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As a glucagon (GCG) receptor (GCGR) and glucagon-like peptide 1 (GLP-1) receptor (GLP-1R) dual ago-
nist, oxyntomodulin (OXM) has been attracting scientific attentions due to its efficacies of suppressing
appetite, increasing energy expenditure, and inducing body weight loss in obese humans. Based on the
scaffold of native OXM, specific helix-favoring amino acids substitutions and the consequent salt bridge
formations were believed to offer enhanced and balanced GCGR/GLP-1R activations through increasing o-
helical conformation. Novel OXM analogues are obtained by intramolecular lactam stapling of positions
[Glu16 & Lys20] or [Lys17 & Glu21] to further strengthen conformationally constrained stabilization. Even
though the lactam staple does not provide additional dual GCGR/GLP-1R activations in vitro, the stapled
OXM analogues are firstly reported to have higher or lower anti-PANC-1 cell proliferation activity, mean-
while which has no obvious inhibitory effect on the proliferation of HeLa cells. Therefore, it is speculated
that the stapled analogues may have the potential to inhibit the proliferation of specific cancer cell types.
Among the stapled peptides as well as their precursors, analogue 6 has the most prominent anti-PANC-
1 proliferation activity with the ICsg value of 115.1 pmol/L. Its mechanism of actions including effective

Keywords:

Oxyntomodulin analogues
Intramolecular lactam

Dual GCGR/GLP-1R activations
Anti-PANC-1 proliferation

signal pathways should be worth further investigations in future.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Oxyntomodulin (OXM) is a 37-amino acid peptide enteroen-
docrine hormone, which is secreted by L-cells of the small intes-
tine in response to nutrient ingestion. It has distinct effects, rang-
ing from regulating glucose metabolism, insulin secretion, to food
intake and energy expenditure along with other incretins [1]. Since
OXM binds and activates both glucagon (GCG) receptor (GCGR)
and glucagon-like peptide 1 (GLP-1) receptor (GLP-1R) in vitro,
it belongs to a beneficial GCGR/GLP-1R dual agonist. It has been
reported that OXM is superior to GLP-1R pure agonist for body
weight loss and glucose lowering effects in several preclinical stud-
ies, as the dual receptor activations could maximize the efficacies
herein [2].

Meanwhile, the activities of native OXM to activate GCGR
and GLP-1R in vitro were much weaker than the natural ligands
[3,4]. Structural modifications, e.g., site mutations, were generally
adopted to increase receptor bindings and activations [5-8]. In our
previous studies, specific substitutions by helix-favoring amino
acids and the consequent salt bridge formations based on the
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scaffold of native OXM were believed to offer enhanced and
balanced GCGR/GLP-1R activations through increasing «-helical
conformation [9]. So, it is quite interesting and challenging to ex-
plore the highly constrained OXM analogues with intramolecular
lactam stapling instead of non-covalent salt bridge [10]. Obviously,
the covalent lactam stapling in the middle of peptide sequence
provides much more strengthened and stabilized «-helicity than
the non-covalent salt bridge, that is supposed to enhance binding
affinities to each receptor [2,11].

As OXM could also regulate glucose metabolism, stimulate
insulin secretion, suppress food intake, and increase energy expen-
diture, it has become a prospective target for treating metabolic
diseases. Most of native OXM as well as modified analogues
have been frequently reported to be applied in the fields of
anti-diabetes and/or anti-obesity in pre-clinic and clinic tests
[12-14]. Interestingly, native OXM was also reported to inhibit the
activation of the NF-kB pathway and then attenuate neuropathic
pain induced by TNF-« [15]. In addition to type 2 diabetes and
obesity, novel synthetic OXM derivative, cotadutide, with balanced
dual agonisms was reported to significantly decrease liver fat, liver
volume and diameter in early phase studies, indicating that it may
have the potential to be a disease-modifying therapy for nonal-
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Table 1
Sequences and homology display of OXM, GCG, GLP-1, and exendin-4.

Peptides Sequence

OXM HSQGT FTSDY 'SKYLD' SRRAQ 'DEVQOW LMNT
K**RNRNN" 1A

GCG HSQGT FTSDY''SKYLD'’SRRAQ”'DEVQW "LMNT

GLP-1 HAEGT FTSDV'’SSYLE'"GQAAK 'EFIAW "LVKG
Rj(]

Exendin-4 HGEGT FTSDL'’SKQME "EEAVR’’LEIEW "LKNG

=30 oo 3D o
G”"PSSGA™PPPS

coholic steatohepatitis (NASH) [16]. Furthermore, albumin-binding
OXM derivative, S3-2, was identified to improve renal injury in
mice through activating GLP-1R and GCGR [17]. However, almost
negligible literature is available on the role of any OXM-based
activity of anti-cancer in vitro, much less in vivo.

