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Abstract. The effects of the natural polyamines, pu- 
trescine, spermidine and spermine on single calcium-ac- 
tivated potassium channels from clonal rat pituitary tu- 
mor cells (GH3) were studied. Applied to inside-out 
patches, polyamines were found to reduce the current 
amplitude and open probability of the channels in a 
dose- and voltage-dependent manner, indicating that 
polyamines act as fast blockers which sense a traction 
of the electrical field in the channel pore. The Kj for 
spermine was 11.2 mM for the reduction of unitary cur- 
rent amplitude and 0.7 mM for the reduction of the open 
probability. The order of effectiveness was spermine > 
spermidine > putrescine. From fitting ]3-functions to 
current amplitude histograms, blocking and unblocking 
rates were determined as 11.4 • 104 sec I and 21.9 • 
104 sec l, respectively. The reduction of the channel 
open probability was relieved by an increase of the 
Ca 2+ concentration of the internal solution, indicating 
that polyamines compete with Ca 2+ at the Ca 2+ sensor 
of the channel. Putrescine antagonized the effect of 
spermine on the channel current amplitude. The results 
suggest that polyamines at intracellular millimolar con- 
centrations suppress ion channel activity and therefore 
may effect electrical discharge behavior of excitable 
cells. 
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Introduction 

Polyamines are polyvalent cations which are ubiqui- 
tously present in pro- and eucaryotic cells (Tabor & Ta- 
bor, 1984; Pegg, 1986; Schuber, 1989). The major 

Correspondence to: A. Hermann 

cellular polyamines like putrescine, spermidine and 
spermine have two, three or four positive charges at 
physiological pH and are able to bind to a variety of an- 
ionic cellular constituents such as RNA, DNA, pro- 
teins, enzymes and membranes (Pegg & McCann, 1982; 
Marton & Morris, 1987; Scott, Sutton & Dolphin, 
1993). A rise of intracellular polyamines up to mil- 
limolar amounts has been shown to be associated with 
cells actively undergoing growth, proliferation and dif- 
ferentiation (Pegg & McCann, 1982; Koenig, Gold- 
stone & Lu, 1983). Tumor cells usually also contain 
higher amounts of intracellular polyamines than normal 
cells, frequently leading to the excretion of excessive 
polyamines which are therefore used clinically as tumor 
indicators (Scalabrino & Ferioli, 1985: Goldman et al., 
1986; Ernestus et al., 1992). 

Polyamines and ornithine decarboxylase, a major 
enzyme in polyamine synthesis, have been identified in 
the nervous tissue of a variety of tissues and species (~f 
Shaw, 1979). Particularly after excessive electrical 
stimulation or after epilepsy induced by electroconvul- 
sive shock the synthesis of polyamines is enhanced (Pa- 
junen et al., 1978; Baudry, Lynch & Gall, 1986). Neu- 
ropharmacological actions of polyamines raise the pos- 
sibility that they may modulate or mediate synaptic 
transmission via regulation of the free, synaptic calci- 
um (Ca 2+) concentration (Bondy & Walker, 1986; Ko- 
mulainen & Bondy, 1987). Polyamines also have been 
reported to play an essential role in nerve growth, nerve 
regeneration and survival of nerve cells (Gilad & Gilad, 
1988; Kauppila, 1992). In a study using Aplysia neu- 
rons, we have shown that intracellular injection of sper- 
mine suppresses potassium outward and Ca 2+ inward 
currents (Drouin & Hermann, 1990, 1994). Polyamines 
were found to bind to voltage-gated Ca 2+ channels (Pul- 
lan et al., 1990; Schoemaker, 1992) and a recent report 
shows that external putrescine enhances L-type Ca 2+ 
channel activity (Herman, Reuveny & Narahashi, 1993). 

