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Partial agonism improves the anti-
hyperglycaemic efcacy of an oxyntomodulin-
derived GLP-1R/GCGR co-agonist

Phil Pickford", Maria Lucey, Roxana-Maria Rujafl Emma Rose McGloheStavroula Bitsf,
Fiona B. Ashford®, Ivan R. Corré8 David J. Hodsofi®, Alejandra Tomas Giuseppe Deganufij
Christopher A. Reynolds’, Bryn M. Owen, Tricia M. Tar, James Minniort, Ben Jones'*,
Stephen R. Bloorh

ABSTRACT

Objective:Glucagon-like peptide-1 and glucagon receptor (GLP-1R/GCGR) co-agonism can maximise weight loss and improve glycaemi
in type 2 diabetes and obesity. In this study, we investigated the cellular and metabolic effects of modulating the balance between G pro
b-arrestin-2 recruitment at GLP-1R and GCGR using oxyntomodulin (OXM)-derived co-agonists. This strategy has been previously
improve the duration of action of GLP-1R mono-agonists by reducing target desensitisation and downregulation.

Methods:Dipeptidy! dipeptidase-4 (DPP-4)-resistant OXM analogues were generated and assessed for a variety of cellular readouts. M
dynamic simulations were used to gain insights into the molecular interactions involved. In vivo studies were performed in mice to iden
effects on glucose homeostasis and weight loss.

Results:Ligand-sped reductions ip-arrestin-2 recruitment were associated with slower GLP-1R internalisation and prolonged glucose
lowering action in vivo. The putativetberiedGCGR agonism were retained, with equivalent weight loss compared to the GLP-1R monc
agonist liraglutide despite a lesser degree of food intake suppression. The compounds tested showed only a minor degree of biased :
between G protein dndrrestin-2 recruitment at both receptors and were bestl@dagsartial agonists for the two pathways measured.
ConclusionsDiminishing-arrestin-2 recruitment may be an effective way to increase the thecapguticfP-1R/GCGR co-agonists.

These bents can be achieved by partial rather than biased agonism.
2021 The Authors. Published by Elsevier GmbH. This is an open access article under thet@@ @¥alicensen(nons.org/licenses/py/4.0/

Keywords GLP-1; Glucagon; Oxyntomodulin; Biased agonism; Partialagesiism;

1. INTRODUCTION agonist oxyntomodulin (O}M)/Ell-established effects of glucagon

on energy expenditurf] Jeading to enhanced weight loss and ul-
Insulin and glucagon are traditionally viewed as opposing protagateésfsimprovements in insulin sensitiljitynight be safely
in the hormonal control of blood glucose. Pharmacological appeadisedsin the context of GLP-1R-mediated protection against acute
to potentiate glucose-stimulated insulin secretion (GSIS), Bypkrglycaemia. Glucagon is also insulinotropic, an effect that derives
analogues of the incretin glucagon-like pepide-1 (GLP-1), hdvenbeetion at both GLP-1R and GZGR [
successfully exploited over many years to treat type 2 diabetBsagE2Dggonism is a concept in which different ligands for the same
[1]. However, decades of attempts to develop glucagon resegptor selectively couple to different intracellular effgctors [
(GCGR) antagonists for clinical use have thus far failed to yietdraiayly providing a method of improving their therapeutic window
approved therapeutic agettd\ signicant problem appears to by reducing the activation of pathways associated with adverse effects
the development of hepatic steaftsy. [Contrasting with thi§15. For G protein-coupled receptors (GPCRS), bias is commonly but
traditional approach, GCGR agonism has emerged as a rotdiays expressed as a relative preference for recruitment of G
component of combined therapeutic strategies for treating obgsityeamsl vb-arrestins, that is, two of the most proximal interactors
T2D in which GLP-1R and GCGR are concurrently A8fgetestruited to the activated receptor as well as their corresponding
thereby recapitulating the effects of the endogenous GLP-1R/Gi@&Ring-intermediates. Both GLP-1R and GCGR are primarily coupled
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[23 were maintained in DMEM supplemented with 10% FBS, 1%

Abbreviations penicillin/streptomycin, and 1 mg/ml of G418. INS-1 832/3 cells, a gift
from Professor Chris Newgard (Duke Unidrsitgy¢ maintained

AlB 2-aminoisobutyric acid in RPMI with 11 mM of glucose supplemented with 10% FBS, 10 mV

barr b-arrestin of HEPES, 1 mM of pyruvateMs@fb-mercaptoethanol, and 1%

CAMP — Cyclic adenosine monophosphate penicillin/streptomycin. Huh7 cells stably expressing human GCG

DERET  Diffusion-enhanced resonance energy transfer (Huh7-GCGRYj[were maintained in DMEM supplemented with 10%

DPP-4 Dipeptidyl dipeptidase-4
ECL Extracellular loop
GCG(R) Glucagon (receptor)
GIP(R) Glucose-dependent insulinotropic polypeptide (redept
GLP-1(R) Glucagon-like peptide-1 (receptor)

FBS, 1 mg/ml of G418, and 1% penicillin/streptomycin.

2.3. Animal husbandry
qu)\e animals were maintained in speathogen-free facilities, with
ad libitum access to food (except prior to fasting studies) and water

HCA High content analysis . . R,

IPGTT Intraperitoneal glucose tolerance test The studies were regulated by the UK Anlmqlsqsccmudures) .
OXM Oxyntomodulin Act 1986 of the UK and approved by the Animal Welfare and Ethice
PKA Protein kinase A Review Body of Imperial College London (Personal Project Licen:s
T2D Type 2 diabetes PB7CFFE7A) or the University of Birmingham (Personal Project Licer
™ Transmembrane (helix) P2ABC3A83). Spegirocedures are described as follows.

