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Figure 1: Classification of obesity status by BMI according to the World Health Organization

Figure 2: Dynamic regulation of MC4R* PVN neurons according to the interplay between
AGRP/NPY and POMC neural activation or inhibition. AGRP/NPY and POMC neurons
localized within the arcuate nucleus respond to endocrine stimuli and mediate orexigenic
(AGRP/NPY) or anorexigenic (POMC) status via regulation of downstream MC4R activity and
AGRP/NPY to POMC communication. This figure was created using Sevier medical art and was
inspired from Cone et al., 2001, ......coiiiiiiiiiiiiiee e e e e s s s e e e anas 28
Figure 3: Tissue-specific processing of preproglucagon. The proglucagon precursor protein is
cleaved from preproglucagon following enzymatic removal of the signal peptide (PS). Within
L-cells of the small intestine, prohormone convertase 1/3 (PC1/3) cleaves and breaks down
proglucagon into separate proteins consisting of GLP-1, GLP-2, oxyntomodulin, IP2, and
glicentin. The resultant GLP-1 is predominantly found in the form of GLP-1 (7-37) and GLP-1
(7-36 amide). Within a-cells of the pancreas, the proglucagon precursor is instead cleaved and
broken down by prohormone convertase 2 (PC2) resulting in glucagon, glicentin-related
pancreatic polypeptide (GRPP), IP1, and a major proglucagon fragment. ........cccccceeeeeunrnnenn. 31
Figure 4: Structure of human GLP-1R and GIPR. The GLP-1R and GIPR consist of an
extracellular N-terminal domain, seven a-helical transmembrane segments (1-7) connected
via three intracellular (ICL1-ICLs) and extracellular loops (ECL1-ECLs), and an intracellular C-
terminal domain. Common to class B GPCRs, the extracellular N-terminal domain is stabilized
by six cysteine residues (highlighted in green). The cleavable signal peptide (highlighted in
red), located at the N-terminus, is required for processing and cell-surface expression of both
the GLP-1R and GIPR. Specific amino acids targeted for post-translational modifications are
highlighted in purple and may influence receptor cell surface expression and receptor
degradation. PTM: Post-translational modification. This figure was created using the Protter
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Figure 5: Schematic of Gas/Gaq activation and signaling. Steps following ligand binding at
the GPCR: 1) The heterotrimeric G-protein complex consisting of a GDP-bound G« subunit,
the G subunit, and Gy subunit, are recruited to the ligand-bound GPCR. 2) The Ga subunit
interacts with the intracellular loops of the GPCR forming a high-affinity complex that opens
the Ga subunit to binding GTP. The GPCR acts as a guanine nucleotide exchange factor (GEF)
replacing GDP with GTP at the Ga subunit. 3) The GTP-bound Ga subunit dissociates from the
Gfand Gysubunits. 3a) The liberated GTP-bound G as subunits interact with adenylate cyclase
(AC) to convert ATP into cAMP. The rise in intracellular cAMP results in the activation of
multiple downstream targets including PKA, EPAC2, and cyclic nucleotide-gated channels. 3b)
The liberated GTP-bound Gaq subunits activate the membrane-bound p-isoform of
phospholipase C (PLC-f). The activated PLC-f converts membrane-localized PIP2 into
membrane-localized DAG and cytosol-localized IP3, in which DAG activates membrane-bound
PKC while the cytosol-diffused IP3 induces calcium release via IP3 receptors on the ER. 4)
Intrinsic GTPase activity of the G« subunits hydrolyses GTP to GDP thus inactivating the G-
protein subunit and increasing its affinity for G and Gy subunit binding. G-protein hydrolysis
of GTP to GDP can be accelerated by complementary proteins such as RGS, increasing GTPase
activity by as much as 1,000 fold. ...cooocuiiieiieeeeeeieee et e e e e e e 46
Figure 6: Formation and liberation of endosomes containing internalized receptors. Clathrin
(black) recruitment to the inner leaflet of the plasma membrane promotes bending and
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invagination of the membrane. Plasma membrane associated proteins, including GPCRs,
heterotrimeric G-protein subunits, and downstream effector proteins (i.e. adenylate cyclase)
are directed into the budding formation. Dynamin-dependent scission (light blue) of the
formed neck of the invaginated bud liberates the endosome and its contents from the plasma
membrane, in which the newly formed endosome can then shed the endocytic machinery (i.e.
clathrin) and continue trafficking within the cell and signaling within the endosomal
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Figure 7: B-arrestin facilitation of Ga signaling inhibition and GPCR movement into clathrin-
coated pits. Steps following ligand binding at the GPCR: 1) Ga subunits are recruited to the
GPCR to swap GDP for GTP. 2) In parallel to G o subunit recruitment, GRK is recruited to the C-
terminal tail of the GPCR resulting in the phosphorylation of serine and threonine residues. 3)
The C-terminal serine/threonine phosphorylation sites on the GPCR act as an interaction point
for f-arrestin binding which sterically inhibits further G & subunit recruitment and connects
the GPCR to the AP2 endocytic machinery facilitating accumulation within the clathrin-coated
ST T 59
Figure 8: Schematic of endolysosomal trafficking and the mosaic of overlapping Rab
domains. Rab proteins facilitate endosomal trafficking and define distinct endosomal domains
within a network of cargo transport. Rab5 is the immediate destination for internalized cargo
via clathrin coated pits and represents the early endosomal compartment. Following Rab5
colocalization, Rab4 and Rabll represent the primary routes for receptor recycling via
receptor resensitization and return to the plasma membrane. Cargo can be rapidly recycled
back to the plasma membrane by sorting through Rab4* endosomes, or recycled through the
perinuclear region to the plasma membrane via Rab11* endosomes. The Rab5, Rab4, and
Rab11 domains are not distinctly separate but are dynamically interconnected. Alternatively,
Rab5 endosomes can be trafficked to accomplish cellular desensitization through the Rab7
late endosomal pathway which ultimately leads to cargo to incorporation into LAMP1*
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Figure 9: The Hill EQUAtION. ..........oooiiiiiiee e e e e e 69
Figure 10: Ligand potency as a product of intracellular signal amplification. Comparison of
ligand potency within subsequent steps of the signaling cascade in which a leftward shift in
each dose-response curve is attributed to an intracellular amplification of signal. Immediate
G-protein signaling as measured by miniG s recruitment, also viewed as ‘receptor activation’,
is the first step within the cascade. Quantification of direct cAMP production (as measured by
unimolecular cAMP sensors or cAMP antibody sandwich assays) represents a step
downstream that is subject to a degree of signal amplification. Indirect cAMP measurements
using nuclear cAMP CRE-luciferase reporters, which are dependent on PKA phosphorylation
of CREB, represent quantitative readouts most effected by amplification of signal. ............. 71
Figure 11: Examples of “gain in signal” and “loss in signal” BRET assays by MiniGos
recruitment to the GPCR and GPCR dissociation from the plasma membrane. Protein-protein
interactions can be quantified through bioluminescent resonance energy transfer (BRET)
when a donor lumiphore is brought into close vicinity (< 10 nm) to a suitable acceptor
fluorophore. BRET assays can be grouped into “gain in signal” or “loss in signal” assays.
MiniGas-Nluc recruitment assays, in which a lumiphore-tagged truncated version of Gos
resides within the cytosol at baseline and is recruited to a fluorophore-tagged GPCR upon
ligand stimulation, is representative of a gain in signal assay as BRET is established. In a loss in
signal assay, in which baseline BRET is dissipated by the lumiphore moving away from its
fluorophore counterpart, is exemplified with receptor internalization assays as the
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internalizing lumiphore-tagged GPCR moves to a distance > 10 nm relative to the fluorophore-
tagged plasma Membrane Marker. ... e e e e e e e 73
Figure 12: Amino acid sequence homology of GIP (1-42) and Glucagon (1-29) to GLP-1 (7-36
amide). Amino acids within the GIP (1-42) sequence highlighted in blue are unique relative to
GLP-1 (7-36 amide). Amino acids within the Glucagon (1-29) sequence highlighted in red are
unique relative to GLP-1 (7-36 amMide). .....ceeiieeiiie et 80
Figure 13: Unimolecular hybridization of GLP-1 (7-36 amide) and GIP (1-42). High sequence
similarity between GLP-1 and GIP within the N-terminal region of the peptides, the necessity
of Tyrl for GIPR activation, and the functional exchangeability of Tyr1His in maintaining GLP-
1R potency, had allowed for the iterative development of the balanced GLP-1/GIP dual-agonist
MAR709 (NNC0090-2746, Novo Nordisk, Copenhagen, Denmark). Tirzepatide (LY3298176; Eli
Lilly, Indianapolis, IN, USA), an unbalanced GLP-1/GIP dual-agonist, was similarly modeled to
the MAR709 sequence however with specific amino acid substitutions conferring greater
preference to the GIPR over the GLP-1R.........ccoiiiiiiiiiiiiiie e e 82
Figure 14: Amino acid sequence and structure of the tested GLP-1R and GIPR ligands. GLP-
1R mono-agonists used within this thesis are comprised of GLP-1 (7-36 amide), Semaglutide,
and Acyl-GLP-1 (a pharmacokinetically-matched Hisl and Vall0 mutant of MAR709) (left
panel, green). Comparative GIPR mono-agonists included are GIP (1-42) and Acyl-GIP (a
pharmacokinetically matched lle7 mutant of MAR709) (middle panel, blue). GLP-1/GIP dual-
agonists investigated are MAR709 and Tirzepatide (right panel, orange). Amino acid
sequences, in paper abbreviations, and external identifiers of the GLP-1 and GIP-derived
compounds used (Dottom table). ......coocciiii e e 101
Figure 15: Ligand-induced Ga subunit recruitment at the GLP-1R. Ligand-induced (1 uM)
recruitment of Nluc-tagged Mini- Gas (A), Gag (B), Gai (C), Gaazyiz (D), to a GFP-tagged GLP-
1R in HEK293T cells. The positive iAUC (+iAUC) representation of vehicle- and baseline-
corrected 30 min response to each agonist is expressed as mean * SEM. Bonferroni's test, *p
< 0.05, **p < 0.005, and **xp < 0.0005 using one-way ANOVA vs GLP-1 (7-36 amide),
Semaglutide, and Acyl-GLP-1. Three independent experiments were performed with at least
two technical replicates per group. Figure adapted from . .....ccccovvveeeeiiieiiciiiieeeeee e, 104
Figure 16: Ligand-induced Ga subunit recruitment at the GIPR. Ligand-induced (1 xM)
recruitment of Nluc-tagged Mini- Gas (A), Gy (B), Gai (C), Gerzyis (D), to a GFP-tagged GIPR
in HEK293T cells. The +iAUC representation of vehicle- and baseline-corrected 30 min
response to each agonist is expressed as mean + SEM. Bonferroni's test, *p < 0.05, **p < 0.005,
and #x*p < 0.0005 using one-way ANOVA vs GIP (1-42) and Acyl-GIP. Three independent
experiments were performed with at least two technical replicates per group................... 105
Figure 17: Baseline constitutive activity of Gas and G subunits at the GLP-1R and the GIPR.
Normalized comparison of maximal MiniGa-Nluc recruitment to GFP-tagged GLP-1R or GIPR
following 1 ©M stimulation of either GLP-1 (7-36 amide) or GIP (1-42) (A). MiniGas-Nluc
recruitment to GFP-tagged GLP-1R or GIPR following vehicle (PBS) administration without
statistical normalization to baseline values (B). MiniG ag-Nluc recruitment to GFP-tagged GLP-
1R or GIPR following vehicle (PBS) administration without statistical normalization to baseline
starting values (C). Three independent experiments were performed with at least two
technical replicates PO BrOUP. .. ittt e e e e e e e s ar e e e e e e e e e aneaeaeeas 107
Figure 18: Dose-dependent and temporal effects of ligands on Gos recruitment and cAMP
production at the GLP-1R. Dose-response curves (A) and temporal resolution (1 xM
stimulation) (B) of ligand-induced BRET between MiniGas-Nluc and GFP-tagged GLP-1R in
HEK293T cells. Dose-response curves of ligand-induced cAMP production in GLP-1R* HEK293T
cells (C). +iAUC representation of vehicle- and baseline-corrected 60 min (Gas recruitment) or
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25 min (cCAMP generation) temporal responses to each agonist is expressed as mean + SEM.
Three independent experiments were performed with at least two technical replicates per
=4 o 18 | o PP PPP PPNt 109
Figure 19: Saturation of unimolecular CAMYEL cAMP sensor is not achieved following 10 xM
ligand stimulation at the GLP-1R. Time course (A) and fitted dose-response curve (100 pM —
100 uM) (B) of the cAMP positive control forskolin in GLP-1R* HEK293T cells. Stimulation with
10 uM of agonist or forskolin in GLP-1R* HEK293T cells (C). The +iAUC representation of
vehicle- and baseline-corrected 60 min response to each agonist is expressed as mean + SEM.
Three independent experiments were performed with at least two technical replicates per
=4 o 18 | o PP PPP PPN 111
Figure 20: Dose-dependent and temporal effects of ligands on Ga,s recruitment and cAMP
production at the GIPR. Dose-response curves (A) and temporal resolution (1 uM stimulation)
(B) of ligand-induced BRET between MiniGas-Nluc and GFP-tagged GIPR in HEK293T cells.
Dose-response curves of ligand-induced cAMP production in GIPR* HEK293T cells (C). +iAUC
representation of vehicle- and baseline-corrected 60 min (Gas recruitment) or 25 min (CAMP
generation) temporal responses to each agonist is expressed as mean + SEM. Three
independent experiments were performed with at least two technical replicates per group.

Figure 21: PKA activity at the GLP-1R. Temporal resolution (A) and AUC (B) of ligand-induced
PKA activity as measured by the unimolecular circularly permutated ExRai-AKAR2 sensor in
GLP-1R* HEK293T cells. The AUC representation of vehicle- and baseline-corrected 40 min
response to each agonist is expressed as mean + SEM. Bonferroni's test, *p < 0.05, **p < 0.005,
and **xxp < 0.0005 using one-way ANOVA vs GLP-1 (7-36 amide). Three independent
experiments were performed with at least two technical replicates per group................... 114
Figure 22: Ligand-induced GLP-1R internalization. Dose-response (A) and temporal resolution
(1 M) (B) of ligand-induced hGLP-1-Rluc8 internalization as measured by loss of BRET with
plasma membrane marker Venus-KRAS. Live HILO imaging of hGLP-1R-GFP internalization in
HEK293T cells at baseline and 15 minutes after 1 #M ligand treatment (C). The -AUC
representation of vehicle- and baseline-corrected 40 min response to each agonist is
expressed as mean * SEM. Three independent experiments were performed with at least two
teChNiCal rePliCatES PO BIOUP. . uiiiiiie ittt et e e e et e e e e e e e e s tarreeeeeeeesenansreaeees 115
Figure 23: Ligand-induced GLP-1R internalization in hGLP-1R* Min6 cells. Temporal
resolution (1 xM ligand stimulation) (A), AUC (B) and % normalized AUC to GLP-1 (7-36 amide)
(C), of hGLP-1R-Rluc8 internalization as measured by loss of BRET with plasma membrane
marker Venus-KRAS in HEK293T cells. The -AUC representation of vehicle- and baseline-
corrected 60 min response to each agonist is expressed as mean * SEM. Bonferroni's test, *p
< 0.05, **p < 0.005, and ***p < 0.0005 using one-way ANOVA vs GLP-1 (7-36 amide). Three
independent experiments were performed with at least two technical replicates per group.

Figure 24: Ligand-induced GIPR internalization. Dose-response (A) and temporal resolution
(1 M) (B) of ligand-induced hGIPR-RIuc8 internalization as measured by loss of BRET with
plasma membrane marker Venus-KRAS. Live HILO imaging of hGIPR-GFP internalization in
HEK293T cells at baseline and 15 minutes after 1 xM ligand treatment (C). The -AUC
representation of vehicle- and baseline-corrected 20 min response to each agonist is
expressed as mean * SEM. Three independent experiments were performed with at least two
technical replicates PO BrOUP. ... ittt e e e e e e e e e arre e e e e e e e e e aneaeaeeas 119
Figure 25: Ligand-induced GIPR internalization and GIPR recruitment to the plasma
membrane. Temporal resolution (1 #M) of ligand-induced hGIPR-Rluc8 movement toward

12



Figure Index

and away from the plasma membrane marker GFP-CAAX (A), in which the +iAUC is
represented as ligand-stimulated net GIPR movement towards the plasma membrane (B) and
-iIAUC represented as ligand-stimulated net GIPR departure away from the plasma membrane
(C). Temporal resolution (D) and +iAUC (E) of ligand-induced (1 #M) GIPR movement toward
the plasma membrane following 30 min pretreatment with 0.43 M sucrose to inhibit receptor
internalization. The iAUC representation of vehicle- and baseline-corrected 30 min response
to each agonist is expressed as mean + SEM. Bonferroni's test, *p < 0.05, **p < 0.005, and
*x*xp < 0.0005 using one-way ANOVA vs GIP (1-42). Three independent experiments were
performed with at least two technical replicates per group. .......ccccceeeeevveeeeicieeeeeciee e, 121
Figure 26: XY relationship of ligand G os recruitment and cAMP production efficacy, to GLP-
1R internalization. Linear regression demonstrating relationship of ligand-specific receptor
internalization Emax (X-axis) to Gas recruitment Emax (Y-axis) (A) and cAMP production Emax (Y-
E DR (= SRR 123
Figure 27: The influence of GLP-1R receptor inhibition on Gos recruitment. Dose-response
curves of ligand-induced hGLP-1R-Rluc8 internalization without (A) or with (B) 30 min
pretreatment of 10 mM M£CD in HEK293T cells to inhibit receptor internalization as measured
by dissipation of BRET signal with plasma membrane marker Venus-KRAS. Dose-response
curves of ligand-induced miniG as-Nluc recruitment to GFP-tagged hGLP-1R without (C) or with
(D) 30 min pretreatment of 10 mM MfCD. Dose-response curves of ligand-induced miniG os-
Nluc recruitment to the plasma membrane marker Venus-KRAS without (E) or with (F) 30 min
pretreatment of 10 mM M/CD. The iAUC representation of vehicle- and baseline-corrected
30 min response to each agonist is expressed as mean + SEM. Three independent experiments
were performed with at least two technical replicates per group. .......cccceecvveeiviciveeeencineennn. 124
Figure 28: Ligand-induced f-arrestin 1/2 recruitment to the GLP-1R. Dose-response curves
(A) and temporal resolution (1 M stimulation) (B) of ligand-induced BRET resulting from
Parrl-Rluc8 recruitment to the GFP-tagged hGLP-1R. Dose-response curves (C) and temporal
resolution (1 uM stimulation) (D) of ligand-induced BRET resulting from farr2-Rluc8
recruitment to the GFP-tagged hGLP-1R. +iAUC representation of vehicle- and baseline-
corrected 30 min temporal responses to each agonist is expressed as mean + SEM. Three
independent experiments were performed with at least two technical replicates per group.

Figure 29: Ligand-induced f-arrestin 2 recruitment to the plasma membrane and endosomal
compartments as mediated by GLP-1R. Temporal resolution (1 zM stimulation) (A) and +iAUC
(B) of ligand-induced BRET resulting from farr2-Rluc8 recruitment to the plasma membrane
marker Venus-KRAS as mediated by the untagged hGLP-1R. Temporal resolution (1 #M
stimulation) of farr2-Rluc8 recruitment to hGLP-1R* Venus-Rab5* (C) and Venus-Rab7* (D)
endosomes. +iAUC representation of vehicle- and baseline-corrected 30 min temporal
responses to each agonist is expressed as mean + SEM. Three independent experiments were
performed with at least two technical replicates per group. .......ccccvvveeeeeeiiecccciieeeee e, 129
Figure 30: Ligand-induced GLP-1R internalization within the context of f-arrestin inhibition.
Temporal resolution (1 #M stimulation) (A) and -iAUC (B) of loss in BRET signal resulting from
hGLP-1R-Rluc8 internalization and movement away from the plasma membrane marker
Venus-KRAS within the context of barbadin pretreatment (100 ¢M). -iAUC representation of
vehicle- and baseline-corrected 30 min temporal responses to each agonist is expressed as
mean + SEM. Three independent experiments were performed with at least two technical
T o o = oY= = o YU o TR 131
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Figure 31: The presence of B-arrestin recruitment to the GIPR is dependent on assay type.
Dose-response (A) and temporal resolution (1 uM) (B) of the ligand-induced Parr2-Rluc8
response as measured by a gain in BRET signal following recruitment to the GFP-tagged hGIPR.
Relative difference in the extent of ligand-induced (1 uM) Barr2-Rluc8 recruitment to either
GFP-tagged hGLP-1R or hGIPR by the respective native ligands GLP-1 (7-36 amide) or GIP (1-
42) (C). Amino acid sequence of synthetic linker connecting hGIPR to the GFP fluorophore with
serine residues highlighted in bold red (D). Untagged hGIPR-mediated Parr2-Rluc8
colocalization with plasma membrane marker Venus-KRAS following ligand stimulation (1 uM)
(E). Barr2-Rluc8 colocalization with plasma membrane marker Venus-KRAS as mediated by the
untagged endogenous GLP-1R or GIPR sequences following ligand stimulation (1 uM) (F).
+iAUC representation of vehicle- and baseline-corrected 30 min temporal responses to each
agonist is expressed as mean * SEM. Three independent experiments were performed with at
least two technical replicates Per GroUP. ...ccuuiii it 134
Figure 32: Gaq subunit recruitment to the GLP-1R or the GIPR. Dose-response (A, C) and
temporal resolution (1 #M) (B, D) for MiniGag-Nluc recruitment to the GFP-tagged hGLP-1R
or hGIPR. +iAUC representation of vehicle- and baseline-corrected 60 min temporal responses
to each agonist is expressed as mean + SEM. Three independent experiments were performed
with at least two technical replicates pPer group......cccuveeveee e 136
Figure 33: Screen of |ligand-induced hGLP-1R colocalization into various
endolysosomal/biosynthetic pathways. Temporal resolution of hGLP-1R-Rluc8 colocalization
into Venus-tagged Rab1l (A), Rab4 (B), Rab 5 (C), Rab6 (D), Rab7 (E), Rab8 (F), Rab9 (G), Rabl1la
(H) -positive endosomal compartments following GLP-1 (7-36 amide) stimulation (1 xM) over
the course of 60 minutes. Three independent experiments were performed with at least two

teChNical rePliCateS PO BIOUP. . uiiiiiie i ettt e e e e e e e e e e e e s aarreeeeeeeesenansaeaeees 139
Figure 34: Schematic of GLP-1R G« subunit signaling and subsequent endosomal trafficking.
................................................................................................................................................ 141

Figure 35: GLP-1R colocalization and signaling within Rab5* early endosomes. Temporal
resolution, +iAUC, and % +iAUC normalized to GLP-1 (7-36 amide), of ligand-induced (1 xM)
hGLP-1R-Rluc8 colocalization into Venus-Rab5* endosomes in HEK293T (A-C) and Min6 (D-F)
cell lines. MiniGas recruitment to Venus-Rab5* endosomes as mediated by the untagged
hGLP-1R (G-1). The +iAUC representation of vehicle- and baseline-corrected 60 min response
to each agonist is expressed as mean £ SEM. Bonferroni's test, *p < 0.05, **p < 0.005, and
**xp < 0.0005 using one-way ANOVA vs GLP-1 (7-36 amide), Semaglutide, and Acyl-GLP-1.
Three independent experiments were performed with at least two technical replicates per
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Figure 36: GIPR colocalization and signaling within Rab5* early endosomes. Temporal
resolution, +iAUC, and % +iAUC normalized to GIP (1-42), of ligand-induced (1 uM) hGIPR-
Rluc8 colocalization into Venus-Rab5* endosomes in HEK293T cells (A-C). MiniGaos recruitment
to Venus-Rab5* endosomes as mediated by the untagged hGIPR (D-F). The +iAUC
representation of vehicle- and baseline-corrected 60 min response to each agonist is
expressed as mean + SEM. Bonferroni's test, *p < 0.05, *xp < 0.005, and ***p < 0.0005 using
one-way ANOVA vs GIP (1-42) and Acyl-GIP. Three independent experiments were performed
with at least two technical replicates Per SroUp......cccuvveeeeeeeeieciiiieeeeeec e 144
Figure 37: GLP-1R colocalization and signaling within Rab7* late endosomes. Temporal
resolution, +iAUC, and % +iAUC normalized to GLP-1 (7-36 amide), of ligand-induced (1 £M)
hGLP-1R-Rluc8 colocalization into Venus-Rab7* endosomes in HEK293T (A-C) and Min6 (D-E)
cell lines. MiniGas recruitment to Venus-Rab7* endosomes as mediated by the untagged
hGLP-1R (F-H). The +iAUC representation of vehicle- and baseline-corrected 60 min response
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to each agonist is expressed as mean + SEM. Bonferroni's test, *p < 0.05, **p < 0.005, and
*x*xp < 0.0005 using one-way ANOVA vs GLP-1 (7-36 amide), Semaglutide, and Acyl-GLP-1.
Three independent experiments were performed with at least two technical replicates per
=4 o 18 | o PP PPP PPN 146
Figure 38: GIPR colocalization and signaling within Rab7* late endosomes. Temporal
resolution and +iAUC of ligand-induced (1 M) hGIPR-Rluc8 colocalization into Venus-Rab7*
endosomes in HEK293T cells (A-B). MiniGas recruitment to Venus-Rab7* endosomes as
mediated by the untagged hGIPR (C-D). The +iAUC representation of vehicle- and baseline-
corrected 60 min response to each agonist is expressed as mean * SEM. Bonferroni's test, *p
<0.05, **p < 0.005, and ***p < 0.0005 using one-way ANOVA vs GIP (1-42) and Acyl-GIP. Three
independent experiments were performed with at least two technical replicates per group.

Figure 39: GLP-1R colocalization into LAMP1* terminal lysosomes. Temporal resolution,
+iAUC, and % +iAUC normalized to GLP-1 (7-36 amide), of ligand-induced (1 M) hGLP-1R-
Rluc8 colocalization into LAMP1-mNeonGreen* terminal lysosomes in HEK293T cells (A-C). The
+iAUC representation of vehicle- and baseline-corrected 60 min response to each agonist is
expressed as mean = SEM. Bonferroni's test, *p < 0.05, *xp < 0.005, and ***p < 0.0005 using
one-way ANOVA vs GLP-1 (7-36 amide), Semaglutide, and Acyl-GLP-1. Three independent
experiments were performed with at least two technical replicates per group................... 149
Figure 40: GLP-1R colocalization and signaling within Rab11* recycling endosomes. Temporal
resolution, +iAUC, and % +iAUC normalized to GLP-1 (7-36 amide), of ligand-induced (1 xM)
hGLP-1R-Rluc8 colocalization into Venus-Rab11* recycling endosomes in HEK293T (A-C) and
Min6 (D-E) cell lines. MiniGas recruitment to Venus-Rab11l* endosomes as mediated by the
untagged hGLP-1R (F-H). The +iAUC representation of vehicle- and baseline-corrected 60 min
response to each agonist is expressed as mean + SEM. Bonferroni's test, *p < 0.05, **p < 0.005,
and #**p < 0.0005 using one-way ANOVA vs GLP-1 (7-36 amide), Semaglutide, and Acyl-GLP-
1. Three independent experiments were performed with at least two technical replicates per
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Figure 41: GIPR colocalization and signaling within Rab11* recycling endosomes. Temporal
resolution and +iAUC of ligand-induced (1 ©M) hGIPR-Rluc8 colocalization into Venus-Rab11*
endosomes in HEK293T cells (A-B). MiniGas recruitment to Venus-Rabl1l* endosomes as
mediated by the untagged hGIPR (C-D). The +iAUC representation of vehicle- and baseline-
corrected 60 min response to each agonist is expressed as mean + SEM. Bonferroni's test, *p
<0.05, **p < 0.005, and ***p < 0.0005 using one-way ANOVA vs GIP (1-42) and Acyl-GIP. Three
independent experiments were performed with at least two technical replicates per group.

Figure 42: Physical reappearance of GLP-1R at the plasma membrane following receptor
internalization. Temporal resolution of ligand-induced (1 #M) changes in hGLP-1R-Rluc8
colocalization with the plasma membrane marker Venus-KRAS. Following 20 minutes of
ligand-incubation, ligands were washed out and either re-administered ligands (A) or
administered the GLP-1R antagonist Jant4 (9-39) (B), in which the resulting positive increases
in BRET signal, indicative of hGLP-1R-Rluc8 return to the plasma membrane from the
intracellular space, was measured over the course of the next 30 minutes. Pertaining to all
data points following JANT4 (9-39) administration, the rate of GLP-1R recycling was quantified
using the +iAUC which had been normalized to the respective immediate post-washout
measurement of each agonist (C). Again pertaining to all data points following JANT4 (9-39)
administration, total GLP-1R presence at the plasma membrane was quantified via +AUC (not
iAUC) by normalizing all ligand post-washout responses to a common minimal value (D). The
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iIAUC and AUC representation of vehicle- and baseline-corrected 50 min response to each
agonist is expressed as mean + SEM. Bonferroni's test, *p < 0.05, *xp < 0.005, and **x*p <
0.0005 using one-way ANOVA vs GLP-1 (7-36 amide), Semaglutide, and Acyl-GLP-1. Three
independent experiments were performed with at least two technical replicates per group.

Figure 43: Association of Rab-specific GLP-1R colocalization with the degree of GLP-1R
mediated endosomal Gg; recruitment. Linear regression between MiniGas-Nluc recruitment
and the physical colocalization of the hGLP-1R-Rluc8 into the Venus-tagged Rab endosomal
compartments for Rab5 early endosomes (A), Rab7 late endosomes (B), and Rab11 recycling
LY aTe [o 10T 0 g T=T3K () TSP PTT 157
Figure 44: The relationship of ligand-stimulated PCK1 transcription with GLP-1R
internalization, Rab5* endosomal Gas signaling, and global cAMP production. Ligand-
induced hGLP-1R-mediated transcription of the cAMP-responsive gene PCK1 as normalized to
vehicle (A). Linear regression between ligand-induced PCK1 transcription and hGLP-1R-Rluc8
internalization (B), hGLP-1R-mediated recruitment of miniGas-Nluc to Venus-Rab5*
endosomal compartments (C), and cAMP production (D). Data is expressed as mean + SEM.
Bonferroni's test, *p < 0.05, **p < 0.005, and ***p < 0.0005 using one-way ANOVA vs GLP-1
(7-36 amide). Four independent experiments were performed. .........ccccoveeeeiiiieeiiiiieeeenns 160
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Table 1: Characterization of clinically-relevant GLP-1R mono-agonists. Pharmaceutical GLP-
1R mono-agonists with described general modifications relevant to enhancing agonist in vivo
aF= YL 1 =TSRSS 75
Table 2: Maximal (Emax) drug effects and potencies (ECso) at the GLP-1R or GIPR target
receptors. Data were generated in HEK293T cells transiently transfected to express GLP-1R or
GIPR. Emax, PEC50, and ECso values were generated from dose-response values fitted to
sigmoidal curves using a three-parameter non-linear logistic regression. The Emax is the
maximal response elicited by an agonist and is expressed as % of the maximum response of
GLP-1 (7-36 amide) or GIP (1-42). The EC is the molar concentration in which an agonist
produced half of the maximal response. The pEC50 is the negative logarithm of the EC. Values
are given for Gas recruitment, cAMP accumulation, receptor internalization, B-arrestin 1/2,
and Gagq recruitment at the GLP-1R and the GIPR. All of the values were derived from the iAUC
of atemporal response for each concentration/agonist and are expressed as mean + SEM from
at least 3 independent experiments with at least two technical replicates per group. Statistical
significance was determined using one-way ANOVA and corrected with Bonferroni's multiple
comparisons test. */#/1p < 0.05. * vs GLP-1 (7-36 amide) or GIP (1-42). # vs Semaglutide. T vs
fatty acyl-GLP-1 or fatty acyl-GIP. NA = no agonism significantly different than zero observed
at 1 uM stimulation. Bold red = with significant non-zero agonism at 1 uM stimulation but
incomplete curve fit, last value at 10 LM USEd.........coeieiiiiiiiiiiiiee et e e 108
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Abstract

Obesity, and the often-associated co-morbidity of Type 2 diabetes (T2D), have been
exemplified as worldwide health threats due to their high prevalence and physiological
burden. The primary driver of obesity is an imbalance between excessive energy intake and
minimal caloric expenditure. Strategies designed to “re-balance” energy intake and
expenditure, while simultaneously optimizing metabolic glucose handling, primarily consist of
lifestyle modification, bariatric surgery, and pharmacotherapy. In recent time,
pharmacological targeting of receptors and biological processes involved in food intake and
energy expenditure have developed in both efficacy and safety. The endogenous glucagon-
like peptide-1 (GLP-1), which is well-known to enhance the insulinotropic response through
the ‘incretin’ effect and induce CNS-mediated satiety, has been heavily explored for its
therapeutic potential. Liraglutide and Semaglutide, which are GLP-1 analogues with 97% and
94% amino acid sequence homology, have revolutionized peptide-based diabetes and obesity
treatment due to exponential improvements in circulating half-life. As GLP-1-based
therapeutics have taken center stage despite persistent occurrence of adverse side effects,
combinatorial use of GLP-1-based pharmacology with its incretin counterpart, the gastric
inhibitory peptide (GIP), has demonstrated synergistic potentiation of the dose-response in
improving therapeutic endpoints such as body weight reduction and decreases in food intake.
In short, with GLP-1 and GIP co-administration, similar therapeutic endpoints are achieved
with less ligand required, thereby improving the tolerability profile. As a result, novel
strategies for combining GLP-1 and GIP action have manifested in the development of
hybridized unimolecular GLP-1/GIP dual-agonists, which consists of an eclectic positioning of
amino acids from both peptides into a single molecule. These unimolecular GLP-1/GIP dual-
agonists have exhibited therapeutic superiority to both mono-agonism and co-administration
of the individual peptides. However, questions remain pertaining to the novel amino acid
sequences that constitute these unimolecular dual-agonists, in particular, if the superior
therapeutic benefits observed are attributable solely to dual-agonism at the GLP-1R and GIPR,
or if the unique peptide sequences confer specialized signaling, trafficking, and receptor
recycling properties at the individual receptors, culminating in what is known as biased
agonism. Previous studies have selectively altered or substituted amino acids within the GLP-

1 sequence and have highlighted an impact on ligand-induced parameters such as receptor
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internalization, B-arrestin 1/2 recruitment, cAMP signaling, and differential cellular
desensitization. Sequence-mediated biases in ligand-induced signaling and trafficking have
also resulted in differential in vivo effects on glucose regulation and food intake.

Therefore, the goal of this presented PhD thesis is to assess the spatiotemporal GLP-1 and GIP
receptor signaling, trafficking, and recycling dynamics elicited by the GLP-1/GIP dual-agonists
MAR709 and Tirzepatide, relative to select GIPR and GLP-1R mono-agonists. In comparison to
the GLP-1 mono-agonists, which include a pharmacokinetically-matched MAR709 mono-
agonist control, both MAR709 and Tirzepatide show preserved maximal cAMP production
despite partial Gas recruitment. The unique signaling dynamics of the dual-agonists were also
paralleled by diminished ligand-induced internalization of both target receptors. Despite a
lower internalization rate by MAR709, GLP-1R colocalization with Rab11-associated recycling
endosomes was not different between MAR709 and GLP-1R specific mono-agonists. However,
this did not directly translate to a faster rate of physical receptor reinsertion into the plasma
membrane for MAR709. Interestingly at the GLP-1R, we identify agonist-specific differential
induction of Gas signaling, B-arrestin 1/2 recruitment, receptor internalization, endosomal
trafficking and signaling, and ultimately that of cAMP-responsive gene transcription, despite
equal efficacy for both cAMP production and PKA activity across all ligands. At the GIPR,
Tirzepatide acted as a full agonist at most signaling and trafficking parameters, thereby acting
as an equivalent to the GIPR mono-agonists, while MAR709 displayed strong but partial
agonism at most parameters aside from cAMP.

The data presented within this PhD thesis support the hypothesis that the structure of GLP-
1/GIP dual-agonists confer a biased agonism consisting of unique influences on receptor
signaling, endosomal trafficking, and transcriptional responses, that may ultimately underlie

in vivo efficacy as mediated by the individual GLP-1 and GIP receptors.
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Abstrakt

Fettleibigkeit, und die oft damit einhergehende Begleiterkrankung Typ 2 Diabetes (T2D)
werden aufgrund ihrer weiten Verbreitung und der hohen korperlichen Belastung die sie
verursachen, als weltweite Bedrohung fiir das Gesundheitssystem betrachtet. Die
Hauptursache fiir Fettleibigkeit ist ein Ungleichgewicht zwischen ({bermaRiger
Energieaufnahme und minimalem Energieverbrauch. Strategien, um die Balance zwischen
Energieaufnahme und Energieverbrauch wieder auszugleichen, wobei auch der
Blutzuckerstoffwechsel verbessert wird, sind in erster Linie Anpassungen des Lebensstils,
bariatrische Chirurgie und Pharmakotherapie. In den letzten Jahren hat sich sowohl die
Wirksamkeit als auch die Sicherheit von Pharmakotherapien, die auf Nahrungsaufnahme oder
Energieverbrauch wirken, deutlich verbessert. In diesem Zusammenhang wurde auch das
therapeutische Potential des endogenen ,glucagon-like peptid-1“ (GLP-1), welches
Insulinausschiittung durch den Inkretin-Effekt verstarkt, und im Zentralnervensystem ein
Sattigungsgefuhl verursacht, intensiv erforscht. Die peptidbasierte Behandlung von
Fettleibigkeit und T2D wurde durch die exponentielle Verbesserung der Halbwertszeit der
GLP-1 Analoga Semaglutid und Liraglutid, welche 97% bzw. 94% Sequenz-Homologie zu GLP-
1 haben, revolutioniert. Wahrend GLP-1 basierte Therapeutika trotz des anhaltenden
Auftretens von negativen Nebenwirkungen inzwischen eine zentrale Rolle einnehmen, zeigt
die Kombination von GLP-1 mit seinem Inkretin-Gegentiber ,gastric inhibitory peptide” (GIP)
eine synergistische Verstarkung und Verbesserung des Dosis-Wirkungs Verhaltnisses in
wichtigen therapeutischen Endpunkten wie Gewichtsreduktion oder Verringerung der
Nahrungsaufnahme. Kurz gesagt, durch Ko-Administration von GLP-1 und GIP werden
vergleichbare therapeutische Endpunkte bei niedrigerer Dosis erzielt, wodurch das
Vertraglichkeitsprofil verbessert wird. Diese neuen Strategien, die Effekte von GLP-1 und GIP
zu kombinieren, fuhrten zur Entwicklung von unimolekularen GLP-1R/GIPR Dual-Agonisten,
die Aminosduresequenzen aus beiden Peptiden in einem Molekil vereinen. Diese
unimolekularen Agonisten zeigen eine Verbesserung des therapeutischen Potentials sowohl
gegeniber den beiden Mono-Agonisten, als auch gegeniliber der gemeinsamen Verabreichung
dieser. Es gibt jedoch noch viele offene Fragen zu diesen unimolekularen Agonisten.
Insbesondere die Frage, ob die beobachteten therapeutischen Verbesserungen nur durch den
dualen Agonismus der GLP-1R und GIPR Rezeptoren entstehen, oder aber ob die besonderen

Sequenzen spezielle Verdanderungen der Signale, des Transportes, oder des intrazelluldren
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Recyclings der Rezeptoren, und damit sogenannte funktionelle Selektivitdt verursachen.
Bisherige Studien, in denen selektiv verschiedene Aminosauren von GLP-1 ausgetauscht oder
verandert wurden, haben gezeigt, dass dadurch Parameter wie Internalisierung, Rekrutierung
von [-arrestin 1/2, cAMP-Signale oder Desensibilisierung verandert werden kénnen. Solche
sequenzbasierten Veranderungen des Signalisierens oder des Transportes flihrten auch zu
Unterschieden in den in vivo Effekten auf Regulation der Glukosespiegel und
Nahrungsaufnahme.

Das Ziel der hier vorgestellten Doktorarbeit ist es daher, die zeitliche und raumliche Dynamik
des Signalisierens, Transportes und Recycelns der GLP-1 und GIP Rezeptoren, die durch die
GLP1/GIP Dual-Agonisten MAR709 und Tirzepatid versuracht werden, im Vergleich mit
ausgewahlten GIPR und GLP1-1R Mono-Agonisten zu untersuchen.

Im Vergleich zu den GLP-1R Agonisten, einschlieBlich eines Monoagonisten der
pharmakokinetisch auf MAR709 abgestimmt ist, zeigen sowohl MAR709 als auch Tirzepatid
bestehende maximale cAMP Produktion trotz nur partieller Rekrutierung von Gos. Die
besondere Signal-Dynamik dieser Dual-Agonisten zeigte sich auch in reduzierter Liganden-
induzierter Internalisierung beider Zielrezeptoren. Trotz der niedrigeren Internalisierungsrate
durch MAR709, unterschied sich die GLP-1R Ko-Lokalisierung mit dem Rab-11-assozieerten
Recycling-Endosom nicht zwischen MAR709 und den GLP1-R Mono-Agonisten. Dennoch
fiihrte dies nicht zu einer schnelleren Rate der physischen wieder-Einfiihrung des Rezeptors
in die Plasmamembran bei MAR709-Behandlung. Interessanterweise stellten wir eine enge
Korrelation zwischen der Liganden-induzierten Aktivierung von Gaos Signalen, B-arrestin 1/2
Rekrutierung, Rezeptor Internalisierung, Endosomalem Transport und Signalisieren, und
letztlich cAMP-abhangiger Gen-Transkription, obwohl die Wirksamkeit fiir cAMP-Produktion
und PKA-Aktivierung bei allen Liganden gleich war. Tirzepatid wirkte als voller Agonist fiir die
meisten Signalisierungs- und Transportparameter und wirkte daher Aquivalent zu den GIPR
Mono-Agonisten, wahrend MAR709 einen starken aber partiellen Agonismus in den meisten
Parametern auller cAMP zeigte.

Die in dieser Doktorarbeit prasentierten Daten unterstitzen die Hypothese, dass die Struktur
von GLP-1/GIP Dual-Agonisten funktionelle Selektivitat an deren Rezeptoren verursachen, die
sich in besonderem Einfluss auf das Signalisieren, den endosomalen Transport, und

transkriptionelle Aktivitdit manifestiert, und der letztlich wahrscheinlich die in vivo
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Wirksamkeit zugrunde liegt, die durch die beiden einzelnen GLP-1R und GIP Rezeptoren

verursacht wird.
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The Epidemic of Obesity and Type Il diabetes

Obesity, and the often-associated Type 2 diabetes (T2D), have been inserted into the world
stage due to high prevalence and health burden. By 2030, 50% of the United States adult
population is expected to be overweight or obese, while on a global scale the epidemic is
expected to reach up to 1.35 billion adult individuals (Kelly et al., 2008; Ward et al., 2019).
Obesity is traditionally defined as having a Body Mass Index (BMI) greater than 30 (Figure 1)
(WHO | Obesity, 2020), which is characterized as abnormal or excessive accumulation of fat
relative to lean mass. Specifically, a BMI > 30 indicates a substantial deviation away from the
normal proportional relationship between weight (kg) and height (m?) that is expected on

average (Eknoyan, 2021).

/ L0 Classification BMI (Kg/m?) \
i Underweight <18.5

I
\| / Normal weight 18.5-24.99
S S0 Overweight > 25
Pre-obese 25-29.99
Obese 230
Obese | 30-34.99

Obese Il 35-39.99
Obese llI > 40

Figure 1: Classification of obesity status by BMI according to the World Health Organization
(WHO).

The classical driver of obesity is an imbalance between excessive energy intake and minimal
caloric expenditure. This chronic imbalance of nutrient intake predisposes an individual to
heightened systemic circulating glucose and fatty acid levels, along with the growth and
expansion of adipose tissue (AT) (Zamboni et al., 2014). However, the underlying etiology
behind this imbalance is not simple and is often multi-varied and complex. There are a large
number of predisposing dietary factors, activity patterns, genetic-lifestyle interactions, and

environmental exposures that contribute to the development of obesity (Hruby et al., 2016).
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In a meta-analysis, it has been identified that up to 70% of the body weight differences
observed between individuals can be attributed to inter-individual differences in genetic and
epigenetic landscape (Elks et al., 2012).

Prominent monogenic sources of obesity have been identified as genes encoding for leptin,
the leptin receptor (LepR), the melanocortin 4 receptor (MC4R) and pro-opiomelanocortin
(POMC) (Myers and Leibel, 2015). However, for the majority of the population, monogenic
mutations are rare and the current theory behind the genetic predisposition to obesity is
emphasized within a polygenic mutation framework, in which combinations of numerous
small-effect genetic variants cohere into an effect size that can be both independent of, and
intertwined with, environmental risks (Khera et al., 2019). The interaction of polygenic risk
with environmental factors, such as sex, socioeconomic status, race, and food availability,
amplifies the effect size and ultimately contributes to the obesity epidemic (Domingue et al.,
2014; Lee et al., 2019).

