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Abstract

\Voltage-gated potassium (Kv) channels control myocardial repolarization. Pore-forming Kva
proteins associate with intracellular Kvf subunits, which bind pyridine nucleotides with high
affinity and differentially regulate channel trafficking, plasmalemmal localization and gating
properties. Nevertheless, it is unclear how Kvp subunits regulate myocardial K* currents and
repolarization. Here, we tested the hypothesis that Kvp2 subunits regulate the expression of
myocardial Kv channels and confer redox sensitivity to Kv current and cardiac repolarization. Co-
immunoprecipitation and /7 situ proximity ligation showed that in cardiac myocytes, Kvp2
interacts with Kv1.4, Kv1.5, Kv4.2, and Kv4.3. Cardiac myocytes from mice lacking Kcnab2
(Kvp27~) had smaller cross sectional areas, reduced sarcolemmal abundance of Kva binding
partners, reduced ly, Ik siow1, @nd Ik siow2 densities, and prolonged action potential duration
compared with myocytes from wild type mice. These differences in KvB2~/~ mice were associated
with greater P wave duration and QT interval in electrocardiograms, and lower ejection fraction,
fractional shortening, and left ventricular mass in echocardiographic and morphological
assessments. Direct intracellular dialysis with a high NAD(P)H:NAD(P)* accelerated Kv
inactivation in wild type, but not Kvp2~/~ myocytes. Furthermore, elevated extracellular levels of
lactate increased [NADH]; and prolonged action potential duration in wild type cardiac myocytes
and perfused wild type, but not KvB2~/~, hearts. Taken together, these results suggest that Kvp2
regulates myocardial electrical activity by supporting the functional expression of proteins that
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generate i, and Ik sjow, and imparting redox and metabolic sensitivity to Kv channels, thereby
coupling cardiac repolarization to myocyte metabolism.
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Introduction

The mammalian heart depends upon the coordinated function of voltage-gated K* (Kv)
channels for precise control of electrical activity and myocardial contractility. In cardiac
myocytes, several types of Kv channels conduct outward K* currents that collectively
determine the amplitude and the duration of the action potential [1, 2]. The importance of
proper Kv channel function to cardiac electrophysiology is underscored by the robust
association of human arrhythmias with gain-of-function and loss-of-function mutations in
Kv channel encoding genes [3, 4], and deficits in ventricular repolarization in mice with
genetic ablation of Kv subunits [5-7]. These associations support the notion that the
regulation of Kv channel function is important for normal repolarization of the cardiac
action potential and that even small alterations in Kv conductance could profoundly impact
cardiac repolarization and increase the propensity for developing arrhythmias.

Members of the Kv family are multi-protein complexes consisting of pore-forming
heterotetramers that variably associate with intracellular auxiliary subunits, such as Kvp,
KChAP, KChIP and MinK, which differentially modulate Kv gating [8]. Members of the
Shaker (Kv1) and Shal (Kv4) families contribute to both early and late phases of myocyte
repolarization and are known to associate with Kvp subunits [9, 10]. Studies in neurons and
heterologous expression systems have shown that the Kvp proteins (Kvp1-3) bind to the
intracellular domain of the channel pore-forming subunits and regulate Kv trafficking and
membrane expression [11-13], subcellular localization [14, 15], and channel gating [16-19].
Previous work has shown that Kvp1 and Kvp3 subunits impart rapid N-type inactivation to
otherwise non-inactivating members of the Kv1 family, whereas Kvp2 lacks the N-terminal
domain responsible for rapid inactivation, and therefore, unlike Kvp1/3, does not impart N-
type inactivation to Kv1 channels. Nonetheless co-expression of Kvp2 with Kv channels
accelerates inactivation and shifts the voltage-dependence of the activation of Kv1.4 and
Kv1.5 channels [8].

Mammalian Kvf proteins are members of the aldo-keto reductase (AKR) superfamily
(AKR6A), which are functional oxidoreductases that bind pyridine nucleotides with Ky
values in the low micromolar range [20, 21] and catalyze the reduction of a wide range of
carbonyl substrates [22—24]. Although the physiological significance of the catalytic
function of Kvp proteins remains unclear, the redox status of the pyridine nucleotide bound
to Kvp regulates Kva/p interactions and gating. Hence, regulation of Kv gating by the redox
status of pyridine nucleotides bound to Kvp may facilitate communication between
intermediary metabolism and membrane excitability. Nevertheless, the physiological role of
Kvp in regulating native Kv channels in the heart remains unclear.
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The adult mouse ventricle expresses Kvp1.1, Kvp1.2, and KvB2 proteins; however, in
ventricular lysates, Kvp1 predominantly co-immunoprecipitates with Kv4.2 and Kv4.3
proteins, rather than members of the Kv1 family [25]. Loss of Kvp1 reduces sarcolemmal
abundance of Kv4.3 and suppresses ly ast, While the functional expression of Kv1.5 is not
affected. However, the myocardial role of Kvp2 remains obscure. A recent study identified
several rare genetic variants of the KCNABZ gene, which encodes Kvf2, in a subset of
patients exhibiting electrocardiographic features of Brugada syndrome [26]. Two variants
(R12Q and L13F) were found to significantly increase K* current density upon coexpression
with Kv4.3, underscoring the potential physiological and clinical significance of Kvp2 in
supporting functional Ik in cardiac myocytes. Nevertheless, the binding partners of Kvp2
have not been identified and it remains unclear how the expression of Kvp2 modifies Kv
currents in the heart. Hence, in the current study, we tested the hypothesis that Kvp2 binds to
native cardiac Kv1 and Kv4 proteins and regulates the currents mediated by these channels.
Moreover, using genetically engineered mice lacking KcnabZ2, we tested whether ablation of
Kvp2 impacts the pyridine nucleotide sensitivity of cardiac repolarization.

Ethical approval

All animal procedures were conducted as approved by Institutional Animal Care and Use
Committees at the University of Louisville and the University of South Florida, in
accordance with guidelines set by the National Institutes of Health.

Animals and isolation of cardiac myocytes

Mice in which the Kcnab2 gene was ablated (KvB2~/~; obtained from investigators in [9,
27]) and strain-matched wild type (mixed C57BL/6 x 129/SvEv) mice (25-30 g body mass)
were bred in house and fed normal rodent chow ad /ibitum. Male mice, 12—-24 weeks of age,
were administered heparin (10,000 U/kg; I.P.) prior to euthanasia by sodium pentobarbital
(150 mg/kg; 1.P.). Hearts were excised and left ventricular and septal myocytes were isolated
as previously described [28]. Briefly, hearts were perfused with Tyrode’s solution containing
(in mM): 126 NaCl, 4.4 KCI, 1 MgCl,, 18 NaHCO3, 4 HEPES, 11 glucose, 20 2,3-
butanedione monoxime, and 30 taurine (pH 7.4), followed by digestion with Liberase TH
enzyme blend (0.28 mg/mL; Roche, Indianapolis, IN) for ~8 min. After perfusion, the hearts
were minced using fine forceps, followed by gentle trituration. Cell suspensions were then
filtered through 100 um pore mesh to remove undigested tissue, and isolated myocytes were
allowed to settle by gravity (20 min). Myocytes were then sequentially resuspended and
pelleted in Tyrode’s solution (5x) containing increasing [Ca%*], (up to 0.5 mM). Cells were
kept at 4°C, and used within 12 h of isolation.

Echocardiography

Transthoracic echocardiography data were acquired in a blinded manner using a Vevo 770
echocardiography system (VisualSonics), as described previously [29-31]. For the
procedure, the mice were anesthetized (2.0% isoflurane induction, 1.0-1.5% maintenance)
and placed chest up on an examination board. Body temperature was monitored
continuously and maintained at 36.5-37.5 °C with a rectal thermometer interfaced with a
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servo-controlled heat lamp. Two-dimensional images of the parasternal long axis were
captured at 100 fps using a 707-B (30 MHz) scan head. The same anatomical position was
used for M-mode imaging. All echocardiographic data were obtained from at least five
independent cardiac cycles per experiment.

