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ABSTRACT: Kv4.2 is the major voltage-gated K+ (Kv) channel R subunit responsible for the somatodendritic
transient or A-type current ISA that activates at subthreshold membrane potentials. Stable association of
Kv4.2 with diverse auxiliary subunits and reversible Kv4.2 phosphorylation regulate ISA function. Two
classes of auxiliary subunits play distinct roles in modulating the biophysical properties of Kv4.2: dipeptidyl-
peptidase-like type II transmembrane proteins typified by DPPX-S, and cytoplasmic Ca2+ binding proteins
known asK+ channel interacting proteins (KChIPs). Here, we characterize the convergent roles thatDPPX-S
andKChIPs play as component subunits ofKv4.2 channel complexes.We coexpressedDPPX-SwithKv4.2 in
heterologous cells and found a dramatic redistribution of Kv4.2, releasing it from intracellular retention and
allowing plasma membrane expression, as well as altered Kv4.2 phosphorylation, detergent solubility, and
stability. These changes are remarkably similar to those obtained upon coexpression of Kv4.2 with the
structurally distinct KChIPs1-3 auxiliary subunits. KChIP4a, which negatively affects the impact of other
KChIPs on Kv4.2, also inhibits the effects of DPPX-S, consistent with the formation of a ternary complex of
Kv4.2, DPPX-S, and KChIPs early in channel biosynthesis. Tandem MS analyses reveal that coexpression
with DPPX-S or KChIP2 leads to a pattern of Kv4.2 phosphorylation in heterologous cells similar to that
observed in brain, but lacking in cells expressing Kv4.2 alone. In conclusion, transmembrane DPPX-S and
cytoplasmic KChIPs, despite having distinct structures and binding sites on Kv4.2, exert similar effects on
Kv4.2 trafficking, but distinct effects on Kv4.2 gating.

The somatodendritic potassium current ISA
1

is a rapidly
inactivating potassium current that activates at subthreshold
membrane potentials to regulate neuronal excitability by attenu-
ating back-propagation of action potentials into dendrites, and
by limiting propagation of dendritic synaptic signals to the
soma (1, 2). ISA function is reversibly modulated by phosphor-
ylation allowing for a dynamic role in regulating dendritic
excitability and synaptic function (2, 3). The voltage-gated
potassium, or Kv, channels that mediate this current are homo-
or heterotetramers of transmembrane pore-forming and voltage-
sensing primary or R subunits of the Kv4 family, predominantly
Kv4.2 andKv4.3 (4-9).Kv4 channel complexes also contain two
major families of auxiliary subunits: a family of Ca2+-binding
cytoplasmic proteins, known as K+ channel interacting proteins,
or KChIPs (10), and a family of dipeptidyl peptidase-like (DPP)
type II transmembrane proteins with short, alternatively spliced

cytoplasmic domains, typified by DPPX-S (11, 12). KChIPs
regulate diverse aspects of the biophysical and biochemical
properties of Kv4.2 channels (10, 13) (reviewed in ref (14)) and
also impact their intracellular trafficking (10, 13, 15, 16).DPPX-S
and related DPP proteins exert effects on the biophysical proper-
ties of coexpressed Kv4.2 distinct from those of KChIPs (re-
viewed in ref (14)) and also exhibit extensive colocalization with
mammalian brain Kv4 R subunits (17). Electrophysiological
analyses suggest the formation of ternary channel complexes of
Kv4 R subunits, KChIPs, and DPPX in heterologous cells (18,
19) that recapitulate native ISA currents observed in certain brain
neurons (19-22). Recent studies have identified mutations in
DPPX in humans that are associated with neurological disorders,
including autism (23) and amyotrophic lateral sclerosis (24).

Previous studies have shown that KChIP1-3 (but not KChI-
P4a) coexpression rescues Kv4.2 from intracellular retention by
inducing forward trafficking of the channel complex (10, 13, 16).
Correlated with this forward trafficking is a shift in the electro-
phoretic mobility of Kv4.2 on SDS-PAGE due to increased
constitutive phosphorylation (13). In vitro phosphorylation
studies using purified kinases and Kv4.2-GST fusion proteins
identified several kinases that phosphorylate multiple sites on the
cytoplasmic C-terminus of Kv4.2, along with a single phosphor-
ylation site on the N-terminus (25, 26). In vivo studies have
shown that activation of these kinases has diverse effects on
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Kv4.2 from modulating channel gating to increasing surface
expression (27-30). To better understand themolecular mechan-
isms underlying DPPX-S regulation of Kv4 channels, here we
investigate the convergent effects of DPPX-S and KChIP coex-
pression on the intracellular trafficking and molecular character-
istics of Kv4.2 channels.

EXPERIMENTAL PROCEDURES

Plasmids, Site-Directed Mutagenesis, and Transfection
of COS-1 Cells. COS-1 cells were grown in Dulbecco’s mod-
ified Eagle’s mediumwith the addition of 10%bovine calf serum,
50 units/mL penicillin, and 50 μg/mL streptomycin (Invitrogen,
Carlsbad, CA). Cells were cultured on plastic tissue culture
dishes, or on poly-L-lysine coated glass coverslips in Petri dishes,
and maintained in a humidified incubator at 37 �C at 5% CO2.
Human DPPX-S (a generous gift of Dr. Steve Goldstein, Uni-
versity of Chicago), rat Kv4.2 (31), and rat KChIP (10) cDNAs,
inmammalian expression vectors, were transfected into cells with
Polyfect (Qiagen, Valencia, CA) reagents for biochemical experi-
ments or Lipofectamine (Invitrogen) for immunofluorescence
experiments, following the manufacturer’s protocols. In all
experiments, total plasmidDNA levels used in transfections were
balanced by adding varying amounts of empty pRBG4 vector.
Mutagenesis of the recombinant rat Kv4.2 cDNA in the pRBG4
vector was performed using the Quick-Change site-directed
mutagenesis kit (Stratagene, La Jolla, CA) following the manu-
facturer’s instructions.
Immunofluorescence. Cells expressing DPPX-S, Kv4.2,

