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ABSTRACT. Studies support a role for glucagon-like peptide 1 (GLP-1) as a potential treatment for diabetes.
However, since GLP-1 is rapidly degraded in the circulation by cleavage atitdalinical application

is limited. Hence, understanding the structdaetivity of GLP-1 may lead to the development of more
stable and potent analogues. In this study, we investigated GLP-1 analogues including those with N-, C-,
and midchain modifications and a series of secretin-class chimeric peptides. Peptides were analyzed in
CHO cells expressing the hGLP-1 receptor (R7 cells), and in vivo oral glucose tolerance tests (OGTTS)
were performed after injection of the peptides in normal and diabekicif) mice. p-Alaz]GLP-1 and
[Gly;]GLP-1 showed normal or relatively lower receptor binding and cAMP activation but exerted markedly
enhanced abilities to reduce the glycemic response to an OGTT in vivo. Improved biological effectiveness
of [p-Alay]JGLP-1 was also observed in diabetitYdb mice. Similarly, improved biological activity of

acetyl- and hexenoic-HisGLP-1, glucagoa-s)-, glucago—10y, PACAR:1-5)-, VIPa-s)-, and secretig-1oy

GLP-1 was observed, despite normal or lower receptor binding and activation in vitrg,; {Adad
substitutions also increased biological activity in vivo over wtGLP-1, while C-terminal truncation1i? 4

amino acids abolished receptor binding and biological activity. All other modified peptides examined
showed normal or decreased activity in vitro and in vivo. These results indicate that specific N- and
midchain modifications to GLP-1 can increase its potency in vivo. Specifically, linkage of acyl-chains to
the a-amino group of Higs and replacement of Alaresult in significantly increased biological effects of
GLP-1 in vivo, likely due to decreased degradation rather than enhanced receptor interactions. Replacement
of certain residues in the midchain of GLP-1 also augment biological activity.

Glucagon-like peptide 1 (GLP-1) is an important gluco- this peptide increases cAMP levels in sevégtakell models
incretin hormone that is secreted from intestinal L cells in (reviewed in refl). There is a general consensus that through
response to nutrient ingestion. The biologically active forms the second messenger cAMP, GLP-1 can also increase
of GLP-1, [GLP-17-36) amice and GLP-J;_37], have been intracellular C&" to ultimately trigger insulin secretion
demonstrated to possess multiple functions including en- (reviewed in refsl, 7, and 8). However, the intracellular
hancement of glucose-dependent insulin secretion, stimula-mechanism of GLP-1 leading to increases if'Gand insulin
tion of proinsulin gene expression, and suppression of exocytosis are likely multifaceted and are not completely
glucagon secretion and gastric emptying (reviewed intefs understood. Several reports suggest that GLP-1, through
and?2). Additional actions of GLP-1 may include enhance- PKA, acts at the level of the ATP-sensitive" kchannel
ment of insulin sensitivity, induction ¢ cell differentiation (Katp) facilitating channel inactivation, cell depolarization,
and proliferation, and the suppression of feedilg 4). and the activation of voltage-dependent?Cahannels
Several reports indicate that GLP-1 not only enhances insulinpromoting C&" influx (9—11; reviewed in refl). We and
secretion in normal subjects but also in those with Type 2 others have also demonstrated potential GLP-1 targets in the
diabetes mellitus (DM). These studies suggest that GLP-1j cell distal to Karp, including the L-type voltage-dependent
receptor agonists may have great clinical potential for the Ca&* channel {2), nonselective cation channels (NSCC3)(
treatment of patients with Type 2 DN5,(6). intracellular C&" stores (4), chloride channels1f), and

GLP-1 signal transduction has been studied wells and the exocytotic machinery itselflg). It is likely that the
cell lines extensivelyd). Thep cell has specific, high affinity  insulinotropic activity of GLP-1 is translated through actions
receptors for GLP-1 and upon interaction with its receptor on several of these targets, with a common linkage to PKA.

Although multiple immunoreactive forms of GLP-1 are
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Table 1: Structures (aa—118) of GLP-1 and Analogues

1 2
WT GLP-1 H
[Phe1]GLP-1
[Tyr1]GLP-1
Acetyl-GLP-1
Hexenoic-GLP-1
[dAia2]GLP-1
{Leu2]GLP-1
[Gly2)GLP-1
[Asp3]GLP-1
[Ala3]GLP-1
[Ala4}GLP-1
Hexenoic-[dAla2]GLP-1
Glucagon(1-5)GLP-1
Glucagon(1-10)GLP-1
GIP(1-10)GLP-1
PACAP(1-5)GLP-1
PACAP(1-10)GLP-1
PHI{1-5)GLP-1
PHI(1-10)GLP-1
Secretin(1-10)GLP-1
VIP(1-5)GLP-1
VIP(1-10)GLP-1
[Ala12/16]GLP-1
[Ala8/11/16]GLP-1
[Ala8/12/16]GLP-1
[Ala11/12/16]GLP-1
[Ala8/11/12/16)GLP-1
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GLP-L3-30)amide (reviewed in refl7). A number of experi-  EXPERIMENTAL PROCEDURES

