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EXTENDED METHODS
Protein biochemistry
Preparation of brain samples
Mice (C57BL6) were killed by cervical dislocation and Sprague Dawley rats were killed by
exsanguination. The brain was removed immediately, and all further procedures were performed at
4°C and solutions were ice-cooled. Brain was cut in smaller pieces, weighed, and 1-5 mL
homogenizing buffer was added. The tissue was homogenized using douncer homogenizer (10
strokes) and centrifuged (800 x g, 10 min, 4°C) to remove cell debris. The supernatant was
centrifuged again (15.500 x g, 90 min, 4°C), and pellets were resuspendend. Finally, aliquots for
determination of protein concentration were taken and samples frozen in liquid nitrogen. Protein
concentration was measured by the Lowry method (DC Protein Assay, Bio-Rad, Copenhagen,
Denmark).
Preparation of HEK293 cell lysates
Experiments were performed at 4oC and solutions were ice-cold. Cells were washed in phosphate
buffered saline (PBS), harvested in solubilization buffer [in mM: 50 Tris pH 8.5, 150 NaCl, 5
EDTA] containing protease and phosphatase inhibitors 8 µM leupeptin , 0.4 mM pefabloc and one
tablet of phosSTOP pr. 10 mL, and centrifuged (2 min, 100 x g). The supernatant was recovered,
200 µl solubilization buffer containing detergent [in mM: 50 Tris pH 8.5, 150 NaCl, 5 EDTA, and
1% NP-40] was added and samples were incubated on a spinning wheel for 3 hours. Finally,
samples were centrifuged (> 10.000 x g, 10 min), the supernatant was aliquoted and frozen in liquid
nitrogen. Samples were stored at -80 oC until further use.
SDS-polyacrylamide gel electrophoresis and Coomassie blue staining
After electrophoresis using precast 7.5% or 4-15% SDS-PAGE gels (Bio-Rad, Copenhagen,
Denmark), gels were washed 3 times in deionized water, then stained with Gelcode blue stain
reagent (Pierce, Slagerup, Denmark) for 45 min at room temperature on a rocking table. Gels were
rinsed in deionized water, and left over night in deionized water at 4°C.
Immunoprecipitations
All steps were performed at 4°C using ice-cold solutions. Protein G-dynabeads (Invitrogen) were
washed in phosphate buffered saline (PBS) and resuspended in lysis buffer. Sample lysates were
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precleared with dynabeads for 1 h with rotation. Supernatants were transferred to a new tube, then
primary antibody was added followed by overnight incubation. After addition of dynabeads and
incubation for 2 h, multiple wash steps (with lysis buffer) were performed, subsequently the beads
were resuspendend in 100 μl lysis buffer and transferred to a new tube. Lysis buffer was removed
and beads were resuspended in Laemmli buffer (containing 100 mM DTT) and incubated for 3 min
at 70°C.
Western blot analyses
Cell lysates were prepared from mock transfected or transiently transfected HEK293 cells. The
protein concentration was determined employing a Bradford assay (BIO-RAD) according to
manufacturer’s instructions and calibrated to 1 μg/μl.
For Western blotting, 20 µg of protein was loaded per lane in a 4-20% gradient SDS-PAGE
polyacrylamide gel (Expedeon) and proteins were separated using the BIO-RAD Laboratories
minigel system. Proteins were transferred onto non-fluorescent Immobilon PVDF membranes
(Millipore, 45 µM) in blotting buffer (25 mM Tris base, 200 mM glycine, 20% methanol, 1% SDS)
using a mini transblot system (Bio-Rad Laboratories). After transfer, the membranes were blocked
for 1 hour at RT in blocking buffer (PBS with Odyssey® buffer, 1:1). The membranes were
incubated overnight at 4°C in blocking buffer containing primary antibody. After washing with PBS
the membranes were incubated with fluorescently-conjugated secondary antibodies (LI-COR
Biosciences) diluted in blocking buffer. The membranes were washed in PBS and finally rinsed in
PBS before scanning the membranes on the Odyssey® CLx Imaging System (LI-COR Biosciences)
using 800 nm and 700 nm channels and analyzed with Image Studio Version 5.2 (LI-COR
Biosciences). Protein band intensities were determined and correlated to their corresponding βtubulin signal (loading control).
Mass spectrometry
Sample preparation for mass spectrometry
Immunoprecipitated proteins were separated by SDS-PAGE, fixed and stained as previously
described [1,2]. Specifically, the separated proteins were fixed in the gel (40 ml water, 50 ml
