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Abstract

Central nervous system nicotinic acetylcholine receptors (nAChR) are predominantly of the
042 subtype. Two isoforms exist, with high or low agonist sensitivity (HS-(a42),52- and
LS-(a4B2),04-nAChR). Both isoforms exhibit similar macroscopic potency and efficacy val-
ues at low acetylcholine (ACh) concentrations, mediated by a common pair of high-affinity
04(+)/(-)B2 subunit binding interfaces. However LS-(a432),a4-nAChR also respond to
higher concentrations of ACh, acting at a third a4(+)/(-)a4 subunit interface. To probe iso-
form functional differences further, HS- and LS-a4p2-nAChR were expressed in Xenopus
laevis oocytes and single-channel responses were assessed using cell-attached patch-
clamp. In the presence of a low ACh concentration, both isoforms produce low-bursting
function. HS-(a42),82-nAChR exhibit a single conductance state, whereas LS-(a432),04-
nAChR display two distinctive conductance states. A higher ACh concentration did not pref-
erentially recruit either conductance state, but did result in increased LS-(a432),04-nAChR
bursting and reduced closed times. Introduction of an a4(+)/(-)a4-interface loss-of-function
a4W182A mutation abolished these changes, confirming this site’s role in mediating LS-
(a4B2),a4-nAChR responses. Small or large amplitude openings are highly-correlated
within individual LS-(a432).a4-nAChR bursts, suggesting that they arise from distinct inter-
mediate states, each of which is stabilized by a4(+)/(-)a4 site ACh binding. These findings
are consistent with a4(+)/(-)a4 subunit interface occupation resulting in allosteric potentia-
tion of agonist actions at a4(+)/(-)B2 subunit interfaces, rather than independent induction of
high conductance channel openings.

Introduction

Nicotinic acetylcholine receptors (nAChR) are members of the ligand-gated ion channel
superfamily of neurotransmitter receptors, with the first-to-be-identified muscle-type nAChR
serving as a prototype [1]. In mammals functional pentameric nAChR subtypes with diverse
pharmacological and biophysical properties, and distributions, are assembled from different
combinations of nAChR subunits (al—o7, a9, 010, B1—f4, v, 8, €). The endogenous
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neurotransmitter acetylcholine (ACh) activates function of all nAChR subtypes, and nicotine
functions as an agonist of nAChR subtypes except those containing o9 subunits [2].

nAChR containing a4 and B2 subunits (042" -nAChR, where * indicates the known or
possible presence of subunits in addition to those specified [3]) predominate within the mam-
malian central nervous system (CNS) [4]. Accordingly, 04B2*-nAChR contribute significantly
to both normal and aberrant CNS function, with roles demonstrated in Alzheimer’s disease,
learning, memory, epilepsy, mood, and nicotine self-administration and reward [5-20]. Both
naturally- and heterologously-expressed 04f2-nAChR assemble as two functional isoforms
[21-26], as illustrated in Fig 1A and 1B. Those receptors composed of two o4 and three 2
subunits produce a single phase of high-sensitivity (HS) whole-cell current (macroscopic)
responses at low ACh concentrations and are therefore known as “HS (04p2),52-nAChR” (see
Fig 1C). The situation is more complex for the isoform containing three 04 and two B2 sub-
units (04p2),04-nAChR), (see Fig 1C). At lower ACh concentrations, this isoform also has an
HS response like that of HS (0:4p2),$2-nAChR. However, at higher ACh concentrations, a sec-
ond, low-sensitivity (LS) phase of function is activated that generates much greater macro-
scopic current amplitude per receptor [27]. The resulting macroscopic ACh concentration/
response relationship seen with (0:4f2),04-nAChR is distinctively biphasic. The predominant
LS phase of function prompted classification of (0:4p2),04-nAChR as the LS 04p2-nAChR
isoform.

Work by us and others has shown that two, canonical, orthosteric, high-affinity 04(+)/(-)p2
agonist-binding subunit interfaces are located in each of the HS and LS 0432-nAChR iso-
forms. Here the (+) or (-) indicates the subunits providing, respectively, the so-called primary
or complementary agonist binding components of the subunit interface. The critical distinc-
tion is that (a4p2),04-nAChR (i.e., LS isoform) also harbor a unique, lower-affinity, o4(+)/(-)
04 agonist binding site [27-30]. Agonist engagement of this LS isoform-specific site results in
the previously-noted large increases in per-receptor function compared to HS 04p2-nAChR,
which can only be activated by agonist binding at the common pair of 04(+)/(-)B2 sites [27].
The 04(+)/(-)o4 agonist binding site can therefore be considered to be functionally equivalent
to a co-agonist or positive allosteric modulator site [27-29]. This phenomenon is responsible
for the intrinsically biphasic ACh concentration-response profile of the LS (042),04-nAChR
isoform.

Our more-recent study demonstrated that the pair of a4(+)/(-)B2 agonist binding sites
found in common in HS and LS isoform 04B2-nAChR contribute differently to macroscopic
function between the two different isoforms [31]. This finding raised the question of whether
correspondingly divergent responses at the individual receptor level might arise at low ACh
concentrations, despite the apparently similar macroscopic activation characteristics of HS
(04B2),B2- and LS (04P2),04-nAChR below the concentration range at which the 04(+)/(-)o4
site of the LS isoform will become engaged by ACh.

In this study, single-channel, cell-attached electrophysiology was used to address this ques-
tion, along with the related question of how LS (a4p2),04-nAChR function changes when the
additional a4(+)/(-)o4 agonist binding site is engaged at a higher ACh concentration. We
demonstrate that the HS and LS isoforms of 04p2-nAChR do indeed differ in their single-
channel properties. Most notably, a single lower conductance state is associated with HS
(0:4B2),p2-nAChR, whereas LS (04p2),04-nAChR exhibit two distinct conductance states
(neither of which matches that of HS (04p2),$2-nAChR). Intriguingly, increased function of
the LS (04f2),04-nAChR isoform at a higher ACh concentration (by engagement of the o4
(+)/(-)o4 site) is associated with 1) a shift to shorter closed times, and 2) increased channel
bursting, but 3) without preferential recruitment of either low- or high-conductance openings.
Our findings shed new light on the complexity of, and differences between, the functional
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Fig 1. Schematic representations of high-sensitivity (a442),p2- and low-sensitivity (a4p2),04-nAChR isoforms. A) Configuration of nAChR o4
and B2 protein subunits in each of the two isoforms. In this case, fully-concatenated pentameric isoforms are illustrated (HSP and LSP, respectively,
with the short A-G-S peptide linkers that are used to enforce subunit associations shown). Note that both isoforms contain two canonical agonist
binding sites (magenta circles) at the interfaces between the (+)-face of an a4 subunit and the (-)-face of a 2 subunit. The LS-isoform
(04B2),04-nAChR contains an additional agonist binding site (blue diamond) at the interface between the (+)- and (-)-faces of two 04 subunits. In
receptors assembled from unlinked a4 and B2 nAChR subunits, mixed populations of the same two isoforms are typically formed. Each isoform
exhibits the same ratios and associations of subunits as shown for the corresponding concatenated assembly, but A-G-S linkers are absent. It is also
possible to produce essentially-pure populations of HS- or LS-isoform a4B2-nAChR by expressing strongly-biased ratios of unlinked subunits (see
methods section for details). B) Illustration (from top to bottom) of cDNA constructs used to express concatenated HSP (a4f32),p2- and LSP
(04B2),04-nAChR isoforms. Each construct is flanked with AscI and EcoRV restriction sites (5" and 3’, respectively; indicated by gray triangles) for
subcloning into high expression oocyte vectors. A Kozac sequence and the B2 signal peptide (SP) were retained only for the 1st position. Flanking each
subunit position are unique restriction sites (indicated by gray triangles) used in concatemer design (for example, NotI and EcoRV were used in
exchanging nAChR subunits at position 5). The two concatemers differ in composition only at position 5, containing either the B2 or o4 subunits in the
HSP or LSP constructs, respectively. C) Illustrations of the whole-cell concentration response relationships of each 04p2-nAChR isoform. On the left,
high-sensitivity isoform (04p2),2-nAChR produce a single-phase response (shown in magenta, and resulting from ACh binding to the pair of high-
affinity 04(+)/(-)B2 agonist binding sites. On the right, low-sensitivity isoform (04p2),04-nAChR produce two response phases. One, again shown in
magenta, is also produced by ACh engagement of the pair of a4(+)/(-)B2 agonist binding sites that is conserved across the two isoforms. This exhibits a
similar ECs value, and results in a similar amount of function per receptor, as is seen for the high-sensitivity isoform. Accordingly, it is named “HS-
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phase.” However, at higher ACh concentrations, a second and significantly-larger phase of function is observed. This emerges as a result of additional
ACh binding to the low-sensitivity agonist binding pocket formed at the unique o4(+)/(-)o4 subunit interface. The combined response of
(04P2),04-nAChR has a characteristic biphasic appearance, and is dominated by the larger low-sensitivity phase. This has led to (04f2),04-nAChR
being named the low-sensitivity isoform.

https://doi.org/10.1371/journal.pone.0213143.9001

characteristics of the two 0432-nAChR isoforms that appear so similar at the macroscopic
level, even at an ACh concentration which acts only at the pair of ostensibly identical a4(+)/(-)
B2 interfaces harbored within each isoform. These observations may also prove applicable to
additional members of the nAChR family that host non-canonical agonist binding pockets
[32, 33].

Methods and materials
Reagents

All reagents were purchased from Sigma (St. Louis, MO, USA) unless otherwise specified.
Fresh solution stocks were made daily, diluted, and filtered as required.

DNA constructs and cRNA synthesis

Heterologous expression of unlinked human o4 and $2 nAChR subunits. As previously
described [20], full-length cDNA for human wild-type a4 (NCBI Reference Sequence:
NM_000744.5) and 2 (NCBI Reference Sequence: NM_000748.2) subunits were synthesized
(Life Technologies, Grand Island, NY, USA). Preparation of cRNA from these subunits, ligated
into the pCI mammalian expression vector (Promega Madison, WI, USA), was also as previ-
ously described [20]. cRNA purity was confirmed on a 1% agarose gel, and final products were
sub-aliquoted and stored at -80°C.

Heterologous expression of concatenated human 04 and 2 nAChR subunits. HS or
LS 04p2-nAChR tethered pentameric concatemers (human subunits were linked with AGS
repeats enforcing 2-04-p2-a4-B2 [HSP; HS tethered pentamer] or f2-a4-B2-a4-a4 [LSP; LS
tethered pentamer] subunit arrangements, respectively; see Fig 1B) were the same as those pre-
viously described [27, 31]. Using concatenated receptors, we were able to ensure expression of
pure populations of either HS or LS 04B2-nAChR, allowing us to cross-verify our conclusions
using recordings made with nAChR expressed from unlinked subunits. HSP and LSP cDNA
and cRNA were synthesized similarly to those of unlinked subunits, as detailed in [27, 31].

To further confirm the 04(+)/(-)o4 ACh binding site’s contribution to distinctive elements
of LS 04P2-nAChR function, we introduced a tryptophan (W) to alanine (A) mutation at
amino acid 182 of only the o4 subunit at LSP position 5 (LSP-04p5W182A; subunit order 2-
04-P2-04-04[W182A]). Residue W182 is located in the B-loop, on the 04(+) face of the 04
(+)/(-)o4 agonist binding site that is uniquely contained in the LSP 0:4p2-nAChR isoform. The
LSP-a4p5W182A construct encodes a receptor that exhibits dramatically-reduced, low sensi-
tivity agonist activation [27]. cDNA synthesis and cRNA transcription followed methods
described for the unmodified LSP concatemer construct, and in [27].

Oocyte isolation and cRNA microinjections

Xenopus laevis harvested and de-folliculated stage V oocytes were purchased from EcoCyte
Bioscience (Austin, TX, USA). cRNA microinjection and oocyte incubation conditions pre-
cisely followed methods described in previous studies [20, 27]. Expression of either HS or LS
04p2-nAChR in Xenopus oocytes from un-linked subunits was achieved by injection of differ-
ent cCRNA subunit ratios (1 ng of a4: 10 ng of B2 for HS (0:482),82-nAChR or 30 ng of a4: 1 ng
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of B2 for LS (04p2),04-nAChR, respectively). Oocytes expressing HS or LS isoforms assembled
from unlinked subunits were recorded from at 3-6 days post cRNA injection. These condi-
tions were chosen on the basis of our previous work, which demonstrated that these subunit
injection ratios produce essentially uniform populations of the desired 04f32-nAChR isoforms
within this timeframe [20].

For concatenated nAChR constructs, 20 ng of HSP, LSP or LSP-04p5W182A cRNA were
injected into oocytes. For these constructs, a longer incubation time was needed between injec-
tion and recording (5—10d), because expression of functional pentameric 04p2-nAChR at
the cell surface is slower to emerge from concatenated constructs than is the case for nAChR
assembled from unlinked subunits.

Single-channel patch-clamp electrophysiological recordings

Single-channel electrophysiological recordings from Xenopus oocytes expressing
04p2-nAChR were obtained under conditions similar to those used previously [34].
Oocytes were manually stripped of the vitelline membrane using sharp forceps under a dis-
secting microscope (magnification = 20x total magnification) and transferred to a recording
chamber containing oocyte Ringer’s solution (OR2; 92.5 mM NaCl, 2.5 mM KCl, 1 mM
MgCl,-6H,0, 1 mM CaCl,-2H,0, and 5 mM HEPES; pH 7.5). Atropine sulfate (1.5 uM)
was added to all recording and bath solutions to block any potential muscarinic responses.
Patches were formed in cell-attached mode, at 22°C. Recording patch pipettes were pulled
from thick-walled (2 mm outer diameter, 1.12 mm inner diameter) borosilicate glass capil-
lary tubes (World Precision Instruments, Inc., Sarasota, FL, USA). Electrodes were fire pol-
ished using a World Precision Instruments microforge to a final resistance of 15-20 mQ.
Recordings were obtained using an Axopatch 200B amplifier (Molecular Devices, Sunnyvale,
CA, USA)), filtered on-line at 5 kHz, digitized at 50 kHz using an Axon Digidata 1550
(Molecular Devices), and stored on a personal computer for later analysis. Inward single
channel 04B2-nAChR currents were elicited with ACh (OR2 + ACh within the patch elec-
trode), and measured at +70 mV holding potential (corresponding to a transmembrane
potential of approximately -100 mV). To maximize recording quality, patches with seal
resistance < 8 GQ) were immediately discarded. All patches were tested for the presence of
endogenous stretch channels by applying negative pressure to each patch. Data were dis-
carded from any patches in which mechanosensitive events were observed. Under the pre-
ceding conditions, we observed no channel openings from oocytes expressing any of the
04B2-nAChR constructs in the absence of ACh.

