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verse as well, except for the region that has been ordained the “selectivity filter”. The goal of this review is
to examine our current understanding of the role of the selectivity filter and regions adjacent to it in speci-
fying selectivity as well as its role in gating/inactivation and possible mechanisms by which these processes
are coupled. Our working hypothesis is that an amino acid network behind the filter modulates selectivity in
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1. Introduction

In this manuscript we discuss the role of the selectivity filter region
in determining both selectivity and inactivation (a non-conductive state
of the channel, distinct from a closed state) from the perspective of the
prokaryotic potassium channel KcsA. We focus on three different fami-
lies of potassium channels: the voltage-gated potassium channels, the
inward rectifying potassium channels, and the calcium-activated potas-
sium channels.

Voltage-gated potassium (Kv) channels are members of the S4
superfamily of ion channels [1,2], each subunit is characterized by 6
transmembrane helices (S1-S6), a voltage sensor within helices S1
through S4 (with positively charged amino acids every 4th position
in S4), and a pore region between S5 and S6 (Fig. 1A). Kv channels
are conserved from bacteria to humans, are ubiquitously expressed,
and have a multitude of physiological roles.

Inward rectifier potassium (Kir) channel subunits have only two
transmembrane helices flanking a pore region, corresponding and homol-
ogous to the S5 and S6 segments in Kv channels (Fig. 1B). Kir channels
also possess a cytosolic domain composed of both the N- and C-termini
of the channel that helps regulate channel gating [3].

Calcium-activated potassium (Kc,) channels are also members of the
S4 superfamily of ion channels. The large conductance Ca**-activated
K* channels (BK, MaxiK, Kc,1) are both voltage and Ca?* activated
(Fig. 1C). Ca®* activation occurs via Ca>* binding to multiple sites on
the cytosolic region of this channel [4,5]. Conversely, the small conduc-
tance Ca-activated K™ (SK, Kc.2 and 3) channels are not voltage gated
(despite possessing a voltage sensor-like domain) and Ca%™" activates
them via binding to calmodulin, which is constitutively bound to the
cytosolic portion of the channel [6-9].

All of these channels share a similar pore architecture where the
acute selectivity for K* over Na*t occurs. KcsA (Fig. 1D) has high
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sequence similarity in this region with the eukaryotic K™ channels
described above (Fig. 1A-C), and consequently provides practical
insight into the pores of all homologous K™ channels. In addition to
there being a high-resolution crystal structure available [10,11],
KcsA is a well-characterized K* channel with both high K™ conductance
and high selectivity against Na™ ions [12-15, 16]. KcsA has only two
transmembrane helices, similar to the Kir channels, and a cytoplasmic do-
main of unknown function. There are high resolution structures of KcsA in
several conformations [11,17], with different ions in the pore [18-20], and
in complex with different blockers and antibodies [11,21-23]. This per-
mits thorough investigations of mechanistic aspects of gating and perme-
ation in potassium channels with both theory and experiments.

1.1. Early studies of K* channels

In the early 1950s Hodgkin and Huxley released a series of papers in
which they describe the laws that control the movements of ions through
the surface membrane of giant nerve fibers [24-28]. In doing so they
definitively demonstrated that the cell membrane can selectively distin-
guish between and control the permeation of Na* and K*. One of the ear-
liest theories for this selectivity was conceived by Mullins. He suggested
that pores in the membrane were responsible for ion conductance and
that selectivity was dependent on size complementarity between the
pore and the ion [29]. He further speculated that the pore would remove
the outer hydration layers of the ion, leaving a single hydration layer
around the ion to interact directly with the interior of the pore [29].
Attempts to pass TEA', Na™, Li*, or Cs™ through the squid axon K*
pore resulted in a drop in conductance suggesting that cations block K™
permeation through the channel [30-33]. This led Bezanilla and Arm-
strong to suggest that the potassium channel has a wide intracellular
mouth that binds monovalent cations nonselectively followed by an
inner tunnel with dimensions specific for a dehydrated K* ion, lined by
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Fig. 1. Topology diagrams of K™ channels. Transmembrane pore forming helices are cyan, additional transmembrane helices are tan or brown, the helix within the P-loop is pink,
and cytosolic helices are green. A. Kv subunits contain six transmembrane helices. Helices S5 and S6 form the pore while helices S3 and S4 function as a voltage sensor. B. Kir sub-
units contain two transmembrane pore forming helices as well as an additional N-terminal helix and a cytosolic domain that allows the channel to be regulated by different sub-
stances. C. K¢, subunits are topologically more similar to Kv channels. Kc;1.1 channels have an additional transmembrane helix (SO) for a total of seven. Kc,2 and Kc, 3.1 channels
have six transmembrane helices like Kv channels, but also contain a cytosolic domain to bind calmodulin. D. Each KcsA subunit is composed of two transmembrane helices con-
nected by a P-loop. These helices extend into the cytosol to form a structural domain that is generally removed to aid crystallization (not shown).
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a ring of carbonyl oxygens for solvating K™ but not ions smaller than K™
[32]. Further, they speculated that the pore chooses the preferred ion by
placing a large energy barrier for small monovalent cations to enter the
pore, a process they called selective exclusion. In 1988 Neyton and Miller
reassessed this kinetic argument and introduced the idea that the
pore chooses its preferred ion via selective binding rather than
selective exclusion, a thermodynamic concept in which the ions that per-
meate bind to specific pore sites with higher affinity than the ions that do
not permeate [34,35]. At the same time, they identified 4 different ion-
binding sites inside the pore [34,35], reinforcing earlier hypotheses
about the single-file multi-ion nature of K* channels [36,37].

1.2. The selectivity filter

Cloning of the potassium channel gene [38] allowed the identifica-
tion of the amino acid composition of the selectivity filter region,
TTVGYGD (where only the glycines are strictly conserved), called the
signature sequence of potassium channels (Fig. 2) [39]. This signature
sequence is found in almost all known potassium channels, with some
notable exceptions being Kir 6, EAG, and two-pore-domain K™ channels
that contain a Y to F substitution [40,41]. Systematic mutations of resi-
dues in and immediately adjacent to this signature sequence in the volt-
age gated channel Shaker revealed that specific substitutions can
reduce the selectivity of the channel [39]; however, without the struc-
ture it was impossible to draw further conclusions about the mecha-
nism of this selectivity change. Also, as demonstrated in a recent

study in which the authors failed to increase K™ selectivity in an
HCN4 channel by changing the selectivity filter to match the signature
sequence [42], there are clearly other parts of the channel involved in
conferring selectivity, such as in Kir3.2 where K™ selectivity in an un-
selective mutant was restored by addition of negative charge to the cen-
tral cavity [43,44].

