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Peptide dynamic fingerprints: a tool for investigating the role
of conformational flexibility for GLP-1 analogs affinity
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Abstract: Glucagon-like peptide-1 (GLP-1) is a 30-residue peptide implicated in short-term appetite regulation. Its analogs are
presumed to be potential drugs against obesity and non-insulin dependent diabetes mellitus (NIDDM or type 2 diabetes). This
study examined how the dynamic fingerprints can be used for establishing dynamics–activity relationships in a series of peptides
for which the mechanism of action is unknown and in which mutations can cause an increase or decrease in biological activity.
The 3D autocorrelation method was used to generate maps of both active and inactive analogs. As the active conformation of
GLP-1 is not yet clearly defined, the dynamic fingerprints of peptides in an aqueous environment were compared to explain the
high affinity of the peptide for its receptor. The suggestion that the peptide could bind to the receptor in a folded conformation
has been examined. In the case of the GLP-1 analogs, it was shown that the folding tendency cannot be directly related to affinity
values and the results do not favor a folded active conformation model of GLP-1. Copyright  2005 European Peptide Society
and John Wiley & Sons, Ltd.
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INTRODUCTION

Glucagon-like peptide-1 is a 30-residue peptide
released from L-cells in the small intestine as well as
from pancreatic alpha-cells in mammals. The truncated
form GLP-1(7–36)amide exhibits an insulinotropic
action and a lowering effect on glucagon secretion
resulting in a very interesting antidiabetogenic effect.
The glucose-reducing effect is self-limiting as it depends
directly on the level of glycemia; it will protect against
hypoglycemic reaction, which is the most acute side-
effect of the current sulfonylurea antidiabetic therapy.
Unlike leptin, GLP-1 is implicated in the short-term reg-
ulation of appetite. For these reasons, GLP-1 has been
considered a very important drug candidate in the treat-
ment of non-insulin-dependent diabetes mellitus and
obesity. Furthermore, GLP-1 inhibits gastric secretion,
delays gastric evacuation and is implicated in inter-
meal satiety signalling. Overfeeding causes an increase
of post-prandial GLP-1 release and elicits a normal sati-
ety signal. Obese subjects seem to have an attenuated
GLP-1 release in response to meals. Intracerebral injec-
tions of GLP-1 in rats will inhibit food intake but the
question has not yet been answered as to whether long-
term administration of GLP-1 will influence appetite in
man.

Abbreviations: DPP IV, dipeptidyl-peptidase IV; GLP, glucagon-like
peptide; MD, molecular dynamics; MLP, molecular lipophilic potential.
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‡ These authors contributed equally to this work.

GLP-1 receptors have been found in the lung, the
stomach, the brain and the pancreas where their stim-
ulation inhibits glucagon release in alpha-cells and
stimulates insulin release in beta-cells. The GLP-1
receptors are very specific: in spite of a high sequence
homology in the glucagon/GLP family, none of these
peptides show a better activity at the receptor than
GLP-1 itself [1] and exendin-4, a 39-amino acid pep-
tide extracted from Helodermantidae venom. Using
international notation, the actual GLP-1 sequence is
H7AEGTFTSDVSSYLEGQAAKEFIAWLVKGRG37-NH2.
Here, the convention is employed whereby the first
amino acid in GLP-1 (His) is designated number 1. The
native molecule studied here is GLP-1-(7–37) derived
by truncation of the larger molecule GLP-1-(1–37).

Structure–activity relationships have been investi-
gated to highlight the importance of the HAE N-terminal
tripeptide for binding and the C-terminal region in the
activation of the receptors [2,3]. Ala-scan studies have
been undertaken to identify the specific amino acids
that are important for receptor-binding and activation
but the published results are not in agreement [4,5].

