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A Geometric Sequence that Accurately Describes Allowed Multiple
Conductance Levels of lon Channels: The “Three-Halves (32) Rule”

John R. Pollard, Nelson Arispe, Eduardo Rojas, and Harvey B. Pollard
Laboratory of Cell Biology and Genetics, National Institute of Diabetes, Digestive and Kidney Diseases, National Institutes of Health,
Bethesda, Maryland 20892 USA

ABSTRACT lon channels can express multiple conductance levels that are not integer multiples of some unitary conductance,
and that interconvert among one another. We report here that for 26 different types of multiple conductance channels, all allowed
conductance levels can be calculated accurately using the geometric sequence g, = g,(32)", where g, is a conductance level
and n is an integer =0. We refer to this relationship as the "3 Rule,” because the value of any term in the sequence of
conductances ( g,) can be calculated as 32 times the value of the preceeding term ( g,_,). The experimentally determined average
value for "32" is 1.491 *+ 0.095 (sample size = 37, average * SD). We also verify the choice of a 32 ratio on the basis of error
analysis over the range of ratio values between 1.1 and 2.0. In an independent analysis using Marquardt's aligorithm, we further
verified the 3 ratio and the assignment of specific conductances to specific terms in the geometric sequence. Thus, irmespective
of the open time probability, the allowed conductance levels of these channels can be described accurately to within ~6%. We
anticipate that the “% Rule” will simplify description of multiple conductance channels in a wide variety of biological systems

and provide an organizing principle for channel heterogeneity and differential effects of channel blockers.

INTRODUCTION

Ion channels are routinely described in terms of their con-
ductance as obtained from the slope of a linear portion of
a current-voltage relationship (I-V curve), and in many
cases the conductance is sufficient to identify the channel
(Edwards, 1982; Hille, 1984). However, there are several
examples of ion channels that, at a fixed voltage, express
multiple levels of conductance. These levels appear to in-
terconvert amongst one another, and are not integer multiples
of some unitary level of conductance (Fox, 1987; Meves and
Nagy, 1989). The best known examples include the small
molecule, alamethicin (Baumann and Meuller, 1974; Gordon
and Haydon, 1972; Hanke and Boheim, 1980), and other
antibiotics (for review, see Latorre and Alvarez, 1981). Con-
ventional membrane resident channels with multiple con-
ductance levels include the “double barrelled” anion channel
from Torpedo (Miller, 1982; Bauer et al., 1991); cation chan-
nels regulated by excitatory amino acids such as N-methyl-
p-aspartic acid (NMDA), glutamate, kainate, and quisqualate
(Cull-Candy and Usowicz, 1987; Jahr and Stevens, 1987);
glycine and gamma-amino-butyric acid (GABA)-gated
channels from spinal cord (Smith et al., 1989); acetylcholine
receptor channels from muscle (Hamill and Sakmann, 1981);
the recombinant nucleotide binding fold anion channel from
the CFTR (Arispe et al., 1992a); gap junction channels
(Spray and Bennett, 1985; Young et al., 1987); ryanodine-
sensitive calcium channels (Liu et al., 1989), and dihydro-
pyridine (DHP)-sensitive calcium channels (Ma and Coro-
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nado, 1988) in muscle; and others to be described below. It
is not uncommon to find at least 5 or 6 conductance levels
in many of these channel systems.

There are two alternative explanations for multiple con-
ductance channels. The first considers that the cross sectional
arca of a single channel can vary (e.g., Stein, 1986). The other
proposes the coexistence of multiple channels of identical
conductance which open in concert. According to the latter
model, the different conductances should be exact integer
multiples of a minimum conductance, as noted for Torpedo
anion channels studied in natural abundance (Miller, 1982)
or as recombinant molecules (Bauer et al., 1991). Analogous
biophysical arguments have been made for other systems,
including “double-barrelled” chloride channels from rabbit
cortical collecting duct (Sansom et al., 1990), “triple-
barrelled” potassium channels from guinea pig heart cells
(Matsuda et al., 1989), and even a “16-barrel” channel from
a molluscan neuron (Geletyuk and Kazachenko, 1985). How-
ever, we have learned that most systems do not necessarily
express conductance levels as integral multiples of one mini-
mal conductance, although the data are frequently interpreted
in this manner. In addition it is difficult to fit the observed
frequency of simultaneous openings to the expected binomial
distribution.

Our alternative approach, as described below, was to ex-
amine the set of observed values of conductance for each
channel, in sequence, and to search for any regular relation-
ship among the members of each set. We found that for all
the channel systems examined, the conductance values, g,,
expressed by the channel could be accurately described by
recourse to the following geometric sequence:

g- = go {BA}.’

where g, is the minimum conductance, and the integer n (=0)
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defines succeeding terms in the sequence. Not every term in
the sequence is detectable experimentally, but in almost ev-
ery case experimentally observed conductances are terms in
the sequence.

