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Functional association of the N-terminal
residues with the central region
in glucagon-related peptides

James T. Patterson, Jonathan W. Day,* Vasily M. Gelfanov and Richard
D. DiMarchi*

GLP-1 is an incretin peptide involved in the regulation of glucose metabolism and the glucose-dependent stimulation of
insulin secretion. Ex-4 is a paralog of GLP-1 that has comparable GLP-1R potency but extended physiological action. GLP-1
and Ex-4 are helical peptides that share ~50% sequence homology but differ at several residues, notably the second amino
acid which controls susceptibility to DPP-IV cleavage. This single amino acid difference yields divergent receptor potency when
studied in the context of the two hormone sequences. Ex-4 uniquely tolerates Gly2 through select amino acid differences in
the middle region of the peptide that are absent in GLP-1. We report that substitution of Ex-4 amino acids Glu16, Leu21, and
Glu24 to the GLP-1 sequence enabled Gly2 tolerance. The coordination of the N-terminus with these central residues shows an
interaction of substantial importance not only to DPP-1V stability but also to receptor activation. Extension of this observation
to glucagon-based co-agonist peptides showed different structural requirements for effective communication between the
N-terminus and the mid-section of these peptides in achieving high potency agonism at the GLP-1 and GCGRs. Copyright (©
2011 European Peptide Society and John Wiley & Sons, Ltd.
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Introduction

GLP-1 is an incretin hormone that facilitates insulin secretion
from pancreatic B-cells to promote glucose homeostasis. GLP-1 is
produced by intestinal L-cells and released upon nutrientingestion
to act at a specific GLP-1R in a glucose-dependent manner (the
incretin effect) [1]. Treatment of adult-onset diabetics with the
GLP-1R agonist Ex-4 has proven clinical benefit in lowering blood
glucose and the reduction of body weight [2]. The actions of
GLP-1 include the suppression of glucagon, decreasing gastric
motility, and increasing S-cell mass: each representing beneficial
elements for treatment of Type Il diabetes. However, native GLP-1
is cleaved proteolytically and inactivated by DPP-IV within minutes,
minimizing its effectiveness as a therapeutic agent [3-6]. The short
half-life of native GLP-1 has led to the identification of analogs
with more favorable therapeutic profiles [7-9].

Ex-4 has been shown to have a comparable invitro profile
of slightly increased potency as native GLP-1 but shows much
extended invivo action [10-13], in part because of Ex-4 being
appreciably resistant to DPP-IV cleavage. An amino acid difference
at position 2 in Ex-4 (Gly), relative to GLP-1 (Ala), has largely
been attributed for this difference in the kinetics of degradation
(Figure 1), but other residues have also been implicated [11].
Ex-4 does not discriminate between either residue at position 2
[14] whereas GLP-1 loses approximately fourfold potency when
substituted with glycine at this position [15-19]. The N-terminal
histidine has been shown to be essential for binding with subtle
alterations in the structure of this residue making considerable
changes in activity [20-23]. Though structure-function studies
have focused on position 2 to improve proteolytic stability, the
structural mechanism by which Gly2 is tolerated by the GLP-1R

in Ex-4 but not GLP-1 has yet to be addressed. We hypothesized
that Ex-4 contains unique sequence distal to position 2 that
enable substitution, and that the biophysical characterizations of
peptide-ligand association with the GLP-1R extracellular domain
do not fully provide a molecular basis for these biochemical
observations.

