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Introduction

IoN CHANNELS

All living cells maintain ionic gradients across their
plasma membrane, and the movement of ions down
these concentration gradients, through ion channels
in the membrane, is of fundamental importance for
many cellular functions. The central role of ion
channels has, of course, been recognized for many
years in the case of excitable cells such as neurons
and muscle cells, but only recently has the develop-
ment of powerful new techniques allowed an appre-
ciation of the significance of ion channels in the
functioning of many other cell types. The continued
refinement of macroscopic physiological ap-
proaches, the emergence of single-channel record-
ing techniques, the increasing sophistication of bio-
chemical purification methods, the feasibility of
studying purified channel functions in artificial
membranes, and the dramatic advances in molecu-
lar genetic manipulation, have all contributed to our
ability to study ion channels as molecular entities
rather than simply as membrane processes. In
short, these integral membrane proteins, which for
many years were little more than an esoteric con-
cept of biophysicists, have emerged from relative
obscurity to become valued and highly visible mem-
bers of the cell and molecular biology community.

It is also becoming evident that ion channels in
biological membranes are dynamic entities. They of
course act as pores through which ions can move
down their electrochemical gradients, but more
than that many of them are regulatable pores.
Channels can exist in more than one functional
state, and rapid transitions between these states can
be regulated by the voltage across the membrane, or
by the binding of a small molecule to a specific re-
ceptor which is intimately associated with the chan-
nel. Furthermore, it is now becoming clear that

these rapid transitions are themselves subject to
longer term modulation, which may last for sec-
onds, minutes or even hours. This review will ad-
dress a possible molecular mechanism for such
long-term modulation of ion channel activity.

MODULATION OF JON CHANNELS

What molecular mechanisms might give rise to long
lasting modulation of ion channels? Cyclic AMP
(cAMP) and calcium ions are well established as
intracellular second messengers in the regulation of
carbohydrate metabolism, where they modulate the
activities of certain enzymes by causing them to be
phosphorylated (for a recent review see Cohen,
1982). It has long been suspected that they might
play a similar role in the regulation of ion channels,
and evidence from several laboratories has con-
firmed that this is indeed the case (Siegelbaum &
Tsien, 1983). A large number of investigators have
applied cAMP to cells while monitoring their mem-
brane properties (Tsien, 1973; Reuter, 1974; Treist-
man & Levitan, 1976, Kaczmarek, Jennings &
Strumwasser, 1978; Klein & Kandel, 1978; Deterre
et al., 1981; Pellmar, 1981; Green & Gillette, 1983;
Connor & Hockberger, 1984). In some cases mem-
brane-permeable derivatives of cCAMP have been
applied in the extracellular medium, while in others
CAMP itself or derivatives which are resistant to
hydrolysis by phosphodiesterases have been in-
jected intracellularly via microelectrodes. In other
experiments intracellular cAMP levels have been
elevated by application of phosphodiesterase inhibi-
tors, which inhibit cAMP breakdown, or activators
of adenylate cyclase, which increase cAMP synthe-
sis. Results from all of these approaches indicate
that cAMP can indeéd modulate membrane prop-
erties, and in some of these studies voltage-clamp
analysis has allowed the identification of particular
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Fig. 1. Possible ways in which the activity of an ion channel
might be modulated by protein phosphorylation. At the top an
ion channel is depicted schematically as a conducting pathway or
pore, with a gate whose opening and closing might be governed
by such factors as the trans-membrane voltage, or occupation of
a closely-associated receptor by a ligand. Phosphorylation (P) of
the gate (lower left) might change the open versus closed proba-
bility (p), whereas phosphorylation of the conducting pathway
(lower right) might alter the single-channel current (i). It is also
possible that phosphorylation might alter N, the number of func-
tional channels in the membrane, without affecting p or i values
for those channels which are functional. Finally, it is conceivable
that phosphorylation of some regulatory component, which is
not an integral part of the channel but may bind to it when phos-
phorylated, could modulate N, p or i

ionic currents which can be affected by cAMP.
There appears to be no single ion current that is a
universal target for cAMP action, but rather the
current that is modulated is different from cell to
cell, and in fact in at least some cells several differ-
ent currents can be regulated.

A demonstration of a pharmacological effect of
cAMP on membrane properties is, of course, not in
itself evidence that cAMP plays a physiological
role. However, in several of the studies referred to
above it has been shown that cAMP mimics the
action of a particular physiological agonist and that
the physiological agonist can cause the stimulation
of adenylate cyclase and the accumulation of cAMP
in the target cell. These and other pharmacological,
biochemical and electrophysiological experiments
have indeed provided strong circumstantial evi-
dence for a physiological role for cAMP in some
cells. Among the physiological responses that ap-
pear to be mediated by cAMP are the activation of
the slow inward calcinum current by S-adrenergic
stimulation of cardiac cells (Tsien, 1983; Reuter,
1983) and the inactivation (Deterre et al., 1981;
Klein, Camardo & Kandel, 1982) or activation
(Drummond, Benson & Levitan, 1980; Lemos &
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Levitan, 1984) of several distinct potassium cur-
rents by serotonin in several different molluscan
neurons.

Particularly compelling evidence for second
messenger involvement in physiological responses
has been provided by use of single-channel patch
recording techniques. Since the gigohm seal be-
tween a patch-recording electrode and a membrane
forms a lateral diffusion barrier, it follows that
neurotransmitter applied outside the electrode can-
not activate receptors in the patch of membrane
inside the electrode. Thus, if channels inside a
patch are affected by transmitter applied outside,
this must be due to occupancy of receptors located
outside, and these receptors can only communicate
with the channels inside the patch by means of a
diffusible intracellular messenger. This general test
has been used in at least two laboratories to identify
second messenger-mediated responses. Siegel-
baum, Camardo and Kandel (1982), working with
sensory neurons from the abdominal ganglion of
Aplysia, have demonstrated that serotonin applied
in the extracellular medium can cause the closure of
individual potassium channels inside a patch elec-
trode. Other experiments have shown that the sec-
ond messenger that mediates this response is
cAMP, but this knowledge was not necessary for
the demonstration that some second messenger
must be involved. Maruyama and Petersen (1982)
have used a similar approach to show that cholecys-
tokinin and acetylcholine activation of single cal-
cium-dependent cation channels in pancreatic aci-
nar cells is mediated by intracellular calcium ions.
These elegant experiments have introduced a new
level of sophistication to the way we think about
and study second messenger-mediated physiologi-
cal responses in excitable cells.

