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ABSTRACT Two pore-domain potassium (Kyp) channels mediate potassium background cur-
rents that stabilize the resting membrane potential and facilitate action potential repolariza-
tion. In the human heart, hK;p17.1 channels are predominantly expressed in the atria and
Purkinje cells. Reduced atrial hK;p17.1 protein levels were described in patients with atrial
fibrillation or heart failure. Genetic alterations in hK5p17.1 were associated with cardiac con-
duction disorders. Little is known about posttranslational modifications of hK;p17.1. Here,
we characterized glycosylation of hK,p17.1 and investigated how glycosylation alters its sur-
face expression and activity. Wild-type hK,p17.1 channels and channels lacking specific glyco-
sylation sites were expressed in Xenopus laevis oocytes, HEK-293T cells, and Hela cells.
N-glycosylation was disrupted using N-glycosidase F and tunicamycin. hK;p17.1 expression
and activity were assessed using immunoblot analysis and a two-electrode voltage clamp
technique. Channel subunits of hKyp17.1 harbor two functional N-glycosylation sites at posi-
tions N65 and N94. In hemi-glycosylated hK;p17.1 channels, functionality and membrane
trafficking remain preserved. Disruption of both N-glycosylation sites results in loss of
hK2p17.1 currents, presumably caused by impaired surface expression. This study confirms
diglycosylation of hK;p17.1 channel subunits and its pivotal role in cell-surface targeting. Our
findings underline the functional relevance of N-glycosylation in biogenesis and membrane
trafficking of ion channels.
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INTRODUCTION

Two pore-domain (Kyp) potassium channels mediate background The alkaline-activated Kop-channels human (h)Kop5.1 (TWIK-re-

potassium leak currents that stabilize the resting membrane poten-
tial and control cellular excitation by shaping the duration, fre-
quency, and amplitude of action potentials (Ketchum et al., 1995;
Goldstein et al., 2001).

lated acid-sensing K* channel [TASK]-2), hKyp16.1 (TWIK-related
alkaline-pH-activated K* channel [TALK]-1) and hKyp17.1 (TWIK-
related alkaline-pH-activated K* channel [TALK]-2) display strong
expression in the pancreas and were assumed to be involved in
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Abbreviations used: ACTB, beta-actin; AF, atrial fibrillation; BCA, bicinchoninic
acid; BenGal, benzyl 2-acetamido-2-deoxy-o-D-galactopyranoside; BSA, bovine
serum albumin; CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1-propane-
sulfonate hydrate; DMSO, dimethyl sulfoxide; GAPDH, glycerinaldehyde-
3-phosphate dehydrogenase; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid; HF, heart failure; Kyp, two-pore domain; PBS, phosphate-buffered
saline; RMP, resting membrane potential; SOS, standard oocyte-maintaining
solution; TALK-1, TWIK-related alkaline pH-activated K* channel 1; TALK-2,
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TWIK-related alkaline pH-activated K* channel 2; TASK-1, TWIK-related acid-
sensing K* channel 1; TASK-2, TWIK-related acid-sensing K* channel 2; TASK-3,
TWIK-related acid-sensing K* channel 3; TEVC, two-electrode voltage clamp;
TRESK, TWIK-related spinal cord K* channel; TWIK-1, tandem of P domains in a
weak inward- rectifying K* channel 1, WGA, wheat germ agglutinin; WT, wild
type.
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FIGURE 1: Putative N-glycosylation sites of hKyp17.1. (A) Schematic two-dimensional membrane model of an hKyp17.1
subunit. Putative N-glycosylated asparagine residues 65 and 94 in the M1-P1 linker are highlighted. P, pore-forming
domain; M, transmembrane domain; N, N-terminus; C, C-terminus; extracellular site top, intracellular site bottom.

(B) Three-dimensional homology model of hKyp17.1, assembled as dimer illustrates that asparagine residues 65 and

94 are directed toward the extracellular site and therefore accessible to N-glycosylation. (C) Species conservation of
N-glycosylation motives at asparagine residues 65 and 94. *, full conservation; :, conservative substitution; ., semi-

conservative substitution.

bicarbonate secretion (Enyedi and Czirjak, 2010; Feliciangeli et al.,
2015). In addition, hKyp17.1 mRNA is expressed in the liver, lung,
and brain (Decher et al., 2001). In the human heart, hKyp17.1 chan-
nels are predominantly expressed in the atria and the Purkinje sys-
tem of the ventricles (Decher et al., 2001; Friedrich et al., 2014;
Schmidt et al., 2015).

Atrial expression of hKp17.1 is reduced in patients with atrial fi-
brillation (AF) and heart failure (HF) (Schmidt et al., 2015, 2017). The
association between a genetic hKyp17.1 variant and ischemic stroke
further indicates that hKop17.1 channels might be involved in the
pathophysiology of AF (Domingues-Montanari et al., 2010; Ma
etal., 2013; He et al., 2014). Recently, genetic alterations in hKyp17.1
channels have been linked to cardiac conduction disorders (Fried-
rich et al., 2014; Chai et al., 2018).

Increasing evidence suggests that hK;p17.1 channels are impor-
tant contributors to cardiac electrophysiology (Wiedmann et al.,
2016), but little is known about specific mechanisms regulating
hKp17.1 expression and cellular trafficking and function. Glycosyl-
ation is known to play a crucial role in biosynthesis, transport, and
function of transmembrane proteins. Addition and processing of
asparagine-linked (N-linked) oligosaccharides is the most common
form of glycosylation (Ohtsubo and Marth, 2006). As with most
transmembrane proteins, several ion channels undergo posttransla-
tional modifications by N-glycosylation, which influences cellular
trafficking, gating, and recycling (Khanna et al., 2001; Baycin-Hizal
et al., 2014). The present study was initiated to evaluate whether
hK2p17.1 channels undergo N-glycosylation, and how glycosylation
of hKyp17.1 channels may alter their abundance, transport to the
plasma membrane, surface expression, and activity.
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RESULTS

To select glycosylation sites in hKyp17.1 channels that might be
physiologically relevant, we applied the bioinformatic software
NetNGlyc 1.0 server. The software suggested asparagine residues
65 and 94 as potential N-glycan acceptors with probability scores of
0.72 and 0.73. Both motives are localized in the extracellular M1-P1
interdomain of the hKyp17.1 monomer (Figure 1A) and display
strong conservation among Kyp17.1 homologues from different spe-
cies (Figure 1B). We systematically characterized the predicted gly-
cosylation sites using molecular biological and electrophysiological
techniques.

