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Kv4 α-subunits exist as ternary complexes (TC) with potassium channel interacting
proteins (KChIP) and dipeptidyl peptidase-like proteins (DPLP); multiple ancillary proteins
also interact with the α-subunits throughout the channel’s lifetime. Dynamic regulation of
Kv4.2 protein interactions adapts the transient potassium current, IA, mediated by Kv4
α-subunits. Small ubiquitin-like modifier (SUMO) is an 11 kD peptide post-translationally
added to lysine (K) residues to regulate protein–protein interactions. We previously
demonstrated that when expressed in human embryonic kidney (HEK) cells, Kv4.2 can
be SUMOylated at two K residues, K437 and K579. SUMOylation at K437 increased
surface expression of electrically silent channels while SUMOylation at K579 reduced
IA maximal conductance (Gmax) without altering surface expression. KChIP and DPLP
subunits are known to modify the pattern of Kv4.2 post-translational decorations and/or
their effects. In this study, co-expressing Kv4.2 with KChIP2a and DPP10c altered the
effects of enhanced Kv4.2 SUMOylation. First, the effect of enhanced SUMOylation
was the same for a TC containing either the wild-type Kv4.2 or the mutant K437R
Kv4.2, suggesting that either the experimental manipulation no longer enhanced K437
SUMOylation or K437 SUMOylation no longer influenced Kv4.2 surface expression.
Second, instead of decreasing IA Gmax, enhanced SUMOylation at K579 now produced
a significant ∼37–70% increase in IA maximum conductance (Gmax) and a significant
∼30–50% increase in Kv4.2g surface expression that was accompanied by a 65%
reduction in TC internalization. Blocking clathrin-mediated endocytosis (CME) in HEK
cells expressing the Kv4.2 TC mimicked and occluded the effect of SUMO on IA
Gmax; however, the amount of Kv4.2 associated with the major adaptor for constitutive
CME, adaptor protein 2 (AP2), was not SUMO dependent. Thus, SUMOylation reduced
Kv4.2 internalization by acting downstream of Kv4.2 recruitment into clathrin-coated
pits. In sum, the two major findings of this study are: SUMOylation of Kv4.2 at K579
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regulates TC internalization most likely by promoting channel recycling. Additionally,
there is a reciprocity between Kv4.2 SUMOylation and the Kv4.2 interactome such that
SUMOylation regulates the interactome and the interactome influences the pattern and
effect of SUMOylation.

Keywords: dipeptidyl peptidase-like protein, potassium channel interacting protein, Kv4, trafficking, ion channel,
SUMOylation, small ubiquitin-like modifier (SUMO), A-type potassium current

INTRODUCTION

The transient potassium current (IA) is a rapidly inactivating
subthreshold current that can be mediated by Kv4.1-3 α-subunits
(Gutman et al., 2005). Kv4 channels contribute to IA in the
heart (Niwa et al., 2008) and play a key role in shaping neuronal
excitability, action potential firing rate, synaptic integration and
plasticity (Jerng et al., 2004a). Dysregulation of Kv4 channels is
associated with heart disease (Huo et al., 2014) as well as with
neurological disorders, including epilepsy, Alzheimer’s disease,
major depressive disorder, Huntington’s disease, and chronic
pain (Hall et al., 2015; Scala et al., 2015; Kohling and Wolfart,
2016; Zemel et al., 2018; Carrillo-Reid et al., 2019; Noh et al.,
2019; Aceto et al., 2020; Kanda et al., 2021; Kim et al., 2021;
Wang et al., 2021).

Kv4 channels form a ternary complex (TC) with potassium
channel interacting protein (KChIP1-4) and dipeptidyl
peptidase-like protein (DPLP; DPP6 and 10). The TC is the
fundamental unit that reproduces native IA in heterologous
expression systems (Jerng et al., 2005; Amarillo et al., 2008;
Jerng and Pfaffinger, 2012). Cytosolic KChIPs interact with
the cytosolic N- and C-termini of Kv4 α-subunits at the ER
to facilitate tetrameric assembly and efficient trafficking to
the plasma membrane (Shibata et al., 2003; Kunjilwar et al.,
2004). The transmembrane domain and the short intracellular
N-terminus of DPLP interacts with Kv4 transmembrane domains
1 and 2 to promote exit from the ER (Ren et al., 2005; Cotella
et al., 2012; Lin et al., 2014). Both DPLPs and KChIPs modulate
channel gating at the plasma membrane (An et al., 2000; Bahring
et al., 2001; Nadal et al., 2003; Shibata et al., 2003; Jerng et al.,
2004b; Foeger et al., 2010). Dynamic interactions with several
proteins beside KChIP and DPLP contribute to Kv4 assembly,
trafficking, and function at the plasma membrane (Jerng and
Pfaffinger, 2014). Tandem affinity purification of exogenously
expressed Kv4.2 followed by mass spectrometry identified over
120 endogenous human embryonic kidney (HEK) cell proteins
that associate with the α-subunit (Hu et al., 2020). These include
proteins involved in channel folding and trafficking (Hasdemir
et al., 2005; Chu et al., 2006; Yamakawa et al., 2007; Flowerdew
and Burgoyne, 2009; Wang et al., 2012; Li et al., 2017; Hu et al.,
2020; Tang, 2020), cytoskeletal and scaffolding proteins that
organize the Kv4 macromolecular complex (Colledge et al., 2000;
Petrecca et al., 2000; Wong et al., 2002; Gardoni et al., 2007;
Lin et al., 2011), and ancillary proteins that influence channel
properties (Kuryshev et al., 2000; Yang et al., 2001; Pourrier
et al., 2003; Marionneau et al., 2012). The Kv4 macromolecular
complex can also include other ion channels, such as Cav3.1-3
(Anderson et al., 2010a,b).

Limited progress has been made toward identifying the
mechanisms regulating Kv4 protein–protein interactions
(Morohashi et al., 2002; Cotella et al., 2012; Hu et al., 2020; Seifert
et al., 2020). Expanding our knowledge of these mechanisms
is key to understanding how IA is dynamically adapted.
Post-translational SUMOylation regulates protein–protein
interactions. Small ubiquitin like modifiers (SUMO1-5) are 11
kD peptides that can be conjugated to lysine (K) residues on
target proteins (Flotho and Melchior, 2013; Celen and Sahin,
2020; Chang and Yeh, 2020; Henley et al., 2021). SUMO2 and
SUMO3 are ∼97% identical and are referred to as SUMO2/3.
SUMOylation is a dynamic modification, and the SUMOylation
status of a target is determined by the opposing activities of
the sole SUMO conjugating enzyme, Ubc9, and a variety of
proteases that cleave SUMO from a target (Desterro et al.,
1997). There are several non-mutually exclusive consequences
of protein SUMOylation including: (1) promoting protein–
protein interactions by linking the SUMO moiety on the target
protein to a SUMO binding domain on the interacting partner
(Psakhye and Jentsch, 2012; Seifert et al., 2015); (2) blocking
protein–protein interactions, usually through steric hindrance
(Dustrude et al., 2016); (3) altering post-translational decorations
by competing with another post-translational K modification,
such as ubiquitination (Anderson et al., 2012; Wang et al.,
2014), and/or modulating phosphorylation at consensus sites
containing a K (Hendriks et al., 2017); and, (4) interacting with
phosphoinositides concentrated in the trans-Golgi (PI(3)P) and
plasma membrane (PI(3,4,5)P3) (Kunadt et al., 2015).

Post-translational SUMOylation can regulate many processes
in excitable tissue (Henley et al., 2021), and dysregulated
SUMOylation can contribute to many disease states (Henley
et al., 2018), including the nociceptor sensitization associated
with chronic pain (Moutal et al., 2017; Wang et al., 2018;
Forster et al., 2020; Jansen et al., 2021). SUMOylation can
control ion channel transcription, translation, trafficking, surface
expression, stability and biophysical properties (Rajan et al.,
2005; Benson et al., 2007, 2017; Martin et al., 2007; Dai et al.,
2009; Plant et al., 2011, 2012, 2020; Girach et al., 2013; Jaafari
et al., 2013; Qi et al., 2014; Dustrude et al., 2016; Parker et al.,
2017; Xiong et al., 2017; Yuan et al., 2017; Garcia-Caballero
et al., 2019; Welch et al., 2019; Boulanger et al., 2021; Henley
et al., 2021). We have previously shown that Kv4.2 channels
can be decorated with SUMO2/3 in rat brain and in HEK cells
(Welch et al., 2019). Software for predicting SUMOylation sites
indicated that there were several putative SUMOylation sites on
Kv4 α-subunits, including two sites that were conserved across
isoforms and species, K437 and K579. Experimentally increasing
baseline SUMOylation in HEK cells expressing a mouse Kv4.2
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GFP fusion protein (Kv4.2g) increased channel SUMOylation
only at K437 and K579 (Welch et al., 2019). This produced
a significant 22–50% decrease in IA maximal conductance
(Gmax) and a significant 70–95% increase in Kv4.2 surface
expression. SUMOylation at K437 increased surface expression of
electrically silent channels while SUMOylation at K579 mediated
the significant decrease in IA Gmax without altering surface
expression (Welch et al., 2019).

In our previous study, only Kv4.2g was over-expressed in
HEK cells (Welch et al., 2019). HEK cells do not express DPLP
and endogenous KChIP transcripts are nearly undetectable1.
Since KChIP and DPLP can influence both the post-translational
modification of Kv4 (Shibata et al., 2003; Seikel and Trimmer,
2009) and the effect of a given post-translational modification
(Schrader et al., 2002; Prechtel et al., 2018), here we test if/how
they uniquely influence Kv4.2 SUMOylation. In nociceptors, Kv4
channels exist in ternary complexes with KChIP isoforms 2 and
3 and DPP10 (Cheng et al., 2016; Kuo et al., 2017), here we study
the effects of KChIP2a and DPP10c.

MATERIALS AND METHODS

Chemicals and Antibodies
Chemicals were from Sigma unless stated otherwise. Antibodies
are described in Table 1.

Cell Culture
Human Embryonic Kidney 293 (HEK) cells were obtained from
American Type Culture Collection (catalog number CRL-1573,
lot number 2869494) and were cultured at 37◦C and 5% CO2
in Eagle’s Minimum Essential Medium (MEM) (Corning, cat no.
10009CV) supplemented with 10% fetal bovine serum (ATCC,
cat no. 30-2020) and 1% penicillin/streptomycin (Sigma, cat no.
P4333). Cells were discarded after passage 20.

1www.proteinatlas.org

Plasmids
A previously described plasmid containing the mouse Kv4.2
channel with GFP fused to the C-terminus (Kv4.2g) was
provided by Dax Hoffman. The use of this plasmid is well
established in the literature, and the GFP tag does not appear
to disrupt Kv4 function or trafficking (Kim et al., 2007;
Hammond et al., 2008; Lin et al., 2010). PCR-based site
directed mutagenesis was performed as previously described
to generate two mutations in the Kv4.2g plasmid, K437R and
K579R (Welch et al., 2019). A plasmid containing SUMO-2
(Kamitani et al., 1998) was provided by Edward Yeh (Addgene
plasmid #17360). A plasmid containing Ubc9 (Yasugi and
Howley, 1996) was a gift from Peter Howley (Addgene plasmid
#14438). pCMV6-KChIP2a (NM_145703) was purchased from
Origene Technologies. PCR was used to add SalI and XhoI
restriction sites at the beginning and end of the KChIP2a open
reading frame (ORF) using the primers: SalI_KChIP2aFor:
ATATATGTCGACGATGCGGGGCCAAGGCCGAAAGG and
XhoI_KChIP2aRev: GAGTTTCTGCTCGAGCGGCCGCGTAC
GCGTCTAGATGAC. The KChIP2a ORF was subcloned into
pCMV-HA-N vector (Clontech) at the SalI and XhoI restriction
sites to generate the vector pCMV-HA-N-KChIP2a. pCMV3-
DPP10 (NM_199021) was purchased from Sino Biological.
We note that this corresponds to the previously identified
DPP10 isoform c (DPP10c) (Jerng et al., 2007). PCR was
used to add SalI and XhoI restriction sites at the beginning
and end of the DPP10c ORF using the primers: SalI_DPP10
For: ATATATGTCGACGATGACAGCCATGAAGC and
XhoI_DPP10Rev: ATATATCTCGAGTTATTCATCTTCTTCT.
The DPP10c ORF was subcloned into pCMV-HA-N vector
(Clontech) at the SalI and XhoI restriction sites to generate the
vector pCMV-HA-N-DPP10c.

Transfection
Human embryonic kidney cells were transfected using the
calcium phosphate transfection method. HEK cells were plated
at 1.9 × 106 cells/plate or 6 × 106 cells/plate onto 60 or 100 mm

TABLE 1 | Primary antibodies.

Antigen Immunogen Host species Verified by Manufacturer,
catalog number

Concentration

GFP Recombinant full-length
protein corresponding to
GFP

Rabbit,
polyclonal

Specificity verified by company. On WB, the antibody
recognizes recombinant GFP from HEK lysates.

Abcam, ab290 IP- 1 µL antibody
per 0.5 mg protein.
WB- 1: 20,000

Na+/K+-
ATPase

Full length Rabbit alpha 1
Sodium Potassium ATPase

Mouse,
monoclonal

Specificity verified by company. Positive signal on WB using
HEK cell lysate

Abcam, ab7671 WB- 1:3000

Actin Peptide mapped to
C-terminus of human actin

Rabbit,
polyclonal

Specificity verified by company. Positive signal on WB using
C32 cell lysate

Santa Cruz
Biotechnology,
sc-1616-R

WB- 1:2000

BSA Bovine serum albumin Rabbit,
polyclonal

Specificity verified by company. On WB, the antibody
recognizes BSA protein.

Thermo Fisher,
A11133

WB- 1:20,000

α-Adaptin Mouse
α-adaptin, amino acids
38-215

Mouse,
monoclonal

Specificity verified by company using WB. siRNA against
a-adaptin abolishes antibody signal (Zavodszky and Hegde,
2019). Antibody recognizes recombinant, purified AP2
complex on western blot. Protein recognized by antibody
colocalizes with clathrin and other adaptor proteins
(Umasankar et al., 2014).

BD Biosciences,
610502

WB- 1:2000
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plates, respectively, and incubated for 24 h. 10 or 25 µg of DNA
were prepared in 250 or 440 µl TE buffer (10 mM Tris-HCl pH
8, 1 mM EDTA), and immediately before transfection 30 or 60 µl
of 2 M CaCl2 followed by 250 or 500 µl 2X HBS (275 mM NaCl,
10 mM KCl, 12 mM dextrose, 1.4 mM Na2HPO4, 40 mM HEPES,
and pH 7.05-7.1) was added dropwise to the DNA mixture,
respectively. The transfection solution was added dropwise to the
cells, and the cells were returned to 37◦C/5% CO2 for 4 h followed
by a media change. Equal amounts of each plasmid were used
when co-transfecting multiple plasmids. Transfection efficiency
was assessed 48 h later using fluorescence microscopy and only
plates with >80% efficiency were used in experiments.