2.4. Primary islet isolation and culture

The mice were euthanised by cervical dislocation before injection o
to cAMP generation through &tivation, with recruitmeni-of collagenase solution (1 mg/ml of Serva NB8 or S1745602, Nordmar
arrestins being associated with receptor desensitisation, endBégebsigjicals) into the bile duct. Dissected pancreata were then
and diminished long-term functional respaddés While the digested for 12 min at &in a water bath before pation of islets
therapeutic berte of biased GLP-1R agonism have been dewsdrg a Ficoll (1.078) or Histopaque (Histopaque-1119 and -1083
strated in a number of preclinical stuitie®], applying this gradient. Islets were hand-picked and cultured (5% Q2n37
principle to GLP-1R/GCGR co-agonism has been less exhéfdd medium containing 10% FBS and 1% penicillin/streptomycin.
recent study reported biaslpsdor a selection of investigational dual
GLP-1R/GCGR agonists, but it is not clear what role bias playsin tReéimary hepatocyte isolation and culture
metabolic effectd]]. Hepatocytes from adult male C57BI/6J mice were isolated using
In this study, we aimed to develop GLP-1R/GCGR co-agoriistiagétase perfusid.[After Itering and washing, the cells were
altered signalling properties but otherwise equivalent characuststide, directly assay cAMP responses as described in the nex
which might be used to assess the functional impact of bias in Aotk
in vivo. Focussing on the peptide N-terminus, we evaluated dipeptidyl
dipeptidase-4 (DPP-4)-resistant peptides featuring 2-aminoisbButy¥ignoBiT assays and calculation of bias between mini-Gs and
acid (AIB) at position 2 in combination with which a switch betweestin-2
glutamine (Q) and histidine (H) at position 3 was able to altee @ssay was performed as previously de3d}ilbteK293T cells
maximum responses (that issaef) for G protein dnarrestin in 12-well plates were transfected with0ob GLP-1R-SmBIT plus
recruitment to varying degrees at both receptors. Molecular d§rfaif@ic¥ LgBiT-mini-Gs, -mini-Gi, or -mird-Gglfts from Pro-
simulation of glucagon analogues interacting with GCGR wadessed ievin Lambert, Medical College of Georgiapaf@nd -
gain insight into the molecular interactions underlying these difféR:§#e8iT and 010§ of LgBiD-arrestin-2 (Promega) plusig.ef
By comparing the metabolic effects of a pair of matched peptife®N#3.1 for 24 h. The cells were detached with EDTA, resuspende
these sequence substitutions, we demonstrate that reduced reduitB&a. and furimazine (Promega) was added at a 1:50 dilution fror
ef cacy ob-arrestins translates into improveaaf in preclinicalthe manufactuteipre-prepared stock. After dispensing into 96-well
rodent models of obesity, consistent with a similar effect pravidigsglates, a baseline read of the luminescent signals was serially
observed for GLP-1R mono-agohist&1]. Our study thereforgecorded for 5 min using a FlexStation 3 instrumegGtla¢fére the
suggests a viable strategy to optimise GLP-1R/GCGR co-agtai©atédrconcentration of ligand was added, after which the signals

enhanced therapeuticaty. were repeatedly recorded for 30 min. For AUC analysis, the result;
were expressed relative to the individual well baseline for AUC cal

2. MATERIALS AND METHODS culations over the 30-min stimulation period. Baseline drift over time
frequently led to a negative AUC for vehicle treatment, which was

2.1. Peptides subtracted from all of the results before construction of 3-parameter

Al of the peptides were obtained from Wuxi Apptec and werecat¥€ats of the concentration-response using Prism 8.0. Bias was

90% pure. calculated using two approaches. First, the log max/EC58method [
was used, with the ratio of Emax to EC50 from 3-patanf@ter

2.2. Cell culture each ligand used to quantify agonism. After log1l0 transformation,

HEK293T cells were maintained in DMEM supplemented wigsp@ses were expressed relative to the reference agonist on a pe
FBS and 1% penicillin/streptomycin. PathHuetklBat2-EA assay basis to obtéllog(Emax/EC50) for each pathway. Pathway-
cells stably expressing human GLP-1R, GCGR, or GIPR &nécRaualues were then expressed relative to each other to obtain
Hunter CH®1barr1-EA cells stably expressing GCGR were ofi2&illag{Emax/EC50), that is, the log bias factor. Second, a methoc
from DiscoverX and maintained irs Ifagmedium with 10% FBderived from kinetic curting was used®{. Here, kinetic re-

and 1% penicillin/streptomycin. Stable HEK293-SNAP-GLPspRneesifor a single maximal agonist concentration were normalised ¢
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each time point to the vehicle response prior tatowgv#ini-Gs were labelled with the cleavable SNAP-tag probe BG-S-S-549 (a gift
responses werdted using the one-phase exponential assocfationNew England Biolabs) in complete medium for 30 min at room
equation in Prism 8tBarrestin-2 responses wetted using the temperature. After washing, fresh serum-free mextjiomist was
biexponential equation describ2€]ifThe agonist ehcy terrkS added. At the end of incubation, the medium was removed and the
was derived from these data as desctipddr[each agonist andwells were treated with for 5 min af 4vith Mesna (100 mM in

after log10 transform, the SRB103Q response was expressedligltitige TNE buffer at a pH of 8.6) to remove BG-S-S-549
to SRB103H as the reference agonist on a per assay basis twoahthio residual surface receptors without affecting the internalised
Dlogks. Pathway-specivalues were then expressed relative to eaoéptor population or with alkaline TNE buffer alone. After washing,

other to obtaidDlogks, that is, the log bias factor. phase contrast and eprescence cellular imaging at 20
magnication was performed, followed by processing as previously
2.7. Biochemical measurement of CAMP production describe®f] to quantify the amount of internalised receptor from the

PathHunter cells were stimulated with the indicated concentratamesufence intensity readings.

agonist for 30 min at 3€ in serum-free medium without phos-

phodiesterase inhibitors. INS-1 832/3 cells were stimulated wittOthéligh content imaging fmrescent ligand internalisation

indicated concentration of agonist for 10 minGir8gerum-free Huh7-GCGR cells were seeded in black clear-bottom plates coated

medium with 100M of 3-isobutyl-1-methylxanthine (IBMX).wgtiir 0.1% poly-ysine and assayed 24 h later. Then 100 nM of

mary dispersed mouse islet cells prepared by triturating intact isletssoent TMR-conjugated agonist or vehicle was applied for 30 min.

