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HIGHLIGHTS
* Chimeras combining 11 residue peptidomimetics antbnotoxins are potent GLP-1R
agonists.
» Several chimeras had improved biophysical propednpared to the parent compounds.
* These bicyclic peptidomimetics provide a new avemuehe development of GLP-1R

agonists.
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ABBREVIATIONS

T2DM: type-2 diabetes mellitus, GLP-1R: glucagdwelipeptide-1 receptor, GLP-1: glucagon-like
peptide-1, GIP: glucose-dependent insulinotropic lypeptide, cAMP: cyclic adenosine
monophosphate, HCTU: 2-(6-chloro-1H-benzotriazei@)il,1,3,3 tetramethylaminium
hexafluorophosphate, DIPEA: N,N-diisopropylethylami DMF: N,N-dimethylformamide, HATU:
1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazoldpdb]pyridinium 3-oxid hexafluorophosphate,
Ry radius of gyration, PSA: polar surface area, Séxface area, vLogP: virtual log n-octanol/water

partition coefficient.
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ABSTRACT

Type 2 diabetes mellitus (T2DM) results from compized pancreati@-cell function, reduced
insulin production, and lowered insulin sensitivitytarget organs resulting in hyperglycemia. The
GLP-1 hormone has two biologically active forms,R51-(7-37) and GLP-1-(7-36)amide, which are
equipotent at the glucagon-like peptide-1 receff@tP-1R). These peptides are central both to
normal glucose metabolism and dysregulation in T2D8&veral structurally modified GLP-1
analogues are now approved drugs, and a numbehef analogues are in clinical trials. None of
these compounds is orally bioavailable and all iregparenteral delivery. Recently, a number of
smaller peptidomimetics containing 11-12 natura annatural amino acids have been identified that
have similar insulin regulating profiles as GLPTlhe a-conotoxins are a class of disulfide rich
peptide venoms isolated from cone snails, and aoevik for their highly constrained structures and
resistance to enzymatic degradation. In this studyexamined whether 11-residue peptidomimetics
incorporated intax-conotoxin scaffolds, forming monocyclic or bicyricompounds constrained by
disulfide bonds and/or backbone cyclization, coattivate the GLP-1 receptor (GLP-1R). Several
compounds showed potent (nanomolar) agonist acatiGLP-1R, as evaluated via cCAMP signaling.
In addition, HPLC retention times arid silico calculations suggested that mono- and bicyclic
compounds had more favorable n-octanol/water gartdoefficients according to the virtual partition
coefficient model (vLogP), while maintaining a steakadius of gyration compared to corresponding
uncyclized peptidomimetics. Our findings suggesit tbyclic peptidomimetics provide a potential
avenue for future design of potent, compact ligatadgeting GLP-1R and possessing improved

physicochemical properties.

KEYWORDS
Glucagon-like peptide-1; Exendin-4; Conotoxins; €&lgon-like peptide-1 Receptor; Type-2 diabetes

mellitus.



57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

INTRODUCTION

The rapid increase in the incidence of type 2 dedbenellitus (T2DM) is resulting in a growing
economic burden for health care systems globalerd are around 350 million diabetes sufferers [1]
accounting for 6% of the total mortality rates wdwvide [2], 90% of which are T2DM [3]. The cost
associated with diabetes was over 376 billion USR010 and is estimated to rise to 490 billion USD
in 2030 [4]. Consequently, there is an urgent reedhe development of new T2DM therapeutics
with differentiation and improvement over thosereuatly available.

T2DM s characterized by hyperglycemia resultimgnf compromised pancreatjicell
function and reduced insulin production in conjumttwith lowered insulin sensitivity in target
organs [5]. Central to both the physiology of glseanetabolism and the pathophysiology of T2DM
are the endogenously-produced incretin peptide boe® glucagon-like peptide-1 (GLP-1; Figure
1A) and glucose-dependent insulinotropic polypep{i@IP) [6]. GLP-1 and GIP are secreted by cells
lining the gastrointestinal tract in response tdrieat intake, and stimulate pancreafieells to
produce insulin. The incretins account for up t&6/@f the prandiainsulin response [7], and although
both incretins are secreted at lower levels in T2[skients, only GLP-1 retains its potent
insulinotropic activity [8]. Consequently, GLP-1 aynthetic GLP-1 analogues have received
considerable interest as leads for the developofeli2DM therapeutics [9, 10]. GLP-1 is the product
of posttranslational processing of the preproglocagene and is initially produced as GLP-1(1-37),
before undergoing N-terminal truncation into the ®guipotent products GLP-1(7-37) and GLP-1(7-
36)-amide [11], hereafter described using the generm ‘GLP-1".

The physiological effect of GLP-1 is not limited ittsulin release, and includes inhibition of
B-cell apoptosis, glucagon secretion, food intakel gastric emptying while promoting-cell
neogenesis, glucose disposal and cardiac funcfiprGLP-1 signaling primarily occurs through the
G protein-coupled receptor, glucagon-like peptidexdeptor (GLP-1R) [12]. GLP-1R signaling has
been shown to involve multiple G protein-coupledhpays, including G, G, G, and Gy [13,
14]. Most studies of pathways have measurgdc@upling and increases in intracellular cCAMP [15],
protein kinase A and cAMP-regulated guanine nuaeo¢xchange factors [16]. Recent studies have
also shown that (G-protein independdhgrrestin-mediated pathways are important for doreas
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modulation of the response to GLP-1 [17, 18]. Is Heecome increasingly evident that GLP-1
achieves its biological effects through an exgeib@lance between different signaling pathways, and
to date no small-molecule GLP-1R agonists haveraptished this [19-22]. In contrast, a number of
modified GLP-1 analogues have been shown to b&fetiee as GLP-1, and several are currently in
clinical use or in clinical trials [9].

