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: A promising emerging area for the treatment of obesity and diabetes is combinatorial hormone

. therapy, where single-molecule peptides are rationally designed to integrate the complementary

© actions of multiple endogenous metabolically-related hormones. We describe here a proof-of-concept

. study on developing unimolecular polypharmacy agents through the use of selection methods based

. on phage-displayed peptide libraries (PDL). Co-agonists of the glucagon (GCG) and GLP-1 receptors

. were identified from a PDL sequentially selected on GCGR- and GLP1R-overexpressing cells. After two

. orthree rounds of selection, 7.5% of randomly picked clones were GLP1R/GCGR co-agonists, and a

. further 1.53% were agonists of a single receptor. The phages were sequenced and 35 corresponding

. peptides were synthesized. 18 peptides were potent co-agonists, 8 of whom showed EC;, <30 pM

- on each receptor, comparable to the best rationally designed co-agonists reported in the literature.

. Based on literature examples, two sequences were engineered to stabilize against dipeptidyl peptidase

. IV cleavage and prolong the in vivo half-life: the engineered peptides were comparably potent to

. the parent peptides on both receptors, highlighting the potential use of phage-derived peptides as

: therapeutic agents. The strategy described here appears of general value for the discovery of optimized
polypharmacology paradigms across several metabolically-related hormones.

. One of the most promising emerging areas for the treatment of obesity and Diabetes is combinatorial hormone
. therapies'™. In particular, single molecule peptides have been discovered integrating the complementary actions
. of multiple endogenous metabolically-related hormones®*%.

: One particularly interesting combination is found in peptides that simultaneously activate the glucagon recep-
. tor (GCGR) and the glucagon-like peptide-1 receptor (GLP1R)®. Glucagon has anti-obesity activity by reducing
© food intake!*?, and inducing thermogenesis and stimulation of growth of the brown adipose-tissue?', but raises
. blood glucose by stimulating gluconeogenesis and glycogenolysis. The latter effect can be counteracted by the
. antihyperglycemic property of GLP-1, which enhances glucose-stimulated insulin synthesis and secretion®.
Careful optimization of the relative potency at each receptor for a series of GCGR/GLP1R co-agonists!! led to
: potent antidiabetic and antiobesity peptides®.

: The high evolutionary relatedness of peptides like glucagon and GLP-1, enabled using the sequence of one
. of these hormones as a starting point, onto which co-agonism for the other receptor could be installed, with
. relatively few sequence changes®>!!. Sometimes, as little as one amino acid change is sufficient to switch between
. single- and dual-hormone agonism'%*,

: These studies have been carried out by “rational design”, through an iterative cycle combining hybridization of
- the parent peptides with single-point mutations guided by the developing SAR: while successful and a testimony
. to the ingenuity of peptide medicinal chemists, this has necessarily limited the exploration of the chemical space
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Figure 1. Design of the Phage Display Library (PDL). The Phage display library used to select GCGR/GLP1R
co-agonists is composed of five sub-libraries, each one with nine randomized positions, indicated with a red
bold X letter. Because of the chosen randomization scheme, each peptide displays 1-3 mutations distributed
across the 9 randomized positions, with the remaining positions featuring the wt residue. For selection on
GCGR" and GLP1R" cells, the five libraries were pulled (‘Library Mix’) and selected together.

to the immediate vicinity of the parent sequences. For example, the effect of multiple mutations in different parts
of the molecule has rarely been explored, precluding a thorough investigation of conformational cross-talk.

One alternative to develop unimolecular polypharmacy agents is the use of selection methods, for example
those based on phage-displayed peptide libraries (PDL)**-?’. The defining feature of a PDL is the existence of a
physical linkage between the peptide displayed on the surface (which determines the phenotype) and its encod-
ing DNA (the genotype). Very large, diverse, random PDL can be constructed and selected, and the results of the
screening can be rapidly decoded by DNA sequencing.

Peptide agonists and antagonists of cell membrane receptors have been successfully identified using this pro-
cess?’~%, including peptide agonists of G-protein-coupled receptors (GPCRs)*!-%.

In 1997-98 Szardenings et al.>! and Rousch et al.* first showed that phages bearing a GPCR agonist, the pep-
tide hormones a-MSH or somatostatin, fused to the pIII or the pVIII protein could bind to cells expressing the
respective receptor and most importantly, could activate it, acting as an agonist with lower?! or even comparable®
potency to the free peptide.

For the class B GPCRs, Yin et al. screened a PDL of Exendin-4 mutants (2-3 average mutations/molecule) on
the N-terminal region including the ectodomain (aa 21-145) of the rat GLP-1 receptor (GLP1R)**. Sequencing
of 60 clones from the third selection round (often called “biopanning”) led to the identification of a phage which
bound the receptor fragment better than the wt peptide; the mutant phage featured the Glul6Val, Pro31Gln, and
Ser33Asn mutations.

Koth et al. selected a PDL of glucagon mutants on the ectodomain of the GCGR, immobilized on a plate
through a biotin tag®. In the library, residues 16-29 were “soft randomized” to be a mixture of 50% wt and
50% random amino acid. In the terminology first proposed by Schwyzer®-%, this segment corresponds to the
“address” region of GCG, mostly responsible for receptor selectivity, while the N-terminal region represents the
“message” segment, mostly responsible for receptor activation. Structural and modeling studies indicate that the
“address” includes the key molecular determinants for binding to the receptor ectodomain, while the “message”
is in contact with the 7TM membrane-embedded domain®*4-42,

Chen et al. selected a 12-amino acid random PDL on stable recombinant cells overexpressing the rat GLP1R*.
Four rounds of selection enriched for GLP1R cell-binding phages. About 1% of the specifically bound phages (10
phages) were capable of activating the GLP1R, with the best peptide, KS-12, featuring high sequence homology to
the N-terminal “message” region of GPL-1%°. KS-12 showed ECs; of 0.8 pM, vs 0.8 nM of GLP-1 in the same assay.

Collectively, these studies established that (i) a peptide hormone - including GLP-1 - on the surface of a
phage particle is capable of activating its receptor expressed on the cell surface; (ii) it is possible to identify active
mutants both in the “message” and the “address” segments of the peptide ligands of class B GPCRs.

While all the above studies aimed at evolving a single receptor-specific peptide, there is no a priori reason why
peptides able to activate more than one receptor should not be identified by a suitable selection strategy. We report
here a proof-of-concept study of the selection of GCG/GLP-1 receptor co-agonists from a phage display library
based on randomization of the glucagon sequence, sequentially selected on GCGR- and GLP1R-overexpressing
cells. Two or three rounds of selection enabled the discovery of novel unimolecular co-agonists, with comparable
in vitro potency to the reported rationally designed peptides®!!.