Recent studies have disclosed the close correlations of type 2
diabetes to the higher incidence, accelerated progression, and in-
creased aggressiveness of many different cancers, such as breast,
colon, pancreatic, liver, endometrial, bladder and non-Hodgkin’s
lymphoma [18]. Moreover, various cancers are hormone-dependent
and cross-linked to metabolic alterations, which also significantly
increase the frequent occurrence of cancers observed in diabetic
patients. The co-occurring properties of hyperglycemia and insulin
resistance further consolidate the connections of diabetes and can-
cers, especially hormone-dependent types [19]. As previously re-
ported by our group, the modified OXM analogue with enhanced
and balanced dual receptor activations was observed to exhibit
significant hypoglycemic effects along with more insulin stimu-
lation and much improved insulin resistance in vivo [9]. So, we
are very interested in the exploration of cancer cell assays for
the analogues, especially the highly constrained analogues with in-
tramolecular lactam stapling.

Herein, we report the synthesis and biological cancer cell eval-
uations of a set of novel OXM analogues highly constrained by in-
tramolecular lactam stapling in the middle of peptide sequence.
One specific OXM analogue with lactam stapling is firstly observed
to have the prominent anti-PANC-1 proliferation activity with the
IC5g value of 115.1 pmol/L. Therefore, it is speculated that the sta-
pled analogues may have the potential to inhibit the proliferation
of specific cancer cell types. Its mechanism of actions including ef-
fective signal pathways should be worth further investigations in
future.

As described in Table 1, OXM comprises the entire 29-amino
acid sequence of GCG as well as a C-terminal octapeptide exten-
sion (IP-1 tail, intervening peptide, highlighted in blue), and dis-
plays high sequence homologies (bold and underlined) with other
incretin peptides, GLP-1 and exendin-4. According to the results
disclosed previously, 2-aminoisobutyric acid (Aib) at position 2
induced subsequent peptide stability against dipeptidyl peptidase
IV (DPPIV) hydrolysis, and Glu16-Lys17-Lys20-Glu21 were the best
substitutive residues for the middle sequence of the target pep-
tide. Furthermore, one modified analogue containing IP-1 tail and
the other containing truncated C-terminal decapeptide of exendin-
4 moiety (30-39, CEX, highlighted in green, Table 1) were both
identified to have enhanced and balanced dual receptor activations
(~40% and 60%, respectively) through chimeric peptide sequence
design [9]. These two analogues were preferably selected as the
lead peptides for the intramolecular lactam stapling in this paper.
The covalent lactam stapling in the middle of peptide sequence
offers much more strengthened and stabilized «-helicity than the
non-covalent salt bridge, which is expected to further enhance ac-
tivations to each receptor.

Based on the descriptions above, a set of analogues were pre-
pared accordingly with native OXM (analogue 1) sequence as a
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Table 2
Sequences of the modified OXM analogues with intramolecular lactam.

