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Abstract

Exendin-4, a 39-amino acid (AA) peptide, is a long-acting agonist at the glucagon-like peptide-1 (GLP-1) receptor. Consequently, it may
be preferable to GLP-1 as a long-term treatment for type 2 diabetes mellitus. Exendin-4 (Ex-4), unlike GLP-1, is not degraded by dipeptidyl
peptidase IV (DPP 1V), is less susceptible to degradation by neutral endopeptidase, and possesses a nine-AA C-terminal sequence absent from
GLP-1. Here we examine the importance of these nine AAs for biological activity of Ex-4, a sequence of truncated Ex-4 analogs, and native
GLP-1 and GLP-1 analogs to which all or parts of the C-terminal sequence have been added. We found that removing these AAs from Ex-4 to
produce Ex (1-30) reduced the affinity for the GLP-1 receptor (GLP-1R) relative to Ex-4 (ICso: Ex-4, 3.22 £ 0.9 nM; Ex (1-30),32 £ 5.8
nM) but made it comparable to that of GLP-1 (ICsy: 44.9 £ 3.2 nM). The addition of this nine-AA sequence to GLP-1 improved the affinity of
both GLP-1 and the DPP IV resistant analog GLP-1 8-glycine for the GLP-1 receptor (ICso: GLP-1 Gly® [GG], 220 + 23 nM; GLP-1 Gly® Ex

(31-39), 74 £ 11 nM). Observations of the cAMP response in an insulinoma cell line show a similar trend for biological activity.

Published by Elsevier Science B.V.
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1. Introduction

Glucagon-like peptide-1 (GLP-1) is an enteroendocrine
hormone that has a capacity, when administered exoge-
nously, to normalize blood glucose levels in type 2 diabetes
mellitus [1,2]. It is now also well established that GLP-1 and
GLP-1 receptor (GLP-1R) agonists are insulinotropic in
rodents causing beta (P)-cell proliferation and increasing
p-cell mass [3,4]. GLP-1 is degraded rapidly by dipeptidyl
peptidase IV (DPP IV) [5] and by many ectopeptidases [6].
Hence, the search for long-acting GLP-1 analogs led to the
identification of exendin-4 (Ex-4), which is an agonist at the
GLP-1R. Ex-4 is a 39-amino acid (AA) peptide produced in
the salivary gland of the gila monster lizard and has a 53%
amino acid homology with GLP-1 [7]. Its N-terminal
sequence (His:Gly:Glu) is not recognized by DPP IV, which
rapidly cleaves the His:Ala:Glu sequence found on the N-
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terminus of GLP-1 [8]. Ex-4 also lacks many of the neutral
endopeptidase substrate sites present in GLP-1 [9] and has a
nine-AA sequence at the C-terminus absent from GLP-1. In
both rodents [10,11] and humans [12,13], Ex-4 is a more
potent insulinotrope. Ex-4 binds with greater affinity to the
GLP-1R [14] and has a longer half-life than GLP-1 in vivo
[15]. Nothing is known of the importance of the nine-AA C-
terminal sequence in the (1) binding of the compound to
GLP-1R and (2) of the increased potency of Ex-4 relative to
GLP-1. Here we study the affinity of a series of C-terminal
truncated versions of Ex-4 for the GLP-1R. We also studied
the effect of adding these nine C-terminal AAs to GLP-1
and its longer-acting analog GLP-1 8-glycine (GLP-1 Gly®)
[16—18] that is not a substrate for DPP IV.

2. Materials and methods

2.1. Materials and cell lines

Peptides were synthesized as before [18]. All peptides
were of 95% or greater purity. Table 1 shows the sequences
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Table 1
The amino acid sequences of the GLP-1 and exendin-4 analogs studied

GLP-1(7-36) GLP-1
GLP-1(7-36), Exendin (31-39) GLP-1 ET
Exendin-4 Ex-4
Exendin (1-36) Ex (1-36)
Exendin (1-35) Ex (1-35)
Exendin (1-33) Ex (1-33)
Exendin (1-30) Ex (1-30)
Exendin (1-28) Ex (1-28)
Exendin (1-26) Ex (1-26)
Exendin (1-23) Ex (1-23)
Exendin (1-20) Ex (1-20)
Exendin (1-17) Ex (1-17)
Exendin (1-14) Ex (1-14)
Exendin (1-11) Ex (1-11)
GLP-1Gly*(7-36) GG
GLP-1Gly®(7-36), Exendin (31-39) GGl
GLP-1Gly®(7-36), Exendin (31-36) GG2
GLP-1Gly®(7-36), Exendin (31-33) GG3

