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Single Ca2+-permeable channels were studied in membrane patches from A431 carcinoma cells. Amplitudes of channel openings 
fell into three major groups with mean unitary conductances of 1.3, 2.4 and 5.1 pS (105 mM Ca 2+ in the pipette as charge 
carrier). All three groups of events were activated with epidermal growth factor (EGF) from the outside and by GTP 
non-hydrolyzable analogues from the inside of the patch membrane. As a rule, channel openings were uniform in amplitude in 
each individual patch but sometimes transitions between openings of different conductance levels were seen. It is concluded that 
the plasma membrane of A431 cells contains a single type of EGF- and GTP-dependent Ca2+-permeable channel (or channel 
complex) that can display, at least, three conductance levels. 

Introduction 

Agonist-stimulated calcium influx plays an impor- 
tant role in t ransmembrane signalling [1,2]. This influx 
seems to be the result of an activation of Ca2+-permea - 
ble channels controlled by membrane  receptors. Sev- 
eral types of receptor-dependent  Ca2+-permeable 
channels in plasma membrane  of different cells [3-6] 
have been revealed using patch clamp technique. 

Recently, we have found Ca2+-permeable channels 
in plasma membrane  of human carcinoma A431 cells 
[7,8]. The most frequently observed in the patches were 
channels with mean unitary conductance of 2.4 pS with 
105 mM Ca 2+ as charge carrier. In cell-attached 
patches the activity of these channels was considerably 
enhanced when epidermal growth factor (EGF) was 
added to the solution bathing the external side of the 
membrane  patch. In cell-free patches their activity 
could be supported by non-hydrolyzable analogues of 
guanosine tr iphosphate (GTP) added to the artificial 
intracellular solution. It was suggested that these chan- 
nels are activated by agonist-occupied EGF receptor 
via guanine nucleotide-dependent transducing mecha- 
nism (presumably a GTP-binding protein). Addition- 
ally, calcium channel currents with mean unitary con- 
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ductances of 1.3 and 5.1 pS were observed in a number  
of experiments. Openings with conductance of 1.3 pS, 
like those with 2.4 pS, were shown to be dependent  on 
the presence of GTP analogues in the intracellular 
solution. It remained uncertain at the time whether 
these openings were responsive to EGF. As to 5.1 pS 
currents, neither extra- nor intracellular activators were 
determined in those experiments. 

The appearance of events with conductances of 1.3, 
2.4 and 5.1 pS was interpreted as indication that three 
different channel types are present in the membrane.  
On the other hand, the data available did not exclude 
the possibility that openings with different conduc- 
tances correspond to conductive states of the same 
channel. 

The data presented in this paper  suggest that 1.3, 
2.4 and 5.1 pS conductance levels result from the 
gating of the same EGF-  and GTP-dependent  channel 
or channel complex. 

Materials and Methods 

Human carcinoma cells A431 (Cell Culture Collec- 
tion, Institute of Cytology, Russia) were cultured as 
described earlier [8]. 

The pipettes were filled with 100 mM CaCI 2 plus 5 
mM C a ( O H ) 2 / H e p e s  buffer (pH 7.4). When necessary 
E G F  (3.7 to 8.3 riM) was added to this solution. To 
nullify cell resting potential, when working in cell-at- 
tached configuration, a bath solution with a high con- 
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centraion of potassium was used; its composition (in 
raM) was 145 KC1, 2 CaCI2, 1 MgCl2, and 10 Tris-HCl 
(pH 7.4). The control ' intracellular '  solution contained 
(in raM) 140 KC1 (or K glutamate or sulfate), 10 
H e p e s / K O H  (pH 7.4), 5 E G T A / K O H ,  1.5 CaC12 (pCa 
7.5), 1 MgC12. G T P y S  (guanosine 5'-O-(3-thiotri- 
phosphate)) and G p p N H p  (5'-guanylyl imidodiphos- 
phate) were from Boehringer. E G F  from mouse sub- 
maxillary glands was a gift of Dr. A.D. Sorkin [9]. 

Ionic currents were measured in cell-attached or 
inside-out configurations [8,10] at 30-33°C. The cur- 
rent signal recorded on magnetic tape was filtered with 
six pole Bessel filter at corner frequency 100 Hz. For 
current openings with single amplitude, the mean 
channel current expressed in unitary current ampli- 
tudes (NP) was calculated as (I>/i ( N  = number  of 
open channels, P = probability for the channel to be 
open, ( I>  = m e a n  current and / = u n i t a r y  current). 
The values of ( I )  were calculated from amplitude 
histograms as the time integral of patch current above 
baseline. The maximum NP value over 20 s interval 
(NP 2°) was taken as a measure of channel activity for 
given experimental situation (control, presence of acti- 
vator, etc.). 