From a structural point of view, in aqueous solution,
the GLP-1(7–36)amide is recognized as largely random
coils by Thornton [6] but GLP-1(7–36) shows 50% beta-
sheet content in circular dichroı̈sm [7]. The structure
of GLP-1(7–36)amide determined by Thornton in a
membrane-like environment of dodecylphosphocholine
micelles is largely helical and similar to that observed
for glucagon [8]: two amphiphilic segments (7–14) and
(18–29) and a linker region (15–17). The structural
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requirements as well as the bioactive conformation
of the peptide binding to its receptor are not well
established even if it has been suggested that a fold
or turn of the peptide backbone may cause close
steric vicinity of the N-terminus and C-terminus of
GLP-1-(7–36)-NH2 in solution [5,9]. It is possible that
this structure is stabilized by the formation of an
ionic bond between the side-chains of Arg30 and Glu3

(or Asp9). From Ala-scan studies [4,5] it has been
shown previously that the replacement of Arg30 with
an alanine induced a significant decrease in both
affinity and activity (IC50 = 4.6 ± 0.6 nM and EC50 = 7 ±
5 nM for [A30]GLP-1-(7–36)-NH2 versus 0.25 ± 0.09 nM

and 2.6 ± 0.4 nM for GLP-1-(7–36)-NH2 itself) [4]. In
contrast, the deletion of Arg30 improves the potency
since [desR30]GLP-1-(7–37)-NH2 is more active than
GLP-1-(7–37)-NH2 [9]. It appears that this result is not
general: for some derivatives ([F1], [L2], [V2], [e3], [S3] and
[K3]GLP-1-(7–37)-NH2), the deletion of arginine reduces
more or less both the binding and the production
of cAMP. For other ([D3], [L3] and [M3]GLP-1-(7–37)-
NH2) this deletion produces powerful agonists. For
example, [D3-desR30]GLP-1-(7–37)-NH2 is slightly more
active than exendin-4, the most powerful GLP-1 agonist
known today – which does not present arginine at
position 30 [10].

The fact that suppression of the only arginine present
in the GLP-1 sequence gives rise to derivatives at least
as potent as the native hormone, is a strong indication
that, if a turn or fold was required for full biological
activity, Arg30 was not implicated in its stabilization.

The characteristic helix-linker-helix structure of GLP-
1 and the fact that both N- and C-extremities have
been implicated in the activity of the peptide could
suggest an important flexibility in the central part
of the peptide. When positions 9–25 were replaced
by a GEWTYDDATKTFTVTE sequence hairpin to help
the extremities draw closer and to facilitate the
peptide folding to a more compact conformation, no
higher activity or affinity level for this analog (data
not shown) were obtained. However, this observation
cannot actually exclude that GLP-1 interacts in a
folded conformation; the local modification of the
central part of the peptide could explain a loss of
activity, whatever the conformation adopted by the
peptide. Knowledge of which of the folded or unfolded
conformations is interacting with the receptor is a
crucial question for the design of peptidic or pseudo-
peptidic analogs of GLP-1. Searching for bioactive
conformations of flexible molecules such as peptides
in the absence of any template structure is a hazardous
task. Based on the idea that all active candidates
could share a common folded conformation or a set
of local internal constraints, which can be further
examined for local pharmacophoric features, systematic
molecular dynamics trajectories comparisons were
performed. In a previous paper [20], the conformational

autocorrelation method was used successfully to
design immunosuppressive compounds. Here, this
methodology was applied to use an early dynamic
feature of GLP-1 as a fingerprint and to study
the consequences of conformational change on the
amphiphilic character of the peptide. The impact of
mutations at positions 1 and 2 of GLP-1 have been
analysed in molecular dynamics trajectories by use of
the conformational autocorrelation method [11].

METHODOLOGY

Peptide Synthesis and Purification

The following peptides were synthesized and tested in vitro:
[Y1]-GLP, [W1]-GLP, [F1]-GLP, [S2]-GLP, [L2]-GLP, [V2]-GLP
and [a2]-GLP (the letter ‘a’ refers to D-alanine).

Reagents. Tyr1-cAMP, IBMX, bacitracin and BSA (fraction
V) were purchased from Sigma Chemical Co (St Quentin
Fallavier, France). Na[125I] (2.000 Ci/mmol) was obtained
from DuPont NEN (Mechelen, Belgium). Mono-[125I]-labeled
GLP-1-(7–37)-NH2 and mono-[125I]Tyr1-cAMP were obtained
by the chloramine-T procedure and purified by reverse-phase
HPLC on µBondapak C18 column (Waters, Milford, MA, USA).
All the compounds used for solid-phase peptide synthesis
(resins, coupling reagents and protected amino acids) were
from PerSeptive Biosystems (Framingham, MA, USA).