GLP-1 and Ex-4 are both peptides with sizable helical content,
but GLP-1 is considerably less helical than Ex-4 when studied in
aqueous solution [24,25]. NMR studies have shown that GLP-1
has a discontinuous helix around Gly16 whereas Ex-4 adopts a
continuous helix [26-28]. The presence of Glu16 in Ex-4 promotes
alpha helicity which is further reinforced by the alternating charge
network in its backbone (Figure 1). Another distinctive feature of
Ex-4 is its C-terminal sequence extension (Cex), which folds back
on the C-terminus (Trp25) to form the Trp-cage [27,29]. While Cex
has been implicated in protecting Ex-4 in vivo [11], the C-terminal
extension was not required for receptor recognition by either the
agonist or the N-terminally truncated antagonist [24,30]. Deletion
of Cex from Ex-4 had minimal effect on helicity, but C-terminal
extension of GLP-1 with Cex bestowed helicity intermediate to
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Figure 1. Primary sequences of GLP-1 (red), Ex-4 (blue), glucagon (purple), and hybrid peptides. Positions 2 and 16 are indicated with an asterisk (*), and
the C-terminal extension of Ex-4 (Cex) is underlined. Regions of sequence involved in substitution are boxed. Top, conserved residues between GLP-1
and Ex-4 are black and residues unique to GLP-1 and Ex-4 are red and blue respectively. Bottom, residues conserved between GLP-1, Ex-4, and glucagon
are shown in black. Shared residues with either GLP-1 or Ex-4 are red or blue respectively, and residues unique to glucagon are purple.

GLP-1 and Ex-4 [30]. Moreover, the addition of Cex to GLP-1
was further shown to partially reduce potency loss upon Gly2
substitution [16]. To identify the specific Ex-4 residues required
for full Gly2 tolerance, we studied a series of GLP-1/Ex-4 hybrid
peptides that mapped the basis for tolerance to the central to C-
terminal region of the hormone. We also prepared glucagon and
glucagon-based receptor co-agonists of the GLP-1 and GCGRs to
explore the influence of differing peptide backbones on position
2 promiscuity at the structurally related GCGR (Figure 1).

Experimental Procedures
Peptide Synthesis

Peptides were generated by solid-phase peptide synthesis. An
in situ neutralization protocol for Boc-chemistry was followed
as described by Kent and colleagues [31]. Peptide synthesis
was performed using 0.2 mmol 4-methylbenzhydrylamine resin
(Midwest Biotech, Fishers, IN, USA) on a modified Applied
Biosystems 430A synthesizer (Applied Biosystems, Foster City, CA,
USA). Amino acids (Midwest Biotech) were side-chain protected
with the following groups: Arg(Tos), Asp(OcHex), Asn(Xan),
Glu(OcHex), His(BOM), Lys(2-Cl-Z), Ser(Bzl), Thr(Bzl), Trp(CHO), and
Tyr(Br-Z). Activation of amino acids (2 mmol) was performed
with 0.5 M 3-(diethoxyphosphoryloxy)-1,2,3-benzotriazin-4(3H)-
oneandDIEA (4: 1 v/v).Cleavage from the solid support used HF/p-
cresol (95:5 v/v) for 1 hat 0 °C followed by in vacuo HF evacuation.
Peptides were next precipitated in diethyl ether, collected using
a 50 um Teflon filter funnel, and solubilized in 10% acetic acid.
Peptides were then lyophilized and stored until purification.

Peptide Purification

RP-HPLC was employed for purification of peptides. A Cig
stationary phase (Vydac, Deerfield, IL, USA: 218TP, 250 mm x
2 mm, 10 um) was utilized with a linear acetonitrile gradient in
0.1% TFA during preparative purifications. Peptide identity and
purity were assessed by analytical RP-HPLC and ESI- or MALDI-MS.
Analytical RP-HPLC analysis was performed on peak fractions
with a Cg column (Zorbax, Santa Clara, CA, USA: 300SB, 4.6 mm x
50 mm, 3.5 um) using a linear acetonitrile gradient in 0.1% TFA.
All peptides were found to have the correct molecular weight and
>90% purity. Lyophilized peptides were stored at 4°C.

