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ABSTRACT

Muscarinic acetylcholine receptors (MAChRs) are exemplar
models for understanding G protein—coupled receptor (GPCR)
allostery, possessing a “common” allosteric site in an extra-
cellular vestibule (ECV) for synthetic modulators including
gallamine, strychnine, and brucine. In addition, there is in-
triguing evidence of endogenous peptides/proteins that may
target this region at the M, mAChR. A common feature of
synthetic and endogenous M, mAChR negative allosteric
modulators (NAMSs) is their cationic nature. Using a structure-
based approach, we previously designed a mutant Mo mAChR
(N410K+T423K) to specifically abrogate binding of ECV
cationic modulators (Dror et al., 2013). Herein, we used this
“allosteric site-impaired” receptor to investigate allosteric
interactions of synthetic modulators as well as basic peptides
(poly-L-arginine, endogenously produced protamine, and major
basic protein). Using [°H]N-methylscopolamine equilibrium and

kinetic binding and functional assays of guanosine 5'-O-
[y-thio]triphosphate [*°S] binding and extracellular signal-
regulated kinases 1 and 2 phosphorylation, we found modest
effects of the mutations on potencies of orthosteric antago-
nists and an increase in the affinity of the cognate agonist,
acetylcholine, likely reflecting the effect of the mutations on
the access/egress of these ligands into the orthosteric
pocket. More importantly, we noted a significant abrogation
in affinity for all synthetic or peptidic modulators at the mutant
mACHhR, validating their allosteric nature. Collectively, these find-
ings provide evidence for a hitherto-unappreciated role of endog-
enous cationic peptides interacting allosterically at the M, mAChR
and identify the allosteric site-impaired GPCR as a tool for validat-
ing NAM activity as well as a potential candidate for future
chemogenetic strategies to understand the physiology of
endogenous allosteric substances.

Introduction

G protein—coupled receptors (GPCRs) participate in all aspects
of physiology and are the largest class of drug targets (Santos
et al., 2017). However, in many instances, it can be extremely
difficult to specifically target one GPCR subtype over another.
One such example is the muscarinic acetylcholine receptor
(mAChR) family (Caulfield and Birdsall, 1998). Dysfunction of
mAChRs is involved in numerous disorders (Abrams et al., 2006;
Langmead et al., 2008), and consequently, several Food and Drug
Administration—approved mAChR-targeting drugs have been
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developed. Unfortunately, all of these medicines interact with
the orthosteric site, which is completely conserved between the
five mAChRs (Thal et al., 2016) and can thus underlie
unacceptable adverse effects (Wess et al., 2007). As a
consequence, discovery efforts have shifted toward target-
ing fewer conserved allosteric sites on the mAChRs to
overcome such selectivity challenges (Christopoulos, 2002).

Historically, the My mAChR has been one of the best-studied
GPCRs in terms of allosteric targeting and remains an exemplar
model for understanding mechanisms of allostery, particularly
with regards to small-molecule negative allosteric modulators
(NAMs) and, more recently, positive allosteric modulators
(Christopoulos et al., 1998; Gregory et al., 2010; Valant et al.,
2012; Dror et al., 2013; Kruse et al., 2013, 2014). One common
feature of numerous classes of My mAChR—preferring NAMs is
that they are cationic molecules (Gregory et al., 2007), and recent
structural biology breakthroughs have provided mechanistic
insights into why this is the case. Specifically, the mAChRs
possess an extracellular vestibule (ECV) that constitutes the

ABBREVIATIONS: ACh, acetylcholine; CHO, Chinese hamster ovary; DMEM, Dulbecco’s modified Eagle’s medium; ECV, extracellular vestibule;
ERK1/2, extracellular signal-regulated kinases 1 and 2; FBS, fetal bovine serum; GPCR, G protein—coupled receptor; Gpp(NH)p, Guanosine 5'-
[B,y-imidoltriphosphate; [PHINMS, N-[*HJmethylscopolamine; LDH, lactate dehydrogenase; mAChR, muscarinic acetylcholine receptor; MBP,
major basic protein; NAM, negative allosteric modulator; PLA, poly-L-arginine; [**S]GTP4S, guanosine 5'-O-[y-thio]triphosphate [*°S];

TM, transmembrane; WT, wild type.
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location of a topographically “common” allosteric site defined by a
combination of both conserved and nonconserved amino acids as
well as differences in charge distribution; the My mAChR shows
the highest degree of electronegativity, of all mAChRs, in this
region (Haga et al., 2012; Kruse et al., 2012; Thal et al., 2016).
Interestingly, GPCR allosteric sites have traditionally been
regarded as domains assisting receptor folding, trafficking,
and structural integrity, with the serendipitous advantage of
possessing residues that can also be targeted by exogenous
synthetic molecules (van der Westhuizen et al., 2015). Al-
though this is most likely to be the case in the majority of
instances, the widespread presence of GPCR allosteric sites
suggests that there may also be a role for some of these sites in
the actions of hitherto-unappreciated endogenous allosteric
ligands (van der Westhuizen et al., 2015; Changeux and
Christopoulos, 2016 [retracted]). That is, some allosteric sites
may act as “orphan” binding sites for endogenous ligands. It is
thus noteworthy that the polycationic human eosinophil major
basic protein (MBP), a peptide that constitutes ~50% of the
inflammatory peptides released following infiltration and
degranulation of eosinophils (Ackerman et al., 1983), can bind
to the M; mAChR in a potentially allosteric fashion (Jacoby
et al., 1993). In addition to MBP, other basic peptides, such as
protamine, dynorphin A (1-13), and myelin basic protein (Hu
et al., 1992; Hu and el-Fakahany, 1993), have been suggested
to negatively modulate the binding of the orthosteric antag-
onist radioligand N-[*H]methylscopolamine ([PHINMS) at the
My mAChR. However, the degree of inhibition exhibited by the
latter peptides is substantial and thus indicative of either high
negative cooperativity or a competitive mode of interaction.
Recently, using a combination of molecular dynamic simula-
tions and structure-function analyses, we identified two key
residues in the ECV of the My mAChR, Asn410%° and Thr4237-3¢
(superscripts refer to Ballesteros-Weinstein residue numbering),
as playing a vital role in the binding of synthetic cationic NAMs,
with mutation of both of these residues to lysine (N410K+T423K)
significantly decreasing the binding affinity of the prototypical
NAMs, gallamine and heptane-1,7-bis(dimethyl-3'phthalimodi-
propylammonium), via charge-charge repulsion (Dror et al.,
2013). Based on this finding, it is possible that this mutant
receptor may prove useful for studying and validating the mode of
action of other classes of cationic modulators, either exogenous or
endogenous, at the My mAChR. Thus, the aim of the current
study was to perform a rigorous pharmacological characteriza-
tion of the binding and functional properties of this “allosteric
site-impaired” mutant receptor using a range of orthosteric and
allosteric ligands, including small molecules and basic cationic
peptides. We found that the mutant, although having modest
effects on the actions of orthosteric ligands, has a greater impact
on the binding and function of allosteric modulators, highlighting
its potential as a useful construct not only for validating the
allosteric ligand mode of action but also as a potential candidate
for future utility in chemogenetic strategies for unmasking a role
of putative endogenous allosteric substances of the My mAChR.

