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Abstract Recent advances in structural biology underlying
mechanisms of channel gating have strengthened our knowl-
edge about how K channels can be inter-convertible between
conductive and non-conductive states. We have reviewed and
combined mutagenesis with biochemical, biophysical and
structural information in order to understand the critical roles
of the pore residues in stabilizing the pore structure and
channel open state. We also discuss how the latest knowledge
on the K channel KcsA may provide a step towards better
understanding of distinct pore stabilizing differences among
diversified K" channels.
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Introduction

Potassium (K ") channels are widely distributed as oligomeric
complexes in different cell types of all living organisms. The
pivotal role of K™ channels in various physiological processes
including neuronal signaling, vascular and nonvascular mus-
cle contractility, cardiac pacing, auditory function, hormone
secretion, immune function, and cell proliferation is supported
by increasing discoveries linking K* channel mutations to
various inherited disorders. As a result, researchers consider
channels as drug targets.

The initial knowledge on the functionality of K* channels
from eukaryotes derived from analyses of their character-
istics within oocytes into which the RNA (transcribed from
the corresponding gene) had been injected. In the successful
case, the RNA was translated by use of the endogenous
protein biosynthesis machinery. The resulting protein may
incorporate into various localizations in the oocycte mem-
brane, the assemblies of which are not controllable. As the
ooycte itself has endogenous channels, which are also not
evenly distributed, comparisons of numerous patch clamp
studies under various conditions has led to subtract the fea-
tures of the “foreign” channel.

The discovery of the gene for the KcsA protein in bacte-
rium (Streptomyces lividans) convincingly proved that chan-
nels are not a “privilege” of eukaryotic organisms, and
stimulated a search for other types of channel proteins from
bacteria. Meanwhile, scientists have adopted the principal
concept for analysing the KcsA channel protein for a range
of prokaryotic and eukaryotic proteins. The cloning and
expression procedure within E.coli, which has been intro-
duced for the kcsA4 gene, was an important lead that is
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applicable to other channel genes. Within the inner mem-
brane of the E.coli host KcsA assembles as a tetramer and
the process is dependent on the protonmotive force. Large
quantities of KscAy;g,g tetramers are extractable from the £.
coli membrane in the presence of a range of detergents, and
have been successfully purified by affinity chomatography.
KcsA can be fused into liposomes in large and soluble
quantities and reconstituted functionally into a bilayer, in
which the biophysical features of KscA and its designed
mutants have been investigated (Raja and Vales 2009a,
2011; Schrempf et al. 1995).

The establishment of conditions to gain large quantities
of pure protein was the basis to crystalize KcsA and subse-
quently other channel proteins. Subsequently, the purified
KscA protein (without its C-terminal domain) was success-
fully crystallized. The highest resolution reached within
some parts was 3.2 A, whereas in other regions the resolu-
tion was considerably lower (Doyle et al. 1998). The KcsA
channel contains only two transmembrane domains with an
intervening pore loop including a K'-selective motif GYG
(Fig. 1a and b), although at the amino acid sequence level,
this channel is more similar to the voltage-gated K chan-
nels (Schrempf et al. 1995). Functionally, it lacks any hint of
voltage gating because of the lack of a S4 region. X-ray
analysis revealed that four identical subunits form a tetramer
creating an inverted cone, cradling the selectivity filter of the
pore in its outer end. The overall length of the conducting pore
is 45 A, and its diameter is variable along its distance. The
internal vestibule of the pore begins as a tunnel of 18 A in
length that widens into a cavity (~10 A across) near the middle
of the membrane, with the narrow selectivity filter only 12 A
long. The remainder of the pore is wider and lined with
hydrophobic amino acids. The selectivity filter is lined by
the carbonyl oxygen atoms from amino acids residing in the
GYG signature sequence.

