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F. Gavilanes,# A. V. Ferrer-Montiel,‡ and J. M. Gonza´lez-Ros*,‡

Centro de Biologia Molecular y Celular, UniVersidad Miguel Herna´ndez, 03202 Elche (Alicante), Spain, Neuropharma S. A.,
AVda de la Industria 52, Tres Cantos, 28760 Madrid, Spain, Departamento de Inmunologı´a y Oncologı´a, Centro Nacional de
Biotecnologı´a, CSIC, Cantoblanco, 28049 Madrid, Spain, Laboratorio de InVestigaciones Biome´dicas, Hospital UniVersitario
Virgen del Rocio, AVda Manuel Siurot s/n, E-41013 SeVilla, Spain, and Departamento de Bioquı´mica, Facultad de Ciencias

Quı́micas, UniVersidad Complutense, 28040 Madrid, Spain

ReceiVed March 7, 2002; ReVised Manuscript ReceiVed July 11, 2002

ABSTRACT: A synthetic peptide patterned after the sequence of the inactivating “ball” domain of the Shaker
B K+ channel restores fast (N-type) inactivation in mutant deletion channels lacking their constitutive
ball domains, as well as in K+ channels that do not normally inactivate. We now report on the effect of
phosphorylation at a single tyrosine in position 8 of the inactivating peptide both on its ability to restore
fast channel inactivation in deletion mutant channels and on the conformation adopted by the phosphorylated
peptide when challenged by anionic lipid vesicles, a model target mimicking features of the inactivation
site in the channel protein. We find that the inactivating peptide phosphorylated at Y8 behaves functionally
as well as structurally as the noninactivating mutant carrying the mutation L7E. Moreover, it is observed
that the inactivating peptide can be phosphorylated by the Src tyrosine kinase either as a free peptide in
solution or when forming part of the membrane-bound protein channel as the constitutive inactivating
domain. These findings suggest that tyrosine phosphorylation-dephosphorylation of this inactivating ball
domain could be of physiological relevance to rapidly interconvert fast-inactivating channels into delayed
rectifiers and vice versa.

Fast (N-type) inactivation of voltage-activated potassium
(Kv)1 channels occurs by a “ball and chain” mechanism in
which a flexible N-terminal domain (the “ball”) of the
channel protein acts as an open channel blocker and
physically occludes the cytoplasmic channel mouth (1, 2).
In the Shaker B Kv channel (3) the inactivating “ball” domain
corresponds to the first 20 amino acids in the N-terminal
region of each of the four Shaker B channel subunits (H2N-
MAAVAGLYGLGEDRQHRKKQ). These Shaker B ball
domains behave independently (4, 5), each causing channel
inactivation in a mutually exclusive manner.

Following the identification of the ball domain in the
Shaker B K+ channel, it was found that intracellular addition

of a synthetic peptide (ShB inactivating peptide) patterned
after the “ball” sequence fully restores fast inactivation in
mutant Shaker B channels that do not inactivate because of
deletions in their N-terminal region, suggesting that the
synthetic peptide contains all of the necessary molecular
determinants to recognize the channel protein and induce
inactivation (6). Furthermore, the ShB inactivating peptide
serves also as an inactivating ball for a variety of other Kv

channels (6-8), high- and intermediate-conductance, Ca2+-
activated K+ channels (9-11), or cyclic nucleotide-gated
channels (12), some of which do not normally inactivate.
Similarly, other putative ball peptides were identified in
several Shaker splicing variants, as well as in mammalian
Kv channels, which were also efficient blockers of the Shaker
B K+ channel despite the lack of sequence homology (13).
From the above “crossed” inactivation phenomena, it was
concluded that the molecular recognition events leading to
the formation of the inactivating peptide/channel complex
and, thus, to channel inactivation have a rather unconstrained
basis in terms of primary structure and that there must be
two relevant domains, complementary to those in the ball
peptides, configuring the receptor site for the inactivating
peptide in the channel protein: (i) a hydrophobic pocket,
which becomes accessible only upon channel opening,
separated from the cytoplasm by (ii) a region with a negative
surface potential (14-16). Such conclusions received support
from the crystallographic structure of the prokaryotic KcsA
channel (17, 18) in which the central cavity and inner channel
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pore are lined by hydrophobic amino acids, while the
surrounding cytoplasmic T1-S1 linker domains contain
many acidic amino acids to favor electrostatic interaction
with the positively charged amino acids found near the
C-terminus in most ball peptides.

