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Highlights

» Twenty-four glucagon-like peptide-1/glucagon receptilual agonists were designed and
synthesized.

» Compound 4d behaves well in lowering body weighd amaintain energy expenditure in DIO
mice.

» 4d showed notable diabetes-protective effectspe 8/diabetic mice.

» No hyperglycaemia effect were observed in the OGf4d.
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ABSTRACT

Glucagon has plenty of effects via a specific gharareceptor(GCGR) like elevating the
blood glucose, improving fatty acids metabolismergy expenditure and increasing lipolysis
in adipose tissue. The most important role of giocais to regulate the blood glucose, but
the emergent possibilities of hyperglycaemia issextlucagon could also slightly activate
glucagon-like peptide-1 receptor(GLP-1R), whichdléa blood glucose lowering effect. This
study aims to erase the likelihood of hyperglycaemmd to remain the inherent catabolic
effects through improving GLP-1R activation andedierating GCGR activation so as to
lower the bodyweight and show diabetes-protectiiects. Firstly, twelve cysteine modified
GLP-1/GCGR dual agonists were synthesizéd ?). Then, the GLP-1R/GCGR mediated
activation and biological activity in normal ICR oei were comprehensively performed.
Compounds substituted by cysteine at position®232and 25 in glucagon were observed to
be better regulators of the body weight and blobctase. To prolong the half-lives of
derivatives, various fatty side chain maleimidesrevenodified to optimal glucagon
analogues. Laurate maleimide conjugdtewas the most potent. Administration of 1000
nmol/kg 4d once every two days for a month normalized adigaaid glucose tolerance in
diet-induced obese (DIO) mice. Improvements in mpkasmetabolic parameters including
insulin, leptin, and adiponectin were observed. sehstudies suggest that compoutal
behaves well in lowering body weight and maintagn@mergy expenditure without a chance
of hyperglycaemiadd has strong clinical potential as an efficient GL/ACGR agonist in

the prevention and treatment of obesity and dydipiia.
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1. Introduction

The global number of patients with diabetes wagepted to increase to 366 million by 2030,
while more than 80% of patients with type 2 diabetee obese [1]. Glucagon-like peptide-1
(GLP-1) is a potent hypoglycemic hormone, emphas&great opportunity for the treatment
of diabeteg(Figure 1) [2]. GLP-1 has a lot of benefits in a glucose-dejem manner like
promoting insulin secretion, reducing blood gluc@s®l delaying gastric emptying via a
glucagon-like peptide-1 receptor (GLP-1R) [3, 4pwever, studies have found that it is
difficult to further improve hypoglycemic activitif GLP-1R is activated merely when a
certain point reached, meanwhile, nausea, vomiing other adverse reactions may be
caused [5]. Derived from processing of proglucalije GLP-1, glucagon is a 29-amino acid
pancreatic hormone secreted in the islets alphés dé]. Via a specific glucagon
receptor(GCGR), glucagon could raise the blood agacto be the emergency treatment of
severe hypoglycaemia, but emergent possibilitiesyperglycaemia is exist [7]. Meanwhile,
glucagon has versatile effects on hepatic glucostalmolism, renal, glucagon affects the
cardiovascular, pulmonary, gastrointestinal systarascular and gastrointestinal smooth
muscle [8], like increasing lipolysis in adipossstie, and glucagon acts as a regulation of

insulin to raise the blood glucose [9].

Oxyntomodulin (OXM), a 37-amino acid hormones coniteg the entire 29-amino acid
sequence of glucagon followed by other eight amaitid carboxy-terminal extensigrigure

1), has been known as a GLP-1R/ GCGR dual agonisteédaces the body weight, lowers



the lipid and so on [10]. OXM could slightly actteaGLP-1R which lead to lower blood
glucose [11]. But the likelihood of hyperglycaensanot completely erased [12]. Meanwhile,
just like the endogenous GLP-1, the half-life of ®@Xor glucagon is very short, which
accounts for the rapid metabolic degradation aimdihtion by kidney filtration [5, 13]. Aim
to improve the GLP-1 activation, we modified theisture of glucagon, to deteriorate GCGR
activation and combine good GCGR and GLP-1R adtimanh a single peptide so as to the
activation of GCGR will induce catabolic effects ialin favor these on weight loss products
[14], while GLP-1R activation will modulate glucoseomeostasis [15], along with
eliminating the possibility of hyperglycaemia. Tieesed hypoglycemic property of GLP-1R
activation would minimize the potential diabetogenisk of excessive GCGR activation,
proper GCGR activation would help promote the Mtaol and thermogenic properties

[16-18].

For another, the N-terminal sequence of nativeagjoa is highly conserved, and positions 8,
9, 16 and 18 are noteworthy in maintaining glucagotivity [18, 20, 21]. It also achieves a
degree of selectivity from its C-terminal residuasd a significant contribution is made by
the C-terminal acid [18]. In preliminary study, \wave studied that the fatty acid side chain
helps the molecules to interact with the albumintisat the half-time of GLP-1 could be
prolonged to ~18 h or even longer [19]. And ourugraontrived a method to modify the
peptide rapidly and quantitatively through cystej@2-24], maleimide modified fatty acid
chain was attached to the cysteine through thd trmup with high chemoselectivity to
prolong the half-lives of peptide analogues. Thaef in the present study, the middle

section of glucagon was modified and substitutedcysteine at positions 19-30 to afford
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twelve glucagon peptide analogu@sgure 1). A key question is, how the sensitivity of
glucagon single amino site on receptor activatiomd éhow to find more balanced
GLP1-R/GCGR agonist, and even further provide guidafor further GLP-1R/GCGR
agonist design. Consequently, through cysteine reocgn 1-12 was synthesized. The
GLP-1R/GCGR mediated activation and biological \ati in normal ICR mice were
comprehensively performed to trace the better etgts of blood glucose and body weight.
GLP-1 exists as 30 amino acids, C-terminally aneidadeptide (GLP-1(7-36)-Ni or as the
glycine-extended form, GLP-1(7-37). The formerhis predominant form in human plasma
being[25-27]. In this study, all of peptides arete@minally amidated peptides to activate
GLP-1R more effectively. To prolong the half-live peptide analogues, various fatty acid
chains with maleimide were added to optimal cystemodified glucagon analogues to
synthesize long-acting compounds. The GLP-1R/GCGRaion and biological activity
were also explored. The most potent conjugates sugerior hypoglycemic activity and long
term effects were identified. In addition, the nos@mpounds could be used to control blood
glucose and reduced body weight in diet inducedsel®I10) mice. Simultaneously, the

beneficial influence to liver morphology and ovémalergy balance were also observed.

