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Ubiquitin ligase Nedd4-2 modulates Kv1.3 current amplitude and ion
channel protein targeting. J Neurophysiol 116: 671-685, 2016. First
published May 4, 2016; doi:10.1152/jn.00874.2015.—Voltage-depen-
dent potassium channels (Kv) go beyond the stabilization of the
resting potential and regulate biochemical pathways, regulate intra-
cellular signaling, and detect energy homeostasis. Because targeted
deletion and pharmacological block of the Kv1.3 channel protein
produce marked changes in metabolism, resistance to diet-induced
obesity, and changes in olfactory structure and function, this investi-
gation explored Nedd4-2-mediated ubiquitination and degradation to
regulate Kv1.3 channel density. Heterologous coexpression of
Nedd4-2 ligase and Kv1.3 in HEK 293 cells reduced Kv1.3 current
density without modulation of kinetic properties as measured by
patch-clamp electrophysiology. Modulation of current density was
dependent on ligase activity and was lost through point mutation of
cysteine 938 in the catalytic site of the ligase (Nedd4-2CS). Incorpo-
ration of adaptor protein Grbl0O relieved Nedd4-2-induced current
suppression as did application of the proteasome inhibitor Mg-132.
SDS-PAGE and immunoprecipitation strategies demonstrated a chan-
nel/adaptor/ligase signalplex. Pixel immunodensity was reduced for
Kv1.3 in the presence of Nedd4-2, which was eliminated upon
additional incorporation of Grbl0. We confirmed Nedd4-2/Grb10
coimmunoprecipitation and observed an increased immunodensity for
Nedd4-2 in the presence of Kv1.3 plus Grb10, regardless of whether
the catalytic site was active. Kv1.3/Nedd4-2 were reciprocally coim-
munoprecipated, whereby mutation of the COOH-terminal, SH3-
recognition (493—498), or ubiquitination sites on Kv1.3 (lysines 467,
476, 498) retained coimmunoprecipitation, while the latter prevented
the reduction in channel density. A model is presented for which an
atypical interaction outside the canonical PY motif may permit chan-
nel/ligase interaction to lead to protein degradation and reduced
current density, which can involve Nedd4-2/Grb10 interactions to
disrupt Kv1.3 loss of current density.

potassium channel; olfactory; adaptor protein; ubiquination; modula-
tion

NEW & NEWSWORTHY

Potassium ion (K) channels are the dampeners of excita-
tion and a novel means of regulating this excitation is
through interaction with protein partners that can control
channel density at the membrane. An enzyme that tags K
channels for degradation is found to interact with discreet
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residues on the COOH-terminal domain to mediate ubigq-
uitination and functional loss of channel current. The
presence of an adaptor protein to the enzyme can reverse
this modulation.

THE DEGREE OF EXCITABILITY and the biophysical properties of a
neuronal cell membrane depend on the cadre of expressed ion
channels; their density and distribution. With regards to volt-
age-dependent potassium channels (Kv), changes in channel
density can have profound effects on the stabilization of the
resting potential and repolarization of the action potential
(Bean 2007). Cell functions as diverse as neuronal integration,
vesicle secretion, or muscle contraction, for example (Korn and
Trapani 2005; Zeberg et al. 2010), have the capacity to be
modulated via altered electrical properties driven by changes in
channel density. The role of Kv channels, therefore, reaches
well beyond regulators of excitability and into the realm of
regulation of biochemical pathways, intracellular signaling
proteins, and a plethora of nonconducting functions (Kacz-
marek 2006). Of interest in this investigation is the voltage-
gated potassium channel, Kv1.3, a mammalian homolog of the
Shaker subfamily, which carries a large proportion of the outward
voltage-activated current in mitral cell neurons of the olfactory
bulb and for which expression drives the interspike interval and
intrinsic firing properties of this first order neuron to encode
olfactory information (Fadool and Levitan 1998; Fadool et al.
2004, 2011). Not only are these channels important for olfac-
tory discrimination and odor threshold detection (Fadool et al.
2004), deletion of the Kv1.3 gene produces marked changes in
metabolism, ingestive behavior, olfactory circuitry develop-
ment, and glucose sensing (Fadool et al. 2004; Biju et al. 2008;
Tucker et al. 2008, 2012a, 2013). Therefore, a protein that
typically subserves to dampen the excitability of the nervous
system can in tandem be part of a regulatory cascade that
permits the olfactory system to detect internal metabolic state
to homoeostatically counterbalance diet-induced obesity and
related metabolic disorders (for review, see Palouzier-Paulignan
et al. 2012).

Because mice with a gene-targeted deletion of Kv1.3—/—
are thin and do not gain weight when challenged with fatty
diets or when bred to models of genetic-linked obesity (Xu et
al. 2003; Fadool et al. 2004; Tucker et al. 2008, 2012b), we
sought endogenous means to regulate Kv1.3 current density as
a future potential means to enhance metabolism. We have
previously demonstrated that Kv1.3 is the core of a scaffold of
many interacting kinases and adaptor proteins, whose expres-
sion and adjacency in olfactory bulb neurons can modulate
current density and resident half-life of the channel at the
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membrane surface (Holmes et al. 1996; Fadool and Levitan
1998; Fadool et al. 2000; Cook and Fadool 2002; Colley et al.
2007, 2009; Marks and Fadool 2007; Marks et al. 2009).
Within the context of this protein-protein signalplex that is well
characterized to affect Kv1.3 biophysical properties, we hy-
pothesized that ubiquitination and select degradation of Kv1.3
might be a method of targeted regulation of Kv1.3 density.
Potassium channels from the Kv1.x subfamily are targets for
Nedd4-2-mediated ubiquitination and degradation primarily
using alternative or atypical target recognition motifs or via
formation of activation complexes with adaptor proteins or
kinases (Henke et al. 2004; Boehmer et al. 2008; Mia et al.
2012; Andersen et al. 2012, 2013).

Ubiquitin is a highly conserved 8.5-kDa polypeptide that
functions as a molecular tag for internalization and degradation
of membrane proteins. The process requires the sequential
activation of three enzymes, the last being an E3 ligase that
transfers the ubiquitin to lysine residues of the target protein
(Harvey and Kumar 1999; Yang and Kumar 2010; Rotin and
Staub 2011). In this study, we focused on Nedd4-2 (neuronal
precursor cell-expressed developmentally downregulated pro-
tein 4-2) as a 120-kDa highly conserved E3 ligase in eukaryotic
cells because it has been demonstrated to regulate membrane
availability of a number of ion channels (Rotin and Staub 2011;
Lang and Shumilina 2013; Goel et al. 2015). As a HECT
(homologus to the E6-AP carboxy terminus) class E3 ligase,
Nedd4-2 contains four tryptophan-rich WW domains that bind
to different proline-rich regions of a target protein, each with
different affinities (Sudol and Hunter 2000; Yang and Kumar
2010). For example, the WWI domain binds the PY motif
L/PPxY (Chen and Sudol 1995; Kasanov et al. 2001), whereas
the WWII domain binds the PxxP motif (Bedford et al. 1997).
The WWIII domain, on the other hand, interacts with Pro and
Arg/Lys-rich regions or areas containing Pro, Met, Gly (Bed-
ford et al. 1998), and the WWIV domain binds sequences
containing phosphoSer- or phosphoThr-Pro (Sudol and Hunter
2000). Nedd4-2 is typically known to interact with PPxY
motifs (Yang and Kumar 2010); however, Kv1.3 contains only
a single PxxP motif, PXTPF, at amino acids 493-498 with
close adjacency to a Lys amino acid. Following binding of
Nedd4-2, ubiquitin is transferred to a locally found Lys. HECT
ligases, like Nedd4-2, lack specificity for the Lys that is
ubiquitinated and are only limited by spatial constraints be-
tween interaction domains of the target protein and the ligase
(Mattiroli and Sixma 2014). Moreover, Nedd4-2 has been
demonstrated to form a complex with Grb10 (growth factor
receptor-binding protein 10) (Morrione et al. 1999; Vecchione
et al. 2003; Huang and Szebenyi 2010), which we know is
enriched in the olfactory bulb, coimmunoprecipitates with
Kv1.3, downregulates channel expression, and functionally
modulates Kv1.3 phosphorylation and voltage-activated cur-
rents (Cook and Fadool 2002; Colley et al. 2009).

