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Mutations within the selectivity filter reveal that
Kv1 channels have distinct propensities to
slow inactivate
Xiaosa Wu1, Kanchan Gupta1, and Kenton J. Swartz1

Voltage-activated potassium (Kv) channels open in response to membrane depolarization and subsequently inactivate through
distinct mechanisms. For the model Shaker Kv channel from Drosophila, fast N-type inactivation is thought to occur by a mechanism
involving blockade of the internal pore by the N-terminus, whereas slow C-type inactivation results from conformational changes
in the ion selectivity filter in the external pore. Kv channel inactivation plays critical roles in shaping the action potential and
regulating firing frequency, and has been implicated in a range of diseases including episodic ataxia and arrhythmias. Although
structures of the closely related Shaker and Kv1.2 channels containing mutations that promote slow inactivation both support a
mechanism involving dilation of the outer selectivity filter, mutations in the outer pores of these two Kv channels have been
reported to have markedly distinct effects on slow inactivation, raising questions about the extent to which slow inactivation is
related in both channels. In this study, we characterized the influence of a series of mutations within the external pore of Shaker
and Kv1.2 channels and observed many distinct mutant phenotypes. We find that mutations at four positions near the selectivity
filter promote inactivation less dramatically in Kv1.2 when compared to Shaker, and they identify one key variable position (T449 in
Shaker and V381 in Kv1.2) underlying the different phenotypes in the two channels. Collectively, our results suggest that Kv1.2 is
less prone to inactivate compared to Shaker, yet support a common mechanism of inactivation in the two channels.

Introduction
Voltage-activated potassium (Kv) channels are a large and di-
verse family of membrane proteins that open in response to
membrane depolarization to provide a pathway for K+ ions to
diffuse across the membrane to repolarize membrane voltage
(Yellen, 2002). They are widely expressed in neurons, cardiac
and skeletal muscle cells, as well as in many other cell types
within the body, playing many key roles in human physiology
(Yellen, 2002; Wulff et al., 2009; Jan and Jan, 2012). Perturba-
tions in the functional properties of many Kv channels are im-
plicated in a range of diseases, including cardiac arrhythmias,
episodic ataxia, and epilepsy (Adelman et al., 1995; Hubner and
Jentsch, 2002; Yellen, 2002; Kurata and Fedida, 2006; Wulff
et al., 2009; Jan and Jan, 2012).

The Shaker Kv channel from Drosophila melanogaster was the
first Kv channel to be cloned (Papazian et al., 1988), and it has
served as a model for understanding key functional mecha-
nisms. Similarly, the mammalian Kv1.2 relative of Shaker has

provided a structural foundation for understanding Kv channel
mechanisms (Long et al., 2005a, Long et al., 2005b), with the
X-ray structure of the Kv1.2/2.1 paddle chimera serving as a
widely used structural model for many Kv channels (Alabi et al.,
2007; Long et al., 2007). Both functional and structural studies
have shown that Kv channels are tetramers (MacKinnon, 1991;
Doyle et al., 1998; Long et al., 2005a), with each subunit con-
taining six transmembrane segments, termed S1–S6 (Fig. 1 B). A
central pore domain is formed by the tetrameric arrangement of
the S5–S6 segments, with the external pore containing the se-
lectivity filter (SF; Fig. 1 B) responsible for the exquisite selec-
tivity of these channels for K+ ions (MacKinnon and Yellen,
1990; Heginbotham et al., 1994). On the intracellular end of the
pore, the four S6 segments form an intracellular activation gate
that prevents the flow of ions in the closed state (Holmgren
et al., 1997; Liu et al., 1997; Holmgren et al., 1998; del Camino
et al., 2000; del Camino and Yellen, 2001). The S1–S4 segments
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from each subunit form peripheral voltage-sensing domains that
activate in response to membrane depolarization to open the
intracellular activation gate and support ion permeation (Bezanilla,
2008; Swartz, 2008; Bezanilla, 2018).

Ion permeation through the Shaker Kv channel can be di-
minished in response to sustained depolarization by two forms
of inactivation that have distinct mechanisms and timescales
(Hoshi et al., 1990; Zagotta et al., 1990; Hoshi et al., 1991; Lopez-
Barneo et al., 1993). N-type inactivation in the Shaker channel
develops on the millisecond timescale and is thought to involve
blockade of the internal pore by a peptide located at the
N-terminus (Hoshi et al., 1990; Zagotta et al., 1990) or provided
by auxiliary β-subunits in the case of mammalian Kv1 relatives
of Shaker (Rettig et al., 1994). In contrast, C-type inactivation
develops more slowly and involves conformational changes in
the SF within the external pore that is sensitive to the concen-
tration of external K+ ions, blockers like tetraethylammonium or
mutations near the SF (Choi et al., 1991; Hoshi et al., 1991; Lopez-
Barneo et al., 1993; Perozo et al., 1993; Yellen et al., 1994;
Baukrowitz and Yellen, 1995; Liu et al., 1996; Molina et al., 1997;
Starkus et al., 1997; Yang et al., 1997; Ogielska and Aldrich,
1998; Ogielska and Aldrich, 1999; Yang et al., 2002; Kitaguchi
et al., 2004; Kurata and Fedida, 2006; Hoshi and Armstrong,
2013; Pless et al., 2013). The T449 position near the SF in
Shaker is a particularly critical position where hydrophobic or
polar substitutions dramatically slow or speed C-type inactiva-
tion, respectively (Lopez-Barneo et al., 1993; Molina et al., 1997;
Yang et al., 2002; Kitaguchi et al., 2004).