Attempting to gain insight into the molecular events in
which the inactivating peptide might be involved during
channel inactivation, anionic phospholipid vesicles were used
as a model target to partly mimic the corresponding domains
in the channel’s inactivation site, as it also contained a region
with a negative surface potential (the negatively charged
vesicle surface) and a hydrophobic domain (the lipid bilayer).
From these studies it was concluded that the ShB peptide in
a monomeric form (i) binds to the anionic surface with high
affinity, (ii) readily adopts a strongly hydrogen-bonded,
intramolecularâ-structure (aâ-hairpin), and (iii) becomes
partly inserted into the hydrophobic bilayer (19-21). Model-
ing a hypothetical “channel-bound” conformation for the ShB
peptide from these results predicted that introduction of
charged groups near the bend at G6 of the hydrophobic
â-hairpin should prevent it from adopting its characteristic
â-structure and from inserting into hydrophobic environ-
ments, thus resulting in noninactivating peptide mutants.
Indeed, this is the case for noninactivating Shaker mutants
such as the L7E or L7R (3). We are now reporting on the
effects of a physiologically relevant covalent modification
that would introduce a negatively charged group near the
tip of the presumedâ-hairpin: the phosphorylation of the
single tyrosine residue in the ShB peptide sequence. As
predicted by the model, it is observed that the phosphorylated
peptide behaves both functionally and structurally as a
noninactivating mutant. Interestingly, this was also the case
in the phosphorylation of serine residues of the inactivating
peptide of the mammalian Kv3.4 channel (Raw 3) (22-24).
Moreover, the Raw 3 peptide, having a primary sequence
completely different from that of the ShB peptide, also
adoptedâ-structure when challenged by anionic lipid vesicles
(25) and lost structural stability upon phosphorylation (24).

MATERIALS AND METHODS

The wild-type ShB peptide (MAAVAGLYGLGEDRQ-
HRKKQ) (3) was synthesized as a C-terminal amide on an
automatic multiple synthesizer (AMS 422, Abimed) using a
solid-phase procedure and standard Fmoc chemistry (19).
For the synthesis of ShB peptide phosphorylated at Y8 (ShB
8-P), the phosphotyrosine Fmoc derivative (Novabiochem)
was used. All peptides were purified by reverse-phase HPLC
to better than 95% purity, and their composition and
molecular mass were confirmed by amino acid analysis and
mass spectrometry, respectively (19). Residual trifluoroacetic
acid used both in the peptide synthesis and in the HPLC
mobile phase [the trifluoroacetate ion has a strong infrared
absorbance at 1673 cm-1, which interferes with the charac-
terization of the amide I band (26)] was removed by
submitting the peptides to several lyophilization-solubili-
zation cycles in 10 mM HCl (27).

Purified ShB peptide in solution was also enzymatically
phosphorylated in the presence of the tyrosine kinase Src
(Upstate Biotechnology, Inc.) and [γ-32P]ATP, as previously
reported (28). Dephosphorylation of ShB 8-32P was carried
out using agarose-conjugated PTP-1B phosphatase (Upstate

Biotechnology, Inc.), as reported (28). The extent of tyrosine
phosphorylation-dephosphorylation was assessed by SDS-
PAGE and autoradiography.