In this study we have investigated the action of in- 
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t e rna l  s p e r m i n e ,  s p e r m i d i n e  and  p u t r e s c i n e  o n  ca lc i -  

u m - a c t i v a t e d  p o t a s s i u m  c h a n n e l  ( C a 2 + - a c t i v a t e d  K + 

c h a n n e l )  ac t iv i ty  u s i n g  s ing le  c h a n n e l  r e c o r d i n g  t ech-  

n iques .  T h e  r e su l t s  i n d i c a t e  tha t  the  p o l y a m i n e s  b l o c k  

C a Z + - a c t i v a t e d  K + c h a n n e l s  b y  i n t e r a c t i n g  at  t wo  si tes,  

the  c h a n n e l  po re  and  the  C a 2 + - a c t i v a t i o n  site. P r e l i m -  

i n a r y  a c c o u n t s  o f  t h e s e  i n v e s t i g a t i o n s  w e r e  r e p o r t e d  

e l s e w h e r e  in a b s t r a c t  f o r m  ( W e i g e r  & H e r m a n n ,  1991,  

1992) .  

Materials  and Methods  

Clonal rat pituitary tumor cells (GH3, CCL 82.1 ) were obtained from 
European Collection of Animal Cell Cultures, UK (ECACC). Cells 
were used from passage 28 to 44 and cultured in Minimal Essential 
Medium (MEM) supplemented with 7% fetal calf serum, 3% horse 
serum in an atmosphere with 95% humidity and 5% CO 2 at 37~ For 
experiments, cells were grown on coverslips coated with poly-L-ty- 
sine 0.1 mg/ml, MW 70,000-150,000 and used for recordings 2M- 
days after splitting. 

SOLUTIONS 

The standard bath solution for inside-out patches with 1 • 10 6 M free 
Ca 2+ contained in mM: 140 KCI, 2 MgC12, 20 glucose, 20 HEPES, 1 
EGTA, 0.88 CaCI2, pH adjusted to 7.2 and corrected if necessary af- 
ter addition of polyamines. Free Ca 2+ concentrations were correct- 
ed for H + ion and Mg 2+ ion activity using "Equal" software (Biosoft, 
Cambridge, UK) and were controlled with a Ca2+-selective elec- 
trode. Addition of up to 10 mM putrescine, spermidine or spermine 
as their chloride salts did not significantly change the free Ca 2+ ion 
concentration in the experimental solutions. Measured free Ca 2- 
concentrations were: I • 10 -6.08 M for control solutions, 1 • 10 6.L 
M in the presence of 10 mM putrescine, 1 • 10 -6"15 M in 10 mM sper- 
midine, and 1 • 10 615 M in 10 mM spermine. Solutions with 1 mM 
CaC12 were not buffered with EGTA. Pipette solution in raM: 145 Na- 
CI, 5 KC1, 1 MgC12, 0.01 CaCI2, 20 glucose, 10 HEPES, pH 7.2. For 
outside-out patches bath and pipette solutions were interchanged. 
For rapid solution exchange, membrane patches were held in a stream 
of the test solution from a second pipette. All chemicals were pur- 
chased from Sigma. 

ELECTROPHYSIOLOGY 

For experiments, cells were kept at room temperature (20-22~ and 
visualized by using an inverted microscope (Leica, Labovert). Inside- 
out or outside-out gigaseal patches were formed and held at voltages 
between - 2 0  and +30 mV (holding potential refers to the potential 
at the inside of the membrane). Inside-out patches were usually ob- 
tained only after brief exposure of the vesicle (which spontaneously 
built at the tip of the electrode) to the solution/air interface or by 
breaking the vesicle at the bottom of the recording chamber. Signals 
were amplified (List EPC-7, FRG) and low-pass filtered at 3 kHz, 
stored on digital tape (DTR-1200/Biologic, France) and sampled off- 
line at 12 kHz with pCLAMP software (Axon Instruments, Foster 
City, CA). For analysis of mean channel current amplitudes, the 50%- 
threshold method was used. Amplitude histograms were fitted to 
Gaussian distributions and the open and closed probabilities were cal- 
culated according to: Po = to/ttmn, where Po = open probability for 

one channel, t o = sum of open times, tto ~ = total time of recording, 
and n = number of individual channels in the patch. 

