Molecular Pharmacology Fast Forward. Published on May 10, 2012 as DOI: 10.1124/mol.112.079319
Molecular Pharmiaattziys hasbdrospyattd Bid bdiskied O fiddwd dorid0d iigter dhori ks $4244mo1.112.079319

MOL #79319

Allosteric modulation of endogenous metabolites as an avenue for drug discovery

Denise Wootten, Emilia E Savage, Celine Valant, Lauren T May, Kyle W Soop, James

Ficorilli, Aaron D Showalter, Francis S Willard, Arthur Christopoulos, Patrick M Sexton

Drug Discovery Biology, Monash Ingtitute of Pharmaceutical Sciences and Department of
Pharmacology, Monash University, Parkville, Victoria 3052, Australia (DW, EES, CV, LTM,
AC, PMYS), Endocrine Discovery (KWS, JF, ADS) and Translational Science and
Technologies (FSW), Lilly Research Laboratories, Eli Lilly and Company, Indianapoalis,

Indiana, USA.

Copyright 2012 by the American Society for Pharmacology and Experimental Therapeutics.

20z ‘ST |11dV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on May 10, 2012 as DOI: 10.1124/mol.112.079319
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #79319

Running Title: Allosteric modulation of metabolites at GPCRs

Address correspondence to: Prof. Patrick M. Sexton, Drug Discovery Biology, Monash
Institute of Pharmaceutical Sciences, Monash University, 381 Royal Parade, Parkville,
Victoria 3052, Australia.

Phone: (03) 9903 9069

Fax: (03) 9903 9581

Email: patrick.sexton@monash.edu

Text pages: 29

Number of tables: 1

Number of figures: 4

Number of references: 32

Number of wordsin Abstract: 236
Number of wordsin Introduction: 616

Number of wordsin Discussion: 1514

Abbreviations: A;-AR — Adenosine receptor subtype 1, ACh — Acetylcholine, BSA - bovine
serum abumin, Ch — Choline, CHO - Chinese hamster ovary, DM - diabetes mellitus,
DMEM - Dulbeccos modified eagles medium, DPPIV - dipeptidyl peptidase 1V, ERK1/2 -
extracellular signal-regulated kinases 1 and 2, FBS - fetal bovine serum, Go. - o subunit of G
protein, GLP-1R - glucagon-like peptide 1 receptor, GPCR - G protein-coupled receptor,
IBMX - 3-Isobutyl-1-methylxanthine, M, mAChR — muscarinic acetylcholine receptor

subtype 2, MAPK - mitogen activated protein kinases.

20z ‘ST |11dV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on May 10, 2012 as DOI: 10.1124/mol.112.079319
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #79319

Abstract

G protein-coupled receptors (GPCRS) are the largest family of cell surface receptors and a
key drug target class. Recently, allosteric drugs that can co-bind with, and modulate the
activity of, the endogenous ligand(s) for the receptor have become a mgor focus of the
pharmaceutical and biotechnology industry for the development of novel GPCR therapeutics.
This class of drugs has distinct properties when compared to drugs targeting the endogenous
(orthosteric) ligand binding site that include the ability to sculpt cellular signalling, and to
respond differently in the presence of discrete orthosteric ligands; a behaviour termed “probe
dependence’. Here, using cell signalling assays combined with ex vivo and in vivo studies of
insulin secretion, we demonstrate that allosteric ligands can cause marked potentiation of
previously “inert” metabolic products of neurotransmitters and peptide hormones, a novel
consequence of the phenomenon of probe dependence. Indeed, at the muscarinic M, receptor
and glucagon-like peptide-1 receptor, allosteric potentiation of the metabolites, choline and
GLP-1(9-36)NH>, respectively, was ~100-fold and up to 200-fold greater than that seen with
the physiological signalling molecules acetylcholine and GLP-1(7-36)NH,. Modulation of
GLP-1(9-36)NH, was also demonstrated in ex vivo and in vivo assays of insulin secretion.
This work opens up new avenues for alosteric drug discovery by directly targeting
modulation of metabolites, but it also identifies a behaviour that could contribute to
unexpected clinical outcomes if interaction of allosteric drugs with metabolites is not part of

their preclinical assessment.
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I ntroduction

G protein-coupled receptors (GPCRs) are the largest superfamily of cell surface proteins, and
play crucial roles in virtually every physiological process. Their widespread abundance and
ability to couple to a variety of signalling and effector systems makes them extremely
attractive targets for drug development (Christopoulos, 2002). Traditionally, GPCR agonist
drug discovery efforts have focused on either increasing the endogenous orthosteric agonist
concentration by inhibiting its breakdown, or targeting the orthosteric binding site of the
receptor with surrogate agonists. However, in recent years there has been a significant
increase in the identification of small molecules that target topographically distinct allosteric
sites on GPCRs (May et al., 2007b). Binding of alosteric ligands can €licit a conformational
change in the receptor while still allowing the orthosteric ligand to bind, thus modulating the
pharmacological properties (affinity and/or efficacy) of the orthosteric ligand, in addition to
potentially activating the receptor in the absence of orthosteric ligand. Allosteric drugs have
substantial potential as therapeutics, as they can provide novel receptor selectivity, in addition
to offering the possibility to ‘fine tune' existing physiological responses while maintaining
the spatial and temporal characteristics of innate endogenous signalling (Christopoulos and

Kenakin, 2002).

One characteristic of allostery is the phenomenon of ‘ probe-dependence’, whereby the extent
and direction of an alosteric interaction varies with the nature of the orthosteric ligand
occupying the receptor (Kenakin, 2005). Furthermore, biased signalling leading to pathway-
selective allosteric modulation can also result (Leach et al., 2007). These concepts are
particularly relevant to receptor systems that have multiple endogenous ligands, such as the
glucagon-like peptide-1 receptor (GLP-1R) system (Baggio and Drucker, 2007), because

probe-dependence can lead to different endogenous agonists of the same GPCR being
4
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alosterically modulated in strikingly different ways (Koole et a., 2010). However, a hitherto-
unappreciated extension of this phenomenon is the possibility that endogenous metabolites of
GPCR agonists, which may normally be minimally active in their own right, can aso be
influenced by allosteric modulators. Indeed, a recent study reported that the allosteric
compound LUF6000 can enhance signalling by inosine (the metabolite of adenosine) at the
adenosine A; receptor (As-AR) (Gao et al., 2011). Although drug discovery programs
focusing on developing small molecule allosteric drugs invariably screen for compounds that
modulate responses mediated by the predominant orthosteric receptor agonist, it is currently
not routine to incorporate similar studies on endogenous metabolites. However augmentation
of metabolite signalling could offer a new therapeutic avenue for development of novel
drugs, especialy in systems where the endogenous ligand is rapidly degraded to its

(ostensibly) inactive metabolite (Fig. 1).

