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Obesity is one of the major risk factors for type 2 diabetes, and the development of agents, that can simultaneously achieve
glucose control and weight loss, is being actively pursued. Therapies based on peptide mimetics of the gut hormone glucagon-
like peptide 1 (GLP-1) are rapidly gaining favor, due to their ability to increase insulin secretion in a strictly glucose-dependent
manner, with little or no risk of hypoglycemia, and to their additional benefit of causing a modest, but durable weight loss.
Oxyntomodulin (OXM), a 37-amino acid peptide hormone of the glucagon (GCG) family with dual agonistic activity on both the
GLP-1 (GLP1R) and the GCG (GCGR) receptors, has been shown to reduce food intake and body weight in humans, with a lower
incidence of treatment-associated nausea than GLP-1 mimetics. As for other peptide hormones, its clinical application is limited
by the short circulatory half-life, a major component of which is cleavage by the enzyme dipeptidyl peptidase IV (DPP-IV).
SAR studies on OXM, described herein, led to the identification of molecules resistant to DPP-IV degradation, with increased
potency as compared to the natural hormone. Analogs derivatized with a cholesterol moiety display increased duration of
action in vivo. Moreover, we identified a single substitution which can change the OXM pharmacological profile from a dual
GLP1R/GCGR agonist to a selective GLP1R agonist. The latter finding enabled studies, described in detail in a separate study
(Pocai A, Carrington PE, Adams JR, Wright M, Eiermann G, Zhu L, Du X, Petrov A, Lassman ME, Jiang G, Liu F, Miller C, Tota
LM, Zhou G, Zhang X, Sountis MM, Santoprete A, Capito E, Chicchi GG, Thornberry N, Bianchi E, Pessi A, Marsh DJ, SinhaRoy
R. Glucagon-like peptide 1/glucagon receptor dual agonism reverses obesity in mice. Diabetes 2009; 58: 2258-2266), which
highlight the potential of GLP1R/GCGR dual agonists as a potentially superior class of therapeutics over the pure GLP1R agonists
currently in clinical use. Copyright (© 2011 European Peptide Society and John Wiley & Sons, Ltd.
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Introduction OXM has been shown to depend on GLP1R activation but other

o o ) mechanisms of OXM pharmacology are less well understood [7-9].
Obesity is one of the major risk factors for type 2 diabetes, and the

development of agents, that can simultaneously achieve glucose
control and weight loss, is being actively pursued. Therapies based
on peptide mimetics of the gut hormone glucagon-like peptide 1
(GLP-1) are rapidly gaining favor, due to their ability to increase
insulin secretion in a strictly glucose-dependent manner, with a Istituto di Ricerche di Biologia Molecolare P. Angeletti, 00040 Pomezia, Rome,
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little or no risk of hypoglycemia [1-3]. As a highly beneficial
feature, GLP-1 peptide mimetics also cause a modest, but durable
weight loss in patients with type 2 diabetes. On the basis of the
effects of incretin-based therapies, much interest is focused on
the evaluation of other peptides from the glucagon (GCG) family,
including oxyntomodulin (OXM).

OXM, a 37-amino acid peptide hormone that is a product of
the proglucagon gene, is secreted post-prandially by the L-cells in
the small intestine. It shows sequence homology with both GCG
and GLP-1 (Figure 1). Unlike GLP-1 that shows activity only on the
GLP-1 receptor (GLP1R), OXM has dual agonistic activity on both
the GLP1R and the GCG receptor (GCGR) albeit with 10-100-fold
reduced potency compared to the cognate ligands, GLP-1 and
GCG [4-6]. Modulation of glucose and energy homeostasis by
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HAEGTFTSDVESYLEGQARKEFIAWLVEGR-NH, GLE-1
HGEGTFTSDLSKQMEEEAVRLFIEWLKNGGPSSGAPPPS  Exendin-4
HEDGIFTDSYSRYRKOMAVEKY LAAVL BACAP(1-27)

Figure 1. Primary structure of OXM, GCG, GLP-1, exendin-4, and pituitary
adenylate cyclase activating peptide 1-27 (PACAP 1-27). The N-terminal
residues conserved among all peptides are highlighted in gray.

Acute and chronic administration of OXM can reduce food
intake in rodents [10,11]. In a 4-week study in humans, peripheral
administration of OXM was shown to reduce food intake and body
weight by 1.9% relative to the control group [12]. In a separate 4-
day study also in humans, OXM also increased energy expenditure
and physical activity levels [13]. Notably, unlike treatments with
GLP-1 analogs for which dose-limiting nausea and vomiting has
been reported in a majority of patients, in both human studies
a low incidence of nausea was associated with OXM treatment.
Thus, OXM is one of the few obesity targets with both, human
validation and an attractive tolerability profile.

As for other peptide hormones, the clinical application of
native OXM is limited by its short circulatory half-life [14]. After
secretion of OXM, circulating levels are rapidly cleared by the
action of dipeptidyl peptidase IV (DPP-IV) which inactivates OXM
by removing the His-Ser dipeptide from the N-terminus [15]. As
is the case with GLP-1, the cleaved peptide OXM(3-37) has no
agonist activity.

Recently Druce at al. reported SAR studies of OXM, leading to
the design of lipidated analogs that reduced food intake up to
24 h post dosing in mice [16]. Although an important step in the
development of OMX-based therapeutics, their studies did not
address two key questions, which are critical to understand the
potential advantages and disadvantages of therapeutics with a
dual GLPT1R/GCGR agonist profile, such as OXM, versus the clinically
validated pure GLP-1 agonists such as exenatide [1] and liraglutide
[3]. Firstly, what is the relative contribution of GLP1R and GCGR
agonism to the anti-obesity effect of OXM? Secondly, what is
the effect of the simultaneous activation of GLP1R and GCGR on
glucose control?

These questions are made more important by the recent
report that a long-acting GLP1R/GCGR co-agonist is a particularly
efficacious anti-obesity agent, without any overt signs of adverse
effects [17].