ments have shown that dipeptidyl-peptidase IV (DP 1V), , o )
widely present in the brush border epithelium and the Peptide SynthesisWild-type (wt) GLP-1 and peptide

capillaries of thdamina proprig as well as in the circulation, analogues were synthesized using the solid-phase method
is the predominant enzyme that cleaves N-terminal GLP-1 (24) on a Rink amide resir2g), as previously describe@6,
between Alaand Gly (18, 19). The GLP-1 molecule is also 27). In bnef, _coupllngs were effected ywth benzotriazole-1-
potentially susceptible to degradation by neutral endopep-Y!-0xy-tris-(dimethylamnio)-phosphonium hexafluorophos-
tidases, including NEP 24.12@), which has been shown p_hate (BOP) in _the presence of dnsopropylethylamlne n
to render biologically inactive cleavage products. The dimethylflormamide (DMF). The completed peptides were
feasibility of designing protease-resistant, and thus, more simultaneously cleaved from the resin and fully deprotected
stable GLP-1 analogues, has been realized, asAdn,- Wlth tr|fluoroace_t|c_ acid (TFA_) ina mixture of triisopropyl-
GLP-1 analogue is resistant to DP IV cleavage and has Silane, ethanedithiol, and thioanisole as scavenger at room
improved metabolic stability in vitroX1). A similar modi- ~ {€mperature for 60 min. The crude peptides were purified
fication (Gly,) to the structurally related intestinotropic Y reversed-phase high performance liquid chromatography
peptide, GLP-2, not only renders that molecule resistant and subsequently analyzed by FAB mass spectrometry and
to DP IV cleavage but also improves biological activity in @mino acid analysis. Peptide purity was routinel§5%, as
vivo (22, 23). These studies suggest that targeted modifi- Previously described6). All peptides were lyophilized and
cations of the GLP-1 molecule may produce a more effi- Stored at=20 °C until use.
cient peptide that can be used to treat patients with Type 2 Cell Culture.Chinese hamster ovary (CHO) cells stably
DM. expressing the recombinant human GLP-1 receptor (termed
In the present study, we have designed a series of GLP-1R7 cells) £8) were generated via selection with G418. Cells
analogues, including several novel chimeric peptides, andcultured in DMEM containing 10% FBS were used for less
evaluated their ability to bind and activate the human GLP-1 than 10 passages and examined frequently for functional
receptor in vitro and to reduce the glycemic response to anexpression via ligand binding using wt GLP-1.
oral glucose challenge in vivo. Results indicate that several lodination of GLP-1 and Ligand Binding Ass&8ynthetic
modifications to GLP-1 can improve its potency in vivo wt human GLP-1 (Bachem California Inc, Torrance, CA)
without improving in vitro receptor binding or activation. was radiolabeled with carrier-fré&l using the Chloramine-T
Specifically, modifications to Hisand Ala of GLP-1 method, as described previousBg). The iodination reaction
resulted in significantly increased bioactivity, likely due to mixture was purified by reversed-phase adsorption to a C-18
decreased degradation by DP IV. These analogues were mor&ep-Pak cartridge (Waters Associates, Milford, MA). Binding
effective in both normal and diabetic miagh(db). Replace- assays were performed as previously descriBeg Briefly,
ment of certain residues in the middle chain of GLP-1 also on the day of assay, CHO/GLP-1R (R7) cells were washed
enhanced its biological activity, while truncation to the twice in PBS and recovered from the plates with 2 mM
C-terminus resulted in dramatically reduced receptor binding EDTA in PBS. Cells (1x 1f) were incubated for 60 min
and biological activity. at 37°C in binding assay buffer [DMEM containing 1% BSA
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and 0.1% Trasylol (Bayer, Toronto, ON)] witi3-GLP-1 of an acetyl- or hexenoyl-acyl chain to theamino group
and unlabeled GLP-1 or peptide analogues at concentrationof His;. All of these analogues bound to the hGLP-1R
of 10712 to 10¢ M, in a final volume of 200uL. Cell expressed in CHO-K1 (R7) cells but with lower affinity than
suspensions were centrifuged at 14@Gihd then cell pellets  that of native GLP-1 (Igy's =15.2-58.0 nM vs 4.8+ 1.9
were washed with cold PBS. The radioactivity contained in nM for wt GLP-1; Figure 1, panel A, and Table 2). As
the cell pellets was counted onjacounter, and binding  expected from the binding experiments, these peptide
analyses were performed as described by Irwin e28). ( analogues also increased the accumulation of CAMP in R7
cAMP Radioimmunoassay (RIAJAMP assays were cells with higher EG values than wt GLP-1 (20182 nM
performed as previously describedD). Briefly, cells were Vs 2.6+ 0.5 nM for wt GLP-1; Figure 1, panel B, and Table
passaged into 12-well plates 1 day before the assay and theR). Furthermore, addition of an acetyl- or hexenoyl-acyl chain
washed with PBS, followed by assay buffer (DMEM to His; had a more dramatic effect on receptor activation

