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Previously, [R15,20,21, L17]-VIP-GRR (IK312532), a long-acting VIP derivative, was proposed as potential
drug candidate for the treatment of asthma/COPD. The present work is aimed to elucidate solution-
state stability of IK312532 and to develop further stabilized derivative with equipotent or higher bio-
logical functions. A stability study on IK312532 was carried out in solution state, and degradation
mechanism was deduced by UPLC–MS and amino acid analyses. Three novel VIP derivatives were
designed and chemically synthesized on the basis of stability data, being subjected to physicochemical
and pharmacological characterization. Solution-state stability studies revealed the gradual degradation
of IK312532, following pseudo-first-order kinetics. Chemical modification of IK312532, mainly position
at 24, resulted in marked improvement of stability, although the chemical modification had no influ-
ence on the secondary structure, receptor binding, and activation of adenylate cyclase in rat lung cells.
Novel derivatives also exhibited more potent neurite outgrowth in rat pheochromocytoma PC12 cells
when compared to VIP and IK312532, possibly due to improved stability. Deamination of Asn at posi-
tion 24 might be responsible for degradation of VIP derivative, and stability and chemical modification
studies led us to the successful development of novel VIP derivatives with higher stability and biolog-
ical functions.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Vasoactive intestinal peptide (VIP) [1], an octacosapeptide, is a
member of glucagon/secretin superfamily [2]. VIP and its receptor
are widely distributed in the body, such as in the heart, lung, diges-
tive and genitourinary tract, eye, skin, ovaries, and thyroid gland
[3]. VIP is one of the major peptide transmitters in the central
and peripheral nervous systems, being involved in a wide range
of biological functions in organisms, including metabolic processes,
exocrine and endocrine secretions, cell differentiation, relaxation
of smooth muscle [4], secretion of regulatory hormones [5], and
regulation of immune response [6]. On the basis of its numerous
biological actions, VIP has been considered to be a potential candi-
date for pharmaceutical agents for several diseases, including dia-
betes [7], asthma [4], impotence [8], and rheumatism [9].
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While the pharmacological potency of a peptide itself may be of
general importance, chemical and physical stability is also a critical
factor in the drug design of peptide for overall therapeutic success.
In particular, the rapid degradation of VIP after systemic adminis-
tration is part of the reason for the limitation of its clinical applica-
tions. Therefore, for the clinical application of VIP as a therapeutic
agent, a metabolically stable analogue of VIP needs to be devel-
oped, and many structure–activity relationship (SAR) studies
focusing on VIP stabilization have been carried out [10,11]. Our
group previously conducted chemical modification studies to
investigate the SARs of VIP by using synthetic VIP analogues. The
replacement of Lys residue at the positions 15, 20, and 21 by Arg,
and Met at position 17 by Leu ([R15,20,21, L17]-VIP) in VIP resulted
in a significant improvement in metabolic stability [11]. In addi-
tion, C-terminally extended VIP derivative, IK312532, [R15,20,21,
L17]-VIP-GRR, exhibited much higher biological activity than natu-
ral VIP in vitro and in vivo [12]. Interestingly, IK312532 showed a
higher stability against enzymatic digestion and even higher bio-
logical activity, including relaxant effect and protective effect
against the cytotoxicity of CSE and deactivation of CSE-evoked cas-
pase-3, compared to VIP [13,14]. By combining the clinical advan-
tages of bronchodilation and protection of the alveolar wall,
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stabilized VIP derivatives could provide a novel and more effective
pharmacotherapy for the treatment of asthma and COPD [11].

In the present investigation, further improvement of IK312532
was attempted by some chemical modifications. Stability of
IK312532 in solution state was assessed at several conditions,
and the structures of main degradants were deduced by amino acid
analysis of isolated substances and UPLC–MS experiments. Novel
VIP derivatives were developed on the basis of stability data on
IK312532. Physicochemical and pharmacological properties of
newly synthesized VIP derivatives were characterized by solu-
tion-state stability studies using UPLC–MS, circular dichroism
(CD), receptor-binding assay, activation of adenylate cyclase, and
neurite outgrowth stimulation in PC12 cells.

