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Abstract. Ion channels from sheep cardiac mitoplast 
(inverted inner mitochondrial membrane vesicle) 
preparations were incorporated into voltage- 
clamped planar lipid bilayers. A low-conductance 
anion channel (-40 or -85 pS in symmetric 300 
or 550 mM choline CI, respectively), characterized 
by the presence of two well-defined substates, at 
-25 and -50% of the fully open level, was studied 
in detail. The substate behavior was consistent 
with a multibarrelled channel containing four func- 
tionally coupled pores. At negative (cis-trans) 
membrane potentials, the putative protomers ap- 
peared to gate with substantial positive cooperativ- 
ity, accounting for the apparent absence of a -75% 
sublevel. At positive holding potentials, allosteric 
protomer interactions were more complicated, and 
the channel complex could be modeled as a dimer 
of dimers. The protochannels in one dimer ("dimer 
A") appeared to open independently of each other, 
and with a relatively high probability, while the 
monomers comprising the second dimer ("dimer 
B") were functionally coupled, could only open 
if both protomers in dimer A were open, and 
closed as soon as one of the monomers in dimer 
A shut. The channels also displayed Ca 2+- (and 
Mg 2+-) sensitive rectification related to bilayer lipid 
surface charge. By assuming that Ca 2+ acted solely 
by screening surface charge, the membrane surface 
potential profile was used as a "microscopic ruler" 
to place one mouth of the channel within 10-11 

of the bilayer surface. 
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Introduction 

The preceding paper (Hayman, Spurway & Ashley, 
1993) described the incorporation into planar lipid 
bilayers of anion channels from sheep cardiac mi- 
toplast (inner mitochondrial membrane vesicle) 
preparations. The channels were particularly rich in 
subconductance states between the predominant (in 
this case, the 100%) open state, and the shut state. 
Substates (reviewed recently by Fox, 1987) may in 
principle arise from many different mechanisms, in- 
cluding changes in the conformation of an open pore, 
or the availability of alternative permeation path- 
ways in the same protein (a "multibarrelled" pore). 
In some channels, for example the sarcoplasmic re- 
ticulum CaZ+-release channel (Wagenknecht et al., 
1989), and bacterial porins (Jap & Walian, 1989), 
a multibarrelled pore has been identified on firm 
structural grounds (EM single-image reconstruction, 
X-ray and electron crystallography). However, in- 
formation concerning the three-dimensional struc- 
ture of most channel proteins is very limited, and 
likely to remain so in the near future because of the 
technical problems associated with their crystalli- 
zation. 

In the absence of much structural information, 
heavy reliance has traditionally been placed on the 
interpretation of single channel records in terms of 
predictive structural models. In this report, the 
"low-conductance" anion channels identified in the 
previous paper (Hayman et al., 1993) were studied 
in detail. Interestingly, they were found to insert 
asymmetrically into the bilayer such that one face 
was located only about 1 nm from the membrane 
surface (as inferred from the effect of membrane 
surface potential on ion permeation), and while they 
also exhibited gating behavior consistent with a 
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multibarrelled channel containing four functionally 
coupled pores, the allosteric subunit interactions in- 
volved appear to have been quite complicated. 

Materials and Methods 

The preparation of sheep heart mitochondria (Toth, Ferguson- 
Miller & Suelter, 1986) and inner membrane (mitoplast mem- 
brane) vesicles (Chan, Greenwalt & Pedersen, 1970; Williams & 
Pedersen, 1986), together with the techniques used for planar 
bilayer reconstitution, and all the materials used, were the same 
as those described in detail in the preceding paper (Hayman et 
al., 1993). The cis bilayer chamber continued to be voltage- 
clamped with respect to the trans chamber, which was grounded, 
and all potentials are reported as cis- trans.  Recordings were car- 
ried out in symmetric choline C1 or symmetric KC1, except where 
stated, and solutions were buffered with 5 mM Tris/HEPES mix- 
tures to a pH of either 8.8 or 7.4. EGTA-buffered free Ca 2+ 
(and Mg 2+) concentrations were calculated by incorporating the 
appropriate equilibrium constants for all the relevant reactions 
(after correcting pH to proton concentration) into an iterative 
computation based on the procedure described by Perrin and 
Sayce (1976). Single channel currents were minimally low-pass 
filtered (cut-off frequency 10 kHz), and stored on a digital tape 
recorder. The data were post-filtered at 40-200 Hz (-3dB point 
of an 8-pole Bessel filter for data reconverted to analogue format, 
or a digital Gaussian filter), and analyzed as described in Results, 
using pCLAMP and Axotape software (Axon Instruments), sup- 
plemented by our own programs. For steady-state, appropriately 
filtered data, channel amplitudes could easily be measured to an 
accuracy of 0.05 pA where required. 

