7%
university of 59/,
groningen L

i

University Medical Center Groningen

University of Groningen

Second M-3 muscarinic receptor binding site contributes to bronchoprotection by tiotropium

Kistemaker, Loes E. M.; Elzinga, Carolina R. S.; Tautermann, Christofer S.; Pieper, Michael
P.; Seeliger, Daniel; Alikhil, Suraya; Schmidt, Martina; Meurs, Herman; Gosens, Reinoud

Published in:
British Journal of Pharmacology

DOI:
10.1111/bph.14707

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2019

Link to publication in University of Groningen/lUMCG research database

Citation for published version (APA):

Kistemaker, L. E. M., Elzinga, C. R. S., Tautermann, C. S., Pieper, M. P., Seeliger, D., Alikhil, S., Schmidt,
M., Meurs, H., & Gosens, R. (2019). Second M-3 muscarinic receptor binding site contributes to
bronchoprotection by tiotropium. British Journal of Pharmacology, 176(16), 2864-2876.
https://doi.org/10.1111/bph.14707

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/lUMCG research database (Pure): http.//www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 05-06-2022


https://doi.org/10.1111/bph.14707
https://research.rug.nl/en/publications/293c3a27-33e7-4afb-bbf4-d0071794af6b
https://doi.org/10.1111/bph.14707

Received: 16 April 2018

Revised: 16 April 2019

Accepted: 29 April 2019

DOI: 10.1111/bph.14707

RESEARCH PAPER

BRITISH
BJP. PHARMACOLOGICAL
SOCIETY

Second M3 muscarinic receptor binding site contributes to
bronchoprotection by tiotropium

Loes E.M. Kistemaker?

| Carolina R.S. Elzinga'? | Christofer S. Tautermann® |

Michael P. Pieper® | Daniel Seeliger* | Suraya Alikhil*? | Martina Schmidt®? |

Herman Meurs®? |

1 Department of Molecular Pharmacology,
University of Groningen, Groningen, The
Netherlands

2Groningen Research Institute for Asthma and
COPD, University Medical Center Groningen,
University of Groningen, Groningen, The
Netherlands

3 Immunology and Respiratory Disease
Research, Boehringer Ingelheim Pharma GmbH
& Co. KG, Biberach an der Riss, Germany

4Department of Medicinal Chemistry,
Boehringer Ingelheim Pharma GmbH & Co.
KG, Biberach an der Riss, Germany

Correspondence

Loes E. M. Kistemaker, Department of
Molecular Pharmacology, University of
Groningen, A. Deusinglaan 1, 9713 AV
Groningen, The Netherlands.

Email: l.e.m.kistemaker@rug.nl

Funding information
Boehringer Ingelheim

1 | INTRODUCTION

The neurotransmitter ACh, which induces contraction of airway

smooth muscle in the large and small conducting airways, exerts this

Abbreviations: COPD, chronic obstructive pulmonary disease; E.x, maximal effect; pECsg,
the negative logarithm of the half maximal effective concentration; MD, molecular dynamics

Reinoud Gosens'?

Background and Purpose: The bronchodilator tiotropium binds not only to its main
binding site on the M3 muscarinic receptor but also to an allosteric site. Here, we
have investigated the functional relevance of this allosteric binding and the potential
contribution of this behaviour to interactions with long-acting B-adrenoceptor ago-
nists, as combination therapy with anticholinergic agents and B-adrenoceptor ago-
nists improves lung function in chronic obstructive pulmonary disease.
Experimental Approach: ACh, tiotropium, and atropine binding to M3 receptors
were modelled using molecular dynamics simulations. Contractions of bovine and
human tracheal smooth muscle strips were studied.

Key Results: Molecular dynamics simulation revealed extracellular vestibule bind-
ing of tiotropium, and not atropine, to M5 receptors as a secondary low affinity bind-
ing site, preventing ACh entry into the orthosteric binding pocket. This resulted in a
low (allosteric binding) and high (orthosteric binding) functional affinity of tiotropium
in protecting against methacholine-induced contractions of airway smooth muscle,
which was not observed for atropine and glycopyrrolate. Moreover, antagonism by
tiotropium was insurmountable in nature. This behaviour facilitated functional inter-
actions of tiotropium with the B-agonist olodaterol, which synergistically enhanced
bronchoprotective effects of tiotropium. This was not seen for glycopyrrolate and
olodaterol or indacaterol but was mimicked by the interaction of tiotropium and

forskolin, indicating no direct B-adrenoceptor-Ms; receptor crosstalk in this effect.

Conclusions and Implications: We propose that tiotropium has two binding sites at
the M3 receptor that prevent ACh action, which, together with slow dissociation
kinetics, may contribute to insurmountable antagonism and enhanced functional

interactions with B-adrenoceptor agonists.

contractile function through action at a subtype of the muscarinic
receptor, the M3 receptor (Belmonte, 2005; Fisher, Vincent, Gomeza,
Yamada, & Wess, 2004; Kistemaker & Gosens, 2015; Roffel, Elzinga,
Van Amsterdam, De Zeeuw, & Zaagsma, 1988). The M5 receptor has
two binding sites for its ligands: a functional orthosteric site within

the binding pocket and a more easily accessible extracellular allosteric

2864 © 2019 The British Pharmacological Society
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binding site (Kruse et al., 2012). These binding sites are highly con-
served over various species with 100% sequence identity for the
human, bovine, and rat M3 receptor. Molecular dynamics (MD) simula-
tions demonstrated that the bronchodilator drug tiotropium binds to
both sites on the M5 receptor (Kruse et al., 2012). Thus, before binding
to the orthosteric site and after dissociation from the orthosteric site,
tiotropium binds to the allosteric site in the extracellular vestibule
(Kruse et al., 2012). It is unclear whether this behaviour has any func-
tional relevance.