The channel block and unblock rates were estimated from all- 
points amplitude histograms using the method described by Yellen 
(1984). In our analysis we assumed that the reduction of the single 
channel current amplitude caused by polyamines can be described by 
a two-state process, in which the open channel flickers rapidly be- 
tween blocked and unblocked states with a blocking rate [3 and an un- 
blocking rate c~. If the current signal is passed through a first-order 
filter of the time constant z, the amplitude distribution of the filtered 
output is a ~3 distribution described by the probability density func- 
tion: 

f(y) = y~- II(1 - y)(~' I)/B(a,b) (1) 

where a = or and b = ~3"c, the effective time constant z = 0.228/s 
f,. is the - 3  dB frequency of a 3-pole Bessel filter (3 KHz in our case) 
and the beta-function, 

B(a,b) = f/y(~ I)(l - y)~b-lldy (2) 

Each graph represents the mean of at least three different patches; if 
not indicated otherwise, bars represent the standard deviation (SD) of 
the mean. Means are given _+ sD of at least three individual experi- 
ments where a complete set of data was obtained, unless stated oth- 
erwise. 

Results 

G H 3  ce l l s  e x p r e s s  va r i ous  types  o f  C a 2 + - a c t i v a t e d  K + 

c h a n n e l s  w h i c h  can  be  d i s t i n g u i s h e d  b y  t h e i r  s i n g l e  

c h a n n e l  c o n d u c t a n c e s ,  t he i r  ga t ing  k i n e t i c s  and  the i r  

p h a r m a c o l o g y  (R i t ch ie ,  1987;  L a n g  & Ri t ch i e ,  1990).  

W e  h a v e  f o c u s e d  our  s tud ies  on  the  " m a x i "  or  " B K "  K + 

c h a n n e l  w h i c h  is a c t i v a t e d  by  bo th ,  i n t e rna l  C a  2+- and  

m e m b r a n e  d e p o l a r i z a t i o n .  In a s y m m e t r i c a l  so lu t ion ,  

the  c h a n n e l  has  a s lope  c o n d u c t a n c e  o f  137 + 15 pS (n 

= 9) ( i n s i d e - o u t  p a t c h e s ,  c f  c o n t r o l  o f  Figs .  1, 2),  

w h i c h  is in the  r a n g e  o f  c o n d u c t a n c e  va lues  f o u n d  for  

B K  c h a n n e l s  in  G H 3  ce l l s  by  o the r s  ( D u b i n s k y  & Ox-  

ford ,  1985;  R o g a w s k i ,  1989)  as we l l  as in  d i f f e r e n t  

p r e p a r a t i o n s  ( W o n g ,  L e c a r  & A d l e r ,  1 9 8 2 ;  S m a r t ,  

1987).  T h e  c h a n n e l  was  f u r t h e r  c h a r a c t e r i z e d  t h r o u g h  

its b l o c k  by  1 mM e x t e r n a l  t e t r a e t h y l a m m o n i u m  ( T E A )  

and  by  low ex te rna l  c o n c e n t r a t i o n s  of  c h a r y b d o t o x i n  (50 

nM) in o u t s i d e - o u t  p a t c h e s  (no t  s h o w n ) ,  s imi l a r  to pre-  

v i o u s  r e su l t s  o b t a i n e d  w i t h  p i tu i t a ry  t u m o r  ce l l s  (Her -  

m a n n ,  E r x l e b e n  & A r m s t r o n g ,  1988;  L a n g  & Ri tch ie ,  

1990;  W h i t e ,  S c h o n b r u n n  & A r m s t r o n g ,  1991).  

A l l  t h r e e  t ypes  o f  p o l y a m i n e s  t e s t e d  ( s p e r m i n e ,  

s p e r m i d i n e ,  p u t r e s c i n e )  app l i ed  to i n s i d e - o u t  p a t c h e s  
s u p p r e s s e d  C a 2 + - a c t i v a t e d  K + c h a n n e l  ac t iv i ty  to var -  

ious  d e g r e e s  (Fig.  1) a n d  e x h i b i t e d  a dua l  e f f ec t  on  

c h a n n e l s .  Firs t ,  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n  the  o p e n  

p robab i l i t y  decreased ,  and  second ,  the  cu r r en t  a m p l i t u d e  

o f  s ingle  c h a n n e l s  was  reduced .  F igure  2A s h o w s  an  ex-  

a m p l e  o f  c h a n n e l  ac t iv i ty  be fo re  (control) ,  af ter  add i t ion  

o f  s p e r m i n e  (2 and  10 mM) and  a f t e r  w a s h o u t  w i th  con -  
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Fig. 1. Action of various polyamines on Ca2+-activated K + channel activity. Putrescine, spermidine and spermine were applied to inside- 
out patches at 10 mM concentration. Holding potential +30 mY. Arrows indicate the closed states of the channels, dots indicate the first open 
level. 

