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Abstract--Bovine pancreatic trypsin inhibitor (BPTI) is a 58 residue protein whose binding to various 
serine proteases has been extensively studied by X-ray crystallography. We have found that BPTI also 
binds to an intracellular site associated with the large conductance Ca2÷-activated K + channel, as 
detected by the production of subconductance events in single channels incorporated into planar lipid 
bilayers. BPTI is highly homologous to a family of mamba snake dendrotoxin proteins that inhibit 
various K ÷ channels at an extracellular site. BPTI thus provides a useful model system to explore basic 
mechanisms underlying protein-channel interactions. 

Small protein toxins are recognized as an important 
class of molecules in the pharmacology of ion 
channels. Channel-specific toxins are employed for 
various purposes by biochemists who bind "ligands" 
to identify channel proteins, pharmacologists who 
prescribe "drugs" to dissect a particular channel's 
contribution to cellular behavior and biophysicists 
who require "probes" to deduce channel mechanisms. 
A number of examples of natural protein toxins 
directed against ion channels are listed in Table 1 
where they are grouped according to their preferential 
channel target. Such toxins are Ubiquitous, com- 
ponents of animal venoms produced by bees (apamin, 
mast cell degranulating peptide) [1-3]; scorpions (oc- 
and fl- Na ÷ channel toxins, charybdotoxins) [1-5]; 
sea anemones (Na ÷ channel toxins) [6]; marine 
molluscs (conotoxins) [7-9]; snakes (o:-neurotoxins, 
dendrotoxins) [1-3, 10-13]; and presumably other 
venomous species. 

Studies of the mechanism of action of various 
protein toxins have revealed that virtually every 
aspect of channel function is susceptible to 
modification. For example, o:-bungarotoxin inhibits 
nicotinic acetylcholine receptor channels of skeletal 
muscle by preventing the binding of agonists to two 
sites, one on each of the two o~- subunits of the 
receptor [14]. o~- and fl- scorpion toxins induce 
hyperexcitability of nerve and muscle by altering the 
gating of voltage-dependent Na ÷ channels, slowing 
the kinetics of inactivation or shifting the voltage- 
dependence of activation to more negative voltages 
[8, 15]. #-Conotoxin blocks Na ÷ current through 
voltage-dependent Na ÷ channels of mammalian 
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skeletal muscle by binding to an external site at the 
mouth of the channel that overlaps the site for the 
guanidinium toxins, tetrodotoxin and saxitoxin [16]. 
Similarly, charybdotoxin appears to block K ÷ current 
through large conductance Ca2+-activated K ÷ 
channels [maxi K(Ca) channelt] by occluding K + 
permeation at the outer mouth of this channel [17]. 

Since three-dimensional structures of protein 
toxins are ultimately required for understanding 
their detailed mechanism of action, it is encouraging 
that the crystal structures of several of them have 
been solved by X-ray diffraction [18, 19] and the 
solution structure of others has been obtained 
by two-dimensional nuclear magnetic resonance 
spectroscopy [20]. However, the hope of obtaining 
detailed structures of toxin--channel complexes 
depends upon technical improvements in the 
crystallization of large membrane-spanning proteins. 
While awaiting such progress, it may be instructive 
to apply lessons from model proteins and protein- 
protein interactions where the molecular details are 
available at high resolution. The purpose of this 
essay is to introduce BPTI as such a model protein 
and an inhibitor of maxi K(Ca) channels. 

BPTI (also known as aprotinin or by the Bayer 
trade name of Trasylol) is a 58-residue polypeptide 
(Fig. 1) that is primarily known as an inhibitor of 
various serine proteases. The dissociation constants 
for the non-covalent BPTI complex with various 
proteases are: 6 x 10-14M for bovine trypsin [21], 
2 x 10 -6 M for bovine trypsinogen [22], 9.1 × 10 -9 M 
for chymotrypsin [23] and 8 ×  10-1°M for pig 
pancreatic kallikrein [24]. The X-ray crystal structure 
of BPTI has been derived for three crystal forms: I 
[25], II [25] and III [26]. Despite its small size 
(19 x 29 x 19A°), the structure of BPTI has a 
number of features of secondary structure that are 
characteristic of larger soluble proteins. These 
features include a twisted antiparallel fl-sheet formed 
by residues 17-24 and 29-35, a short carboxy- 
terminal t~-helix formed by residues 47-56, a small 
hydrophobic core comprised of residues phe4, cysS- 
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Table 1. Major classes of small protein toxins directed against ion channels 

