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ABSTRACT: Glucagon-like peptide-1 (GLP-1) is an incretin that plays important physiological roles in glucose homeostasis.
Produced from intestine upon food intake, it stimulates insulin secretion and keeps pancreatic S-cells healthy and proliferating.
Because of these beneficial effects, it has attracted a great deal of attention in the past decade, and an entirely new line of diabetic
therapeutics has emerged based on the peptide. In addition to the therapeutic applications, GLP-1 analogs have demonstrated a
potential in molecular imaging of pancreatic f-cells; this may be useful in early detection of the disease and evaluation of
therapeutic interventions, including islet transplantation. In this Perspective, we focus on GLP-1 analogs for their studies on
improvement of biological activities, enhancement of metabolic stability, investigation of receptor interaction, and visualization of

the pancreatic islets.

1. INTRODUCTION

Glucagon-like peptide-1 (GLP-1) is an endogenous incretin
and plays a significant role in glucose homeostasis.'~® GLP-1 is
a 30 amino acid containing peptide secreted from intestinal L-
cells in response to food intake. It is produced by post-
translational processing of preproglucagon, a precursor of many
glucagon related peptides. It exists in two equipotent forms,
GLP-1(7—36)-NH, and GLP-1(7—37), the former being more
abundant. It binds to and activates the GLP-1 receptor (GLP-
1R) belonging to class B family of G-protein-coupled receptors
(GPCRes) in order to exert its regulatory functions. While GLP-
1R is found in many organs, including pancreas, brain, heart,
kidney, and GI tract,”® a recent study revealed that it is
exclusively expressed in the pancreatic f-cells and rarely in a-
and S-cells, as shown by colocalization experiments of GLP-1R
mRNA and protein with islet cell hormones in mice, rats, and
humans.” Activation of the receptor on the f-cells leads to a
rapid increase in the levels of cAMP and intracellular calcium
followed by insulin exocytosis in a glucose-dependent manner.
Although GLP-1R in the a-cells is <0.2% of that in the f-cells,
GLP-1 inhibits glucagon secretion by 50% through modulation
of calcium channel activity.'

Since its discovery in the early 1980s, GLP-1 has
attracted significant attention because of its unique antidiabetic
functions.”” GLP-1 therapy demonstrated that the peptide
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potentiates insulin secretion in both healthy and type 2 diabetic
patients. Unlike other diabetes drugs, the insulinotropic effect
of GLP-1 is self-limiting, as it subsides once the plasma glucose
level is lowered to normal range, reducing the risk of
hypoglycemia. In addition, GLP-1 regulates postprandial
glucose elevation through several other mechanisms, including
promoting insulin gene transcription, stimulating pancreatic f-
cell proliferation and neogenesis, inhibiting f-cell apoptosis,
and blocking glucagon release. It also prevents gastric emptying
and induces satiety, leading to body weight decrease. GLP-1
therapy seems to offer cardioprotective effects as well.'*

All of these physiological effects underscore GLP-1 as a
promising therapeutic agent for treating type 2 diabetes (T2D).
However, the endogenous GLP-1 has a very short half-life,
owing to rapid metabolic degradation by proteases like
dipeptidyl peptidase IV (DPP-IV) and neutral endopeptidase
24.11 (NEP 24.11).">'® DPP-IV cleaves the peptide bond in
Ala®-GIv®, and the resulting metabolite GLP-1(9—36)-NH, is
found to have 100-fold lower binding affinity compared to the
intact peptide.'” The metabolite also exhibits negligible
agonistic activity (>10000-fold decrease).'” As a result,
biologically active GLP-1 constitutes only approximately 10—
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Figure 1. Sequence of GLP-1 and critical residues for receptor interaction.

20% of total plasma GLP-1, as determined by the combination
of HPLC, specific radioimmunoassays (RIAs) and sensitive
enzyme-linked immunosorbent assays (ELISA)."® Although the
metabolite does not induce insulin release or glucose
metabolism,”” a potential role was suggested for inhibiting
hepatic %lucose production in an insulin-resistant state of
obesity.”® It also appears to increase glucose disposal
independent of insulin effects>" as well as stimulates myocardial
glucose uptake and improves systemic hemodynamics.”> On
the other hand, NEP 24.11 cleaves GLP-1 at multiple sites,
particularly at the peptide bonds in Asp'S-Val'é, Ser'®-Tyr'?,
Tyrlg—Leuzo, Glu?’-Phe?®, Phe?-1le?’, and Trp31—Leu32.15
Although the DPP-IV degradation is a major cause of GLP-1
function loss, an investigation with a specific NEP 24.11
inhibitor candoxatril suggested that endoproteolysis by NEP
24.11 may contribute up to 50% of GLP-1 degradation in
vivo.”?

To date, a couple of stable GLP-1 agonists have received
FDA approval as a new class of diabetic drugs, exenatide (1,
GLP-1R agonist) and liraglutide (2, GLP-1 analog). Marketed
as Byetta by AstraZeneca, 1 is a synthetic version of exendin-4,
a 39 amino acid containing peptide isolated from the saliva of
Gila monster.”* Marketed as Victoza by Novo Nordisk, 2 is a
GLP-1 analog prepared by substituting Lys** for Arg and
attaching a C16 fatty acid to Lys® via a y-glutamyl spacer.”®
Marketed as Bydureon (AstraZeneca), exenatide long-acting
release (LAR) is a slow releasing subcutaneous depot form of
1.2° In addition, DPP-IV inhibitors have been developed to
prolong the activity of the endogenous GLP-1.*” Besides the
therapeutic impact, GLP-1 analogs demonstrated high potential
as molecular imaging agents for noninvasively assessing
pancreatic -cell mass, as the GLP-1 receptor is highly localized
in the f-cells.’

2. STRUCTURE—ACTIVITY RELATIONSHIP OF GLP-1

GLP-1, after binding to its receptor, triggers a conformational
change of the receptor, leading to activation of an associated G,
protein by exchanging its bound GDP with a GTP. This results
in dissociation of G, protein from the receptor and increases
secondary messengers like cAMP and Ca*. In order to
investigate the significance and function of amino acid residues
in the sequence of the peptide, alanine scanning studies have
been carried out.”®*” Adelhorst and co-workers have system-
atically replaced each residue with Ala and identified key amino
acids strongly contributing to receptor interaction.”” It appears
that His’, Gly'®, Phe'?, Thr'?, Asp'®, Phe®®, and Tle* play an
important role in receptor binding, as marked decrease in
binding affinity was caused by each Ala substitution. On the
other hand, His”, Gly'®, Asp'®, and Phe®® are critical for receptor
activation, as their Ala substitutions resulted in a substantial
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decrease in cAMP production. On the basis of these results, it is
hypothesized that the N-terminal region of GLP-1 is more
critical for activating the receptor, whereas the C-terminal
region mainly contributes to receptor binding (Figure 1).
However, this concept should be taken cautiously, since many
residues in the N-terminal region are still found to be essential
for maximal receptor interaction.

