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Swmmary. Paramecium tetraurelia possesses two Ca’*-depen-
dent K* currents, activated upon depolarization Ixc, 4, or upon
hyperpolarization Igc,,. The two currents are mediated by
pharmacologically distinct ion channel populations. Three muta-
tions of P. retraurelia affect these currents. Pantophobiac A mu-
tations (pntA) cause calmodulin sequence defects, resulting in
the loss of both Ca’*-dependent K* currents. A second muta-
tion, TEA-insensitive A (teaA), greatly enhances [k, s, but has
no affect on Ixc, »- A third mutation, restless (rst), also increases
Ix(ca.qy slightly, but its principle effect is in causing an early acti-
vation of Ix.ca,». Interactions between the products of these three
genes were investigated by constructing three double mutants.
Both reaA and rst restore Igcaq) and Ixcay in pantophobiac A',
but the phenotypes of teaA and rst are not corrected by a second
mutation. These observations may indicate a role for the gene
products of tead and rst in regulating the activity of Ig., . and
Ixican, TESPECtively.

Key Words calmodulin - Ca?*-dependent K* channels - ion
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Introduction

Paramecium tetraurelia possesses two Ca’*-depen-
dent K+ currents. The first of these activates slowly
upon depolarization (Igc,q) and helps repolarize
the cell during periods of prolonged membrane exci-
tation (Satow & Kung, 1980; Saimi et al., 1983).
Ca?*-dependent K* conductances similarly stabi-
lize membrane potential in a variety of cells
(Meech, 1978; Petersen & Maruyama, 1984). Two
behavioral mutants of P. tetraurelia have defects in
Ix(ca,q)- Pantophobiac lacks Ixca.q), s0 that this mu-
tant responds to appropriate stimuli with a greatly
prolonged action potential (Saimi et al., 1983). Con-
versely, the TEA-insensitive A (feaA) mutation
causes Ixcaq) to activate faster and more strongly
than normal, thereby foreshortening the action po-
tential (Satow & Kung, 1976; Hennessey & Kung,
1987).

The second Ca?*-dependent K™ current is acti-
vated upon membrane hyperpolarization (Ixcaz)
(Richard, Saimi & Kung, 1986; Preston, Saimi &

Kung, 1990q). The function of this inward rectifier
is less clear than of Ik, 4, but it may also act as a
membrane potential damping mechanism. When
Ix(ca.ny 1s enhanced by mutation (the restless muta-
tion, rst), the cell’s membrane potential becomes
set at more negative levels compared with the wild
type, and behaves as a pure K* electrode in re-
sponse to changes in [K*], (Richard, Hinrichsen &
Kung, 1985). In contrast, Ik, 1S missing in pan-
tophobiac A', the mutant that also lacks Ixca.
(Preston et al., 19905).

The observation that a single gene mutation
(pntAY) disrupts the function of both Ixc.q and
Ix(can is curious, because Richard et al. (1986) sug-
gested that the two conductances may be mediated
by separate molecular entities. It was of interest,
therefore, to establish more firmly whether there
are indeed two distinct Ca?*-dependent K™ perme-
abilities in Paramecium. In the present study, the
Ca?*-dependent K* conductances of the three be-
havioral mutants (pantophobiac A!, TEA-insensi-
tive A, and restless) are examined. In attempts to
discern possible functional and regulatory interac-
tions between the gene products of these three mu-
tants, three double mutants (‘“‘pntA!, teaA’’,
“putAl, rst”’, and ‘‘rst, teaA’’) were constructed
and analyzed electrophysiologically. This genetic
technique has been used with considerable success
in attempts to unravel the intricacies of membrane
excitation in Drosophila (see review by Ganetzky &
Wu, 1986).