containing 1% BSA), and preincubated at&7for 30 min. than on binding, resulting inr10-fold greater increments in
Cells were stimulated with GLP-1 or peptide analogues in their EGg's than in their 1Gg's. In oral glucose tolerance
the presence of 3-isobutyl-1-methylxanthine (IBMXyM) tests in vivo, wt GLP-1 was found to significantly lower the

for 30 min. The cCAMP was extracted with 80% ethanol and glycemic response at the 25 and l@fdoses, as compared
stored at—20 °C until RIA. Aliquot of the extracts were  to mice receiving vehicle alone (Figure 1, panel C). When
dried under vacuum and reconstituted with cAMP buffer for compared to the wt peptide, substitution of Higth Phe or
RIA (Biomedical Technologies, Stoughton, MA29). Tyr did not improve the ability of GLP-1 to lower the
In Vivo ExperimentsThe in vivo biological activity of ~ glycemic response to oral glucose in vivo (Figure 1, panel
wt GLP-1 and analogues was evaluated during an oral C)- Unexpectedly, however, acetyl-, but not hexenoic-GLP-
glucose tolerance test (OGTT) in normal female CD1 mice 1, Was found to exhibit mcre:_:\sed effectiveness in vivo,
(6 wk of age: Charles River Canada, Montreal, QC, Canada) markedly reducing the glycemic response to an OGTT as
or obese, diabetic femaléb/db mice (8-10 wks of age; ~ compared to wt GLP-1R < 0.01 at the 2%g dose).
C57BLKS/J-M+/+Lepre®: Jackson Laboratories, Bar Har- Several additional N-terminal modifications to GLP-1 were
bor, ME). Mice fasted for 1617 h and given a s.c. (CD1  also tested based upon the known specificity of DP IV for
mice) or i.p. €/db mice) injection of either PBS (vehicle) ~cleavage of peptide/proteins with Ala or Pro at position 2
or peptide (at doses ranging from 0.1 to 1@f) att = —5 (18). These includea-Alay, Gly,, Lew, Alas, Asps, Alay,
min. Att= 0 min, mice were administered 1.5 mg/g glucose and hexenoi®-Ala,. [p-Alay]-, [Glyz]-, [Aspy]-, and [hex-
by gastric gavage, and blood glucose levels were determined®n0y!0-Alaz]-GLP-1 did not exhibit remarkable changes in
att = 0, 10, 20, 30, 60, 90, and 120 min using tail vein receptor binding (I&'s = 1.8-14.5 nM, respectively).
blood on a One Touch Glucose Meter (Lifescan Canada Ltd, However, all of these analogues exhibited rightward shifts
Burnaby, BC, Canada). Mice were normally tested on two [N the CAMP doseresponse curves (Figure 2, panels A and
separate occasions separated by a minimum period of 3 daysB, and Table 3). Despite their decreased ability to activate
All animal protocols were approved by the University of the GLP-1R in vitro, p-Alaz]-, [Glyz]-, and [hexenoiwm-
Toronto Animal Care Committee. Alay]-GLP-1 were all found to exhibit increased biological
Data AnalysisAll values are expressed as mearSEM activity in vivo, as compared to the WT peptide ¢ 0.05-
of at least three independent experiments unless stated-01 atthe kg dose for p-Alag]- and [Gly,]-GLP-1, andP
otherwise. Ligand binding displacement curves and cAMp ~ 0-05-0.01 at the 5ug dose for all three peptides; Figure
dose-response curves were plotted using PRISM GraphPadz' panel C). In contrast, [Ali and [Ala4_]-GLP-1 were all
(GraphPad Software, San Diego, CA). The glycemic area- fqun_d to be r’elatlvely poor analogues Wlth re_spect to receptor
under-the curve (AUC) was determined using the trapezoidal PINding (IGo's = 155-255 nM) and activation (E&'s =
rule. Statistical differences between responses were deter12° ©0>1000 nM), and their in vivo biological activity was
mined by ANOVA using n-1 post-hoc custom hypotheses Nt enhanced as compared to wt GLP-1.
tests, for each peptide analogue as compared to the same Chimeric GLP-1 AnaloguesAlthough GLP-1 shares a
dose of WT GLP-1, while all doses of WT GLP-1 and doses relatlvgly hlgh homology with other p_eptldes in th_e_glucag(_)n/
of the analogues below/g (the lowest dose of WT GLP-1 secretin family, none of these peptides can efficiently bind
tested) were compared to the response observed in micé activate the recombinant GLP-1 receptor. The receptor

receiving PBS (vehicle) alone. binding affinity of glucagon for the GLP-1 receptor, for
example, is~1000-fold lower than that of GLP-13(0). In
RESULTS the present study, a series of chimeric peptides was created

in which the N-terminus of GLP-1 was replaced by the

GLP-1 analogues were categorized into four major corresponding region of several related peptides (Table 1).
groups: N-terminally modified, chimeric, midchain modified Glucagon-sGLP-1 (equivalent to [Se/Glng]-GLP-1) and
and C-terminally truncated peptides (Table 1). All analogues glucagomq-10GLP-1 (& [Ser,GIns, Tyrig-GLP-1) peptide
were compared to wt GLP-1 for their ability to bind and analogues showed relatively small effects on receptor binding
activate the GLP-1R in vitro and to reduce the glycemic AUC and activation, although glucager,GLP-1 had markedly
during an OGTT in vivo. enhanced in vivo biological activityy(< 0.05 vs WT peptide