PROTEIN PHOSPHORYLATION
AS A MODULATORY MECHANISM

It is thought that all actions of cAMP and many
actions of calcium in eukaryotic cells result from
activation of protein kinases and subsequent phos-
phorylation of specific substrate proteins (Kuo &
Greengard, 1969; Glass & Krebs, 1980; Cohen,
1982). In analogy to alterations in enzyme activities
following phosphorylation, it seems possible that
direct phosphorylation of ion channel proteins may
alter their gating or conduction properties (Fig. 1)
and that this is the molecular mechanism by which
cAMP and calcium exert the variety of effects on
ionic currents described above. The purpose of this
review is to describe the kinds of experimental ap-
proaches that have been taken to investigate this
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possibility, and to assess the evidence that impli-
cates phosphorylation of ion channels as a funda-
mental regulatory mechanism in the control of cel-
lular functions.

Experimental Approaches

The most productive approach in assessing the role
of protein phosphorylation in ion channel function
has been to introduce purified kinases or specific
inhibitors directly into cells and to ask what this
does to membrane properties. In several cases this
approach has been extended to an examination of
the effects of kinases on single ion channel activity
in isolated membrane patches or in reconstituted
systems. In addition, this review will discuss recent
evidence that certain purified ion channels are ex-
cellent substrates for protein kinases in vitro, al-
though the functional significance of these latter
findings is not yet clear.

The availability of purified protein kinases, and
highly specific inhibitors of protein kinases, has
been essential for all of these approaches, and sev-
eral of the molecular probes that have been most
useful for these studies are described below. Al-
though some of these reagents are available com-
mercially, the commercial products are far from ho-
mogeneous. The importance of using purified
enzymes for such experiments must be emphasized,
since the introduction of protein and nonprotein im-
purities into cells may confound the interpretation
of the results.

Molecular Probes for the Study
of Protein Phosphorylation

CAMP-DEPENDENT PROTEIN KINASE

The most thoroughly understood protein kinase
system is the cAMP-dependent protein kinase,
which exists in cells as an inactive holoenzyme con-
sisting of two reguilatory (R) and two catalytic (C)
subunits. At least two different types of enzyme,
with identical C subunits but different R subunits,
are present in most cells (Glass & Krebs, 1980).
cAMP activates the enzyme by binding to the regu-
latory subunits and freeing the catalytic subunits,
which in their unbound form are active and can cat-
alyze the transfer of the terminal phosphate from
ATP to threonine or (most often) serine residues of
a protein to produce a phosphoprotein. There is no
evidence for phosphorylation of tyrosine residues
by cAMP-dependent protein kinase. Many (perhaps
all) eukaryotic cells also contain a specific inhibitor
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of the cAMP-dependent protein kinase (Walsh et
al., 1971). This 10,000-dalton protein kinase inhibi-
tor (PKI) binds with high affinity to the free C sub-
unit and inhibits its catalytic activity (see Fig. 1 in
Levitan, Lemos & Novak-Hofer, 1983). Although
the cellular function of PKI is not understood, its
synthesis appears to be under hormonal control in
at least some cell types (Means et al., 1980), and
thus it is conceivable that it plays some important
regulatory role.

The C and R subunits of cAMP-dependent pro-
tein kinase, as well as the protein kinase inhibitor,
have been purified to homogeneity from a variety of
tissues (see, for example, Peters, Demaille & Fi-
scher, 1977; Demaille, Peters & Fischer, 1977). It
appears that the active sites of these proteins have
been remarkably well conserved during evolution,
since the C subunit from mammalian cardiac or
skeletal muscle can phosphorylate proteins in mol-
luscan nervous system (Kaczmarek et al., 1980;
Novak-Hofer & Levitan, 1983), and PKI from rab-
bit muscle is an excellent inhibitor of molluscan C
subunit (Adams & Levitan, 1982). This high degree
of conservation is interesting in its own right and
also is particularly convenient, since these purified
proteins from mammalian sources can be used as
probes of membrane physiology in molluscan neu-
rons.

CaLCciuM/CALMODULIN-DEPENDENT
PROTEIN KINASES

Although calcium/calmodulin-dependent protein ki-
nases were first described in the nervous system
less than ten years ago (Schulman & Greengard,
1978), they have been studied intensively in a num-
ber of laboratories, and many of their properties are
becoming well understood. Brain contains two well-
characterized calcium/calmodulin-dependent  ki-
nases also found in nonneuronal tissues, myosin
light-chain kinase and phosphorylase b kinase
(Kennedy & Greengard, 1981); both of these en-
zymes have limited substrate specificities, and it is
not clear what role they play in brain function. In
addition, there are at least two other brain calcium/
calmodulin-dependent protein kinases (Kennedy &
Greengard, 1981), one of which has a broader sub-
strate specificity. Purification of such a calcium/
calmodulin-dependent kinase activity capable of
phosphorylating a number of different protein sub-
strates has been reported by several laboratories
(Bennett, Erondu & Kennedy, 1983; Goldenring et
al., 1983; Yamauchi & Fujisawa, 1983; Kuret &
Schulman, 1984; McGuinness, Lai & Greengard,
1985), and it appears that these various enzymes are
very similar and probably identical.
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Table. Ion channels whose activity has been modulated by protein phosphorylation

Cell type Channel modulated

Type of phosphorylation Relevant references

Transient K+ channel
Delayed K* channel (slow)
Delayed K+ channel (fast)

Aplysia bag cell neurons

Ca** channel

Aplysia sensory neurons Serotonin-sensitive K+ channel?

Aplysia neuron R15

Transient K+ channel
Delayed K* channel

Hermissenda photoreceptors

Helix neurons Ca*~ channel

Ca**-dependent K* channel?

Squid giant axon Delayed rectifying K* channel

Cardiac cells Ca** channel?

