreviations

Kv Voltage-gated potassium channel
AgTx2  Agitoxin2

EM Electron microscopy

3D Three-dimensional

CTF Contrast transfer function

FSC Fourier shell correlation

MRA  Multi-reference analysis

MSA  Multivariate statistical analysis

MD Molecular dynamics

RMSD Root mean square deviation
VSD Voltage-sensor domain
Introduction

Voltage-gated potassium (Kv) channels play a critical role in
cell function providing a membrane potential and repolariza-
tion of the action potential (Pongs 2009). Kv channels repre-
sent a very diverse group that subdivides into 12 subfamilies:
Kvl — Kv12 (Gutman et al. 2005; Pischalnikova and
Sokolova 2009). Among them, Kv2 are the prevalent channels
within the central nervous system, neuroendocrine and endo-
crine cells, such as pancreatic B-cells (Murakoshi and Trim-
mer 1999; Antonucci et al. 2001; Malin and Nerbonne 2002).
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The knockout of Kv2.1 in isolated islets enhances insulin
secretion and may result in the development of type 2 diabetes
(MacDonald et al. 2001). The overexpression of Kv2.1 chan-
nels has been reported in cervical adenocarcinoma cells
(Suzuki and Takimoto 2004).

Similar to other Kv channels, Kv2.1 are tetramers with
each monomer consisting of six transmembrane segments
S1 to S6. The membrane-embedded domain accommodates
a voltage-sensing domain (VSD) and an ion-selective pore
(segments S5-S6). The amino and carboxyl termini of the
channel are situated in the cytoplasm. Within the N-terminal
intracellular region (180 residues) there is a characteristic
feature for the majority of Kv channels, the T1 domain (res-
idues 28—139) (Papazian 1999). The crystal structure of the T1
domain was first obtained for the Shaker channel (Kreush
et al. 1998). The T1 domain is responsible for tetramerization
and interacts with auxiliary subunits that assist in the regula-
tion of important channel functions, such as surface localiza-
tion and intracellular trafficking (Gulbis et al. 2000; Kim et al.
2004). Existing biochemical data suggests that Kv2.1 chan-
nels are lacking the cytoplasmic auxiliary subunits (Chung
and Li 2005). In cells, the Kv2.1 channels form high-density
clusters within the plasma membrane (Trimmer 1991;
Antonucci et al. 2001; Tamkun et al. 2007), and the endoplas-
mic reticulum of somatic and proximal dendrites of pyramidal
neurons (Du et al. 1998). Clusters are thought to associate
with a distinct group of Ca®" signaling proteins (Antonucci
et al. 2001) and with the cortical actin cytoskeleton (Tamkun
et al. 2007) through the C-termini of Kv channels (Mohapatra
et al. 2008). The C-termini of Kv2.1 are rather large (50 % of
the amino acids are located in the C-termini) and are thought
to comprise at least two major domains: the Kv2 domain
(~250 amino acids) and the C-terminal activation or CTA
domain (~112 amino acids) (Ju et al. 2003; Wray 2004,
2009). The CTA domain is involved in the determination of
channel activation (Ju et al. 2003; Wray 2004).

Despite its undeniable importance, the atomic structure of
the Kv2.1 channel is currently unavailable. Single particle EM
of the full length Kv2.1 channel revealed the overall 3D
structure of the whole molecule at the 25 A resolution (Adair
et al. 2008), but its exact 3D architecture remains unknown.
The large density observed beneath the membrane-embedded
domain is thought to be the C-terminal domains, which may
interact with each other (VanDongen et al. 1990; Ju et al.
2003; Wray 2009) and with the N-terminal T1 domain
(Kobrinsky et al. 2006; Mohapatra et al. 2008). But there were
no direct structural data on the localization of C- and N-
termini with respect to one another.

Here we studied the structure of the Kv2.1 ion channel
using single particle EM and molecular dynamics simulation.
We provide direct structural evidence that the C-termini of the
Kv2.1 ion channel are formed by two distinct domains (Kv2
and CTA) that surround the N-terminal T1 tetramer.
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Methods

All chemicals, unless otherwise specified, were purchased
from Sigma. The Metafecten™ PRO kit was purchased from
Biointex (Germany). 1D4 antibodies were purchased from the
National Cell Culture Center (Minneapolis, USA), and the
1D4 elution peptide was purchased from American Peptide
(Sunnyvale, CA). Cy3 fluorescent dye was purchased from
FLUMAN (Russia). Protease inhibitor tablets were purchased
from Pierce. The expression pCSP105 vector containing the
fusion construct of Agitoxin 2 (AgTx2) was generously do-
nated by Professor C. Miller (Brandeis University, Waltham,
MA).

Generation of Kv2.1 Mutants Kv2.1-pMT3 wild type was
constructed by inserting Kv2.1 between residues 2 and 853,
using the standard PCR overlap extension method (Horton
et al. 1990). Briefly, PCR products were made from the
rKv2.1-pcDNA3 and pMT3 vector as a template, using ap-
propriate primers and Pfu polymerase (25 cycles, 30 s at
95 °C, 30 s at 55 °C, and 1 min/kb at 72 °C, plus one cycle,
10 min at 72 °C). Second-round PCR was carried out using
these fragments with the same PCR protocol and appropriate
primers. The PCR products were digested with EcoRI and
Notl and ligated into a similarly digested vector (pMT3).

