
1521-0111/95/1/43–61$35.00 https://doi.org/10.1124/mol.118.113340
MOLECULAR PHARMACOLOGY Mol Pharmacol 95:43–61, January 2019
Copyright ª 2018 by The American Society for Pharmacology and Experimental Therapeutics

Macroscopic and Microscopic Activation of a7 Nicotinic
Acetylcholine Receptors by the Structurally Unrelated Allosteric
Agonist-Positive Allosteric Modulators (ago-PAMs) B-973B
and GAT107 s

Marta Quadri, Sumanta Garai, Ganesh A. Thakur, Clare Stokes, Alican Gulsevin,
Nicole A. Horenstein, and Roger L. Papke
Departments of Pharmacology and Therapeutics (M.Q., C.S., R.L.P.) and Chemistry (M.Q., A.G., N.A.H.), University of Florida,
Gainesville, Florida; and Department of Pharmaceutical Sciences, Northeastern University, Boston, Massachusetts (S.G., G.A.T.)

Received June 11, 2018; accepted October 18, 2018

ABSTRACT
B-973 is an efficacious type II positive allosteric modulator (PAM)
of a7 nicotinic acetylcholine receptors that, like 4BP-TQS and
its active isomer GAT107, can produce direct allosteric activation
in addition to potentiation of orthosteric agonist activity, which
identifies it as an allosteric activating (ago)-PAM. We compared
the properties of B-973B, the active enantiomer of B-973, with
those of GAT107 regarding the separation of allosteric potentia-
tion and activation. Both ago-PAMs can strongly activate mutants
of a7 that are insensitive to standard orthosteric agonists like
acetylcholine. Likewise, the activity of both ago-PAMs is largely
eliminated by the M254L mutation in the putative transmembrane

PAM-binding site. Allosteric activation by B-973B appeared more
protracted than that produced by GAT107, and B-973B re-
sponses were relatively insensitive to the noncompetitive antag-
onist mecamylamine compared with GAT107 responses. Similar
differences are also seen in the single-channel currents. The two
agents generate unique profiles of full-conductance and subcon-
ductance states, with B-973B producing protracted bursts, even
in the presence of mecamylamine. Modeling and docking studies
suggest that the molecular basis for these effects depends on
specific interactions in both the extracellular and transmembrane
domains of the receptor.

Introduction
Nicotine and a-bungarotoxin (a-BTX) bind with high affin-

ity to two different populations of receptors in the brain
(Clarke et al., 1985; Jones et al., 1999). The molecular cloning
of nicotinic acetylcholine receptor (nAChR) subunits led to
identification of the brain receptors with high affinity for
nicotine as protein complexes composed of a and b subunits
(Wada et al., 1988) containing primarily a4 and b2 subunits
(Wada et al., 1989). The a-BTX binding sites in the brain were
later shown to be associated with a7 subunits, which can form
functional homomeric receptors (Couturier et al., 1990).

Initial attempts to record a-BTX–sensitive nicotinic cur-
rents from peripheral neurons were largely unsuccessful until
efforts were made to achieve especially fast agonist applica-
tions (Zhang et al., 1994), something that was later under-
stood to be due to the particularly rapid desensitization of a7
receptors exposed to high concentrations of agonist (Papke
and Thinschmidt, 1998; Uteshev et al., 2002). Unlike other
nAChRs, which produce their maximal peak current re-
sponses upon rapid saturation of all their agonist binding
sites, a7 receptors progressively enter nonconducting states at
high levels of agonist occupancy so that peak currents occur in
a narrow range of agonist concentration and often occur before
fast drug application is complete (Papke and Porter Papke,
2002; Williams et al., 2012). The unique desensitization
properties of a7 receptors fundamentally limit the ion-
channel currents that can be produced by typical agonists;
however, the existence of the receptor’s unusual desensitized
conformations has also made a7 receptors uniquely sensitive
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ABBREVIATIONS: ABNR, Adopted Basis Newton-Raphson; ACh, acetylcholine; ago-PAM, allosteric activating positive allosteric modulator; 4BP-
TQS, 4-(4-bromophenyl)-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinoline-8-sulfonamide; B-973B, (3-(3,4-difluorophenyl)-N-(1-(6-(4-(pyridin-2-yl)
piperazin-1-yl)pyrazin-2-yl)ethyl)propenamide); a-BTX, a-bungarotoxin; CAP, cholinergic anti-inflammatory pathway; CTPE, constant pressure
constant temperature ensemble; DAA, direct allosteric activation; Di, PAM-insensitive desensitization; Ds, PAM-sensitive desensitization; DMEM,
Dulbecco’s modified Eagle’s medium; ECD, extracellular domain; GAT107, ((3aR,4S,9bS)-4-(4-bromophenyl)-3a,4,5,9b-tetrahydro-3H-cyclopenta[-
c]quinoline-8-sulfonamide); IFD, induced-fit docking; M2, second transmembrane domain; M3, third transmembrane domain; M4, fourth
transmembrane domain; MD, molecular dynamics; nAChR, nicotinic acetylcholine receptor; PAMs, positive allosteric modulators; PNU-120596 (1-
(5-chloro-2, 4-dimethoxyphenyl)-3-(5-methylisoxazol-3-yl)-urea); QX-222, 2-[(2,6-dimethylphenyl)amino]-N,N,N-trimethyl-2-oxoethaniminium chlo-
ride; TMD, transmembrane domain; TQS, 3a,4,5,9b-tetrahydro-4-(1-naphthalenyl)-3H-cyclopentan[c]quinoline-8-sulfonamide.
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to selective positive allosteric modulators (PAMs) (Williams
et al., 2011c), some of which eliminate the limitations imposed
by desensitization by converting desensitized receptors into
receptors that can show particularly long bursts of openings
(Williams et al., 2011b, 2012). Efficacious type II PAMs (Grønlien
et al., 2007), like PNU-120596, perturb the stability of agonist-
induced desensitization by binding to a site within the receptor’s
transmembrane domain (TMD) (Young et al., 2008). In the
absence of agonist, application of aPAMtowild-typea7 receptors
will not produce activation but can prime receptors to generate a
large potentiated response to a subsequent agonist application.
Theduration of suchpriming effects depends on the specific PAM
and the concentration applied (Williams et al., 2011b; Gill et al.,
2012; Papke et al., 2014b).
Whereas typical PAMs, like PNU-120596 and TQS

(Grønlien et al., 2007), produce enhanced activation through
coupling the transmembrane PAM site with binding of
orthosteric agonists, other agents structurally related to
TQS produce activation without the requirement of an
orthosteric agonist (Gill et al., 2011, 2012; Gill-Thind et al.,
2015), identifying them as ago-PAMs. One of the most studied
ago-PAMs is GAT107, the active isomer of 4BP-TQS (Papke
et al., 2014b, 2018; Bagdas et al., 2016; Horenstein et al.,
2016). Several lines of evidence indicate that the direct
allosteric activation (DAA) produced by GAT107, when ap-
plied without agonist, relies on binding to both the trans-
membrane PAM site and a novel DAA binding site in the
extracellular domain (ECD) (Horenstein et al., 2016).Whereas
dissociation of GAT107 from the DAA site is relatively rapid,
receptors remained primed for potentiated activation by
orthosteric agonists for a prolonged period (Papke et al., 2018).
Numerous ago-PAMs and allosteric antagonists have been

reported that are structurally related to TQS (Gill-Thind
et al., 2015; Horenstein et al., 2016). The recent report on
B-973 (Post-Munson et al., 2017), an ago-PAM structurally
unrelated to TQS, offers the opportunity to explore both the
common features and the differences in the allosteric activa-
tion of a7 produced by these agents. In this study, we
expanded on the macroscopic characterization of B-973 using
the active isomerB-973B (Garai et al., in press) for comparison
with published studies of GAT107. We also studied the
activity of these two agents on the level of single-channel
currents. Efficacious PAMs, like PNU-120596, in combination
with agonists, induced protracted bursts of channel activation
(Williams et al., 2011b, 2012; Andersen et al., 2016) with both
full-conductance and subconductance states, and initial char-
acterizations of 4BP-TQS and GAT107 single-channel activity
showed similar results (Pałczy�nska et al., 2012; Horenstein
et al., 2016). We additionally investigated the effects of
noncompetitive nAChR antagonists on the macroscopic and
microscopic currents stimulated by the ago-PAMS.
By evaluating our results in the context of high-resolution

molecular models, the present studies provided the opportunity
for new insights into the molecular mechanisms of receptor
function and new avenues for future drug development.

