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Bruin fast trunsient K* t.h.umel (A ch.mncll i knawn to be modulgted by PEC m.iwutmn. We studied, by twi- .eledirode valinge slimp, the moleea:

lar mechupiam of madulation by PR uetivation of A-clunnels expressed in Xenapus LogYLex from the Shuker H4 clone, The modulitian is inhibl.

tory affecling pnm.lrlly the maximal eonduciance of the channels, A secondury effeet is a small ch.mge in the volinge- depcﬁd-:nce of activation
ind tnsmivmmn of the channel, . .

Patussium channel; Modulation; ,Prgu:in kinuse C: Activation: Inactivation.

1. INTRODUCTION

The fast translent omward K“ current (I,\. A-,
current) plays an important role in repetitive firing,’

. spike regulation and in several aspects of synaptic

transmission {1]. Ja can be physiologically modulated ‘

by neurottansmitters during learning, perhaps by
mechanisms leading to channel phosphorylation by
protein kinases {2,3]. The ubiquitous protein kinase C
(PKC) appears to be an especially important modulator
‘of ion channels (4] and has been reported to dawn-
modulate Ia in invertebrate and veriebrate neurons
{5-10]. We have shown that A-channels expressed in
Xenopus oocytes from total brain RNA, are regulated
by protein kinase C [11]. Now when A-channel clones
have been isolated, it is possible 10 study the molecular
mechanisms of their modulation. In the present study
we show that A-channels, expressed in cocytes from the
Shaker H4 clone isolated from Drosophila [12], are
modulated by PKC activation. This clone is a member
of the subfamily of K * channel genes that includes also

several members in mammals [13-17]. The coding-

region of the K* channel genes corresponds to one of
the four homologous internal repeats of the Na channel
a-subunit; thus, by analogy, the functional K* channel
is believed 10 be homo- or hetero-oligomers of subunits
[18-20]. We show that the target of PKC modulation
resides in a channel composed of only one type of
subunit, the Shaker H4, and that modulation of A-
~ channel by PKC activation is inhibitory, affecting the

availability of channels to open and, to some extent, the .

voltage sensitivity of the channel.
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2. EXPERIMENTAL

- Frogs were waintined and dissected and oveyres prcpared‘ns
deseribed (21]. The A-channe! RNA was generated from a recombi-
nant Blueseript plasmid containing the Hd cDNA insert by lineariza-

“tien with #iadill and in vitea transeription of full-length capped

transeript with T7 RNA polymerase, exsentially ns deseribed [12),
with o few modifications. During the first hour of the wranscription

-reaction the GTP concentration was anly 0.05 mM, and was raised 1o

0.3.mM for an additional 2 h of the reaction. The unincorporated
mucleotides were removed by two ethanol preeipitations from 1| M
ammonium nestate agueons sotulions. The oocytes were injected with
1-3 ng of RNA and incubated at 22°C for 1-3 days in NDY6 solution
(96 mM NaCl, 2 mM KCI, T mM MgCly, 3 mM Hepes, pH 7.5) sup-
plemented with 1.8 mM CaCly, 2.5 mM sodivm pyruvate, 100 ug/nl
streptomyein and 100 units/mt pcnlullm and thcn assayed ¢log-
irophysiologically.

Recording of the currents, using a two-cleetrode voltage clnmp
technique, was done in ND96 solulion supplemented wiih 1 mM
CaCly, essentially as deseribed [22], The holding potential was set to
- 80 mV and stepped for 50 ms (prepuise) to - 100 mV before’
depolarizing the membrane for 5¢ ms to different valtages. The netia
was estimated by subiraction of current elicited by voltage step to the
same depolarizad voltage after a prepulse to - 10 mV, where the cur-
rent was completely inactivated [22). By this procedure the
background leak currenis were eliminated, When the current/vollage
relationship was studled, the protocol for estimation of net current at
each test voltage included subtragtion of scaled leak current ¢licited by
vollage jump from -~ 100 to — 70 mV. For inactivation studies, eurs
rents were elicited by voltage steps to + 20 mV from different prepulse

" potentials and the current elicited from —~10 mV prepulse was sub-

tracted. The peak of the current trace is referred to as /a in l lge- 2and
3 and in Table 1.

. PMA and staurasporine were purchased from Sigma and oPMA
from LC Services (Woburn, MA). They. were'dissolved in 0.1 mM
dimethylsulfoxide and kept at — 20°C, Final concentration was made
in ND9 sclution (PMA “was kept light-protected). Statistical,
significance was caleulated using the paired iwo-tailed r-test,

3. RESULTS

14 was expressed in Xenopus oocytes injected with the |
Shaker H4 clone isolated from Drosophila and its

Published by Elsevier Sclence Publishers B, V.,
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- Rig, |, Bffect of 10 nM PMA 011 /a. (A) 14 was evaked by o valinge step from — 10 mV 1o +20 mV in the absence (controd) and 15 min after
the upplieation of PMA., (B) The trace of the current recorded in the presence of PMA was sealed in order to campare kinetigs,

kinctics and voltage dependence were found to be
similar to those deseribed [12).