Immunodetection of glycosylated and nonglycosylated
channels

To characterize N-glycosylation of hKyp17.1 channels, epitope-
tagged channel subunits were heterologously expressed in Xeno-
pus laevis oocytes. Oocytes expressing hKyp17.1 were treated with
N-glycosidase F (PNGase F) to cleave oligosaccharides from pro-
teins and hydrolyze asparagine residues to aspartic acid (Tarentino
et al., 1985). Immunoblotting revealed that the molecular weight of
the hKyp17.1 subunit decreased after PNGase F treatment. After
deglycosylation, the band for hKyp17.1 that was originally located at
35.9 + 0.3 kDa separated into two bands at 33.0 £ 0.3 and 31.3 =
0.2 kDa (Figure 2A). Similar mobility shifts of hKop17.1 monomers
were observed in hKyp17.1-expressing oocytes cultured in the
presence of 2 ng/pl tunicamycin, an antibiotic in vivo inhibitor of
N-glycosylation (Kuo and Lampen, 1974; Egenberger et al., 2010).
We concluded that the three bands represent fully diglycosylated,
monoglycosylated, and nonglycosylated hKyp17.1 monomers.
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Xenopus laevis oocyte lysates

A [xDal Antimyc B  hKpt17.4-wT C  hKp174-WT
40 ==
- «— Diglycosylated
«— Monoglycosylated - —
@ == |« Nongycosylated §_ g_ 2
30 = - =
Anti GAPDH £ 1 P=0.01 b0 008 H
E E
35 w— 2 3 a1
PNGase F -+ - + - + - + . ﬂ/‘
Mye
Tuni i - - - - 0 0
tnicamyein tot + o+ CTRL 0.03 01 03 1 3 CTRL 2h 6h 12h 24h 48h
Uninjected  hKy17.1-myc Tunicamycin [ pg/ml ] Tunicamycin 2 pg/ml
D Control [J E hip17.1-WT F hKp17.1-WT G hKI74WT
Tunicamycin ( 2 pg/ml, 48h) | | CTRL Tunicamycin
0 (2 pg/mi, 48h) —4 Control < 2
< =5
= —
S 20 z z
£ = [2uA 2, Tunicamycin £,
= 100 ms 3 (2pgiml, 48h) &
= P=0.8 +60 mV
x -40 4 E )
i i = T 0
P=0.014 omv T somv -50 50 48h 48h 24h wi TM
-60 L . wio T™M w/TM  +24hwio TM
Uninjected hK;p17.1-WT Membrane potential [ mV ]

N-glycosylation regulates current amplitude of hKyp17.1 channels expressed in Xenopus oocytes.
(A) Immunoblot of Xenopus oocyte lysates heterologously expressing hKyp17.1-myc proteins under control conditions, in
the presence of the N-glycosylation inhibitor tunicamycin or after cleavage of N-linked sugar moieties with PNGase F.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as loading control. Insert: schematic illustration of
C-terminal myc-tagged hKp17.1 subunits. (B) Dose-response curve of tunicamycin on outward potassium currents of
Xenopus oocytes, heterologously expressing hKp17.1 channels, 24 h after cRNA injection (n = 5-8). (C) Time course of
tunicamycin-induced inhibition of hK»p17.1 currents, expressed in Xenopus oocytes. Measurements were performed 48 h
after cRNA injection. Different time intervals of tunicamycin incubation (as provided) refer to time intervals directly before
the measurement (i.e., 2 h of tunicamycin incubations means the start of the incubation period is 46 h after injection and
TEVC measurements were carried out 48 h postinjection; n = 10-12). (D) Resting membrane potential (RMP) of uninjected
Xenopus oocyte and cells expressing hK;p17.1 are depicted under control conditions (clear bars) and after 48 h of
incubation with 2 pg/ml tunicamycin (black bars). (E) Families of hKyp17.1 current traces after 48 h of incubation with
2 pg/ml tunicamycin or after 48 h of incubation in the respective amount of DMSO (CTRL). (F) Corresponding mean step
current amplitudes of the currents displayed in E are plotted as functions of test pulse potentials. (G) Upon 24 h of
incubation with tunicamycin (TM), reversibility was probed by incubation in tunicamycin-free medium for another 24 h.
Data are given as mean values + SEM; pulse protocols and scale bars as well as p values of two-tailed Student’s t tests
(vs. respective CTRL) are indicated above or below the bars.

Functional implications of hK;p17.1 glycosylation Figure 2D). Uninjected Xenopus oocytes displayed RMPs of =29.6 +
To further assess the functional relevance of N-glycosylation, X. laevis 1.5 mV after 48 h of tunicamycin incubation and -26.4 + 2.2 mV
oocytes expressing hKyp17.1 channels were investigated using the  under control conditions (p = 0.8; n = 9). Representative families of
two-electrode voltage clamp technique. HKzp17.1-mediated cur-  hKyp17.1 current traces elicited by the depicted pulse-step protocol
rents were elicited by a voltage step from -80 to +20 mV (500 ms), from oocytes under control conditions (CTRL) or after incubation
applied at a frequency of 0.2 Hz. Figure 2B visualized the concentra- ~ with 2 ug/ml tunicamycin for 48 h are visualized in Figure 2E. Cor-
tion-dependent inhibitory effect of different tunicamycin concentra-  responding mean step-current amplitudes of these cells, plotted as
tions on hKyp17.1 currents. Immediately after cRNA injection, oo-  functions of test pulse potentials are depicted in Figure 2F. To probe
cytes were transferred to media containing the indicated amounts of  reversibility of tunicamycin-induced inhibition of hKyp17.1 N-glyco-
tunicamycin. Measurements were performed 24 h after injection. sylation, oocytes were either cultured in the absence (w/o TM) or in
Cells incubated in media containing equal amounts of the vehicle  the presence (w/ TM) of tunicamycin for 48 h after cRNA injection. A
dimethyl sulfoxide (DMSO) served as controls. The time course of  third group was kept in tunicamycin for 24 h, followed by incubation
tunicamycin-induced hKpp17.1 current reduction is depicted in  in tunicamycin-free medium for another 24 h (Figure 2G). In this
Figure 2C. Current recordings were performed 48 h after cRNAinjec-  group no significant washout of the tunicamycin- induced hKyp17.1
tion and cells were incubated in tunicamycin-containing media for  current reduction could be observed (48 h tunicamycin: 0.62 *
the indicated number of hours before current recordings. Therefore, ~ 0.07 pA, 24 h/24 h: 0.52 £ 0.1 pA; p=0.46; n=10-13).