Shaker B∆6-46 K+ channel cDNA (3, 29) was transiently
expressed in CHO cells using the p513 vector (Stratagene)
(30). Cell culture and electroporation conditions were as
described previously (31). Ionic currents were recorded 24-
48 h after transfection, using the whole cell configuration
of the patch-clamp technique (32), as described (31).
Experiments were done in cells expressing between 0.8 and
1.2 nAmp of peak current amplitudes at+20 mV.

cDNA coding forDrosophilaShaker B and Shaker B∆6-
46 K+ channels was transcribed “in vitro” and the resulting
RNA injected intoXenopusoocytes (∼10 ng per oocyte)
(33). Ionic currents were recorded 2-4 days after injection
using a two-electrode voltage clamp technique (34) to check
for the correct expression of the constructs in the oocyte
membrane. Twenty oocytes per sample were collected, lysed,
and homogenized as described (35). Crude oocyte membrane
fractions were phosphorylated with Src kinase (Upstate
Biotechnology, Inc.) for 3 h at 30°C. The phosphorylation
reaction (final volume of 300µL) was carried out in 20 mM
Hepes buffer, pH 7.4, 20 mM MgCl2, and 0.1 mM EGTA
in the presence of Src kinase (0.05 unit/µL of membrane),
0.2 mM dithiothreitol, and 0.2 mM ATP. The reactions were
stopped by addition of 25 mM EDTA. Proteins binding to
the agarose-conjugated protein G matrix in the absence of
antibodies (nonspecific binding) were removed by centrifu-
gation after 1 h incubation with the agarose beads. Then
supernatants were immunoprecipitated with anti-phospho-
tyrosine monoclonal antibody (clone 4G10, Upstate Bio-
technology, Inc.) (20µg/mL), and immunocomplexes were
captured with agarose-conjugated protein G (Pierce) as
described (28). The immunoprecipitates were heated 30 min
at 50°C in 80µL of SDS-PAGE loading buffer, separated
in a PAGE-SDS gel (9%), and transferred to a nitrocellulose
membrane. The nitrocellulose was blocked with 3% bovine
serum albumin, probed with 4µg/µL anti-ShakerR-ShHX1
polyclonal antibody (a generous gift of Dr. F. Tejedor, CSIC,
University Miguel Hernandez) (36), and detected with an
alkaline phosphatase-conjugated anti-IgG antibody (Sigma).
Bands in the immunoblots were visualized using the alkaline
phosphatase conjugate substrate kit system (Bio-Rad Labo-
ratories).

The phospholipids phosphatidylglycerol (PG) and phos-
phatidic acid (PA) (Avanti Polar Lipids) used in the infrared
spectroscopy studies derive from egg yolk PC and, therefore,
have the same fatty acid composition. For infrared amide I
band recordings, lyophilized aliquots of the synthetic peptides
and the desired lipids were separately hydrated in a bath-
type sonicator in 25µL of D2O buffers (see figure legends
for details on the composition of the buffers) to avoid the
interference of H2O infrared absorbance (1645 cm-1; 37).
The resulting solutions were mixed by placing them together
into a liquid demountable cell (Harrick, Ossining, NY)
equipped with CaF2 windows and 50µm thick Mylar spacers
and maintained at room temperature for approximately 30
min to ensure that the isotopic H-D amide proton exchange
reached equilibrium, as judged by a constant minimal
absorbance at the residual amide II band in the peptide’s
infrared spectra. The peptide concentrations in the final
mixtures ranged from 1.1 to 4.5 mM, while the phospholipids
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were used at approximately 32.8 mM, thus resulting in
phospholipid to peptide molar ratios ranging from 7.3 to 29.8.
Infrared spectra were taken in a Nicolet 520 instrument
equipped with a DTGS detector, as previously described (38),
using 200 spectral scans to define the amide I band. No
resolution-enhancement techniques (Fourier derivation or
deconvolution) were applied to the spectral data.

