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Protein Kinase Modulation of a Neuronal Cation Channel Requires
Protein—Protein Interactions Mediated by an Src homology 3

Domain
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Accumulating evidence suggests that many ion channels reside
within a multiprotein complex that contains kinases and other
signaling molecules. The role of the adaptor proteins that phys-
ically link these complexes together for the purposes of ion
channel modulation, however, has been little explored. Here,
we examine the protein—protein interactions required for regu-
lation of an Aplysia bag cell neuron cation channel by a closely
associated protein kinase C (PKC). In inside-out patches, the
PKC-dependent enhancement of cation channel open proba-
bility could be prevented by the src homology 3 (SH3) domain,
presumably by disrupting a link between the channel and the
kinase. SH3 and PDZ domains from other proteins were inef-
fective. Modulation was also prevented by an SH3 motif pep-

tide that preferentially binds the SH3 domain of src. Further-
more, whole-cell depolarizations elicited by cation channel
activation were decreased by the src SH3 domain. These data
suggest that the cation channel-PKC association may require
SH3 domain-mediated interactions to bring about modulation,
promote membrane depolarization, and initiate prolonged
changes in bag cell neuron excitability. In general, protein—protein
interactions between ion channels and protein kinases may be a
prominent mechanism underlying neuromodulation.

Key words: Aplysia; bag cell neurons; cation channel; phos-
phorylation; protein kinase C; protein-protein interaction; SH3
domain; excitability.

A fundamental mechanism underlying neuromodulation is the
phosphorylation of ion channels by protein kinases (Levitan and
Kaczmarek, 1997). In some cases, the ion channel and the kinase
appear to be physically associated with one another (Holmes et
al., 1996; Tsunoda et al., 1997; Yu et al., 1997; Tibbs et al., 1998;
Davare et al., 2001), and this association can at times be robust
enough to preserve kinase-dependent modulation either in cell-
free patches (Bielefeldt and Jackson, 1994; Yu et al., 1997; Wilson
et al.,, 1998) or after reconstitution into bilayers (Rehm et al.,
1989; Chung et al., 1991). The colocalization and targeting of
kinases to ion channels requires a means of orchestrating pro-
tein—protein interactions. The “signaling module” theory of pro-
tein—protein interaction proposes that association occurs through
the binding of a larger section [(50-100 amino acids (aa)] of one
protein, called a domain, to a smaller portion (5-10 aa) of a
second protein, called a motif or binding peptide sequence (Co-
hen et al., 1995; Pawson, 1995; Pawson and Scott, 1997; Fanning
and Anderson, 1999). A number of such domains have been
implicated in ion channel function (for review, see Sheng and
Wyszynski, 1997; Staub and Rotin, 1997). In the present work, we
investigate the interactions between a cation channel, which is
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responsible for prolonged changes in Aplysia bag cell neuron
excitability, and a closely associated kinase.

The bag cell neurons of Aplysia californica control egg-laying
behavior through a profound change in excitability, called the
afterdischarge (Kupfermann, 1967, Kupfermann and Kandel,
1970; Pinsker and Dudek, 1977; Rothman et al., 1983; Conn and
Kaczmarek, 1989). Stimulation of inputs to the bag cell neurons
produces an ~30 min period of depolarization and action poten-
tial firing, followed by an ~18 hr refractory period during which
another afterdischarge cannot be elicited. A pharmacological
stimulus for initiating afterdischarges is Conus textile venom
(CtVm), which elicits a normal afterdischarge and refractory
period (Wilson and Kaczmarek, 1993; Wilson et al., 1996; Ma-
goski et al., 2000). CtVm activates a nonselective cation channel
that provides a depolarizing drive for the afterdischarge and is
key to controlling bag cell neuron excitability. The cation channel
is regulated by several kinases and phosphatases, including a
protein kinase C (PKC)-like enzyme that is colocalized with the
cation channel in excised, inside-out patches (Wilson and Kacz-
marek, 1993; Wilson et al., 1998). To determine whether the
association between the kinase and the cation channel involves
specific forms of protein—protein interactions, we have tested the
ability of different interaction domains and motifs to interfere
with the functional link between channel and kinase in excised,
inside-out patches. We have also used whole-cell recording to
introduce interaction domains into bag cell neurons and observe
their effects on cation channel-induced depolarization. Our data
indicate that the cation channel-kinase “association” requires src
homology 3 (SH3) domain protein—protein interactions, and that
disruption of this interaction prevents channel modulation and
attenuates the long-lasting depolarization produced by cation
channel activation.
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MATERIALS AND METHODS

Animals and cell culture. Adult A. californica weighing 100-200 gm were
obtained from Marine Specimens Unlimited (San Francisco, CA) or
Marinus Inc. (Long Beach, CA). Animals were housed in an ~400 1
aquarium containing continuously circulating, aerated Instant Ocean
(Aquarium Systems, Mentor, OH) salt water at 14°C on an ~12 hr
light/dark cycle and were fed Romaine lettuce three times a week. All
experiments were performed at room temperature (18-20°C).