and/or KChIPs were stained 48 h post-transfection using surface
or permeabilized cell immunofluorescence protocols (32). In brief,
cells were fixed with 4% paraformaldehyde in PBS (10 mM
sodium phosphate, 150 mM NaCl, pH 7.4) and stained with an
ectodomain-directed anti-Kv4.2 IgG3 mouse monoclonal anti-
body (K57/40) to detect the cell surface pool of Kv4.2. Cells were
then permeabilized with 0.1% TX-100, and stained with a
cytoplasmic-directed anti-Kv4.2 IgG1 monoclonal antibody
(L28/4), generated against the C-terminus of Kv4.2, to detect
total cellular Kv4.2. A rabbit anti-HA epitope tag antibody
(Invitrogen) was used to detect HA-tagged DPPX-S, and pre-
viously described (33) mouse monoclonal antibodies were used
for staining KChIPs. Bound primary antibodies were detected
using Alexa Fluor 350-, Alexa Fluor 488-, and Alexa Fluor 594-
conjugated mouse isotype- or species-specific secondary antibo-
dies (Invitrogen) and viewed under indirect immunofluorescence.
Immunoblotting, Immunoprecipitation, and SDS-

PAGE. COS-1 cell lysates were prepared essentially as pre-
viously described (34, 35). In brief, cells were washed on ice with
Dulbecco’s phosphate-buffered saline (DPBS), then harvested
and centrifuged in DPBS for 5 min at 1000g. The cell pellet was
then lysed by incubating for 20 min at 4 �C in a buffer containing
TBS (10 mM Tris, 150 mM NaCl, pH 8.0), 1 mM EDTA,
1.0% Triton-X 100, and a protease inhibitor mixture containing
2 μg/mL aprotinin, 1 μg/mL leupeptin, 2 μg/mL antipain, and
10 μg/mL benzamidine and 0.2 mM phenylmethylsulfonyl fluor-
ide), followed by centrifugation for 20 min at 16000g to pellet the
nuclei and cell debris. For immunoprecipitation reactions, affi-
nity-purified polyclonal antibodies (5 μg/mL) or antisera (1 μL)
was added to the lysate, and the mixture was incubated on a
rotator at 4 �C for 16 h, followed by the addition of protein A
agarose, and incubation for an additional one hour. Reducing
SDS sample buffer was then added to the protein A agarose. For

immunoblots, detergent extracts were directly added to
2� reducing SDS sample buffer and run on 9% SDS polyacry-
lamide gels made with lauryl sulfate (Sigma, St. Louis, MO) as
the SDS source to accentuate gel shifts caused by differences in
phosphorylation state (34, 36). Immunoblots were probed with
mouse monoclonal antibody K57/41 for Kv4.2, rabbit anti-HA
for DPPX-S, and S552P for Kv4.2 phosphorylated at pS552, and
immunoreactivity detected by HRP-conjugated secondary anti-
bodies and ECL. Quantitation of immunoreactivity was per-
formed by densitometry and analysis using Image J software.
Three independent immunoblots of independent samples were
analyzed, and values were subjected to pairwise statistical
Student’s t tests.
Generation of aPhosphospecific AntibodyAgainst Kv4.2

pS552. A rabbit polyclonal antiserum “S552P” against the
pS552 phosphorylation site was raised against two synthetic
peptides containing the sequence VSGSHRGpSVQELST and
with artificial Cys added to either the N- or C-terminus for
conjugation to keyhole limpet hemocyanin (Twenty First Cen-
tury Biochemicals, Marlboro, MA).
Cycloheximide and Alkaline Phosphatase Treatments.

Cycloheximide treatment was accomplished as previously
described (13). For alkaline phosphatase treatment, a crude
COS-1 membrane fraction was prepared by hypotonic lysis of
COS-1 cells in 10 mM Tris pH 8.0 and homogenization in a
prechilled Dounce homogenizer. Samples were then centrifuged
at 1000g for 5 min and the resultant supernatant centrifuged at
100000g for 1 h. Pelletedmembranes were resuspended in 10mM
Tris pH 8.0. AP treatment was performed as previously de-
scribed (34).
Kv4.2 Phosphorylation Site Analysis by Tandem Mass

Spectrometry. Rat brain membranes (RBM) were prepared as
previously described (37). For immunoprecipitation reactions,
20 mg of RBM protein was diluted into 10 mL of lysis buffer.
Affinity-purified polyclonal Kv4.2N antibody (5 μg/mL) was
added, and the mixture was incubated on a rotator at 4 �C for
16 h, followed by addition of protein A agarose, and incubation
for an additional one hour. Following washes in lysis buffer,
immunoprecipitation products were fractionated by SDS-
PAGE, and stained with Coomassie blue stain. The Kv4.2 band
was excised and subjected to in gel trypsin digestion (38).

Digested peptides were analyzed by LC-MS/MS on an
LTQ with a Michrom Paradigm LC and CTC Pal autosampler.
Peptides were separated with a 90 min gradient using aMichrom
200 μm � 150 mm Magic C18AQ reversed phase column at
2 μL/min. Peptides were directly loaded onto an Agilent ZOR-
BAX 300SB C18, reversed phase trap cartridge, which, after
loading, was switched in-line with a Michrom Magic C18 AQ
200 μm � 150 mm C18 column connected to a Thermo-Finnigan
LTQ ion trap mass spectrometer through a Michrom Advance
Plug and Play nanospray source. Peptides were separated using a
gradient of 2-40% B (A = 0.1% formic acid, B = 100%
acetonitrile) in 75 min (90 min total run time), 40-80% in 4 min,
hold 1min, then 80-2% in 10min.MS andMS/MS spectra were
acquired using a top 10 method, where the top 10 ions in the MS
scan were subjected to automated low energy collision-induced
dissociation. MS/MS spectra were interpreted through Mascot
searches (Matrix Science) with an MS/MS tolerance of 0.6 Da
and with phosphorylation on Ser, Thr, and Tyr residues allowed.
Each filtered MS/MS spectra exhibiting possible phosphoryla-
tion was manually checked and validated. Existence of a 98 Da
mass loss (-H3PO4: phosphopeptide specific CID neutral loss)
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and any ambiguity of phosphorylation sites were carefully
examined (38).