Results

Library design and cloning. To independently interrogate the “message” and “address” segments of GCG,
the PDL was designed as the combination of four sub-libraries, each focusing on one of four seven-amino acid
long consecutive segments (Fig. 1).

The two C-terminal residues 27 and 28, together with the N-terminal residues, exhibit more diversity among
GCG and GLP-1 and are critical for the interaction of each hormone with the respective receptor!?. These residues
were mutagenized in all four sub-libraries.

Additionally, motivated by the results of Chen et al. showing that an additional N-terminal Lys residue was
well tolerated for GLP1R agonism and offered increased resistance to DPP-IV***, we designed a fifth library
exploring variants harboring a two amino acid extension at the GCG N-terminus.

Both GCG and GLP-1 are low picomolar ligands of the respective receptors, suggesting that their sequence is
highly optimized; moreover, the work of Tschop and co-coworkers had shown that relatively few mutations suffice
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No. of Mutations Cumulative | No. of physical | Theor. Poisson estimate | Number unique | Average No. of
from GCG Fraction | Fraction clones Diversity | coverage clones! duplicates
0 (wt) 0.08% 0.08% 4.54 x 10* 1.00 100.00% 1.00 45400.84

1 0.83% 0.91% 4.99 x 10° 1.62 x 10% 100.00% 1.62 x 10% 3082.77

2 4.07% 4.98% 2.44 x 10° 1.17 x 10* 100.00% 1.17 x 10* 209.32

3 11.60% 16.58% 6.96 x 10° 4.90 x 10° 100.00% 4.90 x 10° 14.21

4 21.28% 37.86% 1.28 x 107 1.32x 107 61.91% 8.19 x 10° 1.56

5 26.00% 63.86% 1.56 x 107 2.38 x 10° 6.34% 1.51 x 107 1.03

6 21.19% 85.05% 1.27 x 107 2.86 x 10° 0.44% 1.27 x 107 <1

7 11.10% 96.15% 6.66 x 10° 2.20 x 10%° 0.03% 6.66 x 10° <1

8 3.39% 99.54% 2.03 x 10° 9.92 x 101 0.00% 2.03 x 10° <1

9 0.46% 100.00% 2.76 x 10° 1.98 x 101! 0.00% 2.76 x 10° <1

Sum: 100% 6.00 x 107 4.55 x 107

Table 1. Distribution of the variants in a library of complexity 6 x 107 with 45% wt amino acid at each of
the 9 randomized positions. 'Based on Poisson estimate for coverage of theoretical diversity (fractional
completeness).

to install dual- or even triple-agonism in the GCG sequence®*!"!2 Therefore, in all the sub-libraries, instead of
a standard full-randomization scheme (equal ratios of all amino acids except Cys) which would have predomi-
nantly provided variants with >4 mutations, we chose a randomization scheme where each mutagenized posi-
tion retained a constant fraction of 45% wt residue: for a library with a targeted complexity 6 x 107, this scheme
produced variants with a smaller number (1-3) of mutations (Table 1), distributed through the 9 randomized
positions, with the remaining positions featuring the wt residue.

After cloning each of the five sub-libraries into the recipient vector and generation of the phage progeny, a
small screening using 96-well plates indicated that for all the five libraries the designed amino acid composition
was correctly represented.

Selection of the PDL on GCGR* and GLP1R" cells.  To identify phages able to activate both the GCGR
and the GLPIR, a Library Mix was prepared by combining into a single pool an equivalent amount of phages
from each sub-library. Two selection schemes were used, alternating four rounds of selection on GCGR- and
GLP1R-overexpressing cell lines (Fig. 2). The pools of phages coming from the four rounds of selection were
tested, together with the unselected libraries, by cAMP-activity assay on naive, GCGR" and GLP1R" overex-
pressing cells. As shown in Fig. 3, a common feature of the two selection schemes was an immediate increase of
activity on the first receptor screened (GCGR for Scheme 1 and GLPIR for Scheme 2). At the second round the
two schemes diverged, with co-agonism appearing more readily in Scheme 2, possibly indicating that it is easier
to install GCGR agonism into a GLP-1 backbone than vice versa. Another common feature of the two schemes
was that co-agonism was quickly optimized after 2-3 rounds, and further rounds lead to decline of reactivity on
both receptors. This is probably due to the fact that the selection process is driven by binding but our screening is
based on activity, and the two features do not necessarily overlap.

Individual Phage Clones activate the GCGR and GLP1R. The purpose of the selection was to identify
peptides able to activate both the GCGR and the GLP1R. Selection from the PDL, however, depended on the
ability to bind the two receptors. We randomly picked 192 clones from Round III of selection Scheme 1 (Selection
1-1I11) and 192 clones from Round II of selection Scheme 2 (Selection 2-1II), amplified them in 96-well plates, and
tested for activation of GCGR" and GLP1R" cells. Since high-throughput amplification does not allow control
over the phage concentration in the supernatant, this analysis aimed only at a qualitative confirmation of the
collective properties of the selected pools: we defined positivity as signal above an arbitrarily defined threshold,
and found that 64/192 (33%) and 80/192 (42%) clones were agonists of both GCGR and GLP1R for Selection 1-III
and Selection 2-II, respectively (Figure S1). 104 positive clones were individually grown at larger scale, to obtain
phage supernatants with a titer >5 x 10’ TU/mL, and these were again tested on GCGR™ and GLP1R" cells. 12
phages from Selection 1-III and 17 phages from Selection 2-II were found to potently activate both receptors,
while 2 and 4 phages, respectively, were potent agonists of the GCGR only. Overall, 29/384 (7.5%) of randomly
picked clones were co-agonists, and a further 6/384 (1.5%) were agonists of a single receptor. The high percentage
of binding-activating phages validates our strategy of using a conservative design for the library, maintaining in
all phage clones both the ‘address’ and ‘message’ regions of the hormone, and limiting the allowed number of
mutations per molecule. For comparison, in the selection by Chen et al. of a totally random 12-aa PDL on rat
GLPIR, only about 1% of the GLPIR cell-binding phages were agonists of the receptor™.