GLP-1R- and GCGR-Mediated cAMP Induction

The ability of peptides to stimulate cAMP induction at the human
GLP-1 and GCGRs was examined by a luciferase reporter gene

assay. Co-transfection of HEK293 cells with the receptor and a
cAMP response element-linked luciferase gene enabled receptor
activation measurements. Bioassays were performed by incubat-
ing serum deprived cells with serial dilutions of peptides for 5 h
at 37 °Cand 5% CO, in 96-well poly-p-lysine-coated tissue culture
plates (BD Biosciences, Wellesley, MA, USA) using Dulbecco-
modified Eagle’s medium supplemented with 0.25% Bovine
Growth Serum (HyClone, Logan, UT, USA) as diluent. Assays were
stopped by the addition of an equivalent volume (100 ul) of Lu-
cLite luminescence substrate reagent (Perkin-Elmer, San Jose, CA,
USA). Plates were shaken at 600 rpm for 3 min, and luminescence
signal was quantified with a MicroBeta-1450 liquid scintillation
counter (Perkin-Elmer). Data was plotted using Origin software
(OriginLab, Northampton, MA, USA), and the half maximal effective
concentration (ECsp) was determined by sigmoidal curve fitting.

Circular Dichroism

Peptides were analyzed by CD spectroscopy from 250 to 190 nm
using a JASCO J-715 (Easton, MD, USA) spectropolarimeter. Sam-
ples were prepared at 10 um peptide in 10 mm aqueous sodium
phosphate buffer (pH 5.9). Nitrogen was streamed over the sam-
ples at 25 °C, and data was collected for five scans in a 1 mm path
length cell at a scan speed of 100 nm per min and a 0.5 nm wave-
length step. Spectra were normalized by subtracting background
solvent signal and then Savitsky -Golay smoothing was applied.
Millidegree data values were converted to mean residue ellipticity
(deg cm? dmol~") allowing calculation of percent helicity.

Results
Improved Tolerance for Gly2 Substitution by Glu16

GLP-1 (1-30)a (1) is the endogenous ligand of the GLP-1R
(ECsp = 0.036 nm), but its reptilian counterpart Ex-4 (1-39)a
(2) (ECsp = 0.017 nm) stimulates cAMP induction with twofold
increased potency (Figure 2(A) and Table 1) [13]. Ex-4 receptor
activation was not dependent on the presence of Cex, as Ex-4
(1-30)a (3) proved equally effective [30]. While Cex moderately
increased the activity of GLP-1 (4), simultaneous substitution of
Glu16 and Cex (5) yielded a hormone equivalent to Ex-4 (2)
boosting GLP-1 potency by approximately twofold (Figure 2(A)
and Table 1). However, incorporation of Glu16 to GLP-1 (1-30)a
(6) was sufficient to reach equivalent potency with the comparable
Ex-4-based peptide 3 (Figure 2(A)). Our results are consistent with
the observation that « helix stabilizing residues improve GLP-1R
potency [24,32,33] and set a foundation to determine specific Ex-4
and GLP-1 sequences tolerant to position 2 substitutions.
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Figure 2. (A) GLP-1R-mediated cAMP induction by GLP-1, Ex-4, and GLP-1 Glu16/Cex analogs. (B) Stimulation of cAMP release by GLP-1/Ex-4 hybrid

peptides substituted at position 2.

