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Drug modulation of ion channels is a powerful means to alter
physiological responses for therapeutic benefit, yet the structural
bases of modulation remain poorly understood. Here we study
potentiation of nicotinic a7 acetylcholine receptors, which are
emerging drug targets in several neurological disorders. a7 recep-
tors are ligand-gated ion channels composed of five identical sub-
units, each bearing a site for the potentiating drug PNU-120596
(PNU). How the individual subunits contribute to PNU potentiation
is not known. Taking advantage of a PNU-resistant mutant, we
generated receptors composed of normal and PNU-resistant sub-
units and tagged one of the subunits with conductance mutations
to report subunit stoichiometry. We then used patch clamp record-
ing to monitor PNU potentiation of single a7 receptors with de-
fined stoichiometry in real time. We find that potentiation
depends steeply on the number of PNU-resistant subunits and that
four, and possibly five, subunits must be sensitive to PNU for poten-
tiation to occur. Thus, by monitoring the activity of every possible
subunit combination, our findings predict that at the macroscopic
level, PNU potentiation is highly cooperative.
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any pharmaceuticals target ion channels, which are trans-

membrane proteins that regulate the electrical excitability
of cells (1). Most ion channels are oligomeric proteins, assem-
bled from several homologous subunits around a central ion-
conducting pore (2). This oligomeric architecture means that ion
channels often contain multiple drug-binding sites, leading to
a fundamental question: How many of the available drug sites
are required for the action of the drug?

Pentameric ligand-gated ion channels are found in most life-
forms, ranging from bacteria to humans (3). In animals, they are
the largest and most diverse family of neurotransmitter-gated
ion channels, which mediate synaptic transmission throughout
the nervous system (3, 4). Composed of homologous subunits,
all pentameric ligand-gated ion channels are either homo- or
heteropentameric. The nicotinic a7 receptor («7) is homopentameric
(5) and is one of the most abundant nicotinic acetylcholine
receptors in the brain (6). a7 has been implicated in several
neurodegenerative and neuropsychiatric disorders (7-9). As a re-
sult, it has emerged as a potential therapeutic target, and several
a7-specific compounds have been identified (10-13). Of these,
PNU-120596 (PNU) has the most pronounced effect (14). PNU
itself does not trigger opening of the o7 channel but, instead,
prolongs agonist-induced openings several thousand-fold, leading
to a dramatic potentiation of agonist-induced responses (Fig. 1).

Previously we engineered an o7 mutant that is essentially in-
sensitive to PNU (15). This PNU-resistant mutant functions sim-
ilarly to wild-type a7 in the absence of PNU, but in the presence
of PNU, it continues to exhibit only brief, unpotentiated agonist-
induced channel openings (Fig. 1) (15). The mutated residues
line an intrasubunit cavity framed by transmembrane o-helices.
Located far from the extracellular agonist binding sites, this cavity
is thought to constitute the PNU binding site (Fig. S1) (16).

Because o7 is homopentameric, receptors formed from wild-
type subunits contain five intact PNU sites, whereas receptors
formed from PNU-resistant subunits have all five PNU sites
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mutated. We therefore asked how heteropentamers, formed from
combinations of these two functionally divergent subunits, would
function in the presence of PNU. Specifically, how does mutating
the PNU sites one at a time affect PNU potentiation?

Results

Wild-type and PNU-resistant subunits differ by only a few amino
acids (15), suggesting they will coassemble to form a population
in which individual receptors contain from zero to five wild-type
or PNU-resistant subunits. Although the hypothesis is that the
resulting heteropentameric receptors will be potentiated differ-
ently than either wild-type or mutant homopentamers, the stoi-
chiometry of the subunits in individual heteropentamers will
be unknown. What is needed is a means to directly determine
the stoichiometry of wild-type and PNU-resistant subunits in
individual receptors.

To determine subunit stoichiometry, we used an electrical
fingerprinting strategy (17, 18) in which mutations that alter the
single-channel conductance without affecting PNU potentiation
(Fig. S2) are introduced into one of the two kinds of subunits.
This strategy takes advantage of a structural feature inherent to
eukaryotic pentameric ligand-gated ion channels: As conducting
ions exit the channel’s transmembrane pore, they are obliged to
pass through one of five portals in the cytoplasmic domain (Fig. 2
and ref. 19). Framed by charged or polar residues from each
subunit, these portals determine the single-channel conductance.
In the homologous 5-HT;4 receptor, the presence of three ar-
ginine residues in this region is responsible for its unusually low
conductance (20).