in the 48-h group, tunicamycin was administered immediately after The route of tunicamycin delivery was not relevant, as intracyto-
injection and Xenopus oocytes displayed mean outward potassium  plasmic coninjection of tunicamycin reduced hKyp17.1 currents in a
currents of 0.66 +0.07 pA, while oocyte currents after control incuba-  similar manner (Supplemental Figure 1).

tion in DMSO reached 1.97 £ 0.28 pA (p=0.019; n=10-12).
After inhibition of hK,p17.1 N-glycosylation by tunicamycin for ~ Expression and functional analysis of hKzp17.1 channels
48 h, Xenopus oocytes displayed resting membrane potentials  lacking glycosylation sites
(RMP) of -44.1 £ 1.7 mV, while control cells kept in DMSO-contain-  To evaluate the functional relevance of N-glycosylation sites N65
ing media showed an RMP of =50 + 1.3 mV (p = 0.14; n = 10-12; and N95, two single-channel mutants and one double-mutant
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Verification of hKyp17.1 glycosylation sites. (A) Lysates of Xenopus oocytes, expressing the indicated
glutamine mutants of hK;p17.1-myc, were separated by SDS-PAGE followed by anti-myc immunoblotting. Elimination of
N-glycosylation motives resulted in increased protein mobility. Tunicamycin was administered as indicated. f-Actin
immunoreactivity served as loading control. (B) Glutamine mutants of hKp17.1-myc, heterologously expressed in
Xenopus oocytes, were treated with the N-glycosidase PNGase F or the N-glycosylation inhibitor tunicamycin as
indicated, followed by SDS-PAGE and anti-myc immunoblotting. B-Actin signals served as loading control.

(C, D) Xenopus oocytes were injected with cRNA of either WT hK»p17.1 or indicated glutamine mutants. Measurements
were taken at different time points between 24 and 72 h. (C) Resting membrane potential (RMP) of the cells.

(D) Outward potassium currents, measured at the end of a 500-ms +20-mV test pulse (n = 4-10). (E) Representative sets
of macroscopic potassium current recordings in Xenopus oocytes expressing hKyp17.1-WT or glutamine mutants.
Currents were elicited by application of the test pulse protocol as depicted at the bottom. Dotted lines indicate zero
current levels. (F, G) Corresponding mean step current amplitudes are plotted as functions of test pulse potentials to
compare mean current-voltage relationships of artificially di-, mono-, and nonglycosylated hKyp17.1 monomers.

(F) Original current amplitudes. (G) Currents normalized to maximum currents at +60 mV (n = 6-9). Data are given as
mean values £ SEM. *, p < 0.05; **, p < 0.01; ***, p < 0.001 for Bonferroni-corrected two-tailed Student’s t tests.

construct were generated. Either one of the asparagine residues 65
and 95 or both residues were mutated to glutamine to prevent car-
bohydrate modification of these residues. When separated by SDS
gel electrophoresis, mutant constructs hKyp17.1-N65Q-myc,
hKzp17.1-N94Q-myc, and hKyp17.1-N65Q,N94Q-myc displayed
similar mobility shifts, as observed under tunicamycin and glycosi-
dase treatment (Figure 3A).

Deglycosylation by PNGase F or inhibition of N-glycosylation by
tunicamycin increased the electrophoretic mobility of the mutant con-
structs hKyp17.1-N65Q-myc and hKyp17.1-N94Q-myc to levels simi-
lar to those observed for the glutamine double mutant (Figure 3B).

1428 | F Wiedmann et al.

No further change of electrophoretic mobility was observed when the
double mutant hKyp17.1-N65Q,N94Q-myc was exposed to glyco-
sidase treatment or tunicamycin, which indicates that no further func-
tionally relevant N-glycosylation sites in hKyp17.1 monomers exist.
Expressing wild-type hKyp17.1 channels as well as single-mutant
channels hKp17.1-N65Q and hK,p17.1-N94Q in oocytes resulted in
a significant reduction of RMP in comparison to uninjected controls
(RMPCTRL,t =24h= -12.4+0.4 mV; RMPWT,t =24h= -37.9+14 mV,
n=_8, p < 0.0001; RMPNéSQ,t =24 h = -30.6 £1.5mV, n=38, p <
0.0001; RMPNo4q, t = 24 h = -45.4 £ 3.5 mV, n =8, p < 0.0001). Ex-
pressing double-mutant hKyp17.1-N65Q,N94Q channels in oocytes

Molecular Biology of the Cell
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Chemiluminescence surface expression assay
Xenopus laevis oocytes

As the novel atrial specific antiarrhythmic
drug vernakalant was recently characterized

as a potent hKyp17.1 activator when applied
in supratherapeutic concentrations (Seyler
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FIGURE 4: N-glycosylation regulates surface expression of hKyp17.1. (A) Schematic diagram of
the hKyp17.1-myc-HA construct used in this experiment. An internal HA tag localized at the
extracellular part of the P2-M4 interdomain was used for immunological detection of hKyp17.1
dimers at the surface of nonpermeabilized Xenopus oocytes. (B) Surface expression of WT
hK2p17.1 and mutants was measured by HRP-mediated chemiluminescence in Xenopus
oocytes. Data are given as mean values + SEM of n = 11- 29 cells, p values are indicated

above the bars.

did, however, not affect the RMP (RMPcrri =241 =-12.4+ 0.4 mV,
RMPNgso,N9aq, t =24 h ==13.7 £0.8 mV, n =8, p=0.16), suggesting
a lack of functional hKop17.1 current.

