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Abstract
Two phage-displayed random peptide libraries were screened for ligands with potential inhibitory activity against pan-

creatic phospolipase A2 or ammodytoxin C (neurotoxin found in the venom glands of Vipera ammodytes ammodytes).

The interaction of selected peptides with pancreatic phospholipase A2 and ammodytoxin C was confirmed with surface

plasmon resonance and phage ELISA assays. Interestingly, peptides showed equal affinity to both proteins, regardless

which of the two proteins was used as a target in the selection procedure. Despite pronounced affinity, none of the

synthetic peptides inhibited enzyme targets in vitro at the concentrations below 167 μM.
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1. Introduction

Pancreatic phospholipase and ammodytoxin C (neu-

rotoxin found in the venom glands of long-nosed viper,

Vipera ammodytes ammodytes) belong to a group of se-

cretory phospholipases A2 (EC 3.1.1.4) that catalyze the

hydrolysis of the sn-2 ester bond of phospholipids. 

Pancreatic phospholipase is secreted by the pancreas

in response to food intake. It is one of the most extensi-

vely studied phospholipases in terms of structure and

mechanism of action,1–3 yet its pharmaceutical potential

as a drug target has not been fully exploited.4 Various in
vitro and in vivo studies imply that pancreatic phospholi-

pase hydrolysis of phospholipids in intestinal lumen is re-

quired for the efficient absorption of cholesterol.5–7 In ad-

dition, it was shown that hydrolysis of phospholipids on

the surface of lipid emulsions is a prerequisite for pan-

creatic lipase digestion of triglycerides in the core of lipid

emulsions, therefore suggesting an important role in fat

absorption.8 Pancreatic phospholipase deficient mice fed

high-fat/high-cholesterol diet were resistant to diet-indu-

ced obesity and the mechanism for this effect is most li-

kely to be decreased dietary fat absorption.9

Inhibiting pancreatic phospholipase and conse-

quently inhibiting nutrient digestion and absorption would

reduce energy intake through gastrointestinal mechanism,

and therefore represents one strategy by which treatment

and/or prevention of obesity might be accomplished.4

Secretory phospholipases A2 are also commonly

found in snake venoms from Elapidae and Viperidae fa-

milies and have been extensively studied due to their phar-

macological and pathophysiological effects in living orga-

nisms. Several substances have been evaluated regarding

their effects against snake venoms and isolated toxins,

including plant extracts and compounds from marine ani-

mals, mammals and snake serum plasma in addition to

poly- or monoclonal antibodies and several synthetic mo-

lecules.10 Research involving snake venom phospholipa-

ses may be useful because of their structural homology to
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pancreatic and other human phospholipases as well as to

provide therapeutic molecular models for antiophidian ac-

tivity to supplement the conventional serum therapy. 

In search for ligands with potential inhibitory acti-

vity against phospolipase A2 from porcine pancreas or

ammodytoxin C we used two phage-displayed random

peptide libraries. Selection of peptides from phage-displa-

yed random combinatorial peptide libraries has proved a

successful technique for discovering new ligands of enzy-

mes and other protein targets.11–13 These peptides are mo-

dulators of protein function (inhibitors, agonists, antago-

nists) and represent a starting point for identifying and

synthesizing compounds with peptide characteristics but

non-peptide structures, the peptidomimetics (drug

leads).14 Phage-displayed peptide libraries have been suc-

cessfully used to isolate peptide ligands directed to a func-

tional site for which the natural ligand is not a protein,

which is also the case with secretory phospholipases

A2.12–16

2. Experimental

2. 1. Materials
Two Peptide Library Kits Ph.D.-C7C™ and Ph.D.-

12™ were purchased from New England Biolabs (Frank-

furt am Main, Germany). Peptides were obtained from

Pepscan Presto (Lelystad, Netherlands) and JPT Peptide

Technologies GmbH (Berlin, Germany). Ammodytoxin

C (EC 3.1.1.4) was purified from Vipera ammodytes
ammodytes venom as described by Guben{ek et al.17