Understanding how Kv1.3 channel density could be modu-
lated affords a potential therapeutic means to treat diet-induced
obesity or diabetes where Kv1.3 protein abundance could be
manipulated to upregulate metabolism, increase glucose up-
take, or decrease body weight (Xu et al. 2003; Fadool et al.
2004; Tucker et al. 2013; Upadhyay et al. 2013). This study
employs a simple mammalian expression system as a means to
elucidate the molecular mechanisms of how the Kv1.3 channel
is modulated by ubiquitination by Nedd4-2 and interacting
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partners. Modulation of Kv1.3 current density via ubiquitation
and subsequent degradation could provide a future novel phar-
macological target to treat metabolic dysfunction.

METHODS

Solutions and reagents. All salts and general chemical reagents
were purchased from Fisher Scientific (Atlanta, GA) or Sigma Chem-
ical (St. Louis, MO). Bath recording solution contained the following
(in mM): 150 KCl, 10 HEPES, 1 EGTA, and 0.5 MgCl, (pH 7.4).
Patch pipette intracellular solution contained the following (in mM):
30 KCl, 120 NaCl, 2 CaCl,, and 10 HEPES (pH 7.4). Human
embryonic kidney (HEK) 293 culture medium was composed of
minimal essential media (MEM; 12360; GIBCO, Life Technologies/
Invitrogen, Durham, NC) plus 2% penicillin/streptomycin (15140;
GIBCO, Invitrogen) and 10% fetal bovine serum (16000; GIBCO,
Invitrogen). Cell lysis buffer contained (in mM): 25 Tris (hydroxy-
methyl) aminomethane (pH 7.5), 150 NaCl, 150 NaF, 0.5 EDTA, and
1.0% Triton X-100 (pH 8.0). Protease and phosphatase inhibitor (PPI)
solution was added to the lysis buffer just before use for a final
concentration as follows: 1 wg/ml pepstatin A, 1 ug/ml leupeptin, 2
png/ml aprotinin, 10 wg/ml phenylmethylsulfonyl fluoride, and 10 mM
Na;VO,. Homogenization buffer contained the following (in mM):
320 sucrose, 10 Tris, 50 KCI, and 1 EDTA (pH 7.8). Wash buffer
contained the following (in mM): 25 Tris base (pH 7.5), 150 NaCl,
150 NaF, 0.5 EDTA, and 0.1% Triton X-100. Phosphate-buffered
saline (PBS) contained the following (in mM): 136.9 NaCl, 2.7 KCI,
10.1 Na,HPO,, and 1.8 KH,PO, (pH 7.4). The proteasome inhibitor
MG-132 was purchased from Calbiochem/EDM Millipore (Billerica,
MA) and reconstituted in 0.01% DMSO.

Antisera. FSU120, a rabbit polyclonal antiserum, was generated
against the 46-amino acid sequence 478-MVIEEGGMNHSAFPQTP-
FKTGNSTATCTTNNNPNDCVNIKKIFTDV-523, representing the
unique coding region of the Kv1.3 channel between transmembrane
domain 6 and the carboxy terminal. The purified peptide was pro-
duced by Genmed Synthesis (San Francisco, CA) and the antiserum
was produced and then affinity purified by Cocalico Biologicals
(Reamstown, PA). This antibody was used for immunoprecipitation
(1:1,000) and Western blot detection (1:1,500) of Kv1.3 and screened
for lack of antigenicity against Kv1.4 and Kv1.5 subfamily members.
Anti-c-myc mouse monoclonal (clone 9E10; antigenetic peptide
EQKLISEEDL directed against the human myc protein) was pur-
chased from Roche (Madison, WI) and used at 1:400 for Western
analysis. Anti-Nedd4-2, a rabbit polyclonal antibody generated
against the WW domain, was purchased from EDM Millipore and
used at 1:2,000 for Western analysis and immunoprecipitation. Grb10
(K-20), a rabbit polyclonal antibody generated by Santa Cruz Bio-
technology (Santa Cruz, CA), was used at 1:300 for Western blots and
immunoprecipitation. Equivalent protein loading was confirmed using
monoclonal anti-actin (Clone C4; Millipore or Clone AC-74; Sigma
Chemical) between 1:800 to 1:3,500. Donkey anti-rabbit secondary
(1:3000; Amersham/GE Healthcare Life Sciences, Piscataway, NJ) or
goat anti-mouse IgG (Fab specific) secondary (1:3000; Sigma Chem-
ical) antisera conjugated to horseradish perioxidase were used to
visualize proteins via enhanced chemiluminense (ECL).

c¢DNA constructs. All channel and adaptor protein coding regions
were downstream from a cytomegalovirus (CMV) promoter. Kv1.3
channel was subcloned into the multiple cloning region of pcDNA3
(Invitrogen) at the unique restriction HindlIIl site as previously de-
scribed (Holmes et al. 1996). The 10-amino acid c-myc epitope
(EQKLISEEDL) was inserted into the extracellular S1/S2 loop be-
tween residues 226-227 of Kv1.3 channel via two consecutive poly-
merase chain reactions (PCRs) using the Expand Long Template PCR
System (Roche) as previously described (Colley et al. 2007). Both the
untagged channel and the epitope-tagged version of the channel were
used in this study as required for surface expression experiments. We
have previously demonstrated that the tag does not alter channel
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biophysical properties or protein interactions (Colley et al. 2007).
Two Kv1.3 COOH-terminal mutants channels were constructed
whereby the first was designed to disrupt the PxxP domain as a known
SH; recognition motif for the WW domain of Nedd4-2 and the second
was designed to remove the lysine residues in the COOH terminus
that were predicted ubiquitination sites. For the former, prolines (P)
493 and 496 were altered by single-point mutagenesis to glycine (G)
(construct called Kv1.ASH;C). For the latter, we used the UbPred
(Rockefeller University) to predict strong protein ubiquitination sites
based on sequence. There were three sites that had a probability
greater than 70% in the COOH terminus (467-70%, 476-91%, and
498-91%) so a triple point site-directed mutagenesis of K to R was
performed (construct called KRC Kv1.3). Mutation of K to R is a
well-known and common technique to prevent ubiquitination at target
Lys (Morén et al. 2003; Tan et al. 2008; Jin et al. 2016). Both Kv1.3
channel mutants were constructed with the use of two sequential
PCRs. The first PCR used a mutagenic primer and an upstream
primer. The second PCR used the amplified gel-purified product of the
first reaction and the downstream oligonucleotide as primers. In this
way a stretch of mutant DNA flanked by two unique restriction sites
was obtained; the product was double digested and ligated into the
parent channel backbone with the use of T4 DNA. All mutant channel
constructs were sequenced to verify the mutation and detect PCR
errors. Wild-type Nedd4-2 (pCMV-sport6-Nedd4-2) and its inactive
form (Nedd-CS; mutation of cysteine to alanine at position 942) were
generously donated by Dr. Andrea Morrione (Thomas Jefferson Uni-
versity, Philadelphia, PA) (Vecchione et al. 2003). Nedd4-2 and
Nedd-CS were independently sub-cloned into pcDNA3 using Kpnl
and Xbal restriction sites. Grb10 cDNA was a gift from Dr. R. Roth
(Stanford University, Stanford, CA) in the pECE vector and sub-
cloned into pcDNA3 (Colley et al. 2009). Kv1.4 and Kv1.5 cDNA
were both expressed in pcDNA3 and were a generous gift from Todd
Holmes (University of California Irvine, Irvine, CA) (Nitabach et al.
2002). pCDM8 was a kind gift from Dr. Brian Seed (Harvard
University, Boston, MA) (Jurman et al. 1994). DNA encoding human
CD8 was amplified from pCDMS8 and subcloned into the pcDNA;
vector between the BamH1 and EcoR1 restriction sites (Mast et al.
2010).