Materials and Methods

Materials. Dulbecco’s modified Eagle’s medium (DMEM) and fetal
bovine serum (FBS) were from Invitrogen (Carlsbad, CA) and JRH
Biosciences (Lenexa, KS), respectively. Hygromycin was purchased
from Roche Applied Science (Manheim, Germany). The AlphaScreen
SureFire phosphorylated extracellular signal-regulated kinases 1 and
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2 (ERK1/2) assay kits were obtained from TGR Biosciences (Adelaide,
SA, Australia). The AlphaScreen streptavidin donor beads and anti-
IgG (protein A) acceptor beads used for phosphorylated ERK1/2
detection, AlphaScreen reagents, 384-well ProxiPlates, [PHINMS (spe-
cific activity, 70.0 Ci/mmol), and guanosine 5’-O-[y-thio]triphosphate
[35S] ([*3S]IGTPyS; specific activity, 1250 Ci/mmol) were purchased from
PerkinElmer Life Sciences (Waltham, MA). Myelin basic protein and
poly-L-arginine were purchased from Sigma-Aldrich (St. Louis, MO),
protamine was purchased from Sapphire Bioscience (Redfern, NSW,
Australia), and major basic protein was purchased from Cusabio
(College Park, MD). All other chemicals were from Sigma-Aldrich and
were of analytical grade.

Cell Culture. FlpIn—Chinese hamster ovary (FlpIn-CHO) cells,
stably transfected with the human wild-type (WT) or N410K+T423K
M, mAChRs, were generated as previously described (Dror et al.,
2013). The cells were grown and maintained in DMEM supplemented
with 5% (v/v) FBS and 100 wg/ml hygromycin-B. Cells were kept in a
humidified incubator at 37°C containing 5% COs, 95% O..

Whole-Cell [PSHINMS Equilibrium Binding Assay. FlpIn-CHO
cells stably expressing human muscarinic My receptors (WT or N410K+
T423K) were seeded into white opaque IsoPlates (Perkin Elmer Life
Sciences, Waltham, MA) at 2.5 x 10 cells per well and then grown at
37°C for 20—24 hours. Cells were washed once with phosphate-buffered
solution, 100 ul per well, followed by the addition of 80 ul per well of
binding buffer (20 uM HEPES, 10 uM MgCly, and 100 uM NaCl, pH 7.4)
supplemented with 0.1% bovine serum albumin. All ligands were diluted
in binding buffer at 10x their required final concentrations, and 10 ul per
well was added. Nonspecific binding was determined using 100 uM
atropine. For both the wild-type and the N410K+T423K M, receptors,
cells were equilibrated at 21°C for 4 hours with orthosteric ligand
[acetylcholine (ACh) and atropine] or allosteric ligand (gallamine,
strychnine, brucine, protamine, poly-L-arginine, or MBP) in the presence
of a Kp, concentration of "THINMS (~0.1 nM) in a total volume of 100 1 per
well. Assays were terminated by removal of the drug-containing buffer,
followed by 2x 50-ul washes per well with ice-cold 0.9% NaCl solution and
addition of 100 ul per well of Optiphase Supermix scintillation liquid
(Perkin Elmer Life Sciences). The levels of remaining bound radioligand
and, therefore, the degree of specific radioligand inhibition were mea-
sured in disintegrations per minute on the Microbeta2 LumiJET
2460 microplate counter (PerkinElmer).

Whole-Cell [*HINMS Dissociation Kinetic Binding Assay.
Cells expressing either the human WT or N410K+T423K M, receptors
were plated and washed as described earlier. Cells were then equili-
brated with [PHINMS (~0.1 nM) for 2 hours at 21°C. Atropine (100 xM)
alone or in the presence of a single (high) concentration of allosteric
ligands (see Results) was then added at various time points to prevent
the reassociation of [PH]NMS with the receptor. Termination of the assay
and determination of radioactivity were performed as described earlier.

Whole-Cell [PSHINMS Association Kinetic Binding Assay. To
determine the association rate constant (k,,) of the radioligand, four
different concentrations of [PHINMS (~0.1, 0.3, 0.6, and 1 nM) were
used. Cells expressing either the human WT or N410K+T423K M,
receptors were plated and washed as described earlier. Association
was initiated by the addition of [PHINMS at various time points.
Termination of the assay and determination of radioactivity were
performed as described earlier.

Membrane-Based [PHINMS Equilibrium Binding Assay. Cell
membranes were prepared and stored as described previously
(Valant et al., 2012). Membrane homogenates (20 ug) were in-
cubated in a 1-ml total volume of binding buffer containing [PHINMS
(0.5 nM) and a range of concentrations of ACh at 37°C for 60 minutes.
These experiments were performed in both the absence and pres-
ence of guanine nucleotides with 100 uM Gpp(NH)p (Guanosine
5'-[B,y-imido]triphosphate). Nonspecific binding was defined using
10 uM atropine. The assay was terminated by rapid filtration through
Whatman GF/B filters using a cell harvester (Brandel Inc., Gaithers-
burg, MD). Filters were washed three times with 3-ml aliquots of ice-cold
0.9% NaCl solution and dried before being transferred to polypropylene
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vials with 4 ml of scintillation mixture (Ultima Gold; PerkinElmer).
Vials were then left to stand until the filters became uniformly trans-
lucent before radioactivity was determined using scintillation counting
on a liquid scintillation analyzer (Tri-Carb 290 TR; PerkinElmer).

[®*S]IGTPyS Binding Assay. Membrane homogenates (20 ug)
were equilibrated in a 500-ul total volume of binding buffer containing
10 uM GDP, in the presence of either increasing concentrations of ACh
or an ECyy concentration of ACh and increasing concentrations of
allosteric ligands, at 30°C for 90 minutes. After this time, 50 ul of [*°S]
GTPyS (300 pM) was added, and incubation continued for another
30 minutes at 30°C. The assay was terminated as described earlier.