The isolated toxin was additionally purified by RP-

HPLC using similar conditions as reported by Punger-

~ar et al.18 Porcine pancreatic phospholipase A2 (EC

3.1.1.4) was obtained from Boehringer Mannheim (Ger-

many) and appeared as a single Coomasie Brilliant Blue

stained band upon SDS-PAGE. Purity of the two phosp-

holipases exceeded 98%. Fatty acid free bovine serum

albumin was purchased from Sigma-Aldrich (Stein-

heim, Germany). The phospholipase substrate used for

detection of enzymatic activity was prepared from Pyr-

PG (1-hexadecanoyl-2-[1-pyrendecanoyl]-sn-glycero-

3-phosphoglycerol) purchased from Molecular Probes

(USA). 96-well microtitre plates Maxisorp™ were from

Nalge Nunc International (Roskilde, Denmark). Horse-

radish peroxidase-labeled mouse anti-M13 monoclonal

antibody was obtained from Amersham Biosciences

(Little Chalfont, UK). Active site-directed, specific,

competitive, and reversible inhibitor of phospholipases

A2, MJ33 (1-hexadecyl-3-trifluoroethylglycero-sn-2-

phosphomethanol) was from Sigma-Aldrich (Stein-

heim, Germany). ABTS (2,2’-azino-bis[3-ethylbenzt-

hiazoline-6-sulphonic acid] diammonium salt) and PEG

(polyethylene glycol) were also purchased from Sigma-

Aldrich (Steinheim, Germany). All chemicals used were

of analytical grade.

2. 2. Selection of Phage Clones Binding 
to Pancreatic Phospholipase A2 or 
Ammodytoxin C

Pancreatic phospholipase A2 or ammodytoxin C

were dissolved in 100 mM NaHCO
3

(pH 8.5) to a final

concentration of 100 g/ml. Maxisorp surface microtitre

plate wells were filled with 100 μl of target enzyme solu-

tion and incubated overnight at 4 °C with gentle agitation.

Microtitre plates were blocked using 200 μl of 2% fatty

acid free bovine serum albumin in phosphate buffered sa-

line (135 mM NaCl, 3 mM KCl, 10 mM Na
2
HPO

4
, 2 mM

KH
2
PO

4
; pH 7.4) for 1 h at room temperature and rinsed

four times with phosphate buffered saline containing

0.1% Tween-20.

An aliquot of 2 × 1011 (Ph.D.-C7C™) or 4 × 1010

(PhD-12™) plaque forming units was diluted to 100 μl

with phosphate buffered saline containing 0.1% Tween-20

and incubated in target protein-coated wells for 1 h at

room temperature with gentle agitation. Non-binding pha-

ges were then discarded by washing the wells 10 times

with phosphate buffered saline containing 0.1% Tween-

20. Bound clones were eluted nonspecifically with 100 μl

of 50 mM Gly-HCl, pH 2.2 for 10 min. With pancreatic

phospholipase A2, a separate selection protocol compri-

sing specific elution with 100 μl of 200 μM MJ33 was

used.

Low-pH eluate was immediately neutralized with

100 ml of 200 mM phosphate buffer (pH 7.5). Eluates we-

re amplified by infecting E. coli ER2738 host cells. After

5 hours of growth at 37 °C bacteria were removed by cen-

trifugation and phages in the supernatant were precipita-

ted by adding 1/6 volume of PEG/NaCl solution (20%

PEG-8000, 2.5 M NaCl) and incubated overnight at 4 °C.

The precipitate was resuspended in a small volume of

phosphate buffered saline and amplified eluates were tite-

red to determine phage concentration. Three additional

rounds of biopanning were performed for each selection

protocol, increasing the Tween-20 concentration to 0.5%

in the washing steps. Finally, eluate from the last round of

selection was used to infect plated bacterial host cells and

20–40 resulting plaques were randomly selected. Indivi-

dual phage clones were then grown and purified for furt-

her analysis.