7 11 16 21 26 31 36
HAEGTFTSDVSSYLEGQAAKEFIAWLVKGR
HAEGTFTSDVSSYLEGQAAKEFIAWLVKGRPSSGAPPPS

1 5 10 15 20 25 30 35
HGEGTFTSDLSKQMEEEAVRLFIEWLKNGGPSSGAPPPS
HGEGTFTSDLSKQMEEEAVRLFIEWLKNGGPSSGAP
HGEGTFTSDLSKQMEEEAVRLFIEWLKNGGPSSGA
HGEGTFTSDLSKQMEEEAVRLFIEWLKNGGPSS
HGEGTFTSDLSKQMEEEAVRLFIEWLKNGG
HGEGTFTSDLSKQMEEEAVRLFIEWLKN
HGEGTFTSDLSKQMEEEAVRLFIEWL
HGEGTFTSDLSKQMEEEAVRLFI
HGEGTFTSDLSKQMEEEAVR
HGEGTFTSDLSKQMEEE

HGEGTFTSDLSKQM

HGEGTFTSDLS

7 11 16 21 26 31 36
HGEGTFTSDVSSYLEGQAAKEFIAWLVKGR
HGEGTFTSDVSSYLEGQAAKEFIAWLVKGRPSSGAPPPS
HGEGTFTSDVSSYLEGQAAKEFIAWLVKGRPSSGAP
HGEGTFTSDVSSYLEGQAAKEFIAWLVKGRPSS

The underlined amino acids refer to those from the Ex-4 sequence under investigation.

of the GLP-1 and Ex-4 analogs studied. 3-Isobutyl-1-meth-
ylxanthine (IBMX) was purchased from Calbiochem (La
Jolla, CA). Ex-4 and GLP-1(7-36) amide were obtained
from Bachem (Torrance, CA). The cloned rat insulinoma
cell line RIN 1046-38 was a gift from Dr. Samuel A. Clark
(Bio Hybrid Technologies, Shrewsbury, MA) and was
routinely cultured in M199 with Earle’s salts (Mediatech,
Herndon, VA) supplemented with glucose (11 mM), 50 U/
ml penicillin, 50 pg/ml streptomycin, and glutamine (2 mM)
in a humidified 5% CO,—95% air incubator at 37 °C.
Chinese hamster ovary (CHO) cells were stably transfected
with the human GLP-1 receptor (CHO/GLP-1R cells) as
previously described [14].

2.2. Insulin secretion in vitro

RIN 1046-38 cells grown on 12-well plates that had
reached 50—60% confluency were washed in glucose-free
insulin secretion buffer (9), followed by two 30 min
preincubation periods in fresh insulin secretion assay buffer
(1 ml). The buffer was replaced and the cells were incubated
with the peptides and glucose (5 mM) for 1 h at 37 °C. The
supernatant was then collected and saved for determination
of insulin content by EIA (Crystal Chem, Chicago, IL).
Cells were lysed by the addition of hydrochloric acid (300
pl, 0.1 M, 20 min, RT) and the protein content quantified
using the Bradford method.

2.3. Intracellular cAMP determination

RIN 1046-38 cells were plated 48 h prior to the experi-
ment on 12-well plates and grown to 60—70% confluency.

On the day of the experiment, the peptides and IBMX (1
mM) were added to the medium and incubated for 30 min.
The intracellular cAMP was then extracted by incubating
the cells in ice-cold perchloric acid (0.6 M, 1 ml, 5 min).
After adjusting the pH of the samples to 7.0 using
potassium carbonate (5 M, 84 pl), sample tubes were
vortexed and the precipitate formed was sedimented by
centrifugation (5 min, 2000 X g, 4 °C). The supernatant

Basal
Ex-4

Ex (1-36)
Ex (1-33)
Ex (1-30)
Ex (1-28)
Ex (1-26)
Ex (1-23)
Ex (1-20)
Ex (1-17)
Ex (1-14)
Ex (1-11)
GLP-1
GLP-1ET
GG

GGq

25

Insulin Secretion pg/mg protein

Fig. 1. Static in vitro insulin secretion. RIN 1046-38 cells were incubated
with glucose (5 mM) in the absence or presence peptides (10 nM) for 1 h at
37 °C. The amount of insulin secreted into the medium was then
determined. Data are the mean + SEE.M. of two or three experiments
performed in triplicate.
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was vacuum-dried and solubilized in 0.05 M Tris (pH 7.5)
containing 4 mM EDTA (200 pl). Sodium carbonate (0.15
pm) and zinc sulfate (0.15 pm) were added to the samples
and were then incubated for 15 min on ice. The resulting
salt precipitate was removed by centrifugation (5 min,
2000 x g, 4 °C). The samples were assayed in duplicate
aliquots (50 pl) using a [PH]cAMP competitive binding
assay kit (Amersham Pharmacia Biotech, Little Chalfont,
UK).