Phage-derived peptides are potent, balanced co-agonists of the GCGR and GLP1R. The
sequence of the agonist and co-agonist phages was determined, and 35 corresponding peptides were synthesized.
The peptides were tested on GCGR' and GLP1R" cells, and the results are reported in Table 2. Only two peptides
were inactive/poorly active (i.e. showed ECs5, > 20 nM) on both receptors. Among the others, 8 peptides were
found to be extremely potent co-agonists, with EC5, <30 pM on each receptor, and a further 10 peptides showed
EC;, < 80 pM on the two receptors, favorably comparing with the best rationally designed glucagon/GLP-1
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Figure 2. Selection Schemes for the PDL. The Library Mix was selected alternatively on GCGR' and GLP1R"
HEK293 overexpressing cells.
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Figure 3. Pooled selected phages activate both the GCGR and the GLP1R. Activity of phage pools from the
four rounds of selection according to Schemes 1 and 2 in the c-AMP activity assay on GCGR", GLP1R*, and
parental cells.

co-agonists reported in the literature®'!. Importantly, 11/18 co-agonists displayed a GLP1R/GCGR ECj, ratio
between 0.5 and 1.5, which according to the study of Day et al.'', represents the optimal balance of co-agonism to
maintain full glycemic control while maximizing weight loss.

Inspection of the sequence of the peptides of Table 2 shows that the mutations leading to balanced co-agonism
are distributed throughout the glucagon backbone, sometimes with cross-talk between the N-terminal and
the C-terminal region (Peptide #34, Thr7 — Phe + Met27Asn28 — Leu27Glu28). This confirms that selection
from the library has enabled exploration of a larger chemical space than the one sampled by rational design and
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GCGR/GLPIR
Peptide Sequence! EC;, GCGR (nM) ECs, GLPIR (nM) | EC,, ratio
1 HSVGNFWSDYSKYLDSRRAQDFVQWLMLT 8.445+2.667 16.68 +10.30 0.51
2 HSQGTFTSDYSKYVEDRRAHDFVQWLMNT 2.239+£0.334 0.184+0.006 12.17
3 HSQGTFTSDYRKYLDERAAWDEFVQWLMNT 1.351+0.173 0.427 £0.022 3.16
4 HSQGTFTSDYSKYLDIGRAQDFVQWLLNT 0.026 £0.002 1.328 £0.209 0.02
5 HSQGTFTSDYSKYLDSLMAQDFVQWLMST 0.025+0.001 0.133+£0.032 0.19
6 HSQGTFTSDYSKYLDWRRAQDFVQWLLNT 0.032£0.013 0.063+£0.034 0.51
7 HSQGTFTSDYIKLLDSRRAQDFVQWLMNT 0.301+0.216 78.32+£93.80 0.01
8 HSQGTFTSDYSKYLDARRAQDFVQWLIRT 0.038+0.010 0.017 £0.001 2.23
9 HSQGTFTSDYSKYLDVRRAQDFVQWLMNT 0.022£0.007 0.064£0.015 0.34
10 HSQGTFTSDYSKYLDELRAYDFVQWLMNT 0.057 £0.021 0.038 £0.009 1.50
11 HSQGTFTSDYSKYLDSRRAHDFVQWLLNT 0.018£0.005 0.018 £0.001 1
12 HSQGTFTSDYSKYLDSRRAQDFVQWLMNP 0.040£0.019 0.124£0.027 0.32
13 HSQGTFTSDYSKYLDSRRAQDFVQWLINY 0.078 £0.050 0.039£0.008 2
14 INHEQWAFTSDYSKYLDSRRAQDFVQWLMNT 2.604 + 3.682 16.68 +10.30 0.16
15 ASMFTFFSDYSKYLDSRRAQDFVQWLMLT >20 >200 nd
16 HSQGTFLSDYSKLLDSRRAQDFVQWLMQT 0.131£0.060 11.22£10.56 0.01
17 HSQGTFLHDYYYYLDSRRAQDFVQWLMDT 0.527£0.315 >200 nd
18 HSQGTFTSDYSKYLDSIRAQDFVQWLMDT 0.037£0.011 0.056£0.012 0.66
19 HSQGTFTSDYSKYLDSRRAQDFVDWLMNE 0.014£0.001 0.055+£0.006 0.25
20 HSQGTFTSDYSKYLDSRRAQDFVQWLINT 0.031£0.004 0.017£0.002 1.82
21 KALGQFTFTSDYSKYLDSRRAQDFVQWLMNT 4.184+1.134 14.83+11.42 0.28
22 HSQGTFESDYSHWLDSRRAQDFVQWLMNT 0.029£0.001 >200 nd
23 HSQGTFTSDYSKYLDWRRAQDFVQWLQNT 0.019£0.001 0.017 £0.001 1.12
24 HSQGTFTSDYSKYLDSKRAHDFVQWLLNT 0.026 £0.001 0.018 £0.001 1.44
25 HSQGTFTSDYSKYLDSRRAQDFWIDLMNT >20 >20 nd
26 HSQGTFTSDYSKYLDSRRAQDFVMTSMNT >200 8.957 £1.840 nd
27 HSQGTFTSDYSKYLDSRRAQDFVEWLMNN 0.015+0.003 0.029 £0.001 0.52
28 HSQGTFTSDYSKYLDSRRAQDFVDWLINS 0.016 £0.001 0.007 £0.001 2.28
29 HSHGTFTSDYSKYLDSRRAQDFVQWLMTT 0.032£0.003 0.080 £ 0.006 0.40
30 HSQGIFESDYSKYLDSRRAQDFVQWLMNT 0.026 £ 0.004 >200 nd
31 HSQGTFTSDYSWYLDSRRAQDFVQWLMNT 0.032£0.011 0.044 £0.004 0.73
32 HSQGTFTSDYSKYLDMQRAHDFVQWLMNT 0.014£0.001 0.022+£0.001 0.64
33 HSQGTFTSDYSKYLDSRMAYDFVQWLMNT 0.079£0.033 0.059 £0.003 1.34
34 HSQGTFESDYSKYLDSRRAQDFVQWLLET 0.027 £0.005 51.94+57.71 0.001
35 HSQGTFTSDYSKYLDSRRAQDFVQWLLDS 0.0019 £0.005 0.018 £0.001 0.10

Table 2. Activity of phage-derived peptides on GCGR and GLP1R. 'All peptides C-terminal carboxyamide;
bold, mutations from the native GCG sequence.

accordingly, the mutations found in the phage-derived sequences show very little, if any, overlap with the amino
acid changes featured in the sequence of the co-agonists reported in the literature®!!,

We may conclude that limited sampling of the sequences of the selected phages was sufficient to identify
numerous co-agonists with the desired in vitro properties.