In this study, we investigated the potential to allosterically modulate the activity of the
predominant, inactive, metabolite of the physiological ligand at three different GPCRs for
which small molecule allosteric modulators have been described; the GLP-1R (Knudsen et
al., 2007; Koole et al., 2010; Sloop et al., 2010), the M2 muscarinic acetylcholine receptor
(mAChR; (Vaant et a., 2012)) and the adenosine A; receptor (A1-AR; (Bruns and Fergus,
1990)) (Supplemental Fig. 1). In each instance, we find a significant degree of allosteric
potentiation of the endogenous metabolite by the alosteric modulator. Moreover, for the
GLP-1R, we also provide evidence of the allosteric modulator engendering biased signalling
in terms of enhancing CAMP signalling mediated by the metabolite, whilst having little effect
on ERK1/2 phosphorylation or intracellular Ca?* mobilisation. Ex vivo studies using static
cultures of rat pancreatic islets, as well as in vivo experiments also reveaded that allosteric

modulation of the GLP-1 metabolite resulted in glucose-dependent insulin secretion. To our
5
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knowledge, this is the first study to explore the potential to alosterically modulate
endogenous metabolites of multiple GPCR ligands at their respective receptors. The
outcomes could have significant implications in development and screening of novel

therapeutics in drug discovery programs.
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Materials and M ethods

Materials. Dulbecco's modified Eagle’'s medium (DMEM), hygromycin-B and Fluo-4
acetoxymethyl ester were purchased from Invitrogen (Carlsbad, CA, USA). Fetal bovine
serum (FBS) was purchased from Thermo Fisher Scientific (Melbourne, VIC, Australia).
AlphaScreen reagents, Bolton-Hunter reagent [**°1] and 384-well ProxiPlates were purchased
from PerkinElmer Life and Analytical Sciences (Waltham, MA, USA). SureFire extracellular
signal-regulated kinases 1 and 2 (ERK1/2) reagents were generously provided by TGR
Biosciences (Adelaide, SA, Australia). Compound 2 was generated according to a method
published previously (Teng et al., 2007) to a purity of > 95 %, and compound integrity was
confirmed by nuclear magnetic resonance (NMR). BETP and LY 2033298 were provided by
Eli Lilly and GLP-1 peptides were purchased from American Peptide (Sunnyvale, CA, USA).
All other reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA) or BDH Merck

(Melbourne, VIC, Australia) and were of an analytical grade.

Transfections and Cell Culture. GLP-1R, M2 mAChR and Ai-AR were isogenically
integrated into FlpIn-Chinese hamster ovary (FIpInCHO) cells (Invitrogen) and selection of
receptor-expressing cells accomplished by treatment with 600 ug/ml hygromycin-B as
previously described. Transfected and parental FIpInCHO cells were maintained in DMEM
supplemented with 10% heat-inactivated FBS and incubated in a humidified environment at
37°C in 5% CO.. For all whole cell assays, cells were seeded at a density of 30,000 cells/well

into 96-well culture plates and incubated overnight at 37°C in 5% CO; prior to assaying.

Radioligand Binding Assay. GLP-1R experiments. Growth media was replaced with
binding buffer [DMEM containing 25 mM HEPES and 0.1% (w/v) BSA] containing 0.5 nM

15| _exendin(9-39) and increasing concentrations of unlabeled peptide in the presence and
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absence of increasing concentrations of allosteric ligand. Cells were incubated overnight at 4
°C, followed by three washes in ice cold PBS to remove unbound radioligand. 0.1 M NaOH
was added, and radioactivity determined by gamma counting. For GLP-1R experiments,

nonspecific binding was defined by 1 uM exendin(9-39).

M, mAChR experiments: M2 mAChR Flpln-CHO membrane homogenates (5-20 ug) were
incubated in a 500-ul total volume of assay buffer containing [3BH]NMS (0.5 nM) with a
range of concentrations of choline in the absence and presence of LY 2033298 (1 uM and 10
pM) at 30°C for 90 min. All assays were performed in the presence of guanosine-5'-(fBy-
imino)triphosphate. For all experiments, nonspecific binding was defined by 10 uM atropine,
and the effects of vehicle were also determined. Incubation was terminated by rapid filtration
through Whatman GF/B filters using a cell harvester (Brandel Inc., Gaithersburg, MD).
Filters were washed three times with 3-ml aliquots of ice-cold 0.9% NaCl buffer and dried
before the addition of 4 ml of scintillation mixture (UltimaGold; PerkinElmer Life and
Analytical Sciences). Vials were then left to stand until the filters became uniformly
translucent before radioactivity was determined in disintegrations per minute using

scintillation counting.

CAMP Assays. cCAMP accumulation assays were carried out using the AlphaScreen SureFire
kit as previously described (Koole et a., 2010). Cells were stimulated with peptide ligand
and/or alosteric ligand and incubated for 30 min at 37 °C in 5 % CO,. CAMP accumulation
was measured after 30 min of cell stimulation. All values were converted to concentration of
CAMP, and data were subsequently normalised to the maximum response elicited by GLP-

1(7-36)NH.
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ERKLY/2 Phosphorylation Assay. Receptor-mediated ERK21/2 phosphorylation was
determined by using the AlphaScreen ERK1/2 SureFire protocol as described previously
(May et al., 2007a). Initial ERK1/2 phosphorylation time course experiments were performed
over 1 h to determine the time at which ERK1/2 phosphorylation was maximal after
stimulation by agonists. For GLP-1R all responses peaked at 7 min, for M, mAChR, ACh and
Ch responses peaked at 5 min and LY 2033298 peaked a 8 min. For A;-AR, adenosine and
inosine peaked at 5 min, PD81723 and VCP171 peaked at 7 min. Subsequent concentration-
response curves were constructed at the peak time point for each receptor/ligand

combination.

Intracellular Ca®* Mobilization Assay. Intracellular Ca®* mobilization determined as
described previously (Werry et al., 2005). Fluorescence was determined immediately after
drug addition, with an excitation wavelength set to 485 nm and an emission wavelength set to
520 nm, and readings were taken every 1.36 sfor 120 s. Concentration-response curves were
constructed from the peak response, calculated using five-point smoothing, followed by

correction against basal fluorescence.

[*S|GTPyS Binding Assay. [*S|GTPyS hinding was determined as described previously
(Vaant et a., 2012). M, mAChR Fpln-CHO cell membranes (5-25 ug) were equilibrated in
a 500 pl total volume of assay buffer containing 10 uM guanosine 5'-diphosphate and a
range of concentrations of ligands (ACh or Ch) in the absence or presence of LY 2033298
(0.1to 10 uM) at 30 °C for 60 min. After this time, 50 pl of [**S|GTPyS (1 nM) was added,
and incubation continued for 30 min at 30 °C. Incubation was terminated by rapid filtration
through Whatman GF/B filters using a Brandell cell harvester (Gaithersburg, MD). Filters
were washed three times with 3 ml aiquots of ice-cold 0.9 % NaCl buffer and dried before

the addition of 4 ml of scintillation mixture (Ultima Gold, PerkinElmer Life Sciences). Vials
9
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were then left to stand until the filters became uniformly translucent before radioactivity was

determined in dpm using scintillation counting.

Ex vivo pancreatic islet assays and in vivo IVGTT studies. Animals were maintained in
accordance with the Institutional Animal Use and Care Committee of Eli Lilly and Company

and the NIH “Guide for the Use and Care of Laboratory Animals”.