2.4. Competitive binding of peptides to GLP-1 receptor in
intact cells

Binding studies were performed as described by Mon-
trose-Rafizadeh et al. [14]. Briefly, CHO/GLP-1R cells were
grown to confluency on 12-well plates and washed with
serum-free ham F-12 medium for 2 h before the experiment.
After two washes in 0.5 ml binding buffer [14], cells were
incubated overnight at 4 °C with 0.5 ml buffer containing
2% bovine serum albumin (BSA, RIA grade Sigma), 50 pm
DPP-1IV inhibitor (Linco, St. Charles, MO), 400 kallikrein
inactivator units (KIU) aprotinin (ICN, Aurora, OH), 10
mM glucose, 1-1000 nM GLP-1 or other peptides and
30,000 cpm ['*IJGLP-1 (Phoenix Pharmaceuticals, Bel-
mont, CA). At the end of the incubation, the supernatant
was discarded and the cells were washed three times with
ice-cold phosphate-buffered saline (PBS) and incubated at
room temperature with 0.5 ml of 0.5 M NaOH and 0.1%
sodium dodecylsulfate for 10 min. Radioactivity in cell
lysates was measured in an ICN Apec-Series y-counter
(ICN Biomedicals, Costa Mesa, CA). Specific binding
was determined as total binding minus the radioactivity
associated with cells incubated in the presence of a large
excess of unlabeled GLP-1 (1 uM).

2.5. Statistical analysis

All values are shown as the mean + S.E.M. The curves
for Figs. 1 and 2 were fitted with a four-parameter sigmoid

Table 2
The ICsy and ECsq values derived from the competitive binding in CHO/
GLP-1R cells and cAMP assays in RIN 1046-38 cells, respectively

Peptide name 1Cso (nM) ECso (nM)
GLP-1 449+32 0.15+0.01
GG 220 +23 1.11+£0.2
GG, 74+ 11 0.6+0.3
GG, 129 + 39 ND

GG; 345+ 145 ND

GLP-1 ET 212+29 0.19 +0.03
Ex-4 322+09 0.08

Ex (1-36) 88+ 14 ND

Ex (1-35) 70x2 ND

Ex (1-33) 490+ 1.1 ND

Ex (1-30) 320+5.8 0.7%0.1

The concentration that reached 50% of ['2°IJGLP-1 binding was calculated
in three or four separate experiments performed in triplicate.

logistic regression equation using an iterative computer
program [19], and the ECsy and ICs, values in Table 2
were calculated from the fitted data.

3. Results
3.1. Insulin secretion in vitro

We initially screened the derivatives for biological
activity in terms of the amount of insulin secreted into
the medium of RIN 1046-38 cells over a 1-h period. The
concentration (10 nM) at which maximum insulin secre-
tion was obtained with GLP-1 and Ex-4 was used to
assess the potential of the peptides as insulin secreta-
gogues. At this concentration, there is no statistical sig-
nificant difference between the insulin secreted in
response GLP-1 and Ex-4, with both producing an
approximate 2.3- and 2.5-fold increase, respectively, in
insulin above basal levels. With the exception of trunca-
tions of Ex-4 that are shorter than 28 amino acids, all of
the peptides displayed an approximate twofold increase in
insulin secretion that was significantly different from basal
(p<0.05). The amount of insulin secreted in response to
Ex-4 was also significantly higher (»<0.05) than the
amount secreted in response to the shortest truncated
analog Ex (1-11).

