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Expression of Voltage-Gated Potassium Channels Decreases
Cellular Protein Tyrosine Phosphorylation
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Protein tyrosine phosphorylation by endogenous and ex-
pressed tyrosine kinases is reduced markedly by the expres-
sion of functional voltage-gated potassium (Kv) channels. The
levels of tyrosine kinase protein and cellular protein substrates
are unaffected, consistent with a reduction in tyrosine phos-
phorylation that results from inhibition of protein tyrosine kinase
activity. The attenuation of protein tyrosine phosphorylation is
correlated with the gating properties of expressed wild-type
and mutant Kv channels. Furthermore, cellular protein tyrosine

phosphorylation is reduced within minutes by acute treatment
with the electrogenic potassium ionophore valinomycin. Be-
cause tyrosine phosphorylation in turn influences Kv channel
activity, these results suggest that reciprocal modulatory inter-
actions occur between Kv channel and protein tyrosine phos-
phorylation signaling pathways.
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Protein tyrosine phosphorylation regulates a wide variety of
cellular processes, including proliferation, differentiation, and
survival. Steady-state cellular protein phosphotyrosine levels are
regulated by the opposing activities of protein tyrosine kinases
(PTK3s) and protein tyrosine phosphatases (P TPases). Most cells
exhibit low steady-state protein phosphotyrosine levels, which
reflects the tight regulation of PTK activity and the relatively
high ratio of the total specific activity of PTPases to PTKs
(Hunter, 1995). PTK activity is modulated by many stimuli at the
cell membrane, and an enormous amount of effort has been
directed toward characterizing the signaling events that occur
after the binding of growth factors, cytokines, neurotransmitters,
and antigens to specific membrane receptors (June et al., 1990;
Schlessinger and Ullrich, 1992; Erpel and Courtneidge, 1995;
Hunter, 1995; Wan et al., 1996). Recent studies indicate that
electrical signaling can influence PTK activity and protein ty-
rosine phosphorylation as well (Bading and Greenberg, 1991;
Rusanescu et al., 1995; Olivotto et al., 1996; Siciliano et al., 1996).

The activity of voltage-gated potassium (Kv) channels is essen-
tial for electrical excitability (Hille, 1992). Increased Kv channel
density and outward potassium conductance lead to hyperpolar-
ization of the cell membrane potential (Felipe et al., 1993;
Becherer et al., 1996; Marom et al., 1996), whereas decreased
potassium conductance causes depolarization (Leonard et al.,
1992; Becherer et al., 1996; Panyi et al., 1996). Modulation of Kv
channel activity alters cell membrane properties, and protein
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phosphorylation is one of the best-characterized mechanisms of
ion channel modulation (Levitan, 1994; Jonas and Kaczmarek,
1996). Recently, there has been rapid progress in characterizing
the effects of tyrosine phosphorylation on Kv channels including
the mammalian Shaker-like channels Kv1.2, Kv1.3, and Kvl1.5
(Huang et al., 1993; Lev et al., 1995; Holmes et al., 1996a,b; Szabo
et al., 1996; Fadool et al., 1997). The activity of Kv channels is
often suppressed by tyrosine phosphorylation (Huang et al., 1993;
Holmes et al., 1996a), and changes in channel kinetics are also
observed (Fadool et al., 1997); these modulatory effects can be
eliminated by mutation of specific tyrosine residues.

One intriguing aspect of tyrosine phosphorylation-induced
modulation of Kv channel activity is that Kv channel activity may
in turn influence PTK activity. Previous studies suggest that PTK
activity and protein tyrosine phosphorylation are modulated by
ion conductances and membrane depolarization (Bading and
Greenberg, 1991; Vostal et al., 1991; Siciliano et al., 1994, 1996;
Lev et al., 1995; Rusanescu et al., 1995; Yu et al., 1996) and that
ion conductances can influence developmental events (Jones and
Ribera, 1994; Spitzer, 1994). This raises the interesting possibility
that reciprocal modulatory interactions might occur between Kv
channels and PTKSs or PTPases. We have addressed this question
by heterologous expression of cloned Kv channels in human
embryonic kidney (HEK 293) cells, because expressed channels
determine the membrane current responses and strongly domi-
nate the electrical properties of transfected cells (Marshall et al.,
1995; Marom et al., 1996).

MATERIALS AND METHODS

c¢DNA expression vectors. All mammalian expression vectors used for
these experiments contained the cytomegalovirus (CMV) promoter
upstream from the coding region. The plasmid pRc-CMV (Invitrogen,
San Diego, CA) was used as the control vector for all experiments. The
c¢DNAs for v-src kinase (v-src) and the human epidermal growth factor
receptor (EGFr) were generously provided by Dr. Richard Huganir
(Johns Hopkins University, Baltimore, MD). The Kvl1.5, Kv1.4, and
Kv1.3 vectors were generously provided by Dr. Louis Philipson (Univer-
sity of Chicago, Chicago, IL), by Dr. Morgan Sheng (Massachusetts
General Hospital, Boston, MA), and by Dr. Richard Swanson (Merck,
Sharp, and Dohme Research Laboratories, West Point, PA), respec-
tively. Site-directed mutagenesis was used to construct five mutant Kv1.3
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channels in which Tyr or Trp residues were mutated to Phe (a triplet
YYYI111-113FFF, Y137F, W386F, Y449F, and Y479F). Single PCRs
using a mutagenic primer and a wild-type primer were used to introduce
the mutations. PCR incubations were run in a thermocycler (Twin Block
System; Eri-Comp, San Diego, CA) using Taq polymerase (Promega,
Madison, WI). PCR products were cut sequentially at appropriate re-
striction sites with a phenol and chloroform extraction and ethanol
precipitation between cuts. An identical protocol was used to cut wild-
type Kv1.3 in the pRc-CMV vector to construct a backbone. The desired
pieces were gel purified (Gene-Clean II; BIO 101, La Jolla, CA) from 2%
agarose gels, and the mutagenic inserts were ligated into the Kv1.3—-pRc-
CMYV backbone using T4 DNA ligase (Promega). The mutagenic inser-
tions were confirmed by sequencing.