trol solution. In Fig. 2B amplitude histograms of  the 
same channel are shown. Note the reduction of  current 
amplitude and number of  channel openings with in- 
creasing concentrations of  spermine. Spermine was the 
most efficient blocking agent tested; the order of  ef- 
fectiveness for both current amplitude and open proba- 
bility was spermine > spermidine > putrescine (Table 
1). After washout, the channel current amplitude was 
almost restored whereas the number of channel openings 
remained low. The reduction of  channel current am- 
plitude may be due to the limited frequency response of  
the recording system resulting in a time-averaged, ap- 
parently reduced channel conductance which has been 
described for a number of  different compounds (Yellen, 
1984; Lang & Ritchie, 1990; Nomura et al., 1990). The 
all-points amplitude histograms obtained in the presence 
of  2 mM spermine at a holding potential of  20 mV were 
fitted by eye to a [3 distribution (see Materials and Meth- 
ods) from which the rates of  block and unblock of  the 
channel were obtained. The apparent blocking rate was 
11.4 _+ 4.6 • 104 sec-  n and the unblocking rate 21.9 • 
l 0  4 --+ 8.0 sec I (n = 3). 

In a further series of  experiments, the effects of  
spermine were investigated in more detail. The effect 
of  the polyamine was found to be voltage and dose de- 
pendent (Fig. 3). The efficacy of  spermine in sup- 
pressing the current amplitude increased at more posi- 
tive voltages; this was also true for the other polyamines 
tested. For example, the reduction of  the single chan- 
nel current in 5 mM spermine at --20 mV was 23% and 
at + 2 0  mV 40%. After washout of  spermine, the cur- 
rent was --80% restored (Fig. 4A). In contrast, the 
open probabil i ty of  the channel  recovered by only 
- 3 0 %  after washout (Fig. 4B). 

The dose-response behavior of  the interaction of the 
spermine molecule, assuming a binding site in the chan- 
nel, could be fitted to the four-parameter logistic equa- 
tion: 

Y~,/Z, = A + [(B - A ) / ( I  + (lO'YlOX)/))] (3) 

where Yh and 70 are the single channel conductances in 
the presence (blocked) and absence of  spermine, A and 
B arc the bottom and top plateau of  the sigmoid curve, 
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Fig. 2. Internal effects of spermine on Ca 2+-activated K + channels. (A) Recording of inside-out channel activity before (control), after appli- 
cation of spermine (2 and 10 raM) and after washout of spermine. Arrows mark the closed states of the channels, dots indicate the first open 
level. Holding potential +20 mV. (B) Amplitude histograms of channel currents from the same experiment. For each histogram, a 6 sec record 
length was analyzed. (1) control, mean of fit = 9.1 • 0.7 pA, number of events = 863; (2) 2 mM spermine, mean of fit = 6.1 _+ 0,3 pA, num- 
ber of events = 86, (3) 10 mM spermine, mean of fit = 5.0 • 0,3 pA, number of events = 54 and (4) after washout, mean of fit 7.5 • 0.5 
pA, number of events 289. Unbroken, bell-shaped lines represent fits of the data to a Gaussian distribution. 
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Table l. Order of effectiveness of polyamines 

Experimental 
condition 

Channel current (pA) Open probability 

Control 8.4 _+ 0.14 0.14 + 0.08 
Putrescine 6.1 + 1.77 0.043 -+ 0.098 
Spermidine 6.0 +_ 1.17 0.01 + 0.005 
Spermine 4.8 + 0.16 0.0065 -+ 0.0085 

Data were obtained from histograms of single channel current ampli- 
tudes and from channel open probability at a polyamine concentration 
of 10 mM and compared to average control values. Holding potential 
+20 mV. n 3. 

respect ively,  C = K u D = Hill coeff icient  and X = 
log[spermine] (Fig. 4A, unbroken curve). This equation 
was also used to descr ibe the concent ra t ion-dependent  
reduction of  the channel open probabi l i ty ,  Po (Fig. 4B). 
The extrapolated Kd'S were 11.2 _+ 1.5 mM (n = 3) for 
the reduction of  the channel conductance and 0.7 _+ 0.4 
mM (n = 3) for the reduction of  the channel open prob- 
abil i ty at a holding potential  of  + 2 0  inV. The Hill 
slope of  0.58 in the case of  channel conductance indi- 
cates a 1:1 reaction of  the spermine molecule  with the 
channel,  whereas a Hill slope of  1.57 for the open prob- 
abil i ty suggests that two molecules  of  spermine inter- 
act with the channel gating mechanism. 