AC-Kv2.1pMT3 was constructed by deleting residues 413
to 853 of rat Kv2.1 using the standard PCR overlap extension
method as outlined previously. The PCR product was digested
with Apal and Notl and ligated into a similarly digested vector
(rKv2.1-pMT3).

ACTA-Kv2.1pMT3 was constructed by deleting residues
741 to 853 of rat Kv2.1 using the standard PCR overlap
extension method as outlined previously. The PCR product
was digested with Apal and NotI and ligated into a similarly
digested vector (rKv2.1-pMT3). All constructs were con-
firmed by automated dideoxy sequencing.

Thereby, two mutants of the Kv2.1 channel were generat-
ed: Kv2.1ACTA lacks the CTA domain while Kv2.1AC lacks
the entire C-terminus that comprises CTA and Kv2 domains.
Each construct contains a point mutation to generate a 2,000-
fold toxin binding enhancement (Goldstein and Miller 1992).
A 1D4 immunoaffinity tag was added to the C-terminus to
enable efficient immune-affinity purification (Sokolova et al.
2001).

Expression of Channel Protein We expressed the two mutants
of the Kv2.1 channel in eukaryotic Vero cells. The cells were
grown either on round cover glasses in a 6-well tissue culture
plate (30+10° cells per well) for 2224 h in 2 ml of fresh
complete medium (DMEM/High glucose, HyClone (USA))
or directly in 100 mm dishes (20010 cells per dish) in 8 ml of
fresh complete medium (DMEM/High glucose, HyClone
(USA)). The cells were transiently transfected with plasmid



pMT3, containing recombinant Kv2.1 channels, using the
Metafecten™ PRO kit, according to the manufacturer’s pro-
tocol. The transfection mixture was removed and replaced
with fresh medium after 24 h and transfected cells were used
for protein purification within 42—46 h after transfection. The
transfection efficiencies were typically 50-60 %.

Purification of Channel Protein Truncated Kv2.1 channels
were purified using the protocol established previously for
the Shaker Kv channel (Sokolova et al. 2001). Briefly, the
transfected Vero cells were solubilized for 1 h at 4 °C,
using 2.5 % CHAPS in wash buffer (wash buffer
contained 40 mM EDTA, 50 mM KCI, with 1 tablet of
Pierce protease inhibitor cocktail per 10 ml of buffer).
Insoluble cellular debris was pelleted using centrifugation
for 10 min at 4,000xg at 4 °C. Then, 5 % glycerol and
50 mM NaCl were added to the supernatant. The extract
was loaded onto a 1D4 immunoaffinity column (Oprian
et al. 1987), incubated for 1 h, nonspecific binding was
removed with excess wash buffer, and purified protein was
eluted using the 1D4 peptide. To quantify the fraction of
correctly folded channels, a modified protocol using ra-
dioactive labeled AgTx2 (Sokolova et al. 2001, 2003) was
utilized. Briefly, [I'>’]NEM-labeled AgTx2 was added to
the elution fractions to a final concentration of 12.5 nM
and, after 30-min of incubation on ice, the unbound toxin
was separated from the protein—toxin complex on a
Microcon filtering device (pore size 100 um, Millipore).

Electron Microscopy and 3D Image Processing Freshly elut-
ed protein (3 ul) was applied to carbon coated copper
grids, subjected to negative glow-discharging at =20 mA
for 45 s in an air atmosphere. Excess protein was then
blotted off with filter paper, and grids were washed one
time with wash buffer for 30 s. Negative image contrast
was enhanced using 1 % uranyl acetate. Prepared grids
were examined on the Philips Technai G12 (FEI) electron
microscope at 120 kV and a 1.5-1.8 um underfocus under
the low-dose condition. Images were captured with an
Eagle 4Kx4K digital camera (FEI) at 52,000x magnifica-
tion. Obtained micrographs had a pixel size of 2.22 A.
Groups of 2x2 pixels were then averaged to give 4.44 A
per pixel on the micrograph. We picked 5417 single par-
ticle images of Kv2.1ACTA and 4979 single particle im-
age of Kv2.1AC manually, using Signature software (Chen
and Grigorieff 2007). To process the images, we used
classification procedures implemented in IMAGIC (van
Heel et al. 1996). We followed the standard protocol as
described previously (Sokolova et al. 2001, 2003). Using
the angular reconstitution method (Van Heel 1987), the
relative orientations of the characteristic views were de-
termined. Multivariate statistical analysis (MSA) on
aligned particles produced eigen images (Supplemental

Fig. S1 c, g), that suggest that some particles have a 4-
fold symmetry. This is clearly visible in eigen images #1
and #3 for Kv21AC and eigen image #4 for Kv2.1ACTA.
The 2-fold symmetry, visible in eigen image #2 for
Kv2.1AC, #2 and #3 for Kv2.1ACTA is probably caused
by particles that correspond to the side views of the
channels. The 3D reconstructions were calculated using
the exact filter back projection algorithm (Harauz and van
Heel 1986). Reprojections of the first 3D reconstructions
were then used in a new round of multi-reference analysis
(MRA) followed by MSA (van Heel and Stoffer-Meilicke
1985). These procedures (classification and reconstruc-
tion) were iterated five times for the Kv2.1AC channel
and three times for the Kv2.1ACTA channel to refine
class-images and corresponding Euler angles.

