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Abstract

Voltage-gated potassium (Kv) channels play important roles in regulating the excitability of
myocytes and neurons. Kv4.2 is the primary a-subunit of the channel that produces the A-type K*
current in CA1 pyramidal neurons of the hippocampus, which is critically involved in the regulation
of dendritic excitability and plasticity. K* channel-interacting proteins, KChIPs (KChIP1-4),
associate with the N-terminal of Kv4.2 and modulate the channel's biophysical properties, turnover
rate and surface expression. In the present study, we investigated the role of Kv4.2 C-terminal PKA
phosphorylation site S552 in the KChIP4a-mediated effects on Kv4.2 channel trafficking. We found
that while interaction between Kv4.2 and KChIP4a does not require PKA phosphorylation of
Kv4.25552 phosphorylation of this site is necessary for both enhanced stabilization and membrane
expression of Kv4.2 channel complexes produced by KChIP4a. Enhanced surface expression and
protein stability conferred by co-expression of Kv4.2 with other KChlIP isoforms did not require
PKA phosphorylation of Kv4.2 S552. Finally, we identify A-kinase anchoring proteins (AKAPS) as
Kv4.2 binding partners, allowing for discrete local PKA signaling. These data demonstrate that PKA
phosphorylation of Kv4.2 plays an important role in the trafficking of Kv4.2 through its specific
interaction with KChlP4a.

Introduction

Voltage-gated potassium (Kv) channels play a critical role in regulating the excitability of
neurons by preventing membrane depolarization and providing repolarization. Rapidly
inactivating, A-type K* channels of the Kv4 subfamily are highly expressed in the dendrites
of hippocampal CA1 pyramidal neurons where they regulate signal propagation and synaptic
plasticity (Kim and Hoffman, 2008). Kv4.2 has six transmembrane domains (S1-S6) and N-
and C-terminal cytoplasmic domains. The Kv4.2 N-terminus contains a T1 domain that
mediates subfamily specification (Papazian, 1999), and also binds to auxiliary subunits (Gulbis
et al., 2000; Sewing et al., 1996). Kv4.2 C-terminal phosphorylation sites modulate the
channel's trafficking and gating (Anderson et al., 2000) and we have recently shown that PKA
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phosphorylation is necessary for activity-dependent Kv4.2 internalization (Hammond et al.,
2008).

The two main classes of Kv4 auxiliary subunits are the single transmembrane
dipeptidylpeptidase-like (DPPx) proteins and the K* channel interacting proteins (KChIPs)
(Jerng et al., 2004a). KChlIPs are encoded by at least four genes, KChIP1-4. All four are highly
expressed in the brain, whereas only KChIP2 is abundant in the heart. KChIPs belong to the
neuronal calcium sensor and EF-hand protein families (Berridge et al., 2000; Burgoyne and
Weiss, 2001) and have been shown to influence Kv4 channel assembly, phosphorylation status
and stability (An et al., 2000; Kunjilwar et al., 2004; Shibata et al., 2003). The association
between KChlIPs and Kv4 subunits does not require calcium binding, but the effects on channel
gating are calcium dependent or at least are highly sensitive to point mutations within the EF-
hand domains (An et al., 2000).

The KChIP4a isoform, which has a unique KIS (K-channel inactivation suppressor) domain
(Holmgqvist et al., 2002), has been reported to reduce fast inactivation of Kv4 currents in various
cell types, and, unlike other KChIPs, has previously been found to not significantly enhance
Kv4 channel surface expression. A recent report suggests that multiple KChIP isoforms express
this KIS sequence which may be a transmembrane domain important for both trafficking and
gating (Jerng and Pfaffinger, 2008).

PKA modulation of A-type K* channels requires formation of a supramolecular complex with
KChlIPs (Hoffman and Johnston, 1998; Schrader et al., 2002) and we have recently found that
PKA phosphorylation of Kv4.2 channels at site S552 is required for their activity-dependent
internalization (Hammond et al., 2008). Therefore, in this study we investigated the roles of
KChIP4a and Kv4.25552 PK A phosphorylation in the trafficking of Kv4.2. Our results indicate
that KChIP4a can be integral to both the trafficking and stabilization of Kv4.2 channels and,
furthermore, that PKA phosphorylation of Kv4.25552 s uniquely necessary for the trafficking
effects regulated by KChlP4a. Finally, we show that A-kinase anchoring proteins (AKAPS)
associate with Kv4.2, enhancing surface expression of the Kv4.2/KChlP4a complex.

Enhanced surface expression of Kv4.2 by KChlP4a requires S552 phosphorylation

Activation of PKA leads to a prompt downregulation of dendritic A-type K* currents in CA1
pyramidal neurons of the hippocampus, resulting in enhanced action potential back-
propagation (Hoffman and Johnston, 1998). Although phosphorylation of the Kv4.2 a-subunit
at site S552 is necessary for electrical remodeling, PKA modulation of Kv4.2's kinetic
properties additionally requires formation of a supramolecular complex with KChIP auxiliary
subunits (Schrader et al., 2002). More recently, we have shown that S552 PKA phosphorylation
of Kv4.2 is required for rapid, activity-dependent channel internalization (Hammond et al.,
2008). Together with the observation that KChIP subunits generally affect Kv4 channel
trafficking (Jerng et al., 2004a), these data suggest that PKA phosphorylation of the Kv4.2 a-
subunit at site S552 is coordinated with KChIP binding for the regulation of channel properties
and surface expression. We questioned whether phosphorylation at this site was also necessary
for modifications produced by co-expression with KChiP4a.