Electrocardiography

Mice were anesthetized with isoflurane (1-2%) and telemetric transmitters were implanted
in the abdominal cavity with one lead placed under the right clavicle and the other at the left
side of the xiphoid cartilage. ECG recordings were acquired three days after surgery. Data
were sampled at 1000 Hz using DSI software (Dataquest A.R.T. System) and analyzed using
LabChart 7.2 software (ADInstruments, Colorado Springs, CO). The T wave was fixed at the
time of return to isoelectric baseline and intraventricular conduction (QRS) and
repolarization (QT and QTc calculated using Bazett’s formula: QTc = QT/RRY2) were
estimated as reported previously [32].

Immunofluorescence, proximity ligation, and imaging

Isolated cardiac myocytes were fixed in 3% paraformaldehyde and phosphate buffered saline
(PBS; pH 7.4) for 10 min and washed in PBS (3%; 15 min each). Fixed cells were adhered to
poly-lysine coated glass microscope slides using a Cytospin 4 Cytocentrifuge (Thermo
Fisher Scientific; 300 rpm, 5 min). Centrifugation using this protocol had no observable
effect on the morphology of fixed cells. After adhering to slides, the cells were
permeabilized by incubation in PBS containing 0.1% Triton-X 100 for 9 min at room
temperature and washed 3x in PBS. Non-specific antibody binding sites were blocked by
incubating cells in PBS containing 1% BSA, 300 mM glycine, and 0.1% Tween 20 (30 min,
room temperature). Cells were then incubated for 1 h at room temperature in blocking
solution containing primary antibodies against Kvp2 (Aviva Bio Systems; ARP37678_T100;
20 pg/ml) [33] or against an extracellular epitope of Kv1.5 (Alomone; APC-150; 3.2 pg/ml)
[34]. After washing, the cells were incubated in Alexa Fluor 647-conjugated goat anti-rabbit
secondary antibody (Invitrogen; 0.5 ug/ml; 45 min, room temperature).

A separate set of slides were used to detect Kv protein-protein interactions using an /in situ
proximity ligation (PLA) assay, as previously described [35, 36]. Briefly, fixed myocytes
were permeabilized with 0.1% Triton X-100 (10 min, room temperature) and a Duolink /in
situ proximity ligation (PLA) Kit (Sigma Aldrich) was used to detect proximity between Kv
subunits in complex per manufacturer’s instructions. After blocking non-specific binding
with Duolink blocking solution, the cells were incubated overnight in primary antibodies
against KvB2 (Aviva Bio Systems, as above; Neuromab, K17/70), Kv1.4 (NeuroMab,
L13/31), Kv1.5 (NeuroMab, K7/45), Kv2.1 (NeuroMab, K80/21), Kv4.2 (NeuroMab,
L28/4), and Kv4.3 (Alomone, APC-017). As a control, the cells were incubated only with
antibodies against Kvp2. Antibodies bound to target proteins were detected with
oligonucleotide-conjugated secondary antibodies (anti-mouse MINUS; anti-rabbit PLUS).
Oligonucleotides were joined to form circular DNA by incubating in a ligation solution
including probe-specific oligonucleotides and ligase, followed by rolling circle amplification
and fluorophore labelling of a concatemeric product at sites of protein-protein proximity.
Slides for immunostaining and PLA experiments were counterstained in SlowFade Gold
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with DAPI mounting medium and stored in the dark at 4°C until imaging. The specificity of
antibodies to detect Kvp2 used in immunofluorescence and PLA experiments was tested
using myocytes from KvB2~/~ mice (see Figs. 1C, 2B). In addition, detection of target
proteins by anti-Kv primary antibodies was verified by comparison of fluorescent signals
between transfected (expression vectors containing mouse Kvp2, Kvl.4, Kv1.5, Kv2.1,
Kv4.2, or Kv4.3 with either mCherry or EGFP reporters) versus untransfected COS-7 cells
labeled for respective proteins (see Figure S1). In control experiments, to test the specificity
of secondary antibodies, primary antibodies were omitted from the procedure.

For immunofluorescence experiments, cells were imaged with a Nikon Al confocal
microscopy system coupled with a 60x oil-immersion objective lens (NA = 1.4). Identical
laser power, photomultiplier gain, and pinhole size were used to capture images of cells for
each experimental group. For PLA experiments, images were captured in a z-series (1 um
steps) using a Nikon eclipse Ti epifluorescence microscope. Punctate sites of fluorescence
were counted from flattened z-projection images using the z-project and particle analyzer
functions in FIJI software (NIH).

Hearts were excised, flushed with 1 M KCI in PBS and a 1 mm thick transverse section from
the mid-ventricular region was fixed in 10% formalin (24 h), washed with 70% ethanol,
embedded in paraffin and sections (4um) were cut and placed onto slides. Heart sections
were stained with either hematoxylin and eosin (H & E), or Alexa Fluor 555-conjugated
wheat germ agglutinin membrane stain (WGA; Thermo Fisher Scientific) and 4’6-
diamidino-2-phenylindole nuclear stain (DAPI, Thermo Fisher Scientific). Images were
acquired using a Nikon Eclipse Ti epifluorescence microscope and cardiac myocyte cross
sectional area was measured in left and right ventricular (epicardial and endocardial) and
septal regions (area values of 50 myocytes were pooled for each region of each heart) using
F1JI software (NIH).

Immunoblotting and immunoprecipitation

Left ventricular tissue lysates were prepared by homogenization in T-PER Tissue Protein
Extraction Reagent (Thermo Fisher Scientific) supplemented with 10 mM DTT, 10 mM
protease inhibitor (Sigma), and 10 mM phosphatase inhibitor cocktails Il (Sigma). Tissue
lysate was then centrifuged (10,000xg, 10 min, 4°C) and the supernatant was collected. In
some experiments, differential centrifugation was used to prepare membrane-enriched
fractions from heart lysates as described previously [37]. Briefly, frozen ventricular tissue
was thawed on ice and homogenized in 500 pl of lysis buffer solution (225 mM mannitol, 75
mM sucrose, 1 mM EGTA, 30 mM Tris-HCI, with protease inhibitor cocktail, pH 7.4).
Nuclear debris and undisrupted tissue were removed by two sequential centrifugations of the
homogenate at 1000xg for 10 min with pooling of the low-speed supernatant. The pooled
low-speed supernatants were then centrifuged at 100,000x g for 1 h. The high-speed
supernatants were saved for use as a control and resulting pellets were washed in 200 pl of a
solution containing (50 mM Tris, ImM EDTA, 2% Sarkosyl) until completely dissolved.
Total protein (50-100 pg) was loaded onto a 10% polyacrylamide gel (Bio-Rad) and
separated by SDS-PAGE before being transferred onto polyvinylidene fluoride (PVDF)
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membranes. Membranes were stained with Ponceau-S to verify uniform protein transfer,
washed in Tris-buffered saline containing 0.1% Tween-20 (TBS-t) and blocked for 45 min in
TBS-t containing 5% non-fat milk. Blots were probed overnight at 4°C with anti-Kv1.4
(NeuroMab; L13/31, 10 pg/ml) [38], anti-Kv1.5 (Alomone; APC-004; 6 pg/ml) [39, 40],
anti-Kv2.1 (NeuroMab; 80/21,10 ug/ml) [41], anti-Kv4.2 (NeuroMab; L28/4, 10 ug/ml) [39,
42], anti-Kv4.3 (Alomone; APC-017, 4 pug/ml) [43], anti-Kvp2 (NeuroMab; K17/70, 10
pg/ml) [44], anti-Kvp1.1 (NeuroMab; K9/40; 10 pg/ml) [39], anti-KChIP2 (Abcam;
ab99041, 10 pg/ml) [45], anti-pan cadherin (Santa Cruz; sc-1499, 1 pug/ml), and anti-
GAPDH (Millipore; MAB374; 1 ug/ml). After washing (5%, 10 min each), the blots were
incubated in HRP-conjugated goat anti-rabbit, rabbit anti-mouse (Cell Signaling; 0.7 pg/ml),
or donkey anti-goat (Thermo Fisher Scientific, PA1-28664) secondary antibodies in TBS-t
containing 5% non-fat milk (1 h, room temperature). After the final washing step (5x, 10
min each), HRP was detected with ECL reagent (Thermo Fisher Scientific) and a myECL
imager (Thermo Fisher Scientific).