Western Blot Assays
Proteins were resolved on 10% SDS-polyacrylamide gels and
transferred for 1 h at 90 V to a PVDF membrane (Immobilon-
P, cat# IPVH00010) using a wet electroblotting system (Bio-
Rad, Mini Trans-Blot cell) and instructions provided by the
manufacturer. Membranes were dipped in methanol and dried
for 30 min. Membranes were blocked in 5% non-fat dry milk
in TBS (50 mM Tris-HCl pH7.4, 150 mM NaCl) for 1 h at
room temperature. Membranes were washed 1× with T-TBS
(TBS + 0.1% Tween20) for 10 min. The membrane was
incubated with primary antibodies (Table 1) in 1% non-fat
dry milk in T-TBS overnight at 4◦C with shaking. Membranes
were washed 3× 5 min each with T-TBS. Membranes were
incubated with the appropriate alkaline phosphatase conjugated
secondary antibodies in 1% non-fat dry milk in T-TBS for 2 h
at room temperature. Membranes were washed 3× with T-TBS
for 10 min each. Alkaline phosphatase substrate was placed on
the membrane for 5 min. Membranes were exposed to film
(Research Products International) and chemiluminescent signals
were visualized with a Kodak X-Omat 2000A imager. The optical
density (OD) of a protein(s) of interest was measured using
ImageJ software, as previously described (Parker et al., 2017;
Welch et al., 2019).

In some cases, membranes were stripped and re-probed. In
these cases, membranes were washed 2× in mild stripping buffer
(20 mM glycine, 0.1% SDS, 1% Tween 20, 50 mM KCl, 20 mM
Magnesium acetate, pH 2.2) for 10 min each. Membranes were
then washed, 2× with PBS for 10 min each, and 2× with T-TBS
for 5 min each. To ensure that the chemiluminescent signal was
gone, alkaline phosphatase substrate was added to the membrane
for 5 min and the membrane was exposed to film for 10 min. To
account for technical variabilities such as differences in exposure
time or loss of protein due to stripping, 0.1 or 0.2 µg BSA protein
was always included in one lane on every gel and a primary
antibody against BSA was always included for detection. The
signal for the protein of interest on the pre- and post-stripped
blot was always normalized by the BSA signal on the pre- and
post-stripped blot, respectively.

In some cases, SYPRO Ruby Protein Blot Stain (Bio-Rad)
was used to assess total protein. Whole cell lysates (10 µg)
were resolved with PAGE and transferred to a PVDF membrane,
as described above. Dried PVDF membranes were incubated
protein side face-down in 7% acetic acid/10% methanol for
15 min and then washed 4×, 5 min each with dH2O. Membranes

were placed protein side face-down in SYPRO Ruby Protein
Blot Stain for 15 min and then washed 3×, 1 min each with
dH2O. Stained protein was visualized using an Omega Ultra Lum
10gD imaging system using blue light transillumination. The
optical density of the total protein signal in the entire lane was
measured using ImageJ.

Electrophysiology
For whole-cell patch clamp experiments, HEK cells were
transfected with the appropriate DNA and incubated for 24 h.
Cells were then passaged on to 100 mm coverslips coated with
Poly-L-Lysine (50 µg/ml) and incubated. The next day, coverslips
were transferred to a recording chamber and superfused
continuously with extracellular saline (in mM: 141 NaCl, 4.7
KCl, 1.2 MgCl2, 1.8 CaCl2, 10 glucose, 10 HEPES, pH 7.4, and
osmolarity ∼300 mOsm/L). Cells were visualized on an IX70
Olympus microscope, and transfected cells were identified with
fluorescence microscopy. Fire polished borosilicate glass pipettes
having a resistance of∼2 M� were filled with intracellular saline
(in mM: 140 KCl, 1 MgCl2, 1 CaCl2, 10 EGTA, 2 MgATP, 10
HEPES, pH 7.2, and osmolarity∼290 mOsm/L) and connected to
a MultiClamp 700A amplifier (Axon Instruments). After forming
a G� seal, a slight negative pressure was used to break through
the membrane, and only cells that maintained >700 M� seal
following rupture and had less than 15 M� access resistance
were examined. Whole cell capacitance was measured upon
break-in. Fast and slow capacitance and series resistance were
compensated. IA was elicited with a series of 1 s pre-pulses to
−90 mV each followed by a 250 ms test-pulse ranging from −50
to +50 mV in 10 mV increments. The leak current from a pre-
pulse to -30 mV was subtracted offline. Current density (peak
current ÷ whole cell capacitance) is often used to compensate
for IA variability introduced by cell size heterogeneity, thereby
increasing statistical power. However, it was recently shown that
this approach is only valid if there is a positive correlation
between capacitance and current (Kula et al., 2020). We did not
observe a positive correlation, so IA density was not examined.
Instead, current (I) was converted to conductance (G) using the
equation G = I/Vm−Vr, with Vm being the membrane potential
and Vr being the reversal potential for potassium, −86 mV.
The maximal conductance (Gmax), the voltage of half-activation
(V50 act), and the slope of the activation curve were determined
by plotting conductance against voltage and fitting the data with
a first-order Boltzmann equation constrained to a zero minimum
and extrapolated from −50 to −80 mV. The fast and slow
time constants of inactivation (τfast and τslow) were determined
by fitting the decay current for the +50 mV test-pulse with a
two-term exponential equation. The voltage of half-inactivation
(V50 inact) was measured with a series of 1.4 s pre-pulses from
−110 to −30 mV in 10 mV increments, each followed by a
200 ms test pulse to+20 mV. Current was plotted against voltage
and the data were fitted with a first-order Boltzmann equation
extrapolated to −10 mV to determine V50 inact and the slope of
the inactivation curve.

In some experiments, clathrin-mediated endocytosis was
blocked with Pitstop2 (Abcam, ab120687). Cells were treated with
20 µM Pitstop2 for 20 min at 37◦C/5% CO2 before transferring
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the coverslip to the recording chamber and Pitstop2 (20 µM) was
included in the superfusate. Pitstop2 was prepared as a 30 mM
stock in DMSO, where the working concentration of DMSO
was 0.7%. Application of 0.7% DMSO for 20 min at 37◦C/5%
CO2 prior to transferring the cells to the recording chamber and
inclusion of 0.7% DMSO in the superfusate did not affect IA
Gmax (n = 3; Gmax, control: 87.44 nS vs. DMSO: 90.55 nS).
In experiments using Pitstop2, enhanced SUMOylation was not
achieved by co-transfecting SUMO and Ubc9; rather, SUMO2
and/or SUMO3 peptide (4.2 µM, Boston Biochem, #K-700) was
dissolved in the intracellular saline in the patch pipette and
delivered to the cell after whole-cell configuration was achieved.
SUMO peptides were used at a concentration previously shown
regulate the amplitude of kainate evoked current in HEK cells
expressing GluK2 (Konopacki et al., 2011). We note that SUMO2
and SUMO3 are 97% identical and produced similar effects in
this experiment. Both were employed because they were packaged
together by the vendor.

Cell Lysates to Measure Kv4.2
Expression
For experiments to measure steady-state Kv4.2g levels,
transfected HEK cells on 100 mm culture dishes were washed
1× with ice-cold PBS and lysed in 1 ml RIPA buffer (1% NP40,
50 mM Tris-HCl pH7.4, 150 mM NaCl, 0.1% SDS, 0.5% DOC,
2 mM EDTA) supplemented with 20 mM N-Ethylmaleimide
(NEM) and protease inhibitor cocktail (1:100, Sigma cat no.
P8340) on ice for 30 min. Plates were scraped, and lysates were
transferred to a 1.5 ml centrifuge tube. Cell debris was pelleted
by centrifugation at 14,000 rpm for 15 min. Bicinchoninic acid
(BCA) assay was performed to determine protein concentration,
and whole cell lysate (10 µg of protein) was resolved with PAGE.

Immunoprecipitation to Measure
α-Adaptin
For experiments quantifying the amount of α-adaptin that co-
immunoprecipitated (co-IP) with Kv4.2g, transfected HEK cells
on 60 mm culture plates were washed 1× PBS. Cells were
then lysed for 30 min on ice with IP/lysis buffer supplied with
the Pierce Classic Magnetic IP/Co-IP kit (Thermo Fisher cat
no. 88804) and supplemented with 20 mM NEM and protease
inhibitor cocktail (1:100). Cells were scraped, transferred to a
1.5 ml centrifuge tube, and cell debris was pelleted for 10 min
at 14,000 rpm. Protein concentration was determined with BCA,
and 0.5 mg of protein was added to 1µl anti-GPF (Table 1).
The lysate was incubated with the antibody at 4◦C with shaking
overnight, and IP was performed with the Pierce Magnetic Classic
IP/Co-IP kit. IP was eluted in 50 µl elution buffer.

Biotinylation of Cell Surface Proteins
NeutrAvidin resin (300 µL) (Thermo Fisher cat no. 29201) was
placed in a Pierce Snap Cap Spin Column (Thermo Fisher
cat no. 69725) and was equilibrated by washing 3× with PBS.
Transfected HEK cells were washed 2× with PBS supplemented
with 1.5 mM MgCl2 and 0.2 mM CaCl2 (PBS-CM) and incubated
with EZ-Link Sulfo-NHS-SS-Biotin (1 mg/ml) (Thermo Fisher

cat no. 21331) in PBS-CM for 30 min at 4◦C. Unreacted biotin
was quenched with PBS-CM +100 mM glycine at 4◦C for
15 min, and cells were lysed for 30 min on ice in 500 µL
RIPA buffer supplemented with protease inhibitor cocktail.
Plates were scraped. The lysate was transferred to a clean
1.5 ml centrifuge tube. Cell debris was pelleted by centrifugation
for 10 min at 14,000 rpm, and the supernatant was added
to the washed NeutrAvidin resin and incubated for 2 h at
4◦C with shaking. The column was placed in a clean 1.5 ml
microcentrifuge tube and centrifuged for 2 min at 1,000 × g.
The flow-through containing the unbiotinylated proteins was
considered to be the intracellular fraction. The resin was washed
3× with Wash Buffer 1 (1% NP40, 1% SDS, and 1× PBS)
and 3× with Wash Buffer 2 (0.1% NP40, 0.5 M NaCl, and
1× PBS). Biotinylated, cell surface proteins were eluted from
the NeutrAvidin resin by incubating with 75 µl of 1× SDS
buffer (50 mM Tris HCl pH 6.8, 2% SDS, 10% glycerol, 0.1%
Bromophenol Blue, 100 mM DTT) with gentle shaking for 1 h
at room temperature followed by centrifugation for 2 min at
1,000 × g. Intracellular and extracellular fractions along with
0.2 µg of BSA were used in western blot assays. Blots were
cut horizontally at ∼50 kD. The lower portion of the blot was
incubated with an antibody against actin. The upper portion
of the blot was incubated with antibodies that recognized BSA
and GFP. After measuring the OD for BSA and GFP, the blot
was stripped and incubated with antibodies that recognize BSA
and the Na+/K+-ATPase, whose expression did not change
when SUMOylation was increased above baseline in HEK cells
(Parker et al., 2017). The ODs of the extracellular GFP and
Na+/K+-ATPase signals were normalized to their respective
BSA signals, and then the normalized GFP signal was divided
by the normalized Na+/K+-ATPase signal to determine Kv4.2
surface expression.

Internalization Assay
Three plates of cells were used for each internalization
experiment. One plate was used to measure internalization, one
was used to measure total surface expression, and one was
used to measure stripping efficiency. Cells were biotinylated and
quenched as described above. The remainder of the experiment
varied according to the plate.

Cells on the internalization plate were washed 1× in MEM.
Fresh MEM was added, and the plate was incubated for 2.5 h at
18◦C to allow for internalization with reduced degradation (Le
et al., 1999). Cells were then washed 1× with NT buffer (150 mM
NaCl, 1 mM EDTA, 0.2% BSA, and 20 mM Tris pH8.6). Surface-
bound biotin was removed by incubating with 100 mM sodium
2-mercaptoethanesulfonate (MESNA) in NT buffer for 30 min
at 4◦C. Cells were washed 3× in NT buffer, 3× in PBS-CM
and lysed with 500 µL RIPA buffer supplemented with protease
inhibitor cocktail.

Immediately after the quenching step, cells on the strip plate
and the total plate were washed 1× with NT buffer. Cells on the
strip plate were incubated with MESNA in NT buffer for 30 min
at 4◦C to remove surface bound biotin. Cells on the total plate
were incubated with NT buffer for 30 min at 4◦C. Cells on the
strip plate and the total plate were washed 3× in NT buffer, 3× in
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PBS-CM, and lysed with 500 µL RIPA buffer supplemented with
protease inhibitor cocktail.

Protein concentration for each of the 3 lysates was determined
with a BCA. For each lysate, 450 µg of protein was added to a
Pierce Snap Cap Spin Column containing washed NeutrAvidin
resin (300 µL) and incubated at 4◦C overnight, shaking. The next
day, the columns were placed in clean 1.5 ml microcentrifuge
tubes, and the flowthroughs containing the unbiotinylated
proteins were collected by centrifuging 2 min 1,000× g. The resin
was washed 3× with Wash Buffer 1 and 3× with Wash Buffer 2.
Biotinylated proteins were eluted from the resin with 75 µl 1×
SDS buffer by shaking for 1 h at room temperature. Biotinylated
fractions were collected by centrifuging at 1,000× g for 2 min.

The unbiotinylated and biotinylated fractions from the three
plates were resolved with PAGE. Blots were probed with anti-
GFP. The percentage of Kv4.2g internalized was calculated as
the optical density (OD) of the biotinylated Kv4.2g signal from
the internalized plate divided by the OD of the biotinylated
Kv4.2g signal from the total surface expression plate multiplied
by 100. The stripping efficiency was calculated as the OD of
the biotinylated Kv4.2g signal from the strip plate divided by
the OD of the biotinylated Kv4.2g signal from the total surface
expression plate, subtracted from 1 and multiplied by 100.
Only data from experiments where the stripping efficiency was
>90% were included.

Statistical Analysis
GraphPad PRISM 9 software was used for statistical analysis of
data. Normality and homogeneity of variance was assessed for
each data set. Data points >2 standard deviations from the mean
were considered outliers and were excluded. This resulted in
removal of 1 data point from each treatment group. In all cases,
the significance threshold was set at p < 0.05. Data were analyzed
with t-tests or one-way ANOVAs with Tukey post hoc tests that
made all pairwise comparisons. Each statistical test performed,
and the result of that test are listed in each Figure legend.

RESULTS

SUMOylation of Kv4.2g at K579
Increases IA Gmax in the Presence of
Auxiliary Subunits, KChIP2a and DPP10c
Previous studies showed that Kv4, KChIP and DPLP proteins will
interact to form a TC in native cells and when overexpressed
in heterologous model systems (Seikel and Trimmer, 2009;
Jerng and Pfaffinger, 2014), including HEK cells (Foeger
et al., 2012; Lainez et al., 2018; Murphy and Hoffman, 2019;
Zhang et al., 2020). In the experiments reported here, HEK
cells, which do not endogenously express Kv4 channels, were
transiently transfected with Kv4.2g and the hemagglutinin
(HA)-tagged auxiliary subunits KChIP2a (HA-KChIP2a) and
DPP10c (HA-DPP10c). Consistent with previous observations
(Murphy and Hoffman, 2019), relative to HEK cells expressing
Kv4.2g alone, co-expression of KChIP2a and DPP10c produced
a significant ∼2-fold increase in IA maximal conductance

(Gmax) (Supplementary Figure 1A), as well as a significant
hyperpolarization of the voltage of half activation (V50 act) and a
significant depolarization of the voltage of half inactivation (V50
inact) (Supplementary Figure 1B). As expected (Jerng et al.,
2007), measures of the half inactivation time (time at which
half of the peak current is inactivated) showed that channel
inactivation was accelerated when Kv4.2 was incorporated into
the ternary complex (Supplementary Figure 1C). At positive
voltages, the rate of decay was constant, but it increasingly slowed
as voltages became more negative. This contrasts with oocyte
expression of a TC comprising Kv4.2 + DPP10c + KChIP3,
which showed a fairly constant rate of decay at negative voltages
and a gradual slowing with increasing positive voltages (Jerng
et al., 2007). The biophysical properties of Kv4 complexes depend
upon their exact subunit composition. Different isoforms of
DPLP and KChIP will produce TCs with distinct biophysical
phenotypes. Our data highlight the limitations of characterizing
only one combination of subunits, and we note that our
findings for a TC comprising Kv4.2 + KChIP2a + DPP10c
may not apply to all Kv4 TCs. Preliminary immunoprecipitation
(IP) experiments also confirmed that Kv4.2g non-covalently
bound KChIP2a and DPP10c in co-transfected HEK cells
(Supplementary Figure 1D).