For differential scanning calorimetry (DSC) large multi-
lamellar vesicles made from synthetic dimyristoylphospha-
tidic acid (DMPA) and dimyristoylphosphatidylglycerol
(DMPG) (Avanti Polar Lipids) were used. Dried lipid films
obtained from chloroform solutions were suspended in the
required buffer (see figure legends for details) to give a final
concentration of 2 mM in terms of lipid phosphorus. The
suspended lipids were kept for 90 min above their phase
transition temperatures and vortexed. The resulting liposomes
were stored overnight, at 4°C, to ensure a complete hydration
of the sample prior to the DSC experiments. Thermograms
were recorded on a high-resolution Microcal MC-2 dif-
ferential scanning microcalorimeter, equipped with the DA-2
digital interface and data acquisition utility for automatic data
collection, as described earlier (39). The lipid dispersions
containing added ShB or ShB 8-P peptides at different molar
ratios and the corresponding buffer in the reference cell were
thermally equilibrated in the microcalorimeter, at∼10 °C
during 45 min, before heat was applied. Differences in the
heat capacity between the sample and the reference cell were
obtained by raising the temperature at a constant rate of 45
°C/h. Transition temperatures and enthalpies were calculated
by fitting the observed transitions to a single van’t Hoff
component. Reported transition temperatures correspond to
those at which there is a maximum differential heat capacity,
as observed in the thermograms.

RESULTS

Functional Effects of Chemical Phosphorylation of the ShB
Peptide at Y8.The ability of the synthetic ShB peptide and
its chemically phosphorylated derivative at Y8 (ShB 8-P) to
restore N-type K+ channel inactivation was tested by
studying their effects in the Shaker B∆6-46 K+ channel
mutant that lacks the constitutive inactivating peptide moiety
present in the wild-type Shaker B K+ channel (3, 29). As
illustrated in Figure 1, macroscopic currents elicited in
response to depolarizing pulses in transfected CHO cells
expressing Shaker B∆6-46 channels inactivate very slowly,
with an inactivation time constant of 1300( 160 ms (mean
( SD,n ) 6), characteristic of the C-type, slow inactivation
process exhibited also by this channel (29). Addition of
native, unphosphorylated ShB peptide restores N-type rapid
channel inactivation, with an inactivation time constant of
215( 48 ms (n ) 6). In contrast, addition of the chemically
phosphorylated ShB 8-P peptide produces only a slight
increase in the inactivation constant to 766( 87 ms (n )
6). These results show that phosphorylation of the ShB
peptide causes a significant loss in its ability to induce rapid
channel inactivation, similar to that observed for certain
noninactivating mutants of the ShB peptide, such as the ShB
L7E peptide (6).

In addition to the above, analysis of the kinetics of channel
activation indicates that neither peptide unphosphorylated or
tyrosine-phosphorylated alters the voltage-dependent activa-
tion rates of the Shaker B∆6-46 channel (Table 1).

In Vitro and “in Situ” Phosphorylation of the ShB Peptide
by the Tyrosine Kinase Src.Incubation of the purified ShB
inactivating peptide in the presence of Src, a tyrosine kinase
particularly abundant in neurons (40, 41) and [γ-32P]ATP,
results in the efficient incorporation of radioactive32P on a
electrophoretic band migrating as the unlabeled peptide does
(Figure 2). This enzymatic phosphorylation reaction was also
reversible, as demonstrated by dephosphorylation in the
presence of the PTB-1B phosphatase (not shown). The extent
of tyrosine phosphorylation was time dependent, with an
apparent half-maximum at∼15 min of incubation (Figure
2). At saturation, the stoichiometry of the phosphorylation
reaction was approximately 0.7 mol of32P/mol of peptide.
Higher stoichiometries were not obtained probably due to
end-product inhibition of the enzyme (42). Such stoichiom-
etry seemed consistent with the observed effects of enzy-
matically phosphorylated ShB on the inactivation of Shaker
B∆6-46 channels (Figure 1), which proceeded halfway
between that seen for the native, unphosphorylated ShB
peptide and the chemically phosphorylated one, with inac-
tivation time constants of 634( 81 ms (Table 1). Altogether,
these results demonstrate that the ShB peptide in solution is
an adequate substrate for in vitro enzymatic phosphorylation
at the single Y8 residue.

