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Abstract A large barrier in the way to obtaining high-resolu-
tion structures of eukaryotic ion channels remains the expres-
sion and purification of sufficient amounts of channel protein to
carry out crystallization trials. In the absence of crystals, the
main available source of structural information has been elec-
tron microscopy (EM), which is well suited to the visualization
of isolated macromolecular complexes and their conformational
changes. The recently published EM structures outline native
conformations of eukaryotic cation channels that until now
have eluded crystallization. According to these results, homo-
tetrameric K* channels have a distinct two-layer architecture
with connectors conjoining the two layers, while the pseudo-tet-
rameric Ca>* or Na* channels are more globular and have
flexible surface loops, which makes the identification of subunits
complicated. Subunits can be identified using atomic structure
docking into the EM maps, labeling, or deletion studies.

© 2004 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction

Ton channels have been the focus of extensive research for
more than 50 years since their role in the excitability of neuro-
nal cells was discovered and the ionic theory of membrane
excitation was established [1,2]. To date, the function of
many ion channels is well understood. Moreover, recent suc-
cess in obtaining atomic resolution structures of several bac-
terial ion channels [3-9] allows a detailed molecular character-
ization of ion permeation [10,11], activation [12] and gating
[4,6]. An atomic structure of a more complex eukaryotic ion
channel is, however, yet to be determined. High-resolution
structures of mammalian ion channels are important for a
deeper understanding of the various human diseases that are
linked to mutations in those channels. For example, cystic
fibrosis is caused by a change in the chloride permeability of
cells [13], while the episodic ataxia type 1 is associated with
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mutations in human voltage-gated Kvl.1 channel that change
its C-type inactivation [14].

A large barrier in the way to obtaining high-resolution
structures of eukaryotic ion channels remains the expression
and purification of sufficient amounts of active channel pro-
tein to perform crystallization. In the absence of 3D crystals,
the main source of structural information has been electron
microscopy (EM), which is well suited to the study of isolated
macromolecular complexes and their conformational changes.

In this review I will focus on the low-resolution structures
of eukaryotic cation channels derived from single particle EM
studies. I aim to demonstrate that despite their resolution
below 18 A, EM structures of ion channels can reveal the
location of key functional sites and provide some clues to
the mechanisms of inter-subunit communications.

2. Morphology of cation channels

The first information about the overall structure of eukary-
otic cation channels came from the EM images of single chan-
nels. Images of the inositol trisphosphate receptor (IP3R) [15]
and Shaker Kv channel [16], obtained approximately a decade
ago, revealed a clear four-fold symmetry of both channels.
Later, the same approach was used to demonstrate that the
isolated Kv channel’s auxiliary B-subunit also forms a four-
fold symmetric particle [17].

All K* channels can be recognized by certain common
features: they are homo-tetramers with a monomer that con-
sists of the ion selectivity filter, formed by a pore-lining
P-loop, and two transmembrane o-helices. This minimal ar-
chitecture is characteristic of the bacterial KcsA channel [3].
More complex voltage-dependent channels have extra trans-
membrane segments surrounding the pore (Fig. 1A). Accord-
ing to their specific membrane topology, K* channels can be
separated into several groups, depending on the number of
transmembrane helices [2].

The full-length sequence of Ca’>" and Na‘ voltage-gated
channels encodes four non-identical transmembrane repeats,
forming channels with a pseudo-tetrameric structure. These
repeats are separated by surface loops of different length
(Fig. 1B,C); some of the loops could possess glycosylation
sites [18].