Cultured cells Gap junctional channel

Anomalously rectifying K* channel

cAMP-dependent
cAMP-dependent
cAMP-dependent

Kaczmarek et al., 1980

Strong, 1984

Kaczmarek & Strumwasser, 1984
Strong & Kaczmarek, 1984
Protein kinase C DeRiemer et al., 1985
cAMP-dependent Castellucci et al., 1980
Castellucci et al., 1982
Shuster et al., 1985
cAMP-dependent Adams & Levitan, 1982
Benson & Levitan. 1983

cAMP-dependent
Phosphorylase kinase

Alkon et al., 1983
Acosta-Urquidi et al., 19844
cAMP-dependent Doroshenko et al., 1984
Eckert & Chad, 1984
Chad & Eckert, 1985
DePeyer et al., 1982
Ewald et al., 1985

cAMP-dependent

cAMP-dependent Bezanilla et al., 1985

Osterrieder et al., 1982
Brum et al., 1983

cAMP-dependent

cAMP-dependent
Tyrosine kinase

Wiener & Loewenstein, 1983
Azarnia & Loewenstein, 1984

2 Single channel measurements suggest the phosphorylation target is closely associated with the channel.

ProTEIN KINASE C

The most recent addition to the protein kinase fam-
ily is protein kinase C, which was first described by
Nishizuka and his collaborators (Takai et al., 1977)
as a proteolytically-activated enzyme. It was shown
subsequently to be a calcium- and phospholipid-de-
pendent, but calmodulin-independent, enzyme
present in high concentration in a variety of tissues
including brain (Kuo et al., 1980), and evidence is
accumulating that it plays an important role in sig-
nal transduction across the plasma membrane (for a
review see Nishizuka, 1984). Protein kinase C has
also been purified from mammalian brain (Kikkawa
et al., 1982) and is available for use as an intracellu-
lar probe.

Protein Phosphorylation
Can Modulate Membrane Properties

Most of the studies of the regulation of ion channel
activity by protein phosphorylation have involved
cAMP-dependent phosphorylation (Table). This is

in part because a wide variety of cAMP-induced
electrophysiological responses have been reported,
as described above. In addition, the molecular
probes of the cAMP-dependent protein kinase sys-
tem are the most thoroughly studied and have been
most readily available. It will also be noted that
molluscan neurons have been the cellular system of
choice for virtually all these studies, with only a few
exceptions such as cardiac myocytes (which may be
considered honorary molluscan neurons for our
purposes), and this is no accident. The large size of
many of these neurons has permitted combined bio-
chemical, pharmacological and electrophysiological
experiments to be carried out on individual, identi-
fied nerve cells, and such an interdisciplinary ap-
proach is essential for a detailed understanding of
the molecular mechanisms involved in the long-
term modulation of ion channel activity.

Aplysia BAG CELL NEURONS

The abdominal ganglion of Aplysia contains two ap-
parently homogeneous clusters of about 300 neuro-
secretory neurons called bag cell neurons, which



I.B. Levitan: Phosphorylation of lon Channels

synthesize and release several neuroactive peptides
involved in triggering egg laying behavior. Secre-
tion of these peptides is associated with a long-term
period of repetitive firing known as an afterdis-
charge, and Kaczmarek and coworkers (1978) have
provided evidence that cAMP is causally involved
in the generation of the afterdischarge in bag cell
neurons. Voltage-clamp analysis of this response
indicates that cAMP enhances bag cell excitability
by decreasing one transient and two delayed out-
ward potassium currents evoked by depolarizing
voltage steps (Kaczmarek & Strumwasser, 1984;
Strong, 1984; Strong & Kaczmarek, 1984). De-
creases in the two Kinetically distinct components
of delayed outward current are observed in cells
internally dialyzed with EGTA-containing solutions
(Strong & Kaczmarek, 1984), indicating that neither
is calcium dependent.

One consequence of this inhibition of at least
three different voltage-dependent potassium cur-
rents is that the bag cell action potentials are en-
hanced in both amplitude and duration, and Kacz-
marek et al. (1980) have demonstrated that the
intracellular injection of C subunit from bovine
heart can produce a similar enhancement of action
potentials. Although these experiments were not
carried out under voltage clamp, C subunit does
cause an increase in the input resistance of the bag
cell neurons (Kaczmarek et al., 1980), consistent
with a decrease in potassium conductance. In more
recent experiments it has been shown that intracel-
lular injection of PKI blocks the enhancement of
action potentials, produced either by electrically
triggering an after-discharge or by elevating cAMP
levels by treatment with the adenylate cyclase acti-
vator forskolin (Kaczmarek, Nairn & Greengard,
1984). Furthermore PK1 injection blocks the forsko-
lin-induced decreases in potassium currents mea-
sured under voltage clamp (IL.K. Kaczmarek, A.C.
Nairn and P. Greengard, in preparation; L.. Kacz-
marek, personal communication). This series of ex-
periments provides strong evidence that cAMP-de-
pendent protein phosphorylation can modulate the
activity of several distinct potassium currents in bag
cell neurons and that this modulation plays an im-
portant role in the normal physiological functioning
of these cells.

Kaczmarek and his colleagues (DeRiemer et
al., 1985) have also examined the effects of protein
kinase C on the physiological properties of bag cell
neurons. Intracellular injection of protein kinase C,
or treatment of bag cells with a phorbol ester (which
activates protein kinase C—see Nishizuka, 1984),
leads to an increase in the amplitude of the action
potential. However, this appears to result not from
a decrease in potassium currents, but rather an in-
crease in calcium current following phorbol ester
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treatment (DeRiemer et al., 1985). It is of interest
that protein kinase C and cAMP-dependent protein
kinase both enhance action potentials in bag cell
neurons, but they do so by modulating different
ionic currents. The physiological significance of this
intriguing finding remains to be investigated.

Aplysia SENSORY NEURONS

Another group of Aplysia abdominal ganglion neu-
rons whose activity can be modulated are the sen-
sory neurons involved in the animal’s well-charac-
terized gill withdrawal reflex (Kandel & Schwartz,
1982). Serotonin can evoke a cAMP-dependent in-
crease in the duration of action potentials in these
cells (Klein & Kandel, 1978), and voitage clamp
studies have shown that this, too, involves a de-
crease in a potassium current (Klein, Camardo &
Kandel, 1982). This current, the gating of which is
not dependent on calcium and is only slightly de-
pendent on voltage (Klein et al., 1982; Siegelbaum et
al., 1982), has been given the name ‘'S current.”
Intracellular injection of C subunit can produce
action potential broadening identical to that pro-
duced by serotonin or cAMP (Castellucci et al.,
1980), and injection of PKI can prevent the sero-
tonin-evoked spike broadening (Castellucci et al.,
1982). Again these experiments were not done un-
der voltage clamp, but subsequent single-channel
studies (to be discussed below) make it likely that
these effects of C subunit and PKI do indeed reflect
modulation of S current. It is interesting that PKI
injection can rapidly reverse the fully developed
spike broadening produced by prior application of
serotonin (Castellucei et al., 1982). This indicates
that the phosphorylation of the relevant substrate
protein(s) is rather labile and suggests that a contin-
wously active kinase is necessary to maintain the
substrate(s) in the phosphorylated state.

