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Abstract

In vivo inactivation of glucagon-like peptide-1 (GLP-1) and glucagon-like peptide-2 (GLP-2) was found to be associated with the
proteolytic removal of their N-terminal dipeptide by the ectopeptidase dipeptidyl peptidase IV (DPP 1V). Previous studies suggested that
the in vivo metabolism of GLP-1 is much faster than that of GLP-2. In this paper, we investigated the in vitro truncation of GLP-2 and GLP-
1 by DPP IV. The slower conversion rate observed for GLP-2 compared to GLP-1 was due to an approximately 10-fold reduction in
catalytic rate constant. The selectivity of DPP IV for the glucagon-like peptides was compared with data obtained for other natural

substrates using the same enzyme source in identical conditions.

© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

Glucagon-like peptide-1 (GLP-1) and glucagon-like
peptide-2 (GLP-2) are related neuropeptides produced
by tissue-specific processing of the proglucagon precursor
protein in the intestine [1]. Upon food intake, GLP-1 and
GLP-2 are secreted by the endocrine L cells of the distal
intestine. They promote nutrient assimilation and energy
absorption in the gastrointestinal tract (reviewed in [2,3]).
The first recognized physiological action of GLP-1 is to
inhibit gastric emptying. It plays an important role in
glucose homeostasis by its ability to lower blood glucose
through activation of several independent mechanisms.
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Abbreviations: DPP 1V, dipeptidyl peptidase IV (EC 3.4.14.5); GLP-1,
glucagon-like peptide-1; GLP-2, glucagon-like peptide-2; GRP, gastrin
releasing peptide; I-TAC (CXCLI11), interferon-inducible T cell o-
chemoattractant; IP-10 (CXCL10), y-interferon-inducible protein 10;
MDC (CCL22), macrophage-derived chemokine; Mig (CXCL9), mono-
kine induced by y-interferon; NPY, neuropeptide Y; PACAP, pituitary
adenylyl cyclase-activating peptide; RANTES (CCLS5), regulated upon
activation, normal T-lymphocyte expressed and presumably secreted;
SDFla (CXCL12), stromal cell-derived factor lo; VIP, vasoactive
intestinal peptide.

GLP-1 acts as an incretin: it amplifies meal-induced insulin
release in a glucose-dependent manner. It also increases
insulin biosynthesis and suppresses the secretion of glu-
cagon. GLP-1 participates in the processes leading to
pancreatic islet proliferation and neogenesis. GLP-2 plays
an essential role in gastric acid secretion, gastrointestinal
motility, intestinal mucosa regeneration and permeability.

After their release, the activity of both peptides is
controlled by the proteolytic removal of the N-terminal
dipeptide (His-Ala) by dipeptidyl peptidase IV (DPP 1V)
[4-10]. The general result is activity loss, but there is
evidence that the truncated peptides are not entirely with-
out effect [11-13]. The in vivo half-life of intact GLP-1 in
humans is 1-2 min (i.v.) [6]. The metabolism of GLP-2 is
slower; in healthy volunteers, i.v. infused exogeneous
GLP-2 is cleared with a half-life of 7 min [10]. Whereas
a significant proportion of GLP-1 is already cleaved by
DPP 1V in the capillaries of the intestine [7], GLP-2
appears to be truncated less efficiently [10].

Both GLP-1 and GLP-2 have therapeutic potential for
the treatment of diabetes and intestinal diseases, respec-
tively. In defined experimental settings, inhibition of DPP
IV improves the beneficial effect of either one of the
glucagon-like peptides [14—18]. This may raise concerns
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about the use of DPP IV inhibitors, for example in the
treatment of type 2 diabetes where intestinal proliferation
due to increased GLP-2 levels is not desirable. In this
context, it is important to thoroughly understand the inter-
action between the glucagon-like peptides and DPP IV.