Table1. Summary of GLP-1R activation for GLP-1/Ex-4 hybrids.
Numbering for GLP-1 (7-36)a corresponds to positions (1-30)a for
consistency with Ex-4*P
# Peptide GLP-1R, ECsg
(nm)
1 GLP-1 (1-30)a 0.036 £ 0.007
2 Ex-4 (1-39)a 0.017 £ 0.005
3 Ex-4 (1-30)a 0.019 £ 0.006
4 GLP-1-Cex (1-39)a 0.025 + 0.007
5 GLP-1-Cex (1-39)a Glu16 0.018 £ 0.005
6 GLP-1 (1-30)aGlu16 0.020 + 0.007
7 Ex-4 (1-30)a Ala2 0.020 4+ 0.004
8 GLP-1 (1-30)a Gly2 0.154+0.03
9 GLP-1 (1-30)a Gly2Glu16 0.039 4+ 0.008
10 G/E (1-30)a 0.021 £0.004
1 G/E (1-30)a Gly2 0.019 4+ 0.005
12 E/G (1-30)a Ala2 0.028 £+ 0.007
13 E/G (1-30)a 0.081 £ 0.02
14 E/G (1-30)a Ala2Leu21Glu24 0.022 £+ 0.007
15 E/G (1-30)a Leu21Glu24 0.026 + 0.006
16 GLP-1 (1-30)a Glu16Leu21Glu24 0.018 £ 0.003
17 GLP-1 (1-30)a Gly2Glu16Leu21Glu24 0.020 + 0.004
@ Peptides were assayed with an nvalue > 3 (n, the number of duplicate
experiments performed).
b Assays were normalized to the ECs value of GLP-1.

The amino acid substitution of Ala2 to Gly2 in GLP-1
confers partial plasma DPP-IV resistance but decreases potency
[15-19]. While GLP-1 was reduced in potency by fourfold with
Gly2 substitution (8) (Figure 2(A) and Table 1), Ex-4 (1-39)a
accommodates this residue equally well [14]. To evaluate if
specific sequence elements enable Gly2 tolerance in the absence
of Cex, we prepared both Ala2 and Gly2 versions of the GLP-1,
GLP-1 Glu16, and Ex-4 (1-30)a peptides. Ex-4 (1-30)a, like its
C-terminally extended counterpart, did not discriminate between
Ala2 (7) and Gly2 (3) thus eliminating Cex as the source of the
differential activity. GLP-1 (1-30)a Glu16 displayed a response
that was intermediate to those of the Ex-4 and GLP-1 peptides
(6,9) (Figure 2(A)). While Glu16 was the minimal change required
to improve invitro potency of GLP-1 to that of Ex-4, it proved

insufficient to provide full tolerance to Gly2 substitution. Hence,
additional elements contribute to the equivalence of Gly and Ala
at position 2 within the Ex-4 sequence.

Leu21 and Glu24 Support Gly2 Acceptance

Peptides devoid of Cex were prepared to identify the additional
Ex-4 sequence elements that facilitate Gly2 tolerance. Analogs
were designed to contain either GLP-1 or Ex-4 at the N- or C-
termini with Glu16 as the central pivot point (Figure 1). Hybrid
peptides 10 and 11 containing Ex-4 sequence at the C-terminus
(G/E) tolerated Ala2 and Gly2 equally well (10 ECsp = 0.021 nm,
11 ECsp = 0.019 nwm), relative to Ex-4 (3, 7) (Figure 2(B) and
Table 1). On the contrary, analogs with GLP-1 sequence at the
C-terminus, 12 and 13 (E/G), displayed a strong sensitivity to Gly2
substitution, reminiscent of native GLP-1 (Figure 2(B)). Peptide E/G
preferred Ala2 to residue Gly2 by threefold (12 ECso = 0.028 nm, 13
ECso = 0.081 nm) in comparison to GLP-1 Glu16 which exhibited
a twofold preference (6, 9) (Table 1). The additional sequence
elements conferring N-terminal position 2 tolerance appeared to
be located within residues 17-28 encouraging further study of
C-terminal Ex-4 substitutions.