Maintenance and transfection of HEK 293 cells. Human embryonic
kidney (HEK) 293 cells were maintained in supplemented MEM (See
Solutions and reagents). Before transient transfection, cells were
grown to 100% confluency (7 days), dissociated with trypsin-EDTA
(Sigma) and mechanical trituration, diluted in MEM to a concentra-
tion of 600 cells/ml, and replated on Corning dishes (catalog no.
25000; Fisher Scientific). cDNA was introduced into HEK 293 cells
with a LipofectamineTM transfection reagent in OptiMEM serum-
reduced media (Invitrogen/GIBCO) 3-5 days after passage as previ-
ously described (Cook and Fadool 2002). Briefly, cells were trans-
fected for 4-5 h (h) with 1.0 pg of each cDNA construct per 35-mm
dish for electrophysiology or 3.5 ug of each cDNA construct per
60-mm dish for biochemistry. Plasmid DNA with no coding insert
(control vector) served as the control to equalize total ug of cDNA
added to each dish. Cells were either harvested for biochemical
analysis or used for electrophysiological recordings 30—40 h after
transfection.

Protein chemistry. Cells were harvested 2 days posttransfection by
lysis in ice-cold lysis plus PPI solution (see Solutions and reagents).
The lysates were clarified by centrifugation at 14,000 g for 10 min at
4°C and then precleared for 1 h with 2—-3 mg/ml protein A-Sepharose
(Amersham/GE Healthcare Life Sciences), followed by another cen-
trifugation to remove the protein A-Sepharose. The Kv1.3 channel (or
protein of interest in parallel experiments) was immunoprecipitated
from the cleared lysates by incubation overnight with ~5 ug/ml
FSU120 (or specific antibody) at 4°C, followed by a 3-h incubation
with protein A-Sepharose and centrifugation as before. The immuno-
precipitates were washed four times with ice cold lysate + PPI
solution (modified to contain 0.1% Triton X-100). Lysates and

washed immunoprecipitates were diluted in sodium dodecyl sulfate
(SDS) gel-loading buffer (Sambrook et al. 1989). Proteins were
separated on 8—10% acrylamide gels by SDS-PAGE, followed by
electro-transfer to nitrocellulose membranes using 7.5 to 20 ug of
protein/lane as determined by a Bradford Assay (Bio-Rad, Hercules,
CA). Surface-expressed Kv1.3 proteins (myc epitope tagged) were
similarly processed for immunoprecipitation, however, the proteins
were alternatively labeled for 30 min at 37°C using 5 wg/ml anti-myc
diluted in supplemented MEM before cell lysis. Surface immunopre-
cipitated channel was therefore not precleared, but was incubated the
next day with Protein A-sepharose, centrifuged, washed, and diluted
as above. Labeled proteins were visualized using ECL (GE Healthcare
Biosciences) exposure on Fugi Rx film (Mid Scientific, St. Louis,
MO). Quantitative densitometry of the film autoradiographs was
performed using a Hewlett-Packard Scanner (model Scanjet 4850;
Hewlett Packard, San Diego, CA) in combination with Quantiscan
software (Biosoft, Cambridge, UK). To standardize for any variation
in the Western blot transfer or ECL exposure, density ratios for target
samples with respect to the channel alone transfection condition (i.e.,
Kv1.3 + Nedd4-2/Kv1.3) were calculated for proteins from SDS gels
which had been electrophoresed together, electro-transferred to the
same piece of nitrocellulose, and exposed to the same piece of X-ray
film. Nitrocellulose (no. 162-0115, 0.45 um; Bio-Rad) was either cut
or stripped (46430, PLUS stripping reagent; Fisher Scientific) and
reprobed with anti-B-actin to standardize differences in loading.
Normalized immunodensity values for a given visualized protein were
then compared across transfection treatment by using an arcsin trans-
formation for percentage data with a one-way ANOVA at the 95%
confidence level (a = 0.05) with a Student-Newman-Keuls follow-up
test (SNK).

Electrophysiology. Thirty-six hours posttransfection, HEK293 cells
were rinsed with bath solution and incubated with anti-hCD8 beads
(Dyna-Beads; Invitrogen) to mark transfected cells (Jurman et al.
1994; Mast et al. 2010). Coexpression with CDS8 allows visualization
of cells taking up the cDNA encoding the channel or receptor of
interest by marking transfected cells with a red polypropylene-anti-
body-linked bead. We have demonstrated that single cells take up
multiple constructs equivalently and that the density of the beads is
proportional to the expression of channel of interest (Cook and Fadool
2002). Cells were rinsed two times with bath solution before begin-
ning a recording session to remove any unbound beads.

Hoffman modulation contrast optics was used to visualize cells at
X 40 magnification (Axiovert 135; Carl Zeiss, Thornwood, NY). Patch
electrodes were fabricated from Jencons glass (M15/10; Jencons,
Bedfordshire, UK) with pipette resistances between 9 and 14 MQ) as
fabricated with a vertical puller (PP-830; Narishige, Tokyo, Japan)
and fire polished with a microforge (MF-830; Narishge). Macroscopic
Kv1.3 currents were recorded at room temperature from cell-attached
membrane patches of HEK293 cells using an Axopatch-200B (Mo-
lecular Devices/Axon Instruments, Sunnyvale, CA) patch-clamp am-
plifier. The cell-attached configuration was achieved after carefully
contacting the cell surface with the tip of the patch pipette and
applying a gentle suction to create a very high resistance (>1
gigaohm) seal. Both the seal and pipette capacitance were electroni-
cally compensated before recording. All voltage signals were gener-
ated and data were acquired with the use of an Axon Digidata 1200
board with pClamp v10.3 software (Molecular Devices/Axon Instru-
ments). Recordings were filtered at 2 kHz and digitized at 2-5 kHz.
Patches were routinely held at a holding potential (V,)) of —90 mV and
stepped in 10- to 20-mV depolarizing potentials to +40 mV (V) using
a pulse duration (P,) varying from 100 to 1,000 ms. Longer P, were
generally delivered at intervals of 60 s or longer to prevent cumulative
inactivation of the Kv1.3 channel (Marom et al. 1993).