For co-immunoprecipitation experiments, 50 ul of protein G-coated magnetic beads (Life
Technologies) were incubated (4°C, overnight with nutation) with 10 pg of anti-Kvp2
(NeuroMab; K17/70) primary antibodies in 200 ul of PBS with 0.01% Tween-20 (PBS-t).
Antibodies were cross-linked to magnetic beads by washing with PBS containing 50 mM
sodium borate (pH 9) followed by incubation (30 min, room temperature with nutation) in
PBS containing 50 mM sodium borate and 25 mM dimethyl pimelimidate. The beads were
then resuspended in ethanolamine, washed with PBS-t (3x), and incubated with lysates (4°C,
overnight with nutation). The supernatants were removed and saved. Beads were
resuspended in 1:5 SDS loading buffer with 150 mM DTT in PBS plus 0.01% Tween-20 and
then incubated at 70°C for 10 min. The supernatants were removed and incubated at 100°C
for 10 min. Eluted samples were then fractionated and immunoblotted as described above.
The specificity of primary antibodies used to detect Kvp2 in immunoblotting experiments
was Vverified by lack of immunoreactive bands in heart lysates from KvB2~/~ mice (see
Figures 1B, 2B). Additionally, detection of target Kv proteins by anti-Kv primary antibodies
at expected molecular weights was verified by separate Western blot experiments comparing
immunoreactivity in lysates from untransfected and transfected COS-7 cells expressing
genes of interest (Figure S2).

Patch clamp electrophysiology

Cardiac myocytes isolated from the left ventricular apical and septal regions were used for
electrophysiological recordings. Electrical activity was recorded using the conventional
whole-cell configuration of the patch clamp technique in voltage clamp or current clamp
mode using an Axopatch 200B patch clamp amplifier (Axon Instruments). For voltage-
clamp experiments, cells were patched using borosilicate glass pipettes (1B150F-4 and
TW150F-4, World Precision Instruments) pulled using a P-87 micropipette puller (Sutter
Instruments) to a resistance of 2—4 MQ when filled with a pipette solution containing (in
mM): 100 K-aspartate, 30 KCI, 1 MgCl,, 5 HEPES, 5 EGTA, 5 Mg-ATP, 5 NaCl (pH 7.2,
adjusted with KOH). In these experiments, series resistance was electronically compensated
by >80%. For current clamp experiments, pipette resistance was 7-10 MQ when filled with
the same pipette solution. Cardiac myocytes were placed in a 0.25 ml recording chamber
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(RC-26, Warner Instruments) and perfused with an external solution containing (in mM):
135 NaCl, 1.1 MgCls, 1.8 CaCl,, 5.4 KCI, 10 HEPES, 5.5 glucose (pH 7.4, adjusted with
NaOH). For recording Kv currents, the cells were held at =80 mV and then subjected to a
pre-pulse of =40 mV (50 ms) to inactivate the sodium current, followed by depolarization to
+50 mV (5 s). Unless otherwise indicated, patch clamp recordings were performed at room
temperature.

For experiments testing the effects of lactate, the perforated whole-cell patch configuration
was used. For this, amphotericin B (Sigma-Aldrich) was dissolved in DMSO and diluted in
pipette internal solution to a final concentration of 250 pug/ml. After forming a GQ seal, the
cells were equilibrated for ~5 min to obtain a stable reading of membrane potential (~ =75
mV). Upon stabilization, action potentials were elicited via small current injections of 0.8—
1.0 nA lasting 2 ms at a frequency of 1 Hz. Action potentials were recorded for 4 min and
used as baseline control values. The cells were then perfused with buffer containing 10 mM
sodium lactate, during which time the action potentials were continuously recorded [46].

Patch clamp data were analyzed using Clampfit 9 (Axon Instruments). Peak currents were
defined as the maximal K* current reached over the period of depolarization. The amplitudes
and inactivation time constants of outward currents were best-fits of a tri-exponential
function obtained by using the Levenberg-Marquardt (SP) iterative function in Clampfit
analysis software. Only fittings with a correlation coefficient =0.98 were used for analysis.
Peak and component amplitudes were normalized to cell capacitance and expressed as
pA/pF. Cell membrane capacitance was calculated immediately upon reaching whole cell
configuration by Clampfit through integration of transient currents evoked by a 10 mV
voltage step from the holding potential. Mouse ventricular action potentials were simulated
using a mathematical model described previously [47]. Parameters were adjusted so that
each current magnitude reflected current densities of lig fast, lto stows IK slow1 and Ik siow?2
measured on voltage clamp recordings. Cellular action potential recordings were analyzed
using Excel to calculate the resting membrane potential, action potential amplitude, dV/
dtmax, and action potential durations at 20% (APDyg), 50% (APDsgg) and 90% (APDgg)
repolarization. Action potentials recorded after 30 s of pacing at 1 Hz were used for
comparison. APD values in the presence of lactate are expressed as relative to control
baseline values.

Cardiac monophasic action potentials (MAP) recordings

Hearts from wild type and Kvp2~/~ mice were isolated and left ventricular epicardial action
potentials (AP) were recorded ex vivo as reported previously [39, 46]. Bilateral
thoracotomies were performed to retract the chest and hearts were isolated and arrested in
ice-cold Krebs-Henseleit buffer of the following composition (in mM): 119 NaCl, 25
NaHCOs3, 4 KCI, 1.2 KHyPOy4, 1 MgCls, 1.8 CaCl,, 10 D-glucose, and 2 sodium pyruvate
(pH 7.4, adjusted with NaOH). After removing the surrounding tissue, the aortae were
secured onto a cannula (1.3 mm diameter) with 1-0 silk suture and the hearts were mounted
on a Langendorff perfusion apparatus (Harvard Apparatus). Hearts were perfused at a flow
rate of 2 ml/min with Krebs-Henseleit buffer aerated with 95% O,/5% CO, (37°C).
Monophasic action potentials from the left ventricular (LV) epicardial surface were recorded
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using a contact electrode (Harvard Apparatus) connected to an 8-channel PowerLab
amplifier and data acquisition system (AD Instruments). Hearts were equilibrated for 10 min
before collecting MAP traces to ensure stable baseline recordings. Following equilibration,
the hearts were perfused (10 min) with Krebs-Henseleit buffer containing 20 mM L-lactate,
followed by buffer containing 20 mM pyruvate (15 min) [39]. Data were continuously
acquired at a sampling frequency of 1 kHz and analyzed offline using LabChart 7.2 software
(AD Instruments).

Measurements of intracellular NADH

Statistics

Results

NADH levels in whole hearts were measured as reported previously [32]. Hearts were
freeze-clamped using Wollenberger forceps and stored at —80 °C until use. Frozen hearts
were pulverized and cardiac [NADH]; was measured in ~20 mg of powdered tissue using an
EnzyChrom NAD/NADH assay Kit (Bioassay Systems) according to manufacturer’s
instructions. Total [NADH]; was calculated for each sample and normalized to total protein
concentration determined using a Pierce 660 nm Protein Assay (Thermo Fisher Scientific).
Data are expressed relative to baseline control (i.e., minus lactate/pyruvate) group.

Data, presented as mean + SEM, were analyzed using Microsoft Excel or GraphPad Prism
software using paired or unpaired Student’s t-test and Wilcoxon non-parametric signed rank
test for paired experiments that were normalized to baseline control values. One-way
analysis of variance or non-parametric tests with appropriate post-hoc tests were used for
comparison of multiple groups. P values <0.05 were considered significant.