We reasoned that if the alternating charge network present in
the Ex-4 sequence reinforces its structure, then substitution of
these residues to GLP-1 might similarly improve Gly2 tolerance.
With this as an objective, Leu21 and Glu24 were incorporated into
the E/G backbone to stabilize the hormone’s secondary structure
(Figure 1). Incorporation of Leu21 removes a potential negative
charge with GLP-1 Glu21 that could disrupt the alternating charge
network. Indeed, E/G (1-30)a Leu21Glu24 did not discriminate
between Ala2 (14) and Gly2 (15) substitution (14 ECsp = 0.022 nm,
15 ECsp = 0.026 nm) (Figure 2(B) and Table 1). The GLP-1-based
peptide GLP-1 (1-30)a Glu16Leu21Glu24 also did not discriminate
between Ala2 (16) and Gly2 (17) and maintained Ex-4-like potency
(16 EC59 = 0.018 nm, 17 EC59 = 0.020 nm) (Table 1). Thus, the
results provide evidence that the stabilized helix associated with
the alternating charge network of Ex-4 is serving a functional role
in receptor activation.

GLP-1R Activity in Glucagon-Based Hormones

To expand our investigation to the GCGR, we synthesized
glucagon-based hormones modified at position 2 with Ala, Gly, Aib,
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Figure 3. cAMP induction by glucagon (1-29)a Glu16 analogs at the GLP-1 (A) and glucagon (B) receptors.

Table 2. Summary of agonism at the GLP-1 and GCGRs for glucagon-
based analogs®?

# Peptide GLP-1R, ECsg GCGR, ECsq

(nM) (nM)

1 GLP-1 (1-30)a 0.036 £ 0.007 n/a

18 Glucagon (1-29)a 1.8+04 0.068 £+ 0.02
19 Glucagon (1-29)a Glu16 0.041 £0.006 0.022 4+ 0.006
20 Glucagon (1-29)a Ala2Glu16 0.026 £0.005 0.041 4+ 0.005
21  Glucagon (1-29)a Gly2Glu16 0.13 £ 0.01 0.084 £+ 0.008
22 Glucagon (1-29)a Aib2Glu16 0.024 £0.004 0.036 4+ 0.005
23  Glucagon (1-29)a D-Ser2Glu16 ~ 0.20 +£0.04  0.028 + 0.004
24 Chimera 2X (1-29)a 0.027 £0.007 0.056 4+ 0.01
25 Chimera 2X (1-29)a Ala2 0.026 +0.006 0.68+0.2
26 Chimera 2X (1-29)a Gly2 0.041 £0.01 1.5+04
27 Chimera 2X (1-29)a Aib2 0.019+0.005 0.62+0.1
28 Chimera 2X (1-29)a D-Ser2 0.050 £0.02 0.061 £0.02
29 Chimera2(1-29)a 0.030 £0.006 0.050 4+ 0.01
30 Chimera2(1-29)aAla2 0.027 £0.005 0.088 4+ 0.02
31 Chimera 2 (1-29)a Gly2 0.043 £0.007 0.20 £0.03
32 Chimera2(1-29)a Aib2 0.022 £+ 0.004 0.70 £ 0.1
33 Chimera 2 (1-29)a D-Ser2 0.069 £ 0.01 0.059 £0.02
@ Peptides were assayed with an nvalue > 3 (n, the number of duplicate
experiments performed).

b Assays were normalized to the GLP-1 or glucagon ECs, value at their
respective receptors.

or D-Ser. We included Aib and D-Ser substitutions in this series as
the altered chirality of these amino acids could serve as additional
probes into the function of N-terminally modified hormones.
However, glucagon (1-29)a (18) does not activate the GLP-1R
with similar potency as it does the GCGR (GLP-1R EC5o = 1.8 nMm,
GCGRECsp = 0.068 nm) (Figure 3 and Table 2). We have previously
reported the balanced co-agonism of glucagon (1-29)a Glu16
(19) (Figure 1) [33]. Substitution to Glu16 in glucagon provided
a nearly 50-fold increase in GLP-1R potency, without disrupting
GCGR activity (GLP-1R ECsg = 0.041 nm, GCGR ECsp = 0.022 nm).
This provided a suitable glucagon-based sequence to explore
the effect of position 2 structural substitution on activity at both
receptors.