Peptide synthesis. Peptide synthesis was carried out on
a 0.15 mmol scale using a continuous flow apparatus
(PerSeptive Biosystems, model 9050 PepSynthesizer) starting
from Fmoc-PAL-PEG-PS-resins. All N-α-Fmoc amino acids in
4-fold excess were assembled using diisopropylcarbodiimide
and 1-hydroxybenzotriazole as coupling reagents. Peptides
were cleaved from the resin and deprotected using K reagent.
Each crude peptide was purified by semi-preparative HPLC
on a �pack column (20 × 250 mm, Waters) using various
acetonitrile gradients in aqueous 0.1% TFA. The purity of
the collected fractions was established by analytical HPLC
on Lichrosphere-100 RP-18 columns (Merck, Darmstadt,
Germany) and by electrospray ionization mass spectrometry
(VG Trio 2000, Fison Instruments, Manchester, UK). For all the
peptides synthesized, amino acid analyses and mass spectra
were in complete agreement with the proposed structures.

Affinity Binding Tests

Cell cultures and membrane preparations. RIN T3 cells
(obtained from Dr L. Pradayrol, INSERM U151, Toulouse,
France) were grown in DMEM containing 5.5 mM glucose
(Life Technologies, Eragny, France), and supplemented with
10% fetal calf serum, 100 IU/ml penicillin and 100 µg/ml
streptomycin [12]. Plasma membranes from RIN T3 cells were
prepared according to a previously described method [12]
and stored at −80 °C until used. Membrane proteins were
measured using the Bradford assay with BSA as standard
[13].

Binding studies. Binding experiments with RIN T3 membranes
were performed in 60 mM Tris-HCl buffer (pH 7.5) contain-
ing 4% BSA and 750 µg/ml bacitracin. Membranes (20–30 µg)
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were incubated in a final volume of 500 µl with ∼15 fmol
of 125I-GLP-1-(7–37)-NH2 (50 000 cpm) and unlabeled com-
petitor ligand or analogs for 45 min at 37 °C, as described
previously [12]. The reaction was stopped by addition of 750 µl
ice-cold KRB (pH 7.5) containing 3% BSA, centrifuged at 4 °C
for 5 min at 12 000 × g. The pellet was rinsed with 1 ml of
ice-cold KRP, sedimented by another centrifugation step, and
counted for radioactivity. Nonspecific binding was determined
in the presence of 1 µM GLP-1-(7–37)-NH2 and was subtracted
from each value. Binding data were analysed using a version
of the Ligand program (release 2.0, Biosoft). IC50 values were
deduced by fitting the experimental data according to the Hill
equation.

Cyclic AMP production. RIN T3 cells were grown in 24-well
plates for 6 days and the medium was changed 1 day before
experiments. Cells (0.30 ± 0.03 106 cells/well; n = 10) were
washed twice with DMEM before the addition of 0.5 ml DMEM
supplemented with 1% BSA and 0.2 mM IBMX and containing
the test peptides. After a 20 min incubation at 25 °C,
cellular cAMP was extracted, succinylated and quantified
by radioimmunoassay [14–16]. The data are presented as
a percent of maximal stimulation. 100% cAMP production
corresponds to the maximal production above basal (5–8
fold) obtained by 10−8 M GLP-1-(7–37)-NH2 and 0% cAMP
production corresponds to the basal production in the absence
of GLP-1-(7–37)-NH2 or analogs. The EC50 values were
calculated from the Hill equation.