Materials and Methods
Chemicals. Solvents and reagents were purchased from

Sigma-Aldrich (St. Louis, MO). Cell- culture supplies were from Life
Technologies (Carlsbad, CA). Dulbecco’s modified Eagle’s medium
(DMEM) was from Corning (Tewksbury, MA). Fetal bovine serumwas

purchased fromOmega Scientific (Tarzana, CA). Antibiotics O-2-amino-
2,7-dideoxy-D-glycero-a-D-gluco-heptopyranosyl-(1→4)-O-[3-deoxy-
4-C-methyl-3-(methylamino)-b-L-arabinopyranosyl-(1→6)]-2-deoxy-D-
streptamine disulfate (G418) and hygromycin B were from GIBCO
and Invitrogen (Thermo Fisher, Waltham, MA), respectively. The
Hank’s balanced salt solution (HBSS) (Life Technologies) contained
the following components expressed in millimolars: 1.26 CaCl2, 0.493
MgCl2, 0.407 MgSO4, 5.33 KCl, 0.441 KH2PO4, 4.17 NaHCO3, 137.93
NaCl, 0.338 Na2HPO4, and 5.56 D-glucose. EDTAwas purchased from
Sigma-Aldrich. GAT107 ((3aR,4S,9bS)-4-(4-bromophenyl)-3a,4,5,9b-
tetrahydro-3H-cyclopenta[c]quinoline-8-sulfonamide) was synthe-
sized as described previously (Kulkarni and Thakur, 2013; Thakur
et al., 2013). B-973B (3-(3,4-difluorophenyl)-N-(1-(6-(4-(pyridin-2-yl)
piperazin-1-yl)pyrazin-2-yl)ethyl)propenamide) was synthesized by
Dr. Ganesh Thakur as previously described (Garai et al., 2018).
Mecamylamine ((1S,2R,4R)-N,2,3,3-tetramethylbicyclo[2.2.1]heptan-
2-amine) and tetracaine were purchased from Sigma. PNU-120596
(1-(5-chloro-2,4-dimethoxyphenyl)-3-(5-methylisoxazol-3-yl)-urea) was
synthesized byDr. JingyiWang andDr. Kinga Chojnacka as described
previously (Williams et al., 2011b). Fresh ACh stock solutions were
made each day of experimentation. PNU-120596, GAT107, and
B-973B stock solutions were prepared in dimethylsulfoxide (DMSO),
stored at 220°C, and used for up to a year. PNU-120596, GAT107,
B-973B, and mecamylamine solutions were prepared freshly at the
desired concentration from the stored stock solutions and dissolved in
the internal solution containing (in millimolars) 165 NaCl, 5 KCl,
2 CaCl2, 5 HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid; Sigma Aldrich), 0.001 atropine and 10 D-glucose, pH 7.3. Tested
solutions contained either 10 mM of GAT107 or 10 mM B-973B in
internal solution, alone or with 30 mM mecamylamine.

Heterologous Expression of a7 nAChRs in Xenopus
Oocytes. The cDNA clones of human a7 nAChR and human
resistance-to-cholinesterase 3 (RIC-3)were provided byDr. JonLindstrom
(University of Pennsylvania, Philadelphia, PA) and Dr. Millet Treinin
(Hebrew University, Jerusalem, Israel), respectively. After lineariza-
tion and purification of the plasmid cDNAs, RNAs were prepared
using themMessagemMachine in vitro RNA transfection kit (Ambion,
Austin, TX). Alpha7 mutants were made using the QuikChange Site-
Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, CA) as
described (Papke et al., 2011). The Y93C and C190S mutants were
made in a7C116S to ensure no spurious disulfide bonding, and the
C116Smutation had no effect on a7 expression or responses compared
with wild-type a7 (Papke et al., 2011).

Oocytes were surgically removed from mature female Xenopus
laevis frogs (Nasco, Ft. Atkinson, WI) and injected with RNAs of a7
nAChR and RIC-3 as described previously (Papke and Stokes, 2010).
The RIC-3 chaperone protein can improve and accelerate a7 expres-
sion with no effects on the pharmacologic properties of the receptors
(Halevi et al., 2003). Frogs weremaintained in the animal care service
facility of the University of Florida, and all procedures were approved
by the University of Florida Institutional Animal Care and Use
Committee. All studies were carried out in accordance with the Guide
for the Care and Use of Laboratory Animals as adopted and pro-
mulgated by the U.S. National Institutes of Health. In brief, the frog
was first anesthetized for 15–20 minutes in 1.5-liter frog tank water
containing 1 g of 3-aminobenzoate methanesulfonate (MS-222) buff-
ered with sodium bicarbonate. The harvested oocytes were treated
with 1.4 mg/ml collagenase (Worthington Biochemicals, Freehold, NJ)
for 3 hours at room temperature in a calcium-free Barth’s solution
(88 mMNaCl, 1 mMKCl, 2.38 mMNaHCO3, 0.82 mMMgSO4, 15 mM
HEPES, and 12 mg/l tetracycline, pH 7.6) to remove the follicular
layer. Stage 5 oocytes were subsequently isolated and injected with
50 nl of 6-ng a7 nAChR subunit cRNA and 3 ng RIC-3 cRNA.
Recordings were carried out 1–7 days after injection.

Two-Electrode Voltage-Clamp Electrophysiology of Oocytes.
Experimentswere conducted usingOpusXpress 6000A (MolecularDevices,
Union City, CA) (Papke and Stokes, 2010). Both the voltage and current
electrodes were filled with 3 M KCl. Oocytes were voltage-clamped
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at260mV.Theoocyteswere bath-perfusedwithRinger’s solution (115mM
NaCl, 2.5mMKCl, 1.8mMCaCl2, 10mMHEPES, and 1mMatropine, pH
7.2) with a flow rate of 2 ml/min. To evaluate the effects of experimental
compounds on ACh-evoked responses of a7 nAChRs expressed in oocytes,
two initial control responses to applications of ACh were recorded before
test applications of experimental drugs alone or coapplied with the ACh.
The agonist solutions were applied from a 96-well plate via disposable tips,
and the drugs were either coapplied with ACh by the OpusXpress pipette
delivery system or bath-applied using the OpusXpress system to switch
the running buffer. Drug applications were 12 seconds long, followed by a
181-second washout period, and usually alternated between controls
and test solutions. The control concentration of ACh was 60 mM for
wild-type a7. After experimental drug applications, follow-up control
applications of ACh were made to determine primed potentiation,
desensitization, or rundown of the receptors.

Data were collected at 50 Hz, filtered at 20 Hz, and analyzed
by Clampfit 9.2 or 10.0 (Molecular Devices) and Excel (Microsoft,
Redmond, WA). Data were expressed as means6 S.E.M. from at least
five oocytes for each experiment, and plotted with Kaleidagraph 4.5.2
(Abelbeck Software, Reading, PA). Concentration response data were
fit to the Hill equation using the Levenberg-Marquardt algorithm.
Multicell averages were calculated for comparisons of complex
responses. Averages of the normalized data were calculated for each
of the 10,322 points in each of the 206.44-second traces (acquired at
50 Hz), as well as the S.E. for those averages.

Single-Channel Patch-Clamp Electrophysiology of Cultured
Cells. TheA7R3HC10cells stablyexpressinghumana7andhumanRIC-3
were generated from low-passage-number human embryonic kidney (HEK)
293 cells obtained from American Type Culture Collection (Manassas, VA)
as previously described (Williams et al., 2012). The A7R3HC10 cells
were routinely cultured in DMEM supplemented with 10% fetal
bovine serum in the presence of 0.45 mg/ml O-2-amino-2,7-dideoxy-
D-glycero-a-D-gluco-heptopyranosyl-(1→4)-O-[3-deoxy-4-C-methyl-
3-(methylamino)-b-L-arabinopyranosyl-(1→6)]-2-deoxy-D-streptamine
disulfate (G418) and 0.015 mg/ml hygromycin B at 37°C with 5% CO2.
For normal passaging, cells were dissociated with 1 mM EDTA in
calcium-free andmagnesium-free HBSS to avoid nonselective damage
to the a7 nAChRs expressed on the cell surface. Cells with fewer than
50 passages after stable transfection were used for patch-clamp
recordings. For cell-attached patch-clamp experiments, cells were
plated on poly-D-lysine-coated coverslips, cultured in DMEM supple-
mented with 5% or 10% fetal bovine serum in the presence of
0.45 mg/ml G418 and 0.015 mg/ml hygromycin B at 37°C with 5%
CO2, and used 1–10 days after plating.

Cell-Attached Patch-Clamp Electrophysiology. Single-channel
currents were recorded in the cell-attached configuration at room
temperature using an MultiClamp 700B amplifier (Molecular Devices)
as described previously (Horenstein et al., 2016). A solution containing
(millimolars) 165 NaCl, 5 KCl, 2 CaCl2, 10 D-glucose, and 5 HEPES, and
1mMatropine, with pH adjusted to 7.3, withNaOHwas used for the bath
(external solution) and pipette-filling (internal solution). Borosilicate
glass-patch pipettes (Sutter Instrument, Novato, CA) were freshly pulled
using a P-97 micropipette puller to a tip diameter of 1 to 2 mm, fire-
polished, and coated with SigmaCote (Sigma-Aldrich). Patch pipettes
were then back-filled with the appropriate drug dissolved in the above-
mentioned internal solution and had a resistance of 1.5–10 MV.
Recordings were low-pass-filtered to 6 kHz with the built-in amplifier
filter (four-pole Bessel) and digitized at 50 kHz with a DigiData 1440A
(Molecular Devices) with Clampfit 10.3.0.2 (Molecular Devices). Addi-
tional analysis was conducted with QuB 1.5.0.39 (University at Buffalo,
Buffalo, NY). Multiple recordings for each experimental condition were
obtained from recording dates. For single-channel experiments, cell-
attached recordings were analyzed if on-cell seal access resistances before
recordingwere greater than 1GV. In cell-attached patches, single-channel
events were recorded at 0, 10, and 20mV pipette potentials from a pipette
holding potential of260 mV.