Aplysia NEURON RI15

Aplysia neuron R15 is an endogenously ‘‘bursting”’
neuron. Its normal pattern of electrical activity con-
sists of bursts of action potentials separated by in-
terburst hyperpolarizations (Frazier et al., 1967;
Strumwasser, 1967). Although this pattern is gener-
ated endogenously by several voltage- and time-de-
pendent ionic currents in R15’s membrane (Adams,
1985; Adams & Levitan, 1985; Kramer & Zucker,
1985a,b) and does not require synaptic input for its
generation (Alving, 1968), the endogenous pattern
can be modulated for very long periods of time by
synaptic stimulation or application of neurotrans-
mitters (Levitan, Harmar & Adams, 1979). This
combination, a fascinating endogenous activity to-
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gether with the capacity for long-term modulation,
has made R15 probably the most thoroughly studied
of all nerve cells (Adams & Benson, 1985).

Serotonin causes neuron R15 to hyperpolarize
and stop firing (Drummond, Benson & Levitan,
1980). This effect of serotonin is mimicked by intra-
cellular injection or extracellular application of
cAMP analogs (Drummond et al., 1980) and is
blocked by the intracellular injection of the adeny-
late cyclase inhibitor GDPBAS (Lemos & Levitan,
1984). Furthermore, serotonin stimulates adenylate
cyclase activity in membranes from R15 (Levitan,
1978). These and other biochemical, pharmacologi-
cal and electrophysiological experiments (summa-
rized in Levitan & Benson, 1981) have established
that this serotonin response in R13 is mediated by
cAMP. The hyperpolarization produced by sero-
tonin/cAMP is due to activation of an anomalously
rectifying potassium current (Benson & Levitan,
1983), although cAMP appears to affect some other
ionic currents in the cell as well (Ewald & Eckert,
1983; D. Lotshaw and I.B. Levitan, in preparation).
Intracellular injection of PKI into R15, under volt-
age-clamp conditions, completely blocks the sero-
tonin-induced activation of the anomalously rectify-
ing potassium current, but has no effect on the
dopamine-induced, cAMP-independent change in
another ionic current in the same cell (Adams &
Levitan, 1982). This selective block by PKI of the
serotonin effect on the anomalous rectifier indicates
that this response to serotonin is indeed mediated
by cAMP-dependent protein phosphorylation.

Hermissenda PHOTORECEPTORS

One type of associative learning in Hermissenda,
another marine mollusc, involves changes in the
membrane properties of the type B photoreceptors
located in the caudal-dorsal part of each eye (Al-
kon, 1984). Voltage-clamp experiments have sug-
gested that two potassium currents, a rapidly inacti-
vating transient potassium current and a delayed
calcium-dependent potassium current, are mark-
edly reduced in type B photoreceptors from asso-
ciatively conditioned animals (Alkon, Lederhendler
& Shoukimas, 1982; Alkon, 1984). Furthermore,
the decrease in these two currents itself is depen-
dent on intracellular calcium (Alkon, 1984). To in-
vestigate whether these changes involve protein
phosphorylation, Alkon and his colleagues have
iontophoretically injected several different protein
kinases into type B photoreceptors and have exam-
ined their effects on membrane currents under volt-
age clamp. C subunit injection causes a decrease in
both the early and delayed potassium currents, al-
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though the predominant effect is on the latter (Al-
kon et al., 1983). These changes induced by C sub-
unit do not appear to require calcium, in contrast to
the decreases in these currents observed in condi-
tioned animals (Alkon, 1984).

Acosta-Urquidi, Alkon and Neary (19844) have
also injected phosphorylase b kinase, a calcium/
calmodulin-dependent protein kinase, into type B
photoreceptors. Again such injections reduce both
the transient and delayed potassium currents, but in
this case the transient current is more strongly af-
fected (Acosta-Urquidi et al., 19844a). Furthermore,
the effects of the kinase are calcium dependent,
leading Alkon and his colleagues to suggest (Alkon,
1984) that the calcium-dependent changes in ionic
currents in type B photoreceptors during associa-
tive conditioning might be mediated by calcium/
calmodulin-dependent protein  phosphorylation.
There are several curious features about these ex-
periments. It is somewhat surprising that these
large proteins can be injected iontophoretically, and
indeed other workers in this field have chosen either
pressure injection or intracellular perfusion to intro-
duce kinases into cells. However, the authors do
report that they can iontophoretically eject suffi-
cient kinase from their electrodes to be detected in a
test tube assay (Alkon et al., 1983; Acosta-Urquidi
et al., 1984a). Another curious aspect has to do with
the strict substrate specificity of phosphorylase b
kinase for phosphorylase b and glycogen synthase
(see, for example, Kennedy & Greengard, 1981;
Cohen, 1982), and in view of this it is surprising that
the injection of this enzyme can produce changes in
membrane ionic currents.

More recently Acosta-Urquidi et al. (1984b)
have injected into other Hermissenda neurons one
of the calcium/calmodulin-dependent kinases iso-
lated from brain (Goldenring et al., 1983) and have
reported that such iontophoretic injections alter cal-
cium current, voltage-dependent potassium cur-
rent, and calcium-dependent potassium current.
However, the various currents increase in some
cells, decrease in other cells, and sometimes do not
change at all (Acosta-Urquidi et al., 19844), and in
view of the complexity and inconsistency of the ef-
fects of this kinase, it must be concluded that a role
for calcium-dependent protein phosphorylation in
this system remains to be demonstrated.