Choices of ACh concentrations were dictated by the need to collect sufficient numbers of
events to analyze, while avoiding potential overlap of unitary events and/or channel block at
very high ACh concentrations. Concentrations below the HS ACh ECs, value produced few
events, making subsequent analysis difficult. Accordingly, ACh concentrations were chosen
as corresponding to isoform-specific ECs, values, determined in previous two-electrode volt-
age-clamp recordings [20, 27, 31]. Specifically, unlinked subunit HS or concatenated HSP
04p2-nAChR single channel responses were stimulated using 1.3 pM ACh (low concentra-
tion). As previously stated, macroscopic currents mediated by LS 04B2-nAChR have biphasic
ACh concentration/response profiles [20, 27-29, 31]. Accordingly, we studied unlinked sub-
unit LS and concatenated LSP 04B2-nAChR (including LSP-a4p5W182A) in the presence
of 0.7 uM ACh (HS phase ECs; low concentration) to stimulate just HS responses or in the
presence of 30 uM ACh (LS phase ECs; high concentration) to activate both HS and LS
responses.
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Single-channel patch-clamp electrophysiology data analysis

Single channel response data recordings were filtered off-line at 1 kHz and analyzed using the
model-based-analysis program QuB (www.qub.buffalo.edu); [35]. Single channel records were
analyzed using the segmental K-means (SKM) idealization method to measure unitary ampli-
tudes, event durations, and open probabilities. The maximum interval likelihood (MIL) feature
was used to determine open and closed dwell time distributions [36, 37]. The number of states
(used to generate open and closed dwell time histograms) was determined by adding addi-
tional open or closed states to the receptor model. An optimal number of states were deter-
mined once the log likelihood (LL) algorithm failed to improve the model by > 10 LL units.
Stability plots were generated for all HS a4B2-nAChR, and were used to examine systematic
changes over time in amplitudes, open, and closed dwell time distributions. More-extended
recording periods typically resulted in longer measured durations of closed states, suggesting a
receptor run-down phenomenon. For this reason, only data collected during the first 60s of
recordings from HS 04B2-nAChR were analyzed (since stability plots showed that changes
occurred after this cut-off time). Function within patches containing LS 04B2-nAChR was
shown by the same stability plot approach to be more stable, allowing data from the first 120s
to be used. This relatively-rapid rundown phenomenon for both isoforms is similar to that
recently reported for 04p2-nAChR [38].

All constructs were tested using expression from at least three separately-synthesized
batches of cRNA, and at least three separate batches of oocytes. In order to ensure that, for
each construct, individual patches were comparable in terms of numbers of nAChR present
and functional status, each patch was examined for consistency as measured by the number
of events per second. A two standard deviations (SD) outlier test was applied, and patches
that had > 2 SD of the mean more or fewer events per second were excluded from further
analysis. The rationale was that hyper-eventful patches likely contained atypically large num-
bers of nAChR, and hypo-eventful patches likely contained desensitized, inactivated, or run-
down nAChR. Subsequent to the implementation of this exclusion criterion, each experi-
mental group contained 5-10 single-channel recordings that were used for further data
analysis.

Single-channel function of both 04B2-nAChR isoforms occurred as a mixture of single
openings and (less-frequent) short bursts of channel openings, interspersed with longer-dura-
tion closed dwell periods. In addition to studying properties of all individual openings, we
chose to analyze functional parameters associated with bursts. This enhances the likelihood
that adjacent openings arise from the same receptor [39, 40]. To this end, bursts were defined
as series of two or more openings separated by closures shorter than a minimum interburst
closed duration, or T, chosen to minimize the number of misclassified closed events [41,
42]. For all constructs tested, T.,; was calculated using QuB software. Very few bursts contain-
ing overlapping currents were observed. Since these represented simultaneously active chan-
nels, they were discarded from analysis. In patches containing LS 04B2-nAChR, bursts fell into
two populations, with small and large amplitudes. Almost no bursts were recorded that con-
tained a transition between small and large amplitude openings—any such bursts were also dis-
carded from analysis. Differentiation between LS isoform bursts containing small or large
amplitude openings was achieved using the QuB X-means algorithm to separate the two popu-
lations [43], which were then analyzed separately. QuB was also used to quantify burst proper-
ties such as the proportion of openings found within bursts, numbers of openings within
bursts, and open probability within a burst (Pypen). Exported QuB data were used to determine
burst duration values using exponential log probability histograms generated by Clampfit
10.4.1.4 software (Molecular Devices).
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Single-channel conductance measurements

In addition to amplitude measurements at a single transmembrane potential (-100 mV;
described previously), single-channel slope conductance values were estimated in separate
experiments. In these studies, the linear fit of the mean current amplitude was calculated,
recorded across a range of transmembrane potentials (-70 to -140 mV, in steps of 10 mV).
Amplitude histograms were generated as described in the preceding section, for each holding
potential, in each patch.

Statistical analysis

Results are presented as mean + S.E.M., except for error estimates associated with Gaussian or
exponential distributions (which are described as histograms with the best fit value + standard
error of the mean [S.E.M.]). Measured single-channel functional parameters were statistically
analyzed using Prism 5.03 Software (La Jolla, CA, USA), and the number of patches was used
as N. Two-tailed unpaired student’s t-tests were used to compare pairs of groups. One-way
analysis of variance (ANOVA) and Tukey’s multiple comparison tests were used to evaluate
the means of three or more groups and differences between them.

Results

Data collected from nAChR expressed using unlinked subunits are depicted in gray (HS
(04B2),82-nAChR) or green (LS (04p2),04-nAChR). Those collected from nAChR expressed
using concatenated subunits are shown in magenta (HSP isoform) or cyan (LSP isoform). Pri-
mary data collected from concatenated LSP 04B2-nAChR containing mutant subunits are
illustrated in red.

04$2-nAChR unitary amplitudes and conductances are isoform specific

We began by measuring amplitudes of all single channel events associated with the two
04P2-nAChR isoforms (i.e., across both isolated single openings and openings within
bursts). These initial measurements were taken using a transmembrane potential of -100
mV. As shown in Fig 2, individual openings of both 04p2-nAChR isoforms (when expressed
from unlinked subunits) were observed to occur both in isolation and as short bursts. Lon-
ger-duration closed dwell periods were interspersed between both patterns of openings, for
both isoforms. For HS (0482),$2-nAChR, only a single amplitude state (1.50 £ 0.06 pA; Fig
2A) was observed. In contrast LS (04p2),04-nAChR displayed two open amplitudes, termed
small (O;) and large (Oy), at both the low ACh concentration (small 1.20 + 0.04 pA; large
2.21 +0.19 pA; Fig 2B) and at the high ACh concentration (small 1.17 + 0.05 pA; large

1.93 £ 0.05 pA; Fig 2C). The amplitudes of the small and large LS (04p2),04-nAChR isoform
openings did not significantly change between low and high ACh concentrations. This dem-
onstrated that channel block was not a significant factor even at the higher agonist concen-
tration (as previously observed [44], open channel block by agonists manifests as fast
“flicker” of open currents as the agonist rapidly and sequentially enters and leaves the ion-
channel. When data are filtered in order to remove high-frequency noise, the effect is to
average the apparent size of openings across the peaks and troughs of the flicker, producing
a reduction of the observed open amplitude(s)). Although the smaller unitary amplitude
measured for LS (04B2),04-nAChR was suggestively similar to that associated with HS
(04B2),p2-nAChR openings, statistical analysis indicated that it was significantly different
(Fig 2B).
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Fig 2. Unitary amplitudes and conductances associated with human HS (a4$2),$2-nAChR and LS (04p2),04-nAChR expressed in X. laevis
oocytes from unlinked subunits. (A) HS (04f2),p2-nAChR (grey bars) open amplitudes were found to fall into a single population. (B) LS
(04B2),04-nAChR (green bars) single channel openings were recorded in the presence of a low ACh concentration (0.7 uM). Under these conditions,
openings exhibited two characteristic amplitudes (small and large). Both the small and large amplitudes were significantly different than that associated
with opening of HS (04p2),$2-nAChR (F, ;; = 12.38, One-way ANOVA; Tukey’s multiple comparison test indicates ** P < 0.01, and *** P < 0.001).
(C) LS (04f2),04-nAChR stimulated with a high ACh concentration (30 uM) also displayed two distinct amplitudes, which were statistically
indistinguishable from those recorded in panel (B), using a low ACh concentration (two-tailed unpaired Student’s t-test were applied to each amplitude
class; df = 11-13 and P > 0.05 in each case). Amplitude histograms are all of the events for each construct and ACh concentration collected from
individual single-channel patch recordings. Example traces are shown below panels (A), (B), and (C), exhibiting a typical mixture of individual
openings and short bursts of activity, interspersed with longer periods of inactivity. (D) Single channel slope conductance was calculated for openings
of HS (0:4B2),82-nAChR by calculating the mean single-channel amplitude across several transmembrane voltages. (E) The single-channel slope
conductances associated with small and large openings of LS (0:4B2),04-nAChR (gsman and glarge, respectively) were also significantly different from
each other (**** P < 0.0001; two-tailed unpaired Student’s t-test, df = 6). The conductance value g,y was similar to that associated with openings of
the HS isoform. Values are given as mean + S.E.M, and were collected from 5-9 patches across a minimum of three separate experiments. All

recordings were performed 3—6d following cRNA injection.

https://doi.org/10.1371/journal.pone.0213143.9002

Slope conductances of the HS (04p2),p2 and LS (04p2),04 isoforms also were determined
by measuring unitary amplitudes across a range of transmembrane voltages. HS (04(32),32
had a slope conductance of 9.4 + 0.8 pS (Fig 2D), whereas small and large amplitude events
produced by LS (04B2),04 isoform were associated with slope conductances of 8.0 + 1.0 pS
and 27.4 £ 2.3 pS, respectively (Fig 2E). In this case, the LS (04p2),04-nAChR small-opening
conductance was statistically indistinguishable from that of the single conductance associated
with HS (04p2),p2-nAChR (Fig 2D vs. 2E). However, larger-amplitude events produced by LS
(04B2),04-nAChR were associated with a significantly higher conductance state compared to
the HS isoform conductance and to LS isoform small-opening events.
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Fig 3. Unitary amplitudes and conductances associated with human HSP (a4p2),$2-nAChR and LSP (04B2),04-nAChR expressed in X. laevis
oocytes from pentameric, fully-concatenated constructs (HSP and LSP, respectively). All statistical comparisons for this figure were performed
using two-tailed unpaired Student’s t-tests, df = 8-13, significant differences were noted at P < 0.05. (A) HSP (04p2),2-nAChR (magenta bars)
stimulated with 1.3 uM ACh produced single-channel openings with a single characteristic amplitude which was indistinguishable from that measured
in Fig 2A, for the same isoform expressed using unlinked subunits. (B) LSP (04f2),04-nAChR (cyan bars) single-channel openings were recorded in
the presence of a low ACh concentration (0.7 uM). These openings fell into two amplitude classes (small and large), associated with values
indistinguishable from those determined in Fig 2B, for the same isoform expressed using unlinked subunits. (C) LSP (04f2),04-nAChR were
stimulated with a high ACh concentration (30 uM). Openings displayed two distinct amplitudes, which were statistically indistinguishable from those
recorded in panel (B), using a low ACh concentration. Amplitude histograms are all of the events for each construct and ACh concentration from
individual single-channel patch recordings. As in Fig 2, example traces are shown below panels (A), (B), and (C), which display a mixture of individual
openings and short bursts of activity, interspersed with longer periods of inactivity. (D) Single-channel slope conductance was calculated for openings
of HSP (04p2),32-nAChR by calculating the mean single-channel amplitude across several transmembrane voltages. The value obtained was not
statistically different to that recorded from (0:4p2),p2-nAChR expressed from unlinked subunits. (E) The single-channel slope conductances associated
with small and large openings of LSP (0:4f2),0:4-nAChR (ggmai and gjarge> respectively) were also determined. The conductance value gy was
significantly lower than that associated with openings of the HSP isoform (* P < 0.05) and significantly lower than that associated with the large
openings of the LSP isoform (** P <0.01). Conductances of small and large amplitude events expressed using the concatemer approach did not differ
from events produced by the loose subunit technique. Values are given as mean + S.E.M, and were collected from 5-6 patches across a minimum of
three separate experiments. All recordings were performed 3—6d following cRNA injection.

https://doi.org/10.1371/journal.pone.0213143.9003

The results just described appeared to indicate that LS (04p2),04-nAChR produce two dif-
ferent classes of single-channel events, associated with two different conductance states. How-
ever, it is possible in principle that use of even a highly biased ratio of unlinked subunits (30:1
04:B2) could have produced a mixed population of (04p2),04- and (04p2),82-nAChR iso-
forms, rather than the essentially-pure LS (0:482),04-nAChR population intended. To deter-
mine if this was the case, oocytes were injected with concatenated (a4p2),82- or (04f2),04-
nAChR pentameric constructs (HSP and LSP, respectively). These are designed to ensure
expression of fully defined HS or LS pentameric 04p2-nAChR isoforms.
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Fig 4. Closed and open dwell durations associated with human HS or LS a4p2-nAChR isoforms expressed in X. laevis oocytes from unlinked
subunits. HS (0:4p2),p2-nAChR stimulated with ACh (1.3 pM). Closed durations between openings were best described with a pair of time constants
(A), as were open durations (D). When LS (0:4p2),04-nAChR were stimulated at a low ACh concentration (0.7 pM), closed durations between
openings were best described with three time constants (B), while open durations were best fit using two time constants (E). The numbers of time
constants required to best fit closed (C) and open (F) time distributions did not change as LS isoform nAChR were stimulated at a higher ACh
concentration (30 uM), but the closed dwell times durations did shorten significantly (see Table 1). The open duration constants did show a trend
towards shortening as the ACh concentration was increased, but this did not reach significance in this preliminary analysis (which did not discriminate
between open events within and outside of bursts). Closed and open dwell duration histograms are representative examples collected from individual
single-channel patch recordings. Individual t values and percentage of total events corresponding to each closed and open durations from an example
patch recording have been inserted into each panel to facilitate interpretation. Data were collected from 6-9 individual patches, across at least three
separate experiments. Calculated parameters are summarized in Table 1, together with the statistical analyses applied.