Tiotropium is a long-acting anticholinergic agent used to improve
lung function in patients with obstructive lung diseases including
chronic obstructive pulmonary disease (COPD), where it is a first line
treatment, and asthma (Kerstjens et al., 2012; Kerstjens et al., 2015;
Kistemaker & Gosens, 2015; Tashkin et al., 2008). Tiotropium is
kinetically selective for the Mj receptor, and dissociation from this
receptor subtype is slower compared to that from M, receptors and
in particular M, receptors, with a dissociation half-life at the M3
receptor of over 24 hr (Casarosa et al., 2009; Tautermann et al.,
2013). In addition, several other anticholinergic agents are available,
including glycopyrrolate, which is shorter acting compared to
tiotropium, with a dissociation half-life of around 6 hr from the My
receptor (Casarosa et al., 2009). According to COPD guidelines, treat-
ment with anticholinergic agents can be combined with a long-acting
B-adrenoceptor agonist to further improve lung function. Indeed,
combination therapy with anticholinergic agents and B-adrenoceptor
agonists has been shown to improve lung function in COPD, to a
greater extent, compared with treatment with either of those drug
classes alone (Buhl et al., 2015; Patel, 2016). Although there is con-
sensus on the positive interactions between anticholinergic agents
and B-adrenoceptor agonists on airway smooth muscle contraction,
the underlying mechanism has been a matter of debate for decades
(Calzetta, Matera, & Cazzola, 2015; Meurs et al., 2013; Panettieri,
2015; Pera & Penn, 2014).

Here, using MD simulation and pharmacological studies, the func-
tional relevance of tiotropium binding to the allosteric site of the M5
receptor was investigated. We demonstrate that tiotropium binding
to the allosteric site prevents ACh entry into the orthosteric binding
pocket. Together with the slow dissociation kinetics of tiotropium, this
contributes to an insurmountable antagonism and is the basis for the

functional interactions with B-adrenoceptor agonists.

2 | METHODS

2.1 | MD simulations

MD simulations of binding to the M5 receptor were set-up and per-
formed as described previously. The initial ACh locations were chosen
randomly outside the membrane and the receptor, and the starting
poses of tiotropium and atropine have been adapted from the four
predominant tiotropium binding modes to the allosteric site as pub-
lished by Kruse et al. (2012). Antagonist binding to other (yet uniden-
tified) cryptic pockets was not investigated in this study. In the set-up
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What is already known
e Muscarinic M3 receptors are the primary receptors

mediating airway smooth muscle contraction.

e The anticholinergic agent tiotropium binds to a second

binding site on the muscarinic M3 receptor.

What this study adds
e Tiotropium binding to this secondary binding is stable

and contributes to its functional effects.

e This secondary site contributes to insurmountable
antagonism and enhanced functional interactions with

B,-adrenoceptor agonists, by tiotropium.

What is the clinical significance
e This is of importance for our understanding of how long-
acting anticholinergic agents function as bronchodilators.

e Furthermore, it contributes to our understanding of
how anticholinergics and B,-adrenoceptor agonists
functionally interact.

without antagonist, the simulation box contained 15 ACh molecules.
Mixed ligand simulations contained 14 ACh molecules in solution
and one tiotropium or atropine molecule bound to the extracellular
vestibule. Simulation times were always 200 ns per simulation in the
case of mixed antagonist/ACh systems, and for each of the four bind-
ing poses of tiotropium or atropine, five independent MD runs were
performed, accumulating to 4 us of simulation time. Simulation times
for the 15 independent ACh alone MD simulations were at least
200 ns also summing up to ~4 ps. As a measure of orthosteric binding,
the distance of the closest ACh entity (N atom) to Asp148 on helix 3
(Cy atom) was measured. Asp at this position (3.32 in Weinstein-
Ballesteros numbering) is a highly conserved residue in the amine
receptor family, being crucially involved in endogenous ligand binding.
Therefore, the distance to Asp148 is a good surrogate for the proxim-
ity to the orthosteric binding site. Distances of ~15 A correspond to
ligand locations in the loop regions, that is, the allosteric binding site.

2.2 | Contraction studies

Bovine tracheae were obtained from the local slaughterhouse, and
human tracheae or main stem bronchi from anonymized lung transplan-
tation donors were obtained from the Department of Cardiothoracic
Surgery, University Medical Center Groningen, The Netherlands. Both
bovine and human material are residual tissues. The study protocol
was consistent with the Research Code of the University Medical Cen-
ter Groningen (http://www.rug.nl/umcg/onderzoek/researchcode/
index) and national ethical and professional guidelines (“Code of
Conduct; Dutch Federation of Biomedical Scientific Societies”;htttp://

www.federa.org).
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Tissue was transported to the laboratory in Krebs-Henseleit
buffer (117.5 NaCl, 5.60 KCl, 1.18 MgSQy,, 2.50 CaCl,, 1.28 NaH,PO,,
25.00 NaHCO3, and 5.50 glucose, pre-gassed with 5% CO, and 95%
O,; pH 7.4), and smooth muscle strips of macroscopically identical
length (1 cm) and width (2 mm) were prepared, as described previously
(Gosens et al., 2004). Strips were washed and transferred to suspen-
sion culture flasks containing DMEM, supplemented with sodium
pyruvate (1 mM), non-essential amino acid mixture (1:100), gentamicin
(45 pgml™), penicillin (100 U-ml™Y), streptomycin (100 pg:ml™Y),
and amphotericin B (1.5 ug-ml’l; all from Life Technologies) and
maintained at 37°C on an Innova 4000 incubator shaker (55 rpm).
Strips were incubated with the muscarinic antagonists tiotropium
(1-30 nM), glycopyrrolate (1-30 nM), and atropine (10-300 nM); the
B-adrenoceptor agonists olodaterol (10 nM) and indacaterol
(100 nM); the PKC inhibitor GF109203X (3 uM); the M, muscarinic
antagonist gallamine (10 uM; Gosens et al, 2003, Roffel et al,
1988); and the adenylate cyclase activator forskolin (3 uM), for 1
and/or 24 and/or 72 hr. Compounds were provided by Boehringer
Ingelheim or from Sigma-Aldrich. Isometric tension measurements
were performed as described previously in 20-ml water-jacketed
organ baths containing Krebs-Henseleit buffer at 37°C and continu-
ously gassed with 5% CO, and 95% O, at pH 7.4 (Gosens et al.,
2004). Strips were mounted for isometric recording in organ baths,
and the resting tension was gradually increased to 3x g. Thereafter,
strips were pre-contracted with 20- and 40-mM KClI solutions. Strips
were washed three times, and the tension was readjusted to 3x g. After
an equilibration period of 1 hr, cumulative dose-response curves with
the muscarinic agonist methacholine (1 nM-10 mM, Sigma-Aldrich)
were conducted. The next dose of methacholine was added when max-
imal contraction was reached, and when maximal tension was reached,
strips were washed and maximally relaxed by addition of isoprenaline
(0.1 mM, Sigma-Aldrich). In selected experiments, analysis of competi-
tive inhibition of the antagonist was performed by classical Schild plot
analysis using ECsq values calculated by GraphPad Prism 5.0 software
(RRID:SCR_002798; Arunlakshana & Schild, 1959). Strips were
randomly assigned to different pretreatments. The experimenter was
not blinded as the combination treatments were needed to be assigned