Molecular Dynamics Simulations

The starting structure for the minimization and MD calcu-
lations was the Thornton conformation. Peptide models were
obtained from the Thornton model by a simple mutation of
side chains [6]. The monitoring of root mean square fluctu-
ations during a preliminary 2000 ps simulation showed that
the folding occured at about 600 ps and an equilibrium was
reached after folding at about 1000 ps for GLP-1. While peptide
folding could be a critical step to select peptides with higher
affinity, trajectories were truncated at 1000 ps. All structures
were immersed in a 2269 molecules rectilinear water box
(65 Å × 35 Å × 30 Å). Molecular mechanics calculations were
performed using the all-atom force field as implemented in the
AMBER 7.0 software (University of California San Francisco).
All parameters were default. Energy minimization and molecu-
lar dynamics simulation were carried out on a Silicon Graphics
Indy workstation. The system was energy minimized according
to the following preparatory equilibration procedure: (i) 10 ps
of molecular dynamic of the solvent only with progressive
heating (homogenization step), (ii) 500 steps of solvent mini-
mization (steepest descent relayed by conjugate gradient) and
(iii) a minimization of the total system (solute + solvent) with a
progressive removal of the constraints from the solute (100, 50,
30, 10 and 0 kcal/mol). During the molecular dynamics itself,
the temperature of the system was first gradually increased
from 10 to 300 K. A constant temperature simulation was then
performed at 300 K. The total simulation time was 1000 ps,
including the 10 ps heating step time.

Single trajectories have been released for GLP-1 itself and
seven analogs varied at position 1 or 2. In the absence of
multiple initial conditions and any reference conformation
to which comparisons can be made, a single trajectory

for a peptide does not necessarily represent the ensemble
reasonably well. However, the primary intention was not
necessarily to seek for realism in trajectory but to apply
molecular dynamics as a theoretical filter to detect a set of
internal constraints in the central part of the simulated peptide
which may be associated with variations of biological activity.

Simultaneous Comparison of Dynamic Trajectories
for Different Molecules

The graphical trajectory animation tool provides a convenient,
but not accurate, method to evaluate the similarity of
dynamic behaviour between two different molecules. The
3D autocorrelation method (3D ACM) has been initially
developed to compare molecular trajectories of a protein
obtained with different adjustable parameters and contribute
to the rational choice of molecular dynamic simulation
parameters [11]. Then, it has been successfully applied to
the virtual screening of immunosuppressive peptides [18].
The conformations generated during the MD simulations were
converted to vectors using the 3D autocorrelation method
[19] and then projected into a 3-principal component space
using a Principal Components Analysis. All calculations were
performed using Tsar software [17]. Trajectories from several
analogs of the same size in similar computational conditions
can be compared at a glance by projection onto the GLP-
1(7–36)amide reference trajectory.

Molecular Lipophilic Potential (MLP) Calculation

The molecular lipophilic potential is largely recognized as an
important concept for understanding hydrophobic interactions
between surfaces or solvent/solute interfaces [20]. The
MLP is defined by the value of the tabulated hydrophobic
fragmental constants fx [21] at each point in a space around
the molecule. In order to take the proximity effects into
consideration, a distance-dependent function is introduced
into the MLP calculation. Graphic representation of the MLP
equipotential surfaces uses a color scale to discriminate
between hydrophobic and hydrophilic surfaces. As it was
of interest to visualize the evolution of the MLP during the
dynamic simulation, it was displayed for both folded and
unfolded conformations using MOLCAD module from Sybyl
6.9 software (Tripos) on a Silicon Indy workstation.

RESULTS

Affinities and Activities of the GLP-1 Analogs

The biological results for analogs mutated in the N-
terminal part of the peptide, at positions 1 and 2,
are summarized in Table 1. Mutation at position 1 led
to both an agonist ([F1]-GLP) and a weak antagonist
([W1]-GLP). A calculation of 14 side chain descriptors
[36] showed that the molecular volume at position 1
discriminates between active peptides (volume lower
than 120 Å

3
) and inactive peptides (volume greater

than 125 Å
3
). Furthermore, a previous QSAR study [37]

showed that the presence of a ring as well as a basic
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Table 1 GLP-1 Analogs Included in the Test Set

Peptide Affinity IC50 (nM) Activity ED50 (nM)

GLP-1 0.26 ± 0.01 0.8 ± 0.1
[F1]-GLP-1 0.38 ± 0.06 1.1 ± 0.4
[Y1]-GLP-1 2.71 ± 0.28 9.8 ± 3.2
[W1]-GLP-1 3.3 ± 0.6 127 ± 35
[S2]-GLP-1 2.9 ± 0.3 15.1 ± 6.3
[a2]-GLP-1 0.15 ± 0.01 0.8 ± 0.4
[L2]-GLP-1 5.7 ± 1.7 180 ± 62
[V2]-GLP-1 0.47 ± 0.04 2.6 ± 0.81

function at position 1 seem to be critical for the GLP-1
action.