We prepared position 2 analogs of glucagon (1-29)a Glu16
(19-23) and for comparative purposes additional studies were

performed in a second and third set of glucagon-based co-
agonists. These two sets were distinguished by the substitution
of the C-terminal residues of glucagon (17-24) by either the
corresponding sequence in Ex-4 or GLP-1. The Ex-4-based co-
agonist set was termed Chimera 2X (24-28) and the GLP-1-based
co-agonist set Chimera 2 (29-33) (Figure 1). The comparison
of Ala2 (20) and Gly2 (21) analogs of glucagon (1-29)a Glu16
revealed a differential activity at the GLP-1R similar to that which
we previously observed with GLP-1-based peptides, with Ala2
being fivefold more potent (Figure 3(A) and Table 2). Once again
consistent with our prior observations, the substitution of Ex-
4 amino acids 17-24 significantly eliminated this difference at
the GLP-1R (25 vs 26) (Figure 4(A)). The position 2 analogs for
these two sets of peptides (24-33) varied by no more than
threefold potency difference atthe GLP-1R. Furthermore, there was
alignment in potency across Chimera 2X and Chimera 2 peptides
with Aib2 (27,32) proving most favorable and D-Ser (28,33) least
(Figures 4(A) and 5(A)). While the dynamic range observed for
potency at the GLP-1R was increased in the glucagon-based set
of peptides (19-23), Aib2 (22) still proved most potent and D-Ser
(23) least active (Figure 3(A)).

GCGR Activity in Glucagon-Based Hormones

A comparable analysis of these same peptide analogs (19-33) at
the GCGR proved highly informative and with notable differences
in potency observed between Ex-4 (24-28) and GLP-1 (29-33)
sequence substitutions. The glucagon-based set with only the
single non-native Glu16 (19-23) showed similar GCGR potency in
a range of 0.022-0.041 nm, with only one exception (Figure 3(B)
and Table 2). The Gly2 analog (21) exhibited a lower potency of
0.084 nm. The Chimera 2X sequence, which had proven effective in
minimizing position 2 differencesin potency atthe GLP-1R, showed
a range of potencies that differed by nearly 30-fold (24-28)
(Figure 4(B) and Table 2). Ser2 (24) and D-Ser2 (28) peptides were
nearly as effective as the most potent glucagon (1-29)a Glu16
based peptides. The Ala (25) and Aib2 (27) peptides were reduced
in potency approximately tenfold illustrating theimportance of the
serine hydroxyl group. This structural preference was not apparent
in the set of peptide analogs with more native glucagon sequence
(19-23) (Figure 3(B)). Finally, the Gly2 Chimera 2X analog (26)
proved less than 10% the potency of the Gly2 glucagon-based
analog (21) (Figure 4(B) and Table 2). This further illustrates the
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Figure 4. Stimulation of cAMP production by glucagon/Ex-4 hybrid peptides at the GLP-1 (A) and glucagon (B) receptors.
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Figure 5. Stimulation of cAMP synthesis by glucagon/GLP-1 hybrid peptides at the GLP-1 (A) and glucagon (B) receptors.

importance of an optimal peptide backbone in minimizing the
destructive effect of a less optimal amino acid at position 2.

The Chimera 2 peptide series (29-33) exhibited GCGR potency
intermediate to the observations with the two other structurally
related peptide sets (19-23 and 24-28) (Figure 5(B)). Serine (29)
and D-Serine (33) proved most effective, but Ala2 (30) was only
slightly less potent. The Aib2 peptide (32) was equally reduced in
potency when compared to the same substitution in the Chimera
2X peptide (27), while Gly2 (31) was nearly eightfold the potency
of the same substitution in the peptide of enhanced Ex-4 sequence
(26) and only one-fourth the potency of the most potent peptide
in the Chimera 2 series (Table 2). The data are striking in showing
the relative importance of the second amino acid being highly
dependent on the specific peptide backbone and the receptor
used in analysis. Three homologous peptide sets differing only in
relative sequence at a point linearly removed from position two
by more than half the total length of the peptide, and without any
direct structural contact in three dimensional space, exhibited a
spectrum of biological activities.