0.05% trypsin/EDTA for 3 min atGYvere stimulated with th&he cells were then washed with cold HBSS and incubated for 5 min in

indicated concentration of agonist for 5 min @ti8serum-free cold acetic acfd150 mM of NaCl buffer at a pH of 2.9 to strip surface

medium with 11 mM of glucose and@0of IBMX. Primanfligands. After anal wash, the cells were resuspended in HBSS and

mouse hepatocytes were stimulated in serum-free mediuthewitbrescent ligand uptake was measured andedqulaythigh

100 MM of IBMX for 10 min or 16 h in serum-free mediumcwaittent imaging as described in Sécfion

100mMM of IBMX added for thal 10 min of incubation. Huh7-GCGR

cells were stimulated in serum-free medium without phosphotiiesimaging ofiorescent ligand uptake in pancreatic islets

terase inhibitors for 10 min or for 16 h in serum-free medium. Méuse pancreatic islets were isolated and left to recover overnight

relevant, forskolin (1®1) was added as a positive or normalisdiefore being immobilised with Matrigel onto glass-bottom Mattek

control. At the end of each incubation, cCAMP was then assdigtdyand stimulated with 100 nM of the indicated TMBR-modi

HTRF (Cisbio cAMP Dynamic 2) and concentration-responsganiste®r 30 min. Z stacks were recorded for the whole islet vol-

were constructed with 3-parameter citirvg using Prism 8.0. ume on a Zeiss LSM780 inverted confocal microscope waih a 20
objective andrim of separation between optical slices.

2.8. Dynamic cAMP imaging in intact islets

C57BI/6 (#2 7) or Ins1ltml.1(cre)Pher(n¥s 2) mice were used as2.12. Preparing and imagieg cell samples to observe receptor

islet donors and were phenotypically indistinguishable. Isletstemesésation

transduced with epac2-camps for 48 h using an adenoviral veci@e(ls gittre seeded onto coverslips coated with OcSfsimalyand

from Professor Dermot M. Cooper, University of Cambridgepsspged-24 h after transfection with SNAP-tagged GLP-1R or GCGR

camps is well validated, relatively pH insensitive, and sensgqdasiWtPDNA (01§ per well of a 24-well plate). Surface labelling of

concentrations in the ranges described iBstéisPynamic cAMPthe SNAP-tagged GLP-1R was performed ugvhgfatte indicated

imaging was performed as previously desgfjhesinjg a Crest X-SNAP-surface probe for 30 min aC3¥efore washing with HBSS.

Light spinning disk system coupled to a Nikon Ti-E microscoprgdnade were applied in 1ddf2 media at 3€. For xation, 4%

and a 10 objective. Excitation was deliveletsat30 450 nm paraformaldehyde (PFA) was applied directly to the medium for 15 min

using a SPECTRA X light engine. Emitted signals were detectbégissmgvashing with PBS. Slides were mounted in Prolong Diamond

16-bit Photometrics Evolve Delta EM-C&D4&0e 500 nm and antifade with DAPI and allowed to set overnigleldvejgieor-

52@ 550 nm for cerulean and citrine, respectively. For imaging@ssteise imaging was performed using a Nikon Ti2E custom micro-

were maintained in HEPES-bicarbonate buffer (pH 7.4) contatopeg filatform via a 10045 NA oil immersion objective, followed by

mM): 120 NaCl, 4.8 KCI, 24 NaHCO3, 0.5 Na2HPO4, 5 HHERESraden-Lucy deconvolution using DeconvolutiinLab2 [

CacCl2, 1.2 MgCl2, and bglucose. The experiment was conducted

to determine responses to agonist-naive“&dets) (or with a 2.13. Measuring GLP-1R internalisation using DERET

“rechallengedesign in which islets werst treated for 4 h withThe assay was performed as previously de&dfindEK-SNAP-

100 nM of agonist followed by washout (2 washes for 30 mindid?ei® cells were labelled using 40 nM of SNAP-Lumi4-Tb in com-

imaging. During imaging, the islets were stimulated with 100pieée ohedium for 60 min at room temperature. After washing, the cells

agonist for 15 min starting & % min, followed by application were resuspended in HBSS containintyl 2f uorescein and

10 nM of forskolin as a positive control. FRET responses werdispénsed into 96-well white plates. A baseline read was serially

lated as theuorescence ratio of cerulean/citrine and normalisedez®feed for 5 min using a FlexStation 3 instrument & IJR-

FO-5, where F denotes therescence at any given time point andRET mode using the following settiagsit 340 nml,em at

5 denotes the averag®erescence foe 8 min. 520 and 620 nm, auto cut-off, delay afgl@Ghd integration time of
1500n%? Ligands were then added, after which the signals were

2.9. High content imaging assay for receptor internalisationrepeatedly recorded for 30 min. Tioeescence signals were

The assay was adapted from a previously described3@jethedpfessed ratiometrically aftsr subtracting signals from wells

HEK293T cells were seeded in black clear-bottom plates coatedtaiiting 2&M of uorescein but no cells. Internalisation was

0.1% poly-lysine and assayed 24 h after transfection with SNaRtied as the AUC relative to the individual well baseline, and

tagged GLP-1R or GCGR plasmid DR& gérlwell). The cellsconcentration-response curves were generated with Prism 8.0.
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2.14. Insulin secretion assay 2.20. Pharmacokinetic study

INS-1 832/3 cells were seeded in suspension into complete Meelioice were administered 0.5 mg/kg of peptide via IP injection. Fou
with 11 mM of glucoseagonist and incubated for 16 h atC37 h after injection, blood was acquired by venesection into lithium
Secreted insulin in the supernatant was analysed by HTRF (Inselrakiigboated microvette tubes (Sarstedt, Germany). In a separat
Range kit, Cishio) after dilution and normalised to the concenstitiyn inale Sprague Dawley rats (average weight 250 g, obtained fror

glucose-only treated wells. Charles River) were administered 4 mg/kg of peptide SC mixed ir
aqueous ZnClI2 solution to a molar ratio of 0.7:1 (peptide:ZnCI2), an
2.15. DPP-4 peptide degradation assay blood was collected by venesection at several time points up to 72 h

A total of 10 nmol of SRB103Q, SRB103H, or GLP-1 was disBtdgathimvas separated by centrifugation at 10,000 g for 8@nin at 4
750M of DPP-4 buffer (100 mM oéH®GI at a pH of 8). Then, 10 nRlasma concentrations were assessed by radioimmunoassay using &
of recombinant DPP-4 (R&D Systems) or no enzyme as a contiouf®m assay as previously desceifjedsing standard curves
non-enzymatic degradation over the same time period was addgeitertited from each SRB103 peptide to ensure that equivalent re
reconstituted peptide. Reactions were incubate@ an871201 covery was obtained.