Data from at least four individual patches for each condition were
pooled to obtain enough number of events for analysis. Portions of data

traces containing only single-channel activity were selected for anal-
ysis, and any section of recording with two or more channels opened
simultaneously was excluded from the analysis. To determine intra-
burst closure, subconductance, and open durations, 1631 protracted
bursts (584 in GAT107 and 1047 in B-973B) were selected at random
for careful idealization. Burst analysis was conducted to define groups
of one ormore apparent channel openings and closures that arose from
an individual channel. Single bursts were defined by closing time
greater than tcrit, a critical parameter that defines the interval that
separates closures within a burst (intraburst closures) from closures
between different bursts (interburst closures). In our analysis, we set
the tcrit to 50milliseconds, 5-fold longer than the longest time constant
in the intraburst closed time distribution so that less than 1% of these
interburst closures would have beenmisidentified. All traces were filtered
at 6 kHz, corrected for baseline drift, and analyzed with Clampfit 10.3.0.2
(Molecular Devices). Data traces were idealized within QuB using the
segmental k-meansmethod (Qin, 2004) andwere idealized at a bandwidth
of 6 kHz. After the automated idealization, the fit wasmanually inspected
event by event, and correctionsweremadeas necessary to the idealization.
A temporal resolution limit of 1.3� filter rise time was set at
40 microseconds and imposed in all analyses (sampling rate, 50 kHz;
interval, 20 microseconds). The probability of channel opening was
determined according to the equation reported by Williams et al.
(2011b). The mean current amplitudes measured at potentials of 0,
10, and 20mV relative to the cells’ intrinsic resting potentialswere used
to generate I–V plots and estimate single-channel conductances. I–V
curves were plotted by Kalidagraph 4.1.1, and datawere represented as
the mean 6 S.E.M. of five cells.

Amplitude dwell-time distribution histograms were generated for
each event (i.e., closings, openings, and subconductances) and fitted
with an appropriate number of Gaussian components. To exclude brief
events that could not be properly resolved by our analysis owing to the
limit of detection of the filter applied, we discarded dwell-time values
shorter than 0.3 millisecond. We calculated the burst-length distribu-
tions and the average burst length and identified threemajor classes of
channel openings, namely, full openings and two levels of subconductances.
To discriminate between different classes of subconductances, we applied
the following criteria and grouped similar subconductances accordingly: for
each potential (0, 10, or 20 mV), relative full-opening average amplitude
was set to 100% and named “large open.” The average of the smallest
subconductances detected was 25% of the full-channel-opening amplitude,
and the corresponding openings were identified as small open. A second
group of subconductances was determined by opening amplitudes 50% of
the full conductance and named “intermediate open.”Three distinct groups
of openings were therefore detected and analyzed separately. Statistical
analysis was done using the unpaired t test with equal variances. All
differences were considered significant at P, 0.05.

Homology Modeling of the a7 ECD. The a7 nAChR homology
model was generated using the Primemodule of the Schrödinger 2014-
2 Suite (Jacobson et al., 2002, 2004). The epibatidine-bound a7-AChBP
chimera protein structure (PDB ID: 3SQ6) (Li et al., 2011) was used as the
homology model template, and the ECD of the mature human a7 subunit
sequencewasusedas themodel template (UniprotP36544).Nonconserved
residues were optimized based on energyminimization, and loops smaller
than five residues were refined by Prime. Subunit symmetry was not
enforced while generating the model. The mature protein a7 numbering
was used to number the residues, and the five subunits were named A, B,
C, D, and E in a counterclockwise fashion when viewing the receptor from
above on the extracellular side.

Generation of Ligand Parameters. All quantum mechanics
calculations for epibatidine, GAT107, TQS, and B-973B were run
using Gaussian 09 (Frisch et al., 2016). The ligand molecules we
investigated were drawn using Molview or Molden 5.0 (Schaftenaar
and Noordik, 2000). Stereochemistry was considered for GAT107,
but it was omitted for TQS and B-973B. These structures were
then subjected to a two-step geometry optimization procedure, an
HF/6-31G* optimization, followed by a B3LYP/6-31G** optimization.
Electrostatic potentials of the optimized structures were calculated

Macroscopic and Microscopic a7 nAChR Allosteric Activation 45

 at A
SPE

T
 Journals on M

ay 25, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


by single-point calculations at the HF/6-31G* level. The atomic
charges were generated via restricted electrostatic potential method
using the antechamber module of AmberTools16 (Jakalian et al.,
2002). Ligand parameters were generated using the tleapmodulewith
GAFF (Wang et al., 2004) as the force field. Charges and atom types
assigned by tleap were manually inspected for any discrepancies.
Atom names in PDB files were adapted to the nomenclature used in .
mol2 file of the corresponding ligand. GAT107, TQS, and B-973B
molecules were neutral, and epibatidine had an overall charge of 11.

Molecular Dynamics of the a7 ECD Model. The tleap routine
wasused for protein parameterization. Protein residueswere parametrized
using ff14SB (Maier et al., 2015), and epibatidine was parametrized using
GAFFforce field forbonded,nonbonded,andcharge terms.Hydrogenswere
added to protein residues under neutral conditions along with missing
terminal atoms. Disulfide bond-forming Cys residues were defined by
changing the names of residueCYS into CYX in the PDB file. Each subunit
had two disulfide bonds between residues C128–C142 and C190–C191
based onnumbering of thematurea7 receptor. TenNa1 ionswere added to
neutralize the epibatidine-bound protein system. The system was solvated
in an octahedral box extending 8 Å from protein residues in all directions
containing ∼12,000 TIP3Pwatermolecules. Hydrogenmass repartitioning
was applied to nonwater molecules of the solvated parameter file.

Two-step minimization was applied where a restrained minimization
was followed by an unrestrained minimization. Restrained minimization
(min1) put 10 kcal/mol Å2 force on nonwater atom types CA, C, O, and N;
5000 steps of steepest descentminimizationwere followed by 45,000 steps
of Adopted Basis Newton-Raphson (ABNR) minimization or until a local
minimum was reached. The resulting restart file was submitted to the
unrestrained minimization step (min2), where 5000 steps of steepest
descent minimization was followed by 45,000 steps of ABNR minimiza-
tion or until a local minimum was reached without any restraints. The
restart file from the second minimization step was used for the heating
step, where the system was gradually heated from 100 to 300 K over
500 picoseconds with a step size of 4 femtoseconds with a restraint of
5 kcal/mol Å2 force on nonwater atom types CA, C, O, and N. Langevin
dynamics with a collision frequency of 5 picoseconds21 and without
pressure control was used. The SHAKE algorithm was used to constrain
bonds involving hydrogens. The heated structure was used for a
500 picoseconds constant pressure constant temperature ensemble
(CTPE) equilibration at 1 atmwithout restraintswhere other parameters
were same as in the heating step. A production run at constant volume
and temperature was conducted after the equilibration step for 20 nano-
seconds using the same Langevin parameters as the equilibration step,
except there was no pressure control for this step.

Homology Modeling of the a7 ECD along with Transmem-
brane Domain. The a7 nAChR homology model was generated
using the Prime module of the Schrödinger 2014-2 Suite (Jacobson
et al., 2002, 2004). The epibatidine-bound a7-AChBP chimera protein
structure (PDB ID: 3SQ6) (Li et al., 2011) was used as the template for
the ECD, and the a4 subunit of the a4b2 nAChR crystal structure
(PDB ID: 5KXI) (Morales-Perez et al., 2016) was used as the template
for the TMD to maximize homology for modeling. The M3–M4
intracellular domain sequence was omitted owing to lack of a template
structure for this disordered region; so the short loop that connects the
M3 and M4 helices in the a4 subunit of the template structure was
removed from P301 to S327.

To connect the M3 and M4 helices of the homology model, the
aspartate residue of the M3 helix that corresponds to the position of
the D299 and the glutamate residue that corresponds to the position of
the E328 in the a4 structure were linked through a backbone amide
bond. A single subunit was generated, and it was aligned five times on
the a4b2 structure to generate a pseudosymmetrical pentamer. The
dimensions of the lipid membrane were determined using the online
PPM server (Lomize et al., 2011), and the receptor structure was buried
ina 1-palmitoyl-2-oleoylphosphatidylcholine lipidmembrane. The lipid-
receptor complex was solvated with a tetrahedral water box, the protein
residues were protonated at pH 7, and the system was brought to
neutrality with Na1 ions using CHARMM-GUI server (Wu et al., 2014).