N-Terminally Modified GLP-1 Analogued.o examine at the 1 and %g doses, ané® < 0.01 vs PBS alone at the
specific amino acids in the N-terminus of GLP-1 for their 0.5ug dose; Figures-34 and Table 4). Conversely, V(iPs)
empirical importance in GLP-1 receptor binding and activa- GLP-1(& [Sen,Asps,Alay, Vals]-GLP-1) and VIR -10GLP-
tion, a series of analogues was created, by replacement ofl (= [Sen,Asps,Alas, Vals,Asps,Asng]-GLP-1), which shared
His; with aromatic amino acids Phe or Tyr, or by addition only 1 of 5 and 3 of 10 amino acids, respectively, were poor
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A B
= WT GLP-1 c ® WT GLP-1
A [Phe1] S A [Phef]
- v [Tyr] 3 v [Tyr]
s o [Acetyl] E o [Acety]]
] e [Hexenoic] ] e [Hexenoic]
E ©
o
3

Peptide (log M)

400
300
200
100

-100 -
-200

AUC (mM*120 min) &
<

WT GLP-1

[Phel]
{Tyrl]
[Acetyl]
[Hexenoic]

Ficure 1: Analysis of receptor binding, CAMP production, and in vivo biological activity of wt GLP-1 and GLP-1 analogues with N-terminal
His; modifications. A) Binding of peptides to the GLP-1R was examined'8%GLP-1 competitive binding assay in CHO (R7) celis (

= 3). (B) Analysis of cCAMP production stimulated by wt GLP-1 and GLP-1 analogues in CHO (R7) sell8]. (C) Effects of wt GLP-1

and GLP-1 analogues (1, 5, 25, or 108/mouse; some peptides were not tested at all doses) on the delta-glycemic response to an oral
glucose challenge in CD1 mice & 50 for PBS-treated animals,= 3—4 for all other treated groups). The cumulative response over a

2 h period is represented as the area under the curve (AUC). The horizontal line indicates the AUC for PBS-treated26fice @1
mM-120min), and the arrowhead indicates the lowest dose of each peptide tefed.(:01 vs same dose of WT GLP-1.

Table 2: Receptor Binding and cAMP Production in R7 Cells and 100ug doses). These data indicate that modifications

Induced by WT GLP-1 and Analogues with N-Terminal His1 to the so-callechingeregion of GLP-1 are well tolerated.
Modification (Mean+ SEM, n = 3) To determine if the C-terminus of GLP-1 is critical for
receptor binding cAMP production cAMP max receptor binding and/or activation, three C-terminally trun-
(ICso, NM) (EGso, nM) (% WT max) cated peptides were designed (GLP13, GLP-1, 5, and
WT GLP-1 4.8+1.9 2.6+ 05 100 GLP-1,_55). The deletion of as few as four C-terminal amino
[Phe]GLP-1 58.0+15.3 19.9+25 75.0£2.3 acids greatly reduced receptor binding, signalingsdl&hd
[Tyr]GLP-1 49.3+20.7 33.7+ 2.7 93.8+2.4 EC.. 1000 nM: Table 5 and biological activity (d
acetyl-GLP-1 152033 161.0+ 65.0 457+ 05 Cso: nM; Table 5) and biological activity (data not
hexenoic-GLP-1  24.3 5.8 182.0+ 43.0 52.8+ 0.8 shown). Further truncations completely abolished all receptor
interactions and biological activity.
activators of the receptor. Interestingly, both MIRe- and Effects of Selected GLP-1 Analogues in Diabetic db/db

