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ABSTRACT
Many synthetic compounds to which we attribute specific
activities are produced as racemic mixtures of stereoisomers,
and it may be that all the desired activity comes from a single
enantiomer. We have previously shown this to be the case with
the a7 nicotinic acetylcholine receptor positive allosteric modu-
lator (PAM) 3a,4,5,9b-Tetrahydro-4-(1-naphthalenyl)-3H-cyclo-
pentan[c]quinoline-8-sulfonamide (TQS) and the a7 ago-PAM
4BP-TQS. Cis-trans-4-(2,3,5,6-tetramethylphenyl)-3a,4,5,9b-te-
trahydro-3H-cyclopenta[c]quinoline-8-sulfonamide (2,3,5,6TMP-
TQS), previously published as a “silent allosteric modulator” and
an antagonist of a7 allosteric activation, shares the same scaffold
with three chiral centers as the aforementioned compounds. We
isolated the enantiomers of 2,3,5,6TMP-TQS and determined that
the (2) isomer was a significantly better antagonist than the (+)
isomer of the allosteric activation of both wild-type a7 and the
nonorthosterically activatible C190A a7 mutant by the ago-PAM
GAT107 (the active isomer of 4BP-TQS). In contrast, (+)2,3,5,6TMP-
TQS proved to be an a7 PAM. (2)2,3,5,6TMP-TQS was shown
to antagonize the allosteric activation of a7 by the structurally
unrelated ago-PAM B-973B as well as the allosteric activation
of the TQS-sensitive a4b2L159M mutant. In silico docking of

2,3,5,6TMP-TQS in the putative allosteric activation binding
site suggested a specific interaction of the (2) enantiomer with
a7T106, and allosteric activation of a7T106 mutants was not
inhibited by (2)2,3,5,6TMP-TQS, confirming the importance of this
interaction and supporting the model of the allosteric binding site.
Comparisons and contrasts between 2,3,5,6TMP-TQS isomers and
active and inactive enantiomers of other TQS-related compounds
identify the orientation of the cyclopentenyl ring to the plane of the
core quinoline to be a crucial determinate of PAM activity.

SIGNIFICANCE STATEMENT
Many synthetic ligands are in use as racemic preparations.
We show that one enantiomer of the TQS analog Cis-trans-
4-(2,3,5,6-tetramethylphenyl)-3a,4,5,9b-te-trahydro-3H-cyclo-
penta[c]quinoline-8-sulfonamide, originally reported to lack
activity when used as a racemic preparation, is an a7 nicotinic
acetylcholine receptor positive allosteric modulator (PAM). The
other enantiomer is not a PAM, but it is an effective allosteric
antagonist. In silico studies and structural comparisons identify
essential elements of both the allosteric ligands and receptor
binding sites important for these allosteric activities.

Introduction
Nicotinic acetylcholine receptors (nAChR) are pentameric

assemblies of subunits that function as ligand-gated ion chan-
nels (Papke, 2014). In the peripheral nervous system, hetero-
meric nAChR mediate synaptic transmission at neuromuscular

junctions and autonomic ganglia. In the brain, heteromeric
nAChR mediate both cognitive effects of ACh and addictive
effects of nicotine. A third class of nAChRare those that can form
functional receptors as homopentamers, and the best studied of
these are composed of a7 subunits. Several features distinguish
homomeric a7 receptors from heteromeric nAChR. Although all
nAChR subtypes desensitize in the continued presence of
agonist, the desensitization of a7 nAChR to high concentrations
of agonist is especially rapid but also readily reversible. As
a consequence of a7’s unique mode of desensitization, a7
receptors have an intrinsically low probability of channel
activation (Williams et al., 2012).

This research was supported by National Institutes of Health National
Institute of General Medical Sciences [Grant R01-GM57481] (to R.L.P., C.S.,
N.A.H.) and National Institutes of Health National Eye Institute [Grant R01-
EY024717] (to S.G., G.A.T.).
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ABBREVIATIONS: 2,3,5,6TMP-TQS, Cis-trans-4-(2,3,5,6-tetramethylphenyl)-3a,4,5,9b-te-trahydro-3H-cyclopenta[c]quinoline-8-sulfonamide; 2,4,MP-
TQS, cis-cis-4-(2,4-dimethylphenyl)-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinoline-8-sulfonamide; AA site, allosteric activation binding site; ACh,
acetylcholine; B-973B, (S)-3-(3,4-difluorophenyl)-N-(1-(6-(4-(pyridin-2-yl)piperazin-1-yl)pyrazin-2-yl)ethyl)propanamide; CI, confidence interval; GAT107,
(3aR,4S,9bS)-4-(4-bromophenyl)-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinoline-8-sulfonamide; GAT927, 4-(4,5,6,7-tetrahydrobenzo[b]thiophen-3-yl)-
3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinoline-8-sulfonamide; nAChR, nicotinic acetylcholine receptor; PAM, positive allosteric modulator; TQS,
3a,4,5,9b-Tetrahydro-4-(1-naphthalenyl)-3H-cyclopentan[c]quinoline-8-sulfonamide.
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All nAChR are allosteric proteins, such that their functional
properties are regulated by sites other than the orthosteric
sites where typical agonists bind (Changeux, 1981; Bertrand
and Gopalakrishnan, 2007; Williams et al., 2011). Some of the
most profound effects of allosteric ligands have been described
for a7 nAChR, and some positive allosteric modulators
(PAMS) reverse intrinsic limitations on channel activation
(Williams et al., 2012). The binding site for a7 PAMs is within
the receptor’s transmembrane domains (Young et al., 2008)
and requires the presence of a methionine residue that is
unique to a7 in the pore-forming second transmembrane
domain (Stokes et al., 2019).
One large class of PAMs is based on TQS, a sulfonamide-

containing multiring molecule (Gronlien et al., 2007; Gill
et al., 2012). In addition to acting as a PAM, one analog, 4BP-
TQS, produces direct allosteric activation of a7 receptors as
well as long-lived potentiation of orthosteric agonist responses,
identifying the compound as an “ago-PAM.” GAT107 is the
active isomer of 4BP-TQS (Papke et al., 2014), and both
allosteric activation and positive modulation of a7 by
GAT107 require the specific sequence in the a7 transmem-
brane domains. Although it was initially hypothesized that this
sequence alone was sufficient for allosteric activation (Gill
et al., 2011), we have provided evidence for a second allosteric
activation binding site (AA site) in the receptor’s extracellular
domain (Papke et al., 2014; Horenstein et al., 2016; Gulsevin
et al., 2019).
Cis-trans-4-(2,3,5,6-tetramethylphenyl)-3a,4,5,9b-tetrahy-

dro-3H-cyclopenta[c]quinoline-8-sulfonamide (2,3,5,6TMP-TQS)

was previously identified as a “silent allosteric modulator” of
a7 nAChR (Gill-Thind et al., 2015) based on its apparent
lack of positive or negative effect on activation by 100 mM of
ACh. Although apparently silent in regard to activation by
100 mM ACh, 2,3,5,6TMP-TQS blocked allosteric activation
of a7 by the ago-PAM 2,4,MP-TQS. Subsequently, we used
2,3,5,6TMP-TQS [previously identified as 2,3,5,6MP-TQS
(Gill-Thind et al., 2015)] as a tool to characterize the allosteric
agonist activity of GAT107 (Thakur et al., 2013; Papke et al.,
2014).
The allosteric activation of a7 produced by an application of

GAT107 persists only as long as the drug is free in solution.
Repeated applications of GAT107 produce additional episodes
of allosteric activation, suggesting that there is rapid binding
and dissociation of GAT107 at the AA site. In contrast to the
rapid transient effects of GAT107 as an allosteric agonist,
after a single application of GAT107, subsequent applications
of ACh alone are increased in amplitude and duration. This
“primed potentiation” can persist for at least an hour (Papke
et al., 2018). We have observed that the coapplication of
GAT107 with 2,3,5,6TMP-TQS could specifically reduce direct
allosteric activation without apparent effects on primed
potentiation, suggesting that 2,3,5,6TMP-TQS is a selective
antagonist of the extracellular AA site with little or no effect at
the transmembrane site required for allosteric potentiation.
Although allosteric activation by GAT107 does require

positive allosteric modulation at the transmembrane PAM
binding site, it does not require a functional binding site for
orthosteric agonists (Horenstein et al., 2016). We recently

Fig. 1. Coapplication of 100 mM racemic 2,3,5,6TMP-TQS selectively inhibits the direct allosteric activation of a7 nAChR by 10 mM of the ago-PAM
GAT107 (P, 0.00001) with no effect on subsequent potentiation of responses to ACh. Averaged raw data traces for cells (seeMaterials andMethods) were
normalized to the control responses to 60 mM ACh shown. The S.E.M. of the averaged normalized responses are represented by the tan colored areas.
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identified ligands previously classified as silent agonists that
produce PAM-dependent activation of a7 by binding to the
same AA site as GAT107 (Gulsevin et al., 2019). Racemic
2,3,5,6TMP-TQS blocks this activity, but during our experi-
ments, we also noted that 2,3,5,6TMP-TQS could addition-
ally potentiate the responses to low concentrations of ACh,
contrary to initial reports. Because we have previously
documented large differences in the activity profiles of the
stereoisomers of 4BP-TQS and TQS (Stokes et al., 2019), we
hypothesized that the two stereoisomers of 2,3,5,6TMP-TQS
might discriminate between the AA and PAM binding sites.
Our results confirm that only (+)2,3,5,6TMP-TQS is a PAM
and that although (2)2,3,5,6TMP-TQS is not a PAM, it is
a more potent allosteric antagonist than (+)2,3,5,6TMP-TQS.

Materials and Methods
Chemicals and Reagents. Acetylcholine chloride (ACh) and

buffer chemicals were purchased from Sigma-Aldrich Chemical
Company (St. Louis, MO). GAT107 and racemic 2,3,5,6TMP-TQS
were synthesized in Thakur laboratory by Dr. Sumanta Garai
(Northeastern University, Boston, MA), following the published
procedures (Kulkarni and Thakur, 2013; Thakur et al., 2013; Gill-
Thind et al., 2015). PNU-120596 was synthesized in the Horenstein

laboratory by Dr. Kinga Chojnacka following the published procedure
(Hurst et al., 2005).

The 2,3,5,6TMP-TQS isomers were synthesized and isolated as
described in the Supplemental Data.

Expression in Xenopus Oocytes. The human a7 nAChR clone
was obtained from Dr. J. Lindstrom (University of Pennsylvania,
Philadelphia, PA). The human resistance-to-cholinesterase 3 clone
was obtained from Dr. M. Treinin (Hebrew University, Jerusalem,
Israel) and coinjected with a7 to improve the level and speed of a7
receptor expression without affecting the pharmacological properties
of the receptors (Halevi et al., 2003). After linearization and purifica-
tion of the plasmid cDNAs, RNAs were prepared using the mMessage
mMachine in vitro RNA transcription kit (Ambion, Austin, TX). The
a7C190A mutant was made as previously described with a C116S
doublemutation to prevent spurious disulfide bond formationwith the
free cysteine (Papke et al., 2011). The b2L159M mutant was prepared
as previously described (Stokes et al., 2019) and coexpressed with
a b2-a4 concatamer (Zhou et al., 2003) to obtain receptors with a single
mutant b subunit in the accessory subunit position outside the ACh
binding sites.