No. Sequence (X = Aib)
1 HSQGT FTSDY "SKYLD'"SRRAQ’'DFVQW’ LMNTK 'RNRNN""I

A’-NH,

2 HXQGT FTSDY'"SKYLD'*EKRAK’"EFVQW*° LMNTK "RNRNN*°T
A’-NH,

3 HXQGT FTSDY'"SKYLD"’EKRAK’"EFVQW* LMNTK "RNRNN*°T
A’-NH,

2 HXQGT FTSDY'"SKYLD'’EKRAK’’EFVOW* LMNTK "RNRNN"°T
A’-NH,

5 HXQGT FTSDY'*SKYLD'*EKRAK *EFVOW *LMNTG *PSSGA*°P
S*'-NH,

6 HXQGT FTSDY'"SKYLD'’EKRAK ’EFVOW LMNTG 'PSSGA’ P
S*'-NH,

7 HXQGT FTSDY'"SKYLD'*EKRAK ’EFVOW LMNTG 'PSSGA’ P
$*'-NH,

template. Fmoc Rink-amide resin (1%DVB, 100-200 mesh, sub-
stitution at 0.34-0.44 mmol/g, Tianjin Nankai Hecheng Sci. &
Tech. Co., Ltd.) was exploited as the solid support. Temporary N-
amino group was protected by Fmoc, which was readily removed
by freshly prepared 20% (v/v) piperidine in dimethylformamide
(DMF). All the protected amino acids, along with equimolar O-(6-
chloro-1-hydrocibenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hex-
afluorophosphate (HCTU) as the coupling reagent, were pre-filled
in the independent cartridges. Acyl activation in situ was accom-
plished with two-fold molar excess of N,N-diisopropylethylamine
(DIEA) in DMF within a couple of minutes. The acylation reactions
were performed for 20 min by nitrogen bubble with 6-fold excess
of activated amino acid relative to free amines of the resin. After
finishing the last cycle on machine, the obtained resin was col-
lected for selective deprotection of Alloc and OAll groups through
the reagent of Pd(PPhs), in the presence of dichloromethane. In-
tramolecular lactam stapling was accomplished by the coupling
reagents of benzotriazol-1-yl-oxytripyrrolidino-phosphonium hex-
afluorophosphate (PyBOP) and DIEA.

Cleavage of peptides from the resin was achieved by 95% tri-
fluoroacetic acid (TFA), 2.5% 1,2-ethanedithiol (EDT), and 2.5% wa-
ter (v/v) for 2 h at room temperature. After filtration, the peptide
was precipitated with cold ethyl ether, centrifuged, washed twice
with fresh cold ether, dried, resuspended in 5% acetic acid/20% ace-
tonitrile/water (v/v), and lyophilized. Analytical analysis was con-
ducted in 0.1% (v/v) TFA with an acetonitrile gradient on a Waters
Xterra@MS system by using C18 column (50 mm x 2.1 mm). The
crude peptides were purified by reverse-phase HPLC on a GE AKTA
purifier 100 system via a Vydac C4 or C8 column (2.2 mm x 25 cm)
in 0.1% (v/v) TFA using a linear gradient of acetonitrile. Fractions
containing the desired peptide were pooled and lyophilized. The
purity of each analog was confirmed by analytical HPLC analyses
(Area% > 95%, details see the Supporting information).

All the modified analogues with detailed site substitutions were
exhibited in Table 2. In the same way, 2-aminoisobutyric acid (Aib)
substituted at position 2 merely induces peptide stability against
dipeptidyl peptidase IV (DPPIV), and does not interfere with recog-
nitions and activations of the dual receptors. Besides the highly
reserved residues of Glu16-Lys17-Lys20-Glu21, analogue 2 contain-
ing IP-1 tail was the first lead peptide selected for intramolecular
lactam stapling. The two bold and double underlined residues
indicated the formation for lactam. The lactam stapling between
Glu16 and Lys20 produced analogue 3, and the lactam stapling
between Lys17 and Glu21 produced analogue 4, respectively. Fol-
lowing the same rationale, analogue 5 containing truncated CEX
moiety was selected to offer analogue 6 and analogue 7 in parallel.

All the modified analogues were tested in vitro for its abil-
ity to stimulate cAMP induction in Chinese hamster ovary (CHO)
cells over-expressing mGCGR or mGLP-1R. Cells were cultured in
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Table 3
Bioactivities of OXM analogues in mGCGR and mGLP-1R.
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Table 4
Bioactivities of OXM analogues in HeLa cell and PANC-1 cell.

Analogue mGCGR mGLP-1R

ECso (nmol/L) SD  Relative (%) ECsq (nmol/L) SD  Relative (%)

Analogue Hela cell inhibitory rate (%) PANC-1 cell inhibitory rate (%)

5 umol/L 25 pmol/L 125 pmol/L 5 pmol/L 25 pmol/L 125 pmol/L

Glucagon 0.35 0.03 100 /

GLP-1 / 0.22 0.03 100
1 5.83 0.46 6.0 12.10 405 1.8
2 1.01 0.09 34.6 0.64 0.10 343
3 0.84 0.12 41.6 0.54 0.13 40.7
4 0.96 0.10 36.5 0.61 0.08 36.0
5 0.52 0.06 67.3 0.34 0.02 64.7
6 0.49 0.07 714 0.30 0.04 733
7 0.51 0.06 68.6 0.33 0.03 66.6