Put Figure 1 here.

Put Figure 2 here.

2. Results



2.1. Receptor activation by GLP-1/GCGR dual agonist

Cyclic adenosine monophosphate (CAMP) is the pmiymeifector of GLP-1R induced
glucose-dependent secretion of insulin or GCGR éadwlycogenosis and gluconeogenesis.
Each peptide was tested for its ability to stimeileAMP release via GLP-1R and GCGR in
HEK293 over expressing human GLP-1R or GC@Rble 1) Native glucagon activated
GCGR half maximally at an effective concentrati&C4y) of 0.97 + 0.15 nM and activated
GLP-1R with an EG of 7.70 +0.29 nM. OXM had weak activation both G€GR and
GLP-1R. Most of the glucagon analogues were obsdetweslightly diminish activation on
GCGR and to improve that on GLP-1R compare to gjaoa Peptide5 and 7 showed
comparable activation on GCGR with 2 or 4-fold ¢geeathan that of native glucagon
respectively, suggesting that these positions cbeldnodified to further improve GLP-1R
potency while remaining GCGR activatidn. particular, compound showed a remarkable
8.17-fold increase in GLP-1R potency and slightlgluced potency at GCGR compared with
glucagon, cysteine substitution of glutamateild improve GLP-1R receptor activation
potency while maintaining GCGR potency. Howevermpounds1, 6, 8, 10 and 11
substituted by cysteine at positions 19, 24, 26a28 29 respectively, had lower activation
on GLP-1R relative to glucagon, especially compaur] 11 Compound40andl11 almost
lost activation on GLP-1R, indicating that thesteesimay be sensitive to GLP-1R and not
suitable for replacement. And compouhd lost its activity on both GLP-1R and GCGR,
suggesting that the original residue was important maintaining GLP-1R and GCGR

activation.



Put Table 1 here

2.2. Oral glucose tolerance test (OGTT) measurement GLP-1/GCGR dual agonists in

normal ICR mice

In vivo test, glucose tolerance test was firstlyf@ened to evaluate peptides response to
glucose. Before the OGTT, the Dose of dual agomist® explored between 100, 500, 1000
and 1500 nM/kg, while 1000 nM/kg (3.5 mg/kg) pref@d best. GLP-1 is not included in the
assay cause its short half-life. As showrfigure 3, blood glucose levels &, 5, 7 treated
mice were significantly lower than those of 0.9%nsatreated control mice at 30 and 60 min
after glucose administration. It is stated cledHgt glucagon analogues 5 and 7 could

maintain the blood glucose level in a proper range.

Put Figure 3 here.

Put Figure 3A .csv here

2.3. Acute food intake in ICR mice

Slimming drugs mainly reduce weight through appetiippression and energy metabolism

promotion. The anorexia effect of the GLP-1/GCGRidagonists was monitored in normal
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fasted ICR mice and compared with glucagon. As shiowFigure 4, most of the peptides

reduced food intake in the first hour after adnimaison compared with 0.9% saline control.
Glucagon almost lost its anorectic effect at 2hdAh 5, 7 treated mice had a greater
anorectic effect than other peptides for up toAhthe peptides had no significant difference

of cumulative food intake for up to 24h (data rodwn).

Put Figure 4 here.

2.4. Chronic effect on body weight in ICR mice of\eery other day dosing by 1-12

To further evaluate the peptides effect on bodyghteii.p administration of normal saline,
glucagon orl-12 at 1000 nmol/kg(~3.5 mg/kg) every other day inmnar ICR mice for two
weeks(Figure 5A). The dosage of 1000 nmol/kg in vivo test was chasecording to the
OGTT test formerThe weight of all the mice increased after treatirtgecause the mice
were in growth period which is hard to avoid. Amdhgm, mice treated, 5 or 7had lower
weight gain than normal saline after two weeks (801109, 2.56+0.02g, 3.37+0.18g and
4.90+0.26g for4, 5, 7 and normal saline, respectively) (P < 0.01), intinca these
compounds may have good weight control potencysi®vn inFigure 5B, the dynamic
body weight change of the excellent compouads and 7. The body weight ob treated
mice increased slowly versus saline-treated aninilsce the day 6, thB treated mice

weight barely increased and remained stable.
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All the experiments above indicating thgt5 and 7 were the most poter@LP-1/GCGR
dual agonists Furthermore, to prolong the life-lives of pepta@alogues, various fatty acid

chains with maleimide were modified through cysteiesidue to afford novel compounds.

Put Figure 5 here.

Put Figure 5B .csv here

2.5. Glucagon and GLP-1 receptor-activation by shdrfatty chain glucagon-related

conjugates

Each conjugate was also tested for its ability tiogate cAMP release via GCGR and
GLP-1R in HEK293 cells over expressing human GLP-@R GCGR. Most of the
glucagon-related conjugates maintained high GCGRAER activation #icacy in this assay
except fors5¢c(Table 2) The receptor activation potency 4¢, 5c and 7c conjugates were
markedly less potent thate, 5a, 7a, 4b, 5b and7b, indicating that the longer fat chain may
lead to weaker receptor activation. The reason loeathat their solubility was reduced and in
turn the receptor activation potency was weakerrdier to improve the receptor activation,
hydrophilic carboxyl group was introduced to th&yalchain. The cAMP release results

showed the fatty acid glucagon-related conjugata®wnore potent than fat chain conjugates
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as expected. In particulatd showed a remarkable 7.93-fold increase in GLP-afenxry and

a little GCGR potency loss compared with glucagon.