For primary cultures of isolated bag cell neurons, animals were anes-
thetized by an injection of isotonic MgCl, (~50% of body weight); the
abdominal ganglion was removed and treated with neutral protease for
18 hr at 18-20°C (13.33 mg/ml; 165859; Boehringer Mannheim, India-
napolis, IN) and dissolved in normal artificial seawater (nASW); the
nASW was composed of (in mm): 460 NaCl, 10.4 KCI, 11 CaCl,, 55
MgCl,, 15 HEPES, 1 mg/ml glucose, 100 U/ml penicillin, and 0.1 mg/ml
streptomycin; pH adjusted to 7.8 with NaOH. The ganglion was then
transferred to fresh nASW, and the bag cell neuron clusters were dis-
sected from their surrounding connective tissue. Using a fire-polished
Pasteur pipette and gentle trituration, neurons were dispersed in nASW
onto 35 X 10 mm polystyrene tissue culture dishes (no. 25000; Corning,
Corning, NY). Cultures were maintained in nASW for 1-3 d in a 14°C
incubator.

Excised, inside-out patch-clamp recording. A single cation channel cur-
rent was measured using an EPC-7 amplifier (List Electronics; In-
strutech, Port Washington, NY) and the excised, inside-out patch-clamp
method. Microelectrodes were pulled from 1.5 mm external diameter
borosilicate glass capillaries (TW 150 F-4; World Precision Instruments,
Sarasota, FL) and fire- polished to a resistance of 2-5 M) when filled
with nASW (composition as above but lacking glucose, penicillin, and
streptomycin). After excision, the cytoplasmic face was bathed with
artificial intracellular saline composed of (in mMm): 500 K-aspartate, 70
KCl, 0.77 CaCl,, 1.2 MgCl,, 10 HEPES, 11 glucose, 0.77 EGTA, and 10
glutathione; pH adjusted to 7.3 with KOH; the calculated free [Ca>"]
was ~1 uM. Regarding the calculated free [Ca®*], we used salts of the
highest purity grade [from J. T. Baker Chemical Company (Phillipsburg,
NJ), Mallinckrodt (Hazelwood, MD), or Sigma (St. Louis, MO)], and
care was taken to measure amounts of CaCl, and EGTA accurately to
ensure that the free [Ca®"] was as close as possible to the calculated
theoretical value (calculation performed with the CaBuffer program,
courtesy of Dr. L. Schlichter, University of Toronto, Toronto, Canada).
Data were acquired with an IBM-compatible personal computer, a
Digidata 1200 analog-to-digital converter (Axon Instruments, Foster
City, CA), and the Fetchex acquisition program pClamp (version 6.02;
Axon Instruments). Current was filtered at 1 kHz with a Bessel filter
(Frequency Devices, Haverhill, MS) and sampled at 10 kHz. Data were
gathered in 1-3 min intervals while holding the patch at —60 mV or, to
avoid occasional contamination by Ca>"-activated K* currents, at —80
mV.

Whole-cell current-clamp recording. Membrane potential responses to
CtVm (see below) were measured with the EPC-7 amplifier and the
tight-seal, whole-cell method. Microelectrodes (glass capillaries as above)
were fire- polished to a resistance of 1-2 M) when filled with artificial
intracellular saline. [Composition was as described above, but CaCl, was
reduced to 0.595 mwm for a calculated free [Ca®"] of ~300 nM and
supplemented with 5 mm ATP (grade 2, disodium salt; Sigma A3377) and
0.1 mm GTP (type 3, disodium salt; Sigma G8877)]. The ~300 nm
concentration of free intracellular Ca>* is based on the fura-imaging
and ion-sensitive electrode measurements of cytosolic Ca®* concentra-
tions in cultured bag cell neurons that were obtained by our and other
laboratories (Fisher et al., 1994; Knox et al., 1996; Magoski et al., 2000).
The extracellular solution was nASW (composition as initially de-
scribed). In some cases, 50 um PKC,o_3, pseudosubstrate inhibitor pep-
tide (Sigma P8462) or a 300 nM concentration of either src SH3 domain
or yes SH3 domain was included in the intracellular saline. Data were
acquired with the Clampex acquisition program of pClamp to either
monitor membrane potential or inject current to measure input resis-
tance. Voltage was taken from the EPC-7 V-reference and sampled at 1
Hz to monitor membrane potential or 2 kHz for input resistance assess-
ment. Measurements were made from —50 mV, which was maintained as
necessary by constant current injection from the EPC-7.

Reagents and drug application. Bacterially expressed, purified interac-
tion domain fusion proteins and motif peptides were generous gifts from
Dr. B. K. Kay (University of Wisconsin, Madison, WI). The original
constructs were generated by amplifying predicted regions encoding the
interaction domains by PCR, followed by subcloning into glutathione
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S-transferase (GST) gene fusion vectors as described by Gee et al.
(1998), Pirozzi et al. (1997), and Sparks et al. (1996). Motif peptides were
synthesized as described by Pirozzi et al. (1997).

CtVm lyophilate was generously provided by Dr. B. M. Olivera (Uni-
versity of Utah, Salt Lake City, UT). Adult specimens of the molluscivo-
rous snail C. fextile were collected from the ocean around the island of
Marinduque in the Philippines. Venom ducts were dissected out of an
animal and placed on an ice- cold metal spatula. The duct was then cut
into 2 cm sections and the venom was extruded by squeezing with
forceps. The venom was then lyophilized in a vacuum centrifuge and
stored at —80°C for subsequent extraction. To prepare the crude CtVm,
procedures were performed at 4°C, and the lyophilized venom was made
up in 0.5% (v/v) trifluoroacetic acid (TFA) for a final protein concen-
tration of 5% (w/v). The CtVm was vortexed for 2 min and sonicated for
2 min, in an alternating manner, for a total of 18 min. The mixture was
then centrifuged at 15,000 X g for 12 min, and the supernatant was
collected. A second aliquot of TFA was added to the pellet (final protein
concentration of 10% w/v), and the protocol was repeated. The super-
natants were pooled, divided into aliquots, and frozen at —80°C.