In the conformation adopted in membrane-like envi-
ronments, the N-terminal part displays a great con-
formational lability [6], so that it is possible that the
positively charged imidazolyl group of His1 would be
attracted to the negatively charged carboxylic group
of Asp9 as is assumed in glucagon [29–33]. This
latter hormone and GLP-1 possess highly homol-
ogous N-terminal sequences (H1SQGTFTSD9- and
H1AEGTFTSD9- respectively) in which the first histidine
is separated from an aspartic acid by seven residues.
Starting with this hypothesis and a model based on
the Thornton and Gorenstein results [6], in which the
residues 7–14 and 18–30 belong to two separated
helices, attention was given to the fact that the side
chains of His1 and Asp9 become closer in potentially
active conformations.

A consideration of interactions occuring in the large
planar loop formed in the N-terminal region of the
GLP-1 molecule in the receptor-bound state allowed
the interpretation of these results and observations
previously reported in the literature.

In such a case, it appears that the methyl group of
Ala2 is directed towards the inside of the loop, so that
mutations at this position, carried out with residues
having a long side-chain, such as leucine, destabilize
the structure by interacting with the amino acids
facing it (Thr5). Under these circumstances, position
2 can accommodate valine without a dramatic change
in activity, but not leucine. In the case of [S2]GLP-
1, electrostatic repulsions occur between the hydroxyl
and the carbonyl groups belonging respectively to Ser2

and His1, thus destabilizing the N-terminal structure.
This explains the loss in biological activity observed for
the analog having a serine in position 2 in comparison
with GLP-1. The change in chirality, L-Ala2 → D-Ala2,
stabilizes the loop by positioning the methyl group
towards the outside of the loop so that the analog
[a2]GLP-1 is at least as active as the native hormone.

The position 2 residue is of considerable interest
since Ala2 is the target residue for the proteolytic
enzyme DPP IV [22], a widely distributed and highly

specialized aminopeptidase, which removes dipeptides
from peptides with a N-terminal penultimate proline or
alanine. Since an intact N-terminal is required for GLP-
1 biological activity, hydrolysis by DPP IV present in
human serum may play a major role in inactivating the
peptide hormone in vivo [23–26]. Therefore, in order
to design compounds displaying enhanced metabolic
stability, it is of primary importance to find active
analogs with residues differing from Ala or Pro in
position 2.

As previously reported [24,27,28], analogs of GLP-
1 with D-Ala or small amino acids (Gly and Aib) in
position 2, bind to the receptor with high affinity and
are active in isolated pancreas. This study confirms
that the stereochemistry at this position is of lower
importance, since [a2]GLP-1 displays the same activity
as GLP-1. In contrast, the replacement of Ala2 by a
serine, found at the same position in several peptides
of the GRF superfamily, reduced the affinity for the
receptor by a factor of 10 and the production of cAMP
by about a factor of 20. This decrease in activity
might be related to an increase in polarity rather than
volume. Indeed, at this position steric bulk seems to
have little importance, since [V2]GLP-1-(7–37)-NH2 in
which Ala2 was replaced by a valine, which is more
voluminous than a serine, retains significant biological
activity; its receptor affinity and cAMP production
were only reduced by about two- and three-fold,
respectively. However, beyond a certain value the side-
chain volume is critical since [L2]GLP-1 displayed a
∼20-fold reduction in the receptor affinity, associated
with a 200-fold reduction in receptor activation. Like
[W1]GLP-1, [L2]GLP-1 is a weak antagonist of the GLP-1
receptor.

These results highlight the significance of both steric
hindrance and polarity associated with the amino acid
side-chain located in position 2.