We substituted three arginine residues for anionic and polar
residues that contribute to the portals in human o7 (Fig. 2B), and
combined this subunit (wild-type a7 that has low conductance
[WTyc]) with the wild-type subunit (WT). Under specific con-
ditions, patches from cells expressing only wild-type o7 subunits
gave channel openings with a major Gaussian-distributed single-
channel current amplitude, as well as minor components with
reduced amplitudes (Fig. 2C and Fig. S34). In subunit-mixing
experiments, these minor components were avoided, as de-
scribed in Materials and Methods. Conversely, patches from cells
coexpressing both WT and WT] ¢ subunits gave channel open-
ings with a distribution of amplitudes, which segregated into five
distinguishable classes (Fig. 2D and Fig. S3B). The difference in
amplitude between successive classes was regular, indicating five
approximately equal contributions to single-channel conductance.
Given that a7 receptors contain five equivalent subunits, a par-
simonious interpretation is that the different conductance
classes originate from receptors with different numbers of
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Fig. 1. Two homopentameric receptors with very different PNU potentia-
tion. Wild-type a7 exhibits prolonged, PNU-potentiated openings in the
presence of 100 uM acetylcholine and 1 uM PNU (WT; Upper), whereas under
the same conditions, a PNU-resistant mutant exhibits brief, unpotentiated
openings (MU; Lower). The goal of this work is to examine the potentiation
of a7 heteropentamers formed by combining wild-type and PNU-resistant
subunits (Right). Recordings were made in the cell-attached configuration
with an applied voltage of —70 mV. Openings are upward deflections, and
single-channel traces are filtered at 1 kHz.

incorporated low-conductance subunits (Fig. 2E). Thus, for each
channel opening episode, the single-channel current amplitude
gives an instant register of the stoichiometry of high- and low-
conductance subunits.

Equipped with a means to register subunit stoichiometry, we
determined the effect of PNU on o7 heteropentamers with dif-
ferent numbers of wild-type and PNU-resistant subunits. We
began by measuring acetylcholine-elicited channel openings from
cell-attached patches before and after the addition of PNU to
the extracellular solution (Fig. 3). After forming a patch on a cell
expressing only wild-type a7 subunits, the channel openings were
initially brief, but subsequent addition of PNU led to openings
that were dramatically prolonged and summed in a staircase
fashion. Conversely, when the same experiment was conducted
with cells expressing only PNU-resistant subunits, the agonist-
induced openings were brief both before and after adding PNU.
Because each patch exhibited similar activity before the addition
of PNU (Fig. 3C), the contrasting responses to PNU reflect the
divergent ability of PNU to potentiate homopentamers formed
from either of the two kinds of subunits.

We then conducted the same PNU adding experiment with
cells expressing both wild-type and PNU-resistant subunits,
but with the PNU-resistant subunit tagged with mutations that
reduce conductance. Addition of PNU produced little change in
channel opening activity, mirroring patches containing receptors
formed from only PNU-resistant subunits (Fig. 3C). Most channel
openings remained brief, and thus most of the receptors were
not potentiated by PNU. Because the PNU-resistant subunits
have negligible conductance, and are thus electrically silent,
the channel openings originated from receptors with at least a
single high-conductance wild-type subunit. Furthermore, many of
the channel openings exhibited large-current amplitudes corre-
sponding to receptors containing several high-conductance wild-
type subunits. Despite this, the openings were almost exclusively
brief and reminiscent of receptors composed solely of PNU-
resistant subunits. Qualitatively, these results show that recep-
tors containing fewer than five wild-type a7 subunits are not
potentiated by PNU.

