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A B S T R A C T  L-type Ca channels from porcine cardiac sarcolemma were incorpo- 
rated into planar  lipid bilayers. We characterized interactions of  permeant  and 
blocking ions with the channel 's pore  by (a) studying the current-vol tage relation- 
ships for Ca ~+ and Na ÷ when equal concentrations of  the ions were present  in both 
internal and external solutions, (b) testing the dose-dependent  block of  Ba 2+ 
currents through the channels by internally appl ied cadmium, and (c) examining 
the dose and voltage dependence  of  the block of  Na ÷ currents through the channels 
by internally and externally appl ied Ca ~+. We found that the I -V  relationship for 
Na + appears  symmetrical through the origin when equal concentrations of  Na + are 
present  on both sides of  the channel (7 = 90 pS in 200 mM NaC1). The conduc- 
tance for outward Ca 2÷ currents with 100 mM Ca 2÷ on both sides of  the channel is 
~ 8  pS, a value identical to that observed for inward currents when 100 mM Ca ~÷ 
was present  outside only. This provides evidence that ions pass through the channel 
equally well regardless of  the direction of  net flux. In addition, we find that internal 
Cd 2÷ is as effective as external Cd ~÷ in blocking Ba ~+ currents through the channels, 
again suggesting identical interactions of ions with each end of  the pore. Finally, we 
find that micromolar Ca 2÷, either in the internal or  in the external solution, blocks 
Na ÷ currents through the channels. The affinity for internally appl ied Ca 2+ appears  
the same as that for externally appl ied Ca 2+. The voltage dependence of  the 
Ca~+-block suggests that the sites to which Ca ~+ binds are located ~ 15% and ~ 85% 
of  the electric field into the pore. Taken together, these data provide direct 
experimental  evidence for the existence of  at least two ion binding sites with high 
affinity for Ca ~+, and support  the idea that the sites are symmetrically located within 
the electric field across L-type Ca channels. 

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

Dihydropyr id ine-sens i t ive  L-type Ca channels  suppor t  a r ap id  influx o f  Ca ~+, with a 
s ingle-channel  conduc tance  o f  ~ 8 pS in 100 mM Ca 2+ (Hess, Lansman,  and  Tsien,  
1986). These  channels  a re  highly selective for Ca ~+ over  monova len t  cations, with 
Pca/PNa > 1,000 when measu red  as a reversal  po ten t ia l  u n d e r  bi-ionic condi t ions  (Lee 
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and Tsien, 1984; Campbell, Giles, Hume, Noble, and Shibata, 1988a). However, Ca 
channels can carry large monovalent currents (Kostyuk, Mironov, and Shuba, 1983; 
Almers, McCleskey, and Palade, 1984; Fukushima and Hagiwara, 1985; Coronado 
and Affolter, 1986; Hess et al., 1986; Rosenberg, Hess, Reeves, Smilowitz, and Tsien, 
1986; Hadley and Hume, 1987); in the absence of extraceUular C a  2+, the conduc- 
tance of L-type Ca channels for Na + is 90 pS, more than an order of magnitude 
larger than that for C a  2+ (Hess et al., 1986). 

Two classes of models have been proposed to account for these and other features 
of ion permeation through Ca channels: (1) C a  2+ binds to sites on the external 
surface of the channel, and occupancy of those sites by Ca 2+ causes Ca2+-selectivity by 
allosteric control of the selectivity mechanism (Kostyuk et al., 1983; Kostyuk and 
Mironov, 1986); and (2) Ca 2+ binds with high affinity to more than one site within the 
pore (Almers and McCleskey, 1984; Hess and Tsien, 1984). Occupancy of at least one 
intrapore site by Ca 2+ prevents the permeation of other ions (securing Ca 2+- 
selectivity) and occupancy of more than one site by Ca 2+ provides for the high flux 
rate because ion-ion repulsion hastens dissociation of Ca 2÷ from the high-affinity 
sites (for review see Tsien, Hess, McCleskey, and Rosenberg, 1987). 

The first class of models is inconsistent with an accumulating mass of evidence. The 
block of unitary monovalent currents by C a  2+ and other divalent ions is voltage 
dependent,  suggesting that the Ca2+-binding site is within the transmembrane 
electric field, probably within the pore (Fukushima and Hagiwara, 1985; Lansman, 
Hess, and Tsien, 1986; Lansman, 1990). The large conductance for monovalent ions 
is not due to a global change in protein conformation arising from a lack of external 
Ca 2+, because even in the presence of 100 mM external Ca 2+ the channels can carry 
large outward monovalent currents when the membrane is depolarized beyond the 
reversal potential (Rosenberg et al., 1986; Rosenberg, Hess, and Tsien, 1988). 
Increasing the concentration of Ba 1+ increases the off-rate in C d  2+- and MgZ+-block, 
indicating interactions between permeant and blocking ions (Lansman et al., 1986). 

The second class of models is appealing because of their simplicity and indepen- 
dence from allostery, although direct evidence supporting them is not overwhelming. 
In addition to the support mentioned above, these models are strengthened by the 
observation that when current amplitude is plotted versus the concentration of 
permeant ion, the data deviate significantly from the Langmuir isotherm predicted 
by a single-site model (Ma and Coronado, 1987; Yue and Marban, 1990). An 
important test that favors multi-ion occupancy is the "anomalous mole-fraction 
effect" (AMFE), where the current in the presence of mixtures of Ca ~+ and B a  2+ is 
smaller than the current measured in the presence of either C a  2+ o r  Ba 2+ alone (Hess 
and Tsien, 1984; Byerly, Chase, and Stimers, 1985; McDonald, Cavalie, Trautwein, 
and Pelzer, 1986; Friel and Tsien, 1989). However, single-channel currents through 
L-type Ca channels in intact cardiac myocytes do not demonstrate the AMFE (Yue 
and Marban, 1990; c.f. Friel and Tsien, 1989), and therefore these experiments do 
not provide unequivocal support for the multi-ion models. 