Oocytes were surgically removed from mature female Xenopus
laevis frogs (Nasco, Ft. Atkinson, WI). Frogs were maintained 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. In brief, the frog was first
anesthetized for 15–20 minutes in 1.5 l frog tank water containing

Fig. 2. Coapplication of racemic 100 mM 2,3,5,6TMP-
TQS potentiates a7 nAChR responses to a low (10 mM)
concentration of ACh. (A) Averaged raw data traces for
cells responding to 10 mM ACh alone or coapplied with
100 mM racemic 2,3,5,6TMP-TQS (n = 8 cells for each
condition). Data were normalized to the control responses
to 60 mMACh shown, and the normalized peak current
amplitudes were compared with a t test (P, 0.001) (see
Materials and Methods). The S.E.M. of the averaged
normalized responses are represented by the tan colored
areas. (B) Superimposed responses to 10 mM ACh in
(A), normalized to 60 mM ACh controls. The data in
blue are those obtained with coapplication of 100 mM
2,3,5,6TMP-TQS.
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1 g of Ethyl 3-aminobenzoate methanesulfonate buffered with sodium
bicarbonate. The harvested oocytes were treated with 1.4 mg/ml Type
1 collagenase (Worthington Biochemicals, Freehold, NJ) for 2–4 hours
at room temperature in calcium-free Barth’s solution (88 mM NaCl,
1 mM KCl, 2.38 mM NaHCO3, 0.82 mM MgSO4, 15 mM HEPES, and
12 mg/l tetracycline, pH 7.6) to remove the ovarian tissue and the
follicular layers. Stage V oocytes were subsequently isolated and
injected with 50 nl of 5–20 ng nAChR subunit RNA. Oocytes were
maintained in Barth’s solution with calcium [additional 0.32 mM
Ca(NO3)2 and 0.41 mM CaCl2], and recordings were carried out
1–14 days after injection.

Two-Electrode Voltage Clamp Electrophysiology. Experi-
ments were conducted using OpusXpress 6000A (Molecular Devices,
Union City, CA) (Papke and Stokes, 2010). Both the voltage and
current electrodes were filled with 3 M KCl. Oocytes were voltage-
clamped at 260 mV at room temperature (24°C). The oocytes were
bath-perfused with Ringer’s solution (115 mM NaCl, 2.5 mM KCl,
1.8mMCaCl2, 10mMHEPES, and 1mMatropine, pH 7.2) at 2ml/min
for a7 and at 4 ml/min for a4b2. For wild-type a7 and a4b2 mutant
receptors, to evaluate the effects of experimental compounds compared
with ACh-evoked responses of various nAChR subtypes expressed in
oocytes, control responses were defined as the average of two initial
applications of ACh made before test applications. The control ACh
concentrations were 60mM for the wild-type a7 receptor experiments and
10 mM ACh for the a4b2 mutants. The average of independent 1 mM
GAT107 responseswere used as the control for thea7C190Aexperiments.

Solutionswere applied from 96-well plates via disposable tips. Drug
applications were 12 seconds in duration followed by 181-second
washout periods for a7 and 6 seconds in duration followed by 241-
second washout periods for a4b2. The responses were calculated as
both peak current amplitudes and net charge, as previously described
(Papke and Porter Papke, 2002). Data were collected at 50 Hz, filtered
at 20Hz, and analyzed by Clampfit 9.2 or 10.0 (Molecular Devices) and
Excel (Microsoft, Redmond, WA). Data were expressed as means 6
S.E.M. from at least four oocytes for each experiment and plotted with
Kaleidagraph 4.5.2 (Abelbeck Software, Reading, PA). 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 50Hz) as
well as the S.E.s for those averages.

Data and Statistical Analysis. The curve fits to concentration-
response studies were generated using the Levenberg-Marquardt
algorithm to obtain the best Chi-Square fit to the Hill equation using
the Kalidagraph plotting program (V4.5.2). The errors reported in the
Supplemental Data are the calculated S.E.s of the fit parameters
based on the goodness of fit (chi square and r values provided).

For comparisons of results containing three or more groups, one-
way and two-way ANOVAs were used. For data for which variances
were different, as measured using the Brown-Forsythe test, Brown-
Forsythe ANOVAs were performed with Dunnett’s T3 multiple
comparisons test. For all other data requiring an ANOVA, ordinary
one-way and two-way ANOVAs were performed with Tukey’s post hoc
multiple comparisons test. GraphPad Prism 8 software (San Diego,
CA) was used to perform these statistical measures. GraphPad Prism
8 software was also used to generate the difference between group
means or “Gardner-Altman plot” (Fig. 7B) (Ho et al., 2019). Differences
of mean and confidence interval (CI) values were generated from the
Tukey’s post hoc multiple comparisons test.

Comparisons of all other results were made using two-tailed t tests
between the pairs of experimental measurements. A value of P , 0.05
was used to constitute a minimum level of significance. These statistics
were calculated using an Excel template provided in Microsoft Office.

Results
Properties of Racemic 2,3,5,6TMP-TQS. Shown in

Fig. 1 are the selective effects of racemic 2,3,5,6TMP-TQS on

the direct allosteric activation of a7 receptors by 10 mM
GAT107 (P , 0.001). With this coapplication protocol, there
was no effect on the long-lived potentiation of subsequent ACh
responses.
Note that the previous work (Gill-Thind et al., 2015) that

reported that 2,3,5,6TMP-TQS had no effect on responses to “a
submaximal concentration of ACh” relied on peak currents as
measurements of a7 responses to ACh applications. However,
the a7 peak currents responses to applications of ACh at
concentrations $60 mM occur in advance of full solution
delivery (Papke and Thinschmidt, 1998), making them poor
reporters of the concentration dependence of receptor activation
compared with measurements of the integrated net charge of
agonist-evoked responses (Papke and Porter Papke, 2002). The
concentration of 100 mM ACh used by Gill and coworkers is, in
fact, sufficient to produce maximal net charge responses.
Although 2,3,5,6TMP-TQS had no effect when applied alone to
cells expressing a7 nAChR (Gill et al., 2012), in the course of our
work with racemic 2,3,5,6TMP-TQS, we saw clear indications of

Fig. 3. Structures of the 2,3,5,6TMP-TQS isomers. (2)2,3,5,6TMP-TQS
has 3aS, 4S, 9bR absolute stereochemistry. (+)2,3,5,6TMP-TQS has 3aR,
4R, 9bS absolute stereochemistry. Also shown are the resolved structures
of the active enantiomers of TQS (Stokes et al., 2019) and 4BP-TQS
(Thakur et al., 2013).
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PAM activity when the ACh concentrations were lower
(Fig. 2).
Properties of 2,3,5,6TMP-TQS Isomers on GAT107

Activity with Wild-Type and Mutant a7. When synthe-
sized, 2,3,5,6TMP-TQS is a racemic mixture of isomers. To
test the hypothesis that PAM and allosteric antagonist
activities of 2,3,5,6TMP-TQSmight be associated with specific
enantiomers, we separated the (+) and (2) enantiomers and
resolved their crystal structures (Fig. 3). Also shown in Fig. 3
are the structures of the enantiomers of TQS and 4BP-TQS
that we have previously shown to be the active a7 PAMs
(Thakur et al., 2013; Stokes et al., 2019). All of these
compounds have three chiral centers: two that join the cyclo-
pentenyl ring to the quinoline and a third that connects to the
aromatic rings at the base. Whereas the two that are part of
the cyclopentenyl ring are constrained to orient in concert, the
lower group may be either cis or trans relative to the
cyclopentenyl ring of themolecule. As previously hypothesized
(Gill et al., 2012), because of the steric hindrances of two ortho
methyl groups, through the Povarov reaction, we only
obtained trans isomers of 2,3,5,6TMP-TQS and not cis dia-
stereomers. It was also originally hypothesized (Gill et al.,
2012) that the likely transconfiguration accounted for the
apparent lack of PAM activity for 2,3,5,6TMP-TQS.
We compared the effects of racemic 2,3,5,6TMP-TQS and

the two isolated isomers on the two phases of GAT107 activity
using a protocol with a 30-second preapplication of 100 mM
2,3,5,6TMP-TQS prior to the coapplication of 2,3,5,6TMP-
TQS with 10 mM GAT107. The racemic 2,3,5,6TMP-TQS and
each isomer inhibited the direct activation by GAT107 as

Fig. 4. 2,3,5,6TMP-TQS racemic and isomer effects on GAT107 with
a preapplication/coapplication protocol. Cells were treated with Ringer’s
solution or 100 mM 2,3,5,6TMP-TQS for 30 seconds prior to application of
10 mM GAT107 alone or coapplied with 100 mM 2,3,5,6TMP-TQS. Data
presented are averages (6S.D.) of the responses normalized to the initial
ACh controls. (A) The inhibition by (+)2,3,5,6TMP-TQS was less than by
the racemic (P = 0.01). The n values were 8, 7, 8, and 8. (B) Inhibition of

primed potentiation of subsequent ACh-evoked response with preapplica-
tion/coapplications. (C) Effect of (2)2,3,5,6TMP-TQS concentration of
inhibition of the net charge of 10 mM GAT107-evoked a7 allosteric
activation with a simple coapplication protocol. The n values were 7 for
GAT107 alone and 8 for the coapplications. See Supplemental Information
for detailed results of the statistical analysis. *P, 0.05, **P, 0.01, ***P,
0.001.

Fig. 5. 2,3,5,6TMP-TQS isomer effects on allosteric activation of the
nonorthosterically activatible C190A a7 mutant by 10 mM GAT107
(GAT107 alone, n = 7). Coapplications of 10 mM GAT107 with (2)
2,3,5,6TMP-TQS isomer (n = 7) decreased peak current responses by
93% (P = 0.015), and coapplications with (+)2,3,5,6TMP-TQS (n = 8)
decreased peak current responses by 54% (P = 0.14). In addition, the
inhibition by (2)2,3,5,6TMP-TQS was greater than that by (+)2,3,5,6TMP-
TQS (P = 0.04), and (+)2,3,5,6TMP-TQS did not reduce the net charge of the
10-mM GAT107 responses. The data plotted are the individual values and
the average normalized (seeMaterials and Methods) net charge responses
6 S.D. See Supplemental Information for detailed results of the statistical
analysis. * P , 0.05.
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determined by a Brown-Forsythe ANOVA [F(3, 27) = 15.17,
P , 0.0001]. The racemic 2,3,5,6TMP-TQS inhibited activa-
tion by GAT107 by 98%, whereas (+)2,3,5,6TMP-TQS and (2)
2,3,5,6TMP-TQS are inhibited GAT107 by 93% and 99.8%,
respectively. Therefore, the inhibition by (+)2,3,5,6TMP-TQS
was less than by the racemic (95%CI,27.33 to20.38,P = 0.01;
Fig. 4A).
Note that with this preincubation protocol, there was also

an inhibition of the potentiated ACh response after the
GAT107 [F(3, 27) = 9.11, P = 0.0002]. Both (+)2,3,5,6TMP-
TQS (95% CI, 34.65–220.2; P = 0.004; Fig. 4B) and (2)
2,3,5,6TMP-TQS (95% CI, 77.40–262.9; P = 0.0002; Fig. 4B)
produced an inhibition of the potentiated ACh response after
the GAT107. The racemic 2,3,5,6TMP-TQS also produced
a small inhibition of the potentiated ACh response after the
GAT107 (95% CI, 23.13 to 188.9; P = 0.06; Fig. 4B), and the
inhibition with (2)2,3,5,6TMP-TQS or (+)2,3,5,6TMP-TQS
was equivalent to that produced by the racemic.
We tested the potency of (2)2,3,5,6TMP-TQS for inhibiting

the direct activation of wild-type a7 produced by 10 mM
GAT107 with a coapplication protocol (Fig. 4C). There was
inhibition at all concentrations tested $3 mM using a Brown-
Forsythe ANOVA [F(5, 11.55) = 22.79, P , 0.0001] with
Dunnett’s T3 post hoc multiple comparisons test (3 mM:
95% CI, 2.33–29.70; P = 0.009; 10 mM: 95% CI, 7.41–36.00;
P = 0.0009; 30 mM: 95% CI, 11.27–38.31; P = 0.0003; 100 mM:
95% CI, 19.63–47.58; P = 0.0002).
Key elements for the function of any nAChR are the

disulfide-coupled vicinal cysteines (C190 and C191 in the a7
sequence) at the tip of the alpha subunit C-loops. Disruption
of this link causes loss of function (Papke, 2014). We have
previously shown that although a7C190A mutants are

insensitive to ACh, even when coapplied with PNU-120596,
they are effectively activated by GAT107 and that racemic
2,3,5,6TMP-TQS blocked that activation (Gulsevin et al., 2019).
In basic coapplication experiments, we observed using aBrown-
Forsythe ANOVA that both isomers reduced GAT107-evoked
currents of a7C190A [F(2, 9.09) = 11.25, P = 0.0035; Fig. 5],
although the inhibition by (2)2,3,5,6TMP-TQS was greater
than by (+)2,3,5,6TMP-TQS (95% CI,20.58 to 11.64; P = 0.04).
We also tested the two 2,3,5,6TMP-TQS enantiomers for

their ability to inhibit a7 allosteric activation by the structur-
ally unrelated ago-PAM B-973B (Quadri et al., 2019). Like
GAT107, it is able to produce allosteric activation of a7
receptors and potentiate the responses to ACh. We determined

