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Pharmacology of the Ca2+-dependent K + channel in corn protoplasts 
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We investigated the sensitivity of the Ca2+-dependent K ÷ current, IK(Ca), present in corn protoplasts, to different K + channel blockers. &cca) was 
inhibited by external Cs + (10 mM), Ba 2+ (10 mM), and quinine (0.5 mM): reagents which block many types of outward-rectifying K+channels. 
In contrast 4-aminopyridine (5 mM), an inhibitor of delayed rectifier or inactivating K + currents, had no effect. Neither of the peptide toxins, 
apamin or charybdotoxin, specific for CaZ+-dependent K ÷ channels in animal cells, inhibited currents when used in the nanomolar concentration 

range. However, higher levels of charybdotoxin (10 pM) caused marked reduction of IKcca). 

K + channel, Ca2+-dependent; Zea mays; Patch-clamp; Inhibitor 

1. I N T R O D U C T I O N  

A t  the  p l a s m a  m e m b r a n e  o f  p lan t  cells there  are  
severa l  types  o f  K ÷ channels  [1] which have been 
c lass i f ied  p r imar i l y  accord ing  to thei r  ac t iva t ion ,  or  in- 
ac t iva t ion ,  in response  to  changes  in m e m b r a n e  po ten-  
t ial .  One  cur ren t  which is p r o m i n e n t  in m a n y  p ro top l a s t  
p r e p a r a t i o n s  is the  vo l tage-  and  t ime -dependen t  K ÷ cur-  
rent  (IK+out) el ici ted by  m e m b r a n e  d e p o l a r i z a t i o n  [1]. 
A l t h o u g h  IK+out r ecorded  in d i f fe ren t  types  o f  cells ex- 
h ibi ts  s imi lar  ac t iva t ion  kinet ics  and  has a c o m p a r a b l e  
ac t iva t ion  range [2-7] ,  the  degree o f  h o m o l o g y  be tween  
the  K ÷ channel  p ro te ins  in p ro top l a s t s  der ived  f rom dif-  
fe rent  species a n d / o r  t issues is unclear .  The  range  in 
u n i t a r y  conduc tance ,  3 to  65 pS [ 3 - 5 , 8 - 1 0 ]  r ecorded  
for  p l an t  p l a s m a l e m m a  K ÷ channels ,  and  the observa-  
t ion  tha t  mul t ip le  r egu la to ry  mechan i sms  (e.g. cytosol ic  
Ca  2÷ [10,11] or  abscisic  acid  [8,12]) can m o d u l a t e  K ÷ 
cur ren t s  in some p ro top l a s t s ,  suggest  tha t  more  than  
one  type  o f  K ÷ channel  m a y  be respons ib le  for  IK+out in 
these  diverse cell systems.  

P h a r m a c o l o g i c a l  analys is  o f  IK÷u~t in d i f fe ren t  p ro -  
t op l a s t  p r epa ra t i ons  wou ld  p rov ide  a more  de ta i led  
ca t ego r i za t i on  o f  the  K ÷ channels  in p lan t  membra ne s .  
In  this  r epo r t  we have charac te r i zed  the effects  o f  
va r ious  K ÷ channel  b lockers  on  the t ime-  and  vol tage-  
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d e p e n d e n t  K ÷ cur ren t  observed  dur ing  depo l a r i za t i on  
o f  corn  p ro top las t s .  The  spec t rum o f  inh ib i tors  which 
a t t enua t e  this cur rent ,  Cs ÷, Ba 2÷, quinine ,  cha ryb-  
d o t o x i n  (CTX) 1 and  t e t r a e t h y l a m m o n i u m  ions ( T E A  ÷, 
shown  prev ious ly  [6]), also inhibi t  the  high conduc-  
t ance ,  CaE+-dependent  K + channel  f o u n d  in m a n y  
a n i m a l  cells [13,14]. These  da t a  c o r r o b o r a t e  our  
p rev ious  f indings  tha t  It+out in corn suspens ion  cells is 
a Ca2+-dependent  K + current ,  des igna ted  I lqca ) [ l l ] ,  
and  lend fur ther  insight  in to  the s t ruc tura l  s imilar i t ies  
tha t  exist be tween channel  p ro te ins  in eukaryo tes  f rom 
d ivergen t  evo lu t iona ry  pa ths .  