Cell culture and transfection procedures. HEK 293 cells were main-
tained in modified Eagle’s medium (M EM) containing 2% penicillin and
streptomycin and 10% fetal bovine serum (GIBCO-BRL, Gaithersburg,
MD). Cells were grown to confluency (1 week), dissociated with trypsin-
EDTA and mechanical trituration, diluted in MEM to a concentration of
~600 cells/ul, and replated on Corning plastic dishes (Corning, NY).
cDNA vectors were introduced into HEK 293 cells (Graham et al., 1977)
by lipofectamine transfection (GIBCO-BRL). Briefly, cells were trans-
fected 3-5 d after recovery from cell passage, at either 20-30% (electro-
physiology) or 70-80% (biochemistry) confluency. The amount of total
cDNA used for transfection was the same for all control and experimen-
tal groups. Cells were transfected with either 10 ug of DNA per 60 mm
dish for biochemical or 1 ug of DNA per 35 mm dish for electrophysi-
ological experiments.

For Kv channel and PTK coexpression experiments, cells were co-
transfected with a total of 10 pg of DNA per 60 mm dish (5 ug of DNA
of each construct coding for a Kv channel and PTKs; the Kv channel or
PTK-alone groups were brought up to 10 ug of DNA with the addition
of 5 ug of vector control cDNA). Cotransfection control cells were
transfected with 10 ug of vector DNA per 60 mm dish. Cells were
incubated for 5 hr with the lipofectamine and DNA mixture diluted in
serum-reduced medium (OptiMEM; GIBCO-BRL). Transfection effi-
ciency was monitored in parallel plates by staining for the B-galactosidase
reaction product in Lac-Z expression plasmid-transfected cells. Staining
efficiency (blue cells) normally ranged from 40 to 50% for biochemistry
and 70 to 90% for electrophysiology experiments (Holmes et al., 1996a).

Pervanadate preparation and treatment. Pervanadate was prepared by a
2 min incubation of 100 mM Na;VO, and H,0O,, followed by dilution to
the appropriate concentration (0-250 uM in 0.0008% H,0,) in serum-
free MEM (Bourgoin and Grinstein, 1992; Holmes et al., 1996a). Cells
were incubated with pervanadate in MEM for the times indicated.

Valinomycin preparation and treatment. Cells were washed twice (2
ml/dish) with serum-free MEM. Valinomycin was prepared in a 5 mg/ml
stock in ethanol and diluted 1:1000 in serum-free MEM. Valinomycin-
treated cells were preincubated in serum-free MEM containing valino-
mycin (5 ug/ml + 0.1% ethanol) for 10 min. Control cells were prein-
cubated in serum-free M EM containing 0.1% ethanol vehicle for 10 min.
All groups were treated with pervanadate for 30 min. The pervanadate
solutions contained either valinomycin (5 wg/ml) and ethanol vehicle
(0.1%) or ethanol vehicle (0.1%) alone.

Cell lysis and immunoprecipitation. Cells were harvested 2 d after
transfection by lysis in ice-cold 1% Triton X-100-modified immunopre-
cipitation buffer (Holmes et al., 1996a) containing protease and phos-
phatase inhibitors (25 mm Tris, pH 7.5, 150 mM NaCl, 100 mM NaF, 5 mm
EDTA, 1 mm Na;VO,, 1% Triton X-100, 1 mm PMSF, 1 pg/ml leupep-
tin, and 2 ug/ml aprotinin). The cell lysates were clarified by centrifu-
gation (15,000 X g; 5 min; 4°C). To immunoprecipitate lysate proteins
from the supernatant, we precleared the supernatant with 30 ul of
Protein A/G (Pierce, Rockford, IL) per ml of cell lysate for 1 hr at 4°C
and followed with overnight incubation with 5 ul of antibody per ml of
cell lysate at 4°C. The antibody and protein complexes were captured by
incubation with 30 ul of Protein A/G (Pierce) per ml of cell lysate for 1
hr at 4°C. The immunoprecipitates were washed three times with ice-cold
0.1% Triton X-100-modified immunoprecipitation buffer (200 volumes of
wash buffer per volume of immunoprecipitate pellet). Lysate samples and
washed immunoprecipitates were diluted in SDS-gel loading buffer (Sam-
brook et al., 1989). Total protein levels per culture dish (determined by
the Pierce BCA protein assay) were equivalent for all transfection con-
ditions using coding DNA.