The vo l tage-dependent  reduct ion of  the channel  
ampli tude indicates that the blocking molecule  senses 
the membrane electrical field within the channel. Hence, 
the relat ive channel conductance can be descr ibed as: 

u = [1 + [spermine]/Kt(0)  exp(zSFV/RT)] i (4) 

where ],, is the conductance under control condit ions 
and 7h is the conductance of  the channel in the presence 
of  spermine,  Ku(0) is the dissociat ion constant  at zero 
voltage, z~3 is the effect ive valence at the blocking site 
with =, being the valency of  the spermine cation and ~3 
is a measure of  the voltage dependence  or electr ical  
distance of  the block, V is the membrane voltage and F, 
R and T have their usual meanings.  In its more conve-  
nient l inear form this equation is: 

ln[(To/T/,) - I1 = ln[sperminel/Kd(O)(zSFV/RT) (5) 

where z5 can be determined from the slope of  the graph 
times RT/F (=0 .025  V) and Kt(0 ) from the zero voltage 
intercept of  the plot after Ka(0) = [spermine]/exp(y-in-  
tercept).  From the plot in Fig. 5, the value for the ef- 
fective valency,  zS, was 0.6 (if  ~ = 1 is assumed,  see 
above and Discussion) and K/(0) was 16.8 mM. 

The di f ferent ia l  effects  o f  spermine  on channel  
open probabi l i ty  and on channel current ampli tude sug- 
gest that the polyamines  act on two different sites at the 
channel.  A possible  site is the internal Ca 2+ sensor of  

the channel.  To test this hypothesis ,  spermine was ap- 
pl ied to inside-out  patches at varying bath Ca:  ~ con- 
centrations.  Under  control  condit ions,  the channel was 
exposed  to I btM of  free Ca :+ and spermine was added 
to the bath solution at a concentration of  2 mM at a hold- 
ing potential  of  + 30 mV. The typical  reduction of  the 
channel open probabili ty and the current amplitude were 
observed under these condit ions (Fig. 6). After  the free 
Ca 2+ concentrat ion was increased to 1 mM in the con- 
t inued presence of  2 mm spermine,  the channel open 
probabi l i ty  increased s ignif icant ly but the reduction of 
the current ampli tude remained (Fig. 6). In zero Ca2+/1 
mm EGTA solution, which drast ical ly  reduces channel 
open activity,  polyamines  did not alter the open proba- 
bility, indicating that they were not able to act as weak 
agonists  at the Ca 2+ binding site (data not shown). 

In a further series of  experiments ,  we determined 
whether differently charged polyamines  may compete  
for the same site in the channel. Inside-out patches were 
exposed to a solution containing 2 mM spermine fol- 
lowed by a solution containing both 2 mM spermine and 
2 mM putrescine. Spermine caused the typical reduction 
of  channel open activity and current amplitude. If sper- 
mine and putrescine were appl ied together, the open 
probabi l i ty  remained reduced, whereas the current am- 
plitude increased but did not reach control values (Table 
2). The exper iment  suggests  that spermine and pu- 
trescine compete  for the same site within the channel.  

To examine the question if polyamines  also act at 
Ca2+-activated K + channels from the external side, out- 
s ide-out patches were formed. Appl icat ion of  spermine 
at a concentration of  2 raM, which reduced channel cut- 
rent ampli tude and open probabil i ty when applied to the 
inside of the membrane,  had no effect compared to con- 
trols (Fig. 7). 