2. Materials and methods

2.1. Peptides syntheses

VIP and derivatives (Table 1) were chemically synthesized by
the solid-phase strategy employing optimal side-chain protection
as reported previously [15]. Peptides were removed from the resin
by HF treatment, and the cleaved products were purified using col-
umn chromatography over Chromatorex ODS (Fuji Silysia, Aichi, Ja-
pan) with CH3CN–H2O system mobile phase. The purity (>98%) was
checked by reverse-phase HPLC using a TSK-gel ODS-120T column
(Tosoh, Tokyo, Japan). Their molecular weights were confirmed on
a matrix-assisted laser desorption ionization time of flight mass
spectrometer (Kratos, Manchester, UK).

2.2. Solution-state stability study

Solutions of peptide (0.1 mg/mL) dissolved in 20 mM phosphate
buffer (pH 7.4) in 5 mL glass vial were stored at 4, 40, or 55 �C for
various periods. At selected times, the solutions were directly sub-
jected to UPLC analysis to monitor the degradation of tested sam-
ples. All analyses were performed on Waters Acquity UPLC /MS
system (Waters, Milford, MA), which include the binary solvent
manager, sampler manager, column compartment, Acquity TUV
detector with the detection wavelength of 254 nm, and single
quadrupole mass detector (mass range: m/z 300–2000), connected
with Waters MassLynx software. The mass spectrometer instru-
ment was operated in positive electrospray ionization mode using
cone voltages of 50 mV. The source and desolvation temperatures
were set at 120 and 400 �C, respectively. An Acquity UPLC BEH
Table 1
Sequence of VIP and its derivatives.

    5     10     1

RLRTYNDTFVADSHPIV

Secondary structure Random coil 

[R15,20,21, L17]-VIP-GRR 
(IK312532) 

– – – – – – – – – – – – – –

[R15,20,21, L17, A24,25, des-N28]-VIP-GRR  
(IK312548) 

– – – – – – – – – – – – – –

[E8, R15,20,21, L17, A24,25, des-N28]-VIP-GRR 
(IK312550) 

– – – – – – – E – – – – – –

[A8,24,25, R15,20,21, L17, des-N28]-VIP-GRR 
(IK312551) – – – – – – – A – – – – – –

All peptides were synthesized by the solid-phase strategy employing optimal side-chain
spectral analysis, according to the equation established by Greenfield and Fasman [17].
C18 column (particle size: 1.7 lm, column size: U2.1 � 50 mm;
Waters), also from Waters, was used. Column temperature was
maintained at 40 �C. The mobile phase consisted of 0.1% trifluoro-
acetic acid (TFA)–acetonitrile 75:25 (v/v) with flow rate of 0.25 mL/
min.

2.3. Amino acid analysis

Each purified peptide (0.25 mg) was vacuum dried in amino
acid analysis vial and subsequently placed in hydrolysis reaction
vial containing 6 M HCl containing 1% phenol. To remove oxygen,
the reaction vial was degassed by vacuum and purged with nitro-
gen in a Waters Pico-Tag Workstation (Waters) at least three times.
Each sample was placed under vacuum and then gas-phase hydro-
lyzed at 110 �C for 24 h. After acid hydrolysis, each sample was
vacuum dried and then solubilized in water. Each solution was fil-
tered through a 0.45 lm membrane filter and analyzed in amino
acid analyzer Hitachi L8500 (Hitachi, Tokyo, Japan) according to
the manufacturer’s protocol. The analyses for determination of
amino acid compositions were performed in triplicate.

2.4. Circular dichroism

For circular dichroism (CD) analysis, each peptide was dis-
solved in either 20 mM Tris–HCl (pH 7.4) or 50% methanol
(MeOH)/20 mM Tris–HCl buffer. CD spectra were baseline cor-
rected and smoothed using the algorithm provided by the manu-
facturer, and they were recorded at room temperature in a Jasco
model J-720 spectropolarimeter (Jasco, Tokyo, Japan) with a cell
path length of 10 mm. Each sample was scanned five times in
the wavelength range of 200–400 nm (scan speed: 10 nm/min;
sensitivity: 20 mdeg). Ellipticity was calculated as mean residue
ellipticity [h] (degrees cm2 dmol�1). The secondary structures of
synthetic peptides were evaluated from CD spectra using four
independent methods established by Chen and Yang [16], Green-
field and Fasman [17], and k2d software for analyzing the CD
spectra [18].