Cytosolic N- and C-termini participate in gating [19,20] and
ligand recognition [21]; they are targets for signal transduc-
tion [22] and are thought to regulate channel activity [23].
Distal parts of N-termini of Kv channels form inactivation
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Fig. 1. Membrane topology models of cation voltage-gated channels.
A: K+ channel monomer. B: Na* channel. C: Ca?" channel. I-1V,
transmembrane helical repeats.

peptides that are necessary for the inactivation of the channel.
Those flexible parts have usually been removed before crys-
tallization in order to obtain better crystals of bacterial chan-
nel protein, thereby losing the information about their distinct
conformation and location within the 3D structure of the
channel. The soluble N-terminal T1 domain alone [24] and
in complex with the KvB-subunit [25] have been crystallized
in the absence of the membrane-embedded part of the chan-
nel. The interpretation of an atomic structure of the T1 do-
main at 1.55 A resolution [24] suggested that the N-terminal
inactivation peptide of the Kv channel is too large to proceed
through the 3 A wide opening in the center of the T1 tet-
ramer. This observation gave rise to the hypothesis of the
so-called hanging gondola [26]; its authors proposed that in
order to provide access for the inactivation peptide to the
pore, the T1 domain must be separated from the mem-
brane-embedded domain similar to a hanging gondola.

3. Domain organization

Several newly pgblished EM structures at relatively low res-
olution (from 35 A to 18 A) outline native conformations of
eukaryotic cation channels. According to those studies, differ-
ent cation channels could be separated into two groups, de-
pending on their transmembrane topology.

3.1. Channels with homo-tetrameric structure (all K* and some
Ca®™ channels)

The typical eukaryotic homo-tetrameric cation channel
(Fig. 2A) has a two-layer architecture with a cytoplasmic
and a membrane-embedded domain. The membrane-em-
bedded domain accommodates the pore complex and other
transmembrane segments, including the voltage sensor; in gly-
cosylated channels it forms a square of about 10 nm wide and
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about 6 nm thick [21,27,28]. It is interesting to note that the
membrane-embedded domains of experimentally deglycosy-
lated channels are somewhat smaller ([29]; Sokolova, unpub-
lished results).

The membrane-embedded domain is connected with thin
linkers to the smaller cytoplasmic domain (about 6 nm wide
and 4 nm thick), similar to a ‘hanging gondola’ [26]. The
cytoplasmic domain accommodates the T1 tetramer [27] and
parts of the C-termini in Shaker [30] or dimers of ligand bind-
ing subdomains in cGMP-gated channel [21]. The linkers are
thought to be made of one or two single amino acid strands
[30] and are up to 2 nm long. Ions and N-terminal inactiva-
tion peptides proceed through windows comprised by those
connectors to reach the channel’s pore and inactivation gate.

The two-layer architecture has also been demonstrated in
other voltage-gated channels, such as Kv1.2, expressed in Pi-
chia pastoris [29], mammalian Kvl1.1, purified from the bovine
brain [28], as well as Kv4.1, expressed in COS-1 cells [31],
suggesting that this domain organization is common to most
eukaryotic K" channels. Slim connectors are also seen in the
atomic structures of the prokaryotic K™ channels MthK [5]
and KirBac 1.1 [8], confirming the universality of the two-
layered K* channel architecture.

Similar to the K* channels, Ca?" channels that are func-
tional as homo-tetramers (e.g. IP3R and ryanodine receptor
(RyR)) feature a two-layer architecture [32-34], and, in one
case, connectors between the membrane-embedded domain
and four separate cytoplasmic subdomains have been clearly
seen [35]. The membrane-embedded domain of IP3R is larger
than in K channels — 12.6 nm wide and 7 nm thick, as
determined from images of negatively stained protein [36]
and a 3D reconstruction using cryo-data [33]. Each of the
four cytoplasmic subdomains of IP3R is thought to contain
a ligand binding site [32,35,36].