acetonitrile, 10 ml acetic acid, 10 min) and visualized. Bands corresponding to KV11.1 were excised
and cleaved into small sections of 1mm x 1mm that were destained (50% 25 mM ammonium
bicarbonate, 50% acetonitrile) in a thermomixer (3 times 20 min, 800 rpm, room temperature (RT)).
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The proteins were next proteolytically cleaved to peptides by trypsin, while embedded in the gel
pieces [1]. Specifically, gel dices were dehydrated (acetonitrile, 10 min, 800 rpm) followed by
reduction of disulfide bonds (10 mM dithiothreitol in 25 mM ammonium bicarbonate, 45 min, RT,
800 rpm) and alkylation of cysteines (55 mM chloro-acetamide in 25 mM ammonium bicarbonate,
30 min, 24°C in darkness, 800 rpm). After washing in 25 mM ammonium bicarbonate the gel plugs
were dehydrated in acetonitrile and proteins were digested by trypsin (50 µl 12.5 ng/µl sequencing
grade trypsin (Promega) in 25 mM ammonium bicarbonate for 1 hour, followed by addition of 100
µl 25 mM ammonium bicarbonate, left overnight at 37°C). Trypsin activity was quenched by
acidification of the mixture with trifluoroacetic acid to pH~2 and peptides were extracted from the
gel plugs with 30% acetonitrile in 3% trifluoroacetic acid (30 min, 800 rpm) followed by 80%
acetonitrile in 0.5% acetic acid (30 min, 800 rpm) and finally in 100% acetonitrile. Organic solvents
were removed by evaporation in a vacuum centrifuge and the samples were washed on STAGE tips.
Peptides were eluted from the STAGE tips into 96 well microtiterplates with 2x10 µl 40%
acetonitrile in 0.5% acetic acid and the acetonitrile was evaporated using a vacuum centrifuge
reducing the sample volume to 4 µl. The peptide mixtures were acidified with 0.1% trifluoroacetic
acid in 2% acetonitrile to an end volume of 9 µl and analyzed by on-line nanoflow LC-MS/MS.
Peptide separation was performed by reversed-phase C18 HPLC on an Easy nLC system (Thermo
Fisher Scientific) loading 5 µl samples with a constant flow of 750 nl/min onto 15 cm long
analytical columns, packed in-house with 3 µm C18 beads, and eluting peptides using a 135 min
segmented gradient of increasing (5 %-80 %) buffer B (80% acetonitrile in 0.5% acetic acid) at a
constant flow of 250 nl/min. The effluent from the HPLC was directly electrosprayed into an LTQ
Orbitrap Velos mass spectrometer (Thermo Fisher Scientific, Slangerup, Denmark) through a nanospray ion source. The peptide mixture was analyzed by full-scan MS spectra (m/z 300-2000,
resolution 30.000) in the Orbitrap analyzer after accumulation of 1.000.000 ions in the Orbitrap
within a maximum fill-time of 1000 ms with the lock mass option enabled to improve mass
accuracy. For every full-scan the most intense peptide ions were sequentially isolated (up to ten for
every full-scan) and fragmented by higher energy collisional dissociation (HCD) in the octopole
collision cell and fragments were recorded by the Orbitrap mass analyzer after accumulation of
50000 ions with a maximum fill-time of 250 ms and using a normalized collision energy of 40%.
Mass spectrometry data analysis
Maximal MS/MS tolerance was 20 ppm, a maximum of 2 missed cleavages was allowed and false
discovery rates were set at 0.01 both for peptides and proteins. Carbamidomethylated cysteines
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were set as a fixed modification, whereas N-pyroglutamine, oxidation of methionine and N-terminal
acetylation were searched as variable modifications. Minimum peptide length was set at 6 amino
acids. Protein intensities were normalized and proteins were quantified between control and case
experiments by the MaxQuant label-free algorithm, resulting in LFQ (label-free quantitation)
protein intensities.
Patch-clamp electrophysiology
Recordings
All recordings of HEK293 cells were performed in the whole-cell patch clamp configuration at
room temperature using an EPC9 patch clamp amplifier (HEKA Elektronik, Lambrecht, Germany).
The holding potential was -80 mV and the tail currents were measured at -60 mV. Data acquisition
was done with the Pulse software (HEKA Electronik). Boroscilicate glass pipettes were pulled on a
DPZ-Universal Puller (Zeitz Instrumetns, Munich, Germany), and had a resistance between 1.5 and
2.5 MΩ when filled with intracellular solution. The series resistance recorded in the whole cell
