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ABSTRACT Kv2.1 channels are widely expressed in neuronal and endocrine cells and generate slowly activating K™ currents,
which contribute to repolarization in these cells. Kv2.1 is expressed at high levels in the mammalian brain and is a major component
of the delayed rectifier currentin the hippocampus. In addition, Kv2.1 channels have been implicated in the regulation of membrane
repolarization, cytoplasmic calcium levels, and insulin secretion in pancreatic B-cells. They are therefore an important drug target
for the treatment of Type Il diabetes mellitus. We used electron microscopy and single particle image analysis to derive a three-
dimensional density map of recombinant human Kv2.1. The tetrameric channel is egg-shaped with a diameter of ~80 Aanda long
axis of ~120 A. Comparison to known crystal structures of homologous domains allowed us to infer the location of the cytoplasmic
and transmembrane assemblies. There is a very good fit of the Kv1.2 crystal structure to the assigned transmembrane assembly of
Kv2.1. In other low-resolution maps of K™ channels, the cytoplasmic N-terminal and transmembrane domains form separate rings
of density. In contrast, Kv2.1 displays contiguous density that connects the rings, such that there are no large windows between the
channelinterior and the cytoplasmic space. The crystal structure of KcsA is thought to be in a closed conformation, and the good fit
of the KcsA crystal structure to the Kv2.1 map suggests that our preparations of Kv2.1 may also represent a closed conformation.
Substantial cytoplasmic density is closely associated with the T1 tetramerization domain and is ascribed to the ~184 kDa

C-terminal regulatory domains within each tetramer.

INTRODUCTION

Voltage-gated potassium channels play a vital role in the gen-
eration of electrical signals in excitable cells. These channels
open in response to voltage changes produced by the previ-
ous opening of sodium channels. Voltage-gated potassium
channels are typically comprised of four subunits each con-
taining six membrane-spanning sequences (S1-S6) (Fig. 1),
with the N- and C-termini on the cytoplasmic side of the
membrane (reviewed in Minor (1) and Yellen (2)). The pore
domain is formed by S5 and S6, and the connecting loop
forms a selectivity filter (P) at the narrowest part of the pore.
S1-S4 in potassium channels form the voltage sensing do-
main, with S4 containing multiple positive charges. The or-
ganization of these sequences has been shown in structures of
a bacterial channel, KcsA (3.,4), an archeal channel, KvAP
(5), and a recombinant human channel, Kv1.2, (6) deter-
mined by x-ray crystallography. KcsA is not voltage-gated
and possesses only two transmembrane (TM) helices, cor-
responding to S5 and S6, whereas KvAP and Kv1.2 are
voltage-gated and contain all six TM regions. S5 and S6 are
anti-parallel «-helices that display conserved packing in the
available crystal structures. However, S6 diverges at a con-
served glycine so the course followed by the polypeptide
from the selectivity filter to the cytoplasmic side differs. The
KVAP structure possesses a surprising orientation of the S3b-
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S4 assembly, which was roughly parallel with the bilayer. In
contrast, all of the transmembrane helices in the Kv1.2
structure are aligned roughly perpendicular to the membrane
plane as expected for a membrane embedded conformation.
The S3—-S4 assembly in Kv1.2 does, however, possess a
similar organization as the equivalent assembly in KvAP, and
a simple rigid-body movement of the S3—S4 helices in KvAP
generates a conformation very similar to Kv1.2 (7). The
relative mobility of the S3—S4 a-helices has led to the hy-
pothesis that this assembly might move toward the extra-
cellular side of the membrane, inducing a reorganization of
the S4-S5 linker region and leading to a concerted movement
of S5 and S6 and hinging of S6 at the conserved glycine (7,8).
The model derived from the x-ray structures posits a very
large motion of S3—S4 across the bilayer. However, studies
using fluorescence resonance energy transfer indicated rela-
tively small movements of S4 on gating (9). This has led to
hypotheses wherein activation involves a rotation and per-
haps tilting, with minimal translation of S4 (10). The
movement of charge in these models is thought to be facili-
tated by water-filled crevices, which shorten the distance a
charged residue must move to reach either the extracellular or
cytoplasmic milieu. A large number of experimental results
are compatible with this model (10-12).