The micrographs were corrected for the CTF of the
electron microscope, and 3D structures were further re-
fined, using the FREALIGN (Grigorieff 2007). The reso-
lution of the 3D reconstructions was estimated by dividing
each data set into two subsets and calculating independent
3D maps, which were then compared by FSC with the
resolution limit taken at the point where the FSC fell
below 0.5 (Bottcher et al. 1997). The measured resolution
coincides with the approximate positions of the first CTF
zero. The docking of the crystal structures into obtained
electron densities was realized using the UCSF Chimera
(Pettersen et al. 2004). The difference maps between two
truncated channel structures were calculated using Situs
command voldiff (Wriggers 2010). The refining of the
preliminary docking generated in UCSF Chimera, to the
nearest maximum of the cross-correlation and determining
the corresponding cross-correlation coefficients was per-
formed using Situs command collage.

Homology Modeling and Fitting to the Electron Density The
transmembrane part of the Kv2.1 channel model in open
conformation was obtained using homology modeling
based on the Kv1.2 crystal structure (PDB 2A79), while
the model of the Kv2.1 channel in closed conformation
was constructed based on the Kv1.2 closed structure ob-
tained by Delemotte et al. (2011) using molecular dynam-
ics simulations. Alignments of the templates and the target
sequences were done with T-COFFEE (Notredame et al.
2000); structures of the Kv2.1 in open and closed states
were built with MODELLER (Eswar et al. 2006), quater-
nary structures were visualized using UCSF Chimera
(Pettersen et al. 2004).

Molecular Dynamics Both open and closed state models of
the Kv2.1 channel were embedded into a solvated POPC
lipid bilayer (as a model of a eukaryotic membrane), all
ionizable residues were set to their ionization states ex-
pected at pH 7, potassium and chloride ions where added
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to the system up to concentrations of 150 mM. Next, a
molecular mechanics model based on the CHARMM32
force field was constructed. The relaxation and simula-
tions of the system with molecular dynamics were accom-
plished using the following protocol: at first protein and
potassium ions inside the pore were fixed by Hooke’s
potential, with a force constant of 10 kkal/mol/A? to allow
the relaxation of lipids and waters for 8 ns, after that the
protein and ions were released and the simulations were
run for 40 ns or more. VMD (Humphrey et al. 1996) and
NAMD (Phillips et al. 2005) programs were used for
system construction, simulation and analysis. The size of
the simulation cell was 150 150x 100 A®. The following
parameters were employed for the simulations: periodic
boundary conditions, pressure coupling at 1 bar using
Berendsen barostat in the direction normal to membrane,
a temperature at 300 K was maintained via Langevin
dynamics, the electrostatic interactions were computed
with the Particle mesh Ewald method (Darden et al.

Fig. 1 The generation of Kv2.1 a
mutants and protein purification.
a Schematic representation of the
domain organization of Kv2.1
channel. FL — full-length, T1 —N-
terminal tetramerization domain,
Kv2 and CTA — C-terminal
domains. b SDS-PAGE and
Western blot analyses of purified
Kv2.1 proteins. Lane 1 — western
blot of the elution from the 1D4
column of Kv2.1AC. Lane 2 — b
western blot of the elution from
the 1D4 column of Kv2.1ACTA.
The monoclonal antibodies
directed against the 1D4 tag were
used as primary antibodies, and
the polyclonal rabbit anti-mouse
antibodies, labeled with alkaline
phosphatase, as secondary
antibodies. Lane 3 — Silver nitrate
stained gel of the elution from the
1D4 column of Kv2.1AC. Lane 4
— Silver nitrate stained gel of the
elution from the 1D4 column of
Kv2.1ACTA. MW — molecular
weights lane. ¢ Image of
negatively stained Kv2.1ACTA; d
Image of negatively stained
Kv2.1AC. White circles mark
particles, used for further analysis
(Bar 100 nm)

@ Springer

1993), 8 A cutoff for the van-der-Waals interactions was
used.

Results

Expression and Purification of Proteins We expressed two C-
terminal mutants of the Kv2.1 channel (Kv2.1ACTA and
Kv2.1AC) in Vero cells and purified the detergent-
solubilized proteins on an immunoaffinity column using the
1D4 epitope-tag as described elsewhere (Sokolova et al.
2001). The Kv2.1ACTA mutant lacks 112 residues from the
C-terminal end (Fig. 1a). The Kv2.1AC mutant lacks the entire
C-terminus: 440 residues that include the C-terminal Kv2 and
CTA domains and a S6-Kv2 linker (~50 aa) (Ju et al. 2003)
(Fig. 1a). SDS-PAGE analysis and immunoblotting show
single bands, corresponding to about 90 kDa for Kv2.1ACTA,
and about 50 kDa for Kv2.1AC (Fig. 1b). The molecular
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masses of Kv2.1ACTA and Kv2.1AC monomers have been
predicted, according to the primary structure of the monomer
to be ~83 kDa and ~52 kDa, correspondingly. The molecular
mass observed in our experiments was slightly higher, ~
90 kDa for Kv2.1ACTA, and nearly equal to that predicted
for Kv2.1AC (Fig. 1b). In the case of the Kv2.1ACTA, the
difference may occur because of phosphorylation of the re-
maining part of the Kv2.1 C-terminus (Murakoshi et al. 1997)
that can cause a large shift in molecular mass.