SAR studies on OXM, which led us to identify amino acid
substitutions that differ from those reported by Druce etal., are
reported here. These novel mutations confer complete resistance
to DPP-IV cleavage, while preserving or even enhancing the
agonist activity at both GLP-1 and GCG receptors. Moreover, it
is demonstrated that a single amino acid change can switch the
pharmacological profile of OXM analogs from a dual GLP1R/GCGR
agonist to a pure GLP-1 agonist. Finally, we have developed long-
acting analogs by addition of a cholesterol group at a suitable
position in the OXM sequence. Use of short- and long-lived
‘matched pairs’ derived from this SAR enabled the question of dual
versus GLP1R-selective agonism, to be addressed in the absence of
confounding effects that arise from differences in bioavailability,
absorption and metabolic stability of the components of the
‘matched pair'.

Table 1. List of OXM analogs with modifications at the C- or N-
terminus

ECso (nM)  ECsq (nM)

onGLPTR onGLP1R ECso (nm)
Compound Peptide? —DPP-IV  +DPP-IV  on GCGR
1 OXM 7.0 >200 5.7
2 GCG na® na 0.07
3 OXM-NH; 9.2 >200 55
4 Pyr-OXM-NH, 77 541 >200
5 Ac-OXM-NH; >200 >200 >100
6 BzI-OXM-NH, 92 63 2.6
7 Bz-OXM-NH, 43 73 28
8 PEG4-OXM-NH, 265 1031 >700
9 Imi-H-OXM-NH; 24 21 24
10 Me-H-OXM-NH, 64 36 46
11 Me,-H-OXM-NH; 268 236 >1000
12 ANH;-H-OXM-NH, 27 31 54

Agonist potency invitro against GLP1R, with and without pre-
incubation with DPP-1V, and against GCGR.

@Bzl, benzyl; Bz, benzoyl; PEG4, CH3-O-(CH,-CH,-0);3-CH,-CH,-CO-;
imi-H, imidazol-lactyl; Me-H, N-methyl-His; Me;-H, N,N-dimethyl-His;
ANH,-H, desamino-His.

b ha, not active

A separate manuscript [18] reported the results of a detailed
investigation with OXM matched pair peptides, which concluded
that in a rodent model of obesity dual GLP1R/GCGR agonists
can lower blood glucose, reduce food intake, and decrease body
weight with prolonged duration of action and sustained efficacy
with respect to equipotent GLP1R-only agonists, at equivalent
doses and exposures, without a concomitant increase in the risk
of hyperglycemia.

Results and Discussion
Stabilization Against Enzymatic Cleavage

Figure 1 shows the primary sequence of OXM in comparison with
GLP-1 and GCG. Also shown are the sequences of exendin-4, a
potent, selective GLP1R agonist in clinical use for type 2 diabetes
[1], and pituitary adenylate cyclase-activating peptide (PACAP),
which does notbind either GLP1R or GCGR, but shares considerable
sequence homology with GLP1R/GCGR agonists in the N-terminal
region, and is the only type B GPCR-binding hormone for which
the structure of the N-terminal region has been determined in
complex with the receptor [19].

Maodifications of the C-terminus

Replacement of the C-terminal carboxylate of OXM (sequence
shown in Figure1) with an amide stabilized the peptide
against carboxypeptidases, and demonstrated that the C-terminal
carboxylate is not essential for activity on either GLP1R or GCGR
(compare 1 and 3 in Table 1). Therefore, most of the subsequent
analogs were produced with a C-terminal amide.

Modifications of the N-terminus

DPP-IV is the main enzyme involved in the inactivation of many
peptide hormones, including GLP-1 and OXM. Mutations that
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Figure 2. Structure of the capping groups used in Table 1.

result in protection OXM from DPP-IV cleavage were therefore
identified from analysis of prior SAR on DPP-IV-resistant GLP-1
analogs. In particular, based on the report that N-pyroglutamyl-
GLP-1 and N-acetyl-GLP-1 are completely resistant to DPP-IV, albeit
with somewhat reduced potency on GLP1R [20], we synthesized
N-pyroglutamyl-OXM-NH, (Pyr-OXM-NH,, 4) and N-acetyl-OXM-
NH, (Ac-OXM-NH,, 5) (Table 1). 4 is inactive on both receptors,
while addition of Pyr had a strongly negative impact on GCGR
activity, but less so on GLP1R. Moreover, unlike for GLP-1, the two
modifications did not protect against DPP-IV proteolysis.

The exploration of N-capping groups was extended to Bz, Bz,
and PEG4 (compounds 6-8). The structure of all the capping
groups explored is reported in Figure 2. Addition of either Bz or
Bzl yielded DPP-IV-resistant analogs, active at both receptors: Bzl
resulted in tenfold potency loss on both receptors, while Bz caused
tenfold decrease in potency on GLP1R, but retained full activity
on GCGR (Table 1). Capping with PEG4 was detrimental to activity
and did not provide any protection against DPP-IV.

For GLP-1, the presence of an intact N-terminal «a-amino
group is required for DPP-IV cleavage, and modifications of the
N-terminal His can confer resistance to proteolysis [21]. Similar
changes were explored in the context of OXM. Replacement
of His with imidazole-lactic acid (Imi-H), which substitutes the
N-terminal «-amino group with an hydroxyl (9) is compatible with
activity at both receptors, with only threefold decreased potency,
and confers stabilization against DPP-IV proteolysis (Figure 2
and Table 1). Also, N-methylation of the @-amino group confers
protection against proteolysis for both the N-methylated and
the N,N-dimethylated analogs Me-H-OXM-NH, (10) and Me;-H-
OXM-NH, (11). However, while the monomethylated analog (10)
retains good potency on both receptors, the dimethylated analog
(11) is completely inactive on GCGR and loses two orders of

O (0] (0] (0] O
Alg Vig D-Thg 2-Cha Aib
\HZ”/ \HQ - \H; - \H; -
(6] (0] (0] (@]
Acp Acb Acpe Acx

Figure 3. Structure of the non-natural amino acids in position 2 used in
Table 2.

magnitude of potency on GLP1R. Removal of the ¢-amino group
in the desamino-histidyl analog, ANH,-H-OXM-NH, (12), confers
optimal resistance against proteolysis with four- to eightfold
decreased potency on the two receptors.

Overall, deletion of the N-terminal amine or substitution with
OH or Me, all confer resistance to DPP-IV proteolysis, suggesting
that for OXM, like for GLP-1, an intact N-terminal ¢-amino group is
a critical determinant for susceptibility to DPP-IV.