2. M A T E R I A L S  A N D  M E T H O D S  

Corn (Zea mays) cell cultures, protoplast preparation and whole- 
cell recording were performed as described by Ketchum and Poole, 
1990 [11]. Currents stored on VCR tape were digitized with a Lab 
Master analog-to-digital converter (Scientific Solutions, supplied by 
Axon Instruments, Burlingame, CA) and analyzed using the pClamp 
software program (Axon Instruments). lntracellular medium (pipette 
filling solution) contained, in millimolar (mM), 100 K-gluconate, 2 
MgC12, 4 EGTA-Tris, 5 BTP-ATP, 10 Hepes titrated to pH 7.0 with 
Tris. Extracellular medium consisted of 1 K-gluconate, 2 MgC12, 1 
CaCl2, 8 hemicalcium gluconate, 10 Mes, pH titrated to 6.2 with Tris. 
In some experiments 100 p.M LaCI3 was added to the chamber to pro- 
mote sealing of the protoplast membrane to the glass pipette. This 
concentration of La 3+ has no effect on Irtca) [ll]. Inhibitors to be 
tested were added to the extracellular medium. CTX was the generous 
gift of Dr C. Miller (Brandeis University, Waltham, MA). The 
mitochondrial signal peptide of pre-ornithine carbamyltransferase, 
amino acids 1 to 27, was chemically synthesized corresponding to the 
sequence published by Nguyen et al. [15]. This peptide, which con- 
tains 6 positive residues and one partial (histidine) positive charge, 
was kindly provided by Drs S.K. Randall and G.C. Shore (Dept of 
Biochemistry, McGill Univ., Montreal, Canada). All other inhibitors 
were obtained from Sigma (St Louis, MO). In experiments where 
CTX or apamin were tested, protoplasts were first washed (centrifug- 
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ed and resuspended in fresh extracellular medium), 3 times to remove 
dithiothreitol; this reductant is present during the enzymatic isolation 
and storage of  protoplasts prior to recording. 

3. RESULTS 

The addition of  extracellular CsC1 caused marked in- 
hibition of IK(Ca) (Figs 1 and 2A). At 1 mM the time- 
and voltage-dependent K ÷ current was slightly at- 
tenuated. When the Cs ÷ concentration was increased to 
10 mM IK(Ca) was abolished at test potentials between 
-60 and 0 mV (Figs 1C and 2A). At more positive 
voltages a portion of  the current recovered during the 
test step. These observations are consistent with the 
theory that cesium ions can enter the pore f rom the ex- 
ternal surface to block K ÷ conduction and are repulsed 
f rom the channel with strong depolarization [14]. 

Inhibition of  IK(ca) was also observed following the 
addition of  BaCI2 (Fig. 2B). A progressive decrease in 
current was noted as the Ba 2 + concentration was raised 
f rom 1 to 10 mM. The response to BaCI2 was accom- 
panied by a hyperpolarization of the resting membrane  
potential and a correlative decrease in the time- 
independent current (not illustrated). These changes are 
similar to the alterations of  potential and conductance 
which have been observed in corn protoplasts following 
the addition of  TEA ÷ [6]. Comparable  changes in 
resting potential after exposure to K ÷ channel blockers 
were noted with both Nitella flexilis and Chara cor- 
allina [16,17]. 

We tested the sensitivity of  II<(Ca) to the organic 
reagents quinine and 4-aminopyridine (4-AP). Quinine, 
like Cs + and Ba 2 +, inhibits a variety of  K + channels 
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Fig. 2. Inhibition of  l~(ca) with ionic K ÷ channel blockers. Time- 
dependent current expressed as a function of  the membrane potential. 
(A) CsC1 inhibition; (O) control, (A) 1 mM CsC1, ( 1 )  10 mM CsCI. 
(B) Inhibition by external BaCI2; (O) control, (D) 1 mM BaC12, ( I )  

10 mM BaC12. 
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Fig. 1. Cs ÷ blockage of IK(Ca). Whole-cell currents recorded at test potentials between - 60 and + 80 mV, 20 mV intervals, from a holding potential 
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Fig. 3. Reduction o f  Is(ca) by quinine. The holding potential was - 80 
mV and step potentials ranged from - 6 0  to + 60 inV. 0 0.1 
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[18] and was a potent inhibitor of  the K ÷ conductance 
in corn (Fig. 3). In contrast 4-AP (5 raM), which blocks 
either delayed rectifier or inactivating K + currents but 
not Ca2+-dependent K + currents [18], caused no 
change in IK(ca) (data not shown). 

Finally, we assessed the effect of  two peptide toxins, 
apamin and CTX on IK(c~). These peptides are in- 
hibitors of  low and high conductance Ca 2 + -dependent 
K + channels, respectively [13]. Neither compound in- 
fluenced K + efflux when used in the low nanomolar 
concentration range. However, micromolar levels of  
CTX caused marked reduction of IKtca) (Fig. 4) which 
was not observed with comparable levels of  apamin 
(not illustrated). A control peptide, the first 27 amino 
acids of  the mitochondrial signal sequence to pre- 
ornithine carbamyltransferase, which has a charge den- 
sity similar to CTX also did not significantly inhibit the 
Ca 2 +-dependent K + current when applied at 10 #M 
(data not shown). It should be noted that inhibition in 
the order of 20% or less would not be detected in our 
system due to run-down of the control current. 