Materials and Methods

CELL StoCKS AND CULTURE CONDITIONS

The following strains of Paramecium tetraurelia, derived from
stock 51s, were used: d4-622 pantophobiac A! (pntAl/pntA'), d4-
647 restless (rst/rst), and d4-152 TEA-insensitive A (feaA/teaA).
“‘pntA!, rst”’ denotes the double mutant “‘pntAlpatAl, rstlrst”’,
constructed from a cross of the two single mutant parents.
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Fig. 1. Ca’*-dependent K+ currents activated upon depolariza-
tion. Ca?*-dependent K+ currents were activated by depolariza-
tion for 1500 msec to —10 mV. Arrowheads indicate the tail
current of Iy, » upon returning to —40 mV. The broken line in
this and subsequent figures represents zero current level. (4) In
the wild type, I'xc. ) is apparent as a slowly activating outward
current, and as an outward tail current (arrowhead). (B) Depolar-
ization of pantophobiac A! elicits Iy, and Iy in the absence of
a Ca?*-dependent component. (C) The Ca**-dependent K* cur-
rent elicited upon depolarization of TEA-insensitive A is greatly
enhanced compared with that of the wild type; note the strong
tail current. (D) Depolarization of restless elicits a Ca?*-depen-
dent K* current that is only slightly increased in amplitude com-
pared with that of the wild type

“‘pntAl, teaA’” and “‘rst, teaA”’ similarly denote double mutants
from crosses. All three mutations are genetically unlinked. All
strains also contained the trichocyst nondischarge mutation nd-6
(nd6/nd6). Single and double mutants were obtained, and their
genetic identity verified, using standard techniques {(Sonneborn,
1970; Hinrichsen et al., 1985). Cells were maintained in culture
as described in the accompanying report (Preston et al., 1990q).

SoLUTIONS, ELECTROPHYSIOLOGICAL RECORDING
TECHNIQUES, AND DATA ANALYSIS

The techniques and conditions used to record and voltage clamp
the membrane potential of Paramecium are described in the ac-
companying report, as are methods used in data analysis (Pres-
ton et al., 1990a). K* currents were recorded using 3 M KCI
microelectrodes from cells bathed in K*-solution. K*-solution

Table 1. Ca?*-dependent K* current activated by depolarization

Cell strain 11500 (HA) ]tail (nA) n

Wild type 2.6 0.6 0.5 0.1 12
prtA' 2.0 +£0.5 0.1 £0.1 8
teaA 8.5x29 2.1 =09 5
rst 33+ 1.1 0.6 £ 0.3 9
pntAl, teaA 5.8+ 1.8 1.5+x04 9
pntAl, rst 2.9 £ 0.6 0.4 = 0.3 6
rst, teaA 8.4 £ 1.7 20=* 0.6 7

Wild type and mutant cells in K*-solution were depolarized to
—10 mV for 1500 msec, I}s4 refers to the amplitude of the evoked
outward current 1500 msec into the voltage step. Termination of
the voltage step by returning to —40 mV elicits an outward tail
current, the amplitude of which was measured 20 msec after
returning to holding potential (I,,;). Data are means * sD of n
cells.

comprises (in mm): 4 KCl, 1 Ca?*, 0.01 EDTA, | HEPES buffer,
pH 7.2. Ca?* currents were recorded using 4 M CsCl microelec-
trodes. CsCl electrodes were used in combination with TEA~-
solution to inhibit K* currents. TEA*-solution contains (in mm);
16 TEA*, 1 Ca?*, 0.01 EDTA, and 1 HEPES buffer, pH 7.2. A
holding potential of —40 mV was used throughout. Membrane
currents were filtered at 1-2 kHz and are presented without
leakage correction. All data are presented as means * sp,
whereas levels of statistical significance between means were
determined using a Student’s ¢ test. P values of <0.05 were
considered significant.

Results

Ca?*-DePENDENT K* CURRENTS
OF THE WILD TyPE

The Ca’f-dependent K* currents of wild-type P.
tetraurelia are detailed elsewhere (Satow & Kung,
1980); a brief description of these currents follows
so that they may be compared with the currents of
mutant strains.