His’. His’ is found to be a critical residue for both receptor
binding and activation, as evidenced by the alanine scanning
studies.”®*® A histidine at the first position is, in fact, highly
conserved in the glucagon family that interacts with class B
GPCRs for their functions.® Deletion of His” resulted in a
significant loss of affinity (Kj = 33 nM compared to 0.3 nM of
GLP-1), and the activity of the truncated peptide became 82%
lower than that of GLP-1.*° To investigate the significance of
the positively charged side chain, His” was replaced with Arg
and Lys.*® These substitutions substantially reduced receptor
binding (270- to 1300-fold) and activation (57—88% lower
activity), suggesting a special role of the imidazole ring in
receptor interaction. When His’ was substituted for Tyr, it
resulted in a significant reduction of binding affinity (Ky = 52
nM) and biological activity (66% of GLP-1 response).*!
However, replacement with Phe was found to retain the
biological activity close to GLP-1, suggesting aromaticity is an
important factor for receptor interaction.”” Taken together, it
can be summarized that both the aromatic character and the
positive charge of the imidazole ring strongly contribute to
receptor recognition and function. However, a bulky aromatic
group like the indole ring of Trp reduced potency, indicating
that a steric factor should be also considered.*

It was suspected that the @-amino group of His’ plays a role
in DPP-IV activity. Gallwitz et al. synthesized several GLP-1
analogs containing alterations at the N-terminus of His’, such
as N-methylation, @-methylation, des-amination, and imidazo-
lelactic acid substitution.>" This study revealed that all of the
GLP-1 analogs except the a-methylated ones were hardly
degraded by DPP-1V in vitro. These modified GLP-1 analogues
showed a marginal reduction in receptor affinity (2- to S-fold),
except des-amino-GLP-1 that lost binding by 15-fold. All of
these peptides promoted intracellular cAMP production at
concentrations comparable to GLP-1. In addition, modification
of His” with N-pyrogluatmylation and N-acetylation decreased
both receptor binding (18- to 89-fold) and activation (3- to 6-
fold).>®* Despite such poor binding, both analogs exerted a
potent insulinotropic effect in vitro. Another studies showed
that a GLP-1 analog containing a glucitol or mPEG,y attached
at the N-terminus of His’ showed outstanding DPP-IV
stability.>*3*

Ala®. Since Ala® is the target of DPP-IV, much work has
focused on this residue. Substitution of Ala® for Gly resulted in
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only a slight decrease in binding affinity (3-fold) with
comparable agonist activity to GLP-1.*® [Gly*]-GLP-1 showed
a comparable insulinotropic effect in diabetic animal models.
The introduction of Gly® circumvented the DPP-IV degrada-
tion and led to a longer half-life, as a single injection of 0.1
nmol of the peptide to diabetic mice normalized fasting
hyperglycemia and glucose intolerance for several hours,
whereas the activity of 1 nmol of the native GLP-1 vanished
in a few minutes.

Deacon et al. investigated the substitution of Ala® with Thr,
Gly, Ser, and 2-aminoisobutyric acid (Aib).>” They found that
only [Aib®]- and [Gly*]-GLP-1(7—36)-NH, exhibited com-
parable receptor binding to GLP-1 (ICs, of 0.45 and 2.8 nM,
respectively, compared to 0.78 nM of GLP-1). While the other
three analogs showed slow degradation, [Aib®]-GLP-1(7—36)-
NH, was found to be completely resistant to DPP-IV and
exerted the highest insulinotropic effect. The stereochemical
configuration at position 8 appeared to have little effect on
receptor recognition, as replacement with D-Ala retained
comparable receptor binding (ICs, = 0.15 nM compared to
0.26 nM of GLP-1) and biological activity (EC5, = 0.8 nM
compared to 0.8 nM of GLP-1).>

Substitution of Ala® with Ser reduced receptor binding
affinity (11-fold) and receptor stimulation potency (19-fold),
presumably resulting from the introduction of a polar side chain
group.®” The lack of tolerance of polar residues at this position
was supported by an experiment replacing Ala with Val and led
to only a marginal reduction in biological activity (3-fold).
However, steric factor becomes important when the size of the
amino acid at position 8 exceeds a certain threshold, as
substitution with Leu lowered the potency by 220-fold.

GIu®. This position is conserved for negatively charged
amino acids like Glu and Aszp among the secretin family (class B
GPCRs) except glucagon.®” This suggests that the carboxylate
side chain of Glu’ is required for receptor interaction, which
was supported by Glu’ being substituted with Asp without
losing receptor binding affinity and potency examined on RIN
T3 cells. Interestingly, Xiao et al. reported a contradicting result
that substitution with Asp led to a 30-fold potency decrease,
although the comparable binding affinity was determined on
CHO cells.*® Despite the speculation, hydrophobic amino acids
like Leu or Met successfully replaced Glu’ while retaining the
same potency of GLP-1, suggesting that the negatively charged
side chain of Glu’ may not form an ion pair with a basic residue
in the receptor or the peptide.”

Introduction of Lys at position 9 showed a significant loss of
binding and potency (830- and 160-fold, respectively) when the
resulting peptide was tested on RIN T3 cells.*” In another
experiment, [Lys’]-GLP-1 led to no cAMP production on
BRIN-BD11 cells, although a moderate loss of binding affinity
(17-fold decrease) was observed on CHL fibroblast cells.”
Even though the peptide remained intact when incubated with
DPP-IV for 12 h, it showed no insulinotropic action or glucose-
lowering capability in ob/ob mice. Substitution with Ala, Ser,
and Val resulted in reduced potency (30-, 4-, and 130-fold,
respectively).””*® The stereochemical configuration of Glu’
appears to be crucial, since replacement with p-Glu led to a
130-fold decrease in potency, whereas binding affinity was
moderately affected (33-fold decrease).

When Pro, Phe, and Tyr were introduced in lieu of G, the
resulting peptides exhibited a comparable or marginally
increased insulinotropic effect compared to GLP-1 even though
their binding affinity and potency were compromised.** In
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particular, [Pro’]-GLP-1 showed a remarkable capability of
moderating plasma glucose excursion and enhancing the
circulating insulin level in severely insulin-resistant obese
diabetic mice. It also substantially reduced the susceptibility
to DPP-IV degradation (t,,, > 12 h compared to 5.2 h of GLP-
1).
Gly™. The alanine scanning studies indicate that Gly' is
important for receptor interaction, particularly receptor
activation. Meng et al. placed a hexafluoroleucine in the
sequence of GLP-1, aiming to improve bioactivity and
bioavailability.*' However, the substitution at position 10 only
led to a dramatic decrease in binding affinity and potency (60-
and 67-fold, respectively).

Asp'®. Substitution of Asp'> for Arg was found to
significantly damage receptor binding and activity (710- and
90-fold, respectively), indicating the importance of the
negatively charged residue at this position.*” While a severe
loss of activity (10000-fold) was reported when it was
substituted for Ala,* replacement with Glu led to only a
moderate loss in affinity (31-fold), confirming the requirement
of a negatively charged amino acid at position 15.*> The
stereochemical configuration of this residue appears to be
critical, since replacement with D-Asp resulted in a substantial
loss of binding affinity (570-fold).*?

Val'®, Ser'®, Glu?'. It was found that Val'® can be
substituted with a bulky hydrophobic amino acid without
significant impact on receptor interaction. For example,
substitution with Tyr resulted in a similar affinity and activity.**
Likewise, alanine substitution at Val'® did not show any drastic
change either. Whereas substitution of Ser'® for Ala did not
affect receptor binding and activation, replacement with a
charged amino acid Lys resulted in a 4-fold decrease in binding
affinity.** Substitution of Glu*' for Ala moderately affected
receptor binding (15-fold decrease), but replacement with a
smaller amino acid Gly severely reduced the affinity (60-fold
decrease).*

Gly?%. As an amino acid without any side chain, Gly at
position 22 has been replaced with various amino acids bearing
side chain groups. It appears that Gly** can be substituted for
Aib with retention of comparable binding affinity and potency
to GLP-1.** Azad et al. used this position to attach a bulky
metal chelator DOTA through Lys* for f-cell imaging.*> Two
analogs were prepared, Lys*>-In-DOTA-GLP-1(7—36) and
Lys*2-AEEA-In-DOTA-GLP-1(7—36); the latter showed a
moderate loss of binding affinity and potency (19- and 6-fold,
respectively), remarkably tolerating such a bulky substituent
placed in the middle of the GLP-1 sequence.