Whereas the in vitro truncation by DPP IV is well
documented for the incretins [4,5,19], little kinetic data
have been reported for GLP-2 [9,10]. To eliminate uncer-
tainties arising from differences in the estimation of the
relative molecular mass and the specific activity of various
DPP IV preparations, we decided to investigate the in vitro
truncation of GLP-1 and GLP-2 side-by-side in well
defined conditions. The physiological and medical impor-
tance of DPP IV substrates in general has been reviewed by
Mentlein [20] and De Meester et al. [21,22]. We previously
reported kinetic data on several peptides implicated in
pancreatic insulin secretion and on a number of chemo-
kines [23,24]. In this paper, we compare the selectivity of
DPP 1V for GLP-1 and GLP-2, mutually and in relation to
these substrates.

2. Materials and methods

GLP-1, GLP-2, neurotensin and Phe-Pro were obtained
from Bachem, BSA, Cyt ¢, Gly-Pro-p-nitroanilide and
bradykinin from Sigma and GRP(3-27) was custom
synthesized by Neosystem Labs.

DPP IV was purified from human seminal plasma as
reported elsewhere [25]. The specific activity was 35 unit/
mg, determined with Gly-Pro-p-nitroanilide (0.5 mM) in
40 mM Tris/HCIl buffer, pH 8.3. The theoretical molecular
mass of soluble DPP IV is 85,123 per subunit.

The truncation kinetics of GLP-1 and GLP-2 were
measured at 37° in the reaction buffer containing
50 mM Tris/HCI buffer, pH 7.5 and 1 mM EDTA in the
presence of 10 and 100 unit/L DPP 1V, respectively. The
concentration dependency of the truncation rate was deter-
mined between 5 and 120 pM of peptide (six concentra-
tions, N = 3). The composition of the reaction mixture was
determined with an Esquire LC Ion Trap mass spectro-
meter (Bruker) as described [23,24].

The molecular mass of the peptides was determined by
gel filtration chromatography on a Superdex peptide
HR10/30 column using the Akta explorer (Amersham
Biosciences). The dimensions of the column were
10 mm x 300 mm, the elution rate was 0.5 mL/min. Pro-
tein elution was monitored by measuring the absorbance at
215 and 280 nm. The peptide concentration in the sample
was 100 uM in a volume of 100 pL. The buffers were
50 mM Tris/HCl buffer, pH 7.5, 1| mM EDTA for the native
peptides and 30% acetonitrile, 0.1% TFA for the denatured
peptides. The column was calibrated with the following
polypeptides: BSA (64,000), Cyt ¢ (12,500), GRP(3-27)
(2660), neurotensin (1672), bradykinin (1060) and Phe-Pro
(280 Da). The proportional elution volume (K,,) is defined

as (Vo — Vo)/I(Vy — V,) where V, is the elution volume of
the peptide, V, is the void volume and V, is the total
volume. V, and V; of the column were experimentally
determined as 8.8 and 20.5 mL, respectively.

3. Results and discussion

The time course of GLP-1 and GLP-2 degradation by
DPP 1V is shown in Fig. 1. The DPP IV activity used
(25 unit/L) is similar to the normal level in human plasma.
With this particular enzyme preparation, the degradation of
GLP-1 is slower than reported for human serum and
truncation of GLP-2 is faster than the published half-life
of 3-8 hr in human plasma or whole blood [4,10,19]. The
in vitro kinetic data reported here correspond with the in
vivo observation that intact GLP-1 disappears faster than
GLP-2. In the conditions of Fig. 1, GLP-1 disappears nine
times faster than GLP-2. The result signifies that when
DPP 1V encounters both peptides in equal concentrations
GLP-1 will be preferentially truncated. Fitting the data on
concentration dependency with the Michaelis—-Menten
equation yields a K, of 36 uyM (SE =7) and a k., of
7.1 s~ (SE = 0.5) for GLP-1. The K,, for GLP-2 is very
similar, 36 pM (SE = 6), so that the major difference
resides in the k., value of 0.87 s™' (SE = 0.06; SE is
the standard error of the fit).