2.5. Cell cultures

L2 cells, originally derived from type II pneumocytes of adult rat
lung [19], were obtained from the American Type Culture Collec-
tion (Rockville, MD). L2 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Sigma) supplemented with 10% (v/v)
5     20     25     30   α-Helix (%)

NLISNLYKKVAMQK 63 

αα-Helix Random coil

R – L – – R R – – – – – – – G R  R 62 

R – L – – R R – – A A – – G R R   58 

R – L – – R R – – A A – – G R R   58 

R – L – – R R – – A A – – G R R   63 

protection and amidated at their C-terminuses. Helical content was deduced by CD
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newborn calf serum (HS; Gibco-BRL, Grand Island, NY). The cul-
tures were maintained in 5% CO2 or 95% humidified air at 37 �C.

2.6. [I25I]VIP-binding assay

[125I]VIP-binding assay was performed using the procedure de-
scribed by Leroux et al. [20] with some modifications . L2 cells
were added to ice-cold Hanks’ balanced salt solution (HBSS, pH
7.35) and centrifuged at 1000 rpm for 5 min. The pellet was
homogenized in ice-cold buffer (100 ml of HBSS, 1 mL of 1 M N-
2-hydroxyethylpiperazine-N0-2-ethanesulfonic acid (HEPES), and
1 g of bovine serum albumin (BSA) at pH 7.35) with a Potter glass
homogenizer. The homogenates prepared from L2 cells were incu-
bated with [125I]VIP (0.03–1.50 nM) in a total volume of 100 lL.
Incubation was carried out for 3 h at 4 �C. The reaction was termi-
nated by rapid filtration (Cell Harvester, Brandel Co., Gaithersburg,
MD) through Whatman GF/C glass fiber filters presoaked in 0.5%
polyethyleneimine solution for 1 h, and the filters were rinsed
three times with 2 mL of ice-cold buffer. The tissue-bound radioac-
tivity was determined in a gamma-counter. The specific binding of
[125I]VIP was determined experimentally from the difference be-
tween counts in the absence and presence of 3 lM unlabeled
VIP. All assays were conducted in duplicate. Protein concentrations
of cell lysates were measured by the method as described by Lowry
et al. [21] with BSA as the standard.

2.7. Reverse Transcriptional PCR (RT-PCR) Amplification

The mRNA was isolated from PC12 cells using a commercially
available kit (QuickPrep Micro mRNA Purification Kit; Amersham
Pharmacia Biotech, Piscataway, NJ, USA), and the synthesis of the
first-strand cDNA was performed using the Ready-To-Go T-Primed
First-Strand Kit (Amersham Pharmacia Biotech). The RT reaction
was also carried out in the absence of reverse transcriptase to en-
sure that the amplified material derived from RNA. The RT-PCR
primers designed for the PACAP/VIP receptors (PAC1, VPAC1, and
VPAC2) and the glucagon receptor [5] were as follows: 50- and 30-
primers for PAC1 were 50-TTTCA TCGGC ATCAT CATCA TCATC
CTT-30 (sense) and 50-CCTTC CAGCT CCTCC ATTTC CTCTT-30 (anti-
sense), those for VPAC1 were 50-GCCCC CATCC TCCTC TCCAT C-30

(sense) and 50-TCCGC CTGCA CCTCA CCATT G-30 (antisense), and
those for VPAC2 were 50-ATGGA TAGCA ACTCG CCTTT CTTTA G-30

(sense) and 50-GGAAG GAACC AACAC ATAAC TCAAA CAG-30 (anti-
sense). The size of each PCR product was expected to 280 base
pairs (bp) for the basic PAC1 receptor, 364 bp for a PAC1 receptor
with a single cassette insert (hip, hop1, or hop2), 448 bp for a dou-
ble insert (hiphop1 or hiphop2), 299 bp for VPAC1, and 325 bp for
VPAC2. The PCR were performed in 25 lL containing 1.5 mM
MgCl2, 50 mM KCl, 10 mM Tris–HCl (pH 9.0), 200 lM of each
deoxynucleoside triphosphate, 0.4 lM of the specific oligonucleo-
tide primers, and 1.5 units of Taq DNA polymerase. After the initial
denaturation at 94 �C for 3 min, 35 cycles of amplification (30 s
denaturing step at 94 �C, 30 s annealing step at 66 �C (PAC1,
VPAC1) or at 63 �C (VPAC2), and a 1 min extension step at 72 �C)
were performed in a DNA Thermal Cycler (Perkin Elmer, Norwalk,
CT, USA). The products of amplification were separated on a 2%
agarose gel in 1 � Tris–acetic acid–EDTA buffer, stained with ethi-
dium bromide (0.5 lg/mL), visualized under ultraviolet light, and
photographed.