Fig. 6. Effects of 2,3,5,6TMP-TQS enantiomers on the activation and
potentiation of a7 nAChR by B-973B. Subsequent to the acquisition of two
control responses to 60 mM ACh, cells expressing human a7 were treated
with 30mMB-973B alone or coapplied with 100mMof the 2,3,5,6TMP-TQS
enantiomers. Direct allosteric activation was measured as the response to
B-973B 6 2,3,5,6TMP-TQS. Primed potentiation was measured by
comparing the response to 60 mM ACh after the B-973B applications.
The data shown are individual values with the average net charge
responses 6 S.D. (n = 4–8). (2)2,3,5,6TMP-TQS reduced (P = 0.05) the
B-973B allosteric activation. See Supplemental Information for n values
and detailed results of the statistical analysis.

Fig. 7. Effect of 2,3,5,6TMP-TQS isomers on ACh responses of wild-type
a7. (A) Plotted are a7 net charge responses across a range of ACh
concentrations, with or without the coapplication of 30 mM of the
2,3,5,6TMP-TQS isomers, normalized to the maximum response obtained
with the application of ACh alone. Data are the averages6 S.D. of five cells
under each condition at each concentration. The curves displayed are fits to
the averaged data. See Table 1 for average curve-fit values (6S.D.) from
the data from the individual cells and Supplemental Fig. 1 for the fit data
from the single cells. ANOVA of curve fit parameters from the individual
replicates are discussed in the text. Two-way ANOVAs indicate that
responses to ACh plus (+)2,3,5,6TMP-TQS were greater than to ACh alone
across most of the concentration range (P . 0.99, = 0.91, , 0.0001, ,
0.0001,, 0.0001,, 0.0001, and, 0.0001 for 1, 3, 10, 30, 100, 300, and 1000
mM ACh, respectively). Note that the parameters of the curve fits to the
averaged data shown in the figure compared with average fits of the
replicates (6S.D.) are given in Table 2. (B) Differences between group
means are expressed as the differences between means of ACh alone and
ACh plus (2)2,3,5,6TMP-TQS or ACh plus (+)2,3,5,6TMP-TQS with
95% confidence intervals at each concentration.
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that (2)2,3,5,6TMP-TQS (95%CI,20.45 to 58.67; P = 0.05), but
not (+)2,3,5,6TMP-TQS (95%CI,224.38 to 36.68;P = 0.87), was
also an effective antagonist of allosteric activation by B-973B
[F(2, 19) = 3.55, P = 0.049; Fig. 6]. Neither enantiomer had any
effect on the residual potentiation produced by this agent [F(2,
9) = 0.42, P = 0.67].
PAM Activity of 2,3,5,6TMP-TQS Isomers. We con-

ducted ACh concentration-response studies with or without
coapplication of the 2,3,5,6TMP-TQS isomers at 30 mM
(Fig. 7). Visual inspection of the curves suggests that (+)
2,3,5,6TMP-TQS functions as a PAM and (2)2,3,5,6TMP-TQS
does not. We use several statistical approaches to confirm this
using both the averaged data (Fig. 7) and an analysis of the
concentration-response data of individual cells (n = 5 under
each condition, see Supplemental Data). Specifically, using
two-way ANOVA, we found an interaction effect between ACh
concentration and coapplication [F(12, 91) = 10.21,P, 0.0001;
Fig. 7A]. Effects of (+)2,3,5,6TMP-TQS were seen across
almost the entire concentration range (10–1000 mM; Fig. 7B),
including maximally effective concentrations $100 mM.
When analyzing curve fit parameters by Brown-Forsythe
ANOVA [EC50: F(2, 12) = 6.97, P = 0.05); Imax: F(2, 12) = 11.69,
P = 0.01], the concentration-response function for net
charge responses (Papke and Porter Papke, 2002) was
relatively unaffected by addition of (2)2,3,5,6TMP-TQS
(EC50: P = 0.17; Imax: P = 0.53); however, (+)2,3,5,6TMP-
TQS increased ACh potency by 65% (P = 0.0006) and
efficacy by 91% (P , 0.0001) (Table 1). We then ran an
ANOVA for the logEC50 values with responses normalized
as a percentage of the average responses across five replicates
[F(2, 12) = 26.10, P , 0.0001]. We saw that addition of (2)
2,3,5,6TMP-TQS caused a similar decrease in potency (95% CI,
20.67 to 20.08; P = 0.015) and an increase in potency with
addition of (+)2,3,5,6TMP-TQS (95% CI, 0.18–0.77; P = 0.003).
When calculating the inverse log from logEC50, values for EC50

using this method were consistent, as ACh alone was 20.61 mM
with the addition of (2)2,3,5,6TMP-TQS at 48.52 mM and (+)
2,3,5,6TMP-TQS at 6.87 mM.

Although all of these analyses confirm the PAM activity of
(+)2,3,5,6TMP-TQS, it should be noted that the magnitude
of the (+)2,3,5,6TMP-TQS potentiation was at least an order of
magnitude less than previously reported for (2)TQS (Stokes
et al., 2019) or GAT107 [(+)4BP-TQS] (Papke et al., 2014).
2,3,5,6TMP-TQS Isomer Effects on Mutant a4b2

Receptors Sensitive to a7 PAMs. We have recently de-
scribed a point mutation (L159M) in the second transmem-
brane domain of neuronalb subunits that results in heteromeric
neuronal nAChR that are sensitive to select a7 PAMs in
the TQS family (Stokes et al., 2019). In a7, this residue is
a methionine, and the opposite mutation results in a loss of
PAM sensitivity.
We have previously shown that the inclusion of a single

mutant subunit is sufficient to produce sensitivity to a7
PAMs and that the presence of additional mutant subunits
reduces receptor function (Stokes et al., 2019). To obtain a4b2
receptors with a single b2L159M mutant subunit, we coex-
pressed a b2-a4 concatamer (Zhou et al., 2003) with mono-
meric b2L159M. The coapplication of (2)2,3,5,6TMP-TQS
with ACh gave a small increase in peak current (P , 0.01)
but had no effect on net charge (Fig. 8). In contrast, coappli-
cation of (+)2,3,5,6TMP-TQS with ACh produced large
increases in both peak current and net charge responses
(P, 0.001), as would be expected for a Type II PAM (Gronlien
et al., 2007). The coapplication of (+)2,3,5,6TMP-TQS in-
creased peak current and net charge by an average 5.7 6
0.3- and 4.6 6 0.6-fold, respectively (n = 8, P , 0.001).
2,3,5,6TMP-TQS Isomer Effects on the Allosteric

Activation of Mutant a4b2 Receptors. In our initial
characterization of heteromeric neuronal nAChR sensitive to
a7 PAMs (Stokes et al., 2019), we identified GAT927 as an
extremely potent and efficacious PAM for these mutant
heteromeric receptors. In addition to strongly potentiating
ACh-evoked responses, we noted that, when applied alone,
high concentrations of GAT927 produced direct allosteric
activation, analogous to GAT107’s effects on a7 (Fig. 9A). We
tested the hypothesis that (2)2,3,5,6TMP-TQS, the isomer

TABLE 1
Curve fit values of the data presented in Fig. 7
These are the averages of the fits of five cells under each condition6 S.D. See Supplemental Fig. 1 for the multiple plots and Supplemental Table 1
for individual curve fits.

IMax EC50 (mM) n

ACh alone 0.92 6 0.10 21 6 3.8 5
ACh + (2)2,3,5,6TMP-TQS 1.16 6 0.47 57 6 37 5
ACh + (+)2,3,5,6TMP-TQS 1.77 6 0.10*** 7.2 6 2.5** 5

***P , 0.0001 compared with ACh alone; **P , 0.001 compared with ACh alone.

TABLE 2
Parameters of the fit shown in Fig. 7 to the averaged data at each concentration compared with average values (6S.D.) of the fits of the replicates
shown in Table 1 (see Supplemental Data)
The errors reported for the fit parameters to the averaged data are the calculated S.E.s of the fit parameters based on the goodness of fit (chi square and r values, seeMaterials
and Methods).

Fits of Averaged Data Fits of Separate Replicates

IMax EC50 (mM) IMax EC50 (mM) n

ACh alone 0.92 6 0.005 20.65 6 3.4 0.92 6 0.10 21 6 3.8 5
ACh + (2)2,3,5,6TMP-TQS 1.13 6 0.06 50.6 6 7.9 1.16 6 0.47 57 6 37 5
ACh + (+)2,3,5,6TMP-TQS 1.73 6 0.05 6.4 6 0.64 1.77 6 0.10*** 7.2 6 2.5** 5

**P , 0.01; ***P , 0.001.
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better for antagonizing a7 allosteric activation, would also
more effectively antagonize the allosteric activation of the
a4b2 mutant receptor by GAT927. Whereas (2)2,3,5,6TMP-
TQS did decrease GAT927 allosteric activation (P , 0.05,
Fig. 9B), activation by GAT927 was totally eliminated by (+)
2,3,5,6TMP-TQS (Fig. 9C). Interestingly, the effects of the
2,3,5,6TMP-TQS isomers were restricted to the period of
direct allosteric activation by GAT927, and the primed
potentiation for a subsequent ACh-evoked response was un-
affected (Fig. 9D). As noted above, neither of the isomers had
an effect on the net charge or peak current amplitude of these
responses. However, although the responses shown in Fig. 9, A
and B had not decayed fully to baseline after the GAT927
applications (baselines were 82%6 27% and 107% 6 22% the
amplitude of the ACh controls, respectively), the trace in
Fig. 9C (magenta in Fig. 9D) actually began with a lower
baseline current than the initial control (P , 0.001).
In Silico Model of (2)2,3,5,6TMP-TQS in the Putative

Allosteric Activation Site of a7. We (Horenstein et al.,
2016; Gulsevin et al., 2019) and others (Spurny et al., 2015)
have proposed models for an allosteric ligand binding site in
the extracellular vestibule of a7 receptors. We compared the
docking of GAT107 and the most active antagonist (2)
2,3,5,6TMP-TQS into that site (Fig. 10) and found that (2)
2,3,5,6TMP-TQS was notably different from GAT107 in that,

despite an overall similar binding mode, it presented its fused
cyclopentenyl ring to T106, whereas the other compound
did not.
We hypothesized that this interaction would be lost with

a T106Amutation (Fig. 9D). Using a coapplication protocol, we
confirmed that 30 mM (2)2,3,5,6TMP-TQS produced good
inhibition of GAT107 allosteric activation of wild-type a7
(P , 0.001) with no effect on the potentiation of subsequent
ACh responses (Fig. 11A). Using the same protocol with
a7T106A, we saw no changes with 30 mM (2)2,3,5,6TMP-
TQS on either GAT107 allosteric activation or subsequent
potentiation (Fig. 11B).