Fig. 1 a Stereoview of a ribbon a
representation illustrating the
three-dimensional structure of
the KcsA tetramer (PDB ID:
1K4C) in its closed conforma-
tion. Each monomer is distin-
guished by a different color. The
positions of the pore, selectivity
filter, transmembrane domains
TM1 and TM2, and C-terminus
are indicated. b Alignment of the
selectivity filter and pore resi-
dues depicting the variations and
conservation between KcsA, Kv
and Kir K channels
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The authors had concluded the crystallized channel was in
an open configuration, however, biophysical studies of mutant
proteins (Raja and Vales 2009a; Schrempf et al. 1995) had
indicated that the first crystal structure of KcsA was in a closed
state. Recently, other authors (Cuello et al. 2010a) succeeded
to elucidate a high-resolution crystal structure of the KcsA
(including its C-terminus) in its open-inactivated conforma-
tion, and investigated the mechanism of C-type inactivation
gating at the selectivity filter from channels ‘trapped’ in a
series of partially open conformations. The new crystal struc-
tures of full-length KcsA clearly indicate that transitions from
the closed state (Fig. 2a) to two partial opening structures (in
the 15 A structure) induce a small increase in distance
(Fig. 2b), which is further followed by a narrowing of the
pore in the open 17 A form. The major structural transition
eventually leads to the non-conductive forms of the selectivity
filter as observed in the open 23 A and open 32 A (Fig. 2c)
structures (Cuello et al. 2010a). The crystal structure of the
full-length KcsA channel thus provides the first three-
dimensional structure of the conduction pore that fits consis-
tently with current understanding of the core functionality of
K" channels.

To date, several fundamental findings of membrane pro-
teins related to oligomerization, channel stability, functional
analysis or channel blocking behavior are based on the ease
to gain KcsA and its designed mutants from engineered
E. coli strains, the in vitro stability of the functional tetra-
mer, and the available crystal structures. KcsA has not only
become the principal model for K* ion selectivity and per-
meation, but has also provided a major insight into the
mechanism of protein oligomerization and channel gating
(Raja 2010; Raja et al. 2007; Valiyaveetil et al. 2002). Many
mammalian K* channels are thought to share the same
topology as KcsA, namely the inwardly rectifying K™ (Kir)
channels. These channels also provide a valid test of the
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Poreand filter

Pore residues

71 74 76 78 80

KcsA ETATTVGYGD L
Kvl.1l VSMTTVGYGDM
Kvl.2 VSMTTVGYGDM
Kvl.3 VIMTTVGYGDM
Kvl.4 VIMTTVGYGDM
Kv3.3 VIMTTL GYGDM
Kv3.4 VIMTTL GYGDM
KIR1.1 ETQVTI GYG FR
KIR 2.1 ETQTTI GYG FR
KIR 4.1 ESQTTIGYG FR
KIR 6.1 EVQVTIGFG GR
KIR 6.2 EVQVTIGFG GR
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Fig. 2 Structures of selectivity filters of KcsA in closed 12 A (a, PDB
ID: 1K4C), open-activated 15 A (b, PDB ID: 3FB6) and open-
inactivated 32 A (¢, PDB ID: 3F5W) conformations showing different

assumption underlying homology modeling demonstrating a
shared architecture between KcsA and other K channels
(Capener et al. 2000; Sansom and Capener 2002).

In recent years, biochemical and biophysical approaches
enumerated to deepen our understanding of mechanisms
underlying assembly, stability, selectivity, and gating. In this
review, we cover key aspects to understand the role of the
selectivity filter at the molecular level in K channel func-
tion by combining mutagenesis and structural information
of the pore-region. We discuss the progress, challenges, and
opportunities in the exploitation of the KcsA structure, and
how the resulting knowledge may be used to target eukary-
otic K channels by pharmacological and emerging genetic
approaches.

Characteristics of the purified KscA protein
Single monomers are assembled into a stable tetramer

To gain large quantities of KcsA, the kcsA gene is transformed
into the heterologous Escherichia coli (E.coli) host. Cultiva-
tion and induction conditions have been optimized in such
fashion that the dominant portion of the protein resides repro-
ducibly in the membrane fraction, but neither within inclusion
bodies, nor in the cytoplasm. The use of selected detergents
(i.e. Mega9, Dodecylmaltoside and others) leads to an easy
extraction of the protein that can be purified by subsequent
affinity chromatography. From one liter of culture several mg
of the protein are obtained routinely (Schrempf et al. 1995).
Highly purified KcsA (usually histidine-tagged) assem-
bles spontancously to tetramers that are maintained in a
range of pH values or in the presence of various detergents.
Between 20 and 70 °C ~95% of the wild type KcsA protein
is assembled as tetramers and only ~5% is present as mono-
mers (Cuello et al. 1998; Meuser et al. 1999). Based on
these findings, generally tetramers have been used to ana-
lyse features of the KcsA channel. The amount of tetramer
versus monomer is a key to investigating the tetrameric

K" ion occupancies (in purple) at the selectivity filter. The residues in
the pore and the pore-helix are numbered in panel b

stability as a function of mutations or in a particular lipid
system by conventional gel electrophoresis (Raja 2010; Raja
et al. 2007).