Toxin Assay Levels of expression and proper folding of the
mutant and wild type Kv2.1 channels were examined using
labeled AgTx2 (Goldstein and Miller 1992). The ability to
bind radioactive labeled agitoxin proves the maintenance of
the channel’s tetrameric structure during isolation and purifi-
cation. We have performed the toxin assays on the same
elution fractions that were later used for EM analysis.

Briefly, the [I'*]NEM- AgTx2 solution was added to the
elution fractions (N=10) or to the cell suspension (N=25) to a
final concentration of 12.5 nM. Binding was performed at
4 °C for 30 min, after which the unbounded toxin was sepa-
rated from the protein—toxin complex using gel filtration on
the C-25 SP-Sephadex resin (Sigma). Radioactivity was mea-
sured in a liquid scintillation counter. The [I'*>]NEM- AgTx2
binding (Table 1) demonstrated that after the affinity purifica-
tion about 30 % of active Kv2.1 channels remained in the
solution, consistent with the previous result for the Shaker
channel (Sokolova et al. 2001, 2003).

Electron Microscopy and Image Processing Both purified
channel proteins exist as tetramers in solution. This was
demonstrated by labeled toxin assays (Table 1), since the
AgTx2 can reversibly bind only to correctly folded, tetra-
meric Kv channels (Gross and MacKinnon 1996; Gold-
stein and Miller 1992). The homogeneity of the purified
proteins has been demonstrated by EM visualization of the
single channel particles (Fig lc, d). Statistical analysis
revealed that single particles possess different orientations
(Supplemental Fig. S1b, f). Some of the Kv2.1AC parti-
cles (Supplemental Fig. S1b) have a preferential orienta-
tion with their channel axis perpendicular to the carbon
film of the EM grid, in contrast with the full-length Kv2.1
particles, which were mainly oriented with their long axis
parallel to the carbon film (Adair et al. 2008).

Single particle EM and IMAGIC were used for 3D image
processing (Van Heel et al. 1996). Single images of mutant
channels (Supplemental Fig. Sla, e) were band-pass filtered,
aligned, first against the rotational average, then against a
total sum of all previously aligned images. Stable classes
were obtained after four iterations of alignment and recon-
struction for Kv2.1ACTA and six iterations for Kv2.1AC.
Some of the characteristic class-sum views for Kv2.1AC and
Kv2.1ACTA are shown on Fig. 2a. The strongest classes
were used for the calculation of preliminary 3D reconstruc-
tions using angular reconstitution (Van Heel 1987), without
imposing a four-fold symmetry (Supplemental Fig. Slc, d).
The obtained structures were further refined and corrected
for CTF using FREALIGN (Grigorieff 2007). The C4 sym-
metry has been imposed on the final structures (Fig. 2b, c).
The resulting structures of mutant channels have been deter-
mined at 2.0 nm resolution for Kv2.1AC and 2.4 nm resolu-
tion for Kv2.1ACTA (Supplemental Fig. S2). The chosen
contour level based on an average protein density of
810 Da/nm’ (Matthews 1968) and volume corresponded to
~260 kDa for Kv2.1AC and ~420 kDa for Kv2.1ACTA.
These volumes include the phosphorylation and about
15 kDa per subunit of bound detergent as estimated previ-
ously (Sokolova et al. 2001).

Overall 3D Structures of Truncated Kv2.1 Channels The
overall structure of Kv2.1AC possesses the pronounced
‘mushroom’ shape (Fig. 2b), similar to that of the Kv1.1
channel (Sokolova et al. 2001, 2003; Orlova et al. 2003).
The 3D structure is ~80 A in height and is clearly divided
into two structural parts: the larger upper domain (diameter
~80 A, thickness ~ 50 A) and the smaller bottom domain
(diameter ~35 A, thickness about 30 A) separated with a sharp
contraction in the middle (diameter ~40 A). The top surface of
the upper part is flat, unlike the prominent top surface of the
Kwv1.1 channel (Sokolova et al. 2001). The 3D structure of the
full length Kv2.1 also has a flat upper surface (Adair et al.
2008) in agreement with our data. It is known that the Kv2.1
channel lacks the N- glycosylation (Shi and Trimmer 1999).
Taking into account the fact that the reconstruction of an
experimentally declycosylated Kv1.1 channel also possesses
a flat top surface (O.Sokolova, unpublished data), we con-
cluded that the upper domain of the presented 3D structure is
the membrane-embedded domain.

