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ABSTRACT: Agonists of vasoactive intestinal peptide receptor 2
(VPAC2) stimulate glucose-dependent insulin secretion, making
them attractive candidates for the treatment of hyperglycaemia
and type-II diabetes. Vasoactive intestinal peptide (VIP) is an
endogenous peptide hormone that potently agonizes VPAC2.
However, VIP has a short serum half-life and poor
pharmacokinetics in vivo and is susceptible to proteolytic
degradation, making its development as a therapeutic agent
challenging. Here, we investigated two peptide cyclization
strategies, lactamisation and olefin-metathesis stapling, and their
effects on VPAC2 agonism, peptide secondary structure, protease stability, and cell membrane permeability. VIP analogues
showing significantly enhanced VPAC2 agonist potency, glucose-dependent insulin secretion activity, and increased helical
content were discovered; however, neither cyclization strategy appeared to effect proteolytic stability or cell permeability of the
resulting peptides.

KEYWORDS: VIP, vasoactive intestinal peptide, VPAC, peptide agonist, insulin secretion, glucose tolerance, stapled peptide,
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Vasoactive intestinal peptide (VIP) is a 28 residue linear
neuropeptide initially isolated from porcine intestine.1 VIP

is expressed in the central nervous system and peripheral tissues
and has been shown to mediate numerous physiological
processes (e.g., vasodilation, inflammation,2 and neuroprotec-
tion3,4) as recently reviewed.5 VIP belongs to the secretin/
glucagon class, a group of structurally related peptides
encompassing several regulatory hormones, including gluca-
gon-like peptide 1 (GLP-1) and gastric inhibitory polypeptide
(GIP). In common with other secretin-like peptides, VIP exerts
its physiological actions by regulating the B1 family of G-
protein-coupled receptors (GPCR). VIP binds to and activates
two receptor subtypes: VPAC1 and VPAC2.

6,7 The manifold
functions mediated through these receptors have been recently
summarized.8

Interestingly, VIP was shown to elicit insulin secretion in
insulinoma cells, mouse pancreatic islets, and perfused rat
pancreas in a glucose-dependent manner.9−11 This effect is
largely mediated through its action on VPAC2, as suggested by
the receptor expression profile in insulin-secreting cells.12

Briefly, agonism of VPAC2 enhances glucose-induced insulin

secretion, while VPAC1 activation increases glucose production
by the liver through glycogenolysis. Hence, a VPAC2-selective
agonist may counter the hyperglycaemia commonly associated
with type-II diabetes through increased insulin release, without
a VPAC1-mediated increase in hepatic glucose production.11

Accordingly, a selective peptide agonist of VPAC2, BAY55-
9837, stimulated glucose-dependent insulin secretion in vitro,
resulting in a dose-dependent increase in plasma insulin and
improved glucose tolerance in fasted rats.11 In contrast, Asnicar
et al. showed that VPAC2 knockout mice demonstrate
improved insulin sensitivity after glucose challenge.13 On the
basis of these results, we became interested in the development
of a peptide-based VPAC2 agonist to further explore the role of
this receptor in insulin regulation.
Major challenges facing development of therapeutic peptides

generally include their often high metabolic instability, rapid
renal clearance, and limited cellular absorption. For instance,
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proteolytic degradation and renal clearance account mainly for
the fact that the in vivo half-life of VIP is less than one
minute,14 making its chronic use problematic. Therefore,
limiting or preventing proteolytic degradation would be of
value in developing VIP as a therapeutic.
Conformational-restriction by peptide cyclization are val-

uable in certain instances, as reviewed by Jiang et al.15 Given
the α-helical nature of VIP, we felt that side chain-to-side chain
stapling using either olefin metathesis16−20 or lactamization
could be applied here.21 Both techniques are known to stabilize
and enhance native α-helicity, which may increase plasma
stability and potentially enable in vivo dosing. Both approaches
are also likely to increase proteolytic stability by shielding
otherwise exposed scissile bonds from the relevant degrading
enzymes. Olefin stapling of BH3 helix mimetics,22,23 NOTCH
transcription factor complex inhibitor24 and HIV-1 fusion
inhibitor,25 and lactamization of GLP-121 and glucagon26 have
been shown to impart significantly improved therapeutic
properties. When cyclization retains the bioactive conforma-
tion, both an increase in target affinity and selectivity may
result, however, such advantages cannot be taken for granted.27