In a biotinylation assay, co-expression of Kv4.2 with KChIP4a (1:1 protein ratio) enhanced
surface expression of Kv4.2 approximately 1.5-fold (Figure 1A, B; n = 3; p < 0.05). Surface
increase of Kv4.2 by KChlP4a co-expression was also observed using an on-cell western assay
(Figure 1C, D; n = 4; p <0.05). Furthermore, in electrophysiological recordings from HEK293
cells, peak current density of Kv4.2-mediated currents increased after co-expression with
KChIP4a (Figure 1E; n = 15; p < 0.05). As found after Kv4.2 co-expression with other KChIPs
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(Jerng et al., 2004b), enhanced surface expression by KChIP4a co-expression was
accompanied by a decrease in the rate of channel inactivation (Figure 1F; n = 15; p < 0.05).
Together these data from three different experimental approaches confirm Kv4.2 surface
expression enhancement by KChlP4a co-expression in these heterologous expression systems.

To determine whether S552 phosphorylation by PKA affects Kv4.2 + KChlIP4a trafficking,
we compared surface expression of both wild type Kv4.2 and the phospho-mutant
Kv4.25552A with and without KChIP4a in COS7 cells. When co-expressed with KChIP4a,
surface expression of Kv4.25552A was not significantly increased compared with wild type
Kv4.2+KChlP4a in biotinylation experiments (Figure 1A,B; n = 3; p > 0.1) or on-cell westerns
(Figure 1C, D; n = 4; p > 0.1). Peak current density increase and delayed inactivation by
KChIP4a were also not observed in electrophysiological recordings from Kv4.25552A
expressing HEK293 cells (Figure 1E,F; n = 25; both p > 0.1). These results indicate that PKA
phosphorylation at S552 is necessary for the altered surface expression and inactivation rate
of Kv4.2 channels produced by KChIP4a co-expression.

S552 phosphorylation of Kv4.2 is not required for Kv4.2 + KChIP4a interaction

The results in Figure 1, showing the requirement of S552 phosphorylation of Kv4.2 for
enhanced surface expression and delayed inactivation kinetics, could simply indicate that
phosphorylation is required for the interaction between Kv4.2 and KChIP4a. In fact, the lack
of an effect of KChIP4a on A-current inactivation rate in Kv4.25552A expressing cells (Figure
1F) suggests that surface expressed channels are not in complex with KChlIP4a in these
recordings. We therefore looked to see if Kv4.25%52A and KChIP4a were physically interacting.
To test for this we co-transfected KCh1P4a with wild type Kv4.2 or Kv4.25%52A jn COST7 cells
and performed co-immunoprecipitation experiments. Western blot analysis showed that both
Kv4.2 and the Kv4.25552A mutant could bind to KChIP4a (Figure 2). PKA phosphorylation of
Kv4.2 therefore does not appear to be required for Kv4.2-KChlP4a binding but does mediate
enhanced surface expression of Kv4.2 through its interaction with KChlP4a.

S552 phosphorylation is not required for enhanced surface expression by other KChlIPs

This requirement for PKA phosphorylation at site S552 for enhanced membrane expression is
specific for KChIP4a as elevated Kv4.2 expression by neither KChIP1 nor KChIP2 was
affected by the Kv4.25552A mutation (Figure 3). In COS7 cells, biotinylation assays showed
that co-expression of either KChIP1 or KChIP2 lead to multi-fold increases in surface
expression of both Kv4.2 (Figure 3A,B; n = 3; p < 0.05) and Kv4.25%52A (Figure 3A,B; n = 3;
p <0.05).

Electrophysiological recordings in HEK cells produced corresponding results (Figure 3C).
Both KChIP1 and KChIP2 produced a similar slowing of macroscopic inactivation as
KChlIP4a, suggesting a population of surface channels in complex with KChIPs, which do not
require S552 phosphorylation of Kv4.2 (Figure 3D). We note also that although KChIP4a does
significantly enhance Kv4.2 surface expression (Figure 1), the increase is only half as effective
as that found for KChIP 1 or 2 (Figure 3).

PKA activation enhances Kv4.2 surface expression when co-expressed with KChiP4a

We have previously shown acute PKA activation by forskolin (FSK) to result in an acute
decrease in surface expression of EGFP-tagged Kv4.2 (Hammond et al., 2008). However, our
present results show S552 PKA phosphorylation to be required for KChiP4a-mediated
enhancement of channel surface expression. We therefore predicted that long-term FSK
exposure would lead to an increase in surface expression of Kv4.2 in complex with KChlP4a
subunits after PKA activation.
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To investigate the long-term effect of FSK exposure on the surface expression of Kv4.2 +
KChIP4a channel complexes, we performed biotinylation experiments in COS7 cells. While
FSK reduced surface expression of Kv4.2 when expressed acutely (10 uM; 15 min; n=3; p <
0.05, data not shown), long-term (24 h) FSK treatment increased membrane expression levels
of Kv4.2 + KChIP4a channels (Figure 4 A, B; n = 3; p < 0.001) as well as Kv4.2 channels
expressed in the absence of KChIP4a (Kv4.2+FSK=1.39£0.15 normalized to Kv4.2 + ctrl; n=3;
p < 0.05). The FSK effect on Kv4.2 + KChIP4a surface enhancement specifically required
PKA phosphorylation as it was blocked by pre-incubation with PKA antagonist H89 (Figure
4 A, B; n=3; p<0.001). Enhanced expression after PKA activation required phosphorylation
at Kv4.2 site S552 as no increase was found in FSK experiments from cells expressing the
Kv4.25552A mutant (Figure 4 C, D; n = 3; p > 0.1). All biotinylation results after long-term
FSK exposure were confirmed in electrophysiological recordings (Figure 4E) including
enhanced expression of Kv4.2 in the absence of KChiP4a (Kv4.2+FSK=361.07£14.21 pA/pF;
n=19; p < 0.05).