SNAIL NEURONS

Internal perfusion, a technique first introduced by
Kostyuk and his colleagues, allows the experimen-
tal control of a neuron’s cytoplasmic contents.
Among the advantages of this technique is the abil-
ity to introduce a particular concentration of a
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given molecular probe into a cell, in contrast to in-
tracellular pressure injection where it is difficult to
control accurately the amount injected, and ion-
tophoretic injection where there is virtually no con-
trol whatsoever. This is particularly important in
the case of the C subunit, since at sufficiently high
concentrations this kinase will phosphorylate pro-
teins which may not be physiological substrates.
The total intracellular concentration of C subunit
{both free and bound to R subunit) has been esti-
mated to be 0.3-1 uM (Hofmann, Bechtel & Krebs,
1977), and DePeyer et al. (1982) have introduced C
subunit in this concentration range into internally
perfused Helix neurons while measuring membrane
currents under voltage clamp.. Perfusion with C sub-
unit causes a large increase in the steady-state out-
ward current evoked by depolarizing voitage pulses
(DePeyer et al., 1982); this current consists of at
least two components, a delayed rectifying potas-
sium current and a calcium-dependent potassium
current (Meech & Standen, 1975). When the cal-
cium-dependent component is eliminated by inter-
nal perfusion with EGTA, C subunit has no effect
on the remaining delayed rectifier, suggesting that
phosphorylation selectively enhances the calcium-
dependent potassium current in these neurons (De-
Peyer et al., 1982). The tentative conclusion from
these experiments, that C subunit is directly phos-
phorylating the potassium channel and increasing
its affinity for calcium (Fig. 2), has received strong
support from single-channel studies (discussed be-
low).

Although many membrane currents are stable
in internally perfused neurons, selective loss of cal-
cium current has been seen in molluscan neurons
(Byerly & Hagiwara, 1982; Doroshenko, Kostyuk
& Martynyuk, 1982) and vertebrate cells (Kostyuk,
Veselovsky & Fedulova, 1981; Fenwick, Marty &
Neher, 1982). Kostyuk and his colleagues have
found that the loss of calcium current in perfused
Helix neurons can be prevented or reversed by in-
clusion of either cAMP (Doroshenko et al., 1982) or
C subunit (Doroshenko et al., 1984) in the intracel-
lular medium, and have concluded that loss of cal-
cium current is due to washout of cAMP during
perfusion. A similar conclusion has been drawn by
Eckert and Chad (1984), who carried out the same
kind of experiments on Helix neurons and found
that calcium current loss is slower in the presence
of C subunit.

These investigators have also examined the
possibility that protein phosphorylation/dephos-
phorylation might be involved in the well-estab-
lished phenomenon of calcium-dependent inactiva-
tion of calcium current (for a review see Eckert &
Chad, 1984). They found that calcium-dependent in-
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Fig. 2. Hypothesis for the modulation of calcium-dependent po-
tassium channel activity by protein phosphorylation. The open-
ing of the channel is dependent on trans-membrane voltage, and
also requires the binding of calcium to some regulatory site on
the channel (top). DePeyer et al. (1982) have suggested that
phosphorylation (P) of the regulatory site or some other site
closely associated with the channel increases the affinity of the
regulatory site for calcium, thus shifting the closed/open equilib-
rium in favor of the open siate at a given voltage and calcium
concentration (bottom). Support for this hypothesis has been
obtained from single-channel experiments (see¢ text and Ewald et
al., 1985)

activation is enhanced when calcineurin, a calcium/
calmodulin-dependent phosphoprotein phosphatase
(Stewart et al., 1982), is included in the internal
perfusate (Chad & Eckert, 1985). These results
have led the authors to suggest that calcium-depen-
dent inactivation requires calcium-dependent de-
phosphorylation, and that cAMP-dependent phos-
phorylation is then required to return the channel to
an activatable state (Chad & Eckert, 1985). If this
scheme is correct, then loss of calcium current with
perfusion might be due to calcium-dependent inacti-
vation which cannot be reversed because the kinase
has been washed out of the cell.

It is worthy of note that in Lymnaea neurons,
calcium current loss during perfusion (Byerly & Ha-
giwara, 1982) can be prevented by addition of mag-
nesium, ATP, and a strong calcium buffer to the
internal perfusate without adding a kinase (Byerly
& Yazejian, 1985), and these authors suggest that
the effects of cAMP and C subunit seen by other
workers might result from enhancement of the cell’s
calcium buffering capability rather than from some
direct effect on the calcium channel. It is, of course,
conceivable that Lymnaea and Helix use different
mechanisms to regulate their membrane ionic cur-
rents, but in any event this finding is not necessarily
at odds with the conclusions of Chad and Eckert
(1985), since Byerly and Moody (1984) have found
that both ATP and EGTA are required to buffer
calcium adequately near the plasma membrane of
these neurons. It is possible that under these good
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buffering conditions (Byerly & Yazejian, 1985) cal-
cium-dependent inactivation does not have a
chance to occur, and thus it is not necessary to have
a kinase present to reactivate channels and prevent
loss of calcium current. It should be emphasized
that these are preliminary and ongoing experiments,
but they promise to provide significant insights into
the physiological regulation of calcium currents.

SQuID GIANT AXON

In spite of its enormous value as an experimental
system for elucidating the ionic changes underlying
the action potential, the squid giant axon has been
thought of as rather boring by investigators inter-
ested in modulation of ion channels. The axon goes
rapidly from being a potassium battery at rest to a
sodium battery during the action potential, and then
back again, and there has been no evidence for long-
term modulation of these all-or-none transitions.
However, recent experiments using internally per-
fused or internally dialyzed squid axon suggest that
cAMP-dependent protein phosphorylation may reg-
ulate the axonal potassium conductance. In dia-
Iyzed axons, in which small molecules (such as
ATP) are washed away but proteins (including ki-
nases) presumably remain behind, addition of ATP
causes a large increase in the outward potassium
current evoked by depolarization (Bezanilla et al.,
1985). This appears to result from a shift in the volt-
age dependence of both the activation and inactiva-
tion of the potassium current (F. Bezanilla, per-
sonal communication). In perfused axons, which
presumably lose proteins as well as small mole-
cules, ATP itself has some effect but the changes in
potassium current are enhanced when C subunit is
added together with the ATP (Bezanilla et al., 1985;
F. Bezanilla, personal communication). These ex-
periments are still preliminary, but in view of the
wealth of information available about squid axon
potassium currents, this system may be particularly
favorabie for investigating the details of changes in
channel gating and conduction mechanisms induced
by protein phosphorylation.