Most of the CaZ+-block experiments that provide the strongest support for the 
multi-ion models were performed with intact cells where only external C a  2+ could be 
applied. Block of unitary Na + currents by internal Ca 2+ was shown in inside-out 
patches from heart cells (Hess, Prod'horn, and Pietrobon, 1989), but the experiments 



ROSENBERG AND CHEN Two Ion-binding Sites in L-Type Ca Channels 1209 

were l imi ted  because  o f  the  r ap id  d i s appea rance  o f  L-type Ca channels  f rom excised 
patches.  However,  L-type Ca channels  f rom cardiac  sa rco lemma can be r eco rded  for 
several  minutes  in p l ana r  l ip id  bilayers where  there  is access to the  in t racel lular  
c o m p a r t m e n t  (Rosenberg  et al., 1986, 1988; Ehrlich, Schen, Garcia,  and  Kaczo- 
rowski, 1986). Thus,  we set out  to exp lo re  the interact ions o f  monova len t  and  
divalent  cat ions with L-type Ca channels ,  especially from the in terna l  solution, to 
de t e rmine  the n u m b e r  and  charac te r  o f  ion-b ind ing  sites within the  pore .  

A pre l iminary  r e p o r t  o f  some o f  these results  has a p p e a r e d  (Rosenberg,  Chen,  and  
Koplas,  1990). 

M E T H O D S  

Preparation of Cardiac Sarcolemmal Vesicles 

Hearts from young pigs were obtained from a local slaughterhouse, and sarcolemmal 
membrane fragments were prepared from left ventricular muscle as previously described 
(Rosenberg et al., 1988). 

Planar Lipid Bilayers 

Planar lipid bilayers were formed from decane solutions of 1-palmitoyl-2-oleoyl phosphati- 
dylethanolamine (15 mg/ml) and 1-palmitoyl-2-oleoyl phosphatidylserine (5 mg/ml) across a 
200-~m-diam hole in a polyvinyldifluoride partition. This mixture of synthetic lipids produced 
bilayers with greater stability than those from natural lipids used previously (Rosenberg et al., 
1986, 1988), without affecting Ca channel gating and permeation properties. Lipids were 
obtained from Avanti Polar Lipids, Inc. (Pelham, AL) and were used without further 
purification. 

At the time of bilayer formation, aqueous solutions contained 50 mM NaCI and 10 mM 
HEPES-NaOH, pH 7.0. The dihydropyridine agonist (+)-202-791 (Sandoz AG, Basel, Switzer- 
land), in a stock solution of 5 mM in ethanol, was added to both chambers to a final 
concentration of 1 ~M. To record Ca 2+ or Ba ~+ currents, divalent ions were added to the c/s 
chamber from a 1 M stock solution. To record Na + currents, HEDTA was added to both 
chambers to a final concentration of 1 mM from a 100 mM stock solution, lowering free Ca 2+ 
concentration to below 10 nM, and 150 mM NaCI (from a 3 M stock solution) was added to the 
c/s chamber, providing the osmotic gradient that promotes vesicle fusion with bilayers (Cohen, 
1986) and shifting EN, to +35 mV and Ect to - 3 5  inV. In all experiments, sarcolemmal vesicles 
were added to the c/s chamber (~ 50 ~g protein/ml final concentration). 

Voltage clamp of the bilayers, recording of the currents, and analog and digital leak and 
capacitance compensation were performed as previously described (Rosenberg et al., 1988) 
except that an 80386-based computer running AxoBasic (Axon Instruments, Inc., Foster City, 
CA) was used. Voltages were defined as tram minus c/s, and currents from c/s to trans are shown 
as inward (negative) transitions as described previously (Rosenberg et al., 1988). Thus, the tram 
chamber represents the cellular interior, consistent with the conventional incorporation of 
outside-out vesicles. Bilayers were held at - 6 0  to - 8 0  mV for 5.2 s between 800-ms test pulses 
to 0 inV. Any channels that might have become incorporated into the bilayers with the opposite 
orientation would experience a large positive holding potential, and would probably be in the 
inactivated state (McDonald et al., 1986; Rosenberg et ai., 1988). Even if inactivation at positive 
potentials was incomplete (Campbell, Giles, Hume, and Shibata, 1988b), the open probability 
of a channel with the reverse orientation would be much smaller than for those with the normal 
orientation. In addition, if inactivation of channels with reverse orientation was incomplete, 
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then robust activity at the holding potential would be expected. The very high levels of activity 
in most recordings, especially early in each experiment before "rundown" occurred, and the 
lack of activity at the negative holding potentials, provide evidence that the channels recorded 
had the expected orientation. Occasional experiments using a positive holding potential to test 
for the presence of channels with the reverse orientation were always negative (n = 25). 

Channel  activity appeared spontaneously, usually within 5 min, as inward current transitions 
of 0.4, 1.3, or 2.0 pA for Ca 2+, Ba 2+, or Na ÷, respectively. Na + currents were also measured at 
other test potentials (usually - 2 0  mV) to verify cation selectivity and conductance. Currents 
were filtered (8-pole Bessel lowpass; corner frequency 200 Hz), digitized at 1,000 Hz, and 
stored in computer memory for later analysis. Because of the large capacitance associated with 
the large bilayer area, the noise of these recordings was greater than in patch-clamp 
experiments; a fit of the Gaussian distribution to an amplitude histogram from a "bare" bilayer 
yielded a ir of 0.13 pA. Thus, the minimum current amplitude that could be resolved from the 
noise was ~ 0.26 pA (2or). 