GLP-1 Molecular Dynamics

During the trajectory, the two extremities of GLP-1
draw closer through a distinct bending of the central
part of the peptide, around the amino acid Gln17
(Figure 1). It is noticeable that this characteristic
motion is also observed when an extended conformation
is used as a starting point. The initial bend angle
between the two helical axes is 141°. The folding of
GLP-1 begins early and occurs continuously until it
reaches its maximum after 725 ps with a bend angle
around 70°. Then, after 1000 ps simulation, the bend
angle wavers between 90° and 110° (Figure 2). The
description of the trajectory by 3D ACVs provides
a global view of the simulation through the 3D
autocorrelation profile and a graphical representation
of the conformational space explored during the
dynamics. Principal components analysis of the 3D
autocorrelation vectors is graphically represented for
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Figure 1 The folding process of GLP-1 during the molecular dynamics trajectory. Conformations are represented at 0 ps (red),
200 ps (yellow) and 700 ps (green). The maximum bend occurs at 725 ps with a bend angle equal to 70°.
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Figure 2 Monitoring of bend angle (Cα[1]-Cα[17]-Cα[31]) and RMS deviation of (7–37)-GLP-1 during a 2000 ps MD trajectory (1
conformation saved every 2 ps).

the first 1000 ps trajectory in the space defined by
the first three principal components (>80% of the
total variance): the dynamic fingerprint appears as a
continuous structure with a soft transition from original
to folded conformations (Figure 3). The flexibility

GLP Trajectory (1000 ps)
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Figure 3 Projection of the (7–37)-GLP-1 1000 ps trajectory
onto the two first principal components. The folded conforma-
tion corresponds to negative values of PC1.

aptitude of GLP-1 allows an environment-dependent
conformational switch: it is a known fact that some
amphiphilic peptides can form helical structures when
in an hydrophobic environment [34,35]. Thornton
noted that the distortion between the two helical
segments can align their hydrophobic faces on a
single side of the peptide and favor hydrophobic
interaction with the membrane. Amide exchange data
suggest that the hydrophobic portions of the helices
are buried in the micelle. The MLP calculation shows
two distinct hydrophilic/hydrophobic sides in the
peptide in Thornton conformation, allowing interactions
with the hydrophobic phase in a carpet-like style or
the dimerization of peptides. Nevertheless, the folded
conformation in water is characterized by the loss of
the amphiphilic property of the peptide (Figure 4). The
peptide moves toward a distinct medium-dependent
conformation: the two hydrophobic clusters formed in
lipidic environment move face-to-face to form a buried
hydrophobic core, breaking the spatial clustering of
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Figure 4 Hydrophilic (blue) and hydrophobic (red) molecular potential of GLP-1 in the Thornton conformation (top) and in the
folded conformation after 1000 ps MD trajectory (bottom).

hydrophobic regions over one side that characterizes
interactions with biological membranes. Such a folded
conformation has not been observed in vitro and its
potential role remains unknown, but its implication
as a folded bound bioactive conformation has been
questionned. In particular, we wanted to check whether
this characteristic dynamic feature of GLP-1 holds
for all active analogs in a similar time scale, as a
marker for determining internal constraints or internal
interactions in the simulated structure.

GLP-1 Analog Molecular Dynamics

The question arose if a turn or a fold is required for full
biological activity. In such a case, peptide folding should
be considered as a necessary but insufficient condition
for full biological activity. Indeed, an active analog
should exhibit a folding as well as local requirements
compatible with receptor interactions. On the contrary,
the absence of any folding could strongly indicate
a lack of activity. It was necessary to check if the
very characteristic dynamics profile of GLP-1 can be
considered as a marker of activity and to evaluate
how the active analogs of GLP-1 could reproduce it
in the same conditions of simulation. Among the three
GLP-1 analogs modified at position 1, only [F1]-GLP-1
exhibits both high activity and affinity, whereas [Y1]-
GLP-1 and [W1]-GLP-1 have medium affinity. However,
none of these GLP-1 analogs modified at position 1
exhibit a dynamic behavior similar to that of GLP-1
itself (Figures 5 and 6). The weak antagonist [W1]-
GLP-1 folds up to a bend angle of about 110° but
the dynamic fingerprints clearly show that it does not