Recent structures of mutant Shaker and Kv1.2 channels
suggest that C-type inactivation results from a dilation in the
external half of the SF, disrupting two of the four K+ ion binding
sites that are essential for ion permeation (Fig. 1, C and D; Reddi
et al., 2022; Tan et al., 2022). In the case of Shaker, dilation of the
SF was observed in the W434F mutant (Fig. 1, D–F) that so
strongly promoted C-type inactivation that the channel was ef-
fectively non-conducting (Yang et al., 1997). A similar phenotype
is also seen in the D447Nmutation (Hurst et al., 1996; Pless et al.,
2013), and in most K+ channel structures the residues equivalent
to W434 and D447 in Shaker form a hydrogen bond (Fig. 1 E) to
stabilize a conducting state of the SF (Doyle et al., 1998; Long
et al., 2005a; Long et al., 2007; Pless et al., 2013). In contrast, the
W366F mutation in Kv1.2 (equivalent to W434F in Shaker)
speeds inactivation much less dramatically compared to Shaker
and remains competent to conduct ions (Suarez-Delgado et al.,
2020). Importantly, combining the W366F mutation in Kv1.2
along with V381T, the equivalent of T449 in Shaker, renders the
channel non-conducting (Suarez-Delgado et al., 2020), similar to
W434F in Shaker. In the case of Kv1.2, dilation of the SF in the
C-type inactivated state (Fig. 1, G and H) was observed when
combining the equivalent of W366F and V381T along with a
third mutation in the Kv1.2/2.1 paddle chimera that improved
protein expression (Reddi et al., 2022). Thus, both the Shaker
and Kv1.2 structures that point to dilation of the SF during in-
activation contain critical mutations, some of which have dis-
tinct phenotypes in the two channels, raising questions about
the extent to which slow C-type inactivation is related between
Shaker and Kv1.2. In addition, although the structural changes

observed in Shaker and Kv1.2 are similar, there are notable
differences in the P-loop external to the SF (Reddi et al., 2022).
Given the significance of this new mechanism of inactivation,
we thought it would be valuable to systematically characterize
the functional effects of mutations near the SF in Kv1.2 corre-
sponding to key positions previously studied in Shaker and shown
to have pronounced effects on slow C-type inactivation. We sys-
tematically compared the influence of inactivation-promoting
mutations in Shaker and Kv1.2 channels to understand whether
the same network of interacting residues is involved in main-
taining a conducting state and to further explore whether the
mechanism of slow C-type inactivation is similar in the two
channels. Our results identify one critical residue difference be-
tween Shaker and Kv1.2 that is largely responsible for the distinct
mutant phenotypes we observed in the two channels, and they
suggest that Kv1.2 is inherently less prone to inactivate compared
to Shaker. Although we observed many distinct mutant pheno-
types in Shaker andKv1.2 channels, our results are consistentwith
similar mechanisms of C-type inactivation in the two channels.

Materials and methods
Expression of constructs and molecular biology
The rat Kv1.2 channel cDNA in pMAX was kindly provided by
Dr. León D. Islas (Universidad Nacional Autónoma de México,
Mexico City, Mexico). The Kv1.2/2.1 chimera and Shaker con-
structs were subcloned into the pGEM-HE vector (Liman et al.,
1992) for expression in oocytes. Mutagenesis was performed by
Quickchange Lightning Kit (Agilent), and the DNA sequence of
all constructs and mutants was confirmed by automated DNA
sequencing. cRNA was synthesized using the T7 polymerase
(mMessage mMachine kit, Ambion) after linearizing the DNA
with appropriate restriction enzymes.

Electrophysiological recordings
All channel constructs were expressed in Xenopus laevis oocytes
and studied using the two-electrode voltage-clamp technique
following 1–6 d of incubation after cRNA injection. The animal
care and experimental procedures were performed in accor-
dance with the Guide for the Care and Use of Laboratory Ani-
mals and were approved by the Animal Care and Use Committee
of the National Institute of Neurological Disorders and Stroke
(animal protocol number 1253–17). Oocytes were removed sur-
gically and incubated with agitation for 1 h in a solution con-
taining (in mM) 82.5 NaCl, 2.5 KCl, 1 MgCl2, 5 HEPES, pH 7.6
(with NaOH), and collagenase (2 mg/ml; Worthington Bio-
chemical). Defolliculated oocytes were injected with cRNA for
each of the constructs and incubated at 17°C in a solution con-
taining (in mM) 96 NaCl, 2 KCl, 1 MgCl2, 1.8 CaCl2, 5 HEPES, pH
7.6 (with NaOH), and gentamicin (50 mg/ml, GIBCO-BRL). Oo-
cyte membrane voltage was controlled using an OC-725C oocyte
clamp (Warner Instruments). Data were filtered at 1 kHz and
digitized at 5–10 kHz using pClamp software (Molecular De-
vices) and a Digidata 1440A digitizer (Axon Instruments). Mi-
croelectrode resistances were 0.1–0.5 MΩ when filled with 3 M
KCl. The external recording solution contained (in mM) 50 KCl,
50 NaCl, 1 MgCl2, 0.3 CaCl2, and 10 HEPES, pH 7.6 (with NaOH).
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Figure 1. Sequence alignment of Shaker and Kv1.2 channels and structures of the Shaker Kv channel and Kv1.2/2.1 paddle chimera. (A) Sequence
alignment of Shaker and Kv1.2 near the SF in the outer region of the pore. p1–p7 are residues where mutations were investigated in this study. (B) Extracellular
view of the overall structure of Shaker–IR (PDB accession no. 7SIP). (C) Structure of the SF of Shaker-IR (PDB accession no. 7SIP); orange spheres represent
potassium ions. (D) Structure of the SF of Shaker W434F (PDB accession no. 7SJ1); blue sphere represents a water molecule. (E) Interactions of residues at
p2–p7 in Shaker-IR; the side-chain of the Phe at p1 was not modeled in the structure. (F) Interactions of residues at p2–p7 in Shaker-IRW434F. (G) Interactions
of residues at p2–p7 in the Kv1.2/2.1 paddle chimera (PDB accession no. 2R9R). (H) Interactions of residues at p2–p7 in the Kv1.2/2.1 triple mutant channel
(W362F/S367T/V377T; p2/p4/p7; PDB accession no. 7SIT). All hydrogen bonds are displayed as dotted black lines.
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Experiments were performed at room temperature (∼22°C). In
most instances, ionic and gating currents were recorded in re-
sponse to voltage steps using a p/−4 subtraction protocol to
subtract capacitive and leak currents. In cases where long pulses
were used to study the kinetics of slow inactivation, p/−4 sub-
traction was not employed.