Additions of NaCI, CaC12, or CdCI 2, as required for each experiment, were made from 
appropriate stock solutions. The concentration of free Ca 2+ in solutions of Ca 2+ and HEDTA 
was calculated using Eqca188 (Biosoft, Milltown, NJ) with published stability constants for 
HEDTA (Martell and Smith, 1974). 

Data Analysis 

Leak-subtracted current recordings of Ca2+-blocked Na + currents were analyzed as follows. 
Records of 1,024 points were processed by a cubic spline routine (Colquhoun and Sigworth, 
1983), increasing the number  of points to 5,120. The splined data set was then converted to an 
analog signal, filtered at 30 Hz, and rerecorded (0.2 ms/point sample rate). This refiltering 
routine was required to increase the time constant of the equivalent first-order filter (~r) so that 
the products of the unblocking rate (ot) and the blocking rate (13) with the time constant r, elf 
and 13~, were greater than 2 (Yellen, 1984). At Ca 2+ concentrations of ~ 1 I~M, [3 was expected 
to be ~ 500 s -l (Lansman et al., 1986); since "r = 0.228/fc (wherefc is the corner frequency of an 
8-pole Bessel lowpass filter), 13r > 2 suggests thatfc < 57 s -~. 

The processed records were then used to form amplitude histograms. Periods of unambigu- 
ous channel openings with durations greater than 5 ms were selected for analysis. Channel 
closings of greater than 2 ms were excluded. This selection process would allow brief closing 
events to contaminate the selected periods, but the contribution of such rapid closing is 
expected to be minor because of the paucity of such events compared with the extent of block 
by Ca 2÷. 

Histograms of the blocked channel openings were fitted with the beta distribution (see 
Results) convolved with the Gaussian distribution that describes the closed-channel noise. The 
fit of the data was done by eye (Yellen, 1984). 

R E S U L T S  

Current-Voltage Relationships with Equal Concentrations of Permeant Ions on Both 
Sides of the Channel 

Previous repor t s  have d e m o n s t r a t e d  tha t  L-type Ca c h a n n e l s  show l inear  I-V re la t ions  
with equa l  c o n c e n t r a t i o n s  o f  Ba 2+ (Rosenbe rg  et al., 1986) a n d  Na + (Hess et al., 1989) 
o n  b o t h  sides. An  I-V r e l a t ionsh ip  that  is symmet r ica l  t h r o u g h  the  o r ig in  is ev idence  
of  a func t iona l ly  symmet r i c  pore ,  because  the cu r ren t s  o n  e i the r  side of  the reversal  
po ten t i a l  are  equa l  a n d  oppos i te .  We tes ted the  I-V r e l a t ion  of  L- type Ca channe l s  in 
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planar  lipid bilayers with equal concentrat ions o f  Na ÷ and Ca ~+, to see if under  our  
conditions the pore  appeared  functionally symmetrical to these two permeant  ions. 

Fig. 1 shows that L-type Ca channels in planar  lipid bilayers also show a linear I-V 
relation for Na + permeat ion,  confirming earlier reports  (Hess et al., 1989). The  
conductance o f  the channels was 90 pS, in agreement  with data f rom patches from 
heart  cells (Hess et al., 1986, 1989). 

T he  p H  in this exper iment  was 7.5, compared  with 8.5 in previous reports  (Hess et 
al., 1989), and we had expected very rapid pro ton  block of  Na + current  (Pietrobon 
and Hess, 1988; Pietrobon, Prod'horn,  and Hess, 1989) to reduce the apparen t  
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FIGURE 1. I -V relationship 
with 200 mM NaCI on both 
sides of the bilayer. Inward and 
outward currents were recorded 
with symmetrical solutions of 
200 mM NaCI, 10 mM HEPES- 
NaOH (pH 7.5), and 1 mM 
HEDTA. Free Ca ~+ was esti- 
mated to be < 10 nM. (.4) Cur- 
rent records obtained when the 
membrane was held at HP -- 
- 8 0  mV between pulses to the 
test potentials (TP) shown. The 
curved opening transition (top 
record) is an artifact of the re- 
covery of the amplifier and an- 
alog-to-digital converter from 
saturation following the large 
depolarization. Current ampli- 
tudes were measured by eye 
with the aid of computer-drawn 
lines, and plotted (B) as a func- 
tion of the test potential. The 
line represents the least- 
squares fit to the data, yielding 
a slope of 90 pS from -70  to 
+50 inV. 

conductance  in our  experiments.  Apparently,  in 200 mM NaCI the extent  of  p ro ton  
block at p H  7.5 was diminished compared  with that in 150 mM NaCI (Pietrobon and 
Hess, 1988; Pietrobon et al., 1989). At p H  7.0 we observed a reduct ion o f  the 
conductance to ~ 75 pS, as expected (not shown). Increasing the p H  above 7.5 was 
not  feasible because o f  bilayer instability. 

Fig. 2 shows an I-V relation when equal concentrat ions o f  Ca 2÷ were present  on 
both sides o f  the channel.  At positive voltages where openings  could be recorded,  the 
I-V relation showed an upward curvature. The  slope conductance (0-100 mV) was 
~ 8  pS, increasing to ~ 14 pS above 100 mV. 