Western blot and autoradiogram procedures. Protein tyrosine phosphor-
ylation was measured by Western blot analysis, using antibodies that
specifically recognize phosphotyrosine. Proteins (10 pg/lane) were sep-
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arated on 10% acrylamide gels by SDS-PAGE. The gels were processed
with Coomassie brilliant blue dye, or silver stain, or were electrotrans-
ferred to nitrocellulose blots (Sambrook et al., 1989). The blots were
blocked in 5% nonfat milk and incubated overnight with primary anti-
body at 4°C. They were then incubated with horseradish peroxidase
(HRP)-conjugated secondary antibody (Amersham, Arlington Heights,
IL) for 2 hr at room temperature. Enhanced chemiluminescence (ECL;
Amersham) exposure on XAR-2 film (Kodak, Rochester, NY) was used
to visualize labeled protein. The magnitude of the signal is directly
related to the amount of HRP-conjugated secondary antibody. The
Coomassie blue- and silver-stained gels and film autoradiograms were
analyzed by densitometry using a Bio-Rad Model GS-670 Imaging Den-
sitometer (Hercules, CA). Relative densitometry values were determined
to be linear by serial dilution of protein samples used for Western
immunoblotting.

Tyrosine-phosphorylated proteins were detected by Western blot with
the mouse monoclonal antibodies 4G10 (Upstate Biotechnology, Lake
Placid, NY) and PY20 (Transduction Laboratories, Lexington, KY).
Kv1.3 expression was verified by Western blot using rabbit polyclonal
antisera generously provided by Dr. James Douglass (Cai and Douglass,
1993). EGFr expression was detected with a human-specific mouse
monoclonal antibody (E12020; Transduction Laboratories). Src expres-
sion (expressed v-Src and endogenous c-Src) was detected with a mouse
monoclonal antibody (MAb327; Oncogene Science, Cambridge, MA)
and rabbit polyclonal antiserum (Upstate Biotechnology). All other
chemicals used for Western blotting, immunoprecipitation, and electro-
physiology were purchased from Sigma (St. Louis, MO).

Patch recording. Macroscopic currents in cell-attached membrane
patches were recorded 2472 hr after transfection using an Axopatch-1B
amplifier (Axon Instruments, Foster City, CA). Cells were visualized at
40X magnification using a phase contrast water immersion lens (Zeiss,
Thornwood, NY). The extracellular solution consisted of (in mm): 150
KCl, 10 HEPES, pH 7.5, 1 EGTA, and 0.5 MgCl,; the pipette solution
consisted of (in mm): 30 KCI, 70 NaCl, 2 CaCl,, 1 EGTA, and 10
HEPES, pH 7.5. Electrodes were fabricated from Jencons glass (#M15/
10; Leighton Buzzard, Bedfordshire, England), fire-polished to ~1 um,
and coated near the tip with beeswax to reduce the capacitance of the
glass. Pipette resistances were between 9 and 14 MQ.

Cells were held at —80 mV and stepped to a pulse potential of +40 mV
for a pulse duration of 1000 msec. Voltage signals were generated, and
data were captured using a microstar DAP 800/2 board (Microstar Lab,
Bellevue, WA). Data traces were linearly subtracted for leakage
conductance.

Immunocytochemistry. Surface labeling of wild-type and mutant Kv1.3
was measured as described previously (Fadool et al., 1997). HEK 293
cells were plated on poly-D-lysine-coated glass coverslips and were trans-
fected with control vector, Kv1.3, or W386F Kv1.3 cDNA. Two days after
transfection, the cells were fixed lightly with 1% paraformaldehyde,
washed with PBS, and incubated overnight at 4°C with anti-Kv1.3 extra-
cellular epitope rabbit polyclonal antiserum (Cai and Douglass, 1993)
(1:50 dilution with 10% normal goat serum). The cells were washed on
the coverslips with PBS, incubated with secondary antibody (anti-rabbit
F(ab"),-FITC; 1:1000; 30 min at 37°C) (Tago, Burlingame, CA), and
washed again with PBS. The coverslips were mounted on glass slides with
Gelmount (Biomeda, Foster City, CA). Indirect immunofluorescent
labeling was detected by scanning confocal microscopy (MRC-600; Bio-
Rad) using equal gain and aperture settings for all images. Parallel
experiments using cell-impermeant rhodamine-conjugated phyco-
erythrin confirmed that Kv1.3 labeling was at the cell surface. No
staining was observed under identical fixation conditions with another
anti-Kv1.3 antiserum directed against an intracellular epitope (Fadool et
al., 1997).

RESULTS

Pervanadate-induced cellular protein tyrosine
phosphorylation is attenuated by Kv1.3 expression

We used heterologous expression of the cloned Kv1.3 channel to
study the influence of Kv channel expression on protein tyrosine
phosphorylation. The effect of Kv1.3 expression on endogenous
PTK activity was examined by treating control and Kvl.3-
transfected HEK 293 cells with the specific membrane-permeant
tyrosine phosphatase inhibitor pervanadate. Pervanadate inhibi-
tion of PTPase activity is half maximal at 15 um and approaches
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Figure 1. Kvl1.3 expression decreases endogenous protein tyrosine phosphorylation in pervanadate-treated HEK 293 cells. Cells were transfected with
cDNA for either control vector (—) or Kv1.3 (+). Two days after transfection, cells were treated with the membrane-permeant tyrosine phosphatase
inhibitor pervanadate (250 uMm; 0—60 min). A, Cell lysates were prepared, and the lysate proteins were separated by SDS-PAGE and electrotransferred
to nitrocellulose. Immunoblots were probed with anti-phosphotyrosine antibody (anti-PY’). Primary antibody binding was visualized by incubation with
a horseradish peroxidase-conjugated secondary antibody and ECL and autoradiography. B, Protein phosphotyrosine signal was quantified in each lane
of the blot in A by densitometry, and values are expressed relative to that in the pervanadate-treated lane, without Kv1.3 expression, at 60 min (n = 4;
*p = 0.05 and **p = 0.01, Student’s ¢ test). C, Tyrosine-phosphorylated proteins were immunoprecipitated (IP) using anti-phosphotyrosine antibody.
Half of the IP samples were treated with alkaline phosphatase overnight (+). All IP samples were separated by SDS-PAGE and electrotransferred to
nitrocellulose. Immunoblots (Blot) were probed with another anti-phosphotyrosine antibody. An artifactual band of apparent molecular weight slightly
greater than the major tyrosine-phosphorylated band is present in the alkaline phosphatase-treated samples.