to the pretreated strip preparations.

2.3 | Data and statistical analysis

The data and statistical analysis in this study comply with the
recommendations on experimental design and analysis in pharmacol-
ogy (Curtis et al., 2018). Data for contraction studies are presented
as mean + SEM. Data analysis was done in a blinded manner. Data
subjected to statistical analysis were derived from a minimum of
n = 5 separate experiments, from separate animals. The human studies
have an n = 3 as human material suitable for contraction studies is
very difficult to obtain. These data are therefore not subjected to sta-
tistical analysis, in line with the recommendations on experimental
design and analysis in pharmacology (Curtis et al., 2018). Statistical dif-
ferences between means on bovine data were calculated with Prism

5.0 software using one-way or two-way ANOVA, followed by a
Bonferroni post hoc analysis where appropriate. Post hoc tests were
run only if F achieved P < .05, and there was no significant variance
inhomogeneity. An unpaired two-sided t test was used to calculate
synergetic interactions between tiotropium and olodaterol or
forskolin. Differences were considered significant at P < .05. Curve
fitting was done using Prism software. When comparing a monophasic
fit to a biphasic fit, Akaike's information criteria was used to evaluate
the best fit

2.4 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org, the
common portal for data from the IUPHAR/BPS Guide to PHARMA-
COLOGY (Harding et al., 2018), and are permanently archived in the
Concise Guide to PHARMACOLOGY 2017/18: GPCRs (Alexander
et al., 2017).

3 | RESULTS

3.1 | MD simulation of ACh binding to the M3
receptor

To investigate the relevance of tiotropium binding to the allosteric site
or extracellular vestibule of the human M5 receptor, we initiated MD
simulation studies, based on previously published findings (Kruse
et al,, 2012). In the first series of simulations, spontaneous binding of
ACh to the M3 receptor was investigated. Altogether, 15 independent
runs for at least 200 ns were performed, and the distance of the closest
ACh to Asp148 on helix 3 was quantified as a measure of ACh binding
to the two binding sites (Figure 1a and Kruse et al., 2012). In most
cases, ACh bound transiently to the extracellular vestibule (Figure 1
b), followed by very rapid entry into the orthosteric binding pocket in
14 out of 15 simulations (Figure 1c and Movies S1 and S2). This is
quantified in Figure 1d, demonstrating ACh binding to the extracellular
vestibule at around 15 A away from Asp148 and ACh binding to the
orthosteric binding pocket at around 5 A away from Asp148.

In the second series of simulations, we investigated ACh
approaching the M5 receptor in the presence of tiotropium bound to
the extracellular vestibule. Four different predominant binding geom-
etries of tiotropium in the allosteric site have been identified by Kruse
et al. (2012). For each of these geometries, five independent runs of
200 ns each were performed. Interestingly, in the presence of
tiotropium at this extracellular binding site, ACh failed to enter the
orthosteric binding pocket in 18 out of 20 simulations (Figure 1f,g
and Movies S1 and S2). In the two remaining simulations, ACh entry
did occur, and this was associated with expulsion of tiotropium away
from the extracellular vestibule binding site (Figure 1g). Thus, these
data reveal that tiotropium binding to the extracellular vestibule bind-
ing site is relatively stable and is competitive with ACh in nature, sug-

gesting that this site represents a second competitive, low affinity
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FIGURE 1 Tiotropium allosteric binding prevents ACh orthosteric binding. MD simulations of ACh binding to the M3 muscarinic receptor. (a)
Snapshot of ACh approaching the M5 receptor, green spheres represents ACh, and the dashed line corresponds to the distance to Asp148
(grey spheres) which was used as a measure to quantify binding to the orthosteric site. (b) Transient ACh (green spheres) binding to the allosteric
site. (c) ACh binding (green spheres) to the orthosteric site. (d) Quantification of ACh binding to the M3 receptor. Binding around 15 A represents
vestibule binding, and binding around 5 A represents orthosteric binding. Data show 15 individual runs. Note that ACh binding to the orthosteric
site is quickly achieved, with a small pause in some runs at the vestibule area. (e) Snapshot of tiotropium (blue spheres) binding to the allosteric site
of the Mg receptor. (f) MD snapshot: tiotropium (blue spheres) bound to the allosteric site prevents ACh (green spheres) entry. (g) Quantification of
ACh binding to the M3 receptor in the presence of tiotropium, with tiotropium bound to the allosteric site as starting position. Data show 20
individual simulation runs. Note that when positioned at the vestibule area, tiotropium blocks entry of ACh in 18 out of 20 runs. In two runs, ACh
was able to enter the orthosteric site, which was associated with dissociation of tiotropium from the vestibule area. (h) Quantification of ACh
binding to the M3 receptor in the presence of atropine, with atropine bound to the allosteric site as starting position. Data show 20 individual
simulation runs. Note that binding of atropine at the vestibule area was much less stable compared to tiotropium binding. (b), (c), (e), and (f) are
snapshots from simulations, see Movies S1 and S2

binding site in addition to the well-established high affinity orthosteric pharmacological studies. To test this concept, we studied
binding site. methacholine concentration-response relationships in smooth muscle