In support of the findings presented thus far, phosphomimetic mutation of Kv4.2 S552 was
found, in both biotinylation and electrophysiological recordings, to enhance channel surface
expression compared to wild type Kv4.2 (Figure 5 A-C). As expected, increased surface
expression of Kv4.25952D in the absence of KChIP4a, was not accompanied by a change in
the inactivation rate compared to Kv4.2 (Figure 5D). Surface expression of both Kv4.2 and
Kv4.25552D were then further enhanced by KChIP4a co-expression in both biotinylation and
electrophysiological recordings (Figure 5A-C). Inactivation time constants were increased for
both constructs by KChlP4a (Figure 5D).

KChlP4a enhancement of Kv4.2 stabilization requires S552 phosphorylation of Kv4.2

Another reported effect of KChIP co-expression is enhanced Kv4 channel stability (Shibata et
al., 2003). We measured the stability of Kv4.2 subunits in stabilization experiments in COS7
cells (Figure 6). Normalized Kv4.2 protein levels were increased ~ 2-fold by 48 h after
KChlP4a co-expression (Figure 6 A,B). KChlIP4a co-expression thus enhances stabilization
of the channel complex, perhaps by preventing the misfolding of Kv4.2 proteins, which would
otherwise be targeted for degradation (Shibata et al., 2003).

To determine if the enhanced stabilization of Kv4.2 by KChIP4a was S552 phosphorylation-
dependent, we co-transfected COS7 cells with KChIP4a and either Kv4.2 or Kv4.25552A,
Although KChIP4a co-expression enhanced stability of Kv4.2 (Figure 6A, B; n=4; p <0.05),
no increased stability was observed for Kv4.25552A (Figure 6A, B; n = 4; p > 0.05). Chronic
FSK exposure (24 h) also enhanced channel complex stability, requiring S552 phosphorylation
(Figure 6C, D; n = 4; p < 0.05). The requirement for phosphorylation site S552 for enhanced
stability was again specific for KChIP4a as Kv4.2 and Kv4.25552A protein levels were similarly
increased 48 h after KChIP1 co-expression (Figure 6E; n = 4; p < 0.05). KChIP4a therefore
both enhances forward trafficking of Kv4.2 and increases the stability of the protein. Both of
these effects require S552 phosphorylation of Kv4.2.

A-kinase anchoring proteins anchor PKA to Kv4.2 complexes

A-kinase anchoring proteins (AKAPS) are a group of proteins that bind to target proteins as
well as the regulatory subunit of PKA, allowing for discrete local PKA signaling. Given our
results demonstrating the importance of PKA phosphorylation at S552 on Kv4.2 for trafficking,
we looked for Kv4.2-AKAP interactions. In co-IP experiments, the AKAP79 antibody pulled
down either AKAP79 or Kv4.2 when co-expressed in COS7 cells but not Kv4.2 expressed
alone (Figure 7A). No interaction was observed between KChIP4a and AKAP79 in co-IP
experiments using the AKAP79 antibody for pulldown (Figure 7B). These results suggest that
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AKAPT79 binds to Kv4.2, but not directly to KChiP4a. Figure 7C shows co-localization of
Kv4.2 and AKAP150 (mouse homologue of the human AKAP79) in hippocampal neurons.

In both biotinylation (n = 3; p < 0.05) and electrophysiology experiments (n = 9-10; p < 0.05),
we found AKAP79 to augment Kv4.2+KChlP4a surface expression (Figure 8A-C). To
determine AKAP involvement in PKA-mediated surface enhancement, we used the Ht31
inhibitor peptide, which prevents the interaction between RII subunits of PKA and AKAPs. In
both biotinylation (Figure 8A, B, n = 3, p > 0.05 compared to control) and electrophysiology
experiments (Figure 8C, n=9, p >0.05 compared to control), Ht31 brought surface expression/
current levels down toward levels observed without KChiP4a co-expression and counteracted
the KChlIP4a-mediated increase in the time constant of channel inactivation (Figure 8D).

These Ht31 results in HEK cells could indicate a role for endogenous AKAPs in the KChlIP4a-
mediated effects on current levels (Willoughby et al., 2006). Accordingly, we found Ht31 to
reduce peak A-current in electrophysiological recordings from HEK cells expressing Kv4.2
+KChlP4a in the absence of AKAP79 (Kv4.2+KChIP4a+Ht31: 211.77+21.63 pA/pF; n=11,
p < 0.05 vs Kv4.2+KChlIP4a without Ht31: 273.65+13.10 pA/pF; n=15, data not shown).
Alternatively, AKAP79-containing channel complexes, requiring PKA for surface expression,
could dominate Kv4.2+KChIP4a-only channels when co-expressed with AKAP79, preventing
KChlP4a-mediated increase of surface expression. Inany case, our results, along with previous
observations that both proteins are expressed in hippocampal spines (Kim et al., 2007;
Robertson et al., 2009), suggest that AKAPs likely couple PKA to Kv4-channel complexes to
dynamically regulate their activity natively in neurons.