Myocardial Kvp2 associates with Kvl and Kv4 channels

In general, the Kvp proteins are known to assemble with channels of the Kv1 and Kv4
family, however, the specific Kva subunits that associate with Kvp2 in the heart have not
been identified. Consistent with previous work demonstrating expression of Kvf subunits in
the myocardium [25, 48], we detected KvB2 protein in whole heart homogenates from wild
type animals (Figure 1A, /ane Z). Upon immunoprecipitation of Kvp2, we detected
immunoreactive bands corresponding to Kv1.4, Kv1.5, Kv4.2, and Kv4.3 proteins (Figure
1A, /ane 2). No immunoreactive bands were observed at the molecular weights expected for
these Kv subunits when mouse 1gG was substituted on immunoprecipitation beads for anti-
Kvp2 primary antibody (Figure 1A, /ane 3). Moreover, no bands were observed at the
molecular weight predicted for Kvp2 (37 kDa, see Fig. S2H) in immunoprecipitates from
mice in which the gene encoding Kvp2 (KcnabZ2) was ablated (Figure 1B), indicating
specific immunoprecipitation of Kvp2.

To identify Kvp2/Kva interactions in isolated cardiac myocytes, we performed a series of /in
situ proximity ligation assays (PLA). This assay detects spatial proximity (<40 nm) between
target proteins in their native cellular environment, and has been shown to be useful for the
identification and quantitation of protein-protein interactions in isolated cells, including
those of native ion channel complexes in cardiovascular tissues [35, 36, 49]. Proximity
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ligation experiments in which the cells were probed with both mouse and rabbit-derived
primary antibodies against Kvp2 identified discrete fluorescent punctae within single cardiac
myocytes from wild type animals, but not in myocytes isolated from Kvp2~/~ animals,
suggesting specificity of the assay for Kvp2 and its interacting Kva subunits (Figure 1C).
Consistent with co-immunoprecipitation data, we observed a significant increase in the
number of fluorescent punctae when cells were co-labeled with antibodies targeting Kv32
and either Kv1.4, Kv1.5, Kv4.2 or Kv4.3 when compared with cells that were labeled with
anti-Kvp2 only (Figure 1D-E; P<0.0001). Moreover, PLA signal in cells co-labelled for
Kvp2 and Kv2.1, which is not a purported binding partner of the Kvp proteins, was similar
to that of cells labelled for Kvp2 alone (P = 0.978). Together, these data identify Kv1.4,
Kv1.5, Kv4.2, and Kv4.3 as binding partners of Kv2 subunits in cardiac myocytes.

To determine the physiological role of Kvp2 subunits, we examined Kvp2~/~ mice. As
previously reported, Kvp2~/~ mice are viable into adulthood [9]. Immunostaining for Kvp2
and confocal imaging revealed that this subunit is abundant in the sarcolemma in wild type
cardiac myocytes (Figure 2A). Western blot analyses of wild type and Kvp2~/~ hearts
suggested that the loss of Kvp2 does not lead to significant compensatory changes in the
total protein abundance of other prominent Kv channel subunits, including Kv1.4, Kv1.5,
Kv2.1, Kv4.2, Kv4.3, Kvp1.1, Kvp1.2, and KChIP2 (Figure 2B, C; p = 0.070 — 0.730).

In heterologous expression systems, Kvp acts as a protein chaperone, which facilitates the
surface expression of Kv channels [8, 13]. Hence, we examined whether loss of Kv2 would
alter the surface expression of Kv1 and Kv4 proteins identified as binding partners in cardiac
myocytes (Figure 1). For this, we isolated the sarcolemmal fraction from myocardial lysates
using differential centrifugation. Membrane separation was confirmed by a lack of the
sarcolemmal marker protein pan-cadherin in the cytosolic fraction (Figure 2D).
Measurements of relative protein abundances by Western blot showed that even though there
were no differences in total Kv1 and Kv4 proteins between wild type and KvB2~/~ hearts
(see Figure 2C), the abundances of membrane-associated Kv1.5, Kv4.2, and Kv4.3 were
significantly reduced (P = 0.037, 0.034, and 0.003, respectively) in Kvp2~/~ hearts compared
with wild type controls (Figure 2D-H). In addition, there was a trend in the data towards
reduced sarcolemmal abundance of Kv1.4 in hearts from Kvp2~~ amimals (P = 0.097)
Reduced sarcolemmal expression was further confirmed for Kv1.5 by immunofluorescence
experiments in non-permeabilized cardiac myocytes using primary antibodies that recognize
an extracellular epitope on Kv1.5. Using this approach, we observed that Kv1.5-associated
fluorescence was significantly lower in cardiac myocytes isolated from Kvp2~/~ mice than
that in myocytes from wild type mice (Figure S3A-C). Total fluorescence intensities
associated with Kv1.5 were not different between permeabilized cardiac myocytes from wild
type and Kvp2~/~ mice (Figure S3D, E). Together, these data indicate that in cardiac
myocytes, Kvp2 promotes the sarcolemmal expression of Kv1 and Kv4 channels.

Role of KvB2 in regulating cardiac Kv current density

We next determined the role of Kvp2 subunits in the regulation of Kv-mediated currents by
comparing the magnitude of K* current densities and inactivation rate of currents in wild
type and Kvp2~/~ myocytes. The I-V relationships for K* currents in wild type and Kvp2~/~
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myocytes are shown in Figure 3A. When compared with wild type myocytes, we found that
the peak Kv current density was significantly lower in myocytes from KvB2~/~ animals (e.g.,
60 mV, P = 0.035). To assess the impact of Kvp2 ablation on Kv current, we used a tri-
exponential function to dissect composite currents that were elicited by a 50 mV
depolarizing stimulus from a holding potential of =80 mV into three distinct components
with different inactivation time constants [50]. This analysis showed that the magnitude of
Kv current associated with the rapidly inactivating (ly,), intermediate inactivating (Ik siow1)
and slowly inactivating (Ik siow2) €xponential components was significantly reduced in
cardiomyocytes from KvB2~/~ animals, when compared with respective kinetic components
of K* currents recorded from wild type myocytes (Figure 3B and C, Table S1; P = 0.005,
0.048, and 0.040, respectively). Values of inactivation time constants associated with each
exponential term were similar between groups (Table S1).

Because Kv currents are key mediators of repolarization, we next examined whether a
reduction in Kv current density, due to the loss of Kv2, was associated with prolongation of
the action potential. Reductions in lyg, Ik sjow1, and Ik sjow2 (S€€N N Kvp2~/~ mice; Figure 4)
delay myocyte repolarization in an established mathematical model [47] of the murine
ventricular action potential (Figure 4A). To experimentally test the predictions of the model,
we measured repolarization in cardiac myocytes as the time required for the return of
membrane potential to 20, 50, and 90% of the resting membrane potential from the peak of
the action potential waveform (APD,g, APDsg, and APDgg, respectively). We found that
repolarization was significantly slower in myocytes isolated from Kv2~/~ animals than in
wild type myocytes, as evidenced by a significant increase at each APD examined (Figure
4B, C; APDyg P =0.008; APDsq, P = 0.026; APDgp, P = 0.005). Other action potential
parameters including upstroke velocity (dV/dty,y), resting membrane potential, and action
potential amplitude were similar between groups (Table S1). These results suggest that the
loss of Kvp2 prolongs the action potential by suppressing repolarizing Kv currents.