Put Table 2 here

2.6. Oral glucose tolerance test (OGTT) in ICR mice

OGTT was performed to evaluate the ability to ratgiblood glucos€rigure 6), which is
the premise and guarantee for the further rese@cmpared with control (salinedd, 5a
and7d exhibited moderate hypoglycemic effects. Theiratalty to maintain normal glucose
levels over longer durations was further explorsohg a multiple oral glucose tolerance test
in ICR mice. As shown ifrigure 6, 4d exhibited somewhat blood glucose lowering activity

for the significant decrease in the area undereeu®o didba and7d, data is not shown here.

Put Figure 6 here.

2.7. Energy balance physiology measurements in DIQice

Considered its preliminary pharmacodynamid,and 7d were chosen to further evaluate
energy metabolism in DIO mice model. 1000 nmol/kg(®g/kg)of peptidestd and7d were
intraperitoneal injected daily for five dayiigure 7). In this experiment, daily injection was

chosen in view of the drug life-time. The injectsodecreased body weight of DIO mice by

12



1.452+0.2 g for4dd compared to control increased by 1.75+0.12 g (PRO(Bigure 7D).
Energy expenditure, however, was increased with(19.83+3.67 kcal/(kg)) and 7d
(17.46+3.90 kcal/(kg:H)) compared to saline(15.47+2.22 kcal/(k§:hP <0.01, and the
respiratory quotient tended to be decreadadure 7B, C) (0.807+0.069, 0.820+0.06 and
0.832+0.05 for4d, 7d and control(saline), respectively), which indicatidat increased
thermogenesis and altered nutrient partitioning reaglain the overall negative energy
balance. Increased energy expenditure was not iagsbowvith a change in spontaneous
physical activity—induced thermogenesis since lomtmm activity did not differ between
treatment groups and contrgligure 7A). Automated online monitoring of acute feeding of

food intake did not reveal any differences in faoike (Figure 7E).

Put Figure 7 here.

2.8. One-month therapy in DIO mice

In a follow-up experiment, we tested the weighsleffect of chronic treatment dfl or 7d.
Considering the mice tolerance, we chose everyrathg injection of4d and7d for one
month. The injections decreased body weight of Diide by 3.59+0.15 g fo4d compared
with control increased by 1.66+0.32g (P<0.Q&lgure 8A). 7d treated mice also decreased
body weight of 0.19+0.36g. And long-term effectstioése conjugates on food intake were
not statistically significant either (data not slwOGTT performed on day 0 and 30

revealed that glucose tolerance was significanity @mparably improved in both treatment
13



groups(Figure 9), especiallydd. Furthermore, basal blood glucose levels were atized

by chronic treatment with either peptid€igure 9C, t = -30, Omin) The body weight
changes were associated with the white adiposge((égAT) cell in the same area, as shown
in Figure 8B, the number of WAT cell per nfmvere increased because the reduction of the

cell size.

Put Figure 8 here.

Put Figure 9 here.

2.9. Chronic treatment improves metabolism

Several other metabolic parameters in plasma weceimproved by chronic treatment with
the peptideqTable 3). After treatment, the serum levels of leptin arttipanectin, two
important adipocytokines secreted from white ad#ptissue, were also altered. Increases in
adiponectin and leptin correlated with the decréasgiposity observed at the end of the
study in each treatment group. So does decreasesufin levels. Reduced cholesterol and
decreased hepatic lipid droplets s{Eggure 10) relative to control(saline) were also noted,
especially for animals treated withd. But these peptides had no significant effect on

triglycerides.

Put Table 3 here.
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Put Figure 10 here.

3. Conclusions

In the present study, with the specific aims ofiagathe likelihood of hyperglycaemia and to
remain the inherent catabolic effects through inaprg GLP-1R activation and deteriorating
GCGR activation, optimizing GCGR/GLP-1R activatitmdevelop long-acting therapeutic
agents for diet induced obesity, dyslipidemia arabetes mellitus. We firstly designed and
prepared a series of novel cysteine replaced ghucagalogues. The initial GLP-1R/GCGR
activation experiments provide direct evidencehef televant structure-function relationship
of glucagon. Compounds8, 4, 5 7 and 12 exhibited increased GLP-1R activation and
preserved GCGR activation well relative to glucggarhich shows these changes are
beneficial. Two positions essential for GLP-1 reutign were found in this study,
compoundslO, 11 almost had little activation at GLP-1R, indicatitigat these residues are
sensitive to GLP-1R. Because Phis critical residue for receptor binding and aation on
GLP-1R[28]. And compoundO not only lost its potency at GLP-1R but GCGR, ssjog
that this position is important for maintain GLP-HRd GCGR activation. The peptide in
vivo results including OGTT and acute food intakel ahronic study correlated well with

peptides’ EGy and rate of GLP-1R/GCGR activation.

Then, various fatty side chain maleimides were dddeoptimal4, 5, 7 to prolong peptides
lifetime by increased interaction with serum albof®d, 30]. Although the negligible

reductions were observed in receptor activatiba,and 7d still showed well-preserved
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weight-lowering and lipid-regulation effects. Thene-week therapy (the energy balance
physiology measurements) and one-month therapyifahtreatment) in DIO mice further
confirmed thatdd had a significant effect in weight loss and eneegpenditure increase.
Chronic treatment o4d also lowered body adiposity and hepatic lipid detpin DIO mice.
As expect, the hyperglycemia-promoting effect4dfis not observed in either one-week or
the chronic study, supporting the hypothesis thatibcreased GLP-1R activation of these
molecules opposes and potentially neutralizes G@t&Riated diabetogenic effects. These
preclinical studies indicate that when full GLP-l&ttivation is augmented with an
appropriate degree of GCGR activation, weight rédaccan be substantially enhanced
without any overt adverse effects. The weight rédacis directly related to the two
receptors activation. But how much relative recepictivity is optimal for clinical benefit

remains inaccurate and more study is needed.