https://doi.org/10.1371/journal.pone.0213143.9004

As shown in Fig 3, outcomes when using fully-linked, concatemeric constructs were essen-
tially identical to those produced using biased ratios of unlinked subunits. HSP a4p2-nAChR
exhibited a single amplitude state of the same size as previously noted HS isoform, loose sub-
unit receptors (Figs 3A vs. 2A). Most importantly, the LSP-isoform at both ACh concentra-
tions had two unitary amplitudes; small and large, again similar in size irrespective of the ACh
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Fig 5. Closed and open durations associated with human HSP or LSP a4p2-nAChR isoforms expressed in X. laevis oocytes from pentameric,
fully-concatenated constructs. HSP (04f2),$2-nAChR were stimulated with ACh (1.3 uM). Closed dwell durations between openings were best
described with three time constants (A), while open durations were best described with a pair of time constants (D). When LSP (04p2),04-nAChR were
stimulated with a low ACh concentration (0.7 uM), closed durations between openings were best described with four time constants (B), while
individual-event open times were best fit using three time constants (E). As was seen for unlinked subunits, increasing the ACh concentration to 30 pM
did not change the number of time constants required to best fit closed (C) and open (F) duration distributions, but shortening of closed dwell
durations was observed (see Table 2). Open dwell duration values did significantly shorten at the higher ACh concentration (Table 2). Closed and open
dwell duration histograms are representative examples resulting from analysis of individual single-channel patch recordings. Individual T values and
percentage of total events corresponding to each closed and open duration from an example patch recording have been inserted into each panel to
facilitate interpretation. Data were collected from 5-8 individual patches, across at least three separate experiments. Calculated parameters are
summarized in Table 2, together with the statistical analyses applied.

https://doi.org/10.1371/journal.pone.0213143.9g005

concentration and expression technique (Figs 3B and 3C vs. 2B and 2C). In a further point of
similarity between the biased-ratio loose-subunit and concatenated-subunit approaches, the
LSP isoform small amplitude size at either ACh concentration was significantly smaller than
the sole amplitude associated with HSP isoform openings (Fig 3A vs. 3B). In a final comple-
ment to the initial unlinked-subunit experiments, we also determined the channel conduc-
tances associated with the HSP- and LSP-isoform a4f2-nAChR populations (Fig 3D and 3E).
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Fig 6. Closed durations between burst activity of human HS or LS a4p2-nAChR isoforms. Closed dwell durations between bursts
of activity (interburst durations) were measured for HS or LS 04B2-nAChR isoforms expressed in X. laevis oocytes using unlinked
subunits. (A) For HS (04f2),82-nAChR, interburst closed durations evoked by 1.3 uM ACh were best described using four time
constants. The same was true for closed durations between bursts of either small (B) or large amplitude (B’) events evoked from LS
(04p2),04-nAChR at a low ACh concentration (0.7 uM). Increasing the ACh concentration to 30 uM did not change the number of
time constants associated with LS (04f2),0:4-nAChR closed state intervals between bursts of small (C) or large (C’) events, but did
result in significant shortening of the time constants in each case. Closed and open dwell duration pooled histograms are shown,
which result from collection of data from 6-7 individual patches, across at least three separate experiments. The calculated T values
are summarized in Table 3, together with the statistical analyses applied.

https://doi.org/10.1371/journal.pone.0213143.9006

The distinct channel conductances associated with the two isoforms remained unchanged,
whether expressed from linked or unlinked subunits (Figs 3D and 3E vs. 2D and 2E).

Closed dwell time distributions distinguish a4p2-nAChR HS and LS
isoforms, when expressed from unlinked subunits

To characterize single channel closed times, we next performed analysis of closed dwell times
between all open events. The briefest component (t,) is considered to occur within bursts,
while longer components (T, efc.) correspond to closings that occur between independent
openings, bursts, or both [45].
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Fig 7. Durations of individual openings within bursts of small and large amplitude openings of human HS or LS a4p2-nAChR
isoforms. HS or LS isoforms were expressed in X. laevis oocytes using unlinked subunits, and durations of individual openings
within bursts (intraburst) of activity were measured. (A) HS (04p2),82-nAChR stimulated with 1.3 uM ACh exhibited intraburst
openings with a single, small, characteristic amplitude, as described previously. The open dwell durations associated with these
openings were best described using a pair of time constants. For LS (04f2),04-nAChR stimulated with a low ACh concentration
(0.7 uM), bursts of either small (B) or large amplitude (B’) events were seen. Further, each type of burst was associated with a single,
characteristic, intraburst duration of individual openings. The open durations for individual events within small amplitude bursts
were significantly shorter than those associated with individual events within large amplitude bursts. When the ACh concentration
was increased to 30 uM, the same general outcome was found. Intraburst open durations of individual openings of LS
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(04P2),04-nAChR within small (C) and large amplitude (C’) bursts remained associated with single time constants, and the
durations of small amplitude individual openings continued to be shorter than those of large amplitude individual openings.
However, the durations of both event classes were significantly shortened in the presence of the higher ACh concentration.
Histogram panels each show pooled data, which were collected from 6-7 individual patches, across at least three separate
experiments. Representative traces of each category of bursts are shown below the corresponding histogram panels. Scale bars are 1
PA in height, and 10 ms in width. The calculated t values are summarized in Table 3, together with the statistical analyses applied.

https://doi.org/10.1371/journal.pone.0213143.g007

The closed-time kinetics of HS (04p2),82-nAChR, which were expressed using loose
subunits, were best fit with two closed durations (Fig 4A; Table 1). However, LS (0432),0/4-
nAChR expressed using unlinked subunits had closed dwell time histograms that were best fit
with three exponential components. This was true whether LS (04p2),04-nAChR were stimu-
lated using either the low or high ACh concentrations (Fig 4B and 4C, respectively; Table 1).

At the lower ACh concentration, LS (04p2),04-nAChR closed 1, and T3 values were similar
to those for HS (04p2),B2-nAChR closed 1, and T, values (Fig 4A and 4B; Table 1). However,
the LS (04p2),04-nAChR intermediate closed time constant (t,) appeared to be unique. Mov-
ing to the higher ACh concentration is thought to engage the additional a4(+)/(-)04 agonist
binding site found uniquely in LS (0:4f2),04 [27-29]. At the tested high ACh concentration
(30 uM), closed dwell times of the LS isoform were significantly shortened when compared to
LS isoform single-channel closed times recorded at low (0.7 uM) ACh concentrations (for t;
and 1,, with a trend of 15 also being reduced; Fig 4B and 4C; Table 1). A significant increase in
the percentage of events found in the fastest t; category (i.e., within-burst closed times) was
also observed as the ACh concentration was raised (Table 1).

Open durations are similar between the HS and LS isoforms when
expressed from unlinked subunits

Open time distributions were also determined for HS (04p2),32- or LS (04p2),04-nAChR
expressed from unlinked subunits. This initial analysis was performed for all individual open-
ings, regardless of whether they fell within bursts or not. All open time histograms, regardless
of ACh concentration or isoform, were best fit with two components (Fig 4D-4F;Table 1). At
the low ACh concentration, events arising from both 04B2-nAChR isoforms exhibited very
similar mean open times and distributions between t; and t,. When the ACh concentration
was increased, there was a trend to decreased open-event durations of LS (04p2),04-nAChR,
but this did not reach significance (Fig 4E and 4F; Table 1).

Concatenated HSP and LSP 04p2-nAChR closed- and open-durations
mirror those of HS (04$2),$2- and LS (a4p2),04-nAChR assembled from
unlinked subunits.

We also measured closed- and open-state durations for receptors assembled from fixed-stoi-
chiometry and arrangement HSP and LSP pentameric, concatenated a4pf2-nAChR constructs,
in the same way as just described for a4p2-nAChR isoforms assembled from unlinked sub-
units. Compared to the two closed states observed for HS (0:432),$2-nAChR expressed from
unlinked subunits, HSP (0:4p2),82-nAChR closed dwell time data were best fit with an addi-
tional closed state (three states; Table 2; Figs 5A vs. 4A). Similarly, four closed states observed
for LSP (04B2),04-nAChR contrasted with the three closed dwell times for LS (042),04-
nAChR assembled from unlinked subunits (Table 2; Figs 5B and 5C vs. 4B and 4C), at both the
low and high ACh concentrations tested. However, in a point of similarity between nAChR
expressed from linked and unlinked subunits, LSP 0:4p2-nAChR closed dwell times again
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Fig 8. ACh unitary amplitudes and conductances associated with human LSP a4P5W182A-nAChR expressed in
X. laevis oocytes from pentameric, fully-concatenated constructs. All statistical comparisons for this figure were
performed using two-tailed unpaired Student’s t-tests, df = 11-12, significant differences were noted at P < 0.05. (A)
LSP 04P5W182A-nAChR were stimulated with a low ACh concentration (0.7 uM ACh). Evoked unitary responses
produced openings that fell into two amplitude classes (small and large). These were statistically indistinguishable from
those observed from LSP 04B2-nAChR constructs that did not harbor the a4P5W182A, when these were stimulated
with the same concentration of ACh. (Fig 3B). (B) LSP 04P5W182A-nAChR were stimulated with a high (30 uM) ACh
concentration. Single-channel openings displayed two amplitude classes that were indistinguishable from those in
panel A using a low ACh concentration, and those of LSP-nAChR produced using the same high ACh concentration
(Fig 3C). Example traces are shown below panels (A) and (B), demonstrating a mixture of individual openings at each
amplitude level, and short bursts of activity followed by longer periods of inactivity. Values are given as mean + S.E.M.
Amplitude Data were collected across a minimum of three separate experiments from 7 patches, across a minimum of
three separate experiments. All recordings were performed 3—6d following cRNA injection.

https://doi.org/10.1371/journal.pone.0213143.9008
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Fig 9. Closed dwell durations between small and large amplitude bursts of human LSP-04p5W182A-nAChR. LSP (04p2),04-nAChR were
expressed in X. laevis oocytes from a concatenated cDNA construct in which the critical tryptophan-182 amino-acid was mutated to alanine (W182A)
in only the low-affinity a4/04-interface agonist binding site (red bars). Closed durations between bursts of activity in the presence of alow ACh
concentration (0.7 uM) were determined for both small (A) and large amplitude (A’) bursts. As for the parent LSP construct, interburst closed
durations at the low ACh concentration were best described using four time constants, regardless of whether small or large amplitude bursts were
considered. The effects of changing to a higher ACh concentration (30 uM) on interburst closed durations differed between the two amplitude classes of
bursts. For bursts of small amplitude events (B), the number of time components was reduced to three, likely due to disappearance of the second-
shortest time component (ts,). In this interpretation, the shortest time constant increased significantly while small, but significant, shortenings of the
two longest time constants (g3, Ts4) were also seen. These shortenings were much less dramatic than those observed for the parent LSP construct
(compare to Fig 6). For bursts of large amplitude events (B’), the increased ACh concentration did not alter the number of interburst closed dwell
duration components detected. However, each time constant was significantly lengthened; this is the opposite of the behavior of the parent LSP
construct. Data were collected from 7 individual patches, across at least three separate experiments, for each panel of the Fig. The calculated T values are
summarized in Table 4, together with the statistical analyses applied.

https://doi.org/10.1371/journal.pone.0213143.g009

showed a trend toward shorter durations at the higher ACh concentration, although this did
not reach significance for any of the four identified components (Table 2).

Concatenated 04p2-nAChR mean open duration data were best fit with two components,
regardless of isoform or ACh concentration (Fig 5D-5F; Table 2). This number of open dura-
tion components is identical to that measured for the same isoforms expressed from unlinked
subunits (Fig 4D-4F; Table 1). Also resembling the corresponding data from unlinked subunit
HS (04B2),p2- and LS (04p2),04-nAChR, when stimulated at the lower ACh concentration,
HSP and LSP 04p2-nAChR showed very similar individual-event mean open times and distri-
butions between T, and T, (Fig 5D and 5E; Table 2). In another striking point of similarity,
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Fig 10. Durations of individual openings within small or large amplitude event bursts of human LSP-a4p5W182A-nAChR. LSP
(04B2),04-nAChR harboring the 04p5W182A mutation, which significantly reduces macroscopic LSP function, were expressed in X. laevis oocytes
using a concatenated cDNA construct. Similar to the parent LSP construct, when stimulated with a low ACh concentration (0.7 uM), bursts of either
small (A) or large amplitude (A’) events were seen, and individuals openings within each type of burst were associated with a single, characteristic, open
duration. Also as seen for the parent construct, the intraburst open durations for individual events within small amplitude bursts were significantly
shorter than those associated with individual events within large amplitude bursts. In a further similarity to the parent construct, when the ACh
concentration was increased to 30 uM, intraburst open durations of individual openings of LSP (0t4p2),0:4-nAChR within small (B) and large
amplitude (B’) bursts remained associated with single time constants, and the individual openings with small amplitude bursts continued to be shorter
than those within large amplitude bursts. However, in direct opposition to the outcome for the unmutated LSP construct, durations of both small and
large amplitude individual openings were significantly lengthened in the presence of the higher ACh concentration. Intraburst open duration t values
have been inserted into each panel to facilitate interpretation. Representative examples of bursts obtained from this mutant construct are shown below
the corresponding histogram panels. Scale bars are 1 pA in height, and 10 ms in width. Data were collected from 7 individual patches, across at least
three separate experiments. The calculated t values are summarized in Table 4, together with the statistical analyses applied.

https://doi.org/10.1371/journal.pone.0213143.9010
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Table 1. Closed and open dwell duration parameters for human high sensitivity (HS) and low sensitivity (LS) a4$2-nAChR isoforms expressed using unlinked
subunits.