To quantify PNU potentiation in receptors with varying sub-
unit compositions, we acquired recordings from cell-attached
patches in which both PNU and acetylcholine were continuously
present within the patch pipette (Fig. 4). Recordings from
patches containing receptors with only wild-type o7 subunits
showed long-lived, PNU-potentiated channel openings (Fig. 44
and Fig. S4), whereas patches containing receptors with only
mutant subunits showed brief unpotentiated openings (Fig. 4B).
Patches containing receptors formed from the two kinds of
subunits exhibited primarily brief channel openings (Fig. 4C),
again mirroring receptors formed solely from PNU-resistant
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subunits. When either the wild-type a7 or the PNU-resistant
subunit contained conductance-altering mutations, the channel
openings exhibited variable current amplitudes (Fig. S5). As
expected, these openings segregated into well-defined amplitude
classes, making it possible to determine the subunit stoichiom-
etry of individual receptors (Fig. S6).
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Fig. 2. Electrical fingerprinting strategy for determining subunit stoichi-
ometry from single-channel conductance. (A) The cytoplasmic domain of
eukaryotic pentameric ligand-gated ion channels contains five portals
framed by neighboring subunits through which ions must pass to exit the
channel (adapted from ref. 20). (B) Homology model of the a7 cytoplasmic
vestibule based on the Torpedo acetylcholine receptor structure (Protein
Data Bank ID code 2BG9, ref. 19). A single subunit is shown in gray with the
side chains of residues mutated to alter single-channel conductance high-
lighted in red. The four other subunits are shown as surface representations.
(C and D) The single-channel current amplitude of wild-type a7 channels
(WT; white circles) is uniform, whereas channels incorporating subunits with
conductance-altering mutations (WT,¢; white circles with dot) segregate into
five amplitude classes. Openings in each were from single recordings ac-
quired in the presence of 100 pM acetylcholine and 0.3 uM PNU. Recordings
were made in the cell-attached configuration with an applied voltage of —70
mV. Traces were filtered at 1 kHz. (E) Single-channel amplitude is directly
related to the number of incorporated low-conductance subunits. Error bars
represent + SDs about the mean.
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Fig. 3. Mixing wild-type and PNU-resistant subunits leads to receptors that are resistant to PNU. (A) Schematic depicting experimental protocol. In each case,
100 pM acetylcholine (ACh) was maintained in the patch pipette, and at the indicated time, PNU was added to the extracellular solution (final PNU con-
centration = 3 uM). (B and C) The activity of cell-attached patches before and after PNU addition reveals the PNU potentiation of receptors composed of wild-
type subunits (WT; Upper), PNU-resistant subunits (MU; Middle), and a mixture of wild-type and low-conductance PNU-resistant subunits (WT + MU, ¢; Lower).
Despite the activity of the patches being similar before the addition of PNU (Left), their activity diverges once PNU is added (Right). The data sweeps in (B) are
filtered at 0.1 kHz, where unpotentiated openings are too brief to be resolved and, instead, prolonged PNU potentiated events dominate the activity. The
traces in C are expanded views of the bracketed region in B and are displayed at a filter frequency of 5 kHz, which better resolves brief unpotentiated
openings, thus facilitating comparisons of patch activity before PNU addition. (Scale bars: 10 pA segments.) All recordings were acquired at an applied voltage

of =70 mv.

To determine PNU potentiation for each subunit combina-
tion, we collected bursts of closely spaced channel openings from
each amplitude class and generated a dwell time histogram for
each class (Fig. 5 4 and B; Materials and Methods). For patches
containing receptors with only wild-type a7 subunits, the burst
duration histogram is best described by the sum of three expo-
nential components, in which the component with longest mean
duration originates exclusively from PNU-potentiated openings.
Thus, the fractional area of this third component is a quantitative
measure of PNU potentiation. Accordingly, for patches con-
taining receptors with only PNU-resistant subunits, this longest
component is absent in the corresponding burst-duration histo-
gram (Fig. 5B). These two contrasting burst-duration histograms
represent the PNU-sensitive and PNU-resistant baselines with
which to compare receptors with different subunit stoichiometry.

Compared with receptors composed solely of wild-type o7
subunits, receptors with a single PNU-resistant subunit show
amarked decrease in the fraction of potentiated channel openings
(Fig. 54). Substituting a second PNU-resistant subunit essentially
eliminates the potentiated openings altogether. Conversely,
receptors with one or two wild-type a7 subunits remain insensitive
to PNU, similar to receptors composed solely of PNU-resistant
subunits (Fig. 5B). Thus, PNU potentiation shows a strong de-
pendence on the number of PNU-sensitive subunits (Fig. 5C).