Molecular Dynamics of the ECD and TMD a7 Model. Protein
residueswere parametrized according to the samemethodused for thea7
ECD model. A two-step minimization was applied, where a restrained
minimization was followed by an unrestrained minimization. Restrained
minimization (min1) put 10kcal/molÅ2 force onnonwater atom typesCA,
C, O, and N. Five thousand steps of steepest descent minimization were
followed by 15,000 steps of ABNRminimization or until a local minimum
was reached. The resulting restart file was submitted to the unrestrained
minimization step (min2), where 5000 steps of steepest descent minimi-
zation were followed by 15,000 steps of ABNR minimization or until a
local minimumwas reached without any restraints. The restart file from
the second minimization step was used for the heating step, in which
the systemwas gradually heated from0 to 300K over 3 nanosecondswith
a step size of 4 femtoseconds with a restraint of 5 kcal/mol Å2 force on
nonwater atom typesCA,C,O, andN.Langevin dynamicswith a collision
frequency of 5 picosecond21 and without pressure control was used. The
SHAKE algorithmwas used to constrain bonds involving hydrogens. The
heated structure was equilibrated through two 20-nanosecond CTPE
calculations at 1 atm pressure and 300 K temperature first with a
restraint of 2 kcal/mol Å2 and then 0.5 kcal/mol Å2. An CTPE MD
simulation at 1 atm pressure and 300 K temperature was run for
200 nanoseconds, and the final pose of this structure was minimized for
5000 steps of steepest descent minimization, followed by 15,000 steps
of ABNRminimization or until a local minimumwas reached without
any restraints. Only the TMD portion of this structure was used for
the docking calculations.

Docking. Schrödinger 2014-2 was used for all docking calcula-
tions. The finalminimized structure of theECDor theTMDmodelwas
used as the docking model for the docking calculations with GAT107
and B-973B. For the ECD docking calculations, the GlideXPmodule of
the Schrödinger Suite (Friesner et al., 2006) was used such that the
ligand conformers were allowed, but the protein structure was rigid.
Dockingwas done for all five interfaces of theECDmodel (IAB, IBC, ICD,
IDE, and IEA). The top 10 structures were kept for each ligand at each
interface based on docking scores where the top pose had the lowest
Glide score. For the TMD model docking, an initial Glide docking
calculation was run, but it failed to yield an overlapping binding site
for both GAT107 and B-973 or produced no poses at all, depending on
the interface. As a result, an induced-fit docking (IFD) approach was
used to allow optimization of the binding environment within the TM
region. The IFD method involved a flexible ligand approach and
allowed the protein refinement of the side chain residues within 5 Å of
the ligand. An implicit membrane was placed manually to cover the
transmembrane helix residues, based on the prediction of the membrane
residues by the PPM server. Up to 20 structures were recorded for each
ligand and the corresponding protein geometry. The IFD method was
used for interfaces that produced some glide poses during the first trial.
The poses resulting from IFD calculations were similar for the remaining
interfaces, so we used the poses at IAB for our analyses.

Results
Macroscopic Responses of Human a7 nAChR to B-973B

As previously reported for the racemic compound B-973, the
active enantiomer B-973B (Garai et al., 2018) is a very effective
modulator of a7 ion channel activation. DAA was observed at
concentrations of 1 mM and greater, with persistent primed
potentiation of subsequent ACh responses (Fig. 1A). It is also a
potent and efficacious PAM of ACh-evoked responses (Fig. 1B).
Note that once coapplied at high concentrations with ACh,
currents persisted beyond the washout of the drug from the
bath (Fig. 1B, lower trace). Whereas DAA (Fig. 2A) and primed
potentiation (PP, Fig. 2B) were observed only at concentrations
greater than 1 mM, significant (P , 0.001) PAM activity was
seen with coapplication of 300 nM B-973B compared with ACh
alone (Fig. 2C).
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The concentration-response data for allosteric activation and
primed potentiation were not suitable to be fit to the Hill
equation since the responses continued to increase over the
range tested (1–100 mM), and higher concentrations produced
responses that were too large to be voltage-clamped. The PAM
activity, however, could be fit to the Hill equation, provided the
net chargewas calculatedwith our standard protocol (Papke and
Porter Papke, 2002) for just the 120-second period immediately
after the start of drug delivery because, as noted already, at high
concentrations, responses did not return to baseline and tended
to become unstable. The Imax values were 51 6 9 and 476 6 40
(relative to 60 mM ACh controls) for peak current and net
charge, respectively. The EC50 values were 2.26 1.8 and 3.66
1.1 mM for peak current and net charge, respectively.

Shown in Fig. 3 is a comparison of the allosteric activation
produced by 10 mM B-973B and GAT107, along with the
structures of the two active isomers. Although comparable in
net charge, the GAT107 responses were more reversible than
the B-973B responses, and comparison of the peak currents
associated with the application of the ago-PAMs alone com-
pared with ACh controls from the same cells indicated that
peak currents during the allosteric activation phase were
greater (P , 0.05) for GAT107 compared with B-973B. The
kinetics of B-973B DAA appear slower than those of GAT107.
Specifically, GAT107 activation reverses immediately upon
washout, whereas B-973B activation still increases after
washout begins. This may be due to slower unbinding in the
ECD, different coupling to the PAM site, or both these factors.

Fig. 1. Activation and potentiation of
ACh-evoked responses of cells expressing
human a7 by B-973B. (A) Averaged nor-
malized responses (solid lines) of multiple
cells (n $ 5) 6 S.E.M. (tan area) to ACh
before and after application of B-973B at
1 or 100 mM. Each trace of 10,322 points is
206.44 seconds long. Responses of indi-
vidual cells were each normalized to their
responses to 60 mM ACh before the
B-973B application. ACh responses are
shown for comparison, and scale bars
reflect the average ACh responses from
each experiment. The net charge of the
DAA produced by 1 mM B-973B was
equivalent to that of the initial ACh re-
sponse, whereas the net charge of the
primed potentiated response to ACh after
1 mM B-973B was 7.3 6 17-fold greater.
The net charge of the DAA produced by
100 mMB-973B was 866 25 times that of
the initial ACh response, whereas the net
charge of the primed potentiated response
to ACh after 1 mMB-973B was 5256 154-
fold larger. The data in the inset show the
initial ACh controls (blue), and the
100 mM DAA (black and tan) at a 12-fold
increased scale to illustrate the relative
size and duration of the allosterically
activated responses. (B) Averaged nor-
malized responses (solid lines) of multiple
cells (n $ 5)6 S.E.M. (tan area) to 60 mM
ACh compared with ACh responses po-
tentiated by either 1 or 100 mM B-973B
and ACh responses after the B-973B-ACh
coapplications. In both the upper and
lower traces, the insets compare the ini-
tial ACh controls (blue) and the subse-
quent ACh responses at the increased
scales indicated. Note the failure of the
responses to return to baseline after coap-
plication of 60 mM ACh and 100 mM
B-973B.
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Additionally, the two ago-PAMs appear to differ in the rates
and manner they equilibrate activation and the PAM-
sensitive (Ds) and PAM-insensitive (Di) desensitized states
(Williams et al., 2011b). A prolonged application of 10 mM
GAT107 produced a large transient phase of activation before
an equilibration toward a steady-state level of activation, as
seen with ACh co-applied with PNU-120596 (Williams et al.,
2011b). In contrast, activation by 10 mM B-973B was more
uniform over the same period (Supplemental Fig. 1).
One interesting aspect of the allosteric activation of a7 by

GAT107 is that it can overcome the limitations to orthosteric
activation imposed by various point mutations, including
mutation of the key aromatic residue Y93 and elimination of
the vicinal disulfide between cysteines 190 and 191 at the tip
of the C-loop (Papke et al., 2014b; Horenstein et al., 2016).
B-973B also effectively activated these mutants (Fig. 4A).
Consistent with their allosteric activity on wild-type recep-
tors (Fig. 3), GAT107 produced larger transient peak
currents than B-973B, but the net-charge responses were
not different.
The effects of the M254L mutation, previously shown to

limit the allosteric activity of PNU-120596 (Young et al.,
2008), 4BP-TQS (Gill et al., 2011), and GAT107 (Papke et al.,
2014b), were evaluated with B-973B and compared with
similar experiments with GAT107 (Fig. 4B). It is interesting
to note that whereas this mutation was more than 90%
effective at reducing the allosteric and potentiating effects of
GAT107, it was essentially 100% effective on eliminating
allosteric activation and potentiating effects of B-973B.
As shown in Figs. 1 and 3, cells did not recover to baseline

after coapplication of ACh with B-973B at concentrations
of $10 mM. We have previously shown that mecamylamine is
an effective inhibitor of PNU-120596- (Williams et al., 2011b)
and GAT107-potentiated currents (Papke et al., 2018) with an
IC50 for the inhibition of PNU-120596-potentiated currents,
similarly to inhibition of responses evoked by ACh alone (Peng
et al., 2013). Curiously, we observed that mecamylamine was
relatively ineffective at bringing the protracted currents
activated by B-973B and ACh back to baseline (Fig. 5).
The kinetics of B-973B DAA appear slower than those of

GAT107. That is, GAT107 activation reversed immediately
upon washout, whereas B-973B activation still increased
after washout begins, possibly due to slower unbinding in
the ECD, different coupling to the PAM site, or both these
factors. Additionally, the two ago-PAMs appear to differ in the
rates and manner that they equilibrate activation and the
PAM-sensitive (Ds) and PAM-insensitive (Di) desensitized
states (Williams et al., 2011b). A prolonged application of
10 mMGAT107 produced a large transient phase of activation