Lys?. Green and co-workers attached a fatty acid chain at
the e-amino group of Lys® to avoid renal clearance for
prolonging halflife and increasing stability over DPP-IV.*
Whereas [Lys(palmitoyl)**]-GLP-1 has a weak affinity and
potency compared to GLP-1 (86- and 23-fold, respectively), all
of the palmitoylated Lys*®-containing peptides showed a
marginal increase (1.3- to 3.4-fold) in dose-dependent
stimulation of insulin secretion on insulin-secreting BRIN-
BD11 cells. A stable GLP-1 receptor agonist, 2, was created by
attaching a palmitoyl group to Lys*® through a y-glutamyl
spacer together with substitution of Lys** for Arg.*® This
peptide demonstrated a potent agonist activity (ECsy = 61 nM
compared to 55 nM of GLP-1 on BHK cells, IC;, = 0.11 nM)
and superior stability against proteolytic degradation (half-life
of 13 h compared to 2 min of GLP-1).
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Lys?® was also exploited to attach bulky metal chelators like
DOTA for constructing f-cell imaging agents.zs'Ar5 However,
coupling DOTA either directly to the side chain of Lys or
through a linker significantly diminished binding affinity (200-
and S500-fold, respectively). On the other hand, various
carbohydrate moieties were introduced at position 26 in an
attempt to increase proteolytic stability and in vivo glucose-
lowering potency.*’ Substitution of Lys*® for Asn bearing N-
acetylglucosamine (GlcNAc), N-acetyllactosamine (LacNAc),
or a-2,6-sialyl-N-acetyl-lactosamine (sialyl LacNAc) resulted in
a moderate loss of binding affinity and potency (2- to 8-fold)
but higher resistance to the DPP-IV degradation compared to
GLP-1. Similarly, PEGylation of Lys*® with mPEG, was found
to have a negligible effect on receptor activation.*

Glu?. Alanine scanning studies suggested that Glu*’ is not
an important residue for receptor interaction. In agreement
with this, it was found that Glu?’ can be even substituted with
an oppositely charged Lys without losing binding affinity and
potency (2-fold decrease).*”

Phe®®. Phe?® was identified as a critical residue for both
receptor binding and activation. Substitution for Ala brought in
greater than 1000-fold decrease in binding affinity and
potency.”®*® While Phe?® is essential for affinity and activity,
it is interesting that replacement with a synthetic residue
hexafluoroleucine resulted in only a moderate loss in binding
affinity and biological activity (10- and 5-fold, respectively).*'

lle?®, Leu2. The alanine scanning studies revealed that Tle*”
is critical for receptor binding. When a hexafluoroleucine was
introduced at position 29 or 32, a moderate loss in binding
affinity and biological activity was observed.*" Its substitution at
position 29 showed a moderate potency and affinity (4- and 7-
fold decrease, respectively) as well as a marginal reduction in
the rate of DPP-IV degradation. Similar results were observed
with the substitution at position 32 (2- and 28-fold decrease in
potency and affinity, respectively).

Lys**. Connecting DOTA to Lys** directly or through a
linker was reported for imaging pancreatic f3-cells.*> However,
these bulky substituents resulted in a substantial loss in binding
affinity (50- to 100-fold). Replacement of Lys** with an N-
glycosylated Asn** (e.g., GIcNAc, LacNAc, and sialyl LacNAc)
resulted in similar binding affinity and potency to GLP-1.*/
Additionally, PEGylation on the side chain of Lys** with
mPEG,¢ resulted in comparable potency to GLP-1.>° This
Lys**-PEG-GLP-1 displayed 93% insulinotropic effect in rat
pancreatic islets and higher glucose lowering effect as well as
high stability to DPP-IV. Compared to 2, a 2-fold decrease in
potency was observed when Lys®* was palmitoylated with a y-
glutamyl spacer together with substitution of Lys* for Arg.*

Gly*37. Substitution of Gly*® for Aib, together with
introduction of Aib at position 8, resulted in a potent analog
called taspoglutide (3).* It showed outstanding resistance to
DPP-1V (halflife of 13 h in human plasma upon subcutaneous
administration).*” It is interesting that the double Aib
substitutions led to comparable receptor binding and potency
(ICs = 1.1 nM, ECs = 0.06 nM compared to GLP-1 (ICs, =
1.5 nM, ECy, = 0.08 nM)), whereas a single Aib at position 8
brought in a 4-fold decrease in potency and 2-fold increase in
binding affinity.

Direct conjugation of DOTA to the C-terminus of GLP-1
through Lys®” resulted in a moderate loss of binding affinity and
potency (12- and 6-fold, respectively).* Among four positions
that have been examined for DOTA conjugation, positions 22
and 37 appear to tolerate the bulky substituent with only a
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moderate decrease in receptor interaction (5- to 10-fold)
compared to positions 26 and 34 (50- to S00-fold). Conversely,
glycosylated Asn®” was found to have little impact on receptor
interaction.*” Taken together, conjugation of macromolecules
at the C-terminus of GLP-1 appears to be well accepted by the
receptor.

Truncated GLP-1 Analogs. GLP-1 appears to be quite
sensitive to peptide chain truncation, since most of truncated
peptides suffer from substantially low or negligible binding
affinity. It was found that just one amino acid deletion from the
N-terminus (ie., His’) led to a 100-fold decrease in bindin
affinity and nearly a complete loss of biological activity.*
Removal of a dipeptide unit (ie., His’-Ala®) resulted in a
complete loss of activity along with a 1000-fold decrease in
binding affinity, highlighting the significance of the DPP-IV
degradation. Truncation of more residues from the N-terminus
did not reinstate receptor binding or activation. On the other
hand, truncation of two to three amino acids from the C-
terminus did not abolish the biological activity, although
binding affinity decreased by 4- to S-fold. However, further
deletion of Val** resulted in a complete loss of binding affinity
and potency. Taken together, these results indicate that the full
length of GLP-1 seems to be required for strong receptor
interaction.

Because they do not activate GLP-1R, metabolites resulting
from GLP-1 degradation have been considered as pharmaco-
logically inactive. However, several metabolites, especially GLP-
1(9—36)-NH,, GLP-1(28—36)-NH,, and GLP-1(32—36)-NH,,
were reported to exert GLP-1R independent biological activitzr,
such as cardioprotective and glucoregulatory effects.”*>°~>?
While these metabolites present a new direction to the incretin
therapy, there is also a growing concern about pancreatitis and
pancreas and thyroid cancers as unwanted side effects.>*

Eleven amino acid containing GLP-1R agonists were
reported by Mapelli et al>® They introduced two bulky
unnatural amino acids at the C-terminus of a nonapeptide GLP-
1(7—1S5) and demonstrated that receptor binding affinity of
these short GLP-1 analogs greatly depend on the structure of
these two unnatural residues. The most potent undecapeptide
contains two substituted biphenylalanines at the C-terminus
and showed surprisingly high potency as a truncated GLP-1
analog (200-fold decrease). Subsequent optimization of the
undecapeptide by replacing Ala® and Phe'? with other unnatural
phenylalanine analogs further increased potency, comparable to
the native GLP-1 (3-fold decrease). It is a small GLP-1R
agonist with high potency in insulin secretion and glucose
reduction in vivo.

3. CONFORMATIONAL STUDIES OF GLP-1

The structure of GLP-1 was first reported by Thornton and
Gorenstein using 2D NMR in an aqueous solution containing
perdeuterated dodecylphosphocholine (DPC) micelles that
were used to provide a membrane-like environment.*® Bound
to the DPC micelles, GLP-1 was found to adopt two helical
segments (residues 13—20 and 24—35) that were connected by
a short linker region (residues 21—23). The C-terminal helix
contains a larger number of hydrophobic residues and is more
stable than the amphiphilic N-terminal one, evidenced by
amide proton exchange experiments. This study also suggested
that Gly** plays an important role in separating the two helices
and allows the peptide to present a single hydrophobic surface
to the membrane; this may facilitate membrane association and
receptor binding. However, the structure of the N-terminal
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region (residues 7—13) that strongly contributes to receptor
activation was not clearly elucidated because of high conforma-
tional flexibility. The predominant helical structure of GLP-1
was also confirmed by Chang et al. using 2D NMR in 35%
aqueous TFE.*” In this study, GLP-1 was found to adopt an
extended helical structure from Thr” to Lys®® with a less well-
defined region around Gly**.

Neidigh et al. compared structures of GLP-1 and exendin-4
in the solution and micelle-bound states.>® Although both
peptides showed a helix spanning from Thr"® to Lys**, GLP-1 is
less helical than exendin-4 because of Gly at position 22. In
contrast, the micelle-bound exendin-4 adopts a single helix
between residues 11—27, presumably aided by a helix-favoring
Glu at position 16, the corresponding position 22 in GLP-1. It
is interesting that the C-terminal region of exendin-4 forms a
compact tertiary fold called Trp-cage in aqueous TFE or glycol,
shielding the side chain of Trp* from solvent exposure.
However, this tertiary structure disappeared when exendin-4
was bound to DPC micelles, since the indole ring of Trp is
energetically more favored to associate with the hydrophobic
micelles.