Results 

BILAYER INCORPORATION OF L o w - C O N D U C T A N C E  

ANION CHANNELS 

Low-conductance anion channel activity was ob- 
tained in both palmitoyl-oleoly phosphatidylethano- 
lamine/palmitoyl-oleoyl phosphatidylserine (POPE/ 
POPS, each 50%, w/w) bilayers, or all-POPE bi- 
layers, and always exhibited the characteristic sub- 
states, at - 25  and -50% of the fully open state, 
described earlier for small mitoplast anion channels 
(SMAC, Hayman et al., 1993). The fully open (100% 
state) conductance, in the presence of 2 mM symmet- 
ric Ca 2+, was 85 -+ 9.2 pS (mean -+ so, n = 6) in 
symmetric 550 mM choline CI, 38 + 6.6 pS (mean 
-+ SD, n = 4) in symmetric 300 mM choline CI, and 
97 -+ 14 pS (mean -+ SD, n = 7) in symmetric 300 
mM KC1. In experiments in which selected channels 
were exposed to asymmetric solutions (e.g., 550 vs. 
50 mM choline C1), reversal potential measurements 
(analyzed by using the equations of Hodgkin & 
Katz, 1949) confirmed that the channels were poorly 
selective between anions and cations (e.g., 

-40 mV 

~o 2~,1 +40 mV 

Fig. 1. Voltage-dependent substate behavior. Representative sin- 
gle channel recordings in symmetric 550 mM choline C1 (with 2 
mM added Ca2+), to illustrate reduced appearance of the fully 
open state at positive potentials. The infrequent closures are 
typical. 

Pcl-/Pcholine § --11), as previously described (Hay- 
man et al., 1993). 

VOLTAGE-DEPENDENT SUBSTATE BEHAVIOR 

Channel open probabilities, including entry into the 
-25  and -50% substates, were markedly voltage 
dependent. Occupancy of the fully open (100%) state 
was substantially reduced at positive holding poten- 
tials (Fig. 1). This behavior was largely unaffected 
by Ca 2+, or by changes in pH between 8.8 and 5.5 
(results not shown). The same effect was seen in 
each of over 100 experiments, and on switching po- 
tentials it clearly occurred rapidly, appearing as soon 
as the bilayer capacitative transient had ceased to 
saturate the opamp of the I / V  converter (i.e., within 
10-100 msec). Figures 2 and 3 show longer examples 
of another channel recording at -+50 mV, with ac- 
companying amplitude histograms. While the 
marked effect of membrane potential was obvious 
even in relatively short channel recordings, detailed 
analysis was only carried out on long segments of 
uninterrupted data (normally 2-3 min). Open state 
probabilities, obtained by integrating amplitude his- 
tograms, changed abruptly around zero mV as the 
holding potential was varied. Detailed results from 
four experiments are shown in Fig. 4, where the 
25 and 50% substate open probabilities have been 
combined for clarity. This switch in gating behavior 
was mainly attributable to a decrease in the number 
of apparent transitions between the 50% substate 
and the fully open state at positive membrane poten- 
tials, while transitions between the 25 and 50% sub- 
states increased, as shown in Fig. 5. The frequency 
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Fig. 2. Single channel recording and amplitude histogram ( - 5 0  
mV). A 33 sec recording at - 50 mV in symmetric 550 mr~ choline 
C1/2 mM CaCI2, filtered at 100 Hz (upper traces, closed level 
marked - - ) ,  was sampled at 1 kHz to construct an all-points 
amplitude histogram (lower graph). This is fitted to three Gaussian 
curves. Note very low closed probability in this recording (closed 
level amplitude set to 1.00 pA). 

limitations of the bilayer system prevented the de- 
tection of states lasting < 5 msec. 