In summary, this study shows that compodudhas strong clinical potential as an efficient
GLP-1/GCGR agonist exhibits weight-lowering, lipielgulation and diabetes-protective
effects and plays an important role in the prewenand therapy of diet induced obesity and
dyslipidemia. The present study also demonstrdtas CGR and GLP-1R are potential
targets for drugs lowering body weight and protegtdiabetics. Modification of glucagon

offers a useful approach to balance GCGR/GLP-1Rva@n and to develop therapeutic

agents for weight-lowering and diabetes-protective.

4. Materials and Methods

4.1. Materials and Animals
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Reagents and materials were purchased from thewioly companies: Fmoc Rink
amide-MBHA resin and Fmoc-protected amino acids,Beichem (Shanghai, China); HPLC
grade acetonitrile and methanol, Merck (Darmst&dtrmany); cAMP dynamic kit, Cishio
(Perkin-Elmer); All other reagents, unless otheewisdicated, were obtained from
Sigma-Aldrich Co. (Saint Louis, MO, USA) and usesl raceived. Microwave irradiation
procedures were performed in a discover focuseglesimode microwave synthesis system
(CEM, NC, USA), which produced continuous irradhatiat 2450 MHz HPLC analysis and
purification were performed on a Shimadzu 2010C HRyS&tem and a Shimadzu LC-10
preparative RP-HPLC system, respectively. ESI nsaestra were obtained with a Waters
ACQUITY UPLC system (Milford, MA, USA). ICR mice (aie, 6 weeks old) and C57BL/6
mice (male, 6weeks old) were purchased from the 2oative Medical Center of Yangzhou
University (Jiangsu, China). Animals were housedroups of six in cages under controlled
temperature (22 £ 2C) and relative air humidity (set point 50%) witli2 h light:12 h dark
cycle. Tap water and standard laboratory chow weowided ad libitum throughout the
study. All animal experimental protocols were ame by an ethical committee at China
Pharmaceutical University and conducted accordinthé Laboratory Animal Management
Regulations in China and adhered to the GuideHerGare and Use of Laboratory Animals
published by the National Institutes of Health {sed 2011). The experiments were
conducted in such a way that the number of aninmsdsl and their suffering was minimized.

Prior to the blood sampling, animals were anesthdtwith diethyl ether.

4.2. Synthesis and HPLC Purification of Compounds 12.

17



Peptidesl-12 were prepared and purified using previously desdrimethodology[31, 32].
Fmoc Rink amide-MBHA resin (0.015mmol) was deprtgdowith 20% piperidine in 5 mL
of DMF for 4 min under microwave irradiation (migvave power of 10W). A mixed
solution of 0.045mmol of first amino acid, 0.045mnedIHBTU, 0.045mmol of HOBt, and
0.090mmol of DIPEA dissolved in 4 mL of DMF was add The mixture was bubbled with
N, for 10 min under microwave irradiation (10W) andshed with DMF. Deprotection and
coupling were repeated with the relevant Fmoc-gtett amino acids, and peptides were
cleaved with 7 mL of reagent K (TFA/thioanisole/adphenol/EDT, 82.5: 5: 5: 5: 2.5) for
1.5 h at room temperature. The crude peptides weréed using a Shimadzu preparative
RP-HPLC. Samples were injected into a Shimadzu€&rse phase columny®, 340 mm

x 28 mm) and purified using a linear gradient fro@963to 75% phase B (acetonitrile and
0.1% TFA) over 30 min (phase A (water, 0.1% TFA)adlow rate of 5.0 mL/min with UV
detection at 214 nm. Compounds were obtained vpiinaximately 97% purity, as estimated
by HPLC analysis. The molecular mass of the purifiedtides was confirmed by LC-MS.
The analytical condition was as follows: Acquity LPHSS T3 column (1.8m, 2.1 mm *
100 mm, Waters); a linear gradient of mobile phas25% B (mobile phase A: water with
0.2% formic acid, mobile phase B: acetonitrile witt2% formic acid) in 3.5 min at a flow

rate of 0.3 mL/min with ultraviolet (UV) detecti@t 214 nm.

4.3. General Procedure | for Preparation of Compouds 13-16

Different fatty chain and 1.2mol of maleic anhydyich 20 mL of acetic acid were stirred at

120°C for 6h(Scheme.l) The reaction mixture was based with saturated G@&-hfter

18



cooling to room temperature and little yellow sali@ned. The solid was filtered and washed
with little water. 13-16 were prepared and purified using previously desdrib

methodology[33].

Put Scheme 1 here.

1-Hexyl-1H-pyrrole-2,5-dione (C6 fatty chain-maleimid&3{

'H NMR (DMSO-ds, 300 mHz):5 6.97 (s, 2H,COCH=CHCO), 3.39 (t, 2H,= 7.1 Hz,
NCH,), 1.49-1.45 (m, 2H,NC}Hx(CH,)sCHs), 1.23 (s, 6H, NCHCH,(CHy)sCHs), 0.90 (t,

3H, J = 6.3 Hz, NCHCH,(CH,)3CHs); MS(ESI, m/z): 181.3 [M+H]
1-Dodecyl-H-pyrrole-2,5-dione (C12 fatty chain-maleimidé))

'H NMR (DMSO<ds, 300 MHz):6 7.01 (s, 2H, COCH=CHCO), 3.39 (t, 28,= 7.1 Hz,
NCH,), 1.49-1.45 (m, 2H, NCIHx(CH,)oCHs), 1.23 (s, 18H, NCHCH,(CH,)sCHs), 0.85

(t, 3H,J = 6.3 Hz, NCHCH(CH,)sCHz); MS(ESI, m/z): 265.8 [M+H]
1-Hexadecyl-H-pyrrole-2,5-dione (C16 fatty chain-maleimid&p)

'H NMR (DMSO-s, 300 MHz):5 7.01 (s, 2H, COCH=CHCO), 3.38 (t, 28,= 6.2 Hz,
NCH,), 1.49-1.45 (m, 2H, NCHCHx(CH,)1sCHs), 1.23 (s, 26H, NCHCHx(CHy)1sCHa),