Results
The objective of the present study was to investigate the influ-
ence of a series of mutations at important conserved positions

near the SF of Kv1.2 that have been previously studied in the
Shaker Kv channel and shown to dramatically influence C-type
inactivation. As we will be referring to these positions routinely
in Shaker and Kv1.2, and occasionally in the Kv1.2/2.1 paddle
chimera, we designated each position as p1–p7, as shown in the
sequence alignment in Fig. 1 A, and labeled in the structures of
both Shaker and the Kv1.2/2.1 paddle chimera (Fig. 1, B–G;
Table 1; Reddi et al., 2022; Tan et al., 2022). As illustrated in the
structure of the SF of Shaker-IR (N-type inactivation removed
by deletion of residues 6–46), which is similar to many other K+

channels thought to represent a conducting state (Doyle et al.,
1998; Zhou et al., 2001; Long et al., 2005a; Long et al., 2007),
interactions between these conserved residues are important for
stabilizing a conducting conformation of the SF (Fig. 1 E). Trp
at p2 (W434) and Asp at p6 (D447) form an intrasubunit hy-
drogen bond, while Tyr at p5 forms intersubunit hydrogen
bonds with Trp at p3 and Thr at p4, and each of these inter-
actions has been functionally implicated in stabilizing a con-
ducting state in Shaker (Pless et al., 2013). The Tyr at p5 would
also be expected to form hydrophobic interactions with the
Thr at p7, and substitutions with more hydrophobic residues
at p7 greatly slow C-type inactivation in Shaker (Lopez-
Barneo et al., 1993; Molina et al., 1997; Yang et al., 2002;
Kitaguchi et al., 2004). In the structure of Shaker W434F (p2),
many of these key conserved residues move relative to one

Table 1. The amino acids and their numbers at p1–p7 in Shaker, Kv1.2,
and Kv1.2/2.1 paddle chimera channels

Position Shaker Kv1.2 Kv1.2/2.1

p1 Phe425 Gln357 Gln353

p2 Trp434 Trp366 Trp362

p3 Trp435 Trp367 Trp363

p4 Thr439 Ser371 Ser367

p5 Tyr445 Tyr377 Tyr373

p6 Asp447 Asp379 Asp375

p7 Thr449 Val381 Val377

Figure 2. Ionic and gating current recordings for Shaker
and Kv1.2 as well as their mutants at p2 and p7. (A) Family
of ionic currents for Shaker-IR. (B) Family of ionic currents for
Kv1.2. (C) Family of gating currents for Shaker-IR W434F (p2).
(D) Family of ionic currents for Kv1.2 W366F (p2). (E) Family
of ionic currents for Shaker-IR W434F/T449V (p2/p7).
(F) Family of gating currents for Kv1.2 W366F/V381T (p2/p7).
For the ionic current recordings, the holding voltage was−90mV
and step depolarizations were from −80 to +50 mV in 10-mV
increments, and the tail voltage was −60 mV. For the gating
current recordings, the holding voltage was −120 mV, and step
depolarizations were from −110 to +20 mV in 10-mV increments
to elicit ON gating currents before stepping back to −120 mV to
elicit OFF gating currents. These conditions were applied to all
other recordings in this study.
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another and their interactions are lost (Fig. 1 F; Tan et al.,
2022). These stabilizing interactions seen in the structure of
Shaker are also seen in the structure of a conducting state of
the Kv1.2/2.1 paddle chimera (Fig. 1 G; Long et al., 2007) and
are similarly lost in the structure of a triple mutant (W362F/
S367T/V377T; p2/p4/p7) of the Kv1.2/2.1 paddle chimera
(Fig. 1 H; Reddi et al., 2022).