Ex vivo pancreatic islet assays. The procedures for isolating islets and performing the
insulin secretion assays were previously described (Sloop et al., 2010). Idets were isolated
from pancreases of male Sprague Dawley rats using Hank’s balanced salt solution buffer
(HBSS, Sigma, St. Louis, Missouri, USA) containing 2 % bovine serum albumin (BSA,
Applichem, Boca Raton, Florida, USA) and 1 mg/ml collagenase (Sigma, St. Louis,
Missouri, USA). Islets were purified using Histopaque (Histopaque-1077: Histopaque-11991
mixture, Sigma, St. Louis, Missouri, USA) gradients and cultured overnight in RPMI-1640
medium containing 10% FBS, 100 U/ml penicillin, and 100 ug/ml streptomycin (Invitrogen,
Carlsbad, California, USA). For the insulin secretion assays, islets were cultured at 37 °C for
90 min in Earl’s balanced salt solution (EBSS, Invitrogen, Carlsbad, California, USA)
containing the indicated concentrations of glucose and treatment conditions. Insulin that was
released into the medium was measured using HTRF technology (Cishio Bioassays, Bedford,

Massachusetts, USA).

In vivo IVGTT studies. Mae Wistar rats were purchased from Harlan (Indianapoalis,
Indiana, USA) and maintained on a 12:12 hour light-dark cycle at 21°C. For the studies, rats
were fasted overnight and anaesthetized the next morning with 60 mg/kg Nembutal

(Lundbeck, Deerfield, Illinois, USA). Catheters were then surgically inserted into the jugular
10
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vein and carotid artery for compound and/or peptide infusions and blood collection,
respectively. For animal treatment, BETP was solubilized in a dosing solution containing 10
% ethanol/solutol, 20 % polyethylene glycol-400, and 70 % phosphate-buffered saline (pH
7.4) and infused intravenously alone or in combination with GLP-1(9-36)-NH, (Bachem,
Torrance, California, USA) formulated in saline containing 0.1 % abumin. Blood was
collected to determine glucose, insulin and total GLP-1 levels following administration of an
intravenous glucose bolus of 0.5 g/kg. Plasma levels of glucose were measured using a
Hitachi 912 clinical chemistry analyzer (Roche, Indianapolis, Indiana, USA), and insulin and
total GLP-1 levels were determined using electrochemiluminescence assays for each (Meso

Scale, Gaithersburg, Maryland, USA).

Data Analysis. All data obtained were analysed in GraphPad Prism 5.0.2 (GraphPad
Software Inc.; San Diego, CA, USA). Radioligand inhibition binding data were fitted to aone
site inhibition mass action curve. Where possible, in whole cell ligand interaction studies,
data were fitted to the following two forms of an operational model of allosterism and

agonism (27, 28) to derive functional estimates of modulator affinity and cooperativity.

E..(ralAl(K; + 0B[B])+ 75[BIK , )

E=
(AIK, +K,Ky +[BIK, +afA][B]) + (rA[AI(K; + 2B[B])+ To[BIK ,

1)

E,(7,[A](Ko* a[B])+ 7, [BJEC |

E = ;
EC," (K, +[B])" +(z [ A](K,+af[B]) + 7, [ B]EC,)

(2)

11
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where E, is the maximum attainable system response for the pathway under investigation,
[A] and [B] are the concentrations of orthosteric agonist and allosteric modulator/agonist,
respectively, Kg is the dissociation constant of the allosteric modulator, ECsy is the
concentration of orthosteric (full) agonist yielding 50% of the response between minimal and
maximal receptor activation in the absence of allosteric ligand, nis a transducer slope factor
linking occupancy to response, o is the binding cooperativity factor, 3 is an empirical scaling
factor describing the allosteric effect of the modulator on orthosteric agonist signaling
efficacy, respectively, and ta and 1z are operational measure of the ligands respective
signaling efficacies that incorporate receptor expression levels and efficiency of stimulus-
response coupling. Equation 1 was used in interaction studies performed between allosteirc
ligand and a partial agonist, while equation 2 was used when the modulator was interacted
with full agonists, depending on the pathway investigated. This is so because equation 2 is
only valid in cases where the orthosteric agonist has high efficacy (t >> 1) such that K is>>
[A]. For al other data, concentration-response curves were fitted with a three-parameter

logistic equation.

12

20z ‘ST |11dV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on May 10, 2012 as DOI: 10.1124/mol.112.079319
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #79319

Results
Allosteric modulation of GPCR agonist metabolites is potentially a widespread

phenomenon.

To validate our hypothesis that metabolites of endogenous ligands can be allosterically
modulated at the GPCR of the parental ligand, we performed an initial screen using a
representative allosteric ligand for three different model systems; the M, mAChR, the A;-AR
and the GLP-1R. Recently, we characterized LY 2033298 as an allosteric modulator of the M»
MAChR (Valant et al., 2012). PD81723 is awell accepted alosteric modulator of the A;-AR
(Bruns and Fergus, 1990) and we have also recently identified a series of low molecular
weight pyrimidine-based compounds that activate the GLP-1R allosterically, the most potent
representative being BETP (previously described as Compound B) (Sloop et a., 2010). These
three ligands (Supplemental Fig. 1D) were selected as representative modulators for each
receptor respectively. Both the M, mAChR and the A;-AR are predominantly coupled to Go;
—proteins, whereas the GLP-1R is primarily coupled to Gog Therefore, in the initial screen
ERK1/2 phosphorylation was assessed for both the M, mAChR and the A;-AR, whereas
CAMP accumulation assays were performed for the GLP-1R. All data were analysed using an
operational model of allosterism to derive global cooperativity estimates (aff; a composite
cooperativity factor quantifying allosteric modulation of the orthosteric ligand affinity (o) and

efficacy (B)) (Table. 1).

The cognate agonist for the M, mAChR, ACh, is rapidly converted to its inactive metabolites,
choline (Ch) and acetate, in the synaptic cleft by acetylcholinesterase (Birks and Macintosh,
1957) (Supplemental Fig. 1A). In this study, Ch exhibited greater than 1000-fold lower
potency in ERK1/2 phosphorylation compared to the parent agonist ACh (Fig. 2A-B).

However, LY 2033298 strongly potentiated the ERK1/2 response of Ch, to a greater extent

13
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(112-fold) than that of ACh itself (Fig. 2A and 2B, Table 1). In addition, assessment using a
more proximal assay of M, mAChR activation (GTPyS binding) revealed LY 2033298
potentiated the response to both ACh and Ch, but this effect was much greater for the
metabolite (Supplemental Fig. 2, Table 1). Competition binding assays revealed weak
positive modulation of Ch affinity (13-fold) (Supplemental Fig. 3) indicating that potentiation
of Ch in functiona assays is principally via efficacy modulation. In our earlier study, we
showed that LY 2033298 also displayed positive cooperativity with ACh in binding affinity
(16-fold) indicating that there is no efficacy modulation by LY 2033298 with the parent
agonist (Vaant et al., 2012). Similarly to ACh, adenosine is also rapidly metabolised (by
adenosine deaminase) to inosine (Plagemann et al., 1985) (Supplemental Fig. 1B); Inosine
displayed greater than 1000-fold lower potency at the A;-AR in ERK1/2 phosphorylation
compared to its parent ligand, adenosine. In addition, this response was significantly
potentiated by the allosteric modulator, PD81723 (Fig. 2C and D); athough in this instance
the degree of potentiation was no greater than that observed with adenosine (Table 1). At the
GLP-1R, BETP displayed very weak partial agonism in CAMP accumulation (Fig. 2E and F),
but had no effect on cAMP responses mediated by GLP-1(7-36)NH. in interaction assays
(Fig. 2E). In the absence of alosteric modulation, the metabolite GLP-1(9-36)NH, only
exhibited very weak partial agonism for cCAMP, with 1000-fold lower potency and only
approximately 15% of the maximal signal compared to GLP-1(7-36)NH, (Fig. 2F). However,
this weak response was strongly potentiated in a concentration-dependent manner by BETP
(Fig. 2F). Cooperativity estimates could not be derived for this data set as the operational
model of alosterism could not adequately describe the data. Regardless, there is a strikingly
strong positive allosteric effect with both an increase in potency (pECs shift from 6.4 + 0.08
to 7.5 £ 0.07) and maximal agonist effect (Emax shift from 15 £ 3 % to 99 + 4 %) of GLP-1(9-