2. K" channels have different selectivities for monovalent cations

A number of cations are able to permeate through K™ channels. Rel-
ative permeabilities are usually determined by calculation of a perme-
ability ratio from reversal potential measurements or from single-
channel current-voltage relationships [45]. Early on, it was found that
permeability ratios followed the sequence: Py;>Pg>Pgp>Pny, in potas-
sium channels from frog nerve fibers, while permeation by Li*, Na™,
Cs*, methylamine, guanidine, hydrazine, and hydroxylamine was
undetectable [46]. Generally, the permeabilities of K*, Rb™, TI*, and
NHZ are measurable, with small variations across different K™ chan-
nels, while Lit and Na™ do not permeate K* channels [47]. However,
K" channels behave differently with respect to Na™ depending on
whether K™ is present or not. Some K™ channels allow Na™* permeation
in the absence of K™, like Kv3 [48], Kv2.1 [49], Kv1.5 [48,49], KcsA mu-
tants [50], Kir mutants [51], and chimeras and mutants of voltage-gated
K" channels [52,53], while at the same time preserving high selectivity
in the presence of K*. Other K™ channels do not allow Na™ currents in
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Fig. 2. Sequence alignment of representative K channels. All sequences except for chicken Kir2.2 were taken from the Uniprot Knowledgebase and are listed with the appropriate
accession number. The Kir2.2 sequence was taken from Protein Data Bank entry 3]JYC. Sequence regions highlighted in blue or brown represent residues found in the pore helix or
helix TM2/S6 based on the structure of KcsA (PDB ID: 1K4C). Amino acids highlighted in yellow correspond to the signature sequence residues that make up the selectivity filter.
Residues represented as red text are shown/predicted to form interactions within the selectivity filter and/or its surrounding scaffolding as depicted in Fig. 3.
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the absence of K* (for example Shaker and KcsA) and can even become
defunct [47,54-56].

Kca1.1 channels also demonstrate high selectivity for K+ over Na™
[57,58]. Initial characterizations of selectivity in small conductance
Ca?*-activated K+ channels (Kc,2) using reversal potentials found
high K% selectivity with permeability sequences similar to other
K* channels and no evidence of Na* permeation [6,59,60]. In con-
trast, a more recent study found relatively large Na* and Li* conduc-
tance in both rat Kc;2 and human Kc;3.1 with a permeability
sequence of Py>Pry>>Pnp,=Pcs~Pri~Pna, suggesting that these
channels may be less selective than originally believed [61].

Interestingly, despite having a canonical GYG-containing signa-
ture sequence for K™ in the selectivity filter, a permeability sequence

A. KcsA Filter in High

C. E71A KcsA in High K* (Flipped)

" (Flipped)

D. E71A KcsA in Low

of Pp;>Py>Prp~Pna>>Pr; was observed for HCN (hyperpolarization
activated and cyclic nucleotide gated) channels [62,63]. Permeation
of Na™ in general is much higher in HCN channels, ranging from 1/3
to 1/5 the permeation of K* [64]. In addition Ca?" has also been
shown to permeate through certain HCN channels [65,66].

This variability in selectivity raises questions about the molecular
identity of the elements that governs these differences among potas-
sium channels with the same signature sequence. KcsA, a prokaryotic
potassium channel with a high-resolution structure, a canonical
TTVGYGD signature sequence, and permeation properties consistent
with those of eukaryotic K channels, is an ideal model to use to
begin to understand the mechanism behind these selectivity
differences.

%

Fig. 3. Stereo diagram depicting different crytallographically observed KcsA selectivity filter conformations. Two subunits have been removed for clarity. Spheres are colored to rep-
resent different species: purple for K™, orange for Na*, and red for H,0. A. Active conformation of filter in presence of high K* (PDB ID: 1K4C). B. Collapsed filter in the presence of
Na™ and reduced K™ (PDB ID: 1K4D). C. Filter with E71A mutation in the presence of high K*. D80 swings out of the selectivity filter and multiple carbonyls within the filter move
out of the conduction pathway. Functionally this mutation removes inactivation. D. Filter with E71A mutation in the absence of K* and the presence of Na™. The filter looks very
similar to the E71A KcsA channel in the presence of high K* suggesting that the E71A mutation removes inactivation by preventing the selectivity filter from collapsing as in Fig. 4B.



image of Fig.�3

276 J.G. McCoy, C.M. Nimigean / Biochimica et Biophysica Acta 1818 (2012) 272-285

3. KcsA, a model K* channel
3.1. Function and structure

KcsA was the first potassium channel to have its structure solved. It
was identified in the genome of Streptomyces lividans and subsequently
expressed, purified, reconstituted, and electrophysiologically character-
ized [12,15,16]. Its sequence suggested that it contained only two trans-
membrane segments (TM1-2) similar to those of inward rectifying
channels, but its P-loop (the loop containing the selectivity filter) se-
quence and the second, pore-lining transmembrane segment (TM2)
shared greater identity with voltage-gated channels (Figs. 1 and 2)
[12,16]. It was further shown that the channel was pH gated and only
became active in bilayers at a pH below 5 [15,67]. Examination of
KcsA selectivity revealed it was similar to that of other potassium chan-
nels. These studies included radioactive fluxes (K*>Rb*>NHj>>
Na*>Li*), single channel amplitude measurements in symmet-
rical solutions (K™>Rb*~NHf ~TI™>>Na*>Li"), and determination
of reversal potentials under bi-ionic or mixed ion solutions (TI">
K*>Rb">NH{>>Na*>Li") [14,15]. Measurements of the K*/Na™
permeability ratio as calculated by reversal potentials gave a value great-
er than 160, whereas measurements of the K*/Na™ escape ratio at large
depolarized voltages, as determined by relief of block experiments (in-
tracellular Na™ blocks outward K™ flux in a voltage dependent way at
moderate voltages, while at high voltages, Na™ escapes to the extracellu-
lar side relieving the block and allowing K™ flux), gave a value of at least
30[13,14].

The crystallographic structure of KcsA was reported in 1998 [10]. The
initial model was refined to a resolution of 3.2 A and consisted of the en-
tire protein except for the first 22 residues which were not observed in
the density and the cytosolic carboxyl terminus which was removed to
aid crystallization. The signature sequence described above was located
in a loop projected into the center of the channel made up of four sym-
metric KcsA subunits, such that a narrow pore was formed (Fig. 3A).

The carbonyl oxygens of T75, V76, G77, and Y78 and the side chain of
T75 were projected into the pore providing 5 rings of oxygens as poten-
tial ion binding sites (Fig. 4A). In addition, the carbonyl of G79 was
pointing out into the extracellular space above the pore in a manner
that strongly suggested it was involved in hydration/dehydration of
outgoing/incoming ions.