To come to this conclusion, we graphed the observed mul-
tiple conductances for 37 different channel systems as a func-
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FIGURE 1 Multiple conductance
levels of ion channels as a function of
integer number, . Lines arc regres-
sions of log(conductance level) vs. n,
and are labeled according to descrip-
tions in Tables 1 and 2. The horizontal
axis is given as An because the ground
state cannot be determined unambigu-
ously.

CONDUCTANCE (pS)

tion of apparent values of n. All of these data are presented
in Fig. 1, where the horizontal axis represents consecutive
values of n for a given channel system, and the vertical axis
is the log,, of the comresponding conductance value. As
summarized in Table 1, the slopes of all of these systems is
1.491 * 0.095 (sample size = 37, SD), and closely approxi-

Ratio = 1.491 + 0.095 (n=37, SD)
Key : Symbois refer to data in tables.
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TABLE 1 Summary of data for ion channel systems

“3 Rule” of Multiple Conductance Levels 649

Systemdata Ratio* Systemdata Ratio
Glycine-activated C1 channel Ia 1.463 Lobster muscle calcium release channel 6a 1.497
GABA-activated C1 channel 1a 1.501 Rabbit muscle L-type calcium channel 6b 1.492
Glutamate-activated C1 channel 1b 1.491 Human synexin calcium channel 7a 1.557
Glutamate, aspartate, NMDA, quisqualate Ic 1.432 Bovine lipocortin I K* channel 7b 1.485

ine, Li* 2 1516 Bovine lipocortin 1 K* channel 7c 1.491
Acetyicholine, Cs* 2 1.464 Blymphocylenmdnnnel&c 1.634
Acetyicholine, Na* 2 1.566 anion channel 8a 1.828
Skeletal muscle K* channel 3a 1.479 rNBF -1 (CFTR,AF508) chloride channel 85 1.509
Inward rectifier K* chamnel 3b 1.424 Platelet chloride channel 8¢ 1.421
Chromaffin granule K* channel 3¢ 1.424 Amphibian muscle anion channel 8d 1.464
Multi-barrel K* channel 3d 1.656 Molluscan neuron chloride channel 9 1.445
Inward rectifier K* channel (+Cs") 3e 1.438 Molluscan neuron chloride channel 9 1481
Inward rectifier K* channel (+Rb*) 3e 1.438 Molluscan neuron chioride channel 9 1503
Heart muscle Na* channel 4a 1.432 Neurohypophyseal vesicle cation channel 10a 1.553
Heart muscle Na* channe) (303 mM Na) 46 1377 Pancreatic microsome channel 10b 1557
Heart muscle Na* chanael (140 mM Na) 45 1375 Gap junction channel (comnexin 27) 10c 1.430
Heart muscie Na* chaonel (70 mM Na) 4 1.635 Alamethicin channcls (mixed) 11a 1344
Calcium release channcl (expt. A) 5a 1.487 Alamethicin channels (pure, KQ1) 11a 1.280
Calcium release channel (expt. C) 5a 1.501 Alamethicin channels (mixed) 11a 1525
DHP-sensitive calcium channel 5b 1.448 Alamethicin channcls (pure, Tris-HEPES) 1la 1514
Lobster muscle calcium release channel 6a 1.497

* The ratio given is exp(slope of the plot of log g,____, vs. 7). The closed state (g = 0) is not included in the calculations. The average value is 1.491 +

0.095 (n = 37, SD).

mates the ratio of 3 in the equation for the “32 Rule” given
above. The specific data for each channel system is described
in detail below and in Table 2, but it is immediately apparent
that most of the relationships have similar slopes. This is an
important conclusion, and before turning to the implications,
we will first describe the data and the analysis upon which
this rule is predicated.

EXPERIMENTAL DATA

The channel systems graphed in Fig. 1 and summarized in Table 1 are
described in detail below. The conductance values and their assigned po-
sitions in the sequence are given in Table 2.

channels

Glycine and GABA-gated channels from spinal cord neurons are the prin-
cipal inhibitory transmitiers in the mammalian ceatral nervous system. In
cultured rat spinal cord acuross, glycine can activate a chloride channel with
at least 6 conductance levels, whereas GABA can activate a different chio-
ride channel in the same system with 5 levels of conductance (Smith et al.,
1989). Thesc data for observed values of conductance are summarized in
Table 2, 1a.

Glutamate-activated channels mediate excitatory synaptic transmission
in the hippocampus and other parts of the vericbrate central nervous system
by action on several different receptor types. The application of glutamate
to hippocampal neuroas generate at least 7 discrete conductances (Jahr and
Steveas, 1987). These values are shown in Table 2, 1b.