RESULTS

DPPX-S Coexpression Leads to Changes in the Intra-
cellular Trafficking of Kv4.2 in COS-1 Cells. To address the
effects of DPPX-S coexpression on Kv4.2 channels, we first
analyzed the immunofluorescence-staining pattern of Kv4.2 in
COS-1 cells either transfected alone or with DPPX-S. Consistent
with previous studies (10, 13, 15, 16), virtually all intact cells that
were expressing Kv4.2 alone had no detectable surface staining
with an ecto-domain directed anti-Kv4.2 antibody, and strong
perinuclear Kv4.2 staining after detergent permeabilization
(Figure 1A).

Coexpression of Kv4.2 with DPPX-S in COS-1 cells at a 1:1
cDNA ratio led to a dramatic change in the subcellular localiza-
tion ofKv4.2, leading to a loss of the bulk of intracellular staining
and strong cell surface staining (Figure 1B). The change in Kv4.2
localization in response to DPPXs coexpression was similar to
that seen upon coexpression of KChIP2 (Figure 1C). DPPX-S
exhibits both intracellular and plasma membrane-associated
expression in the absence or presence of Kv4.2 coexpression
(Figure 1D,E).

To determine if this DPPX-S-dependent trafficking of Kv4.2
to the cell surface occurs in a dose-dependent manner, cells
transfected with a constant amount of Kv4.2 cDNA were
cotransfected with increasing amounts of DPPX-S cDNA,
stained for cell surface and total Kv4.2, and the percentage of
Kv4.2 expressing cells with detectable surface staining was
determined. DPPX-S increased cell surface expression of Kv4.2
in a dose-dependent manner, and reached maximal effect at a
16:1 ratio of Kv4.2 to DPPX-S cDNA (Figure 1F). The
percentage of Kv4.2-expressing cells with Kv4.2 surface staining
reached a plateau at ≈60%, similar to the maximum value
obtained upon coexpression with KChIP2 (13).
DPPX-S Induces Changes in the Molecular Character-

istics of Kv4.2. As previously reported (13), when analyzed by
SDS-PAGE Kv4.2 expressed alone in COS-1 cells exists as a
single pool of expressed protein with an Mr ≈ 65 kDa
(Figure 2A), distinct from theMr≈ 70 kDa present in brain (13).
However, upon coexpression with increasing amounts of DPPX-
S cDNA, there is a dose-dependent induction of the appearance
of an additionalMr≈ 70 kDa band (Figure 2A,B). Note that the
dose-dependent effects of DPPX-S coexpression on the shift in
Mr and on cell surface trafficking expression (Figure 1F) were
quite similar, both reaching a plateau at ≈60%, suggesting that
the appearance of the Mr ≈ 70 kDa form of Kv4.2 may be
associated with forward trafficking of the channel complex to the
cell surface. In addition, it is quite remarkable that DPPX-S and
KChIP2 have such a maximal effect on both the Mr shift and
cell surface trafficking of Kv4.2 despite being such structurally
distinct proteins.
DPPX-S Coexpression Causes Increased Phosphoryla-

tion of Kv4.2.Our next objective was to determine if the DPPX-
S-dependent mobility shift of Kv4.2 was due to an increase in its
phosphorylation, as previously observed for the effects of
KChIP2 coexpression (13). A crudemembrane fraction prepared
from COS-1 cells cotransfected with Kv4.2 and DPPX-S was
subjected to treatment with the broad-spectrum alkaline
phosphatase (AP) from calf intestine, followed by analysis by
SDS-PAGE and immunoblotting. As found with cell extracts

coexpressing KChIP2, as well as adult rat brain membranes (13),
AP treatment of cell lysates coexpressing DPPX-S yielded a shift
in the electrophoretic mobility of Kv4.2 on SDS gels (Figure 2C).
When quantified by densitometry, the percentage of the total
Kv4.2 pool that was present in theMr = 65 kDa form in lysates
from cells expressing Kv4.2 alone (90.0 ( 3.0%, n = 3) was
significantly different than that in cells coexpressing DPPX-S
(47.0( 1.1%, n=3, p=0.002) orKChIP2 (53.7( 0.8%, n=3,
p = 0.003). AP treatment yielded a shift in the electrophoretic
mobility of the Mr = 70 kDa pool such that it now comigrated
with the Mr = 65 kDa Kv4.2 pool, which now totaled 93.7 (
3.9%, 92.5 ( 5.9% (p = 0.84 versus Kv4.2 alone, n = 3) or
88.5 ( 6.1% (p = 0.44 versus Kv4.2 alone, n = 3) of the total
Kv4.2 pool in cells expressing Kv4.2 alone, or with coexpression