EVIDENCE FOR A MULTIBARRELLED PORE 

The presence of substates at 25 and 50% of the main 
conductance level was strongly suggestive of a 
"multibarrelled pore" mechanism. The apparent ab- 
sence of a 75% level could be accounted for if single 
channels comprised four protochannels which 
opened cooperatively, so that the 75% substate only 
occurred rarely. It will also have been attenuated 
by the frequency limitations of the bilayer recording 
system. Careful inspection of the data at negative 
holding potentials did suggest very infrequent resi- 
dence (for less than -1% of the total recording time) 
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Fig. 3. Single channel recording and amplitude histogram (+50  
mV). Same channel as Fig. 2, now recorded at +50 mV; other 
details unchanged except that the amplitude histogram shows all 
four Gaussian peaks (closed level amplitude again set to 1.00 
pA). Note the increased prominence of substates at the expense 
of the fully open state. 
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Fig.4. Comparisonofsubstate frequencies. Datafromrecordings 
in symmetric 550 mM choline C1. Shown - SEM (n = 4 indepen- 
dent experiments), to compare probabilities (prob) of observing 
main state (e) ,  closed state (11) and substates (�9 between 
--- 50 mV. The substate probabilities have been combined for 
clarity, and the lines have no significance. 
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Fig. 5. Comparison of transition frequencies. Transitions be- 
tween closed (0), fully open (3), 25% (1) and 50% (2) levels in 
symmetric 550 mM choline CI are compared for - 4 0  mV (open 
bars) and +40 mV (filled bars). Data from four independent 
experiments ,  shown • so.  Asterisks indicate significant differ- 
ences ( P  < 0.01, unpaired t-tests). 

in an apparent 75% substate lasting up to a few 
msec on each occasion (not shown). The binomial 
distribution has been modified to incorporate simple 
pairwise cooperation between events (the additive 
generalization of the binomial distribution, Altham, 
1978, applied to multichannel records by Glasebey 
& Martin, 1988): 

e i  = n ! / [ i ! ( n  - i)!]'pi(1 - p ) n - i  

�9 [1 + [ c / 2 p ( 1  - p)]{(i - n p )  2 + i ( 2 p  - 1) - np2}] 

where the probability of observing the ith level (Pi) 
for n = 0, I . . . .  4 protochannels is found by correct- 
ing protochannel open probability (p) by the cooper- 
ativity factor c. Data were fitted to this distribution 
by maximizing the likelihood of Y,(Fi) in(Pi), where 
Fi was the relative residence in sublevel i. The pre- 
dicted distributions matched the data well at nega- 
tive holding potentials, as illustrated in Fig. 6. Mean 
"cooperativity," averaged over 15 potentials for 
four channels, was +0.41 -+ 0.05 (mean + sD, n = 
15), with a mean protochannel open probability of 
0.85 -+ 0.06 (mean + st), n = 15). However, this 
model clearly could not apply to the data obtained 
at positive holding potentials, where the appearance 
of the maximum conductance level is reduced (e.g., 
Fig. 1, lower trace, and Fig. 3). 