Within this work, we set out to explore the effects of side
chain-to-side chain cyclization on enhancing potency, proteo-
lytic stability, and cell membrane permeability of VIP. Although
a number of structure−activity relationships studies on VIP
have been reported,28,29 our design rationale was based on the
hypothesis that VIP binds the VPAC2 receptor in an α-helical
conformation, in an analogous manner to that demonstrated for
GIP binding the extracellular domain of its receptor.30 While
structural information for the VIP-VPAC2 receptor complex is
not yet available, superimposition of the extracellular domains
of the GIP and VPAC2 receptor,31 coupled with sequence
alignment of VIP and GIP, identified those VIP residues likely
to interact with VPAC2 (V

19, Y22, L23, I26, L27). Also indicated
were those residues that could likely be mutated without
significantly disturbing these interactions (L13, M17, K21, N24,
S25, N28). With the latter null residues in mind, we felt that
functionalization in these positions would retain both the active
structure and original potency/selectivity profile, while
shielding potentially susceptible protease cleavage sites.
Hence, we designed, synthesized, and characterized stapled
VIP-based peptides to verify their potential as VPAC2 agonists
and insulinotropic agents. Specifically, both lactam- and olefin-
based staples were incorporated in identical positions, and the
corresponding unstapled peptides from each class served as
linear, noncyclic internal controls. Accordingly, residues L13,
M17, K21, N24, S25, N28 were stapled using an i, i + 4 pattern, as
summarized in Figure 1. We then transposed M17 to I17,

facilitating synthesis and purification of the native peptide, a
well tolerated modification, which has been exploited in half-life
extension strategies.32 Incorporation of a C-terminal extension
motif G29 K30 provided not only a potential reactive handle, but
also acts to neutralize the macrodipole and offers helix-capping
hydrogen bonds, based on the structure of receptor-bound GIP
(Figure 1).
Table 1 shows that the initial modifications made to wild-

type VIP did not compromise functional VPAC2 agonism, and

therefore, I17-VIP-GK serves as a good reference peptide
against which other analogues described here may be
compared. In addition to in vitro potency data recorded on
VPAC2, far-UV CD spectra (190−260 nm) were also recorded
for the linear reference peptide I17-VIP-GK and derivatives 1−
14 to show secondary structural changes resulting from
functionalization and/or cyclization. When lactams were
introduced in peptides 4−6, the most effective staples were
those bridging positions 17−21 and 21−25 in peptides 5 and 6,
with VPAC2 EC50 values of 0.10 (±0.03) and 0.11 (±0.04) nM,
respectively. Although the potency increase is small, both
peptides are more potent than either wild-type VIP or I17-VIP-
GK (Table 1). While peptide 5 offered a notable potency
improvement over its “unstapled” counterpart 2 (EC50 = 0.10
(±0.03) vs 0.38 (±0.11) nM, respectively), functional activity
for lactam 6 and its linear analogue 3 were more similar (EC50
= 0.11 (±0.04) vs 0.21 (±0.11) nM, respectively). Interestingly,
polar charged mutations L13E and I17K, while remaining
unlactamized in peptide 1, drastically reduce VPAC2 agonism in
comparison with I17-VIP-GK (EC50 = 6.6 (±1.8) vs 0.14
(±0.09) nM, respectively) representing a potency loss of ∼50-
fold. Lactamization of 1 between residues 13−17 effectively
removes charged E13 and K17 side chains in peptide 4; restoring
some functional activity (EC50 = 6.6 (±1.8) vs 1.16 (±0.41)
nM, respectively) though not to the original level of I17-VIP-
GK. Figure 2a shows that CD spectra produced by open lactam
precursors 1−3 closely resemble that of the linear model
peptide and that their lactamized variants 4−6 exhibit far
greater α-helical content as expected (Supporting Information).
However, while it is true that in all cases lactamized peptides

Figure 1. Design hypothesis for VIP-based stapled peptides. Red and
green residues highlight chosen residues for stapling and additional
chemical modification, respectively. Asterisks indicate the position of
residues, which may be reacted to form the corresponding lactam or
olefin staple or left unreacted to act as the unstapled linear peptide
control.

