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Casein Kinase 2 Determines the Voltage Dependence of the Kv3.1
Channel in Auditory Neurons and Transfected Cells

Carolyn M. Macica and Leonard K. Kaczmarek

Department of Pharmacology, Yale University School of Medicine, New Haven, Connecticut 06520-8066

The Kv3.1 potassium channel can be distinguished from most
other delayed rectifier channels by its very high threshold of
activation and lack of use-dependent inactivation. This allows
neurons that express this channel to fire at very high frequen-
cies. We have now found that this feature of the Kv3.1 channel
is strongly influenced by its constitutive phosphorylation by the
enzyme casein kinase Il. Using stably transfected Chinese
hamster ovary cells expressing Kv3.1, we show that Kv3.1 is
highly phosphorylated under basal conditions. Whole-cell
patch clamp recordings were used to characterize the electro-
physiological consequence of dephosphorylation using alkaline
phosphatase. This enzyme produced an increase in whole-cell
conductance and shifted the voltage dependence of activation
to more negative potentials by >20 mV. In addition, a similar
shift in the voltage dependence of inactivation was observed.

These findings were also confirmed in native Kv3.1 channels
expressed in medial nucleus of the trapezoid body (MNTB)
neurons. Furthermore, inhibitors of casein kinase 2 mimicked
the effect of phosphatase treatment on voltage-dependent ac-
tivation and inactivation, whereas inhibitors of protein kinase C
failed to alter these parameters. The combination of biochem-
ical and electrophysiological evidence suggests that the bio-
physical characteristics of Kv3.1 that are important to its role in
MNTB neurons, allowing them to follow high-frequency stimuli
with fidelity, are largely determined by phosphorylation of the
channel.
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Kv3.1 is a voltage-dependent, delayed rectifier potassium channel
that is expressed in neurons that are capable of firing trains of
action potentials at very high rates and is expressed at high levels
in the auditory brainstem, including the medial nucleus of the
trapezoid body (MNTB) (Perney et al., 1992; Weiser et al., 1995;
Wang et al., 1998a,b). The Kv3.1 channel has several unique
biophysical properties that distinguish it from most other mem-
bers of the Shaker potassium channel family (Luneau et al., 1991;
Vega-Saenz de Miera et al., 1992; Kanemasa et al., 1995). These
include a high threshold for activation, rapid time constants, and
the lack of use-dependent inactivation. All of these characteristics
contribute significantly to its physiological role in MNTB neu-
rons, where its presence is required for neurons to follow very
high-frequency stimuli (Brew and Forsythe, 1995; Wang et al.,
1998a). The presence of a Kv3.1-like current in MNTB neurons
allows action potentials to repolarize at high frequencies without
affecting the height of the action potential and confers on these
cells the ability to phase-lock to high-frequency synaptic and
electrical stimuli. This high-threshold K™* current in MNTB is,
like Kv3.1, selectively blocked by low concentrations of TEA, and
has been identified with the Kv3.1 channel based on its localiza-
tion, pharmacological, biophysical characteristics, and by genetic
knock-out approaches (Perney et al., 1992; Brew and Forsythe,
1995; Perney and Kaczmarek, 1997; Wang et al., 1998a,b; Macica
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et al., 2000). Moreover, changing the amplitude of this current in
MNTB neurons by pharmacological manipulation, or in
computer-based models of MNTB neurons, reveals that altering
the levels of Kv3.1 strongly influences the fidelity of the transmis-
sion of high-frequency synaptic inputs and the ability of the
MNTB synapse to transmit information during repetitive stimu-
lation (Brew and Forsythe, 1995; Kanemasa et al., 1995; Wang
and Kaczmarek, 1998; Wang et al., 1998a).

The presence of multiple putative phosphorylation sites in the
Kv3.1 amino acid sequence suggests that modulation of Kv3.1
may occur in MNTB neurons. We have now examined the mod-
ulation of Kv3.1 by protein kinases using both biochemical and
electrophysiological techniques in Kv3.1 transfected cells and in
neurons. We have found that the Kv3.1 channel protein exists as
a constitutively phosphorylated protein and that the key biophys-
ical parameters that allow Kv3.1 to function as a high-threshold
current in rapidly firing neurons depend on this basal phosphor-
ylation. Although previous work has shown that the amplitude of
Kv3.1 may be modulated by protein kinase C (PKC) (Critz et al.,
1993; Kanemasa et al., 1995), our present findings indicate that
the basal characteristics of the current, including its voltage
dependence of activation and inactivation are influenced by basal
phosphorylation by casein kinase 2 (CK2).