To investigate whether this behaviour differentiates tiotropium strips as a model system. After 1 hr of pre-incubation with tiotropium,
from other M5 receptor antagonists, the same MD simulations were responses to methacholine were potently and concentration-
performed using atropine as an antagonist. Interestingly, atropine dependently inhibited, as expected (Figure 2a). Intriguingly, the
binding at the vestibule was much less stable compared to tiotropium dose-response relationship to methacholine in the presence of 10-
binding, with atropine moving out from the vestibule into solution in nM tiotropium showed biphasic behaviour with a methacholine
6/20 cases (Figure 1h). ACh binding to the orthosteric site occurred pECso of 6.37 at the lower end of the dose-response relationship
in 7/20 cases, compared to only 2/20 cases for tiotropium. Further- and a pECsq of 3.80 at the higher end of the dose-response relation-
more, in 4/20 cases, atropine moved into the orthosteric site, which ship (Figure 2a). Curve fitting software (Prism 5.0) confirmed this con-
has not been observed for tiotropium simulations, further supporting tention and demonstrated that assuming two binding sites produced
the fact that tiotropium binding at the vestibule is much more stable the best fit for this dose-response curve (using comparison of
than atropine binding (Figure 1). monophasic and biphasic fit with Akaike's information criteria). In

addition, maximal contraction in response to methacholine was
inhibited by 33% in the presence of 10-nM tiotropium (Figure 2a).
3.2 | Functional studies on smooth muscle Subsequently, Schild analysis was used to assess the competitive
contraction in the presence of tiotropium behaviour of the antagonist (Arunlakshana & Schild, 1959). In case of
competitive antagonism, a linear relationship between the size of the
Given the observation that tiotropium has two binding modes at the rightward shift (log[DR-1]) and the concentration of antagonist
M3 receptor, which are both competitive with ACh, we postulated that (-log[B]) should develop with a slope of 1.0 if agonist and antagonist

this would be reflected by biphasic behaviour of tiotropium in use the same binding site. For the Schild analysis, we used non-linear
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FIGURE 2 Pharmacological profile of
tiotropium demonstrating biphasic behaviour.
Smooth muscle strips were pre-incubated
with increasing concentrations of tiotropium
and methacholine dose-response curves and
Schild plots were constructed. Data represent
means + SEM. (a) Methacholine dose-
response curve after 1 hr of pre-incubation
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€ .. (f)

with tiotropium (1-30 nM) in bovine smooth
muscle strips, n = 5. (b) Corresponding Schild
plot after 1 hr of pre-incubation. Open
symbols represent log (DR-1) values for both
phases of the curve in the presence of 10-nM
tiotropium. (c) Methacholine dose-response
curve after 24 hr of pre-incubation with

= tiotropium (1-30 nM) in bovine smooth
muscle strips, n = 5. (d) Corresponding Schild
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regression in Prism allowing the E ., to float in view of the different
Enax Values. For the 10-nM tiotropium concentration, we plotted the
log (DR-1) value based on the ECsq assuming a monophasic fit in black
symbols and the log (DR-1) values based on the ECsg, and ECso,
assuming a biphasic fit in white symbols. The x-intercept reflects the
functional affinity and is the pA, value of the antagonist in case of
competitive antagonism. The slope of the Schild plot of tiotropium
after incubation for 1 hr was different from unity, with a slope of
3.0 £ 0.5 and an x-intercept of 8.9 (Figure 2b), as demonstrated previ-
ously (Disse et al., 1993). Intriguingly, it appeared as if the Schild anal-
ysis showed two binding sites for tiotropium with low affinity, Schild-
like antagonism in a concentration range of 1-10 nM and high affinity,
Schild-like antagonism in a concentration range of 10-30 nM.
Tiotropium is a long-acting anticholinergic agent with slow onset
and offset of binding to the M3 receptor, requiring prolonged time
binding to establish equilibrium, which may also explain this non-
Schild-like behaviour. Therefore, in subsequent experiments, the incu-
bation period was extended to 24 and 72 hr. The functional affinity of

tiotropium was higher after 24-hr incubation compared to 1-hr

—log[Tiotropium]

T 1

n = 5. (f) Corresponding Schild plot after 72 hr
of pre-incubation

incubation, possibly explained by incomplete equilibrium binding at
1 hr (Figure 2c). This was not further changed using 72 hr of incuba-
tion (Figure 2e). Maximal contraction was inhibited to a similar extent
as observed after 1-hr incubation, with E, ., values being reduced up
to 23% and 18% at 24 hr (Figure 2c) and 72 hr (Figure 2e), respec-
tively. Intriguingly, the biphasic behaviour was maintained after longer
pre-incubation, albeit at lower concentrations of tiotropium. This was
expected, as increasing incubation time should shift the functional
concentration profile of tiotropium to lower concentrations because
of extending the opportunity to achieve binding equilibrium prior to
the experiment. Together, these data support the hypothesis that
tiotropium has a low affinity binding site and a high affinity binding
site, resulting in biphasic functional behaviour.

This biphasic behaviour was examined in more detail by measuring
the kinetics of methacholine-induced contraction. In all cases where
this biphasic behaviour was observed, the initial low affinity binding
state of tiotropium was more rapidly competed out by methacholine,
whereas the high affinity binding state of tiotropium required

prolonged incubation time with methacholine to develop stable
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plateaus of contraction. Time to stable contraction after 24-hr incuba-
tion with 3-nM tiotropium was 2.80 + 0.65 min for the first phase and
12.3 + 0.62 min for the second phase in bovine strips (Figure 3a).
Representative tracings support this contention and show rapid con-
tractile responses to methacholine in control strips and in the lower
end of the dose-response relationship of tiotropium pretreated strips.
At higher concentrations (>107*° M methacholine), the development
of contractile responses is much slower (Figure 3b). Similar findings
were observed after 1 hr of pre-incubation of 10-nM tiotropium (data
not shown). Thus, this aligns well with the concept of a low affinity
binding site of tiotropium at the M3 receptor, easier to compete out
by a muscarinic agonist, and a high affinity binding site, from which
it is more difficult to displace tiotropium. The MD and organ bath
experiments indicate this is true for both ACh and methacholine.