From Phage-derived Peptides to Peptide Therapeutics. One potential liability of using a biological
tool to identify peptide leads is the need to install drug-like properties onto the phage-derived sequences, i.e. to
protect the peptide sequence from enzymatic degradation and rapid renal excretion, which typically conjure to
drastically reduce peptide half-life in vivo. However, the rapidly accumulating experience on successful peptide
lead-to-therapeutic transition*#** suggests that this liability may not be a major one. To prove that this is the case,
we analyzed the sequence of one of the phage-derived peptides with the best co-agonist in vitro profile, peptide
#11, and of a strongly glucagon-biased agonist, peptide #16, since interest in improved glucagon agonists is rais-
ing*~*%. We corrected the key liability common to both peptides, the presence of His1-Ser2 dipeptidyl peptidase
IV (DPP-1V) cleavage site®, with the Ser2 — (D)-Ser2 substitution***, and installed a PK-modifier moiety -
~Glu-~Glu-C16 - used in GLP1R agonists like liraglutide®! onto the side chain of a Lys residue substituted for Tyr
in position 10 (Fig. 4).

These changes had indeed the expected outcome, since the resulting engineered peptides, #36-37, maintained
comparable potency on both GCGR and GLPIR to the parent phage-derived peptides (Table 3).

SCIENTIFICREPORTS| (2018) 8:585 | DOI:10.1038/s41598-017-18494-5 5



www.nature.com/scientificreports/

DPP-IV cleavage
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HSQGTFTSDYSKYLDSRRAHDEFVQWLLNT-NH,

HSQGTFLSDYSKLLDSRRAQDFVQWLMQT-NH,

|

HsQGTFTSDKSKYLDSRRAHDFVQWLLNT-NH,
HsQGTFLSDKSKLLDSRRAQDFVQWLMQT-NH,

I
YEYE-C16

Figure 4. From Phage-derived Peptide to Peptide Therapeutic. Illustrated are the changes introduced into
peptides #11, and #16, Table 2, to impart drug-like properties: Blue, changes introduced, s = D-Ser Red,
mutations from the native GCG sequence derived from selection of the PDL. For a detailed explanation of the
chosen changes, see text.

Peptide | Sequence EC;, hGCGR (nM) | EC;, hGLP1 (nM)
11 HSQGTFTSDY SKYLDSRRAHDFVQWLLNT 0.018£0.005 0.018£0.001
36 HsQGTFTSDK(NENEC16) SKYLDSRRAHDFVQWLLNT 0.023 £ 0.004 0.050 £ 0.006
16 HSQGTFLSDY SKLLDSRAAQDFVQWLMQT | 0.1314+0.060 11.22+10.56
37 HsQGTFLSDK(NE~NEC16) SKLLDSRAAQDFVQWLMQT | 0.037 £0.004 23.48+7.599

Table 3. Comparison of engineered and parent phage-derived peptides. ' All peptides C-terminal
carboxyamide; s = D-Ser; NE =~-glutamic acid, C16 = palmitic acid; bold, changes from the native GCG
sequence.

Discussion

In this manuscript, we describe a strategy for the identification of dual agonists of the GCGR and GLP1R through
sequential selection of a PDL on cells expressing either receptor. This strategy led to the discovery of several novel
dual agonists, unrelated to those previously described and with comparable potency. Moreover, we could show
that these peptides could be made more “drug-like” by predictable changes, like eliminating enzymatic cleavage
sites and introducing known PK-modifying moieties, an important step in the transition from phage-derived
sequence to preclinical candidate.

A number of considerations apply to the output of the selection.

First, the selection was necessarily based on binding, not activation of the receptors. We used a number of
features to reduce the number of selected phages which bind to, but do not activate the receptors, namely: (i) We
reduced the diversity to 1-3 mutations per sequence, (ii) We reduced the number of selection cycles, and (iii)
We alternated the order of the receptor-positive cells in the selection. Moreover, in three out of five libraries the
N-terminal “message”, mainly responsible for receptor activation, was not randomized. Nevertheless, when we
tested the peptides from the selected phages (Table 2), some did not activate one (#17, #26, #30) or both (#15,
#25) receptors.

Second, when comparing the activity of the individual phage clones with the activity of the corresponding
free peptides, one should take into account that although both the phage-displayed peptide and the free pep-
tide are able to engage the receptor, their ability to induce downstream signaling**->" may differ. Moreover, the
situation may vary for the two receptors, resulting in a different relative potency (receptor “balance”) for the
phage-displayed vs. the free co-agonist. Therefore, the selection process represents an approximation of the nat-
ural situation, and may be only indicative of the in vivo pharmacology of the individual phage-derived peptides.

Third, the fact that the selection provides a panel of peptides with variable balance represents a major advan-
tage of the strategy, since it enables establishing an in vitro/in vivo pharmacology correlation, as elegantly shown
by Day et al.'!: studies in diet-induced obese (DIO) mice chronically treated with GCGR/GLPIR co-agonists
with a different balance showed that maximal weight loss devoid of any sign of hyperglycemia was achieved
with comparable in vitro potency at the two murine receptors, while further increase of potency at the GCGR
increased weight loss but led to elevation of blood glucose''. The panel of peptides in Table 2 shows examples of
GCGR-biased (peptides #5, #7, #34), GLP1R-biased (peptides # 2, #3), and balanced (all the other) co-agonists,
which could be used for the experiments performed by Day et al., after engineering for in vivo studies as shown
for peptides # 36-37 (Fig. 4).

Finally, this strategy appears of general value for the discovery of optimized polypharmacology paradigms
across several metabolically-related hormones. For example, a selection cascade including GIPR+ cells in addi-
tion to GCGR+ and GLP1R+ cells might enable the identification of a triple-agonist as reported by Finan et al.'2.