Intracytoplasmatic injection of hK;p17.1-WT cRNA gave rise to
noninactivating outward potassium currents. Between 24 and 48 h
after injection of cRNA, hKyp17.1-WT currents increased from
0.47 £0.04 t0 2.18 + 0.3 pA, followed by current reduction to 0.61
+ 0.1 pA between 48 and 72 h (Figure 3, C-G). Injecting oocytes
with cRNA for hKp17.1-N65Q channel subunits caused a gradual
current increase to 49.7% of the maximum current measured in 0o-
cytes expressing WT hKzp17.1 at 60 h postinjection. In oocytes ex-
pressing hKop17.1-N94Q channel subunits, a maximal current equal
to 110.2% of the maximum current measured in oocytes expressing
WT channels was observed 36 h postinjection, followed by a grad-
ual current decrease. hKyp17.1-N65Q,N94Q ion-channel subunits
failed to generate functional currents that differed from those in un-
injected oocytes, indicating that the physiological function of the
ion channel is lost in the double mutant. Further immunoblots con-
ducted in the presence and absence of DTT demonstrated that
Kop17.1-N65Q,N94Q double mutant-channel subunits were able to
form channel dimers (Supplemental Figure 2). Therefore the ob-
served loss of membrane targeting of nonglycosylated ion channel
subunits is not caused by disrupted channel dimerization. To finally
exclude mutagenesis-related bias, another set of hKop17.1 mutants
was generated. In these mutants, N-glycosylation was disrupted by
switching the threonine of the N-(x)-S/T N-glycosylation consensus
sequence to alanine (Supplemental Figure 3A). Upon heterologous
expression in Xenopus oocytes, single-mutant channels showed rel-
evant current expression, while the nonglycosylated double-mutant
construct failed to produce measurable potassium currents that
differ from those in uninjected Xenopus oocytes (Supplemental
Figure 3, B-D), similar to the results observed in Figure 3.
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P<0.0001

hK;17.1-HA-myc

et al., 2014) further experiments were
conducted to probe whether hKyp17.1-
N65Q,N94Q currents could be enhanced via
application of vernakalant. While hKyp17.1-
WT, hKyp17.1-N65Q, and hKyp17.1-N94Q
showed strong current activation upon incu-
bation with 100 uM vernakalant for 30 min,
hK5p17.1-N65Q,N94Q currents did not show
any statistically significant alterations (unpub-
lished data).

P<0.0001

P=0.0002

Surface expression of glycosylated

vs. nonglycosylated channels

To determine whether the observed loss
of functional potassium currents in nong-
lycosylated hK,p17.1 channels was due to
altered channel activity or reduction in
cell surface expression, chemolumines-
cence assays were performed in X. laevis
oocytes. HKyp17.1 surface expression
was measured in nonpermeabilized oo-
cytes expressing wild-type or glutamine-
mutant constructs that both contained
noninterfering HA tags in the extracellu-
lar portion of the P2-M4 interdomain. lon
channels present at the cell surface were
detected after immunostaining with standardized antibodies
(Figure 4A).

Oocytes expressing hKyp17.1-N65Q-HA-myc constructs  dis-
played chemiluminescence signals comparable to WT channels
(Figure 4B). Channel surface expression of hKyp17.1-N94Q-HA-myc
cRNA was even higher than that of WT channels (Figure 4B). Dou-
ble-mutant hKyp17.1-N65Q,N94Q-HA-myc constructs, however,
displayed chemiluminescence signals virtually indistinguishable
from those in uninjected control oocytes, arguing against significant
surface expression of these channel subunits. Taken together, these
findings indicate that the reduced current of channels lacking both
glycosylation sites was caused by loss of membrane recruitment
rather than by changes in functionality (Figure 4B).

hK,p17.1-N65Q-HA-myc
hK,p17.1-N94Q-HA-myc

hK,;17.1-N65Q,N94Q-HA-myc

N-glycosylation of hK2p17.1 in mammalian cells

To confirm N-glycosylation of hKop17.1 in mammalian cells and to
further exclude interference of the myc affinity tag, native hKyp17.1-
WT channels were expressed in HEK-293T cells in the presence or
absence of tunicamycin and subjected to treatment with PNGase-F.
Immunoblotting confirmed the presence of diglycosylated, mono-
glycosylated, and nonglycosylated channel subunits (Figure 5A).
This result could be reproduced by gel electrophoresis and immuno-
blot of hK,p17.1-N65Q, hK,p17.1-N94Q, and hKp17.1-N65Q,N94Q
mutant ion-channel subunits (Figure 5B). Again, no further mobility
shift was observed by exposing hKyp17.1-N65Q,N94Q lysates to
glycosidase treatment or tunicamycin coincubation, arguing against
additional active N-glycosylation sites (Figure 5B). Surface expres-
sion of glycosylation-deficient hK;p17.1 channel subunits was fur-
ther detected using surface biotinylation (Figure 5C). Immunodetec-
tion after precipitation with avidin-coupled beads confirmed the
absence of hKyp17.1-N65Q,N94Q double mutants in HEK-239T
surface fractions (p < 0.0001, n = 3; Figure 5D), while appropriate
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FIGURE 5: N-glycosylation of hKyp17.1 expressed in mammalian cells. (A) hKp17.1-WT channel subunits were
heterologously expressed in HEK-293T cells in the presence or absence of the N-glycosylation inhibitor tunicamycin.
Cell lysates were digested with PNGase F to remove N-linked sugar moieties as indicated. Immunoblots for
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as loading control. (B) WT hK2p17.1 channel subunits and
glutamine mutants were expressed in HEK-293T cells and treated as described in A. (C) Surface fractions of HEK-293T
cells expressing indicated hK»p17.1 variants were isolated by surface biotinylation followed by streptavidin precipitation.
(D) Mean optical densities of the surface blots were normalized to the signal of WT hKyp17.1. Data are provided as

mean values + SEM of three independent experiments.

membrane trafficking was observed in WT and monoglycosylated
hKop17.1. Expression of WT hKyp17.1 and glycosylation-deficient
mutants in Hela cells and visualization of membrane trafficking via
immunofluorescence again confirmed cell surface expression of
hKop17.1-WT, hK,p17.1-N65Q, and hKpp17.1-N94Q subunits while
hK2p17.1-N65Q,N94Q double mutants were not present at the
plasma membrane (Figure 6).