3.3 | Functional studies using shorter acting
anticholinergics

To determine whether this behaviour is related to slow dissociation
kinetics of the long-acting anticholinergic agent tiotropium, we inves-
tigated the behaviour of the clinically used, medium long-acting anti-
cholinergic agent glycopyrrolate, and of the classical short-acting
antagonist atropine. Glycopyrrolate, after 1 hr of pre-incubation,
concentration-dependently inhibited methacholine-induced contrac-
tion with rightward shifts in the dose-response relationship, without
effects on the maximal response (Figure 4a). The characteristics of
glycopyrrolate were not Schild-like at this time point, as the calculated
slope was 2.6 + 0.1 and the calculated x-intercept was 8.4 (Figure 4b).

As this behaviour may reflect incomplete equilibrium binding of

(a)
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glycopyrrolate, the duration of the pre-incubation was extended to
24 hr. As observed previously for tiotropium, functional affinity of
glycopyrrolate was increased after 24-hr incubation (Figure 4c). How-
ever, methacholine reached maximal contraction in all treatment con-
ditions, irrespective of the concentration of glycopyrrolate applied
(Figure 4c). Moreover, in contrast to tiotropium, glycopyrrolate exhib-
ited Schild-like characteristics after 24-hr incubation, with a slope of
1.4 £ 0.1 and an x-intercept of 9.2 (Figure 4d). Thus, the nature of
its competitive antagonism was dependent on the duration of the
pre-incubation, but there is no evidence for biphasic behaviour.

As expected, incubation with atropine for 1 hr prior to the admin-
istration of methacholine responded with typical Schild-like character-
istics. Atropine induced rightward shifts in the dose-response
relationship to methacholine in a concentration-dependent fashion,
and maximal response to methacholine was unaffected by atropine
(Figure 4e). Schild analysis showed a slope of 1.4 + 0.1 and an x-
intercept of 8.4, similar to that reported previously (Roffel et al., 1988).

Taken together, these results on shorter acting anticholinergic
agents suggest that this biphasic behaviour with insurmountable
antagonism is related to slow dissociation kinetics and therefore
unique to long-acting anticholinergic agents such as tiotropium. The
MD data support this and indicate that tiotropium but not atropine

shows stable binding at the vestibule area in the presence of ACh.

3.4 | Interactions with long-acting B-adrenoceptor
agonists

Long-acting anticholinergic agents are often provided to COPD

patients in combination with a long-acting B-adrenoceptor agonist,
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FIGURE 3 Kinetics of methacholine-induced contraction in relation to the low affinity and high affinity binding site of tiotropium. Time to stable
plateau of contraction with methacholine was quantified for the individual methacholine concentrations. Data represent mean + SEM. (a) Time to
stable contraction in bovine smooth muscle strips in the absence of tiotropium and in the presence of 3-and 10-nM tiotropium after incubation for
24 hr, n = 5. The groups differ significantly as assessed by two-way ANOVA (P < .05 for tiotropium concentration, for methacholine concentration
and for the interaction). (b) Representative tracings of a control and 3-nM tiotropium (24 hr) pretreated smooth muscle strip. Arrows indicate
additions of methacholine (in -log[M]) to the organ bath. The tracings show rapid contractile responses to methacholine in control strips and in the
lower end of the dose-response relationship of the tiotropium pretreated strip. At higher concentrations (>10~%> M methacholine), the

development of contractile responses is much slower
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which are believed to work synergistically to induce optimal
bronchoprotection (Calzetta et al., 2015). We wondered whether the
differential functional behaviour of long-acting anticholinergic agents
would also affect the interaction with long-acting B-adrenoceptor
agonists. Therefore, in our next experiments, we investigated the
interactions between the clinically relevant combinations of tiotropium
and olodaterol and the combination of glycopyrrolate and indacaterol.
Olodaterol and indacaterol have a relatively fast onset of action
showing relevant/full bronchoprotection after only 1 hr of pre-
incubation. After 1-hr incubation, olodaterol significantly enhanced
the bronchoprotective effect of tiotropium (Figure 5a). Thus, maximal
airway contraction to methacholine in the presence of tiotropium was
lowered from 1.31 (18% inhibition) to 1.02 (36% inhibition) in the pres-
ence of olodaterol, whereas the rightward shift in the dose-response
relationship was enhanced from a pECsg of 6.51 + 0.09 to 6.22 + 0.10
(Figure 5a and Table 1). For the interaction between indacaterol and
glycopyrrolate, similar improvements in pECso were observed (pECsq

—log[Atropine]

7 Corresponding Schild plot after 1 hr of pre-
incubation

of 6.17 = 0.07 for the combination), but no effects on maximal
contraction could be seen (Figure 5b and Table 1). This suggests that
because tiotropium behaves as an insurmountable antagonist, lowering
methacholine efficacy, it has increased the functional effects of
olodaterol on maximal contraction, which is not observed for the com-
bination of glycopyrrolate and indacaterol.

As we have shown that these effects of tiotropium are more pro-
nounced after 24 hr of incubation, we hypothesized that 24-hr incuba-
tion would result in increased functional interactions with olodaterol
as well. Indeed, after 24 hr of pre-incubation, these effects were mark-
edly enhanced (Figure 5c). Thus, tiotropium by itself lowered E, ., by
31% (from 1.44 to 1.00) and induced a rightward shift from
7.08 + 0.20 to 4.74 + 0.15 in the absence of olodaterol. The effect
on En.x was enhanced to 35% inhibition (0.93) in the presence of
olodaterol. In addition, the combination synergistically induced a right-
ward shift with a pECsq of 3.30 + 0.08, which represents a ApECsq of
3.78 + 0.34 for the combination compared to 2.82 + 0.38 for the



KISTEMAKER ET AL.