1212 THE JOURNAL OF GENERAL PHYSIOLOGY • VOLUME 97.  1 9 9 1  

It was impossible to record inward currents in symmetrical Ca 2+ because o f  the 
small ampli tude at modest  negative test potentials and the lack of  channel  activation 
at large negative test potentials. Tail current  measurements  after repolarization of  
the bilayer were not  successful, because even in the presence of  the dihydropyridine 
agonist the channels closed within the 30--40-ms period of  amplifier and A/D 
converter  saturation after the voltage j umps  (c.f. Lansman et al., 1986). Thus, we 
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FIGURE 2. I-V relationship for L-type Ca channels in symmetrical 100 mM Ca ~+. Both 
solutions contained 100 mM CaC12, 50 mM NaCI, and 10 mM HEPES-NaOH (pH 7.0). (A) 
Currents were recorded at the test potential shown; HP = -80  mV. Current amplitudes were 
measured as in Fig. 1 and were plotted (B) vs. test potential. The curve was drawn by eye. The 
slope conductance was ~ 8 pS, increasing to ~ 14 pS at very large depolarizations. 

could not determine if there was downward curvature of  the I - V  at large negative 
potentials similar to the upward curvature at large positive potentials. 

Although the direct observation o f  symmetrical Ca ~+ permeat ion is not  possible 
under  these conditions, we can draw comparisons with previous results. Under  
asymmetrical ionic conditions with 100 mM Ca 2+ in the external solution only, the 
conductance for inward currents was 7 -8  pS (Hess et al., 1986; Rosenberg et al., 
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1988; Yue and Marban, 1990). Thus, the conductance for outward currents measured 
at modest  depolarizations under  conditions of  symmetrical Ca ~+ (~  8 pS; Fig. 2) is 
equal to that of  inward currents around 0 mV measured with Ca 2+ present in the 
external solution only (7-8 pS; Hess et al., 1986; Rosenberg et al., 1988; Yue and 
Marban, 1990). By way of comparison, the conductance of L-type Ca channels 
around 0 mV with 100 mM Ba ~+ present on the outside is ~ 25 pS (Hess et al., 1986; 
Rosenberg et al., 1986, 1988; Yue and Marban, 1990) and with 100 mM Ba 2+ on both 
sides of the channel the I-V relationship is linear through the origin with a slope of 23 
pS (Rosenberg et al., 1986). The similarity of the conductances measured with 
symmetric and asymmetric Ba 2+ concentrations, together with the clear observation 
of a symmetrical I-V relationship in symmetrical Ba 2+ concentrations, means that the 
similarity of  the conductances in symmetric and asymmetric Ca ~+ concentrations 
suggest that a symmetrical /-V relationship would also be attained in symmetrical 
Ca 2+ concentrations. However, the direct observation of inward currents with sym- 
metrical Ca 2+ and full support  for the conclusion of pore symmetry with respect to 
C a  2+ permeation awaits techniques that allow tail current measurements after 
repolarization in symmetrical Ca ~+ solutions. 

Block of B J  + Currents by Internal Cadmium 

The observation that the net rate of efflux of Na ÷, Ba 2+, and Ca 2+ through L-type Ca 
channels was identical to the net rate of influx suggested that the binding site(s) to 
which the ions bound as they traversed the pore were functionally symmetrical within 
the channel. That  is, the results suggested that there was an ion-binding site 
accessible from the internal solution that was functionally identical to a site accessible 
from the external solution. An alternative way to test the functional symmetry of the 
ion permeation pathway is to study the effect of  ionic channel blockers from each side 
of the channel. It is well established that L-type Ca channels are blocked by low 
concentrations of Cd 2+ in the external solution (e.g., Lansman et al., 1986). In planar 
lipid bilayers the K d for external Cd ~+ block was estimated to be 36 IzM (Rosenberg et 
al., 1988), in agreement  with experiments with cell-attached patches of  heart cells 
(Lansman et al., 1986). However, previous reports (Huang, Quayle, Worley, Standen, 
and Nelson, 1989) indicated that internal applications of  10 mM Cd 2+ had no effect 
on the conductance of single L-type Ca channels from smooth muscle cells. Thus, we 
performed a test to see if Cd 2÷ blocked cardiac L-type Ca channels with high affinity 
from the internal solution. 

Fig. 3 shows that low concentrations of Cd 2+ in the intracellular solution also 
blocked inward Ba 2÷ currents through L-type Ca channels. This block was seen as a 
concentration-dependent reduction in the inward current amplitude (Fig. 3 A). The 
concentration dependence of the block was quantified by plotting the unitary current 
amplitude as a function of the Cd ~÷ concentration (Fig. 3 B). Superimposed on the 
data is the curve that describes a one-to-one blocking interaction: 

i = i(cd=0)* {1/(1 + [Cd]/Kd,app) } (1) 

The value of Kd.~p p was 31.5 ~M, and values of  30-40 o.M were obtained in five other 
experiments. These values are in good agreement  with those found for Cd 2+ block 
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f rom the ext racel lu lar  side, suggest ing that  the  affinity o f  the  Cd~+-binding site 
accessed f rom the inside is similar to that  accessed f rom the outside.  