Aspartate, quisqualate, kainate, and NMDA receptors in cercbellar neu-
rons induce multi-conductance channcls with closely equivalent values for
each conductance level (Cull-Candy and Usowicz, 1987). However, ecach
ligand induced a set of conductances with distinct open probabilitics, in-
dicating that each accessed 2 separate system. The authors were unable to
distingnish the sets of conductances statistically from each other, and so
stated a “combined” average, which is given in Table 2, 1c.

Acetyicholine receptors

Nicotinic acetyicholine receptors (AchR) have been best studied in muscle,
where multi-conductance levels occur with different frequencies. For ex-

ample, although calf muscle AchRs express these subconductance states
infrequently (Villarroel and Sakmann, 1992), they are extremely common
in embryonic rat muscle myocytes (Hammill and Sakmann, 1981). The
AchR channel is permeable to Na*, but other cations such as Li* and Cs*
aiso permeate the channel. As shown in Table 2, 2, each cation gencrates
different sets of conductance levels.

Potassium channels

The calcium-activated maxi-K* channel from rat skeletal muscle expresses
a unitary conductance in planar lipid bilayers. However, upon exposure to
cither dendrotoxin peptides from mamba saake venom or bovine pancreatic
trypsin inhibitor, the channel cxhibits multiple conductances (Lucchesi and
Moczydlowski, 1991). These data are shown in Table 2, 3a.

The inwardly rectifying K* channel from guinae pig heart veatricie cells
might be responsible for determining the resting potential across the sar-
colemma, and might play a role in the repolarizing phase of the cardiac
action potential. These channels can infrequently be shown to exhibit at least
four conductance levels (Sakmann and Trube, 1984). In about 20% of ex-
periments performed by a separate st of investigators (Matsuda ct al.,
1989), this chanacl can also be shown to be differentially blocked to a
distinct set of 3 conductance levels by exposure to small amounts of either
Cs* or Rb* (Table 2, 3¢).

Chromaffin granules are secretory vesicles from the adrenal meduila
(Pollard et al., 1985), the membrancs of which contain a calciom-
independent potassium channel (Arispe et al., 1992b). Upon reconstitution
of membranes into planar lipid bilayers, five discrete conductance levels can
be detected (see Table 2, 3c).

Multi-barrelled K* channels from the early distal tbules of the kidney
of Amphiuma have been previously characterized in terms of a model fea-
taring four parallel, equally conductive subunits (Hunter and Giebisch,
1987). Our own analysis of these data was complicated by the fact that not
all conductances were given explicitly. Therefore, we computed possible
values of conductance by taking into account the reported ohmic propertics
of this channcl, the published record of single channel activity, and the
amplitude histogram. The values are given in Table 2, 3d.