Three years later, the MacKinnon group published a 2.0 A struc-
ture, achieved by complexing KcsA with an antibody fragment [11].
This high resolution structure contained four single-file K* ions be-
tween each ring of oxygen atoms such that each K™ was coordinated
by 8 oxygen atoms with bond distances ranging from 2.70 to 3.08 A
(creating 4 binding sites, S1-S4, Fig. 4A), similar to the predictions of
Bezanilla and Armstrong [32] and Neyton and Miller [34]. These den-
sities are believed to be the outcome of averaging two distinct occu-
pancy patterns in the 4 binding sites within the selectivity filter (i.e.
water-K*-water-K* or K™-water-K " -water) [68,69]. In addition,
one K* ion was modeled in the channel cavity surrounded by
8 water molecules, whereas two K™ ions were aligned on the external
side of the selectivity filter along the central axis of the channel with
the outermost one coordinated by four water molecules. The ion coor-
dinated by 8 waters in the cavity was proposed to be representative of
a hydrated K* in solution with the caveat that this coordination may
be influenced by its immediate environment [11,70-72]. Molecular
dynamics simulations by Berneche and Roux predicted that a single
water molecule was located between each pair of K™ ions in the selec-
tivity filter and that displacement of ions through the filter was ac-
companied by fluctuations of V76 and G77 within the filter and E71,
D80, and R89 on the extracellular side of the filter [73]. In addition,
two potential conduction pathways were observed with very low
free energy barriers of 2-3 (knock-on) and 3-4 (vacancy-filling)
kcal/mol respectively, indicating that ion conduction through the
pore was essentially diffusion limited [74]. Further simulations indi-
cated that selectivity differs throughout the potassium binding sites
with site S2 being the most K™ selective [74-77].

Fig. 4. Residues involved in KcsA inactivation (F103: orange-space filled, T74: cyan-space filled, D80/E71/W67/V76/M96: yellow-stick, K*: purple sphere, H,0: red sphere).
A. Closed structure of KcsA (PDB ID: 1K4C) with non-collapsed selectivity filter. B. Open structure of KcsA with collapsed selectivity filter (PDB ID: 3F5W). Opening of KcsA via movement of
helix TM1 results in contact between F103 (TM1) and T74 (bottom of selectivity filter). In the open structure, the F103 side-chain is shown to rotate to avoid collision with T74. Hydrogen
bonds between D80, E71, and W67 have also been linked to inactivation along with interactions between M96 and V76 on a neighboring subunit.
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3.2. Selectivity in KcsA

The mechanism by which the selectivity filter allows or prohibits the
permeation of ions of relatively similar sizes has been speculated on
since the discovery of potassium channels. Knowledge of the selectivity
filter structure provided the basis for understanding the mechanism of
selectivity at an atomic level. Even so, there are many differing ideas
on how the selectivity filter might fulfill this role, and we detail some
of these below [78,79].

3.2.1. Close fit model

Mullins suggested back in 1959 that ions move only through pores
that fit them closely and that the pores would replace the hydration
that the ion had in water [29]. This idea was expanded upon by Bezanilla
and Armstrong who predicted that the selectivity filter contained a ring of
oxygen atoms rigidly positioned so as to perfectly fit a dehydrated K™ ion.
Na™ would be selected against because its smaller size would require a
higher Coulombic energy to fit in this rigid system than it would in
water [32]. Further, they argued that the filter would have to function
through “selective exclusion”, meaning that the competing ions would
have to be selected for by differing binding association rates rather than
by differing disassociation rates [32]. The publication of the KcsA structure
seemingly supported this model, with the selectivity filter in fact looking
very similar to that predicted by Bezanilla and Armstrong [10,32]. Isother-
mal titration calorimetry (ITC) experiments examining binding of differ-
ent ions to the selectivity filter of KcsA have shown that ion binding is
correlated with ionic radii (volume) and not charge density, further sup-
porting the idea that the protein scaffold around the binding sites is an
important determinant in selectivity [18].

3.2.2. Coordination number model

The concept of selectivity via coordination number is similar to that
of the close fit model, but the cavity size is of less importance than the
number of coordinating ligands [70,79-81]. Varma and Rempe found
that in an environment with low dielectric constant, K* and Na™ ions
preferred higher coordination numbers of water ligands (8 and 6 vs. 6
and 5) as a result of a decreased electrostatic penalty derived from
extracting ligands from their low dielectric solvation phases. Bostick
and Brooks used “toy” models to demonstrate that the dipole moments
of constrained water molecules could still provide a selective K™ binding
environment and thus were able to substitute for the selectivity filter
carbonyls [70]. Thomas et al. also used molecular simulations to show
that conformational restraints on the channel ligands played an impor-
tant role in maintaining selectivity [79].

3.2.3. Field strength model

One of the concerns about the close fit and coordination number
models is that the extent of fluctuations in the filter based on the
reported crystallographic temperature factors and MD simulations
are beyond what would be necessary to adjust for the 0.38 A differ-
ence between the radii of Na®™ and K™ [82,83]. One theory that es-
chews the need for a semi-rigid filter is the field strength model,
which suggests that the coordinating carbonyl ligands are “liquid-
like” and have intrinsic electrostatic properties that regulate ion se-
lectivity [78]. This model is based on the concept of field strength
used by Eisenman to calculate the relative selectivity of glass elec-
trodes for various cations [84]. In essence the site selects for ions
based on the dipoles of the coordinating ligands [77].

3.2.4. Selectivity: kinetic versus thermodynamic considerations

All of the above selectivity models in K* channels are based on
thermodynamic considerations. They assess how much more favor-
able it is to bind a K™ inside the selectivity filter versus a Na™, not
taking into account the path involved for the ions to get there. The
only kinetic consideration comes from Bezanilla and Armstrong who
suggested, based on a one-ion pore treatment of K channels, that

selectivity for K™ and against Na™ from the intracellular side of K™
channels is due to the much smaller association rate of Na* with
the filter as compared to K* [32]. There is a large energy barrier for
Na™ to enter the filter from the inside as opposed to being practically
barrierless for K. Recently Thompson et al. have found with a study
using single-channel electrophysiology, X-ray crystallography and
molecular dynamics simulations that contrary to the previous studies,
there are very favorable binding sites for small monovalent cations
(Na*t and Li*) in the selectivity filter [19]. These sites are at different
locations than the K™ sites. Instead of being “caged” between 8 car-
bonyl oxygens, they lie within the plane of each ring of 4 carbonyls,
allowing better coordination for the smaller ions (previously sug-
gested by Shrivastava et al. [85]). They hypothesized, based on both
experiments and molecular dynamics, that one of the determinants
for excluding Na™ from the filter is a large energy barrier formed by
K" ions occupying their binding sites in the 8-carbonyl cages, and
thus preventing Na™ (or Li*) from achieving its preferred position
in the plane of the carbonyls [19]. There are presumably additional
determinants for selectivity as evidenced by the lack of Na™ conduc-
tance in K*-free wild type KcsA; however, many Kt channels con-
duct Na™ in the absence of K* (see Section 2).