PACAR;-10GLP-1 demonstrated only limited binding to the Mice.As GLP-1 is under consideration as a therapeutic agent
GLP-1R. Nonetheless, both of these peptides exhibitedfor the treatment of Type 2 DM, additional studies were
relatively normal biological activity in vivo, indicating the — conducted to establish the effectiveness of selected peptides
importance of factors in addition to receptor interactions in in diabetic animals. Theb/do mouse is a model of Type 2
mediating biologic effectiveness. Finally, GIPioGLP-1 DM, due to a homozygous mutation in the leptin receptor
(= [Tyry,lle7, Tyrig]-GLP-1) was considerably less efficient that leads to hyperphagic obesity, hyperglycemia, and
in its ability to activate than bind the GLP-1R and was largely hyperinsulinemia (reviewed in r&f2). Basal glycemia was
inactive in vivo, supporting an essential role for His markedly elevated in these mice (1130.8 mM in db/db
activation of the GLP-1R. mice vs. 5.1+ 0.2 mM in control, CD1 mice), as was the
Midchain GLP-1 Modifications and C-Terminally Trun- glycemic response to an oral glucose challenge (162482
cated Analoguedvultiple substitutions of Ala for Sey Set, mM-120 min indk/db mice vs 268+ 21 mM:120 min in
Sen,, andor Glyse in midchain of GLP-1 gave rise to five  control, CD1 mice). Administration of [dABGLP-1 to
analogues, of which only [Akai1d and [Alagii12id dis- diabetic mice was associated with normalization of glycemia
played comparable receptor binding and activation charac-for the duration of te 2 h period studied, and consistent
teristics to those of wt GLP-1 (Figure 5 and Table 5). Unex- with the findings made in normal mice, the response to this
pectedly, however, several of these peptides exhibited en-analogue was markedly greater than observed for the wt
hanced biologic activity in vivo, with Algcbeing markedly peptide P < 0.05-0.001 for all doses tested; Figure 6). In
more potent than wt GLP-1P(< 0.05-0.01 at the 5, 25, contrast, and also consistent with the data from normal mice,
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A B
120+
= WT GLP-1 c " WT GLP-1
& [dAlaZ] 2 100 4 [dAla2]
v [Gly2] 'g': 80 v [Gly2]
o [Lew?] 52 o [Lew?]
o [Ala3] g2 ™ o [Al3]
0 [Asp3] 2= 40 o [Asp3]
A [Alad] T Ll A [Alad]
o [Hex-dAla2] o [Hex-dAla2]
p 0—12 -1 -10 -9 -8 -7 -6
Peptide (log M) Peptide (log M)
N 0.5 1 / 7 I =

S
[l
<

300
200
100

AUC (mM*120 min) o
S 5
S S o

WT GLP-1

[dAla2] |
[Gly2]
[Leu2]
[Ala3]
[Asp3]
[Alad]
[Hex-dAla2]

Ficure 2: Analysis of receptor binding, cAMP production, and in vivo biological activity of wt GLP-1 and GLP-1 analogues with N-terminal
amino acid substitutions. (A) Binding of peptides to the GLP-1R was examiné®#bB$LP-1 competitive binding assay in CHO (R7) cells

(n = 3). (B) Analysis of cAMP production stimulated by wt GLP-1 and GLP-1 analogues in CHO (R7) ne#s3). (C) Effects of wt

GLP-1 and GLP-1 analogues (0.5, 1, 5, 25, or 1@0mouse; some peptides were not tested at all doses) on the delta-glycemic response
to an oral glucose challenge in CD1 miae € 50 for PBS-treated animals, = 3—4 for all other treatment groups). The cumulative
response ovea 2 hperiod is represented as the area under the curve (AUC). The horizontal line indicates the AUC for PBS-treated mice
(= 268 £ 21 mM-120min), and the arrowhead indicates the lowest dose of each peptide tésted.05, **P < 0.01 vs same dose of

WT GLP-1.

Table 3: Receptor Binding and cAMP Production in R7 Cells polypeptides, such as GIP and GLP-2, due to the presence

Induced by WT GLP-1 and Analogues with N-Terminal Amino of similar substrate cleavage site22(23, 34). Therefore,
Acids (2—4) Substitution (Meant SEM, n = 3) one of the more effective and promising approaches is to
receptor cAMP develop DP IV-resistant and potentially more potent GLP-1
binding production cAMP max analogues by modification of the primary structure of GLP-
(ICso, NM) ~ (EGso, NM) (% WT max) 1. Of particular importance in the present study was the
WT GLP-1 2.4+ 15 4.1+1.8 100 ability to correlate the capacity of each peptide for receptor
[D-Alaz]GLP-1 18+02  41.0+£31 93.4+13 binding and activation to its biological activity in the whole
[Gly2]GLP-1 49409 29.6£6.4 96.8+75 animal, an approach that has only been used to a limited
[Leu,]GLP-1 154.5+ 58.6 >1000 812175 . .
[Alag]GLP-1 194.6+ 78.3 124.6+-29.6 81.7+8.5 extent in other studies of GLP-1 analogu6§,(39) (see
[Asps]GLP-1 27413 1185+4.3 58.1+3.4 Table 6). The results indicate that these functions may be
[Ala4]GLP-1 255.4+ 54.6 >1000 30.9+3.7 dissociated, most likely due to additional determinants of in
hexenoicp-AlaZ]GLP-1 14.5+3.1 >1000 86.7+ 26.4 vivo activity, such as changes in peptide degradation rates.
One additional factor that must be considered in the
the biological effectiveness of Adaii1216GLP-1 was not interpretation of the results of the in vivo studies relates to
different from that of wt GLP-1. the pluripotential actions of GLP-1 on glycemia in the whole
animal, which not only include stimulation of glucose-
DISCUSSION dependent insulin secretion, but also inhibition of glucagon

