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The selectivity filter and adjacent regions in the bacterial KcsA and inwardly rectifying K* (Kir) channels
reveal significant conformational changes that cause the channel pore to transition from an activated to
inactive state (C-type inactivation) once the channel is open. The meshwork of residues stabilizing the
pore of KcsA involves Glu71-Asp80 carboxyl-carboxylate interaction ‘behind’ the selectivity filter. Inter-
estingly, the Kir channels do not have this exact interaction, but instead have a Glu-Arg salt bridge where
the Glu is in the same position but the Arg is one position N-terminal compared to the Asp in KcsA. Also,
the Kir channels lack the Trp that hydrogen bonds to Asp80 in KcsA. Here, the sequence and structural
information are combined to understand the dissimilarity in the role of the pore-helix Glu in stabilizing
the pore structure in KcsA and Kir channels. This review illustrates that although Glu is quite conserved
among both types of channels, the network of interactions is not translatable from one channel to the
other; thereby suggesting a unique phenomenon of diverse gating patterns in K* channels.

Channel activation-inactivation
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1. Introduction

Potassium (K*) channels are increasingly being elucidated as
molecular targets in a number of pathophysiologic states, and they
continue to trigger considerable enthusiasm as drug targets. The
pivotal role of K' channels in various physiological processes
including neuronal signaling, vascular and nonvascular muscle
contractility, cardiac pacing, auditory function, hormone secretion,
immune function, and cell proliferation has been highlighted by
the recent outbreaks of discoveries linking K" channel mutations
to various inherited disorders. The major discovery of the crystal
structure of the KcsA channel established a design of K* channel
structure with 3.2 A resolution [1,2]. In KcsA and most K*-channels
the selectivity filter comprises the “canonical” filter sequence
TXGYGDX, where X represents an aliphatic amino acid (Fig. 1).
The corresponding residues in eukaryotic inwardly rectifying K*
(Kir) channels are TXGYGFR, with Y and F sometimes replaced by
another amino acid [3].

The crystal structure of the KcsA channel in its open-inactivated
conformation provides a mechanism of C-type inactivation gating
at the selectivity filter from channels ‘trapped’ in a series of par-
tially open conformations [2]. In KcsA, the rate and extent of C-type
inactivation is contingent upon interactions involving residues
Trp67, Glu71, and Asp80 behind the selectivity filter [4,5]. The side
chain of Glu71, a residue that deeply influences C-type inactivation
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in KcsA, seems to undergo a large rotameric reorientation of about
90° which may alter the strength of the carboxyl-carboxylate
interaction with residue Asp80 [6]. Interestingly, a number of
mutational studies [4,7-9] together with the sequence and struc-
tural similarities of KcsA and eukaryotic K* channels in the region
of the selectivity filter [10] as well as side-chain rearrangements at
position 103 [11] strongly suggest that the activation and inactiva-
tion processes in KcsA and a variety of other K* channels are mech-
anistically similar.

A considerable amount of functional data indicate that in
eukaryotic K* channels C-type inactivation involves a localized
constriction in the outer vestibule of the selectivity filter [3]. Anal-
ogous flanking pairs of ionizable side chains are found solely
among the members of the Kir channel family. All Kir channels
are tetrameric proteins of one-pore/two-transmembrane (1P/
2TM) domain subunits that equally contribute to the formation
of highly selective K* channels. In these channels, residues equiva-
lent to Glu and Arg (E71 and L81 at the corresponding position in
KcsA, respectively) have been shown to form an ionic bond critical
in stabilizing the selectivity filter [12,13].

Although KcsA exhibits significant sequence similarity with the
members of the voltage-gated K*-channels (Kv) family, that with
Kir channels is quite low (30% in the pore region and 15% overall)
[14]. Taken into account several structural and functional differ-
ences among KcsA and Kir channels the well characterized mesh-
work of pore stabilizing network of residues in KcsA is apparently
different in Kir channels (Fig. 1). The structural consideration is
therefore required to improve our understanding of the pore
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. Filter

* *

LWWSVETATTVGYGDlL

KcsA

Kir1.1 FLFSLETQVTIGYGFR
Kir2.1 FLFSIETQTTIGYGFR
Kir2.2 FLFSIETQTTIGYGLR
Kir3.1 FLFFIETEATIGYGYR
Kir6.1 FLFSIEVQVTIGFGGR
Kir6.2 FLFSIEVQVTIGFGGR
Kir7.1 FSFSLETQLTIGYGTM
KirBac1.1 FFFSVETLATVGYGDM
KirBac3.1 FFFSVQTMATIGYGKL

Fig. 1. Differences and conservation of signature sequence and pore residues
among KcsA and some Kir K™ channels. The conserved or different residues are
highlighted by asterisks.

stability in diverse K*-channels. In particular, the pore-helix Glu is
quite conserved in many Kir channels, but absent in Kv channels,
as determined by comprehensive sequence alignment [15]. This
Glu is a key residue which controls the overall structure of the pore
during channel gating in KcsA and many Kir channels via a dissim-
ilar mechanism; hence it is the main focus of this mini review.