Nonetheless, on the molecular level, pathological changes present in adipose tissue, due to
the culminating effect of obesity risk factors, normally precede the development of clinical
comorbidities (Longo et al., 2019). The ability of individual white adipocytes to properly
metabolize and store energy surplus under conditions of reduced AT oxygenation and blood
flow, a context attributable to excess adiposity, is a key determinant in the development of
pathological comorbidities (Gonzalez-Muniesa et al., 2015; Goossens and Blaak, 2012).
Impaired metabolism and systemic lipid buffering within white adipocytes can result in a
decreased capacity for AT-mediated clearance of circulating triglycerides, which can
negatively affect insulin sensitivity, cardiometabolic risk, atherosclerosis, and ectopic fat
deposition in the liver and kidneys. In addition, hypertrophied adipocytes can lead to a
systemic increase in pro-inflammatory adipokines such as tumor necrosis factor (TNF),
interleukin-6 (IL-6), interleukin-18 (IL-18), and resistin, with a concomitant decrease in anti-
inflammatory adipokines such as adiponectin, accentuating the risk of obesity-driven
comorbidities (Ouchi et al., 2011). Taken together, the metabolic status of AT, as determined
by diet, lifestyle, genetic predisposition and social cues, is an integrating influence into the
systemic health profile of an individual, in which obesity represents a pathological avenue

toward determinantal comorbidities.
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Insulin Resistance and Development of T2D

In 1936, the first noted differentiation between insulin sensitive and insulin insensitive
diabetic human types was observed in a first of its kind hyperinsulinemic euglycemic clamp
(Himsworth, 1936). Insulin is a peptidic hormone, secreted by pancreatic beta cells, that
targets insulin receptor (IR) expressing tissue, where it then primarily enhances the target
tissue’s immediate uptake of glucose. T2D is characterized as a long-term chronic impairment
in glucose regulation that can be either due to reduced insulin secretion (while maintaining
systemic insulin sensitivity), or reduced insulin potency at IR-expressing target tissue
(manifesting as systemic insulin insensitivity).

Normally, insulin accomplishes its enhancement of glucose uptake in target tissues by binding
to the a subunit of the IR, which consequently initiates IR B subunit-localized tyrosine kinase
autophosphorylation and tyrosine phosphorylation of insulin-receptor substrate 1 (IRS-1).
Within the target tissues of insulin, phosphorylated IRS-1 provokes a cascade of signals that
ultimately lead to the translocation and insertion of glucose transporter type 4 (GLUT4) into
the plasma membrane. When present at the plasma membrane, GLUT4 can interact with
circulating extracellular glucose and facilitate its diffusion into the cell (Lee and Pilch, 1994).
Insulin resistance, or insulin insensitivity, is then the inability of exogenous or endogenous
insulin to stimulate an IR-mediated decrease in blood glucose levels through this mechanism.
The primary tissues targeted by insulin for enhanced glucose uptake are skeletal myocytes,
white adipocytes, hepatocytes and brain neurons, with skeletal muscle contributing to
approximately 80% of insulin-stimulated glucose uptake and representing the primary defect
of T2D (DeFronzo and Tripathy, 2009; Rask-Madsen and King, 2013).

Within the development and presence of obesity and ectopic fat deposition, increased
circulation of AT-derived pro-inflammatory cytokines negatively affect IRS-1 activation
(Dresner et al., 1999; Snel et al., 2012). This inhibitory effect can occur via enhanced IRS-1
serine phosphorylation, or through transcriptional reductions in IRS-1 expression (Makki et
al., 2013; Tilg and Moschen, 2008). Consequentially, both visceral and muscular ectopic
adiposity have been found to negatively correlate with insulin sensitivity (Pan et al., 1997,
Zhang et al., 2015).

Generally, the insulin secreting B-cells of the pancreas will respond to chronically elevated
peripheral insulin resistance by upregulating insulin secretion (DeFronzo, 2004). However,

counterintuitively, chronic elevation of circulating insulin further reduces myocyte insulin
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sensitivity, progressively decreases -cell functionality, and leads to 3-cells exhaustion and de-
differentiation. Ultimately, the consequence of these developments lead to the induction of
severe insulin resistance and the development of T2D (lozzo et al., 2001; Talchai et al., 2012).
Additionally, the prolonged hyperglycemia and high levels of circulating free fatty acids
associated with obesity-driven insulin resistance deteriorate -cell functionality via gluco- and
lipotoxic mechanisms, which culminates as an increase in endoplasmic reticulum (ER) stress,
alterations in B-cell metabolism, and induction of pro-apoptotic signals (Chang-Chen et al.,
2008). The manifestation of insulin resistance, and its association with elevated circulating
macronutrients and insulin, represent preceding steps to the deterioration of p-cell
functionality, insulin synthesis, and insulin secretion, which when fulfilled, ultimately

characterize T2D and reliance on exogenous insulin therapy to cope.

Regulation of Food Intake and Energy Expenditure
Energy homeostasis represents a robust balance between energy intake and energy

expenditure. Energy intake is defined as the amount of energy consumed from food or drink,
and energy expenditure is the energy utilized for basal metabolic rate (BMR), the thermic
effect of food, and external work (Heaney, 2013). The unit of biological energy is expressed as
a calorie, in which a kilocalorie (kcal) equates to the energy required to increase the
temperature of 1 kilogram (kg) of water by 1°C. In mice, energy intake is quantified by the
consumption of kcal standardized food, while the amount of ingested energy that is then
assimilated into metabolism warrants additional considerations and is adjusted using bomb
calorimetry. The most commonly used method for measuring energy expenditure is by
guantifying and calculating the amount of oxygen consumed and carbon dioxide produced
using an indirect calorimeter system (Tschop et al., 2011). Most healthy adults, in both
humans and animals, maintain a steady body weight over years, indicating high conservation
and robustness towards equating food intake with energy expenditure.

Several circulating peptides predominantly produced by adipocytes, the gastrointestinal tract,
and pancreas influence food intake by modulating neural regions with far reaching regulatory
effects such as the hypothalamus, brain stem, and autonomic nervous system (Cone et al.,
2001). In particular, the hypothalamic arcuate nucleus, housing both anorexigenic POMC

neurons and orexigenic agouti-related peptide (AgRP)/neuropeptide Y (NPY) neurons, acts as
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the primary sensor of peripheral metabolic inputs that indicate host energy state (Cone et al.,
2001).

From the gastrointestinal tract, the satiety inducing hormones Cholecystokinin (CCK),
Glucagon-like peptide-1 (GLP-1), Gastric inhibitory peptide (GIP) , and Peptide YY (PYY) all act
within the hypothalamic feeding circuit. Most notable of the periphery-originating satiety
hormones is the adipose-secreted hormone leptin (Ahima and Antwi, 2008). These
anorexigenic hormones can either bind to and inhibit AGRP/NPY neurons, stimulate POMC
neurons, or both (Figure 2). For example, leptin, via CNS-localized leptin receptors (LepR),
simultaneously activates POMC neurons while inhibiting AgRP/NPY neurons, ultimately
resulting in a reduction of energy intake (Baver et al., 2014; Cowley et al., 2001). When the
POMC neuron is activated, it processes POMC to a-melanocyte stimulating hormone (a-MSH),
which then acts at the MC4R within the neighboring paraventricular nucleus (PVN), thus
inhibiting feeding. Conversely, the orexigenic hormone ghrelin is capable of inhibiting POMC
neurons while simultaneously activating AgRP/NPY, therefore inducing strong feeding activity

(Tschop et al., 2000).

Paraventricular Nucleus
(PVN)

Y1iR @0

MC4R

Orexigenic

AGRP/NPY

LQR —

YR

Arcuate Nucleus

Figure 2: Dynamic regulation of MC4R* PVN neurons according to the interplay between
AGRP/NPY and POMC neural activation or inhibition. AGRP/NPY and POMC neurons
localized within the arcuate nucleus respond to endocrine stimuli and mediate orexigenic
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(AGRP/NPY) or anorexigenic (POMC) status via regulation of downstream MCA4R activity and
AGRP/NPY to POMC communication. This figure was created using Sevier medical art and was
inspired from Cone et al., 2001.

The mechanism for which ligand-stimulated energy expenditure occurs can be both
dependent and independent of the hypothalamic POMC feeding circuit. Leptin, for example,
stimulates sympathetic nervous system (SNS) outflow and an increase in energy expenditure
by activating PVN-localized MC4R neurons via POMC projections (Haynes et al., 1999;
Rahmouni et al., 2003). Although leptin has a moderate effect on increasing energy
expenditure, other arcuate nucleus POMC-targeting ligands such as GLP-1 do not have the
same energy expenditure effect, indicating ligand specificity for increases in energy
expenditure (Bergmann et al., 2019).

Independent of the hypothalamic feeding circuit, brown adipose tissue (BAT) “uncoupling”
represents a primary mechanism for increased energy expenditure. BAT has the capacity to
induce thermogenesis due to high expression of uncoupling protein 1 (UCP1) on the inner
mitochondrial membrane (IMM) (Aquila et al., 1985). Mitochondria without expression of
UCP1 establish a competent proton gradient situated on either side of the inner mitochondrial
membrane through substrate oxidation, which ultimately drives ATP synthesis. In this way,
ATP synthesis is “coupled” to the energetic potential of the proton gradient, which itself is
mediated by the availability of oxidizable substrate. In order to “decouple” ATP synthesis from
substrate oxidation, UCP1 facilitates a short-circuited flow of protons across the IMM to
dissipate the mitochondrial protein gradient, resulting in the conversion of proton gradient
potential (as established by substrate oxidation) into heat instead of ATP (Nicholls and Locke,
1984). The thyroid hormone tri-iodothyronine (T3) and the now disbanded 2,4-Dinitrophenol
(DNP), of which upregulate UCP1 expression and act as a membrane-penetrable proton
ionophore respectively, are examples of molecules that can advantageously capitalize on the
BAT uncoupling system for enhancements in energy expenditure. Often, the stimulated
energy expenditure effects of a compound can be attributed to both enhanced hypothalamic
sympathetic outflow and resulting downstream adrenergic-mediated upregulation of UCP1 in
BAT, an effect that exemplifies the classical amphetamine-based mechanism of action in

improvements of energy expenditure (Jones et al., 1992; Kong et al., 2003).
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The GLP-1 and GIP Receptors: The Incretin System in
Glucoregulation and Satiety
GIP and GLP-1 Secretion

The hormones GIP and GLP-1 are secreted peptides originating from the intestinal tract in
response to luminal sensing of nutrients during food ingestion. Both peptides play an
important role in stimulating the incretin response. Following GLP-1/GIP binding, the incretin
effect is characterized as an amplification of pancreatic [ cell insulin secretion during periods
of hyperglycemic (Kreymann et al., 1987; Mcintyre et al., 1964; Perley and Kipnis, 1967). From
the first observation of an unknown intestinal factor who’s insulinotropic efficacy was
dependent on oral glucose consumption rather than intravenous glucose administration in
1964, to the identification of GIP and GLP-1 as incretin peptides a few years later, it wasn’t
until 1998 in which the dual-purpose potential of incretins to also simultaneously induce
satiety was discovered. (Drucker et al., 1987; Dupre et al., 1973; Elrick et al., 1964; Holst et al.,
1987).

Both K-cells and L-cells are enteroendocrine cell-types capable of directly sensing nutrient
content in the intestinal lumen. GIP is secreted from K-cells, which are located within the
duodenum and jejunum of the small intestine, whereas GLP-1 is secreted from L-cells located
at the distal end of the small intestine and colon. Exposure to luminal carbohydrates and fats
stimulate the basolateral secretion of GIP and GLP-1 into the hepatic portal system.

The secretion of GLP-1 relies on the apical entry of glucose into the L-cell and its subsequent
metabolism into ATP, in which the increase in intracellular ATP concentrations stimulate ATP-
sensitive K* channel closure resulting in membrane depolarization and GLP-1 exocytosis. Non-
metabolizable sugars and unsaturated long-chain free fatty acids can also stimulate GLP-1
secretion, however sodium-glucose co-transporter-dependent mechanisms and G-protein
coupled receptor 120 activation respectively facilitate this response (Gribble et al., 2003;
Reimann and Gribble, 2002).

The secretion of GIP and GLP-1 is not a straightforward process. Upon nutrient stimulation,
bioactive GIP is post-translationally cleaved from a proGIP precursor by proprotein convertase
1/3 (PC1/3) within K-cells. Within L-cells, pro-glucagon is post-translationally cleaved by PC1/3
into GLP-1, GLP-2, oxyntomodulin, intervening peptide-2 (IP2), and glicentin (Figure 3). The
biologically active GIP and GLP-1 products are secreted out of the basolateral surfaces of the

respective cells primarily as GIP (1-42), GLP-1 (7-36 amide) and GLP-1 (7-37). Most active GLP-
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1 in circulation appears predominately in the amidated form as mediated by a-amidating
monooxygenase, in which the primary function of the amide group is to enhance the survival
and stability of GLP-1 in plasma (Orskov et al., 1994; Wettergren et al., 1998). Immediately
following basolateral secretion of GIP and GLP-1, dipeptidyl peptidase-4 (DPP-4), a serine
exopeptidase that cleaves X-alanine segments from the N-terminus of peptides, rapidly
cleaves between the second and third amino acids to produce GIP (3-42) and GLP-1 (9-36
amide), thereby inactivating the biological activity of both peptides (Kieffer et al., 1995). The
short 2-5 minute half-life of GLP-1 and GIP is due to high expression of DPP-4 by multiple
tissues, and the adjacent positioning of DPP-4 at the enteric vasculature around K-cells and L-
cells, which ultimately allows less than half of the secreted incretins to reach portal circulation
(Hansen et al., 1999). However, it appears GIP is less susceptible to DPP-4 inactivation, as
exogenous infusion of either incretin demonstrated a retention of 40% active GIP and 20%

GLP-1 (Deacon et al., 2000; Deacon et al., 1995b).

preproglucsgon  [URSllL JGReR ] Giucagon ] rp1 [ cues [ ie2 iGHEEN
proglucagon N+, —{NGRRBII]Glucagon ] 1p1 | cie-1 1 ie2 JNSHERN- coo

PC2 / \pc1/3
a-cells of the pancreas L-cells of the intestine

GLP-1

IP1 | Oxyntomodulin

| GLP1 |
Y

1P1
Major Proglucagon Fragment

‘aaﬂﬂ
FEEE
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Figure 3: Tissue-specific processing of preproglucagon. The proglucagon precursor protein is
cleaved from preproglucagon following enzymatic removal of the signal peptide (PS). Within
L-cells of the small intestine, prohormone convertase 1/3 (PC1/3) cleaves and breaks down
proglucagon into separate proteins consisting of GLP-1, GLP-2, oxyntomodulin, IP2, and
glicentin. The resultant GLP-1 is predominantly found in the form of GLP-1 (7-37) and GLP-1
(7-36 amide). Within a-cells of the pancreas, the proglucagon precursor is instead cleaved and
broken down by prohormone convertase 2 (PC2) resulting in glucagon, glicentin-related
pancreatic polypeptide (GRPP), IP1, and a major proglucagon fragment.
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Systemic GIP actions

GIP, secreted from the intestine, targets pancreatic B-cells to enhance glucose-dependent
insulin secretion, increase insulin biosynthesis and [-cells proliferation, and reduce markers
of ER stress (Wang et al., 1996; Yusta et al., 2006). Not all GIP effects are located at the B-cell
however, GIP also targets extrapancreatic tissues such as the central nervous system (CNS),
bone, and adipose tissue. In the CNS, GIPR activation promotes proliferation and
differentiation of neural progenitor cells and may ultimately influence the development of
behavior (Nyberg et al., 2005). Recent evidence has additionally identified a degree of GIPR
expression in the arcuate, dorsomedial, and paraventricular nuclei of the hypothalamus,
suggesting that it may regulate energy balance via food intake independently of GLP-1R
(Adriaenssens et al., 2019; Zhang et al., 2021b). In WAT, GIP acts as an anabolic agent to:
reduce lipolysis, enhance lipid uptake, elicit triglyceride formation to buffer against elevated
circulating lipids, increase adipocyte sensitivity to insulin, and promote insulin-stimulated
adipocyte GLUT4 translocation (Mohammad et al., 2011; Yip et al., 1998; Yip and Wolfe, 2000).
In line with the GIP action at WAT, relatively enhanced GIP secretion upon an oral glucose
stimulus has been found within obese individuals in comparison to lean individuals (Salera et
al., 1982). Additionally, a genome-wide association study (GWAS) identified GIPR as positively
associated with the development of increases in body mass index (Speliotes et al., 2010).
However, the GIP receptor is an enigmatic receptor, particularly when it comes to linking
directly to obesity. Approaches to GIPR pharmacology have surprisingly evidenced both GIPR
antagonism and agonism to protect against diet-induced increases in body weight (Finan et
al.,, 2016; McClean et al.,, 2007). Paradoxically, both gain-of-function and loss-of-function
models of GIPR in mice have also been evidenced to protect against diet-induced obesity
(DIO). Altogether, conflicting data from multiple studies makes it is difficult to conclude the

therapeutic role of GIP in diabetes and obesity (Campbell, 2021).

Systemic GLP-1 actions

Circulating GLP-1 evokes biological action in several tissues via GLP-1R. These tissues include
the pancreas, CNS, peripheral nervous system (PNS), and gastrointestinal system. In principle,
GLP-1 facilitates the glucose-dependent insulinotropic response. However, it also suppresses
glucagon secretion, induces satiety, inhibits gastric motility, and small intestinal transit

(MacDonald et al., 2002).
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In the pancreas, GLP-1 acts at B-cells to stimulate glucose-dependent insulin release, support
the replenishment of insulin storage in B-cells through insulin mRNA upregulation and
biosynthesis, increase (-cell proliferation and mass, and prevent cytotoxicity and apoptosis in
animal models of diabetes (Drucker, 2003; Drucker et al., 1987, Mojsov et al., 1987).
Additionally at the pancreas, GLP-1 is not restricted to only B-cells, but also inhibits glucagon
secretion and promote somatostatin secretion via GLP-1R expressed within a-cells and 5-cells
(Fehmann and Habener, 1991; Zhang et al., 2019).

The GLP-1R is also expressed within hypothalamus and brain stem of the CNS. In the
hypothalamus, the GLP-1R is primarily expressed in the PVN, arcuate nucleus (ARC), and the
dorsomedial hypothalamus (DMH), with a greater density of GLP-1R expressed in POMC
neurons than in AgRP neurons (van Bloemendaal et al., 2014). GLP-1 is well-known to induce
satiety via CNS mechanisms as first evidenced by intracerebroventricular (ICV) injections of
GLP-1 (Tang-Christensen et al., 1996; Turton et al., 1996). The CNS-specific effects of GLP-1 on
satiety and body weight loss are primarily mediated by hypothalamic activation of GLP-1R+
POMC neurons and indirect inhibition of AgRP/NPY neurons, in both mice and humans (Flint
et al., 1998; Secher et al., 2014).

Interestingly, the location of action for GLP-1 mediated suppression of food intake is not only
restricted to the CNS. The blood-brain barrier impermeable GLP-1R agonist Albugon (human
GLP-1-albumin recombinant protein) also inhibited food intake and induced c-FOS activation
in feeding-related CNS nuclei after both ICV and intraperitoneal administration (IP) in mice
(Baggio et al., 2004). This finding indicates that activation of peripheral nervous system (PNS)
vagal afferents can relay satiety signals to CNS feeding centers in the brain (Baraboi et al.,
2011). Additionally, the effect of GLP-1 inhibition on gastric emptying and gastric acid
secretion depends on both the direct activity at GLP-1R* gastric parietal cells, and GLP-1R vagal

afferent transduction to the CNS (Broide et al., 2013; Imeryiz et al., 1997).

The Effect of Obesity and Diabetes on Incretin Action

In obese or T2D individuals, loss in the efficacy of the incretin effect is an early determinant of
T2D development, and has occurred despite mostly normal rates of GIP and GLP-1 secretion
(Holst et al., 2011; Muscelli et al., 2008). However, the loss in incretin efficacy is not equal
between GIP and GLP-1. T2D confers a greater loss, or resistance, in efficacy towards GIP than

to GLP-1 (Nauck et al., 1993c). The preserved capacity for GLP-1 to stimulate an effective,
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albeit reduced, insulinotropic response within the context of obesity and T2D during
exogenous GLP-1 administration has securely placed GLP-1 on the forefront of pharmaceutical
development and design. In the context of healthy human subjects, approximately 50-70% of
the total insulin released during hyperglycemia is attributed to the incretin effect, in which
the effects of both GIP and GLP-1 are additive toward insulin secretion (Nauck and Meier,
2016). Interestingly, when administered at physiological concentrations in healthy individuals,
GIP is identified to produce most of the incretin response while GLP-1 adds just a minor
contribution (Nauck et al., 1993a).

As mentioned, the incretin effect is largely eliminated in patients with T2D. This suggests that
the decrease in systemic efficacy of GIP and GLP-1 plays a role in the pathological development
of diabetes and its comorbidities (Meier and Nauck, 2010). However, questions remain
whether the loss of the incretin effect is causal or consequential to the development of T2D.
Despite the incretin effect accounting for approximately 70% of the postprandial insulin
response in healthy individuals, this effect is reduced to approximately 20% in patients with
T2D (Nauck et al., 1986). Evidence has pointed to a reduction in incretin efficacy occurring
simultaneous to the transient development of hyperglycemia and insulin resistance in healthy
subjects on a 12-week experimental trial of steroid treatment, physical inactivity, and a high
caloric diet (Hansen et al., 2010). In this way, a decrease in incretin efficacy is at least capable
of being mediated by exogenous sources, however the etiology of the reduction in incretin
efficacy within obese and T2D patients is not fully understood.

The impairment in GIP action within unhealthy T2D subjects has continuously been shown as
a 50% reduction in GIP insulinotropic efficacy relative to healthy subjects (Nauck et al., 1993c).
Particularly, relevant to pharmaceutical applications, increasing exogenous GIP dosing past
physiologically levels does not make up for the loss in efficacy (Meier et al., 2004). However,
not all the efficacy of GIP is lost in T2D, as specific dynamics of the GIP signaling system seem
more intact during an immediate bolus of intravenous GIP rather than continuous infusion
(Meier et al., 2004). This finding indicates that the GIP receptor system is saturable, and that
hyperglycemia-induced downregulation of GIPR mRNA and protein expression may shift the
saturable framework of GIPR availability and activity to levels not beneficial pharmacologically
within T2D (Grespan et al., 2021; Xu et al., 2007).

Other avenues of GIPR desensitization, and its consequential effect on insulin sensitivity, may

be found within altered GIPR trafficking dynamics. WAT-specific GIPR E354Q variant displays
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minimal recycling back to the plasma membrane following ligand-induced receptor
internalization (Mohammad et al., 2014). While no direct evidence has yet been identified
linking the development of systemic T2D to abnormal GIPR trafficking, endogenously
occurring truncated splice variants of GIPR in mice have been shown to negatively modulate
trafficking and signaling of the co-expressed full-length GIPR at the plasma membrane (Harada
et al., 2008). Despite advances, full understanding of the consequential effects of alterations
in GIPR expression, trafficking, and regulation on systemic metabolism have yet to be fully
elucidated.

The insulinotropic effect of GLP-1 is mostly preserved within T2D, however a reduction in
efficacy by 29% compared to healthy subjects has been observed (Nauck et al., 1993c). Despite
persistence of GLP-1 efficacy within T2D, hyperglycemia has been shown downregulate the
expression of GLP-1R and its presence at the plasma membrane via protein kinase C (PKC) or
protein kinase A (PKA) interacting mechanisms as evidenced in perfused and primary mouse
islets (Rajan et al., 2015; Xu et al., 2007). However, as GLP-1R downregulation occurs during
hyperglycemia, evidence suggests that short-term normalization of fasting glucose can
resensitize the GLP-1R system (Hgjberg et al., 2009; lizuka et al., 2012). Therefore, despite the
minor hyperglycemia-induced decreases in GLP-1R efficacy, the dynamic nature and general
persistence of GLP-1R responsiveness make it a useful target in pharmacological approaches

to T2D.

Insulin and Glucagon Secretion
Basic Anatomy of the Pancreas

The pancreas is an essential organ located within the abdomen that is involved in exocrine
and endocrine functions critical to digestion and the regulation of systemic blood glucose
levels. The exocrine pancreas produces enzymes that are secreted into the intestinal tract to
facilitate the digestion of proteins, carbohydrates, and fats. The endocrine pancreas secretes
circulating hormones such as glucagon, somatostatin, and insulin, which cooperatively
function to maintain proper blood glucose concentrations critical to organ functionality. The
endocrine pancreas is primarily populated with three cell types: a-cells, B-cells, and o-cells,
which produce glucagon, insulin, and somatostatin respectively (Da Silva Xavier, 2018).

Glucagon functions to increase systemic blood glucose concentrations during bouts of
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hypoglycemia, insulin functions to facilitate rapid glucose uptake in insulin-responsive tissues
thereby lowering blood glucose during bouts of hyperglycemia, and somatostatin functions to

negatively regulate glucagon and insulin secretion (Huising, 2020; Watts et al., 2016).

Processing and Maturation of Insulin

Insulin secretion is a potently activated B-cell response within the context of hyperglycemic
conditions during the post-prandial state. Mature insulin is a 5.8-kDa protein consisting of two
disulfide-linked peptide chains (Dodson and Steiner, 1998). Before glucose stimulation, insulin
mMRNA is translated into preproinsulin, which consists of an amino-terminal B chain, a carboxy-
terminal A chain, and a connecting chain called the C-peptide. Preproinsulin is directed into
the endoplasmic reticulum as a single chain molecule of 110 amino acids, where its signal
peptide is removed to form proinsulin. Subsequent vesicular transfer of multiple proinsulin
molecules to the Golgi facilitates the formation of zinc proinsulin hexamers. Following, the C-
peptide chains are cleaved away, resulting in a precipitated crystalized mature zinc insulin
hexamer and an independent C-peptide. Ultimately, the insulin-containing vesicles are
directed to a plasma membrane-associated pool to be readily available for the event of

glucose-stimulated exocytosis (Dodson and Steiner, 1998; Fu et al., 2013)

Insulin Secretion

The secretion of insulin follows two phases, a first phase consisting of an acute release of
stored insulin, and a second phase of sustained continuation of insulin secretion at a lower
rate and amplitude. Upon post-prandial increases in blood glucose, glucose is shuttled across
the B-cell plasma membrane via the glucose transporter 2 (GLUT2) in mice, and GLUT1 and
GLUT3 in humans (McCulloch et al., 2011). The incoming glucose is directly metabolized to
modulate intracellular ATP/ADP ratios. The resulting increase in ATP triggers closing of the Kir
and Sur subunits of the ATP-dependent K-channels (Katp), which results in the depolarization
of the plasma membrane (Fu et al., 2013). To compliment, activated voltage-gated Ca®*
channels induce an influx of Ca?* further depolarizing the plasma membrane (Koster et al.,
2005). The resulting increase in intracellular Ca?* triggers the exocytosis of the available pre-
synthesized pool of insulin-containing vesicles, which have been previously localized to the
plasma membrane by a complex of proteins. This complex of proteins also initiates the

formation of a membrane fusion pore, from which the insulin is then released into the

36



Chapter 1: Introduction

extracellular space (Koster et al., 2005). This first phase of insulin release is characterized as a
sharp increase in circulating insulin following the initial increase of glucose, in which a
subsequent decline in insulin secretion is eminent over the next 10-20 minutes (Campbell and
Newgard, 2021).

The initiation of the second phase of insulin secretion allows for sustained release of insulin
over time, albeit with a lower magnitude. The second phase begins within the wake of the
declining output of the first phase response. The second phase typically spans 2-3 hours, and
is largely driven by Katp-independent mechanisms, as at this point the B-cell is maximally
saturated with Ca?* (Campbell and Newgard, 2021). The first phase insulin response is
associated with the release of approximately 1% of the pre-synthesized plasma-membrane
associated pool of insulin-containing vesicles, while the second phase causes the continued
release of the remaining membrane-localized primed vesicles and recruitment of insulin-
containing vesicles from the intracellular space to the plasma membrane (Campbell and
Newgard, 2021).

The intracellular machinery primarily regulating the catabolism of the incoming glucose is
glucokinase, which is the rate-limiting step facilitating the phosphorylation of glucose to
glucose-6-phosphate. In the B-cell of mice and man, glucokinase is expressed as opposed to
other hexokinase subtypes. The expression of glucokinase is advantageous to the B-cell as it
has a low sensitivity Km (~10 mM) and a high Vmax, meaning that it allows for excess glucose
uptake capacity relative to the metabolic rate so that glucose transport across the B-cell
plasma membrane is not a rate-limiting step in the sensing of extracellular glucose
(Matschinsky, 2002). Hexokinase subtypes, on the other hand, typically have a high sensitivity
Km (~0.2 mM) and low Vmax, lending themselves capable of sensing and metabolizing
dynamic ranges of glucose flux. (Matschinsky, 2002). The high Vmax of glucokinase is due to a
lack of a specific N-terminal domain present on hexokinase, which is an allosteric site for
inhibiting activity during exposure to excess levels of glucose-6-phosphate (Campbell and
Newgard, 2021). With the glycolytic rate-limiting step of glucose to glucose-6-phosphate
conversion performed by a high Vmax glucokinase, the resulting increased capacity in
glycolytic throughput and conversion to ATP allows for a proportional insulinotropic response

against sharp increases in blood glucose.
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Glucagon Secretion

Glucagon is typical seen as antithetical to insulin and its glucose-lowering attributes. Glucagon
is a 3.5-kDa peptide cleaved from the precursor peptide preproglucagon by prohormone
convertase 2 (PC2) in pancreatic a-cells (Habegger et al., 2010; Mojsov et al., 1986). Glucagon
secretion is regulated through several endocrine and paracrine mechanisms. Namely, the
most potent stimulus for a-cell glucagon secretion is hypoglycemia, whereas elevated amino
acids and GIP (in low glucose-conditions) also facilitate glucagon secretion (Miller et al.,
2017). Alternatively, hyperglycemia is a potent inhibitor of glucagon secretion. In addition,
intestinal-derived GLP-1 at the a-cell acts as an endocrine inhibitor of glucagon secretion, as
do the paracrine actions of somatostatin, insulin, zinc, and potentially amylin. Interestingly,
glucagon may influence its own regulation through insulinotropic feedback from glucose-
stimulated B-cells (Muller et al., 2017).

In a-cells, the principle mechanism behind glucagon secretion is opposite to the paradigm of
insulin secretion. During hypoglycemic conditions, the lack of glucose uptake across the a-cell
plasma membrane via GLUT-1 results in a low intracellular ATP:ADP ratio (Gromada et al.,
2007). The low ATP:ADP ratio initiates a-cell Karp closure, which subsequently elicits
membrane depolarization and opening of voltage-gated Ca%* and Na* channels. In a similar
fashion to B-cell insulin secretion, these depolarization and calcium-influx promoting events
ultimately lead to the exocytic release of glucagon (Miller et al., 2017). Oppositely, during
hyperglycemia, the high ATP:ADP ratio in a-cells does not cause Karp closure, therefore no

depolarization and hence no glucagon secretion occurs (Miiller et al., 2017).

G-protein Coupled Receptors
Background

G-protein coupled receptors (GPCRs) are the largest protein family in the human proteome
and are a key mediator in the transduction of signals across membranes to initiate coordinated
cascades of intracellular responses (Heng et al., 2013). GPCRs are characterized as membrane-
bound structures that, despite having a relatively generalizable structure, diversely recognize
a wide variety of ligands, which can include photons, ions, small molecules, and peptides. Due
to the high number of GPCRs, and their collective ability to recognize a variety of ligands with

tractability over multiple intracellular signaling cascades, a critical role is attributed to these
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receptor in regulating outcomes on both intracellular and systemic scales (Katritch et al.,
2012). These attributes make GPCRs a premier target in pharmacological intervention and
drug discovery (Sriram and Insel, 2018). In recent years, GPCR drug discovery research for
major disease indications has shifted toward diabetes and obesity, and has recently
represented approximately 10% of total agents put through clinical trials, with approximately

34% of all clinically approved drugs targeting GPCRs (Hauser et al., 2017).

GPCR: Class Categorization

GPCRs are categorized by class. This designation is based on sequence, structure, and function.
These designations consist of Class A (rhodopsin-like), Class B (secretin family), Class C
(metabotropic glutamate), Class D (fungal mating pheromone receptors), Class E (cCAMP
receptors), and Class F (frizzled and smoothened receptors). Between these classes, all GPCR
members share an N-terminal extracellular domain, and a common seven transmembrane
(7TM) spanning domain (TMD), which has 3 corresponding intra- and extra- cellular loops, and
an intracellular carboxyl (C)-terminal domain. The N-terminal extracellular domain typically
consists of 100-150 amino acids that form a secondary structure consisting of an a-helix and
four B-strands held together by three conserved disulfide bonds (Lee et al., 2015). Despite the
common GPCR base architecture, the N-terminal domains and core ligand binding pockets
between GPCRs share low amino acid sequence homology, which confers the diversity of class
and function. Class A receptors recognize ligands at their 7TM spanning core domain, facilitate
transient recruitment of B-arrestin 2, and generally lack the capacity for sustained endosomal
signaling. Class B receptor ligand recognition occurs at two sites, via the peptide’s N-terminal
interactions with the GPCR core TMD, and the peptide’s C-terminal interaction with the
GPCR’s large N-terminal extracellular domain. Generally, class B GPCRs bind both B-arrestin
isoforms equally and promote stable GPCR-B-arrestin interactions (Basith et al., 2018; Jean-

Charles et al., 2017; Oakley et al., 2000).

GPCR: Ligand Binding and Receptor Activation

In principle, ligand binding to a GPCR’s transmembrane extracellular-facing pocket induces a
conformational change of the TMD at both the outer and inner membrane leaflets. The ligand-
induced structural shift of the GPCR facilitates its interaction with a variety of cytosolic and

membrane-bound proteins. The initial proteins recruited to and interacting with the ligand-

39



Chapter 1: Introduction

bound GPCR are the heterotrimeric G proteins. The heterotrimeric G proteins represent the
mediating signal transduction channel between ligand binding at the GPCR and intracellular
events.

Heterotrimeric G-proteins are guanine nucleotide binding proteins composed of three
subunits, a (Ga), B (GB), and y (Gy) (Milligan and Kostenis, 2006). The phosphate status of the
guanine nucleotide bound to the G-protein dictates its activity, in which guanosine
diphosphate (GDP) and guanosine triphosphate (GTP)-bound Ga subunits represent the
inactive and active state, respectively. In the inactive state, the Ga subunit is also bound to
the GB and Gy subunits. Upon ligand binding, the GPCR assumes a conformational status that
increases the affinity for G-protein binding. This G-protein interaction with the receptor
causes the G-protein to release its GDP molecule (Calebiro et al., 2021). When GDP is released,
the receptor and the heterotrimeric G-proteins form a stable high-affinity complex that opens
the Ga subunit to binding GTP. The concentration of GTP is approximately 10 times higher
than GDP within the cytosol, which allows for the ready replacement of GDP by GTP, and thus
characterizes the GPCR as a guanine nucleotide exchange factor (GEF) (Bos et al., 2007,
Calebiro et al., 2021). When GTP binds to the Ga subunit, the heterotrimeric complex is
disrupted, which allows for dissociation of the Ga subunit from the G and Gy complex. The
liberated catalytic Ga subunit is able to act on downstream effector proteins, while the non-
catalytic GBy complex can modulate other downstream protein-protein interactions (Oldham
and Hamm, 2008; Smrcka, 2008). GTP-bound Ga subunits are intrinsic, however weak,
GTPases (Ross, 2008). Therefore, over a course of seconds to minutes, GTP will be hydrolyzed
to GDP deactivating the Ga subunit. This attribute of slow intrinsic GTPase activity of the G-
protein may act as a control on signal amplitude, as new signaling information cannot be
integrated until GTP hydrolysis occurs. However, regulators of G-protein signaling (RGS),
which stimulate intrinsic Ga GTPase activity by as much as 1,000 fold, can accelerate GTP

hydrolysis (Calebiro et al., 2021).

GPCR: Ga Subunits and GPCR Signal Termination

The Ga subunit is most broadly categorized into 4 different subtypes, which are defined by
their downstream interaction with effector proteins and unique cellular response. The 4 Ga
subtypes are: Gas, which directly interacts with adenylate cyclase (AC) and raises cyclic AMP

(cAMP) thus stimulating Protein Kinase A (PKA) among several other downstream kinases;
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Gaio, which inhibits AC activity and is counteractive to Gas; Gag/i1, Which activates
phospholipase C B thus increasing intracellular inositol triphosphate (IP3) and membrane-
localized diacylglycerol (DAG) which together modulate a unique set of downstream kinases;
and Gauz3, which is involved in the activation of Rho GTPases (Wettschureck and
Offermanns, 2005). Following GPCR-ligand binding and subsequent Ga activation, signal
termination is initiated by GPCR kinase (GRK) phosphorylation of specific serine/threonine
residues on the C-terminal domain of the activated GPCR. These phosphorylated residue
patterns encode motifs for B-arrestin binding to the receptor C-terminal domain. -arrestins,
when bound to the GPCR, sterically inhibit further G-protein activation, effectively terminating
the GEF capacity of the GPCR-Ga interaction (Calebiro et al., 2021). However, although -
arrestin binding terminates canonical GPCR signaling, recruited B-arrestin can also confer
additional G-protein-independent signaling such as inducing specific transcriptomic profiles,
mitogen activated protein kinases (MAPK) activity, and anti-inflammatory actions by inhibition

of NFkB activation (van Gastel et al., 2018).

Structure of the GLP-1R and GIPR

Commonalities

The GLP-1 and GIP receptors are characterized as class B secretin family GPCRs. These
receptors are predominantly Gas coupled with varying, and sometimes debatable, degrees of
Gagq activity (lyengar et al., 1988; Montrose-Rafizadeh et al., 1999a; Xu and Xie, 2009; Yip et
al., 1998). As these receptors are class B, ligand binding follows a two-domain model in which
the C-terminal region of the ligand binds to the N-terminal GPCR extracellular domain thus
determining affinity and specificity, while the N-terminal region of the ligand binds to the TMD
to activate the receptor. Specifically, the GPCR N-terminal extracellular domain and the TMD
work in concert to facilitate ligand binding into the 7TM binding pocket, in which the initial
movement of the ligand-bound N-terminal extracellular domain facilitates optimal orientation
of the ligand into the TMD (Yang et al., 2016). When GLP-1 is exposed to an experimental GLP-
1 receptor containing a denatured and alternatively renatured N-terminal extracellular
domain, GLP-1 loses almost complete affinity to the receptor (Bazarsuren et al., 2002). In
compliment, GLP-1 binds with less affinity to an isolated GLP-1R N-terminal extracellular

domain than it does to the native full length receptor, indicating that both the GPCR
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extracellular N-terminal domain and the TMD work in concert to establish ligand affinity and

stability (Bazarsuren et al., 2002).
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Figure 4: Structure of human GLP-1R and GIPR. The GLP-1R and GIPR consist of an
extracellular N-terminal domain, seven o-helical transmembrane segments (1-7) connected
via three intracellular (ICL:-ICLs) and extracellular loops (ECL1-ECL3), and an intracellular C-
terminal domain. Common to class B GPCRs, the extracellular N-terminal domain is stabilized
by six cysteine residues (highlighted in green). The cleavable signal peptide (highlighted in
red), located at the N-terminus, is required for processing and cell-surface expression of both
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the GLP-1R and GIPR. Specific amino acids targeted for post-translational modifications are
highlighted in purple and may influence receptor cell surface expression and receptor
degradation. PTM: Post-translational modification. This figure was created using the Protter
Software.

GLP-1R Structure

The GLP-1R is a 463 amino acid transmembrane protein (Figure 4). The first clone of the GLP-
1 receptor was generated from rat pancreatic islet cDNA isolated in 1992, while the first
human GLP-1R clone was successfully generated in 1993 (Dillon et al., 1993; Graziano et al.,
1993; Thorens, 1992). The human GLP-1R shares conserved amino acid homology to the
chimp, cynomolgus monkey, pig, rat, mouse, and rabbit GLP-1R, of 100%, 98%, 93%, 91%, 92%,
and 91% respectively (Knudsen et al., 2012). General structures include a cleavable signal
peptide at the GLP-1R N-terminus required for biosynthetic processing and trafficking toward
the plasma membrane, conserved N-terminal cysteine residues critical to the secondary
structure of the extracellular domain, and glycosylation sites critical for GLP-1R insertion into
the plasma membrane (Bazarsuren et al., 2002; Huang et al., 2010; Whitaker et al., 2012). In
principal, the third intracellular loop of GLP-1R has been identified as the sight for Gas
localization at the GLP-1R (Hallbrink et al., 2001).

GIPR Structure

The human GIP receptor is 466 amino acids in length and has approximately 40% sequence
homology to the human GLP-1R (Figure 4) (Al-Sabah, 2016). Sequence homology between
species of the human GIPR is 92% and 87% to that of rhesus monkeys and cattle, and 82% in
both rats and mice. Despite a relatively high sequence homology between the GLP-1R and
GIPR, the GIPR is not as markedly conserved across humans and mice (92% for GLP-1R, 82%
for GIPR). As a consequence, and due to species-specific differences in endogenous GIP
sequence, the human GIP loses a degree of potency at the mouse and rat GIP receptors
(Sparre-Ulrich et al., 2016). GIP is a 42 amino acid long peptide. The mouse GIP (1-42)
differentiates itself from human GIP (1-42) via two arginine substitutions at position 18 and
30. GIPR activation requires the binding of the central 8-30 amino acids of GIP to the N-
terminal extracellular domain for specificity and affinity, and the first 7 amino acids of GIP for
activation of the GIPR through the TMD (Yaqub et al., 2010). Rather than inertly sitting at the

plasma membrane in the unstimulated state, the ligand-free GIPR is evidenced to have
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constitutive basal activity almost 3x greater than that of GLP-1R, and is constitutively
trafficked and recycled between the plasma membrane and cytosolic space. A naturally
occurring variant of the GIPR (E354Q) shifts the constitutive internalization/recycling
equilibrium toward increased receptor degradation resulting in reduced presence of the GIPR
at the plasma membrane, an effect which has been associated with insulin resistance and T2D
(Al-Sabah et al., 2014; Mohammad et al., 2014). The GIPR also contains site-specific
glycosylation sites that are important for its proper folding and insertion into the plasma
membrane (Whitaker et al., 2012), while other segments of the GIPR are responsible for

heterodimerization with GLP-1R following GLP-1 administration (Schelshorn et al., 2012).

GPCR Signaling

Commonalities

Despite a generalizable structure between GPCRs within the individual classes, GPCRs
demonstrate remarkable specificity for ligands and uniquely differentiated signaling
responses. For class B GPCRs, the majority of ligands insert their N-terminal domain between
TM5 and TM6, in which the ligand body interacts with all GPCR TM segments and extracellular
loops (ECL) with the exception of TM4 (Krumm and Roth, 2020). Additionally, the C-terminal
end of the bound ligand extends out of the TM core as it interacts with the N-terminal
extracellular domain of the receptor. In particular, when comparing multiple class B peptide-
receptor interactions, ligand binding commonly induces an upward movement of TM4/TM5
and repositioning of both the ECL2 and intracellular loop 2 (ICL2). The ligand interaction with
ECL2 repositions the ICL2 into an orientation critical for Go. subunit coupling (Krumm and Roth,
2020). The binding characteristics of a Go. subunit to the GPCR is generally conserved between
both class A and class B receptors, in which the Ga C-terminal end is inserted into the cavity
established by TM outward movement. However, subtle differences in the angle of
accessibility in which the Ga heterotrimeric subunit is capable to bind may confer unique
signaling profiles attributable to different GPCRs (Krumm and Roth, 2020). GPCRs can be
promiscuous or restrained in which G-protein they are selective for. In principal, universally
conserved elements within the GPCR facilitate the potential interaction with a diverse set of
Ga subunit subtypes (Flock et al., 2015). However, additional levels of specificity within the

GPCR structure either act as a “master key” for activating multiple Ga subunit subtypes
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through common interaction sites shared between different Go subtypes, or as a specified
key in which the GPCR is highly selective for an interaction point unique to a certain Go. subunit
(Flock et al., 2017).

As mentioned before, there are four primary well-defined Ga subunit subtypes and pathways:
Gas, Gag/i1, Gai, and Gag/as.

Regarding Gas, GTP-bound Gas dissociates from the Gy complex and interacts with AC to
convert ATP into cyclic AMP (Figure 5). A single GTP-bound Gais is capable of stimulating the
production of 100-1000 soluble cAMP molecules. Elevated cAMP can activate PKA, cyclic
nucleotide-gated channels, and Exchange Protein Activated by Cyclic AMP 2 (EPAC2) (Moorthy
et al., 2011). For the cAMP to activate PKA, cAMP binds to the regulatory subunits of PKA,
which causes the release and activation of the catalytic PKA subunits (PKAcat) (Syrovatkina et
al., 2016). The liberated PKAcat is then free to phosphorylate intracellular targets to alter
functionality, and nuclear targets to induce transcriptional events. Degradation of the cAMP
is performed by phosphodiesterase (PDE) which is a cytosolic enzyme that catalyzes the
hydrolysis of cAMP into 5’ adenosine monophosphate (Moorthy et al., 2011).

GTP-bound Gaq is known to activate the B-isoforms of phospholipase C (PLC-B). PLC-B is
responsible for hydrolyzing the phosphoester bond of phosphatidylinositol 4,5-bisphosphate
(PIP2) resulting in 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) (Figure 5) (McCudden et
al., 2005). IP3 is capable of diffusing into the cytosol and binding to IP3 receptors on the
endoplasmic reticulum (ER) which triggers the intracellular release of calcium (Ca?*). While IP3
diffuses into the plasma membrane, DAG remains membrane-bound and is used to facilitate
protein kinase C (PKC) translocation from the cytosol to the plasma membrane and its
activation. Within the PKC, the two regulatory domains C1 and C2 bind DAG and Ca**
respectively. Therefore, when sufficient intracellular concentrations of both DAG and Ca?* are
achieved by Gag-dependent activation, PKC is activated and can affect a number of
downstream effectors (Mizuno and Itoh, 2009).