SQUID GIANT SYNAPSE

An intriguing recent study has implicated calcium/
calmodulin-dependent protein phosphorylation in
the regulation of neurotransmitter release at the
squid giant synapse (Llinas et al., 1985). These in-
vestigators made use of synapsin I, a phosphopro-
tein associated with synaptic vesicles (Nestler &
Greengard, 1983), and a purified calcium/calmodu-
lin-dependent kinase from brain which phosphory-
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lates synapsin 1 at a specific site (Nestler &
Greengard, 1983). Injection of dephospho-synapsin
I into the presynaptic terminal of the squid giant
synapse produces a decrease in the amplitude and
rate of rise of the postsynaptic potential, which is
taken as a measure of neurotransmitter release
(Llinas et al., 1985). Conversely, intraterminal in-
jection of the calcium/calmodulin-dependent kinase
increases the amplitude and rate of rise, and de-
creases the latency, of the postsynaptic potential.
These changes in neurotransmitter release do not
appear to be accompanied by changes in the presyn-
aptic calcium current, and the authors suggest that
the availability of synaptic vesicles for release may
be regulated by the phosphorylation state of synap-
sin I (Llinas et al., 1985). The authors point out that
the results are preliminary and many controls re-
main to be done during the next squid season, and,
in addition, there is no evidence at the moment that
this phenomenon involves phosphorylation of ion
channels. Nevertheless, I present it here as a partic-
ularly good example of the usefulness of, and in-
deed the necessity for, purified and highly specific
reagents for probing the physiological role of pro-
tein phosphorylation. The availability of other mo-
lecular probes of this system, including antibodies
against synapsin I, should allow the molecular regu-
lation of transmitter release to be investigated in
considerable detail.

CARDIAC MYOCYTES

Cardiac cells were among the first excitable cells
whose membrane properties were shown to be regu-
lated by cAMP (Tsien, 1973; Reuter, 1974). 8-adre-
nergic stimulation of the heart results in a cAMP-
mediated increase in the slow inward calcium
current responsible for the plateau phase of the car-
diac action potential (for reviews see Tsien, 1983;
Reuter, 1983). The possible role of cAMP-depen-
dent protein phosphorylation in this phenomenon
has been investigated by the injection of C subunit
into isolated ventricular cells (Osterrieder et al.,
1982; Brum et al., 1983). C subunit injection dra-
matically prolongs the plateau phase of the action
potential and increases the amplitude of the slow
inward calcium current measured under voliage
clamp. Furthermore, once the action potential dura-
tion has been maximally increased by the C subunit,
no further prolongation can be produced by treat-
ment of the cell with a S-adrenergic agonist (Brum
et al., 1983); this occlusion of the B-adrenergic re-
sponse provides evidence that there is a common
target for the actions of receptor agonists and the
kinase. An interesting feature of this study was the
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demonstration (Osterrieder et al., 1982) that intra-
cellular injection of R subunit can decrease the du-
ration of the action potential, apparently by binding
to and inactivating free C subunit. Furthermore,
adrenaline can reverse this action of R subunit, ap-
parently by stimulating production of intracellular
cAMP, which binds to the injected R subunit and
prevents it from ““mopping up’’ free C subunit. This
elegant series of experiments has provided particu-
larly convincing evidence for a physiological role
for protein phosphorylation in the regulation of car-
diac ionic currents.

CULTURED AVIAN AND MAMMALIAN CELLS

Loewenstein and his collaborators have been inves-
tigating the regulation of permeability through cell-
to-cell ‘‘gap junctional”’ channels in a variety of cell
types. These channels can be modulated by a num-
ber of physiological regulators (Loewenstein, 1981),
one of which appears to be cAMP-dependent pro-
tein kinase. Mutant Chinese hamster ovary cells,
which are deficient in one of the isoenzymes of
cAMP-dependent protein kinase, are also deficient
in cell-to-cell junctional permeability (Wiener &
Loewenstein, 1983). Furthermore, in revertant cells
junctional permeability reappears in concert with
kinase activity. When mutant cells are permeabi-
lized (reversibly) and are loaded with purified C
subunit, the defect in junctional permeability can be
“cured’’ over a period of hours, suggesting that
cAMP-dependent protein phosphorylation regu-
lates some aspect of the formation or function of the
cell-to-cell channel (Wiener & Loewenstein, 1983).

There is also evidence implicating tyrosine
phosphorylation in the modulation of junctional
permeability. Cultured quail and chick embryo
cells, and mouse fibroblasts, were infected with a
temperature-sensitive mutant of the Rous sarcoma
virus; tyrosine phosphorylation controlled by the
viral src gene product pp60¢ occurs only at the
permissive temperature in such cells (Radke & Mar-
tin, 1979). When the temperature is shifted from the
nonpermissive to the permissive temperature and
back again, junctional permeability falls and rises in
concert with the appearance and disappearance, re-
spectively, of tyrosine phosphorylation (Azarnia &
Loewenstein, 1984). This apparent down-regulation
by tyrosine phosphorylation overrides the up-regu-
lation associated with the serine/threonine phos-
phorylation catalyzed by the cAMP-dependent pro-
tein kinase. In view of the rapidity of the changes in
junctional permeability induced by the temperature
shifts, the authors speculate that the cell-to-cell
channel itself might be the phosphorylation target,
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but point out that this is by no means proven (Azar-
nia & Loewenstein, 1984).

Purified Ion Channels as Substrates
for Protein Kinases

Two membrane ion channels, the voltage-depen-
dent sodium channel (Agnew et al., 1980; Weigele
& Barchi, 1982; Hartshorne & Catterall, 1984) and
the acetylcholine receptor/channel (reviewed by
Karlin, 1980; Changeux, 1981), have been solubi-
lized and purified to homogeneity. Both of these
purified channels have been shown to be phos-
phorylated by protein kinases in vitro.

Sopium CHANNEL

The rat brain sodium channel consists of a high mo-
tecular weight « subunit and two smaller 8 subunits
(Catterall, 1984). The « subunit can be phosphory-
lated in vitro by C subunit, with up to 3 moles of
phosphate incorporated per mole of « subunit
{Costa, Casnellie & Catterall, 1982). The concentra-
tion of C subunit used in these experiments and the
rate and extent of the phosphorylation are consis-
tent with the possibility that the sodium channel is a
physiological substrate for cAMP-dependent pro-
tein kinase. Furthermore, the sodium channel can
be phosphorylated in lysed synaptosomes by exoge-
nous C subunit and in intact synaptosomes in the
presence of 8-bromo cAMP (Costa & Catterall,
1984), which presumably acts by activating an en-
dogenous cAMP-dependent kinase. Some effects of
8-bromo cAMP-stimulated phosphorylation on the
slow influx of radioactive sodium into synapto-
somes have been observed (Costa & Catterall,
1984), but the significance of these findings to the
physiological regulation of normal sodium channel
gating remains to be determined.