Effects of external glucose concentration on surface
expression of hK;p17.1 in HEK-293T cells

To study how external glucose concentration influences hKyp17.1
N-glycosylation state and surface expression, HEK-239T cells heter-
ologously expressing hKyp17.1-WT channels were cultured and
maintained in media with glucose concentrations of 2.1-4.5 g/I. Sur-
face expression of hKyp17.1 was assessed after surface protein bio-
tinylation and streptavidin precipitation followed by SDS-PAGE and
immunoblot (Figure 7A). While nontransfected cells and biotin-neg-
ative controls showed no hKyp17.1 protein in surface fractions, cells
cultured in 4.5 g/l glucose displayed a robust hKyp17.1 surface frac-
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tion. With reduction of the extracellular glucose concentration, a
gradual decrease of hKyp17.1 protein surface expression was ob-
served. No changes were observed, however, in the glycosylation
state of hKp17.1 (Figure 7, B-D)

O-glycosylation of hK,p17.1 channels

To assess whether hKyp17.1 subunits undergo O-glycosylation,
lysates of HEK-293T cells expressing hKyp17.1 were treated with
the O-glycosylation inhibitor benzyl 2-acetamido-2-deoxy-
o-D-galactopyranoside. After incubation with neuraminidase, O-
glycosidic bonds were digested with O-glycosidase. Essentially, the
pattern of hK;p17.1 immunoblot bands was not changed after treat-
ment with benzyl 2-acetamido-2-deoxy-o0-p-galactopyranoside.
After enzymatic deglycosylation with neuraminidase and O-glycosi-
dase, another protein band could be observed (Figure 8, gray
arrow). However, this mobility shift could not be reproduced in
hKop17.1-N65Q,N94Q double-mutant subunits. Therefore, it is
likely that this band resembles modifications of N-linked sugar
moieties as a result of the pretreatment with neuraminidase. Taken
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N-glycosylation-dependent hKyp17.1 surface expression in Hela cells. WT hK2p17.1 or glutamine mutants
lacking either one or both N-glycosylation motives were expressed in Hela cells. Cell membranes stained with Alexa
594-labeled wheat germ agglutinin are depicted in red. Immunostaining of hKyp17.1-variants is shown in green. Overlays
demonstrate co-localization of di- and monoglycosylated hKyp17.1 subunits with the cell membrane. Nonglycosylated
double-mutant channels cannot be detected at the cell membrane. Scale bar: 5 um.

together, these results support the hypothesis that heterologously
expressed hKyp17.1 ion-channel subunits are not subjected to
O-glycosylation.

DISCUSSION

Posttranslational modification by attachment of sugar moieties is a
common feature of ion channels because of their role as membrane
proteins. In general, posttranslational glycosylation can influence
function, folding, solubility, stability, and trafficking of ion-channel
proteins. Except for nonfunctional hKyp15.1 channels, all members
of the two pore—domain potassium channel family harbor one or
two putative N-glycosylation sites in the M1-P1 interdomain
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Anti Kyp17.1

Merge

(Mant et al., 2013). It was, however, shown that not all predicted N-
glycosylation sites undergo glycan modification. Egenberger et al.
(2010) reported that only one of the two putative N-glycosylation
sites of Kyp18.1 (TRESK, TWIK-related spinal cord K* channel) is gly-
cosylated. Therefore, it is necessary to confirm predicted glycosyl-
ation sites experimentally to fully characterize the molecular function
of ion channels. Crystal structures of the ion channel proteins
hKyp1.1, hKyp2.1, hKyp4.1, and hKyp10.1 were determined only for
synthetic constructs, in which potential glycosylation sites were re-
moved (Brohawn et al., 2012; Miller and Long, 2012). Therefore,
available crystallographic structures do not contain information
about Kyp-channel glycosylation. To our knowledge, our study is the
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FIGURE 7: Effects of external glucose concentration on surface expression of hKzp17.1 in HEK-293T cells.

(A) Representative immunoblots of hKyp17.1-WT channels expressed in HEK-293T cells cultured under different glucose
concentrations. Input fractions (left) are provided, as well as surface fractions (right) obtained via surface biotinylation
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densitometry. (C) Mean optical densities of hK;p17.1 protein signals in the respective surface fractions. (D) Ratio of
hK2p17.1 protein signals of surface/input fractions. Data are presented as mean + SEM. p values of two-tailed Student'’s

t tests vs. glucose 4.5 g/l are given as inserts.

first to show the importance of hKyp17.1-channel glycosylation for
its localization and function. Combining experimental techniques to
characterize pharmacological, molecular, and electrophysiological
properties of hKyp17.1, we show that subunits of this ion channel
harbor two functionally active N-glycosylation sites at positions N65
and N94. Mutant channel subunits containing only one N-glycosyl-
ation site are still recruited to the plasma membrane, and potassium
outward currents are detectable in oocytes expressing these mu-
tants. Abrogation of both N-glycosylation sites, however, appears to
abolish the function of hKyp17.1 completely due to impaired trans-
port to the cell surface. Loss of membrane targeting of nonglycosyl-
ated ion-channel subunits is not caused by disrupted channel dimer-
ization as described for other glycosylated proteins (He et al., 2002).

Interestingly, inactivating glycosylation at N65 results in pro-
longed membrane currents, which indicates an increased residence
time at the plasma membrane relative to WT channels or channel
mutants deficient in glycosylation at N94 (Figure 3, C and D). It
might therefore be speculated that N65-linked sugar moieties influ-

HEK-293T

[kDa] Anti hK;p17.1

ence the internalization or recycling of hKyp17.1 subunits. When
protein expression levels of the hKyp17.1-N65Q,N94Q double mu-
tant are compared with those of single-mutant or wild-type chan-
nels, it is striking that expression of double mutant—channel subunits
is much higher in HEK-293T cell lysates than in X. laevis oocytes.
This could, at least in part, be explained by better expression of hu-
man Kyp17.1 channel isoforms in the mammalian cellular context or
by different degradation mechanisms of nonfunctional proteins.
Surface expression of hK;p17.1-N65Q,N94Q double mutant-chan-
nel subunits was, however, disrupted in both Xenopus oocytes and
mammalian cells.