Channel target Protein toxins References 

Acetylcholine receptor 

Voltage-dependent Na ÷ channels 

Voltage-dependent Ca 2÷ channels 
Voltage-dependent K ÷ channels 

Ca2+-activated K + channels 

Snake t~-neurotoxins [10-12] 
o:-Conotoxins [7-9] 
tr- and fl- Scorpion toxins [4, 5] 
Sea anemone toxins [6] 
/~-Conotoxins [7-9] 
~o-Conotoxins [7-9] 
Mast cell degranulating peptide [1-3] 
Dendrotoxins [1-3, 13] 
Charybdotoxins [1-3] 
Apamin [1-3] 
Charybdotoxins [ 1-3] 
Leiurotoxin [2, 3] 

Trypsin contact residues 

1 2 3 4 5 6 7 8 9 i0 ii 12 13 14 15 16 17 18 19 20 21 

BPTI: R P D F~L E P P Y T ~ P ~ K A R ~ I R Y 

DTX-I: Z P L R K L I L H R N P R Y Q K P A F 

Trypsin contact residues 

22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 
BPTI: F ~ A ~ A G L ~ Q T ~ V Y G ~ R A 

DTX-I : Y Q K K Q E G T W S G G 

41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 

DTX-I : N S R T I R R T C I R K 

Fig. 1. Comparison of the amino acid sequences of BPTI and DTX-I. Identities at various positions 
are indicated by boxes. The residues of BPTI found to be in contact with trypsin in the BPTI-trypsin 
complex [46] are indicated by a solid line. The standard one letter amino acid code is used. Z indicates 

amino-terminal pyroglutamate. 

cys55, phe22, tyr23, cys30-cys51, phe33, tyr35 and 
phe45 [27], and a number of polar surface residues 
with mobile side chains such as argl ,  lysl5, argl7, 
lys26, arg39, arg42, glu49 and asp50 [25]. The tertiary 
structure of BPTI is stabilized by three disulfide 
bonds between cysteine residues 5-55, 14-38 and 
30-51. Disulfide bonds also form stable intermediates 
in the folding pathway of BPTI which has been 
characterized in great detail using techniques of 
protein chemistry and site-directed mutagenesis 
[28, 29]. 

The name bovine pancreatic trypsin inhibitor is 
misleading since it is present in many different 
bovine tissues. It is an intracellular protein that is 
a representative member of a large family of 
homologous proteins. Proteins belonging to this 
family are often referred to as Kunitz inhibitors after 
Kunitz and Northrop [30] but should not be confused 
with another family of inhibitors, including soybean 
trypsin inhibitor, that is also called Kunitz. Creighton 
and Charles [31] have catalogued an alignment of 
29 homologous sequences of related Kunitz proteins 

found in species as diverse as silkworms and humans. 
Members of the BPTI/Kunitz inhibitor family can 
be recognized by the invariant positions of six 
cysteine residues and by low amino acid variability 
at a number of other positions [31]. 

From the standpoint of ion channels, interest in 
Kunitz inhibitor proteins derives from the fact that 
a group of neurotoxins called dendrotoxins are 
homologous members of this protein family. 
Dendrotoxins have been isolated from the venom of 
the black (Dendroaspis polylepis) and green (D. 
angusticeps) mamba snakes. These toxins have been 
characterized as potent inhibitors of a number 
of voltage-dependent K ÷ channels when added 
extraceilularly [10-13]. Figure 1 shows an alignment 
of the primary sequence of BPTI and DTX-I from 
the black mamba. These two proteins exhibit 32% 
sequence identity with conservative amino acid 
differences at a number of other positions. 
Spectroscopic studies indicate that the secondary 
structures and peptide backbone conformation of 
BPTI and DTX-I are quite similar [32]. Since BPTI 
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is a high affinity trypsin inhibitor and DTX-I is a 
high affinity blocker of certain K ÷ channels, the 
evolution and nature of the molecular recognition 
that determines this target specificity is of intrinsic 
biochemical interest [33]. 