Fig. 2. Concentration-response studies of B-973B. (A) DAA of human a7
nAChR expressed in oocytes. Data represent the average (6S.E.M.) responses,
normalized to the average of two initial ACh controls of at least five cells at
each concentration. Both the peak currents (left axis) and net charge (right
axis) responses are shown. (B) Potentiated 60mMACh responses of humana7
nAChR expressed in oocytes after application of B-973B at the concentrations
indicated (primed potentiation, see Fig. 1A). Data represent the
average (6S.E.M.) responses, normalized to the average of two initial
ACh controls of at least five cells at each concentration. Both the peak
currents (left axis) and net charge (right axis) of the responses are shown.
(C) Potentiated 60 mM ACh responses of human a7 nAChR expressed in

oocytes during the coapplication of ACh and B-973B at the concentra-
tions indicated. Data represent average (6S.E.M.) responses, normal-
ized to the average of two initial ACh controls of at least five cells under
each concentration. Plotted are both the peak currents (left axis) and net
charge (right axis) of the responses. The peak current data were not
appropriate to fit to the Hill equation. Peak currents, in general, have
limited value as measurements of a7 nAChR function since they are
confounded by the kinetics of solution exchange and the dynamics of
receptor desensitization (Papke and Porter Papke, 2002). The net-charge
data were fit to the Hill equation using the Levenberg-Marquardt
algorithm with a Hill coefficient of 0.9 6 0.2, IMax = 476 6 40, n = 0.89
6 0.18, and EC50 = 3.66 6 1.15 mM.
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before an equilibration toward a steady-state level of activa-
tion, as seen with ACh coapplied with PNU-120596 (Williams
et al., 2011b). In contrast, activation by 10 mM B-973B was
more uniform over the same period (Supplemental Fig. 1).

Microscopic (Single-Channel Currents)

General Observations. In control experiments with
untransfected HEK cells, neither GAT107 (n 5 3, 15-minute
recordings) nor B-973B (n 5 3, 15-minute recordings) stimu-
lated single-channel currents, whereas allosterically activated
channel openings were observed in cell-attached patches on
A7R3HC10 cells (Williams et al., 2012), and HEK cells stably
transfected with a7 and RIC3. Openings occurred primarily in
protracted bursts (Pałczy�nska et al., 2012; Horenstein et al.,
2016) (Fig. 6A), like those produced by PNU-120596 when
coapplied with an orthosteric agonist (Williams et al., 2012;
Andersen et al., 2016). The a7 ago-PAM activity of GAT107
and B-973B resulted primarily in prolonged channel openings
consisting mainly of isolated protracted bursts of several
hundred milliseconds of duration, consistent with large
sporadic increases in single-channel Popen, so that each burst
is suitable for analysis as the behavior of one channel. We
define burst as a group of openings and closures arising
from an individual channel; single bursts were defined by
closing time greater than the tcrit. The tcrit is a critical
parameter to define the interval separating closures within
a burst (intraburst closures) from closures between different
bursts (interburst closures). In our analysis, we set the tcrit to
50 milliseconds so that every closure greater than 50 millisec-
onds defined a single and isolated burst in our analysis (see
Materials and Methods). The tcrit of 50 milliseconds was not
applied to subconductances within big channel openings.
In general, bursts recorded in the presence of 10 mM B-973B

were longer than those activated by 10 mM GAT107, averaging
2.14 6 0.08 seconds (n 5 1047) compared with 1.64 6 0.11
seconds (n 5 584). For both ago-PAMs, the burst-duration
distributions (Fig. 6B) were best fit with three components with
similar time constants (Table 1); however, the relative area of
the longest componentwas greater for B-973B than forGAT107.

Bursts were further characterized by the intraburst compo-
nents (Fig. 7; Table 2). On average, approximately 130 intra-
burst state conversions occurred with B-973B and 84 with
GAT107. The major differences were apparent in a7-state
stabilization and intraburst opening-time durations. For
example, 80% of the large openings in B-973B were fit to a
time constant of 28.2 6 0.08 milliseconds and 16% to a longer
component of 51.3 6 0.4 milliseconds, whereas for GAT107,
23% were fit to 11.76 3.2 milliseconds and 30% to the longest
time constant of 18.9 61.7 milliseconds. Additionally, 50% of
all intraburst state conversions for B-973B were to the large
open state and only 32% for GAT107 to the large open state.
B-973B also induced and stabilized prolonged subconduc-

tance a7 states, both within bursts of large opening and
occasionally as isolated bursts without large openings. Al-
though still able to induce subconductances, GAT107 subcon-
ductances were much less frequent and prolonged. Indeed,
GAT107 subconductances appeared as brief, isolated intra-
burst openings and only very briefly and rarely as isolated
bursts, consistent with our previous observations (Horenstein
et al., 2016). Therefore, resolution and analysis of GAT107
subconductances were more challenging compared with
B-973B.
Within most recordings, B-973B presented all three differ-

ent openings (large open, intermediate and small subconduc-
tance openings). To discriminate between the three different
openings, we subdivided them according to the amplitude
(picoampere) of the currents. The intermediate and small
subconductance openings were analyzed separately and as to
whether they were isolated from large openings. Current-
voltage analysis of the three current levels indicated conduc-
tances of 100.9 6 8.0, 59.5 6 5.8, and 23.5 6 1.8 pS for the
large, intermediate, and small channel openings, respectively,
with no significant differences observed between the currents
stimulated by GAT107 and B-973B.
Starting from the total number of patches, for each drug, we

analyzed the type of bursts present and calculated the relative
percentages (Table 1). For GAT107, approximately 18% of
patches analyzed contained exclusively subconductances, and
78% of the patches with large channel openings also displayed

Fig. 3. Macroscopic responses of a7
nAChR expressed in oocytes to 10 mM
GAT107 (blue) or 10 mM B-973B (black
and tan) compared. Shown are the aver-
aged normalized responses (solid lines) of
six cells (n$ 5)6 S.E.M. (tan area) to the
ACh prior to and following application of
either 10 mM GAT107 or 10 mM B-973B.
Each trace of 10,322 points is 206.44
seconds long. Responses of individual
cells were each normalized to their re-
sponses to 60 mM ACh before the ago-
PAM applications. The vertical scale bar
is calculated based on the average of the
ACh control responses. The structures of
the two ago-PAMs are also shown.
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detectable intraburst subconductances (0.25 and 0.5 open-
ings). In the case of B-973B, 30% of patches analyzed
contained exclusively subconductances, and 100% of the
patches with large openings also displayed intraburst subcon-
ductances (0.25 and 0.5 openings). Although the data suggest
that for both drugs subconductanceswere frequent, therewere
notable differences. For example, only for B-973B did patches
with large openings always also display subconductances.
The apparent intraburst closures were mostly comparable

in duration for the two ago-PAMs (∼0.5 millisecond) with an
additional component around 2 milliseconds (Table 2), even
though their frequencies were quite different. Note that for
this analysis, closed-time values shorter than 0.3 millisecond
were discarded to exclude brief events that could not be
resolved properly. Both GAT107 and B-973B occasionally
(5%–10% of the times) induced intraburst closures longer
than 10 milliseconds, suggesting an infrequent intraburst
closed state of greater stability. With our burst criteria
selection of 50 milliseconds (Materials and Methods), it is
likely that some of what we identified as separate bursts
actually were part of the same burst; most of the interburst
closed times were much longer than 50 milliseconds, but we
did not investigate this in detail.

For the dwell-time analyses, we separately analyzed large
openings, intermediate openings, and small openings. Addi-
tionally, we evaluated whether the intermediate openings and
subconductances states occurred in isolation or within bursts
containing large openings.
As noted already, on average, the long bursts of openings

evoked and potentiated by 10 mMGAT107 and 10 mMB-973B
were quite different (Fig. 7; Table 2). For GAT107, two
different intraburst open times were observed that averaged
0.64 6 0.23 millisecond and 18.9 6 1.67 milliseconds. In
contrast, the intraburst large conductance openings with
B-973Bwere well fit by a single time constant with an average
opening time duration of 28.26 0.08 milliseconds. These data
highlight significant differences in ago-PAM behavior on a7
nAChR, indicating that GAT107 evoked more brief and fast
openings compared with B-973B, which usually induced
longer large conductance openings.
We also detected significant differences in the duration and

frequency of the subconductance openings evoked by the two
tested compounds. Average isolated subconductance openings
were fit to several time constants for GAT107 and B-973B,
with larger percentages being of longer duration for B-973B
(Table 2). These differences may parallel the previously

Fig. 4. Mutations in a7 differentially regulate the activity
of orthosteric agonists and ago-PAMs. (A) The Y93C and
C190S mutants of a7 have previously been shown to be
unresponsive to ACh and other orthosteric agonists but
were well activated by the ago-PAM GAT107 (Horenstein
et al., 2016). Shown are the average responses of five cells
(6S.E.M.) to either 10 mM GAT107 or 10 mM B-973B.
Although the peak current responses of the Y93C mutants
to GAT107 were greaterer than the peak currents to B-973B
(**P , 0.01), the responses of these two mutants were
otherwise comparable to both ago-PAMs. Note that the data
were not normalized; the comparison was between the peak
currents evoked by one ago-PAM compared with those
produced by the other ago-PAM in different cells from the
same injection set, recorded on the same day. (B) Regulation
of allosteric activity by a mutation in the transmembrane
PAM binding site. Net-charge allosteric activation and
primed potentiation produced by 10 mM applications are
shown compared with effects in wild-type a7, along with
responses to 60 mMACh coapplied 10 mM of the ago-PAMs.
Data are the averages of five or more cells (6S.E.M.),
normalized to the initial responses to 60 mM ACh alone in
the same cells. Also shown are equivalent data for 10 mM
GAT107 applied alone or coapplied with 60 mM ACh.
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discussed differences in bursts of large conductance openings,
suggesting that B-973B induces and stabilizes prolonged
channel opening compared with GAT107.
Mecamylamine Effects on B-973B- and GAT107-