2. Carboxyl-carboxylate interaction in KcsA channel: how does
it stabilize the pore structure?

It is well known that the conductive conformation of the selec-
tivity filter is metastable and can undergo a spontaneous transition
into a long-lived nonconducting state [7]. This inactivation process
is suppressed by an E71A mutation in the pore helix, but the tetra-
meric stability of KcsA channel is unaffected [4,16]. Although the
intracellular gate is structurally open, the channel is functionally
inactivated. In KcsA, an interaction between Glu71, Asp80, and
Trp67 leads to destabilization of the conductive conformation of
the filter (Fig. 2A) and promotes inactivation. Eliminating the car-
boxyl-carboxylate interaction between Glu71 and Asp80 increases
the flexibility of the side chain of Asp80 and weakens its hydrogen
bonding to Trp67 thus preventing the channel from entering the
inactivated state [4]. Furthermore, in the absence of C-type inacti-
vation, mutations E711 or E71Q expose a series of kinetically dis-
tinct modes of gating, as seen in wild-type KcsA channels, in a

side chain-specific way. These findings suggest that specific inter-
actions in the side chain network surrounding the selectivity filter,
in concert with ion occupancy, alter the relative stability of pre-
existing conformational states of the pore [17]. Furthermore, E71
mutations differentially destabilize the detergent-solubilized tet-
ramer; among them, the E71V neutralization mutant has a rela-
tively subtle effect, i.e.,, E71V mutant retains K*/Na" selectivity,
and its conductance in the outward direction is unaltered. These
results suggest that the E71 side chain is not a primary determi-
nant of ion selectivity or conduction in KcsA, either directly or
through the E71:D80 carboxyl-carboxylate bridge [17].

The outward ‘flipping’ of the Asp80 side chain relative to its
position in wild-type KcsA [17] is a movement reminiscent of the
conformation observed in one of the crystal forms of E71A [4]
(the so-called ‘flipped’ structure) and in the selectivity filter of
Kir3.1-KirBac1.3 chimeric channel [18]. The overall mobility of
the Asp80 side chain is enhanced when there is no interaction with
Glu71. In contrast, most Kv channels have a valine at the position
corresponding to Glu71 in KcsA indicating that some of the confor-
mational states of the filter, as deduced by Glu71 mutational anal-
ysis, might play a role in other members of a K* channel family [17].

3. A salt bridge in Kir pore stability: can this contribute to the
structural and functional diversity of K* channels?

In the absence of an X-ray structure for Kir6.2, the structure of
KcsA was used as a basis for generating homology models of Kir6.2
that were studied by molecular dynamics (MD) simulation [14,19].
Furthermore, Kir6.2 was modeled to explain how extracellular res-
idues (in the M1-P loop) contribute to the channel gating differ-
ences between Kir6.1 and Kir6.2 [20]. Later, the groups of
Sansom and Ashcroft validated homology models of different Kir
channels based on KirBac, Kir6.2 as well as the more recent chime-
ric Kir structure [21-23]. Indeed, a crystal structure of the cKir2.2
channel could provide high resolution structural data for the pore
of a Kir channel [24], which may now serve as a model Kir channel.
This structure shows that the pore Glu forms a salt bridge with a
highly conserved Arg above it. The pore region is attached by an
ionized hydrogen bond between R149 in the filter sequence
TXGYGFR and E139 (Fig. 2B). The distance between Glu O-¢ and
Arg N-m is 2.4 A which is perfectly compatible with an energeti-
cally strong interaction. Mutations altering this interaction have
been shown to alter channel function [12,13]. For instance, muta-