Modifications at position 2

The recognized substrate sequence for DPP-IV is the N-terminal
dipeptide Xaa-Yaa, with Y = Pro, Ala, or Ser. Thus, in addition
to changes in the N-terminal amine, modification of the second
amino acid has been pursued to obtain metabolically stable
analogs of GLP-1 [22]. A similar approach was applied to OXM,
with substitution of Ser? with a series of natural and non-natural
amino acids (Figure 3 and Table 2). Most substitutions with natural
amino acids are detrimental to activity, with the exception of the
Ala? analog (13), which shows tenfold increased potency toward
GLP1R. However, this analog shows 100-fold loss of potency on
GCGR, and no resistance to DPP-IV. Gly? (20) is compatible with
activation only at GLP1R, but remains a good substrate for DPP-IV.
Both lle (22) and Leu (23) instead yield analogs resistant to the
enzyme, but with tenfold lower potency on GLP1R, and no activity
on GCGR. Pro (26) maintains potency at GLP1R but not at GCGR,
with no resistance to proteolysis.

Replacement of Ser? with p-amino acids, such as p-Ala (31),
D-Ser (32), and D-Abu (34, Abu, aminobutyric acid) confers
resistance to proteolysis. However, only the p-Ser? analog (32)
remains a balanced agonist at both receptors, with only slightly
decreased potency. The p-Ala? analog (31) loses activity on GCGR,
while D-Abu? (34) shows tenfold lower potency on GLP1R and
100-fold lower on GCGR.

Substitution of Ser? with smaller aliphatic residues decreases
protection from DPP-IV. In the series Abu (33), B-cyclopropyl-
alanine (Cpa, 35), norvaline (Nva, 36), propargylglycine (Prg, 37),
and vinylglycine (Vlg, 39) whose structures are shown in Figure 2,
only Prg confers resistance to the enzyme. The Prg? analog
maintains full activity on GLP1R, but is 100-fold less potent on
GCGR.

wileyonlinelibrary.com/journal/jpepsci
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Table 2. List of OXM analogs with substitutions at position 2

ECso (NM)?  ECsp (nM)P

onGLPIR onGLP1R ECso (nM)°
Compound Peptide? —DPP-IV  +DPP-IV  on GCGR
2 OXM-NH; 9.2 >200 55
13 [Ala2]-OXM-NH; 0.2 227 94
14 [Arg?]-OXM-NH, 394 na na
15 [Asn?]-OXM-NH, 124 180 na
16 [Asp?]-OXM-NH, 195 216 >800
17 [Glu?]-OXM-NH, 163 163 na
18 [GIn?]-OXM-NH, 123 171 na
19 [Phe?]-OXM-NH, 265 1031 na
20 [Gly?]-OXM-NH, 33 102 na
21 [His?]-OXM-NH, 300 429 na
22 [lle?]-OXM-NH, 57 34 >300
23 [Leu?]-OXM-NH, 27 31 na
26 [Pro2]-OXM-NH; 9.5 >1000 >300
27 [Thr?]-OXM-NH, 87 500 24
28 [Trp?]-OXM-NH, 223 221 na
29 [Tyr2]-OXM-NH; 41 293 na
30 [Val?]-OXM-NH, 64 79 na
31 [D-Ala2]-OXM-NH, 5 7 310
32 [D-Ser?]-OXM-NH, 18 13 12
33 [Abu?]-OXM-NH, 45 1000 379
34 [D-Abu?]-OXM-NH, 72 68 188
35 [Cpa?]-OXM-NH, 144 329 na
36 [Nva2]-OXM-NH, 140 914 704
37 [Prg?]-OXM-NH; 7 58 437
38 [Alg?]-OXM-NH; 97 >500 na
39 [VIg?]-OXM-NH, 139 117 158
40 [D-Tbg?]-OXM-NH, 40 53 >1000
41 [Cha?]-OXM-NH, >500 >500 na
42 [Aib?]-OXM-NH, 05 0.4 68.6
43 [Acp?]-OXM-NH, 2.1 53 174
44 [Acb2]-OXM-NH, 0.2 21 9.7
45 [Acpe?]-OXM-NH, 100 107 161
46 [Acx?]-OXM-NH, 301 466 340
Agonist potency invitro against GLP1R, with and without pre-
incubation with DPP-1V, and against GCGR.
@ Acp, 1-amino-1-cyclopropane carboxylic acid; Acb, 1-amino-1-
cyclobutane carboxylic acid; Acpe, 1-amino-1-cyclopentane carboxylic
acid; Acx, T-amino-1-cyclohexane carboxylic acid; Alg, allylglycine;
2-Cha, 2-amino-2-cyclohexyl-propanoic acid; Cpa, B-cyclopropyl-
alanine; Nva, aminovaleric acid; Prg, propargylglycine; Vig, vinylglycine;
D-Tbg, D-tert-butylglycine.
b ha, not active.

The more bulky D-tert-butylglycine (b-tbg, 40) and 2-amino-2-
cyclohexyl-propanoic acid (Cha, 41) analogs, although resistant
to DPP-1V, show partial (40) or complete (41) loss of potency on
GLP1R, and are inactive on GCGR.

Deacon etal. [22] had shown that replacement of the Ala?
GLP-1 with an «,«-disubstituted amino acid such as a-amino-
isobutyric acid (Aib) confers resistance against proteolysis. The
same is true for the OMX Aib? analog (42). This analog is a highly
potent and selective GLP1R agonist, with tenfold lower potency
on GCGR and tenfold higher potency on GLP1R. On the basis of
this promising finding, position 2 substitutions were pursued with
cyclic e-disubstituted amino acids of increasing ring size, from the
smaller 3-membered ring 1-amino-1-cyclopropane carboxylic acid

Table 3. OXM analogs with modifications at position 3

EC50 (nM) EC50 (nM)

onGLP1R  onGLP1R  ECsy (nM)
Compound  Peptide? —DPP-IV +DPP-IV  on GCGR
1 OXM 7.0 >200 5.7
47 [Asp3]-OXM-OH 3 42 >1000
48 [Glu?]-OXM-OH 21 148 >1000
49 [Leu?]-OXM-OH 40 148 >1000
50 [Nle*]-OXM-OH 13 >200 >500
51 [Pro3]-OXM-OH 770 670 >500

Agonist potency invitro against GLP1R, with and without pre-
incubation with DPP-1V, and against GCGR.
@ Nle, norleucine.