CtVm and other drugs were introduced into the bath by pipetting a
small volume (<10 ul) of concentrated stock solution into the Petri dish
(2 ml volume). Care was taken to pipette the stock near the side of the
dish and as far away as possible from the patch or neuron. CtVm was
diluted to a final protein concentration of ~100 ug/ml. ATP (grade 2,
disodium salt; Sigma A3377) was diluted to a final concentration of 1 mm.

Analysis. To determine single- channel open probability (Py) and
make statistical descriptions of channel kinetics, event lists were made
from single- channel data files by using the half-amplitude threshold
criterion of the Fetchan analysis program of pClamp (Colquhoun and
Sigworth, 1995). For analysis, most data did not require additional
filtering below the 1 kHz used during acquisition; however, to avoid
inclusion of noise-related “events” as channel openings, some data were
filtered a second time by using the Fetchan digital Gaussian filter to a
final cutoff frequency of 500 Hz. For display in figures, some data were
filtered to a final cutoff frequency of 500 or 250 Hz. The Pstat analysis
program of pClamp was used to read events lists and determine the Pg
for a given data file, either automatically or manually, but in both cases
the following formula was used: P, = (¢, + ¢, + ... 1,)/N X t,, where
t equals the amount of time that n channels are open, N equals the
number of channels in the patch, and ¢, equals the time interval over
which Pg is measured. The number of channels in the patch was deter-
mined by counting the number of overlapping unitary current levels,
particularly at more positive voltages (up to —20 mV). Pstat was also used
to generate single- channel open and closed dwell-time histograms and fit
them with a sum of exponentials describing the kinetic behavior of the
channel. The time interval (rv-axis) was binned logarithmically, and
histograms were fit by using the maximum likelihood estimator method
(Colquhoun and Sigworth, 1995) and a simplex search, which was given
the number of exponential and estimated time constants (7) at the start.
Maximum likelihood fitting allowed comparisons between fits with dif-
ferent numbers of exponentials, typically by using the log likelihood ratio
(LLR) of one model with a given number of one exponential versus
another model with a larger number of exponentials. Models were
considered not different if the LLR was =2. Kinetic analysis was per-
formed exclusively on patches that contained only one cation channel, as
determined by a consistent display of only one open current level over
several minutes, again at more positive voltages (up to —20 mV).

The magnitude of the CtVm-induced depolarization was taken as the
difference between the pre-CtVm potential (maintained at —50 mV) and
the peak of the depolarization. If the CtVm elicited action potentials, the
peak depolarization was measured at the potential just after the cessation
of spiking. As an assay of neuronal viability, input resistance was mea-
sured with a steady-state response to a 10-50 pA hyperpolarizing current
injection and Ohm’s law.

Data are presented as the mean and SEM. Statistical analysis was
performed by using Instat (version 2.01; GraphPad Software Inc., San
Diego, CA). Student’s ¢ test was used to test for differences between two
means. Data were considered significantly different at p < 0.05.

RESULTS
ATP enhances cation channel activity

In the present study, cation channels were recorded using excised,
inside-out patches from cultured Aplysia bag cell neurons. We
have demonstrated previously that application of ATP to the
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Figure 1. ATP increases cation channel P

C in excised, inside-out patches from cultured
p<0.0001 bag cell neurons. A, Model of the cation

7 channel based on Wilson et al. (1998). Under
physiological conditions, the channel passes
Na*, K", and Ca*. ATP is used as a phos-
phate source in a phosphotransfer reaction
catalyzed by a closely associated PKC-like
enzyme (PKC). This phosphorylation of ei-
ther the cation channel itself or a nearby
protein results in enhanced activity. The
purpose of the present study was to examine
the nature of the interaction between the
cation channel and the kinase. B, Top trace,
At a holding potential of —60 mV, cation

channel activity was observed as unitary inward current steps of ~2 pA. For this and subsequent figures, the closed state (—C) is at the top, and the open
state (—O) is at the bottom of the trace. Bottom trace, Bath application of 1 mm ATP to the cytoplasmic face of the patch resulted in a marked and
sustained increase in Pg from 0.012 to 0.093. The P rose to its elevated level within 10 sec of adding ATP; most likely, diffusion of ATP from the site
of bath application (pipetting location; see Materials and Methods) was the determining factor in this time course. C, Grouped data for control
experiments used in the present study. The increase in cation channel P, produced by ATP was statistically significant. The P, was calculated over the
entire time of recording before and then after ATP (typically 1-3 min in each condition; see Materials and Methods). The n value refers to the number

of patches.