It was previously shown that inhibition of N-linked glycosylation
alters the voltage dependency of ion-channel gating in Kv1.1 and
KvLQT1 channels (Thornhill et al., 1996; Freeman et al., 2000). How-
ever, voltage dependency remains unchanged in hKyp17.1 channel
subunits, in which one of the two N-glycosylation sites is deactivated
(Figure 3G). Mobility shift assays indicate that glycans contribute to
~13% of the molecular mass of mature hKyp17.1 ion-channel sub-

units. This fraction is considerably lower than
in sodium channels, where posttranslational
modifications may cause up to 30% of the
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molecular mass (Schmidt and Catterall,
1987). In general, membrane glycoproteins
may also be modified by O-linked glycosyl-
ation. We therefore tested whether this
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FIGURE 8: In HEK-293 cells, hK3p17.1 is not modified by O-glycosylation. Wild-type Kp17.1
channels and glutamine mutants lacking N-glycosylation were heterologously expressed in
HEK-293T cells. Immunoblots of hK;p17.1 after coincubation with the O-glycosylation inhibitor
benzyl 2-acetamido-2-deoxy-o-d-galactopyranoside or after treatment of protein lysates with
O-glycosidase and neuraminidase are shown. After treatment with O-glycosidase and
neuraminidase, a mobility shift can only be observed in N-glycosylated subunits (gray arrow),

arguing against O-glycosylation of hK;p17.1 channels.
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detectable effect on protein mobility in SDS

+ gels. Therefore, it seems that O-glycosyl-

ation of hKyp17.1 channels is not biologically
relevant.

It was described that the related ion
channel hKyp1.1 harbors one glycosylation
site located in the P1-M1 interdomain,
which was shown by glycosidase treatment
and SDS-PAGE (Lesage et al., 1996). The
closely related hKyp3.1 (TASK-1) and hKp9.1
(TASK-3) channels bear one conserved N-
glycan acceptor site located in the P1-M1
interdomain as well. In hKyp9.1 channels,
deactivation of the N-glycosylation site
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results in reduced membrane expression, whereas their functionality
compared with that of unmodified ion channels is not affected (Mant
et al., 2013). Mutating glycosylation sites in hKyp3.1 channels results
in smaller potassium currents than in their WT counterparts, most
likely caused by reduced expression at the cell surface (Mant et al.,
2013). In contrast to these findings, inserting a proline residue next
to the N-glycosylation site of hKyp3.1 impaired N-glycosylation with-
out reducing channel currents or transport to the plasma membrane
(Goldstein et al., 2016). It remains speculative whether these diverg-
ing findings can be attributed to direct effects of the ion-channel
mutation or resulted from differences in expression systems used in
these studies (Goldstein et al., 2016; Mant et al., 2013). Similarly,
hK2p18.1 channels exhibit a single functional N-glycosylation. If this
site is mutated or N-glycosylation is inhibited, surface expression of
hK5p18.1 is markedly reduced, resulting in reduced but still measur-
able outward potassium currents (Egenberger et al., 2010). Another
potential N-glycosylation in the P1-M1 interdomain of hK,p18.1 that
is not conserved in the murine orthologue of Kyp18.1 displays no
functional relevance (Egenberger et al., 2010). Thus, in contrast to
hKyp17.1 channels, members of the TASK and TRESK subfamilies
contain only one glycan acceptor site, and its N-glycosylation seems
to be not required for transport to the cell surface. Taken together,
these data suggest that N-glycosylation regulates members of the
family of Kyp channels in a partially different manner. This, however,
is not uncommon among ion channels. In case of the HCN ion chan-
nel family, N-linked glycosylation is crucial for transport of HCN2
channels to the plasma membrane, while HCN1 channels are mark-
edly less sensitive to deglycosylation (Hegle et al., 2010).
Posttranslational rearrangement and trimming of N-linked gly-
cans results in an extensive diversity, potentiating the complexity of
ion channel functions. It is well known that the cellular environment
and the metabolic state of the cell have major influence on the qual-
ity and quantity of protein glycosylation (Ohtsubo and Marth, 2006).
Hence, functional properties of cellular ion-channel composition
could be passively and actively controlled via N-glycosylation-medi-
ated regulation of hKyp17.1 currents. Further, changes in glycosyl-
ation patterns may alter the response to glycan modification via
extracellular proteases and sialidases (Lamothe et al., 2018).

Potential limitations

Differences in the quality and quantity of attached glycans have
been observed when N-glycosylation in native tissues and after het-
erologous expression is studied (Shi and Trimmer,1999). To minimize
cell line-mediated confounding on hKy17.1 N-glycosylation, X.
laevis and two different mammalian cell lines were used in this study.

Clinical implications

Many ion channels undergo N-linked glycosylation, and mutations
in glycosylation sites have been identified in potassium channels
implicated in long QT syndrome (Petrecca et al., 1999). Congenital
disorders of glycosylation are rare autosomal genetic diseases, char-
acterized by genetic defects in glycan synthesis, processing, or tar-
geting (Freeze, 2006). These disorders can affect nearly all organs
and are often associated with cardiomyopathies and arrhythmias
(Gehrmann et al., 2003). It is likely that altered glycosylation pat-
terns in cardiac ion channels, such as hKyp17.1, contribute to the
molecular mechanisms of arrhythmogenesis associated with disor-
ders of glycosylation.

Conclusions

In the present study we demonstrate that hKyp17.1 channel subunits
undergo N-glycosylation. Combining pharmacological, molecular,
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and electrophysiological experimental techniques, we show that N-
glycosylation of hKyp17.1 channels is essential for their transport to
the plasma membrane and physiological function.

MATERIALS AND METHODS

Animal studies

This investigation conforms to the guide for the Care and Use of
Laboratory Animals (NIH Publication 85-23). All studies involving
animals are reported in accordance with the ARRIVE guidelines for
reporting experiments involving animals (McGrath et al., 2010). The
investigation conforms to Directive 2010/63/EU of the European
Parliament. Approval was granted by the local Animal Welfare Com-
mittee (reference number G221/12). The authors have taken all
steps to minimize the animals’ pain and suffering. Surgeries were
performed under tricaine anesthesia (1 g/I; pH 7.5). A maximum of
three surgeries were performed on each individual frog. After the
final taking of oocytes, anaesthetized frogs were killed by decere-
bration and pithing. The investigators understand the ethical prin-
ciples under which the journal operates and state that their work
complies with its animal ethics checklist.