(Acp, 43) to the largest 6-membered ring 1-amino-1-cyclohexane
carboxylic acid (Acx, 46). The optimal ring size was four: Acp
confers some proteolytic resistance and maintains activity on
GLP1R, but less so on GCGR. 1-Amino-1-cyclobutane carboxylic
acid (Acb, 44) confers some degree of resistance against proteol-
ysis, maintains potency on GCGR, and is tenfold more potent on
GLP1R. Larger cycles such as 1-amino-1-cyclopentane carboxylic
acid (Acpe, 45) and Acx (46) decreased activity on both receptors.

In summary, substitution of Ser in position 2 with D-Ser or
Acb confers resistance to DPP-IV, and preserves a balanced
GLP1R/GCGR dual agonist profile. Conversely, substitution of Ser?
with D-Ala or Aib yields DPP-IV-resistant analogs with increased
potency and selectivity toward GLP1R. The latter feature might be
useful for the design of novel GLP-1 mimetics, and was further
explored (see later).

Modifications at position 3

OXM analogs with selected modifications at position 3 are shown
in Table 3. An acidic residue (Glu) is present at position 3 in GLP-
1, exenatide, and PACAP, while OXM and GCG have GIn in that
position. Substitution of GIn® with Asp (47) or Glu (48) dials out
activity on GCGR, yielding an analog with complete selectivity
toward GLP1R. Interestingly, also the substitution with Leu (49)
and norleucine (Nle, 50) yields GLP1R-selective analogs, while Pro
(51) is detrimental to activity on both receptors.

In addition to showing complete selectivity, the Asp® analog
47 also shows increased potency and some degree of resistance
to DPP-IV. However, this substitution generates an Asp®-Gly*
sequence, prone to aspartimide formation, and Glu® was therefore
selected for further work (see later).

Combining modifications at positions 2 and 3

On the basis of the results of single amino acid substitutions, we
prepared analogs with substitutions at both positions 2 and 3
(Table 4). The combination of Gly? and Glu? (52) yields complete
selectivity toward GLP1R, as observed for the single-substitution
Glu® analog 48, and partial protection from DPP-IV cleavage. The
combination of b-Ser? with either Asp® (53) or Glu® (54) yields
potent, GLP1R-selective analogs with complete resistance to DPP-
IV proteolysis. The combination of Aib? and Asp> (55) yields a
GLP1R-selective, subnanomolar analog with complete resistance
to DPP-IV. The Aib2Glu® analog 56 is also DPP-IV-resistant and
GLP1R-selective, but less potent.

J. Pept. 5ci. 2011; 17: 270-280
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Table 4. OXM analogs with modifications at positions 2 and 3

ECso (nM)  ECso (nM)  EGsp

on GLP1R on GLP1R (nM)on
Compound Peptide —DPP-IV  4+DPP-IV  GCGR?
2 OXM-NH, 9.2 >200 5.5
52 [Gly?,Glu3]-OXM-NH, 5.4 51 na
53 [D-Ser?,Asp3]-OXM-NH, 1.7 2 na
54 [D-Ser?,Glu®]-OXM-NH, 34 6 na
55 [Aib%,Asp3]-OXM-NH, 0.2 0.2 na
56 [Aib?,GIu3]-OXM-NH, 1.0 1.5 na
Agonist potency invitro against GLP1R, with and without pre-
incubation with DPP-1V, and against GCGR.
@ na, not active.

Overall, the results of the N-terminal substitutions are consistent
with prior literature. In particular, Runge etal. had shown that
substitution of the GLP-1 residues Ala? or Glu® into GCG was
detrimental for GCGR binding [23]. By a domain-swapping
mutagenesis strategy, the same authors identified the extracellular
end of TM2 of the GCGR/GLP1R as the critical counterpart of the
N-terminal sequence of the two hormones [23].

In addition to decreasing GCGR binding, Ala? in OXM consider-
ably improves binding to GLP1R (14, Table 2). This might be due
to stabilization of an «-helical structure. Accordingly, we found
that the most GLP1R potency-enhancing substitutions in OXM
were Aib and its cyclic analog Acb, (42 and 44, Table 2), which
are also known helix nucleators/stabilizers [24]. By contrast, the
structure of GCG/OXM when bound to GCGR may be more similar
to the B-coil structure found for PACAP [19], which shares the
conserved Ser at position 2. In the 8-coil structure of PACP, Ser?
is pointing away from the lle’>-~Phe®-Tyr'® hydrophobic patch
[19], and is possibly engaged in a H-bond: for OXM, we found
Thr? as the only substitution compatible with GCGR activity (27,
Table 1). Such interaction might be maintained by D-Ser with
just small changes in the main chain dihedral angles; similar
changes in PACAP have been suggested to drive the transition
between the membrane-bound and the receptor-bound confor-
mation [19]. By contrast, the Ala> — D-Ala? substitution would be
more disruptive of the «-helical conformation required for GLP1R
binding.

In summary, D-Ser? appeared the best residue to maintain
activity at both receptors, while affording protection from DPP-IV
cleavage, and was selected for our subsequent work.

Long-acting Analogs

The next intent was to identify compounds with improved half-
life in circulation, due to reduced proteolytic degradation and/or
reduced renal clearance. Derivatization with fatty acids has been
successfully used to increase the half-life of GLP-1 analogs [25] and
recently, acylated derivatives of OXM have been described which
show efficacy up to 8 h post administration [16]. Alternatively,
derivatization with cholesterol has also been proposed as a way
to increase the half-life of peptides [26], while at the same time
increasing the potency of the peptide ligand toward membrane
receptors. The use of cholesterol for membrane targeting of a
peptide has also been described to increase the potency of a
transition-state B-secretase inhibitor [27].

We explored derivatization with cholesterol of the [D-Ser?]-OXM-
NH; analog at positions 20,28,and 38 (57 -59, Table 5). For this pur-
pose we synthesized two bromo derivatives of cholesterol, cholest-
5-en-3-yl bromoacetate (60) and cholest-5-en-3-yl-1-bromo-2-
0x0-6,9,12,15-tetraoxa-3-azaoctadecan-18-oate(61) as shown in
Figure 4. Cholesteroylation was accomplished by reaction of 60 or
61 with a Cys residue substituted in positions 20, 28, or 38 of the
peptide, to produce peptides 59, 62, and 63, as shown in Figure 5.