Isoform Number of Patches Tcrit + SEM (ms) Closed Durations + SEM (ms) Open Durations + SEM (ms)
(% + SEM) (% + SEM)
Ty T2 T3 T1 T2
HS (a4p2),p2-nAChR (unlinked subunits), low [ACh] (1.3 uM)
(04B2),p2 9 27104 09+0.2 500 + 100 Absent 0.7+£0.2 212037
(41 + 7%) (63 + 8%) (69 + 9%) (31 + 9%)
LS (04$2),04-nAChR (unlinked subunits), low [ACh] (0.7 uM)
(04p2),04 6 3.1+£0.5 1.3+£0.3 120 + 40 700 £ 200 0.5+0.1 24+05"
(11 +2%) (38+7%) (40 + 10%) (80 = 7%) (20i7%T)
LS (04$2),04-nAChR (unlinked subunits), high [ACh] (30 uM)
(0i4B2),04 7 1.6+ 0.2 0.66 + 0.08* 28 + 6* 290 + 80 0.37 £ 0.02 14+02"
(25 + 3%*) (35+5%) (38 £ 5%) (70 £ 10%) (30110%T)

HS isoform single channel events were elicited at a low ACh concentration, corresponding to the macroscopic ECs value at this isoform (1.3 uM). LS isoform activity
was stimulated at two different ACh concentrations (0.7 uM; low, or 30 uM; high), corresponding to macroscopic ECs values for the HS and LS phases of function,
respectively. In this initial analysis, all events were included whether or not they were associated with bursts of openings. Data represent T mean + SEM of parameters
derived from individual patches during three or more individual experiments, with the number of patches noted in each case. All comparisons were performed using
Student’s two-tailed, unpaired, t-tests (df = 11-13, significance noted when P < 0.05).

For HS (04p2),B2-nAChR, closed durations are best described with two components. Percentages of total events corresponding to each time constant, t; and T, are
shown in parentheses under their associated time constants. This convention is followed for all other open or closed duration constants shown throughout this table.
Individual openings produced by HS 04$2-nAChR all have the same mean amplitude (see Fig 2), but exhibit two statistically-distinct open durations (*).

For LS (04B2),04-nAChR, closed durations are best described with three components. Significant changes in single-channel closed dwell durations are evident between
LS-isoform 04B2-nAChR stimulated at low and high ACh concentrations for t; and 1, (*). The proportion of LS isoform closed events classified within T, also
significantly increase at the high ACh concentration compared to that seen for the low ACh concentration (*), although proportions of events falling into 1, and T3 are
not significantly altered. Individual open events for LS isoform 0:4B2-nAChR are best fit with two significantly-different components (*). A larger proportion of total LS
isoform events occur during t; compared to T, at either ACh concentration (*). Different ACh concentrations do not produce significant changes in open durations or

proportions of events assigned to the two open-time components measured for LS 042-nAChR.

https://doi.org/10.1371/journal.pone.0213143.t001

exposure of LSP 04B2-nAChR to the higher ACh concentration resulted in a significant reduc-
tion in individual-event open times for both t; and 1, (Fig 5E and 5F; Table 2).

Burst analysis: Engagement of the third ACh binding site unique to LS
(04p2),04-nAChR at the high ACh concentration reduces time spent in
closed conformations between bursts

We next studied additional burst-related properties. Biased ratios of unlinked subunits were
chosen since they allowed more-rapid expression of HS (04p2),32- or LS (0:4p2),04- nAChR
with corresponding benefits to oocyte health, and thus patch quality, in some batches of
oocytes. We first analyzed closed times between bursts.

For HS (04p2),82-nAChR, the closed duration interburst histogram was best fit with four
exponential components, with the longest lived state, 14, having the smallest percentage of
events (Fig 6A; Table 3). Analysis of LS (04p2),04-nAChR was more complicated, since both
small and large amplitude events were present. Significantly, bursts of events almost always
were composed of either small or large events (i.e., >0.5% of bursts showed evidence of a tran-
sition between a small and large conductance state). This suggests that the two conductance
states are associated with different functional states of LS (04B2),04-nAChR. Accordingly, we
separated small and large conductance bursts (see methods), and performed interburst analysis
for each amplitude event class.
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Table 2. Closed and open dwell duration parameters for human HS and LS a4p2-nAChR isoforms expressed using fully-pentameric concatemeric constructs (HSP
and LSP, respectively).

Isoform Number of Patches Terit £ SEM (ms) Closed Durations + SEM (ms) Open Durations + SEM (ms)
(% + SEM) (% + SEM)
T T, T3 Ty Ty T2
HSP (04p2),p2-nAChR (HS isoform; concatenated subunits), Low [ACh] (1.3 uM)
(04B2),p2 5 1.0+ 0.2 0.47 = 0.09 23+4 80 + 30 Absent 1.1+£0.2 3.6+047
(14 + 6%) (28 + 7%) (58 + 6%) (65 + 6%) (35 + 6%")
LSP (04$2),04-nAChR (LS isoform; concatenated subunits), low [ACh] (0.7 uM)
(04PB2),04 6 1.8+04 0.65 + 0.06 5309 110 £ 30 2100 £ 900 09+0.3 35+08"
(40 + 10%) (25 +6%) 28+ 7%) (14 + 3%) (70 + 10%) (40 + 20%)
LSP (04$2),04-nAChR (LS isoform; concatenated subunits), high [ACh] (30 uM)
(04B2),04 8 1.8+0.3 0.8 +0.1 40+ 10 100 £ 10 1500 + 200 0.35 + 0.05* 1.5+0.3™
(21 + 4%) (33 + 4%) (26 + 2%) (34 + 6%") (71 + 9%) (38 + 9%")

As for the same a4p2-nAChR isoforms expressed from individual subunits, patches containing HSP- or LSP 04B2-nAChR were exposed to macroscopic ECsg
concentrations of ACh. For the HS isoform this was 1.3 uM. For the LS isoform, two different ACh concentrations (0.7 pM; low, or 30 uM; high) were used, to probe HS
and LS phases of function. As in Table 1, all events were included in this initial analysis whether or not they were associated with bursts of openings. Data represent t
means + SEM of parameters derived from individual patches during three or more individual experiments, with the number of patches noted in each case. All
comparisons were performed using Student’s two-tailed, unpaired, t-tests (df = 8-14, significance noted when P < 0.05).

Closed duration distributions of patches containing HSP (0:4p2),2-nAChR are best described using three components. Time constants associated with each component
are presented, with percentages of events assigned to each component shown below each time constant; this convention is used throughout the table. As for the same
isoform expressed using unlinked subunits (see Table 1), individual openings of HSP 0:4p2-nAChR exhibit a single small amplitude, but exhibit two distinct open
durations, with T, having a significantly longer open duration (%), and a significantly larger percentage of the total HS isoform events occur during T, compared to T, (*).
For LSP (04B2)2a4-nAChR, closed duration distributions are best described with four components, at both ACh concentrations applied. No statistically-significant
changes in LS isoform closed dwell time parameters are observed between the two ACh concentrations, however a trend is evident for the closed time to shorten at the
high ACh concentration. However, a significant increase in the percentage of LS-isoform events associated with the 14 closed dwell-duration is revealed at the high ACh
concentration, when compared to that at the low ACh concentration (*). Individual open times of this isoform are best fit with two significantly-distinct components at
either ACh concentration (*). A larger proportion of total LS isoform events occur during t; compared to 1, at the high ACh concentration ™. Increasing the ACh
concentration significantly shortens the two open time constants associated with these two components (t; and T,). No changes are noted in the proportions of short-

vs. long-duration events as the ACh concentration is increased, however.

https://doi.org/10.1371/journal.pone.0213143.t002

When LS (0:432),04-nAChR were stimulated with a low ACh concentration (correspond-
ing to the ECs, for HS phase macroscopic function), interburst closed duration histograms of
small events were best described with four exponential components (Fig 6B; Table 3). This was
the same as for the HS (0:4p2),p2-nAChR isoform at a corresponding ACh concentration (Fig
6A; Table 3). At this low agonist concentration, LS (04p2),04-nAChR large event interburst
closed durations were also best described with four components (Fig 6C; Table 3). Impor-
tantly, when LS (04B2),04-nAChR were exposed to a low ACh concentration, interburst
closed dwell times differed significantly between the small and large event bursts measured in
the same patches. In particular, 13 and 1, were considerably longer between bursts of large
events than between burst of small events (Table 3). This provides further evidence that small
and large openings are associated with distinct functional states of LS (04f2),04-nAChR.

When LS (04p2),04-nAChR were stimulated with a high ACh concentration (correspond-
ing to the ECs, for LS-phase macroscopic function), interburst closed durations were still best
fit with four time components. However, all interburst t values were significantly shortened at
the higher ACh concentration. This was true both for bursts containing large openings, and
those composed of small openings (Fig 6C and 6C’; Table 3). At this higher agonist concentra-
tion, large event bursts were again associated with significantly longer interburst closed dura-
tions than were small event bursts.
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Open events within small amplitude bursts of LS isoform
(04p2),04-nAChR are shorter in duration from those within large
amplitude bursts, and both are shortened by increased ACh concentrations

The initial analysis of single-event open times did not distinguish between small and large
amplitude openings of LS (04p2),04-nAChR isoform. Studying only those events within
bursts which, for LS (04p2),04-nAChR, segregate into bursts containing events of only one
amplitude, allowed us to make this distinction between small and large event open times with
confidence.

Mean open-time durations within bursts were initially determined for HS (04p2),82-
nAChR. Since openings for HS (04f2),B2-nAChR occur as only a single amplitude population,
this provides a valuable control for internal consistency. As would be expected from the initial
all-event analysis, open durations within bursts (intrabursts) fell into two populations (Fig
7A). For open events within bursts, these two populations were associated with very similar
values of 1, and T,, and percentage distributions between the shorter and longer open time
populations (Table 3), to those calculated across all events (compare to Table 1).

Reassured by this demonstration of internal consistency, we next analyzed durations of
individual openings within bursts of either small- or large-events arising from LS (04p2),04-
nAChR. This analysis was first performed for bursts elicited by the low ACh concentration.
Surprisingly, as shown in Fig 7B and B’, the durations of individual openings within LS bursts
segregated with small or large amplitude events. Specifically, small amplitude intraburst open
durations were associated with a single t value, which was significantly shorter than the single
T value associated with large amplitude intraburst open durations (Table 3). This segregation
was maintained when LS (04p2),04-nAChR were stimulated with the higher ACh concentra-
tion (Fig 7C and 7C’). However, the mean open times of individual events within bursts of
both small and large individual openings were significantly reduced (approximately halved) at
the higher agonist concentration (Table 3). Notably, similar trends were seen in the earlier
analysis of all individual openings arising from LS (04f2),04-nAChR activation (Table 1),
which did not distinguish between small and large amplitude openings. However, values from
this segregated analysis are more definitive.

Site-directed mutagenesis confirms importance of the a4(+)/(-)a4 agonist
binding site for elevated ACh concentration effects on closed durations
between bursts of LS isoform (a4f2),04-nAChR

The preceding findings suggested that agonist binding to the 04(+)/(-)o4 site found only in LS
(04B2),04-nAChR significantly reduces between-burst closed durations. To test this inference
directly, we proceeded to disrupt only the a4(+)/(-)o4 site, which required use of a concate-
meric nAChR construct. We have previously shown that introducing an alanine mutation at
position W182 in only the o4 subunit at position five of the LSP concatemer (2-04-32-04-04
[W182A]; LSP-04p5W182A) severely hampers function of the a4(+)/(-)a4 ACh binding site,
significantly reducing the macroscopic LS-phase response of the mutated receptor [27]. There-
fore, the LSP 0:4p5W182A-nAChR should have substantially reduced single channel property
changes between low and high ACh concentrations, compared to those previously observed
with unmodified LSP (04p2),04-nAChR.

Single channel openings of LSP a4p5W182A-nAChR exhibited two unitary amplitudes
at either low (Fig 8A) or high (Fig 8B) ACh concentrations. The observed values, and
their consistency between the two ACh concentrations used, closely match those for
unmodified LS (04B2),04-nAChR expressed using either unlinked or concatenated sub-
units (Figs 2B and 2C or 3B and 3C, respectively). Two different conductances were
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measured for the LSP 04p5W182A-nAChR, which also closely matched those determined at
non-mutant LSP 04B2-nAChR (Fig 3E). Accordingly, we analyzed bursts containing small
or large openings separately, as described for unmodified LS-(04p2),04-nAChR in the pre-
ceding section.

We looked first at effects of the LSP 04p5W182A mutation on closed durations between
bursts of small amplitude events. When stimulated at a low ACh concentration, these were
best fit with four closed components (Fig 9A; Table 4). This is the same number of components
as found for unmodified LS (0432),04-nAChR (Table 3). As predicted, moving to the higher
ACh concentration no longer produced a concerted shortening of intervals between bursts
containing small events. Instead, a more-complex picture was revealed. At the higher ACh
concentration, the LSP 04p5W182A-nAChR small event closed dwell time distribution was
best fit with three components, likely due to loss of the T, component (Fig 9B). In this interpre-
tation, the shortest closed-time component (associated with 1;) instead was lengthened signifi-
cantly. By contrast, the remaining components shortened significantly (Table 4), but to a
much smaller proportion than was observed for unmodified LS (0:4f32),04-nAChR (Table 3).
We note that an alternative interpretation is possible: that all of the values of T, T,, and T3 are
increased, with the absence of a fourth component resulting from there being too few events
detectable within the recording time available before significant functional run-down of the
patches occurs.

Closed durations between bursts of LSP a4p5W182A-nAChR large amplitude events were
analyzed next. When LSP a4p5W182A-nAChR were stimulated at the low ACh concentration,
the large amplitude interburst closed duration histograms were best fit with four components
(Fig 9A’; Table 4). This again matched the findings for unmodified LS (04p2),04-nAChR
(Table 3). Also as predicted, stimulation with the higher ACh concentration no longer resulted
in a systematic reduction in closed times between large event bursts, as observed for unmodi-
fied LS (04p2),04-nAChR. Instead, all four T values showed significant increases in duration
(Fig 9B’, Table 4).