Table 1. VPAC2 Receptor Functional Agonism for
Compounds 1−14

staple positiona i,i + 4 stapled VPAC2 EC50 (nM)b

VIP no 0.19 (±0.04)
I17-VIP-GK no 0.14 (±0.09)
1 13−17 E,K no 6.6 (±1.8)
2 17−21 E,K no 0.38 (±0.11)
3 21−25 E,K no 0.21 (±0.11)
4 13−17 E,K yes 1.16 (±0.41)
5 17−21 E,K yes 0.10 (±0.03)
6 21−25 E,K yes 0.11 (±0.04)
7 13−17 X,Xc no 1.37 (±0.57)
8 17−21 X,Xc no 1.49 (±0.35)
9 21−25 X,Xc no 3.8 (±2.5)
10 24−28 X,Xc no 0.21 (±0.23)
11 13−17 X,Xc yes 0.049 (±0.02)
12 17−21 X,Xc yes 0.33 (±0.10)
13 21−25 X,Xc yes 1.52 (±0.54)
14 24−28 X,Xc yes 0.39 (±0.28)

aResidues numbered as shown for VIP (Figure 1). bMeans (±SE) (n =
9) (Supporting Information). c(S)-pentenylalanine.
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show increased in vitro potency over their linear counterparts,
the fact that lactam 4 is significantly less potent than the linear
model compound indicates that potency at VPAC2 does not
correlate with α-helicity. In the case of peptides 1 and 4, this
finding indicates that functionalization of VIP in positions 13−
17 with polar residues proves deleterious to receptor binding,
even though the overall α-helical content of peptide 4 is
increased significantly through lactamization (Figure 2 and
Supporting Information). The ∼50-fold potency loss observed
with peptide 1 is perhaps not surprising since we are mutating
native hydrophobic L13 and M17 to polar charged E13 and K17,
respectively, a mutation likely to strongly disfavor any
hydrophobic interactions potentially required for VPAC2
receptor binding. Further corroborating this hypothesis, the
removal of the charge-interaction likely to occur between E13

and K17 in peptide 1 by lactamization affords an uncharged
(though still polar) cyclic amide in peptide 4. Although 4 gains
∼8-fold potency over its unlactamized analogue 1, it does not
fully restore the original potency of I17-VIP-GK.
Unlactamized peptides 2 and 3 are only marginally less

potent than I17-VIP-GK, indicating that the chosen sub-
stitutions in positions 17, 21, and 25 are well tolerated. In 2,
native K21 is retained, and the only effective mutation is
therefore L17E. Since the potency difference between 2 (E17-
VIP-GK) and I17-VIP-GK is small (∼2-fold), mutation of
hydrophobic L17 to polar charged E17 appears insignificant. This

implies that it is mutation L13E in unlactamized 1 that accounts
for the majority of potency lost; supporting reports suggesting
that M17 mutations are relatively benign and well tolerated.32

Incorporation of (S)-pentenylalanine in positions analogous to
the linear and lactamized peptides 1−3 and 4−6, respectively
(Figure 1), are allowed direct comparison of both open (bis-
olefinic) and closed (metathesized) peptides 7−10 and 11−14
respectively. The open linear peptides that retain their terminal
olefin functions could be considered almost isosteres of the
hydrophobic unnatural amino acid norleucine. In addition to
the olefin side chain of pentenylalanine, the residue also bears
an α-methyl substituent, which alone appears to significantly
increase the α-helicity of all peptides containing the residue
(7−14), stapled or otherwise, as shown in the CD spectra
(Figure 2b) and calculated α-helical content (Supporting
Information). Given the topological similarities between
cyclization using either amide-based lactams, or hydrocarbon
staples, we were surprised to have observed such large
differences in potency of the resulting peptides; particularly
in light of the fact that the relative α-helicity of peptides 4−14
is so similar.
Peptides prepared using olefin staples generally showed a

