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Abstract

Incretin-based peptides are effective therapeutics for treating type 2 diabetes mellitus (T2DM).
Oxyntomodulin (OXM), a dual agonist of GLP-1R and GCGR, has shown superior weight loss
and glucose lowering effects, compared to single GLP-1R agonists. To overcome the short half-life
and rapid renal clearance of OXM, which limit its therapeutic potential, both lipid and PEG
modified OXM analogs have been reported. However, these approaches often result in reduced
potency or PEG-associated toxicity. Herein we report a new class of cross-linked OXM analogs
that show increased plasma stability and higher potency in activating both GLP-1R and GCGR.
Moreover, the extended /n vivo half-life results in superior anti-hyperglycemic activity in mice
compared to the wild-type OXM.

Obesity is a major risk factor for developing type 2 diabetes mellitus (T2DM).
Oxyntomodulin (OXM), a 37-amino acid peptide hormone derived from proglucagon, is an
attractive potential therapy for treatment of T2DM due to its multifaceted effects on glucose
homeostasis, food intake and energy expenditure.(1) Remarkably, the weight loss and
glucose lowering effects of OXM were found to be superior to those of the glucagon-like
peptide-1 (GLP-1) receptor only agonists after infusion in preclinical models.(2, 3)
However, the clinical application of OXM is limited by its short circulatory half-life; hence,
PEG and lipid modified OXM analogs have been explored. While these conjugates have
shown significantly longer circulatory half-lives, they often exhibit considerably reduced
potency; as a result, relatively large quantities of the modified peptides are injected during
their administration. These large doses have limited the exploration of alternative delivery
technologies such as microneedles or nanoparticles.(4, 5)
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Since incretin peptides generally bind to their cognate receptors in an a-helical
conformation, modifications that stabilize a-helix should increase binding affinity to its
receptors. Moreover, proteolytic stability may also be enhanced in a helical rather than an
extended conformation. Indeed, a number of helix stabilization strategies have been
developed (6-12) and successfully applied to various classes of bioactive peptides. We have
previously developed simple disulfide- and biaryl-based cross-linking chemistries that span
two turns of an a-helix (13). The resulting cross-linked peptides showed higher a-helicity
and in the biaryl case, increased proteolytic stability and cell-permeability.(14-16) Herein,
we report the application of this latter cross-linking chemistry to OXM to increase both its
circulatory half-life and its potency toward GLP1R and GCGR.

OXM contains a C-terminal extension of glucagon and also exhibits high sequence
homology with the incretin peptide, GLP-1 (Figure 1a). In order to facilitate biaryl cross-
linking without disrupting receptor binding, residues that are solvent exposed and oriented
on the same side of the helix, i.e., residues at 7/and A7 positions, were replaced with D- and
L-cysteine, respectively. Since the N-termini of these peptides are highly conserved and play
a crucial role in activation of GLP-1 receptor (GLP-1R),(17-20) we focused on Cys
substitutions at the C-terminus of OXM. Because neither structure-activity studies of
alanine-substituted OXM variants, nor the structure of OXM bound to its receptor have been
reported, we designed our cysteine mutants based on glucagon, which has been extensively
studied by both mutagenesis and structural methods.(21) To predict which residues are
solvent exposed, glucagon was superimposed with GLP-1 in the binding pocket of GLP-1R
(Fig. 1b). Because of its high sequence identity with glucagon, we predicted that the N-
terminus of OXM, OXM (1-29), will adopt the same bound conformation as the full-length
glucagon. We also hypothesized that the octapeptide extension of OXM, OXM (30-37), will
exhibit a type 11 B-helical turn.(22) Based on this homology model, we generated two OXM
mutants with pairs of solvent-exposed D- and L-cysteine residues that are separated by 6
residues (R17 and Q24; D21 and N28), and which most likely not involved in direct binding
to the extracellular domain of GLP-1R and GCGR.