Electrophysiological records were analyzed using software from
Microcal Origin (Northampton, MA) and Quattro Pro (Borland Inter-
national, Scotts Valley, CA). Kv1.3 peak current amplitude, channel
inactivation (7,,.) and deactivation (7,,.) kinetics, voltage at one-
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half maximal activation (V,,,), and slope of voltage dependence (k)
were measured in the presence of Nedd4-2 and the presence or
absence of the adaptor protein Grb10. Each biophysical property was
analyzed in the form of nonnormalized data by Student’s #-test at the
95% confidence level to determine any statistical difference in Kv1.3
channel function in the presence of the ligase or adaptor proteins. For
comparisons of change in current-voltage relationships in the presence
or absence of Nedd4-2 or presence or absence Grbl0, a blocked
factorial design two-way ANOVA was performed with voltage and
transfection condition as factors with a Bonferroni’s post hoc com-
parison to designate significant difference. Fitting parameters for
inactivation and deactivation kinetics were as previously described
(Cook and Fadool 2002). Briefly, the inactivation of the macroscopic
current, during a 1,000-ms voltage step from —90 to +40 mV, was fit
to the sum of two exponentials by minimizing the sums of squares
using a biexponential function [y =y, + Aje — (x — x,)/1; + Aye —
(x — xp)/7,]. The two inactivation time constants (7, and 7,) were
combined by multiplying each by its weight (A) and summing. The
deactivation of the macroscopic current was fit similarly but to a
single exponential [y = y, + Ae — (x — x,,)/7]. Tail current amplitudes
were plotted in a current-voltage relationship and fit to a Boltzmann
sigmoidal curve (Y = {(A, + A)/[1 + e(x — xy)ldx]} + A,) to
calculate the slope of voltage dependence (k) and voltage at half-
activation (V,,,) for Kv1.3. To study cumulative inactivation of Kv1.3

A
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under the control condition and in the presence of Nedd4-2 and/or
Grb10 adaptor protein, patches were held at —90 mV and stepped to
+40 mV 12 times using a similar pulse duration as above but
recording using different interpulse intervals, including 60, 30, 10, 2,
1, and 0.5 s. Peak current amplitudes were normalized to the initial
trace in each series for a given interpulse interval. Cumulative inac-
tivation was always present with interpulse intervals <60 s in the
control (Kv1.3 alone) transfection condition, and as much as 50% of
channels were caught in the inactivated state with repeated stimulation
<2s.

RESULTS

Ubiquitin ligase Nedd4-2 decreases Kvl.3 current density.
To determine whether coexpression of Nedd4-2 with Kv1.3
may functionally downregulate channel density in human cell
lines, we transiently cotransfected the channel and ligase in
HEK?293 cells to record any change in current amplitude in
macroscopic cell-attached patches. As demonstrated in Fig. 1A,
cotransfection of the ligase produced a decrease in peak current
amplitude as exemplified by applying a family of depolarizing
voltage steps in 10-mV increments for a patch containing
channel alone (Kv1.3) compared with one containing channel
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Fig. 1. Nedd4-2 ubiquitin ligase decreases Kv1.3 current amplitude in human embryonic kidney (HEK) 293 cells. A: representative cell-attached patch recordings
for a HEK 293 cell transfected with Kv1.3 alone (Kv1.3) compared with a cell transfected with Kv1.3 plus Nedd4-2 (+Nedd4-2). Patches were held at —90 mV
(V,) and stepped in 10-mV depolarizing steps (V,) until reaching +40 mV using a pulse duration (P,) of 100 ms. B: mean (£SE) current-voltage (I-V)
relationship for 5 representative patches recorded as shown in A using maximum current amplitude mapped in the region b. m, Kv1.3; O, + Nedd4-2. **P =
0.01, ***P = 0.001, two-way, mixed repeated measures ANOVA with Bonferroni’s post hoc test. C: mean (*SE) I-V relationship for 5 representative patches
recorded as shown in A using maximum tail current amplitude mapped in the region c to determine voltage at half-activation (V,,,). Plot is fit with a Boltzman
relation. **P = 0.01, significantly different V,,, Student’s ¢-test. D: bar graph of the mean peak current amplitude (mean * SE) for a number of recorded patches
as in A as noted. Values are normalized to that of the Kv1.3 alone transfected condition. Solid bar, channel; open bar, plus ligase. *P = 0.05, **P = 0.01,

Student’s t-test within Shaker subfamily member.
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plus ligase (+Nedd4-2). Inclusion of the ligase significantly
reduced the peak current amplitude at depolarizing potentials
[Fig. 1B; two-way mixed repeated ANOVA with transfection
condition and voltage as factors, F(1,104) = 6.09, P = 0.05,
n = 5]. While the degree of voltage dependence was not
altered in the presence of the ligase (k = 5.35 %= 0.19 mV for
Kv1.3 vs.5.26 = 0.29 mV for +Nedd4-2, Student’s ¢-test, P =
0.05, n = 10), the voltage at half-activation was right shifted
(Vip=-51.7%*1.8mV for Kvl.3 vs. =444 + 0.9 mV for +
Nedd4-2, Student’s t-test, P = 0.0067, n = 5; Fig. 1C).
Interestingly, in comparing other Shaker subfamily members
that expressed the LPxY/PPxY motif (Yang and Kumar 2010)
recognized by Nedd4-2 (Kvl.5) with those that did not
(Kvl.4), Nedd4-2 significantly decreased the peak current
amplitude for conditions incorporating the Kv1.3 or Kvl.5
channel but had no effect on those incorporating the Kvl.4
channel (Fig. 1D; significantly different by Student’s r-test,
a = 0.05 within channel construct; Kv1.3 P = 0.0016; Kv1.4
P =0.983, Kvl.5 P = 0.0186). The voltage at half-activation
was not significantly different for either Kv1.4 or Kv1.5, albeit
only the latter having a PY motif (V,,, = —42.8 = 1.1 mV for
Kv1.4 vs. —40.7 = 0.4 mV for + Nedd4-2, n = 4-6 patches;
Vip = —317 % 03mV for Kvl.5 vs. =29.1 £ 1.1 mV for +
Nedd4-2, n = 9-10 patches; not significantly different means,
Student’s r-tests, P = 0.05).

Ubiquitin ligase Nedd4-2 does not modulate kinetics of
Kvl1.3. Because channel kinetic properties can contribute to
changes in macroscopic current amplitude, we tested whether
cotransfection of the ligase was additionally modulating the
kinetics of inactivation or deactivation of Kv1.3. Patches were
held at —90 mV (V,)) and stepped to a single depolarization
(V. = +40 mV) for a P, of 1,000 ms to allow proper kinetic
analysis. There was no significant change in either the 7, or
Tgeact fOI Kv1.3 in the presence of Nedd4-2 (1, = 740 = 65
ms for Kv1.3 vs. 723 = 81 ms for Kv1.3 + Nedd4-2; 7., =
1.6 £ 0.9 ms for Kv1.3 vs. 1.8 = 0.9 ms for Kv1.3 + Nedd4-2,
Student’s r-test, P = 0.05, n = 20 to 30 patches), which can
also be visibly compared through normalization of the inacti-
vating or deactivating portions of the recorded currents (Fig. 2,
A and B). Additionally Kv1.3 exhibits cumulative inactivation
with repetitive voltage-activation (Marom et al. 1993; Cook
and Fadool 2002); however, unlike with phosphorylation-
dependent Kv1.3 modulation (Cook and Fadool 2002), we did
not measure any modulation attributable to a change in cumu-
lative inactivation kinetics in the presence of Nedd4-2 (Fig. 2,
C-F). Here, patches were held at —90 mV (V},) and stepped to
aV,= +40mV for 12 sweeps (n) using a P4 of 1000 ms while
varying the interpulse interval between sweeps (f) (Fig. 2, C
and D). Currents at each sweep (1) were normalized to that
observed at the first sweep (/,), or 1,/I,, to compare the fraction
of the Kv1.3 channels that were caught in the inactivated state
following voltage restimulation (7). The fraction of channels
not inactivated using a t = 5-10 s fell to ~75% for both Kv1.3
and Kv1.3 + Nedd4-2 containing patches and dropped to
50-60% for both transfection conditions using a t = 2 s (Fig.
2, E and F). A semi-log plot of 7 vs. I,,/I; demonstrated no
effect of the presence of Nedd4-2 on the point at which () half
the channels were in their inactivated state when fit with a
logistic sigmoidal relation (Student’s #-test, P = 0.9937).
These data inferred that the biophysical changes in Kv1.3
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protein were likely attributable to changes in channel density or
degradation of Kv1.3 from the membrane surface.