While cholesterylation at positions 20 (57) and 28 (58) yielded
inactive compounds, the introduction of a cholesterol group
at the C-terminus was highly beneficial. 59 showed 100-fold
improvement in potency on GLP1R with respect to the non-
cholesterylated analog [D-Ser?]-OXM-NH; (32), while the activity
on the GCGR was unaltered. Introduction of a tetraethylene glycol
(PEG) spacer between the C-terminal Cys and cholesterol further
boosted potency tenfold, this time for both receptors: the resulting
analog 62 showed dual GLP1R/GCGRagonism, with subnanomolar
potency at both receptors.

The observed increase in potency by cholesterol derivatization
may be due to the increased affinity of the peptide for membranes,
and in particular for the lipid raft compartment, as shown for the
antiviral peptide C34 [26], since it is known that GPCRs are also
enriched in lipid rafts [28]. The increase in concentration at the
receptor should enhance peptide potency, provided that the
location of cholesterol within the molecule does not prevent
the peptide from achieving its bioactive conformation. The
recently published structure of GLP-1 in complex with the
extracellular domain of the GLP1R [29] offers an explanation
for the lack of activity of cholesterol derivatives at positions
20 and 28, as the native residues at these positions establish
major contacts with the receptor. Interestingly, the derivative at
position 28 - the C-terminus of the GCG sequence embedded in
OXM - maintains some activity at the GCGR, further highlighting

Table 5. OXM analogs with incorporation of a cholesterol moiety

ECso (nNM)2 on GLP1R ECso (nM)? on GLP1R ECso (nM)?
Compound Peptide Lipid —DPP-IV +DPP-IV on GCGR
2 OXM-NH, 9.2 >200 55
32 [D-Ser?]-OXM-NH, 18 13 12
57 [D-Ser?]-OXM-NH, C20(chol) na na na
58 [D-Ser?]-OXM-NH, C28(chol) na na 247
59 [D-Ser?]-OXM-NH, C38(chol) 0.1 0.1 12
62 [D-Ser?]-OXM-NH, C38(PEG4-chol) 0.05 0.06 0.7
63 [D-Ser?,Glu®]-OXM-NH, C38(PEG4-chol) 0.3 0.2 60

@ na, not active

Agonist potency in vitro against GLP1R, with and without pre-incubation with DPP-1V, and against GCGR.
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Figure 4. Synthesis of the cholesterol derivatives used in the synthesis of OXM analogs 56-59 and 62-63.

the importance of the GCG C-terminus in differentiating between
GLP1R and GCGR binding. Position 38, at the C-terminal end of
the 8-aa extension presentin OXM,, is likely removed enough from
the contact region to be compatible with binding, particularly if
it occurs through a two-step mechanism as proposed for other
peptide hormones: step 1, binding to the membrane and step 2,
navigation in the membrane plane to the receptor site [19,30-32].
Accordingly, addition of a PEG spacer further improves peptide
potency (compare 59 with 62).

The cholesteroylated dual agonist 62 was evaluated for its
pharmacokinetic properties in mice. While as previously reported,
OXM has a circulatory half-life of a few minutes, the half-life of 62
upon intravenous injection at the concentration of 3.5 mg/kg
is 1.7 h (Figure 6). As apparent from the figure, the plasma
concentration of 62 after 6 h was ~200 uwm, i.e. several orders
of magnitude higher than the 1C5y on both GLP1R and GCGR,
indicating that the peptide was suitable for the intended chronic
diet-induced obese (DIO) mouse study with once every other day
administration.

On the basis of the SAR established for the short-lived OXM
analogs, substitution of the glutamine at position 3 with glutamic
acid was performed to produce a ‘matched’ long-lasting GLP1R-

selective agonist. As expected, compound 63 is 200-fold more
potent on GLP1R (ICsop = 0.3 nm) than on GCGR (IC5o = 60 nm).
Moreover, when the relative potency of 62 and 63 was compared
on mouse receptors, we found that the pair was more closely
matched: for mGLP1R, the 1Csq values of the dual agonist 62 and
the single agonist 63 were 3.4 and 1.7 nm, respectively, while
for mGCGR the 1Cso values were 0.5 and 208 nwm, respectively.
We can only speculate that the differential effect of cholesterol
derivatization on the human and mouse GLPT1R/GCGR is due to
differences in the assembly of the receptor complexes at the
membrane site, where the peptide is driven by the cholesterol
moiety.

The matched pair 62-63 (Figure 7) enabled studies, described
in detail in a separate study [18], which demonstrated dual
agonistic activity at both GLP1R and GCGR, as displayed by the
long-lasting OXM analog 62, is advantageous over equipotent
agonistic activity at GLP1R only, as displayed by 63, for reduction
in food intake, body weight, and adiposity. Importantly, matched
GLP1R and GLP1R/GCGR dual agonists were equally effective
in normalizing basal glucose levels and improving glucose
tolerance.
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Figure 5. Synthesis of OXM analogs derivatized with cholesterol. Synthesis of analogs 59 and 62 (Table 4), where the cysteine residue is positioned at the

C-terminus of the peptide (residue 38).
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Figure 6. Pharmacokinetics of OXM analog 62 in mouse. Compound 62
was administered intravenously to C57BL/6 mice at 3.5 mg/kg in water,
and the concentration monitored with time. The curve represents the
mean of three animals. The calculated half-life is shown.

Conclusions

The SAR studies described herein yielded OXM-derived molecules
that are resistant to DPP-IV degradation and display increased
potency and duration of action with respect to the natural

hormone, thus representing promising leads for the development
of peptide therapeutics for the treatment of both obesity and
diabetes. Moreover, a single substitution was identified, which can
change the OXM pharmacological profile from a dual GLP1R/GCGR
agonist to a selective GLP1R agonist. The latter finding enabled
studies, described in detail in a separate manuscript [18], which
highlight the potential of GLP1R/GCGR dual agonists as a superior
class of therapeutics over the pure GLP1R agonists currently in
clinical use, in agreement with the recent report by Day etal.
[17]. On the basis of the clinical findings with OXM, i.e. the low
observed incidence of treatment-associated nausea [12,13], one
might expect that these agents may also confer the benefit of an
improved tolerability profile.