samples were collected from the reaction vessel at the indicated time

points. Then,r of 10% triuoroacetic acid (TFA) was added to €aghh. Chronic administration study

sample to terminate enzyme activity. The samples were analyR&1 08 peptides were mixed in aqueous ZnCl2 solution to a molar rat
reverse-phase high-performance liquid chromatography (HPL&)IwAth &nCl2:peptide). Liraglutide (Novo Nordisk) was diluted in steri
linear acetonitrile/water gradient edidiith 0.1% TFA on Phenomwater. DIO mice received daily subcutaneous (s.c.) injections of eac
enex Aeris Peptide 816 XB-C18 columns (1504.6 mm). The treatment or vehicle (matched ZnCl2) with the dose increased durin
eluted peptides were detected at 214 nm. Peptide degradattbe wstsveek as indicated in thare. Body weight and food intake
calculated by comparing the area under the peak of the originmhsanmeasured periodically, with food and water available ad libitum

pound with and without enzyme. The end-of-study glucose tolerance test was performed 8 h after the
nal peptide dose with the mice fasted for 5 h. Body composition was
2.16. In vivo studies measured by EchoMRI at the end of the study.

Lean male C57BIl/6 mice1@ weeks of age with a body weight of
25e 30 g obtained from Charles River) were maintaiee2Batt212.22. Statistical analysis of biological data
and 12-h lightdark cycles. Ad libitum access to water and ndDuanhtitative data were analysed using Prism 8.0 (GraphPad Software
chow (RM1, Special Diet Services) or diet containing 60% fat tmioellicalture experiments, technical replicates were averaged so the
obesity and glucose intolerance (D12492, Research Diets) fmaatmindividual experiment was treated as one biological replicate
imum of 3 months before experiments was provided. The miGmaemsponses were analysed using 3- or 4-parametetdogistic
housed in groups of 4, except for food intake assessments waiittl thenstraints imposed as appropriate. Bias analyses were per-
chronic administration study, when they were individually cagednnigtdlas described in Sectién Statistical comparisons were
week of acclimatisation prior to experiments. Treatmentsnadeeby t-tests or ANOVA as appropriate, with paired or matchec
randomly allocated to groups of mice matched for weight.  designs used depending on the experimental desigrstitedard
error of mean (SEM) with individual replicates in some cases are
displayed throughout with the exception of bias analyses, for whict
2.17. Intraperitoneal glucose tolerance tests 95% condence intervals are shown to allow straightforward identi-
The mice were fasted for at least 4 h before commencing the @yg@sfof biased ligands, for which the 95elenoa bands did not
tolerance test depending on the peptide treatment length. Pejptde @&ro. Statistical sicamice was inferred ikp0.05 without
vehicle (0.9% saline) was injected into eaclsrimzgeeritoneal UP&scribing additional levels of signie.
cavity either 8 h before, 4 h before, or at the same time as the glucose

challenge (acute). Glucose was dosed at 2 g/kg of body weightoBloag! stems preparation, equilibration, and molecular dynamics
glucose levels were measured before a glucose challenge thematthen

times as indicated in thgure using a hand-held glucose mejgs performed molecular dynamics simulations on the active GCG
(GlucoRx Nexus). Blood samples for insulin were collected atd@#W8 in complex with peptides GCG, GCG-AIB2, and GCG-AIB:
into lithium heparin-coated microvette tubes (Sarstedt, Germamy).tHd-C-terminal helix 5 of the Gs [wataubunit. The struc-

lowed by centrifugation (10,000 RPM for 8 m@) &b 4eparate theyre was modelled using MODELLER sdftwarésglilab.org/
plasma. Plasma insulin was measured using a Cisbio mouse,ingtlify[36. The templates used were the full-length crystal struc-

HTRF kit. ture of a partially activated GCGR in complex with NNC1702 peptic
(PDB: 5YQZ)][and the cryo-EM structure of the active glucagon-like
2.18. Insulin tolerance tests peptide-1 receptor (GLP-1R) (PDB: 883Jyldestro software

The mice were fasted for 2 h before IP injection of peptide or(vighiclevww.schrodinger.gomas employed to add the missing

(0.9% saline). Four h later, baseline blood glucose was takerebigfoedH1 and substitute the adequate residues to generate GCG, GC
recombinant human insulin (Sigma, USA) (0.5 U/kg-1 U/kgAVias 1Bnd GCG-AIB2H3. Once the three systems were complet
injected and blood glucose was measured 20, 40, and 60 mamaftbe hydrogens added, each system was embedded in a phos:

insulin injection. pholipidic membrane and solvated. The membrane model used was 1
palmitoyl,2-oleoyl-sn-glycero-3-phosphochholine (POPC), which we
2.19. Feeding studies generated by CHARMM{@GPI//[charmm-gui.QtgThe simulation

The mice were fasted overnight before the study. Diet was retamxetingensions of the resulting systems we@090170 A in the
the cage 30 min after IP injection of agonist, with cumulativeXintékand Z directions, respectively. General charge neutrality wa
determined by weighing. obtained by addindNend Cl-neutralising counter ions. Each system
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was subjected to 10,000 cycles of energy minimisation to elioribate mini-Gs abehrrestin-2Rigure A); interestingly, this effect

steric clashes and relax the side chainsdltstep before runningt GCGR could be partly reversed for both pathways by concurrent
the simulations was represented by the equilibration of the sysbetitsition of glutamine (Q) at position 3 to histidine (H), which our in-
which included re-orientations of the water and lipid moleculesharmengreliminary evaluations had alregdgd as a route to

the protein. The systems were both equilibrated and simulatedosutate GCGR signalling. GCG-AIB2 showed a moderate but statis-
NVT ensemble with semi-isotropic pressure scaling with a ¢madhastgncant degree of bias in favour of mini-Gs recruitment, with
surface tension dynamic of O dyne/cm (through interfaces inthiee XY substitution driving the bias factor back towards zero
plane). The target pressure of 1 bar was achieved using the Mofite Qar®,C).