FIGURE 1: DPPX-S coexpression leads to changes in the subcellular
localization of Kv4.2 expressed in COS-1 cells. (A-C) COS-1 cells
were transfected with (A) Kv4.2 alone; or (B) Kv4.2 plus DPPX-S;
and (C)Kv4.2 plusKChIP2 at 1:1 cDNA ratios, and stained for total
and cell surface Kv4.2 to determine the extent of Kv4.2 cell surface
expression in transfected cells. Total cellular Kv4.2 pool (left panels).
Cell surface Kv4.2 pool (right panels). (D, E) COS-1 cells transfected
with either (D) DPPX-S alone or (E) DPPX-S and Kv4.2. Cells were
permeabilized and stained for DPPX-S. Scale bar = 20 μm. (F)
Dose-response curve showing changes in surface expression index
(SEI: the percentage ofKv4.2-expressing cells withKv4.2 cell surface
expression) in response to increasing amounts of cotransfected
DPPX-S cDNA. Three independent dishes were assayed for each
Kv4.2/DPPX-S ratio.Approximately 100Kv4.2 expressing cellswere
counted from each sample. Data are presented as the mean ( SE.
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of KChIP2 or DPPX-S, respectively. These results confirm that
coexpression of DPPX-S, like KChIP2, induces a significant
increase in Kv4.2 phosphorylation that is eliminated by treat-
ment with AP (Figure 2C).

Kv4.2 is phosphorylated in vitro at Serine 552 (pS552) by
purified PKA (25), and phosphorylation at this site is induced in
heterologous cells upon coexpression with KChIP2 (13). As
DPPX-S induces increased overall phosphorylation of Kv4.2
(Figure 2C), we examined if DPPX-S induced increased phos-
phorylation at pS552. We first examined phosphorylation at this
site on the Mr ≈ 70 kDa population of Kv4.2 using a phospho-
specific antibody (“S552P”) specific for Kv4.2 phosphorylated at
pS552. On immunoblots of COS-1 cells expressing Kv4.2, Kv4.2
plus DPPX-S, and Kv4.2 plus KChIP2, the S552P phosphospe-
cific antibody recognized only the Mr ≈ 70 kDa population of
Kv4.2 present in the samples obtained from cells coexpressing
DPPX-S and KChIP2, and not the Mr ≈ 65 kDa population in
these cells or in cells expressing Kv4.2 alone (Figure 3A, right
panel) that was apparent when this same immunoblot was
reprobed with a general anti-Kv4.2 antibody (Figure 3A, left
panel). To further confirm that DPPX-S was inducing increased

phosphorylation at pS552, immunoprecipitation reactions were
performed with either the phospho-specific S552P antibody, or
the phospho-independent anti-Kv4.2 antibody Kv4.2N, from
detergent extracts of COS-1 cells expressing Kv4.2 alone, or
Kv4.2 coexpressed with DPPX-S or KChIP2, followed by
immunoblot analyses with either a general anti-Kv4.2 antibody
or S552P. As judged by immunoblotting for Kv4.2, immunopre-
cipitation reactions with the S552P antibody did not yield any
Kv4.2 from extracts from cells expressing Kv4.2 alone, while
those performed with the Kv4.2N antibody yielded the expected
Mr = 65 kDa population of Kv4.2 present in these cells
(Figure 3B). Immunoprecipitation reactions with S552P anti-
body did, however, yield Kv4.2 from cells coexpressing either
KChIP2 or DPPX-S. Immunoblotting of these samples with the
phospho-independent anti-Kv4.2 antibody (Figure 3B, upper
panel) clearly illustrate the specificity of the S552P antibody.
S552P selectively immunoprecipitated only the Mr = 70 kDa
population of Kv4.2, while the Kv4.2N immunoprecipitation
reactions contained both the Mr = 65 and 70 kDa forms of
Kv4.2. Moreover, immunoprecipitation reactions immuno-
blotted with the S552P phospho-specific antibody again revealed
staining of only the Mr = 70 kDa form of Kv4.2, including the

FIGURE 2: DPPX-S induces a dose-dependent shift in the Mr of
Kv4.2 on SDS gels. COS-1 cells were cotransfected with a fixed
amount of Kv4.2 cDNA and increasing amounts of DPPX-S. (A)
Detergent extracts were immunoblotted for Kv4.2 and DPPX-S. (B)
Quantitative analysis of the DPPX-S dose-dependent effects on the
electrophoretic mobility of Kv4.2. The intensities of the immuno-
reactivity of theMr ≈ 65 kDa form (upward facing arrowheads and
error bars) and Mr ≈ 70 kDa form (downward facing arrowhead
and error bars) at each cDNA ratio were measured as the percent-
age of each form relative to the total Kv4.2 pool. (C) Crude
membrane fractions from COS-1 cells expressing Kv4.2 alone,
Kv4.2 + DPPX-S, or Kv4.2 + KChIP2 were incubated in the
presence (+) or absence (-) of alkaline phosphatase (AP) and
immunoblotted for Kv4.2.

FIGURE 3: DPPX-S-dependent phosphorylation of Kv4.2 at Serine
552. (A) Detergent extracts of COS-1 cells expressing Kv4.2 alone,
Kv4.2 and KChIP2, and Kv4.2 and DPPX-S were immunoblotted
with phospho-independent (K57/41, left panel) or phospho-specific
(S552P, right panel) antibodies. Note that the S552P antibody
recognizes only the Mr ≈ 70 kDa form of Kv4.2. (B) Kv4.2 from
COS-1 cell lysates expressing Kv4.2, Kv4.2 and KChIP2, and Kv4.2
and DPPX-S was subjected to immunoprecipitation using an N-
terminal directed phospho-independent antibody (Kv4.2N) or the
phospho-specific S552P antibody. Samples were immunoblotted
with anti-Kv4.2 (K57/41; upper panel) or S552P (lower panel)
antibodies.
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Kv4.2N immunoprecipitation reactions which yielded both the
Mr = 65 and 70 kDa forms of Kv4.2 (Figure 3B, lower panel).