0.85 (t, 3H,J = 6.4Hz, NCHCH,(CH,)13CH); MS(ESI, m/z): 322.0 [M+H]

12-(2,5-Dioxo-2,5-dihydro-Hi-pyrrol-1-yl) dodecanoic acid (C12 fatty chain aonleimide)

(16)
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'H NMR (DMSO-s, 300 MHz):6 11.00 (s, H, COOH), 7.01 (s, 2H, COCH=CHCO), 3139
2H, J = 7.1 Hz, NCH), 1.49-1.45 (m, 2H, NCICH(CHp)CHs), 1.23 (s, 18H,

NCHzCHz(Cﬂz)gCHg); MS(ES|, m/z): 295.3 [M - H]

4.4. General Synthetic Route of fatty side chain d6LP-1 conjugates (4, 5, 7-a, b, c, d).
Cysteine modified peptided,(5 and 7, 5 umol) were conjugated with fatty side maleimides
(13-16 12 umol) in 5 mL of 0.05 M sodium phosphateffau, pH 7.0, as previous reported
(Scheme.2R4]. The structure of conjugates are showrfigure 2. The reaction mixture
was stirred at 20 °C underNor 1.5 h until HPLC confirmed completion. Crudengmates
were purified on a Shimadzu preparative RP-HPLCesystising a Shimadzu C18 reverse
phase column (&m, 340mm x 28mm) equilibrated in phase A (watet%®TFA) and eluted
with a linear gradient of 35-85% phase B (acettejtD.1%TFA) over 30min at a flow rate
of 5.0mL/min with UV detection at 214 nm. The purif each synthetic peptide was above
95%. The analytical condition was as follows: AdgWwPLC HSS T3 column (1.8:m, 2.1
mm * 100 mm, Waters); a linear gradient of mobitexge 5-95% B (mobile phase A: water
with 0.2% formic acid, mobile phase B: acetonitwéh 0.2% formic acid) in 3.5 min at a

flow rate of 0.3 mL/min with ultraviolet (UV) detgon at 214 nm.

Put Scheme 2 here.

4 5. GCGR and GLP-1R mediated cAMP release
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a) Construction of GLP-1 receptor retroviral exgres plasmid: Preparation of a large
number of retroviral vector pBABE-puro plasmid witpuromycin resistance and
pMSCV-sulfuric acid GLP-1 receptor plasmid contagiiGLP-1 receptor full-length cDNA
sequence. The primers of GLP-1 receptor gene wgrthesized by Shanghai Shenggong
Biology Co. Ltd. and the ends of the receptor gemee digested with EcoRI and Ncol
respectively. The target gene sized 1.7 kb was iiethby PCR while the template was the
pPMSCV- sulfuric acid GLP-1 receptor plasmid presg¢ie. The PCR product was digested
with the restriction endonuclease EcoRI and Ncod then the TaKaRa DNA Ligation Kit
(TaKaRa Biotechnology Co. Ltd. Dalian) was useadaanect the PCR target gene and the
pBABE-puro empty vector for the product named pBABEA. The recombinant was
transformed into Escherichia coli DHTompetent cells and cultured in LB solid medium
containing Ampicillin and selected for positive s of Ampicillin. Transfection can be

identified by PCR and restriction endonucleasestigae and sequencing.

b) Preparation of retrovirus: 24 h before transéegtPhoenix 293 cell plate culture, about 70%
-80% fusion when the plasmid transfection. Trypgdigests Phoenix 293 cells and seeded
into 6-well plates in 2 x 105 cells / well and ibated to about 70-80% when cultured to
about 1 mL of serum-free antibiotic Opti-MEM mediughl of plasmid DNA and SuL of
Lipofectamin 2000 Reagent were diluted with 180 serum-free antibiotic Opti-MEM
medium, respectively, standing for 5 min and mix&de mixed solution was added to a
6-well cell culture plate. 4-6 h after the orifigdate to replace the complete medium to

continue training for 48 h. After the virus was guced in Phoenix 293 cells, the virus
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supernatant was collected by centrifugation andepted from light at 4 ° C after filtration

using a 0.4um pore size filter.

c) The establishment of stable expression of asedist normal HEK293 cells in the six-well
plate, 2 x 18 cells each hole, cultured 24h, followed by addinglL each virus supernatant
and Polybrene (final concentration ofu§/mL). Cultured in the 32 incubator after 30min
centrifugation with 1000 rpm at room temperaturdy $ater the medium was replaced to
normal, 371 culture 48 h. In order to obtain a stable virueated cell line, 0.4%g / mL of

puromycin was added to the platelet for one week.

d) Human embryonic kidney (HEK293) cells transfdctéth either the human GLP-1R or
the human GCGR, were used to assess effects on g#btRiction[14, 34]. 2 h before the
test started, cells were plated in 96-well halfaarsolid black microplates. The conjugates
were solubilized in DMSO and further diluted in med containing 0.1% BSA fraction V
(Genview Scientific, Florida, USA). The maximumdlrDMSO concentration in the assay is
0.1%. Add the resulting solution to cells and iratebfor 20 min, then assayed for cAMP
using the kit with homogenous time-resolved fluoegse technology (Cisbio, Bedford, MA,
USA) tested by an Envision 2104 Multilabel Readecoading to the manufacturer’'s
instructions. The potency of the conjugates (EC&0as) was calculated by sigmoidal curve

fitting using GraphPad Prism version 5.0 (GraphPadh Diego, CA, USA).

4.6. Glucose tolerance test in normal ICR mice

ICR mice were acclimatized to laboratory conditiémsat least one week and handled daily

before the first study, during which time they riged two injections of saline to minimize
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stress on the study days. For the determinatigjiugiose tolerance, the mice (8weeks, male)
were subjected to 12h of fasting. At 0.5h priorthe oral glucose forced loaded (2g/kg
glucose in 0.9% w/v saline), mice were administeghgcagon, glucagon analogues or
glucagon-related conjugates (1000 nmol/kg) intriameeally (O min). The blood glucose

levels were measured at the tip of tail by a halbdlggucometer (Sannuo Changsha,

Changsha, China) before -30min and at 0, 15, 309®@nd 120min after injection.