Confirming mutant phenotypes at p2 are distinct between
Shaker and Kv1.2
For all experiments described here, the Shaker and Kv1.2
channels were expressed without β-subunit in Xenopus oocytes
and studied using a two-electrode voltage clamp with an ex-
ternal solution containing 50 mM K+ (see Materials and meth-
ods). Previous studies have shown that the W434F (p2) mutant
of Shaker is effectively non-conducting because C-type inacti-
vation is very rapid (Yang et al., 1997), and when expressed
at sufficiently high levels only gating currents are observed
(Perozo et al., 1993), which reflect the movement of the S1–
S4 voltage-sensing domains between resting and activated states
(Bezanilla, 2018). In Shaker, the T449V (p7) mutant rescues ion
conduction in W434F, albeit with faster C-type inactivation
compared to Shaker-IR (Yang et al., 2002; Kitaguchi et al.,
2004). In contrast to these findings in Shaker, the W366F (p2)
mutant in Kv1.2 was reported to be conducting, yet with faster
C-type inactivation compared with WT (Suarez-Delgado et al.,
2020). Importantly, combining the W366F mutant at p2 in Kv1.2
along with the V381T mutant at p7 to resemble Shaker at that
position results in a non-conducting channel (Suarez-Delgado
et al., 2020), suggesting that the double mutant has rapid
C-type inactivation similar to W434F in Shaker. As a foundation
for investigating positions not yet studied in Kv1.2, we repeated
these key findings with mutations at p2 and p7, and our results
fully confirmed the published findings (Fig. 2). We see that
T449V (p7) rescues ion conduction when combined with Shaker
W434F (p2; Fig. 2, A, C, and E), andW366F in Kv1.2 is conducting

with more rapid C-type inactivation (Fig. 2 D) compared with
WT Kv1.2 (Fig. 2 B), and combining V381T along with W366F in
Kv1.2 results in a non-conducting channel where only gating
currents are observed (Fig. 2 F).We also attempted to investigate
a mutation at the critical Asp at p6 in Kv1.2 (D379N), which in
Shaker results in non-conducting channels (Hurst et al., 1996;
Pless et al., 2013), but were unable to detect either ion currents
or gating currents for this mutant in Kv1.2.

Mutant phenotypes at p4 are distinct between Shaker
and Kv1.2
We next investigated mutations at p4, a position where Shaker
contains a Thr and Kv1.2 a Ser, each of which forms hydrogen
bonds with the Tyr at p5 in structures of Shaker and Kv1.2 in
conducting conformations (Fig. 1, E and G). The T439V (p4)
mutant in Shaker results in a non-conducting channel, sug-
gesting that it rapidly C-type inactivates (Pless et al., 2013),
which we also observed when we expressed the mutant at high
levels and observe only gating currents (Fig. 3 A). In contrast, we
see that the S371V (p4) mutant in Kv1.2 can conduct, albeit with
more rapid C-type inactivation (Fig. 3 B), compared with WT
(Fig. 2 B). Similar to phenotypes observed for mutations at p2,
when the V381T (p7) mutant is combined with S371V (p4) in
Kv1.2, we only observed gating currents when the channel is
expressed at high levels (Fig. 3 C), suggesting that the double
mutant is non-conducting because it rapidly C-type inactivates.
Integration of the gating currents for the double mutant of Kv1.2
yields charge (Q) vs. voltage (V) relations that are similar to
those of the W366F/V381T double mutant (Fig. 3 D), which are
also not substantially altered compared with gating currents
recorded for Shaker or Kv1.2 under other conditions (Bezanilla,
2018). That the residue at p7 determines the phenotypes ob-
served for mutations at both p2 and p4 suggests that p7 is a
particularly critical residue capable of influencing how muta-
tions in two distinct hydrogen bond networks influence C-type
inactivation.

Figure 3. Ionic and gating currents recordings for mutants at p4
and p7 in the Shaker and Kv1.2 channels. (A) Family of gating
currents for Shaker-IR T439V (p4). (B) Family of ionic currents for
Kv1.2 S371V (p4). (C) Family of gating currents for Kv1.2 S371V/
V381T (p4/p7). (D) Normalized Q–V relations for Kv1.2 W366F/
V381T (p2/p7) and Kv1.2 S371V/V381T (p4/p7). Q was obtained by
integrating the ON components of the gating current; all data are
mean ± SEM; n = 3 for Kv1.2 W366F/V381T (p2/p7) and n = 5 for
Kv1.2 S371V/V381T (p4/p7).
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Mutant phenotypes at p5 are distinct between Shaker
and Kv1.2
In structures of Shaker and the Kv1.2/2.1 paddle chimera, the
Tyr at p5 (Y445 and Y377, respectively) undergoes substantial
movement from a position where it interacts with the neigh-
boring subunit in conducting states to rotating behind the SF in
the structures of mutants that promote C-type inactivation
(Fig. 1; Reddi et al., 2022; Tan et al., 2022). In the conducting
states of both channels, the Tyr at p5 hydrogen bonds with the
Trp (p3) and Thr/Ser (p4) and contacts Trp (p2) and Thr/Val (p7;
Fig. 1, E and G). In previous studies with the Shaker Kv channel,
Y445F (p5) is conducting, but displays more rapid C-type inac-
tivation compared with WT (Pless et al., 2013). To confirm
earlier findings, we first studied the Y445F (p5) mutant in

Shaker and observed a conducting channel with more rapid
C-type inactivation (Fig. 4 A) compared to Shaker-IR (Fig. 2 A),
similar to previous results (Pless et al., 2013). In sharp contrast,
Y377F (p5) in Kv1.2 exhibits unaltered slow C-type inactivation
compared withWTKv1.2 (Fig. 4, B, D and E). Compared withWT
Kv1.2, the conductance (G)–V relation for Y377F (p5) in Kv1.2 is
only modestly shifted to more positive voltages (Fig. 4 C), sug-
gesting that the impact of the mutant on voltage-dependent
activation cannot explain its low impact on slow inactivation.
When activating Y377F with a long (20 s) step to +60 mV, the
decay of the ionic current follows a double-exponential time
course with time constants of ∼0.8 and 14 s, with the amplitude
of the slow component predominating, similar to WT Kv1.2
where time constants of ∼0.6 and 18 s were obtained (Fig. 4, D