Members of the Kv1.x-Kv4.x family of potassium chan-
nels also have a tetramerization domain (T1) at the N-ter-
minus (Fig. 1), which determines subunit assembly and
serves as an attachment point for other proteins such as

doi: 10.1529/biophys;j.107.118562



Structure of the Kv2.1 Channel

™ S1 S2 S3 S4
Kv2.1 — - _— - -
Kv1.2 — — - - -
Shaker — — - - -
KvAP - -
KcsA

FIGURE 1

Innnn e

2107

Sequence comparisons of voltage gated K™ channels Kv2.1, Kv1.2, Shaker, KvAP, and KcsA. Sequence alignment was carried out with the

program Clustal W (44). Protein sequences are indicated by shaded bars. Solid regions delineate the conserved sequences discussed in the text. S1-S6, TM
domains; P, selectivity filter. Sequences of human Kv2.1 (NP_004966.1 gi:4826784) and Kv1.2 (P08510 gi:13432103) are from SwissProt.

B-subunits. Indeed, Kv1.2 was crystallized as a complex with
an oxido-reductase B-subunit (6). T1 domains form compact
tetrameric structures, with the subunits arranged around a
narrow pore 20 A in axial length (13). Three-dimensional
(3D) structures of the Shaker K* channel (14,15), the Kv1
complex from mammalian brain (16), and recombinant
Kv1.2 channels (17) by electron microscopy (EM) and single
particle image analysis all show stacked, tetrameric rings in
which the smaller tetrameric ring is assigned to the T1 do-
mains. This organization is recapitulated in the x-ray struc-
ture of Kv1.2 (6).

Kv2.1 channels are widely expressed in neural and endo-
crine cells and generate slowly activating K™ currents that
contribute to repolarization in these cells. Kv2.1 channels
have both a high voltage threshold for activation and very
slow activation kinetics, and are not thought to contribute to
the rapidly oscillating depolarization in the action potential
(18,19). Instead, sustained Kv2.1 currents seem to regulate
the overall action potential by damping and attenuating the
voltage oscillations (20). The cytoplasmic domains of Kv2.1
contribute to the channel’s activation kinetics. The most
striking sequence difference between Kv2.1 and other mam-
malian Kv channels is that the C-terminal domains of Kv2.1
are substantially larger (Fig. 1), and cytoplasmic amino acids
account for 73% of the protein (21). Phosphorylation of the
C-terminus can have a dramatic impact on Kv2.1 activation
voltage threshold (22). The C-terminal domains contain 15
phosphorylation sites. In vivo, Kv2.1 is phosphorylated at
multiple sites, and the effect of phosphorylating these sites is
additive (19). The result is a graded regulatory response
(19,23). Additional domains within the C- and N-termini have
been implicated in the control of channel gating (23-25). The
regulation of channel opening requires specific interactions
between the C-terminus and the N-terminal T1 domain
(24,26). This evidence strongly suggests that the cytoplasmic
N- and C-terminal domains are associated in the channel.

Kv2.1 channels have been implicated in the regulation of
membrane repolarization, cytoplasmic calcium levels [Ca®*];,
and insulin secretion in pancreatic cells. Pancreatic -cells
depolarize in response to glucose and fire Ca®"-dependent
action potentials that trigger insulin secretion. Glucose ini-
tiates membrane depolarization by closure of ATP sensitive
K™ channels (27). Membrane depolarization leads to opening
of voltage-dependent Ca®" channels that increase [Ca2+]i to
trigger insulin secretion. Membrane repolarization is gener-
ated by the delayed rectifier K™ current. Kv2.1 channels are