release and gastric emptying (reviewed inZefNonetheless,

The considerable interest in GLP-1 as a treatment for Type administration of GLP-1 and its analogues to the whole
2 DM has sparked interest in the design of more potent GLP- animal in association with an oral glucose tolerance test is
1R agonists. Of great importance to such studies is the factthe most representative test of GLP-1 actions in vivo, as
that GLP-1 is very rapidly degraded by DP IV, limiting its related to its potential use in humans with Type 2 DM.
biological half-life and potential clinical application. Al-  Furthermore, use of the oral glucose tolerance test allows
though DP IV inhibitors may prevent the degradation of assessment of GLP-1 bioeffectiveness under physiological
GLP-1 and improve glucose toleran@&s3), these inhibitors conditions, as compared to an IV glucose tolerance test, for
may also affect the biological activities of other important example.
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A B
100 . WT GLP-1 120+ . WT GLP-1
A Glucagon(1-5) 5
= A Glucagon(1-5)
= 801 v PACAP(1-5) 5
s o PHI(1-5) i v PACAP(1-5)
g ] o VIP(1-5 - o PH(S)
d (1-5) 8% o VIP(1-5)
40 © 2
al
O T T T T T -
12 11 -10 . 9 8 7 ") 0 5 ™ g _6
Peptide (log M) Peptide (log M)
I ea NN o5 .1 1 72 s R x = w
400 -
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FIGURE 3: Analysis of receptor binding, cCAMP production, and in vivo biological activity of wt GLP-1 and chigesiGLP-1 analogues.

(A) Binding of peptides to the GLP-1R cells was examined®¥+GLP-1 competitive binding assay in CHO (R7) cells £ 3). (B)
Analysis of cAMP production stimulated by wt GLP-1 and GLP-1 analogues in CHO (R7) celisJ). (C) Effects of wt GLP-1 and

GLP-1 analogues (0.1, 0.5, 1, 5, 25, 10§ mouse; some peptides were not tested at all doses) on the delta-glycemic response to an oral
glucose challenge in CD1 mice & 50 for PBS-treated animals,= 3—4 for all other treatment groups). The cumulative response over

a 2 h period is represented as the area under the curve (AUC). The horizontal line indicates the AUC for PBS-treate®@@ice 21

mM-120 min), and the arrowhead indicates the lowest dose of each peptide tésted.05, **P < 0.01 vs same dose of WT GLP-1.

In the present study, replacement of His GLP-1 by the stability. Finally, consistent with the results of previous
aromatic amino acids Tyr or Phe resulted in decreased GLP-studies 40), replacement of Glwith either Asp or Ala and
1R binding and activation, consistent with a report that the of Gly, with Ala decreased receptor activation. These
positive charge on the imidazole ring is the essential findings suggest the importance of the carboxyl side chain
component of His for GLP-1 action 85) (Table 6). at position 3 in GLP-1 function, while Glynay be important
Similarly, modification of Hig by covalent attachment of in the conformational flexibility of GLP-1 because of its lack
acyl chains (e.qg., acetyl, hexenoyl) to theamino group of of a bulky side chain. However, these analogues all had near
GLP-1 also decreased receptor binding and activation ef- normal biological effects in vivo, suggesting that exchange
ficiency; however, these analogues exhibited insulinotropic of the side chain at positions 3 and 4 may influence the
activity that was equal to or greater than that of wt GLP-1 recognition by DP 1V, leading to a longer half-life and
in vivo, likely due to the prevention of DP IV degradation. stronger insulinotropic effects.
This is supported by the results of others showing that The N-terminal structure of GLP-1 was further analyzed
N-methylated-GLP-1, desamino-GLP-1, and imidazol-lactic- using a series of novel chimeric peptides in which the
acid-GLP-1 are poorly degraded by DP 1\86( 37). In N-terminus of GLP-1 was replaced by that of a structurally
keeping with the crucial role of DP 1V in regulating GLP-1 related peptide. In our hands, glucagon is a very weak agonist
action, GLP-1 analogues in which Alavas substituted by  of the GLP-1R, and GIP, VIP, PACAP, PHI, secretin, etc.,
pD-Ala; or Gly, were markedly more potent in vivo as are not capable of binding to the GLP-1R (data not shown).
compared to wt GLP-1, despite in vitro receptor binding and The activities of chimeric GLP-1 peptides have thus revealed
activation characteristics that were comparable or slightly insight into the structural characteristics of the N-terminal
decreased. These two analogues have recently been showri,0 amino acids. Glucag@nsy-, glucagoi-10y, PACAR;1-s),
by us and others, to be DP IV-resistant in vitro and in vivo PACAR1-10y, Secretifi—1oy, VIPa-5-, and VIR;1-19GLP-1
(21, 37, 38, 47). Since these amino acid substitutions at all displayed normal or reduced receptor binding and
position 2 of the GLP-1 molecule reduce enzymatic degrada- signaling, while their biological effects in vivo were normal-
tion by DP IV and did not markedly affect receptor enhanced. These findings may be explained by the \&er
recognition, it appears to be a promising approach to produceAla, transversion that occurs in each of these chimeric
highly biologically active long-term GLP-1 analogues. In peptides. Previous studies have shown that-S&iP-1 is
agreement with this, other analogues with amino acid changesmore stable in plasma and possesses a more potent insulin
in position 2, including SefGLP-1, The-GLP-1, Aib,- secretory response as compared to wt GLB8L39) (Table
GLP-1 21, 39) also have been shown to exhibit improved 6). Many of these peptides have Asp at position 3 rather
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FiIGURE 4: Analysis of receptor binding, CAMP production, and in vivo biological activity of wt GLP-1 and chigefigGLP-1 analogues.