Immunofluorescence experiments revealed staining patterns
consistent with the immunoblots and immunoprecipitation reac-
tions, in that detergent-permeabilized COS-1 cells expressing
Kv4.2 alone yielded no S552P antibody staining despite a robust
signal with a phosphorylation independent anti-Kv4.2 antibody
(Figure 4A). However, coexpression of Kv4.2 with DPPX-S
(Figure 4B) or KChIP2 (Figure 4C) led to robust S552P staining,
which in both cases appeared to be specific for the plasma
membrane-associated Kv4.2 pool with little staining of the
perinuclear intracellular Kv4.2 pool. Taken together, the results
show that DPPX-S coexpression leads to enhanced Kv4.2
phosphorylation at pS552, and that this phosphorylation is
correlated with the forward trafficking of the channel complex.
The Detergent Solubility and Stability of Kv4.2 is Al-

tered by DPPX-S Coexpression.We next analyzed the effects
of DPPX-S coexpression and the subsequent increase in Kv4.2
phosphorylation on the biochemical properties ofKv4.2.We first
examined the effects of the nonionic detergent Triton X-100 on
the solubility of Kv4.2 alone and coexpressed with DPPX-S.
Solubility under these conditions can roughly indicate the folding
state of a membrane protein (39), providing a useful assay to
identify if DPPX-S-induced phosphorylation of Kv4.2 correlates
with folding state. In the absence of detergent, Kv4.2 expressed
alone or coexpressed with DPPX-S was found to be completely
insoluble (Figure 5A). Inclusion of 1% Triton X-100 in the lysis
buffer led to only a moderate level of extraction of the Mr =
65 kDa form of Kv4.2 from cells expressing Kv4.2 alone or
coexpressing DPPX-S. However, the Mr = 70 kDa form of
Kv4.2 present in cells coexpressing DPPX-S was almost com-
pletely extracted in this detergent solution (Figure 5A), suggest-
ing that it has biochemical properties distinct from the Mr =
65 kDa form of Kv4.2. When quantified by densitometry
(Figure 5C), the Mr = 70 kDa form represented only 23.5 (
12.7% (n = 3) of the Kv4.2 in the detergent-insoluble pool, but
represented a significantly higher ( p = 0.033) fraction (53.9 (
6.3%, n = 3) of the Kv4.2 in the detergent-soluble pool. In our
previously published results for the effects of KChIP2 coexpres-
sion on the detergent solubility of Kv4.2, both theMr = 70 kDa

andMr = 65 kDa forms of Kv4.2 were completely soluble in 1%
Triton X-100. This may represent a difference in the effects of
these two auxiliary subunits on Kv4.2, or differences in the
specific details of the assays (here, extracts were subjected to
centrifugation at 16000g for 20 min versus 13000g for 2 min in
Shibata et al., 2003). The basis for the increased detergent
solubility is unknown, and could represent enhancement of
Kv4.2 folding (39) or association with different lipid do-
mains (40).

To determine if DPPX-S coexpression also affected the
stability of Kv4.2, COS-1 cells expressing Kv4.2 alone, or

FIGURE 4: Phosphorylation at Serine 552 is specific to the cell surface
Kv4.2 pool. (A-C) COS-1 cells were transfected with Kv4.2 alone
(A), Kv4.2 and DPPX-S (B), or with Kv4.2 and KChIP2 (C) at 1:1
cDNA ratios and stained for Kv4.2 using phospho-independent
(K57/41, left panels) or S552P phospho-specific (right panels) anti-
bodies. Scale bar = 20 μm.

FIGURE 5: Molecular characteristics of Kv4.2 are altered upon co-
expression with DPPX-S. (A) COS-1 cells expressing Kv4.2 alone or
Kv4.2 and DPPX-S at a 1:1 ratio were harvested and solubilized in
lysis buffer with and without the nonionic detergent Triton X-100 as
indicated. Detergent insoluble (I) and soluble (S) cell fractions were
separated by centrifugation and immunoblotted for Kv4.2 (K57/41).
(B) Quantitative analysis of the detergent solubility of the DPPX-S
dependent 70 kDa population of Kv4.2 with 1% Triton X-100. The
intensities of the immunoreactivity of the Mr ≈ 65 kDa form (black
columns and error bars) andMr ≈ 70 kDa form (white columns and
error bars) for the insoluble and soluble fractions of Kv4.2 were
measured as a percentage of each form relative to the total pool. (C)
Immunoblot analysis of the half-life of Kv4.2 in the absence and
presence of DPPX-S. COS-1 cells expressing Kv4.2 alone or Kv4.2
and DPPX-S were incubated in the presence of cycloheximide
(100 μg/mL) for the indicated time and immunoblotted for Kv4.2.



5726 Biochemistry, Vol. 48, No. 24, 2009 Seikel and Trimmer

coexpressing Kv4.2 and DPPX-S were incubated for various
times with the protein synthesis inhibitor cycloheximide. Inhibit-
ing further Kv4.2 synthesis allowed for immunoblot analyses of
Kv4.2 stability by comparing samples harvested at different time
points after cycloheximide treatment. TheMr = 65 kDa form of
Kv4.2 from cells expressing Kv4.2 alone is relatively unstable
compared to the Mr = 70 kDa form of Kv4.2 present in cells
coexpressing Kv4.2 and DPPX-S (Figure 5C). These results
suggest that proper Kv4.2 folding may be dependent on not only
auxiliary subunit binding, but also on DPPX-S- or KChIP2-
dependent Kv4.2 phosphorylation.