The first GLP-1R agonist to be approved for clihitcse was exenatide (Byetta©), based on a
GLP-1 analogue exendin-4 (Ex-4; Figure 1A) isolafeain the saliva of the Gila monsteH.(
suspectum) [23]. GLP-1 shares 50% sequence identity witrdEgithough the latter is a slightly more
potent GLP-1R agonist than GLP-1 [24] and is m@sstant to protease degradatiarvivo [25].
Another approved GLP-1R agonist is liraglutide,.amn GLP-1 analogue that has an added fatty
acid moiety, which promotes albumin binding, imgs\circulation half-life, and confers resistance to
protease degradation [26]. Agents currently avielab T2DM patients need to be administrated
subcutaneously either daily or weekly; however, uember of formulations based on GLP-1 or
exenatide that allow dosing either one a week arnttmare currently in clinical trials [27]. Develoyy
a GLP-1R agonist that is suitable for oral delivesylikely to increase patient compliance and is,
therefore, highly desirable.

Recently an 11-amino acid peptidomimetic analogaset on the first nine residues of the N-
terminus of GLP-1, with C-terminal biphenyl derivas in position 10 and 11, was reported
(BMS21; Figure 1B) [28]. BMS21 exhibited activityt ow picomolar concentrations in cAMP
signalingin vitro (ECso= 0.087 = 0.04 nM) and activity in an obese mouseleh[28]. However, the
signaling profile via various pathwais vitro is quite different to that of GLP-1, with a redud@d
protein-independerfi-arrestinl/2-smediated response [29]. Additionatknexploring variants of this
peptide with substitutions at positions 10 and dd. to the identification of a peptide where homo-
homo-Phe replaced (2’-Me)-Biphenyl at position 1l BMS21 (compoundl; Figure 1B). This
peptide displayed similar cAMP signaling activityvitro and plasma glucose lowering activity
vivo as BMS21, but with a simplified route of synthg&§i8, 31]. With the goal of obtaining an orally
bioavailable variant, compouriB was extended with Val N-terminally to target aetivansport by
the PEPTL1 transporter [32]. The resulting 12mettigep(CYOG1) showed oral efficacy in several
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preclinical diabetes models, including insulin ese in ob/ob mice at similar levels to that of
subcutaneous exenatide [33].

Peptide-based drugs typically have low bioavaiigbiesulting from poor absorption across
the gut wall, in conjunction with degradation bydegenous proteases in the digestive and circulatory
systems. In general, disulfide-rich peptides areemesistant to chemical or enzymatic insult than
unconstrained peptides. Conotoxins are such digdiich peptides isolated from marine cone snail
venoms that target nicotinic acetylcholine recept@ne suclr-conotoxin, Vcl.1, isolated from the
shail Conus victoriae [34], was found to activate GABAreceptors implicated in pain responses [35].
Recently an engineered cyclic variant of Vcl1.1 (€M¢ Figure 1C) was shown to have oral efficacy
in a rat model of neuropathic pain [36]. Anotleconotoxin, pcl6a (Figure 1D), first isolated from
the cone snaiConus pictus [37], shares several properties with GLP-1 and Eketh classes of
peptides have a flexible N-terminus followed byoamelix, and target membrane receptors.

We recently reported a series of potent cyclicwdgives ofl where the peptidomimetic was
constrained by either lactam bridges between residuand 9 or by disulfide bridges formed by
cysteine analogues between residues 2 and 5 [38hid study, we produced a series of chimeric
peptides by grafting BMS21/compouddanalogues into mono- and bicyclic cVcl.1 and pcd-6a
conotoxin frameworks. The resulting bicyclic pepgdshowed nanomolar to micromolar cAMP
activity. This is the first report of such potemtyzlic peptidomimetics and provides a new averare f

exploring highly constrained cyclic GLP-1R agonists

METHODS AND MATERIALS

Peptide Synthesis

Peptides were assembled on rink-amide (0.59 mm@lfggm-Impex) or 2-chlorotrityl resins (0.80

mmol/g; Chem-Impex) at a 0.25 mmol scale using Frsotid-phase peptide synthesis on a
Symphony Multiplex Synthesizer. Fmoc-protected anaoids (4 eq.) were coupled using 4 eq. 2-(6-
chloro-1H-benzotriazole-1-yl)-1,1,3,3 tetramethylaimam hexafluorophosphate (HCTU) and 8 eq.
N,N-diisopropylethylamine (DIPEA) in N,N-dimethylimamide (DMF; 2 x 10 min). Fmoc

deprotection was carried out using 30% piperidméMF (2 x 3 min). The following protecting
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groups were used: Trt or acetamidomethyl (Acm) (@lis, Asn, and GIn), tBu (Asp, Glu, Ser, Thr,
and Tyr), Boc (Lys and Trp), and Pbf (Arg).