Kv1.3 channel density is dependent on ligase activity. We
tested whether the active site of Nedd4-2 was required for
Kv1.3 current modulation by substituting Nedd4-2CS
(“3¥Nedd4-2), in which the catalytic site of the ligase is
destroyed by point mutation of a cysteine residue (Henke et al.
2004). Under these conditions, cotransfection of Kv1.3 plus
Nedd4-2CS failed to decrease current amplitude of the channel
(Fig. 3). Because kinetic and voltage dependence changes were
not observed in the presence of wild-type Nedd4-2 (Fig. 2) and
changes in voltage-activation were modest (Fig. 1C), only
current magnitude was further examined. Inclusion of the
mutant ligase significantly failed to reduce the peak current
amplitude at depolarizing potentials as was observed with the
wild-type Nedd4-2 ligase [Fig. 3B; two-way mixed repeated
ANOVA with transfection condition and voltage as factors,
F(1,689) = 8.791, P = 0.05]. Similarly, when comparing
current amplitude at +40 mV, the addition of mutant ligase
was not significantly different than that of Kv1.3 alone [Fig.
3C, one-way ANOVA with transfection condition as the factor,
F(2,53) = 9.166, P = 0.05]. Moreover it was possible to block
the modulation of Kv1.3 by wild-type Nedd4-2 if we preincu-
bated cotransfected HEK293 cells with the proteasome inhib-
itor Mg-132. Here, cotransfected cells were treated with 0, 4, or
8 uM Mg-132 for 12 h before electrophysiological measure-
ments. Representative single step, voltage-activated currents
are demonstrated in Fig. 4A. There was significant relief in the
suppression of Kv1.3 current by Nedd4-2 following protea-
some inhibitor treatment that was dose dependent; at 8§ uM
Mg-132, patches of the Kv1.3 plus Nedd4-2 cotransfection
condition exhibited a peak current magnitude that was not
significantly different than that of the Kv1.3 alone condition
[Fig. 4B; one-way ANOVA, SNK, F(3, 78) = 5.159, P =
0.05]. Because the solvent for Mg-132 was 0.1% DMSO, a
subsample of Kv1.3 plus Nedd4-2 cotransfected cells were also
treated with DMSO using the same 12-h preincubation, but this
treatment did not modify peak current magnitude compared
with control bath treated cells (Student’s t-test, n = 7, P =
0.7694). These data indicate that interaction of Nedd4-2-
ubiquinated Kv1.3 must interact with the multicatalytic pro-
tease to initiate degradation of the channel linked to decreased
functional density and subsequent current downregulation.

The adaptor protein Grb10 may deregulate ubiquitination of
Kvi.3. Because we have previously reported Grbl0 interfer-
ence of kinase-induced modulation of Kv1.3 (Cook and Fadool
2002) and others have reported a Grb10/Nedd4 complex that
may form a bridge between Nedd4 and tyrosine kinases (Vec-
chione et al. 2003), we wondered whether this adaptor protein
might modulate the functional interaction between the channel
and the ligase. We tested a transfection scheme in which Grb10
plus Nedd4-2 + Kv1.3 was compared with Nedd4-2 + Kv1.3
alone. The addition of Grbl0 adaptor protein decreased the
ligase-induced suppression of Kv1.3 current (Fig. 5A). Addi-
tion of Grb10 to the Kv1.3 + Nedd4-2 cotransfection condition
exhibited an /-V relation that was not significantly different
than that of Kv1.3 alone [Fig. 5B, two-way mixed design
repeated ANOVA, Bonferroni’s post hoc test, F(2, 767) =
14.88, P = 0.05]. When comparing current amplitude at +40
mV, the addition of Grb10 plus Nedd4-2 was not significantly
different than that of Kv1.3 alone [Fig. 5C, one-way ANOVA
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Fig. 3. Mutation of the catalytic site of Nedd4-2 (Nedd4-2CS) renders the ligase ineffective in modulating Kv1.3 current amplitude. A and B: same voltage
paradigm, I-V plot, and statistical design as in Fig. 1, A and B, except substitution of a Nedd4-2 ligase with a cysteine to serine point mutation (“****Nedd4-2)
known to disrupt all catalytic activity of the ligase. m, Kv1.3; O, + Nedd4-2; half-filled circle, +Nedd4-2CS. C: bar graph of the mean (*£SE) current amplitude
for the —90- to +40-mV step for a number of patches as noted. Solid bar, channel (Kv1.3); open bar, channel plus wild-type ligase (+Nedd4-2); hatched bar,
channel plus mutant ligase (+Nedd42C-S). ***P = 0.001, one-way ANOVA, Student-Newman-Keuls (SNK) post hoc test.

with transfection condition as the factor, F(2,59) = 14.42, P = extracellular myc sequence was inserted between the S1 and S2
0.05]. We reasoned that the increased current density of the transmembrane domain (Colley et al. 2009), we probed the
channel under these conditions could be attributed to the expression of Kv1.3 channel and found that it decreased in the
reported SH2 domain of Grbl0 binding to the C2 domain of presence of Nedd4-2 or Grbl0O (Fig. 6, B-D). The Kvl1.3
Nedd4-2 (Vecchione et al. 2003) that would lessen its ability to  channel could be immunopreciptated using anti-myc, separated
ubiquinate Kv1.3, or Grb10 interaction with Kv1.3 (Cook and by SDS-PAGE, and then probed with FSU-120 (Fig. 6B) to
Fadool 2002; Colley et al. 2009) could interfere with Nedd4-2  visual a decrease in channel pixel density in the presence of
ubiquination of Kv1.3. In either instance, it was important to  Nedd4-2 (M vs. MN). When Nedd4-2 plus Grb was cotrans-
determine biochemically the ability of the ligase to ubiquinate fected with the channel, however, the channel pixel density
its target. We therefore decided to probe protein-protein inter- was comparable to that of channel alone (M vs. MNG). As we
actions of the potential signaling partners involved and confirm  reported previously, we observed a decrease in Kv1.3 expres-
degree of potential ubiquitination of Kv1.3 with the availability  sion when cotransfected with Grb10 alone (Colley et al. 2009),
of specific protein partners. which was further decreased if coexpressed with Nedd4-2

Protein-protein interactions in a channel/adaptor/ligase lacking the catalytic site of the ligase (Nedd4-2CS; D, Dead
signalplex. We generated a Kv1.3 specific antisera as previ- Nedd4-2) (Fig. 6B). When we further explored whole cell
ously designed (called FSU-120) (Tucker and Fadool 2002) lysates for the expression of Kv1.3 channel in the presence of
and optimized its working dilution range for Kv1.3-transfected  wild-type vs. catalytically inactive Nedd4-2, Kv1.3 expression
HEK 293 cells by Western blot analysis (Fig. 6A4). Using both  was significantly less in the presence of wild-type Nedd4-2 (M
this antisera as well as an epitope-tagged strategy whereby an  vs. MN). This reduction was slightly relieved when the Nedd4-