Discussion

Here we present results demonstrating a unique, interactive co-regulation of PKA
phosphorylation of the Kv4.2 pore-forming a-subunit and the KChiP4a auxiliary subunit.
While phosphorylation at site S552 of Kv4.2 is not required for the interaction between Kv4.2
and KChIP4a, it is necessary for the enhanced membrane expression and protein stability
conferred by these auxiliary subunits. This co-requirement of Kv4.2 a-subunit phosphorylation
and KChIP co-expression for functional changes was also described for PKA modulation of
A-type current kinetic properties (Schrader et al., 2002). However, our findings show that the
requirement of PKA phosphorylation of Kv4.2 at site 552 for enhanced surface expression and
stability is unique to KChlP4a, as other KChIP proteins affected expression levels even when
co-expressed with the Kv4.2 PKA phosphorylation mutant S552A. In addition, we identify
AKAP79 as a Kv4.2 binding partner and show that AKAPs augment KChiP4a-mediated Kv4.2
surface enhancement. AKAP binding partners allow for compartmentalized PKA signaling to
the Kv4.2 macromolecular complex.

Mechanism of enhanced surface expression and stabilization

In the present manuscript, we provide both biochemical and electrophysiological evidence that
KChlIP4a increases cell surface expression and stability of Kv4.2 channels after heterologous
co-expression. These findings are consistent with previous (Jerng et al., 2004b) and present
(Figure 3) results observed after co-expression of Kv4 channels with KChIP1 or KChIP2
subunits. Unlike with KChIP1 or KChIP2 co-expression, however, KChIP4a-mediated surface
expression and protein stability enhancement required S552 phosphorylation of Kv4.2. To
account for these findings we suggest the following working model. If, as evidence suggests
(Shibata et al., 2003), KChlP4a tends to be preferentially trapped in the ER, perhaps anchored
in the ER membrane by its unique N-terminal transmembrane domain (Jerng and Pfaffinger,
2008), phosphorylation of Kv4.2 at site 552 may be permissive for the trafficking of KChIP4a-
containing complexes out of intracellular membranes as was found for the plasma membrane
(Hammond et al., 2008). Enhanced stability through KChIP4a binding may occur through a

Mol Cell Neurosci. Author manuscript; available in PMC 2011 March 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Linetal.

Page 6

decrease in the incidence of misfolded Kv4.2, which would otherwise be targeted for
degradation. Support for this scenario comes from the electrophysiology data presented in
Figures 1 and 3. Although Kv4.2 and Kv4.25%52A cyrrent densities are similar (Figure 1E,
compare “Ctrl” groups), lack of an effect on Kv4.2 S552A inactivation rate by KChIP4a
expression (Figure 1F) suggests that channels in complex with KChIP4a are not forward
trafficked to the plasma membrane. This is not the case for KChIP1 and KChIP2 where co-
expression leads to delayed inactivation rates (Figure 3D).

Comparison with previous reports

In this study we have found that mouse KChlP4a increases the surface expression of Kv4.2
about 1.5-2 fold compared to Kv4.2 alone. These results were confirmed using a range of
techniques (biotinylation assays, on-cell westerns and electrophysiological recordings).
However, a number of previous reports have found that KChIP4a, unlike other KChIP subunits,
does not increase surface expression of Kv4 channels (Holmgvist et al., 2002; Jerng and
Pfaffinger, 2008; Liang et al., 2008; Schwenk et al., 2008; Shibata et al., 2003). We tested a
number of hypotheses to explain our results showing increased surface expression. First, we
noticed that most previous work was performed using Kv4.3 as the pore-forming a-subunit.
We therefore tested whether KChIP4a increases the surface expression of Kv4.3 using
biotinylation assays after expression in COS7 cells (Supplementary Figure 1). We found
KChlP4a increases Kv4.3 surface expression about 1.5 fold compared to Kv4.3 alone (n = 3,
p < 0.05), similar to our results using Kv4.2. Next, we examined the peak Kv4.2 current in
HEK293 cells co-transfected with human KChiP4a (Supplementary Figure 2). The result is
similar to that found for mouse KChIP4a, showing that human KChlP4a also increases the
peak current of Kv4.2 about 2-fold (p < 0.05).

One possible explanation for the different findings in the ability for KChIP4a to enhance
channel expression levels lies in the recording techniques used, including cell-type differences.
Our study used cDNA transfection into mammalian cells (COS7 and HEK, Figure 1 and
Supplemental Figure 3) whereas recordings were predominately performed in Xenopus
oocytes after cRNA microinjection in previous studies. We note that there is a tendency toward
larger currents after KChlP4a expression in one study also using mammalian CHO cells
(Holmgvist et al., 2002). Although we demonstrate enhanced surface expression of Kv4.2 with
KChlP4a co-expression, the increase is clearly much smaller than that produced by other
KChIP subunits (compare Figures 1B and 3B).

Physiological Relevance

PKA activation leads to decreased A-type K* channel activity in CA1 dendrites through a
hyperpolarizing shift in their activation curve, leading to enhanced dendritic excitability
(Hoffman and Johnston, 1998). These changes require Kv4 channels to be in complex with
KChIP subunits (Schrader et al., 2002). Our present results show that PKA phosphorylation
of site S552 of Kv4.2 would also be expected to enhance the expression and trafficking of
KChlIP4a containing channels. Previously it was observed that S552 is phosphorylated natively
in hippocampal neurons (Anderson et al., 2000), that phosphorylation at this site appears to be
associated specifically with membrane bound channels (Shibata et al., 2003), and that it is
required for activity-dependent internalization (Hammond et al., 2008). Together with our
present results showing AKAP interaction with Kv4 channels, these findings suggest a
membrane-bound pool of Kv4.2 channel macromolecular complexes whose activity and
expression can be locally regulated by PKA through AKAP interaction. This
compartmentalized signaling could allow for local regulation of dendritic action potential
propagation and initiation. In addition, dynamic regulation of these channels by PKA may help
shape Ca?* signals in microdomains of the dendrite (Cai et al., 2004; Jung et al., 2008), and
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may play a role in synaptic (Chen et al., 2006; Jung et al., 2008) and intrinsic plasticity (Jung
and Hoffman, 2009).