thought to be the major contributor to the delayed rectifier
current in these cells (28). Kv2.1 is expressed in cells purified
from rodent pancreatic islets of Langerhans as well as insu-
linoma cells (29), and the channels are important regulators
of insulin secretion (30). Inhibition of Kv2.1 channels can
increase glucose-dependent insulin secretion in pancreatic
cells (31,32). There is interest in inhibiting Kv2.1 as a ther-
apeutic target (28), because suppression of the delayed rec-
tifier current should broaden the action potential, increasing
its strength and duration. Indeed, blockers of Kv2.1 will in-
crease glucose-dependent insulin secretion (33). As a first
step to explore the structural basis for these properties of
Kv2.1 channels, we determined a 3D structure of Kv2.1 by
electron microscopy and single particle image analysis.

MATERIALS AND METHODS
Protein purification

Human Kv2.1 was expressed in a stably transfected line of Chinese hamster
ovary (CHO) cells as described previously (29). Cells were isolated by
centrifugation and stored at —80°C. The cell pellet (~0.5 g wet weight) was
thawed, and the cells were suspended by vortex mixing and solubilized in
1 ml of 25 mM HEPES buffer (pH 7.2) containing 10% sucrose, 1 mM
EDTA, and 4.2 mM DHPC (1,2 diheptanoyl-sn-glycero-3-phosphocholine)
(Avanti Polar Lipids, Birmingham, AL). The cells were maintained at ice
temperature and disrupted by sonication (microsonicator, setting 60, 3—4
bursts for a few seconds). Insoluble material was then removed by ultra-
centrifugation in a Beckman TLA 100.2 rotor for 10 min at 50,000 rpm
(Beckman Instruments, Palo Alto, CA). The supernatant was dialyzed
(Spectra-Por No. 7 tubing 50,000 MW cut-off) overnight at 4°C against 200
ml of 25 mM HEPES buffer (pH 8.0) containing 1 mM EDTA, 1 mM
B-mercaptoethanol, and 4.2 mM DHPC. The ~1.5 ml solution was then
subjected to anion exchange FPLC using a Pharmacia (Uppsala, Sweden)
Resource Q column with a linear NaCl gradient. Fractions (0.5 ml) were
collected using a Pharmacia AKTA system.

Electron microscopy and image analysis

Aliquots (~4 ul) were allowed to adhere for ~90 s to carbon-coated copper
grids that had been rendered hydrophilic by glow discharge in an atmosphere
of amylamine and then stained with 2% uranyl acetate (Ted Pella, Tustin,
CA). Images were recorded under minimum electron dose conditions using a
CM120 electron microscope (Philips Electron Optics/FEI, Eindhoven, The
Netherlands). An optical diffractometer was used to select micrographs that
showed minimal astigmatism and drift.

Images were recorded on Kodak SO163 film at a nominal magnification
of 45,000 using 100 kV electrons. Micrographs were digitized with a SCAI
scanner (Carl Zeiss, Oberkochen, Switzerland) at 8 bits per pixel and 7 um
per pixel, subsequently averaged to 14 wm per pixel. The optical density for
each negative was adjusted to give a mean value of ~127 over the total range
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of 0-255. Image processing was carried out with the EMAN suite (see (43)).
Visual inspection showed a few particles that appeared to have fourfold
symmetry. Twenty-three of these particles were manually selected and
aligned and averaged using a reference-free algorithm. The averaged particle
was then used as a reference for initial particle selection. Six negatives were
screened by a cross-correlation method in the EMAN program boxer,
yielding 2,148 particles. Initial models were generated using the EMAN
routine startcsym, which conducts a symmetry search of the particles for
fourfold and mirror symmetry, representing top and side views, respectively.
These orthogonal projections are subsequently aligned with a common-lines
algorithm and back-projected to generate a 3D structure. Different models
were generated with different particle sets. The models had a similar overall
shape and dimensions, but only correlated to ~75% at 100 A and fell to ~0%
correlation at 40 A (see Fig. 4 b). Models were subjected to refinement with
imposed C4 symmetry using an angular increment of 5°. The refinement
converged to the final model as judged by Fourier shell correlation com-
parisons between solutions with different starting models. The isosurface for
the final model was determined from the molecular mass of the tetramer (384
kDa) that encloses a volume of 470,000 A* using a protein partial specific
volume of 0.74 cm’/g. Atomic coordinates for Kv1.2 were visually fitted
within the EM map.