Discussion
Stereoisomerism is a critical concern when designing drugs

for enzymes and receptors because stereoisomers can and
often do display different pharmacology. Whereas molecules
with a single chiral center will be capable of existing as a pair
of enantiomers, molecules with multiple chiral centers N will
have 2N maximum possible stereoisomers, as exemplified by
the ring system of 2,3,5,6TMP-TQS, which has three chiral
centers and eight theoretically possible stereoisomers, in-
cluding enantiomers and diastereomers. However, as noted
previously, constraints on the cyclopentenyl ring and steric
hindrances associated with two ortho methyl groups resulted
in exclusive formation and isolation of the trans diastereomer.
Although most biologic processes that form organic molecules
with chiral centers tend to produce single stereoisomers, such
as D-sugars and L-amino acids, test tube reactions commonly
produce racemic mixtures of isomers. When these reaction
products are then used experimentally, the biologic response
may or may not be deferentially sensitive to the component
isomers.
In biologic systems, the requirement for isomer specificity is

a function of the receptor and the flexibility of the ligand. Our
right foot will readily accept either of a pair of socks but shows
a strong preference for only one of a pair of shoes. In the case of
nAChR, although the ACh binding site of muscle-type recep-
tors shows a preference for the naturally occurring (2) isomer
of nicotine, both isomers are equally effective as low potency
blockers of the ion channel (Rozental et al., 1989). Likewise,
both isomers of the neuronal nAChR noncompetitive antago-
nist mecamylamine have similar efficacy for blocking channel
activity of a wide variety of heteromeric neuronal nAChR
(Papke et al., 2001, 2013).
The amino acid residues in neuronal b subunits that

determine sensitivity to mecamylamine face into the ion
permeation pathway and are present in at least two subunits
per heteromeric pentamer (Webster et al., 1999). The dimen-
sions of the open pore and the presence of multiple binding
sites may both be permissive factors for the lack of mecamyl-
amine’s stereoselectivity. In contrast, although the a7 PAM
binding site is likely present in all subunits and requires
a specific residue in the pore-forming second transmembrane
domain, the actual binding orientation of the modulator is
likely to be within a hydrophobic cavity within the trans-
membrane helices (Young et al., 2008; Collins and Millar,
2010; Newcombe et al., 2018). In this tight pocket, stereo-
chemical constraints appear to be very important. This was
shown to be the case for three functionally diverse analogs in
the TQS family, TQS itself (Stokes et al., 2019), the ago-PAM

Fig. 8. The sensitivity of a4b2 receptors containing a single b2L159M
subunit to coapplications of 2,3,5,6TMP-TQS isomers. (A) Averaged raw
data traces normalized to 10mMcontrol ACh responses from the same cells
(n = 8) to ACh alone or ACh coapplied with 30 mM of the 2,3,5,6TMP-TQS
isomers. (B) Superimposed traces from (A). The data in blue are those
obtained with coapplication of 30 mM 2,3,5,6TMP-TQS isomers.
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4BP-TQS (Thakur et al., 2013; Papke et al., 2014), and the
allosteric antagonist presented in this work, 2,3,5,6TMP-TQS,
as well as for the structurally unrelated ago-PAM B-973B
(Garai et al., 2018;Quadri et al., 2019). Additionally, a recently
published study of a family of sulfonamide-containing PAMs
showed that the stereochemical orientation of side groups
around a critical central cyclopropyl ring determine whether
enantiomers function as Type I or Type II a7 PAMs (Harvey
et al., 2019; Wang et al., 2020).
To better understand the important structural elements of

TQS-related PAMs, we made a structural comparison of (2)
TQS and (+)2,3,5,6TMP-TQS (Fig. 12). The comparison reveals
considerable similarity in the overall three-dimensional shape
of the fused ring system, consisting of the arylsulfonamide,

piperidine, and cyclopentenyl rings. It is notable that, although
TQS is cis with regard to the cyclopentenyl and napthyl
rings, (+)2,3,5,6TMP-TQS has a trans relationship be-
tween the cyclopentenyl and tetramethylbenzene rings.
Despite this, the superposition revealed that the bulky
napthyl and tetramethylphenyl rings occupied the region
in space in the overlay. This comparative analysis suggests
that the basis for the PAM activity of (+)2,3,5,6TMP-TQS
arises from its overall similarity to the shape of TQS
despite the difference in stereochemistry of the ring
fusions. Further comparison with (+)4BP-TQS (GAT107)
(Fig. 3) suggests that possibly the most crucial feature for
PAM activity is the orientation of cyclopentenyl ring away
from the plane of napthyl ring.

Fig. 9. The allosteric activation of a4(2)b2(2)b
2L159M receptors by GAT927 and sensitivity of
GAT927 responses to coapplications of 2,3,5,6TMP-
TQS isomers. (A) Application of the TQS analog
GAT927 at 30 mM to cells expressing a4b2 recep-
tors with a mutant b2 subunit production of
allosteric activation and primed potentiation of
subsequent ACh responses (n = 6). (B) The coappli-
cation of 100 mM (2)2,3,5,6TMP-TQS with 30 mM
GAT927 (n= 7) reduced the allosteric activation net
charge (P , 0.005), with no effect on the primed
potentiation of subsequent ACh responses. (C) The
coapplication of 100 mM (+)2,3,5,6TMP-TQS with
30 mM GAT927 (n = 7) eliminated the allosteric
activation net charge (P , 0.0001), also with no
effect on the primed potentiation of subsequent
ACh responses. (D) An overlay of the three post-
GAT927 application ACh responses.

Fig. 10. Using methods previously described
(Gulsevin et al., 2019), GAT107 (A) and (2)
2,3,5,6TMP-TQS (B)were docked into a homology
model of the a7 extracellular domain. The orien-
tation of (2)2,3,5,6TMP-TQS in the putative
allosteric activation site suggested a close asso-
ciation with the T106 residue (shown) that was
not present with GAT107. (C and D) The same
models with the threonine residue converted to
alanine.
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Structural models for the transmembrane domains of a7
have been proposed based on the relatively low-resolution
images of the muscle-type Torpedo receptor and suggestions
made for how PAMs may bind in these domains (Gill et al.,
2011; Newcombe et al., 2018). However, not only are muscle-
type receptors insensitive to a7 PAMs, but also the key L159M
mutation that permits heteromeric neuronal nAChR to re-
spond to TQS-type PAMs are ineffective in muscle nAChR, so
the predictive values of these models may be extremely
limited. We are optimistic that in the future, structures of
PAM-sensitive mutant heteromeric receptors will become
available, which will allow further insights into the critical
differences between the binding of active and inactive isomers

(Stokes et al., 2019), as both a7 and a4b2 L159M receptors
discriminate the same way between the isomers of both TQS
and 2,3,5,6TMP-TQS.
Although the PAM binding sites of both a7 and a4b2 L159M

receptors may be similar, the mechanism of allosteric activa-
tion of these receptors by GAT107 and GAT927, respectively,
seems to be different (Stokes et al., 2019). Although we can
suggest a specific allosteric agonist site on a7 (Gulsevin et al.,
2019), there is limited evidence for a similar site on a4b2
L159Mreceptors. However, whereas GAT107 does not produce
allosteric activation of these receptors (Stokes et al., 2019),
both isomers of 2,3,5,6TMP-TQS do antagonize allosteric
activation by GAT927, albeit with reverse stereoselectivity
than for allosteric antagonism of a7. The observation that
neither 2,3,5,6TMP-TQS isomer reduced the potentiation of
subsequent ACh response would suggest that the antagonism
of GAT927 allosteric activation is not due to binding at the
transmembrane PAM site.
An important consideration is that previous work that

relied on the use of racemic mixtures of compounds from the
TQS family (Gill et al., 2012; Gill-Thind et al., 2015;
Horenstein et al., 2016; Newcombe et al., 2018) should be
viewed with circumspection. Whereas racemic 4BP-TQS is
a mixture of active and inactive compounds that merely has
the impact of lowering the effective concentration, racemic
TQS is, in fact, a mixture of a PAM and a molecule that
antagonizes that activity (Stokes et al., 2019). As we show in
this study, racemic 2,3,5,6TMP-TQS carries a mixture of two
different activities. 2,3,5,6TMP-TQSwas 1 of a total of 17 TQS
analogs with varying activity that were reported in a single
study (Gill et al., 2012), and all were characterized as racemic
mixtures, where one isomer may have obscured the properties
of another. We have also evaluated many additional TQS
analogs as racemic mixtures, including GAT154, GAT155,
GAT904, and GAT193 (Horenstein et al., 2016). Likewise, the
ago-PAM of mutant heteromeric receptors, GAT927, was used
as a racemic mixture in these and previous experiments
(Stokes et al., 2019). It seems likely that the efforts required
to isolate the isomers of various compounds would be
rewarded by the revelation of pharmacological diversity richer
than we might imagine, with the identification of relatively

Fig. 11. The effects of (2)2,3,5,6TMP-TQS on GAT107 responses of wild-
type and T106A mutant a7 receptors. (A) Wild-type receptors (n = 6) show
a selective inhibition (P # 0.001) of allosteric activation by 30 mM (2)
2,3,5,6TMP-TQS. (B) GAT107 responses of cells expressing a7T106A were
unaffected by coapplication of 30 mM (2)2,3,5,6TMP-TQS. Averaged raw
data traces for cells (n = 4, seeMaterials and Methods) were normalized to
the control responses to 60 mM ACh shown. The S.E.M. of the averaged
normalized responses are represented by the tan colored areas.

Fig. 12. Ball and stick figures and molecular superposition of the PAMs
(2)TQS and (+)2,3,5,6TMP-TQS. (A) (2)TQS, (B) superposition, and (C) (+)
2,3,5,6TMP-TQS.
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selective compounds that would not only inform further struc-
tural studies but also have improved therapeutic potential.
The results of docking (Fig. 10) suggested that the antago-

nist activity of (2)2,3,5,6TMP-TQS at the allosteric activation
site would, at least in part, arise from a unique interaction
with T106. The electrophysiological evaluation of mutation
T106A provided support for this hypothesis via the observa-
tion that, relative to wild-type, (2)2,3,5,6TMP-TQS lost the
ability to antagonize the allosteric activation by GAT107. The
mechanism by which T106 is required for (2)2,3,5,6TMP-TQS
antagonism remains unclear. It is possible that the interaction
with T106 is required for (2)2,3,5,6TMP-TQS to bind with
high affinity as an antagonist. Alternatively, T106 may cause
(2)2,3,5,6TMP-TQS to adopt a conformation that is intrinsi-
cally inactive. Possibly both of these things are factors. We
have confirmed that (2)2,3,5,6TMP-TQS does not become an
allosteric agonist for a7T106A, as coapplication with PNU-
120596 does not evoke a response (data not shown).
An important conclusion that emerges from the combination

of docking and mutagenesis studies is that they provide strong
support for the location of the AA binding site. It is instructive
to learn that subtle changes in the interactions of a bound
ligand can have such a divergent impact on receptor function,
confirming that the AA site should be a continued target of
interest for development of new modulators of a7 function.
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Supplement Figure, Table, and Compound characterization  
 
Supplemental Figure 1.  Plots and curve fits of the replicates associated with Figure 7.  
Responses of five cells expressing human a7 to applications of ACh alone across a range of 
concentrations or co-applied with 30 µM of each 2,3,5,6TMP-TQS isomer.  Data from each cell 
were fit to the Hill equation.  See Supplemental Table 1 for curve fit values.  A) ACh alone.  B) 
ACh co-applied with 30 µM (-)2,3,5,6TMP-TQS.  C) ACh co-applied with 30 µM (-
)2,3,5,6TMP-TQS. 
 