ERK1/2 Phosphorylation Assay. FlpIn-CHO cells, either non-
transfected or stably expressing human WT or N410K+T423K M,
receptors, were seeded into transparent 96-well plates at 2 x 10° cells
per well and grown for 6 hours. Cells were then washed once with
phosphate-buffered solution and incubated with 80 ul of serum-free
DMEM at 37°C overnight (16—18 hours) to allow FBS-stimulated
phosphorylated ERK1/2 levels to subside. All ligands were diluted in
FBS-free media at 10x their required final concentrations, and 10 ul
of drugs was added to induce stimulation. Initial ERK1/2 phosphor-
ylation time-course experiments were performed to determine the
time at which ERK1/2 phosphorylation was maximal after stimulation
by ligands. For ACh-stimulated concentration-response experiments,
cells were incubated at 37°C with ACh for the 5 minutes required to
achieve peak response. For interaction experiments, cells were in-
cubated at 37°C with 10 ul per well of antagonists or allosteric
modulators for 20 minutes prior to agonist stimulation with an
EC concentration of ACh for 5 minutes. In all experiments, 10% FBS
was used as a positive control. Agonist-stimulated ERK1/2 phosphory-
lation was terminated by the removal of drugs and the addition of
100 ul per well of SureFire lysis buffer. The cell lysates were agitated for
5 minutes. Following agitation, 10 ul of cell lysates was transferred into
a 384-well white opaque OptiPlate (Perkin Elmer Life Sciences),
followed by addition of 8.5 ul of a solution of reaction buffer/activation
buffer/acceptor beads/donor beads at a ratio of 6/1/0.03/0.03 (v/~v/v/iv)
under low-light conditions. The plates were then incubated at 37°C in
the dark for 1 hour, and fluorescence was measured on a Fusion-
AlphaScreen plate reader (PerkinElmer) using standard AlphaScreen
settings.

Lactate Dehydrogenase Cytotoxic Assay. FlpIn-CHO cells
stably expressing human WT M, receptors were seeded at 10,000—
15,000 cells/well in transparent 96-well plates and grown overnight at
37°C, 5% COs. The next day, the cells were incubated with 10 ul of
drug treatment, including spontaneous (10 wl of ultra-pure sterile
water) and maximum (10 ul of lysis buffer) lactate dehydrogenase
(LDH) controls, for 60 minutes at 37°C. Fifty microliters of medium
from each well, including medium controls of serum-free DMEM and
5% FBS DMEM, was then transferred to a fresh transparent 96 well
tissue culture plate. Fifty microliters of reaction mixture was then
added into each well. Upon gentle agitation, the plate was incubated
at room temperature for 30 minutes in low-light conditions. Fifty
microliters of stop solution was then added into the plate and mixed by
gently tapping to prevent bubbles from forming. Absorbance was
measured using FLEXstation 3B (490 and 680 nm; Molecular Devices,
San Jose, CA). LDH activity was determined by subtracting the
680-nm absorbance value from the 490-nm absorbance value (LDH at
490 nm — LDH at 680 nm). Percentage of cytotoxicity (%cytotoxicity)
was calculated using the following equation:

(treated LDH — spontaneous LDH)

o e
eytotoxicity (max LDH — spontaneous LDH)

%100 (1).

Data Analysis. Computerized nonlinear regression was per-
formed using Prism 7 (GraphPad Software, San Diego, CA). Total
and nonspecific [FHINMS binding data were globally fitted to a one-
site saturation binding model to derive estimates of the radioligand
equilibrium dissociation constant (Kp) and the maximal density of
binding sites (B,,4,) for the human WT and the N410K+T423K M,

mAChRs. Dissociation kinetic data were fitted to a one-phase
exponential decay function to derive the apparent rate constant of
dissociation (k) in the absence or presence of each compound. [°H]
NMS association data were globally fitted to the following equation to
determine a single best-fit estimate for %,,,:

Kob = [L]~k(m + koff (2)

where L is the concentration of [’HINMS in nanomolars, and K, is the
observed rate constant.

Radioligand inhibition binding data with atropine and ACh were
empirically fitted to either a one-site or two-site/state inhibition mass
action curve to determine inhibitor potency (IC5) estimates, which were
then converted to K; values (Cheng and Prusoff, 1973) as appropriate.
Radioligand equilibrium binding curves for interaction with allosteric
ligands were fitted to an allosteric ternary complex model (eq. 3) to
derive estimates of allosteric modulator affinity (Kp) and cooperativity
between the compound and radioligand («), where @ > 1 denotes positive
cooperativity, 0 < a < 1 denotes negative cooperativity, and a =
1 denotes neutral cooperativity (Christopoulos and Kenakin, 2002):

Binax [A]

Al K ()

3)

where K, and Ky represent the equilibrium dissociation constant of
the radioligand and competing ligand, respectively, and [A] and [B]
denote their concentrations. B,,,, is the relative receptor expression.

Concentration-response curves to the agonist, ACh, were fitted to
the following three-parameter dose-response curve equation:

E,, —basal

Y =basal + 1 + 100ogECs — A])

4)
where E,, is the maximal possible response of the system, basal is the
basal level of response in the absence of agonist, [A] is the concentra-
tion of the orthosteric agonist, and EC5 is the concentration of the
agonist required to generate 50% of response in the absence of
allosteric ligand. Functional interaction between orthosteric agonist
and orthosteric antagonist was fitted to a logistic equation of competitive
agonist-antagonist interaction (Draper-Joyce et al., 2018):

E = basal + En basT;] — ®)
LogEC,
N EHES)
[A]

where E,, is the maximal possible response of the system; basal is the
basal level of response in the absence of agonist; [A] and [B] are the
concentrations of the orthosteric agonist and allosteric modulator,
respectively; ECsq is the concentration of the agonist required to
generate 50% of response in the absence of allosteric ligand; s
represents the Schild slope for the antagonist; pA, represents the
negative logarithm of the molar concentration of antagonist that
makes it necessary to double the concentration of agonist needed to
elicit the original submaximal response obtained in the absence of
antagonist; and ny denotes the Hill slope factor, which was held
constant at 1. For this analysis, [A] was fixed as a constant at the
molar agonist concentration (EC7() present in the assay.

Functional studies for the interaction of orthosteric agonist and
allosteric modulator were fitted to an allosteric ternary complex model
(May et al., 2007):

E — Emm] = i (6)
4]+ [ECa) (12 )

where E,, is the maximum possible response for the system; [A] and
[B] are the concentrations of the orthosteric agonist and allosteric
modulator, respectively; ECso is the concentration of the agonist
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required to generate 50% of response in the absence of allosteric
ligand; « is the cooperativity factor (as described earlier); and K is the
equilibrium dissociation constant of the allosteric modulator. For this
analysis, [A] was fixed as a constant at the molar agonist concentra-
tion (EC;o) present in the assay. This equation assumes that ACh
remains a full agonist in the presence of all concentrations of allosteric
modulator.

All affinities, potencies, efficacies, and cooperativity parameters
were estimated as logarithms (Christopoulos, 1998). Results are
expressed as means * S.E.M. unless otherwise stated. Statistical
analyses were by Student’s ¢ test or one-way analysis of variance using
Dunnett’s multiple post-test, as appropriate. A value of P < 0.05 was
considered statistically significant.

Results

Characterization of the Binding and Kinetic Proper-
ties of Orthosteric Antagonist, [FHINMS, at the WT and
N410K+T423K M, mAChR. Initial equilibrium saturation
binding experiments using the hydrophilic orthosteric antag-
onist, [PHINMS, were performed to determine radioligand
affinity (pKp) and cell-surface expression (B,,,,,) of the human
WT or N410K+T423K mutant My mAChRs, each stably
expressed in FlpIn-CHO cells. In agreement with our initial
study (Dror et al., 2013), the estimated radioligand pKp values
obtained for the N410K+T423K M, mAChR were not signif-
icantly different (P > 0.05) from the WT values (Fig. 1A;
Table 1). In contrast, the B,,,. value of the N410K+T423K
mutant My mAChR (86,180 * 12,230 sites per cell; n = 6) was
significantly (P < 0.05) lower than for the WT receptor
(191,631 = 25,000 sites per cell; n = 6) by ~50% (Fig. 1B).