—~
QO

Rt
»
S

Active tension
(fold of 40-mM KCL)
o

o
o

BRITISH 2871
PHARMACOLOGICAL
SOCIETY

(b) 2 -o- Control

204

T - control
-+ Tiotropium 3 nM -+ Glycopyrrolate 3 nM
-* Olodaterol 10 nM -* Indacaterol 100 nM
s -+~ Tiotropium + olodaterol s -+~ Glycopyrrolate + indacaterol
] 3
cX
5% 3
3
S E
200
29
Fe
S
<z 5,
g
0.54
o - . - )
9 9 8 7 6 5 4
~log[Methacholine] —log[Methacholine]
(d) =
-o- Control -o- Control

—
(¢
-~

-4~ Tiotropium 3 nM
- Olodaterol 10 nM

FIGURE 5 Olodaterol potentiates the
bronchoprotective effects of tiotropium. (a)
Methacholine dose-response curve after 1 hr
of pre-incubation with tiotropium (3 nM) and/
or olodaterol (10 nM) in bovine smooth

Active tension
o

(fold of 40-mM KCL)

0.54

-4~ Tiotropium + olodaterol
5

-+ Glycopyrrolate 3 nM
-* Olodaterol 10 nM
-+~ Glycopyrrolate + olodaterol

!

-
Active tension
(fold of 40-mM KCL)

muscle strips, n = 5. (b) Methacholine dose- T
response curve after 1 hr of pre-incubation 9
with glycopyrrolate (3 nM) and/or indacaterol
(100 nM) in bovine smooth muscle strips,

n = 5. (c) Methacholine dose-response curve
after 24 hr of pre-incubation with tiotropium
(3 nM) and/or olodaterol (10 nM) in bovine
smooth muscle strips, n = 5. (d) Methacholine
dose-response curve after 24 hr of pre-
incubation with glycopyrrolate (3 nM) and/or
olodaterol (10 nM) in bovine smooth muscle
strips, n = 5. (e) Methacholine dose-response
curve after 24 hr of pre-incubation with
tiotropium (0.1 nM) and/or olodaterol (10 nM)

ey
~

2549

=

-o- Control
-e- Olodaterol 10 nM

N
°

Active tension
(fold of 40-mM KCL)
o

°

0.54

—log[Methacholine]

-0~ Tiotropium 0.1 nM
< -= Tiotropium + olodaterol

5 4 3 2
~log[Methacholine]

in human smooth muscle strips, n = 3. Data H s 7
represent mean + SEM

calculated sum of tiotropium and olodaterol alone (Figure 5c and
Table 1, P < .01). To investigate whether these functional interactions
are specific for tiotropium and not dependent on olodaterol, strips
were incubated with glycopyrrolate and olodaterol. As expected, an
interaction similar to that for tiotropium, was not observed for
glycopyrrolate. Thus, pECso was increased from 7.06 + 0.07 to
5.37 £ 0.07 for the combination of glycopyrrolate and olodaterol,
representing a ApECso of 1.69 + 0.10 compared to an calculated
sum of 1.80 + 0.09 (Figure 5d and Table 1). Furthermore, no effects
on Eq.x were observed (Figure 5d). Findings for tiotropium and
olodaterol were confirmed in human strips, where olodaterol
increased the effect on E, . from 44% to 8% (Figure 5e and
Table 1). Cumulatively, these results imply that functional interactions
underlie the synergy observed between long-acting anticholinergic
agents and long-acting B-adrenoceptor agonists, based on lowered
methacholine efficacy in the presence of tiotropium, which in turn is
dependent on the slow dissociation kinetics of tiotropium and its bind-

ing to the allosteric site of the M3 receptor.

6 5 4 3

—log[Methacholine]

3.5 | Mechanism of interaction between
anticholinergic agents and B-adrenoceptor agonists

We and many others have investigated receptor crosstalk between
muscarinic receptors and B-adrenoceptors, and several mechanisms
have been identified that may contribute to synergy between anticho-
linergic agents and B-adrenoceptor agonists (Pera & Penn, 2014).
However, our current data suggest that other functional interactions,
including lower intrinsic efficacy of ACh because of tiotropium vesti-
bule binding, may be more relevant to the synergy between both drug
classes. Therefore, in our final experiments, we aimed to investigate
the nature of this interaction in more detail. Potential mechanisms of
receptor crosstalk that are reported previously include M3 receptor,
PKC-dependent desensitization of B,-adrenoceptors (Boterman
et al., 2005), which is prevented by treatment with anticholinergic
agents . Thus, in subsequent experiments, we investigated the effects
of 1-hr pre-incubation with the PKC inhibitor GF109203X and/or
Whereas, as

olodaterol on methacholine-induced contraction.
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TABLE 1 pECso and E, . values after incubation for 1 or 24 hr with
tiotropium (3 nM), glycopyrrolate (3 nM), olodaterol (10 nM), or
indacaterol (100 nM), and combinations thereof, in bovine and human
smooth muscle strips

Treatment pECso Emax (%)

1hr
Control (bovine) 7.40 = 0.07 100 + 7.1
Tiotropium 6.51 + 0.09* 82.2 + 6.5*
Olodaterol 6.65 + 0.06* 104.6 £ 5.6
Tiotropium + olodaterol 6.22 +0.10% * 642+ 6.4%°
Control (bovine) 7.39 £ 0.07 100 + 7.1
Glycopyrrolate 6.63 + 0.08* 94.6 + 6.0
Indacaterol 6.62 + 0.08* 93.7 £ 6.5
Glycopyrrolate + indacaterol 6.17 + 0.07% % * 958 +5.1

24 hr
Control (bovine) 7.08 £ 0.20 100 + 5.1
Tiotropium 474 + 0.15* 694 +7.1
Olodaterol 6.59 + 0.12" 98.6 + 10.2
Tiotropium + olodaterol 330+008"*°®  648+80"°
Control (bovine) 7.06 £ 0.07 100 + 2.3
Glycopyrrolate 5.88 + 0.07* 100.5 + 4.5
Olodaterol 6.44 + 0.06* * 98.0 + 2.0
Glycopyrrolate + olodaterol 5.37 £ 0.07 * % 942 + 3.9
Control (human) 6.02 £ 0.10 100 + 114
Tiotropium 5.30 £ 0.19 43+ 1.6
Olodaterol 5.79 £0.15 96 + 20.0
Tiotropium + olodaterol N/A 80+ 10