Fig. 2. Nedd4-2 ligase does not affect kinetic properties of Kv1.3 ion channel. A and B: recorded cell patches held at V, = —90 mV and stepping to a single
step depolarization (V,) using a P4 of 1000 ms. Traces are normalized to the peak current amplitude or peak tail current to better visualize the rate of the kinetics
of inactivation (A) or deactivation (B), respectively. Representative of n = 20-30 such recordings. C and D: recorded cell patches using the voltage paradigm
in A and then modifying the interpulse interval, #, as indicated. Example traces were taken from cells transfected with Kv1.3 alone. E: line graph of the mean
(£SE) current for cell-attached patches recorded after applying the voltage paradigm in C and varying ¢ as noted for 5 to 8 Kv1.3 transfected cells (Kv1.3). Data
are normalized to the peak current amplitude at pulse number (n) over that of the initial amplitude for a given ¢ (1,/I,). F: same as E, but for Kv1.3 + Nedd4-2
transfected cells (+Nedd4-2). G: log graph of the mean (£SE) I,,/I, for 5 patches fit with a logistic sigmoidal relation. ®, Kv1.3 alone; m, Kv1.3 + Nedd4-2.
P = 0.05, not significantly different inactivation 7 at half-max, Student’s r-test.
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Fig. 4. The protease inhibitor Mg-132 disrupts Nedd4-2-induced Kv1.3 current suppression. A: representative voltage-activated currents elicited from three
different HEK 293 cells cotransfected with Kv1.3 plus Nedd4-2 and which had been preincubated for 12 h with various concentrations of Mg-132. V,, = —90
mV, V., = +40mV, Py = 1000 ms, ¢ = 60 s. The 0 Mg-132 condition applied the concentration of DMSO used as a solvent for the other inhibitor treated patches.
A Kv1.3 alone trace (without ligase and without inhibitor) is shown as a comparison. B: bar graph of the mean voltage-activated currents (mean * SE) for a
number of patches recorded with noted inhibitor concentrations. *P = 0.05, **P = 0.01, one-way ANOVA with SNK post hoc test; n = number of patches.

2CS was substituted for wild-type Nedd4-2; however, the pixel
immunodensity of the channel remained significantly less than
that of Kv1.3 transfection condition alone [Fig. 6C-D, one-way
ANOVA, SNK, F(5,33) = 12, P = 0.0001]. Interestingly,
Nedd4-2 expression appeared to be increased when Grbl0

A
Kv1.3

AN

adaptor was coexpressed with the channel, regardless of
whether the ligase was catalytically active or not [Fig. 7, A and
B, one-way ANOVA, SNK, F(4,18) = 4.71, P = 0.016]. As
has been previously reported by others (Vecchione et al. 2003;
Huang and Szebenyi 2010), we were able to reciprocally
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Fig. 5. Adaptor protein Grb10 decreases Nedd4-2-induced Kv1.3 current suppression. A—C: same voltage paradigm, /-V plot, bar graph plot, and statistical
designs as in Fig. 3, except comparing Nedd4-2 alone (+Nedd4-2) vs. Nedd4-2 plus Grb10 (+Nedd4-2 + Grb10) modulation of Kv1.3 current (Kv1.3). Solid
bar, channel (Kv1.3); open bar, channel plus ligase (+Nedd4-2); hatched bar, channel, ligase, and adaptor protein (+Nedd4-2 + Grb10). ***P = 0.001, one-way
ANOVA, Student-Newman-Keuls (SNK) post hoc test.
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Fig. 6. Coexpression of Nedd4-2 with Kv1.3 causes a decreased expression of the channel, which can be relieved with the addition of Grbl10 adapter protein.
A, Western blot of a homogeneous front of cell lysates (Lysates) prepared from HEK 293 cells transfected with Kv1.3 channel (K). Proteins were separated by
10% SDS-PAGE and electrotransferred to nitrocellulose. Nitrocellulose blots were probed with antiserum generated against the Kv1.3 COOH terminus (see text,
anti-FSU120) at the noted dilutions ranging from 1:800 to 1:10,000. M, = 58 kDa for the Kv1.3 channel (Kv1.3), also visible are the high molecular weight
multimers of the 4 channel subunits (HMW Kv1.3i, > 200 kDa). B: same separation strategy as in A, but where individually transfected samples are first
immunoprecipitated (IP) with anti-myc (1:400), separated by SDS-PAGE, and then blotted with anti-FSU-120 (1:1,000). C: same separation strategy as in A,
but lysates are probed for anti-myc (1:400) or anti-actin (1:800). Bars above Western blot indicate repeated transfection plan of 2 different trial sets. M,
Myc-tagged Kv1.3 channel; N = Nedd4-2; G, Grb10; D, dead Nedd4-2 (Nedd4-2CS). D: bar graph of the normalized immunodensity values of the collective
protein bands and correlate sample size for the noted transfection conditions. *P = 0.05, **P = 0.01, ***P = 0.001, one-way ANOVA with SNK post hoc test;
n = number of transfection samples. Dashed line, immunodensity value for Kv1.3 transfected condition alone.
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coimmunoprecipitate Nedd4-2 and Grb10 adaptor protein and
did not observe a significant reduction in this association when
all three constructs were cotransfected and the ligase catalytic
site. was inactive [KNG vs. KDG; Fig. 7C, D, one-way

OF KV1.3 CHANNEL

reciprocally coimmunoprecipitate the channel and Nedd4-2,
indicating there was a protein-protein interaction between the
channel and the ligase (Fig. 7E, F). This interaction appeared
to be enhanced in the presence of Grbl0 adaptor when the

ANOVA, F(7,23) = 0.85, P = 0.56]. It was possible to channel was immunoprecipitated and then probed for ligase
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interaction. This signalplex was dependent on activity of the
catalytic site of Nedd4-2, but this did not reach statistical
significance [MNG vs. MDG; Fig. 7, E and F; IP myc, blot
Nedd: one-way ANOVA, F(4,14) = 2.0, P = 0.18; IP Nedd,
blot myc: one-way ANOVA, F(4,19) = 1.204, P = 0.35]. An
endogenous low expression of ligase and adaptor protein was
observed in the HEK293 cells that was apparent under trans-
fection conditions lacking Nedd4-2 or Grbl0 (Fig. 7, A-E).
Therefore, Kv1.3/Nedd4-2 can form a signaling complex re-
gardless of the presence of Grb; however, the strength of the
association trended to vary with the presence of Grb or the
catalytic activity of the ligase.

The proline-rich motif, 493PQTPF498, is not required for
channel-ligase interaction or functional modulation. We had
previously identified that the PxxPx sequence at 493-498
functionally perturbed postsynaptic density 95 (PSD-95) mod-
ulation of insulin-induced Kv1.3 current suppression (Marks
and Fadool 2007) even though it was not required for PSD-
95/Kv1.3 protein-protein interaction. Given that this same
motif can serve as a binding site for Nedd4-2 and could
correspond well with the spatial constraints of the COOH-
terminal lysines (Mattiroli and Sixma 2014), we examined
whether Kv1.ASH;C and Nedd4-2 could be coimmunoprecipi-
tated (Fig. 8, A and B). We were able to reciprocally coimmu-
nprecipitate the Kvl.ASH,;C and the ligase, indicating that the
PxxPx sequence was not required for channel/ligase interaction
[not significantly different pixel densities, one-way ANOVA,
SNK, F(5,23) = 0.69, P = 0.64]. Destruction of the proline-
rich SH; recognition motif in the channel also did not interfere
with the ability of Nedd4-2 to decrease Kv1.3 channel density
[Fig. 8C, one-way ANOVA with transfection condition as the
factor, Bonferroni’s post hoc test, F(2, 75) = 6.86, P =
0.0019]. The combination of the biochemical and electrophys-
iological results infer that there must be a noncanonical site for
channel/ligase interaction that does not involve this SH; rec-
ognition motif.