MATERIALS AND METHODS

Electrophysiological recordings from Chinese hamster ovary cells. The
stable transfection of Kv3.1 into Chinese hamster ovary (CHO) cells has
been previously described (Wang et al., 1998a). CHO cells with DHFR
deficiency (CHO/DHFR(—)) were maintained in Iscove’s modified Aul-
becco’s medium (Life Technologies, Gaithersburg, MD) supplemented
with 10% fetal bovine serum, 0.1 mm hypoxanthine, and 0.05 mg/ml
geneticin (Life Technologies) and maintained in a 5% CO, incubator at
37°C. CHO cells were grown on coverslips 24—48 hr preceding recordings
and transferred to extracellular solution (in mm: 140 NaCl, 1.3 CaCl,, 5.4
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KCl, 25 HEPES, and 10 glucose, pH 7.4) 1 hr before recording. Voltage-
clamp recordings were made in the whole-cell configuration, using an
Axopatch 2D amplifier (Axon Instruments, Foster City, CA). The patch
electrodes were pulled from thin-walled, borosilicate glass capillaries
with filament (World Precision Instruments, Sarasota, FL) using a Nar-
ishige P-83 two-stage puller and had a resistance of 3 M() when filled
with intracellular solution (in mMm: 32.5 KCl, 97.5 K-Gluconate, 5 EGTA,
and 10 HEPES, pH 7.2) supplemented with 2 mm ATP and 0.2 mm GTP,
unless otherwise noted. For phosphatase experiments, 5 U of calf intes-
tinal alkaline phosphatase (Boehringer Mannheim, Indianapolis, IN)
was included in the intracellular solution and allowed to dialyze into the
cell over a period of 30 min. All data were low-pass filtered at 2 kHz,
digitized using a Digidata 2000 analog-to-digital converter (Axon Instru-
ments), and were stored on hard disk. The compensation for series
resistance was set at 85% with a lag of 10 usec. Unless noted, currents
were leak-subtracted by the P/4 protocol, and data were analyzed using
pClamp6.0 software. Conductance values were obtained by dividing the
current by the electrochemical driving force (Ix/(V,,, — Ey)). Normalized
conductance—voltage plots were obtained by normalizing conductance
(G) to maximal conductance (G,,,,) and fit using the nonlinear least-
squares fit of a Boltzmann isoform G = G, /[1 + exp (V — V,/k)],
where V, is the voltage at half-maximal activation, and k is the slope
factor. Although recordings were partially corrected for series resistance
(~85%), no compensation for additional errors was performed. We
estimate that residual uncorrected errors in the estimates of the shift in
voltage dependence of activation should be minimal. In particular, this
value is most affected by current detectable near the threshold of acti-
vation, where the calculated maximal error is <1 mV. Conductances
were normalized to those measured at a membrane potential of +60 mV,
which was designated as V,,,,. Because Kv3.1 current is relatively non-
saturating even at very positive potentials, and the current density in our
expression system is high, only those experiments in which the currents
did not exceed the output of the amplifier at +60 mV were used in this
analysis (Kanemasa et al., 1995).

Inactivation curves for Kv3.1-transfected CHO cells were obtained by
a 200 msec test pulse to 40 mV, preceded by 30 sec prepulses ranging
from —80 to +20 mV in 20 mV increments. The holding potential was
kept at —80 mV. Data were fit using the Boltzmann isotherm. To ensure
full recovery of inactivated currents between trials, the cells were given
a 1 min recovery period at —80 mV. Average data are expressed as
means = SE. It should, however, be noted that because a 2 min prepulse
potential at —40 mV was used to exclusively study the native high-
threshold component of outward K current in MNTB neurons, we also
conducted preliminary experiments in CHO cells after phosphatase
treatment using a 2 min prepulse at —40 mV. After a prepulse potential
to —40 mV for 2 min, channels were inactivated in excess of 50 when
current was evoked at a test potential of +20 mV.

Phorbol 12-myristate 13-acetate (PMA), 1-[5-isoquinolinesulfonyl]-2-
methyl piperazine (H-7), N-(2-aminoethyl)-5-chloronaphthalene-1-sul-
fonamide-HCI (A3), and 5,6-dichloro-1-B-D-ribofuranosylbenzimidazole
(DRB) were obtained from Calbiochem (San Diego, CA).

Preparation of brainstem slices. Brains were rapidly removed from
postnatal 9- to 14-d-old rats, after decapitation and placed into ice-cold
bicarbonate-buffered artificial CSF (ACSF) (in mm: 125 NaCl, 2.5 KCl,
26 NaHCO3, 1.25 NaH,PO,, 2 Na pyruvate, 3 myo-inositol, 10 glucose, 2
CacCl,, and 1 MgCl,, pH 7.4) solution gassed with 95% O, and 5% CO,.
The area of the brainstem containing MNTB nuclei was cut into four to
six transverse slices using a vibrotome. The slices were incubated at 37°C
for 1 hr and thereafter kept at room temperature (22-25°C).

Electrophysiological recordings from MNTB. One slice was transferred
to a recording chamber mounted on an Olympus microscope fitted with
Nomarski optics and a 60X water immersion objective. The chamber was
continually perfused (1 ml/min) with gassed ACSF. Whole-cell voltage
clamp recordings were made from visually identified MNTB neurons as
described in CHO cells. Current-clamp experiments were conducted
using an Axopatch 2D amplifier. Intracellular solution contained 32.5 mm
KCl, 97.5 K-gluconate, 5 mMm EGTA, 10 mm HEPES, and 1 mm MgCl,,
pH 7.2. The extracellular calcium concentration was lowered to 0.5 mMm
to minimize the contribution of calcium-activated K channels, and TTX
(0.5 wm) was included in the ACSF to block sodium currents. The mean
cell capacitance was 12.0 = 0.4 pF with a mean series resistance of 5.3 *
0.4 MQ. Total current was compared before and after addition of
activators of PKC in the presence and absence of PKC inhibitors.
Averaged data are expressed as means = SE. Conductance and normal-
ized conductance values were obtained as described above.
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Metabolic labeling and immunoprecipitation. Stably transfected CHO
cells expressing Kv3.1 or untransfected cells were grown to 80%
confluence. Cells were preincubated with methionine-deficient
DMEM (Life Technologies) plus 25 mm HEPES for 30 min, which was
replaced with fresh media supplemented with 100 wCi/ml of [**S]me-
thionine (Amersham, Arlington Heights, IL). Medium was removed,
and cells were washed three times with ice-cold PBS. Cells were lysed
with RIPA buffer (150 mm NaCl, 1.0% Nonidet P-40, 0.5% deoxy-
cholate, 0.1% SDS, and 50 mm Tris, pH 8.0) containing a protease
inhibitor cocktail (Boehringer Mannheim) and phosphatase inhibitors
(100 um NaF and 0.2 mm NaVO;), and allowed to incubate on a
rocking platform for 30 min at 4°C. Lysates were spun in a microfuge
for 15 min, and the supernatant was transferred to a new tube. Lysates
were precleared with a 50% slurry aliquot of protein A Sepharose
beads (Pharmacia Biotech, Piscataway, NJ), followed by incubation
with a specific anti-Kv3.1 antibody at 1:1000 dilution, 4°C, overnight
(Perney and Kaczmarek, 1997). Lysates were immunoprecipitated with
protein A Sepharose beads for 2 hr at 4°C, spun, and washed three
times in Triton X-100 buffer (0.1% Triton X-100, 0.1% SDS, 300 mm
NaCl, and 50 mMm Tris, pH 7.5). For those samples treated with
alkaline phosphatase, beads were resuspended in 50 ul of phosphatase
buffer (50 mm Tris-HCI, pH 8.0, 5 mm MgCl,, 100 mm NaCl, and 5%
glycerol), and the reaction was initiated by the addition of 5 U/ul
phosphatase. Samples were incubated for 1 hr at 37°C, followed by
three washes with Triton X-100 buffer. All samples were eluted by boil-
ing in 1X SDS-PAGE sample buffer (62.5 mm Tris, pH 6.8, 4% SDS,
10% glycerol, 0.02% bromophenol blue, and 4% B-mercaptoethanol)
for 5 min. Samples were subjected to SDS-PAGE on a 7.5% gel. The
gel was fixed with 10% acetic acid and 50% methanol for 1 hr, washed,
and soaked in Amplify (Amersham). The gel was dried, and labeled
peptides were visualized by fluorography.