The marked change in gating behavior around 
zero mV could still be accounted for by a four-sub- 
unit model at positive potentials, if each tetramer 
comprised two functionally dissimilar dimers (a di- 
mer of dimers, DoD) which continued to show inter- 
subunit allosteric interactions. In "dimer A,"  the 
opening of individual protochannels is held not to be 
constrained in any way (although more complicated 
models could, for example, still include positive co- 

operativity), while in "dimer B"  both protomers 
must open and close together, i.e., they are very 
tightly functionally coupled. In addition, they can 
only open if both promoters in dimer A are already 
open. Accordingly, data were fitted to the following 
distribution, where qj is the probability of the j th  
open conformation (i .e. , j  = 1, 2, or 3 for monomer 
1 of dimer A, monomer 2 of dimer A, or dimer B): 

Probability of no protochannel open } 

= [(1 - q0(1 - qz)] I DoD cannot 
probability of one protomer open evolve 

= [(ql( 1 - q2) + q2( 1 - q~)l 

probability of two protomers (dimer A) open l DoD possible 
= [ q l q 2 (  1 - q3)] j but absent 

probability of dimer of dimers open 
= [ q ] q 2 q 3 ]  j DoD present 

Although approximate analytical solutions are obvi- 
ously possible when q~ is set to qz, best fits were in 
fact obtained by maximum likelihood analysis, using 
a modification (Box, 1965) of the Simplex direct 
search algorithm. In each of three channels exam- 
ined in detail (at a total of 12 positive holding poten- 
tials), the calculated best-fit open probabilities fell 
into a pattern of two relatively high p, similar to 
those derived in the cooperative model at negative 
potentials (Fig. 6), accompanied by a lower p repre- 
senting the final dimerization step to the DoD state. 
Representative data from a single channel are shown 
in the Table. Consistent with this overall interpreta- 
tion, careful inspection of single channel recordings 
obtained at positive holding potentials showed no 
evidence for a 75% substate. 

ASYMMETRICAL LOC ATION IN BILAYERS 

Single channel currents through the low-conduc- 
tance anion channel rectified strongly in the absence 
of added Ca z +, especially at negative holding poten- 
tials, and this was largely reversed by 2 mM Ca 2 + cis 
but not by C a  2+ trans (Fig. 7). In a few experiments, 
rectification was more marked at positive potentials, 
and could only be relieved by C a  2+ trans ("re- 
versed" channels). It was possible that the apparent 
reductions in single channel currents resulted from 
short-lived, incompletely resolved openings at nega- 
tive potentials, but only if this applied equally for 
each substate (Fig. 8). We therefore sought a more 
realistic explanation for this CaZ+-dependent recti- 
fication, based on divalent cation screening of fixed 
negative charges on the channel protein or mem- 
brane lipid. 

Maximum reversal of single channel rectifica- 
tion by cis Ca 2+ was generally achieved by 2-10 mM 
at a pH of 8.8 (Fig. 9, open symbols). In this case, 
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Fig. 6. A correlated binomial  model  at 
negat ive potentials.  Data  f rom four 
independent  exper iments  in symmetr ic  
550 mM choline CI at four  holding 
potentials (indicated). The  measured  
closed and open state f requencies  have  
been compared  to predicted 
f requencies  (calculated probabilities). 
F rom the origin in each  panel,  the 
conductance  states are: 75, 0 (closed), 
25, 50 and 100% (fully open or main 
state conductance) .  Bars  are shown to 
indicate _+ SEM (n = 4), and the lines 
represent ing ideal correlat ion are 
shown.  Note breaks  in axes ,  and low 
calculated f requencies  for the 75% 
substa te  at each potential.  

Table.  A sequential  dimer model  at positive potentials 

Clamp (mV) State Pmeas Pfit Pq(l-37) 

Closed 0.07 0.01 
25% 0.10 0.21 

+40  50% 0.71 0.65 0.88, 0.88, 0.15 
75% ND NP 

100% 0.12 0.12 

Closed 0.01 0.002 
25% 0.07 0.08 

+30  50% 0.69 0.68 0.96, 0.96, 0.26 
75% ND NP 

100% 0.24 0.24 

Closed 0.05 0.03 
25% 0.25 0.29 

+20  50% 0.54 0.52 0.82, 0.82, 0.22 
75% ND NP 

100% 0.16 0.15 

The  measu red  probabilities (Pmeas) o f  closed, 25% (single pro- 
tomer),  50% (dimer) and 100% (dimer of  dimers) conductance  
s tates  are compared  to the predicted distr ibutions (Pfit) after de- 
termining pq (for q = protomer,  d imer  or  dimer of  dimers states) 
by m a x i m u m  likelihood analysis .  The model  did not  predict  a 
75% substa te  (NP = not  predicted). ND = not  detected.  