Site-directed mutagenesis confirms importance of the a4(+)/(-)04 agonist
binding site for elevated ACh concentration effects on mean open time
durations of individual openings within between bursts of LS isoform
(04p2),04-nAChR

In addition to significantly reducing closed times between bursts of small and large openings
of unmodified LS (04p2),04-nAChR, our earlier findings suggested that ACh binding to the
lower-affinity a4/04 site reduced the duration of individual open events within bursts. The
LSP 04p5W182A construct was also used to address this inference, with the prediction that
damaging the a4(+)/(-)o4 agonist binding pocket would substantially block this effect. Similar
to unmodified LS (04p2),04-nAChR, ACh-stimulated, within-burst, small and large ampli-
tude open events recorded from LSP a4p5W182A-nAChR were each best fit with a single
time constant. This was true whether openings were evoked using either a low or high ACh
concentration (Fig 10, Table 4). In a further point of similarity with unmodified LS (04p2),04-
nAChHR, the mean durations of individual openings within small amplitude bursts of LSP
04p5W182A-nAChR were shorter than those within large amplitude bursts, when both were
measured at the low ACh concentration. However, in strong contrast to the effect on the
unmodified LS (04f2),04-nAChR, increasing the ACh concentration did not shorten open
times for individual events within bursts arising from LSP a4p5W182A-nAChR. Instead a
slight, but significant, increase in intraburst open durations was observed (Table 4). This find-
ing again matches the predicted outcome.
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a4(+)/(-)o4 agonist binding site engagement at elevated ACh concentration
increases bursting of both low- and high-conductance openings of LS
(04p2),04-nAChR.

We next examined further burst-related properties of LS (0:432),04-nAChR expressed from
unlinked subunits. Single-channel responses were again compared between low and high con-
centrations of ACh.

The proportion of events that fell inside a burst significantly increased at the higher ACh
concentration for small amplitude events, with a trend for increased large amplitude events
(low ACh concentration small amplitude bursts 0.080 + 0.015, large amplitude bursts
0.079 + 0.006; high ACh concentration small amplitude bursts 0.228 + 0.044, large amplitude
bursts 0.191 + 0.037; Fig 11A). This increase was predicted by earlier findings showing that
the proportion of within-burst closed events (associated with 1; closed duration in Table 1)
increased at the higher ACh concentration. Surprisingly, the high concentration of ACh did
not significantly increase the proportion of large amplitude openings uniquely associated with
the LS isoform compared to the small amplitude events (51 + 7% and 55 + 5% of events were
of small amplitude at 0.7 uM ACh and 30 uM ACh, respectively). Interestingly, the number of
open events per burst was unchanged at the higher ACh concentration (Fig 11B). This was
true for bursts of either small or large amplitude events (low ACh concentration small ampli-
tude bursts 2.4 + 0.3, large amplitude bursts 2.4 £ 0.4; high ACh concentration small amplitude
bursts 2.5 + 0.1, large amplitude bursts 2.5 + 0.2). As would be predicted from the fact that
numbers of events within bursts remained the same at low or high ACh concentrations, but
the durations of openings and closings were shorter at the higher ACh concentration, burst
durations were significantly shortened in the presence of high ACh (low ACh concentration:
small amplitude bursts 3.6 + 0.6, large amplitude bursts 4.6 + 0.5; high ACh concentration:
small amplitude bursts 1.7 + 0.2, large amplitude bursts 2.4 + 0.5; Fig 11C). The simultaneous
shortening of both open and closed durations also resulted in unchanged Py, values within
bursts of small or large amplitude events, between the two ACh concentrations (low ACh con-
centration small amplitude bursts 0.58 + 0.05, large amplitude bursts 0.69 + 0.09; high ACh
concentration small amplitude bursts 0.55 + 0.07, large amplitude bursts 0.64 + 0.06; Fig 11D).
Overall, the effects of increased ACh concentration on LS (042),04-nAChR were to increase
the proportions of openings found within bursts of either small or large amplitude openings
(indicative of a shift to increased bursting behavior), while simultaneously shortening the
durations of individual openings within bursts.

Discussion

Previous single-channel studies of 0432-nAChR function have usually examined populations
with mixed stoichiometry. These have reported the existence of two, or occasionally three,
distinct conductance states [23, 46-53]. These findings are broadly consistent with our own,
which show a single conductance state associated with the HS 042-nAChR isoform, and two
conductance states associated with the LS 04B2-nAChR isoform (one similar but not identical
to that of the HS isoform, and one larger). The specific conductance values measured in this
study also fall within the range of values reported previously, using nAChR subunits from a
range of species, expression backgrounds, recording conditions (such as ionic strength and
calcium concentrations), and patch configurations (see preceding citations). Importantly, the
lower conductance associated with small amplitude LS 04B2-nAChR isoform (expressed using
unlinked or linked subunits) openings was significantly different from the single conductance
state measured for HS 0:4p2-nAChR (expressed using unlinked or linked subunits), proving
that its appearance was not simply due to isoform contamination. Equally importantly, bursts
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Fig 11. Human LS 04p2-nAChR small and large amplitude burst parameters. LS 04p2-nAChR isoforms were expressed in X. laevis oocytes using
unlinked subunits and burst parameters were measured. Comparisons were made using Student’s two-tailed, unpaired, t-tests (df = 9-11, significant
differences noted at p < 0.05). A) The mean proportion of small or large amplitude openings falling within bursts, compared to the total number of
each type of open event, was determined at a low ACh (0.7 uM) and a high ACh (30 uM) concentration. For both small and large amplitude openings,
the proportion of events within bursts of the corresponding amplitude appeared to increase with application of a high ACh concentration. A significant
increase in the small amplitude burst proportion was observed with a high ACh concentration compared to the low ACh concentration (*). B) The
mean number of openings per burst of LS isoform small or large amplitude openings was determined at both the low and high ACh concentrations.
Altering the concentration of ACh had no significant effect on the numbers of openings within either class of bursts. C) The durations of LS isoform
small or large amplitude bursts were measured at the low and high ACh concentrations. Increasing the ACh concentration significantly shortened the
duration of both small and large amplitude bursts (*). D) The P, within bursts was indistinguishable between bursts of small or large amplitude
events, and was not significantly altered by an increase in applied ACh concentration from 0.7 uM to 30 uM.

https://doi.org/10.1371/journal.pone.0213143.9011

containing multiple open amplitudes were extremely rare (< 0.05% of all events analyzed)

and, in any case, were excluded from the analysis. As a result, the higher conductance state
uniquely associated with LS (04p2),04-nAChR cannot be an artifact produced by multiple,
smaller-conductance, channel openings occurring simultaneously. Further evidence that small
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and large amplitude openings of the LS isoform correspond to distinct states of the receptor is
provided by the fact that each is associated with a different, defined, open duration (with the
large-conductance openings having longer open times for both ACh concentrations tested).

Importantly, two recent publications have also reported that a high conductance state
arises uniquely from LS (a4p2),04-nAChR [38, 54]. In one case [38], biased injection ratios of
unlinked subunits were used, and increased agonist concentrations were seen to increase the
prevalence of high-conductance, high amplitude openings over low amplitude events. This led
to a conclusion that the larger amplitude state arose from the LS isoform, in agreement with
our own findings. However, only large amplitude events were used in their subsequent kinetic
modeling, which our findings indicate may be an over-simplification. In the other case [54],
the authors selected only “single channel currents that reached full amplitude” when analyzing
the behavior of LS (04p2),04-nAChR, eliminating smaller openings from further consider-
ation when examining behavior of this isoform. Our own results differ in the critical respect
that both low- and high-conductance events, with well-defined amplitudes, were noted to arise
from pure populations of LS (04p2),04-nAChR. This phenomenon was seen even when stim-
ulated with a low ACh concentration, which should only minimally engage the lower affinity
04(+)/(-)o4 subunit interface agonist binding site uniquely found in the LS isoform [27-29].
Accordingly, access to the higher-conductance state of LS (0¢4p2),04-nAChR does not appear
to require agonist binding at the 04(+)/(-)o4 subunit interface. This point is reinforced by the
fact that LSP-a4p5W182A-nAChR also exhibit both low- and high-conductance states, despite
harboring a mutation that damages the 04(+)/(-)0:4 agonist binding site. Thus, the mere pres-
ence of an o4 subunit in “position 5” alters single channel properties. This is consistent with a
fundamental effect of receptor structure, rather than emergence of the higher conductance
state due to agonist occupancy of the 04(+)/(-)a4 subunit interface. Possible contributors to
this phenomenon include 1) presence of alternate 04 subunit sequence elements directly lining
the ion-conduction pathway, 2) substitution of an a4 subunit second intracellular loop for a
shorter B2 subunit second cytoplasmic domain, or 3) an altered environment neighboring the
conserved o4(+)/(-)B2 subunit interfaces which host the orthosteric agonist binding sites in
both isoforms. The current study is not capable of distinguishing between these scenarios,
although we note that our previous study indicated that the identity of subunits neighboring
the otherwise-equivalent 04(+)/(-)B2 agonist sites modifies their contributions to nAChR acti-
vation (as measured at the macroscopic level), and that E-loop residues are an important con-
tributor to this neighbor effect [31]. However, the recent publication of cryo-EM structures of
both HS (04p2),32-nAChR and LS (04f2),04-nAChR isoforms do provide some valuable
insights [55]. Addressing point 1), these structures show that the ion-permeation pathway of
the LS (04p2),04-nAChR isoform is more strongly electronegative throughout, which is com-
patible with a higher cation conductance. As noted by [55], the constructs used in their struc-
tural studies lack much of the second intracellular loop, so they are not able to address the
preceding point 2) (the influence of this region, which can also change the overall conductance
of related LGICs [56]). Importantly, the new cryo-EM structural data do show that the packing
at subunit interfaces, tapering within the ion-permeation pathway, and relative orientations of
subunits are significantly different between the two 0:432-nAChR isoforms [55]. This informa-
tion indirectly addresses the preceding point 3, suggesting possibilities for the isoforms to
access different open conformations that may in turn produce the alternate open conductance
states that we have measured in this study.

Nevertheless, our initial assumption was that large amplitude openings of the LS (0:4p2),04-
nAChR isoform would at least be encouraged by increasing the ACh concentration sufficiently
to engage the additional 04(+)/(-)o4 subunit interface site. However, the proportion of
small- vs. large-amplitude openings was not changed by this pharmacological manipulation
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(Fig 11A). Instead, two major kinetic effects of increased ACh concentration on LS (04p2),04-
nAChR function were to 1) decrease single-channel closed dwell durations between bursts and
2) to shorten the duration of individual open events within bursts. We do note that the observa-
tion of shorter closed dwell durations between bursts needs to be interpreted with caution,
since the exact number of receptors in each patch is not known. However, in this study, we
compared patches containing nAChR expressed from the same constructs, in the same expres-
sion system, for the same length of time, and outliers with exceptionally low or high amounts
of activity were eliminated from the analysis, all of which should reduce variability in number
of receptors per patch. Furthermore, by use of the 04p5W182A mutation to specifically cripple
the 04(+)/(-)o4 low-affinity agonist-binding site within the LSP concatemer [27], we were able
to confirm the site’s effect on shortening both receptor closed dwell times between bursts and
also the duration of individual open events within bursts. Specifically, the mutation consistently
disrupted the kinetic differences associated with stimulating LS (04f32),04-nAChR at HS vs. at
LS ACh concentrations. These observations definitively link ACh engagement of the a4(+)/(-)
o4-interface agonist binding site with the characteristic changes in single-channel kinetics
associated with LS (04f2),04-nAChR following exposure to high ACh concentrations. This
outcome is consistent with allosteric potentiation of agonist actions at a4(+)/(-)B2 subunit
interfaces, rather than an independent induction of channel opening due to additional occu-
pancy of the 04(+)/(-)a4 subunit interface.

The other major effect observed on LS isoform function at the high ACh concentration
was that bursts became more prevalent (as shown by the increased proportion of openings
within bursts). Combined with the just-noted concerted shortening of closed durations
between bursts, the overall effect of high ACh concentrations at LS (04p2),04-nAChR can be
summarized as enhancement of bursting, leading to enhanced function-per-receptor. These
findings are compatible with the inference that agonist binding at the a4(+)/(-)o4 interface
produces increased bursting due to preferred entry into an intermediate, pre-opening, “flip
state” [38, 57].

However, our findings suggest that the situation is more complicated than previously
appreciated. Bursting of both small and large amplitude openings of LS (04$2),04-nAChR is
similarly enhanced at higher ACh concentrations. The potential mechanisms considered in
order to explain our observations are summarized in Fig 12. The simplest possibility is that
transitions into both conductance states arise from the same intermediate state. However,
amplitudes of openings within bursts were highly correlated. That is, initial small amplitude
openings were followed in the same burst by one or more small amplitude openings, while
large amplitude openings were also followed essentially exclusively by additional large ampli-
tude events in the same burst. Bursts containing both amplitudes (as would be expected if
either could arise stochastically from a single intermediate state) were almost never seen. This
implies that the low- and high-conductance openings must arise from two separate intermedi-
ate states, both of which are stabilized by agonist binding to the a4(+)/(-)o4 subunit interface
site. A similar phenomenon of multiple intermediate closed states has been observed in the
cases of the muscle-type nAChR [58] and the glycine receptor, which is a member of the same
Cys-loop ligand-gated ion-channel receptor superfamily [59]. It is essential to remember that
HS (04B2),p2-nAChR also produce openings with two characteristic durations. This implies
that the HS isoform, too, may access two distinct open states, even if these are not as readily
identified since they are not associated with distinct unitary amplitudes and conductance
states.