barostat, while the target temperature of 300 K was regulatedrusiftgrnative method for bias qoambn has been proposed
Langevin dynamics with a collision frequency of 1 ps-1. The[&4/KiRat is applicable to scenarios when kinetic response data is
algorithm was used to constrain the lengths of bonds congwaiagle. This model-free approach geagfttacy, termeds,

hydrogen atoms. Each system was equilibrated for 32 ns at a tinoestbe initial response rate at a saturating agonist concentration.
of 2 fs and then run in 3 replicas for approxinmtalygime step of After logarithmic transformati&s, dfias can be determinedrsy

4 fs using the AMBER foete implemented in the AMBER softwemenalising to a reference ligand (obtllltigks) and then

packagehftp://ambermd.oy{@9d. comparing responses between pathways (obfaliogks). In our
study, mini-Gs responses couldted as one-phase exponential
2.24. MD trajectory analysis association curves, wherbamrestin-2 showed a characteristic

Each replica of a system was merged and aligned on the initishfidnmecrease and slower decline presumeectd-arestin as-
using MDTrajwww.mdtraj.ofgand then analysed. The hydrogeriation followed by dissociation from the target receptor and required
bonds and van der Waals interactions between peptides and redemrponential equation tomeléhe association and dissociation
were computed using the GetContacts patikagggetcontacts.rate constantgl] (Figure D). GLP-1-AlIB2 showed subtly slower
github.i9/ The contacts were plotted on the PDB coordinateskinsiincs at GLP-1R for both pathways than did GLP-1, which did not
in-house scripts and Chimera softwares.¢gl.ucsf.edu/The translate into a sigrant degree of bias usingdB¥ogks method
distances between T3696.60 located at the top of TM6 and th@ainigigandFigure C). At GCGR, mini-Gshaadestin-2 associ-
of the cartesian coordinates (0, 0, 0) were ephastng the open-ation kinetics were also slower for GCG-AIB2 than glgoagin (
source community-developed library PLUMEBDA\20UMed.drg andTable ¥, with bias assessment from the kinetic data again sug-
Using the data provided by PLUMED, we further calculatedgéstidsa preference for mini-Gs coupling that was negated with the
tancesdistribution via an in-house script. Principal componeningoaldction of H3 (that is, less bias with GCG-AIB2H3 than GCG-AIB2;
ysis (PCA) was conductedaoat@ns using the R package BioBQure C).
(www.thegrantlab.gri/d. Prior to PCA, we carried out a trajec@vgrall, these data indicate that introducing the AIB2 substitution into
frame superposition @afms of residues 133 to 403 (TM dom@ihP-1 and glucagon led to a noticeable reducticacinfeb-
to minimise the root mean square differences among the eqaivedtint2 recruitment, more than mini-Gs recruitment, with glucagon
residues. The principal component 1 (PC1) graphic representatiorevedfected than GLP-1. However, at GCGR, this effect could be
displayed through the Pymol Molecular Graphics I8ysteém roitigated by the presence of H3. The Q/H switch at position 3 thereby
pymol.ordy/ provides a method of modulaticg@&f while retaining AlB2-induced
resistance to DPP4.
3. RESULTS
3.2. GCGR molecular dynamics simulations
3.1. Characterising N-terminal peptide substitutions that mowWegperformed molecular dynamics simulations of the active state GCGR
coupling tod3 andb-arrestin-2 at GLP-1R and GCGR in complex with glucagon, GCG-AIB2, or GCG-AIB2H3 to retrieve in-
The N-termini of GLP-1, glucagon, and OXM play critical sijessiimto the effects that peptide mutations have on the interactions,
activating their target recep8®$1]. However, alanine (in GLP-1) agerprints, and receptekibility. Substituting serine at position 2
serine (in glucagon and OXM) at position 2 renders each efitthéise non-standard residue AIB produced a substantial loss of in-
endogenous ligands susceptible to DPP-4-mediated cleavagemctiads with the top of transmembrane helix 6 (TM6) and TM7
pharmacologically stabilised incretin analogues are oftdramodi
this position. In this study, we focussed on the AIB2 substitution found
in semaglutide and some investigational oxyntomodulin analogues
[42e 44). To systematically investigate how this change affe
ceptor activation, we obtained GLP-1-AIB2 and glucagon-Al
AIB2) (se€able ). and measured recruitmer-afrestin-2 and
mini-Gs to GLP-1R and GCGR in real time using nanoBiT]

Table le Amino acid sequences of the peptides used in this stud
acid sequences are given in single letter code. GLP-1 is amidatdg
terminus as indicated. AIB is represented as X. Tetramethylrho(
indicated as TMR.

mentation2[/,45. Area-under-curve (AUC) qoatin from the peptide Amino acid sequence

kinetic response data indicated thaicgffob-arrestln-z recruit- "5 o) HAEGTFTSDVSSYLEGQAAKEFIAWLVKGR-NH2

ment to GLP-1R was modestly reduced with GLP-1-AlB2 con GLP-1-AIB2 HXEGTFTSDVSSYLEGQAAKEFIAWLVKGR-NH2

native GLP-Tgble 2Figure A, andSupplementary Fig).lAow- GCG HSQGTFTSDYSKYLDSRRAQDFVQWLMNT

ever, quantifying bias using the log(max/EC58]sadledted that ggg-ﬁfz :;<I:?GGTT;TTSSDDJSS;JLLI'DDSS;;:«g;f\)/gv\o/t&ﬂ'\’l\‘:

this sglectlye efcy reduction did not qualify GLP_—l-AIBZ asa ] NI HXHGTETSDYSKYLDSRRAQDFVOWLMNT

agonist as it was compensated by a correspondingly small inc gggy930 HXQGTETSDYSKYLDAKRAQEFIEWLLAGHHHHHPSW
potencyHigure B,C). The lack of bias is represenitéglire C by  sre103H HXHGTFTSDYSKYLDAKRAQEFIEWLLAGHHHHHPSW

the 95% comlence intervals for GLP-1-AlB2 crossing zero. At SRB103Q-TMR HXQGTFTSDYSKYLDAKRAQEFIEWLLAGHHHHHPS(K-TMR)W
the impact of AIB2 was more striking, with large reductiomsyin _SRB103H-TMR HXHGTFTSDYSKYLDAKRAQEFIEWLLAGHHHHHPS(K-TMR)W
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Table 2 Effect of AIB2 substitution in GLP-1, glucagon, or OXM on thiai@stam# recruitment responses. M SEM parameter estimates f
3-parametettting of AUC data frFigure A and association rate constants at maximal agonist stimulation (K@[max]). Statistical comparis
paired t-tests (GLP-1 and GLP-1-AIB2) or randomised block one-way ANO\#AesitigDurageth analogues). Note that, in ger 1 ligand was g

full agonist, Emax values were compared after normalisation to tttedjlobailyum response, whereas if only one ligand was a full agonis
comparison was performed prior to normalisation, but the numerical results are presented after normalisation to the full Supplemental
Fig. : for further analysishearrestin-2 recruitment using a different sygter 0.05 indicated by the statistical test.