3.2. Channels with pseudo-tetrameric structure
(all voltage-gated Na™ and Ca’™ channels)

The pseudo-tetrameric cation channels are expected to con-
tain a four-fold symmetric pore-forming domain. Indeed, the
first 3D structure of a voltage-gated Na' channel at 19 A
resolution [37] represented a globular molecule with a
square-shaped end and pseudo-tetrameric arrangement of in-

10 nm
e

Fig. 2. 3D structures of cation channels. A: Homo-tetrameric Shak-
er K* channel. T1, tetramerization domain; D1, D2, subdomains
that are parts of the membrane-embedded domain [29]. B: Pseudo-
tetrameric L-type Ca®* channel [40]. o, pore-forming subunit; the
locations of o,- and B-subunits have been determined using immu-
nolabeling.
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ternal cavities. Neither a two-layer architecture nor connec-
tors were identified.

In the past 2 years, four different structures for the L-type
Ca”" channel have been published [38-42] (one of them is
shown in Fig. 2B). The pseudo-four-fold symmetry of the
pore-forming o;-subunit was, however, not discernible in
most of them. The only evidence of a possible formation of
the pseudo-tetramer consisted of the four weakly separated
densities in a cross-section through the putative o;-domain
of a channel dimer [42]. It is likely that the domain organiza-
tion of Ca?* channels is hard to determine because the addi-
tional transmembrane segments that are bound to o,-subunit
(Fig. 1C) are probably tightly packed. Also the large surface
loops, connecting neighboring transmembrane repeats, and
the N- and C-terminal extensions, which can occupy up to
70% of the total channel molecular mass [37], could conceal
the four-fold symmetry of the pore-forming domain.

4. Domain identification within the EM structure

The identification of domains plays an important part in
the interpretation of low-resolution 3D structures. Several of
the most commonly used methods are discussed below.

4.1. Docking of an atomic structure

Docking of atomic structures of known parts of the channel
has been used to identify the membrane-embedded and cyto-
plasmic domains in the 25 A resolution 3D structure of the
Shaker K* channel (Fig. 3) [27] and the 3D structures of two
Kvo—fB complexes at 18 A [28] and 21 A [29] resolution. In the
last two cases, the corresponding atomic models were first
band-pass filtered to a resolution comparable to that of the
3D reconstruction. This allowed a direct comparison of the
atomic model to the overall EM structures. All atomic struc-
tures (KcsA — a homologue for the two pore-forming trans-
membrane helices [3], T1 domain [24], KvB-subunit [25]) were
placed on the four-fold symmetry axis, taking advantage of
the tetrameric structure of the ion channel. Docking also pro-
vided information about the localization of the cytosolic N-
and C-termini in the Shaker channel [27,30], and the ligand
binding sites in IP3R [32].

Membrane-
embedded
domain

Cytoplasmic
domain

10 nm

Fig. 3. Docking of atomic models of KcsA (blue) and T1 tetramer
(red) into the low-resolution 3D map of Shaker K™ channel.
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Recently, several new atomic structures of bacterial ion
channels, including the first structure of a voltage-gated chan-
nel [4,6], were published that revealed an unexpected position
of some transmembrane helices (e.g. voltage sensor in [6])
within the lipid bilayer. Docking of these atomic structures
into a corresponding low-resolution EM map of a full-length
eukaryotic voltage-gated channel might help the interpretation
of these surprising results.

4.2. Immunolabeling

Immunolabeling is a technique that is most commonly used
when monoclonal antibodies against an epitope within the
interpretable structure are available. A common problem in
this method is the flexibility of the full-length antibody, which
makes the identification of a specific binding site difficult; this
problem could be overcome by using F(ab)’ fragments of the
antibody. The F(ab)’ fragments are less flexible than the full-
length antibody, but usually have a lower affinity. The flexi-
bility of surface loops or cytosolic termini of the protein
makes these sites undesirable for immunolabeling. Finally,
unbound antibodies are usually separated from the protein—
antibody complexes by gel filtration chromatography, which
adds an additional step to the purification process and dilutes
the protein.