*P < .05, significantly different from control;
#p < 05, significantly different from tiotropium/glycopyrrolate;

$p < .05, significantly different from olodaterol/indacaterol; one-way
ANOVA, Bonferroni post hoc analysis where appropriate. n = 5 for bovine
strips; n = 3 for human strips.

expected, olodaterol and GF109203X induced rightward shifts in the
methacholine dose-response curve, no additional effect of the combi-
nation was observed (Figure 6a and Table 2), suggesting no major role
of PKC-dependent desensitization of 3;-adrenoceptors in this model.
Another hypothesis involves M, receptor G;-dependent repression
of adenylyl cyclase activation by B,-adrenoceptors (Brown et al.,
2013; Ehlert, 2003). Therefore, effects of the M, selective antagonist
gallamine were investigated using the same approach. Intriguingly, the
size of the rightward shift was unaffected by gallamine in combination
with olodaterol, and no synergy was observed between the two com-
pounds (Figure éb and Table 2). These results indicate that there is no
major role for M, and M3 receptor-mediated crosstalk with -
adrenoceptors in this model.

If the interactions between long-acting anticholinergic agents and
long-acting B-adrenoceptor agonists are truly independent of crosstalk
at the receptor level, one would expect similar effects of direct

adenylyl cyclase activation, compared to B-adrenoceptor activation.

Therefore, in subsequent experiments, we investigated the broncho-
protective effects of the adenylyl cyclase activator forskolin, alone
and in combination with tiotropium. As expected, forskolin pre-
incubation for 1 hr induced a rightward shift in the methacholine
dose-response relationship comparable to that of olodaterol, without
a large effect on E, .y (Figure 6c). Indeed, in the presence of tiotropium
pre-incubated for 24 hr, strong synergistic interactions could be
observed with a pECsg value of 3.29 + 0.10 compared to 4.74 + 0.15
for tiotropium alone, representing a ApECsq of 2.86 + 0.66, compared
to a calculated sum of 3.79 + 0.55 (Figure 6c and Table 2,). E ., was
inhibited by 37% (from 1.44 to 0.90) compared to 31% (1.00) for
tiotropium alone (Figure 6c and Table 2). Interestingly, these values
are virtually identical to those observed after combined incubation
with tiotropium and olodaterol, supporting the hypothesis that the
interactions are not at the receptor level but are mediated via other

functional interactions between tiotropium and olodaterol.

4 | DISCUSSION

The data presented in this study reveal a specific pharmacological pro-
file of tiotropium with implications for the subsequent functional
interactions with long-acting B-adrenoceptor agonists. Using MD sim-
ulations, we demonstrate that, in contrast to atropine, tiotropium
binding to the extracellular vestibule of the M3 receptor prevents
ACh binding. Furthermore, using organ bath experiments, we
observed biphasic inhibition of methacholine-induced contractions,
the second phase of which is insurmountable in nature. Together with
slow dissociation kinetics of tiotropium, this results in lower intrinsic
efficacy of muscarinic receptor agonists and primes the airway smooth
muscle for subsequent bronchoprotection by B-adrenoceptor agonists.
This interaction is not due to specific interactions between M, or M3
receptors and -receptors but rather the consequence of other func-
tional interactions, which is enhanced by weaker activation of the
M3 receptor population.

Kruse et al. had identified this second allosteric binding site for
tiotropium (Kruse et al, 2012), and we now demonstrate that
tiotropium binding to this site inhibits ACh binding using MD simula-
tions. We show that ACh also binds transiently to this allosteric site,
before entering the binding pocket to bind to the orthosteric, func-
tional site. ACh associates very quickly to the M3 receptor, but this is
significantly hindered when tiotropium is present at the allosteric site.
This suggests that tiotropium has two, stable, and competitive antago-
nistic binding sites at the M3 receptor, which may contribute to the
long duration of action of tiotropium and to its biphasic behaviour.

Indeed, we observed biphasic behaviour of tiotropium in functional
experiments using bovine and human airway smooth muscle strips,
with a low affinity and rapidly competed out binding site at low
methacholine concentrations and a high affinity slowly competed out
binding site at high methacholine concentrations. Interestingly,
although tiotropium did not show Schild-like behaviour over the full
concentration range, both the low and high affinity states individually

showed Schild-like behaviour, supporting the existence of two
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TABLE 2 pECsg and E, . values after incubation for 1 hr with
olodaterol (10 nM) and/or GF109203X (3 uM) and/or gallamine

(10 uM), and pECsq and E,.x values after incubation for 24 hr with
tiotropium (3 nM) and/or incubation with forskolin (3 uM) for 1 hr in
bovine smooth muscle strips

Treatment pECso Emax (%)

1hr
Control (bovine) 6.84 + 0.10 100 + 4.1
Olodaterol 6.53 £ 0.06 921 +49
GF 6.83 +.010 90.3 £ 3.5
Olodaterol + GF 6.54 + 0.07 874 + 6.8
Control (bovine) 6.84 £ 0.10 100 £ 4.1
Olodaterol 6.53 + 0.06 92.1+4.9
Gallamine 6.42 +0.15 88.2 + 14.5
Olodaterol + gallamine 6.22 + 0.06* 88.5+3.5

24 hr
Control (bovine) 7.08 £ 0.20 100 £ 5.1
Tiotropium 474 + 0.15* 694 +7.1*
Forskolin 6.55 + 0.18* 90.8 + 6.7
Tiotropium + forskolin 329 +0.10% * * 62.7 +7.2*

*P < .05, compared to control;
#p < 05, significantly different from tiotropium;

$p < .05, significantly different from forskolin; one-way ANOVA,
Bonferroni post hoc analysis where appropriate; n = 5.

separate binding sites. In further support, the time needed for re-
equilibration in the assay when tiotropium and methacholine were
both present was much longer for the second high affinity binding

state of tiotropium, compared to the initial low affinity binding state.