Materials and Methods
Peptide Synthesis

Peptides were synthesized by solid-phase Fmoc chemistry with
an APEX396 synthesizer (Advanced Chemtech, Louisville, KY,
USA) using either a 1% cross-linked PEG-PS resin (Champion,
Biosearch Technologies, Novato, CA, USA), or AM-Polysryrene LL
resin (100-200 mesh, Novabiochem, Laufelfingen, CH), deriva-
tized with the modified Rink linker p-[(R,S)-a-[9H-fluoren-9-yl-
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Figure 7. Matched pair of long-lasting OXM analogs. 62 is a dual GLP1R/GCGR agonist, 63 is a GLP1R-selective agonist.

methoxyformamido]-2,4-dimethoxybenzyl]-phenoxyacetic acid
[33] for the peptides with C-terminal carboxyamide, and with
a hydroxymethylphenoxyacetic linker for the peptides with a C-
terminal carboxylate. The following side-chain protecting groups
were used: OtBu for Asp and Glu; tBu for Ser, b-Ser, Thr, and Tyr;
Boc for Lys and Trp; Trt for Asn, Cys, His, and GIn; Pbf for Arg.

All the amino acids were dissolved at 0.5 M concentration in a
solution of 0.5m HOBt in DMF, and activated with an equimolar
amount of HBTU and a twofold molar excess of DIEA. Acylations
were performed for 1 h with sixfold excess of activated amino acid
over the resin amino groups. For compound 4, Pyr was introduced
at the end of the assembly by activation with equimolar amounts
of DIPC and HOBt, using fourfold excess of activated reagent.
Compound 5 was acetylated at the end of the assembly with
tenfold excess of acetic anhydride in DMF. For compounds 6 and
7, at the end of peptide assembly, threefold excess of Bzl-His or
Bz—His, respectively, activated with equimolar amounts of HBTU
and a twofold molar excess of DIEA, were reacted for 240 min (6) or
overnight (7). For compound 8, fourfold excess of m-dPEG,®-acid
(Quanta BioDesign, Powell, OH, USA) was activated with equimolar
amounts of DIPC and HOBt. For compound 9, fourfold excess was
used of Imi-H activated with equimolar amounts of PyBOP, HOBt,
and twofold molar excess of DIEA.

For compounds 10,11, and 12, threefold excess of Me-H,
Me,-H, or ANH;—H were activated by reaction with equimolar
amounts of HBTU and twofold molar excess of DIEA. The acylation
reaction was performed for 3 hfor 10 and12 and overnight for 11.

At the end of the synthesis, the dry peptide-resins, 1.3 g, were
individually treated with 20 ml of the cleavage mixture, 88% TFA,
5% phenol, 2% triisopropylsilane, and 5% water [34] for 1.5h
at room temperature (rt). Cys-containing peptides were cleaved
from the resins with 82.5% TFA, 5% phenol, 5% thioanisole,
2.5% ethandithiole, and 5% water for 1.5 h at rt. Each resin was
filtered and the solution was added to cold methyl-t-butyl ether to
precipitate the peptide. After centrifugation, the peptide pellets
were washed with fresh cold methyl-t-butyl ether to remove
the organic scavengers. The process was repeated twice. Final
pellets were dried, resuspended in 20% acetonitrile in water, and
lyophilized.

The crude peptides were purified by reverse-phase HPLC
using preparative Waters RCM Delta-Pak™ C_4, 300 A cartridges
(40 x 200 mm, 15 um) and using as eluents (A) 0.1% TFA in water
and (B)0.1% TFA in acetonitrile. The following gradient of B
was used: 20% isocratic (5 min), then 20-35% (20 min), flow rate
80 ml/min. Analytical HPLC was performed on a Phenomenex,
Jupiter (CT, USA) C4 300 A column (150 x 4.6 mm, 5um) or on
a ACE 300 A (150 x 4.6 mm, 3 um, T = 45 °C) with the following
gradient of B: 20% isocratic (5 min), 20-40% (20 min), 40-80%
(3 min), flow rate 1 ml/min. The purified peptides were lyophilized,
and structure and purity were confirmed by analytical HPLC and

electrospray mass spectrometry on a Micromass LCZ platform.
Analytical data for all the peptides are reported in Table 6.

Synthesis of Cholest-5-en-3-yl Bromoacetate (60)

A mixture of 100 mg of cholesterol and 40 mg of bromoacetic
acid (1.1 eq) was dissolved in 10 ml of anhydrous DCM. Then 44 pl
(1.1 eq) of DIPC and 1.5 mg (0.05 eq) of DMAP were added. The
solution was left stirring at rt for 48 h and analyzed by TLC using as
solvent 10: 1 n-hexane/EtOAc. The solvent was evaporated and the
reaction product was purified by silica gel flash chromatography
in 1:1 n-hexane/DCM. The fractions containing the product were
pooled, evaporated and lyophilized in water/acetonitrile 20: 80.
Yield: 73%.

NMR spectra were recorded on Bruker Avance spectrometerand
acquired at 300 K. Proton chemical shifts are reported in parts per
million (d) and are referenced to the residual proton signal of the
deuterated solvent (CDCl3 at 7.26 ppm). 'H NMR (400 MHz; CDCls):
8§ 0.71 (s, 3H),0.88 (d, J = 2.2 Hz, 3H), 0.90 (d, J = 2.2 Hz, 3H), 0.94
(d, J = 6.5Hz, 3H), 0.96-1.72 (m, 21H), 1.06 (s, 3H), 1.81-2.08 (m,
5H),2.38(d,J = 7.7 Hz, 2H), 3.83 (s, 2H), 4.67-4.73 (m, 1H), 5.42 (d,
0.88 J = 3.4 Hz, 1H); m/z (EST) 508 (M+H).

Synthesis of Cholest-5-en-3-yl 1-bromo-2-0x0-6,9,12,
15-tetraoxa-3-azaoctadecan-18-oate (61)

1. Synthesis of cholest-5-en-3-yl 2,2-dimethyl-4-0x0-3,8,11,14,
17-pentaoxa-5-azaicosan-20-oate.  N-t-boc-amido-dPEG,®-
acid (1 g, 2.7 mmol, Quanta BioDesign) was added to a solution
of cholesterol (0.99 g, 2.7 mmol) in 40 ml of DCM, followed by
DIPC (0.43 ml, 3.2 mmol) and DMAP (16 mg, 5%). The mixture
was stirred at rt overnight and the solvent was evaporated
under in vacuo. The crude was dissolved in EtOAc, washed
with TN HCI, saturated NH4Cl and brine, dried over Na;SOy,
filtered and concentrated. The crude was purified by flash col-
umn chromatography (BIOTAGE) on silica gel with a gradient
25-50% EtOAc in petroleum ether to afford 1.48 g of desired
compound as colorless oil (Yield 75%).