Molecular biology

Amplification of hKzp17.1 from human cerebral cDNA and subclon-
ing in pRAT, an X. laevis and mammalian cell dual purpose expres-
sion vector, was described earlier (Gierten et al., 2008). Mutant
constructs characterized in this study were generated using the
QuickChange Site-Directed Mutagenesis Kit (Stratagene, San
Diego, CA). C-terminal myc epitope tags were introduced after re-
moval of the stop codon using standard molecular biology methods
as described by Kisselbach et al. (2012) and constructs were sub-
cloned into the X. laevis and mammalian cell dual-purpose expres-
sion vector pMax*. For chemiluminescence assays, a hemagglutinin
(HA)-affinity tag was introduced into the extracellular P2-M4 inter-
domain as described by Friedreich et al. (2014) via the megaprime
PCR technique. Sequences of all plasmid constructs were verified by
DNA sequencing (GATC Biotech, Konstanz, Germany). After plas-
mid linearization, copy RNA was generated by in vitro transcription
with a T7 Message Machine Kit (Thermo Fisher Scientific, Waltham,
MA). Integrity of RNA transcripts was confirmed by agarose gel
electrophoresis and RNA concentrations were determined using
Nanodrop spectrophotometry (ND-1000; peqglab Biotechnology
GmbH, Erlangen, Germany).

Cell culture

Human embryonic kidney cells (HEK-293T) and Hela cells were cul-
tured in DMEM (Thermo Fisher Scientific) supplemented with 10%
fetal calf serum (Thermo Fisher Scientific), 100 U/l penicillin G so-
dium, and 100 pg/ml streptomycin sulfate. Cells were kept under
95% humidified air and 5% CO, at 37°C. For immunofluorescence,
cells were seeded on glass coverslips before transient transfection
with Lipofectamin 3000 (Thermo Fisher Scientific) following the
manufacturer’s instructions. Protein expression for protein biochem-
istry was performed by treating 80% confluent T75 tissue culture
flasks (Sarstedt, Nimbrecht, Germany) with a mixture of 635 pl
ddH,O, 815 pl 300 mM NaCl, 180 ul polyethylenimine solution
(0.323 g/I; Polysciences, Warrington, PA), and 22 ug of plasmid
DNA. The O-glycosylation blocker benzyl-2-acetamido-2-deoxy-o.-
p-galactopyranoside (BenGal) and the N-glycosylation inhibitor tu-
nicamycin (Sigma Aldrich, St. Louis, MO) were dissolved in DMSO
to stock solutions of 1 mg/ml and 300 mM, respectively, and stored
at —20°C. Indicated cell culture media were supplemented with
1 pg/ml tunicamycin, 300 uM BenGal, or equal amounts of DMSO.
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Oocyte preparation

Oocytes were isolated from X. laevis (Xenopus Express, Vernassal,
France) ovarian lobes after surgical extirpation under tricaine
anesthesia (1 g/I; pH 7.5). Oocyte collection was alternated be-
tween left and right ovaries. A maximum of three surgeries were
performed on each individual frog. Following collagenase treat-
ment, defolliculated stage V-VI oocytes were manually selected un-
der a stereomicroscope (STEMI 2000; Zeiss, Oberkochen, Germany)
and maintained in a standard oocyte solution (SOS), consisting of
100 mM NaCl, 2 mM KCI, 1.8 mM CaCl,, 1 mM MgCl,, 5 mM
HEPES, 2.5 mM pyruvate, and 100 pg/ml gentamicin (pH 7.6). Copy
RNA (cRNA; 12.5-25 ng in 46 nl per oocyte) was injected using the
Nanoject system (Drummond Scientific Company, Broomall, PA).
Where indicated, oocytes were either coinjected with 2 ng tunica-
mycin per cell or incubated in media containing 0.03-3 pg/ml tu-
nicamycin to inhibit N-glycosylation. Respective controls were per-
formed by incubation or injecting equal amounts of DMSO.

Protein preparation and Western blot

Homogenization of X. laevis oocytes was performed 36 h after injec-
tion, using a glass—Teflon tissue homogenizer. Proteins were solubi-
lized for 1 h at 4°C in oocyte lysis buffer (100 mM NaCl, 40 mM KClI,
20 mM HEPES, 1 mM EDTA, 10% glycerol, and 1% 3-[{3-cholamido-
propylidimethylammonio]-1-propanesulfonate hydrate [CHAPS];
pH 7.4). The supernatant was clarified by repeated centrifugations
at 5000 x g (5 min) followed by a final centrifugation at 15,000 x g
(20 min). HEK-293T cells were harvested 36 h after transfection by
scraping on ice. Samples were subjected to cell lysis in radioimmu-
noprecipitation (RIPA) buffer (150 mM NaCl, 20 mM Tris-HCI, 1 mM
EDTA, 0.5% NP-40, 0.5% sodium deoxycholate, 1 mM NaF, 1 mM
NazVOy), agitated for 30 min at 4°C, and clarified by centrifugation
at 15,000 x g for 30 min at 4°C. All buffer solutions used for protein
preparation were supplemented with cOmplete mini protease in-
hibitor cocktail (Roche Diagnostics, Mannheim, Germany). Protein
concentration was determined using the bicinchoninic acid (BCA)
protein assay (Thermo Fisher Scientific). Where indicated, glycosi-
dase digest with PNGase F or neuraminidase and O-glycosidase
(New England Biolabs, Ipswich, MA) was performed according to
the manufacturer's instructions. Protein samples were mixed with
Laemmli sample buffer (Biorad, Hercules, CA), supplemented with
150 mM dithiothreitol (DTT) and 5% B-mercaptoethanol, boiled for
5 min at 95°C, and subjected to SDS-PAGE on 10% Tris-HCl gels as
described earlier (Schmidt et al., 2015). Where indicated treatment
with DTT and B-mercaptoethanol was omitted. After wet transfer to
polyvinylidenfluoride membranes, immunodetection was performed
using the following primary antibodies: ab198043 (Abcam, Cam-
bridge, UK), polyclonal rabbit anti-hKyp17.1 (1:300); sc-390435 (Santa
Cruz Biotechnology, Heidelberg, Germany); monoclonal mouse anti-
hK2p17.1 (1:100); sc-47778 (Santa Cruz Biotechnology); mouse mono-
clonal anti-B-actin (1:1000); G8140-11 (US Biological, Swampscott,
MA) mouse monoclonal anti-GAPDH (1:10,000) and sc-789 (Santa
Cruz Biotechnology) polyclonal rabbit anti-c-myc (1:50), as well as
appropriate horseradish peroxidase (HRP)-conjugated secondary
antibodies: NAV934 (GE Healthcare, Chicago, IL) donkey anti-rabbit
(1:3000) and sc-2005 (Santa Cruz Biotechnology) goat anti-mouse
(1:3000). Signals were developed using the enhanced chemilumines-
cence assay (GE Healthcare) and quantified using a FluorChem Q lu-
minescence detector (Cell BioSciences, Palo Alto, CA).