Agonist-induced activation of the GLP-1 receptor has been
suggested involving a two-step mechanism where the C-
terminal region of the peptide binds to the N-terminal domain
(NTD) of the receptor while the N-terminal part of the peptide
interacts with the core region of the receptor, triggering signal
transduction.*”®® Receptor binding and activation of GLP-1
appear to rely on interaction with the NTD of the receptor as
well as with the receptor core comprising transmembrane
(TM) domains and extracellular loops (ECLs).®" This is also
emphasized by the findings that the ligand binding to the full
length receptor is due to not only autonomous binding to the
NTD but also contacts with the juxtamembrane part.® It is
further supported by photoaflinity labeling studies that
determined spatial approximation between the ligand and
receptor residues (vide infra) 537

Exendin-4 displayed a higher binding affinity (IC5, = 6 nM)
to the isolated NTD of GLP-1R compared to GLP-1 (ICy, >
500 nM). And GLP-1 is more sensitive to truncation in the N-
terminal region compared to exendin-4. For instance, N-
terminally truncated GLP-1 analogs showed a significantly
higher loss in binding affinity and potency compared to
truncated exendin-4 analogs.17 Furthermore, mutagenesis
studies at the TM domains of GLP-1R resulted in a decrease
in receptor interaction.®*™%® X-ray crystal structures of exendin-
4 and GLP-1 bound to the isolated NTD of GLP-1R confirmed
the multidomain binding model in detail.*“%° However, the
interaction between the N-terminal segment of the peptide and
the core region of the receptor could not be explained by the X-
ray studies either. Whereas both exendin-4 and GLP-1 were
found to bind to the same site in the receptor, the crystal
structures alone did not adequately explain the reason why
exendin-4 has a higher affinity to the isolated NTD of GLP-1R
compared to GLP-1. However, a recent biophysical study
suggests that higher helical propensity of exendin-4 contributes
to the high affinity of the peptide to the isolated NTD of the
receptor compared to GLP-1.>” It was found that binding of
exendin-4 to GLP-1R resulted in a small increase of helical
content, while a significant increase was observed with GLP-1
upon binding to the receptor. This indicates that transition
from the solution to the receptor-bound state is more
substantial with GLP-1 than exendin-4.
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The crystal structure of GLP-1 bound to the NTD of GLP-
IR revealed that GLP-1 becomes a-helical when it interacts
with the receptor and the C-terminal part of the peptide
associates to the NTD of the receptor.”’ The crystal structure
of GLP-1 showed a continuous a-helix from Thr'® to Val** with
a kink around Gly**. The residues between Ala** and Val** were
found to interact with the NTD of the receptor, such as Ala?,
Ala®, Lys®, Phe®, Tle?, Leu®?, and Val**. The C-terminal helix
appears to be amphiphilic and has a hydrophilic surface
containing polar residues like GIn%, Lyszs, Glu?, and Lys*,
while nonpolar residues like Ala**, Ala?, Phe?, Tle?®, Leu®, and
Val® constitute a hydrophobic one.

The crystal structure of exendin-4(9—39)-NH, in complex
with the isolated NTD of GLP-1R showed that exendin-4 also
adopts an a-helical conformation except the C-terminal Trp-
cage part.”” The Trp-cage was assumed to account for the
superior binding affinity of exendin-4 compared to GLP-I.
However, the crystal structure of exendin-4 pointed out that the
Trp-cage was not involved in binding to the NTD of the
receptor. It was suggested that binding affinity of exendin-4
solely depends on its interaction with the NTD of GLP-1R, not
with TM helices and ECLs because the binding affinity of
exendin-4 did not alter when it bound to the isolated NTD of
GLP-1R.”® Also, the N-terminally truncated exendin-4 analogs
still have very similar binding affinity to the native exendin-4.
The crystal structure of exendin-4(9—39)-NH, showed a well-
defined helix from Leu'® to Asn?®, and the residues between
Glu" and Ser** were found to interact with the NTD of the
receptor. Like GLP-1, the C-terminal segment of exendin-4 also
adopts an amphiphilic helix that presents a hydrophilic surface
comprising Glu'%, GluY, Argzo, Glu**, and Lys27 and a
hydrophobic one containing Ala'®, Val'®, Phe?, Ile*, Trp*,
Leu®, and Pro’'.

Understanding the interaction between a ligand and its
receptor has been a topic of interest, as it can provide useful
insights for designing more effective drugs. To investigate how
GLP-1 interacts with the receptor, Miller and co-workers
conducted spatial approximation studies by using photolabile
probes and molecular modeling.**~% It was found that the C-
terminal residues Ala** and Gly™ in the peptide were docked in
a close proximity to Glu'** and Glu'*® of the extracellular
domain (ECD) of the receptor, respectively. This supports a
previous finding that GLP-1 binds to its receptor via an a-helix
formed by the sequence spanning from Thr' to Val** with the
residues between Ala** and Val*® directly interacting with ECD.
This study also showed that Phe'* and Val'® are positioned near
Tyr'® and Leu'*' of ECD, respectively, yet Leu®® landed near
Trp*” in ECL2. To obtain a clue on less characterized N-
terminal residues, a photolabile probe was placed at position 6
and it labeled Tyr*® in ECLL.

4. CONFORMATIONALLY CONSTRAINED GLP-1
ANALOGS

The structures of GLP-1 have been studied by 2D NMR>*~*
and found to have two a-helical segments between residues
13—20 and 24-35 that are connected by a short linker region
comprising residues 21—23. However, these NMR structures
were determined without the presence of the GLP-1 receptor
and may be different from the receptor-bound conformation,
since micelles and helix-stabilizing TFE cannot mimic specific
interactions between the peptide and receptor.

To investigate on the presence and locations of a-helical
structures in the receptor-bound conformation, Ahn and co-
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Table 1. Stable GLP-1 Receptor Agonists

plasma
manufacturer/developer dosage half-life status ref
Peptide GLP-1R Agonists
exenatide (1) AstraZeneca 5—10 pg b.id. sc 24h approved in U.S. (2005) 24
liraglutide (2) Novo Nordisk 1.2—1.8 mg once daily sc 11-15 h approved in U.S. (2009) 25
taspoglutide (3) Ipsen/Roche 165 h 49
lixisenatide (4) Sanofi-Aventis 20 pug once daily 27-43h  approved in European Union, Mexico, 94
Australia, and Japan
semaglutide (5) Novo Nordisk 160 h phase 3 97
constrained GLP-1 analogs (6)  Ahn et al. 73
fluorinated GLP-1 analogs (7) ~ Kumar et al. 41
bile acid conjugated exendin-4  Lee et al. 99
analogs (8)
truncated GLP-1R agonists (9)  Mapelli et al. SS
(Bristol-Myers Squibb)
p3-peptide analog (10) Schepartz et al. 100
Protein GLP-1R Agonists
albiglutide (11) GlaxoSmithKline 30 mg/week 6—8 days ap rovesi in Europe (2013) and U.S. 97, 101
2014

CJC-1134-PC (12) ConjuChem 8 days phase 2 102
dulaglutide Eli Lilly once weekly 90 h phase 3 103
langlenatide Hanmi once weekly 180 h phase 2 104
VRS-859 Diartis once monthly 139 h phase 1 105

workers have designed and synthesized a series of conforma-
tionally constrained GLP-1 analogs.”" In this study, a lactam
bridge between Lysi/ Glu™™* was introduced and stabilized a
helical conformation at various positions from the N- to C-
terminus. Eight cyclic peptides were constructed along with
eight corresponding linear counterparts. The receptor binding
affinity and potency of the cyclic and linear peptides were
compared, and the results clearly suggest the presence of two
helical segments (residues 11—21 and 23—34) in the N- and C-
terminal regions of the receptor-bound conformation.