Non-standard Fmoc amino acids were obtained froen€hmpex International Inc. (Fmoc-
p-phenyl-L-Phenylalanine and Fmoc-a-aminoisobutyécid), ChemPep Inc. (Fmoc-S-trityl-L-
penicillamine) and Alabiochem Tech. Co. Ltd (FmdogAOH). (S)-2-(((9H-fluoren-9-
yl)methoxy)carbonyl-amino)-3-(2'-ethyl-4'-methoxphenyl-4-yl)propanoic acid (Fmoc-Bip(2'-Et,4'-
OMe)-OH), Fmoc-(S)-2-Fluoro-R-methylphenylalaninea-Me-(2-F)-Phe) and Fmoc-(S)-2-6-
difluoro-R-methylphenylalanine afMe-(2-6-di-F)-Phe were synthesized, as previousiscribed
[28]. Extended coupling times were used for the-stamdard Fmoc protected amino acids: S-trityl-L-
penicillamine (B,p-di-Me)-Cys), ©-2-amino-3-(2’ethyl-4-methoxy-[1,1’-biphenyl]4-yyopanoic
acid ((2'-Et, 4’-OMe)-BIP), §-2-amino-5-phenylpentanoic acid (hh-Phej)-Z-amino-2-methyl-3-
phenylpropanoic acida{Me-Phe), §-2-amino-3-(2-fluorophenyl)propanoic acid-fle-(2-F)-Phe)
and §-2-amino-3-(2,6-difluorophenyl)propanoic acid-Ne-(2,6-di-F)-Phe). Non-standard Fmoc
protected amino acids were coupled with 1.5 eq. namiacid, 15 eq. 1-
[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4¥pyridinium  3-oxid  hexafluorophosphate
(HATU) and 3 eq. DIPEA for 1 h. Any amino acid fmlNing a-Me-Phe,a-Me-(2-F)-Phe and-Me-
(2,6-di-F)-Phe was patrticularly difficult and coung was performed with 20 eq. amino acid, 20 eq.
HATU and 40 eq. DIPEA for 18 h followed by standa&daq. amino acid, 4 eq. HCTU and 8 eq.
DIPEA (3 x 1 h) and acetylation of unreacted sifessembled peptides were liberated from the resin
and side chain deprotected using trifluoroacetid &EFA): triisopropylsilane: KO (95: 2.5: 2.5) over
2 h, before precipitation with ice-cold diethyl ethand lyophilization from acetonitrile/water
mixtures containing 0.1% TFA.

Peptides were purified by HPLC (Shimadzu Promiee8gstem) on a Phenomenex Jupiter
5um (250 x 50 mm) column. Peptide purities (>95%Yavconfirmed using a Phenomenex Jupiter
5um (150 x 2) mm column and peptide masses wererrdigted by electrospray ionization MS
(Shimadzu Prominence). Removal of the Cys Acm ptistg@ groups and disulfide bond formation
was achieved by dissolving peptide (0.5-1.0 mg/ml§0% aqueous acetic acid containing 1 mg/mL
iodine. Alternatively, if the reaction proceededvdly, acetic acid was substituted for methanol. The
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reaction was monitored by MS, as described abawé vwaas terminated by the addition of ascorbic
acid until the iodine coloration disappeared. Carmdisulfide bond folding was monitored Bl

NMR (Figure S1).

CHO cAMP Accumulation Assay

CHO K1 cells stably transfected with hGLP-1R werewn at 37°C, 95% ©and 5% CQ@in 75 cm
flasks containing DMEM/F12 (1:1) media with addéd GlutaMAX™ (Gibco®), 1% PenStrep and
1% Geneticin® (Gibco®) and grown until 90% conflueGells were then washed (PBS), lifted with
cell dissociation solution (Sigma Aldrich), countadd used for cCAMP accumulation assays and/or
passaging (1:10). Following the manufacturer'srugtons for the LANCE® Ultra cAMP assay
(Perkin Elmer), cells transfected with hGLP-1R weeatrifuged (1500 rpm, 5 min), re-suspended in
CAMP assay buffer (HBSS, 5.56 mM glucose, 0.1% B8A mM IBMX, 5 mM HEPES), and
seeded at 1000 cells per well in a ProxiPlate-384 Plate (Perkin Elmer). Cells were treated with
compounds diluted in assay buffer over a rangeootentrations (1@M to 100 fM) and incubated
for 30 min. Cell lysis buffers (Tracer (1:50) andigit (1:150)) were added to each well, and the
places were incubated at room temperature for lRefgre being read on a PHERAstar FS (BMG
Labtech). Raw signals from three technical replisatvere normalized as percentage of GLP-1
maximum before determining EB&L values using GraphPad Prism 6 from three indepgnde

experiments.

Molecular Modeling

The compounds were solvated in TIP3P water and @@% dimethyl sulfoxide neutralized with
Na'/Cl" counter ions using YASARA 13.9.8 [39] (systems sisted of 5000-6000 atoms, including
500-600 solvent molecules), and topologies wereemgded in VMD 1.9.2. Simulations were
performed in NAMD 2.10 CUDA [40] with CHARMMZ27 foec field parameters. Force field
parameters for dimethyl sulfoxide and syntheticraomacids were constructed using CGenFF 2b8 [41]
as a template, except for Aib (aa6) where SwissPdhdtp://www.swissparam.ch/) was used. Each

system was equilibrated using a stepwise relaxaronedure under NPT (conserved substance (N),
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pressure (P) and temperature (T)) conditions, egiquisly described [42]. The particle mesh Ewald
algorithm was used to compute long-range electiostateractions at every time step and non-
bonded interactions were truncated smoothly betvi®eh A and 12 A. All covalent hydrogen bonds
were constrained by the SHAKE algorithm (or the $EE algorithm for water), permitting an
integration time step of 2 fs. Three Productionsrah 50 ns were performed for each compound
under NVT (conserved substance (N), volume (V) tamdperature (T)) conditions and coordinates
were saved every 1000 simulation steps, produca@§Q total frames per compound.