T h e r e  was a subtle difference in the na ture  o f  Cd2÷-block from the two sides of  the 
channel .  Previous results  with similar r eco rd ing  condi t ions  and  ident ical  bandwid th  
l imitat ions showed that  external ly  app l i ed  Cd ~+ p r o d u c e d  a "flickery" block with a 
clear increase in the  noise of  the  open,  par t ia l ly  b locked channel  (Rosenberg  et al., 
1988). In  contrast ,  the da ta  in Fig. 3 show little evidence o f  an increase in the  noise 
level of  the  open-channe l  currents  r eco rded  in the presence  of  in ternal  Cd 2+, 
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l O  t~,4 
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2 pA 

100 ms 

,_,,1.0 
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FIGURE 3. Block of inward Ba ~+ currents by internal cadmium. HP = - 7 0  rnV, TP = 0 mV. 
External solution contained 100 mM BaCI2; both solutions contained 50 mM NaCI and 10 mM 
HEPES-NaOH (pH 7.0). (A) CdCI 2 was added to the t rans  chamber to the final concentrations 
shown. Current amplitudes were measured by eye as in Fig. 1, and were plotted (B) vs. the 
concentration of Cd 2+ in the internal solution. The curve represents the nonlinear least-squares 
fit to Eq. 1, with a K d of 31.5 ~M. 

suggest ing that  u n d e r  these condi t ions  the blocking and  unblocking  transi t ions are  
too fast to be resolved.  This  suggests that  the  b locking and  unblocking  rates  f rom the 
inside are significantly faster than  those f rom the outside.  The  difference in the 
on-ra tes  can be accounted  for by compet i t ion  for a single site: when Cd ~+ enters  the 
po re  f rom the outside,  it competes  with Ba 2+ for access to an in t r apore  site, so its 
on-ra te  is slower than  when it enters  the po re  f rom the inside where  there  are  no 
o the r  divalent  ions. T h e  difference in off-rates could be due  to i o n - i o n  interact ions 
within the pore :  the exit  f rom an internal  site would be spe e de d  up  by the occupancy 
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o f  an  ou te r  site by Ba 2+, whereas  the  exi t  f rom the ex te rna l  site is unaffec ted  by the 
concen t ra t ion  o f  Ba ~+ in the  ex te rna l  solut ion (Lansman et  al., 1986). This  quali tat ive 
analysis of  the  kinetics o f  Cd 2÷ block f rom the inside and  the outs ide  suggests  tha t  
Cd ~+ b inds  to an in t r apo re  b ind ing  site near  the  ex te rna l  end  of  the  po re  when it 
gains access f rom the ex te rna l  solution, that  it b inds  to a di f ferent  i n t r apo re  b ind ing  
site in contact  with the  in terna l  solut ion when it gains access f rom the in ternal  
solution, and  that  at  0 mV there  is very l i tde movemen t  o f  Cd  2+ within the  pore .  

A 
0 mV 200 NaCI l /50  NaCI pH 7.0 

Control ~ 

1.2 p.M C a o ~  

B 

Control 

1.2 #M Ca i ~ ~  

_ _ J  2 pA 

100 ms 
FIGURE 4. Block of inward Na + currents at 0 mV by external (A) and internal (B) 1.2 t~M Ca ~÷. 
External solution contained 200 mM NaCI, internal solution contained 50 mM NaCI, and both 
solutions contained 10 mM HEPES-NaOH (pH 7.0) and 1 mM HEDTA. HP = - 7 0  mV, TP = 
0 mV. After obtaining control recordings, CaCI~ (0.225 mM) was added to either the c/s or trans 
solutions (A and B, respectively), raising free Ca 2÷ to 1.2 I~M. In each panel there is one control 
recording and three recordings in the elevated Ca 2+. 

Block of  Inward Na ÷ Currents by External and Internal Ca 2+ 

Since Ca 2+ is the physiological ly p re fe r r ed  ion o f  L-type Ca channels ,  it is the  
in terac t ion  of  Ca 2+ with ion-b ind ing  sites within the  po re  o f  the  channe l  that  is most  
interest ing.  Thus ,  we set out  to observe the  block o f  Na  + currents  t h rough  the 
channels  by low concent ra t ions  o f  Ca 2+ in e i ther  in ternal  o r  ex te rna l  solutions. 

Fig. 4 A  shows that  the  block o f  inward Na + currents  by ex te rna l  Ca 2+ can be 
part ial ly resolved u n d e r  our  r eco rd ing  condit ions.  In  this expe r imen t ,  the  concentra-  
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tions of Na + in the external and internal solutions were 200 and 50 mM, respectively, 
and inward currents were evoked by a depolarization to 0 mV. With 1.2 I~M free Ca 2+ 
in the external solution, the long channel openings were disrupted by rapid, partially 
resolved transitions toward the closed-channel level. 

Fig. 4 B shows that virtually the same effect is observed when 1.2 )~M Ca 2+ was 
added to the internal solution; well-resolved channel openings were interrupted by 
rapid, poorly resolved blocking transitions. An examination of the records indicates 
that the overall effect of  the internal Ca P+ was approximately the same as the external 
Ca 2+, indicating that the affinity of both sides of  the channel for Ca P+ was approxi- 
mately the same. 

We wanted to determine the affinity of Ca P+ binding to each side of the channel, 
but we could not directly measure the blocked- and unblocked-time distributions 
because the bandwidth limitations of the planar lipid bilayer recordings were too 
severe to permit complete resolution of the blocking-unblocking transitions. Instead, 
we evaluated the blocking and unblocking rates by fitting amplitude histograms of 
filtered current records of open, blocked channels to the normalized beta distribu- 
tion: 

f(y) = ya-,(1 _ y)H (2) 

where y is the range of amplitudes between 0 and 1, a = a~, b = [3v, a is the 
unblocking rate, [3 is the blocking rate, and v is the effective time constant of  the filter 
(0.228/f¢) (Yellen, 1984). This analysis assumes that the block arises from a filtered, 
two-state (blocked-unblocked) process. We also assume that the blocked state passes 
no current, as shown by Hess et al. (1989). The beta distribution was convolved with 
the Gaussian distribution of the closed-channel noise before fitting. This technique 
has been shown to faithfully reproduce the rates of simple blocking-unblocking 
transitions in several experimental situations where there was incomplete resolution 
due to bandwidth limitations (Yellen, 1984; Pietrobon et al., 1989). 