 
Supplemental Table 1.  Curve fits of replicates and averaged data.  A) The curve fits of the 
individual replicates plotted in Supplemental Figure 1.  The error estimates from the fitting 
process are provided along with the Chi-square and r values of the fits generated (see Methods). 
The error estimates from the fitting process are provided along with the Chi-square and r values 
of the fits generated.   
 
Summaries of ANOVA results from Figures 4-6 
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Supplemental	Table	1
Fits	of	5	replicates	separately,	Supplemental	Figure	1
ACh	alone cell	1 cell	2 cell	3 cell	4 cell	5 (-)TMP cell	1 cell	2 cell	3 cell	4 cell	5 (+)TMP cell	1 cell	2 cell	3 cell	4 cell	5
Imax 1.075 0.828 0.823 0.961 0.935 Imax 1.772 0.741 0.650 1.189 1.449 Imax 1.700 1.719 1.893 1.677 1.859
n 2.158 2.526 2.230 2.058 2.986 n 1.122 1.734 3.241 1.642 1.266 n 2.713 1.328 1.137 3.507 4.315
EC50	 23.818 15.563 21.660 24.889 18.677 EC50	 117.450 43.332 23.551 34.257 65.207 EC50	 9.424 6.343 10.282 5.915 4.197
Chisq 0.019 0.010 0.086 0.056 0.022 0.037 0.053 0.001 0.023 0.061 0.040 0.132 0.047 0.224 0.083
R 0.994 0.995 0.954 0.976 0.991 0.993 0.964 0.999 0.994 0.986 0.994 0.973 0.993 0.968 0.990



 
Summaries of ANOVA results from Figures 4-6 
 
Figure 4A: Effects of 2,3,5,6TMP-TQS on GAT107 allosteric activation 
GAT107 alone: 72.66 ± 22.02, 95% CI [54.25, 91.07], n = 8;  
GAT107 co-applied with (±)2,3,5,6TMP-TQS: 1.21 ± 2.00, 95% CI [-0.62, 3.05], n=7;  
GAT107 co-applied with (+)2,3,5,6TMP-TQS: 5.07 ± 1.93, 95% CI [3.45, 6.68], n=8;  
GAT107 co-applied with (-)2,3,5,6TMP-TQS: 0.14 ± 0.25, 95% CI [-0.07, 0.35], n=8. 
 
Figure 4B: Effects of 2,3,5,6TMP-TQS on GAT107 primed potentiation 
GAT107 alone: 222.3 ± 85.49, 95% CI [150.9, 293.8], n = 8;  
GAT107 co-applied with (±)2,3,5,6TMP-TQS: 129.4 ± 100.8, 95% CI [36.21, 222.7], n=7;  
GAT107 co-applied with (+)2,3,5,6TMP-TQS: 94.92 ± 22.93, 95% CI [75.75, 114.1], n=8;  
GAT107 co-applied with (-)2,3,5,6TMP-TQS: 52.17 ± 34.44, 95% CI [23.38, 80.96], n=8. 
 
Figure 4B: Effects of 2,3,5,6TMP-TQS concentration on GAT107 allosteric activation. 
GAT107 alone: 33.85 ± 7.44, 95% CI [26.98, 40.73], n=7; 
GAT107 plus 1 µM (-)2,3,5,6TMP-TQS: 46.24 ± 21.56, 95% CI [28.22, 64.27], n=8;  
GAT107 plus 3 µM (-)2,3,5,6TMP-TQS: 17.84 ± 4.98, 95% CI [13.68, 22.00], n=8;  
GAT107 plus 10 µM (-)2,3,5,6TMP-TQS: 12.15 ± 6.49, 95% CI [6.73, 17.58], n=8;  
GAT107 plus 30 µM (-)2,3,5,6TMP-TQS: 9.06 ± 4.18, 95% CI [5.57, 12.56], n=8;  
GAT107 plus 100 µM (-)2,3,5,6TMP-TQS: 0.25 ± 0.12, 95% CI [0.15, 0.35], n=8. 
 
 
Figure 5: Effects of 2,3,5,6TMP-TQS on a7 C190A responses to GAT107 allosteric activation 
GAT107 alone: -14.25 ± 8.20, 95% CI [-21.83, -6.67], n=7;  
GAT107 plus (+)2,3,5,6TMP-TQS: -6.53 ± 4.23, 95% CI [-10.44, -2.63], n=7;  
GAT107 plus (-)2,3,5,6TMP-TQS: -1.01 ± 00.74, 95% CI [-1.63, -0.38], n=8. 
 
 
Figure 6: Effects of 2,3,5,6TMP-TQS on B973B activity 
Activation by B973B alone: 35.82 ± 25.23, 95% CI [12.49, 59.15], n=7;  
B973B alone co-applied with (+)2,3,5,6TMP-TQS: 29.68 ± 30.68, 95% CI [1.30, 58.05], n=7;  
B973B alone co-applied with (-)2,3,5,6TMP-TQS: 6.71 ± 4.45, 95% CI [2.99, 10.44], n=8].  
 
Potentiation of ACh responses after 
B973B alone 90.26 ± 36.37, 95% CI [32.39, 148.1], n=4;  
B973B alone co-applied with (+)2,3,5,6TMP-TQS: 74.61 ± 33.52, 95% CI [21.26, 128.0], n=4;  
B973B alone co-applied with (-)2,3,5,6TMP-TQS: 72.89 ± 12.86, 95% CI [52.44, 93.35], n=4].  
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Synthesis and isolation of 2,3,5,6-TMP-TQS isomers. The racemic 4-(2,3,5,6-tetramethylphenyl)-

3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinoline-8-sulfonamide (2,3,5,6-TMP TQS, 3) was synthesized on 

gram scale from the aldehyde, 2 which was prepared from corresponding commercially available cheap 

aryl bromide 1. The Bromo compound 1 was treated with n-BuLi under lithium-halogen exchange reaction 

condition to generate corresponding anion which was quenched in situ with dimethylformamide to get 

aldehyde 2 in moderate yield. The aldehyde was treated under our own developed microwave assisted 

Povarov reaction condition1 with 4-aminobenzenesulfonamide and cyclopentadiene in presence of InCl3 to 

get racemic TQS adduct, 3 in good yield (see Scheme 1).  

 

 

 

 

The enantiomers of (±)-2,3,5,6-TMP TQS were separated by preparative chiral HPLC using superfluid and 

methanol as mobile phase (Scheme 1) with high optical purity (Table 1). The absolute stereochemistry of 

both enantiomers was determined by single crystal X-ray diffraction studies. From this study the established 

absolute stereochemistry for (-)-2,3,5,6-TMP TQS (4) is 3aS, 4S, 9bR and 3aR, 4R, 9bS for (+)-2,3,5,6-

TMP TQS (5) respectively (Supplemental figure 1). 

Table 1. Optical rotation and optical purity of both enantiomers.  

 

 

 

 

 

 

 

 

Compound Optical rotation, [α]D
24 Enantiomeric Excess (% ee) 

(-)-2,3,5,6-TMP TQS (4) -237.68 (c 0.5, MeOH) ≥ 99.99 

(+)-2,3,5,6-TMP TQS (5) +212.16 (c 0.5, MeOH) ≥ 99.5 



 

 

 

 

 

Figure 1. ORTEP diagram for compound (-)-2,3,5,6-TMP TQS (4, CCDC no. 1985589) and (+)-2,3,5,6-

TMP TQS (5, CCDC no. 1985590). Sulfur atoms are shown in yellow, oxygen atoms are shown in red and 

nitrogen atoms are in blue. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



EXPERIMENTAL SECTION 

Materials and Methods: All commercial chemicals and solvents were purchased from Sigma Aldrich, Inc. 

(St. Louis, MO), Alfa Aesar, and Combi-blocks as reagent grade and unless otherwise specified were used 

without further purification. Biotage® Initiator microwave system was used for the synthesis. Reaction 

progress was monitored by thin-layer chromatography (TLC) using commercially prepared silica gel 60 

F254 glass plates. Compounds were visualized under ultraviolet (UV) light or by staining with iodine, 

phosphomolybdic acid, or p-anisaldehyde reagent. Flash column chromatography was carried out on a 

Biotage® Isolera, purification unit using prepacked columns from Reveleris®, Biotage®, and Luknova. 

Solvents used include hexanes, ethyl acetate. Characterization of compounds and their purity were 

established by a combination of HPLC, TLC, mass spectrometry, and NMR analyses. NMR spectra were 

recorded in DMSO-d6 on a Varian NMR spectrometer (1 H NMR at 500 MHz and 400 MHz). Chemical 

shifts were recorded in parts per million (δ) relative to tetramethylsilane (TMS; 0.00 ppm) or solvent peaks 

as the internal reference. Multiplicities are indicated as br (broadened), s (singlet), d (doublet), t (triplet), q 

(quartet), quin (quintet), sept (septet), or m (multiplet). Coupling constants (J) are reported in hertz (Hz). 

All test compounds were greater than 95% pure as determined by LC/MS analysis performed using a 

Agilent Technologies 1260 Infinity reverse phase HPLC, with a dual-wavelength UV−visible detector and 

an Agilent Technologies 6120 Quadrupole mass spectrometer (electrospray ionization). 

2,3,5,6-tetramethylbenzaldehyde (2):  To a stirred solution of 3-Bromo-1,2,4,5-tetramethylbenzene, 1 (5 

gm, 23.5 mmol) in anhydrous THF (60 mL) at -78 0C, n-BuLi (10 mL, 24.6 mml, 2M in hexane) solution 

was added dropwise. The reaction mixture was stirred at the same temperature for further 1 hr. Anhydrous 

dimethyl formamide (3.6 mL, 47.0 mmol) was added dropwise to the mixture at -78 0C and stirred for 1 hr. 

The reaction mixture slowly warmed to 0 0C and quenched with saturated aqueous solution of NH4Cl. The 

aqueous layer was extracted with ethyl acetate (3*100 mL) then organic layer was washed with saturated 

brine solution. The combined organic layer was dried over anhydrous Na2SO4, filtered, concentrated under 

reduced pressure. The crude reaction mixture was purified on silica gel column chromatography to obtain 

pure aldehyde (2.0 gm, 52%) and the analytical data was matched with literature reported data.2  

(±)-4-(2,3,5,6-tetramethylphenyl)-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinoline-8-sulfonamide 

(3): In a 10 mL microwave vial, aldehyde (1 gm, 6.17 mmol), 4-aminobenzenesulfonamide (1.06 gm, 6.17 

mmol), freshly distilled cyclopentadiene (1.22 fm, 18.51 mmol) and InCl3 (0.273 gm, 1.23 mmol) were 

dissolved in 5 mL anhydrous CH3CN  and irradiate under microwave condition at 75 0C for 15 min. The 

reaction mixture was quenched with the addition of water, the aqueous layer was extracted with ethyl 

acetate (3*20 mL) then organic layers was washed with saturated brine solution. The combined organic 

layer was dried over anhydrous Na2SO4, filtered, concentrated under reduced pressure. The crude reaction 



mixture was purified using silica gel column chromatography to obtain tetrahydro quinoline compound 3 

(1.60 gm, 68%). 1H NMR (500 MHz, DMSO-d6): δ 7.61 (d, J= 1.8 Hz, 1H), 7.33 (dd, J= 8.2, 1.8 Hz, 1H), 

6.97 (s, 1H), 6.92 (s, 2H), 6.67 (d, J=9.1 Hz, 1H), 6.64 (s, 1H), 5.92-5.91 (m, 1H), 5.76-5.75 (m, 1H), 4.26 

(d, J= 11.0 Hz, 1H), 1.03 (bs, 1H), 2.96-2.91 (m, 1H), 2.38-2.35 (m, 1H), 2.35 (s, 3H), 2.22 (s, 3H), 2.17 

(s, 3H), 2.11 (s, 3H), 1.75 (d, J=16.9 Hz, 1H); MS-ESI (m/z) 383 [M + H]+. 