Recently, antibody labeling has been performed to interpret
the domain structure of the Na™ voltage-gated channel [37].
The antibodies used in this study were directed against the
C19 fragment [43] of the C-terminus of the channel. Thus,
the C-terminus was shown to be a part of the larger domain
that is situated in the cytoplasm adjacent to the membrane-
embedded domain. In the cryo-EM study of the voltage-gated
L-type Ca®" channel [41], the monoclonal antibodies directed
against the intracellular B-subunit and extracellular o,-subunit
were used to identify the orientation of the 3D structure with-
in the membrane. The same antibodies directed against the -
subunit were used in another study of that channel to deter-
mine the orientation of the particles on the carbon film [38].

Monoclonal 1D4 antibodies were used to identify the loca-
tion of the intracellular C-terminus of the Shaker K+ channel
(Sokolova, unpublished data). The apparent flexibility of the
1D4 tag, attached to the distal end of the channel’s C-termi-
nus, prevented the formation of a clear density corresponding
to the bound antibody. Nevertheless, images of the channel-
antibody complex localized the C-terminus near the cytoplas-
mic domain; that was later proved by using a deletion study
[30].

4.3. Deletion or addition of protein mass

Deleting part of a protein opens up the possibility of iden-
tifying the specific location of the removed part by calculating
a difference map between the full-length and truncated protein
structures. This method can be used to find the location of
structural elements such as cytosolic N- and C-termini. Part of
the N-terminus of Kv channels forms the well-defined T1
domain, which could be crystallized in the absence of the
rest of the channel [24]. Recently, some evidence that the
Kv C-terminus also assumes a defined 3D structure came
from physiological [23] and EM data [30]. The exact folding
of the C-termini could not be established at such low resolu-
tion, but, according to both X-ray crystallography [8] and
computer-generated predictions [23], the C-termini could
form B-sheets.
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Green fluorescent protein (GFP) is commonly used as a
label to study the distribution of protein within a cell by fluo-
rescent microscopy [44]. At the same time, GFP itself is a
relatively small and compact protein of 238 amino acids,
which is large enough to produce a clear density in a low-
resolution EM map. Therefore, it was used as a structural
marker in RyR [45-47] and Kv4.2 [31] by incorporation
into the recombinant protein sequence. The advantages of
GFP labeling, compared to antibody labeling, are reduced
flexibility and 100% labeling of the protein.

4.4. Clusters of single molecules

To keep membrane proteins in solution, detergent must be
added to form a micelle around the hydrophobic part of the
molecule. Decreasing the detergent concentration in the buffer
to the critical micelle concentration (CMC) forces single mem-
brane proteins to di- or trimerize, thereby sharing a detergent
micelle around their membrane-embedded domains (Fig. 4A).
As a result, a cluster of several single molecules forms a ‘one-
dimensional’ array (Fig. 4B), identifying which part of the
molecule is hydrophobic and, therefore, membrane-embedded
(Fig. 4C, arrows).

5. Conformational changes

All bacterial ion channels crystallized to date were in the
closed state [3-7], except for MthK [5], which was crystallized

A

\ detergent

6 protein

\W/
O

Fig. 4. Clusters of single ion channels. A: Model for cluster forma-
tion. B: Electron micrograph of Shaker protein in 0.5% CHAPS
(the CMC of CHAPS is 6-10 mM, which is equivalent to 0.5% con-
centration); black arrows point to the clusters of single Shaker
channels. C: Class average of nine selected cluster images; white ar-
rows point to the membrane-embedded domains of two channels.
Scale bar 10 nm.
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embedded
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Fig. 5. Conformational changes in the C-terminus of Shaker upon
binding of the B-subunit to the channel. A: Difference map between
full-length and truncated Shaker (red) superimposed onto the 2D
average of full-length channel. B: Difference map (red) between
Shaker o—p complexes, containing full-length and truncated chan-
nels, superimposed onto the 2D average of full-length o~ complex.
Modified from [29].

in the open state. Several hypotheses have been suggested to
explain how the opening—closing and activation—inactivation
of ion channels could be related to the conformational
changes in different parts of the channel [4,6,8]. Single particle
EM can be used to visualize larger conformational changes
that may play a role in the regulation of ion channels.