Discussion

We used a single-channel electrical fingerprinting strategy (17,
18) to determine the subunit stoichiometry of o7 receptors in
which the number of wild-type and PNU-resistant subunits var-
ied. This approach allowed us to simultaneously measure PNU
potentiation and the number of intact PNU sites in individual
o7 receptors in real-time. Our analysis encompassed receptors
with all possible combinations of wild-type and PNU-resistant
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subunits and allowed us to quantify the contributions of in-
dividual subunits to PNU potentiation (Fig. 5C). We find that
potentiation behaves in a recessive manner: mutating a single
PNU site dramatically reduces the appearance of multisecond-
long clusters of a7 channel openings, whereas mutating two PNU
sites essentially abolishes them. Thus, the most pronounced form
of potentiation, the appearance of multisecond-long clusters,
requires at least four, if not all five, subunits with intact PNU sites.

Although a change in PNU sensitivity can occur through
a change in either PNU affinity or efficacy, the available evidence
suggests PNU-resistant subunits have altered PNU affinity.
Docking analysis of PNU to a homology model of o7 suggests
PNU binds in a cavity framed by transmembrane a-helices within
each a7 subunit (16). In accord, the side chains of the substituted
residues in the PNU-resistant mutant extend into this cavity and
increase the ECs, for potentiation ~30-fold (15). Anesthetics,
alcohols, and neurosteroids are thought to bind to a similar lo-
cation in GABA 4 and glycine receptors (21-23), photoactivatable
hydrophobic probes label nearby residues in the Torpedo acetyl-
choline receptor (24-26), and X-ray structures of a prokaryotic
homolog show anesthetics interacting with residues lining the
cavity (27). This intrasubunit site in a7 is distinct from the site for
the potentiator ivermectin, which spans transmembrane a-helices
from adjacent subunits in the invertebrate Cys-loop receptor,
GluCl (28).

Two general mechanisms predict a steep decline of PNU po-
tentiation as the number of subunits with intact PNU sites is
reduced. In the first, each subunit contributes an equal increment
of energy toward potentiation and the PNU-resistant subunits
do not bind PNU. Thus, as the PNU sites are sequentially mu-
tated, potentiation is expected to decrease by a factor of exp(—1),
which is close to the observed dependence (Fig. 5C). In the
second mechanism, potentiation only occurs when all five sites

PNAS | April 16,2013 | vol. 110 | no. 16 | 6597
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Fig. 4. PNU potentiation at steady state. When both 100 uM acetylcholine
(ACh) and 1 uM PNU (PNU) are present in the pipette (inset), cell-attached
patches containing receptors with (A) only wild-type subunits (WT) exhibit
prolonged, PNU-potentiated openings; whereas (B) patches containing
receptors composed of only PNU-resistant subunits (MU) do not. (C) Mixing
wild-type subunits with low-conductance PNU-resistant (MU, c) subunits
leads to receptors with brief, unpotentiated openings. Note that the patch
in A contains few receptors, whereas the patches in B and C contain several
receptors. In A, the presence of prolonged, potentiated openings makes it
imperative to limit the number of channels in the patch to prevent excessive
overlapping openings (as seen in Fig. 3), whereas in B and C, the PNU-
resistant nature of the receptors makes it beneficial to have a large number
of channels in the patch to generate enough brief events for dwell time
analysis. All traces are 5-min continuous stretches from individual recordings
(i.e., 1 min/sweep). Recordings were made in the cell-attached configuration
at an applied voltage of =70 mV. Traces were filtered at 1 kHz.

are occupied by PNU and the PNU-resistant subunits still bind
PNU, although with reduced affinity. If PNU binding is non-
cooperative, potentiation is again expected to decline exponen-
tially, where the steepness of the decline is determined by the
relative affinity of the PNU-resistant subunits. The observed
dependence would be explained if the PNU-resistant subunits
retain ~40% of the wild-type occupancy at the given PNU con-
centration (Fig. 5C).

Although the simplicity of these mechanisms is appealing,
neither scenario fully explains the data. A small but notable de-
parture from the expected relationship is observed for receptors