For *?P metabolic labeling, stably transfected CHO cells expressing
Kv3.1 were labeled metabolically with [ 3P]orthophosphate. Stably trans-
fected CHO cells were grown to 70-80% confluence in Iscove’s media.
Cells were preincubated with phosphate-deficient DMEM (Life Tech-
nologies) plus 25 mMm HEPES for 30 min, which was replaced with fresh
media supplemented with 500 wCi/ml of carrier-free [*?P]orthophos-
phate (Amersham) and allowed to incubate to equilibrium. Cells were
then subjected to agonist stimulation for 15 min, medium was removed,
and cells were washed three times with ice-cold PBS. Cells were lysed,
immunoprecipitated, and subjected to SDS-PAGE as described above.
Immunoprecipitates treated with alkaline phosphatase were performed
as described above. The gel was fixed as above, dried, and bands were
visualized by autoradiography.

Phosphoamino analysis. Stably transfected CHO cells expressing
Kv3.1 were labeled metabolically with [*?*PJorthophosphate. Lysates
were prepared, immunoprecipitated, and electrophoresed as above.
The gel was transferred to a polyvinylidene difluoride (PVDF) mem-
brane, and the Kv3.1 protein band was visualized by autoradiography.
The bands corresponding to Kv3.1 were excised, rehydrated with
methanol, and hydrolyzed with 6N HCI for 1 hr at 110°C. The samples
were spun in a microfuge, decanted, and lyophilized. The lyophilized
sample was resuspended in 10 ul of pH 1.9 buffer (2.5% formic acid
and 7.8% acetic acid) containing 5 mm each of phosphoamino acid
standards. The sample was spotted 1.5 cm from the edge of a 10 X 10
cm cellulose TLC plate (Macalaster Bicknell, New Haven, CT) and
analyzed by two-dimensional high-voltage electrophoresis. The sample
was run in the first dimension for 45 min at 1000 V. The plate was dried
and re-wet with pH 3.5 buffer (0.5% pyridine and 5.0% acetic acid) and
run in the second dimension for 15 min at 1000 V. The plate was dried,
and standards were visualized by ninhydrin (0.2% solution in acetone)
for 5 min in an 80°C oven. The sample phosphoamino acids were
visualized by autoradiography.

RESULTS

Kv3.1 is constitutively phosphorylated

Kv3.1 has 11 putative PKC phosphorylation sites and 10 puta-
tive CK2 sites. The direct incorporation of phosphate into the
Kv3.1 channel protein has not been demonstrated, although
the amplitude of Kv3.1 current has been shown to decrease in
response to activators of PKC in several heterologous expres-
sion systems (Critz et al., 1993; Kanemasa et al., 1995). We
therefore examined phosphorylation of Kv3.1 expressed in
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Figure 1. In vivo phosphorylation of Kv3.1 in CHO cells. CHO cells

expressing Kv3.1 were radiolabeled with [ *P]orthophosphate to equi-
librium, stimulated with or without 100 nMm PM A for 15 min, and lysed.
Lysates were immunoprecipitated with anti-Kv3.1 antibody (lanes 1, 2).
An additional *?P-labeled Kv3.1 sample was subjected treatment of the
immunoprecipitated phosphoprotein with calf intestinal alkaline phos-
phatase (AP) for 1 hr at 37°C (lane 3). Samples were run on a 7%
SDS-PAGE gel, and samples were visualized by autoradiography (right
panel). Mobility of molecular weight markers is shown on left. Phos-
phoamino acid analysis of the Kv3.1 channel protein. Lysates were
prepared, immunoprecipitated, and electrophoresed as above. The gel
was transferred to a PVDF membrane, and the Kv3.1 protein band was
visualized by autoradiography. The bands corresponding to Kv3.1 were
excised, rehydrated with methanol, and hydrolyzed with 6N HCI for 1
hr at 110°C. Labeled phosphoamino acids were resolved by two-
dimensional thin layer, the plate was dried, and standards were visu-
alized by ninhydrin staining and sample phosphoamino acids were
visualized by autoradiography.