Evoked a7 nAChR Currents. In the presence of the
neuronal nAChR antagonist mecamylamine, GAT107 and
B-973B a7 receptor activation was affected in very different
ways (Fig. 8). GAT107-stimulated currents antagonized by
mecamylamine showed both large conductances and subcon-
ductances in 29% of the patches and had profoundly changed
opening durations, resulting in very brief channel openings
with long intraburst closing times, as evidenced by the
representative traces displayed in Fig. 8A. These effects are
similar to those reported by Peng et al. (2013) for mecamyl-
amine on PNU-120596-potentiated currents, where the drug
both decreased the duration of large openings and caused the
appearance of a subconductance. In contrast, B-973B coappli-
cation with mecamylamine resulted in complete abolition

of large conductances of the receptor and the appearance of
a novel subconductance (Fig. 8B) in bursts of increased
duration (Fig. 9) compared with those recorded with B-973B
alone (Fig. 6).
The short durations of the open events observed in the

presence of mecamylamine made the estimation of single-
channel amplitudes difficult, especially in the case of the
shortened GAT107 currents. The subconductance preserved
in the presence of B-973B and mecamylamine was estimated
to be 60 6 25 pS, consistent with the intermediate state
observed in the absence of mecamylamine. The conductance
levels in the presence of mecamylamine and GAT107 corre-
sponded most closely to the large conductance and small
subconductance observed in the absence of the antagonist.
The kinetics of the currents stimulated by the ago-PAMs

GAT107 or B-973B in co-application with 30 mM mecamyl-
amine showed numerous differences, especially compared
with currents observed when no antagonist was present.
As noted, in the absence of mecamylamine, burst duration
distributions were best described by three exponentials with
an overall average length of 1.64 seconds for a GAT107 burst.
Relatively few bursts were observed in the presence of
GAT107 and mecamylamine (n 5 53 bursts, 14 patches), and
the distribution was fit with two exponentials. The overall
average burst duration was reduced to 0.42 second 6 79 mil-
liseconds. In remarkable contrast, the B-973B bursts, which
had an overall average of 2.14 seconds in the absence of
mecamylamine, were increased in frequency by mecamyl-
amine (n 5 151 bursts, three patches) and increased in
average duration to 3.08 second (Fig. 8C). They were uniform
in amplitude (Fig. 8A), and the distribution was fit by a single
exponential (t 5 2.8 second, Fig. 9). Analysis of intraburst
activity also showed reduced richness of channel behavior in
the presence of mecamylamine for both ago-PAMs and a
special tendency to constrain the channel’s behavior to long
sequences of small openings in the case of B-973B-evoked
activity. These dissimilarities indicate a qualitatively differ-
ent mechanism for channel block, dependent not on the
antagonist but rather on the specific channel activator,
suggesting that the two allosteric activators provide distinctly
different environments for drug binding and for the coupling of
that binding to further conformational changes. The pro-
tracted bursts of small conductance openings in the presence
of B-973B and mecamylamine are consistent with the sequen-
tial open channel block first described byNeher and Steinbach
(1978) of 2-[(2,6-dimethylphenyl)amino]-N,N,N-trimethyl-2-
oxoethaniminium chloride (QX-222) and the muscle nAChR
channel and are also consistent with the relative resistance of
the B-973B macroscopic currents to mecamylamine (Fig. 5).
The sequential open-channel block model predicts that, with
shorter open times per burst and longer bursts, the total open
time within a burst should be the same with and without the
blocker since it represents the average time required for the
blocker to dissociate. We calculated the average open and
closed times across all bursts for the four conditions and
calculated thePopen within the bursts as the average open time
divided by the sum of the average open and closed time
(Table 3). Multiplying that value by the average burst
duration gives the average open time within a burst. Averag-
ing across all bursts, in the absence of mecamylamine, open
time in B-973B bursts was 1854.3 milliseconds; in the pres-
ence of mecamylamine, the average open time per burst was

Fig. 5. Differential effects of mecamylamine on PAM-potentiated currents.
Shownare the averagedmacroscopic responses of cells expressing humana7
nAChR (n$ 5) to applications of 60 mMACh plus PNU-120596, GAT107, or
B-973B at the indicated concentrations, normalized to the peak current
amplitude of their preceding ACh controls. At the end of a 60-second static
bath incubation with ACh/PAM combination, the drugs were coapplied with
100 mM mecamylamine for 12 seconds, followed by the usual washout with
Ringer’s solution. The peaks and the S.E.M. envelopes are scaled as
indicated relative to the preceding ACh controls (data not shown).
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unchanged, 1849.4 milliseconds. Using this to estimate an off-
rate of 0.54 second21 for mecamylamine from B-973B-activated
channels and the difference in open times to estimate an on-rate
of 2,300,000 M21s21, we can further estimate the Kd of
mecamylamine as 230 nM for B-973B-activated channels.
In contrast, the effects of mecamylamine in the presence of

GAT107 seem more consistent with a parallel block of both
open and closed channels (Papke and Oswald, 1989). Averag-
ing across all bursts, in the absence of mecamylamine, open
time in GAT107 bursts was 1340.7 milliseconds, and in the
presence of mecamylamine, average open time per GAT107
burst was reduced to 277.3 milliseconds.
In Silico Analysis of Ago-PAM Binding and Activity.

As discussed previously, the allosteric activation of a7 recep-
tors by ago-PAMs has been proposed to arise from binding

these agents to both of two different classes of sites, a PAM
site in the TMD and a DAA site in the ECD that is, at least in
part, distinct from the binding site for ACh or other orthosteric
agonists (Horenstein et al., 2016). Given the large differences
in the structure of GAT107 and B-973B (Fig. 3), it is reason-
able that they might show very different activities at one or
both classes of sites. Although there are no perfect models of
a7 structure, significant advancements have been made in
recent years toward developing homology models thanks to
the resolution of protein structures with higher homology to
the a7 receptor (see Materials and Methods) that give some
possible insights into the basis for the difference in GAT107
and B-973B activity we observed.
To explore ligand binding poses at the orthosteric and the

DAA sites of the ECD of the receptor, we ran 20 nanoseconds
molecular dynamics (MD) simulations with a wild-type a7
ECD homology model to refine the amino acid sidechain
geometries. The last snapshot of this MD trajectory was
minimized and used as the docking model.
We have previously identified a putative DAA binding site

in a deep pocket in the vestibule of the receptor (Horenstein
et al., 2016). GAT107 and B-973B showed poses at this DAA
site, as well as some poses that overlapped the orthosteric
binding site. Theminimum pharmacophore of an a7 agonist is

Fig. 6. (A) Representative a7 single-channel traces of cell-attached patch recordings in 10 mM GAT107 or 10 mM B-973B, shown at different time
scales as indicated. Currents were sampled at 50 kHz and low-pass filtered at 6 kHz. In the lower right trace, the various conductance levels are
indicated: closed channels (C), small subconductance (S), intermediate subconductance (I), and full (large) open (F). (B) Normalized burst duration
distributions for 584 bursts in GAT104 and 1047 in B-973B. Bursts were defined, and sequences of single-channel events were separated from
other channel activity by a closed time of .50 milliseconds. The distributions were best fit by three exponential components. See Table 1 for the
fit values.

TABLE 1
Burst duration distributions fit values (see Fig. 6)
A1, A2, and A3 refer to the percentage of the events fit to components 1, 2, and 3,
respectively.