Fig. 2. (A) A single-subunit P-loop (KcsA, NCBI accession number POA334) is shown with positions 67, 71, and 74-80 in stick representation. In the wild type KcsA channel,
the interactions between Glu71, Asp80, and Trp67 stabilize the channel conformation and promote C-type inactivation. (B) A single-subunit P-loop (cKir2.2, PDB accession
number 3]YC) is shown with positions 139 and 142-149 in stick representation. The salt bridge between conserved residues Glu and Arg stabilizes the pore structure in Kir

channels. All structures were constructed in a PyMol modeling program.
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tion of R148E in Kir2.1 results in a non-functional channel [13].
Furthermore, the mutation of the equivalent Glu and Arg residues
in Kir3.4 causes dramatic loss of ion selectivity and inward rectifi-
cation in the Kir3.1/Kir3.4 channel [12]. The crystal structure
clearly demonstrates that this interaction ties together two seg-
ments of the pore region within a single subunit [24]. Despite
the presence of substantially different protein contacts surround-
ing the selectivity filter, the main-chain structure of the filter in
Kir2.2 is the same as in other K*-channels [6]. It is important to
mention that the conserved cysteine pair in eukaryotic Kir chan-
nels (e.g., Kir2.2 [24]) creates a circularized pore region via disul-
fide bond between Cys123 and Cys155 (Fig. 3A). The existence of
a disulfide bond could be confirmed by mutagenesis studies indi-
cating that the mutation of the corresponding cysteines in Kir2.1
abolishes the channel activity [25]. While this bond is not “squeez-
ing” the selectivity filter as the E71-D80 interaction in KcsA is con-
sidered to do, it may, perhaps, rigidify the top of the Kir channel
pore. Such situation is completely absent in KcsA (Fig. 3B) suggest-
ing again that E71-D80 is the only interaction that condenses the
channel pore.

Furthermore, most Kir channels have a Phe, Tyr or Gly at the po-
sition corresponding to Asp80 in KcsA (Fig. 1). This position seems
not to be involved in the molecular interactions stabilizing the
channel pore in Kir channels. Also, Kir channels have a Leu at the
position corresponding to Trp67 in KcsA (compare Fig. 3A and B).
This indicates that Phe 134 may not be involved in intra-protein
interactions stabilizing the pore structure, but its role as an
anchoring residue at the membrane-water interfacial regions
(see review [26]). Such differences in interactions stabilizing the

A Filter
/

Fig. 3. Top views of the pore regions of Kir2.2 (A) and KcsA (B) single monomeric
subunits. The views are adjusted to elaborate the differences in the arrangement of
aromatic residues with regard to the pore-helix as well as the meshwork of
interactions stabilizing the channel pore structure. K* ions (in purple) are placed in
the selectivity filter. (For interpretation of the references to colors in this figure
legend, the reader is referred to the web version of this paper).

pore structure in KcsA and Kir channels may also suggest one of
the reasons of structural and functional differences among these
channels, in addition to the interactions affecting the channel
intrinsic stability and subunit assembly in the selectivity filter
[27,28].

4. Summary and hypothetical perspective

The current view about the K'-channel KcsA in defining the
pore-helix, selectivity filter and external vestibule as dynamic
structures can stimulate major concerns regarding conformational
changes including shifts in the filter backbone that can drastically
affect the gating behavior in other K*-channels [17]. Here an
important consideration into structural differences among KcsA
and Kir channels is described to further refine the pore stabilizing
differences in K*-channels by using KcsA and Kir2.2 as model pro-
teins. The E71-D80 carboxyl-carboxylate interaction in KcsA has
been well studied experimentally and computationally and struc-
tures exist of a variety of E71x mutants as discussed in this review.
The current theory is that these and other similar interactions
cause the selectivity filter to transition from an activated to inac-
tive state in a dissimilar fashion. Although all Kir channel subfam-
ily members express the conserved Glu-Arg charges and are
expected to contain the same intra-subunit salt bridge [12] the ab-
sence of this salt bridge in Kir7.1 or prokaryotic Kirs, which still
conduct and gate perfectly, may suggest that it may be a feature
specific to the physiological role of Kir channels in different cell
types. This review highlights an interesting comparison between
the sequences of diversified Kir and KcsA channels that could ex-
plain why Kir channels present phenotypes that differ from those
of other K* channels. Experimental studies involving mutagenesis,
rigorous simulations combined with a detailed mechanistic analy-
sis and free energy calculations should be performed to demon-
strate the validity of this concept. However, the compensatory
changes in side chain packing upon point mutation may be difficult
to predict, and the effects may be diverse even within a K* channel
family.
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