Depolarization of the wild type (Fig. 14) elicits
a rapid inward Ca’* transient (not resolved in the
figure), followed by a delayed, voltage-dependent
K* current. The Ca?*-dependent K+ conductance
(Ix(ca,q)) activates slowly over a period of 1-2 sec; a
slow outward tail current that reflects deactivation
of Igaq) 1S s€en upon returning to holding level.
This tail is variable in form. Although its decaying
phase was previously fitted with an exponent (Sa-
tow & Kung, 1980), strains with an enhanced Ik, 4)
exhibit tail currents whose decay may be preceded
by a plateau. In order to avoid artificially high esti-
mates of current amplitudes at the instance of mem-
brane repolarization, comparisons of tail-current
amplitudes were made at 20 msec after returning to
holding potential (Table 1).
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Fig. 2. Currents activated upon hyperpolarization of the wild
type and single mutants. The traces to the left in each case show
currents evoked by 1500-msec hyperpolarizations of (4) the wild
type, (B) pantophobiac A!, (C) TEA-insensitive A, and (D) rest-
less to —110 mV. These voltage steps activate a Ca?* current
Icaw, a voltage-dependent K+ current (fx,) and, (with the excep-
tion of pantophobiac A') a Ca?*-dependent K+ current (Ixcaz).
The tail current elicited by a return to —40 mV contains both a
fast-decaying, voltage-dependent K* component, and a slow-
decaying, Ca’*-dependent component. Graphs to the right show
the dependence of the amplitudes of each of these components
on the duration of hyperpolarization. Ixy, is represented by the
open circles, whereas the filled circles represent Iy c, ». For clar-
ity, SD ranges are given for only one of the means; other values
were similarly variable. (A) In the wild type, Ixy activates rap-
idly upon hyperpolarization and then inactivates, whereas Ixc, )
activates slowly and is sustained (n = 20). (B) Hyperpolarization
of pantophobiac A' activates I, in the absence of a Ca2*-depen-
dent component. Iy, activates and inactivates with a time
course that is similar to that of the wild type (n = 7). (C) The tail
current elicited by hyperpolarization of TEA-insensitive A com-
prises both fast-decaying and slow-decaying components, similar
to that of the wild type (n = 7). (D) Restless responds to even
short (10 msec) hyperpolarizations with activation of both Iy,
and Igca . Ixcap is generally increased in amplitude compared
with the wild type, whereas Ik, is generally decreased in ampli-
tude (n = 9)

Table 2. Ca’*-dependent K* current activated upon hyperpolar-
ization

Cell strain Isg (NA) Ly (nA) n
Wild type -13.1 = 2.1 3.9+ 1.7 15
prtA! —-12.9 + 3.4 0.0 + 0.0 6
teaA —-10.6 = 2.1 4.2 +2.0 7
rst -17.7 £ 5.8 11.6 £ 4.5 10
pntAl, teaA -58 1.7 0404 8
prtAl, rst —-12.2 4.2 8263 9
rst, teaA —-17.2 £ 3.6 11.1 = 3.9, 10

Wild type and mutant cells in K+*-solution were hyperpolarized
to —110 mV for 500 msec. I5y is the amplitude of the resultant
current 500 msec into the voltage step. A return to holding poten-
tial elicits an outward tail current, comprising both voltage-de-
pendent (/) and Ca?*-dependent (I ) components. I re-
fers to the amplitude of the Ca?*-dependent K+ component of the
tail current. Data are means = sb of # cells.

Hyperpolarization of P. tetraurelia elicits an in-
ward current composite (Fig. 24, left). The outward
tail current that follows a return to —40 mV repre-
sents the sum of two exponentially decaying com-
ponents (Preston et al., 1990a). A fast-decaying
component (7 = 3.5 msec) reflects deactivation of
the voltage-dependent K* current (Jk,), whereas a
slow-decaying component (r = 20 msec) represents
the tail of a Ca’*-dependent K* current (Ixcan)-
Analysis of tail currents resulting from steps to
—110 mV of 10- to 1000-msec duration (Fig. 24,
right) suggests that I, activates rapidly upon hy-
perpolarization, peaks at ca. 50 msec, and then in-
activates to a new sustained level. In contrast,
Ix(cam activates slowly during hyperpolarizations of
=50 msec, reaching a plateau after 750-1000 msec.