configuration was kept below 10 MΩ and compensated (80%). The extracellular solution contained
[in mM: 140 NaCl, 4 KCl, 2 CaCl2, 1 MgCl2, and 10 HEPES, pH=7.4]. The intracellular solution
contained [in mM: 110 KCl, 10 EGTA, 5.17 CaCl2, 1.42 MgCl2, 4 K2ATP, and 10 HEPES, pH=7.2]
Analyses of channel kinetics
The kinetics of deactivation were determined by recording the tail currents at potentials ranging
from -40 to -100 mV in 10-mV decrements after an activation step to +40 mV and fitting the
currents to a double-exponential function. The time constants were plotted against the membrane
potential. The relative impact of the two deactivation components was analyzed from their
respective amplitudes. To investigate inactivation kinetics the channels were first fully inactivated
at +40 mV, released from inactivation by a brief hyperpolarizing step to -120 mV, followed by a
final step to potentials ranging from +40 to -40 mV in 10-mV decrements, where tail currents were
measured. Inactivation time-constants were evaluated from mono-exponential fits to the tail
currents, and were plotted against the applied voltage. The voltage-dependent recovery from
inactivation was investigated by a 3 step protocol: the potential was clamped at +40 mV to assure
full inactivation of the channels, and then the channels were subjected to a series of brief (10 ms)
hyperpolarizing steps from +40 to -120 mV in 10-mV decrements, followed by a return to +40 mV.
The peak current amplitude after return to +40 mV was measured and normalized to the maximum
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current level and plotted against the potential at the hyperpolarized step. Data were fitted to a
Boltzmann equation.
Molecular biology
Point mutations S263A/S266A, S284A, S318A/T319A/S320A/S322A, and T353A in KV11.1
(GenBank Acc. No. NM_000238) were introduced by site-directed mutagenesis using mutated
oligonucleotide extension PCR (PfuTurbo Polymerase, Stratagene, La Jolla, CA, USA) from the
plasmid template KV11.1 in pXOOM, digested with DpnI (Fermentas, St. Leon-Roth, Germany)
and transformed into E.coli XL1 Blue cells. Human protein kinase D1 (PKD1) complementary
DNA (GenBank Acc. No.NM_002742) in fusion with eGFP in the pEGFP-N1-vector (Clontech)
was kindly provided by Dr. A. Hausser (University of Stuttgart, Germany) [3].
HEK293 cell culture
HEK293 cells were cultured in T25 flasks (Nunc, Roskilde, DK) with Dulbecco’s modified Eagle’s
medium (Sigma, Brøndby, Denmark) supplemented with 10% fetal bovine serum at 5% CO2 and
37°C. HEK293 cells were transiently transfected with a total of 2 µg of cDNA using Lipofectamine
(Invitrogen, Taastrup, Denmark) according to the manufacturer’s instructions (either 1µg of KV11.1
cDNA with 1µg PKD1 in pEGFP-N1 or 1µg of KV11.1 cDNA with 1µg vector pEGFP-N1). 48 h
after transfection, the cells were used for further experiments. For mass spectrometry experiments,
HEK293 cells were grown in medium containing either light (12C, KV11.1) or heavy (13C,
KV11.1+PKD1) isoforms of lysine and arginine. To ensure full incorporation cells were grown in
the specific medium for at least five doubling times.
Confocal microscopy and imaging
For confocal imaging the transiently transfected HEK293 cells were grown on glass coverslips,
fixed in 3% paraformaldehyde in PBS for 30 min. Quenching was performed by a 30-minute
incubation with 0.2% fish skin gelatin in PBS supplemented with 0.1% Triton X-100 (PBST). The
cells were incubated for 1 h in primary antibodies diluted in PBST. Secondary antibodies were
diluted in PBST and applied for 45 min. The coverslips were mounted in Prolong Gold (Invitrogen,
Glostrup, Denmark).
Laser scanning confocal microscopy was performed using the Zeiss LSM 780 confocal system.
Images were acquired using a 63x oil immersion objective, NA 1.4, with a pinhole size of 1 airy
unit and a pixel format of 1024x1024. Line averaging was used to reduce noise. For double-labeling
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experiments sequential scanning was employed to allow the separation of signals from the
individual channels. Acquired images were treated using Adobe Photoshop and Adobe Illustrator.
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SUPPLEMENTARY TABLE
Supplementary Table S1. Biophysical parameters of mutants KV11.1-S263/S266A, KV11.1-S318/T319/S320/S322A, and KV11.1-T353A.
KV11.1