saturation at 100 um (Bourgoin and Grinstein, 1992; Holmes et monoclonal antibody that specifically recognizes phosphoty-
al., 1996a). HEK 293 cells were transfected with control or Kv1.3 rosine. Faint bands at molecular weights of 180-190, 130, and
vector and 2 d after transfection were treated with pervanadate 50-60 kDa can be detected after longer exposures. This faint
(250 pm in serum-free medium; 0—60 min) or medium alone. Low signal can be amplified by immunoprecipitating tyrosine-
basal protein phosphotyrosine levels in HEK 293 cell lysates are phosphorylated proteins with one anti-phosphotyrosine antibody,
demonstrated by SDS-PAGE Western blot (Fig. 1A) using a followed by SDS-PAGE and Western blot analysis of the immu-
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Figure 2. Kv1.3 coexpression decreases v-Src-induced protein tyrosine phosphorylation. HEK 293 cells were transfected with control, v-src, Kv1.3, or
Kv1.3 together with v-src (cotransfection) vectors. A, Two days after transfection, cell lysates were prepared, and lysate proteins were separated by
SDS-PAGE, transferred to nitrocellulose, and probed with anti-phosphotyrosine (fop) or anti-Src (bottom) antibody. B, The protein phosphotyrosine
signal was quantified by densitometry, and values are expressed relative to the v-Src lane (n = 10; ***p = 0.005, Student’s ¢ test). C, Expressed Src protein
was quantified by densitometry, and values are expressed relative to the v-Src lane (n = 10).

noprecipitates with another anti-phosphotyrosine antibody (Fig.
1C). Basal protein phosphotyrosine levels are decreased in im-
munoprecipitates prepared from Kvl.3-transfected cells com-
pared with immunoprecipitates prepared from control vector-
transfected cells (Fig. 1C). The protein phosphotyrosine signal is
not detectable after alkaline phosphatase treatment of the immu-
noprecipitates (Fig. 1C; note that an artifactual band is present in
the alkaline phosphatase-treated samples). Pervanadate treat-
ment increases protein phosphotyrosine levels in a time-
dependent manner (Wallace, 1995; Holmes et al., 1996a). Kv1.3
expression attenuates pervanadate-induced protein tyrosine
phosphorylation measured after 15 and 60 min of pervanadate
treatment (Fig. 14,B). The relative attenuation of protein ty-
rosine phosphorylation by Kv1.3 expression seems to be greater
for the shorter time points (Fig. 1B). This could reflect saturation
of phosphorylation sites at later times. Alternatively, this might
reflect decreased potassium conductance over time, because ty-
rosine phosphorylation-induced suppression of Kv channel activ-
ity increases over time (Holmes et al., 1996a). The Kvl.3-
mediated decrease of pervanadate-induced protein tyrosine
phosphorylation does not seem to be caused by decreased levels
of total protein, as measured by total protein assay and Coomas-
sie blue staining of lysate protein separated by SDS-PAGE (data
not shown). The effect of Kv1.3 expression on the protein levels
of several prominent endogenous protein kinases, including src
family kinases, the EGFr, and protein kinase C, was measured.
Kv1.3 expression does not affect the protein levels of these ki-
nases (e.g., Fig. 24).

v-Src-induced cellular protein tyrosine phosphorylation
is attenuated by Kv1.3 expression

To determine whether the expression of Kv channels can decrease
protein phosphotyrosine levels induced by an expressed PTK, we

measured protein phosphotyrosine levels in cell lysates prepared
from cells expressing the constitutively active nonreceptor PTK
v-Src, with and without Kv1.3 expression. HEK 293 cells were
transfected with control, Kv1.3, or v-src vectors or with the Kv1.3
and v-src vectors together (cotransfection). Cells were harvested
2 d after transfection, and cell lysates were used for SDS-PAGE
Western blot using anti-phosphotyrosine or anti-Src monoclonal
antibodies. v-Src expression induces large increases in cell protein
phosphotyrosine levels (Fig. 24, top), and this v-Src-induced
protein tyrosine phosphorylation is reduced substantially by
Kv1.3 cotransfection (Fig. 24, top, B). In contrast, endogenous
and expressed Src protein levels are unaffected by Kv1.3 expres-
sion (Fig. 24, bottom, C).