PANTOPHOBIAC, TEA-INSENSITIVE,
AND RESTLESS

The membrane currents of pantophobiac A', TEA-
insensitive A, and restless have been described pre-
viously (Saimi et al., 1983; Richard et al., 1986;
Hennessey & Kung, 1987; Preston et al., 19905).

Pantophobiac lacks a Ca?"-dependent K* cur-
rent activated upon either depolarization or hyper-
polarization. The loss of I, 4 is apparent in both
the amplitude of the outward current activated upon
depolarization, and in the near loss of an associated
tail current (Fig. 1B; Table 1). Hyperpolarization of
pantophobiac A! elicits Ik and its tail current
alone, in the absence of any Ca?*-activated compo-
nent (Fig. 28; Table 2).

TEA-insensitive A has been characterized as a
strain with an enhanced, fast-activating Ig(caa)-
Thus, whereas this current activates slowly during
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Fig. 3. Effects of TEA* on Ca’*-dependent K* currents. (A) Upper traces show the responses of a wild-type cell to a 750-msec
depolarization to —10 mV and a 750-msec hyperpolarization to —110 mV in K~*-solution containing 10 mm choline*. Lower traces show
responses to the same voltage steps when 10 mMm TEA* replaces choline. TEA* has no affect on Ixca 4 Or its tail current, but inhibits
both Ixu and Ixcan. (B) Responses of restless in the absence and presence of TEA*. Solutions and stimuli are the same as used in A
above. As in the wild type, Ixc.q of restless is insensitive to TEA* (left), whereas Ixca is inhibited (right). Note that there is an
approximate 1 nA shift in holding current upon addition of TEA*, supporting the notion that an enhanced I c, 4, is responsible for the
increased ‘resting’ membrane potential of this mutant (Richard, Hinrichsen & Kung, 1985)

depolarization of the wild type, even short (=2
msec) depolarizations of TEA-insensitive A elicit
large outward currents and strong outward tail cur-
rents upon repolarization (Fig. 1C). The mutation
appears specific for I, 4, since the currents acti-
vated by hyperpolarization of TEA-insensitive A
are comparable with those of the wild type (Fig. 2C;
Table 2).

The rst mutation affects both Ca?*-dependent
K* currents. Depolarization of restless elicits out-
ward currents and associated tail currents that are
increased in amplitude and activate carlier than
those of the wild type (Fig. 1D), but these altera-
tions in I, 4) are not as extensive as those caused
by teaA. The effects of the rst mutation on Ixca s
are more severe (Fig. 2D). In the wild type, hyper-
polarizations of =50 msec are necessary to activate
Ixcap (Fig. 24), but this current activates during
10-msec steps in restless (Fig. 2D). The tail current
of Ix(ca  increases rapidly in amplitude upon hyper-
polarization, peaks at 50-100 msec, and declines
slightly thereafter. Although Ik, activates in rest-
less with a similar time course to that of the wild
type, this current is generally reduced in amplitude
in the mutant. The extent of this reduction is highly
variable from cell to cell, however. The time con-
stants of the fast and slow components of restless
tail currents are not significantly different from
those of the wild type (not shown).