Secondary structure analysis over time for compsuwere calculated using the VMD
timeline plugin (v2.3). Selection of the most regmetative structures from the simulation trajeetri
was based on backbone RMSD clustering in UCSF Ghirie8.1 [43], were the frame with the
lowest RMSD relative to the largest cluster waeaeld. The radius of gyration, surface area and
polar surface area were calculated from the madecdynamics trajectories using VEGA ZZ 3.03
[44] and a water probe radius of 1.4 A, and thectamol/water partitioning coefficients were

calculated according the vLogP model [45].

RESULTS

Design and Agonist Activity ofa-Conotoxin cVcl.1 Chimeras

There are currently no small molecule GLP-1R agenisth a similar activation profile to that of the
endogenous agonist GLP-1 [29]. The smallest GLRdéhists with similar efficacy to GLP-1 are the
11-residue peptidomimetics, BMS21 and compolir(&igure 1B). BMS21 has a centrak-8elical
segment across residues 6-11 [28], and compaunmds expected to have a similar conformation.
Consequently, in our design process the sequentenith the substitution Aib2 (aa6) to Pro2 was
grafted into the helical segment of the engineesadbtide cVcl.1 [36] (Figure 1C), to produce both
open2 and backbone cycli8 grafted peptidomimetics. The Aib2 residueliwas substituted for Pro2
because this residue is important for maintainiregfold of cVcl.1 [46] (Figure 1C and 1E; Table 1).
Comparing GLP-1R activation for the linear startowmpoundl with the monocyclic compoun?
indicated a 6-fold reduction in cAMP signaling (Tet®2). Backbone cyclization a? produced
bicyclic compound, which was accompanied by a 500-fold reductionAMP activity. To confirm

10



225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

that Aib2 present il was not suitable for the cyclotide cVcl.1 scaffétdo2 in3 was substituted for
Aib2 to produced, which was accompanied by >3-fold reduction inepay of CAMP signaling.

To investigate if the reduction in potency, resgtifrom backbone cyclization ¢ to 3,
related to loss of the N-terminal amine or losdl@fibility, 2 was acetylated at the N-terminus. The
resulting compoun8 was found to have intermediate CAMP potency coegb&n2 and3, suggesting
that both a free N-terminus and N-terminal flextiibre important for receptor activation. Durirgpt
optimization of BMS21 it was found that the 2,6fdierine substitution of-Me-Phe6 (aal0) was a
marginally more potent cAMP activator than the 2amdlourine derivative (aa9) [28]. The same
substitution in2 to produces had a similar marginal effect on cAMP signaling.

Backbone cyclization o6 to 7 resulted in a larger (>2-fold) loss of cAMP adiyvi
Substitutinga-Me-(2-F)-Phe2 (aa9) i with a-Me-Phe2 (aa8) i caused a further 2-fold reduction
in CAMP signaling. Interestingly, substituting thdvie-Phe2 in8 with Phe2 i@ was accompanied by
a 5-fold recovery of CAMP potency, suggesting ttietre was interdependency between dide
group and the fluorine(s) in promoting potency.

Subsequently, we wanted to investigate the poggilof increasing the hydrophobicity @f
and3 by modifying the cyclization linker in cVcl.1. Rdses 15-17 and 19-20 were substituted with
Val residues in the mono- and bicyclic compoud@sand 11. However, these substitutions were
accompanied by a 20-fold and 2-fold reduction oMEAsignaling, respectively. Similarly, residues
15-20 in2 and 3 were also substituted for Leu residues, but in waetion witha-Me-(2-F)-Phe2o
a-Me-Phe2 substitutions, to produce compouh2land13, respectively. The ration&br the residue
2 substitution was that this substitution 8nresulted in a slight improvement in cCAMP activity;
however, botii2 and13 were found to have reduced cAMP potency.

Considering the importance of the biphenyl derixegti in positions 10-11 of BMS21 for
CAMP activity [28], Gly1l4 in the cVcl.1 linker a@ and 3 was substituted for biphenyl to give
compoundsl4 and 15. These substitutions were well tolerated and oegulted in minor (1.1-2.8-
fold) losses of cAMP signaling potency. Compoutidsand15 were then substituted wittMe-Phe
at position 2 to producg6 and17, respectively. These substitutions had differentseguences for
the mono- and bicyclic compounds, with the fornosirig activity and the latter gaining activity. $hi

11



253  trend is similar to that seen f8r where thex-Me-Phesubstitution at position 2 was favorable, and it
254  appears that the bicyclic form ofMe-Phe2 is more effective tharMe-(2-F)-Phe2. By grafting
255  compoundl into cVcl.1, additional constraints were introdutgdthe presence of a disulfide bond.
256  To investigate the effect of further increasingstheonstraints, Cys12 and Cys212iand 3 were
257  substituted with,-di-Me)-Cys (aa7) to producE8 and19, and these changes were accompanied by
258  3-5-fold reductions in cAMP signaling. Thus, it apps that the disulfide bond constraint had a
259  negative effect on potency. Consequently, Cys12Gys®1 were substituted with Abul2 and Abu21
260 (aab) in the most potent variant, compound 2. Biselting compound 20 showed a 2-fold increase in
261  potency of cAMP signaling and became the most peimant.