(-)-4-(2,3,5,6-tetramethylphenyl)-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinoline-8-sulfonamide 

(4):  1H NMR (400 MHz, DMSO-d6): δ 7.61 (d, J=2.0 Hz, 1H), 7.34 (dd, J= 8.2, 2.0 Hz, 1H), 6.98 (s, 1H), 

6.92 (s, 2H), 6.67 (d, J=8.4 Hz, 1H), 6.64 (s, 1H), 5.93-5.77 (m, 1H), 5.77-5.76 (m, 1H), 4.27 (d, J= 10.8 

Hz, 1H), 3.32 (bs, 1H), 2.68-2.67 (m, 1H), 2.38-2.35 (m, 1H), 2.35 (s, 3H), 2.22 (s, 3H), 2.17 (s, 3H), 2.11 

(s, 3H), 1.75 (d, J=16.9 Hz, 1H); MS-ESI (m/z)= 383 [M + H]+; [α]D
24 = -237.68 (c 0.5, MeOH). 

(+)-4-(2,3,5,6-tetramethylphenyl)-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinoline-8-sulfonamide 

(5): 1H NMR (400 MHz, DMSO-d6): δ 7.62 (d, J=2.0 Hz, 1H), 7.34 (dd, J= 8.2, 2.0 Hz, 1H), 6.98 (s, 1H), 

6.92 (s, 2H), 6.67 (d, J=8.4 Hz, 1H), 6.64 (s, 1H), 5.93-5.77 (m, 1H), 5.77-5.76 (m, 1H), 4.27 (d, J= 10.8 

Hz, 1H), 3.32 (bs, 1H), 2.68-2.67 (m, 1H), 2.38-2.35 (m, 1H), 2.35 (s, 3H), 2.22 (s, 3H), 2.17 (s, 3H), 2.11 

(s, 3H), 1.75 (d, J=16.9 Hz, 1H); MS-ESI (m/z)= 383 [M + H]+; [α]D
24 = +212.16 (c 0.5, MeOH). 
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1H NMR of (±)-2,3,5,6-TMP TQS (3) (DMSO-d6, 500 MHz) 

 



 

 

 

 

 

 

 

 

 

1H NMR of (-)-2,3,5,6-TMP TQS (4) (DMSO-d6, 500 MHz) 

 



 

 

 

 

 

 

 

 

 

1H NMR of (+)-2,3,5,6-TMP TQS (5) (DMSO-d6, 500 MHz) 

 



 

 

 

 

 

 

 

 

 

Chiral HPLC Chromatogram for (-)-2,3,5,6-TMP TQS (4)  

 



 

 

 

 

 

 

 

 

Chiral HPLC Chromatogram for (+)-2,3,5,6-TMP TQS (5) 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

Optical rotation for (-)-2,3,5,6-TMP TQS (4) 

 

Optical rotation for (+)-2,3,5,6-TMP TQS (5) 

 



X-ray crystal data on (-)-2,3,5,6-TMP TQS (4) 

Experimental:  X-Ray Intensity data were collected at 100 K on a Bruker Dual micro source D8 

Venture diffractometer and PHOTON III detector running APEX3 software package of 

programs and using MoK radiation ( = 0.71073 Å). 

The data frames were integrated, and multi-scan scaling was applied in APEX3.  Intrinsic phasing 

structure solution provided the All of the non-H atoms. 

The structure was refined using full-matrix least-squares refinement.3  The non-H atoms were 

refined with anisotropic displacement parameters and all of the H atoms were calculated in 

idealized positions and refined riding on their parent atoms.  All three of the nitrogen protons were 

obtained from a Difference Fourier map and refined freely.  The Flack x parameter was refined to 

-0.02(2) thus confirming the enantiomer as the one in the final refinement model.  In the final cycle 

of refinement, 6578 reflections (of which 5946 are observed with I > 2(I)) were used to refine 

260 parameters and the resulting R1, wR2 and S (goodness of fit) were 3.58 %, 8.87 % and 1.054, 

respectively.  The refinement was carried out by minimizing the wR2 function using F2 rather than 

F values. R1 is calculated to provide a reference to the conventional R value but its function is not 

minimized.   

Table 1.  Crystal data and structure refinement for (-)-2,3,5,6-TMP TQS (4). 

Identification code  isomer1 

Empirical formula  C22 H26 N2 O2 S 

Formula weight  382.51 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21 

Unit cell dimensions a = 8.7176(4) Å = 90°. 

 b = 7.5195(3) Å = 93.207(2)°. 

 c = 14.5554(7) Å  = 90°. 

Volume 952.64(7) Å3 

Z 2 

Density (calculated) 1.333 Mg/m3 

Absorption coefficient 0.190 mm-1 

F(000) 408 



Crystal size 0.229 x 0.140 x 0.042 mm3 

Theta range for data collection 2.340 to 33.112°. 

Index ranges -13≤h≤13, -11≤k≤11, -21≤l≤21 

Reflections collected 30556 

Independent reflections 6578 [R(int) = 0.0398] 

Completeness to theta = 25.242° 99.9 %  

Absorption correction multi-scan 

Max. and min. transmission 0.9948 and 0.9744 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 6578 / 1 / 260 

Goodness-of-fit on F2 1.054 

Final R indices [I>2sigma(I)] R1 = 0.0358, wR2 = 0.0887 [5946] 

R indices (all data) R1 = 0.0425, wR2 = 0.0926 

Absolute structure parameter -0.02(2) 

Extinction coefficient n/a 

Largest diff. peak and hole 0.327 and -0.259 e.Å-3 
 

R1 = (||Fo| - |Fc||) / |Fo| wR2 = [w(Fo
2 - Fc

2)2] / w(Fo
2)2]]1/2 

S = [w(Fo
2 - Fc

2)2] / (n-p)]1/2 w= 1/[2(Fo
2)+(m*p)2+n*p], p =  [max(Fo

2,0)+ 2* Fc
2]/3, m & n are constants. 



 Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 

for isomer1.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 

________________________________________________________________________________  

 x y z U(eq) 

________________________________________________________________________________   

S20 1731(1) 2673(1) 4948(1) 18(1) 

O21 1826(2) 3449(2) 5847(1) 28(1) 

O22 2045(2) 803(2) 4847(1) 29(1) 

N5 6031(2) 6557(2) 2644(1) 16(1) 

N23 -20(2) 2952(2) 4559(1) 21(1) 

C1 6868(2) 1477(2) 2841(1) 21(1) 

C2 8148(2) 1412(3) 2390(1) 24(1) 

C3A 6700(2) 3869(2) 1753(1) 17(1) 

C3 8076(2) 2647(3) 1573(1) 24(1) 

C4 7292(2) 5566(2) 2247(1) 15(1) 

C5 5067(2) 5636(2) 3203(1) 14(1) 

C6 4284(2) 6539(2) 3883(1) 16(1) 

C7 3267(2) 5644(2) 4417(1) 17(1) 

C8 3011(2) 3831(2) 4276(1) 17(1) 

C9 3789(2) 2922(2) 3610(1) 17(1) 

C9A 4829(2) 3802(2) 3076(1) 16(1) 

C9B 5711(2) 2757(2) 2394(1) 17(1) 

C10 8198(2) 6787(2) 1641(1) 14(1) 

C11 9745(2) 7183(2) 1901(1) 17(1) 

C12 10593(2) 8303(2) 1345(1) 18(1) 

C13 9925(2) 8916(2) 518(1) 18(1) 

C14 8410(2) 8524(2) 240(1) 17(1) 

C15 7518(2) 7512(2) 822(1) 15(1) 

C16 10546(2) 6468(3) 2770(1) 27(1) 

C17 12215(2) 8875(3) 1629(2) 26(1) 

C18 7750(2) 9206(3) -670(1) 24(1) 

C19 5832(2) 7310(2) 540(1) 19(1) 

________________________________________________________________________________ 



 Table 3.   Bond lengths [Å] and angles [°] for (-)-2,3,5,6-TMP TQS (4). 

_____________________________________________________  

S20-O21  1.4305(15) 

S20-O22  1.4416(16) 

S20-N23  1.6123(16) 

S20-C8  1.7552(17) 

N5-C5  1.387(2) 

N5-C4  1.473(2) 

N5-H5  0.90(3) 

N23-H23A  0.83(3) 

N23-H23B  0.83(3) 

C1-C2  1.327(3) 

C1-C9B  1.514(3) 

C1-H1A  0.9500 

C2-C3  1.508(3) 

C2-H2A  0.9500 

C3A-C4  1.539(2) 

C3A-C3  1.544(2) 

C3A-C9B  1.550(2) 

C3A-H3AA  1.0000 

C3-H3A  0.9900 

C3-H3B  0.9900 

C4-C10  1.523(2) 

C4-H4A  1.0000 

C5-C9A  1.405(2) 

C5-C6  1.408(2) 

C6-C7  1.386(2) 

C6-H6A  0.9500 

C7-C8  1.395(2) 

C7-H7A  0.9500 

C8-C9  1.393(2) 

C9-C9A  1.393(2) 

C9-H9A  0.9500 

C9A-C9B  1.510(2) 

C9B-H9BA  1.0000 

C10-C15  1.411(2) 



C10-C11  1.413(2) 

C11-C12  1.406(2) 

C11-C16  1.509(3) 

C12-C13  1.386(3) 

C12-C17  1.513(2) 

C13-C14  1.391(2) 

C13-H13A  0.9500 

C14-C15  1.405(2) 

C14-C18  1.505(3) 

C15-C19  1.511(2) 

C16-H16A  0.9800 

C16-H16B  0.9800 

C16-H16C  0.9800 

C17-H17A  0.9800 

C17-H17B  0.9800 

C17-H17C  0.9800 

C18-H18A  0.9800 

C18-H18B  0.9800 

C18-H18C  0.9800 

C19-H19A  0.9800 

C19-H19B  0.9800 

C19-H19C  0.9800 

 

O21-S20-O22 119.33(9) 

O21-S20-N23 105.85(9) 

O22-S20-N23 105.79(9) 

O21-S20-C8 107.57(8) 

O22-S20-C8 107.26(8) 

N23-S20-C8 111.00(8) 

C5-N5-C4 117.87(14) 

C5-N5-H5 116.0(15) 

C4-N5-H5 109.7(15) 

S20-N23-H23A 116.1(18) 

S20-N23-H23B 116.6(18) 

H23A-N23-H23B 120(3) 

C2-C1-C9B 111.69(16) 



C2-C1-H1A 124.2 

C9B-C1-H1A 124.2 

C1-C2-C3 111.60(17) 

C1-C2-H2A 124.2 

C3-C2-H2A 124.2 

C4-C3A-C3 109.25(14) 

C4-C3A-C9B 110.46(13) 

C3-C3A-C9B 104.18(14) 