We next sought to determine if Kv4.2g could be decorated
with SUMO when it was incorporated into the ternary complex.
SUMOylation of target proteins can be increased by globally
augmenting the concentration of SUMO and the SUMO
conjugating enzyme, Ubc9, in tissue culture cells (Dai et al., 2009;
Parker et al., 2017; Welch et al., 2019). In these experiments,
SUMOylation was enhanced by co-expressing two plasmids, one
that encoded SUMO2 and one that encoded Ubc9. Note that
SUMO2 was chosen because we previously demonstrated that
Kv4.2 was decorated with SUMO2/3 but not SUMO1 in rat
brain membrane preparations (Welch et al., 2019). HEK cells
were transiently transfected with plasmids encoding Kv4.2g, HA-
KChIP2a, and HA-DPP10c with or without co-transfection of
plasmids encoding SUMO2 and Ubc9. Kv4.2 was isolated from
cell lysates using immunoprecipitation with an antibody that
recognizes GFP (anti-GFP). IP products were used to generate
western blots. The blots were first probed with an antibody
that recognizes SUMO2/3 (anti-SUMO), then they were stripped
and re-probed with anti-GFP. The data indicated that Kv4.2g
showed baseline SUMOylation when incorporated into the
ternary complex, and globally enhancing SUMOylation increased
the number of SUMO2 decorations on Kv4.2g (Figure 1).

To investigate if/how SUMO modulates IA mediated by
the Kv4.2g TC, IA was characterized with whole cell patch
clamp in cells expressing Kv4.2g + HA-KChIP2a + HA-DPP10c
with or without SUMO2 + Ubc9. The voltage dependence of
activation was determined with a series of depolarizing test
pulses from −50 to 50 mV, each preceded by a hyperpolarizing
prepulse to −90 mV (Figure 2A). The voltage dependence
of steady-state inactivation was examined with a series of
hyperpolarizing prepulses from −110 to −30 mV, each followed
by a depolarizing testpulse to 20 mV (Figure 2B). The time
constants for inactivation were determined by eliciting a current
with a hyperpolarizing prepulse to −90 mV followed by a
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FIGURE 1 | Kv4.2g is SUMOylated in the TC. Kv4.2g was co-expressed with
HA-KChIP2a and HA-DPP10c in HEK cells with (+) or without (–)
co-transfection of SUMO2 + Ubc9. Anti-GFP IPs were followed by western
blotting. Blots were probed with anti-SUMO, and then stripped and reprobed
with anti-GFP. Note the band at ∼50 kD represents the antibody used in
the IP.

depolarizing testpulse to 50 mV, and then fitting the decay with a
double exponential equation (Figure 2C). There was a significant
37% increase in IA Gmax when SUMO and Ubc9 were co-
expressed with the Kv4.2g ternary complex relative to cells only
expressing the Kv4.2g ternary complex (Figure 2D). SUMO and
Ubc9 co-expression had no significant effect on the V50 act, the
V50 inact, the slopes of the activation and inactivation curves, or
the fast (τ fast) and slow (τ slow) time constants of inactivation
(Figures 2E–G).

The increase in IA Gmax could potentially be due to
SUMOylation of Kv4.2g, HA-KChIP2a and/or HA-DPP10c. We
first tested if SUMOylation of Kv4.2g at K437 and/or K579 was
necessary for the significant increase in IA Gmax by repeating
the patch-clamp experiments with three Kv4.2g mutants: K437R,
K579R, and K437R + K579R (Figure 3). Incorporating the
Kv4.2g double mutant into the TC abolished the SUMOylation-
induced increase in IA Gmax, suggesting that SUMOylation
of Kv4.2g was necessary for the enhancement. Augmenting
SUMOylation in HEK cells expressing Kv4.2g K437R still

produced a significant increase in IA Gmax, but not when
the TC contained Kv4.2g K579R. These data suggested that
SUMOylation of Kv4.2g K579 produced a significant increase
in the current mediated by the TC. We next examined the
mechanisms involved.

SUMOylation of Kv4.2g K579 Does Not
Enhance Kv4.2 Protein Expression
In these experiments, SUMOylation is augmented by co-
expressing SUMO2 and Ubc9, and this could potentially enhance
IA Gmax by increasing Kv4.2g protein expression. We tested this
idea by transiently transfecting HEK cells with Kv4.2g + HA-
KChIP2a + HA-DPP10c with or without transient transfection
of SUMO2 + Ubc9. Cell lysates were used in western blot
experiments (Figure 4). Total protein in a cell lysate was
first estimated by staining the blot with SYPRO Ruby and
integrating the signal over an entire lane, as described in Section
“Materials and Methods” (Figure 4A). Note Kv4.2 expression is
not high enough to produce a distinct band with this method
of visualization. Afterward, Kv4.2g protein on the same western
blot was visualized with anti-GFP (Figure 4B). The amount of
Kv4.2g protein was defined as the optical density (OD) for the
anti-GFP signal divided by the OD for SYPRO Ruby stain for
the same lysate (Figure 4C). There was no significant difference
in Kv4.2g protein expression between the two treatment groups
(Figure 4C). These data indicate that Kv4.2g SUMOylation did
not increase IA Gmax by increasing Kv4.2g protein expression.

SUMOylation of Kv4.2g at K579
Increases TC Surface Expression by
Reducing Internalization
Since SUMOylation did not increase Kv4.2g protein expression,
we next asked whether the significant increase in IA Gmax was
mediated by an increase in Kv4.2g surface expression. To do
this, we performed cell surface biotinylation assays on HEK cells
expressing the TC components with or without co-transfection
of SUMO2+Ubc9. Surface proteins were biotinylated, cells were
lysed, and the surface fraction was isolated using NeutrAvidin
resin. Proteins that did not bind to the NeutrAvidin resin were
considered to be intracellular. Intracellular and surface fractions
from each treatment group were used in western blot experiments
(Figure 5A). Blots were cut horizontally at∼50 kD and the upper
portion of the blot was probed for Kv4.2g. After obtaining the
OD for the Kv4.2g signal, the blot was stripped and re-probed for
another cell surface protein, Na+K+-ATPase, whose expression
is not altered by increasing SUMOylation in HEK cells (Parker
et al., 2017). The lower portion of the blot was probed for actin
to ensure there was no intracellular contamination in the surface
fraction. Kv4.2g surface expression was defined as the Kv4.2g OD
in the surface fraction divided by the Na+K+-ATPase OD in the
surface fraction. A plot of the data indicated that Kv4.2g surface
expression increased by 30% when SUMOylation was enhanced
(Figure 5B). This is consistent with the SUMOylation-induced
∼37% increase in IA Gmax (Figure 2).

The experiment was repeated using the mutants, Kv4.2g
K437R (Figures 5C,D) or Kv4.2g K579R (Figures 5E,F).
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FIGURE 2 | Enhanced SUMOylation increases IA Gmax mediated by the TC. Whole cell-patch clamp recordings for HEK cells transiently transfected with
Kv4.2g + HA-KChIP2a + HA-DPP10c. SUMOylation was (+) or was not (–) enhanced by co-expressing SUMO2 + Ubc9. (A) Representative current traces (upper)
and voltage protocol (lower) for obtaining the voltage dependence of activation. (B) Representative current traces and voltage protocol used for obtaining the voltage
dependence of steady-state inactivation. (C) Representative curve fit used for obtaining the fast and slow time constants of inactivation. (D) Plots of mean ± SEM IA
Gmax. Each dot represents one cell from ≥3 transfections. Asterisks indicate significant differences. TC, 80.9 ± 5.1 nS vs. TC + SUMO2 + Ubc9, 111.2 ± 7.6 nS;
t-test p = 0.002. (E) Activation (circle) and steady-state inactivation (square) curves. The points on the curve represent the mean ± SEM for cells shown in (D). TC
V50 Act, –5.8+1.2 mV, n = 15; TC + SUMO2 + Ubc9 V50 Act, –2.5 ± 1.4 mV n = 12; t-test, p = 0.09. TC V50 Inact, –60.8 ± 1.4 mV, n = 16; TC + SUMO2 + Ubc9
V50 Inact, –58.7 ± 1.5 mV, n = 11; t-test, p = 0.32. Error bars are plotted for all data points. Plots of the mean ± SEM fast (F) and slow (G) time constants of
inactivation. TC τf, 21.4 ± 1.5 ms; TC + SUMO2 + Ubc9 τf, 21.1 ± 1.7 ms; t-test p = 0.8871; TC τs, 78.9 ± 5.5 ms; TC + SUMO2 + Ubc9 τs, 69.2 ± 3.5 ms; t-test
p = 0.1415.
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FIGURE 3 | SUMOylation of Kv4.2g at K579 increases IA Gmax mediated by the TC. A mutant Kv4.2 plasmid, K437R + K579R or K437R or K579R, was
co-expressed with wild type HA-KChIP2a and HA-DPP10c in HEK cells to generate mutant TCs. (A–C) Representative current traces for mutant TCs when
SUMOylation was or was not increased by co-transfecting SUMO2 + Ubc9. (D) Bar graph showing the mean ± SEM IA Gmax for each treatment group. Note that
wild-type data are replotted from Figure 1 for the sake of comparison. Each dot represents one cell collected from ≥3 transfections. Asterisk, significant differences.
TC K437R + K579R: control, 87.11 ± 8.7 nS vs. SUMO2 + Ubc9, 86.7 ± 7.8 nS, t-test p = 0.97; TC K437R: control, 72.7 ± 7.9 nS vs. SUMO2 + Ubc9,
124.4 ± 14.3 nS, t-test p = 0.007; TC K579R: control, 89.6 ± 6.9 nS vs. SUMO2 + Ubc9, 88.0 ± 7.6 nS, Mann–Whitney U p = 0.72.

Enhanced SUMOylation still elicited an increase in surface
expression when the TC comprised Kv4.2g K437R (Figure 5D)
but not Kv4.2g K579R (Figure 5F). These data indicated that
SUMOylation of the TC at Kv4.2 K579 increased channel surface
expression and IA Gmax.

Membrane protein SUMOylation is known to modulate a
protein’s surface expression by regulating both anterograde
transport from the Golgi to the plasma membrane (Zhou
et al., 2018) and internalization from the plasma membrane
(Dustrude et al., 2016; Ma et al., 2016). We first tested if
SUMOylation reduced internalization. Current data suggest that
Kv4.2 undergoes clathrin-mediated endocytosis (CME) (Kim
et al., 2007; Nestor and Hoffman, 2012; Hu et al., 2020). We
therefore performed patch clamp recordings to measure IA
when CME was inhibited with Pitstop2, a cell-permeable clathrin

inhibitor. Application of Pitstop2 (20 µm, 20 min) to HEK cells
expressing Kv4.2g + KChIP2a + DPP10c produced a significant
59% increase in IA Gmax compared to control (Figure 6A
and Table 2). To test if Pitstop2 mimicked and occluded the
effects of SUMOylation, SUMO2 or SUMO3 peptide was acutely
delivered to a HEK cell after endocytosis was inhibited. To do
this, Pitstop2 was or was not pre-applied for 20 min followed
by whole-cell patch clamp with the SUMO peptide included in
the recording pipette (4.2 µM). This contrasts with all other
experiments where an increase in SUMOylation was achieved by
transient expression of plasmids encoding SUMO2 and Ubc9.
Treatments with SUMO2/3 or Pitstop2 or SUMO2/3 + Pitstop2
produced a similar increase in IA Gmax relative to untreated
controls; however, IA Gmax was not significantly different
between these three treatment groups (Figure 6 and Table 2).
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FIGURE 4 | Kv4.2g steady-state levels are not altered by enhancing SUMOylation. Lysates (10 µg) from HEK cells expressing Kv4.2g+ HA-KChIP2a+ HA-DPP10c
with (+) or without (–) SUMO2 + Ubc9 were resolved with PAGE and transferred to a PVDF membrane. Total protein was visualized with SYPRO Ruby blot stain.
Afterward, the same membrane was probed with anti-GFP to visualize Kv4.2g. Kv4.2g protein expression was quantified by dividing the OD for the Kv4.2g signal by
the OD for the total protein signal in the entire lane. Western blot showing (A) SYPRO Ruby total protein staining and (B) Kv4.2g signal. Each lane represents one
independent experiment. The source of the variability between experiments is not known. Note that the single band in the lane between TC and TC + SUMO + Ubc9
on the SYPRO Ruby stained blot is one rung on the pre-stained molecular weight ladder. (C) Bar graph showing mean ± SEM Kv4.2g protein expression. Each data
point represents one independent experiment. TC, 0.53 ± 0.19 vs. TC + SUMO2 + Ubc9, 0.46 ± 0.37; t-test p = 0.718.

Thus, Pitstop2 mimicked and occluded the effect of SUMO2/3.
Because the effects of SUMO2/3 and Pitstop were not additive,
these data support the hypothesis that SUMOylation increased
channel surface expression and IA Gmax largely by reducing
internalization, rather than by increasing anterograde transport.
It should be noted that the level of internalization depends upon
the rates of two opposing processes: endocytosis and recycling
from the endosome back to the plasma membrane. Recycling
is downstream of endocytosis, and the amount of recycled
biotinylated Kv4 will depend upon the amount of internalized
biotinylated Kv4. Since Pitstop2 blocks endocytosis, it will also
affect recycling, and these data do not indicate if SUMO regulates
endocytosis and/or recycling.