3.2. Competitive binding of GLP-1 and GLP-1 Gh* analogs
and truncated Ex-4 analogs to the GLP-1 receptor

The potential of the GLP-1 and Ex-4 analogs to displace
['**I]GLP-1 by binding competitively to the human GLP-1R
was first examined. CHO/GLP-1R cells were incubated with
125]_labeled GLP-1 in the absence and presence of varying
concentrations of the peptides. The ICs, values are shown in
Table 2. The addition of the nine-AA C-terminal sequence
to the C-terminus of GLP-1 led to a modest but significant
(p=0.003, difference in relation to ICsy) improvement in
binding to GLP-1R as illustrated by the reduction in the
half-maximal binding. The addition of this C-terminal
sequence to the GLP-1 analog GLP-1 Gly® (GG) decreased
the ICs, tenfold (p=0.003) relative to the parent compound.
The addition of the 31-36 portion of Ex-4 to GG halved the
1Cs relative to the parent compound. However, the addition
of the 31-33 sequence of Ex-4 to GG produced a com-
pound with an ICso comparable to that of native GLP-1 and
GG . The affinity of Ex-4 for the GLP-1R is highest of all of
the compounds (Fig. 1, Table 2, and Ref. [14]). The
stepwise truncation of the nine-AA C-terminal sequence
resulted in a progressive increase in the half-maximal bind-
ing with only Ex (1-36) and Ex (1-35) having an ICsq that
is not significantly different from Ex-4. The ICsy of the
shorter peptides Ex (1—-33) and Ex (1-30) are significantly
different from Ex-4 (p=0.008 and p=0.0034), respectively
(Fig. 1C).
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We also examined compounds Ex (1-28) through to Ex
(1-11) and found that the peptides Ex (1-26) onwards do
not competitively displace GLP-1 at GLP-1R (data not
shown), i.e. the last in the series of C-terminal truncations
of Ex-4 to bind to GLP-1R is Ex (1-28).

3.3. In vitro intracellular cAMP production
The intracellular cAMP production in an insulinoma cell

line in response to the GLP-1 analogs with and without the
nine-AA C-terminal sequence was compared with both Ex-4
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Fig. 2. Displacement of ['**[|GLP-1 binding to CHO/GLP-IR cells with the
analogs of GLP-1, GLP-1 Gly®, and truncated analogs of Ex-4. ['**I|GLP-1
binding to intact CHO/GLP-1R cells was competed with various
concentrations of the peptides shown. The data are normalized to maximum
values obtained in the presence of 10 nM of the respective peptides. The
data points represent the mean of three to five experiments performed in
triplicate. The ICsq value for each GLP-1 analog is shown in Table 2. B,
maximum binding in the absence of cold peptide.
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Fig. 3. cAMP dose response curves for selected peptides. Intracellular
cAMP levels were measured in CHO/GLP-1R cells after treatment with the
indicated concentrations of the peptides for 30 min at 37 °C. Ex-4 is
compared with the truncated analog Ex (1-30) (A). GLP-1 and GLP-1 Gly8
[GG] are compared with their respective analogs in which the PSSGAPPPS
sequence has been added (B). The data are normalized to maximum values
obtained in each experiment in the presence of the 10 nM of the individual
peptide. The data points represent the mean of three experiments performed
in triplicate.

and Ex (1-30). The induction of cAMP in response to
varying concentrations of the peptides in the presence of
IBMX was measured (Fig. 2) during a 30-min incubation at
37 °C. Table 2 shows the ECs( values of these compounds
derived from this data. The trends are similar to those
observed with the binding data. Addition of the nine-AA
C-terminal sequence to GG results in a twofold improve-
ment in cAMP response (Fig. 3), which is similar to Ex (1—
30) as shown in Fig. 2 and Table 2. Addition of the
PSSGAPPPS sequence to GLP-1 did not increase the cAMP
response. Removing the nine C-terminal AAs from Ex-4
resulted in a dramatic drop in potency from an ECs, of 0.08
nM with Ex-4 to 0.7 nM for Ex (1-30).