Amplitude histograms (plotting the number  of events at a given current level 
versus the current amplitude from the fully closed to the fully open current level) 
constructed from open channel events that were partially blocked by external and 
internal 1.2 I~M Ca 2+ are shown in Fig. 5. Superimposed on each histogram is the 
beta distribution that was determined by eye to provide the best overall fit. The 
blocking and unblocking rates ([3 and a, respectively) were then extracted from the 
beta distributions. For externally applied Ca 2+ the blocking rate was estimated to be 
930 s -1 and the unblocking rate was 820 s -1. For internally applied Ca P+ the blocking 
and unblocking rates were 576 and 430 s -1, respectively. 

The Kd's for block by external and internal Ca 2+ were determined from the 
equation: 

K d = (cx/[3) [Ca z+] (3) 

Thus, the Ka for the block by external C a  P+ is ~ 1.1 I~M, and that for internal Ca P+ is 
~ 0.9 ~M. Other experiments with different concentrations of Ca P+ produced similar 
results (not shown). 

Although the estimated blocking and unblocking rates for internal C a  2+ a r e  

different from those estimated for external C a  P+, the calculated Kd values are very 
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similar. Because the number  o f  samples used to create the ampli tude histograms was 
ra ther  low (limited in par t  by Ca channel  rundown in the bilayers), the fits of  the beta 
distributions were not  precise and could vary by up to 15%. Therefore,  a l though the 
confidence in the accuracy of  the estimated rate constants is rather  low, the similarity 
in the estimated Kd's supports  the view that the interaction o f  Ca 2+ with the pore is 
symmetrical; that  is, the affinity o f  Ca 2+ binding to the pore appears  to be the same at 
the external and internal entrances to the pore (see Discussion). 

Block of  Currents in Symmetrical Na + by External and Internal Ca 2+ 

The  fact that the affinity o f  Ca 2+ interaction with the pore  appears  to be the same 
f rom both sides raises the question: Is Ca 2+ binding to the same site within the pore, 
but approaching  it f rom opposite directions? One  way to answer this question is to 
determine the location within the membrane  electric field o f  the Ca 2÷ binding sites 
accessed from the external and internal solutions. To  do this, we recorded currents 

0mv i o o 8 2 0 s ,  j v  
[ . I~/ I[ I J ~ a=430s" 

O ~ r n V  = -1 

blocked ol in  

FIGURE 5. Quantitative analy- 
sis of the block of inward Na + 
currents at 0 mV by external 
and internal Ca ~+. Blocked cur- 
rents were refiltered at 30 Hz, 
and periods with one open 
channel were used to form am- 
plitude histograms. Superim- 
posed on each histogram is the 
beta distribution representing a 
two-state, blocking-unblocking 
process filtered through a first- 
order filter. Data were fit by 
eye. 

with symmetrical concentrations o f  Na ÷ (as in Fig. 1) and then evaluated the 
concentrat ion and voltage dependence  o f  the block of  the currents by externally and 
internally applied Ca ~+. 

Fig. 6 A shows a control recording of  outward current  at +30  mV and four records 
of  the block by 1.8 ~M external Ca 2+. As in Fig. 4, the block is seen as partially 
resolved transitions toward the zero current  level. Fig. 6 B shows the block by 
external Ca 2+ of  inward currents at - 3 0  mV from the same experiment.  The  block 
was somewhat more  complete  at - 3 0  mV than at +30  mV, as expected if the location 
o f  the blocking site is within the membrane ,  where access and egress is sensitive to 
the t ransmembrane  electric field. 

Fig. 7 shows the effect o f  1.2 I~M internal Ca ~+ on outward currents at +30  mV 
(Fig. 7A) and on inward currents at - 3 0  mV (Fig. 7 B). The  block of  outward 
currents is much more  apparen t  than that o f  inward currents, in agreement  with Hess 
et al. (1989), again suggesting that the location o f  the blocking site is located within 
the pore, sensitive to the t ransmembrane  electric field. 
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FIGURE 6. Currents in symmetrical Na ÷ blocked by 1.8 I~M external Ca 2÷. Control recordings 
at TP = +-30 mV were obtained in symmetrical 200 mM NaCI, 10 mM HEPES-NaOH (pH 7.5), 
and 1 mM HEDTA. CaCl 2 (0.6 raM) was then added to the external solution, raising free Ca 2+ 
to 1.8 ~M. (A) Recordings showing poorly resolved rapid block of outward currents were 
obtained; HP = - 7 0  mV, TP = +30 inV. (B) Block of inward currents at TP = - 3 0  inV. Same 
experiment as shown in A. 

Quant i ta t ive  analysis of  the results f rom exper imen t s  shown in Figs. 6 and  7 is 
shown in Fig. 8. These  are  the ampl i tude  h is tograms of  open,  part ial ly b locked 
channels  at dif ferent  m e m b r a n e  potent ia ls  with Ca 2+ presen t  in e i ther  the in ternal  or  
ex te rna l  solution, and  the be ta  dis t r ibut ions d e t e r m i n e d  by eye to provide  the  best  
overall  fit. T h e  second and  th i rd  h is tograms show that  the  K d for block of  inward 
cur ren t  ( - 3 0  mV) by ex te rna l  Ca e+ ( ~  2.4 ~M), is approx ima te ly  equal  to the Ka for 
block of  outward cur ren t  (+30  mV) by in ternal  Ca 2+ ( ~  2.2 o~M). Similarly, the first 
and  four th  h is tograms show that  the Kn for block o f  outward cur ren t  by ex te rna l  Ca 2+ 
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FIGURE 7. Currents in symmetrical Na + blocked by 1.2 ~M internal Ca ~+. Control recordings 
at TP = -+30 mV were obtained in symmetrical 200 mM NaCI, 10 mM HEPES-NaOH (pH 7.5), 
and 1 mM HEDTA. CaCI~ (0.5 mM) was then added to the internal solution, raising free Ca 2+ 
to 1.2 ~M. (A) Recordings showing poorly resolved rapid block of outward currents were 
obtained; HP = - 7 0  mV, TP = +30 mV. (B) Block of inward currents at TP = - 3 0  mV. Same 
experiment as shown in A. 