C T X  ( j a M )  

Fig. 4. CTX inhibition o f  the Ca 2 +-dependent K * current, lr(ca) 
observed as a function of  the membrane  potential. (A) (©) control 
and CTX at (o) 10 and (e) 30 #M. (B) °7o Ca 2 + -dependent K + current 
recorded at + 60 mV compared with the external CTX concentration. 

Values are the average o f  2-4 cells. 

4. DISCUSSION 

The structural similarity that exists between different 
voltage-dependent K + channels is reflected in the profi- 
ciency with which certain reagents (e.g. TEA +, Cs +, 
Ba 2+ and quinine [13,18]) inhibit the activity of  all 
classes of  K + currents. These 'broad-spectrum' in- 
hibitors have been used both to identify potential new 
K + channels and to confirm the classification of  cur- 
rents which demonstrate K + selectivity. However in 
plant tissues, the effectiveness of  these compounds has 
not been well documented. The Ca 2 +-dependent K ÷ 
channel found in corn suspension cells is inhibited by all 
4 reagents ([6], and data presented). These results sup- 
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Table I 

Inhibitors of  outward-rectifying K ÷ channels in plant cells 

N o v e m b e r  1990 

Inhibitor 

Zea Vicia Asclepias Samanea Dionaea Chara 
mays faba tuberosa [4] saman [5] muscipula [3] corallina [19] 
+ / - conc + / - conc + / - conc + / - conc + / - conc + / - conc 
(mM) (mM) (mM) (mM) (mM) (mM) 

TEA +'a + 916] + 1018] + 10 + 6 + 20 + 5 
Cs + + 10 + 10018] b + 20 + 3 
Ba 2÷ + 10 + 1019] + 10 + 1 
Quinine + 0.5 + 1 + 1 
4-AP - 5 - 10 I8] - 10 - 3 c 
CTX + 0.01 - ? 
Apamin - 0.02 - 0.001 

( + )  Inhibition; ( - )  no effect; In most cases, IC50 has not been determined. The concs, given are those tested. 
a TEA + also inhibits K + channels in Hydrodictyon africanum [2], Nitellaflexilis [16], and Mougeotia [10]. b Internal inhibitor concentration. ¢ 
Enhances current. 

port the premise that specific motifs have been conserv- 
ed in all channel proteins that maintain K + selectivity. 

In other plant tissues broad-spectrum reagents have 
inhibited K + conductance, although there are 
dissimilarities in the experimental conditions and con- 
centrations required (Table I). For example, external 
application of  Cs + (20 mM) blocked time- and voltage- 
dependent outward K + currents in Asclepias tuberosa 
[4], while inclusion of  Cs + (100 mM) in the pipette fill- 
ing solution abolished the activity of  the outward- 
rectifying K + current (i.e. IK+out) in guard cells of  Vicia 
faba [8]. In both N. flexilis and C. corallina Cs + (0.01 
to 5.0 mM) addition to the extracellular medium in- 
hibited inward K + flux but enhanced outward K + 
movement [16,19]. 

The pharmacology of  the K + channel in corn suspen- 
sion cells resembles that of  the high conductance, 
Ca 2 +-dependent K + channel found in animals [13,18]. 
As well, there are similarities between the channel in 
corn and the K + channel that dominates the 'K-state' in 
Chara corallina [20]; which is also thought to be a 
Ca 2 +-dependent K + channel. It is however clear that 
the 'hallmark'  reagent of  this class, CTX, has a much 
lower affinity for the K + channel in corn in contrast to 
its strong inhibitory character in animal cells [21]. 
Nevertheless, when compared to all other reagents 
tested in plant systems this is the most potent K + chan- 
nel blocker identified to date (Table I). CTX inhibition 
is not adequately explained as a non-specific interaction 
with the channel protein since other polycationic 
reagents, namely the mitochondrial signal peptide and 
apamin, or La 3 + [11], do not elicit the same response. 
Minor changes in the sequence of  the peptide toxins 
(e.g. comparisons between CTX and noxiustoxin [22] 
or mono-iodination of  CTX [23]) have been shown to 
dramatically affect the efficacy of  toxin inhibition. In 
the latter example the blocking affinity decreased from 
1.3 nM to 15 /~M. One might speculate that equally 

minor changes in the vicinity of the CTX binding site 
could account for the decrease in toxin binding affinity 
observed here. 
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