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ABSTRACT

Voltage-gated potassium channels are important regulators of electrical excitation in many tissues,
with Kv1.2 standing out as an essential contributor in the CNS. Genetic deletion of Kv1.2 invariably
leads to early lethality in mice. In humans, mutations affecting Kv1.2 function are linked to epileptic
encephalopathy and movement disorders. We have demonstrated that Kv1.2 is subject to a unique
regulatory mechanism in which repetitive stimulation leads to dramatic potentiation of current. In
this study, we explore the properties and molecular determinants of this use-dependent
potentiation/activation. First, we examine how alterations in duty cycle (depolarization and
repolarization/recovery times) affect the onset and extent of use-dependent activation. Also, we use
trains of repetitive depolarizations to test the effects of a variety of Thr252 (S2-S3 linker) mutations
on use-dependent activation. Substitutions of Thr with some sterically similar amino acids (Ser, Val,
and Met, but not Cys) retain use-dependent activation, while bulky or charged amino acid
substitutions eliminate use-dependence. Introduction of Thr at the equivalent position in other Kv1
channels (1.1, 1.3, 1.4), was not sufficient to transfer the phenotype. We hypothesize that use-
dependent activation of Kv1.2 channels is mediated by an extrinsic regulator that binds
preferentially to the channel closed state, with Thr252 being necessary but not sufficient for this
interaction to alter channel function. These findings extend the conclusions of our recent
demonstration of use-dependent activation of Kv1.2-containing channels in hippocampal neurons,
by adding new details about the molecular mechanism underlying this effect.
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I .
ntroduction bursts of action potentials.® The physiological func-

tion of use-dependent activation has not yet been
established, however it is clear that Kv1.2 channels

Voltage gated potassium (Kv) channels play an
essential role in the regulation of threshold and

morphology of action potentials in virtually all
excitable tissues.”> The Kv channel family
comprises a large number of genes, and further
diversity of Kv channel function and regulation is
achieved by heteromeric assembly of channel subu-
nits.>® Within the Kvl family, a small number of
studies have reported that Kv1.2 subunits are sub-
ject to a unique regulatory mechanism described as
‘use-dependent activation’.”® In the context of cel-
lular electrical excitation, the most relevant conse-
quence of use-dependent activation is that rapid,
repetitive trains of depolarizations may generate
significant potentiation of a repolarizing K current
that may alter threshold properties or terminate

play a vital role in CNS function as genetic deletion
of Kv1.2 causes complete lethality in mice due to
generalized seizures.” Furthermore, mutations of
Kv1.2 in humans have been linked to severe conse-
quences including epileptic encephalopathy, intel-
lectual disability and episodic ataxia.'”'" Acquired
antibodies against Kv1.2 can also trigger limbic
encephalitis and Morvan’s syndrome.'>"?

Previous studies have proposed that use-depen-
dence of Kv1.2 is conferred by an extrinsic regulatory
factor,” based on various lines of evidence. Firstly, this
feature exhibits marked cell-to-cell variability in cells
transfected with Kv1.2, suggesting that the primary
sequence of the channel itself does not encode
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Figure 1. (A) Hypothetical model for interpretation of use-dependent activation of Kv1.2 channels. (A,B) Traces in the upper panels illus-
trate behavior of Kv1.2 and Kv1.2[T252R] channels in response to repetitive 10 ms depolarizations between —80 mV and +60 mV, with
a pulse-to-pulse interval of 50 ms. (Lower panels) The gating scheme depicts a proposed model depicting an extrinsic ‘soluble gating
regulator’ (SGR) which binds Kv1.2 preferentially in the closed state (potentially in the S2-S3 linker). Upon depolarization, binding affin-
ity for the channel is reduced, causing it to unbind, leading to disinhibition of channels. In Kv1.2[T252R] channels, we propose that bind-
ing of the SGR is reduced or abolished, causing channels to largely dwell in the potentiated state (unbound, lower tier of gating

scheme).