Figure 4. Ionic and gating currents recordings for mutations at p4, p5, and p7 in the Shaker and Kv1.2 channels. (A) Family of ionic currents for Shaker-
IR Y445F (p5). (B) Family of ionic currents for Kv1.2 Y377F (p5). (C) G–V relations for Kv1.2 and Kv1.2 Y377F (p5). Normalized G–V relations were obtained by
measuring the amplitude of the tail current and normalizing to the maximum elicited following depolarization to +50mV. n = 6 for Kv1.2 Y377F (p5) and n = 7 for
Kv1.2. (D) Currents in response to long (20 s) pulses from −20 to +60 mV in 20-mV steps for Kv1.2 Y377F (p5). The current slowly decays in amplitude as a
result of a slow inactivation process. The red curves are the fits of a double-exponential function to the current traces. (E) Inactivation time constants are
plotted as a function of voltage for Kv1.2 and Kv1.2 Y377F (p5). The filled square symbols are slow time constants, and the filled circle are fast time constants.
n = 7 for Kv1.2, n = 6 for Kv1.2 Y377F (p5), and n = 5 for Kv1.2 Y377F+V381T (p5/p7). (F) Family of ionic currents for Kv1.2 Y377F/V381T (p5/p7). (G) Family of
gating currents for Kv1.2 Y377A (p5). (H) Family of ionic currents for Kv1.2 S371T/Y377F (p4/p5). (I) Family of ionic currents for Kv1.2 S371T/Y377F/V381T Kv1.2
(p4/p5/P7). All data are mean ± SEM.
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and E). In agreement with what was observed for mutations at
p2 and p4 in Kv1.2, combining V381T (p7) along with Y377F (p5)
resulted in a conducting channel that displayed more rapid
C-type inactivation (Fig. 4 F) compared with Y377F alone (Fig. 4
B) or WT Kv1.2 (Fig. 2 B). These findings demonstrate that there
are clear quantitative differences between Shaker and Kv1.2 for
mutations at p5, and as we found for mutations at p2 and p4,
differences between the two channels at p7 seem to account for
the different behaviors observed in the two channels.

To explore whether residue differences at p4 (Ser/Thr)might
also help to understand the unique phenotypes we observed for
mutations at p5, we studied the S371T/Y377F (p4/p5) double
mutant and observed a conducting channel with inactivation
properties similar to Y377F alone (Fig. 4, B and H) or to the WT
Kv1.2 channel (Fig. 2 B). We also studied a triple mutant of Kv1.2
containingmutations at p5, p7, and p4 (Y377F, V381T, and S371T)
and observed a conducting channel with slightly faster

inactivation compared to WT, Y377F (p5), or S371T/Y377F (p4/
p5; Fig. 4 I), suggesting that differences between Shaker and
Kv1.2 at p4 do not play an important role in the phenotypic
differences observed between the two channels.

In previous studies on Shaker, the aromatic ring of the Tyr
(p5) is essential for maintaining the open state as its mutation to
Ala results in non-conducting channels where gating currents
can be readily measured even though there is no evidence of ion
conduction (Pless et al., 2013). To explore whether an aromatic
ring is also essential for Kv1.2, we studied the Y377A (p5) mutant
and observed that the channel is non-conducting and only gating
currents can be recorded (Fig. 4 G), indicating that the aromatic
ring of the Tyr (p5) is a key factor in maintaining the open state
of both Shaker and the Kv1.2 channel.

The final position structurally implicated in hydrogen
bonding with p5 in both Shaker and Kv1.2 is p3. Although the
W435F p3 mutant in Shaker does not dramatically alter C-type

Figure 5. Ionic currents recordings for mutations at p1, p4,
and p7 in the Kv1.2 channel. (A) Family of ionic currents for
Kv1.2 V381T (p7). (B) G–V relations for Kv1.2, Kv1.2 V381T (p7),
Kv1.2 S371T/V381T (p4/p7), and Kv1.2 Q357A/V381T (p1/p7).
Normalized G–V relations were obtained by measuring the
amplitude of the tail current and normalizing to the maximum
elicited following depolarization to +50 mV. n = 5 for Kv1.2
V381T (p7), n = 5 for Kv1.2 S371T/V381T (p4/p7), n = 5 for Kv1.2
Q357A/V381T (p1/p7), and n = 7 for Kv1.2. (C) Currents in re-
sponse to long (20 s) pulses from −20 to +60 mV in 20-mV
steps for Kv1.2. The red curve is the fit of a double-
exponential function to the current traces. (D) Currents in re-
sponse to long (20 s) pulses from −20 to +60 mV in 20-mV
steps for Kv1.2 V381T (p7). (E) Inactivation time constants
plotted as a function of voltage for Kv1.2 and Kv1.2 V381T (p7).
Filled square symbols are slow time constants, and filled circles
are fast time constants. n = 7 for Kv1.2 and n = 5 for Kv1.2 V381T
(p7). (F) Amplitudes for fast and slow components for Kv1.2 and
Kv1.2 V381T (p7). Afast/(Afast + Aslow) are shown as circles, and
the Aslow/(Afast + Aslow) as squares. n = 7 for Kv1.2 and n = 5 for
Kv1.2 V381T (p7). (G) Family of ionic currents for Kv1.2 S371T/
V381T (p4/p7). (H) Family of ionic currents for Kv1.2 Q357A/
V381T (p1/p7). All data are mean ± SEM.
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inactivation (Pless et al., 2013), to exclude the possibility that
some mutations are more impactful in Kv1.2, we mutated the
corresponding p3 residue in Kv1.2 (W367F). As in Shaker, the p3
mutant in Kv1.2 remains conducting and slow inactivates with
similar properties compared with the WT channel (Fig. 7, A
and B).