36)NH,-mediated response (Fig. 2F). For al ligands studied, no response was seen in
14
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untransfected cells. Collectively these data identify a novel consequence of allosteric drug
action, specifically, the augmentation of metabolite signalling that in two of the three cases
studied (the M, mAChR and GLP-1R) cannot be predicted from assessment of the parent

ligand.

Activation of the GLP-1R by the major metabolite of GLP-1(7-36)NH, (GLP-1(9-36)NH>)
is augmented by structurally distinct small molecule allosteric ligands in a pathway

selective manner.

To further explore this phenomenom, we performed additional studies using the GLP-1R as a
model system. In addition to BETP, we characterised the quinoxaline-based Novo Nordisk
Compound 2 (Supplemental Fig. 1D) for its ability to modulate the metabolite in CAMP
accumulation assays. Previously, we showed that Compound 2 has a limited ability to
augment the actions of GLP-1 or its endogenous peptide variants at the GLP-1R in CAMP
signalling, despite showing direct alosteric agonism in its own right (Koole et al., 2010) (Fig.
2G). However, similar to that observed with BETP (Fig. 2E-2F), there was a large
potentiation of GLP-1(9-36)NH,-mediated CAMP signalling (Fig. 2H). Derivation of global
cooperativity estimates (of) revealed a greater than 400-fold potentiation of the metabolite
response and an ~180-fold greater magnitude of positive cooperativity between Compound 2
and GLP-1(9-36)NH, compared to GLP-1(7-36)NH, (Table 1). Both Compound 2 and
BETP exhibited amost neutral cooperativity with GLP-1(7-36)NH, and GLP-1(9-36)NH
peptides in whole cell competition binding assays (Supplemental Fig. 4) indicating that the
alosteric effects of these compounds on GLP-1(9-36)NH2-mediated cCAMP signalling are

principally driven by changes in orthosteric agonist efficacy.

15
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Despite the critical role of GLP-1R-mediated cCAMP production in insulin secretion, there is
aso a role for other signaling components/pathways such as B-arrestin signaling,
mobilisation of intracellular Ca®* and activation of mitogen activated kinases such as ERK1/2
in the augmentation of insulin response and (-cell survival (Baggio and Drucker, 2007,
Sonoda et al., 2008). We therefore extended the study to explore allosteric effects of BETP
and Compound 2 on GLP-1(9-36)NH, in ERK1/2 phosphorylation and Ca®* mobilisation
(Fig. 3) and compared the effects with the parent peptide. In agreement with our previous
findings, GLP-1(7-36)NH, displayed robust agonism in ERK phosphorylation and Ca®*
mobilisation (Fig. 3A, C, E, G). Significantly, GLP-1(9-36)NH, also displayed agonism in
pERK 1/2 phosphorylation in a concentration-dependent manner, but only a very weak Ca™*
response was observed (at 3 UM of peptide). In interaction studies, BETP exhibited negative
cooperativity with GLP-1(7-36)NH, in ERK phosphorylation but an augmentation in Ca*
signalling at the highest concentration tested (30 puM), with a small increase in pECsy and
Emax (Fig. 3A and C, Table 1). In contrast, GLP-1(9-36)NH; displayed neutral cooperativity
with BETP in ERK1/2 phosphorylation (Fig. 3B) and there was also no apparent change in
Ca”* response mediated by GLP-1(9-36)NH. in the presence of 30 pM BETP (the small
change in response can be attributed to agonism from BETP aone) (Fig. 3D.). Compound 2
displayed neutral cooperativity in both ERK1/2 phosphorylation and intracellular Ca?*
mobilisation when interacted with either GLP-1(7-36)NH, or GLP-1(9-36)NH- (Fig. 3E-H,
Table 1). Collectively, these results suggest that allosteric modulation can engender
functional selectivity in the actions of both the metabolite and the parent ligand when acting
at the GLP-1R. However, the differential modulation between the metabolite and the cognate
ligand on the different signalling pathways highlights a novel use of allosteric ligands to
engender pathway selective modulation of response of the metabolite, even if no modulation

is observed from the cognate agonist of the system.
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Allosteric modulation of the metabolite GLP-1(9-36)NH;, via the GLP-1R results in

glucose-dependent insulin secretion ex vivo in rat islets and in vivo.

Activation of the GLP-1R by GLP-1 only increases insulin secretion in conditions of elevated
glucose (Goke et al., 1993; Sloop et a., 2010). To evaluate the ability of the metabolite to
activate glucose-dependent insulin secretion, pancreatic islets isolated from SD rats were
used. Previously, we showed that GLP-1(7-36)NH. had insulinotropic activity in islet
experiments using high glucose conditions, and BETP also caused a robust concentration-
dependent increase in insulin secretion (Sloop et a., 2010). Here we show that in high
glucose conditions, GLP-1(9-36)NH, does not induce insulin secretion at concentrations of
up to 10 uM (Fig. 4, Supplemental Fig. 5A). However, in the presence of 1 uM BETP (which
only minimally increases insulin levels by itself), a dose-dependent increase in GLP-1(9-
36)NH,-mediated insulin-secretion was observed, with a pECsp of 7.4 + 0.3 (ECsp 38 nM),
and a maximal response achieved at 100 nM (Fig. 4A). Maximum insulin levels in islet
cultures treated with the combination of BETP and 1 uM of the metabolite were similar to

those induced by 100 nM GLP-1(7-36)NH. (Supplemental Fig. 5A).