everything required for use-dependence.”® Secondly,
use-dependence dissipates over time when recording
in the whole-cell or inside-out patch modes, but not
in the lifetime of perforated patch recordings.” This
observation is consistent with loss of an inhibitory
regulator (possibly by diffusion out of the cell and into
the recording pipette). These observations point
toward an extrinsic regulator that modifies Kv1.2
channel gating. Our most recent study has demon-
strated this regulatory mechanism in isolated hippo-
campal neurons, extending previous observations in
various mammalian cell lines.®

To further explore use-dependent activation of
Kv1.2, we have investigated the duty cycle (frequency
and pulse-length) dependence and the essential
sequence determinants of this regulatory process. We
find that this regulatory mechanism exhibits state-
dependence, as the rate of onset of potentiation is
accelerated as the time spent in the open state is
increased. Use-dependent activation depends strongly
on a Thr residue present in the S2-3 linker at position
252, but introduction of a Thr at the equivalent posi-
tion in other Kvl channels was not sufficient to re-
introduce use-dependence. Furthermore, substitution

of small, uncharged residues for Thr in Kv1.2 pre-
served use-dependence. use-dependent
activation seems to depend on the geometry and the
precise properties of the sidechains in the $2-S3 linker
rather than a specific chemical interaction (such as
H-bonding) or modification (e.g. phosphorylation) of
the Thr.
dependent activation of Kv1.2 channels is mediated by

Therefore,

Taken together, we propose that use-

an extrinsic regulatory molecule with state-dependent
affinity for the channel.

Results
Model for Kv1.2 regulation

To provide some context for this study, we will first
outline the fundamental features of Kv1.2 activation
gating being investigated, as well as a conceptual
model that frames our interpretation. The current
record in Figure 1A illustrates use-dependent activa-
tion/potentiation of WT Kv1.2 channels in response
to a train of depolarizing pulses. The first pulse elicits
very little current, but subsequent pulses elicit larger
and larger currents. The extent of this phenomenon is
highly variable in cells expressing Kv1.2, as described
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Figure 2. Frequency and pulse duration effects on use-dependent activation. Cells transfected with Kv1.2 exhibiting prominent
use-dependent activation were subjected to repetitive depolarizing steps from —80 mV to + 60 mV, with variable depolarization or
resting intervals. Peak current in each pulse was normalized to the peak current observed during a long pulse to 460 mV. In panel (A),
the depolarization duration was altered while maintaining a constant pulse frequency of 10 Hz. In panel (B), the interpulse interval was

altered while maintaining a constant 10 ms depolarization duration.

in previous studies, and is absent in recordings from
other closely related Kvl channels.'* This behavior
can be completely eliminated with a point mutation in
the S2-S3 linker (T252R, Fig. 1B).

Various experimental findings (see introduction)
have led us to conceive of a hypothetical mechanism
for use-dependent activation, dependent on an extrin-
sic regulatory subunit that may bind Kv1.2 and modu-
late its gating properties (Fig. 1A, lower panel). We
have used the term ‘soluble gating regulator’ (‘SGR’)
to describe this regulatory partner of Kv1.2. We specu-
late that this regulatory subunit interacts preferentially
when channels are closed, and hinders channel open-
ing upon depolarization (slowing activation kinetics,
and shifting the voltage-dependence of activation).
Upon channel opening, interaction with this extrinsic
factor is lost or altered leading to ‘disinhibition’ of the
channel (moving to the lower tier of the gating
scheme). Upon repolarization, sufficient time will
allow the ‘SGR’ to bind channels, causing them to
again gate slowly. However, channels that have failed
to re-associate with the regulatory subunit will remain
in a potentiated state, and re-open quickly in a subse-
quent depolarization. In this way, rapid repetitive
stimuli will cause channels to accumulate in the poten-
tiated tier of the model, allowing for larger currents to
be generated later in the train of depolarizations.

Previous work has shown that substitution of
Thr252 for Arg eliminates use-dependent activation.”
In the context of this model, we speculate that this
mutation alters the binding site for the ‘SGR’, thereby

weakening its interaction with the channel and caus-
ing channels to preferentially occupy the potentiated
(unbound) tier of the model (Fig. 1B, lower panel
highlighted by blue arrow). Kv1.2[T252R] channels
are thus much less susceptible to the effects of the reg-
ulatory subunit and exhibit little use-dependence
(Fig. 1B).