4.7. Acute feeding studies in normal ICR mice

For each study, animals (9 weeks, male) were fedtgoreceding the injection. All peptides
were dissolved in 0.9% saline, and 0.9% saline admsinistered as a control injection. After
intraperitoneal injection (0 min), animals wereureed to their home cages containing a

preweighed amount of food that was reweighed at1).3, 4, 8, and 24h after injection.

4.8. Chronic food intake and body weight change stly in normal ICR mice.

Mice (10 weeks, male) were grouped to treatmenumgobased on their body weight,
randomly. The mice were administrated glucagon,trobn(0.9% saline) or glucagon
analoguedl-12 intraperitoneally at 1000 nmol/kg every other day14 days. Body weight

and food consumption were also measured every day.

4.9. Energy balance physiology measurements.

Energy intake and expenditure, as well as home-aatieity, were assessed by a combined
indirect calorimetry system (TSE Systems), €@nsumption and C{Oproduction were

measured every 30 min for a total of 120h (inclgd2® h of adaptation) to determine the
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respiratory quotient and energy expenditure. Foudke was determined continuously for
120h at the same time as the indirect calorimetsgssments by integration of scales into the
sealed cage environment. Home-cage locomotor #ctiwas determined using a
multidimensional infrared light beam system witrailms scanning the bottom and top levels

of the cage, and activity being expressed as beaaks.

4.10. Chronic study in DIO mice

C57BI/6 mice were fed on either low fat diet (D12490% kcal from fat; Research Diets) or
high fat diet (D12492: 60% kcal from fat; Reseabts) in a 12h light/12h dark cycle for
12 weeks. The average weight of lean mice was 28t hirty DIO (20 weeks, male) mice
(body weight ~38g, diet D12492) were infused ingr@oneally with4d (3.79mg/kg, 10
mL/kg), 7d (3.80mg/kg, 10 mL/kg), glucagof8.48mg/kg, 10 mL/kg), OXM4.45mg/kg,
10 mL/kg) or 0.9% salingl0 mL/kg) every other day at 9 o’clock in the magfor 30

days. Body weight, food consumption and waterkietaere also measured every day.

4.11. Biochemical analyses

At the end of the study, blood samples were cadldetia arteria carotis under anaesthesia by
sodium pentobarbital and sera separated subsegde@nturther analyses. Insulin, leptin and
adiponectin were measured by ELISA (Nanjing JianghBioengineering Institute, Nanjing,
China). Plasma triglyceride and total cholesteretexdetermined using an Olympus AU400e

Bioanalyzer (Mishima Olympus, Shizooka-Ken, Japan).

4.12. Histopathological analysis of the liver and hite adipose tissue (WAT) of DIO mice
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Liver and white adipose tissue were isolated immuetly after sacrifice, washed with ice cold
saline and fixed in 10% (v/v) formalin overnight.té&f dehydration, sections were embedded
in paraffin, and 4 mm sections were cut and staiw#ti H&E for histopathological
assessmentwhite adipose tissueell number was estimated by counting focal fatfive

sections of eacthite adipose tissyeeach spaced 245 mm (35 sections) a part (me&) £ S

4.13. Statistical analysis

All data are presented as mean £ SD. Comparisonsg@roups were made using ANOVA
or unpaired student’s t-test, as appropriate. P<@@s regarded as statistically significant.

P<0.01 was regarded as extremely significant diffee.
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obese; EGp half maximally at an effective concentration; GQfBycagon; GCGR, glucagon
receptor; GLP-1, glucagon-like peptide-1; GLP-1Ricggon-like peptide-1 receptor; HFD,
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Figure legend

Scheme 1General synthetic route of fatty chain-maleimide
Scheme 2General synthetic route of fatty chain-modifiedjogates.

Figure 1. Structures of glucagon, GLP-1, OXM and glucagoal@gues, the green parts show the same
amino acid sequence, the violet show the diffepants.

Figure 2. Structures of fatty chain-glucagon-related confaga

Figure 3. Oral glucose tolerance in ICR mice, i.p. admimistn of 4, 5, 7 and glucagon at 1000 nmol/kg,
respectively.

Figure 4. Acute effect on cumulative food intake for 8 h afi@ overnight fast in ICR mice, i.p
administration of glucagon dr~12at 1000 nmol/kg (n= 6-8 per group).

Figure 5. Effects on ICR mice of once other day for two wselp. administration of glucagon or
glucagon analogues at 1000 nmol/kg: (A) Cumulativenges in body weight in ICR mice for two weeks
(n=6-8 per group). (B) Dynamic body weight changereferred peptided, 5, 7 in ICR mice for two
weeks. *p<0.05, **p<0.01 and***p<0.001 compared lwiespective saline contrdh<0.05,"p<0.01 and
#15<0.001 compared with glucagon.

Figure 6.OGTT in ICR mice, the blood glucose(A) and the areder curve of 0-120 min(B), i.p
administration of saline, OXM antl, respectively.

Figure 7. One-week treatment of diet-induced obese mice @XM, 4d and7d (A-E): (A) Locomotor
activity. (B) Energy expenditure. (C) Respiratogptjent. (D) Dynamic body weight change. (E)
Cumulative food intake. (n=6-8 per group)

Figure 8. Dynamic body weight change of DIO mice for onentho

Figure 9. One-month treatment of DIO mice with glucagon dd&nd7d (A-D): (A) OGTT at day O.
(B)AUC of OGTT at day 0. (C) OGTT at day 30. (D)AWECOGTT at day 30.

Figure 10.Chronic effect on liver lipid droplets of DIO mi¢a—D) (Lipid droplets are marked with blue
circle): (A) 4d. (B) 7d. (C) glucagon. (D) control(saline).