6598 | www.pnas.org/cgi/doi/10.1073/pnas.1301909110

with two mutated PNU sites. Although this stoichiometry is the
sole apparent outlier, it was tested in two different ways: with the
conductance mutations placed in either the PNU-resistant
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Fig. 5. Subunit-dependent contributions to PNU potentiation in o7. (A and B)
Burst duration histograms (Materials and Methods) for o7 receptors
containing different numbers of wild-type (WT) and PNU-resistant (MU)
subunits, where one of the subunits carries conductance mutations. The
component originating from potentiated openings is denoted by the as-
terisk. The ordinate is plotted on a linear scale to facilitate visual compar-
isons of the fractional area of the longest component. (C) Relative fraction
of potentiated openings for each of the subunit combinations, where
homopentameric wild-type and PNU-resistant receptors represent potenti-
ated and nonpotentiated baselines, respectively. Bars are colored according
to the high-conductance subunit used in the corresponding subunit-mixing
experiments (white for WT and black for MU). Note that for the two middle
subunit combinations, there are two sets of data from overlapping experi-
ments. The dashed curve in C is the overlaid function y = [0.4]™, where m is
the number of mutant subunits with a fractional occupancy of 0.4 relative to
wild-type subunits. Error bars are 95% confidence intervals of the fits, based
on log likelihood ratio tests.
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subunit or the wild-type subunit. In both cases, potentiation was
less than 4% of maximum, rather than the expected 13.5% (Fig.
5C). This suggests that the energetic contributions of the sub-
units toward potentiation may be unequal or that PNU binding
may be cooperative. In either case, cooperative interactions among
the subunits would be necessary.

Classical concepts of cooperativity were founded on macro-
scopic measurements of either ligand occupancy or biological
activity as a function of ligand concentration. If the Hill coefficient
was greater than one, the system was deemed cooperative (29).
Different microscopic interpretations were then envisaged that
either postulated interactions between occupied and unoccupied
subunits within an oligomer or accorded biological activity to
oligomers with a requisite number of ligand-bound subunits (30,
31). In contrast, our approach directly measures the biological
activity of every possible partially and fully occupied oligomer and
reveals that all but fully occupied oligomers have a muted ability
to potentiate. This finding predicts that at a macroscopic level,
PNU potentiation is highly cooperative. Thus, our approach
illustrates a general single-molecule strategy to assess cooperative
mechanisms of biological macromolecules.

The conclusion that as many as five PNU sites are required for
full potentiation of a7 is unique, given what is known about
pentameric ligand-gated ion channel structure and mechanism.
In the best-known example of potentiation, heteropentameric
GABA, receptors are potentiated by benzodiazepines, which
bind to a single modulatory site between extracellular regions of
the - and y,-subunits (32). Furthermore, efficient agonist acti-
vation of homopentameric a7/5H-T5 chimeric receptors requires
occupancy of only three of the five agonist sites (17), whereas both
heteropentameric GABA, and muscle-type acetylcholine
receptors have only two agonist binding sites to begin with. The
different numbers of binding sites required for the action of each
ligand indicates divergent mechanisms. Benzodiazepines poten-
tiate agonist responses by modulating activation or preactivation
steps (33), whereas agonists themselves are intimately involved
in activation. PNU, in contrast, potentiates agonist-induced
responses by slowing a7 desensitization (14, 15, 34). Thus, ben-
zodiazepines and agonists modulate “on” responses, whereas
PNU modulates the a7 “off” response. In this context, our results
have implications for pentameric ligand-gated ion channel de-
sensitization. Although PNU potentiation behaves in a recessive
manner, its counterpart, desensitization, behaves in a dominant
manner. Only one or two fast desensitizing subunits is enough
to dominate the desensitization landscape in o7, and thus the
rate of o7 desensitization is governed by its fastest desensitizing
subunit. Extrapolating to heteropentameric ligand-gated ion
channels, our findings suggest that their desensitization kinetics
are determined by the fastest desensitizing subunit.

Materials and Methods

Additional experimental procedures are described in S/ Materials and Methods.

Expression of Human «7 and Mutants. BOSC 23 cells, modified HEK 293 cells
(35), were transfected by calcium phosphate precipitation as described
previously (15, 36-38). The PNU-resistant mutant (MU) contains five sub-
stitutions within the a7 transmembrane domain (Ser223Thr, Ala226Ser,
Met254Leu, Ile281Met, and Val288lle; Fig. S1) (15), whereas the low-conduc-
tance forms of each subunit result from substitution of three arginines into
the a7 cytoplasmic domain (GIn428Arg, Glu432Arg, and Ser436Arg; Fig. 2B).