262

263  Design and Agonist Activity ofa-Conotoxin pcl6a Chimeras

264  For the cVcl.1 grafted variants, the sequenckwés uninterrupted by disulfide bonds, and thus we
265  wanted to examine the possibility of constraining peptidomimetic further by introducing disulfide
266  bonds within the actual sequencelaiising the non-cyclia-conotoxin pcl6a. Graftingjinto pcl6a
267  resulted in21, where Thg and Thy were substituted with Cys residues designed tm fardisulfide
268  bond. Compoun@l showed a 3000-fold reduction in cAMP activity.drdstingly, the two bicyclic
269  compounds3 and 21, showed an equal loss of agonist activity irreipecof the scaffold. Further
270  substitution ofu-Me-(2,6-di-fluorine)-Phe6 witku-Me-(2-fluorine)-Phe6 and-Me-Phefn 21to give

271  compounds22 and 23 was accompanied by a further 12- and 4-fold redacin cAMP signaling
272 potency, respectively, which is more than for tame substitutions ii. Furthermore, substituting

273  Me-(2-fluorine)-Phe6 ir23 for Phe6 resulted ig4 and a further 10-fold reduction in cAMP signaling
274  potency, a substitution that had a 5-fold positeféect for the comparable substitution &

275 Interestingly, N-terminal acetylation @fl to give compoun@5 caused a 6-fold increase in potency,
276  which is the opposite effect seen for the equivadadition to compoun@, which lost 15-fold in
277  potency. In compoungdl, Leul2 remained from the pcl6a scaffold withoutvwn function, and was
278  substituted for a biphenyl residue, but the resglttompound26 showed a 17-fold reduction in
279  cAMP signaling.

280

12



281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

Molecular Modeling of a-Conotoxin Chimeras

To gain insight into how grafting of the peptidongitics intoa-conotoxins affected their structure,
selected grafted variants were subjected to 153 ms50 ns) molecular dynamics simulations. Since
NMR spectroscopy studies of BMS21 in 70:30 dimethylfoxide:water have been previously
reported [28], the same solvent system was usedhfrsimulations. However, since the atomic
coordinates of the BMS21 structure have not bekrased, a comparison could only be based on the
published description. BMS21 was found to adopteeh8lix spanning residues 6-11 (with residues
9-11 being distorted from the canonical conformgtiand a distorted type | turn or type Vlla turn
across residues 2—4 with a kink at Aib2.

The model of compountiwas suggested to have ahelix spanning residues 3-8 during the
majority of the simulation trajectory and randonil conformations for residues 9—11 and 1-2, with a
distinct kink at Aib2 as for BMS2(Figure 2A and Figure S2). The monocyclic compo@ndodel
was nearly identical t@ across residues 3—10(®MSD: 0.93 A), with au-helix spanning residues
3-9, although residues 1-2 were more extendedaakeéd the residue 2 kink (Figure 2B and Figure
S2). Similarly, the model of the bicyclic compouddverlaid closely across residues 3—10 Wi{{Co
RMSD: 1.06 A) an® (Co RMSD: 1.11 A) and displayed comparable structigatures across the N-
terminal 11 residue segment (Figure 2C and Fig@je Aigning the models of compourid and11
(Figure 2D and Figure S2yith 1 indicated a strikingly close alignment across dess 3-9 (G
RMSD: 0.32 A and 0.22 A respectively). However,tbtite peptide backbone and side chains of
residues 10-11 deviated greatly from compouhddswhich may explain the dramatic loss of cCAMP
activity for these variants. The modeled structofecompound20 differed greatly from the other
structures with the lack of any cyclic constrairgsulting in mostly a turn motif across the whole
peptide, with some intermittent;ghelix/a-helix tendency across residues 11-13. Compo2hd
which was based on a differemconotoxin scaffold (pcl16a) compared to compou2w@® (Vcl.l),
also appeared structurally different wah3, helical tendency across residues 2-4 with a turtifmo
across residues 6-10 (Figure 2E and Figure S2).
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Although 2 and3 contain twice as many amino acidslaand have masses 50% larger than
both had smaller radii of gyration (RTable 3). The additional amino acidsdrand3 resulted in
noticeable increases in surface area (SA), poldiacel area (PSA), and a lower n-octanol/water
partition coefficient according to the vLogP modéb]. Introducing Val residues in the Ala-Gly
linker of 2 and 3 to producelO and 11 reducedthe PSA and greatlincreased théipophilicity, as
indicated bythe vLogP values. The most potent variant, the nonicyadmpound20, had the least
favorable biophysical properties with the largegtFRSA and SA, and the lowest vLOGp. Compounds
21 and25, with three more amino acids and a mass ~20%rdhgé 1, had the smallest fof the
peptides examined. CompouB8, the most potent cAMP agonist based on the pcé&ffotd, had a

PSA comparable tb, but with greatly increased lipophilicity as indied by the vLogP.