Table 1 Labeled AgToxin2 binding to the functional Kv2.1 channels expressed in Vero cells, and to the purified channel protein

AgTx2-[I'*] bound to whole cell surface,

AgTx2-[I'*] bound to purified protein,
Pmol/plate (N=10)

Sample

Pmol/plate (N=25)
Kv2.1, full length 1.05+0.12
Kv2.1ACTA 0.79+0.1
Kv2.1AC 0.66+0.008

0.34+0.03
0.18+0.03
0.24+0.015
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Fig. 2 Single particle image
analysis and reconstruction of the
3D structure of truncated Kv2.1
channels. (a) Image processing of
(left column) Kv2.1AC and (right

Kv2.1AC

Kv2.1ACTA

column) Kv2.1ACTA: (top line)
typical class-averages, used for
reconstruction, (middle line)
reprojections of 3D structures,
(bottom line) 3D structures,
processed in IMAGIC. Final 3D
reconstructions processed in
FREALIGN of (b) Kv2.1AC, and
(c) Kv2.1ACTA. For each
reconstruction two side views
(differ by 45° from each other)
and a bottom view are shown. The

classes

reprojections

3D volumes

bar size is 10 nm

Thus, the bottom part of the reconstruction is the cyto-
plasmic domain. It has four ‘protuberances’, which are
rotated by ~60° relative to the upper part. The Kv2.1AC
completely lacks its C-terminus, therefore the cytoplasmic
part represents only the N-terminal T1 domain. Unlike the
low resolution reconstructions of other Kv channels
(Sokolova et al. 2001, 2003, 2012; Orlova et al. 2003;
Kim et al. 2004) the 3D reconstruction of the Kv2.1AC
lacks the distinct ‘windows’ between the membrane-
embedded and the T1 domains, which was thought to be
the characteristic feature of all Kv channels. It should be
noted that the published 3D reconstruction of the full-
length Kv2.1 channel at 2.5 nm resolution (Adair et al.
2008) also lacks the ‘windows’, in agreement with our
present structure.

The overall 3D structure of the Kv2.1ACTA (Fig. 2c)
possesses a roughly pyramidal shape with rounded corners
and a height of ~80 A, a diameter of the top part of ~80 A,
and a diameter of the bottom part of ~50 A. The top
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surface of the structure is flat, similar to that of the
Kv2.1AC (Fig. 2b). The bottom part of Kv2.1ACTA is
much larger, with massive protrusions, likely representing
the remaining Kv2 domains. The top part of this mutant is
rotated by 60° relative to the bottom part, similar to the
Kv2.1AC structure. No pronounced ‘windows’ between
the membrane-embedded and the cytoplasmic parts of
the reconstruction were detected.

Homology Modeling of the Kv2.1 Voltage-Gated Potassium
Channel in Open and Closed States Kv2.1 shares a high
percentage of identity with Kv1.2 (~55 % overall and ~60—
70 % in helices) (Fig. 3a). Therefore the available crystal
structure of Kv1.2 (PDB code 2A79, transmembrane chain,
residues 161-421) and the model of Kv1.2 in closed state,
generously provided by Dr. M.Tarek (Delemotte et al. 2011)
were used as templates for homology modeling. Using ho-
mology modeling two structural models of Kv2.1 in its closed
(Fig. 3b) and open (Fig. 3¢) states were built.



Molecular Dynamics Simulations of the Kv2.1 Voltage-Gated
Potassium Channel in Open and Closed States Molecular
models of Kv2.1 channels in open and closed states, obtained
by homology modeling, were embedded into a hydrated
POPC lipid bilayer. The trajectories of molecular dynamics
(MD) simulations allow comparing the structure and confor-
mational dynamics between open and closed states at atomic
levels of detail. The structural changes of Kv2.1 in closed and
open states were monitored through the evolution of root
mean square deviation (RMSD) of Cx atom positions and
are shown in Fig.3d and e, respectively. RMSDs were calcu-
lated for the whole membrane-embedded domain, the pore

Fig. 3 Molecular homology a
modeling and MD simulations of

the Kv2.1 channel in open and Kv2:-1
closed states. (a) Alignment of the

Kv2.1 ghannel (residues 188— KV1.2
424) with the Kv1.2 crystal Kv2.1

structure (PDB 2A79) (residues ’ rore
161-421). The framed regions:

region (377-382 aa) and the voltage-sensor domain (VSD).
Helixes S1 to S4 (187-316 aa) were calculated separately to
elucidate the flexibility of the regions upon the opening of the
channel.

In the course of the simulations, the RMSD of the
whole protein increases during the first nanoseconds of
the simulations and then fluctuates within the range of
0.37-0.55 nm for the closed state conformation
(Fig. 3d), and 0.27-0.37 nm for the open state conforma-
tion (Fig. 3e). This initial jump in RMSD is presumed to
reflect the relaxation of the protein upon transfer to a
bilayer environment. The RMSDs have a non-diverging
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trend at the end of the simulations, thus, confirming that
the system has reached its equilibrium state.