ACETYLCHOLINE RECEPTOR/CHANNEL

The other membrane ion channel that has been puri-
fied and thoroughly characterized is the nicotinic
acetylcholine receptor/channel. The receptor/chan-
nel complex is a 255,000-dalton protein consisting
of two & subunits and one each 8, v, and 8 subunits.
Postsynaptic membranes isolated from the ray Tor-
pedo californica, which have an extremely high
density of acetylcholine receptors, contain endoge-
nous protein kinases that phosphorylate the re-
ceptor (Gordon et al., 1977; Teichberg, Sobel &
Changeux, 1977; Saitoh & Changeux, 1981). An
endogenous cAMP-dependent protein  kinase
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phosphorylates the y and 8 subunits, and this can be
blocked by PKI (Huganir & Greengard, 1983). Fur-
thermore, the purified receptor can be phosphory-
lated on these same subunits by exogenous C sub-
unit, and again the rate and extent of the phosphory-
lation are consistent with the possibility that this is
aphysiologically significant modification (Huganir &
Greengard, 1983). There are also at least two endog-
enous calcium-dependent protein kinases present in
Torpedo postsynaptic membranes, one of which is
calcium/calmodulin-dependent (Smilowitz et al.,
1981; Huganir & Greengard, 1983) and the other of
which is protein kinase C (R. Huganir, K. Albert &
P. Greengard, in preparation; R. Huganir, personal
communication). Although the calcium/calmodulin
kinase does not phosphorylate the acetylcholine re-
ceptor (Huganir & Greengard, 1983), the endoge-
nous protein kinase C specifically phosphorylates
the & subunit in a calcium and phosphatidylserine-
dependent manner, and exogenous protein kinase C
can specifically phosphorylate the purified receptor
on the & subunit (R. Huganir, K. Albert & P.
Greengard, in preparation). Finally Huganir, Miles
and Greengard (1984) have shown that, when en-
dogenous cAMP-dependent and calcium-dependent
kinases are blocked by addition of PKI and EGTA,
it is possible to demonstrate phosphorylation of the
B, v, and § subunits of the receptor on tyrosine
residues by an endogenous tyrosine-specific protein
kinase.

As in the case of the sodium channel, the kinet-
ics and stoichiometry of these phosphorylations of
the acetylcholine receptor/channel, together with
the existence of multiple phosphorylation sites on
the various subunits, suggest that phosphorylation
might modulate the functioning of this channel. It is
now possible to reconstitute the purified acetylcho-
line receptor under conditions that allow measure-
ment of its single-channel properties with good time
resolution (Suarez-Isla et al., 1983; Tank et al.,
1983), but to date no effects of phosphorylation on
the gating or conduction of this reconstituted recep-
tor/channel complex have been reported.

Phosphorylation Modulates
the Activity of Single Ion Channels

From the experiments discussed in the previous
two sections it seems clear that ion channels can
serve as substrates for protein Kinases in vitro, and
that the introduction of kinases into cells leads to
changes in membrane properties. A number of in-
vestigators have suggested, on the basis of the latter
kind of experiment, that the changes in membrane
properties result from the direct phosphorylation of
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ion channel proteins (see, for example, Fig. 2).
However, it is important to emphasize that this ex-
perimental approach does not allow the identifica-
tion of the phosphorylation target; although phos-
phorylation of the channel seems a reasonabie
possibility, it is also conceivable that phosphoryla-
tion of some nonchannel membrane or even cyto-
plasmic protein might initiate a cascade of events
which leads ultimately to the modulation of the
cell’s properties, without any need for direct phos-
phorylation of ion channels. The question of the
identity of the phosphorylation target has been ad-
dressed directly in several recent studies using sin-
gle-channel recording techniques, both in isolated
membrane patches and in a reconstituted artificial
bilayer system.

CarblAc CaLciuM CHANNELS
IN ISOLATED PATCHES

Although it has been possible to measure the activ-
ity of individual calcium channels in cell-attached
membrane patches (reviewed in Reuter, 1983;
Tsien, 1983), many investigators have noted that
calcium channel activity disappears when patches
are detached from the cell in the so-called “‘inside-
out’’ configuration, in which the cytoplasmic face of
the membrane is exposed to the bathing medium
(Hamill et al., 1981). It seems possible that this phe-
nomenon is related to the loss of macroscopic cal-
cium current in internaily perfused neurons (see
above}, and thus might involve protein phosphory-
lation or dephosphorylation. In recent experiments
Tsien and his colleagues have found that single cal-
cium channel activity, which normally disappears
within several minutes in inside-out patches from
cardiac cells, can be maintained for as long as 2030
min in patches excised into a solution containing C
subunit, ATP and magnesium (P. Hess, E. Mc-
Cleskey & R. Tsien, in preparation; R. Tsien, per-
sonal communication). These preliminary findings
suggest that, at least in cardiac cells, cAMP-depen-
dent phosphorylation of some membrane protein
which comes away with the excised patch may be
necessary for calcium channel activity.

S CHANNELS IN ISOLATED PATCHES

The broadening of action potentials by serotonin in
Aplysia sensory neurons is, as discussed above,
mimicked by injection of C subunit and blocked by
injection of PKI (Castellucci et al., 1980, 1982). This
effect of serotonin is due to inhibition of S current, a
novel potassium current present in these neurons
(Klein et al., 1982), and it has been shown (Siegel-
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baum et al., 1982) that serotonin acts on cell-at-
tached membrane patches to cause prolonged clo-
sures of the individual § channels which underlie
the S current. Shuster et al. (1985) have examined
the modulation of § channel activity in isolated in-
side-out membrane patches from sensory neurons.
They have found that application of C subunit to-
gether with ATP and magnesium to the cytoplasmic
side of the membrane produces all-or-none closures
of individual § channels in the isolated patch, simu-
lating most of the effects of serotonin on cell-at-
tached patches (Shuster et al., 1985). It is of interest
that on occasion prolonged § channel closures oc-
cur in the absence of exogenous C subunit, suggest-
ing that endogenous kinase may sometimes come
away with the patch of membrane when it is pulled
off the cell. Similarly exogenous C subunit some-
times does not cause channel closures, or the clo-
sures 1t does produce often reverse ‘‘spontane-
ously,”” and the authors suggest (Shuster et al.,
1985) that some cell-free patches may lack a regula-
tory component necessary for complete channel
modulation or may contain an endogenous phos-
phoprotein phosphatase. In support of this latter
idea is the finding that addition of fluoride ion, a
nonspecific phosphatase inhibitor, together with C
subunit, increases the percentage of successful ex-
periments (Shuster et al., 1985). On the basis of
these experiments it seems likely that the closure of
S channels by serotonin is mediated by cAMP-de-
pendent phosphorylation of some membrane pro-
tein. The relevant substrate might be the S channel
protein itself, or some other element, for example a
cytoskeleton component, which comes away with
the patch when it is excised.