The effect of the PKC activator PMA (8-photbol -

12-inyristate |3-acetate) was eviuated by measuring Lhe
1. amplitudes before and after the: PMA application.
Only cells in which the 74 amplitude was stable for at
least 10 min were exposed to PMA.L I, was suppressed
by PMA at doses as low as 0.5 nM. We routinely work-

ed with 10 nM PMA (Fig. 1). The waveform of I, was |

not consistently altered during the suppression as was
© verified by scaling up the amplitude of the current trace
under PMA (Fig. 1B), The time course of the PMA ef-
- fect is shown in Fig. 2. The amplitude of I, started to
decline about § min after PMA application and after 20

min reached 50.5 £ 4.8% (incan + SE; 15 oocytes) of its

“original valne (P <0.0005).

Several kinds of control experiments were carrled out -

to verify that the effect of PMA was due to activation
~of PKC (Fig. 2). (i) The decrease in /4 was-not due to an
accompanying decrease in membrane surface ‘area as
was verified by monitoring the membrane capacitance
alongside the development of the PMA effect on [a. (ii)
100 nM aPMA, an isomer that does not activate PKC,
‘had no effect. (iii) Staurosporine, a protein kinase in-
hibitor {23], attenuated the PMA effect. Staurosporine
was introduced either by bath application of 1 uM, 10
min before and during the application of PMA, or by
microinjection into the oocyte of 50 pmol, 10 min to 3

h before the PMA application. Both procedures pra- -
duced essentially the same results, We verified that

“these concentrations of the drug had no direct effect on
Iy by recording the current for 10-20 min in the
presence of staurosporine alone, before the exposure to
PMA. I, in oocytes pretreéated with staurosporine was
reduced after 20 min exposure to PMA only to
78.6 5% (9 cocytes) of its value, a reduction which is
significantly weaker (P < 0.0001) than that occurring in
oocytes which were not exposed to staurosporme (sce
also Fig. 2).

Steady state activation curves were obtained by fit-

ting the experimental current/voltage (/- V) relationship

data to a modified Bolzmann equation [24) (see Eqn 1
in legend to Fig. 3A) assuming two activation gates, as
the assumption of one gate produced less satisfactory
fits. The four free activation parameters in the fitting .
procedure are: half-activation voltage { V), slope factor

- (corresponds to a change in voltage (in mV) that pro- .

duces an e-fold change in conductance; aa), maximum
conductance (Gmax) and reversal potential (Vre). All
thesc parameters were allowed to chnngc in very wide
ranges.

The effects of PMA were.- asscssed by camparing ac-
tivation parameters before and after (15-30 min) PMA

‘application and are summarized in Table 1A; effects in

onc oocyte are shown in Fig. 3A,B. PMA reduced Guax

in-a dose-dependent manner by: 23% at 0.5 nM (31%
and 15%); 2 oocytes), 30::0.06% at 1 nM (range.
25-47%; 4 oocytes) and 52+0.03% at 10 nM (8

120 8 (32) 1] PR 00 o Jw
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Fig. 2. Time course of the effects on J4 amplitude of 10 nM PMA
alone (open circles), 10 nM PMA in the presence of staurosporine
(open triangles) and 100 nM «PMA (closed circles). The effect of
PMA on the oocyte’s membrane capacitance (closed circles) was

" monitored in parallel to the cffecls on Ja. The capacitance of the

oocyle membrane, measutred as the'area under the capacitive current

elicited by a step from ~ 8D to -70 mV, was 191.45 + 7.5 nF (10

oocytes). {4 measurements as well as the protocols for the application

of the drugs are explained in the text. At time point 0 min the PMA

was mtroduced. smurosporme wiis introduced at least IO min bel‘ore :
PMA.
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Table |-

Effezts of 10 nM FNM en activatlon and inuulvulmﬂ paramctees of /y

February 1991

Contral - PMA Relative ef fect n
Fue {mV) -94.8 2 04 “U4.f 2 0.3 08 = 0.3 8 204
Gy (a3} 19.7 2 29 C %4z L2 0.3 = Do 8 < 6,00}
¥, {mV) 288+ 09 -22.3 & 2.0 =13 2 )X LI <0,0%
it (MV) 127 =2 00 1.8 ¢ 0.8 1.l x 0.2 i <02
{B) Inactivation ‘ ‘
Conirel A Dilference n, [
Hh (mV) -, 2 1.2 B ¥ B OB lg=t.2 8 <008
an {mV) 4.2 2 0O 4.5 & 0.4 04 % 02 4 <01

The parameters describing the activation (A) and inactivation {B) curves were obtained in cach oogyte by fiuing the /=K relation 1o cqn‘l. or inac-
tivation curve to eqn 2 {legend to Fig. 3). Thn vulues of each p-urnmmr were avnraged acrosy <ells amt Are pre:emed us mean » SEi iy number
of cells lested, :
8 was ealeulated using paired twostniled £-1est ‘
*Dilference {enlculated Individuatly in each cell by subirncting the ontro! value fram that in PMA)

- **Ratio (Gma In 10 nM PMA dwidcd by conirol Gmai). Rutios were caloutated mslcnd ol differances because of the wide vnrimlon of Gma AMONR
individual oocyles :

A

. 4000 1 . [%-1] T T T v "
— . U -
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Fig. 3. Effect of PMA on the vollage dependence of Ja. Net J, was delermmed s explained in section 2. (A) /- ¥ curves of I, in the presence and'
absence {vontrol) of PMA. The experiménta! results were fitted, using non-linear least square algorlthm te the equatlon.