Experimental Methods

Constructs

Mutations of Kv4.2 C-terminal phosphorylation site at S552 (Kv4.25552A and Kv4.25552D)
were performed using the Quick-Change site-directed mutagenesis kit (Stratagene, San Diego,
CA). We mutagenized the serine (S) to Alanine (A) to remove the phosphorylation of PKA
site or to Aspartic acid (D) to mimic constitutive phosphorylation at site 552 on construct
Kv4.2-GFP (Kv4.2, GFP tagged at C-terminus). Mouse KChIP4a was produced by PCR
amplifying mouse cDNA using 5’-GGGAATTCGATGAACTTGGAGGGGCTTG and 5’-
GGTCTAGAGATCACATTTTCAAAGAG primers (GenBank accession number AF453243)
and cloned into p3xFlag-CMV vector (Sigma, St. Louis, MO). Since there is no satisfactory
commercially available antibody against KChIP4a, we used a Flag tag for detection. KChIP1,
KChlP2a and human KChlIP4a constructs were kindly provided by Dr. Pfaffinger, Baylor
College of Medicine. Dr. Covarrubias, Thomas Jefferson University, kindly provided the
Kv4.3 construct and the pcDNA-AKAP79 construct was Kindly provided by Dr. Dell'Acqua
at University of Colorado. All constructs were confirmed by sequencing analysis.

Cell Western Assays

Assays were performed as described by the manufacturer (LI-COR Biosciences application
note (2004)). Briefly, 0.2x108 of COS7 cells were plated into 24-well tissue culture plates. The
cells were co-transfected with wild type Kv4.2 or Kv4.25552A with KChIP4a-Flag for 24-48
hr using Fugene 6. COS7 cells were fixed with PBS containing 4% paraformaldehyde. After
blocking with Odyssey blocking solution for 1-1.5 hr at RT, cells were incubated with mouse
anti-Kv4.2 antibody (1:200, NeuroMab, Davis, CA) in Li-COR blocking buffer at 4°C for over
night. Cells were washed and incubated with the secondary antibody IRDye 800 Goat anti-
mouse (1:1000, Rockland, Gilbertsville, PA) at 37 °C for 1 hr. After a wash in PBS, cells were
permeabilized with 0.2% Triton X-100 in PBS for 5 min. We used rabbit anti-beta actin
antibody (1:1000, sigma) and goat anti-rabbit secondary antibody IRDye 680 (1:800,
Invitrogen) to detect actin. The intensity of the 700-nm and 800-nm infrared signal for each
well was quantified using the Odyssey infrared imaging system software (LI-COR Biosciences,
Lincoln, NE).

Co-immunoprecipitation and Western Blotting

COS7 cells were co-transfected with wild type Kv4.2 or Kv4.25552A with KChIP4a-flag. To
confirm an interaction between AKAP79 and Kv4.2 or KChlIP4a, COS7 cells were transfected
with Kv4.2 alone as control or co-transfected with AKAP79 and either KChlP4a or Kv4.2.
After 24-48 h transfection, cells were lysed in lysis buffer: 150 mM NaCl, 20 mM Tris-HClI,
1% NP40, 0.5% SDS and protease inhibitor mixture (Roche, Indianapolis, IN). Anti-Flag
(2ng/500pg protein, Sigma, St. Louis, MO), nonspecific 1gG (Invitrogen) or anti-AKAP79
antibody (2ug/500ug protein, Millipore, Bedford, MA) was then added to the centrifuged
detergent lysate. The mixture was then incubated and rotated at 4°C for overnight. The
antibody-antigen complex was immobilized by adsorption onto 50 pul of immobilized protein
A (Pierce, Rockford, IL) and incubated for 2 h at RT. The protein-bead mixtures were washed
six times with lysis buffer. The beads were resuspended in reducing SDS sample buffer and
analyzed on 10% SDS polyacrylamide gels. The separated proteins were immuonoblotted
using Kv4.2 (1:2000, NeuroMab, Davis, CA) or Flag antibody (1: 6000, Sigma) for KChiP4a
and AKAP79 antibody (1:1000) and visualized by Alexa Fluor 800 secondary antibody
(1:10,000, Rockland, Gilbertsville, PA) and Alexa Fluor 680 secondary antibody (1:10,000,
Invitrogen). Immunoreactivity was detected with the Odyssey infrared imaging system (LI-
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COR Biosciences, Lincoln, Nebraska). Quantification of results was performed using Odyssey
software (LI1-COR Biosciences, Lincoln, Nebraska).