For instance, a lactam bridge between Lys'® and Glu® led to
comparable receptor binding and activation to GLP-1,
suggesting that a helical structure fixed at this position is a
part of the receptor-bound conformation. The significance of
this N-terminal helix was further demonstrated by deliberately
distorting the helical structure by forming a smaller size ring via
a disulfide bridge between Cys'®*, leading to a substantial loss
in receptor interaction. In the same manner, the C-terminal
helix was confirmed in the receptor-bound conformation.
However, a helical structure fixed in the linker region made the
corresponding cyclic peptides lose binding affinity and potency
dramatically, clearly indicating the presence of a break between
the two helices in the bioactive conformation.

While this lactam scanning study does not provide spatially
well-defined models like the NMR structures, this method is
unique in elucidating structural requirements in receptor-bound
conformation of peptides.”"”* The two helices in the N- and C-
terminal regions in the NMR solution structures appear to be
critical binding determinants for receptor interaction. The C-
terminal helix was later confirmed by the X-ray structure of
GLP-1 cocrystallized with the NTD of the receptor.’" However,
the formation of the N-terminal helix upon receptor binding
was only confirmed by this lactam scanning study.

Lactam-containing cyclic GLP-1 analogs were also reported
by Miranda and co-workers.** They placed a lactam bridge
between Glu' and Lys™* at the C-terminal region and showed
similar results. In particular, the lactam bridges introduced
between positions 18—22, 22—26, and 23—27 were well
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accepted by the receptor, showing comparable receptor binding
and activation to GLP-1. These cyclic peptides have Gly at
position 8 and showed higher plasma stability. The lactam
bridge between position 18—22 together with Gly®, Aib*, and
C-terminal PEGylation offered a sustained in vivo eflicacy in
blood glucose reduction and body weight decrease.

On the basis of these results, Ahn et al. have designed and
synthesized highly constrained GLP-1 analogs containing two
or three lactam bridges between Glu' and Lys™* that were
placed simultaneously to stabilize the both helical structures in
the N- and C-terminal regions.”> These multiple lactam bridges
not only improved potency (up to 4-fold increase) by
stabilizing the two helical binding determinants as evidenced
by CD spectroscopy but also enhanced resistance to proteolytic
degradation. Whereas the DPP-IV degradation can be avoided
by substitutin Ala® with various amino acids like Gly, Ser, p-
Ala, and Aib,>** the degradation by NEP 24.11 is hard to
address in a similar manner because of the multiple sites that
NEP 24.11 targets (Figure 1). It is remarkable that these
multiple lactam bridges offered outstanding protection to the
enzyme. Bicyclic and tricyclic GLP-1 analogs, c[Glu'®, Lys**]-
c[Glu®, Lys**]-GLP-1(7-36)-NH, and c[Glu'®, Lys*]-c-
[Glu®, LySZG]—c[GIuso, Ly534]—GLP-1(7—36)—NH2, respectively,
showed 4.6- and 2.6-fold increase in potency, respectively, as
well as half-life of greater than 96 h when incubated with
recombinant NEP 24.11. This exceptionally high enzyme
stability of the bicyclic and tricyclic GLP-1 analogs would be of
interest in achieving a long-acting in vivo activity and molecular
imaging of pancreatic f-cells via the GLP-1 receptor (vide
infra).

5. STABLE GLP-1 ANALOGS AS THERAPEUTIC
INTERVENTION

Diabetes mellitus is a chronic disease in which the body does
not either produce enough insulin or use it inadequately,
leading to the hallmarked symptom of high glucose level. The
former is classified as type 1 diabetes (T1D), also known as
juvenile-onset diabetes, resulting from an autoimmune attack
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Figure 2. Structures of selected GLP-1 receptor agonists.
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on insulin-producing pancreatic f-cells.”*”> Type 2 diabetes
(T2D), also called as adult-onset diabetes, is composed of
multiple metabolic abnormalities that lead to progressive
hyperglycemia caused by dysfunctional insulin secretion and
impaired insulin utilization (i.e., insulin resistance).”® In
addition to high glucose concentrations, diabetic patients are
prone to develop other complications, such as heart disease,
stroke, hypertension, blindness and eye problems, kidney
failure, nervous system related diseases, amputations, and so on.
It was estimated that total costs of diabetic treatment and care
in the United States were $174 billion in 2007, and diabetes
was the seventh leading cause of death based on U.S. death
certificates in 2007.”

Treatment of TID is centered on increasing insulin
availability mainly by direct insulin administration, whereas
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therapeutic interventions for T2D are focused on improving
insulin sensitivity along with improving f-cell function by use of
oral hypoglycemics like sulfonylureas. Despite advances in
options for treating diabetes, optimal glycemic control may
often be difficult to achieve, and there is a growing demand for
novel therapeutic agents that not only lower plasma glucose
levels but also manage diabetic complications and prevent the
disease progression. An entirely new therapeutic option for
treating T2D became available: incretin-based therapies that
mainly involve in the GLP-1 axis (Table 1).

The major physiological role of GLP-1 is to connect the
consumption of nutrients with glucose metabolism through a
network of regulatory pathways.”® Stimulation of insulin release
from pancreatic B-cells is one of them. Since the insulinotropic
action of GLP-1 depends on plasma glucose content, it is
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associated with a reduced risk of hypoglycemia that often
comes along with current antidiabetic agents like sulfonylureas
and glinides.””® GLP-1 has also shown superiority to
thiazolidinedione (e.g., rosiglitazone) because GLP-1 therapy
does not accompany side effects like peripheral edema, weight
gain, congestive heart failure, and osteoporosis, which are
common in thiazolidinedione therapy.”” In addition, it has
shown favorable cardiovascular benefits, such as lowering blood
pressure, beneficial effects on serum lipids, and a potential to
improve myocardial contractility and endothelial function.*
Furthermore, GLP-1 is found to have effects on p-cell
proliferation and regeneration, which may be of great help in
preventing the disease.*’” Although there are speculations of
asymptomatic pancreatitis as a side effect to incretin therapy, it
is not clearly studied yet.*"**

The endogenous GLP-1 is difficult agent for therapeutic use
because of the rapid cleavage of the dipeptide His"-Ala® by
DPP-1V, which leads to a loss of receptor interaction and
insulinotropic action.*® This limitation can be overcome by
either metabolically stable GLP-1 analogs or DPP-IV
inhibitors.””** ™ A number of methods and strategies have
been developed for protecting peptides from proteolytic
degradation. These include introduction of D-amino acids,
a,a-dialkylated amino acids like Aib, N-methylated amino acids,
f-amino acids, amide bond surrogates,87 PEGylation,88
glycosylated amino acids, halo§enated amino acids,*"”*”* and
conformational restrictions.”””

As briefly described in the structure—activity studies, a variety
of substitutions have been made in the N-terminal region,
particularly Ala® and examined on receptor interaction and
metabolic stability. Discovered in the saliva of the Gila
monster,”’ exendin-4 is a 39 amino acid containing GLP-1R
agonist with comparable binding affinity and potency to GLP-1.
It possesses Gly at position 2 instead of Ala® in GLP-1, offering
outstanding resistance to DPP-IV (Figure 2).°° 1 is a synthetic
form of exendin-4 and the first incretin-based therapeutic
approved by FDA** It is recommended to be administered
subcutaneously twice daily and found to lower plasma glucose
and HbAlc levels and body weight.”’ However, several side
effects were observed, such as accumulation of antibodies and
acute pancreatitis, despite low incidences reported.”

On the other hand, lixisenatide (4, Lyxumia, formerly known
as AVE0010, Sanofi-Aventis) is a 44-mer peptide and has a
hexalysine extension at the C-terminus of exendin-4.”® It
reportedly binds to the receptor more tightly than GLP-1 and
exendin-4 (4-fold increase). It showed a median half-life
ranging from 2.7 to 4.3 h for a dose of 20 ug, compared to 1—2
min for the native GLP-1.”* It protects pancreatic S-cells from
apoptosis and exhibited a higher insulinotropic effect compared
to GLP-1. It has been approved in the European Union,
Mexico, Australia, and Japan as a once-daily therapeutic (20 yg)
to be used in combination with basal insulin.