EVIDENCE FOR Two DisTINCT Ca?t-DEPENDENT
K* CHANNELS IN PARAMECIUM

Since the two Ca’*-dependent K+ currents of Para-
mecium are eliminated by a single mutation (pntAl),

it could be argued that the two currents are medi-
ated by a single Ca?*-dependent channel popula-
tion. This possibility was tested by examining the
relative sensitivities of the two currents to external
TEA®. Adding 10 mMm TEA™ to K*-solution inhibits
>80% of the hyperpolarization-activated inward
current, and nearly eliminates both the fast-decay-
ing and slow-decaying components of the tail cur-
rent (Fig. 3A). In contrast, TEA™ has little effect on
the slow, depolarization-activated outward current
or its tail current (Fig. 3A; the reduced outward
current amplitude in the presence of TEA* reflects
suppression of I by this drug). Since the efficacy
of TEA™ in blocking K* channels is voltage-depen-
dent, (see Stanfield, 1983), the inhibition by TEA™"
of Ix(ca,n but not Ixc, 4) is insufficient evidence for
the existence of two separate channel populations.
Fortunately, the availability of the rstz mutation
makes it possible to activate Igc, ) Within the decay
of Ix(caq) and thereby show that the two currents
are differentially inhibited by TEA*. Both Ca’*-de-
pendent K* currents activate slowly in the wild
type, so this simultaneous activation is normally not
possible. First, the differential sensitivity of Ixc, 4
and I, to TEA™ in restless was confirmed; Fig.
3B shows that whereas Ig,, is inhibited com-
pletely by 10 mm [TEA*],, TEA* has little effect on
Ix(caay Simultaneous activation of Ixc,s and
Ix(can in restless was achieved as follows. Cells in
K*-solution were depolarized for 600 msec to elicit
Ik (ca,) and its tail current. Ten msec into the decay
of this tail current, the cell was stepped to ~110 mV
for 20 msec to elicit Ixc,n and its associated out-
ward tail (Fig. 4). The decay of Ik, can be ob-
served superimposed over the decay of I, 4. This
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Fig. 4. Differential inhibition of the Ca?*-dependent K* currents by TEA™. (i) A restless cell in K*-solution containing 10 mm choline*
was depolarized for 600 msec to 0 mV to elicit I, 4, and its associated outward tail current. (i) A 20-msec hyperpolarization to —110
mV elicits Iy, and its associated tail current. (ii;) Combining these stimuli causes the activation of I, within the decay of Ica ;-
The tail current that follows this dual voltage step comprises both depolarization- and hyperpolarization-activated components. The
presumed time course of decay of the former within the composite is indicated by a dotted line in the expanded view of the current
(right: the dashed line in this and the trace below shows holding current level). (iv) When 10 mMm TEA™ replaces choline, Iy, 1S
inhibited; a dual depolarization/hyperpolarization elicits only Ik, and its tail current

paired depolarization-hyperpolarization was then
repeated in the presence of 10 mMm TEA*. TEA*
does not prevent the activation of Iy, 4 or its tail
current, but a subsequent 20-msec hyperpolariza-
tion forces the drug into the channel that mediates
Ixca.n, thereby inhibiting both the inward K* cur-
rent and its outward K™ tail. If Iy, and Ixcas
flowed through the same channel, this voltage-in-
duced inhibition would have foreshortened the de-
cay Ixca,q)- The fact that the time course of decay is
unaltered by the hyperpolarization (Fig. 4) suggests
that the two conductances are mediated by pharma-
cologically distinct ion channels.

The discovery of two pharmacologically dis-
tinct Ca?*-dependent K* conductances in Parame-
cium, and the existence of mutants with specific
defects in these currents, lead to a genetic investiga-

tion of any possible functional or regulatory interac-
tions between the two channels. Three double mu-
tants were constructed and characterized under
voltage clamp: ‘‘pntA!, teaA,” “‘pntAl, rst,”’ and
“rst, teaA.”’