To determine whether the ShB peptide could also be
phosphorylated by Src in situ, i.e., when the peptide forms
part of the membrane-bound channel protein as a constitutive
inactivation ball domain, we use heterologous expression of
Shaker B and Shaker B∆6-46 K+ channels inXenopus
oocytes. Membrane fractions from oocytes expressing either
the wild-type channel or the deletion channel mutant, along
with membrane fractions from uninjected oocytes, were
submitted to phosphorylation by Src in the presence of ATP
and the phosphorylated protein products analyzed by im-
munoblotting with anti-Shaker polyclonal antibodies after
inmunoprecipitation with anti-phosphotyrosine mAb (Figure
3). The immunoblot from oocytes expressing wild-type

FIGURE 1: Restoration of fast (N-type) inactivation in the deletion
mutant Shaker B∆6-46 K+ channel. Slow (C-type) inactivation of
the Shaker B∆6-46 channel in the absence of inactivating peptides
is shown as a control. The figure shows the effects of the native
ShB peptide, chemically phosphorylated ShB 8-P peptide, and
enzymatically (Src kinase) phosphorylated ShB 8-P peptide on
restoring fast inactivation in the Shaker B∆6-46 channel. The whole
cell configuration of the patch-clamp technique was used in these
studies. The external bathing solution (pH 7.4) contained (in mM)
140 NaCl, 2.7 KCl, 2.5 CaCl2, 4 MgCl2, and 10 Hepes. The pipet
solution (pH 7.2) contained (in mM) 80 KCl, 30 potassium
glutamate, 20 KF, 4 MgCl2, 4 ATP, 10 EGTA, and 10 Hepes. In
all cases, the peptides were dissolved in the pipet solution at a
concentration of 500µM.
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Shaker B K+ channels shows an anti-Shaker reactive protein
band of approximately 60 kDa in the anti-phosphotyrosine
mAb inmunoprecipitate. Such a band seems not to be present
in the uninjected oocytes and has only a fainter counterpart
with a slightly higher electrophoretic mobility in the oocytes
expressing the deletion Shaker B∆6-46 channels (the ex-
pected difference in molecular mass between the wild-type
and the deletion channel is only about 4500 Da). Moreover,
the size of such a protein corresponds roughly to one of the

major glycosylated forms of Shaker B K+ channels when
expressed in oocytes (43). These observations, along with
the fact that there are no tyrosines other than Y8 in the
deleted 6-46 amino acid sequence (44), suggest that, indeed,
Y8 may also be a substrate for Src in the intact, membrane-
bound Shaker B K+ channel.

Challenging the Phosphorylated ShB 8-P Peptide by
Anionic Phospholipid Vesicles, a Model Target Mimicking
Features of the InactiVation “Gate” of K+ Channels.Figure
4 shows that, in the presence of anionic lipid vesicles made
of either PA (Figure 4A) or PG (Figure 4B), the adoption of
â-structure by the phosphorylated ShB 8-P peptide is
concentration dependent, as revealed by the appearance of
the 1623 cm-1 component in the infrared amide I band only