As previously discussed, enhanced macroscopic function of LS 04B2-nAChR in the second,
low-affinity phase of function primarily arises from enhanced bursting behavior. However, it
is important to note that this effect is somewhat counteracted by an accompanying shortening
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Fig 12. Comparison of mechanisms considered to explain the observed functional effects of ACh binding at the
a4(+)/(-)a4 agonist binding site within LS-isoform a4p2-nAChR. In all panels, red shapes denote receptors in a
closed state while bound by ACh. Intermediate “flip” states (also closed) are represented by orange shapes, while open
states are indicated with green shapes (low- and high-conductance open states are shown as small and large black dots,
respectively, within these green shapes). Where each model suggests emergence of a distinctly-different pathway,
shapes change from circles to octagons. Receptor transitions between states are indicated with double-ended arrows,
and bolder lines indicate increased probability of that transition occurring. ACh bound to the pair of canonical, high-
affinity, a4(+)/(-)B2 agonist binding pockets is symbolized by blue stars, and a blue pentagon represents ACh bound to
the low-affinity 0:4(+)/(-)a4 agonist binding site uniquely found within LS-isoform 0:4B2-nAChR. A) Since high-
conductance openings are uniquely associated with LS-isoform 04B2-nAChR, the simplest potential explanation is that
ACh binding to the 04(+)/(-)o4 agonist binding site directly produces entry into the high-conductance state. While
this mechanism can explain the observation that almost all bursts contain either low or high-conductance openings, it
is refuted since it predicts that the ratio of high- to low-conductance individual openings (and bursts thereof) should
rise as the ACh concentration is increased. B) In contrast, a mechanism in which ACh binding to the o4(+)/(-)o4
agonist binding site produces increased entry into a common “flip” state would be expected to produce the observed
phenomenon of increased bursting at a higher ACh concentration, while also maintaining similar ratios of high- to
low-conductance individual openings across a range of ACh concentrations. However, this mechanism is refuted since
it predicts that returning from either open state to the common “flip” state within a burst would be followed by a fixed
probability of next moving to either of the two observed open-conductance states. In turn, this would be expected
frequently to produce bursts typically containing mixtures of low- and high-conductance individual openings. C) A
mechanism containing two distinct flip states, each of which is linked to only one of the observed low- or high-
conductance open states is compatible with the highly-correlated conductance states of individual openings observed
within bursts of LS-isoform a4f2-nAChR. In this mechanism, ACh binding to the a4(+)/(-)04 agonist binding site
similarly enhances entry into either “flip” state, which explains the remaining observed features of similar ratios of
high- to low-conductance individual openings (and bursts thereof) at higher ACh concentrations.

https://doi.org/10.1371/journal.pone.0213143.g012

of open durations within bursts (and of the bursts themselves) without any change in the num-
ber of openings per burst. The shortened individual open-event durations indicate that ACh
binding at the 04(+)/(-)a4 subunit interface may actually destabilize the open state. A similar
phenomenon was reported in [38], at least for the larger amplitude openings arising from LS
04B2-nAChR. This observation is the opposite of what would be expected if ACh binding to
the a4(+)/(-)o4 site enhanced function by simply stabilizing the open state(s) of LS (04p2),04-
nAChR. However, activation of LS isoform responses with the 04(+)/(-)o4 subunit interface-
selective agonist NS-9238 actually does produce an elongation of these larger amplitude open-
ings [54]. This indicates that a range of effects can arise from agonist engagement of the low-
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sensitivity 04(+)/(-)o4 interface, a finding that is compatible with the observation of different
binding modes of compounds at this site [30, 60].

The extent to which concatenation of nAChR subunits might alter functional properties of
the resulting nAChR subtypes has been a longstanding concern. This anxiety is reasonable,
since early concatemeric nAChR constructs did show evidence of low expression and/or
expression of unexpected assembly products. These early issues were associated with the use of
less than fully-pentameric concatemers and/or linkers of sub-optimal lengths or compositions
which could break down and release sub-pentameric products. These nAChR fragments can
assemble to form unintended, but functional, byproducts [21, 61-63]. However, more-recent
use of fully-pentameric nAChR constructs with optimized linkers has repeatedly been shown
to authentically reproduce the macroscopic functional properties of natively expressed
nAChR, across a range of subtypes [22, 27, 29, 34, 64-69]. The current study extends this vali-
dation to the level of single-channel function. For both HS and LS 04p2-nAChR isoforms, sin-
gle-channel open durations, numbers of conductance states and their associated conductance
values, and low propensity to bursting, are all essentially indistinguishable between isoforms
expressed from concatenated or non-concatenated subunits. These findings of similarity even
at the detailed single-channel level between 0432-nAChR isoforms expressed from unlinked
or concatenated subunits are further confirmed by another recent publication [54]. We did
note some differences in closed-time parameters between the two different expression meth-
ods. However, these are difficult to interpret since there is no guarantee that mean numbers
of receptors per patch will be comparable between otherwise-identical nAChR expressed
from unlinked vs. linked subunits. Another potential concern is that even fully-pentameric
concatenated nAChR constructs may in theory assemble in two different directions, producing
populations with two alternative sets of subunit arrangements [70]. Again, the single-channel
properties measured for 04B2-nAChR isoforms assembled using either individual or
concatenated subunits were extremely similar. This argues that the concatemeric constructs
used in this study authentically reproduced the subunit assemblies adopted in HS and LS
04B2-nAChR isoforms assembled from individual subunits. The experiments using the
04p5W182A mutation provide an even more compelling refutation of this possible confound.
Assembly of LSP 04B2-nAChR in the opposite direction to that anticipated would move the
mutation outside of the intended 0:4(+)/(-)04 subunit interface and produce divergent out-
comes between nAChR assembled in the differing directions. However, uniform effects on
single-channel properties of LSP 04f2-nAChR were seen. Overall, our data show that well-
designed nAChR concatemeric constructs are an excellent model for study of even detailed
functional nAChR properties.

To summarize the major findings of this study: We have thoroughly compared the func-
tional properties of HS- and LS-isoform 04p2-nAChR assembled from unlinked subunits to
those expressed using fully-linked pentameric constructs. Even at the level of single-channel
properties, functional parameters are very similar between receptors expressed with either
approach, demonstrating that well-designed concatenated constructs can serve as valid and
valuable research models. Using both of these approaches, we have demonstrated that HS-iso-
form 04B2-nAChR openings are associated with a single low conductance, while LS-isoform
04B2-nAChR produce openings with two distinct (low and high) conductance states. Impor-
tantly, both of the conductance states associated with the LS-isoform differ significantly from
the single state associated with openings of the HS-isoform. It is well-established that LS-iso-
form 04B2-nAChR exhibit a second, larger, phase of macroscopic function when exposed to
ACh concentrations sufficient to engage a lower-affinity agonist site which only this isoform
possesses. The current study indicates that increased macroscopic function is produced by
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enhanced burst activity. Perhaps surprisingly, increased LS-phase macroscopic function is

not associated with a higher prevalence of large-conductance openings. Instead, bursts are
observed to contain either low- or high-conductance openings (not mixtures of each), and the
prevalence of both types of bursts is similarly increased in the presence of a high ACh concen-
tration. The segregation of the two conductance states into distinct kinds of bursts indicates
each mode of LS-isoform 0:4B2-nAChR may arise from a separate intermediate-closed (“flip”)
state, and that higher ACh concentrations serve to stabilize each flip state approximately
equally. Finally, the central role of the binding pocket at the 0:4(+)/(-)04 subunit interface was
confirmed by analysis of LS-isoform 04B2-nAChR harboring a mutation (p5[W182A]) that
has previously been shown to reduce the LS-phase of the macroscopic concentration/response
curve [27]. As would be predicted, this mutation reduced or abolished the just-mentioned
changes in single-channel behaviors produced by a high ACh concentration at non-mutated
LS-isoform 04B2-nAChR. These findings of the current study may have substantial practical
effects. Most directly, this work provides novel functional insights that may supply useful
guidance for drug design and development to differentially affect the function of HS and LS
04p2-nAChR isoforms. In particular, the finding that interactions of different compounds at
the 04(+)/(-)a4 binding site of LS a4p2-nAChR (ACh in this study, NS-9238 in [54]) may
result in dissimilar functional effects suggests the possibility to fine-tune drug effects on LS iso-
form efficacy. This may be critically important; a42*-nAChR are the intended target of vare-
nicline, the most successful smoking cessation pharmacotherapy currently available [14, 15],
and several studies indicate that altering the balance of 04f2-nAChR isoform function can
produce physiologically significant effects [19, 20, 71-73]. In addition, improved opportunities
to identify and distinguish between the isoforms of a4pf2-nAChR will enable improved knowl-
edge of their contributions, more generally, in normal physiology and disease states. This
would address a significant gap in our understanding-that of the precise physiological roles of
HS and LS 04B2-nAChR isoforms.

Supporting information

S1 Data. Calculated values for closed, open, amplitude, and event frequency data for exam-
ined constructs. Excel file contains single-channel data for unlinked and concatenated single-
channel parameters calculated using QuB for each patch. Averages, S.E.M, and outlier test cal-
culations are included.

(XLSX)

$2 Data. Amplitude values measured at transmembrane potentials from -70 to -140 mV.
Excel files contain single-channel amplitudes as determined using QuB for each construct at
the different transmembrane potentials. For LS and LSP 04B2-nAChR data is separated by
small and large amplitude events.

(XLSX)

$3 Data. Interburst duration raw data values. Provided data consists of the raw interburst
durations as determined using QuB. Data for each patch has been pooled into a single column.
LS, LSP, and a5p5W182A 04B2-nAChR construct data is separated by event amplitude.
(XLSX)

S$4 Data. Intraburst interval raw data values. Provided data consists of raw intraburst interval
raw data values as determined using QuB for each patch. LS, LSP, and a5p5W182A construct
data is separated by event amplitude.

(XLSX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0213143 March 7,2019 30/35


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0213143.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0213143.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0213143.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0213143.s004
https://doi.org/10.1371/journal.pone.0213143

@ PLOS | ON E Single-channel analysis of function of a432-nAChR isoforms

S5 Data. The number of events evoked within a burst for LS a4f2-nAChR using the low
and high ACh concentrations. Raw data were determined using QuB, and LS 04B2-nAChR
data is separated by amplitude designation.

(XLSX)

S$6 Data. Average burst Popen values stimulated by the low and high ACh concentrations
for the LS 04p2-nAChR isoform. Values were determined using QuB, and LS 042-nAChR
data is separated by amplitude designation.

(XLSX)

S$7 Data. Burst duration values for the unlinked constructs. Values were determined using
QuB, and LS 04B2-nAChR data is separated by amplitude designation.
(XLSX)

Acknowledgments

The authors would like to thank Linda L. Lucero, MS, (Barrow Neurological Institute, Phoenix
AZ, USA) for construction of the LSP 04p5W182A-nAChR concatemeric construct, and Dr.
Isabel Bermudez (Oxford Brookes University, Oxford, UK) for supplying us with the original
HSP and LSP 04B2-nAChR constructs and for extensive advice on their use.

Author Contributions

Conceptualization: Maegan M. Weltzin, Paul Whiteaker.

Data curation: Maegan M. Weltzin.

Formal analysis: Maegan M. Weltzin, Paul Whiteaker.

Funding acquisition: Maegan M. Weltzin, Andrew A. George, Paul Whiteaker.
Investigation: Maegan M. Weltzin.

Methodology: Maegan M. Weltzin, Andrew A. George.

Project administration: Maegan M. Weltzin, Paul Whiteaker.

Resources: Maegan M. Weltzin, Ronald J. Lukas, Paul Whiteaker.

Supervision: Ronald J. Lukas, Paul Whiteaker.

Visualization: Maegan M. Weltzin, Andrew A. George, Ronald J. Lukas, Paul Whiteaker.
Writing - original draft: Maegan M. Weltzin, Paul Whiteaker.

Writing - review & editing: Maegan M. Weltzin, Andrew A. George, Ronald J. Lukas, Paul
Whiteaker.

References

1. Changeux J-P, Kasai M, Lee C-Y. Use of a Snake Venom Toxin to Characterize the Cholinergic Recep-
tor Protein. Proceedings of the National Academy of Sciences. 1970; 67(3):1241-7.

2. Gotti C, Clementi F, Fornari A, Gaimarri A, Guiducci S, Manfredi |, et al. Structural and functional diver-
sity of native brain neuronal nicotinic receptors. Biochem Pharmacol. 2009; 78(7):703—11. https://doi.
org/10.1016/j.bcp.2009.05.024 PMID: 19481063

3. Lukas RJ, Changeux JP, Le Novere N, Albuquerque EX, Balfour DJK, Berg DK, et al. International
Union of Pharmacology. XX. Current status of the nomenclature for nicotinic acetylcholine receptors
and their subunits. Pharmacol Rev. 1999; 51(2):397—401. PMID: 10353988

PLOS ONE | https://doi.org/10.1371/journal.pone.0213143 March 7,2019 31/35


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0213143.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0213143.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0213143.s007
https://doi.org/10.1016/j.bcp.2009.05.024
https://doi.org/10.1016/j.bcp.2009.05.024
http://www.ncbi.nlm.nih.gov/pubmed/19481063
http://www.ncbi.nlm.nih.gov/pubmed/10353988
https://doi.org/10.1371/journal.pone.0213143

® PLOS |ONE

Single-channel analysis of function of a432-nAChR isoforms

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

Marks M, Laverty D, Whiteaker P, Salminen O, Grady S, McIntosh JM, et al. John Daly’s Compound,
Epibatidine, Facilitates Identification of Nicotinic Receptor Subtypes. J Mol Neurosci. 2010; 40(1—
2):96—104. https://doi.org/10.1007/s12031-009-9264-x PMID: 19672723

Lindstrom JM. Nicotinic acetylcholine receptors of muscles and nerves—Comparison of their struc-
tures, functional roles, and vulnerability to pathology. Myasthenia Gravis and Related Disorders. Annals
of the New York Academy of Sciences. p. 41-52.

Cordero-Erausquin M, Marubio LM, Klink R, Changeux JP. Nicotinic receptor function: new perspec-
tives from knockout mice. Trends Pharmacol Sci. 2000; 21(6):211-7. PMID: 10838608

Steinlein OK. Genes and mutations in idiopathic epilepsy. Am J Med Genet B. 2001; 106(2):139—45.