cytoplasmic face of a patch containing a cation channel results in
an increase in Pg. This is attributable to the phosphorylation of
the cation channel, or some adjacent protein, by a closely associ-
ated PKC-like enzyme (Fig. 14) (Wilson et al., 1998). This
channel-kinase association or “complex” can be defined in func-
tional terms; i.e., because the regulation of the channel by PKC
persists in excised patches, the kinase must be associated with the
channel in some manner, although we cannot say whether this
association is direct or not. Cation channels were readily identi-
fied on the basis of a conductance of 25-30 pS (~2 pA inward
current at —60 mV), an increased P, with depolarization, a lack
of voltage-dependent inactivation, and a distinct kinetic profile of
a three exponential component description for closed times and a
two exponential component description for open times (Wilson
and Kaczmarek, 1993; Wilson et al., 1996). When the cytoplasmic
face of the patch was exposed to 1 mm ATP, there was a rapid and
sustained elevation of cation channel P, lasting for the remainder
of the recording period (up to 20 min) (Fig. 1B). In experiments
on 21 patches, performed as parallel controls throughout the
present study, ATP produced an increase in cation channel P
from a mean control value of ~0.1 to a mean final level of ~0.25
(Fig. 1C). Enhancement of activity occurred regardless of initial
P, although larger proportional increases were more often de-
tected from lower starting Pg levels. For patches with channels
showing an initial P, of <0.1, the fold increase in P, with ATP
was 19.9 = 10.1 (n = 13), whereas for patches with channels
whose initial P, was >0.1, the fold increase was 1.7 = 0.2 (n = 8)
(see also Wilson et al., 1998).

Cation channel modulation is disrupted by src

SH3 domain

We sought to examine the nature of the association between the
cation channel and the kinase by applying various protein—pro-
tein interaction domains and binding peptides to the cytoplasmic
face as a means of disrupting the channel-kinase association and
preventing the ATP response. We tested the potential role of SH3
domains in mediating the cation channel-kinase association by
using GST fusion proteins of SH3 domains from several proteins.
The most effective domain tested was the SH3 domain from src
itself, which is part of one of the noncatalytic regions of the
tyrosine kinase molecule (Koch et al., 1991). When the SH3
domain from src (amino acids 87-143; 60-100 nm) was applied to
the cytoplasmic face of a cation channel-containing patch and

then followed by ATP, the expected elevation of P, failed to
occur (n = 7) (Fig. 24,C). On its own, the src SH3 domain did not
alter cation channel activity (n = 5) (Fig. 2C). Interestingly, the
ATP-induced increase in cation channel P, was not affected by
GST fusion proteins of SH3 domains from yes, a tyrosine kinase
related to src (150-375 nm; n = 4) (Fig. 2B,C, left traces), or grb2,
a prototypical scaffolding protein, (N-terminal SH3 domain; 100—
300 nm; n = 4) (Fig. 2B,C, right traces); in addition, these domains
did not alter channel activity on their own (data not shown). This
suggests that the inhibition of the ATP response by the src SH3
domain is attributable to a specific interaction between this domain
and the channel-kinase complex and is not the result of some
nonspecific effect of the domain storage buffer or the GST tag.
Another candidate interaction domain, and one that is found in
scaffolding proteins known to organize complexes containing
ionotropic glutamate receptors or certain K* channels, is the
PSD-95, disks-large, ZO-1 (PDZ) domain (Kennedy, 1995; Sheng
and Wyszynski, 1997; Staub and Rotin, 1997). Application of the
GST-tagged PDZ domain of nitric oxide synthase (NOS) (130-
250 nMm), however, had little impact on cation channel activity and
did not prevent the ATP-induced increase in P, (n = 4) (Fig.
2D,E). Similarly, a GST fusion protein of the PDZ domain from
a;- syntrophin (100 nm; n = 1) did not alter baseline cation
channel behavior or affect the ATP response (data not shown).

Cation channel modulation is disrupted by src SH3
motif peptide

SH3 domains bind to a motif with the consensus amino acid
sequence X,PXXPX, (Pawson and Scott, 1997), and the speci-
ficity of interactions with distinct SH3 domains is determined
primarily by the variable residues that flank the invariant prolines
(boldface type) (Sparks et al., 1996). The prolines are thought to
interact with the domain at a core binding groove, whereas the
overall specificity of the interaction is mediated by binding be-
tween the flanking peptide amino acids and an adjacent specificity
pocket on the domain (Nguyen et al., 1998). We tested the effects
of exposing the cytoplasmic face of cation channel-containing
patches to a 1 um concentration of the src SH3 motif peptide
(NH,-LASRPLPLILPNSAPGQ-COOH; underlined residues are
key for binding to the src form of the SH3 domain) (Sparks et al.,
1996). The src SH3 motif peptide did not alter cation channel
gating in the absence of ATP, and like the src SH3 domain, the
peptide prevented the ATP-induced elevation of channel Py (n =
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Figure 2. The ATP-induced increase in chan-
nel Py is blocked by the src SH3 protein—
protein interaction domain. 4, Application of a
100 nM concentration of the GST fusion pro-

A

src SH3

IR
tein of the SH3 domain from the tyrosine ki- T

nase src prevented the enhancement of cation
channel P, by ATP (0.005 in src SH3 vs 0.005
in src SH3 plus 1 mM ATP). The domain was
bath-applied to the cytoplasmic face of the
patch, which in this case contained two chan-
nels, and was followed by ATP ~2 min later.
The patch was held at —60 mV. B, The block is
specific to the src form of the SH3 domain,
because GST-fused SH3 domains from the re-
lated tyrosine kinase yes (left traces) (Po =
0.014 in 375 nM yes SH3 vs 0.116 in yes SH3
plus 1 mm ATP) or the N-terminal SH3 domain
from the grb2 adaptor protein (right traces;
Py = 0.014 in 300 nm grb2N SH3 vs 0.116 in
grb2N SH3 plus 1 mM ATP) fail to inhibit the
ATP-induced Pg increase. Both patches were
held at —60 mV. C, Summary data for the effect
of SH3 domains on the cation channel response
to ATP. The src SH3 domain had no effect
itself on channel P, ; furthermore, it prevented
ATP from enhancing Pq. This is in contrast to
the SH3 domains from yes or grb2N, neither of
which impeded the significant elevation of Py
by ATP. For C and E, the n values refer to the
number of patches; n.s., Not significant. D, Ex-