We used the DPP-1V resistant OXM, OXM-1 (OXM with D-serine at 2" position), as a
template for cysteine substitution and subsequent sidechain cross-linking.(23) To assess how
chemical modification affects receptor activation, we developed a cCAMP response element
(CRE) driven luciferase reporter for HEK293 cells overexpressing GLP-1R and GCGR
receptors. The ECsg values of OXM-1 for GLP-1R and GCGR were 10 nM and 3 nM,
respectively (Table 1), matching closely the reported values.(20) We then tested the activity
of the linear di-cysteine substituted peptides 1 (R17 and Q24 are substituted with D and L-
cysteine, respectively) and 2 (D21 and N28 are substituted with D and L-cysteine,
respectively). Both 1 and 2 showed reduced potency for GLP-1R activation, but peptide 1
activated GCGR more potently than peptide 2. Hence, we proceeded to cross-link 1 with
4,4’-bis(bromomethyl)biphenyl (Bph), to generate peptide 3. Although cross-linking
increased the activities toward both GCGR (16-fold) and GLP-1R (2-fold) compared to its
linear counterpart, peptide 3 still exhibited substantially reduced activity compared to
OXM-1. Since a D-amino acid in the middle of a helical peptide can cause helix distortion,
(24) we substituted R17 with L-cysteine and generated peptide 4 (both R17 and Q24 are
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substituted with L-cysteine). Although we anticipated that L-Cys17 might have a less
favorable geometry for crosslink formation, peptide 4 showed roughly 2-fold increase in
GLP-1R and GCGR activities compared to its D,L counterpart, peptide 1.

To further increase receptor activity, we next generated a chimera OXM by incorporating
key binding residues from the GLP-1 agonists GLP-1 and exendin-4 (Ex-4). Since
substitution of glucagon-Ser16 by Glu was reported to enhance GLP-1R activity without
altering GCGR activity,(25) we synthesized peptide 5 by replacing Ser16 with Glu in
peptide 4, and found modest enhancement in the GLP-1R and GCGR activities. Because
incorporation of residues from exendin-4 or GLP-1 in the middle of the glucagon sequence
significantly increases GLP-1R activity,(18) we substituted GLP-1 residues (AAKEFI) and
exendin-4 residues (AVRLFI) in the middle of peptide 5 (RAQDFV) to afford peptides 7 and
8, respectively (Table 1). To our delight, peptides 7 and 8 showed >80-fold higher potency in
GLP-1R activation, compared to peptide 5, although peptide 8 was less potent in GCGR
activation (Table 1). Cross-linking of 7 led to 80- and 40-fold increases in activity for
GLP-1R and GCGR, respectively, giving rise to a balanced subnanomolar dual agonist
peptide 9 for potent activation of both receptors (ECsq = 0.2 nM for GLP-1R, and 0.7 nM for
GCGR; Table 1).

Having identified the optimal di-cysteine-containing OXM sequence, we next modified
peptide 7 using a panel of cysteine-reactive cross-linkers: Bpy (CL-2), Alk (CL-3), Phe
(CL-4) and mBph (CL-5) (see Table 2 for structures).(26) To our satisfaction, cross-linked
peptide 11 showed even more potent agonist activities in dual activation of GLP-1R and
GCGR with ECsq values of 0.07 nM and 0.18 nM, respectively (Figure S2).