Picciotto MR, Zoll M, Lena C, Bessis A, Lallemand Y, Lenovere N, et al. Abnormal Avoidance-Learning
in Mice Lacking Functional High-Affinity Nicotine Receptor in the Brain. Nature. 1995; 374(6517):65-7.
https://doi.org/10.1038/374065a0 PMID: 7870173

Govind AP, Vezina P, Green WN. Nicotine-induced upregulation of nicotinic receptors: underlying
mechanisms and relevance to nicotine addiction. Biochem Pharmacol. 2009; 78(7):756—65. https://doi.
org/10.1016/j.bcp.2009.06.011 PMID: 19540212

Dani JA, Bertrand D. Nicotinic acetylcholine receptors and nicotinic cholinergic mechanisms of the cen-
tral nervous system. Annu Rev Pharmacol Toxicol. 2007; 47:699-729. https://doi.org/10.1146/annurev.
pharmtox.47.120505.105214 PMID: 17009926

Stitzel JA. Naturally occurring genetic variability in the nicotinic acetylcholine receptor alpha4 and
alpha7 subunit genes and phenotypic diversity in humans and mice. Front Biosci. 2008; 13:477-91.
PMID: 17981562

Levin ED, McClernon FJ, Rezvani AH. Nicotinic effects on cognitive function: behavioral characteriza-
tion, pharmacological specification, and anatomic localization. Psychopharmacology (Berl). 2006; 184
(3—4):523-39.

Hurst R, Rollema H, Bertrand D. Nicotinic acetylcholine receptors: From basic science to therapeutics.
Pharmacol Ther. 2013; 137(1):22-54. https://doi.org/10.1016/j.pharmthera.2012.08.012 PMID:
22925690

Coe JW, Brooks PR, Vetelino MG, Wirtz MC, Arnold EP, Huang J, et al. Varenicline: An a4p2 Nicotinic
Receptor Partial Agonist for Smoking Cessation. J Med Chem. 2005; 48(10):3474—7. https://doi.org/10.
1021/jm050069n PMID: 15887955

Rollema H, Coe JW, Chambers LK, Hurst RS, Stahl SM, Williams KE. Rationale, pharmacology and
clinical efficacy of partial agonists of a432 nACh receptors for smoking cessation. Trends Pharmacol
Sci. 2007; 28(7):316-25. https://doi.org/10.1016/j.tips.2007.05.003 PMID: 17573127

Hutchison KE, Allen DL, Filbey FM, Jepson C, Lerman C, Benowitz NL, et al. CHRNA4 and tobacco
dependence—From gene regulation to treatment outcome. Arch Gen Psychiatry. 2007; 64(9):1078-86.
https://doi.org/10.1001/archpsyc.64.9.1078 PMID: 17768273

Voineskos S, De Luca V, Mensah A, Vincent JB, Potapova N, Kennedy JL. Association of a432 nicotinic
receptor and heavy smoking in schizophrenia. J Psychiatry Neurosci. 2007; 32(6):412-6. PMID:
18043764

Saccone NL, Schwantes-An TH, Wang JC, Grucza RA, Breslau N, Hatsukami D, et al. Multiple choliner-
gic nicotinic receptor genes affect nicotine dependence risk in African and European Americans. Genes
Brain Behav. 2010; 9(7):741-50. https://doi.org/10.1111/j.1601-183X.2010.00608.x PMID: 20584212

Son CD, Moss FJ, Cohen BN, Lester HA. Nicotine Normalizes Intracellular Subunit Stoichiometry
of Nicotinic Receptors Carrying Mutations Linked to Autosomal Dominant Nocturnal Frontal Lobe
Epilepsy. Mol Pharmacol. 2009; 75(5):1137-48. https://doi.org/10.1124/mol.108.054494 PMID:
19237585

Weltzin MM, Lindstrom JM, Lukas RJ, Whiteaker P. Distinctive effects of nicotinic receptor intracellular-
loop mutations associated with nocturnal frontal lobe epilepsy. Neuropharmacology. 2016; 102:158-73.
https://doi.org/10.1016/j.neuropharm.2015.11.004 PMID: 26561946

Zhou Y, Nelson ME, Kuryatov A, Choi C, Cooper J, Lindstrom J. Human a4f2 acetylcholine receptors
formed from linked Subunits. J Neurosci. 2003; 23(27):9004—15. PMID: 14534234

Carbone AL, Moroni M, Groot-Kormelink PJ, Bermudez |. Pentameric concatenated (04)(2)(82)(3) and
(a4)(3)(B2)(2) nicotinic acetylcholine receptors: subunit arrangement determines functional expression.
Br J Pharmacol. 2009; 156(6):970-81. https://doi.org/10.1111/j.1476-5381.2008.00104.x PMID:
19366353

Nelson ME, Kuryatov A, Choi CH, Zhou Y, Lindstrom J. Alternate Stoichiometries of a432 Nicotinic Ace-
tylcholine Receptors. Mol Pharmacol. 2003; 63(2):332—41. PMID: 12527804

Zwart R, Vijverberg HPM. Four pharmacologically distinct subtypes of a4p2 nicotinic acetylcholine
receptor expressed in Xenopus laevis oocytes. Mol Pharmacol. 1998; 54(6):1124-31. PMID: 9855643

PLOS ONE | https://doi.org/10.1371/journal.pone.0213143 March 7,2019 32/35


https://doi.org/10.1007/s12031-009-9264-x
http://www.ncbi.nlm.nih.gov/pubmed/19672723
http://www.ncbi.nlm.nih.gov/pubmed/10838608
https://doi.org/10.1038/374065a0
http://www.ncbi.nlm.nih.gov/pubmed/7870173
https://doi.org/10.1016/j.bcp.2009.06.011
https://doi.org/10.1016/j.bcp.2009.06.011
http://www.ncbi.nlm.nih.gov/pubmed/19540212
https://doi.org/10.1146/annurev.pharmtox.47.120505.105214
https://doi.org/10.1146/annurev.pharmtox.47.120505.105214
http://www.ncbi.nlm.nih.gov/pubmed/17009926
http://www.ncbi.nlm.nih.gov/pubmed/17981562
https://doi.org/10.1016/j.pharmthera.2012.08.012
http://www.ncbi.nlm.nih.gov/pubmed/22925690
https://doi.org/10.1021/jm050069n
https://doi.org/10.1021/jm050069n
http://www.ncbi.nlm.nih.gov/pubmed/15887955
https://doi.org/10.1016/j.tips.2007.05.003
http://www.ncbi.nlm.nih.gov/pubmed/17573127
https://doi.org/10.1001/archpsyc.64.9.1078
http://www.ncbi.nlm.nih.gov/pubmed/17768273
http://www.ncbi.nlm.nih.gov/pubmed/18043764
https://doi.org/10.1111/j.1601-183X.2010.00608.x
http://www.ncbi.nlm.nih.gov/pubmed/20584212
https://doi.org/10.1124/mol.108.054494
http://www.ncbi.nlm.nih.gov/pubmed/19237585
https://doi.org/10.1016/j.neuropharm.2015.11.004
http://www.ncbi.nlm.nih.gov/pubmed/26561946
http://www.ncbi.nlm.nih.gov/pubmed/14534234
https://doi.org/10.1111/j.1476-5381.2008.00104.x
http://www.ncbi.nlm.nih.gov/pubmed/19366353
http://www.ncbi.nlm.nih.gov/pubmed/12527804
http://www.ncbi.nlm.nih.gov/pubmed/9855643
https://doi.org/10.1371/journal.pone.0213143

® PLOS |ONE

Single-channel analysis of function of a432-nAChR isoforms

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

Marks MJ, Whiteaker P, Calcaterra J, Stitzel JA, Bullock AE, Grady SR, et al. Two pharmacologically
distinct components of nicotinic receptor-mediated rubidium efflux in mouse brain require the 2 sub-
unit. J Pharmacol Exp Ther. 1999; 289(2):1090—-103. PMID: 10215692

Gotti C, Moretti M, Meinerz NM, Clementi F, Gaimarri A, Collins AC, et al. Partial deletion of the nicotinic
cholinergic receptor a4 or B2 subunit genes changes the acetylcholine sensitivity of receptor-mediated
86Rb* efflux in cortex and thalamus and alters relative expression of a4 and B2 subunits. Mol Pharma-
col. 2008; 73(6):1796-807. https://doi.org/10.1124/mol.108.045203 PMID: 18337473

Eaton JB, Lucero LM, Stratton H, Chang Y, Cooper JF, Lindstrom JM, et al. The Unique a4(+)/(-)a4
Agonist Binding Site in (a4)3(B2)2 Subtype Nicotinic Acetylcholine Receptors Permits Differential Ago-
nist Desensitization Pharmacology versus the (a4)2(82)3 Subtype. J Pharmacol Exp Ther. 2014; 348
(1):46-58. https:/doi.org/10.1124/jpet.113.208389 PMID: 24190916

Harpsge K, Ahring PK, Christensen JK, Jensen ML, Peters D, Balle T. Unraveling the High- and Low-
Sensitivity Agonist Responses of Nicotinic Acetylcholine Receptors. J Neurosci. 2011; 31(30):10759—
66. https://doi.org/10.1523/JNEUROSCI.1509-11.2011 PMID: 21795528

Mazzaferro S, Benallegue N, Carbone A, Gasparri F, Vijayan R, Biggin PC, et al. Additional Acetylcho-
line (ACh) Binding Site at a4/a4 Interface of (a432)2a4 Nicotinic Receptor Influences Agonist Sensitiv-
ity. J Biol Chem. 2011; 286(35):31043-54. https://doi.org/10.1074/jbc.M111.262014 PMID: 21757735

Ahring PK, Olsen JA, Nielsen EQ, Peters D, Pedersen MHF, Rohde LA, et al. Engineered a4{2 nicotinic
acetylcholine receptors as models for measuring agonist binding and effect at the orthosteric low-affinity
ad4—a4 interface. Neuropharmacology. 2015; 92(0):135-45.

Lucero LM, Weltzin MM, Eaton JB, Cooper JF, Lindstrom JM, Lukas RJ, et al. Differential a4(+)/(-)B2
Agonist-binding Site Contributions to a4f32 Nicotinic Acetylcholine Receptor Function within and
between Isoforms. J Biol Chem. 2016; 291(5):2444-59. https://doi.org/10.1074/jbc.M115.684373
PMID: 26644472

Khiroug SS, Khiroug L, Yakel JL. Rat nicotinic acetylcholine receptor alpha 2 beta 2 channels: Compari-
son of functional properties with alpha 4 beta 2 channels in Xenopus oocytes. Neuroscience. 2004; 124
(4):817-22. https://doi.org/10.1016/j.neuroscience.2004.01.017 PMID: 15026122

Jain A, Kuryatov A, Wang J, Kamenecka TM, Lindstrom J. Unorthodox Acetylcholine Binding Sites
Formed by a5 and 33 Accessory Subunits in a4f32* Nicotinic Acetylcholine Receptors. J Biol Chem.
2016; 291(45):23452-63. https://doi.org/10.1074/jbc.M116.749150 PMID: 27645992

George AA, Bloy A, Miwa JM, Lindstrom JM, Lukas RJ, Whiteaker P. Isoform-specific mechanisms of
a3B4*-nicotinic acetylcholine receptor modulation by the prototoxin lynx1. The FASEB Journal. 2017;
31(4):1398—-420. https://doi.org/10.1096/].201600733R PMID: 28100642

Qin F. Restoration of single-channel currents using the segmental k-means method based on hidden
Markov modeling. Biophysical journal. 2004; 86(3):1488-501. https://doi.org/10.1016/S0006-3495(04)
74217-4 PMID: 14990476

Qin F, Auerbach A, Sachs F. Maximum likelihood estimation of aggregated Markov processes. Pro-
ceedings Biological sciences / The Royal Society. 1997; 264(1380):375-83.

Qin F, Auerbach A, Sachs F. Estimating single-channel kinetic parameters from idealized patch-clamp
data containing missed events. Biophysical journal. 1996; 70(1):264—80. https://doi.org/10.1016/
S0006-3495(96)79568-1 PMID: 8770203

Carignano C, Barila EP, Spitzmaul G. Analysis of neuronal nicotinic acetylcholine receptor a4f32 activa-
tion at the single-channel level. Biochimica et Biophysica Acta (BBA)—Biomembranes. 2016; 1858
(9):1964-73.