minimum essential medium (MEM, Gibco) supplemented with 10%
(v/v) fetal bovine serum (FBS, Gibco) at 37 °C, 5% CO,. After cell
seeding and cell lysate preparation, 40 pL of each analogue was
placed in appropriate wells. The CAMP concentrations in each sam-
ple were tested by following the manufacture’s instruction. Detect
the fluorescence signal at Ex 490 nm and Em 530 nm. Converse
the fluorescence signal to cAMP concentration by the cAMP stan-
dard curve. The dose-response curve and ECsq value were plotted
and calculated by GraphPad Prism version 7.0 for windows (Graph-
Pad Software, Inc. La Jolla, CA). The results were shown in Table 3.
Quite similar to the previously disclosed, the two lead peptides,
analogue 2 and analogue 5 were both observed to have compa-
rable and balanced dual receptor activations, demonstrating the
truncated CEX moiety should be better than IP-1 tail for dual activ-
ities. Their lactam stapled derivatives exhibited similar but a little
bit better profiles to their precursors. Obviously, the stapled ana-
logues with truncated CEX moiety still show better dual receptor
activations than the stapled analogues with IP-1 tail. Especially, the
lactam formation between Glu16 and Lys20, analogue 6, shows the
best dual receptor activations.

Even though the lactam stapling did not significantly enhance
receptor activations in vitro as expected, all the analogues were
secondarily evaluated in two kinds of cancer cell assays, HeLa cell
and PANC-1 cell as well.

The PANC-1 pancreatic cancer cells or HeLa cells in the logarith-
mic growth phase are suspended at a density of 4 x 10* cells/well,
then placed in the incubator. After culturing for 24 h, the experi-
mental groups are added with peptides dissolved in DMSO diluted
with a medium containing 2% FBS, and the final dose concentration
of which are 5, 25 and 125 pmol/L. At the same time, 0.1% DMSO
control group and a cell-free blank group are also set up. After cul-
turing the cells for 48 h, 10 pL of CCK-8 reagent is added to each
well under dark conditions, followed by being incubated for 4 h in
the incubator. The absorbance of each well is directly measured at
450 and 690 nm with a microplate reader to calculate the cell pro-
liferation inhibition rate. There are 3 duplicate holes in each group,
and the experiment is repeated for three times. The calculation for-
mula of the cell proliferation inhibition rate is as follows:

Cell proliferation inhibition rate (%)= [(Acontroi-Asample )/(Acontrol-
Aplank)] x 100%

All absorbance values (A) in the formula are the values obtained
by subtracting the reference wavelength (690 nm) from the mea-
sured wavelength (450 nm), where the A g0 Tepresents the value
of DMSO group, Apanc represents the absorbance of the culture
medium without cells, and the Agnpe represents the absorbance
value of the sample.

According to the data obtained, all the analogues did not show
any obvious inhibitory effect on the proliferation of HeLa cells un-
fortunately. Meanwhile, all the peptides showed higher or lower
anti-PANC-1 cell proliferation activity with 5-FU as the positive

5-FU 914 89.2 90.9 49.6 59.9 78.6
1 -139 -2.0 -19 7.6 7.7 19.5
2 0.9 0.9 -27.0 6.0 28.1 34.2
3 -22.7 -0.8 -15.8 7.4 12.9 25.2
4 0.5 -11.6 1.2 15.2 24.7 29.5
5 -14.6 -0.9 3.8 6.8 154 289
6 -2.0 -4.7 -1.9 9.0 27.0 61.1
7 -6.0 -4.5 -3.5 12.4 22.2 271
60+
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Fig. 1. Dose titration of analogue 6 in anti-PANC-1 cell proliferation assay.

control (Table 4). However, only analogue 6 was observed to ex-
hibit apparent dose dependent manner under the concentrations.
Further dose titration indicated that analogue 6 had the most
prominent anti-PANC-1 proliferation activity with the ICsy value
of 115.1 pmol/L (Fig. 1). Therefore, it is speculated that the sta-
pled analogues may have the potential to inhibit the proliferation
of specific cancer cell types. Its mechanism of actions including ef-
fective signal pathways should be worth further investigations in
future.

In summary, analogue 6 containing intramolecular lactam sta-
pling, with comparable and balanced dual receptor activations, is
firstly observed to have the prominent anti-PANC-1 proliferation
activity. It is speculated that the stapled analogues may have the
potential to inhibit the proliferation of specific cancer cell types. Its
mechanism of actions including effective signal pathways should
be worth further investigations in future.
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