In order to further test whether SUMOylation of Kv4.2 was
necessary to reduce TC internalization, Kv4.2 internalization

was analyzed with a biotin internalization assay. The assay was
performed on two treatment groups: HEK cells expressing the
Kv4.2g TC or the Kv4.2g TC + SUMO + Ubc9. Three plates
of cells were used for one experiment in one treatment group.
The 1st plate was used to measure internalized channels. Cells
were treated with biotin on ice to label surface proteins and
prevent endocytosis. Labeled cells were then placed at 18◦C for
2.5 h to allow for internalization with reduced degradation (Le
et al., 1999). Upon completion of the incubation, cells were
treated with MESNA to cleave biotin from surface proteins.
Biotinylated Kv4.2g channels that were internalized during
the 18◦C internalization step were protected from cleavage
by MESNA, and following cell lysis, internalized biotinylated
proteins were isolated using NeutrAvidin resin. The 2nd plate
was used to measure total Kv4.2g surface expression. Immediately
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FIGURE 5 | SUMOylation of Kv4.2g at K579 increases surface expression. SUMOylation was (+) or was not (–) increased in HEK cells expressing wild-type TC, TC
K437R, or TC K579R. Surface proteins were biotinylated, cells were lysed, and surface expressed fractions (SE) were isolated using NeutrAvidin resin. Proteins that
did not bind to the NeutrAvidin resin were considered to be the intracellular fraction (I). (A,C,E) Western blots containing SE and I from one representative experiment
for each treatment group. The upper portion of the blot (above 50 kD) was used to visualize Kv4.2g with anti-GFP; it was then stripped and re-probed with
anti-Na+/K+-ATPase. The lower portion of the blot (below 50 kD) was probed for actin. (B,D,F) Bar graphs showing the mean ± SEM Kv4.2g surface expression
[SE Kv4.2g OD/SE Na+/K+-ATPase OD]. Each dot is one independent experiment. Asterisk, significantly different. TC: control, 1.0 ± 0.1 vs. SUMO2 + Ubc9,
1.3 ± 0.1, t-test p = 0.046; TC K437R: control, 0.9 ± 0.1 vs. SUMO2 + Ubc9, 1.4 ± 0.2, t-test p = 0.037; TC K579R: control, 1.0 ± 0.1 vs. SUMO2 + Ubc9,
0.9 ± 0.1, t-test p = 0.528.
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FIGURE 6 | Blocking endocytosis mimics and occludes the effects of Kv4.2
K579 SUMOylation. HEK cells were transiently transfected with plasmids
encoding the three TC components. Whole cell patch clamp recordings were
performed on transfected cells with and without SUMO(2 or 3) peptides in the
patch pipette and Pitstop2, a cell permeable endocytic inhibitor, in the
superfusate. (A) Plot showing the mean ± SEM IA Gmax for each treatment
group. Asterisks indicate significance. One-Way ANOVA with Tukey’s
post hoc, F (3,38) = 8.013, p = 0.0003; TC: 80.87 ± 5.1 nS, TC + SUMO:
125.8 ± 11.8 nS, TC + Pitstop2: 129.4 ± 8.9 nS, TC + Pitstop2 + SUMO:
144.4 ± 19.2 nS. (B) Activation (circle) and steady-state inactivation (square)
curves for each treatment group. Each data point represents the
mean ± SEM for all data points analyzed. There was no significant difference
in the voltage dependence across treatment groups: V50 act,
F (3,39) = 0.358, p = 0.784; V50 inact, F (3,42) = 2.70, p = 0.0578.

following biotinylation on ice, cells on this plate were lysed
and biotinylated proteins were isolated using NeutrAvidin resin.
Since there was no incubation at an elevated temperature,
biotinylated proteins should largely represent total surface
expression. The 3rd plate served as a control to determine
stripping efficiency. Immediately following biotinylation on ice,
cells on this plate were treated with MESNA to remove all
biotin from surface expressed proteins. NeutrAvidin resin was
once again used to isolate any remaining biotinylated proteins.

TABLE 2 | Whole-cell patch clamp data when clathrin-mediated endocytosis was
blocked using Pitstop2.

TC TC+

Pitstop2
TC+ SUMO TC+

Pitstop2+

SUMO

Gmax (nS) 80.87 ± 5.1 129.4 ± 8.9T 125.8 ± 11.8T 144.4 ± 19.2T

V50 act (mV) −5.8 ± 1.2 −5.3 ± 2.7 −5.3 ± 2.0 −2.7 ± 3.1

Slope act 15.91 ± 0.26 14.6 ± 0.69 15.44 ± 0.55 14.45 ± 0.47

V50 inact (mV) −60.82 ± 1.4 −60.37 ± 1.8 −54.18 ± 1.9 −56.75 ± 2.5

Slope inact −6.901 ± 0.30 −6.913 ± 0.24 −7.772 ± 0.50 −6.489 ± 0.28

τ fast (ms) 22.72 ± 2.1 19.66 ± 2.2 23.13 ± 3.4 20.32 ± 2.4

τ slow (ms) 76.89 ± 4.6 92.10 ± 18.9 94.94 ± 15.6 79.70 ± 4.3

TC is the ternary complex and includes Kv4.2g, HA-KChIP2a, and HA-DPP10c.
Means ± SEM are listed.
T Significantly different from Kv4.2g + HA-KChIP2a + HA-DPP10c. One-way
ANOVA with Tukey’s multiple comparisons test, F(3,38) = 8.013, p = 0.0003.
V50 act is not significantly different: F(3,39) = 0.358, p = 0.784.
V50 inact is not significantly different: F(3,42) = 2.70, p = 0.0578.

The unbiotinylated and biotinylated fractions from the three
plates were resolved with PAGE followed by western blot
experiments using anti-GFP to visualize Kv4.2g (Figure 7A).
MESNA stripping efficiency was determined by dividing the
OD for the biotinylated Kv4.2g signal on the stripped plate
(3rd plate) by the OD for the biotinylated Kv4.2g signal on
the total plate (2nd plate), subtracting from 1 and multiplying
by 100. An experiment was not used if the stripping efficiency
was <90% (11% of experiments). If stripping efficiency was
>90%, then the percentage of internalized Kv4.2g channels was
determined by dividing the OD for the biotinylated Kv4.2g
signal on the internalization plate (1st plate) by the OD for
the biotinylated Kv4.2g signal on the total plate (2nd plate) and
multiplying by 100. Plotting the data for both treatment groups
showed that enhancing SUMOylation significantly decreased
Kv4.2g internalization by 64% relative to control (Figure 7B).
We have shown SUMOylation of K579 but not K437 is necessary
for an increase in Kv4.2g surface expression (Figures 3, 5).
In order to determine if SUMOylation of Kv4.2g K579 was
necessary for the SUMOylation induced decrease in Kv4.2g
internalization, these experiments were repeated using the
Kv4.2g K579R mutant (Figure 7C). Plotting the data for the
two treatment groups showed that enhancing SUMOylation
had no significant effect on internalization when K579 was
mutated to R (Figure 7D). In addition, the mutation alone
significantly reduced internalization by ∼20% (% internalized:
TC, 33.3% ± 1.6 vs. TC K579R, 26.4% ± 2.0; p = 0.037,
t-test). Together these data suggest that K579 influences
internalization, and post-translationally decorating K579 with
SUMO significantly reduces internalization.

The Effect of K579 SUMOylation on
Kv4.2g Internalization Is Downstream of
Cargo Recruitment and Vesicle
Formation
Internalization of Kv4.2g in the previous experiments was largely
determined by the rates of two opposing processes: endocytosis
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FIGURE 7 | SUMOylation of Kv4.2g at K579 reduces channel internalization. HEK cells were co-transfected with plasmids encoding HA-KChIP2a+HA-DPP10c with
either Kv4.2g or Kv4.2g K579R. SUMOylation was (+) or was not (–) enhanced by co-expressing SUMO2 and Ubc9. Assays to measure internalization in the two
treatment groups were performed as detailed in the text. (A,C) Western blots containing the unbiotinylated and biotinylated fractions from the internalized, total, and
strip plate lysates for a representative experiment in each treatment group for wild-type and mutant TCs. Blots were probed with anti-GFP to visualize Kv4.2g
α-subunits. (B,D) Bar graph representing the mean ± SEM percent internalization: (OD internalized, biotinylated fraction ÷ OD total, biotinylated fraction) × 100. The
data for an experiment was only included if the stripping efficiency was >90%: [1-(OD strip, biotinylated fraction ÷ OD total, biotinylated fraction)] × 100. Each data
point represents one independent experiment. Asterisk, significantly different. TC: control, 33.3 ± 1.7% vs. SUMOs + Ubc9, 12 ± 0.7%, t-test p = <0.0001; TC
K579R: control, 26.4 ± 1.2% vs. SUMO2 + Ubc9, 21.1 ± 4%, t-test p = 0.337.

and recycling of the endocytosed channel from the endosome
back to the plasma membrane. Note that degradation during
the 2.5 h period should be greatly diminished. Constitutive
CME is orchestrated by several proteins including the Adaptor
protein 2 complex (AP2), which is the major adaptor for
constitutive CME (Mettlen et al., 2018). AP2 is a heterotetramer
consisting of α-adaptin, β2-adaptin, µ2-adaptin, and σ2-adaptin
subunits. AP2 initiates pit formation, recruits cargo into the
clathrin coated pit and organizes clathrin assembly on the
developing vesicle. AP2 continues to interact with recruited
cargo and clathrin as the vesicle matures and internalizes, i.e.,

until after CME is completed; and, AP2 releases cargo and
clathrin when the internalized vesicle uncoats before fusion
with the endosome. Kv4.2 has two conserved C-terminal motifs
that can be directly bound by AP2 subunits (see section
“Discussion”). One possibility is that SUMOylation reduces
channel internalization by preventing interactions between Kv4.2
and AP2, thereby preventing Kv4.2g from being recruited into
clathrin coated pits. To test this idea, we examined the interaction
between Kv4.2 and the α-adaptin subunit of AP2. Kv4.2g + HA-
KChIP2a+HA-DPP10c were co-expressed with and without co-
transfection of SUMO2 + Ubc9. Standard IP experiments with
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anti-GFP were performed on HEK cells as previously described
(Welch et al., 2019). IP products were resolved with PAGE and
western blots were probed with anti-adaptin; the blot was then
stripped and re-probed for Kv4.2g (Figure 8A). Preliminary
control experiments showed that anti-adaptin produced no signal
on western blots containing anti-GFP IPs from parental HEK cell
lysates. Thus, anti-GFP does not non-specifically IP endogenous
adaptin independent of Kv4.2. The OD for the anti-adaptin signal
was divided by the OD for the anti-GFP signal to determine
the amount of AP2 that associated with Kv4.2g. Plotting the
data for the two treatment groups showed that SUMOylation did
not significantly alter the amount of AP2 associated with Kv4.2g
(Figure 8B). This suggests that the effect of K579 SUMOylation

FIGURE 8 | Enhancing SUMOylation does not change the fraction of Kv4.2g
associated with α-adaptin. HEK cells were co-transfected with the TC
components, and SUMOylation was (+) or was not (–) increased by
co-expressing SUMO2 and Ubc9. Kv4.2g IP was obtained from cell lysates
using an anti-GFP antibody, and IP products were resolved with PAGE.
Western blots were probed for α-adaptin and then stripped and re-probed for
Kv4.2g. (A) Representative western blots for α-adaptin and Kv4.2g for control
and enhanced SUMOylation treatment groups. (B) Bar graphs plotting the
mean ± SEM of α-adaptin that co-IPs with Kv4.2g for each treatment group
[OD α-adaptin ÷ OD Kv4.2g]. Each data point is one independent experiment.
TC, 0.02 ± 0.0035 vs. TC + SUMO2 + Ubc9, 0.02 ± 0.0033; t-test p = 0.657.

on Kv4.2g internalization is downstream of cargo recruitment
into clathrin-coated pits.

The Unique Influence of KChIP and DPLP
on Kv4.2 SUMOylation
The effect of Kv4.2 SUMOylation varies depending upon
whether it is heterologously expressed alone or co-expressed with
KChIP2a and DPP10c in HEK cells. Enhanced SUMOylation
elicited a decrease vs. increase in IA Gmax in HEK cells that
expressed Kv4.2g alone vs. Kv4.2g + HA-KChIP2a + HA-
DPP10c, respectively (Figure 9A). Enhancing SUMOylation
also increased Kv4.2g surface expression to different extents
when Kv4.2g was expressed alone or co-expressed with auxiliary
subunits (Figure 9B). We ascertained the specific effect of
SUMOylation at K437 and K579 under each condition.

SUMOylation of K437 had no effect on IA Gmax under
either condition, i.e., SUMOylation still produced significant
changes in IA Gmax when K437 was mutated to R (compare
Figure 9C vs. Figure 9A). On the other hand, SUMOylation
of K437 enhanced Kv4.2g surface expression when it was
expressed alone, but not when it was co-expressed with
KChIP2a + DPP10c, i.e., the increase in surface expression was
blocked by mutating K437 only when Kv4.2g was expressed alone
(compare Figure 9D vs. Figure 9B). Together, these data indicate
that SUMOylation of K437 increased the insertion of electrically
silent channels/subunits only when the pore-forming α-subunit
was expressed alone. It is not clear if K437 can be SUMOylated
when Kv4.2g is incorporated into the TC, because mutating K437
did not prevent the SUMOylation induced increase in surface
expression (compare Figure 9D, right vs. Figure 9B, right) or IA
Gmax (compare Figure 9C, right vs. Figure 9A, right) when the
α-subunit was co-expressed with KChIP2a and DPP10c.

SUMOylation of K579 decreased vs. increased IA Gmax when
the α-subunit was expressed alone vs. with the other components
of the TC, i.e., when K579 was mutated to R, SUMOylation no
longer produced a significant change in IA Gmax under either
condition (compare Figure 9E vs. Figure 9A). SUMOylation
of K579 had no effect on surface expression when the α-
subunit was expressed alone, but increased surface expression
when Kv4.2g was co-expressed with auxiliary subunits, i.e.,
when K579 was mutated to R, SUMOylation still produced the
significant increase in surface expression when the α-subunit was
expressed alone, but not when expressed with TC components
(compare Figure 9F vs. Figure 9B). Together, these data showed
that in the absence of auxiliary subunits, K579 SUMOylation
decreased IA Gmax without altering surface expression. In
contrast, in the presence of KChIP2a and DPP10c, K579
SUMOylation increased IA Gmax by reducing internalization
(Figures 6, 7). The diagram summarizing the results shows that
KChIP2a and DPP10c influence the pattern and/or effect of Kv4.2
SUMOylation (Figure 10).

DISCUSSION

The biophysical properties of neuronal IA are reproduced in
a heterologous system by a TC containing Kv4, KChIP, and
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FIGURE 9 | KChIP2a and DPP10c uniquely influence the effects of Kv4.2 SUMOylation. Bar graphs show SUMOylation-induced fold-changes in mean IA Gmax (A)
or mean surface expression (B) in HEK cells expressing only Kv4.2g or all 3 components of the wild-type TC. For each transfection group, e.g., either Kv4.2g or TC,
means for the two treatment groups, e.g., ±SUMO2 + Ubc9, were divided by the mean for the treatment lacking SUMO + Ubc9. Bar graphs show mean normalized
IA Gmax (C,E) or mean normalized surface expression (D,F) in HEK cells expressing the indicated Kv4.2g mutant or Kv4.2g mutant TC with (+) and without (–)
co-expression of SUMO2 + Ubc9. Asterisk, significantly different. Data for Kv4.2g lacking KChIP2a and DPP10c were adapted from Welch et al. (2019).

DPLP subunits (Jerng and Pfaffinger, 2014). It is not clear if
all functional channels exist in a TC in native neurons, and
how the TC dynamically interacts with a larger assemblage

of variable accessory subunits and regulator proteins as the
channel is assembled, trafficked, and modulated in the plasma
membrane. Post-translational SUMOylation is likely to play a
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FIGURE 10 | Summary. The cartoon summarizes the effects of Kv4.2 SUMOylation when Kv4.2 is expressed alone versus co-expressed with KChIP2a and
DPP10c. Note that the question mark indicates that when Kv4.2 is comprised by the TC, K437 may or may not be SUMOylated, and preventing K437 SUMOylation
does not alter the effect of enhanced SUMOylation on channel surface expression and IA Gmax.

fundamental role in mediating dynamic interactions with the
Kv4.2 TC. This is the first report to examine if/how post-
translational SUMOylation modulates the Kv4.2 TC. The current
study demonstrated that SUMOylating Kv4.2 K579 reduced
internalization and thereby enhanced channel surface expression
and IA Gmax. In addition, the effect of Kv4.2 SUMOylation
varied with the presence or absence of KChIP2a and DPP10c.