GLP-1R
Mini-Gs b-arrestin-2

PEGo (M) Fax(% max) K@[max] (min-1) sPE0 Fax(% max) K@[max] (min-1)
GLP-1 7.7 0.1 105 2 0.30 0.04 7.3 0.2 100 O 1.25 0.31
GLP-1-AIB2 7.90.0 96 2 0.21 0.0% 7.7 0.Ir 68 4* 0.82 0.10
GCGR
Mini-Gs b-arrestin-2

PEGo (M) Fax(% max) K@[max] (min-1) sPBO Bax(% max) K@[max] (min-1)
GCG 6.7 0.0 100 O 0.17 0.03 6.1 0.1 100 O 0.89 0.18
GCG-AIB2 6.70.1 54 4* 0.11 0.01 6.2 0.1 25 2 0.29 0.03
GCG-H3 6.80.1 66 5* 0.13 0.04 6.3 0.1 54 6* 0.51 0.06
GCG-AIB2H3 7.0.1* 74 5* 0.13 0.01 6.6 0.1 53 2* 0.56 0.06

(E3626.53, F3656.56, and D3857 B2jime A,B). Fewer contactsnodied to H-AIB-Q (SRB103Q) or H-AIB-H (SRB103H) along wit
were also formed with TM3 (12353.40 and Y2393.44) anddtiténal conservative changes to enhance physicochemical prope
(W3045.36) compared to glucagon. Substituting S2 with thetibydsaeh as stability and solubility. As expected, both SRB103C
phobic AIB removed a persistent hydrogen bond with a D385add S&B103H were highly resistant to DPP-4-mediated degradatio
chain Table Band moved the barycentre of the interactions to{andslementary Fig).2A
extracellular loop 2 (ECL2) (D299ECL2 and S2971§@E2RiB) The mini-Gs abearrestin-2 recruitment pes of each ligand were
due to hydrogen bonds with H1 afichbe (@ The partial release cfompared at both GLP-1R and GQR: (&, Table 4 and
TM6 from the restraining interactions with the peptide N-termthipgésmentary Fig).2Bt GLP-1R, AUC analysis from the kinetic
corroborated by the higxibility displayed figure €. GCGR inresponse data indicated a 40% reduddianrigstin-2 e€acy but a
complex with glucagon and AIB2H3, on the other hand, wassthalldocrease in potency for the AIB2Q3 ligand compared to AIB2H.
terised by low plasticity of TM6 as indicated by monodispersavjiloliae mini-Gs response unaffected. At GCGR, both potency an
bility curves. Overall, glucagon and GCG-AIB2 stabilised divergertd8Z @Bre sigmiantly reduced in both pathways with the AIB2Q3
conformations of TM6, ECL2, andE@LB R). Interestingly, in théigand, although the magnitude of ttecgfreductiow 0%) was
closely related GLP-1R, ECL2 is essential for transducing gyeptidmmpared to the same sequence substitutions when applied tc
receptor interactions into cAMP accumulation, while a possibumagen iRigure 1Using the log(max/EC50) method, there was no
lation between peptides more prone to interact with EKGL3 statistically sigoant bias between mini-Gs bsatrestin-2 for
arrestin-iruenced signalling events such as ERK1/2 phospho8RBiH03Q vs SRB103H at either reEeptor B,C). However, bias
has been proposed, for example, for oxyntomodulin, exendin-&stimda®&s from the kinetic respobd¥giedks method) suggested a
[3849. Signicantly, recently described structures of GLP-1Rscdte preference for SRB103Q at GLP-1R towards mini-Gs recrui
plexed with semaglutide or taspoglutide that contain the AlB2reutigtigure @,D). As a role fadignalling has been reported for
tution also highlight divergence in the conformation of ECL3 c@hpat®lin islets?], and @i-dependent signalling was shown to
to GLP-14F. Moreover, a recent GCGR structural studgdidgraradoxically increase GCGR-induced hepatic glucds$ etegput [
distinct ECL3 conformations stabilised by glucagon and P15, aaGloRe@Rpared each SRB103 ligand for its ability to promote mini-Ge
GCGR co-agonist pepfide [ and mini-Gi to GLP-1R and G&GRIdmentary Figs. 2C gnd D
The simulations suggested that the Q3H mutation introducedTiheéS€Gesponses were generally of considerably lower magnitude
AIB2H3 favoured interactions between the peptide and TM2 ttesidicesmini-Gs, suggesting thatdBminates in this cell system.
K1872.60, V1912.64, and Q1311.29 located on theégetalitoHowever, SRB103H appeared to induce greater coupling to mini-G
region. K1872.60 in particular is part of the conserved hydeamghitini-Gi than SRB103Q to GCGR.
region within class B receptor TMD implied in binding, functibmaltyMP signalling responses were also assesseKinaeHO
and signal transmissioi].[It is plausible that the recoveryda@f lines expressing GLP-1R, GCGR, or glucose-dependent insulinotro
displayed by GCG-AIB2H3 over AIB2 might be driven by strpolygejtide receptor (GIPR)ré B andTable Y Unsurprisingly
teractions with TM2. Moreover, the whole TMD closed up arougig€dCke high degree of amgion seen in heterologous cell lines,
AIB2H3 during the simulations, similar t6iGQCE&E,D). reduced mini-Gs recruitmemiaefy did not result in any reduction in
cAMP Emax with SRB103Q, similar to a recent evaluation of GLP-11
3.3. Pharmacologically stabilised GLP-1R/GCGR co-agonisGIRR co-agonigig][ Potencies for SRB103Q and SRB103H were, as
study the impact of edicy variations expected, indistinguishable at GLP-1R, with a ncemsigaiuction
A pair of peptides termed SRBI&3¢ ). was developed by afor SRB103Q at GCGR. Both ligands showed at least 100-fold reduc
iterative process of sequence changes to the GLP-1R/GCGR potagoyisir GIPR cAMP signalling compared to GIP itself, even in tr
used in an earlier stud@y][ As the previous peptide was deriveghly ampkd heterologous system, suggesting that GIPR was un-
from OXM, it contained the N-terminal seqeewg Mhich was likely to contribute to their overall metabolic actions.
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Figure 1:Evaluation of N-terminal substitutions to GLP-1, glucagon, or OXM. (A) Concentration responsestaish@yiagamiete®s (mGd)-arrestin-2barr2)
recruitment to GLP-1R-SmBIT or GCGR-SmBIT in HEK293T cells stimulated with GLP-1, GLP-1-AIB2, glucagon (GCG), GCG-AIBZ; GO@HB par &83eAIB2H3, n
ts shown. (B) Heatmap representation of mean responses aftgioguayiog(max/EC50) okshrmethod and normalisation to the reference ligand (GLP-1 or GCG, as