Duty-cycle dependence of Kv1.2 potentiation

A prediction of this model is that use-dependent acti-
vation/potentiation will depend on the frequency and
duration of channel stimulation and recovery inter-
vals. For these experiments, we restricted our analysis
to cells that exhibited prominent use-dependent acti-
vation (>80 %), and normalized currents during each
repetitive pulse to the peak current observed during a
long depolarization to +60 mV. To explore duty cycle
dependence, we first varied the test pulse duration,
while maintaining a 10 Hz stimulus frequency
(thereby varying the recovery interval between each
depolarization, Figure 2A). Brief depolarizations were
not sufficient to elicit the maximal amount of current
in Kv1.2 channels (for example, 5 ms depolarizations
spaced by 95 ms resting intervals). In contrast, as the
length of the depolarization stimulus was increased,
full current potentiation could be achieved with fewer
sweeps (for example, 80 ms depolarizations spaced
by 20 ms resting intervals). These observations are
consistent with channel opening being required for
potentiation/disinhibition.
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Figure 3. Effects of S2-S3 linker mutations on use-dependent activation. Use-dependent activation of a panel of $2-S3 linker mutations
was quantified using trains of repetitive depolarizations (20 Hz) from —80 mV (40 ms) to +60 mV (10 ms), as described in Figure 1A.
Each data point represents the extent of use-dependent activation observed in a single cell. Prominent use-dependence was observed
with Thr, Val, Ser, or Met in position 252 (n = 15-26 for each construct).

Subsequently, we tested the effects of varying the
interpulse interval, while maintaining a consistent
depolarizing pulse duration (10 ms), thereby changing
the frequency of stimulation (Fig. 2B). Longer recov-
ery intervals elicited submaximal Kv1.2 potentiation
whereas shorter (<50 ms) recovery intervals elicited
full potentiation (Fig. 2B). These observations are con-
sistent with the notion that longer resting intervals
increase the fraction of channels that can re-associate
with the ‘SGR’. In the gating scheme presented in
Figure 1A, this would correspond to channels moving
from the lower ‘potentiated/unbound’ gating tier, to
the upper gating tier. Taken together, these data are
consistent with the prediction that increased channel
stimulation (either by long pulses, or more frequent
stimulation) relieves Kv1.2 from the influence of an
inhibitory regulatory factor.

Structure-function analysis of the S2-53 linker region

Previous work highlighted the importance of Kv1.2 res-
idue Thr252 for use-dependent activation.” Numerous
mutations of Thr252 and 2 upstream phenylalanines
(Phe251 and Phe250), have been reported to eliminate
use-dependent activation.” To extend previous investi-
gation of the molecular determinants of this regulatory
mechanism, we tested the effects of additional Thr252
mutations, including the isosteric Thr252Val substitu-
tion, on channel responses to high-frequency stimula-
tion (Fig. 3A). We also highlight that we have adopted
a different stimulation protocol than that used in

previously published studies of Thr252 mutants, opting
for a sequence of repetitive 10 ms depolarizations deliv-
ered at 20 Hz. This protocol enables more detailed
quantification of the extent of use-dependent potentia-
tion, based on the percent change in current between
the 1st and 100th pulse in a train. Also, this parameter
(% use-dependent activation) allows us to illustrate the
cell-to-cell variability that is inherent in this regulatory
mechanism. In previous studies, potentiation of Kv1.2
was examined with a sequence of 2 significantly longer
(~400 ms) pulses, and cells were classified as ‘slow’
(i.e. sensitive to the use-dependent regulatory mecha-
nism) or ‘fast’ (i.e., insensitive) based on whether the
initial depolarization altered the kinetics of the second
test pulse.

Overall, we observed that smaller, uncharged sub-
stitutions including Ser, Val and (to a lesser extent)
Met, are permissive for use-dependent activation,
while bulkier or charged amino acids eliminated the
effect. Importantly, the Thr252Val substitution exhib-
ited use-dependent activation that was indistinguish-
able from WT Kv1.2 channels, strongly indicating that
phosphorylation of Thr252 does not regulate use-
dependence. Also noteworthy was that despite its ste-
ric similarity to Ser, Cys substitution at residue 252
did not preserve use-dependence.