KV11.1

KV11.1

KV11.1

KV11.1

KV11.1

WT

S263-S266

WT

T353

WT

S318-T310-

(n = 15)

(n = 9)

(n = 23)

(n = 16)

(n = 9)

S320-S322
(n = 14)

Activation
Maximum outward current

27.2±3.4

32.7±6.6

44.2±6.2

40.3±6.1

41.8±18.9

51.7±10.5

V½ (mV)

0.9±2.9

-0.6 ± 2.8

9.7±1.8

10.3 ± 2.2

6.3±2.7

9.1 ± 2.2

Slope (mV) (at + 20 mV)

8.0±0.3

7.5 ± 0.3

8.5±0.2

8.3 ± 0.2

7.2±0.3

7.6 ± 0.3

V½ (mV)

-77.5±2.3

-75.5±2.4

-69.9±2.7

-73.4±2.3

-66.9±1.7

-71.9±3.7

Slope (mV)

16.8±2.4

15.8±0.9

15.6 ±0.6

16.3±0.6

14.9±0.5

15.5±0.6

τrec at -60 mV (ms)

5.7±0.6

4.3±0.4

4.3±0.5

5.9±0.7

3.0±0.4

3.3±0.4

τslow at -60 mV (ms)

1183.4±90.3

1083.5±43.4

832.7±44.7

880.0±66.4

809.2±46.9

859.8±41.4

τfast at -60 mV (ms)

157.1±10.1

128.4±7.9*

119.6±4.4

131.1±7.4

117.6±3.2

115.3±5.7

0.3±0.02

0.3±0.03

0.3±0.01

0.3±0.01

0.3±0.01

0.3±0.02

6.4±0.5

6.2±0.5

8.7±0.6

8.9±0.9

5.6±0.7

6.1±0.8

(at +20 mV) (pA/pF)

Recovery from inactivation

Deactivation

Afast/(Afast+Aslow) at -60 mV
Inactivation
τinact at 0 mV (ms)
*P<0.05
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SUPPLEMENTARY FIGURES

10

Supplementary Figure S1. Alignment of human, rat, and mouse KV11.1 protein sequences. The
alignment was performed with ClustalX in the DNASTAR LaserGene program package. GenBank
Accession numbers NP_000229 (human), NP_446401 (rat), and NP_038597 (mouse), respectively.
Red arrow indicates position of putative PKD phosphorylation site.