Table 1: Effect of the ShB, Chemically Phosphorylated ShB 8-P, and Src-Phosphorylated ShB 8-P Peptides on the Rates of Activation and
Inactivation of Shaker B∆6-46 Currentsa

t1/2 activation (ms)b τ inactivation (ms)c

peptide -20 mV 0 mV +20 mV +20 mV

control (no peptide) 5.63( 1.12 (7) 3.28( 0.43 (8) 2.32( 0.21 (8) 1300( 160 (6)
ShB 4.91( 0.95 (5) 3.17( 0.39 (7) 2.22( 0.23 (6) 215( 48 (6)
ShB 8-P 5.87( 1.03 (5) 3.39( 0.47 (5) 2.38( 0.36 (5) 766( 87 (6)
ShB 8-P (Src kinase) 5.65( 0.89 (4) 3.35( 0.32 (4) 2.17( 0.29 (4) 634( 81 (5)

a Data represent the mean( standard deviation of the number of experiments indicated in parentheses. Time is given in milliseconds. The
holding potential was-80 mV. b Activation kinetics are compared by measuring the time needed to reach 50% of the maximal current amplitude
(t1/2) at -20, 0, and+20 mV. c Inactivation time course is studied by measuring the time needed to remain 1/e of the maximal current amplitude
(τ inactivation) at+20 mV. τ inactivation was estimated from single-exponential fits to the current traces.

FIGURE 2: Autoradiography of an SDS-PAGE gel illustrating the
kinetics of phosphorylation of the ShB peptide in solution by Src
kinase and [γ-32P]ATP at different times of incubation (0, 5, 15,
30, and 60 min). The experimental conditions for the phosphory-
lation reaction were as reported previously (28). Reactions pro-
ceeded at 30°C for the indicated times and were terminated by
addition of SDS-PAGE sample buffer. Phosphorylated samples
subjected to SDS-PAGE on 8% gels were stained with Coomassie
Blue R-250, destained, dried, and exposed to Kodak X-Omat AR
X-ray film.

FIGURE 3: Western immunoblot to illustrate Src phosphorylation
of wild-type Shaker B and Shaker B∆6-46 channels expressed in
Xenopusoocytes (see Materials and Methods). Lane 1 corresponds
to uninjected oocytes shown as a control, while lanes 2 and 3
correspond to oocytes expressing the wild-type, entire Shaker B
K+ channel and the deletion mutant Shaker B∆6-46 channel,
respectively. A 60 kDa electrophoretic band reactive to anti-Shaker
R-ShHX1 polyclonal antibody in lane 2 is indicated by an
arrowhead.

FIGURE 4: Amide I band region of the original spectra of the ShB
peptide in the presence of PA (A, C, E) and PG (B, D, F) lipid
vesicles. The samples were suspended in a D2O media prepared
from 10 mM Hepes buffer, pD 7.4, containing 130 mM KCl and
20 mM NaCl (pD) pH + 0.4). The triplets of traces shown in all
panels correspond to spectra of samples taken at 20°C (lower traces
in each triplet), spectra taken in samples heated at 70°C (middle
traces, heat-denatured samples), and spectra of the heated samples
after being recooled to 20°C (upper traces, renatured samples).
The phospholipid/peptide molar ratios were 7.3 (A, B), 14.6 (C,
D), and 29.8 (E, F).
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at high peptide to anionic phospholipid ratios (Figure 4A,B).
Furthermore, the adoptedâ-structure, which likely results
from intermolecularhydrogen bonding, is not stable with
increasing temperature (Figure 4) and does not recover upon
recooling of the previously heated sample (upper traces in
all panels of Figure 4). These observations are in contrast
with those reported previously for the native, unphospho-
rylated ShB peptide in which the adoptedintramolecular
â-structure, aâ-hairpin, does not depend on the concentration
of the peptide, is highly stable with temperature, and recovers
almost fully upon recooling (20). Moreover, the alluded
behavior for the phosphorylated ShB 8-P peptide resembles
closely that reported previously for the mutant, noninacti-
vating ShB L7E peptide (20).