Sodium channels

Sodium chanaels in striated muscle are involved in propagation of the action
potential from the motor end plate to the T-tubule system. In guinea pig
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TABLE 2 Summary of channel sysiems and conductances
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Channel Channel
system (118 cacrvea system (018 cimerves
Glycine and GABA-Gated chloride channels: Annexin calcium channels
1a. [ glycine : [1]14, [2]20, {3130, [4]43, [5)64, [6]93. Ta. : [1110.6, [2]16.5, [3}-, [4)35.75.
® GABA : [1]13, [2]20, [3]29, [4]43, [5]71. To. : [1]14, [2)20, [3]32, [4}48, [5]74, [6)96, [7]150, [8]224.
Ib. : [115, [2}, [3110, [4]15, [S]24, [6]38&40, [7]50. Tc. : [1116, [2]25.7, [3]36.4, [4]54.7, [5]80.7.
ic. : [118:3%0.6, [2}, [3]18+0.5, [4]28+1.4, Anion channels
[5138+0.8, [6}48+0.7. 8a. l C(hit : [1140, [2}-, [3]-, [4]200, [5]300, [6]454.
Embryonic acetylcholine receptor channels A Ch2 : [1140, [2]-, [3]120, [4]-, [SH00, {6]582.
2. & Ca* - [1111, 2}, [3125, [4]34. 8b. : [1]50, [2]875, [3]125, [4]162, [5]250, [6}450.
H Na* - [118, [2} [3]19, [4]31. 8c. 1 [1H48, [2}- [3196, [4]144, [5]192.
OoLu* : {114, {2} 319, [4]14. 8d. Ograd :[1]217, [2]320, [3M465.
Potassium channels @ sym : [1]70, [2}, [3} [4}-. [5)260.
3a : [1150, [2} [3]107, [4]1625. 9. 1 :[125%1.7, [2}, [3]125%1.5, [4]36%25, [5]51.8+4.4,
3b. - [117, 2F 3113, [4)21, [5]28. [6]74%5. [7]100+5.1, [8]177.
3c. : [1]16, [2]26, [3}-. [4]50. [5]73, [6]95. A D [1125+1.7, 2}, [3]125%1.5, [4]36+25, [5)62.5+3.3,
3d. : [1K7.9), [2} 31182, [4]27.7, [5)36.9. [6]87.5+5 [7)126+4.8, [8]165+7.7.
3e. (0 Ca” : {1110, 2}, [3]20, [4]30. O 1 [1]125%1.7, {2}, [3]125*15, [4}, [5}625+%3.3,
@ Rb* {1111, 2} [3]22, [4]33. [6]87.6£5, [7]150.1+6.3, [8]201+6.2.
Sodium channels Non-selective channels
4a : (115, [218, [3}-, [4]15. 10a. : [1163, [2]98, [3]-, [4]236.
4b. A715mM  : [1K2.07), [2]3.1%0.9, [3}-, [4]9.0*1.8. 10b. : [1]20, [2}, [3])50, [4]80, [5]115.
140 mM : [1K2.81), [24.7%0.6, [3K7-10), [4K951), 10c. O 27 : [1]140, {2]304, [3}456.
[5]14.2+0.8. @43 : [1}60, [2]90.
@303 mM :[1)4.65), [2]8.7+0.3, [311.5), [4]16.2+1.2, A 32 : [1]130.
[5120.33, : [6]24.5+1.7. Alamethicin channels
Calcium release channels 11a. ¢ oS :[1]8.46, [2]11.9, [3]15.9, [4]2.8, [5130.
5a. ® Expt. A : {11100, [2}-, [3]228, [4])300 or 360. OaS  :[1]846, [2]11.9, [3]20, [4]27
WExp. B :[1]224, [2], [3}440. 11b. pS [1]& (2} 3} (4} [5147, [6L [7F. [8]130, [9]240,
AExpt C  :[1P366, [21634, [3}, [4]134, [S]192 10]360.
OExpt. D :[1M59,[2], [3]91 7, [4]147, [5]200. l1c. pS [1]19 (2} I3} 4}, (5}, [6])- [7]280, (8}, [9)-, [10},
O Expt. E - {11923, [2}.13 [11]1300, [12}-, [13]2700, [14}4400, [15]}6200.
5b. A Expt. B : [1H40, [2]73.
O Expt. C' : [1198, [2]126.
@ Expt. D' :[1]30.7, 2], [3}64, [4]933.
6a O G) : [1B2, [2150, [3]70, [4]106, [5]160&170,
[6)232&264, [7]360, [8]580, [9]816,
[10]1200, [11]1800.
@ (ii) : [1130, [2]50, 3}, [4]100, [5}, [6]208, {7},
8} [9]712, [10]1000&1050,
[11]1500&1560.
6b. O (i) : [113.1, [2}, [3])725, [4]11.3.
A (i) : [1F [2K.7, [3}-. [4]11.5, [5)14.6.
B (iii) : [1} 12} B} {41 [5]15.5, [6)23.6.

cardiac myocytes (Nilius et al., 1989), sodium channels, for which in-
activation was blocked by the Sandoz drug DPI-201-106, are reported
to occur with at least three conductance levels (see Table 2, 4a). How-
ever, sodium channels from the rat cardiac ventricle (Schreibmayer
et al., 1989) have been shown to occur in six conductance levels. The
conductance data available for our analysis were obtained in three NaCl
concentrations, and were described by the authors with two levels of
certainty (Table 2, 4b).

Calcium channels

The sarcoplasmic reticulum in vertebrate skeletal muscle contains a complex
that is involved in excitation-coatraction coupling. The complex binds the
muscle toxin ryanodine, and when incorporated into planar lipid bilayers
exhibits multiple conductance levels. The variety of conductances observed
with sodium carrying the current are summarized in Table 2, 5a (Liu et al.,
1989). The data in these tables do not correspond to the stated values given
explicitly by the authors, but are calculated from the calibrations provided
adjacent to the records labeled A-E. In other experiments in the same paper,
this channel was studied with Ca’* as the charge carmier (Liu et al., 1989).
Data are given in table 2, 5b, where the labels, B’-D’, correspond to similarly
labeled experiments in the original paper. In this case, we also recalculated
conductance data from the various conditions exactly as we did for the data
in Table 2, 5a.