Supplementary Figure S2. Neither PKD1 co-expression or ablation of a putative PKD
phosphorylation site does alter KV11.1 protein expression levels in HEK293 cells. HEK293 cells
were transiently transfected with KV11.1, KV11.1+PKD, or KV11.1 S284A cDNA. After 48 h, cells
were lysed and submitted to western blot analysis using fluorescently-conjugated secondary
antibodies (LI-COR Biosciences). Analyses were performed with the Odyssey® CLx Imaging
System (LI-COR Biosciences) using 800 nm and 700 nm channels allowing for simultaneous
detection of KV11.1 and β-tubulin which served as loading control. Scans were analyzed with Image
Studio Version 5.2 (LI-COR Biosciences). Representative blot from four independent experiments.
Apparent molecular weight in kDa. Protein band intensities were correlated to their corresponding
β-tubulin signal. We did not observe significant changes in protein expression.
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Supplementary Figure S3. PKD1 co-expression does not alter the localization of KV11.1 in
HEK293 cells. HEK293 cells were transiently transfected with KV11.1 (upper panel) or
KV11.1+PKD cDNA (lower panel). The cells were fixed and stained for or KV11.1+PKD.
Furthermore, actin filaments and the nucleus were stained using Alexa®Fluor 647 Phalloidin and
DAPI, respectively. White frames indicate enlargements of respective membrane areas. In the inset
merging the stainings, KV11.1 is found to be co-localized with PKD1 in the plasma membrane.
Scalebar: 10 μm.
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Supplementary Figure S4. MS/MS spectrum of phosphorylated S284. Mass spectrometric
identification of Kv11.1 pS284 identification. Serine 284 of KV11.1 was identified to be
phosphorylated. An identified peptide covering Ser284 is shown with the detected fragment ions
indicated. The fragment ions are highlighted in the MS/MS spectrum. This peptide contained one
phosphate group, and due to the fragmentation pattern the localization of the phosphorylation site
could be localized to serine 284.
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Supplementary Figure S5. MS/MS spectrum of phosphorylated S263+S266. Mass spectrometric
identification of Kv11.1 pS263 and pS266 identification. Serine 263 and 266 of KV11.1 were
identified to be phosphorylated. An identified peptide covering Ser263/S266 is shown with the
detected fragment ions indicated. The fragment ions are highlighted in the MS/MS spectrum. This
peptide contained one phosphate group, and due to the fragmentation pattern the localization of the
phosphorylation site could be localized to serine 263 and 266.
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Supplementary Figure S6. MS/MS spectrum of phosphorylated S266. Mass spectrometric
identification of Kv11.1 pS266 identification. Serine 266 of KV11.1 was identified to be
phosphorylated. An identified peptide covering S266 is shown with the detected fragment ions
indicated. The fragment ions are highlighted in the MS/MS spectrum. This peptide contained one
phosphate group, and due to the fragmentation pattern the localization of the phosphorylation site
could be localized to serine 266.
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Supplementary Figure S7. MS/MS spectrum of phosphorylated S318+S322. Mass spectrometric
identification of Kv11.1 pS318 and pS322 identification. Serine 318 and 322 of KV11.1 were
identified to be phosphorylated. An identified peptide covering Ser318/S322 is shown with the
detected fragment ions indicated. The fragment ions are highlighted in the MS/MS spectrum. This
peptide contained one phosphate group, and due to the fragmentation pattern the localization of the
phosphorylation site could be localized to serine 318 and 322.
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Supplementary Figure S8. MS/MS spectrum of phosphorylated T319. Mass spectrometric
identification of Kv11.1 pT319 identification. Threonine 319 of KV11.1 was identified to be
phosphorylated. An identified peptide covering T319 is shown with the detected fragment ions
indicated. The fragment ions are highlighted in the MS/MS spectrum. This peptide contained one
phosphate group, and due to the fragmentation pattern the localization of the phosphorylation site
could be localized to threonine319.
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Supplementary Figure S9. MS/MS spectrum of phosphorylated S320. Mass spectrometric
identification of Kv11.1 pS320 identification. Serine 320 of KV11.1 was identified to be
phosphorylated. An identified peptide covering S320 is shown with the detected fragment ions
indicated. The fragment ions are highlighted in the MS/MS spectrum. This peptide contained one
phosphate group, and due to the fragmentation pattern the localization of the phosphorylation site
could be localized to serine 320.
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