RESULTS

Electron microscopy and strategy for image
reconstruction of Kv2.1

Human Kv2.1 was expressed in a stably transfected line of
CHO cells (29), and isolated membranes were solubilized in
DHPC. Anion exchange chromatography provided substan-
tial purification (Fig. 2). Electron micrographs of negatively
stained, detergent-solubilized protein showed compact par-
ticles that were selected by an automated cross-correlation
method with projections generated from a crude, preliminary
model (Fig. 3). This approach minimized bias compared with
manual selection by visual inspection; 6,382 individual par-
ticles were selected and subjected to multiple refinements
starting with two different models. This approach reduced
initial model bias during the reconstruction and allowed a more
accurate assessment of the final resolution. Although particles
occur on the grid in all orientations, there was a marked
preference for orientations in which the long axis was parallel
with the carbon surface (Fig. 4 @), which also occurred with
detergent-solubilized Shaker channels (15).

The contrast transfer function (CTF) of the electron mi-
croscope modulates the amplitude and phase information in
the images (34). In using the EMAN software package for
image reconstruction, we corrected for phase effects but not
amplitude effects due to the CTF. The contrast produced by
negative stain is pronounced at low spatial frequencies, and
the additional envelope function contrast compensates for
amplitude suppression by the CTF. As noted by Erickson and
Klug (34) the CTF of negatively stained specimens is dom-
inated by amplitude contrast, rather than phase contrast, as in
electron cryomicroscopy (cryoEm). In negative stain, the am-
plitudes at low spatial frequencies are boosted compared with
frequencies beyond ~30 A~ In the circularly averaged power
spectrum of the Kv2.1 particles, the amplitudes between 120—
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FIGURE 2 Purification of Kv2.1 channels. (¢) Chromatogram of anion-
exchange purification of DHPC-solubilized Kv2.1 from CHO cells. Solid line
corresponds to absorbance of eluate at 280 nm. Dashed line corresponds to
NaCl concentration of elution buffer. FT (flow through) and specific fractions
(8,13,16,18,19,24) are indicated. (b) Coomassie-stained SDS-gel of crude
CHO cell membranes expressing Kv2.1 and specific column fractions
indicated in (a). (¢) Western immunoblot generated using polyclonal rabbit
antibodies directed against the amino acid sequence CHMLPGGGAHGS-
TRDQSTI in Kv2.1. Only crude membranes and fraction 16 showed signal for
Kv2.1.

50 A~" dominated the power spectrum, and artifacts would be
generated if these amplitudes are further boosted. In addition,
there are reports of suspect results obtained with EMAN when
CTF amplitudes are applied iteratively throughout the refine-
ment. For instance, in a cryoEM study of GroEL (35), Stagg
et al. carried out reconstructions with and without CTF am-
plitude corrections. Although the nominal resolution for the
latter reconstruction was greater (as estimated by the Fourier
shell correlation method), the actual features of the two maps
were nearly identical. These authors concluded that applying
CTF amplitude corrections during a refinement generated
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FIGURE 3 Gallery of raw particle images of negatively stained Kv2.1
selected from several electron micrographs. Perusal of the images and
comparison with the 3D reconstruction (Fig. 5) suggest that there is a
preference for the particles to lie with their long axis parallel to the plane of the
carbon film of the EM grid. Scale bar, 500 A.

maps with greater correlated noise, producing FSC results that
are not reliable. Consequently, we only corrected for the phase
component of the CTF.