appropriate). (C) Assessment of bias between mili-@seatid-2 recruitment from log(max/EC50k®mikthod, with statistical comparison by randomised block one-

way ANOVA with Sislaést comparing GCG-AIB2 and GCG-AIB2H3. The@%® tdearvals are shown to allow whaitth of ligands with statistically sagrtibias vs

the reference ligand. (D) Single maximal concentration kinetic responses of each ligand/receptor/pathway combination using/ithectetabhoa/asadéintisn

for mini-Gs and bi-exponentsalorb-arrestin-2*p < 0.05 indicated by the statistical test. Data are represented aSEMdor concentration response curves or 95%

condence intervals for bias plots; bias data are considecashtsifytiie 95% catence interval does not cross 0.

A close correlation was previously observed between traGstdudevaluating acute vs prolonged responses with SRB103H and
coupling etacy and ligand-induced endocytosis of GIG2R [ SRB103Q

GCGR, on the other hand, appears to internalise far mor®etimetions in eficy fob-arrestin-2 recruitment and endocytosis
[3355. We investigated the effects of SRB103Q and SRB1@3Hd tonprolongation of cCAMP signalling at GRRA1RAd GCGR
internalisation of GLP-1R and GCGR SNAP-tagged at their NE&tmivtiich is thought to result from avoidance of target receptor
HEK?293T cells using high content intagirgoth ligands inducedlesensitisation and/or downregulation. Interestingly, despite the ca-
pronounced GLP-1R internalisation, with a minor reductimy innefnical role bfarrestins in promoting clathrin-mediated endocytosis,
with SRB103Q, but GCGR barely internalised with eitheb-sigastin recruitment appears to be dispensable for GLP-1R inter-
(Figure B); higher resolution images of SNAP-GLP-1R- or riglNge€Rion2333, indicating that these phenomena may modulate
GCGR-expressing cells labelled prior to agonist treatment sigmaliog duration through distinct mechanisms. In both INS-1 832/3
rated thesendings Kigure G). Interestingly, when measuredchynal beta celld4 and dispersed mouse islet cells, biochemically
diffusion-enhanced resonance energy transfer $E|ERESt)ds of measured acute cAMP responses to SRB103Q and SRB103H were
GLP-1R internalisation were considerably slower for SRB108@sthmguishableigure A, B, andlrable ¥ However, SRB103Q
SRB103H throughout the concentrationFignge H,1), although showed greater potency than SRB103H for prolonged insulin secretion
using AUC quaretl from the end of the stimulation period, SRBtOB(B-1 832/3 cells, amounting to, for example, an almost two-fold
internalisation efcy was only subtly reduegli(e 3), similar to increase in insulin release wal nM agonist concentration

the result in the high content imaging assay. (Figure € andrable 31 Of note, uptake in mouse islets of an SRB103Q
These data indicate that the AIB2Q3 iteration of SRB103 atalogde conjugated to tetramethylrhodamine (TMR) close to the C-
reduced etacy for recruitmentbeéirrestin-2 at GLP-1R and, totarminus (SRB103Q-TMR|e Jlwas somewhat reduced compared
lesser degree, for mini-Gslaadestin-2 at GCGR. to SRB103H-TNRy(ire B) in keeping with the moderate differences
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Figure 2:MD simulations of GCGR in complex with glucagon, GCG-AIB2, or GCG-AIB2H3. A and B show the difference in the contacts between GGGR and GCC
AIB2H3 (B) plotted on the ribbon representation of GCGR; residues in red were more engaged by GCG-AIB2 (A) or GCG-AIB2H3 (8)neteledntectesidires forme
GCG. (C) Probability distribution of the distance between TM6 residue T369 and the origin of the cartesian coordinates (poinidh 6f e (B¢ Sapeipsisit
computed on the simulations of GCGR in complex with GCG (blue) or GCG-AIB2 (red).

in GLP-1R endocytosis observed with this liganddn3Addi- was slower than for SRB103Q @8 vs 0.53 min-1 from pooled
tionally, FRET imaging of intact mouse islets virally transduesgmbrises to SRB103H and SRB103Q, respectively), suggestir
express the cAMP sensor epac2-carhpkeinonstrated that botldiminished responsiveness with the former ligand.

agonists acutely induced similar cAMP dyhRamiesq), but when We also assessed the potential for time-dependent differences ir
pre-treated for 4 h with each ligand and then rechallenged Gfi&3R signalling. For islet cells, maximal acute cAMP responses
washout period, a trend towards reduced responsiveness for SRB¥OBEpatoma cells stably expressing B @&Brd indistin-

was observed. This difference was notaignivhen quargd guishable, but a clear increase was seen with SRB103Q when the cel
from the whole re-stimulation period, but it was clearly obserwedréhatcubated for 16-ly(ire B andrable X GCGR responses were

the epac2-camps average signal increase on SRB103H recilatbeegaluated in primary mouse hepatocytes; SRB103Q showe
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likely to derive at least partly from action on betagqelsg) in
keeping with greater insulin release observed after prolonged stimu-
lation with SRB103@igure 4We also performed insulin tolerance

Table 3e Molecular dynamics simulation results. Hydrogen bon
between GCGR and the ve amino acids in GCG, GCG-AIB2, an|