In addition to folding as aâ-hairpin, the ability to insert
into the hydrophobic bilayer is probably what distinguishes
best between inactivating and noninactivating peptides in
their interaction with the anionic vesicle model targets (20).
Figure 5 shows DSC studies at neutral pH, in which the
different peptides are confronted to vesicles made of synthetic
dimyristoylphosphatidylglycerol (DMPG, panel A) and
dimyristoylphosphatidic acid (DMPA, panel B), which have
convenient phase transition temperatures at 23.3 and 49.6
°C, respectively. As reported previously (20), the presence
of the native unphosphorylated ShB peptide causes a large,
concentration-dependent decrease in the transition enthalpy,
which is slightly more pronounced in DMPG than in DMPA
vesicles, without modifying the phase transition temperature.

This is due to peptide insertion into the bilayer (21) in which
the interaction of the peptide with the phospholipid acyl
chains prevents part of the phospholipid molecules from
undergoing the phase transition characteristic of the “pure”
phospholipid species and, thus, decreases the phase transition
enthalpy in a peptide concentration-dependent manner (45).
On the contrary, the phosphorylated ShB 8-P peptide, both
in DMPA and DMPG vesicles, does not significantly affect
either the phase transition enthalpy or the phase transition
temperature, even at high peptide concentration. This be-
havior of the phosphorylated peptide should be interpreted
as being unable to insert into the hydrophobic bilayer and
resembles very closely that exhibited by the mutant, noni-
nactivating ShB L7E peptide (21).

DISCUSSION

Potassium channels display the largest molecular diversity
of all ion channel families. They are widely distributed in
different cell types of practically all living organisms, where
they contribute to the control of potassium flow, cell volume,
release of hormones and transmitters, resting potential,
excitability, and behavior (46). In addition to being controlled
at the level of protein synthesis and/or transport to the
membrane, the different potassium channels may be regulated
by a variety of “short-term” mechanisms including changes
in the membrane potential or presence of regulatoryâ-sub-
units, transmitters, and hormones (47). More recently, it has
been found that potassium channels may also be regulated
by posttranslational covalent modifications, such as phos-
phorylation on specific serine and threonine residues as well
as on the less frecuently observed, tyrosine residues (48, 49).
Channel phosphorylation results in alteration of either (i) the
levels of channel protein reaching the plasma membrane, (ii)
the potassium current amplitude, or (iii) the kinetics of
inactivation. In regard to the latter, the modulation of the
inactivation kinetics in a voltage-dependent potassium chan-
nel by direct phosphorylation at the inactivating ball domain
has been demonstrated to date only in a cloned human
potassium channel, the Kv3.4 channel, a member of the Shaw
subfamily of potassium channel genes (22). When expressed
in oocytes and in the presence of activators of protein kinase
C, the Kv3.4 channel goes from exhibiting rapidly inactivat-
ing A-type currents to typical delayed rectifier currents as a
consequence of phosphorylation of at least two serine
residues (S15 and S21) near the N-terminus of the channel
protein (22). Moreover, synthetic unphosphorylated Raw 3
peptide (the inactivating constitutive ball domain of the Kv3.4
channel) restores fast inactivation in the noninactivating
Kv1.1 channel, but phosphorylation of the peptide at either
one or several of the existing serine residues leads to
reduction or complete removal of its ability to induce fast
inactivation (24). Therefore, it seems that phosphorylation
causes steric hindrances in the inactivation peptide that makes
it unable to recognize the inactivation site on the channel
and, thus, converts it to a noninactivating species.

At variance with the inactivating peptide of the Kv3.4
channel, the inactivating ShB peptide does not have any
serine or threonine residues as potential phosphorylation sites.
However, on the basis of a structural model postulated to
account for the conformation of the peptide when bound to
the inactivation site on the channel protein (21), the
hypothetical phosphorylation of the single tyrosine residue