CHO cells in both the presence and absence of the phorbol
ester activator of PKC, PMA. Cells stably expressing the
channel protein were radiolabeled to equilibrium with
[**P]orthophosphate and then stimulated for 15 min with 100
nM PMA or vehicle alone. Immunoprecipitation of Kv3.1 re-
vealed incorporation of *?P into the Kv3.1 protein, which has a
molecular mass of ~110 kDa in both stimulated and unstimu-
lated cells (Fig. 1, left panel, lanes 1 and 2, respectively).
Immunoprecipitation also yielded an additional band corre-
sponding to the predicted molecular weight of the unglycosy-
lated form of the channel protein (80 kDa), which is the size of
Kv3.1 when it is translated in vitro in the absence of membranes
(data not shown). Incorporation of *?P into the Kv3.1 channel
protein could be completely reversed by treatment of the
immunoprecipitated phosphoprotein with calf intestinal alka-
line phosphatase (Fig. 1, left panel, lane 3).

Of the 21 consensus phosphorylation sites for CK2 and PKC in
Kv3.1, 9 are serine, and 12 are threonine. We determined the
incorporation of phosphate into specific amino acids by immuno-
precipitating Kv3.1 from PMA-stimulated CHO cells radiola-
beled with [*?*PJorthophosphate. Immunoprecipitates were then
subjected to phosphoamino acid analysis. Radioactivity comigrat-
ing with unlabeled phosphoserine, but not phosphothreonine or
phosphotyrosine, was detected after acid hydrolysis of 32P-
labeled Kv3.1 (Fig. 1, right panel). Similar results were obtained in
CHO cells that were not stimulated with PM A (data not shown).
These results indicate that, of the putative consensus sites for
PKC- and CK2-mediated phosphorylation, only those containing
serine residues are phosphorylated.
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Figure 2. A, Current-voltage relationship for Kv3.1 currents recorded
from CHO cells in the whole-cell configuration during the control period
of AP treatment (5 U/ml) and 30 min after dialysis in the intracellular
solution. Currents were evoked by depolarizing the membrane from a
holding potential of —80 mV to test potentials from —80 to +60 mV in 10
mV increments, with 20 mV increments shown for raw currents. B,
Conductance values were obtained by dividing current by the electro-
chemical driving force (I /(V,,, — Ey)). Normalized conductance—voltage
plots were obtained by normalizing conductance (G) to maximal conduc-
tance (G, ) and fit using the nonlinear least-squares fit of a Boltzmann
isoform. Summary of normalized conductance—voltage relationship for
Kv3.1 comparing the control period at + = 0 min to 30 min phosphatase
treatment (left) or ATP (right).

Dephosphorylation shifts the voltage dependence of
activation of Kv3.1 in transfected cells

To determine the role of basal phosphorylation of the Kv3.1
protein on its electrical properties, we performed whole-cell patch
clamp recording in which phosphatase was included in the intra-
cellular solution over a 30 min recording period. A time-
dependent increase in macroscopic current was observed in re-
sponse to alkaline phosphatase (n = 8; Fig. 2A4). In control
recordings (+ATP) without phosphatase, very little change in
current amplitude occurred over the same time period (see be-
low). The increase in whole-cell conductance was significantly
greater at negative potentials, and the threshold of activation was
shifted to more negative potentials (—40 mV) in all experiments
conducted. Thus, currents could be evoked at potentials in which
no current is detectable in control recordings. When the normal-
ized conductance was plotted as a function of membrane poten-
tial, the voltage dependence of activation was found to be shifted
to negative potentials after dialysis with phosphatase. Curves
were well fit by a single Boltzmann isotherm (Fig. 2B, left). The
half-activation potential (}/;, max) for the control period was
169 = 1.3 mV (k = 13.1 = 1.1) versus —3.92 = 1.63 mV (k =
15.4 = 1.6) after 30 min dialysis with phosphatase, resulting in a
total leftward shift of over 20 mV in the voltage dependence of
activation (n = 4).

To eliminate the possibility that the shift in voltage dependence
was attributable to washout of intracellular anions, as has been
reported for other channels when recorded in the whole-cell
configuration (Fenwick et al., 1982; Oliva et al., 1988), we dia-
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Figure 3. Steady-state inactivation (/5 (.) of Kv3.1. 4, Steady-state
inactivation of Kv3.1 was determined by holding the membrane potential
from a prepulse potential ranging from —80 to 20 mV for 30 sec to a test
pulse of 40 mV for 150 msec, with a 1 min period between each prepulse.
Current amplitude was normalized to the maximum current, and the
inactivation curve was fit using the nonlinear least-squares fit of a Boltz-
mann isoform. Treatment and absolute V;,, values are summarized in
Table 1. B, Left, Evoked current from a holding potential of —40 mV for
2 min to test potentials from —80 mV to +40 mV in 20 mV increments
during control period and after AP treatment; right, recovery of current
from inactivation by stepping from a holding potential of —80 mV in 20
mV increments from —80 mV to +40 mV.

lyzed Kv3.1-transfected CHO cells with intracellular solution
without alkaline phosphatase (AP), but containing 1 mm ATP to
minimize shifts in voltage dependence associated with dephos-
phorylation. Only a small change in whole-cell conductance and
shift in voltage dependence of activation was observed under
these conditions (Fig. 2B, right; n = 6). The potential at which
Kv3.1 is half activated during the control period was 12.5 = 0.98
mV (k=12.6 £0.87mV) and was 7.7 = 1.10 mV (k = 14.0 = 1.09
mV) after 30 min dialysis.