2. 3. Enzyme-linked Immunosorbent Assay
(ELISA)
Microtitre plate wells were coated overnight with

100 μl of ammodytoxin C or pancreatic phospholipase so-

lution (50 μg/ml) in 50 mM NaHCO
3

(pH 8.5) and blocked

with 200 μl of blocking buffer (2% bovine serum albumin

in phosphate buffered saline) for 1 h. As negative controls

a separate set of wells was blocked with blocking buffer

without previous target enzyme immobilization. Plaques

from the last round of selection were inoculated in 100-
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fold diluted overnight culture of Escherichia coli ER2738

and incubated at 37 °C with shaking for 5 h. Next, phages

were separated from bacteria by centrifugation. 100 μl of

each selected amplified phage clone were diluted to 200 μl

with blocking buffer and transferred to target coated and

blank wells. Plates were incubated at room temperature for

1.5 h. Wells were then washed 3 times with 0.05% phosp-

hate buffered saline containing 0.1% Tween-20. Horsera-

dish peroxidase-labeled mouse anti-M13 monoclonal anti-

body in blocking buffer (1:5000) was added (200 μl per

well) and incubated for 1 h at room temperature. Finally,

wells were washed 4 times with 0.05% phosphate buffered

saline containing 0.1% Tween-20. Substrate solution (200

μl of 0.22 mg/ml ABTS in 50 mM citric acid, pH 4.0, 1.7

μl 30% H
2
O

2
/ml) was added and incubated for 30 min at

37 °C. Absorbance was determined at 405 nm using a Safi-

re microplate reader (Tecan, Austria).

2. 4. Preparation of Phage DNA 
and Sequencing
Oligonucleotide sequences encoding capsid-displa-

yed peptides were determined for phage clones giving rise

to at least four times higher ELISA signals compared to ne-

gative controls. Phages were purified by PEG/NaCl precipi-

tation and suspended thoroughly in 100 μl of iodide buffer

(10 mM Tris-HCl, pH 8.0; 1 mM EDTA; 4 M NaI). Phage

single-stranded DNA was precipitated with the addition of

ethanol. Purified DNA was sequenced with M13 –96 se-

quencing primer (5’-CCCTCATAGTTAGCGTAACG-3’)

by MWG Biotech sequencing service (Munich, Germany).

2. 5. Evaluation of Inhibitory Activities of
Synthetic Peptides
The phospholipase activities of pancreatic phospho-

lipase and ammodytoxin C in the presence and absence of

selected synthetic peptides were measured using the modi-

fied method of Radvanyi et al.19, 20 Ammodytoxin C or

pancreatic phospholipase (1.2 nM) were incubated in 50

mM KCl, 1 mM CaCl
2
, 50 mM Tris/HCl; pH 7.4 buffer,

supplemented with 0.06% (w/v) of fatty acid free bovine

serum albumin for 30 min with peptides at concentrations

167, 83, 42, 17, 8.3, 4.2 and 1.7 μM. Fluorogenic PyrPG

vesicles (1.4 μM final concentration) were used as substra-

te. Fluorescence was measured in a 96-well plate on Safire

microplate reader (Tecan, Austria) over 30 kinetic cycles at

5 s intervals at λ
ex

342 nm, λ
em

395 nm. Background fluo-

rescence in control experiments lacking the enzyme was

recorded and subtracted from the measurements. 

2. 6. Surface Plasmon Resonance (SPR) 
Experiments
SPR experiments were carried out using Biacore

T100 optical biosensor (Biacore, Uppsala, Sweden) at 25

°C. Ammodytoxin C or pancreatic phospholipase A2 were

dissolved in 10 mM sodium acetate, pH 4 (20 μg/ml), and

immobilized onto a CM5 sensor chip using the standard

NHS (N-hydroxysuccinimide)/EDC (N-ethyl-N’-[3-di-

methyl aminopropyl]-carbodiimide) coupling procedure.

Approximately 1000 RU (resonance unit) of ammodyto-

xin C or pancreatic phospholipase A2 was coupled to the

sensor chip surface. Different concentrations of peptides

(1, 0.75, 0.5, 0.25, 0.125, 0 mM) were injected over the

chip at a flow rate 30 μl/min for one minute in running

buffer (phosphate buffered saline containing 0.1% Tween-

20, pH 7.4) followed by a dissociation period of one mi-

nute. The chip was regenerated by injecting 5 μl of 20 m-

M Gly-HCl (pH 2.5). The sensorgram signal for each pep-

tide was normalized by subtracting the non-derivatized

surface flow-cell signal.