Pore residues affect the assembly and channel activity

Mutations of critical residues in and around the pore signif-
icantly affect the assembly of monomers to form a stable
tetramer. The amino acid residue leucine 81 (L81) located at
the external side within the KcsA crystal structure (Doyle et
al. 1998) is exchangeable by a cysteine residue without
affecting the assembly and the channel characteristics. The
substitution of the tyrosine residue 82 by cysteine, valine or
threonine, but not by glycine, led to functional channel
types. Like the wild type, each of these mutant channels
exhibit an internal pH-sensitive side and are cation-
selective. Substitution of the glycine (G77) residue within
the GYG motif by an alanine (A) leads to mutant protein of
reduced tetrameric stability. In contrast to the mutant pro-
tein, containing the AVG motif, GFG functions as an active
K" channel whose characteristics correspond to those of the
wild type KcsA channel. The mutant proteins with a mutation
(T72A, T72C, VT76A, VT6E, G77E, Y78A, G79A, G79D, or
G79E) within the signature sequence of the pore region, either
do not or rarely assemble as tetramers and lack channel
activity (Splitt et al. 2000).

The mutation of the pore-helix glutamate E71 to alanine
removes the C-ype inactivation of the channel. The mesh-
work of residues involving E71-D80 carboxyl-carboxylate
interaction ‘behind’ the selectivity filter stabilizes the pore
of KcsA (Chakrapani et al. 2011). An exchange of threo-
nine T72 located within the signature motif of KcsA by
alanine induced the formation of the mutant protein T72A,
which did not assemble as a stable tetramer in vitro and
did not function as an active channel in a bilayer system.
Only a small portion of the KcsA mutant protein T72C
assembles as a tetramer. Replacement of the valine residue
in position 76 of KcsA by either alanine or glutamic acid
induces the formation of proteins lacking tetrameric
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assembly and functional channel properties in a bilayer.
Within the crystal structure of KcsA (Doyle et al. 1998),
V76 is orientated toward the pore helix. Its exchange by
glutamic acid may lead to a repulsion of the conserved
pore-helix negatively charged glutamic acid in position 71.
KcsA mutant proteins having a mutation within the GYG
motif (i.e., G77E, G79A, G79D and G79E) neither assemble
in vitro, nor form a functional channel. Replacement of the
aromatic residue Y78 by alanine abolishes tetrameric assem-
bly. On the basis of the crystal structure (Doyle et al. 1998)
the aromatic tyrosine 78 residue was shown to interact with
the two tryptophan residues in positions 67 and 68. It is thus
evident that a similar interaction is caused by a phenylala-
nine residue, but not by an alanine residue in position 78.
The side chains of mutated G79A are assumed to be pointed
out into the extracellular space above the pore indicating it is
most lilely involved in hydration/dehydration of outgoing/
incoming K" ions. Considering this structure, it is not obvi-
ous why G79A does not form a stable tetramer. The most
probable reason is that G79 mutations affect the rate of
hydration or dehydration of K" ions, thereby altering the
rate of K* entry into the pore. The protein G77A still
assembles as a non-functional tetramer indicating this ex-
change may also lead to a smaller diameter of the pore and
thus hinder the permeation of K" ions. The exchanges
G77E, G79E and G79D might be unstable, due to repulsion
effects with other amino acids within the pore region.
Substitution of the amino acid residue L81 of KcsA by
cysteine leads to the formation of a protein which still assem-
bles as a tetramer but has a much lower melting point than the
WT protein. In a previous attempt to define pH-dependent
molecular movements near the selectivity filter (Perozo et al.
1999), many amino acids had been replaced by cysteine
residues. No significant change could be ascertained for
exchanges of amino acid residues (including L81C) at the
external side of the selectivity filter in probe mobility or
spin-spin interaction. In the first crystal structure of KcsA
(Doyle et al. 1998), the four-fold symmetry cannot be seen
within the X-ray diffraction patterns. Therefore it cannot be
concluded that the four subunits supply identical sets of atoms
in a symmetrical manner to provide the pore lining (Choe et al.
1999). However, it could be deduced that the TVGYG motif
(amino acids 75-79) forms a stretch of 12 A in length with the
narrowest opening of the pore (Doyle et al. 1998). As the
dimensions of the selectivity filter are determined by lining the
groups, hydrogen bonds and van der Waals interactions with
the remaining protein, it is conceivable that already subtle
alterations of the amino acid composition in this region
affect the stability of the tetrameric arrangement.
Different conformational rearrangements deduced in the
new structures of KcsA are quite informative in describing
the effects of mutations of pore residues on channel assem-
bly and activity. According to these structures, the filter
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cannot conduct ions when two ion binding sites, S2 and
S3, are compromised by rearrangements in the backbone
conformation at or close to the G77 position (Cuello et al.
2010a). In this regard, the non-functionality of the G77A
mutant can well support the idea that S2 and S3 sites are
completely abolished. The most likely explanation of this
effect is that the introduction of a bulky methyl group by Ala
substitution at G77 affects the side chain packing around the
filter. The channels carrying this mutation may have the
predominantly open non-conductive conformation (23 or
32 A). Similarly, in the V76A mutant, the S4 site is most
likely abolished thus leading to a collapsed channel structure.