Dephosphorylation shifts the voltage dependence of
inactivation of Kv3.1 in transfected cells

To determine whether the inactivation characteristics of Kv3.1
were also affected by dephosphorylation, we used a two-pulse
protocol to measure voltage dependence of inactivation. A 30 sec
prepulse to potentials between —80 and 20 mV allowed inactiva-
tion to develop, and this was followed by a test pulse to 40 mV. In
the absence of exogenous phosphatase (ATP alone), the potential
at which Kv3.1 is half inactivated (V) is —9.65 mV (Fig. 3, filled
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Table 1. Effect of inhibitors on voltage dependence of inactivation

Sample Vi, (mV) k (mV) n
Control (ATP) -9.7+03 51+02 5
H-7 -11.2+0.7 53+03 5
2 hr/PMA® -115+0.8 59+05 6
AP —31.8+0.1 50+03 5
A3P -333+08 40 =04 3
DRB -36.1 * 1.1 3910 5
2 hr. PMA + AP —348+1.0 41+0.7 3

“PKC inhibitor.
>CKII inhibitor.

circles). Alkaline phosphatase produced a 20 mV leftward shift in
the inactivation curve to a midpoint potential of inactivation of
—31.8 mV (Fig. 3, filled squares). These data are summarized in
Table 1. Dialysis of CHO cells for 30 min in the presence of ATP
did not produce the significant shifts in voltage dependence of
inactivation that were observed with AP treatment, producing
only modest shifts of 1, to —16.7 £ 2.1 mV (n = 10).

Because the voltage dependence of inactivation was shifted to
more negative potentials, we determined the effect on Kv3.1
current by holding the membrane at —40 mV for 2 min, in
anticipation of experiments conducted in native MNTB neurons
(see below). Based on our findings in Figure 34, we predicted that
we would see a loss of evoked currents caused by an increase in
the number of channels in the inactivated state. Indeed, from a
holding potential of —40 mV in CHO cells expressing Kv3.1, an
apparent saturation of current was observed after alkaline phos-
phatase treatment (Fig. 3B, left panel). The onset of steady-state
inactivation was slow; stepping from a holding potential of —40
mV for a period ranging from 0 to 2 min resulted in an incre-
mental decrease in outward current in response to subsequent
depolarizations (data not shown). Full recovery from the inacti-
vated state resulted when current was again evoked from a hold-
ing potential of —80 mV (Fig. 3B, right panel).

Dephosphorylation of native Kv3.1 current in MNTB
neurons affects its voltage dependence

To determine whether the effect of alkaline phosphatase on Kv3.1
in transfected CHO cells is preserved in MNTB neurons, we next
tested the effect of phosphatase using the whole-cell configuration
in brainstem slices. In MNTB neurons, the high-threshold Kv3.1
current can be discriminated from a smaller, low-threshold out-
ward current by holding the membrane potential at —40 mV for
2 min, a potential at which the low-threshold, TEA-insensitive
component of the outward current is fully inactivated. The high-
threshold component, corresponding to Kv3.1, accounts for
>80% of total outward current in MNTB neurons (Wang et al.,
1998a). As previously reported in MNTB neurons, stepping from
a holding potential of —40 mV to test potentials of —80 to +40
mV in 20 mV steps, revealed large, outward, noninactivating
currents, with a threshold of activation of —20 mV (Brew and
Forsythe, 1995; Wang et al., 1998a). Alkaline phosphatase pro-
duced an increase in holding current at —40 mV (Fig. 44,B). The
increase in holding current is consistent with a shift in the
activation of Kv3.1 to more negative potentials in response to
phosphatase. This current at —40 mV after phosphatase treat-
ment was significantly blocked by 1 mm TEA (Fig. 44,C), a
concentration that blocks only the Kv3.1 current but does not
affect the low-threshold outward currents in MNTB neurons
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Figure 4. AP shifts the voltage dependence of activation and inactivation
in MNTB neurons. To discriminate the high-threshold TEA-sensitive
current from total outward current, the membrane potential was held at
—40 mV for 2 min; currents were evoked by stepping from a holding
potential of —40 to +40 mV in 20 mV increments taken at the beginning
of dialysis of phosphatase (t = 0) and at ¢ = 15 min. 4, Top, Reduction of
current amplitude after AP treatment, leak subtraction was disabled to
discriminate any changes in the current that may occur at more negative
potentials; bottom, inhibition of current by 1 mMm TEA. B, Summary of
normalized high-threshold current during control period and 15 min after
phosphatase treatment (n = 8). All values are mean = SEM. C, Summary
of normalized data of the effect of 1 mm TEA on current after AP
treatment (n = 8). D, Recording from same neuron in 4 showing recovery
of outward current when current was evoked by stepping from a holding
potential of —80 to +40 mV in 20 mV increments during the control
period and after phosphatase treatment. £, Summary of normalized data
of TEA-sensitive component of outward current after phosphatase treat-
ment, normalized to current after AP treatment (n = 7). All data are
normalized to +20 mV so data from all experiments could be included,
i.e., those experiments in which current exceeded the output of the
amplifier at +40 to +60 mV. F, Current-voltage relationship of total
outward current after phosphatase treatment and after 7 min perfusion of
100 nm DTX into the bath from a holding potential of —80 mV.