2.8. Measurement of extracellular cAMP

PC12 cells (105 cells/well) in 96-well collagen I-coated plates
(Becton Dickinson Labware, Bedford, MA) were stimulated for
30 min with ligand in the serum-free medium. Supernatants were
collected, and aliquots (100 lL) were assayed using a kit for the
determination of cyclic AMP by enzyme immunoassay according
to the manufacturer’s instructions (Amersham Pharmacia Biotech,
Piscataway, NJ).

2.9. Neurite outgrowth

PC12 cells were plated in 60-mm Falcon culture dishes coated
with collagen type IV (Becton Dickinson Labware, Bedford, MA,
USA) at a density of 2 � 105 cells in 4 ml of medium per dish. After
incubation of PC12 cells for 24 h, each peptide was added into cul-
ture media. The medium supplemented with neuropeptide was
changed every 24 h. The cells were fixed in neutral-buffered (pH
7.4) 10% formalin, rinsed in distilled water, and then stained with
hematoxylin–eosin. Every 10–40 selected cells in more than 4
fields from two culture dishes were subjected to analysis of mor-
phological change. The neurite outgrowth of the cells cultured with
various concentrations of peptide or vehicle (control) was evalu-
ated by counting the number of differentiated cells having neurite
with a length of >50 lm. The measurement was performed on a
Macintosh computer using the public domain program NIH Image
(version 1.62).
2.10. Data analysis

For statistical comparisons, a one-way analysis of variance (AN-
OVA) with the pairwise comparison by Fisher’s least significant dif-
ference procedure was used. A P value of less than 0.05 was
considered significant for all analyses.
3. Results and discussion

3.1. Solution-state stability of VIP derivative

In solution-state stability studies on IK312532, gradual degra-
dation of IK312532 was observed during storage at several condi-
tions, and the decomposition of IK312532 in sodium phosphate
buffer (pH 7.4) was plotted in a typical logarithm of percent
remaining versus time (Fig. 1A). Linear relationships were ob-
served for all conditions tested, and the correlation coefficients
were found to be greater than 0.95. This indicated that the degra-
dation of IK312532 in aqueous-buffered solutions followed appar-
ent first-order degradation kinetics under the conditions studied.
The slope of the plot represents the apparent first-order degrada-
tion rate constant at each temperature, and they were calculated
to be 2.5 � 10�3, 0.21, and 0.69, respectively, per day for 4, 40,
and 55 �C. Thus, the degradation process of IK312532 was highly
accelerated with the increase in temperatures.

According to UPLC–MS chromatograms of IK312532 stored at
40 �C for 1 week (Fig. 1B), IK312532 was readily decomposed in so-
dium phosphate buffer, yielding three main degradants A, B, and C.
The m/z ratios of the peaks were determined using UPLC–MS, and
the molecular mass of these degradants were found to be 3762 Da
(Table 2), indicating the slight changes in molecular mass when
compared to IK312532 (3761 Da). For further characterization
and identification of these chemicals, each degradant was isolated
with use of preparative HPLC and subjected to amino acid analysis
(Table 2). On the basis of the results from amino acid analysis, all
degradants and IK312532 show similar amino acid composition;
however, both Asx and Glx residues were not fully elucidated.
These findings, taken together with their molecular mass, suggest
that the deamination of Asn or Gln residues occurred in sodium
phosphate buffer. IK312532, as well as VIP, has several asparaginyl
and glutaminyl peptide, and especially Asn-Ser, at positions 24 and
25, can easily convert into a succinyl peptide (Asu) following
deamination of the Asn residue [11,22,23]. The Asu formation



Table 2
UPLC/MS and amino acid analyses of IK312532 and its degradants.

IK312532
Relative retention time 1.00
MS found (calculated) 3761

Amino acid analysis Expected Measured

Ala 2 2.1
Arg 7 6.8
Asxa 5 4.9
Glxa 1 1.1
Gly 1 1.0
His 1 1.2
Ile 1 1.1
Leu 4 4.0
Phe 1 1.1
Ser 2 1.9
Thr 2 2.1
Tyr 2 2.0
Val 2 2.0

a Asx: Asn and Asp; Glx: Gln and Glu.