To explore the in vivo insulinotropic effects, glucose-stimulated insulin secretion was
measured in compound treated male Wistar rats undergoing an intravenous glucose tolerance
test (IVGTT). Similar to our previous study (Sloop et a., 2010), GLP-1(7-36)NH, displayed
insulin secretagogue activity during the 20 min time course, however compared with vehicle,
animals dosed with 150 nmol/kg of GLP-1(9-36)NH; had lower levels of plasma insulin than
those treated with GLP-1(7-36)NH. (Fig. 4B). BETP had no insulinotropic activity at the

dose administered (Fig. 4B). However, co-administration of GLP-1(9-36)NH, and BETP
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elicited a smilar elevation in plasma insulin to animals dosed with GLP-1(7-36)NH;
although insulin levels remained elevated over the 20 min time period for GLP-1(7-36)NH
whereas in the animals dosed with BETP and GLP-1(9-36)NH, plasmainsulin levels dropped
to the level of vehicle after 10 min (Fig. 4B). Determination of total GLP-1 levels throughout
the time course showed that GLP-1(9-36)NH, was cleared from the plasma within this same
10 min time period, and additionally revealed that BETP did not alter the pharmacokinetics
of GLP-1(9-36)NH, (Supplemental Fig. 6). In addition, plasma insulin levels remained
elevated (similar to GLP-1(7-36)NH2) when animals were administered with higher doses of
GLP-1(9-36)NH2 (400 nmol/kg) in the presence of BETP (10mg/kg) (Supplemental Fig. 5B).
Collectively the ex vivo and in vitro studies support a model whereby BETP allosterically
potentiates GLP-1(9-36)NH,-mediated cAMP signalling resulting in insulin release. The
ability of BETP to specifically augment GLP-1(9-36)NH,-mediated cAMP signalling in
GLP-1R expressing cells, in combination with the ability to modulate glucose-dependent
insulin secretion, provides compelling proof-of-concept that alosteric potentiation of

metabolites is a viable approach for the development of GLP-1R based therapeutics.
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Discussion

In this study, we demonstrate the ability of allosteric ligands to modulate signalling mediated
by an inactive metabolite of the primary endogenous ligand. To determine the generality of
this hypothesis, three receptors (the GLP-1R, M2, mAChR and the A;-AR) from two different
subclasses of GPCRs were selected, each of which is a therapeutic target and also has
identified allosteric modulators. The GLP-1R isafamily B GPCR and is a promising target in
the development of treatments for type 2 diabetes mellitus (DM). Both the M> mAChR and
A1-AR are prototypical family A GPCRs, with separate mechanisms of activation compared
with family B GPCRs, and are therapeutic targets for treatment of Alzheimers disease/asthma
and neuropathic pain, respectively.

For all three receptors, the potency of the metabolite alone at the selected signaling pathway
(ERK1/2 phosphorylation for Gai-coupled M2 mAChR and Ai-AR, cAMP for Gas-coupled
GLP-1R) was markedly lower than the cognate agonist (greater than 1000-fold). However, in
each case, an alosteric ligand markedly potentiated signalling by the metabolite. In two of
the cases (the GLP-1R and M, mAChR) the allosteric effect on the metabolite was much
more pronounced than the effect on the parent ligand. Collectively, these findings highlight
the virtually-untapped potential for metabolic products of GPCR endogenous agonists to
recruit signalling pathways that would otherwise remain quiescent after inactivation of the
parent agonist. The ability to activate responses from convergent and divergent signalling
cascades could therefore have the potential to generate a more tuneable response from the

metabolite than that of the parent compound.

The ability of each of these allosteric ligands to promote strong potentiation on the actions of
the respective metabolite may be therapeutically relevant. Choline levels in the brain have

been reported to range between 10-15 uM depending on the species (Tucek, 1985). Choline
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affinity for the M, mAChR is low (in the mM range), however both affinity (>10-fold) and
potency (>200-fold) can be enhanced by the allosteric ligand LY 2033298. This suggests that
it is very likely that allosteric potentiation of these responses may be possible in a
physiological setting. Similarly, resting inosine levels in the brain and the heart can reach
concentrations as high as 10 pM and at least 30-fold higher in ischemic conditions
(Backstrom et al., 2003). Evidence for modulation of inosine at the A;-AR (in addition to
previous evidence for modulation a the Az-AR (Gao et al., 2011) provides additional
evidence that targeting metabolites is viable. Furthermore, circulating GLP-1(9-36)NH-
concentrations are >10-fold higher than that of the GLP-1(7-36)NH, (Goke et al., 1993).
However this metabolite exhibits a ~1000-fold lower binding affinity for the GLP-1R and
equally low efficacy and potency for CAMP accumulation. This indicates that at least 100-
fold potentiation of the metabolite response would be required for a therapeutically beneficial
effect. The in vitro experiments show that Compound 2 can produce this degree of
potentiation (>250-fold), consistent with modulation of metabolites as a therapeutically

relevant approach.

ACh and adenosine both act at several subtypes of the mAChR and adenosine receptor
respectively. Thereforeit is plausible that the metabolites investigated in this study could also
have effects at these other subtypes. Certainly this is true for inosine, for which allosteric
potentiation of CAMP signalling at the As-AR has been reported (Gao et al., 2011). One
advantage of allosteric ligands is their ability to provide selectivity and therefore use of a
selective modulator should, in theory, only modulate the metabolite at the subtype where the

allosteric ligand binds.

As an extension of our initial screen, the GLP-1R was used as a model system to further

explore the phenomenon. The GLP-1R has actions that address key symptoms associated
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with DM, including glucose-dependent increases in insulin synthesis and release, decreases in
-cell apoptosis, body mass and gastric emptying (Drucker and Nauck, 2006; Vahl and
D'Alessio, 2004). GLP-1 is principally released from intestinal L cells in its amidated form
(GLP-1(7-36)NH>) in response to meal ingestion resulting in insulin release (Drucker, 2006).
It is very rapidly degraded by dipeptidyl peptidase IV (within 1- 2 min) to GLP-1(9-36)NH,,
with only ~10 % reaching the systemic circulation and even lower levels reaching the
pancreatic B cells (Deacon et a., 1995); the metabolite is thus the major circulating form of
GLP-1, however it does not stimulate insulin secretion (Deacon et a., 1995; Tomas et al.,
2010), presumably due to the lack of GLP-1R mediated increases in CAMP, which is thought

to be amagjor contributor to insulin secretion.

A novel treatment for type 2 DM would therefore be to potentiate the actions of GLP-1(9-
36)NH, mediated through cAMP to €licit insulin secretion. Our results show that this is
indeed possible, with two structurally distinct allosteric ligands, BETP and Compound 2, able
to strongly potentiate CAMP signalling in heterologous cell systems. A key finding in our
study was the demonstration that one of these compounds, BETP, could also strongly
potentiate the ability of the GLP-1 metabolite to promote insulin secretion in both ex vivo and
in vivo rat models. Relatively high concentrations of GLP-1(9-36)NH; were required to dlicit
an insulin response (even in the presence of BETP) in the isolated islets (30 nM and above)
compared to circulating levels of GLP-1(9-36)NH in normal physiology (around 100 pM).
However, it is not uncommon to require much larger doses of hormones in ex vivo
experiments compared to in vivo, for example the ECso for GLP-1(7-36)NH, stimulation of
islet culture insulin release is 1-10nM (Goke et al., 1993; Sloop et a., 2010; Tomas €t al.,
2010), only ~10-fold lower than the augmented metabolite response. As the metabolite

circulates at >10-fold higher concentrations than the parental peptide, these data suggest that
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regulation of physiological levels of GLP-1(9-36)NH, may be possible, even with
compounds that have not been optimised for allosteric activity. Further exploration of this
phenomenon in vivo at physiological levels of metabolite is currently limited due to the poor
pharmacokinetic properties of the allosteric ligands available. However, in vivo effects on
insulin secretion and blood glucose elicited by GLP-1(9-36)NH, are modulated by BETP,
albeit with pharmacological dosing with the metabolite. This provides the proof-of-concept
that modulating metabolites is possible for physiologically relevant end points. It is likely that
specific screening programs to identify modulators optimised for potentiation of metabolites
are required to conclusively show allosteric modulation of metabolites can occur in an
endogenous system.