K579 SUMOylation May Regulate Kv4.2
Surface Expression in Physiologically
Relevant Models
Increasing SUMOylation of Kv4.2g at K579 in HEK cells
expressing Kv4.2g + HA-KChIP2a + HA-DPP10c produced a
significant ∼35–70% increase in IA Gmax. SUMOylation did
not orchestrate an increase in IA Gmax by enhancing Kv4.2g
protein levels but by producing a significant ∼30–50% increase
in channel surface expression. Modulation of K579 SUMOylation
status could be a basis for many of the mechanisms regulating
Kv4.2 surface expression in a variety of physiologically relevant
models. Kv4.2 surface expression can either be increased or
decreased following a seizure depending upon the system. In the
hippocampus, Kv4.2 surface expression is decreased following
kainate-induced status epilepticus (SE) (Lugo et al., 2008; Joshi
et al., 2018), while Kv4.2 surface expression is increased following
lithium-pilocarpine-induced SE (Joshi et al., 2018). These effects
could be mediated by decreasing vs. increasing SUMOylation
at K579, respectively. Enhanced excitatory input also regulates
Kv4.2 surface expression. Glutamate application to cultured
rat cortical or hippocampal neurons results in an increase or
decrease in Kv4.2 surface expression, respectively (Lei et al., 2008;
Shen et al., 2008). LTP induction or stimulation with AMPA
induces Kv4.2 internalization in hippocampal neurons (Kim
et al., 2007; Hammond et al., 2008). In some of these examples,
post-translational phosphorylation is involved in regulating
Kv4.2 surface expression (Hammond et al., 2008; Lugo et al.,

2008). This is noteworthy because the phosphorylation state
of a protein determines its ability to be SUMOylated (Flotho
and Melchior, 2013). For example, activation of PKA prevented
the SUMOylation necessary for activity-dependent regulation of
IA in an invertebrate neuron (Parker et al., 2019). Preventing
K579 SUMOylation should enhance Kv4.2 internalization, and in
hippocampal neurons, PKA-dependent phosphorylation of S552
by itself can produce Kv4.2 internalization (Hammond et al.,
2008). These data suggest that the S552 phosphorylation state
may regulate the K579 SUMOylation state, and thereby, TC
surface expression.

K579 SUMOylation May Regulate Kv4.2
Ubiquitination, and Thereby,
Internalization
The surface expression of several membrane proteins is regulated
by SUMOylation. SUMOylation of HCN2 (Parker et al., 2017),
the CRMP2 subunit of the NaV1.7 channel (Dustrude et al.,
2016), mGluR7 (Choi et al., 2016), the dopamine transporter
(Cartier et al., 2019), and smoothened (Ma et al., 2016)
increased their surface expression, whereas GluR6 SUMOylation
decreased its surface expression (Martin et al., 2007). In the
3 cases where the mechanism was examined, post-translational
SUMOylation of the protein increased surface expression by
reducing ubiquitination of the protein (Dustrude et al., 2016;
Ma et al., 2016; Cartier et al., 2019), either by enhancing
the protein’s interaction with a de-ubiquitinase (Ma et al.,
2016) or by diminishing its interaction with a ubiquitin ligase
(Dustrude et al., 2016).

Ubiquitin serves as a trafficking signal recognized by many
components of the endocytic and lysosome-targeting machinery
(Mettlen et al., 2018; Ferron et al., 2021). In some cases,
multiple ubiquitins on a membrane protein may serve as
an endocytic signal, and several endocytic adaptors possess
ubiquitin binding domains and recruit ubiquitinated cargo into
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clathrin-coated pits (Piper et al., 2014). Thus, decreasing the
ubiquitination of a membrane protein can lead to a decrease
in its endocytosis. A ubiquitin signal is also used to regulate
membrane protein recycling. After endocytosis and vesicle fusion
with the endosome, a membrane protein can either be recycled
back to the plasma membrane or it can be recognized by
the endosomal ESCRT protein complex and incorporated into
vacuoles that remain in the organelle as it matures into the
lysosome (Foot et al., 2017; Mettlen et al., 2018). Proteins
in the ESCRT system have ubiquitin binding domains that
recognize ubiquitin-tagged cargo. Thus, decreasing a membrane
protein’s ubiquitination can also lead to an increase in its
recycling. To summarize, membrane protein de-ubiquitination
generally inhibits internalization by reducing endocytosis and/or
increasing recycling.

This study indicated that decorating K579 with SUMO
reduced Kv4.2 internalization. The BDM-PUB online prediction
tool indicates that Kv4.2 K579 is not a potential site for
ubiquitination; and therefore, it is unlikely that K579 is
ubiquitinated to produce an endocytic/lysosome sorting
signal that promotes internalization and that may be blocked
by competitive SUMOylation (Flotho and Melchior, 2013).
However, we found that there are seven predicted C-terminal
ubiquitination sites on Kv4.2; and, when exogenously expressed
in HEK cells, Kv4.2 interacts with several endogenous ubiquitin
ligases (ITCH, CAND1, UBE3C, UB20, UBE4B, and UBE2M) as
well as de-ubiquitinases (USP9X, USP7, USP24, USP48, USP10,
USP10, USP5, and USP15) (Hu et al., 2020). Thus, SUMOylation
at K579 could reduce Kv4.2 ubiquitination at a different lysine(s)
by enhancing an interaction between Kv4.2 and a de-ubiquitinase
and/or by blocking an interaction with a ubiquitin ligase as has
been demonstrated in previous studies (Dustrude et al., 2016;
Ma et al., 2016; Cartier et al., 2019). Many of the aforementioned
ubiquitin ligases and de-ubiquitinases regulate membrane
protein internalization including, ITCH (Angers et al., 2004;
Tong et al., 2014), UBE4B (Gireud-Goss et al., 2020), USP9X
(Kharitidi et al., 2015), USP7 (Han and Yun, 2020), USP10
(Bomberger et al., 2009, 2010), and USP48 (Armando et al.,
2014). In addition, post-translational SUMOylation of the
de-ubiquitinase, USP5, modulates its association with Cav3.2
α-subunits to regulate channel ubiquitination and the amplitude
of the T-type Ca2+ current (Garcia-Caballero et al., 2014, 2019).

If enhanced Kv4.2g SUMOylation acts to reduce Kv4.2g
ubiquitination at the plasma membrane and/or endosome, as
occurred in all previous studies that examined the mechanism
(Dustrude et al., 2016; Ma et al., 2016; Cartier et al., 2019),
then it will most likely reduce internalization by increasing
channel recycling rather than by reducing channel endocytosis.
Kv4.2 does not appear to require ubiquitin-binding adaptor
proteins for endocytosis because, Kv4.2 can directly associate
with AP2 through conserved motifs. The interface between the
α/σ subunits of AP2 binds cargo with the [D/E](XXX)3−5L[LI]
consensus motif (Azarnia Tehran et al., 2019; Beacham et al.,
2019), and this motif is present in the C-terminus of Kv4.2
channels (amino acids 475–482). The di-leucine residues in
this motif are necessary for Kv4.2 dendritic localization and
for activity dependent Kv4.2 internalization (Rivera et al., 2003;

Hammond et al., 2008). Kv4.2 also possesses the YXXϕmotif
that directly binds the µ subunit of AP2 (Mettlen et al.,
2018). In addition, our data showed that SUMOylation did not
change the amount of binding between Kv4.2 and AP2; and
therefore, the effect of SUMOylation on internalization must be
downstream of cargo recruitment into the vesicle. Most likely,
reduced Kv4.2g ubiquitination would diminish the number of
channels recognized and packaged into vacuoles by the ESCRT
system; thereby reducing subsequent lysosomal degradation
and increasing the number of channels recycled back to the
plasma membrane.

The Unique Influence of KChIP and DPLP
on Kv4.2 Post-translational
Modifications
KChIP and DPLP proteins can influence Kv4 post-translational
modification and its effects. In this sense, the modifications
can be said to be context-dependent. Context-dependence is
physiologically relevant as α-subunits can associate with a
variety of KChIP and DPLP isoforms (Jerng and Pfaffinger,
2014), and recent work suggests that distinct subpopulations
of Kv4 channels may exist, wherein Kv4.2 may be dissociated
from other components of the TC (Hu et al., 2020). In
one example of context dependence, the phosphorylation state
of Kv4 is altered by association with KChIP and/or DPLP
such that Kv4 is hypophosphorylated when it is expressed
alone and hyperphosphorylated when in the TC (Shibata
et al., 2003; Seikel and Trimmer, 2009). The effect of post-
translational phosphorylation may also be context-dependent.
PKA-dependent modulation of Kv4.2 could only be obtained
when Kv4.2 was associated with KChIP in a heterologous
oocyte expression system (Schrader et al., 2002) and in cultured
hippocampal neurons (Prechtel et al., 2018). The effect of
Kv4.2 phosphorylation can also vary with the KChIP isoform
(Lin et al., 2010).

In this study we showed that KChIP2a and DPP10c can
alter the pattern and/or the effect of Kv4.2 SUMOylation. When
Kv4.2 is expressed alone, SUMOylation of K579 blocks an
unknown interaction to reduce IA Gmax without altering surface
expression (Welch et al., 2019); but, when co-expressed with
KChIP2a and DPP10c, SUMOylating K579 increased surface
expression and IA Gmax. K579 SUMOylation may block a
distinct protein–protein interaction when Kv4.2 is in the TC,
such as an interaction between Kv4.2 and a ubiquitin ligase. This
would imply that different ancillary proteins associate with Kv4.2
when it is in the ternary complex vs. when the channel comprises
only α-subunits. KChIP2a and DPP10c co-expression also altered
the pattern and/or effect of SUMOylation at K437. When Kv4.2
was expressed alone, enhancing SUMOylation at K437 increased
the surface expression of electrically silent channels (Welch
et al., 2019); but when Kv4.2 was comprised by the ternary
complex, mutating K437 did not alter the effect of enhanced
SUMOylation. K437 could be either unSUMOylatable when
in the TC or maximally SUMOylated and not enhanceable.
Alternatively, enhanced SUMOylation at K437 may no longer
regulate surface expression.
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KChIP and DPLP may regulate Kv4 SUMOylation status
by influencing the Kv4 phosphorylation pattern, perhaps by
promoting trafficking to the plasma membrane. In addition,
α-subunit folding may be altered by interaction with KChIP and
DPLP, which could make sites of post-translational modification
more or less available. Similarly, the Kv4 interactome could
influence access to SUMOylation sites through, for example,
steric hindrance. These same types of phenomena could
circumscribe distinct sets of ancillary partners for Kv4 and
thereby alter the effects of the post-translational modifications.

CONCLUSION

In sum, the effect of Kv4.2 SUMOylation varies depending on
the available interactome. When expressed with TC components
in HEK cells, Kv4.2g SUMOylation at K579 reduces channel
internalization and increases Kv4.2g surface expression and IA
Gmax. Future experiments will examine whether SUMOylation
increases Kv4.2g recycling by regulating its ubiquitination status
by either blocking the channel’s association with a ubiquitin ligase
and/or facilitating an interaction with a de-ubiquitinase.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

MW and DB were responsible for the conception and design of
the work presented. All authors contributed to acquiring and/or
analyzing the data. MW drafted the manuscript. All authors were
involved in revising the manuscript.

FUNDING

This work was supported by National Institutes of Health RO3
grant NS116327 awarded to DB, and a GSU Brains and Behavior
Fellowships awarded to MW and L-AJ.

ACKNOWLEDGMENTS

We would like to thank the Hoffman lab for supplying the Kv4.2g
plasmid. We also thank Debasmita De for her assistance with the
internalization assay, and Lori Forster for reading and providing
feedback on the manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnmol.
2021.757278/full#supplementary-material

REFERENCES
Aceto, G., Colussi, C., Leone, L., Fusco, S., Rinaudo, M., Scala, F., et al. (2020).

Chronic mild stress alters synaptic plasticity in the nucleus accumbens through
GSK3beta-dependent modulation of Kv4.2 channels. Proc. Natl. Acad. Sci.
U.S.A. 117, 8143–8153. doi: 10.1073/pnas.1917423117

Amarillo, Y., De Santiago-Castillo, J. A., Dougherty, K., Maffie, J., Kwon, E.,
Covarrubias, M., et al. (2008). Ternary Kv4.2 channels recapitulate voltage-
dependent inactivation kinetics of A-type K+ channels in cerebellar granule
neurons. J. Physiol. 586, 2093–2106. doi: 10.1113/jphysiol.2007.150540

An, W. F., Bowlby, M. R., Betty, M., Cao, J., Ling, H. P., Mendoza, G., et al. (2000).
Modulation of A-type potassium channels by a family of calcium sensors.
Nature 403, 553–556. doi: 10.1038/35000592

Anderson, D. D., Eom, J. Y., and Stover, P. J. (2012). Competition between
SUMOylation and ubiquitination of serine hydroxymethyltransferase 1
determines its nuclear localization and its accumulation in the nucleus. J. Biol.
Chem. 287, 4790–4799. doi: 10.1074/jbc.M111.302174

Anderson, D., Mehaffey, W. H., Iftinca, M., Rehak, R., Engbers, J. D., Hameed, S.,
et al. (2010a). Regulation of neuronal activity by Cav3-Kv4 channel signaling
complexes. Nat. Neurosci. 13, 333–337. doi: 10.1038/nn.2493

Anderson, D., Rehak, R., Hameed, S., Mehaffey, W. H., Zamponi, G. W., and
Turner, R. W. (2010b). Regulation of the KV4.2 complex by CaV3.1 calcium
channels. Channels 4, 163–167. doi: 10.4161/chan.4.3.11955

Angers, A., Ramjaun, A. R., and McPherson, P. S. (2004). The HECT domain
ligase itch ubiquitinates endophilin and localizes to the trans-Golgi network
and endosomal system. J. Biol. Chem. 279, 11471–11479. doi: 10.1074/jbc.
M309934200

Armando, I., Villar, V. A., Jones, J. E., Lee, H., Wang, X., Asico, L. D., et al. (2014).
Dopamine D3 receptor inhibits the ubiquitin-specific peptidase 48 to promote
NHE3 degradation. FASEB J. 28, 1422–1434. doi: 10.1096/fj.13-243840

Azarnia Tehran, D., Lopez-Hernandez, T., and Maritzen, T. (2019). Endocytic
adaptor proteins in health and disease: lessons from model organisms and
human mutations. Cells 8:1345. doi: 10.3390/cells8111345

Bahring, R., Dannenberg, J., Peters, H. C., Leicher, T., Pongs, O., and Isbrandt, D.
(2001). Conserved Kv4 N-terminal domain critical for effects of Kv channel-
interacting protein 2.2 on channel expression and gating. J. Biol. Chem. 276,
23888–23894. doi: 10.1074/jbc.M101320200

Beacham, G. M., Partlow, E. A., and Hollopeter, G. (2019). Conformational
regulation of AP1 and AP2 clathrin adaptor complexes. Traffic 20, 741–751.
doi: 10.1111/tra.12677