GTP-bound Ga; is known to inhibit the cAMP pathway, and act as an antithesis to GTP-bound
Gas (Taussig et al., 1993). Following GTP binding, Ga; dissociates from the GBy complex and
interacts directly with AC. It has been suggested that complex interaction between Ga;and AC
lead to the resulting inhibition of cAMP production. The interactions induced by Ga; onto AC
include: relocation of the 37-8 loop (of AC5) which is found to be critical to inhibiting the

stimulatory activity of Gas; rearrangement of the C2 domain which further deconstructs the
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Gas active site, and lastly a conformational rearrangement that minimizes AC affinity for Gas.
Through these interactions, Ga; may both terminate and prevent reactivation of the Gas-
activated AC complex (van Keulen and Rothlisberger, 2017).

Lastly, GTP-bound Gai2/13 subunits are known to link GPCR activity to the regulation of actin
cytoskeleton dynamics through Rho GTPases. The Gaiz/i3-mediated regulation of actin
cytoskeleton remodeling is involved in cellular movement, migration, and metastasis.
Additionally, Gai/13 subunits can regulate nuclear dynamics such as Jun N-terminal kinase
signaling, Na*/H* exchangers, focal adhesion assemblies, and transcriptional action of specific
genes (Dhanasekaran and Dermott, 1996).

As mentioned prior (Structure of the GLP-1R and GIPR — Commonalities), the GLP-1 and GIP
receptors are primarily coupled to Gass, with the GLP-1R additionally coupled to Goyq albeit to

a lesser degree (Oduori et al., 2020).

Calcium Release >

Protein Kinase C )
Downstream Targets >

Guanosine Diphosphate (GDP)
Guanosine Triphosphate (GTP)
Cyclic AMP (cAMP)

Adenosine Triphosphate (ATP)

Protein Kinase A
Phosphatidylinositol 4,5-bisphosphate (PIP2) /
EPAC Diacylglycerol (DAG)

Downstream Targets & Inositol Triphosphate (IP3)

Figure 5: Schematic of Gas/Gaq activation and signaling. Steps following ligand binding at
the GPCR: 1) The heterotrimeric G-protein complex consisting of a GDP-bound Ga subunit,
the G subunit, and Gy subunit, are recruited to the ligand-bound GPCR. 2) The Ga subunit
interacts with the intracellular loops of the GPCR forming a high-affinity complex that opens
the Ga subunit to binding GTP. The GPCR acts as a guanine nucleotide exchange factor (GEF)
replacing GDP with GTP at the Ga subunit. 3) The GTP-bound Ga subunit dissociates from the
G and Gy subunits. 3a) The liberated GTP-bound Gais subunits interact with adenylate cyclase
(AC) to convert ATP into cAMP. The rise in intracellular cAMP results in the activation of
multiple downstream targets including PKA, EPAC2, and cyclic nucleotide-gated channels. 3b)
The liberated GTP-bound Gog subunits activate the membrane-bound [-isoform of
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phospholipase C (PLC-B). The activated PLC-B converts membrane-localized PIP2 into
membrane-localized DAG and cytosol-localized IP3, in which DAG activates membrane-bound
PKC while the cytosol-diffused IP3 induces calcium release via IP3 receptors on the ER. 4)
Intrinsic GTPase activity of the Ga subunits hydrolyses GTP to GDP thus inactivating the G-
protein subunit and increasing its affinity for GB and Gy subunit binding. G-protein hydrolysis
of GTP to GDP can be accelerated by complementary proteins such as RGS, increasing GTPase
activity by as much as 1,000 fold.

The GLP-1R and GIPR: B-cell Adenylate Cyclase

The binding of GLP-1 and GIP to their respective receptor induces intracellular cAMP signaling
cascades that are primarily responsible for the physiological effects of B-cell insulin
biosynthesis and glucose-stimulated secretion, [B-cell proliferation, B-cell survival, and
hypothalamus-mediated reductions in food intake. GLP-1 or GIP binding to their respective
receptor leads to recruitment and activation of Gas, which then interacts with the membrane-
bound AC to increase localized intracellular cAMP levels using the substrate ATP. Human and
rodent B-cells express multiple AC isoforms, which include the Ca?* and calmodulin activated
isoforms AC1, AC3, and AC8 (Delmeire et al., 2003; Kitaguchi et al., 2013; Roger et al., 2011;
Seed Ahmed et al., 2012).

Ga, and Ca?* together synergistically co-activate the AC1 and AC8 isoforms, inducing greater
cAMP production than if Gos and Ca?* interacted alone (Cali et al., 1994; Wayman et al., 1994).
However, an important differentiating factor between AC1 and AC8 lies within the capacity
for Ga; to inhibit Ca?*-mediated synergism at AC1, while the stimulatory effect of Ca** on AC8
remains unaffected to Ga; (Nielsen et al., 1996). The synergism between Gas and Ca?*, along
with the insensitivity to Gai, positions AC8 to be a source point for cAMP-induced
transcriptional changes that require prolonged elevation of cAMP. Additionally, the enhanced
capacity for synergistic cAMP production by AC8 may provoke a concept similar to the high
capacity Vmax of glucokinase within the 3-cell, in which the proportional response of AC8 to
sharp increases in concomitant inputs of extracellular glucose and GLP-1/GIP stimulation is
not capped by negative feedback regulation (Cali et al., 1994; Lgnsmann and Bak, 2020;
Nielsen et al., 1996).

Interestingly, AC8 has been linked to the glucose-dependent synergistic insulinotropic
response of GLP-1 in 3-cell models, in that cAMP generation, calcium signaling, and activation
of downstream cAMP response element (CRE) transcription were decidedly suppressed upon

AC8 knockout (Delmeire et al., 2003; Roger et al., 2011). Therefore, upon elevation of
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circulating levels of glucose, the resulting B-cell plasma membrane depolarization and Ca?*
influx due to glucose metabolism activate AC8. Following, as the respective ligands bind to the
GLP-1R (or potentially GIPR), the resulting activated Gas interacts and synergizes with the Ca?*-
activated ACS. In this way, the Ca?*-Gais synergism at AC8 may provide the amplifying response
for insulin release typically associated with the incretin effect. Interestingly, AC8 has been
shown to be upregulated in rat INS-1E and human pancreatic islets exposed to chronic
hyperglycemia, as well as in diabetic Goto-Kakizaki rat pancreas (Guenifi et al., 2000; Roger et
al., 2011). Additionally, a recent finding has discovered that the lack of substantial decrease
in therapeutic GLP-1R agonism efficacy within the context of T2D is due to the GLP-1R’s ability
to switch from Gas to Gag signaling (Oduori et al., 2020). Therefore, it may be the case that
within the context of T2D, Gag-mediated increases in Ca?* facilitate the continued incretin
action via AC8. Nonetheless, the importance of other AC isoforms involved within the GLP-

1R/GIPR response have not been ruled out.

The GLP-1R and GIPR: PKA and EPAC2 in B-cells

Within B-cells, GLP-1R and GIPR signaling have been shown to acutely enhance glucose-
stimulated insulin secretion. This enhancement is accomplished in part by increases in
intracellular Ca%* concentrations as mediated through PKA and EPAC2-dependent
mechanisms (Kaihara et al., 2013). The cAMP-activated PKA subunit is capable of
phosphorylating the Kir6.2 and SUR1 subunits of the Katp channels as well as the 32 subunit of
the L-type voltage-gated Ca?* channels, which together ultimately results in further cell
membrane depolarization, voltage-dependent channel opening, and Ca?* influx into the cell.
Additionally, PKA also stimulates ER Ca?*-induced Ca?* release (CICR) through its
phosphorylating activity at the inositol-1,4,5-trisphosphate receptors (IP3R) (Blinemann et al.,
1999; Chaloux et al., 2007; Ehses et al., 2002; MacDonald et al., 2003; Trimper et al., 2001).
In a similar manner, GLP-1R or GIPR-mediated increases in cAMP also activate Epac2, which
induces further Karp channel closure and CICR through the ryanodine receptors (RyR) (Doyle
and Egan, 2007; Harada and Inagaki, 2017; Seino et al., 2010).

PKA and Epac2 activation work in concert to increase intracellular calcium concentrations
which in turn facilitates the plasma membrane-fusion and exocytosis of insulin-containing
granules (Seino et al., 2010). The docking of insulin granules at the plasma membrane and
their eventual Ca?*-mediated exocytosis is regulated by a complex of proteins called SNARE
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proteins. This complex holds the insulin granules at the membrane until elevation in
intracellular Ca%* allows for Ca?* binding to synaptogamin, a modulator of the SNARE complex.
The Ca?*-bound synaptogamin binds to the SNARE complex initiating the fusion of the insulin
vesicles through the plasma membrane. Interestingly, GLP-1R activation elicits a PKA-
mediated phosphorylation of synaptogamin. This phosphorylation enhances the efficacy of
Ca?* in mediating synaptogamin-associated insulin granule exocytosis. GLP-1R activation does
not induce the same degree of glucose-stimulated insulin secretion in synaptogamin mutants
lacking the PKA phosphorylation sites as compared to the wildtypes (Wu et al., 2015).

Interestingly, the inhibition of PKA in isolated islets and B-cell lines has evidenced suppression
of GLP-1- and glucose-mediated insulin secretion. In a mouse model in which PKA activity was
disinhibited via a PKA regulatory subunit KO (Prkarla KO), improved glucose tolerance and
glucose-stimulated insulin secretion (GSIS) were evident during GLP-1R agonist exposure
(Song et al., 2011). When both Prkarla and EPAC2a were knocked out, a marked reduction in
GSIS during GLP-1R agonist exposure was evident, indicating a reliance of PKA on EPAC2a for
an enhancement of insulin secretion (Song et al., 2013). EPAC2a KO mice on chow diet
displayed slightly reduced efficacy in glucose clearing following intraperitoneal administration
of GLP-1R agonist Exendin-4. Within a DIO context, EPAC2a KO significantly reduced the
functional response of Exendin-4, indicating a reliance of GLP-1R agonism on intact EPAC2a
signaling in a diet-specific manner (Song et al., 2013). Both PKA and EPAC2 bind cAMP with
differing affinities, in which the dissociation constant (Kg) of PKA is in the range of 0.12-1 uM,
while the Ky of EPAC2a is 87 uM. This lower cAMP binding affinity likely allows EPAC2a to
remain sensitive to further elevations in cAMP, which may be useful when PKA activation is
already saturated by elevated levels of cAMP, such as during chronic GLP-1R or GIPR agonism
(Doyle and Egan, 2007). Altogether, these results indicate a dynamic interplay between PKA

and EPAC in mediating the GLP-1R and GIPR-mediated amplification of insulin release.

The GLP-1R and GIPR: PKA and EPAC2 in the CNS

The physiological effects of the GLP-1R and GIPR on food intake and body weight are mediated
by their activity within the internetworked regions of the CNS (Baggio and Drucker, 2014;
Samms et al., 2021). Within the hindbrain and hypothalamus, these anorectic effects are
primarily attributed to the regulation of neuronal excitability through a Gas-cAMP-PKA

mediated pathway not dissimilar to that found in the B-cell, particularly in terms of facilitating
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Ca?* entry. The neural intracellular mechanism that mediates the inhibition of food intake by
GLP-1R activation, involves the dual-action of activated PKAcat in suppressing the activity
adenosine monophosphate protein kinase (AMPK) through phosphorylation, and activating
Extracellular Signal-Regulated Protein Kinase 1/2 (ERK 1/2)/ mitogen-activated protein kinase
kinase (MEK) signaling (Hayes, 2012). Each of these responses leads to increased firing of GLP-
1R+ neurons via Ca?*-dependent depolarization. In the pre-synapse, PKA and Epac2-mediated
increases in intracellular Ca?* mediate neurotransmitter release. In the post-synaptic neuron,
increases in PKA activity may allow for phosphorylation of receptors which may regulate
receptor trafficking to the plasma membrane (Liu and Pang, 2016; Ohtake et al., 2014).

An additional neural intracellular pathway for GLP-1R-mediated anorectic effect further
involves the activated cAMP/PKA cascade, which subsequently activates PI3K/PIP3-
dependent translocation of Protein Kinase B (Akt) to the plasma membrane, which results in
the subsequent suppression of Akt activity (Rupprecht et al., 2013; Yang et al., 2017).
Altogether, following GLP-1R activation, the aforementioned cAMP-PKA-mediated AMPK
suppression and ERK/MEK activation peak in activity within 10 minutes following ICV
hindbrain injection of EX-4, and returns to baseline within 30 minutes. However, behavioral
food intake suppression effects are not evident until 3 hours post-injection. Therefore, it is
hypothesized that the PKA-activated AMPK/ERK/MEK effects and the PKA-activated PI3K/PI3-
dependent suppression of Akt activity work together to encode for a prolonged resilient

translational signal for food intake reduction (Hayes, 2012; Rupprecht et al., 2013).

The GLP-1R and GIPR: B-arrestin Recruitment and Signaling

B-arrestin recruitment to an activated GPCR terminates continuous Gas activation by binding
within a region at the GPCR that sterically inhibits further Gas binding. However, B-arrestin
recruitment has also been implicated in its own Gas-independent signaling profile attributable
to GLP-1R agonism. B-arrestins are expressed in all cell types, and their recruitment and
binding to a GPCR depends on GRK phosphorylation of serine/threonine residues on the C-
terminal tail of the GPCR. This serine/threonine-site phosphorylative barcode on the GPCR
directs B-arrestin binding and specificity (Liggett, 2011; Moore et al., 2007). There are two
isoforms of non-visual B-arrestin, these are B-arrestin 1 (Barrl) and B-arrestin 2 (Barr2), which
share an approximate 78% homology (Smith and Rajagopal, 2016). Despite non-trivial

homology, the two isoforms have been evidenced to differ in specificity, expression, and
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downstream effects involving Parr signaling, intracellular receptor trafficking, and
transcriptional responses.

In terms of signaling, B-arrestins facilitate activation of ERK1/2 by acting as a scaffold for ERK
1/2. Although the Gas-cAMP-PKA cascade also activates ERK1/2, there are differences
between source activation; in that ERK1/2 as activated by the Gas,-cAMP-PKA cascade tends
to facilitate nuclear translocation of ERK1/2, while ERK1/2 activation facilitated by B-arrestins
tends to remain cytosolic (Quoyer et al., 2010). Using an in vitro model of HEK293 cells,
deletion or inhibition of Ga subunits eliminated the effect of B-arrestins on ERK 1/2 despite B-
arrestins still binding to and trafficking the receptor. This indicates the reliance of B-arrestins
on Ga activation to stimulate ERK1/2, and indicates that B-arrestins are not solely responsible
for ERK1/2 activation (Grundmann et al., 2018).

Ligand-stimulated B-arrestin 1 and 2 recruitment to the GIPR has been a center of controversy
due several studies with conflicting results. In particular, ligand stimulation of the GIPR has
been evidenced to induce no GRK phosphorylation and only minimal subsequent Parrl/2
recruitment (Al-Sabah et al., 2014; Ismail et al., 2015; Jones et al., 2021). In contrast, other
studies have evidenced substantial ligand-induced [-arrestin recruitment to the GIPR (Gabe
et al., 2018; Willard et al., 2020). An illuminating recent study has identified that common
linkers connecting the GIPR to tagged molecules used for ratiometric quantification or
colorimetric models may contain potential GRK phosphorylation motifs capable of facilitating
the quantification of artificial B-arrestin recruitment. When these phosphorylation sites on
the linker are removed, all residual B-arrestin recruitment is eliminated at the GIPR (Al-Sabah
et al., 2020). Therefore, it is suggested B-arrestin recruitment to the GIPR is an artificial
phenomenon and not implicative of GIPR biology.

Ligand-stimulated recruitment of B-arrestin to the GLP-1R is robust for both [-arrestin
isoforms. In one study, GLP-1R stimulation in high glucose conditions within a B-arrestin 1 KO
INS-1 cell model resulted in a 60% reduction in insulin secretion compared to the WT, with
ERK1/2 phosphorylation reduced by 50% (Sonoda et al., 2008). This finding indicates a B-
arrestin-mediated signaling dynamic that mediates the amplitude of insulin secretion.
However, the effects of Barr on insulin secretion have been contradictory between studies.
The development of GLP-1R agonists that are biased toward Barr recruitment, meaning they
recruit less Barr to the GLP-1R, has demonstrated enhanced insulin secretion likely due to a

lack of Barr-mediated desensitization of the GLP-1R (Jones et al., 2021). Additionally, acute
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enhancement in both glucose-stimulated insulin secretion and subsequent GLP-1R agonism-
driven insulin secretion was evidenced in perfused islets of Barrl KO mice. Interestingly
however, the differential effect of Barrl KO on insulin secretion was not present during
stimulation with GIP, suggesting a minimal role for Barrl at the GIPR (Willard et al., 2020).
Altogether, evidence suggests that ligand-induced Barr recruitment to the GLP-1R influences
the magnitude of insulin secretion, and that engineered ligands demonstrating minimal Barr

recruitment may be useful in providing a superior insulinotropic effect.

The GLP-1R and GIPR: Gay Signaling

In terms of Ga activation, the extent of Gaq activation by the GLP-1R is secondary compared
to Gas (Wheeler et al., 1993). Interestingly, GIPR does not seem to be Gog coupled (Oduori et
al., 2020). The Gag subunit activates a number of pathways mostly independent to that of the
canonical Gas pathways. The primary pathway mediated by Gag is the initiation of calcium-
and lipid-dependent signaling as mediated by PLC-B. A GTP-bound Goag can generate
important intracellular second messengers by interacting with PLC-B which stimulates the
conversion of PIP2 into IP3 and DAG. Downstream PKC is targeted and activated by DAG and
IP3-IP3R-mediated increases in ER intracellular calcium (Sdnchez-Fernandez et al., 2014).
While there are several non-canonical pathways activated downstream of Gag, which includes
Gog-mediated Rho activation, PI3K/Akt pathway modulation, and inhibition of cold-activated
TRMP8 channel, most literature around GLP-1R-Gag-mediated physiological effects is seen as
attributable to PKC phosphorylation (Marzook et al., 2021). Within normoglycemic conditions,
both B-cell GLP-1R and GIPR seem to exclusively couple to Gas, while under chronic
hyperglycemia B-cell GLP-1R additionally couples to Gag (Oduori et al., 2020). Interestingly,
the alternative capacity for Gag activation by the GLP-1R seems to be a defining reason as to
why the GLP-1R retains its therapeutic activity within diabetic conditions while the GIPR does
not.

It was stated that Karp channel closure, as mediated by the products of intracellular glucose
metabolism, is an important aspect of the B-cell membrane depolarization and Ca®* entry
process. This process is critical to stimulating the exocytosis of insulin. A chronic
hyperglycemic state is associated with prolonged membrane depolarization and excess influx
of Ca%* into the B-cell. A chronic hyperglycemic state can be modeled within B-cells through

persistent membrane depolarization as engineered by a partial loss of B-cell Karp channels or
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prolonged pharmacological sulfonylurea treatment. These representative models lead to a
switch in B-cell GLP-1R Ga coupling from Gas to Goag, while the GIPR remains persistently
coupled to Gas (Oduori et al., 2020). Within either model of chronic B-cell depolarization, the
resulting cAMP/PKA activity induced by GLP-1R or GIPR activation was comparatively reduced
to the matched control, largely due to a loss of Gas efficacy at the respective receptors.
Additionally, within these models, Gaq inhibition abrogated any GLP-1R insulinotropic
response confirming the lack of efficacy in the Gas pathway in conditions of chronic
hyperglycemia. Therefore, through a yet unknown mechanism, the switch from Gas to Gag at
the GLP-1R seems to facilitate a resilient insulinotropic response in conditions of chronic

hyperglycemia (Oduori et al., 2020).

The GLP-1R and GIPR: Ga; Signal Amplification

Plasma membrane-bound GPCRs are lowly expressed, and therefore the Gas signal needs to
be amplified to produce a global intracellular effect. Signal amplification is defined as the
exponential increase in signal intensity as the signal travels through multiple networks of
intracellular reactions that contain an increasingly greater number of downstream effectors.
In this way, the signal amplification mechanisms following GLP-1 or GIP binding amplify the
reach of the initial Gas signal, thereby saturating intracellular microcompartments with cAMP
resulting in maximal PKA activation. Therefore, stimulation of a relatively few GPCRs at the
plasma membrane is capable of evoking a maximal global cellular response. An example of
this phenomenon is the GLP-1R/GIPR interaction with AC8, in which GTP-Gas and Ca?* can
synergize at AC8 to elicit an exponentially higher degree of cAMP production relative to Gas
input. This exponentially greater cAMP output as stimulated by Gas is capable of initiating
numerous downstream pathways (Buenaventura et al., 2019; Buenaventura et al., 2018b; Gao
et al., 2002; Tengholm, 2012). However, not much is known about the prevailing mechanisms

mediating signal amplification.

GPCR Internalization
Background

When a ligand binds to its respective GPCR, most receptors will undergo endocytosis. The

process of endocytosis, in which an extracellular-facing plasma membrane-bound GPCR is
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internalized within the cell, serves multiple purposes including regulating cell surface GPCR
expression, adjusting cell responsiveness and accessibility to chronic ligand exposure, and
providing a systematic trafficking utility to move the active receptor within various
intracellular compartments (Ferguson, 2001). A trafficked GPCR can be shuttled into receptor
degrading pathways to achieve long-term desensitization, or it can enter into recycling
pathways for the continuation of signaling by cellular resensitization (Maxfield and McGraw,
2004).

The schematic of the endocytic pathway is a continuous chain of intracellular vesicular
compartments, starting from the initial endocytosis of the receptor to the gradual maturation
across multiple compartments that serve specific functionalities. The primary branches of the
endocytic pathway start with the early endosomes containing a newly internalized receptor,
in which from there the GPCR can be trafficked either back to the plasma membrane within
recycling endosomes, or into late endosomes eventually meeting terminal entry into
lysosomes. Within these primary branches of trafficking there are several side branches that
create an interconnected network capable of shuttling a GPCR between multiple intracellular
organelle sites, including the Golgi apparatus, the endoplasmic reticulum, nucleus, and
mitochondria (Benmerah, 2004; English and Voeltz, 2013; Todkar et al., 2019; Tu et al., 2020).
There are a number of cytosolic protein that transiently interact with endosomes to regulate
processes such as endocytic sorting, compartment identification, and the dynamic fusion and
fission events underlying endosome departure from the plasma membrane or re-entry (Elkin
et al., 2016). Endocytic markers called Ras associated binding proteins (Rab), which interact
with the internalized vesicles, generally define the identity and stage of the vesicle. Due to the
guality-assurance nature intrinsic to degradation or recycling processes, the intact endocytic
trafficking of cellular components is essential for maintaining expression of cell surface
proteins and membrane composition (Cullen and Steinberg, 2018). Improper execution of the
endocytic machinery has been implicated in several metabolic pathologies including T2D,

hypercholesterolemia, and non-alcoholic fatty liver disease (Gilleron et al., 2019).

Clathrin-mediated Endocytosis

Background
The initial steps in the formation of an endosome consists of several overlapping steps that

ultimately result in the invagination of a plasma membrane segment containing the target
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transmembrane protein cargo. Intracellular scission of the budded invagination finalizes the
form of a liberated endosome. This common principle is shared between divergent
classifications of endocytosis type. Clathrin-dependent and clathrin-independent
classifications make up the primary eukaryotic endocytic internalization routes. Clathrin-
independent pathways include the dynamin-dependent caveolin and RhoA internalization
pathways; however the primary mammalian endocytic route that has been most oft
characterized is clathrin-mediated endocytosis (Kaksonen and Roux, 2018; Mayor et al., 2014).
Less is known about the GIPR, but both the GLP-1R and GIPR have been evidenced to be
dependent on clathrin-mediated endocytosis (CME) (Ismail et al., 2015; Marzook et al., 2021).
Multiple studies have identified GLP-1R CME in a various cell types, including B-cells, HEK293,
min6, CHO, and CHL cell lines (Buenaventura et al., 2019; Roed et al., 2015; Widmann et al.,
1997).

Initial Clathrin Coat Assembly

The initiation of CME following ligand binding at the GPCR begins with the recruitment and
clustering of cytosolic proteins at the intracellular side of the plasma membrane. Over 50
cytosolic proteins cluster at the target plasma membrane site within a highly ordered manner.
However, the first to cluster are clathrin, and clathrin adaptor proteins such as adaptor protein
2 (AP2) (Kaksonen and Roux, 2018). Free clathrin in the cytosol is found in the form of trimers,
and is composed of three heavy and three light clathrin chains. These clathrin trimers
ultimately self-assemble into a polyhedral lattice outlining the future endocytic site. AP2 is a
complex of four subunits a, B2, u2, and o2, and is localized to the plasma membrane by
binding to PIP2-abundant microdomains using the a and B2 subunits (Kovtun et al., 2020;
Mettlen et al., 2018). This initial coordinated clustering forms the ‘pioneer module’, and
represents the earliest stage of endocytosis which is mostly conserved between species
(Kaksonen and Roux, 2018; Traub, 2011). This pioneer module will be developed further with
additional endocytic accessory and regulatory proteins involved in each step of the maturation

of a clathrin-coated pit (CCP).

Transmembrane Receptor Recruitment into Clathrin Coated Pits
A CCP is the matured assembly of clathrin and associated proteins, which ultimately manifest

as bending or invagination of the plasma membrane. Following CCP formation, specific
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cytosolic-facing binding motifs on the transmembrane cargo are used for lateral recruitment
into the CCP (Kaksonen and Roux, 2018). AP2 interacts with the cytosolic-facing binding motifs
of the transmembrane receptor to facilitate cargo sorting and concentrative accumulation
into CCPs. The most well-known binding motif for AP2 within transmembrane protein amino
acid sequences is a tyrosine-based YXX@ sequence (X is any amino acid, @ is an aromatic amino
acid), in which the C-terminus of AP2’s u2 subunit binds. An alternative binding motif is the
dileucine sequence [DE]XXXL[LIM], which the a-02 subunit hemicomplex of AP2 binds (Marks
et al., 1996; Owen and Evans, 1998). There are an additional number of clathrin-associated
sorting proteins (CLASPs) that function to sort transmembrane proteins by binding site
recognition (Traub, 2009). AP2 and other adaptor proteins FCHO1, EPS15, and the CALM
family, facilitate or directly interact with target transmembrane protein cargo to facilitate

their site-directed accumulation and CCP maturation (Traub, 2009).

Membrane Curvature and Scission

Site-specific plasma membrane bending and invagination involve clathrin, the complex
interactions of additional cytosolic proteins, and actin polymerization (Kaksonen and Roux,
2018). Membrane bending is first initiated with clathrin recruitment, while actin
polymerization finalizes the budded shape by interacting with scission and coat proteins.
Following the recruitment of GPCR cargo into the CCP and membrane invagination, dynamin-
dependent scission of the formed neck of the invaginated bud liberates the clathrin-coated
vesicle from the plasma membrane (Figure 6). Within the intracellular space, the liberated
vesicle sheds its endocytic machinery, allowing the GPCR-containing endosome to be

trafficked further (Kaksonen and Roux, 2018).
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Figure 6: Formation and liberation of endosomes containing internalized receptors. Clathrin
(black) recruitment to the inner leaflet of the plasma membrane promotes bending and
invagination of the membrane. Plasma membrane associated proteins, including GPCRs,
heterotrimeric G-protein subunits, and downstream effector proteins (i.e. adenylate cyclase)
are directed into the budding formation. Dynamin-dependent scission (light blue) of the
formed neck of the invaginated bud liberates the endosome and its contents from the plasma
membrane, in which the newly formed endosome can then shed the endocytic machinery (i.e.
clathrin) and continue trafficking within the cell and signaling within the endosomal
compartment.

[-arrestin-dependent CME of GPCRs

The internalization of GPCRs typically revolve around processes that congregate the receptor
into clathrin-coated pits (CCP) or caveolin-rich nanodomains, in which a subsequent
endosomal bud forms protruding into the intracellular space from the plasma membrane,
where then dynamin-mediated scission of the bud liberates an independent endocytic vesicle
(Cocucci et al., 2014; Henley et al., 1998). B-arrestins act as a connecting partner to the CCP
protein machinery thereby facilitating GPCR internalization. Here, B-arrestins act as both a

regulator of endocytic processes and GPCR desensitization (Figure 7).
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Within vertebrates, 4 arrestin genes expressed, there are Arrestin-1 and Arrestin-4, which are
referred to as visual arrestins due to their exclusive role of desensitizing the photoactivated
transduction cascade of the retina, and Arrestin-2 and Arrestin-3, which are near ubiquitous
non-visual arrestins and have been renamed B-arrestin 1 and B-arrestin 2. Outside of acting
as steric inhibitors for Ga activation, B-arrestin are multifunctional scaffold proteins that bind
both AP2 and a respective GPCR. Similar to AP2, B-arrestin mediates endosomal trafficking,
vesicle sorting and signal modulation of the GPCR. The aforementioned tyrosine and dileucine-
based binding motifs for AP2 are not generally seen as the primary means for facilitating GPCR
endocytosis (Spillmann et al., 2020). While not ruling out the presence of direct AP2 binding
sequence motifs on the C-terminal portion of GPCRs, the canonical GPCR internalization route
is typically associated with the N-terminal end of B-arrestin binding to phosphorylated
serine/threonine motifs on the C-terminal tail of the GPCR while simultaneously forming a
tripartite interaction with the clathrin heavy chain and B2 subunit of AP2 (Marzook et al.,
2021; Traub, 2009).

The initiation of P-arrestin binding at the GPCR is dependent on preceding GRK
phosphorylation of the GPCR C-terminal tail, in which the presented phosphorylation barcode
specifies B-arrestin binding (Hausdorff et al., 1991; Liggett, 2011; Xiao and Sun, 2018). Class B
GPCR’s bind both B-arrestin isoforms with equal affinity, yet despite an approximate 80%
homology in amino acid sequence, the ability for B-arrestin 1 and 2 to facilitate GPCR
internalization is dependent on their own phosphorylation status. This phosphorylation status
of B-arrestin itself is differentially regulated, in that B-arrestin 1 is phosphorylated by ERK and

B-arrestin 2 phosphorylated by casein kinase 2 (Lin et al., 2002; Lin et al., 1999).
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<> Guanosine Triphosphate (GTP)
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Figure 7: B-arrestin facilitation of Ga signaling inhibition and GPCR movement into clathrin-
coated pits. Steps following ligand binding at the GPCR: 1) Ga. subunits are recruited to the
GPCR to swap GDP for GTP. 2) In parallel to Ga subunit recruitment, GRK is recruited to the C-
terminal tail of the GPCR resulting in the phosphorylation of serine and threonine residues. 3)
The C-terminal serine/threonine phosphorylation sites on the GPCR act as an interaction point
for B-arrestin binding which sterically inhibits further Ga. subunit recruitment and connects
the GPCR to the AP2 endocytic machinery facilitating accumulation within the clathrin-coated
pits.

Class B GPCRs allow highly stable interactions with B-arrestin due to increased clusters of
serine and threonine phosphorylation sites at the receptors C-terminal tail. This enhanced
stability confers endosomal co-internalization of both GPCR and B-arrestin (Drake et al., 2006).
This is opposed to class A GPCRs, which only transiently interact with B-arrestin at the plasma
membrane and do not co-internalize. Class A receptors recycle rapidly, undergoing the entire
desensitization process and reappearance at the plasma membrane within 30 minutes, while
class B GPCRs recycle slowly and are found to co-localize with B-arrestin up to an hour after
ligand stimulation (Pierce and Lefkowitz, 2001). Interestingly, this stable co-internalization of
B-arrestin with the GPCR may facilitate a signalosome scaffold, allowing for transient spatial
compartmentalization of ERK signaling. Unphosphorylated ERK normally resides in the
cytoplasm with the core signaling complex of Raf, MEK, and ERK. Via B-arrestin acting as a
stabilizing scaffold to ERK, it has been demonstrated that ERK can colocalize at GPCR/B-
arrestin-occupied internalizing endosomes (Eichel and von Zastrow, 2018). The co-
internalization of a GPCR and B-arrestin, and the B-arrestin-facilitated colocalization of
endosomal ERK has been demonstrated to regulate downstream ERK activity (Eichel and von
Zastrow, 2018; Lin et al., 1998; Luttrell et al., 1997). While ERK’s signaling relation with GPCR/
B-arrestin internalization has been assessed using binary off or on receptor internalization
inhibitors, the effect of ligand biases in receptor trafficking that target a GPCR to specific

intracellular compartments has yet to be explored.

Caveolin-dependent internalization of GPCRs

An alternative to clathrin-mediated GPCR internalization is caveolin-dependent
internalization, which utilizes the cell-surface protein caveolin. Lipid rafts are low-density
membrane microdomains rich in cholesterol and sphingolipids, known to function as an
organizational hub for signaling protein assembly and membrane protein trafficking. Caveolae

are smooth invaginations of the lipid raft fraction associated with the presence of integral
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membrane protein caveolin-1. Caveolins are proteins inserted to form hairpin loops within
the plasma membrane, which ultimately oligomerize to facilitate inward membrane curvature
(Kurzchalia and Parton, 1999).

Caveolar budding is a process regulated by kinases and phosphatases. Caveolin-1, in addition
to its co-localized isoform caveolin-2, are phosphorylated by Src, which promotes the caveolar
budding and internalization (Lee et al.,, 2002). Src phosphorylation-induced caveolin
internalization is inhibited by the presence of protein phosphatase 1 and 2, thereby
representing a potential path for negative regulation on caveolin-mediated internalization
(Botos et al., 2007).

GPCRs are internalized through either clathrin-dependent or clathrin-independent processes.
Clathrin-independent pathways relative to GPCR internalization includes the dynamin-
dependent caveolin, and RhoA internalization pathways. Specific GPCRs typically favor either
a clathrin-dependent or clathrin-independent internalization process. However, some GPCRs
have also been shown to be flexible in route of intracellular entry, and may internalize through
both clathrin-dependent and clathrin-independent processes. For example, the GLP-1R has
been found to internalize via clathrin-dependent endocytosis in pancreatic B-cells, but is
caveolin-dependent in in the B-cell min6 cell line and HEK293 cells (Buenaventura et al.,
2018a; Syme et al., 2006). Interestingly, certain GPCRs have been evidenced to switch from
caveolin-dependent endocytosis to CME within the same cell type, depending on context
(Okamoto et al., 2000). However, there is a degree of intracellular overlap between clathrin-
dependent and -independent endocytic trafficking, as membrane lipids from caveolin-
dependent internalization processes have been found to be rapidly incorporated into clathrin-
associated early endosomes, indicating an almost immediate merging of endosomal content
from both internalization pathways at the sub-membrane level (Sharma et al., 2003).

Within intracellular loop 2, GLP-1R contains a classical caveolin binding motif. Mutating this
motif inhibits all GLP-1R signaling (Syme et al., 2006) . Interestingly, Gog, but not Gos or Gau,
is evidenced to exclusively co-localize within caveolar pits rather than the surrounding lipid
raft. Caveolin acts as a scaffold to stably trap and concentrate Gayg into microdomains both at
the plasma membrane and internalized cytosolic caveosomes (Oh and Schnitzer, 2001). The
internalization of GLP-1R has been shown to be dependent on Gag presence and activation
through an unknown mechanism (Thompson and Kanamarlapudi, 2015). As a CRISPR

knockout model of B-arrestin, and a separate knockdown of clathrin via small interfering RNA,
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both failed to inhibit GLP-1R internalization, the GLP-1R-caveolin-Gog dynamic remains a
reputable route for GLP-1R internalization (Jones et al., 2018b; Thompson and Kanamarlapudi,
2015). Nonetheless, GLP-1R may be able to use multiple internalization pathways, as
accumulated evidence also support clathrin-dependent internalization (Marzook et al., 2021).
It is not clear if the GIP receptor internalizes via a caveolin-dependent process, but supporting
evidence has instead pointed to its internalization process being clathrin-dependent.
However, due to a lack of B-arrestin recruitment to the GIPR, the mediating factors of GIPR

internalization are not fully understood (Ismail et al., 2015).

The Endolysosomal Network
Plasma Membrane Nanodomain “Hotspots”

Ligand-induced activation of GPCRs can lead to dynamic compartmentalization of both
receptor and effector proteins within plasma membrane domains rich in sphingolipids and
cholesterol. These compartmentalized “hotspots” house the Gos through its interaction
within the cholesterol-rich regions of the domain (Buenaventura et al., 2019; Sungkaworn et
al., 2017)). Depletion of plasma membrane cholesterol by using methyl-B-cyclodextrin
reduces signaling efficacy and eliminates internalization of both GLP-1R and GIPR in B-cells.
Therefore, lipid- and cholesterol-rich nanodomain compartmentalization of these receptors is
critical for both clathrin-dependent and -independent receptor internalization (Buenaventura
et al., 2019). Additionally, C-terminal palmitoylation of the GLP-1R, and potential cholesterol
interaction sites at the GLP-1R TMD, may play a role in concentrating the active receptor into
these nanodomain hotspot and may facilitate additional conformational stability following

ligand binding (Ansell et al., 2020; Buenaventura et al., 2018b; Taghon et al., 2021).

Early Endosomes

The endolysosomal system is the interconnected network of both biosynthetic and endocytic
intracellular vesicular transport processes (Cullen and Steinberg, 2018). Endosomes are highly
dynamic organelles capable of sorting and merging into specific compartments of the

endosomal network through a process termed homotypic fusion. Additionally, endosomal
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compartment are generated following morphological and endosomal maturation of early
endosomes (Woodman, 2000).

Following dynamin-dependent scission of the budded plasma membrane, the first
compartmental identity following either clathrin-dependent or -independent internalization
is the early endosome, also known as a sorting endosome. Early endosomes have a hollow-
type central vacuole that is approximately 100-500 nm in diameter from which tubular
structures and intraluminal vesicles form. Early endosomes are identified by the key marker
Rab5, which is a small monomeric GTPase involved in the biogenesis and sorting of early
endosomes (Koole et al.,, 2010). Rab5 is primarily facilitates homotypic fusion of sorting
endosomes, and secondarily orchestrates endosome trafficking and function.

In terms of Rab5 functionality, at the early endosomes, the inactive cytosolic GDP-bound Rab5
is recruited to the initial endosomal membrane upon GTP binding, where it is then stabilized
and clustered by the Rabaptin-5/Rabex-5 complex. Rab5-GTP facilitates p150/hVps34 PI3-
kinase localized production of phosphatidylinositol 3-phosphate (PI3P) which then acts as a
scaffold for recruitment of the early endosome autoantigen 1 (EAA1) (Woodman, 2000). This
Rab5-mediated complex, in addition to the recruitment of proteins with PI3P-binding domains
to the endosomal surface, facilitate the tethering and docking of early endosomes to other

endosomal compartments such as recycling endosomes, late endosomes, and organelles.

Recycling Endosomes

Despite Rab5* endosomes described as an initial sorting hub, live-cell imaging has detected
that there are two distinct populations of early endosomes, a highly mobile microtubule-
interacting population and a static population. The highly dynamic, quickly maturing early
endosome population is preferentially targeted toward pathways destined for degradation,
while endosomal cargo destined for recycling pathways is enriched within static slowly
maturing endosomes (Lakadamyali et al., 2006).

Leading up to and within the endosomal recycling pathway are three endosomal populations.
There are the initial Rab5* early endosomes, Rab4* early recycling endosomes, and the Rab11*
recycling endosomes (Zerial and McBride, 2001). Rather than these endosomal populations
co-localizing exclusively with the respective Rab proteins, the populations are identified by a
mosaic of the Rab proteins that can interact, but also maintain stable endosomal organization.

Therefore, the three primary recycling endosomal populations consist of Rab5* early
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endosomes, Rab4* and Rab5* co-localized early recycling endosomes, and Rab4* and Rab11*
recycling endosomes (Figure 8) (Sonnichsen et al., 2000). Rab5* endosomes represent entry
into the endocytic network, while Rab4 and Rab11 colocalization direct and regulate endocytic
recycling (Sonnichsen et al., 2000). Two different kinetics have been attributed to recycling
pathways. There is a quick pathway, which results in rapid cargo return to the plasma
membrane by endosomes with Rab5 and Rab4 co-localized (Sheff et al., 1999). There is also a
comparatively slower recycling pathway, which occurs following segregation of cargo away
from Rab5* endosomes into a separate endosomal population that co-localizes both Rab4 and

Rab11 (Sheff et al., 1999).

Late Endosomes/Lysosomes

Endosomal maturation, which involves preferential targeting of the highly dynamic Rab5*
vesicles toward endosomal degradation, is distinguished by Rab7 colocalization. Rab7 is the
most important marker for late endosomes destined for maturation into lysosomes. Within
the early endosomal compartment, the formation of intraluminal vesicles (ILV) separates
cargo destined for degradation from that which will be recycled. These ILVs are subsets of the
early endosomal compartment that have been segregated from the original starting material.
Within the endosomal membrane, sorting of the internalized cargo (i.e. GPCRs), membrane
dynamics, and sub-vesicle scission is mediated by the endosomal sorting complex required for
transport (ESCRT). The ESCRT machinery is made up of the subcomplexes ESCRT-0, -I, -ll, and
-lll, and ATPase VPS4 (Wenzel et al., 2018). The formation of ILVs begins when the endosomal
cargo destined for degradation is ubiquinated at its lysine residues and is sorted by ESCRT-0
into spatially restricted areas within the endosomal membrane (Wenzel et al., 2018).
Following, a highly orchestrated recruitment of ESCRT (I-lll) and ATPase VPS4 ensures the
sequestered cargo is scissioned into distinct smaller ILVs within the lumen of the original
endosome (Wenzel et al., 2018).

Early endosomes enriched in ILV following multiple rounds of sub-endosomal fusion and
fission by ESCRT machinery, are remodeled to form globular late endosomes. As these ILV
acidify, lose colocalization with Rab5, and gain colocalization with Rab7, the globular late
endosome moves from the cell periphery to the cell center (Figure 8) (Trivedi et al., 2020).
Rab7 is a key mediator in the maturation and fusion of late endosome and lysosome structures

and is important for sustaining the lysosomal compartment (Bucci et al., 2000). An additional
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requirement for the early to late endosome transition is the presence of the endosomal
proton pump v-ATPase, which acidifies the late endosome and lysosome to a pH of
approximately 5 (Trivedi et al., 2020).

The acidification of early and late endosomes allow for a ligand’s dissociative release from an
internalized receptor, thus allowing for receptor resensitization and recycling (Trivedi et al.,
2020). However, various ligands specific for a single receptor may exhibit differential ligand-
receptor stability within an acidic environment, and this may act as a determinant to the
ligand’s dissociative rate from the receptor. Consequently, the more stable the ligand-GPCR
interaction is at the early endosome, the greater the continued endosome-localized signaling
activity will be at the GPCR (Sutkeviciute and Vilardaga, 2020). Interestingly, as a ligand stays
bound to a Gas-coupled GPCR that is co-localized within the Rab5* endosomal compartment,
the resulting Gos activity localized at the endosomal membrane may be a determinant of
GPCR incorporation into ILVs. It has previously been evidenced that endosomal Gais subunits
directly interact with GPCR-associated binding protein-1 (GASP1) and dysbindin, which act as
a linkage between GPCR and ESCRT machinery for sequestering the GPCR into ILV/Rab 7" late
endosomes (Rosciglione et al., 2014). Therefore, continued endosomal Gaos signaling due to a
strong ligand-GPCR interaction, may facilitate a trafficking bias of the receptor toward Rab7*
endosomes and terminal lysosomes.

Additionally, different ligands for the same receptor may be more or less susceptible to being
inactivated and degraded by proteolytic cleavage. For example, GLP-1R agonists GLP-1 (7-36
amide) and Exendin-4 (EX-4) are differentially susceptible to proteolytic degradation by
metalloprotease endothelin-converting enzyme-1 (ECE1). GLP-1 (7-36 amide) is a target for
ECE1-mediated degradation, which may enhance recycling of the receptor due to ligand
deactivation. However, EX-4 is not a substrate for ECE1, which results in the preferential

targeting of the GLP-1R to the lysosome (Fang et al., 2020; Lu and Willars, 2019).
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Rab5 / Rab4

Rab4 / Rab11

(Lysosomes)

Figure 8: Schematic of endolysosomal trafficking and the mosaic of overlapping Rab
domains. Rab proteins facilitate endosomal trafficking and define distinct endosomal domains
within a network of cargo transport. Rab5 is the immediate destination for internalized cargo
via clathrin coated pits and represents the early endosomal compartment. Following Rab5
colocalization, Rab4 and Rabll represent the primary routes for receptor recycling via
receptor resensitization and return to the plasma membrane. Cargo can be rapidly recycled
back to the plasma membrane by sorting through Rab4* endosomes, or recycled through the
perinuclear region to the plasma membrane via Rab11l* endosomes. The Rab5, Rab4, and
Rab11 domains are not distinctly separate but are dynamically interconnected. Alternatively,
Rab5 endosomes can be trafficked to accomplish cellular desensitization through the Rab7
late endosomal pathway which ultimately leads to cargo to incorporation into LAMP1*
terminal lysosomes.

Endosomal Ga; Signaling

GPCR Ga. activation had once been thought to be isolated exclusively to the plasma
membrane, in which following, GRK/Barr-facilitated rapid termination of signaling would
coincide with receptor internalization. However, recently accumulated evidence has indicated
an alternative mode of GPCR signaling, in which GPCR signaling by Ga can occur at the
membrane of endosomes localized to various intracellular compartments such as the nucleus,
mitochondria, Golgi, and endoplasmic reticulum. Gas, Gog, and Gai endosomal recruitment

and signaling have been evidenced to occur within early endosomes (Kuna et al., 2013;
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Mullershausen et al., 2009; Wright et al., 2021; Yarwood et al., 2017). The advantage of
continued Ga signaling at the endosome is the resulting persistence in sustained signaling
regardless of changes in extracellular ligand concentrations (Calebiro et al., 2009).
Additionally, the mobility of GPCR signaling conferred by endocytic trafficking alters the spatial
landscape of downstream effectors that can be activated (Peng et al., 2021; Tsvetanova and
von Zastrow, 2014).