Perfluorophenylene-Crosslinked Compound 1 Analogues

To further increase hydrophobicity and potentiaiembrane permeability while maintaining
helicity in the C-terminal part (residues 6—11}toé parent molecule, we designed a series of staple
compoundl analogues based on a recently developed cystarfigroarylation approach [47].
Previously reported [38] structure-activity data fiharmacophorelf suggest that substitution of
Thr5, Thr7 and Asp9 as well as C-terminal extersi{@2] are well tolerated and may yield molecules
that retain potent GLP1R activation. Pairs of ayste were introduced in an i, i+4 configuration in
positions 5/927) and 8/12 28) and were cross-linked by reaction with hexafllb@mzene under mild
conditions in solution, as previously reported (Fey 3). Similarly, compoun@9, containing a
perfluorobiphenyl staple (designed to span twdelical turns), was generated by introducing
cysteines in positions 5 and 12 (i, i+7) and resctiof the unprotected peptide with
decafluorobiphenyl. The resulting molecules dispthg large shift to later RP-HPLC retention times
compared to the non-stapled parent molecules, stiggesignificantly increased hydrophobicity and
reduced PSA. This was confirmed by MD simulatiorisere, for example27 had the smallest R
PSA and SA as well as the highest vLogP of all commgls investigated (Table 3). The modeled
structure of27 overlaid very closely with compoundl across residues 3-9 {CRMSD 0.62);

however, the increased N-terminal and C-termin&ctitye of 27 resulted in that residues 1-2 and 9-
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11 deviated greatly frorh in both backbone conformation and spatial sidenchéentation (Figure

2F and Figure S2), which may account for the reduw@eMP activity.

CONCLUSIONS

This study has demonstrated that it is possiblgréaluce bicyclic peptidomimetic GLP-1R agonists
that maintain potent cAMP activity. By capitalizingn cyclization patterns optimized through
evolution to maintain certain secondary structuretifis in naturally occurring disulfide-ricla-
conotoxins, these motifs were maintained in thdicymeptidomimetic chimeras. The consequences
of cyclization often included a reduction of thelites of gyration while increasing the overall
lipophilicity, characteristics frequently assocttevith improved membrane permeability and
bioavailability [48]. These findings open up neweaues for the design of potent bicyclic GLP-1R
agonists.

It is interesting that, in the process of graftiealler peptidomimetics into larger cyclic
peptide scaffolds, the radius of gyration can luced, which appears to be a direct result of the
additional constraints induced by cyclization. TWedues estimated for the radius of gyration of
grafted cVcl.1 variants by molecular dynamics spoad well to that previously determined for
wild-type cVcl.1 using pulsed-field gradient NMR,(R7.45 A [49]). Other consequences of this are
both masking of the polar termini, and that hydwlgh residues are locked in conformations
exposing them to the solvent, resulting in incrdaselecular hydrophobicity.

An additional beneficial effect of cyclization iabilization, leading to increased resistance to
chemical, thermal or enzymatic insult; indeed, enber of backbone-cyclized conotoxins have been
reported to share these properties [50-52]. Thialde true for cyclotides, a class of plant-derived
disulfide-rich and backbone-cyclized peptides [58. Recently bioactive peptides were grafted into
the cyclotide kalata B1 scaffold to produce bradykiB1 receptor antagonists for inflammatory pain
treatment, and these were shown to have an analgfect after oral administration in mice [55].
Similarly, an engineered cyclic version of Vcl.hegframework used in the current study) was found

to have oral efficacy in a rat model of neuropatram [36].
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It appears that cyclization through disulfide bomdthin the sequence df was much better
tolerated than backbone cyclization; undeniably,campounds that were cyclized through their
backbone lost potency for cCAMP signaling. At theneatime both disulfide and backbone cyclization
appeared to have beneficial effects by reducingddaus of gyration, PSA and SA while increasing
the molecular lipophilicityCompound20 showed the most potent cCAMP signaling and yet lmasr,
but at the same time was estimated to have thé famerable biophysical properties for drug
delivery. This suggests the possibility for tempgreonstraint of compoun20 in a mono- or bicyclic
pro-drug having properties that initially are sinilto 2 or 3. There area number ofapproaches
available for introducing temporary bonds that ugdechemical or enzymatic cleavagevivo to
release the active parent molecule. For exampier bends that are cleavauvivo by esterases have
been used to produce a number of successful pgsdvith improved lipophilicity, permeability and
bioavailability [56].

We have previously shown that monocyclic analogefes can be potent GLP-1R agonists
[38]. In this study we have demonstrated that gassible to produce bicyclic, and even more highly
constrained, potent peptidomimetic GLP-1R agoniststher studies of potential cyclization points
and various substituents are needed to find comgmuwith properties even more conducive for
increased lipophilicity and permeability, while mtiining potent GLP-1R signaling. Additionally,
these compounds need further evaluation to ensatetihe exquisite balance between the various
intracellular signaling pathways is maintained. Jééighly constrained bicyclic peptidomimetics
may provide an exciting new therapeutic avenue tdsvéhe development of GLP-1R agonists with

improved oral bioavailability properties.
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FIGURE LEGENDS

Figure 1: Amino acid sequences and/or structures of incretircnotoxins and peptidomimetics.
Amino acid sequences of GLP-1 and Ex-4 (A). Chehstactures of BMS21 and compound 1 (B).
Secondary structures and primary sequences-anotoxins cVcl.1 (C) and pcl6a (D), widh
helices shown in green and disulfide bonds in yellBeptide segments not present in the naturally
occurringa-conotoxins are shown in blue. Grafting points iagicated by scissors/dashed lines and
the direction of the grafted segments are indicatedashed arrows from the C-terminus to the N-
terminus. (E) Structures of non-natural amino aasisd for synthesis of peptidomimedgiconotoxin
chimeras.