Methods

Library design and generation. Five sub-libraries were designed covering the whole wt GCG sequence,
each with nine positions mutated and with a targeted complexity of 6 x 107 clones (Fig. 1). To ensure that all pos-
sible variants with one, two or three mutations were present in the sub-libraries, we used the “doping-style” design
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depicted in Table 1, and the randomized positions in the oligonucleotides were introduced using codon-focused
trimer-blocks?®*2. At each mutated position, 45% of the variants maintained a codon for the wt sequence and
the remaining 55% of the variants represented an equal mixture of codons for the 18 non-wt residues (always
excluding Cys). The presence of Ncol and Notl restriction sites necessary for cloning of the sub-libraries into the
pCANTAB6 phagemid vector was minimized to less than 0.13% by choosing appropriate codon trimer-blocks.
Synthesis of oligonucleotides was performed by Ella Biotech GmbH (Munich, Germany) utilizing the desired
mixture of pre-build codon-focused trimer-blocks at each randomized position. Double-strand DNA for cloning
each sub-library into the pPCANTABG vector was generated by primer extension, combining the relative forward
and reverse oligo for each library (Figure S2). 600 pmol of forward and reverse oligos were denatured at 95°C
for 3 min, annealed at 68 °C for 30 sec and extended for 30 sec at 72 °C in the presence of 0.2 mM dNTS,1 unit of
Phusion High —Fidelity DNA Polymerase (#F-530, Thermo Scientific) and 1.5 M Betaine solution (# B0300, Sigma
Aldrich).

Once checked for size on agarose gel, the fragments were digested with NcoI-NotI (Ncol #R0193S and NotI
#RO189L Bio Labs), purified through Qiaquick nucleotide Removal Kit (Qiagen), quantified by OD,¢,, and
ligated into NcoI-Not] pCANTAB6 phagemid. Preparative ligations were assembled by mixing vector and inserts
at 1:5 molar ratio and incubated o/n at 16 °C with T4 DNA ligase (M02024, Bio Labs). The ligation product was
desalted and transformed into electrocompetent E.coli XL1Blue cells (Agilent Technologies) using an electropora-
tor (Bio-Rad, Hercules, CA) at 1.8kV, 25 pF and 200 Q. Transformed bacteria were plated on 2XTY/Amp (100 pg/
mL)/2% Glucose 23 x 23 square plates and incubated o/n at 37 °C. The day after the plates were scraped to harvest
bacteria in 10ml 2XTY Amp (100 ug/ml)/2% Glucose containing 17% glycerol, and stored at —80 °C. For each
library, 6 x 107 individual clones were collected, for a cumulative complexity of 3 x 108 for the five sub-libraries.
Phage libraries were prepared by super-infection of transformed bacteria with 10 MOI of M13K07 helper phage,
purified through CsCl gradient, according to standard protocols, and titrated as plaque-forming units (pfu) and
transforming units (tu)/mL. The Library Mix was prepared by mixing an equivalent amount of phages from each
sub-library.

To obtain positive control phages for the screening, DNA sequences coding for the sequence of Glucagon
and GLP-1 were subcloned as a NcoIl-NotI fragment into pPCANTABG6 phagemid, fused with the N-Terminus
sequence of M 13 bacteriophage coat protein pIII. Once obtained, the GCG and GLP-1 phagemids were converted
to phage particles, purified on a CsCl gradient and titrated.

Selection of GCG/GLP1 co-agonists from phage libraries. 10! phages of the Library Mix were used
for the first round of selection on GCGR* and GLP1R" overexpressing HEK293 cells, after depletion on naive
cells. Four rounds of selection were carried out, with two different selection schemes: in Scheme 1, the first round
was made on GCGR™ cells, followed by a second round on GLP1R™ cells, a third round on GCGR™ cells, and
a fourth round on GLPIR™ cells; in Scheme 2, the order of the cells was inverted (Fig. 2). Briefly, phage par-
ticles were blocked in 0.5 mL of phosphate-buffered saline (PBS) containing 3% non-fat dry milk (MPBS) for
30 min at RT, then incubated with 107 naive cells previously resupended in MPBS for 1 additional hour in a rotary
mixer. Cells were pelleted, the depleted phage supernatant was recovered, then incubated with either GLP1R" or
GCGR cells, resupended into 0.5 mL of MPBS for 1hr in a rotary mixer. After incubation, the mixture of cells
and phages was centrifuged for 1 min at 2000 rpm, the supernatant was discarded, and the pellet was washed 6
times with PBS. For the elution step, the pellet was resuspended in 100mM HCI (500 uL) for 15min at RT in a
rotary mixer, then neutralized with 100 mM TrisHCI pH 7.5. Eluted phages were transferred in 50 mL Falcon
tube, 10mL of TG1 cells were added and the mixture was incubated for 1hr at 37°C at 150 rpm. TG1 infected cells
were plated out onto 2XTY Amp/Glu 23 x 23 square plate and incubated overnight (o/n) at 30 °C. The day after
the selected pool of phages was rescued by scraping bacteria from bioassay plate in 10 mL of 2XTY Amp/Glu.
50 uL of the scraping was inoculated in 50 mL 2XTY Amp/Glu and grown at 37°C to O.D.g,, = 0.5 in a shaker
at 180 rpm. M13K07 helper phage was added to bacteria at 10 multiplicity of infection (MOI), and incubated at
37°C for 30 min in static and 30 min in agitation (120 rpm). The culture was centrifuged for 10 min at 3200 rpm,
the supernatant was removed, the pellet was resuspended in 50 mL 2XTY Amp (100 ug/mL)/Kan (25 ug/mL)
and grown o/n at 25°C at 210 rpm. The day after the culture was centrifuged at 4200 rpm for 45 min at 4 °C, the
supernatant was recovered and used to perform the next round of selection.

Screening by cAMP activity assay. The pools of phage supernatants deriving from each round of selec-
tion were first tested for activity to determine which round of selection to screen further as single clone in the
96 well format. Phages from each round of selection were screened for activity both as a pool and as single
clone phage supernatants. From each round of selection, about 200 single clones were isolated and prepared
as phage supernatants in 96 well format. Once prepared as above described, phages were precipitated from the
supernatants by adding 1/3 volume of 20% PEG8000/2.5 M NaCl o/n at 4 °C, centrifuged for 45 min at 4200 rpm
at 4°C, and resuspended in 1/10 volume of PBS. Both the phage pools and the single phages were tested with a
cAMP activity assay (HitHunter cAMP XS+ Assay DiscoverX, cat#90-0075), according to the manufacturer’s
instructions. Naive, GCGR* and GLP1R* overexpressing cells, were harvested, counted and re-suspended in
Assay Buffer (AB, 7.5% BSA, 10% FBS, PBS + R01724 phosphatase inhibitor). 8 uL of each phage supernatant was
diluted 1:5 into AB and incubated for 3 hr at 25 °C with 30.000 cells/well. The specific activity was determined as
luminescence with a Safire2 TECAN instrument. Phages able to activate both the GCGR and GLP1R were iso-
lated, the phagemids were extracted and subjected to DNA sequencing. Peptides corresponding to the sequence
of the selected phages were synthesized for further testing.