An important difference from previously published
work was that Asp and Glu substitutions for Thr252
largely eliminated use-dependent activation, although
previously reported to preserve channel potentiation.”
We suspect that this discrepancy is due to different
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methods of measuring this regulatory mechanism (as
highlighted above). Specifically, we have observed that
introduction of either Asp or Glu intrinsically slows
the kinetics of Kv1.2 activation, and this may have
led to their classification as ‘slow’ (sensitive to
use-dependent activation). However, using the repeti-
tive pulse protocol, we observed very little pulse-to-
pulse potentiation.

We also attempted to transplant use-dependent
activation from Kv1.2 into several other Kvl family
channels. Replacement of the native Lys of Kv1.5 with
Thr (at the Thr252 equivalent position) has been pre-
viously studied, and was not sufficient to restore
use-dependent potentiation.” We extended these
experiments by introducing a Thr at the equivalent
position in Kvl1.1, Kvl.3 and AN19-Kv1.4 (Fig. 4).
Similar to findings in Kv1.5, Thr substitution in the
§2-§3 linker was not sufficient to reintroduce use-
dependence, indicating that there are additional chan-
nel elements that influence use-dependent activation.

Effects of S2-S3 linker mutations on surface
expression

We investigated whether there was a relationship
between channel expression and use-dependence of
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Figure 4. Substitution of Thr at the 252 equivalent position of
Kv1.2 into use-dependent activation insensitive channels. Use-
dependent activation of indicated mutants of Kv1.1, 1.3, and 1.4
(AN19 background to eliminate N-type inactivation), was mea-
sured using repetitive 10 ms depolarizations (20 Hz) from
—80 mV to +60 mV, as described in previous Figures. In each of
these channels a Thr (present in the Kv1.2 52-S3 linker at position
Thr252) was substituted at the equivalent position, and mutant
channels were expressed in [tk- fibroblasts. Kv1.2 Thr252 is neces-
sary for use-dependent activation, however introduction of this
residue in either Kv1.1, Kv1.3, or Kv1.4 was not sufficient to trans-
fer this use-dependent property (n = 14-20 for each construct).
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Figure 5. Cell surface expression and current density for a panel
of different Kv1.2 S2-S3 linker mutants. (A) Representative west-
ern blot of a panel of $2-S3 linker mutants of Kv1.2. Kv1.2
channels typically runs as multiple bands on the gel, character-
ized by a heavier 95 kDa glycosylated cell surface band
(highlighted by ‘CS’) and a smaller 67 kDa intracellular ‘core’ gly-
cosylated band (highlighted by ‘IC’). (B) Densitometry was used
to measure the ratio of the cell surface band to the intracellular
band (small ratio indicates weak surface expression, n = 3). No
significant difference was detected between different mutations,
with the exception of Kv1.2[F251R] where relative surface expres-
sion was reduced. (C) Current density at 10 mV was measured for
cells expressing the panel of Kv1.2 mutant channels. In panels B
and C, the dashed horizontal line is a reference for comparison to
WT Kv1.2 levels.

Kv1.2, by measuring current density and cell surface
expression (by western blot) of the same panel of
Thr252 mutants (Fig. 5). These experiments were
motivated by a lingering uncertainty that large chan-
nel expression might overwhelm the expression of an
endogenous negative regulator, leading to a
stoichiometric mismatch in which many channels
would be unbound and therefore appear ‘potentiated’.
Thr252Cys, Thr252Lys and
Thr252Arg), increased current density was observed

In some cases (ie.
together with weaker use-dependence. However,
changes in current density relative to WT Kv1.2 were
not especially large, and some channels with little or
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Figure 6. Comparison of peak current to use-dependent activation in Kv1.2, Kv1.2[T252S] and Kv1.2[T252V]. (A) Relationship between
peak current and % use-dependent activation, with each data point representing the current magnitude and use-dependence for a
single cell. Data points distinguish between cells transfected with Kv1.2 (black circles) vs. cells transfected with Kv1.2 plus siRNA oligonu-
cleotides (white circles). Exemplar traces illustrating pronounced use-dependence in a cell with small currents (top, co-transfected with
siRNA), and weak use-dependence in a cell with large currents (bottom) are shown. Similar data were collected for Thr252 mutants that
retain sensitivity to use-dependent activation: (B) Kv1.2[T252V], and (C) Kv1.2[T252S].