The gating properties of mutant Kv1.3 channels
determine their ability to attenuate v-Src-induced
protein tyrosine phosphorylation
The marked attenuation of protein tyrosine phosphorylation by
Kv1.3 expression raises the possibility that increased potassium
conductance and cell hyperpolarization influence PTK activity.
To eliminate the possibility that expression of any protein non-
specifically attenuates protein tyrosine phosphorylation, we coex-
pressed v-Src with a nonconducting mutant Kv1.3 channel. If Kv
channel conductance is a critical variable for attenuating protein
tyrosine phosphorylation, then one would predict that the expres-
sion of nonconducting Kv channels would have little effect on
v-Src-induced protein tyrosine phosphorylation. In contrast, the
expression of high-conducting Kv channels would be expected to
greatly attenuate protein tyrosine phosphorylation. The conduc-
tion properties of Kv channels can be changed dramatically by
single point mutations (Perozo et al., 1993).

We constructed a nonconducting mutant Kv1.3 channel
(W386F Kv1.3). Mutation at this site in the putative pore of the
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related Shaker channel yields a nonconducting channel that is
expressed and is targeted efficiently to the cell membrane (Perozo
et al., 1993). Patch-clamp analysis shows no detectable current
over endogenous levels in cell-attached membrane patches on
HEK 293 cells transfected with W386F Kv1.3 vector (Fig. 34),
whereas macroscopic current is apparent in patches on HEK 293
cells transfected with wild-type Kv1.3 (Fig. 34). The absence of
W386F Kv1.3 current is not because of lack of channel protein
expression, because Kvl.3 and W386F Kv1.3 protein levels are
similar under all transfection conditions (Fig. 3B). Furthermore,
scanning confocal immunocytochemical analysis of HEK 293
cells transfected with Kv1.3 or W386F Kv1.3 and labeled with
antibodies directed against an extracellular epitope of these chan-
nels shows that both channels are expressed efficiently at the cell
surface (Fig. 3C). The effects of expression of Kv1.3 and W386F
Kv1.3 on cellular protein tyrosine phosphorylation were com-
pared. In contrast to the large attenuation of v-Src-induced pro-
tein tyrosine phosphorylation by Kv1.3, nonconducting W386F
Kv1.3 does not affect protein phosphotyrosine levels (Fig. 3D,E).
In a related set of experiments, HEK 293 cells were transfected
with control, Kv1.3, v-src, or the Kv1.3 and v-src vectors together
(cotransfection) in the presence of brefeldin A, which arrests the
transport of newly synthesized proteins in the early Golgi stacks
and prevents protein transport to the plasma membrane (Klaus-
ner et al., 1992). Kv1.3 expression does not affect v-Src-induced
protein phosphotyrosine levels after brefeldin A treatment (data
not shown). Thus, protein tyrosine phosphorylation attenuation
by Kv channel expression requires the presence of functional
conducting Kv channels in the plasma membrane.

The activity of Kv channels is suppressed by tyrosine phosphor-
ylation (Huang et al., 1993; Holmes et al., 1996a,b; Szabo et al.,
1996; Fadool et al., 1997). It is notable that mutant channels
lacking specific tyrosine phosphorylation sites are resistant to
phosphorylation-induced current suppression (Huang et al., 1993;
Holmes et al., 1996a; Fadool et al., 1997). We have characterized
a set of Y-to-F mutant Kv1.3 channels that are less suppressed
than are the wild-type Kv1.3, when they are coexpressed with
v-Src in HEK 293 cells (Fadool et al., 1997). These mutant
channels are expressed to the same extent as wild-type Kv1.3, and
their basal biophysical properties are indistinguishable from
those of the wild-type channel (Fadool et al., 1997). HEK 293
cells were transfected with control vector; v-src vector; Kvl1.3
vector; vectors encoding one of the mutant Kv1.3 channels
YYY111-113FFF Kv1.3, Y137F Kv1.3, Y449F Kv1.3, or Y479F
Kv1.3; or the v-src vector together with wild-type or mutant
channel vector. Cells were harvested 2 d after transfection, and
cell lysates were used for SDS-PAGE Western blot analysis
probed with anti-phosphotyrosine monoclonal antibody. The Y-
to-F mutant Kv1.3 channels attenuate v-Src-induced protein ty-
rosine phosphorylation to a greater extent than does the wild-
type Kv1.3 channel (Fig. 44,B).

To test further the effects of Kv channel expression on v-Src-
induced protein tyrosine phosphorylation, we coexpressed v-Src
with other Kv channels that exhibit different gating properties.
Kv1.4 inactivates rapidly, after channel opening, by a “ball and
chain” mechanism (Chandy and Gutman, 1995); in contrast,
Kv1.5 exhibits very slow inactivation (Fig. 54). The coexpression
of the rapidly inactivating Kv1.4 channel has little effect on
v-Src-induced protein tyrosine phosphorylation (Fig. 5B,C). In
contrast, coexpression of the slowly inactivating Kv1.5 channel
strongly suppresses v-Src-induced protein tyrosine phosphoryla-
tion (Fig. 5B,C).
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Tyrosine phosphorylation of the EGF receptor is
attenuated by Kv channel expression

Kv channel expression decreases pervanadate- or v-Src-induced
tyrosine phosphorylation of many proteins, including a prominent
protein with a molecular weight of 185-190 kDa. This size range
includes the EGFr (Cadena and Gill, 1992). To determine the
effect of Kv channel expression on an identified protein, we
coexpressed the human EGFr with Kv1.3 and measured protein
levels and tyrosine phosphorylation of the EGFr with and without
EGEF treatment. Cells were treated with EGF (10 ng/ml in serum-
free medium; 60 min) or with serum-free medium and were
harvested immediately after EGF treatment. Kv1.3 coexpression
does not affect the protein levels of EGFr (Fig. 64, top). The
EGFr expressed alone is strongly tyrosine phosphorylated in the
absence of exogenous EGF (Fig. 6A, bottom), as is observed
frequently for expressed receptor PTKs (Chen et al., 1997). The
tyrosine phosphorylation of the EGFr expressed alone is in-
creased over basal levels by exogenous EGF treatment. Kv1.3
coexpression markedly decreases the tyrosine phosphorylation of
the EGFr with and without EGF treatment (Fig. 64, bottom, B).