,}; |

src SH3 + ATP

H
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posure to the GST-fused PDZ interaction domain from the enzyme NOS did not prevent ATP from increasing cation channel P, (0.208 in 130 nm NOS
PDZ vs 0.573 in NOS PDZ plus 1 mm ATP). The patch was held at —60 mV. E, Summary data for the effect of the NOS PDZ domain on cation channel
activity and the ATP response. The PDZ domain did not alter cation channel activity, nor did it hinder ATP from significantly enhancing P,

4) (Fig. 34,D). If the domain in the channel—kinase complex that
interacts with the src SH3 motif peptide is an src-like SH3
domain, then a peptide that binds an SH3 domain different from
that of src should not block the ATP response. To examine this,
a second SH3 motif peptide, one that preferentially binds the abl
SH3 domain (NH,-SGSGSRPPRWSPPVPLPTSLDSR-COOH;
underlined residues are key for binding to the abl form of SH3
domain) (Sparks et al., 1996), was applied at 1 um to cation
channel-containing patches. This second SH3 motif peptide did
not alter cation channel behavior, nor did it disrupt the ability of
ATP to increase channel P, (n = 4) (Fig. 3B,D). As a secondary
control for the vehicle or any contaminating solvents used during
peptide synthesis, we also tested the effects of a WW motif
peptide (NH,-LKLPDYWESSAS-COOH; 1 um). Like the abl
SH3 motif peptide, the WW motif peptide had no effect on cation
channel activity or the ATP-induced increase in P, (n = 4) (Fig.
3CD).

The investigation of cation channel modulation by the closely
associated PKC also described a phosphatase-like activity present
in excised patches that reverses the PKC effect after withdrawal of
ATP, returning P, to control levels (Wilson et al., 1998). There-
fore, we tested whether the ATP response could be reversed by
applying src SH3 motif peptide after the addition of ATP; i.e., can
disruption of the SH3-dependent channel—kinase association al-
low the phosphatase to act, despite a maintained presence of
ATP? Figure 44 shows an experiment in which the P of a very
active, single cation channel (top trace) was markedly increased by
the application of ATP to the cytoplasmic face of the patch
(middle trace); subsequently, the addition of 1 um src SH3 motif
peptide produced a shift of the P, back toward control levels
(bottom trace). The same experiment was also performed on two
other patches, containing multiple channels with lower starting
Pg levels, and resulted in an identical outcome (P, = 0.026 *

0.012 in controls vs 0.105 = 0.061 in ATP vs 0.022 + 0.019 in ATP
plus src SH3 motif peptide). These experiments also indicate that
the phosphatase remains activated and associated with the mem-
brane patch in the presence of the competing peptide.

Because the patch from the experiment depicted in Figure 44
contained only a single cation channel with a relatively high P
(see Materials and Methods for information about determining
the single- channel status of a patch), this allowed for kinetic
analysis of the behavior of the channel and made it possible to
separate the effect of dephosphorylation from any nonspecific
effect of the src SH3 motif peptide. Under control conditions,
cation channel closed times (Fig. 4B, top left graph) were best
described by three exponentials (with time constants 7, 7, and
Tcs), Whereas the open times (Fig. 4B, top right graph) were best
fit with a function consisting of two exponentials (with time
constants 75, and 7,,). ATP application resulted in an obvious
decrease in both the duration and relative contribution of 75 to
the fitted function (Fig. 4 B, middle left graph). At the same time,
7, and 7, underwent only slight changes, the exception being an
increase in the number of events described by these time con-
stants. With regard to open times in the presence of ATP, 75, and
T, showed only nominal changes in the number of events that
they described (Fig. 4B, middle right graph). When the src SH3
motif peptide was applied after ATP, the duration and proportion
of closures described by 75 reverted back to control values (Fig.
4B, bottom left graph). In addition, there was a return toward
control levels for the relative contribution of 7, and 7, (Fig. 4B,
bottom right graph). This reversal of the kinetic profile of the
channel, combined with the lack of an effect in the absence of
ATP, suggests that the src SH3 motif-induced return of P to
control levels, in the presence of ATP, is most likely attributable
to disruption of the channel-kinase complex and subsequent
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Figure 3. An src SH3 motif peptide blocks the ATP-induced increase in
Pq. A, In keeping with an SH3-like domain-mediated interaction being
involved in the channel-kinase association, a 1 uM concentration of an
SH3 motif peptide (NH,-LASRPLPLLPNSAPGQ-COOH, src SH3 mo-
tif) that preferentially binds to the src SH3 domain blocked the ATP
response (P = 0.038 in controls vs 0.037 in src SH3 peptide vs 0.025 in
src SH3 peptide plus 1 mm ATP). The src SH3 motif peptide was in the
bath for ~2 min before the addition of ATP. The patch was held at —60
mV. B, To determine the specificity of the disruption of the channel-kinase
complex by the src SH3 motif, a second SH3 motif (NH,-
SGSGSRPPRWSPPVPLPTSLDSR-COOH, abl SH3 motif) was used that
preferentially binds the abl SH3 domain over the src SH3 domain. A 1 um
dose of abl SH3 motif peptide failed to block the ATP response (P, = 0.023
in controls vs 0.037 in abl SH3 peptide vs 0.073 in abl SH3 peptide plus
1 mm ATP). C, As an additional control for nonspecific effects, a 1 um
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phosphatase-dependent dephosphorylation, rather than an effect
of the peptide on the channel itself.