2. Synthesis of cholest-5-en-3-yl-1-bromo-2-0x0-6,9,12,15-tetra-
oxa-3-azaoctadecan-18-oate. TFA (2 ml, 26 mmol) was added
to a solution of the compound obtained in step 1 (1.48g,
2 mmol) in 10 ml of DCM and the mixture was stirred at rt for
3 h.Allthevolatiles were removed underinvacuo and the crude
was lyophilized to obtain a colorless oil that was dissolved in
60 ml of DCM. Bromoacetic anhydride (0.62 g, 2.4 mmol) was
added followed by DIPEA (0.65 ml, 3.7 mmol) and the mixture
was stirred at rt for 3 h. The solvent was removed under in
vacuo and the crude purified by flash column chromatogra-
phy on silica gel (BIOTAGE) with a gradient 50-90% EtOAc
in petroleum ether to obtain 1.1 g of desired compound as a
colorless oil (combined yield of the two steps, 74%); "H NMR
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Table 6. Analytical characterization of the compounds used in this study

Compound HPLC gradient? ColumnP RT (min) Purity® (%) MW found (Da) MW calc (Da)
1 20-40%(20")-80%(3") 1 15.02 >95 4449.00 4449.80
2d 32-40%(20’) 2 11.34 >99 3482.80 3481.84
3 20-40%(20')-80%(3") 1 14.90 >95 4448.00 4447.94
4 20-40%(20")-80%(3') 1 12.53 >95 4559.00 4558.07
5 20-40%(20")-80%(3") 1 12.82 >95 4491.00 4490.98
6 20-40%(20")-80%(3') 1 13.19 >95 4553.00 4553.06
7 20-40%(20")-80%(3") 1 14.23 >95 4539.00 4539.07
8 20-40%(20")-80%(3') 1 12.87 >95 4667.00 4667.20
9 20-40%(20")-80%(3") 1 12.59 >97 4450.00 444993
10 20-40%(20")-80%(3') 1 12.32 >97 4463.00 4462.97
11 20-40%(20")-80%(3') 1 12.32 >95 4476.00 4477.00
12 20-40%(20")-80%(3") 1 12.60 >95 4434.00 4433.93
13 20-40%(20")-80%(3') 1 12.20 >95 4433.00 443291
14 20-40%(20")-80%(3") 1 11.90 >95 4519.00 4518.06
15 20-40%(20")-80%(3') 1 12.07 >95 4476.00 4475.97
16 20-40%(20")-80%(3") 1 12.39 >95 4476.00 4476.96
17 20-40%(20")-80%(3') 1 12.19 >95 4490.00 4490.98
18 20-40%(20")-80%(3") 1 12.07 >92 4489.00 4490.00
19 20-40%(20")-80%(3') 1 13.00 >95 4509.00 4509.05
20 20-40%(20")-80%(3") 1 12.53 >95 4418.73 4418.92
21 20-40%(20")-80%(3') 1 11.92 >95 4499.00 4499.01
22 20-40%(20")-80%(3') 1 12.77 >95 447482 4475.03
23 20-40%(20")-80%(3") 1 12.60 >95 4475.00 4475.03
24 20-40%(20")-80%(3') 1 12.14 >95 4489.00 4490.04
25 20-40%(20")-80%(3") 1 12.75 >90 4493.00 4493.07
26 20-40%(20")-80%(3') 1 12.49 >97 4459.00 4458.99
27 20-40%(20")-80%(3") 1 12.40 >95 4463.00 4462.97
28 20-40%(20")-80%(3') 1 13.22 >97 4548.00 4548.08
29 20-40%(20")-80%(3") 1 12.65 >95 4525.00 4525.05
30 20-40%(20")-80%(3') 1 16.28 >95 4462.00 4461.99
31 20-40%(20")-80%(3") 1 12.59 >95 4433.00 4433.93
32 20-40%(20")-80%(3') 1 12.22 >90 4449.00 4448.91
33 20-20%(5")-35%(20')-80%(3') 3 20.72 >90 4446.00 444597
34 20-20%(5")-35%(20')-80%(3') 3 20.82 >98 444530 444597
35 20-20%(5")-35%(20')-80%(3') 3 21.22 >90 4471.40 4472.00
36 20-20%(5")-35%(20')-80%(3') 3 21.07 >95 4459.80 4459.99
37 20-20%(5")-35%(20')-80%(3') 3 20.94 >95 4455.60 4455.96
38 20-20%(5")-35%(20')-80%(3') 3 19.07 >90 4458.00 4457.98
39 20-20%(5")-35%(20')-80%(3') 3 21.66 >90 444450 444395
40 20-20%(5")-35%(20")-80%(3") 3 19.40 >90 4474.60 4474.02
41 20-20%(5")-35%(20')-80%(3') 3 23.67 >90 4513.40 4514.09
42 20-40%(20")-80%(3") 1 15.25 >90 4448.00 4446.97
43 20-20%(5")-35%(20')-80%(3') 3 19.17 >90 4444.80 444395
44 20-20%(5")-35%(20')-80%(3') 3 18.92 >90 4459.00 4457.98
45 20-20%(5')-35%(20")-80%(3’) 3 19.02 >90 4472.50 4472.00
46 20-20%(5")-35%(20')-80%(3') 3 21.58 >95 4486.40 4486.03
47 20-40%(20")-80%(3") 1 12.74 >95 4435.00 4435.88
48 20-40%(20")-80%(3') 1 12.67 >95 4450.00 444991
49 20-40%(20")-80%(3") 1 13.42 >95 4434.00 4433.95
50 20-40%(20")-80%(3') 1 13.54 >95 4434.00 4433.95
51 20-40%(20")-80%(3") 1 12.75 >90 4418.00 441791
52 20-40%(20")-80%(3') 1 12.94 >95 4420.00 4419.91
53 20-35%(20')-80%(3") 1 14.72 >95 4435.32 4435.90
54 20-40%(20")-80%(3') 1 12.25 >95 4450.00 4449.93
55 20-35%(20")-80%(3') 1 14.89 >97 4433.52 4433.93
56 20-35%(20")-80%(3") 1 15.00 >97 4447.02 4447 .96
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Table 6. (Continued)

Compound HPLC gradient? Columnb RT (min) Purity® (%) MW found (Da) MW calc (Da)
57 40-60%(20")-80%(3") 3 10.55 >95 4849.00 4849.64
58 40-60%(20")-80%(3") 3 9.82 >95 4863.00 4863.67
59 40-60%(20")-80%(3) 3 12.97 >95 4978.60 4977.7

62 40-40%(5")-60%(20")-80%(3’) 3 21.00 >97 5226.00 5225.06
63 40-40%(5")-60%(20")-80%(3') 3 20.97 >95 5226.36 5226.05

@ Percentage of the B eluent.