(~  4.5 oLM) is very similar to the Kd for block of  inward current  by internal Ca ~÷ (~  4.6 
o.M). 

Voltage Dependence of Block 

To complete  the analysis, Fig. 9 shows a semilogarithmic plot o f  the calculated Kd'S 
for block by external and internal Ca 2+ from several experiments  as a function of  the 
test potential. This plot shows that increasingly depolarized test potentials increase 
the Kd (i.e., decrease the affinity o f  binding) for external Ca 2+, but lower the K d 
(increase the affinity) for block by internal Ca ~+. 
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T h e  slope of  the plot  provides  a measure  of  the fract ional  electr ical  distance 
"sensed" by an ion as it enters  and  exits a b ind ing  site within the  field, according  to 
the  equat ion:  

In Kd(V) = In Kd(0) -- [d * zF/RT] * V (4) 

where d is the fractional  electrical  distance, V is the  t r a n sme mbra ne  voltage,  R, T, and  
F have thei r  usual  meanings ,  and  z, the valence of  the  blocking ion, is 2 0Noodhull ,  
1972). T h e  slopes of  the  lines in Fig. 9 suggest  that  d is 0.13 -+ 0.07 for ex te rna l  Ca z+ 
and  - 0 . 1 7  -+ 0.07 for in ternal  Ca ~+. This  means  that  the site to which ex te rna l  Ca 2+ 

1.8/~M Ca o ., t ~ .  ot=550 s "1 

1.8 tiM Ca o I , ~ ~ ~ J J  ==~tttMu~l.,m • wl,-tr r~ ot=380 s "1 

1.2 gM Ca i ~ l  tz=630 s "1 

1.2~MCa i , / ~  ~=1250s "1 

blocked open 

FIC, U~E 8. Quantitative analy- 
sis of the block of symmetrical 
Na + currents by external and 
internal Ca z+. Amplitude histo- 
grams were constructed and fit- 
ted as described in Methods 
and Fig. 5 legend. Kd's, calcu- 
lated from Eq. 2, are 4.5 ~M 
for external Ca 2+ at +30 mV, 
2.4 ~M for external C a  2+ a t  

- 3 0  mV, 2.2 ~M for internal 
C a  2+ a t  +30 mV, and 4.6 ~M 
for internal Ca 2+ at - 3 0  inV. 

binds  is ~ 15% of  the electrical distance across the m e m b r a n e  from the outs ide of  the 
pore ,  and  the site to which internal  Ca 2÷ binds  is ~ 15% of  the electrical distance 
f rom the inside of  the pore .  

I f  ex te rna l  and  in ternal  Ca 2+ were b ind ing  to the same site within the pore ,  the 
electrical dis tances measu red  would be expec ted  to sum to unity. T h e  observat ion 
that  the sum of  the  electrical  distances measu red  for in ternal  and  ex te rna l  Ca 2+ is 
significantly less than  1.0 is s t rong evidence that  Ca 2+ binds  to different  sites when it 
enters  the  pore  from ei ther  end.  This  provides  direct  evidence for the existence of  at 
least two high-affinity Ca2+-binding sites within the po re  of  L-type Ca channels.  Both 
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sites a p p e a r  to have the same affinity for Ca 2+ (Ka = 2 wM at 0 mV in the  presence  of  
200 m M  Na+), and,  within the  limits of  resolut ion,  bo th  sites a p p e a r  to be located 
~ 15% of  the  electric field f rom each end  o f  the  pore .  

D I S C U S S I O N  

Evidence for Pore Symmetry of L-Type Ca Channels 

Previous studies have shown that  inward and  outward currents  t h rough  L-type Ca 
channels  had  the same magn i tude  when equal  concent ra t ions  o f  Ba 2÷ (Rosenberg  et  
al., 1988) and  Na  ÷ (Hess et al., 1989)were  p resen t  on  each side of  the channel .  This  
was taken  as evidence that  the p e r m e a t i o n  pathway th rough  which the ions had  to 
pass was functionally symmetr ical  within the electric field o f  the membrane .  

We provide  addi t iona l  evidence that  s t rengthens  this hypothesis .  In  add i t ion  to 
Ba 2+ and  Na  +, we now provide  indirect  evidence suggest ing that  the  pe rme a t i on  o f  

10 

2 T 

i i i i 

-50 -25 0 25 50 
v (mv) 

FIGURE 9. Semi-logarithmic 
plot of K d vs. membrane poten- 
tial. Blocking and unblocking 
rates for internal (Q) and exter- 
nal Ca ~+ (O) at different test 
potentials were determined as 
shown in Fig. 8. Data at -+30 
mV represent the mean and 
SEM from three different ex- 
periments. Lines represent the 
linear least-squares fit of the 
data. Since Kd(V) = Kd(0) exp 
(-dzVF/RT), the slopes of the 
lines give d, the fractional elec- 

trical distance from the bulk solution to the Ca 2+ binding site. From the outside, d = 0.13 - 
0.07. From the inside, d = 0.17 -+ 0.07. 