To gain insight into structural basis for the increased activity after cross-linking, we
compared the far-UV circular dichroism spectra of 9 and 11 to that of OXM-1. All three
spectra showed local minima at 208 and 222 nm, indicating the presence of an a-helix
(Figure S3a).(27) The percent helicity, ca. in the range of 20-23%, was found to be similar
based on the [d],27 values (Figure S3b), suggesting that the differences in agonist activity
cannot be explained by percent helicity.(28) However, we observed a significant difference
in the ratio of []222/[Al208, @ measure of the relative amounts of 3;g- and a-helix in the
conformational ensemble, as 9 and 11 showed ratios close to 1.0 indicating ideal a-helices
(Figure S3b) whereas OXM-1 showed a ratio of 0.68.(29) Assuming the 3;o—helix represents
an unproductive conformation, the lack of 3;g—helix from the conformational ensemble may
be beneficial to the receptor binding, although other factors other than secondary structures
may also affect the binding.(26, 30) For example, despite having similar CD spectra, peptide
11 has 3-4 fold greater efficacy in receptor activation than peptide 9 (Table 1). This
difference can be explained by the presence of the pyridyl nitrogen in the Bpy structure,
which may form a hydrogen bond with Glu-128 of the extracellular domain of GLP-1R
(Figure S4).

To determine the half-lives of the OXM peptides, we performed pharmacokinetic (PK)
studies in mice by injecting the peptides through either subcutaneous (s.¢) or intravenous
(7#.V) routes. The peptide concentrations in the plasma at different time points were measured
indirectly using the cell-based luciferase reporter assay (the detection limit for peptide
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concentration in mouse serum is ~ 10 nM). We attempted to use a LC-MS based method for
analysis, but the peptide concentrations in mouse serum were below the limits of detection.
The concentration of OXM-1 was negligible after 1 h when injected either 7.vor s.c., as
evidenced by no receptor activation (< 10 nM). The elimination half-lives of the
intravenously injected peptides were found to be 0.1 h, 1.2 h and 1.4 h for OXM-1, 9and 11,
respectively (Figure 2a). When administered subcutaneously, the half-lives of OXM-1, 9 and
11 were found to be 0.6 h, 1.9 h and 1.9 h, respectively (Figure 2b). When the cell-based
reporter assay was employed to determine the half-life of the peptide /n vitro after
incubation with freshly isolated mouse serum, a similar trend was observed (4, = 5.4 h for
OXM-1 vs. =2 13 h for 9 and 11) (Figure S5). The greater half-lives observed for the cross-
linked OXMs /n vivo may result from enhanced serum albumin binding by the cross-linked
peptides as we have observed previously.(14) We suspect that the /n vivo half-lives can be
further improved by modifying the aryl cross-linker with a short PEG-fatty acid moiety.(31,
32)

Since OXM is known to reduce blood glucose levels in diabetic patients,(3) we evaluated the
efficacy of the cross-linked OXM analogs in an oral glucose tolerance test (OGTT). As a
positive control, Ex-4 significantly decreased the blood glucose level during the entire
monitoring period (Figure 2c) and the area under curve (AUC) by 30% (Figure 2d), whereas
OXM-1 did not exhibit any improvement over the vehicle. Peptides 9 and 11 significantly
decreased blood glucose levels to 40 and 45%, respectively, which are greater than that of
Ex4 (Figure 2c, 2d). The increased in vivo efficacies of the cross-linked peptides observed
here likely result from both higher dual-agonist activities (Tables 1 and 2) and the extended
in vivo half-lives (Figure 2a, 2b).

In summary, we have designed a class of chemically cross-linked OXM analogs that show
balanced, sub-nanomolar activities in activating the GLP-1 and glucagon receptors. While
the cross-linking only marginally increased peptide helicity, substantial improvements in
dual-agonist activity as well as /n vivo stability were obtained, which makes this approach
appealing as other chemical modification strategies such as PEGylation can result in reduced
OXM potency.(33) The combined high potency and enhanced /n vivo stability resulted in
greater efficacy in the oral glucose tolerance test, even at very low dosages (10 pg/mice),
highlighting the potential of this technology to obviate the need for high-dose administration
of the peptide drugs. We are currently evaluating the cross-linked OXM analogs in diet
induced obesity models as well as exploring additional modification of the cross-linkers with
lipid moieties to further enhance in vivo half-life.
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Figure 1.
(a) Sequences of oxyntomodulin, glucagon, GLP-1 and exendin-4. The conserved N-