We realize that model bias will greatly influence the av-
eraging of multiple conformations of a single molecule. The
EMAN algorithm contains a randomization factor, to modify
the order in which particles are selected for alignment and
averaging, in the generation of class averages. Underlying
noise in the data influences small data sets unpredictably, and
averages will tend to ‘‘wander’’ somewhat due to noise. We
believe that the use of multiple models is thus a more reliable
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measure of which features are actually present in the mac-
romolecular complex. For this reason we used two different
starting models and derived independent 3D reconstructions.

To estimate the resolution of a 3D reconstruction, a com-
mon approach is to split the data set in half, compute two
maps using the particle orientations from the final round of
refinement, and compare the correlation coefficient between
the two maps in resolution shells in reciprocal space. A
typical cut-of value is the resolution corresponding to a
correlation coefficient of 0.5. By this approach, the resolution
was estimated as 19 A for each of the two starting models
(Fig. 4 b). The concern we have with the conventional split
method is that all of the particle images have already been
classified with a single model, which biases the results. For
this reason, we also generated a correlation coefficient profile
in which we compared the final maps derived from different
starting models. (Although similar in general shape, the
starting models used for the refinements were quite different
as the initial maps correlated only to ~75% at 100 A reso-
lution, and to ~0% at 40 A (Fig. 4 b)). By a similar Fourier
shell correlation method, the final two maps derived from
different starting models had a resolution of 25 A at the 0.5
cut-off value. We suspect that the extended resolution of 19 A
calculated by splitting the data set may be an artifact due to
correlation of noise. Consequently, the maps displayed in
Figs. 5-9 were computed at the more conservative resolution
of 25 A.

Structure of Kv2.1 at 25 A resolution

Fourfold rotational symmetry imposed during the processing
yielded a roughly egg-shaped complex with a long axis of
~120 A and a diameter of ~80 A at the widest section (Fig.
5, a and b). A distinctive feature are four L-shaped arms of
density that extend the length of the molecule, bent at ~45°
with respect to the axis of the channel (Fig. 5, d and ¢). At an
isosurface level that encloses the expected volume of the
tetrameric complex (~470,000 A3), all internal vestibules are
completely enclosed, with no windows to the cytoplasmic
space. Also, the interior of the protein is entirely filled with
density, with the exception of a small chamber in the nar-
rower half of the molecule (Figs. 5 ¢ and 6, e and g). The
density within the narrower half of the molecule is more
diffuse, and at a lower isosurface level another chamber is
found immediately above the first in the center of the channel
(Figs. 5 fand 6 c). At this isosurface level, small windows
appear in the center of the complex (Fig. 5, d and e).

Fit of the Kv1.2 x-ray structure into the
Kv2.1 map

The TM assembly of Kv1.2 fits very well within the wider
section of the Kv2.1 map (Fig. 7). The four upper arms on the
perimeter of the Kv2.1 map correspond to the S2 and S3
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helices, and the elbow of density between the upper and
lower arms corresponds to the T1 linker—S1 junction in
Kv1.2 (Fig. 7 ¢). These features dictate the rotational register
of Kv1.2 within the Kv2.1 map. Only the S3-S4 junction

" window chambers
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FIGURE 4 Single particle image analysis.
(a) Histogram displaying the classification of
e particle map the individual particles from the final roupd of
particle average projection refinement. Each spot represents a particular
orientation of the two Euler angles @ and O,
and is assigned a grayscale value based on the
number of particles assigned to that orientation.
White represents O particles, and black the
maximum of 113 particles. (b) Fourier shell
correlation between two maps each calculated
from the full data set but with different starting
maps (solid line). The correlation drops below
0.5 at ~25 A resolution. For comparison, the
correlation between the starting maps is also
shown (dashed line). Also displayed are Fou-
rier shell correlations for the final maps created
with the first (dotted line) and second (dotted-
dashed line) starting models. The graph shows
correlations between maps generated by split-
ting the data set and calculating two maps using
the Euler angle assignments from the final
round of refinement. The two plots are very
similar, with a 0.5 correlation at ~19 A for
both. For convenience, horizontal and vertical
dotted lines have been added at the 0.5 corre-
lation level to indicate the resolution for each of
the curves. (c¢) Representative particles from
different orientations. The left column contains
examples of raw particles assigned to a given
orientation. The middle column contains im-
ages generated by averaging all the raw parti-
cles in the orientation group. The images in the
right column are generated by projecting the
final 3D map at the indicated orientation.