Averaged data are given as the means + S.E. (num- 
ber of experiments). 

Results and Discussion 

Small-amplitude calcium currents, referred to as SG 
currents, with mean unitary conductance of 1.3 pS 
were observed in 19 cell-attached and excised patches. 
Earlier [7.8] they were shown to be activated by intra- 
cellular application of non-hydrolyzable GTP ana- 
logues. To address whether these currents are acti- 
vated by EGF, channel activity in cell-attached patches 

with and without E G F  in the pipette solution was 
compared. In these experiments the currents were seen 
only when E G F  was present in the pipette solution. 
NP 2° values for SG events were calculated in five 
cell-attached experiments with EGF in the pipette; 
mean value was equal to 0.71 _+ 0.11. In eight experi- 
ments without E G F  there was no SG activity in the 
cell-attached configuration although the channels were 
present in the patches as revealed by application of 
G T P y S  to the internal side of the patch membrane 
after the patches had been excised. Thus, SG events 
like those of 2.4 pS (designated G events) are depen- 
dent on the same extra- and intracellular activators i.e. 
E G F  and GTP analogues, respectively. 

The similarity can be explained in two ways: either 
there are two different channels with similar mecha- 
nism of activation or both types of events are gener- 
ated by the same channel with two or more conduc- 
tance levels. In most experiments either G or SG 
openings were seen separately in each individual patch; 
in some, however, the pattern of channel activity was 
more complicated giving support to the second possi- 
bility. One such experiment is illustrated in Fig. 1. 
Selected current records show that there are both G 
(2.4 pS) and SG (1.3 pS) current levels in the same 
patch. Because the 1.3 pS level appeared sometimes as 
separate openings, one of the possible explanations of 
the appearance of two current levels is the activity of 
two independent channels with 1.3 pS conductance. In 
this case, current jumps from zero to the larger (G) 
level (or in reverse direction) would occur extremely 
rarely, because of low probability for two independent 
channels to gate synchronously. But such current jumps 
accounted for most open-closed transitions in this ex- 
periment.  Another  possibility is that there were two 
channels in the patch with conductances of 1.3 and 2.4 
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Fig. 1. Two levels of channel openings in the patch. Cell-attached configuration, EGF (8.3 nM) in the pipette. (A) Selected current traces at - 80 
inV. (B) Current-voltage relation for both current levels; the main (most probable in this experiment) level corresponds to 2.4 pS and the lower 

one to 1.3 pS. 
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Fig. 2. Channel openings of BG type recorded in two separate experiments• (A) Cell-attached patch, EGF (6.6 nM) in the pipette. Top: current 
traces at - 4 0  and - 6 0  mV; bottom: current-voltage relation• (B) Inside-out patch, GTPyS (100/~M) in the intracellular solution with SO42 as 

major anion• Top: current traces at 0 and - 5 0  mV; bottom: current-voltage relation• 

pS. In this case, superpositions of  two types of  events 
would have been observed. There were, however, no 
conductance levels exceeding 2.4 ps in this patch. The 
appearance of current jumps from zero to the 2.4 pS 
level or in reverse direction followed or preceded by 
the 1.3 pS level is hardly consistent with two indepen- 
dent channel hypothesis. 

Similar examples of  transitions between G and SG 
conductance levels were observed in three more exper- 
iments. Thus, it can be inferred that the same channel 
can have, at least, two conductance levels: SG and G 
ones. Hence,  it would be reasonable to suggest that 
both SG and G events seen in the rest of  our experi- 
ments are manifestation of  the activity of  the same 
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Fig. 3. Events of G and BG types in the same patch. (A) Consecutive current traces at - 6 0  mV. Cell-attached patch, EGF (8.3 nM) in the 

pipette• (B) Unitary current-voltage relations for G and BG events with slope conductances 2.4 and 5.0 pS, respectively• 
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Fig. 4. Transitions between G and BG levels. Selected current traces in the patch firstly in cell-attached (A) and then in inside-out (B) 
configurations• (A) EGF (8.3 pS) is added to the pipette solution• Currents at -70  inV. (B) GppNHp (100/.~M) is added to the bath solution. 

Currents at -70 and -80 mV. 

channel  (or channe l  complex)  type which can o p e r a t e  
in two (or more )  conduc tance  modes .  