Determinants of ligand-induced endosomal GPCR signaling are complex and not fully
understood. However, it has been implicated that the stability of the ligand-GPCR complex
may be a key element in resisting ligand release during endosomal acidification, and thus may
be a determinant in sustaining the receptor conformational active state at the endosome
(Sutkeviciute and Vilardaga, 2020).

For example, parathyroid hormone (PTH) at the parathyroid hormone 1 receptor (PTH1R) is
known to induce sustained cAMP production at the internalized endosomal, while the
alternative ligand parathyroid hormone-related protein (PTHrP) at the PTH1R exhibits cAMP
signaling restricted to the plasma membrane (Ferrandon et al., 2009). Therefore, ligand-
specific effects may influence the spatiotemporal signaling and localization behavior of a
receptor. At the PTH1R, an alternative long-acting PTH analog, which exhibits more ligand-
receptor residue interactions in comparison to native PTH, prolongs endosomal cAMP
production more so than PTH, sustains the receptor in its active state, and consequently
decreases receptor recycling (Sutkeviciute and Vilardaga, 2020; Zhao et al., 2019). Therefore,
characteristics of the ligand sequence, and how it interacts with the target GPCR, may
influence both the spatiotemporal attributes of receptor signaling and the receptors
propensity to be recycled or degraded.

Both the lipid composition of the plasma membrane at the site of GPCR internalization, and
endosomal membrane composition, may play a role in facilitating continued endosomal
signaling. Membrane lipid composition can affect GPCR function. Membrane lipid composition
can modulate orthosteric ligand binding, GPCR oligomerization, and GPCR access to
downstream effectors (Sutkeviciute and Vilardaga, 2020). For example, an increased presence
of phosphatidylglycerol and phosphatidylethanolamine within the local membrane space
promotes agonist binding to the B,AR. Additionally, elevated phosphoinositide composition
within the plasma membrane has been evidenced to bind directly to GPCRs and modulate

their functional capacity (Dawaliby et al., 2016; Yen et al., 2018). This effect is demonstrated
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with enhanced stabilization of Gas-specific coupling facilitated by PIP2 binding at the B1AR,
and increased GTP turnover within Gai coupling at the neurotensin receptor (Yen et al., 2018).
Internalized GPCR signaling has demonstrated distinct physiological relevance. The spatial and
temporal elements of endosome-produced cAMP have been shown to mediate PKA nuclear
localization and PKA-dependent gene transcription (Calebiro et al., 2009; Peng et al., 2021;
Tsvetanova and von Zastrow, 2014). In particular, as internalized endosomes dynamically
move within the intracellular space, they may “bump” into metastable pools of PKA, which
facilitate amplified downstream signaling over a spatial scale, and promote translocation of
the PKA catalytic subunits into the nucleus. Inhibition of receptor internalization, and thus
endosomal signaling, has been shown to diminish the cAMP-mediated nuclear transcriptional
response of an upstream ligand-GPCR interaction (Peng et al., 2021).

An example relevant to functional outcomes of endocytic signaling bias is seen with the
ligands vasopressin and oxytocin at the vasopressin type 2 receptor (V2R). Both ligands
activate cAMP/PKA signaling, yet only vasopressin induces an antidiuretic effect within the
kidneys. Oxytocin binds to the V2R and easily dissociates from the receptor during
internalization, which results in a primarily plasma membrane-localized cAMP signal.
Vasopressin binds much more tightly to the V2R, and prolongs receptor internalization and
induces endosomal Ga, signaling (Zalyapin et al., 2008). Interestingly, the translocation of
aquaporin water channels and epithelial sodium channels from the cytosol to the plasma
membrane, which thereby induces the anti-diuretic effect, is reliant on the sustained
endosomal Gais signaling attributed to the vasopressin-V2R complex (Zalyapin et al., 2008).
Taking advantage of ligands that induce, or bias, temporal and spatial organization of GPCR
signaling toward cellular outcomes that are therapeutically beneficial, is a lucrative endeavor

for drug exploration (Thomsen et al., 2018).
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Pharmacology
Efficacy and Potency

The agonist-induced stimulation of a plasma membrane-bound GPCR will initiate of cascade
of intracellular signaling events. This chain of events will ultimately lead to a physiological
response. This physiological response, as well as the intermediate steps within the
intracellular signaling cascade, can be measured to obtain information about the ligand-
receptor interaction. Therefore, common receptor ligand pharmacology has been centered
around mathematical models of stimulus and response to relatively compare “efficacy” and
“potency” (Vauquelin and Mentzer, 2008). The most common model used to
pharmacologically describe ligands is the Emax model. It is an empirical model primarily used
for interpretation of concentration-response data. The Emax model does not convey
mechanical interpretation, but instead describes the observational relationship of the agonist
to a target response (Finlay et al.,, 2020). The two key parameters of intracellular
pharmacodynamics are the maximal response (Emax, also efficacy) and the concentration of
the ligand that produces 50% of the Emax (ECso, also potency) (Holford, 2017). Analyses on
pharmacological time course data using these parameters depend on the assumption that
drug effects are immediately related to concentration in the specified compartment. These
dose-response relationships are central to identifying safe and efficacious dosages for ligands

(Holford, 2017).

Dose-Response Curve

A coordinate graph that relates the concentration of a ligand to the magnitude of the receptor
response is called a dose-response curve. Typically, the logarithmic molar concentration of a
ligand is plotted on the X-axis while the measured event response is plotted on the Y-axis. Due
to the desired logarithmic increase in ligand concentration, the lowest concentrations typically
produce no signal and the highest of concentrations produce the maximal signal, resulting in
a sigmoid curve with the steepest portion of the curve representing the dosages attributable
to signal escalation.

The Emax model, which is most often used to describe dose-response relationships, describes
the non-linear relationship of log-transformed agonist concentrations to the response using

four parameters. In this fundamental equation, E is the response magnitude, and the four
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parameters are the basal response, Emax, EC, and hill slope (Figure 9). The basal response is
the baseline constitutive activity of the receptor. Emax is the maximal Y-axis magnitude of the
response. ECsp is the concentration eliciting 50% of the maximal response, and the hill slope
is a factor that improves fitting of the curve (Finlay et al., 2020). The hill slope in GPCR
pharmacology, in particular, is usually constrained to 1 and thus simplified to a three
parameter system due to the hill slope factor representing a ligand-dependent parameter and
not a system parameter. GPCRs are represented as having one orthosteric site for ligand
binding, therefore a hill slope equal to 1 is demonstrative of a 1:1 ratio constraint of one ligand
activating one receptor, thereby remaining in accordance with the law of mass action. A hill
slope >1 would indicate that a single ligand-receptor interaction could activate more than one

receptor (Finlay et al., 2020).

_ basal + (Emax — basal)

EC50
1+ ([agonist]

)hill slope

Figure 9: The Hill Equation.

Generally, the data derived from the dose-response curve (Emax, ECso) allow for
characterization of ligands as “full agonists”, “partial agonists”, and “antagonists”. A full
agonist produces the maximal response (Emax) regardless of the degree of ligand receptor
occupancy. Despite potential variability in ECsp values, a full agonist will nonetheless produce
a full response at some escalated concentration. Therefore, a partial agonist will produce an
Emax that is a degree lower than the full agonist regardless of stimulated concentration, while
an antagonist will produce an effect 0% to that of a full agonist at all concentrations (Wacker

et al., 2017).

Spare Receptor Effect

In 1926, the pharmacological “occupation theory” was developed, in which it proposed that
an agonist-mediated response is proportional to the number of ligand-occupied receptors at
a cell. This theory was based on the principle of a ligand’s equilibrium dissociation constant
(K4), which characterizes a ligand’s structural binding affinity to the receptor (Finlay et al.,
2020). Therefore, at a concentration in which 50% of available receptors are occupied by a

ligand, the EC would be the expected result. However, as various full agonist ligands with
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equivalent receptor binding affinities for a single receptor were developed, it was identified
that the concentration required to reach the half maximal effect was variable between
agonists. Due to this phenomenon of full agonist ligands with similar binding affinities yet
different EC values, the concept of “receptor reserve” or “spare receptor” was established
(Vauquelin and Mentzer, 2008). The spare receptor concept explained that a measured ligand
binding event could achieve a maximal measurable response (Emax) without full occupation of
all available receptors. In this case, full agonist ligands with similar receptor binding affinities
were characterized by differential potencies, in that “high potency” full agonists needed to
only bind a fraction of the total number of receptors in order to achieve the saturable maximal
response, while “lower potency” full agonists required higher ligand-receptor occupancy to
achieve a maximal response. The spare receptor capacity between ligands with matched
binding affinities describes shifts in the EC of full agonists, however it must be taken care that

the Kq of comparative ligands are considered (Vauquelin and Mentzer, 2008).

Signal Amplification

The spare receptor effect, in which differential degrees of ligand-receptor occupancy can
achieve maximal intracellular responses, is facilitated by an effect called signal amplification.
Very often, the relationship between consecutive intracellular events tends to be non-linear
(Vauguelin and Mentzer, 2008). In which, the signal magnitude of a second event in a signal
chain becomes maximally saturated before the magnitude of the first event can reach its
maximum. Therefore, within generated dose-response curves, the EC of a ligand shifts to the
left (decreases) at each event downstream of ligand binding within the intracellular signaling
cascade (Figure 10) (Vauquelin and Mentzer, 2008). This increase in potency is due to
cascading signal amplification occurring within the metabolic network (Ross, 2014). Of
consequence, ligands with partial agonism for an upstream target such as Gos may be
classified as full agonists for downstream events such as cAMP or pERK. The non-linearity
underlying the effect of signal amplification is not fully understood but likely involves
synergistic actions within the number of available effectors at each step of the signaling

pathway (See: The GLP-1R and GIPR: Gais Signal Amplification).
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Figure 10: Ligand potency as a product of intracellular signal amplification. Comparison of
ligand potency within subsequent steps of the signaling cascade in which a leftward shift in
each dose-response curve is attributed to an intracellular amplification of signal. Immediate
G-protein signaling as measured by miniGas recruitment, also viewed as ‘receptor activation’,
is the first step within the cascade. Quantification of direct cAMP production (as measured by
unimolecular cAMP sensors or cAMP antibody sandwich assays) represents a step
downstream that is subject to a degree of signal amplification. Indirect cAMP measurements
using nuclear cAMP CRE-luciferase reporters, which are dependent on PKA phosphorylation
of CREB, represent quantitative readouts most effected by amplification of signal.
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Principles of Bioluminescence Resonance Energy Transfer (BRET)

A primary live-cell technique used within this thesis to quantify the differential relationship
between each ligand and multiple intercellular signaling pathway targets, is bioluminescent
resonance energy transfer (BRET). Similar to fluorescence resonance energy transfer (FRET),
BRET allows for the quantification of proximal protein-protein interactions between
lumiphore-tagged and fluorophore-tagged proteins of interest (POI) through non-radiative
energy transfer (Salahpour et al., 2012). Luminescent substrate is utilized and degraded by the
lumiphore to produce luminescence. Therefore if the lumiphore- and fluorophore-tagged POI
move within a distance < 10nm of each other, which is considered sufficient distance to
facilitate a biological interaction, quantifiable resonance energy transfer occurs, thus distilling
details both about constitutive and dynamic protein interactions (Salahpour et al., 2012). The
separation in emission spectra between the lumiphore and fluorophore, and lumiphore-
mediated energy transfer into the fluorophore, allow for ratiometric quantitation in assessing
changes in fluorophore emission due to the presence or lack of energy transfer. One of the
primary benefits of BRET over FRET is the minimization of fluorophore photobleaching and
noise attributable to a lack of external laser excitation. Due to the minimal photobleaching
and noise, BRET provides an opportunity to temporally quantify pharmacological induction of
protein-protein interactions over an extended period of time (approximately 1 hour). In
addition, BRET assays can be performed in live-cell environments that more closely relate to
that of living systems (Salahpour et al., 2012).

Strategic lumiphore/fluorophore tagging allows for the implementation of either gain in- or
loss in- resonance energy assays. For example, a lumiphore-tagged Gois subunit paired with a
C-terminal fluorophore-tagged GLP-1R can quantify the degree of ligand-induced Gas
recruitment to the GLP-1R via gain in resonance-mediated signal intensity (Liu et al., 2019).
Here, the tagged Gos subunit establishes resonance by translocating to the GPCR following
ligand binding at the GPCR. Oppositely, a C-terminal lumiphore-tagged GLP-1R paired with a
fluorophore-tagged marker of the inner plasma membrane leaflet can quantify the
disappearance of a plasma membrane-bound GPCR as mediated by receptor internalization
(Tiulpakov et al., 2016b). Here, ligand stimulated GLP-1R internalization dissociates the
baseline resonance occurring between the plasma membrane-bound GPCR and plasma

membrane marker, resulting in a loss in signal (Figure 11).
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In addition to quantifying the interaction between two separate proteins to elucidate an event
within a metabolic pathway, unimolecular sensors are capable of quantifying ligand-induced
changes of intracellular signaling molecules and kinase activity (i.e. cAMP, PKA) (Jiang et al.,
2007; Mehta et al.,, 2018). Here, a unimolecular sensor with a either a lumiphore and
fluorophore present on opposing ends, or a single fluorophore split to both sides, is
conformationally adjusted following an interaction with the target (cAMP binding, PKA

phosphorylation) ultimately leading to a gain or loss in signal.

Ga, Recruitment
“Gain in Signal”

Receptor Internalization \

“Loss in Signal”

Figure 11: Examples of “gain in signal” and “loss in signal” BRET assays by MiniGos
recruitment to the GPCR and GPCR dissociation from the plasma membrane. Protein-protein
interactions can be quantified through bioluminescent resonance energy transfer (BRET)
when a donor lumiphore is brought into close vicinity (< 10 nm) to a suitable acceptor
fluorophore. BRET assays can be grouped into “gain in signal” or “loss in signal” assays.
MiniGas-Nluc recruitment assays, in which a lumiphore-tagged truncated version of Gos
resides within the cytosol at baseline and is recruited to a fluorophore-tagged GPCR upon
ligand stimulation, is representative of a gain in signal assay as BRET is established. In a loss in
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signal assay, in which baseline BRET is dissipated by the lumiphore moving away from its
fluorophore counterpart, is exemplified with receptor internalization assays as the
internalizing lumiphore-tagged GPCR moves to a distance > 10 nm relative to the fluorophore-
tagged plasma membrane marker.

GLP-1 and GIP Pharmacological Development
Background and Historical Development of GLP-1 based Pharmacology

The GLP-1R has been extensively explored over the past decades as a lucrative target for the
treatment of diabetes in part due to its preserved therapeutic potential within the context of
metabolic syndrome (Nauck et al., 1993b). GLP-1, and its counterpart GIP, make up the
incretin hormone family, which is a set of gut-derived peptides that enhance glucose-
dependent insulin secretion following the ingestion of nutrients. Expression of the GLP-1R
within key hypothalamic regions known for appetite regulation and within pancreatic 3-cells
confers dual purpose therapeutic benefit by simultaneously targeting both appetite satiation
and enhancing hyperglycemia-stimulated insulin secretion. However, the efficacy of GLP-1
within therapeutic settings has been limited due to its short circulating half-life (1.5-5
minutes), resulting from an inactivating cleavage at amino acid position 2of the “active” GLP-
1 (7-36 amide) by the ubiquitous enzyme DPP-4. Since the establishment of the first amino
acid sequence of GLP-1 in the early 1980s, to the discovery of the “active” N-terminally
truncated form GLP-1 (7-37) and GLP-1 (7-36 amide) in 1987, and the identification of the
structure-function relationship of each amino acid within active GLP-1 in 1994, biochemical
GLP-1 peptide sequence optimization has been intrinsic to the development of therapeutic
efficacy (Adelhorst et al., 1994; Holst et al., 1987; Mojsov et al., 1987). In parallel, the isolation
and sequencing of the GLP-1 homolog EX-4 from Heloderma suspectum has lent further
insight into improving the half-life stability of circulating GLP-1 analogs (Eng et al., 1992). The
commonly used EX-4 inspired modifications to improve half-life stability of the active GLP-1
sequence include a glycine or aminoisobutyric acid (Aib) substitution to the alanine at position
2 to protect against DPP-4 inactivation, and an addition of the EX-4 GPSSGAPPPS C-terminal
extension (CEX) to stabilize the secondary structure of the peptide and potentially improve

affinity to the GLP-1R (Doyle et al., 2003; Simonsen et al., 2013).
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Optimization of GLP-1R Mono-agonists

The primary therapeutic endpoints for GLP-1-based treatments are, the healthy control of
post-prandial dysglycemic excursions, reductions in fasted Hb1Ac, and either a reduction or
no change in body weight. The therapeutic potential of GLP-1 agonists on these parameters is
predominately linked to engineered improvements in the circulating half-life of the peptide
(Prasad-Reddy and Isaacs, 2015). The aforementioned EX-4 inspired modifications to the GLP-
1 peptide sequence is capable of prolonging plasma half-life of up to 2-4 hours. However,
developments in application and linkage technologies have allowed for greater achievement
in therapeutic endpoints through the creation of “long-acting” GLP-1 agonists, which present
half-lives ranging between 12 hours and several days (Table 1). A primary extra-sequence
modification contributing to long-acting effects is peptide acylation, which confers non-
covalent binding of the peptide to larger circulating albumin proteins resulting in DPP-4
protection and reduced renal clearance (Knudsen and Lau, 2019). The increased molecular
weight of the acylated peptide-albumin complex pushes the complex past the renal threshold
for renal clearance (60-70 kda) extending the peptide’s circulating half-life (Knudsen and Lau,
2019). Liraglutide demonstrates the half-life enhancing properties of fatty acid acylation, in
which despite a 97% sequence homology to human GLP-1 and a lack of sequence-mediated
protection from DPP-4, a C16 fatty acid acylation increases the circulating plasma half-life of
liraglutide to 11-13 hours from the 1.5-5 minutes of human GLP-1 (Knudsen and Lau, 2019).

Table 1: Characterization of clinically-relevant GLP-1R mono-agonists.
Pharmaceutical GLP-1R mono-agonists with described general modifications
relevant to enhancing agonist in vivo half-life.

Endogenous GLP-1 ¢ none 1.5 - 5 min
Exenatide e Glycine substitution (Pos2) 2 -3 hours AstrazZeneca
e CEX tail
Lixisenatide * Glycine substitution (Pos2) 3 -4 hours Sanofi
o CEX tail
 Poly-lysine C-terminal addition
Albiglutde * Glycine substituion (Pos2) 5-8days GlaxoSmithKline

¢ Sequential fusion of two GLP-1 analogs covalenty bound
to human albumin
Dulaglutide * Glycine substituion (Pos2) 5 days Eli Lilly
¢ Two identifical GLP-1 analogs covalently bound to an
1gG4 Fc fragment to form a disulfide-bonded homodimer

Liraglutide e Arginine Substitution (Pos27) to confer acylation 11- 13 hours Novo Nordisk
* C16 monoacid acylation (Pos20)
Semaglutide » Aminoisobutryric acid substitution (Pos2) 7 days Novo Nordisk

e Arginine substitution (Pos27) to confer acylation
* C18 diacid acylation (Pos20)

Taspoglutide * Aminoisobutryric acid substitution (Pos2 and Pos29) Unknown half-life Roche
* Formulated with zinc chloride for sustained release Once-weekly administration

Exenatide-LAR * Exenatide-containing biodegrdable poly(lactide-co - 2 - 3 hours (exenatide) AstraZeneca, Amylin
glycolide) microspheres for sustained release Once-weekly administation
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Other molecular weight-increasing modifications to reduce renal clearance have achieved
similar therapeutic profiles due to their extended half-lives, including the synthetic fusion of
GLP-1 to albumin prior to injection (Albiglutide), or the linkage of two individual GLP-1
molecules within a disulfide-bridged Fc fragment (Dulaglutide) (Madsbad, 2016). Other
methods to establish stable circulating GLP-1 agonist concentrations over a prolonged period
of time include developments in formulation application, in which a GLP-1 analog has either
been co-infused with zinc chloride to delay the absorption of the peptide from subcutaneous
tissue (Taspoglutide), or has been infused into biodegradable microspheres for sustained
release in circulation (Madsbad, 2016). However in total, despite the extensive success of
long-acting GLP-1 agonists in treating dysglycemia, the body weight lowering success of these
compounds has been relatively modest with an average 2.6 kg BW loss over 24-30 weeks
between all agonists in humans (Madsbad, 2016; Owens et al., 2013). The best-in-class GLP-1
agonist Semaglutide (1.0mg) demonstrated a mean BW loss of 6 kg following at least 30 weeks
of treatment through multiple clinical trials, an effect that was not mediated by the
appearance of gastrointestinal side effects (Ahmann et al., 2018; Capehorn et al., 2020;
Lingvay et al., 2020; Pratley et al., 2018). However, GLP-1-based treatment complications,
such as nausea and gastrointestinal adverse effects, have limited the escalation of dosing to
achieve greater weight loss. While GLP-1 analogs of varying modifications have been
successful in treating dysglycemia, it has become clear that targeting body weight reduction
solely by GLP-1R agonism has intrinsic limitations. Therefore, pharmaceutical activation of
additional receptors in parallel to GLP-1R has been investigated for potential synergies that

can improve GLP-1 agonist efficacy while limiting the side-effect profile.

Co-administration of GLP-1 Mono-agonists with Complementary Peptides

Targeting additional receptors to accentuate GLP-1R agonism via synergistic or additive
mechanisms has been a goal founded on improving both the efficacy and tolerability profile
of GLP-1 agonists. Cooperative peptide enhancement of insulinotropic efficacy, satiation, and
energy expenditure are the ideal functional targets to achieve these optimized therapeutic
endpoints. GIP administration, for example, has demonstrated to elicit a consistent
insulinotropic response in healthy subjects (Dupre et al., 1973). GIP, GLP-1, glucagon, CCK,
PYY, and amylin have all been evidenced to exhibit varying degrees of food intake reduction

and satiation promotion (Geary, 1990; Karra et al., 2009; Lutz, 2005; Moran and Kinzig, 2004;
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Zhang et al., 2021b). Glucagon has been proven potent at increasing energy expenditure
through its lipolytic and thermogenic properties (Galsgaard et al., 2019; Salem et al., 2016).
Thereby, the physiological benefits of these various peptides in conjunction with GLP-1 is a
lucrative combinatorial approach that either reinforces effects already found with GLP-1
(insulinotropism, satiety) or adds a novel element of therapeutic benefits to GLP-1-based
treatments (energy expenditure).

The co-administration of GLP-1 and GIP has proven to provide an additive benefit above that
of GLP-1 alone with regard to stimulating insulin secretion (Elahi et al., 1994; Nauck et al.,
1993a). Regarding satiety, low-dose administration of either GLP-1 (0.3 nmol) or GIP (1 and 3
nmol) alone fail to decrease food intake and body weight using ICV injections in mice, while
separate higher doses of ICV GLP-1 (1 and 3 nmol) or GIP (6 nmol respectively) alone
effectively achieve significant reductions in food intake and body weight. Interestingly, ICV co-
administration of both GLP-1 and GIP at subeffective doses (0.3 nmol and 1 nmol, respectively)
significantly decreased food intake and body weight demonstrating synergistic action
between GLP-1 and GIP co-administration in promoting satiety (NamKoong et al., 2017).
Similarly, subcutaneous injection of an acylated GIP (3 nmol) failed to significantly reduce body
weight and food intake in DIO mice over a 14 day period, however when the acylated GIP (3
nmol) was co-administered with an acylated GLP-1 (3 nmol) the body weight and food intake
reductions were significantly greater than the effects elicited by acylated GIP or acylated GLP-
1 alone (Finan et al.,, 2013). These findings together point toward a lucrative synergism
between GLP-1 and GIP to not only improve the efficacy of GLP-1R-mediated decreases in
food intake and body weight, but also to improve the therapeutic tolerability profile by
reducing the dosage of GLP-1 agonist required to achieve the same body weight and food
intake reductions seen with GLP-1 agonism alone.

At first glance, glucagon seems to be on the opposing side of GLP-1’s biological functionality
due to its stimulation of hyperglycemia-promoting processes such hepatic and renal
glycogenolysis and gluconeogenesis. Interestingly, co-administration of glucagon with GLP-1
has been demonstrated to suppress glucagon-mediated increases in blood glucose in
nonhuman primates. The blood glucose excursion during an IVGTT within the context of co-
administration of GLP-1 and Gcg agonists was non-significantly different relative to an IVGTT
performed without administration of any agonists. Similarly, 30 days co-administration with

GLP-1 and Gcg agonists achieved approximately 40% of the reduction in HbAlc to that of the
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GLP-1 agonist-only group (Elvert et al., 2018). Despite the suppressing effect of GLP-1 agonism
on the hyperglycemia-promoting effects of glucagon agonism, GLP-1R agonism spares the
glucagon-mediated effects on energy expenditure, satiety, and lipolytic activity. GcgR-
mediated body weight reductions are minimal in nonhuman primates, and during GLP-
1R/GcgR co-agonism in GLP-1R KO DIO mice (Day et al., 2009; Elvert et al., 2018). However,
when a glucagon agonist is co-administered with a GLP-1 agonist, or when the GcgR agonism
of a GLP-1R/GcgR co-agonist is stabilized by a lactam-bridge side chain and administered into
WT DIO mice, the body weight lowering effect is amplified to a greater extent than is seen
with GLP-1R or GcgR agonism alone (Day et al., 2009; Elvert et al., 2018). Food intake is
similarly affected by peripheral co-administration of GLP-1 and glucagon in mice, which results
in reduced food intake over the course of 30 minutes and a greater induction of c-fos
expression in the area postrema and central nucleus of the amygdala relative to the saline or
mono-treatment controls (Parker et al., 2013). Additionally, in obese humans, both glucagon
mono-treatment and co-administration of GLP-1 and glucagon significantly increase resting
energy expenditure to a similar extent, while GLP-1 alone fails to do so. However, the
usefulness of GLP-1 within glucagon co-administration, in comparison to glucagon treatment
alone, achieves the same rapid rise in energy expenditure without the accompanying rise in
plasma glucose levels (Tan et al., 2013). The complementation of GLP-1R and GcgR co-agonism
demonstrates synergy in terms of body weight loss and satiety, while the added component
of GcgR agonism expands the therapeutic functionality to include an increase in energy
expenditure that is absent the GcgR-mediated hyperglycemia.

Synergistic effects between GLP-1 agonists and other peptide targets have not been limited
to only the GIPR and GcgR. Co-administration of the GLP-1 analog exenatide with a CCK1 (but
not CCK2) agonist induced synergistic reductions in both body weight and food intake in DIO
mice (Trevaskis et al., 2015). Co-administration of liraglutide and the amylin analog salmon
calcitonin in DIO rats synergistically reduced food intake and body weight over 24 hours,
however chronic co-administration over the course of 32 days produced a stronger, but not
synergistically greater, effect than liraglutide and the amylin analog alone (Liberini et al.,
2019). Co-administration of GLP-1 (7-36 amide) and PYY (3-36), which are known to co-
originate from L-cells upon nutrient exposure, synergistically decreased body weight and food
intake despite the matched mono-treatment dosage of GLP-1 and PYY (1 nmol and 10 nmol,

respectively) having no effect on food intake or body weight in genetically obese mouse
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models. Interestingly, when GLP-1 and PYY were co-administered in humans, a 27% reduction
in food intake during a buffet meal was observed, noting an additive benefit between GLP-1
and PYY on reducing energy intake (Neary et al., 2005). Taken together, the additive and
synergistic benefits of multiple peptides in combination with GLP-1 have provided an
opportunity to shift from a pure mono-agonist approach toward a multi-agonism approach

capable of improving efficacy and tolerability of GLP-1 based pharmaceutical intervention.

Development of Unimolecular Dual-Agonists

GLP-1 (7-36 amide), GIP, and glucagon are secreted peptides that are 30, 42, and 29 amino
acids in length. Interestingly, the GIP and glucagon peptides share high sequence homology
with GLP-1 of 36% and 48% (Figure 12). The first 14 and 15 N-terminal amino acids of the GIP
and glucagon sequence are of predominant importance to the activation of their respective
receptors. GIP and glucagon share 53% and 67% sequence homology within the first 15 amino
acids to GLP-1 (Chabenne et al., 2014; Hinke et al., 2004).

This tri-directional sequence homology between ligands and receptors presents a lucrative
opportunity to hybridize the sequences of two or more ligands into a unimolecular peptide
with the purpose of simultaneously activating two or more target receptors. By combining
these ligands into unimolecular dual- and tri- agonists it may be possible to provide
complementary and potentially synergistic pharmacological action within a single molecule.
The facilitating factor of pharmacological action of the unimolecular dual- or tri-agonists lies
within the capacity to act at spatially separated biological structures that express one of more
of the target receptors. The goal is to not only improve the combinatorial efficacy of biological
endpoints (i.e. superior insulinotropism, satiation, energy expenditure) for therapeutic
benefit, but also to potentially decrease the dosing regimen and minimize the probability of
adverse side effect appearance attributable to high dose GLP-1 treatment.

The unimolecular approach provides distinct advantages in comparison to loose adjunct
administration of multiple mono-agonists. In particular, the key benefit is in eliminating
differences in pharmacokinetic profile of individual agonists (Finan et al., 2015). The loose
combination of peptides is subject to individual profiles of absorption, distribution,
metabolism, and excretion. The unimolecular hybrids however have a single pharmacokinetic

profile, allowing for optimal dosing and a higher likelihood of potential regulatory approval.
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-

Compound Sequence \

GLP-1(7-36amide)  paA @ GTETSDVSSYLEGQAAKEFIAWLVKGR w2

100% homology

GIP (1-42) YAEGTFISDYSIAMDKIHQQODFVNWLLAQKGKKNDWKHNITQ

36% homology

Glucagon (1-29)  yoAGTFTSDYSKYLDSRRAQDFVOWLMNT

\ 48% homology J

Figure 12: Amino acid sequence homology of GIP (1-42) and Glucagon (1-29) to GLP-1
(7-36 amide). Amino acids within the GIP (1-42) sequence highlighted in blue are unique
relative to GLP-1 (7-36 amide). Amino acids within the Glucagon (1-29) sequence
highlighted in red are unique relative to GLP-1 (7-36 amide).

GLP-1/Gcg Dual-agonists

Oxyntomodulin, an endogenously secreted 37 amino acid peptide originating from the same
proglucagon fragment as GLP-1 and glucagon (Gcg), and presenting activity at both the GLP-
1R and GcgR, can lay claim as the first GLP-1/Gcg dual-agonist. However, the first clinically-
relevant template of a unimolecular GLP-1/Gcg dual-agonist was developed in 2009, with the
goal of engineering GLP-1 agonism into a glucagon core sequence (Day et al., 2009). The N-
terminal sequences between both GLP-1 and glucagon are highly conserved. Interestingly the
GLP-1R transmembrane domain does not differentiate in recognizing and binding the GLP-1
and glucagon N-terminal sequences (Hjorth et al., 1994). As amino acid positions 2, 3, 10, and
12 of glucagon are of critical importance to GecgR activation, and as this N-terminal sequence
does not negatively impact binding to the GLP-1R, the first 15 amino acids were left
unmodified in the GLP-1/Gcg dual-agonist’s development. The remaining mid to C-terminal
amino acid sequence of GLP-1 and Gcg is where the majority divergence occurs and where
receptor selectivity is mediated. Ligand specificity of the GLP-1R and GcgR is primarily
determined by the ligand’s C-terminal sequence interaction with the receptor’s N-terminal
extracellular domain (Runge et al., 2003). Therefore, adhering to the critical importance of the
first 15 amino acids of glucagon in mediating glucagon receptor activation, an opportunity is
provided to engineer in specificity to the GLP-1R within the glucagon C-terminal sequence. C-
terminal amidation and substitution of seven GLP-1-specific amino acids into the last 14 amino
acid stretch of the glucagon sequence conferred GLP-1R activity through enhanced C-terminal
helical stability and N-terminal ECD recognition. An additional Aib substitution at position 2
conferred DPP-IV resistance, and the addition of a lactam bridge within the middle of the

peptide enhanced glucagon activity by promoting secondary structure stabilization. With this
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particular GLP-1/Gcg peptide, pre-clinical studies in DIO mice have evidenced a strong weight
lowering effect compared to the vehicle, which is largely mediated by a decrease in food
intake and an increase in energy expenditure (Day et al., 2009). Interestingly, the GLP-1/Gcg
dual-agonist conferred greater glycemic control than the vehicle, demonstrating the
protective effect of GLP-1 against Gcg-induced hyperglycemia. This same molecule was seen
to restore leptin sensitivity in DIO mice, which may contribute the weight lowering

responsiveness of the dual-agonist.

GLP-1/GIP Dual-Agonists

Due to the higher sequence homology between GLP-1 and glucagon, development of the GLP-
1/GIP dual-agonist has relatively lagged behind that of the GLP-1R/GcgR dual-agonists. Given
the co-expression of GLP-1R and GIPR in some tissues, the principle of the GLP-1/GIP dual-
agonist is to allow for a peptide that binds to one or the other receptor, but that does not
simultaneously link the two local receptors as may be the case with a GLP-1/GIP fusion peptide
(two individual peptides connected by a linker). By creating a unimolecular GLP-1/GIP co-
agonist, the rationale was that GLP-1would reduce body weight and improve glycemic control
which would then facilitate the metabolic benefits of GIP sensitivity (Finan et al., 2013).

The first clinical template for a balanced GLP-1/GIP dual-agonist was engineered from the
earlier GLP-1/Gcg dual-agonist and was designed to provide balanced agonism between both
the GLP-1R and GIPR while minimizing activity at the GcgR, as measured by a cell-based CRE
luciferase assay in HEK293 cells (Day et al., 2009; Finan et al., 2013). It is known that the first
and seventh amino acids of the GLP-1 (7-36 amide) and GIP (1-42) sequences are primarily
responsible for conferring differential receptor selectivity, as a TyrlHis and lle7Thr
substitution to the GIP sequence diverts its selectivity away from the GIPR to the GLP-1R
(Moon et al., 2012). To invoke GIPR selectivity and conserve GLP-1R activity within the GLP-
1/Gcg dual-agonist, a His1Tyr substitution was made while the threonine at position 7 shared
between glucagon and GLP-1 was retained. Additional GIP-specific substitutions were made
at position 3, 12, 16, 20, 23, 24, and 27 to increase GIPR activity, while the lactam bridge
present from the GLP-1/Gcg molecule was removed to minimize GcgR cross-reactivity. Unlike
the GLP-1R and GcgR, the C-terminal sequence of GIP does not mediate ligand selectivity or
activity at the GIPR, so the EX-4 CEX tail was added to confer peptide stability and promote

enhanced GLP-1R selectivity. Lastly, a lysine was added at position 40 to facilitate fatty acid
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acylation for albumin binding and prolongment of half-life (Finan et al., 2013). This particular
compound, MAR709 (NNC0090-2746) of Novo Nordisk made it to phase 2 clinical trials but
was later discontinued.

A current leader in the GLP-1/GIP dual-agonist clinical field is the Eli Lilly compound
Tirzepatide (LY3298176). The sequence of Tirzepatide is an imbalanced agonist favoring the
GIPR over GLP-1R in terms of cAMP potency (Coskun et al., 2018). The sequence of Tirzepatide
is relatively similar to MAR709, however a few alterations consist of substituting in GIP-
specific, or substituting out GLP-1-specific amino acids, at position 13, 17, 19, 20, 21, 24, and
27. Additionally, a GLP-1 specific lysine at position 20 was employed so that the peptide can

be acylated with a C20 unsaturated diacid chain.

GLP-1(7-36 amide)

MAR709 Tirzepatide

Figure 13: Unimolecular hybridization of GLP-1 (7-36 amide) and GIP (1-42). High sequence
similarity between GLP-1 and GIP within the N-terminal region of the peptides, the necessity
of Tyrl for GIPR activation, and the functional exchangeability of TyrlHis in maintaining GLP-
1R potency, had allowed for the iterative development of the balanced GLP-1/GIP dual-agonist
MAR709 (NNC0090-2746, Novo Nordisk, Copenhagen, Denmark). Tirzepatide (LY3298176; Eli
Lilly, Indianapolis, IN, USA), an unbalanced GLP-1/GIP dual-agonist, was similarly modeled to
the MAR709 sequence however with specific amino acid substitutions conferring greater
preference to the GIPR over the GLP-1R. Figure adapted from Novikoff et al. 2021 (Mol. Met.).

Both MAR709 and Tirzepatide have both had pre-clinical and clinical success. MAR709 was
evidenced to improve glucose tolerance in WT DIO mice comparably to that of co-
administration of matched GLP-1 and GIP mono-agonists, but failed to do so in a GLP-1R/GIPR
KO model indicating a lack of off-target effects (Finan et al., 2013). MAR709 was also proven
to reduce body weight, food intake, decrease fat mass, ad-libitum blood glucose, and
cholesterol in WT DIO mice, diabetic ZDF mice, and db/db mice. In diabetic ZDF mice, MAR709

administration reduced HOMA-IR, improved pancreatic islet cytoarchitecture, and improved
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HOMA-f scores (indicative of B-cell functionality). In cynomolgus monkeys, MAR709 was
superior compared to liraglutide in inducing an insulinotropic and blood glucose clearing
response during graded dextrose infusion (Finan et al., 2013). These effects translated into
first proof-of-concept in patients with T2D inadequately controlled by metformin, in which a
superior reduction in body weight, HbAlc, and cholesterol was observed compared to the
vehicle in human subjects (Frias et al.,, 2017). Tirzepatide has demonstrated similar
therapeutic benefits in mice which were successfully translated to phase 1 clinical trials
(Coskun et al., 2018). Additionally, in further human clinical trials, Tirzepatide demonstrated
better efficacy on weight loss and glycemic parameters compared to vehicle, dulaglutide, and
semaglutide, with additional unpublished clinical trials (SURPASS-3 and SURPASS-5) reporting
Tirzepatide as superior to insulin degludec or insulin glargine, with or without metformin (Dahl
et al.,, 2021; Frias et al., 2021; Frias et al., 2018; Ludvik et al., 2021; Min and Bain, 2021;

Rosenstock et al., 2021).
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Materials

Peptide Ligands

Semaglutide and GLP-1R antagonists JANT-4 (9-39) were provided by Novo Nordisk
(Bagsveerd, Denmark). All of the other peptides were prepared via standard automated
Fmoc/tBu solid-phase peptide synthesis on Rink Amide ChemMatrix resin. An orthogonal
protecting group strategy was used to incorporate the protraction moiety onto the
appropriate lysine side chain. Following synthesis, crude compounds were cleaved from the
resin with 95:2.5:2.5 trifluoroacetic acid/water/triisopropylsilane. The crude compounds were
purified by reversed-phase high-performance liquid chromatography (RP-HPLC) on a Luna C8
(2) preparative column with a gradient of water/acetonitrile containing 0.1% trifluoroacetic
acid, then lyophilized to produce the desired compounds as white powders. Compound
identity was confirmed via RP-HPLC-mass spectrometry. hGLP-1 (7-36 amide) was purchased
from Anaspec (Cat#: AS-22463, Fremont, CA, USA). hGIP (1-42) was purchased from Anaspec
(Cat#: AS-61226-1, Fremont, CA, USA).

Small Molecule Agonists and Inhibitors

Barbadin was purchased from Toronto Research Chemicals (Cat#: B118250, North York,
Ontario, Canada) (Beautrait et al., 2017). Methyl-B-Cyclodextrin was purchased from Sigma—
Aldrich (Cat#: 332615, St. Louis, MO, USA). Sucrose was purchased from Thermo Fisher
Scientific (Cat#: 15456759, Waltham, MA, USA). Forskolin was purchased from Sigma Aldrich
(Cat#: 93049, St. Louis, MO, USA).

Plasmid Constructs

Untagged human GLP-1R was purchased from Sino Biological Inc. (Cat#: HG13944-UT, Beijing,
China) and untagged human GIPR and human GIPR-turbo GFP were purchased from OriGene
Technologies Inc. (Cat#: SC110906 and RG210811, Rockville, MD, USA). Human GLP-1R-GFP
was a gift from Professor David Hodson (University of Birmingham, Birmingham, UK). Human
GLP-1R-Rluc8 (hGLP-1R-Rluc8) was a gift from Professor Patrick Sexton (Monash University,
Melbourne, Australia). Human CMV-GIPR-RIuc8 (hGIPR-RIuc8) with VSLGSSG residues was
constructed and purchased from VectorBuilders Inc. (Neu-Isenburg, Germany). cAMP sensor

pcDNA3L-His-CAMYEL (ATCC MBA-277TM) was purchased from ATCC (Manassas, VA, USA)
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(Jiang et al., 2007). NES-Nluc-MiniG plasmids (denoted as MiniG- as, ag, ai, and ai2/13) and
subcellular/endosomal markers Rab GTPase makers Venus-Rab5a (early endosomes), Venus-
Rab7a (late endosomes/lysosomes), Venus-Rabl1a (recycling endosomes), and Venus-KRAS
(plasma membrane) were gifts from Kevin Pfleger (Harry Perkins Institute of Medical
Research, Nedlands, WA, Australia) as originally published by Professor Nevin Lambert
(Augusta University, Augusta, GA, USA) (Lan et al., 2011). B-arrestin 1/2-Rluc8 plasmids were
a gift from Professor Terry Hébert (McGill University, Montreal, Canada) (Fillion et al., 2019).
EGFP-CAAX was a gift from Lei Lu (Addgene plasmid # 86056) (Madugula and Lu, 2016). The
unimolecular PKA sensor ExRai-AKAR2 was a gift from Jin Zhang (Addgene plasmid # 161753)
(Zhang et al., 2021a).

Methods

Generation and Amplification of Plasmid Constructs

Transformation of Bacterial Cells

DH5a competent cells (Cat#: 18265017, Life Technologies, Carlsbad, CA, USA) cells were
thawed on ice, and 20 uL of cells were mixed with 2 pL of plasmid previously constituted in
sterile water. The bacterial cells and DNA were incubated for 15 minutes on ice. Cells were
then heat-shocked at 42 °C for 30 seconds, returned to ice for 2 minutes, and followed with
the subsequent addition of 800 pL of Luria Bertani (LB) media without antibiotic. Cells were
incubated at 37°C for 1 hours shaking at approximately 200 rpm. 100 ulL of bacteria were then
plated on an LB agar plate with either 100 pg/mL of ampicillin or 40 ug/mL of kanamycin. Agar

plates were incubated overnight at 37°C.

Bacteria Colony Selection

Following overnight incubation, a single bacterial colony was selected from the agar plate with
a sterilized pipette tip and added to 200 mL of LB media with either 100 pg/mL of ampicillin
or 40 pg/mL of kanamycin added. The bacteria-containing broth was then incubated overnight

at 37°C with shaking at approximately 200 rpm.

DNA Extraction
To extract DNA, the Plasmid Plus Maxi Kit (Cat#: 12963, Qiagen, Hilden, DE) was used

according to the manufacturer’s protocol. In short, 200 ml of the overnight culture was
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centrifuged for 30 min at 4°C at 4000 x g to generate a pellet of cells. The supernatant was
then discarded and the cell pellet re-suspended in Buffer P1 containing RNAse A. Lysis buffer
P2 was added to lyse the cells. Neutralization buffer P3 was added to stop the lysis reaction
and precipitate genomic DNA and cell debris. The precipitate-containing fluid was filtered
using a Qiagen cartridge to remove non-soluble debris. The filtrate was passed through a
Qiagen-tip by vacuum suction, and plasmid DNA was finally eluted using distilled H20. Purity
and plasmid concentration were measured using the NanoDrop 2000 Spectrophotometer
(Cat#: ND-2000, Waltham, MA, USA). The resulting H20 containing DNA was frozen at 37 °C

and stored.

Cell Culture

All processes related to cell culture were performed in laminar flow hoods under sterile
conditions.

Culture of Human Embryonic Kidney 293 Cell Line

Human Embryonic Kidney 293 cells were chosen as the primary in vitro model due to their
lack of endogenous GLP-1R and GIPR expression, and their general acceptance as a sufficient
model to investigate GPCR signaling. HEK293T cells lacking endogenous GLP-1R and GIPR were
cultured in Dulbecco's Modified Eagle Medium (DMEM, Cat#: 11995073, Life Technologies,
Carlsbad, CA, USA) with 10% heat-inactivated fetal bovine serum (FBS, Cat#: 10500064, Life
Technologies, Carlsbad, CA, USA), 100 IU/mL of penicillin, and 100 ug/mL of streptomycin
solution (Pen-Strep, Cat#: P4333, Sigma—Aldrich, St. Louis, MO, USA). Upon cells reaching
approximately 80% confluency in tissue culture flasks, cells were washed with phosphate
buffered saline (PBS) (Cat#: 10010056, Gibco, Carlsbad, CA, USA) and harvested using Trypsin-
EDTA (0.05%). Centrifugation of the harvested cells at 400 g x 4 min was performed to form a
pellet, which was then resuspended in media. The resuspended cells were either transferred
into a flask to maintain the cell line or plated into 6-well plates for future transfection and

assays.

Culture of Min6 Cell Line
Min6 cells were cultured in Dulbecco's Modified Eagle Medium with 15% heat-inactivated

fetal bovine serum, 100 IU/mL of penicillin, 100 pg/mL of streptomycin solution, 20 mM of
HEPES, and 50 uM of B-mercaptoethanol. All cells were maintained at 37 °Cin 5% CO2.
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Freezing and Thawing Cells

Cells were cultured in T175 flasks (Cat#: 83.3912.302, Sarstedt, Hildesheim, Germany) and
when approximately 80% confluency was reached, cells were washed with PBS, harvested
with trypsin, and centrifuged at 400 g x 4 min to form a cell pellet. The cell pellet was
resuspended in a freezing solution (80% v/v sterile FBS, 10% dimethylsulphoxide (DMSO), and
10% DMEM) at a concentration of 1 x 10° cells/ml, in which 1 mL of resuspended cells were
aliquoted into 1.5 mL cryo-tubes. Cells were stored at -80°C before they were transferred to
a nitrogen storage system. To defrost and revitalize the frozen cells, cells were defrosted
within a 37°C water bath and gently added to pre-warmed media in a falcon tube. Cells were
pelleted via centrifugation, in which the freezing solution and pre-warmed media supernatant
were discarded and cells resuspended with fresh media. Cells were then transferred to a

culture flask to adhere and proliferate.