We also applied a mixture of 100 nm src SH3 domain plus 1 um
src SH3 motif peptide to excised patches and tested the effect on
the response to 1 mm ATP. This domain/peptide mixture also
blocked the ability of ATP to increase cation channel P, (0.062 =
0.022 in domain/peptide vs 0.047 = 0.012 in domain/peptide plus
ATP; n = 3; not significant; data not shown).

Cation channel-mediated bag cell neuron
depolarization is attenuated by PKC inhibition or src
SH3 domain

To address the role of the SH3 domain-mediated interactions in
the regulation of bag cell neuron excitability, we used interaction
domains to disrupt the channel-kinase complex during whole-cell
recording of cation channel-mediated depolarization in cultured
bag cell neurons. Cation channels can be reliably activated in
cultured bag cell neurons by the extracellular application of a
crude extract of CtVm. Previous work suggests that CtVm acti-
vates cation channels and depolarizes bag cell neurons through
the binding of a component(s), most likely peptidergic (Olivera et
al., 1990), to a membrane receptor and initiation of both the
production of second messengers and the activation of protein
kinases (Wilson and Kaczmarek, 1993; Wilson et al., 1996, Ma-
goski et al., 2000) (N. S. Magoski and L. K. Kaczmarek, unpub-
lished observations). In many ways, the CtVm response of cul-
tured bag cell neurons can be viewed as an in vitro analog of the
afterdischarge itself.

In the present study, we first tested whether there was a con-
tribution of the PKC pathway to the CtVm-induced depolariza-
tion of cultured bag cell neurons. Whole-cell current-clamp re-
cordings were made from individual bag cell neurons, and the
depolarizing CtVm responses of neurons dialyzed with control
intracellular saline were compared with those dialyzed with a 50
uM concentration of the specific pseudosubstrate PKC inhibitor
peptide PKC,,_5, (House and Kemp, 1987) (see Materials and
Methods). As depicted in Figure 5, the depolarizing response is
often multiphasic, perhaps because of the production of multiple
second messengers after CtVm application (see above). Figure
5A (top traces) shows that previous dialysis with PKC,,_54 atten-
uated the CtVm-induced depolarization by approximately one-
third with respect to controls (n = 4 and 4). We subsequently
determined whether disruption of the channel-kinase complex
with the src SH3 domain would affect the CtVm response. When
bag cell neurons were dialyzed with a 300 nM concentration of src
SH3 domain (n = 7 and 7) (Fig. 54, middle traces), the depolar-
ization evoked by CtVm was again attenuated. Moreover, this
reduction in the CtVm-induced depolarization did not appear to
be attributable to the buffer or to a nonspecific effect of the
domain itself, because dialysis with 300 nm yes SH3 domain did

<«

concentration of the WW motif peptide (NH,-LKLPDYWESSAS-
COOH) was applied to the cytoplasmic face of a cation channel-
containing patch. This peptide did not interfere with the ATP-induced
increase in Pg, (0.042 in controls vs 0.036 in WW peptide vs 0.055 in WW
peptide plus 1 mm ATP). D, Summary data for the effect of src SH3, abl
SH3, and WW motif peptides on the cation channel response to ATP. Of
the two SH3 motif peptides, neither had a significant impact on channel
activity; however, the src SH3 motif peptide but not the abl SH3 motif
peptide inhibited the ATP-induced P elevation. Furthermore, not only
did the WW motif peptide have no effect on cation channel P, it also
failed to prevent an increase in P, by ATP. The n values refer to the
number of patches; n.s., Not significant.
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Figure 4. The src SH3 motif peptide reverses the ATP-induced increase
in Py. A, A patch held at —60 mV displayed a single, rather active cation
channel under control conditions (P, = 0.203). With the application of 1
mMm ATP to the cytoplasmic face, the activity was markedly elevated
(Po = 0.530). However, when 1 um SH3 motif peptide was added along
with the ATP, the activity of the channel fell back toward control levels
(Po = 0.316). B, Given that this patch appeared to contain only a single
cation channel, kinetic analysis was possible. The histograms represent
single- channel closed and open dwell times, fit with a sum of exponentials
by using the maximum likelihood estimator method and a simplex search
(see Materials and Methods). The time constants of the exponentials are
given in the inset of each graph, with the proportion or fractional contri-
bution to the area under the curve of each exponential shown in brackets
under its respective time constant. During the control period (top graphs),
cation channel closed times were best described by three exponentials
(Ter» Tea and 7¢3) and the open times were best described by two
exponentials (7,; and 7,). After exposure to ATP (middle graphs), the
Tey OF T, showed little change; however, 7.3 was substantially reduced
both in duration (a 65% decrease, from ~78 to ~27 msec) and in the
proportion of events that it described (a 80% decrease, from 0.25 to 0.05).
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not alter the peak depolarization compared with controls (n = 4
and 4) (Fig. 54, bottom traces). Finally, bag cell neuron input
resistance, a simple assay of excitability, was unaffected by dialy-
sis, regardless of the contents of the intracellular saline (Fig. 5C).
The fact that the depolarization was inhibited to an equal extent
by both the PKC inhibitor and the src SH3 domain suggests that,
other than PKC, modulatory components involved in eliciting the
depolarization were unaffected by the src SH3 domain.