(A) Binding of peptides to the GLP-1R was examined!8y-GLP-1 competitive binding assay in CHO (R7) cells=€ 3). (B) Analysis

of cAMP production stimulated by wt GLP-1 and GLP-1 analogues in CHO (R7) aelis 8). (C) Effects of wt GLP-1 and GLP-1
analogues (1, 5, 25, or 10y/mouse; some peptides were not tested at all doses) on the delta-glycemic response to an oral glucose
challenge in CD1 micen(= 50 for PBS-treated animalg, = 3—4 for all other treatment groups). The cumulative response av& h

period is represented as the area under the curve (AUC). The horizontal line indicates the AUC for PBS-treated2é#ce 1 mM-

120min), and the arrowhead indicates the lowest dose of each peptide tésted.05, **P < 0.01 vs same dose of WT GLP-1.

Table 4: Receptor Binding and cAMP Production in R7 Cells by life in vivo (21, 39), the exchange of Asjby Ser in PACAP,

WT GLP-1 and Chimeric Peptides (MeanSEM, n = 3) by Asn in VIP, and by Glu in secretin appears to dramatically
receptor CAMP alter their ability to interact with the receptor, possibly due
binding production  cAMP max to a conformation change. Consistent with this possibility,

(ICs0, NM) (EGso, NM) (% WT max) an interaction of the negatively charged Aspith the

WT GLP-1 28+1.2 3.4+ 0.9 100 positively charged Hisof glucagon has been reported, and

glucagom-5GLP-1 8.2+ 2.3 51+ 09  824+115 these amino acids, together with gefform the catalytic

glucagop-19GLP-1  10.1+ 4.5 16.1+0.7  109.7+ 5.4 triad of glucagon 41). Previous Ala scanning studies have

PACAR. WOLP1 393125 1sa7ils7 13ekls S0 indicated that Aspis a critical residue for GLP-1

PHIy_5GLP-1 11.64+ 2.2 49+18  18.4+5.1 receptor activation4?). Finally, substitution of amino acids

PHI¢-10GLP-1 21.8+10.0  30.9+12.1 107.1+0.3 1-10 in GLP-1 with those of GIP= [Tyry,lle;, Tyrig)GLP-

x:g(l—s)%LLF’P-ll 125;.% ég.g >1%46b2t 27.6 ééjai §-058 1) confirms that Hisis critical for receptor activation. Taken

GIPS:iE;GLP—l 5391285 =1000 81t 18 together, these chimeric studies indicate that ldiwl Asp

secretip_1gGLP-1  29.5+£13.3 019+ 0.1  22.4+27 are critical for GLP-1 receptor binding and activation.

However, as these residues are conserved among most of
than Glu, suggesting that substitutions at residue 3 are wellth€ members of this subfamily of peptides, it is conceivable
tolerated in terms of receptor activation. These findings are that they are more important for receptor activation than for
consistent with the observation that replacement of @ith selective receptor recognition.

Ala did not change peptide activity. Furthermore, as the Combined replacement of amino acids at positions 8, 11,
analogues glucagansGLP-1 and glucagqn10GLP-1 have 12, and/or 16 with Ala in GLP-1 (e.g., Alsus Alai1/1216

GIn; and Gln, Tyr;o substitutions, respectively, but exhibit and Alay11/1219 appeared to increase biological effectiveness
comparable binding properties, these data further suggest thaitn vivo despite receptor binding and activation that were
positions 3 and 10 of GLP-1 are not critical. However, in comparable to or less efficient than those of wt GLP-1. This
contrast to the similar chimerics with replacement of only could possibly have resulted from a conformation change
amino acids 5, PACAR: 1oy and VIR1-10GLP1 exhibited of the peptide, which potentially decreased degradation.
remarkably decreased receptor binding and activation; Previous study showed that NEP 24.11 cleaves GLP-1 at
secretin-10GLP-1 also exhibited a very limited capacity for multiple positions of the midchain in GLP-143 44).
receptor interaction. Although all of these chimerics have Therefore, modification of mid GLP-1 may improve stability
Ser at position 2, and may therefore possess a longer half-n vivo; this remains to be determined. These modifications
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Ficure 5: Analysis of receptor binding, cCAMP production, and in vivo biological activity of wt GLP-1 and GLP-1 analogues with mid-
sequence amino acid substitutions. (A) Binding of peptides to the GLP-1R was examitféd®yP-1 competitive binding assay in CHO

(R7) cells o= 3). (B) Analysis of cAMP production stimulated by wt GLP-1 and GLP-1 analogues in CHO (R7) cetiS]. (C) Effects

of wt GLP-1 and GLP-1 analogues (1, 5, 25, or X@fimouse; some peptides were not tested at all doses) on the delta-glycemic response
to an oral glucose challenge in CD1 miae € 50 for PBS-treated animals, = 3—4 for all other treatment groups). The cumulative
response owea 2 hperiod is represented as the area under the curve (AUC). The horizontal line indicates the AUC for PBS-treated mice
(= 268+ 21 mM-120min), and the arrowhead indicates the lowest dose of each peptide tésted.05, **P < 0.01 vs same dose of

WT GLP-1.