Biotinylation assays

Biotinylation assays were performed as previously described (Kim et al., 2007). Briefly,
transfected COS7 cells were rinsed with ice-cold PBS, surface protein were biotinylated with
1.5mg/ml sulfo-NHS-SS-biotin reagent (Pierce, Rockford, IL) in PBS for 30 min on ice.
Unbound biotin was quenched with cold 50 mM glycine in PBS. Cells were lysed with ice-
cold lysis buffer: 150 mM NaCl, 20 mM Tris-HCI, 1% NP40 and protease inhibitor mixture
(Roche, Indianapolis, IN), sonicated and centrifuged at 12,000 g for 10 min. Cell lysates were
incubated overnight at 4°C with immobilized-Streptavidin agarose beads (Pierce, Rockford,
IL), unbound protein was removed from the beads with 5 washes in lysis buffer. The bound
proteins were eluted with 2xSDS sample buffer. Surface expressed proteins were separated by
electrophoresis on 10% Tris-bis SDS-PAGE (Invitrogen, Carlsbad, CA) and transferred to
PVDF membranes. Western blots were probed with the following antibodies: mouse anti-
Kv4.2 (1:2000, NeuroMab, Davis, CA), mouse anti-GAPDH (1:1000, Calbiochem, San Diego,
CA). Secondary antibodies conjugated to infrared dyes (Rockland Immunochemicals,
Gilbertsville, PA) were detected using Odyssey infrared imaging system (LI-COR Biosciences,
Lincoln, NE). Quantification of results was performed using Odyssey software.

Stabilization assay

To study the effect of KChlIP4a on the stabilization of Kv4.2 protein complexes, we transfected
COS7 cells with Kv4.2 or Kv4.25552A along with KChIP4a, KChIP1 or control (empty vector)
for 24 hr, then treated with 10 uM of forskolin (Sigma) for 24 hr at 37°C. After washing with
ice-cold PBS, the cells were solubilized in 500 ul of lysis buffer (described above). Lysates
were centrifuged for 10 min at 20,000 g rpm at 4°C after shaking for 2 h at 4°C. 20 pl of the
supernatant was analyzed by 10% SDS-PAGE. Kv4.2, KChlIP4a and KChIP1 were
immuonoblotted using Kv4.2 antibody (1: 2000, NeuroMab, Davis, CA), Flag antibody (1:
6000, Sigma) and KChIP1 antibody (1:1000, NeuroMab, Davis, CA), then visualized by anti-
rabbit Alexa Fluor 800 secondary antibody (1:10,000) and anti-mouse Alexa Fluor 680
secondary antibody (1:10,000). Detection and quantification was performed using the Odyssey
infrared imaging system and its software as described above.

Rat hippocampal neuron culture and immnofluorescence staining

Primary hippocampal neurons cultures were prepared as previously described (Kim et al.,
2007). Neurons were infected by a modified sindbis virus expression system (Kim et al.,
2004). Briefly, hippocampi from E18-19 rat embryos were triturated after trypsinization and
suspension with MEM plus 10% FBS plating media following by plating on Poly-DLysine and
Laminin coated glass coverslips (BD, San Jose, CA) in a 24-well plate. After 5-6 hr, the media
was replaced with Neurobasal media plus B27 supplements (Invitrogen). Cultures were
maintained at 37°C with 10% CO,. Neurons (DI1V18-21) were infected with Kv4.2g (Kv4.2-
GFP, see (Kim et al., 2005) ) sindbis virus for 1 hr. The next day, neurons were fixed with PBS
containing 4% paraformaldehyde, and 0.12 M sucrose for 20 min and permeabilized with 0.1%
Triton X-100 in PBS for 5 min, endogenous AKAP150 was immunostained with anti-
AKAP150 antibody (1:100, Millipore, Bedford, MA) for 1 h at 37°C, washed with PBS and
then incubated with Alexa Fluor 555-conjugated goat anti-rabbit (1:500, Invitrogen) in DPBS
with 5% NGS, 0.05% triton X-100 for 1 h at 37°C. Coverslips were mounted onto glass slides
with Hard Set mounting medium (Vector Laboratories, Burlingame, CA). Images were
captured with Zeiss LSM510 confocal microscope (Carl Zeiss, Germany) using a 63X
objective with 1.4 NA.

Mol Cell Neurosci. Author manuscript; available in PMC 2011 March 1.
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Electrophysiology

HEK 293 cells were plated on poly-D-lysine/laminin-coated glass coverslips (BD BioCoat) in
12-well dish at a density of 22-24 x 103 cells/well and transfected using the Fugene 6 system
(Roche). Cells were transfected with Kv4.2 , Kv4.25552A or Kv4.25552D constructs, along with
either mouse KChlP4a, KChIP1, KChIP2, AKAP79 or control plasmids. Recordings were
made 24-48 hr after transfection. Coverslips containing transfected HEK 293 or COS7 cells
were submerged in the recording chamber and exposed to a continuous flow of ACSF
consisting of the following (mM): 145 NaCl, 5 KCl, 2 CaCl,, 1.3 MgCl,, 10 glucose, 10
HEPES. ACSF was perfused with 95% 02-5% CO», and TTX (~0.5 uM, Sigma) was included
to block any endogenous sodium current. An infrared differential interference contrast (IR-
DIC) videomicroscopy system (Zeiss Instruments, Diagnostic Instruments) was used to
visualize cells. Patch pipettes were pulled from thick-walled borosilicate glass (Warner
Instruments) to achieve a tip resistance of 2-5 MQ. Pipettes were filled with an internal solution
containing (mM): 20 potassium chloride, 125 potassium gluconate, 10 HEPES, 4 NaCl, 0.5
EGTA, 10 phosphocreatine, 4 ATP, 0.3 TrisGTP. For the PKA inhibition and activation
experiments, H89 (10 uM) and FSK (10 uM) was applied to HEK 293 cells in culture 1 h and
24h before and during recordings, respectively. Ht31(25 uM, Promega) inhibitor peptide was
applied to cultures 1h before and during recordings in some experiments.