Acute treatment with valinomycin decreases protein
tyrosine phosphorylation

In the experiments reported here, Kv channel-induced attenua-
tion of protein tyrosine phosphorylation is measured 2 d after
transfection. To determine the acute effect on protein phospho-
tyrosine levels of increasing potassium conductance, we treated
pervanadate-stimulated HEK 293 cells with the electrogenic
potassium-specific ionophore valinomycin (Lindoy, 1988; Woolley
et al., 1995). Valinomycin allows rapid outflow of potassium out of
cells down the potassium concentration gradient, thus acutely
mimicking the effects of increased Kv channel expression.
Pervanadate-induced protein tyrosine phosphorylation is attenu-
ated by acute treatment with valinomycin (Fig. 74,B; 5 pg of
valinomycin/ml of serum-free medium + 250 um pervanadate; 30
min). Thus, protein tyrosine phosphorylation mediated by endog-
enous PTKs is reduced by an acute treatment that increases
potassium conductance.

DISCUSSION

Previous studies indicate that membrane depolarization increases
protein tyrosine phosphorylation (Stratton et al., 1991; Woodrow
et al., 1992; Siciliano et al., 1994). We show here that treatments
that induce membrane hyperpolarization, such as expression of
Kv channels or electrogenic potassium ionophore treatment,
markedly attenuate protein tyrosine phosphorylation catalyzed
by endogenous and coexpressed PTKs. The regulation of protein
tyrosine phosphorylation by Kv channel activity is of particular
interest, because it has been shown that Kv channel activity is
modulated by tyrosine phosphorylation (Huang et al., 1993;
Holmes et al., 1996a,b; Szabo et al., 1996; Fadool et al., 1997).
Decreases in protein phosphotyrosine levels could reflect de-
creased activity of PTKs or increased activity of PTPases. To
distinguish between these two possibilities, we measured the
effects of Kv channel expression or acute electrogenic potassium
ionophore treatment on protein phosphotyrosine levels, under
conditions that strongly inhibit PTPase activity. Kv channel ex-
pression or acute valinomycin treatment attenuate pervanadate-
induced protein tyrosine phosphorylation. These experiments
suggest that Kv channel expression influences the activity of
PTKs, although they do not completely eliminate the possibility
that Kv channel expression could increase PTPase activity even
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Figure 3. Nonconducting mutant Kv1.3 channel expression does not affect v-Src-induced protein tyrosine phosphorylation. HEK 293 cells were
transfected with control, v-src, Kv1.3, W386F Kv1.3, Kv1.3 together with v-src, or W386F Kv1.3 together with v-src vectors. A, Cell-attached patch
recordings were made 2 d after transfection. Currents evoked by depolarizing voltage pulses to +40 mV are shown for wild-type Kv1.3 and
nonconducting mutant W386F Kv1.3 (n = 10). B, Two days after transfection, cell lysates were prepared, and lysate proteins were separated by
SDS-PAGE, transferred to nitrocellulose, and probed with anti-Kv1.3 antibody. C, Cell surface labeling of Kv1.3 and W386F Kv1.3 was measured by
indirect immunofluorescence scanning confocal microscopy, under nonpermeabilizing fixation conditions (n = 6). D, Immunoblots prepared as described
in B were probed with anti-phosphotyrosine antibody. E, The protein phosphotyrosine signal in D was quantified by densitometry; values are expressed
relative to the v-Src lane (n = 7; ***p = 0.005, Student’s ¢ test).
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Figure 4. Coexpression of tyrosine mutant Kv1.3 channels decreases v-Src-induced protein tyrosine phosphorylation. 4, HEK 293 cells were transfected
with control vector; v-src vector; Kv1.3 vector; a vector encoding one of the mutant Kv1.3 channels YY Y111-113FFF Kv1.3, Y137F Kv1.3, Y449F Kv1.3,
or Y479F Kv1.3; or the v-src vector together with wild-type (+) or mutant Kv1.3 (—) vector (cotransfection). Cells were harvested 2 d after transfection,
and cell lysates were used for SDS-PAGE Western blotting using anti-phosphotyrosine antibody. B, The protein phosphotyrosine signal was quantified
by densitometry, and values are expressed relative to the v-Src lane (range of n, 4-9; **p = 0.01 and ***p = 0.005, Student’s ¢ test). The statistical
comparison is between the wild-type channel and the various Y-to-F mutant constructs.
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in the presence of pervanadate. The observed Kv channel-
induced decrease in protein tyrosine phosphorylation does not
result from decreases in PTK protein or protein substrate levels,
consistent with the idea that it reflects changes in the in vivo
activity of PTKSs. Although it is possible that Kv channel expres-
sion could lower cell ATP levels, the K, of PTKs for ATP is
several orders of magnitude below cellular levels of ATP. Thus,
regulation of protein phosphotyrosine levels by ATP availability
seems unlikely.