SCIENTIFICREPORTS| (2018) 8:585 | DOI:10.1038/s41598-017-18494-5 7



www.nature.com/scientificreports/

Peptide Synthesis and Testing for activity. Peptides were synthesized by solid phase synthesis using
Fmoc/t-Bu chemistry on a Symphony peptide synthesizer (Protein Technologies Inc.) on a Rink-amide PEG-PS
resin (Champion, Biosearch Technologies, 0.28 mmol/g), as previously described'**’. The peptides were purified
by reverse-phase HPLC using a Waters X-Bridge C18 column (50 x 150 mm, 5um, 130 A) and 0.1% TFA in water
and 0.1% TFA in acetonitrile as eluents. Analytical HPLC was performed on an Acquity UPLC Chromatograph
(Waters) with a BEH130 C18 or a BEH300 C4 Acquity column (2.1 X 100 mm, 1.7 um, Waters) at 45 °C, using
water, 0.1% TFA and acetonitrile, 0.1% TFA as solvents. The peptides were characterized by electrospray mass
spectrometry on an Acquity SQ Detector. Analytical data for peptides are given in the Supporting Information.

Peptides were tested in vitro for activity using cAMP assays on both the GCG and GLP-1 receptors as previously
described?. Briefly, a 2uM solution of peptide was prepared, and 4-fold serial dilutions were made. 150 nL of the above
titration was then dispensed into an Optiplate384 using an Echo555. CHO-Jumpln cells, stably transfected with human
GLP-1 receptor (GLP1R) or glucagon receptor (GCGR), were counted with a cell counter (Countess;Invitrogen) and
resuspended in assay buffer containing PBS(Gibco # A12858), 0.1% BSA, 100.M RO 20-1724 and 20% species spe-
cific serum. The HitHunter® cAMP Assay kit calibration curve was prepared following the manufacturer’s protocol
(DiscoveRx-90-0075L). 30,000 cells/well were added to the peptides, spun briefly at 500 rpm for 15s and incubated at
RT in the dark for 1 hr. The assay was developed as per the manufacturer’s instructions. cAMP accumulation due to
GLP1R agonism or GCGR agonism was measured using an EnVision platereader (PerkinElmer), and calibrated using
the cAMP standard curve. Data were analyzed using Assay Data Analyzer (ADA).

Data Availability. All data generated or analyzed during this study are included in this published article and
its Supplementary Information file.

References

1. Sadry, S. A. & Drucker, D. J. Emerging combinatorial hormone therapies for the treatment of obesity and T2DM. Nat. Rev.
Endocrinol. 9, 425-433, doi:nrendo.2013.47 (2013).

2. Holst, ]. ]. & Vilsboll, T. Combining GLP-1 receptor agonists with insulin: therapeutic rationales and clinical findings. Diabetes Obes.
Metab. 15, 3-14, https://doi.org/10.1111/j.1463-1326.2012.01628.x (2013).

3. Roth, J. D. et al. Leptin responsiveness restored by amylin agonism in diet-induced obesity: evidence from nonclinical and clinical
studies. Proc. Natl. Acad. Sci. USA 105, 7257-7262, doi:0706473105 (2008).

4. Wang, Y. et al. Multifunctional Antibody Agonists Targeting Glucagon-like Peptide-1, Glucagon, and Glucose-Dependent
Insulinotropic Polypeptide Receptors. Angew. Chem. Int. Ed. 55, 12475-12478, https://doi.org/10.1002/anie.201606321 (2016).

5. Pan, C. Q. et al. Design of a long acting peptide functioning as both a glucagon-like peptide-1 receptor agonist and a glucagon
receptor antagonist. J. Biol. Chem. 281, 12506-12515, doi:M600127200 (2006).

6. Dalboge, L. S. et al. The Novel GLP-1-Gastrin Dual Agonist ZP3022 Improves Glucose Homeostasis and Increases 3-Cell Mass
without Affecting Islet Number in db/db Mice. J. Pharmacol. Exp. Ther. 350, 353-360, https://doi.org/10.1124/jpet.114.215293 (2014).

7. Fosgerau, K. et al. The novel GLP-1-gastrin dual agonist, ZP3022, increases beta-cell mass and prevents diabetes in db/db mice.
Diabetes Obes. Metab. 15, 62-71, https://doi.org/10.1111/j.1463-1326.2012.01676.x (2013).

8. Day, J. W. et al. A new glucagon and GLP-1 co-agonist eliminates obesity in rodents. Nat. Chem. Biol. 5, 749-757 (2009).

9. Finan, B. et al. Unimolecular Dual Incretins Maximize Metabolic Benefits in Rodents, Monkeys, and Humans. Sci. Transl. Med. 5,
209ral51, https://doi.org/10.1126/scitranslmed.3007218 (2013).

10. Pocai, A. et al. Glucagon-like peptide 1/glucagon receptor dual agonism reverses obesity in mice. Diabetes 58, 2258-2266,
doi:db09-0278 (2009).

11. Day, J. W. et al. Optimization of co-agonism at GLP-1 and glucagon receptors to safely maximize weight reduction in DIO-rodents.
J. Pept. Sci. 98, 443-450, https://doi.org/10.1002/bip.22072 (2012).

12. Finan, B. et al. A rationally designed monomeric peptide triagonist corrects obesity and diabetes in rodents. Nat. Med. 21, 27-36,
https://doi.org/10.1038/nm.3761 (2015).

13. Clemmensen, C. et al. GLP-1/glucagon co-agonism restores leptin responsiveness in obese mice chronically maintained on an
obesogenic diet. Diabetes, https://doi.org/10.2337/db13-1609 (2013).

14. Bhat, V. K,, Kerr, B. D, Flatt, P. R. & Gault, V. A. A novel GIP-oxyntomodulin hybrid peptide acting through GIP, glucagon and GLP-
1 receptors exhibits weight reducing and anti-diabetic properties. Biochem. Pharmacol. 85, 1655-1662, https://doi.org/10.1016/j.
bcp.2013.03.009 (2013).

15. Gault, V. A,, Bhat, V. K,, Irwin, N. & Flatt, P. R. A Novel Glucagon-like Peptide-1 (GLP-1)/Glucagon Hybrid Peptide with Triple-
acting Agonist Activity at Glucose-dependent Insulinotropic Polypeptide, GLP-1, and Glucagon Receptors and Therapeutic
Potential in High Fat-fed Mice. J. Biol. Chem. 288, 35581-35591, https://doi.org/10.1074/jbc.M113.512046 (2013).