Figure 2: Representative simulation structures calglated by molecular dynamics simulations.
Representative simulation structures of compoundA), compound 2 (B), compound 3 (C),
compound 10 (D), compound 21 (E) and compound 27 wkh the left-hand side of each panel
showing atom stick models (carbon: green; nitroddne; oxygen: red; sulphur: yellow; fluorine:
white) and the right-hand side of each panel shgihe secondary structuresltfelix: green; random

coil: grey) and disulfide bonds in ball and stickadel (carbon: green, sulphur: yellow).

Figure 3: Structures of compound 1 analogues withysteine perfluoroarylation linkages. The

structures of compound 1 analogues with varyindeiye perfluoroarylation linkages are shown for

compound 27 (A), compound 28 (B) and compound 29 (C
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FIGURES

Figure 1
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Table 1: Sequences ai-conotoxins and grafted peptidomimetic chimeras

Residué/ 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 Modification ?
Compound
a-conotoxin Vcl.1 and peptidomimetic chimeras
[ L J
e L]
cvel.l Asp Pro Arg Cys Asn Tyr Asp His Pro Glu lle Cys Gly Gly Ala Ala Gly Gly Gly Cys Cys Ser Cyclo
2 His Pro Glu Gly Thr  aall Thr Ser Asp aa3 aad Cys Gly Gly Ala Ala Gly Gly Gly Ala Cys Ser -
3 His Pro Glu Gly Thr  aall Thr Ser Asp aa3 aad Cys Gly Gly Ala Ala Gly Gly Gly Ala Cys Ser Cyclo
4 His aab Glu Gly Thr aall Thr Ser Asp aa3 aad Cys Gly Gly Ala Ala Gly Gly Gly Ala Cys Ser Cyclo
5 His Pro Glu Gly Thr  aall Thr Ser Asp aa3 aad Cys Gly Gly Ala Ala Gly Gly Gly Ala Cys Ser Ac-
6 His Pro Glu Gly Thr aa9 Thr Ser Asp aa3 aad Cys Gly Gly Ala Ala Gly Gly Gly Ala Cys Ser -
7 His Pro Glu Gly Thr aa9 Thr Ser Asp aa3 aa4 Cys Gly Gly Ala Ala Gly Gly Gly Ala Cys Ser Cyclo
8 His Pro Glu Gly Thr aa8 Thr Ser Asp aa3 aa4 Cys Gly Gly Ala Ala Gly Gly Gly Ala Cys Ser Cyclo
9 His Pro Glu Gly Thr Phe Thr Ser Asp aa3 aa4 Cys Gly Gly Ala Ala Gly Gly Gly Ala Cys Ser Cyclo
10 His Pro Glu Gly Thr  aall Thr Ser Asp aa3 aa4 Cys Gly Gly Val Val Val Gly Val Val Cys Ser -
11 His Pro Glu Gly Thr  aall Thr Ser Asp aa3 aa4 Cys Gly Gly Val Val Val Gly Val Val Cys Ser Cyclo
12 His Pro Glu Gly Thr aa8 Thr Ser Asp aa3 aa4 Cys Gly Gly Leu Leu Leu Gly Leu Leu Cys Ser -
13 His Pro Glu Gly Thr aa8 Thr Ser Asp aa3 aa4 Cys Gly Gly Leu Leu Leu Gly Leu Leu Cys Ser Cyclo
14 His Pro Glu Gly Thr  aall Thr Ser Asp aa3 aa4 Cys Gly aal Ala Ala Gly Gly Gly Ala Cys Ser -
15 His Pro Glu Gly Thr  aall Thr Ser Asp aa3 aa4 Cys Gly aal Ala Ala Gly Gly Gly Ala Cys Ser Cyclo
16 His Pro Glu Gly Thr aa8 Thr Ser Asp aa3 aa4 Cys Gly aal Ala Ala Gly Gly Gly Ala Cys Ser -
17 His Pro Glu Gly Thr aa8 Thr Ser Asp aa3 aa4 Cys Gly aal Ala Ala Gly Gly Gly Ala Cys Ser Cyclo
18 His Pro Glu Gly Thr  aall Thr Ser Asp aa3 aa4 aa7 Gly Gly Ala Ala Gly Gly Gly Ala aa7 Ser -
19 His Pro Glu Gly Thr  aall Thr Ser Asp aa3 aa4 aa7 Gly Gly Ala Ala Gly Gly Gly Ala aa’ Ser Cyclo
20 His Pro Glu Gly Thr  aall Thr Ser Asp aa3 aa4 aab Gly Gly Ala Ala Gly Gly Gly Ala aab Ser -
a-conotoxin pcl6a and peptidomimetic chimerds
[ L
[ 9
pcléa - - - Ser Cys Ser Cys Lys Arg Asn Phe Leu Cys Cys - - - - - - - - -NH
21 His aab Glu Gly Cys aall Cys Ser Asp aa3 aad Leu Cys Cys - - - - - - - -
22 His aab Glu Gly Cys aa9 Cys Ser Asp aa3 aad Leu Cys Cys - - - - - - - -
23 His aab Glu Gly Cys aa8 Cys Ser Asp aa3 aad Leu Cys Cys - - - - - - - -
24 His aab Glu Gly Cys Phe Cys Ser Asp aa3 aad Leu Cys Cys - - - - - - - -
25 His aab Glu Gly Cys aalo Cys Ser Asp aa3 aasd Leu Cys Cys - - - - - - - Ac-
26 His aab Glu Gly Cys aalo Cys Ser Asp aa3 aasd aal Cys Cys - - - - - - - -
helix-constrained compound 1 analogues
27 His aab Glu Gly Cys aa9 Thr Ser Cys aa3 aad - - - - - - - - - - - -NH
28 His aab Glu Gly Thr aa9 Thr Cys Asp aa3 aad Cys - - - - - - - - - - -NH
29 His aab Glu Gly Cys aa9 Thr Ser Asp aa3 aad Cys - - - - - - - - - - -NH