similar trend to those incorporating lactams, and cyclization
between the positions explored generally increased VPAC2
agonism. Interestingly, the only exception to this was observed
between stapled peptide 14 and its unstapled variant 10, the
latter (bis-olefin) proving to be the more potent VPAC2
agonist. The mutations involved are N24X and N28X, implying
that the polarity of N24 and N28 are useful in the random coiled
region of the peptide at its native C-terminus.33 This result also
indicates that constraining the peptide in this region disturbs its
ability to agonize VPAC2. Overall, hydrocarbon-stapled peptide
11 afforded the most potent VPAC2 receptor agonist evaluated
in this study (EC50, 0.049 (±0.02) nM), a significant
improvement over both I17-VIP-GK (∼3-fold) and wild-type
VIP (∼4-fold) (Table 1). This potency gain is especially
noteworthy considering that (a) its linear analogue 7 showed a
significant drop in activity (∼10-fold) in comparison to I17-
VIP-GK and that (b) the corresponding lactam 4 was >20
times less potent. Again, this indicates that not only does
positioning of the staple have an impact on binding and VPAC2
potentiation but also that hydrophobic interaction plays an
important role here. In the case of the lactamized peptides, we
previously hypothesized that mutation L13E in unlactamized 1
accounts for the majority of potency lost from the otherwise
identical peptide 2. Here, in peptide 11, mutations L13X and
I17X do not imply that hydrophobicity is paramount, rather that
hydrophobic constraints are more effective than polar lactam
constraints in positions 13−17. The ∼30-fold increase in
potency between corresponding hydrocarbon stapled and
unstapled variants 11 and 7 (EC50 = 0.049 (±0.02) vs 1.37
(±0.57) nM, respectively) is surprising and difficult to fully
rationalize; particularly in light of their almost identical CD
spectra. A possible explanation could be the formation of
potency-enhancing hydrophobic interactions between the
hydrophobic staple of 11 and the VPAC2 receptor, as
previously observed in the case of a stapled p53 peptide
bound to Mdm2.34 Generally, the alpha helical content of
peptide hormones, e.g., glucagon, correlates well with their
functional potency; however, comparison of CD spectra
recorded for peptides 1−14 failed to provide a clear trend
between helicity and potency.

Figure 2. Circular dichroism spectra for lactamized (a) (4−6) and
metathesis stapled (b) (11−14) VIP peptides. The corresponding
linear analogues (1−3 and 7−10, respectively) and the reference I17-
VIP-GK (shown in red) peptide are included for structural
comparison.
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On the basis of these results, the most potent cyclic peptides,
5 and 11, were evaluated for their ability to increase glucose-
stimulated insulin secretion (GSIS) in pancreatic rat islets.
Their linear analogues 2 and 7, respectively, albeit less active,
were also tested to verify that any differences observed in the
recombinant system translated to a more native and relevant
setting. The results are summarized in Figure 3. GLP-1 and VIP
elicited a concentration-dependent increase in insulin secretion
from isolated rat islets when incubated with 8 mM glucose.
This is consistent with earlier reports highlighting their glucose-
dependent insulin secretagogue properties.9−11 I17-VIP-GK
also induced insulin secretion although to a significantly lower
extent than VIP and GLP-1 (Figure 3). At the highest
concentration tested, the linear VIP analogues 2 and 7 offered
an improvement in insulin secretion over I17-VIP-GK, with
stapled variant 7 being superior to linear analogue 2.
Intriguingly, cyclization of 2 and 7 to yield the corresponding

lactam- and olefin-based analogues 5 and 11, resulted in
significantly higher glucose-dependent insulin secretion with a
plateau effect starting at 10 nM concentration, as depicted in
Figure 3. While no significant differences between 5 and 11
were apparent, both 5 and 11 provided tangible improvements
over VIP (p < 0.01) and GLP-1 (p < 0.05) standards when
compared at 10 and 100 nM. Having confirmed the VPAC2
functional agonism of the most potent stapled analogues in a
physiologically relevant medium, we next examined two key
optimization parameters for peptide-based research: protease
stability and membrane permeability, as presented in Table 2.
To assess stability to proteolytic degradation, trypsin was

selected due to its digestive role in the duodenum and gastro-
intestinal (GI) tract and previously published results using VIP
and phosphor-lipidated-VIP derivatives.35 In the development
of an orally bioavailable peptide, minimal proteolytic
degradation by enzymes abundant in the GI tract is paramount.