no use-dependent activation (i.e, Thr252His and
Thr252Phe) had comparable current density to WT
Kvl.2 (Fig. 5C). This finding was corroborated
by western blot analysis, in which we quantified the
ratio of the intracellular core-glycosylated band
(highlighted by ‘IC’ in Figure 5A) and the more
heavily glycosylated band corresponding to the cell
surface fraction (highlighted by ‘CS’)."”> Overall, there
were no marked differences in surface expression
between strongly use-dependent mutants and those
that are resistant to the regulatory mechanism
(Fig. 5A, B). One noteworthy S2-S3 linker mutation
was Phe251Arg, which abolished use-dependence
while dramatically weakening current density and cell
surface expression. Overall, these findings suggest that
mutations that alter use-dependent activation of Kv1.2
do so by influencing channel interaction with a regu-
latory factor, rather than a secondary consequence of

dramatically increased channel expression leading to
stoichiometric mismatch with an extrinsic regulatory
subunit.

Although channel expression cannot account for the
loss of use-dependent activation in certain mutants, we
have observed a relationship between peak current and
use-dependence among Kv1.2 channel mutants with
strong use-dependence. For example, in cells transfected
with WT Kvl.2, the most prominent use-dependence
tended to appear in cells with smaller currents (Fig. 6).
This feature was most dramatic in cells co-transfected
with Kv1.2 and a pool of Kv1.2 siRNA oligonucleotides
that diminished channel expression. Most of the siRNA-
treated cells had relatively small currents with very prom-
inent use-dependence (Fig. 6A). Similar observations
were made in other Kv1.2 mutants that retained sensitiv-
ity to use-dependent activation (Fig. 6B, C). This trend
further supports our conclusion that use-dependent
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activation is mediated by an extrinsic regulator, and the
relative abundance of channel and regulator within a cell
determines the strength of use-dependence. If there are
less Kv1.2 channels on the membrane, it is more likely
that the SGR will be able to bind all of the channels, and
that the cell will exhibit strong use-dependent activation.
If there are many Kv1.2 channels, however, there may be
a stoichiometric mismatch leading to markedly less use-
dependent activation.

Discussion

Use-dependent activation/potentiation is a rarely
observed property of Kv channels, but exerts a promi-
nent influence on Kvl.2 subunits in homomeric or
heteromeric channel assemblies.!* In this study, our
objective was to outline and explore our hypothesis
that this regulatory mechanism arises from a state-
dependent interaction between Kv1.2 subunits and an
as yet unidentified extrinsic regulatory factor (SGR’).
The model that we prefer is that a binding site for the
regulator exists when Kv1.2 channels are in a closed
confirmation, with the interaction becoming much
weaker in open channels (Fig. 1A). During a train of
depolarizations, channels that have opened (and
unbound from the regulator) will accumulate in a
‘potentiated’ state, so long as the interpulse interval is
sufficiently short to allow little restoration of the inter-
action. In addition to the molecular details, we are
very excited by the observation of this phenomenon
in neurons, as it lays the foundation for investigation
of a mechanism for activity-dependent alteration of
neuronal excitability.® Also, our report that this regu-
latory phenomenon persists in heteromeric channels
with even a single Kv1.2 subunit indicates that Kv1.2
may act as an adaptor protein that can harness this
regulatory mechanism into channels with mixed sub-
unit composition.®