DoOUBLE MUTANTS

a) Ixcaq): Both the feaA and rst mutations restore
Ix(ca,q) in pantophobiac A! (Fig. 5A). Depolarization
of the “‘pnrA!, teaA’’ double mutant elicits both a
strong outward current and a pronounced outward
tail current that is characteristic of TEA-insensitive
A (Fig. 5A). Similarly, the currents elicited by depo-
larization of “‘pntAl, rst’” include a strong tail cur-
rent characteristic of Ixc, . (Table 1; Fig. 5B). De-
polarization of the “‘rst, teaA’” double mutant elicits
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Fig. 5. Ca?*-dependent K* currents activated upon depolariza-
tion of double mutants. Depolarizations (1500-msec to —10 mV
elicit outward currents that include a Ca?*-dependent component
in all three double mutants: (A) “‘pntA!, teaA,”’ (B) ‘‘pntAl, rst,”
and (C) “‘rst, teaA.”” Arrowheads indicate the tail currents of

IK(Ca.d)

currents that are not significantly larger than those
of TEA-insensitive A alone (Table 1, Fig. 5C), sug-
gesting that the effects of the two single mutations
on the amplitude of Ik, 4 are not additive.

b) Ixcan: A return to holding potential following
hyperpolarization of “‘pntA!, teaA’’ is accompanied
by a tajl current that comprises both fast and slow
components (Fig. 6A4, left). The fast component
clearly corresponds to Ik, (Fig. 64, right), and is
generally increased in amplitude compared with
that of the wild type. The slow component is greatly
reduced in amplitude compared with this current in
either the wild type or TEA-insensitive A (Table 2),
and in many cells it was possible only to resolve a
single, fast component. In examples where two tail-
current components could be resolved, the slow
component decays with a time constant of ca. 25
msec and is TEA *-sensitive (not shown), suggesting
that this current indeed represents Ig.s rather
than a third K* current or a hyperpolarization-de-
pendent manifestation of Ixca 4.
Hyperpolarization of “‘pntA!, rst” elicits both
Iy and Ixcap (Fig. 6B, left). The time course of
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Fig. 6. Ca>*-dependent K* currents activated by hyperpolariza-
tion of double mutants. Traces to the left show the responses of
(A) “‘pntAl, teaA,” (B) “‘pntA’, rst”’ and (C) *‘rst, teaA’’ double
mutants to 1500-msec hyperpolarizations to —110 mV. Graphs to
the right plot amplitudes of the fast and slow components of the
tail current elicited following steps to —110 mV against the dura-
tion of hyperpolarization, as in Fig. 1. Igc,, is weak in “‘pntA',
teaA” compared with the wild type, whereas Iy, activates
with a time course that is characteristic of rsz in both rst double
mutants. Note that Iy, is weak in both of the rst double mutants.
Data are the means of A 6, B 9, and C 10 specimens

activation of Ixc, »), as judged by tail-current ampli-
tude, mirrors the time course of Iy, ;) activation in
restless (Fig. 6B, right). The time course of activa-
tion of I,y in “‘prtAl, rst’ is not significantly differ-
ent from that of the wild type.

Similarly, Iy, s activates in “‘rst, teaA” with a
time course that is characteristic of restless (Fig.
6C, right), whereas I, is generally reduced in am-
plitude compared with that of the wild type (Table
2).

CarLciuM CURRENTS OF SINGLE
AND DOUBLE MUTANTS

Since the K* currents described here are dependent
upon Ca?* for their activation, it is possible that the
mutation-induced differences in their amplitudes
and activation kinetics reflect aberrant rates or
amounts of Ca?* entry into the cell during voltage
steps.

The source of Ca?* for activation of Igc,q) in
Paramecium is a well-characterized inward Ca?*
transient (Ic,) that activates rapidly upon depolar-
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ization, peaks at ca. 2 msec, and then inactivates.
Suppression of K *-currents by internal Cs* (diffus-
ing from the microelectrodes) and 10 mm external
TEA™ allows this current to be measured in isola-
tion; in the wild type, the peak amplitude of Ic,y,
upon depolarization to —10 mV is —8.6 = 2.2 nA
(n = 11). The mutants showed no significant differ-
ences in the time to peak or peak amplitude of this
current compared with that of the wild type. Hyper-
polarization of the wild type to —110 mV under
these same conditions activates an inward current
that peaks at —3.9 = 0.8 nA (n = 11) after 40-70
msec, and then inactivates to a sustained level of
—2.5 £ 0.5 nA (rn = 11). The peak represents a
hyperpolarization-activated Ca?* current (Saimi,
1986; Hennessey, 1987; R.R. Preston & Y. Saimi, in
preparation). There were no significant differences
between the mutants and the wild type in terms of
the amplitude of the peak, or of the sustained por-
tion of the current, or in the time to peak.