The calcium release channel in lobster skeletal muscle is also ryanodine-
sensitive, and can be incorporated into planar lipid bilayers for analysis
(Arispe et al.,, 1992c). With Na* carrying the current, a multitode of con-
ductance levels can be observed, ranging from approximately 30-1800 pS
(Table 2, 6a). With 32 pS as the preferred conductance, 11 of 17 conduc-
tances could be fit reasonably closely (Table 2, 6a {i]). However, six values
could not. These included 30, 100, 208, 712, 1000 or 1050, and 1500 or 1550
pS. However, using the level of 208 pS as a second preferred conductance,
we were able to gencrate a second set of predicted values that were well
within 10% of the other 5 missing values (Table 2, 6a [ii]). From these data
and the analysis, we conclude that channel heterogeneity can occur, and that
in at least this one casc, this heterogeneity can be completely accounted for
by the ¥2 Rule. We will return to this hypothesis when we compare ap-
parently impure and purified alamethicin (Table 2, 11a), and an even more
complicated anion channel in 2 molluscan neuron (Table 2, 9).

Dihydropyridine (DHP)-sensitive, L-type calcium channels from skeletal
muscle transverse tubules respond to depolarization of the muscle cell
plasma membrane by allowing calcium to enter the cell. This channel has
been incorporated into planar lipid bilayers (Ma and Coronado, 1988), and
with Ba?* as the charge carrier two sets of three conductance levels each
were detected and recalculated from the slope conductances (Table 2, 6b
[i and ii]). By contrast, in a study of purified DHP-sensitive calcium channels
(Smith et al,, 1987) only two conductances were reported. These were gen-
crally termed “12—-14 pS™ and “22 pS,” which we recalculated exactly from
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the published data (Table 2, 6b [iii]). The eatire set of conductances can be
interpreted as terms in onc geometric sequence.

Annexin calcium channeis

Members of the annexin gene family (Pollard et al., 1992; Raynal and
Pollard, 1994), such as syncxin (Amnexin VII: Pollard and Rojas, 1988;
Burns et al, 1990), endoncxin II (Annexin V; Rogas et al., 1990), and Li-
pocortin I (Anacxin I; Pollard et al., 1992) form cationic channcls across
planar lipid bilayers. The channcls are selective for Ca>* and behave with
channels, reconstituted in a bilayer at the tip of a patch pipet (Burns et al.,
1990) reveal three conductances calculated from records made with Ca* as
the charge camier (Table 2, 7a). Recent studies with one preparation of
lipocortin I (cf. Pollard ct al., 1992; N. Arispe, E. Rojas and H. P. Pollard,
unpublished data) have shown that different sets of conductance levels could
be detected on different days, but that both sets are internally consistent and
can be predicted by the 32 Rule. On one occasion, 8 conductance levels were
noted (Table 2, 7b), whereas in another series of measurements, only 5
conductances were observed (Table 2, 7c). For this well defined, pure chan-
nel protein, the “¥2 Rule” ratio is sustained, whereas the exact conductance
values are not.

Anion channels

Anion channels of unknown function occur in B-lymphocytes and are re-
portied to exhibit multiple conductance levels (Bosma, 1986, 1989). Our own
close inspection of the data revealed a variety of conductances, in addition
to some cxplicitly stated by the author. These are all listed in Table 2, 8a.

The cystic fibrosis transmembranc regulator (CFTR) is thought to be an
anion channel, and the AFS08 mutation in this molecule is apparently re-
sponsible for 75-80% of cases of cystic fibrosis. The recombinant NBF-1
nel activity has been found to occur in multiple, intercomverting conductance
states (Arispe ct al., 1992a). The conductances for the AFS08 mutant NBF-1
are shown in Table 2, 8b. The wild-type protein exhibits a similar set of
conductances. Furthermore, in the presence of ATP, the channel is blocked
to lower conductances, including a 9-pS level, which is also predictable from
the sequence.

Anion channel activity occurs in human platelets with multiple con-
ducting levels (Mahaut-Smith, 1990). The functions are not known, but they
are activated by internal calcium, and thcy may be involved in platelet
activation and exocytotic secretion (Pollard et al,, 1977). Histograms con-
structed from the data reveal at least four conductance levels (Tabie 2, 8c).

Skeletal muscle has a “high conductance, multisublevel anion channel”
that might be important in setting the resting membrane potential At least
four conducting states have described the channel in adult frog muscle (Woll
ct al, 1987). Different sets of conductances can be detected using either
symmetric or asymmetric sait concenatrations on cither side of the channel
(Table 2, 8d).

As a final example from the class of anios channels, we have considered
the system from the neurons of the fresh water mollusc, Lymnaea stagnalis
(Getetyuk and Kazachenko, 1985). This anion channe] is activated by K*
and Ca>*, and up to 16 substates have been reported. This system was once
described as the “world record” for multiple conductance states in the review
by Meves and Nagy (1989). We could not account for all observed con-
ductances with onc single series based on the “32 Rule”. However, Getelyuk
and Kazachenko had been impressed by the fact that in some experiments
the activity looked “as if (there were) three independent channels with the
conductances of 50, 62.5, and 87.5 pS.” Indeed, expansion of each of these
values by the “32 Rule” yields a complete cormespondence to the eatire set
of observed conductances (Table 2, 9).