projects beyond the Kv2.1 map envelope. In the Kv1.2
crystal structure, this loop forms a crystal contact with the
[B-subunit from a neighboring molecule (6). In addition, the
S3-S4 helical assembly seems to be only loosely packed

FIGURE 5 Surface-shaded, 3D density map of human
Kv2.1 at ~25 A resolution. The fourfold axis is oriented in
the y direction. The maps have been aligned such that the
putative cytoplasmic and TM domains are oriented at the
bottom and top, respectively. (@) View with the isosurface
contour set to include the expected volume for the entire
tetrameric complex. (b) The same map as (@) but rotated by
45° around the fourfold axis. The white lines are spaced at
30 A and indicate the presumed location of the lipid
bilayer. (¢) The same view as a but with a sagittal section
removed to show an interior chamber at this isosurface
level. (d and e) The same views as a and b, respectively,
but with a contour set to a lower level that includes only
66% of the expected volume to visualize windows into the
internal space. The white mesh represents the expected
isosurface for the full protein. (f) A sagittal section at a
lower (75%) isosurface level to display an additional
internal chamber.
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FIGURE 6 Coronal sections of density (a—f) and a sagittal section (g)
through the 3D map of Kv2.1 are shown in grayscale, in which white is the
highest density (corresponding to protein). The surface-shaded view of the
3D map (h) provides a key indicating the position of the slices in the map.

against the rest of the molecule. It is possible that crystal
packing in Kv1.2 has distorted the S3—S4 assembly, and in
solution, the structure would actually be enclosed within the
Kv2.1 map. At the highest isosurface contour levels, the
dense, central structure centered on the fourfold axis is a
prominent feature (Fig. 8). There is a good fit of the KcsA
x-ray structure to this density (Fig. 8), which corresponds to
the four S5-P-S6 sequences in Kv2.1.

The position of the Kv1.2 structure within the Kv2.1 map
places the T1 domain within the lower, narrower section of
the map (Fig. 7 a). A small chamber is noted directly at the
bottom of the T1 domain (Fig. 8). T1 is otherwise surrounded
by density not otherwise accounted for, which we assign to
the C-terminal domains. For instance, the lower arms of
density at the sides of the narrower half of the molecule (Fig.
5) are presumably portions of the C-terminus that embrace
the surface of T1. At higher isosurface levels, an additional
chamber is found immediately above T1 (Figs. 5 f and 8).

2111

FIGURE 7 Fit of the x-ray crystal structure of Kv1.2 into the Kv2.1 map.
The views in a and b are related by a 45° rotation about the fourfold axis.
The isosurface for the Kv2.1 map has been set to include 100% of the
expected protein volume. The four polypeptide chains have been given
different colors. Gaps in the Kv1.2 ribbon trace result from an incomplete
chain trace in the Kv1.2 pdb file (5). (¢) The same view in a but only a single
Kv1.2 subunit is displayed. The T1 domain and TM helices have been
labeled. Also indicated are the predicted positions of residues 67 and 75,
which are believed to interact with the C-terminal domains. (d) View of the
fit rotated with the fourfold symmetry axis pointing toward the viewer.