#Non-canonical amino acids are referred to as ad¥evX is a number) and their molecular structaresshown in figure 1E
®Modifications Cyclo, peptide backbone cyclization; dash (-), wlizgd peptide backbone; -NHamidated C-terminus of peptide; Ac, acetylatetbiinus of peptide

“Black lines indicate disulfide connectivity.
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Table 2: Masses and cAMP activities (CHO-GLP-1 ced) of grafted a-conotoxins and peptidomimetic
chimeras

Compound Calculated mass (Da) Determined mass (Da)cAMP ECs, (nM) £ SEM n

1 1482.6 1483.2 0.14+0.01 3
2 2285.8 2285.8 0.85+0.07 3
3 2267.9 2268.6 430 £ 40 3
4 2257.4 2257.2 1400 = 50 3
5 2327.0 2327.7 13+0.5 3
6 2267.9 2268.1 1.0+0.4 3
7 2250.6 2249.9 1000 + 30 3
8 2231.9 2231.8 2000 + 100 3
9 2217.9 2219.9 390 £ 40 3
10 2453.8 2453.1 19+0.5 3
11 2435.8 2437.0 1000 £ 100 3
12 2470.9 2471.0 130+40 3
13 2488.0 2488.5 2800 + 130 3
14 2451.1 2452.0 2.4 £0.06 3
15 2433.1 2434.8 470 £ 20 3
16 2399.0 2399.0 47 2 3
17 2415.8 24155 360 £ 10 3
18 2342.6 2342.2 25+0.2 3
19 2324.6 2325.9 2000 + 50 3
20 2251.5 2251.8 0.47 £0.02 3
21 1803.4 1803.5 430 + 80 3
22 1784.0 1784.3 5000 + 1000 3
23 1766.7 1767.5 1600 + 50 3
24 1752.6 1753.4 16000 £ 700 3
25 1844.9 1846.5 69 + 27 3
26 1914.0 1914.6 7500 + 1100 3
27 1600.6 1600.7 850 + 45 3
28 1729.6 1729.8 1150 + 50 2
29 1863.6 1863.7 >1000 1
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Table 3: Biophysical parameters calculated from macular dynamics

Compound R, (A PSA (A% SA (A9 vLogP

1 8.2+0.3 492 + 30 1736 + 36 0.39+£0.04

2 79+0.1 651 + 32 2138 £ 67 -2.24 £ 0.07
3 7.8+0.1 636 + 39 2026 + 42 -1.16 £ 0.04
10 79+0.1 543 + 30 2227 + 48 3.22+0.34

11 7.8+0.1 512 +18 2213+ 31 3.76 £ 0.33

20 83+0.2 715 + 26 2377 + 47 -3.30+0.32
21 7.1+0.2 577 + 28 1786 + 42 0.20+0.06

25 7.2+0.1 514 + 25 1831 + 52 3.14+0.36

27 7.2%+0.2 444 + 21 1654 + 44 3.94 +0.40
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Figure S1: *H NMR spectra of peptides used in this study. Experiments were run on a Bruker 600
MHz Avance spectrometer at 298K in 12-60% ACN-d3 / H,O.
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Figure S1: *H NMR spectra of peptides used in this study (continued).
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Figure S1: *H NMR spectra of peptides used in this study (continued).
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Figure S1: *H NMR spectra of peptides used in this study (continued).
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Figure S1: *H NMR spectra of peptides used in this study (continued).
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Figure S2: Secondary structure analysis from molecular dynamics trajectories. Plots of calculated
secondary structures during molecular dynamics simulations over time (x-axis) versus peptidomimetic
residue number (y-axis) for three replicates of 50 ns simulations (top to bottom). A secondary structure

color code key is given below.
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Figure S2: Secondary structure analysis from molecular dynamics trajectories (continued)
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Figure S2: Secondary structure analysis from molecular dynamics trajectories (continued)
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Figure S2: Secondary structure analysis from molecular dynamics trajectories (continued)
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Figure S2: Secondary structure analysis from molecular dynamics trajectories (continued)
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Figure S2: Secondary structure analysis from molecular dynamics trajectories (continued)
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Figure S2: Secondary structure analysis from molecular dynamics trajectories (continued)
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Figure S2: Secondary structure analysis from molecular dynamics trajectories (continued)
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Figure S2: Secondary structure analysis from molecular dynamics trajectories (continued)
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