—log[Methacholine]

Interestingly, this biphasic behaviour was specific for tiotropium
and was not observed for the shorter acting antagonists, atropine and
glycopyrrolate, in the present in vitro experiments. This is supported
by MD simulations demonstrating that atropine binding to the vesti-
bule is much less stable compared to tiotropium binding when using
the same starting positions. Atropine either moves out of the M5 recep-
tor or into the orthosteric site, as is also evident from the on-rate of
atropine which is about 10 times faster than that of tiotropium
(Dowling & Charlton, 2006). Previously, dual binding at both binding
sites was described for the M, receptor, were one ligand occupied both
sites (Bock et al., 2016). M, receptors are not involved in airway
smooth muscle contraction, which is solely mediated via M3 receptors
(Roffel et al., 1988). Dual binding at the two binding sites of the M3
receptor was not observed for tiotropium in the current study, and
we assume that binding of two tiotropium entities to both sites of
M3 is not feasible, because of the electrostatic repulsion caused by
the permanent charge of the molecule. Taken together, the slow disso-
ciation kinetics and more stable binding of tiotropium to the vestibule
hindering ACh entrance are essential to the functional effects and
biphasic response of tiotropium.

In support, the bronchoprotective effects of tiotropium, alone and
in combination with olodaterol, were more resistant to wash out com-
pared to glycopyrrolate and/or indacaterol using functional experi-
ments (unpublished observations), and the interaction between
tiotropium and olodaterol was more profound than the combination
of glycopyrrolate and olodaterol. Furthermore, we have shown that
tiotropium inhibits the maximal methacholine effect, thus behaving
as an insurmountable antagonist, which was not observed for
glycopyrrolate or atropine, and is in line with previous studies
(Casarosa et al., 2009; Disse et al., 1993; Salmon et al., 2013). Intrigu-

ingly, in the latter study, the depression of maximal effects was shown
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to be much stronger for tiotropium compared to umeclidinium,
despite the long duration of action of both compounds (Salmon
et al, 2013). In addition, in contrast to tiotropium, umeclidinium did
behave with Schild-like characteristics (Salmon et al., 2013), suggest-
ing that this profile might be specific for tiotropium.

Long-acting anticholinergic agents and long-acting B-adrenoceptor
agonists are commonly given as a combination therapy in COPD and
further improve lung function when applied together, compared with
monotherapy. We demonstrate,here, that the basis of this synergy is
functional interactions between both drug classes, without evidence
for crosstalk at the receptor level, which is confirmed by our studies
using forskolin. Previously, we have shown a role for M3 receptor,
PKC-dependent desensitization of B,-adrenoceptors (Boterman
et al., 2005; Boterman, Smits, Meurs, & Zaagsma, 2006), and no role
for M, receptors in the potential crosstalk with B-adrenoceptors
(Roffel, Meurs, Elzinga, & Zaagsma, 1993; Roffel, Meurs, Elzinga, &
Zaagsma, 1995). Although confirming the latter finding in our current
work, it is in contrast to what we and other have published previously
with respect to M;-B,-adrenoceptor crosstalk. We believe that the
current finding is independent of the model system, as we have
observed similar findings using guinea pig lung slices (unpublished
observations). Most likely, this relates to the nature of the B-
adrenoceptor agonists used. Whereas isoprenaline is a classical B-
adrenoceptor agonist, activating both adenylyl cyclase and B-arrestin
dependent pathways, novel long-acting B-adrenoceptor agonists
including olodaterol may use (-arrestin-independent signalling, ren-
dering them less sensitive to desensitization via this mechanism
(Drake et al., 2008; Liu, Horst, Katritch, Stevens, & Wuthrich, 2012).
Therefore, for combinations of anticholinergic agents with the novel
class of long-acting bronchodilators, interactions may be independent
of receptor crosstalk but rather dependent on other functional
interactions. Furthermore, the experiments using gallamine confirm
that this is an M3 receptor-mediated effect without a role for M,
receptors. Gallamine, which efficiently blocks M, receptors, has only
little effect on methacholine-induced contraction, in line with previous
data demonstrating that the M, receptor is not involved in contraction
induced by methacholine in bovine airway smooth muscle (Roffel
et al., 1988).

Theoretically, biphasic behaviour might be different for different
ligands. We have used ACh for the MD simulations and methacholine
for the organ bath experiments. The choice is based on endogenous
and clinically used agonists, and there is no reason to doubt probe
dependency as long as orthosteric agonists are used. We cannot
exclude the possibility that agonists with more stable allosteric binding
would not be differently affected. However, this is beyond the scope
of the current study.

Several anticholinergic agents are available on the market,
including the medium long-acting glycopyrrolate and aclidinium and
the long-acting tiotropium and umeclidinium. There are no major
differences in selectivity or onset of action between these four
compounds. We reveal in our current study that the interactions with
B-adrenoceptor agonists are more profound for tiotropium compared

to glycopyrrolate and do not depend on the chosen B-adrenoceptor

agonist in vitro. Clinically, there are no studies directly comparing
different combinations of anticholinergic agents and [3-adrenoceptor
agonists. Fixed-dose combinations of tiotropium and olodaterol (Beeh
et al, 2015; Buhl et al, 2015), glycopyrrolate and indacaterol
(Bateman et al., 2013; Frampton, 2014), aclidinium and formoterol
(D'Urzo et al., 2014; Singh et al., 2014), and umeclidinium and
vilanterol (Decramer et al., 2014; Gras, 2014) have all been shown
to be more effective than monotherapy in patients with COPD.

In conclusion, we have shown that tiotropium has two stable
and competitive antagonistic binding sites at the M3 receptor, and
we propose that this may explain, at least in part, the long duration
of action of tiotropium, its biphasic behaviour, its insurmountable
antagonism, and the enhanced functional antagonism with long-acting
B-adrenoceptor agonists.
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