4. Discussion

One of the obvious sequence differences between GLP-1
and Ex-4 is the nine-AA sequence, PSSGAPPPS, at the C-
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terminal end of Ex-4 that is absent from the GLP-1
molecule. In this study, we investigated the extent to which
this contributes to the increased affinity of Ex-4 for the
GLP-1 receptor and the increased potency of the compound
in vitro, relative to GLP-1 itself. We found a progressive
reduction in the affinity for the GLP-1 receptor for a series
of C-terminal truncated Ex-4 analogs such that Ex (1-30)
(the peptide of equivalent length to GLP-1) had a binding
curve and cAMP response resembling GLP-1 rather than
Ex-4. Similarly, the addition of the PSSGAPPPS sequence
to GLP-1 marginally improved the affinity for GLP-1R but
did not make it comparable to Ex-4. Previously, we and
others have shown that substitution of Gly for Ala in
position 8 of GLP-1 reduced the affinity of the compound
for the GLP-1 receptor (16,17,18). Here we show that the
addition of the PSSGAPPPS sequence to the C-terminal end
of the GLP-1 analog compensates for the disruption to the
binding affinity caused by the substitution at the N-terminal
end. Thus, GLP-1 Gly8 Ex (31-39) is almost as effective as
GLP-1 in terms of binding affinity and demonstrates an
improved cAMP response relative to GLP-1 Gly® itself. In a
series of truncations of Ex-4, we found that peptides shorter
than Ex (1—-28) did not increase insulin secretion in the RIN
1046-38 cells to a significant extent as they do not bind to
the GLP-1 receptor.

GLP-1 and GLP-1 Ex (31-39) displayed similar affin-
ities for the GLP-1 receptor and similar cAMP response
curves. In all cases, no peptide was as effective as Ex-4 in
binding to the GLP-1 receptor, hence the increased potency
of this compound in the cAMP assay. In binding to a
receptor, a peptide undergoes conformational restriction and
thus becomes more ordered with a consequent decrease in
entropy. If the molecule is already highly ordered, then the
decrease in entropy will be less and association with the
receptor more favorable. The solution structure of both
GLP-1 and Ex-4 were described recently by Neidigh et
al. [20] using NMR structural analysis of the compounds in
solution and DPC micelle-bound state. The latter condition
is believed to be more representative of the compound just
prior to association with the receptor. These authors showed
that both GLP-1 and Ex-4 display a significant helicity
from residues 7-28 in solution and in the dodecylphos-
phocholine (DPC) micelle-bound state. The helical structure
of Ex-4 is more stable in nature than GLP-1 because the
helix disrupting Gly at position 22 in GLP-1 is absent in
Ex-4 (the Ex-4 equivalent is a Glu at position 16, Ref.
[20]). Moreover, the presence of the Trp-cage fold in which
the Trp ring on residue 25 of Ex-4 is enclosed in a hydro-
phobic cage formed by extensive hydrogen bonding is a
stabilizing influence on the helical structure [20]. Thus, the
structure of Ex-4 is more restricted in free rotation around the
bonds; hence, the reduction in entropy upon going from the
free to the receptor bound state will be less for Ex-4 than for
GLP-1.

The compounds Ex (1-36) and Ex (1—-35) have ECs¢s of
the same order of magnitude as Ex-4, as all the hydrogen

bonding contributing to the Trp-cage fold formation remains
intact in these analogs. There is a loss of affinity for the
GLP-1 receptor of one order of magnitude upon going from
Ex (1-35) to Ex (1-33), and this might be explained by the
removal of the hydrogen bonding between Trp*>~NH —
0=C-Ala®> with the consequent destabilization of the
Trp-cage fold feature. Ex (1—30) has a similar affinity for
the GLP-1 receptor as GLP-1 itself. However, the addition of
the nine-A A sequence does not increase the binding of GLP-1
to its receptor to a significant extent. This is possibly due to
the presence of the Gly at position 22 in GLP-1 that allows for
greater inherent flexibility than that present in the Ex-4
molecule.

Addition of the PSSGAPPPS sequence to the C-terminal
end of GLP-1 Gly® improves the binding affinity of this
compound to that of GLP-1 itself. This is also reflected in an
increased potency in the cAMP assay.

In summary, we have shown that while the PSSGAPPPS
sequence of Ex-4 is not essential for either binding to the
GLP-1 receptor or biological activity, the absence of this
sequence in Ex (1-30) reduces the affinity of the peptide for
the GLP-1 receptor and hence the cAMP response in an
insulinoma cell line. The addition of this sequence to GLP-1
and its analogs does not compensate for the helix disrupting
influence of the Gly/22 in GLP-1 but does compensate for
the loss of affinity for the GLP-1 receptor found with the
GLP-1 Gly® analog. Thus, through the knowledge we
gained on the functional importance of the PSSGAPPPS
C-terminal sequence in Ex-4, we have produced a GLP-1
analog, GLP-1 Gly® Ex (31-39) affinity for the GLP-1
receptor. Thus, the GLP-1 Gly® Ex (31—39) compound has
the advantage of the improved metabolic stability of GLP-1
Gly® but an enhanced affinity for the target receptor.
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