CaLCIUM-DEPENDENT PoTAssiuM CHANNELS
IN ISOLATED PATCHES AND RECONSTITUTED
IN ARTIFICIAL PHOSPHOLIPID BILAYERS

As described above DePeyer et al. (1982) found that
C subunit perfusion can increase calcium-depen-
dent potassium current in Helix neurons, and they
suggested that C subunit might phosphorylate the
potassium channel and increase its affinity for cal-
cium (Fig. 2). This possibility has been tested using
single-channel measurements. When C subunit to-
gether with ATP and magnesium is added to the
cytoplasmic surface of an isolated inside-out patch
containing calcium-dependent potassium channels,
the activity of the channels increases (Ewald, Wil-
liams & Levitan, 1985), indicating that, as in the
case of § channels, the phosphorylation target
comes away with the isolated patch. The spontane-
ous reversals and occasional failures seen with the
S channel phosphorylations are not observed in this
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case, suggesting that for unknown reasons the Helix
neuron patches may come away more cleanly, or
with a more complete complement of regulatory
components, than those from the Aplysia sensory
neurons. Because the patches always contain more
than one calcium-dependent potassium channel, it
has been difficult in these experiments to determine
whether phosphorylation is increasing the number
of active channels in the patch, or the probability
that an individual channel is open (Ewald et al.,
1985).

A complementary approach is to examine indi-
vidual calcium-dependent potassium channels re-
constituted in artificial phospholipid bilayers. For
these experiments a crude membrane vesicle prepa-
ration from Helix neurons is reconstituted with ex-
ogenous phospholipid, and a bilayer is formed on
the tip of a patch-recording electrode (Wilmsen et
al., 1983). This marriage between the patch and bi-
layer technologies provides particularly favorable
conditions for single-channel recording (Coronado
& Latorre, 1983; Suarez-Isla et al., 1983; Wilmsen
et al., 1983), and Ewald and coworkers (1985) have
observed single calcium-dependent potassium
channels from Helix neurons in such bilayers.
When C subunit is added to the side of the mem-
brane on which the calcium-sensitive site is present,
there is a dramatic increase in the activity of the
channel, corresponding to a large increase in the
single-channel open probability (Ewald et al., 1985).
The voltage dependences of channel open probabil-
ity, before and after addition of C subunit, are con-
sistent with the hypothesis that phosphorylation is
increasing the affinity of the channel for calcium (D.
Ewald, A. Williams and I.B. Levitan, unpub-
lished). Furthermore, an important conclusion that
can be drawn from this experiment is that the
phosphorylation target is either the potassium chan-
nel itself or some regulatory component so infi-
mately associated with the channel that it travels
with it in the bilayer.

Summary and Conclusions

The introduction of highly specific reagents such as
enzymes and inhibitors directly into living cells has
proven to be a powerful tool in studying the modu-
lation of cellular activity by protein phosphoryla-
tion. The use of exogenous kinases can be thought
of as a pharmacological approach: this demon-
strates that phosphorylation can produce modula-
tion, but does not address the question of whether
the cell actually uses this mechanism under normal
physiological conditions. The complementary ap-
proach, the introduction of highly specific inhibitors
such as R subunit or PKI, does ask whether endog-
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enous Kinase activity is necessary for a given physi-
ological response. Together these two approaches
have provided rather compelling evidence that
cAMP-dependent and calcium/phospholipid-depen-
dent protein phosphorylations can regulate mem-
brane excitability. In several cases single-channel
analysis has allowed the demonstration that an ion
channel itself or something very close to the chan-
nel is the phosphorylation target, and it seems rea-
sonable to assume that this will also be the case for
many if not all of the other systems described
above.

Have any general principles emerged from the
results to date? Certainly it seems clear that protein
phosphorylation regulates not one but many classes
of ion channels. As summarized in the Table, differ-
ent channels can be modulated in different cells,
some channels are activated while others are inhib-
ited, and in some cells more than one channel is
subject to modulation by phosphorylation. The list
in the Table is probably not yet complete, and in-
deed it is not inconceivable that all ion channels can
under appropriate conditions be regulated by phos-
phorylation.

What aspect of channel function is altered by
phosphorylation? The total membrane current, I,
carried by a particular species of ion channel is
given by Npi, where N is the number of active chan-
nels in the membrane, p is the probability that an
individual channel will be open, and i is the single-
channel current. In principle a change in I, the
quantity measured in whole cell experiments, could
be caused by a change in any one (or more) of the
parameters, N, p or [ (see Fig. 1). In the two cases
in which single-channel measurements have al-
lowed this question to be investigated, changes in N
(Shuster et al., 1985) and p (Ewald et al., 1985) have
been observed. Here again it seems unlikely that
any one mechanism operates in all cases, and it
would not be surprising to find that phosphorylation
of some other channel results in a change in i.

Finally, what does the future hold, what experi-
mental approaches are likely to provide fundamen-
tal information about the regulation of ion channels
by protein phosphorylation? Certainly it will be of
interest to extend the single-channel approach to
more of the systems described above, to character-
ize fully the parameters which are modulated, but
the most significant advances are likely to come if
one or more of these regulatable channels can be
purified and characterized in isolation. Although
substantial progress has been made recently to-
wards the purification of calcium channels, it would
be misleading to pretend that purification of regulat-
able potassium channels is likely to be achieved
soon. The effort has begun to identify phosphory-
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lated proteins which might be potassium channel
components or regulatory elements (Lemos,
Novak-Hofer & Levitan, 1985), but purification is
likely to be successful only with a suitable routine
assay, and no ligands which bind specifically and
with high affinity to these regulatable channels are
yet available. Nevertheless, this remains an impor-
tant long term goal. The detailed picture we have of
the structure and function of the nicotinic acetyl-
choline receptor/channel is an excellent example of
the power of the purification approach in under-
standing channel function, and a fantasy of many
channelologists is to achieve the same degree of
understanding of other channels whose activity is
regulated by protein phosphorylation.
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