To examine the role of Kvp2 in cardiac repolarization further, we recorded cardiac action
potentials from hearts perfused ex vivo in the Langendorff mode. Monophasic action
potentials were recorded from the left ventricular epicardial surface of hearts from both wild
type and Kvp2~/~ mice (Figure 4D). In agreement with findings in isolated myocytes, we
found that APD,q, APDs, and APDgq were significantly greater in hearts from Kvp2~/~
mice when compared with those from wild type mice (Figure 4E; P = 0.003, <0.0001, and
0.001, respectively). We tested whether changes in APD were associated with changes in
ECG waveform in conscious mice. Figure 5F shows representative ECG waveforms
recorded from wild type and KvB2~~ mice. Consistent with prolonged APD, we found
significantly greater P duration and QT interval (QT and QTc) in Kv[32"‘ mice (Figure 4G—
H). No significant differences were observed in RR interval (P = 0.155), heart rate (P =
0.145), PR interval (P = 0.198), or JT interval (P = 0.187) (Table S2). Taken together, these
data indicate that Kvp2 plays a functional role in enhancing the magnitude of cardiac
myocyte Kv current density and thereby regulates the repolarization of the action potential.
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Cardiac function and heart morphology in Kv|32"‘ mice

We next examined whether genetic ablation of Kv2 is associated with phenotypic changes
in heart function or morphology. Echocardiographic data related to endocardial parameters,
chamber diameter and wall dimensions for wild type and KvB2~/~ mice are shown in Table
S3. Echocardiographic measurements revealed a modest, yet statistically significant,
reduction in fractional shortening and ejection fraction in KvB2~/~ mice when compared
with wild type mice. We also found that heart weight, normalized to tibia length, was
significantly lower in KvB2~/~ mice than in wild type mice (Figure 5A, B). This difference
was attributed to reduced left ventricular mass in Kvp2~~ mice as right ventricular mass was
not different between the two groups (Figure 5C). In patch clamp experiments, left
ventricular and septal myocytes had nominally reduced cell capacitance (Table S1), which
did not reach statistical significance (P = 0.154); however, histological assessment of cardiac
myocyte size in heart sections revealed significantly reduced myocyte cross sectional area in
the left ventricular endocardial and septal regions in hearts from Kvp2~~ mice, while the
size of right ventricular and left ventricular epicardial myocytes was not different between
groups (Figure 5D, E). These observations suggest that the expression of KvB2 subunits by
cardiac myocytes regulates Kv currents as well as myocyte size, and may influence the
contractile function of the heart.

KvB2 imparts sensitivity of cardiac Ik sjow to the redox state of pyridine nucleotides

Heterologous co-expression of Kvla and Kvp generates Kv currents with inactivation rates
that are differentially modified by oxidized and reduced pyridine nucleotides [17, 22, 51,
52]. Given that Kvf proteins modulate Kv current density in cardiac myocytes (Figure 3 and
see [25, 39]), we postulated that native cardiac Kv currents are sensitive to changes in the
redox status of intracellular pyridine nucleotides, which may reflect altered metabolism
during stress conditions such as ischemia and hypoxia. To test this hypothesis, K* currents
were recorded using the whole-cell configuration of the patch clamp technique from isolated
myocytes. To alter levels of intracellular pyridine nucleotides, myocytes were dialyzed with
pipette solutions chosen to mimic the ratio of pyridine nucleotides in normoxic (i.e., high
[NAD(P)*I:INAD(P)H]) or hypoxic (i.e., low [NAD(P)*]:[NAD(P)H]) conditions [53, 54].
These ratios are listed in the inset in Figure 6A. After forming a gigaohm seal, the
intracellular content of the myocyte was dialyzed by the pipette solution for ~5 min, after
which, depolarization-evoked outward K* currents were recorded. Analysis of the data,
using a multi-exponential function, indicated that in comparison with the normoxic ratios,
the hypoxic levels of pyridine nucleotides increased the rate of inactivation of native Kv
currents in myocytes from wild type mice (Figure 6A and B). Specifically, the time
constants associated with the intermediate and slowly inactivating Kv currents, Ik sjow1 and
Ik slow2, respectively, were significantly lower in myocytes that were dialyzed with hypoxic
(I slow1 = 145.2 £ 11.6 ms; Ik sjow2 = 804.9 £ 99.1 ms) than normoxic levels of pyridine
nucleotides (Ik siow1 = 188.8 = 6.1 ms; Ik sjow2 = 1319.3 + 85.3 ms; Figure 6B-E). However,
the rapidly inactivating component associated with the transient outward Kv current, Iy, was
not statistically different (P = 0.160) between the hypoxic and normoxic groups. Note that
Kv current density was similar between groups (normoxic: 95.0 + 8.8 pA/pF; hypoxic: 89.9
+ 10.8 pA/pF; P = 0.957). Remarkably, changes in Kv inactivation evoked by hypoxic versus
normoxic levels of pyridine nucleotides were abolished by the loss of Kvp2 (Figure 6B-E).
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Collectively, these data suggest that the Kv currents of cardiac myocytes are sensitive to
changes in the redox state of pyridine nucleotides such that conditions increasing the
NAD(P)H:NAD(P)™ ratio enhance inactivation of slowly inactivating currents and that this
effect requires Kvp2.

Ablation of Kv2 prevents redox sensitivity of the cardiac action potential

To examine whether action potential repolarization was sensitive to redox changes
secondary to changes in intermediary metabolism, we perfused isolated myocytes with 20
mM lactate to alter pyridine nucleotide redox ratio in favor of NADH over NAD* via the
lactate dehydrogenase reaction [39, 55, 56]. Previous work has shown that at 20 mM
extracellular lactate, the interconversion of lactate to pyruvate is near equilibrium, which
correctly predicts an intracellular NAD*/NADH ratio of ~45 [57]. To test the efficacy of this
intervention in changing [NADH]; concentration, we perfused isolated hearts with lactate for
20 min, which led to a significant increase (~2-fold) in intracellular NADH levels (Figure
TA, insef). When isolated myocytes were perfused with the same concentration of lactate,
there was a significant prolongation of the action potential (Figure 7A, B; APDyg, P = 0.006;
APDsg, P =0.015; APDgg, P = 0.181). Consistent with a predominant effect on repolarizing
currents, there were no statistically significant effects of lactate perfusion on action potential
amplitude (wild type: 127.9 + 2.4 mV; Kvp27/~: 126.2 + 2.3 mV; P = 0.051), resting
membrane potential (wild type: —-83.4 + 2.1 mV; KvB2~/~: -83.1 £ 2.2 mV; P = 0.436), or
dV/dtmax (wild type: 161.7 £ 20.1 mV/ms; Kv[i2‘/‘: 158.6 + 21.3 mV/ms; P = 0.436). When
taken together, these findings support the notion that metabolic conditions that favor a more
reduced redox state of pyridine nucleotides prolong the action potential by accelerating Kv
inactivation. This is consistent with the results of our previous experiments showing that an
increase in intracellular NAD(P)H accelerates KvB-mediated inactivation of Kv currents [51,
52].

To address whether lactate also prolongs action potentials in the intact heart, we recorded
monophasic action potentials from the left ventricular epicardial surface of perfused hearts
under control conditions and after application of 20 mM lactate or 20 mM pyruvate to
ensure that the NAD*/NADH or lactate/pyruvate conversion was at equilibrium [57].
Representative action potentials recorded under each of these conditions are shown in Figure
7C. Consistent with observations in isolated cardiac myocytes (Figure 7A, B), action
potential durations (APDyg, APD5q, APDgg) were significantly prolonged after the
application of lactate (Figure 7C, D; APD5q, P = 0.041; APDsg, P = 0.026; APDgg, P =
0.025). Subsequent application of pyruvate, which conversely increases [NAD];, restored
action potential duration to control levels, suggesting that in an intact heart, the
repolarization of the action potential is sensitive to changes in intracellular NAD*:NADH
ratio.

To test whether the sensitivity of the action potential to intracellular levels of NAD(H) is due
to Kvp2 subunits, we recorded monophasic action potentials from isolated, perfused,
KvB2~/~ hearts. Levels of NADH in Kvp2~/~ hearts were similar to WT hearts (wt: 0.703 +
0.222 pmoles/ug protein; Kvp2~/~: 0.661 + 0.096 pmoles/ug protein; P = 0.890, n = 4 each),
and exhibited a significant increase upon application of 20 mM lactate (69 + 21% increase
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relative to control untreated hearts; n = 4 each; P = 0.037). Consistent with results
suggesting that pyridine nucleotide sensitivity of Kv inactivation is lost in Kvp2~/~
myocytes, we found that the sensitivity of action potential duration to lactate was abolished
in Kv[32"‘ hearts (Figure 7E, F; APDyg, P = 0.655; APDsq, P = 0.138; APDgq, P = 0.252).
These results indicate that cardiac action potential duration is responsive to changes in
intermediary metabolism that impact the redox status of pyridine nucleotides, and that this
mode of membrane potential regulation is mediated by Kvp2 subunits.