(Wang et al., 1998a). Treatment with alkaline phosphatase also
produced a rapid reduction in the high-threshold current that was
maximal by 15-20 min of dialysis with the phosphatase (Fig. 44,
right trace). A reduction of current from a holding potential of
—40 mV was expected because of the shift in the voltage depen-
dence of inactivation to more negative potentials in response to
alkaline phosphatase, consistent with the findings in Figure 3.
As seen in CHO cells expressing Kv3.1 (Fig. 3B), total outward

Macica and Kaczmarek ¢ Constitutive Phosphorylation of Kv3.1 by Casein Kinase 2

current evoked by stepping from a holding potential of —80 mV
resulted in full recovery from inactivation. Figure 4D shows a
recording resulting from the same cell as shown in the Figure 4A4.
Under these recording conditions, most of the outward current
evoked by stepping from —80 mV could be blocked by 1 mm TEA,
indicating that it is likely to correspond to the native Kv3.1
channel (Fig. 4D,F). In addition, current evoked by stepping to
—40 mV from a holding potential of —80 mV was blocked by 1
mMm TEA, suggesting that most of the low-threshold current that
is normally evoked by stepping from a holding potential of —80
mV in MNTB neurons runs down in response to phosphatase
treatment (or to lack of ATP). To test this possibility, 100 nm
dendrodotoxin (DTX) was perfused into the bath after treatment
with phosphatase (n = 3), a concentration that blocks the low-
threshold component of outward current in MNTB neurons
(Brew and Forsythe, 1995; Wang et al., 1998a) but has no effect on
Kv3.1 channels (Grissmer et al., 1994; Brew and Forsythe, 1995).
DTX had little or no effect on the amplitude of total outward
current (Fig. 4F). This suggests that most of the remaining
current after phosphatase treatment (including current at —40
mV; Fig. 4B,E) is almost entirely Kv3.1-like current and that the
TEA-resistant low-threshold component of total outward current
runs down after phosphatase treatment. Finally, treatment with
boiled alkaline phosphatase to destroy enzymatic activity had no
effect on the high-threshold current evoked from a holding po-
tential of —40 mV (data not shown).

Protein kinase C is not responsible for the basal
phosphorylation of Kv3.1

As stated above, Kv3.1 has 4 putative serine PKC phosphoryla-
tion sites and 5 putative serine CK2 sites. We next attempted to
identify the kinase responsible for the effect of basal phosphory-
lation of Kv3.1 by studying the impact of inhibitors of these two
kinases on the voltage dependence of activation of Kv3.1 in CHO
cells. To test the effect of PKC, cells were preincubated with the
cell-permeable PKC inhibitor H-7 (100 um) for 30 min to 1 hr,
and currents were measured. Inhibition of PKC using H-7 had no
effect on the voltage dependence of activation, as compared with
control cells (control, V;, = 15.6 + 1.3,k = 127 £ 02 mV,n =
14; H-7, V), = 173 = 13 mV, k = 127 = 02 mV, n = 6,
respectively). In addition, preincubation with H-7, followed by 30
min intracellular dialysis in the continued presence of H-7, pro-
duced changes in current that were similar to those observed in
control dialyzed cells (Fig. 54, left panel, representative trace).
Finally, when the holding potential was held at —40 mV, H-7 had
little effect on total outward current (Fig. 5B, left panel).

Inhibition of PKC was also achieved by incubating CHO cells in
the presence of 100 nm PMA for 2 hr. We first measured
membrane-associated PKC activity biochemically in response to 2
hr PMA treatment using histone IIIS as a substrate (data not
shown). This assay revealed that PM A-mediated translocation in
CHO cells was maximal by 15 min, followed by a rapid down-
regulation of PKC activity. Under these conditions, we again
found no shift in the voltage dependence of activation, and the
midpoint of activation in the cells was 14.9 + 1.3 mV, k = 13.1
03mV,n =17.

We also tested the effect of PKC inhibitors on inactivation of
Kv3.1 using the two-pulse protocol. In the presence of 100 um
H-7, the midpoint potential of inactivation was similar to that of
untreated control cells (Fig. 3, open squares; Table 1). After 2 hr
incubation with PM A, the V/, , of inactivation was also unaltered
(Fig. 3, open diamonds; Table 1). In addition, in cells pretreated
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with 2 hr PMA to downregulate PKC, dialysis of the cells with
alkaline phosphatase resulted in a leftward shift in the voltage
dependence of inactivation, confirming that a kinase other than
PKC was responsible for the basal phosphorylation of Kv3.1 (Fig.
3, open triangles; Table 1).

Casein kinase 2 inhibitors mimic the effect of
phosphatase on voltage dependence

To test the involvement of CK2, cells were treated with either A3,
a kinase inhibitor with inhibitory characteristics similar to H-7,

with the exception of being additionally able to inhibit CK2, or
with the selective CK2 inhibitor DRB (Zandomeni, 1989). Both
of these agents produced changes similar to those observed in
phosphatase-treated cells. Dialysis of CHO cells with intracellu-
lar solution containing 20 uM A3 for 30 min resulted in current
detectable at potentials more negative than —20 mV in all exper-
iments conducted, consistent with a change in the voltage depen-
dence of activation (Fig. 6A4,B, left panel). In addition, a similar
shift in voltage dependence of activation was observed when
CHO cells expressing Kv3.1 were dialyzed with the selective CK2
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inhibitor DRB (20 uM). Figure 5, 4 and B (right panel ), shows the
typical effect of DRB on Kv3.1 current from holding potentials of
—80 and —40 mV, respectively. A normalized conductance—
voltage curve is shown in Figure 64 (right panel). A summary of
the total data showing the effect of DRB on whole-cell conduc-
tance as a function of voltage is shown in Figure 6 B (right panel).

We also found that inhibitors of CK2 could mimic the effect of
alkaline phosphatase on the voltage dependence. After 30 min A3
treatment, the midpoint potential of inactivation was comparable
with that of phosphatase-treated cells, determined using the two-
pulse protocol described earlier (Fig. 3, closed triangles; Table 1).
Similarly, after 30 min treatment with DRB, there was also a
similar shift in the V; , of inactivation (Fig. 3, open circles; Table 1).