Subsequent experiments determined the kinetic rate con-
stants for radioligand binding at the M mAChR constructs,
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initially focusing on the radioligand dissociation rate constant,
kogr. In comparison with the WT receptor, the dissociation rate
of PH]NMS was significantly slower (P < 0.05) at the N410K+
T423K M, mAChR by approximately 6-fold (Fig. 1C; Table 1),
suggesting that the mutation of the two residues in the ECV,
which are located along the path used by [PHINMS to reach
and exit the orthosteric binding pocket, affected the process of
dissociation of the antagonist. Since the equilibrium dissoci-
ation constant (Kp) of a ligand is the ratio of its dissociation
to association rate constants (Kp = k.g/k,,), we anticipated
that the association rate of [PHINMS would thus also be
significantly different between the two receptor constructs.
To experimentally determine this value, we performed radio-
ligand association experiments in the presence of increasing
concentrations of [PHINMS, ranging from 0.1 to 1 nM (Fig. 1,
D and E), and globally fitted the entire family of curves to
eq. 2, with the value of &,z fixed to that determined in the
dissociation kinetic experiments. As shown in Table 1, the
results of this analysis confirmed that the estimated [°H]
NMS k,, for the WT receptor was significantly higher than
at the double-mutant receptor by approximately 3-fold,
thus accounting for the minimal effect (~2-fold) on affinity
of the radioligand at both constructs at equilibrium. Indeed,
the calculated affinity value of the radioligand using the
rate constants was only ~3-fold different from the value
estimated directly from equilibrium saturation binding
experiments (Table 1).

Characterization of Binding and Signaling Proper-
ties of Prototypical Orthosteric Ligands at the N410K+
T423K My, mAChR. To further characterize the pharmaco-
logical properties of the N410K+T423K My, mAChR, we next
investigated the binding and functional properties of two

* —_ )
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Fig. 1. Binding properties of [’HINMS at the wild-type and N410K+T423K M, mAChR. (A) Affinity estimates for [PHINMS (as negative logarithms of
the dissociation constant, Kp). (B) Receptor expression (B,,,; sites per cell) of N410K+T423K My mAChR compared with the wild-type receptor. (C)
[PHINMS dissociation from the N410K+T423K M, mAChR compared with the wild-type receptor. Association of increasing concentrations of [*H]
NMS (O, 0.1 nM, [1,0.3nM, A, 0.6 nM, V, 1 nM) at the wild type (D) or N410K+T423K (E) Mo mAChR. Data points represent the mean = S.E. obtained
from three to five experiments conducted in duplicate. *Statistically significant when compared with the corresponding value in the wild-type My

mAChR, Student’s ¢ test (P < 0.05).
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TABLE 1
Equilibrium and kinetic parameter estimates for [PHINMS at the WT and
N410K+T423K My mAChRs

Values represent the mean + S.E. from at least three experiments performed in
duplicate.

WT N410K+T423K n®
Equilibrium pKp® 10.18 + 0.10 10.27 = 0.21 5
kogr (min™ 1) 0.037 =+ 0.002 0.007 * 0.001* 3
t1/o (min)? 18.7 105 3
Fon M Imin™1* 291 * 0.26 x 108  0.90 = 0.17 x 10%* 3
Kinetic pKp/ 9.93 = 0.28 10.36 = 0.22 n.a.

n.a., not applicable, as kinetic pKp values were calculated from kinetic rate
constants &, and kg

“Number of experiments performed for each assay.

®Negative logarithm of [PHINMS equilibrium dissociation constant derived from
saturation binding assays.

“Dissociation rate constant of [FHINMS derived from dissociation binding assays.

9Half-life dissociation estimate of [PHINMS calculated from #, ¢ estimates.

¢Association rate constant of [*HINMS derived from association binding assays.

Negative logarithm of [’H]NMS equilibrium dissociation constant calculated from

ko kon-
*Significantly different from the corresponding value at the wild type (P < 0.05),
Student’s ¢ test.

classic mAChR ligands: ACh, the endogenous ligand for the
receptor, and atropine, a classic mAChR orthosteric antago-
nist. As expected, both ligands completely inhibited the
specific binding of [*HINMS at the WT or the N410K+
T423K My mAChR, with both sets of inhibition binding iso-
therms preferentially fitted (F-test) to a one-site competition
binding model (Fig. 2A; Table 2). Although the determined
affinity values for both agonist and antagonist at the WT M,
mAChR were similar to those determined previously by us and
others (Valant et al.,, 2012; Schrage et al., 2014), it was
interesting to note that the affinity (pK;) of each ligand was
significantly higher (P < 0.05) at the N410K+T423K M,

mAChR, particularly for the agonist, ACh (Table 2). To
determine whether this finding reflected differences in assay
conditions between studies (whole cells vs. membranes) and/or
properties intrinsic to the mutant receptor, we performed
additional membrane-based [PHINMS binding assays to as-
sess the affinity of ACh in the absence and presence of the
nonhydrolyzable guanine nucleotide GppNHp (100 uM; Sup-
plemental Fig. 1). In the absence of nucleotide, ACh displayed
a dispersion of high- and low-affinity states at both the wild-
type (pKy; = 6.66 = 0.21; fractiong; = 60%; n = 3; pKro =
5.06 = 0.30; n = 3) and the N410K+T423K M, mAChRs
(K = 7.26 * 0.16; fractiongy = 57%; n = 3; pKro = 5.69 +
0.25; n = 3). In contrast, in the presence of GppNHp, ACh
exhibited a single affinity for both wild-type (pK; = 5.61 =
0.04; n = 3) and N410K+T423K My mAChRs (pK; = 6.76 +
0.09; n = 3) that was, except for the mutant receptor, ~10-fold
lower compared with that estimated in intact cells (Table 2).
Collectively, these findings suggest that the mutant receptor
intrinsically displays a higher affinity for ACh relative to the
WT receptor. However, the higher overall affinity observed in
whole-cell binding relative to membrane-based assays at this
same construct also suggests that an additional mechanism,
such as enhanced internalization, is operative in whole-cell
assays to yield the higher apparent affinity.

To assess and compare orthosteric ligand functional activity
at the N410K+T423K M, mAChR, ACh concentration-
response curves were constructed to measure both receptor-
mediated [2*S]GTPyS binding and ERK1/2 phosphorylation.
These two pathways were chosen because [**S]GTPyS binding
evaluates receptor activation proximally at the level of G
protein activation, whereas ERK1/2 phosphorylation is a more
downstream response, convergent from multiple pathways
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Fig. 2. Binding and functional characterization of orthosteric ligands at the at the wild-type and N410K+T423K M, mAChR. (A) [PHINMS competition
binding using atropine or ACh. Functional effects of ACh in [*?S]GTP»S binding to activated G proteins (B) or ERK1/2 phosphorylation (pERK1/2) (C).
Functional effects of atropine on ACh-mediated [**S]GTPyS binding (D) or pERK1/2 (E). Data points represent the mean + S.E. obtained from three to

five experiments conducted in duplicate.
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TABLE 2
Pharmacological parameters of affinity (pK; or pKp) and potency (pECso)
of orthosteric ligands at the WT and N410K+T423K My mAChRs

Values represent the mean + S.E. from at least three experiments performed in
duplicate.