DISCUSSION

A number of studies by negative-stain electron microscopy
and single particle image analysis have been conducted for
voltage-gated K™ channels: Shaker (14,15), Kvl.x (16),
Kv1.2 (17), and Kv4.2 (36). Our study of Kv2.1 is the first to
derive a 3D map of a K channel in the Kv2.x family.

FIGURE 8 Fit of KcsA into the transmembrane region of the Kv2.1 map.
The isosurface has been set to 33% of the expected volume. Close-ups with
transparent (a) and solid (b) Kv2.1 maps.

Biophysical Journal 94(6) 2106-2114
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In all the previous low resolution EM maps, the T1 and TM
assemblies were readily distinguishable, forming distinct
rings, with the smaller ring assigned to the ‘‘hanging gon-
dola’’ of T1. The hanging gondola is not apparent in Kv2.1,
which instead possesses a large cytoplasmic domain defined
by continuous density throughout, such that the expected
position of T1 is completely enclosed (Figs. 5 f, 7 a, and 9).
This continuous shell of density is generated when the map is
contoured at a level to contain the expected mass of the
protein. At higher isosurface levels, there are small windows
between the putative T1 and TM assemblies (Fig. 5, d and e).

We have been careful not to over interpret the density
variation in the map. At an isosurface value that encloses
100% of the expected volume, the surface of the protein is
contiguous, no windows are seen, there is little internal detail,
and only a very small internal chamber is visible. The interest
in the windows is due to the fact that they are prominent in
every other Kv structure solved to date, and are widely be-
lieved to be the pathway for K™ entry into the pore. For
example, Shaker (15) and Kv4.2 (36) possess very large
windows between the two domains, although mammalian
Kv1 has much smaller, but still visible, windows (16). In
Shaker, only a single N-terminal inactivation domain is re-
quired to block the channel (37), which is believed to snake
in through the windows in the side to block the channel
(38). The lack of this conserved and necessary feature in the
map of Kv2.1 requires some explanation. The appearance of
windows at lower contour levels is in concordance with the
architecture of other Kv channels. The windows that do ap-
pear are reproducibly seen in the independent reconstructions
from both starting models. For these reasons we believe that

FIGURE 9 Kv2.1 map with the fit Kv1.2 structure. The alignment of the
transmembrane domains of the Kv1.2 structure within the Kv2.1 map places
the Kv1.2 T1 domain within a region of high density in the Kv2.1 map.
Surrounding regions of lower density are ascribed to putative aqueous
chambers. The map density has been cut away to allow visualization of the
T1 domain relative to the internal spaces. The map isosurface is set at 80% so
that the upper and lower chambers can be visualized. The chambers appear
both above and below T1.
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K™ permeation does indeed proceed through openings in the
sides of the channel, but the windows are smaller when
compared with other Kv channels. However, it is difficult to
estimate the size of the windows. Uranyl acetate granules
have a diameter of ~15 A, so any window with a smaller size
would exclude stain and not be detected. In addition, stain
penetration might be impeded by negative charges clustered
at the openings. In this case, the windows could be larger than
15 A and still be identified as continuous density in the map.
The upper size limit of 15 A provided by the stain is certainly
large enough to allow entry of hydrated K™ ions, as well as a
single polypeptide chain, as is proposed for N-terminal in-
activation. As is true of other Kv channels, the N-terminus of
Kv2.1 is known to inactivate when added in trans (39), which
argues against a conformation in which the windows are too
small to allow peptide entry.

Differences in the cytoplasmic domains of Kv2.1 and
Shaker may be accounted for by the C-terminal domains.
Kv2.1 possesses a much larger C-terminal domain than does
Shaker: ~17 kDa/subunit in Shaker vs. ~46 kDa/subunit in
Kv2.1 (Fig. 1). They must begin at the central interior, at the
ends of S6. As such, they might contribute to the density
between the expected position of T1 and the TM domains
(Figs. 7 and 9). In addition, at least part of the arms that
embrace the T1 domain may be composed of the C-termini,
so that much of the extra protein may well be enclosing the
distal end of the T1 domain in Kv2.1.