In addition, we tested the capacity of GTP to serve as a
phosphate donor because CK2 has the unique ability to use both
ATP and GTP (Blanquet, 2000). As observed with ATP, dialysis
of transfected cells with GTP as the phosphate donor resulted in
only small shifts in the voltage dependence of inactivation from
—11.2 = 1.2 mV (k = 3.93) during the control period to —19.6 =
24 mV (k = 4.27) after 30 min dialysis.

We next tested the effect of DRB on native currents of MNTB
neurons. Like AP, DRB produced an increase in holding current
at —40 mV (Fig. 74,B; n = 8) again, consistent with a shift in the
activation of Kv3.1 to more negative potentials in response to
phosphatase. This current at —40 mV after DRB treatment was
significantly blocked by 1 mm TEA (Fig. 74,C). Like AP treat-
ment, DRB also produced a rapid reduction in the high-threshold
current (Fig. 74, right trace). In addition, subsequently resetting
the holding potential to —80 mV resulted in full recovery from
inactivation (Fig. 7D). A majority of the outward current evoked
by stepping from —80 mV could be blocked by 1 mm TEA, as
expected for the native Kv3.1 channel (Fig. 4D,E).

Finally, to determine the effect of DRB on the firing properties
of MNTB neurons, principal neurons were stimulated with brief
current pulses at high frequencies ranging from 100 to 300 Hz.
During the control period of DRB dialysis, neurons were able to
fire accurately at frequencies up to 300 Hz (Fig. 84). After
dialysis with DRB, neurons were able to fire at frequencies of 100
and 200 Hz. However, at 300 Hz, neurons failed to fire full action
potentials after the first action potential (Fig. 8B). The effect of
AP on these neurons was similar (a failure to fire at high frequen-
cies). Because the effect of AP on the high-threshold current was
very rapid, we were however, unable to obtain consistent control
recordings from these neurons.

DISCUSSION

CK2 inhibitors alter voltage dependence of Kv3.1

CK2 is a ubiquitous second messenger-independent serine—threo-
nine protein kinase consisting of two « catalytic and two regula-
tory B subunits and is believed to be constitutively active. The
regulatory 8 subunit is also involved in targeting and plays a role
in substrate specificity (Allende and Allende, 1995, 1998; Do-
browolska et al., 1999). CK2 has a wide variety of substrates, many
of which are involved in cell cycle progression. Other substrates
include those involved in protein synthesis, structural proteins,
and signal transduction proteins (Allende and Allende, 1995). In
addition, CK2 is emerging as an enzyme that plays a key role in
neuronal tissue. The highest level of CK2 activity is in the brain
and substrates have been identified in both synaptic and nuclear
compartments (Blanquet, 2000). Moreover, CK2 has been shown
to modulate NMDA channels in hippocampal neurons (Lieber-
man and Mody, 1999).
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Figure 7. DRB shifts the voltage dependence of activation and inactiva-
tion in MNTB neurons, using the same protocol as in Figure 4. 4, Top,
Reduction of current amplitude after DRB treatment, leak subtraction
was disabled to discriminate any changes in the current that may occur at
more negative potentials; bottom, inhibition of current by 1 mm TEA. B,
Summary of normalized high-threshold current during control period and
30 min after DRB treatment (n = 8). All values are mean = SEM. C,
Summary of normalized data of the effect of 1 mm TEA on current after
AP treatment (n = 8). D, Recording from same neuron in 4 showing
recovery of outward current when current was evoked by stepping from a
holding potential of —80 to +20 mV in 20 mV during the control period
and after phosphatase treatment. E, Summary of normalized data of
TEA-sensitive component of outward current after phosphatase treat-
ment, normalized to current after AP treatment (n = 7).

The role of constitutive CK2-mediated phosphorylation of
voltage-dependent ion channels has however, not been explored
previously. Our findings indicate that a high level of constitutive
phosphorylation of the Kv3.1 channel, consistent with CK2-
mediated phosphorylation, may profoundly influence the biophys-
ical characteristics of the channel when expressed in CHO cells or
in MNTB neurons. Inhibitors of CK2 mimic the effect of dephos-
phorylation by AP, although the effect of AP is more rapid than
the effect of the kinase inhibitors. The slower effect of CK2
inhibitors likely reflects the rate of turnover of phosphorylation of
the channel protein. DRB is thought to be a specific inhibitor of
CK2, whereas A3 inhibits the same kinases as H-7 but addition-
ally inhibits CK2. Because H-7 has little effect in comparison to
A3, it is probable that the effect of A3 is attributable to inhibition
of CK2. In addition to the use of inhibitors of CK2, we have
shown that GTP, like ATP, may serve as a phosphate donor for
the kinase responsible for constitutive phosphorylation of this
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Figure 8. A, Representative recording from an MNTB neuron in re-
sponse to brief current injections (2 nA, 0.3 msec) at three different test
frequencies (100-300 Hz) during the control period of DRB dialysis in
the intracellular recording solution. B, Recording from same neuron after
30 min dialysis with DRB.

channel. The large shifts in the voltage dependence associated
with dephosphorylation of the channel were not observed in the
presence of either ATP or GTP, being ~6 and 9 mV, respectively.