To date, the level of modulation seen with the metabolites for existing compounds is purely
serendipitous, however, the ability to develop allosteric ligands that induce very strong
potentiation certainly exists. Screening programs using the endogenous ligand ACh identified
an M, mAChR dllosteric ligand that enhanced the response mediated by ACh 780-fold
(Leach et a., 2010). Similarly, BQCA, an M; mAChR alosteric ligand can potentiate the
actions of ACh by up to 10,000-fold (Canals et al., 2012). So there is clear precedent for the
ability to develop compounds that will be effective even where metabolite activity is only
1,000" that of the parent ligand (assuming the metabolite levels do not reach higher levels
than the parent). Thus, these data provide compelling evidence for proof-of-concept that
allosteric modulation of metabolites could lead to physiologically relevant responses that are

therapeutically beneficial.

Currently, for the therapeuticaly relevant effects of GLP-1R activation, the underlying
signalling is not fully understood, but it is clear that physiological responses are a composite
of multiple pathways. In our in vitro assays, we showed that allosteric ligands can engender
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functional selectivity in the actions of the metabolite when acting at the GLP-1R whereby
CAMP signalling was strongly potentiated but no change was observed in ERK
phosphorylation or Ca?* mobilisation; together with the islet experiments and in vivo studies,
this suggests that modulation of cAMP without altering pERK1/2 and calcium signalling is
sufficient to promote insulin secretion. Nonetheless, the ideal signalling profiles for other
therapeutically relevant effects of GLP-1R activation, such as beta-cell survival, still remain
to be determined. As more information becomes available, a more detailed understanding of
the required combination of collateral efficacies required to therapeutically target different
disease states will become apparent. Therefore, information characterising functional
selectivity of all classes of ligands and behaviour will become increasingly important in drug

discovery programs.

Probe-dependence of allosteric drugs has multiple implications in drug discovery and the
ability to modulate the action of normally inactive endogenous metabolites could be exploited
to develop novel therapeutics. In addition, metabolites are often further metabolised offering
additional scope for drug discovery. However, in some cases, modulation of metabolites
could also contribute towards unwanted or unanticipated side-effects of drugs. This study
thus highlights the need to understand allosteric effects on al ligands, including metabolites
normally considered to be inactive as part of the profile of modulator action. This concept is
also relevant for other non-GPCR drug targets, such as ligand-gated ion channels. As a
further layer of complexity, the breakdown product of one ligand could activate a different
receptor with desirable properties, offering the potential to develop alosteric ligands with
properties for modulating that specific receptor target. The findings of pronounced
potentiation (in some cases) compared to the endogenous agonist has substantial, previously

unappreciated, implications for therapeutic development of small molecule modulators.
23

20z ‘ST |11dV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on May 10, 2012 as DOI: 10.1124/mol.112.079319
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #79319

Author ship contributions

Participated in research design: Wootten, Soop, Willard, Christopoul os, Sexton

Conducted experiments. Wootten, Savage, Valant, May, Ficorilli, Showalter

Contributed new reagents or analytic tools: Soop, Willard

Performed data analysis. Wootten, Savage, Valant, May Soop, Willard, Christopoulos,

Sexton.

Wrote or contributed to writing of the manuscript: Wootten, Soop, Christopoulos, Sexton

24

20z ‘ST |11dV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on May 10, 2012 as DOI: 10.1124/mol.112.079319
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #79319

References

Abu-Hamdah R, Rabiee A, Meneilly GS, Shannon RP, Andersen DK and Elahi D (2009)
Clinical review: The extrapancreatic effects of glucagon-like peptide-1 and related
peptides. J Clin Endocrinol Metab 94(6):1843-1852.

Backstrom T, Goiny M, Lockowandt U, Liska Jand Franco-Cereceda A (2003) Cardiac
outflow of amino acids and purines during myocardial ischemia and reperfusion. J
Appl Physiol 94(3):1122-1128.

Baggio LL and Drucker DJ (2007) Biology of incretins: GLP-1 and GIP. Gastroenterol ogy
132(6):2131-2157.

Birks Rl and Macintosh FC (1957) Acetylcholine metabolism at nerve-endings. Br Med Bull
13(3):157-161.

Bruns RF and Fergus JH (1990) Allosteric enhancement of adenosine A1 receptor binding
and function by 2-amino-3-benzoylthiophenes. Mol Pharmacol 38(6):939-949.

CanasM, Lane JR, Wen A, Scammells PJ, Sexton PM and Christopoulos A (2012) A
M onod-Wyman-Changeux mechanism can explain G protein-coupled receptor
(GPCR) alosteric modulation. J Biol Chem 287(1):650-659.

Christopoulos A (2002) Allosteric binding sites on cell-surface receptors: novel targets for
drug discovery. Nat Rev Drug Discov 1(3):198-210.

Christopoulos A and Kenakin T (2002) G protein-coupled receptor allosterism and
complexing. Pharmacol Rev 54(2):323-374.

Deacon CF, Johnsen AH and Holst JJ (1995) Degradation of glucagon-like peptide-1 by
human plasmain vitro yields an N-terminally truncated peptide that is a major
endogenous metabolite in vivo. J Clin Endocrinol Metab 80(3):952-957.

Drucker DJ (2006) The biology of incretin hormones. Cell Metab 3(3):153-165.

Drucker DJ and Nauck MA (2006) The incretin system: glucagon-like peptide-1 receptor
agonists and dipeptidyl peptidase-4 inhibitorsin type 2 diabetes. Lancet
368(9548):1696-1705.

Elahi D, Egan JM, Shannon RP, Meneilly GS, Khatri A, Habener JF and Andersen DK
(2008) GLP-1 (9-36) amide, cleavage product of GLP-1 (7-36) amide, isa
glucoregulatory peptide. Obesity (Slver Spring) 16(7):1501-1509.

Gao ZG, Vezijl D, Zweemer A, YeK, Goblyos A, ljzerman AP and Jacobson KA (2011)
Functionally biased modulation of A(3) adenosine receptor agonist efficacy and
potency by imidazoquinolinamine all osteric enhancers. Biochem Phar macol
82(6):658-668.

Goke R, Wagner B, Fehmann HC and Goke B (1993) Glucose-dependency of the insulin
stimulatory effect of glucagon-like peptide-1 (7-36) amide on the rat pancreas. Res
Exp Med (Berl) 193(2):97-103.

Kenakin T (2005) New concepts in drug discovery: collateral efficacy and permissive
antagonism. Nat Rev Drug Discov 4(11):919-927.

Knudsen LB, Kiel D, Teng M, Behrens C, Bhumralkar D, Kodra JT, Holst JJ, Jeppesen CB,
Johnson MD, de Jong JC, Jorgensen AS, Kercher T, Kostrowicki J, Madsen P, Olesen
PH, Petersen JS, Poulsen F, Sidelmann UG, Sturis J, Truesdale L, May Jand Lau J
(2007) Small-molecule agonists for the glucagon-like peptide 1 receptor. Proc Natl
Acad Sci U SA 104(3):937-942.