Discussion

The Kv2.1 channel is a member of the Shab ion channels
subfamily (reviewed in Pischalnikova and Sokolova 2009).
These channels are characterized by their large cytoplasmic C-
termini (440 aa) that carry out many important functions:
voltage-dependent gating (Ju et al. 2003), the channel’s polar-
ized expression determination, clustering (Lim et al. 2000),
and the regulating of activation of the channel’s properties by
C-terminal phosphorylation (Park et al. 2005). According to
the previous mutagenic and MD simulation experiments, the
C-termini of Kv2.1 are divided into two large domains: Kv2
and CTA (Ju et al. 2003). The CTA domain was predicted to
be the 741-853 residues of the channel’s C-terminus, while
the Kv2 domain occupies the residues from 461 to 711 (Sup-
plemental Fig. S3) (Ju et al. 2003). The low resolution 3D
structure of the full-length human recombinant Kv2.1 chan-
nel, purified from CHO cells was previously published (Adair
et al. 2008). Authors docked the available crystal structure of
Kv1.2 (Long et al. 2005) into the obtained electron density.
Noticeably, it leaves a large unoccupied space on the sides and
below the T1 domain. It has been proposed that C-terminal
domains can account for these extra-densities (Adair et al.
2008; Wray 2009).

To check this hypothesis we have constructed two C-
terminal deletion mutants of Kv2.1: Kv2.1ACTA, lacking
the residues from 741 to 853 and Kv2.1AC, lacking the
residues from 413 to 853 (Fig. 1a). We have purified both
C-terminal deletion mutants using affinity chromatography
(Fig. 1b). Toxin binding (Table 1) proved that truncation of
the Kv2.1 channel yields correctly folded proteins, since the
AgTx2 reversibly binds only to tetrameric Kv channels (Gross
and MacKinnon 1966; Goldstein and Miller 1992).

Overall Structure of Mutant Channels We used 3D EM and
single particle analysis to calculate 3D maps of truncated
Kv2.1AC (Fig. 2b) and Kv2.1ACTA channels (Fig. 2c) at
the resolution of 2.0 and 2.4 nm, respectively (Supplemental
Fig. S2). Removing the large C-termini revealed the typical
‘mushroom’ shape of the channel with one larger and one
smaller domain (Fig. 2b). Docking the available full-length
Kvl1.2 crystal structure with the (3-subunit detached (Long
et al. 2005) clearly demonstrated that the larger domain in
both reconstructions is membrane-embedded, while the small-
er is the cytoplasmic domain (Fig. 4a, b). The smaller domain
of Kv2.1ACTA possesses a more square shape, compared to
that of Kv2.1AC and has four large extra-densities on all sides
of the T1 domain (Fig. 4b, black arrows). The characteristic
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two-layer architecture is common in a large number of tetra-
meric ion channels, not only of eukaryotic (Kim et al. 2004;
Sokolova et al. 2001, 2012; Orlova et al. 2003; Ludtke et al.
2011), but also prokaryotic (Uysal et al. 2009) origin. It is
called a ‘hanging gondola’ and allows the large N-terminal
inactivation peptide to reach the inner pore of the channel for
inactivation (Kobertz et al. 2000). The classical ‘hanging
gondola’ structure consists of two domains, separated by thin
linkers that border the ‘windows’ between them. In the pub-
lished 3D structure of the full-length Kv2.1 channel (Adair
et al. 2008) no ‘windows’ between the membrane-embedded
and the cytoplasmic domains were detected. It has been sug-
gested that in the full-length Kv2.1 channel, they may be
concealed by large C-terminal domains. Unexpectedly, re-
moving the entire C-terminus did not help us visualize the
prominent ‘windows’. Since the Kv2.1 channel does not have
an inactivation peptide (Adair et al. 2008), these “‘windows’ do
not need to serve as controlling filters for the inactivation
peptide to access the pore (Gulbis et al. 2000). Therefore the
size of the “‘windows’ is not substantial, comparing to other Kv
channels (Kim et al. 2004; Sokolova et al. 2012).

Structure of the Membrane-Embedded Domain Thus we re-
vealed that the larger domain within our reconstructions is the
membrane-embedded domain (Fig. 4a, b). In both 3D recon-
structions of truncated channels (Fig. 5b, ¢), it possesses all the
characteristic structural features of a wild type Kv2.1 mem-
brane domain (Fig. 5a): namely, the overall dimensions, the
flat top surface and the presence of the smaller subdomains:
M1 to M3. The presence of smaller subdomains within the
membrane-embedded domain is another characteristic feature
of Kv channels (Sokolova et al. 2003).