Lysines 467, 476, and 498 are potential targets of Kvl.3
ubiquitination. Despite lack of experimental evidence for
PxxPx at Kv1.3 residues 493—-498 to allow protein-protein
interaction between the channel/ligase via Nedd4-2 WW do-
main, the strongest prediction of protein ubiquitination site
using the UbPred (Rockefeller University) still resided adja-
cent to this site at three lysines in the COOH-terminal, with a
probability greater than 70% of being ubiquitinated (467-70%,
476-91%, and 498-91%). We therefore cotransfected our gen-
erated triple-point mutant channel (KRC Kv1.3) with Nedd4-2
to determine if removal of all three putative lysine residues in
proximity to the proline-rich, COOH-terminal region (Fig. 9)
would disrupt Nedd4-2 modulation of Kv1.3 current. As dem-

onstrated in Fig. 8D, cotransfection of Nedd4-2 plus KRC
Kv1.3 no longer decreased peak current amplitude (not signif-
icantly different, paired #-test, P = 0.05), indicating that this
lysine cluster was essential for ubiquitination. Change in the
ability of Nedd4-2 to decrease current density of KRC Kv1.3
did not affect protein-protein interaction of the ligase and the
channel. KRC Kv1.3/Nedd4-2 could be reciprocally coimmu-
noprecipitated as shown in Fig. 8, A and B, despite its lack of
ability to be modulated (Fig. 8D). The combination of these
biochemical and electrophysiological results infers that strong
interaction in the COOH-terminal SH; recognition motif was
not necessary for lysine-targeted functional modulation.

DISCUSSION

We have demonstrated that it is possible to downregulate
Kv1.3 channel density through activation of an E3 ubiquitin
ligase and that inhibition of the protease pathway or mutation
of the Nedd4-2 catalytic site prevents Kv1.3 modulation. The
fact that an additional endogenous pathway for regulating
Kv1.3 current has been uncovered may allow a unique mech-
anism to fine tune olfactory discrimination and the detection of
metabolic cues at the level of the olfactory bulb.

Nedd4-2 modulation of Kv1.3 occurs by ubiquitination of
the protein in preparation for its degradation by lysosomes so
that it cannot contribute to membrane excitability. Because the
design of our experiments used a cotransfection scheme, we do
not know the time course of modulation by Nedd4-2; however,
there are some interesting comparisons to other channel mod-
ulators. Kv1.3 is a substrate or target for multiple signaling
proteins that modulate its biophysics in a time and metabolic
state-dependent manner (Tucker and Fadool 2002; Marks et al.
2009; Fadool et al. 2011). While several kinases are known to
phosphorylate the channel, phosphorylation does not appear to
degrade Kv1.3 but rather decreases current amplitude through
a conformational change, likely attributable to the addition of
the phosphate moiety. In fact, the decreased current amplitude
can be slowly reversed within the duration of a patch-clamp
recording through application of kinase inhibitors (Fadool and
Levitan 1998), so it is unlikely that modulation by phosphor-
ylation is due to protein degradation. Other sources of Kv1.3
modulation are too rapid for protein degradation, occurring
within minutes and completely reversible upon application of a
wash, such is found with glucose or glucagon-like peptide
(Tucker et al. 2013; Thiebaud et al. 2016). Modulation by
Nedd4-2 additionally only alters current amplitude, consistent
with a degradative process, unlike that found with phosphor-
ylation or attributable to auxiliary subunits, which are known
to affect kinetic processes (Bowlby et al. 1997; Cook and
Fadool 2002; Pongs and Schwarz 2010).

Fig. 7. Grb10 adaptor protein enhances expression of Nedd4-2; Nedd4-2 forms a protein-protein interaction with Grb10 and with Kv1.3. A: protein separation
strategy, Western blot, and transfection abbreviations as in Fig. 6. Nitrocellulose blots were probed with antiserum directed against Nedd4-2 (anti-Nedd, 1:2,000
dilution), M, = 115 kDa. Note the increased expression of Nedd4-2 in the presence of Grb10 regardless of whether the catalytic site of the ligase was present
or not (MNG vs. MGD). Note also a lower, doublet degradation product at 55/60 kDa, recognized by the manufacturer of the antibody. B: bar graph of the
normalized immunodensity values of the collective protein bands for 4 experiments performed as in A; transfection conditions as noted. *P = 0.05, **P = 0.01,
one-way ANOVA with SNK post hoc test. Dashed line, immunodensity value for Kv1.3 transfected condition alone. C: prepared lysates were either
immunoprecipitated (IP) with Grb10 antibody (IP: anti-Grb10) and then blotted with Nedd4-2 (Blot: anti-Nedd, 1:2000), M, = 115 kDa; or the reciprocal (IP:
anti-Nedd/Blot: anti-Grb10, 1:800), M, = 60 kDa. Input was also probed with anti-actin (1:800). D: bar graph of the normalized immunodensity values for three
experiments performed for IP: anti-Nedd/Blot: anti-Grb10 as in C; notation and statistical analysis as above, not significantly different, P = 0.05. E: prepared
lysates were immunoprecipitated with myc antibody (IP: anti-Myc) and then blotted with Nedd4-2 (Blot: anti-Nedd, 1:2000), M, = 115 kDa; or the reciprocal
(IP:anti-Nedd/Blot: anti-Myc, 1:400), M, = 58 kDa. Input was also probed with anti-actin (1:800). F: bar graph of the normalized immunodensity values for three
experiments performed for each type of IP shown in E. Notation and statistical analyses as above, not significantly different, P = 0.05.
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Fig. 8. Nedd4-2 and Kv1.3 form a protein-protein interaction that is not dependent on the SH; recognition motif, PQTPF even though destruction of neighboring
ubiquination targets (K) causes a loss of Nedd4-2-evoked decrease in channel density. A: prepared lysates were either immunoprecipitated (IP) with Kv1.3
antibody (IP: anti-FSU-120) and then blotted with Nedd4-2 (Blot: anti-Nedd, 1:2,000), M, = 115 kDa; or the reciprocal (IP: anti-Nedd/Blot: anti-FSU-120,
1:1,000), M, = 58 kDa. Input was also probed with anti-actin (1:800). K, Kv1.3; KN, Kv1.3 plus Nedd4-2; SH3, Kv1.ASH;C; SH3-N, Kv1.ASH,C plus Nedd4-2;
KRC, triple point channel mutation of K to R at residues 467, 476, 498; KRC-N, triple point channel mutation plus Nedd4-2. B: bar graph of the normalized
immunodensity values of the collective protein bands for four experiments performed for IP: anti-Nedd/Blot: anti-FSU-120 as in A; notations and statistical
analysis as in Fig. 7, not significantly different, P = 0.05. C: bar graph of the mean (£SE) current amplitude recorded for patches stepped from —90 to +40
mV as in Fig. 3C but substituting Kv1.3 channel lacking the COOH terminal PY recognition motif. Solid bar, Kv1.ASH;C; open bar, Kv1.ASH,C plus wild-type
ligase (+Nedd4-2); hatched bar, Kv1.ASH;C plus mutant ligase (+Nedd4-2CS). **P =< 0.01, one-way ANOVA, SNK post hoc test. D: bar graph as in C, but
substituting Kv1.3 channel lacking the 3 K residues at 467, 476, and 498. Solid bar, KRC Kv1.3; open bar, KRC Kv1.3 plus ligase (+Nedd4-2). P = 0.05,

Student’s z-test.