Transient Transfection of Cells

The cells were seeded (700,000 cells/well) in 6-well plates and incubated to ~70% confluency
in complete media supplemented with 10% FBS and 1% Pen-Strep. Twenty-four hours after
seeding, overexpression of target proteins was performed under transient transfection
conditions using Lipofectamine 2000 (Cat#: 11668019, Invitrogen, Carlsbad, CA, USA)

according to the manufacturer's protocol without including additional carrier DNA.

Cell-based Temporal Assays

Bioluminescent Resonance Energy Transfer Assays

Twenty-four hours after transfection, cells were washed with PBS then detached and
resuspended in FluoroBrite phenol red-free complete media (Cat#: A1896701, Life
Technologies, Carlsbad, CA, USA) containing 5% FBS and 2 mM of |-glutamine (Cat#: 25030081,
Life Technologies, Carlsbad, CA, USA). Then 100,000 cells/well were plated into poly-d-lysine-
coated (Cat#: P6403, Sigma—Aldrich, St. Louis, MO, USA) 96-well white polystyrene LumiNunc
microplates (Cat#: 10072151, Thermo Fisher Scientific, Waltham, MA, USA). After 24 hours of
cell incubation, the media was replaced with PBS containing 10 uM of coelenterazine-h (Cat#:

S2011, Promega, Madison, WI, USA) or 1:500 NanoGlo substrate (Cat#: N1110, Promega,
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Madison, WI, USA). BRET! measurements were taken every 30 seconds - 2 minutes at 37 °C
using a PHERAstar FS multi-mode microplate reader with 430-485 nm and 505-590 nm dual
filters. Following 5 minutes of incubation with coelenterazine-h or NanoGlo, baseline
measurements used for normalization were taken. Following, the cells were then treated with
a vehicle or the respective agonists. The resulting increase or decrease in ratiometric BRET
signal between the interacting fluorophore and lumiphore was normalized by subtracting the
ratio (505—590 nm emission over 430-485 nm) of the vehicle-treated wells with the matched
agonist-treated wells producing a signal defined as the “ligand-induced BRET ratio” (Porrello
et al.,, 2011). The temporal data of the vehicle-corrected agonist measurement was then
additionally normalized to the baseline reading of the same well to control for any discrepancy
in cell number between wells at time of readout. Within the temporal data sets, the first BRET
reading following treatment with agonist/vehicle is visualized as the subsequent
measurement after time point zero. Positive or negative incremental areas under the curves
(+iAUC/-IAUC) were calculated where noted, indicating the AUC for each ligand to be
calculated in reference to its own baseline values. Each experiment was independently

performed at least three times, with at least two technical replicates for each group.

G-protein Recruitment Assays

HEK293T cells were plated into 6-well plates at a plating density of 700,000 cells/well. MiniG
protein probes (MiniGa-Nluc) translocate to ligand-bound active receptors retaining their
specificity (Wan et al., 2018). To measure the ligand-induced recruitment of the Gas, Gag, Gai,
and Gaiz/13, 50 ng DNA of the respective Nluc-tagged miniGa plasmid was co-transfected with
500 ng DNA of hGLP-1R-GFP or hGIPR-GFP per well of a 6-well plate. MiniGa-Nluc probes are
localized to the cytosol at baseline, and upon ligand GPCR activation translocate within spatial

proximity of the GFP-tagged GPCR.

cAMP assays

CAMYEL, a cAMP sensor using YFP-Epac-RLuc8 was utilized to quantify cAMP accumulation
with temporal resolution (Jiang et al., 2007). 500 ng of CAMYEL plasmid DNA was co-
transfected with 300 ng of untagged GLP-1R or GIPR plasmid DNA per well in a 6-well plate.
The experiments were performed in the absence of 3-isobutyl-1-methylxanthine (IBMX).

Within the unstimulated baseline state, the CAMYEL protein sensor assumes a configuration
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that allow for resonance transfer between the lumiphore and fluorophore, while in the
stimulated state in which intracellular cAMP levels rise, a cAMP-mediated reconfiguration of
the sensor consequentially dissipates the baseline resonance energy transfer represented as

a “loss in signal” assay.

Receptor Internalization and Receptor Recycling Assays

A GPCR internalization assay was established by measuring the loss of baseline resonance
energy transfer between an intracellular plasma membrane marker Venus-KRAS and hGLP-
1R-RLUC8 or hGIPR-RLUCS8. 500 ng of Venus-KRAS or GFP-CAAX DNA and 300 ng of the
respective RLUC8-tagged GPCR DNA were used per well in a 6-well plate (Lan et al., 2011).
While the degree of internalization is measured by the loss in colocalization of the lumiphore-
tagged GPCR with the fluorophore-tagged plasma membrane, it is also possible to measure
the return of the receptor back to the plasma membrane via re-colocalization following ligand
washout and receptor antagonism. For receptor recycling assays, following 20 minutes of
receptor internalization, media was removed, cells were washed multiple times with PBS, and
lumiphore substrate in PBS along with receptor antagonist (JANT-4 (9-39), 10 uM) were then
added. Reconstitution of the BRET signal over time was then indicative receptor recycling. To
guantify rate of receptor recycling and the total presence of receptor localized to membrane
following antagonist administration, the +iAUC was normalized to the respective immediate
post-washout measurement of each agonist to quantify the rate of GLP-1R recycling, while
total GLP-1R presence at the plasma membrane was quantified via +AUC (not iAUC) by
normalizing all ligand post-washout responses to a common minimal value. In separate
experiments, to inhibit GLP-1R or GIPR internalization, 30 minute pretreatment with either

sucrose (0.43 M) or methyl-B-cyclodextrin (MBCD) (10 mM) in PBS was used.

p-arrestin 1/2 Recruitment Assays

Colocalization of B-arrestin 1/2-RLUC8 with hGLP-1R-GFP or hGIPR-GFP was assessed (Fillion
et al., 2019). 50 ng of B-arrestin1-RLUCS or B-arrestin2-RLUC8 DNA and 300 ng of GLP-1R-GFP,
GIPR-GFP, or Venus-KRAS DNA were co-transfected into each well in a 6-well plate. The B-
arrestin 1/2-RLUCS proteins are localized within the cytosol at baseline, in which upon ligand

stimulation translocate to the GPCR at the plasma membrane. Inhibition of the B-arrestin/AP2
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complex formation was achieved by 30 minute pretreatment of cells with 100 uM barbadin

diluted in PBS.

Endosomal Trafficking Assays

GPCR endosomal trafficking was assessed by measuring the ligand-stimulated gain in
resonance energy transfer between Venus-Rab5/7/11 and hGLP-1R-RLUC8 or hGIPR-RLUC
(Tiulpakov et al., 2016a). 500 ng of the respective Venus-Rab subtype DNA and 300 ng of hGLP-
1R-RLUCS8 or hGIPR-RLUC8 DNA were co-transfected into each well in a 6-well plate.

Endosomal Signaling Assays

Endosomal G-protein recruitment was assessed by bystander BRET via GPCR-induced
colocalization of MiniGas-NLuc with Venus-Rab5/7/11. 300 ng of GLP-1R-untagged or GIPR-
untagged DNA, 500 ng of Venus-Rab5/7/11 DNA, and 50 ng of MiniGas-NLuc DNA were co-

transfected per well in a 6-well plate.

PKA Activity Assays

Protein Kinase A (PKA) activity was measured using the ratiometric, circularly permutated
fluorophore-based activity sensor ExRai-AKAR2 (Zhang et al., 2021a). This particular sensor
has a LRRATLVD PKA substrate sequence and a phosphoamino acid-binding forkhead-
associated 1 domain, which when bound together following substrate phosphorylation by
PKA, dictates peak excitation wavelengths of the circularly permutated fluorophore. 1000 ng
of ExRai-AKAR2 and 500 ng of GLP-1R-untagged per well were co-transfected into HEK293T

cells on a 6-well plate.

HILO Microscopy

HEK293T cells were seeded onto 24 mm coverslips (Cat #: 631-1584, VWR, Radnor, PA, USA)
and transfected with 500 ng of hGLP-1R-GFP or hGIPR-GFP over 24 h. HILO image sequences
were acquired with a custom-built TIRF microscope (Cairn Research) based on an Eclipse Ti2
(Nikon, Tokyo, Japan) equipped with an EMCCD camera (iXon Ultra, Andor), a 488 nm diode
laser, a hardware Perfect Focus System, a TIRF iLas2 module, and a 100x oil-immersion
objective (NA 1.49, Nikon). Coverslips were mounted onto metal imaging chambers with a
plastic seal and filled with imaging medium (HBSS supplemented with 10 mM of HEPES). The

objective and samples were maintained at 37 °Cin a heated enclosure. Images were acquired
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on MetaMorph software (Molecular Devices) using a frame exposure of 50-200 ms with an
image acquired before ligand stimulation and a subsequent image taken every 30 s thereafter,

up to 20 min. All of the images were analyzed using Imagel.

Data Analysis

Data are represented as means + S.E.M. Each experiment was independently conducted at
least three times, each with at least two technical replicates. Emax values were normalized to
GLP-1 (7-36 amide) or GIP (1-42). Dose responses were fitted using non-linear regression.
PEC50 and ECso values were calculated using GraphPad Prism 8.0 (GraphPad, San Diego, CA,
USA). Statistical analyses were calculated in GraphPad 8.0 using one-way analysis of variance
(ANOVA) and corrected with Tukey's or Bonferroni's multiple comparison test. Differences are

considered significant with an adjusted p value < 0.05.

Gene Expression Analysis

In vitro expression profiling of ligand-induced Phosphoenolpyruvate Carboxykinase 1 (PCK1)
upregulation was measured in HEK293T cells transiently transfected with hGLP-1R-untagged
DNA at 300 ng/well of a 6-well plate. Cells were plated on a 6-well plate at 700,000 cells per
well, transfected following 24 hours, and then after an additional 24 hours were incubated in
with 1 uM of ligand for 3 hours. Following ligand incubation, cells were washed with ice cold
PBS and immediately frozen on dry ice. RNA was extracted using QIAzol® Lysis Reagent (Cat#:
79306, Qiagen, Hilden, Germany) and synthesis of cDNA was performed using a QuantiTect
Reverse Transcription Kit (Cat#: 205311, Qiagen, Hilden, Germany). Gene expression was
profiled using quantitative real-time PCR (gPCR) using SYBR® Green Real-Time PCR master mix
(Cat#: 4364344, Life Technologies, Carlsbad, CA, USA). The relative expression of the human
PCK1 gene (forward primer 5 CTGCCCAAGATCTTCCATGT ‘3; reverse primer 5’
CAGCACCCTGGAGTTCTCTC ‘3) was measured (Peng et al.,, 2021). PCK1 expression was
normalized to the reference gene Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH)
(forward primer 5’ CTGCCCAAGATCTTCCATGT ‘3; reverse primer 5’
GACAAGCTTCCCGTTCTCAG ‘3). The threshold cycle method (2-AACT) of comparative PCR was

used to analyze the results.
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CHAPTER 3:

Spatiotemporal GLP-1 and GIP Receptor
Signaling and Trafficking/Recycling
Dynamics Induced by Selected Receptor
Mono- and Dual-Agonists
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Introduction

GPCRs are, by number, the largest class of plasma membrane-associated proteins in the
human genome. The physiological efficacy and tractability of pharmacologically agonizing
these receptors have made them important targets for drug discovery (Wacker et al., 2017).
The GLP-1 and GIP receptors are class B/secretin family GPCRs, and represent lucrative targets
for the treatment of T2D and obesity. Pharmaceutical strategy revolving around GLP-1
receptor activation has been notably advanced due to the preserved therapeutic potential of
GLP-1 agonism within the context of metabolic syndrome (Nauck et al., 1993b). The
preservation of therapeutic activity at the GLP-1R has been suggested to be due to a switch in
G-protein signaling, in which the primary Gas coupling of GLP-1R is swapped for Gag coupling
during conditions of chronic hyperglycemia (Oduori et al., 2020). GIP receptor agonism is more
enigmatic. While GIP action accounts for 70% of the incretin effect in healthy individuals, its
insulinotropic efficacy in individuals with T2D is predominantly impaired (Gasbjerg et al., 2019;
Nauck et al., 1993c). Interestingly, the inability of GIPR to switch its Gas-coupling to Gog seems
to be the driving force behind the loss of therapeutic power within the context chronic
hyperglycemia (Oduori et al., 2020).

GLP-1 (7-36 amide), and to a lower extent GLP-1 (7-37), are the primary active forms of
circulating GLP-1, however these peptides are subject to rapid proteolytic degradation and
fast renal elimination (Deacon et al., 1995a; Deacon et al., 1995b; Kieffer et al., 1995). Long
acting GLP-1 analogs with biochemical modifications to the peptide sequence have been
designed to overcome half-life limitations and establish therapeutic value for the treatment
of T2D. Despite molecular enhancements in circulating half-life, dose-dependent appearance
of adverse effects limit maximal efficacy and therapeutic value (Meier, 2012; Muller et al.,
2018).

Co-administration of GLP-1 and GIP has proven to synergistically enhance reductions in food
intake and body weight. This synergism produces pronounced physiological effects when
combining sub-effective dosages for either peptide, pointing towards an ability for GLP-1/GIP
synergism to not only improve the efficacy of GLP-1R-mediated decreases in food intake and
body weight, but also to improve the therapeutic tolerability profile by reducing the dosage
of GLP-1 agonist required (Finan et al., 2013; NamKoong et al., 2017).

Single chimeric molecules with dual agonism at the GLP-1 and GIP receptors have been

demonstrated to improve body weight and glucose handling with superior potency relative to
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GLP-1R mono-agonists in preclinical and clinical studies (Coskun et al., 2018; Finan et al., 2013;
Frias et al., 2017; Frias et al., 2021; Frias et al., 2018). Chronic simultaneous agonism of the
GLP-1R and GIPR through the use of unimolecular GLP-1/GIP dual-agonists has been suggested
to facilitate synergistic action in DIO models of obesity through step-wise sensitization, in
which the hypoglycemic effects of GLP-1R agonism over time facilitate resensitization of GIPR
agonism (Finan et al., 2013).

Depending on engineered variations to the peptide sequence, specific ligands can engage in
unique receptor signaling, trafficking, and/or recycling dynamics, a phenomenon referred to
as biased agonism. Biased agonism at the GLP-1R has been implicated in differential cellular
desensitization capacities via alterations in receptor internalization and -arrestin recruitment
(Jones, 2021). It is suggested that certain ligand biases at the GLP-1R facilitate enhanced
therapeutic efficacy, as has been shown for the Phel-substituted EX-4 in which limited
receptor internalization and enhanced recycling was associated with higher insulinotropic
efficacy in vivo (Jones et al., 2018b). Additionally, certain o/ amino acid substitutions to the
GLP-1 backbone have been evidenced to confer a degree of engineered control in inducing
differential signaling, while naturally-occurring GLP-1 agonists oxyntomodulin and EX-4 are
intrinsically biased toward B-arrestin recruitment (Hager et al., 2017; Wootten et al., 2016).
The GLP-1/GIP dual-agonist Tirzepatide (LY3298176; Eli Lilly, Indianapolis, IN, USA) was
recently discovered to favor ERK 1/2 phosphorylation relative to B-arrestin recruitment at

both target receptors (Yuliantie et al., 2020).

Implications of Signaling and Trafficking at the GLP-1R and GIPR

GPCR signaling and endocytic internalization are intertwined processes bidirectionally linked
(Sorkin and von Zastrow, 2009). GPCR internalization is associated with the attenuation of
ligand-induced receptor activation through multiple mechanisms. The binding of B-arrestin
1/2 to the GRK-phosphorylated C-terminal tail of the GPCR sterically inhibits further Ga
activation and subsequently acts as linkage to the clathrin adaptor AP2 residing at clathrin-
coated pits mediating receptor internalization (Spillmann et al., 2020). Subsequently, the
colocalization of the GPCR at the internalized endosome, with emphasis on the N-terminal
end of the GPCR residing in the endosomal lumen, facilitates the dissociative release of the

ligand via early and late endosomal acidification (Trivedi et al., 2020). Additionally, receptor
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internalization can further attenuate cell signaling by pulling the receptor away from signaling
mediators or substrate that are bound or localized to the plasma membrane (Sorkin and von
Zastrow, 2009). Therefore, regarding immediate plasma-membrane localized signal
transduction of an activated GPCR, internalization acts as a primary modulator of its efficacy.
Separately, receptor internalization can also modify global cellular signaling by isolating the
receptor from the plasma membrane and limiting continued access of the GPCR to
extracellular ligand in a process called cellular desensitization (Rajagopal and Shenoy, 2018).
Ligand-induced cellular desensitization of the GPCR can occur in both acute and prolonged
phases. Acute short-term desensitization of the GPCR can occur within minutes, and is
accomplished through B-arrestin-mediated processes, ligand dissociation, and physically
removing the GPCR from the plasma membrane and thus from access to extracellular ligands
(Smith and Rajagopal, 2016). However, long-term ligand-induced GPCR desensitization, which
predominates over hours to days, acts when a portion of the activated receptor population is
trafficked away from recycling endosomes and toward lysosomal compartments for
degradation (Rajagopal and Shenoy, 2018). Targeting the desensitization process using biased
ligands that favor either reduced GPCR internalization or enhanced recycling may prove to be
of pharmacological value within the class B GPCR family (Jones et al., 2018b)

GPCR internalization is however not entirely about attenuation of signal transduction and
desensitization. While Ga activation had been classically thought of as a process isolated
exclusively to the plasma membrane, recent evidence has highlighted the presence and utility
of continued GPCR-mediated Ga. activation at intracellular endosomal compartments. The
stable interaction of a ligand-GPCR complex is the most well-known determinant of continued
endosomal signaling due to the facilitation of improved resistance against [3-
arrestin/acidification-induced ligand dissociation (Sutkeviciute and Vilardaga, 2020). In terms
of functionality, continued GPCR-mediated Gas activation at Rab5* and Rab7* endosomes
produce an advantageous mechanism of prolonged intracellular signaling regardless of
extracellular ligand clearance, a process which may prove as a critical amplifier for the
physiological action of ligands with short circulating plasma half-lives (Calebiro et al., 2009).
Additionally, intracellular GPCR mobility through the endosomal network allows for
alternative spatial regulation of downstream effectors, which may result in compartment-
specific signaling patterns marked by differentially internalized ligand-receptor complexes.

Therefore, the presence or absence of endocytic GPCR trafficking and endosomal signaling,
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specific to a ligand, may confer unique signaling characteristics, such as the stimulated import
of PKA catalytic subunits into the nucleus, or induced translocation of functional proteins
relevant to an immediate physiological response (as with vasopressin at the V2R) (Peng et al.,
2021; Zalyapin et al., 2008). Interestingly, the degree of Rab5* endosome-localized GPCR Gois
recruitment may determine the re-direction of the GPCR away from recycling endosomes into
Rab7* late endosomes by interacting with GASP1 and dysbindin, which physically link the GPCR
to the late endosome-specific ESCRT machinery (Rosciglione et al., 2014). Therefore, a ligand-
receptor complex with strong stability in an acidic pH, that induces a high-degree of
endosomal Gais recruitment, may preferentially target GPCR trafficking into the degradative
pathway (Rosciglione et al., 2014; Sutkeviciute and Vilardaga, 2020; Trivedi et al., 2020). By
engineering ligands with partial agonism for Gas recruitment, it may be possible to limit
lysosomal degradation of the GPCR by avoiding late endosome incorporation, while also

simultaneously capitalizing on the saturating effects of cCAMP signal amplification.

Biased Signaling

The majority of GPCRs are capable of coupling to multiple Ga subunit types, allowing for
parallel activation of multiple intracellular pathways. Distinct ligands specific for the same
receptor may, upon binding, initiate differential receptor conformations through complex
interactions between ligand and receptor amino acid residues. Through the distinct receptor
conformations that various ligands confer on a GPCR, the accessibility of the GPCR to signaling
proteins that mediate the initiation of various intracellular signaling cascades may become
selective. Endogenous or engineered ligands can take advantage of the induced
conformational profile of the GPCR, and predominantly amplify one signaling pathway over
another in what is termed ‘biased agonism’. While not all of the elements that contribute to
a ligand’s bias are understood, the stability of a unique interaction between ligand and GPCR
is generally evidenced to facilitate biased agonism, which is likely accomplished through
ligand-induced alternative adjunct subtle movements within the extracellular and intracellular
loops of the GPCR. The bias of a ligand can effect multiple intracellular parameters including
Ga recruitment and Ga-associated downstream effectors, 3-arrestin recruitment, receptor

trafficking and endosomal signaling dynamics, among others (Costa-Neto et al., 2016).
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Biased agonism at the GLP-1 receptor, such as with a Phel substituted EX-4 molecule, has
been attributed to differential outcomes both in vitro and in vivo regarding receptor
trafficking, cellular desensitization, and prolonged insulinotropic properties (Jones et al.,
2018a). Oxyntomodulin, an endogenous unimolecular GLP-1R/GcgR dual-agonist, has been
evidenced to be biased away from cAMP and toward Ca?*, pERK, and B-arrestin recruitment
at the GLP-1R in comparison to the native GLP-1 (7-36 amide) (Koole et al., 2010; Wootten et
al., 2016). In addition, some o/B amino acid modifications within the GLP-1 backbone
sequence have been demonstrated to bias ligands toward B-arrestin recruitment, while the
GLP-1/GIP dual-agonist Tirzepatide (LY3298176; Eli Lilly, Indianapolis, IN, USA) was recently
demonstrated to be biased towards phosphorylation of ERK due to reductions in B-arrestin
efficacy (Hager et al., 2016; Yuliantie et al., 2020).

As mentioned prior, GIPR engagement for the therapeutic treatment of T2D and obesity has
been enigmatic. Despite potent effects of GIPR agonism in healthy individuals, mice with GIPR
deletion are protected from DIO while GIPR antagonizing antibodies also improve blood
glucose parameters and body weight in obese rodents and non-human primates (Killion et al.,
2018). To reconcile the discrepancies between findings, it has been hypothesized that GIPR
agonists may act as functional GIPR antagonists, or that bias agonism underlies unique GIP
benefits (Holst and Rosenkilde, 2020). GIPR biased agonists have not been developed to the
same extent as that of GLP-1R agonists, however Phel and dGIn3 N-terminal substitutions
within the GIP sequence have been shown to negatively impact both cAMP potency and [3-
arrestin recruitment efficacy (Jones et al., 2020a). These findings indicate potential for GIPR

biased agonism that has yet to be explored in vivo.

MAR709 and Tirzepatide (Dual-agonists)

GLP-1 and GIP co-administration has demonstrated an additive benefit above that of GLP-1
alone in regards to stimulating insulin secretion in human subjects (Elahi et al., 1994; Nauck
et al., 1993a). ICV co-administration of GLP-1 and GIP, at concentrations ineffective when
given separately, significantly decreased food intake and body weight in DIO mice indicating
synergistic action between GLP-1 and GIP (NamKoong et al., 2017). Additionally, chronic
subcutaneous injections of an acylated GIP mono-agonist (3 nmol) failed to reduce body

weight and food intake in DIO mice, however co-administration of the acylated GIP (3 nmol)
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and an acylated GLP-1 (3 nmol) significantly decreased body weight and food intake to an
extent greater than that of the acylated GLP-1 alone (Finan et al., 2013). Together, these
findings indicated a synergism between GLP-1 and GIP, to not only improve the efficacy of the
food intake and body weight reductions attributable to GLP-1R agonism, but also suggests an
improved tolerability profile.

The first proof-of-principle for combining GLP-1 and GIP pharmacology into a unimolecular
dual-agonist that demonstrated high efficacy on body weight and glycemic control across
rodents, non-human primates, and clinical trials was with MAR709 (NNC0090-2746, Novo
Nordisk, Copenhagen, Denmark) (Finan et al., 2013; Frias et al., 2017). MAR709, which was
derived from the sequence of a previously engineered GLP-1/Gcg dual-agonist, was designed
as a balanced dual-agonist, meaning it has equal activity at both respective receptors as
guantified indirectly by a cAMP-response element (CRE) luciferase assay in HEK293 cells (Day
et al., 2009; Finan et al., 2013). Of the specific substitutions within the GLP-1/Gcg molecule: a
His1Tyr substitution, an Aib placement at position 2, removal of a lactam bridge within the
center of the molecule, the inclusion of a C-terminal CEX tail, and the addition of Lys40 for C16
fatty acid acylation — respectively facilitated GIP activity, protected against DPP-IV
degradation, eliminated GcgR cross-reactivity, enhanced circulating compound stability, and
prolonged circulating half-life via albumin binding (Finan et al., 2013). However, despite its
success, MAR709 was discontinued following phase 2 clinical trials.

Another clinically relevant GLP-1/GIP dual-agonist is Tirzepatide. Tirzepatide, unlike MAR709,
was engineered with the base GIP (1-42) sequence in mind to create an imbalanced agonist
that favors GIPR activity. The amino acid sequence between MAR709 and Tirzepatide is
relatively similar, however Tirzepatide contains a number of additional GIP-specific
substitutions designed to emphasize GIPR potency over GLP-1R (Coskun et al., 2018). In
addition to the GIP-specific substitutions, a GLP-1 specific lysine was inserted at position 20 to
allow for acylation with a C20 unsaturated diacid side chain. Tirzepatide has continued on to
multiple phase 2 and phase 3 clinical trials where it has successfully competed against
dulaglutide (SURPASS-1), Semaglutide (SURPASS-2), insulin degludec (SURPASS-3), and insulin
glargine (SURPASS-5) (Dahl et al., 2021; Frias et al., 2021; Frias et al., 2018; Ludvik et al., 2021;
Min and Bain, 2021; Rosenstock et al., 2021).
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Select Mono- and Dual-Agonists for Characterization

While much of the work characterizing MAR709 and Tirzepatide was accomplished in vivo, the
early in vitro intracellular characterization of these agonists has been limited to cAMP
production. It has been previously understood that co-activation of the GLP-1R and GIPR
facilitates much of the benefits seen with the dual-agonists. However, the effect that these
highly unique amino acid sequences of MAR709 and Tirzepatide have on signal bias at the
individual receptor has not been fully understood, or excluded as a point of enhanced
therapeutic value. It was not until recently that Tirzepatide was understood to have a GLP-1R
bias toward pERK and that its induced GLP-1R internalization was muted in comparison to
GLP-1 (7-36 amide) (Willard et al., 2020; Yuliantie et al., 2020). However, within these studies,
large sequence divergences between Tirzepatide and that of the comparators GLP-1 (7-36
amide) and GIP (1-42) may highlight caveats to interpretability as they lack matched mono-
agonist controls that account for (1) ligand modifications not intrinsic to receptor specificity
(i.e. Aib at position 2 and 20, C-terminal CEX tail, acylation) and (2) which particular GLP-1 or
GIP amino acid substitutions are responsible for gating any bias if found. Importantly, another
aspect not covered within the recent publications was that of quantifying receptor endosomal
trafficking within receptor degradation or recycling pathways, Ga signaling within different
endosomal compartments, and that of cohesively quantifying the chain of GPCR dynamics
from Ga. signaling down to receptor colocalization within terminal lysosomes.

Within this study, a total of seven agonists specific for either GLP-1R, GIPR, or both will be
utilized. The native peptides GLP-1 (7-36 amide) and full-length GIP (1-42) will be used as
reference agonists and positive controls at their respective receptors. The clinically relevant
GLP-1R mono-agonist Semaglutide will be utilized. Semaglutide (NNC 0113-0217, Novo
Nordisk, Copenhagen, Denmark) was developed as a once-weekly long-acting GLP-1R agonist
through its Aib substitution at position 2 to protect against DPP-IV deactivation, Arg27Lys
substitution to allow for post-peptide synthesis acylation at Lys20, and a C18 diacid acylation
at Lys20 via an L-y-glutamic acid linker to facilitate reversible albumin binding for enhanced
protection against DPP-IV degradation and renal clearance (Lau et al.,, 2015). Both
unimolecular GLP-1/GIP dual-agonist MAR709 and Tirzepatide will be examined. Lastly, two

pharmacokinetically matched mono-agonist controls of MAR709 specific for either the GLP-
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1R or GIPR will be used. The matched GLP-1-specific MAR709 control “Acyl-GLP-1” (NN 0441-
1746) is a His1 and Val10 mutant of MAR709. The matched GIP-specific MAR709 control “Acyl-
GIP” (NN 0441-1745) is a matched lle7 mutant of MAR709.

GLP-1R mono-agonists GIPR mono-agonists GLP-1R/GIP dual-agonists

GLP-1(7-36 amide) GIP(1-42) Mar709

@ GLP-1/Exendin-4 @ GLP-1&GIP @ GIP (D Unique

Identifier Abbreviation Structure
native GLP-1 HAEGT FTSDV SSYLE GQAAK EFIAW LVKGR-NH,
native GIP YAEGT FISDY SIAMD KIHQQ DFVNW LLAQK GKKND WKHNI TQ
NNC 0441-1745 acyl-GIP YXEGT FISDY SIYLD KQAAX EFVNW LLAGG PSSGA PPPSK(C16)-NH,
NNC 0441-1746 acyl-GLP-1 HXEGT FTSDV SIYLD KQAAX EFVNW LLAGG PSSGA PPPSK(C16)-NH,
NNC 0090-2746 MAR709 YXEGT FTSDY SIYLD KQAAX EFVNW LLAGG PSSGA PPPSK(C16)-NH,
NNC 0113-0217 Semaglutide HXEGT FTSDV SSYLE GQAAK( (AEEA),-yGlu-C18 diacid) EFIAW LVRGR G
LY3298176 Tirzepatide YXEGT FTSDY SIXLD KIAQK( (AEEA),-yGlu-C20 diacid) AFVQW LIAGG PSSGA PPPS-NH,

Figure 14: Amino acid sequence and structure of the tested GLP-1R and GIPR ligands. GLP-
1R mono-agonists used within this thesis are comprised of GLP-1 (7-36 amide), Semaglutide,
and Acyl-GLP-1 (a pharmacokinetically-matched Hisl and Vall0 mutant of MAR709) (left
panel, green). Comparative GIPR mono-agonists included are GIP (1-42) and Acyl-GIP (a
pharmacokinetically matched lle7 mutant of MAR709) (middle panel, blue). GLP-1/GIP dual-
agonists investigated are MAR709 and Tirzepatide (right panel, orange). Amino acid
sequences, in paper abbreviations, and external identifiers of the GLP-1 and GIP-derived
compounds used (bottom table). Figure adapted from Novikoff et al. 2021 (Mol. Met.).
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Objective

To evaluate the spatiotemporal GLP-1 and GIP receptor signaling, trafficking, and recycling
dynamics of GIPR mono-agonists, GLP-1R mono-agonists including Semaglutide, and GLP-

1/GIP dual-agonists MAR709 and Tirzepatide.
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Results

MAR709 and Tirzepatide Differ from Mono-Agonists in Ligand-induced G a-subunit Recruitment
to the GLP-1R and GIPR

The capacity for ligand-induced G protein recruitment was measured using bioluminescence
resonance energy transfer (BRET)-based technology within HEK293T cells transiently
transfected with NanoLuc-tagged MiniG constructs (miniG-Nluc) (Wan et al., 2018). NanoLuc-
tagged MiniGa constructs, which are cytosol-localized synthetic G-protein surrogates,
contain: a truncated N-terminus eliminating plasma membrane anchoring and By subunit
binding, deletion of the a-helical domain, specific mutations to improve stability in vitro, and
importantly, a mutation in the C-terminal a5 helix that promotes miniGa-Nluc stable binding
to the GPCR by uncoupling its dissociation from GTP release (Wan et al., 2018). The miniG-
Nluc is capable of reporting receptor activation within the most upstream position of the
subsequent cellular cascade, making it indispensable for assessing direct ligand effects
without the complication of signal amplification. In HEK293T cells, expression of either hGLP-
1R-GFP or hGIPR-GFP with one of the MiniGa-Nluc subgroup variants respective to either Gaoi,
Gog, Gau, or Gauz/a3, allow for systemic profiling of each ligand, and assessment if the unique
amino acid sequences of MAR709 or Tirzepatide induce novel coupling to G-protein
subgroups.

In GLP-1R* HEK293T cells, stimulation with 1 uM GLP-1 (7-36 amide) primarily recruited Gos
to the GLP-1R, with a minor recruitment of Gog (Figure 15, A-B). GLP-1 (7-36 amide)
demonstrated no meaningful recruitment for both Goi and Gaiz/13 (Figure 15, C-D). These
findings align with GLP-1 (7-36 amide) agonism profiles in previous literature (Oduori et al.,
2020). 1 uM stimulation of GIP (1-42) and Acyl-GIP evidenced no significant effect at the GLP-
1R among any of the G-protein subunits (Figure 15, A-D). The negative findings between GIP
(1-42) and Acyl-GIP demonstrate the specificity of the GLP-1R-mediated assay, as well as
confirm the lack of GLP-1R activity imbued in the Acyl-GIP MAR709 control.
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Figure 15: Ligand-induced Ga subunit recruitment at the GLP-1R. Ligand-induced (1 uM)
recruitment of Nluc-tagged Mini- Gais (A), Gog (B), Gaii (C), Gatiz/13 (D), to a GFP-tagged GLP-
1R in HEK293T cells. The positive iAUC (+iAUC) representation of vehicle- and baseline-
corrected 30 min response to each agonist is expressed as mean + SEM. Bonferroni's test, *p
< 0.05, **p < 0.005, and ***p < 0.0005 using one-way ANOVA vs GLP-1 (7-36 amide),
Semaglutide, and Acyl-GLP-1. Three independent experiments were performed with at least
two technical replicates per group. Figure adapted from Novikoff et al. 2021 (Mol. Met.).

Both GLP-1R mono-agonists Semaglutide and Acyl-GLP-1 similarly recruited Gas and Gog and
were not significantly different from each other, nor from GLP-1 (7-36 amide). Both
Semaglutide and Acyl-GLP-1 did not differentially affect Gai or Gaiz/13 recruitment relative to
GLP-1 (7-36 amide), which therefore indicates a ligand-induced selectivity for Gos and Gog.
Interestingly, relative to the GLP-1 mono-agonists, both MAR709 and Tirzepatide exhibited
reduced capacity to recruit both Gos and Gaq at the GLP-1R. However, MAR709 exhibited a
greater ability to recruit Gos and Gog than Tirzepatide at the GLP-1R. It was of question
whether the unique chimeric sequences of MAR709 and Tirzepatide allow for novel coupling
of different G-protein subtypes to the GLP-1R. However, recruitment of both Gai and Gouz/a3

were notably absent and non-significantly different compared to the GLP-1R mono-agonist.
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Figure 16: Ligand-induced Go subunit recruitment at the GIPR. Ligand-induced (1 uM)
recruitment of Nluc-tagged Mini- Gas (A), Gog (B), Gaii (C), Gaz/13 (D), to a GFP-tagged GIPR
in HEK293T cells. The +iAUC representation of vehicle- and baseline-corrected 30 min
response to each agonist is expressed as mean + SEM. Bonferroni's test, *p < 0.05, **p < 0.005,
and ***p < 0.0005 using one-way ANOVA vs GIP (1-42) and Acyl-GIP. Three independent
experiments were performed with at least two technical replicates per group. Figure adapted
from Novikoff et al. 2021 (Mol. Met.).

In GIPR* HEK293T cells, 1 uM stimulation of GIP (1-42) primarily recruited Gas, but did not
recruit with any meaningful impact Gog, Gou, or Gaz/13 (Figure 16, A-D). These results align
with previous literature stating GIPR to be coupled exclusively to Gas (Oduori et al., 2020).
However, it should be considered that recent literature has implicated a role for Gog at the
GIPR (Harris et al., 2021). Likewise to the negative controls within the GLP-1R* model, GLP-1
(7-36 amide), Semaglutide, and Acyl-GLP-1 did not elicit a substantial signal within GIPR*
HEK293T cells for any of the G-protein subunits. This indicates the specificity and lack of cross-
reactivity of GLP-1 mono-agonists at the GIPR at 1 uM concentrations. Acyl-GIP stimulated full
Gais recruitment, in which the extent was non-significantly different compared to the native
GIP (1-42) (Figure 16, A). Stimulation with MAR709 and Tirzepatide both resulted in

substantial recruitment of Gas to the GIPR, thus in conjunction with the results at the GLP-1R
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(Figure 15, A), validates the dual-agonistic profile of MAR709 and Tirzepatide at both
receptors. In agreement with the GIP-based design of Tirzepatide, Gas recruitment by
Tirzepatide was non-significantly different in comparison GIP (1-42) and tended to produce a
greater response than the “balanced” dual-agonist MAR709. There were no additional
significant differences between MAR709 or Tirzepatide and GIP (1-42)for either Gog, Gou, or

Gouy/13 recruitment (Figure 16, B-D).

Constitutive Activity at the GIPR is Not Responsible for Reduced Efficacy of GIP (1-42) Relative to
GLP-1 (7-36 Amide) at the GLP-1R

When contrasting the 1 uM ligand-induced response for Ga recruitment to the GLP-1R and
GIPR, the native GIP (1-42) peptide at the GIPR stimulates only 26% and 16% of the Gas and
Gog recruitment response elicited by the native GLP-1 (7-36 amide) at the GLP-1R (Figure 17,
A). This brought up the question whether the reduced response of Ga recruitment by GIP (1-
42) at the GIPR, relative to GLP-1 (7-36 amide) at the GLP-1R, represents a real difference in
receptor capacity for Goa recruitment, or if it is an artifact of the assay.

Typical ligand-induced ratiometric BRET responses are normalized to both baseline and
vehicle to correct for differences in cell population and signal drift. These corrections provide
values represented as a ligand-induced fold-change in signal normalized to vehicle. When
normalizing ligand-induced activity at a receptor to baseline activity present before ligand
stimulation, it is possible for artificial ligand-induced differences to occur when contrasting
multiple receptors. This is particularly true if there are large differences in preceding baseline
activity at the individual receptors. For example, if a pair of receptors exhibit similar maximal
capacities to recruit Ga. subunits, yet one receptor displays greater preceding constitutive
baseline recruitment of Ga subunits, the ligand-induced fold change in signal required to
reach maximal signaling capacity will be reduced relative to the ligand-induced fold change
needed to reach maximal signaling capacity at an alternative receptor with lower constitutive
baseline recruitment. Indeed, the GIPR has been previously evidenced to display higher basal
activity than that of GLP-1R in HEK293T cells as measured by an indirect CRE luciferase assay
(Al-Sabah et al., 2014).
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Figure 17: Baseline constitutive activity of Gas and Goq subunits at the GLP-1R and the GIPR.
Normalized comparison of maximal MiniGa-Nluc recruitment to GFP-tagged GLP-1R or GIPR
following 1 uM stimulation of either GLP-1 (7-36 amide) or GIP (1-42) (A). MiniGos-Nluc
recruitment to GFP-tagged GLP-1R or GIPR following vehicle (PBS) administration without
statistical normalization to baseline values (B). MiniGag-Nluc recruitment to GFP-tagged GLP-
1R or GIPR following vehicle (PBS) administration without statistical normalization to baseline
starting values (C). Three independent experiments were performed with at least two
technical replicates per group.

Therefore, the difference in degree of GLP-1R/GIPR Ga recruitment as stimulated by the
respective ligands may be due to either (Figure 17, A): (1) a greater inherent maximal capacity
for ligand-induced Go. recruitment at the GLP-1R, or (2) greater constitutive baseline Ga
recruitment at the GIPR, leading to a lesser requirement for ligand-induced fold change to
achieve maximal recruitment capacity. We tracked and analyzed non-stimulated Gos and Goyg
recruitment to the GLP-1R or GIPR within HEK293T cells following vehicle (PBS) administration
without normalization to baseline (Figure 17, B-C). Over the course of 15 minutes following
vehicle administration an expected loss-in-signal was observed, which is in line with the
dynamics of lumiphore substrate utilization and decay. However, it is found that the GLP-1R
demonstrates higher constitutive baseline activity relative to the GIPR independent of time,
as measured by Gas and Gaq recruitment elicited by vehicle administration. This suggests that
the differential extent of ligand-induced Gao. subunit recruitment to the GLP-1R and GIPR by
the respective native peptides is attributable to a greater inherent capacity for ligand-induced
Go recruitment at the GLP-1R, and is not a product of a minimized fold-change at the GIPR

due to higher baseline activity (Figure 17, A).
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Table 2: Maximal (Emax) drug effects and potencies (ECso) at the GLP-1R or GIPR target receptors. Data were generated in HEK293T cells transiently
transfected to express GLP-1R or GIPR. Emax, PEC50, and ECsp values were generated from dose—response values fitted to sigmoidal curves using a
three-parameter non-linear logistic regression. The Emax is the maximal response elicited by an agonist and is expressed as % of the maximum
response of GLP-1 (7-36 amide) or GIP (1-42). The EC is the molar concentration in which an agonist produced half of the maximal response. The
PEC50 is the negative logarithm of the EC. Values are given for Gas recruitment, cAMP accumulation, receptor internalization, B-arrestin 1/2, and
Gaq recruitment at the GLP-1R and the GIPR. All of the values were derived from the iAUC of a temporal response for each concentration/agonist

and are expressed as mean *
SEM from at least 3
independent  experiments
with at least two technical
replicates per group.
Statistical significance was
determined using one-way
ANOVA and corrected with
Bonferroni's multiple
comparisons test. x/#/Tp <
0.05. * vs GLP-1 (7-36
amide) or GIP (1-42). # vs
Semaglutide. T vs fatty acyl-
GLP-1 or fatty acyl-GIP. NA =
no agonism significantly
different than zero observed
at 1 uM stimulation. Bold red
= with significant non-zero
agonism at 1 uM stimulation
but incomplete curve fit, last
value at 10 uM used. Table
adapted from Novikoff et al.
2021 (Mol. Met.).

GLP-1R
Native GLP-1 (7-36 amide)
GIP (1-42)
Semaglutide
Acyl GLP-1
Acyl GIP
Dual Agonist (Mar709)
Dual Agonist (Tirzepatide)

GIPR
Native GLP-1 (7-36 amide)
GIP (1-42)
Semaglutide
Acyl GLP-1
Acyl GIP
Dual Agonist (Mar709)
Dual Agonist (Tirzepatide)

GLP-1R
Native GLP-1 (7-36 amide)
GIP (1-42)
Semaglutide
Acyl GLP-1
Acyl GIP
Dual Agonist (Mar709)
Dual Agonist (Tirzepatide)

GIPR
Native GLP-1 (7-36 amide)
GIP (1-42)
Semaglutide
Acyl GLP-1
Acyl GIP
Dual Agonist (Mar709)
Dual Agonist (Tirzepatide)

cAMP Ga, Recruitment Receptor Internalization
Emayx (% GLP-1) pEC50 EC50 (nM) Epo (% GLP-1) pEC50  EC50 (NM)  Enay(% GLP-1)  pEC50 EC50 (nM)
100 + 3 9.28 + 0.11 5229 100 + 6 6.44+0.12 361.8 100+ 7 6.37 £ 0.15 422.5
NA NA NA NA NA NA NA NA NA
1013 [+1] 9.44+0.12 .3613 95+2[-5] 6.90+0.05 130.3 107 £ 5[+7] 6.27 £ 0.09 528.1
106 + 3 [+6]  9.44 + 0.11 .3602 101+5[-1] 6.52+0.10 304.5 108 +4 [+8] 6.41+0.08 391.6
NA 6.74 £ 0.14 181.2 NA NA NA NA NA NA
100 £ 3[+0]  9.44 +0.10 .3613 59 +1 [-41]**T 6.88 + 0.04 131.2 51+ 2 [-49]**T 6.14 + 0.06 728.8
110 + 4 [+10] 8.42+0.11**T 3.766 31+1[-69]**16.29+0.05% 5145 13+1[-871**" 6.21+0.13 623.7
Emayx (% GIP) pEC50 EC50 (nM) Emax(% GIP)  pEC50  EC50 (nM) Erax (% GIP) pEC50 EC50 (nM)
NA NA NA NA NA NA NA NA NA
100 + 2 8.45 + 0.07 3.573 100 + 2 6.65+0.10 219.2 100 + 3 7.43 £ 0.07 37.23
NA NA NA NA NA NA NA NA NA
NA NA NA NA NA NA NA NA NA
97 +2[-3] 8.87+0.07* 1.342 93+3[-7] 6.61+0.15 247.2 11+2[-89]* 8.54+0.04 2.854
100+ 3[+0] 9.05+0.10* .8991 81+2[-19]* 6.77+0.09 171.3 4+2[-96]* 9.99+0.03*T 0.103
103+5[+3] 7.88+0.13*T 13.07 97 +6[-3] 6.39+0.28 405 18+1[-82]* 833+0.03*T 4.665
B-arrl Recruitment B-arr2 Recruitment Ga, Recruitment
Emax (% GLP-1)  pEC50 EC50 (0M)  Eqa(% GLP-1) pEC50  EC50 (nM)  Epae(% GLP-1)  pECS50 EC50 (nM)
100 + 6 6.37 £ 0.12 427.4 100 + 3 6.64+0.06 231.6 100 + 6 6.38 + 0.39 420.9
NA NA NA NA NA NA NA NA NA
67 +4[-33]* 6.58+0.13 264.5 78 +3[-22]* 6.78+0.09 164.4 98 + 5 [-2] 6.41 + 0.33 389.5
95+6[-5]% 6.42+0.13 383.6 86 + 3[-14]* 6.72+0.07 187.7 98 + 7 [-2] 6.37 £ 0.43 423.8
NA NA NA NA NA NA NA NA NA
35+1[-65]* T 6.52+0.08 301.7 24 +1[-76]* *1 6.92 +0.12 119.2 48 +3[-52]* *1 6.36 + 0.21 432.2
NA NA NA NA NA NA 17 +1[-83]**T 6.23+0.06 587.5
Emax (% GIP) pEC50 EC50 (nM) Emax(% GIP)  pEC50  EC50 (nM) Eiax (% GIP) pEC50 EC50 (nM)
NA NA NA NA NA NA NA NA NA
NA NA NA 100 = 18 (10uM 6.77 £ 0.39 NA 100+ 5 6.55 + 0.04 283.3
NA NA NA NA NA NA NA NA NA
NA NA NA NA NA NA NA NA NA
NA NA NA NA NA NA 90 +3[-10] 6.99+0.03* 101.4
NA NA NA 36 + 25 [-64]* 7.41%0.23* NA 68+3 [-32]*T6.82+0.03*"T 1527
NA NA NA 35+ 14 [-65]* 7.49 £ 0.40 * NA 85+ 3[-15]* 6.48+0.037 328.7
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MAR709 and Tirzepatide are Characterized as Partial G as Agonists with Full Efficacy within the
cAMP Pathway at the GLP-1R

Gass is the primary G-protein subunit acting at both the GLP-1R and GIPR following 1 uM of
ligand-induced stimulation (Figure 15-16, A). The Gos-CAMP pathway has been extensively
characterized as a primary mediator of GLP-1 and GIP action (Seino, 2012). In order to examine
ligand dose-dependency toward a Gos temporal response, hGLP-1R-GFP* or hGIPR-GFP*
HEK293T cells were incubated with ligands for 60 minutes, in which the AUC resulting from
the temporal span between baseline and the 60-minute endpoint was quantified. cAMP
measurements were performed by incubating ligands over the course of 30 minutes with GLP-
1R* or GIPR* HEK293T cells co-expressing the unimolecular cAMP BRET sensor CAMYEL (Jiang
et al., 2007).