Approved in 2009, 2 is a GLP-1(7—37) analog containing a
palmitoyl chain at Lys* through a y-glutamyl spacer together
with Arg** (Figure 2).”® This fatty acid chain facilitates binding
to albumin and consequently increases the half-life to 11-15 h
after parenteral administration in human.”® Despite this
modification, 2 exhibited comparable receptor activation
potency to GLP-1.”° Semaglutide (5, NN9535) is an analog
of 2 containing Aib® and a different fatty acid chain connected
to Lys* through a miniPEG spacer (Figure 2).”’ It is a once-
weekly human GLP-1 analog currently being developed by
Novo Nordisk. Another potent and stable GLP-1 analog 3 was
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developed by Ipsen and Roche by substituting Ala® and Gly**
for Aib (Figure 2).*® It showed significantly higher Sproteoly‘cic
resistance (half-life of 165 h for a dose of 30 mg).”® However,
Roche decided to halt the development because of safety issues
involving various gastrointestinal side effects and allergic
reactions.

Academic laboratories have focused their research on the
quest of more stable and potent GLP-1R agonists as well as
pharmaceutical industries. Ahn and co-workers, for instance,
have prepared a series of conformationally constrained GLP-1
analogs by introducing multiple lactam bridges between Glu'
and Lys™* to stabilize two a-helices at the N- and C-terminal
regions.73 One of the bicyclic peptides, [p-Ala®]-c[Glu'®, Lys*]-
c[Glu*®, Lys*]-GLP-1(7—36)-NH, (6), was found to show
outstanding metabolic stability as well as higher potency
compared to GLP-17* (Figure 2). It is remarkable that this
highly constrained GLP-1 analog demonstrated high in vivo
efficacy matching the gold standards (1 and 2), as examined by
intraperitoneal glucose tolerance test (unpublished results).

Kumar et al. incorporated a hexafluoroleucine at various
positions, aiming to modulate peptide—receptor interaction and
improve resistance to proteolytic cleavage.* Hexafluoroleucine
containing peptide (7) has Glu® replaced with hexafluoroleu-
cine and showed binding affinity and potency (ICg, = 5.1 nM,
ECsy = 2.0 nM) comparable to GLP-1 (ICs; = 1.9 nM, ECy, =
1.0 nM).*" However, it displayed only 1.5-fold increase in
stability over DPP-IV compared to GLP-1. Lee and co-workers
reported exendin-4 analogs (8) with a bile acid (e.g, cholic,
deoxycholic, and lithocholic acid) conjugated to Lys*’.”” 8
showed high binding affinity (IC5, = 0.48 nM) compared to
exendin-4 (IC;, = 0.14 nM) without loss of noticeable
insulinotropic activity. The increased hydrophobicity resulting
from the conjugation of the bile acid appeared to elevate
albumin-binding property. These bile acid modified exendin-4
analogs exhibited extended antidiabetic effect with prolonged
restoration of normoglycemia in T2D mice.

Truncated GLP-1 analogs have been reported as potent
GLP-1R agonists. Mapelli and co-workers developed 11 amino
acid containing GLP-1R agonists (9) that comprise structurally
optimized N-terminal nine residues of GLP-1 and a substituted
biphenylalanine (BIP) dipeptide at the C-terminus (Figure
2).3° Despite the significantly shortened length of the peptide,
9 showed a high potency (ECs, = 0.087 nM) compared to
GLP-1 (0.034 nM) and a longer pharmacokinetic halfife. It
was also found to be highly selective to GLP-1R over other
class B GPCRs. As another approach, Schepartz and co-workers
developed a f3-peptide analog of GLP-1 (10).' It was
constructed by incorporating the epitopes of Ala'®, Phe®’, and
Trp* in a 14-helical #3-peptide and extending the sequence at
the N-terminus with a short PEG chain followed by a short a-
peptide corresponding to the N-terminal nine residues of
exendin-4. The p3-peptide analog adopts a 14-helical
conformation that is stabilized by hydrogen bonds between
an amide proton of the ith residue and a carbonyl of the i + 2
residue. However, 10 showed substantially weak potency (ECs,
= 1200 nM) compared to GLP-1 (ECs, = 0.003 nM).

As peptides are quickly cleared out of the body, fusion
proteins have been developed to achieve longer plasma
circulation. Albiglutide (11, GlaxoSmithKline) is a dimer of
modified GLP-1 sequence linked to human serum albumin
(Figure 2)."*" It gained resistance to DPP-IV by both replacing
Ala® with Gly and being a part of a macromolecule, allowing S
days of plasma half-life, suitable for once-weekly dosing.”” As a
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fusion protein, it showed a remarkably high binding affinity
(IC = 0.61 nM compared to 0.02 nM of GLP-1). It was
recently approved by the European Commission under the
name of eperzan and very recently (April 2014) in the United
States as well. CJC-1134-PC (12, ConjuChem) is another
albumin-fused GLP-1R agonist.'”> It has the sequence of
exendin-4 and similarly showed a long circulation half-life
(approximately 8 days) as 11.

Another long acting GLP-1R agonist, dulaglutide
(LY2189268, Eli Lilly, structure not shown), is a recombinant
fusion protein with two analogs of GLP-1(7—37) covalently
linked by a synthetic 16 amino acid linker to a Fc fragment of
human IgG4.103 Conversely, langlenatide (HM11260C, Hanmi
Pharmaceuticals, structure not shown) is a long acting exendin-
4 analog conjugated to a nonglycosylated Fc region via a short
PEG linker."”* VRS-859 (exenatide-Xten, Diartis Pharmaceut-
icals, structure not shown) is a different kind of fusion protein
comprising exanatide and a long chain of all natural hydrophilic
amino acids referred to as Xten.'%®

Despite the striking similarity between the two peptides,
GLP-1 and glucagon have opposing roles in glucose homeo-
stasis. GLP-1 induces glucose-dependent insulin secretion and
reduces the plasma glucose level, whereas glucagon triggers
glycogenolysis and gluconeogesis in the liver, increasing the
glucose concentration. Since a glucagon antagonist can inhibit
hepatic glucose output, creating a bifunctional molecule that is
an agonist to the GLP-1 receptor (GLP-1R) and an antagonist
to the glucagon receptor (GR) simultaneously may be
pharmacologically significant for modulating the overall glucose
in the body in multiple ways. Pan et al. developed a balanced
GLP-1 agonist/glucagon antagonist, ANC7K2 (structure not
shown; GLP-1R, IC,;, = 3.5 nM and EC,, = 13 nM; GR, ICy, =
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120 nM and 36% inhibition of the receptor activity).'®

addition, a 43 kDa PEG chain was conjugated to position 31
promoting a prolonged glucose lowering activity.

Conversely, DiMarchi and co-workers have reported bifunc-
tional molecules that are GR antagonist/GLP-1R agonist and
GR/GLP-1R coagonist.m7’108 A glucagon antagonist [PLAS,
Asp*]-c[Glu', Lys*]-glucagon(6—29) that has an ICq, value
of 14 nM on GR showed a potent agonism on GLP-1R (ECs, =
11 nM). They also investigated novel multifunctional ligands
that show coagonism on both GR and GLP-IR in order to
normalize glucose and lipid metabolism.'”® A glucagon-based
peptide comprising Aib at position 2, a lactam bridge between
Glu'® and Lys*, and a 40 kDa PEG chain at position 24 showed
a potent agonistic activity on both receptors (ECs, of 0.67 and
0.059 nM on GR and GLP-IR, respectively). This coagonist
resulted in a significant decrease in body weight and fat mass,
demonstrating that balanced simultaneous activation of the
both receptors lowered body adiposity and improved glucose
tolerance. Extending these works further, DiMarchi and co-
workers also developed a coagonist on GLP-1R and gastric
inhibitory polypeptide (GIP) receptor to achieve a greater
weight loss effect than GLP-1 alone.'”