Fig. 1. Solution-state stability of IK312532. (A) Time-dependent degradation of
IK312532. IK312532 (0.1 mg/mL) was dissolved in 20 mM sodium phosphate buffer
(pH 7.4) and stored at 4, 40, and 55 �C for indicated periods. s, stored at 4 �C; 4, at
40 �C; and h, at 55 �C. Data represent mean of three experiments. (B) UPLC–MS
chromatograms of degradation of IK312532. IK312532 (0.1 mg/mL) was stored at
40 �C for 1 week and then subjected to UPLC–MS analysis.
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and its hydrolysis, leading to normal and isoaspartyl peptides, oc-
curred in the pH range of 5–10, and the kinetic constants of these
steps increase markedly at basic pH [22]. In this context, protection
or replacement of Asn at position 24 by other bioequivalent resi-
due was expected to be effective for improvement on chemical sta-
bility of VIP or its derivatives.

3.2. Design and structural characterization of novel VIP derivatives

Numerous conformational studies, including spectral and com-
putational analyses, have characterized that VIP possesses two
segments of secondary structures; a random coil structure in
the N-terminal region containing ca 10 amino acid residues be-
tween positions 1 and 9, and a long a-helical structure in the
C-terminal region stretching from position 10 to its C-terminus
[24–26]. The a-helical structure of VIP, as well as other gluca-
gon–secretin family peptides, was found to be essential for recep-
tor binding [27], and disruption of helical structure led to marked
decrease in biological activities. Thus, the replacement of Asn at
position 24 might also affect a-helical structure in the C-terminus
followed by decrease in biological activity, although the modifica-
tion could improve chemical stability of VIP derivative. To main-
tain C-terminal helical structure, synthesis of chimeric peptides
comprising VIP and PACAP was proposed, because PACAP exhib-
ited as much as 68% sequential homology and high secondary
structural similarity with VIP. Herein, novel VIP derivatives hav-
ing Ala at positions 24 and 25 (Table 1) were designed and chem-
ically synthesized, which correspond to residues at positions 24
and 25 in PACAP. Amino acid residue at position 8 was also
substituted by other amino acid according to previous SAR infor-
mation [28], and Asn at position 28 was deleted since the trunca-
tion did not affect receptor binding and smooth muscle relaxant
activities in our previous work [27].

To clarify the influence of chemical modification on the second-
ary structure of VIP derivatives, the solution structures of novel VIP
derivatives were deduced by CD spectral analysis with use of k2d
software [18] (Fig. 2). The a-helical contents estimated by CD were
variable depending on solvent systems such as pH and polarity;
however, N-terminal random coil and C-terminal helical structures
were maintained under any conditions tested (data not shown).
According to the calculative method, VIP and its derivatives were
estimated to contain ca 60% a-helical structure. The data suggest
that the chemical modification did not affect the secondary struc-
ture of derivatives, and the chemicals were expected to maintain
biological function of IK312532 with higher stability.
Degradant A Degradant B Degradant C
0.37 0.91 1.11
3762 3762 3762

Measured Measured Measured

2.0 2.0 2.0
7.0 6.9 6.9
5.0 5.1 5.0
1.2 1.1 1.2
1.1 1.0 1.2
1.3 1.1 1.2
1.0 1.0 1.0
4.1 4.2 4.1
1.0 1.0 1.0
1.9 1.8 2.0
2.0 2.0 2.0
2.0 2.1 2.0
2.0 1.9 2.1



Fig. 2. CD spectra of synthetic VIP and derivatives. The measurements were carried
out in 50% methanol/20 mM Tris–HCl buffer (pH 7.4). —, VIP; —, IK312532; - - - - -,
IK312548; �������, IK312550; -�- -�, IK312551.

Fig. 3. Solution-state stability of VIP derivatives. (A) Time-dependent degradation
of VIP derivatives. Each peptide (0.1 mg/mL) was dissolved in 20 mM sodium
phosphate buffer (pH 7.4) and stored at 40 �C for indicated periods. s, IK312532; h,
IK312548; 4, IK312550; and r, IK312551. Data represent mean of three experi-
ments. (B) Arrhenius plotting for VIP derivatives. The logarithm of the degradation
rate constant (k) is plotted vs 1000�(1/T), where T is the absolute temperature (K).
s, IK312532; h, IK312548; 4, IK312550; and 5, IK312551.

Table 3
Arrhenius parameters and prediction of stability of VIP derivative.