Koole C, Wootten D, Simms J, Valant C, Sridhar R, Woodman OL, Miller LJ, Summers RJ,
Christopoulos A and Sexton PM (2010) Allosteric ligands of the glucagon-like
peptide 1 receptor (GLP-1R) differentially modulate endogenous and exogenous

25

20z ‘ST |11dV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on May 10, 2012 as DOI: 10.1124/mol.112.079319
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #79319

peptide responses in a pathway-sel ective manner: implications for drug screening.
Mol Pharmacol 78(3):456-465.

Leach K, Loiacono RE, Felder CC, McKinzie DL, Mogg A, Shaw DB, Sexton PM and
Christopoulos A (2010) Molecular mechanisms of action and in vivo validation of an
M4 muscarinic acetylcholine receptor allosteric modulator with potential
antipsychoatic properties. Neur opsychophar macology 35(4):855-869.

Leach K, Sexton PM and Christopoulos A (2007) Allosteric GPCR modulators: taking
advantage of permissive receptor pharmacology. Trends Pharmacol Sci 28(8):382-
389.

May LT, Avlani VA, Langmead CJ, Herdon HJ, Wood MD, Sexton PM and Christopoulos A
(2007a) Structure-function studies of allosteric agonism at M2 muscarinic
acetylcholine receptors. Mol Pharmacol 72(2):463-476.

May LT, Leach K, Sexton PM and Christopoulos A (2007b) Allosteric modulation of G
protein-coupled receptors. Annu Rev Pharmacol Toxicol 47:1-51.

Plagemann PG, Wohlhueter RM and Kraupp M (1985) Adenosine uptake, transport, and
metabolism in human erythrocytes. J Cell Physiol 125(2):330-336.

Sloop KW, Willard FS, Brenner MB, Ficorilli J, Valasek K, Showalter AD, Farb TB, Cao JX,
Cox AL, Michagl MD, Gutierrez Sanfeliciano SM, Tebbe MJ and Coghlan MJ (2010)
Novel small molecule glucagon-like peptide-1 receptor agonist stimulatesinsulin
secretion in rodents and from human islets. Diabetes 59(12):3099-3107.

Sonoda N, Imamura T, Yoshizaki T, Babendure JL, Lu JC and Olefsky JM (2008) Beta-
Arrestin-1 mediates glucagon-like peptide-1 signaling to insulin secretion in cultured
pancreatic beta cells. Proc Natl Acad Sci U S A 105(18):6614-6619.

Teng M, Johnson MD, Thomas C, Kiel D, Lakis JN, Kercher T, Aytes S, Kostrowicki J,
Bhumralkar D, Truesdale L, May J, Sidelman U, Kodra JT, Jorgensen AS, Olesen PH,
de Jong JC, Madsen P, Behrens C, Pettersson |, Knudsen LB, Holst JJand Lau J
(2007) Small molecule ago-allosteric modulators of the human glucagon-like peptide-
1 (hGLP-1) receptor. Bioorg Med Chem Lett 17(19):5472-5478.

Tomas E and Habener JF (2010) Insulin-like actions of glucagon-like peptide-1: a dual
receptor hypothesis. Trends Endocrinol Metab 21(2):59-67.

Tomas E, Stanogjevic V and Habener JF (2010) GLP-1 (9-36) amide metabolite suppression
of glucose production in isolated mouse hepatocytes. Horm Metab Res 42(9):657-662.

Tucek S (1985) Regulation of acetylcholine synthesisin the brain. J Neurochem 44(1):11-24.

Vahl TP and D'Alessio DA (2004) Gut peptidesin the treatment of diabetes mellitus. Expert
Opin Investig Drugs 13(3):177-188.

Vahl TP, Paty BW, Fuller BD, Prigeon RL and D'Alessio DA (2003) Effects of GLP-1-(7-
36)NH2, GLP-1-(7-37), and GLP-1- (9-36)NH2 on intravenous glucose tolerance and
glucose-induced insulin secretion in healthy humans. J Clin Endocrinol Metab
88(4):1772-1779.

Vaant C, Felder CC, Sexton PM, Christopoulos A (2012) Probe-dependence in the alosteric
modulation of a G-protein coupled receptor: Implications for detection and validation
of allosteric ligand effects. Mol Pharmacol 81(1):41-52.

Werry TD, Gregory KJ, Sexton PM and Christopoulos A (2005) Characterization of
serotonin 5-HT2C receptor signaling to extracellular signal-regulated kinases 1 and 2.
J Neurochem 93(6):1603-1615.

26

20z ‘ST |11dV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on May 10, 2012 as DOI: 10.1124/mol.112.079319
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #79319

Footnotes

This work was funded by the National Health and Medical Research Council of Australia
[project grant #1002180, and program grant #519461], and the Australian Research Council

[discovery grant #110100687]. DW and EES contributed equally to this work.

27

20z ‘ST |11dV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on May 10, 2012 as DOI: 10.1124/mol.112.079319
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #79319

Figure Legends

Figure 1. Allosteric enhancement of metabolite activity as a novel mechanism of drug
action. (A) Schematic illustration of neurotransmitter release and activation of post-synaptic
receptors to elicit physiological signalling. (B) The neurotransmitter is rapidly degraded by
metabolising enzymes leading to decay of neurotransmitter signalling. (C) An allosteric
enhancer of metabolite activity (orange triangles) co-binds with the metabolite engendering
and/or enhancing signalling to extend the activation of the receptor. A similar process can be

envisaged for rapidly metabolised hormones or paracrine regulators.

Figure 2. Small molecule ligands of three different GPCRs display a high degree of
positive allosteric modulation of the metabolite of the cognate ligand in intact cells.
Interaction studies were performed in ERK phosphorylation between LY 2033298 and ACh
(A) or Ch (B) in FIpInCHO cells stably expressing the human M, mAChR. Interaction
studies between PD81723 and (C) adenosine or (D) inosine were performed in ERK
phosphorylation assays in FIpInCHO cells expressing the A;-AR. cAMP accumulation
interaction studies were performed between BETP and (E) GLP-1(7-36)NH; or (F) GLP-1(9-
36)NH, or between Compound 2 and (G) GLP-1(7-36)NH, or (H) GLP-1(9-36)NH, in
FIpInCHO cells stably expressing the human GLP-1R. All values are mean £ SEM of threeto

six independent experiments performed in duplicate.

Figure 3. Differing degrees of allosteric modulation of GLP-1(7-36)NH, and GL P-1(9-
36)NH, by BETP or compound 2 at the GLP-1R in ERK1/2 phosphorylation and
intracellular calcium mobilisation in intact cells. Interaction studies between BETP (A-D)

and GLP-1(7-36)NH; (A,C) or GLP-1(9-36)NH (B,D) in ERK1/2 phosphorylation (A,B) or
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intracellular calcium mobilisation (C,D), respectively. Interaction studies between Compound
2 (E-H) and GLP-1(7-36)NH> (E,G) or GLP-1(9-36)NH; (F,H) in ERK1/2 phosphorylation
(E,F) or intracellular calcium mobilisation (G,H), respectively. All values are mean = SEM

of three to four independent experiments performed in duplicate.