On the basis of molecular dynamics simulations, it is
interesting to note that a salt bridge between D80 and R89
of neighbouring subunits possibly plays an important part in
the stabilization of the KcsA tetrameric structure (Guidoni et
al. 1999). All these studies clearly demonstrate that a selec-
tivity filter is a major determinant in stabilizing the channel
assembly. It is important to mention here that we do not
discuss the roles of residues at the inner bundle crossings
that are also found crucial in controlling the stability and
channel assembly as discussed in a recent review (McCoy
and Nimigean 2011).

Can KcsA help understand the pore stability
in eukaryotic K* channels?

The crystal structure of KcsA and subsequent mutagenesis
reveal a high structural conservation from bacteria to human
(Doyle et al. 1998; MacKinnon et al. 1998). From sequence
comparison, it is clear that KcsA exhibits considerable se-
quence similarity with the members of the Kv family; how-
ever with Kir channels it is quite low (Shealy et al. 2003).
Nevertheless, the K selectivity filter region is the only
portion of KcsA that shares substantial sequence identity
with eukaryotic K* channels (Shealy et al. 2003) (also see
Fig. 1b). There are few incompatibilities found between the
dimensions of the inner pore obtained from the x-ray struc-
ture of closed KcsA and that estimated from the results of
stoichiometric covalent modification (Lu et al. 1999) or
mutagenesis (Thompson et al. 2000). Hitherto, these obser-
vations point to the fact that dissimilar residues in the filter
of KcsA and other K channels may account for the ob-
served differences in dimensions of the pore.

We provide a few examples that support the notion as to
whether or not the KcsA structure can be considered useful
in understanding the molecular architecture of distinct pores
in other K channels. In this regard, a surprising observation
has been made in which the sub-regions of the M1-M2
linker (pore-helix and selectivity filter) of KcsA could be
successfully swapped with those of the S5-S6 linker of the
human Kv-channel Kvl1.3, and Kv1.3 specific scorpion
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toxins could bind to KcsA-Kv1.3 chimeras. With link to the
structure-based design strategy, several charybdotoxin ana-
logs have been prepared with about 20-fold higher affinity
to block Ca”"-activated K" channels versus voltage-gated
Kv1.3 channels (Rauer et al. 2000).