Ca 2+ is symmetrical .  Fur the rmore ,  quanti ta t ive analysis o f  the  b ind ing  in teract ion of  
Ca 2+ with the  pore ,  measu red  as a rap id ,  poor ly  resolved b lockade  o f  Na  ÷ currents ,  
indicates  that  Ca ~+ binds  to two sites within the  pore .  Al though resolut ion  is l imited,  
each site appea r s  to be loca ted  ~ 15% of  the electric field into the  po re  f rom each 
end.  Each of  these sites has a h igh  affinity for Ca 2+ (K d = 2 v.M). 

We have observed  that  in ternal  Cd  2+ blocks the channels  with app rox ima te ly  the  
same affinity as ex te rna l  Cd ~+. These  results are  in conflict with the observat ions o f  
H u a n g  et  al. (1989), suggest ing possible  differences between L-type Ca channels  
from smooth  muscle  cells and  cardiac  sa rco lemma with respect  to Cd 2÷ blockade.  

Comparison of Blocking and Unblocking Rates with Previous Results 

As stated above, our  conf idence in the  accuracy o f  the absolute  blocking and  
unblock ing  rates is low, pr imar i ly  because  the  "noise"  of  the  ampl i tude  h is tograms 
c rea ted  by a relatively small  da ta  set do  not  pe rmi t  a precise fit to the  be ta  
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distribution. For comparison, our blocking rate of 930 s -l (for block by 1.2 CM 
external Ca 2+ at 0 mV; Fig. 5) translates into a value of 7.8 x 108 M-Is -~, and a 
blocking rate of 280 s -~ (for block by 1.8 mM external Ca 2+ at - 3 0  mV; Fig. 8) 
corresponds to 1.6 x 108 M-Is -l, compared with the value of 4.8 x 108 M-~s -t 
obtained from data of  fully resolved block of Li ÷ currents by Ca 2÷ (Lansman et al., 
1986). Thus, our blocking rates are scattered substantially around the rate deter- 
mined directly (Lansman et al., 1986). 

However, because the blocking and unblocking rates are extracted simultaneously 
from a single fit of  the histogram data, and because the Kd'S are calculated by the 
division of odl3, systematic errors in the absolute rates due to "noisy" histograms tend 
to cancel. Thus, the systematic errors in the Kd values extracted from the histograms 
are substantially less than the errors in the absolute rates. This is supported by the 
fairly small error bars in Fig. 9. 

Lansman et al. (1986) showed that the unblocking rate for externally applied Ca 2÷ 
increased as the voltage was made more negative over the voltage range between - 6 0  
and - 2 0  mV, as expected if Ca 2+ can exit by being driven through the pore into the 
cell. Our results, however, indicate that the unblocking rate for externally applied 
Ca 2+ decreased when the voltage was changed from +30 mV to - 3 0  mV. The 
difference is attributable to the different voltage ranges in the two experiments; in 
our experiments permeation of the Ca 2+ ions was relatively rare compared with exit 
of the bound Ca 2÷ back to the external solution. Similarly, Fukushima and Hagiwara 
(1985) showed that the extent of Ca2+-block of Na + currents through Ca channels in 
whole cells was biphasic, with a maximum at around - 2 0  mV. Polarization of the cell 
below - 2 0  mV decreased the extent of block, presumably because Ca 2÷ was passing 
into the cell as seen by Lansman et al. (1986), and depolarization above - 2 0  mV 
decreased the extent of  block, presumably because Ca 2+ was exiting back into the 
external solution, as seen in this report. 

Implications for Models of the Pore of Ca Channels 

Our results provide direct evidence for two intrapore binding sites for Ca 2+, as 
suggested by previous experiments and quantitative modeling (Almers and McCles- 
key, 1984; Hess and Tsien, 1984; Campbell, Rasmussen, and Strauss, 1988c). Are our 
results in conflict with the three-site model proposed by Yue and Marban (1990)? 
The answer is no, because the fractional electrical distances we have measured for 
each of the two binding sites is only 15%, leaving 70% of the electrical distance across 
the membrane unaccounted for. Do our data actually support the three-site model? 
Again, the answer is no; our data support  the presence of at least two ion-binding 
sites within the pore, but provide no information on the existence or characteristics of 
a proposed third site. 

The model proposed by Yue and Marban (1990) is not symmetrical within the 
electric field, presumably to account for asymmetries in I-V relations when Ba 2+ is 
present in the external solution only. Asymmetrical models are also suggested by the 
results of Fukushima and Hagiwara (1985). Our data support symmetrical models 
(Almers and McCleskey, 1984; Hess and Tsien, 1984; Campbell et al., 1988c), with 
the ion-binding sites located at 15, 50, and 85% of the electrical distance (for a 
three-site model) or at 15 and 85% (for a two site model). 
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Given the thickness of a cell membrane (5 nm), and some inferences about the 
physical separation of Ca2+-binding sites in other Ca~÷-binding proteins, we can 
contemplate the implications of the electrical distances between Ca~+-binding sites for 
the physical structure of the pore. Almers and McCleskey (1984) suggest that the 
distance between two intrapore binding sites could be ~ 1.15 nm, based on the crystal 
structure of troponin C (Kretsinger and Barry, 1975). Thus, in the two-site model, 
70% of the transmembrane electrical field would fall over a distance of 1.15 nm, 
suggesting that 100% of the field could fall over 1.64 nm. This would leave as much 
as 3.36 nm of membrane thickness for wide vestibules over which the electrical field 
would not be expected to drop significantly. Wide, deep vestibules and short, narrow 
domains where ion channel selectivity mechanisms are concentrated is a common 
motif in channel modeling (e.g., Yellen, 1984; Dani, 1986) supported by structural 
data from the nicotinic acetylcholine receptor (Toyoshima and Unwin, 1988). 
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