Other anion channels have been described that have only two levels. Such
“double-barrelled” anion channcls have been noted in Torpedo electroplax
(Hanke and Miller, 1982; Bancer et al, 1991), rabbit cortical collecting duct
(Sansom et al., 1990), and chick embryo myotubes (Schwarze and Kolb, 1984).
With oaly two cosductance states 10 consider, amalysis by the % Rule scems
inappropriate, and we have not included any of these data in our analysis.

“3% Rule” of Muitiple Conductance Levels 651

Nonselective channels

physin and oxytosin. The granule membrancs can be purified and recon-
stituted into tip-dip lipid bilayers, where they express both an anion channel
and a nonselective, calcium-activated cation channel (Lee et al, 1992). A
correlation with calcium signalling leading to exocytosis has been sought
as a role for this channel. As shown in Table 2, 10a, the channel expressed at
least three nonzero ohmic conductance states in symanetrical 150 mM KC1L

Microsomes from the rough endoplasmic reticulum of canine pancreas
are a source of ion chaanel activity, which is belicved to be involved in the
protein synthetic process. The channel can be detected upon reconstitution
of the channels into plamar lipid bilayers (Simon et al, 1989), and at least
four active conductance levels have been observed (Table 2, 10b).

Gap junctions are oligomeric assemblies of proteins, termed coanexins
27 (xDa), 32 (kDa), and 43 (kDa), which are responsibic for movemcat of
ions and small molecules between cells (Spray and Benactt, 1985). The
reconstituted into planar lipid bilayers (c.g., connexin 27: Young et al,
1987), or when expressed recombinantly in xenopus oocytes (e.g., connex-
ins 32 and 43; Spray ct al, 1992). From a conductance histogram, purified
connexin 27 can be shown to cxhibit at least three well defined open con-
ductivity states. Recombinant 43 cxpresses two conductance
states. Comncxin 32 expresses only one defined conductance of 130 pS
(Tabile 2, 10c).

Alamethicin is a small cyclic peptide antibiotic whose structure is well
known, and that forms multiple conductance, aanoseimen channels in planar
lipid bilayers. The channels are believed to be formed by transmembrane
polymers of the antibiotic, and the different coaductance states have beea
associated with different degrees of polymerization. Onc of the carliest
studies on a crode sample of alamethicin (Gordon and Haydon, 1972) is
summarized in Table 2, 11a. In this case, oaly four of the seven conductances
in the nS range could be assigned by the “¥2 Rule”. Building on the cx-
pericace with hetcrogeneity in protein channcls, we soon found that the
remaining three conductances could be fit by a scparate “¥2 Rule” system.
In later years, more pure preparations of alamethecia became available.
Experiments with alamethecin RF30 (Hanke and Boheim, 1980) are sum-
marized in Table 2, 11b and 1lc, in which the data can be fit by single
geometric scquences.

STATISTICAL VERIFICATION OF THE 3: RULE

To calculate the average value of the ratio, P, in Fig. 1, we
were forced to make explicit choices regarding which con-
ductance to assign a given value of n. In many cases, we
correlated predicted values with a vacancy in the set of ob-
served conductances to preserve the integrity of the entire
sequence. In our view, such vacancies could perhaps reflect
low frequency events. In any case, in general we were forced
to accept the literature data at face value. However, we were
concerned that in assigning values of » in this manner we
were inadvertently enhancing the probability that P would
have an average value of 3. From a consideration of the
relationship, g, = g (P)', it is possible that as P becomes
small the “Rule” may begin to predict observed conductances
with more accuracy. However, concommittantly, there
would be an increase in the number of conductances that
were terms in the sequence but not experimentally observed.
In the extreme case, such a “rule” would be no rule at all.

To evaluate the statistical significance of the 32 Rule, we
therefore analyzed the data from two different perspectives.
One approach was to search explicitly for the assignments
that yielded a minimum error with the fewest vacancies. The
second was to make no assumptions and optimize the pa-
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rameters by minimizing residuals using Marquardt’s algo-
rithm. As shown below, both approaches verified that a P
value of 32 was quite accurate, and that the assignments
shown in Fig. 1 and Table 2 were optimal.