Benson, M. D., Li, Q. J., Kieckhafer, K., Dudek, D., Whorton, M. R., Sunahara,
R. K., et al. (2007). SUMO modification regulates inactivation of the voltage-
gated potassium channel Kv1.5. Proc. Natl. Acad. Sci. U.S.A. 104, 1805–1810.
doi: 10.1073/pnas.0606702104

Benson, M., Iniguez-Lluhi, J. A., and Martens, J. (2017). SUMO modification of
ion channels. Adv. Exp. Med. Biol. 963, 127–141. doi: 10.1007/978-3-319-500
44-7_8

Bomberger, J. M., Barnaby, R. L., and Stanton, B. A. (2009). The deubiquitinating
enzyme USP10 regulates the post-endocytic sorting of cystic fibrosis
transmembrane conductance regulator in airway epithelial cells. J. Biol. Chem.
284, 18778–18789. doi: 10.1074/jbc.M109.001685

Bomberger, J. M., Barnaby, R. L., and Stanton, B. A. (2010). The deubiquitinating
enzyme USP10 regulates the endocytic recycling of CFTR in airway epithelial
cells. Channels 4, 150–154. doi: 10.4161/chan.4.3.11223

Boulanger, M., Chakraborty, M., Tempe, D., Piechaczyk, M., and Bossis, G.
(2021). SUMO and transcriptional regulation: the lessons of large-scale
proteomic, modifomic and genomic studies. Molecules 26:828. doi: 10.3390/
molecules26040828

Carrillo-Reid, L., Day, M., Xie, Z., Melendez, A. E., Kondapalli, J., Plotkin, J. L.,
et al. (2019). Mutant huntingtin enhances activation of dendritic Kv4 K(+)

Frontiers in Molecular Neuroscience | www.frontiersin.org 18 November 2021 | Volume 14 | Article 757278

https://www.frontiersin.org/articles/10.3389/fnmol.2021.757278/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnmol.2021.757278/full#supplementary-material
https://doi.org/10.1073/pnas.1917423117
https://doi.org/10.1113/jphysiol.2007.150540
https://doi.org/10.1038/35000592
https://doi.org/10.1074/jbc.M111.302174
https://doi.org/10.1038/nn.2493
https://doi.org/10.4161/chan.4.3.11955
https://doi.org/10.1074/jbc.M309934200
https://doi.org/10.1074/jbc.M309934200
https://doi.org/10.1096/fj.13-243840
https://doi.org/10.3390/cells8111345
https://doi.org/10.1074/jbc.M101320200
https://doi.org/10.1111/tra.12677
https://doi.org/10.1073/pnas.0606702104
https://doi.org/10.1007/978-3-319-50044-7_8
https://doi.org/10.1007/978-3-319-50044-7_8
https://doi.org/10.1074/jbc.M109.001685
https://doi.org/10.4161/chan.4.3.11223
https://doi.org/10.3390/molecules26040828
https://doi.org/10.3390/molecules26040828
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-14-757278 October 27, 2021 Time: 15:38 # 19

Welch et al. Kv4.2 SUMOylation Regulates Internalization

channels in striatal spiny projection neurons. Elife 8:e40818. doi: 10.7554/eLife.
40818

Cartier, E., Garcia-Olivares, J., Janezic, E., Viana, J., Moore, M., Lin, M. L., et al.
(2019). The SUMO-conjugase Ubc9 prevents the degradation of the dopamine
transporter, enhancing its cell surface level and dopamine uptake. Front. Cell.
Neurosci. 13:35. doi: 10.3389/fncel.2019.00035

Celen, A. B., and Sahin, U. (2020). SUMOylation on its 25th anniversary:
mechanisms, pathology, and emerging concepts. FEBS J. 287, 3110–3140. doi:
10.1111/febs.15319

Chang, H. M., and Yeh, E. T. H. (2020). SUMO: from bench to bedside. Physiol.
Rev. 100, 1599–1619. doi: 10.1152/physrev.00025.2019

Cheng, C. F., Wang, W. C., Huang, C. Y., Du, P. H., Yang, J. H., and Tsaur,
M. L. (2016). Coexpression of auxiliary subunits KChIP and DPPL in potassium
channel Kv4-positive nociceptors and pain-modulating spinal interneurons.
J. Comp. Neurol. 524, 846–873. doi: 10.1002/cne.23876

Choi, J. H., Park, J. Y., Park, S. P., Lee, H., Han, S., Park, K. H., et al.
(2016). Regulation of mGluR7 trafficking by SUMOylation in neurons.
Neuropharmacology 102, 229–235. doi: 10.1016/j.neuropharm.2015.11.021

Chu, P. J., Rivera, J. F., and Arnold, D. B. (2006). A role for Kif17 in transport of
Kv4.2. J. Biol. Chem. 281, 365–373. doi: 10.1074/jbc.M508897200

Colledge, M., Dean, R. A., Scott, G. K., Langeberg, L. K., Huganir, R. L., and Scott,
J. D. (2000). Targeting of PKA to glutamate receptors through a MAGUK-
AKAP complex. Neuron 27, 107–119. doi: 10.1016/s0896-6273(00)00013-1

Cotella, D., Radicke, S., Cipriani, V., Cavaletto, M., Merlin, S., Follenzi, A.,
et al. (2012). N-glycosylation of the mammalian dipeptidyl aminopeptidase-like
protein 10 (DPP10) regulates trafficking and interaction with Kv4 channels. Int.
J. Biochem. Cell Biol. 44, 876–885. doi: 10.1016/j.biocel.2012.02.011

Dai, X. Q., Kolic, J., Marchi, P., Sipione, S., and Macdonald, P. E. (2009).
SUMOylation regulates Kv2.1 and modulates pancreatic beta-cell excitability.
J. Cell Sci. 122(Pt 6), 775–779. doi: 10.1242/jcs.036632

Desterro, J. M., Thomson, J., and Hay, R. T. (1997). Ubch9 conjugates SUMO but
not ubiquitin. FEBS Lett. 417, 297–300.

Dustrude, E. T., Moutal, A., Yang, X., Wang, Y., Khanna, M., and Khanna, R.
(2016). Hierarchical CRMP2 posttranslational modifications control NaV1.7
function. Proc. Natl. Acad. Sci. U.S.A. 113, E8443–E8452. doi: 10.1073/pnas.
1610531113

Ferron, L., Koshti, S., and Zamponi, G. W. (2021). The life cycle of voltage-gated
Ca(2+) channels in neurons: an update on the trafficking of neuronal calcium
channels. Neuronal Signal. 5:NS20200095. doi: 10.1042/NS20200095

Flotho, A., and Melchior, F. (2013). SUMOylation: a regulatory protein
modification in health and disease. Annu. Rev. Biochem. 82, 357–385. doi:
10.1146/annurev-biochem-061909-093311

Flowerdew, S. E., and Burgoyne, R. D. (2009). A VAMP7/Vti1a SNARE complex
distinguishes a non-conventional traffic route to the cell surface used by
KChIP1 and Kv4 potassium channels. Biochem. J. 418, 529–540. doi: 10.1042/
BJ20081736

Foeger, N. C., Marionneau, C., and Nerbonne, J. M. (2010). Co-assembly of
Kv4 {alpha} subunits with K+ channel-interacting protein 2 stabilizes protein
expression and promotes surface retention of channel complexes. J. Biol. Chem.
285, 33413–33422. doi: 10.1074/jbc.M110.145185

Foeger, N. C., Norris, A. J., Wren, L. M., and Nerbonne, J. M. (2012). Augmentation
of Kv4.2-encoded currents by accessory dipeptidyl peptidase 6 and 10 subunits
reflects selective cell surface Kv4.2 protein stabilization. J. Biol. Chem. 287,
9640–9650. doi: 10.1074/jbc.M111.324574

Foot, N., Henshall, T., and Kumar, S. (2017). Ubiquitination and the regulation
of membrane proteins. Physiol. Rev. 97, 253–281. doi: 10.1152/physrev.00012.
2016

Forster, L. A., Jansen, L. R., Rubaharan, M., Murphy, A. Z., and Baro, D. J.
(2020). Alterations in SUMOylation of the hyperpolarization-activated cyclic
nucleotide-gated ion channel 2 during persistent inflammation. Eur. J. Pain 24,
1517–1536. doi: 10.1002/ejp.1606

Garcia-Caballero, A., Gadotti, V. M., Stemkowski, P., Weiss, N., Souza, I. A.,
Hodgkinson, V., et al. (2014). The deubiquitinating enzyme USP5 modulates
neuropathic and inflammatory pain by enhancing Cav3.2 channel activity.
Neuron 83, 1144–1158. doi: 10.1016/j.neuron.2014.07.036

Garcia-Caballero, A., Zhang, F. X., Chen, L., M’Dahoma, S., Huang, J., and
Zamponi, G. W. (2019). SUMOylation regulates USP5-Cav3.2 calcium channel
interactions. Mol. Brain 12:73. doi: 10.1186/s13041-019-0493-9

Gardoni, F., Mauceri, D., Marcello, E., Sala, C., Di Luca, M., and Jeromin, A. (2007).
SAP97 directs the localization of Kv4.2 to spines in hippocampal neurons:
regulation by CaMKII. J. Biol. Chem. 282, 28691–28699. doi: 10.1074/jbc.
M701899200

Girach, F., Craig, T. J., Rocca, D. L., and Henley, J. M. (2013). RIM1alpha
SUMOylation is required for fast synaptic vesicle exocytosis. Cell Rep. 5,
1294–1301. doi: 10.1016/j.celrep.2013.10.039

Gireud-Goss, M., Reyes, S., Tewari, R., Patrizz, A., Howe, M. D., Kofler,
J., et al. (2020). The ubiquitin ligase UBE4B regulates amyloid precursor
protein ubiquitination, endosomal trafficking, and amyloid beta42 generation
and secretion. Mol. Cell. Neurosci. 108:103542. doi: 10.1016/j.mcn.2020.10
3542

Gutman, G. A., Chandy, K. G., Grissmer, S., Lazdunski, M., McKinnon, D., Pardo,
L. A., et al. (2005). International union of pharmacology. LIII. Nomenclature
and molecular relationships of voltage-gated potassium channels. Pharmacol.
Rev. 57, 473–508. doi: 10.1124/pr.57.4.10

Hall, A. M., Throesch, B. T., Buckingham, S. C., Markwardt, S. J., Peng, Y., Wang,
Q., et al. (2015). Tau-dependent Kv4.2 depletion and dendritic hyperexcitability
in a mouse model of Alzheimer’s disease. J. Neurosci. 35, 6221–6230. doi: 10.
1523/JNEUROSCI.2552-14.2015

Hammond, R. S., Lin, L., Sidorov, M. S., Wikenheiser, A. M., and Hoffman, D. A.
(2008). Protein kinase a mediates activity-dependent Kv4.2 channel trafficking.
J. Neurosci. 28, 7513–7519. doi: 10.1523/JNEUROSCI.1951-08.2008

Han, Y., and Yun, C. C. (2020). Ubiquitin-specific peptidase 7 (USP7) and
USP10 mediate deubiquitination of human NHE3 regulating its expression and
activity. FASEB J. 34, 16476–16488. doi: 10.1096/fj.202001875R

Hasdemir, B., Fitzgerald, D. J., Prior, I. A., Tepikin, A. V., and Burgoyne, R. D.
(2005). Traffic of Kv4 K+ channels mediated by KChIP1 is via a novel
post-ER vesicular pathway. J. Cell Biol. 171, 459–469. doi: 10.1083/jcb.20050
6005

Hendriks, I. A., Lyon, D., Young, C., Jensen, L. J., Vertegaal, A. C., and Nielsen,
M. L. (2017). Site-specific mapping of the human SUMO proteome reveals co-
modification with phosphorylation. Nat. Struct. Mol. Biol. 24, 325–336. doi:
10.1038/nsmb.3366

Henley, J. M., Carmichael, R. E., and Wilkinson, K. A. (2018). Extranuclear
SUMOylation in neurons. Trends Neurosci. 41, 198–210. doi: 10.1016/j.tins.
2018.02.004

Henley, J. M., Seager, R., Nakamura, Y., Talandyte, K., Nair, J., and Wilkinson, K. A.
(2021). SUMOylation of synaptic and synapse-associated proteins: an update.
J. Neurochem. 156, 145–161. doi: 10.1111/jnc.15103

Hu, J. H., Malloy, C., Tabor, G. T., Gutzmann, J. J., Liu, Y., Abebe, D., et al.
(2020). Activity-dependent isomerization of Kv4.2 by Pin1 regulates cognitive
flexibility. Nat. Commun. 11:1567. doi: 10.1038/s41467-020-15390-x

Huo, R., Sheng, Y., Guo, W. T., and Dong, D. L. (2014). The potential role of
Kv4.3 K+ channel in heart hypertrophy. Channels 8, 203–209. doi: 10.4161/
chan.28972

Jaafari, N., Konopacki, F. A., Owen, T. F., Kantamneni, S., Rubin, P., Craig, T. J.,
et al. (2013). SUMOylation is required for glycine-induced increases in AMPA
receptor surface expression (ChemLTP) in hippocampal neurons. PLoS One
8:e52345. doi: 10.1371/journal.pone.0052345

Jansen, L. R., Forster, L. A., Smith, X. L., Rubaharan, M., Murphy, A. Z., and
Baro, D. J. (2021). Changes in peripheral HCN2 channels during persistent
inflammation. Channels 15, 165–179. doi: 10.1080/19336950.2020.1870086

Jerng, H. H., and Pfaffinger, P. J. (2012). Incorporation of DPP6a and DPP6K
variants in ternary Kv4 channel complex reconstitutes properties of A-type K
current in rat cerebellar granule cells. PLoS One 7:e38205. doi: 10.1371/journal.
pone.0038205

Jerng, H. H., and Pfaffinger, P. J. (2014). Modulatory mechanisms and multiple
functions of somatodendritic A-type K (+) channel auxiliary subunits. Front.
Cell. Neurosci. 8:82. doi: 10.3389/fncel.2014.00082

Jerng, H. H., Kunjilwar, K., and Pfaffinger, P. J. (2005). Multiprotein assembly
of Kv4.2, KChIP3 and DPP10 produces ternary channel complexes with ISA-
like properties. J. Physiol. 568(Pt 3), 767–788. doi: 10.1113/jphysiol.2005.
087858

Jerng, H. H., Lauver, A. D., and Pfaffinger, P. J. (2007). DPP10 splice variants
are localized in distinct neuronal populations and act to differentially regulate
the inactivation properties of Kv4-based ion channels. Mol. Cell. Neurosci. 35,
604–624. doi: 10.1016/j.mcn.2007.03.008