29



Table 1 GCGR and GLP-1R activation of 1~12

Jecul Mass Jecul Mass

Peptide mGLPIR MGCGR mGLP1R/ Molecular found Molecular Calculated

ECso(NM) ECs (nM)  MGCGR

[M+3H]?" [M+4H]* [M+3H]*"  [M+4H]*
GLP-1 0.07 £0.01 NA NA NT NT NT NT
glucagon 7.70 £029 097 £0.15 7.93 11615 8714 11619 871.7
glucagon-NH, 321 +037  1.68 +0.51 1.91 1161.2 8711 11616 8715
OXM 1217 +047 1.23 +0.58 .89 14833 11128 14833 11121
1 1031 +£097  1.41 +037 7.33 11410 8559 11416 856.4
2 586 +0.22  3.88 +0.32 1.51 11580 8686 11582 868.9
3 140 +0.79**  0.46 +0.57 3.02 11575 8683  1157.2 868.6
4 0.94 +0.09*** 141 +0.35 0.67 11662 8750  1166.2 874.9
5 1.84 +0.45%* 143 +0.31 1.29 11438 8583 11432 857.6
6 16.16 +£0.67  3.36 +0.05 4.89 11446 8576 11432 857.6
7 1.72 +0.08** 6.99 +0.55* 0.24 11721 8790 11723 879.5
8 31.93 +£059 530 +0.84 NA 11532 8652 11532 865.2
9 6.14 +058 127 +0.54 4.82 11573 8676  1157.6 868.5
10 NA 122,57 40.89 6.03 114641 8603 11469 860.4
11 NA 0.75 +0.02 NA 11626 8722 11629 872.4
12 358 +024 090 +0.17 3.96 11530 8651 11533 865.2

ECs values represent peptide concentrations at which half-maximum activation is occurring at the

GCGR and GLP-1R. All the peptides were conducted three times. Selectivity ratio =

[ECs(GLP-1R)] / [ECso(GCGR)].



Table 2 GCGR and GLP-1R mediated cCAMP release by short alkyl chain glucagon-related

conjugates

M olecul M olecul Mass

peptice mGLPIR MGCGR ~ mGLPIR/ MOSMA g MO culated

ECso (NM) ECs (NM) mGCGR

[M+3H]*" [M+4H]* [M+3H]*"  [M+4H]*
GLP-1 0.07 £0.01 NA NT NT NT NT NT
glucagon 7.70 £029 097 +0.15 7.93 11615 8714 11619 871.7
glucagon-NH, 321 +037 168 +051 1.91 11612 8711  1161.6 8715
OXM 1217 +£047 123 +0.58 9.89 14833 11128 14833 11121
4a 330 +043 086 +0.14 3.85 12270 9206  1226.6 920.2
4b 454 +056 240 +0.38 1.89 12547 9413 12546 941.2
4c 8823 +0.19 449 +0.29 19.6 12737 9556 12734 955.3
4d 0.86 +0.08** 157 +0.02 0.55 12642 9489  1264.7 948.7
5a 160 +0.64* 129 +0.12 1.24 12041 9034 12036 902.9
5b 2.00 062 299 +0.74 0.67 12321 9241 12316 924.0
5c 51.72 +£0.60 14.60 +0.52 354 1250.7 9381 12504 938.0
5d 300 +002 284 +0.54 1.05 12412 9314 12416 9315
7a 896 +0.33 281 +0.23 3.19 12324 9249 12326 924.7
7b 29.40 +054 478 +0.78 6.15 1260.7 9456  1260.7 945.8
7c 112.03 +0.02 1864 +0.79 6.01 12791 9596  1279.3 959.7
7d 301 +031 437 +0.04 0.69 12709 9531  1270.6 953.2

ECso values represent peptide concentrations at which half-maximum activation is occurring at

GCGR and GLP-1R. All the peptides were conducted three times. Selectivity ratio =

[EC50(GLP-1R)] / [EC50(GCGR)].



Table 3 Chronic treatment with fatty chain glucagon-retateonjugates4ad, 7d, OXM and

glucagon in DIO mice: plasma determinations atethe of the chronic study(n=6-8 per group).

plasma Insulin L eptin Adiponecti Cholesterol Triglycerid
parameters (ng/ml) (ng/ml) n(ug/ml) (mmol/l) es(mmol/l)
L ean mice 8.02+0.23 4.98+0.25 25.12+0.37 1.80+0.22 1.05+0.12
DIO mice-saline 13.33+0.45 1.9+0.07 8.9+0.38 4.33+0.19 0.84+0.12
DIO mice-OXM 11.2+0.33 3.79+0.26**  17.4+0.57*** 4.18+0.34 1.07+0.35

DI O mice-glucagon 8.41+0.26***  1.79+0.24 12.2+1.3* 5.08+0.57 1.19+0.29
DIO mice-4d 7.94+0.13**  5.36+0.23*** 26.3 £1.1**  2.58+0.15** 0.89+0.12
DIO mice-7d 11.50+0.56 3.36+0.25** 23.2+0.9%** 3.42+0.80 0.9620

Data are means $D. n=6, *P < 0.05, **P < 0.01, *** P < 0.004d, 7d, GLP-1, glucagon vs.

saline.