Our own interest in dendrotoxins began with 
experiments intended to explore the specificity of 
various K + channels for peptide neurotoxins. One 
universal characteristic of these toxins is their 
remarkable specificity for certain channel classes and 
subtypes. For example,/~-conotoxin blocks voltage- 
dependent Na + channels of mammalian skeletal 
muscle and Electrophorus electroplax but not 
neuronal or cardiac Na + channels of mammals [16]. 
To compare the toxin sensitivity of the maxi K(Ca) 
channel with that of other voltage-dependent K + 
channels we tested the effect of DTX-I on single 
maxi K(Ca) channels in the planar bilayer assay 
system [34]. We found that DTX-I had no effect on 
maxi K(Ca) channels when added to the external 
(extracellular) side but induced long-lived sub- 
conductance states (v = 20 sec) of the channel from 
the internal side [35]. Since all of the other known 
examples of toxin-channel interactions occur on the 
extracellular side, it was rather surprising to find 
an intracellular site of action. Although such 
dendrotoxin-induced substates are probably irrel- 
evant to the in oivo action of mamba snake venom, 
this phenomenon is nevertheless biophysically 
interesting, since it can be used to probe an internal 
site on the channel that is in some way coupled to 
ion permeation. 

The substate-inducing properties of dendrotoxins 
can be demonstrated by applying crude mamba 
snake venom to the internal side of single maxi 
K(Ca) channels. The venom of both the green and 
black mamba snake species result in single channel 
records that exhibit at least two distinct current 
levels besides the closed and open states of the 
channel. Such current records of maxi K(Ca) 
channels taken in the presence of internal mamba 
venom give the appearance of multi-channel records; 
however, it can easily be deduced that the record is 
derived from a single channel since the additive 
conductance states expected for independent open- 
ings of multiple channels of different unitary 
conductances are never observed. Thus, the 
experiments of Fig. 2 show that mamba snake venom 
induces various subconductance states which can be 
in the order of 1 min in duration. 

Verification that dendrotoxin homoiogs in mamba 
snake venom are responsible for the production of 
substates comes from experiments with pure toxins 
such as DTX-I from D. polylepis. These studies 
revealed that binding of internal DTX-I induced the 
appearance of one predominant substate with 66% 
of the normal open state current at +20 mV in the 
presence of 50mM symmetrical KCI [35]. By 
analysing the dwell-time distribution of substate 
durations and open-burst durations between sub- 
states as a function of DTX-I concentration, it can 
be shown that the kinetics of substate formation are 
consistent with reversible binding to a single site or 
homogeneous class of sites with an equilibrium Ka 
of 0.1/tM (at +20mV,  50mM KC1). As suggested 
by the records of Fig. 2, we also found that the maxi 
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K(Ca) channel exhibits normal gating behavior in 
the DTX-I-induced substate. Detailed analysis 
showed that neither the voltage-dependence nor the 
CaE+-dependence of channel gating is altered in the 
substate (DTX-I-bound) mode [35]. Thus binding of 
DTX-I to an internal site exerts a specific effect on 
permeation of K + ions through the channel. 
Additional evidence for this conclusion comes from 
the fact that the I -V relationship of the DTX-I- 
induced substate exhibits a pronounced inward 
rectification as compared to the rather linear (ohmic) 
I -V relationship of the open channel in symmetrical 
KC1 (e.g. Fig. 3). 

Figure 2 shows that there are at least two different 
substates of comparable frequency in the presence 
of crude mamba venom, whereas experiments with 
the pure DTX-I homolog exhibit one predominantly 
occurring substate. This observation is explained by 
the fact that mamba snake venom contains a 
mixture of various dendrotoxin homologs [36, 37]. 
Apparently,  different DTX homologs can induce 
different subconductance levels. Curiosity about the 
number of possible substates and the structure- 
activity basis for substate production provoked us to 
test dendrotoxin homologs and various members of 
the family of the BPTI/Kunitz inhibitor proteins. 