Discussion

The results of this study suggest that in murine hearts, Kvp2 subunits play an important role
in regulating the functional expression of voltage-gated K* channels, and in imparting
metabolic sensitivity to these channels. A critical role of Kvp2 in regulating the basal
function of cardiac Kv channels is consistent with our observation that loss of Kvp2 resulted
in suppression of Kv current density (ly, I siow1, Ik slow2), reduced sarcolemmal abundance
of Kv proteins, and prolongation of the action potential. Moreover, our results provide direct
evidence that the sensitivity of native cardiac Kv channel inactivation and repolarization to
the redox state of pyridine nucleotides is imparted by KvB2 subunits.

Our data show that high intracellular values of the NAD(P)H:NAD(P)* ratio increase Kv
channel inactivation, which may delay repolarization. The pyridine nucleotides are viewed
primarily as electron carriers that shuttle electrons between different oxidation-reduction
reactions of intermediary metabolism and as cofactors that support redox reactions in
numerous metabolic processes. Yet, emerging evidence suggests that they play a more
versatile role in cell physiology by participating in cell signaling, regulation of gene
transcription, free radical production, and ion channel function [58]. Indeed, several ion
channels and their regulatory subunits, such as Ca2*-activated K* channel subunits S/oZ and
Slo2, Kir6.2, Nav1.5, CFTR, TPC2, TRPM2, RYR, and Kvf contain nucleotide binding
domains, which bind NAD(P)(H) with affinities within the range of their physiological
intracellular concentrations [10]. The differential regulation of Kv activation and inactivation
by oxidized (i.e., NAD(P)*) and reduced (i.e., NAD(P)H) nucleotides, via the Kvp subunits,
has been proposed as a molecular mechanism by which cellular excitability is functionally
coupled with cellular metabolism [59]. Considering that there are different Kv auxiliary
subunits, each of which likely display unique responses to changes in cellular redox status,
future studies are needed to address the complex issue of how different Kvp proteins
modulate Kv gating as a function of subunit stoichiometry, in the setting of fluctuating
energetic demands. For instance, extensive evidence suggests that KvB2 subunits can be
coexpressed in individual Kv auxiliary subunit complexes with Kvp1, and that in addition to
functional modulation of pore-forming proteins, Kvp2 can also influence the inactivation
function of Kvp1 by competition for Kva binding [60]. Thus, dynamic changes in the
relative abundance of Kvp2 and Kvp1 in the heart may have profound effects on the kinetics
and the voltage dependence of Kv currents, which may be important for fine tuning
repolarization to the metabolic state of the heart as reflected by fluctuations in the redox
state of pyridine nucleotides.
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Changes in the redox state of pyridine nucleotides reflect the metabolic state of the heart and
the levels of NADH, relative to NAD?* rise with increased myocardial demand for oxygen
[61]. We found that increasing the extracellular levels of lactate delayed action potential
repolarization. Because perfusion with lactate was associated with an increase in
NADH:NAD*, we attribute the prolongation of action potential in the presence of lactate to
changes in the redox state of pyridine nucleotides. Lactate could also affect the action
potential; yet, this seems unlikely because neither the resting membrane potential nor dV/dt,
both of which are sensitive to intracellular acidosis [62], were not affected by lactate.
Nonetheless, it should be noted that changes in NADH:NAD™* are known to modulate other
currents that contribute to the cardiac action potential, such as Incx and Ing [46, 63].
Therefore, it is possible that prolongation of the action potential, even if due to pyridine
nucleotides, is mediated by changes in Kv-independent currents. However, this possibility
seems unlikely as well, as we observed the direct regulation of Kv current by pyridine
nucleotides in cardiac myocytes, and the effects of lactate in this study were absent in hearts
lacking Kvp2. Hence, the most plausible explanation of our findings is that lactate prolongs
action potential duration by altering the redox state of intracellular nucleotides, which in
turn modifies Kv currents. Although further work is required to elucidate the importance of
Kvp-dependent metabolic sensitivity in the context of arrhythmogenesis, it seems likely that
this mode of regulation may serve to confer cardioprotection by promoting electrical
refractoriness under conditions of reduced oxygen availability for the maintenance of energy
homeostasis. Such a regulatory axis would be consistent with a critical function of Kvp2 in
preventing action potential over-shortening and arrhythmias upon metabolic activation of
other types of K* channels (e.g., Katp) during ischemic or hypoxic conditions [64].

Beyond functional regulation of channel gating, substantial evidence supports the
importance of Kv auxiliary proteins in supporting channel biosynthesis, intracellular
trafficking, and functional expression of channels at the plasmalemma of excitable cells [11,
65]. Consistent with this view, we observed that the abundance of sarcolemmal Kv1 and
Kv4 channels was reduced in myocytes of mice lacking Kvp2 subunits, suggesting that in
the heart, Kvp2 plays an important role in localizing Kv channels to the membrane and in
regulating the functional expression of Iy, and I sjow- A similar role for Kv2 in promoting
the surface expression of Kv1.5 in coronary arterial myocytes has been recently described by
our group [35]. How Kvp facilitates the targeting of Kv channels to the surface membrane
remains to be fully clarified; however previous work suggests that the co-translational
association of KvB2 protein with nascent Kva polypeptide chains within the endoplasmic
reticulum (ER) aids proper protein folding, and ER export of the complex [11]. The
persistence of this a/B assembly may impart structural stabilization that likely contributes to
a greater number of functional channels that are retained at the membrane. Indeed, products
of all three Kvp genes can promote plasmalemmal localization of Kv1.2 upon co-expression
in COS-7 cells [66]. Thus, results of the current study are consistent with the concept that
association of Kvla subunits with Kv2 may indeed represent a chaperone mechanism
inherent to these accessory subunits—regardless of the cell type in which they are expressed.

Molecular determinants of repolarizing K* currents in the heart comprise a complex
composition of individual Kva proteins, including members of the Kvl, Kv2, Kv4, Kv7,
and Kv11 families. Adding to this molecular diversity, multiple ancillary subunits (e.g.,
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minK, MiRP, KChIP, and Kvp) are differentially associated with pore-forming a subunits.
Indeed, the varied expression of this repertoire of Kv channel subunits in cardiac myocytes
in a region-specific manner may reflect the profound physiological importance of precisely
fine-tuned Kv currents for proper cardiac function, both spatially and temporally. The Kvf
proteins are known to associate with members of the Kv1 and Kv4 families, and previous
work has shown that Kvp1.1 and Kvp1.2 subunits predominantly interact with Kv4.2 and
Kv4.3 in adult mouse ventricles [25]. Our current results demonstrate interactions between
Kvp2 and Kv1.4 and Kv1.5 channels, which, unlike the Kv4 subunits, do not co-assemble as
heteromeric channels in the heart, and generate distinct current profiles (i.e., Iy, s and

Ik slow1, respectively) [67]. Our electrophysiological experiments suggest that Kvp2
enhances Kv current density in the heart, which is at least partially attributed to enhanced
Kv1 and Kv4 channel expression. Interestingly, a reduction in peak Kv current density upon
ablation of Kvp2 was also partially attributed to suppression of I, density, which may
reflect an influence of Kvp2 on the function of Iy, ¢ due to the association of this auxiliary
subunit with Kv4.2 and Kv4.3 channels [68]. The reasons for altered Kv current densities in
KvB2~~ myocytes are likely multifaceted. In addition to the impact of Kvp2 on surface
expression of channels reported here, it is probable that this subunit also regulates gating of
functional sarcolemmal Kv1 and Kv4 channels. Although the loss of Kvp2 was not
associated with significant differences in the inactivation rates of the examined I,
components, additional experiments are required to determine the specific contribution of
this subunit on the voltage-dependencies and thresholds of activation of native Kv channels
in the heart.