Mutant phenotypes at p7 are distinct between Shaker
and Kv1.2
One of the general themes emerging from the results thus far is
that p7 plays a critical role in determining the impact of muta-
tions at the most conserved positions studied. Mutation of p7
from Val to Thr renders the impact of p2, p4, and p5 mutations
similar for Kv1.2 channels when compared to Shaker. One ex-
planation that would be consistent with all our results would
be to posit that Kv1.2 is more resistant to inactivation when
compared with Shaker, with Val at p7 being one determinant
responsible for Kv1.2 resisting inactivation. Recalling that
substitutions at T449 (p7) in Shaker with more hydrophobic
residues like Val dramatically slow C-type inactivation (Lopez-
Barneo et al., 1993), we next assessed the individual impact of
mutations at p7 (V381) in Kv1.2 by initiallymutating that position
to Thr, expecting, based on studies in Shaker (Lopez-Barneo
et al., 1993), to observe faster slow inactivation. Surprisingly,

however, we found that ionic currents recorded for V381T
exhibited slow C-type inactivation and a G–V relation that were
both quite similar to WT Kv1.2 channel (Fig. 5, A–F). We also
combined the V381T (p7) mutation along with the S371T (p4)
mutation and observed similar results (Fig. 5, B and G). These
findings demonstrate that when studied in isolation, the p7
position has a much greater impact on slow inactivation in
Shaker (Lopez-Barneo et al., 1993) compared with Kv1.2.

From the available structures of Shaker and Kv1.2, we iden-
tified an additional residue difference at p1 that is positioned
near p7 and could conceivably have a local influence on muta-
tions at p7. At p1, Shaker contains a Phe (F425) known to in-
fluence the binding of pore-blocking scorpion toxins (Goldstein
and Miller, 1992; Goldstein et al., 1994), and Kv1.2 contains a
polar Gln. Although the Q357F (p1) mutant in Kv1.2 failed to give
rise to functional channels (no ionic or gating currents could be
observed), combining the Q357A mutant at p1 along with V381T
(p7) did not dramatically speed C-type inactivation in Kv1.2
(Fig. 5, B and H). As the more drastic T449A and T449K muta-
tions at p7 in Shaker accelerate C-type inactivation by about
eightfold and 32-fold (Lopez-Barneo et al., 1993), respectively,
we tested whether the corresponding mutations in Kv1.2 might
have more readily detectable effects on C-type inactivation.
Although relatively short ionic current traces for the V381A (p7)

Figure 6. Ionic currents recordings for mutations at p7 in the
Kv1.2 channel. (A) Family of ionic currents for Kv1.2 V381A (p7).
(B) G–V relations for Kv1.2 and Kv1.2 V381A (p7). Normalized G–V
relations were obtained by measuring the amplitude of the tail
current and normalizing to the maximum elicited following de-
polarization to +50 mV. n = 5 for Kv1.2 V381A (p7) and n = 7 for
Kv1.2. (C) Currents in response to long (20 s) pulses from −20 to
+60 mV in 20-mV steps for Kv1.2 V381A (p7). The red curve is the
fit of a double-exponential function to the current traces. (D) In-
activation time constants plotted as a function of voltage for Kv1.2,
Kv1.2 V381A (p7), and Shaker-IR. The filled square symbols are
slow time constants, and the filled circles are fast time constants.
n = 7 for Kv1.2, n = 5 for Kv1.2 V381A (p7) and n = 5 for Shaker-IR.
(E) Family of ionic currents for Kv1.2 V381K (p7). (F) Currents in
response to long (20 s) pulses from −20 to +40 mV in 20 mV steps
for Shaker-IR. The red curve is the fit of a single-exponential
function to the current traces.
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mutant in Kv1.2 are similar to the WT Kv1.2 on first inspection
(Fig. 6 A), with a relatively unperturbed G–V relation (Fig. 6 B),
longer pulses reveal that the mutant accelerates the fast com-
ponent of inactivation by about threefold (Fig. 6, C and D)
compared with the WT Kv1.2 channel. In contrast, the V381K
(p7) mutant clearly exhibited accelerated C-type inactivation
(Fig. 6 E), albeit to a lesser extent, than that observed in Shaker.
We also compared slow C-type inactivation in Shaker and Kv1.2
channels under our recording conditions. Although slow inac-
tivation in Shaker can be reasonably well described with a single
exponential function (Fig. 6 F), whereas Kv1.2 requires a double
exponential function (Fig. 5 C), the time constants for

inactivation in Shaker are around threefold faster than the
most prominent slow component of inactivation in Kv1.2
(Fig. 6 D). Taken together, our results reveal that mutations
near the SF expected to disrupt side-chain interactions that
stabilize the conducting states of both channels (Fig. 1, E and G)
consistently have a more substantial energetic impact on
Shaker when compared with Kv1.2. Either the conducting state
in Kv1.2 is intrinsically more stable compared with Shaker or
the energy barrier for entry into the inactivated state is higher.