Figure 4 shows that internal BPTI induces a single 
well-defined substate that is about 100-fold briefer 
than that induced by DTX-I. However, the BPTI- 
induced substate has a much smaller current level, 
about 16% of the open channel at +50 mV. Thus, 
despite the large structural divergence of BPTI and 
DTX-I indicated by the sequence comparison of Fig. 
1, the BPTI molecule also contains the necessary 
structural requirements for substate production. 
Since the tertiary structure of BPTI is well 
characterized and its faster kinetics of substate 
production, as compared with DTX-I, permit large 
numbers of substate events to be efficiently analysed, 
BPTI is an ideal molecule for mechanistic studies of 
the substate effect [38]. Figure 5 shows current 
records of a single K(Ca) channel in the presence of 
50 mM symmetrical KC1 and 6.4 t~M internal BPTI 
at a series of different holding voltages from +40 to 
- 6 0  mV. Internal Ba 2+ (1.7/~M) was also present 
in this experiment to permit clear definition of the 
closed/blocked current level. The experiment shown 
in Fig. 5 illustrates two characteristic features of the 
BPTI-induced substate phenomenon: the substate 
conductance is much smaller for outward versus 
inward K + current (inward rectification) and the 
kinetics of substate formation are strongly voltage- 
dependent with an e-fold increase in the substate 
lifetime per ~65 mV [38]. 

Figure 3 presents a comparison of the I -V  curves 
of the open K(Ca) channel and the respective 
substates induced by BPTI and DTX-I under 
conditions of 50 mM symmetrical KCI. In view of 
the fact that the substates associated with binding of 
the two proteins exhibit such different I -V  relations, 
one might ask whether their action is mediated by 
binding to the same site. Since the two proteins 
induce substates with different current levels and 
different mean durations, binding competition 
between DTX-I and BPTI can be examined by 
addition of BPTI to a single K(Ca) channel 
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100 mM KCI Symmetrical; 50 uM CaCI2; +20 mV 

30 sec Control 

D. Angusticeps Venom (0.33 mg/ml) 

D. Polylepis Venom (0.16 mg/ml) 

Fig. 2. Effect of crude mamba snake venom on single maxi K(Ca) channels. Single K(Ca) channels 
were incorporated into planar bilayers from plasma membrane vesicles of rat skeletal muscle and 
recorded as described previously [38]. A single channel recorded in the presence of 100 mM symmetrical 
KCI (control) is compared with single channels recorded under identical conditions after the addition 
of green mamba (D. angusticeps) or black mamba (D, polylepis) snake venom to the internal 

(intraceUular) chamber. 

- 8 0  

15 

5 

i i i - i i i ] 

- - - 20  40  60  B0  

V o l t a g e  (mY) 

Fig. 3. Comparison of the I-V behavior of the open state 
with subconductance states induced by DTX-I and BPTI. 
Conditions: symmetrical 10mM MOPS-KOH, pH 7.4, 
50 mM KCi. Unitary I-V curves of the open state (O), 
DTX-I substate (O) and BPTI-substate ( • )  were compiled 
for a single channel in experiments similar to that of Fig. 
4. Solid lines through data points have no theoretical 

significance. 

undergoing substate transitions induced by DTX-I. 
If the two proteins cannot bind simultaneously, then 
one would expect to observe an effect of BPTI only 
during intervals between DTX-I substates, when 
DTX-I is not bound. However, if there is 
simultaneous binding of the two proteins, one would 
expect to observe an effect of BPTI on the DTX-I 
occupied substate and vice versa. 

The preliminary results of such experiments are 
consistent with the former possibility suggesting that 
the two proteins do bind to a common site and that 
simultaneous binding is greatly disfavored. An 
example of data supporting this interpretation is 
shown in Fig. 6. The third trace from the top in Fig. 
6 shows that the DTX-I-substate is unperturbed by 
the presence of BPTI and is flanked by an entry 
from and an exit to the open state, indicating that 
DTX-I must bind to a channel that is not already 
occupied by BPTI. However, if the experiment 
shown in Fig. 6 is carried out at increasingly higher 
concentrations of BPTI, one does eventually observe 
the appearance of additional brief BPTI-induced 
substates emanating within the long-lived DTX- 
I-substates (Lucchesi and Moczydlowski, un- 
published). This suggests that BPTI can bind with 
much lower affinity to a channel that is already 
occupied by DTX-I. Although there are many 
possible interpretations of this result, our current 
picture of the structure of other voltage-dependent 
K ÷ channels offers an attractive hypothesis. If we 
assume that the maxi K(Ca) channel is formed by a 
rosetteqike arrangement of four identical subunits 
as suspected for Shaker-like K + channels [39], then 
there could potentially be four identical binding sites 
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Fig. 4. Effect of BPTI on a single maxi K(Ca) channel. Conditions: symmetrical 10 mM MOPS-KOH, 
pH 7.4, 50 mM KCI, 0.2 mM internal CaCI2, 0.1 mM external EDTA, holding voltage = +50 mV, filter 
100 Hz, 23 °. A record from the same channel is shown before (control) or after the additon of 0.92 t~M 
internal BPTI. Various current levels are marked as o (open state), c (closed state), s (BPTI-induced 