C4-C3A-H3AA 110.9 

C3-C3A-H3AA 110.9 

C9B-C3A-H3AA 110.9 

C2-C3-C3A 103.32(14) 

C2-C3-H3A 111.1 

C3A-C3-H3A 111.1 

C2-C3-H3B 111.1 

C3A-C3-H3B 111.1 

H3A-C3-H3B 109.1 

N5-C4-C10 110.15(13) 

N5-C4-C3A 111.39(13) 

C10-C4-C3A 113.60(13) 

N5-C4-H4A 107.1 

C10-C4-H4A 107.1 

C3A-C4-H4A 107.1 

N5-C5-C9A 120.17(15) 

N5-C5-C6 120.32(15) 

C9A-C5-C6 119.49(15) 

C7-C6-C5 120.71(15) 

C7-C6-H6A 119.6 

C5-C6-H6A 119.6 

C6-C7-C8 119.62(15) 

C6-C7-H7A 120.2 

C8-C7-H7A 120.2 

C9-C8-C7 120.09(15) 

C9-C8-S20 119.63(13) 

C7-C8-S20 120.27(13) 

C9A-C9-C8 120.87(16) 



C9A-C9-H9A 119.6 

C8-C9-H9A 119.6 

C9-C9A-C5 119.21(15) 

C9-C9A-C9B 119.41(15) 

C5-C9A-C9B 121.36(15) 

C9A-C9B-C1 113.59(14) 

C9A-C9B-C3A 115.84(14) 

C1-C9B-C3A 102.82(13) 

C9A-C9B-H9BA 108.1 

C1-C9B-H9BA 108.1 

C3A-C9B-H9BA 108.1 

C15-C10-C11 119.62(15) 

C15-C10-C4 121.01(14) 

C11-C10-C4 119.36(15) 

C12-C11-C10 119.79(16) 

C12-C11-C16 117.57(16) 

C10-C11-C16 122.63(16) 

C13-C12-C11 119.39(16) 

C13-C12-C17 118.86(17) 

C11-C12-C17 121.75(17) 

C12-C13-C14 121.82(16) 

C12-C13-H13A 119.1 

C14-C13-H13A 119.1 

C13-C14-C15 119.23(16) 

C13-C14-C18 119.57(15) 

C15-C14-C18 121.20(16) 

C14-C15-C10 119.87(15) 

C14-C15-C19 116.95(15) 

C10-C15-C19 123.14(14) 

C11-C16-H16A 109.5 

C11-C16-H16B 109.5 

H16A-C16-H16B 109.5 

C11-C16-H16C 109.5 

H16A-C16-H16C 109.5 

H16B-C16-H16C 109.5 

C12-C17-H17A 109.5 



C12-C17-H17B 109.5 

H17A-C17-H17B 109.5 

C12-C17-H17C 109.5 

H17A-C17-H17C 109.5 

H17B-C17-H17C 109.5 

C14-C18-H18A 109.5 

C14-C18-H18B 109.5 

H18A-C18-H18B 109.5 

C14-C18-H18C 109.5 

H18A-C18-H18C 109.5 

H18B-C18-H18C 109.5 

C15-C19-H19A 109.5 

C15-C19-H19B 109.5 

H19A-C19-H19B 109.5 

C15-C19-H19C 109.5 

H19A-C19-H19C 109.5 

H19B-C19-H19C 109.5 

_____________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  

  



 Table 4.   Anisotropic displacement parameters  (Å2x 103) for isomer1.  The anisotropic 

displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

______________________________________________________________________________  

 U11 U22  U33 U23 U13 U12 

______________________________________________________________________________  

S20 16(1)  21(1) 18(1)  4(1) 3(1)  -4(1) 

O21 29(1)  38(1) 17(1)  2(1) 3(1)  -13(1) 

O22 22(1)  22(1) 43(1)  9(1) 10(1)  0(1) 

N5 16(1)  13(1) 18(1)  -2(1) 6(1)  0(1) 

N23 16(1)  24(1) 23(1)  -4(1) 4(1)  -2(1) 

C1 29(1)  14(1) 21(1)  0(1) 6(1)  3(1) 

C2 28(1)  18(1) 27(1)  -2(1) 6(1)  6(1) 

C3A 21(1)  16(1) 16(1)  -1(1) 5(1)  0(1) 

C3 29(1)  18(1) 25(1)  -3(1) 13(1)  2(1) 

C4 13(1)  15(1) 16(1)  0(1) 4(1)  1(1) 

C5 11(1)  16(1) 15(1)  1(1) 1(1)  0(1) 

C6 14(1)  16(1) 18(1)  -1(1) 3(1)  0(1) 

C7 14(1)  20(1) 16(1)  1(1) 3(1)  0(1) 

C8 13(1)  20(1) 17(1)  4(1) 3(1)  -3(1) 

C9 17(1)  15(1) 19(1)  1(1) 3(1)  -1(1) 

C9A 15(1)  17(1) 16(1)  0(1) 1(1)  -1(1) 

C9B 21(1)  14(1) 17(1)  -2(1) 4(1)  -2(1) 

C10 12(1)  15(1) 16(1)  -1(1) 3(1)  0(1) 

C11 13(1)  21(1) 18(1)  -2(1) 3(1)  2(1) 

C12 12(1)  20(1) 23(1)  -5(1) 4(1)  0(1) 

C13 17(1)  16(1) 24(1)  0(1) 8(1)  -1(1) 

C14 17(1)  15(1) 20(1)  1(1) 5(1)  2(1) 

C15 14(1)  14(1) 17(1)  -1(1) 3(1)  1(1) 

C16 15(1)  44(1) 21(1)  4(1) 1(1)  2(1) 

C17 14(1)  29(1) 36(1)  -4(1) 4(1)  -4(1) 

C18 23(1)  26(1) 22(1)  9(1) 5(1)  1(1) 

C19 14(1)  23(1) 21(1)  5(1) 1(1)  -1(1) 

______________________________________________________________________________ 



 Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 

for (-)-2,3,5,6-TMP TQS (4). 

________________________________________________________________________________  

 x  y  z  U(eq) 

________________________________________________________________________________  

  

H5 6380(30) 7610(40) 2861(17) 24(6) 

H23A -260(30) 2470(40) 4060(20) 33(7) 

H23B -440(30) 3900(40) 4701(18) 26(7) 

H1A 6697 803 3378 25 

H2A 9004 678 2561 29 

H3AA 6107 4167 1166 21 

H3A 7895 1978 991 28 

H3B 9036 3342 1544 28 

H4A 8007 5182 2771 18 

H6A 4454 7775 3976 19 

H7A 2747 6261 4877 20 

H9A 3609 1687 3518 21 

H9BA 4958 2052 2000 20 

H13A 10519 9625 131 22 

H16A 9873 6603 3283 40 

H16B 11500 7130 2904 40 

H16C 10783 5206 2687 40 

H17A 12862 7821 1733 39 

H17B 12208 9573 2197 39 

H17C 12624 9602 1140 39 

H18A 7320 8211 -1035 36 

H18B 8563 9779 -1002 36 

H18C 6938 10072 -565 36 

H19A 5293 6797 1050 29 

H19B 5715 6523 4 29 

H19C 5394 8479 382 29 

________________________________________________________________________________ 



 Table 6.  Hydrogen bonds for (-)-2,3,5,6-TMP TQS (4) [Å and °]. 

____________________________________________________________________________  

D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 

____________________________________________________________________________  

 N5-H5...O21#1 0.90(3) 2.46(2) 3.143(2) 133(2) 

 N23-H23B...O22#2 0.83(3) 2.13(3) 2.938(2) 163(2) 

____________________________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  

#1 -x+1,y+1/2,-z+1    #2 -x,y+1/2,-z+1       

  

 

X-ray crystal data on (+)-2,3,5,6-TMP TQS (5):  

X-Ray experimental:  X-Ray Intensity data were collected at 100 K on a Bruker Dual micro 

source D8 Venture diffractometer and PHOTON III detector running APEX3 software 

package of programs and using MoK radiation ( = 0.71073 Å). 

The data frames were integrated, and multi-scan scaling was applied in APEX3.  Intrinsic phasing 

structure solution provided the All of the non-H atoms. 

 The structure was refined using full-matrix least-squares refinement.3  The non-H atoms 

were refined with anisotropic displacement parameters and all of the H atoms were calculated in 

idealized positions and refined riding on their parent atoms.  All three of the nitrogen protons were 

obtained from a Difference Fourier map and refined freely.  The Flack x parameter was refined to 

-0.02(2) thus confirming the enantiomer as the one in the final refinement model.  In the final cycle 

of refinement, 6340 reflections (of which 5965 are observed with I > 2(I)) were used to refine 

260 parameters and the resulting R1, wR2 and S (goodness of fit) were 3.59 %, 9.00 % and 1.085, 

respectively.  The refinement was carried out by minimizing the wR2 function using F2 rather than 

F values. R1 is calculated to provide a reference to the conventional R value but its function is not 

minimized.   

 

 

 
 



Table 1.  Crystal data and structure refinement for (+)-2,3,5,6-TMP TQS (5). 

Identification code  isomer2 

Empirical formula  C22 H26 N2 O2 S 

Formula weight  382.51 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21 

Unit cell dimensions a = 8.7176(4) Å = 90°. 

 b = 7.5195(3) Å = 93.207(2)°. 

 c = 14.5554(7) Å  = 90°. 

Volume 952.64(7) Å3 

Z 2 

Density (calculated) 1.333 Mg/m3 

Absorption coefficient 0.190 mm-1 

F(000) 408 

Crystal size 0.229 x 0.140 x 0.042 mm3 

Theta range for data collection 2.340 to 32.922°. 

Index ranges -13≤h≤13, -11≤k≤11, -21≤l≤21 

Reflections collected 26431 

Independent reflections 6340 [R(int) = 0.0420] 

Completeness to theta = 25.242° 99.7 %  

Absorption correction multi-scan 

Max. and min. transmission 0.9891 and 0.9571 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 6340 / 1 / 260 

Goodness-of-fit on F2 1.085 

Final R indices [I>2sigma(I)] R1 = 0.0359, wR2 = 0.0900 [5965] 

R indices (all data) R1 = 0.0390, wR2 = 0.0922 

Absolute structure parameter -0.02(2) 

Extinction coefficient n/a 

Largest diff. peak and hole 0.323 and -0.314 e.Å-3 
 

R1 = (||Fo| - |Fc||) / |Fo| wR2 = [w(Fo
2 - Fc

2)2] / w(Fo
2)2]]1/2 

S = [w(Fo
2 - Fc

2)2] / (n-p)]1/2 w= 1/[2(Fo
2)+(m*p)2+n*p], p =  [max(Fo

2,0)+ 2* Fc
2]/3, m & n are constants. 



 Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 

for isomer2.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 

________________________________________________________________________________  

 x y z U(eq) 

________________________________________________________________________________   

S20 8273(1) 7325(1) 5048(1) 17(1) 

O21 8182(2) 6550(2) 4147(1) 26(1) 

O22 7958(2) 9192(2) 5148(1) 27(1) 

N5 3970(2) 3453(2) 7352(1) 14(1) 

N23 10023(2) 7048(2) 5440(1) 19(1) 

C1 3138(2) 8524(2) 7164(1) 20(1) 

C2 1858(2) 8588(2) 7617(1) 23(1) 

C3A 3300(2) 6130(2) 8247(1) 16(1) 

C3 1925(2) 7347(3) 8431(1) 23(1) 

C4 2706(2) 4441(2) 7750(1) 14(1) 

C5 4934(2) 4370(2) 6793(1) 13(1) 

C6 5716(2) 3470(2) 6112(1) 15(1) 

C7 6734(2) 4361(2) 5578(1) 16(1) 

C8 6993(2) 6169(2) 5721(1) 16(1) 

C9 6215(2) 7076(2) 6389(1) 16(1) 

C9A 5169(2) 6202(2) 6924(1) 14(1) 

C9B 4292(2) 7238(2) 7608(1) 16(1) 

C10 1800(2) 3220(2) 8356(1) 13(1) 

C11 252(2) 2825(2) 8096(1) 16(1) 

C12 -592(2) 1698(2) 8651(1) 18(1) 

C13 79(2) 1078(2) 9478(1) 18(1) 

C14 1590(2) 1472(2) 9757(1) 16(1) 

C15 2481(2) 2485(2) 9177(1) 14(1) 

C16 -550(2) 3549(3) 7228(1) 26(1) 

C17 -2209(2) 1129(3) 8366(2) 25(1) 

C18 2250(2) 785(3) 10668(1) 23(1) 

C19 4168(2) 2691(2) 9459(1) 18(1) 

________________________________________________________________________________ 



 Table 3.   Bond lengths [Å] and angles [°] for  (+)-2,3,5,6-TMP TQS (5). 

_____________________________________________________  

S20-O21  1.4335(15) 

S20-O22  1.4390(15) 

S20-N23  1.6120(16) 

S20-C8  1.7557(16) 

N5-C5  1.386(2) 

N5-C4  1.474(2) 

N5-H5  0.86(3) 

N23-H23A  0.83(3) 

N23-H23B  0.82(3) 

C1-C2  1.329(3) 

C1-C9B  1.514(2) 

C1-H1A  0.9500 

C2-C3  1.506(3) 

C2-H2A  0.9500 

C3A-C4  1.537(2) 

C3A-C3  1.543(2) 

C3A-C9B  1.549(2) 

C3A-H3AA  1.0000 

C3-H3A  0.9900 

C3-H3B  0.9900 

C4-C10  1.524(2) 

C4-H4A  1.0000 

C5-C9A  1.404(2) 

C5-C6  1.407(2) 

C6-C7  1.385(2) 

C6-H6A  0.9500 

C7-C8  1.393(2) 

C7-H7A  0.9500 

C8-C9  1.393(2) 

C9-C9A  1.396(2) 

C9-H9A  0.9500 

C9A-C9B  1.507(2) 

C9B-H9BA  1.0000 

C10-C11  1.413(2) 



C10-C15  1.416(2) 

C11-C12  1.407(2) 

C11-C16  1.510(2) 

C12-C13  1.389(3) 

C12-C17  1.509(2) 

C13-C14  1.389(2) 

C13-H13A  0.9500 

C14-C15  1.403(2) 

C14-C18  1.507(3) 

C15-C19  1.512(2) 

C16-H16A  0.9800 

C16-H16B  0.9800 

C16-H16C  0.9800 

C17-H17A  0.9800 

C17-H17B  0.9800 

C17-H17C  0.9800 

C18-H18A  0.9800 

C18-H18B  0.9800 

C18-H18C  0.9800 

C19-H19A  0.9800 

C19-H19B  0.9800 

C19-H19C  0.9800 

 

O21-S20-O22 119.21(9) 

O21-S20-N23 105.94(9) 

O22-S20-N23 105.78(9) 

O21-S20-C8 107.75(8) 

O22-S20-C8 107.19(8) 

N23-S20-C8 110.90(8) 

C5-N5-C4 118.15(13) 

C5-N5-H5 116.5(15) 

C4-N5-H5 107.9(16) 

S20-N23-H23A 117.1(19) 

S20-N23-H23B 116.0(18) 

H23A-N23-H23B 119(3) 

C2-C1-C9B 111.56(16) 



C2-C1-H1A 124.2 

C9B-C1-H1A 124.2 

C1-C2-C3 111.78(16) 

C1-C2-H2A 124.1 

C3-C2-H2A 124.1 

C4-C3A-C3 109.11(14) 

C4-C3A-C9B 110.32(13) 

C3-C3A-C9B 104.47(14) 

C4-C3A-H3AA 110.9 

C3-C3A-H3AA 110.9 

C9B-C3A-H3AA 110.9 

C2-C3-C3A 103.18(13) 

C2-C3-H3A 111.1 

C3A-C3-H3A 111.1 

C2-C3-H3B 111.1 

C3A-C3-H3B 111.1 

H3A-C3-H3B 109.1 

N5-C4-C10 110.30(13) 

N5-C4-C3A 111.21(13) 

C10-C4-C3A 113.42(13) 

N5-C4-H4A 107.2 

C10-C4-H4A 107.2 

C3A-C4-H4A 107.2 

N5-C5-C9A 119.77(15) 

N5-C5-C6 120.57(14) 

C9A-C5-C6 119.63(15) 

C7-C6-C5 120.94(15) 

C7-C6-H6A 119.5 

C5-C6-H6A 119.5 

C6-C7-C8 119.43(15) 

C6-C7-H7A 120.3 

C8-C7-H7A 120.3 

C7-C8-C9 120.10(15) 

C7-C8-S20 120.15(13) 

C9-C8-S20 119.74(13) 

C8-C9-C9A 121.13(15) 



C8-C9-H9A 119.4 

C9A-C9-H9A 119.4 

C9-C9A-C5 118.75(15) 

C9-C9A-C9B 119.78(14) 

C5-C9A-C9B 121.45(15) 

C9A-C9B-C1 113.42(13) 

C9A-C9B-C3A 116.10(14) 

C1-C9B-C3A 102.71(13) 

C9A-C9B-H9BA 108.1 

C1-C9B-H9BA 108.1 

C3A-C9B-H9BA 108.1 

C11-C10-C15 119.60(15) 

C11-C10-C4 119.28(15) 

C15-C10-C4 121.12(14) 

C12-C11-C10 119.64(16) 

C12-C11-C16 117.69(16) 

C10-C11-C16 122.66(16) 

C13-C12-C11 119.43(16) 

C13-C12-C17 118.97(16) 

C11-C12-C17 121.59(17) 

C14-C13-C12 121.90(15) 

C14-C13-H13A 119.1 

C12-C13-H13A 119.1 

C13-C14-C15 119.21(16) 

C13-C14-C18 119.55(15) 

C15-C14-C18 121.24(16) 

C14-C15-C10 119.93(14) 

C14-C15-C19 117.01(14) 

C10-C15-C19 123.03(14) 

C11-C16-H16A 109.5 

C11-C16-H16B 109.5 

H16A-C16-H16B 109.5 

C11-C16-H16C 109.5 

H16A-C16-H16C 109.5 

H16B-C16-H16C 109.5 

C12-C17-H17A 109.5 



C12-C17-H17B 109.5 

H17A-C17-H17B 109.5 

C12-C17-H17C 109.5 

H17A-C17-H17C 109.5 

H17B-C17-H17C 109.5 

C14-C18-H18A 109.5 

C14-C18-H18B 109.5 

H18A-C18-H18B 109.5 

C14-C18-H18C 109.5 

H18A-C18-H18C 109.5 

H18B-C18-H18C 109.5 

C15-C19-H19A 109.5 

C15-C19-H19B 109.5 

H19A-C19-H19B 109.5 

C15-C19-H19C 109.5 

H19A-C19-H19C 109.5 

H19B-C19-H19C 109.5 

_____________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  

  



 Table 4.   Anisotropic displacement parameters  (Å2x 103) for isomer2.  The anisotropic 

displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

______________________________________________________________________________  

 U11 U22  U33 U23 U13 U12 

______________________________________________________________________________  

S20 15(1)  19(1) 17(1)  3(1) 2(1)  -4(1) 

O21 27(1)  36(1) 16(1)  3(1) 2(1)  -13(1) 

O22 22(1)  19(1) 41(1)  9(1) 9(1)  0(1) 

N5 15(1)  12(1) 17(1)  -1(1) 5(1)  -1(1) 

N23 14(1)  22(1) 22(1)  -3(1) 2(1)  -2(1) 

C1 28(1)  12(1) 20(1)  1(1) 4(1)  3(1) 

C2 27(1)  16(1) 26(1)  -2(1) 6(1)  7(1) 

C3A 20(1)  14(1) 14(1)  -1(1) 4(1)  0(1) 

C3 29(1)  17(1) 24(1)  -2(1) 12(1)  3(1) 

C4 13(1)  14(1) 15(1)  0(1) 4(1)  1(1) 

C5 12(1)  15(1) 14(1)  1(1) 1(1)  -1(1) 

C6 14(1)  14(1) 17(1)  -1(1) 3(1)  -1(1) 

C7 13(1)  18(1) 16(1)  1(1) 3(1)  0(1) 

C8 12(1)  19(1) 17(1)  3(1) 2(1)  -2(1) 

C9 16(1)  14(1) 18(1)  1(1) 1(1)  -2(1) 

C9A 14(1)  14(1) 15(1)  -1(1) 0(1)  -1(1) 

C9B 20(1)  12(1) 15(1)  -2(1) 3(1)  0(1) 

C10 12(1)  13(1) 15(1)  -1(1) 3(1)  0(1) 

C11 12(1)  19(1) 17(1)  -3(1) 3(1)  2(1) 

C12 12(1)  18(1) 23(1)  -5(1) 4(1)  0(1) 

C13 16(1)  15(1) 22(1)  0(1) 7(1)  -1(1) 

C14 16(1)  14(1) 18(1)  2(1) 3(1)  2(1) 

C15 13(1)  13(1) 16(1)  0(1) 3(1)  0(1) 

C16 15(1)  42(1) 20(1)  5(1) 0(1)  2(1) 

C17 14(1)  29(1) 34(1)  -5(1) 3(1)  -4(1) 

C18 22(1)  24(1) 23(1)  9(1) 4(1)  1(1) 

C19 13(1)  21(1) 20(1)  4(1) 0(1)  -1(1) 

______________________________________________________________________________ 



 Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 

for (+)-2,3,5,6-TMP TQS (5). 

________________________________________________________________________________  

 x  y  z  U(eq) 

________________________________________________________________________________  

  

H5 3600(30) 2460(40) 7142(16) 20(5) 

H23A 10270(30) 7510(40) 5940(20) 33(7) 

H23B 10440(30) 6110(40) 5295(17) 24(6) 

H1A 3308 9200 6628 24 

H2A 1004 9328 7449 27 

H3AA 3892 5825 8834 19 

H3A 964 6653 8456 27 

H3B 2105 8010 9015 27 

H4A 1991 4829 7228 16 

H6A 5544 2235 6018 18 

H7A 7251 3743 5117 19 

H9A 6400 8310 6481 19 

H9BA 5048 7938 8004 19 

H13A -513 365 9864 21 

H16A 82 3323 6705 39 

H16B -705 4832 7294 39 

H16C -1548 2961 7123 39 

H17A -2859 2183 8270 38 

H17B -2615 388 8850 38 

H17C -2204 445 7793 38 

H18A 2670 1781 11037 34 

H18B 3070 -70 10563 34 

H18C 1439 199 10997 34 

H19A 4706 3205 8949 27 

H19B 4607 1523 9617 27 

H19C 4283 3477 9996 27 

________________________________________________________________________________ 



 Table 6.  Hydrogen bonds for (+)-2,3,5,6-TMP TQS (5) [Å and °]. 

____________________________________________________________________________  

D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 

____________________________________________________________________________  

 N5-H5...O21#1 0.86(3) 2.47(2) 3.142(2) 136(2) 

 N23-H23B...O22#2 0.82(3) 2.13(3) 2.935(2) 164(2) 

____________________________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  

#1 -x+1,y-1/2,-z+1    #2 -x+2,y-1/2,-z+1       
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