Estimation of optimal P-value with a minimum

in vacancies

Our first approach was to develop a definition for an optimal
ratio (P), in which all possible assignments of n would be
taken into account. According to this definition, the optimal
P is the ratio that yields a minimum in error measurement
while still giving a very low number of vacancies. Therefore,
we let the value of P vary between 1.1 and 2.0 and correlated
values of n with each of the observed and predicted con-
ductances. Where a choice had to be made between two pos-
sibilities, we picked the one with the smallest difference. We
then calculated both the root-mean-square-error (o) between
observed and predicted values of conductance and the num-
ber of vacant predicted conductances. For this analysis, we
selected the 12 simple systems having more than 3 observed
conductances and only zero or one vacancy according to the
predictions using P = 3. For simplicity, we selected six of
these systems for display. As shown in Fig. 2, a small ratio
(e.g-, P = 1.1 or 11/10) was very accurate but contained a
large number of vacancies. As the value of the ratio rose, the
value of o also rose and then dropped to a minimum in the
vicinity of 1.5 (“327). Thereafter, the value of o rose inexo-
rably with an increase in P. In all cases, the number of va-
cancies dropped as P increased. In three cases (e.g., Fig. 2,
A, D, and E), the minimum in the error coincided with
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zero vacancies. In one other case (Fig. 2 B), the minimum
in the error at P = 1.5 corresponded to one vacancy. How-
ever, with the transition to no vacancies at P = 1.6, the error
doubled. In the two remaining cases, (Fig. 2, C and F), the
transitions to zero vacancies, each at P = 1.7, corresponded
to minima in the error, which in both cases were substantially
greater than the error at P = 1.5. It is worth noting that the
slopes estimated from the plot in Fig. 1, and recorded in Table
1, correspond, as they should, to the value of P corresponding
to the least error. For the simplest cases, the choice of %
for P produces a series that successfully accounts for all of
the observed conductances, yields very few vacancies, and
gives a position in the error graphs at a very low minimum.
For at least these cases, the assignment of n used to generate
Fig. 1 is justified. It was on this basis that we tentatively
extended the 34 Rule to the more complicated, heterogeneous
systems.

Optimization of parameters by minimizing
residuals using Marquardt’s algorithm

Marquardt’s algorithm (Marquardt, 1963) was used in two
different calculations of the “empirical ratio” that would

N
r=2{g -G},
=1

where g; represents the observed and G; the predicted con-
ductance level. The first calculation allowed us to find the
values of the parameters P, and P, used to define the general

10 12 14 16 18 20 22 10 12 14

16 18 20 22 10 12 14 16 18 20 22
Rats .

Root Mean Square Error (pS) (o) Vacancies (¢)

0
10 12 14 16 18 20 22 10 12 14
Ratio

0
16 18 20 22 10 12 14 186 18 20 22
Ratio Ratio

FIGURE 2 Composite graphs of root-mean-square-error (o) and vacancies (n) for six simple channel systems. (A) Glycine-activated channel, 1a. (B)
Glutamate-activated channel, 1b. (C) Excitatory amino acid channel, 1c. (D) Dihydropyridine-sensitive calcium channel, 6b. (E) Lipocortin I channel, 7c.
(F) Rough endoplasmic reticulum channel, 10b. Symbols are O (RMS error) and € (pumber of vacancies).
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term G; of the geometric progression, i.e.,
G =pPiPY, j=12---,N.

To minimize the residual r* we used a PC Fortran version
of the Marquardt’s algorithm suitable for our task. The pro-
gram varied each parameter at a time, and after successive
iterations, generated the values of P, and P, for the best fit
(see Fig. 3). The best values were P, = 0.65 and P, = 1.49
(r* = 12.4).

The first calculation required the alignment of the terms
of both the theoretical geometric progression G; along the
observed conductances g;. Obviously, the sequences started
with G, aligned with g,. In the majority of the cases, this
alignment created “vacancies” on both observable and pre-
dicted conductance sequences. Using the arbitrary ratio of 32
in 6 out of the 28 sets representing well defined systems, no
vacancies were encountered. In 17 sets, only one predicted
level was vacant, and in S sets 2 vacancies were found. It
could be argued that an arbitrary choice of the ordinal “j” for
the vacant positions of measured levels g; during the align-
ment of the observable and theoretical values might favor the
selection of a specific ratio, i.e., %2. Therefore, we considered
desirable to optimize this selection of the ordinal “j” using
a statistical restraint. We noted only one vacancy at “j = 2”
in 17 out of the 28 sets of data examined. This posed a further
restriction of choice. For these sets of data pairs, the residual
r? calculated with our choice of vacancy, ie., “j = 27, was
compared with the r2 value obtained when “j” assumed val-
ues =3. A computer program prepared to achieve such a
selection showed that the ordinal for the vacant 8 which
minimized r?, was indeed “j = 2” in all 16 sets. For sim-

201

15

(Gl)

PREDICTED CONDUCTANCE
LEVEL

[ 1 ] L L J

0 2 4 6 8 10

ORDINAL OF THE GEOMETRIC
PROGRESSION ()