Chemiluminescence assay
For quantification of cell surface expression, hKyp17.1 constructs
harboring an extracellular HA tag were expressed in Xenopus
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oocytes. Cells were incubated for 30 min at 4°C in standard oocyte-
maintaining solution (SOS) containing 1% bovine serum albumin
(BSA) to block nonspecific binding of antibodies. Labeling was per-
formed with monoclonal rat anti-HA antibody (clone 3F10, Roche;
1 mg/ml) in 1% BSA/SOS for 60 min at 4°C. After repeated washing
steps, cells were incubated with peroxidase-conjugated goat anti-
rat secondary antibody (AP136P, Sigma Aldrich, 1:10,000) diluted in
1% BSA/SOS for 60 min at 4°C. Oocytes were washed thoroughly
for 60 min at 4°C in SOS without BSA and placed in Amersham ECL-
Prime Western blotting detection reagent (GE Healthcare). Chemi-
luminescence was detected by a FluorChem Q luminescence detec-
tor (Cell BioSciences) and quantified using ImageJ software version
1.51f (Schneider et al., 2012). Uninjected oocytes served as negative
controls.

HEK-293T surface biotinylation assay

Biotinylation of lysine-exposing surface proteins was performed
36 h after transient transfection by incubation with 0.5 mg/ml cell-
impermeable, noncleavable sulfo-NHS-SS-Biotin (Pierce, Rockford,
IL) for 30 min at 4°C. Unbound biotin reagent was quenched three
times with 4 ml glycine (10 mM) in PBS (pH 8.0). After homogeniza-
tion, proteins were solubilized as described. Biotin-labeled proteins
were isolated from protein samples by incubation with streptavidin
beads (Pierce) for 2 h at 4°C. Following repeated washing, surface
proteins were liberated by boiling for 5 min in DTT and f-
mercaptoethanol-containing Laemmli sample buffer.

Fluorescence imaging

At 36 h after transient transfection, Hela cells were washed with
phosphate-buffered saline (PBS) and fixed with 4% paraformal-
dehyde for 15 min. Following incubation with PBS/Alexa Fluor
594-coupled wheat germ agglutinin (WGA), 3 pg/ml (W11262,
Thermo Fisher Scientific), cells were washed in PBS and incu-
bated with permeabilization and blocking buffer consisting of
PBS/1% BSA/0.5% Triton X-100/10% normal goat serum (Santa
Cruz Biotechnology) for 30 min at 4°C. For immunolabeling, cells
were incubated for 2 h at 4°C with monoclonal mouse anti-
hK2p17.1 (1:100, sc-47778, Santa Cruz Biotechnology) in PBS
with 1% BSA, 0.5% Triton X-100, and 3% normal goat serum.
Alexa Fluor 488-coupled polyclonal goat anti-mouse secondary
antibodies (A-11001, Thermo Fisher Scientific) were used at a
dilution of 1:1000 in the same buffer. After repeated washing,
coverslips were mounted with FluorSave (Merck Chemicals
GmbH, Darmstadt, Germany) antifade solution and examined us-
ing an Olympus IX51 microscope.

Electrophysiology

Two-electrode voltage clamp (TEVC) recordings from Xenopus oo-
cytes were performed 1-3 d after cRNA injection as described
(Wiedmann et al., 2018). Whole cell currents were measured with
an OC-725C amplifier (Warner Instruments, Hamden, CT) using
pCLAMP9 software (Axon Instruments, Foster City, CA) for data ac-
quisition and analysis. The standard extracellular solution contained
96 mM NaCl, 4 mM KCI, 1.1 mM CaCly;, 1 mM MgCly, 5 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH 8.5.
Microelectrodes fabricated from glass pipettes (GB 100F-10, Sci-
ence Products, Hotheim, Germany) using a Flaming/Brown P-87
micropipette puller (Sutter Instruments, Novato, CA) were backfilled
with 3 M KCl, yielding resistances ranging from 0.5 to 1.5 MQ. All
experiments were carried out at room temperature (20-22°C). Hold-
ing potentials were =80 mV in all experiments, and leak currents
were not subtracted. Vernakalant was purchased from Merck Sharp
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& Dohme (Haar, Germany) and stored in 1 ml aliquots (51.8 mM)
at —20°C.

Data analysis, homology model, and statistics

We applied the bioinformatic prediction software NetNGlyc 1.0
server (www.cbs.dtu.dk/services/NetNGlyc/). The prediction tool
suggested asparagine residues 65 and 94 as potential N-glycan ac-
ceptors with probability scores of 0.72 and 0.73. Multiple sequence
alignment was performed with the Clustal Omega algorithm (Sievers
et al., 2011). Three-dimensional open state structure models of
hK2p17.1 channels were calculated using the SWISS-MODEL plat-
form (Arnold et al., 2006; Guex et al., 2009; Kiefer et al., 2009; Bi-
asini et al., 2014). Data are presented as mean * standard error of
the mean (SEM). PCLAMP 9 (Axon Instruments, Foster City, CA) and
Prism 5 (GraphPad Software, La Jolla, CA) software was used for
data acquisition and statistical analysis. Student'’s t tests (two-tailed
tests) were applied to assess statistical significance. A p value <0.05
was considered statistically significant. If the hypothesis of equal
means could be rejected at the 0.05 level, pairwise comparisons of
groups were made and the probability values were adjusted for mul-
tiple comparisons using the Bonferroni correction.
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