Militante J, Ma BW, Akk G, Steinbach JH. Activation and block of the adult muscle-type nicotinic recep-
tor by physostigmine: single-channel studies. Mol Pharmacol. 2008; 74(3):764—76. https://doi.org/10.
1124/mol.108.047134 PMID: 18523135

Grosman C, Auerbach A. The dissociation of acetylcholine from open nicotinic receptor channels. Proc
Natl Acad Sci U S A. 2001; 98(24):14102—7. https://doi.org/10.1073/pnas.251402498 PMID: 11717464

Sakmann B, Patlak J, Neher E. Single acetylcholine-activated channels show burst-kinetics in presence
of desensitizing concentrations of agonist. Nature. 1980; 286(5768):71-3. PMID: 6248795

Jackson MB, Wong BS, Morris CE, Lecar H, Christian CN. Successive openings of the same acetylcho-
line receptor channel are correlated in open time. Biophys J. 1983; 42(1):109-14. https://doi.org/10.
1016/S0006-3495(83)84375-6 PMID: 6301575

Jadey S, Auerbach A. An integrated catch-and-hold mechanism activates nicotinic acetylcholine recep-
tors. The Journal of general physiology. 2012; 140(1):17-28. https://doi.org/10.1085/jgp.201210801
PMID: 22732309

Sine SM, Steinbach JH. Agonists block currents through acetylcholine receptor channels. Biophys J.
1984; 46(2):277-83. https://doi.org/10.1016/S0006-3495(84)84022-9 PMID: 6478036

PLOS ONE | https://doi.org/10.1371/journal.pone.0213143 March 7,2019 33/35


http://www.ncbi.nlm.nih.gov/pubmed/10215692
https://doi.org/10.1124/mol.108.045203
http://www.ncbi.nlm.nih.gov/pubmed/18337473
https://doi.org/10.1124/jpet.113.208389
http://www.ncbi.nlm.nih.gov/pubmed/24190916
https://doi.org/10.1523/JNEUROSCI.1509-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/21795528
https://doi.org/10.1074/jbc.M111.262014
http://www.ncbi.nlm.nih.gov/pubmed/21757735
https://doi.org/10.1074/jbc.M115.684373
http://www.ncbi.nlm.nih.gov/pubmed/26644472
https://doi.org/10.1016/j.neuroscience.2004.01.017
http://www.ncbi.nlm.nih.gov/pubmed/15026122
https://doi.org/10.1074/jbc.M116.749150
http://www.ncbi.nlm.nih.gov/pubmed/27645992
https://doi.org/10.1096/fj.201600733R
http://www.ncbi.nlm.nih.gov/pubmed/28100642
https://doi.org/10.1016/S0006-3495(04)74217-4
https://doi.org/10.1016/S0006-3495(04)74217-4
http://www.ncbi.nlm.nih.gov/pubmed/14990476
https://doi.org/10.1016/S0006-3495(96)79568-1
https://doi.org/10.1016/S0006-3495(96)79568-1
http://www.ncbi.nlm.nih.gov/pubmed/8770203
https://doi.org/10.1124/mol.108.047134
https://doi.org/10.1124/mol.108.047134
http://www.ncbi.nlm.nih.gov/pubmed/18523135
https://doi.org/10.1073/pnas.251402498
http://www.ncbi.nlm.nih.gov/pubmed/11717464
http://www.ncbi.nlm.nih.gov/pubmed/6248795
https://doi.org/10.1016/S0006-3495(83)84375-6
https://doi.org/10.1016/S0006-3495(83)84375-6
http://www.ncbi.nlm.nih.gov/pubmed/6301575
https://doi.org/10.1085/jgp.201210801
http://www.ncbi.nlm.nih.gov/pubmed/22732309
https://doi.org/10.1016/S0006-3495(84)84022-9
http://www.ncbi.nlm.nih.gov/pubmed/6478036
https://doi.org/10.1371/journal.pone.0213143

'PLOS|ONE

Single-channel analysis of function of a432-nAChR isoforms

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Mortensen M, Smart TG. Single-channel recording of ligand-gated ion channels. Nature protocols.
2007;2(11):2826—41. https://doi.org/10.1038/nprot.2007.403 PMID: 18007618

Buisson B, Bertrand D. Chronic Exposure to Nicotine Upregulates the Human a4p2 Nicotinic Acetylcho-
line Receptor Function. The Journal of Neuroscience. 2001; 21(6):1819-29. PMID: 11245666

Curtis L, Buisson B, Bertrand S, Bertrand D. Potentiation of Human a432 Neuronal Nicotinic Acetylcho-
line Receptor by Estradiol. Mol Pharmacol. 2002; 61(1):127-35. PMID: 11752213

Zuo Y, Nagata K, Yeh JZ, Narahashi T. Single-Channel Analyses of Ethanol Modulation of Neuronal
Nicotinic Acetylcholine Receptors. Alcoholism: Clinical and Experimental Research. 2004; 28(5):688—
96.

Papke RL, Boulter J, Patrick J, Heinemann S. Single-channel currents of rat neuronal nicotinic acetyl-
choline receptors expressed in xenopus oocytes. Neuron. 1989; 3(5):589-96. PMID: 2484342

Pereira EF, Alkondon M, Reinhardt S, Maelicke A, Peng X, Lindstrom J, et al. Physostigmine and
galanthamine: probes for a novel binding site on the alpha 4 beta 2 subtype of neuronal nicotinic acetyl-
choline receptors stably expressed in fibroblast cells. J Pharmacol Exp Ther. 1994; 270(2):768-78.
PMID: 8071869

Charnet P, Labarca C, Cohen BN, Davidson N, Lester HA, Pilar G. Pharmacological and kinetic proper-
ties of alpha 4 beta 2 neuronal nicotinic acetylcholine receptors expressed in Xenopus oocytes. The
Journal of Physiology. 1992; 450(1):375-94.

Liu Q, Kuo YP, Shen J, Lukas RJ, Wu J. Roles of nicotinic acetylcholine receptor 8 subunit cytoplasmic
loops in acute desensitization and single-channel features. Neuroscience. 2015; 289(Supplement
C):315-23.

Ibanez-Tallon I, Miwa JM, Wang HL, Adams NC, Crabtree GW, Sine SM, et al. Novel modulation of
neuronal nicotinic acetylcholine receptors by association with the endogenous prototoxin lynx1. Neuron.
2002; 33(6):893-903. PMID: 11906696

Mazzaferro S, Bermudez |, Sine SM. a4f32 Nicotinic Acetylcholine Receptors: relationships between
subunit stoichiometry and function at the single channel level. J Biol Chem. 2016.

Walsh RM, Roh S-H, Gharpure A, Morales-Perez CL, Teng J, Hibbs RE. Structural principles of distinct
assemblies of the human 0432 nicotinic receptor. Nature. 2018; 557(7704):261-5. https://doi.org/10.
1038/s41586-018-0081-7 PMID: 29720657

Kelley SP, Dunlop JI, Kirkness EF, Lambert JJ, Peters JA. A cytoplasmic region determines single-
channel conductance in 5-HT3 receptors. Nature. 2003; 424:321. https://doi.org/10.1038/nature01788
PMID: 12867984

Indurthi DC, Lewis TM, Ahring PK, Balle T, Chebib M, Absalom NL. Ligand Binding at the a4-a4 Ago-
nist-Binding Site of the a4p2 nAChR Triggers Receptor Activation through a Pre-Activated Conforma-
tional State. PLOS ONE. 2016; 11(8):e0161154. https://doi.org/10.1371/journal.pone.0161154 PMID:
27552221

Mukhtasimova N, Lee WY, Wang H-L, Sine SM. Detection and trapping of intermediate states priming
nicotinic receptor channel opening. Nature. 2009; 459:451. https://doi.org/10.1038/nature07923 PMID:
19339970

Lape R, Plested AJR, Moroni M, Colquhoun D, Sivilotti LG. The a1K276E Startle Disease Mutation
Reveals Multiple Intermediate States in the Gating of Glycine Receptors. The Journal of Neuroscience.
2012; 32(4):1336-52. https://doi.org/10.1523/JNEUROSCI.4346-11.2012 PMID: 22279218

Shahsavar A, Ahring PK, Olsen JA, Krintel C, Kastrup JS, Balle T, et al. AChBP Engineered to Mimic
the a4-B4 Binding Pocket in 0432 Nicotinic Acetylcholine Receptors Reveals Interface Specific Interac-
tions Important for Binding and Activity. Mol Pharmacol. 2015; 88(4):697—-707. https://doi.org/10.1124/
mol.115.098061 PMID: 26180047

Groot-Kormelink PJ, Broadbent S, Beato M, Sivilotti LG. Constraining the expression of nicotinic acetyl-
choline receptors by using pentameric constructs. Mol Pharmacol. 2006; 69(2):558-63. https://doi.org/
10.1124/mol.105.019356 PMID: 16269534

Groot-Kormelink PJ, Broadbent SD, Boorman JP, Sivilotti LG. Incomplete incorporation of tandem sub-
units in recombinant neuronal nicotinic receptors. J Gen Physiol. 2004; 123(6):697—708. https://doi.org/
10.1085/jgp.200409042 PMID: 15148328

Nicke A, Rettinger J, Schmalzing G. Monomeric and Dimeric Byproducts are the Principal Functional
Elements of Higher Order P2X1 Concatamers. Mol Pharmacol. 2003; 63(1):243-52. PMID: 12488557

George AA, Lucero LM, Damaj MI, Lukas RJ, Chen X, Whiteaker P. Function of Human a3B4a5 Nico-
tinic Acetylcholine Receptors Is Reduced by the a5(D398N) Variant. J Biol Chem. 2012; 287
(30):25151-62. https://doi.org/10.1074/jbc.M112.379339 PMID: 22665477

Ochoa V, George AA, Nishi R, Whiteaker P. The prototoxin LYPD6B modulates heteromeric a3p34-con-
taining nicotinic acetylcholine receptors, but not a7 homomers. The FASEB Journal. 2015.

PLOS ONE | https://doi.org/10.1371/journal.pone.0213143 March 7,2019 34/35


https://doi.org/10.1038/nprot.2007.403
http://www.ncbi.nlm.nih.gov/pubmed/18007618
http://www.ncbi.nlm.nih.gov/pubmed/11245666
http://www.ncbi.nlm.nih.gov/pubmed/11752213
http://www.ncbi.nlm.nih.gov/pubmed/2484342
http://www.ncbi.nlm.nih.gov/pubmed/8071869
http://www.ncbi.nlm.nih.gov/pubmed/11906696
https://doi.org/10.1038/s41586-018-0081-7
https://doi.org/10.1038/s41586-018-0081-7
http://www.ncbi.nlm.nih.gov/pubmed/29720657
https://doi.org/10.1038/nature01788
http://www.ncbi.nlm.nih.gov/pubmed/12867984
https://doi.org/10.1371/journal.pone.0161154
http://www.ncbi.nlm.nih.gov/pubmed/27552221
https://doi.org/10.1038/nature07923
http://www.ncbi.nlm.nih.gov/pubmed/19339970
https://doi.org/10.1523/JNEUROSCI.4346-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22279218
https://doi.org/10.1124/mol.115.098061
https://doi.org/10.1124/mol.115.098061
http://www.ncbi.nlm.nih.gov/pubmed/26180047
https://doi.org/10.1124/mol.105.019356
https://doi.org/10.1124/mol.105.019356
http://www.ncbi.nlm.nih.gov/pubmed/16269534
https://doi.org/10.1085/jgp.200409042
https://doi.org/10.1085/jgp.200409042
http://www.ncbi.nlm.nih.gov/pubmed/15148328
http://www.ncbi.nlm.nih.gov/pubmed/12488557
https://doi.org/10.1074/jbc.M112.379339
http://www.ncbi.nlm.nih.gov/pubmed/22665477
https://doi.org/10.1371/journal.pone.0213143

® PLOS |ONE

Single-channel analysis of function of a432-nAChR isoforms

66.

67.

68.

69.

70.

71.

72.

73.

Lucero LM, Weltzin MM, Eaton JB, Cooper JF, Lindstrom JM, Lukas RJ, et al. Differential a4(+)/(-)32
Agonist Binding Site Contributions to a4f32 Nicotinic Acetylcholine Receptor Function Within and
Between Isoforms. J Biol Chem. 2015.

Kuryatov A, Lindstrom J. Expression of Functional Human a63233* Acetylcholine Receptors in Xeno-
pus laevis Oocytes Achieved through Subunit Chimeras and Concatamers. Mol Pharmacol. 2011; 79
(1):126—40. https://doi.org/10.1124/mol.110.066159 PMID: 20923852

Mazzaferro S, Gasparri F, New K, Alcaino C, Faundez M, lturriaga Vasquez P, et al. Non-equivalent
Ligand Selectivity of Agonist Sites in (a4f2)2a4 Nicotinic Acetylcholine Receptors: A Key Determinant
Of Agonist Efficacy. J Biol Chem. 2014; 289(31):21795-806. https://doi.org/10.1074/jbc.M114.555136
PMID: 24936069

Moretti M, Zoli M, George AA, Lukas RJ, Pistillo F, Maskos U, et al. The Novel a7p2-Nicotinic Acetyl-
choline Receptor Subtype Is Expressed in Mouse and Human Basal Forebrain: Biochemical and Phar-
macological Characterization. Mol Pharmacol. 2014; 86(3):306—17. https://doi.org/10.1124/mol.114.
093377 PMID: 25002271

Ahring PK, Liao VWY, Balle T. Concatenated nicotinic acetylcholine receptors: A gift or a curse? The
Journal of General Physiology. 2018; 150(3):453-73.

Grupe M, Paolone G, Jensen AA, Sandager-Nielsen K, Sarter M, Grunnet M. Selective potentiation of
(a4)3(B2)2 nicotinic acetylcholine receptors augments amplitudes of prefrontal acetylcholine- and nico-
tine-evoked glutamatergic transients in rats. Biochem Pharmacol. 2013; 86(10):1487-96. https://doi.
org/10.1016/j.bcp.2013.09.005 PMID: 24051136

Grupe M, Grunnet M, Bastlund JF, Jensen AA. Targeting a432 Nicotinic Acetylcholine Receptors in
Central Nervous System Disorders: Perspectives on Positive Allosteric Modulation as a Therapeutic
Approach. Basic Clin Pharmacol Toxicol. 2015; 116(3):187-200. https://doi.org/10.1111/bcpt. 12361
PMID: 25441336

Timmermann DB, Sandager-Nielsen K, Dyhring T, Smith M, Jacobsen AM, Nielsen E, et al. Augmenta-
tion of cognitive function by NS9283, a stoichiometry-dependent positive allosteric modulator of a2- and
a4-containing nicotinic acetylcholine receptors. Br J Pharmacol. 2012; 167(1):164-82. https://doi.org/
10.1111/j.1476-5381.2012.01989.x PMID: 22506660

PLOS ONE | https://doi.org/10.1371/journal.pone.0213143 March 7,2019 35/35


https://doi.org/10.1124/mol.110.066159
http://www.ncbi.nlm.nih.gov/pubmed/20923852
https://doi.org/10.1074/jbc.M114.555136
http://www.ncbi.nlm.nih.gov/pubmed/24936069
https://doi.org/10.1124/mol.114.093377
https://doi.org/10.1124/mol.114.093377
http://www.ncbi.nlm.nih.gov/pubmed/25002271
https://doi.org/10.1016/j.bcp.2013.09.005
https://doi.org/10.1016/j.bcp.2013.09.005
http://www.ncbi.nlm.nih.gov/pubmed/24051136
https://doi.org/10.1111/bcpt.12361
http://www.ncbi.nlm.nih.gov/pubmed/25441336
https://doi.org/10.1111/j.1476-5381.2012.01989.x
https://doi.org/10.1111/j.1476-5381.2012.01989.x
http://www.ncbi.nlm.nih.gov/pubmed/22506660
https://doi.org/10.1371/journal.pone.0213143