Frontiers in Molecular Neuroscience | www.frontiersin.org 19 November 2021 | Volume 14 | Article 757278

https://doi.org/10.7554/eLife.40818
https://doi.org/10.7554/eLife.40818
https://doi.org/10.3389/fncel.2019.00035
https://doi.org/10.1111/febs.15319
https://doi.org/10.1111/febs.15319
https://doi.org/10.1152/physrev.00025.2019
https://doi.org/10.1002/cne.23876
https://doi.org/10.1016/j.neuropharm.2015.11.021
https://doi.org/10.1074/jbc.M508897200
https://doi.org/10.1016/s0896-6273(00)00013-1
https://doi.org/10.1016/j.biocel.2012.02.011
https://doi.org/10.1242/jcs.036632
https://doi.org/10.1073/pnas.1610531113
https://doi.org/10.1073/pnas.1610531113
https://doi.org/10.1042/NS20200095
https://doi.org/10.1146/annurev-biochem-061909-093311
https://doi.org/10.1146/annurev-biochem-061909-093311
https://doi.org/10.1042/BJ20081736
https://doi.org/10.1042/BJ20081736
https://doi.org/10.1074/jbc.M110.145185
https://doi.org/10.1074/jbc.M111.324574
https://doi.org/10.1152/physrev.00012.2016
https://doi.org/10.1152/physrev.00012.2016
https://doi.org/10.1002/ejp.1606
https://doi.org/10.1016/j.neuron.2014.07.036
https://doi.org/10.1186/s13041-019-0493-9
https://doi.org/10.1074/jbc.M701899200
https://doi.org/10.1074/jbc.M701899200
https://doi.org/10.1016/j.celrep.2013.10.039
https://doi.org/10.1016/j.mcn.2020.103542
https://doi.org/10.1016/j.mcn.2020.103542
https://doi.org/10.1124/pr.57.4.10
https://doi.org/10.1523/JNEUROSCI.2552-14.2015
https://doi.org/10.1523/JNEUROSCI.2552-14.2015
https://doi.org/10.1523/JNEUROSCI.1951-08.2008
https://doi.org/10.1096/fj.202001875R
https://doi.org/10.1083/jcb.200506005
https://doi.org/10.1083/jcb.200506005
https://doi.org/10.1038/nsmb.3366
https://doi.org/10.1038/nsmb.3366
https://doi.org/10.1016/j.tins.2018.02.004
https://doi.org/10.1016/j.tins.2018.02.004
https://doi.org/10.1111/jnc.15103
https://doi.org/10.1038/s41467-020-15390-x
https://doi.org/10.4161/chan.28972
https://doi.org/10.4161/chan.28972
https://doi.org/10.1371/journal.pone.0052345
https://doi.org/10.1080/19336950.2020.1870086
https://doi.org/10.1371/journal.pone.0038205
https://doi.org/10.1371/journal.pone.0038205
https://doi.org/10.3389/fncel.2014.00082
https://doi.org/10.1113/jphysiol.2005.087858
https://doi.org/10.1113/jphysiol.2005.087858
https://doi.org/10.1016/j.mcn.2007.03.008
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-14-757278 October 27, 2021 Time: 15:38 # 20

Welch et al. Kv4.2 SUMOylation Regulates Internalization

Jerng, H. H., Pfaffinger, P. J., and Covarrubias, M. (2004a). Molecular physiology
and modulation of somatodendritic A-type potassium channels. Mol. Cell.
Neurosci. 27, 343–369. doi: 10.1016/j.mcn.2004.06.011

Jerng, H. H., Qian, Y., and Pfaffinger, P. J. (2004b). Modulation of Kv4.2 channel
expression and gating by dipeptidyl peptidase 10 (DPP10). Biophys. J. 87,
2380–2396. doi: 10.1529/biophysj.104.042358

Joshi, S., Rajasekaran, K., Hawk, K. M., Chester, S. J., and Goodkin, H. P. (2018).
Status epilepticus: role for etiology in determining response to benzodiazepines.
Ann. Neurol. 83, 830–841. doi: 10.1002/ana.25213

Kamitani, T., Nguyen, H. P., Kito, K., Fukuda-Kamitani, T., and Yeh, E. T. (1998).
Covalent modification of PML by the sentrin family of ubiquitin-like proteins.
J. Biol. Chem. 273, 3117–3120.

Kanda, H., Ling, J., Chang, Y. T., Erol, F., Viatchenko-Karpinski, V., Yamada, A.,
et al. (2021). Kv4.3 channel dysfunction contributes to trigeminal neuropathic
pain manifested with orofacial cold hypersensitivity in rats. J. Neurosci. 41,
2091–2105. doi: 10.1523/JNEUROSCI.2036-20.2021

Kharitidi, D., Apaja, P. M., Manteghi, S., Suzuki, K., Malitskaya, E., Roldan, A.,
et al. (2015). Interplay of endosomal pH and ligand occupancy in integrin
alpha5beta1 ubiquitination, endocytic sorting, and cell migration. Cell Rep. 13,
599–609. doi: 10.1016/j.celrep.2015.09.024

Kim, J., Jung, S. C., Clemens, A. M., Petralia, R. S., and Hoffman, D. A. (2007).
Regulation of dendritic excitability by activity-dependent trafficking of the
A-type K+ channel subunit Kv4.2 in hippocampal neurons. Neuron 54, 933–947.
doi: 10.1016/j.neuron.2007.05.026

Kim, K. R., Kim, Y., Jeong, H. J., Kang, J. S., Lee, S. H., Kim, Y., et al. (2021).
Impaired pattern separation in Tg2576 mice is associated with hyperexcitable
dentate gyrus caused by Kv4.1 downregulation. Mol. Brain 14:62. doi: 10.1186/
s13041-021-00774-x

Kohling, R., and Wolfart, J. (2016). Potassium channels in epilepsy. Cold Spring
Harb. Perspect. Med. 6:a022871. doi: 10.1101/cshperspect.a022871

Konopacki, F. A., Jaafari, N., Rocca, D. L., Wilkinson, K. A., Chamberlain, S.,
Rubin, P., et al. (2011). Agonist-induced PKC phosphorylation regulates GluK2
SUMOylation and kainate receptor endocytosis. Proc. Natl. Acad. Sci. U.S.A.
108, 19772–19777. doi: 10.1073/pnas.1111575108

Kula, R., Bebarova, M., Matejovic, P., Simurda, J., and Pasek, M. (2020). Current
density as routine parameter for description of ionic membrane current: is it
always the best option? Prog. Biophys. Mol. Biol. 157, 24–32. doi: 10.1016/j.
pbiomolbio.2019.11.011

Kunadt, M., Eckermann, K., Stuendl, A., Gong, J., Russo, B., Strauss, K.,
et al. (2015). Extracellular vesicle sorting of alpha-synuclein is regulated
by SUMOylation. Acta Neuropathol. 129, 695–713. doi: 10.1007/s00401-015-
1408-1

Kunjilwar, K., Strang, C., DeRubeis, D., and Pfaffinger, P. J. (2004). KChIP3 rescues
the functional expression of Shal channel tetramerization mutants. J. Biol.
Chem. 279, 54542–54551. doi: 10.1074/jbc.M409721200

Kuo, Y. L., Cheng, J. K., Hou, W. H., Chang, Y. C., Du, P. H., Jian, J. J., et al.
(2017). K(+) channel modulatory subunits KChIP and DPP participate in Kv4-
mediated mechanical pain control. J. Neurosci. 37, 4391–4404. doi: 10.1523/
JNEUROSCI.1619-16.2017

Kuryshev, Y. A., Gudz, T. I., Brown, A. M., and Wible, B. A. (2000). KChAP
as a chaperone for specific K(+) channels. Am. J. Physiol. Cell Physiol. 278,
C931–C941. doi: 10.1152/ajpcell.2000.278.5.C931

Lainez, S., Doray, A., Hancox, J. C., and Cannell, M. B. (2018). Regulation of Kv4.3
and hERG potassium channels by KChIP2 isoforms and DPP6 and response
to the dual K(+) channel activator NS3623. Biochem. Pharmacol. 150, 120–130.
doi: 10.1016/j.bcp.2018.01.036

Le, T. L., Yap, A. S., and Stow, J. L. (1999). Recycling of E-cadherin: a potential
mechanism for regulating cadherin dynamics. J. Cell Biol. 146, 219–232.

Lei, Z., Deng, P., and Xu, Z. C. (2008). Regulation of Kv4.2 channels by glutamate
in cultured hippocampal neurons. J. Neurochem. 106, 182–192. doi: 10.1111/j.
1471-4159.2008.05356.x

Li, K., Jiang, Q., Bai, X., Yang, Y. F., Ruan, M. Y., and Cai, S. Q. (2017). Tetrameric
assembly of K(+) channels requires ER-located chaperone proteins. Mol. Cell
65, 52–65. doi: 10.1016/j.molcel.2016.10.027

Lin, L., Long, L. K., Hatch, M. M., and Hoffman, D. A. (2014). DPP6 domains
responsible for its localization and function. J. Biol. Chem. 289, 32153–32165.
doi: 10.1074/jbc.M114.578070

Lin, L., Sun, W., Kung, F., Dell’Acqua, M. L., and Hoffman, D. A. (2011).
AKAP79/150 impacts intrinsic excitability of hippocampal neurons through
phospho-regulation of A-type K+ channel trafficking. J. Neurosci. 31, 1323–
1332. doi: 10.1523/JNEUROSCI.5383-10.2011

Lin, L., Sun, W., Wikenheiser, A. M., Kung, F., and Hoffman, D. A. (2010). KChIP4a
regulates Kv4.2 channel trafficking through PKA phosphorylation. Mol. Cell.
Neurosci. 43, 315–325. doi: 10.1016/j.mcn.2009.12.005

Lugo, J. N., Barnwell, L. F., Ren, Y., Lee, W. L., Johnston, L. D., Kim, R., et al.
(2008). Altered phosphorylation and localization of the A-type channel, Kv4.2
in status epilepticus. J. Neurochem. 106, 1929–1940. doi: 10.1111/j.1471-4159.
2008.05508.x

Ma, G., Li, S., Han, Y., Li, S., Yue, T., Wang, B., et al. (2016). Regulation of
smoothened trafficking and hedgehog signaling by the SUMO pathway. Dev.
Cell 39, 438–451. doi: 10.1016/j.devcel.2016.09.014

Marionneau, C., Carrasquillo, Y., Norris, A. J., Townsend, R. R., Isom, L. L., Link,
A. J., et al. (2012). The sodium channel accessory subunit Navbeta1 regulates
neuronal excitability through modulation of repolarizing voltage-gated K(+)
channels. J. Neurosci. 32, 5716–5727. doi: 10.1523/JNEUROSCI.6450-11.2012

Martin, S., Nishimune, A., Mellor, J. R., and Henley, J. M. (2007). SUMOylation
regulates kainate-receptor-mediated synaptic transmission. Nature 447, 321–
325. doi: 10.1038/nature05736

Mettlen, M., Chen, P. H., Srinivasan, S., Danuser, G., and Schmid, S. L. (2018).
Regulation of clathrin-mediated endocytosis. Annu. Rev. Biochem. 87, 871–896.
doi: 10.1146/annurev-biochem-062917-012644

Morohashi, Y., Hatano, N., Ohya, S., Takikawa, R., Watabiki, T., Takasugi, N., et al.
(2002). Molecular cloning and characterization of CALP/KChIP4, a novel EF-
hand protein interacting with presenilin 2 and voltage-gated potassium channel
subunit Kv4. J. Biol. Chem. 277, 14965–14975. doi: 10.1074/jbc.M200897200

Moutal, A., Dustrude, E. T., Largent-Milnes, T. M., Vanderah, T. W., Khanna, M.,
and Khanna, R. (2017). Blocking CRMP2 SUMOylation reverses neuropathic
pain. Mol. Psychiatry 23, 2119–2121. doi: 10.1038/mp.2017.117

Murphy, J. G., and Hoffman, D. A. (2019). A polybasic motif in alternatively spliced
KChIP2 isoforms prevents Ca(2+) regulation of Kv4 channels. J. Biol. Chem.
294, 3683–3695. doi: 10.1074/jbc.RA118.006549

Nadal, M. S., Ozaita, A., Amarillo, Y., Vega-Saenz de Miera, E., Ma, Y., Mo, W.,
et al. (2003). The CD26-related dipeptidyl aminopeptidase-like protein DPPX
is a critical component of neuronal A-type K+ channels. Neuron 37, 449–461.

Nestor, M. W., and Hoffman, D. A. (2012). Differential cycling rates of Kv4.2
channels in proximal and distal dendrites of hippocampal CA1 pyramidal
neurons. Hippocampus 22, 969–980. doi: 10.1002/hipo.20899

Niwa, N., Wang, W., Sha, Q., Marionneau, C., and Nerbonne, J. M. (2008). Kv4.3
is not required for the generation of functional Ito,f channels in adult mouse
ventricles. J. Mol. Cell. Cardiol. 44, 95–104. doi: 10.1016/j.yjmcc.2007.10.007

Noh, W., Pak, S., Choi, G., Yang, S., and Yang, S. (2019). Transient potassium
channels: therapeutic targets for brain disorders. Front. Cell. Neurosci. 13:265.
doi: 10.3389/fncel.2019.00265

Parker, A. R., Forster, L. A., and Baro, D. J. (2019). Modulator-gated, SUMOylation-
mediated, activity-dependent regulation of ionic current densities contributes
to short-term activity homeostasis. J. Neurosci. 39, 596–611. doi: 10.1523/
JNEUROSCI.1379-18.2018

Parker, A. R., Welch, M. A., Forster, L. A., Tasneem, S. M., Dubhashi, J. A., and Baro,
D. J. (2017). SUMOylation of the hyperpolarization-activated cyclic nucleotide-
gated channel 2 increases surface expression and the maximal conductance
of the hyperpolarization-activated current. Front. Mol. Neurosci. 9:168. doi:
10.3389/fnmol.2016.00168

Petrecca, K., Miller, D. M., and Shrier, A. (2000). Localization and enhanced current
density of the Kv4.2 potassium channel by interaction with the actin-binding
protein filamin. J. Neurosci. 20, 8736–8744.