300A 45°C.
¢ Estimated by HPLC.
d Product N#: 812345 Loti#: CG-04-00578, CPC Scientific Inc.

by, Phenomenex Jupiter C4 150 x 4.6 mm, 5 um, 300 A, 25°C; 2, OPH RP-ODS C;5 250 x 4.6 mm 5 um, 300 A, 25°C; 3, Ace C4 150 x 4.6 mm 3 wm,

(300 MHz; CDCl3): § 0.67 (s, 3H), 0.87 (d, J = 6.5 Hz, 6H), 0.92 (d,
J =6.5Hz, 3H),0.96-1.69 (m, 21H), 1.02 (s, 3H), 1.75-2.08 (m,
5H),2.32(d, J = 7.7 Hz, 2H), 2.56 (t, ] = 6.5 Hz, 2H), 3.45-3.54
(m, 2H),3.56-3.71 (m, 14H),3.79 (t,J = 6.5 Hz, 2H), 3.87 (s, 2H),
4.55-4.71 (m, 1H), 5.34-5.40 (m, TH), 7.04-7.17 (m, 1H); m/z
(EST) 755 (M+H).

Synthesis of Cholesteroylated Analogs

Compounds 57, 58, 59, 62, and 63 were synthesized from the
respective Cys-containing peptide precursors by conjugation via
the thiol group of Cys with the bromoacetyl-cholesterol reagents
60 and 61. In particular for compounds 57, 58, and 59 the Cys-
peptide precursor dissolved in DMSO was reacted with equimolar
60 dissolved in THF, followed by addition of 1% by volume of
DIPEA; for compounds 62 and 63, the Cys-peptide precursor
dissolved in DMSO was reacted with 2.1 m excess of 61 dissolved
in THF followed by addition of 3% by volume of DIPEA. In both
cases, the reaction was complete after 30 min as assessed by
HPLC-MS. The reaction was quenched by addition of TFA at a final
pH of 4, and directly loaded on preparative reverse-phase HPLC
using Waters RCM Delta-Pak™ C4 300 A cartridges (40 x 200 mm,
15 um), using as eluents (A) 0.1% TFA in water and (B) 0.1% TFA
in acetonitrile. The following gradient of eluent B was used: 40%
isocratic (5 min) 40-55% (20 min), flow rate 80 ml/min. Analytical
HPLC was performed on a ACE C4 300 A (150 x 4.6 mm, 3 um,
T = 45°C) with the following gradient of eluent B: 40% isocratic
(5 min)40-60% B (20 min) 60-80% (3 min), flow rate 1 mI/min.The
purified peptides were lyophilized, and structure and purity were
confirmed by analytical HPLC and electrospray mass spectrometry
on a Micromass LCZ platform. Analytical data for these peptides
are reported in Table 6.

In Vitro Receptor Activation Assay

CHO cells were stably transfected with a mutant form of human
GLP1R (Gly3> — Ala, Ala*° — Gly) or human GCGR cloned into
plasmid pIRES (Clontech, Mountain View, CA) as a fusion with
green fluorescent protein (GFP), and grown to 80% confluency
in sterile filtered F12 Nutrient Mixture (HAM) media containing
10% FBS, 1.0% penicillin-streptomycin, and 1.0 g of geneticin.
Cells were washed briefly with PBS, dissociated with Cellstripper
(Mediatech Inc.,, Herndon, VA), and resuspended in assay buffer
(serum free) containing F12, 0.1% BSA, 100 um RO 20-1724 at
a density of 0.5 x 10 cell/ml. The cAMP HTRF kit calibration
curve was prepared following the manufacturers protocol (CIS
Bio International, France). For tested peptides a 100 um solution

was made in DMSO, and fourfold serial dilutions were made
using assay buffer, in a 96-well plate. To a separate 96-well
plate, 40 ul of cell suspension was added, followed by 10 pul
diluted compound. The plate was covered and shaken gently
for 30 min. Twenty-five microliters of each concentration of CAMP
calibration curve and 25 pl of diluent were added to standard
wells only and 25 pl of diluted cAMP XL-665 to all wells, followed
by 25 ul diluted anti-cAMP cryptate conjugate. The plate was
covered and incubated for 1 h at rt with gentle shaking. Increasing
cAMP levels were determined by a decrease in TR-FRET signal as
measured in an EnVision counter (PerkinElmer, Waltham, MA) in
comparison to a standard curve of cAMP as per manufacturer’s
instructions.

In Vitro Stability to DPP-IV

To determine the stability of the peptides to cleavage by DPP-IV,
a 5 um solution of each peptide in 10 mm HEPES, 0.05 mg/ml BSA
was incubated with 10 nm recombinant soluble human DPP-IV at
37 °C for 24 h before assaying for in vitro potency against GLP1R.
Data were analyzed using the linear and nonlinear regression
analysis software, GraphPad Prism (GraphPad Software Inc., San
Diego, CA).

Pharmacokinetic Analysis of OXM Analog 62

The OXM analog 62 dissolved in water was administered to
C57BL/6 mice (n = 3) at the concentration of 3.5 mg/kg, and
the concentration of peptide was monitored with time using
the in vitro cell-based cAMP bio-assay for GLP1R agonist potency.
CHO cells stably transfected with human GLP1R were used to
determine peptide concentrations by comparing the degree of
cAMP accumulation in plasma samples from treated animals
against a cAMP standard curve generated by spiking peptide
standards into mouse plasma. The calculated pharmacokinetic
parameters are: Cl, (ml/min/kg): 0.7; Vdss (L/kg): 0.1; ti)2
(h): 1.7.
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