KChIP4a Inhibition of DPPX-S-DependentModulation
of Kv4.2. Coexpression with the KChIP4a auxiliary subunit was
previously found to not only in itself fail to promote efficient cell
surface expression and phosphorylation of Kv4.2 as do other
KChIPs, but to induce a dose-dependent inhibition of the
KChIP2-dependent effects (13). To determine whether incor-
poration of KChIP4a into ternary complexes with Kv4.2 and
DPPX-S could suppress the DPPX-S-induced effects on Kv4.2
intracellular trafficking and phosphorylation, cells transfected
with a constant ratio of Kv4.2 and DPPX-S cDNA were
transfected with increasing amounts of KChIP4a cDNA. We
found that KChIP4a did indeed exhibit a dose-dependent
inhibition of DPPX-S-induced Kv4.2 phosphorylation
(Figure 6A,B). Dose-dependent inhibition ofDPPX-S dependent
cell surface expression ofKv4.2 byKChIP4awas also observed in
immunofluorescence experiments (Figure 6C). That the DPPX-S
pool in cells coexpressingKv4.2,KChIP4a andDPPX-Swas now
associated with the KChIP4a:Kv4.2 intracellular staining as
opposed to its normal plasma membrane-associated localization
(Figure 6E) supports a model whereby Kv4.2 and the two
auxiliary subunits comprise ternary complexes. This model is
further supported in that Kv4.2 is required to mediate the
association between KChIP4a and DPPX-S that results in
intracellular retention of DPPX-S. Cells expressing KChIP4a
and DPPX-S in the absence of Kv4.2 exhibit the distinct staining
patterns of the respective auxiliary subunits (Figure 6F; intracel-
lular/perinuclear staining for KChIP4a, and plasma membrane-
associated for DPPX-S).
Tandem MS Identification of In Vivo Kv4.2 Phosphor-

ylation Sites. Previous studies using in vitro phosphorylation of
recombinant fragments of Kv4.2 led to the identification of a
number of phosphorylation sites onKv4.2 (25, 26).Here, we used
tandemmass spectrometry as an unbiased approach to identify in
vivo phosphorylation sites on the Kv4.2 R subunit in brain and
heterologous cells. Kv4.2 was purified by immunoprecipitation
from both crude rat brain membranes and COS-1 cell lysates
from cells expressing Kv4.2 alone, or coexpressing Kv4.2 and
KChIP2, or Kv4.2 andDPPX-S. The proteins were digested with
trypsin for analysis by liquid chromatography tandem mass
spectrometry (LC-MS/MS) (38, 41, 42). An example of a typical
LC-MS/MS result, in this case for a doubly charged, singly
phosphorylated Kv4.2 peptide with a mass to charge (m/z) ratio

FIGURE 6: KChIP4a coexpression inhibits the DPPX-S induced
effects on Kv4.2. (A) COS-1 cells were triple-transfected with
Kv4.2 and DPPX-S at a 2:1 ratio (1 and 0.5 μg) and increasing
amounts (0-2 μg) of KChIP4a cDNA were added as indicated.
Detergent extracts of transfected cells were immunoblottedwith anti-
Kv4.2 and anti-DPPX antibodies. (B) Quantitative analysis of the
KChIP4a inhibition of DPPX-S dependent effects on the electro-
phoreticmobility ofKv4.2.The intensities of the immunoreactivityof
the Mr ≈ 65 kDa form (up facing arrowheads and error bars) and
Mr ≈ 70 kDa form (squares and down facing error bars) at each
cDNA ratio weremeasured as the percentage of each form relative to
the total Kv4.2 pool. (C) Triple label immunofluorescence staining of
COS-1 cells triple-transfected withKv4.2, DPPX-S, andKChIP4a at
2:1:1 cDNA ratios. (D, E) COS-1 cells transiently transfected with
KChIP4a (D) or DPPX-S (E) cDNA were stained for KChIP4a
(K55/82) or DPPX (anti-HA). (F) COS-1 cells cotransfected with
KChIP4a and DPPX-S cDNA at a 1:1 ratio were double-stained for
KChIP4a and DPPX-S. Scale bar = 20 μm.

FIGURE 7: Identification of Kv4.2 phosphorylation sites by tandem
mass spectrometry. MS/MS spectrum of Kv4.2 phosphopeptide
GpSVQELSTIQIR from COS-1 cells coexpressing Kv4.2 and
DPPX-S.
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of 1409.69 is shown in Figure 7. The tandem mass spectrum had
an almost inclusive array of y-ion and b-ion series describing the
sequence GpSVQELSTIQIR (amino acids 551-562) that al-
lowed for the unambiguous assignment of the pS552 phosphor-
ylation site. Similar analyses of additional rat brain Kv4.2
peptides led to the identification of a total of four serine
phosphorylation sites (pS548, pS552, pS572, and pS575). This
set of sites is also phosphorylated on recombinant Kv4.2 coex-
pressed withDPPX-S orKChIP2 in heterologous cells, but not in
cells expressing Kv4.2 alone (Table 1).

We next examined whether eliminating these phosphorylation
sites with site-directed S548A, S552A, S572A, or S575A muta-
tions would affect the DPPX-S dependent effects on Kv4.2

trafficking and increased Mr. We found that these point muta-
tions had no effect on the relative mobility of Kv4.2 when either
expressed alone, or in the presence of DPPX-S, when compared
to wild-type Kv4.2 (Figure 8A). Immunoblot analyses with the
S552P phospho-specific antibody suggested that the S548A,
S572A, and S575A point mutations did not grossly affect the
DPPX-S dependent phosphorylation of Kv4.2 at pS552,
although S552P immunoreactivity was eliminated in the S552A
mutant (data not shown). Immunofluorescence analysis of these
point mutants expressed in COS-1 cells with and without DPPX-
S yielded a pattern of total and cell surface staining indistinguish-
able from that of wild-type Kv4.2 (Figure 8B).