Discussion 

Our experiments  show that Ca2+-activated K + channels 
of  pi tui tary tumor cells (GH3) are blocked by poly-  
amines when applied at mil l imolar  concentrations to the 
cytoplasmic  side of  the p lasma membrane,  but are in- 
effective if appl ied to the outside of  the cell membrane.  
These observations are in accordance with studies show- 
ing that spermine blocks vol tage-dependent  Ca 2"- and 
K + conduc tances  in Aplysia neurons when injected 
ionophore t i ca l ly  into the cel ls  (Drouin & Hermann,  
1990, 1994). Data obtained from receptor  binding and 
radioact ive ion flux studies also show that polyamines  
act on ion channels.  Schoemaker  (1992) recently re- 
ported that extracel lular  spermine and spermidine al- 
Iosterically inhibit [3Hlnitrendipine binding to rat brain 
membranes  and Pullan et al. (1990) showed that sper- 
mine and, less potently,  spermidine inhibit the neuro- 
t ransmit ter-mediated c0-conotoxin-sensitive, contracti le 
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Fig. 3. Voltage- and dose-dependent effects of 
spermine on Ca2+-activated K + channels. 
Reduction of single channel current amplitude by 
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control conditions and 59 pS at a concentration of 
10 mM spermine. Unbroken lines represent 
calculated regression. Vertical bars indicate 
standard deviation. 

I 
110 

100 

90 

8 0  

7 0  

6 0  

5 0  

140 

120 

100 

80 

60 

40 

20 

II 
cont'ro] 10 b . . . . . .  i0 ] 

spermine concentration [mM] 

1 

li 
cont'rol 10 .o . . . . . .  {0 'I 

spermine concentration [mM] 

wash out 

wash out 

A 

B Fig. 4. Effect of spermine on Ca2+-activated K + 
channel current amplitude and openings. (A) 
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through the experimental points represents the 
calculated fit using Eq. (4), with A = 0, B = 100, 
C = 10.9, D = 0.58 and X - log[spermine]. The 
channel current amplitude is restored to - 8 0 %  
of the control value after washout. (B) 
Dose-response plot of  channel open probability 
v s .  spermine concentration. Fit of open 
probability at a holding potential of +20 mV 
using Eq. (4), with C = 0.89 and D = 1.57. The 
open probability was - 3 0 %  restored after 
washout of spermine. 
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Fig. 5. Voltage dependence of spermine blockade. Plot of ln[(Yo/yB) 
- 1] v s .  membrane potential, where 7~, and ]'u are the single channel 
conductance in the absence and presence of 10 mM spermine, re- 
spectively. The unbroken line through the data points was fitted by lin- 
ear regression. Each data point represents the mean of three individ- 
ual experiments. 

responses of rat vas deferens. In our experiments with 
intracellular polyamines, we found that the rank order 
of effectiveness at Ca2+-activated K + channels is sper- 
mine(4+) > spermidine(3+) > putrescine(2+). This 
order may be assigned to the difference in positive 
charge or to the different chain length of the polyamines 
or both. Putrescine, the least potent compound, antag- 
onizes some of the spermine effects, i.e., it partially re- 
lieves the reduction of channel current amplitude. This 
suggests that putrescine competes with spermine for 
the same binding site within the channel. Szczawinska 
et al. (1992) reported high concentrations of spermine 
in postsynaptic membrane fractions of the electric or- 
gan of Torpedo nobiliana where spermine at concen- 
trations above 1 mM inhibited the ion flux at the acetyl- 
choline receptor and competed with c~-bungarotoxin 
binding. 

It may be expected that spermine acts on internal 
or external negative surface charges near the channels 
and thus shifts activation and inactivation parameters 
and may decrease the local concentration of K + at the 
mouth of the channels. Assuming unspecific surface 
charge effects, an increased block of the channel with 
an increasing amount of positive charges is expected. 
This has been observed in studies in which the pH was 
lowered, i.e., by increasing the number of protons the 
open probability of Ca2+-activated K + channels in rab- 
bit tracheal smooth muscle was reduced (Kume et al., 
1990). In our experiments, however, the least-charged 

putrescine (2+)  relieved the conductance block of the 
higher charged spermine (4 +), whereas the open prob- 
ability remained unaffected. The antagonizing effect of 
putrescine is in accord with the report of Schoemaker 
(1992) showing that the effect of spermine on [3H]ni- 
trendipine binding to L-type Ca 2+ channels in rat brain 
membranes was abolished in the presence of putrescine. 
Further indication against a major contribution of un- 
specific surface charge effects in our experiments are the 
absence of an external effect of polyamines on channel 
activity and the voltage-dependent nature of the block. 