4. Selectivity filter inactivation in K* channels

Following continuous application of the stimulus, voltage-gated
channels undergo a conformational change into a thermodynamically
favored nonconducting “inactivated” state, distinct from the closed
state. This inactivation occurs in different channels at different rates.
Early studies on K™ channel inactivation in squid neurons and frog
skeletal muscle detected a slow inactivation process that differed
greatly from the fast inactivation observed in puffer fish neurons
and sodium channels in squid neurons [24,86-88]. This particular
type of inactivation is voltage dependent and has been called C-
type, P-type, or U-type inactivation as it has somewhat different
properties in different channels [89-91]. All these processes have in
common the fact that they all seem to involve some sort of conforma-
tional change at the selectivity filter that renders the channel non-
conductive. It should be noted that not all nonconductive selectivity
filter states represent inactivation; some ion channels have been sug-
gested to prevent ionic conduction (close) at the selectivity filter in-
stead of the bundle crossing [92-96]. In this review, we will use the
term “inactivation” to mean only inactivation events occurring at
the selectivity filter. A process similar to this inactivation observed
in some voltage-gated K™ channels was also found in KcsA despite
its lack of voltage sensor domains and classical voltage dependence
[97,98].

4.1. Inactivation in KcsA

Early simulations of KcsA suggested that the filter became more
flexible in the absence of potassium [99,100]. When the high-
resolution structure of KcsA was published it was accompanied by a
2.3 A structure of KcsA in low K+ [11] (Fig. 3A and B). The low K struc-
ture had a distinctly different “collapsed” selectivity filter conformation
with the carbonyl of V76 pulled away from the pore and the Ca of G77
twisted inward so as to block the pore [11]. This led to speculation that
this might represent the inactive form of KcsA functionally identified
later [98,101]. Simulations run on the structure in the absence of K™ in-
dicated that the structure itself was stable on the timescale of MD sim-
ulations and that it was not permeable to K™, Rb™, or Na* [102]. Recent
structures of an open KcsA mutant have shown a correlation between
the extent of gate opening and distortion of the selectivity filter [103].
This series of structures has suggested that reorientation of F103
(Figs. 4 and 5A) due to opening of the gate may be responsible for initi-
ating the contacts that eventually lead to the residues that are ultimate-
ly responsible for destabilizing the selectivity filter (W67, E71, D80, and
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G79) [17,97,104]. Furthermore, it was found that the structure of a non-
inactivating KcsA (with a glutamate to alanine mutation at position 71)
no longer collapsed in the absence of K, suggesting that such collapsed
structure could represent an inactivated conformation of the selectivity
filter (Fig. 3C and D) [105].

4.2. Kv channels
Early studies on variants of the voltage-gated K* channel Shaker

revealed that the decline in current through some of these channels
required a double-exponential function to properly describe the fit,

A. KcsA B. Kv1.2

resulting in two distinct time constants [106,107]. Zagotta and Al-
drich also proposed the existence of both fast and slow inactivation
processes for Shaker channels patched in Drosophila muscle [108].
The amino-terminus of Shaker was shown to be responsible for the
fast inactivation process following a series of deletions and point
mutations that prevented fast inactivation, and the demonstration
that fast inactivation could be reinstated upon addition of the
amino-terminal as a peptide [109,110]. As the fast inactivation
process was controlled by the amino-terminal it became known as
N-type inactivation. The secondary inactivation process was then
named C-type inactivation [90]. The same study confirmed that

C.Kir2.2

Fig. 5. Cartoon diagrams depicting observed/predicted interactions within the selectivity filters and surrounding scaffolding of several K* channels. Selectivity filter residue carbons
are colored yellow and K* ions are purple spheres. Possible hydrogen bonds are shown as dashed black lines. The first six illustrations were created from the following PDB de-
positions: A. Kcsa (PDB ID: 1K4C). B. Kv1.2 (PDB ID: 3LUT). C. Kir2.2 (PDB ID: 3JYC). D. KvAP (PDB ID: 10RQ). E. MthK (PDB ID: 3LDC). F. MloK1 (PDB ID: 3BEH). The final three
illustrations: G. Kc,1.1. H. Kc,2.1. 1. HCN1, are homology models as there are no experimentally determined structures available. These homology models were generated in ProtMod
using KvAP (PDB ID: 2A0L), Kv1.2 (PDB ID: 2A79), and MIloK1 (PDB ID: 2zd9) as the respective starting models [149,154,155]. The protein sequence identity and similarity between
the initial models and homologous models were 24.6% and 50.9% (KCa1.1), 35.1% and 47.4% (KCa2.1), and 17.5% and 36.8% (HCN1). These values correspond to the 57 residues
surrounding the selectivity filter (not the entire protein) and similarity scores were computed using a BLOSUM62 scoring matrix.
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C-type inactivation was independent of the presence of the cytoplas-
mic carboxy-terminal domain.

A number of studies began to suggest that C-type inactivation took
place at the external outer mouth of the channel, near the selectivity
filter region. Blocking studies in both Shaker and lymphocyte K voltage-
gated channels demonstrated that external block by TEA could be used
to delay C-type inactivation independently of N-type inactivation
[111,112]. TEA blocks K* current through Shaker by binding near
T449, located external to the selectivity filter, between the pore loop
and S6 [113,114] (Fig. 2). Mutation of the same residue in Shaker to a
cysteine and addition of Cd?* showed that Cd?>™ bound to the inacti-
vated state with far greater affinity than to the open or closed states
suggesting that the diameter of the pore near the external side of the se-
lectivity filter decreases during inactivation [115]. This point was fur-
ther strengthened by labeling of cysteines substituted into the
surrounding region (M448, T449, and P450) revealing that these resi-
dues were more accessible in the inactivated state than in the closed
state, and hence closer together [116,117]. Further, it was shown that
only during inactivation a disulfide bridge could form between two
engineered cysteines at position 448 of two different Shaker channel
subunits, suggesting a structural rearrangement in this region of the
pore during inactivation [117].