Nedd4-2 has been demonstrated to regulate the membrane
availability of a number of ion channels (Bongiorno et al.
2011). This includes a variety of voltage-dependent ion chan-
nels suchas Na 1.1, 1.2, 1.3, 1.5, 1.6, 1.7, and 1.8 that contain
the typical PY motif (Fotia et al. 2004; Rougier et al. 2005) and
voltage-dependent chloride channels like CIC-2 and CIC-5 that
display alternative recognition sequences (Palmada et al. 2004;
Rickheit et al. 2010). Structurally, Nedd4-2 contains an NH,-
terminal Ca-dependent membrane translocation domain (C2
domain) and a COOH-terminal catalytic domain named HECT
domain (Fig. 9). This domain binds specific E2 enzymes,
accepts ubiquitin from E2 to form an ubiquitin-thioester inter-
mediate with the HECT active cysteine (C703 in human
Nedd4-2), and then transfers ubiquitin to either the g-amino
groups of lysine side chains of the substrate or to the growing
end of multiubiquitin chains (Huang et al. 1999). Between C2
and HECT domains, Nedd4-2 contains three or four trypto-
phan-rich domains (WW domains) important for protein-pro-
tein interaction and target recognition via the proline-rich (PY)
motifs of the substrate protein (Lu et al. 1999) (Fig. 9). Kv1.3
does not have the typical PPxY motif; therefore, another site
may be involved that would permit protein-protein interactions

of the channel and the ligase as observed in our reciprocal
coimmunoprecipitation experiments. The accessible PQTPF
motif (493—498) in the COOH-terminal domain of Kv1.3 was
the most suspected target for interaction due to the adjacency
of three K amino acids that could subserve the ubiquitination
function. Because our mutagenesis data indicate that
Kv1.ASH;C and Nedd4-2 can coimmunoprecipitate without
any functional disruption of Nedd4-2-induced reduction in
Kv1.3 channel density, this SH; recognition motif is not nec-
essary for association to allow channel downregulation. This
suggests that Kv1.3 utilizes an atypical or alternative binding
motif for interaction (Lu et al. 1999; Ingham et al. 2004;
Persaud et al. 2009; Yang and Kumar 2010). This would not be
unexpected given that several Kv7.x family members have
been found to be regulated by Nedd4-2 via the channel COOH-
terminus (Jespersen et al. 2007). Kato et al. (2005) have shown
that inhibition of the proteasome complex increases Kvl1.5
current secondary to channel protein stabilization. Henke et al.
(2004) and Boehmer et al. (2008) report Nedd4-2-induced
ubiquitination of Kv1.3 and Kv1.5 respectively, demonstrating
a down regulation of current density as expressed in Xenopus
oocytes, but neither group mutagenized the suspected interac-
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Fig. 9. Schematic of Kv1.3, Nedd4-2, and Grb10 interactions. We propose a model by which Nedd4-2 can either A, interact with Kv1.3 channel to initiate
degradation and decrease channel density, or B, interact with Grb10 adaptor protein (Grb10) to prevent Kv1.3 loss of function. Nedd4-2 contains an NH,-terminal
Ca-dependent membrane translocation domain (C2 domain), a COOH-terminal catalytic domain named HECT domain (homologus to the E6-AP carboxy
terminus), and tryptophan-rich domains (WW). In A, the E2 ubiquitin ligase (E2) transfers ubiquitin (Ub) to Nedd4-2 by binding to the HECT domain. The WW
domain would be predicted to interact with Kv1.3 at the atypical, proline-rich PY motif, PQTPF, or a nearby alternative motif (arrow) that would allow transfer
of ubiquitin to one of the nearby lysine targets (K; 467, 476, 498). Once tagged with ubiquitin, Kv1.3 is pulled out of the cell membrane and trafficked to the
proteasome for degradation, thereby resulting in a loss of current and channel density. Our data demonstrate that mutation of the proline-rich PY motif does not
interfere with Kv1.3/Nedd4-2 protein-protein interaction, inferring Nedd4-2 binding must be retained at an alternative location that still permits access to the K
residues for transfer of ubiquitin. Mutation of the K targets prevents the reduction of Kv1.3 current and channel density by Nedd4-2. In B, the SH, domain of
Grbl10 could bind the C2 domain of Nedd4-2, thereby preventing the WW domain of Nedd4-2 from interacting with Kv1.3 and tagging the channel for

degradation. With this protein-protein interaction between ligase and adaptor, the channel has no loss of current or channel density.

tion site or target K. Interestingly, sequence comparison be-
tween Kv1.3 and Kvl.5 demonstrates that Kv1.5 has two
repeats of proline-rich binding motifs between 65 and 73 and
76 and 82 in the NH, terminus that reflect high confidence of
ubiquitination using the UbPred Software (47-90% and 52—
86%). Given the fact that we and others (Boehmer et al. 2008)
do not observe a shift in the voltage at half-activation (V,,) for
Kv1.5 (Steidl and Yool 1999) in the presence of Nedd4-2 but
we record a significant right shift in V,,, for Kv1.3, this would
be consistent with a Kvl.3/ligase interaction in the COOH
terminus that is closer to the pore and voltage sensor as
opposed to a Kvl.5/ligase interaction occurring in the NH,-
terminal region far removed from channel domains regulating
conductance. Previous work by Holmes et al. (1996) has also
demonstrated protein-protein interactions for Kv1.5 involving
these same N terminal, proline-rich binding motifs as recogni-
tion motifs for SH; domain-containing proteins that are not
recognized as interaction motifs in Kv1.3.

In addition to the Nedd4.2/Kv1.3 interaction, Grb10 adaptor
is expressed in brain regions of high Kv1.3 protein expression
(Colley et al. 2009) and the three could serve as a signalplex.
Huang and Szebenyi (2010) recently reported the structural
basis of how Grbl0 forms a complex with Nedd4-2. It is
possible in our study that Grb10 might form a protein complex
with Nedd4-2 that then renders Nedd4-2 ineffective to bind and
carry out ubiquitination of Kv1.3 (Fig. 9). This model of
interaction would be consistent with Nedd4-2 ability to de-
crease Kv1.3 current (and channel density) and its failure to do
so in the presence of Grb10. Due to the endogenous expression
of both ligase and adaptor protein in the HEK293 cell lines, our

current studies cannot exclude that Nedd4-2 may use Grb10 as
an adaptor to scaffold to the Kv1.3 channel; however, we do
not anticipate this to be the case because we have previously
failed to coimmunoprecipitate Grb10 and Kv1.3 (Colley et al.
2009).

Select degradation of Kv1.3 may afford a mechanistically
distinct method of regulating its involvement in metabolic
sensing or balancing of energy homeostasis. It is possible to
intranasally deliver Kv1.3 neuromodulators in vivo to deter-
mine their ability to change physiological processes by target-
ing Kv1.3 channels in the olfactory bulb (Marks et al. 2009).
While some of this work is still in progress, there are some
interesting comparisons that are coming to light as to whether
these delivered exogenous modulators have the capacity to
phenocopy the Kvl1.3-targeted deletion in terms of increased
metabolism or enhanced olfactory ability. A single administra-
tion of intranasal insulin causes robust phosphorylation of
Kv1.3 and can change known protein-protein interactions with
well-characterized adaptor proteins such as PSD-95 (Marks et
al. 2009). More chronic administration of intranasal insulin
modestly enhances olfactory discrimination, increases object
memory recognition, does not modify reversal learning, and
fails to significantly change body weight or total mass specific
metabolism (Bell and Fadool, 2015 AChemS Abstract). Alter-
natively, pilot studies in which the scaffold of Kv1.3 proteins
is not manipulated but rather delivery of peptide blockers of the
vestibule of Kvl1.3 is targeted cause enhanced mass specific
metabolism within a few days of delivery to the olfactory bulb
using osmotic minipumps (Tucker and Fadool, 2010 AChemS
Abstract). It would be interesting to intranasally deliver
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Nedd4-2 ligase as a means of degrading Kv1.3 channel and
associated protein partners in vivo to determine if removal of
the potassium channel protein could phenocopy the thin, obe-
sity-resistant mouse observed in the Kvl.3-targeted deletion
(Xu et al. 2003; Fadool et al. 2004; Tucker et al. 2012a,b;
Thiebaud et al. 2014). Moreover, because Kv1.3 channel
blockers have been systemically demonstrated to decrease
body weight, prevent fatty liver disease, and prevent adipose
deposition in diet-induced obese models (Upadhyay et al.
2013), having a targeted means of degrading channel protein
through ubiquitination may afford a global route of balancing
energy homeostasis outside the signaling complex operational
in the olfactory bulb.
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