16. Evers, A. et al. Design of Novel Exendin-Based Dual Glucagon-like Peptide 1 (GLP-1)/Glucagon Receptor Agonists. J. Med. Chem.
60, 4293-4303, https://doi.org/10.1021/acs.jmedchem.7b00174 (2017).

17. Bianchi, E. et al. A PEGylated analog of the gut hormone oxyntomodulin with long-lasting antihyperglycemic, insulinotropic and
anorexigenic activity. Bioorg. Med. Chem. 21, 7064-7073, https://doi.org/10.1016/j.bmc.2013.09.016 (2013).

18. Kerr, B. D,, Flatt, P. R. & Gault, V. A. (d-Ser(2))Oxm[mPEG-PAL]: A novel chemically modified analogue of oxyntomodulin with
antihyperglycaemic, insulinotropic and anorexigenic actions. Biochem. Pharmacol. 80, 1727-1735, doi:S0006-2952(10)00619-2 (2010).

19. Geary, N, Kissileff, H. R., Pi-Sunyer, E. X. & Hinton, V. Individual, but not simultaneous, glucagon and cholecystokinin infusions
inhibit feeding in men. Am. J. Physiol. 262, R975-980 (1992).

20. Geary, N. Pancreatic glucagon signals postprandial satiety. Neurosci. Biobehav. Rev. 14, 323-338 (1990).

21. Billington, C. J., Bartness, T. ]., Briggs, J., Levine, A. S. & Morley, J. E. Glucagon stimulation of brown adipose tissue growth and
thermogenesis. Am. J. Physiol. 252, R160-165 (1987).

22. Gutniak, M., Orskov, C., Holst, J. ., Ahren, B. & Efendic, S. Antidiabetogenic effect of glucagon-like peptide-1 (7-36)amide in normal
subjects and patients with diabetes mellitus. N. Engl. J. Med. 326, 1316-1322, https://doi.org/10.1056/NEJM199205143262003 (1992).

23. Santoprete, A. et al. DPP-IV-resistant, long-acting oxyntomodulin derivatives. J. Pept. Sci. 17, 270-280, https://doi.org/10.1002/
psc.1328 (2011).

24. Hamzeh-Mivehroud, M., Alizadeh, A. A., Morris, M. B., Bret Church, W. & Dastmalchi, S. Phage display as a technology delivering
on the promise of peptide drug discovery. Drug Discov. Today 18, 1144-1157, https://doi.org/10.1016/j.drudis.2013.09.001 (2013).

25. Smith, G. P. & Petrenko, V. A. Phage Display. Chem. Rev. 97, 391-410, doi:cr960065d (1997).

26. Sidhu, S. S., Lowman, H. B., Cunningham, B. C. & Wells, J. A. Phage display for selection of novel binding peptides. Methods
Enzymol. 328, 333-363, d0i:S0076-6879(00)28406-1 (2000).

27. Cortese, R. et al. Identification of biologically active peptides using random libraries displayed on phage. Curr. Opin. Biotechnol. 6,
73-80, d0i:0958-1669(95)80012-3 (1995).

SCIENTIFICREPORTS| (2018) 8:585 | DOI:10.1038/s41598-017-18494-5 8


http://dx.doi.org/10.1111/j.1463-1326.2012.01628.x
http://dx.doi.org/10.1002/anie.201606321
http://dx.doi.org/10.1124/jpet.114.215293
http://dx.doi.org/10.1111/j.1463-1326.2012.01676.x
http://dx.doi.org/10.1126/scitranslmed.3007218
http://dx.doi.org/10.1002/bip.22072
http://dx.doi.org/10.1038/nm.3761
http://dx.doi.org/10.2337/db13-1609
http://dx.doi.org/10.1016/j.bcp.2013.03.009
http://dx.doi.org/10.1016/j.bcp.2013.03.009
http://dx.doi.org/10.1074/jbc.M113.512046
http://dx.doi.org/10.1021/acs.jmedchem.7b00174
http://dx.doi.org/10.1016/j.bmc.2013.09.016
http://dx.doi.org/10.1056/NEJM199205143262003
http://dx.doi.org/10.1002/psc.1328
http://dx.doi.org/10.1002/psc.1328
http://dx.doi.org/10.1016/j.drudis.2013.09.001

www.nature.com/scientificreports/

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.
39.

40.
41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

O’Neil, K. T. et al. Identification of novel peptide antagonists for GPIIb/IIIa from a conformationally constrained phage peptide
library. Proteins 14, 509-515, https://doi.org/10.1002/prot.340140411 (1992).

Koivunen, E., Gay, D. A. & Ruoslahti, E. Selection of peptides binding to the alpha 5 beta 1 integrin from phage display library. . Biol.
Chem. 268, 20205-20210 (1993).

Binetruy-Tournaire, R. et al. Identification of a peptide blocking vascular endothelial growth factor (VEGF)-mediated angiogenesis.
EMBO J. 19, 1525-1533, https://doi.org/10.1093/emboj/19.7.1525 (2000).

Szardenings, M. et al. Phage display selection on whole cells yields a peptide specific for melanocortin receptor 1. J. Biol. Chem. 272,
27943-27948 (1997).

Rousch, M. et al. Somatostatin displayed on filamentous phage as a receptor-specific agonist. Br. J. Pharmacol. 125, 5-16, https://doi.
org/10.1038/sj.bjp.0702011 (1998).

Bikkavilli, R. K. et al. Identification and characterization of surrogate peptide ligand for orphan G protein-coupled receptor mas
using phage-displayed peptide library. Biochem. Pharmacol. 71, 319-337, d0i:50006-2952(05)00744-6 (2006).

Yin, X., Ma, Y., Liu, M., Gao, W. & Wei, D. Screening of a phage display library of exendin-4 mutants with the extracellular domain
of rat GLP-1 receptor. Protein Pept. Lett. 14, 816-821 (2007).

Chen, J. et al. Identifying glucagon-like peptide-1 mimetics using a novel functional reporter gene high-throughput screening assay.
Peptides 28, 928-934, https://doi.org/10.1016/j.peptides.2006.12.012 (2007).

Koth, C. M. et al. Molecular basis for negative regulation of the glucagon receptor. Proc. Nat. Acad. Sci. USA 109, 14393-14398,
https://doi.org/10.1073/pnas.1206734109 (2012).

Schwyzer, R. Estimated conformation, orientation, and accumulation of dynorphin A-(1-13)-tridecapeptide on the surface of
neutral lipid membranes. Biochemistry 25, 4281-4286 (1986).