Parameters WT N410K+T423K n®
[*HINMS binding
PKib
ACh 6.06 = 0.05 7.71 = 0.07* 5
Atropine 8.71 = 0.04 8.96 = 0.07 5
[*3S]GTPyS
pECs¢°
ACh 6.28 = 0.06 6.70 = 0.07* 3
PKBd
Atropine 8.88 = 0.09 9.00 = 0.09 3
pERK1/2
PECs¢°
ACh 7.99 = 0.09 8.76 + 0.09* 3
pKBd
Atropine 9.10 = 0.17 9.38 = 0.17 3

pERK1/2, phosphorylated ERK1/2.

“Number of experiments performed.

®Negative logarithm of the orthosteric ligand equilibrium dissociation constant.

“Negative logarithm of agonist potency.

9Negative logarithm of the orthosteric antagonist equilibrium dissociation
constant derived from functional interactions with ACh.

*Significantly different from the corresponding value at the wild type (P < 0.05),
Student’s ¢ test.

with some of them potentially G protein independent. At both
the WT and N410K+T423K receptors, the endogenous ago-
nist, ACh, showed robust stimulation of [**S]GTPyS binding
and ERK1/2 phosphorylation (Fig. 2, B and C). For both
assays, the potencies of ACh at the N410K+T423K M,
mAChR were significantly higher (P < 0.05) than the values
obtained using the WT receptor (Table 2). We also evaluated
the inhibitory effect of atropine on a fixed (EC() concentration

1303

of ACh in the functional assays at both M; mAChR constructs.
In contrast to ACh, the estimated functional affinity of
atropine for inhibiting agonist signaling in [**S]GTPyS bind-
ing and ERK1/2 phosphorylation assay was similar between
the WT and the N410K+T423K My mAChRs (Fig. 2, D and E;
Table 2).

Effect of the My N410K+T423K Mutation on the
Binding Properties of Synthetic Allosteric Modulators.
To investigate the effects of mutation of the two key ECV
residues on synthetic NAMs of the My mAChR, we performed
[PHINMS equilibrium binding studies using gallamine, argu-
ably the best-characterized NAM of the Ms mAChR (Clark and
Mitchelson, 1976; Dror et al., 2013), as well as two other
synthetic My mAChR modulators, strychnine and brucine
(Lazareno and Birdsall, 1995; Birdsall et al., 1997; Fig. 3, A
and B). Gallamine displayed a near-complete, yet still satu-
rable, inhibition of radioligand binding, indicative of strong
negative cooperativity, whereas its effect on [FHINMS binding
at the N410K+T423K M, mAChR was virtually abolished
compared with the WT receptor. Strychnine and brucine
showed a weak enhancement of [PHINMS binding at the WT
receptor, only minimally altering the specific binding of the
radioligand at the double-mutant receptor. Application of an
allosteric ternary complex model (eq. 3) to the WT My, mAChR
data provided estimates of the affinity (pKp) of gallamine,
strychnine, and brucine for the unoccupied M, mAChR as well
as estimates of the cooperativity («) between the modulators
and the radioligand (Table 3). All affinity estimates for the WT
receptor were in good agreement with the literature (Lazareno
et al., 1998; Dror et al., 2013). Of note, the small effects of
synthetic modulators on radioligand binding at the N410K+
T423K My; mAChR were also quantified, albeit with large

S 1501 150
c
§
g o 1001 @ Gallamine (LR R 1 | P 4 Gallamine
Z 0 @ Strychnine {4 Strychnine
I o .
e, 8 501 @ Brucine 50+ 4 Brucine
o
(7]
J
s 0 0
9 8 -7 6 5 -4 -3 -2 9 8 -7 6 -5 -4 3 -2
Log[Ligand] (M) Log[Ligand] (M)
S 1507 150
"cEs @ Control (100uM Atropine) 4 Control (100uM Atropine)
g I:En 100- @ +100uM Gallamine  4go4-- 4 + 100uM Gallamine
Z 0o @ + 300uM Strychnine 4 + 300uM Strychnine
= S
& S 50 €@ + 300uM Brucine 50- 48 + 300uM Brucine
o
(2]
é 0 0
I 1 T 1 I 1 T T T 1 T 1
0 50 100 150 0 50 100 150 200 250 300 350
Time (min) Time (min)

Fig. 3. Binding properties of synthetic small-molecule allosteric modulators at the wild-type and N410K+T423K M, mAChR. [PHINMS equilibrium
binding in the presence of increasing concentrations of gallamine, strychnine, or brucine at the wild-type (A) or the N410K+T423K (B) M, mAChR. [°H]
NMS dissociation in the presence of 100 uM gallamine, 300 uM strychnine, or 300 uM brucine at the wild-type (C) or N410K+T423K (D) M; mAChR. Data
points represent the mean = S.E. obtained from three experiments conducted in duplicate.
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degrees of error due to the minimal effect exerted. Although
the data could be interpreted as either a lack of binding of
these synthetic modulators to the “common” allosteric site or a
close to neutral cooperativity with the radioligand, the
findings nonetheless indicate that the N410K+T423K muta-
tion significantly reduces the allosteric activity of all three
synthetic NAMs.

To investigate the effects of the My mAChR mutations on
the ability of synthetic modulators to affect [PH]NMS dissoci-
ation, we then determined the radioligand %, in the absence
or presence of a high concentration of each modulator and
compared these effects to the WT My, mAChR. As shown in Fig.
3C, the synthetic allosteric compounds caused a significant
retardation in [*H]NMS dissociation compared with the
control dissociation rate, consistent with their ability to bind
the ECV region and thus prevent egress of the radioligand out
of the orthosteric site. In contrast, when these experiments
were repeated at the N410K+T423K My mAChR, the ability of
the modulators to retard radioligand dissociation was signif-
icantly reduced, an effect that was most pronounced for
gallamine (Fig. 3D; Table 3).