A B
GLP-1R-G |
30 0.4

GLP-1R-G |

N
2

BRET Ratio

Ligand-induced
2

BRET Ratio (AUC)

Ligand-induced

-12 -10 -8 -6 -4 0 20 40 60

Concentration (M) Time (min)

(@)

GLP-1R - cAMP

- GLP-1 (7-36 amide)

@ GIP (1-42)

-0 Semaglutide

@ Acyl-GLP-1

© Acyl-GIP

o GLP-1/GIP (MAR709)
© GLP-1/GIP (Tirzepatide)

Ligand-induced
BRET Ratio (AUC)

Concentration (M)

Figure 18: Dose-dependent and temporal effects of ligands on Gas recruitment and cAMP
production at the GLP-1R. Dose-response curves (A) and temporal resolution (1 uM
stimulation) (B) of ligand-induced BRET between MiniGas-Nluc and GFP-tagged GLP-1R in
HEK293T cells. Dose-response curves of ligand-induced cAMP production in GLP-1R* HEK293T
cells (C). +iAUC representation of vehicle- and baseline-corrected 60 min (Gas recruitment) or
25 min (cAMP generation) temporal responses to each agonist is expressed as mean + SEM.
Three independent experiments were performed with at least two technical replicates per
group. Figure adapted from Novikoff et al. 2021 (Mol. Met.).
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Ranking ligand-induced Gois recruitment dose-response efficacy (Emax) at the GLP-1R followed
a similar pattern with the previous G-protein screening data at 1 uM. In GLP-1R* HEK293T
cells, both Semaglutide and Acyl-GLP-1 displayed a similar efficacy (95% and 101%) to that of
GLP-1 (7-36 amide) (Figure 18, A; Table 2). The pEC50, which is the negative log value of the
EC, was not significantly different between these GLP-1R mono-agonists, however
Semaglutide hinted at a slightly superior potency of 130 nM as opposed to 361 nM and 304
nM for GLP-1 (7-36 amide) and Acyl-GLP-1 respectively.

Interestingly, both MAR709 and Tirzepatide acted as partial agonists for Gas recruitment as
demonstrated by a significant reduction in Gas recruitment Emax capacity, which is evident as
achieving a relative 59% and 31% response to that of GLP-1 (7-36 amide) (Table 2). The
agonism profile for MAR709 and Tirzepatide remained partial up to a ligand concentration of
10 uM, which was the highest achievable dose. This effect was independent of time after drug
exposure, as evidenced by the 60 minute temporal response at a concentration of 1 uM
(Figure 18, B). The reduced Gas recruitment Emax of both MAR709 and Tirzepatide indicative
of partial agonism was unexpected, as the extent of in vitro characterization in previous
literature had been limited to demonstrations of full agonism via indirect CRE-luciferase
reporter assays (Coskun et al., 2018; Finan et al., 2013).

Regarding potency, MAR709 exhibited a slight enhancement in potency with an EC of 131 nM
in comparison to the 514 nM of Tirzepatide (Table 2). There were no significant differences in
pEC50 between the relevant GLP-1R mono-agonists and MAR709. These Gas recruitment EC
data agree with the engineering intent behind the development of the “balanced” MAR709
and the GIPR-favoring Tirzepatide.

Despite the reduced GLP-1R Gas recruitment Emax of MAR709 and Tirzepatide, interestingly,
both dual-agonists did not differ in cAMP Emax when compared against the relevant GLP-1
mono-agonists (Figure 18, C). In detail, MAR709 and Tirzepatide simulated a maximal cAMP
response of 100% and 110% relative to GLP-1 (7-36 amide) (Table 2). Therefore, despite
MAR709 and Tirzepatide acting as partial agonists for Gass recruitment, both remained full
agonists for cAMP. Both Semaglutide and Acyl-GLP-1 exhibited similar cAMP Emax capacity of
101% and 106% to that of GLP-1 (7-36 amide). In terms of potency at the GLP-1R, all GLP-1R
relevant agonists exhibited similar cAMP pEC50 values indicating a common level of potency

with the exception of Tirzepatide, which was significantly decreased relative to all GLP-1R
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mono-agonists. The reduction in potency of Tirzepatide for cAMP production was reflected
with the prior reduction in potency for Gos recruitment.

It was unexpected that MAR709 and Tirzepatide, acting as partial agonists for Gaos
recruitment, remained full agonists for cAMP. It has been previously noted that intracellular
cAMP biosensors for use in live cell quantification are susceptible to ligand-induced signal
saturation, and that a supersaturating positive control is required to assure that ligand
responses are falling within a subsaturatable range (Willoughby and Cooper, 2008). Therefore,
we investigated whether cAMP sensor saturation was producing an artifact of equal Emax

between agonists.

CAMYEL CAMYEL
" . Forskolin
o 0.2- Time (minutes) 50
I
|0_C -e— 100uM Fsk - G 40
W - 10uMFsk 82
m _g ‘6’ 30—
° =0- 1uM Fsk £ <
8 =g
3 -o- 100nM Fsk € = 20
2 oW
£ -~ 10nM Fsk S
2 m 10
g =o- 1nM Fsk
= 1.0 —e— Vehicle 0 —o—4 r r .
-12 -10 -8 -6 -4 -2

Conc. [M]

cAMP

10 M agonist at GLP-1R

N
o
]

Il GLP-1(7-36 amide)
[ Semaglutide

Bl Acyl GLP-1

Il MAR709

[ Tirzepatide

[ Forskolin (10uM)

-
3]
1

H

Ligand-induced
BRET Ratio (AUC)

o =

1 1

0-

Figure 19: Saturation of unimolecular CAMYEL cAMP sensor is not achieved following 10 uM
ligand stimulation at the GLP-1R. Time course (A) and fitted dose-response curve (100 pM —
100 uM) (B) of the cAMP positive control forskolin in GLP-1R* HEK293T cells. Stimulation with
10 uM of agonist or forskolin in GLP-1R* HEK293T cells (C). The +iAUC representation of
vehicle- and baseline-corrected 60 min response to each agonist is expressed as mean + SEM.
Three independent experiments were performed with at least two technical replicates per
group. Figure adapted from Novikoff et al. 2021 (Mol. Met.).

A dose-response of the cAMP activator and positive control forskolin demonstrated a
progressive increase in cCAMP production between the concentrations of 100 nM and 100 uM,

indicating a lack of forskolin-mediated sensor saturation at 10 uM (Figure 19, A-B). Within
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GLP-1R* HEK293T, a comparison was made between 10 uM of forskolin and 10 uM of relevant
GLP-1R agonists. Forskolin exhibited the highest signal relative to the GLP-1R agonists (Figure
19, C). Therefore, as 10 uM forskolin eclipsed the cAMP signal produced by 10 uM of GLP-1R
agonists acting the GLP-1R, and as 100 uM forskolin relative to 10 uM provided a further
increase in CAMYEL signal, it was concluded that sensor saturation had not been reached
within the dose-response experiment, and that indeed MAR709 and Tirzepatide are equally

efficacious as the mono-agonists at the GLP-1R despite partial Gas agonism.
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Figure 20: Dose-dependent and temporal effects of ligands on Gas recruitment and cAMP
production at the GIPR. Dose-response curves (A) and temporal resolution (1 uM stimulation)
(B) of ligand-induced BRET between MiniGas-Nluc and GFP-tagged GIPR in HEK293T cells.
Dose-response curves of ligand-induced cAMP production in GIPR* HEK293T cells (C). +iAUC
representation of vehicle- and baseline-corrected 60 min (Gas recruitment) or 25 min (cAMP
generation) temporal responses to each agonist is expressed as mean * SEM. Three
independent experiments were performed with at least two technical replicates per group.
Figure adapted from Novikoff et al. 2021 (Mol. Met.).

In GIPR* HEK293T cells, Acyl-GIP and both dual-agonists recruited Gas with comparable
potency to that of GIP (1-42) (Figure 20, A; Table 2). However in terms of efficacy, MAR709
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displayed a slight but significant reduction in Gass recruitment efficacy at the GIPR, eliciting
81% of the Gais recruitment Emax of GIP (1-42), while Acyl-GIP and Tirzepatide stimulated 93%
and 97% respectively (Figure 20, A-B; Table 2). This data is in line with previous literature and
the Ga subunit screen at 1 uM (Figure 16, A) (Coskun et al., 2018; Finan et al., 2013).
Translating Gos recruitment into cAMP production efficacy, no significant differences were
noted as Acyl-GIP stimulated 97% of the GIP (1-42) cAMP Enax, while MAR709 and Tirzepatide
achieved 100% and 103% respectively (Figure 20, C; Table 2). Regarding cAMP potency at the
GIPR, both Acyl-GIP and MAR709 exhibited a significantly superior pEC50 to that of GIP (1-42),
however Tirzepatide surprisingly demonstrated a significant 3-fold reduction in potency. The
reduced potency of Tirzepatide relative to GIP (1-42) was not expected as previous literature
had demonstrated a superior cAMP EC for Tirzepatide in comparison to GIP (1-42) (Coskun et
al., 2018). However, the previous study had used an indirect CRE-luciferase reporter to
guantify cAMP production, which is a method subject to undue influence by both downstream
signal amplification and receptor localization. A potential explanation for this discrepancy is
the direct interaction of the CAMYEL sensor with cAMP molecules, which may provide a
readout less diluted by signal amplification than an indirectly-associated nuclear reporter
assay based on CREB phosphorylation and activity. Previous literature that has utilized assays
based on direct cAMP quantification have also aligned with our demonstrated findings, in
which an equivalent decrease in cAMP potency relative to GIP (1-42) was evidenced with
Tirzepatide at the GIPR (Yuliantie et al., 2020).

Collectively, both MAR709 and Tirzepatide have demonstrated unique agonism properties at
their target receptors. At the GLP-1R, both dual-agonists displayed partial agonism properties
for Gois yet retained full cCAMP efficacy, which is likely due to the equalizing effects of signal
amplification. This phenomenon may translate to a unique impact on other downstream
measurable intracellular events, in which ligand efficacy at an event may either be reflective
of immediate receptor activation (Gas recruitment) or fall within the signal amplification

pathway (cCAMP production).

The Full cAMP Agonism Profile of MAR709 and Tirzepatide at the GLP-1R is Preserved Through
Downstream PKA Activity
The unique signaling profile of MAR709 and Tirzepatide at the GLP-1R, in which both dual-

agonists demonstrate differential yet partial Gos agonism, and maintain full cCAMP agonism,
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raised the questions if the equalizing signal amplification necessitated for full cCAMP agonism
persisted through cAMP-activated downstream kinases such as PKA. This was suggested to be
an important event in GLP-1R signaling as activated PKA catalytic subunits may mediate the
phosphorylation of the Kir6.2 and SUR1 subunits of Kare channels driving plasma membrane
depolarization, which in turn facilitates Ca?* influx through voltage-gated channels, resulting

in subsequent enhanced insulin release (Holz, 2004).
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Figure 21: PKA activity at the GLP-1R. Temporal resolution (A) and AUC (B) of ligand-induced
PKA activity as measured by the unimolecular circularly permutated ExRai-AKAR2 sensor in
GLP-1R* HEK293T cells. The AUC representation of vehicle- and baseline-corrected 40 min
response to each agonist is expressed as mean + SEM. Bonferroni's test, *p < 0.05, **p < 0.005,
and **xp < 0.0005 using one-way ANOVA vs GLP-1 (7-36 amide). Three independent
experiments were performed with at least two technical replicates per group.

The ratiometric unimolecular protein-based PKA sensor ExRai-AKAR2, which produces a
guantifiable change in signal when phosphorylated by PKA, was used to assess the temporal
dynamics of PKA activity in live cells (Zhang et al., 2021a). GLP-1 (7-36 amide) was used as a
Gass full agonist control, while MAR709 and Tirzepatide represented ligands with decreasing
Gass efficacy, albeit with full cAMP efficacy. Following 1 uM agonist administration over the
course of 40 minutes, an initial peak between 0 and 10 minutes was observed for all agonists,
followed by a tapering of signal that is characteristic of partial kinase feedback inhibition
(Gervasi et al., 2007). Interestingly, no significant differences between GLP-1 (7-36 amide) and

the dual-agonists, MAR709 and Tirzepatide, were observed for induced PKA activity via the
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GLP-1R (Figure 21, A-B). The positive control forskolin (10 uM) stimulated the strongest
prolonged activation of PKA, which was significantly greater than any GLP-1R relevant agonist.
Altogether, this indicates that the partial agonism profiles of MAR709 and Tirzepatide for Gos
recruitment are restricted to the first steps of the Gas-cAMP-PKA pathway, while the full
agonism properties attributed to these dual-agonists persist through cAMP and PKA activity,

largely due to signal amplification mechanisms.

MAR709 and Tirzepatide Stimulate Minimal Internalization of the GLP-1R in HEK293T and Min6

Cell Lines

Next assessed was the dose-dependent and temporal analysis of ligand-induced GLP-1
receptor internalization. HEK293T or Min6 cells co-expressing hGLP-1R-Rluc8 with the plasma
membrane marker Venus-KRAS were incubated with ligands over the course of 60 minutes, in
which the magnitude of physical dissociation of the receptor moving away from the plasma

membrane was measured.
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Figure 22: Ligand-induced GLP-1R internalization. Dose-response (A) and temporal resolution
(1 uM) (B) of ligand-induced hGLP-1-Rluc8 internalization as measured by loss of BRET with
plasma membrane marker Venus-KRAS. Live HILO imaging of hGLP-1R-GFP internalization in
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HEK293T cells at baseline and 15 minutes after 1 uM ligand treatment (C). The -AUC
representation of vehicle- and baseline-corrected 40 min response to each agonist is
expressed as mean = SEM. Three independent experiments were performed with at least two
technical replicates per group. Figure adapted from Novikoff et al. 2021 (Mol. Met.).

In hGLP-1R-RLuc8* HEK293T cells, Semaglutide, and Acyl-GLP-1 acted as full agonists for GLP-
1R internalization, maximally stimulating 107% and 108% of the receptor internalization Emax
of GLP-1 (7-36 amide) (Figure 22, A-B; Table 2). This effect was found to be independent of
time length of ligand incubation. The differences in Emax between the GLP-1R mono-agonists
and GLP-1 (7-36 amide) were non-significant. The potencies of the GLP-1R mono-agonists
were similar, with an ECsp of 422 nM, 526 nM, and 391 nM for GLP-1 (7-36 amide),
Semaglutide, and Acyl-GLP-1, respectively (Table 2). Surprisingly, both MAR709 and
Tirzepatide exhibited drastic reductions in the capacity to stimulate receptor internalization,
in which relative to GLP-1 (7-36 amide), the maximal ligand-induced GLP-1R internalization
Emax of MAR709 and Tirzepatide were 51% and 13%, respectively. The potencies of MAR709
and Tirzepatide, however, were not significantly different in comparison to any of the GLP-1R
mono-agonists.

The differential agonist-induced GLP-1R internalization effects were validated with live hGLP-
1R-GFP* HEK293T cells using HILO microscopy (Figure 22, C). At baseline (0 minutes), the
fluorescent tag of the GLP-1R outlines the HEK293T cell as it is co-localized with the plasma
membrane. It is of note that residual GLP-1R-GFP localized to the cytosol at baseline is likely
due to either constitutive activity, or intracellular trafficking of newly translated GLP-1R-GFP.
Following 15 minutes of ligand administration, GLP-1 (7-36 amide) and Semaglutide induced
marked reductions in the defined fluorescent signal localized to the plasma membrane,
indicating a high degree of GLP-1R-GFP internalization. As the GLP-1R is trafficked from the
plasma membrane, the GFP-tagged receptors congregate to form numerous intracellular
punctate structures. These punctate structures represent sites of intracellular receptor
accumulation, which may be involved in the compartmentalization of endosomal signaling or
receptor degradation. In line with the BRET results, stimulation with the GLP-1/GIP dual-
agonists MAR709 and Tirzepatide did not induce the same loss in fluorescent signal localized
to the plasma membrane as the GLP-1R mono-agonists, which is therefore viewed as a ligand-
specific retention of the receptor at the plasma membrane (Figure 22, C). The formation of
numerous intracellular puncta of internalized GLP-1R was also notably absent for both dual-
agonists. Taken altogether, visual representation of ligand-induced GLP-1R internalization via
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HILO microscopy in GLP-1R-GFP* HEK293T cells confirmed the full agonism properties of GLP-
1R mono-agonists, while MAR709 and Tirzepatide are validated in their lack of efficacious

induction of receptor internalization.
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Figure 23: Ligand-induced GLP-1R internalization in hGLP-1R* Min6 cells. Temporal
resolution (1 uM ligand stimulation) (A), AUC (B) and % normalized AUC to GLP-1 (7-36 amide)
(C), of hGLP-1R-Rluc8 internalization as measured by loss of BRET with plasma membrane
marker Venus-KRAS in HEK293T cells. The -AUC representation of vehicle- and baseline-
corrected 60 min response to each agonist is expressed as mean * SEM. Bonferroni's test, *p
< 0.05, **p < 0.005, and ***p < 0.0005 using one-way ANOVA vs GLP-1 (7-36 amide). Three
independent experiments were performed with at least two technical replicates per group.
Figure adapted from Novikoff et al. 2021 (Mol. Met.).

Min6 cells are an immortalized pancreatic mouse [-cell line, and represent a physiologically-
relevant in vitro model. Ligand stimulation, within the context of hGLP-1R-Rluc8/Venus-KRAS
co-expression in Min6 cells, exhibited similar ligand-induced receptor internalization
dynamics to that observed in HEK293 cells. Semaglutide and Acyl-GLP-1 induced non-
significant differences in Min6 GLP-1 receptor internalization relative to that of GLP-1 (7-36

amide) (Figure 23, A-C). Likewise, MAR709 and Tirzepatide demonstrated significant
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reductions in ligand-induced GLP-1R internalization over the course of 60 minutes, in which
MAR709 and Tirzepatide elicited 58% and 33% of the GLP-1 (7-36 amide) response. Of note,
Tirzepatide-induced receptor internalization generally seemed more pronounced in Min6 cells
than that observed in HEK293T cells (33% Min6 vs. 13% HEK293T). This may highlight subtle

differences and limitations between biological models.

GIP Receptor Exhibits Unique Assay-Dependent Ligand-Induced Internalization Dynamics

In hGIPR-Rluc8* HEK293T cells, GIP (1-42) was evidenced to induce sustained receptor
internalization over the course of 20 minutes with an EC of 37 nM. However, neither Acyl-GIP
nor the dual-agonists MAR709 and Tirzepatide elicited a meaningful internalization response,
and this was independent of time (Figure 24, A-B). In particular, MAR709 and Tirzepatide
respectively stimulated just 4% and 18% of the GIP (1-42) receptor internalization Emax (Table
2).
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Figure 24: Ligand-induced GIPR internalization. Dose-response (A) and temporal resolution
(1 uM) (B) of ligand-induced hGIPR-RIuc8 internalization as measured by loss of BRET with
plasma membrane marker Venus-KRAS. Live HILO imaging of hGIPR-GFP internalization in
HEK293T cells at baseline and 15 minutes after 1 pM ligand treatment (C). The -AUC
representation of vehicle- and baseline-corrected 20 min response to each agonist is
expressed as mean + SEM. Three independent experiments were performed with at least two
technical replicates per group. Figure adapted from Novikoff et al. 2021 (Mol. Met.).

Using live-cell HILO microscopy with hGIPR-GFP* HEK293T cells, following 15 minutes of ligand
administration, GIP (1-42) elicited high dissolution of the GIPR-GFP defined plasma membrane
and formation of punctate structures within the cytosol (Figure 24, C). In line with the BRET
data, lack of ligand-induced GIPR receptor internalization by both MAR709 and Tirzepatide
was confirmed by minimal departure of GIPR-GFP from the plasma membrane and a lack of
punctate structure formation (Figure 24, C).

Interestingly, within previous literature, conflicting results have been presented regarding the
occurrence of ligand-induced GIP receptor internalization. In one study, a SNAP-tag GIPR,
which is constructed as a SNAP-tag addition to the N-terminus of the GIPR capable of binding
small molecule fluorescent substrate without affecting ligand binding to the GIPR, was
expressed and used within a FRET-based internalization assay. The SNAP-tag substrate SNAP-
Lumi4-Tb (donor) and fluorescein (acceptor) were administered, in which SNAP-Lumi4-Tb
would bind to the extracellular facing N-terminal GIPR SNAP-tag and FRET with the non-
membrane permeable extracellular fluorescein at baseline. When GIP (1-42) was then
administered, there was no loss in FRET signal attributable to internalization, indicating that
the Lumi4-Th-bound SNAP-tag localized on the N-terminus of GIPR was still at the plasma
membrane facing the extracellular space. With this same method, both GLP-1 (7-36 amide)
and glucagon elicited internalization of their respective SNAP-tag receptor upon agonism
(Roed et al., 2015).

In a separate study using HEK293T cells, an untagged GIPR was expressed and internalization
was measured by quantifying the amount of fluorophore-bound GIP (1-42) localized to the
intracellular space following ligand administration using fluorescence-activated cell sorting
(FACS). Robust internalization of the GIPR was evidenced by a high degree of internalized
AlexaF647-GIP (Ismail et al., 2015). Importantly, in another study utilizing the Lumi4-Tb FRET

technique within Roed. et al., 2015, Tirzepatide was found to robustly and rapidly internalize
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SNAP-tag GIPR in HEK293T cells (Willard et al., 2020). This finding is in contrast to the lack of
Tirzepatide-induced GIPR internalization that was evidenced here (Figure 24, A-C).
Therefore, due to the highly conflicting conclusions throughout previous literature regarding
the presence and ligand-specific effects on GIPR internalization, we set out to better
understand the discrepancy between our findings and previous literature.

The most intriguing difference between the GPCR-RIuc8/Venus-KRAS BRET assay and the
aforementioned SNAP-tag Lumi4-Tb FRET assay is at the point of baseline quantification. In
the BRET assay, all GPCRs actively tagged with an Rluc8 are capable of resonance energy
transfer with the Venus-KRAS plasma membrane marker, given close interactive proximity is
achieved. Therefore, ligand-induced quantitative changes can be relevant to both plasma
membrane-bound GIPR-Rluc8, which automatically resonates with Venus-KRAS at baseline,
and cytosol-localized GIPR-Rluc8, which do not resonate with Venus-KRAS at baseline.
Oppositely, within the aforementioned FRET assay, SNAP-tag Lumi4-Tb is a cell-membrane
impermeable substrate, therefore only SNAP-tagged GIPR present at the plasma membrane
at the time of labeling will be utilized within the FRET quantification of ligand-induced receptor
internalization. In short, the BRET method purely measures changes in receptor colocalization
at the plasma membrane, whether it be from the receptors internalizing away from the
plasma membrane inducing a loss in BRET signal, or cytosol-localized receptors shuttling
towards and integrating into the plasma membrane inducing an increase in BRET signal. In the
FRET method, Lumi4-Tb binding is restricted to only the SNAP-tag receptors localized at the
plasma membrane at baseline, therefore quantifications of receptor internalization can only
possibly account for a ligand-induced lack of change, or alternatively, a decrease in receptor
presence at the plasma membrane, but cannot measure ligand-induced recruitment of non-
labeled receptor to the plasma membrane.

Using an alternative but similarly principled BRET plasmid pairing as our earlier approach to
allow for higher resolution, HEK293T cells co-expressing hGIPR-Rluc8 and the plasma
membrane marker GFP-CAAX were stimulated with 1 uM of GIP (1-42) or Tirzepatide
(Madugula and Lu, 2016). Surprisingly, it was found that GIPR internalization underwent a
parabolic kinetic, in which upon ligand administration, an immediate increase in receptor
density at the plasma membrane was observed followed by a gradual internalization of the
receptor marked as a loss in BRET signal (Figure 25, A). GIP (1-42) induced a rate of

internalization that overcame the initial spike in GIPR movement toward the plasma
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membrane, and concluded with a net decrease in signal relative to baseline, indicating more
receptor was internalized than was recruited to the plasma membrane following 30 minutes
of ligand incubation. However, Tirzepatide induced a greater initial increase in GIP receptor
density at the plasma membrane, in which the following rate of receptor internalization did
not overcome the buffering of receptor recruitment to the plasma membrane (Figure 25, A).
Therefore, no meaningful difference in net receptor density at the plasma membrane, relative
to baseline, was provoked by Tirzepatide at the end of 30 minutes of agonist incubation,
despite a legitimate degree of receptor internalization occurring. It is technically challenging
to quantify differences in kinetics when both positive and negative values are included in the
same temporal data set, therefore GIPR net movement to and away from the plasma
membrane was quantified separately, in which Tirzepatide produced a significantly greater
degree of net GIPR recruitment to the plasma membrane, while GIP (1-42) induced a greater

degree of net GIPR movement away from the plasma membrane (Figure 25, B-C).
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Figure 1: Ligand-induced GIPR internalization and GIPR recruitment to the plasma
membrane. Temporal resolution (1 uM) of ligand-induced hGIPR-Rluc8 movement toward
and away from the plasma membrane marker GFP-CAAX (A), in which the +AUC is
represented as ligand-stimulated net GIPR movement towards the plasma membrane (B) and
-iAUC represented as ligand-stimulated net GIPR departure away from the plasma membrane
(C). Temporal resolution (D) and +iAUC (E) of ligand-induced (1 uM) GIPR movement toward
the plasma membrane following 30 min pretreatment with 0.43 M sucrose to inhibit receptor
internalization. The iAUC representation of vehicle- and baseline-corrected 30 min response
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to each agonist is expressed as mean + SEM. Bonferroni's test, *p < 0.05, **p < 0.005, and
*x*xp < 0.0005 using one-way ANOVA vs GIP (1-42). Three independent experiments were
performed with at least two technical replicates per group.

The observation of ligand-induced GIPR recruitment to the plasma membrane is a novel
observation that has not yet been reported, and is capable of explaining the discrepancy
between methods for quantifying GIPR internalization. To further validate the phenomenon
of GIPR recruitment to the plasma membrane, first GIP receptor internalization was inhibited
by pre-incubation with 0.43 M sucrose, and was followed with ligand stimulation over the
course of 30 minutes (Figure 25, D) (Guo et al., 2015). The mechanism behind hypertonic
sucrose-mediated inhibition of receptor internalization is not completely understood, but is
thought to impact clathrin polymerization (Lefkowitz, 1998). By inhibiting receptor
internalization, the gain in signal due to ligand-induced receptor recruitment to the plasma
membrane can be quantified without competing against internalization-induced loss in signal.
1 uM of either GIP (1-42) or Tirzepatide both similarly induced marked increases in GIP
recruitment to the plasma membrane under the context of internalization inhibition, with no
significant differences between ligands observed (Figure 25, D-E). The high similarity between
GIP (1-42) and Tirzepatide in evoking GIPR recruitment to the plasma membrane when
receptor internalization is inhibited suggests that, without sucrose inhibition, GIP (1-42)
overcame the initial spike in recruited receptor density by evoking a higher rate of receptor
internalization than Tirzepatide. Both agonists displayed similar capacity to localize GIPR to
the plasma membrane, but only GIP (1-42) stimulation evoked a net decrease in signal without
sucrose inhibition. A caveat to these results that has yet to be excluded is that the initial ligand-
induced increase in GIPR recruitment to the plasma membrane could be an artifact of receptor
overexpression, although this caveat would be unique to the GIPR as GLP-1R overexpression
utilizing identical methodology did not show such a phenomenon. Altogether, these results
find: common ground between previous literature and different methodologies by evidencing
the lack and presence of ligand-induced GIPR internalization, a first-of-its-kind
characterization of the differential rate of GIPR internalization rate induced by Tirzepatide,
and new avenues of research into ligand-induced biases in influencing GIPR density at the

plasma membrane.
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Ligand-induced GLP-1R Internalization Strongly Correlates with Ligand-specific G as Recruitment
Efficacy

As mentioned, the degree of ligand-induced Gais recruitment does not translate proportionally
to the degree of cAMP production due to the phenomenon of signal amplification. However,
Gois is associated with more biological roles than only evoking cAMP production, and therefore
partial agonism of Gas recruitment may find therapeutic utility in a cAMP-independent
manner. Interestingly, in hGLP-1R* HEK293 cells, the degree of ligand-induced receptor
internalization is found to mirror the degree of ligand-induced Gois recruitment, a correlation
seen with all associated agonists at 1 uM concentration. This is exemplified in an XY plot of
Gas recruitment and receptor internalization, in which a strong positive linear correlation

manifests (Figure 26, A).
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Figure 26: XY relationship of ligand Ga,s recruitment and cAMP production efficacy, to GLP-
1R internalization. Linear regression demonstrating relationship of ligand-specific receptor
internalization Emax (X-axis) to Gos recruitment Emax (Y-axis) (A) and cAMP production Emax (Y-
axis) (B).

Consequently, cAMP production was not observed to produce a coherent correlation to GLP-
1 receptor internalization, as cAMP production was observed to be steadily elevated despite
variability in receptor internalization (Figure 26, B). These observations represent a GLP-1R
specific phenomenon, in which the degree of receptor internalization is observed to be
associated with the extent of Gas recruitment, and independent of influence from intracellular
elements within the signal amplification cascade such as cAMP and cAMP-activated

downstream kinases.
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Figure 27: The influence of GLP-1R receptor inhibition on Gos recruitment. Dose-response
curves of ligand-induced hGLP-1R-Rluc8 internalization without (A) or with (B) 30 min
pretreatment of 10 mM MBCD in HEK293T cells to inhibit receptor internalization as measured
by dissipation of BRET signal with plasma membrane marker Venus-KRAS. Dose-response
curves of ligand-induced miniGas-Nluc recruitment to GFP-tagged hGLP-1R without (C) or with
(D) 30 min pretreatment of 10 mM MPBCD. Dose-response curves of ligand-induced miniGo-
Nluc recruitment to the plasma membrane marker Venus-KRAS without (E) or with (F) 30 min
pretreatment of 10 mM MBCD. The iAUC representation of vehicle- and baseline-corrected
30 min response to each agonist is expressed as mean + SEM. Three independent experiments
were performed with at least two technical replicates per group.
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Due to the associative relationship between ligand-stimulated Gass recruitment and that of
receptor internalization, it was hypothesized that inhibition of GLP-1R internalization may
facilitate an equalizing effect on the degree of Gais recruitment stimulated by ligands.
Pretreatment of hGLP-1R* HEK293T cells with 10mM methyl-B-cyclodextrin (MBCD), a
commonly used caveolin-dependent receptor internalization inhibitor, predominantly
inhibited GLP-1R internalization, in which the maximal GLP-1 (7-36 amide)-induced
internalization was inhibited by approximately 70% and Tirzepatide-induced internalization
was inhibited by 100% (Figure 27, A-B).

Subsequently, ligand-induced Gois recruitment to the GLP-1R was measured with and without
the presence of MBCD (Figure 27, C-D). Interestingly, the maximal degree of ligand-induced
Gois recruitment in the presence of MBCD by GLP-1 (7-36 amide) and Tirzepatide was also
reduced by approximately 60% and 70% to their respective maximal values in the non-MBCD
control. Notably, no equalizing effect was observed between GLP-1 (7-36 amide) and
Tirzepatide within both conditions of MBCD pretreatment and without, as the relationship
between the agonists retained their proportional differences of approximately 2-2.5 fold.
MBCD pretreatment depletes membrane-localized cholesterol content, which therefore
interrupts the formation of the lipid nanodomains required to confer proper lateral
movement of the GPCR across the membrane for optimal signaling and internalization (Kwik
et al., 2003; Mahammad and Parmryd, 2015). Therefore, it seems that MBCD-mediated
cholesterol depletion not only reduces receptor internalization, but also influences ligand
potency at the GLP-1R, a finding not only previously demonstrated with cAMP, but now
demonstrated at the G-protein level (Buenaventura et al., 2019). MiniGas-Nluc proteins are
cytosol-localized and translocate to the plasma membrane upon GPCR-ligand interaction
(Wan et al.,, 2018). It may be possible that the reason MBCD inhibition of receptor
internalization does not create an equalizing effect on Gais recruitment between ligands is due
to the MPBCD-mediated lack of GPCR lateral mobility to enter into the signaling hotspots that
facilitate direct Goss interaction with the GLP-1R (Buenaventura et al., 2019; Buenaventura et
al., 2018b; Calebiro and Jobin, 2019). Without the ability of the GPCR to predispose itself to
nanodomains of enhanced signaling, these results may simply be reflecting the intrinsic ligand-
receptor conformation signaling capacity, and not of the degree of plasma membrane-

localized Gois that may potentially facilitate a ligand-induced GLP-1R internalization capacity.
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Therefore, we next tested if inhibiting receptor internalization with MBCD would impact Gas
recruitment to the plasma membrane in its entirety, therefore bypassing the membrane-
localized GLP-1R lateral mobility detriment induced by MBCD and thus quantifying the degree
of global activation at the plasma membrane (Buenaventura et al., 2019). However, upon
ligand-induced activation of the GLP-1R, MBCD pretreatment once again proportionally
decreased the degree of Gas recruitment by both ligands, however this time to the plasma
membrane reflecting global activation in general (Figure 27, E-F).

Consequently, this data demonstrates that ligand-stimulated GLP-1R internalization was not
decoupled from Gas recruitment following MBCD pretreatment, in that the proportional
decrease in receptor internalization elicited by each ligand following internalization inhibitor
pretreatment was also mirrored by a proportional decrease in maximal Gas recruitment.
Therefore, here we emphasize the association of ligand-induced Gas recruitment efficacy in
its association with GLP-1R internalization, indicating a potential point of control toward

receptor internalization by MAR709 and Tirzepatide.

MAR709 and Tirzepatide Differentially Recruit SB-arrestin 1/2 to the Plasma Membrane via the
GLP-1R, but is Not A Determinant of Receptor Internalization

The internalization of various GPCRs following ligand binding has been implicated in a number
of consequences including resensitization of the GPCR, regulation of cell surface GPCR
expression and cellular ligand responsiveness, and an initiation point for the intracellular
trafficking and subcellular compartmentalization of the receptor (Ferguson, 2001). GPCR
internalization typically revolves around clathrin-mediated or caveolin-mediated endocytosis.
Clathrin-mediated endocytosis is initiated following ligand-binding and subsequent clustering
of clathrin and AP2 on the inner-leaflet of the plasma membrane. Following ligand-induced
GRK phosphorylation of the GPCR C-terminal tail and subsequent B-arrestin 1/2 binding, AP2
facilities the movement of the plasma membrane-localized GPCR into clathrin coated pits by
forming a tripartite connection between clathrin and the B-arrestin bound to the GPCR.
Importantly, B-arrestin interaction within the GPCR not only facilitate CME, but also acts as a
brake to ligand-induced signaling by sterically inhibiting further Gas activation. The GLP-1R
and GIPR have been evidenced to internalize via clathrin-meditated endocytosis (Ismail et al.,
2015; Marzook et al., 2021). Although, GLP-1R endocytosis has also been suggested to

internalize via a caveolin-dependent mechanism (Syme et al., 2006). Additionally, GLP-1R has
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also been evidenced to recruit both B-arrestin 1 and B-arrestin 2 isoforms (Jorgensen et al.,
2005; Marzook et al., 2021; Sonoda et al., 2008). Therefore, -arrestin is a lucrative aspect of
pharmaceutical investigation, as it reflects on both GPCR signaling and receptor
internalization. Interestingly, biased ligands that facilitate reduced receptor B-arrestin 1/2
recruitment have demonstrated prolonged signaling and therapeutic action (Gray et al., 2018;

Jones et al., 2021).
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Figure 28: Ligand-induced B-arrestin 1/2 recruitment to the GLP-1R. Dose-response curves
(A) and temporal resolution (1 uM stimulation) (B) of ligand-induced BRET resulting from
Barrl-Rluc8 recruitment to the GFP-tagged hGLP-1R. Dose-response curves (C) and temporal
resolution (1 uM stimulation) (D) of ligand-induced BRET resulting from arr2-Rluc8
recruitment to the GFP-tagged hGLP-1R. +iAUC representation of vehicle- and baseline-
corrected 30 min temporal responses to each agonist is expressed as mean + SEM. Three
independent experiments were performed with at least two technical replicates per group.
Figure adapted from Novikoff et al. 2021 (Mol. Met.).
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Therefore, using HEK293T cells co-transfected with hGLP-1R-GFP and either isoform of 3-
arrestin-Rluc8, we aimed to identify to identify ligand-specific effects on B-arrestin 1/2
recruitment and if differential recruitment may play a role in facilitating enhanced receptor
internalization. The GLP-1R mono-agonist Semaglutide stimulated 67% and 78% of the [-
arrestin 1 and B-arrestin 2 Emax elicited by GLP-1 (7-36 amide), while potency between the two
ligands was non-significantly different (Figure 28, A-D; Table 2). Acyl-GLP-1, also a mono-
agonist for the GLP-1R, did not exhibit a significant difference in Emax to GLP-1 (7-36 amide)
for B-arrestin 1, however did show a slight but significant 14% reduction for B-arrestin 2,
without any significant differences in potency. Interestingly, the GLP-1/GIP dual-agonist
MAR709 stimulated 35% of the B-arrestin 1 Emax of GLP-1 (7-36 amide) and just 24% for (-
arrestin 2, while Tirzepatide did not exhibit a quantifiable degree of recruitment for either 3-
arrestin 1 or B-arrestin 2. These results together demonstrate an interesting paradigm, in that
despite full agonist profiles for cAMP production between Semaglutide, MAR709, and
Tirzepatide at the GLP-1R, all three agonists elicit differential B-arrestin 1/2 recruitment
profiles that may be implicative for sustained signaling.

Despite clear ligand-induced B-arrestin 1/2 recruitment at the GLP-1R, questions and debate
remain whether GLP-1R co-internalizes with [-arrestin 1/2. Previous literature has
demonstrated B-arrestin 2 to not co-internalize with GLP-1R upon ligand administration in
vitro, as 30 minutes of ligand incubation only resulted in -arrestin 2 retention at the plasma
membrane, without presence in intracellular compartments (Al-Sabah et al., 2014). However,
in additional studies, the GLP-1R, upon ligand-stimulation, has been indirectly suggested to
co-internalize with B-arrestin 2 in a tissue-specific manner (Nakashima et al., 2018). If indeed
the interaction of B-arrestin 2 with the GLP-1R is restrained to the plasma membrane, it is
hypothesized that B-arrestin 2 recruitment quantified solely at the GLP-1R may be misleading
due to differing extents of ligand-induced receptor internalization by the GLP-1R mono-
agonists relative to MAR709 and Tirzepatide. As a consequence, the highly internalizing GLP-
1R mono-agonists may be underrepresented in terms of B-arrestin 2 recruitment to the
receptor, while the less internalizing, plasma membrane-localized GLP-1R effects of the GLP-
1/GIP dual-agonists may be overrepresented. Therefore, to test for discrepancies in 3-arrestin
recruitment due to spatial localization differences of the GLP-1R following ligand stimulation,

GLP-1R-mediated recruitment of B-arrestin 2 was measured as a function of colocalization
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with the plasma membrane (Venus-KRAS) and early/late endosomal (Venus-Rab5/Venus-

Rab7) compartments.
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Figure 29: Ligand-induced B-arrestin 2 recruitment to the plasma membrane and endosomal
compartments as mediated by GLP-1R. Temporal resolution (1 uM stimulation) (A) and +iAUC
(B) of ligand-induced BRET resulting from Barr2-Rluc8 recruitment to the plasma membrane
marker Venus-KRAS as mediated by the untagged hGLP-1R. Temporal resolution (1 uM
stimulation) of Barr2-Rluc8 recruitment to hGLP-1R* Venus-Rab5* (C) and Venus-Rab7* (D)
endosomes. +iAUC representation of vehicle- and baseline-corrected 30 min temporal
responses to each agonist is expressed as mean + SEM. Three independent experiments were
performed with at least two technical replicates per group.

Utilizing GLP-1R* HEK293T cells, 30 minutes of 1 uM ligand incubation elicited a GLP-1R-

mediated differential recruitment of B-arrestin 2 to the plasma membrane that was highly
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reflective of recruitment to the GLP-1R itself (Figure 29, A-B). Semaglutide elicited a 20%
decrease in Barr2 recruitment to the plasma membrane relative to GLP-1 (7-36 amide), which
is reflective of the 22% decrease seen when colocalization between Barr2 and GLP-1R was
assessed (Figure 28, C-D). There were no clear differences in Barr2 recruitment kinetics
between Semaglutide and GLP-1 (7-36 amide) within the assay, nor in comparative aspects
between GLP-1R-specific or plasma membrane-specific colocalization kinetics. Similarly,
MAR709 elicited just 25% of the plasma membrane Parr2 AUC of GLP-1 (7-36 amide), while
Tirzepatide again produced no distinct Barr 2 recruitment. We additionally checked for GLP-
1R-mediated entry of Barr2 into Rab5* early endosomes and Rab7* late endosomes and found
no meaningful colocalization of Barr2 within these compartments induced by any agonist
(Figure 29, C-D). Taken together, these data indicate GLP-1R agonism by Semaglutide,
MAR709, and Tirzepatide evoke a significantly reduced Parr2 recruitment response in
comparison to GLP-1 (7-36 amide), and that this effect has specifically to do with the ligand-
induced activation/conformational status of the GLP-1R and is not mischaracterized by
spatiotemporal intracellular compartmentalization of the GLP-1R following ligand activation.
Additionally, in this way the GLP-1 receptor is uniquely characterized as a class A type GPCR
for Barr recruitment, while also exhibiting structural properties of a class B GPCR.

[-arrestin 1/2 recruitment, as mentioned prior, may act to facilitate clathrin-mediated GPCR
internalization through a tripartite linkage between the C-terminal tail of the GPCR and the
2-subunit of the clathrin-bound AP2 at the plasma membrane. Therefore, questions
remained whether chemically inhibiting [-arrestin 1/2 action would reduce GLP-1R
internalization to a similar degree of that of MBCD pretreatment. Barbadin is a small-molecule
that has been previously shown to block internalization of the angiotensin-Il type-1 receptor
(AT1R), B2AR, and V2R, by directly interfering in the interaction between the C-terminal
portion of B-arrestin and the B2-subunit of AP2 (Beautrait et al., 2017). In this way, barbadin
inhibits internalization at a site external to direct contact with the GPCR, thereby not
interfering with the activation status of the GPCR as seen with MBCD. Inhibition of ligand-
induced GLP-1R internalization by barbadin would therefore indicate a critical role of the [3-
arrestin/AP2 machinery in mediating GLP-1R clathrin-dependent endocytosis, and may

connect ligand bias for B-arrestin recruitment to GLP-1R internalization.
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Figure 30: Ligand-induced GLP-1R internalization within the context of B-arrestin inhibition.
Temporal resolution (1 uM stimulation) (A) and -iAUC (B) of loss in BRET signal resulting from
hGLP-1R-Rluc8 internalization and movement away from the plasma membrane marker
Venus-KRAS within the context of barbadin pretreatment (100 uM). -iAUC representation of
vehicle- and baseline-corrected 30 min temporal responses to each agonist is expressed as
mean + SEM. Three independent experiments were performed with at least two technical
replicates per group.

In GLP-1R-Rluc8* HEK293T cells, we aimed to identify if the inhibition of the B-arrestin/AP2
interaction affected the degree of ligand-induced GLP-1R internalization by pre-treating cells
with barbadin (100uM). The degree of GLP-1R internalization induced by GLP-1 (7-36 amide)
was found to be almost identical between conditions of barbadin pretreatment and matched
DMSO pretreatment (Figure 30, A-B). Similarly, the intrinsic low degree of GLP-1R
internalization evoked by Tirzepatide was not differentially altered within conditions of DMSO
pretreatment or barbadin pretreatment.