The blocking mechanism of the polyamines on 
Ca2+-activated K + channels can be explained by as- 
suming two sites of interaction with the channel protein: 
(i) the channel pore and (ii) the internal Ca :+ binding 
site. The reduction of the single channel current am- 
plitude can be interpreted as fast block, where the chan- 
nel flickers rapidly between blocked and unblocked 
states and due to the limited band width of the record- 
ing system results in a time-averaged reduced value of 
the conductance. This notion is supported by amplitude 
distribution analysis where ]3-distributions were applied 
to all-points amplitude histograms in a fashion consis- 
tent with a filtered two-state process of a fast flickery 
channel block. The rates obtained for blocking and un- 
blocking are fast and within the range of values de- 
scribed by Yellen (1984) for the sodium-dependent 
block of Ca2+-activated K + channels in chromaffin 
cells. The polyamine action is also similar to other 
blockers, such as the single positively charged quater- 
nary ammonium ions (Yellen, 1984; Villarroel et al., 
1988; Hu, Yamamoto & Kao, 1989; Lang & Ritchie, 
1990) or the aminoglycoside antibiotics, which similarly 
to polyamines contain several positively charged amino 
residues (Nomura et al., 1990). In contrast to TEA and 
aminoglycosides, which have little effect on channel 
open and closed times, polyamines considerably altered 
the open/closed behavior of channels. 

From the voltage dependence of the block, an ef- 
fective valency, z~, of 0.6 was determined. This value 
of z8 is similar to that calculated for spermine blockade 
of Aplysia K + channels (z5 -0 .5 ;  Drouin & Hermann, 
1994) or putrescine and aminoglycoside blockade of 
Ca2+-activated K + channels from rat brain synapto- 
somal membranes incorporated into lipid bilayers (z5 
-0 .5 ;  Nomura et al., 1990). Various models can be de- 
signed to explain these data. It is possible that the sper- 
mine molecule interacts with a single site within the 
channel located - 6 0 %  from its cytoplasmic orifice. 
Similar to a model described by Miller (1982) for bis- 
quaternary ammonium ion block, spermine may block 
in a conformation with its four positive charges sepa- 
rated in space within the channel such that only one of 
its positive charges interacts with a negatively charged 
channel site, whereas the three other positive charges of 
the spermine molecule are not able to sense the electric 
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d I 

control  1E-06 M Ca** 

spermine 1E-06 M Ca +* 

control 1E-03 M Ca** 

spermine 1E-03 M Ca +* 
100 ms 

20 pA 

Fig. 6. Effects of Ca 2+ and spermine on channel open probability. Inside-out single channel current records in control bath solution (top trace, 
10 -6 M Ca 2+) and after addition of 2 mM spermine (second trace from top). In the presence of high Ca 2+ (third trace from top, control 10 -3 M 
Ca 2+) channel open probability is increased and after application of 2 mM spermine in the presence of high Ca 2+ (bottom trace) stays increased 
but the channel current amplitude is reduced. Single channel current amplitudes and open probabilities were 9.3 -+ 0.8 pAl0.39 (2,053 events) 
for low Ca 2+ control, 9.31 +- 0.65 pA/0.47 (1,244 events) for high Ca 2§ control, 6.9 _+ 0.89 pA/0.17 (375 events) in 2 mM spermine with low 
Ca 2+ and 7.1 + 0.69 pAl0.47 (l ,113 events) in 2 mM spermine in the presence of high Ca 2+ concentration. Holding potential +30 mV. Ar- 

rows indicate the closed state of  the channel, dots indicate the first open level. 

field. It is also feasible that two or more spermine mol- 
ecules bind with one positive charge to separate sites 
within the channel, each sensing a fraction of the mem- 
brane voltage. This appears less likely, however, since 
a Hill coefficient of 0.57 indicates that one spermine 
molecule interacts with one site. From the block of 
alkylmonoamines (charge + 1 and z8 of 0.25), the block 
of alkyldiamines of various length (charges +2  and z8 
of 0.5) and the block of aminoglycosides (z8 of 0.5), it 
was reasoned that they share the same binding site lo- 
cated at 25% fractional electrical distance from the 
channel's internal mouth (Nomura et al., 1990). A sim- 
ilar shallow binding site at --20% down the voltage 
drop was estimated for TEA in GH3 cells (Lang & 
Ritchie, 1990). It appears possible, therefore, that one 
spermine molecule binds in a form where its positive 
charges attach to various negatively charged sites in 
the channel and each site senses an appropriate fraction 
of the transmembrane electric field which adds up to a 
total z8 of - 0 .6 .  This model is attractive since indeed 
four binding sites for K + ions in Ca2+-activated chan- 