Mutant phenotypes in Kv1.2 and the Kv1.2/2.1 paddle chimera
are similar
As the x-ray structure of the Kv1.2/2.1 paddle chimera has been
an important foundation for exploring Kv channel mechanisms
(Long et al., 2007), and the recent structure of the Kv1.2/2.1
paddle chimera with three additional mutations (at p2, p4, and
p7) supports a mechanism for slow inactivation involving dila-
tion at the external end of the SF (Reddi et al., 2022), we tested
whether our findings with Kv1.2 are also applicable for the
chimera. The W362F mutation at p2 in the chimera resulted in a
conducting channel with rapid C-type inactivation (Fig. 7, C and
D), similar to what has been observed in Kv1.2 (Suarez-Delgado
et al., 2020; Fig. 2 D). As found in Shaker and Kv1.2, the W363F
mutation at p3 did not substantially alter slow inactivation
(Fig. 7 E). The S367V mutation at p4 produced a conducting
channel with relatively rapid C-type inactivation (Fig. 7 F), not
unlike what we observed in Kv1.2 (Fig. 4 B). Moreover, the
Y373F mutation at p5 did not appreciably alter C-type inacti-
vation (Fig. 7 G), similar to what we observed in Kv1.2 but very
different from what is seen in Shaker (Pless et al., 2013; Fig. 4, A
and B). Finally, we tested the additional mutation at p7 (V377T)
together with that at p4 (S367V) in the chimera, and although
this construct expressed very poorly, when currents could be
recorded, we observed a non-conducting phenotype where only
gating currents could be observed (Fig. 7 H), again reminiscent
of what we observed in Kv1.2 (Fig. 3 C). This comparison sug-
gests that the Kv1.2/2.1 paddle chimera behaves similar to Kv1.2
and therefore is a valid structural target for interrogating
mechanisms of slow inactivation in Kv1.2.

Discussion
The objective of the present studywas to systematically compare
the impact of mutations at key positions near the SF of Shaker
and Kv1.2 channels to understand how their mechanisms of slow
inactivation are related. Each of the positions studied is involved
in a hydrogen bond network that stabilizes the conducting state
of both channels. For p2, p4, and p5, mutations that dramatically
speed inactivation in Shaker have consistently less robust in-
fluence on slow inactivation in Kv1.2 (Table 2). In each of these
cases, however, the severity of the impact of mutations at p2, p4,
and p5 in Kv1.2 resembles that observed in Shaker when com-
bined with a mutation at p7 from Val to Thr (Table 2). In
structures thought to represent conducting states of both Shaker
and Kv1.2, the Trp at p2 hydrogen bonds with the Asp at p6, the
Tyr at p5 hydrogen bonds with the Trp at p3 and the Ser/Thr at
p4, and the Thr/Val at p7 is close enough to the Tyr at p5 to have

Figure 7. Ionic and gating currents recordings for Kv1.2 and the Kv1.2/
2.1 paddle chimera as well as their mutants at p2, p3, p4, p6, and p7.
(A) Family of ionic currents for Kv1.2. (B) Family of ionic currents for Kv1.2
W367F (p3). (C) Family of ionic currents for the Kv1.2/2.1 paddle chimera.
(D) Family of ionic currents for Kv1.2/2.1 W362F (p2). (E) Family of ionic
currents for Kv1.2/2.1 W363F (p3). (F) Family of ionic currents for Kv1.2/2.1
S367V (p4). (G) Family of ionic currents for Kv1.2/2.1 Y373F (p5). (H) Family of
gating currents for Kv1.2/2.1 S367V/V381T (p4/p7).
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a hydrophobic interaction (Fig. 1, E and G). In mutant structures
of both channels proposed to represent a slow C-type inactivated
state (Fig. 1, F and H), the Tyr at p5 undergoes a large dis-
placement to rotate outward behind the SF, leading to its dilation
and breaking off its hydrogen bonds with the Trp at p3 and the
Ser/Thr at p4 and its hydrophobic interaction with the Thr/Val
at p7, residing between the Trp at p2 and the Asp at p6. Thus, the
Tyr at p5 is central to the reorganization behind the SF accom-
panying dilation of the SF that occurs during inactivation in both
Shaker and Kv1.2 channels. If the structures of Shaker and Kv1.2
faithfully capture the conformational change that occurs with
C-type inactivation, we would anticipate observing similar
structural changes in the T439V (p4) and Y445A (p5) mutants of
Shaker, as both are effectively non-conducting (Figs. 3 and 4;
Table 2). As the available structure of WT Shaker was obtained
in the presence of high K+ concentrations (Tan et al., 2022), and
high K+ slows inactivation (Lopez-Barneo et al., 1993), it might
also be possible to capture a dilated SF for the WT Shaker Kv
channel in the presence of low K+ concentration.