reach the point of transition to the folded conformation
area. It was established that mutations at position 1
strongly influence MD trajectories with respect to GLP-
1 but the absence of any early folding can in no way be
predictive of a lack of affinity or activity. In the same
way, it was observed that mutations at position 2 allow
the two inactive peptides [L2]-GLP-1 and [S2]-GLP-1
to explore a wider conformational space than the two
active peptides [V2]-GLP-1 and [a2]-GLP-1. Although
the two active analogs exhibit a rather similar dynamics
profile, they remain more distant from the GLP-1
trajectory than inactive analogs. In any case, mutations
at position 2 prevent a clear folding of the peptide
(Figures 7 and 8). The presence of His1 and Ala2 seems
to be crucial for GLP-1 folding and the characteristic
dynamics profile but not for full biological activity.
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Figure 5 Projection of trajectories for GLP-1 analogs mutated
at position 1 onto the principal components PC1 and PC2. No
trajectories explore the folded conformation area of the GLP-1
trajectory.
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1000 ps MD trajectory (1 conformation saved every 1 ps).
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Figure 7 Projection of trajectories for GLP-1 analogs mutated
at position 2 onto the principal components PC1 and PC2. No
trajectories explore the folded conformation area of the GLP-1
trajectory.

These results confirm the strong influence of positions
1 and 2 on the global dynamics of GLP-1 analogs in
our simulation conditions but an absence of correlation
between the estimated flexibility of the peptide and its
biological activity or affinity. However, it may be that
these observations are due to the fact that the folded
conformations exhibit some unfavorable local physico-
chemical features that disadvantage peptide–receptor
interactions.

CONCLUSION

Whilst it is acknowledged that short simulations may
be insufficient for establishing dynamic–activity rela-
tionships, even in some rather standard conditions of
calculation, nonetheless the dynamic fingerprint can
be considered as a conformational descriptor measur-
ing the level of ‘dynamic behaviour’ similarity for two
different molecules. The automatization of a standard-
ized procedure of 3D ACM provides access to such
information from the molecular dynamics trajectories
data easily and quickly and constitutes a powerful
tool for investigating the relatively unexplored field of
dynamic–activity relationships. This has already been
successfully used for dynamic–activity relationships of
immunosuppressive peptides in our laboratory [18]. In
this study, the role of the conformational flexibility of
the central part of GLP-1(7–36)amide was investigated
using molecular dynamics and a 3D autocorrelation
method. Our goal was to apply the 3D ACM and to
check if peptide folding can be used as a marker or
‘fingerprint’ for activity or affinity. For this purpose,
we had (i) to apply the 3D ACM to a set of peptide
analogs, (ii) to prospect the conformational landscape
of GLP-1 and its analogs and (iii) to determine whether
the dynamic fingerprint of a peptide can discriminate
between different analogs by limiting some conforma-
tional area compatible with the activity. The GLP-1 has
been chosen for its hypothesized, but not yet proven,
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tendency to fold towards a more compact conformation
and the uncertainties about its bioactive conformation.
Furthermore, GLP-1 is actually a good drug candidate
for the treatment of non-insulin-dependent diabetes
mellitus and obesity and this work was accompanied
by the design of new drug candidates. In accordance
with some experimental results, the GLP-1 molecular
dynamics simulation suggests that the conformation
can switch to a more compact conformation when in an
aqueous environment, this is accompanied by a loss of
its amphiphilic feature. The examination of the trajec-
tories for seven GLP-1 analogs, varied at key positions
1 and 2, has shown that the folding of GLP-1 in an
aqueous environment does not explain the difference
between the active and inactive GLP-1 analogs. Conse-
quently, these results do not support the hypothesis of
a folded-bioactive conformation of GLP-1.
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mann B, Eckhart K, Fölsch UR, Schmidt WE. Structure/activity
characterization of glucagon-like peptide-1. Eur. J. Biochem. 1994;
225: 1151–1156.

6. Thornton K, Gorenstein DG. Structure of glucagon-like peptide
(7–36) amide in a dodecylphosphocholine micelle as determined
by 2D NMR. Biochemistry 1994; 33: 3532–3539.

7. Montrose-Rafizadeh C, Eng J. Agonist secondary structure
correlates with binding affinity to GLP-1 receptor. In 57th Annual

Meeting & Scientific Sessions, Hynes Convention Center, Boston,

1997, June 21–24, poster N°725.
8. Braun W, Wider G, Lee KH, Wüthrich KJ. Conformation of
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