Whole-cell voltage clamp recordings were made using a Multiclamp 700B amplifier
(Molecular Devices) and Clampex 10.1 software (Molecular Devices). Signals were digitized
at 10 kHz with a Digidata 1440A (Molecular Devices) and filtered at 4 kHz. A-type K* currents
were elicited by delivering a 400 ms prepulse from the holding potential of -60 mV to -120
mV followed by a 500 ms step to +120 mV. This protocol was repeated 20-45 times for each
cell to determine the average peak A-current. Leak currents were subtracted online by a P/6
procedure. Only cells with a holding current greater than -100 pA were selected for recordings.
Series resistance ranged from 4-11 MQ, and was monitored throughout the experiments. All
recordings were performed at room temperature. Recordings in which the series resistance
increased by more than 25% of the initial value were excluded from analysis. No series
resistance compensation was employed. Recordings were analyzed using Clampfit 10.1
(Molecular Devices) and Microsoft Excel. To determine A-current density, peak currents were
normalized to whole-cell capacitance. To estimate the time constant of channel inactivation
(inactivation rate), current traces were fitted with a single exponential function. Statistical
significance was evaluated using Student's t-test (unpaired, two tails).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

KChlP4a-mediated increase in Kv4.2 surface expression requires PKA phosphorylation of

Kv4.2 at site S552. (A) Surface proteins of transfected COS7

cells were labeled with NHS-

SS-Biotin and probed with mouse anti-Kv4.2 (1:2000). Cells co-expressing Kv4.2 and
KChIP4a showed greater surface expression than for those expressing Kv4.2 alone. Surface
expression of the Kv4.2 phospho-mutant S552A (Kv4.25552A) was not enhanced by KChIP4a
co-expression. GAPDH served as a loading control. (B) Pooled data normalized to total Kv4.2
expression shows that KChlIP4a co-expression increases surface Kv4.2 expression by ~ 1.5-
fold. Error bars represent S.E.M. (C) On-cell western assay of surface Kv4.2 in COS7 cells.

The first well of the top row is un-transfected, well-2,3,4 and
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Kv4.2 with KChiP4a, Kv4.25552A and Kv4.25552A with KChIP4a, respectively. Intensity
levels of surface Kv4.2 (green) were significantly increased in wells of Kv4.2 co-expressed
with KChIP4a. No changes in fluorescence were observed the wells expressing Kv4.25552A
with or without KChIP4a compared to the wells of Kv4.2 alone. The intensity levels of total
beta-actin (red) were not different in each well, demonstrating that equal numbers of cells are
found in each well. Increased Kv4.2 but not Kv4.25552A expression with KCh1P4 co-expression
is evident in the overlay. (D) Pooled data showing a significant enhancement of surface
expression of Kv4.2 with KChIP4a, but not Kv4.25552A in on-cell western assays. Error bars
represent S.E.M. (E) In electrophysiological recordings from HEK293 cells, peak current
density of Kv4.2-mediated currents also increased (~2-fold) by co-expression with KChiP4a
(n=15) compared to the Kv4.2 alone (n = 15). Peak current density enhancement by KChlIP4a
was not found in cells expressing the Kv4.25552A mutation (n = 10). Red lines on traces are
single exponential fits to the decay. Error bars represent S.E.M. Scale bars: 1 nA, 100 ms.
(F) KChiP4a co-expression with Kv4.2 delayed the rate of inactivation. No delay was found
for KChIP4a co-expression with Kv4,25552A,
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WB: Kv4.2

-WB: Mag-KChiP4a

IP; flag antibody

Figure 2.

PKA S552 is not necessary for the interaction of Kv4.2 with KChIP4a. Co-
immunoprecipitation of control, Kv4.2 or Kv4.25%52A with KChIP4a in COS7 cells. Cell
lysates were pulled down using an anti-Flag antibody. Western blots were probed with anti-
Kv4.2 and anti-Flag antibodies and visualized by anti-rabbit Alexa Fluor 800 secondary (green)
and anti-mouse Alexa Fluor 680 secondary (red) antibody. Results demonstrate that both Kv4.2
and the Kv4.25552A mutant interact with KCh1P4a.
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Figure 3.

KChIP1 and KChIP2-mediated increases in Kv4.2 surface expression do not require PKA
phosphorylation of Kv4.2 at site S552. (A) Surface proteins of transfected COS7 cells were
detected using a biotinylation assay. Cells co-expressing Kv4.2 and KChIP1 or KChIP2
showed greater surface expression than for those expressing Kv4.2 alone. Surface expression
of the Kv4.2 phosphomutant S552A (Kv4.25552A) was also enhanced by KChIP1 or KChIP2
co-expression. GAPDH served as a loading control. (B) Pooled data normalized to total protein
level of Kv4.2 from three experiments showing significant enhanced membrane expression of
Kv4.2 and Kv4.25552A with KChIP1 or KChIP2 co-expression. Membrane expression levels
of Kv4.2 and Kv4.25552A in the absence of KChIP1 or KChIP2, were similar. Error bars
represent S.E.M. (C) In electrophysiological recordings from HEK293 cells, peak current
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density of Kv4.2-mediated currents also increased (~4-fold) by co-expression with KChIP1 or
KChIP2 (n = 15) compared to the Kv4.2 alone (n = 15). Peak current density enhancement by
KChIP1 or KChIP2 was also found in cells expressing the Kv4.25552A mutation (n = 27). Scale
bars: 2 nA, 100 ms. (D) KChIP1 or KChIP2 co-expression with Kv4.2 delayed the rate of
inactivation. Delay was also found for KChIP1 or KChIP2 co-expression with Kv4,25552A,
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PKA activation enhances the surface expression of Kv4.2 by KChIP4a (A-B) Biotinylation
assay showed surface Kv4.2 were increased about 1.5 fold by co-expressed with KChIP4a in
COST7 cells. Long-term treatment with forskolin (10 uM, 24 hr) greatly enhances the surface
expression of Kv4.2 compared to Kv4.2 alone, but it was blocked by the PKA inhibitor H89
(10 uM for 1 hr). GAPDH served as a loading control. (C-D) Surface expression of the Kv4.2
phospho-mutant S552A (Kv4.25952A) was not enhanced either with KChIP4a co-expression
or forskolin (10 uM, 24hr). Error bars represent S.E.M. (E) In electrophysiological recording
from HEK?293 cells, peak current density of Kv4.2-mediated currents were increased about 2
fold by co-expression with KChIP4a (n = 15). Long-term treatment with forskolin (10 um, 24
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hr, n = 10) showed a significant increase (~5-fold) of the peak current density compared to
Kv4.2 alone, but it was blocked subsequent application of the PKA inhibitor H89 (10 um, 1hr,
n=11). Peak current density enhancement by KChIP4a was not found in HEK cells expressing
the Kv4.25552A mutant (n = 10) or forskolin (10 uM, 24hr, n = 10) and H89 (10 uM, 1hr, n =
10) treatment compared to Kv4.25552A alone. Error bars represent S.E.M. Scale bars: 1 nA,
100 ms.
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Figure 5.