Drug A1% [t1] ms A2% [t2] ms A3% [t3] ms

GAT107 19 74 60 1058 21 3560
B-973B 8 86 57 1224 35 3330
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a charged nitrogen (Horenstein et al., 2008), which forms
p-cation interactions with the aromatic residues of the
orthosteric site (Zhong et al., 1998) and an electrostatic
interaction with the backbone oxygen of a7W149. Other
agonists, such as ACh and epibatidine, have their hydropho-
bic groups buried inside a hydrophobic pocket among resi-
dues W149, L109, and L119 and may form additional
hydrogen bonds through their heteroatoms; however, be-
cause neither GAT107 nor B-973B has a permanently
charged nitrogen group, they cannot form the landmark
electrostatic interactions with the aromatic residues within
the orthosteric site. As a result, the orthosteric poses of these
compounds are different from those expected for orthosteric

full and partial agonists and so would not be consistent with
conventional mechanism for channel activation.
Interestingly, we found that the docking of the ago-PAMs

was different at each of the subunit interfaces in our model
(Supplemental Fig. 1; Supplemental Table 1). Similar non-
equivalence of ACh binding sites has been reported previously
in other in silico studies (Henchman et al., 2003; Law et al.,
2005) and is consistent with studies of large partial agonists
crystallized in the AChBP (Hibbs et al., 2009) that showed
ligands bound in different orientations at various interfaces.
Preferred docking poses for GAT107 and B-973B at one
sample interface (IBC) are shown in Fig. 10A. At this interface,
the GAT107 poses were closest to the orthosteric site, whereas

Fig. 7. Intraburst components of single-channel a7 bursts evoked by 10 mM GAT107 or 10 mM B-973. See Table 2 for the fit values.
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B-973B showed a pose in contact with both the orthosteric and
putative DAA sites.
The tendency of a7 receptors to convert to nonconducting

(desensitized) states at high levels of agonist occupancy
(Papke et al., 2000; Uteshev et al., 2002; Williams et al.,
2011a) may have to do with a bias toward the induction of
specific conformational states associated with binding to a
particular nonequivalent interface. Although this is an in-
teresting hypothesis, it is beyond the scope of either existing
experimental data or in silico modeling to test. Since we
cannot directly interpret the significance of the difference in
binding among the subunit interfaces, these observations are
described in the Supplemental Data.
To delineate the poses important to the ago-PAM activity,

we docked TQS, a type II PAM that does not exhibit DAA,
into the same binding sites as the ago-PAMs (Fig. 10B). Poses
shared by TQS and GAT107 or B-973B would seem unlikely
to be responsible for ago-PAM activity. The TQS poses at IAB,
IBC, and IDE were similar to those of GAT107. At ICD,
although TQS and GAT107 both occupied the DAA site, the
binding configurations were different. The sulfonamide
group of GAT107 was buried inside the hydrophobic pocket
of the DAA site, whereas for TQS, this was the naphthalene
group. Furthermore, the GAT107 sulfonamide nitrogen
formed a hydrogen bond with the backbone of the L92 residue
at the receptor subunit-subunit interface, and a similar
interaction was observed for B-973B (data not shown),
suggesting a possible significance of this interaction for
allosteric activation. This residue is, of course, adjacent to
Y93, an essential residue for ordinary orthosteric activation,
but not allosteric, as indicated by the ago-PAMactivity on the
Y93C mutant (Fig. 4).
We also used a homology model of the a7 TMD for our

docking studies to analyze the differences at the putative
PAM binding site (see Materials and Methods). Other studies

(Gill et al., 2011; Newcombe et al., 2018), using Torpedo
nAChR structures (Unwin, 2005; Unwin and Fujiyoshi, 2012)
as the starting point, have suggested binding sites in the lower
regions of the TMD within or between TM helices. For our
work, we used the TMDs of the recently resolved a4b2
structure (Hibbs et al., 2009) as a starting point. We applied
an induced-fit approach to allow for interactions between the
ligand molecules and TMD residues and generated a maxi-
mum of 10 structures for each ligand. Our data suggest that a
binding site that puts the ligands in direct contact with the
region below the M2-M3 linker is more likely, which seems
reasonable, considering the importance of the M2-M3 linker
and Cys-loop interactions for gating (Purohit and Auerbach,
2007; Lee et al., 2009). The TMD helices of the subunit rotated
and tilted during the MD simulations, consistent with the
proposed channel opening motion (Law et al., 2005). Both ago-
PAMs docked to two different regions close to each other. One
was a region situated below the M2-M3 linker of the TMD
defined by the residues F253, M254, V257, P269, I271, F275,
L215, and C219 of the positive-face subunit and the residues
L209, Y210, L213, and N214 of the negative face subunit
(Fig. 11A), and the other was between the neighboring M2
helices of the receptor, where ligand binding could block
further rotation of the subunit A (Fig. 11B). The best
GAT107 poses were under the M2–M3 linker, but some
lower-ranking poses appeared between theM2 helices as well.
The B-973B poses were more dispersed overall, but two of the
best three poses were between the M2 helices, whereas only
one was under the M2–M3 linker. Although most of the
GAT107 molecule was buried inside the TMD helices, the
larger size of B-973B caused a portion of the molecule to stick
out and interact with other TMD residues of the neighboring
subunits and helices such as Y211, N214, L215, P218, and
A258 (Fig. 11B). These additional contacts of B-973B may be
the reason behind the differences in the ago-PAM profiles of

TABLE 2
Intraburst statistics

Type of Intraburst Event
GAT107 B-973B

A% [t] ms A% [t] ms

Closures 64 6 21 0.44 6 0.33 55 6 9 0.45 6 0.22
32 6 20 1.61 6 0.72 35 6 9 2.22 6 0.47
4 6 0.9 10.5 6 2.33 11 6 10 10.46 6 0.91

Isolated subconductancs 3 6 0.5 41.3 6 6.77 23 6 5 0.58 6 0.21
44 6 8 0.92 6 0.19 21 6 14 2.86 6 0.65
35 6 24 4.83 6 0.68 31 6 13 9.26 6 0.72
18 6 34 16.6 6 2.51 5 6 8 109 6 1.23

20 6 15 28.8 6 0.88

Large openings 39 6 11 0.64 6 0.23 4 6 1 2.62 6 0.23
8 6 10 2.49 6 2.18 80 6 19 28.2 6 0.08

23 6 2.2 11.7 6 3.20 16 6 20 51.3 6 0.38
30 6 27 18.9 6 1.67

Intermediate openings 59 6 18 0.44 6 0.29 23 6 04 0.49 6 0.22
24 6 15 1.58 6 0.97 25 6 5 2.40 6 0.33
13 6 11 7.95 6 1.45 25 6 11 11.6 6 0.53
4 6 13 32.9 6 2.67 26 6 14 41.7 6 0.83

1 6 22 110 6 9.68

Small openings 1 6 0.5 8.47 6 30.4 67 6 5 0.40 6 0.13
92 6 39 0.62 6 0.36 1 6 0.1 52.9 6 10.2
6 6 4 2.50 6 10.5 15 6 20 3.54 6 1.22

17 6 16 12.5 6 1.51
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Fig. 8. (A) Representativea7 single-channel traces of cell-attached patches for GAT107 and B-973B coappliedwith 30mMmecamylamine shown at different time
scales as indicated. Currents were sampled at 50 kHz and low-pass filtered at 6 kHz. (B) Representative normalized all points (amplitude) histograms for 1-second
intervals of channel-bursting activity in the presence of the ago-PAMs alone (red) or the ago-PAMs plus 30 mM mecamylamine (blue). (C) Since burst-duration
distributions are exponential functions and unsuitable for parametric comparisons, burst durations were converted to their corresponding log10 values, generating
Gaussian-like distributions. Shown are the average log10 burst durations for the two ago-PAMs6 S.E.M. of those values; t test comparisons indicated significant
differences between the values for GAT107 alone compared with B-973B alone, that GAT107 bursts were shorter in mecamylamine, and that B-973B bursts were
longer in the presence ofmecamylamine. ABonferroni correctionwas applied so thatP values for a given level of significance are reduce by a factor of 3. TheP value
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B-973B andGAT107, particularly regarding the availability of
binding sites within the channel for mecamylamine and
possibly other noncompetitive antagonists.

The M254L mutation can affect a variety of type I and type
II PAM molecules to different extents (Bertrand et al., 2008;
Young et al., 2008; Gill et al., 2011). We made the in silico

Fig. 9. Kinetic analysis of single-channel a7 activity in bursts evoked by 10 mM GAT107 or 10 mM B-973B. Fit log10 probability histograms displaying burst
durations and apparent open and close durations. Note that in the presence of B-973B and mecamylamine, only a single type of opening was resolved.

for comparison of GAT107 log10 burst durations to theB973B burst durationswas 3.6� 10210. TheP value for the comparison of GAT107 log10 burst durations to the
GAT107 burst durations in the presence of mecamylamine was 3.8 � 1026. The P value for the comparison of B-973B log10 burst durations to the B-973B burst
durations in the presence of mecamylamine was 1.7� 1025, so that all were significant at an adjusted value,0.00033. We also calculated the false discovery rate
correction formultiple comparisons, and those correctedvalueswere1.07� 1029, 5.7� 1025, and1.7� 1025, respectively, for thevalues reportedabove. ***P,0.0001.
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a7M254L mutation using UCSF chimera (Pettersen et al.,
2004) to see how it affected the interactions among the TMD
residues (Fig. 11C). All possible rotamers of L254 had clashes
with the nearby F275, which not only restricted the PAM
binding pocket but could also cause global disruption of the
TMD geometry owing to the compact network of hydrophobic
residues at the TMD. GAT107 directly enters the binding
pocket without passing through other TMD helices. When
B-973B binds to this site, however, it does so like a hook where
the difluorinated phenyl ring sits in the hydrophobic pocket,
whereas the other part of the molecule passes over M254 and
interacts with other TMD residues. Because GAT107 is
smaller than B-973B and has fewer interactions in the
direction of M254, it is less likely to suffer from a clash with
L254, which would explain why the M254L mutation affected
B-973B more significantly than GAT107 (Fig. 11D).