C-type inactivation rates are also dependent on the type of monova-
lent cations at the external side of the channel [55,56,118-121]. Kv1.3
and Kv1.4 currents are suppressed upon removal of external K, but
this effect is not observed in Kv1.1 or 1.2 [55,56]. The rate of C-type inac-
tivation in Shaker is decreased with increasing external K* [120] and
removal of external K™ lowers the rate at which Kv1.3 recovers from in-
activation [122,123]. This argues that the rate of slow inactivation was
regulated by the occupancy of an ion binding site at the external
mouth of the pore as suggested by Baukrowitz and Yellen [124]. Kiss
and Korn demonstrated that this site was in the selectivity filter [119].
Ray and Deutsch also found that recovery from inactivation could be reg-
ulated via different intracellular permeant cations [125]. Interestingly
the rate of recovery was directly correlated to the rate of permeation of
the cation (ie. K*>NH4">Rb*>Cs*>>Na™*) [125]. In agreement
with these studies, Ogielska et al. and Panyi et al. found that slow inacti-
vation demonstrated cooperative subunit interactions in both Shaker
and lymphocyte Kv1.3 channels [126,127].

Homomeric Kv7.1 (aka KCNQ1 or KvLQT1) channels exhibit a
delayed, incomplete inactivation that differs from traditional C-type
inactivation in that the inactivation rate is not influenced by external
potassium concentrations [128-132]. When in complex with the regu-
latory subunits of the KCNE family, inactivation is lost entirely [128-
130,132,133]. Tryptophan scanning mutagenesis revealed that the
KCNQI1 residues 338-340 were likely candidates for interaction with
KCNE1 [134]. Mutation of F340 (the residue homologous to F103 in
KcsA (Fig. 2), which, as described previously, is crucial for inactivation
in the KcsA channel [17]) to a W was shown to reinstate C-type inacti-
vation in the KCNQ1-KCNE1 channel complex [135]. This suggests not
only that the mechanism of inactivation is conserved between KcsA
and Kv7.1 channels but also that KCNE1 modulates KCNQ1 inactivation
through an interaction with F340. Mutation of V310, the selectivity filter
residue believed to be closest to the side chain of F340, into alanine or
glycine resulted in a similarly enhanced rate of inactivation presumably
by removing the interaction with F340 or directly decreasing the stabil-
ity of the selectivity filter [131].

4.3. Kir channels

Selectivity filter inactivation is generally not observed in Kir chan-
nels. One possible exception is Kirl.1. Multiple studies demonstrated
that a reduction in the external K* concentration could inactivate
Kirl.1 and that the rate of inactivation was largely driven by pH
[136,137]. Doi et al. found that K™-dependent inactivation sped up sig-
nificantly when the intracellular pH was changed from pH 7.5 to pH 6.7.

By employing chimeras of Kirl.1 and non-inactivating Kir2.1, they
found that this behavior was related to the P-loop region [136]. Schulte
et al. further demonstrated that this inactivation was removed by a
K80M mutation that eliminated pH gating and found that K™-depen-
dent inactivation only occurred when the channel was already in a pH
inactivated state [137]. They also found that recovery from inactivation
could be accomplished with Rb* and Cs* but not Na™, further implicat-
ing the selectivity filter [137]. Anumber of mutations in and near the se-
lectivity filter were found based on the sequence of Kir2.1 that
prevented K*-dependent inactivation: L1361 V140T, F148C, E151D,
and Q152E [137,138]. The mechanistic interpretation of these results
was that there are two distinct interacting gates in series; one that
was pH dependent (the helix bundle crossing) and one that was depen-
dent on external K* concentration (the selectivity filter) [139,140]. Fi-
nally, Rapedius et al. found that removal of PIP, in the absence of
external K™ led to Kir1.1 inactivation as well [141]. A different form of
K*-dependent inactivation was observed for Kir2.1 channels, induced
by hyperpolarization and low external K™ [142]. Neutralization of
Kir2.1 R148, the equivalent of R149 in Kir2.2 (Figs. 2 and 5C) removed
this inactivation [142]. The actual mechanism of this inactivation and
whether or not it is similar to C-type inactivation is still under study.

4.4. K¢, channels, HCN channels

Kca channels do not show evidence of slow inactivation. However,
the gating of these channels in response to Ca®™ is suggested to occur
at the selectivity filter, similar to CNG channels [92,94,96,143].
Substituted cysteine accessibility method experiments (SCAM) con-
ducted by Klein et al. suggest that Kc,3.1 is incapable of closing at the
helix bundle in a manner similar to that described for KcsA or Shaker
[143]. This would suggest that gating within KCa3.1 is handled by the
selectivity filter or by some other unknown process. SCAM experiments
conducted on Kc,2.2 also indicate that this channel does not completely
close at the helix bundle, and strongly suggests that gating occurs at the
selectivity filter [93,94]. Likewise it was shown with a series of bbTBA
blockage experiments that Kc;1.1 channels are unlikely to close at
their bundle crossing as well [96]. Piskorowski and Aldrich show that
flickering within the Kc,1.1 currents can be increased by replacement
with thallium and presumably represent fluctuations of the selectivity
filter, showing that although these channels do not inactivate at the se-
lectivity filter, the nature of the permeant ion influences the dynamics
of this pore region [95].

5. Coupling of inactivation and selectivity

While all voltage-gated K™ channels are K™ selective, some amount
of variability has been observed as we noted earlier (see Section 2). Very
often changes in selectivity in specific channel mutants appear to be
correlated with slow inactivation. Furthermore, during the inactivation
process, the filter has been shown to dynamically change its selectivity
[53,105,144-146]. The fact that perturbations in the pore that lead to
changes in selectivity, also modify the slow inactivation process and
vice versa suggests that the two are highly coupled and that they origi-
nate in the same pore region. We recently published an article where
we proposed a mechanism for how removal of slow inactivation in
KcsA channels also affected their selectivity [105]. We will present
this proposed mechanism below and we will discuss specific examples
in other K™ channels that show similar coupling between selectivity
and inactivation.