FIGURE 3 Predicted conductance levels as a function of the ordinal (j)
of the geometric progression using Marquardt’s algorithm. The error bars
are SEM (» = 125 pairs; the regression error is 0.09). The curve is the
theoretical prediction for the progression. The points are mean values of the
experimental data from la(gly), 2(Li%), 2(Cs™), 2(Na*), 3a, 3b, 3¢(Cs”),
3e(Rb"), 34, 4a, SK(D’), 7a, b, 7c, and 10a.
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plicity, the second calculation considered the same two free-
parameters, namely P, and the ratio P,, and included only 17
with only one vacancy out of the 28 sets and started the
computations by arbitrarily matching the ordinal “j” repre-
senting the vacancy g,. We next proceeded to pool all of the
pairs (125 “g;, G;” pairs) that were arbitrarily aligned and
proceeded to calculate the theoretical alignment that would
minimize the residual. With fixed P, (=0.66) and P, (=%2),
we found 15 matches between the pairs arbitrarily aligned
and the best alignment that minimize the residual (r* = 10.9).
The pairs produced double occupancy of level 3. From these
calculations, we concluded that, to a first approximation, for
any multi-level ion channel the observable conductance lev-
els follow a geometric sequence with a ratio P equal to 34.

CONCLUSIONS AND IMPLICATIONS

The foregoing information shows that the geometric se-
quence defined by g, = g,(342)" accurately predicts allowed
multiple conductance levels of many different ion channel
systems. The accuracy of the constant ratio of “34” was es-
timated from a plot of log(g,) as a function of n, using the
experimental conductance values from Table 2 and the cor-
responding values of n. We estimated the average value
(sample size = 37) of the constant ratio as 1.491 * 0.095
(mean * SD), or 1.491 * 0.015 (mean * SEM). For this
calculation, we omitted any data for which only two points
were available (5 instances from two channel systems). The
individual values are shown in Table 1. We conclude that for
the purpose of describing allowed conductances, the 32 Rule
is accurate to within ca. 1-6%. It is of course important to
emphasize that we do not know whether this variance is
caused by experimental error or to small but specific dif-
ferences between channel systems. A composite comparison
between observed and predicted conductances for all 37
channel systems is shown in Fig. 4. The slope is very close
to the ideal value of unity.

As described in our introductory remarks, one conven-
tional explanation for multiple conductance ion channels has
been that each conductance level represents a different ef-
fective cross sectional area of the channel pore. This idea is
based on data from alamethicin (Hanke and Boheim, 1980),
and has been succinctly summarized by Stein (1990). How-
ever, the calculations underlying the model are based on the
assumption that the specific conductance of the channel is
that of the bulk solution. Yet, given the spatial constraints of
the conducting pathway, such a premise seems especially
difficult to justify (Stein, 1990). Finkelstein (1985), among
others, has also made a cogent case for the . . . (lack of a)
. . . simple correlation between channel conductance and ex-
perimentally determined channel size.”

Furthermore, the model based on increases in cross sec-
tional area created by sequentially adding “barrel staves,” or
other units, has a more fundamental problem. It will not yield
a set of areas with adjacent conductances having a constant
ratio to one another as the experimental data show. Rather,
this ratio will progressively decline towards 1.0 with increas-



ing numbers of units added to the perimeter of the conducting
pathway. Thus, a small increase in a large perimeter of a
circle will yield an insignificant increase in the enclosed area.
Thus, the “34 Rule” and the barrel stave model are math-
ematically exclusive. A similar, progressive decline also oc-
curs for ratios of terms in different binomial distributions.
We have concluded, therefore, that the parallels between the
alamethicin channels and other protein-based channels, both
membrane resident and reconstituted, indicate that the bio-
physical basis of the “34 Rule” might lie outside the require-
ments of any specific channel system and, rather, have some-
thing to do with the fundamental properties of the pore in ion
channels.

We conclude finally with the observation that although we
cannot assign an unambiguous structural interpretation to the
% Rule, this does not obviate the utility of the relationship
for accurately describing allowed conductance states of a
wide variety of ionic channels. The advantage of this rule is
that it is both relatively accurate and inclusive for the 26 types
of channels studied. Furthermore, the rule provides a de-
scriptive framework for other experimentally determined
channel properties, including channel heterogeneity, effects
of channel blocking ions and ligands, and experimental
variation in specific channel conductance on different days
and in different laboratories. The fact that the 3 Rule is a
power function also hints at a common energetic basis for the
relationship. For example, a ratio of 3 between different
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conductances corresponds to an energy barrier of 0.24 kcal/
mol. Finally, it is our expectation that further studies of mul-
tiple conductance levels in ion channels, particularly with
respect to a search for deviations from the 342 Rule, might
eventually lead to a more complete understanding of ion
channel function.

The authors thank to Drs. Ofer Eidelman, Enrique Jaimovich, Allen P.
Minton, Adrian Parsegian, John Rinzel, Wilfred Stein, and Gal Yadid for
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