The deletion study of the Shaker o complex [30] demon-
strated a clear conformational change in the Shaker C-termi-
nus upon binding of the B-subunit to the full-length channel
(Fig. 5). The rearrangement of the C-terminus brings a large
part of it from a position on the side of the T1 domain (Fig.
5A) into close contact with Kvf (Fig. 5B). This suggested a
possible mechanism for the modulation of Kv channel
through the interaction of its C-termini with the B-subunit.

6. Current problems

Embedding of protein in vitreous ice preserves its structure,
while the low temperature slows radiation damage that is
caused by the electron beam. Unfortunately, the globular
structure and relatively small size of many ion channels, the
presence of detergent and, possibly, lipids, as well as the weak
contrast typical for cryo-EM make it difficult to align and
average images to derive a 3D structure. Negative staining
produces stronger contrast but conceals the internal structure
of the protein, and it may result in structural artifacts due to
flattening of the protein against the carbon film and uneven
staining.

The most commonly used 3D image processing methods
depend on the distribution of the particle views. Random
conical tilt [48] is used when particles exhibit a limited number
of orientations, while angular reconstitution [49] is employed
when there is a wide range of orientations. Most small ion
channels, such as Kv or Na* channels, are often randomly
oriented on the carbon film, allowing the use of angular re-
constitution [21,27,32,37,41]. Larger channels, such as RyR
[34], seem to prefer a small number of orientations, requiring
the use of tilt experiments. Thus, the size and the shape of the
molecules are determining factors for 3D image processing.

Protein purification and specimen preparation are also im-
portant for obtaining the correct 3D reconstruction of an ion
channel molecule. For example, four recently published struc-
tures of the skeletal muscle L-type Ca?* channel [38-42] show
strikingly little agreement between them. Two structures were
calculated from ice-embedded particles [39,41] and were some-
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what comparable at low resolution, while the other two struc-
tures [38,40,42], derived from particles embedded in negative
stain, did not show any similarity to each other or to the cryo-
structures. The different purification protocols might explain
such differences. Indeed, the two cryo-reconstructions were
done using digitonin-solubilized protein [39,41], while the sec-
ond two reconstructions used CHAPS in concentrations close
to the CMC to solubilize the protein. It is known that at such
concentrations CHAPS might cause aggregation of channels
[41] and force the clustering of single channels in solution
(Fig. 4). This aggregation may conceal the real shape of the
single channel particles.

Three recent 3D structures of IP3R [32,33,35] also exhibit
major discrepancies between them. The authors used two dif-
ferent detergents (Triton X-100 in [33,35] and CHAPS in [32]),
and the purification was performed at different pH, which
could result in conformational changes within the receptor
[50]. Another possibility could be the weak contrast of the
ice-embedded particles which can lead to erroneous alignment
of the images and, consequently, unreliable 3D reconstruc-
tions.

7. Conclusions

EM and single particle analysis are versatile methods to
visualize the 3D structures of macromolecular assemblies, to
determine the interaction between different subunits, and to
detect conformational changes. The sample preparation for
EM is relatively simple, compared to X-ray crystallography
or nuclear magnetic resonance. Moreover, cryo-EM opens up
the possibility of studying macromolecules in a close to native
state when embedded in vitreous ice. The advantage of or-
dered assemblies, such as 2D crystals, is that they do not
need to be aligned during image processing. The first 2D
crystals of a Kv ion channel in complex with a B-subunit
[29] constitute a significant success on the way to determining
a high-resolution EM structure of a eukaryotic ion channel.
Nevertheless, the low-resolution EM studies have already pro-
vided important physiological and structural information
about a wide range of cation channels.
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