ACCEPTED MANUSCRIPT

7 10 15 20 25 30 35
il H@@cTFTso@s@®Y LEOOA A REFOAY LOREREG
Glen  HS QGTFTSDYSKYLDSRRAQDFVAWLMNT
OXM' HSQGTFTSDYSKYLDSRRAQDFVAWLMN TRRANREGOD®
Glueagon-NH, HO@EOOEDOOPORXOOOSRRAVOEVOWOBOE -,
HSQGTFTSDYSKELDSRRAQDFVAWLMN T,
HSQGTFTSDYSKYEDSRRAQDFVAWLMN TN,
HSQGTFTSDYSKYLE@SRRAQDFVAWLMN TN,
HSQGTFTSDYSKYLDE@RRAQDFVAWLMN TN,
HSQGTFTSDYSKYLDS@RAQDFVAWLMN TN,
HSQGTFTSDYSKYLDSREGAQDFVAWLMN T,
HSQGTFTSDYSKYLDSRREQDFVAWLMN TN,
HSQGTFTSDYSKYLDSRRAGDFVAQWLMN T,
HSQGTFTSDYSKYLDSRRAQE@FVAWLMN TN,
HSQGTFTSDYSKYLDSRRAQDEVAWLMN TN,

1 @B9eeHETeNIERIEOSRRAIDEOVDOBNDE N,
"  HSOGTFTSDYSKYLDSRRAODEFV@WLMN T

o 9 S N AR W N -

—
<>






ACCEPTED MANUSCRIPT

7 10 15 20 25 30 35
44 HSQGTFTSDYSKYLDKGRRAQDFVAWLMN TN,
»  BHOQEOPEOOOVERVOOBRRAIOEVAWOBD®E -,
4 HSQGTFTSDYSKYLDKWRRAQDFVAWLMN TN,
4 ~HSQGTFTSDYSKYLDWRRAQDFVAQWLMN TN,
. HSQGTFTSDYSKYLDSKRAQDFVAWLMN TN,
S HSQGTFTSDYSKYLDSKRAQDFVAQWLMN TN,
S HSQGTFTSDYSKYLDSWRAQDFVAWLMN TN,
St HSQGTFTSDYSKYLDSKRAQDFVAQWLMN TN,
o @HEQEOEOEOVEKYLOSRRGADEVOWDLMN @\,
% HSQGTFTSDYSKYLDSRREGQADFVAWLMN TN,
% HSQGTFTSDYSKYLDSRREGQDFVAWLMN TN
M  HSQGTFTSDYSKYLDSRREGQADFVAWLMN TN,




>

Blood glucose (mmol/L)

C

Blood glucose AUC ;.120min(mmol/L.min)

20+

15+

10+

1500+

1000+

500+

Control(saline)
Glucagon
4(Cys,¢-glucagon)
5(Cys;,-glucagon)

7(Cys;9-glucagon)

0 30 60 90 120
Time(min
*%*

k%%

*k*

Control (saline)

Glucagon 4 5 7



g g

3 _%

285

S R¥

QO OO c~NMmMITET NDON O D «~

JBOODONNENZARERRE
_—
=3
)
£
-

I T T 1

o o =) o

N -

™
(3yBram Apoq By /6)ayejul pooy aAle|nWIWN)



>

Accumulative weight change(g)

C

ABody weight(g)

& (I

- control - 4

*k*%

(Days)
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

t o+ 4ttt

injection injection injection injection injection injection injection




OXM

—_
T
control(saline)

1500+

000+

500
0

(unwry/joww)

uwozi-0gny asoon|b poojg

m
o
—_—
(V]
=
©
&
9
5% o
o0«
1
1
t 4
(=]
e
| ©
(=]
| ©
\ ©
| ©
\ "
- o
|l
-
FE 0

—~(7/10ww) asoon|b poo|g

<

N—"

Time(min)



—— control = 0xXm - 4d - 7d

(A

N—"

12000

9000

Locomotor activity
(=2}
g

3000
0+ =
( B ) 24 36 48 60 72 84 96 108 120
40- Time(h)
o
S
S
=
k]
c
o
o
x
)
>
o
1
)
c
i
(C ) 24 36 48 60 72 84 96 108 120
1.2+ Time(h)
-
c
2
]
5}
=]
T
)
o
]
[1]
=
S
a
©
0.6 T T T T T T T !
24 36 48 60 72 84 96 108 120
(D) E Time(h)
(E)
41 2
e
_ 2
o 37 g2
~ f=
I —
o 24 } 5 15
c o
< o
£ 14 = 10
o )
k] I I ime(h 2
S 0 T Time(h) s 5
o 0 3 .
2 41 E ol — Time(h)
£ 24 48 72 96 120
.24 S
(8}



M
]
= e ] — —_
~ 4
\ 2
¢ \ 3
\ 3
\ r
. g E H
! =
|
|
= ]
- '
} L, &
\
\
\
\
\
M | v *
3 e ¥
\
m \
\
[« \
\ L © *
__. Her = *
|
|
'
H
! *
e S
g -
&
: L
<
s« - c < o @ ¥
(8)a8ueyd 1ySiom

*xk

7d

4d

_l_
g
OXM

control

Lww ad || (LvM)anssp asodipe ajiym jo JaquinN



(A) (B)

;
) S  2000q
g 20 g
g 15 -+~ Lean mice 8 £ 1500
£ -=- DIO mice(saline) < E
2 10 ~ DIO mice(glucagon)  § 3 1001
9 —~ DIO mice(OXM) § £
3 S - DIO mice(4d) 3 £
[o)] — .
S o DIO mice(7d) 3 0
8 9
o G

(C) (D)

o £
s & 2000,
E -+~ Lean mice ° ~
E® -=- DIO mice(saline) S g 15001
S 10 -— DIO mice(glucagon) ﬁ S 1000
8 —~ DIO mice(OXM) @3
2 ° -= DIO mice(4d) S E sl
2 4 ~ DIO mice(7d) > E
8 B o
om o
@ o




o)
NH,
O+ n=2.57
. NHy

0]

CH;COOH
Reflux

| N
M
O n=2,5,7
(0]



134415 | N~y

pH=7

O
Q SH
16 | NMOH
5
(0] Glucagon analogues
4,5,7

CL) o)
S
n
(0] n=2,5,7
D o
k o}
N
S M
5 OH
@]
conjugates

4-a,b,c,d; 5-a,b,c,d; 7-a,b,c,d



Highlights

»  Twenty-four glucagon-like peptide-1/glucagon receptor dual agonists were designed and
synthesized.

»  Compound 4d behaves well in lowering body weight and maintain energy expenditurein
DIO mice.

»  4d showed notabl e diabetes-protective effects in type 2 diabetic mice.

» No hyperglycaemia effect were observed in the OGTT of 4d.