Effect of the M; N410K+T423K Mutation on the
Functional Properties of Synthetic Allosteric Modula-
tors. Using a similar protocol as described earlier (Fig. 2D)
for the [®*S]GTPyS binding assay, we determined the phar-
macological properties of the three prototypical modulators
against ACh responses at both the WT and the N410K+
T423K M, mAChRs. In contrast to their effects on [FHINMS
binding, all three allosteric ligands exhibited NAM activity
against ACh-mediated signaling at the WT receptor (Fig. 4,
A, C, and E). Strikingly, gallamine, strychnine, and brucine
displayed significantly reduced effects on ACh-mediated
responses at the N410K+T423K M, mAChR (Fig. 4, B, D,
and F). Application of an allosteric ternary complex model
(eq. 6) to the data allowed us to derive estimates of both the
functional affinity of each modulator and its cooperativity
with ACh (Table 4). Collectively, these findings indicate that
the two rationally designed mutations (N410K+T423K)
at the top of transmembrane 6 (TM6) and TM7 in the M,
mAChR play a major role in prototypical NAM activity,
both at the level of binding and function, thus validat-
ing the N410K+T423K M, mAChR as an allosteric site-
impaired receptor, at least with respect to modulators
that interact with the “common” allosteric site located in
the ECV.

TABLE 3

Use of the Allosteric Site-Impaired M; mAChR to
Validate an Allosteric Mode of Action of Positively
Charged Basic Proteins. A number of highly basic,
arginine-rich proteins, including MBP, have been suggested
to interact allosterically with [PHINMS at the M, mAChR
(Hu et al., 1992; Hu and el-Fakahany, 1993; Fryer and
Jacoby, 1998). MBP is toxic for parasites and pathogens,
such that its cytotoxicity is key to its mechanism of defense in
asthma attacks (Jacoby et al., 1993). In an attempt to assess
its toxicity, we measured the spontaneous release of LDH in
the presence of MBP on intact CHO cells (Supplemental Fig.
1). MBP did not affect cell integrity at 1 uM but did indeed
induce spontaneous LDH release at 3 uM. Avoiding concen-
trations that induced MBP-driven cytotoxicity, we then
assessed the pharmacological properties of three peptides
[MBP, protamine, and poly-L-arginine (PLA)] on My mAChR
CHO cells. As shown in Fig. 5A, increasing concentrations of
the PLA and protamine resulted in a near-complete in-
hibition of radioligand binding to the Ms mAChR, whereas
MBP did not appear to alter the specific binding of the
radioligand at concentrations up to 1 uM. Application of an
allosteric ternary complex model (eq. 3) to these data allowed
us to derive affinity estimates for PLA and protamine for the
unoccupied receptor (pKg) and their cooperativity with the
radioligand (loganms) (Table 5). Of note, the near-complete
inhibition of radioligand binding by protamine and PLA
could suggest either a competitive interaction or a negative
allosteric effect characterized by very high negative cooper-
ativity. Irrespective, under this latter condition, the affinity
estimate derived from an allosteric model with high negative
cooperativity (Table 5) would be indistinguishable from that
estimated using a simple competitive model (Keov et al.,
2014), thus the pKg estimates for the ligands remain valid.
In an effort to more-directly confirm an allosteric mode of
binding for peptide modulators, we also performed dissoci-
ation kinetic experiments using [PHINMS and the highest
concentrations of two of our selected basic peptides that
could be used experimentally based on physicochemical
properties and compound availability, which were 10 uM
for PLA and 30 uM for protamine (Fig. 5C). For protamine
and PLA, these concentrations were ~10x higher than their
Kp concentrations and caused a small but significant effect
on radioligand dissociation (Fig. 5C; Table 5). Because the
interaction of each substance with [PH]NMS is characterized
by negative cooperativity, it is not surprising that sub-
stantial effects on radioligand dissociation were not observed

Allosteric parameter estimates for gallamine, strychnine, and brucine at the WT and N410K+T423K M, mAChRs
Values represent the mean + S.E. from at least three experiments performed in duplicate.

WT N410K+T423K
pKg® Loganms® nt Fof (min~H? n® pKp Loganms n o (min™h) n
Gallamine 5.98 + 0.05 —-1.15* 0.05 6 0.0056 = 0.0003* 4 3.91 + 0.20* —-0.57 = 0.11 3 0.010 = 0.002 3
Strychnine 5.48 = 0.30 0.38 = 0.06 3 0.0009 = 0.0002" 3 n.a n.a 4 0.004 £0.001 3
Brucine 5.58 = 0.34 0.14 + 0.03 3 0.0014 *= 0.0003" 3 4.34 + 0.34* —-0.36 =+ 0.18 4 0.002 = 0.001 3

n.a., not applicable, as no alteration of the specific binding of the radioligand was observed, and therefore, no estimate could be provided.
“Negative logarithm of the allosteric modulator equilibrium dissociation constant.
®Logarithm of the cooperativity factor for the interaction between the modulators and the orthosteric radioligand.

‘Number of experiments performed.

“Dissociation rate constant of the [PHINMS in the presence of the indicated ligand (control values in the absence of ligand: WT ko =0.043 *

0.003 min~!, N410K+T423K mutant &,y = 0.007 * 0.001 min™ ).

*Significantly different from the corresponding value at the wild type (P < 0.05), Student’s ¢ test.
~Significantly different from %,z with 100 uM atropine only (P < 0.05), one-way analysis of variance with Dunnett’s post-test.
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Fig. 4. Functional effects of synthetic small-molecule allosteric modulators at the wild-type and N410K+T423K M, mAChR. Effect of gallamine on
EC7o concentration of ACh at the wild-type (A) or N410K+T423K (B) My mAChR. Effect of strychnine on EC( concentration of ACh at the wild-type
(C) or N410K+T423K (D) My mAChR. Effect of brucine on ECrq concentration of ACh at the wild-type (E) or N410K+T423K (F) M, mAChR. Data
points represent the mean * S.E. obtained from three experiments conducted in duplicate.

since the receptor is pre-equilibrated with [FHINMS and thus
would require much higher concentrations of the peptides
than can be attained experimentally to ensure substan-
tial allosteric site occupancy to overcome the negative
cooperativity (Lane et al., 2017). MBP was not tested, as
the experimental protocol required a too-large amount of
protein.

Such results from equilibrium binding and dissociation
kinetic experiments highlight an inherent difficulty in differ-
entiating allosteric modulators that exhibit high negative
cooperativity from orthosteric (competitive) antagonists. In
this context, our novel allosteric site-impaired M; mAChR can
prove a useful alternative. Thus, we determined the pharma-
cological properties of PLA, MBP, and protamine at this
construct. In [PHINMS equilibrium binding assays using the
N410K+T423K M, mAChR, the effect of each peptide on [*H]
NMS was substantially blunted compared with the WT (Fig.
5B; Table 5). Specifically, and in accordance with the
structure-based design of the mutant receptor, the affinity of
each cationic peptide for the allosteric site was significantly
reduced compared with the WT (P < 0.05), with MBP
remaining neutral (Table 5). In addition, a dramatic loss of
cooperativity with the radioligand was observed for PLA.
Moreover, in [PHINMS dissociation kinetic assays at the
N410K+T423K My mAChR, neither PLA nor protamine had

any effect on [PHINMS dissociation (Fig. 5D; Table 5) due to a
lack of sufficient allosteric site occupancy at the maximal
concentrations attainable in this assay.