half-maximal relief in a 1 : 1 (w/w) POPE : POPS bi- 
layer was provided by 320/ZM C a  2+ �9 Mg z+ also re- 
versed the rectification at similar concentrations, 
and little rectification was seen in all-POPE bilayers, 
suggesting that not only was this an effect involving 
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Fig. 7. Single channel  rectification, and  reversal  by Ca 2§ I /V  
relations for the low-conductance  anion channel  in symmetr ic  
300 mM choline CI with no added Ca 2§ ( e )  and with 1 mM Ca 2§ 
cis(�9 Trans Ca 2§ had no effect. 

negative surface charge, but also that the charge was 
associated with the membrane lipid. The reductions 
in single channel current could be accounted for by 
the statistical reduction in [C1-] (and therefore single 
channel currents) at the channel entrance on the cis 
side, described by: 

[Cl-]x = [ C l - ] b . e x p ( z F ~ x / R T )  

in which the anion concentration at an entrance lo- 
cated x units from the bilayer, where the surface 
potential (~o) has fallen to ~x, is related to the bulk 
(b) concentration by the Boltzmann distribution. ~x 
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Fig. 8. Effect  o f c i s  Ca 2+ at the single channel  level. Single chan- 
nel recording at - 3 0  mV in 550 vs, 50 mM choline C1 with no 
added Ca 2+ (left) and with 2 mM Ca 2§ (right), to show proportion- 
ate effect of  Ca 2+ on substa te  ampli tudes.  Filtered at 60 Hz. 
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Fig. 9. Reversal  of  rectification by screening membrane  surface 
charge.  Approach  of  single channel  currents  (measured  at - 3 0  
mV in 550 vs.  50 mM choline Cl) to m a x i m u m  amplitude (/max) 
with increasing cis Ca 2+ in 1 : 1 POPE : POPS membranes  at a pH 
of  7.4 (@) and 8.8 ((3) Bars  represent  + SEM, n = 4 independent  
exper iments .  Curves  are fitted as described in the text ,  and for 
min imum current  ampli tudes ( i ~ ) ,  [Ca 2+] was <3 riM. 

is also given by appropriate integration of the 
Poisson-Boltzmann equation (e.g., McLaughlin, 
1977): 

~x = 2RT/zF" ln{[1 + c~. exp(-Kx)]/[1 - a.  exp(-Kx)]}, 

where 

c~ = [exp(zFqZo/2RT)  - l ] / [ exp ( zF t l to /2RT)  + 1] 

and K is in reciprocal Debyes. The Debye length is 
the average distance of the counterions from the 
membrane, and under the experimental conditions 
used here, was largely determined by the concentra- 
tion of monovalent ions alone (McLaughlin et al., 
1970, Worley et al., 1992). It was calculated to be 

0.41 nm. Single channel currents increased by 20% 
between Ca 2+ ~ 0 and Ca 2+ = 10 mM, and were 
assumed to be proportional to [C1-]. The full set of 
equations were therefore solved iteratively, varying 
~o and x. The curves fitted to the data in Fig. 8 were 
obtained with x set to 1.05 nm (-2.6  Debyes) and 
~o set to -82  and -60  mV at a pH of 8.8 and 
7.4, respectively, in each case modified by Ca 2+ 
screening at a rate of 30 mV per pCa unit (as pre- 
dicted by the Gouy equation, e.g., McLaughlin 1977, 
and ignoring any changes in Ca 2+ binding). 