Another approach of studying the pore properties is
by subsequent mutagenesis in which particular or dis-
similar residues can be exchanged from one channel to
the other. Most Kv channels have a valine at the position
corresponding to the pore-helix Glu71. Interestingly, the
E71V mutation in KcsA, which mimics the situation in Kv
channels, retains K™ and Na" selectivity. These results have
led to the important conclusion that the E71 side chain is not a
key determinant of ion selectivity in KcsA, either directly or
through the E71:D80 carboxyl—carboxylate bridge, and that
some of the conformational states of the filter, as deduced by
Glu71 mutational analysis, may play a role in other K chan-
nels (Chakrapani et al. 2011). However, in Kir channels
residues equivalent to Glu and Arg (E71 and L8I at the
corresponding position in KcsA, respectively) form an
ionic bond which is critical in stabilizing the selectivity
filter (Dibb et al. 2003; Yang et al. 1997). The common feature
among KcsA and Kir channels is that both channels form
tetrameric proteins of one-pore/two-transmembrane (1P/
2TM) domain subunits that equally contribute to the forma-
tion of highly selective K channels. Although, the pore-helix
Glu is quite conserved among both types of channels the
network of interactions is not translatable from one channel
to the other (Raja 2011).

Another remarkable difference between KcsA and other
eukaryotic K channels is related to the channel intrinsic
stability. KcsA forms an extremely stable tetramer (Schrempf
et al. 1995; Splitt et al. 2000) but many eukaryotic K* chan-
nels do not (Nishida et al. 2007; Raja and Vales 2009b;
Ramjeesingh et al. 1999; Thompson et al. 2000). In this
regard, the KcsA structure not only provides a fundamental
understanding of channel stability and permeation behavior in
a selective K channel, it also serve as a useful model protein
in determining the stabilizing differences among K channels.
For instance, dissimilarity in the stability of KcsA and Kirl .1
channel has been studied by over expressing both types of
channels in their suitable hosts and comparing their tetrameric
profiles in the presence of either oxidizing or reducing con-
ditions. These studies indicate that the Kirl.1 channel forms a
less stable tetramer compared to an extremely stable KcsA in
the presence of SDS detergent and that the structure and
function of both channels differ due to their dissimilar intrinsic
stability (Raja and Vales 2009b).

Few critical residues have been identified in the selectiv-
ity filter of KcsA that seem to be crucial in determining the
stability and/or channel characteristics in other K" channels.
In particular, the selectivity filters of KcsA [T’*T V’°
GY'®G] and Kir (e.g., KIR1.1/6.1/6.2 — VTI GY/FG)

channels differ in few residues. Substitution of tyrosine
(Y78) by another aromatic residue phenylalanine (F) forms
tetramers of reduced stability (Schrempf et al. 1995). This
can be due to the removal of bulky hydroxyl group from the
side chain of tyrosine (Y) that affects the packing of residues
slightly different than in KcsA wild type protein. However,
contrary to the Y78A protein, Y78F still functions as a K"
channel whose electrophysiological properties correspond
to those of the WT KcsA. Replacement of V76 by isoleu-
cine (V76I) not only drastically decreases the intrinsic sta-
bility and channel activity but also changes the tetrameric
folding properties in the membrane (Raja and Vales 2009a).
According to the new structural data, V76 is also flipped in
an open-inactivated (23 and 32 A) states of KcsA (Cuello et
al. 2010D). It is interesting that in molecular dynamics (MD)
simulations of Kir6.2 the backbone carbonyl of bulky Ile131
(V76 at the corresponding position in KcsA) is flipped
thereby narrowing the pore in this region in low K (Capener
et al. 2003). Thus, the filter structure of V76I-KcsA seems to
be quite similar to an open-inactivated state of 23 or 32 A. In
line with these observations, long-range conformational
changes (from the site of the perturbation to the periphery/
membrane interface) found in the V761 mutant channel seem
to be quite similar to the KcsA channel carrying the M96V
mutation in the TM2, which destabilizes the channel open
state, or in the presence of low K™ concentration (Lockless et
al. 2007; Zhou et al. 2001).