Table 5: Receptor Binding and cAMP Production in R7 Cells by G s ° —_—
WT GLP-1 and Analogues with Midportion Modification and =
C-Terminal Truncation (Meag= SEM, n = 3) '€ 2000
receptor cAMP § iggg 1 ) %7 -
binding production ~ cAMP max * g00 7/ i . / -
(ICso, M) (ECso, M) (% WT max) % 100 // . io. // .
WT GLP-1 40+1.1 42415 100 o 0 & g mm— &
[AlaizndGLP-1 15.64+ 9.7 29.3+0.7 86.2+79 o 400 e o o o :
[Alagi111dGLP-1 46+ 1.1 15.2+ 6.5 120.8+12.9 < I 2] <
[Alagi21dGLP-1 40.7+12.8  18.4+58 108.3+-12.9 = g [
[Alai1121dGLP-1 14.4+5.2 39+16 76.6+22.3 Pt = =
[Alagi11/121dGLP-1 5.3+ 0.8 79+1.3 95.8+ 12.0 = %
GLP-1(1-26) >1000 >1000 52.8-13.0 <
GLP-1(1-22) ND ND ND
GLP-1(1~18) ND ND ND FIGURE 6: Analysis of in vivo biological activity of wt GLP-1 and

GLP-1 analogues in diabetidh/db mice. wt GLP-1 or selected

; ; ; ; GLP-1 analogues (5, 25, or 1g@/mouse) were tested for their
however, provide important novel structural information ability to reduce the glycemic response to an oral glucose chal-

demonstrating that the midportion of GLP-1 could possibly |gnge in diabeticb/db mice (1 = 3—4 for all treatment groups).

be minimized while preserving activity. This observation The cumulative response ava 2 hperiod is represented as the

opens the way to short GLP-1 analogues or mimetics. area under the curve (AUC). The horizontal line indicates the
The C-terminal sequences of the glucagon-GLP subfamily AUC for PBS-treated mice={ 1674 + 232 mM120min), and

are highly heterogeneous in relaton to the N-terminus, & 2wheas dicales the owest dose of each peplide lsted

suggesting this region determines binding selectivity. C- g p-1.

terminally truncated GLP+1l 26 displayed minimal binding

and signaling, while GLP1-2; and GLP-};-1g lost all in GLP-1R binding affinity 81). Since the amino acid

function in vitro and in vivo, implying that the C-terminal sequence at the C-terminus of these peptides is not conserved,

region or absolute peptide length are essential for interactionit was proposed that this region might be important for

of GLP-1 with its receptor. In agreement with our results, specific ligand-receptor interaction, while the N-terminus

replacement of the last four residues of GLP-1 with the last may be primarily involved in receptor activation. This is

three residues of glucagon also results in a 475-fold decreasesupported by the fact that the N-terminally truncated peptides,
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Table 6: Summary of the Studies in GLP-1 Analogues as Compared to WT &LP-1

l

|
|[Phe]GLP-1
{[Tyr1]GLP-1

mouse/db/db mouse

|§IP§1-10)GLP D (>200)

PACAP(1-5)GLP-1 NC (2.2)

PACAP(1-10)GLP-1 D (46)

PHI(1-5)GLP-1 NC (1.4)

PHI(1-10)GLP-1 D (46)

Secretin{1-10)GLP-1 1{0.05)

VIP(1-5)GLP-1 D(21) _ |D(28) NC Imouse
VIP(1-10)GLP-1 D(56) _ |D(>200) NC Imouse
Ala12/16]GLP-1 NC (3.8) |D(7.0) I [mouse
Ala8/1111B]GLP-1 NC (1.2) |NC(3.6) NC [mouse
Ala812/16]GLP-1 D(10) __|NC(3.2) NC [mouse

Ala11/12116]GLP-1 NC (3.6) |NC (0.9) D [mouse
Ala8/11/12/16]GLP-1 3) |NC (1.9 mouse/ dbidb mouse

aD: decrease; I: increase; NC: no change; values in parentheses represent fold incregsiimdi@g] or EGo [CAMP] as compared to WT
GLP-1.

GLP-13-30) and exendip-sg bind the GLP-1R, but do not ~ William McTavish) and M.B.W., and from the Medical
activate signaling, while exendinsg(45) and xenGLP-1B Research Council of Canada (to M.B.W.: MT-12898). We
(29) have identical or even higher binding affinity to the thank Ms. Inna Chernenko for her technical assistance with
GLP-1R as compared to wt GLP-1 despite divergent C-ter- in vitro analyses.
mini. Of note, Glyg is the only conserved residue among
these peptides, and this amino acid is not shared outsideREFERENCES
GLP-1 and exendin._ Itis ther_efore con_c_eivable that this resi- | Fehmann, H. C., Goke, G., and Goke, B. (198B}ocr. Re.
due may play a critical role in recognition of the GLP-1R. 16, 390-410.
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