M e a s u r e m e n t s  at high negat ive  po ten t i a l s  (more  
than  - 9 0  mV) ind ica ted  that  the re  is a conduc tance  
level even lower than  S G  which could  not  be,  however ,  
cha rac te r i zed  quant i ta t ive ly  because  of  technica l  limi- 
tat ions.  

Fig. 2 d e m o n s t r a t e s  one  more  type of  channe l  open-  
ings r e fe r red  to as BG type. M e a s u r e m e n t s  in cel l-at-  
t ached  pa tch  are  p r e s e n t e d  in par t  A.  Obse rved  uni ta ry  
channe l  conduc tance  is 5.0 pS, ex t r apo l a t ed  value  of  

reversal  po ten t i a l  is posi t ive suggest ing again  that  cur-  
rents  a re  ca r r i ed  by Ca 2+ ions. E G F  was p resen t  in the  
p ipe t t e  solut ion in the  exper iment .  Open ings  with con- 
duc tances  from 4.6 to 5.6 pS (mean  5.1 pS) were  
obse rved  in 7 more  ce l l - a t t ached  patches ,  when E G F  
was a d d e d  to p ipe t t e  solut ion.  The  mean  NP 2° value 
was ca lcu la ted  to be equal  to 0.195 _+ 0.07 in these  
exper iments .  W e  have never  seen such events  in ceil- 
a t t a ched  pa tches  in the  absence  of  E G F .  Channe l  
events  with s imilar  conduc tances  were  seen also in 
ins ide-out  pa tches  (four  exper iments )  in the  p resence  
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Fig. 5. Three levels of channel openings and transitions between them. Cell-attached experiment, EGF (6.3 nM) was added to the pipette 
solution• (A) Selected fragments of 10 s current record at -60  mV. Upper trace presents G level; second one: G, BG and SG levels; third and 

bottom ones: SG and BG levels. (B) Current-voltage relations for SG (1.2 pS), G (2.4 pS), and BG (5.1 pS) levels. 



of G T P y S  or GppNHp in internal solution. One of 
these experiments is illustrated by Fig. 2B. Thus, events 
of BG type, like events of G and SG types, are depen- 
dent on EGF from the outside and on GTP analogues 
from the inside. We suggest that all three types of 
events should reflect openings of the same channel 
type to different conductive levels. Some observations 
support this suggestion. Single-channel records in Fig. 
3 show that events of G and BG types coexist in the 
same patch. If they corresponded to openings of differ- 
ent independent channels, superpositions of both types 
of events would be seen. However, no superpositions 
were seen in this experiment. Moreover, the appear- 
ance of transition between BG and G levels (bottom 
trace) is more readily consistent with the suggestion 
that both levels occurred in the same channel. 

Fig. 4 shows transitions between G and BG levels, 
observed in one experiment firstly in cell-attached and 
then in inside-out configurations. The majority of events 
in this experiment were G type (2.4 pS) but sometimes 
current jumps of approximately double amplitude were 
s e e n .  

Fig. 5 shows an experiment in which all three men- 
tioned levels were seen. 

Other  conductance levels in the EGF-activated 
channel were observed as well. A level intermediate 
between 5.1 and 2.4 pS was observed in some patches, 
but its occurrence was much lower than for G and BG 
levels. In one experiment with an inside-out patch we 
observed channel activity with conductance of 10 pS 
after addition of GTPTS to intracellular solution. In 
two experiments along with 5.1 pS events there were 
several events of double amplitude. Thus, it is possible 
that the same channel can adopt conductance level 
higher than 5 pS. Additional experiments are necessary 
to establish this point with certainty. 

The observations presented above enable us to con- 
clude that the membrane of A431 cells contains one 
EGF- and GTP-dependent  channel type which can 
operate, at least, in three conductance modes: 1.3, 2.4 
and 5.1 pS. 

Earlier [7,8] we estimated levels of EGF-induced 
channel activity in terms of probability for each chan- 
nel in the patch to be open. This approach is good for 
single amplitude channels, however, it cannot be ap- 
plied to channels with multiple conductance levels. 
Therefore we choose to estimate channel activity by 
value of mean channel current expressed in units of the 
minimal current (NPm), which was calculated as NP m = 
(I)/im, where ( I )  is the mean channel current in the 
patch (see Materials and Methods) and i m is the cur- 
rent corresponding to the lowest (SG) conductance 
level. In cases when this level was absent, it was taken 
to be 50% of G or 25% of BG levels, respectively. 
When the activity is presented by SG level only, NP m 
becomes simply identical to NP value, commonly used 
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Fig. 6. The histogram of the EGF-induced channel  activity in patches. 
X axis: maximal mean channel current for 20 s interval expressed in 
SG unitary current (see text for details). Y axis: the number  of 
patches tested. The data collected from 45 non-blank on-cell 

patches. 

for estimation of channels activity with single ampli- 
tude. By analogy with NP 2° (see Materials and Meth- 
ods) maximal NP m value for 20 s interval is designated 
NPm 2°. 