substate). 
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Fig. 5. Effect of voltage on BPTI-induced substate behavior. 
Conditions: symmetrical 10mM MOPS-KOH, pH 7.4, 
50 mM KC1, 0.2 mM internal CaC12, 6.4/*M BPTI, filter 
200 Hz. Current records (5 see) from a single K(Ca) 
channel at various holding voltages are shown. Current 
levels are labeled as in Fig. 3. BaCI2 (1.7/tM) was also 
present on the internal side to facilitate accurate 

identification of the closed/blocked current level. 

for DTX-I or BPTI, one on each subunit or near a 
subunit interface. In this case two possible 
mechanisms could make the simultaneous binding 
of more than one protein ligand improbable: 
electrostatic repulsion between positively charged 
protein ligands at neighboring sites (i.e. DTX-I has 
a net charge of + 10 and BPTI has a net charge of 
+6) or a negative allosteric interaction that greatly 
lowers the affinity of unoccupied sites in the mono- 
liganded conformation. 

Aside from the mechanism of binding to the maxi 
K(Ca) channel, how does binding of proteins 
belonging to the BPTI/dendrotoxin family result in 
a subconductance state? Some possible models to 
explain this effect are illustrated in Fig. 7. The 
"partial occlusion" idea of model A suggests that 
binding of the inhibitor directly interferes with the 
entry/exit of K ÷ ions. The BPTI molecule might 
bind within the internal vestibule of the channel and 
sterically interfere with K + permeation, without 
completely occluding the pore. The reduced capture 
radius of ions entering the channel from the internal 
side would result in a discrete substate exhibiting a 
greatly reduced entry rate of internal K ÷ and a 
somewhat lower rate of exit of K ÷ ions flowing in 
the inward direction, leading to inward current- 
voltage rectification. One prediction of Model A is 
that organic blocking ions such as TEA ÷ which 
appear to bind within the internal mouth of the maxi 
K(Ca) channel would not be able to block the 
substate induced by BPTI/DTX-I or would exhibit 
a lower blocking affinity for the substate versus the 
normal open state. However, in an experiment 
designed to test this prediction, we found that 
internal TEA ÷ blocks the DTX-I-induced substate 
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Fig. 6. A single-channel experiment testing for binding competition between DTX-I, BPTI and Ba 2+. 
Conditions: symmetrical 10mM MOPS-KOH, pH 7.4, 51 mM KC1, 0.1 mM internal CaC12, 0.1 mM 
external EDTA, holding voltage = +20 mV throughout the experiment. Consecutive additions of 
0.25 #M DTX-I, 3.8/zM BPTI and 1.7 #M BaC12 were made to the internal chamber of a bilayer 
containing a single K(Ca) channel and the current was recorded after each addition. Real time proceeds 

from right to left in all traces. 

Mode l  A Mode l  B M o d e l  C 
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K K K 
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IN 

AIIosteric 
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Fig. 7. Schematic illustration of three possible mechanisms for substate production by internal BPTI 
or dendrotoxin in maxi K(Ca) channels. The black pear-shaped molecule represents an inhibitor or 

toxin protein bound to the channel (grey stippled). 

with exactly the same affinity as it does the open 
channel,  with Kd = 36 mM for T E A  + at +20 mV 
and 50 mM symmetrical KCI [38]. Similarly, we have 
observed that internal ly applied Ba 2+ (a discrete 
pore blocker) readily induces blocking events within 

long-lived DTX-bound  substates and titration of a 
single channel  with increasing concentrat ions of 
BPTI  does not  affect the apparent  ko. and koff for 
Ba 2+ block [38]. For  example, the bot tom record of 
Fig. 6 shows that addition of internal  Ba 2+ to a single 
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K(Ca) channel undergoing substate transitions in 
the presence of DTX-! and BPTI results in typical 
Ba2÷-blocked events that readily occur from either 
substate level. These latter results indicate that there 
is not a competitive binding interaction between 
internal DTX-I and TEA +, or BPTI and Ba 2÷ , which 
implies that these small proteins do not bind within 
the inner channel vestibule. Thus, we presently 
believe that the partial occlusion idea of model A is 
unlikely as a mechanism for substate production. 