To determine whether increased potassium conductance is
responsible for the Kv channel-induced attenuation of protein
tyrosine phosphorylation, we examined the effects of expressing a
nonconducting mutant Kv channel. In contrast to the robust
attenuation of protein phosphotyrosine levels by wild-type Kv1.3,
the expression of nonconducting W386F Kv1.3 has no effect on
protein phosphotyrosine levels. To determine further whether Kv
channel expression is required at the cell membrane to attenuate
protein phosphotyrosine levels, we coexpressed v-Src and Kv1.3
in the presence of brefeldin A. Kv1.3 expression does not atten-
uate protein phosphotyrosine levels under these conditions that
arrest the transport of the channel to the cell membrane. These
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Figure 5. Kv channel gating influences the attenuation of v-Src-induced protein tyrosine phos-
phorylation. HEK 293 cells were transfected with control, v-src, Kv1.4, Kv1.5, Kv1.4 together with
v-src, or Kv1.5 together with v-src vectors. A, Cell-attached patch recordings were made 2 d after
transfection. Currents evoked by depolarizing voltage pulses to +40 mV are shown for Kv1.4 and
Kvl.5. B, Two days after transfection, cell lysates were prepared, and lysate proteins were
separated by SDS-PAGE, transferred to nitrocellulose, and probed with anti-phosphotyrosine
antibody. C, The protein phosphotyrosine signal was quantified by densitometry, and values are
expressed relative to the v-Src lane (n = 6; ***p = 0.005, Student’s ¢ test).

results show that the expression of functional Kv channels at the
plasma membrane is required to decrease protein phosphoty-
rosine levels and indicate the importance of potassium conduc-
tance for this phenomenon.

Kv channel activity is in turn decreased by tyrosine phosphor-
ylation (Huang et al., 1993; Holmes et al., 1996a,b; Szabo et al.,
1996; Fadool et al., 1997). This tyrosine phosphorylation-induced
decrease of Kv channel activity is less in mutant Kv channels that
lack one or more tyrosine phosphorylation sites (Huang et al.,
1993; Holmes et al., 1996a; Fadool et al., 1997). Thus cells
expressing mutant Kv channels that lack tyrosine phosphorylation
sites exhibit larger currents than do wild-type Kv channels, under
conditions that promote tyrosine phosphorylation (Huang et al.,
1993; Holmes et al., 1996a; Fadool et al., 1997). If Kv channel and
PTK activities are reciprocally coupled, then the expression of
phosphorylation-resistant Kv channels should lead to greater at-
tenuation of PTK activity. Consistent with this prediction, we
find that the magnitude of the Kv channel-induced attenuation of
protein phosphotyrosine levels is greater with mutant channels
that are resistant to phosphorylation-induced suppression. Fur-
ther evidence supporting the importance of Kv channel-gating
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Figure 6. EGF receptor tyrosine phosphorylation is decreased by Kv1.3
coexpression. HEK 293 cells were transfected with control, EGFr, or
Kv1.3 together with EGFr vectors. A, Two days after transfection, cells
were treated with EGF (+) or serum-free medium (—). Cell lysates were
prepared, and lysate proteins were separated by SDS-PAGE, transferred
to nitrocellulose, and probed with anti-EGFr (top) or anti-
phosphotyrosine (bottom) antibody. B, EGFr expression levels and pro-
tein phosphotyrosine signals were quantified in each lane by densitometry.
EGFr phosphotyrosine values were normalized to EGFr protein levels
(EGFr phosphotyrosine/EGFr protein) and expressed relative to the
EGFr (+EGF) lane (n = 6; ***p = 0.005, Student’s ¢ test).

Holmes et al. « K* Current Suppression of Tyrosine Phosphorylation

A
- 200
. -97
- 68
l-

CELL LYSATES
- 46

BLOT: Antj-PY

Treatment: ,bb"’ ,bb"’

\Y
& &S
@ O™

_“EJ 1.0
0 =
£5 8
o 2
< D
% c 6
S &
i o 4
c 2
D ®
g8 2
-
0
Pervanadate & +
Valinomycin - +

Figure 7. Pervanadate-induced protein phosphotyrosine levels decrease
after acute treatment with the electrogenic potassium ionophore valino-
mycin. 4, Valinomycin-treated (+) HEK 293 cells were preincubated in
serum-free medium containing valinomycin (5 pug/ml + 0.1% ethanol) for
10 min and then treated with pervanadate (250 pM; 30 min) in the
continued presence of valinomycin. Control cells [without valinomycin
(—)] were preincubated and pervanadate-treated with serum-free medium
containing 0.1% ethanol vehicle. After pervanadate treatment (+), cell
lysates were prepared, and lysate proteins were separated by SDS-PAGE,
transferred to nitrocellulose, and probed with anti-phosphotyrosine anti-
body. B, Protein phosphotyrosine signals were quantified in each lane by
densitometry, and values are expressed relative to the pervanadate with-
out valinomycin condition (n = 6; ***p = (0.005, Student’s ¢ test).
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properties on protein tyrosine phosphorylation comes from ex-
periments comparing the effects of rapidly and slowly inactivating
Kv channels (Kv1.4 and Kv1.5). The expression of slowly inacti-
vating Kv1.5 markedly attenuates protein phosphotyrosine levels,
in contrast to the modest effects of expressing rapidly inactivating
Kv1.4. Although we cannot exclude the possibility that some other
difference between Kv1.4 and Kvl1.5 contributes to this finding,
these results show that the gating properties of expressed Kv
channels correlate with their ability to attenuate protein phos-
photyrosine levels. It is of interest that expression of Kv1.5 but
not Kv1.4 results in a large hyperpolarization of the cell mem-
brane (Felipe et al., 1993), consistent with the idea that tyrosine
phosphorylation level is coupled to the membrane potential.
However we cannot exclude the possibility that other mecha-
nisms, for example, changes in intracellular potassium concentra-
tion, contribute to the attenuation of tyrosine phosphorylation.