DISCUSSION

Previous work has shown that much of the depolarizing drive and
membrane potential instability of the afterdischarge originates
from the activation of a defined cation conductance in the bag cell
neurons (Kaczmarek and Strumwasser, 1984; Wilson and Kacz-
marek, 1993; Wilson et al., 1996). The macroscopic as well as the
underlying single-channel properties of this cation conductance
are one of a slow, nonselective, Ca?*-permeable, Ca®*-sensitive,
voltage-dependent, noninactivating current (Wilson et al., 1996;
Magoski et al., 2000). Similar currents have been described in a
number of molluscan and mammalian neurons, in which they
contribute to bursting and repetitive firing (Wilson and Wachtel,
1974; Green and Gillette, 1983; Stafstrom et al., 1985; Swandulla
and Lux, 1985; Alonso and Llinas, 1989). The afterdischarge is
associated with changes in both the electrical and biochemical
properties of the bag cell neurons (Conn and Kaczmarek, 1989).
The activity of PKC, an enzyme that mediates several
afterdischarge-associated biophysical changes (Strong et al., 1987;
Knox et al., 1992), increases with onset of the afterdischarge
(Wayne et al., 1999). With the same assay of excised, inside-out
patches that was used in the present study, Wilson et al. (1998)
showed that cation channel P is enhanced by the application of
ATP, through the activity of a closely associated PKC-like en-
zyme. Thus, the increase in PKC activity is temporally consistent
with the ability of the kinase to modulate cation channel behavior
and suggests that this mechanism contributes to the electrical
changes of the afterdischarge. The association of the cation
channel with PKC is likely to promote cation channel modulation
after a stimulus for initiating the afterdischarge.

We have now shown that application of either the SH3 domain
from src or an src SH3 motif peptide (i.e., an optimized binding
site for src SH3 domains) prevents the ATP-induced increase in
cation channel P, This inhibition probably reflects a disruption of
the protein complex containing the channel and the kinase. The
effects of the src SH3 domain and peptide were specific, because
SH3 or PDZ domains from other proteins, as well as different motif
peptides, did not inhibit the P, increase elicited by ATP.

There are probably two ways in which the cation channel and
the kinase could be closely associated in excised patches. First,
the channel and kinase could be directly bound to each other, or
second, an intermediary scaffolding protein could bind both chan-
nel and kinase, thereby bringing the two molecules together.
Moreover, the substrate of PKC need not be the channel itself but
could be another component of the complex. The idea of a
scaffolding protein is somewhat more attractive, given the num-
ber of components that potentially make up the signaling com-
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For open times during ATP, there was a modest shift, from 7, to 75, in
the proportion of events described. After application of the SH3 motif
peptide (bottom graphs), 75 values returned to near control levels. Sim-
ilarly, the number of events described by 7, and 74, shifted back toward
control levels.
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Figure 5. CtVm-induced depolarization is reduced by both a PKC in-
hibitor and the src SH3 domain. A4, Whole-cell current-clamp recordings
of depolarizations elicited by CtVm (100 pg/ml) in cultured bag cell
neurons. CtVm responses in neurons dialyzed with control intracellular
saline ( gray line) are displayed along with responses of neurons dialyzed
with intracellular saline containing 50 um PKC,q_54, 300 nm src SH3
domain, or 300 nm yes SH3 domain (black line). Neurons were dialyzed
for 45 min before CtVm bath application (arrow). The peak CtVm-
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plex. Along with the PKC activity, two phosphatase activities are
also present in excised, inside-out patches, namely, a serine—
threonine phosphatase that is capable of reversing the effects of
PKC and a tyrosine phosphatase that is activated by exogenous
protein kinase A (PKA) (Wilson and Kaczmarek, 1993; Wilson et
al., 1998). Furthermore, recent work suggests that a Ca®*- sens-
ing mechanism involved in production of the refractory period
into which the bag cell neurons enter after an afterdischarge may
also be closely tethered to the cation channel (Magoski et al.,
2000). The scaffolding protein hypothesis is also supported by the
fact that the two PKC isoforms that have been cloned so far from
Aplysia nervous tissue do not have apparent SH3 domains
(Kruger et al., 1991). However, these data do not preclude the
possibility that the channel itself may contain the SH3 domain,
whereas the enzyme possesses an undefined binding motif.

There appears to be a high degree of specificity for both the src
form of the SH3 domain and the src SH3 motif peptide over other
SH3 domains and peptides in preventing the ATP response. This
specificity may represent the possibility that src tyrosine kinase, in
addition to its catalytic properties, also plays a scaffolding role in
the cation channel-kinase protein complex. For example, Seiben-
hener et al. (1999) demonstrated that an atypical PKC isoform,
PKC¢, binds to v-src tyrosine kinase. The role of src tyrosine
kinase in the regulation of the cation channel is as yet unknown,
however, although our preliminary attempts suggest that src ty-
rosine kinase inhibits P, in the presence of ATP (Magoski and
Kaczmarek, unpublished observation). Furthermore, we cannot
completely exclude the possibility that the apparent specificity of
the src SH3 domain represents its structural similarity to a native
scaffolding protein.