3. Results and Discussion

We used two model secretory phospholipases A2,

pancreatic phospholipase isolated from porcine pancreas

and ammodytoxin C, presynaptically active nevrotoxin

from long-nosed viper, to search for inhibitors of phosp-

holipase activity. Affinity selections were performed with

two commercially available phage-displayed peptide li-

braries. One of the libraries (Ph.D.-C7C™) consisted of

constrained (conformationally restricted disulphide-cycli-

zed) peptides. Ligands isolated from such libraries some-

times possess higher affinities to targets, due to the impro-

ved entropy of binding, and enable the chance to mimic

the discontinuous epitopes.21 The other library (Ph.D-

12™) contained unconstrained (linear) peptides. Phospho-

lipase A2 active site involves hydrophobic channel, for

which some linear peptide inhibitors have already been

discovered.22 Affinity of the phage displayed peptides was

first determined in ELISA assay. Peptides that showed se-

lective binding to the target were sequenced and are

shown in Table 1. Phages displaying constrained peptides

indeed showed slightly greater affinity compared to pha-

ges displaying linear peptides as judged from ELISA sig-

nals (data not shown). Selected peptides show no resemb-

lance to any of the previously reported peptide inhibi-

tors.23–25

In ammodytoxin C selection, using constrained li-

brary peptide, no clear consensus sequence emerged. Ho-

wever, peptide AT
1

(CWWLHPTHC) predominated, ap-

pearing in more than 60% of all phage clones binding to

the target. Unconstrained library (Ph.D.-12™) panning re-

sulted in peptides with greater similarity. All selected pep-

tides were rich in Trp, preceded by His. Peptide AT
2

(HWWSPWPNPPQI) appeared on more than 30% of pha-

ge binders. 

In pancreatic phospholipase selection, a great diver-

sity was observed among selected peptides, even in the ca-

se of specific elution with inhibitor MJ33 that should de-
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tach peptide ligands selectively from the active site of

phospholipase (and not from other, e.g. allosteric binding

sites). Screening of linear peptide library and using a spe-

cific elution resulted in predomination of peptide PL (HG-

WLYPHPRYPV; with more than 80% of all phages bin-

ding to the target). His and Trp appeared on the same place

as in peptide AT
2

selected on ammodytoxin C. Since His

and Trp were also present in the most frequent cyclic pep-

tide selected on ammodytoxin, these three displayed pepti-

des were synthesized (Table 1, peptide sequences depicted

in bold). Peptide CSQLQTTKC from selection on pan-

creatic lipase was used as control.12 Spacer sequence Gly-

Gly-Gly-Ser was added to the C-terminus and the C-termi-

nal carboxylate was amidated to block the negative charge.

Phage-displayed peptides are expressed at the N-terminus

of pIII phage protein, followed by a short spacer (Gly-Gly-

Gly-Ser) and then the wild-type pIII sequence. When de-

signing synthetic peptides corresponding to selected se-

quences the amidated spacer sequence was added to the C-

terminus since free carboxy terminus induces negatively-

charged group at a position occupied by a neutral peptide

bond during panning, which may hinder binding of synthe-

tic peptide and moreover, adjacent spacer sequence may

possibly contribute to the peptide – target interaction.

Constrained peptides (AT
1

and the control peptide)

were cyclized by formation of an intramolecular disulphi-

de bond. 