The observation that loss of KvB2 abolishes lactate-induced increases in APD suggests that
this subunit is required for modulation of cardiomyocyte repolarization upon changes in the
redox ration of pyridine nucleotides. However, in addition to Kvp2, Kvp1 also seems to be
involved in such metabolic sensing as recent work has shown that the effect of lactate on
APD are abolished in hearts isolated from Kvp1.1~/~ animals [39]. Thus, along with our
present observations, these findings suggest that both Kvp1 and Kvp2 subunits function
together to mediate metabolic sensitivity of Kv current densities and cardiac electrical
activity, and therefore loss of either subunit may result in loss of metabolic sensitivity—even
though the other subunit may be present. Such concomitant requirement of both auxiliary
subunits for pyridine-nucleotide sensitivity of electrical signaling could be explained by the
fundamental impact of the association between Kva and Kvf on channel activation
properties shown in heterologous expression systems. Co-expression of either Kvp1 and
Kvp2 subunits with Kvla subunits shifts the voltage-dependence of channel activation by
-10to -15 mV [51, 52]. Thus, the absence of either Kvp1 or KvB2 from native Kv channel
complexes in cardiac myocytes may result in subpopulations of Kv channels with altered
voltage-dependence and threshold of activation, which ultimately may lead to reduced
contribution of Kv conductance toward repolarization. Consistent with this explanation, it
has been found that basal APD is prolonged in the hearts of both Kvp1.17/~ and Kvp2~/~
mice (see Figure 4 and [39]). Thus, even though Kvp1 and Kvp2 may disproportionately
modulate distinct outward K* currents in the heart, the net effect of each subunit on channel
gating may be a prerequisite for the modulation of repolarization in sync with changes in the
redox state of pyridine nucleotides.
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We found that loss of Kvp2~/~ altered heart morphology with modest changes in baseline
cardiac function. It should be noted that in a previous study from our group, no significant
changes in heart morphology were noted in male mice lacking Kvp1.1 subunits [39].
However, Kvp1.1 in murine hearts is bound to myosin heavy chain (MHCa) and ablation of
Kvp1.1 is associated with higher MHCa expression and hypertrophy in female mice [69]. In
KvB2~~ mice, we noted significant reductions in cardiac myocyte size in the left ventricular
endocardial and septal regions when compared with WT hearts (Figure 6). Although the
underlying causes of these differences (e.g., hemodynamic, humoral) are unclear, our
findings together with previous work suggests a unique role for Kvp2 in regulating cardiac
and skeletal muscle growth [9, 39, 44]. In addition to Kv channel subunits, Kvp2 has been
found to interact with multiple other proteins such as calmodulin, myosin, and E3 ubiqutin
ligases [69—71]. Our prior work demonstrated that KvB2 regulates muscle growth via
interactions with binding partners essential for muscle differentiation and growth such as
NEDD4, which is known to stabilize membrane expression of several growth factor
receptors (e.g., IGF-1R), which are essential for physiologic cardiac growth [44, 72, 73].

It has also been reported previously that the expression of K* channel subunits in the heart is
increased during physiologic hypertrophic growth in response to exercise conditioning [74],
which is thought to allow normalization of repolarizing current densities to increases in
sarcolemmal surface area. However, it remains unclear whether Kv channels themselves
participate in hypertrophic growth. In this regard, it is interesting to point out that due to the
sensitivity of these channels to the redox state of pyridine nucleotides and their participation
in regulating cell volume changes during cell growth [10], the metabolic regulation of these
channels via Kv may be critical for coupling cell growth to cell metabolism. Clearly,
additional research is warranted to address how Kv subunits impact cardiac hypertrophy
under physiological (e.g., exercise) and pathological (e.g., hypertension) conditions. In view
of our data showing that pyridine nucleotides regulate Kv currents via Kvp subunits,
investigations into the role of these subunits in regulating electrical signaling and cardiac
function could yield important insights into the pathophysiology of ischemia-reperfusion
injury, cardiomyopathy, and heart failure.

Despite robust evidence supporting the metabolic regulation of Kv channels by Kvp, our
study has several limitations. Although our data suggest that action potential duration is
responsive to redox-mediated changes in K* currents, we did not directly test whether loss
of Kvp2 or changes in nucleotide redox result in alterations in Injg or Ica. Thus, even though
no changes in dV/d T,y Or resting membrane potential were observed upon application of
lactate, we cannot formally rule out modulation of other ionic currents that contribute to
action potential duration. For instance, a trend towards reduced AP amplitude was noted in
the presence of lactate, consistent with changes in Iy, [46]. In addition, we isolated
myocytes for patch clamp experiments from the left ventricular, septal, and apical regions. It
has been reported previously that significant differences exist, even within these regions,
with respect to transmural gradients in K* channel subunit expression and action potential
waveforms [75, 76]. Thus, the contribution of Kvp2 to cardiac K* current may be contingent
upon the specific myocyte population within a particular region of the heart. Nonetheless,
our results demonstrating the lack of lactate-induced action potential prolongation in intact
perfused hearts of KvB2~/~ animals suggest that this protein contributes to the redox
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sensitivity of cardiac repolarization of the heart as a whole, regardless of the specific
distribution of Kv channels in myocyte subpopulations. Finally, we acknowledge the
limitation inherent to studying cardiac electrophysiology in mice considering the substantial
differences in ionic currents that exist between mice and larger mammals. Thus, our current
findings should be considered in the context of discrepancies, particularly in repolarizing K*
currents that contribute to key differences in the duration and overall shape of the action
potential between mice and humans [77]. Thus, further investigations are needed to clarify
the contribution of this subunit to the electrophysiology of larger mammals and human
hearts.

In summary, we report here that cardiac Kvp2 subunits contribute to the regulation of Kv
current density and the modulation of action potential repolarization. These results suggest
that the regulatory nature of Kv2 in the modulation of cardiac electrophysiology may be
multifaceted, as this subunit appears to participate in the control of functional Kv expression
(lto, Ik stow1: 1K slow2), the modulation of channel inactivation properties, and in imparting
pyridine nucleotide sensitivity to Kv channels.
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Highlights
. Kv auxiliary Kvp2 subunits interact with Kv1 and Kv4 channels in the
murine heart.
. Ablation of KvB2 leads to suppression of Ito, IK,slowl and IK,slow2, and
prolongs action potential duration.
. Dialysis of pyridine nucleotide ratios simulating hypoxic conditions enhance
Kv inactivation in wild type, but not KvﬁZ"‘ cardiac myocytes.
. Lactate increases NADH:NAD. ratio and prolongs action potential duration

in wild type, but not Kvp2~/~ hearts.
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Figure 1: Myocardial Kvp2 associates with Kv1 and Kv4 proteins.
(A) Representative blot images showing immunoreactive bands for Kv1.4, Kv1.5, Kv4.2,