Previous literature has examined the necessity of [-arrestin in mediating GLP-1R
internalization. Despite evidence of clathrin-mediated endocytosis of the GLP-1R, B-arrestin
isoform deletion by CRISPR-Cas9 yielded no significant differences to the wild-type in terms
of ligand-induced receptor internalization (Buenaventura et al., 2019; Jones et al., 2018a). It
has been pointed out that within the C-terminal sequence of the GLP-1R is an AP2 binding
motif which may facilitate direct binding of AP2 to the GLP-1R C-terminal tail, therefore side-

stepping the necessity of B-arrestin recruitment to accumulate the receptor into clathrin-
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coated pits for internalization (Buenaventura et al., 2019; Huang et al., 2013). Clathrin-
mediated endocytosis of GLP-1R was found to be highly correlated with AP2 colocalization at
the plasma membrane (Buenaventura et al., 2019). Due to AP2 inhibition by barbadin, our
data suggests that either GLP-1R internalization is independent of direct AP2 [B-subunit
binding to the C-terminal tail of the GLP-1R, or that the established potency of barbadin to
inhibit B-arrestin/AP2 interaction is less than the concentration required to inhibit direct
binding of the GLP-1R AP2 motif to the AP2 B-subunit. It is possible that that the pl subunit
of AP2 facilitates ligand-induced clathrin-mediated GLP-1R internalization (Huang et al., 2013).
Taken together, it seems evident that B-arrestin recruitment to the GLP-1R may be more
relevant to steric hindrance of Gas recruitment rather than clathrin-mediated endocytosis,
which uniquely positions MAR709 and Tirzepatide as full agonists for cAMP with minimal

signal brake by Barr.

The GIP Receptor Does Not Actively Recruit S-arrestin 2 Following Ligand Stimulation

The GIP receptor, like the GLP-1R, has similarly been demonstrated to undergo clathrin-
mediated endocytosis (Syme et al., 2006). Despite the -arrestin and AP2-centric mechanisms
behind clathrin-mediated endocytosis, the ability for GIPR to recruit B-arrestin has been
debated. Multiple studies have indicated a distinct lack of B-arrestin 1 and 2 recruitment to
the GIPR C-terminal tail following ligand stimulation, including a lack of preceding GRK
recruitment and phosphorylation (Al-Sabah et al., 2014; Ismail et al., 2015; Jones et al., 2021).
On a similar note, the C-terminal tail of the GIPR has also been shown to be dispensable for
GIPR internalization, thus trivializing the role of B-arrestins in GIPR clathrin-mediated
endocytosis (Ismail et al., 2015). On the other hand, various studies have demonstrated
substantial ligand-induced Barr recruitment to the GIPR, and subsequent modulation on
receptor desensitization (Gabe et al., 2018; Willard et al., 2020). To explain these
discrepancies between literature, the in vitro presence of ligand-induced [-arrestin
recruitment to a C-terminal fluorophore-tagged GIPR has been suggested to be a potential
artifact. Commonly used linkers that connect the GIPR to a fluorophore for ratiometric
guantification, or to extensions for enzymatically-driven colorimetric models, contain
potential GRK phosphorylation motifs, which may facilitate artificial Barr recruitment to the
synthetic linker (Al-Sabah et al., 2020). In this way, the recruitment of B-arrestin to the GIPR

can occur within a synthetic context, and may not reflect endogenous effect. However, we
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investigated the effect of ligand-induced Barr2 recruitment at the GIPR, particularly as
Tirzepatide has been previously evidenced to act as a full agonist for Barr2 to the GIPR, albeit
with a slight shift in potency (Willard et al., 2020).

In GIPR* HEK293T cells, B-arrestin 2 recruitment was quantified via the ligand-induced
colocalization of PBarr2-Rluc8 with hGIPR-GFP. Upon a dose-response analysis of ligand
stimulation, MAR709 and Tirzepatide elicited a respective 36% and 35% response in
comparison to that of the GIP (1-42) Emax for B-arrestin 2 (Figure 31, A; Table 2). However,
considering the poor assay resolution of temporal -arrestin 2 recruitment to the GIPR and
the incomplete dose-response curve fit for MAR709 and Tirzepatide, the differences between
GIP (1-42), MAR709, and Tirzepatide are not assessed within the context of significance
(Figure 31, A-B).

The validity of GIPR-mediated B-arrestin 2 is uncertain, but not disproven. However, the
degree of Barr2 recruitment to the GLP-1R and GIPR following stimulation by 1 uM of the
respective endogenous ligand is largely discrepant, in which GLP-1 (7-36 amide) stimulated
approximately 9-fold greater Barr2 recruitment to the GLP-1R relative to GIP (1-42) at the GIPR
(Figure 31, C). Therefore, we next assessed if the small degree of GIPR-mediated Parr2
recruitment was real, or instead was a residual effect due to artificial GRK phosphorylation
sites within the synthetic linker of the GIPR-GFP construct. The linker connecting the GIPR and
GFP in this experiment contains serine residues, explicitly serine residues intrinsic to an Xbal
restriction site, which have previously been demonstrated to artificially facilitate B-arrestin
recruitment to the GIPR (Figure 31, D) (Al-Sabah et al., 2020). Substitution of the SR sequence
within the Xbal restriction site with the amino acid sequence GG has previously been shown
to eliminate B-arrestin recruitment to the GIPR (Al-Sabah et al., 2020). To control for the
serine-involved artifact, ligand-induced Barr2-Rluc8 colocalization with the plasma membrane
marker Venus-KRAS was measured. The Venus-KRAS construct does not harbor a linker nor
serine phosphorylation sites, nor is directly interacting with the GLP-1Rtherefore, therefore
ligand-induced PBarr2-Rluc8 colocalization with Venus-KRAS was proposed to allow for an
artifact-free indirect measurement of GIPR-mediated B-arrestin recruitment to the plasma
membrane. However, ligand-induced GIPR-mediated Barr2 recruitment to the plasma
membrane displayed an absolute lack of change in signal indicating a failure of GIPR to

stimulate Barr2 colocalization from the cytosol to the plasma membrane (Figure 31, E).
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Figure 31: The presence of B-arrestin recruitment to the GIPR is dependent on assay type.
Dose-response (A) and temporal resolution (1 uM) (B) of the ligand-induced Parr2-Rluc8
response as measured by a gain in BRET signal following recruitment to the GFP-tagged hGIPR.
Relative difference in the extent of ligand-induced (1 uM) Barr2-Rluc8 recruitment to either
GFP-tagged hGLP-1R or hGIPR by the respective native ligands GLP-1 (7-36 amide) or GIP (1-
42) (C). Amino acid sequence of synthetic linker connecting hGIPR to the GFP fluorophore with
serine residues highlighted in bold red (D). Untagged hGIPR-mediated [arr2-Rluc8
colocalization with plasma membrane marker Venus-KRAS following ligand stimulation (1 uM)
(E). Barr2-Rluc8 colocalization with plasma membrane marker Venus-KRAS as mediated by the
untagged endogenous GLP-1R or GIPR sequences following ligand stimulation (1 uM) (F).
+iAUC representation of vehicle- and baseline-corrected 30 min temporal responses to each
agonist is expressed as mean = SEM. Three independent experiments were performed with at
least two technical replicates per group. Figure adapted from Novikoff et al. 2021 (Mol. Met.).
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The previous GLP-1R and GIPR Parr2-Rluc8/Venus-KRAS assays have provided an adequate
control for receptor functionality as it utilized an untagged form of either incretin receptor,
both of which had been previously validated in cAMP experiments. When comparing 1 uM
ligand-induced receptor-mediated Barr2 recruitment to the plasma membrane between the
GLP-1 and GIP receptor, the untagged endogenous sequence of hGLP-1R facilitated a high
degree of B-arrestin recruitment to the plasma membrane while the untagged endogenous
sequence of hGIPR failed to recruit any (Figure 31, F). Altogether, these data indicate that the
GIPR does not effectively recruit B-arrestin upon ligand stimulation. However, new data has
indicated that the ligand-induced recruitment of Barr to the GIPR may not fully capture all
quantitative elements regarding the relationship of GIPR to Barr. It is possible that ligand-
induced changes in B-arrestin conformational status, from inactive to active, regardless of
recruitment to the ligand-bound GIPR, may play a functional role and provide another aspect
that may help settle the discrepancy between GIPR [3-arrestin activity across literature (Jones

etal., 2021).

MAR709 and Tirzepatide Induce Weak Partial Goy Recruitment at the GLP-1R but Strong Partial
G ay Recruitment at the GIPR

Goy is @ G-protein subunit that has been previously demonstrated to couple with the GLP-1R,
however its interaction with the GIPR remains unclear as multiple studies have produced
conflicting results (Harris et al., 2021; Jones et al., 2020b; Oduori et al., 2020). Goq has a wide
range of downstream effectors, which include its canonical action on PLC and non-canonical
activity, including activation of PI3K and inhibition of TRPM8 channels (Sanchez-Fernandez et
al., 2014). In addition to the action of Gag on a variety of signaling effectors, it is also known
to interact with cytoskeletal components resulting in the recruitment of tubulin to the plasma
membrane, with action at filamentous actin (Sanchez-Fernandez et al., 2014). The actions of
Gog with cytoskeletal machinery facilitate the assembly of plasma membrane signaling
boundaries by organizing cholesterol, caveolin, and certain glycosphingolipids into the
formation of lipid raft caveolae (Simons and Toomre, 2000). In particular, as opposed to Gos
and Gai which target lipids rafts populated with GPl-anchored proteins, Gog localizes
predominantly to lipid rafts rich in caveolin, which brings into questions the role of Goyg in
facilitating caveolae-dependent internalization of GLP-1R or GIPR (Sanchez-Fernandez et al.,
2014). Interestingly, inhibition of Gayq activity, but not Gaois activity, at the GLP-1R has been

135



Chapter 3: Manuscript

demonstrated to inhibit GLP-1R internalization and reflects a modulating role for Goq signaling
in the process (Thompson and Kanamarlapudi, 2015). In particular, small-molecule GLP-1R
agonists that selectively activate only the Gos pathway failed to induce GLP-1R internalization,
indicating a potential for ligand bias within the Goq pathway to directly modulate the degree

of receptor internalization (Thompson and Kanamarlapudi, 2015).
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Figure 32: Goq subunit recruitment to the GLP-1R or the GIPR. Dose-response (A, C) and
temporal resolution (1 uM) (B, D) for MiniGag-Nluc recruitment to the GFP-tagged hGLP-1R
or hGIPR. +iAUC representation of vehicle- and baseline-corrected 60 min temporal responses
to each agonist is expressed as mean + SEM. Three independent experiments were performed
with at least two technical replicates per group. Figure adapted from Novikoff et al. 2021 (Mol.
Met.).

To understand how GLP-1R and GIPR internalization bias is reflected within Goq recruitment,
hGLP-1R-GFP* or hGIPR-GFP* HEK293T cells were examined for ligand-induced miniGag-Nluc

recruitment in both a dose-dependent and temporal scale. At the GLP-1R, mono-agonists

136



Chapter 3: Manuscript

Semaglutide and Acyl-GLP-1 both stimulated 98% of the Goq recruitment Emax relative to GLP-
1 (7-36 amide), which reflects the receptor internalization capacity of the respective ligands
at the GLP-1R (Figure 32, A-B; Table 2). Interestingly, MAR709 and Tirzepatide recruited only
48% and 17% of the GLP-1 (7-36 amide) Emax, Which is almost identical to the GLP-1R
internalization properties of MAR709 and Tirzepatide (51% and 13%). There were no
significant differences in potency between any ligand relevant at the GLP-1R (Table 2).
Additionally, there were no fluctuating dynamics in Gaq recruitment over the course of 60
minutes, therefore the dose-response effect of the GLP-1R relevant agonists was independent
of time.

Surprisingly Goq recruitment to the GIPR was evident for all GIPR relevant agonists, albeit to
a dramatically lesser magnitude than Gog to the GLP-1R (Figure 32, C-D; Table 2). These data
demonstrate the capacity for GIPR to couple to Gayg, thus contrary to the findings of a majority
of studies (Jones et al., 2020b; Oduori et al., 2020). However, it is possible that ligand-induced
miniGog-Nluc recruitment to the GIPR is an artifact linked to the lack of spatial restraint of the
MiniGa constructs. Endogenous Gayg is housed and membrane-bound specifically in plasma
membrane caveolin-rich regions (Oh and Schnitzer, 2001). Indeed, the GIPR is found to
internalize via clathrin-dependent endocytosis independently of caveolin (Ismail et al., 2015).
Therefore, it is possible that the GIPR does not interact with endogenous Gog due to the lack
of colocalization of both receptor and Gog within plasma membrane caveolin-rich
microdomains, while the miniGog-Nluc, which is freely localized within the cytosol at baseline,
likely does not adhere to the caveolin-defined localization restrictions that endogenous Gayq
has. Nonetheless, it does seem that the ligand-induced conformational rearrangement of the
GIPR is open to Gog binding regardless if endogenous Gay is spatially accessible on the plasma
membrane. In that light, Acyl-GIP stimulated 90% of the Gog recruitment relative to the GIP
(1-42) Emax, while MAR709 and Tirzepatide were significantly reduced in their capacity
achieving a 68% and 85% relative response. In accordance with the GIP-centric design of
Tirzepatide relative to the balanced design of MAR709, Tirzepatide was more effective in
recruiting Gaq to the GIPR. These results were also independent of time as evidenced by the

1 uM ligand temporal response over 60 minutes.
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The Internalized GLP-1R is Primarily Trafficked Through Rab5*, Rab7*, and Rab11* Endosomes
The endolysosomal system is a connected network of biosynthetic and endocytic vesicle
transport, which ultimately facilitates the trafficking and sorting of transmembrane proteins
to target compartments (Cullen and Steinberg, 2018). When particular GPCRs, such as the
GLP-1R and GIPR, are ligand activated, the GPCRs are first trafficked laterally within the plasma
membrane into invaginated microdomains enriched in either clathrin or caveolin. These
budded invaginations are then liberated from the plasma membrane via dynamin recruitment
and dynamin-mediated scission, thus accomplishing the endocytic process. Within the
membrane of the newly liberated endosome are the internalized GPCRs, in which the
destination of the GPCR is influenced by the unique properties of the ligand and receptor
interaction (Rosciglione et al., 2014; Sutkeviciute and Vilardaga, 2020). The intracellular
compartmental destination of ligand-induced GPCR trafficking can have profound impacts on
cellular functionality, which includes facilitating cellular ligand desensitization via targeting of
the GPCR to terminal lysosomal pathways, or cellular resensitization through ligand
dissociation and GPCR recycling.

It is not only endosomal transport of the receptor that can modulate global responses within
a cell, but also the presence of GPCR-mediated signaling localized within the internalized
compartment. In terms of GPCR signaling, Goss signaling is initiated at the plasma membrane
and induces a first transient wave of global cAMP production, which is then followed by a
lower but more sustained second wave of cAMP originating from endosomal Gois action as
mediated by the GPCR (Girada et al., 2017). The dynamics of ligand-induced spatial and
temporal localization of the endosomal GPCR signaling complex facilitates a
phosphoproteomic response unique to the respective ligand interaction at the single receptor
(Tsvetanova et al.,, 2021). The unique pharmacological responses of these ligands toward
receptor trafficking and intracellular compartmentalized signaling may have physiological
relevance in clinical models.

In order to first better understand how the effect of GLP-1R and GIPR biased signaling affects
receptor trafficking and endosomal signaling, an initial identificatory screen evaluating the
presence of GLP-1R colocalization at a number of endosomal sites was performed (Figure 33,
A-H), followed by a more in-depth temporal analysis of ligand-specific endosomal trafficking

and signaling at selected sites.
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Figure 33: Screen of ligand-induced hGLP-1R colocalization into various
endolysosomal/biosynthetic pathways. Temporal resolution of hGLP-1R-Rluc8 colocalization
into Venus-tagged Rab1 (A), Rab4 (B), Rab 5 (C), Rab6 (D), Rab7 (E), Rab8 (F), Rab9 (G), Rab11a
(H) -positive endosomal compartments following GLP-1 (7-36 amide) stimulation (1 uM) over
the course of 60 minutes. Three independent experiments were performed with at least two
technical replicates per group.

In order to better understand spatiotemporal GLP-1R trafficking profile, hGLP-1R-Rluc8*

HEK293T cells were screened for a preliminary assessment of potential intracellular
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destinations in which the GLP-1R might be trafficked following 1 uM GLP-1 (7-36 amide)
ligand-induced internalization (Figure 33, A-H). This assessment was measured via the
colocalization of GLP-1R-Rluc8 with various fluorescent endosomal Rab proteins and markers
for intracellular organelles. Of particular relevance to the endocytic pathway, Rab4 (early
endosome recycling), Rab5 (early endosomes), Rab7 (late endosomes), and Rab11 (recycling
endosomes) all demonstrated substantial coherent signals. This finding indicates that the GLP-
1R, following agonism by its endogenous ligand and internalization, is networked first into
Rab5 endosomes and then distributed out into Rab4, Rab7, and Rab1l1-positive endosomes.
This reflects a primary trafficking pattern of early endosomal incorporation of the GLP-1R
upon agonism, which is then subsequently trafficked into degradation and recycling pathways.
Substantial GLP-1R colocalization within Rab9* endosomes was demonstrated, indicating a
divergent movement of the subgroup of receptor localized within the Rab7+ late endosomal
pathway towards the trans-Golgi. However, Rab9 among many other roles, has been also
associated with lysosomal biogenesis, indicating the movement of the receptor may also
indicate terminal degradation (Kucera et al.,, 2016). Rabl, which is associated with
biosynthetic endosomal transport from the endoplasmic reticulum to the cis-Golgi network,
was interestingly shown to strongly co-localize with GLP-1R following ligand stimulation
(Saraste, 2016). These preliminary results suggest that ligand-induced activation of the GLP-
1R at the plasma membrane somehow mediates an enhanced translocation of GLP-1R from
the ER to the Golgi, indicating a paradigm of enhanced biosynthetic endosomal transport at
the moment of ligand stimulation. Surprisingly, no study has investigated this further, and as
this was outside the scope of the current study, was not further investigated.

Rab5, Rab7, and Rabll are reflective of the primary dogmas of endocytic trafficking, that
being receptor entry, degradation, and recycling (Figure 34). Therefore, we set out to identify
how biased agonism at the GLP-1R or GIPR can influence receptor trafficking, and ultimately
that of receptor degradation and resensitization through late endosomal and recycling
endosomal transport. In addition to the trafficking profile of a ligand at a particular endosomal
step, we simultaneously investigated the presence of continued GLP-1R or GIPR signaling
within the endosomal compartment. Thereby, both receptor trafficking and the activation

status of the respective receptor within the endosome were analyzed.
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Figure 34: Schematic of GLP-1R Ga subunit signaling and subsequent endosomal trafficking
Figure adapted from Novikoff et al. 2021 (Mol. Met.)
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Rab5-associated Endosomal GLP-1R and GIPR Trafficking and Signaling are Uniquely Modulated
by MAR709 and Tirzepatide

We evaluated the endosomal trafficking and signaling of ligand-receptor complexes by
respectively assessing the colocalization of hGLP-1R-Rluc8 or MiniGas-Nluc (as mediated by
hGLP-1R) with Venus-tagged endosomal markers in HEK293T cells and Min6 cells. Consistent
with the evidenced reduction in GLP-1R internalization by the dual-agonists, MAR709 and
Tirzepatide stimulated 68% and 13% of the total GLP-1R Rab5 colocalization elicited by GLP-1
(7-36 amide) following 60 minutes of agonist incubation (Figure 35, A-C). Semaglutide and
Acyl-GLP-1 both similarly elicited hGLP-1R colocalization with Rab5* endosomes to that of
GLP-1 (7-36 amide), with a 92% and 102% relative capacity. The signal for all GLP-1R relevant
agonists plateaued within 20-30 minutes, indicating the observation to be independent of
time. We next assessed if these receptor trafficking results in HEK293T cells were reflected in
a mouse-specific B-cell Min6 cell line transfected with hGLP-1R-Rluc8. In Min6 cells,
surprisingly, MAR709 was non-significantly different than GLP-1 (7-36 amide), Semaglutide,
and Acyl-GLP-1 in eliciting GLP-1R colocalization with the early endosome marker Venus-Rab5
(Figure 35, D-F). This finding is opposed to the MAR709 GLP-1R internalization and Rab5
colocalization dynamics identified within HEK293T cells, and the GLP-1R internalization
dynamics observed previously in 3-cell Min6 cells (Figure 23, A-C). Tirzepatide-induced GLP-
1R Rab5 colocalization maintained similar affect across both models demonstrating a 69%
reduction in colocalization relative to GLP-1 (7-36 amide) within the 3-cell Min6 cell line, an
effect that was synonymous with its reduction in GLP-1 receptor internalization found in both
HEK293T and Min6 cells. Therefore, ligand-induced GLP-1R Rab5 colocalization between
HEK293T and Min6 cells was relatively preserved, except for the Min6-specific case of MAR709
which elicited a comparable degree of Rab5 colocalization to the GLP-1R mono-agonists

despite having a lower Min6-specific GLP-1R internalization profile.
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Figure 35: GLP-1R colocalization and signaling within Rab5* early endosomes. Temporal
resolution, +iAUC, and % +iAUC normalized to GLP-1 (7-36 amide), of ligand-induced (1 uM)
hGLP-1R-Rluc8 colocalization into Venus-Rab5* endosomes in HEK293T (A-C) and Min6 (D-F)
cell lines. MiniGass recruitment to Venus-Rab5* endosomes as mediated by the untagged
hGLP-1R (G-l). The +iAUC representation of vehicle- and baseline-corrected 60 min response
to each agonist is expressed as mean £ SEM. Bonferroni's test, *p < 0.05, **p < 0.005, and
*x*xp < 0.0005 using one-way ANOVA vs GLP-1 (7-36 amide), Semaglutide, and Acyl-GLP-1.
Three independent experiments were performed with at least two technical replicates per
group. Figure adapted from Novikoff et al. 2021 (Mol. Met.).

Despite ligand-dependent differences in both GLP-1R internalization and Rab5 colocalization,
ligand-induced Gais recruitment to the GLP-1R within Rab5* endosomes was assessed as a
proxy for activated receptors localized within the early endosomal compartment in HEK293T
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cells (Figure 35, G-1). Both GLP-1R mono-agonists Semaglutide and Acyl-GLP-1 had an almost
identical capacity to recruit Gas into GLP-1R* Rab5* early endosomes relative to GLP-1 (7-36
amide), indicating that the endosome-localized receptor population was similarly sustained in
its active conformation across all three GLP-1R mono-agonists. Interestingly, the stimulation
of Gos recruitment to GLP-1R* Rab5* early endosomes by MAR709 and Tirzepatide reflected
their ability to co-localize GLP-1R into Rab5* endosomes, achieving 51% and 32% of the GLP-1
(7-36 amide) endosomal Gois recruitment response. As the comparative hierarchical rankings
between mono-agonists and dual-agonists persisted between GLP-1R Rab5 colocalization and
GLP-1R-mediated Rab5* endosomal Gas signaling in HEK293T cells, it is suggested that, in
comparison to the GLP-1R mono-agonists, the reduced Gos recruitment to the early
endosomes by MAR709 and Tirzepatide is mediated by a reduction in GLP-1R population
density at the endosome, and therefore is not simply an effect of greater ligand-dissociation

following receptor incorporation into the early endosome.
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Figure 36: GIPR colocalization and signaling within Rab5* early endosomes. Temporal
resolution, +iAUC, and % +iAUC normalized to GIP (1-42), of ligand-induced (1 uM) hGIPR-
Rluc8 colocalization into Venus-Rab5* endosomes in HEK293T cells (A-C). MiniGas recruitment
to Venus-Rab5* endosomes as mediated by the untagged hGIPR (D-F). The +iAUC
representation of vehicle- and baseline-corrected 60 min response to each agonist is
expressed as mean = SEM. Bonferroni's test, *p < 0.05, *xp < 0.005, and ***p < 0.0005 using
one-way ANOVA vs GIP (1-42) and Acyl-GIP. Three independent experiments were performed
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with at least two technical replicates per group. Figure adapted from Novikoff et al. 2021 (Mol.
Met.).

Next evaluated within HEK293T cells was ligand-induced hGIPR-RIuc8 colocalization into Rab5*
endosomes following endocytosis, and the paralleled measurement of MiniGas-Nluc
endosomal recruitment (as mediated by hGIPR). GIP (1-42) and Acyl-GIP similarly induced
GIPR Rab5" colocalization, while MAR709 and Tirzepatide were demonstrated to elicit a 66%
and 78% response relative to GIP (1-42) (Figure 36, A-C). Despite the magnitude of GIPR-
mediated recruitment of Gas to Rab5* endosomes being minimal, it however remained
reflective to the GIPR Rab5 colocalization results (Figure 36, D-F). In general, there does not
seem to be the same extent of Rab5* endosomal signaling seen with the GIPR as there is with
the GLP-1R. This discrepancy between GLP-1R and GIPR endosomal signaling could be
indicative of differential receptor internalization rates, GIPR-specific ligand dissociation rates
within the early endosomes, a ligand-bound GIPR conformational change within the
endosome that does not facilitate enhanced continued signaling, or structural
compartmentalization of the GIPR within the endosome that precludes it from continued G-

protein recruitment.

Differential GLP-1R Endosomal Colocalization and Signaling Within Rab7* Endosomes By
MAR709 and Tirzepatide, but Not at the GIPR

Receptor entry into the late endosomal pathway is canonically associated with a step toward
lysosomal trafficking and degradation. Using hGLP-1R-Rluc8* HEK293T cells co-expressing
Venus-Rab7, incorporation of GLP-1R into the late endosomal pathway was assessed. Both
GLP-1R mono-agonists Semaglutide and Acyl-GLP-1 were evidenced to be non-significantly
different from GLP-1 (7-36 amide) in stimulating GLP-1R translocation into Rab7* endosomes
(Figure 37, A-C). In accordance with the previous reductions in Rab5* endosome GLP-1R
colocalization stimulated by MAR709 and Tirzepatide, both dual-agonists elicited 62% and
24% of GLP-1R colocalization into Rab7* endosomes relative to GLP-1 (7-36 amide),
respectively. This data was not however recapitulated within the hGLP-1R-Rluc8* Min6 cell
model in which no significant differences in GLP-1R Rab7* endosome colocalization between
any agonists were found (Figure 37, D-E). This absence of signal in Min6 cells is viewed as a
lack of coherent and robust temporal resolution, indicating either: a technological limitation

of the system that requires unknown optimization, biological limitation in overexpression of
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certain Rab endosomal compartment within Min6 cell lines, or simply a lack of signal due to a
lack of trafficking of the GLP-1R into Rab7 endosomal compartments within Min6 cells.
However, GLP-1R has been previously evidenced to co-localize with Rab7* endosomes, albeit

to a low degree, in mouse pancreatic islets (Nakashima et al., 2018).
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Figure 37: GLP-1R colocalization and signaling within Rab7* late endosomes. Temporal
resolution, +iAUC, and % +iAUC normalized to GLP-1 (7-36 amide), of ligand-induced (1 uM)
hGLP-1R-Rluc8 colocalization into Venus-Rab7* endosomes in HEK293T (A-C) and Min6 (D-E)
cell lines. MiniGass recruitment to Venus-Rab7* endosomes as mediated by the untagged
hGLP-1R (F-H). The +iAUC representation of vehicle- and baseline-corrected 60 min response
to each agonist is expressed as mean £ SEM. Bonferroni's test, *p < 0.05, **p < 0.005, and
*x*xp < 0.0005 using one-way ANOVA vs GLP-1 (7-36 amide), Semaglutide, and Acyl-GLP-1.
Three independent experiments were performed with at least two technical replicates per
group. Figure adapted from Novikoff et al. 2021 (Mol. Met.).
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GPCR-mediated recruitment of Gos to Rab7* endosomes has not yet been identified as a
phenomenon to naturally occur, however the Rab7 endosomal compartment itself is known
to play a role in various alternative signaling cascades (Calebiro et al., 2009; Flinn and Backer,
2010). Nonetheless GLP-1R-mediated Rab7* endosomal MiniGais recruitment was assessed as
a function of endosomal signaling. GLP-1 (7-36 amide), Semaglutide, and Acyl-GLP-1 all
produced substantial and comparably maximal MiniGas recruitment to GLP-1R* Rab7*
endosomes (Figure 37, F-H). Relative to GLP-1 (7-36 amide), MAR709 and Tirzepatide elicited
74% and 54% of the endosomal Gois signal, indicating a retention of the partial signaling profile
carried over from Rab5* endosomes. In order for the GLP-1 receptor to be open to Gas binding
within the endosomal compartment, a correct ligand-bound conformational rearrangement
of the receptor is needed. These results indicate that the respective ligands are still bound to
the GLP-1R in Rab7* endosomes and elicit a ligand-specific conformation of the receptor to
facilitate accessibility for MiniGais binding. However, these results while coherent, may be not
reflect true signaling biology due to the artifact of the non-membrane bound nature of the
MiniGaois construct. Despite the ligand-bound open conformation of the receptor, it is not
clearly understood if membrane-bound endogenous Gais is capable of localizing from Rab5*
endosomes to Rab7* endosomes, as shown in previous literature (Calebiro et al., 2009).
Therefore, it is possible that the non-spatially restricted nature of cytosol-localized MiniGas
proteins allows for binding to the ligand-induced open conformation of the GLP-1R within
Rab7* endosomes, which would not be normally reachable by membrane-bound endogenous
Gois subunits. Further, it is likely that the reduced MiniGas, recruitment stimulated by MAR709
and Tirzepatide is due to a reduction in GLP-1R population within the Rab7* endosomes, as is
reflected by similar findings with reduced GLP-1R internalization and Rab5*/ Rab7* GLP-1R
colocalization, rather than by an enhanced ligand dissociation rate of MAR709 and

Tirzepatide.
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Figure 38: GIPR colocalization and signaling within Rab7* late endosomes. Temporal
resolution and +iAUC of ligand-induced (1 uM) hGIPR-Rluc8 colocalization into Venus-Rab7*
endosomes in HEK293T cells (A-B). MiniGass recruitment to Venus-Rab7* endosomes as
mediated by the untagged hGIPR (C-D). The +iAUC representation of vehicle- and baseline-
corrected 60 min response to each agonist is expressed as mean * SEM. Bonferroni's test, *p
<0.05, **p <0.005, and ***p < 0.0005 using one-way ANOVA vs GIP (1-42) and Acyl-GIP. Three
independent experiments were performed with at least two technical replicates per group.
Figure adapted from Novikoff et al. 2021 (Mol. Met.).

Similarly, ligand-induced GIPR-RIuc8 colocalization and GIPR-mediated endosomal Gos
recruitment were assessed at Rab7* endosomes. However, low to absent ligand-induced
colocalization of GIPR into Rab7* endosomes with GIP (1-42) incubation indicated that upon
stimulation with the endogenous ligand, Rab7* endosomes do not seem to be a primary
destination for the GIPR (Figure 38, A-B). In line with this, GIPR-mediated MiniGos recruitment

to the Rab7* endosomes was absent upon stimulation with the endogenous ligand GIP (1-42)

148



Chapter 3: Manuscript

(Figure 38, C-D). In accordance with its relatively low degree of internalization and Rab5*
endosome colocalization, it seems that GIPR intracellular trafficking is limited within the

regard of Rab-based endosomal sorting.

MAR709 and Tirzepatide Direct Less Terminal Lysosomal Colocalization of the GLP-1R

The Rab7 late endosome pathway is associated with the transfer of cargo protein to terminal
lysosomes, in which the cargo is then degraded through a mixture of acidification and
proteases. As the GLP-1R was demonstrated to clearly co-localize into Rab7* endosomes, it
was then next assessed if there was any deviation between agonists within the process of
Rab7* endosome maturation into terminal lysosomes. An influencing factor to this result may
be based on the number of endosomal pathways that potentially branch out from Rab7*
endosomes towards a variety of intracellular destinations, including the trans-Golgi Network

(Guerra and Bucci, 2016).
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Figure 39: GLP-1R colocalization into LAMP1* terminal lysosomes. Temporal resolution,
+iAUC, and % +iAUC normalized to GLP-1 (7-36 amide), of ligand-induced (1 uM) hGLP-1R-
Rluc8 colocalization into LAMP1-mNeonGreen* terminal lysosomes in HEK293T cells (A-C). The
+iAUC representation of vehicle- and baseline-corrected 60 min response to each agonist is
expressed as mean = SEM. Bonferroni's test, *p < 0.05, **p < 0.005, and ***p < 0.0005 using
one-way ANOVA vs GLP-1 (7-36 amide), Semaglutide, and Acyl-GLP-1. Three independent
experiments were performed with at least two technical replicates per group.
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Ligand-induced receptor entry into terminal lysosomes was measured as hGLP-1R-Rluc8
colocalization with a mNeonGreen-tagged lysosomal-associated membrane protein 1 (LAMP-
1) (Eskelinen, 2006). Here, the GLP-1/GIP dual-agonists MAR709 and Tirzepatide were
compared to the native GLP-1 (7-36 amide) peptide (Figure 39, A-C). Similar to the results seen
with GLP-1R internalization and Rab5/Rab7 colocalization, MAR709 and Tirzepatide
demonstrated a 65% and 95% reduction in capacity to co-localize GLP-1R into terminal
lysosomes relative to GLP-1 (7-36 amide). While the decrease in colocalization of the receptor
with the lysosome is likely linked to the overall reduced rate in ligand-stimulated receptor
internalization, it is a lucrative finding to consider the dual-agonists as full agonists for cAMP

production yet with reduced propensity to localize GLP-1R into terminal lysosomes.

MAR709 Comparatively Incorporates the GLP-1R into Rab11* Endosomes to that of GLP-1R
Mono-agonists

Outside cellular GPCR desensitization, and GPCR downregulation through the late
endosomal/lysosomal pathway, the endosomal recycling pathway represents an opportunity
for the return of ligand-free dephosphorylated GPCRs back to the plasma membrane to
facilitate cellular resensitization and continued capacity for signaling (Li et al., 2008). To
investigate the partitioning of GLP-1R and GIPR from Rab5* endosomes into the Rabll
recycling pathway, hGLP-1R-Rluc8 or hGIPR-RIuc8 was assessed for colocalization with Venus-
Rab11 following ligand stimulation in HEK293T cells.

Both Semaglutide and Acyl-GLP-1 evoked similar GLP-1R colocalization into Rabl11*
endosomes to that of GLP-1 (7-36 amide) (Figure 40, A-C). The effect of maximal GLP-1R co-
colocalization was attained at approximately 30 minutes following ligand stimulation, which
is a degree slower than what is observed with Rab5 (10-15 minutes). In line with previous
literature, this observation indicates a longer transitional process of receptor transport from
the early endosomes into recycling endosomes (Li et al., 2008). Surprisingly, ligand-induced
differences in GLP-1R colocalization with Rabl1-positive recycling endosomes were
insignificant between treatments of MAR709 and GLP-1 (7-36 amide), in which MAR709
achieved approximately 106% of the relative GLP-1 (7-36 amide) response. Interestingly,
Tirzepatide-induced GLP-1R recycling was reduced by 54% relative to GLP-1 (7-36 amide),
which agrees with both the GLP-1R internalization and GLP-1R Rab5 colocalization profile of
Tirzepatide. The non-significant difference between GLP-1 (7-36 amide) and MAR709 for GLP-
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1R Rab11 colocalization, is the first clear deviation from the MAR709 partial agonist trafficking
profile in HEK293T. Therefore, these data indicate that MAR709 not only induces less GLP-1R
colocalization into Rab5 (early) and Rab7 (late) endosomes, but also maximally incorporates
GLP-1R into Rab11* recycling endosomes in HEK293T cells. In hGLP-1R-Rluc8* Min6 cells, due
to either a lack of BRET signals or the requirement for improved detection sensitivity,
replication of coherent ligand-induced GLP-1R colocalization with Rab11-positive endosomes

was not observable for any agonist (Figure 40, D-E).
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Figure 40: GLP-1R colocalization and signaling within Rab11* recycling endosomes. Temporal
resolution, +iAUC, and % +iAUC normalized to GLP-1 (7-36 amide), of ligand-induced (1 uM)
hGLP-1R-Rluc8 colocalization into Venus-Rab11* recycling endosomes in HEK293T (A-C) and
Min6 (D-E) cell lines. MiniGaois recruitment to Venus-Rab11* endosomes as mediated by the
untagged hGLP-1R (F-H). The +iAUC representation of vehicle- and baseline-corrected 60 min
response to each agonist is expressed as mean + SEM. Bonferroni's test, *p < 0.05, *xp < 0.005,
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and **xp < 0.0005 using one-way ANOVA vs GLP-1 (7-36 amide), Semaglutide, and Acyl-GLP-
1. Three independent experiments were performed with at least two technical replicates per
group. Figure adapted from Novikoff et al. 2021 (Mol. Met.).

Rab1l1-associated endosomal signaling was evident with all relevant GLP-1R agonists in
HEK293T cells. Semaglutide and Acyl-GLP-1 elicited non-significant differences in GLP-1R-
mediated Rab11 endosomal Gas recruitment relative to GLP-1 (7-36 amide), while MAR709
and Tirzepatide stimulated a relative 79% and 41% response (Figure 40, F-H). Rabl1l
endosomes are not classically known to house continued Gas signaling, as the Rab11l-
associated GPCRs are considered ligand-free, dephosphorylated, and resensitized for insertion
into the plasma membrane (Li et al., 2008). However, as MiniGos recruitment was evidenced
within the recycling endosomes, it is possible that this finding is due to an artifact attributable
to the non-membrane bound property of the synthetic MiniGas. It is likely that a remnant of
GLP-1 receptors within Rab11* endosomes are still ligand-bound, in which the resulting open
GLP-1R conformation allows for continued access to MiniGas binding. However, the
discrepant artifact may arrive from the inability of endogenous membrane-bound GDP-Gais to
physically transfer from Rab5* endosomes to Rab11* endosomes for conversion to GTP-Gas
by GLP-1R , while the non-membrane bound synthetic GDP-MiniGas is capable of localizing
freely from the cytosol to the Rab11* endosome without physical restraint (Martin and
Lambert, 2016; Wan et al., 2018).

In hGIPR-Rluc8* HEK293T cells, ligand-induced receptor colocalization into Rab11* endosomes
was assessed. Despite the coherence previously seen within GIPR colocalization into Rab5*
endosomes, no meaningful colocalization of GIPR was evidenced with Rab11* endosomes
(Figure 41, A-B). This is surprising as Rab5* endosomes containing GIPR do not seem to
transfer their cargo into neither the late endosomal pathway nor the Rabl1l-associated
recycling pathway. Similarly, no meaningful GIPR-mediated MiniGas colocalization was
observed at the Rab11* endosomes (Figure 41, C-D). Together, contrary to the dynamics of
the GLP-1R, these results indicate a physical lack of GIPR presence within Rab11* endosomes,

and therefore a lack of endosomal signaling.
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Figure 41: GIPR colocalization and signaling within Rab11* recycling endosomes. Temporal
resolution and +iAUC of ligand-induced (1 uM) hGIPR-Rluc8 colocalization into Venus-Rab11*
endosomes in HEK293T cells (A-B). MiniGass recruitment to Venus-Rabl1l* endosomes as
mediated by the untagged hGIPR (C-D). The +iAUC representation of vehicle- and baseline-
corrected 60 min response to each agonist is expressed as mean + SEM. Bonferroni's test, *p
<0.05, **p < 0.005, and ***p < 0.0005 using one-way ANOVA vs GIP (1-42) and Acyl-GIP. Three
independent experiments were performed with at least two technical replicates per group.
Figure adapted from Novikoff et al. 2021 (Mol. Met.).

Maximally-induced GLP-1R Rab11 Colocalization by MAR709 Does Not Enhance Physical
Recycling

Between the hGLP-1R and hGIPR, the GLP-1 receptor was demonstrated to be involved in
receptor recycling via the Rab11-associated endosomal recycling pathway. GPCR involvement
in the endosomal recycling pathway is associated with physical reappearance of the sensitized
GPCR at the plasma membrane. Therefore, we set out to measure the physical reappearance
of the GLP-1R at the plasma membrane over time following maximal receptor internalization.

This measurement was accomplished using the hGLP-1R-Rluc8 co-expressed with the non-
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internalizing plasma membrane marker Venus-KRAS. Following initial ligand administration,
the induced loss in BRET signal, represented as GLP-1R moving away from the plasma
membrane, proceeded over the course of 20 minutes (Figure 42, A-B). Following the initial 20
minutes of ligand stimulation, ligand washout and subsequent incubation with the GLP-1R
antagonist Jant-4 (9-39) was performed to prevent residual agonist binding (Patterson et al.,
2011). Over the following 30 minutes with Jant-4 (9-39) incubation (10uM), the physical
recycling of the internalized receptor back to the plasma membrane was assessed, a process
represented as a positive gain in BRET signal (Figure 42, B). To provide a contrast to the degree
of GLP-1R recycling, a separate sham washout was performed, in which following the initial
20 minutes of agonist-induced GLP-1R internalization and washout, the respective GLP-1R
agonists were once again added, providing a negative control for the occurrence of GLP-1R

recycling (Figure 42, A).

A B

GLP-1R Recycling GLP-1R Recycling
with Washout + Agonist Re-administration with Washout + Jant4 9-39
0.05
o o
8.9 82
@© @© -
gc gc
S S
© 0 g
om om-”
g - 3
03 . i Washout TAgonist (1' M) : 025 . i Washout T Jant4 (10' M) :
0 10 20 30 40 50 0 10 20 30 40 50
Time (min) Time (min)
C D
GLP-1R - Rate of Recycling GLP-1R - Membrane Presence
following Jant4 (9-39) administration following Jant4 (9-39) administration
2.5+ 8- -+ GLP-1 (7-36 amide)
Fkek < Semaglutide
2.09 6 B © Acyl GLP-1
8 1.5- m - 8 s -+ GLP-1/GIP (l\/_lar709).
= —_— I 4 N ® GLF.’-1/GIP (Tirzepatide)
T 1.0 T s < Vehicle
0.5 2]
0.0- 0-

Figure 42: Physical reappearance of GLP-1R at the plasma membrane following receptor
internalization. Temporal resolution of ligand-induced (1 puM) changes in hGLP-1R-Rluc8
colocalization with the plasma membrane marker Venus-KRAS. Following 20 minutes of
ligand-incubation, ligands were washed out and either re-administered ligands (A) or
administered the GLP-1R antagonist Jant4 (9-39) (B), in which the resulting positive increases
in BRET signal, indicative of hGLP-1R-Rluc8 return to the plasma membrane from the
intracellular space, was measured over the course of the next 30 minutes. Pertaining to all
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data points following JANT4 (9-39) administration, the rate of GLP-1R recycling was quantified
using the +iAUC which had been normalized to the respective immediate post-washout
measurement of each agonist (C). Again pertaining to all data points following JANT4 (9-39)
administration, total GLP-1R presence at the plasma membrane was quantified via +AUC (not
iAUC) by normalizing all ligand post-washout responses to a common minimal value (D). The
iIAUC and AUC representation of vehicle- and baseline-corrected 50 min response to each
agonist is expressed as mean + SEM. Bonferroni's test, *p < 0.05, **p < 0.005, and **x*p <
0.0005 using one-way ANOVA vs GLP-1 (7-36 amide), Semaglutide, and Acyl-GLP-1. Three
independent experiments were performed with at least two technical replicates per group.

GLP-1 (7-36 amide), Semaglutide, and Acyl-GLP-1 were identical in terms of initial receptor
internalization over the course of 20 minutes, and identical in terms of maximal degree of
receptor internalization following washout and ligand re-administration over the next 30
minutes (Figure 42, A). MAR709 and Tirzepatide again recapitulated the partial GLP-1R
internalization Emax, in which MAR709 exhibited approximately 50% the capacity to elicit GLP-
1R internalization relative to GLP-1 (7-36 amide), while Tirzepatide faithfully demonstrated
minimal induction of GLP-1R internalization. We next assessed the ligand-specific effects on
GLP-1R recycling, and therefore following washout, GLP-1R antagonist Jant-4 (9-39) was
administered (Figure 42, B). Following ligand washout and Jant-4 (9-39) addition, all GLP-1R
relevant ligands experienced some degree of receptor recycling and re-appearance at the
plasma membrane compared to the agonist re-administration control, as evidenced by an
increasingly positive gain in signal over time post-washout. Surprisingly, both GLP-1 (7-36
amide) and Semaglutide demonstrated the highest rate of GLP-1R recycling to the plasma
membrane over 30 minutes as quantified by the +iAUC using the value immediately following
ligand washout at minute 20 as baseline (Figure 42, B-C). Despite Acyl-GLP-1 stimulating equal
GLP-1R internalization to that of GLP-1 (7-36 amide) and Semaglutide through the first 20
minutes, Acyl-GLP-1 had a significantly lower rate of receptor recycling in comparison to GLP-
1 (7-36 amide) (Figure 42, C). This difference between Acyl-GLP-1 and the other mono-
agonists may be attributable to differential GLP-1R binding affinities, or Kofr values, as a
consequence of differences in peptide sequence or acylation properties. The GLP-1/GIP dual-
agonists MAR709 and Tirzepatide demonstrated the lowest rates of physical receptor
recycling, exhibiting a 5 % and 53% lower recycling rate relative to GLP-1 (7-36 amide). It is
interesting to note that MAR709 and Acyl-GLP-1 share the same C16 mono-acylation property,
which may be attributable to the reduced rate of physical receptor recycling, despite full

incorporation of GLP-1R into Rab11* endosomes. Nonetheless, despite the reduced recycling
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rate elicited by MAR709 and Tirzepatide, the total receptor presence at the membrane, as
measured by the resultant physical GLP-1R localized to the plasma membrane following 30
minutes of ligand washout, was highest with MAR709 and Tirzepatide due to minimal initial
receptor internalization (Figure 42, D). Acyl-GLP-1 evidenced the least amount of receptor
localization at the plasma membrane following 30 minutes of ligand washout, which is an
interesting development as it co-localized GLP-1R with Rab11* endosomes equally to that of
GLP-1 (7-36 amide) and Semaglutide. It is possible that the same phenomenon driving the
reduced physical recycling rate by Acyl-GLP-1, despite maximal preceding Rab11* endosomal
colocalization, is also the cause for the high Rab11* endosome colocalization yet reduced
physical receptor recycling rate of MAR7009. It is suggested that extra-peptide structures, such
as the C16 mono-acylation of the peptides, may in some way contribute to the prolonged

involvement of the GLP-1R within Rab11 endosomes.