There is evidence that the C-terminal domains of Kv2.1
interact with each other. In contrast with Kv1.1, where the
N-terminal domains are required for tetramerization (40),
Kv2.1 is able to form channels when the T1 domain has been
deleted, although these channels have greatly altered acti-
vation kinetics (41). In addition, soluble fragments of the
Kv2.1 C-terminus coexpressed with the full-length protein in
Xenopus oocytes (42) act as a dominant negative suppressor
of channel conductance.

In addition to interactions between the C-termini, a recent
study using mutagenesis and cross-linking (24) suggests that
there is a direct interaction between the N- and C-terminal
domains of Kv2.1. Human and rat Kv2.1 display different
activation rates, and mutational studies of recombinant Kv2.1
chimera identified two residues (67 and 75) in T1 and two
regions (749-795 and 796-838) at the end of the C-terminus
responsible for this effect (24). Residues 67 and 75 lie near
the distal surface of T1 in homology models (Fig. 7 c), but
direct interaction between these residues and the end of the
C-terminal domain is possible in the Kv2.1 map, where there
is extra volume at the side of T1 to accommodate the C-ter-
minus. Difference EM maps with C-terminally truncated
Shaker indicated that the C-terminus extends to the sides of
T1 (14), consistent with our assignment of the L-shaped arms
in Kv2.1 to the C-terminal density.

Additional experiments with Kv2.1/Kv1.2 chimerae sug-
gest that gating effects are communicated by direct connection
between the cytoplasmic domains and the S4-S5 linker (25).
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In the Kv2.1 map, there is certainly contiguous density be-
tween the S4-S5 linker and the cytoplasmic density (Figs. 7 ¢
and 9), suggesting physical continuity between these do-
mains in Kv2.1. Channel gating seems to be associated with
physical movements of the C-termini (26) as determined by
fluorescence resonance energy transfer. Labels were attached
at the N- and C-termini of Kv2.1, and there was a relatively
large movement (10-20 A) in the plane of the membrane
associated with channel gating.

The central core of the membrane spanning region in
Kv2.1 forms a dense (stain-excluding) structure running along
the fourfold axis, extending the full length of the membrane
(Figs. 5, c and f, and 6, a and b). The simplest interpretation is
that this represents protein density corresponding to a closed
conformation of the channel. In the x-ray structure of KcsA,
the S5 and S6 helices form a cone-shaped structure above the
selectivity filter. In KcsA, four pairs of antiparallel a-helices
approach one another at the vertex of the cone (Fig. 8 a). This
configuration prevents access by K* ions to the channel
formed by the selectivity filter, implying that KcsA crystallizes
in the closed form. In contrast, the vertex is more open in
Kv1.2 and very open in KvAP, implying that these structures
are in open conformations. The central core of the trans-
membrane assembly in the Kv2.1 map provides a good fit for
S5 and S6 (Fig. 8) from KcsA, suggesting that Kv2.1 may
indeed be in a closed form.

Although the width of the TM assembly (75-85 A) is
smaller than that of mammalian Kv1.x (125 A (16)), Shaker
(100 A (15)), or Kv4.2 (115 A (36)), the TM domain is fit
quite well with the Kv1.2 structure (Fig. 7). In particular, the
elbows of density at the edges of the TM domain of the EM
map are fit very well with the T1 linker—S1 connecting loop.
Atan isosurface enclosing 100% of the expected Kv2.1 mass,
all of the TM domains in Kv1.2 are enclosed within the map
density, with the exception of the ends of S3—S4 at the ex-
tracellular side (Fig. 7 ¢).

Our study provides the first view of a Kv2x class of K*
channels in which there is close correspondence in the mo-
lecular design of the transmembrane assembly and T1 do-
mains. Substantial additional density is closely associated
with T1 and is ascribed to the ~184 kDa C-terminal regu-
latory domains within each tetramer.
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