Discussion

The results of this study indicate that residues within the central
region of glucagon-related peptides stabilize the o helix, and
this stabilization is sensed structurally at the N-terminus of the

molecule to optimize interactions with its cognate receptor.
Recent crystal structures have revealed distinctive features of
GLP-1 and Ex-4 (9-39)a ligand binding to the GLP-1R extracellular
domain [34,35], but they do not provide details into the molecular
interactions between the peptide N-terminus with the core domain
of the receptor. Extensive structure—function studies on the N-
terminus of GLP-1 have been conducted to engineer DPP-IV
protease resistance, however, many of these substitutions result
in poor activity [9]. Ex-4 potency at the GLP-1R was modestly
improved in vitro relative to GLP-1 [ECso, GLP-1 (1) 0.036 nm; Ex-4
(2)0.017 nm] [13], but Ex-4 did notdiscriminate between Alaand Gly
at the second position (3,7) (Figure 2(A) and Table 1). Substitution
of Ala2 with Gly2 has been shown to increase resistance to DPP-IV
degradation [14-19] although GLP-1 potency was reduced by
fourfold with this change (1,8). The reduced « helicity of GLP-1
relative to Ex-4 has been attributed to Gly16 which introduces a
discontinuous helix whereas Glu16 in Ex-4 stabilizes the backbone
(Figure 6 and Table 3) [25,27]. However, substitution of Glu16 to
GLP-1 [24], much like Cex [16,30], only partially restored GLP-1R
activity and alone was not sufficient to explain how Ex-4 tolerates
Gly2 (Figures 2(A) and 6).

The additional elements in Ex-4 that enable promiscuity at
the second position were identified through a series of GLP-
1/Ex-4 hybrid ligands, G/E (10,11) and E/G (12,13) (Figures 1
and 2(B)). An approximate threefold sensitivity to Gly2 relative
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Figure 6. CD of GLP-1, Ex-4, and hybrid (1-30)a peptides (10 uMm) in
aqueous phosphate buffer (pH 5.9).

Table 3. CD of GLP-1, Ex-4, and, GLP-1/Ex-4 hybrids®

# Peptide Percent Helicity
(%)

1 GLP-1(1-30)a 22

3 Ex-4 (1-30)a 49

6 GLP-1 (1-30)a Glu16 30

7 Ex-4 (1-30)a Ala2 49

8 GLP-1 (1-30)a Gly2 21

9 GLP-1 (1-30)a Gly2Glu16 28

16 GLP-1 (1-30)a Glu16Leu21Glu24 35

17 GLP-1 (1-30)a Gly2Glu16Leu21Glu24 36

@ Percent helicity was calculated from mean residue ellipticity values at

222 nM.

to Ala2 remained for the E/G hybrids, but the same change
was well tolerated when the hybrid peptide was substituted
with Ex-4 sequence at the C-terminus (Table 1). Extension of the
charge network in the E/G hybrid and GLP-1 Glu16 backbones
through Leu21, Glu24 substitution proved equally tolerant to
Gly2 substitution (14-17) (Figure 2(B)). The increased helical
propensity of GLP-1 Glu16 and GLP-1 Glu16Leu21Glu24 relative
to the native hormone suggests that position 2 promiscuity
may be facilitated by communication of the enhanced central
secondary structure with the N-terminus of the hormone (Figure 6
and Table 3). It was previously shown that «,«-dialkylamino
acid substitution or backbone lactamization within this region
simultaneously increases helicity, potency, and serum stability
[32,36]. The influence of the C-terminal hydrophobic amino acids
in supporting « helicity of GLP-1 has also been shown through
alanine substitution of Phe22 and lle23 [21], residues flanked by
Leu21 and Glu24. Intriguingly, Leu21 and Glu24 bind in close
proximity to extracellular domain residues Leu32* and Glu127*
respectively, which have been shown to contribute differentially
to Ex-4 activity [35]. Additionally, hydrophilic interactions between
the central amino acids of the hormone and extracellular domain
residue Glu128* have also been shown to be determinants of
GLP-1Rreceptor binding and selectivity between the homologous
GLP-1 and GCGRs [37].