Arrhenius parameters Calculated values at 25 �C

Ea (kcal/mol) A (day�1) r k (day�1) t0.5 (days)

IK312532 20.2 2.40 � 1013 0.998 3.5 � 10�2 19.6
IK312548 14.2 1.17 � 108 0.988 4.7 � 10�3 146.8
IK312550 14.2 1.70 � 108 0.996 6.9 � 10�3 100.2
IK312551 13.1 1.97 � 107 0.996 4.6 � 10�3 151.1

Each parameter was calculated by computer fitting.
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3.3. Solution-state stability data on novel VIP derivatives

Solution-state stability studies on novel VIP derivatives were
carried out to assess the influence of chemical modification of
IK31532 on its stability. Fig. 3A shows a semilogarithmic plot of
potency (% remaining) of novel VIP derivatives versus time in so-
dium phosphate buffer at 40 �C. A linear relationship was obtained
according to the following equation: ln A = ln A0 � kt, (apparent
first-order kinetics; r = 0.972), where A is the remaining peak area
of VIP derivative, k is slope, and t is time (days). Stability of each
peptide was evaluated on the basis of the kinetic degradation con-
stant k with respect to the initial drug concentration, and the fol-
lowing data were obtained: slope (rate constant) = 0.21 day�1 for
IK312532, 1.1 � 10�2 day�1 for IK312548, 1.8 � 10�2 day�1 for
IK312550, and 1.1 � 10�2 day�1 for IK312551. Thus, IK312532, dis-
solved in sodium phosphate buffer (pH 7.4), exhibited the rapid
degradation at 40 �C; however, the stability of three novel deriva-
tives seemed to be improved significantly.

The Arrhenius plot was constructed from these observed first-
order degradation rate constants at three temperatures (Fig. 3B).
The plot shows a good linear relationship between logarithmic
degradation rate (k) and the reciprocal of absolute temperature
(T): r = 0.998 for IK312532, 0.988 for IK312548, 0.996 for
IK312550, and 0.996 for IK312551 (Table 3). Activation energy
(Ea) was calculated according to Arrhenius equation: ln
k = ln A � (Ea/RT), where A is the frequency factor, and R is the
gas constant. Activation energy of IK312532 was calculated to
be 20.2 kcal/mol, and it was close to the activation energy of
adrenocorticotropic hormone fragment, showing deamination of
asparaginyl residues as well [29]. There appeared to be significant
differences in the frequency factor among VIP derivatives tested,
and the chemical modification of IK312532 could lead to 105-fold
reduction of frequency factor. From the Arrhenius parameters,
stability of each peptide was predicted at 25 �C (Table 3), and
the half-lives of novel derivatives, especially IK312551, were
found to be 5–8-fold longer than that of IK312532. These obser-
vations suggested that substitution of amino acid residues at
positions 24 and 25 resulted in the marked stabilization of VIP
derivative.
3.4. Biological activities of novel VIP derivatives

It is well established that VPAC2 receptor, a VIP-preferring
receptor, is expressed in the alveolar wall [26], and our previous
RT-PCR experiments revealed the dominant expression of the
VPAC2 receptor in rat alveolar L2 cells [13]. In the present investi-
gation, the binding activities of VIP and its derivatives for VPAC2



Fig. 4. In vitro pharmacology of VIP derivatives. (A) VIP receptor-binding activity in
L2 cells. Concentration–inhibition curves for the effect of VIP on specific [125I]VIP
binding in L2 cells. Specific [125I]VIP binding was measured in the absence and
presence of increasing concentrations (10�10–10�8 M) of VIP. s, IK312532; h,
IK312548; 4, IK312550; and r, IK312551. (B) Stimulation of adenylate cyclase
activation in L2 cells. L2 cells were stimulated with each peptide at the concen-
tration of 10�7 M, and the amount of cAMP released was measured with an enzyme
immunoassay. Each point represents a percentage (means ± SD, n = 4) of the control
value.

Fig. 5. RT-PCR analysis of PACAP/VIP receptor mRNAs in rat pheochromocytome
PC12 cells. Total RNA was reverse transcribed in the presence of reverse transcrip-
tase and PCR amplified with primer pairs specific for the PAC1, VPAC1, and VPAC2
receptors. Ethidium bromide-stained 2% agarose gels are shown. The data shown
are representative of three experiments.