In collaboration with Boehringer Ingelheim, Zealand Pharma
recently developed a GR/GLP-1R dual agonist (ZP2929,
structure not shown).''* It is an oxyntomodulin-based peptide
drug candidate in preclinical development for the treatment of
T2D and obesity. TT401 (Transition Therapeutics, structure
not shown) is another dual agonist on GLP-1R and GR under
development for once-weekly dosing.''' AC164204 and
AC164209 (structures not shown) (Amylin Pharmaceuticals)
are analogs of 1 covalently linked to a second generation amylin
analog, davalintide, another example of coagonists.112 Both

dx.doi.org/10.1021/jm500810s | J. Med. Chem. 2015, 58, 1020—1037



Journal of Medicinal Chemistry

molecules showed full agonism to their cognate receptors in
vitro but with a reduced potency to GLP-1R.

Another approach to prolong GLP-1 action in vivo is DPP-
IV inhibitors, since DPP-IV is one of the main causes of GLP-1
degradation. DPP-IV inhibitors can be used either alone or as
combination therapy for reducing fasting and postprandial
glucose levels with a low incidence of hypoglycemia and weight
gain. To date, many DPP-IV inhibitors have been developed,
including sitagliptin (13), saxagliptin, vildagliptin, and
linagliptin (structures not shown). 13 (Januvia, Merck) reduces
glucose and HbAlc levels but has no effect on body weight.*®
Unlike stable GLP-1 analogs, it can be orally administered once
daily and has a half-life of 12—14 h. DPP-IV inhibitors have
been extensively reviewed elsewhere.''>~"'¢

Despite low potency, nonpeptidic GLP-1R agonists have
been reported and showed a potential to achieve orally active
GLP-1 mimetics.""” Developing small molecules mimicking
peptide hormones is not a trivial task because peptides often
have a large surface area required for optimal receptor
interaction. In addition, residues important for receptor binding
and activation are frequently dispersed across their sequences
and structures. Whereas GPCRs have been activated by
nonpeptidic ligands (e.g, morphine activating opioid recep-
tors), they have been mainly limited to class A GPCRs that are
smaller and more extensively studied than class B receptors to
which GLP-1R belongs. However, small molecules have been
reported of activating GLP-1R, offering a hope for this
challenging quest.

In 2007, Knudsen et al. reported substituted quinoxalines
(14) discovered from an extensive screening campaign with
500 000-membered library (Figure 3)."'"*''° 14 compounds
were found to be allosteric agonists selective for human GLP-
1R. Whereas these compounds showed toxicity at high
concentrations with an unusual bell-shaped dose—response
curve, they induced glucose-dependent insulin release from
normal mouse islets but not from GLP-1R knockout mice. On
the other hand, Chen and co-workers also reported their
discovery of GLP-1R agonists identified from screening 50 000
compounds.'*® Two substituted cyclobutanes (15) were found
to be orthosteric agonists with weak binding affinity and
efficacy.'”® These cyclobutane compounds demonstrated oral
activity lowering glucose and HbAlc levels.

Pyrimidine-based small molecules (16) were identified as
GLP-1R agonists by cell-based screening and insulin secretion
assays with rodent and human islets (Figure 3)."*' 16 induced
GLP-1R-mediated cAMP signaling and stimulated glucose-
dependent insulin secretion both in vitro and in vivo, although
these molecules did not show competitive binding to the
receptor. Sexton and co-workers developed a series of
quercetin-like flavonoids (17) with positive allosteric modulator
activity on GLP-1R."** 17 selectively modulated Ca** responses
induced by the high-affinity agonists GLP-1 and exendin-4
without altering cAMP signaling. Similarly, Gong and co-
workers identified imidazopyridines (18, 19) after screening 10
000 heterocyclic small molecules by a functional assay on GLP-
IR overexpressed on HEK293 cells.'*> Researchers at Dong-A
Pharmaceutical developed 2-thioquinoxaline derivatives (20) as
small molecule agonists on GLP-1R."** They were found to
have ECs, values ranging from S0 to 1000 nM in cAMP
response element (CRE) luciferase reporter assays. When orally
administered, 20 promoted glucose-stimulated insulin secretion
in a mouse intravenous glucose tolerance test.
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Taking a different approach, Ahn and co-workers developed
a new strategy for rationally designing GLP-1 peptidomimetics
by using helix-mimicking small molecules.'”>'*® As they
demonstrated with a series of conformationally constrained
GLP-1 analogs, the helical segments at the N- and C-terminal
regions of the peptide appear to be important for receptor
interaction.”"”® To mimic helical peptides, they designed a rigid
and preorganized tris-benzamide scaffold that placed three side
chain groups of amino acids found at the i, i + 4, and i + 7
positions of a helix, reproducing one side of a helix.'"””~'*° They
designed GLP-1 peptidomimetics (21) by replacing a helical
peptide segment in GLP-1 with a corresponding tris-
benzamide-based helix mimetic (e.g, SH3), which showed
promising receptor binding and potency (EC, = 130 nM;
Figure 3)."*® Despite weak potency, these are the first examples
of rationally designed, not screened, GLP-1 peptidomimetics
that are currently under investigation.

Improving efficacy and pharmacokinetic profiles of natural
products and therapeutics can be achieved in many ways,
including pharmaceutical drug delivery systems and dosage
forms. One of the successful approaches in the field of GLP-1 is
exenatide LAR, a slow drug releasing subcutaneous depot form
of 1.2° 1 is entrapped noncovalently into a biodegradable
poly(p,L-lactide-co-glycolide) (PLGA) microsphere from which
the drug is slowly released as the polymeric matrix breaks down
in vivo, increasing the half-life up to 6 days. It is the first once-
weekly injectable formulation approved by the FDA for the
treatment of T2D (January 2012). Besides, other formulations
are currently under development for sustained release of GLP-
1R agonists as summarized in Table 2.

6. GLP-1 ANALOGS AS MOLECULAR IMAGING
AGENTS

Noninvasive in vivo assessment of pancreatic f-cell mass
(BCM) in humans has a tremendous potential as a clinical tool
for diagnosing and treating diabetes. While sweet smell or taste
of urine is a classical and historical sign of diabetes, fasting
plasma glucose (FPG), oral glucose tolerance test (OGTT),
glycated hemoglobin Alc (HbAlc), insulin, and C-peptide
levels are currently used to examine functional pancreas."**~"*'
However, these clinical manifestations detect the progress of
the disease too late, at which time the majority of the f-cells are
destroyed and the disease is alreadz too advanced for any
preventive measures to intervene."** For example, fasting
plasma glucose (FPG) test and oral glucose tolerance test
(OGTT) are two major methods for clinical diagnosis of
diabetes. If either test indicates a positive result (higher than
126 mg/dL (FPG) or 200 mg/dL (OGTT) of glucose levels),
patients are diagnosed as diabetic. At the time of diagnosis,
T1D patients typically have their BCM reduced by 70—80%.'*
However, because the remaining S-cells compensate the loss of
insulin production from p-cell death, abnormalities in blood
glucose levels are unnoticed by these tests until BCM is
diminished by more than 50%.'** Thus, noninvasive imaging of
BCM would provide accurate and in-time status as well as
useful prediction. Such an approach can be used to monitor the
disease progression, examine the loss of BCM, evaluate efficacy
of therapies in preserving and restoring BCM, and follow up f-
cell replacement therapies like islet transplantation.'*’

Imaging modalities, such as positron emission tomography
(PET), magnetic resonance imaging (MRI), other nuclear
imaging techniques like single-photon emission computed
tomography (SPECT), and optical absorption or fluorescence
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Table 2. Long Acting Pharmaceutical Formulations of GLP-1 Receptor Agonists

(e
3]
=

description

manufacturer/developer

formulation

exenatide LAR
microsphere

O
N

slow drug releasing subcutaneous depot with 1 entrapped noncovalently into a biodegradable PLGA microsphere

AstraZeneca

Na et al.