Despite the great similarity in the membrane parts of these
mutant channels, they differ slightly from each other. When
looking from the extracellular side, the membrane part of the
Kv2.1ACTA structure has an almost square configuration
(top view of the channel at Fig. 6¢, second from the left at
the bottom). The Kv2.1AC structure, from the same point of
view, possesses four pronounced left-twisted blades (Fig. 6c,
bottom right). This observation provides reasons to assume
that the removal of the C-terminal domain of the Kv2.1
channel may alter the conformation of the membrane domain.
Although the obtained resolution does not allow us to make a
detailed characterization of conformational differences in
membrane domains of mutant channels, previous experimen-
tal data demonstrates that channel opening lead to conforma-
tional rearrangements in the membrane domain. Particularly,
the MD simulations of the Kv1.2 open and closed states (Han
and Zhang 2008; Delemotte et al. 2011; Jensen et al. 2012)
revealed a translation of the S3 and especially S4 helixes
during the opening of the channel. As a result, the overall
shape of the whole transmembrane domain might change
dramatically. It is well accepted that there are at least two



Fig. 4 An interpretation of 3D
EM densities of truncated Kv2.1
channels. Docking the crystal
structure of the Kv1.2 channel
(red) (Long et al. 2005) into the
EM densities of (a) Kv2.1AC
(side view), (b) Kv2.1ACTA (side
view). Black arrows are pointing
to the extra densities on the sides
of a T1 domain in a Kv2.1ACTA
reconstruction. (¢) Difference
map between Kv2.1ACTA and
Kv2.1AC (positive densities —
red, negative densities - blue),
superimposed onto a 3D structure
of a Kv2.1AC (green), side view.
(d) The same map as in (c),
bottom view. Black arrows are
pointing to the extra-densities on
the sides of T1 domains, black
arrowheads are pointing to the
extra-densities close to the M2
subdomain. The bar size is 10 nm

stable states of the transmembrane domain: open and closed
(Pathak et al. 2007; Vargas et al. 2011). Therefore, the differ-
ence between the mutants’ transmembrane parts might stem
from the fact that one of them is open, and other is closed. This
hypothesis, however, must be verified by other methods.

Fig. 5 Localization of cytoplasmic C-terminal domains within mutant
Kv2.1 channels. a The 3D structure of the Kv2.1 full length channel
(generously provided by Dr. B.Adair); b The 3D structure of the
Kv2.1ACTA channel; ¢ The 3D structure of the Kv2.1AC channel. All

MD Simulations of the Kv2.1 Open and Closed States In
order to investigate possible conformational changes in the
membrane-embedded domain upon the Kv2.1’s activation we
performed MD simulations of the Kv2.1 open and closed
states, embedded in the lipid bilayer (Fig. 3d, e).

membrane

channels are depicted in the same orientation (side view). The locations of
the C-terminal Kv2 and CTA and N-terminal T1 domains are marked.
The lipid membrane is shown as a white rectangle. Bar size is 10 nm
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The crystal structure of the Kv1.2 revealed the atomistic
architecture of the VSD in an open state of the channel (Long
et al. 2005). This structure was used to prepare a model of the
Kv2.1 channel by homology modeling. The sequence align-
ment between Kv2.1 (residues 188-424) and Kv1.2 (shown in
Fig. 3a) indicates a high level of homology between structur-
ally important regions (including charged residues), thus the
performed alignment is unambiguous.

We employed MD simulations in atomic detail to investi-
gate the movements of the helixes within the transmembrane
part of the Kv2.1 channel while transferring from closed to
open state. The S4 helix in each VSD contains five conserved
positively charged residues, located at every third position.
The S4 charges are responsible for most of the gating charge
movement during activation (Tombola et al. 2006). The con-
served Gly in the loop between S4, S5 and S6 can produce
swivel motions and make these regions more flexible (Labro
et al. 2008). Because of a lack of a side chain, glycine has a
large degree of freedom of rotation about the phi psi dihedral
angles and can introduce conformational flexibility in the S4
helix.

The obtained molecular models of Kv2.1 in closed and
open states (Fig. 3b, ¢) were superimposed, and aligned using

Fig. 6 Modeling of
conformational changes in the
membrane-embedded domain
upon removing the C-terminus of
the Kv.2.1 channel. The
superimposed structural models
of open and closed Kv1.2
channels, obtained after
homology modeling and MD
simulations in the lipid bilayer: a
one quarter of the tetramer, top
view; b an entire membrane-
embedded part, side view. The
positions of transmembrane

the selective filter position as an anchor point (Fig. 6a, b). It
has been shown in MD studies with potassium channels in
closed and open conformations that the position of the selec-
tive filter does not change dramatically upon opening of the
channel (Haliloglu and Ben-Tal 2008). The comparison of the
two models revealed a swivel movement of the entire S1-S4
helix bundle upon the opening of the channel (white arrows on
Fig. 6a). As expected, the largest movement occurs in the S4
helix, which moves outward to the tilted position, similar to
that shown in the crystal structure of the open Kv1.2/2.1
channel chimera (Long et al. 2007). The movement of the
S4 helix subsequently pulls up the S3—S4 linker, causing it to
tilt towards the extracellular part of the membrane (Fig. 6b).
All these rearrangements result in changing the overall shape
of the open channel, compared to the closed one. In order to
check these possible changes between the Kv2.1 conforma-
tions we produced low-resolution maps (2.0 nm) of both
models using UCSF Chimera (Pettersen et al. 2004)
(Fig. 6c, upper panel). This analysis has revealed that even
at a 2.0 nm resolution the overall changes in the membrane-
embedded domain upon channel activation might be detected.
Moreover, comparing these models with the mutants’ 3D
structures indicated some similarity in the membrane-

helixes in the open model are
marked: Slop, S20p, etc.; the
positions of helixes in the closed

model are marked: Slcl, S2cl, etc.
The white arrows mark the

side view

top view side view top view

directions of the swivel motion
upon the opening. P — pore
domain, SF — selectivity filter. ¢
Comparison of the low-resolution MD