The peptide concentrations required for the determina-
tion of kinetic parameters typically are orders of magnitude
higher than those required for biological activity. GLP-1
and several other DPP IV substrates (e.g. chemokines) tend
to form aggregates at high (UM to mM) concentrations. In
order to verify whether aggregate formation could have
influenced our kinetic data, gel filtration experiments were
carried out. We used a high-resolution size exclusion
column optimized for a molecular weight range of
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Fig. 1. Time course of truncation of 5 uM GLP-1 (O) and GLP-2 (@) by
25 unit/L. DPP IV at 37° (from three independent incubations for each
peptide).
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Fig. 2. Aligned sequences of GLP-1 and GLP-2 show differences in the
amino acids following the scissile bond and interspersed among the entire
peptide length. Residues in o-helices and turns are marked h and t,
respectively (based upon the X-ray structure of glucagon [27]).

100-7000. In the buffer of the kinetic experiments GLP-1
(MW = 3298) eluted with a K., of 0.35 and GLP-2
MW = 3922) with a K, of 0.27. In a separate experiment,
0.1% TFA and 30% acetonitrile were added to the sample
and the elution buffer to minimize both ionic and hydro-
phobic interactions between the peptides and the column
matrix. In these conditions both GLP-1 and GLP-2 eluted
with a proportional elution volume of 0.26, just before
GRP(3-27) used as a calibrator (MW = 2660,
K,y = 0.29). Although GLP-1 eluted somewhat later than
expected (in assay buffer), these results revealed that
neither GLP-1 nor GLP-2 form aggregates under the
conditions used in the kinetic experiments. The effect
on k., must, therefore, originate from differences in the
GLP-1 and GLP-2 sequence or structure which seem in this
case more important for transition state stabilization than
for the formation of the enzyme—substrate complex. The
sequence of GLP-1 and GLP-2 is shown in Fig. 2. GLP-1,
glucagon and related peptides adopt a mainly o-helical
conformation, with considerable flexibility of the N-term-
inal amino acids [26,27]. Since the N-terminal amino acids
of GLP-1 and GLP-2 are highly conserved, it may be
assumed that the interactions important for the selectivity
involve nonconserved residues distributed along the entire
length of the peptides. Several observations with DPP IV
substrates support the importance of long range interac-
tions for substrate binding and catalysis [23,24,28]. Dis-
sociation constants of 10-100 uM for GLP-1 and its
truncated form were determined in biosensor experiments
independently from the DPP IV catalytic activity [28].

We compared the specificity constants (k.,/K,,) of the
glucagon-like peptides with other peptide substrates that
have been studied with DPP IV from the same source and
in an identical experimental set-up (Fig. 3). GLP-1 clearly
is a good substrate, with a k.,/K,, value comparable to
some of the chemokines which are cleaved after a proline.
The generally accepted selectivity of DPP IV for proline
and alanine is less pronounced in this collection of natural
peptides. The specificity constant of the second cleavage of
MDC (after Gly*) is even slightly higher than the trunca-
tion after Ala” in GLP-1. In PACAP 38, the cleavage after
Ser? is as efficient as after Ala® in GLP-2. The molecular
origin of the difference is not yet fully understood.

In conclusion, this study contributes to the biochemical
characterization of glucagon-like peptide metabolism. To
the best of our knowledge, this is the first report on the in
vitro kinetic parameters of DPP IV mediated GLP-2 trun-
cation. The situating of both glucagon-like peptides among
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Fig. 3. Comparison of the specificity constants (k../Ky) for natural
peptides, studied in identical experimental conditions [23,24,29]. The
lower part of the graph is expanded (inset) to highlight the difference
between GLP-1 and GLP-2. The graph provides the relative position of
each peptide within a 1000-fold range of specificity constants. The
experimental errors of the specificity constants vary between 5 and 20%
depending on the peptide. The pattern of the bars represents the type of N-
terminal penultimate residue: proline (open), alanine (light gray dotted),
glycine (striped), serine (dark gray dotted).

other natural substrates of DPP IV might provide a better
insight in the in vivo effects of DPP IV inhibitors.
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