The tyrosine phosphorylation level of many proteins decreases
after Kv channel expression. The EGFr is one of these proteins.
This is of particular interest, because the activity of the EGFr and
other PTKs is strongly linked to cell proliferation (Schlessinger
and Ullrich, 1992), and Kv channel overexpression decreases the
number of neurons that differentiate (Jones and Ribera, 1994). It
is noteworthy that it is difficult to establish stable cell lines
constitutively expressing Kv channels, perhaps because of im-
paired proliferation of Kv channel-expressing cells (Koren et al.,
1990; Suzuki et al., 1996).

Heterologous Kv channel expression peaks 2 d after transfec-
tion (Shi et al., 1994; Holmes et al., 1996a). It is conceivable that
changes in protein phosphotyrosine levels reflect relatively long-
term cellular compensatory events, including changes in gene
expression, that could occur over days. To address this issue, we
examined protein phosphotyrosine levels after acute treatment
with the electrogenic potassium ionophore valinomycin, which
rapidly increases potassium conductance (Lindoy, 1988; Woolley
et al, 1995). Acute valinomycin treatment attenuates protein
tyrosine phosphorylation mediated by endogenous PTKs. These
data suggest strongly that the in vivo activity of some PTKs is
sensitive to potassium conductance and the cell resting potential.

The present results add to the growing body of evidence that
protein tyrosine phosphorylation is modulated by ion conduc-
tances and cell membrane potential (Bading and Greenberg,
1991; Vostal et al., 1991; Siciliano et al., 1994, 1996; Lev et al.,
1995; Rusanescu et al., 1995; Yu et al., 1996). Previous studies
have shown that depolarization elevates PTK activity and protein
phosphotyrosine levels. Src kinase is activated by depolarization
in PC12 cells (Rusanescu et al., 1995), and Src kinase activity and
expression are increased in Ca?"-differentiated keratinocytes
(Zhao et al., 1992). The proline-rich tyrosine kinase 2/cell adhe-
sion kinase f3 is activated by calcium influx and depolarization in
transfected HEK 293 cells, PC12 cells, and hippocampal neurons
(Lev et al., 1995; Siciliano et al., 1996). In contrast to these earlier
studies that use treatments that cause depolarization and Ca®*
influx, we have examined the effects on protein phosphotyrosine
levels of treatments that cause cell hyperpolarization by express-
ing the mammalian Shaker-like Kv channels Kv1.3, Kv1.4, and
Kvl.5. The results indicate that several different conditions that
promote outward potassium flux decrease cellular protein ty-
rosine phosphorylation.

The presence of reciprocal modulation between Kv channels
and protein tyrosine phosphorylation suggests the possibility of
dual inhibition between Kv channel electrical signaling and PTK
signaling. There are interesting implications of coupling ion chan-
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nel modulation and protein tyrosine phosphorylation regulation.
In the present case, under conditions of low basal Kv channel
phosphorylation, the opening of Kv channels would tend to
dampen weak protein tyrosine phosphorylation signals. In con-
trast, under conditions of increased PTK activation, driven by an
external stimulus such as a neurotransmitter or neurotrophic
factor, increased tyrosine phosphorylation of Kv channels would
lead to less channel activity and a consequent relief of Kv channel
inhibition of protein tyrosine phosphorylation. Continuing feed-
back of this type could then rapidly increase protein tyrosine
phosphorylation. Such dual-inhibition signaling between Kv chan-
nels and protein tyrosine phosphorylation could mediate rapid
switch-like behaviors of both Kv channel and PTK activity.

These results are provocative in light of other lines of evidence
that link ion channel modulation and regulation of protein ty-
rosine phosphorylation. Tyrosine phosphorylation increases
NMDA receptor activity (Wang and Salter, 1994; Yu et al., 1997);
in turn, NMDA receptor activation and glutamate treatment
increase protein tyrosine phosphorylation (Bading and Green-
berg, 1991; Siciliano et al., 1996). Voltage-gated L-type Ca>*
channels are activated by PTKs as well (Cataldi et al., 1996).
These results suggest the possibility of dual-activation signaling
between NMDA receptor/Ca®" channels and protein tyrosine
phosphorylation, whereas the present results indicate dual-
inhibition signaling between Kv channels and protein tyrosine
phosphorylation. Similar reciprocal coupling may exist between
ion channels and serine and threonine kinases and phosphatases.
Candidate examples include couples between the type 11 Ca>*-
and calmodulin-dependent protein kinase and voltage-gated
Ca?* channel activities (Hell et al., 1994; Xiao et al., 1994) and
between calcineurin phosphatase and voltage-gated Ca** chan-
nel activities (Armstrong, 1989). The presence of dual-
modulatory electrical and phosphorylation signaling may be im-
portant for tuning biochemical and electrical signaling events that
influence biological functions such as synaptic plasticity. It will be
of interest to determine the molecular mechanisms and cellular
consequences of dynamic interactions between ion channel-
mediated electrical signaling and protein tyrosine phosphoryla-
tion signaling.
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