Schwyzer, R. Membrane-assisted molecular mechanism of neurokinin receptor subtype selection. EMBO J. 6, 2255-2259 (1987).
Schwyzer, R. 100 years lock-and-key concept: are peptide keys shaped and guided to their receptors by the target cell membrane?
Biopolymers 37, 5-16, https://doi.org/10.1002/bip.360370104 (1995).

Siu, E Y. et al. Structure of the human glucagon class B G-protein-coupled receptor. Nature 499, 444-449, doi:nature12393 (2013).
Underwood, C. R. et al. Crystal Structure of Glucagon-like Peptide-1 in Complex with the Extracellular Domain of the Glucagon-
like Peptide-1 Receptor. J. Biol. Chem. 285, 723-730, https://doi.org/10.1074/jbc.M109.033829 (2010).

Yang, D. et al. Structural Determinants of Binding the Seven-transmembrane Domain of the Glucagon-like Peptide-1 Receptor
(GLP-1R). J. Biol. Chem. 291, 12991-13004, https://doi.org/10.1074/jbc.M116.721977 (2016).

Gao, Z. et al. A novel DPP-IV-resistant analog of glucagon-like peptide-1 (GLP-1): KGLP-1 alone or in combination with long-
acting PLGA microspheres. Peptides 30, 1874-1881, doi:S0196-9781(09)00311-8 (2009).

Kaspar, A. A. & Reichert, J. M. Future directions for peptide therapeutics development. Drug Discov. Today 18, 807-817,
doi:S1359-6446(13)00157-8 (2013).

Fosgerau, K. & Hoffmann, T. Peptide therapeutics: current status and future directions. Drug Discov. Today 20, 122-128,
d0i:S1359-6446(14)00399-7 (2015).

Kedia, N. Treatment of severe diabetic hypoglycemia with glucagon: an underutilized therapeutic approach. Diabetes, Metabolic
Syndrome and Obesity: Targets and Therapy 4, 337-346, https://doi.org/10.2147/DMS0O.S20633 (2011).

Habegger, K. M. et al. The metabolic actions of glucagon revisited. Nat. Rev. Endocrinol. 6, 689-697 (2010).

Finan, B. et al. Chemical Hybridization of Glucagon and Thyroid Hormone Optimizes Therapeutic Impact for Metabolic Disease.
Cell 167, 843-857.e814, https://doi.org/10.1016/j.cell.2016.09.014 (2016).

Zhu, L. et al. The role of dipeptidyl peptidase IV in the cleavage of glucagon family peptides: in vivo metabolism of pituitary adenylate
cyclase activating polypeptide-(1-38). J. Biol. Chem. 278, 22418-22423, https://doi.org/10.1074/jbc.M212355200 M212355200 (2003).
Kosinski, J. R. et al. The glucagon receptor is involved in mediating the body weight-lowering effects of oxyntomodulin. Obesity 20,
1566-1571, doi:oby201267 (2012).

Madsen, K. ef al. Structure-activity and protraction relationship of long-acting glucagon-like peptide-1 derivatives: importance of
fatty acid length, polarity, and bulkiness. J. Med. Chem. 50, 6126-6132 (2007).

Yagodkin, A. et al. Improved synthesis of trinucleotide phosphoramidites and generation of randomized oligonucleotide libraries.
Nucleos. Nucleot. Nucl. Ac. 26, 473-497, d0i:779691529 (2007).

Acknowledgements
The authors wish to thank Drs Ravi Nargund and Ann Weber for their help throughout this work.

Author Contributions

A.Pe and A.Pa conceived the study. A.L. and A.Pe designed the PD.L. A.D,, L.T., E.B., and V.D.B. designed and
performed the P.D.L. experiments, and evaluated the results together with A.L. and A.Pe. EO,, EFE, and E.B.
synthesized the peptides. PE.C., S.M. and B.H. evaluated the in vitro and on cell activity of the peptides. A.Pe
wrote the first draft of manuscript, with revisions from A.Pa, A.D., L.T., S.M., B.H., and E.B.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-18494-5.

Competing Interests: Paul E. Carrington, Sheena Mumick, Brian Hawes, and Anandan Palani are employees
of Merck Sharp & Dohme Corp., Whitehouse Station, NJ USA and potentially own stock and/or hold stock
options in the Company.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and

institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:585 | DOI:10.1038/s41598-017-18494-5 9


http://dx.doi.org/10.1002/prot.340140411
http://dx.doi.org/10.1093/emboj/19.7.1525
http://dx.doi.org/10.1038/sj.bjp.0702011
http://dx.doi.org/10.1038/sj.bjp.0702011
http://dx.doi.org/10.1016/j.peptides.2006.12.012
http://dx.doi.org/10.1073/pnas.1206734109
http://dx.doi.org/10.1002/bip.360370104
http://dx.doi.org/10.1074/jbc.M109.033829
http://dx.doi.org/10.1074/jbc.M116.721977
http://dx.doi.org/10.2147/DMSO.S20633
http://dx.doi.org/10.1016/j.cell.2016.09.014
http://dx.doi.org/10.1074/jbc.M212355200
http://dx.doi.org/10.1038/s41598-017-18494-5
http://creativecommons.org/licenses/by/4.0/

	Polypharmacy through Phage Display: Selection of Glucagon and GLP-1 Receptor Co-agonists from a Phage-Displayed Peptide Lib ...
	Results

	Library design and cloning. 
	Selection of the PDL on GCGR+ and GLP1R+ cells. 
	Individual Phage Clones activate the GCGR and GLP1R. 
	Phage-derived peptides are potent, balanced co-agonists of the GCGR and GLP1R. 
	From Phage-derived Peptides to Peptide Therapeutics. 

	Discussion

	Methods

	Library design and generation. 
	Selection of GCG/GLP1 co-agonists from phage libraries. 
	Screening by cAMP activity assay. 
	Peptide Synthesis and Testing for activity. 
	Data Availability. 

	Acknowledgements

	Figure 1 Design of the Phage Display Library (PDL).
	Figure 2 Selection Schemes for the PDL.
	Figure 3 Pooled selected phages activate both the GCGR and the GLP1R.
	Figure 4 From Phage-derived Peptide to Peptide Therapeutic.
	Table 1 Distribution of the variants in a library of complexity 6 × 107 with 45% wt amino acid at each of the 9 randomized positions.
	Table 2 Activity of phage-derived peptides on GCGR and GLP1R.
	Table 3 Comparison of engineered and parent phage-derived peptides.