Figure 3. Insulin secretion in isolated rat pancreatic islets following glucose infusion (3 and 8 mM) and incubation after administrating selected
peptides (numbered per chart). Bars represent the mean (±SE, n > 3). ***p < 0.001, **p < 0.01, and * p < 0.05 compared to vehicle-treated
samples.
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After 15 min of incubation with trypsin, minimal quantities
(0.5%) of in-tact VIP remained, as expected considering its
short in vivo.14 Modification of wild-type VIP to the reference
system I17-VIP-GK did not substantially alter its metabolic
profile (0.3% parent remaining), rendering it an adequate
reference system for the present study. The lactam staple
introduced in 5 did not offer any advantage in terms of
resistance to trypsin degradation over the corresponding linear
peptide 2 (cf. 0.9 and 0.4% remaining, Table 2). A similar trend
was observed for the olefin equivalent pair 8 and 12, and
stability to trypsin digestion for the cyclized peptide 11 was also
not significantly better (p = 0.06) than its linear analogue 7
(Table 2). It is still possible that significant differences in
protease degradation profiles between these peptides would
emerge using shorter incubation times. Nevertheless, based on
pharmacokinetic considerations using VIP, 15 min represented
a pragmatic trade-off at which significant differences would have
warranted further characterization and development.
Unfortunately, evaluation of passive membrane permeability

did not reveal any difference across the peptides tested.
Regardless of the chemical nature of the staple and its position
within the sequence, linear and cyclized peptides appeared to
be equally poor at passively diffusing through the Caco-2
monolayer (Papp < 0.1 × 10−6 cm/s, Table 2), as assessed using
a widely used, industrial protocol (Supporting Information).
The metabolic stability and membrane permeability results

presented here may not be surprising considering the chemical
structure and size of the peptides studied (30 residues). For
instance, the cyclization elements in the most potent cyclized
peptide from each class 5 (lactam) and 11 (hydrocarbon
staple) would still leave substantial room for protease action at
the peptide termini, while molecular size is inversely related to a
molecule’s diffusion coefficient. It has been shown, for example,
that multiple staples have increased resistance to specific
proteases in the case of GLP-121 and enfuvirtide25 analogues.
Several cell-penetrant stapled peptides have previously been
described, although this property is normally assessed using
flow cytometry and confocal fluorescence microscopy, requiring
the need for fluorescently labeled peptides.22−25,36,37 Never-
theless, the results presented here highlight just how critical the
studied system is to the properties of interest and how complex
it is to generalize and transpose observations in medicinal
chemistry.27

Starting from native VIP, a number of stapled analogues were
designed and synthesized to evaluate the effect of their helical
content on the interaction with the VPAC2 receptor. A number
of VIP derivatives showed significant improvement in their

ability to functionally activate the VPAC2 receptor, although no
clear structure−activity relationships (in terms of (a) presence
or absence of the staple, (b) chemical nature of the staple, and
(c) staple location on the amino acid sequence) could be
derived. There also appeared to be no clear trend between the
secondary structure shown by far UV CD spectroscopy and the
functional potency of the analogues generated. Improved
VPAC2 functional agonism was confirmed in rat islets where
the best stapled VIP derivatives significantly increased glucose-
dependent insulin secretion compared to wild-type VIP and
GLP-1 standards, as well as their linear analogues. Further
profiling for increased metabolic stability and membrane
permeability failed to reveal the sought-after improvements
normally ascribed to stapled peptides, indicating opportunities
for further medicinal chemistry optimization.
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