We extended this structure-function analysis to the structurally
related GCGR with a series of GLP-1/GCGR co-agonists based

on the glucagon (1-29)a Glu16 (19-23), Chimera 2X (24-28),
and Chimera 2 (29-33) backbones. These co-agonist analogs
were varied at positions 17-24 and provided an opportunity to
simultaneously explore the effect of position 2 substitution at the
two receptors (Figure 1). The glucagon-based hybrid peptides 19,
24, and 29 were similarly effective as GLP-1R and GCGR agonists
with only a slight preference for the native glucagon 17-24
sequence, consistent with previous results [33] (Figures 3-5). At
the GLP-1R, these sequences responded similarly and proved
moderately tolerant to Gly2 or b-Ser2 substitution. However, the
GCGR has proven to be highly sensitive to substitution within
the N-terminal portion of the hormone with positions two and
three being more restrictive than for GLP-1[38-40]. The dispersed
activity of the co-agonist analogs at the GCGR when the second
amino acid position was varied reflects the enhanced sensitivity
of this receptor relative to the GLP-1R (Table 2). Glucagon (1-29)a
Glu16 was more tolerant to changes in the second position than
was Chimera 2 and differentiation was even more evident for
Chimera 2X. A similar destructive effect on GCGR potency was
reported when using the central Ex-4 sequence relative to the
GLP-1 sequence in an attempt to optimize peptides with mixed
GLP-1R agonist/GCGR antagonist activities [41].

Notably, Chimera 2X and Chimera 2 peptides substituted with
Ala, Gly, or Aib at position two were especially reduced in potency
at the GCGR relative to the respective serine analogs of either
stereochemistry (Table 2). Given the importance of the central
peptide region in generating a balanced co-agonist peptide
[33,37], it is probable that substitution of GLP-1 or Ex-4 sequence
within this region causes unfavorable interactions with the GCGR
when the second amino acid is not a hydroxylated residue.
Mutational studies of the GCGR [39] have identified interactions
between glucagon Ser2/TM7 and GIn3/TM2 that serve as a
secondary selectivity filter and constitute a likely cooperative site
in receptor activation [42]. Disruption of such contacts between
the N-terminus of the peptide with the receptor core domain
through altered binding to the receptor’s extracellular domain
could be the basis of the enhanced GCGR sensitivity to non-
cognate substitutions made within the 17-24 sequence. The «
helical nature of the molecule imparts the ability to communicate
structural changes throughout the peptide. However, specific
contacts with the receptor provide interactions needed for proper
orientation of His1 with TM2 in the receptor-bound conformation
[43-45].

In conclusion, our observations compliment the recently
proposed mechanistic model for Family B G protein-coupled
receptor induction where ligand binding is associated with
concomitant « helix formation and supported through specific
receptor contacts [46]. A similar functional relationship has been
reported for parathyroid hormone binding advocating that such
higher order features of ligand binding are common to this
homologous receptor class [47,48]. It appears clear that the
simplistic lock and key model for activation is insufficient to
explain the complexity of signal transduction. Physiologically,
structural interactions among ligands and receptors must be
compatible with other demands imposed by biosynthesis, storage,
secretion, and degradation of the specifichormone. Consequently,
these higher order structural communications constitute a vital
source of affinity and specificity in hormone action. The relative
tolerance of the native glucagon sequence to changes at
position 2 compared to non-native agonists of comparable
potency stands as a reminder of the unexplained wisdom in
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selection against the destructive effect of potential indiscriminate
mutations.
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