: Y
S

e

structural models in closed (leff) Model

and open (right) states (top panel)

with the 3D reconstructions of

Kv2.1ACTA (left) and Kv2.1AC

(right) channels (bottom panel) EM
map

Kv2.1ACTA

Kv2.1AC
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Table 2 The results of docking

Kv1.2 (Long et al. 2005)

Model Kv2.1 open Model Kv2.1 close

the atomic models of Kv1.2 and 3D structure

Kv2.1 in open and closed states

into the 3D electronic densities of ~ Kv2.1ACTA 0.60
truncated Kv2.1 channel (Corre- Kv2.1AC 0.58

lation coefficients of the best

0.64 0.67
0.65 0.64

match)

embedded part of the latter. (Fig. 6¢). Thus, the comparison of
the closed model to the 3D structure of Kv2.1ACTA and the
open model to the 3D structure of Kv2.1AC (Fig. 6¢) revealed
better correlation, when compared to the docking results using
the original Kv1.2 crystal structure (Long et al. 2005) (Ta-
ble 2). While the transmembrane part of the Kv2.1 model in
the closed state has a square shape, similar to Kv2.1ACTA,
the membrane part of the Kv2.1 model in the open state has
characteristic paddles, similar to what might be seen in the
Kv2.1AC structure (Fig. 6¢). Thus, we hypothesize that the
obtained structures of Kv2.1 channel mutants may reflect
different conformations of the channel; though obtaining the
structures with the higher resolution is required for verifica-
tion of this hypothesis.

Supporting our observations, several previous studies dem-
onstrated that the deletion of the Kv2.1 C-terminus domain
leads to a higher probability of the channel to adopt an open
conformation. The truncation of the Kv2.1 channel at residue
535 exhibits a more hyperpolarized voltage-dependence of
activation and an increased speed of activation compared to
the full-length Kv2.1 (VanDongen et al. 1990; Murakoshi
etal. 1997). The experimental dephosphorylation of the chan-
nel provides a similar effect (Murakoshi et al. 1997;
Mohapatra and Trimmer 2006; Mohapatra et al. 2008). Re-
moving the entire C-terminus of the Kv2.1 channel (Park et al.
2005) enables a more rapid activation of the channel.

Revealing the Cytoplasmic C-Terminal Subdomains in
Kv2.1 Finally, we addressed the main question that remains
unanswered in the previously published study of the full-
length Kv2.1 structure (Adair et al. 2008) which is, how are
the C-terminal Kv2 and CTA domains located with respect to
one another and to the rest of the channel? To determine the
spatial locations of the C-terminal domains we first compared
the overall 3D reconstructions of the truncated channels to the
available reconstruction of the full-length human Kv2.1 chan-
nel (Fig. 5). This comparison clearly demonstrated that a large
bottom part is missing from both 3D structures of the truncat-
ed channels (Fig. 5b, ¢). Therefore we concluded that this is
the tetramer of CTA domains (marked CTA on Fig. 5a). It was
hypothesized previously (Ju et al. 2003), that CTA domains
are located on the symmetry axis of the channel, in contact
with other cytoplasmic domains, in agreement with our pres-
ent data. The difference map between the 3D structures of
Kv2.1ACTA and Kv2.1AC has been calculated using Situs
(Wriggers 2010) and revealed that the Kv2.1AC structure

additionally lacks four separated densities from its cytoplas-
mic part, just outside the tetramerization T1 domain
(Fig. 4c, d, black arrows). Thus, these densities can be allo-
cated to the Kv2 domains (marked Kv2 on the Fig. 5a, b). The
earlier hypotheses suggesting that the cytoplasmic domains in
the Kv2.1 not only surround the T1 domain (Adair et al.
2008), but also occupy the entire space below it (Ju et al.
2003) are in complete agreement with our findings.

Conclusions

A large number of protein structures have been solved in the
past several decades by X-ray crystallography and NMR,
providing detailed information for the understanding of pro-
tein folding, enzymatic catalysis, and intermolecular contacts.
Yet, for the full-length eukaryotic ion channels, very few
molecular structures have been solved (some examples are:
Miyazawa et al. 2003; Long et al. 2005, 2007; Miller and
Long 2012). Here we employed an integrative approach to
obtain structural models of Kv ion channels using single
particle EM and MD simulations and to reveal the possible
conformational changes in the channel. Using this approach,
we have, for the first time, obtained the 3D structures of
truncated rat Kv2.1 channels. The obtained structures revealed
the positions of large C-terminal domains: Kv2 and CTA. The
Kv2 domains surround the N-terminal T1 domain, while the
CTA domains occupy the entire space below it. These do-
mains clearly interact with each other. MD simulation and
homology modeling allowed us to compare the open and
closed models of the Kv2.1 channel to our 3D reconstructions
and to suggest different conformations for open and closed
channels. The obtained results provided a new insight into
inter-domain interactions in Kv2.1 channels and may serve as
starting points for new MD and physiological experiments.
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