Kv4.3 and Kvp2 in whole heart lysates and Kvp2 immunoprecipitates. Absence of
immunoreactive bands at expected molecular weights for each protein is also shown for
mouse IgG immunoprecipitates as a negative control. Representative of 3 independent
experiments. (B) Representative blot image showing immunoreactivity for Kvp2 (predicted
molecular weight, ~37 kDa) in KvB2 immunoprecipitates from heart lysates of wild type
and Kv[52"‘ animals. (C) Differential interference contrast (DIC) and proximity ligation
assay (PLA)-associated fluorescence images of isolated adult ventricular myocytes from
wild type and KvB2~/~ animals after PLA targeting of KvB2 complexes using mouse and
rabbit-derived anti-Kvp2 primary antibodies. PLA images are shown as flattened 2D
maximum intensity z-projections from z-series captured for each cell. (D) PLA images of
isolated ventricular myocytes treated with anti-Kvp2 only, or anti-Kvp2 with anti-Kv1.4,
anti-Kv1.5, anti-Kv2.1 anti-Kv4.2, anti-Kv4.3. (E) Summary of fluorescent PLA-associated
punctae, normalized to cell footprint area, for cells treated with anti-Kvp2 only, or anti-
Kvp2 with anti-Kv1.4, anti-Kv1.5, anti-Kv2.1, anti-Kv4.2 and anti-Kv4.3 primary
antibodies (n = 6-10). *P<0.05 vs. anti-Kvp2 only (=) group.
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Figure 2: KvB2 promotes Kv1 and Kv4 surface expression in cardiac myocytes.
(A) Differential interference contrast (DIC) and confocal images showing Kvp2-associated

fluorescence (red) in isolated cardiac myocytes from wild type (wt) and KvB2~/~ animals.
Nuclei (dapi) are shown in blue. (B) Western blots showing immunoreactive bands for Kv
pore-forming and auxiliary subunits at respective predicted molecular weights as indicated
in heart lysates from wt (n = 3) and Kv2~/~ (n = 3) animals. As a representative loading
control, immunoreactive bands for GAPDH are shown for each lane of Kv1.5 blot. (C)
Summarized densitometric data for Kv1.4, Kv1.5, Kv2.1, Kv4.2, Kv4.3, Kvp1.1, Kvpl.2,
KvB2, and KChIP2 proteins in heart lysates of wt animals. Data are normalized to GAPDH
(run for each blot) and expressed relative to wt controls. *P<0.05. (D, E) Representative
Western blot images (D) showing immunoreactive bands for Kv1.4, Kv1.5, Kv4.2, and
Kv4.3 and cadherin in cardiac myocyte membrane (m) and soluble (s) fractions and
summary densitometric data (E) demonstrating membrane abundance of Kv1.4, Kv1.5,
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Kv4.2, and Kv4.3, expressed as the membrane:soluble band densities in hearts from
KvB2~~ mice relative to that in hearts from wild type mice. (n = 3-5 hearts) *P<0.05.

J Mol Cell Cardiol. Author manuscript; available in PMC 2020 December 01.

Page 25



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Page 26

A B
60 @ wt
® Kvp2- ii
40 ® E
LIQ-_ [] i E *
[} *
% 20 4 ! %
i [ 37
. | 20 pavpF
L]
0 _..i................... ........................................ 1sec
T T T T T T T T 1 KVBZ'I-
-100 -80 -60 -40 -20 0 20 40 60 80
membrane potential (mV)
1 L
Cc
I(o IK, slow1 IK, slow2
- _ * %
40 & 20 — 254 —
201
301 154
5 5 I, 187
204 101
2 2 2 10
10- 5 5-
0- & ” 0- & » 0- e ”
32 3 4
*_& @% ~l~&
Figure 3: Suppressed Kv current density in cardiac myocytes from Kv[32‘/' mice.

(A) Summary current-voltage relationship obtained from cardiac myocytes from wild type
and KvB2~/~ animals. (B) Representative outward K* current recordings normalized to cell
capacitance (pA/pF) in response to a pulse depolarization to +50 mV from a holding
potential of =80 mV in ventricular myocytes from wt and KvB2~/~ animals. (C) Summarized
current density magnitudes for Iy, Ik siow1, and Ik siow2 COMponents, obtained from tri-
exponential fitting of +50 mV-elicited current recordings, as shown in panel A, for wt and

KvB2~~ myocytes (n = 15-19 cells from 4-6 mice). *P<0.05.
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Figure 4: Delayed action potential repolarization in cardiac myocytes from KvﬁZ‘/‘ mice.
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(A) Simulations showing normal mouse action potential (wt) and after scaling model
parameters to reflect the reduction in current density components observed in Kvp2~/~
ventricular myocytes. (B) Representative overlaid action potentials recorded (conventional
whole cell; current clamp) from wt and Kv[32"‘ ventricular myocytes. (C) Summary of
action potential durations at 20%, 50%, and 90% repolarization in ventricular myocytes
from wt (n = 17 cells from 5 mice) and Kvp2~/~ (n = 15 cells from 6 mice) animals. (D)
Representative monophasic action potential recordings normalized to peak potential
obtained from the left ventricular epicardial surface of hearts from wild type and Kvp2~/~
animals. (E) Scatter plots showing MAP durations at 20%, 50%, and 90% repolarization in
hearts from wt and KvB2~/~ (n = 9 hearts each) animals. (F-J) Representative ECG
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waveforms and summarized heart rate, P duration, QT interval and QTc in wild type (n = 6)
and KvB2~/~ (n = 10) mice *P<0.05.
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Figure 5: Loss of Kvp2 alters heart morphology.
(A) Images showing whole hearts (fop; scale bar = 2 mm) and hematoxylin and eosin stained

transverse heart sections (bottom; scale bar = 1 mm). (B, C) Total heart weight (HW; B) and
left and right ventricular weight (LVW, RVW; C) normalized to tibia length (TL) for hearts
from wt (n = 12) and KvB2~/~ (n = 13) animals. *P<0.05. (D) Representative images of
WGA (membrane; red) and DAPI (nuclear; blue) staining in left and right ventricular (epi:
epicardial; endo: endocardial) and septal regions in transverse mid-ventricular heart sections
from wild type and Kvp2~/~ animals. Scale bars = 25 ym. (E) and summary of
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cardiomyocyte cross sectional area in regions as indicated in hearts from wild type and
KvB2~/~ animals. *P<0.05.
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Figure 6: Modulation of cardiac myocyte Ik, by intracellular pyridine nucleotide redox status.
(A) Table showing pyridine nucleotide concentrations (in uM) in pipette solutions used to

reflect either normoxic or hypoxic conditions via intracellular dialysis (fgp) and voltage
protocol (bottom). (B) Representative Kv currents in wild type and Kvp2~/~ myocytes
(pA/pF, normalized to peak currents to show rate of decay between groups; period in shaded
region of voltage protocol in A) after intracellular dialysis of normoxic and hypoxic pipette
solutions (32°C). (C-D) Summary bar plots showing inactivation time constants (t) obtained
from tri-exponential fitting of voltage clamp recordings corresponding to lyg (1), Ik slow1
(t2) and Ik sjow2 (t3) for wild type and KvB2~~ myocytes in normoxic and hypoxic pyridine
nucleotide conditions (n = 10-19 cells per condition). *P<0.01. ns: P>0.05.
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Figure 7: Lactate induced prolongation of the cardiac action potential requires Kvp2.
(A) Representative perforated patch current clamp recordings of cellular action potentials in

cardiac myocytes under control conditions (i.e., lactate-free) and 10 min after application of
20 mM lactate. (A, inset) Bar plot showing [NADH]; in hearts perfused with 20 mM lactate
for 10 min (n = 5 hearts) relative to levels in hearts perfused with control (Ct) buffer for the
same period of time (n = 4 hearts). (B) Bar plot showing action potential durations at 20%,
50%, and 90% repolarization 10 min after lactate relative to baseline control values (n =6
cells). *P<0.05. ns: P>0.05. (C) Representative traces showing MAPs recorded in hearts
from wild type (wt) animals in control (Ct) conditions and 10 min after application of 20

mM lactate (red trace) or 20 mM pyruvate (blue trace). (D) Scatter plot showing MAP

Page 32

durations at 20%, 50%, and 90% repolarization in hearts from wild type animals in Ct (n =
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12 hearts), lactate (n = 9 hearts) and pyruvate (n = 4 hearts) conditions. (E) Representative
traces showing MAPs recorded in hearts from KvB2~/~ animals in control (Ct) conditions
and 10 min after application of 20 mM lactate (red trace). (F) Scatter plot showing MAP
durations at 20%, 50%, and 90% repolarization in hearts from Kvp2~/~ animals in Ct and
after application of lactate (n = 5 hearts). *P<0.05.
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