Discussion

Two Ca’"-dependent K* currents of P. tetraurelia,
Ix(caay and Ixcan, have been described. One of
these is activated upon depolarization, the other
upon hyperpolarization. Both currents are missing
in pantophobiac A!, whereas in the TEA-insensitive
A mutant, Igc.q activates earlier and more
strongly than in the wild type. A third mutation, rs¢,
causes both an increase in the amplitude of Ixca
and the early activation of Ik .. Construction of
three double mutants, ‘“‘pntA', teaA,” “‘pniAl, rst,”
and “‘rst, teaA,”’ shows that at least some degree of
Ca?*-dependent K~ current function can be re-
stored to pantophobiac A! by the rst and teaA muta-
tions, but the early activation of Ixca 4 and Ixcan
in TEA-insensitive A and restless, respectively,
cannot be corrected by introducing the second mu-
tation. These observations suggest that at least two
gene products are involved in the functioning of
both IK(Ca,d) (pntA and teaA) and Ixcan (pntA and
rst) in the wild type.

The present studies also hint at a possible com-
pensatory regulation of the amplitudes of the volt-
age-dependent and Ca?*-dependent K* currents in
Paramecium. This notion is best appreciated when
the effects of mutation on the hyperpolarization-
activated current are examined (Figs. 2 and 6);
when Ixc, ) is weakened or removed by mutation
(pntA"), Ixy is generally increased in amplitude
compared with the wild type. Conversely, when
Ix(ca.n is enhanced by mutation (rs?), Ixg is gener-
ally reduced in amplitude. By implication, the cell
optimally responds to a given voltage step with a set
amount of current, so elimination of one K* current

causes a compensatory increase in the amplitude of
the other. Similar mechanisms may regulate the rel-
ative amplitudes of the K* currents activated upon
depolarization of P. tetraurelia (Ixy) is apparently
enhanced in pantophobiac Al; Fig. 1), but this pos-
sibility has not been investigated systematically.

EVIDENCE FOR THE EXISTENCE OF Two
SEPARATE Ca?*-DEPENDENT K+t CONDUCTANCES
IN Paramecium

Although two independent mutations of P. tetraure-
lia (pntA! and rsf) simultaneously affect the func-
tion of both Iy, 4y and Ixcas, this report provides
further evidence that the depolarization- and hyper-
polarization-activated currents are mediated by two
separate Ca’*-dependent K* channel populations.
First, the teaA mutation affects Iy, indepen-
dently of Iy, »- Second, the K*-channel inhibitor,
TEA*, specifically blocks Ixc.s and not Ixcaa).
This differential action of TEA" on the two Ca?*-
dependent K™ currents is not due to the membrane
potential dependence of TEA* inhibition; the si-
multaneous activation of the two Ca’*-dependent
conductances in restless shows that inhibition of
Ix(can by TEAT occurs without concomitant loss of
Ix(caa) (Fig. 4). Thus, it is likely that Paramecium
indeed possesses two distinct Ca?"-dependent K
conductances. It is of interest that recordings of
single-channel currents from isolated Paramecium
membrane patches have revealed a 70-pS, Ca?*-de-
pendent K* channel that is preferentially activated
by hyperpolarization, and a second, 150-pS, Ca?*-
dependent K* channel that activates upon depolar-
ization (Martinac et al., 1988; Saimi & Martinac,
1989). Although there is no proof that these single-
channel activities correspond to whole-cell cur-
rents, and there have been no systematic investiga-
tions of ion channel activities in the mutants, it is
tempting to speculate that the two Ca?*-dependent
K* channel species correspond to the two Ca?’-
dependent K* currents reported here.