Phosphomimetic mutation of Kv4.2 S552 (Kv4.25%52D) enhances the Kv4.2 channel surface
expression. (A-B) Biotinylation results showed that surface expression of Kv4.25552D js
increased compared to Kv4.2 but that surface expression of both are increased with KChlP4a.
GAPDH served as a loading control. Error bars represent S.E.M. (C) As with the biotinylation
results, electrophysiological recordings from HEK293 cells showed peak current density of
Kv4.25552D_mediated currents was increased compared to Kv4.2 (n = 15). Peak current density
was further increased with KChlIP4a (n = 18). Scale bars: 1 nA, 100 ms. Error bars represent
S.E.M. (D) Inactivation rate was increased for both KChIP4a co-expression with Kv4.2 and
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Kv4.25552D Increased surface expression of Kv4.25552D was not accompanied by a change in
the inactivation rate.
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Figure 6.

KChIP4a-mediated increase in stabilization of Kv4.2 requires PKA phosphorylation of S552.
(A) Immunoblots of total protein from COS7 cells, which were co-transfected with Kv4.2 or
Kv4.25552A glong with either control vector or KChIP4a for 48 hr. (B) Normalized total protein
level of Kv4.2 was increased by co-expression with KChiP4a compared to Kv4.2 expression
alone. In contrast, the total level of Kv4.25%52A was not different between KChIP4a and control
vector co-expression. (C-D) Chronic forskolin treatment (10 pM, 24 hr) greatly enhanced the
stability of total Kv4.2 protein levels when co-expressed with KChlP4a compared with control
vector, but no differences were found in the total level of Kv4.25552A with forskolin treatment
between control and KChlP4a co-expression. Error bars represent S.E.M. (E) Enhanced
stability of wild type Kv4.2 was found after co-expression with either KChIP isoform. Protein
levels of Kv4.25552A however, were only increased after KChIP1 expression. KChIP4a but
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not KChIP1 therefore requires S552 phosphorylation of Kv4.2 to enhance protein stability (n
= 4). Error bars represent S.E.M.
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Figure 7.
Kv4.2 co-immunoprecipitates with the PKA anchoring protein AKAP79. (A, B) COS7 cells
expressing Kv4.2 alone (A, line 4) or coexpressing AKAP79 with either Kv4.2 (A, linel-3) or
KChlIP4a (B). In co-immunoprecipitation experiments, cell lysates were pulled down using
anti-AKAP79 or nonspecific 1gG, and probed with anti-Kv4.2 antibody (1:2000) or anti-
AKAP79 (1:1000) and anti-Flag antibody (1:6000) to detect KChIP4a, then visualized by anti-
mouse Alexa Fluor 680 and anti-rabbit Alexa Fluor 800 secondary antibody, respectively.
These results demonstrate that Kv4.2 but not KChIP4a interacts with AKAP79. (C) Images of
Kv4.2 and AKAP150 (mouse homologue of AKAP79) in hippocampal showing their co-
localization (red, AKAP150; green, Kv4.2; yellow, overlapping signals). Scale bar, 10 pm.
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KChlP4a regulates Kv4.2 trafficking through PKA anchoring proteins. (A-B) Biotinylation
results showed COS7 cells expressing Kv4.2 with KChIP4a or with KChlP4a and AKAP79.
Kv4.2 surface expression, enhanced by KChIP4a, was further increased by co-expression with
AKAP79. The AKAP inhibitor Ht31 (25 puM, 1 hr), which prevents PKA binding to AKAP
proteins, blocked the enhanced surface expression of Kv4.2 by AKAP79. Error bars represent
S.E.M. (C) These results were mimicked in electrophysiological recordings where co-
expression of Kv4.2 with KChiP4a and control vector (n = 9) increased the peak current density
(~2 fold) of Kv4.2-mediated current whereas peak current density was further enhanced (~4
fold) by the addition of AKAP79 (n = 10). Both enhancements were again opposed by the PKA
anchoring inhibitor Ht31 (25 uM, 1hr, n = 9). Error bars represent S.E.M. Scale bars: 1 nA,
100 ms. (D) KChIP4a-mediated increases in inactivation rate are abolished by Ht31 treatment.
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