The dynamic range and potential physiological
impact of use-dependent activation imparted by Kv1.2
is important to recognize. Although there is consider-
able cell-to-cell variability of use-dependent activation
(Fig. 3), cells with particularly prominent use-depen-
dent activation can exhibit current increases of nearly
100-fold during a 20Hz train of depolarizations
(10 ms pulses, 20 Hz)®. This provides a mechanism
through which neurons might dynamically modulate
action potential firing, leading to burst termination or

silencing of overactive neurons. Use-dependent

activation of Kv1.2 channels has not yet been linked
to a specific physiological outcome, but complete
lethality of Kv1.2 knockout models” suggest the para-
mount importance of the channel, and our work has
demonstrated that this use-dependent activation is a
unique feature of Kv1.2 subunits. Ongoing investiga-
tion will be directed toward uncovering the physiolog-
ical importance of this regulatory mechanism, as well
as how it is linked to other mechanisms of Kv channel
regulation. For Kv1.2 in particular, some of these reg-
ulatory mechanisms include phosphorylation of
Ser440/Ser441,'® activity-dependent redistribution of
Kv1.2 mediated by the sigma-1 receptor,'” and endo-
cytosis triggered by repetitive action potential firing.'®
Kvl.2 gating is also modulated by glycosylation,"
tyrosine phosphorylation,'” and auxiliary Kvp-subu-
nits.”® Understanding the relative/collective impor-
tance of these regulatory mechanisms, and how they
are recruited into heteromeric Kvl channel com-
plexes, will help to define the physiological role of use-
dependent activation of Kv1.2.

Materials and methods
Constructs and expression

Kvl channel ¢cDNAs were expressed using the
pcDNA3.1(—) vector (Invitrogen). Mutations were
introduced with overlap extension PCR and subcloned
into the EcoRI and HindIII sites in the pcDNA3.1(—)
MCS using standard methods. Constructs were all ver-
ified by diagnostic restriction digests and Sanger
sequencing (Genewiz, Inc.).

Mouse [Itk- fibroblast cells were maintained in
culture in a 5% CO, incubator at 37°C in DMEM sup-
plemented with 10% FBS and 1% penicillin/strepto-
mycin. Cells were transfected with channel cDNAs
using jetPRIME transfection reagent (Polyplus) and
12-24 hours later were split onto sterile glass cover-
slips. Cells were co-transfected with fluorescent pro-
tein ¢cDNA to allow identification of cells for
recording by epifluorescence. Recordings were done
1-3 d following transfection. For siRNA-mediated
knockdown of Kv1.2 expression, cells were transfected
with 50 nM siRNA pool targeting Kv1.2 (M-091038,
Dharmacon), Kvl.2 ¢cDNA and GFP c¢DNA using
Dharmacon Duo transfection reagent. Cells were split
onto sterile coverslips 48 hours later, and recorded
12-24 hours after plating.



Electrophysiology

Patch pipettes were manufactured from soda lime capil-
lary glass (Fisher), using a Sutter P-97 puller. When filled
with standard recording solutions, pipettes had resistan-
ces of 1-2.5 M(). Recordings were filtered at 5 kHz, sam-
pled at 10 kHz, with manual capacitance compensation
and series resistance compensation between 70-90%,
and stored directly on a computer hard drive using Clam-
pex software (Molecular Devices). Bath solution had the
following composition: 135 mM NaCl, 5 mM KCl, 1 mM
CaCl,, 1 mM MgCl,, 10 mM HEPES, and was adjusted
to pH 7.4 with KOH. Pipette solution had the following
composition: 135 mM KCl, 5 mM K-EGTA, 10 mM
HEPES and was adjusted to pH 7.2 using KOH. Chemi-
cals were purchased from Sigma-Aldrich or Fisher.
Throughout the text, data are presented as mean
+sem.

Western blot analysis

Cell lysates from transfected Itk- fibroblasts were har-
vested in RIPA buffer 3 d following transfection, sepa-
rated using 10 % SDS-PAGE gels, and transferred to
nitrocellulose membranes using standard methods.
Kv1.2 was detected using a monoclonal mouse Kv1.2
antibody (NeuroMAD, clone #K14/16 75-008), HRP-
conjugated goat anti-mouse antibody (Applied Biological
Materials, Vancouver, Canada, SH023), and SuperSignal
West Femto Max Sensitivity Substrate (Thermo Scien-
tific). Chemiluminescence was detected using a Fluo-
rChem SP gel imager (Alpha Innotech).
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