DISCUSSION

DPPX-S Dramatically Impacts the Molecular Proper-
ties of Kv4.2.Wehave shownhere that coexpression ofDPPX-S
dramatically changes the molecular properties of Kv4.2 R sub-
units expressed in COS-1 cells, and that these effects are
remarkably similar to those previously observed upon coexpres-
sion of KChIPs1-3 (13). Our data here confirm our previous
results that in the absence of auxiliary subunits, the Kv4.2 R
subunit tends to misfold and aggregate intracellularly as indi-
cated by a perinuclear localization and lack of cell surface
expression, and insolubility in nonionic detergents. Kv4.2 ex-
pressed alone also exhibits reduced stability, and is hypopho-
sphorylated relative toKv4.2 found in native brain.DPPX-S, like
KChIPs1-3, is able to rescue Kv4.2 from these aberrant
molecular traits, and yields a population of Kv4.2 whose
molecular properties more closely resemble the native Kv4.2
found in mammalian brain. As such, DPPX-S and KChIPs1-3
play a similar and fundamental role in determining the intracel-
lular trafficking and molecular properties of Kv4.2. This is
remarkable given the differences in structure, subcellular locali-
zation, and Kv4 R subunit binding site of the transmembrane
DPPX-S and cytoplasmic KChIPs (reviewed in ref (43)) and is in
sharp contrast to the distinct effects of these two classes of
auxiliary subunits on Kv4.2 gating (14).
The Mechanistic Basis for the Similar Effects of Struc-

turally Distinct Auxiliary DPPX-S and KChIPs on Kv4.2.
Numerous studies have suggested that KChIPs1-3 act on Kv4.2
by binding and masking hydrophobic segments in the Kv4.2 N-
terminus (13, 44-49). The prevailing model suggests that in the
absence of KChIPs1-3, the hydrophobic segments on multiple
Kv4.2 R subunits oligomerize, leading to aggregation and mis-
folding, and ultimately intracellular retention, hypophosphoryla-
tion and enhanced degradation. The masking of these
hydrophobic segments upon their binding to KChIPs allows
for proper assembly of Kv4.2 tetramers, and expression of a
population of Kv4.2 with enhanced detergent solubility, phos-
phorylation and stability, and increased plasma membrane
localization (13). Interestingly, although the transmembrane
DPPX-S has a structure distinct from that of the KChIPs (50),
and exerts distinct effects on the gating of Kv4.2 channels
(reviewed in ref (43)), we found that DPPX-S has remarkably
similar effects to those of KChIPs on the plasma membrane
expression, detergent solubility, phosphorylation and stability of
Kv4.2. The type II transmembrane DPPX-S has a short cyto-
plasmic N-terminus and a very prominent extracellular domain,
and based on studies of the highly related DPPY (51), associates
with the S1-S2 transmembrane domain region of Kv4.2 as
opposed to the N-terminus. As such it appears unlikely that

Table 1: In Vivo Kv4.2 Phospshorylation Sitesa

COS-1 Cells

phosphorylation

site Kv4.2

Kv4.2 +

DPPX-S Kv4.2 + KChIP2 Rat Brain

pS548 - - + +

pS552 + + + +

pS572 - + + +

pS575 - + + +

a+: phosphorylation site detected. -: phosphorylation site not de-
tected.

FIGURE 8: Effects of phosphorylation site point mutations. (A)
Effects of phosphorylation site mutations on the Mr of Kv4.2 on
SDS-PAGE. Solubilized Kv4.2 from detergent extracts of COS-1
cells expressing wild-type Kv4.2 or phosphorylation site mutants
S548A, S552A, S572A, and S575A alone or with DPPX-S were size
fractionated on SDS-PAGE and immunoblotted for Kv4.2.
(B) Effects of phosphorylation site mutations on the localization
of Kv4.2 in transfected cells. Kv4.2 expressed with empty
vector RBG4 (left panels) or with DPPX-S (right panels)
were double-stained for anti-Kv4.2 and S552P as indicated. Scale
bar = 20 μm.
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DPPX-S is mediating its effects on Kv4.2 through a mechanism
similar to that defined for KChIPs.

Previously we found that unlike KChIPs1-3, KChIP4a could
not rescue the aberrant phenotype of Kv4.2 in heterologous
cells (13). A recent NMR study suggests a possible structural
basis for these findings, in that the unique N-terminus of
KChIP4a binds to the Kv4.2 binding site in the KChIP core
domain and occludes Kv4.2 binding (48). As such, inclusion of
KChIP4a subunits in octameric (Kv4)4(KChIP)4 complexes (52),
even those containing KChIPs1-3 subunits, would lead to
unmasked Kv4.2 N-termini free to oligomerize and induce
intracellular retention, aggregation and hypophosphorylation
of Kv4.2. We show here that KChIP4a also interferes with the
facilitating effects of DPPX-S coexpression on Kv4.2. As it is
unlikely that the facilitating effects of DPPX are through the
mechanism of masking of the Kv4.2 N-terminus proposed for
KChIPs1-3, it is just as unlikely that KChIP4a interferes with
the DPPX effects by occluding such a masking mechanism.

A recent report provides a striking alternative view of the role
of the KChIP4a N-terminus in regulating Kv4 channels. The
authors provide compelling evidence that the N-terminus of
KChIP4a is not cytoplasmic but instead forms a transmembrane
segment (53), bringing into question the results of structural
studies suggesting an intramolecular binding of a cytoplasmic
KChIP4aN-terminus to other cytoplasmicKChIP4a domains.A
more general model including these new results posits that if
Kv4.2 is provided with partner proteins (e.g., KChIPs1-3,
DPPX) that promote cell surface trafficking, either by directly
masking a retention signal, or by providing an alternative and
stronger cell surface expression signal, then Kv4.2 is phosphory-
lated and moves to the cell surface. Otherwise, in the absence of
these partner proteins, or in the presence of these together with
KChIP4a, Kv4.2 remains in its hypophosphorylated state where
it is retained intracellularly and targeted for degradation.
Auxiliary Subunits and Kv4.2 Phosphorylation. Here we