Fig. 6 shows the distribution of NP~ ° values from 45 
cell-attached experiments with EGF in the pipette. 
Only patches with channels were included. The level of 
the channel activity varied considerably from patch to 
patch. In 8 experiments with EGF no activity was seen 
in cell-attached configuration though the channels were 
present in patches as revealed by GTP analogues appli- 
cations after patch excision. On the other hand, in 
three patches NP 2° values were larger than 1.5. The 
average NPm 2° was 0.567. This value corresponds to 
approximately 0.06-0.07 pA per patch at - 6 0  inV. 

Without EGF in the pipette channel activity was 
detected in 35 experiments; in seven of them channel 
openings were seen in cell-attached configuration with 
the highest NP 2° value being equal to 0.01; in the rest 
of experiments channel activity in cell-attached config- 
uration was not seen at all, and the presence of chan- 
nels in the patches was revealed in inside-out configu- 
ration by addition of GTP analogues. Thus, EGF causes 
more than 50-fold increase in the channel activity. 

The dependence of channel activity on intracellular 
GTP suggests the involvement of GTP-binding proteins 
(heterotrimeric [11,12] or small [13,14]) into signal 
transduction from the receptor to the channel. On the 
other hand, one of the obligatory events in the devel- 
opment of EGF-induced cell signal is activation of 
intrinsic tyrosine kinase activity of EG F  receptor [15- 
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17]. One  may th ink  that  bo th  mechan i sms  are  involved 
in the  act ivat ion of  channels ,  with G T P - b i n d i n g  p ro t e in  
act ivat ion be ing  downs t r eam from the phosphory la t ion  
of  a yet  unknown in t e rmed ia t e  t r ansduce r  at tyrosine.  
Add i t i ona l  ev idence  for  involvement  of  G T P - b i n d i n g  
p ro te ins  in E G F - i n d u c e d  signal was o b t a i n e d  recent ly  
[18] in f luorescen t  Ca 2÷- sensit ive dyes expe r imen t s  on 
A431 cells. 

The  p resence  of  mul t ip le  conduc tance  levels seems 
to be a common  p r o p e r t y  of  many  channel  types  [19 -  
22]. The  c a l c i u m - p e r m e a b l e  channe ls  a re  not  un ique  in 
this respect .  Ca2+-permeab le  channe ls  f rom re t i cu lum 
of  skele ta l  muscle  [23] and endop la smic  re t i cu lum of  
ce rebe l lum [24] show at least  four  conduc tance  levels. 
Recent ly ,  several  conduc t ing  levels were  r e p o r t e d  for 
L-channels  in G H  3 cells [25]. 

The  s imples t  exp lana t ion  for  mul t ip le  conduc tance  
levels is the  ' subun i t '  mode l  in which a funct ional  
channe l  is v iewed as c o m p o s e d  of  two or  more  con- 
duct ing units  (p ro tochanne l s )  which open,  as a rule, in 
conce r t ed  way [19,20]. Fol lowing  this mode l  one  can 
suggest  tha t  Ca 2+ p e r m e a b l e  p ro tochanne l s  in A431 

cells e i the r  o p e r a t e  i n d e p e n d e n t l y  or  form ol igomers .  
If  p ro tochanne l  conduc tance  is 1.3 pS, conduc tance  
levels of  G and BG types co r r e spond  to di- and te- 
t ramers .  Al te rna t ive ly ,  mul t ip le  conduc tance  levels may  
resul t  f rom minor  s t ruc tura l  changes  in a single ionic 
pathway.  

The  t rans i t ions  be tween  conduc tance  levels a re  simi- 
lar  to changes  in open  p robab i l i ty  in tha t  bo th  changes  
in channe l  behav iour  would  affect  the  amoun t  of  ions 
flowing th rough  the channel .  Thus,  provid ing  tha t  the re  
is a ce l lu lar  mechan i sm regula t ing  single channe l  con- 
duc tance  status,  the  mul t ip l ic i ty  of  channe l  conduc-  
tance levels may offer  an add i t iona l  way to cont ro l  ion 
fluxes, in pa r t i cu la r  Ca 2÷ influx, th rough  the  cell  mem-  

brane .  
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