5.1. P-loop residues that affect inactivation and/or selectivity

5.1.1. KcsA

Multiple mutations in and near the selectivity filter have led to the
creation of mutants in KcsA with varying degrees of inactivation [98].
Inactivation is removed for instance when a glutamate behind the
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selectivity filter is changed into an alanine (E71A) [104]. The side
chain of E71 had been shown to interact with the side chain of D80,
which immediately follows G79 at the other end of the selectivity se-
quence, in the high-resolution crystal structure of KcsA [11] (Figs. 3A,
4A and 5A). Two distinct crystal structures, both refined to 2.5 A,
were produced from this mutant. One of these was virtually identical
to the WT KcsA structure, having only minor deviations in the back-
bone of the selectivity filter and a slight reorientation of D80 [104].
In contrast, the second structure had a far more extensive rearrange-
ment of its selectivity filter, and the D80 side chain was repositioned
so as to interact with an arginine from the co-crystallized antibody
fragment (Fig. 3C) [104]. This was called the “flipped” conformation,
and it was distinct from the collapsed, “non-conductive” conforma-
tion of the filter obtained in low K™ [11]. The biggest change in the se-
lectivity filter of the flipped structure was that the carbonyl of V76
from each subunit was rotated out of the pore thus distorting two
of the K™ binding sites in the selectivity filter (compare Fig. 3C with
A). The other filter carbonyls were slightly distorted such that the co-
ordinated K™ still occupied the filter, but some of them were shifted
from their regular positions. It is not clear at this point whether this
is a conformation that would be encountered during normal gating
in this variant or whether it is a rarely occurring conformation stabi-
lized by the crystallization conditions.

Despite the drastic change in inactivation induced by the E71A
mutation behind the selectivity filter, initial bi-ionic reversal poten-
tial measurements did not detect a decrease in K*/Na™ selectivity
in the E71A mutant [104]. However, a further study by Cheng et al.
found evidence of decreased selectivity in E71A KcsA using 8Rb™
and 22Na™ flux assays as well as experiments measuring relief of
Na™ block through the pore [105]. While WT KcsA was impermeable
to Na™* with or without K™, Na™ was far more permeable through
E71A KcsA in the absence of K™, and to some extent in the presence
of K* [105]. In order to understand the structural causes of this selec-
tivity decrease in the inactivated filter, they obtained the structure of
the E71A KcsA in the absence of K™. This structure did not display the
expected collapsed, “non-conductive” conformation encountered in
KcsA WT in the absence of K™, but it looked very similar to the
“flipped”, presumably conductive structure encountered also in the
presence of K™ [104] (Fig. 3D).

Thus, they hypothesized that there are multiple layers of selectivity
in K™ channels where the first layer, the selectivity provided by the
succession of carbonyl oxygen rings from the signature sequence,
can be modulated by factors such as modified interactions with the
variable sequence behind the filter or excursions to a different filter
conformation (such as the collapsed conformation [11]). In the pres-
ence of K*, both KcsA WT and the non-inactivating mutant display
strong selectivity against Na™ likely due to the presence of proper
K™ binding sites (8-carbonyl cages composed of 2 rows of 4-carbonyl
rings) in the filter region. However, in the absence of K, while the
KcsA WT filter collapses and becomes completely non-conductive,
the non-inactivating mutant maintains a presumably conductive con-
formation. Thus, the non-inactivating mutant loses this “second” layer
of “steric” selectivity present in the WT, and allows permeation of the
ions (in this case Na™) present in the absence of K*. What could cause
the somewhat reduced selectivity against Na™ in the presence of K™
in the non-inactivating mutant? There are at least two possibilities:
1) the “flipped” conformation with the distorted K* binding sites
(presumably less selective against Na™ than the “conductive” confor-
mation) is encountered with a certain frequency during normal gat-
ing, thus providing less selectivity against Na*, and 2) the altered
electrostatics in the filter due to the E71A mutation that can change
barrier heights and well depths for the ions irrespective of whether
the “flipped” conformation is encountered during gating.

Furthermore, the fact that the non-inactivating channel no longer
collapses in low K* strongly indicates that the collapsed conformation
is the inactivated state of the channel. Given the low resolution of the

structure it is difficult to make strong conclusions about the
occupancies of the ion binding sites; however, the only noticeable den-
sities within the filter were directly between the carbonyl oxygens of
T75 and those of G77, a binding site more suited for Na™ than K™, espe-
cially considering the increased Na™ flux measured through this chan-
nel in the absence of K* [19,105].

Another manipulation of the KcsA filter that disrupted selectivity
and likely affected inactivation was the replacement of G77 with a
p-alanine [50,147]. This not only yielded a functional channel, but
also prevented the collapse of the selectivity filter in the absence of
K™, as observed in the crystal structure [50,147]. The channel
retained its selectivity against Na™ in the presence of K™, as expected
due to the exact preservation of the K* binding sites as well as no
major changes in the network behind the filter; however, unlike in
WT KcsA, Na™ currents were observed in the absence of K* in the
D-A77G mutant, in agreement with the study by Cheng et al. that a
non-collapsed structure (irrespective of whether that structure is
“flipped” or “conductive”) displays cation flux. Although the authors
did not ascertain whether the channel still inactivates functionally,
the lack of a collapsed structure predicts that this may be the case.

These studies suggest that the same structural elements that
induce inactivation in KcsA are also important for maintaining the
high selectivity against Na* in the absence of K. The network of
interactions behind the filter modulates both cation selectivity and
inactivation in KcsA. We wondered whether this applies to other
channels with the same GXG containing signature sequence (where
X is tyrosine or phenylalanine). We compiled below a set of examples
where changes in selectivity come together with changes in inactiva-
tion in other K* channels and we tried to correlate these changes
with the nature of residues behind the filter.

5.1.2. Other K™ channels with available structural information

Since the determination of the structure of KcsA, the transmembrane
regions of several other K™ channel structures have been solved. These
include the channels KvAP [148,149], MthK [150,151], KirBac1.1 [152],
KirBac3.1 [153], and MloK1 [154], which are prokaryotic homologs of
voltage-gated channels, Ca-activated channels, inward rectifying chan-
nels, and cyclic nucleotide-gated channels respectively. Transmembrane
structures of the eukaryotic channels Kv1.2 and Kir2.2 have also been
solved [155-158]. Comparison of these structures reveals that the selec-
tivity filter maintains a relatively constant shape, but that the interactions
directly behind the selectivity filter differ between channels (Fig. 5).
Fig. 5A-F shows the crystallographically determined structures of the
selectivity filters of KcsA (PDB ID: 1K4C), human Kv1.2 (PDB ID:
3LUT), chicken Kir2.2 (PDB ID: 3]JYC), KVAP (PDB ID: 10RQ), MthK
(PDB ID: 3LDC), and MloK1 (PDB ID: 3BEH) [11,148,151,154,157,158].
The signature sequence residues (yellow) are in similar positions in all
six structures. In addition, two carbonyl oxygens at the C-terminal of
the pore helix are shown to be within hydrogen bonding distance of
the backbone amine groups at one end of the selectivity filter in all six
structures (in KcsA these amine groups belong to T74, V76, and G77).
In KcsA, an extensive series of hydrogen bonds appears to occur through
the side chains of D80, W67, and E71, with E71 also being within hydro-
gen bonding distance of the amide group of Y78 (Fig. 5A). In addition,
the presence of a bulky residue at position 103 (phenylalanine for
KcsA) ensures that the message that the bundle-crossing has opened
has been transmitted to the selectivity filter [17]. A summary of the res-
idues described here and below is presented in Table 1.