terminal residues crucial for receptor activation are underlined. The sites for cysteine
substitution and subsequent cross-linking on oxyntomodulin are colored. (b) Structural
model of oxyntomodulin bound to the extracellular domain of GLP-1R (PDB code 3C59),
with the cross-linking sites colored. The oxyntomodulin structure was modeled after the
crystal structure of glucagon (PDB code: 1GCN) with the octapeptide extension shown as a
dotted type Il B-helical turn.(22)
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Figure2.
Chemical cross-linking extends OXM half-life and efficacy. /n vivo stability of the OXM

analogs after intravenous (a) and subcutaneous (b) injection of the peptides into mice (n =
3). The peptide concentrations in mouse plasma at the various times were determined using
the GLP-1R activation assay. Assay was performed in triplicate. Half-lives of the OXM
analogs were calculated by fitting the curve to either two-phase exponential decay (i.v) or
one-phase exponential decay (s.c) in Prism 6.0. *No clear distinction was detected between
the signal and the background. Cross-linked peptides 9 and 11 show greater activity in the
oral glucose tolerance test in mice (n = 4). Mice were injected with the peptides (10 pg/
mice) subcutaneously 4 hours prior to the glucose challenge. (c) The glucose concentrations
in mouse blood were monitored for up to 150 minutes. (d) Bar graph showing the total
amount of glucose in the mice obtained by measuring the area under curve (AUC).
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Sequences of the modified oxyntomodulin analogs and their agonist activities in the activation of GLP-1R and

GCGR using the cell-based luciferase reporter assay?

Name Sequence Agonist activity (nM
GLP-IR  GCGR

OXM-1  HsQGTFTSDYSKYLDSRRAQDFVQWLMNTKRNRNNIA 10 3

1 HSQGTFTSDYSKYLDSCRAQDFVCWLMNTKRNRNNIA 1000 50

2 HSQGTFTSDYSKYLDSRRAQCFVQWLMCTKRNRNNIA >2000 >1000

3 HSQGTFTSDYSKYLDSC’RAQDFVC'WLMNTKRNRNNIAY =500 3

4 HSQGTFTSDYSKYLDSCRAQDFVCWLMNTKRNRNNIA ~500 30

5 HSQGTFTSDYSKYLDECRAQDFVCWLMNTKRNRNNIA ~400 20

6 HSQGTFTSDYSKYLDEC'RAQDFVC'WLMNTKRNRNNIA — ~100 0.8

7 HSQGTFTSDYSKYLDECAAK EFICWLMNTKRNRNNIA 17 30

8 HSQGTFTSDYSKYLDECAVRL FICWLMNTKRNRNNIA 1 1000

9 HSQGTFTSDYSKYLDEC/AAK EFIC’'WLMNTKRNRNNIA 0.2 0.7

10 HSQGTFTSDYSKYLDEC/AVRL FI C'WLMNTKRNRNNIA 56 ~200

aAII peptides contain the unmodified N-termini and the amidated C-termini.

bc’ and C’ denote the Bph-cross-linked D-cysteine and L-cysteine, respectively.
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Structures and agonist activities of the various cross-linked analogs of peptide 7.

OXM Sequences Crosslinker structure Agonist activity (nM)2

GLP-1R GCGR

9 . . 0.20+0.05 0.74+0.30
Br Br

Bph (CL-1)
11 /—D—C)—\ 0.07+001 0.180.02
g N/ \ /7 -
Bpy (CL-2)
12 045+003 1.00+0.12
/ \
Br Alk (CL-3) Br
13 Ny 015+002 0.24%0.12
-
N

Br  phecL4) Br

14 O O 0.40+0.02 0.84+0.15

Br Br
mBph (CL-5)

a . . . -
Luciferase reporter assay was performed three times to derive mean 1C5( values and standard deviations.
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