The differences in filter residues may account for differ-
ences in ion occupancy and therefore intrinsic stabilities of
K" channels. This hypothesis could be well supported by
using a genetically engineered KcsA mutant (carrying T74V
and V761 double mutations) which is converted into mono-
mers, despite an extremely stable tetramer in the presence of
SDS detergent. The observed stability pattern of the mutant
is quite similar to the stability of Kirl.1 or other Kir chan-
nels (Raja and Vales 2009b, 2010; Ramjeesingh et al. 1999)
that run as monomers in a SDS-gel. The double mutant also
exhibits sensitivity to Na" as Na" blocks KcsA and other K*
channels, indicating that changing multiple residues in
KcsA toward Kir channels does not make the channel non-
selective. According to the crystal structure, a mutation at
threonine 74 (T74V) should disrupt the inactivation state in
the open-inactivated mutant V761 which is very similar to the
scenario of E71H-FO13A double mutation in KcsA (Cuello et
al. 2010a). Since non-polar van der Waals interactions be-
tween Phel03 and Thr74/Thr75 play a role in activation-
inactivation coupling, this interaction is interrupted in a
T74V mutant thereby destabilizing the inactivated conforma-
tion. Thus, the conductive form of this mutant probably cor-
responds to the fully occupied state of K ions (14, 15 A),
similar to that observed in the closed KcsA structure.

The T74V mutation in V76I-KcsA not only destabilizes
the inactivated state, but also widens the diameter of the
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inner pore (referred to the narrowest part). This allows
quaternary alkyl ammonium ions (QAs) larger than TEA
to block the mutant channel pore. These findings indicate
that mutant channel exhibits distinct dimensions of the inner
pore and the modified channel pore undergoes similar struc-
tural arrangements as established in eukaryotic K channels.
For example, the affinity of squid voltage-activated K"
channels for larger QAs, such as tetrabutylammonium
(~10 A) and tetrapentylammonium (~11 A), is much higher
than that for TEA (~7 A) (French and Shoukimas 1981). A
similar phenomena has been reported for Kirl.1 channels
(Oliver et al. 1998), indicating that the inner pore is so wide
that it may not sustain single-ion filing. Thus, the inner pore
of the mutant channels likely shares some common archi-
tectural features, although dissimilar residues may possibly
account for differences in pore dimensions among simple-
structured KcsA and more complex eukaryotic K™ channels.

It is also important to mention that D80 (phenylalanine/
tyrosine/glycine in Kir channels) and L81 (methionine in Kv
and arginine in Kir channels) that are positioned at the filter
mouth and contribute to the structure of the pore (Morais-
Cabral et al. 2001; Zhou et al. 2001) may also stabilize the
channel assembly. Future experiments will shed more light
on the role of such residues by site-directed mutations in
KcsA toward eukaryotic channels.

Outcome and challenges

Mutations in the filter residues, as discussed above, drasti-
cally affect the channel assembly, ion occupancy behavior
and the diameter of the pore thus leading to possible open-
inactivated states. By combining mutagenesis and structural
information, the KcsA channel can be considered structur-
ally very similar to eukaryotic K* channels (Capener et al.
2003). However, most data in the literature refer to the
functionality and in some case to the closed KcsA structure,
which is without the C-terminus. The new structural data
now provides more accurate insight into the arrangement of
residues surrounding the filter region that stabilize the chan-
nel in distinct conformational states. There exist few incom-
patibilities among KcsA and other K channels with regard
to the pore dimensions; hence the network of interactions is
not easily transformed to other K* channels. In this regard,
the site-directed mutagenesis approach has emerged to im-
prove our understanding of how different filter residues may
account for dissimilarities in channel gating and structural
stability among different K channels. The filter residues
can easily modulate the interaction among subunits and
therefore the intrinsic stability. Compared to Kir channels,
KcsA structural findings are not easily exchangeable partic-
ularly with the voltage-gated K" channels, that constitute a
majority of K™ channels, since they contain voltage sensor
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or 4TM domains absent in KcsA. This is the main limitation
of the chosen model K™ channel.

Although the knowledge is still limited, the structural
conservation as well as variations among KcsA and other
K" channels, through application of mutagenesis, structural
and functional analysis, should be exploited to advance our
understanding of pore differences among a variety of K"
channels. Assuming that the novel structures on mixed open
forms of KcsA reveal distinct channel gating patterns that
could correlate to other K channels the new structural
information should be applied to design selective com-
pounds targeting the pores of K channels in disease con-
ditions. Most importantly, the stabilizing differences, besides
what we have discussed in this review, should be explored in
much more detail among various K channels by mutagenesis
approaches that would help identify the subunit assembly
partners and therefore selective regulators of K™ channels.
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