Figure 4. Ex vivo and in vivo studies reveal allosteric modulation of the GLP-1
metabolite at the GLP-1R leads to insulin secretion. (A) Insulin concentrations from
cultures of SD rat islets incubated in media containing high glucose (11.2 mM) and BETP
with increasing concentrations of GLP-1(9-36)NH.. Islet treatments were performed for 90
min. (B) Time course of plasma insulin concentrations in fasted, anaesthetised animals
treated with either vehicle, GLP-1(7-36)NH; (3 nmol/kg), GLP-1(9-36)NH, (150 nmol/kg),
BETP (5 mg/kg) or co-administration of BETP and GLP-1(9-36)NH,, immediately prior to
intravenous administration of a glucose bolus (0.5 g/kg). Inset, AUCo.10min Of the insulin
secretion for the various treatment groups. All results are expressed as mean = SEM of five
experiments, (* = p < 0.05 as determined using a one way anova followed by Dunnett’'s

comparison to vehicle group).
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Table L egends

Table 1. Allosteric parameters determining the cooperativity for the interaction
between the allosteric modulators and agonist/metabolite at the three different GPCRs,
using various signal outputs. Data were analysed with an operational model of allosterism
as defined in materials and methods. Logaf values represent the composite cooperativity

between the allosteric modulator and the orthosteric ligand. Antilogarithms are shown in

parenthesis.
Allosteric  Signalling Log ap (ap)
Ligand®  Pathway
Orthosteric Orthosteric
Ligand M etabolite
GLP-1R GLP-1(7-36)NH> GL P-1(9-36)NH
BETP CAMP 0.18+0.15(1.5) ND*
pPERK 1/2 -0.97 £ 0.39 (0.1) -0.01+£0.11 (1.0)
ca* ND* ND
Compound CAMP 0.36+0.14 (2.3 2.63 £ 0.43 (426)
2 PERK 1/2 -0.27 £ 0.26 (0.53) 0.25+0.31(1.8)
ca* ND ND
M- ACh Ch
mMAChR
LY2033298 pERKL1/2 0.31£0.07 (2.0 2.35+0.16 (224)
GTPyS 1.20+ 0.08 (16) 1.85+0.10 (71)
A;-AR Adenosine Inosine
PD81723 pERK1/2 1.31+£0.12 (20) 1.08+0.12 (12)

ND, Data not able to be experimentally defined.

ap is the cooperativity factor that defines the fold-change in receptor signaling by the
allosteric modulator.

*Cooperativity factors could not be defined, but positive all osteric modulation was observed.
?pK g values (the negative logarithm of the affinity) for the allosteric ligands derived from
application of the operational model of allosterism were 5.01+0.23 for BETP, 5.14+0.16 for
Compound 2 and 4.58+0.32 for PD81723. For LY 2033298 the pKg was fixed to the
equilibrium dissociation constant (4.74) previously determined in radioligand binding assays
(Vaant et al., 2012).

30

20z ‘ST |11dV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on May 10, 2012 as DOI: 10.1124/mol.112.079319
t been copyedited and formatted. The final version may differ from this version.

This artj

Figure 1.

i

Endogenous
neurotransmltter

;

o Neurotransmitter
° metabolites

i

20z ‘ST |1MdV uo speuinor 1 34SY e Bio'seusno fisdse wireydjow wolj papeojumod

Allosteric enhancer of
metabolite function


http://molpharm.aspetjournals.org/

Figure 2.
A' 120- B' 120+

g'IOO- %‘100-

|.|; 80- [LY2033298] I-l; 30

< 604 ® 0 < 604

g O 0.1uM g

é 40 A 1uM é 40

'H 204 v 10uM H 204

0- 0-
S 5 B 7 5 %
0 - - - - - =
Log [ACh] (M) Log [Choline] (M)

C' 1201 D 120+

& 1001 & 100

m 1]

'-'; 80+ [PD81723] '-'; 80

E‘ 60+ e 0 E‘ 60 &

= O 1uM =

T 404 v u T 404

< - A 3uM X K

W 20+ vV 10uM w20+

o & o @&
-1 T T T ' ' - ) J ’ :
o -0 9 -8 -7 6 5 0 7 6 5 -4 3
Log [Adenosine] M Log [Inosine] (M)

m
-

120- [
100-

40-

cAMP Accumulation
(% GLP-1(7-36)NH , response)
<23
o

204

0044 DO o P
=
=
=

w

N

=

=

cAMP Accumulation
(% GLP-1(7-36)NH , response)

[=2]
o

7 1 T

>l m

0 13 12 <11 40 -9 -8 7 -6 41 0 9 8 7 6
Log [GLP-1(7-36)NH ;] M Log [GLP-1(9-36)NH ,] M

2
T

@ @
g 120- [Com[())ound 2] g 120-
®
S 2 100- S § 100-
g8 0 0o1uM %8
:Es:;:‘l 804 A 1 uM E:EI 804
3 Z 6o A 18uM 3 Z go-
Lo a: )
gs v 32.M 88
2 Y & V 56uM o & 40
=3 20 O oM 27 2f ¥
(L | o d
O oA { O 30uM O o 6:
°\\°¢ T T T T T T T 1 °\: —T T T T T T
0 13 12 11 10 9 -8 -7 -6 0 -1 10 9 -8 -7 -6

Log [GLP-1(7-36)NH ;] M Log [GLP-1(9-36)NH ;] M


http://molpharm.aspetjournals.org/

Figure 3.

T T T T T
0 O O O o©o o
© o ©W < «

204

(osuodsas ZHN(9¢-2)1-d1D %)
Znyyad

(1]

<

-10

-11

-10

T
-11

s
k)

1 1 1 1
0o O O ©o o

Ll
[=]
(2] 0 O < «

004

(osuodsas ZHN(9¢-2)1-d1D %)
Znyyad

Log [GLP-1(9-36)NH,] M

Log [GLP-1(7-36)NH,] M

b4 o

T
o
o

—

120+

T T T
o (= (=)
W O <

T T
00
2

( osuodsai 2HN(9g-2)L-d1D %)
uonesijiqojy wnidjen

(@]

o

9
Log [GLP-1(7-36)NH,] M

-10

b fo

-11

T

o
wn
—

( asuodsau

T

[=]
=]
-

T T T
o O O
N o ©

ZHN(9g-2)1

T T
o O
©

-d19 %)

uoljesijiqoy wnidjed

Log [GLP-1(9-36)NH,] M

1]

T T T T T L
Qo O O (= o o o
N © © © <« «

(osuodsaa THN(9E-2)1-dT1D %)
Znyyad

T T T T T T T
o o o [=] (=] o o
N O o o « ™

(osuodsaa THN(9E-2)1-dT1D %)
Znyyad

Log [GLP-1(9-36)NH,] M

Log [GLP-1(7-36)NH,] M

& o

o o Q ©
© ~ N

( osuodsau CHN(9E-2)1-d 1D %)
uonesIIqo wnigje)n

L

9
Log [GLP-1(7-36)NH,] M

-10

B e

T 1
0 O O O ©o o
o o © <« W

-11

120+

—

( osuodsau CHN(9E-2)1-d 1D %)
uonesIIqo wnigje)n

o

Log [GLP-1(9-36)NH,] M

[BETP] (A-D) or [Compound 2] (E-H)

10uM B 30 uM

©

O 01uM V 3uM

1uM


http://molpharm.aspetjournals.org/

Figure 4.
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