Discussion 

Charges in or near the mouths of ion channels are 
known to exert a large influence on ion permeation, 
and the cis mouth of this anion channel is clearly 
located close enough to the bilayer to sense the mem- 
brane surface potential. Assuming that the effect of 
Ca z+ (and Mg 2+) was only mediated by screening 
membrane surface charge, and the cations had no 
other effect on the channel protein, such screening 
allows the surface membrane potential profile to be 
used as a "microscopic ruler" to show that the cis 
entrance of the channel is located only 10-11 ,~ from 
the negatively charged lipid head groups, which are 
presumably in the plane of the bilayer (while the 
t rans  entrance is much better insulated). Although 
not considered explicitly, changes in the b ind ing  
of Ca 2+ to the fixed charges will have made little 
difference over most of the range of [Ca 2+] used 
(McLaughlin, 1977). However, currents are not of 
course strictly proportional to [C1-] (in fact, prelimi- 
nary experiments show that the channel conduc- 
tance probably saturates at between 150-200 pS in 
choline C1). This may well account for the systematic 
deviation from the fitted lines in Fig. 9, but the inten- 
tion has not been to provide an exact measurement, 
and other uncompensated errors are likely to have 
been more significant. In passing, it should be noted 
that even at "physiological" pH values POPE car- 
ries a small net negative charge, accounting for the 
slight rectification still seen in "neutral"  bilayers. 

In preliminary experiments, bilayer surface po- 
tentials in the absence of Ca 2+ were estimated after 
McLaughlin et al. (1970) by determining the ratio of 
nonactin-induced K +-conductances in experimental 
solutions containing symmetric 10-50 mM KC1 be- 
fore (G*) and after Go) screening fixed surface 
charges with LiCI or CaC12: 

~ o  = - R T / F "  ln(G* / G  o) 

These potentials were found to lie between - 50 and 
-90  mV over the range of conditions used, and 
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allow calculation of the bilayer surface charge den- 
sity (o-) from the Gouy equation (McLaughlin, 1977): 

Ao-/C ~ = sinh( zF'tro/2RT) 

where A = 136 ([M] ~ ,~z) summarizes a number 
of physical constants at 20~ and C is the salt con- 
centration. It can be seen that at a pH of 8.8, o- may 
reach e- /0 .7  nm 2 (probably nearer e- /0.9 nm 2 for 
realistic choline C1 activities). This is close to the 
maximum theoretical charge density in the bilayers 
(assuming a lipid cross-sectional area of -0 .7  nm 2) 
and suggests little if any decane is intercalating be- 
tween the long axes of the lipid molecules. At this 
point it should be made clear that divalent cation 
screening is not implied to be physiologically rele- 
vant here (although modifying much lower synaptic 
surface potentials asymetrically may be an im- 
portant regulator of voltage-dependent gating, e.g., 
Ashley, 1986). 

Similarly, while the small anion channel's multi- 
subunit type of substate behavior (also seen for a 
"double-barrelled" C1 channel, Miller & White, 
1984, and a "triple-barrelled" K + channel, Mat- 
suda, Matsuura & Noma, 1989) may not be particu- 
larly related to its role in vivo, it does also lead to 
a fairly strong prediction of major structural features 
of the channel protein (although conformational 
changes in a single pore could in theory give rise 
to similar electrophysiology, Dani & Fox, 1991). 
Further tests arising from this model can be devel- 
oped. For example, the substate behavior, with 
markedly reduced open probabilities for a "dimer of 
dimers" state in a sequential gating model at positive 
(cis-trans) potentials, may be sensitive to specific 
modifiers of charged residues (cf. activation and gat- 
ing in the ryanodine receptor, Orr et al., 1993). Also, 
examination of channel transitions at much higher 
resolution (e.g., by patch clamping) would allow an- 
other more critical test of the proposed mecha- 
n i smdis  the 75% substate then readily detectable 
at negative potentials, but still absent at positive po- 
tentials? 

Although we have not been able to present any 
evidence for a physiological role for this anion chan- 
nel, and cannot yet offer any compelling evidence 
even for its location to the inner mitochondrial mem- 
brane, at least two highly specific structural features 
have been identified by single channel recording 
alone: one entrance appears to lie unusually 
close--only about 1 nm--from the surface of the 
bilayer, and the channel behaves as a four-barrelled 
pore, or a single-barrelled pore with four gates in par- 
allel. 

We are grateful to Richard Martin for his comments on the manu- 
script, and thank the British Heart Foundation for support. 
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