Fig. 6. Neurite outgrowth of PC12 cells stimulated by VIP and its derivatives. (A)
Microscopic images from PC12 cells treated with VIPs at the concentration of
10�7 M for 72 h. Bar represents 100 lm. (B) VIPs-evoked stimulation of neurite
outgrowth in PC12 cells. The percentage of cells with neuritis longer than 50 lm is
shown. Each point represents a means ± SE of four experiments. ##, P < 0.01
between indicated groups.
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receptor were examined with a radioligand binding assay using
[125I]VIP. Rosenthal analysis of the specific binding of [125I]VIP
(0.03–1.50 nM) in L2 cell membranes indicated a linear plot, and
Kd and Bmax were estimated to 0.77 ± 0.11 � 10�9 M and
725 ± 119 � 10�15 mol/mg protein (mean ± SE, n = 4), respectively.
As shown in Fig. 4A, VIP derivatives (each 10�10–10�8 M) concen-
tration dependently competed with [125I]VIP for the binding sites
in L2 cell membranes, and their inhibitory effects were nearly equi-
potent as shown by Ki values of 2.7 ± 0.6 � 10�9 (IK312532),
3.1 ± 0.4 � 10�9 (IK312548), 2.4 ± 0.4 � 10�9 (IK312550), and
3.1 ± 0.5 � 10�9 (IK312551) M. Our previous work revealed that
VIP could compete with [125I]VIP for VPAC2 receptor in rat lung
with Ki value of 2.6 ± 0.9 � 10�9 M [12], being so similar to the
binding activities of VIP derivatives tested. In addition, VIP deriva-
tives at the concentration of 10�7 M caused a significant accumula-
tion of cAMP in L2 cells, and their effects were found to be
equipotent (Fig. 4B). These data suggest that novel VIP derivatives
retain its biological activities despite the chemical modification of
IK312532 at positions 8, 24, 25, and 28. This could be consistent
with the observation in structural elucidation of VIP and its deriv-
atives determined by CD spectral analysis.

Thus, the novel VIP derivatives were found to be equipotent
with VIP or IK312532 in the receptor-binding activity and activa-
tion of adenylate cyclase. Next, the duration of action was assessed
on the basis of neurite outgrowth in rat pheochromocytoma PC12
cells, where VPAC2 receptor, as well as PACAP-preferring (PAC1)
and glucagon receptors, was expressing as determined by RT-PCR
experiments (Fig. 5). It was well established that VIP exerted their
biological functions in the central and peripheral nervous systems
via the stimulation of various protein kinases including the phos-
pholipase C/PKC and the mitogen-activated protein (MAP) kinase
pathways, as well as the adenylate cyclase/PKA pathway [30,31].
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In addition, sustained MAP kinase activation and cAMP appear to
generate a signal for differentiation and neurite outgrowth in
PC12 cells [32]. In this investigation, VIP at the concentration of
10�7 M stimulated differentiation of PC12 cells as evidenced by
the slight promotion of neurite outgrowth (Fig. 6). All VIP deriva-
tives tested exhibited significant enhancement of differentiation,
particularly the addition of three novel VIP derivatives into PC12
cells culture resulted in more potent neurite outgrowth when com-
pared to IK312532. The enhancement of neuromodulatory effect of
VIP derivatives could be partly attributed to a higher chemical sta-
bility. Based on these pharmacological characterization of VIP
derivatives, taken together with the stability data, [A8,24,25,
R15,20,21, L17, des-N28]-VIP-GRR (IK312551) could be a potent lead
compound for promising therapeutic agents.

4. Conclusions

In the present investigation, we demonstrated that IK312532, a
long-lasting VIP derivative, was susceptible to degradation in solu-
tion state, producing mainly three degradants with similar amino
acid composition. Chemical modification of VIP derivative, particu-
larly amino acid at position 24, led to the significant improvement
in chemical stability. Newly synthesized VIP derivatives exhibited
similar receptor-binding activity and stimulation of adenylate cy-
clase when compared to VIP and IK312532, whereas neurotrophic
action of novel VIP derivatives in PC12 cells was found to be far
higher. Upon these findings, deamination of Asn residue at position
24, by direct hydrolysis or via acyclic imide intermediate, is likely
to responsible for degradation of IK312532. The stabilization of VIP
derivative by chemical modification at position 24 could lead to
the enhanced neurite outgrowth of PC12 cells, possibly due to ex-
tended duration of action.
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