used tandem LC-MS/MS to identify four in vivo phosphoryla-
tion sites on the Kv4.2 C-terminus that are constitutively
phosphorylated in both rat brain and in COS-1 cells in which
Kv4.2 is coexpressedwithDPPX-S orKChIP2. One of these sites
(pS552) was defined in previous studies using recombinant
fragments of Kv4.2 as substrates for phosphorylation by purified
PKA (25). The other three sites (pS548, pS572, and pS575) are
novel. Consistent with our immunoblot analyses published
previously (13), and presented here, our LC-MS/MS analyses
show that Kv4.2 expressed alone in heterologous cells is hypo-
phosphorylated. Only one of the four sites identified on brain
Kv4.2, and on Kv4.2 from cells coexpressing auxiliary subunits,
was detected onKv4.2 purified from cells expressingKv4.2 alone.
It is intriguing that the one site detected was pS552, given the lack
of detectable reaction of samples from cells expressing Kv4.2
alone with the S552P phospho-specific antibody in immunoblot,
immunoprecipitation and immunofluorescence experiments pre-
sented here and previously (13). This presumably reflects differ-
ent levels of sensitivity between the different detectionmethods. It
is also formally possible that in cells expressing Kv4.2 alone it
exists in a state that is phosphorylated at S552 but refractory to
binding of our S552P antibody in immunoblots, immunopreci-
pitation, and immunofluorescence experiments, and that DPPX-
S and KChIP2 coexpression reveals this immunoreactivity. Note
that we have not applied more quantitative LC-MS/MS ap-
proaches (e.g., SILACmethods; (42)) here to determine the levels
of Kv4.2 with phosphorylation at distinct sites in the presence

and absence of auxiliary subunits. That similar patterns of
phosphorylation were obtained for Kv4.2 purified from brain
and from heterologous cells coexpressing DPPX-S and KChIP2
does suggest that the predominant pattern of Kv4.2 phosphor-
ylation in brain neurons can be constitutively recapitulated in
heterologous cells, but requires coexpression of auxiliary sub-
units. It is intriguing that a previous study found that the PKA-
dependent modulation of Kv4.2 that has been observed in
neurons could only be obtained for Kv4.2 expressed in Xenopus
oocytes when it was coexpressed with KChIPs (27). Our studies
showing convergent effects of DPPX-S and KChIPs on Kv4.2
phosphorylation suggest that DPPX-Smay also be able to confer
the sensitivity to PKA modulation (in this case via pS552)
observed in nativeKv4.2 channels onKv4.2 in heterologous cells.

Similar to our previous findings on the effects of KChIP
coexpression (13), phosphorylation at S552P strongly correlates
with plasma membrane expression of Kv4.2. This is especially
intriguing given that a recent study in cultured hippocampal
neurons suggests that phosphorylation at S552P is associated
with activity-dependent internalization of Kv4.2 from dendritic
spines (54). We did not observe any obvious effects of mutating
the pS552 phosphorylation site, or any of the other phosphor-
ylation sites defined here, on plasma membrane expression of
Kv4.2 in heterologous cells. As such, phosphorylation may be
indicative of plasmamembrane expression and not a determinant
thereof. However, enhanced phosphorylation at these sites is
associated with fundamental changes in the molecular properties
of Kv4.2, including the enhanced detergent solubility and stabi-
lity that are restricted to the more highly phosphorylated Mr =
70 kDa form (as opposed to the Mr = 65 kDa form) of Kv4.2.
The link between the increased Kv4.2 phosphorylation and these
distinct biochemical properties is not yet clear. Future studies will
allow for insights into the mechanism whereby phosphorylation
is linked to changes in the molecular properties of Kv4.2, and the
role of phosphorylation at the novel sites we have identified in
our LC-MS/MS analyses in regulating expression, localization
and function of Kv4.2 in heterologous cells and neurons. Note
that in addition to the studies described above, previouswork has
revealed diverse effects of C-terminal phosphorylation on Kv4.2
expression. Ca2+/calmodulin-dependent protein kinase II-de-
pendent phosphorylation of Kv4.2 at S438 and S459 increases
plasmamembrane expression of Kv4.2 (30). A recent study using
a phospho-specific antibody specific for ERK phosphorylation
sites at T602, T607, and S616 suggests that Kv4.2 phosphoryla-
tion is also increased at one or more of these sites in response to
kainate-induced status epilepticus, and that this correlates with
decreased plasma membrane expression of Kv4.2 (55). These
results suggest that although phosphorylation at pS552 may be
enough to mediate the internalization of Kv4.2, there are other
phosphorylation sites playing additional roles in Kv4.2 traffick-
ing and localization. While we did not observe any effects of the
S552A, or other mutations described here, on the plasma
membrane trafficking or overall phosphorylation levels of
Kv4.2 in our heterologous cell system, presumably phosphoryla-
tion at one or more of these sites is associated with fundamental
changes in the molecular properties of Kv4.2 and may also be
important in the modulation of channel gating. A comprehensive
LC-MS/MS based analysis of changes in Kv4.2 phosphorylation
in response to increased synaptic activity and status epilepticus
will allow for a better understanding of the effects of these stimuli
on Kv4.2 phosphorylation, and their role in regulating activity-
dependent changes in Kv4.2 expression.
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Insights into the Role of Kv4.2-Associated Auxiliary
Subunits in Mammalian Brain. DPPX-S and KChIPs have
distinct effects on the gating of Kv4.2 channels (reviewed in
ref (14)). The distinct patterns of expression of DPPX-S and
KChIPs in mammalian brain (10, 18, 33, 56-58) have been
proposed to underlie cell-specific differences in the functional
properties of Kv4.2-based ISA (43). However, we suggest that in
addition to these subtype-specific effects of DPPX-S and KChIPs
on Kv4.2 channels, these structurally distinct auxiliary subunits
exert convergent effects on fundamental aspects ofKv4.2 biology.
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