MthK is unique in that the amino acid corresponding to W67 in KcsA
is a tyrosine (Y51); however, the tyrosine hydroxyl group is still within
hydrogen bonding distance of the KcsA D80 equivalent residue D64
suggesting that bonding is still possible and that tyrosine could replace
the tryptophan (Fig. 5E). The presence of a phenylalanine at the position
equivalent to F103 in KcsA suggests that MthK may inactivate by a sim-
ilar mechanism as KcsA. MthK shows an interesting voltage-dependent
inactivation proposed to also occur at the selectivity filter [159] and has
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Table 1

Equivalent residues in sequence between potassium channels.
Channel Equivalent Equivalent Equivalent Equivalent

residue 1 residue 2 residue 3 residue 4

KcsA D80 E71 W67 F103
Kv1.2 D379 V370 W366 1402
Kir2.2 R149 E139 L135 D173
KvAP D214 V205 W201 1237
MthK D64 V55 Y51 F87
MIoK1 D180 V171 W167 F203
K, 1.1 D357 V348 Y344 F380
K 2.1 D335 1326 W322 T358
HCN1 A363 S354 F350 Y386

Text in red corresponds to residues that are unlikely to serve a similar role to the equiv-
alent residues in KcsA.

high selectivity against Na™ in the presence of K. In the absence of K™,
MthK was shown to conduct Na™ [151], similar to Kv2.1 channels. In
agreement with the findings of Cheng et al. [105], the MthK selectivity
filter does not collapse in the absence of K™ like KcsA [11,151].

KvAP shows voltage-dependent slow inactivation and is strongly se-
lective against Na™ [160]. KVAP is identical to Kv1.2 (see below) with a
presumed hydrogen bond between D214 and W201 (Fig. 5C). In addition,
KVAP has a leucine at position 237 (Fig. 2) at a position equivalent with
F103 in KcsA. The conservation of these residues suggests that the two
channels may inactivate via a similar mechanism. It is not known whether
KvAP allows Na™ current or whether the filter collapses in the absence of
K™, so we cannot comment on how changes in selectivity would affect
inactivation.

MloK1 has equivalents to both KcsA D80 and KcsA W67 (D180 and
W167) although no equivalent to E71 in KcsA. In addition, MloK1 has
a number of glutamine residues Q155, Q164, and Q184 whose side
chains are within hydrogen bonding distance of other donor and accep-
tor groups within the protein chain (Fig. 5F). Furthermore, MloK1 also
has a phenylalanine at position 203 equivalent with F103 in KcsA. Con-
servation of the hydrogen bonding network above the selectivity filter
as well as a bulky hydrophobic residue coupling channel opening and
closing to the selectivity filter again suggests a similar inactivation
mechanism with KcsA. A small single coil helix directly before the pore
helix may provide further stabilization in the selectivity filter area.
MloK1 currents have not yet been reported. All functional experiments
have been performed employing radioactive flux assays [154,161,162].

Of the proteins mentioned here only the structures of KcsA, MthK,
and Kv1.2 have been solved at high enough resolution to model water
molecules into the selectivity filter. The wild type conductive structure
of KcsA contains one water molecule (shown in Fig. 4A) that is within hy-
drogen bonding distance of the carboxyl groups of E71 and D80 as well
as the amides of Y78 and G79 [11]. Both MthK and Kv1.2 contain a
water at the same position, as well as a second water near the location
of the other E71 (KcsA) carboxyl oxygen (both MthK and Kv1.2 have a
valine in the equivalent position of KcsA E71, see Fig. 2) [155,163]. A
structure of E71I KcsA also contained two further water molecules,
which were in distinct locations from the additional water found in
MthK and Kv1.2 [164]. Valiyaveetil and colleagues found that an
amide-to-ester change at the linkage between Y78 and G79 resulted in
the water not appearing in the subsequent KcsA structure [50]. Finally,
Imai and colleagues found in an NMR study that KcsA V76 appeared to
interact with a water molecule in the inactivated state but not in the con-
ductive or closed states [165]. Ordered water molecules within the selec-
tivity filter are presumably an important component of the hydrogen
bonding network that stabilizes the various channel conductance states.

5.1.3. Kv channels
All Kv channels, including Shaker, have a valine or an isoleucine at
the equivalent position to E71 in KcsA, thus lacking the E71-D80

bond that was shown to contribute to inactivation in KcsA (Figs. 2
and 5). However, most of these channels display slow inactivation in-
volving conformational changes at the selectivity filter, suggesting in-
teractions behind the filter probably still play a role in the mechanism
of inactivation in these channels. In the Kv1.2 channel, the structural-
ly equivalent residue to KcsA E71 is V370. Still, Kv1.2 displays the
remaining hydrogen bond between the W366 and D379 amino
acids (corresponding to D80-W67 in KcsA) conserved throughout
the voltage gated channel family suggesting an important role for
this bond in inactivation and selectivity (Figs. 2 and 5B and Table 1).

One of most studied Kv channels is Shaker. It had been shown that
Na* could permeate through noninactivated Shaker channels, albeit
very poorly and only in the absence of K™ [52]. However, Starkus et
al. demonstrated that inactivated Shaker channels as well as the con-
stitutively inactivated Shaker mutant W434F (homologous to W67 in
KcsA) become more permeable to Na™ and Li " in the absence of K
[144,145]. Ogielska et al. showed that mutating an alanine in the S6
TM domain of Shaker to a cysteine, reduces selectivity while at the
same time slowing inactivation [52,166]. They proposed that the
A463C mutation disrupts the K* binding sites in the selectivity filter
by altering the interaction with V443, which contributes its carbonyl
to form a K™ binding site in the Shaker filter, thus slowing inactiva-
tion and reducing selectivity [52,166]. A463 is at the equivalent posi-
tion to M96 in KcsA, the residue that makes contact with V76
(equivalent to V443 in Shaker) (Fig. 4). M96V yields a KcsA channel
that no longer displays a conductive state structurally even at high
K™ concentrations, suggesting a constitutively inactivated state [18].