AIB2H3. Occupancy represents the number of frames with inte - e ] !
T R R R T T R R e R L R e Ry fests (ITTs) 4 h after agonist administration to assess potential effects

hydrogen bonds, while sb indicates backbone-side chain hydroJERQH TRV 5 BI{c SX-gle iU oJollsIpleTaleTa AR [s) IV 1T SN U M )
interpretation was complicated by differences in baseline due to the

Peptide Ligand Receptor Occupancy Type of hydrogen

residue residue (%) bond prior agonist exposure period, neither absolute nor percentage re-
— o e — <b ductlo_ns in bIood_ glucose levels were _dlfferent beMe_en agonists.
D384 30.4 Appetite suppression was also assessed in lean and diet-induced obese
S2 D385 78.5 ss mice. SRB103Q was more effective than SRB103H, particularly at later
18.4 sb time points in the obese cokagti(e E). Additional studies in lean
Q3 Yl‘g’jj 20.5 ss rats corrmed that the anorectic effect of SRB103Q was greater than
T5 T\Ilfggcu 13:2 b SRB103H over 7ZFg(re B). Plasma concentrations of each ligand
GCG-AIB2 H1 0588 30.2 sb were the same 4 h after a single dose iBmjge€mentary Fig),3C
K1876° 14.2 ss suggesting that the progressive divergence in physiological effects
D383'4§ 117 several hours after dosing was unlikely to be due to altered pharma-
g'SBZ $f§7 ;‘gi :2 cokinetics. Serial sampling in rats with peptide co-injected subcuta-
538346 136 neously with zinc to slow absorption through depot formation also
G4 T298°2 16.4 sb indicated no obvious difference in pharmacolSogtitsnientary
T5 D29%°2 30.4 ss Fig. 3
eee-  Hi DZQEE;Z T2 o Overall, these results indicate that, despite showing lower acute ef
AlB2H3 Ejz-ggcu if_i s cacy for intracellular effector recruitment at both GLP-1R and GCGR,
AlB2 D3g%2 21.0 sb SRB103Q showed greater bioactivity in mice than SRB103H. For gly-
H3 Y1494 11.9 ss caemic effects, this difference tended to become more apparent with
T5 D2gE" 13.8 time in keeping with the previously established principle that the
metabolic advantages of biased GLP-1R agonists are temporally
specic.

reduced potency acutely, but after overnight treatment, this difference

disappearedriure @ andlable Y Interestingly, although SNAP- . :

GCGR endocytosis was barely detectable in HEKF¢gUse(§eeA§6' Improv_ed anti hyperglyc_aenugceyf of SRB103Q was
reserved with chronic administration

. rv
TMR-conjugated SRB103H and SRB103Q analogues werg € ) . i i
taken up into punctate endosome-like structures in Huh7-GC§k§ce SYGCGR co-agonists may hold advantages over GLP-1R mono

. ) . - agonists’for treating obesity and related metabolic diseases as their
\évinggere:r:ir ugé?&i:serg(‘;\gﬂlé?eaﬂj I?%ﬂ?ﬂ{;:;;;ﬁ?f%s%g émediated effects on energy expenditure can promote additional
pancy P 9 g&rgé%ss:ﬁmﬁ]]. To determine if the apparent beref

explained by rapid dissociation of the endocytosed GCG F on glucose homeostasis revealed in single-dose studies are
S

complex and subsequent recycling of the receptor to the gag%%intained after repeated dosing, SRB103H, SRB103Q, and the

membrane. o . .
Overall, these studies indicate a general tendency for SRB]{%%&@_mono-agomst liraglutide were administered at matched doses

. . mice for 2 weeks. The dose was up-titrated over several days,
sponses at both receptors to be relatively enhanced W'thar%gef)us to typical practise in the clinic, as well as in preclinical
stimulations, which is compatible with rebeareestin-mediated 9 yp P ’ P

desensitisation of this ligand compared to SRB103H. studn_as of mcretln_ re_ceptor agomisﬁﬂ_l. As expected, all of the_
agonists led to a sigr@int amount of weight loss compared to vehicle

(Figure A). This was primarily due to fat mass loss, although inter-
3.5. Anti-hyperglycaemic responses were prolonged after aestiogly, a small amount of lean mass was lost with both SRB103
dose of SRB103Q vs SRB103H in mice peptides but not liraglutigigre B), which could result from the
As GLP-1R agonists with redbemdestin-2 recruitmentazfcy known effects of GCGR agonism on aminoixaeidd muscle
and/or delayed endocytosis show progressive increases aatalodilisn6p]. However, the trajectory for weight lowering differed
hyperglycaemic edicy over longer exposure periciizl,pg, for both dual GLP-1R/GCGR agonists compared to liraglutide, with the
we aimed to establish if this therapeutic principle could also beaipgtideting more effective earlier in the study before reaching a
to GLP-1R/GCGR co-agonism. Indeed, blood glucose concplategiorater one week, as commonly observed with GLP-1R mono-
during an intraperitoneal glucose tolerance test (IPGTT) in legomstein rodengl¢ 66). Importantly, weight loss with both dual
tended to be lower after a single administration of SRB103Q caggastsl was achieved despite liraglutide being more effective at
to SRB103H, with this difference enhanced by a longer sgmisssing energy intake throughout the FStudyg @), sug-
exposure tim&igure A). A similar pattern was seen at a ranggesting a contribution of increased energy expé@tlitntergst-
agonist doseSi{pplementary Fig) &Ad in diet-induced obese (DI@ly, SRB103Q was moderately more effective for weight loss than
mice igure B). SRB103H despite similar energy intake, raising the possibility that
Both GLP-1R and GCGR agonism potentiate glucose-stimulateduesdlitcCGR desensitisation could have contributed to improved
secretiorlp], but can also acutely enhance insulin-stimulated gloogse-term effects on energy expenditure. Both SRB103Q and
disposall[l,59. Plasma insulin concentrations measured 10 mingR&&03H outperformed liraglutide in an IPGTT performed at the end of
4-h-delayed IPGTT were higher with SRB103Q than SRB10BId seaty, with SRB103Q being the most effective at reducing the
ment, suggesting the fotmienproved anti-hyperglycaentaef is glucose excursidrigure B).
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