Model B in Fig. 7 alternatively proposes that a 
bound BPTI/DTX-I  molecule inhibits K ÷ current 
via an electrostatic effect. Binding of these basic 
proteins could alter the electrostatic surface potential 
near the internal vestibule of the channel. The 
positive surface potential of the protein molecule 
repels cations and could result in a lower local 
concentration of K ÷ ions. The lower substate current 
is then explained by a reduced K ÷ concentration 
near the pore. This mechanism can be tested by 
examining the dependence of the substate current 
on ionic strength. At  high ionic strength, positive 
surface potential is expected to be greatly decreased 
by screening of the fixed positive charges on the 
protein inhibitor [40]. One would therefore predict 
that the ratio of the substate current to the open 
state current should be increased dramatically by 
increasing internal KCI concentration. Our previous 
tests of model B in which [KC1] was varied from 50 
to 500 mM, a range expected to substantially reduce 
the magnitude of the surface potential,  did not 
significantly affect the substate/open state current 
ratio for BPTI-induced substates [38]. Thus, ionic 
strength does not relieve the substate current as 
expected for such a purely electrostatic effect. Thus 
model B also seems to be an unlikely mechanism. 

A third possible mechanism that is consistent with 
the available data is illustrated by model C in Fig. 
7. This model proposes that internal binding of an 
inhibitor protein at a site relatively distant from the 
pore induces a structural change in the channel 
protein, such that the energetics of K ÷ binding within 
the channel are modified. Such an allosteric 
interaction between the BPTI /DTX-I  site and the 
permeation site(s) for ions within the channel could 
change the rate-limiting steps of ion conduction. For 
example, an increased energy barrier for K ÷ entry 
that is located closer to the internal side of the 
channel could result in the type of I -V  rectification 
exhibited by the BPTI-substate. 

Such an allosteric effect depicted by the cartoon 
of model C is somewhat analogous to that produced 
by the alkaloid toxins, batrachotoxin, veratridine 
and grayanotoxin, which bind competitively to 
voltage-dependent Na ÷ channels. Aside from 
modifying the kinetics of Na ÷ channel inactivation 
gating, binding of these toxins induce a lower unitary 
conductance for Na ÷ and alter the permeability 
ratios for certain pairs of alkali cations [15, 41, 42]. 
Since experiments with a hydrophilic analogue of 
grayanotoxin indicate that this toxin binds to a site 
on the Na ÷ channel that faces the internal solution, 
[43] the effect of BPTI and dendrotoxins might be 
mediated by a similar kind of binding site on the 
maxi K(Ca) channel. 

Besides enhancing our understanding of channel 
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substates, studies of the interaction of proteins of 
the BPTI/dendrotoxin family with maxi K(Ca) 
channels may provide insights into other types 
of important protein--channel interactions. For 
example, modulation of various voltage-dependent 
ion channels by some neurotransmitters is thought 
to occur via a direct interaction between ion channels 
and GTP-binding proteins on the internal side of 
the membrane [44]. Also, the inactivation process 
of certain voltage-dependent ion channels is mediated 
by binding of an amino-terminal "ball" domain of 
the channel to a receptor site on the internal side of 
the channel [45]. It is possible that these examples 
of protein-channel interactions share some structural 
principles in common with the binding interaction 
between BPTI and various serine proteases. Since 
the detailed molecular interaction between BPTI/  
trypsin [46], BPTI/trysinogen [47] and BPTI/  
kallikrein [24] is known from the X-ray crystal 
structure of these complexes, it should be possible 
to determine whether the same region of the BPTI 
molecule that interacts with these proteases is also 
involved in binding to the maxi K(Ca) channel. Site- 
directed mutagenesis of various residues within the 
trypsin contact region of BPTI, formed by residues 
11-19 and 34-39 as indicated in Fig. 1, should 
provide a direct test of this possibility. Such an 
approach coupled with detailed functional resolution 
afforded at the single channel level should also help 
to distinguish further among the possible mechanisms 
of substate production envisioned in Fig. 7. 
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