Kv2.1 channels allow Na* permeation in both the absence and pres-
ence of K* and also inactivate extremely slowly [89], similar to the
E71A KcsA mutant discussed earlier [104,105]. Kv 2.1 channels are
known to have a larger permeability to Na™ compared to Shaker-like
channels, such as Kv1.3. Chimeras containing the P-loop region of
Kv2.1 and the scaffolding Kv1.3 and vice versa demonstrated that nei-
ther the P-loop nor the supporting scaffold alone was sufficient to
fully transfer selectivity properties [ 167]. At the same time, the chimera
containing the P-loop of Kv1.3 and the scaffolding of Kv2.1 also dis-
played C-type inactivation similar to Kv1.3 [53,119,127,168].

One of the most compelling studies directly coupling inactivation
with changes in selectivity, Kiss et al. demonstrated that certain K™
channels (Kv2.1, Shaker A463C, and the chimera where the Kv1.3 P-
loop was substituted into the equivalent region of Kv2.1) change
their selectivity properties dramatically as they progress through
the different states of inactivation [53]. Similar effects were also ob-
served in Shaker by Starkus et al. [144,145].

5.1.4. Kir channels

The Kir channels contain a glutamate equivalent to KcsA E71, but
do not have either the corresponding aspartate or the tryptophan. In-
stead, the Kir channels possess a conserved arginine adjacent to the
phenylalanine that replaces the aspartate in the TTVGYGD signature
sequence (Fig. 2 and Table 1) (one exception to this is Kir7.1 which
possesses a methionine instead of the arginine [169]). In the Kir2.2
structure this arginine (R149) interacts with the KcsA E71 equivalent,
E139 [158]. The structure of Kir2.2 also reveals a small antiparallel 3-
sheet involving the three residues behind R149 (C150, V151, and
T152) with three residues in the turret region before the pore helix
(Figs. 2 and 5C). While these residues are not strictly conserved
throughout Kir channels, it is possible that the backbone interactions
are.

This salt bridge (E138-R148 in Kir2.1, Fig. 2 and E139-R149 in Kir2.2,
Fig. 5C) appears to play an important role in both determining selectivity
and inactivation, similar to the E71-D80 interaction described above for
KcsA [104,105]. In Kir2.1, single mutations of either the E138 or R148
led to nonfunctioning channels, whereas heterotetramers composed of
wild-type and E138D-containing subunits resulted only in gating changes
and reduced current without any observed changes in selectivity [170].
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However, the reverse double mutation of E138R and R148E gave func-
tioning channels with reduced current and also dramatic loss of selectivity
between K+ and Na™ [170]. Similar loss of selectivity was observed when
the equivalent salt bridge was removed in Kir3.1/3.4 heteromers [51]. In
addition, removal of this salt bridge resulted in constitutively open chan-
nels that were no longer sensitive to G protein agonists, suggesting that
the conformation of the selectivity filter in the presence of salt bridge
and absence of agonist (equivalent to a C-type inactivated state in Kv
channels) has been destabilized [171]. So, although Kir channels do not
display canonical C-type inactivation like some Kv channels, they still un-
dergo some form of gating at the selectivity filter, and disruptions in the
selectivity caused by perturbations of the filter conformation via muta-
tions similar to those in KcsA cause changes in this form of gating.

5.1.5. Other channels

Currently there are no structures of eukaryotic calcium-activated
(Kca) or hyperpolarization-activated cyclic nucleotide modulated
(HCN) channels. In order to compare the possible interactions behind
the selectivity filter with known structures, we have generated homolo-
gy models of human K¢,1.1, Kc,2.1, and HCN1 using the ProtMod server
[172,173]. Further description of the homology models is provided in the
figure legend for Fig. 5. The homology model of Kc,1.1 (BK or large con-
ductance Ca®*-activated K™ channel) shows few interactions between
pore loop residues and residues within the selectivity filter (Fig. 5G).
The aspartate corresponding to D80 in KcsA is present in Kcal.l but
there are no equivalents in the sequence for E71. The homolog of KcsA
W67, Y344 may be able to interact with the aspartate (Fig. 2). Kc,1 chan-
nels have high selectivity for K™ over Na™ ions [57] and do not display
slow, C-type inactivation [174]. As far as we know, no mutations have
been studied specifically in this channel that change this selectivity or
that bring about classical C-type inactivation.

In contrast, the Kc,2.1 (SK or small conductance Ca?*-activated K™
channel) sequence and structure contain conserved equivalents to
KcsA D80 and KcsA W67 (D335 and W322 that are shown to interact
in our homology model, Fig. 5H). However, these channels lack a
bulky residue at the equivalent position with F103 in KcsA. These chan-
nels do not inactivate and most investigations report them to have stan-
dard high selectivity against Nat [6,59,60]. However, Kc.2 channels
have an altered signature sequence compared to that of most other
K™ channels. Instead of TTVGYGD they contain LSIGYGD (Fig. 2). Muta-
tion of the serine to an alanine (S359A) vastly increased the permeabil-
ity of Na™ (Pna/Px=0.4), whereas the S359T mutation demonstrated
permeability similar to that of the wild type channel [175].

HCN channels, despite a GYG signature sequence in the selectivity
filter, select very weakly between K™ and Na™ (4:1) and do not dis-
play inactivation (a notable exception is the sea urchin homolog,
spIH, which inactivates very fast in the absence of cAMP and addition
of cAMP removes this inactivation) [176]. The HCN1 homology model
does not contain equivalents to residues within the KcsA hydrogen-
bonding network. It does contain a serine (S354) in an equivalent po-
sition to KcsA E71 which could potentially interact with the backbone
of the selectivity filter (Fig. 5). The HCN1 model also contains a gluta-
mine (Q364) in a position analogous to the conserved arginine in Kir
channels that could potentially interact with the backbone of the pore
helix.

In summary, we have observed the following trend with the K*
channels we examined here: in order for a K* channel to inactivate,
it needs to have both a network of interactions between the pore
helix and the top of the selectivity filter and a bulky amino acid resi-
due at a position that could interact with the bottom of the selectivity
filter (equivalent to phenylalanine at position 103 in KcsA). In addi-
tion, as described above, we found that in most cases mutations
that affect inactivation also appear to affect selectivity. We read this
as strong support for the long-held idea that the various types of
“C-type inactivation” first described in Kv channels and now through-
out K* channels, occur by a rearrangement of the selectivity filter.

6. Conclusion

Many of the studies described above have suggested a link be-
tween ion selection and selectivity filter inactivation. Most of the ma-
nipulations that have been shown to alter these properties have
occurred in the selectivity filter and its supporting scaffolding. In
this manuscript we have attempted to summarize the current state
of knowledge concerning these interactions. We believe that further
determination of crystal structures of other K* channels such as the
eukaryotic Ca®*-activated channels and HCN channels will help
map out the important residue interactions that play a role in selec-
tivity and inactivation.
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