Excitingly, when we investigated the allosteric properties of
the basic, arginine-rich peptides in assays of M, mAChR
function, we found the allosteric effects of all peptides

TABLE 4

Affinity (pKp) and functional cooperativity with ACh (logaBach) estimates
of the prototypical NAMs in [**S]GTPyS binding accumulation assay at
the wild-type and N410K+T423K Ms; mAChRs

Values represent the mean = S.E. from at least three experiments performed in
duplicate.

WT N410K+T423K
pKg® LogaBack® n° pKg® LogaBack” n
Gallamine 6.08 * 0.16 -3g* 3 412 = 0.21*% -3t 4
Strychnine 5.13 * 0.05 -3# 3 3.55 * 0.36* -3* 4
Brucine 5.42 * 0.14 -3 3 4.21 * 0.22% -3* 4

“Negative logarithm of the allosteric modulator equilibrium dissociation constant.

*Logarithm of the functional cooperativity for the interaction between the
modulator and ACh; in all instances, the interaction was indistinguishable from
competition (F-test), indicative of very high negative cooperativity (a3 — 0), and thus
cooperativity values were constrained to an arbitrarily low value, #.

‘Number of experiments performed.

*Significantly different from the corresponding value at the wild type (P < 0.05),
Student’s ¢ test.

#Arbitrarily low value.
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Fig. 5. Validation of allosteric interaction between [PHINMS and cationic peptide modulators at the wild-type and N410K+T423K M, mAChR. [PHINMS
interaction with PLA, protamine, and MBP at the wild-type (A) or the N410K+T423K (B) My mAChR. [PHINMS dissociation in the presence of a single
high concentration of PLA, protamine, or MBP at the wild-type (C) or N410K+T423K (D) My mAChR. Data points represent the mean + S.E. obtained

from three experiments conducted in duplicate.

substantially altered ACh-mediated responses in the [*°S]
GTPyS assay, including MBP (Fig. 6). At the WT My mAChR,
all three peptides inhibited the response produce by a fixed
concentration of ACh in a concentration-dependent manner
(Fig. 6, A, C, and E). These findings validate our previous
observation in radioligand binding for PLA and protamine but
also suggest that MBP can bind the Ms mAChR with an NAM
effect on the endogenous ligand, albeit with an neutral
allosteric ligand effect on the antagonist radioligand. At the
allosteric site-impaired My mAChR, these effects were signif-
icantly reduced (Fig. 6, B, D, and F), consistent with the
hypothesis that mutation of N410 and T423 to lysine blunts
the pharmacological effects of cationic NAMs (Table 6). Taken
together, our data at the N410K+T423K Ms; mAChR suggest
that these two point mutations abrogate the activity of
cationic NAMs at the M, mAChR and validate structure-
based approaches for understanding GPCR allosteric binding

TABLE 5

sites with regard to both synthetic and putative endogenous
modulators.

Discussion

Recently, we used a structure-based approach to design a
mutant M, mAChR (N410K+T423K) that, in preliminary
studies, substantially reduced the binding of two synthetic
cationic NAMs of the My mAChR, gallamine and heptane-1,7-
bis(dimethyl-3'phthalimodipropylammonium) (Dror et al.,
2013). Given the location of the mutations in the key ECV
that contains a well characterized common allosteric site in
the mAChR family and the abundance of structurally diverse
cationic modulators for these receptors, the current study
investigated and characterized the pharmacological proper-
ties of this putative allosteric site-impaired receptor. Based on
our results, we propose that this mutant M, mAChR can be
used as a novel construct to validate the allosteric mode of

Allosteric parameters of affinity (pKjp), binding cooperativity (loganms) of basic peptides, and [PHINMS dissociation rate (ogp)

at the wild type

Values represent the mean + S.E. from at least three experiments performed in duplicate.

WT N410K+T423K
pKg® Loganms® n¢ ko (min~ yd n pKgp® Loganms® n Rofr (min~ 1) n
PLA 6.32 + 0.08 —151*+0.22 4 0.021 =0.002* 3 5.76 = 0.20* —0.19 = 0.03* 3 0.006 = 0.001 3
MBP n.a. n.a. 4 n.t. n.t. n.a. n.a. 4 n.t. n.t.

Protamine 6.08 + 0.09

—1.08 = 0.10 3 0.014 = 0.002"

3 546 £ 0.12* —0.79 = 0.15* 5 0.006 = 0.001 3

n.a., not applicable, as no alteration of the specific binding of the radioligand was observed, and therefore, no estimate could be provided; n.t.,

not tested.

“Negative logarithm of the allosteric modulator equilibrium dissociation constant.
*Logarithm of the cooperativity factor for the interaction between the peptides and [HINMS.

‘Number of experiments performed.

“?Dissociation rate constant of the [PHINMS in the presence of the indicated ligand (control values in the absence of ligand: WT ko= 0.043 *

0.003 min"~, N410K+T423K £, = 0.007 = 0.001 min ).

*Significantly different from the corresponding value at the wild type (P < 0.05), Student’s ¢ test.
~Significantly different from control %4 (P < 0.05), one-way analysis of variance with Dunnett’s post-test.
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Fig. 6. Functional effects of cationic peptide modulators at the wild-type and N410K+T423K My mAChR. Effect of poly-L-arginine on ECo concentration
of ACh at the wild-type (A) or N410K+T423K (B) M; mAChR. Effect of protamine on EC concentration of ACh at the wild-type (C) or N410K+T423K (D)
M; mAChR. Effect of MBP on EC7q concentration of ACh at the wild-type (E) or N410K+T423K (F) My mAChR. Data points represent the mean + S.E.

obtained from three experiments conducted in duplicate.

action of subtype-selective cationic NAMs displaying high
degrees of negative cooperativity with orthosteric ligands.
Moreover, we used this mutant receptor to provide further
evidence in support of a potential allosteric mode of action of
positively charged peptides, including the endogenously pro-
duced protamine and MBP.

TABLE 6

A hallmark of allosteric drugs that modulate orthosteric
ligand affinity is their ability to change orthosteric ligand
association and/or dissociation rates to achieve such affinity
modulation (Lane et al.,, 2017). Traditionally, dissociation
kinetic studies are the preferred means for validating such
allosteric effects, since the observed association of a labeled

Affinity (pKp) and functional cooperativity with ACh (logaBach) estimates of the basic peptides, PLA,

protamine, and MBP

Values represent the mean + S.E. from at least three experiments performed in duplicate.

WwT N410K+T423K
j2:6 Logafacy” n® pKp LogaBach n
PLA 7.00 = 0.05 -3* 3 6.41 + 0.25% -0.70 = 0.56* 3
MBP 6.54 + 0.29 -3 4 n.a. n.a. 4
Protamine 6.01 = 0.25 -0.86 = 0.19 4 n.a. n.a. 4

n.a., not applicable, as no alteration of the ECj5y of ACh was observed, and therefore, no estimate could be provided.
“Negative logarithm of the allosteric modulator equilibrium dissociation constant.
®Logarithm of the cooperativity factor for the interaction between the peptides and ACh.

‘Number of experiments performed.