Table 2. Competition of spermine and putrescine 

Experimental Channel current (pA) Open probability 
condition 

Spermine (2 raM) 6.4 _+ 0.8 0.015 _+ 0.007 
Spermine + putrescine 
(2raM) (2mM) 7.5 --+ 0.5 0.015 --+0.117 
Control 8.9 +- 1.2 0.045 -+ 0.039 

Measurements of single channel current amplitudes and open proba- 
bility. 

nels from rat muscle have been found (Neyton & Miller, 
1988). 

The reduction of the channel open probability and 
the fact that this action can be overcome by increasing 
the Ca 2+ concentration, indicates that polyamines in 
addition act at the Ca 2+ sensor of the channel where they 
may compete with Ca 2+ for the binding site. Since 
polyamines are obviously able to bind, but are not able 
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Fig. 7. External effect of spermine on Ca3-+-activated K + channels. Outside-out membrane patch in control solution (top trace) and after ap- 
plication of 2 mM spermine (bottom trace). Single channel current amplitudes and open probabilities of 1 I. 18 _+ 1.05 pA/0.245 + 0.2 (n = 3) 
for control and 11.36 -+ 0.42 pA/0.24 +- 0.14 (n = 3) for 2 mM spermine were not significantly altered. Holding potential +30 inV. Arrows 
indicate the closed state of the channel, dots indicate the first open level. 

to open the channel, their open probability is reduced. 
From a fit of the data that describes the open probabil- 
ity vs. spermine concentration, a Hill coefficient of - 2  
was determined indicating that two spermine molecules 
interact with the Ca 2+ binding site. This is consistent 
with data that indicate that two or more Ca *-+ are re- 
quired for channel opening (Wong et al., 1982; Reinhart, 
Cbung & Levitan, 1989). Our experiments also show 
that the channel open probability recovers only partial- 
ly after washout of spermine, whereas channel conduc- 
tance is almost completely reversed to control after 
washout. Spermine therefore may attach to the channel 
in a more persistent fashion, i.e., it may be associated 
with the protein, forming bis-(7-glutamyl) spermine 
crosslinks (of  Heby & Persson, 1990) and thus exert 
long-term modulation of the gating mechanism. Or, 
more likely, polyamines may function as modulators of 
protein phosphorylation/dephosphorylation. Large con- 
ductance K + channels in pituitary tumor cells are in- 
hibited by cAMP-dependent phosphorylation and are ac- 
tivated by protein phosphatase activity (Armstrong & 
White, 1992). Indeed, polyamines have been found to 
enhance cAMP-dependent phosphorylation of a protein 
in the brain of the tobacco hornworm, Manduca sexta, 
resembling the o~-subunit of voltage-sensitive Na + chan- 
nels (Combest, Bloom & Gilbert, 1988), and spermine 
has been reported to inhibit cyclic nucleotide phospho- 
diesterase and the phosphatase calcineurin (Walters & 
Johnson, 1988). 

In general, a block of K + channels results in the ex- 
citation of the cell. Polyamines, therefore may, due to 
their blockade of CaZ+-activated K + channels, effect 

electrical properties, such as the membrane resting 
potential ,  the repolar izat ion of action potentials,  
action potential frequency adaptation, regenerative dis- 
charge activity or regulation of secretion in which 
these channels are involved (cf  Hermann & Hartung, 
1983; Petersen & Maruyama, 1984; Gola, Ducreux & 
Chagneux, 1990; Crest & Gola, 1993). Our findings 
suggest that the natural polyamines at intracellular mil- 
limolar concentrations, which can be obtained at a re- 
markably rapid rate (Koenig et al., 1983), may play an 
important role in controlling electrical activity of ex- 
citable cells during various physiological and patho- 
logical conditions. 
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