GLP-1R Population at Endosomal Compartments is Positively Associated with the Degree of
Endosomal G as Recruitment

Certain GPCRs localized within the endosomal network traverse through the cytosol while
retaining the ability to generate a G-protein specific signal. This intracellular
compartmentalized signaling can selectively regulate cellular responses (Thomsen et al.,
2018). The GLP-1R was shown to, at minimum, have a subset of endosome-localized receptors
within the active conformational state following ligand administration (Figure 34; Figure 37;
Figure 40). Questions still remain regarding the relationship of the GLP-1R quantity co-
localized within the endosomal compartment, and the associated extent of endosomal
signaling in parallel. Primarily, we set out to clarify if there is a ligand-induced bias between
endosomal receptor localization and signaling, or if the relationship between endosomal
receptor occupation and signaling is simply a linearized effect. Therefore, the linear
association of ligand-induced endosome-specific GLP-1R colocalization was assessed with

GLP-1R-mediated Gas recruitment at the specific endosomal compartment.
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Figure 43: Association of Rab-specific GLP-1R colocalization with the degree of GLP-1R
mediated endosomal Gais recruitment. Linear regression between MiniGas-Nluc recruitment
and the physical colocalization of the hGLP-1R-Rluc8 into the Venus-tagged Rab endosomal
compartments for Rab5 early endosomes (A), Rab7 late endosomes (B), and Rab11 recycling
endosomes (C). Figure adapted from Novikoff et al. 2021 (Mol. Met.).

In GLP-1R* HEK293T cells, 1 @M of respective ligands was incubated for 1 hour, in which either
GLP-1R colocalization and GLP-1R mediated Gas recruitment to the specific endosomal
compartments were assessed. The relationship between GLP-1R colocalization and GLP-1R-
mediated Gois recruitment to the different endosomal compartments was assessed by taking
the assay-specific AUC of the respective ligands and plotting into an XY linear regression plot.
Within the early endosome Rab5 compartment, a linear association between GLP-1R
endosomal colocalization and that of endosomal Ga,s recruitment was evident with a high fit
to the regression model between ligands (r2 = 0.94) (Figure 43, A). Acyl-GIP represented the
point with the least GLP-1R Rab5 endosomal colocalization and Gois recruitment, while GLP-1

(7-36 amide), Semaglutide, and Acyl-GLP-1 represented the highest values between both
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respective assays. Interestingly, MAR709 and Tirzepatide retained the linear relationship, in
which the hierarchical ranking of ligand-induced GLP-1R Rab5 colocalization also reflected that
of GLP-1R-mediated Rab5 Gas recruitment. Similarly, a tight linear association between
ligand-induced GLP-1R colocalization into Rab7* endosomes and GLP-1R-mediated Rab7* Gas
recruitment was evidenced (Figure 43, B). Both Tirzepatide and Acyl-GIP reflected the lowest
degree of GLP-1R Rab7* endosomal colocalization and Gass recruitment, while all GLP-1R
mono-agonist were located within the higher spectrum of the linear regression. At Rab1l, a
similar linear association was observed, however with exception of MAR709, which non-
significantly deviated from the regression line due to higher induced GLP-1R colocalization
into Rab11* endosomes (Figure 43, C). Therefore, it may be tentatively concluded that within
these assays, the endosomal Gass signaling induced by a ligand is a direct product of the GLP-
1R population density inside of the endosomal compartment. However at Rab11* endosomes,
MAR709 seems to break away from this association, in which despite eliciting the highest GLP-
1R endosome population density, its ability to recruit Gos was diminished, indicating a
unidirectional ligand relationship, in which Gas endosomal recruitment is proportional or

reduced in relation to GLP-1R endosomal colocalization, but not higher.

The Transcriptional Response to GLP-1R Activation is Linked to the Degree of Receptor
Internalization and Endosomal G as Recruitment but not Global cAMP production
Ligand-induced GPCR internalization and subsequent endosomal signaling facilitate a spatially
compartmentalized cAMP signal within the intracellular space (Calebiro et al., 2009). The
intracellular span of the compartmentalized cAMP signal, that is the nanometer domain
(nanodomain) reach of cAMP emanating from GPCR* endosomes, is critical in determining the
transcriptional response of the ligand-activated GPCR (Tsvetanova and von Zastrow, 2014). In
particular, the subcellular localization of the emanating cAMP nanodomain dictates the
probability of locally-activated PKA catalytic subunits (PKAcat) successfully propagating across
the micrometers-wide cytosolic landscape for entry into the nucleus (Peng et al., 2021). The
successful propagation of cAMP-activated PKAcat across the cytosolic space for entry into the
nucleus connects the ligand-induced activation of the GPCR to nuclear transcription, which is
ultimately mediated by PKAcat phosphorylative induction of nuclear CREB activity. Inhibition
of ligand-bound GPCR internalization has minor detrimental effects on global cAMP

production, yet has profound inhibitory effects on CRE/CREB target gene nuclear transcription

158



Chapter 3: Manuscript

(Peng et al., 2021). This inhibition of GPCR-mediated nuclear transcription by blocking GPCR
internalization, is due to a lack of activated GPCR-containing endosomes colliding with and
activating perinuclear-localized cytosolic PKA puncta (Peng et al., 2021). By consequence,
while blocking GPCR internalization, the activated plasma membrane-localized PKAcat likely
exhibit decreased probability for traversing the entire cytosolic distance, from plasma
membrane to nucleus, to evoke a transcriptional response. In short, internalized and
trafficked GPCRs with parallel endosomal signaling activate PKAcat subunit populations that
are localized closer the nucleus, thereby increasing the probability of nuclear entry by PKAcat.
Therefore, it was hypothesized that despite equal global cAMP production at 1 pM ligand
stimulation, the differing internalization properties between GLP-1 (7-36 amide) and
Tirzepatide, in which the former elicits a maximal degree of receptor internalization and
endosomal signaling whereas the latter elicits the minimal, would correspond to differing
extents of PKAcat propagation into the nucleus, ultimately resulting in differential degrees of
nuclear transcription of the CRE/CREB-responsive target gene phosphoenolpyruvate
carboxykinase 1 (PCK1) in HEK293T cells.

In a GLP-1R* HEK293T model, cells were incubated with either GLP-1 (7-36 amide), Tirzepatide,
or vehicle for 3 hours at 1 uM, in which following, relative gPCR quantification of the PCK1
transcript was assessed and then associated with the ligand-induced dynamics of receptor
internalization, Rab5 endosomal signaling, and global cAMP production. Interestingly, GLP-1
(7-36 amide) was found to maximally stimulate PCK1 transcription, while Tirzepatide
stimulated just 31% of the maximal response (Figure 44, A). The relationship of ligand-induced
PCK1 transcription was found to have a strong linear association with the degree of ligand-
induced GLP-1R internalization and GLP-1R-mediated Rab5* endosomal Gos recruitment
(Figure 44, B-C). However, as hypothesized, the relationship of ligand-induced PCK1
transcription was not clearly associated with the extent of global cAMP production (Figure 44,
D). Therefore, despite similar global cAMP production and downstream PKAcat activity
between GLP-1 (7-36 amide) and Tirzepatide (Figure 44, D; Figure 18, C; Figure 21, A-B), it is
evident that ligand-induced GLP-1R Gos recruitment, internalization, and endosomal
colocalization coalesce to determine the spatiotemporal profile of endosomal signaling, which
ultimately seems to dictate the extent of the GLP-1R-mediated resultant transcriptional

response.
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Figure 44: The relationship of ligand-stimulated PCK1 transcription with GLP-1R
internalization, Rab5* endosomal Gas signaling, and global cAMP production. Ligand-
induced hGLP-1R-mediated transcription of the cAMP-responsive gene PCK1 as normalized to
vehicle (A). Linear regression between ligand-induced PCK1 transcription and hGLP-1R-Rluc8
internalization (B), hGLP-1R-mediated recruitment of miniGos-Nluc to Venus-Rab5*
endosomal compartments (C), and cAMP production (D). Data is expressed as mean + SEM.
Bonferroni's test, *p < 0.05, *xp < 0.005, and ***p < 0.0005 using one-way ANOVA vs GLP-1
(7-36 amide). Four independent experiments were performed.
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Discussion

The GLP-1 and GIP receptors are important pharmacological targets for the treatment of
obesity and T2D. Despite large overlap in the signaling mechanisms between these two
receptors, each has its own distinct biological characterizations in controlling hyperglycemia
and food intake. The non-redundancy in action between the GLP-1 and GIP receptors has been
evidenced to facilitate synergistic reductions in weight loss and food intake during co-
administration of the respective receptor ligands (Finan et al., 2013). The high similarity in
amino acid sequence between GLP-1 (7-36 amide) and GIP (1-42) has allowed for
capitalization in hybridizing the two sequences into unimolecular dual-agonists capable of
activating both the GLP-1R and GIPR individually. The clinical relevance of these hybridized
unimolecular dual-agonists for the treatment of obesity and T2D has recently expanded,
joining Liraglutide and Semaglutide as state-of-the-art peptidic treatments (Bastin and
Andreelli, 2019; Frias et al., 2021). The development and clinical success of the unimolecular
GLP-1/GIP dual-agonists MAR709 (Novo Nordisk, Copenhagen, Denmark) and Tirzepatide (Eli
Lilly, Indianapolis, IN, USA) has highlighted the question whether the enhanced efficacy of
these peptides is not solely due to dual-agonistic action, but also to altered interactions of the
hybridized peptide sequence with the respective GPCR, conferring what is known as signal
bias through distinct ligand-induced conformational profiles of the GPCR.

Signal bias is the phenomenon of a ligand differentially affecting a number of downstream
signal transduction pathways relative to another ligand specific for the same receptor. Signal
bias at the GLP-1R may play a beneficial role in enhancing insulin secretion and other
therapeutic parameters, making it a lucrative endeavor to investigate (Jones et al., 20183;
Jones et al., 2020b). Although the basic ligand-induced GLP-1R and GIPR signaling cascades
are well characterized, the unique signal bias that hybridized peptide sequences can confer
onto the individual GLP-1 or GIP receptors is largely unknown. In addition to the potential of
ligand-specific signaling biases to confer a degree of control in emphasizing particular
therapeutic endpoints, the spatiotemporal dynamics of ligand-bound activated GPCR
trafficking, recycling, and degradation, may also play a role in mediating long-term ligand
therapeutic effectiveness (Marzook et al., 2021).

To better understand the intracellular dynamics in both receptor signaling and trafficking
elicited by the unimolecular GLP-1/GIP dual-agonists, we have utilized bioluminescence

resonance energy transfer (BRET) in the form of BRET! (Rluc8 with GFP/YFP) or NanoBRET
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(Nluc with GFP/YFP), to quantify the ligand efficacy, potency, and spatiotemporal aspects at a
given intracellular event. Through this method, we were not only capable of quantifying and
comparing the elicited ligand-induced signals at each intracellular event, but we could also
evaluate if unique fluctuations in signaling and trafficking kinetics underlie these
characterizations. Therefore, through BRET and live single cell HILO microscopy, we were able
to thoroughly describe the intracellular dynamics of MAR709 and Tirzepatide at the GLP-1R
and GIPR in both signaling and trafficking, in comparison to endogenous and clinically-relevant
controls.

The ligands used within this study are represented as various approaches to control for
assessing structure-function properties of the GLP-1/GIP dual-agonists MAR709 and
Tirzepatide. GLP-1 (7-36 amide) and GIP (1-42) were used as the native peptide positive
controls for comparative ligand characterization at their respective receptors, in which when
applicable, the efficacy of various ligands were expressed as percentages to the positive
control. Semaglutide (Novo Nordisk, Copenhagen, Denmark) is a clinically-relevant long-acting
GLP-1R mono-agonist with 94% sequence homology to GLP-1 (7-36 amide) (Kalra and Sahay,
2020). The primary modifications to Semaglutide relative to GLP-1 (7-36 amide) are the
Ala2Aib substitution to protect against DPP-IV cleavage, Arg27Lys substitution to facilitate
post-peptide synthesis acylation at Lys20, and a C18 diacid acylation at Lys20 via an L-y-
glutamic acid linker (Lau et al., 2015). Semaglutide provides a relevant comparison to GLP-1
(7-36 amide), in which the high sequence homology between the two allows for assessing the
effect of Aib2 and C18 diacid acylation. Tirzepatide is an imbalanced GLP-1/GIP dual-agonist
initially described as favoring the GIPR over GLP-1R in terms of cAMP production (Coskun et
al., 2018). The synthesis of Tirzepatide is primarily designed as an eclectic interspersed
hybridization of amino acids originating from the GLP-1 and GIP peptides, with the total
sequence inclusion favoring GIP. Modifications specific to half-life extension on Tirzepatide
include an Ala2Aib substitution, C20 diacid acylation at Lys20 via a L-y-glutamic acid linker,
and a CEX-tail extension. MAR709, the first clinically relevant unimolecular GLP-1/GIP dual-
agonist, was developed in 2013, and is a hybridized sequence with approximately equal
inclusion of amino acid residues specific for GLP-1 (7-36 amide) and GIP (1-42), with balanced
activity at the GLP-1 and GIP receptor (Finan et al., 2013). Similar to Tirzepatide, MAR709
contains an Ala2Aib substitution and a CEX-tail extension, but differs in that it contains a Lys40

addition that facilitates a C-terminal C16 monoacid acylation. In this way, Tirzepatide and

163



Chapter 4: Discussion

MAR709 are closely comparable, differing in 7 amino acids and a repositioned fatty acid. We
also included mono-agonist controls to MAR709 almost identical in sequence and acylation,
but that contain the minimal changes required in order to induce receptor mono-agonism by
deleting specificity for either the GLP-1 or GIP receptors. Therefore pharmacokinetically-
matched “Acyl-GLP-1” and “Acyl-GIP” mono-agonist ligands were derived from the dual-
agonist MAR709 sequence using double (TyrlHis, Tyrl0Val) or single (Thr7lle) point
mutations, respectively.

The GLP-1 and GIP receptors are primarily coupled to the Gos signaling pathway, while the
GLP-1R alone has demonstrated capacity to couple to Gayg, albeit to a lesser extent (Montrose-
Rafizadeh et al., 1999b; Oduori et al., 2020; Weston et al., 2014). Gas connects the GLP-1R
and GIPR to the cAMP/PKA pathway, which may play a major a role in the amplification of [3-
cell insulin secretion (Oduori et al., 2020). Therefore, within our BRET system, we first aimed
to validate the G-protein recruitment specificity of the GLP-1R and GIPR, and additionally
hypothesized that the unique hybridized sequences of MAR709 and Tirzepatide may confer
additional “exotic” recruitment of G-protein subtypes to the individual receptors. GLP-1 (7-36
amide), Semaglutide, and Acyl-GLP-1 demonstrated equal efficacy for Gas and Gaog at the GLP-
1R, but did not evoke meaningful coupling to Gaii and Gaui2/13, which aligns with previous BRET-
based approaches in characterizing GLP-1 (7-36 amide)-induced G-protein recruitment (Jones
et al., 2021) (Figure 15, A-D). The GIPR mono-agonists, as expected, predominantly recruited
Gasis to the GIPR with little to no recruitment of other G-protein subunits (Figure 16, A-D). Both
MAR709 and Tirzepatide stimulated Gas at the GLP-1R and GIPR, confirming the capacity for
dual-agonism. Against the initial supposition, the unique sequences of MAR709 and
Tirzepatide did not elicit an “exotic” G-protein subunit profile, as neither Gai nor Gauiz/13 were
differentially recruited by the dual-agonists.

Ligand-induced recruitment of Gas to either the GLP-1R or GIPR, as stimulated by the
respective native peptides, revealed a 2-3 fold reduction in capacity for GIPR to recruit Gos
relative to the GLP-1R (Figure 17, A). It has been suggested the GIPR may exhibit higher basal
activity within the Gos-cAMP pathway relative to GLP-1R, as found in GIPR* and GLP-1R*
HEK293T cells (Al-Sabah et al., 2014). Therefore, as our resulting data is expressed as ligand-
induced fold-change in signal from baseline within HEK293T cells, we assessed if the observed
reduction in capacity for GIPR to recruit Gas, relative to the GLP-1R, was unduly influenced by

higher starting baseline activity. The non-baseline corrected BRET values between Gois and the
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GPCRs indicate lower basal Gos recruitment activity at the GIPR than at the GLP-1R (Figure 17,
B-C). This confirms that the reduced ligand-stimulated capacity of the GIPR to recruit Go,
relative to the GLP-1R, is not an artifact of higher baseline activity. This analysis also suggests
that relative to the GIPR, the GLP-1R intrinsically recruits a greater magnitude of Gois following
ligand-stimulation.

As Ga,s recruitment following ligand binding to the GPCR is the first immediate step within the
signal propagation cascade, it most closely reflects the fundamental degree of receptor
activation elicited by a ligand, as it is without the confounding implications of signal
amplification. The temporal and dose-dependent characterization of ligand-stimulated GLP-
1R Gos recruitment revealed MAR709 and Tirzepatide to be partial agonists, in which relative
to the Emax of GLP-1 (7-36 amide), achieved approximately 60% and 30% of the Gos
recruitment response, respectively (Figure 18, A-B; Table 2). Partial Gos agonism by MAR709
and Tirzepatide may result from an altered physical interaction of the ligand amino acid
sequence within the GLP-1R binding pocket. This altered binding may induce a unique GLP-1R
conformational state not maximally conducive to Gas accessibility. Deviation in a ligand’s
amino acid composition from the native GLP-1 (7-36 amide) sequence may consequentially
alter ligand interaction at the GLP-1R ECL2, and the membrane-proximal regions of ECL1 and
ECL3. These particular alterations in receptor conformation have been demonstrated to
influence ligand binding affinity and efficacy for Gas-cAMP pathway activation (Wootten et
al., 2016). Oxyntomodulin, a comparable endogenous GLP-1/Gcg dual-agonist peptide, with a
similar amino acid sequence deviation from GLP-1 (7-36 amide), also binds to the GLP-1R in a
manner fundamentally different than GLP-1 (7-36 amide), eliciting only partial Gaos
recruitment (Weston et al., 2014; Wootten et al., 2016). Interestingly, the MAR709 mono-
agonist control Acyl-GLP-1 reconstituted full agonism for Gos recruitment, indicating the
importance of Hisl and Vall0 in gating a maximally active GLP-1R conformational state. The
minimal alteration required to induce partial Gas agonism in a GLP-1-based peptide amino
acid sequence, is a single substitution of His1 with a phenolic amino acid (Jones et al., 2018a;
Lucey et al.,, 2020). MAR709 and Tirzepatide both share a common phenolic TyrlHis
substitution, potentially explaining the partial Gos agonism profiles. However, when
comparing MAR709 and Tirzepatide, which have 100% sequence homology at positions 1-12,
an additional 30% reduction in Gas recruitment efficacy is seen with Tirzepatide relative to

MAR709. This indicates that the observed additional reduction in Tirzepatide efficacy
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apparently results from sequence substitutions at positions 13-27, or from the size and
location of the fatty acid.

At the GIP receptor, such dramatic differences in terms of partial Gos agonism associated with
the dual-agonists were not evident. Tirzepatide acted as a full agonist for Gas recruitment at
the GIPR, while MAR709 exhibited properties of a strong partial agonist achieving
approximately 80% of the GIP (1-42) Emax (Figure 20, A-B; Table 2). Acyl-GIP, which consists of
the MAR709 sequence with a Thr7lle mutation, reconstituted full agonism. The N-terminus of
the GIP sequence, and particularly that of Tyrl, is responsible for mediating the interaction
between the ligand and three different transmembrane helices of the GIPR. This described
ligand-receptor interaction is critical to achieving full agonism within the Gas-cAMP pathway
(Gabe et al., 2020). Therefore, as both MAR709 and Tirzepatide share a common Tyrl, the
dramatic partial agonism profile is not evident at the GIPR, as it is at the GLP-1R. However, as
Tirzepatide has identical sequence homology to MAR709 at position 1-12, the 20% reduction
in Gass efficacy by MAR709 is likely due to alternative sequence substitutions within the body
of the peptide.

Gas-mediated production of cAMP acts as a ubiquitous intracellular messenger to promote
insulin secretion by increasing electrical activity, Ca%* signaling, membrane recruitment of
insulin containing granules, and priming of exocytic machinery. Much of the effects of cAMP
may be attributable to PKA-mediated phosphorylation of the voltage-gated channels, IP3
receptors, Katp channels, and an enhancement in the mobility and Ca?* responsiveness of the
insulin-containing secretory vesicles (Tengholm, 2012). Therefore, based on the Gos partial
agonism profile of MAR709 and Tirzepatide at the GLP-1R, it may be expected that the efficacy
of these compounds in stimulating insulin secretion would be diminished. However, within
Min6 and Ins1 pancreatic B-cell models, the GLP-1R specific ligand EX4-Phel, which minimally
recruits Gas upon stimulation, was capable of stimulating greater, if not equal, total insulin
secretion in comparison to the Gos full agonist EX4-Asp3 (Jones et al., 2018a; Lucey et al.,
2020). Therefore, it may be hypothesized that the mechanism underlying enhanced insulin
secretion, despite minimal Gas recruitment, may result from a cellular capacity for
amplification of the Gos signal into high levels of cAMP, without the associated GLP-1R
desensitization. The signal amplification of a partial Gos agonist may mitigate any deleterious
effects on insulin secretion that would be present if cAMP production was proportionally

linked 1:1 with the Gos signal. A single GTP-bound Gas subunit, when interacting with
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adenylate cyclase, can produce between 100-1000 cAMP molecules; similarly a single ligand-
bound GPCR can activate multiple Gos subunits (Nelson, 2009). Additionally, stimulated
increases in intracellular Ca%*, as is seen with GLP-1R agonists, may further improve the
magnitude of cAMP produced from a single Gas, by synergistically acting with Gas at AC
(Sadana and Dessauer, 2009). Interestingly, a cell typically only has a few thousand activatable
adenylate cyclases, but has approximately 100,000 copies of the Gass subunit. This indicates
the AC component of the Gas-cAMP cascade to likely be saturable, and calls into question the
minimal degree of partial agonism required to achieve saturation of the Gas-AC interaction
(Alousi et al., 1991). We identified both MAR709 and Tirzepatide, along with all GLP-1R mono-
agonists, to act as full agonists for cAMP production, with only Tirzepatide demonstrating a
slight decrease in potency (Figure 18, C; Table 2). The full cAMP agonism demonstrated by
MAR709 and Tirzepatide was confirmed to not be an artifact of sensor saturation (Figure 19,
A-C). In addition, the full agonism properties of MAR709 and Tirzepatide, due to signal
amplification, extended past cAMP production and continued into subsequent signaling
events. 1 uM stimulation of MAR709 or Tirzepatide stimulated equal PKA activation to that of
GLP-1 (7-36 amide) (Figure 21, A-B). Therefore, the full cAMP and PKA agonism of MAR709
and Tirzepatide represent a unique departure from Gass partial agonism, and may initiate a
branching of categorical affect, as cellular events may now be considered designated within
(1) the signal amplification pathway, and (2) a non-signal amplification pathway, in which
processes are more closely linked to the G-protein activation of the receptor than to cAMP or
associated downstream kinase activity.

GIP (1-42), Acyl-GIP, MAR709, and Tirzepatide all demonstrated full agonism properties for
cAMP production via the GIPR, albeit with differing potencies (Figure 20, C; Table 2). MAR709
and its GIPR mono-agonist control, Acyl-GIP, demonstrated similar improvements in potency
relative to GIP (1-42). Tirzepatide was approximately 10-fold less potent than MAR709,
however reason to the decrease in potency was not apparent.

It may be suggested that the high therapeutic efficacy of MAR709 and Tirzepatide may reside
within the capacity of these ligands to minimally activate the GLP-1R, while still eliciting full
agonism within the cAMP-PKA pathway. Interestingly, the degree of immediate ligand-
induced GPCR activation, such as that with Gos recruitment, is positively correlated to the
degree of receptor desensitization (Clark et al., 1999; Woolf and Linderman, 2003; Xu et al.,

2017). Ligand-induced receptor desensitization can occur through a number of pathways,
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including B-arrestin recruitment, receptor internalization, and receptor degradation (Clark et
al., 1999). A ligand’s capacity to induce receptor desensitization is a key determinant of acute
and chronic therapeutic efficacy (Rajagopal and Shenoy, 2018). Therefore, the ability of GLP-
1R Gois partial agonists to minimally activate the receptor, while capitalizing on downstream
signal amplification processes, may provide unique benefits in terms of achieving maximal
cAMP-PKA pathway activation with a minimal degree of receptor desensitization.
Interestingly, relative to all GLP-1R mono-agonists, MAR709 and Tirzepatide only partially
induced GLP-1R internalization in HEK293T and Min6 cell lines (Figure 22, A-C; Figure 23, A-
C). The extent of ligand-specific GLP-1R internalization was tightly correlated with the ligand-
specific degree of Ga,s recruitment (Figure 26, A-B). This correlation between ligand-specific
degree of Gas recruitment and GLP-1R internalization was persistent also during inhibition of
receptor internalization (Figure 27, A-E). B-arrestin recruitment to a ligand-bound GPCR is
another primary mode of receptor desensitization, as it sterically blocks G-protein accessibility
to the receptor, terminates G-protein signal transduction, and acts as a linker to bridge the
GRK-phosphorylated C-terminal end of the GPCR to endocytic machinery. The partial agonism
profile of MAR709 and Tirzepatide, relative to all GLP-1R mono-agonists, was replicated within
[-arrestin 1 and B-arrestin 2 recruitment to the GLP-1R (Figure 28, A-D). Interestingly, ligand-
induced GLP-1R internalization was found to be independent of -arrestin action at the GLP-
1R, as pretreatment with barbadin (a selective B-arrestin/AP2 inhibitor) failed to negatively
influence ligand-induced GLP-1R internalization (Figure 30, A-B). This indicates that the
function of B-arrestin recruitment to the GLP-1R is more closely associated with termination
of Gass signaling rather than receptor internalization, thereby aligning with previous literature
that assessed ligand-induced GLP-1R internalization and cAMP production in B-arrestin-less
HEK293T cells (Jones et al., 2018a). Together, MAR709 and Tirzepatide elicit minimal (-
arrestin recruitment and receptor internalization which thus, by consequence, minimizes
inhibition on the continuation of signaling. This minimal ligand-induced receptor
desensitization may be critical to the full cAMP and PKA agonism evidenced for the Ga partial
agonists MAR709 and Tirzepatide. Although [B-arrestin can function as part of its own
endosomal signaling scaffold, it is not likely that endosomal B-arrestin signaling is a factor in
GLP-1R agonism. We demonstrate a lack of GLP-1R colocalization with B-arrestin at Rab5* and

Rab7* endosomal compartments (Figure 29, C-D). This finding highlights the spatial specificity
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of B-arrestin interaction with GLP-1R to be localized to the plasma membrane (Figure 29, A-
B).

Within previous literature, GIP receptor internalization has proven to be enigmatic. Studies
using similar techniques have evidenced contrary conclusions regarding the presence of
ligand-induced GIPR internalization. However, in general, accumulated evidence tends to
point toward its occurrence (Ismail et al., 2015; Roed et al., 2015; Willard et al., 2020). Using
our BRET technique, which measures the change in resonance between a Rluc8-tagged GIPR
and a fluorescent plasma membrane marker, we were able to directly quantify the physical
presence of the GIPR at the membrane, and as a byproduct, the internalization of the receptor
as assessed by a loss of a signal between GIPR and the plasma membrane markers. Only GIP
(1-42) was found to stimulate GIP receptor internalization, with Acyl-GIP, MAR709 and
Tirzepatide all failing to induce meaningful effect at the highest doses (Figure 24, A-C; Table
2). Our finding is in direct contrast to a recently published study, in which full GIPR
internalization was induced by both GIP (1-42) and Tirzepatide (Willard et al., 2020). We
suggest that the discrepancy lies within the methodology used, in which Willard et al. (2020)
initially label their N-terminal SNAP-tag GIPR using a non-membrane permeable SNAP-tag
substrate, thereby restricting all receptor labeling to only the GIPR present at the plasma
membrane at the time of baseline labeling. Following subsequent SNAP-tag substrate
washout, and ligand incubation, GIPR receptor internalization is quantified as a relative
change in FRET signal between the one-time labeled membrane-bound SNAP-tag GIPR, and
that of an extracellular FRET partner (fluorescein-O’-acetic acid). The relevant difference
between our BRET-based method and this FRET-based method is that all GIPR present within
the cell, both plasma membrane-bound and cytosol-localized, are tagged and used within the
guantification of the BRET-based method. Therefore, the BRET assay is bidirectional in the fact
that it can quantify receptor internalization, as a loss in BRET signal between the plasma
membrane-bound GIPR and the plasma membrane marker (Figure 11), and receptor
recruitment to the plasma membrane, as a gain in BRET signal due to GIPR translocation from
the cytosol into the plasma membrane. Using the BRET method, we identified a surprising
phenomenon, in which GIPR agonism simultaneously causes both receptor departure from
and recruitment to the plasma membrane, representing a parabolic-like kinetic in which
receptor departure is out paced by receptor recruitment within the first 5 minutes of ligand-

stimulation (Figure 25, A-C). Following the initial recruitment of GIPR to the plasma
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membrane, the rate of receptor internalization is quantified against the rate of receptor
recruitment. We find that GIP (1-42) is able to overcome the extent of GIPR recruitment to
the plasma membrane in a time-dependent manner, in which following 30 minutes, a net
negative signal is achieved indicating that more receptor has been internalized than has been
recruited to the plasma membrane. With Tirzepatide, a higher degree of GIPR recruitment to
the plasma membrane within the first 5 minutes of ligand incubation was evident, relative to
GIP (1-42). However, over the course of thirty minutes, Tirzepatide was not able to achieve a
net negative signal, indicating that ligand-stimulated GIPR internalization and plasma
membrane recruitment were approximately equal. Therefore, an -iAUC quantification would
evidence the receptor internalization capacity of Tirzepatide as approximately 0, yet hidden
in that is the dynamic of receptor internalization counterbalanced by receptor recruitment.
The discrepancy in findings between our BRET-based experiments and previous literature is
that the FRET-based method used within Willard et al. (2020) quantifies pure receptor
internalization due to one-time labeling of plasma membrane-bound GIPR, while our BRET-
based method quantifies both GIPR internalization and plasma membrane recruitment. It was
unclear, however, within our BRET-based method, if the enhanced GIPR internalization by GIP
(1-42) relative to Tirzepatide was due to a higher rate of GIPR internalization or a lower rate
of GIPR recruitment to the plasma membrane. Therefore in an additional experiment, we
evaluated total GIPR recruitment to the plasma membrane by inhibiting receptor
internalization with sucrose pretreatment. We found that GIP (1-42) and Tirzepatide stimulate
roughly equal GIPR recruitment to the plasma membrane when receptor internalization was
inhibited (Figure 25, D-E). This suggests that GIP (1-42) and Tirzepatide do not internalize
equally; that given their equal capacity to recruit GIPR to the membrane, GIP (1-42) stimulates
a higher rate of receptor internalization than that of Tirzepatide. Therefore, examining ligand-
induced GIPR internalization via BRET has provided a first look at ligand-stimulated GIPR
recruitment to the plasma membrane. To our understanding, this phenomenon has not yet
been reported.

GIPR, notwithstanding a chance for enigmatic characterization, has also been at the center of
controversy regarding GIPR-mediated B-arrestin recruitment. Several studies indicate an
absence of ligand-induced GRK phosphorylation and Barr 1/2 recruitment at the C-terminal
tail of the GIPR (Al-Sabah et al., 2014; Ismail et al., 2015; Jones et al., 2021). We identified only

GIP (1-42) to produce meaningful, albeit minimal, Barr2 recruitment to the GIPR (Figure 31,
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A-B, Table 2). On the contrary, other studies have evidenced substantial GIP (1-42) and
Tirzepatide-induced B-arrestin recruitment to the GIPR (Gabe et al., 2018; Kizilkaya et al.,
2021; Willard et al., 2020). It has been recently identified that commonly used linkers that
connect the GIPR to a fluorophore for ratiometric quantification, or to extensions for
enzymatically-driven colorimetric models, may contain potential GRK phosphorylation motifs
capable of facilitating artificial B-arrestin recruitment (Al-Sabah et al., 2020). We identified
our own hGIPR-Rluc8 construct to contain a serine-based GRK phosphorylation motif (Xbal
restriction site) (Figure 31, D). Therefore, we controlled for this artifact by utilizing an
endogenous hGIPR without a linker sequence to quantify ligand-induced Barr2 to the plasma
membrane. In this assay following ligand stimulation, Barr2-Rluc8 would be recruited to, and
BRET with, the plasma membrane marker Venus-KRAS. This approach had faithfully replicated
the earlier results of Barr2 recruitment directly to the GLP-1R (Figure 28, C-D; Figure 29, A-B).
However, when utilizing this same approach with the GIPR, ligand-induced recruitment of
Barr2 to the plasma membrane was non-existent for any agonist (Figure 31, E-F). Therefore,
we have determined that the GIPR has no meaningful B-arrestin 2 recruitment, which may be
relevant to the Gas, signaling cascade of the GIPR.

The actualization of acute or chronic GPCR desensitization within a cell reflects the balance in
GPCR trafficking through degradation and recycling endosomal pathways. Rab7* endosomes,
and LAMP1* terminal lysosomes, destine the receptor to degradation and ultimately have the
potential to desensitize the cell to further ligand stimulation. GPCR colocalization into Rab11*
endosomal compartments is associated with receptor recycling and cellular resensitization to
ligands in the extracellular environment (Ferguson, 2001). Pharmaceutical ligands that
preferentially localize the respective GPCR into the recycling pathway, and away from
degradation, typically are associated with less tolerance development and higher therapeutic
efficacy over prolonged periods of treatment. Entry into the endolysosomal system following
receptor internalization begins with trafficking of the receptor into Rab5* early endosomes.
Ligand-induced colocalization of the GLP-1R into Rab5* endosomes, as expected, mirrored
that of ligand-induced GLP-1R internalization, in which MAR709 and Tirzepatide only partially
co-localized, relative to GLP-1 (7-36 amide) (Figure 35, A-F). Following early endosome
incorporation, MAR709 and Tirzepatide, relative to the GLP-1R mono-agonists, also
stimulated reduced GLP-1R colocalization into the Rab7* late endosomal pathway (Figure 37,

A-E). In addition, reduced Rab7 colocalization by MAR709 and Tirzepatide subsequently
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translated to minimal GLP-1R entry into Lampl* terminal lysosomes (Figure 39, A-C).
Contrarily, GLP-1 (7-36 amide), Semaglutide, and Acyl-GLP-1 induced maximal GLP-1R
incorporation into the late endosome/lysosomal pathway. The minimal movement of the GLP-
1R into the degradation endosomal pathway, as stimulated by MAR709 and Tirzepatide, likely
reflects prior trafficking disparities at the point of endosomal entry, such as receptor
internalization and Rab5* endosome colocalization. It cannot, however, be entirely ruled out
that the unique sequences of MAR709 and Tirzepatide independently influence the trafficking
of the GLP-1R. Nonetheless, the minimal incorporation of the GLP-1R into the late
endosomal/lysosomal pathway by MAR709 and Tirzepatide, accompanied with the full agonist
cAMP profile, may suggest a lucrative pharmacological profile at the GLP-1R (Pickford et al.,
2021).

Surprisingly, despite stimulating minimal GLP-1R internalization and Rab5* early endosome
entry, MAR709 stimulated equal GLP1-R colocalization into Rab11* recycling endosomes
relative to that of the fully-internalizing GLP-1R mono-agonists (Figure 40, A-E). This indicates
a disproportionate flow of MAR709-stimulated receptor movement towards the recycling
pathway, rather than toward degradation. Therefore, it seems MAR709 alone facilitates an
enhanced GLP-1R recycling response as measured by endosomal colocalization, adding to a
unique profile of biased dynamics at the GLP-1R. We next evaluated if the high colocalization
of GLP-1R into Rabll* recycling endosomes by MAR709 conferred greater physical
reappearance of the receptor at the plasma membrane following ligand washout. Following
ligand incubation, washout, and then incubation with the GLP-1R antagonist Jant-4 (9-39),
GLP-1 (7-36 amide) and Semaglutide surprisingly demonstrated the highest rate of physical
receptor return to the plasma membrane over the course of 30 minutes finishing with a
receptor population at the plasma membrane equal to that of MAR709 (Figure 42, B-C).
Therefore, MAR709 does not seem to enhance the rate of physical GLP-1R recycling, despite
the high degree of GLP-1R colocalization into Rab11* recycling endosomes. Interestingly, Acyl-
GLP-1, the MAR709 GLP-1R mono-agonist control, similarly displayed a discrepancy in terms
of exhibiting a lower rate of physical GLP-1R recycling back to the membrane despite high
Rab11* endosomal colocalization. Together, these findings of MAR709 and Acyl-GLP-1 hint at
a structure-function relationship which seems to predispose the GLP-1R to maximal Rab11
colocalization without an enhancement in physical recycling of the receptor. The

phenomenon may be due to ligand sequence or acylation status, or alternative preferential
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routes for endocytic receptor recycling by GLP-1 (7-36 amide) and Semaglutide that may not
be captured within this study.

Trafficking of the GIP receptor was not as elegantly characterized within the endolysosomal
pathway. Previously we had evidenced ligand-specific differential rates of GIPR internalization
as determined by a stimulated balance between GIP receptor internalization and recruitment
to the plasma membrane. GIP receptor internalization was further confirmed with evidence
of substantial ligand-induced GIPR incorporation into Rab5* early endosomes. GIPR
colocalization into Rab5* early endosomes by MAR709 and Tirzepatide achieved 66% and 78%
of the response of GIP (1-42), respectively (Figure 36, A-C). Interestingly, ligand-stimulated
GIPR colocalization into subsequent endosomal compartments, such as Rab7* and Rab11",
was non-coherent and minimal (Figure 38, A-B; Figure 41, A-B). GIPR colocalization to Rab7*
or Rabl11l* has not been robustly evidenced in previous literature (Ismail et al., 2015).
Therefore, the question arises as to where the GIPR is trafficked following internalization and
Rab5* endosomal colocalization. It may be suggested that GIPR is rapidly shuttled back to the
plasma membrane following receptor internalization, which may partially explain GIPR
recruitment to the plasma membrane evidenced to accompany GIPR internalization.
Following receptor internalization, an alternative form of Gas-mediated signaling can occur at
the GPCR, in which the receptor remains ligand-bound and active within the endosomal
compartment resulting in a phenomenon known as endosomal signaling. The continuation of
Gais activation within the endosomal compartment confers the advantage of sustained
intracellular cAMP signaling regardless of changes in extracellular ligand concentrations
(Calebiro et al., 2009). The GLP-1R has previously been demonstrated to take advantage of
this phenomenon, in which endosomal Gass action at the endosomal membrane facilitates
sustained cAMP production (Girada et al., 2017). Relative to the GLP-1R mono-agonists, both
MAR709 and Tirzepatide produced partial Gas recruitment to Rab5*, Rab7*, and Rab11*
endosomes, as mediated by GLP-1R (Figure 35, G-I; Figure 37, F-H; Figure 40, F-H). This partial
endosomal Gais recruitment by MAR709 and Tirzepatide may be due to: minimized receptor
density within the endosomal compartments as a product of reduced receptor internalization,
intrinsic differences in ligand capacity to induce Gas recruitment at the GLP-1R, or both.
Interestingly, it has been evidenced that endosomal Gos is critical to early endosome
formation and post-endocytic sorting, indicating the possibility of ligand-induced Gos

recruitment as a potential determinant of lysosomal GPCR degradation (Beas et al., 2012;
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Buenaventura et al., 2018a; Rosciglione et al., 2014). Regarding the GIP receptor, Gas
recruitment to GIPR* Rab5* early endosomes was minimal, however GIP (1-42), Acyl-GIP, and
Tirzepatide all stimulated maximal degrees of endosomal Gaois recruitment, while MAR709 was
found to be only partially efficacious (Figure 36, D-F). GIPR-mediated endosomal Gas
recruitment at Rab7* and Rabl1l* endosomes was non-existent, emphasizing the unique
trafficking nature of the GIPR (Figure 38, C-D; Figure 41, C-D).

The degree of ligand-induced GLP-1R colocalization into endosomal compartments was found
to be linearly and positively associated to the degree of ligand-induced GLP-1R-mediated Gais
recruitment at the endosomal compartments (Figure 43, A-C). The unique ability of a ligand
to elicit concomitant endosomal GPCR trafficking and Gais signaling is a key component in
facilitating spatially compartmentalized intercellular cAMP signaling (Calebiro et al., 2009).
The presence and location of the endosomal cAMP signal, which emanates from the
endosome within a nanometer scale (nanodomain), is critical in determining the
transcriptional response of an activated GPCR (Tsvetanova and von Zastrow, 2014). In general,
for a transcriptional response to occur via GPCR-mediated cAMP production, cAMP-activated
cytosolic PKA catalytic subunits (PKAcat) translocate over a micrometer-wide distance into the
nucleus, where it then phosphorylates CREB and induces nuclear transcriptional activity. The
micrometer range of PKAcat signal transduction across the cytosol largely acts as
semiconductor to extend the nanometer reach of the cAMP gradient (Peng et al., 2021). In
order to improve the probability of successful PKAcat activation and propagation into the
nucleus, endosomal transport of the GPCR-mediated cAMP nanodomain is critical, as the
physical movement of the endosome over large distances within the intracellular space allows
for activation and exposure of spatially-compartmentalized PKA puncta to a locally
concentrated cAMP source. Inhibition of ligand-induced GPCR internalization, therefore,
consequently inhibits the movement of the endosomal cAMP nanodomain into proximity of
intracellular PKA puncta, and thus results in a strong reduction in the GPCR-mediated CREB
transcriptional response (Peng et al., 2021). We therefore hypothesized that Tirzepatide, with
its full agonist cAMP profile, yet relative absence of GLP-1 receptor internalization, endosomal
trafficking, and endosomal Gas recruitment, would induce minimal nuclear transcription of
the CREB-responsive target gene phosphoenolpyruvate carboxykinase 1 (PCK1). Contrarily,
GLP-1 (7-36 amide), which has displayed equal cAMP production with maximal receptor

internalization, endosomal trafficking, and endosomal Gos recruitment properties, would
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maximally stimulate PCK1 transcription. Tirzepatide was found to stimulate just 31% of the
PCK1 transcriptional response, relative to GLP-1 (7-36 amide) (Figure 44, A). The ligand-
specific PCK1 transcriptional response was highly correlated with degree of ligand-induced
receptor internalization and Rab5-Gois recruitment, but not with global cAMP production
(Figure 44, B-D). Here, we exemplify a novel ligand-specific regulation on the cAMP-induced
transcriptional response, in which GLP-1 receptor internalization and endosomal Gaois signaling
seem to be primary determinants. This differential regulation is present despite equal global
cAMP production. It is unknown if this ligand-specific transcriptional effect translates to
improved therapeutic value in vivo. Nonetheless, the unique spatiotemporal signaling and
trafficking profile of Tirzepatide seems to differentiate the CREB-mediated nuclear
transcriptional response from GLP-1 (7-36 amide).

In conclusion, we have identified unique spatiotemporal receptor signaling and trafficking
characteristics elicited by the GLP-1/GIP dual-agonists MAR709 and Tirzepatide, relative to
endogenous, clinical, and sequence-matched peptide mono-agonists at the respective GLP-1
and GIP receptors. Simply, we suggest that intracellular receptor signaling and trafficking
characterizations can be grouped within signal amplification and non-signal amplification
pathways. Within the signal amplification pathway, we identify that all relevant agonists at
the GLP-1R and GIPR are full agonists for both cAMP production and PKA activity. This finding
sets the stage for equivalent ligand-induced, cAMP-mediated, insulinotropic properties with
respect to the individual receptors. However, within the preceding step to cAMP production,
Gois recruitment to the receptor represents the most intrinsic depiction of GLP-1R and GIPR
activation. In accordance with partial GLP-1R activation at the G-protein level by MAR709 and
Tirzepatide, we identify B-arrestin recruitment, receptor internalization, receptor trafficking
into Rab5* and Rab7* endosomes, lysosomal incorporation, and transcription of nuclear
targets, to achieve partial induction as well. Partial agonism within the non-signal
amplification pathway may minimize ligand-induced desensitization of the GLP-1R, and
therefore may be a key therapeutic component when coupled with full agonism for cAMP
production. In addition to localizing less GLP-1R into the Rab7*/LAMP1* degradation pathway,
MAR709 co-localized GLP-1R into Rab11* recycling endosomes to the same extent as the GLP-
1R mono-agonists. However, this did not directly translate to a higher rate of physical receptor
recycling. With respect to the GIP receptor, Tirzepatide acted as a full Gos agonist, while

MAR709 was evidenced to be a strong partial agonist at most intracellular events. All
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respective ligands evidenced a lack of B-arrestin recruitment to the GIPR, and achieved only
minimal Gos recruitment to Rab5* endosomes, which is implicative of fundamental GIPR
biology. Additionally, we provided evidence to the presence of ligand-induced GIPR
internalization, and novel resolution into the differences behind ligand-specific rates of GIPR
internalization between GIP (1-42) and Tirzepatide.

Collectively, the data provided here establishes new insights into the biological mechanisms
at the individual receptors underlying the therapeutic efficacy of the unimolecular hybridized
GLP-1/GIP dual-agonist MAR709 and Tirzepatide. These characterized receptor signaling and
trafficking aspects found attributable to MAR709 and Tirzepatide may be seen as lucrative

developmental targets in the improved pharmacotherapy of diabetes and obesity.
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