Piper, R. C., Dikic, I., and Lukacs, G. L. (2014). Ubiquitin-dependent sorting
in endocytosis. Cold Spring Harb. Perspect. Biol. 6:a016808. doi: 10.1101/
cshperspect.a016808

Plant, L. D., Dowdell, E. J., Dementieva, I. S., Marks, J. D., and Goldstein, S. A.
(2011). SUMO modification of cell surface Kv2.1 potassium channels regulates
the activity of rat hippocampal neurons. J. Gen. Physiol. 137, 441–454. doi:
10.1085/jgp.201110604

Plant, L. D., Xiong, D., Romero, J., Dai, H., and Goldstein, S. A. N. (2020).
Hypoxia produces pro-arrhythmic late sodium current in cardiac myocytes by

Frontiers in Molecular Neuroscience | www.frontiersin.org 20 November 2021 | Volume 14 | Article 757278

https://doi.org/10.1016/j.mcn.2004.06.011
https://doi.org/10.1529/biophysj.104.042358
https://doi.org/10.1002/ana.25213
https://doi.org/10.1523/JNEUROSCI.2036-20.2021
https://doi.org/10.1016/j.celrep.2015.09.024
https://doi.org/10.1016/j.neuron.2007.05.026
https://doi.org/10.1186/s13041-021-00774-x
https://doi.org/10.1186/s13041-021-00774-x
https://doi.org/10.1101/cshperspect.a022871
https://doi.org/10.1073/pnas.1111575108
https://doi.org/10.1016/j.pbiomolbio.2019.11.011
https://doi.org/10.1016/j.pbiomolbio.2019.11.011
https://doi.org/10.1007/s00401-015-1408-1
https://doi.org/10.1007/s00401-015-1408-1
https://doi.org/10.1074/jbc.M409721200
https://doi.org/10.1523/JNEUROSCI.1619-16.2017
https://doi.org/10.1523/JNEUROSCI.1619-16.2017
https://doi.org/10.1152/ajpcell.2000.278.5.C931
https://doi.org/10.1016/j.bcp.2018.01.036
https://doi.org/10.1111/j.1471-4159.2008.05356.x
https://doi.org/10.1111/j.1471-4159.2008.05356.x
https://doi.org/10.1016/j.molcel.2016.10.027
https://doi.org/10.1074/jbc.M114.578070
https://doi.org/10.1523/JNEUROSCI.5383-10.2011
https://doi.org/10.1016/j.mcn.2009.12.005
https://doi.org/10.1111/j.1471-4159.2008.05508.x
https://doi.org/10.1111/j.1471-4159.2008.05508.x
https://doi.org/10.1016/j.devcel.2016.09.014
https://doi.org/10.1523/JNEUROSCI.6450-11.2012
https://doi.org/10.1038/nature05736
https://doi.org/10.1146/annurev-biochem-062917-012644
https://doi.org/10.1074/jbc.M200897200
https://doi.org/10.1038/mp.2017.117
https://doi.org/10.1074/jbc.RA118.006549
https://doi.org/10.1002/hipo.20899
https://doi.org/10.1016/j.yjmcc.2007.10.007
https://doi.org/10.3389/fncel.2019.00265
https://doi.org/10.1523/JNEUROSCI.1379-18.2018
https://doi.org/10.1523/JNEUROSCI.1379-18.2018
https://doi.org/10.3389/fnmol.2016.00168
https://doi.org/10.3389/fnmol.2016.00168
https://doi.org/10.1101/cshperspect.a016808
https://doi.org/10.1101/cshperspect.a016808
https://doi.org/10.1085/jgp.201110604
https://doi.org/10.1085/jgp.201110604
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-14-757278 October 27, 2021 Time: 15:38 # 21

Welch et al. Kv4.2 SUMOylation Regulates Internalization

SUMOylation of NaV1.5 channels. Cell Rep. 30, 2225–2236.e4. doi: 10.1016/j.
celrep.2020.01.025

Plant, L. D., Zuniga, L., Araki, D., Marks, J. D., and Goldstein, S. A. (2012).
SUMOylation silences heterodimeric TASK potassium channels containing
K2P1 subunits in cerebellar granule neurons. Sci. Signal. 5:ra84. doi: 10.1126/
scisignal.2003431

Pourrier, M., Schram, G., and Nattel, S. (2003). Properties, expression and potential
roles of cardiac K+ channel accessory subunits: MinK, MiRPs, KChIP, and
KChAP. J. Membr. Biol. 194, 141–152. doi: 10.1007/s00232-003-2034-8

Prechtel, H., Hartmann, S., Minge, D., and Bahring, R. (2018). Somatodendritic
surface expression of epitope-tagged and KChIP binding-deficient Kv4.2
channels in hippocampal neurons. PLoS One 13:e0191911. doi: 10.1371/journal.
pone.0191911

Psakhye, I., and Jentsch, S. (2012). Protein group modification and synergy in
the SUMO pathway as exemplified in DNA repair. Cell 151, 807–820. doi:
10.1016/j.cell.2012.10.021

Qi, Y., Wang, J., Bomben, V. C., Li, D. P., Chen, S. R., Sun, H., et al. (2014). Hyper-
SUMOylation of the Kv7 potassium channel diminishes the M-current leading
to seizures and sudden death. Neuron 83, 1159–1171. doi: 10.1016/j.neuron.
2014.07.042

Rajan, S., Plant, L. D., Rabin, M. L., Butler, M. H., and Goldstein, S. A. (2005).
SUMOylation silences the plasma membrane leak K+ channel K2P1. Cell 121,
37–47. doi: 10.1016/j.cell.2005.01.019

Ren, X., Hayashi, Y., Yoshimura, N., and Takimoto, K. (2005). Transmembrane
interaction mediates complex formation between peptidase homologues and
Kv4 channels. Mol. Cell. Neurosci. 29, 320–332. doi: 10.1016/j.mcn.2005.02.003

Rivera, J. F., Ahmad, S., Quick, M. W., Liman, E. R., and Arnold, D. B. (2003).
An evolutionarily conserved dileucine motif in Shal K+ channels mediates
dendritic targeting. Nat. Neurosci. 6, 243–250. doi: 10.1038/nn1020

Scala, F., Fusco, S., Ripoli, C., Piacentini, R., Li Puma, D. D., Spinelli,
M., et al. (2015). Intraneuronal Abeta accumulation induces hippocampal
neuron hyperexcitability through A-type K(+) current inhibition mediated by
activation of caspases and GSK-3. Neurobiol. Aging 36, 886–900. doi: 10.1016/j.
neurobiolaging.2014.10.034

Schrader, L. A., Anderson, A. E., Mayne, A., Pfaffinger, P. J., and Sweatt, J. D.
(2002). PKA modulation of Kv4.2-encoded A-type potassium channels requires
formation of a supramolecular complex. J. Neurosci. 22, 10123–10133.

Seifert, A., Schofield, P., Barton, G. J., and Hay, R. T. (2015). Proteotoxic stress
reprograms the chromatin landscape of SUMO modification. Sci. Signal. 8:rs7.
doi: 10.1126/scisignal.aaa2213

Seifert, C., Storch, S., and Bahring, R. (2020). Modulation of Kv4.2/KChIP3
interaction by the ceroid lipofuscinosis neuronal 3 protein CLN3. J. Biol. Chem.
295, 12099–12110. doi: 10.1074/jbc.RA120.013828

Seikel, E., and Trimmer, J. S. (2009). Convergent modulation of Kv4.2 channel
alpha subunits by structurally distinct DPPX and KChIP auxiliary subunits.
Biochemistry 48, 5721–5730. doi: 10.1021/bi802316m

Shen, B., Zhou, K., Yang, S., Xu, T., and Wang, Y. (2008). The Kv4.2 mediates
excitatory activity-dependent regulation of neuronal excitability in rat cortical
neurons. J. Neurochem. 105, 773–783. doi: 10.1111/j.1471-4159.2007.05179.x

Shibata, R., Misonou, H., Campomanes, C. R., Anderson, A. E., Schrader, L. A.,
Doliveira, L. C., et al. (2003). A fundamental role for KChIPs in determining
the molecular properties and trafficking of Kv4.2 potassium channels. J. Biol.
Chem. 278, 36445–36454. doi: 10.1074/jbc.M306142200

Tang, B. L. (2020). Vesicle transport through interaction with t-SNAREs 1a (Vti1a)’s
roles in neurons. Heliyon 6:e04600. doi: 10.1016/j.heliyon.2020.e04600

Tong, J., Taylor, P., and Moran, M. F. (2014). Proteomic analysis of the
epidermal growth factor receptor (EGFR) interactome and post-translational
modifications associated with receptor endocytosis in response to EGF and
stress. Mol. Cell Proteomics 13, 1644–1658. doi: 10.1074/mcp.M114.038596

Umasankar, P. K., Ma, L., Thieman, J. R., Jha, A., Doray, B., Watkins, S. C., et al.
(2014). A clathrin coat assembly role for the muniscin protein central linker
revealed by TALEN-mediated gene editing. Elife 3:e04137. doi: 10.7554/eLife.
04137

Wang, C., Pan, Y., Zhang, W., Chen, Y., Li, C., Zhao, F., et al. (2021). Positive
regulatory domain I-binding factor 1 mediates peripheral nerve injury-induced
nociception in mice by repressing Kv4.3 channel expression. Anesthesiology 134,
435–456. doi: 10.1097/ALN.0000000000003654

Wang, T., Cheng, Y., Dou, Y., Goonesekara, C., David, J. P., Steele, D. F., et al.
(2012). Trafficking of an endogenous potassium channel in adult ventricular
myocytes. Am. J. Physiol. Cell Physiol. 303, C963–C976. doi: 10.1152/ajpcell.
00217.2012

Wang, W., Chen, Y., Wang, S., Hu, N., Cao, Z., Wang, W., et al. (2014). PIASxalpha
ligase enhances SUMO1 modification of PTEN protein as a SUMO E3 ligase.
J. Biol. Chem. 289, 3217–3230. doi: 10.1074/jbc.M113.508515

Wang, Y., Gao, Y., Tian, Q., Deng, Q., Wang, Y., Zhou, T., et al. (2018). TRPV1
SUMOylation regulates nociceptive signaling in models of inflammatory pain.
Nat. Commun. 9:1529. doi: 10.1038/s41467-018-03974-7

Welch, M. A., Forster, L. A., Atlas, S. I., and Baro, D. J. (2019). SUMOylating
two distinct sites on the A-type potassium channel, Kv4.2, increases surface
expression and decreases current amplitude. Front. Mol. Neurosci. 12:144. doi:
10.3389/fnmol.2019.00144

Wong, W., Newell, E. W., Jugloff, D. G., Jones, O. T., and Schlichter, L. C. (2002).
Cell surface targeting and clustering interactions between heterologously
expressed PSD-95 and the Shal voltage-gated potassium channel, Kv4.2. J. Biol.
Chem. 277, 20423–20430. doi: 10.1074/jbc.M109412200

Xiong, D., Li, T., Dai, H., Arena, A. F., Plant, L. D., and Goldstein, S. A. N. (2017).
SUMOylation determines the voltage required to activate cardiac IKs channels.
Proc. Natl. Acad. Sci. U.S.A. 114, E6686–E6694. doi: 10.1073/pnas.170626
7114

Yamakawa, T., Saith, S., Li, Y., Gao, X., Gaisano, H. Y., and Tsushima, R. G. (2007).
Interaction of syntaxin 1A with the N-terminus of Kv4.2 modulates channel
surface expression and gating. Biochemistry 46, 10942–10949. doi: 10.1021/
bi7006806

Yang, E. K., Alvira, M. R., Levitan, E. S., and Takimoto, K. (2001). Kvbeta subunits
increase expression of Kv4.3 channels by interacting with their C termini. J. Biol.
Chem. 276, 4839–4844. doi: 10.1074/jbc.M004768200

Yasugi, T., and Howley, P. M. (1996). Identification of the structural and functional
human homolog of the yeast ubiquitin conjugating enzyme UBC9. Nucleic
Acids Res. 24, 2005–2010.

Yuan, H., Deng, R., Zhao, X., Chen, R., Hou, G., Zhang, H., et al. (2017).
SUMO1 modification of KHSRP regulates tumorigenesis by preventing the
TL-G-Rich miRNA biogenesis. Mol. Cancer 16:157. doi: 10.1186/s12943-017-
0724-6

Zavodszky, E., and Hegde, R. S. (2019). Misfolded GPI-anchored proteins are
escorted through the secretory pathway by ER-derived factors. Elife 8:e46740.
doi: 10.7554/eLife.46740

Zemel, B. M., Ritter, D. M., Covarrubias, M., and Muqeem, T. (2018). A-type KV
channels in dorsal root ganglion neurons: diversity, function, and dysfunction.
Front. Mol. Neurosci. 11:253. doi: 10.3389/fnmol.2018.00253

Zhang, H., Zhang, H., Wang, C., Wang, Y., Zou, R., Shi, C., et al. (2020). Auxiliary
subunits control biophysical properties and response to compound NS5806 of
the Kv4 potassium channel complex. FASEB J. 34, 807–821. doi: 10.1096/fj.
201902010RR

Zhou, H. J., Xu, Z., Wang, Z., Zhang, H., Zhuang, Z. W., Simons, M., et al.
(2018). SUMOylation of VEGFR2 regulates its intracellular trafficking and
pathological angiogenesis. Nat. Commun. 9:3303. doi: 10.1038/s41467-018-
05812-2

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Welch, Jansen and Baro. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Molecular Neuroscience | www.frontiersin.org 21 November 2021 | Volume 14 | Article 757278

https://doi.org/10.1016/j.celrep.2020.01.025
https://doi.org/10.1016/j.celrep.2020.01.025
https://doi.org/10.1126/scisignal.2003431
https://doi.org/10.1126/scisignal.2003431
https://doi.org/10.1007/s00232-003-2034-8
https://doi.org/10.1371/journal.pone.0191911
https://doi.org/10.1371/journal.pone.0191911
https://doi.org/10.1016/j.cell.2012.10.021
https://doi.org/10.1016/j.cell.2012.10.021
https://doi.org/10.1016/j.neuron.2014.07.042
https://doi.org/10.1016/j.neuron.2014.07.042
https://doi.org/10.1016/j.cell.2005.01.019
https://doi.org/10.1016/j.mcn.2005.02.003
https://doi.org/10.1038/nn1020
https://doi.org/10.1016/j.neurobiolaging.2014.10.034
https://doi.org/10.1016/j.neurobiolaging.2014.10.034
https://doi.org/10.1126/scisignal.aaa2213
https://doi.org/10.1074/jbc.RA120.013828
https://doi.org/10.1021/bi802316m
https://doi.org/10.1111/j.1471-4159.2007.05179.x
https://doi.org/10.1074/jbc.M306142200
https://doi.org/10.1016/j.heliyon.2020.e04600
https://doi.org/10.1074/mcp.M114.038596
https://doi.org/10.7554/eLife.04137
https://doi.org/10.7554/eLife.04137
https://doi.org/10.1097/ALN.0000000000003654
https://doi.org/10.1152/ajpcell.00217.2012
https://doi.org/10.1152/ajpcell.00217.2012
https://doi.org/10.1074/jbc.M113.508515
https://doi.org/10.1038/s41467-018-03974-7
https://doi.org/10.3389/fnmol.2019.00144
https://doi.org/10.3389/fnmol.2019.00144
https://doi.org/10.1074/jbc.M109412200
https://doi.org/10.1073/pnas.1706267114
https://doi.org/10.1073/pnas.1706267114
https://doi.org/10.1021/bi7006806
https://doi.org/10.1021/bi7006806
https://doi.org/10.1074/jbc.M004768200
https://doi.org/10.1186/s12943-017-0724-6
https://doi.org/10.1186/s12943-017-0724-6
https://doi.org/10.7554/eLife.46740
https://doi.org/10.3389/fnmol.2018.00253
https://doi.org/10.1096/fj.201902010RR
https://doi.org/10.1096/fj.201902010RR
https://doi.org/10.1038/s41467-018-05812-2
https://doi.org/10.1038/s41467-018-05812-2
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

	SUMOylation of the Kv4.2 Ternary Complex Increases Surface Expression and Current Amplitude by Reducing Internalization in HEK 293 Cells
	Introduction
	Materials and Methods
	Chemicals and Antibodies
	Cell Culture
	Plasmids
	Transfection
	Western Blot Assays
	Electrophysiology
	Cell Lysates to Measure Kv4.2 Expression
	Immunoprecipitation to Measure α-Adaptin
	Biotinylation of Cell Surface Proteins
	Internalization Assay
	Statistical Analysis

	Results
	SUMOylation of Kv4.2g at K579 Increases IA Gmax in the Presence of Auxiliary Subunits, KChIP2a and DPP10c
	SUMOylation of Kv4.2g K579 Does Not Enhance Kv4.2 Protein Expression
	SUMOylation of Kv4.2g at K579 Increases TC Surface Expression by Reducing Internalization
	The Effect of K579 SUMOylation on Kv4.2g Internalization Is Downstream of Cargo Recruitment and Vesicle Formation
	The Unique Influence of KChIP and DPLP on Kv4.2 SUMOylation

	Discussion
	K579 SUMOylation May Regulate Kv4.2 Surface Expression in Physiologically Relevant Models
	K579 SUMOylation May Regulate Kv4.2 Ubiquitination, and Thereby, Internalization
	The Unique Influence of KChIP and DPLP on Kv4.2 Post-translational Modifications

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