130

polysaccharide-based microsphere formulation of 1

—
o0
—

triblock copolymer PLGA-PEG-PLGA-based hydrogel formulation of 1

Ding et al.

hydrogel

I\
]
—

lipid-based hydrogel preparation of GLP-1 and 1 for subcutaneous injection

Joabsson et al.

hydrogel

133

thermoresponsive depot forming elastin-like polymers containing protease-cleavable oligomers of [Gly*]-GLP-1(7—36) with a dipeptide (Gly-Ala) added at the

Chilkoti et al.

protease-operated depot (POD)

N-terminus

<
o
—

polymeric hydrogel-based implantable devices containing 1

Kuzma et al.

implantable device

vy
o
—

albumin-coated porous hollow PLGA microparticles bound with palmitylated exendin-4

Youn et al.

formulation for pulmonary delivery

136

chewing gum containing GLP-1 and exendin-4

Andersen et al.

chewing gum tablet

(5N
o
—

exenatide plasmid in an arginine-grafted bioreducible polymer (ABP) poly-cystaminebisacrylamidediaminohexane as the gene carrier

Kim et al.

formulation for gene therapy
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spectroscopy and imaging have been promising for visualizing
and quantifying various molecular targets.'"** However,
assessing BCM in vivo is still challenging, since the p-cells
exist in pancreatic islets that are small (50—300 ym in
diameter), scarce (1—2% of pancreatic mass), and scattered
throughout the pancreas."*® Each islet is too small to be
spatially resolved by current noninvasive in vivo imaging
techniques. In addition, it is not trivial to correlate signals from
imaging experiments with changes in BCM.

Many investigators are currently searching for and evaluating
p-cell specific biomarkers.'**'*”~">! A number of potential
candidates for f-cell imaging have been reported, such as
vesicular monoamine transporter (VMAT2), glucagon-like
peptide-1 receptor (GLP-1R), sulfonylurea receptor (SURL),
glucose transporter 2 (GLUT2), glycogen, zinc transporters,
fluorodithizone, and monoclonal antibodies. However, many
fell short because of either low expression levels or insufficient
B-cell specificity.'*'5>'>3 Among them, ''C- and '*F-labeled
dihydrotetrabenazine (DTBZ) derivatives (structures not
shown) have demonstrated promising results.'**'>*'55 As a
ligand to VMAT? that is expressed at dopamine nerve ends in
the central nerve system and pancreatic f-cells, they were
identified from screening an extensive library of radiotracers.
However, recent findings of nonspecific binding of [''C]-
DTBZ in human pancreas overcasts its clinical applications.'>®

Compared to other f-cell biomarkers, GLP-1R shows a high
promise because of its specific expression in the S-cells and
strong interaction with its ligands.ls7 Thus, GLP-1 analogs are
of great interest not only in treating diabetes but also in
determining BCM. However, its endogenous ligand GLP-1
cannot be employed as an effective imaging agent because of its
extremely short half-life (less than S min) resulting from rapid
metabolic degradation. This indicates that f-cell imaging via
GLP-1R as a biomarker requires GLP-1 analogs with high
metabolic stability as well as strong binding affinity. Owing to
inherent resistance to DPP-IV degradation, stable GLP-1R
agonists, exendin-3 and exendin-4, have been developed for f-
cell imaging."**"'®* On the other hand, bicyclic GLP-1 analogs
developed by Ahn and co-workers have also demonstrated a
promising potential in determining BCM.'**'%” These stable
GLP-1 analogs were conjugated to a metal chelator like DOTA,
NOTA, and DTPA, which coordinates a radiotracer (e.g, %Cu,
%Ga, *™Tc, and '"In) for PET and SPECT imaging
modalities.

[Lys*(Ahx-DTPA-'""In)NH,]-exendin-4 (22) was reported
as a SPECT probe to target GLP-1R for imaging insulinoma in
RiplTag2 transgenic mice with high tumor uptake (Figure
4).16%1%% Whereas ratios of tumor to pancreas (9.71 at 48 h)
and other organs were high, a low ratio of the tumor to kidney
(1.27 at 48 h) was observed. Despite such a high renal uptake,
the potential of GLP-1R in visualizing the f-cells has been
demonstrated by PET and SPECT imaging of insulinoma b
using exendin-3 or exendin-4-based radioligands.161’163’1 4
Similarly, a ®*Cu-labeled exendin-4, [Lys*’(DOTA-%Cu)-
NH,]-exendin-4 (23) showed high binding specificity to rodent
p-cells by ex vivo autoradiography.*® Another *Cu-labeled
exendin-4 analog, #Cu-DO3A-VS-Cys*-exendin-4 (24), dem-
onstrated a feasibility of in vivo imaging of intraportally
transplanted islets in mice by virtue of a high and sspeciﬁc
uptake in INS-1 tumors despite high renal uptake.'® It is
exciting that 22 was successfully used to highlight autologous
islets that have been transplanted into human muscle, provin% a
clinical potential of human p-cell imaging via GLP-1R."*
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Figure 4. Structures of selected exendin-4 and GLP-1 based imaging agents for monitoring pancreatic f-cells.

Images and Data:
$4Cu-DOTA-EM2198

Pancreas

(PET)

Exendin-4 Blocking

STZ-Treated

Figure S. In vivo PET/CT images of pancreas of healthy mice, healthy mice co-injected with a blocking dose of cold exendin-4, and STZ-induced
diabetic mice. Reproduced with permission from Peptides across the Pacific, Proceedings of the 23rd American Peptide Symposium.'”® Copyright

2013 American Peptide Society.

Exendin-4 based near-infrared fluorescent imaging agent E4,,-
VT750 (structure not shown) was reported as well'”® In
addition to the GLP-1R agonists described above, antagonists
like exendin(9—39) were also employed as a f-cell imaging
probe.'”" Radiolabeled with the Bolton—Hunter reagent at
lysine residues, exendin(9—39) was examined for receptor
specificity in vitro and selectivity in vivo. It showed radioactive
signals in pancreatic f-cells although the resolution of the
imaging technique was low.
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Whereas the majority of f-cell imaging studies have been
carried out with exendin-4 analogs, Ahn and co-workers have
developed outstanding GLP-1 based PET imaging agents (25,
26) to quantitate BCM.'%*'%717> As the endogenous peptide
suffers from rapid metabolic degradation, they introduced
multiple modifications, such as epimerization at position 8 and
two lactam bridges, and produced highly constrained GLP-1
analogs. Strategically placed two lactam bridges made the
bicyclic peptides resistant to the proteolytic cleavages by NEP
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24.11, and p-Ala® protected them from the DPP-IV
degradation, significantly enhancing metabolic stability. Dy-
namic PET scans over 60 min showed a high pancreatic uptake
of a bicyclic GLP-1 analog labeled with **Cu (26) as shown in
Figure 5.'”* The pancreas uptake disappeared in STZ-induced
type 1 diabetic mice or competitively displaced by co-injection
of unlabeled exendin-4, indicating outstanding selectivity to the
P-cells. Ex vivo PET scans and histology were also carried out
to confirm the in vivo PET imaging findings (unpublished
results). This bicyclic GLP-1 analog is currently under
investigation with Ossawbaw mini-pigs for longitudinal PET
imaging of BCM in the course of the disease progression.'”*

7. CONCLUSION AND FUTURE DIRECTIONS

Since its discovery, GLP-1 has attracted tremendous attention
because of unique functions that are beneficial for managing
diabetes. It not only stimulates insulin secretion in a glucose-
dependent manner, preventing hypoglycemic episodes, but also
restores pancreatic f-cell mass and functions. Intensive studies
over the past decade revealed elements required for strong
receptor interaction and many players in its metabolic
degradation. These facilitated the development of a new class
of incretin-based therapeutics. However, many fundamental
teatures of the peptide and its receptor interaction have not yet
been completely explained, although such discovery would be a
vehicle to design nonpeptidic GLP-1 receptor agonists
possessing long-pursued oral activity. Also, recent advances in
molecular imaging have been useful in monitoring changes of
pancreatic f-cells, playing a significant role in diagnosing the
disease and evaluating effectiveness of therapeutic interventions
and islet transplantation. While promising results have been
reported, several issues like specific f-cell uptake and high
accumulation in nearby organs need to be addressed to become
an effective clinical tool.
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