There are examples of both direct and scaffolded enzyme—
channel interactions. Src tyrosine kinase has been shown to
closely associate with NMDA receptors (Yu et al,, 1997) and
Kvl.5 K" channels (Holmes et al., 1996). Moreover, the src—
Kv1.5 association was shown to be mediated by the direct inter-
action of the src SH3 domain and a polyproline SH3 motif on the
K™ channel (Holmes et al., 1996). A well- studied example of a
scaffolding protein is the multi-PDZ domain protein known as
inaD (inactivation no-after potential D), which serves to assemble

<«

induced depolarization for neurons dialyzed with either PKC,o_54 (top
traces) or src SH3 domain (middle traces) was reduced compared with
controls; however, dialysis with yes SH3 domain (bottom traces) did not
have a obvious impact on the peak depolarization. The control CtVm
response depicted in the top fraces shows some action potentials approx-
imately halfway through the recording period; the spikes are truncated
because of the low digitization rate and the display scale. Differences in
the onset of the depolarization are not significant and are most likely
attributable to experimental variability. B, Summary data for the effect of
PKC,y_34, stc SH3 domain, or yes SH3 domain on the bag cell neuron
membrane potential response to CtVm and on input resistance before
CtVm application. Top graph, On average, both PKC,,_34 and src SH3
domain dialysis significantly reduced the depolarization by approximately
one-third compared with controls. The SH3 domain from yes did not
produce any significant change in the CtVm-induced depolarization.
Bottom graph, Input resistance (see Materials and Methods) was mea-
sured at the end of dialysis and just before the application of CtVm.
Compared with controls, none of the agents introduced into the neurons
had a significant effect on input resistance. The apparent but nonsignifi-
cant elevation after PKC,y_5, introduction was attributable to a single
neuron showing an inexplicable increase in input resistance over the
dialysis period. The labels apply to both the top and bottom graphs, and the
n values refer to the number of control and experimental neurons exam-
ined in a given set. n.s., Not significant.
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a signal transduction complex of phospholipase C, PKC, and the
trp channel in Drosophila photoreceptors (Tsunoda et al., 1997;
Tsunoda and Zuker, 1999). Another, more wide spread set of
scaffolding proteins are cAMP-dependent protein kinase-
anchoring proteins (AKAPs), some of which bring together sev-
eral different phosphatases and kinases (Coghlan et al., 1995;
Klauck et al., 1996). Peptide interference techniques similar to
those used in the present study suggest that AKAPs participate in
the PKA-dependent modulation of ionotropic glutamate recep-
tors, Ca®* channels, and Na™ channels, presumably by linking
these channels with the kinase (Rosenmund et al., 1994; Johnson
et al., 1997; Cantrell et al., 2000).

We also examined the potential role of the PKC-induced
modulation of the cation channel in whole-cell recordings from
isolated bag cell neurons. Cation channels were activated in
cultured bag cell neurons by extracellular application of CtVm.
The depolarizing response to CtVm in cultured bag cell neurons
is attributable to activation of the cation channel and can be
considered an in vitro analog of the afterdischarge itself (Wilson
and Kaczmarek, 1993; Wilson et al., 1996; Magoski et al., 2000).
We first sought to establish whether the CtVm-induced depolar-
ization has a component that is dependent on PKC activation.
The specific PKC pseudosubstrate inhibitor PKC,,_5, (House and
Kemp, 1987), which has been shown previously to be very effec-
tive in preventing the increase in cation channel P elicited by
ATP (Wilson et al.,, 1998), reduced the CtVm-induced depolar-
ization by approximately one-third compared with controls. This
level of reduction in response amplitude is in keeping with the
fact that other pathways, including PKA, may be turned on by
CtVm and contribute to cation channel activation and subsequent
depolarization. There are data indicating that the cAMP/PKA
pathway initiates a number of changes in bag cell neuron excit-
ability during the afterdischarge (Kaczmarek et al., 1978, 1980;
Kaczmarek and Strumwasser, 1981, 1984). Similarly, the CtVm-
induced activation of the cation channel in cultured bag cell
neurons involves, at least in part, a PKA-regulated pathway
(Wilson and Kaczmarek, 1993). Thus, both the PKA and PKC
pathways appear to act on the cation channel to enhance its
activity and promote depolarization.

The CtVm response of cultured bag cell neurons was also
attenuated by approximately one-third after dialysis with the SH3
domain from src but not the domain from yes. This suggests that,
as in excised patches, modulation of the cation channel, as assayed
by CtVm-induced depolarization, may involve SH3 domain-
mediated protein—protein interactions. It should be noted that if
additional enzymatic components of the signaling complex had
also been affected by the src SH3 domain, it is likely that the
inhibition of the CtVm-induced depolarization would have been
larger than that observed with the PKC inhibitor. Overall, the
results indicate not only that modulation of the cation channel
requires specific protein—protein interactions, namely SH3-like
interactions, to orchestrate channel modulation by PKC, but also
that these interactions may play a part in cation channel-mediated
depolarization of bag cell neurons. It would appear that signaling
complexes are a common means by which ion channel modulation
is carried out. This is supported by reports from the literature of
regulatory enzymes being linked to ion channels (Holmes et al.,
1996; Tsunoda et al., 1997; Yu et al., 1997; Tibbs et al., 1998;
Davare et al., 2001) or of kinase modulation of ion channels
persisting in cell-free system conditions (Rehm et al., 1989;
Chung et al., 1991; Bielefeldt and Jackson, 1994; Yu et al., 1997,
Wilson et al., 1998). For the bag cell neurons, it may very well be
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that a number of different protein—protein interactions are re-
quired to network the second messengers and enzymes that
regulate their activation and initiation of the afterdischarge.
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