The common characteristic of previously reported

peptide inhibitors FYSYK23, LAIYK24 and WARFS25 are

hydrophobic, aromatic and aliphatic amino acids able to

Target Ammodytoxin C Pancreatic phospholipase 
protein
Elution Nonspecific (low pH) Nonspecific (low pH) Specific (MJ 33)
Phage Ph.D.C7C Ph.D.12 Ph.D.C7C Ph.D.12 Ph.D.C7C Ph.D.12

library
AVCTDF HWNVWWPVSIPE NMTQAYS GPSVGVTASHTR QVPRSPY HLWPFYSMPPQH

(1) (1) (1) (1) (1) (2)

HLFTQAF HSWSFFWQSPAD NGMYAHP APWHLSSQYSRT TTRTMTQ HPPYWYPWQQSS

(1) (1) (3) (2) (1) (1)

ALFKPSM HSYWYRWTPSHL YRQASDS SNHPATLTGTGG SMSTTRS HGWLYPHPRYPV
(1) (1) (1) (1) (1) (16)

QTSAMRH FHWRWSTFPEYP QLQPTRL AQPYPFSTRHWQ LETASNY

(1) (1) (1) (1) (1)

SLNPSSR HWRWWQSDHLFT HSNRLNL KLWNLHPTQALW LFHHQAS

(1) (1) (3) (2) (2)

PRTHYAI SHWIRYFPWSIG DHHTYNH TSAPHRM

(3) (1) (1) (1)

YFNQPIR HWWSPWPNPPQI HSPTRGI TARSPLL

(1) (3) (1) (2)

LTLNGSP KDSSLHV LPSRSHL

(1) (1) (1)

SSKTSFT FWQSDKI

(1) (1)

WWLHPTH
(17)

D
is

pl
ay

ed
 p

ep
ti

de
s

Table 1: Phage clones selected from phage libraries Ph.D.C7C and Ph.D.12 on pancreatic phospholipase A2 or ammodytoxin C. Number in the

brackets below each sequence indicates the frequency of phages with the same sequence. Peptides that were chosen for synthesis are depicted in

bold font.

Figure 1: Binding of peptides to pancreatic phospholipase A2. Dif-

ferent concentrations of peptides (1, 0.75, 0.5, 0.25, 0.125, 0 mM)

were injected over the immobilized chip. Response reached at dif-

ferent concentrations was measured 5 s before the end of sample

injection. Higher concentrations of peptides exhibited higher res-

ponse (RU), however, RU
max

was not reached.
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provide interactions with active site hydrophobic channel

of phospholipases A2. 

Since synthesized peptides were also rich in aroma-

tic amino acids, we assumed the binding would be direc-

ted towards the hydrophobic channel of the active site and

therefore the peptides could directly inhibit enzyme acti-

vity.

Affinity to both targets was confirmed by SPR. Fi-

gures 1 and 2 demonstrate that peptides AT
1
, AT

2
and PL

bind to both enzymes, regardless the target used in selec-

tions. Best response on both targets was obtained with

peptides AT
1

and PL. On the other hand, control peptide

showed no affinity to either of the targets.

possible that the binding of inhibitor MJ33 changed the

conformation of target protein, which in turn released a

phage bearing PL peptide from a different site. Another

explanation could be that peptides bind to the active site,

but their affinity is much lower that the affinity of the sub-

strate and inhibition can not be detected at these concen-

trations of peptides.

Peptides selected in different selection protocols

clearly show affinity toward pancreatic phospholipase and

ammodytoxin C, regardless of the target used in selection.

This proves the homologue structures on the enzyme are

responsible for binding of the peptides. However, affinity

is low and none of the peptides possess inhibitory activity

in vitro below 167 μM concentration. 
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Povzetek
Pri iskanju ligandov s potencialno inhibitorno aktivnostjo na pankresno fosfolipazo A2 ali amoditoksin C (nevrotoksin

iz strupnih `lez modrasa Vipera ammodytes ammodytes) smo uporabili dve knji`nici naklju~nih peptidov, izra`enih na

bakteriofagih. Peptidi, ki smo jih selekcionirali z razli~nimi selekcijskimi protokoli, jasno ka`ejo afiniteto do pankrea-

sne fosfolipaze in amoditoksina C, ki smo jo dolo~ili s pomo~jo povr{inske plazmonske resonance in encimskoimun-

skega testa. Peptidi presenetljivo izkazujejo podobno afiniteto do obeh proteinov, ne glede, katerega smo uporabili kot

ciljno molekulo pri selekciji. Navkljub nedvoumni afiniteti, peptidi v obmo~ju testiranih koncentracij niso inhibirali

fosfolipaznega delovanja in vitro. 
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