*Significantly different from the corresponding value at the wild type (P < 0.05), Student’s ¢ test.
#Interaction was indistinguishable from competition (F-test), indicative of very high negative cooperativity (a8 — 0),
and thus the cooperativity factor was constrained to an arbitrarily low value.
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orthosteric ligand can still be reduced in the presence of a
second orthosteric (competitive) ligand due to simple mass
action as the system approaches equilibrium. In contrast, the
only way that dissociation of a prelabeled receptor-ligand
complex can be modified is through a conformational change
via the binding of a second ligand at a spatially distinct site
(Lane et al., 2017). Unfortunately, due to the reciprocal nature
of allosteric interactions, NAMs exhibiting high negative
cooperativity with orthosteric ligands will themselves have a
markedly reduced affinity for the radioligand-occupied re-
ceptor, necessitating extremely high concentrations (~100 x
K3p) to ensure sufficient allosteric site occupancy to observe a
significant effect on radioligand k.4 Similar considerations
apply to the study of NAMs in equilibrium binding assays,
where high negative cooperativity may be indistinguishable
from a competitive interaction. In all such instances, high
concentrations of interacting ligands are invariably required
to differentiate allosteric from orthosteric mechanisms, which
is not feasible for compounds that possess low affinity for the
receptor and/or unfavorable physicochemical properties. This
question is particularly relevant for previously identified
basic, arginine-rich, endogenous peptides that have been
suggested to potentially target the Mo mAChR in an allosteric
fashion (Hu et al., 1992; Hu and el-Fakahany, 1993; Fryer and
Jacoby, 1998), such that an unambiguous validation of an
allosteric mode of binding using traditional approaches is
difficult. In that situation, the use of a rationally designed
allosteric site-impaired receptor may overcome the limitations
associated with classic approaches.

Another interesting observation at the allosteric site-
impaired receptor was that it exhibited a small, albeit
significant, increased affinity for the endogenous orthosteric
agonist, ACh. Ligand affinity is dependent on the ratio of
dissociation (k.4 and association (k,,) rate constants, and it is
likely that the increased affinity of ACh at the allosteric site-
impaired receptor reflects a change in either (or both) of these
parameters compared with the WT. This is consistent with the
suggestion that the two mutated residues are involved in
orthosteric ligand access to and egress from its pocket, which
sits below the ECV within the TM bundle. In fact, by
comparing the change of [PHINMS association and dissocia-
tion rates in the WT and N410K+T423K M, mAChRs, we
observed a significant reduction in both the &,, and &,z rates,
albeit to similar extents such that equilibrium affinity was
largely unaffected. In contrast, it is possible that the increased
affinity observed for ACh indicates a change to a different
extent between the k,, and/or the k. of the endogenous
ligand, and that agonists are perhaps more susceptible to
changes in these ECV residues than antagonists such as NMS
or atropine. It is known that mutations within a GPCR, even
outside the orthosteric binding site, can dramatically change
the kinetic parameters of orthosteric ligands (Matsui et al.,
1995; Dror et al., 2013). In fact, it has been demonstrated
previously that orthosteric ligands of some class A GPCRs
adopt a transient metastable pose in the extracellular regions
of the receptor prior to transit to the orthosteric site (Redka
et al., 2008; Dror et al., 2011, 2013; Nguyen et al., 2016). Thus,
it is not surprising that mutations within an allosteric ECV
may indirectly alter orthosteric ligand affinity through
changes in kinetic properties. Indeed, some mAChR orthos-
teric antagonists that have yielded positive clinical results in
the treatment of chronic obstructive pulmonary disease

specifically exploit differences in kinetic rates between mAChR
family members as part of their proposed mechanism of action
(Sykes et al., 2012; Tautermann et al., 2013). For example, while
exhibiting fast dissociation from the My mAChR, glycopyrrolate
remains bound approximately 10 times longer at the M3 mAChR
orthosteric site due to a slower k.4, exhibiting what has been
termed “kinetic selectivity” (Tautermann et al., 2013). This
difference in kinetic rates between the two mAChR subtypes
is likely a consequence of the presence of nonconserved amino
acid residues in the ECV. Moreover, comparison of the ECV
of the My, with the Ms mAChR shows clear differences in
electrostatic surface potentials (Thal et al., 2016), which can
also contribute to differences in kinetic rate constants of both
orthosteric and allosteric ligands that interact with these
receptors.

Arguably, however, the most important findings through
the use of the ECV mutant My, mAChR relate to the effects
noted on both small-molecule and peptide/protein allosteric
modulators, whereby the introduction of positively charged
residues in the ECV of the Mo mAChR significantly altered the
affinity of all allosteric modulators, suggesting that this
charge effect is a common mechanism. In addition, the
mutation also affected the cooperativity between some of the
modulators and orthosteric ligands, suggesting additional
dynamic mechanisms that may be ligand-specific. Given the
rational design of the mutant to promote electrostatic charge-
charge repulsion between cationic substances and the two key
allosteric site residues, it is not surprising that the most
marked effect was noted with gallamine, which is a small
synthetic molecule that possesses three positive charges,
when interacting with the M, mAChR; electrostatic repulsion
between gallamine and the positively charged [PHINMS at the
wild-type My mAChR has even been proposed as the major
mechanism underlying the observed negative cooperativity
between the two ligands (Dror et al., 2013). In addition, the
significant effects noted on the binding of the additional
synthetic modulators, strychnine and brucine, which have
both been previously proposed to interact via the common
ECV allosteric site (Jakubik et al., 2005), also highlight the
key role of the mutated residues in the binding of prototypical
modulators regardless of their scaffold. In contrast, the
reduction in affinities and/or cooperativities for the cationic
peptides was relatively more modest but nonetheless signif-
icant. On the one hand, the abrogation in the effects of
protamine and MBP, which are both produced endogenously,
provides further support for a relatively unappreciated role of
these substances as putative endogenous allosteric ligands
and thus warrants further study. On the other hand, the
stronger effects on the synthetic small molecules relative to
the larger peptides/proteins suggest that electronegativity in
the ECV, although important, is unlikely to be the sole
required feature for basic peptidic modulators to bind alloste-
rically at the My mAChR. PLA, MBP, and protamine are very
large entities and, therefore, can anchor themselves via
multiple points of interaction, rendering them perhaps less
sensitive to the change in electronegativity from only two
residues.

Nonetheless, this study validated a novel molecular con-
struct for assessing and validating allosteric binding modes
for both synthetic and putative endogenous modulators that
exhibit high negative cooperativity through interaction with
the ECV of the My, mAChR. In addition to affecting modulator
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binding, this allosteric site-impaired My mAChR also has
additional effects on the cooperativity of some of the synthetic
and basic arginine-rich peptides, suggesting some commonal-
ities in their mode of interaction with the receptor. Structure-
based design of such mutant receptors thus represents a valuable
new strategy for assisting drug discovery and chemical biology
studies of GPCR allostery. Although speculative, the allosteric
site-impaired My mAChR may also prove a new candidate for
future chemogenetic strategies, such as through the genera-
tion of transgenic models that can be used to understand the
potential physiologic relevance of endogenous cationic modu-
lators of this GPCR.
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