That the Thr/Val differences at p7 between Shaker and Kv1.2
critically determine the phenotypes observed for mutations at
p2, p4, and p5 suggest that the hydrophobic interactions be-
tween the Thr/Val at p7 and the Tyr p5 are a critical determinant
of how mutations influence slow inactivation in the two chan-
nels. However, it is also interesting that individual mutations at
p7 have a much stronger influence on slow inactivation in
Shaker compared with Kv1.2, suggesting that either the con-
ducting state of Kv1.2 is intrinsically more stable than Shaker
when compared with the inactivated state or the energy barrier
between conducting and inactivated states is considerably
higher in Kv1.2, irrespective of the residue present at the p7
position. The resistance of Kv1.2 to inactivate can explain why
it has been challenging to solve structures of this channel in an

inactivated state (Pau et al., 2017; Matthies et al., 2018). Al-
though the sequence identity between Shaker and Kv1.2 is
high around the SF, there are many positions that vary be-
tween the two channels in the sequence between S5 and S6
that forms the SF (Fig. 1 A) and in the outer end of the S6 helix
that cradles the SF in the outer pore of the channel.

The mechanism of slow inactivation in Kv1.3 is also germane
to the present comparison of slow inactivation in Shaker and
Kv1.2 channels. TheW436F mutation at p2 in hKv1.3 renders the
channel non-conducting (Kubota et al., 2017) much like the
corresponding W434F mutation in Shaker. In addition, although
the D402N mutation at p6 was reported to not form functional
channels, concatenated dimers with WT and the D402N muta-
tion are conducting with faster inactivation (Aiyar et al., 1996), a
result that is similar to what is observed for D447Nmutations in
the Shaker Kv channel (Pless et al., 2013). Mutations at p7, which
in Kv1.3 is a His, influence inactivation similarly to what is ob-
served in Shaker (Busch et al., 1991; Nguyen et al., 1996; Jager
et al., 1998; Somodi et al., 2004). Recent structures of Kv1.3
channels captured in inactivated states also display a dilated SF,
similar to what is seen in the Shaker and Kv1.2 channels, but
where distinct conformations are observed that may reflect
intermediates between conducting and inactivated states
(Selvakumar et al., 2022; Tyagi et al., 2022). All of the structural
studies in Shaker, Kv1.2, and Kv1.3 used high K+ concentrations
(Reddi et al., 2022; Selvakumar et al., 2022; Tan et al., 2022;
Tyagi et al., 2022), which interferes with inactivation (Lopez-
Barneo et al., 1993), explaining why both Shaker and Kv1.2 were
captured with the SF in a conducting state in the absence of
inactivation-promoting mutations (Reddi et al., 2022; Tan et al.,
2022). Importantly, inactivated conformations of the SF in
Kv1.3 were observed in elevated K+ solutions, and conducting
conformations were only observed with inhibitors bound to

Table 2. The functional effects of Shaker and Kv1.2 mutations

Shaker Functional effect Kv1.2 Functional effect

WT W434 Conducting W366 Conducting

p2 W434F Non-conducting W366F Faster inactivation

p3 W435F Conducting W367F Conducting

p4 T439V Non-conducting S371V Faster inactivation

p5 Y445F
Y445A

Faster inactivation
Non-conducting

Y377F
Y377A

Conducting
Non-conducting

p6 D447N Non-conducting D379N Non-functional channel

p7 T449V
T449A
T449K

Slower inactivation
Faster inactivation
Faster inactivation

V381T
V381A
V381K

Conducting
Faster inactivation
Faster inactivation

p1/p7 Q357A/V381T Conducting

p2/p7 W434F/T449 Faster inactivation W366F/V381T Non-conducting

p4/p5 S371T/Y377F Conducting

p4/p5/p7 S371T/Y377F/V381T Faster inactivation

p4/p7 S371V/V381T
S371T/V381T

Non-conducting
Conducting

p5/p7 Y377F/V381T Faster inactivation
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stabilize that conformation (Selvakumar et al., 2022; Tyagi
et al., 2022). This comparison would suggest that Shaker,
Kv1.2, and Kv1.3 have similar mechanisms of inactivation, yet
with important energic differences that make Kv1.3 the most
prone to inactivate, followed by Shaker, and then Kv1.2 being the
most resistant. It will be interesting to study other Kv1 channels
to see whether their slow inactivation mechanisms fit with what
we have learned thus far from studies on Shaker, Kv1.2, and
Kv1.3. The Kv1.5 channel is rendered non-conducting by the
W472F mutation at p2 (Chen et al., 1997), for example, yet con-
tains an Arg (R487) at p7 and retains slow inactivation even
when this position is mutated to Val or Tyr (Fedida et al., 1999).

The family of Kv channels is large and diverse and the
mechanisms of inactivation are only coming into focus for a few
Kv1 channels. It will be interesting to understand whether di-
lation of the SF is a mechanism common to other Kv channels or
to other types of K+ channels where a dynamic SF plays an
important role in channel gating (Zilberberg et al., 2001;
Bagriantsev et al., 2011; Yan et al., 2016; Lolicato et al., 2020).
One might speculate that other mechanisms of inactivation are
important, for example, like that described in the KcsA K+

channel where the SF appears to collapse during inactivation
(Cuello et al., 2017). One notable example might be the Kv2.1
channel, where slow inactivation is not very sensitive to ex-
ternal K+, blockers such as tetraethylammonium, or mutations
near the SF (Klemic et al., 1998; Carrillo et al., 2013; Jamieson and
Jones, 2013). However, the different mutant phenotypes ob-
served here when comparing the closely related Shaker and
Kv1.2 channels would suggest that distinct mutant phenotypes
are not necessarily an indication of different mechanisms of
slow inactivation. It will be exciting to solve structures of
other K+ channels under conditions favoring inactivated
conformations of the SF to further explore mechanisms of
inactivation.
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