Single-Channel Recordings. Recordings were obtained in the cell-attached
patch configuration (39) at a membrane potential of —=70 mV and at 20°C, as
described previously (15, 40, 41). The bath solution contained the following
(in mM): 142 KCl, 5.4 NaCl, 1.8 CaCl,, 1.7 MgCl,, and 10 Hepes at pH 7.4.
Unless specified otherwise, all pipette solutions contained 100 pM acetyl-
choline and 1 uM PNU in bath solution with 0.1% (vol/vol) DMSO.
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Electrical Fingerprinting. To mitigate any time-dependent effects of PNU, only
the first 20 min of each recording were analyzed. Single-channel analysis was
performed using the program TAC 4.2.0 (Bruxton), which digitally filters the
data (Gaussian response), interpolates the digitized points using a cubic spline
function, and detects events using the half-amplitude threshold criterion, as
described (42). The differences in open duration between potentiated and
nonpotentiated receptors are dramatic and span several orders of magni-
tude (i.e., minutes vs. milliseconds), which allowed us to filter the data at 1
kHz without loss of pertinent information. This filter setting greatly sim-
plified the amplitude detection and assignment procedure central to the
electrical fingerprinting strategy.

To define amplitude classes, the analyses tracked all events regardless of
amplitude. For each individual opening, a baseline current, open channel
current, and open duration were assigned. For all conditions, openings from
between 9 and 16 different recordings were pooled, and event-based am-
plitude histograms were constructed (Fig. S3). In each case, the different
amplitude classes were distinguished and fit by a sum of Gaussian compo-
nents, where the maxima and width of each component defined the mean +
SD of each amplitude class (Fig. S3).

The electrical fingerprinting strategy works best when the amplitude
of channels with a given subunit combination is reproducible and uniform.
Therefore, before embarking on subunit-mixing experiments, we defined
analysis conditions amenable to both homopentameric wild-type and mutant
PNU-resistant receptors. In both cases, the uniformity of event-based am-
plitude histograms was significantly improved by analyzing openings longer
than 3 ms. As a result, all amplitude (and dwell time) histograms include
events 3 ms or longer.

Dwell Time Analysis. Openings with amplitudes within 1 SD of the mean
amplitude of each class were used to construct dwell time histograms.
Because patches containing only high-conductance subunits had a small
proportion of low-amplitude events (Fig. S3A), “spill over” of these low-
amplitude events could have caused misclassification of events in experi-
ments in which both low- and high-conductance subunits were coexpressed.
Thus, to avoid spill-over in subunit-mixing experiments, we used subunit
ratios that minimized receptors with a greater number of high-conductance
subunits than desired and did not analyze recordings if they contained
events from such receptors. For example, the dwell time histogram for the
AWT:1MU|¢ subunit combination was generated from patches in which
events from receptors with five WT subunits were absent (i.e., only the
events from patches with four high-conductance subunits or less were
pooled). Likewise, the histogram for the 3WT:2MU,c combination was
generated from patches in which events from receptors with four or five WT
subunits were absent. A consequence of these stringent selection criteria is
that fewer recordings are pooled for each analysis as the number of high-
conductance subunits decreases, which in turn gives rise to dwell time his-
tograms with fewer and fewer events (e.g., Fig. 5B). For this reason, we have
restricted our analysis to subunit combinations with two or more high-
conductance subunits.

Potentiated channels were defined by the presence of non-desensitizing
episodes in which several openings occurred in quick succession (i.e., bursts of
openings). The presented dwell time histograms are burst-duration histo-
grams (43) in which consecutive openings separated by intervening closings
briefer than a defined critical time (t,it = 2 ms throughout) have been
combined into single bursts. Burst durations were plotted using a loga-
rithmic abscissa and a linear ordinate. The linear ordinate facilitates com-
parisons of component proportions between histograms (Fig. 5 A and B).

The sum of exponentials was fitted to the dwell times by maximum
likelihood using the programs TACfit 4.2.0 (Bruxton) and R (The R Foundation
for Statistical Computing) (44). The relative proportion of openings occurring
in nondesensitizing episodes (i.e., the fractional area under the longest/third
component) reflects PNU potentiation of the channels (15). For the bar
graph in Fig. 5C, the fraction of openings in this longest/third component
was normalized to the proportion of openings in the briefest/first compo-
nent. For patches containing only wild-type subunits, this normalized frac-
tion was used as an upper limit of potentiation (i.e., 1), whereas for patches
containing only PNU-resistant subunits this fraction was a lower limit (i.e., 0).
The error bars in Fig. 5 represent 95% confidence intervals of the fits, as
determined from log likelihood ratio tests performed with the statistical
program R.
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