The properties of Kv3.1 that are sensitive to CK2, such as the
their high-threshold of activation and inactivation, have been
shown to be critical for the transmission of high-frequency sig-
naling within the MNTB and are likely therefore to play a role in
preserving auditory information (Brew and Forsythe, 1995; Wang
et al., 1998a). In particular, the unique property of activation and
inactivation at relatively positive potentials ensures that Kv3.1 has
a minimal effect on the height of the action potential and is
available to rapidly repolarize the membrane during high-
frequency firing, as compared to other classic delayed rectifiers
(Kanemasa et al., 1995; Wang et al., 1998a). Our finding that the
ability of these neurons to fire at 300 Hz is impaired after DRB
treatment and that the height of the action potential is signifi-
cantly attenuated is consistent with a shift in the voltage depen-
dence of the channel.

In contrast, our data indicate that PKC-mediated phosphory-
lation does not influence voltage dependence or kinetics of Kv3.1.
However, PKC-mediated phosphorylation can acutely modulate
Kv3.1 current amplitude, as has been previously demonstrated
(Critz et al., 1993; Kanemasa et al., 1995).

Possible mechanisms for effects of casein kinase
2-mediated phosphorylation

Alkaline phosphatase and CK2 inhibitors produce effects on the
voltage dependence of both activation and inactivation of Kv3.1,
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suggesting that phosphorylation contributes to both parameters.
If inactivation occurs only from the open state, the shift in the
voltage dependence of inactivation may occur simply as a result of
the shift in the voltage dependence of activation. We attribute the
saturation of current from a holding potential of —40 mV after
phosphatase treatment to a cumulative inactivation. An accumu-
lation of channels in the inactivated state from a holding potential
of —40 mV would be predicted to occur as a result of the shift in
the voltage dependence of inactivation to more negative poten-
tials and to the short recovery period between pulses. It is how-
ever, also possible that the effects on the voltage dependence of
activation and inactivation occur independently of each other.
Although we cannot rule out the possibility that the effect of
phosphatase treatment results from the dephosphorylation of an
associated protein, our biochemical evidence that alkaline phos-
phatase eliminates phosphorylation of the immunoprecipitated
Kv3.1 protein supports the hypothesis that the observed changes
are attributable to direct dephosphorylation of the channel. In-
corporation of a phosphate group into a channel protein may
cause a conformational change in the protein or may alter its
voltage sensitivity by an electrostatic interaction of the phosphate
group with its voltage sensor (Perozo et al., 1989). The addition of
the negative charge of the phosphate group at an internal site
would be expected to shift the voltage dependence of the channel
to more positive potentials, requiring additional depolarization to
activate or inactivate the channel. It has been suggested that the
incorporation of phosphate groups into the delayed-rectifier po-
tassium channels of both the giant squid axon and of the consti-
tutively phosphorylated neuronal potassium channel Kv2.1 mod-
ifies their sensitivity to depolarization by this electrostatic
mechanism (Perozo and Bezanilla, 1990; Murakoshi et al., 1997).
Phosphorylation of Kv2.1 has been shown to occur early in its
biosynthesis, and dephosphorylation resulted in a shift in voltage
dependence of activation of >20 mV.

Putative casein kinase 2 phosphorylation sites of Kv3.1
From our data, we are unable to discriminate between individual
CK2 phosphorylation sites, although it is conceivable that the
effects of CK2 on activation and inactivation may involve more
than one site. Potential CK2 phosphorylation sites in the Kv3.1
channel protein are found in both the C and N terminus, with the
C terminus containing one serine site, and the N terminus con-
taining two sites. A role for cytoplasmic domains in the modula-
tion of activation and inactivation has been previously demon-
strated in Kv2.1 (VanDonger et al., 1990). In addition, Kv3.1 has
one putative CK2 site in the S5-S6 linker (the pore region) near
the outer region of the pore, which is unlikely to be phosphory-
lated by a cytoplasmic kinase. Finally, Kv3.1 has a single putative
CK2 phosphorylation site present in the intracellular S4/S5 linker,
which is conserved in most voltage-dependent potassium cur-
rents, including the mammalian Shaw-like channels. A role for the
S4-S5 linker in both the voltage dependence of activation and
inactivation has been previously demonstrated in members of the
Shaker and Shaw potassium channel subfamilies (Isakoff et al.,
1991; McCormack et al., 1991; Rettig et al., 1992), and the
putative CK2 site in the S4-S5 linker is conserved in most
voltage-dependent K channels. Phosphorylation of this residue
may influence the apparent voltage-transducing properties of the
S4-S5 linker, leading to the observed alterations in voltage de-
pendence of activation and/or inactivation in Kv3.1. Future stud-
ies aimed at identifying the sites responsible for the impact of
dephosphorylation on the biophysical properties of Kv3.1 will
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provide further insight into the potential contribution of CK2 on
ion channels properties.

Can constitutively phosphorylated Kv3.1 be modulated
by phosphatases?

Although CK2 appears to be a constitutively active enzyme, it is
possible that the level of CK2-dependent phosphorylation of
substrates may be regulated by phosphatases. Based on electro-
physiological, pharmacological, and immunohistochemical evi-
dence, Kv3.1 is present presynaptically at the MNTB synapse
(Perney et al., 1992; Wang and Kaczmarek, 1998; Wang et al.,
1998b). However, presynaptic potassium current recordings at
this synapse, from a holding potential of —40 mV result in little
sustained outward current, whereas depolarization from more
negative holding potentials results in an outward current that is
sensitive to 1 mm TEA (L. Y. Wang, I. D. Forsythe, and L. K.
Kaczmarek, unpublished observation). This result would be ex-
pected if there were less phosphorylation of Kv3.1 CK2 sites in
the presynaptic terminal. Differences between the native Kv3.1
current and those recorded in heterologously expressed cells may
be attributed to coassembly with other members of the Shaw-like
subfamily or interaction with auxiliary subunits. Our findings
suggest that differences in native currents found in the presynap-
tic calyx of Held could also be attributed to differences in the
phosphorylation state of the channel.
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