Discussion
Although structurally very different, both GAT107 and

B-973B are ago-PAMs, capable of producing allosteric activa-
tion when the orthosteric site is disabled by mutations. Both
will synergize with orthosteric agonists and are more potent
as PAMs than as allosteric agonists, evoking greater channel
activation when coapplied with ACh than when applied alone.
Both the potentiating effects and allosteric agonism rely on
the TMD PAM binding site. Both apparently destabilize
desensitized states induced by agonist binding; however,
GAT107-potentiating effects appear to be limited by the
induction of Di (PAM-insensitive desensitization) at high
concentrations, accounting for an inverted-U concentration-
response relationship (Papke et al., 2014b), whereas B-973B-
potentiating effects are less limited at high concentrations,
and persistent activation can be evoked, even with limited
exposure to ACh (Figs. 2 and 3).
On the microscopic level, both ago-PAMs caused individual

a7 receptors to show huge increases in single-channel Popen by
manifesting long-lasting bursts, as previously reported for
currents promoted by PNU-120596 (Williams et al., 2011b)
and other type II PAMs (Andersen et al., 2016). Although
ideally it would be best to compare macroscopic and micro-
scopic response in the same system, comparisons of the
potentiation of single-channel currents in HEK cells to
whole-cell responses in oocytes suggests that, at the concen-
tration studied, more channels were quiescent than activated
at any time, permitting the resolution of protracted single-
channel bursts with little or no overlapping activation of other
channels. Whereas on the macroscopic level the allosteric
activation produced by 10 mM B973B had a net charge only
twice that stimulated by 60 mM ACh (Fig. 2), the total open
time within B-973B single-channel bursts (Table 3) was
30,000-fold greater that of the average 60 mM ACh-activated
currents (Williams et al., 2011b).

Under our experimental conditions, when only the ago-PAM
is in the pipette, we can be confident that we are observing
only DAA. Likewise, when we contrast that activity to what is
observed when mecamylamine is added, we know that we
observed the effects of mecamylamine only on allosterically
activated channels.
Both ago-PAMs promote a large conductance state that is

similar in amplitude, but far more stable, than that promoted
by orthosteric agonists (Williams et al., 2011b). The PAM-
associated open state(s) are coupled to unstable “flip states”
(Lape et al., 2008), promoting bursting. Burst-duration distri-
butions suggest at least three different bursting states. At the
concentration tested, bursts of longer duration were promoted
more effectively by B-973B than by GAT107. In addition, both
drugs also promoted subconductances connected to the same
or to different flip states.
One interesting difference was that B-973B-evoked cur-

rents, unlike those evoked by GAT107, were resistant to
mecamylamine, a neuronal nAChR-selective channel blocker
(Webster et al., 1999). Inmecamylamine, GAT107 bursts were
fewer, shorter, and contained proportionately more small-
conductance openings, suggesting that large or full openings
are more easily blocked and that channels do not have to
reopen to release the blocker. In contrast, B-973B bursts in the
presence of mecamylamine were longer and consisted exclu-
sively of intermediate and small conductance openings.
Channels appeared to be prevented from entering the large
open state, whichmay have to do with the size and positioning
of B-973B in the TMD site. It is known that sensitivity to
mecamylamine and other noncompetitive antagonists is reg-
ulated by sequence at sites in the pore-forming M2 domain
(see Table 4). Specifically, the residues at the 109 and 69
positions (Miller, 1989) in the muscle b1 subunit protect
muscle receptors (Webster et al., 1999). Perhaps the binding
of B-973B in the PAM site partially occludes or otherwise
distorts the channel, preventing complete block by mecamyl-
amine. Partial penetration of the channel by mecamylamine
may then exclusively permit the subconductance state that is
then blocked in a sequential open-state-dependent manner,
leading to protracted bursts, as described for QX-222 in-
hibition of muscle-type receptors (Neher and Steinbach,
1978). The same M2 residues regulate sensitivity to other
antagonists such as tetracaine (Papke et al., 2001), and we
determined that B-973B currents are also relatively insensi-
tive to 100 mM tetracaine (Supplemental Fig. 3).
Although PAMs have been characterized that differ greatly

in structure (Williams et al., 2011c), this is the first case for
such diversity in ago-PAMs, which are likely to bind at both
the PAM site in the TMD and the allosteric site(s) in the ECD.
We used in silico methods to test the hypothesis that they
shared the same ECD site; however, the docking studies
suggested multiple binding modes or sites in the ECD,
including the putative DAA site and atypical binding to the

TABLE 3
Burst Popen comparisons

Condition Average Open, ms Average Closed, ms Popen Open Time (ms) per Burst

10 mM GAT107 8.13 1.79 0.82 1340.7
10 mM B973B 18.87 2.88 0.87 1854.3
GAT107 + Mec. 1.70 0.89 0.66 277.3
B973B + Mec. 2.53 1.68 0.60 1849.4
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canonical orthosteric site (Supplemental Data). We know that
high levels of binding to the orthosteric sites promote transi-
tions to desensitized states, some of which are perturbed by
PAMs, but no data have related this to different binding
modes or activity at different interfaces; however, the

differences detected in the in silico study may suggest that
binding sites at the multiple subunit interfaces may play
different roles in coupling ligand binding to specific confor-
mational transitions of the receptor.
Both ago-PAMs produced complex patterns of subconduc-

tances and different burst states, unusual for nAChR in the
absence of allosteric modulation but more common for
glutamate-gated ion channels (Traynelis et al., 2010). The
different open states we observed may be due to different
numbers of sites occupied at either of the allosteric sites, or by
different poses at nonequivalent sites at the subunit interfaces
or elsewhere in the ECD. These factors would be expected to
change dynamically throughout the course of a recording since
the ligands were used at a subsaturating concentration. It
should be noted that the extreme gain-of-function a7 L99T
mutation promotes currents verymuch like a type II PAM and
couples the binding of competitive antagonists to channel
activation (Bertrand et al., 1997). The presence of this
mutation in a7 diminishes the relative effects of PAMs
(Williams et al., 2011b; Newcombe et al., 2018), suggesting
that the mutation itself partially destabilizes desensitization
in a manner similar to a PAM. The distinction between PAMs
and ago-PAMs—that PAMs require agonist coapplication
whereas ago-PAMs do not, can also be reduced or eliminated
bymutations in theW55 residue of a7 (Horenstein et al., 2016;
Newcombe et al., 2018), a mutation that also perturbs de-
sensitization produced by conventional agonists (Gay et al.,
2008; Williams et al., 2009). It may also be the case that
nonconventional binding of the ago-PAMs to the orthosteric
site could also couple to activation with the binding of the
agents to the TMD PAM site. We observe similar behavior
with weak partial agonists in the presence of the PAM PNU-
120596 (Papke et al., 2014a).
The environment of the channel itself differs in the open

states promoted by the two drugs so that current-dependent
signaling may also differ, especially regarding the limitations
imposed by the Di state. We know from earlier work (Peng
et al., 2013) that ions and channel blockers affect the PNU-
potentiated channel differently from how they affect the
“normal” open state. We have shown that mecamylamine
affects GAT107- and B-973B-potentiated channels and the
B-973B conductance states differently.
Although superficially similar in some respects, the two

agents have different balances in their activities at the two
allosteric sites and subsequent coupling to the orthosteric site.
These differences may have further implications about how
the intracellular domains couple to the interactome and
subsequent signal transduction. The subtleties of the phar-
macologic manipulation of a7 conformational states may have
significance beyond the integrated effects of ion channel
currents since a7 nAChRs have been shown to play a key role
in the regulation of inflammatory disease and neuropathic
pain through the cholinergic anti-inflammatory pathway
(CAP) (Rosas-Ballina and Tracey, 2009). Although this study
has focused on themodulation of ion channel activity produced
by these ago-PAMs, it remains the case that most channels
remain closed for most of the time, and modulation of CAP
appears to rely on such nonconducting states (Papke et al.,
2015; Horenstein and Papke, 2017). GAT107 has already been
shown to be effective in models of neuropathic and inflamma-
tory pain (Bagdas et al., 2016), and preliminary data (Garai
et al., 2018) indicate that B-973B has similar effects.

Fig. 10. (A) The top two docking poses of GAT107 (right) and the top four
docking poses of B-973 (left) from the outside (top) and the vestibular side
(bottom) ata7 ECD IBC. TheGAT107 poses shownare at the orthosteric site,
whereas the B-973B poses are in contact with both the orthosteric site and
the DAA site. (B) The best docking pose of GAT107 (left) and TQS (right) at
the ICD DAA site viewed from the vestibular side. The sulfonamide group of
each molecule is circled in white. (C) A magnified view of (B).
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The limitations on a7 channel activation, associatedwith its
homomeric composition, have made it a fascinating and
challenging target for drug development (Papke, 2014).
Highly selective agonists and partial agonists (Horenstein
et al., 2008) were developed in the hopes that they might
produce treatments for Alzheimer disease. With the discovery
of a7-selective PAMs (Williams et al., 2011c) and more
recently, ago-PAMs, the limitations of channel activation
have been removed, and the discovery of CAP demon-
strated significance for a7 targeting drugs beyond channel-
dependent processes (de Jonge and Ulloa, 2007). The TQS
scaffold on which GAT107 is based has already been shown to
be a useful starting point for the development of related agents
with diverse properties (Gill-Thind et al., 2015; Horenstein
et al., 2016; Newcombe et al., 2018). Characterization of
B-973B as a structurally unrelated ago-PAM with unique
properties provides an exciting new starting point for further
development of potential therapeutic agents.
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