G/ G = 1/ +exp( (Vo= Vol et o )

* where at cach membrane voltage (Vi), G l,\/( Vin~ Vie). (B) The 1=V relauons shown in (A) presented as activation curve, i.e. G/G,m vs V.
(C) Steady state inactivation curves of Zn (n the preseice ard absence (comrol) of PMA., Expenmemal data were derwed from voltage steps to

+20 mV and were fitted to the equation: _ ‘ ‘

Hhax = 1/(1 4+ exB(Farepuise ~ Mid/a)) o S R @ l

where /mu was the currem obtained by the step from —180mVto +20mYV. The parameters of Vy (half-macuvatmn voltage) and an (slope factor)
were allowed to change in w:de ranges,
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oueyles, mnge 66-41%) 14 nM PMA shified the ac-

tivarion curves to the right, toward more positive pn[éﬁ-:_
tials, with an average change of Fy of 3.321.3 mV

(range 0.1-9 mV; P<{.08). No significant changes in
“ the slope factor or reversal potential were detegted, the
[atrer being —94.5x 0.4 mV (range -9 o =93, a
vialue expected far a channel canduc:ina K* iqns in the
oocyte membrane [25].
The effect of 10 nM PMA on steady state !nuctivauon

parameters derived from fitted steady state inactivation
curves are surnmarized in Table 1B; inactivation curves

from one oocyte are presented in Fig. 3C. Half-
inactivation voltage (M) wag shifted to the right (to
more positive potentials) by 3.9 mV x 1.2 (range 0.2-7

mV; 5 oacytes). The siope factor a was not chanaed ‘

. mgniﬂcantly.

a, D!SCUSSIDN

In a previous work we have shown that the A-channel
expressed from total brain RNA is subject to modula-
tion by PKCactivators and by purified subtypes of the
enzyme itself {[1]. In this work we extended the study in
two aspects. Firstly, we studiad the modulation by PKC
of A-channel expressed from cloned gene (Shaker Ha)
~ and secondly, we analyzed the biophysical mechanism

underlying the modulation,

The PMA effect which could be detected already at
0.5 nM Is probably mediated via PKC sin¢e the analog
oPMA, which does not activate PKC, had no effect at
-a 10-fold higher concentration, and staurosporine, a
PKC inhibitor [23], markedly rcduced the eff‘ect of
PMA.

The fact that A-channel expressed from a single gen¢
is. modulated, indicates that the modulation ability
resides in this single subunit of the channel. However,

it is not yet known whether the channel protein is a

substrate for PXC phosphorylation since the A-channel
protein has not yet been purified. This study cannot
resolve whether the modulation effect involves the

phosphorylation of the channel protein itself or the.

phosphorylation of other regulatory proteins (existing

"in the oocyte), as was suggested to be the case in

memory processes in . Hermissenda photoreceptors
where a phosphorylated G protein decreased I [26]. A
study which correlates the biophysical modulation with
phospherylation analysis on SDS-PAGE of the injected
oocyte proteins is necessary in order to discriminate be-
tween these possibilities. .

Biophysical analysis revealed that the main effect of
PMA is a reduction of the maximal conductance. This
can be due either to a reduction in the number of chan-
nels, to a decrease in the open probability of the chan-
nels, or, though less probably, to altered single channel
conductance.

A secondary effect was observed whlch was a change
.in voltage sensitivity of the channel (reflected in small
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bt stauslically sismncam shifis to more pnsitive'
“potentials of the steady state activatlon and inactivation

curves). This mode of modulation af /4 by PKC activa-
tlon differs from that described for Na ™ channel [27],

as PMA inhibits /ws mainly by reducing the voltage

dependence of activalion of the channel without affec.
ting markedly the availability of the channels to open.

The almaost parallel shifts to the right of the activa.
tion and inactivation eurves in the presence of PMA are

: quite similar in value so that they could result from

alteration in the transmembrane surface voliage [28].
We would like to specuiate that such a change could be

~ the phosphorylation by PKC of a sit¢ in the cytoplasmic

side of the channel protein. :

In some individual oocytes the shifts both in activa-
tion and inactivation curves were more pronaunced.
This effect is being currently further investigated as we
suspect it to depend on the level of expression of the
channel in the oocyte, It has already been noticed that
‘Aschannel characteristics could be subject 1o the level
of expression [29].
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