INTERACTIONS BETWEEN GENE PRODUCTS THAT
REGULATE THE Two Ca?*-DEPENDENT
K* CONDUCTANCES

How do the pntA', teaA, and rst mutations affect
Ca?*-dependent K* current function in Parame-
cium, and what is the extent of interaction between
the gene products? From a knowledge of the princi-
ples of ion channel function in other systems, one
can envision two independent but parallel pathways
that regulate the activities of Ixc, s and Ixcap In
Paramecium.

Ca’*-dependent K* channels generally retain
their activity and Ca?* sensitivity when their sup-
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porting membrane is excised from the cell, suggest-
ing that the factors necessary for channel function
are all membrane associated, if not an integral part
of the channels themselves. Several previous stud-
ies have suggested a role for calmodulin (CaM) in
channel function (Okada et al., 1987; Onozuka et
al., 1987), perhaps as a Ca’*-sensing channel sub-
unit. Thus, it is of interest that pntA! is known to
cause an amino acid substitution in the third Ca?*-
binding domain of CaM (Schaefer et al., 1987). A
dependence on the normal Ca?*-sensing properties
of this protein for Ca’*-dependent K+ current func-
tion in Paramecium might explain the loss of both
currents in pantophobiac Al. Recent evidence sug-
gests that the activity of many K* channels may be
modulated by covalent modification (Levitan, 1985,
1988). Thus, in addition to affecting the structure of
the channels themselves, it is possible that the Par-
amecium mutations affect a channel regulatory or
modulatory pathway.

It is possible to envision a hyperpolarization-
activated, Ca’*-dependent K* channel in Parame-
cium whose Ca’" sensitivity is dependent upon an
associated Ca?*-binding subunit, perhaps CaM. If
CaM may be considered as a switch for current acti-
vation, phosphorylation (or a similar modification
pathway) might be considered as a gain control, In
the wild type, a continual phosphorylation/dephos-
phorylation cycle maintains the current at a level
determined by the cell’s current needs. The rsf mu-
tation may affect a component of this cycle, so that
when activated, the amplitude of the current is al-
ways maximal. In this state, the channels may be
able to respond to even a weak Ca?*/CaM or voltage
signal, a notion supported by preliminary studies on
the effects of injecting Ca?* chelators into restless
(R.R. Preston & Y. Saimi, unpublished). A similar
pathway may regulate the activity of Iycaqs)- AS
above, CaM acts as a switch, but in this example,
the channels’ gain control may be regulated by a
teaA mutation-sensitive pathway.

Presumably the two Ca?*-dependent K* chan-
nels have a common ancestor, so a degree of cross-
talk between the two channel regulatory pathways
is not unexpected. Thus, the teaA-sensitive path-
way allows limited expression Iy, in “‘pntAl,
teaA,”’ and the rst pathway allows Iy, to func-
tion in ‘“‘pntAl, rst,”’ and also enhances Igcaq; In
restless.

While the evidence for a role of the teaA and rst
gene products in regulation of channel activity is
limited, such speculation provides a starting point
for biochemical characterizations of these channels,
and of mutant cells with abnormalities in the activ-
ity of these channels, One of the strengths of Para-
mecium as model organism for the study of mem-

brane excitation is the ease with which ion channel
components can be manipulated genetically (Saimi
& Kung, 1987). In future, it may be interesting to
generate mutants that suppress the phenotypes of
prtA', teaA, and rst. These mutations may involve
hitherto unknown ion channel regulatory pathways,
the elucidation of which may be of relevance to
membrane excitation in many organisms.

This work was supported by NIH grants GM 22714 and GM
36386, and a grant from the Lucille P. Markey Trust.
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