FIGURE 5: Changes in the gel to liquid crystal phase transition
enthalpies of DMPG (panel A) and DMPA (panel B) large
multilamellar vesicles in the presence of increasing concentrations
of either native ShB (9) or phosphorylated ShB 8-P (O) peptides,
as determined by differential scanning calorimetry (see Materials
and Methods) of the indicated phospholipid/peptide mixtures in 10
mM Hepes, pH 7.0, and 100 mM NaCl. Error bars represent
standard deviations. The presence of the peptides had no effects
on the phase transition temperatures of either DMPG or DMPA.
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at position 8 is predicted to prevent the peptide from folding
as an intramolecularâ-hairpin and from inserting into
hydrophobic pockets. Thus, modification of this residue
should result in the loss of the peptide ability to rapidly
inactivate the channel activity. Indeed, ShB 8-P prepared in
vitro either chemically or enzymatically completely fulfilled
such expectations. For the functional point of view, the
phosphorylated peptide cannot induce rapid inactivation in
the Shaker B∆6-46 deletion channel, while structurally, it
can neither adopt an intramolecularâ-hairpin structure when
confronted to the anionic lipid vesicles as model targets nor
insert into the hydrophobic environment provided by the lipid
bilayer of such vesicles. Therefore, it seems plausible that
the steric effects of phosphorylation referred above for the
Raw 3 peptide, could be related in the ShB peptide to
preventing its adequate folding and subsequent insertion into
hydrophobic pockets. As a matter of fact, the behavior of
the ShB 8-P is barely distinguishable from that of noninac-
tivating peptide mutants such as the ShB L7E (3, 20, 21,
31).

The above observations provide a nice example of a
structure-function relationship in a synthetic peptide that
seemingly contained all of the necessary molecular deter-
minants to recognize its target and carry out its function.
Also, in our interpretation, these observations provide
additional support to our previous proposal to explain the
interaction of the inactivating peptide as aâ-hairpin with
the channel protein (21). Indeed, every experimental condi-
tion found to interfere with the ability of the ShB peptide to
adopt theâ-hairpin structure and to insert into the bilayer
provided by the anionic vesicles, including Y8 phosphory-
lation, correlates with a loss in its ability to induce channel
inactivation. Furthermore, in light of the known crystal
structure of the KcsA channel, it seems feasible that the
hydrophobically lined channel inner pore in its open con-
formation could accommodate the inactivation peptide as an
intramolecular â-hairpin. In fact, the width of such a
â-hairpin would not exceed the dimensions of tetrabutylam-
monium or tetrabutylantimony, quaternary amines known to
act as open channel blockers by entering the channel inner
pore and reaching all the way up to the channel internal
cavity (18).

In addition to the experiments with the chemically phos-
phorylated ShB peptide, we demonstrate here that this ball
domain, both in solution as a free peptide or when forming
part of the whole Shaker B K+ channel, can be a substrate
for enzymatic phosphorylation by Src, a tyrosine kinase
abundant in neurons. Also, the phosphorylated peptide can
be dephosphorylated in vitro by the PTB-1B phosphatase.
This suggests that phosphorylation of Y8 in the ball domain
could also occur in vivo to interconvert rapidly inactivating
channels into delayed rectifiers and vice versa through a
phosphorylation-dephosphorylation cycle. In such a hypo-
thetical case, tyrosine phosphorylation on the ShB peptide
would be equivalent to the reported serine phosphorylation
on the inactivation peptide of the rapidly inactivating Kv3.4
channel (22, 24), and thus, it could have important conse-
quences on the regulation of neuronal excitability. Moreover,
similarly to the observations reported here regarding the
resemblance between the effects of tyrosine phosphorylation
and the L7E mutation in the ShB peptide, mutation of serine
residues to aspartates in the Kv3.4 channel was found to

mimic the action of protein kinase C (23). In any case, there
is increasing evidence to support the fact that certain
potassium channels exist in vivo as a complex with the
kinases and phosphatases that regulate them (48-50), and
therefore, covalent modification of these channels by phos-
phorylation at different sites, including the ball domains,
appears as a likely candidate to further increase the already
diverse functional patterns exhibited by the complex K+

channel superfamily.
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